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Preface

The first volume of this book on the topic of organic crystal chemistry was pub-
lished in 2015. About 5 years later, this academic area has evolved and diversified
significantly in response to the rapid development of various analytical and mea-
surement techniques for organic solid materials. The second volume systematically
summarizes and records recent remarkable advances in organic crystal chemistry in
a broad sense, including organic–inorganic hybrid materials, liquid crystals, etc.,
focusing on the topics of organic crystal chemistry achieved during this period. The
25 papers contributed to this volume are broadly classified into five categories,
(1) nucleation and crystal growth, (2) structure and design of crystals, (3) function,
(4) chirality, and (5) solid-state reaction.

The chapters included herein are by invited members of the Organic Crystal
Division of the Chemical Society of Japan (CSJ) and by prominent invited authors
from abroad. The Organic Crystal Division of the Chemical Society of Japan (CSJ),
founded in 1997, is comprised of the core researchers of organic crystal chemistry
in Japan. The division holds a biannual domestic conference (a symposium on
organic crystal chemistry in autumn and the Annual Spring Meeting of CSJ in late
March) and publishes the Organic Crystal Division Newsletter twice a year.

In this exclusive volume on the organic crystal chemistry, leading scientists in
the field vividly depict the most recent achievements in this interdisciplinary field of
crystal chemistry, which can be applied to a wide variety of science and technology.
The chapters herein are up-to-date, comprehensive, and authoritative. We, editors,
would like to express our sincerest gratitude to all authors for their great contri-
butions to Advances in Organic Crystal Chemistry: Comprehensive Review 2020
and we hope that this book is a valuable resource for an advanced course in
chemistry, biochemistry, industrial chemistry, and pharmacology.

Chiba, Japan Masami Sakamoto
Tokyo, Japan Hidehiro Uekusa
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Chapter 1
X-Ray Birefringence Imaging (XBI):
A New Technique for Spatially Resolved
Mapping of Molecular Orientations
in Materials

Kenneth D. M. Harris, Rhian Patterson, Yating Zhou, and Stephen P. Collins

Abstract The X-ray birefringence imaging (XBI) technique, first reported in 2014,
is a sensitive method for spatially resolved mapping of the local orientational prop-
erties of anisotropic materials. In the case of organic materials, the technique may be
applied to study the orientational properties of individual molecules and/or bonds,
including the study of changes in molecular orientations associated with order–
disorder phase transitions and characterization of phase transitions in liquid crys-
talline materials. This chapter presents a basic introduction to the XBI technique,
giving a qualitative description of the fundamentals of the technique and discussing
experimental aspects of themeasurement ofXBIdata. Several examples are presented
to highlight the application of the technique to study the orientational properties of
molecules in organic materials.

Keywords X-ray birefringence imaging · Molecular orientations · Solid inclusion
compounds · Liquid crystals · Anisotropic materials

1.1 Introduction

The polarizing optical microscope, invented in the nineteenth century, continues to
be used extensively to investigate the structural anisotropy of materials across a
wide range of scientific disciplines, including mineralogy, crystallography, materials
sciences, and biological sciences. The polarizing optical microscope is based on
the phenomenon of optical birefringence [1–3]—i.e., for linearly polarized light
propagating through an anisotropic material, the refractive index depends on the
orientation of the material with respect to the direction of polarization of the incident
light.
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Fig. 1.1 Schematic of the polarizing opticalmicroscope in the “crossed-polarizer” configuration, in
which the angle between the orientations of the polarizer and analyzer is 90°. Here, the propagation
direction of the incident light is shown as horizontal (clearly, the polarizing optical microscope is
usually configured with the light propagating vertically and with the sample stage horizontal). The
schematic at the bottom right depicts the sinusoidal variation in the intensity of light transmitted to
the detector as a function of the orientation of a uni-axial crystal, which is specified by the angle
χ (with χ = 0° defined as the orientation of the crystal at which the optic axis is parallel to the
direction of linear polarization of the incident light)

When an anisotropic material is viewed in a polarizing optical microscope
using the standard “crossed-polarizer” configuration (Fig. 1.1), the intensity of light
recorded at the detector depends on the orientation of the optic axis (for uni-axial
materials, such as high-symmetry crystals) or optic axes (for bi-axial materials, such
as triclinic, monoclinic or orthorhombic crystals) of the material relative to the direc-
tion of linear polarization of the incident light. For a uni-axial crystal in which the
optic axis is perpendicular to the direction of propagation of the incident linearly
polarized light, the measured intensity is zero if the optic axis is parallel or perpen-
dicular to the direction of linear polarization of the incident light, and reaches a
maximum when the angle between the optic axis and direction of linear polarization
of the incident light is 45°. If the material is rotated around the direction of propa-
gation of the incident light (i.e., variation of the angle χ in Fig. 1.1), the measured
intensity (I) varies in a sinusoidal manner (see Fig. 1.1) as a function of χ, with I(χ )
= Io sin2(2χ ), where Io denotes the maximum intensity (observed at χ = 45°). By
measuring the intensity of transmitted light for different orientations of the material,
the orientation of the optic axis of the material can be established. Furthermore, if
the material comprises orientationally distinct domains, the spatial distribution and
orientational relationships between the domains may be revealed.

While optical birefringence is widely exploited through the application of the
polarizing optical microscope across many different scientific fields, the opportunity
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to study birefringence of anisotropicmaterials using linearly polarizedX-rays [4–12]
has remained remarkably neglected, despite the fact that linearly polarized X-rays,
tunable to any desired X-ray energy, have been readily accessible for the last 50 years
or sowith the availability of synchrotron radiation facilities. Indeed, the first definitive
demonstration of X-ray birefringence was reported only recently [8], as discussed in
more detail below.

In recent years, our research group has been exploring the phenomenon of X-ray
birefringence (and the related phenomenon of X-ray dichroism), which led to the
development of an imaging technique—called X-ray birefringence imaging (XBI)—
that allows X-ray birefringence of materials to be studied in a spatially resolved
manner. In many respects, the XBI technique represents the X-ray analogue of the
polarizing optical microscope.

This chapter presents a basic introduction to theXBI technique, giving aqualitative
description of the fundamentals of the technique and presenting several examples
to demonstrate the utility of the technique to yield information on the orientational
properties of anisotropic materials. Several applications of the technique to study
organic materials are described, including characterization of changes in molecular
orientational ordering associated with solid-state phase transitions, characterization
of liquid crystal phases, and studies of materials in which the molecules undergo
anisotropic molecular dynamics.

1.2 Background to X-Ray Birefringence Imaging

The phenomenon of X-ray birefringence is closely related to the much more widely
studied phenomenon of X-ray dichroism [13–17], both of which concern the inter-
action of linearly polarized X-rays with anisotropic materials. In particular, X-ray
dichroism relates to the way in which X-ray absorption depends on the orientation of
a material relative to the direction of polarization of a linearly polarized incident X-
ray beam, whereas X-ray birefringence relates to the way in which the real part of the
complex refractive index (and hence the speed of wave propagation) depends on the
orientation of amaterial relative to the direction of polarization of a linearly polarized
incident X-ray beam. Although X-ray dichroism and X-ray birefringence give rise to
different effects on the propagation of linearly polarized X-rays through a material,
they are related by a Kramers–Kronig transform [18] and the two phenomena depend
on the same structural and symmetry properties of the material.

While X-ray birefringence (as studied using XBI) and optical birefringence (as
studied using the polarizing optical microscope) share several common characteris-
tics, they also differ in some fundamentally important aspects. Thus, optical bire-
fringence depends on the anisotropy of the material as a whole (e.g., in the case
of a crystal, it depends on the symmetry of the crystal structure), whereas X-ray
birefringence, when studied using an X-ray energy close to the absorption edge of a
specific type of atom in the material, depends on the local anisotropy in the vicinity
of the selected type of atom. As X-ray birefringence depends on the orientational
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properties of the bonding environment of the X-ray absorbing atom, measurement
of X-ray birefringence has the potential to yield information on the orientational
properties of individual molecules and/or bonds within an anisotropic material.

X-ray birefringence is significant only when the energy of the incident linearly
polarized X-ray beam is close to an X-ray absorption edge of an element in the
material. As such, the technique is sensitive to the orientational properties of the local
bonding environment of the X-ray absorbing element. Our early applications of the
XBI technique focused onmaterials containing brominated organic molecules, using
incident linearly polarized X-rays with energy tuned to the Br K-edge. In this case,
it was shown [8] that X-ray birefringence depends specifically on the orientations of
C–Br bonds in the material. The strong dependence on the orientation of the C–Br
bonds arises because the incident X-ray beam, with energy corresponding to the Br
K-edge, can promote a core (1s) electron on the Br atom to the σ* anti-bonding
orbital associated with the C–Br bond. Given the directional characteristics of the
vacant σ* anti-bonding orbital, the probability of occurrence of this process depends
strongly on the orientational relationship between the C–Br bond and the direction of
linear polarization of the incident X-ray beam. We note that the phenomenon of X-
ray birefringence is “parity even”, and thus anti-parallel C–Br bond directions (i.e.,
C–Br and Br–C) within a material exhibit identical behavior (consequently, X-ray
birefringence is observed for centrosymmetric materials).

The capability of X-ray birefringence measurements to yield insights into molec-
ular orientational properties was first demonstrated from studies of a model material
with known bond orientations [8], and this capability was then exploited to determine
changes in molecular orientational distributions associated with an order–disorder
phase transition in the solid state [9].However, these earlyX-ray birefringence studies
used a narrowly focused incident X-ray beam and did not provide spatially resolved
mapping of X-ray birefringence across the material. Subsequently, an experimental
setup (Fig. 1.2) was proposed [19] to allow X-ray birefringence data to be recorded
in “imaging mode”, using a large-area linearly polarized incident X-ray beam and
recording the X-ray intensity in a spatially resolved manner using an area detector.
With this experimental setup,X-rays transmitted through different parts of the sample
impinge on different pixels of the detector, allowing the X-ray birefringence of the
sample to be mapped in a spatially resolved manner. This development represented
the first report [19] of the X-ray birefringence imaging (XBI) technique.

While early XBI experiments focused on studies of brominated materials using
linearly polarizedX-rays tuned to the BrK-edge, the application ofXBI has also been
extended to study other X-ray absorption edges, allowing the local bonding environ-
ment of other types of element in materials to be probed. However, in the overview
presented in this chapter, we focus onXBI studies at the Br K-edge, presenting exam-
ples of the application of the technique to determine the orientational properties of
C–Br bonds in a range of organic materials.
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Fig. 1.2 Schematic of the experimental setup for XBI, which uses linearly polarized X-rays (hori-
zontal) from a synchrotron radiation source as the incident radiation. The wide-area incident X-ray
beam propagates along the Z-axis and is linearly polarized along the X-axis. The polarization
analyzer is set up to give X-ray diffraction in the horizontal plane at a diffraction angle as close as
possible to 2θ = 90°, thus selecting the vertical component of linear polarization in the X-ray beam
transmitted through the sample. The X-ray beam diffracted at the analyzer is directed towards a
two-dimensional X-ray detector

1.3 Experimental Aspects of the XBI Technique

We focus on four aspects of the experimental setup for XBI measurements: (a) the
incidentX-ray beam, (b) the sample, (c) the polarization analyzer, and (d) the detector.
We now discuss each of these components of the experimental assembly in turn. A
more detailed discussion of the X-ray optics associated with the XBI experiment has
been reported previously [20].

1.3.1 The Incident X-Ray Beam

There are two critical requirements of the incident X-ray beam: (i) it must be linearly
polarized, and (ii) it must be tuned to the energy of an X-ray absorption edge of a
selected element in the material under investigation.

Synchrotron radiation has a high degree of linear polarization in the plane of the
electron orbit (i.e., horizontal). However, as discussed in detail elsewhere [20], the
requirement to select a single wavelength from the “white” synchrotron radiation
source using a double-crystal monochromator can affect the polarization state of
the resultant monochromatic X-ray beam. Nevertheless, for a carefully configured
synchrotron beamline (ensuring, for example, that there is no significant component
of circular polarization in the incident beam), it is valid to assume, within the context
of interpreting XBI results, that the incident X-ray beam has a high degree of linear
polarization in the horizontal direction.
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As shown in Fig. 1.2, the definition of the laboratory reference frame (X, Y, Z)
in the experimental XBI setup is based on the incident X-ray beam; specifically,
the direction of propagation of the incident beam is parallel to the Z-axis and the
direction of linear polarization of the incident beam is parallel to the X-axis (thus,
the XZ-plane is horizontal). For XBI measurements, a wide-area incident beam is
used (by appropriate selection of slits on the synchrotron beamline). To date, all our
XBI experiments have been carried out on beamline B16 at Diamond Light Source
(the UK synchrotron radiation facility), with a beam area that is typically ca. 4 mm
horizontally and ca. 1 mm vertically.

Clearly, the range of X-ray energies that can be accessed depends on the charac-
teristics of the beamline used for the XBI experiments. On beamline B16 at Diamond
Light Source, X-ray energies corresponding to the K-edges of elements from Cr to
Ag in the Periodic Table are readily accessed, including the Br K-edge which was
used in recording all the XBI data discussed in this chapter.

After selecting the absorption edge of a particular element in the material of
interest, the optimal X-ray energy for the XBI experiment is established by initially
measuring X-ray dichroism data for the material, and then using the dichroism data
to determine the specific X-ray energy that corresponds to maximum birefringence,
following the procedure described previously [8].

1.3.2 The Sample

As X-ray birefringence is sensitive to local molecular orientational properties, there
is no requirement that the sample under investigation must be crystalline. Thus, in
principle, the XBI technique may be applied to probe the distribution of molec-
ular orientations in any anisotropic material, provided it contains a suitable X-ray
absorbing element.

The sample is mounted on a goniometer, allowing the orientation of the sample
to be changed relative to the direction of propagation (Z-axis) and direction of linear
polarization (X-axis) of the incident X-ray beam. First of all, a reference axis for the
sample is defined, typically corresponding to: (i) a known crystallographic axis, (ii)
a well-defined feature of the sample morphology (e.g., the long axis of a needle-like
crystal), or (iii) a well-defined feature of the experimental setup (e.g., the magnetic
field in the setup to study liquid-crystal samples discussed in Sect. 1.4.3). It is conve-
nient to define an orthogonal axis system (xs, ys, zs) for the sample, with the zs-axis
taken as the reference axis. The reference axis is maintained in the laboratory XY-
plane (i.e., the vertical plane perpendicular to the direction of propagation of the
incident X-ray beam) throughout the XBI experiment (Fig. 1.2), and there are two
ways in which the orientation of the sample is changed relative to the fixed laboratory
reference frame (X, Y, Z), called χ-rotation and φ-rotation.

Rotation of the sample around the laboratory Z-axis is called χ-rotation, with the
sample rotated in a plane perpendicular to the direction of propagation of the incident
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X-ray beam. This rotation changes the orientation of the sample reference axis (zs-
axis) relative to the direction of linear polarization (X-axis) of the incident X-ray
beam. Clearly, χ-rotation is analogous to the sample rotation commonly carried out
in the polarizing optical microscope (Fig. 1.1). Normally, χ = 0° is defined as the
orientation in which the sample reference axis is horizontal (i.e., with the zs-axis
parallel to the X-axis).

Rotation of the sample around the reference axis is called φ-rotation. Clearly,
φ-rotation does not change the orientation of the reference zs-axis relative to the
direction of linear polarization (X-axis) of the incident X-ray beam, but it does
change the orientation of the material (xsys-plane) relative to the direction of linear
polarization of the incident X-ray beam.

In XBI studies, it is common to carry out a complete two-dimensional mapping
by recording XBI images as a function of both χ and φ. Due to practical limitations
in moving the goniometer, the range of values of χ and φ that can be accessed is
typically about 180° in each case.

1.3.3 The Polarization Analyzer

The role of the polarization analyzer in the XBI experiment (analogous to the func-
tion of the analyzer in the polarizing optical microscope shown schematically in
Fig. 1.1) is to select the vertical component of linear polarization of the X-ray beam
transmitted through the sample. However, unlike the transmission-based polariza-
tion analyzer (e.g., a polaroid sheet) used in the polarizing optical microscope, the
experimental setup for XBI uses a diffraction-based polarization analyzer. The polar-
ization analyzer is a large single crystal (typically silicon or germanium) positioned
and oriented such that the X-ray beam transmitted through the sample is diffracted
at the analyzer, with the diffracted beam directed towards the detector. Ideally, the
angle of diffraction at the analyzer (in the setup shown in Fig. 1.2) should be exactly
2θ = 90° so that the X-ray beam diffracted from the analyzer comprises only the
vertical component of linear polarization. However, as the X-ray wavelength used in
the XBI experiment is dictated by selecting a suitable X-ray absorption edge for an
element in the material, and as only a relatively restricted set of analyzer crystals are
available, it is unlikely that the XBI experiment can be set up such that the diffrac-
tion angle at the analyzer is exactly 2θ = 90°. Nevertheless, once the wavelength is
selected according to the X-ray absorption edge of interest, the analyzer crystal is
chosen as the one that gives a diffraction angle as close as possible to 2θ = 90°. In
practice, provided the diffraction angle is within a few degrees of 90°, the analyzer
operates effectively (although not perfectly), selecting predominantly the vertical
component of the X-ray beam transmitted through the sample. For XBI experiments
in which the X-ray energy corresponds to the Br K-edge (E ≈ 13.474 keV), suitable
analyzer crystals are Si(111) and Ge(111), which gives diffraction angles for the
(555) reflection of 2θ = 94.4° and 2θ = 89.5°, respectively.
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1.3.4 The Detector

The experimental setup for XBI measurements requires a two-dimensional X-ray
detector (typically a charge-coupled device detector or a hybrid pixel detector) to
allow the X-ray intensity diffracted by the analyzer to be measured in a spatially
resolved manner. The resolution of the measured XBI images depends primarily on
the resolution of the two-dimensional X-ray detector and is typically of the order
of 10 μm (for the charge-coupled device detector currently used in the XBI setup
on beamline B16, the pixel size is 6.4 μm, and the image dimensions are 1392 ×
1040 pixels). However, the resolution of the XBI images in the horizontal direction
also depends on the penetration depth of the X-rays at the polarization analyzer.
Ideally, diffraction at the analyzer should occur only close to the surface; however,
if the penetration depth at the analyzer is significant, the horizontal resolution of the
XBI images is degraded. Minimizing the penetration depth, for example using an
analyzer containing heavier elements, is clearly advantageous in terms of optimizing
resolution.

1.4 Examples of Applications of the XBI Technique

1.4.1 XBI Study of a Model Material with All C–Br Bonds
Parallel

The first XBI experiment [19] studied a thiourea inclusion compound containing 1-
bromoadamantane (1-BrA) guest molecules, selected as a model material in which
all C–Br bonds are known to be parallel (Fig. 1.3a). This material allowed a test of
the hypothesis that X-ray birefringence at the Br K-edge depends specifically on the
orientations of the C–Br bonds within the material. In the 1-BrA/thiourea inclusion
compound [16], the thiourea molecules are arranged in a tunnel “host” structure,
within which the 1-BrA “guest” molecules are located. It is established from X-ray
diffraction that the C–Br bonds of all 1-BrA guest molecules in this material are
oriented parallel to each other along the tunnel axis of the host structure (Fig. 1.3a).

XBI data for a single crystal of 1-BrA/thiourea, recorded as a function of χ, are
shown in Fig. 1.4. The sample reference axis (zs-axis) is the long axis of the crystal
morphology, which is parallel to the thiourea host tunnel (c-axis) and hence parallel
to the C–Br bonds in the material. Each image in Fig. 1.4 shows a spatially resolved
map of X-ray intensity for a specific orientation of the crystal. Clearly, the X-ray
intensity varies significantly as a function of χ, with maximum intensity at χ ≈ 45°;
in this orientation, the C–Br bonds are oriented at ca. 45° with respect to the direction
of linear polarization of the incidentX-ray beam.Minimum intensity occurs atχ ≈ 0°
and χ ≈ 90°, when the C–Br bonds are either parallel (χ = 0°) or perpendicular (χ =
90°) to the direction of linear polarization of the incident X-ray beam. The observed
dependence of intensity on χ [i.e., I(χ ) = Io sin2(2χ )] is directly analogous to the
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Fig. 1.3 a Crystal structure of the 1-BrA/thiourea inclusion compound viewed parallel (left) and
perpendicular (right) to the tunnel axis of the thiourea host structure; the C–Br bonds of all 1-BrA
guest molecules are parallel to the tunnel axis (c-axis), which is also parallel to the long-needle
axis of the crystal morphology. b Structural changes associated with the phase transition in the
BrCH/thiourea inclusion compound (with H atoms omitted for clarity). Left: rhombohedral high-
temperature (HT) phase viewed along the tunnel axis of the thiourea host structure (the isotropically
disordered BrCH guests are not shown). Middle and right: monoclinic low-temperature (LT) phase
viewed along the host tunnels (middle) and perpendicular to the tunnel (right); the C–Br bonds of
all BrCH guests form an angle ψ ≈ 52.5° with respect to the tunnel axis (vertical in right-hand
figure)

behavior of a uni-axial crystal in the polarizing optical microscope. We note that, for
each XBI image shown in Fig. 1.4, the crystal exhibits essentially uniform brightness
(i.e., the X-ray intensity is the same for all regions of the crystal in the XBI image),
indicating that all regions of the crystal have the same orientation of the C–Br bonds.

XBI data recorded for 1-BrA/thiourea as a function of φ (with χ fixed) show no
significant change in X-ray intensity as a function of φ. As variation of φ corresponds
to rotation of the crystal around the tunnel axis (and hence rotation around the C–Br
bond direction), the orientations of the C–Br bonds are not altered by this rotation
and the measured X-ray intensity is therefore essentially independent of φ.

These XBI measurements [19] on the model material 1-BrA/thiourea (together
with earlier X-ray birefringence studies [8] carried out in a non-imaging mode)
were crucial for proving that the phenomenon of X-ray birefringence at the Br K-
edge depends specifically on the orientational properties of the C–Br bonds in the
material of interest.
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Fig. 1.4 XBI images recorded at 280 K for a single crystal of 1-BrA/thiourea as a function of χ

(with φ fixed). The images represent spatially resolved maps of X-ray intensity across the crystal.
Relative brightness in the images scales with X-ray intensity. The variation of normalized intensity
(INt ) as a function ofχ is shown at the left side, using data from all images recorded in the experiment
(with χ varied in steps of 2°). To construct this plot, the X-ray intensity was measured by integrating
a region of the image with dimensions 62.5 μm × 192 μm at the center of the crystal, and was
normalized to give a value in the range 0 ≤ I Nt ≤ 1

1.4.2 XBI Study of Changes in Molecular Orientation
at a Solid-State Phase Transition

As the XBI study of 1-BrA/thiourea proved that the technique is a sensitive probe of
molecular orientations inmaterials, the next application [19]was to explore the use of
XBI to characterize changes in molecular orientations as a function of temperature,
in particular for a material that undergoes an order–disorder phase transition. To
explore this behavior, XBI experiments were carried out on a single crystal of the
thiourea inclusion compound containing bromocyclohexane (BrCH) guestmolecules
(Fig. 1.3b). This material undergoes a phase transition at T = 233 K from a high-
temperature (HT) phase in which the orientational distribution of the BrCH guest
molecules is essentially isotropic (as a result of rapid isotropic molecular motion) to
a low-temperature (LT) phase in which the BrCH molecules become orientationally
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ordered. In the LT phase, the C–Br bonds of all BrCH molecules are oriented at
ψ ≈ 52.5° with respect to the tunnel axis of the thiourea host structure (Fig. 1.3b).

XBI images recorded for a single crystal ofBrCH/thiourea in theHTphase (298K;
Fig. 1.5a) show essentially zero X-ray intensity for all regions of the crystal, with
no variation in intensity as a function of crystal orientation (with variation of both χ

and φ), confirming that the orientational distribution of the C–Br bonds of the BrCH
guest molecules is isotropic in the HT phase. These XBI results for BrCH/thiourea
in the HT phase (Fig. 1.5a) provide a clear illustration of the differences between
XBI and polarizing optical microscopy; specifically, under the same conditions, a
single crystal of BrCH/thiourea exhibits uni-axial behavior in the polarizing optical
microscope in crossed-polarizer configuration (see Fig. 1.5b), with minimum inten-
sity arising when the optic axis is parallel to the polarizer or analyzer and maximum
intensity arising when the optic axis is at 45° to these directions (for BrCH/thiourea,
the optic axis is the c-axis of the rhombohedral thiourea host structure, parallel to the
long-needle axis of the crystal morphology in Fig. 1.5b). As optical birefringence

Fig. 1.5 Comparison of images fromXBI and polarizing optical microscopy recorded as a function
of χ for the same material (in each case, a single crystal of BrCH/thiourea in the HT phase): a XBI
images (at 298 K), and b polarizing optical microscope images (at 293 K)
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depends on the overall crystal symmetry,which is rhombohedral forBrCH/thiourea in
the HT phase (for a rhombohedral host structure containing guest molecules under-
going isotropic molecular motion, the overall symmetry is rhombohedral), giving
uni-axial behavior in optical birefringence (Fig. 1.5b). In contrast, X-ray birefrin-
gence at the Br K-edge depends only on the orientational properties of the C–Br
bonds; as the BrCH guest molecules undergo isotropic reorientational motion in the
HT phase, the orientational distribution of the C–Br bonds is isotropic, and no X-ray
birefringence is observed (Fig. 1.5a).

For BrCH/thiourea in the LT phase, the XBI behavior [19] (see Fig. 1.6, which
shows XBI data recorded at 20 K as a function of χ, with φ fixed at φ = 0°) is
significantly different from that in the HT phase. First, we consider the large central
region of the crystal (i.e., the bright region in the topXBI image in Fig. 1.6); atφ = 0°,
the C–Br bonds in this region of the crystal are nearly perpendicular to the direction
of propagation of the incident X-ray beam. The X-ray intensity for this region varies
significantly as a function of χ, with intensity maxima and minima separated by �χ

≈ 45°. In the LT phase, it is known from X-ray diffraction [21] that the C–Br bonds
adopt a well-defined orientation within the crystal (see Fig. 1.3b), with an angle ψ

≈ 52.5° between the C–Br bond direction and the tunnel axis (c-axis) of the thiourea
host structure. For the large central region of the crystal, themaximum intensity in the
XBI images in Fig. 1.6 occurs at χ ≈ 82°, because for this orientation of the crystal,
the angle between the C–Br bond direction and the direction of linear polarization of
the incident X-ray beam is ca. 45° (see Fig. 1.6). Similarly, the minimum intensity
arises at χ ≈ 38°, because for this orientation of the crystal, the angle between the
C–Br bond direction and the direction of linear polarization of the incident X-ray
beam is ca. 90°. Thus, the χ-dependence of the XBI data for BrCH/thiourea in the LT
phase (for φ = 0°) is analogous to the behavior of a uni-axial crystal in the polarizing
optical microscope, with the direction of the C–Br bonds representing the “X-ray
optic axis.” More details of the geometric properties of the BrCH/thiourea inclusion
compound in the LT phase that underpin this interpretation of the XBI data are given
in the original paper [19].

Furthermore, it is clear from the XBI data in Fig. 1.6 that the crystal of
BrCH/thiourea in the LT phase contains orientationally distinct domains, highlighted
in Fig. 1.7 (which shows an expanded view of the XBI image recorded for χ = 10°
and φ = 0° in Fig. 1.6). In Fig. 1.7, the large central region of the crystal comprises
a large parallelogram-shaped domain (the bright region), with two smaller domains
(dark regions) at each end of the crystal. These distinct domains contain the same
crystal structure of the LT phase, but with different orientations relative to the labo-
ratory reference frame. The domain boundaries between the major domain and the
two minor domains are parallel to each other and intersect the c-axis at an angle of
ca. 136°, allowing the domain boundary to be assigned as the crystallographic (101)
plane. Further XBI images recorded as a function of temperature indicate that there is
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Fig. 1.6 XBI data recorded for a single crystal of BrCH/thiourea in the LT phase (at 20 K) as a
function of χ (with φ fixed at φ = 0°). Maximum brightness (for the large central domain of the
crystal) arises when the C–Br bonds form an angle of 45° with respect to the direction of linear
polarization (horizontal) of the incident X-ray beam, which is achieved for the crystal orientation
χ ≈ 82°. Minimum brightness arises when the C–Br bonds form an angle of 90° with respect to
the horizontal direction, which is achieved for the crystal orientation χ ≈ 38°

no change in the size and spatial distribution of the domain structure as temperature
is varied within the LT phase.
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Fig. 1.7 XBI image of a single crystal of BrCH/thiourea in the LT phase (recorded at 20 Kwith χ =
10° and φ = 0°), showing that the crystal comprises orientationally distinct domains (corresponding
to regions with different levels of brightness). The domain boundaries (indicated by red lines)
correspond to the (101) plane

1.4.3 XBI Study of Orientational Ordering in Liquid
Crystalline Materials

Wenowdescribe the application ofXBI to studymolecular orientational ordering in a
non-crystallinematerial [22], specifically amaterial that forms several different liquid
crystalline phases. The experimental assembly designed specifically to measure XBI
data for liquid crystals is shown in Fig. 1.8 and is based onmolecular alignment of the
liquid crystalline phases in an applied magnetic field. In this setup, the sample cell
is mounted on the goniometer of the synchrotron beamline, allowing the orientation
of the magnetic field to be changed relative to the direction of linear polarization

Fig. 1.8 Experimental setup for XBI studies of liquid crystal samples oriented in a magnetic field.
The incident X-ray beam propagates along the Z-axis and is linearly polarized along the X-axis. In
this setup, the sample reference axis (zs-axis) is parallel to the magnetic field; thus, χ is defined
as the angle between the magnetic field axis and the direction of linear polarization of the incident
X-ray beam (X-axis; horizontal)
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Fig. 1.9 Schematic of the sample assembly for XBI studies of liquid crystal samples. The sample is
placed inside a glass capillary, which is inserted inside an outer sample holder made from graphite.
Themagnetic field is perpendicular to the long axis of the capillary and perpendicular to the direction
of propagation of the incident X-ray beam. Here, χ is defined as the angle between the magnetic
field axis and the direction of linear polarization of the incident X-ray beam (horizontal). The region
of each XBI image corresponding to the sample is highlighted by the yellow box (in the images
shown, the sample is an isotropic liquid phase)

(horizontal) of the incident X-ray beam. The sample cell is constructed with a Sm-
Co magnet (field strength ca. 1.0 T) to align the liquid crystal phases and a variable
temperature capability, controlled by passing an electric current through the graphite
outer sample holder (Fig. 1.9), to which a thermocouple is attached for temperature
measurement. In this setup, the sample reference axis (zs-axis) is the direction of the
applied magnetic field, so the angle χ (see Figs. 1.8 and 1.9) defines the orientation
of the applied magnetic field (i.e., the expected axis of molecular alignment in the
liquid crystal phases) relative to the direction of linear polarization of the incident
X-ray beam (horizontal). With this experimental assembly, χ may be varied from
45° to –45°, but only very restricted variation of φ is possible (for this reason, no
experiments involving variation of φ are discussed).

We focus on the results of XBI studies to investigate orientational ordering of
4’-octyloxy-[1,1’-biphenyl]-4-yl 4-bromobenzoate (Scheme 1.1; denoted OBBrB),
which is known [23] to form liquid crystalline phases. The terminal C–Br bond in
this molecule is ideally positioned to “report” on themolecular orientational ordering
in the liquid crystal phases from analysis of XBI data recorded at the Br K-edge.

The crystalline phase of this compoundmelts on heating at 151 °C and exists as an
isotropic liquid phase above ca. 216 ºC. On cooling from the isotropic liquid phase,
the following sequence of phases occurs, determined from optical microscopy [23]
(transition temperatures determined from DSC data [22] are in close agreement):

Iso · 216 ◦C · N · 215 ◦C · SmA · 154 ◦C · SmB

Scheme 1.1 Molecular
structure of OBBrB
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Here, we use the common abbreviations for the different liquid crystal phases: Iso
(isotropic liquid), N (nematic), SmA (smectic A), and SmB (smectic B). On cooling
the smectic B phase, a transition occurs to a crystalline phase, with the temperature
of this transition depending on the experimental conditions as a consequence of
supercooling.

The existence of the nematic phase (although over a narrow temperature range)
offers the possibility for molecular alignment in the magnetic field on cooling, with
the expectation that the terminal C–Br bond should be coincident with, or at least
oriented very close to, the director (n). As the experimental setup (Figs. 1.8 and
1.9) allows the orientation of the magnetic field to be varied with respect to the
direction of linear polarization of the incident X-ray beam, the experimental design
gives the opportunity to establish good-quality orientational information from XBI
data recorded using an X-ray energy close to the Br K-edge.

Selected XBI images recorded at 220 °C (isotropic liquid), 214 °C (nematic phase
and isotropic liquid), and 184 °C (smectic A phase) are shown in Fig. 1.10. The
magnetic field was maintained in the XY-plane, perpendicular to the direction of
propagation (Z-axis) of the incident X-ray beam. The angle χ denotes rotation of
the magnetic field around the Z-axis and thus specifies the direction of molecular
alignment in the liquid crystal phases relative to the direction of linear polarization

Fig. 1.10 XBI data recorded for OBBrB as a function of orientation of the magnetic field axis
(defined by angle χ) at: a 220 °C (isotropic liquid phase), b 214 °C (both nematic and isotropic
liquid phases are present), and c 184 °C (smectic A phase). The scale of normalized X-ray intensity
is shown on the right-hand side. In eachXBI image, the region representing the sample is highlighted
by the yellow box
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Fig. 1.11 Normalized X-ray intensity as a function of χ for the XBI data recorded for OBBrB at:
220 °C (blue; isotropic liquid); 214 °C (red; nematic), and 184 °C (green; smectic A). Selected XBI
images from the same experiment are shown in Fig. 1.10. X-ray intensity (Imeas) was measured as
the average intensity per pixel across a selected area of the sample region in the XBI image and
normalized to give a value in the range 0 ≤ IN ≤ 1, with IN = (Imeas − Imin)/(Imax – Imin), where
Imax and Imin are the highest and lowest measured intensities in the entire set of data (i.e., for all
XBI images recorded at the three temperatures shown). At 214 °C, the sample comprises a region
of nematic phase and a region of isotropic liquid (see Fig. 1.10b), and the intensity was measured
within the region of the image known to represent the nematic phase

of the incident X-ray beam (X-axis). For χ = 0°, the magnetic field is horizontal
(parallel to the X-axis).

For the isotropic liquid, the XBI images (Fig. 1.10a) are uniformly dark for all
sample orientations, with no variation in X-ray intensity as a function of sample
orientation (Fig. 1.11). These observations are fully consistent with an isotropic
distribution of C–Br bond orientations in this phase. Starting from the isotropic
liquid, the sample was oriented at χ = 45° and cooled in small increments in the
temperature region near the phase transition to the nematic phase, until the first
change in X-ray intensity was observed in the XBI data. At 214 °C, the XBI image
recorded atχ = 45° (top image in Fig. 1.10b) contains a bright region (upper left) and
a dark region (bottom right), representing the first temperature on cooling at which
there was evidence of the orientationally ordered nematic phase. From the changes
in the XBI data as a function of χ (Fig. 1.10b), it is clear that the region identified
as the nematic phase exhibits significant birefringence. In contrast, the other region
remains dark in the XBI images at all values of χ and is assigned as the isotropic
liquid. The co-existence of both nematic and isotropic liquid phases in the same XBI
image is a consequence of a temperature gradient across the sample holder.

For the nematic phase, the X-ray intensity varies in an approximately sinusoidal
manner as a function of χ (Fig. 1.11), as expected for a uni-axial system with the
optic axis parallel to the magnetic field (giving an intensity minimum at χ = 0° and
intensity maxima at χ = 45° and χ = –45°). As the effective X-ray optic axis for
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XBI at the Br K-edge depends on the resultant direction of the C–Br bonds, the XBI
behavior for the nematic phase indicates a high degree of molecular orientational
ordering, with a resultant C–Br bond orientation parallel to the magnetic field.

TheXBI data for the smectic A phase (184 °C; Fig. 1.10c) also exhibit a sinusoidal
variation inX-ray intensity as a function ofχ (Fig. 1.11). Significantly, themaximum
intensity (atχ = 45° andχ = –45°) is higher for the smectic A phase than the nematic
phase, indicating that the smectic A phase has a higher degree of ordering of the C–Br
bond orientations (i.e., a narrower orientational distribution) in the direction of the
magnetic field, as expected for a more ordered phase that has partial translational
ordering.

The type of XBI experiment described above in which the orientation of the
sample assembly is changed systematically by variation of χ at fixed temperature
can be problematic in the case of liquid crystals, as the domain structure can change
suddenly and unpredictably on changing the sample orientation due to the fluid nature
of these phases under gravity. Under these circumstances, it can be difficult to extract
reliable information on the characteristic dependence of X-ray intensity as a function
of χ for the different liquid crystal phases.

A more reliable method to explore differences in the degree of ordering between
different liquid crystal phases is to record the XBI images with the orientation of
the magnetic field fixed at χ = 45° while scanning through the temperature range of
interest. Results from this type of experiment are shown in Fig. 1.12, with the XBI
data recorded on decreasing temperature from 218 °C (isotropic liquid) to 108 °C
(crystalline phase) at a rate of 1 °Cmin−1, with theXBI images recorded continuously
on cooling (time per image, 5 s). At the highest temperature, the intensity is very low
as a result of the isotropic distribution ofmolecular orientations in the isotropic liquid
phase. On decreasing temperature, the intensity increases substantially between 216
and 205 °C, representing the transition from the isotropic liquid into orientationally
ordered phases (from Iso → N → SmA). Figure 1.12 (top part) shows the evolution
of the X-ray intensity measured from the XBI images as a function of temperature.
Between 216 and 205 °C, the data show a “first-order” change in intensity at the
clearing point as the nematic phase forms, after which there is a small inflection
over the approximate temperature range 215–211 °C (corresponding to the intensity
range from ca. 0.2 to 0.4). The fact that the sharp rise in intensity between 216 and
205 °C covers a significantly wider temperature range than the Iso → N → SmA
events observed by DSC and optical microscopy may reflect a combination of the
temperature gradient across the sample plus the kinetics of alignment in the pres-
ence of the magnetic field. As temperature decreases within the SmA phase, the
intensity increases gradually until a visible transition to the SmB phase is observed
from a further sharp (although relatively small) increase in intensity, followed by a
significant decrease in intensity upon crystallization.

The orientational order in liquid crystal phases is usually quantified by the orien-
tational order parameter, S = 〈

1/2(3 cos2 θ− 1)
〉
, where θ is the angle between the

director and the individual long molecular axes. The value of S is often determined
by measuring optical birefringence, and it is clear that the X-ray intensity measured
in the XBI data is also related to the order parameter S. While our interpretations of
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Fig. 1.12 Top: Normalized X-ray intensity in XBI images recorded for OBBrB on decreasing
temperature from 218 to 108 °C at 1 °C min−1, with the orientation of the magnetic field fixed at χ
= 45°. The phase transitions are associated with abrupt changes in intensity. Bottom: XBI images
recorded at different stages of the cooling process (the specific temperature and measured intensity
for each image, numbered from 1 to 6, is identified from the plot at the top). The region of each
XBI image representing the sample is highlighted by the yellow box

changes in X-ray intensity as a function of temperature have invoked this relation at
a qualitative level, our future research aims to derive a more quantitative framework
for determining values of order parameters from XBI data.
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1.4.4 XBI Study of Materials Undergoing Molecular
Reorientational Dynamics

Finally, we consider the application of XBI in studies [24] of materials that
undergo anisotropicmolecular dynamics, focusing on the urea inclusion compounds
containing 1,8-dibromooctane [1,8-DBrO; Br(CH2)8Br] and 1,10-dibromodecane
[1,10-DBrD; Br(CH2)10Br] guest molecules. As discussed below, uni-axial reorien-
tational motion of the guest molecules in these materials is well established from a
range of experimental techniques.

Conventional urea inclusion compounds [25–27] contain a host tunnel struc-
ture [28, 29] constructed from a hexagonal hydrogen-bonded arrangement of urea
molecules (Fig. 1.13a; tunnel diameter ca. 5.5–5.8 Å). The tunnels are filled with a
dense packing of guest molecules, typically based on long n-alkane chains. Along
the tunnel axis, the periodic repeat of the guest molecules is usually incommensu-
rate with the periodic repeat of the urea host structure. These materials undergo a
low-temperature phase transition, at which the symmetry of the urea host structure
[30, 31] changes from hexagonal [high-temperature (HT) phase] to orthorhombic

Fig. 1.13 a Crystal structure of an α,ω-dibromoalkane/urea inclusion compound viewed along
the tunnel axis, showing the hexagonal urea host tunnels occupied by α,ω-dibromoalkane guest
molecules. b For the guest molecule in the all-trans conformation in the host tunnel (vertical), the
C–Br bond forms an angleψ ≈ 35.3° with respect to the tunnel axis. c The orientational distribution
of C–Br bonds resulting from rapid reorientation of the guest molecules about the tunnel axis in the
HT phase is described by a cone with semi-angle ψ ≈ 35.3°
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[low-temperature (LT) phase]. The phase transition temperature for 1,8-DBrO/urea
is 157 K and for 1,10-DBrD/urea is 140 K. Several techniques have been applied
to study the dynamics of the guest molecules in α,ω-dibromoalkane/urea inclusion
compounds. Incoherent quasielastic neutron scattering (IQNS) has shown [32] that,
in the HT phase, the guest molecules undergo rapid reorientation about the tunnel
axis (τ ≈ 10–12 − 10–10 s; τ denotes the timescale of motion) and restricted trans-
lational diffusion along this axis. Solid-state 2H NMR studies (both lineshape anal-
ysis and spin-lattice relaxation time measurements) of 1,10-DBrD/urea also indicate
[30] that rapid reorientation (τ < 10−8 s) of the guest molecules occurs about the
tunnel axis in the HT phase. Polarized Raman spectroscopy [33] has shown that the
α,ω-dibromoalkane guest molecules adopt predominantly the all-trans conforma-
tion within the urea tunnel structure, with only a small proportion (ca. 7%) of gauche
end-groups. For the predominant (ca. 93%) conformation with trans end-groups, the
C–Br bonds form an angle ψ ≈ 35.3° with respect to the tunnel axis of the urea host
structure (Fig. 1.13b).

XBI data were recorded at the Br K-edge for single crystals of 1,8-DBrO/urea
and 1,10-DBrD/urea as a function of crystal orientation, specified by angles χ and
φ. In these measurements, the sample reference axis (zs-axis) is the long-needle axis
of the crystal morphology, which corresponds to the tunnel axis (c-axis) of the urea
host structure. This axis was maintained in the plane (XY-plane) perpendicular to
the propagation direction (Z-axis) of the incident X-ray beam. Variation of χ refers
to rotation of the zs-axis (c-axis of the crystal) around the laboratory Z-axis and
variation of φ refers to rotation of the crystal around the zs-axis. For χ = 0°, the
zs-axis is parallel to the direction of linear polarization of the incident X-ray beam
(X-axis; horizontal).

Figure 1.14 showsXBIdata recorded at theBrK-edge for single crystals (in theHT
phase) of 1,8-DBrO/urea (at 280K) and 1,10-DBrD/urea (at 170K) as a function ofχ.
For both 1,8-DBrO/urea and 1,10-DBrD/urea, the X-ray intensity exhibits sinusoidal
variation as a function of χ, with maximum brightness at χ ≈ 45° and minimum
brightness at χ ≈ 0° and χ ≈ 90°. The X-ray intensity is uniform across the entire
crystal, indicating that all regions of the crystal have the same orientational properties
of the C–Br bonds.

XBI data recorded as a function of φ in the HT phase for single crystals of 1,8-
DBrO/urea (at 280 K) and 1,10-DBrD/urea (at 170 K) are shown in Fig. 1.15 (for
these measurements, χ was fixed at an orientation close to the maximum intensity
in Fig. 1.14). No significant changes in X-ray intensity are observed as a function
of φ, indicating that the orientational distribution of the C–Br bonds relative to the
laboratory frame (X, Y, Z) is not altered by rotating the crystal around the c-axis
(tunnel axis).

The observed XBI behavior indicates that, for these materials, the effective X-ray
optic axis (i.e., the resultantC–Br bond orientation) is parallel to the tunnel axis of the
urea host structure. For an α,ω-dibromoalkane guest molecule with trans end-group
conformation inside the urea host tunnel, the C–Br bond forms an angle ψ ≈ 35.3°
with respect to the tunnel axis (Fig. 1.13b). The fact that the resultant C–Br bond
vector is parallel to the tunnel axis for 1,8-DBrO/urea and 1,10-DBrD/urea in the HT
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Fig. 1.14 XBI data recorded as a function of χ (with φ fixed) in the HT phase for single crystals of:
a 1,8-DBrO/urea (at 280 K), and b 1,10-DBrD/urea (at 170 K). c Variation of normalized intensity
(I Nt ) as a function of χ for 1,8-DBrO/urea (blue) and 1,10-DBrD/urea (orange). This plot was
constructed using data from all images recorded in the experiment (with χ varied in steps of 2° for
1,8-DBrO/urea and steps of 5° for 1,10-DBrD/urea), including the images shown in (a) and (b).
X-ray intensity was measured by integrating across a region of the image [195 μm (vertical) ×
169 μm (horizontal)] at the center of the crystal and normalized to give a value in the range 0 ≤ INt≤ 1. The horizontal shift of �χ ≈ 2° between the data for 1,8-DBrO/urea and 1,10-DBrD/urea in
(c) is attributed to small errors in crystal alignment

Fig. 1.15 XBI data recorded
as a function of φ (with χ

fixed) in the HT phase for
single crystals of:
a 1,8-DBrO/urea (at 280 K),
and b 1,10-DBrD/urea (at
170 K)
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phase is a consequence of reorientational dynamics of the guest molecules around
the tunnel axis, leading to a time-averaged projection of the C–Br bond vector along
this axis. For this motion, the actual orientational distribution of each C–Br bond is
described by a cone with semi-angle ca. 35.3° (Fig. 1.13c) and with the cone axis
parallel to the tunnel axis. The relative populations of different C–Br bond orienta-
tions on the cone are not necessarily equal, but at a given site along the tunnel axis,
the local environment experienced by the guest due to interaction with the host struc-
ture is described by a potential with approximately 6-fold rotational symmetry; thus,
the distribution of orientations of the C–Br vectors on the cone exhibits approximate
6-fold symmetry. For this orientational distribution, the resultant C–Br bond vector
is essentially parallel to the tunnel axis, representing the effective (time-averaged)
C–Br bond orientation that defines the X-ray optic axis for XBI. Thus, both 1,8-
DBrO/urea and 1,10-DBrD/urea exhibit sinusoidal variation of X-ray intensity as a
function of χ and essentially no variation of X-ray intensity as a function of φ. While
we have focused on the behavior of 1,8-DBrO/urea and 1,10-DBrD/urea in the HT
phase, XBI studies of these materials in the LT phase have also been reported [24].

TheXBI behavior observed for 1,8-DBrO/urea and 1,10-DBrD/urea demonstrates
that, for materials undergoing anisotropic molecular dynamics, the effective X-ray
optic axis is the time-averaged resultant of the orientational distribution of the
C–Br bonds, which represents a basis for the rationalization of XBI behavior of
other materials in which the molecules undergo anisotropic dynamic processes.

1.5 Concluding Remarks and Future Prospects

As demonstrated by the results presented above, the XBI technique enables spatially
resolved mapping of the orientational properties of specific types of molecule and/or
bond in materials. Although several of the samples in these early studies were single
crystals, there is no requirement for crystallinity as X-ray birefringence is sensi-
tive to local molecular orientations; thus, XBI could be applied to any material
(including liquid phases, liquid crystals, amorphous solids, or molecular assemblies
on surfaces) with an anisotropic distribution of molecular orientations. XBI can also
be exploited for spatially resolved analysis of orientationally distinct domains in
materials (see Fig. 1.7), yielding information on domain sizes, the orientational rela-
tionships between domains, and the nature of domain boundaries. Furthermore, as
XBI is a full-field imaging technique in which the entire image is recorded simul-
taneously, XBI data can be measured quickly (typical exposure times for the XBI
images shown here were around 1–5 s). Clearly, there are significant opportunities
to carry out in situ XBI studies of physical or chemical processes as a function of
time, with time resolution of the order of seconds.

Our ongoing research to further develop and apply the XBI technique is extending
the initial studies described above by investigating a significantly wider range of
materials (including those for which elements other than bromine are selected
as the X-ray absorbing element). Given the utility of XBI as a technique for
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spatially resolved mapping of the orientational properties of materials, for estab-
lishing changes in orientational properties in response to external stimuli, and for
in situ monitoring of physical or chemical processes as a function of time, we fully
anticipate that the XBI technique will find increasing opportunities for applications
in several new areas of materials science in the future.
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Chapter 2
Direct Visualization of Crystal Formation
and Growth Probed by the Organic
Fluorescent Molecules

Fuyuki Ito

Abstract In this chapter, the direct visualization of crystal formation and growth
probed by organic fluorescent molecules exhibiting mechanofluorochromism and
displaying aggregation-induced emission (AIE) is discussed. The fluorescence
observations of the evaporative crystallization can reveal a two-step nucleationmodel
for nuclei formation. The fluorescence from the droplets showed dramatic changes
depending on the molecular state, such as monomer, amorphous, and crystal poly-
morph. The quartz crystal microbalance (QCM) measurement also revealed the
changes in the mechanical properties during the solvent evaporation. These methods
provide a useful and convenient fluorescence tool for in situ crystal analysis, from
which detailed experimental evidence and mechanistic insights into crystal forma-
tion and transformation can be obtained through direct fluorescence visualization
with real-time, on-site, and nondestructive methods.

Keywords Evaporative crystallization · Fluorescence color changes ·
Mechanofluorochromism · Aggregation-induced emission (AIE) · Quartz crystal
microbalance (QCM) · Two-step nucleation model · Liquid-like cluster

2.1 Introduction

Crystal formation from solution is essential in fundamental science as well as in the
fabrication of pharmaceuticals, food, polymers, and organic solidmaterials; however,
it remains poorly understood. In solution crystallization, the formation of crystal
nuclei plays an important role in determining the crystal structure, size, and poly-
morph, controlling crystallization and crystal quality. In classical nucleation theory,
molecules are added one-by-one to extend the crystal lattice and form an embry-
onic nucleus in a one-step process. The classical model for crystallization visualizes
the formation of a metastable crystalline nucleus that reaches a critical size through
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density fluctuations and grows into a stable crystal. Some computational and exper-
imental results, however, cannot be explained based only on classical nucleation
theory [1]. Recently though, a two-step nucleation model involving a liquid-like
cluster intermediate prior to nucleation has been developed to explain protein crys-
tallization and has been shown to be of more general validity [2]. It is postulated
that liquid-like clusters originate from disordered liquid or amorphous metastable
clusters in homogeneous solutions [3]. There have been many reports supporting this
two-step nucleation model, in which the intermediated phases play an important role
in crystallization.

Nucleation is the initial step of crystallization. The nuclei could not be directly
observed because the nuclei exist in the transition state. Understanding and control-
ling nuclei formation will provide a suitable process for crystallization because the
organic molecular crystals generally are formed by weak intermolecular interaction
such as van der Waals, π–π interaction, or hydrogen bonding [4]. However, direct
observation of such processes under realistic conditions in the real time remains
a challenge because of the lack of advanced techniques to discriminate the phase
boundaries and capture the intermediate states.

In this chapter, studies of the direct visualization of crystal formation and growth,
probed by organic fluorescent molecules by using fluorescencemicroscopy and spec-
troscopy, are introduced, with a particular focus on the fluorescence spectral change
of a dibenzoylmethaneborondifluoride complex exhibitingmechanofluorochromism
and a cyanostilbene derivative displaying aggregation-induced emission (AIE).

2.2 Fluorescence Detection of Molecular Assembling

The fluorescence spectra of materials are sensitive to molecular environment and
aggregation. In principle, fluorescence spectroscopy can be used to probe the progress
of molecular assembly on the scale of just a few molecules or that of a bulk process.
In this section, the studies of molecular assembling probed by fluorescence detection
are described.

Yu et al. [5] monitored an amorphous-to-crystalline transformation through fluo-
rescence color changes by the in situ microscopic observation of the crystalliza-
tion of molecular microparticles. As a molecule, tetra-substituted ethene with novel
morphology-dependent fluorescence was applied, which can distinguish the inter-
face between the crystalline and amorphous phase by fluorescence color, providing a
simple andpracticalmethod to probe the inner processes of amolecularmicroparticle.
The fluorescence images of the crystallization due to contact between microparti-
cles were categorized into three cases by monitoring the crystallization evolution
of these defective microspheres. This method can clearly record the inhomoge-
neous crystallization of amorphous microparticles, whereby the perfect micropar-
ticles and those with defects demonstrate diverse destinies. The study presents a
realistic picture of the microscopic kinetics of not only solid–solid transitions but
also crystallizations that occur spontaneously in atmosphere or under external stimuli,



2 Direct Visualization of Crystal Formation and Growth … 31

such as mechanochromic behavior. Furthermore, this facile method may provide
practical opportunities and utilizations for other molecules employing fluorescence
microscopy and fluorescent materials.

Pansu et al. attempted fluorescence lifetime microscopy imaging (FLIM) of the
nucleation and growth processes during fluorogenic precipitation in a microflow
mapping, the schematic representation of which is as shown in Fig. 2.1 [6]. This is
the first observation, enumeration, and mapping of the early stages of crystallization
during antisolvent precipitation. As a molecule, (2Z, 2′Z)-2,2′-(1,4-phenylene)-bis-
(3-(4-butoxyphenyl)acrylonitrile), DBDCSwas chosen, which exhibits aggregation-
induced emission enhancement (AIEE), namely, the molecules are non-fluorescent
and the nuclei should appear as bright objects on a dark background. THF and water
were used as good and poor solvents, respectively, for DBDCS precipitation.

The precipitation of a fluorescent dye in a microfluidic 3D hydrodynamic mixing
setup was performed concomitant with the FLIM imaging. The FLIM images of
the precipitation process are shown in Fig. 2.2. A short fluorescence lifetime of

Fig. 2.1 Schematic illustration of FLIM imaging in a 3D hydrodynamic mixing setup. Reproduced
from Ref. [6] by permission of The Royal Society of Chemistry (RSC) on behalf of the Centre
National de la Recherche Scientifique (CNRS) and the RSC

Fig. 2.2 FLIM images of the microprecipitation of DBDCS inside the microfluidic device; Qs/Qc
= 10/0.5 (μL min−1); C = 0.21 × 10−3 mol L−1; inner flow diameter = 30 μm. The color of the
pixel codes for the average lifetime. Reproduced from Ref. [6] by permission of The Royal Society
of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the
RSC
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the DBDCS molecule and the long lifetime of its crystal, with nuclei of intermediate
lifetime, are observed.We show that the precipitation is slowed down by the presence
of a viscous skin at the interface between water and THF. From the analysis of the
decays, wemap the concentrations of the three species with over half a million pixels
and show that nucleation and growth occur all along the device by the slow diffusion
of water into the THF inner flow.

A new method to synthesize and observe the precipitation of sub-micrometer
particles was optimized to study and control the early stage of microprecipitation.
The developed device is easy to construct and fully compatible with a wide range of
solvents. We used fluorescence lifetime imaging microscopy to detect not only the
oligomers of molecules that precede the formation of crystals but also the nucleation
and growth kinetics simultaneously.

There has been demand for a real-time, on-site, nondestructive, fluorescence
imaging technique to monitor the crystal formation and transformation processes of
organic fluorescent molecules. Hu and Tang et al. reported the fluorescent visualiza-
tion of crystal formation and transformation processes of organic luminogens with
crystallization-induced emission characteristics [7]. In this work, (Z)-1-phenyl-2-
(3-phenylquinoxalin-2(1H)-ylidene)ethanone (PPQE) with crystallization-induced
emission properties was reported. Three polymorphs of PPQE with various emis-
sion behaviors were obtained with good reproducibility under controlled conditions
(Fig. 2.3). With the crystallization-induced emission characteristics and polymorph-
dependent luminescence of PPQE, a real-time, on-site, nondestructive fluorescence
imaging technique to monitor crystal transformation processes and crystal formation
from the amorphous state and dilute solution, respectively, was achieved. This study
provides a useful and convenient fluorescence tool for in situ crystal analysis, from
which detailed experimental evidence and mechanistic insights into crystal forma-
tion and transformation can be obtained through direct fluorescence visualization
with real-time, on-site, and nondestructive capabilities. It is a powerful and conve-
nient tool for crystal analysis, providing detailed and valuable information about the
crystal formation and transformation processes.

2.3 Evaporative Crystallization of Mechanofluorochromic
Molecules

Dibenzoylmethanatoboron difluoride (BF2DBM) derivatives have excellent optical
properties, such as two-photon absorption cross sections [8, 9], high fluorescence
quantum yields in the solid state [10], multiple fluorescence colors [11–15], and
reversible mechanofluorochromic properties [16, 17]. In particular, BF2DBM based
on the 4-tert-butyl-4′-methoxydibenzoylmethane (avobenzone) boron difluoride
complex (BF2AVB) exhibits different emission depending on the crystal phase (poly-
morph) [18]. BF2AVB also has excellent fatigue resistance by photoirradiation and a
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Fig. 2.3 Crystal formation and transformation processes. A real-time, on-site, nondestructive, fluo-
rescence imaging technique has been reported to monitor the crystal formation and transformation
processes of organic luminogens. Reproduced from Ref. [7] by permission of The Royal Society
of Chemistry

high fluorescence quantumyield, even in the solid state (~0.5), which is advantageous
for photonics applications.

In this chapter, the fluorescence properties of BF2DBM in PMMA films and
solution during evaporative crystallization were investigated to reveal the two-step
nucleation model.

2.3.1 Fluorescence Visualization of Crystallization
of Dibenzoylmethanatoboron Difluoride Complex

We have investigated the fluorescence properties of 4,4′-di-tert-
butyldibenzoylmethanatoboron difluoride (BF2DBMb, Fig. 2.4a) in PMMA
films and solution during evaporative crystallization to reveal the two-step nucle-
ation model [19]. BF2DBMb has a mechanofluorochromic property, [11, 20] which
originates from the different emission properties between the amorphous state and
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Fig. 2.4 a Molecular structure of BF2DBMb. Fluorescence images of BF2DBMb in b 1,2-
dichloromethane, c crystalline state, and d amorphous state under 365 nmUV irradiation, e absorp-
tion and fluorescence spectra of BF2DBMb, and f fluorescence spectra of crystal and amorphous
states of BF2DBMb following excitation at 380 nm. Reprinted by permission from Macmillan
Publishers Ltd.: Ref. [19], copyright 2016

the crystal one [17]. The two-step nucleation model can be clarified by fluorescence
detection, such that the detection of the amorphous state prior to crystallization
by fluorescence color change can be expected. As described above, Yu et al. more
recently reported the amorphous-to-crystalline transformation monitored by the
fluorescence color change [5].

First, we confirmed the fluorescence properties of BF2DBMb in dilute solution,
crystal and amorphous states, the fluorescence images of which are exhibited in
Fig. 2.4b–d. The fluorescence exhibits purple, blue, and greenish-orange colors, for
the dilute solution, crystal state, and amorphous state, respectively. The absorption
and fluorescence spectra of BF2DBMb in 1,2-dichroloethane are shown in Fig. 2.4e.
The absorption peaks were observed at 350, 370, and 390 nm and were in a mirror
image of the fluorescence spectra with peaks at 413 and 430 nm and shouldered at
460 nm, which can be assigned to the vibrational modes of BF2DBMb monomer.
The fluorescence showed peaks near 445 and 470 nm for the crystal, and near
550 nm for the amorphous state, as shown in Fig. 2.4f. The crystal and amorphous
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states were confirmed by XRDmeasurement. These findings indicate that molecular
forms, such as monomer (isolated state) and aggregated state, can be distinguished
by fluorescence color change.

Up to now, we have reported the evolution of themolecular assembling by fluores-
cence change in polymer matrix, which can provide information on the aggregation
and segregation processes. To confirm the molecular assembling of BF2DBMb in
polymer matrix (poly(methyl methacrylate), PMMA) by static trail, the concentra-
tion dependence of the fluorescence changes was as shown in Fig. 2.5. The close-
up picture of the fluorescence image uniformly shows blue in 0.01 mol%. With
increasing concentration, the fluorescence color changes to greenish-orange via light
blue until 3.0 mol%. The needle with sky blue emission was confirmed for film of
over 4.0 mol%, for which the segregation of BF2DBMb crystal in the polymer film
most probably occurred. At the lower concentrations of 0.01 mol%, BF2DBMb fluo-
rescence bands were observed near 430 nm, originating from the monomer as shown
in Fig. 2.4e. The fluorescence peakwas red-shifted until 0.5mol%.At a concentration
of 1.0 mol%, the fluorescence peak was located at 450 nm concomitant with a broad
new fluorescence band appearing near 530 nm as a shoulder. Although the broad
emission band near 530 nm increased with increasing concentration up to 3.0 mol%,
it suddenly disappeared, and the fluorescence peak was shifted to the wavelength
near 450 nm. The fluorescence spectrum is identical to that of the emission from the
BF2DBMb crystal shown in Fig. 2.6f. These phenomena imply that the molecular

Fig. 2.5 Close-up
fluorescence images of
BF2DBMb in PMMA films
with a concentration of
a 0.01, b 0.05, c 0.1, d 0.5,
e 1, f 2, g 3, and h 4 mol%,
and i fluorescence spectra as
a function of concentration
obtained by excitation at
380 nm. Reprinted by
permission from Macmillan
Publishers Ltd.: Ref. [19],
copyright 2016 1.2
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Fig. 2.6 a Fluorescence images of a droplet of BF2DBMb in 1,2-dichloroethane during evapo-
ration under 365 nm UV irradiation. The droplet diameter is approximately 5 mm. b Changes in
fluorescence spectra of BF2DBMb in 1,2-dichloroethane during solvent evaporation. Reprinted by
permission from Macmillan Publishers Ltd.: Ref. [19], copyright 2016

assembling can be isolated or frozen by the polymer matrix, the dynamics of which
revealing the formation of the crystal from the monomer state via the amorphous
state of BF2DBMb. These findings are supported by the XRD results in polymer
films. The fluorescence excitation spectra of BF2DBMb in PMMA films indicate
the exciton splitting of the band, suggesting the formation of H- and J-aggregates
with increasing concentration. Based on the band splitting, the average number of
aggregated molecules was estimated to be 12 molecules.

Next, we attempted to measure the fluorescence change during evaporative crys-
tallization from solution. The detection of the molecular assembling through the
fluorescence changes can be expected, particularly liquid-like clusters, such as the
amorphous aggregated state. Figure 2.6a shows the fluorescence images during the
solvent evaporation from 3.1 × 10–2 mol dm−3 BF2DBMb in a 1,2-dichloroethane
droplet, and the movie of which is shown in the supporting information [19]. In this
trial, the time origin is set to after the complete focusing of the CCD camera, which
describes the reason for the indicated time difference between the movie and the
spectral change described below. At a time of 0 s, the fluorescence color is purple.
The emission color changes to orange from the edge of droplet after 25 s. With the
elapse of time, the emission color transiently becomes orange all over the droplet at
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approximately 32 s. The solvent evaporated, which resulted in a doughnut-shaped
orange emission formed at approximately 34 s. The region of purple emission shrank
from both inside and outside after 34 s. Finally, the entire droplet region turned to
blue emission with small parts of the orange emission remaining. The evaporation
of solvent from the inner region most probably originates from the analogous mech-
anism to gas bubbles, which has been reported for the molecular assembling during
the evaporation of low vapor pressure solvent [21]. The orange emission is exhibited
only in solution with non-equilibrium state. Actually, the concentration dependence
of fluorescence spectra of BF2DBMb in solution does not exhibit orange emission,
even under concentrated conditions. It is strongly suggested that the molecular form
or assembly with orange emission can be like a supersaturated solution. To obtain
the spectroscopic information for solvent evaporation, we observed the fluorescence
spectra of BF2DBMb in 1,2-dichroloethane during evaporation as a function of time,
which are shown in Fig. 2.6b. The fluorescence spectrum acquired immediately after
applying the droplet exhibits peaks at 433 nm with shoulders at 415, 460, 550 nm,
corresponding to the emission spectra of the monomer state. The peak near 550 nm
corresponding to the amorphous state monotonically increased with time up to 91 s.
The fluorescence peak at 433 nm decreased from 91 to 95 s. After 95 s, the peaks near
445 and 470 nm appeared concomitant with decreasing band intensity near 550 nm.
The series of fluorescence spectral changes correspond to the fluorescence image
change. Based on the information of the fluorescence properties of BF2DBMb as
described above, we can explain the molecular assembling by solvent evaporative
crystallization. The crystal of BF2DBMb formed from solution via the amorphous
state. The dynamic fluorescence change is identical to observations when increasing
the concentration in PMMA films during static trials. The Raman spectra of each
species were identical to the fluorescence spectral change, which strongly supports
the changes in molecular species in the ground state.

The fluorescence spectra were analyzed by nonlinear least squares fitting by six
Gaussians. All of the observed spectra matched these values well. Thus, we plotted
the relative abundances of monomer, crystal, and amorphous state as a function of
time, which is shown in Fig. 2.7a. Afterward, the dropping the fraction of monomer
species fell to approximately 0.9. The monomer fraction monotonically decreased,
whereas the amorphous fraction increased up to 95 s. The amorphous fraction reached
approximately 0.6 at 95 s; then, the fraction decreased considerably. The crystal
fraction was not observed before 95 s. The fraction suddenly increased after 95 s,
concomitant with the decrease of the amorphous state. These findings indicate that
the crystal can be formed from monomer species via the amorphous state, which is
presumed to show hierarchical change like a consecutive reaction, as schematically
shown in Fig. 2.7b.

Based on the observed phenomena by fluorescence change both depending on the
dispersion concentration in PMMA films and during the solvent evaporative crystal-
lization of BF2DBMb, we can conclude that the direct visualization of proposed a
mechanism of the two-step nucleation model. The fluorescence color change from
purple to blue via orange corresponds to the molecular formation change from
monomer to crystal via amorphous state. The amorphous state is transiently formed
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Fig. 2.7 a Change in the relative abundance of monomer, amorphous, and crystal states based on
time-resolved fluorescence spectral measurements. b Schematic representation of the molecular
assembly based on the changes in fluorescence spectra. Reprinted by permission from Macmillan
Publishers Ltd.: Ref. [19], copyright 2016

prior to the crystal formation. The two-step nucleation model suggests that there
is the liquid-like cluster as a crystal nucleus, which has been established based on
the induction time of crystal formation [22], NMR spectroscopy [23, 24], electron
microscopy [25], and non-photochemical laser-induced crystallization [26]. In the
present case, the observed orange emission originating from amorphous species
demonstrates the existence of the liquid-like cluster before crystallization, the state
of which is only in the supersaturated region during the solvent evaporation, i.e., the
non-equilibrium state. The time evolution of the relative abundance of the molecular
form of BF2DBMb clearly reveals that the formation of the amorphous species acts
as a precursor to crystal formation. We have verified that the fluorescence visual-
ization during solvent evaporative crystallization agrees with the previously known
two-step model for crystal formation [2, 27].

2.3.2 Changes in Optical and Mechanical Properties During
Evaporative Crystallization

Recently, there have been many reports supporting the two-step nucleation model,
which is relatively understood, with the intermediate phases playing an important
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role in crystallization [28, 29]. Tsarfati et al. mentioned the crystallization paths
involving the threemain stages—initial densification from the solvent-rich precursor,
early ordering, and concurrent evolution of order and morphology [30]. This finding
indicates that the liquid-like cluster state contains the solvent in the solution. It is
unknown that the orange emission of BF2DBMoriginates from the amorphous phase
as either highly dense solvent-rich state or solid aggregates. Based on the above
background, we focus on the changes in optical and mechanical properties during
evaporative crystallization in real time, particularly to clarify the orange emissive
state as the intermediate phase [31].

To assess the optical and mechanical properties of the mutual state during evap-
orative crystallization in real time, we considered the droplet observation under the
crossed Nicol condition [32]. The quartz crystal microbalance (QCM) is a tool that
is used to perform real-time monitoring of the mass and the viscoelastic changes
based on the change in the frequency (�f ) and resistance (�R) from the adsorption
onto the quartz substrate [33]. It is utilized in the evaluation of the deposited film
thickness in the vacuum deposition.

We first observed the fluorescence images and polarized optical image, simul-
taneously, during the solvent evaporation. Figure 2.8 shows the photographs of the
droplet between the polarizer under the crossed Nicol condition, with (upper side)
and without (lower side) UV irradiation during the solvent evaporation. The polar-
ized optical images with UV irradiation correspond to the fluorescence color changes
of the droplet, which exhibits a purple color just after the dropping. However, there

0 s 20 s 40 s 60 sWith UV

Without UV

80 s 85 s 90 sWith UV

Without UV

Fig. 2.8 Photographs of the BF2DBMb in 1,2-DCE droplet between the polarizer arranged under
the cross-Nicol condition together with and without UV irradiation during the solvent evaporation.
From [31]. Reprinted with permission from Chemical Society of Japan
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was no transparency in the image without UV irradiation, indicating that the droplet
of BF2DBMb solution has no crystalline region. With time, the fluorescence color
changed to orange from the peripheral of the droplet; this change was associated with
the solvent evaporation from 20 to 40 s after the dropping, which can be assigned to
the emission of the amorphous phase according to the previous report. After 60 s,
birefringence was observed via the polarized optical image, and the texture in both
the polarized optical images with and without UV irradiation gradually propagated
throughout the droplet. The texture in the images implies the phase transformation
of the amorphous state, followed by the formation of a crystalline state. Compared
with both images at 85 s, the region with orange emission shows no birefringence,
suggesting the optically isotropic phase. We have postulated that the amorphous
phase as an intermediate can be identical to the liquid-like cluster state proposed in
the two-step nucleation model of the crystallization process. These findings indicate
that the photophysical and optical properties of the liquid-like cluster state have an
isotropic aggregated state similar to an amorphous phase.

Next, we attempted QCMmeasurements during the evaporative crystallization of
the droplet. Prior to discussing the results of the QCM measurements, to confirm
that the Au electrode does not affect the fluorescence behavior in the evaporative
crystallizationof the droplet,wemeasured thefluorescence images and spectra during
the solvent evaporation on Au-coated AT-cut quartz substrate, simultaneously. The
behavior of the fluorescence spectral changes ofBF2DBMbdroplet ontoAu electrode
is almost the same as that in the previous report, indicating that Au electrode does not
affect the spectral changes that occur during solvent evaporation, such as the surface
plasmon resonance of Au thin film [34, 35].

We attempted the QCMmeasurements adapted for the evaporative crystallization
of theBF2DBMbdroplet, to assess the changes in the dynamic viscoelastic properties.
First, to confirm the effects of just solvent evaporation, we measured �f and �R
changes by the evaporation of 1,2-DCE as a function of time. Both values indicate
the amount of change from before the dropping. Just after dropping,�f was−2 kHz
and began to return to the initial value from approximately 50–156 s.Meanwhile,�R
exhibited behavior similar to that of �f just after dropping and then monotonically
recovered from 93 to 156 s. Changes in both values correspond to the solvent mass
change �m based on the Sauerbrey equation described below; therefore, recovery
to the initial values suggested that the solvent on the Au electrode fully evaporated
with time.

Next, we performed the QCM measurements of BF2DBMb in the 1,2-DCE solu-
tion droplet on the Au-coated At-cut quartz electrode. Figure 2.9a shows the changes
in �f and �R as a function of time after the dropping of the solution on the Au elec-
trode. Just after dropping, �f showed a value of −2 kHz until 70 s, which is compa-
rable to that in the 1,2-DCE solvent. From 70 to 86 s, �f temporarily decreased to
−4.5 kHz and then reached −6.9 kHz at 95 s. This value was maintained constant
between 95 and 107 s. Afterward, �f decreased again, ultimately exhibiting a value
of−13.8 kHz. Just after dropping,�R exhibited a value of 0.37 k� until 85 s, which
is also comparable to that in the 1,2-DCE solvent. From 85 to 93 s, �R temporarily
increased to 1.2 k� and then steeply increased to 1.6 k� until 115 s. Afterward,
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Fig. 2.9 Time evolution of
a QCM results for �f and
�R, b the mass change
estimated by using the
Sauerbrey equation, and c −
�f /�R during the solvent
evaporation of BF2DBMb in
1,2-DCE solution. From
[31]. Reprinted with
permission from Chemical
Society of Japan 16
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�R is slightly decreased to 1.5 k�. As an overall trend, it is found that both values
changed in two steps during the evaporative crystallization. It is possible to identify
the three main stages concerning the fluorescence changes of BF2DBMb (purple to
blue via orange emission).

The change in f is related to the mass change (�m) based on the Sauerbrey
equation as shown in the following equation [36],

�m = � f A
√

μqρq

2 f0
(2.1)

where f 0, A, μq, and ρq are the resonant frequency, piezoelectrically active crystal
area, density of quartz, and shear modulus of quartz for AT-cut crystal, respectively.
In the present system, we used the following values: f 0 = 8.947 MHz, A = 1.96 ×
10−5 m2,μq = 2.95× 1010 kgm−1 s−2,ρq = 2.65× 103 kgm−3. Based onEq. 2.1, we
can estimate the�m of the BF2DBMb droplet during the evaporative crystallization,
the time evolution of which is shown in Fig. 2.9b. Just after dropping, �m was 2 μg
until 80 s, a value comparable with that for just 1,2-DCE solvent, which indicates
that the Au electrode can recognize only the mass of the adsorbed solvent. From 80
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to 86 s, �f temporarily decreased to 7.3 μg and then reached 15 μg at 95 s. The
increase of �m is ascribed to the adsorption and precipitation of BF2DBMb onto
the Au electrode. However, the estimated solute mass of the BF2DBMb solution
was 34.65 μg, which is much larger than the estimated �m value. This causes the
spreading out of the effective area of Au electrode and the viscoelastic property of
the droplet as described the next paragraph. It is difficult to drop a smaller amount
of solution within the electrode area, owing to the surface tension of the droplet.

The QCM results can be used to evaluate not only the�m but also the viscoelastic
properties of the adsorbedmaterials. Kanazawa et al. reported that the�f with homo-
geneous viscous fluids is proportional to the square root of the viscosity coefficients
[37].Muramatsu et al. also represented the linear relation between�R and the square
root of the viscosity coefficient [38]. However, in terms of �f for the viscoelastic
medium, it is complicated to evaluate both the viscosity and elasticity separately,
because �f depends both on the �m and viscosity. Based on the above findings,
Kubono et al. semi-quantitatively formulated the relation assuming that the�f is the
sum of the two contributions from the ideal frequency shift by adsorbed mass (�f m)
associated with the elasticity and that by viscous fluid (�f v) with constants (a and
b) as follows [39],

� f = � fm + � fv = am + b
√

η (2.2)

To estimate the contribution of the elasticity, the ratio −�f /�R can be suitable
for the separation of viscoelastic properties from the �f value

− � f

�R
= a′ m√

η
+ b′ (2.3)

where a′ and b′ are constants. If the viscous liquid adsorbs onto the electrode, a′
should be zero and −�f /�R is constant, which is independent of the viscosity
coefficient. With an increase in elasticity, a′ increases, and−�f /�R becomes larger,
which indicates that the two contributions (�f m and �f v) to �f can be separated
as the mass change and viscosity change. If �f decreased but −�f /�R remained
constant, for example, this change would be attributed to the viscosity change, rather
than the mass change.

The evaporation of 1,2-DCE led to a −�f /�R value of approximately 5.5, which
indicates that the solvent adsorbed onto the electrode. Figure 2.9c shows changes
of �f and �R as a function of time after the dropping of BF2DBMb in 1,2-DCE
solution. The −�f /�R value was maintained at 5.5 from just after dropping until
70 s, which is comparable to that in 1,2-DCE solvent. From 70 to 86 s, −�f /�R
temporarily increased to 9.2 at 84 s and then recovered to 5.5 until 112 s. Finally, the
−�f /�R value increased to 9.2 from 114 to 134 s.

Crystallization occurs in the monomer molecular assemblies via the formation of
the liquid-like cluster statewith amorphous property, proposed by the two-step nucle-
ation model, as described in the previous section. It is expected that the mechanical
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property will change from a viscous fluid to elastic media during the crystallization,
that is, the −�f /�R value will increase after crystallization together with the fluo-
rescence color change from orange to blue. In the early state after the dropping, the
−�f /�R value indicates a viscous fluid owing to a large amount of solvent, which
is considered to be due to the adhesion of the solvent to the substrate surface. This
indicates that the molecule is dispersed in the solution and has a large amount of
solvent attached to the substrate surface. The peak shape at 84 s of the −�f /�R
value is considered to be due to the artifact caused by the adhesion of the aggregated
amorphous state to the Au electrode, because �m also increased rapidly at the same
time. The fluorescence color of the droplet at 84 s was orange, suggesting the forma-
tion of the amorphous phase. The −�f /�R value from 91 to 111 s was the same as
that from 0 to 80 s, suggesting that the amorphous state has a similar viscosity as
the solution. The sudden rise of −�f /�R at 111 s is ascribed to the transition to the
elastic crystals.

We have reconsidered and proposed the schematic representation of the evap-
orative crystallization process combined with the two-step nucleation model and
the present experimental results in terms of the viscoelastic properties, as shown in
Fig. 2.10. Just after the dropping onto a substrate, the solute molecules exist in a
monomeric state. With the elapse of time for the solvent evaporation, the monomer
molecules aggregate with each other. The condensed monomer molecules form an
amorphous state with an optically isotropic and viscous fluid; then, it adsorbs onto
the substrate, which corresponds to a liquid-like cluster. The monomer molecules
in the solvent are further adsorbed onto the amorphous state by solvent evaporation
because the�m continually increaseswith time. It is also found that in the amorphous
phase observed in the QCM measurement a solvent-containing state most probably
exists during the evaporative crystallization stage based on the viscoelastic properties
of the amorphous phase. It is suggested that the difference between the amorphous
state and the liquid-like cluster state originates from the presence of the solvent in
the aggregate.

In previous reports, the relationship between the liquid-like cluster and amorphous
state was only based on the fluorescence color. The results of the polarized optical
images and QCM measurements indicate that the liquid-like cluster as an interme-
diate observed during the evaporative crystallization has high viscosity, despite the

Evaporation time

SupersaturatedUnsaturated Crystal

Adsorption Phase 
transformation

Fig. 2.10 Schematic of the evaporative crystallization of BF2DBMb based on polarized optical
images and viscoelastic measurements. From [31]. Reprinted with permission from Chemical
Society of Japan
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similar emission of the amorphous solid. The result of the two-step mass changes
suggests that the liquid-like cluster has a finite size and then undergoes the phase
transition to a crystal with desolvation during growth.

2.4 Molecular Assembling Probed by Aggregation-Induced
Emission

Over the past decade, there have been many reports on aggregation-induced (or
enhanced) emission (AIE or AIEE) in organic molecules [40], even though the fluo-
rescence quantum yield is low in solution, as reported by Hong et al. [41]. AIEE
enables selective detection of the assembly dynamics for aggregates and crystals.
Here, for the first time, we apply AIEE to the dynamics of crystal formation. Specifi-
cally, we use a cyanostilbene derivative [1-cyano-trans-1,2-bis-(4′-methylbiphenyl)-
ethylene (CN-MBE; Fig. 2.11)] for AIEE, as reported by An et al. [42]. Using a
fluorescence microscope, we characterized the spectral and intensity changes of
CN-MBE emission in solution during solvent evaporation [43, 44].

The absorption and fluorescence spectra of CN-MBE in solution and in nanopar-
ticles were reported previously [42]. To suppress molecular rotation and aggrega-
tion for the observation monomer fluorescence, spectra of cast films of CN-MBE
in PMMA were measured as a function of CN-MBE concentration (a polymer
matrix in dilute conditions). Figure 2.12 plots normalized fluorescence spectra
from 330-nm excitation of these films cast from DCE solutions. At concentrations
<0.1 mol%, peak emission was observed at 440 nm, with a shoulder at 420–430 nm.
At increased concentrations, the fluorescence peak shifts to 470 nm and narrows.
Aggregate species were observedwith the fluorescencemicroscope at concentrations
>1.0mol%. Thus, the spectral shift and narrowing of the fluorescence originated from
CN-MBE J-aggregates, according to the previous report [42]. To identify the emis-
sive species at lower concentrations, excitation spectra of the CN-MBE/PMMAfilms
were acquired, indicating a broad excitation spectrum at 355 nm for concentrations
<0.1 mol% is most likely a combination of the planar and twisted conformers that
coexist in the films as a monomer.

To confirm AIEE in the increased fluorescence intensity during crystal formation,
we acquired fluorescence microscope images during solvent evaporation from 5.0 ×
10–3 mol dm−3 CN-MBE in a DCE droplet (Fig. 2.13). During the initial 75 s, no
emissionwas observed from the droplet.Aviolet-blue featurefirst appeared after 90 s.

Fig. 2.11 Molecular structure of CN-MBE
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Fig. 2.12 Fluorescence spectra of CN-MBE in PMMA films as a function of concentration
(excitation at 330 nm). Reproduced fromRef. [43] by permission of TheRoyal Society of Chemistry

 

30 µm

75 s 90 s 95 s

96 s 97 s 100 s

Fig. 2.13 Fluorescence microscope images as a function of time for 5.0 × 10–3 mol dm−3 CN-
MBE in a DCE droplet during solvent evaporation. Reproduced from Ref. [43] by permission of
The Royal Society of Chemistry

More features appeared over time, aggregated around the initial feature and accom-
panying the increased fluorescence intensity, until the completion of the evaporation
at 100 s. These images indicated that CN-MBE emission in the solution phase was
very weak. The polarization microscopy images were obtained with crossed Nicol
polarizers, indicating the crystal formation. These observations suggest that AIEE
allows us to follow crystal formation by changes in the fluorescence intensity. We
can thus characterize the dynamics of organic crystal formation by the fluorescence
intensity changes.

To investigate the molecular dynamics of crystal formation, fluorescence spectra
were acquired during solvent evaporation for droplets of 5.0 × 10–3 mol dm−3 CN-
MBE in DCE (Fig. 2.14a). As above, the fluorescence intensity was weak just after
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Fig. 2.14 Fluorescence spectral changes (a) and normalized spectra (b) of 5.0 × 10–3 mol dm−3

CN-MBE in a DCE droplet during solvent evaporation as a function of time. c The observed
spectra after 97 s and simulated spectra from summation of the relative abundance of the planar
conformational monomer and the J-aggregates by least-square fitting. Reproduced from Ref. [43]
by permission of The Royal Society of Chemistry

the drop was formed. With time, the fluorescence intensity gradually increased by
a factor of 100; normalized spectra are shown in Fig. 2.14b. After 97 s, the peak
emission was at 480 nm, with a shoulder at 440 nm. Other peaks that originate
from the monomer structure are observed at 443, 474, and 505 nm. The spectra
became narrower with time, especially over 410–450 nm, as the solvent completely
evaporated, confirmed bymicrobalance. After 112 s, the spectra are identical to those
in Fig. 2.12, suggesting that solvent evaporation results in the formation of molecular
assemblies owing to increasing concentrations of CN-MBE.

The fluorescence spectra were analyzed as a function of concentration as shown in
Fig. 2.14c.We assumed that the spectra are from two species: a planar conformational
monomer and J-aggregates. The spectrum of J-aggregates was from CN-MBE crys-
tals. The spectrum of the planar conformational monomer was calculated from the
difference between observed spectra at different time intervals. The observed spectra
at each time were reproduced by nonlinear least squares fitting of the summation of
emission from the planer monomer and J-aggregates.

Figure 2.15 shows a plot of the time evolution of the total fluorescence intensity
of CN-MBE and the relative abundance of J-aggregates in a DCE droplet during
solvent evaporation. The total fluorescence intensity significantly and monotonically
increased after 98 s and became constant after 110 s. The relative abundance of the J-
aggregates increased after 97 s and became constant (0.97) after 102 s. Therefore, the
rate of J-aggregate formation is faster than the increase in total fluorescence intensity,
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Fig. 2.15 Change in
fluorescence intensity (red
circles) and relative
abundance of J-aggregate
(blue circles) of CN-MBE as
a function of time. The solid
line is a curve fit based on the
sigmoidal function (see main
text). Reproduced from Ref.
[43] by permission of The
Royal Society of Chemistry

1.0

0.9

0.8

0.7

0.6

R
el

at
iv

e 
a b

un
da

nc
e

1201151101051009590
Time / s

4000

3000

2000

1000In
te

ns
it y

 / 
a.

u.

indicating a time lag for the increase in fluorescence intensity for J-aggregates. The
time atwhich a constant fraction of J-aggregates is reached (102 s) appears to coincide
with the half maximum of the total fluorescence intensity (dashed vertical line as
shown in Fig. 2.15). As mentioned above, the total fluorescence intensity is probably
attributable to the amount of CN-MBE crystals, which implies that fluorescence
spectral and intensity changes reflect crystal nuclei formation and crystal growth.
This phenomenon was observed not only in the solvent evaporation process, but also
for the water fraction dependence of the nanoparticle formation for CN-MBE, which
supports our findings.

On the basis of classical nucleation theory, the time evolution of CN-MBE fluo-
rescence spectra during solvent evaporation can be used tomodel droplet growth [45,
46]. Initially, the concentration in solution was relatively low; thus, an equilibrium
statewas established between themonomer and J-aggregates. The J-aggregates begin
from the smallest cluster of two monomers formed via intermolecular interactions.
This small cluster is unstable because of the unfavorable surface free energy and
dissociates before crystal formation. As the concentration increases by solvent evap-
oration, there are aggregates (concentration fluctuations) in supersaturated solutions.
As apparent in Fig. 2.15, the abundance of J-aggregates during solvent evaporation
indicates the formation of subcritical clusters. In general, the nucleus formation rate
J is given by the Arrhenius reaction rate equation: J = Aexp(−�G/kBT ), where
kB is Boltzmann’s constant, A is the pre-exponential factor, and �G is the Gibbs
energy of cluster formation. Because of the energy barrier, critical nuclei formation
is a competition between growth and dissolution. Therefore, the time lag between
the J-aggregate abundance, and the total fluorescence intensity indicates that the
growth from J-aggregates to crystal nuclei is the rate-determining step of nucleation.
Whether nuclei formation occurs depends on whether there is classical nucleation
theory or not, although clearly only in the present results.

Amyloid fibril formation has been probed with thioflavin T (ThT) fluorescent
dye [47], which is essentially nonfluorescent in solution [48]. An interaction with,
or binding to, the amyloid fibril results in fluorescence enhancement; thus, ThT is
a powerful tool for studying the kinetics of fibril formation, which is analogous to
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Fig. 2.16 Schematic of CN-MBE crystal formation based on changes in fluorescence spectra.
Reproduced from Ref. [43] by permission of The Royal Society of Chemistry

the organic crystal formation. We can use the fibrillation kinetics to model the initial
stage of CN-MBE crystal formation. A sigmoidal function can be used to obtain an
estimate of the time required for aggregation to level off [49],

I = Ibase + Imax

1 + exp[−k(thalf − t)]
(2.4)

where I is fluorescence intensity, Ibase and Imax are, respectively, the fluorescence
intensity before and after the change, k is the apparent rate constant for the growth, and
thalf is the time to half ofmaximal fluorescence. The time evolution of the fluorescence
intensity and the relative abundance of J-aggregates were well reproduced by Eq. 2.1.
The larger values of k and thalf for growth of the J-aggregates relative to those for the
fluorescence intensity strongly support the notion that J-aggregates act as precursors
for crystal nuclei. The solvent dependence for the time evolution depends on the
kinetic values associated with the boiling point and polarity of solvents, although it
did not depend on the sigmoidal behavior. It is suggested that themolecular assembly
kinetics mainly govern the increase in the local concentration of the droplets. The
initial stages of crystal nuclei and crystal formation are schematically depicted in
Fig. 2.16.

2.5 Summary

The present method allows crystal formation to be observed using a conventional
optical detection system under ambient conditions, making it attractive to study the
control of polymorphism of organic emissive materials with multiple emissive states
or colors depending on their phase, such as mechanofluorochromic materials.

The study has clearly confirmed that the two-step nucleationmodel is based on the
fluorescence color change. The intermediate state, such as the liquid-like cluster, is
an important indicator of polymorphic expression, the origin of which will be key to
understanding. Thepresentmethodhas low requirements for experimental equipment
because the crystal formation can be observed using a conventional optical detection
system under the ambient atmosphere, especially the control of polymorphism for
organic emissive materials with multiple emissive states or color depending on the
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phase such as mechanofluorochromic molecules. The method represents a direct
visualization ofOstwald’s rule of stages during the phase change of organicmolecular
solids, including the inhomogeneous phenomena.
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Chapter 3
Anti-solvent Crystallization Method
for Production of Desired Crystalline
Particles

Hiroshi Takiyama

Abstract Anti-solvent crystallization is widely used in the pharmaceutical industry
from the viewpoint of the ambient temperature operating condition and high yield
production. In the anti-solvent crystallization, the quality control of crystalline
particles is necessary. Since polymorphism phenomena affect dissolution property,
productivity, and bioavailability, it is important to control polymorph formation.
The consideration of the solution addition methods to control polymorph in anti-
solvent crystallization is engineering challenge. In this chapter, the operation design
and/or operating strategies to obtain crystalline particles with the desired polymorph
are described. The ternary phase diagram is proposed to control polymorphs. In
order to determine both the anti-solvent addition rate and a temperature profile, the
temperature-dependent solid–liquid equilibrium (ternary phase diagram) is neces-
sary. By using this operation design and the simulation, the required polymorph
is successfully obtained in the anti-solvent crystallization. The proposed operation
design method by using the operation point trajectory is effective for controlling
crystal quality in the anti-solvent crystallization.

Keywords Anti-solvent crystallization · Ternary phase diagram · Polymorphism ·
Pharmaceuticals

3.1 Introduction

Crystal products arewidely found in pharmaceutical, food, fine chemicals, agrichem-
icals, cosmetic, andmany other industries. Crystallization is the process of formation
of ordered three-dimensional molecular array (crystal) from solution, melt, or gas.
This process has been used as a method to produce crystalline particles and as a way
to separate and purify the desired component. There are many types of crystalliza-
tion. In each type, the solubility of solute is reduced by lowering the temperature
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(cooling crystallization), removing the solvent (evaporative crystallization), the addi-
tion of anti-solvent (anti-solvent/drowning-out crystallization), activating a reaction
(reaction crystallization), and sublimation of solute (vapor crystallization). As in
most industrial crystallization processes, polymorph, crystal morphology, and size
are important qualities of crystal products. These qualities can have a huge impact
on downstream processes. Fluidity, granularity, and compressibility of crystals may
differ due to the polymorph, morphology, and size. Hence, solid–liquid separation
characteristics, washing and drying process, tableting operation will be affected.
Eventually, the time of process, purity, and cost of the products will also be affected.
In addition, solubility of crystals also varies with crystal polymorph, morphology,
and size. This causes significant effects on the bioavailability and safety of medicine
in pharmaceutical field. Therefore, it is crucial to control the crystal polymorph,
morphology and size. In anti-solvent crystallization, when anti-solvent or solvent
mixture is added into the crystallizer, the solubility of the solute will be reduced,
and supersaturation which acts as the driving force of crystallization is generated.
Since this method can be carried out in ambient temperature, it is suitable for the
production or separation of heat-sensitive materials.

Polymorphism means that a compound has two or more crystal structures. Differ-
ences in crystal structures cause changes in physicochemical properties. In the phar-
maceutical industry, it is necessary to control polymorphs because of their differ-
ences in bioavailability. There are many papers on the effects of operation factors
such as solvent and solution concentration. In particular, polymorphic crystallization
is affected by solvents, different polymorphs can be obtained from solutions with
different solvents. In themanufacture of pharmaceuticals, anti-solvent crystallization
is widely used from the viewpoint of high yield production. However, it is difficult
to select the suitable operating conditions for controlling polymorph formation in
anti-solvent crystallization because a particular polymorphmay precipitate at limited
temperatures and in limited solvent compositions.

Much effort has been devoted to determine the influence of operating conditions
on crystal polymorph in anti-solvent crystallization, such as feeding rate, feed and
bulk concentration, agitation rate, and so on. It was found out that the operating
conditions have strong effects on the qualities of crystalline particles. Therefore, if
the relationship between crystal polymorph and operating conditions can be clarified,
we can easily determine the operating conditions and design the optimum method to
obtain desired crystal polymorph.

3.2 Anti-solvent Crystallization

3.2.1 Theory and Characteristics

In anti-solvent crystallization, supersaturation (driving force) is produced by adding
anti-solvent or solvent mixture into a solution. This will reduce the solubility of the
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solute in the solution and crystal will be produced. This crystallization process is
often used especially in pharmaceutical industry.

The characteristics of anti-solvent crystallization are described as follows [1]:

(a) Operation at ambient temperature
This crystallization method is operated at ambient temperature and it is not
necessary to heat up or cool down the crystallizer in order for crystallization.
This will have huge benefits in terms of cost and expenditure. Additionally, it
is suitable for crystallization of heat-sensitive materials such as biomaterial and
pharmaceutical products. Moreover, crystallization of soluble materials whose
solubility is weak in temperature dependency can be carried out too.

(b) High yield in productivity
Just by adding the solution, supersaturation will be generated and crystal will
be produced within a shorter period of time. Besides that, in the case where
there is still solute dissolved in solution, adding more anti-solvent will help in
the solute recovery process.

(c) Unique product quality
Compared to cooling crystallization, wide attainability of supersaturation can
be achieved. With higher supersaturation, nucleation rate will increase and fine
crystals can be easily produced. However, with the generation of more fine
crystals, crystals will agglomerate and there will be difficulty in solid–liquid
separation process.

3.2.2 Ternary Phase Diagram

In order to further understand the anti-solvent crystallization process, it is easier to use
a ternary phase diagram. Considering a solute dissolved at an arbitrary temperature.
The solubility curve is shown in a ternary phase diagram as in Fig. 3.1. E (solute)–
B (original solvent)–A (anti-solvent) system is considered. Solution A is the anti-
solvent-rich solution and solution B is the original solvent-rich saturated solution.
When solution A and B with mass mA and mB are mix together the mass ratio will
becomemA:mB = α:β from the principle of lever rule, and the apparent mix solution
will be at pointM. Since solutionM is supersaturated, crystals will be generated and
the composition of the solution will move to point S which is the equilibrium point.

Concentration difference, �C can be express as

�C = C0 − C∗ (3.1)

C* represents the equilibrium concentration. Saturation ratio, S and Supersatura-
tion ratio, σ can be written as

ln
C0

C∗ = lnS = ln

(
1 + (C0 − C∗)

C∗

)
= ln

(
1 + �C

C∗

)
= ln(1 + σ) ∼= σ (3.2)
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Fig. 3.1 Definition of anti-solvent crystallization using ternary phase diagram

3.3 Crystal Polymorph

Polymorphism means the phenomenon in which the same compound shows two or
more crystal structures. In the case of the organic substances, the network structure
of the hydrogen bond is different in every polymorph [2]. The characterization of
polymorph is possible byX-ray powder diffraction (XRD) and thermal analysis. If the
crystallization of each polymorph is not controlled, various problems of production
or quality occur.

(1) Stability [3]:
Transformation from ametastable polymorph to a stable polymorph occurs, and
crystalline qualities are not guaranteed.

(2) Industrial characteristics:
Solid–liquid separation performance changes because crystal morphology also
changes.

(3) Bioavailability [4]:
Since the solubility, shape, density, etc. change bioavailability change as the
result.

When crystal polymorph is produced selectively, it is very important to consider
supersaturation change. For example, when crystallization material has two poly-
morphs, the precipitation behavior of the polymorph in a solution can be explained
as Fig. 3.2 (monotropic system in which solubility does not cross). Metastable Form
I deposits and solution concentration becomes the pointQwith the growth of Form I.
The solution state of the point Q is saturation for Form I, however, the solution state
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is supersaturation condition for Form II. If the nucleation of Form II occurs here,
crystallization of Form II starts and solution concentration decreases. Since, the solu-
tion becomes undersaturated for Form I, Form I which already deposited dissolves.
Therefore, in the region between solubility curves, solution-mediated transformation
occurs as shown in Fig. 3.3.

Anti-solvent crystallization method is also important for the control of crystal
polymorph [5] and morphology [6, 7]. Then, let’s consider the operation of anti-
solvent crystallization in which an operation point (solution concentration in ternary
phase diagram) does not exceed the solubility of metastable form in ternary phase
diagram. The example is explained in Fig. 3.4. If a pure anti-solvent is added in the
solution (point S), the solution composition moves to the right along the straight line

Plate Crystal : Dissolution of metastable form

Needle Crystal : Growth of stable form

Fig. 3.3 Changes in polymorph crystals during solution-mediated polymorph transformation
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Fig. 3.4 Operation point for
controlling polymorphism in
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passing through the anti-solvent apex. Then, crystals deposit and solution compo-
sition move downward along the straight line which connects the apex of solute.
Finally, solution composition moves in the direction of the lower right (point E). In
this way, the traveling rate of operation point (solution composition) is decided by
the addition rate of an anti-solvent, and the deposition rate of crystals [8, 9]. That
is, the trajectory of operation point on a phase diagram is decided by the addition
rate of an anti-solvent, and the deposition rate of crystals. Therefore, an operation
design can be achieved if the solubility of the three-component system [10] is known
in polymorph control of anti-solvent crystallization [5].

3.4 Controlling Polymorphism in Anti-solvent
Crystallization

In order to select the suitable operating conditions for controlling polymorph forma-
tion in anti-solvent crystallization is difficult because a particular polymorph may
precipitate at limited temperature and solvent composition [11, 12]. The crystalliza-
tion behavior of polymorphous crystals depends on the anti-solvent addition rate
and the initial concentration of the solution in the anti-solvent crystallization [7].
These phenomena were explained with operation point trajectory in phase diagram
in which the stability regions of each polymorph were described. So it is necessary
to determine the operating conditions such as anti-solvent feed rate for control-
ling polymorph formation. If several kinds of polymorph crystals precipitate and
the target polymorph crystal is the stable form, the solvent-mediated transforma-
tion of metastable polymorph crystals must be completely suppressed in order to
avoid contamination. To obtain only desired stable polymorph, it is required not to
be precipitated metastable polymorph crystals. In the anti-solvent crystallization,
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solubility profiles are essential data for crystallization operation design to selec-
tively isolate the target polymorph. By using solubility data, operation strategies
were designed [13], and the anti-solvent was added at controlled rates as reflected by
the changes in the solubility curves. In such a way the operating conditions should
be designed to obtain the target polymorph with consideration of solubility.

3.4.1 Operation Design of Anti-solvent Crystallization

Indomethacin (IMC)–Acetone (original solvent)–Heptane (anti-solvent) is a target
system in this chapter. There are several polymorphs and solvates in IMC [14, 15].
Two polymorphs (α-form and γ -form) were mainly handled this study chapter. The
solubility of each polymorph was measured in detail by using pure α-form and γ -
form crystals. Temperature and composition of mixed solvent (acetone and heptane)
were changed as the experimental conditions. The stable and metastable polymorph
solubilities were determined by measuring solution concentration during solution-
mediated transformation. From the experimental results, the ternary phase diagram
of IMC–acetone–heptane system was prepared based on the mass fraction.

In the anti-solvent crystallization for IMC, supersaturation was generated by
adding heptane (anti-solvent) and the crystals were precipitated. Operation strategy
for controlling polymorph formation based on ternary phase diagram is shown in
Fig. 3.5 as a rectangular triangle diagram. Figure 3.5 is the part of ternary phase
diagram. In order to perform anti-solvent crystallization in the operation area where
only a certain polymorphism (γ -form was a target polymorph in this study) deposits,
it is necessary to control the feed rate of heptane according to the deposition rate of
γ -form. If α-form crystals deposit in the solution, it is difficult to agitate the slurry
because agglomerated α-form crystals have cotton-like shape. By the consideration
of a ternary phase diagram [16], an operation point leaves from a solubility curve by
addition of heptane. According to ternary phase diagram, when the anti-solvent is
fed to the solution, an operation point moves to wH = 1.0 by using lever rule along
with the line A. When the crystals are deposited, an operation point closes to solu-
bility curve along the line B by using lever rule. Finally, an operation point moves
toward resultant vector of anti-solvent addition rate and crystal deposition rate. An
operation point becomes higher supersaturation by anti-solvent addition and then an
operation point approaches a solubility curve by precipitation of IMC. Hence, the
operation point can pass through a specific solution concentration range which does
not exceed the solubility of α-form (undesired polymorph) by choosing the optimal
anti-solvent feed rate suitably.
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Fig. 3.5 Operation strategy for controlling polymorphism in IMC anti-solvent crystallization

3.4.2 Simulation Model for Operation Point Trajectory

In order to determine suitable anti-solvent feed rate, the anti-solvent crystallization
model for calculating the operation point during crystallization was proposed. The
assumptions of this operation model for seeding type anti-solvent crystallization are
as follows.

(1) The shape of crystal (γ -form) does not change.
(2) The supersaturation of a solution is consumed with growth of γ -form seed

crystals.

The growth rate expressed the difference of solution concentration as a driving
force (Eqs. 3.3 and 3.4).

dW

dt
= K�s

(
W

�sρc

)2/3

ρL
(
w − w∗)m (3.3)

dW

dt
= K

′
g(W )2/3

(
w − w∗)m (3.4)

Growth rate constant K′
g and the growth order m were computed by optimization

calculation from the solution concentration change of preliminary γ -form crystal
precipitation experiments.
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The IMC concentration change of the solution was predicted from the simulation
result. The operation model is as follows.

dW

dt
+ dM

dt
= PH (3.5)

dW

dt
+ M

dw

dt
+ w

dM

dt
= 0 (3.6)

wH(t) = ∫t
0 PHdt

Mw + M0 − M0w0 + ∫t
0 PHdt

(3.7)

Equation (3.5) is total mass balance of semi-batch operation for anti-solvent crys-
tallization. Equation (3.6) is IMC component mass balance and Eq. (3.7) is heptane
composition in the solution at time t.

3.4.3 Simulation Results Under the Condition of Isothermal

The solution concentration (operation point) simulation which changed the feed rate
of anti-solvent during crystallization was carried out, and the results of solution
concentration change are shown in Fig. 3.6. The results obtained under the condi-
tion of three different feed rates are compared. Operating period until the solution
composition wH reaches 0.4 is shown in Table 3.1.

Under the conditions of feed rate PH = 0.01, an operation point does not exceed
the solubility of α-form (undesired polymorph). However, operating period became
long. On the other hand, when the feed rate is fast (for example, PH = 0.1), the

Fig. 3.6 Changes in solution
concentration and operation
point depending on
anti-solvent feed rate (wH <
0.4)
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Table 3.1 Comparison of
operating period (crystallizer
volume = 1000 mL, wH =
0.4)

PH (g/s) Operating period (h)

0.01 4.2

0.03 1.4

0.1 0.4

operation point exceeds the solubility of α-form. From the simulation using the
proposed model, the anti-solvent feed rate conditions that an operation point does
not exceed the solubility of α-form can be decided.

3.4.4 Operation Strategies of Anti-solvent Addition Rate

From the simulation results, when anti-solvent composition of mixed solution
increased, it was clear that the driving force generated by addition of anti-solvent
was consumed immediately. From these results, it is possible to increase the feed
rate of anti-solvent in the latter half of anti-solvent crystallization operation, and it is
expected that operating period can be shortened. Based on the result of PH = 0.03,
the simulation result under the conditions in which the feed rate of the anti-solvent
is made to increase gradually according to solvent composition is shown in Fig. 3.7.
The feed rate was changed from 0.02 g/s to 1.0 g/s (Profile-A: PH = 0.02; 0 < t <
4200 s, PH = 0.06; 4200 < t < 5100 s, PH = 1.0; 5100 < t < 5400 s). According to
the simulation result, an operation point does not exceed the solubility of α-form.

Under Profile-Acondition, the anti-solvent crystallizationwas carried out by using
1000 mL crystallizer. From the comparison between simulation and experimental
results, the simulation results for solution concentration were good agreement with

Fig. 3.7 Comparison
between simulation and
experimental results
(Profile-A)
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experimental results (Fig. 3.7). As the experimental result under Profile-A condition,
the product crystal identified to be γ -form.

3.4.5 Operation Strategies of Solution Addition Method

In order to establish a production method of the target polymorph in the anti-solvent
crystallization, the simulation model was proposed [5] to determine anti-solvent
feed rate based on the ternary phase diagram. The stability of the polymorph of
indomethacin (IMC) crystal in the solution changed not only with temperature but
with the composition of the mixed solvent. And the design strategy of anti-solvent
crystallization was proposed. It was reported that the modulation operation is effec-
tive for the improvement of crystal quality. The temperaturemodulated operation [17]
was effective for improvement of crystal size distributions. So, the crystal quality
may be further improved by integrating some crystallization operations. In the case
of anti-solvent crystallization, desired crystal polymorphism may be achieved by
integrating with solution addition method and temperature change operation.

Three kinds of anti-solvent addition methods were carried out. The anti-solvent
addition rates in each experiment were determined by the simulation. Method A is
the method that an anti-solvent is added at the constant flow rate. Method B is the
method that the addition rate of anti-solvent increases in three stages. Method C
is the method that an anti-solvent is added intermittently at the constant rate. The
experimental conditions are summarized in Table 3.2.

Table 3.2 Experimental conditions and results in isothermal anti-solvent crystallization

Run Method Anti-solvent Batch
time (h)

Yield
(%)

Polymorph

Addition rate
(g/min)

Addition period
(min)

1 A 0.726 120 2 29 γ-form

2 A 2.46 120 2 63 α- and γ -form

3 A 3.68 120 2 77 α- and γ -form

4 B 0.726
2.40
4.90

70 ( 0 − 70)
30 ( 70 − 100)
20 (100 − 120)

2 58 γ -form

5 C 3.60 100 (20 min
intermission)

2 59 α- and γ -form

6 C 2.46 110 (10 min
intermission)

2 63 γ -form
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3.4.5.1 Method A (Constant Addition Rate)

In Run 1, precipitation of α-form was not observed during the experiment. It became
clear that γ -form can be selectively obtained from this result by using an anti-solvent
addition rate with which solution composition does not approach the solubility of
α-form.

In Run 2 and Run 3, α-form deposited during the experiment (Table 3.2). In
order to obtain γ -form in stability, there is an anti-solvent addition rate that does not
exceed the solubility curve of α-form. It is confirmed that it is important to control
the solution composition in the operation area where only γ -form deposits using
the ternary phase diagram and the simulation. However, under the conditions of a
constant addition rate, the batch operation time becomes long.

3.4.5.2 Method B (Gradual Change of Addition Rate)

It was understood that a crystal growth rate constant K′
g becomes large with anti-

solvent (heptane) composition (Fig. 3.8). Using the nature of this crystallization
phenomenon, if an anti-solvent addition rate increases gradually, the batch operation
time will be shortened. Then, the endpoint of Method A and Method B (Run 4) were
compared by the simulation. The results of the solution composition trajectory are
shown in Fig. 3.9.

Under the same batch time condition, the endpoint of Method A (Run 1) is wH =
0.29 (yield 29%) and Method B (Run 4) is wH = 0.52 (yield 58%), respectively. In
this way, when Method B is used, it is expected that the yield can increase even in
the same batch operation time. From the experimental result of Run 4, γ -form was
selectively obtained in 2 h after the experiment start-up (Table 3.2).

Fig. 3.8 Anti-solvent
composition dependence
crystal growth rate constant
K′

g at 313 and 323 K
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Fig. 3.9 Solubility curves
for α-form and γ -form, and
solution composition
trajectories of Method A
(Run 1), Method B (Run 4)
and Method C (Run 6)
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3.4.5.3 Method C (Intermittent Anti-solvent Addition)

In order to shorten batch operation time, it is necessary to supply an anti-solvent
at a high addition rate. However, the existence of local supersaturation near the
anti-solvent addition position is a problem under this operating condition. If the
crystallization is carried out by using the lower addition rate than the critical rate
at which the accumulation of α-form occurs by local supersaturation, and in the
operation region in which solution composition does not exceed the solubility of
α-form, it is considered that γ -form can be obtained selectively. In the early stage
of Run 5, the plate-like crystal (γ -form) deposited. However, in the middle stage
of Run 5, the cotton-like crystal deposited in large quantities. In Run 6, although
the cotton-like crystal deposited in the middle of the experiment, the crystals which
suspended at the end of batch operation time became only γ -form (Fig. 3.9).

3.4.5.4 Analysis of Precipitated Crystal and Existence of A′-Form

The cotton-like crystal deposited in themiddle stage of the experiment not only under
the condition ofMethodCbut also under the conditionwithwhich does not exceed the
solubility of α-form. There is a report that solvate deposits in crystallization of IMC
from an acetone solution. When the precipitated crystal was analyzed in detail, the
cotton-like crystal was the solvate of acetone. Therefore, if the solubility of solvate
(α′-form) is not taken into consideration, γ -form cannot be obtained selectively. The
solubilities of each polymorph are shown in Fig. 3.10.
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Fig. 3.10 Solubility curves of three kinds of IMC polymorph (α-form, α′-form and γ -form) at 313
and 323 K

3.4.5.5 Proposed Method D (Anti-solvent Crystallization
with a Particular Temperature Profile)

If the operation point trajectory is maintained in the range between γ -form and
α′-form solubility, a batch operation time becomes long under isothermal condi-
tions. From the results of operation point trajectories, if the solution is heated when
operation point approaches close to the solubility of α- or α′-form, it is possible to
eliminate the limitation of the anti-solvent addition rate. In order to realize the anti-
solvent crystallization incorporating heating operation, the temperature-dependent
ternary phase diagram (Fig. 3.10) is necessary.

It is necessary to accelerate the anti-solvent addition rate in the early stages of an
experiment for batch operation time shortening. Then, if the temperature-dependent
solubility is applied, the increase in an addition rate is possible. As for the solubility
of IMC in this system, temperature dependency becomes small in the region where
heptane composition is high (Fig. 3.10). So, the increase in the addition rate in early
stages of a batch operation time is the efficient crystallization method. Furthermore,
since the deposition rate became accelerating in the high heptane composition region,
it was considered that crystallization could be carried out without exceeding the
solubility of α′-form. The experimental conditions are shown in Table 3.3.

In Run 7, linear heating was carried out from 313 to 333 K. The experimental
result is shown in Fig. 3.11. Only γ -form was obtained without solution compo-
sition which exceeds the solubility of α′-form. However, the crystallization yield
decreases, since the temperature of the end of operation becomes high when heating
operation is incorporated. In this ternary system, a deposition rate increases with
heptane concentration. If this crystallization phenomenon is used, recovery of yield
is possible by incorporating cooling operation in the latter half of a batch operation
time.
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Table 3.3 Experimental conditions and results of Method D

Run Method Anti-solvent
addition rate
(g/min)

Batch time (h) Temperature
profile (K)

Final poly Yield (%)

7 D 2.70 2 From 313 to
333

γ -form 27

8 D 2.70 2 From 313 to
323
and from 323
to 313

γ -form 65

Fig. 3.11 Solubility curves
for α′-form and γ -form in the
ternary phase diagram and
operation point trajectories
of Method D (Run 7), and
temperature profile of Run 7

0 0.2 0.4 0.6 0.8 10

0.1

0.2

0.3

Heptane wH [mass fraction]

IM
C

 w
I [

m
as

s f
ra

ct
io

n]

γ-form solubility
α'-form solubility

Operation point trajectory
 Calculated result
 Experimental data

0 50 100
310

320

330

340

Time θ [min]

Te
m

p.
 T

 [K
]

In Run 8, the solution was heated by 10 K/h, and solution temperature was kept
at 323 K for 30 min, and then it was cooled by 20 K/h for the last 30 min of a batch
operation time (Fig. 3.12). Actual solution composition could be maintained in the
region between α′-form and γ -form, and γ -form was obtained selectively. Thus,
the particular temperature operation integrating the suitable temperature change was
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Fig. 3.12 Solubility curves
for α′-form and γ -form in
the ternary phase diagram
and operation point
trajectories of Method D
(Run 8), and the particular
temperature profile of Run 8
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carried out for anti-solvent addition crystallization, and desired γ -form was able to
be obtained in a short time with a certain level of yield.

3.5 Summary

The operation design of anti-solvent crystallization based on ternary phase diagram is
proposed and the polymorphismprecipitation phenomenon is discussed. The stability
of the polymorph crystal in the solution changes not only with temperature but with
the composition of the mixed solvent. The modeling of the crystallization operation
for determining the optimal anti-solvent feed rate was carried out by using the ternary
phase diagram, and the operation strategy for considering control of polymorph
formation was proposed.

In the isothermal anti-solvent crystallization experiment, stable form is able to
be selectively obtained by using the anti-solvent addition rate determined with the
phase diagram. However, the solubility difference between metastable and stable
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form is narrow. Therefore, if the operation point trajectory should not exceed the
solubility of metastable form, the batch operation time becomes long by the limita-
tion of anti-solvent addition rate. Then, by incorporating heating operation in anti-
solvent crystallization, it becomes possible to increase an anti-solvent addition rate.
Moreover, when the particular temperature operation is integrated into anti-solvent
crystallization, target polymorph is successfully obtained with high yield compared
with isothermal conditions.
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Chapter 4
Crystal Nucleation of Proteins Induced
by Surface Plasmon Resonance

Tetsuo Okutsu

Abstract The crystallization of lysozyme and ribonucleaseA was induced using
photochemical reactions triggered by surface plasmon resonance of gold nanostruc-
tures. The tryptophan residues of the protein are radicalized by the enhanced elec-
tric field induced by surface plasmon resonance. This radical reacts in the protein
molecule to produce a reaction intermediate in which a nearby tyrosine residue is
radicalized. This reaction intermediate reacts with another protein to form a dimer
linked by tyrosine residues. Since this dimer is covalently bonded, it is stable without
decomposition. With this as a nucleus, it grows into a crystal. An enhanced electric
field induced by surface plasmon resonance of gold nanostructures was used to radi-
calize amino acids in proteins. Surface plasmon resonance induced by visible light
radicalizes amino acids by the same mechanism as multiphoton absorption. When
a metastable solution of lysozyme and ribonucleaseA was dropped on the substrate
on which the gold nanostructure was constructed, and surface plasmon resonance of
the gold nanostructure was induced, crystals precipitated.

Keywords Surface plasmon resonance · Protein crystallization · Lysozyme ·
RibonucleaseA · Gold nanostructure

4.1 Introduction

Experiments to crystallize proteins are important in the fields of drug discovery and
structural biology. In the field of drug discovery, we elucidate the structure of target
proteins that cause diseases. Based on the information of its structure, molecules
that exactly fit the protein, i.e., drugs, are designed and synthesized. In the field
of structural biology, studies are being made to elucidate functions from protein
structures. In these fields, in order to determine the structure of a protein, X-ray
crystallography is carried out after crystallizing the protein [1]. In Japan, synchrotron
radiation facilities such as SPring-8 have been built, and the technology of crystal
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structure analysis has been advanced. At the same time, advances in science and
technology to make crystals are desired.

Crystal growth of proteins is carried out by researchers in the field of drug
discovery andbiologyusing experience and intuitionbasedon information in the liter-
ature and data base. On the other hand, basic research on crystal growth of proteins
has been made from the viewpoint of crystal growth science regarding nucleation
and growth mechanism [2]. In addition, researchers specializing in crystal growth
have come into the business of crystallizing proteins for drug discovery [3].

There are several reasons why protein crystallization is more difficult than small-
molecule substances. First, although proteins have large molecular weight, they
aggregate with small intermolecular force such as van der Waals force and hydrogen
bond, and therefore they have the property of being hard to crystallize. Protein
is a colloidal particle with charge repulsion, and when it crystallizes, salting out
cancels the charge and causes mild aggregation to crystallize. If the charge is roughly
canceled, it will easily become an amorphous precipitate. Second, proteins have
large molecular anisotropy and no symmetry. For this reason, there is a problem
that when incorporated into the crystal phase, the crystal phase is entered only when
approaching in a specific direction. Therefore, even in a supersaturation, small clus-
ters are easily separated, so it is difficult to form a critical nucleus, and a supersat-
urated solution with a concentration many times that of the solubility still exists.
Research to obtain protein crystals is to address these issues.

In recent years, as a method of crystal growth, a phenomenon that induces crystal-
lization by the perturbation of light has been found and noted [4]. The action of light
is roughly divided into physical perturbations and methods using chemical actions.
Research using physical perturbations has been developed with a focus on groups in
theUnited States andOsakaUniversity. TheOsakaUniversity group has successfully
commercialized protein crystallization as a venture business [5].

Our group has found the phenomenon of crystallization using chemical pertur-
bation of light, and we have been working on elucidating its mechanism [6]. The
crystallization of proteins induced by photochemical reactions is described. The
appearance of the initial stage of crystal growth is shown in Fig. 4.1 by a model of
ball gathering.

Decomposition
Critical nucleus Crystal

Growth

Fig. 4.1 Protein nucleation process and photoinduced crystallization mechanism. In the process
of crystal nucleation, small aggregates below the critical nucleus are unstable and easily decom-
posed. Crystal nucleation is promoted by forming dimers that do not break covalent bonds through
photochemical reactions
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Two molecules meet and a bimolecular cluster is formed by intermolecular force
due to hydrogen bonding or van der Waals force. Small clusters are unstable and do
not grow spontaneously, but they grow spontaneously when they grow larger than
the critical radius. In the case of a molecule such as a protein, even if the degree of
supersaturation is large, the small clusters are often unstable and nucleation does not
occur.

Imagine adding a stable bimolecular cluster bound covalently to the solution. The
bimolecular cluster was the most unstable and easily dissociated, making it difficult
to grow into a trimolecular cluster. However, if the bimolecular cluster is stable, it
is easy to grow and a critical nucleus is easily formed. The protein crystallization
method triggered by a photochemical reaction is to create a stable protein dimer in
the system.

4.2 Photochemical Reaction of Proteins

Next, the relationship between the photochemical reaction of proteins and themecha-
nism of crystallizationwill be described. Figure 4.2 shows the chemical reactions that
occur in proteins. First, the Trp residue absorbs light and becomes an excited state. At
this time, a reaction intermediate in which the nitrogen atom on the five-membered
ring is radicalized is generated [7, 8]. Then the radical undergoes a hydrogen abstrac-
tion reaction from theOHgroup of the neighboring Tyr residue, and the Tyr residue is
radicalized. This radicalized protein has a long lifetime and reacts with other ground
state proteins between collisions Tyr residues, and finally a protein dimer bound
between Tyr–Tyr is formed [9].

The formation of this dimer can be observed by electrophoresis. The formation
of the Tyr–Tyr bond can be confirmed by the characteristic fluorescence generated
by the Tyr–Tyr bond. In hen egg-white lysozyme, dimers linked by Tyr53–Tyr53

are generated. This dimer was found to resemble the arrangement of neighboring
molecules in the crystal. It is thought that the dimer bonded at Tyr53–Tyr53 grows
into a crystal nucleus as a template. Nucleation by a similar mechanism has been
shown using ribonucleaseA as a protein without thaumatin and Trp residues [10].

Fig. 4.2 Mechanism of photochemical reaction of protein. First, an excited state of tryptophan
residue (Trp) is generated and radicalized. The radical transfer reaction proceeds in the molecule,
and finally a reaction intermediate protein in which the tyrosine residue (Tyr) is radicalized is
generated. This radical reacts to produce a protein dimer bonded between tyrosine, which functions
as a template to grow into the crystal nucleus
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In this study,we examined amethod for inducing crystallization by photochemical
reaction using a method that is not directly photoexcited amino acids of proteins [11,
12]. Protein was photoexcited using light of a wavelength at which the protein does
not absorb. As a method for causing such photoexcitation, the reaction was induced
with a reaction field based on a strong light-molecule coupling field constructed
on a crystallization vessel. Proteins always have the problem of denaturation when
exposed to ultraviolet light with light absorption. In order to examine the practical
application of photoinduced crystallization, it is necessary to limit the amount of light
to be irradiated to the minimum amount necessary for nucleation. In other words,
it is necessary to carry out with as little light as possible. Excitation using a strong
photo-molecular coupling field investigated in this study is equivalent to excitation
by multiphoton absorption. Therefore, light absorption is a phenomenon that rarely
occurs and excitation efficiency is extremely low. This is the same as using extremely
weak light when excited by light absorption by one photon. The reaction field by
the strong light-molecule coupling field was constructed in a commercially available
crystallization vessel.

4.3 Reaction Field Using Light-Molecular Strong Coupling
Field

The light-molecule strong coupling field used in this study is explained [13]. The
light-molecule strong coupling field has a function of giving the influence of the
electric field of light more strongly to the molecule. In this study, localized plasmon
resonance was used as a strong light-molecule coupling field. In this field, chemical
reaction of molecules was promoted. Brus et al. predicted that the reaction would
theoretically be accelerated [14], Harris et al. reported that the aromatic photolysis
reaction was promoted near the surface of silver nanoparticles [15].

Studies on reactions using multiphoton absorption by nonlinear optical
phenomena using the electric field enhancement effect of plasmons are also
progressing. For example, it is known that simultaneous two-photon absorption
occurs when light having a high photon density. It has been also reported that
simultaneous two-photon absorption is induced even when the plasmon-enhanced
electric field by the steady light of the lamp [16, 17]. In this study, we inves-
tigated photoinduced crystallization that induces localized plasmon resonance by
multiphoton absorption of visible light using gold nanostructures.

In this study, a checkerboard-like gold nanostructure and a gold-deposited film
were used as a strong photo-molecular coupling field. Figure 4.3 shows a schematic
diagram of the gold nanostructure. The gold nanostructure is a 100 nm × 100 nm,
40 nm-high gold nanostructure island aligned on a glass substrate at intervals of
200 nm. This structure was constructed in an area of 1 mm × 1 mm by electron
beam drawing. Gold nanostructures were created in collaboration with a group of
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100 nm

40 nm

100 nm

Gold Nanoblock

200 nm 

1 mm

1 mm

Gold Nanostructure

Fig. 4.3 Reaction field using plasmon resonance using photon-molecule strong coupling field with
gold nanostructure

Prof. Hiroaki Misawa, Institute for Electrochemical Research, Hokkaido University.
A 300 W Xe lamp was used as the irradiation light source.

4.4 Crystallization Experiment by Localized Plasmon
Excitation

An experiment was carried out in which a protein solution was dropped on the gold
nanostructure and irradiated with light. A supersaturated solution having a concen-
tration three times the solubility was used as the protein solution. The crystallization
experiment at this degree of supersaturation is at the boundary of whether or not
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Fig. 4.4 Results of
lysozyme crystallization
experiment. Experimental
results for the presence or
absence of gold
nanostructures and the
presence or absence of light
irradiation are shown. The
appearance frequency of
crystals increased
remarkably in the presence
of gold nanostructure and
light irradiation

crystal nuclei appear spontaneously, and is a condition suitable for determining the
effect of light-induced crystallization.

The presence or absence of gold nanostructures and the presence or absence of
light irradiation on the protein solution on the substratewere compared. Figures 4.4a–
d show photographs of the experimental results. Figures 4.4a–c are control exper-
iments in which the protein solution was dropped onto a substrate without a gold
nanostructure. (a) is without light irradiation and (c) is the result with light irradia-
tion. No crystal appeared in (a), and one crystal appeared in (c). Since the solution
used in this experiment is a solution having a boundary condition of “whether or
not crystals appear spontaneously”, variations occur in several appearance ranges
depending on the droplets. (b) and (d) are experimental results on a substrate with
a gold nanostructure. (b) shows the experimental results without light irradiation,
and (d) shows the experimental results with light irradiation. In the experiment of
(b), dozens of crystals appeared. This result can be said that the number of crystals
appeared significantly increased compared to the experiments (a) and (c). In (d) about
4000 crystals appeared in the solution. Light-induced crystallization due to plasmon
excitation of the gold nanostructure was confirmed. In the experiment of (b), the light
of the Xe lamp was not applied, but the experiment was carried out under room light
with a fluorescent lamp, and it is considered that crystals appeared due to the effect
of the light of the fluorescent lamp, not the Xe lamp.

4.5 Reaction Field Construction and Crystallization
Experiments with Gold-Sputtered Substrates

In the previous section, crystallization experiments were carried out using nanos-
tructures. However, the construction of this nanostructure requires a long time. For
example, it takes 20 h to create the 1 mm × 1 mm substrate shown in Fig. 4.3. It is
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impossible for practical use to construct this nanostructure in a protein crystalliza-
tion vessel. Localized plasmon resonance has been reported to occur on incompletely
deposited metal films. In this study, we examined the effect of protein crystallization
promotion by inducing plasmon resonance by thinly sputtered gold.

A sputtered gold film was thinly formed on a glass substrate. A gold sputtering
apparatus for electron microscope (JEOL JFC-1500) used for preparation of SEM
observation sample was used for the sputtered film preparation. The sample was
prepared so that the thickness of the sputter was adjusted to 0–60 nm. Figure 4.5
shows the absorption spectrum of the sputtered film. An absorption peak appeared
at 560 nm on the 10 nm thick substrate. This can be interpreted as that local plasmon
resonance occurred because goldwas in an island shape at the initial stage of sputtered
deposition and had a structure similar to that of gold nanoparticles. As the thickness
of the sputtered film was increased, the localized plasmon resonance at 560 nm
disappeared, and broad absorption appeared at 500–1000 nm. This absorption is
called gap mode plasmon resonance and is a characteristic spectrum of plasmon
resonance caused by a film defect. Crystallization experiments were carried out with
this substrate.

A protein solution was dropped using a crystallization vessel on which the gold
thin film was sputtered, and visible light was irradiated. The crystallization exper-
iment used a metastable state of supersaturation 3 ribonucleaseA solution. The
experiment was carried out at a film thickness of 20 nm. The results are shown
in Fig. 4.6. Crystals appeared under the condition of gold evaporation and light irra-
diation. From this result, we confirmed the effect of promoting crystallization when
exciting localized plasmon in a thin and incompletely deposited film.

This method does not care about the problem of denaturation caused by excessive
light and can obtain the effect of promoting crystallization without changing the
experimental method conventionally carried out by researchers in the field of drug
discovery. I think that it is useful.

Fig. 4.5 Absorption
spectrum of gold-sputtered
thin film. The plasmon
resonance of gold particles is
visible at a film thickness of
10 nm, but gap mode
absorption appears at a film
thickness of 20 nm
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Fig. 4.6 Results of
crystallization experiments
on a sputtered gold substrate
using ribonucleaseA.
Crystals appeared under
conditions of both gold
sputtering and light
irradiation

4.6 Future Prospective

Our recent experiments have found that crystallization is induced by a mechanism
other than photochemical reactions. The enhanced electric field induced by surface
plasmon resonance is said to have the same effect as optical tweezers. It has been
suggested that the effect of optical tweezers may trap proteins and concentrate
them locally, causing crystallization. We plan to study the phenomenon that protein
crystallization is induced by this photophysical mechanism.
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Chapter 5
Control of Crystal Size Distribution
and Polymorphs in the Crystallization
of Organic Compounds

Koichi Igarashi and Hiroshi Ooshima

Abstract Many of organic compounds, such as pharmaceuticals and chemicals, are
produced as crystals. Controlling the characteristics of these crystal products with
good reproducibility is essential for crystallization of organic compounds. There are
various characteristics to be controlled, such as grain size and distribution, crystal
polymorphism, crystal habit, and purity, but grain size and crystal polymorphism
are particularly essential characteristics. In order to control them, the authors have
developed several new crystallizers. This chapter highlights some recent crystallizers
to produce organic crystals with high quality.

Keywords Crystal property · Size distribution · Polymorphs

5.1 Introduction

5.1.1 Crystallization of Organic Compounds

Crystallization is one of the important unit operations of separation and purification
processes widely used in the production of pharmaceuticals, chemical products,
foods, etc. Since the product substance is recovered as a solid-state, solid–liquid
separation is possible by filtration, and the subsequent separation operation becomes
easy. Also, since the molecules are regularly arranged in the crystal, the products
with a high-purity can be obtained. The crystallization is generally considered to be
a low energy consuming process in the unit operation.

Generally, the drugs contain an active pharmaceutical ingredient (API) as a solid
(crystal), so crystallization is an important process. In particular, since the quality
of the API crystal as the final product also affects the drug efficacy in the body,
special care must be taken to control various crystal properties. For example, in the
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production process of API, the crystallizations are performed to separate the target
substance from raw materials or by-products at each step of the synthesis route,
which involves multiple steps. Care must be taken to improve yield and purity at
each step. It is because desired crystal characteristics may not be obtained due to the
influence of a small amount of raw material and by-products contained in crystals.

When the crystallization is performed in the manufacture of pharmaceuticals, it is
necessary to control various crystal characteristics to produce thedesired crystalswith
good reproducibility. There are various crystal characteristics to be controlled, such
as particle size, particle size distribution, crystal polymorphism, purity, shape, and
crystallinity. If control of such characteristics insufficient, the subsequent operability
and quality may be significantly affected. Therefore, it is important to clarify the
causal relationship between the crystallization conditions and the characteristics of
the obtained crystals and to control the crystal characteristics based on the theory
[1, 2].

5.1.2 Crystal Properties to Be Controlled

5.1.2.1 Crystal Size and Crystal Size Distribution

Crystal size and size distribution are one of the critical characteristics to be controlled
in the crystallization process. In industrial crystallization, depending on the purpose,
a large crystal may be desired, or a small crystal may be desired.

When importance is attached to solid–liquid separation in the filtration, uniform
and large crystals without small crystals are desired because unwanted fine crystals
can cause clogging of the filtration device. If it is difficult to obtain large crystals and
there is a problem in the filterability due to generation of fine particles, preparation
of agglomerates of the desired size by aggregation the micro crystals are attempted.

On the contrary, small crystals are often desired. When the size of the crystal is
large, the gap between the crystals becomes wide, and the amount of the crystal that
can be put in a specific container is reduced. When paying attention to the trans-
portation of products, smaller crystals are advantageous because of their higher bulk
density. Furthermore, in recent years, the number of poorly water-soluble pharma-
ceuticals has increased, and in order to improve the solubility, it is necessary to make
fine crystals.

5.1.2.2 Polymorphs

In the crystal, the molecules are regularly arranged and bonded by appropriate inter-
molecular interactions. In the crystal, molecules at each point in the lattice have the
same conformation. There may be one or more regular arrangements for a substance,
and crystals with different structures are called crystal polymorphs.
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Some compounds incorporate solvent molecules in the crystals, and such crys-
tals are called solvates or pseudo polymorphs. Nowadays, solvates have also been
considered as one of the polymorphs [3]. In the solvate crystal, not only the interac-
tion between the solute molecules but also the interaction via the solvent molecule
exists. So the solvent molecule should play an important role in crystal formation.
Many hydrates are also found in the pharmaceutical products, and one-third of drugs
registered in the European Pharmacopoeia is hydrate form.

Control of crystal polymorphism is crucial because different crystal structures
have different solubility and stability in the same substance [4]. Particularly in drug
substance, the dissolution properties of crystals may affect the pharmacokinetics
of drugs, and a technique for reliably producing a particular crystal polymorph is
required.

5.1.3 Crystallization Technics

Some oils are crystallized by melt crystallization, but many organic compounds are
generally crystallized from the solution. There are various methods for crystalliza-
tion from a solution. Cooling crystallization is the most common method. When the
solution containing a given amount of solute is cooled via the outer jacket of the
crystallization vessel or the cooling coil inserted inside, the solution becomes super-
saturated. Thereafter, the crystal appears via nucleation and growth. The amount of
crystals obtained can be estimated by the feed concentration and the solubility at
the final cooling temperature. Therefore, the cooling crystallization is advantageous
when crystallizing a substance having a high-temperature dependence of solubility.

When the solubility does not changemuchwith temperature, orwhen the solubility
at low temperatures is high, the amount of solute recovered by cooling crystallization
may be small. In such a case, a method other than cooling should be selected. For
example, in order to generate supersaturation, the solvent composition is changed.
The additional solvent is added to the solution to reduce solubility. We need to select
such an appropriate solvent so that the solvent and the solution should be miscible.
Usually, in the crystallization of hydrophilic compounds, water is used as a good
solvent, and an organic solvent is used as an antisolvent. Conversely, water is used
as an antisolvent for the crystallization of poorly water-soluble compounds.

What should be taken care of in the drowning out crystallization is that when the
crystallization is performed from a condition where the concentration of the initial
solution is excessively high, liquid–liquid phase separation often occurs without
precipitation of crystals. Liquid–liquid phase separation is a phenomenon in which
solute molecules exist in a liquid state with a super-high concentration, and in many
cases, precipitation of crystals does not occur. It is because even if the concentration
is very high, the solution contains a solvent with high affinity and is stable in the
solution state. Moreover, since the viscosity is high due to the high concentration,
nucleation is suppressed kinetically. On the other hand, there are some examples in
which particle size control is attempted using liquid–liquid separation phenomena.
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Drowning out crystallization is an effective method selected next to cooling crys-
tallization, but the cost of the solvent used for that cannot be ignored.When repeatedly
using a solvent, two or more solvents must be separated to pure solvents again by
distillation or the like.

Evaporation of solvent is also used for crystallization of highly water-soluble
compounds like sugars and amino acids. It is the simple method, but changes in
various phenomena such as the thermal stability of the solute and the increase in
viscosity due to concentration must be estimated in advance.

In any case, in crystallization froma solution, the solution should be supersaturated
by a suitable method, and induce crystallization.

5.2 Production of Crystals with a Large and Narrow Size
Distribution Using Internal Fines Dissolver [5]

5.2.1 Introduction

As mentioned above, industrial crystallization is expected to produce solids having
not only a particular composition but also a desired crystal size distribution (CSD),
because CSD often determines handling and many end-use properties. A product
with unimodal and narrow size distribution and large mean size is often desired.

It is well known that CSD is dependent on the primary nucleation, growth kinetics,
and also on secondary nucleation that ismainly caused by a collision between crystals
and the impeller in the crystallizer.

We have proposed a novel crystallizer. The crystallizer, named as WWDJ-batch
crystallizer, is equipped with a double-deck jacket and Wall Wetter™, which is a
slurry sprinkler. The structure of the crystallizer is quite simple, as shown below.
It is easy to wash and clean the inside of the vessel. This is a severe demand in
the production of pharmaceuticals. The crystallizer allowed the batch production of
large crystals with a narrow crystal size distribution (CSD) through the selective
dissolution of fine crystals that progresses simultaneously with crystallization.

In this section, we describe the production of the large crystals of glycine with a
narrow CSD using the WWDJ-batch crystallizer.

5.2.2 Apparatus

The WWDJ (Wall Wetter/Double-deck Jacket) batch crystallizer is illustrated in
Fig. 5.1a. The crystallizer is a cylindrical glass vessel with a round bottom, covered
with a double-deck jacket. The working volume of this crystallizer is 1.7 L. The
crystallizer was equipped with a four-blade propeller. It was also equipped with a
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Fig. 5.1 Schematic diagrams of the WWDJ-crystallizer (a) and Wall-wetter™ (b)

Wall Wetter [6] that is a slurry sprinkler, namely a device specially designed for
sprinkling slurry or a solution on the wall of the crystallizer headspace.

The Wall Wetter adopted in this study comprised two-channel bars with a J-
shaped cross-section, as shown in Fig. 5.1b. The device was fixed to the agitation
shaft at a given angle. The slurry was raised along the channel by centrifugal force
and sprinkled on the upper wall, then fell down the wall. During the fall, it can be
expected that crystals dissolve partially so that fine crystals disappear if the upper
jacket temperature is higher than that of the lower jacket. The surviving large crystals
are also expected to grow further, at the expense of fine crystals, after returning to
the lower crystallization phase.

5.2.3 Crystallization of Glycine Using WWDJ-Crystallizer

The cooling crystallization of glycine was carried out using WWDJ-crystallizer.
First, the temperatures of the upper and lower jackets of the WWDJ-crystallizer
were adjusted to 55.6 °C. An aqueous solution (1.7 L) of 250 mg/mL glycine was
prepared at 70 °C and then quickly introduced into the crystallizer. After the solution
temperature reached 55.6 °C, the solution was cooled at a constant cooling speed,
10 °C/h, where the final temperature of the solution and lower jacket were set at 25 °C
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and 10.3 °C, respectively. The upper jacket temperature was not changed during the
crystallization. The temperature difference between the slurry falling down the upper
wall and the slurry in the lower crystallization part, that is the driving force of the
dissolution of fine crystals, was set at 7 °C.

Figure 5.2 shows a change in the temperature of the glycine solution during crys-
tallization.Open symbols indicate forWWDJ-operation, and closed symbols indicate
for conventional operation (control experiment). The crystallization temperature was
controlled from 55.6 to 25 °C along with the same profile for these two crystallizers.

After the crystallization,we recovered the crystals obtained fromboth crystallizers
and compared the crystal size distribution (CSD). Figure 5.3a shows the comparison
of CSD. In the conventional crystallizer, a broad CSD with two peaks was observed.
The smaller peakmaybe partially caused by the attrition of crystalswith the propeller.
On the other hand, in the WWDJ-crystallizer, the large crystals with a narrow CSD
were obtained. Notably, small crystals less than 500 µm were well removed by the
dissolution of fine particles. Figure 5.3b shows cumulative CSD. The 50% value of
the cumulative CSD, L50, of glycine crystals obtained usingWWDJ-crystallizer was
950 µm, compared with 460 µm in the conventional crystallizer not using the Wall
Wetter. These results show that the WWDJ-crystallizer is useful for the production
of large crystals with a narrow CSD.

Fig. 5.2 Changes in the
temperature of the glycine
solution for WWDJ
operation (open symbols)
and conventional operation
(closed symbols)
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Fig 5.3 The comparison of crystal size distribution of glycine crystals obtained by WWDJ
crystallizer and conventional crystallizer. a histogram, b cumulative distribution

5.3 Control of Crystal Size Distribution Using a mL-Scale
Continuous Crystallizer Equipped with a High-Speed
Agitator [7]

5.3.1 Introduction

As described above, hardly water-soluble drugs are increasing [8, 9]. In such a
case, smaller crystals have an advantage on dissolution property. Small particles
are expected to increase the dissolution rate because of their large specific surface
area. However, it is not easy to produce such fine particles. The birth of crystal is the
result of the nucleation process. Therefore, the number of crystals obtained is deter-
mined by the frequency of nucleation events. In order to obtain a large number of
small crystals, the nucleation event must be intensely accelerated. In addition, exces-
sive growth must be suppressed after nucleation. For this purpose, it is necessary to
prevent the crystals from staying in the crystallization vessel for a long time.

In this section, we propose a new crystallizer that overcomes these problems,
namely “mL-scale continuous crystallizer.” The crystallizer is a small-size contin-
uous crystallizer, and the particles after crystallization are quickly discharged from
the crystallizer. In addition, a high-speed stirrer provides vigorous shearing to
promote nucleation.



88 K. Igarashi and H. Ooshima

Fig. 5.4 Schematic diagrams of the mL-scale crystallizer. 1. Mixing vessel, 2. high speed agitator,
3. dispersing element, 4. plastic syringes, 5. syringe pump, 6. inlet tubes, 7. outlet tube, 8. glass
vessel with an water jacket, and 9. enlarged illustration of the mixing vessel

5.3.2 Apparatus

Figure 5.4 shows a schematic diagram of themL-scale crystallizer. The crystallizer is
composed of a stainless-steel vessel, a high-speed agitator (Ultra-turrax T25 homog-
enizer, IKA), and a syringe pump (IC3210, KD Scientific). The maximum rotation
speed of homogenizer is 24,000 rpm. An agitation shaft is inserted from the top of
the vessel and fixed by a screw lid and O-ring. The solute solution and the antisolvent
are supplied from two inlet tubes by the syringe pump and intensely mixed with the
agitator. The void volume of the crystallizer is 0.9 mL, respectively. The slurry is
recovered from an outlet tube at the side of the vessel.

5.3.3 Crystallization of Glycine and Alanine Crystals

Amino acids, glycine, and alanine, were crystallized using the mL-crystallizer. The
initial concentration of l-alanine and glycine were 166 mg/mL and 250 mg/mL,
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respectively. Methanol was used as an antisolvent. The solution and methanol were
injected into the crystallizer by a syringe pump. The flow rate of a solution/methanol
mixture was set to 1.6, 16, and 160 mL/min. These flow rates correspond to 33, 3.3,
and 0.33 s of the average residence time τ , respectively.

Figure 5.5 presents SEM images of glycine crystals. The shorter the residence
time, the smaller crystals were obtained. The size of crystals was measured from
the SEM images. Figure 5.6 presents the size distribution of glycine crystals on the
basis of the long axis length. The peak shifted to smaller size with a decrease of
residence time. The recovery yield was higher at a short residence time rather than a
long residence time as shown in Table 5.1. At the residence time of 0.33 and 3.3 s,
the yield was 100%, but at τ = 33 s the yield was decreased to 93%. The fact that
the crystal yield was 100% at short residence times indicated that the smaller size of
crystals obtained at those residence times was not caused by insufficient nucleation
and crystal growth due to the short residence time.

Fig. 5.5 SEM images of the glycine crystals

Fig. 5.6 Size distribution of the glycine crystals on the basis of the long axis length
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Table 5.1 Yields of glycine and l-alanine crystals obtained at different residence time

Methanol composition (%) Average residence time, τ (s)

3.3 33

50 α α

78 β α

91 β α + β

Fig. 5.7 SEM images of the alanine crystals

Figure 5.7 presents SEM images of the crystals of l-alanine obtained at various
residence times. The crystals were needle-like and those were bundled. The typical
shape of a l-alanine crystal is prismatic [10], which can be obtained by cooling
crystallization. In the present poor solvent crystallization, needle-like crystals were
obtained. However, since the XRD pattern for the needle-like crystals was the same
as that of the prismatic crystals (data not shown), the difference of shape was not due
to polymorphism. The crystals obtained at τ = 33 s were thick and easy to cleave.
The crystals obtained at short residence time were thin.

In the present study, the homogenizer was used for agitation. There is some fear
of breakage of crystals by high-speed mixing. Therefore, we checked the influence
of agitation for the crystal size and shape. 0.84 g of l-alanine crystals of 65 µm
in average size was suspended in 17 mL of saturated solution of l-alanine. The
suspension was agitated by the homogenizer at 24,000 rpm for 10min. After that, the
crystalswere recovered andobservedbySEM.The shape and size of obtained crystals
were almost the same as those of the original crystals. Therefore, we concluded that
crystals with a size of less than at least 65 µm in average size were not broken by
short (second time-scale) high-speed agitation.

Figure 5.8 shows size distributions on the basis of the long axis length. At τ =
0.33 and 3.3 s, the size of crystals was small and the distribution was narrow. A broad
distribution was obtained at τ = 33 s. In a long mean residence time, some crystals
may stay in the crystallizer for long time and the supplied supersaturation may be
used for the growth of resident crystals, resulting in broad size distribution. The short
residence time should be advantageous to produce small crystals with a narrow size
distribution.
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Fig. 5.8 Size distribution of the alanine crystals on the basis of the long axis length

5.3.4 Control of Polymorph by Changing Mixing Ratio
of Glycine Solution and Poor Solvent Methanol

The experimental results shown above were obtained by poor solvent crystalliza-
tion where equal volume of the solution and methanol were mixed. The solubility
changes with the composition of solvent and the supersaturation also change with
those mixing ratios. Then, we investigated the effect of mixing ratio of the solution
and poor solvent methanol on the crystallization of l-alanine. The mixing ratio of
methanol was changed by using different size of plastic syringes to 50, 78, and 91%.
The residence time was fixed to 3.3 s. Figure 5.9 presents the SEM images of l-
alanine crystals. The size of crystals became small with an increase in the methanol
composition. The supersaturation ratio was 3.1 at 50% methanol and 9.8 at 91%
methanol. The high supersaturation resulted in micronization of crystals.

Fig. 5.9 SEM images of the alanine crystals
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Three types of polymorphs have been reported for glycine. In cooling crystalliza-
tion from the aqueous solution, metastable α-form and stable γ -form are obtained.
On the other hand, it is known that needle-likeβ-form is precipitated from an aqueous
alcohol solution. The β-form is the most unstable of the three polymorphs and
is known to change to metastable α-form by solvent-mediated transformation in
solution.

The polymorphs of the obtained crystals were identified by XRD. Figure 5.10
shows XRD profiles of glycine crystals obtained with different methanol composi-
tions. The average residence time τ is 3.3 s. It can be seen that there is a difference
in the XRD pattern between the methanol composition of 50% and the others. The
α-form of glycine has characteristic peaks that are not found in other polymorphs at
2θ = 14.8°, 29.2°, 29.9°. In addition, the peaks peculiar to β-form appear at 17.9°,
33.8°, and 34.4°. From the results, it was found that α-form was obtained at 50%
methanol, and β-form was obtained at 73 and 91% (Table 5.2).

Fig. 5.10 XRD profiles of glycine crystals obtained with different methanol composition

Table 5.2 Summary of polymorphs of the glycine crystals obtained at different methanol
composition and residence time

Residence time τ (s) Yield of crystals (%)

Glycine l-alanine

0.33 102 87.2

3.3 101 89.1

33 92.5 98.8
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Fig. 5.11 SEM images of glycine crystals obtained by using three different crystallizers

In general, obtainingmetastable crystals is not as easy as obtaining stable crystals.
It is necessary to suppress the nucleation of the stable form and recover themetastable
form quickly before the transformation.

In the antisolvent crystallization of glycine, if the purpose is to obtain metastable
β form selectively, the metastable crystals should be recovered quickly. Since the
mL-scale crystallizer performs continuous crystallization with a residence time of
seconds order, it is possible to recover successfully the desired polymorph before the
transformation.

5.3.5 Comparison of Crystallizer Performance Between
Conventional Crystallizers and the Present Continuous
mL-Scale Crystallizer

In order to compare the performance of themL-crystallizerwith those of conventional
crystallizers, the product crystals were compared. As conventional crystallizers, we
chose a semi-batch crystallizer and a MSMPR type crystallizer having 64-times
volume of the present mL-scale continuous crystallizer. Figure 5.11 presents SEM
images of glycine crystals obtained by using three different crystallizers. In the semi-
batch crystallization, large crystals were obtained. It was suggested that glycine
supplied was consumed for the growth of crystals produced in the early stage of
crystallization. In the continuous crystallization operated at the mean residence time
of 11.5min, small crystals were obtained, compared with those obtained by the semi-
batch crystallization. Crystals obtained by using the continuousmL-crystallizer were
much smaller and more homogeneous in size than the former two.

5.4 Summary

In recent years, demand for development of continuous crystallizer especially in
the fields of pharmaceutical crystallization. In order to obtain crystals with uniform
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physical properties, the tubular flow type is more advantageous than the stirred tank
type which a residence time distribution. However, since the tubular type crystallizer
is not sufficiently stirred, a very long apparatus must be manufactured. Therefore,
the continuous oscillated baffled crystallizer (COBC), in which the tube is separated
into multiple compartments, is attracting attention. This section introduced a device
for obtaining large crystals and a small crystallizer for obtaining small crystals. In
the future, more sophisticated crystallizers will be developed.

References

1. Haleblia, J., Mccrone, W.: Pharmaceutical applications of polymorphism. J. Pharm. Sci. 58,
911 (1969)

2. Haleblian, J.K.: Characterization of habits and crystalline modification of solids and their
pharmaceutical applications. J. Pharm. Sci. 64, 1269–1288 (1975)

3. Brittain, H.G.: Polymorphism in Pharmaceutical Solids, 2nd edn. Informa Healthcare (2009)
4. Aguiar, A.J., Krc, J., Kinkel, A.W., Samyn, J.C.: Effect of polymorphism on absorption of

chloramphenicol from chloramphenicol palmitate. J. Pharm. Sci. 56, 847 (1967)
5. Ooshima, H., Igarashi, K., Sasaki, Y., Azuma, M., Noda, H.: Production of large crystals of

glycine with a narrow size distribution using WWDJ-batch crystallizer. Chem. Eng. Trans. 1,
981–986 (2002)

6. Noda, H., Yamaji, H., Kuratani, N.,Mukaida, T., Ohuchi,M.: Challenge to a precess revolution.
Wall Wetter. Kagaku Kougaku 63, 295–296 (1999)

7. Igarashi, K., Yamanaka, Y., Azuma, M., Ooshima, H.: Control of crystal size distribution using
a mL-scale continuous crystallizer equipped with a high speed agitator. J. Chem. Eng. Jpn. 45,
28–33 (2012)

8. Bittner, B., Mountfield, R.J.: Intravenous administration of poorly soluble new drug entities
in early drug discovery: the potential impact of formulation on pharmacokinetic parameters.
Curr. Opin. Drug Discov. Devel. 5, 59–71 (2002)

9. Kakran, M., Sahoo, N.G., Li, L., Judeh, Z., Wang, Y., Chong, K., Loh, L.: Fabrication of drug
nanoparticles by evaporative precipitation of nanosuspension. Int. J. Pharm. 383, 285–292
(2010)

10. Lechuga-Ballesteros, D., & Rodríguez-Hornedo, N. (1995). Effects of molecular struc-
ture and growth kinetics on the morphology of l-alanine crystals. International Journal of
Pharmaceutics, 115(2), 151–160.



Chapter 6
Managing Thermal History
to Stabilize/Destabilize Pharmaceutical
Glasses

Kohsaku Kawakami

Abstract Vitrification is a powerful methodology for improving the dissolution of
poorly soluble drugs. Thus, amorphous dosage forms are sometimes employed in the
pharmaceutical industry for enhancing their oral absorption, forwhich the dissolution
process plays an important role. Amorphous structures change with time because
of their non-equilibrium property, and this impacts their physical stability. Thus,
assurance of their physical stability can be challenging during their development.
Amorphous properties are significantly influenced by their thermal history. Here,
the influence of thermal history on the crystallization behavior of pharmaceutical
glasses is discussed with emphasis on possible nucleation, relaxation, decrease in
free volume, etc., during the thermal treatment. Factors that enhance crystallization
such as mechanical stress and moisture sorption are also discussed.

Keywords Pharmaceutical glass · Crystallization · Nucleation · Thermal history ·
Relaxation

6.1 Introduction

In the pharmaceutical industry, poorly soluble candidates frequently survive
screening studies, hence there is a need to increase their solubility. Amorphous solids,
because of their high energy state, may be employed for this purpose [1–4]. Amor-
phous drugs are usually stabilized in the form of solid dispersion, and polymeric
excipients are added for improving solid-state stability and dissolution.

Crystallization tendency is compound dependent [5]. Many research groups have
assessed crystallization tendency by applying a cooling/reheating cycle to the melt
using differential scanning calorimetry (DSC). The classification criteria proposed
by Taylor et al. are as follows [6]:
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Class 1: Compounds that crystallize during cooling from the melt at 20 °C/min.
Class 2: Compounds that do not crystallize during the cooling mentioned above
but crystallize during subsequent heating at 10 °C/min.
Class 3: Compounds that do not crystallize during the cooling/heating cycle
mentioned above.

Determination of a critical cooling rate that inhibits crystallization was also intro-
duced as an alternative way by, Rades et al., to assess the crystallization tendency
[7].

Class 1: Compounds that crystallize at a cooling rate of 750 °C/min.
Class 2: Compounds that crystallize at ca. 10–20 °C/min.
Class 3: Compounds that do not crystallize at a cooling rate of 2 °C/min.

Despite having different definitions, both these classifications provide similar
results. The difference in class 1 and 2 compounds is likely to have originated from
the degree of difference in nucleation and crystal growth temperatures, whereas the
greater stability of class 3 compounds seems to be due to the strong intermolecular
interactions [5, 8].

Isothermal crystallization is practically more significant than the non-isothermal
one for pharmaceutical applications. Under careful investigations, the initiation time
for crystallization of class 1 and 2 compounds can be summarized as a function of
T g/T, where T g and T are the glass transition and storage temperature, respectively
(Fig. 6.1) [9, 10]. Although the class 3 compounds have higher stability, their worst
case of stability agreedwith that of class 1 and 2 compounds [11]. This result indicates
that crystallization is basically governed by molecular mobility. Strong molecular
interactions result in higher stability. However, it must be emphasized that this result
was obtained after very careful investigation, where the glass samples were prepared
by quenching the melts in DSC pans, and then subjected to isothermal storage as they
were. Crystallization of practical glasses, for which disturbance factors including
mechanical stress are applied during preparation, cannot be interpreted in such a
simple manner. These details will be discussed later.

Thermal history is one of the least important factors inmany crystallization studies
but it has a significant effect on crystallization behavior. Due to their non-equilibrium
nature, amorphous solids undergo relaxation to obtain amore stable state. Nucleation
may proceed as well but it is difficult to detect it directly. The influence of thermal
history on glass stability is discussed below.

6.2 Effect of Cooling Rate on the Properties of Quenched
Glass

When glasses are prepared by quenching, their stability is influenced by the cooling
rate. Figure 6.2a, b show reversing and non-reversing heating curves of probucol glass
obtained by cooling the melt [12]. The effect of the cooling rate was observed at 20,
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Fig. 6.1 Initiation time for crystallization (time to reach 10% of crystallinity, t10, min) as a function
of Tg/T [9, 10]. The glass samples were prepared by quenching the melts in DSC, and the samples
were subjected to the isothermal storage as theywere.Closed (black), gray, andopen (white) symbols
represent class 1 (tolbutamide, chlorpropamide), 2 (acetaminophen, nifedipine, phenobarbital), and
3 (indomethacin, ritonavir, loratadine, probucol) compounds, respectively. The universal line is the
best fit for class 1 and 2 compounds

Fig. 6.2 Reversing (a) and non-reversing (b) heat flow curves of quenched probucol glass prepared
by different cooling rates: 20 °C/min (solid), 1 °C/min (break), 0.1 °C/min (dotted). In the measure-
ments, the samples were heated in modulation mode at 2 °C/min with a 60 s period and 0.5 °C
amplitude
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1, and 0.1 °C/min in the T g region. There was an increase in T g and the heat capacity
difference, �Cp, between the supercooled liquid and the glass, on decreasing the
cooling rate. Growth of the enthalpy recovery peak was observed with a decrease
in the cooling rate, which can be explained by the relaxation that proceeds during
cooling. Figure 6.3 summarizes the effect of the cooling rate, q, on T g, �Cp, and the
relaxation enthalpy, �H. The influence of the cooling rate was insignificant when it
was larger than 5 °C/min. T g increased by ca. 2.5 °C on decreasing the cooling rate
from 5 °C/min to 0.05 °C/min.

Table 6.1 shows the summary of the slopes of the best fit lines for pharmaceutical
glasses along with their thermodynamic and structural properties [12]. The T g of
curcumin, itraconazole, and probucol was the most affected by the cooling rate. The
�Cp of curcumin, ritonavir, and ibuprofen was significantly influenced, although the
correlation was not high for this. Effect on �H was very significant for ritonavir,
procaine, and curcumin. Properties of ibuprofen and loratadine glasses were less
sensitive to the cooling rate.

It is interesting to examine which structural and/or thermodynamic parameters
correlate the most with sensitivity to the cooling rate. The impact of the cooling rate

Fig. 6.3 Effect of the cooling rate, q, on a Tg, b �Cp, and c �H for quenched probucol glass
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Fig. 6.4 a Relationship between the slope for the Tg-lnq fitting andmDTg . b Relationship between
the slope for the Tg-lnq fitting and the number of rotatable bonds. The outlying data point was for
ritonavir glass. Figures are adopted from Ref. [12] with permission of American Chemical Society.

on the change in T g correlated the most with mDTg , the fragility [13, 14] determined
from the ramp rate dependence of T g [14, 15], as shown in Fig. 6.4a. Efficient
stabilization of fragile glass by slow cooling seems to be a reasonable observation
because the volume and viscosity of the fragile glass have a strong temperature
dependence in the T g region. Correlation was also found between the number of
rotatable bonds and the impact of the cooling rate on T g with an outlying data
point for ritonavir glass (Fig. 6.4b). The exceptional behavior of ritonavir glass
appeared to be because of stabilization by four hydrogen bonds per molecule [16],
which possibility suppresses the molecular motion despite the presence of many
rotatable bonds. Moreover, its large molecular weight may also play a partial role
in stabilization. Correlation between the number of rotatable bonds and the increase
in T g also seems to be reasonable because high molecular flexibility based on many
rotatable bonds should help in effective condensation during cooling.

6.3 Sub-Tg Annealing to Stabilize Glass Structure

The initiation time for crystallization of ritonavir glass obeys Arrhenius rule between
45 and 60 °C as shown in Fig. 6.5. However, it does not crystallize at 40 °C, in
violation of the Arrhenius rule [17]. This observation can be partially explained by
the suppression of the molecular mobility below T g. However, this extreme behavior
indicates the presence of a stabilization mechanism in the glass structure at 40 °C,
slightly below T g.

Isothermal crystallization of ritonavir glass was found to be retarded significantly
by applying preannealing at 40 °C beforehand [17]. Figure 6.6 shows the isothermal
crystallization behavior of ritonavir glass at 60 °C and the effect of preannealing at
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Fig. 6.5 aChange in the crystallinity of ritonavir glass as a functionof time.The storage temperature
is indicated in the Figure. The data were fitted to Avrami-Erofeev equation. b The Arrhenius plot
of induction time of crystallization of ritonavir glass. The data acquired at 45, 50, and 60 °C
were plotted. Figures are adopted with modification form Ref. [17] with permission of American
Chemical Society

Fig. 6.6 a Change in crystallinity of ritonavir glass as a function of time at 60 °C. The “No anneal”
data coincides with the “60 °C” data in Fig. 6.5a. Also presented are the crystallization data for
ritonavir glass, which was preannealed at 40 °C before the storage at 60 °C as indicated. The data
were fitted to Avrami-Erofeev equation. b Effect of preannealing time at 40 °C on subsequent
isothermal crystallization study at 60 °C for 6 days. The crystallinity after storage at 60 °C is
presented. Notably, no crystallization occurred during preannealing at 40 °C. Figures are adopted
with modification form Ref. [17] with permission of American Chemical Society

40 °C on the subsequent crystallization study at 60 °C. Crystallinity of intact ritonavir
glass reached 58% during annealing at 60 °C for 6 days. However, crystallization
was obviously retarded by preannealing at 40 °C.When preannealing was performed
for 2 days, the crystallinity after storage at 60 °C for 6 days was only 8% (Fig. 6.6b).
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Fig. 6.7 FT-IR spectra of ritonavir crystal, intact glass, and annealed glass at 40 °C for 28 days.
Figures are adoptedwithmodification formRef. [17]with permissionofAmericanChemical Society

The changes in themolecular interactions during annealing at 40 °Cwere observed
using FT-IR spectra (Fig. 6.7) [17]. In the spectrum of the crystalline ritonavir,
the sharp peak at 3320 cm−1 corresponded to carbamate N–H stretching, which
formed weak hydrogen bonds with amide C=O. The broad peaks in the range 3250–
3100 cm−1, were attributed to the N–H stretching bands of ureido and amide groups,
which formedweak hydrogen bonds (N–H· · ·O). The peak around 3100 cm−1 corre-
sponded to the O–H stretching band of hydroxyl group with intermediate hydrogen
bond strength. The spectrum of the intact glass had a monomodal broad peak
attributed to the N–H stretching around 3200–3450 cm−1, but the O–H stretching
shifted from 3100 to 3080 cm−1, suggesting that hydrogen bonding was weaker
for N–H than for O–H, in glass when compared to the crystal. The acceptors of the
hydrogen bonds illustrated these changesmore clearly in hydrogen bonds. In the crys-
talline solid, hydrogen bondswere formedwith strong acceptors ofC=O in carbamate
groups (1702 cm−1), ureido groups (1658 cm−1) and amide groups (1613 cm−1). In
the intact glass, the left C=O peak shifted to a higher wavenumber (1712 cm−1) with a
shoulder at 1702 cm−1, suggesting that most of the C=O (carbamate) were free from
hydrogen bonds or had only weak hydrogen bonding in the glass. The right peak and
the middle peak approached each other and formed a broad peak at 1630 cm−1, indi-
cating that the hydrogen bonding with the C=O (amide) became weaker whereas that
with the C=O (ureido) became stronger than in the crystal. These observations were
in agreement with the pair-distribution function analysis, which proved reduction in
the free volume during annealing. Thus, the physical stabilization of the ritonavir
glass during annealing at 40 °C was ascertained to be because of the change in the
hydrogen-bonding pattern and reduction in the free volume.
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6.4 Nucleation During Low-Temperature Storage
to Promote Crystallization

The optimum nucleation temperature, i.e., the temperature where the nucleation
rate becomes maximum, is usually located well below the optimum crystal growth
temperature. Thus, low-temperature storage can influence the physical stability of the
glasses. Figure 6.8 shows the DSC heating curves of celecoxib melt, and dependence
of the cold crystallization on the target temperature of cooling, TL [18]. When the
melt was cooled to−20 °C, a crystallization exothermwas found in the heating curve.
However, crystallization was not investigated when TL = 0 °C. Generally, celecoxib
glass is expected to crystallize during heating in the DSC measurement [5]. This
analysis suggested that the optimum nucleation temperature was below 30 °C.

Thus, isothermal annealing was applied at the low-temperature region for the
celecoxib glass after quenching to find the optimum nucleation temperature [18]. If
nucleation proceeds during this annealing, then subsequent crystallization should be
promoted. The cold crystallization did not show reproducibility even under identical
annealing conditions because of the stochastic property of the nucleation of celecoxib
glass. Figure 6.9a illustrates the probability of crystallization after annealing for
1 h at various temperatures, T a. Crystallization was confirmed to be reproducible
when T a was lower than −10 °C, but the probability of crystallization decreased
with increasing temperature. The least probability was at 50 °C and then increased
again. The high probability of crystallization at low temperatures can be attributed to
the high probability of nucleation, whereas appearance of the minimum probability
was likely to be because of rapid crystal growth above 60 °C. The probability of
crystallization even after annealing for 1 h at 30 °C was ca. 56%. Therefore, the

Fig. 6.8 DSC heating curves
of quenched celecoxib glass .
After the melting, the sample
was cooled at approximately
50 °C/min to TL, and then
reheated at 10 °C/min.
Figure is adopted with
modification form Ref. [18]
with permission of Elsevier
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Fig. 6.9 a Probability of cold crystallization of quenched celecoxib glass during reheating as
a function of annealing temperature (for 1 h). b Onset temperature of cold crystallization and
crystallization enthalpy of celecoxib glass after 1 h annealing as a function of annealing temperature.
Figures are adopted with modification form Ref. [18] with permission of Elsevier

failure in the cold crystallization of celecoxib glass, which was cooled to 30 °C,
where the temperature was maintained only for 30 s, was convincing.

Figure 6.9b shows the effect of T a on the onset temperature and
enthalpy of cold crystallization. The crystallization enthalpy was nearly
constant at T a = −60, −50, and −40 °C (94 J/g), which agreed with
the literature value for form III. Thus, crystallization was regarded as
almost completed after the annealing at these temperature conditions. The
enthalpy of crystallization decreased with increase in T a to a minimum value of
34 J/g at T a = 40 °C and then increased again above 40 °C. This trend is consistent
with the crystallization probability shown in Fig. 6.9a. The crystallization onset
obtained a minimum value at −50 °C and then increased when annealed at a
higher temperature. The optimum nucleation temperature was observed to be below
−40 °C, whereas the optimum temperature for crystal growth appeared to be above
80 °C. In the annealing study where the annealing time was shortened to 5 min
and the temperature interval narrowed to 5 °C the optimum nucleation temperature
was observed to be −50 °C. This observation indicated that comprehension of the
nucleation temperature is extremely important for evaluating physical stability of
glasses.

6.5 Mechanical Activation of Glasses

According to Fig. 6.1, glass stability can be conveniently summarized as a function
of T g/T under well-regulated conditions. However, the stability of practical glasses
can be different from those presented in Fig. 6.1, because it is influenced by various
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Fig. 6.10 Isothermal crystallization of indomethacin glasses at 30 °C under dried condition. (◯)
Quenched and milled. Crystallized to form γ [24]. (�) Quenched and milled. Crystallized to form
α [25]. ( ) Quenched and cryomilled. Crystallized to mixture of forms α and γ [5]. (●) Quenched.
Crystallized to form γ [26]. (�) Quenched and stored in DSC pan. Crystallized to form α which
contains small amount of form γ [5]. Figure is adopted with modification form Ref. [5]

physical stresses. Sometimes cracks formed during quenching [19] or even transfer-
ring to different containers [20] are suspected to be triggers for crystallization. Strong
mechanical stresses such as milling and compression are known to have a significant
impact on physical stability. Figure 6.10 presents a comparison of the isothermal
crystallization behavior of melt-quenched indomethacin glasses at 30 °C with and
without milling before storage [5]. Unless milling was performed, the quenched
glass remained in an amorphous state for more than one month. However, for milled
glass, crystallization was initiated within a day. This comparison clearly indicates
the significance of milling on crystallization behavior, which was most likely due to
the increase in surface area and mechanical activation. Notably, the resultant crystal
form was not identical in these examples, which might be due to the differences in
their impurity profiles.

Compression is also known to affect crystallization kinetics. The effect
of compression pressure on crystallization of sucrose glass using isothermal
microcalorimetry was studied [21]. Initiation time for crystallization was hardly
affected below 0.5 MPa; however, crystal growth was enhanced with an increase in
pressure. The crystallization onset was shortened at 2.5MPa, indicating that conden-
sation of glass structure can promote nucleation. A similar observation was made
by Ayenew et al., where cold crystallization of indomethacin glass was enhanced
by compression at ca. 43.7 MPa [22]. Enhancement of isothermal crystallization
of etoricoxib was observed by Rams-Baron et al. after compression at 300 MPa
[23]. However, the acceleration in crystallization was not observed when the drug
was mixed with polyvinylpyrrolidone (PVP). This indicated that excipients were an
effective physical barrier for inhibiting pressure-induced nucleation.
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6.6 Impact of Moisture Sorption on Crystallization

Crystallization is frequently accelerated by moisture sorption, because the solvent
can act as a plasticizer. The degree of acceleration may be explained by the decrease
in T g. Figure 6.11a shows that T g of freeze-dried ritonavir glass was lowered by
storage under humid atmosphere [11]. Figure 6.11b illustrates the t10 of the ritonavir
glass stored under both dry and humid conditions. As discussed earlier, quenched
ritonavir glass was more stable than that expected from the universal line. However,
t10 of the freeze-dried glass could be found on the universal line, most likely because
the crystallization was enhanced by an increase in the surface area. The t10 for the
ritonavir glass stored under humid condition was also found on the universal line,
indicating that T g/T can be regarded as a controlling parameter even for the glass
with the plasticizer.

The impact of moisture sorption is sometimes more significant than that antici-
pated from change in T g. Figure 6.1 shows the physical stability data of nifedipine
glass acquired after careful experimentation. In this experiment, crystalline powder
of nifedipine was dried in a vacuum oven at 50 °C and stored in a desiccator with
silica gel prior to usage. Then, the dried powder was loaded into a hermetically sealed
pan under a dried nitrogen atmosphere and subjected to the melt-quench process in
DSC. All these steps have a significant impact on the stability of the nifedipine glass,
although changes in the moisture levels during these treatments are insignificant. In
this case, the bulk T g does not work for the prediction of the physical stability, rather
the T g of the surface molecules appears to be more important.

Fig. 6.11 a Effect of storage relative humidity (RH) on Tg (onset values) of the freeze-dried
ritonavir glass. Tg of the quenched glass is also presented. b t10 of Ritonavir glass as a function of
Tg/T. (�) quenched glass, (●) freeze-dried glass stored under dry condition, (◯) Freeze-dried glass
stored under humid condition. The storage temperature and humidity for the freeze-dried glasses
are indicated in the Figure. Figures are adopted with modification form Ref. [11] with permission
of Elsevier
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Fig. 6.12 Onset crystallization time (to, min) of nifedipine glass as a function of Tg/T. (�) After
the pretreatment (see text), quenched in a hermetically sealed pan [9]. (◯) Quenched in sealed
DSC pan without pretreatment [5]. ( ) Quenched in DSC pan [28]. (�) Quenched on glass slides.
Crystallization was evaluated using polarized light microscopy. Cracked glasses were excluded
from the analysis [27]. (◆) Quenched in DSC pan [29]. All the literature data were recalculated
using the Tg value of 45.5 °C. The definition of onset crystallization time, which is analogous to
t10, is slightly different depending on literature, but its impact is ignorable in this analysis. Figure
is adopted with modification form Ref. [5]

Therefore, the data for nifedipine crystallization found in the literature were
generally faster than that expected from the universal line. Figure 6.12 presents the
onset of crystallization times of nifedipine glasses found in various sources [5]. The
data obtained after adhering to the careful treatment mentioned above were on the
universal line. However, the crystallization was much faster for the glasses loaded
in normally sealed pans without such pretreatment. Studies using polarized light
microscopy by Bhugra et al. were performed very carefully, where cracked glasses
were eliminated from the analysis [27] because they could enhance crystallization.
However, the crystallization was much faster presumably because the glasses were
not completely protected from the atmosphere outside.

6.7 Formulation Stability

The discussion so far was mainly focused on one-component pharmaceutical glass
prepared by the melt-quench procedure. However, practical amorphous formula-
tions are not manufactured by melt-quenching and contain other components such
as hydrophilic polymers. The most representative manufacturing methods including
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spray-drying, freeze-drying, and hot-melt extrusion. The glasses produced by spray-
and freeze-drying have large surface areas. Those obtained from hot-melt extrusion
are subjected to milling during the formulation process. Thus, the practical amor-
phous formulations are anticipated to be unstable compared to the melt-quenched
glasses. On the other hand, the polymeric excipients typically included in amorphous
formulations are expected to retard the crystallization of the drug molecules because
of two reasons: steric hindrance between the drug molecules and low crystallization
tendency of the polymeric excipients.

Figure 6.13 compares the various onset crystallization times of binary amor-
phous solid dispersions (ASDs) reported in the literature [5]. As an overall trend,
the universal line seems to be valid even for the binary formulations. Comparison of
nifedipine/PVP ASDs from three different sources indicates that milling promotes
nucleation. However, the presence of polymeric excipients appears to stabilize the
ASDs, most likely because of steric hindrance and interaction with the drug. The
observations from Sanofi-Aventis compounds are very useful from a practical view-
point since the ASDs were prepared by spray-drying. Stability of these ASDs was
slightly lower but roughly on the universal line regardless of absence/presence of
the moisture. Thus, accelerated physical stability testing may be possible for ASDs
based on this information.

Fig. 6.13 Onset crystallization time (to, min) of binary ASDs as a function of Tg/T. (◆, ,
◇) Nifedipine/PVP ASDs prepared by melt-quench [30, 31] followed by milling [29], respec-
tively. (●, ) Phenobarbital/PVP ASDs prepared by melt-quench [30, 31]. (�, �) Sanofi-Aventis
compound/Hydroxypropyl methylcellulose phthalate ASDs prepared by spray-drying stored under
dried and humid conditions, respectively [32]. The definition of onset crystallization time, which
is analogous to t10, depends on literature, but the difference is ignorable in this analysis. Figure is
adopted with modification form Ref. [5]
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6.8 Summary

Crystallization experiments frequently face reproducibility problems. Sometimes it is
unavoidable because of the stochastic property of nucleation, but other cases may be
explained by the difference in thermal history of the materials. In this chapter, influ-
enceof thermal history onphysical stability (crystallization)wasdiscussedwithmany
examples. When the glass is prepared by the quench cooling, the target (minimum)
temperature of the cooling process is usually not provided in the literature. However,
it may have a great impact on the crystallization behavior. Ideally, optimal nucleation
and crystal growth temperatures should be comprehended to control the crystalliza-
tion behavior of the glass. The crystallization tendency of the compounds, though it
is not discussed in this chapter, must also be comprehended well. The cooling rate
also has significant importance in determining the glass property. The relevance of
chemical structure to the sensitivity of the glass property on thermal history requires
more understanding. In addition to thermal history, the importance of other factors
such as surface area, mechanical stress, and sorption of trace amount of moisture
needs to be recognized.

Although there is no doubt that the amorphous state is quite useful in the phar-
maceutical field, its practical use is relatively limited, partially because of difficulty
in its handling. Storage of ASDs under freezing temperature sounds appropriate for
the long-term, but it is not true in some cases as observed for celecoxib glass in
this chapter. Since the current crystallization theory was developed with inorganic
compounds inmind, its application to crystallization of small organics requires atten-
tion, where the structure is maintained by various strong and weak interactions such
as covalent and noncovalent binding forces. Further understanding of this field should
enable more frequent use of the amorphous state for practical products.
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Chapter 7
Supramolecular, Hierarchical,
and Energetical Interpretation
of Organic Crystals: Generation
of Supramolecular Chirality
in Assemblies of Achiral Molecules

Mikiji Miyata and Seiji Tsuzuki

Abstract Recent progress in personal computers and computational methods has
enabled us to practically perform quantitative evaluation of intermolecular interac-
tion energies of organicmolecules consisting ofmore than one hundred carbon atoms
using density functional theory (DFT) calculations with dispersion correction. The
calculations prompted us to make a systematic method for defining dimeric molec-
ular assemblies in organic crystals. Based on Z-matrix involving dummy atoms,
we designed a rectangular triangle model where a molecule positions through three
kinds of rotations. This model clarified generation of position-dependent chirality
along an axis. Symmetry operations, such as translation, two-fold rotation, two-
fold helix, and so on, connect the identical triangles to generate position-dependent
supramolecular chirality of the assemblies. The intermolecular interaction energies
of the dimers evaluated by the supermolecule method depend on assemble modes of
the dimers, leading us to the interpretation for hierarchical structures in crystals as
well as generation of supramolecular chirality from achiral molecules in the crystals.
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7.1 Introduction

Organic crystals are analyzed by using a large amount of reflection data according
to X-ray crystallography which bases on symmetry theory in mathematics [1]. This
indicates that the analysis has no relation to interaction energies among molecules.
Substantially, the crystals are formed due to intermolecular interactions among
organicmolecules [2].Conventionally, such interaction energies have been calculated
with powerful supercomputers using high-level ab initio calculations by specialists
in quantum chemistry. This mainly comes from the fact that a large basis set and elec-
tron correlation correction are necessary for an accurate evaluation of the dispersion
interactions. Therefore, an accurate evaluation of the dispersion energies demands a
vast amount of computational resources, introducing much difficulty to understand
energetic aspect of organic crystals [3–5].

However, recent progresses in personal computers and computational methods
give us a challenging time to overcome this difficulty as for the evaluation of the
dispersion energies. Namely, new personal computers with multicore CPU perform
rapid calculations for intermolecular interactions of organic molecules with more
than a hundred carbons using dispersion-corrected DFT method [6]. Therefore, the
interaction energies between two neighbored molecules in crystals can be briefly
evaluated. Gaussian is one of the well-known ab initio molecular orbital and DFT
calculation program [7]. GaussView is graphical user interface (GUI) program for
Gaussian [8]. We can easily evaluate intermolecular interaction energies between
molecules in organic crystals using Gaussian and GaussView programs.

Such a change would introduce the third stage of our studies on organic crystal
chemistry (Fig. 7.1). In the first stage, on the basis of space group [1], we classified
crystal structures (Fig. 7.1a) [9, 10]. In the second stage, according to the Cambridge
Structural Database and its graphics Mercury [11], we devoted to two subjects about
organic crystals (Fig. 7.1b) [12, 13]. The one is supramolecular chirality of two-
fold helical (or screw) molecular assemblies, and the other is hierarchical structures
through bundles of the assemblies. The former indicates a difference between space
geometry and space group [14–16]. For example, two-fold helical assemblies are
discriminable in handedness from an anisotropic view. In contrast, from an isotropic
view of space group, two-fold helical operations form identical assemblies by both
clockwise and anticlockwise rotations.

Symmetry Theory
Points
Space Group
Isotropic View

Hidden Chirality

Molecular Calculations
3D Materials
Interaction Energies
Quantitative View

Verified Chirality

Molecular Graphics
3D Materials
3D Space Geometry
Anisotropic View

Visualized Chirality
ca b

Fig. 7.1 Three stages for understanding generation of supramolecular chirality in crystal structures
from viewpoints of symmetry theory (a), molecular graphics (b), and molecular calculations (c)
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The other subject deals with hierarchical structures of organic crystals, such as 1D
columns, 2D layers, 3D stacked layers [16–18]. For example, the preferred two-fold
helical columns with three-axial chirality construct chiral layers, which are stacked
to give chiral crystals. According to such a bundling model, chiral crystals are briefly
defined as follows. Only right- or left-handed two-fold helices are bundled to form
the corresponding right- or left-handed crystals, respectively.

It is considered that these two subjects demand any quantitative expressions
in mathematics (Fig. 7.1c). It is noteworthy that the above-mentioned Gaussian
program uses Z-matrix and permits dummy atoms for defining geometries of organic
molecules [5]. Accordingly, positions of any atoms of a molecule can be defined
by three parameters which determine distances between atoms, angles formed by
three atoms, and dihedral angles. Significantly, the last dihedral angles are suit-
able for determining chirality, since the four points for defining the dihedral angles
enable us to determine handedness of chirality. Likewise, the above-mentioned hier-
archical structures demand any quantitative explanation from an energetical view-
point. The Gaussian program serves as an excellent tool for providing interaction
energies between molecules.

We aim to solve two challenging problems, generation of supramolecular chirality
andhierarchical structures in organic crystals. This chapter dealswith (i) a rectangular
triangle model by using Z-matrix and dummy atoms for positioning molecules, (ii)
generation of supramolecular chirality in molecular assemblies on the basis of three
kinds of rotations along an axis, and (iii) generation of hierarchical structures on the
basis of interaction energies between neighbored molecules in organic crystals. As
described below, the solution has come from an elucidation of three kinds of rotations
of a molecule at the fixed point along an axis.

7.2 Rectangular Triangle Unit with a Molecule

7.2.1 Connection Model of a Rectangular Triangle
and a Molecule

Z-matrix defines the position of an atom (C4) by using the positions of preceding
three atoms (C3,C2,C1), as shown in Fig. 7.2a. Firstly, the parameter B3 determines
the distance between C4 and C3; secondly, the parameter A2 determines the angle
formed by C4, C3, and C2; and thirdly, the parameter D1 determines the dihedral
(torsion) angle formed by C4, C3, C2, and C1 with the direction from C4 to C1 (C4
→ C3 → C2 → C1). Such a dihedral angle is possible to take a sign of either plus
(right) or minus (left), prompting us to discriminate the chirality and its handedness.
Figure 7.2b shows a Z-matrix description for the Gaussian program.

In addition to real atoms, we may employ dummy atoms that enable us to freely
design assemblies of points, including lines, polygons, polyhedrons, and so on.
Figure 7.2c shows an example of a rectangular triangle with three dummy atoms
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C1
C2 1 B1
C3 2 B2 1 A1 
C4 3 B3 2 A2 1 D1

X1
X2 1 Ba 
X3 2 Bb 1 90
C1 3 B1 2 A1 1 D1

X1 

X3

C1

X2 

C1
C2

C3
C4

a c db
Fig. 7.2 Definition of the position of atom (C4) based on the distance (B3) from C3, the angle (A2)
formed by C4, C3 and C2, as well as a dihedral (torsion) angle (D1) defined by C4, C3, C2 and
C1 (a), Z-matrix for an assembly of four carbon atoms (b), a rectangular triangle as an assembly
of three dummy atoms and a carbon atom connected to the third dummy atom (c), and its Z-matrix
(d)

ca db

X3
X2

X1

X2 X3

X1

X2
X3

X1

Fig. 7.3 A benzene molecule with a dummy atom (a), a rectangular triangle composed of three
dummy atoms (b), the dummy atom of benzene and the dummy atom X3 are overlapped (c), and
any movements of the molecule around the center (d)

(X1, X2, X3). This model suggests that the fourth real atom is connected to the third
dummy atom X3 which serves as a root for connecting any molecule (Fig. 7.2d).

Z-matrix provides multiple ways to define the structure of organic molecule and
any others. Figure 7.3 shows an example of a benzene molecule. Figure 7.3a depicts
themoleculewith a dummy atomwhichwas put on the center of benzene. Figure 7.3b
displays a rectangular triangle composed of three dummy atoms. The dummy atom
at the center of benzene and the X3 are overlapped (Fig. 7.3c).

7.2.2 Relation to a Unit Cell of a Crystal

The above-mentioned connection induced us to design a triangle model which simu-
lates a steric situation of a molecule in organic crystals. Thus, a perpendicular line
(X1–X2) in Fig. 7.3c functions as a unit axis for a two-fold rotation or helix in a unit
cell of a crystal. Another horizontal line (X2–X3) corresponds to a distance between
the axis and the center of a molecule. Namely, X3 serves as a root for positioning
the molecule.

It is necessary to use real parameters for understanding the above-mentioned
triangle. One takes an example of benzene. The main lattice parameters for its crystal
with space group P21/c are summarized in Fig. 7.4. The distance between X1 and
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α:90, β:110, γ:90
Ae =α=90
Af1=β=110
Af2=180-β=70
Ag=γ=90

Rotations along b-axis
x(φ): 20 y(ψ): 30 z(ω): 27

Angles for z-matrix
Bond angles

Ax: 20 Ay: 30 Az: 90
Dihedral angles

Dx: -90; -90; +90; +90
Dy: +90; +90; -90; -90
Dz: -27 ; +27; -27; +27

Benzene
Monoclinic
Space group P21/c

a:5.417, b:5.376. c:7.532
Ba=b=5.376
Bb=c/4=1.883
Bc=a=5.417

a

b

c

d

Fig. 7.4 Relation between lattice parameters and Z-matrix of a benzene crystal. Parameters of
distances (a) and angles (b) for a unit cell and a triangle. Three kinds of rotations along b-axis (c).
Bond and dihedral angles for Z-matrix (d)

X2 (Ba) is 5.376 Å which corresponds to a unit length of b-axis, while one between
X2 and X3 (Bb) is 1.883 Å which does to the one-fourth length of c-axis. These Ba
and Bb are available for Z-matrix in Fig. 7.2d.

In this way, the triangle model is related to the crystal structure, but one problem
remains. In spite of a fixed orientation to the axis in Fig. 7.3c, molecular graphics
mostly displays diverse orientations in crystals. At last, we reached an idea that such
a difference derives from any rotations of the molecule toward the axis (Fig. 7.3d).
The next section describes how to simulate the rotations.

7.2.3 Positioning for Three Kinds of Rotations

The earth rotates around the sun (Fig. 7.5a). In daily life, we sit on a rotating chair
at a desk and rotate in various ways (Fig. 7.5b). This movement can be simplified as
rotations around three axes of a facial plate (Fig. 7.5c).

Mathematically, the rotations of the plate can be combined with the triangle. First
of all, a point of a plate (o) is overlapped with the X3 of the rectangular triangle.
Next, like our body on a chair, the plate can rotate at the X3 around three axes (x,
y, z). In order to define each rotation angle (ϕ, ψ, ω), we employ the corresponding
unit vectors (x, y, z) (Fig. 7.6a), which are expressed by three additional dummy

ba c x(φ)

z(ω)

y(ψ)o

Fig. 7.5 Rotations of a material around other material or axes, the earth around the sun (a), a person
on a rotating chair at a desk (b), and a facial plate towards three axes (c)
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X1
90°

X6
X3 X4

X5

X2X2

X5

X1

X3

X2(X1)
X4X4

X3

X6X6
X3(X2)

a edcb

Fig. 7.6 Three kinds of rotations of a facial plate with the corresponding three unit vectors (a), a
unit vector x as an over-view (b), y as a side-view (c), z as a front-view (d) for denoting three rotation
angles, and dummy atoms (X4, X5, X6) connected with the dummy atom X3 of the rectangular
triangle (X1, X2, X3) (e)

atoms (X4, X5, X6) (Fig. 7.6b–d). These dummy atoms are connected to the above-
mentioned triangle (X1, X2, X3) (Fig. 7.6e). The X3 serves as a root of the vectors,
and the X4, X5, and X6 function for determining bond angles and dihedral angles of
Z-matrix in the following way.

The first vector x, which is perpendicular to the plate, rotates around the x-axis
by an angle (ϕ) and is denoted as the X4 (Fig. 7.6b). The rotational direction is right
(clockwise) or left (anticlockwise) to the axis X3–X2 of the triangle. The second
vector y, which is perpendicular to both x-axis and y-axis, rotates around the y-axis
by an angle (ψ) and is denoted as theX5 (Fig. 7.6c). This corresponds to a tilt forward
to the axisX1–X2. The third vector z, which is perpendicular to the vector y, indicates
a rotation around the z-axis by an angle (ω) and is denoted as the X6 (Fig. 7.6d). This
angle corresponds to the right (clockwise) or left (anticlockwise) rotation from the
x-axis and is fully described as a dihedral angle in the next section.

In organic crystals, the amount of each angle is restricted much smaller than 90°,
since the molecule touches to the axis X1–X2 on both sides. Their angles (ϕ, ψ, ω)
are roughly measured by using a semicircular protractor on display for molecular
graphics. Figure 7.4 includes their values for benzene crystal.

7.2.4 Position-Dependent Chirality

The additional dummy atoms (X4, X5, X6) require bond angles (Ax, Ay, Az) and
dihedral angles (Dx, Dy, Dz) for Z-matrix. The results are summarized in Fig. 7.7,
where you see four sets of three bond angles and three dihedral angles.

Figure 7.7a shows a clockwise or right-handed rotation (R) of X4 with a bond
angle of Ax(ϕ). Such a horizontal rotation yields a constant dihedral angle Dx(X4
→ X3 → X2 → X1) with −90°. The subsequent tilt rotations of X5 with a bond
angle of Ay(ψ) (0 < ψ < 90) yield a constant dihedral angle Dy(X5 → X3 → X4
→ X2) with +90° (Fig. 7.7b). So, chiral isomers with (−90, +90) are recognized as
(R)-isomers.
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dba c

X6 X6

(X5)X3

Dz(+ω) 
s r 

Dz(-ω)

X4

X5

Ay(ψ)

X4

X3

X2X2[X1]

X3

X4 X4

Ax(φ)Ax(φ)
S R 

Ax: φ φ φ φ
Ay: ψ     ψ     ψ     ψ
Az: 90   90   90   90
Dx: - 90  - 90   +90   +90
Dy: +90   +90   - 90   - 90
Dz: - ω    +ω    - ω   +ω

(R,r)  (R,s)  (S,r)  (S,s) 

Fig. 7.7 Combination of angles formed by three atoms and dihedral angles for three kinds of
rotations. Right-slide (R) or left-one (S) from the axis X2–X3 (X4, Ax) (a), tilt to the axis X2–X3–
X4 (X5, Ay) (b), right-rotation (r) or left-one (s) from X3–X4 (X6, Az) (c), and four combinations
of the angles generated from three kinds of rotations on X3 (d)

In contrast, there exists an anticlockwise or left-handed rotation (S) of X4 with
a bond angle of Ax(ϕ). Such rotations yield a dihedral angle Dx(X4 → X3 → X2
→ X1) with +90°, followed by the subsequent tilt rotations of X5 having a constant
dihedral angleDy(X5→ X3→ X4→ X2) with−90°. So, chiral isomers (+90,−90)
are recognized as (S)-isomers.

Furthermore, the third rotation of X6, which has a defined angle Az(X6–X3–X5)
with+90°, yields a dihedral angleDz(X6→ X3→ X5→ X4) with a value of either
−ω or+ω (Fig. 7.7c), indicating generation of chiral (r)- or (s)-isomers, respectively.
In this way, we discriminate four sets of bond angles and dihedral angles as (R, r),
(R, s), (S, r), and (S, s) (Fig. 7.7d).

At last, we reached the novel idea that the triangle rotation model makes clear
the existence of four stereoisomers. We term this chirality as position-dependent
chirality, since the chirality depends on a position of a molecule toward an axis. This
finding leads us to specify their Z-matrix by use of six dummy atoms involving (X1,
X2, X3) for the triangle and (X4, X5, X6) for the three kinds of rotations (Fig. 7.8).

(R,r)
X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 -90
X5 3 1.0 4 ψ 2 90
X6 3 1.0 5 90 4 -ω  

(R,s)
X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 -90
X5 3 1.0 4 ψ 2 90
X6 3 1.0 5 90 4 ω

(S,r)
X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 90
X5 3 1.0 4 ψ 2 -90
X6 3 1.0 5 90 4 -ω

(S,s)
X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 90
X5 3 1.0 4 ψ 2 -90
X6 3 1.0 5 90 4 ω

a b c d

Fig. 7.8 Z-matrix expression of position-dependent chiral isomers (R, r) (a), (R, s) (b), (S, r) (c) and
(S, s) (d) by using the rectangular triangle and rotation model with an organic molecule. Three
rotation angles (ϕ, ψ, ω) can be measured on molecular graphics
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a (R,r)-Isomer

X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 -90
X5 3 1.0 4 ψ 2 90
X6 3 1.0 5 90 4 -ω
C1 3 R1 5 90 6 0
C2 3 R1 5 90 6 60
C3 3 R1 5 90 6 120
C4 3 R1 5 90 6 180
C5 3 R1 5 90 6 240
C6 3 R1 5 90 6 300
H1 3 R2 5 90 6 0
H2 3 R2 5 90 6 60
H3 3 R2 5 90 6 120
H4 3 R2 5 90 6 180
H5 3 R2 5 90 6 240
H6 3 R2 5 90 6 300

R1 1.394
R2 2.475

b  (R,s)-Isomer

X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 -90
X5 3 1.0 4 ψ 2 90
X6 3 1.0 5 90 4 ω
C1 3 R1 5 90 6 0
C2 3 R1 5 90 6 60
C3 3 R1 5 90 6 120
C4 3 R1 5 90 6 180
C5 3 R1 5 90 6 240
C6 3 R1 5 90 6 300
H1 3 R2 5 90 6 0
H2 3 R2 5 90 6 60
H3 3 R2 5 90 6 120
H4 3 R2 5 90 6 180
H5 3 R2 5 90 6 240
H6 3 R2 5 90 6 300

R1 1.394
R2 2.475

c  (S,r)-Isomer

X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 90
X5 3 1.0 4 ψ 2 -90
X6 3 1.0 5 90 4 -ω
C1 3 R1 5 90 6 0
C2 3 R1 5 90 6 60
C3 3 R1 5 90 6 120
C4 3 R1 5 90 6 180
C5 3 R1 5 90 6 240
C6 3 R1 5 90 6 300
H1 3 R2 5 90 6 0
H2 3 R2 5 90 6 60
H3 3 R2 5 90 6 120
H4 3 R2 5 90 6 180
H5 3 R2 5 90 6 240
H6 3 R2 5 90 6 300

R1 1.394
R2 2.475

d  (S,s)-Isomer

X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 φ 1 90
X5 3 1.0 4 ψ 2 -90
X6 3 1.0 5 90 4 ω
C1 3 R1 5 90 6 0
C2 3 R1 5 90 6 60
C3 3 R1 5 90 6 120
C4 3 R1 5 90 6 180
C5 3 R1 5 90 6 240
C6 3 R1 5 90 6 300
H1 3 R2 5 90 6 0
H2 3 R2 5 90 6 60
H3 3 R2 5 90 6 120
H4 3 R2 5 90 6 180
H5 3 R2 5 90 6 240
H6 3 R2 5 90 6 300

R1 1.394
R2 2.475

Fig. 7.9 Z-matrix of a benzene molecule in its crystal on the basis of the rectangular triangle and
three kinds of rotations. Four position-dependent isomers; (R, r)-isomer (a), (R, s)-isomer (b), (S,
r)-isomer (c), and (S, s)-isomer (d)

7.2.5 Z-Matrix of a Molecule with Position-Dependent
Chirality in Crystals

Now, one can write down the Z-matrix for any organic molecules in crystals by using
the triangle and three kinds of rotations. The necessary parameters (distances, angles,
and dihedral angles) are acquired from the known crystal parameters as well as the
measured rotation angles on graphics. As described in the next section, the latter
angles are determined by comparison of bond distances due to Mercury [11] and
GaussView [8] more exactly than by a semicircular protractor on display. Figure 7.9
denotes an example of a benzene molecule which belongs to space group P21/c. The
measured angles (ϕ, ψ, ω) are available in Fig. 7.4.

7.3 Bimolecular Assembly with Connection of the Triangle
Units

7.3.1 Connection of Two Rectangular Triangles Through
Symmetry Operations

Two rectangular triangular units are connected by using dummy atoms in various
ways. Regular structures of dimers in crystals owe to symmetry operations. It is
noteworthy that translation operation derives from translation of a cell unit of crystals,
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a b dc e f

Fig. 7.10 Various overlaps of two triangular triangles: two points (a–c), two points and two lines
(d, e), and a point and a line onto a glide plane (f)

resulting in 1D columnar assemblies which serve as fundamental architecture in
organic crystals. Figure 7.10 exemplifies various overlaps of points and lines. The
one is an overlap of two points. Figure 7.10a–c depict translation, inversion, and
reflection, respectively. The other is an overlap of two lines composed of two points,
yielding two-fold rotation (Fig. 7.10d) and two-fold helix (Fig. 7.10e). Figure 7.10f
illustrates an overlap on a glide plane.

7.3.2 Connection of Molecules with Position-Dependent
Chirality

We consider a triangle with a molecule involving three kinds of rotations. The
resulting four stereoisomers of (R, r), (R, s), (S, r), and (S, s) are possible to combine
together for dimers. Among them, the same stereoisomers of (R, r) or (S, s) are
assembled by symmetry operations, such as translation, two-fold rotation, and two-
fold helix along an axis to yield a chiral (R, r)(R, r)- or (S, s)(S, s)-dimer (and vice
versa).

On the other hand, an enantiomer of (R, r) and (S, s) is assembled by symmetry
operations, such as inversion at one point, reflection on a mirror plane, reflection on
a mirror with one-half translation to yield an achiral (R, r)(S, s)-dimer. The other
enantiomer of (R, s) and (S, r) is possibly combined to yield an achiral (R, s)(S,
r)-dimer.

In principle, another diastereomeric (R, r)(R, s)-dimer, (S, s)(S, r)-dimer, (R, r)(S,
r)-dimer as well as (S, s)(R, s)-dimer are possible. Symmetry operations do not
express these diastereomeric dimers, and probably we can observe these dimers
as two independent molecules in crystals. More detailed research is necessary for
discussing these dimers.
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b

c

a

dTwo-fold Helix
 (R,r)-1 to (R,r)-2

X7 2 0.5Ba 3 90 1 0
X8 2 0.5Ba 3 90 1 180
X9 8 Bb 2 90 3 180
X10 9 1.0 8 φ 7 -90
X11 9 1.0 10 ψ 8 90
X12 9 1.0 11 90 10 -ω

Inversion
 (R,r)-1 to (S,s)-2

X7 3 Ba 2 90 1 180
X8 7 Bb 3 90 2 180
X9 8 Ba 7 90 3 180
X10 7 1.0 8 φ 9 90
X11 7 1.0 10 ψ 8 -90
X12 7 1.0 11 90 10 ω

Translation
 (R,r)-1 to (R,r)-2

X7 3 Bb 4 φ 2 0
X8 7 Ba 3 90 1 180 
X9 8 Bb 7 90 3 0
X10 9 1.0 8 φ 7 -90
X11 9 1.0 10 ψ 8 90
X12 9 1.0 11 90 10 -ω

Two-fold Rotation
 (R,r)-1 to (R,r)-2

X7 2 Ba 3 90 1 0
X8 3 Bb 4 φ 2 0
X9 8 Bb 7 90 3 180
X10 9 1.0 8 φ 7 -90
X11 9 1.0 10 ψ 8 90
X12 9 1.0 11 90 10 -ω

1

1

1
2

2

2

21

Fig. 7.11 Connection of two triangular triangles with symmetry operations: translation (a), two-
fold rotation (b), two-fold helix (c) along an identical axis, and inversion (d) through a point

7.3.3 Connection of Molecules Along Identical Axes

These assemble methods have the corresponding Z-matrix. The first triangle has the
same six dummy atoms (X1 to X6) as the ones in Fig. 7.8, while the second triangle
has additional six dummy atoms (X7 to X12). The representative four kinds of the
dimers (only X7 to X12) are illustrated in Fig. 7.11. Z-matrix has a rule to specify
each atom or dummy atom through a completely arranged number from the first
one. These expressions by Z-matrix in Fig. 7.11 start from the number 1 for the first
dummy atom X1 and go to the number 12 for the last dummy atom X12.

7.3.4 Connection of Molecules Along Separated Axes

Next, we consider other cases that the lines (X1–X2) of the triangles are separated
from each other. The above-mentioned examples in Fig. 7.11 belong to the identical
cases, while those in Fig. 7.12 to the separated ones. The latter is observed in stacking
of layers as mentioned later.

The other dimers through reflection on a mirror as well as glide plane can be
expressed in a similar way to give us achiral dimers, leading us to the world of
achiral assemblies in comparison with one of chiral ones.

At last,we obtainwholeZ-matrix of four kinds of benzene dimers. Three examples
of them are shown in Fig. 7.13.
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Translation
 (R,r)-1 to (R,r)-2

X7 1 Bc 2 90 3 Af1
X8 7 Ba 1 90 2 0
X9 8 Bb 7 90 1 -Af2
X10 9 1.0 8 φ 7 -90
X11 9 1.0 10 ψ 8 90
X12 9 1.0 11 90 10 -ω

Two-fold helix
 (R,r)-1 to (R,r)-2

X7 2 Bc 1 90 3 Af1
X8 7 0.5Ba 2 90 1 180
X9 8 Bb 7 90 2 -Af1 
X10 9 1.0 8 φ 7 -90
X11 9 1.0 10 ψ 8 90
X12 9 1.0 11 90 10 -ω

1

2

1

2

a b

Fig. 7.12 Connection of two triangular triangles with symmetry operations: translation (a) and
two-fold helix (b) through the separating axes

(R,r)(R,r)-Dimer
through translation

X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 Ax 1 -90
X5 3 1.0 4 Ay 2 90
X6 3 1.0 5 90 4 Dzr
C1 3 R1 5 90 6 0   0 1
C2 3 R1 5 90 6 60  0 1
C3 3 R1 5 90 6 120 0 1
C4 3 R1 5 90 6 180 0 1
C5 3 R1 5 90 6 240 0 1
C6 3 R1 5 90 6 300 0 1
H1 3 R2 5 90 6 0   0 1
H2 3 R2 5 90 6 60  0 1
H3 3 R2 5 90 6 120 0 1
H4 3 R2 5 90 6 180 0 1
H5 3 R2 5 90 6 240 0 1
H6 3 R2 5 90 6 300 0 1
X7 3 Bb 4 Ax 2 0
X8 2 Ba 3 90 1 180
X9 20 Bb 19 90 3 0
X10 21 1.0 20 Ax 19 -90
X11 21 1.0 22 Ay 20 90
X12 21 1.0 23 90 22 Dzr
C7 21 R1 23 90 24 0   0 2
C8 21 R1 23 90 24 60  0 2

 (Abbreviated)

R1 1.394
R2 2.475
Ba 5.376
Bb 1.883
Ax 20
Ay 30
Dzr -27

(R,r)(R,r)-Dimer
through two-fold helix

X1 
X2 1 Ba
X3 2 Bb 1 90
X4 3 1.0 2 Ax 1 -90
X5 3 1.0 4 Ay 2 90
X6 3 1.0 5 90 4 Dzr
C1 3 R1 5 90.0 6 0   0 1
C2 3 R1 5 90.0 6 60  0 1
C3 3 R1 5 90.0 6 120 0 1
C4 3 R1 5 90.0 6 180 0 1
C5 3 R1 5 90.0 6 240 0 1
C6 3 R1 5 90.0 6 300 0 1
H1 3 R2 5 90.0 6 0   0 1
H2 3 R2 5 90.0 6 60  0 1
H3 3 R2 5 90.0 6 120 0 1
H4 3 R2 5 90.0 6 180 0 1
H5 3 R2 5 90.0 6 240 0 1
H6 3 R2 5 90.0 6 300 0 1
X7 2 Ba2 3 90 1 0
X8 2 Ba2 3 90 1 180
X9 20 Bb 19 90 3 180
X10 21 1.0 20 Ax 19 -90
X11 21 1.0 22 Ay 20 90
X12 21 1.0 23 90 22 Dzr
C7 21 R1 23 90 24 0  0 2
C8 21 R1 23 90 24 60 0 2

(Abbreviated)

R1 1.394
R2 2.475
Ba 5.376
Ba2 2.688
Bb 1.883
Ax 20
Ay 30
Dzr -27

(R,r)(S,s)-Dimer
through inversion

X1 
X2 1 Ba
X3 2 Bb 1 90.0
X4 3 1.0 2 Ax 1 -90
X5 3 1.0 4 Ay 2 90
X6 3 1.0 5 90 4 Dzr
C1 3 R1 5 90 6 0   0 1
C2 3 R1 5 90 7 60  0 1
C3 3 R1 5 90 8 60  0 1
C4 3 R1 5 90 9 60  0 1
C5 3 R1 5 90 10 60 0 1
C6 3 R1 5 90 11 60 0 1
H1 3 R2 5 90 7  0 0 1
H2 3 R2 5 90 8  0 0 1
H3 3 R2 5 90 9  0 0 1
H4 3 R2 5 90 10 0 0 1
H5 3 R2 5 90 11 0 0 1
H6 3 R2 5 90 12 0 0 1
X7 3 Ba 2 90 1 180
X8 19 Bb 3 90 2 180
X9 20 Ba 19 90 3 180
X10 19 1.0 20 Ax 21 90
X11 19 1.0 22 Ay 20 -90
X12 19 1.0 23 90 22 Dzs
C7 19 R1 23 90 24 0  0 2
C8 19 R1 23 90 25 60 0 2

(Abbreviated)

R1 1.394
R2 2.475
Ba 5.376
Bb 1.883
Ax 20
Ay 30
Dzr -27
Dzs 27

a b c

Fig. 7.13 Z-matrix of benzene dimers together with a rectangular triangle and three kinds of
rotations: dimers with symmetry operation, such as translation (a), two-fold helix (b), inversion (c)
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%nprocshared=4
%chk=Benzene(Rr)(Rr)Dimer(trala-column).chk
#p b3lyp/6-311g(d,p) empiricaldispersion=gd3 counterpoise=2

Benzene(Rr)(Rr)Dimer(trala-column) (DFT)(GD3)(6-311G**)

0 1 0 1 0 1

Fig. 7.14 Example of input file for Gaussian calculations

7.4 Intermolecular Interaction Energy Calculations
by Gaussian Program

7.4.1 Methods of DFT Calculations

Intermolecular interaction energies were calculated using Gaussian 16 W [7]. The
B3LYP functional and 6-311G** basis set were used for the DFT calculations with
Grimme’s D3 dispersion correction [19]. The basis set superposition error (BSSE)
[20] was corrected for all the interaction energy calculations using the counterpoise
method [21]. Figure 7.14 shows an example of input file for the calculation of the
interaction energy of an (R, r)(R, r)-dimer of benzene with translation (trala) for
symmetry operation. The contents of Figs. 7.13 and 7.14 are merged according to the
defined procedure to yield the final input file of the Gaussian program for calculating
the intermolecular interaction energies of neighbored molecules in organic crystals.

7.4.2 Dependence of the Interaction Energies on Rotation
Parameters

In order to evaluate effects of various parameters, we checked two distances of
triangles as well as three kinds of rotations in the case of benzene crystal with space
group P21/c (Fig. 7.4). The former is exactly obtained by crystal lattice parameters,
while the latter angles of rotations are roughly measured on display by GaussView
[8] andMercury [11]. Namely, we check the distances between atoms in the designed
structures by GaussView and those in crystal structures by Mercury with changes of
the rotation values. Among many values, we employ the most suitable ones.

The interaction energies may naturally depend on the rotation angles. For an
example, Table 7.1 displays the energy changes of an (R, r)(R, r)-dimer of benzene
obtained through two-fold helix symmetry operation. The angles of Ax(ϕ), Ay(ψ),
andDzr(−ω) were changed with a range of 10°. Eachminimum value approximately
lies inAx(ϕ)= 18,Ay(ψ)= 26,Dzr(−ω)= −29, which are somewhat different from
the set of values (20, 30, −27) in Fig. 7.4. This suggests that crystal structures are
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Table 7.1 Interaction energies (kcal/mol) of (R, r)(R, r)-dimer of benzene through two-fold helix
symmetry operation on dependence of a set of rotation angles (ϕ, ψ, ω) for Ax(ϕ), Ay(ψ), and
Dzr(−ω) in Z-matrix of Fig. 7.13b

(12, 30, 27) −2.31 (20, 22, 27) −2.41 (20, 30, 21) −1.99

(14, 30, 27) −2.34 (20, 24, 27) −2.44 (20, 30, 23) −2.15

(16, 30, 27) −2.35 (20, 26, 27) −2.44 (20, 30, 25) −2.25

(18, 30, 27) −2.35 (20, 28, 27) −2.40 (20, 30, 27) −2.32

(20, 30, 27) −2.32 (20, 30, 27) −2.32 (20, 30, 29) −2.33

(22, 30, 27) −2.22 (20, 32, 27) −2.19 (20, 30, 31) −2.30

constructed to increase the stabilization by interactions with many molecules in the
crystal.

7.4.3 One Molecule Surrounded by Twelve Neighbored
Molecules

A spherical material is generally surrounded by other twelve ones, termed as
the closest packing structure [22, 23]. Organic crystals may keep the same prin-
ciple in spite of non-spherical shape of molecules. Namely, one organic molecule
is surrounded by twelve neighbored organic molecules. Figure 7.15a shows an
example of benzene crystal which belongs to monoclinic, space group P21/c [39].
Figure 7.15b depicts centroids of the molecules, indicating that a center molecule
(0) is surrounded by twelve neighbored molecules through symmetry operations as
follows (Fig. 7.15c). The translation operations transfer two equal molecules to the

1 22
4

4

3

3

a

1 2 3 4
(trala)  (21-helix)    (21-helix)    (trala) 

Distance:  0.54     0.46       0.60       0.54
Energy:   -2.0      -2.3       -1.0       -2.0

Distance:  0.59 0.50 0.78 0.86
Energy:  -3.5 -4.1 -1.5 -0.31

(Benzene)

(Naphthalene)

b c

d

e

Fig. 7.15 A center molecule (hidden 0) surrounded by twelve neighbored molecules (a) and their
centroids (b) through symmetry operations such as translation (trala) (1), two-fold helix (2) and (3),
translation (4). Distances (nm) between centroids of molecules and interaction energies (kcal/mol)
for benzene (d) and naphthalene (e)
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directions of up-and-down (1) and front-and-back (4), yielding totally four neigh-
bored molecules. On the other hand, each of four two-fold helix operations (2, 2,
3, 3) transfer two equal molecules per a helical axis, yielding totally eight ones. In
case of this space groupP21/c, translation and reversion provide the same neighbored
molecules. Of course, case by case, we need to check distances and contacts between
the neighbored molecules, since organic molecules possess diverse structures.

7.4.4 Intermolecular Distances and Interaction Energies

It is known that the dispersion force is mainly responsible for the attraction between
aromatic compounds without substituents [24, 25]. Therefore, the interaction ener-
gies approximately depend ondistances between neighboredmolecules. Figure 7.15d
contains the distances between centroids of the neighbored molecules as well as their
interaction energies by using (ϕ, ψ, ω) = (20, 30, 27). It is reasonable that the oper-
ations (1, 2) along the identical axes afford more energies than those (3, 4) along the
separated axes. Further separations of the molecules lead to the energies less than −
0.5 kcal/mole.

This relation is observed in naphthalene [39] more clearly than in benzene [39]
(Fig. 7.15e). The interaction energies for naphthalene is calculated by using (ϕ,ψ,ω)
= (33, 21, 12). It is notable that the energies by operations (1, 2) in naphthalene are
about two times more as compared to those in benzene. This means that the energies
of dispersion force increase with increasing carbon numbers of organic molecules,
when the intermolecular distances are almost equal.

It is generally considered that organic molecules are possible to have more
dispersion energies with increasing carbon atoms. Accordingly, when neighbored
molecules are closely located through the operations of translation (1) and two-fold
helix (2) along the identical axis, they acquire maximal energies. In the case of
pentacene, the energies amount to more or less −10 kcal/mol in the translation and
two-fold helix along the axes, whose values are almost comparable or more to those
of hydrogen bonds.

7.5 Hierarchical Structures and Interaction Energies

7.5.1 1D Column Surrounded by Six Columns

It is noteworthy that the conventional symmetry operations do not include transla-
tion itself, but the crystal units repeatedly transfer a molecule to yield translation
assemblies. Such assemblies along an identical axis can exhibit short intermolecular
distances, and obtain a large amount of interaction energies. Therefore, the following
three ideas may be introduced, as illustrated in Fig. 7.16 regarding anthracene [39].
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C     C-I(C-IV) C-III(C-VI) C-II(C-V)
(trala)  (21-helix)    (21-helix)    (trala) 

Distance:  0.60     0.52       0.99       1.12
Energy:   -5.5      -7.2       -2.0       -1.2

e

dcba

Fig. 7.16 Anthracene crystal (monoclinic, P21/a) consisting of 1D columnar assemblies. Column
(C) by translation (trala) along crystallographic b-axis (a), column (C-I) by two-fold helix along
b-axis (b), central column (C) surrounded by six neighbored columns (I to VI) as viewed down
b-axis (c), another translation column as viewed down c-axis (d), Distances (nm) between centroids
of the molecules and interaction energies (kcal/mol) by using (ϕ, ψ, ω) = (28, 23, 6) (e)

Firstly, the translation operations yield a one-dimensional (1D) column along an
identical axis with a preferential amount of energies (Fig. 7.16a). Secondly, combi-
nations of the translation with two-fold helix operations produce the most amount of
interaction energies among various combinations to give the strongest 1D columns
(Fig. 7.16b). Thirdly, oneof the columns (C) is surroundedby six neighbored columns
(I to VI) (Fig. 7.16c). Such a columnar model plays a key role for understanding
organic crystals in comparison with the known spherical model of inorganic crystals.

7.5.2 2D Layers: Alignment of Columns by Maximal
Interaction Energies

The resulting columns are bundled with other columns in parallel or anti-parallel
through symmetry operations such as translation, two-fold helix, inversion and so
on, to afford two-dimensional (2D) layers. In the case of anthracene (Fig. 7.16c),
the centered column (C) forms three kinds of 2D layered alignments (I-C-IV, II-
C-V, III-C-VI). Among them, the layer I-C-IV is the strongest, because it has a
minimal intermolecular distances (0.60 nm (C), 0.52 nm (C-I orC-IV)) andmaximal
interaction energies (−5.5 kcal/mol (C), −7.2 kcal/mol (C-I or C-IV)) by using (ϕ,
ψ, ω) = (28, 23, 6) (Fig. 7.16e).

It is generally considered that a combination of the columns with maximal inter-
action energies makes the most preferential layer among the above-mentioned three
kinds of layers.
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b ca

Fig. 7.17 Three kinds of stacking for 2D layers consisting of two-fold helix 1D columns through
symmetry operations of translation (a), two-fold helix (b), inversion (c), as their side-views of the
2D layers by using the rectangular triangle models. Broken arrows depict two-fold helix axes, while
circles do inversion centers between layers

7.5.3 3D Stacked Layers Related to Space Group of Crystals

The layers are also stacked in various ways. The simplest way is observed by trans-
lation of the 2D layers in the monoclinic P21/c crystals of benzene, naphthalene and
anthracene. This is exemplified as the side-view of the stacked layer in anthracene
(Fig. 7.16d). It should be mentioned that parallel or perpendicular two-fold helix
operation between two layers forms stacked layers with the same or reverse direc-
tion with space group P21/c (Fig. 7.17a) or P212121 (Fig. 7.17b), respectively. In
contrast, inversion operation between two layers induces the racemic stacked layers
in anti-parallel (Fig. 7.17c).

In addition, these layers can slide each other between the layers, explaining the
angles of lattice parameters which are apart from 90° between crystallographic
axes. Namely, one directional sliding corresponds to monoclinic crystals, while two
directional one does to triclinic crystals.

7.6 Supramolecular Chirality and Handedness in Crystals

7.6.1 Chiral Assemblies Composed of Identical Isomers

Supramolecular chirality [26, 27] is an important subject for understanding chiral
materials in universe [28, 29]. Position-dependent chirality clearly indicates that
identical molecules yield chiral assemblies through symmetry operations, including
translation, two-, three-, four-, or six-fold rotation and helix. For example, (R, r)-
isomers produce a 1D chiral column through translation. Such columns are bundled
to a 2D chiral layer, and further the layers are stacked to a 3D chiral crystal through
the operations. Simply, they are termed as right-handed (R, r)-column, (R, r)-layer,
(R, r)-crystal (and vice versa).

In 2007, we reported that a two-fold helical molecular assembly of benzene
exhibits right- or left-handedness [30, 31]. This was responsible for 3D geometry on
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display bymolecular graphicsMercury. Thus, a side-view of a face affords a line. So,
two-fold helical assembly of the faces composes an assembly of the lines. When the
lines in front exhibit right-tilt alignment along the two-fold helical axis, the helical
assembly is right-handed (and vice versa). Now, such a visual and qualitative descrip-
tion has developed to a quantitative one according to three kinds of rotations along
a two-fold helical axis. These rotations bring about position-dependent chirality,
explaining the well-known fact that supramolecular chirality generates in molecular
assemblies composed of achiralmolecules [32].We can say that the conventional idea
focused on molecular chirality, but did not on supramolecular chirality in crystals.

7.6.2 Achiral Assemblies of Enantiomeric
and Diastereomeric Isomers

A combination of racemic (R, r)- and (S, s)-isomers forms an achiral (R, r)(S, s)-
dimer through inversion, reflection or glide operation. The operations are repeated to
form achiral 1D columns, which align toward achiral 2D layers, and further achiral
3D crystals.

The diastereomeric (R, r)(R, s)- or (S, s)(S, r)-dimer may be observed in organic
crystals. For example, pentacene [39] form crystals which belong to space group
P-1. It can be seen on display by Mercury that their dimers have parallel and T-
type arrangements, indicating the same ω values of the rotations around z-axis in
Fig. 7.5(c). As a result, the two-fold helix operations disappear and only inversion
operations remain. Namely, pentacene employs (ϕ, ψ, ω) = (16, 28, 22) for three
rotation angles and forms four kinds of position-dependent chiral isomers with (Dx,
Dy, Dz) as follows; (−90, 90, −22) for (R, r), (−90, 90, 22) for (R, s), (90, −90, −
22) for (S, r) and (90, −90, 22) for (S, s) (see Fig. 7.7d).

7.6.3 Diverse Diastereomers Regarding Position-Dependent
Chirality

In principle, it is possible that diastereomeric isomers are combined to yield other
achiral dimers, including an enantiomeric (R, s)(S, r)-dimer, a diastereomeric (R,
r)(S, r)- or (S, s)(R, s)-dimer. Symmetry operations do not describe these dimers, and
probably one might observe these dimers as two independent molecules in crystals.

It should be mentioned once more that the tilt rotation along y-axis in Fig. 7.5c
is limited to forward tilt (0° < ψ < 90°) in this article. If necessary, this can be
extended to backward tilt or reclination. This extension would make the discussion
more complex than that mentioned above.
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7.7 Chiral Crystallization of Achiral Molecules

7.7.1 New Understanding for Chiral Crystallization

From an isotropic viewpoint of symmetry theory, symmetry operations such as trans-
lation, two-fold rotation and two-fold helix do not enable us to discriminate handed-
ness of the resultant assemblies. Nevertheless, from an anisotropic viewpoint, such
assemblies exhibit chirality and handedness according to 3D space geometry by
molecular graphics [14–16]. Furthermore, the latter anisotropic insight led us to the
hierarchical structures in organic crystals [16–18] as well as the linkage between
molecular and supramolecular chirality [33, 34].

The present article describes a new understanding for chiral crystallization of
achiralmolecules, telling that the trianglemethod reasonably explains generation and
handedness of supramolecular chirality of the assemblies on the basis of position-
dependent chirality. It still remains unclear to elucidate a relationship between
molecular structures and space group of their crystals. Hereafter one can find the
relation throughout a series of relative compounds, including polycyclic aromatic
compounds, chalcones, and so on.

It is noteworthy that chiral crystallization forms an equimolar amount of (R)-
and (S)-crystals. Their separation needs another insight. Recent crystal engineering
presents a great possibility for their separation [35, 36].

7.7.2 Connection of Organic Molecules via Their Centroids

Benzene, naphthalene and anthracene are achiral organic molecules with intramolec-
ular inversion points (Fig. 7.18a), producing no chiral crystals. However, achiral
molecules without such inversion points have a great potential to undergo the chiral
crystallization. Instead of the points, centroids of organic molecules are briefly
determined by the graphicsMercury, and useful for connecting theX3of the triangles.

ba dc e

Fig. 7.18 Achiral molecules with an inner inversion center; anthracene (a), instead with a centroid;
phenanthrene (b), picene (c), triphenylene (d), and benzo[c]phenanthrene (e)
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Fig. 7.19 Chiral crystals with space group P21; phenanthrene (a) and picene (b), with space group
P212121; triphenylene (c), benzo(c)phenanthrene (d), phenanthridine (e) and 1,5-diiodonaphthalene
(f). The central column (C) is surrounded by six columns (I to VI). Symmetry operation; two-fold
helix ((●) and (–)), translation (· · · )

7.7.3 Examples of Chiral Crystallization of Achiral
Molecules

We continue a research for resolving a relation between molecular and crystal struc-
tures. Among them, three examples of polycyclic aromatic compounds are described
below.

The first example focuses on chiral crystals which belong to monoclinic, P21.
Phenanthrene [39] has a centroid in the middle ring (Fig. 7.18b), where the dummy
atom X3 is connected like anthracene. Figure 7.19a shows its (R, r)-crystal. The
centered translation (R, r)-column (C) is surrounded by six (R, r)-columns (I toVI).
The columnar alignment (I-C-IV) constitutes a preferential 2D (R, r)-layer, which is
stacked by translation to yield a 3D (R, r)-crystal. This hierarchical structure is the
sameas that of anthracene.Thepreferential layer comes fromdifferent intermolecular
distances (0.68, 0.51, 0.53 nm for C, C-I, C-IV compared to 0.95, 1.03 nm for C-II,
C-III). Figure 7.19b involves another example of the achiral molecule without the
inversion center, called picene (Fig. 7.18c) [39]. One can see the same hierarchical
structure as phenanthrene.

The second examples deal with crystals which belong to orthorhombic, P212121.
Triphenylene (Fig. 7.18d) [39] is illustrated in Fig. 7.19c. The centered translation
column (C) is surrounded by six columns (I to VI), and the main layer is (I-C-V)
instead of (I-C-IV). The difference lies in two kinds of two-fold helical axes between
the layers, causing a rotation by 180° between the layers. The axis perpendicular
to the layers ascribes to steric and electronic complementarity between the neigh-
bored molecules. Figure 7.19d involves another example of the achiral molecule,
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called benzo(c)phenanthrene (Fig. 7.18e) [39], which displays the same hierarchical
structure.

Thirdly, substituted aromatic compounds (orthorhombic, P212121) are employed.
Phenanthridine [39] involves nitrogen at 6-position. The nitrogen functions for a
connection of 1D translation column through hydrogen bonds to form a preferential
2D layer, which is stacked with two-fold helix operation (Fig. 7.19e). In addition,
1,5-diiodonaphthalene [39] has iodine for halogen bonds (Fig. 7.19f). The translation
columns are combined by halogen bonds.

7.8 Conclusions and Perspectives

It has been found that supramolecular chirality of molecular assemblies in organic
crystals is attributable for position-dependent chirality. We designed a rectangular
triangle model attached with a molecule, enabling us to evaluate a position of organic
molecules through three kinds of rotations toward an axis. The combination of the
rotations leads us to four kinds of isomers with position-dependent chirality. The
isomers are combined through symmetry operations, including translation, two-
fold rotation, two-fold helix, and so on, to construct the corresponding molecular
assemblies with supramolecular chirality.

Z -matrix, which is used for the Gaussian program, enables us to describe such
a triangle model, leading to the evaluation of intermolecular interaction energies
between neighbored molecules in organic crystals. The resulting interaction energies
explain the hierarchical structures involving 1D columns, 2D layers, and 3D layer-
stacked crystals, prompting us to understand space group of crystals as well as chiral
crystallization of achiral molecules.

Dispersion energies contribute to such hierarchical structures. Basically, short
distances between neighbored molecules play a key role in determining the columns
and the layers. Hopefully, this research prompts us to elucidate the relation between
molecular structures and space group of crystals, to dissolve various hidden chirality
[37, 38], and to overcome diversity of organic compounds.
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Chapter 8
Relationship Between Atomic Contact
and Intermolecular Interactions:
Significant Importance of Dispersion
Interactions Between Molecules Without
Short Atom–Atom Contact in Crystals

Seiji Tsuzuki

Abstract Intermolecular interactions in crystals of polycyclic aromatic molecules,
n-hexane, and hexamine were analyzed by dispersion-corrected DFT calculations.
The origin of the attraction and the relationship between short atom–atom contact and
magnitude of attraction were discussed. The calculations show that the dispersion
interactions are the primary source of the attraction between adjacent molecules
in the crystals. The strong attraction by the dispersion interactions often exists
between adjacent molecules in the crystals, even if the adjacent molecules do not
have short atom–atom contact. Although intermolecular interactions in crystals have
been discussed based on the presence or absence of atom–atom contact at short
distances, our analysis shows that it is often dangerous to discuss the intermolecular
interactions in crystals solely based on crystal structures.

Keywords Intermolecular interaction · DFT calculations · Dispersion interaction ·
Short atom–atom contact · Crystal structure

8.1 Introduction

The intermolecular interactions control the arrangement of molecules in organic
crystals and greatly affect the physicochemical properties of the organic crystals.
For this reason, detailed information on intermolecular interactions is increasingly
required in the development of organic materials. With regard to the structures of
organic crystals, a huge amount of data obtained by crystal structure analysis has
been accumulated. On the other hand, it is not easy to directly elucidate the nature
(magnitude, directionality and origin of attraction) of the intermolecular interac-
tions between molecules in crystals solely by experimental methods. For this reason,
until now, intermolecular interactions in organic crystals have often been discussed
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based on the presence or absence of atomic contact at short distances (contact at
interatomic distances less than the sum of the van der Waals radii). Recently, high-
level ab initio molecular orbital calculations and dispersion-corrected DFT (density
functional theory) calculations can evaluate intermolecular interaction energies in
organic crystals sufficiently accurately. Recently reported calculations show that
strong attraction owing to the dispersion interactions often exists between molecules
in crystals which do not have short atom–atom contact. For example, in crystals of
polycyclic aromatic molecules such as thienoacenes [1], strong attraction owing to
dispersion interactions exist between adjacent molecules which do not have short
atom–atom contacts. Here, the intermolecular interactions in the crystals of poly-
cyclic aromaticmolecules,n-hexane, and hexamine analyzed bydispersion-corrected
DFT calculations are shown. They are compared with HF calculations which cannot
evaluate the dispersion interactions to estimate the contribution of the dispersion
interactions to the attraction. We also point out the danger of the discussion on inter-
molecular interactions in organic crystals based solely on the presence or absence of
contact of atoms at short distances.

8.2 Intermolecular Interactions

There exist several intermolecular interactions which have different origins between
interacting molecules [2]. The intermolecular interactions classified by physical
origins are shown in Table 8.1. The intermolecular interactions can be classified
into two groups. The first one is long-range interactions, which have their origin in
Coulomb interactions. The long-range interactions can work even when molecules
are well separated. The second one is short-range interactions, which have their
origin in interactions between molecular orbitals. The short-range interactions only
work at short distances where the overlap of molecular orbitals is significant. The
electrostatic, that is the Coulomb interaction between the static charge distributions
of molecules, the induction, that is the attraction due to induced polarization, and
the dispersion, that is the attraction due to the correlated motion of electrons, are the

Table 8.1 Intermolecular interactions

Intermolecular interactions Feature

Long-range interactions (Coulombic interactions, E ~ R−n)

Electrostatic Attraction or repulsion, directional

Induction (polarization) Attraction

Dispersion (van der Waals attraction) Attraction

Short-range interactions (overlap of molecular orbitals, E ~ exp(αR))

Exchange-repulsion Strong repulsion at short distance

Charge-transfer Attraction
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long-range interactions. Themagnitude of the energies of the long-range interactions
are proportional to some inverse power of the intermolecular distance, and therefore,
the energies of the long-range interactions decrease slowly with the increase of
the intermolecular distance. On the other hand, the exchange-repulsion, that is the
strong repulsion at short distance, and the charge-transfer, that is the attraction due to
the interactions between molecular orbitals, are the short-range interactions. Since
the energies of the short-range interactions are approximately proportional to the
overlap integral, they decrease rapidly as the intermolecular distance increases. For
this reason, the short-range interactions do not work at long distance.

The classification of intermolecular interactions by structural features is also often
used. Typical intermolecular interactions classified by structural features are shown
in Fig. 8.1. When a hydrogen atom bonded to an electronegative atom (oxygen,
nitrogen, etc.) is in contact with another electronegative atom or π-electron system
and there exists attraction between them, the interaction is called hydrogen bond.
When aromatic rings are in contact and there exists attraction, the interaction is
called π /π interaction. The contact between C-H bonds and aromatic rings is often
observed in organic crystals and the interaction between C-H bond and aromatic
ring is called CH/π interaction. Further, it is known that there exists strong attraction
between halogen atom such as iodine or bromine and Lewis base, the interaction is
called halogen bond.

The classification of intermolecular interactions by structural features has many
problems, although it is widely used to discuss intermolecular interactions due to the
abundance of crystal structure data. For example, the structure of CH/π interaction
is similar to the structure of π hydrogen bond between water and benzene. For
this reason, it was believed that the CH/π interaction was weak hydrogen bond
and its properties were similar to hydrogen bonds [3]. However, high-level ab initio
calculations revealed that the nature of the CH/π interactions is completely different
form hydrogen bonds [4, 5]. The major source of the attraction in hydrogen bonds is
the highly directional electrostatic interactions, and therefore, hydrogen bonds have

Fig. 8.1 Intermolecular interactions classified by structural feature
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strong directionality. On the other hand, the major source of the attraction in the
CH/π interactions is the dispersion interactions. The contribution of the electrostatic
interaction is very small. Therefore, the directionality of theCH/π interactions is very
weak. The directionality of hydrogen bonds is important for controlling orientation
ofmolecules in crystals and supermolecules [6]. Theweak directionality of the CH/π
interactions suggests that the CH/π interactions are difficult to play important roles
in controlling arrangement of molecules in molecular assemblies as in the cases of
hydrogen bonds. Another example is the interactions between benzene and aromatic
cations. The structure of the benzene-N-methylpyridinium complex is similar to
the structure of the π-stacked benzene dimer. But the nature of the interactions in
the benzene-N-methylpyridinium complex is completely different from that in the
benzene dimer [7]. The interactions in the benzene-N-methylpyridinium complex are
significantly stronger than that in the benzene dimer owing to the strong electrostatic
and induction interactions. On the other hand, the dispersion interactions are the
major source of the weak attraction in the benzene dimer.

8.3 Calculation of Intermolecular Interaction Energy

The energies of molecules and dimers obtained bymolecular orbital calculations and
DFT calculations are the stabilization energies by the formation of molecules and
dimers from isolated nuclei and electrons. Therefore, the intermolecular interaction
energy (Eint) can be obtained by subtracting the sum of the energies of monomers
(EA + EB) from the energy of dimer (EAB) as shown in Eq. 8.1. This method for
the calculation of intermolecular interaction energy is called supermolecule method.
Since the intermolecular interaction energy calculated by the supermolecule method
is overestimated by the basis set superposition error (BSSE), the BSSE is corrected
by the counterpoise method.

Eint = EAB−(EA + EB) (8.1)

Ab initio molecular orbital calculation is an approximation, although it does not
use any empirical parameter based on experimental measurements. The level of
approximation ismainly determinedby the choice of basis set and electron correlation
correction procedure used for the calculation. Molecular orbital is described as a
linear combination of gauss functions located on atoms of the molecule in ab initio
molecular orbital calculation. The set of gauss functions (basis function) is called as
basis set. The accuracy of the calculated intermolecular interaction energy strongly
depends on the number and the angular flexibility of gauss functions used for the
calculation. The calculated intermolecular interaction energy also depends strongly
on the choice of electron correlation correction procedure. Therefore, sufficiently
large basis set and electron correlation correction by a proper method are necessary
for an accurate evaluation of intermolecular interaction energy. Figure 8.2 shows
the intermolecular interaction energies calculated for the slipped-parallel benzene
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Fig. 8.2 Effects of basis set
on calculated interaction
energy for benzene dimer

θ θ = 63˚
R

dimer at HF andMP2 levels using several basis sets. The HF level interaction energy
potential does not have a potential minimum, while the attraction is calculated when
the electron correlation is corrected by theMP2method, which clearly shows that the
primary source of the attraction in the benzene dimer is the dispersion interactions.
The dispersion interactions have their origin in electron correlation, and therefore,
HF calculation cannot evaluate the dispersion interactions. The magnitude of the
attraction calculated by the MP2 method depends strongly on the basis set. Small
basis sets such as the 6-31G* basis set underestimates the attraction significantly
compared with large basis sets such as the cc-pVQZ basis set. Figure 8.3 shows the
calculated interaction energies for the slipped-parallel benzene dimer by theHF,MP2

Fig. 8.3 Effects of electron
correlation correction on
calculated interaction energy
for benzene dimer. MP2 and
CCSD(T) interaction
energies are the estimated
interaction energies at the
basis set limit

θ θ = 63˚
R
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Fig. 8.4 Comparison of
interaction energies
calculated for benzene dimer
using dispersion-corrected
DFT methods with those
obtained by HF and
CCSD(T) methods

θ θ = 63˚
R

and CCSD(T) methods. The MP2 and CCSD(T) level interaction energies are the
estimated interaction energies at the basis set limit. The MP2 method overestimates
the attraction compared with more accurate CCSD(T) method.

The DFT calculations do not require large computation time compared with
ab initio calculations. The required computational time for DFT calculations are
proportional to the cubic of the number of basis functions. On the other hand, the
computational time for MP2 and CCSD(T) calculations are proportional to the 5th
and 7th power of the number of basis functions, respectively. For this reason, theDFT
calculations of large molecules are relatively easy. However, the DFT calculations
using functionals such as B3LYP [8] cannot evaluate the attraction by the dispersion
interactions as shown in Fig. 8.4. The intermolecular interaction potential calculated
for the slipped-parallel benzene dimer using the B3LYP functional does not have a
minimum as in the case of the HF level potential. For this reason, the dispersion-
corrected DFT methods have been developed. The energy of dispersion interactions
is corrected by empirical parameters in the dispersion-corrected DFT methods. In
calculations using functionals such asB97D[9], the dispersion-corrected calculations
are performed. It is also possible to carry out B3LYP calculations with Grimme’s D3
dispersion correction [10] (B3LYP+D3). The calculated interaction energies by the
dispersion-corrected DFT methods are often close to those obtained by high-level
ab initio calculation (CCSD(T) calculation using a large basis set near the basis set
limit). The comparison of the calculated interaction energies using B97D and B3LYP
+ D3 methods with those obtained by the CCSD(T) method is shown in Fig. 8.4.
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8.4 Intermolecular Interactions of Naphthalene

Herringbone structures are often observed in the crystals of polycyclic aromatic
molecules such as the crystal of naphthalene as shown in Fig. 8.5. A naphthalene
molecule interacts strongly with six adjacent molecules in the crystal. Two adjacent
molecules are π-stacked and arranged in parallel orientation. The remaining four
adjacent molecules are molecules in adjacent π-stacked columns and arranged in
tilted T-shape configuration. The short atom–atom contact less than the sum of van
der Waals radii is shown by arrows in Fig. 8.5. Short atom–atom contact exists
between adjacent molecules in tilted T-shape configuration. On the other hand, there
is no short contact between adjacent molecules arranged in parallel.

The interaction energies between adjacent naphthalene molecules in the crystal
(EB97D) calculated by the dispersion-corrected DFT method (B97/6-311G**) are
shown in Table 8.2. The interaction energy with the tilted T-shape adjacent molecule
was calculated as −4.83 kcal/mol. The magnitude of the attraction is close to the

Fig. 8.5 Crystal structure of
naphthalene

Table 8.2 Intermolecular interaction energies between adjacent naphthalene molecules in crystal.
Energy in kcal mol−1

EB97D EHF Edisp

Tilted T-shape −4.83 3.31 −8.14

Parallel −3.62 0.41 −4.03
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hydrogen bond of water dimer (about −5 kcal/mol). The interaction energy with
parallel adjacent molecule was calculated as−3.62 kcal/mol. These results show that
there exists strong attraction not only between the tilted T-shape adjacent molecules,
but also between the parallel adjacent molecules, although there is no short atom–
atom contact between the parallel adjacent molecules.

The HF level (HF/6-311G**) interaction energies (EHF) between the tilted T-
shape adjacent molecules and between the parallel adjacent molecules are 3.31 and
0.41 kcal/mol, respectively, as summarized in Table 8.2. The HF method cannot
evaluate the dispersion interactions, therefore the contributions of the dispersion
interactions (Edisp) can be estimated approximately by subtracting EHF from EB97D

as shown in Eq. 8.2.

Edisp = EB97D−EHF (8.2)

The contributions of the dispersion interactions (Edisp) calculated for the interac-
tions between the tilted T-shape and parallel adjacent molecules are −8.14 and −
4.03 kcal/mol, respectively (Table 8.2). The contributions of the dispersion interac-
tions are significant. The calculated positive values of EHF suggest that the contri-
butions of the electrostatic interactions to the attractions are not large, since the
attraction by the electrostatic interactions can be evaluated by the HF calculations.
These calculations show that the dispersion interactions are the major source of the
attraction between adjacent naphthalene molecules in the crystal. Although there is
no short atom–atom contact between parallel adjacent molecules, there exists strong
attraction by the dispersion interactions. This indicates that the strong attraction
between parallel adjacent molecules due to the dispersion interactions will be over-
looked, if the intermolecular interactions in the crystal are discussed based solely on
the presence of short atom–atom contact in crystals.

8.5 Intermolecular Interactions of Other Polycyclic
Aromatic Molecules

Not only in the crystal of naphthalene, but also in the crystals of other polycyclic
aromatic molecules, there exist strong attraction between adjacent molecules. The
intermolecular interaction energies between parallel adjacent molecules in the crys-
tals of anthracene, tetracene, pentacene, and pyrene (Fig. 8.6) were calculated by
the dispersion-corrected DFT method (B97D/6-311G**) and by HF method (HF/6-
311G**) The calculated interaction energies (EB97D and EHF) are summarized in
Table 8.3.Although there is no short atom–atomcontact between the parallel adjacent
molecules in these crystals, there exists strong attraction.

As the number of aromatic rings increases, the magnitude of the intermolecular
interaction (EB97D) increases. The intermolecular interaction energy between parallel
adjacent pentacenemolecules is−9.68 kcal/mol, and that for parallel adjacent pyrene
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Fig. 8.6 Crystal structures of a anthracene; b tetracene; c pentacene; d pyrene. Parallel adjacent
molecules in crystals are shown in ball and stick model

Table 8.3 Intermolecular
interaction energies between
parallel adjacent molecules in
crystals of polycyclic
aromatic molecules. Energy
in kcal mol−1

EB97D EHF Edisp

Naphthalene (P21/c) −3.62 0.41 −4.03

Anthracene (P21/a) −5.25 0.17 −5.42

Tetracene (P−1) −7.55 0.56 −8.11

Pentacene (P−1) −9.68 1.61 −11.29

Pyrene (P21/a) −12.06 15.63 −27.69
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molecules is−12.06 kcal/mol. They are about the double of the hydrogen bond of the
water dimer. The calculated Edisp show that the strong dispersion interactions exist
betweenparallel adjacentmolecules in the crystals. The analysis of the intermolecular
interactions in the crystals of polycyclic aromatic molecules also shows that it is
dangerous to discuss the intermolecular interactions in crystals solely based on the
presence or absence of short atom–atom contact.

8.6 Intermolecular Interactions of n-hexane

The arrangement of n-hexane molecules in the crystal is shown in Fig. 8.7a. The long
axes of n-hexane are aligned in parallel in the crystal. The molecular arrangement
seen from the C-axis direction of the crystal is shown in Fig. 8.7b. The calculated
intermolecular interaction energies in three pairs of adjacent molecules arranged in
parallel in the crystal are shown in Table 8.4. Although there is no short atom–atom
contact between any parallel adjacent molecules, there exists considerable attrac-
tion between parallel adjacent molecules. The calculated intermolecular interaction
energy (EB97D) between molecules A and B is−5.19 kcal/mol, which is nearly iden-
tical to the interaction energy of hydrogen bond in water dimer. The calculated Edisp

shows that the strong dispersion interactions are responsible for the attraction. The
analysis of the intermolecular interactions in the n-hexane crystal also indicates that
the strong attraction owing to the dispersion interactions exists between molecules
without short atom–atom contact.

Fig. 8.7 Crystal structure of n-hexane

Table 8.4 Intermolecular
interaction energies between
adjacent n-hexane molecules
in crystal. Energy in kcal
mol−1

EB97D EHF Edisp

A-B −5.19 3.06 −8.25

A-C −2.87 1.73 −4.60

A-D −2.04 0.93 −2.97
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Fig. 8.8 Crystal structure of
hexamine

Table 8.5 Intermolecular interaction energies between adjacent hexamine molecules in crystal.
Energy in kcal mol−1

EB97D EHF Edisp

Hexamine −4.64 0.31 −4.95

8.7 Intermolecular Interactions of Hexamine

The arrangement of hexamine molecules in the crystal is shown in Fig. 8.8. There
is no short atom–atom contact between adjacent molecules in the hexamine crystal.
However, there exists significant attraction between adjacent molecules. The adja-
cent molecule pair indicated by arrow in Fig. 8.8 has the strongest interaction. The
intermolecular interaction energy (EB97D) calculated for this pair is −4.64 kcal/mol
as shown in Table 8.5. The calculated Edisp shows that the dispersion interactions are
again responsible for the strong attraction.

8.8 Why Strong Attraction Exists Between Molecules
Without Short Atom–Atom Contact?

Analysis of intermolecular interactions in the crystals of organic molecules shows
that the strong attraction caused by the dispersion interactions exists between adja-
cent molecules in crystals, even if there is no short atom–atom contact. Therefore,
the question arises why strong attraction owing to the dispersion interactions exists
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between adjacent molecules without short atom–atom contact. Intermolecular inter-
actions in crystals have been discussed mainly based on the presence or absence
of short atom–atom contacts in crystals. The short atom–atom contact is observed
mainly in the cases where single atom of one molecule is in contact with an atom or
atoms of another molecule such as the interactions of hydrogen bonds and halogen
bonds. By comparing with hydrogen bonds, we would like to discuss the reason why
short atom–atom contact is not observed between adjacent molecules even when
there exist strong dispersion interactions.

The interatomic distance between adjacentmolecules is determined by the balance
between attractive and repulsive interactions acting between molecules. In hydrogen
bonds and halogen bonds, the major source of the attraction is the electrostatic
interactions, and therefore, strong attraction due to the electrostatic interactions acts
between positively charged atoms (hydrogen bond or halogen bond donor) and nega-
tively charged atoms (hydrogen bond or halogen bond acceptor). The structure of the
hydrogen bonded cluster of methanol dimer is shown in Fig. 8.9a. The equilibrium
distance between the hydrogen atom of the donor molecule and the oxygen atom
of the acceptor molecule is determined by the balance between the attractive elec-
trostatic interactions and the exchange-repulsion interactions. The distance between
the hydrogen atom and the oxygen atom needs to be considerably short to increase
the repulsive interactions that can balance the strong attraction by the electrostatic
interactions, since only one hydrogen atom and one oxygen atom can contribute to
the repulsion. For this reason, in the cases of hydrogen bonds and halogen bonds,
the short atom–atom contact between adjacent molecules is necessary when strong
attraction exists between molecules.

The dispersion interaction has its origin in molecular polarization. For this reason,
the dispersion interactions between molecules with large polarizabilities are strong.
The polarizability of molecule composed of a large number of atoms is large, since
the polarizability of molecule is approximately the sum of the polarizabilities of the
atoms constituting the molecule. In hydrocarbons, carbon atoms are mainly respon-
sible for the dispersion interactions, since the polarizability of hydrogen atoms is
small. The dispersion interactions between one carbon atom and one carbon atom
are small. For example, the intermolecular interaction energy of methane dimer is

 (a) (b)

δ+ δ-

Fig. 8.9 Attraction in hydrogen bonded complex and dispersion-dominated complex
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about −0.5 kcal/mol [11]. On the other hand, a number of carbon atoms interact at
distances close to the sum of the van der Waals radii in the crystals of polycyclic
aromatic molecules and saturated hydrocarbon molecules (Fig. 8.9b), so that the
strong dispersion interactions exist between adjacent molecules. In this case, the
attractive interaction between each atom pair is weak, so the attractive interaction
can be balanced with exchange-repulsion even when the atoms do not contact at
short distance less than the sum of the van der Waals radii. For this reason, no short
atom–atom contact is observed, even if strong attraction owing to the dispersion
interactions exists between adjacent molecules.

8.9 Importance of Dispersion Interactions in Organic
Crystals

The dispersion interactions are famous as the origin of the weak attraction between
rare gas atoms. For this reason, it is often misunderstood that the dispersion inter-
actions between organic molecules are also weak. However, the analysis of inter-
molecular interactions shows that the strong dispersion interactions exist between
adjacent molecules in the organic crystals. The polarizabilities of organic molecules
are significantly large compared with rare gas atoms such as neon and argon. For
this reason, the strong dispersion interactions exist between adjacent molecules in
the organic crystals.

The structures of organic crystals also suggest the importance of the disper-
sion interactions for the stabilization of the crystals. The crystal structure of water
(Fig. 8.10a) is characterized by large vacant space. The highly directional electro-
static interactions are the major source of the attraction (hydrogen bond) between
water molecules. Hydrogen bonds have strong orientation dependence owing to
the large contributions of the electrostatic interactions. For this reason, neighboring
molecules have to locate at specific positions advantageous to increase the attrac-
tion by the highly directional electrostatic interactions for the stabilization of water

Fig. 8.10 Crystal structure of water and benzene
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crystal. Therefore, thewater crystal has large vacant space,which is not advantageous
for the stabilization by the dispersion interactions.

On the other hand, the crystal structure inwhich the vacant space is reduced and the
average intermolecular distance is shortened like the benzene crystal in Fig. 8.10b is
advantageous for the stabilization of the crystal, if the major source of the attraction
between adjacent molecules in the crystal is the dispersion interactions. Most of
organic crystals have structures which have few vacant spaces. This result suggests
that the dispersion interactions are the primary source of attraction in most of organic
crystals.

8.10 Summary

Ab initio molecular orbital calculations and dispersion-corrected DFT calculations
are becoming powerful methods for studying intermolecular interactions in organic
crystals. We can obtain detailed information on the intermolecular interactions in
crystals (magnitude and origin of attraction). The intermolecular interactions in
crystals have been mainly discussed based on the presence or absence of atom–
atom contact at short distances. However, analysis of intermolecular interactions in
organic crystals show that the strong attraction by the dispersion interactions often
exists between adjacent molecules in crystals, even if adjacent molecules do not have
short atom–atom contact. The analysis shows that we should remember the signifi-
cant importance of the dispersion interactions in organic crystals and the danger to
discuss the intermolecular interactions in crystals solely based on crystal structures.
The analysis of intermolecular interactions in crystals by theoretical calculations is
important for understanding structures and properties of organic crystals.

References

1. Tsuzuki, S., Orita, H., Sato, N.: Intermolecular interactions of oligothienoacenes: do S···S
interactions positively contribute to crystal structures of sulfur-containing aromatic molecules?
J. Chem. Phys. 145, 174503 (2016)

2. Stone, A.J.: The Theory of Intermolecular Forces, 2nd edn. Oxford University Press, Oxford
(2013)

3. Nishio, M., Hirota, M., Umezawa, Y.: The CH/π Interaction. Wiley-VCH, New York (1998)
4. Tsuzuki, S., Honda, K., Uchimaru, T., Mikami, M., Tanabe, K.: The magnitude of the

CH/π interaction between benzene and some model hydrocarbons. J. Am. Chem. Soc. 112,
3746–3753 (2000)

5. Tsuzuki, S., Fujii, A.: Nature and physical origin of CH/π interaction: significant difference
from conventional hydrogen bonds. Phys. Chem. Chem. Phys. 10, 2584–2594 (2008)

6. Desiraju, G.R., Steiner, T.: The Weak Hydrogen Bond (Oxford University Press, New York,
1999)

7. Tsuzuki, S., Mikami, M., Yamada, S.: Origin of attraction, magnitude, and directionality of
interactions in benzene complexes with pyridinium cations. J. Am. Chem. Soc. 129, 8656–8662
(2007)



8 Relationship Between Atomic Contact and Intermolecular … 151

8. Becke. A.D.: Density-functional thermochemistry. III. The role of exact exchange. J. Chem.
Phys. 98, 5648–5652 (1993)

9. Grimme, S.: Semiempirical GGA-type density functional constructed with a long-range
dispersion correction. J. Comp. Chem. 27, 1787–1799 (2006)

10. Grimme, S., Antony, J., Ehrlich, S., Krieg, H.: A consistent and accurate ab initio parameteri-
zation of density functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem.
Phys. 132, 154104 (2010)

11. Tsuzuki, S., Uchimaru, T., Tanabe, K., Kuwajima, S.: Refinement of nonbonding interac-
tion potential parameters for methane on the basis of the pair potential obtained by MP3/6-
311G(3d,3p)-level ab initio molecular orbital calculations: the anisotropy of H/H interaction.
J. Phys. Chem. 98, 1830–1833 (1994)



Chapter 9
Pharmaceutical Multicomponent
Crystals: Structure, Design,
and Properties

Okky Dwichandra Putra and Hidehiro Uekusa

Abstract Multicomponent crystals, which include cocrystals and salts, have been
of great interest to the pharmaceutical field owing to their ability to be used as an
alternative solid form of drugs with better physicochemical properties compared to
their corresponding parent drugs and as a potential source for patents and research
opportunities. Although multicomponent crystal formation was originally seen to
only improve the solubility and dissolution rate profiles of drug molecules, it has
also shown potential applications in overcoming other problems, such as hygroscop-
icity, poor tabletability, instability, and bitter taste. This chapter highlights some
multicomponent crystal applications that tackle common unfavorable physicochem-
ical properties of drugs in the pharmaceutical field. The multicomponent crystal
design has been covered with regard to the relation between the crystal structure and
physicochemical properties. The study cases presented in this chapter emphasize
the structural aspect of multicomponent crystals to provide a molecular-level under-
standing of the physicochemical property changes accompanying multicomponent
crystal formation.
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9.1 Introduction

9.1.1 Solid Active Pharmaceutical Ingredients (APIs)

Active pharmaceutical ingredients (APIs) are classified in numerous ways, based on
the existing pharmaceutical disciplines. In general, APIs can be classified based on
their chemical nature, source, target organ, therapeutic uses, physiological system,
physical effect, phase, etc. [1]. In this chapter,wewill focus on the classification that is
based on the phase system. In the pharmaceutical field,APIs can be grouped into three
phases: solid, liquid, and gas (i.e., nitrous oxide) [2, 3]. APIs are most commonly
formulated in the solid-state, in which their physical and chemical stabilities are
typically better. Moreover, solid-state preparation of APIs is more practical due
to ease of handling, processing, and packaging during the various stages of drug
development and preparation [4, 5].

The study of solid APIs involves many scientific disciplines because many
phenomena influence the physicochemical properties of solid APIs: stability, hygro-
scopicity, dissolution rate, color, etc. [6–10]. Solid APIs can generally be classified as
amorphous and crystalline solids. Crystalline solids include polymorphs, hydrates,
solvates, cocrystals, and salts, as shown in Fig. 9.1 [11]. The classification of crys-
talline solid API evolves continuously, allowing each type of crystalline solid to
mergewith other types, resulting in new subsets of crystalline solids, i.e., polymorphs
of hydrates, hydrate cocrystals, hydrate salts, etc. [12–14].

Amorphous solids are defined as solid materials that lack a long-range order in
their internal structure [15]. The molecules within an amorphous material exhibit
liquid state disorder but solid rheological properties. There are various techniques
to produce an amorphous solid, such as spray drying, freeze-drying, grinding, melt
extrusion, melt quenching, and co-precipitation [16]. Amolecule in amorphous form
is in a higher energy state compared to its crystalline counterpart [17]. This can be

Fig. 9.1 Simplified illustration of solid APIs
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exploited in pharmaceutical applications to increase the solubility of problematic
APIs.However, froma thermodynamic point of view, the amorphous state of a solid is
unstable and has the tendency to convert to its low-energy andmore stable crystalline
form over time [18]. Therefore, the number of successful products available in this
solid form in the market is still limited.

Most marketed APIs, therefore, consist of crystalline solids. In contrast with
amorphous solids, crystalline materials consist of minimal building blocks called
unit cells that contain all the structural features and symmetry elements of the crystal
and are repeated regularly in three-dimensional space [19]. Furthermore, API crys-
talline molecules are typically amenable to form multiple crystal forms known as
polymorphs [20]. Organic molecules, including APIs, generate polymorphic crys-
tals through two mechanisms. The first mechanism leads to so-called packing poly-
morphs, in which molecules with relatively rigid conformations can be assembled
into different three-dimensional structures. The second mechanism occurs when a
flexible molecule bends into different conformations to subsequently be packed into
alternative crystal structures [21]. Some polymorphic APIs have mixed mechanisms
and exhibit different packing and conformational polymorphs [22].

API crystalline molecules can also exist as multicomponent crystals by incor-
porating other molecules into the crystal lattice. “Pseudopolymorph” is the widely
accepted term for crystals with solvent molecules incorporated into their lattice [23–
25]. Hydrates are crystalline solid adducts that contain water molecules and are
known as the largest class of pseudopolymorps [4]. If a crystalline solid accommo-
dates another solvent molecule than water, the solvate terminology is generally used
[26]. If a multicomponent crystal contains two components, both of them solid in
ambient conditions, the multicomponent crystal can further be classified as cocrystal
and salt [27]. Cocrystals are generally defined as crystallinematerials comprising two
or more neutral molecules in the same crystal lattice [27]. Contrarily, a salt is formed
if any part of anAPI gives or receives a proton to or from anothermolecule [28]. Poly-
morphic, pseudopolymorphic, cocrystal, and salt states have quickly evolved from
being relative obscure towidely studied crystal forms in the context of pharmaceutical
science and engineering [12, 13].

When APIs form multicomponent crystals, the driving force is typically a molec-
ular synthon, such as a hydrogen bond, π-π interaction, or halogen bond, which
involves supramolecular chemistry [28]. To put this in the pharmaceutical science
context, the study of multicomponent crystal APIs, particularly their physicochem-
ical properties relevant to clinical performance and long-term stability, represents an
important aspect in drug discovery and development. In the past decade, pharmaceu-
tical multicomponent crystals have emerged as promising tools for solid formula-
tion testing during drug discovery and development, as their design can profoundly
influence their physicochemical properties. Pharmaceutical multicomponent crystals
offer massive opportunities for research topics and patent development, as well as
for functional materials applications. The number of research projects and patent
applications in the multicomponent crystal field should, therefore, be unsurprising.
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9.1.2 Challenges of Solid APIs

In the pharmaceutical industry, one of the bottlenecks in the discovery and develop-
ment of APIs is the optimization of drug product performance by pre-formulation
research [29, 30]. The goal of pre-formulation research is to provide optimized APIs
featuring suitable physiological profiles that can later be formulated into pharma-
ceutical dosage forms [31, 32]. As mentioned before, APIs are most commonly
formulated in solid form, i.e., tablets, capsules, and granules, because the chem-
ical stability is superior to that of a solution. Furthermore, solid-state dosage forms
providemore practical processing, packaging, handling, and allow, for most patients,
the preferred choice of drug intake, oral delivery.

SolidAPIs are generally used for dosage forms intended for oral delivery. It should
be noted that oral delivery typically requires the dissolution of active ingredients at
the absorption site, while avoiding precipitation during gastrointestinal transit, until
complete absorption [33]. Unfortunately, about 40% of marketed drugs and almost
double the percentage of drug candidates are thought to have solubility issues in
oral administration [34, 35]. Meanwhile, many solid APIs exhibit other unfavorable
physicochemical properties, such as hygroscopicity, [36] brittleness, [37] and chem-
ical instability, [38] which become a problem during manufacturing and storage.
In general, low solubility and stability pose a serious threat for candidate APIs
by preventing the drug from reaching minimum therapeutic concentrations in the
biological system [39–41].

Moreover, some drugs exhibit more than one unfavorable physicochemical prop-
erty, creating the need for an ultimate simultaneous solution. Hygroscopicity is
considered an unfavorable physicochemical property, which leads to increased
production costs. By far, the biggest challenge posed hygroscopicity is the extra effort
required to dry the APIs during processing and then before packaging. The judicious
use of production rooms with controlled humidity and sealed packaging systems is
advisable inmany cases [42]. Brittleness is another hostile physicochemical property
that is mostly related to processing bulk APIs. Difficulties due to brittleness often
arise during milling, filling, and compaction, due to the poor mechanical properties
of bulk powders [43]. The physicochemical properties of insolubility and chemical
instability are strongly negatively related to the safety, quality, and efficacy of APIs
[44, 45].

Some approaches that tackle these unfavorable physicochemical properties can
be divided into formulation, particle engineering, and crystal engineering (Fig. 9.2).
In formulation, an API is combined with other substances or excipients to optimize
the physicochemical properties, therapeutic potential, safety, and stability of the
final dosage form. The formulation of the drug also covers the processing methods
and devices, and the packaging [46]. Particle engineering involves the methodology
used to obtain the optimal particle size, size distribution, morphology, and surface
characteristics. Particle engineering can cover all aspects thatmodify themorphology
and surface behavior of a drug, with or without the addition of excipients [47, 48].
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Fig. 9.2 Schematic illustration of formulation, particle engineering, and crystal engineering to
produce and deliver an API with suitable physicochemical properties

The latter is crystal engineering which is a popular terminology for multicom-
ponent crystal formations. Crystal engineering in the pharmaceutical field utilizes
non-covalent interaction, such as hydrogen and halogen bonds, and π-π interac-
tions, to create a new crystal structure containing APIs and coformer that can be a
typical excipient or other generally recognized as safe (GRAS) compounds. Phar-
maceutical scientists, crystallographers, and solid-state chemists have taken advan-
tages of crystal engineering to remedy deficiencies of different nature of APIs. The
next sub-chapter provides some interesting examples of design and formation of
multicomponent crystal in the pharmaceutical field which overcome the unfavorable
physicochemical properties of solid APIs.

9.2 Structural Design and Investigation of Physicochemical
Alteration in Pharmaceutical Multicomponent Crystals

9.2.1 Solubility Improvement by Layered Structure
Formation

Solubility improvement is arguably the most common topic in multicomponent
crystal research, reflected not only by a large number of publications and patents
but also by the fact that multicomponent crystals can alter the solubility of prob-
lematic APIs. In this review, we emphasize the benefits of solubility improvement
by layered structure formation. Particularly, the structural origin of the improved
solubility of the epalrestat cocrystal will be described briefly.

Epalrestat (EPR, Scheme 9.1 left) is an aldose reductase inhibitor used for the
treatment of diabetic neuropathy [49]. Marketed EPR formulations are known to
have low bioavailability. In addition, EPR, which is a class II molecule, according to
the Biopharmaceutical Classification System (BCS), exhibits poor solubility and a
slow dissolution rate [50]. Therefore, the solubility and dissolution rate reasonably
constitutes the rate-limiting step of its bioavailability. The solid-state properties of
EPR have been widely investigated; EPR exists in five known polymorphic forms
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Scheme 9.1 Chemical
structure of EPR (left) and
CAF (right)

and several crystalline solvates, and it is commercially available in the form I EPR
[51–57].

EPR has a carboxylic acid moiety in its molecular structure, which can potentially
be employed as a supramolecular synthon. From an analysis of the Cambridge Struc-
tural Database (CSD), caffeine (CAF, Scheme 9.1 right) might be particularly suited
to act as a promising coformer in the formation of a neutral cocrystal. Moreover,
CAF is widely used as the coformer, when trying to avoid proton transfer, since its
ionization is only limited to strong acids. A search in the CSD also reveals promising
neutral cocrystal structure reports, resulted from the interaction between compounds
containing carboxylic acid moieties and CAF.

Thepreparation of the cocrystal involved several cocrystal screeningmethods such
as liquid-assisted grinding, neat grinding, ball milling, and solvent evaporation. The
above-mentioned single-phase cocrystal can be prepared by ethanol liquid-assisted
grinding. However, to grow a single crystal, we used methanol as a solvent in the
solvent evaporation technique. All cocrystals in thismethodwere prepared bymixing
EPR and CAF in a 1:1 molar ratio. The powder diffraction patterns from both the
liquid-assisted grinding and solvent evaporation technique were the same as the
simulated powder diffraction pattern, indicating that these methods led to a pure
phase (Fig. 9.3).

The EPR–CAF cocrystal generated a triclinic crystal system with the space group
P-1. An asymmetric unit contains a CAF molecule and an EPR molecule. The CAF
molecule was refined to be disordered around a non-crystallographic two-fold axis
through O4–C16–C20 with the occupancy of the major part determined at 0.518(5).
The extensive hydrogen bonding between the EPR and CAF molecules created
a layered structure. Further, only one conventional hydrogen bond, between the
oxygen atom (O3) in EPR’s carboxylic acid and the oxygen atom (O4) in the CAF
moleculewas observed. The other twohydrogenbonds (C2–H· · ·OandC5–H· · ·O2)
connected an EPR molecule with two adjacent EPR molecules and were considered
unconventional weak hydrogen bonds. These interactions resulted in a layered struc-
ture, perpendicular to the c-axis, as illustrated in Fig. 9.4. In this architecture, the
EPR layer was sandwiched between two CAF layers.

The solubility change through cocrystallization is particularly important in this
case, as EPR is classified as a class II drug, according to BCS. We predict that the
poor aqueous solubility of EPR, in general, maybe due to its high molecular weight
(319.04 g mol−1) and the lack of a functional group that can interact with a solvent
molecule. Therefore, the equilibrium solubility and intrinsic dissolution rate of EPR
and its cocrystal were evaluated.
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Fig. 9.3 The PXRD pattern of a EPR, b CAF, EPR–CAF from c the liquid-assisted grinding tech-
nique, d the solvent evaporation technique, and e simulation from single-crystal data. Reproduced
from Ref. [58] with permission from the Royal Society of Chemistry

Fig. 9.4 Layered structure, resulted from the interaction between EPR–CAF and EPR–EPR. The
hydrogen atoms and minor component molecules are omitted for clarity. Reproduced from Ref.
[58] with permission from the Royal Society of Chemistry
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Fig. 9.5 Intrinsic dissolution rate curves of EPR (blue) and EPR–CAF (red). Reproduced from
Ref. [58] with permission from the Royal Society of Chemistry

The equilibrium solubility of EPR, CAF, and EPR–CAF were 2.956, 33.280,
and 4.557 mg L−1, respectively. The equilibrium solubility of the cocrystal was
almost twice as that of the pure drug. This result needed to be reinforced by the
kinetic behavior of EPR, represented by the dissolution rate. Intrinsic dissolution
tests were conducted for tablets of each material to avoid the influence of particle
orientation, agglomeration during dissolution, and particle size variability. As shown
inFig. 9.5, the intrinsic dissolution rate of the cocrystal is almost four times that of raw
EPR. Close PXRD pattern examinations of residues remaining after solubility and
dissolution rate experiments indicate that no EPR–CAF to EPR phase dissociation
occurred. Furthermore, no significant pH change was detected before and after the
solubility and dissolution rate experiments.

The improvement in solubility and intrinsic dissolution rate can be explained
by the molecular arrangement of the cocrystal. As previously mentioned, a layered
structure is formed by alternate arrangements of EPR and CAF molecules, wherein
a layer of EPR molecules resides in the channel formed between two layers of
CAF molecules. This configuration, in contrast to an extended chain structure,
only composed of EPR molecules in raw form with a strong hydrogen bond,
predictably facilitates the improvement in solubility and dissolution by facili-
tating contact with the solvent. When the more soluble conformer is in contact
with the solvent it dissolves and the only interaction between EPR–CAF is broken
(Eint = −27.45 kJ mol−1); consequently, the chain consisting of EPR molecules
is exposed to the solvent media. Since the EPR molecules within the chain have
weak interactions (Eint of C2–H2· · ·O2 = −2.30 kJ mol−1 and Eint of C5–H5· · ·O2
= −2.61 kJ mol−1), the EPR will dissolve more easily, leading to increased solu-
bility. The proposed mechanism suggests that the internal arrangement of molecules
in a crystal lattice plays an important role in tuning the physicochemical properties
of solid forms. It should also be noted that here, the EPR–CAF cocrystal, being
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more soluble and having a faster dissolution, enables possible EPR dose reductions
in future applications. In addition, from a pharmacological point of view, the dose of
CAF in this cocrystal will not exceed the maximum daily intake (200 mg per day)
for a diabetic patient [58].

9.2.2 Simultaneous Modulation of Hygroscopicity
and Solubility of APIs by Drug-Drug Multicomponent
Crystal Formation

Hygroscopicity or the stability of solid APIs to water vapor is a major concern for
the pharmaceutical industry. The conversion of an API into a wet powder could
bring undesired physicochemical properties and difficulties for both drug storage
and processing. The preparation of new multicomponent crystals, cocrystals, and
salts alike has been widely reported to prevent API hydrate formation. The potential
of multicomponent crystals containing drug combinations to offer physicochemical
properties superior to the parent drugs has been investigated [59, 60]. This family of
crystals, besides providing technological advantages, also offers improved pharma-
cological effects and patient compliance [61]. These are likely the most important
advantages of drug-drug multicomponent crystals over single drug and nondrug
multicomponent crystals.

A screening of marketed combination drug formulations yielded the combina-
tion of non-insulin-dependent diabetes mellitus (NIDDM) drugs metformin (MET,
Scheme 9.2 right) and gliclazide (GLI, Scheme 9.2 left). MET is a blood glucose-
normalizing derivative of guanidine, and GLI is a potent oral hypoglycaemic agent
for the long-term treatment of diabetes mellitus. MET and GLI are effective in the
treatment of NIDDM in both single and combined therapies. Recently, combination
oral therapies have become widely used and clinically needed. Indeed, the combina-
tion of MET and GLI offers better control of blood glucose and lipid index, major
concerns in the treatment of diabetes [62].

Unfortunately, both MET and GLI exhibit unfavorable physicochemical proper-
ties. The base form of MET is a hygroscopic powder. Attempts to overcome this
hygroscopicity, through special treatment during the manufacturing process and the
use of a closed packaging system, are expensive and may increase the cost of the
drug [63]. Therefore, in order to avoid hygroscopicity, MET is found on the market
as a hydrochloride salt [64]. In addition, GLI, a class II molecule, according to the
Biopharmaceutical Classification System, exhibits low solubility [65].

Scheme 9.2 Chemical
structure of GLI (right) and
MET (left)
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The single-phasemulticomponent crystal ofMETandGLI could be obtained from
liquid-assisted grinding and ball milling. However, the solvent evaporation technique
was used to grow single crystals. Surprisingly, “halo” peaks were observed in the
powder pattern of the GLI and MET mixture after the ball milling experiment. After
milling for 24 h, the crystals were amorphized. These amorphized powders were
stored for one month without any physical treatment. After 4 weeks, the amorphous
powder transformed into amulticomponent crystal ofGLI-MET, as shown inFig. 9.6f
and g. The amorphous phase, well known as energetically unstable has the ability to
turn to the crystalline phase during storage. It is interesting that all three techniques
successfully form the samemulticomponent crystal insteadof different crystal growth
mechanisms (Fig. 9.6).

Single-crystal X-ray analysis reveals that the GLI-MET multicomponent crystal
is a salt. A proton transfer was reasonable because �pKa was greater than 3. The
intermolecular interactions in the MET-GLI crystal are shown in Fig. 9.7. The
MET molecules formed a centrosymmetric dimer structure through two N8–H···N6
hydrogen bonds (Fig. 9.7, right). MET also interacted with three GLI molecules
via relatively strong hydrogen bonds. The interaction between MET and the first
GLI molecule was formed by the N5+–H···O(1) carbonyl hydrogen bond. Charge
transfer-mediated hydrogen bonds in N5+–H···N3 − connected MET to the second
GLI molecule. An additional hydrogen bond in the N7–H···O2 sulfonyl stabilized
the interaction with the second GLI molecule. N7 formed bifurcated hydrogen bonds

Fig. 9.6 PXRD patterns of a GLI, b MET, MET-GLI from c liquid-assisted grinding, d solvent
evaporation, e ball milling, f 2 weeks after ball milling, and g 4 weeks after ball milling. Reprinted
(adapted or reprinted in part) with permission from [66]. Copyright 2011 American Chemical
Society
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Fig. 9.7 Infinite one-dimensional (1D) hydrogen bond chain of the MET-GLI crystal along the
a-axis (blue for MET and red for GLI). Insets show the detailed interaction between MET-MET
(right) and MET-GLI (left) presented in default color according to the different elements. Blue-
dashed lines indicate hydrogen bonds. Reprinted (adapted or reprinted in part) with permission
from [66]. Copyright 2011 American Chemical Society

through N7–H···N1 and N7–H···O1 carbonyl with the third GLI molecule. The
hydrogen bond in the N8–H···O1 carbonyl also contributed to the interaction with
the third GLI molecule.

In the hydrogen-bonding analysis, all donor and acceptormoieties of the hydrogen
bonds in MET actually formed hydrogen bonds with both MET and GLI molecules.
Such characteristic hydrogen-bonding ability indicated that MET can act as a
promising coformer during the formation of multicomponent crystals. Based on
the intermolecular interactions described above, a continuous hydrogen bond chain
could be observed along the a-axis, in which the MET molecules were sandwiched
between GLI molecules.

The physicochemical evaluation started with dynamic vapor sorption (DVS) anal-
ysis of the multicomponent crystal and the individual intact materials (Fig. 9.8).
During the tests, the relative humidity (RH) did not exceed 80% because the MET
powder exhibited a considerable hygroscopicity. MET started to absorb atmospheric
water from 60% RH and became deliquescent at higher values. However, the GLI
powder crystals were stable at RH values up to 80% with no significant amount of
water being absorbed. This result is in agreement with the low water solubility of
GLI, aspect that is not soluble in water and hence not hygroscopic.

Interestingly, multicomponent crystals of MET-GLI were present as a non-
hygroscopic powder. The water uptake at an RH of 80% was only 3.3%, which
corresponded to surface water. The reduced hygroscopicity of the multicomponent
crystals as compared with MET alone could be explained by the crystal structure. As
shown inFig. 9.7,METwas located in the channel formedbyGLImolecules; thus, the
GLI molecules, which were less hydrophilic, protected MET and formed hydrogen
bonds to close potential hydrogen-bonding sites. Thus, it is reasonable to conclude
that the multicomponent crystals of MET-GLI showed lower hygroscopicity than
MET.

As shown in Fig. 9.8d, the multicomponent crystals enabled a significantly higher
dissolution rate than GLI alone and consistently higher released drug amounts at
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Fig. 9.8 DVS charts of a MET, b GLI, and c MET-GLI. The solid and open symbols represent
absorption and desorption, respectively. d Dissolution rate of GLI (blue) and MET-GLI (red) in
acidic medium (pH = 1.2). Reprinted (adapted or reprinted in part) with permission from [66].
Copyright 2011 American Chemical Society

each dissolution time, reaching a maximum value of nearly 100%. Whereas MET-
GLI dissolved rapidly, reaching equilibrium after 40 min, pure GLI maintained a
slow rate from the beginning of the experiment, achieving equilibrium after 70 min.

Surprisingly, we observed desirable hygroscopicity and solubility changes at the
same time, despite the general coincidence of these physicochemical properties,
difficult to reconcile simultaneously because these factors are contradictory. In many
cases, the hygroscopicity of a substance can be reduced by decreasing its solubility
and vice versa. The above-mentioned work presents a remarkable exception where
the hygroscopicity can be reduced but by channel formation, the solubility can be
maintained.

The physicochemical property changes are strongly related to the superficial
molecular configuration of materials. As shown in Fig. 9.9a, the dominant crystal
face (001) was hydrophobic, with the exception of side faces (010) and (100),
which provided access to the hydrophilic MET channel. The hydrophobic frame
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Fig. 9.9 a Calculated crystal morphology and packing view of each face of MET-GLI. MET
(hydrophilic compound) and GLI (hydrophobic compound) are drawn in blue and red, respectively.
bMicroscopic visualization of single crystals of MET-GLI from the (001) face direction during the
solubility experiment. Reprinted (adapted or reprinted in part) with permission from [66]. Copyright
2011 American Chemical Society

could reduce the probability of water vapor contact with the hydrophilic MET, thus
eventually reducing the hygroscopicity of the multicomponent crystals.

The channel structures of the hydrophilic side faces could play an important role
in solubility improvement, owing to the molecular characteristics of the surface.
Furthermore, the direct observation of a single crystal’s shape variation during solu-
bilization offered reasonable evidence for underlying structure–solubility relation-
ships. As illustrated in Fig. 9.9b, the crystal shrunk along the direction of hydrophilic
faces (010) and (100), indicating that the solvent gradually penetrated and extracted
molecules from those surfaces. Moreover, a loss of face transparency suggested solu-
bilization, as observed in the (010) and (100) faces. On the other hand, the dominant
(001) face appeared transparent during this observation, suggesting that no significant
solubilization occurred on this face [66].

9.2.3 Improving Mechanical Properties

The most convenient and arguably the most common pharmaceutical dosage form is
the tablet. One of the most important aspects of tablet preparation is the evaluation
of mechanical properties. This is particularly important for APIs that constitute a
large portion of the tablet [67]. The mechanical properties of APIs can also affect
the overall formulation design and manufacturing strategies [68].

In many cases, poor API mechanical properties can be overcome by the addition
of excipients such as lactose or microcrystalline cellulose that improve tabletability.
However, this strategy can be considered a curative remedy for tablet brittle-
ness instead of an improvement to the mechanical properties of APIs them-
selves. The crystal engineering strategies are an alternative way of addressing poor
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compaction behavior that overcomes the root of poor mechanical properties itself,
the arrangement of API molecules within the crystal structure [69].

This section presents the study case of desloratadine (DES, Scheme 9.3 left), a
derivative of loratadine used to treat allergic rhinitis, urticaria, and inflammation.
Pharmacologically, DES is a selective H1 histamine receptor inverse agonist [70].
DES exhibits poor mechanical characteristics, manifested by capping during tablet
compression and results in drug processing difficulties [71].

DES has pyridine and piperidine rings that can enable many potential inter-
molecular interactions with mildly acidic carboxylic acids. Therefore, the screening
targeted generally recognized as safe (GRAS) compounds containing carboxylic acid
moieties. The attempts to prepare a multicomponent crystal of DES used highly effi-
cient cocrystal generating methods, such as liquid-assisted grinding, slurry mixing,
dry milling, and solvent evaporation techniques.

Surprisingly, in the PXRDanalysis of potential single-phase crystals, only benzoic
acid (BA, Scheme 9.3 right) generated a pattern change, which indicates that a
new phase could have been obtained. The new, purely single-phase DES-BA multi-
component crystal was prepared using the solvent evaporation method, aided by a
rotary evaporator; conversely, liquid-assisted grinding, slurrymixing, and drymilling
were not successful. Notably, the utilization of a rotary evaporator was essential for
avoiding the formation of a fat-based suspension. As illustrated in Fig. 9.10, no trace
of DES or BA impurities is observable. Moreover, the experimental and calculated

Scheme 9.3 Chemical
structure of DES (left) and
BA (right)

Fig. 9.10 The PXRD
patterns of a DES, b BA,
and DES-BA from
c experimental and
d simulation data from a
single crystal. Reprinted
from [72]. Copyright 2012,
with permission from
Elsevier
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PXRD patterns are similar, indicating the absence of significant amounts of impu-
rities. It should be noted here that the differences between the experimental and
simulated powder patterns, in this case, might be caused by experimental factors
such as differences in temperature and preferred orientation.

Single-crystal structure analysis revealed that the DES-BA multicomponent
crystal is a salt. The crystal structure of DES-BA is constructed both by conventional
N–H···OandunconventionalC–H···Ohydrogenbonds.The charge-assistedhydrogen
bonds of N2–H···O1 and N2–H···O2 connect DES and BA along the c-axis. There-
fore, each DES molecule is hydrogen-bonded to two neighboring BA molecules,
and conversely, each BA molecule is hydrogen-bonded to two DES molecules. The
outcome of these interactions is a layered structure formed by one-dimensional chain
structures. The weak hydrogen bond of C17–H···N1 stabilizes this layered structure
by connecting DES molecules within the chain (Fig. 9.11a). One layered struc-
ture is connected to two other adjacent layered structures through the C13–H···O1
and C18–H···O2 weak hydrogen bonds, as illustrated in Fig. 9.11b, c. These weak
hydrogen bonds form slip planes, parallel to the dominant crystal face (001), and

Fig. 9.11 Molecular packing motifs in the crystal showing a a layered structure formed by a one-
dimensional chain hydrogen bond between DES-BA along the c-axis, and b the interaction among
layered structures. c The packing view along the c-axis shows the existence of slip planes parallel
to (001). DES and BA are drawn in capped stick and space fill settings in (c), respectively. The
conventional NH···O and unconventional CH···O hydrogen bonds are drawn as blue and orange
dashed lines, respectively. Hydrogen atoms are omitted for clarity. Reprinted from [72]. Copyright
2012, with permission from Elsevier
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Fig. 9.12 a Tabletability profiles and b elastic recovery as a function of compaction pressure of
DES (red) andDES-BA (blue). Reprinted from [72]. Copyright 2012, with permission fromElsevier

are considerably important for the tabletability of the DES-BA salt multicomponent
crystal.

The tabletability profiles of DES and DES-BA as a function of compaction pres-
sures between 25 and 350 MPa are shown in Fig. 9.12a. The tensile strength of
the DES tablet was lower than that of the DES-BA tablet: it started at ~0.9 MPa
at a 25 MPa compaction pressure, maintained ~1.6 MPa at a 250 MPa compaction
pressure, and decreased at compaction pressures higher than 250 MPa. The tensile
strength of DES tablets was poor (<1MPa) at compaction pressures below 150MPa.
However, DES can form a relatively suitable tablet at compaction pressures between
150 and 250 MPa. Surprisingly, DES-BA generated better tabletability profiles than
DES. DES-BA could be made into a suitable tablet until 350 MPa, which is the
highest compaction pressure employed in this study. Furthermore, a tensile strength
above 2MPa could be attained at compaction pressures exceeding 200MPa. It should
be noted that aminimum tensile strength of 2MPa has been proposed for ensuring the
integrity of a pharmaceutical tablet. Therefore, a DES-BA formulation will probably
have no substantial tabletability problems—even at high compaction pressures.

The elasticity-plasticity profiles of DES and DES-BA were investigated after-
ward. Plasticity and elasticity are defined by the elastic recovery in this case. The
profiles of elastic recovery under different compression pressures are presented in
Fig. 9.12b. The elastic recovery of DES gradually increased up to a compaction
pressure of 150 MPa and decreased at higher compaction pressures. Therefore, an
elastic recovery depletion tendencywas observed inDESwith increasing compaction
pressures. We predicted that corrugated or interlocked hydrogen-bonded structures
in the DES parent drug were responsible for the depletion of elastic recovery. By
comparing the elastic recoveries of DES and DES-BA, the novel multicomponent
crystal reported in this study is considerably more plastic than the parent drug; this
may suggest that a DES-BA tablet has lower porosity and is stronger than a DES
tablet for the same compaction pressures.

A tendency for capping was observed in the DES tablet if the compaction pressure
was increased above250MPa (Fig. 9.13a). Suchprofiles are called ‘over-compaction’
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Fig. 9.13 Tablet overview of a DES and b DES-BA after applying a compaction pressure of
350 MPa. Reprinted from [72]. Copyright 2012, with permission from Elsevier

profiles due to the elastic deformation of DES. However, neither capping nor lami-
nation tendency was observed in the DES-BA multicomponent crystal, as illustrated
in Fig. 9.13b.

The fact that DES-BA exhibited better tabletability profiles than DES can be
understood from a structural point of view. Therefore, it is very useful to compare the
crystal structures ofDESandDES-BA.As illustrated inFig. 9.14, the crystal structure
of DES shows a corrugated, hydrogen-bonded chain structure containing only one
weak CH···N hydrogen bond. Due to its rigidity, this structure possibly responds less
to plastic deformation stress. In contrastwithDES, the existence of a layered structure
and of a slip plane parallel to (001) possibly provides an enhanced ability to form a
tablet. As previously demonstrated, layered structures enable substantial tabletability
improvements in many pharmaceutical multicomponent crystals. In addition, the
existence of a slip plane, which is only composed of weak CH···O hydrogen bonds,
might also facilitate shearing and possibly allows the layered structure to easily slide.
These features can eventually lead to improved durability during the compaction-
induced plastic deformation [72].

Fig. 9.14 Corrugated, hydrogen-bonded chain structure in DES parent drugs. The hydrogen atoms
are omitted for clarity. The crystal structure was obtained from Cambridge Structural Database
(REFCODE: GEHXEX). Reprinted from [72]. Copyright 2012, with permission from Elsevier
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9.2.4 Improving Photostability by Preventing
Tautomerization

Although many drugs successfully surmount the long development process, many
of them still have chemical stability problems. It is suggested that these drugs are
still present in the market due to their pharmacological importance. Drugs that pose
stability problems usually require a strict control strategy in their design and devel-
opment stages. Chemical instability is considered an ominous feature, which not
only leads to drug ineffectiveness but also endangers the patient through potentially
toxic decomposition products [73]. Therefore, chemical instability is a subject of
increased concern for the pharmaceutical industry.

Numerous studies described the benefits of cocrystals in overcoming the stability
problems of APIs. A common strategy for producing pharmaceutical cocrystals
utilizes the so-called pKa rule, [74] which states that a neutral cocrystal is gener-
ated instead of an ionic salt when the difference between the pKa of a base and
that of its conjugate is negative or at least as low as possible. However, the proton
transfer is sometimes unavoidable, even in systems with a low �pKa (<1) [45, 75].
An alternative approach features the use of a zwitterionic coformer to avoid the
proton transfer between drug molecules. Since the proton donor and acceptor sites
of zwitterionicmolecules are already deprotonated and protonated, respectively, such
coformers cannot participate in the proton transfer between drug molecules. They
consequently enable the formation of zwitterionic cocrystals, a less explored type
of cocrystals compared to molecular or ionic types [76]. In this context, we were
particularly interested in betaine (BET, Scheme 9.4 right), a naturally occurring zwit-
terionic compound. This compound is widely distributed in nature as a metabolite
of choline and is found in sugar beet and marine animals such as crabs and shrimp,
thereby being an acceptable coformer candidate for the formation of API-containing
cocrystals [77].

Herein, epalrestat (EPR, Scheme 9.4 left), an aldose reductase inhibitor used in
diabetic neuropathy, was used as a model drug due to its photoinstability [53]. The
photosensitivity of EPR manifests through E,Z to Z,Z isomerization upon exposure
to light easily occurring even in ambient light irradiation (Fig. 9.15). Although an
earlier study attempted to tackle EPR’s photosensitivity problem by cocrystallization
and salt formation, it ended unsuccessfully [78].

The preparation of equimolar zwitterionic cocrystals involved methods such
as liquid-assisted grinding, slurry mixing, dry milling, and solvent evaporation.
However, PXRD pattern changes were only observed in the liquid-assisted grinding
and solvent evaporation techniques, with peaks of BET remaining present in both

Scheme 9.4 Chemical
structure of EPR (left) and
BET (right)
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Fig. 9.15 Photoisomerization of EPR accounting for its photoinstability. Reprinted (adapted or
reprinted in part) with permission from [79]. Copyright 2011 American Chemical Society

cases. Therefore, further attempts to obtain pure cocrystals were only conducted
using the above two techniques and a 2:1 EPR/BET molar ratio. As illustrated in
Fig. 9.16, no raw material peaks were observed under these conditions, indicating
the formation of a new phase. In addition, the new PXRD patterns matched well with
the simulated ones, suggesting high sample purity. The minor differences between

Fig. 9.16 PXRD patterns of a EPR, b BET, and EPR–BET obtained by c liquid-assisted grinding
and d solvent evaporation. e Simulated single-crystal pattern of EPR–BET. Reprinted (adapted or
reprinted in part) with permission from [79]. Copyright 2011 American Chemical Society
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the experimental and simulated PXRD patterns were ascribed to the preferred orien-
tation effect. As expected, the utilization of a zwitterionic coformer preserved the
neutrality of EPR molecules.

The EPR–BET cocrystal structure was supported by complicated intermolecular
interactions (Fig. 9.17a). From all the hydrogen bonds, two strong, charge-assisted
bonds connected the carboxylate group of a BET molecule with the moieties of two
EPRmolecules (EPR I and II) via the O3–H···O8(−) and O6–H···O7(−) interactions
(the blue, dashed lines in Fig. 9.17a). Notably, the O3···O8 and O6···O7 distances
equaled 2.550(2) and 2.573(2) Å, respectively, being shorter than the O···O distances
in common hydrogen bonds (∼2.74 Å). Abundant weak hydrogen bonds (the orange,
dashed lines in Fig. 9.3a) further connected EPR I and BET molecules (C6–H···O8
and C34–H···O1) and EPR II and BET molecules (C16–H···O8 and C32–H···O5).
The BET molecules were interconnected by weak C35–H···O8 hydrogen bonds in
the (001) plane. The EPR I molecules were also joined by weak C2–H···O2 and
C5–H···O2 hydrogen bonds. Finally, C1–H···O5 hydrogen bonds connected the EPR

Fig. 9.17 Hydrogen bond architecture a and molecule packing b, viewed along the b-axis of a
zwitterionic EPR–BET cocrystal, with blue and orange lines representing conventional and uncon-
ventional hydrogen bonds, respectively. In the packing view, the BET molecules are rendered in a
space-filling view, with hydrogen atoms omitted for clarity. Reprinted (adapted or reprinted in part)
with permission from [79]. Copyright 2011 American Chemical Society
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I and EPR II molecules via x + 1, y, z symmetry operations. The above hydrogen
bonds resulted in a layered structure (Fig. 9.17b) with alternately arranged EPR I,
BET, and EPR II molecules, stacked along the a-axis.

Photoinstability is one of the greatest, not yet successfully tackled challenges of
the pharmaceutical field. Solid-state EPR is stable in the dark, but undergoing E,Z to
Z,Z isomerization even when exposed to ambient light. From a crystal engineering
viewpoint, zwitterionic cocrystals should provide a good opportunity to overcome
this problem, since the zwitterionic coformer is expected to form strong, charge-
assisted hydrogen bonds with the EPR molecules, stabilizing their conformation, a
phenomenon, however not yet observed in other EPR cocrystals and salts. Therefore,
BET was selected as a coformer due to its inherent ability to form charge-assisted
hydrogen bonds.

The photostability of zwitterionic EPR cocrystals was qualitatively examined by
1H NMR measurements aimed at detecting the E,Z to Z,Z photoisomerization. In
addition, to reduce experimental conditions interference, the samples were prepared
less than 5 min before the NMR spectra acquisition. As illustrated in Fig. 9.18, solid-
state EPR underwent E,Z to Z,Z isomerization after a 24 h irradiation at 6000 lx,
indicated by the appearance of new peaks in the 1HNMR spectra (see the small black
dots corresponding to the Z,Z isomer). This isomerization induced a color change

Fig. 9.18 1H NMR spectra of EPR and EPR–BET before and after irradiation, with black dots
indicating peaks of the Z,Z EPR isomer. Reprinted (adapted or reprinted in part) with permission
from [79]. Copyright 2011 American Chemical Society
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Fig. 9.19 Visual appearance
of a EPR and b EPR–BET,
before and after irradiation.
Reprinted (adapted or
reprinted in part) with
permission from [79].
Copyright 2011 American
Chemical Society

from orange to pale yellow (Fig. 9.19a), as previously reported. [79] Under the same
conditions, the EPR–BET cocrystal exhibited no isomerization, also indicated by the
absence of the above-mentioned color change (Fig. 9.19b).

The observed photosensitivity was attributed to intermolecular interaction
changes dependent on the reaction cavity size. It is generally known that (depending
on their number and strength) intermolecular interactions constrain the EPR
molecules in the lattice and prevent their E,Z to Z,Z isomerization. As described
above, the EPR and BET molecules in the cocrystal were connected by numerous
hydrogen bonds, including two strong O···O hydrogen bonds (DO···O = 2.550(2)
and 2.573(2) Å) and many other weak bonds (EPR–EPR and EPR–BET). These
bonds were expected to restrain the EPR molecules and therefore prevent their
isomerization.

The photostability improvement can also be deducted from the “reaction cavity”
concept: the space around a reactive group in a crystal structure [80] influences the
probability of a solid-state reaction. Herein, the reaction cavity was characterized for
both the whole EPR molecule and its olefin part, reflecting molecular mobility.

It should be noted that the intact form I EPR crystal contained two different EPR
molecules, EPR A and EPR B. The calculated reaction cavity volumes of EPR A,
EPR B, (from the intact-crystal EPR form I) EPR I, and EPR II (from the EPR–BET
cocrystals) were 103.4, 108.6, 84.1, and 85.5 Å3, respectively (Fig. 9.20). Unsur-
prisingly, the reaction cavities of the cocrystal EPR were considerably smaller (by
∼30 Å3) than those of the intact-crystal EPR. In addition, the olefin reaction cavity
volumes of the EPR A, EPR B, EPR I, and EPR II equaled 26.6, 18.0, 15.0, and 17.3
Å3, respectively, with cocrystal values also being smaller than those of EPR form I
crystals. The above-mentioned reaction cavity decrease correlatedwith the limitation
of E,Z to Z,Z isomerization; smaller reaction cavities limited the molecular motion
and therefore hindered isomerization [79].
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Fig. 9.20 Whole a–d and partial e–h reaction cavities (drawn as blue translucent spaces) of EPR
molecules. EPR form I comprised EPR A (a and e) and EPR B (b and f) molecules and EPR–BET
cocrystals contained EPR I (c and g) and EPR II (d and f)molecules. Reprinted (adapted or reprinted
in part) with permission from [79]. Copyright 2011 American Chemical Society

9.2.5 Taste Masking of Bitter Drugs by Utilizing Artificial
Sweeteners as Coformers

In the early days, itwas believed that bitter-tasting drugsweremore curable.However,
bitter drugs are inconvenient nowadays, especially for pediatric and geriatric patients
[81]. Several proposed solutions for the bitter taste of APIs involved cyclodextrin
derivates, [82] or polymer encapsulation methods [83]. Crystal engineering also
offers an answer to the bitter taste problem, by cocrystallization or salt formation,
with sweeteners acting as coformers [84].

Benexate (BEX, Scheme 9.5 left), a defensive type anti-ulcer agent, was used as a
model compound in the following study case. BEX’s defensive effects on the gastric
mucosa have been demonstrated by the promotion of prostaglandin synthesis, protein
secretion, and blood flow stimulation in the gastrointestinal tract [85]. This drug is
marketed as a hydrochloride salt (BEX–HCl) and is part of an inclusion complex
with β-cyclodextrin. The hydrochloride salt was originally meant to improve the

Scheme 9.5 Chemical structure of BEX (left), SAC (middle), and CYM (right)
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low solubility of BEX, but that proved to be insufficient due to the high molecular
weight of BEX–HCl (molecular weight = 445.93 g mol−1). Later, BEX–HCl was
complexed with β-cyclodextrin, aiming to improve its solubility and to reduce the
bitter taste [86, 87].

From the crystal engineering perspective, BEX is both an interesting and chal-
lenging compound because it has two major problems: bitter taste and low solubility.
To date, no new reported salt structure could tackle these unfavorable characteris-
tics of BEX. Therefore, we explored artificial sweeteners that can be used as salt
coformers for naturally overcoming the native unpleasant taste of BEX. Artificial
sweeteners have been reported to improve the solubility and dissolution rate of
several drugs, including quinine, haloperidol,mirtazapine, pseudoephedrine, lamivu-
dine, risperidone, sertraline, venlafaxine, zolpidem, amlodipine, and piroxicam [88].
This implies that artificial sweeteners are also potentially applicable to BEX’s low
solubility issue.

The preparation of novel salts involved an anion exchange reaction between the
chloride anion and the saccharinate (SAC, Scheme 9.5 middle) or cyclamate (CYM,
Scheme 9.5 right) anion; therefore, the sodium salts of those sweeteners were chosen.
Notably, other coformers used in either salt or acidic form failed to form new solid
products. As illustrated in Fig. 9.21, no raw material trace was observed through this
method, indicating the formation of newphases.Benexate-saccharinate (BEX–SAC,)
and benexate-cyclamate (BEX–CYM,) were produced alongside a sodium chloride
byproduct from the anion exchange reaction. However, BEX–SAC, and BEX–CYM
could easily be separated from sodium chloride by filtration since these salts precipi-
tated before sodium chloride, which was retained in solution. This method effec-
tively produced pure BEX–SAC and BEX–CYM with high yields (>95%). The
purities of the BEX–SAC and BEX–CYM salts were confirmed by the consider-
able agreement between experimental and simulated PXRD patterns and by the
absence of raw material peaks. The difference between the experimental and simu-
lated PXRD patterns was acceptable and attributed to the preferred orientation effect.

Fig. 9.21 PXRDpatterns of benexate hydrochloride (BEX–HCl) (blue), sodium saccharinate (red),
benexate-saccharinate (BEX–SAC) (purple), sodium cyclamate (yellow), and benexate-cyclamate
(BEX–CYM) (green). The solid and dashed lines represent the experimental and simulated PXRD
patterns, respectively. Reprinted from [89] by the author(s) licensed under CC BY 4.0
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Other attempts employing high salt formation methods and the same conformer and
solvent system, such as slurry mixing, co-grinding, and dry milling failed, resulting
in sticky, amorphous solids.

After the anion exchange reaction that yielded BEX–SAC and BEX–CYM, we
were able to isolate single crystals from the reaction flask and perform single-crystal
X-ray structure. The single-crystal structure analysis revealed an asymmetric BEX–
SAC unit that contained one cationic benexate, one anionic saccharinate, and one
water molecule. Similarly, an asymmetric BEX–CYM unit contained one cationic
benexate and one anionic cyclamate molecule. Therefore, BEX–SAC and BEX–
CYM existed as monohydrate and ansolvate/anhydrous crystals, respectively.

The crystal structure of BEX–SAC contained complicated hydrogen bonds, as
illustrated in Fig. 9.22. One set of cationic benexate and anionic saccharinate
were bound by a charge-assisted hydrogen bond, N2+–H···N4 − and a conven-
tional hydrogen bond, N1–H···O5, which enclosed a R2

2 (8) hydrogen bond loop.
An additional weak hydrogen bond, C20–H···O5 stabilized this interaction. Two
symmetrical N2–H···O6 hydrogen bonds connected two sets of one cationic benexate
and one anionic saccharinate. These hydrogen bonds constructed an R4

4 (20) loop
around the center of symmetry, as shown in Fig. 9.22a. Figure 9.22b illustrates
the one-dimensional (1D) chain structure built by connecting each pair of cationic
benexate and anionic saccharinate sets along the (110) plane, with intercalated water
molecules. The N3–H···O8 hydrogen bonds with two different symmetric operations
(x + 1, y, z + 1 and –x + 2, − y, − z + 1) played important roles in building
this 1D chain structure. 1D chains were connected to each other via O8–H···O4 and

Fig. 9.22 The hydrogen bond architecture of the BEX–SAC crystal. a The interaction involving
two sets of cationic benexate and anionic saccharinate molecules and water constructs. b 1D chain
structure parallel to the (110) plane. c 2D sheet structure composed of 1D chains (represented
by different colors) that interact with each other to form (c) a 2D sheet structure. Conventional
and non-conventional hydrogen bonds are drawn by dashed blue and orange lines, respectively.
Hydrogen atoms have been omitted for clarity. The oxygen atoms from water molecules are drawn
in ball-setting. Reprinted from [89] by the author(s) licensed under CC BY 4.0
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O8–H···O5 hydrogen bonds, leading to a two-dimensional (2D) sheet structure, as
illustrated in Fig. 9.22c.

The crystal structure of BEX–CYM also contained intricate hydrogen-bond
networks. Conventional (N–H···N and N–H···O) and unconventional (C–H···O and
C–H···N) hydrogen bonds were observed in the crystal. The N3 atom of the guani-
dine radical in the benexate molecule formed three hydrogen bonds: N3–H3A···N4,
N3–H3A···O6, and N3–H3B···O7, including bifurcated hydrogen bonds. The other
N atoms of the guanidine moiety in the benexate molecule also interacted with O6
from the cyclamate anion to formN1–H···O6 and N2–H···O6 hydrogen bonds. These
hydrogen bonds formed a 1D chain structure along the b-axis (Fig. 9.23a). The

Fig. 9.23 a 1Dchain and b 2D sheet structures of theBEX–CYMcrystal. cThe 2D sheet structure is
stacked along the a-axis throughC5–H···O2 andC7–H···O2 hydrogen bonds. Conventional and non-
conventional hydrogen bonds are drawn by dashed blue and orange lines, respectively. Hydrogen
atoms have been omitted for clarity. Reprinted from [89] by the author(s) licensed under CC BY
4.0
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Fig. 9.24 Packing view of a BEX–SAC and b BEX–CYM. All molecules are rendered in a space-
filling setting. Cationic benexate, anionic salt coformer, and water molecules are colored in dark
blue, light green, and red, respectively. Reprinted from [89] by the author(s) licensed under CC BY
4.0

hydrogen bonds N2–H···O5 and N4–H···O7 along with the weak hydrogen bonds
C29–H···N3 and C21–H···O5 connected two adjacent 1D chains. This is hereafter
defined as the 2D sheet structure of BEX-CYM (Fig. 9.23b). These 2D sheet struc-
tures were stacked through C5–H···O2 and C7–H···O2 hydrogen bonds along the
a-axis, as illustrated in Fig. 9.23c.

Despite the hydrogen bond network differences between BEX–SAC and BEX–
CYM, these crystals shared something in common. As shown in Fig. 9.24, the
packing motifs of BEX–SAC and BEX–CYM showed local layered-like struc-
tures composed of alternate arrangements between cationic benexate molecules and
coformer molecules. Water molecules were also involved in the formation of a local
layered-like structure in BEX–SAC.

In these two cases, it is expected that theBEX–SAC, andBEX–CYMformulations
provide a sweeter taste than BEX–HCl due to the inherent sweetness of the anion
molecules in these crystals. Notably, the sweetness level of cyclamate and saccharine
is approximately 30–50 and 300 times higher than that of sucrose, respectively [90].

The solubility of BEX–HCL reached 104.42 ± 27.60 μg/mL. All the new solid
forms presented in this study displayed improved solubility. The solubility of BEX–
SAC and BEX–CYM was 512.16 ± 22.06 and 160.53 ± 14.52 μg/mL, respectively
(Fig. 9.25a). This means a solubility increase of 5 and 1.5 times, respectively, relative
to the marketed form of BEX. In agreement with the solubility results, the intrinsic
dissolution rate showed a similar trend with BEX–SAC and BEX–CYM exhibiting
improved dissolution rates of around 5 and 2 times higher than that of BEX–HCL,
respectively (Fig. 9.25b). All solid forms maintained their molecular structures at
the end of the solubility and dissolution rate experiments, as confirmed by PXRD
measurements.

We related the solubility and dissolution rate improvement to the molecular
arrangement in the crystal structure.Asmentioned above, the overall packing features
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Fig. 9.25 a The solubility and b intrinsic dissolution rate of BEX–HCl (blue), BEX–SAC (purple),
and BEX–CYM (green). Solubility and dissolution rate experiments were conducted in triplicate.
Reprinted from [89] by the author(s) licensed under CC BY 4.0

of BEX–SAC, and BEX–CYM displayed local layered-like structures composed of
an alternate arrangement between cationic benexate and coformer molecules. This
local layered-like structure facilitated a structural collapse during dissolution by
propagating a breach in the interaction between the drug and the salt coformer. This
mechanism has been proposed in studies aimed at improving the solubility of insol-
uble drugs. Given the improved solubility and dissolution rate profiles observed in
these novel BEX salts, a likely bioavailability improvement of BEX could also be
observed if these solid forms are chosen for further development [89].

9.3 Conclusion

The use of multicomponent crystals is a new trend in pharmaceutical crystal engi-
neering. They not only provide solutions to unfavorable physicochemical properties
but also for the research and patent opportunities offered by new pharmaceutical
solids. Multicomponent crystals have gained increasing interest and scientific value
due to the possibility to deduct the physicochemical property changes from themulti-
component crystal structure. In this chapter, some examples that showcase the poten-
tial applications ofmulticomponent crystals in combatting commonphysicochemical
difficulties faced in the pharmaceutical field are presented. Solution to unfavorable
physicochemical properties, such as insolubility, hygroscopicity, tabletability, drug
instability, and bitter taste, indicates the potential benefits ofmulticomponent crystals
in pharmaceutical drug development.
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Chapter 10
The Design of Porous Organic Salts
with Hierarchical Process

Norimitsu Tohnai

Abstract Porous organic materials have attracted significant attention due to their
design flexibility and functional versatility. Recently, a new and widely applicable
strategy for the efficient construction of versatile porous organic materials using
organic salts containing triphenylmethylamine (TPMA) and sulfonic acids was
reported. Combinations of TPMA and sulfonic acids with polyaromatic moieties
represent a new class of porous structures consisting of diamondoid networks, termed
diamondoid porous organic salts (d-POS) herein. In a d-POS, the TPMAand sulfonic
acid assemble into stable tetrahedral supramolecular clusters through charge-assisted
hydrogen bonding, representing the initial building blocks. These clusters subse-
quently accumulate via π-π interactions between polyaromatic moieties, such that
the d-POS is generated. As a result of the significant steric hindrance associated
with such clusters, the diamondoid network cannot build a highly interpenetrating
structure, resulting in the formation of continuous open channels. It should be noted
that the extent of interpenetration in the diamondoid networks can be controlled by
adjusting the bulkiness of the clusters by changing the sulfonic acid. Anthracene-
2-sulfonic acid (2-AS) builds a three-fold structure with one-dimensional channels,
while pyrene-1-sulfonic acid produces a two-fold structure with two-dimensional
channels. In addition, organic salts composed of TPMA and 2-AS also provide poly-
morphic structures depending on the ratio of pores to template molecules and the
template species. These structures demonstrate the stability and flexibility of d-POS
materials.

Keywords Organic salt · Charge-assisted hydrogen bond · Porous structure ·
Diamondoid network · Crystal engineering
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10.1 Introduction

The construction of porous structures using small organic compounds is of significant
interest, and this technique has a wide range of applications related to gas and molec-
ular storage [1] as well as the fabrication of template response materials, including
chemical sensors [2]. Recently, the strategic construction of porous structures, such
as metal–organic frameworks (MOFs) [3] and covalent-organic frameworks (COFs)
[4], has attracted attention because such techniques provide efficient synthetic strate-
gies and molecular compatibility. These structures are generated via the formation of
either coordination or covalent bonds and thus are robust. However, organic porous
structures held together by weak non-covalent bonds are also an attractive alterna-
tive, due to their processing advantages and good workability [5]. As an example,
porous structures can be designed based on organic ammonium sulfonate salts [6].
Organic salt systems comprising two components allow systematic structural design
simply by varying the combination of materials. In addition, ammonium sulfonate
ion pairs generate strong intermolecular hydrogen bonding and electrostatic interac-
tions. Over the past 20 years, Ward et al. have studied a variety of porous structures
based on guanidine and disulfonic acids [7]. In these structures, two-dimensional
hydrogen-bonded sheets containing guanidinium and sulfonate ions are connected by
disulfonate pillars to produce a grid-like structure with one-dimensional open chan-
nels. Our own group has previously reported the preparation of organic structures
consisting of sulfonic acids and aliphatic amines, termed porous organic salts (POSs)
[8]. As an example, biphenyl-4,4′-disulfonic acid and aliphatic primary amines can
be employed to build a POS with a layered network via charge-assisted hydrogen
bonding [8a]. The size and shape of the void spaces in such materials can be readily
adjusted simply by changing the amine. These POS systems are expected to provide
tunable substances with highly versatile functions due to the variety of possible
combinations of sulfonic acids and amines.

Herein, a new and efficient strategy for building porous structures with diamon-
doid networks is proposed, using the POS approach. The construction of such
structures is attractive not only as a means of obtaining highly symmetric, well-
shaped networks, but also because these materials can provide high stiffness, good
stability, and large voids. Since the first report of a stable organic diamondoid
network of tetrahedral tetracarboxylic acid derivatives in 1988 by Ermer, [9] several
porous materials utilizing similar single tetrahedral molecules as building blocks
have been prepared [10]. However, it is still difficult to achieve the desired diver-
sity in such structures using this conventional strategy. This is because the struc-
tural design of the diamondoid network often restricts the molecular configuration
to a tetrahedral shape that cannot be further modified. In addition, these diamon-
doid networks tend to form highly interpenetrating structures [11], in which void
spaces are smaller or absent due to the use of “non-bulky” building blocks. To
overcome these problems, a supramolecular-based hierarchical strategy is proposed,
in which tetrahedral supramolecules formed by simple molecules are employed as
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Fig. 10.1 a Proposed supramolecular-based hierarchical strategy. b [4+ 4] supramolecular cluster
constructed of TPMA and sulfonic acid derivatives (i) and chemical structures of sulfonic acid
derivatives and template molecules (ii). The distances are defined between a carbon or sulfur atom
and any carbon atoms
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building blocks for fabrication of the diamondoid network (Fig. 10.1a). Tetrahe-
dral supramolecules are expected to act as sterically bulky nodes that prevent the
diamondoid network from forming a highly interpenetrating structure. Previously,
a specific type of supramolecule was also reported, termed a [4 + 4] supramolec-
ular cluster. This compound was made of organic salts comprising triphenylmethy-
lamine (TPMA) and monosulfonic acid derivatives (Fig. 10.1b, i). Within these clus-
ters, the sulfonic acid derivatives are always arranged in tetrahedra as a result of
cubic charge-assisted hydrogen bonding. Specific tetrahedral supramolecular clus-
ters were designed that combined TPMA and monosulfonic acid derivatives with
polycyclic aromatic moieties to produce diamondoid networks. In these substances,
the long aromatic moieties protruding in the tetrahedral direction also function as
a supramolecular adhesive that connects clusters via π-π interactions [12], thus
generating not only rigid but also flexible (amphoteric) diamondoid networks and
porous structures. These amphoteric structures are expected to provide more static
and dynamic responses to external stimuli than are obtained with some flexible
MOFs [2b, c, 3c]. Furthermore, the size, shape, and functionality of the clusters are
dependent on the specific sulfonic acid derivative employed. In the present work,
three different sulfonic acid derivatives were combined with TPMA: naphthalene-
2-sulfonic acid (2-NS, 1), anthracene-2-sulfonic acid (2-AS, 2) [13], and pyrene-1-
sulfonic acid (1-PyS, 3) [14] (Fig. 10.1b, ii). Organic salts containing either 2-AS
or 1-PyS were used to construct diamondoid networks and interpenetrated porous
structures containing aromatic molecules as templates. Interestingly, the degree of
interpenetration of these diamondoid networks can be controlled by adjusting the
bulkiness of the clusters, resulting in the formation of voids with various sizes and
dimensions. In addition, the 2-AS diamondoid network changes structure depending
on the ratio of pores to template molecules and the type of template.

10.2 Hierarchical Construction of d-POSs

The organic salts made by combining 2-AS and TPMA in the present work were
recrystallized from a mixture of ethanol and nonpolar solvents such as aromatic
hydrocarbons and appeared as yellow crystals. Single crystals suitable for single
X-ray crystallographic analysis were obtained by recrystallization from a mixture of
ethanol and 1,2,4-trichlorobenzene (TCB) [15]. This crystallographic analysis estab-
lished that the crystals had a porous structure based on a diamondoid network, and
so the materials produced in this work are generally referred to herein as diamon-
doid POSs (d-POSs) (specifically, d-POS-2a, Fig. 10.2a). Figure 10.2c illustrates
the manner in which the d-POS-2a structure was built hierarchically, starting with
2-AS and TPMA (Fig. 10.2c). In the first step, the 2-AS and TPMA are assembled
into [4 + 4] supramolecular clusters due to the effects of charge-assisted hydrogen
bonding. The length of the hydrogen bond between the oxygen atom of the 2-AS
and the nitrogen atom of the TPMA ranged from 2.735 to 2.863 Å (Fig. 10.3a).
These hydrogen bonds produced a cubic network. However, because the anthracenyl
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Fig. 10.2 Crystal structures of d-POSs. Top view and void space of d-POSs a composed of 2-AS
and TPMA including TCB (d-POS-2a) and b 1-PyS and TPMA including TMB (d-POS-3). In the
top view, template molecules are omitted for clarity. In the sky-blue-colored void space, template
molecules are represented by green balls and sticks. Hydrogen atoms are omitted for clarity except
in the space-filling model of a cluster. Hierarchical interpretation of c d-POS-2a and d d-POS-3.
In the diamondoid networks and interpenetrated structures, triphenylmethyl groups are omitted for
clarity. The independent diamondoid networks are indicated by orange, green, and blue

Fig. 10.3 a Cubic-like hydrogen bonding network in the tetrahedral supramolecular cluster.
b π-π stacking manners between the clusters in d-POS-2a. c Close up view between the clusters in
different diamondoid networks. Red lines represent CH-π intercluster contacts
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group is much longer than the triphenylmethyl group, the cluster is tetrahedral and
the maximum distance between the sulfur and carbon atoms is 9.1 Å (Figs. 10.1b
and 10.2c). The maximum distance between the adjacent sides of the tetrahedral
cluster in this structure is approximately 26 Å. Subsequently, the anthracenyl groups
undergo π-π stacking and serve as linkers to arrange the clusters into a diamondoid
network (Fig. 10.2c) in which the average distance between the aromatic moieties
is 3.384 Å (Fig. 10.3b). This network contains very large voids associated with
35 × 36 Å hexagonal windows and three independent diamondoid networks pene-
trate one another to fill such voids. Nevertheless, the interpenetrating structure still
possesses one-dimensional (1D) voids containing TCB molecules from the recrys-
tallization solvent that act as template molecules (Fig. 10.2c, a, right). The bulki-
ness of the supramolecular clusters at the tetrahedral nodes plays an important role
in creating the voids, and the diameter of the spherical core covered with triph-
enylmethyl groups in the clusters is approximately 16 Å. This bulkiness leads to
significant steric hindrance between the nodes that prevents the formation of highly
interpenetrating structures and inhibits complete filling of the voids (Fig. 10.3c).
Calculations using the PLATON/VOID software package established that the void
volume was 30% [16], the maximum void area was 10.7× 10.7 Å, and the minimum
was 6.1 × 6.1 Å (Fig. 10.2a, right). Each void was found to contain four TCB
molecules per cluster. Interestingly, these template molecules were arranged almost
parallel to one another (Fig. 10.2a, right, and Fig. 10.4), with a distance between
adjacent molecules of 3.930 Å. The template molecules also adjusted the arrange-
ment in the void space based on CH-Cl contact, while the void surfaces were covered
by the aromatic rings. The effective CH-Cl contact between the template molecule
and the wall contributes significantly to the specific parallel arrangement. Highly
interpenetrating structures are generally considered undesirable because they tend

Fig. 10.4 1D array of the
template molecules in the
d-POS-2a
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to reduce the void volume. However, in this material, the characteristic arrangement
of template molecules is confined by the 1D voids formed by three interpenetrating
diamondoid networks. This 1D molecular array could result in unique properties
such as polarization performance and anisotropic charge conduction [17].

10.3 Structural Diversification of d-POSs with Variations
in the Sulfonic Acid

Similar to the organic salt containing 2-AS, organic salts composed of 1-PyS
and TPMA also formed a d-POS-2 type material through a similar hierarchical
process (Fig. 10.2b, d). Single crystals for X-ray crystallographic analysis were
obtained by recrystallization from a mixture of ethanol and 1,3,5-trimethylbenzene
(TMB). According to X-ray analysis, the 1-PyS and TPMA also formed tetrahedral
supramolecular clusters through charge-assisted hydrogen bonding (Fig. 10.2d), with
a maximum distance between adjacent sides of the clusters of approximately 25 Å.
The clusters were arranged in a diamondoid network by π-π stacking between the
pyrenyl groups and the resulting diamondoid network also contained large voids with
29 × 32 Å hexagonal windows, leading to an interpenetrating structure. However,
it should be noted that, unlike the three-fold interpenetration associated with the d-
POS-2a, only two independent diamondoid networks penetrate one another in this
material. Therefore, there are 2D voids in the porous structure (Fig. 10.2b, right). The
1D voids having a maximum space of 7.1 × 5.1 Å and a minimum space of 5.7 ×
5.7 Å are connected by small orthogonal channels, and the calculated air gap volume
is 29%. The TMBmolecules from the recrystallization solvent were contained in the
primary 1D voids and acted as templates. These void differences arise from varia-
tions in the shapes and sizes of the substituents in the sulfonic acid derivatives. The
maximum distance between the sulfur and carbon atoms in 1-PyS is 7.8 Å, which
is slightly less than that in 2-AS (Fig. 10.1b, ii). Therefore, the hexagonal windows
in the d-POS-3 diamondoid network were smaller than the hexagonal windows in
the d-POS-2a. In contrast, the width of 1-PyS is greater than that of 2-AS, and the
maximum distances between any two carbon atoms in these compounds were 4.9 and
2.8 Å, respectively (Fig. 10.1b, ii). Therefore, 1-PyS and TPMA formmore sterically
bulky clusters than 2-AS and TPMA, preventing interpenetration more effectively
(Fig. 10.2d). These results show that the relative ratio of the cluster core diameter
to the polycyclic aromatic length has a significant effect on the avoidance of highly
interpenetrating structures. When the polyaromatic group is short and wide, the rela-
tive proportion of the cluster cores increases. As a result, the resulting tetrahedral
clusters exhibit increased steric hindrance and there is reduced interpenetration in
the diamondoid network. In contrast, the organic salt composed of 2-NS and TPMA
did not form a porous structure with a diamondoid network (Fig. 10.5). This differ-
ence can be attributed to the naphthyl groups of the 2-NS molecules (in which the
maximum distance between sulfur and carbon atoms is 6.7 Å), which are too short
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Fig. 10.5 Crystal structure composed of 2-NS and TPMA. a Top view of the structure. Hydrogen
atoms are omitted for clarity except in the space-filling model of one supramolecular cluster.
b Location of the naphthyl groups between neighboring clusters in the structure

to protrude from the cluster toward the tetrahedron and that do not undergo π-π
interactions between themselves. Thus, the clusters form a close-packed structure
without a diamondoid network. These results show that selecting the appropriate
sulfonic acid derivative allows ready adjustment of the networks and the degree of
interpenetration.

10.4 Structural Diversification of d-POSs Depending
on Template Molecules

Interestingly, the diamondoid network also exhibits structural flexibility depending
on the type and amount of template molecule. A typical example is the aforemen-
tioned organic salt composed of 2-AS and TPMA. The organic salt also gave two
other pseudopolymorphic crystals, d-POS-2b and d-POS-2c, upon recrystallization
from a mixture of ethanol and TMB. The d-POS-2b was obtained by slow recrys-
tallization, while d-POS-2c was primarily obtained by rapid recrystallization. X-ray
crystallographic analysis demonstrated that these crystals were composed of d-POS
structures containing TMBmolecules from the recrystallization solvent in 1D voids,
where they served as template molecules (Fig. 10.6a, b). The d-POS-2b contained
indented 1D voids with a maximum cross-section of 10.6 × 9.6 Å and a minimum
of 4.5 × 3.0 Å (Fig. 10.6c). The void volume was determined to be 29% per unit
cell using the PLATON/VOID software. In contrast, the d-POS-2c contained rela-
tively straight 1D voids (Fig. 10.6d) having a maximum void size of 11.2 × 9.9 Å
and a minimum size of 6.5 × 6.0 Å. Compared to the d-POS-2b, the voids in the
d-POS-2c were slightly larger and had no pockets, while accounting for 36% of
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Fig. 10.6 Crystal structures of d-POSs composed of 2-AS and TPMA including TMB. Top view of
a d-POS-2b and b d-POS-2c. In the top view, guest molecules and hydrogen atoms are omitted for
clarity except for in the space-filling model of one supramolecular cluster. Visualization of the void
space in c d-POS-2b and d d-POS-2c. Void spaces are indicated in sky blue, and guest molecules
are represented by green sticks. Hydrogen atoms of the guests are omitted for clarity. Schematic
representation of the interpenetration manners of the diamondoid networks in e d-POS-2b and
f d-POS-2c

the unit cell volume. These materials were built up through the same hierarchical
process as described above. That is, three independent diamondoid networks could
be obtained, having the same topology and interpenetrating porous structures. These
results indicate that stable diamondoid networks could be formed regardless of the
template. However, the shape and size of the diamondoid networks were significantly
different: the d-POS-2b and d-POS-2c diamondoid networks had 31 × 36 and 35
× 37 Å hexagonal windows (Fig. 10.6e, f, inset). This expansion and contraction of
the diamondoid network is related to the template ratio. Specifically, the d-POS-2b
incorporated three template molecules per cluster, while the d-POS-2c contained
four. In addition, the template species also affected the structure of the diamondoid
network. The d-POS-2c had hexagonal window that were slightly larger than the
window in the material containing TCB molecules, even though both samples had
the same template ratio (Fig. 10.2a, c). This difference may have occurred because
TMB is slightly larger than TCB. These results demonstrate that the diamondoid
networks were stable and flexible in response to changes in the template molecule.
Such behavior is clearly different from that of conventional diamondoid networks
based on strong interactions such as covalent bonds. The flexibility of the present
diamondoid networks is derived not only from the malleability of the cluster confor-
mations, but also from the ability of theπ-π stacking orientation between the clusters
to change. The interpenetration of the networks is also tunable (Fig. 10.7). These
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Fig. 10.7 Interpenetrationmanners of a d-POS-2a, b d-POS-2b and c d-POS-2c. The independent
diamondoid networks are indicated by blue, green and orange, respectively. The blue tubes indicate
the void spaces. Triphenylmethyl groups are omitted for clarity

phenomena are ascribed to the surprising stability and reproducibility of the cubic
hydrogen-bonded network. As demonstrated in the previous work, this network is
always formed regardless of the sulfonic acid derivative that is employed [18]. There-
fore, the π-π stacking is affected by the template molecule that is used, potentially
providing voids with varying shapes and sizes. The flexibility of these structures
increases the degree of inclusion that is possible and renders the porous structure
sensitive to external stimuli.

10.5 Structural Transformation of d-POSs on Template
Release

To further assess the porosity of these d-POS materials, structural stability during
template release was investigated, and thermogravimetric analysis (TGA) of d-POS-
2a to c single crystals showed different template release profiles (Fig. 10.8). The first
peak in each TGA plot is associated with the release of template molecules from the
d-POS. The second peak, above 200 °C, occurs in conjunctionwith a significantmass
loss, and indicates the decomposition of the host framework components. As shown
in Fig. 10.8a, the d-POS-2a completed the release of TCB template molecules before
100 °C, after which there was no mass loss up to 200 °C. The d-POS-2c produced the
same TMB template release profile as the d-POS-2a. Conversely, the d-POS-2b TGA
data indicate a gradual mass loss that continues until decomposition of the structural
components above 200 °C. These differences can likely be attributed to variations
in void shapes. The voids in the d-POS-2b had protruding pockets that were able to
incorporate template molecules, while the voids in the d-POS-2a and d-POS-2c did
not have this ability. These pockets would presumably allow the structure to hold the
templatemoleculesmore steadily, leading to a gradual release at higher temperatures.

As shown in Fig. 10.9, powder X-ray diffraction (PXRD) analyses confirmed the
high degree of crystallinity of these crystals even after template release. PXRD data
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Fig. 10.8 TGA data of the
d-POSs: a d-POS-2a,
b d-POS-2b, and
c d-POS-2c

Fig. 10.9 PXRD patterns of
the d-POSs: a d-POS-2a,
b d-POS-2b, c d-POS-2c
and d d-POS-2b after guest
release

also showed that each d-POS was transformed to the same structure upon template
release. Prior to release, the PXRD patterns for the d-POS-2b and d-POS-2c contain
single sharp peaks at 2θ = 5.46° (d = 16.2 Å) and 5.52° (d = 16.0 Å), respectively,
corresponding to the distances between channels. These peaks disappear and two
new peaks appear at 6.02° (d = 14.7 Å) and 6.62° (d = 13.3 Å) after the template
release, indicating anisotropic shrinkage of the structure. Considering the shrinkage
of the distance between channels (approximately 1.5–3.0 Å), the molecular arrange-
ments and unit cells of the converted structures were not determined from the PXRD
patterns, but it is believed that voids were present in the converted structures. These
results indicate that these materials have potential applications in both molecular and
gas storage.



196 N. Tohnai

10.6 Conclusion

In summary, a supramolecular-based hierarchical strategy was employed to build
a new class of porous structures with diamondoid networks, termed diamondoid
porous organic salts. Sterically hindered tetrahedral clusters prevent the excessive
interpenetration of the diamondoid network and produce a porous structure. In addi-
tion, these diamondoid networks are easily adjusted by changing the sulfonic acid
derivative, allowing control of the degree of interpenetration and number of voids.
Moreover, the flexible accumulation of clusters provides flexibility and stability to
the diamondoid network. The proposed strategy makes it possible to build organic
porous structures with various functions. Tetrahedral clusters are evidently an excel-
lent platform for arranging a wide range of organic molecules into tetrahedral shapes,
even when the organic molecules themselves do not have a tetrahedral structure. This
ability contributes to easy structural changes and functionalization of porous mate-
rials. As an example, the introduction of polycyclic aromatic groups into a porous
structure could result in fluorescence properties depending on the template molecule
employed. Furthermore, the porosity (size, shape, stability, etc.) of suchmaterials can
be controlled by selecting specific combinations of the two components. The exten-
sion of this strategy to other sulfonic acid derivatives has been actively investigated
in order to construct unique functional organic porous structures.
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Chapter 11
Layered Hydrogen-Bonded Organic
Frameworks as Highly Crystalline
Porous Materials

Ichiro Hisaki, Qin Ji, Kiyonori Takahashi, and Takayoshi Nakamura

Abstract Porous molecular crystals (PMCs) with well-defined, self-standing pores
have been attracted much attention due to significant functionality provided by
selective and reversible inclusion of certain chemical species into the pores. PMCs
constructed through preorganized hydrogen bonds (H-bonds) are specifically called
as hydrogen-bonded organic frameworks (HOFs). For recent two decades, HOFs
have been intensively explored. HOFs are frequently obtained as single crystals,
which is convenient to reveal the structure–property relationship. Their regen-
erable and reusable features are also appealing. However, HOFs are relatively
fragile, and their designing strategy needs to be more considered compared with
other porous frameworks because of weakness of H-bonds. Regarding this, we
have demonstrated that C3-symmetric π-conjugated molecules (C3PIs) possessing
o-bis(4-carboxyphenyl)benzene moieties in their periphery give layered frameworks
composed of isostructural H-bonded hexagonal networks (H-HexNets) and that
the frameworks can effectively provide stable, robust, multifunctional HOFs with
permanent porosity. The frameworks also can work as a platform to achieve very
unique alignment of functional molecules such as C60. Our strategy for constructing
functional HOFs contributes to developing a new field of porous organic materials.

Keywords Porous molecular crystal · Hydrogen-bonded organic framework ·
π-conjugated molecule · Carboxylic acid · Permanent porosity
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11.1 Introduction: Porous Molecular Crystals

Porous molecular crystals (PMCs) are crystalline materials with permanent
porosity constructed from discrete organic molecules through reversible non-
covalent intermolecular interactions. A pioneering work, for example, is of tris-
o-phenylenedioxycyclotriphosphazene (TPP) [1–3]. Although PMCs are closely
related to organic inclusion crystals [4], an important feature of PMCs is that they
have self-standing pores (i.e., permanent porosity) that can accommodate various
and/or specific guest molecules reversibly. PMCs have recently attracted renewed
attention from viewpoint of applications such as selective gas storage/separation,
catalysis, chemical sensing, drug delivery, and optoelectronics [5–8].

Specifically, PMCs that are formed via hydrogen bonds (H-bonds) are often called
as hydrogen-bonded organic frameworks (HOFs) [9–13], which was introduced by
Chen [14]. Although several names and acronyms to describe PMCs constructed
through H-bonding can be found in the literature, we call such PMCs as HOFs in
this chapter. Typical merits of HOFs are as follows:

• HOFs are frequently obtained as single crystals via a simple solution process due
to the reversible nature of H-bonds, which enables to determine the precise crystal
structures by single-crystal X-ray diffraction (SXRD).

• HOFs do not needmetal species for framework construction, allowing lightweight
and environmentally friendly porous materials.

• HOFs have ability to restore its original crystallinity by reannealing.

However, such intrinsic properties of HOFs simultaneously cause the following
problems:

• HOFs tend to collapse when solvent molecules are removed from voids to activate
the porous structures.

• HOFs are difficult to predesign: Even if building blockmolecules are preorganized
thoughtfully, the porous HOFs are not always produced as designed.

• The H-bonding moieties of building blocks are often trapped by polar solvent
molecules used for recrystallization, preventing formation of porous networked
frameworks.

Therefore, we need solve these kinds of dilemmas.
An important point to construct stable HOFs with permanent porosity is to

combine non-covalent intermolecular interactions such as π/π interactions with H-
bonds, because a H-bond alone is too weak tomaintain low-density porousmaterials,
compared with a dative or covalent bond. Fortunately, significant progress in the field
has resulted in the production of excellent HOFs with permanent porosity, thermal
and chemical durability, and functionality [15–41]. Some typicalmolecular skeletons
and supramolecular synthons are listed in Fig. 11.1. For construction of predesigned
molecular architectures, the appropriate selection of both a supramolecular synthon
(directionality and multiplicity of H-bonding) and molecular skeletons (geometry,
size, rigidity, planarity, symmetry, and functionality) to satisfy both H-bonds, and
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Fig. 11.1 Some examples of molecular skeletons and supramolecular synthons providing HOFs
with permanent porosity

the additional interactions is important. Furthermore, it is remarkable that Cooper,
Day, and co-workers recently introduced “energy–structure–function maps” built by
combining computational crystal structure prediction with property prediction [42,
43]. The maps describe the possible structures and properties that are available to a
candidate molecule and can accelerate development of new functional HOFs.

11.2 Hydrogen-Bonding Motifs

11.2.1 Networked Structures Connected by Carboxylic Acid
Dimers

A H-bonded dimer of carboxy groups is one of the simplest and the most clas-
sical molecular glues to make molecular assemblies [44–46]. Meanwhile, the dimer
has still been a suitable supramolecular synthon to construct exotic supramolecular
architectures, because of the following two features: facile synthesis of derivatives
with carboxy groups and its high directional H-bond formation. Particularly, the
latter feature enables one to design supramolecular network motifs, combined with
geometrically well-defined molecular platforms, as shown in Fig. 11.2.

It is well known that Marsh and Duchamp demonstrated in 1969 that trimesic acid
yielded a waved H-bonded honeycomb network, which was then interpenetrated to
yield a non-porous crystal [47]. It was in 1987 that layered honeycomb structures
of trimesic acid with 1D inclusion channels were constructed by Herbestein and
co-workers through template crystallization [48].

Carboxylic acid-based HOFs with permanent porosity have started to be reported
intensively since around 2015. Some remarkable examples are described as follows
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Fig. 11.2 a Carboxylic acid dimer, the simplest supramolecular synthon. bHoneycomb network of
trimesic acid reported byMarsh andDuchamp. c PossibleH-bonded networked structures composed
of carboxy- and/or carboxyphenyl-substituted benzene derivatives

(Fig. 11.3). Rowsell, Zentner, and co-workers demonstrated that 1,3,5-tris(4-
carboxyphenyl)benzene (1) yielded porous crystals tcpbwith interpenetrated honey-
comb sheets [28]. Tris(4-carboxyphenyl)amine (2) gave 3Dnetworked porous frame-
work (HOF-11) with Brunauer–Emmett–Teller surface area (SABET) of 687 m2g−1

[29, 30]. Comotti, Sozzani, and co-workers reported dynamic gas sorption behavior
of TCF-1 and-2 composed of 3a and 3b, respectively [38].Wu,Yuan, and co-workers
reported biphenyl derivative 4 gave 3D networked porous framework (HOF-TCBP),
which exhibits SABET of 2066 m2g−1 [31]. Liu, Cao, and co-workers applied pylene
derivative 5 to construct HOF (PFC-1) with SABET of 2122 m2g−1 and demonstrated
proof-of-concept for chemo and photodynamic therapy [34]. Hisaki, Douhal, and co-
workers demonstrated construction of highly stable, single-crystalline, isostructural
HOFs (CPHAT and CBPHAT) with SABET of 649 m2g−1 and 1288 m2g−1 based

Fig. 11.3 Some examples of building blocks providing stable 2D- or 3D-networked HOFs
with permanent porosity. Acronyms in parentheses denote HOF’s names constructed from the
corresponding building blocks
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on shape-fitted docking strategy with hexaazatriphenylene (HAT) derivatives 6a, b
[32, 33, 41]. Stoddart and co-workers reported that triptycene derivative 7 provided
interpenetration polymorphs of H-bonded networks [39].

It is remarkable that reported building blocks contain carboxyphenyl groups
instead of carboxy groups. This is probably because such building-block molecules
can easily synthesized by metal-catalyzed cross-coupling reactions between
aryl groups such as Suzuki–Miyaura reaction [49]. Moreover, introduction of
carboxyphenyl groups into π-conjugated skeleton improves solubility of the
molecule into solvents compared with those directly bonded by carboxy groups
[50, 51]. The phenylene group also acts as a spacer to generate pores [52]. However,
systematic construction of carboxylic-acid-based HOFs is still challenging.

In connection with this, we have proposed that C3-symmetric π-conjugated
building blocks (C3PIs) possessing three o-bis(4-carboxyphenyl)benzene moieties
in periphery of the core can systematically provide isostructural H-bonded hexag-
onal networks (H-HexNets) with multiple void spaces, and that the HexNets are
stacked without interpenetration to give porous layered assembly of H-HexNets
(LA-H-HexNets). This working hypothesis to achieve formation of H-HexNet-based
layeredHOF is summarized in Fig. 11.4.C3-symmetric, rigid, planar coreswith sides
of two different lengths are applied for the central part of C3PIs. Such C3PIs enable
the formation of a planar 2D H-HexNet motif with multivoid spaces. Moreover, the
size and shape of the void can be varied by changing the side length of the C3PIs. The
peripheral o-bis(4-carboxyphenyl)benzene moieties can form a H-bonded triangular
porous motif, so-called phenylene triangle (PhT) motif to network the C3PI. The PhT
motif was first observed in a crystal of hexakis(4-carboxyphenyl)benzene reported
by Kobayashi and co-workers in 2000 [53].

Fig. 11.4 Schematic representation for construction of layered assembly of hydrogen-boned hexag-
onal networks (LA-H-HexNet) with planar C3-symmetric π-conjugated molecules (C3PIs) via
formation of a cyclic hydrogen-bonded motifs, so-called phenylene triangle (PhT) motif
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11.2.1.1 Phenylene Triangle (PhT)

As described above, the PhT motif is a key structure for H-HexNet-based layered
HOFs. To confirm whether the PhT is a robust H-bonding motif in crystals, o-bis(4-
carboxyphenyl)benzene (8a), 4,5-dibromo-1,2-bis(4-carboxyphenyl)benzene (8b),
and 1,2,3,4-tetrakis(4-carboxyphenyl)benzene (9) were crystallized from a mixed
solution of DMF, 1,2,4-trichlorobenzene (124TCB) and 1,3,5-trichlorobenzene
(135TCB) at 50 °C. Pristine 8a yields zigzag-shaped 1D H-bonded chain as in
the case of the corresponding meta- and para-substituted derivatives. Brominated
derivative 8b, on the other hand, forms the PhT through H-bonding between the
carboxy groups (Fig. 11.5a). The PhT of 8b possesses a triangular void with a side
of ca. 12.5 Å and diameter of ca. 9.7 Å, in which 124TCB and/or 135TCBmolecules
are accommodated. Threefold CH/Br intermolecular interactions (H···Br distances:
2.79–2.96 Å, C–H–Br angles: 144–167°) afford formation of the PhT motif, instead
of a zigzag chain. Similarly, 9 forms the PhT motif to give a ladder-type porous
network structure (Fig. 11.5b). These results indicate that, although the pristine unit
does not always form the PhTmotif, geometrically or electrostaticallywell-organized
derivatives can form the PhT motif [54].

It is unignorable that the PhT motif exhibits the specific structural feature orig-
inated from conformation of the o-terphenyl moiety as described below. The PhT
includes conformational frustration. The two peripheral phenylene groups in the
ortho-position prefer to incline in the same direction (P or M) to avoid steric repul-
sion between them (Fig. 11.6a). Therefore, although we have not observed the PhT
motif with three frustrated dimers because of its instability (Fig. 11.6b), the motif

Fig. 11.5 Crystal structures and H-bonded PhT motifs formed by o-bis(4-carboxyphenyl)benzene
analogues a 8b, b 9
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Fig. 11.6 Geometrical feature of PhT motif. a Cooperative incline of the peripheral phenylene
groups. Chemical structures of b PhT with three frustrated dimers, c PhT with one frustrated dimer,
and e PhT with one fractured dimer by insertion of DMF molecules. Selected crystal structures of
d frustrated and e fractured PhT observed in crystals of T18

normally includes at least one conformationally frustrated H-bonded carboxy dimer
(Fig. 11.6c, d), except for the case that the all phenylene groups are in the orthog-
onal conformation as in the case of Kobayashi’s structure [53]. The conformation-
ally frustrated part is sometimes trapped by polar solvent molecule such as DMF
through H-bonding to form “truncated catemer”-type dimer to release the distortion
(Fig. 11.6e, f) [54].

11.3 Construction of HOFs Based on Hexagonal Network

Based on the idea described above, C3PIs possessing three o-bis(4-
carboxyphenyl)benzene moiety were designed and synthesized (Fig. 11.7).
Recrystallization of the compounds was performed by slow evaporation of a
mixed solution of a highly polar solvent such as DMF and a high-boiling aromatic
solvent such as 124TCB or methyl benzoate (MeBz) at relatively high temperature
(50–120 °C), yielding single crystals suitable for SXRD analysis. It is noteworthy
that crystallization at relatively low temperature such as at 30 °C results in formation
of solvate crystals, in which some of carboxy groups make H-bonds with solvent
molecules, preventing formation of completely networked LA-H-HexNet structures.

In the following part, crystal structures and properties of their LA-H-HexNets are
described.
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Fig. 11.7 C3PIs applied to construct HOFs

11.3.1 A Series of Cyclic π-Conjugated Systems
with Different Sizes of Macrocycles

C3PIsTp,T12,T18, andEx giveH-HexNets structures via complemental H-bonding
between the carboxy groups (Fig. 11.8a–d) [55]. In the H-HexNet sheet, three kinds
of pores are formed. Void I has width of approximately 8 Å is formed within the PhT
motif. Void II has a non-regular hexagonal-shaped aperture. Its dimension is varied
depending on the size of the core of C3PIs: The longer sides of void II are the same
(15.8Å) in the four systems,while the shorter sides have various lengths ranging from
2.0 to 11.4 Å. Void III is inherent pores located at the center of the cyclic compounds.
The H-HexNet sheets stack without interpenetration to give porous LA-H-HexNets
(Tp-1, T12-1, T18-1, and Ex-1, respectively). Although the molecules give isostruc-
tural H-HexNets sheets, stackingmanner of theH-HexNets depends on themolecular
structures (Fig. 11.8e–h). The void ratio of Tp-1, T12-1, T18-1, and Ex-1 calculated
by PLATONsoftwarewith probe radius of 1.2Å is 54%, 41%, 58%, and 59%, respec-
tively. Aromatic solvent molecules used for recrystallization are accommodated in
the voids. The neighbored H-HexNet layers are stacked by weak interactions such as
face-to-face (π/π), face-to-edge (CH/π), and CH/O interactions. These weak inter-
layer interactions, as well as rotational flexibility of the peripheral phenylene rings,
allow Tp to yield at least four polymorphs of LA-H-HexNets including Tp-1 [56].

To investigate the structural changes upon removal of solvent molecules from the
void space, crystalline bulks of Tp-2Ds, T12-1, T18-1, and Ex-1 were subjected
to varied temperature (VT)-PXRD measurements as shown in Fig. 11.9, where Tp-
2Ds denotes the crystalline bulk of LA-H-HexNet of Tp because it includes either
or both of two polymorphic forms Tp-1 and Tp-2. The pattern of the as-formed
crystals at first showed almost no recognizable peaks, due to significantly lowelectron
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Fig. 11.8 Crystal structures of LA-H-HexNets: a, e Tp-1, b, f T18-1, c, g T18, d, h Ex-1. a–
d H-HexNet sheet. e–h Packing diagrams of stacked neighboring three layers. Solvent molecules
accommodated in the voids are omitted for clarity

diffraction contrast provided by the low density H-HexNet frameworks composed of
no metal but low-weight elements and highly disordered solvent molecules within
the frameworks. However, the diffraction peaks became unambiguous upon heating
as the solvent molecules were removed. Tp and T18 showed PXRD pattern changes
in two or three steps, indicating formation of intermediate phases. After completing
removal of the solvents, the materials still exhibit obvious PXRD patterns, which
are not in agreement with the original patterns of the solvate crystals, indicating
that crystal structure of LA-H-HexNets changes to other crystalline forms upon
desolvation. Further increase of the temperature revealed that frameworks of Tp,
T12, T18, and Ex decomposed at 323 °C, 360 °C, 242 °C, and 249 °C, respectively.

By using PXRD pattern after desolvation, we attempted to identify the crystal
structures of activated forms and successfully estimated or solved the reasonable
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Fig. 11.9 Changes of PXRD (CuKα) patterns of a Tp-2Ds, b T12-1, c T18-1, and d Ex-1 upon
heating from ambient temperature to ca. 215 °C. Temperature was increased at the rate of 1 °C
min−1. Patterns were recorded from 3° to 18° of 2θ with the scan rate of 3° min−1. Each scan has
a temperature gradient of ca. 5 °C. Since the as-formed crystal of Tp includes either or both of two
polymorphic forms, the crystalline bulk was referred as Tp-2Ds

structures for Tp-apo and T12-apo by using the crystal structure prediction tech-
nique and powder X-ray analysis including the Rietveld refinement, respectively.
The activated structures are shown in Fig. 11.10.

It is noteworthy thatTp-apo crystal retains a layered structure of H-HexNet sheets
with permanent porosity. The adjacent Tp cores are stacked with larger overlap
compared with Tp-1 and triangular channels with a diameter of ca. 8.5 Å run along
the c axis. The void ratio calculated by PLATON software with probe radius of 1.2 Å
is 33%. Similarly,T12-apo retains a layered structure of HexNet sheets, although H-
bonded moieties are partly deformed. T12 cores are overlapped with an interplanar
distance of ca. 3.2 Å throughπ/π interactions. One-dimensional (1D) channel with a
triangular cross section with width of 8.8 Å and branched small voids with a diameter
of 2.8 Å are formed. The void ratio of T12-apo is calculated to be 38%.

Activation of LA-H-HexNets was conducted by immersing the as-formed crys-
talline powders into benzene for overnight at room temperature, followed by lying
under vacuum condition (0.2 kPa) for 1 day at 40–100 °C, providing HOFs with
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Fig. 11.10 Crystal structures of a Tp-apo and c T12-apo provided by the crystal structure predic-
tion approach and the Rietveld refinement based on PXRD pattern, respectively. Visualized surface
of void channels of b Tp-apo and d T12-apo

permanent porosity (Tp-apo, T12-apo, T18-apo, and Ex-apo). Tp-apo and T12-
apo show a type-I N2 sorption isotherm at 77 K with an uptake of 187 cm3g−1 and
85.4 cm3g−1, respectively. Similarly, Tp-apo has a type-I sorption isotherm with
an uptake of 194 cm3g−1. SABET was calculated to be 788 m2g−1. The SABET of
T12-apo was also calculated based on the CO2 sorption isotherm to be 557 m2g−1.
Although T18-apo and Ex-apo also absorbed N2 and CO2, the details are not shown
because of their ambiguous structures.

Interestingly, T12-apo shows a two-stepped sorption isotherm with hysteric
behavior for CO2 at 195 K. In situ PXRD measurements disclosed that T12-apo
experiences up to four kinds of crystalline forms (states 1–4) reversibly during CO2

absorption–desorption process at 195 K (Fig. 11.11) [57]. Although these crystal
structures have not been determined precisely, the observed PXRD patterns indi-
cate that the layered structure of the original framework of T12-apo changes by
distorting the network, slipping of the H-HexNet layers, and/or increasing in the
interlayer distance (states 1–4 shown in Fig. 11.11c). These results indicate that
layered organic crystals might be more flexible than those previously considered.
The results can aid the construction of soft porous crystalline materials.

The H-bonded low-density framework is also demonstrated to be capable of
applying as a platform to accomplish an isolated arrangement of finite-numbered
clusters of C60 molecules. Crystallization of T18 in the presence of C60 gave two
types of inclusion crystals T18-C60-1 and -2 (Fig. 11.12). Interestingly, void II in
T18-C60-2 accommodates two C60 molecules at its corners, and the resulting dimeric
array of C60 is isolated from the adjacent dimers by the H-HexNet framework. The
distance between the centroids of the nearest two C60 molecules is 11.2 Å and that
between the second nearest twomolecules is 15.12 Å. The isolated C60 pair observed
in the present system is a unique type of C60 array. Namely, the present system is
regarded as the smallest crystalline system of an finite-number-isolated array of C60

and the first example of an isolated C60 dimeric pair within a well-defined, H-bonded,
low-density framework. These results imply that the present LA-H-HexNet can be
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Fig. 11.11 Structural changes of T12-apo upon CO2 sorption at 195 K. a CO2 sorption isotherm,
where solid and open symbols denote absorption and desorption processes, respectively. b in situ
PXRD (λ = 1.000 Å) patterns of T12-apo under a CO2 adsorption–desorption process at 195 K.
Patterns a–o are recorded under conditions a–o in the isotherm (a). Pressure (/kPa) that the pattern
was recorded at is shown in the parentheses. c Proposed structural changes including slippage,
expansion, and deformation of the layered structure

Fig. 11.12 Crystal structures of a T18-C60-1, b T18-C60-2, and c lattice unit of T18-C60-2

applied as a platform to align functional molecules, aiming to developing such as
artificial photosynthetic systems [58].

11.3.2 Sterically Hindered Hydrogen-Bonding Systems

As described in Sect. 11.2, the peripheral carboxyphenyl groups in the building
block molecules are not in coplanar with but twisted against a plane of the central
core (Fig. 11.6). This twisted conformation plays a role in stacking ways of the H-
HexNets to give layered structures. To explore further effects of twisted conformation
of the peripheral groups, triphenylene derivatives (TpMe and TpF) with substituents
(Me or F) in the ortho-positions of the carboxy groupswere designed and synthesized
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[59]. The substitution is expected to force the carboxy and phenylene groups to be
twisted (Fig. 11.13), and therefore, to change molecular arrangements and properties
of the resultant networked crystals.

Although computational calculation revealed that both substituent groups−F and
−Me at the ortho-positions had no effects on binding energy of H-bonded dimeriza-
tion (~15 kcal/mol), the substituents made the both carboxy and phenylene groups
twisted, resulting increase of variability of the peripheral conformation. As shown in
Fig. 11.14a–c,TpMe gave three polymorphs that exhibit different peripheral confor-
mations and stacking manners of the H-HexNet layers. On the other hand, TpF
yielded one crystalline form (Fig. 11.14d–f). However, in the crystals both carboxy
and difluorophenylene groups are highly disordered. These observations indicate that
introduction of the substituents on the ortho-position results high degree of freedom
on the peripheral conformation, which results in generation of polymorphs in the case
of larger substituent (i.e. TpMe), while in the case of smaller substituent (i.e. TpF),
the single form with highly disordered local structures yields. Thermal stability and
permanent porosity are drastically changed by the substituents even the both crystals
have quite similar LA-H-HexNet structures. Regarding thermal stability of theLA-H-
HexNets, the framework of Tp decomposes at 323 °C,while those of TpF andTpMe
at 301 °C and 155 °C, respectively. Especially, the framework of TpF tends to lose
its crystallinity as heating. Activation of TpF and TpMe was performed by solvent
exchanging with benzene followed by heating up to 100 °C to yield porous mate-
rials TpF-1a and TpMe-1a, respectively, although their crystallinity was relatively
low. SABET of TpF-1a and TpMe-1a was determined by CO2 sorption isotherms at
195 K to be 561 m2g−1 and 219 m2g−1, respectively. Only TpF-1a shows selective
sorption of CO2 over N2.

Fig. 11.13 a Sterically crowded PhT motif. Conformation of peripheral carboxyphenyl group,
b without and c with substituents at the ortho-positions of the carboxy group
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Fig. 11.14 Crystal structures of three polymorphs of TpMe (Top) and TpF-1 crystal (bottom).
a TpMe-1, b TpMe-2, c TpM-3. d Molecular structure of TpF with anisotropic displacement
ellipsoids with 50% probability. e Rhombic motif of TpF-1 with local disorder. f Layered frame-
work, which is drawn with one of the disordered structures for clarity reason. Solvent molecules
accommodated in the voids are omitted for clarity

11.3.3 Bowl-Shaped C3PI: A Sumanene Derivative

Former sections describe that planar C3PIs, such as the triphenylene derivative (Tp),
form porous H-HexNet structures and that the H-HexNet sheet stacks without inter-
penetration to give crystalline porous layered frameworks [56]. On the other hand,
a periodic 2D framework composed of non-planar π-conjugated molecules is also
attractive because such a framework with curved and bumpy surface is expected
to show unique electronic, chemical, or physical properties originating from the
curved π-system. Furthermore, it also can provide useful information how curved
building blocks achieve fully networked layered assemblies. Keeping this in mind,
we planned to construct a H-bonded 2D framework by using the C3-symmetric
buckybowl, sumanene [60].

CPSM gives three types of crystals, two of which are revealed to have H-bonded
HexNet structures (Fig. 11.15). In crystal CPSM-1, all carboxy groups of CPSM
form a H-bonded dimer, and the molecules are connected via the PhT motif, giving
a waved H-HexNet sheet with a periodicity of 35.3 Å along the b axis due to an
alternate alignment of bowl-up and bowl-down buckybowls. Because of geometri-
cally mismatched unfavorable H-bonds, two carboxyphenyl groups bend outward
and the bowl becomes shallower: The bowl depth (BD) is 0.985 Å, which is smaller
than optimized pristine sumanene (1.11 Å) [61]. Void within and between the waved
H-HexNet sheets are filled by solvent molecules, and the void ratio is calculated to
be 63% by PLATON software with probe radius of 1.2 Å.

In crystal CPSM-2, the molecule forms a hamburger-like dimer possessing
internal void with volume of 140 Å3 by interdigitating peripheral phenylene groups.
The dimers are connected through a trefoil knot shaped H-bonding motif to form
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Fig. 11.15 Crystal structures of H-bonded networks CPSM-1 (a–d) and CPSM-2 (e–g). a, e Side
view of CPSM molecule and dimer, respectively. b, f H-bonded motifs: PhT and trefoil knot,
respectively. c, g Selected packing diagram. d, h Topological illustration of the networked structures

a 2D HexNet bilayer. The six peripheral carboxy groups of CPSM are capable of
forming H-bonds without severe geometrical mismatch: The BD is 1.15 Å. The total
void ratio is calculated to be 48%. Regarding network topology, CPSM-1 has a six-
connected two-dimensional uninodal hxl net.CPSM-2 also has a six-connected two-
dimensional network, while the topology of the network has been hitherto unknown
(Fig. 11.15d, h).

Crystal structures composed of CPSM have less contact between the neighboring
layers, compared with Tp-1, due to their bumpy surfaces. This inspires us to explore
whether the crystals can be deformedby compression. The single crystals of CPSM-1
andCPSM-2were subjected toX-ray diffraction analysis under high-pressure condi-
tions. Although CPSM-1 lost its crystallinity under high pressure, crystal CPSM-2
kept its single crystallinity and showed significant anisotropic changes of the cell
parameters upon addition of isotropic hydrostatic fluid pressure. The crystallographic
c axis of CPSM-2 under 970MPawas shortened by 11.0% compared with that under
ambient pressure, while the other parameters showed subtle changes (Fig. 11.16a).
These changeswere irreversible and the shrunk cell remained after release of the pres-
sure. SXRD analysis at 970MPa revealed that the bilayered H-HexNet sheets slipped
in a deeply offset stacking fashion and that interlayer distance became shorter. As
shown in Fig. 11.16b, c, two contacted CPSMmolecules (I and II) are slipped along
their curved surfaces, resulting in shrinkage of interlayer distance and decrease of
overlap between CPSM cores. Such a dynamic behavior between non-planar sheets
is hitherto unknown and can provide new insights into 2D-networked architectures
based on non-planar π-conjugated systems.
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Fig. 11.16 Anisotropic structural changes of CPSM-2 crystal under 970 MPa. a Changes in the
unit cell upon increasing pressure. Open symbols refer the cell parameters obtained from SXRD
analysis conducted at −120 °C under ambient pressure. Closed symbols refer those obtained from
SXRDanalysis conducted at ambient temperaturewith varyingpressure.Molecular packing,bunder
ambient pressure at −120 °C and c under 970 MPa at 20 °C

11.3.4 Nitrogen-Incorporated C3PI:
A Hexaazatrinaphthylene Derivative

Introducing nitrogen atoms into polycyclic aromatic hydrocarbons is capable of
altering frontier orbital levels and of interacting and coordinating with cationic
species such as metal ions, proton, and other organic cations. Therefore, HOFs
composed of such N-hetero-π-conjugated molecules are expected to show multi-
functionality. Regarding this, we planned to construct LA-H-HexNets with a
hexaazatrinaphthylene derivative CPHATN possessing carboxyphenyl substituents
[62].

CPHATN forms the PhT motif via H-bonding of carboxy groups to give a
H-HexNet sheet, which then stacks without interpenetration to give a LA-H-HexNet
CPHATN-1(124TCB) (Fig. 11.17a, b). It is noteworthy that carboxy groups form no
H-bond with the basic pyrazine moieties, which remains non-bonded in the crystal
and play a role for acid responsiveness as described later. The framework has 1D
channels with width of 6.2 Å, in which 124TCB molecules used for crystallization
are accommodated. A void ratio calculated by PLATON software with probe radius
of 1.2 Å was 26%.

TG analysis of CPHATN-1(124TCB) showed weight loss of 22% up to ca.
250 °C, indicating that the framework contains 124TCB with a host–guest ratio
of 1:2 (calc. 25%) and solvent molecules were completely removed at around this
temperature (Fig. 11.18a). VT-PXRD experiments of as-formed crystalline bulk of
CPHATN-1(124TCB) were subsequently carried out as shown in Fig. 11.18b. The
initial patterns at around room temperature are not clear as in the case of other systems
described in Fig. 11.9. Upon heating, peaks started to appear at 83 °C and slightly
shifted to wider angle up to 114 °C, indicating subtle shrinkage of the crystallo-
graphic cell. Subsequently, the peak intensity increased as heating, reached plateau
at ca. 250 °C, and remained up to 360 °C, indicating that the framework is extremely
stable and rigid enough to retain the porous structure at high temperature. SXRD
analysis of the activated framework, CPHATN-1a, gave almost the same crystal
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Fig. 11.17 Crystal structures of as-formed solvateCPHATN-1(124TCB) (a, b) and activated form
CPHATN-1a (c–e), solved by SXRD analysis. a, c Stacked three layers of H-HexNet sheets. b,
dRelative orientation of the stacked layers, where structural changes upon activation were observed
in the conformationally frustrated carboxylic acid dimers in circles. eVisualized surface of the void

Fig. 11.18 Thermal behavior of CPHATN-1(124TCB). a TG analysis. b VT-PXRD pattern
changes upon heating from room temperature to 360 °C

structure, in which conformationally frustrated dimer was slightly deformed when
compared with the structure of CPHATN-1(124TCB) as shown in Fig. 11.17c, d.
The void is slightly shrunk from 26 to 20%. SABET was estimated based on N2

sorption isotherm at 77 K to be 379 m2g−1.
Interestingly,CPHATN-1a changes its color from yellow to reddish-brown when

exposed to both 37%-HCl aqueous solution and HCl vapor (Fig. 11.19a). Its fluores-
cence also can be switched OFF or ON in presence or removing of the acid. These
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Fig. 11.19 HCl responsive color changes of CPHATN-1a. a Photographs of the crystalline bulk
(i) before experiment, (ii) after 37%-HCl was dropped on, and (iii) after removing HCl by heating
at 150 °C for 30 min. b Absorption and c emission spectral changes of the crystalline bulk upon
exposure to HCl atmosphere for 40 min and after removing HCl by leaving in air for 48 h

changes are reversible. The absorption spectrum exhibits a new band at 500–600 nm
upon the exposure (Fig. 11.19b). Simultaneously, the emission band at 539 nm is
strongly quenched (Fig. 11.19c). These observations clearly indicate the sensitivity
of this HOF to HCl vapors and explain in terms of interactions between the protons
and basic nitrogen atoms incorporated in the HATN core. Removal of HCl from the
HOF resulted in recover of the original absorption and emission spectra. This is, to
our knowledge, the first example of HOFs with external stimuli responsiveness in
color and emission. The present results would open a door to develop a new porous
materials with stimuli responsiveness.

11.4 Conclusion

It has been regarded that a H-bond is too weak interaction to apply for construction
of supramolecular architectures possessing self-standing large pores. Such concern-
ment, however, is about to be gone away. It is getting easy to construct HOFs
with permanent porosity by introducing secondary interacting moieties capable of
forming well-fitted intermolecular contacts to support the H-bonded networks, in
addition to suitable selection of supramolecular synthons and molecular skeleton,
namely H-bonding moieties that allow highly directional H-bonds with predictable
manners and rigid molecular skeletons with exclusive degree of conformational
freedom. As examples of such designed HOFs, we described LA-H-HexNets
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composed of C3-symmetric π-conjugated molecules (C3PIs) possessing three o-
bis(4-carboxyphenyl)benzene moieties in the periphery. Thanks to the triangular
H-bonded motif named phenylene triangle (PhT), C3PIs can form isostructural H-
HexNet sheets, which further stack via secondary intermolecular interactions such
as a π/π interaction to give layered HOFs. Moreover, we revealed that even bowl-
shapedC3PI formH-bonded, 2Dnetworked structures, inwhich all of carboxy groups
satisfied through formation of H-bonded dimer. These results can make us realize
promising potentials of HOFs. Once the construction ways of HOFs have been estab-
lished, the properties and functionality of HOFs begin to be investigated. As reported
by Cooper and Day, high-throughput exploration for development of functional
porous materials is becoming possible by combining with theoretical calculation
and robotics [63]. We hope that we would report multifunctional HOFs in the near
future.
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Chapter 12
Kinetic Assembly of Porous Coordination
Networks Leads to Trapping Unstable
Elemental Allotropes

Hiroyoshi Ohtsu, Pavel M. Usov, and Masaki Kawano

Abstract Kinetic assembly is an important method for obtaining desired materials
in chemical synthesis andmaterial sciences. However, the application of this strategy
to porous coordination networks has been limited. We highlight the kinetic assembly
of porous coordination networks, which promote the production of interactive pore
sites. These sites can activate or stabilize different guest molecules. The properties
of interactive pores are exemplified by iodine chemisorption and small sulfur encap-
sulation. Using the interactive feature of these pores, we were able to trap small
sulfur allotropes, such as S2, cyclo-S3, bent-S3, and S6, demonstrating their impor-
tance for the stabilization of unusual elemental species. Furthermore, several reactive
elemental allotropes could also be incorporated into the interactive pores. Herein, we
address the important aspects of creating interactive pore sites by kinetic assembly
of porous coordination networks and present detailed case-by-case studies of small
allotrope encapsulation.

Keywords Porous coordination network · Kinetic assembly · Unstable small
sulfur species · Elemental allotropes

12.1 Introduction

12.1.1 Scope of the Book Chapter

The kinetic assemblymethod for the coordination network formation is introduced in
this chapter. This method is not common in coordination network chemistry, despite
it having a great capacity to create functional materials. Furthermore, the kinetically
assembled networks enabled us to successfully trap and visualize unstable elemental
allotropes.
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12.1.2 Kinetically Controlled Network Formation

Kinetic control of chemical reactions is a critical tool to produce desired products in
chemical synthesis and material sciences. Diamond, one of the carbon allotropes, is
less stable than graphite, which means that it is a metastable state. However, because
of the large activation energy required to transform diamond to graphite, it remains
as a stable crystalline solid under ambient conditions. This is a typical example of
kinetically stabilized phase found in nature. Many researchers have used kinetic
control to direct reactions along alternative pathways to produce desired products.
In particular, in organic syntheses, kinetic control (or resolution) is often crucial to
selectively obtain only one specific molecule and limit side reactions [1]. Biological
systems use kinetically trapped states in living cells to sustain their function. For
example, the protein folding can be finely tuned through kinetically guided assembly
[2, 3]. Furthermore, the synthesis of inorganic materials, such as zeolites, is typically
carried out under kinetic control [4, 5].

In addition, kinetic assembly was used to change the morphology of materials
to create functional nanostructures via weak intermolecular interactions [6–8]. For
example, the complexation of perylene tetracarboxylate (PTC) with Ni2+ displays
selective kinetic/thermodynamic assembly depending on reaction temperatures. The
coordinating amphiphile, PTC, has a planar conjugated skeleton. At temperatures
below 25 °C, the intermolecular coordination between PTC and Ni2+ extends the
coordinating system along the long axis of PTC, resulting in a microbelt structure
several micrometers in length. However, PTC in this coordinationmode is not planar,
therefore, the system cannot minimize its energy via π–π stacking, indicating that
it is a kinetic product. In contrast, at temperatures above 60 °C, PTC–Ni undergoes
intramolecular coordination where the ligand adopts a planar conformation, facili-
tating π–π stacking. Consequently, it can be concluded that PTC–Ni self-assembles
into much shorter nanorods under thermodynamic conditions. The two morpholo-
gies exhibit vastly differing electronic properties. The kinetically assembled micro-
belts have excellent electronic conductivity [6]. In another example, kinetic control
was used to obtain various metal phenolic network (MPN) films. For this purpose,
temporal and spatial control ofMPNgrowth by promoting self-correction of the coor-
dinating building blocks through oxidation-mediated network assembly was utilized
[7]. The formation and growth mechanisms were investigated and used to engi-
neer films with microporous structures and continuous gradients. These results show
that morphological structure control by kinetic assembly is a promising strategy for
producing functional materials.

However, for coordination networks, also known as coordination polymers (CPs)
or metal–organic frameworks (MOFs), kinetic control has not been commonly
employed in their synthesis [9–23]. Normally, the networks are synthesized under
harsh conditions that lead to thermodynamically stable crystalline structures. For
example, solvothermal reactions, which are carried out in a solvent close to or above
its boiling point, and often under autogenous pressure, produce network single crys-
tals. Someof themost thermally stablematerials reported, such asMOF-5,HKUST-1,
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MIL-101, andUiO-66 [24] are obtained using this technique. These types of synthesis
are classified as thermodynamic assembly because the final product, including the
solvent and adducts, represents a global energy minimum on the reaction coordinate
landscape. In contrast, kinetic assembly traps metastable states during crystallization
before equilibrium is reached,which requiresmuch faster formation rates. Thekinetic
products tend to form polycrystalline powders rather than single crystals suitable for
single-crystal structure analysis. As a result, the kinetic network formation has not
been widely explored because of the difficulty of ab initio structure determination of
crystalline powders by X-ray diffraction.

There are several examples of the kinetic assembly of coordination networks
[4, 25–31]. The Cd-based network, [Cd(bpy)(bdc)] (bpy = 4,4′-bipyridine, bdc =
1,4-benzenedicarboxylate) can be generated as a single non-interpenetrating net by
kinetic control at low temperature or high concentration. Whereas an interpene-
trating network is obtained under thermodynamic control at high temperature or low
concentration [25]. The interpenetration creates more stable structures relative to
their non-interpenetrating analogues due to increase of crystal density and reduc-
tion of void space. Therefore, an increase in the degree of interpenetration tends
to stabilize network structures. The consequence of this behavior is the increase of
the accessible pore space inside the kinetically assembled networks, which could
be beneficial for several applications, such as gas storage and separation. However,
the fine balance between stability and porosity needs to be carefully controlled to
achieve the desired material. Recently, this concept was applied to the synthesis of
Fe-bpdc (bipy = biphenyl-4,4′-dicarboxylate) MOFs [26].

Other methods for the control of reaction pathways during coordination polymer
synthesis have been reported. The most common approach is simply changing the
reaction temperature to produce different network polymorphs. Cheetham et al.
reported that they could obtain five structures from an identical starting mixture
of Co(OH)3 and succinic acid by running the reaction at five different temperatures
[32]. In another example, a one-dimensional (1D) coordination polymer was formed
by kinetical trapping of the reaction mixture of ZnI2 and pyrimidine [33]. These
results highlight the tendency of kinetically assembled networks to contain larger
internal voids and exhibit lower density [34–39].

Another important feature of kinetic assembly is the creation of interactive sites
within the structure [40, 41]. Since this process halts the network formation before it
can reach a thermodynamic equilibrium by trapping metastable intermediate states,
the resultant structures could contain “under-reacted” sites. In contrast, the ther-
modynamic structures typically have minimal latent reactivity and therefore are
comparatively inert.

Figure 12.1 shows the schematic difference between thermodynamic and kinetic
assemblies. In the former situation, the coordinating groups on the linkers and
open sites around the coordination sphere of metal centers are fully paired up.
Whereas in the latter case, some connecting sites remain unoccupied, resulting in
pore environments that can interact with guest molecules.

In the following section, wewill describe how interactive pores can be obtained by
kinetic assembly and discuss their applications. In particular, wewill demonstrate the
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Fig. 12.1 Example of kinetic and thermodynamic assemblies of coordination networks. Repro-
duced by permission of The Royal Society of Chemistry

use of interactive sites inside networks to stabilize and crystallographically visualize
highly reactive elemental allotropes.

12.1.3 Kinetic Assembly of Coordination Networks Using Zn
Units

Kinetic assembly facilitates properties that are useful for creating functional mate-
rials, such as interactive pore sites and open non-interpenetrating structures. We
developed the rapid synthetic method for kinetically controlled assembly of coor-
dination networks [42]. This approach involves simple mixing of metal precursors
(nodes) and organic ligands (linkers) in solution, which results in instantaneous reac-
tion and network crystallization. In our first attempts, we used 2,4,6-tri(4-pyridyl)-
1,3,5-triazine (TPT; Fig. 12.2) as a tridentate ligand.

When a nitrobenzene/methanol solution containing TPT was mixed with a
methanol solution of ZnBr2, a crystalline powder composed of micrometer-sized
(<10 μm) uniform particles precipitated instantly (~30 s). The PXRD pattern of
the crystalline powder indicated that the formation of a coordination network had
occurred. The crystal structure was determined by ab initio PXRD analysis, which
determined that it had the molecular formula of [(ZnBr2)3(TPT)2] and was isostruc-
tural with a related ZnI-based network, [(ZnI2)3(TPT)2]. The structure of the iodide
analogue contained a large flexible channel capable of reversible guest uptake and
release in the crystalline state (Fig. 12.2) [42].

The structure of the kinetically assembled network was different from a poly-
morph formed under thermodynamic control. The thermodynamic network obtained
by the layer diffusion method, [(ZnBr2)3(TPT)2], had 1D channels formed by π–
π stacking of TPT (Fig. 12.2, left). This material exhibited a greater number of
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Fig. 12.2 Kinetic and thermodynamic control of network formation from ZnBr2 and TPT.
Reproduced by permission of The Royal Society of Chemistry

intramolecular interactions in its structure than the kinetic analogue. The thermody-
namic/kinetic product assignment of these structures is consistent with their synthetic
procedures—rapid crystallization resulted in a kinetic material, whereas the slower
thermally equilibrated reaction gave the thermodynamic network. Moreover, the
rapidly precipitated product can be converted to the more stable network by heating
the crystalline powder, as determined by PXRD and differential scanning calorimetry
(DSC), which provides additional evidence for the relative stabilities of the twomate-
rials. The PXRD measurements showed that the phase transformation of kinetically
assembled network to the thermodynamic analogue occurred at 553 K. The DSC
curve of the kinetical product showed an exothermic peak (40.10 kJ/mol) centered
at 553 K, which was about three times larger than that for the other network. These
results indicate that the rapidly synthesized network is a metastable state. Therefore,
this type of synthetic method is convenient for producing kinetic phases. However,
because the resultant products are often isolated asmicrocrystalline powders, ab initio
PXRD analysis is the most suitable structure determination method for kinetically
assembled coordination networks.

The rapid precipitationmethodwas also applied with ZnI2 metal connector.When
anitrobenzene/methanol solution ofTPTwasmixedwith amethanol solution ofZnI2,
a crystalline powder quickly appeared. The crystal structure determined by ab initio
PXPD analysis showed that it consisted of doubly interpenetrating 10,3-nets with the
formula [(ZnI2)3(TPT)2] [43, 44]. In the network, the Zn atom is coordinated by two
nitrogen atoms from TPT linkers and two iodides. This type of structure has been
reported previously [42].

The interpenetrating network obtained under kinetic control, [(ZnI2)3(TPT)2],
exhibited anunusual crystalline-to-amorphous-to-amorphous-to-crystalline (CAAC)
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Fig. 12.3 a PXRD patterns of the kinetically assembled, interpenetrating network [(ZnI2)3(TPT)2]
at different temperatures. It shows a crystalline-to-amorphous phase transition at 473 K and an
amorphous-to-crystalline phase transition at 573 K. (Middle) b Rietveld refinement of the saddle
network. c, d Crystal structures of the saddle network, [(ZnI2)3(TPT)2] with pore dimensions.
Reproduced with permission of the American Chemical Society

phase transition upon heating [44–46]. The metastable state was converted to more
stable states with increasing temperature. The microcrystals of the kinetic inter-
penetrating network were heated from 300 to 673 K and monitored by in situ
synchrotron PXRD and TG-DSC. The diffraction showed crystalline-to-amorphous
and amorphous-to-crystalline phase transitions at 473 and 673 K, respectively
(Fig. 12.3a). Recently, we found that there are in fact two distinct amorphous phases
occurring between the initial and final crystalline states. Therefore, the entire trans-
formation sequencewas denoted asCAACphase transition. These types of transitions
are rare in porous coordination networks. The closest related example was observed
in some zeolitic imidazole frameworks (ZIFs), which underwent a two-step CAC
transition [47–49].

The newcrystalline state obtained byheating of the amorphous phasewas different
from the initial network structure and was thermally stable up to 673 K. The crystal
structure was unambiguously determined by ab initio PXRD analysis, which showed
that it has retained the molecular formula of [(ZnI2)3(TPT)2] (Fig. 12.3). In this new
network, two TPT ligands are connected through two ZnI2 units forming a “saddle”
structure, which extended along the b-axis as 1D chains, thus, it was denoted as a
“saddle network” (Fig. 12.3a–d). Adjacent chains are held together by intermolecular
π–π interactions between stacked pyridyl and triazine rings along the c-axis giving
rise to non-interpenetrating 1Dchannelswith the dimensions of 6.2×8.5Å.Due to its
high thermal and structural stability, the saddle network could be used to encapsulate
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Fig. 12.4 (Top) Crystal
structure of I2-encapsulating
saddle network,
I2@[(ZnI2)3(TPT)2].
(Bottom) Interaction of the
guest I2 with the ZnI pore
sites. Reproduced by
permission of The Royal
Society of Chemistry

guests by liquid–solid and gas–solid inclusion reactions. The isostructural network,
[(ZnBr2)2(ZnCl2)(TPT)2], was obtained by the solid–liquid interface reaction [50].

The structural transformation in the CAAC phase transition involves unlocking of
the initial interpenetrating (10,3)-b network and its rearrangement into a 1D chain.
First, guest removal and shrinking of the network occurs, followed by the opening of
the 3D nets through cleavage of coordination bonds. After the chain rearrangement
and the bond re-formation, the saddle network is obtained.

This type of thermal annealing can produce highly crystalline materials that are
commonly used as ceramics and zeolites. This method was also applied to ZIF
networks.WhenZIF-4 ([Zn(im)2], im= imidazolate) was heated at 573K, it changed
to an amorphous phase, and further heating at 673 K produced another crystalline
ZIF polymorph with different topology. The structure of the amorphous phase was
a SiO2 glass-like structure confirmed by pair distribution function analysis [47].

An important feature of the saddle structure is that the terminal iodide coordinating
to Zn(II) faces into the pore (Fig. 12.3a–d). A guest molecule that enters the channel
could interact with these iodide sites. For example, iodine can be physisorbed into
the network, facilitated by halogen–halogen interactions (Fig. 12.4) [51]. The near-
linear geometry between the network iodide and the guest I2 molecules indicates
a typical halogen–halogen interaction between positive (σ-hole) and negative sites
(unpaired electrons) [52].

12.1.4 Interactive Pores in the Saddle Structure

Because the pores in the saddle network are decorated with terminal iodide groups
creating interactive sites, they can be used for host-guest related applications, such
as I2 encapsulation. Due to this feature, the open structure was expected to function
as a crystalline molecular flask, which could be used to monitor chemical reactions
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directly by X-ray analysis [53–61]. Therefore, we decided to use the crystalline
powder of this network for this role and selectively trap metastable and reactive
species [62].

The small sulfur allotropes, Sn (n < 6), are unstable and cannot be isolated from
the allotrope mixture either in the gas phase or in a solid Ar matrix [63–65]. These
sulfur species are highly reactive and readily condense into heavier allotropes under
ambient conditions. Therefore, their structures cannot be determined directly by
X-ray diffraction. To overcome this issue, we trapped these unstable species inside
a crystal matrix using the crystalline molecular flask method. We used interactive
pore sites in the saddle porous coordination network, [(ZnI2)3(TPT)2], where the
pore facing iodide groups could interact with the guest sulfur atoms and stabilize the
reactive species.

Sulfur was encapsulated in the saddle network structure by vapor diffusion at
533 K under vacuum for 6 h. Under these conditions, the gaseous sulfur and the
host network were fully equilibrated. After this treatment, the pale-yellow network
powder turned bright yellow accompanied by change in the PXRD pattern. The
changes in the peak positions and their relative intensities suggested that sulfur was
successfully encapsulated into the network pores (Fig. 12.5).

Herein, we describe the structure determination procedure for the sulfur species,
which were identified by ab initio PXRD analysis. After sulfur encapsulation, the
crystal system of the network changed fromPccnwith a= 30.690Å, b= 12.775Å, c
= 13.5826 Å to Pn with a= 30.690 Å, b= 6.595 Å, c= 12.824 Å, β = 91.558°. The
structure of the sulfur-encapsulating network was solved by ab initio PXRD analysis
using synchrotron data. First, the structure was solved using the model of the original
network and several combinations of individual sulfur atoms to obtain the initial
structural information about the possible sulfur allotropes. All solutions showed the
presence of a S3 moiety inside the pore of the coordination network. Using a S3
model obtained from rotational spectroscopy experiments, [66] the ab initio PXRD
analysis was repeated. The structure was further refined by the Rietveld method
using the S3-encapsulating model with soft restraints for the geometrical parameters.

Fig. 12.5 RXPD pattern of
the saddle network, a before
sulfur encapsulation,
b S3-encapsulating network,
c S6-encapsulating network,
and d sulfur
polymer-encapsulating
network. Reproduced with
permission of the American
Chemical Society
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The good agreement between the experimental and calculated diffraction patterns
indicated that the structure was correct. The X-ray diffraction analysis and elemental
analysis revealed that discreet S3 species were selectively trapped in the network
pores (Fig. 12.6).

This example represents the first crystal structure determination of a reactive sulfur
allotrope smaller than S6. The open-triangle C2v structure of the observed S3 agreed
well with structures obtained by rotational spectroscopy [66]. The sulfur molecule in
the pore was disordered over two positions. Notably, the short interatomic distances
between sulfur and iodide in the major component of S3 were 3.1 and 3.3 Å, which
were considerably shorter than the sum of their van derWaals radii (3.8Å), indicating
a strong interaction between them (Fig. 12.7). It was postulated that this interaction
enabled the encapsulation and stabilization of, otherwise, reactive S3 molecule.

The presence of S3 in the pores was additionally confirmed spectroscopically
from the characteristic shoulder peak in the vibrational spectrum at about 680 cm−1,
which corresponds to the S3 asymmetric stretching. The encapsulated sulfur species
exists in a neutral state, which was determined by the assignment of IR peaks and
lack of a signal in the electron spin resonance spectrum.

Fig. 12.6 Ab initio PXPD
analysis of the
S3-encapsulating network.
a Rietveld refinement and
b–e crystal structure of the
S3-encapsulating network.
Reproduced with permission
of the American Chemical
Society
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Fig. 12.7 Interaction of S3 with interactive pore sites. The distances betweenS and I show important
interactions. Reproduced by permission of The Royal Society of Chemistry

The S3 encapsulated in the pores was remarkably stable because of the inter-
action with the pore facing iodide sites (Fig. 12.7). The PXRD pattern of the S3-
encapsulating network powder did not change significantly over 3 months of the
exposure to ambient atmosphere. Thermogravimetric analysis of the host-guestmate-
rial showed a weight decrease at temperatures above 500 K, which indicated that
sulfur evaporation from the pores occurred at higher temperatures. Furthermore, the
S3 molecule inside the network was found to be inert to photo-irradiation oxidation
conditions. These results further highlight the remarkable stabilization of the S3, an
analogue of ozone, inside the interactive pores of the saddle network.

Nevertheless, the encapsulated S3 exhibited a unique reactivity. When the crys-
talline network powder was heated with NH4Cl at 473 K for 6 h under vacuum,
the PXRD pattern changed, indicating a structural transformation. The crystal struc-
ture determined by ab initio PXRD analysis showed that there were now 0.5 S6
molecules in each pore (Figs. 12.5 and 12.8). The product of this transformation was
six-membered rings with a chair conformation, which is characteristic of discrete S6
molecules [63]. This result suggests that the S3 in the pores dimerized to produce S6
as follows:

S3 + S3 → S6

In the crystal structure, the encapsulated S6 also interacts with network iodide as
evidenced in the interatomic distances between sulfur and iodide (3.1 and 3.4 Å),
which are shorter than the sum of their van der Waals radii (3.8 Å). The close prox-
imity between S6 and iodide indicates the presence of strong host–guest interaction,
similar to the S3. S6 itself cannot enter the pore from outside because the diam-
eter of the opening aperture is too small. Therefore, the only way to encapsulate S6
is a ship-in-a-bottle approach [67] starting from smaller sulfur allotropes, like S3.
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Fig. 12.8 Ab initio XRPD snapshots of the transformation of S3 to S6. Reproduced by permission
of The Royal Society of Chemistry

However, the S3 dimerization could not be achieved by simple heating, and NH4Cl
was required to catalyze the transformation.NH4Cl is an impurity remaining from the
ligand synthesis and acts as proton donor (Scheme 12.1) [68]. It is proposed that the
hydrogen-bonding brings the sulfur trimers closer together allowing for cyclization
to take place. Furthermore, the same structural transformation could be induced by
mechanical action when grinding the S3-encapsulating network powder, indicating
the flexibility of the saddle structure.

Interestingly, this transformation could be reversed by excitation at 365 nm, fully
recovering the starting S3 molecules. This result indicates that inside the pore, S3 is
more stable toward light irradiation than S6 (Fig. 12.8).

Overall, the interactivity of the pores was the key for efficient trapping of small
sulfur allotrope and its conversion, helping to uncover the chemistry of these rare
sulfur species.

Scheme 12.1 Transformation of 2S3 to S6 catalyzed by NH4Cl
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12.1.5 Encapsulation of Reactive Molecules, P4 and Br2

In addition, we used the saddle network to capture and stabilize other reactive
elemental species, namely P4, also known as white phosphorous, and Br2 [69, 70].
Phosphorus tetramer was encapsulated into the pores using phosphorus vapor created
by heating red phosphorus. The P4 trapping was confirmed by X-ray diffraction, as
shown in Fig. 12.9. This species was stabilized by weak interaction with the pore
walls and was stable under air at 300 K. This means that this network can be used as
a versatile P4 container. The removal and re-trapping processes could be repeated,
which is important for themolecular flask reusability. The presence of interactive sites
inside the coordination network was demonstrated to be, once again, crucial for effi-
cient trapping and release of reactive species. As a result, chemically and thermally
robust porous networks can be used as facile and reusable reagent containers.

Fig. 12.9 Crystal structures (ORTEP plots, 50% probability) of single-crystal P4@network 1 at
100 K: a view along b-axis, b view along c-axis, c pore description green dotted lines show interac-
tions, d interaction between P4 and iodides. Color codes: C, gray; N, blue; P, orange; Zn, pale-blue;
and I, purple. Reproduced by permission of The Royal Society of Chemistry
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12.1.6 Br2 Encapuslation

To further investigate the trapping ability of the saddle network, we performed
bromine encapsulation to determine whether Br2 can be safely stored inside [70].
During this investigation, it was found that instead of just simply encapsulating Br2
through physisorption, the oxidation of coordinated iodide had occurred, producing
I2. Furthermore, this reaction caused the displacement of iodide by bromide in the
coordination sphere of Zn(II), giving rise to the ZnBr-based network containing I2
as a guest:

[
(ZnI2)3(TPT)2

] + 3Br2 → [
(ZnBr2)3(TPT)2(I2)

] + 2I2

The new structure was confirmed by ab initio PXRD analysis (Fig. 12.10). The
trapped I2 showed strong interactions with the pore of the ZnBr network.

Additional evidence for the presence of I2 inside the network was provided by
Raman spectroscopy [71–73]. The Raman spectrum showed sharp peaks at 174
and 194 cm−1, corresponding to I2 encapsulated in the pore and I2 attached to the

Fig. 12.10 Experimental (red), calculated (black), and difference (blue) PXRD profiles from the
final Rietveld refinement of the I2@[(ZnBr2)3(TPT)2]. Crystal structure: b view along the c-axis.
I2 (occupancy 0.5) occupies two symmetrically related positions. c View along the b-axis. Color
codes: C, gray; N, blue; Zn, pale-blue; I, purple; and Br, brown. Reproduced by permission of The
Royal Society of Chemistry
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surfaces of crystals, respectively. The presence of surface-confined iodine could not
be avoided because the reaction produces two additional equivalents of I2 which
escapes the pores. The elemental analysis results determined the chemical formula
of the network product to be [(ZnBr2)3(TPT)2(I2)](I2-surface)0.67. The iodine loading
was also quantified by TGA, which showed a two-step weight loss. The first step
corresponds to desorption of I2 from the particle surface, whereas the second one
corresponds to the loss of I2 from the pores. The overall weight decrease below
575 K was approximately 25.3%, which agrees with the total iodine content (24.6%)
calculated from the molecular formula, [(ZnBr2)3(TPT)2(I2)](I2-surface)0.67. The I2 in
the pore interacts with the Br− sites of the network. The I· · ·Br distance is 3.61 Å,
which is shorter than the sum of the individual van der Waals radii of I and Br
(3.75 Å) [74]. Also, the I–I–Br angle is 153° (non-linear), indicating mainly aπ-type
interaction combined with some contribution of σ-type interactions. The appearance
of absorption band at 280 nm can be attributed to a strong charge-transfer interaction
between Br− and I2. This band was not clearly observed in the [(ZnI2)3(TPT)2]
network containing encapsulated I2, indicating that only σ-type interactions occur
between I− sites of the network and the guest I2. The brominated network shows
significantly stronger affinity for I2 because of the additional contribution of π-
interactions which are absent in the iodine analogue.

This post-synthetic modification of the pore is due to the strong oxidative ability
of Br2. The oxidation potential of Br2/Br− redox couple is 1.087 V versus SHE,
which is higher than that for the I2/I− couple, 0.54 V versus SHE. Therefore, the
encapsulated of Br2 readily oxidizes the constituent I− to give I2. This type of post-
synthetic reaction is the first example of redox induced ligand transformation, which
results in a network component replacement. The resulting poremodification enables
the dramatic changes in the properties of interactive sites by switching from I− to
Br−.

Furthermore, thermal treatment of the I2 encapsulated ZnBr network led to the
guest removal affording an activated structure.When the I2 loaded [(ZnBr2)3(TPT)2]
networkwas heated at 573K, the powder turnedwhite,which is a sign of the release of
I2 molecules from the pores. The ab initio PXRD structural analysis of the remaining
white powder revealed it to be isostructural with the starting [(ZnI2)3(TPT)2] network
(Fig. 12.11). The pore window of the bromine structure is 2.6× 4.6Å, which is larger
compared to the iodide analogue because of the smaller ionic radius of Br− relative
to I−. The halide replacement retained the overall saddle-type network structure and
preserved the topology. The same structure could not be obtained starting directly
from ZnBr2 and TPT, either using a solution-phase synthesis or by crystallization
from vapor. In both cases, the interpenetrating network was the predominant product.
As a result, the only available synthetic route toward the [(ZnBr2)3(TPT)2] material
is through oxidative encapsulation and ligand replacement with Br2. The resultant
bromide network was found to be stable up to 673 K under N2, as confirmed by TGA
measurements.

Due to the presence of Br− ions as interactive pore sites, the trapping of Br2 was
attempted. For these experiments, the Br2 vapor diffusion was also performed under
the same conditions as those used for the Br2 encapsulation into [(ZnI2)3(TPT)2].
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Fig. 12.11 Crystal structure of [(ZnBr2)3(TPT)2]: a view along the b-axis, b view along the c-axis.
Crystal structure of Br2@[(ZnBr2)3(TPT)2]: c view along the c-axis, d view along the b-axis. Green
dotted lines show interactions. e Linear interactions between Br2 and Br− ions. f Perpendicular
interactions between Br2 and Br− ions. Color codes: C, gray; N, blue; Zn, pale-blue; and Br, brown
and red to distinguish disordered molecules. Reproduced by permission of The Royal Society of
Chemistry

After the vapor exposure the bromide network powder changed color from white
to yellow accompanied by the change in the PXRD pattern. The ab initio PXRD
structural analysis of the resultant yellow powder revealed that the material has
retained its basic ZnBr network structure while also incorporating the disordered
Br2 guests. These were physically adsorbed into the pore, strongly interacting with
the network bromide groups. The observed Br· · ·Br distances were 3.44, 3.55, and
3.22 Å, shorter than the sum of the van der Waals radii of Br (3.70 Å). One of the
disordered Br2 molecules exhibits an almost linear geometry (Fig. 12.11e), which is
an indication of σ-type halogen–halogen interaction. In contrast, the other disordered
Br2 assumes an almost perpendicular geometry (Fig. 12.11f), a telltale sign of a π-
type interaction featuring an elongated Br2 bond (2.38(14) Å) [75]. Therefore, both
σ-hole and π-orbitals-based interactions can occur between the guest Br2 and the
host Br−. These results highlight the diversity of halogen bonding types that are
possible inside the interactive pores, which presents an opportunity to generate and
study unusual polynuclear halide species that cannot exist outside.
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12.1.7 Kinetic Assembly Using a Labile CuI Unit

The success of S3 encapsulation prompted us to designmaterials that contain intrinsic
interactivity within their pores using the principles of kinetic assembly. To produce
coordination networks under kinetic control, we employed labile metal connectors.
If a metal can readily exchange ligands under the reaction conditions, usually in
solution, it may generate several species during network formation because of the
presence of several intermediate metal complexes. In particular, labile multinuclear
metal clusters could give rise to multiple species existing simultaneously in solution.
However, in most metal ions the intermediate state geometries are predictable, which
limits the number of easily accessible structures for the network metal connectors.

Therefore, to demonstrate the kinetic control for network formation,we decided to
utilize labile metal connectors instead of commonly used metal ions [41, 76]. These
were combined using a rigid, highly symmetric ligand to produce structurally robust
networks. For this study, [Cu4I4(PPh3)4] was selected as a suitable metal precursor,
because its central Cu4I4 cubane core is kinetically labile in solution and can be
readily converted into other copper iodide clusters [77, 78]. For the ligand, tetra-4-
(4-pyridyl)phenylmethane (tppm) was used, which possesses all the required charac-
teristics, namely structural rigidity, thermal stability, and tetrahedral symmetry. Upon
heating a suspension of [Cu4I4(PPh3)4] and tppm inDMSO in air at 453K for 30min,
a homogenous colorless solution was obtained. Depending on the cooling rate, two
kinds of network crystals could be obtained. Rapid cooling (ca. 20 K min−1, kinetic
assembly) exclusively produced yellow needles with the formula [(CuI)2(tppm)] in
99% yield. In contrast, slow cooling (ca. 3 K min−1, thermodynamic assembly)
resulted in the formation orange prisms with the formula [(Cu2I2)(tppm)] in 95%
yield. Although these two networks had the exact same chemical composition, their
connectivity and topology were markedly different. Therefore, these materials could
be considered as structural isomers (Fig. 12.12).

The single-crystal structure analysis of the kinetic isomer revealed that CuI helical
chains bridged by tppm ligands formed a non-interpenetrating porous network along
the c-axis, where each Cu(I) ion is coordinated by two nitrogen atoms of tppm ligand
and two bridging iodide groups. The helical chain network has 1D channels with
pore windows of 5.8 × 5.5 Å and a 35% void space (without solvent) in the unit cell
volume. The most important feature of this structure is that the bridging iodide in
the connecting cluster faces into the 1D channel, and therefore can act as interactive
pore site (Fig. 12.12a, c, e).

The crystal structure analysis of the thermodynamic isomer on the other hand,
revealed that it has a quadruply interpenetrating network consisting of Cu2I2 dimer
units and tppm ligands. The structure is a 4,4-connected grid with the PtS topology
if the Cu2I2 dimer units are considered as square-planar sites and the central carbon
atom of tppm as a tetrahedral node. In addition, this network contains 1D channels
with pore windows of 4.0 × 3.9 Å and a 22% void space in the unit cell volume. The
iodide groups in the Cu2I2 dimer are obscured by tppm ligands from the interpene-
trating nets, which is different from the kinetic structure. As a result, the channels
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Fig. 12.12 Crystal structure of a, c, e kinetically assembled network, [(CuI)2(tppm)] and b, d,
f thermodynamically assembled network isomer, [(Cu2I2) (tppm)]. Reproduced with permission of
John Wiley and Sons

in the thermodynamic network are not decorated by the interactive iodide sites, and
thus are relatively featureless (Fig. 12.12b, d, f).

The helical isomer can be converted to the dimer isomer by heating the powder
in DMSO at 373 K for 1 day. This result confirms the kinetic nature of the helical
network. On the other hand, the dimer network was found to be thermodynamically
stable in a DMSO solution up to the decomposition temperature of DMSO.

The crystals of kinetic network exhibit higher stability in the solid state compared
to solution. TGA showed that the decomposition temperatures of the two isomers
were above 673 K under nitrogen atmosphere. More importantly, both networks
crystals retained their crystallinity and porosity even after desolvation. It can be
concluded that in solid state there is a very high energy barrier for the conversion
of helical isomer into dimer structure. Due to this remarkable stability, the kinetic
product could be suitable for practical solid-state applications.

To elucidate the properties of interactive pore sites, I2 sorption experiments were
performed on both solvated and desolvated networks. The sample crystallinity was
retained after the I2 exposure. Single-crystal structure analysis showed that the pores
of the kinetic network encapsulated I2 via chemisorption mechanism converting I−
groups in the connector units into linear I3− (Fig. 12.13a, b). In contrast, the ther-
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Fig. 12.13 Crystal structure of a, b chemisorption of I2 (I2@[(CuI)2(tppm)]) and c, d physisorption
of I2 (I2@[(Cu2I2)(tppm)]). Reproduced with permission of John Wiley and Sons

modynamic network only displayed physisorption of I2 (Fig. 12.13c, d). The crystal
structure analysis revealed that the I2 molecules are arranged linearly along the 1D
channels and are highly disordered, which is similar with I2 physisorption in an
organic zeolite and a phosphazene crystal [79, 80]. These results clearly demon-
strate the importance of interactive pores in facilitating the chemical bond formation
between bridging iodides and guest I2.

Remarkably, even though I2 formed chemical bonds with the pores of helical
network, its desorption temperature was unexpectedly lower than for the physisorbed
I2 inside the dimer network. This behavior was attributed to the steric repulsion
between adsorbed I2 molecules and the framework backbone. In particular, the
pyridyl ring rotation is expected to become more rapid with increasing temperature,
which would cause the collisions with the I3− units leading to their displacement.

I2 sorptionwas also investigated in solution byUV–Vis spectroscopy. The kinetics
of I2 sorption in cyclohexane solution revealed two distinct stages. Initially, a first-
order sorption process is observed, suggesting physisorption, followed by a second-
order sorption process, indicative of chemisorption.

The mechanism of kinetic network formation was investigated by nuclear
magnetic resonance (NMR) spectroscopy. The NMR study revealed that oxygen
is essential for the reaction. In anaerobic conditions, no network formation was
detected. The NMR results helped to elucidate the mechanism. First, the PPh3
group in the starting material, [Cu4I4(PPh3)4], is removed by oxidation to produce
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a vacant copper site and O = PPh3. Second, DMSO rapidly occupies the coor-
dinatively unsaturated site to generate a solvated CuI monomer at 453 K. Then,
a tppm ligand coordinates to the resultant CuI monomer to generate the interme-
diate species, [(CuI(DMSO)2)4(tppm)]. The kinetic network can be crystallized from
this intermediate complex by rapid cooling of the reaction mixture. The outlined
kinetic assembly process is a powerful method for creating interactive pore sites in
coordination networks.

12.1.8 S2 Trapping in Thermodynamically Assembled
Network

Because thermodynamic network has small pores, it can be particularly suitable for
small sulfur allotrope encapsulation, similar to the studies described in Sect. 12.1.4.
The small pore size cannot accommodate sulfur clusters larger than S3, and it was
expected to predominantly encapsulate disulfur, S2. This favorable characteristic
prompted us to conduct an in-depth study into sulfur encapsulation in the dimer
network [81].

Sulfur was encapsulated from the gas phase by the kinetic trapping method, in
which only sulfur vapor was present in the glassware while the network was kept at
room temperature to create a temperature gradient (as described in Sect. 12.1.9).

X-ray structure analysis of the sulfur-containing network revealed that S2
molecules were physisorbed at two different sites inside the channel: (i) Highly
disordered along the length of the channel and (ii) within small cavities adjacent to
the Cu2I2 units (Fig. 12.14).

Only the physisorption of S2 was observed in the pore because of the steric
hindrance around the iodide sites. The small size and linear shape of the 1D chan-
nels selectively trapped S2 molecules and prevented further growth of larger sulfur
allotropes. The presence of sulfur dimers in the network was confirmed by Raman
spectroscopy at room temperature. A new band appeared at 728 cm−1 corresponding
to the S2 symmetric stretchingmode. The encapsulated sulfur species remained stable
inside the network up to 500 K because of the confinement effect of the pore.

The fact that the S2 was detected in the pores implies that gas-phase sulfur incor-
poration in other porous networks proceeds predominantly via the sulfur dimers.

Fig. 12.14 Crystal structure
of a desolvated CuI network,
[(Cu2I2)(tppm)] and
b S2-encapsulating
[(Cu2I2)(tppm)].
Reproduced with permission
of the International Union of
Crystallography
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This is consistent with the fact that the largest fraction of the gaseous sulfur is in its
dimer state [65]. Therefore, S3 encapsulation in the saddle [(ZnI2)3(TPT)2] network
likely occurred via a ship-in-a-bottle cluster assembly. First, S2 (disulfur) molecules
enter the pores of the network and then are converted to S3 (trisulfur) due to its higher
stability. Since the encapsulation is conducted under the equilibrium conditions, it
is difficult to determine the exact mechanism of disulfur molecule conversion. To
observe these processes, the guest molecules should be kinetically trapped before
the equilibrium state is reached. To achieve this, iodide sites could act as suitable
interactive sites to capture small sulfur species and prevent their aggregation. To
explore this possibility, we employed of kinetically assembled helical CuI network
with interactive pores, as discussed in Sect. 12.1.7.

12.1.9 X-Ray Snapshots of the S2 Conversion Inside
an Interactive Pore

As mentioned in Sect. 12.1.4, pores lined up with interactive iodide sites could
serve as efficient traps to stabilize and visualize small sulfur species. Furthermore,
in Sect. 12.1.4, we also described sulfur encapsulation into the saddle ZnI network
performed under equilibrium conditions. Elemental sulfur and the network powder
were kept at 533 K under vacuum for 6 h to encapsulate sulfur gas. Because of
the equilibrium conditions, it was difficult to determine the conversion mechanism
before the sulfur species reached their equilibrium state inside the network pores. To
overcome this limitation, kinetic trapping of small metastable sulfur allotropes was
used to observe their conversion in the pore.

TheCuI helical networkwas used for the trapping experiments due to the presence
of interactive iodide sites where the sulfur transformation could occur. Unlike earlier
encapsulation experiments, the sulfur trapping into the helical structure was carried
out under kinetic conditions. Elemental sulfur and the desolvated network powder
were placed at well-separated locations in a zig-zag glass tube, followed by sealing
it under vacuum (~10–6 Torr). The sulfur side of the tube was heated to generate the
sulfur vapor, while the network sidewas kept at the room temperature creating a sharp
temperature gradient. This arrangement enabled the gaseous sulfur molecules to be
trapped kinetically by the porous material. After the reaction was complete, single-
crystal X-ray diffraction was performed on the resultant sample sequentially at 250,
300, 350, and again 250 K. The analysis of these diffraction patterns revealed the
structure of transient small sulfur allotropes. The initial structure at 250 K showed
the presence of two types of physisorbed guests in the network channels, S2 and
bent-S3 species. Upon increasing the temperature to 300 K, the crystal structure
analysis revealed the formation of cyclo-S3 chemisorbed to the bridging iodide sites
in addition to bent-S3 and cyclo-S3, both physisorbed in the channels. A theoretical
investigation showed that the stronger interacting cyclo-S3 species should be in its
dicationic state, cyclo-S32+. Further heating to 350 K resulted in the opening of the
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cyclic trimers to give two kinds of bent-S3 species, one still bound to the network
iodide sites and the other physisorbed inside the pore.

From these X-ray diffraction experiments, a tentative reaction mechanism for the
temperature-induced interconversion of sulfur species inside the helical CuI network
is proposed. First, S2 is kinetically trapped by rapid absorption into the pore and then
partially transformed into bent-S3 structure. Since the dimer was only detected at
250 K, it is a strong indicator that this allotrope is the starting point for the following
conversion reactions. Second, on heating, S2 converts to a number of trimeric species,
namely chemisorbed cyclo-S32+ and physisorbed cyclo-S3 and bent-S3. After that,
the cyclic forms underwent a ring opening to produce more stable bent-S3 species
(Fig. 12.15). Despite the kinetic nature of the experiments, the X-ray analysis results
were generally reproducible.

Fig. 12.15 Pore description in crystal structure of a the CuI helical network, [(CuI)2(tppm)],
b helical network after sulfur encapsulation at 250 K, c 300 K and d 350 K. e The crystal structure
of sulfur-encapsulating helical network showing parts of {CuI} unit and sulfur species. At 250 K,
physisorbed S2 and bent-S3 were observed (left), at 300 K, chemisorbed cyclo-S32+, physisorbed
cyclo-S3 and bent-S3 were observed (middle), and at 350 K, bent-S3 was observed. Blue arrow
indicates the time course of the measurements showing molecular transformation mechanism from
S2 to bent-S3 species. Atoms coloring: Cu, orange; I, purple, S, yellow, red, green, pink and cyan
to distinguish disordered molecules. Reproduced with permission of the International Union of
Crystallography
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12.1.10 Identifying Cyclo-S3 Species in the Pore

Theoretical calculations predicted that cyclo-S3 is less stable than bent-S3, yet ener-
getically accessible. However, its experimental observation had never been reported
before. Hoffman used DFT calculations to show that the neutral form of cyclo-S3
is 5.6 to 9.3 kJ/mol less stable than bent-S3, depending on the calculation method
[82]. Therefore, the cyclic form was predicted to be a metastable state. Indeed, the
interactive pores were able to temporarily trap cyclo-S3 as an intermediate species.
This result represents the first structure of a cyclic S3 allotrope determined using
single-crystal X-ray diffraction. The cyclo-S3 was stabilized through a chemical
bond formation to create an I-(cyclo-S32+) complex. Furthermore, the dication of the
cyclic trimer is the isoelectric state to a cyclo-SiS2 molecule isolated by matrix isola-
tion, supporting the possibility of cyclo-S32+ existence [83]. The structural analysis
of the metastable sulfur allotrope trapped by the pore of the coordination network
opens up new avenues for producing and characterizing unusual sulfur species.

12.1.11 Theoretical Investigation of Sulfur Allotropes
in the Pores

The ability of interactive pore sites to trap and stabilize small sulfur allotropes was
investigated using theoretical calculations. Since both physisorbed and chemisorbed
S2 species appeared in the same structure, the energetics of the chemisorption process
and electronic spin changes were evaluated. To obtain this information, the energy
of the I−· · · S–S complex was calculated.

In a triplet electronic state, the S2 molecule is only physisorbed onto the iodide.
The interaction energy of this intermolecular interaction was calculated to be
−29.2 kJ/mol with the I–S bond order of 0.1294. As a result, this intermolecular
interaction cannot be considered as a covalent bond and is more similar in strength
to a halogen bond. The formation of this weakly interacting complex involves charge
transfer from the iodide primarily to the furthest sulfur atom.The equilibriumdistance
for this interaction is 3.317 Å and the resultant species has a bent geometry with a
I· · ·S–S angle of 127.5°.

On the other hand, in the singlet electronic state (Table 12.1 and Fig. 12.16), the
S2 molecule is chemisorbed onto the iodide. In the process, a covalent I–S bond is
formed with a bond order of 0.9293 and the bond distance of 2.602 Å. The geometry
of chemisorbed complex is also bent, with an I–S–S angle of 112.5°. In addition,
there is a considerable charge transfer from the iodide to the sulfur atoms. The I–S–S
Mulliken charges are −0.372, −0.144, and −0.484, respectively. The distant sulfur
atom receives the highest negative charge. From these results, it can be concluded that
a donor-acceptor bond forms between the iodide and the sulfur atom. However, the
total energy gain in creating this intramolecular bond is only −19.4 kJ/mol, almost
10 kJ/mol less stabilizing than physisorption.
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Table 12.1 Stability and key structural parameters for the optimized I−···S2 complex in the triplet
and singlet spin states

I−···S2
Spin Triplet Singlet

Nature Physisorption Chemisorption

d(I–S) in Å 3.317 2.602

Wiberg I–S bond order 0.1943 0.9293

Fig. 12.16 Schematic of the stability of the interacting I−· · ·S2 with respect to the isolated species
in the singlet and triplet spin states. Reproduced with permission of the International Union of
Crystallography

Chemisorption is energetically less favorable than physisorption in this system
because the triplet-to-singlet spin conversion is required for this process. The relative
energies of the various (isolated, non-interacting, and interacting) systems are shown
in Fig. 12.16.

In isolation, the triplet spin state of the S2 molecule is considerably more stable
than the singlet state by approximately 94 kJ/mol. Therefore, when the sulfur gas
was produced for the encapsulation experiment, it likely mostly consisted of triplet
dimers. In the presence of the iodide groups however, both the chemisorbed singlet
and the physisorbed triplet states have similar energies. They differ by only 10 kJ/mol.
With respect to the isolated S2 triplet state, the singlet chemisorbed S2 is only
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19 kJ/mol more stable. In comparison, the singlet chemisorbed S2 state is 113 kJ/mol
more stable relative to its isolated form and is in the order of a covalent bond. These
results unambiguously explain that the lower stability and generally weaker binding
of the chemisorbed sulfur dimer compared to the physisorbed species is due to the
energy of the spin transition. Therefore, the physisorption process is more favorable
for S2 encapsulation in the pores.

In addition, the reaction pathway from the physisorbed triplet S2 to the
chemisorbed singlet S2 was examined. Figure 12.15 shows that the I–S bond forma-
tion process has an energy barrier of 15 kJ/mol. The transition state occurs at around
I−· · · S distance of 2.8 Å (Fig. 12.17).

Finally, the properties of the intermediate cyclo-S3 species were calculated. The
calculated structure of chemisorbed cylco-S32+ showed that the bond lengths in the
sulfur-iodine complex were closely matching with those determined by the X-ray
structure analysis without any geometrical constraints or restraints (Fig. 12.18).

Structural information is essential for understanding chemical reactions andmate-
rial properties. However, the difficulty in determining the structures of intermediate

Fig. 12.17 Potential energy curve of the physisorption to chemisorption transition process of a
molecule of S2 onto an iodide atom in the gas phase. Reproducedwith permission of the International
Union of Crystallography

Fig. 12.18 Geometrical parameters from X-ray analysis and theoretical calculations for
chemisorbed cyclo-S32+. Red numbers refer to the values obtained from X-ray analysis, blue
numbers refer to values obtained from the calculation of I-(cyclo-S32+). Cu, orange; I, purple,
and S, pink. Reproduced with permission of the International Union of Crystallography
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and unstable species has hampered progress in their basic understanding. Herein, we
demonstrated the advantages of using interactive pores to trap labile and unstable
species and observe their reactivities by X-ray analysis. The representative example
was the detection of metastable small sulfur allotropes and their interconversion for
the first time inside the pores of the helical CuI network. Interactive pores used
in these studies can be created by kinetic assembly of the coordination networks
from their precursors. Application of this method to monitoring of catalytic trans-
formations could lead to deeper understandings of their reaction mechanisms. These
kinds of studies are crucial for the future design and development of novel functional
materials.

12.1.12 Future Perspective

Self-assembly of coordination networks has been studied intensively by many
researchers over the past quarter century. However, while the formation of kinetic
side-products has been frequently noted, their detailed investigations have been
scarce due to low stability and poor crystallinity. We demonstrated that kinetic
assembly of porous coordination networks could be used to produce materials with
interactive pore sites. The properties of these sites largely determine the possible
applications of the kinetic materials.

One promising application for the interactive pore sites is trapping and visual-
ization of unstable species. The range of potential unstable allotropes than can be
targeted is broad and includes sulfur, phosphorus, and selenium among others. For
example, in the case of phosphorus, only it is more widely known and a more stable
form, P4, was encapsulated in the interactive pores. However, there are still no exam-
ples of stabilization and visualization of elusive dimer, P2, even though it is known
to exist at high temperatures, and has the same electronic configuration as N2. There-
fore, this phosphorus allotrope could be a highly interesting candidate for the future
encapsulation studies.

Another intriguing application is the control of transition states. If an interactive
pore could behave like an enzyme pocket, it could be used to modulate transition
states of various transformations.Achieving suchdegree of control couldopenupnew
reaction pathways that cannot be reached with the conventional methods. In addition,
interactive sites could also function as active catalytic centers, if their interactions
with a substrate lower the activation energy. Therefore, the design and construction of
the desired interactive sites from suitable metal connectors and ligands could present
and powerful approach for the development tailor-made catalysts. Some of the best
catalytic systems in existence, natural enzymes, utilize interactive sites extensively in
their functions. These systems enable unprecedented acceleration of otherwise diffi-
cult reactions, such as methane monooxygenase (MMO), which oxidizes methane
to methanol. Our ultimate goal is to develop such bio-mimetic catalysts by utilizing
interactive sites generated in kinetically assembled networks.
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In this sense, the careful design of desired interactive sites is a key step toward
buildingmaterials that mimic biological functions, particularly the ability to catalyze
reactions under mild conditions. This task will be accomplished by the judicious
development of multifunctional ligands, the selection of appropriate metal connec-
tors, and tuning the reaction parameters. However, there are still many challenges
that need to be addressed before the kinetically assembled coordination networks
could come close to reaching such a formidable goal.
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Chapter 13
Creation of Organic-Metal Hybridized
Nanocrystals Toward Nonlinear Optics
Applications

Tsunenobu Onodera, Rodrigo Sato, Yoshihiko Takeda,
and Hidetoshi Oikawa

Abstract Organic nanocrystals are occupied in an intermediate state between single
molecule and the corresponding molecular crystal in a bulk state, which are fabri-
cated in common by using the reprecipitation method. The crystal size is in the
range of several tens nanometer to sub-micrometer. In particular, linear optical prop-
erties such as excitonic absorption spectrum and fluorescence emission spectrum
are evidently dependent on crystal size, owing to thermally soften nanocrystal lattice
with increasing specific surface area. Core–shell-type hybridization between organic
nanocrystals and novel metal nanoparticles is of too much interest in current mate-
rial science. In this chapter, creation of polydiacetylene nanocrystal fibers hybridized
with gold nanoparticles will be introduced in details toward nonlinear optics applica-
tions. Polydiacetylene is typically one-dimensional π-conjugated polymer, and one
of themost promising organic nonlinear opticalmaterials. It is expected that nonlinear
optical properties would be enhanced because of peculiar optoelectronic interaction
between exciton in polydiacetylene and localized surface plasmon resonance effect
in gold nanoparticles.
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13.1 Introduction

13.1.1 Scopes of Hybridized Nanomaterials

Hybridization and/or hybrid on nanometer to sub-micrometer scales, for example,
typically polymer blends (polymer alloys), and polymer composites containing inor-
ganic fillers, is one of the most important molecule design concepts and the inter-
esting topics in current materials science and technology [1]. In these hybridized
systems, the domain size of each component and its three-dimensional distribution
in a polymermatrixwould determinemainly the final properties and function, accom-
panied with selection and combinations of component materials [2]. As a result, the
resulting physicochemical properties would become additive and/or intermediate
state in the hybridized materials. Especially, organic–inorganic hybridized materials
like polymer composites are of toomuch interest [3], because of emergence of unique
nanostructure, and of enhancement of noble physical properties and excellent func-
tions, due to peculiar couplings and interactions at an interface between organic and
inorganic components [4].

On the contrary, “hybridized nanomaterials” is on nanometer scale in overall
size, and should be essentially different from above-mentioned hybridized materials
[5]. The hybridized nanomaterials are in common comprised from metal nanopar-
ticles (NPs) [6], semiconductor quantum dots (SQDs) [7], and magnetic (or inor-
ganic oxides) NPs [8], and have recently attached great attention and interest on
nanoscience and nanotechnology. These kinds of NPs themselves provide charac-
teristic properties, e.g., localized surface plasmon resonance (LSPR) [6], quantum
confinement effect [7], giant magneto resistive effect [8], and extraordinary polariza-
tion field induced by high refractive index [9]. In addition, π-conjugated organic and
polymer nanocrystals (NCs) are also one of the candidate components in hybridized
nanomaterials [10–12].

13.1.2 Organic and Polymer Nanocrystals

Organic and polymer NCs (hereinafter, called organic NCs) are a kind of molecule
crystals, and are occupied at an intermediate state between single molecule and the
corresponding bulk crystals [10–12]. Organic NCs are usually fabricated by means
of so-called reprecipitation method and its developed and/or improved processes,
and the crystal size is located in the range between several tens nanometer and sub-
micrometers. For example, the acetone (good solvent) solution of diacetylene (DA)
monomer is quickly injected into vigorously stirred water medium as a poor solvent,
and then the formed DA NCs are solid-state polymerized to convert DA to poly-
dicetylene (PDA) by UV-irradiation [13]. Here, PDA is a typical one-dimensional
π-conjugated polymer, and is one of the most promising organic nonlinear optical
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(NLO) materials having high third-order NLO susceptibility and ultra high speed
optical response [14, 15].

As a result, one can successfully obtain well-defined PDA NCs dispersed in an
aqueous medium [10–12]. The morphology such as crystal size and shape of organic
NCs is controlled experimentally by changing reprecipitation conditions: selection
of good and poor solvents, concentration and injected amount, injection rate, temper-
ature and stirring rate of poormedium, addition of surfactant, and so on. Organic NCs
provide some interesting linear optical properties and function [10–12]. For example,
the excitonic absorption peak (EAP) positions are continuously blue-shifted with
decreasing crystal size in the case PDA NCs [16], whereas the fluorescence emis-
sion peak positions measured with near-field scanning optical microspectroscopy
(NSOM) are also blue-shifted in the case of perylene NCs as the crystal size is
reduced [17]. These kinds of optical shift are due to thermally soften nanocrystal
lattice induced by the increase in specific surface area in small-sized organic NCs,
i.e., reduction of optoelectronically inter-molecular interaction in nanocrystal lattice
[18]. In addition, the layered thin films have been finely prepared by utilizing negative
surface potential of PDANCs, and then the third-order NLO susceptibilitywasmulti-
plied apparently with the number of layers toward optoelectronic and/or photonic
device applications [10, 11].

13.1.3 Organic-Metal Hybridized Nanocrystals

So far, PDAcore-silver (Ag) shell-type hybridizedNCs have been fabricated success-
fully by establishing visible-light-driven photocatalytic reduction method [19], and
were characterized carefully with scanning electron microscope (SEM), transmis-
sion electronmicroscope (TEM)with electron diffraction (ED) pattern, powderX-ray
diffraction (XRD) pattern, and electron probe X-ray microanalyzer (EPMA).

In fact, the aqueous solution of AgNO3 and NH3 was added into PDANCs disper-
sion liquids, and then visible (Vis) lightwas irradiated at a given interval.As a result, it
was confirmed that Ag NPs (ca. 10 nm in size) as Ag shell were selectively deposited
only on the surface of PDANCs as a core. The extinction spectrum showed the inter-
esting features, that is, the red-shift and broadening of LSPR peaks from Ag shell,
and also red-shifted EAP of PDA core. The former is caused by imhomogeneous
distribution in size and the dephasing effect of LSPR, and the later is due to changes
of dielectric environment in the surrounding PDA core. The necessitated condition is
that the redox potential of metal ion should be located between conduction band (CB)
and valence band (VB) of PDA core [18]. Probably, the excited electron at CBwould
reduce metal ion effectively, and the formed metal NPs are selectively adsorbed only
on the surface of PDA core with negative surface potential. In addition, the size and
deposition density of the resulting metal NPs were influenced considerably by the
relationship between redox potential ofmetal ion andwork function ofmetalNPs [18,
19]. Actually, one can deposit AgNPs on the surface of PDA core, being independent
of morphology (size and shape) of PDA core [19]. The present concept of formation
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mechanism could be basically applied to produce the other kinds of hybridized NCs
such as polyalkylthiophene (PAT) core-platinum (Pt) hybridized NCs [20].

On the other hand, Ag core-PDA shell-type hybridized NCs were also produced
by using co-reprecipitation and microwave-irradiation method [21]. In this case, the
acetone solution of DA monomer was quickly injected into an aqueous dispersion
liquid of Ag NPs, and then DA NCs as a shell were formed well on the surface of
Ag NPs as a core. DA shell was converted to PDA shell by UV-irradiation.

In this chapter, a new type of hybridized PDA nanocrystal fibers (NCFs) [22] as a
core with gold (Au) NPs as a shell have been created, and nanostructural correlation
of optical properties will be discussed in detail. Interestingly, silica thin layer was
introduced experimentally between PDA core and Au shell so as to possibly control
LSPR effect from Au NPs [23].

13.2 Hybridized Polydiacetylene Nanocrystal Fibers

13.2.1 Preparation of PDA Nanocrystal Fibers

As described in the previous 13.1.2, it is possible to control the morphology of
organic NCs by suitably optimizing the reprecipitation conditions. In the case of
PDA NCs, the crystal size decreases in general with decreasing the concentration of
injected DA-acetone solution [10–12]. On the other hand, the added surfactant and
temperature of poor medium would affect remarkably the shape [22]. Actually, the
formation of PDA NCFs was confirmed by SEM (JEOL: JSM-6700F) observation
(Fig. 13.1). The two kinds of surfactants (SDS: sodium dodecyl sulfate, and CTAB:
hexadecyl trimethyl ammonium bromide) were employed and added to DA-acetone
solution in advance, and subsequently the injection was performed at the elevated
temperature (60 °C) of water medium. The typical diameter is ca. 30–50 nm and the
counter length is more than several μm in any resulting PDA NCFs. On the other
hand, only PDANCs were produced around and/or below at room temperature, even
though the surfactants were co-existed.

The formation mechanism of PDA NCFs is speculated as follows [10–12]. Prob-
ably, amorphous NPs of DA is formed at the initial stage just after injection at the
elevated temperature. These amorphous DA NPs are stabilized by the added surfac-
tants, and then the delay in nanocrystallization would occur in individual amorphous
DA NPs. Meanwhile, amorphous DA NPs are crystallized to form DA NCs with
the elapsed time. At the next stage, already-formed DC NCs may act as a nucleus
and/or a kind of substrate, and then another amorphous DA NPs are adsorbed on
the facet surface of DA NCs. The adsorbed DA NPs are immediately crystallized
through homo-epitaxial-like crystal growth. Consequently, this repetition process
could provide one-dimensional DANCFs, which are solid-state polymerized as usual
to produce PDA NCFs. The crystal lattice structure of PDA NCFs was the same as
that of PDA NCs by the measurements with powder XRD patterns (Bruker: D8
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Fig. 13.1 SEM images of PDA NCs and PDA NCFs prepared at various temperatures, when the
surfactants, SDS and/or CTAB, were added to acetone solution of DA in the reprecipitation method
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ADVANCE) [22]. The surface potential of PDA NCFs is−40 to−60 mV, and PDA
NCFs are dispersed stably for half a year in water medium. However, the dispersion
stability was not so good in the case of CTAB.

The oriented thin films of PDANCFswere fabricated easily bymeans of so-called
convective assembly method, which order parameter determined experimentally by
the dichroic ratio was high and about 0.87 [22].

13.2.2 Silica Coating of PDA Nanocrystal Fibers

The surface of PDA NCFs was coated with silica layer by using so-called sol–gel
method [24], and this layer is much important to control optoelectronic interaction
at the interface in the resulting hybridized NCFs [23]. A given amount of EtOH
(ethanol), NH3, and TEOS (tetraethyl orthosilicate) was added to PDANCFs disper-
sion liquid, and then the mixed dispersion liquid was stirred for one hour at room
temperature. The small-sized silica NPs were formed at the initial stage and adsorbed
locally on the surface of PDA NCFs. After one hour, PDA NCFs were fully coated
with silica layer (Fig. 13.2).

The optoelectronic interaction of exciton and LSPR at the interface is intensively
dependent on the thickness of silica layer [23, 25, 26]. Namely, it is so important to
possibly control the thickness with below 10 nm. However, the thickness of silica
layer is estimated to be about 50 nm in Fig. 13.2c, since the diameter of PDA NCFs
is 30 nm to 50 nm (Fig. 13.1). However, the trial use of much small amount of TEOS
added was unexpectedly ineffective. So, the affinity between surface of PDA NCFs
and silica layer has been further improved by employing cationic surfactant (CTAB)
and neutral polymer (PEG: polyethylene glycol, Mw = 3000) as well as anionic
surfactant (SDS). Namely, the sol–gel reaction proceeded under the co-existences of
SDS, CTAB, and PEG in PDA NCFs dispersion liquid.

As a result, CTAB was much better to improve the affinity between PDA NCFs
and silica layer as shown in SEM images (Fig. 13.3). That is to say, PDA NCFs were
almost coated homogeneously with silica layer, when CTAB was used, compared
with SDS and PEG. SDS is anionic surfactant, and was not adsorbed enough on

Fig. 13.2 SEM images of silica-coated PDANCFs by means of sol–gel method. The coating times
are a 30 min, b 40 min, and c 60 min
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Fig. 13.3 SEM images of silica-coated PDA NCFs fabricated by using various surfactants (CTAB
and SDS) and neutral polymer (PEG)

the surface of PDA NCFs, due to electrostatic repulsive interaction. PEG is probably
adsorbed somewhat on PDANCFs. Itmay be, however, difficult that the formed silica
NPs would approach and adsorb subsequently on the surface of PDA NCFs, owing
to steric hindrance or conformational repulsion along PEG chains. On the contrary,
cationic CTAB may electrostatically interact effectively with both PDA NCFs and
silica NPs because of the formation of well-defined bilayer structure having positive
charge at both surface sides [27].

Besides the amount of added TEOS and suitably selected CTAB, reaction temper-
ature (Fig. 13.4) and the mixture ratio of water and EtOH (Fig. 13.5) were also
experimentally important factors.

These SEM images (Fig. 13.4) show the ones without purification by filtration.
Namely, one can see un-adsorbed silica NPs as well as silica-coated PDA NCFs,
and discuss qualitatively the temperature effect in the present sol–gel process [24].
The size of silica NPs became smaller with increasing temperature. So, it would be
possible to relatively reduce the thickness of silica layer at high temperature.

TheseSEMimages (Fig. 13.5) also exhibit the ones before purification byfiltration
in order to qualitatively investigate the effect of mixed solvents. The morphology of
silica-coated PDA NCFs was changed and influenced remarkably at the various
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Fig. 13.4 SEM images of silica-coated PDANCFs prepared at various reaction temperatures, when
CTAB was used

Fig. 13.5 SEM images of silica-coated PDA NCFs fabricated at the different mixture ratios of
EtOH and water, EtOH: water = 4:1 to 1:4, when CTAB was also used

ratios of mixed EtOH and water. In common, EtOH added represses the rate of sol–
gel reaction [24]. In addition, the critical micelle concentration (CMC) of CTAB in
water medium (0.9 mM at 25 °C) is so different from that in EtOH (240mM at 25 °C)
[27]. Probably, these factors strongly affect the thickness of silica layer in the present
case. Unexpectedly, it was confirmed from SEM observation that silica-coated PDA
NCFs were partially connected each other, when the concentration of CTAB added
was more than 10 mM.

Consequently, the silica-coating condition has been optimized successfully so
as to fulfill the formation of silica layer with about or below 10 nm in thickness
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Fig. 13.6 HAADF-STEM image of silica-coated PDA NCFs (left), and the corresponding cross-
section profile of elementary mapping (right). C: carbon, O: oxygen, and Si: silicon

on the basis above-mentioned experimental results. Actually, the obtained silica-
coated PDA NCFs were characterized precisely with high-angle annular dark field
scanning TEM (HAADF-STEM: Titan 80–300 with Image Corrector) observation
and the corresponding cross-section profile of elementary mapping (Fig. 13.6). The
distributions of oxygen and silicon are almost overlapped in the experimental errors,
and the thickness of silica layer is estimated to be about 10 nm. This thickness is
approximately comparablewith the three-dimensional space distribution in enhanced
photoelectric field of LSPR induced at the surrounding noble metal NPs [6, 28, 29],
which would be deposited and hybridized on the surface of silica-coated PDA NCFs
at the next hybridization step. So far, the emission enhancement of fluorescent dyes
induced by LSPR effects has been investigated extensively, depending on thickness
of dielectric insulator such as silica layer [25, 26].

13.2.3 Hybridization of PDA Nanocrystal Fibers

PDA core-Ag shell-type hybridized NCs have been fabricated as described in the
previous Sect. 13.1.3. The hybridization of silica-coated PDA NCFs as a core and
gold (Au) NPs as a shell will be discussed in this sub-section. The LSPR peak
of Au NPs (λAu, LSPR = ca. 500–550 nm) [30] is close to the EAP of PDA (PDA
bulk crystal, PDA NCs, and PDA NCFs) (λPDA, EAP = ca. 600–700 nm, including
phonon-side band) [10–12]. So, the strong and peculiar optoelectronic interactions
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would be emerged at the core–shell interface [31], rather than Ag NPs (λAg, LSPR

= ca. 390–400 nm). This would expectedly lead to the enhancement of NLO prop-
erties [32], which is due to typically so-called excitation enhancement [23]. The
surface of silica-coated PDANCFs was further modified chemically by using silane-
coupling agent (APTES: 3-aminopropyltriethoxysilane), so that amino-functional
groups introduced on the surface of silica layer could control the adsorption amounts
of Au NPs [33, 34]. After adding Au nano-seed (2–3 nm in size), aqueous solution of
Au ion (Au3+) added was reduced mildly by using reducing agent of formalde-
hyde (HCHO). Here, Au nano-seed was prepared by mixing an aqueous solu-
tion containing a given amount of tetrachloroauric (III) acid (H[AuCl]4), sodium
hydroxide (NaOH), and tertakis(hyroxymethyl)phosphonium chloride (THPC) [35].
On the other hand, aqueous solution of Au3+ was obtained by the incubating the
mixture of H[AuCl]4 aq. and potassium carbonate (K2CO3) aq. under dark condi-
tion at ca. 5 °C for three days [33]. Furthermore, the previously Pt-sputtered filter
substrate was employed, when hybridized PDA NCFs was characterized with SEM
observation without using the conventional Pt-sputtering treatment. One can clearly
observe the deposited Au NPs, because Au NPs are distinguished from Pt NPs on
the filter substrate.

Au NPs have been finely deposited on the surface of amino-terminated silica-
coated PDA NCFs, that is, PDA NCFs hybridized with Au NPs, and the deposition
amount (or coverage ratio) of Au NPs was controlled and tuned successfully with
increasing the injected amount of aqueous solution of Au3+ (Fig. 13.7). Interestingly,
the size of the deposited AuNPs was not so changed, and only the deposition amount
was multiplied. In addition, HAADF-STEM images and the corresponding profile

Fig. 13.7 SEM images before and after the deposition of Au NPs as a shell on the surface of
amino-terminated silica-coated PDA NCFs. The deposition amounts of Au NPs increased from
a–c, and the thickness of silica layer was about 10 nm in any case
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of elementary mapping were also observed to further clarify the deposition nanos-
tructure of Au NPs in hybridized PDA NCFs (Fig. 13.8). Au NPs were deposited
randomly and almost isolated in the lower coverage ratio, whereas the Au NPs were
densely located and connected partially with each other in the case of high coverage
ratio.

Fig. 13.8 HAADF images, (a) and (b), and the corresponding profiles of elementary mapping of
Au, (a’) and (b’) for Au NPs as a shell deposited on the surface of amino-terminated silica-coated
PDA NCFs in the cases of lower, (a) and (a’), and higher, (b) and (b’), coverage ratios
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13.3 Optical Properties of Hybridized PDA Nanocrystal
Fibers

13.3.1 Solid Thin Films and Linear Optical Properties

It is much important to fabricate well-defined solid thin films of PDA NCFs as well
as hybridized PDA NCFs with highly optical quality in order to evaluate linear and
nonlinear optical properties, and hybridized nanostructure correlations toward NLO
devices applications. PDA NCFs- and/or hybridized PDA NCFs were loaded into
polyvinyl alcohol (PVA, DP= 3100, degree of saponification= above 96%) matrix
composites thin films in the present study. Actually, an aqueous dispersion liquid
of PDA NCFs or hybridized PDA NCFs was mixed with PVA aq., and then water
medium was evaporated quickly on a quartz substrate (KU1) around at 100 °C so
as to possibly avoid aggregation and orientation. This fabrication process has the
advantage to easily produce a large-area thin film without using a large amount of
sample dispersion liquid in layer-by-layer method, etc.

The extinction spectra for PVA composites thin films of PDANCFs or hybridized
PDA NCFs were measured with UV–Vis absorption spectrometer (JASCO: V-570)
(Fig. 13.9). The extinction spectrum of PVA composites thin film of PDA NCFs
shows typically excitonic absorption peak (λPDA, EAP = ca. 650 nm, phonon-side

Fig. 13.9 SEM images of PDA NCFs (a) and hybridized PDA NCFs (b), and the corresponding
extinction spectra of PVA composites thin film, (a’) and (b’). The real color of the photographs of
both samples displayed in the insets of (a) and (b) are deep blue and deep black-violet, respectively
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band around at 600–630 nm in wavelength). The baseline at above λ = 700 nm is
almost zero. This fact suggests the resulting PVA composites thin film is transparent
and highly optical quality with too much less scattering loss. On the other hand, one
can see evidently the broad and intensively LSPR peak of deposited Au NPs in the
extinction spectrum of hybridized PDA NCFs ((λAu, LSPR = ca. 500–550 nm) as well
as EAP of PDA NCFs.

13.3.2 Pump-Probe Method to Measure Transient
Transmission Spectrum for Evaluation of Third-Order
NLO Properties

Third-order harmonic generation (THG)method [22] and Z-scanmethod [14, 18] are
conventional techniques to evaluate third-order NLO properties, i.e., χ(3)(ω) value.
However, the measurements are usually performed discontinuously at a specified
wavelength. This is the drawback in these methods. In other words, it is so difficult
to measure the wavelength dispersion of χ(3)(ω), which would surely bring about
the difficulty for discussion about the correlation between χ(3)(ω) and nanostructure
in the present hybridized systems. Recently, the experimental combination of pump-
probe method and spectroscopic ellipsometry has been paid an attention, instead of
the previous methods [36–39]. Namely, the wavelength dispersion of real and imag-
inary parts of χ(3)(ω) value is calculated from the difference in complex dielectric
function, which is evaluated from experimentally determined wavelength disper-
sion of complex refractive index and transient transmission spectrum in the present
measurement technique.

A pump-probe method was setup for the measurements of transient transmission
spectrum (Fig. 13.10). Photo-degradation of PVA composites thin films has been
checked from reproducibility of transient component.

13.3.3 Transient Transmission Spectra of PDA Nanocrystal
Fibers and Hybridized PDA Nanocrystal Fibers

The transient transmission spectra for PDA NCFs and hybridized PDA NCFs have
been measured successfully by using the pump-probe method as described in the
previous sub-section (Fig. 13.11). The χ(3)(ω) value basically increases with the
intensity of transient component, (�T + T )/T [36, 37].

The transient transmissionpeak appeared strongly atλ=630–670nm in any cases.
Especially, the overall spectral shape in PDA NCFs corresponded to the extinction
spectra (Fig. 13.9a).On theother hand, the value of (�T +T )/T unexpectedly became
smaller than that of PDA NCFs, although the volume fraction of hybridized PDA
NCFs is unclear exactly and not the same as that of PDA NCFs in PVA composites
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Fig. 13.10 Optical setup in the pump-probe method. Incident pump beam (λ = 800 nm, 130 fs,
and 1 kHz) is launched from laser light source (Spectra-Physics, Inc., Mai-tai and Spitfire with
BBO (β-BaB2O4) crystal for second harmonic generation (SHG)) consisted of Ti: sapphire laser (λ
= 800 nm, 80 fs, 80 MHz, and above 15 nJ), regenerative amplifier [λ = 800, 130 fs, 1 kHz, and
above 4 mJ), and Nd: YLF (1 kHz, and 20 W)]. The transient transmission spectrum of SrTiO3 was
measured to correct chirping of probe beam, and then the origin of time was revised at individual
wavelength

Fig. 13.11 Transient
transmission spectra of
a PDA NCFs and
b hybridized PDA NCFs
with lower coverage ratio of
deposited Au NPs
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thin film. There are essentially the two main reasons for reduction of (�T + T )/T.
One is the absorption of incident pump beam by deposited Au NPs (Fig. 13.9b),
and the other scattering effect in the hybridized PDA NCFs. In other words, the
deposition amount (or coverage ratio) of Au NPs was still excessive even in the case
of hybridized PDA NCFs having lower coverage ratio. This fact would provide an
important suggestion and guideline for material design of hybridized PDA NCFs.
Probably, an extremely small amount of deposited Au NPs is enough to enhance
χ(3)(ω) value, though no LSPR peak of Au NPs apparently appears in the extinction
spectrum. In a word, one should control the deposition number and size of Au NPs,
and avoid the aggregation by suitably selecting water-soluble polymers, improving
surface modification, and by developing the fabrication processes.

13.4 Conclusions

Aiming at optoelectronic and/or photonic device applications, π-conjugated organic
molecules and polymers are the promising NLOmaterials having high χ(3)(ω) value
and rapid optical response. Especially, one-dimensionalπ-conjugated polymer, PDA,
is of much interest, which is produced by solid-state polymerization in a crystal state.
Morphologically-controlled PDA, that is, PDANCFs are of great possible to fabricate
the corresponding solid thin films, which are an assembled PDA NCFs and regarded
as a kind of pseudo-bulk crystal of PDA. However, hybridization of PDA NCFs with
noblemetalNPs should be needed so as to further enhanceχ(3)(ω) value. So, the basic
fabrication processes, technical issues, and characterization have been investigated
in details in this chapter.

The resulting core–shell-type hybridized PDA NCFs with Au NPs have silica
layer as a dielectric layer between PDANCFs as a core and Au NPs as s shell, which
layer is important and effective for the purpose of controlling and tuning LSPR effect
from Au NPs. Namely, the silica-coating conditions of PDA NCFs were optimized
experimentally. Furthermore, the surface of silica layer was chemically modified by
introducing amino-function moiety, and then the deposition efficiency of Au NPs
was improved considerably.

The transient transmission spectra for PDANCFs and hybridized PDANCFswere
measured successfully with the pump-probe method. These results and complex
refractive index obtained by spectroscopic ellipsometry are fundamental data to
preciously evaluate the wavelength dispersion of χ(3)(ω). It has become apparent
that the deposition amounts of Au NPs were still excessive in the case of hybridized
PDANCFs. One should properly reduce the deposition amounts in the near future. To
do so, “polydopamine”will be preferably used at the next objective stage [40], instead
of amino-terminate silica layer. In addition, it should be necessary to produce well-
defined solid thin films of hybridized PDA NCFs with too much low scattering loss
by suitably selecting water-soluble polymers, in addition to PVA, and by optimizing
the preparation processes.
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Chapter 14
Luminescent Crystal–Control
of Excited-State Intramolecular Proton
Transfer (ESIPT) Luminescence
Through Polymorphism

Toshiki Mutai

Abstract Crystal polymorphism has a significant effect on the luminescence of
materials. Using 2-(2′-hydroxyphenyl)imidazo[1,2-a]pyridine (HPIP) as the key
compound, crystal structure-dependent luminescence, also known as polymorph-
dependent luminescence (PDL), is described. HPIP shows excited-state intramolec-
ular proton transfer (ESIPT) luminescence, which is quite efficient in the solid state,
yet very weak in solution; it is mainly ascribed to the suppression of efficient radia-
tionless decay via the S0/S1–conical intersection when the molecular conformation
is fixed coplanar. The two polymorphic forms of the crystals display blue-green
and yellow luminescence and can be interconverted via heat transfer between the
two states. Three-color PDL (yellow, orange, and red) is observed in 6-cyano HPIP.
The relationship between crystal structure and luminescence color was rationally
explained by TD-DFT calculations using dimer models. It is remarkable, that this
dimer model is reasonably supported by the femtosecond time-resolved transient
absorption spectroscopy. These results will contribute to the understanding of struc-
ture–property relationships in solid-state luminescence at the molecular level and
would further the design of new polymorph-dependent luminescent materials.

Keywords Luminescent crystal · Polymorph-dependent luminescence · Quantum
chemical calculation · ESIPT · Fluorescence · Femtosecond time-resolved
transient absorption spectroscopy

14.1 Introduction

Organic solid-state luminescent materials have garnered considerable interest in
various areas of science including OLEDs [1, 2], sensors [3], solid lasers [4], near-
infrared light sources [5], and so on [6, 7]. In most cases, the electronic properties
of materials are controlled via synthetic modification of luminescent molecules.

T. Mutai (B)
Department of Materials and Environmental Science, Institute of Industrial Science, The
University of Tokyo, 4-6-1, Komaba, Meguro-ku, Tokyo 153-8505, Japan
e-mail: mutai@iis.u-tokyo.ac.jp

© Springer Nature Singapore Pte Ltd. 2020
M. Sakamoto and H. Uekusa (eds.), Advances in Organic Crystal Chemistry,
https://doi.org/10.1007/978-981-15-5085-0_14

271

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5085-0_14&domain=pdf
mailto:mutai@iis.u-tokyo.ac.jp
https://doi.org/10.1007/978-981-15-5085-0_14


272 T. Mutai

However, the luminescence of organic compounds is often quenched in the solid
state, because the non-radiative deactivation pathway from the photoexcited state is
enhanced through molecular interactions [8]. Common strategies to overcome this
problem include the introduction of bulky groups [9–11] or design of non-planar
structures [12–14] in order to avoid unfavorable molecular interactions. Therefore,
these materials are primarily used as amorphous solids, and their luminescence is
generally a reflection of that of a single molecule.

The luminescence of bulk solids is regulated not only by that of single molecules,
but also by collective effects owing to the arrangement and interactions of small
molecules. In other words, the luminescence of solid materials could be controlled
by altering the molecular packing mode within the crystal structure, instead of by
chemical modification.

Various examples of organic solid-state luminescent compounds have been devel-
oped in recent years. For example, aggregation-induced emission (AIE) [15, 16] is
a phenomenon in which luminescence is enhanced rather than quenched by the
aggregation of the molecules. In 2001, B. Z. Tang and co-workers reported [17]
1-methyl-1,2,3,4,5-pentaphenylsilole (Scheme 14.1a), which is non-luminescent in
solution, exhibits remarkably enhanced emission (300 times) owing to the forma-
tion of nano-aggregates upon addition of a certain amount of a poor solvent.
S. Y. Park and co-workers reported the enhanced luminescence of 1-cyano-
trans-1,2-bis-(4′-methylbiphenyl)ethylene upon the formation of nanoparticles [18].
Tetraphenylethylene has also been a well-studied AIE-active core [19].

Most of AIE-active compounds are composed of two or more aromatic rings
connected by a single bond or bonds. The aromatic rings can freely rotate in solution,
and the excited state can be easily deactivated through thermal dissipation due to
molecular rotation. In aggregates, where molecular rotation is suppressed, thermal
deactivation is much less feasible and results in enhanced emission.

(a)

(b)

Scheme 14.1 a Molecules displaying aggregation-induced emission (AIE). From left to right:
silole, 1-cyano-trans-1,2-bis-(4′-methylbiphenyl)ethylene, and tetraphenylethylene. b Molecules
displaying polymorph-dependent luminescence (PDL). From left to right: 2,2′:6′,2′′-terpyridine,
3-(9-anthryl)pyrazole, and di(p-methoxyphenyl)dibenzofulvene
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14.1.1 Polymorph-Dependent Luminescence (PDL)

Controlling the luminescence of solid materials by changing or altering the poly-
morphs, i.e., different molecular packing modes in the crystalline phase of a specific
compound resulting from a different arrangement of the molecules within the solid
state, is called polymorph-dependent luminescence (PDL) (Scheme 14.2).

PDL has attracted considerable interest, because it can be used tomodify the lumi-
nescence of materials and provides insight into the relationship between the molec-
ular packing mode and bulk optical properties of said materials [20, 21]. Moreover,
it may have applications in the development of new organic luminescent materials
based on supramolecular chemistry. The most well-known is the stimuli–response
emission, in which the emission properties are changed by external stimuli (heat,
pressure, solvent vapor, and so on) without chemical modification.

The ability to tune the luminescence of materials by exploiting molecular packing
has been studied extensively, and the number of reports on this subject has rapidly
increased in recent years [22–28]. In these systems, alteration of inter-luminophore
interactions [22–25] or packing-induced conformational changes of dye molecules
[26–28] allows for the modulation of the luminescence.

One of the early examples of PDL-active molecules is 2,2′:6′,2′′-terpyridine (tpy),
whichwas reported in 2005 [29]; it is non-fluorescent in solution, but forms two poly-
morphic crystals, which show bright blue luminescence (quantum yieldΦ ~ 0.2) and
very weak luminescence (Φ < 0.01). Moreover, these two crystalline phases can be
interconverted via heat-mode phase transfer, and the luminescence can be switched
“on” or “off”. The other example is 3-(9-anthryl)pyrazole [30], which exhibits
different colored PDL, owing to differences in the intermolecular hydrogen bonding
between the pyrazolyl units. The PDL of di(p-methoxyphenyl)dibenzofulvene [31]
is also a noteworthy example, where the twisted conformation of the two anisole
planes is responsible for the PDL.

However, the development of such systems remains a challenge because of the
lack of effective mechanisms that can modulate the molecular packing and lead to
different luminescence properties.

Detailed studies on the relationship between the molecular packing mode and
luminescence have also garnered significant interest. Systems with multiple-color
PDL are desirable in order to study structure–property relationships; however, most
reports to date describe two-color systems [32, 33]. Systems exhibiting three or more
luminescence colors are rare [30, 34, 35]. One of the reasons for this is the difficulty

Scheme 14.2 Schematic
representation of
polymorph-dependent
luminescence (PDL)
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in preparing multiple polymorphic phases and obtaining appropriate crystal data,
because some phases often have amorphous or microcrystalline states.

14.2 Molecular Design

14.2.1 Designing Polymorph-Dependent Luminescent
Compound

The ability to (i) form polymorphic phases and (ii) transduce conformational changes
and molecular interactions into altered luminescence is required for a molecule
to display PDL. It would be interesting if the polymorphic phases could be inter-
converted by external stimuli, because it may lead to luminescence-switchable
materials.

Our strategy to realize the above points is to introduce adequate flexibility in the
molecular conformation, especially around the aromatic luminescent core. As shown
in Scheme 14.2, two π-electronic planes connected by a covalent single bond are
“moderately” fixed with a weaker hydrogen bond, so that various conformations and
packing modes could be tolerated during crystallization.

The second strategy is to take advantage of a characteristic luminescence that
stands on the intramolecular hydrogen bond: in this case,N···H–O. It has been demon-
strated that the phenolic proton transfers to the nitrogen atom promptly after photoex-
citation, which is termed excited-state intramolecular proton transfer (ESIPT), and
the generated excited species is deactivated upon emitting low-energy light (see next
section for details). ESIPT luminescence, especially in our system, is supposed to be
susceptible to the molecular conformation and the effects of surrounding molecules;
therefore, different ESIPT luminescence might be expected in different polymorphic
phases.

14.2.2 Mechanism of ESIPT Luminescence

A photoinduced ESIPT [36] is reported to be a remarkably fast process (rate constant
k ≈ 1 × 1013 s−1) [37, 38]. In the ground state, the acidities (pKa) of phenolic–OH
and hydrogen-bonded nitrogen are about 9 and 6, respectively; therefore, they may
exist as an enol (N···H–O). Upon photoexcitation, the phenolic –OH becomes quite
acidic (pKa ~ 2) and the proton transfer to the nitrogen (ESIPT) and subsequent
tautomerization to the keto form are promoted (Scheme 14.3) [39]. Emission from
the keto form is characterized by a large Stokes shift (≈10,000 cm−1), which enables
long-wavelength fluorescence upon excitation with UV light. However, molecules
which exhibit efficient ESIPT fluorescence are rather limited. The most studied
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Scheme 14.3 Molecular structure of intramolecular hydrogen-bonded benzazoles (HBI, HBO, and
HBT), and enol-to-keto tautomerization via ESIPT by photoexcitation

compounds to date are 2-(2′-hydroxyphenyl)benzimidazole (HBI) [33, 40–44], 2-(2′-
hydroxyphenyl) benzoxazole (HBO) [45–48], 2-(2′-hydroxyphenyl)benzothiazole
(HBT) [49–54], salicylideneaniline [55–57], and their analogs.

ESIPT luminescence in the solid state [33, 49, 58–61] is a significant topic, and
there have been some recent reports of basic applications in electroluminescent
devices [49, 62–66], as well as white luminescent materials [64–70].

14.2.3 2-(2′-Hydroxyphenyl)Imidazo[1,2-a]Pyridine (HPIP)

2-(2′-Hydroxyphenyl)imidazo[1,2-a]pyridine (HPIP, 1Enol; Scheme 14.4a) is an
analog of HBI, i.e., isomeric heterocyclic system with varied heteroatom placement.
The photoexcitation of HPIP similarly causes ESIPT, but contrary to the benzazoles
mentioned above (HBI, HBO, and HBT), subsequent tautomerization to a typical
keto form does not occur. Instead, HPIP proceeds to a zwitterionic IPT* emitting
state (1IPT*), which further forms a twisted conformation in a fluid solution.

Scheme 14.4 a Molecular structure of 2-(2′-hydroxyphenyl)imidazo[1,2-a]pyridine (HPIP, 1),
and its open-enol, hydrogen-bonded enol (1Enol), and intramolecular proton-transferred (IPT, 1IPT)
forms. b Energy diagram of normal (left) and ESIPT (right) luminescence
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As Douhal et al. reported [71, 72], HPIP exhibits ESIPT fluorescence (1IPT* →
1IPT) [37, 38, 73] in nonpolar organic solutions, albeit with a low quantum yield (Φ =
0.01–0.08). The fluorescence appears at a significantly lower energy (~600 nm) than
that of HBI (~480 nm), probably because of the decreased energy level of 1IPT* and
increased energy level of 1IPT owing to solvent rearrangement and/or conformational
changes. This explanation is supported by the ESIPT fluorescence observed in rigid
media. In a polymer matrix [74, 75] and frozen organic solution [61], where effects
based on molecular motion are suppressed, the fluorescence is largely blue-shifted
to ~520 nm.

In polar environments, where intramolecular hydrogen bonding is prevented,
HPIP exists predominantly as the “open-enol” species and showsnormal fluorescence
(Scheme 14.4b).

14.3 Polymorph-Dependent Luminescence of HPIP

14.3.1 Overview

Two crystal polymorphs of HPIP (1) exhibit bright photoluminescence of different
colors, blue-green and yellow, both of which are ESIPT luminescence. X-ray crystal-
lographic analysis revealed different molecular conformations and packing in these
two crystal polymorphs, and interconversion between the polymorphs can be realized
via a heat-mode dry process.

Ab initio quantum chemical calculations were performed to investigate the
enhanced ESIPT luminescence in the solid state.

14.3.2 Crystalline Polymorphism of HPIP

Slow and fast cooling of a heated aqueous ethanol solution of 1 gives polymor-
phic crystals 1-BG and 1-Y, respectively. In the infrared spectra of 1-BG and 1-Y,
the O–H stretching band appears at around 3135 cm−1 in both crystals, indicating
the intramolecular hydrogen bonding between the O–H and nitrogen (N1) in the
imidazopyridine ring.

X-ray crystallographic analysis of 1-BG (Pbca, Z = 8, Fig. 14.1) and 1-Y (P21/c,
Z = 8, Fig. 14.2) was performed at room temperature [76]. The asymmetric unit
of 1-BG and 1-Y is composed of one and two molecules, respectively, and each
molecule clearly participates in an intramolecular hydrogen bond (O–H···N1). The
most notable conformational difference was the torsion angle θ (N1–C2–C1′–C2′)
composed of the phenyl ring and the imidazopyridine ring. While the two aromatic
rings are nearly coplanar (θ = –1.0° and 1.3°) in 1-Y, a larger torsion angle was
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Fig. 14.1 a ORTEP drawing of molecular structure of 1 in crystal 1-BG. b Molecular packing in
1-BG viewed from bc (b) and ab (c) planes

Fig. 14.2 a ORTEP drawing of molecular structure of 1 in crystal 1-Y. b Molecular packing in
1-Y viewed from ac (b) and (101) (c) planes

found in 1-BG (θ = 5.8°). The distance between O and N1, representing the length
of the intramolecular hydrogen bond, showed only a slight difference (<0.02 Å).

In these crystals, two molecules are packed close enough to form a stacked pair in
an antiparallel manner, and their inter-ring distances are the typical stacking distance
of 3.4 Å. There is sufficient overlap between the stacked molecules in 1-BG and 1-Y.
These molecular pairs are aligned in the edge-to-face mode in 1-BG (Fig. 14.1b, c),
or slipped edge-to-edge mode in 1-Y (Fig. 14.2b, c).

14.3.3 Polymorph-Dependent Luminescence

The absorption spectra of 1-BG and 1-Y obtained by the diffuse reflectance method
(Kubelka-Munk spectra) exhibited a maximum at around 340 nm (Fig. 14.3), which
was close to that which is observed in a dilute THF solution. Upon excitation at
330 nm, 1-BG and 1-Y exhibited blue-green (496 nm) and yellow luminescence
(529 nm), respectively. The luminescence quantum yields were considerably higher
(Φ = 0.37–0.50) compared to those in solution. An amorphous solid prepared by the
freeze-dry method showed yellow luminescence, similar to that of 1-Y (Table 14.1).
The Stokes shift of the luminescence was large enough (9300–10,800 cm−1) to be
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Fig. 14.3 Absorption and luminescence spectra of 1-BG (dashed line) and 1-Y (solid line).
Modified from Mutai et al. [61] with permission from WIELY-VCH

Table 14.1 Absorption (Kubelka-Munk spectrum) and emission of 1 andMeOPIP in various solid
states

λabs/nma λem/nm (Φ) τ /ns

HPIP (1)

Crystal 1-BG 339 496 (0.50) 5.91

Crystal 1-Y 337 529 (0.37) 5.84

Amorphous 337 527 (0.39) 6.39

MeOPIP

Powder 312 382 (0.24) 2.75

Modified from Mutai et al. [61] with permission from WIELY-VCH

well within the range of typical ESIPT fluorescence [39, 77]. Thus, ESIPT lumi-
nescence is dependent on the molecular packing mode in the solid state, probably
because the emitting species has zwitterionic character, which is sensitive to the
molecular conformation and field effects of surrounding molecules.

On the other hand, the 2′-methoxy derivativeMeOPIP (Scheme 14.5), which does
not form intramolecular hydrogen bonds, showed only blue, normal fluorescence
(382 nm) in the solid state.

Scheme 14.5 Molecular structures of 1Enol, 1IPT, and MeOPIP
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14.3.4 Thermal Properties and Luminescence Color
Switching

Blue-green and yellow ESIPT luminescence is switchable by heat-mode control of
the polymorphic states.

The thermal properties of both crystals will firstly be described. In the first differ-
ential scanning calorimetry (DSC) trace, 1-BG showed an endothermic peak at the
melting point (141 °C) (Fig. 14.4, left). On the other hand, 1-Y and the amorphous
solid displayed small peaks at around 131 °C, in addition to the melting peak at
141 °C; the former peaks were attributed to the phase transition of 1-BG. When
powdered crystals of 1-Y or the amorphous solid were placed on a glass plate and
heated at 135 °C for 1 min, the XRD pattern of the heated powder measured at the
room temperature (Fig. 14.4d) was not the same as that of the starting crystal of 1-Y
(Fig. 14.4c) or the amorphous solid, but was comparable to that of 1-BG (Fig. 14.4a).
Accordingly, the luminescence turned from yellow to blue-green.

The resulting blue-green emitting powder was further heated above the melting
point and kept at 150 °C for 1 min. Instant solidification of the heated material using
ice cubes yielded a yellow-emitting solid, which showed only a vague XRD image,
indicating that this solid was primarily amorphous.

Fig. 14.4 Left: First-heating curves of DSC of 1-BG and 1-Y. Right: XRD profiles of 1-BG
(a) and 1-Y (b) calculated from corresponding crystal structures, and the observed profiles of 1-Y
at room temperature (c) and after heating at 135 °C, 1 min (d). Modified from Mutai et al. [61]
with permission from WIELY-VCH
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Based on the above findings, we examined the repetitive-switching ability of
the PDL of 1. [Yellow → blue-green] Powdered crystals of 1-Y were kept at 135
°C for 1 min, in order to convert them to the blue-green-emitting state. [Blue-
green → yellow] Next, they were heated at 150 °C for 3 min and rapidly cooled, to
generate the yellow-emitting state. Several color-switching cycles were successfully
carried out, demonstrating that the color of the ESIPT luminescence of 1 could be
interconverted via the heat-mode dry process.

14.3.5 Quantum Chemical Analysis

The luminescence property of 1was further analyzed quantum chemically [78]. The
ground-state geometries (S0) of 1 were optimized using density functional theory
(DFT) with the 6-31G(d,p) basis set in conjunction with the B3LYP functional. For
the optimized S0 geometries, the vertical excitation energies were evaluated with
time-dependent (TD) DFT at the B3LYP/6-31+G(d,p) level of theory [79]. As a
reference, the equation-of-motion with coupled-cluster singles and doubles (EOM-
CCSD)method was performed to estimate the transition energies using the cc-pVDZ
basis set [79]. The viability of the DFT calculations was verified by several higher-
levelmethods. The quantitative vertical excitation energies including dynamical elec-
tron correlations were estimated by multi-state complete active-space second-order
perturbation theory (MS-CASPT2) [80]. The singlet excited-state (S1) geometries
and energy profile as a function of torsion angle (θ ) were evaluated by the complete
active-space self-consistent field method (CASSCF) using the atomic natural orbital
small basis set (CASSCF(6,6)/ANO-S) [80]. The fully relaxed S1 potential energy
surface (PES) was examined at the CASSCF(6,6)/ANO-S-MB (minimal base) level
of theory.

14.3.6 S0 and S1 PES Scan Along the Central C-C Bond
Torsion

In the ground state, the enol form (S0-enol) was energetically stable than the IPT form
(S0-IPT) at all torsional angles (0–90°). The lowest-energy geometry in both states
was the coplanar conformation, which could be due to the intramolecular hydrogen
bond. The coplanar S1-IPT form was more stable (32.5 kJ mol−1) than the S1-enol
form, indicating that ESIPT could undergo from the enol form. The observed decay
times of the ESIPT luminescence were 0.52 and 5.26 ns in fluid and frozen THF
solutions, respectively. Because ESIPT is an extremely fast process (<1 ps) [81–83],
the conversion from S1-enol to S1-IPT proceeds instantaneously.

The effects of torsion angle on the energy level of the S1- and S0-IPT state were
evaluated. As shown in Fig. 14.5, an increase in the torsion angle from 0 to 45°
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Fig. 14.5 S0 and S1 potential energy profiles for the enol and IPT forms at S1-optimized geometries
(CASSCF(6,6)/ANO-S). Adapted with permission from Shigemitsu et al. [78]. Copyright 2019
American Chemical Society

resulted in a relatively small change in the energy level of the S1-IPT state with a
small local minimum at around 30°, which then decreased gradually as the torsion
angle increased beyond 45°. On the other hand, a monotonic elevation in the S0-
IPT energy level was observed as the torsion angle increased across the entire range
examined (0 to 90°). The S0 → S1 energy gap of the IPT form became sufficiently
small at 60°, and the conical intersection (CI) was observed at 90°. In the CI model
[84, 85], it acts as a “funnel” for an efficient deactivation to the ground state within
a single vibrational period. Therefore, the S0/S1-CI facilitated the fast radiationless
decay process of the excited state, which explains the low quantumyield of the ESIPT
fluorescence in solution.

14.3.7 Enhanced Solid-State Luminescence of HPIP

HPIP 1 shows bright ESIPT luminescence not only in the crystalline form, but also in
a dilute frozen solution and polymer matrices, whereas 1 shows weak luminescence
in fluid solutions. The CASSCF study clearly demonstrated the presence of S0/S1-CI
at θ = 90°, where efficient radiationless decay coupled with the twisting motion of
an excited molecule could proceed (Fig. 14.5). This can reasonably explain the weak
emission in solution. In rigid media (i.e., frozen solvents and polymer matrices),
molecules are fixed in the coplanar enol conformation. In both crystals, when the
torsion angle θ was below 6°, the excited species could not reach the S0/S1-CI.
Therefore, the fixation ofmolecules in the coplanar conformation should be the origin
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of the observed emission enhancement. Suppression of the radiationless decay via the
S0/S1-CI allows for emissive decay from the S1-IPT to the S0-IPT on a nanosecond
timescale.

14.3.8 Polymorph-Dependent Luminescence Color of HPIP
Crystals

From Fig. 14.5, it is apparent that the energy gap between the S1-IPT and S0-IPT
states depends greatly on the torsion angle. Unless the energy gap becomes too small
to induce efficient radiationless decay, or the torsion angle of the enol species is too
large to block the ESIPT process, an increase in the torsion angle is expected to
induce a redshift in the ESIPT luminescence. Notably, the potential energy of S1-
IPT has a small local minimum at around 30°, and the energy gap does not decrease
monotonically as a function of torsion angle.

As shown in Fig. 14.3, there is a slight difference in the torsion angles in the
two crystals: molecules in 1-BG have a torsion angle of 5.8° and those of the two
conformers, Y1 and Y2, in 1-Y are 1.3° and –1.0°. Because the differences in the
emission energies and torsion angles in 1-BG and 1-Y crystals are small, higher-level
ab initio calculations, MS-CASPT2(10,9)/ANO-L methods, were applied in order
to examine the effect of torsional conformation on the emission energy. Although
the results suggested a slightly lower energy for Y1 in 1-Y, there was no difference
between 1-BG and Y2. Because the estimation is based only on the conforma-
tional difference in a single molecule, it may be necessary to include the effects
of surrounding molecules, as well as the degree of conformational freedom in the
crystal [86–88].

14.4 Conclusions

Owing to the ESIPTmechanism,which generates environment-sensitive zwitterionic
excited species, HPIP 1 shows distinct PDL, i.e., blue-green (1-BG) and yellow
(1-Y). Moreover, reproducible switching of the PDL was achieved by heat-mode
control of the molecular packing, which was reasonably supported by power XRD
analysis and DSC measurements. Ab initio calculations suggested that a free S1-IPT
species could approach the S0/S1–CI coupled with the twisting motion of the central
C–C bond, and return to the S0-enol state without emitting light.

The enhanced emission ofHPIP in the solid state can be explained by the following
factors: (1) blocking S1-IPT species (1IPT*) from the twisting motion that reach the
CI and efficient radiationless decay, and (2) inhibition of excimer formation, because
of the unmatched energy state between 1IPT* and surrounding 1Enol molecules.
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Fig. 14.6 Molecular structure of 6-cyano HPIP 2 (a), and ORTEP drawings of 2 in 2-Y (b), 2-O
(c), and 2-R (d)

14.5 Three-Color Polymorph-Dependent Luminescence

14.5.1 Overview

6-CyanoHPIP (2) (Fig. 14.6) forms three polymorphic crystals, which exhibit clearly
different polymorph-dependent ESIPT luminescence (yellow, orange, and red) [89].
The effects of molecular packing on the ESIPT luminescence were studied by X-ray
crystallographic analysis, quantum chemical calculations, and time-resolved tran-
sient absorption spectroscopy.TD-DFTcalculations of theπ-stackeddimer geometry
extracted from each polymorphic crystal reasonably reproduced the luminescence
energies. In addition, both the theoretical calculation and time-resolved measure-
ment presented the similar result: interaction between the IPT* and neighbor enol
species might be an important factor for PDL. The results give further insight into
the relationship between luminescence and crystal structure and may contribute to
the design of new PDL-active organic materials.

14.5.2 X-Ray Crystallographic Analyses of 2-Y, 2-O, and 2-R

The prismatic yellow-luminescent crystal 2-Y and the platelet orange-luminescent
crystal 2-O were prepared separately by controlling the recrystallization conditions.
Needle-like red-luminescent crystals of 2-R were obtained manually from a mixture
of polymorphic crystals.

In order to understand the role of molecular packing in PDL, X-ray crystal-
lographic analyses of 2-Y, 2-O, and 2-R were performed [90]. All crystals were
monoclinic and had the same space group (P21/n, Z = 4) and nearly identical cell
densities. Figure 14.6b-d shows ORTEP drawings of a molecule in the polymorphic
crystals. The distance between the oxygen and nitrogen (N1) atoms was 2.582–
2.625 Å, indicating the formation of an intramolecular hydrogen bond (O–H···N1).
The small torsion angle between the two aromatic rings (θ (N1–C2–C1′–C2′) =
1.4–2.6°) confirmed the coplanar conformation.

On the other hand, the molecular packing in 2-Y, 2-O, and 2-R was remarkably
different, as illustrated in Figs. 14.7, 14.8, and 14.9, respectively. In 2-Y, molecules
form parallel-stacked columns, in which molecules are slip-stacked along the long
axis with an interplanar distance of 3.38 Å (Fig. 14.7a). The fused imidazolyl moiety
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Fig. 14.7 Crystal structure of 2-Y. Top and side views of the columnar packing (a) and molecular
packing viewed from bc plane (b). Mutai et al. [89]—Reproduced by permission of The Royal
Society of Chemistry

Fig. 14.8 Crystal structure of 2-O. Top view of dimer (a) and molecular packing viewed from
ab plane (b). Mutai et al. [89]—Reproduced by permission of The Royal Society of Chemistry

Fig. 14.9 Crystal structure of 2-R. Top and side views of the columnar packing (a) and molecular
packing viewed from bc plane (b). Mutai et al. [89]—Reproduced by permission of The Royal
Society of Chemistry

overlaps with the phenyl moiety of the stacked molecule. The distance between an
oxygen atom and the nearest nitrogen atom of a neighbor molecule is 3.64 Å, which
ruled out the formation of an intermolecular hydrogen bond. As for the intercolumnar
packing, every two columns aligned in an antiparallel fashion, to form a herringbone-
like arrangement along the c-axis (Fig. 14.7b).

In 2-O, antiparallelπ–π stacked dimeric units formedwith an interplanar distance
of 3.35 Å (Fig. 14.8a). The imidazolyl moieties overlapped, and the phenyl moiety
overlaid the fused pyridyl group. Neighboring dimeric units packed in an edge-to-
face type arrangement (Fig. 14.8b), which was similar to that observed in 1-BG
(Fig. 14.1) [61].
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Similar to 2-Y, parallel slip-stacked columnar packing was observed in 2-R
(Fig. 14.9). Themolecules were less slipped compared to 2-Y, and the same aromatic
moieties overlapped (Fig. 14.9a). Formation of an intermolecular hydrogen bond
could also be ruled out because of the large distance (3.53 Å) between oxygen atoms
and the nearest nitrogen atom of surrounding molecules. As for the intercolumnar
packing, the adjacent columns aligned in an antiparallel manner along the b- and
c-axes (Figs. 14.9b).

In the three polymorphic crystals, themolecular packingwas remarkably different,
whereas the conformation of themolecules was nearly identical. Therefore, the inter-
molecular interactions that vary according to the different molecular packing modes
may be a dominant factor in the PDL of 2.

14.5.3 Luminescence of 2-Y, 2-O, and 2-R

Figure 14.10 shows the luminescence spectra of the polymorphic crystals of 2-Y,
2-O, and 2-R upon excitation at 330 nm. The luminescence decays of the three
polymorphic crystals were reasonably fitted with a mono- or bi-exponential curve
(Table 14.2). The weighted average lifetimes (τM) of 2-Y, 2-O, and 2-R were 5.48,
5.51, and 2.26 ns, respectively, indicating singlet emission. The rate constants of the
radiative (kem) and non-radiative (knr) deactivations were within the ordinary values
for a π–π* transition. The low quantum yield of 2-R may be due to an efficient non-
radiative deactivation pathway. Because the spectral data, Stokes’ shift values, and
luminescence lifetimeswere similar to those observed in a poly(methylmethacrylate)
(PMMA) matrix [74], where 2 exists as an isolated molecule, the luminescence of
these crystals was considered to be ESIPT luminescence from single molecules.

Fig. 14.10 Luminescence spectra of 2-Y (solid line), 2-O (broken line), and 2-R (dotted line).
Mutai et al. [89]—Reproduced by permission of The Royal Society of Chemistry
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Table 14.2 Excitation and emission properties of polymorphic crystals of 2

λex/nm λem/nm (Φ) τ 1/ns (A1) τ 2/ns (A2) χ2 kem/107 s−1 knr/108 s−1

2-Y 379 548 (0.49) 3.46 (0.18) 5.74 (0.82) 1.18 8.94 0.93

2-O 381 570 (0.25) 5.51 (1.00) – 1.13 4.54 1.36

2-R 378 585 (0.10) 1.63 (0.93) 4.91 (0.07) 1.03 4.42 3.98

2a 351b 399,561 (0.13) 1.08 (0.53) 3.52 (0.47) 1.15 4.52 3.02

Mutai et al. [89]—Reproduced by permission of The Royal Society of Chemistry
a0.5 w% in poly(methyl methacrylate) (PMMA) matrix
bMaximum absorption wavelength

In contrast to the distinct luminescence colors, the excitation spectra were quite
similar in shape andmaximumwavelength, indicating that the light-absorption prop-
erties of 2were not sensitive tomolecular packing. Thus, differences in themolecular
packing dominantly affected the electronic state of the IPT species and led to distinct
ESIPT luminescence colors.

14.5.4 Heat-Mode Phase Transfer and Luminescence Color
Switching

The thermal properties of the three polymorphs were examined by DSC. In the first-
heating curve, 2-Y showedonly one endothermic peak at 247 °C,which corresponded
to themelting point (�H = 31 kJmol−1). On the other hand, 2-O and 2-R displayed a
small endothermic peak around 190 °C (�H ≈1kJmol−1) in addition to theirmelting
peaks (247 °C). From optical microscopic observations, this thermal behavior was
ascribed to a solid-solid phase transition, which was associated with a change in the
luminescence color from orange (2-O) or red (2-R) to yellow.

When a microcrystalline powder of 2-O was heated at 200 °C for 3 min and
then cooled to the room temperature, the powder XRD pattern of the resultant solid
was obviously different from that obtained before heating and was comparable to
that of 2-Y. It was therefore concluded that the small endothermic peak (190 °C)
corresponded to the phase transition from 2-O to 2-Y. Although the XRD patterns
of 2-R before and after heating could not be obtained because of a microcrystalline
sample shortage, it is reasonable to assume that 2-R similarly undergoes a phase
transfer to 2-Y at 190 °C.
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14.5.5 Theoretical Study on Polymorph-Dependent
Luminescence

14.5.5.1 Accuracy of TD-DFT Calculations

In order to obtain a deeper understanding of the polymorph-dependent ESIPT lumi-
nescence of 2, the ESIPT emission energies were evaluated using quantum chemical
calculations. First, a series of computations, TD-DFT, CASSCF, and MS-CASPT2,
were performed on the IPT form of the compound to validate the accuracies of the
computed S1–S0 vertical transition energies. It was concluded that the TD-DFT level
geometry optimization was sufficient to obtain an appropriate geometry of 2, and
the Coulomb-attenuated functional CAM-B3LYP [91] was in quantitative agreement
with the S1–S0 gap obtained from theMS-CASPT2 calculations, whereas the B3LYP
functional substantially underestimated the S1–S0 gap.

14.5.5.2 Calculation of ESIPT Luminescence Energy

Two-layer ONIOM models [92] were applied to the molecular clusters extracted
from 2-Y, 2-O, and 2-R in order to calculate the ESIPT state in different molecular
aggregates. The effects of packing mode on ESIPT were taken into account through
QM:MM calculations within the finite model. Each cluster model consisted of 17
molecules, in which one IPT species (2IPT) was surrounded with sixteen enol species
(2Enol). The S1 state of the center 2IPT was geometrically optimized at the TD-
DFT(B3LYP)/6-31G(d) level of theory with fixed geometries of the surrounding
2Enol molecules calculated at the semiempirical PM3 level.

The single point S1 → S0 emission energies were calculated at the TD(CAM-
B3LYP)/6-31G(d). In the case of isolated monomer, optimized 2IPT without
surrounding enols, the order of the computed emission energies (2-O<2-R <2-Y) did
not coincide with the observed ESIPT luminescence (2-R < 2-O < 2-Y) (Table 14.3).
On the other hand, when the π-stacked dimer geometries consisted of the optimized

Table 14.3 S1–S0 vertical energy (nm) of 2IPT for optimized geometry at TD(B3LYP)/6-
31G(d):PM3 (1 2IPT+16 2Enol) ONIOM model

Isolated modela ONIOM model

Measured Monomer Dimer Monomer Dimer

2-Y 548 541.8 506.8 540.8 505.9

2-O 570 592.8 519.5 590.7 518.3

2-R 585 557.0 587.8 555.8 586.4

Non-stacked dimer (2-O) – – 567.4 – 565.1

Mutai et al. [89]—Reproduced by permission of The Royal Society of Chemistry
aGeometries extracted from the optimized 17-molecule ONIOM model
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Fig. 14.11 π-stacked dimers composed of 2IPT (highlighted) and 2Enol (grayscale) of 2-Y, 2-O,
and 2-R

2IPT and adjacent π-stacked 2Enol molecules (Fig. 14.11), the calculated emission
energies were in accord with the observed ESIPT luminescence (Table 14.3). The
calculations showed that the HOMO and LUMO existed on 2IPT, indicating that the
dimer models were suitable to simulate the ESIPT-type S1 → S0 transition.

As a reference, the same TD-DFT calculation was also applied to the non-stacked
dimer extracted from 2-O. The computed energy was similar to that of the isolated
monomer, suggesting that the difference in the energy of theπ-stacked dimer models
could be attributed to the effects of the π-stacking modes.

The emission energies of the clusters were further calculated using ONIOM
models and were found to be virtually identical to the corresponding isolated models
(Table 14.3). These results suggested that the quantum chemical interaction between
2IPT and π-stacked 2Enol contributed to the emission energies of the polymorphic
crystals of 2, while the effects of the surrounding enol molecules considered by the
ONIOM models were limited.

14.5.6 Structure–Property Relationships in PDL

HPIP 1 has an intrinsic donor–acceptor nature due to the electron-rich and electron-
deficient natures of phenyl and imidazopyridyl units, respectively (dipole moment
of 1Enol: 5.40 D). Therefore, antiparallel stacking, which cancelled the dipole effect,
was predominantly observed in the crystals of 1 [61]. On the other hand, parallel
and antiparallel stacking was observed in the crystals of 2. DFT calculations showed
that the dipole moment of 2Enol in the ground state was 1.66 D, which was much
smaller than that of 1. The weaker donor–acceptor nature of 2 may be the reason
that antiparallel stacking was not essential to cancel the dipole effect and may also
be why slipped-parallel stacking was allowed.

As for the proton-transferred emitting species, the dipole moments of the excited
(2IPT*) and ground states (2IPT) were calculated to be 4.99 and 3.70 D, respectively,
and were oriented in a high-angled manner (ca. 150°) (Fig. 14.12). This could be the
reason for the polymorph dependence of the luminescence color. Alterations in the
molecular packing mode, namely changes in the environment polarity, would cause
different trends in the energy levels of the two IPT states, resulting in a variation in
the energy gap. The calculated energy levels (EHOMO and ELUMO) of the π-stacked
dimers were consistent with the above discussion.While the EHOMO values increased
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Fig. 14.12 Dipole moment in excited and ground states of IPT species of 2. Mutai et al. [89]—
Reproduced by permission of The Royal Society of Chemistry

in the order of 2-Y < 2-O < 2-R (�EHOMO = 0.36 eV), those of ELUMO increased in
the order of 2-R ~ 2-Y < 2-O, with a much smaller difference (�ELUMO = 0.12 eV).

14.5.7 Excited-State Dynamics in the Crystalline State

The excited-state dynamics of the PDL of 2 was further studied by means of a
femtosecond pump-probe spectroscopic measurement [93]. By a femtosecond 400-
nm pulse excitation of 2-Y, 2-O, and 2-R, two processes with the decay time of <1 ps,
which corresponds to the ESIPT (2Enol* → 2IPT*), and a slower process (11–45 ps)
were observed before the radiative deactivation (2–8 ns).

In the case of 2-O, the time-resolved profile of the transient absorbance was fitted
with a triple-exponential function with lifetimes of 0.8 ± 0.3 ps (68%), 25 ± 5 ps
(24%), and 5500 ps (8%). The third lifetime constant corresponding to the ESIPT
emission was fixed to be 5500 ps. The shortest component (0.8 ps) was assigned
to the ESIPT process (2Enol* → 2IPT*). In the crystalline solid, where molecules
are densely packed, the twisting motion in the excited state is suppressed and the
mutual interaction between excited-state and ground-state molecules should be easy.
Therefore, we consider the 25 ps component to be the dynamics between the IPT*
and enol species such as a heteroexcimer formation.

From the above discussion, the dynamics of the excited-state relaxation process
of 2-O is shown schematically in Fig. 14.13. Upon excitation of 2-O by a fs 400 nm
pulse, the 2Enol* generated and the ESIPT took place with a time constant of 0.8 ps.
Then the heteroexcimer between 2IPT* and neighboring 2Enol species was formed
with a time constant of 25 ps and deactivated with emission in a few nanoseconds.

In the case of 2-Y and 2-R, the time-resolved profiles show similar behaviors as
2-O, while the time constants obtained by fitting with the triple-exponential function
were different. The component due to ESIPT process is in the order 2-Y (0.3 ps) <
2-R (0.5 ps) < 2-O (0.8 ps). The X-ray crystallographic analysis (Fig. 14.6) showed
the distance between O and N1 as 2.582 Å (2-Y), 2.622 Å (2-R), and 2.625 Å (2-O),
suggesting that the difference in the rate of ESIPT process might be related to the
length of the intramolecular hydrogen bond (O–H···N1).

The rate of the heteroexcimer formation is in the order 2-R (11 ps) < 2-O (25 ps)
< 2-Y (45 ps). The excimer formation process might be affected by two factors: the
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Fig. 14.13 Schematic diagram of ESIPT and subsequent relaxation processes of crystalline solid of
2. Adapted with permission from Ishibashi et al. [93]. Copyright 2019 American Chemical Society

π–π interplanar distance and the longitudinal slippage of the dimeric unit. Because
the interplanar π–π distances of the three polymorphs are nearly identical, the rate
of the excimer formation would mainly depend on the longitudinal slippage (the
overlap) of the π–π stacked dimeric unit as well as the small dihedral angle between
the two aromatic rings (Fig. 14.6). The π–π overlap of dimer unit of 2-Y was the
smallest, resulting in the slowest excimer formation rate (45 ps). On the other hand,
both 2-O and 2-R show larger π–π overlap, while the dihedral angle of 2-O of the
ground-state enol form was larger (2.6°) compared to that of 2-R (1.4°). The less
planarity of the molecule might result in the slower excimer formation time of 2-O
compared to 2-R. From the above results, we can conclude that the difference in the
molecular packings is somewhat capable of “controlling” the excimer formation.

14.6 Conclusion

In conclusion, the three-color, polymorph-dependent luminescence of 6-cyano HPIP
(2) (2-Y (yellow), 2-O (orange), and 2-R (red)) was investigated. X-ray crystallo-
graphic analysis indicated a remarkable difference in the molecular packing, which
should be a dominant factor in the polymorph-dependent ESIPT luminescence. Theo-
retical studies indicated that intermolecular interactions between π-stacked IPT and
enol molecules may contribute to the emission energy of crystal polymorphs. The
different directions of the dipole moments in the ESIPT and IPT states may be the
reason for the sensitive polymorph-dependent luminescence color, as the energy level
of the two states would shift differently with variations in the environment, resulting
in changes in the energy gap. It is also remarkable that the excited-state dynamics of
the three polymorphs elucidated by the femtosecond transient absorption and fluo-
rescence lifetime measurements presented the consistent model with the quantum
chemical simulations. Namely, between the rapid ESIPT (<1 ps) and the nanosecond
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Scheme 14.6 Molecular
structure of HPIP substituted
at imidazopyridine (R1) and
phenyl (R2) moieties

emissive decay processes, the heteroeximer formation process, whose rate is obvi-
ously dependent on the molecular packing mode (11–45 ps), is found. The result
would open the way for detailed experimental analysis of the mechanism of PDL.

14.7 Other HPIP Derivatives

To date, various derivatives of HPIP have been synthesized, and the fluorescence of
some derivatives has been reported [74]. Similar to 1 and 2, the derivatives exhibited
bright ESIPT fluorescence in a PMMAmatrix (Φ = 0.1–0.6), although they showed
weak emission (Φ ≈ 0.01) in a THF solution. The introduction of electron-donating
and electron-withdrawing groups onto the imidazopyridine moiety (R1) caused blue
and redshifts in the ESIPT fluorescence, respectively. On the contrary, substitution
at the phenyl ring (R2) shifted the ESIPT fluorescence in the opposite direction,
i.e., electron-donating and electron-withdrawing groups caused red and blue shifts,
respectively (Scheme 14.6).

Furthermore, some derivatives display polymorph-dependent ESIPT lumines-
cence: for example, 6-bromo HPIP (λem = 539 and 575 nm), 5′-methyl HPIP (λem

= 521 and 536 nm), and 6-chloro-5’-methyl HPIP (λem = 541 and 576 nm). On the
other hand, polymorphism in aryl-substituted HPIPs has not been observed.

The luminescence of HPIP may be controlled by chemical modifications and
supramolecular methods (polymorphism). Thus, HPIP could be a good model to
evaluate the effects of substituents and polymorphism on solid-state luminescence.

14.8 Conclusions and Future Outlook

Crystal engineering toward the formation of polymorphic phases of luminophores is
a powerful strategy for controlling the luminescence of molecular solids, and it may
lead to new photofunctional materials.

Owing to ESIPT, HPIP 1 exhibits environment-sensitive zwitterionic excited
species, which leads to PDL, i.e., blue-green (1-BG) and yellow (1-Y). Further-
more, 6-cyano HPIP 2 emits three-color PDL, i.e., yellow (2-Y), orange (2-O), and
red (2-R). Switching luminescence color via heat-mode phase transfer indicates that
ESIPT is a usefulmechanism for converting information regardingmolecular packing
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into a significant change in luminescence. ESIPT luminescence of HPIP can also
be controlled by common synthetic modifications, and the effects of substituents on
luminescence can be reasonably explained by the calculated electronic configurations
and energy levels of S0-IPT and S1-IPT states [36].

Theoretical studies of HPIP derivatives have presented valuable information on
the electronic state of molecular crystals that may affect PDL. Femtosecond time-
resolved measurement is also promising technique that will offer much clear and
convincing experimental data for discussing the excited dynamics in crystals.

Thus, the remarkable polymorph dependence of the luminescence color demon-
strates that ESIPT is a promising mechanism for packing-directed control of lumi-
nescence and will improve the understanding of the structure–property relationships
observed in PDL. It should be possible to design a library of compounds based on
the combination of conventional synthetic strategies and supramolecular chemistry
(i.e., polymorph dependence).

Currently, the number of compounds that show PDL is still limited. Therefore, the
development of a series of luminescent core-based PDL-active compounds should
contribute to the understanding of crystal structure–luminescence relationships and
may lead to the design of polymorphic materials displaying specific and desirable
luminescence properties. These findings should also offer a novel design concept
toward tunable organic luminescent solids and thus provide a roadmap for new
functional materials.
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Chapter 15
Solid-State Fluorescence Switching Using
Photochromic Diarylethenes

Seiya Kobatake and Tatsumoto Nakahama

Abstract Solid-state fluorescence-switchable materials that show large changes
in fluorescence intensities and/or colors in response to various external stimuli
have attracted much attention in various applications, such as optical memories,
display devices, and sensor materials. In particular, fluorescence switching using
photochromic diarylethenes has been widely investigated because of the excellent
performance of diarylethenewith high thermal stabilities, high fatigue-resistant prop-
erties, and high reactivity in the solid states. Although many researchers investigated
the fluorescence switching properties only in solution, the evaluation in solid states
is essential for the practical applications. This chapter has focused on solid-state
fluorescence switching behavior using diarylethene and reviewed the rational design
and the properties for various types of the fluorescence-switchable materials.

Keywords Photochromism · Fluorescence switching · Diarylethene · Solid state

15.1 Introduction

Photochromic compounds that undergo a reversible transformation between two
isomers having different absorption spectra upon photoirradiation have attracted
much attention because various physicochemical properties, such as conductivity,
fluorescence, and magnetism, can be modulated without any direct physical contact.
Diarylethene is one of the most promising molecules exhibiting the excellent perfor-
mance, with high thermal stabilities, high photocyclization quantum yields, and
high fatigue-resistant properties compared to other photochromic compounds [1].
In addition, diarylethenes can undergo the photochromic reaction even in the solid
states, such as polymer films and the crystalline phase. The reversible changes in the
various physicochemical properties accompanying with the photochromic reaction
of diarylethenes can be applied to optical memory media, various photoswitching
devices, light-driven actuators, and so on.
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Some diarylethenes exhibit fluorescence in the open-ring form and/or the closed-
ring form.As shown in Fig. 15.1, the fluorescent diarylethenes are classified into three
types: diarylethenes exhibiting fluorescence (i) in their open-ring isomers (turn-off
mode) [2–14], (ii) in their closed-ring isomers (turn-on mode) [15–20], and (iii) in
both open- and closed-ring isomers [21–29]. Their fluorescence intensities or spectra
change upon alternating irradiationwith ultraviolet (UV) and visible light because the
fluorescence properties between their open- and closed-ring forms are significantly
different. In most cases, the fluorescent diarylethenes have quite low fluorescence
quantum yield (Φf). It is not easy to design the fluorescent diarylethene with highΦf

in addition to the high reactivities in photocyclization and photocycloreversion. To
overcome this point,molecular systems combining diarylethenes andfluorophores by
chemical bonding or mixing were proposed. In the systems, the fluorescence on/off
switching accompanying with the photochromic reaction was accomplished. When
diarylethene is in the open-ring form, the fluorophore exhibits fluorescence. On the
other hand, when diarylethene is converted to the closed-ring form, the fluorescence
is quenched. The processes are based on an energy transfer or intramolecular electron
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transfer as described later. The fluorescence photoswitchable materials are one of the
most promising systems for ultra-high density optical memories and display devices
because the fluorescence signal can be detected even at a single-molecule level and
the change can be visually observed by naked-eye.

Although various types of the fluorescent photoswitchable systems based on the
photochromism of the diarylethene derivatives have been reported so far, most of the
researchers have focused on their fluorescence switching behaviors only in solution.
However, it is important to evaluate the fluorescence switching properties not only
in the solution but also in the solid state for practical applications such as optical
memories and display devices. Here, we have focused on the solid-state fluorescence
photoswitching behavior using the diarylethenes and reviewed the progress and the
development in this chapter. The researches on the fluorescence switching in solu-
tion are not described in detail here because many other excellent reviews reported
previously will cover the results reported so far [1, 30–34].

15.2 Ultra-High Density Optical Memory

15.2.1 Fluorescence Photoswitching at a Single-Molecule
Level

One of the advantages for fluorescence among various physicochemical properties is
that the signal can be detected even at the single-molecule level. If a single molecule
of diarylethene would work as one-bit memory, ultra-high density optical memory
(1 Pbit/inch2) could be realized. In this part, various researches for the ultra-high
density optical memory are presented.

Irie and coworkers made an effort to realize the ultra-high density optical
memory based on a photochromic reaction of the diarylethenes. First, they have
tried to observe the fluorescence photoswitching at the single-molecule level using a
diarylethene–fluorophore dyad 4a that connects a fluorescent anthracene derivative
to a photochromic diarylethene via a rigid adamantyl spacer (Fig. 15.2a) [35, 36]. The
fluorescence intensity of 4a reversibly changed upon irradiation with UV and visible
light in toluene. When diarylethene is in the open-ring form, the fluorophore exhibits
fluorescence. On the other hand, when diarylethene is converted to the closed-ring
form, the fluorescence is quenched because of an energy transfer from the excited-
state fluorophore to the diarylethene closed-ring form (Fig. 15.2b). The fluorescence
photoswitching behavior at the single-molecule level was investigated using confocal
microscopy in a Zeonex polymer film doped with the closed-ring form 4b. Initially,
the polymer film was non-fluorescent. Upon irradiation with visible light, the four
fluorescent signals of 4a could be detected as shown in Fig. 15.2c. The signals disap-
peared by irradiation with UV light. After that, the visible light irradiation recovered
the fluorescence signals. Therefore, they accomplished that the fluorescence photo-
switching can be controlled by alternating irradiation with UV and visible light at the
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single-molecule level and provided the molecular design for the ultra-high density
optical data storage.

However, the anthracene derivative as used above was decomposed after a few
cycles of the fluorescence photoswitching. To realize the ultra-high density optical
memory, the excellent fatigue resistance of the fluorophore is required. Here, the fluo-
rophore moiety was replaced from the anthracene derivative to the perylenebisimide
derivative having high photochemical stability, high Φf, and large molar extinc-
tion coefficient. The improved diarylethene–fluorophore dyad 5a (Fig. 15.3a) exhib-
ited the fluorescence photoswitching behavior even in the polymer film as well as
4a. Dyad 5a exhibited excellent photostability compared with 4a. It was estimated
that the photochromic performance of 5a was kept after being excited around 106

times [37].
As a result of the improvement of the durability, a unique environmental effect on

the photochromic reaction of dyads 5a and 6a at the single-molecule level was found
[38]. Figure 15.3b–e shows on and off histograms observed for a single molecule 5a
in two kinds of polymer films. The histogram has an exponential shape in poly(n-
butyl methacrylate) (PnBMA) with a low glass transition temperature (T g) near
room temperature, which indicates that the photocyclization/cycloreversion quantum
yields are constant. On the other hand, the histograms of the exponential shape
were not observed when T g of the polymer is higher than room temperature like
poly(methyl methacrylate) (PMMA). The result suggests that the quantum yields
of the photochromic reaction are not constant and increase with an increase in the
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number of absorbed photons. The abnormal histograms can be explained by a multi-
local minima model (Fig. 15.3f, g). The diarylethene molecule simply undergoes
the photochromic reaction in the soft environment with low T g. The rigid matrix
with high T g provides multilocal potential surfaces in the ground and excited states,
which prevent the one-step photochromic reaction and requiremultistep photoexcita-
tions to reach the final reaction process. The rigidmatrix with high T g leads to unique
photochromic reaction behavior. However, it may complicate the fluorescence photo-
switching behavior at the single-molecule level. The result revealed the importance
of selecting a suitable matrix around the molecules to realize the ultra-high-density
optical memory.

15.2.2 Fluorescence Photoswitching in Film Loaded
with a Large Amount of Molecules

The fluorescence photoswitching at a single-molecule level in the previous part has
shown the feasibility of ultra-high density optical memory. The photoswitching was
performed in the polymer films loaded with a very small amount of the molecules.
To realize the ultra-high density optical memory, it is necessary to demonstrate the
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fluorescence photoswitching in the solid states loaded with a large amount of the
molecules. However, most of the organic fluorophores become non- or very weak
fluorescent with increasing concentration of the fluorophores due to concentration
quenching, which is a serious problem for the application. To overcome this problem,
Park and coworkers proposed to use cyanostilbene derivative as the fluorophore
moiety [39]. Cyanostilbene is one of the molecules exhibiting aggregation-induced
emission (AIE) [40–42]. The molecules having AIE characteristics exhibit weak or
no emission in dilute solution but exhibit strong emission in the aggregated state.
A diarylethene derivative bearing the cyanostilbene moiety (7a) (Fig. 15.4) also
exhibited strong fluorescence with increasing concentration. The Φf values for 7a
increased from 0.00002 in dilute solution to 0.051 in nanoparticles fabricated by a
reprecipitationmethod. The increasedΦf value is due to the formation of J-aggregate.
The fluorescence intensity of 7a in the nanoparticles decreased accompanying with
photocyclization of the diarylethene and almost quenched at the photostationary state
(PSS) (fluorescence on/off contrast > 10). On the other hand, the photocyclization
conversion at PSS was 35%, which suggests that the fluorescence photoswitching of
the nanoparticles was affected by not only intramolecular energy transfer but also
intermolecular energy transfer. The strong fluorescence intensity at on state and the
reversible fluorescence photoswitchingwith highon/off contrast (>19)were observed
even in the polymer film loaded with a large amount of 7a (20 wt%).

Métivier, Nakatani, and coworkers have investigated the amplification effect of
the fluorescence switching in polymer films doped with a diarylethene derivative
and a BODIPY derivative that is one of the typical organic fluorophores [43]. They
prepared two polymer films with different concentrations of the fluorophore, PF-1
and PF-2. The concentration of the fluorophore in PF-2 is 10 times higher than
that in PF-1. Single molecules of the diarylethene closed-ring form could quench
eight fluorophore molecules in PF-2 and two fluorophore molecules in PF-1. The
amplification effect of fluorescence quenching by the intermolecular energy transfer
from the multiple fluorophores to the single diarylethene closed-ring form in poly-
mers and nanoparticles was also investigated [44–46]. Thus, the increase of the

S S

Me

Me

F
F

F
F

FF

NC

Me

S S

Me

Me

F
F

F
F

FF

NC

Me

UV

Vis.

7a
(Fluorescent)

7b
(Non-fluorescent)

Fig. 15.4 Molecular structure of fluorescent photoswitchable diarylethene 7a



15 Solid-State Fluorescence Switching Using Photochromic … 305

concentration of the diarylethenes and the fluorophores results in more efficient fluo-
rescence photoswitching when strong fluorescence of the fluorophore is observed
even in high concentrations. However, a further increase in the number of doped
molecules to the polymer film may cause problems such as a phase separation.
Herein, a polymer bearing diarylethene and cyanostilbene moieties in the main chain
were prepared and the fluorescence photoswitching behavior was investigated [47].
The neat polymer film exhibited strong fluorescence and the reversible fluorescence
photoswitching with high on/off contrast (>10).

To achieve the high fluorescence on/off contrast and to suppress the undesired
photoreaction on the readout, the absorption spectrum of the fluorophore is required
to be separated from absorption peaks of both isomers of the diarylethene. A large
overlap between the fluorescence spectrum of the fluorophore and the absorption
spectrum of the diarylethene closed-ring form is also required. Park and coworkers
succeeded in solving these points using a fluorophore (DHBO) that undergoes
excited-state intramolecular proton transfer (ESIPT). As shown in Fig. 15.5a,DHBO
enol form isomerizes to keto form through ESIPT process. As a result, DHBO keto
formexhibited large Stokes-shifted fluorescence.Moreover,DHBO exhibits stronger
fluorescence in the solid state (Φf = 0.1) in comparison with that in chloroform
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(Φf = 0.02). A pair of diarylethene 8a and DHBO satisfies the essential spectral
points for the efficient fluorescence switching (Fig. 15.5b). High on/off contrast fluo-
rescence switching (fluorescence on/off contrast > 290), non-destructive readout, and
the reversibility were accomplished as shown in Fig. 15.5c [48].

15.2.3 Three-Dimensional Fluorescence Recording

Previous studies have dealt with ultra-high-density optical memory in two-
dimensional planes. If three-dimensional (3D) reading becomes possible, the
capacity of the recording medium will be dramatically improved. Irie and
coworkers demonstrated 3D erasable optical recording in a single crystal of a
fluorescent diarylethene, 1,2-bis(3-methyl-2-thienyl)perfluorocyclopentene (9a) [2].
Figure 15.6a–h shows eight confocal laser scanning microscopic images of the
recorded spots in the single crystal of 9a. Diarylethene 9a shows reversible turn-
off mode fluorescence photoswitching even in the single crystal using an Ar ion
laser (336–363 nm) and an Ar-Kr ion laser (488 nm). The recorded spots were
detected as dark spots, and the size was approximately 200 nm in plane and 1.5 μm
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permission from Ref. [2]. Copyright © 2001 The Japan Academy
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in depth, which corresponds to the recording density higher than 5 Tbit/cm3. On
the other hand, Belfield and coworkers accomplished 3D two-photon recording and
two-photon fluorescence readout using polymer film containing a diarylethene and
a fluorene derivative [49, 50]. Two layers separated by 50 μm in depth direction
were written in the polymer film by two-photon absorption of 800 nm light. The
fluorescence of the fluorene derivative was monitored for the readout.

15.2.4 Non-destructive Readout by Intramolecular Electron
Transfer

The fluorescence quenching process as described above is based on the energy
transfer from the excited fluorophore to the diarylethene closed-ring form or the
photochromic reaction of the fluorescent diarylethene itself. However, such a readout
process destroys the recording simultaneously with readout in the optical memory.
Although the influence was minimized using very weak light for the readout and
adopting the diarylethene derivatives with a quite low photocycloreversion quantum
yield, they cannot lead to an essential solution. Here, the intramolecular electron
transfer (IET) process was adopted to accomplish the complete non-destructive
readout for the ultra-high density optical memory. The reduction and/or oxidation
potential of the diarylethene can be altered upon the photochromic reaction. The
changes in the redox potentials of the diarylethene activate or deactivate the pathways
of the IET process between the diarylethene and fluorophore to the charge separation
state. The radiative process of the excited fluorophore can be suppressed when the
IET process occurs. The IET process makes it possible to separate the absorption
spectra of both open- and closed-ring forms of the diarylethene and the fluorescence
spectrum of the fluorophore. Several researchers have tried to design and synthesize
various types of diarylethene–fluorophore dyads to achieve non-destructive readout
in fluorescence photoswitching based on the IET process [51–55].

In 2011, Fukaminato and coworkers successfully demonstrated non-destructive
fluorescence readout of a diarylethene–fluorophore dyad 10a (Fig. 15.7a) in solu-
tion and at the single-molecule level based on the IET mechanism [56]. As shown
in Fig. 15.7b, the fluorescence spectrum of the perylenebisimide derivative as the
fluorophore moiety and the absorption spectra of the open- and closed-ring forms of
the diarylethene moiety were completely separated. In addition, energy gaps for the
charge separation in dichloromethane were calculated to be 1.23 and−8.55 kcal/mol
for 10a and 10b by Rehm–Weller equation. It indicates that it is probable that the IET
process takes place only for 10b in the solution.As shown in Fig. 15.7c, only theΦ f of
the closed-ring form decreases with increasing the dielectric constant of the solvent.
As predicted from this result, the fluorescence of dyad 10 can be reversibly switched
by alternating irradiation with UV and visible light in polar solvents. In addition,
the fluorescence intensities of the open- and closed-ring forms did not change even
when irradiated with 532 nm light (2.5 mW/cm2) for 2 h (Fig. 15.7d). These results



308 S. Kobatake and T. Nakahama

S

F
F

F
F

FF

S

O
O

O O

N

N

Me

Me

O

O

O

O

O

O

10a
(Fluorescence ON)

S

F
F

F
F

FF

S

O
O

O O

N

N

Me

Me

O

O

O

O

O

O
UV

Vis.

10b
(Fluorescence OFF)

(a) (b)

(c)

(d)

(e)
UV UV

UV

Vis.

Vis.Vis.

Time / sec

0 20 40 60 80 100
Time / min

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1.0

Fl
uo

re
sc

en
ce

 I
nt

en
si

ty
at

 5
68

 n
m

 / 
a.

u.

Dielectric Constant (ε)
0 5

0

0.2

0.4

0.6

0.8

1.0

R
el

at
ive

 Φ
F

(Φ
F/
Φ

FM
)

10 15 20

0

30

60
90

120

150

180

In
te

ns
ity

 / 
30

0 
m

se
c

Wavelength / nm

300 400 500 600
0

0.2Ab
so

rb
an

ce

0.4

0.6

0.8

1.0

Fl
uo

re
sc

en
ce

 I
nt

en
si

ty
 / 

a.
u.

700

UV UV UVVis. Vis. Vis.
532 nm 532 nm 532 nm 532 nm 532 nm 532 nm 532 nm

Fig. 15.7 a Molecular structure of the diarylethene–fluorophore dyad 10a, b absorption and fluo-
rescence spectra of each component of 10 in 1,4-dioxane: absorption spectra of the open-ring
form and closed-ring form of the diarylethene moiety, and absorption and fluorescence spectra of
the fluorophore moiety, c relative fluorescence quantum yields versus the dielectric constant for
10a (open circle) and 10b (closed circle), d change of fluorescence intensities at 568 nm under
excitation at 532 nm of 10a (open circle) and 10b (closed circle) against irradiation time, and
e single-molecule fluorescence photoswitching in a poly(methyl acrylate) (PMA) film containing
10b: sequential wide-field fluorescence images of 10 embedded in the PMA film (upper) and the
corresponding fluorescence intensity trajectory of a single molecule of 10, represented as a white
circle in the upper images. Reprinted with the permission from Ref. [56]. Copyright 2011 American
Chemical Society

suggest that non-destructive fluorescence readout can be realized using dyad 10a.
They have investigated the fluorescence photoswitching and non-destructive fluores-
cence readout at the single-molecule level. Poly(methyl acrylate) (PMA), which was
selected as a polar and soft polymer, loaded with 10b was prepared. As shown in
Fig. 15.7e, a non-destructive fluorescence readout based on the IET mechanism was
successfully demonstrated even at the single-molecule level. To summarize the results
so far, various attempts on the fluorescence photoswitching using the diarylethenes
have been proposed and demonstrated. Their results will advance the realization of
the ultra-high density optical memory.
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15.3 Display Materials

15.3.1 Fluorescence Photomodulation Between Dual Colors

In the previous part, we reviewed various researches on the fluorescence on/off
photoswitching in the solid states for the ultra-high density optical memory. On the
other hand, multicolor fluorescent photomodulation materials that exhibit multiple
distinguishable fluorescence signals are especially attractive due to their potential
applications in flexible full-color displays and in next-generation lighting sources.

In 2012, efficient photoresponsive fluorescence color tuning has been demon-
strated by combining two kinds of cyanostilbene derivatives having AIE charac-
teristics, CN-MBE and TPA-2CNMBE, and diarylethene 8a (Fig. 15.8a) [57]. A
polymer (PMMA) film containing these three molecules was prepared. CN-MBE
and TPA-CNMBE exhibited the violet-blue and orange-red fluorescence in PMMA
film, respectively.When 8was in the open-ring form, the orange-red fluorescencewas
observed because of the partial energy transfer from CN-MBE to TPA-2CNMBE.
On the other hand, the fluorescence color significantly changed to violet-blue via
white when 8a was converted to 8b. The result can be explained by the difference in
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the energy transfer efficiency from two kinds of the fluorophores to 8b. Figure 15.8b
shows the energy level of CN-MBE, TPA-2CNMBE, and 8a/8b calculated by
time-dependent density functional theory (TD-DFT). The orange-red fluorescence of
TPA-2CNMBE was largely quenched by 8b in comparison with that of CN-BME
because the energy level of 8bwas closer to that of TPA-2CNMBE than that of CN-
MBE. Based on such a mechanism, the photoresponsive fluorescence color tuning
between orange-red and violet-blue colors was achieved as shown in Fig. 15.8c.

However, this fluorescence color photomodulation involves a significant decrease
of intensity on the overall fluorescence spectrum. To realize ideal color-specific
photoswitching between multiple fluorescence colors, it is needed that fluores-
cence of one fluorophore can be selectively switched upon the photochromic reac-
tion while other fluorophores are not affected by light irradiation. In addition,
the energy transfer from one fluorophore to the others must be prohibited. The
problems were solved using two types of ESIPT fluorophores: (2-(1,4,5-triphenyl-
1H-imidazol-2-yl)phenol (HPI) and 3-(1-phenyl-1H-phenanthro[9,10-d]imidazol-
2-yl)naphthalene-2-ol (HPNIC) (Fig. 15.9) [58]. The large Stokes-shifted fluores-
cence of HPI and HPNIC was observed because of the ESIPT process from enol
form to keto form. The fluorescence maximum wavelength (λf) of HPI and HPNIC
was 462 and 590 nm, respectively, while they have similar absorption maximum
wavelength (λabs) (at 318 nm and 365 nm for HPI and HPNIC, respectively).
Thus, there is almost no overlap between the absorption spectrum of HPNIC and
the fluorescence spectrum of HPI, meaning that the energy transfer from excited
HPI to HPNIC is negligible. As expected, a polymer film containing HPI and
HPNIC (HPI:HPNIC = 1 wt%:1wt%) exhibited a dual peak fluorescence spec-
trum, which is almost the same as the fluorescence spectrum calculated by the simple
addition of HPI and HPNIC. A diarylethene derivative, 1,2-bis(3,5-dimethyl-2-
thienyl)perfluorocyclopentene (11a), whose color changes from colorless to yellow
upon irradiation with UV light, was selected as the photochromic compound. The
blue ESIPT fluorescence of HPI can be selectively switched by the photochromic
reaction of 11a because the absorption spectrum of 11b overlaps with only the fluo-
rescence spectrum of HPI. Three-component polymer film containingHPI,HPNIC,
and 11a shows white fluorescence at the initial state. Upon irradiation with UV light,
the white fluorescence color was modulated to the orange by the selective quench of
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the blue fluorescence of HPI. The fluorescence color returned to white upon irradi-
ation with visible light. Therefore, color-specific photoswitching between white and
orange fluorescence colors was successfully demonstrated.

On the other hand,Akagi and coworkers reported another approach to construct the
multicolor fluorescent photomodulation system [59]. Their concept is to mix several
kinds of nanoparticles consisting of the fluorescent photoswitchable polymers. They
synthesized the fluorescent photoswitchable aromatic conjugated polymers (P1, P2,
and P3) having a diarylethene moiety at the side chains and the fluorescent aromatic
conjugated polymers (P1′,P2′, andP3′), as shown inFig. 15.10a, b. The nanoparticles
consisting of the polymers fabricated by a reprecipitation method exhibited the blue
(for P1 and P1′), green (for P2 and P2′), or red fluorescence (for P3 and P3′) inwater,
respectively. The fluorescence of the nanoparticles consisting of P1, P2, or P3 was
quenched upon irradiation with UV light, and almost completely quenched at PSS
(Fluorescence on/off contrast= 473.2, 850.7, and 98.9 for P1, P2, and P3). The high
on/off contrast is ascribed to the large contribution of intermolecular energy transfer
in the nanoparticles. A white fluorescence photoswitchable film was obtained by
casting the solution mixing the three kinds of the nanoparticle solution at a molar
ratio. The white fluorescence can be switched between the fluorescent and quenched
states upon alternating irradiation with UV and visible light. In addition, the three
components cast films containing two polymer nanoparticles having a diarylethene
moiety and the other polymer nanoparticle without a diarylethene were fabricated.
In these films, the energy transfer between individual nanoparticles was prohibited
due to a long distance between the nanoparticles. Therefore, as shown in Fig. 15.10c,
only two fluorescence colors were quenched upon irradiation with UV light, while
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the other fluorescence was not altered. As a result, the color of the cast films was
converted from white to blue, white to green, and white to red, respectively.

15.3.2 Photo-Patternable Electroluminescence on Organic
Light-Emitting Diode

The rational designs of the fluorescent photoswitchable system enable not only
the single fluorescence color on/off switching but also the fluorescence modulation
between dual colors. Such materials have attracted much attention for the practical
application such as organic light-emitting diodes (OLEDs), which are promising
devices in flat-panel displays and in smart illumination technologies. The fabrication
process of full-color OLED display consisting of RGB-emissive dyes is complicated
and costly for fabricating large-area displays because the display must be selectively
deposited precisely onto the substrates. Kawai and coworkers proposed the photo-
patternable electroluminescence on OLEDs using diarylethene 12a (Fig. 15.11a)
[60]. The open-ring isomer 12a is non-fluorescent, while the closed-ring isomer 12b
exhibits the orange fluorescence in the amorphous film. The photochromic reaction
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Me
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O O O O O O O O
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12b:mCP
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ITO

substrate

(b)

BCP :  2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
mCP :  1,3-bis(carbazol-9-yl)benzene
PEDOT:PSS :  poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

EL emission

Fig. 15.11 aMolecular structure of diarylethene 12a, b structure of bottom-emission type OLEDs
using compound 12b as a dopant on an emitting layer in the wet process, and (c, d) photographs of
c yellow EL from the device and d patterned EL from the device. Reproduced from Ref. [60] by
permission of The Royal Society of Chemistry
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upon irradiation with UV and visible light can be undergone even in the amorphous
film; thus, the amorphous film 12a behaved as photo-patternable luminescence turn-
on material. They fabricated a multilayer bottom-emission type OLED using 12b
as an emissive dopant in the emitting layer, as shown in Fig. 15.11b. The fabri-
cated device with 12b exhibited the yellow electroluminescence with an external
quantum efficiency of 0.20% (Fig. 15.11c). In addition, patterned visible light irra-
diation on the device is area-selectively isomerized 12b to 12a, which results in
the clear electroluminescence patterning as shown in Fig. 15.11d. The result shows
the possibility of direct photo-patterning fabrication of full-color OLEDs using the
fluorescent switchable system by the diarylethenes.

15.4 Crystalline State Fluorescence Behavior
of Diarylethenes

15.4.1 High Contrast Fluorescence Photoswitching
in Crystal

Crystals can be promising for the development of further efficient fluorescent photo-
switchable materials because the molecules are regularly and very densely aggre-
gated in the crystal. In this part, we introduce two topics, crystalline state turn-off
and turn-onmode fluorescence photoswitching with high contrast and characteristics
fluorescence behavior of inverse-type diarylethene in solid states.

As described above, 1,2-bis(3-methyl-2-thienyl)perfluorocyclopentene (9a)
exhibits turn-off mode fluorescence switching accompanying with the photochromic
reaction even in the single crystal (Fig. 15.6). However, the fluorescence on/off
contrast is not high due to the low photoconversion yield in the single crystalline
state. Fukaminato et al. designed a diarylethene derivative linked to the benzothiadi-
azole derivative (13a) (Fig. 15.12a) to obtain fluorescent diarylethene with efficient
turn-off mode fluorescence photoswitching properties in the single crystal [61]. Each
performance of the diarylethene and the fluorophore moieties in dyad 13a can be
carried out at a high level because they were separated by an ether bond. Initially,
the single crystal of 13a exhibited strong green fluorescence. Upon irradiation with
area-selective UV light, the fluorescence intensity of the crystal was down to the
background level. As shown in Fig. 15.12b, the size of the dark area gradually
decreased toward the center with the recovery of the fluorescence upon irradiation
with visible light. On the other hand, the fluorescence signal of quenched area in the
PMMA film containing 13a is uniformly recovered under irradiation with 438 nm
light (Fig. 15.12c). The photocyclization conversion becomes high as the position is
close to the center because UV light intensity has Gaussian distribution. The differ-
ence in the photocyclization conversion can be negligible in the PMMA film due to
the small contribution of the intermolecular energy transfer. On the other hand, the
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fluorescence intensity of the single crystal suddenly and largely changes upon irradi-
ation with visible light, which is ascribed to the intermolecular energy transfer from
a large number of the fluorophores to the small amount of diarylethene closed-ring
forms in the crystal. The amplified intermolecular energy transfer process results in
the high fluorescence on/off contrast and the fluorescence recovery behavior upon
decreasing the size of the dark area.

On the other hand, Morimoto, Irie, and coworkers demonstrated high contrast
fluorescence photoswitching in single crystals of diarylethene derivatives having
benzothiophene S,S-dioxide at the aryl moieties (14a, 15a) (Fig. 15.13) [62].
Diarylethenes 14a and 15a exhibit the reversible photochromic reaction and turn-
on mode fluorescence photoswitching upon irradiation with UV and visible light in
solution and in the single crystal. The single crystals emit no fluorescence when the
diarylethenes are in their open-ring isomers. Upon irradiationwithUV light, the crys-
tals become fluorescent due to the generation of the fluorescent closed-ring forms.
Thus, the single crystals underwent turn-on mode fluorescence photoswitching with
high fluorescence on/off contrast.
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15.4.2 Characteristic Fluorescence Properties
of Inverse-Type Diarylethenes in Crystal

Diarylethene derivatives can be categorized into two groups, a normal type and
an inverse type, with respect to the orientation of the two aryl rings as shown
in Fig. 15.14 [63]. The inverse-type diarylethenes are one of the typical fluores-
cent diarylethenes and show characteristic fluorescence and photochromic reaction
behavior in the solid states. They have slightly red-shifted absorption spectra due
to long π-conjugation compared with the normal-type diarylethenes and emit blue
fluorescence in their open-ring forms [2, 3, 11–14]. The fluorescence intensity of
the open-ring forms decreases upon irradiation with UV light. Upon irradiation with
visible light, the fluorescence intensity returns to its initial one. As mentioned above,
1,2-bis(3-methyl-2-thienyl)perfluorocyclopentene (9a) exhibits turn-off mode fluo-
rescence switching accompanying with the photochromic reaction even in the single
crystal [2]. The fluorescence in the crystal is composed of short-lifetime component
(λf = 435 nm, τ < 1.0 ns) and the long lifetime component (λf = 495 nm, 1.0 ns
< τ < 20 ns). Detailed analysis by time-resolved fluorescence measurement, X-ray
crystallographic analysis, and polarized fluorescencemeasurements revealed that the
short-lifetime component is ascribed to the monomer, and the aggregate formed by
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the intermolecular interaction between two thiophene rings of neighboringmolecules
in the crystal have a longer lifetime and a longer λf compared with the monomer [3].

In 2005, Yu and coworkers found that an inverse-type diarylethene, 1,2-bis(4-
methyl-2-(2-pyridyl)thiazolyl)perfluorocyclopentene (16a) (Fig. 15.15), exhibited
stronger fluorescence around 500 nm (Φf = 0.20) in the crystalline state compared
with the solution (Φf = 0.005) [11]. Diarylethene 16a exists in the antiparallel
conformation in crystal. The distance between the reactive carbons in the crystalline
phase was 3.56 Å, which is sufficiently short for the photocyclization to take place
in the crystalline phase [64]. However, the crystal did not show any photocycliza-
tion. Métivier and Nakatani et al. reported that the nanoparticles consisting of 16a
show the intermediate photocyclization reactivity and the Φf compared with the
acetonitrile and in the crystal [12]. Based on the result, they assume that the confor-
mational changes that are necessary for the photocyclization may be hindered when
the environment around the diarylethene becomes rigid, such as in the crystal. Similar
observation has been made for the other inverse-type diarylethene, 1,2-bis(3-methyl-
5-phenyl-2-thienyl)perfluorocyclopentene (1a) as described in Fig. 15.16a [65]. Two
polymorphic crystals of 1a, crystals 1a-α and 1a-β, can be obtained by recrystalliza-
tion from acetone and n-hexane solutions, respectively. Although all the diarylethene
molecules in the crystals existed in the antiparallel conformation with the distances
between the reactive carbons shorter than 4.2 Å, 1a cannot undergo the photocy-
clization in the crystalline phase. However, the photocyclization of the diarylethene
having the methyl groups (11a) instead of the phenyl groups can be observed even
in crystal [66, 67]. On the other hand, the substitution of the methyl group to the
methoxy group at the 3-position of thiophene rings (17a) also caused loss of the
photocyclization reactivity in the crystal [68]. Miyasaka and coworkers revealed that
the photocyclization quantum yield of 1a decreases with an increase in the solvent
viscosity in solution [63]. It can be concluded that specific substituents such as
the phenyl and methoxy groups on the inverse-type diarylethenes may have some
geometric or electronic effect prohibiting the photocyclization as the environment
around the molecule becomes rigid although the reason and the mechanism are not
clear yet.

In the viewpoint on the solid-state fluorescence properties, the inverse-type
diarylethenes having the phenyl groups to R2 positions have attractive solid-state
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fluorescence properties and can be expected as a new AIE molecular skeleton. As
mentioned above, the crystal of 16a exhibited stronger fluorescence compared with
the solution [11, 12]. Additionally, both crystals 1a-α and 1a-β exhibited the largely
red-shifted and stronger orange and yellow fluorescence (Φf = 0.52 and 0.50 for
crystals 1a-α and 1a-β) compared with the n-hexane (λf = 480 nm and Φf = 0.017).
Furthermore, the polymorphic phase transition from crystal 1a-β that has one hexane
molecule in the unit cell to crystal 1a-α upon heating was found (Fig. 15.16b). In
the phase transition process, the fluorescence color changed from yellow to orange
via dark state because the phase transition includes the collapse of the β-crystalline
phase accompanying the exclusion of the n-hexane molecules and the crystallization
of the α-crystalline phase [65]. Crystals consisting of the closed-ring form (crystal
1b) underwent the photocycloreversion upon irradiation with visible light. As shown
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in Fig. 15.16c, the open-ring form crystal (crystal 1a′) produced by the photocy-
cloreversion exhibited green fluorescence that is a significant difference from those
of crystals 1a-α and 1a-β [69]. Although the molecular geometry and intermolecular
interactions in crystal 1a′ cannot be revealed due to the lack of crystallinity after
the photocycloreversion, weaker intermolecular interactions in crystal 1a′ compared
with crystals 1a-α and 1a-β may lead to the green fluorescence because the orange
and yellow fluorescence of crystals 1a-α and 1a-β is ascribed to the intermolec-
ular π-π interactions between the phenyl rings. Therefore, the introduction of steric
substituents to the phenyl rings may modulate the intermolecular π-π interactions
to result in a dramatic change in the solid-state fluorescence properties. As shown
in Fig. 15.17a, b, inverse-type diarylethenes 18a-21a having various alkyl chains
at the p-position of phenyl rings exhibit the green fluorescence that is a similar
color to that of crystal 1a′. As expected, the molecules in crystals 18a-21a have no
π-π intermolecular interaction and only van der Waals interaction, which indicates
that the alkyl chains prevent the formation of the strong π-π interaction between
the phenyl rings to result in only slight red-shifted fluorescence [70]. Therefore, the
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inverse-type diarylethene 1a and the derivatives exhibit different fluorescence colors
depending on the intermolecular interaction in different states. In addition, 18a-
21a have crystallization-induced emission (CIE) characteristics to exhibit strong
fluorescence in the crystalline phase compared in n-hexane and in the amorphous
phase (Fig. 15.17b). The amorphous solid of 18a which has the most remarkable
CIE characteristics among 18a-21a was crystallized after mechanical scratching
followed by heating at 90 °C because the small crystal nuclei were fabricated by
scratching and the growth of the crystal nuclei was performed by heating. As shown
in Fig. 15.17c, reversible fluorescence recording based on CIE characteristics and
mechanical scratching and heating induced crystallization was successfully demon-
strated. By partly scratching and heating at 90 °C for 3 min for the amorphous solid
that was prepared by heating the crystals at 150 °C, green fluorescent letters of “D”
or “E”were clearly written. The letter was completely erased by heating at 150 °C for
30 s. As introduced up to this point, inverse-type diarylethenes having phenyl groups
show unique behavior in the solid states, such as multicolor fluorescence depending
on intermolecular interactions and responsiveness for external stimuli such as heat
and scratching, which may be useful for potential applications such as in sensors and
security materials.

15.5 Summary

In this chapter, we have introduced the solid-state fluorescence switching using
diarylethene. The fluorescence switching can be achieved by combining a
diarylethene with a fluorophore or using a fluorescent diarylethene in solution. On
the other hand, in the solid states, it is difficult to obtain similar properties as in
solution due to problems such as concentration quenching and environmental effect
of the matrix. However, various types of solid-state fluorescence-switchable systems
using the diarylethenes based on rational molecular design and smart experimental
approach have been proposed and successfully demonstrated for practical applica-
tions, such as optical memory, display devices, and sensor materials. A series of the
researches will advance the realization of the applications based on the fluorescence
switching of the diarylethene.
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Chapter 16
Circularly Polarized Luminescence
from Solid-State Chiral Luminophores

Yoshitane Imai

Abstract Solid-state chiral organic luminophores bearing various functionalities
have been successfully developed. These chiral luminophores can emit circularly
polarized luminescence (CPL) when wrapped with organic polymer films or inor-
ganic crystal pellet in the solid state. The chiroptical properties of these chiral
luminophores in the solid state and solution state are different. In the solid state,
a precise chiral arrangement of the fluorescent units in the luminescent molecule
generates characteristic CPL that is not observed in the solution state.

Keywords Chiral · Circular dichroism (CD) · Circularly polarized luminescence
(CPL) · Fluorescence · Luminophore

16.1 Introduction

Organic molecules with chiroptical properties have attracted attention for the devel-
opment of new functional organic compounds. The chiroptical properties of chiral
organic compounds in their solid state are particularly important in the develop-
ment of newoptoelectronicmaterials. Specifically, circularly polarized luminescence
(CPL) from chiral organic luminophores in their solid state has recently attracted
significant attention in the field of optoelectronics for applications such as polarized
3D systems and security systems. [1–10]

In this chapter, the characteristic properties of solid-state CPL of the chiral organic
luminophores are introduced. This will help in designing new solid-state circularly
polarized luminophores.
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16.2 Non-classical Control of CPL in Solid-State, Axially
Chiral Binaphthyl Luminophore Wrapped
with Organic PMMA Polymer [11]

Axially chiral binaphthyl is a fundamental chiral unit that is used to introduce chirality
in molecules and materials. This binaphthyl unit emits CPL as it is both chiral
and fluorescent. In practical applications, CPL from the solid-state luminophore
is exploited.

In this section, non-classical control of CPL by two solid-state, axially chiral
binaphthyl luminophores is reported. Two nearly identical binaphthyl deriva-
tives with the same (S)-axial chirality, open-type binaphthyl (S)-2,2′-diethoxy-
1,1′-binaphthyl [(S)-1] and closed-type binaphthyl (S)-2,2′-(1,4-butylenedioxy)-
1,1′-binaphthyl [(S)-2], were used (Fig. 16.1). Chiral polymer-wrapped binaphthyl
luminophores, (S)-1/PMMA and (S)-2/PMMA, were prepared by spin-coating (S)-1
and (S)-2 with an organic polymer, poly(methyl methacrylate) (PMMA) (Fig. 16.1).

The solid-state CPL spectra of the open-type (S)-1/PMMA and closed-type
(S)-2/PMMA are shown in Fig. 16.2a. Although luminescence quenching is the
most serious drawback associated with solid-state organic luminophores, polymer-
wrapped (S)-1/PMMA and (S)-2/PMMA can emit CPL even in the solid state.
The absolute solid-state PL quantum yields (FF) and CPL maxima (λCPL) for
(S)-1/PMMA and (S)-2/PMMA were 45% at ≈ 373 nm and 46% at ≈ 375 nm,
respectively.

These CPL spectra are almost identical in the solution state. Thus, the CPL
from (S)-1/PMMA and (S)-2/PMMA originates from the electronic interactions in
an isolated molecule in the solid state. The rovibrational modes and non-radiative
processes are limited by wrapping the luminophores with PMMA. This is in contrast
to those in the solution state. Therefore, the FF values of (S)-1/PMMA and (S)-
2/PMMA in the solid state are greater than those in the solution state. It is interesting
to note that although (S)-1/PMMA and (S)-2/PMMA are composed of the same axial
chiral binaphthyl, their CPL spectra are opposite in signs—the CPL spectra of (S)-
1/PMMA is positive (+) in sign, while that of (S)-2/PMMA is negative (−) in sign.
To quantitatively compare the degrees of CPL, we used the dimensionless Kuhn’s
anisotropy factor in the photo-excited state, which is defined as gCPL = 2(IL–IR)/(IL

O
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O O

Fig. 16.1 Chiral binaphthyl luminophores (S)-1 and (S)-2 and organic polymer PMMA
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Fig. 16.2 Solid-state a CPL and b CD spectra for (S)-1/PMMA (black lines) and (S)-2/PMMA
(gray lines)

+ IR). Here, IL and IR are the intensities of the left- and right-handed CPL, respec-
tively, upon excitation with unpolarized light. The gCPL values were ≈ +7.9 × 10−4

for (S)-1/PMMA and ≈ −1.6 × 10−3 for (S)-2/PMMA.
To study the origin of the reversal in CPL sign, circular dichroism (CD) spectra

of (S)-1/PMMA and (S)-2/PMMAwere recorded (Fig. 16.2b). Several characteristic
peaks from the 1Bb moment in the binaphthyl unit were observed between 270
and 360 nm. To quantitatively evaluate the CD amplitude in the ground state, we
evaluated the anisotropy factor. The magnitude of the circular polarization in the
ground state (gCD) is given by the relation gCD = (AbsL–AbsR)/[(AbsL + AbsR)/2],
where AbsL and AbsR are the absorbances of the left and right circularly polarized
light, respectively. Values of gCD for (S)-1/PMMA and (S)-2/PMMA at their first
Cotton CD bands were ≈ +3.5 × 10−4 (λCD = 345 nm) and ≈ –2.7 × 10−3 (λCD

= 328 nm), respectively. Similar to CPL, the first Cotton CD bands of (S)-1/PMMA
and (S)-2/PMMA were opposite in sign.

The CPL and CD spectra of solid-state (S)-1/PMMA and (S)-2/PMMA originate
from isolated molecules rather than their aggregates in the PMMA film. It is known
that the sign of CD signals originating from chiral binaphthyl units change according
to the dihedral angles of binaphthyl. Thus, the opposite CPL and CD signs observed
for (S)-1/PMMA and (S)-2/PMMA are attributable to the differences in the dihedral
angles of the binaphthyl units in the ground and photo-excited states.

Generally, the inversion of the sign of CPL of a chiral luminophore requires
an enantiomeric organic luminophore; however, the enantiomer is sometimes diffi-
cult to obtain. Therefore, controlling the sign of CPL of solid-state, axially chiral
luminophore by adjusting the dihedral angle of the binaphthyl unit, without the need
for an enantiomer, is instrumental in the development of novel, solid-state circularly
polarized luminophores.
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16.3 Non-classical Control of CPL in Solid-State, Axially
Chiral Binaphthyl Luminophore Wrapped
with Inorganic KBr Crystal [12]

In Sect. 16.2, it was seen that the sign of CPL of a polymer-wrapped axially chiral
binaphthyl luminophore could be controlled by adjusting the dihedral angle of the
binaphthyl unit.

In this section, the effect of an inorganic KBr crystal, instead of an organic
polymer, on the CPL from a solid-state circularly polarized luminophore is
discussed. Two almost identical chiral binaphthyl derivatives with the same (R)-
axial chirality, open-type binaphthyl (R)-3,3′-bis(triphenylsilyl)-1,1′-bi-2-naphthol
[(R)-3] and closed-type binaphthyl (R)-3,3′-bis(triphenylsilyl)-1,1′-binaphthyl-2,2′-
diyl hydrogenphosphate [(R)-4], were used (Fig. 16.3). Chiral KBr-wrapped binaph-
thyl luminophores, (R)-3/KBr and (R)-4/KBr, were prepared by embedding (R)-3
and (R)-4 into KBr crystal, respectively.

(R)-3/KBr and (R)-4/KBr exhibited CPL at ≈ 372 and ≈ 365 nm (λCPL), with FF

= 0.08 and 0.29, respectively, without any significant quenching (Fig. 16.4a). The
reason for the absence of CPL from KBr-wrapped (R)-(+)-1,1′-binaphthyl-2,2′-diol
is not clearly understood. Besides, although (R)-3 and (R)-4 have the same axial
chirality, the CPL sign of (R)-3/KBr was negative (−) while that of (R)-4/KBr was
positive (+). The gCPL values for (R)-3/KBr and (R)-4/KBr were ≈ –2.5 × 10−4 and
≈ +2.2 × 10−4, respectively.

The CD spectra of (R)-3/KBr and (R)-4/KBr show several peaks between 270 and
360 nm for vibronic π-π* transitions, which are characteristic of naphthyl groups
(Fig. 16.4b). The gCD values of (R)-3/KBr and (R)-4/KBr at the first Cotton CD bands
at 349 and 341 nm were ≈ –1.8 × 10−4 and ≈ +4.4 × 10−4, respectively. (R)-3/KBr
and (R)-4/KBr also exhibited opposite CD signs for the first Cotton CD bands: The
CD sign for (R)-3/KBr was negative (−), while that for (R)-4/KBr was positive (+).

Fig. 16.3 Chiral binaphthyl
luminophores (R)-3 and
(R)-4
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Fig. 16.4 Solid-state a CPL and b CD spectra of (R)-3/KBr (black lines) and (R)-4/KBr (gray
lines)

These results suggested that the ground and photo-excited states of (R)-3/KBr and
(R)-4/KBr have opposite chiralities.

Thus, inorganic KBr-wrapped binaphthyl circularly polarized luminophore can
emit CPL in the solid state, and their sign can be controlled by the dihedral angle of
the binaphthyl unit, while maintaining its atropchirality.

16.4 Characteristic Emission of CPL from Axially Chiral
Binaphthyl Luminophore in the Solid State [13]

If the distance between a chiral source, such as binaphthyl, and achiral fluorescent
units is large in an axially chiral binaphthyl luminescent system, CPL due to the two
remote fluorescent moieties may not be emitted in the solution state, because the
fluorescent units move freely. However, CPL may be emitted from the two remote
fluorescent units in the solid state, owing to an effective chirality transfer from the
axially chiral binaphthyl moiety to the remote fluorescent units.

Binaphthyl luminophore 5 consists of an axially chiral binaphthyl and two remote
achiral fluorescent terthiophenes (Fig. 16.5). As expected, (R)- and (S)-5 did not
exhibited significant CPL in chloroform (CHCl3) solution, presumably because of
the highly flexible and long linkers between the binaphthyl and terthiophene units.

Next, binaphthyl luminophores (R)-5/KBr and (S)-5/KBr were prepared by
embedding (R)-5 and (S)-5 into KBr crystal, respectively. As expected, (R)-5/KBr
[or (S)-5/KBr] exhibited significant solid-state CPL at ≈ 413 nm (λCPL), with a gCPL
value of ≈ +5.0 × 10−4 (Fig. 16.6a).

The solid-state CD and UV–Vis absorption spectra of (R)-5/KBr and (S)-5/KBr
show several π–π* transitions associated with the terthiophene groups of 5 in the
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and UV–Vis absorption (lower panel) spectra of (R)-5/KBr (black lines) and (S)-5/KBr (gray lines)

range 260–360 nm (Fig. 16.6b). The gCD value at the Cotton CD band (λCD =
342 nm) of (R)-5 was ≈ −3.2 × 10−5. The difference in the gCPL and gCD values
can be possibly ascribed to the conformational changes in the solid-state ground and
photo-excited states.

In the solid state, each molecule is surrounded by neighboring molecules and
matrices, resulting in a densely packed state. The origin of CPL from the solid state
may be due to the following two main factors: (i) efficient chirality transfer from the
chiral binaphthyl unit to the fluorescent terthiophene units in the photo-excited state
and (ii) the extremely limited molecular motion in the solid state.

Unlike the solution state, CPL from the solid state may be emitted from axially
chiral binaphthyl luminophores bearing remote fluorescent units. This is because of
the effective chirality transfer from the axially chiral binaphthyl unit to the tethered
remote fluorescent units.
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16.5 Non-classical Emission of CPL from Axially Chiral
Binaphthyl Luminophore Wrapped with Organic
PMMA Polymer [14]

Axially chiral 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP) is widely used
as chiral ligands for asymmetric catalytic reactions (Fig. 16.7). However, the
luminescence of (R)-BINAP in CHCl3 solution is very weak.

In the above sections, we saw that CPL can be successfully induced and amplified
in chiral binaphthyl luminophores bywrapping themwith anorganic polymerPMMA
or inorganic crystal KBr.

Thus, for CPL emission from BINAP, chiral polymer-wrapped BINAP
luminophores, (R)-BINAP/PMMA and (S)-BINAP/PMMA, were prepared by spin-
coating (R)-BINAP and (S)-BINAP with PMMA films.

Surprisingly, (R)-BINAP/PMMA and (S)-BINAP/PMMA exhibited remarkable
CPL at 355 nm (λCPL), with FF = 0.03 and |gCPL| = ≈8.3 × 10−4 (Fig. 16.8a).
The solid-state CD and UV–Vis absorption spectra of (R)-BINAP/PMMA and (S)-
BINAP/PMMA show that the |gCD| value of the first Cotton band is ≈ 2.3 × 10−3 at
λCD = 335 nm (Fig. 16.8b).

These CPL and CD signals arise from individual BINAPmolecules in the PMMA
film. The induction and amplification of CPL from doped PMMA films may be
explained by the reduced thermally deactivated rovibrational modes of BINAP
molecules and enhanced amount of oxygen (O2) molecule introduced during doping
into the PMMA film, which has a high glass transition temperature (~105 °C).

PPh2

PPh2

BINAP

Fig. 16.7 Chiral binaphthyl luminophore BINAP
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16.6 Solid-State Aggregation-Induced Enhanced CPL
from Chiral Perylene Diimide Luminophore [15]

Aggregation-induced enhanced CPL (AIEnh-CPL) has attracted much interest.
AIEnh-CPL is almost always emitted from highly concentrated solutions.

Thus, solid-state AIEnh circularly polarized luminophores, N,N′-bis((1R)-
phenylethyl)perylene-3,4,9,10-tetracarboxylic diimide/KBr [(R,R)-BPP/KBr] and
its antipode [(S,S)-BPP/KBr], were prepared by doping chiral (R,R)-BPP and its
antipode (S,S)-BPP into inorganic KBr crystal. The two BPPs have two chiral
substituents and an extended π-electron planar perylene system (Fig. 16.9).

No significant CPL from chiral BPP (1.0× 10−4 M) was observed in the solution
state. However, remarkable AIEnh-CPL was observed from the solid-state, aggre-
gated (R,R)-BPP, that is (R,R)-BPP/KBr, at 657 nm (λCPL), with a corresponding
FF of 0.09 (Fig. 16.10a). The CPL efficiency, |gCPL|, of BPP/KBr is of the order of
10−3 (|gCPL| = ≈ 2.0 × 10−3).

Fig. 16.9 Chiral perylene
diimide luminophore BPP

NN

O

O

O

O

BPP
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The CD and UV–Vis absorption spectra of (R,R)-BPP/KBr and (S,S)-BPP/KBr
were acquired (Fig. 16.10b). Several UV–Vis bands between 400 and 650 nm, which
are characteristic of π-π* transitions between the intermolecular perylene units of
multiple aggregated BPP, can be observed. The value of |gCD| at the first Cotton CD
band of BPP/KBr was ≈ 5.4 × 10−4 at 561 nm.

Consequently, in order to obtain stronger CPL, chiral polymer-wrapped
luminophores, (R,R)-BPP/PMMA and (S,S)-BPP/PMMA, were prepared by doping
(R,R)-BPP and (S,S)-BPP, respectively, into spin-coated films of PMMA. (R,R)-
BPP/PMMA and (S,S)-BPP/PMMA emitted stronger AIEnh-CPL at 654 nm (λCPL),
with a FF of 0.40 (Fig. 16.11a). The luminescence originated from the lowest π–π*
transitions between the perylene units. The |gCPL| value of BPP/PMMA was ≈ 2.4
× 10−3, which is similar to that of BPP/KBr.

The corresponding CD spectra of (R,R)-BPP/PMMA and (S,S)-BPP/PMMA are
also similar to that of BPP/KBr in the long wavelength region (Fig. 16.11b). The
characteristic UV peaks originate from the π-π* transitions owing to the intermolec-
ular interactions between multiple molecules. The |gCD| value at the first Cotton CD
band is ≈ 3.1 × 10−4, which is similar in magnitude to that of BPP/KBr.

Acomparisonof the anisotropy factors, |gCPL| and |gCD|, reveals that |gCPL| is higher
than the corresponding |gCD| value. This indicates that although the perylene units
are stacked and twisted between the perylene units in the ground state, the twists
increase in the photo-excited state in the solid state, as confirmed by the intense
excimer CPL bands.
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16.7 Non-classical Control of AIEnh-CPL in Chiral
Perylene Diimide Luminophores [16]

The CPL sign of an axially chiral binaphthyl luminophore can be controlled by
adjusting the dihedral angle and chirality of the binaphthyl unit in the solid state. Thus,
non-classical control of CPL sign in solid-state chiral AIEnh circularly polarized
luminophores, using chiral units of the same absolute configuration, was attempted.

Solid-state AIEnh circularly polarized luminophores, N,N′-bis((1R)-
naphthylethyl)perylene-3,4,9,10-tetracarboxylic diimide/PMMA [(R)-1-
BNP/PMMA] and N,N′-bis((2R)-naphthylethyl)perylene-3,4,9,10-tetracarboxylic
diimide/KBr [(R)-2-BNP/PMMA], were prepared by wrapping chiral (R)-1-BNP
and (R)-2-BNP, respectively, with PMMA (Fig. 16.12). The naphthalene units in
1-BNP and 2-BNP bound differently.

No distinct CPL spectra from the twoBNPs were obtained in CHCl3 solution (1.0
× 10−4 M). This behavior was similar to that of BPP.

N N

O

O

O

O

N N

O

O

O

O

1-BNP 2-BNP

Fig. 16.12 Chiral perylene diimide luminophores 1-BNP and 2-BNP
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Similar to BPP, solid-state (R,R)-1-BNP/PMMA and (R,R)-2-BNP/PMMA
emitted AIEnh-CPL, which originated from the lowest π–π* transitions of the
perylene backbones (Fig. 16.13a).

The emission maxima of AIEnh-CPL (λCPL) of (R,R)-1-BNP/PMMA and (R,R)-
2-BNP/PMMA were 630 and 605 nm, respectively, and their FF values were 0.06
and 0.32, respectively. Surprisingly, the CPL signs of (R,R)-1-BNP/PMMA and
(R,R)-2-BNP/PMMAwere opposite, and the CPL spectra were almostmirror images
of each other; CPL sign of (R,R)-1-BNP/PMMA was negative (−), while that of
(R,R)-2-BNP/PMMA was positive (+). The gCPL values of (R,R)-1-BNP/PMMA
and (R,R)-2-BNP/PMMA were ≈ −3.9 × 10−3 and ≈ +3.3 × 10−3, respectively.

The characteristic CD bands originate from the π–π* transitions owing to the
intermolecular interactions between the perylene units (Fig. 16.13b). Similar to the
CPL sign, the signs of the firstCottonCDbands of (R,R)-1-BNP/PMMAand (R,R)-2-
BNP/PMMAwere opposite; they were negative (−) (λCD = 585 nm) and positive (+)
(λCD = 553 nm), respectively. The CD spectra are nearlymirror images of each other.
The gCD values of the first band in (R,R)-1-BNP/PMMA and (R,R)-2-BNP/PMMA
are ≈ −1.5 × 10−3 and ≈ +6.5 × 10−4, respectively. In this case too, since |gCPL| is
slightly higher than |gCD|, the twists between the perylene backbones increase in the
solid-state photo-excited state.

Thus, the sign of CPL emitted from solid-state chiral AIEnh circularly polarized
luminophores can be tuned by changing the bonding position on the substituent,
without having the need of a molecule with opposite chirality.
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16.8 Non-classical Control of CPL in Solid-State
Supramolecular Organic Luminophore Composed
of 4-(2-Arylethynyl)-Benzoic Acid [17]

Most chiral organic luminophores exhibiting solid-state fluorescence are composed
of a single component. Chiral supramolecular organic luminophores containing
two organic molecules have different functionalities compared with luminophores
containing a single molecule. A key property of chiral supramolecular luminophores
is that their solid-state chiroptical properties can be easily altered by varying the
component molecules. Effective functionalities due to the synergistic effects of
packing and the properties of the component molecules can be obtained.

Thus, two chiral, two-component supramolecular organic luminophores, (R)-
6/7-Me and (R)-6/7-F (composed of chiral (R)-(+)-1-phenylethylamine [(R)-6] and
achiral 4-[2-(4-methylphenyl)ethynyl]-benzoic acid (7-Me) and (R)-6 and achiral
4-[2-(4-fluorophenyl)ethynyl]-benzoic acid (7-F), respectively) were prepared via
crystallization from an ethanol (EtOH) solution [Fig. 16.14].

ChiralKBr-wrapped supramolecular luminophores, (R)-6/7-Me/KBr and (R)-6/7-
F/KBr, were prepared by embedding (R)-6/7-Me and (R)-6/7-F, respectively, into
KBr crystals.

(R)-6/7-Me/KBr and (R)-6/7-F/KBr emit CPL at 379 nm (λCPL) and 420 nm
(λCPL) in the solid state, respectively (Fig. 16.15a). Interestingly, although (R)-6/7-
Me/KBr and (R)-6/7-F/KBr are composed of the same chiral molecule (R)-6, their
CPL spectra are opposite in signs; the CPL signs of (R)-6/7-Me/KBr and (R)-6/7-
F/KBr are negative (−) and positive (+), respectively, and the corresponding gCPL
values are ≈ −0.7 × 10−3 and ≈ +4.8 × 10−4.

The CD spectra of (R)-6/7-Me/KBr and (R)-6/7-F/KBr, originating due to the
ethynylphenylene unit, are nearly mirror images (Fig. 16.15b). The gCD values of the
first band for (R)-6/7-Me/KBr and (R)-6/7-F/KBr are ≈ +1.0 × 10−3 and ≈ −4.1 ×
10−3, respectively. Interestingly, the signs of theCDspectra are also opposite; they are
positive (+) for (R)-6/7-Me/KBr and negative (−) for (R)-6/7-F/KBr. These results
indicate that there is an effective chirality transfer from chiral (R)-6 to the achiral
fluorescent unit 7-Me (or 7-F) through complexation in the ground and photo-excited
states.

To study the origin of the solid-state CD signal from these complexes, the X-ray
crystal structures of (R)-6/7-Me and (R)-6/7-F were compared. The crystal struc-
ture of (R)-6/7-Me is shown in Fig. 16.16. The stoichiometry of (R)-6/7-Me is

Me COOH : 7-MeH CH3

NH2

(R)-6 F COOH : 7-F

Fig. 16.14 Chiral component (R)-6 and achiral luminescent components 7-Me and 7-F
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Fig. 16.16 Crystal structures of (R)-6/7-Me. a 21-helical columnar network structure along b axis.
b View along a axis. c Packing structure along b axis. d View along a axis

(R)-6:7-Me = 1:1. This complex has a characteristic 21-helical columnar network
structure along the b axis (Fig. 16.16a, b). This column is mainly composed of the
carboxylate oxygen of the carboxylic acid anions and the ammonium hydrogen of
the protonated amine. (R)-6/7-Me is formed by the self-assembly of these 21-helical
columns, which is driven by the three intercolumnar benzene–benzene edge-to-face
interactions (Fig. 16.16c, d).

In (R)-6/7-F, the stoichiometry is (R)-6:7-F = 1:1 [Fig. 16.17]. Similar to (R)-
6/7-Me, this complex also has a 21-helical columnar network structure along the a
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Fig. 16.17 Crystal structures of (R)-6/7-F. a Packing structure of 21-helical columnar network
structure along a axis. b View along b axis

axis. (R)-6/7-F is formed by the self-assembly of these 21-helical columns, which is
driven by the intercolumnar benzene–benzene edge-to-face and F···H interactions.
Interestingly, despite the similar structures of the 21-helical columns in (R)-6/7-Me
and (R)-6/7-F, as revealed by X-ray crystallography, the packing structures of the
shared 21-helical columns are different (Figs. 16.16d and 16.17b).

CD intensities of this magnitude are likely to arise from the coupling of monomer
electronic transitions between the neighboring 7-Me or 7-F components in crystals.
When the CD spectra of the molecular pairs of 7-Me and 7-F in (R)-6/7-Me and (R)-
6/7-F crystals were calculated by the ZINDO method, it was found that the sign of
CD of (R)-6/7-Me (Fig. 16.16d) originated frommolecular pair B-C rather than A-B,
while the sign of CD of (R)-6/7-F (Fig. 16.17b) originated frommolecular pairs A-B
andA-D rather thanB-C. In addition, the electronic transition in themonomer in each
crystal has significant rotational strength because of the twistedmolecular conforma-
tion around the C-COO bonds. Thus, the experimentally observed CD intensities are
caused by this monomer distortion as well as by the coupling of monomer electronic
transitions.

Thus, in two-component chiral supramolecular organic luminophores, the sign of
solid-state CPL can be controlled not only by using a chiral molecule with opposite
chirality but also by changing the bonding position of the substituent in the achiral
fluorescent molecule (that is, by changing the packing structure of the fluorescent
unit).

16.9 Conclusions

The development of optically active solid-state luminophores that can emit CPL
with high functionalities, such as a high dissymmetry factor (gCPL) and high quantum
yield, (FF) has attracted attention in chiroptical organic and inorganic material fields.
Molecules are more rigidly constrained in the solid state than in solution because of
the greater influence of neighboring molecules in the solid state. In this chapter, this
afforded organic luminophores with novel functionalities, resulting from the synergy
derived from the neighboring molecules in the solid state. For example, the chiral
optical properties of organic luminophores can be controlled by changing the packing
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structure of luminophores without using a chiral compound with opposite chirality.
Solid-state organic luminophores are expected to aid the development of novel chiral
aggregation-induced enhanced (AIEnh) CPL systems with various functionalities.
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Chapter 17
Azulene-Based Materials for Organic
Field-Effect Transistors

Hiroshi Katagiri

Abstract Azulene is a non-alternant non-benzenoid hydrocarbon that has attracted
much attention because of its large dipole moment and long-wavelength absorption
properties that are derived from its unique molecular orbital geometry; its highest
occupied and lowest unoccupied molecular orbitals are not mirror images. In this
chapter,wedescribe the synthesis, structures, properties, andorganicfield-effect tran-
sistor (OFET) characteristics of 2-azulenyl end-capped oligomers and 2, 6-connected
terazulene isomers, in which the azulene moieties deliver molecules that are flat and
linear. These compounds show high-order orientations with herringbone packing in
their crystalline states and typical OFET characteristics with high carrier mobilities.
In particular, terazulene isomers are unique π-conjugated systems with asymmet-
rically distributed molecular orbitals, which leads to an unconventional concept:
polarity control of OFET by molecular orbital distribution control. These findings
provide a key approach for constructing various OFET materials and a basis for the
accelerated development of the solid-state chemistry of azulene.

Keywords Azulene · π-Conjugation · Herringbone structure · Organic field-effect
transistors · Dipole moment · Structure–property relationship

17.1 Introduction

Azulene consists of a five-membered ring and a seven-membered ring fused to form
a stable bicyclic 10-π-electron system (Fig. 17.1). Since it has a dipole moment of
1.0 D, which is rare among hydrocarbons, and is blue in color, extending the π-
electron system of azulene has been of interest. In particular, the polarized structure
and small excitation energy of azulene are attractive in a π-conjugated system, and
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Fig. 17.1 Numbering
and resonance structure of
azulene

π-conjugated azulenes with narrow gaps between their highest occupied and lowest
unoccupied orbitals (HOMO–LUMO gaps) have been synthesized and studied [1–
3]. As recent topics of interest, the π-conjugated azulene molecule is expected to
be useful as a dye-sensitized solar-cell material by taking advantage of its long-
wavelength absorption characteristics [4, 5]. On the other hand, azulene compounds
havemainly been researched in solution, with few solid-state reports having appeared
in the literature before 2015 [6–8]. In this section,we describe the challenges involved
in extending the structure of azulene at its 2- and 6-positions, the applications of
such π-conjugated modifications to organic field-effect transistors (OFETs), and the
invention of functional organic crystalline materials that use the features of azulene.

17.2 Study Design

17.2.1 Electronic Structure of Azulene

Azulene is classified as a non-alternant hydrocarbon,which is defined as a conjugated
system of odd-numbered rings, such as a five-membered ring and a seven-membered
ring, that has a low-symmetry molecular structure. Unlike naphthalene, which is
an alternant hydrocarbon, the HOMO and LUMO of azulene are asymmetric, with
atomic coefficients that differ greatly. Therefore, electron repulsion during excitation
is small, and a lower than expected excitation energy is observed (Fig. 17.2) [9, 10].
The electrons in the HOMO of azulene have a high probability of being at the 1- and
3-positions,while the electrons in theLUMOhave a high probability of being at the 2-
and 6-positions; consequently, the effect of conjugation extension depends greatly on
the position of the substituent [11–14]. In particular, the LUMO of azulene has large
orbital coefficients on the carbon atoms at its 2- and 6-positions, while theHOMOhas
a nodal plane through these carbon atoms. Moreover, the energy difference between
the HOMO and HOMO−1 is about 1 eV; therefore, linkages at the 2- and 6-positions
can contribute greatly to lowering the LUMO energy of azulene. This observation
provides an ideal design guideline formaterials withπ-electron conjugation, because
this π-conjugated system can be expanded without destabilizing the compound by
raising the HOMO energy.
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Fig. 17.2 Frontier orbitals of azulene and naphthalene calculated at the B3LYP/6-31G(d) level of
theory

17.2.2 The Molecular Structure of an Ideal OFET Material

Organic crystallinematerials based onπ-conjugated compounds are typically used in
OFETs, and a highly orderedmolecular arrangement is required in the crystalline thin
film of the active layer in order to realize high performance. As a result, planar and
linear structural extensions have been widely used to increase dispersion forces by
extending the π-electron system. In many cases, molecules with rigid planar struc-
tures show end-on orientations perpendicular to the substrate, which makes them
suitable for use in typical lateral FET devices that conduct current in the planes of
their organic thin films [15–17]. In particular, two-dimensional herringbone struc-
tures with edge-to-face configurations, such as pentacene, are representative high-
performance organic transistor materials. The crystal structures of these polycyclic
aromatic hydrocarbons have been systematically summarized, with these compounds
widely recognized as having long and narrowmolecular shapes and large aspect ratios
(Fig. 17.3) [18, 19]. In order to obtain a molecular structure with a large aspect ratio,
it is desirable to extend the structure of azulene at its 2- and 6-positions.
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Fig. 17.3 Molecular packing motifs in the crystal structures of polycyclic aromatic hydrocarbons

17.2.3 Reactivity of Azulene

Azulene is preferentially electrophilically substituted at its 1- and 3-positions, where
the HOMO coefficients are largest. Therefore, introducing substituents at the 2- and
6-positions of azulene is generally difficult. The conventional method (the Nozoe–
Seto azulene synthesis), in which a cyanoacetate or a malonate ester is reacted with
a tropone derivative in the presence of a base, as reported by Nozoe, Seto, and
coworkers in 1956, is widely used to prepare azulenes (Scheme 17.1) [20, 21]. Not
only are amino andhydroxyl groups selectively introduced at the 2-position, but the 1-
and 3-positions,which are active sites for electrophilic substitution, are also protected
by ester groups, which is advantageous. Therefore, a substituent can selectively be
introduced at the 6-position by a subsequent electrophilic substitution reaction. The
amino group can undergo a series of functional transformations via diazonium salts,
and the ester group can easily be removed later by decarboxylation. Hence, this
method is advantageous for constructing azulene skeletons with optional substituents
at their 2- and 6-positions. In view of the electronic structure of azulene and the ideal
molecular structure of an OFET material discussed in this section, we focused on
structurally expanding azulene starting with its 2- and 6-positions. In addition, since

Scheme 17.1 The
Nozoe–Seto azulene
synthesis
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the dipole moment of azulene passes through its 2-and 6-positions, we concluded
that structurally expanding azulene at these positions would lead to oligomers that
reflected the magnitude and direction of the dipole moment of a single azulene
molecule the most. In other words, structurally expanding azulene through its 2- and
6-positions uses the features of this molecule to their maximum benefit.

17.3 Azulenyl End-Capped Oligomers

17.3.1 Objective and Background

Sulfur-containing conjugated skeletons, such as bithiophene and thienothiophene,
have been widely used as the basic skeletons of organic semiconductor materials
because the large atomic radius of sulfur is advantageous for orbital overlap and inter-
molecular interactions. In particular, end-capping π-conjugated systems to produce
aromatic oligomers that are end-capped with optional aromatic units on each end
is an important basic strategy for the design of π-conjugated materials because a
wide range of material groups can be prepared by combining the basic skeleton with
end-cap groups [22, 23]. We synthesized two kinds of material (DAzBT, DAzTT;
Fig. 17.4) with linearly extended π-conjugation, in which bithiophene or thieno [3,2-
b] thiophene was end-capped with 2-azulenyl groups, and evaluated their structures,
physical properties, and OFET characteristics.

17.3.2 Synthesizing DAzBT and DAzTT

The key substrate required for the introduction of the azulene moiety, namely 2-
iodoazulene (8), was prepared according to the conventional Nozoe–Seto azulene
synthesis methodology (Scheme 17.2). To that end, dimethyl 2-aminoazulene-1,3-
dicarboxylate (5)was synthesized frommethyl cyanoacetate and2-chlorotropone (4),
itself prepared from cyclopentadiene (1) as the starting material; 8was obtained by a
sequence that included chlorination, decarboxylation, and iodination via a diazonium
salt [21]. The Suzuki–Miyaura cross-coupling reaction was then used to introduce
the azulene framework. The bithiophene skeleton of DAzBT was constructed by the
homocoupling reaction of the thiophene 10 following azulene introduction, while

Fig. 17.4 Molecular structures of DAzBT and DAzTT
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Scheme 17.2 Synthesis of DAzBT and DAzTT

azulene was introduced at two places in DAzTT through reaction with thienothio-
phene diboronic acid bis (pinacol) ester. DAzBT and DAzTT were purified by subli-
mation because they are poorly soluble in many organic solvents; both compounds
are highly thermally stable.

17.3.3 Crystal Structures and Optical Properties of DAzBT
and DAzTT

Single crystals of DAzBT and DAzTT obtained by sublimation were subjected to
X-ray crystallography; both were found to be planar with herringbone-type packing
structures (Fig. 17.5). Edge-to-edge-type layered structureswere also observed along
the molecular long axes. This overall structure is a typical packing pattern found
for molecules with large aspect ratios, such as pentacene and oligothiophene, as
discussed above. These molecules are closely packed, and no repulsion due to the
dipole moment of azulene was observed. DAzTT has a denser structure with more
interatomic contacts thanDAzBT; packing coefficients of 73.8 and 73.1%were found
for DAzTT and DAzBT, respectively. The ionization energy (IP) of each molecule
was determined by atmospheric photoelectron spectroscopy; low values of−5.43 eV
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Fig. 17.5 Crystal packing structures of a DAzBT and b DAzTT. Reproduced from Ref. [24] with
permission. Copyright 2012 American Chemical Society

(DAzBT) and−5.45 eV (DAzTT) were found, and high atmospheric stabilities were
observed. Increases in the HOMO energy of azulene are suppressed by bonding at
the 2-position, which lies on the nodal plane of the HOMO of azulene.

17.3.4 OFET Properties and Thin-Film Structures of DAzBT
and DAzTT

Top-contact-typeFETdeviceswere fabricated using thinfilmsofDAzBTandDAzTT
prepared by the vacuum-evaporation method, and their OFET characteristics were
evaluated. These devices exhibited FET properties typical of p-type semiconductors,
with carrier mobilities of 2.4 × 10−2 cm2/Vs (DAzBT) and 5.0 × 10−2 cm2/Vs
(DAzTT). DAzTT exhibited excellent carrier-transport behavior, and the superior
properties of DAzTT are consistent with its crystal structure. These results are
comparable to, or better than, similar end-capped compounds, such as naphthalene,
phenanthrene, and naphthothiophene derivatives.

Thin-film X-ray diffraction analysis revealed the formation of two-dimensional
conductive planes on the substrate surfaces through end-on molecular orientations
on the substrate (Fig. 17.6).
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Fig. 17.6 Out-of-plane X-ray diffraction patterns of evaporated thin films of (left) DAzBT and
(right) DAzTT on HMDS-treated Si/SiO2 substrates. Reproduced from Ref. [24] with permission.
Copyright 2012 American Chemical Society

17.4 Terazulene Isomers

17.4.1 Objective and Background

To the best of our knowledge, there is no example of a compound bearing multiple
azulene moieties in which the dipole moment, a major feature of azulene, syner-
gistically contributes to molecular function; in many cases, the physical properties
are simply the result of the nature of the 10-π-electron system. To begin with, we
designed terazulene (TAz1) with unidirectionally and linearly connected azulenes
[25]. Since structural expansion at the 2- and 6-positions greatly contributes to the
lowering of the LUMO energy, n-type semiconductor characteristics were expected
to be expressed by conjugated systems with further expanded azulenes. Three other
isomers of terazulene exist (TAz2, TAz3, TAz4; Fig. 17.7) resulting from different
azulene orientations [26]. By investigating the structure–property relationships of
these terazulene isomers, the effects on material properties of the intramolecular
dipole moment and electronic state peculiar to azulene were clarified.

Fig. 17.7 Molecular structures of terazulene isomers
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17.4.2 Synthesizing Terazulene Isomers

The Suzuki–Miyaura cross-coupling reaction was used to construct the azulene
backbone (Scheme 17.3). The coupling substrates, namely 2-azulenylboronic
acid ester [27], 6-bromoazulene [28], and 6-azulenylboronic acid ester [29],
are known compounds and were synthesized from ethyl 2-aminoazulene-1,3-
dicarboxylate, itself prepared by the Nozoe–Seto azulene synthesis. Here, the novel
2-chloroazulene-6-boronic acid ester 12, synthesized by the diazotization of the 2-
aminoazulene-6-boronic acid diester 11 [29], is a key compound used to synthesize
all of the terazulenes and facilitates the sequential introduction of azulene backbone
units based on the difference in reactivities of the 2- and 6-positions. We converted
compound 12 into 2,6′-biazulene (13) and 6,6′-biazulene (14) by Suzuki–Miyaura
cross-coupling reactions, followed by decarboxylation to chlorobiazulenes 15 and
16. The four terazulene isomers were finally prepared by reactions with the corre-
sponding boronic acid esters. All compounds were highly thermally stable and were
purified by sublimation.

Scheme 17.3 Syntheses of terazulene isomers TAz1, TAz2, TAz3, and TAz4
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17.4.3 Crystal Structures and Optical Properties
of the Terazulene Isomers

Single crystals of the above-mentioned terazulenes obtained by sublimation were
subjected to X-ray crystallography, which revealed that TAz1 and TAz2 are planar,
while TAz3 and TAz4 have structures that are twisted about their 6,6′-bonds by about
50° (Fig. 17.8). The 6,6′-bondwas also found to be twisted by about 50° in an isolated
molecule structurally optimizedby computationalmethods; this twist is believed tobe
caused by steric hindrance. On the other hand, the optimized structure of an isolated
molecule connected through a 2,6′-bond was twisted by about 30°, which suggests
that the planar structures observed in the crystals of TAz1 and TAz2 are due to
intermolecular interactions in the single crystals. In addition, the optimized structure
of the 2,2′-connected biazulene is planar, as observed in the crystal structures of
TAz2 and TAz3. All terazulene isomers formed edge-to-face herringbone packing
structures andwere found to be packed in a layeredmanner along eachmolecular long
axis. These structures also adopt the typical packing structure observed in molecules
with large aspect ratios.

The optical properties of the terazulene isomers are summarized in Table 17.1.
The IPs of films obtained by atmospheric photoelectron spectroscopy ranged from
−5.45 to −5.56 eV; these values are not significantly different from the oxidation
potential of azulene itself (E1/2 = 0.54 V vs. Fc/Fc+) [30, 31] determined by cyclic
voltammetry and the HOMO energy (−5.18 eV) determined by quantum chemical
calculations. Therefore, the HOMO energy is largely unaffected by oligomerization.
Furthermore, the energy gaps calculated from the absorption spectra were 1.56–
1.63 eV, with LUMO energies calculated on the basis of these energies ranging from
−3.83 to −3.93 eV. Consequently, lower LUMO energies were determined to be
responsible for the smaller energy gaps; we conclude that this outcome is a major
feature of azulenes structurally expanded at their 2- and 6-positions.

17.4.4 OFET Properties and Thin-Film Structures
of the Terazulene Isomers

The FET characteristics of TAz1 are shown in Fig. 17.9. Interestingly, the TAz1 top-
contact FET device showed only n-type semiconductor characteristics with a charge
mobility of 0.29 cm2/Vs, while the TAz2 and TAz3 devices exhibited ambipolar
characteristics, with both n-type and p-type polarities, and TAz4 showed only n-type
characteristicswith a chargemobility of 0.15 cm2/Vs. These results clearly reveal that
the polarity of the semiconductor depends on the azulene orientation. In particular,
TAz2 showed ambipolar character when an Al electrode was used, but only p-type
character when an Au electrode was used, with a hole mobility of 1.32 cm2/Vs. The
unipolar p-type behavior of TAz2 is attributable to the higher LUMO energy of TAz2
compared to those of the other isomers.
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Fig. 17.8 Crystal packing structures of a TAz1, b TAz2, c TAz3, and d TAz4. Reproduced from
Ref. [26] with permission. Copyright 2015 American Chemical Society



352 H. Katagiri

Table 17.1 Optical properties of terazulene isomers TAz1, TAz2, TAz3, and TAz4 in their film
forms

Compound λonset (nm) Ea
g-abs (eV) HOMOb (eV) LUMOc (eV)

TAz1 757 1.63 −5.56 −3.93

TAz2 764 1.62 −5.45 −3.83

TAz3 785 1.57 −5.47 −3.90

TAz4 795 1.56 −5.49 −3.93

aDetermined from the absorption edge
bDetermined by photoemission yield spectroscopy (PYS)
cLUMO energies calculated by adding the optical band gap (Eg-abs) to the HOMO energy

Fig. 17.9 OFET characteristics of top-contact devices fabricated with 2,6′:2′,6′′-terazulene (TAz1)
at T sub = 100 °C, a output curves at various gate voltages, b transfer curves in the saturated region at
a drain voltage of −100 V. Reproduced from Ref. [25] with permission. Copyright 2013 American
Chemical Society

Grazing incidence wide-angle X-ray diffraction (GIWAXD) analysis of their thin
films confirmed the end-on orientation of each molecule on the substrate and their
in-plane herringbone structures (Fig. 17.10). The simulated GIWAXD profiles of
TAz1–TAz4 based on their single-crystal structures are in good agreement with
the experimental results, suggesting that the crystal structures of the thin films are
almost identical to the structures of the single crystals. In-house XRD also revealed
the well-defined crystalline characteristics of the TAz1–TAz4 thin films (Fig. 17.11);
the out-of-plane XRD patterns show a series of peaks that are clearly assignable to
(00l ) reflections, while the in-plane XRD patterns of the terazulene isomers clearly
show three typical peaks assignable to π-stacking orientations [(11l), (02l), (12l)]
associated with the herringbone structures. The profiles and peak intensities were
observed to gradually improve with increasing substrate temperature, T sub.
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Fig. 17.10 2D GIXD images of evaporated thin films of a TAz1, b TAz2, c TAz3, and d TAz4
deposited ontoODTS-treated Si/SiO2 atT sub = 100 °C.Reproduced fromRef. [26]with permission.
Copyright 2015 American Chemical Society

17.4.5 Controlling OFET Polarity by Controlling
the Molecular Orbital Distribution

The calculated molecular orbitals of the terazulene isomers are shown in Fig. 17.12.
The LUMO of each isomer is favorably structured for electron transport because it
is distributed over the entire molecule. On the other hand, the HOMOs are biased
toward one of the ends of the TAz1 and TAz4 molecules, but are more distributed in
TAz2 and TAz3. In other words, HOMO molecular overlap is disadvantageous for
the hole transport in TAz1 and TAz4; hence, only n-type character was observed as a
result. On the other hand, hole transport between molecules is possible in TAz2 and
TAz3; hence, ambipolar behavior that combines both p-type and n-type character is
observed. We refer to this concept as “polarity control of OFET by molecular orbital
distribution control.”

The molecular orbital features of the terazulene isomers are rationalized as
follows. The LUMO of azulene itself shows high orbital densities at its 2- and 6-
positions, which leads to strong coupling between the three azulene LUMOs in
terazulene. Consequently, the LUMOs of the terazulene isomers are uniform and
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Fig. 17.11 XRD patterns of evaporated thin films of TAz1–TAz4 deposited onto ODTS-treated
Si/SiO2 substrates at different substrate temperatures. Out-of-plane X-ray diffraction patterns of
a TAz1, b TAz2, c TAz3, and d TAz4. In-plane X-ray diffraction patterns of e TAz1, f TAz2,
g TAz3, and h TAz4. Reproduced from Ref. [26] with permission. Copyright 2015 American
Chemical Society

widely distributed over the three azulene units. In contrast, the HOMO of azulene
itself has no orbital density at the 2- and 6-positions; consequently, coupling between
the three HOMOs in each terazulene is weak. As a result, the three highest orbitals
of terazulene, which are formed from the three HOMOs of the individual azulenes,
are distributed in their respective azulene units. In the absence of conjugation, these
three orbitals are degenerate and equally occupied. However, each terazulene has a
dipole moment that creates an electrostatic potential gradient in the molecule and
eliminates this degeneracy. Quantum chemical calculations reveal that themagnitude
of the dipole moment of the terazulene isomer and the energy difference between the
occupied orbitals and the orbital bias are correlated; TAz1, with the largest dipole
moment shows the largest energy difference and orbital bias (Fig. 17.13). In other
words, the dipole moment solves the occupied-orbital degeneracy issue, which leads
to orbital deviations.
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Fig. 17.12 Calculated frontier orbitals and dipole moments of TAz1, TAz2, TAz3, and TAz4 at the
B3LYP/6-31G(d) level, and experimental semiconductor type

17.5 Conclusions and Scope

In this chapter, the usefulness of azulene as a unit for extending the π-conjugation
of an organic semiconducting material was clarified. π-Conjugated systems linearly
extended through the 2- and 6-positions of azulene are greatly advantageous for
OFET applications from the perspectives of their electronic and crystal structures.
It is significant that azulene, which has been developed through solution chemistry,
has been applied to organic crystalline materials, especially the terazulene isomers,
for which significant correlations have been recognized in their crystal structures,
in the orbital interactions between units, their dipole moments, and semiconductor
properties. A new synthetic method has recently been developed; consequently, it
has recently become possible to efficiently introduce substituents at the 2- and 6-
positions of azulene. In addition, the use of organic semiconducting materials as
organic solid materials is also developing in recent years [32–38]. Together with
developments in synthetic chemistry, π-conjugated systems based on azulene are
expected to significantly progress in the future.
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Fig. 17.13 Schematic representations of the molecular orbital distributions and energy levels in
TAz1. The calculation was performed at B3LYP/6-31G(d) level. Reproduced from Ref. [25] with
permission. Copyright 2013 American Chemical Society
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Chapter 18
Electrochemical Functions
of Nanostructured Liquid Crystals
with Electronic and Ionic Conductivity

Masahiro Funahashi

Abstract Nanosegregated liquid crystals are effective to construct nanostructures
in which an electronic function couples with an ionic transport. Polarization of ionic
species can form local electric fields interacting with electronic charges. In elec-
trochromism, an electrical double layer promotes charge injection from an anode
or cathode to an active layer in which the injected charges are transported effi-
ciently, due to the nanostructures of the liquid crystal phase. In chemical doping,
dopant ions are accumulated in ion-conductive subdomains and separated from the
electron transport channels. This type of the doping is interstitial doping which is
different from substitutional doping observed in organic molecular crystals. Side-
chain engineering is effective for construction of the nanosegregated liquid crystal
phases. Imidazolium units connected to the terminal of alkyl chains of liquid crys-
talline oligothiophene derivatives promote formation of the nanosegregated struc-
ture in which ion-conductive and hole-transporting layers are integrated alternately.
Oligosiloxane moieties have a liquid-like property although they induce nanosegre-
gation in liquid crystal phases. Perylene bisimide derivatives bearing oligosiloxane
moieties exhibit high solubilities in organic solvents and columnar phases at room
temperature. Perylene bisimide derivative bearing two cyclotetrasiloxane rings and
one triethylene oxide chain works as a mixed conductor. Polymerized thin films
display electrochromism in organic electrolyte solutions and anisotropic electrical
conductivity in the doped states.
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18.1 Introduction

Molecular crystals consisting of molecules with extended π-conjugated units func-
tion as semiconductors, and they have been applied to organic electronic devices, such
as field-effect transistors (FETs). Electronic charge carriers are transported between
π-conjugated units via orbital overlaps and carrier mobilities strongly depend upon
the supramolecular aggregation states of the crystals [1]. In addition, liquid crystals
having extended π-conjugated units also work as semiconductors and applications
to FETs, electroluminescence devices, and solar cells [2].

The theme of this chapter is to create new soft materials to couple of the elec-
tronic charge carrier transport with ionic polarization in nanosegregated liquid crys-
talline (LC) systems [3]. In contrast to molecular crystals, most characteristic feature
of liquid crystals is a soft dynamic structure [4]. In liquid crystal materials, func-
tional domains can be integrated in liquid crystal phases based on nanosegregation
to produce multi-functional systems [5]. Aggregates of electro- and redox-active π-
conjugated units and hydrophilic mantles are self-assembled in columnar or lamellar
orders to form soft mixed conductors. In mixed conductors, ionic species polarize to
form local electric fields interacting with electronic charge carriers by the applica-
tion of the external DC bias, resulting in electro- and redox-active functions of the
materials [6].

For this purpose, ‘side chain engineering’ is indispensable [7]. Electro- and redox-
active materials have extended π-conjugated systems, which indicate strong π–π
stacking interaction. In order to maintain the solubility and flexibility of thin films,
rigid active units should be connected to flexible side chains. Moreover, the side
chains also promote nanosegregation to form flexible nanostructures to induce elec-
tronic and electrochemical functions. The author found that oligosiloxane moieties
do not only increase solubilities of LC materials but also promote formation of
nanostructures to enhance electronic and electrochemical functions [8].

In the electrochromism, the electrical double layers formed at the cathode and
anode promote hole or electron injection in the active layer, resulting in reduction
or oxidation of the redox-active units [9]. Thin films of crystals have no nanopores
through which ionic species penetrate and polarization based on the formation of
electrical double layers therefore does not occur. In contrast, thin films of the nanos-
tructuredLCmixed conductors have nanochannels, inwhich ionic species aremobile.
By the DC bias application in the presence of electrolytes, electrical double layers
are immediately formed.

In the doping of nanostructured π-conjugated liquid crystals, ionic reductants
diffuse through the ion channels of the LC thin films and reduce the electron deficient
π-conjugated cores to increase the electron density. Dopant ions are separated from
the electron-transporting π-stacks, and this polarized structure is categorized as an
interstitial doping [10]. This is quite different from the substitution doping in the
organic molecular crystals in which dopant molecules occupy the lattice points of
the host crystals [11].
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18.2 Electrochromism in Ionic π-Conjugated Liquid
Crystals

In conventional electrochromism of organic materials, an organic thin film is dipped
in an electrolyte solution, and a DC bias is applied to the thin film. Ionic species
penetrate into the film, and an electrical double layer is produced at the interface
between the organic layer and the electrode. Positive or negative charges are injected
to the organic layer by the electric field formed at the interface, and consequently,
colored cationic or anionic species are produced [9].

For a high-speed electrochromic process, fast ion diffusion in the thin films and
efficient charge transfer from the electrode to the organic layer are indispensable.
Moreover, effective charge carrier transport should make it possible to involve the
active molecules separated from the electrode [12].

For this purpose, we designed nanosegregated LC mixed conductors; the
molecules consist of an electro- and redox-active π-conjugated unit as well as an
ionicmoiety, as shown in Fig. 18.1. A phenylterthiophenemoietywas adopted as aπ-
conjugated unit, and an imidazolium moiety was introduced at the terminal position
of the alkyl side chain [13, 14].

These compounds exhibit a smectic A (SmA) phase at elevated temperatures.
Figure 18.2a shows an X-ray diffraction pattern of the SmA phase of compound 3
and schematic illustration for the structure of the SmA phase. The X-ray diffrac-
tion pattern in the SmA phase suggested an anti-parallel arrangement of the LC
molecules. Hole-transporting sublayers made from phenylterthiophene units as well
as ion-conductive sublayers consisting of imidazolium cations and counter-anions
are integrated alternately in the SmA phase, as shown in Fig. 18.2b.

Compound 3 was capillary filled into a LC cell consisting of two ITO-coated
glass plates at the temperature of the isotropic liquid phase, and the sample was
cooled to 100 °C. The sample changed to the SmA phase. When a DC bias was

Fig. 18.1 Molecular structures ofLCphenylterthiophenederivatives bearing imidazoliummoieties.
The abbreviations ‘Cryst.’, ‘SmA’, and ‘Iso’ are crystal, smecticA, and isotropic phases, respectively
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Fig. 18.2 a X-ray diffraction pattern in the SmA phase (100 °C) of compound 3, b schematic
illustration for the molecular aggregation structure of the SmA phase of compound 3. Reprinted
with the permission from Ref. [13]. Copyright 2008 American Chemical Society

applied to the sample, the color of the sample changed from yellow to dark blue
(Fig. 18.3a). This color change was attributed to the formation of cation radical of
the phenylterthiophene unit by the electrochemical oxidation at the anode.

Because of the presence of the ion-conductive layers, counter-anions immedi-
ately moved to the anode to form the electrical double layer. Subsequently, holes
are injected to the hole-transporting sublayers, generating cation radicals of phenyl-
terthiophene units. It should be noted that an electrolyte solution is not necessary
unlike conventional organic electrochromic materials.

The response speed was enhanced when PEDOT-PSS thin layer was coated on
the cathode because the oxidation of the π-conjugated unit of the LC molecules
at the anode coupled with the reduction of doped PEDOT coated on the cathode.
Figure 18.3b shows the electrochromic response in the SmA phase of compound
3 at 100 °C. Response speed was several ms, which should be attributed to rapid

Fig. 18.3 a Color change of the sample in the SmA phase of compound 3 when DC bias (+1.5 V)
was applied, b electrochromic response at 100 °C in the sample in which PEDOT/PSS layer was
coated on the anode. Reprinted with the permission from Ref. [14]. Copyright 2010 American
Chemical Society
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formation of electrical double layers, due to the presence of the ion-conductive layers.
Moreover, hole hopping between the π-conjugated units made it possible to oxidize
distant LC molecules from the anode.

18.3 Nanosegregated π-Conjugated Liquid Crystals

18.3.1 Oligosiloxane Moieties as a Side Chain of Liquid
Crystals

As shown in Sect. 18.2, nanosegregation is an effective method to functionalize
LC materials by coupling the electronic transport with the ionic conductivity. An
ionic moiety introduced to the terminal of the alkyl side chain played a significant
role in the nanosegregation process. This fact indicates that not only a design of
π-conjugated functional units but also an engineering of side chains is effective to
create new functional LC materials.

Conventional liquid crystal molecules have rigid core units and flexible alkyl
side chains. One of the driving forces to form smectic or columnar structures is
nanosegregation between core units and alkyl side chains. Other than alkyl side
chains, hydrophilic oligoethylene oxide chains, perfluoroalkyl groups with small
polarizability are recognized to enhance nanosegregation and promote the forma-
tion of various superstructures in liquid crystal phases [15, 16]. Moreover, liquid
crystals bearing ionic moieties such as imidazolium groups form ion-conductive
liquid crystals which have one-dimensional columnar, two-dimensional lamellar,
and three-dimensional bicontinuous cubic structures [17–19].

The authors have paid an attention to oligosiloxane chains as a flexible side
chain of functional liquid crystals. Side-chain-type LC polymers consisting of a
polysiloxane backbone and mesogenic side chains have been investigated for the
application to LC elastomers [20]. Polysiloxanes bearing terthiophene side chains
exhibit photoconductivity [21].

On the other hand, ferroelectric liquid crystals bearing pentamethyl-1,3-disiloxane
or heptamethyl-1,3,5-trisiloxane chains at the terminals of alkyl side chains have also
been synthesized.Because of nanosegregation, layer structures are stabilized and they
sometimes indicate de Vries-type phase transition [22]. For rod-like liquid crystal
molecules exhibiting smectic phases, not a few liquid crystals have been designed and
synthesized. However, the advantage of oligosiloxane side chains has not been took
for columnar liquid crystals except for only one example of hexaalokoxytriphenylene
derivative [23].

The perylene bisimide derivatives have been known as red pigments and n-type
semiconductors. Various N-alkylated derivatives have been synthesized; however,
their solubilities in organic solvents are low and it is difficult to produce thin films
for device applications by solution processes. We synthesized perylene bisimide
derivatives bearing oligosiloxane chains at the terminals of alkyl side chains, as
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Fig. 18.4 Molecular structures of LC perylene bisimide derivatives bearing oligosiloxane chains
and their phase transition temperatures. Colhd, Colho, and Colro denote a columnar hexagonal
disordered, columnar hexagonal ordered, and columnar rectangular ordered phase, respectively

shown in Fig. 18.4. Compounds 4–6 exhibit columnar phases over wide temperature
ranges including room temperature and do not crystallize even when they are cooled
to −100 °C [24–26].

Figure 18.5a shows X-ray diffraction patterns of compounds 4 and 5. In columnar
phases, the lattice constantswere shorter than themolecular lengths, suggesting inter-
digitation of the oligosiloxane moieties. Interestingly, oligosiloxane chains stabilize
the columnar structures because of nanosegregation in spite of the bulkiness of the
oligosiloxane chains, compared to that of alkyl chains. These compounds exhibit
ordered columnar phases in which the perylene bisimide cores stack periodically.
The intermolecular distance within the columnar aggregates is 3.4 Å, which is a
typical value for π–π stacking. Figure 18.5b displays a schematic illustration for
the columnar phase of these compounds. Crystal-like one-dimensional π-stacks are
surrounded by liquid-like mantle consisting of oligosiloxane moieties.

Fig. 18.5 a X-ray diffraction pattern of compounds 4 and 5 at room temperature, b schematic
illustration of the columnar phase
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Fig. 18.6 a Transient photocurrent curves for electrons in the columnar ordered phase of compound
5 at room temperature. The sample thickness was 25μm, and the wavelength of excitation light was
356 nm, b electron mobilities of compounds 4 and 5 as a function of the temperature. Reproduced
from Ref. [27] with permission from the PCCP Owner Societies

Figure 18.6a shows transient photocurrent curves for electrons in the columnar
phase of compound 5 at room temperature. Time-of-flight measurement revealed
the high electron mobility exceeding 0.1 cm2 V−1 s−1 at room temperature in the
ordered columnar phases of these compounds [27]. This value is comparable to those
of molecular crystals. This high electron mobility in the columnar phases should be
attributed to the crystal-like π-stacks. As shown in Fig. 18.6b, the electron mobility
of compound 5 was two orders of magnitude higher than that of compound 4 which
exhibited a columnar phase without a periodical π–π stacking structure. In spite
of these crystal-like structures, solubilities of these compounds in organic solvents
are very high. For compound 5, the solubility even in n-hexane exceeds 30 wt%.
Therefore, thin films can be produced by solution processes, such as a spin-coating
method.

18.3.2 Cyclotetrasiloxane Moiety as a Polymerizable Side
Chain

Insolubilization of organic thin films is very significant for construction of multilayer
structures. Particularly, in electrochemical applications, insolubilization of thin films
is indispensable because they are dipped in organic electrolyte solutions.

In situ polymerization of LC films is an effectivemethod to retain themacroscopic
molecular alignments of the LC thin films as well as nanosegregated structures. The
conventional in situ insolubilization of thin film states has been photopolymeriza-
tion using LC materials bearing acrylate, methacrylate, 1,4-diene moieties [28, 29].
Nanostructured ion-conductive LCfilmswere insolubilized by theUV light illumina-
tion [28]. Uniaxially aligned nematic LC films consisting of extended π-conjugated
chromophores were polymerized by the UV light illumination and applied to elec-
troluminescence devices [29]. Not only macroscopic molecular alignment but also
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Fig. 18.7 Molecular structures of perylene bisimide derivatives bearing cyclotetrasiloxane rings
and their phase transition property

nanosegregated structures were retained during the photopolymerization process.
However, terminal polymerizable groups sometimes inhibit the formation of LC
phases and do not increase solubility sufficiently.

Cyclotetrasiloxane moieties polymerize in the presence of an acid or base cata-
lyst in solution states. However, they are inactive to UV light illumination and the
photopolymerization method could not be adopted.

We synthesized perylene bisimide derivatives 7 and 8 which have four cyclote-
trasiloxane rings at the terminals of alkyl chains (Fig. 18.7). The cyclotetrasiloxane
ring is very bulky compared to conventional alkyl side chains; nevertheless, these
compounds exhibit columnar phases at room temperature [30].

TOF measurements revealed a high electron mobility exceeding 0.1 cm2/Vs in
the columnar phase of compound 8 at room temperature. In spite of the presence
of the bulky cycloterasiloxane rings, π-conjugated units are closely organized and
form crystal-like order in the columnar phase.

The solubilities of these compounds are very high (>30 wt% for n-hexane), and
thin films could be produced by the spin-coating method. On non-treated glass
substrates, thin films with polydomain structures were produced. The domain size
was around several ten μm and columnar aggregates aligned parallel to the surface
of the substrates because of the surface tension at the air-solution interface.

Compound 8 polymerized in solution states in the presence of acid catalysts to
form gelatinous precipitates. However, the precipitates were not soluble in organic
solvents and thin films could not be produced. Figure 18.8a displays a schematic
illustration of the in situ polymerization of the spin-coated film of compound 8. The
spin-coated thin films can be insolubilized by an exposure on acid vapors at 70 °C.
The polymerization in the thin film proceeds via a ring-opening mechanism initiated
by acid vapors. In an IR absorption spectrumof the thin film, only absorption band for
Si–O stretching changed during the polymerization process, which support the ring-
opening of the cyclotetrasiloxane rings purged into the mantle area of the columnar
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Fig. 18.8 a Illustration for acid-induced ring-opening polymerization in the thin film states of
compound 8, b IR spectra of the thin film before and after the polymerization

aggregates, as shown in Fig. 18.8b. The polymerized thin films are insoluble in
CH2Cl2, tetrahydrofuran, toluene, acetonitrile, and acetone [31].

From the X-ray diffraction, polarizing optical micrographic study, and surface
observation by atomic force microscopy (AFM), columnar structures in the thin
films are retained during the polymerization process although structural disorder is
increased. In the X-ray diffraction patterns of as-deposited and polymerized thin
films, (100), diffraction peak indicating a columnar structure was retained during the
insolubilization process, as shown in Fig. 18.9a. The AFM observation of the surface
morphology of as-deposited thin films revealed plateaus and steps corresponding to
the diameter of columnar aggregates, as shown in Fig. 18.9b. In the polymerized
thin films, the nanostructures disappeared, indicating induction of structural disorder
during the polymerization process, as shown in Fig. 18.9c.

By a friction transfer method, uniaxially aligned film was produced. A polarized
absorption spectrum of the uniaxially aligned thin films in the as-deposited state

Fig. 18.9 a X-ray diffraction patterns of the spin-coated film of compound 8 before and after the
in situ polymerization. Surfacemorphologies of the thin films of compound 8measured by anAFM,
b before and, c after the in situ polymerization. Reproduced from Ref. [31] by permission of The
Royal Society of Chemistry
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revealed a dichroic ratio of 5. This uniaxiality was retained during the acid-vapor-
initialized polymerization, decreasing the dichroic ratio in the polarized absorption
spectra to 3.

18.4 Nanosegregated Liquid Crystals with Electrochemical
Functions

18.4.1 Liquid Crystalline Perylene Bisimide Hybridized
with Lithium Salt

For electrochemical applications of nanosegregated liquid crystals, ion-conductive
channels should be constructed in the liquid crystalline on the nanometer scale. In
general, electrochemically active π-conjugated units and ionic moieties decrease the
solubilities in organic solvents and raise up the phase transition temperatures, due
to strong π–π and electrostatic interactions. Oligosiloxane moieties are effective to
increase solubilities in organic solvents and suppress crystallization.

Oligoethylene oxide derivatives have been used for solid electrolytes because
of lone pairs of oxygen atoms coordinating to metal cations. Perylene bisimide
derivative 9 bearing two disiloxane chains and one triethylene oxide moiety was
synthesized, as shown in Fig. 18.10. This compound exhibited a lamellar phase at
room temperature. In the lamellar phase, the lattice constant determined by the X-ray
diffraction was shorter than the double of the molecular length but longer than it,
indicating a dimeric structure and the presence of hydrophilic sublayer consisting of
triethylene oxide chains. The TOF measurement revealed that the electron mobility
was on the order of 10−4 cm2/Vs at room temperature [32].

Fig. 18.10 Molecular structure of compound 9, X-ray diffraction pattern of compound 9 at room
temperature, and schematic for supramolecular aggregation structure. Reproduced from Ref. [32]
by permission of The Royal Society of Chemistry
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This compound retained the LC phase when 3mol% of lithium triflate was doped.
Lithium triflate should be absorbed in the hydrophilic sublayers consisting of triethy-
lene oxide chains. The electron mobility did not change in the doped samples. This
result indicated that the doped lithium and triflate ions should be adsorbed in the
hydrophilic sublayers and separated from the electron transport layers consisting of
electroactive perylene bisimide units.

18.4.2 Polymerizable Liquid Crystalline Mixed Conductor

In the usage of electrochemical application such as supercapacitors, butteries, and
electrochromic devices, electrochemically activematerials are operated in electrolyte
solutions. Therefore, it is indispensable to insolubilize the thin films, retaining
the nanosegregated structures formed in the as-deposited thin films. The cyclote-
trasiloxane moiety is not only polymerizable but also promotes nanosegregation.

Perylene bisimide derivatives have been known as n-type semiconductors and
redox-active materials. However, electrochromism of the monomeric and polymeric
derivatives have unexpectedly been limited, perhaps because of difficulties in fabri-
cation of homogeneous thin films which are durable in organic solvents. Polymers
containing perylene bisimide units in their backbones indicated electrochromism in
electrolyte solution [33].

Figure 18.11 shows molecular structures, phase transition properties, and
supramolecular aggregation structures of compounds 10 and 11 [34]. Perylene
bisimide derivative 10 has two polymerizable cyclotetrasiloxane rings and one
triethylene oxide chain coordinating to ionic species. An alkylated analog 11was also

Fig. 18.11 Molecular structures and phase transition temperatures of compounds 10 and 11.
Reproduced from Ref. [34] by permission of The Royal Society of Chemistry
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prepared. These compounds exhibit columnar phases at room temperature. However,
the structures of the supramolecular aggregation were quite different; compound 10
formed columnar rectangular phase with a dimeric structure. In the columnar aggre-
gates, ion-conductive sublayers consisting of triethylene oxide chains and electron-
transporting π-stacks were formed separately. In contrast, conventional monomeric
columnar aggregates were formed for compound 11.

The triethylene oxide chains of compound 10 form hydrophilic sublayers within
the columnar aggregates. This sublayer works as an ion-conductive layer. For elec-
trochromism, ionic species penetrate into active film for the formation of an electrical
double layer at the anode.

In electrochromism of organic thin films, the films are dipped in organic elec-
trolyte solutions and the insolubilized thin films in the organic solvents are requisite.
Compound 10 is soluble in various organic solutions and thin films can be produced
by the spin-coatingmethod. The as-deposited thin films are soluble in various organic
solvents, and therefore, they could not retain in the electrolyte solution. The solu-
bility of thin films of compound 10 in acetonitrile is relatively low and can retain the
thin film state in acetonitrile solution of tetrabutylammonium perchlorate. However,
the thin film was dissolved when a negative DC bias was applied to the thin film
because anion radicals which have higher solubility in acetonitrile.

After insolubilization of the thin film by the acid vapor-induced ring-opening
polymerization method, the thin film of compound 10 can retain not only in the
neutral state but also even when they are reduced to anion radical and dianion states.

Insolubilized films of compound 10 by the ring-opening polymerization indi-
cated electrochromism in an organic electrolyte solution, i.e., acetonitrile solution
of tetrabutylammonium perchlorate. Figure 18.12a displays the color change of the
polymerized thin film of compound 10 in the electrochromic process. As shown in
Fig. 18.12b, two-step reversible reduction waves were observed for solution and film
states. As shown in Fig. 18.12c, the reduction wave at −0.8 V and −1.2 V versus
an Ag+/Ag electrode were assigned to the generation of anion radicals and dian-
ions of the perylene bisimide core, respectively. In this efficient electrochromism,
the presence of the ion-conductive sublayers is significant. The absorption spectrum
of the polymerized film of compound 10 during the electrochromism indicated that
efficient generation of dianions of the perylene bisimide units by a two-electron
reduction [34].

In contrast, for compound 11 which has no ion-conductive sublayers, elec-
trochromism was not observed under the application of −1.5 V versus Ag+/Ag
electrode. Formation of electrical double layers by polarization of ionic species is
requisite for electrochemical function. This nanosegregated structure inwhich redox-
active π-stacks and ion-conductive sublayers are separated on a nanometer scale is
effective for efficient electrochromic response.



18 Electrochemical Functions of Nanostructured Liquid Crystals … 371

Fig. 18.12 a Color change of a polymerized film of compound 10 in the electrochromic process, b
cyclic voltammogram of compound 10 in solution and film states (Ag+/Ag standard), c absorption
spectra of a thin film of compound 10 in the electrochromic process. Reproduced from Ref. [34]
by permission of The Royal Society of Chemistry

18.4.3 Interstitial Doping in the Nanostructured Liquid
Crystal

There are two categories of doping in semiconductors. Thefirst is substitution doping,
which is usually seen in inorganic semiconductors such as silicon and organic molec-
ular crystals. In this case, semiconductor atoms or molecules located at crystal lattice
points are substituted by chemical dopants. This type of doping in inorganic semi-
conductors has achieved a great success in industrial applications to produce various
electronic devices. For the substitution doping in organic molecular systems, dopant
molecules often perturb themolecular aggregation to increase energetic and structural
disorders.

The second is interstitial doping, in which dopant atoms or molecules penetrate in
the voids in crystal lattice, such as strontium titanate [35]. Organic crystals generally
have insufficient voids for dopant molecules, and interstitial doping is difficult. In
nanostructured liquid crystal phases, voids for dopant molecules can be designed
properly to separate the dopant molecules from the carrier transport paths.

Gregg et al. synthesized LC perylene bisimide derivatives bearing an ammonium
moiety as well as oligoethylene oxide chains, and the electrical conductivity of the
LC perylene bisimide derivatives doped with sodium was measured under an inert
atmosphere [36–39]. However, the all processes were carried out under an inert
atmosphere and the measurement was done in the crystal phases of the compounds.

In contrast, compound 10 exhibits the columnar phase at room temperature and
the electrical conductivity in the LC phase can be studied. Moreover, ionic reductant
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Fig. 18.13 Transient photocurrent curves for electrons in the columnar phases of (a) compound
10 and (b) compound 11. The sample thickness was 15 μm and the wavelength of excitation light
was 356 nm. Reproduced from Ref. [34] by permission of The Royal Society of Chemistry

can be used instead of sodium metal because of the presence of the ion-conductive
sublayers.

Figure 18.13 shows transient photocurrent curves obtained by the TOFmethod for
electrons in the columnar phases of compounds 10 and 11. The TOF measurement
revealed electron mobilities on the order of 10−3 cm2 V−1 s−1 for the columnar
phase of compound 10 and 10−2 cm2 V−1 s−1 for the columnar phase of compound
11 at room temperature. These compounds exhibit efficient electron transport in the
columnar phases, due to π–π stacking structures in the columnar phases [34].

The ion-conductive sublayers promoted ion diffusion into the films of compound
10. Sodium dithionite is an inorganic reductant which can reduce the perylene
bisimide core to the anion radical and dianion states. Thin films of compounds 10
and 11with the thickness of 100 nm were produced by the spin-coating method. The
spin-coated films were exposed on vapors of trifluoromethanesulfonic acid at 70 °C
for 30 min to insolubilize the thin films. The as-deposited and polymerized thin films
were dipped in alkaline solution of sodium dithionate.

In several ten minutes, color of as-deposited and polymerized thin films of
compound 10 changed from red to blue in the doping process. Figure 18.14 displays
time-dependent absorption spectra of the thin films of compound 10. Both for as-
deposited and polymerized thin films, absorption bands in the IR area grew first and
next a band around 560 nm appeared. The color of the film changed from red to
blue via brownish red. The absorption bands in the IR are and 560 nm are attributed
to anion radical and dianion of perylene bisimide units, respectively. This result
indicated that this doping process could produce anion radicals in the thin films of
compound 10.

In contrast, the color of the thin films of compound 11 was not changed by
this doping process, indicating no generation of the anion radicals and dianions
of the perylene bisimide core. Ionic dithionate anions should not penetrate in the
thin films of compound 11 because hydrophobicity of the thin film and absence of
ion-conductive sublayer in the columnar phase of compound 11.
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Fig. 18.14 Absorption spectra of a as-deposited and b polymerized thin films of compound 10
dipped in alkaline solution of sodium dithionate. Reproduced from Ref. [34] by permission of The
Royal Society of Chemistry

For as-deposited and polymerized thin films of compound 10, electrical conduc-
tivity was increased to 1 × 10−4 Scm−1 by 5 orders of magnitude compared to those
of non-doped states by this doping process, as shown in Fig. 18.15a, b. The conductiv-
ities of as-deposited and polymerized films were on the same order. For as-deposited
and polymerized thin films of compound 10, the electrical conductivity increased to
3× 10−10 and 1× 10−9 by the factors of 40 and 5 in the doping process (Fig. 18.15c,

Fig. 18.15 Current–voltage characteristics of non-doped and doped thin films. a As-deposited and
b polymerized films of compound 10, c As-deposited and d polymerized films of compound 11.
Reproduced from Ref. [34] by permission of The Royal Society of Chemistry
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d). The presence of ion-conductive sublayers is indispensable for efficient doping in
the columnar phases [34].

Compared to thin films of molecular crystals, macroscopic molecular alignment
is relatively easy in liquid crystalline thin films. While rubbed polyimide layer is
effective for uniaxial alignment of nematic phase, this method is not successful in
the uniaxial alignment of ordered smectic and columnar phases. For the columnar
phases of compound 10, a friction transfer method achieved production of uniaxial
alignment of the columnar aggregates of the spin-coated thin films on four segmented
electrodes, as shown in Fig. 18.16a.

Polarized absorption spectra of the uniaxially aligned thin films of compound 10
indicated the dichroic ratio of 12 and 4 in the as-deposited and polymerized states,
respectively (Fig. 18.16b). Absorbance perpendicular to the friction direction was
larger than that parallel to it because the columnar axis was parallel to the friction
direction and the transition moment of perylene bisimide core was perpendicular to
the direction.

Figure 18.16c shows current–voltage characteristics of uniaxially aligned thin
films. The ratio of the electrical conductivities along and vertical to the columnar
axis was 100 and 10 for the as-deposited and polymerized thin films of compound 10.
Because of the presence of π-stacks of perylene bisimide units, higher conductivity

Fig. 18.16 a Schematic illustration of a sample for anisotropy measurement of electrical conduc-
tivity, b polarized absorption spectra of uniaxially aligned thin films of compound 10, c current–
voltage characteristics of uniaxially aligned thin films of compound 10. Reproduced from Ref. [34]
by permission of The Royal Society of Chemistry
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along the columnar axis should be observed, while conductivity perpendicular to the
columnar axis was low since the conducive π-stacks were surrounded by insulative
mantles consisting of oligosiloxane moieties. During the polymerization process,
structural disorder should be induced to decrease the anisotropy in the absorption
and conductivity. However, the one-dimensionality of the electronic conduction was
retained in the polymerization process [34].

18.5 Conclusion

NanosegregatedLC structures are effective to formelectrical polarization fromwhich
electrochemical functions are derived. For the construction of nanosegregated struc-
tures, the side chain engineering is indispensable rather than design π-conjugated
units. In particular, oligosiloxane side chains promote segregation between functional
units and side chains to form soft nanostructures in the LC phases.

LC oligithiophene derivatives bearing an imidazolium unit at the terminal of
the alkyl side chain exhibit nanosegregated smectic phases in which ion-conductive
and hole-conductive sublayers are integrated separately. In the SmA phase, these
compounds display electrochromism in the bulk state.

Perylene bisimide derivatives bearing oligosiloxane chains exhibit columnar
phases at room temperature. In the columnar phases, one-dimensional electron-
transporting π-stacks are surrounded by electrically insulative mantle consisting
of oligosiloxane chains. The mantle is liquid-like and the bulk states of the columnar
phases are waxy solid. However, they exhibit high electron mobilities, due to the
crystal-like π-stacks of perylene bisimide units.

The cyclotetrasiloxane moiety is not only polymerizable but also promotes
nanosegregation. Perylene bisimide derivatives bearing the cyclotetrasiloxane
moieties can be insolubilized in the thin film state via ring-opening polymerization
induced by the exposure on vapors of trifluoromethanesulfonic acid.

Perylene bisimide derivative bearing a triethylene oxide chain and two disiloxane
chains exhibits a lamellar LC phase which can be hybridized with lithium salts.
Perylene bisimide derivative bearing two cyclotetrasiloxane rings and one triethy-
lene oxide chain exhibits a nanostructured columnar phase in which ion-conductive
sublayers and electro- and redox-active π-stacks are integrated on a nanometer scale.
This nanostructure is retained during the acid-induced polymerization process. The
polymerized thin films display electrochromism between red and blue, due to the
penetration of the ionic species and the rapid formation of electrical double layer.

In the doping of nanostructured π-conjugated liquid crystals, ionic reductants
diffuse through the ion-conductive sublayers within the columnar aggregates and
reduce the electron deficient π-conjugated cores to increase the electron density.
Dopant ions are separated from the electron-transporting π-stacks and this polarized
structure is categorized as an interstitial doping. Doped thin films which exhibit
anisotropic conductivity could be produced.
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Part IV
Chirality



Chapter 19
Kryptoracemates

Edward R. T. Tiekink

Abstract Racemic crystals normally crystallise in centrosymmetric space-groups
containing equal numbers of enantiomers. More rarely, racemates may crystallise in
non-centrosymmetric space-groups having glide symmetry or, even more rarely, in
space-groups devoid of a centre of inversion, having no rotary-inversion axes nor
glide plane. The latter class of crystals forms the subject of the present bibliographic
review—a survey of kryptoracemic behaviour. The term kryptoracemic alludes to
the presence of a hidden or non-crystallographic centre of inversion between two
molecules that might otherwise be expected to crystallise in an achiral space-group,
often about a centre of inversion. Herein, examples of molecules with stereogenic
centres crystallising in one of the 65 Sohncke space-groups are described. Genuine
kryptoracemates, i.e. crystals comprising only enantiomorphous pairs, are described
followed by an overview of non-genuine kryptoracemates, whereby the crystal also
contains other species such as solvent and/or counter-ions. A full-range, i.e. one to
six, stereogenic centres are noted in genuine kryptoracemates. Examples will also
be described, whereby there are more than one enantiomeric pair of molecules in
the crystallographic asymmetric unit. A more diverse range of examples are avail-
able for non-genuine kryptoracemates. There are unbalanced species where in addi-
tion to the enantiomeric pair of molecules, there is another enantiomeric molecule
present. There are examples of co-crystals, solvated species and salts. Finally, special
examples will be highlighted where the counter-ions are chiral and where they are
disparate, both circumstances promoting kryptoracemic behaviour.
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19.1 Introduction

The intriguing term kryptoracemate has been ascribed [1] to Ivan Bernal, a renowned
chemical crystallographer with a particular interest in chirality in crystals, especially
inmetalorganic systems. It is understood that Ivan Bernal employed the term during a
meeting of the American Crystallographic Association in the mid-1990s [2]. Clearly,
the term refers to the crystallisation of racemic compounds. Less obvious is the origin
of the prefix “krypto”, which comes from the Greek and loosely translates as hidden.
Thus, kryptoracemic behaviour refers to crystallisation of racemic molecules about
a hidden, i.e. a non-crystallographic, centre of inversion. For organic molecules, the
most recent comprehensive review of the topic by Fábián and Brock [3] highlights
how rare this phenomenon is, accounting for only 0.1% of all-organic structures
included in the Cambridge Structural Database (CSD) [4]; a complimentary survey
of kryptoracemic behaviour in metalorganic systems has been published by Bernal
and Watkins [5]. The aim of the present chapter is to alert the reader to this crys-
tallographic peculiarity by surveying the structural characteristics of representative
examples of all-organic molecules known with a certain degree of confidence to
exhibit kryptoracemic behaviour.

There are at least three possible outcomes from the crystallisation from a solu-
tion of a racemic compound. In descending order of importance, these crystallisation
outcomes are: (i) an ordered racemic crystal, (ii) a physical mixture comprising equal
numbers of enantiopure crystals and (iii) a kryptoracemate; herein, solid solutions
and enantiomorphous twins are ignored. Racemic compounds have equal numbers
of the enantiomers in the crystal, i.e. an equal distribution of mirror images of the
molecules. This is normally accomplished by having the molecules disposed about
a crystallographic centre of inversion. There are exceptions to this general principle,
whereby a racemate can crystallise in a non-centrosymmetric space-group, but a
space-group having glide symmetry so that the criterion of having equal numbers
of mirror images pertains. An early survey of this later phenomenon by Dalhus
and Görbitz [6] revealed that 90% of crystals in this category crystallised in five
non-centrosymmetric space-groups, namely Pc, Cc, Pca21, Pna21 and Fdd2. The
second phenomenon leading to a physical mixture of crystals, or a conglomerate
of homochiral crystals, is usually termed spontaneous resolution and was famously
recognised by Pasteur in his work on ammonium sodium tartrate crystals [7]. The
third crystallisation outcome for racemic compounds results in kryptoracemic crys-
tals which are characterised as crystallising in space-groups lacking a centre of inver-
sion, mirror planes and rotary-inversion centres, i.e. not having symmetry operators
of the second kind, as discussed further below.

The reality is that most organic materials containing a pair of resolvable isomers
(also those with meso-symmetry and achiral compounds) crystallise in one of the
centrosymmetric space-groups leading to hetero-chiral crystals; this has been termed
an enantiophilic trait [8]. It is estimated that 99% of molecules (neutral and charged)
that can crystallise in a centrosymmetric space-group will do so [9]. This is probably
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related to close-packing considerations: it is well established that 83% of all struc-
tures included in the CSD [4] crystallise in one of six space-groups out of a possible
230 space-groups (or 219 when the 11 pairs of enantiomorphic space-groups are
counted once only), i.e. P21/c (34.6%), P1̄ (24.5%), C2/c (8.4%), P212121 (7.2%),
P21 (5.2%) and Pbca (3.3%), or alternative settings of these [9, 10]. The common
feature of the indicated space-groups is that they are all are conducive to close-
packing arrangements, which is optimised for spherical molecules. Thus, an odd-
shaped molecule crystallising about a centre of inversion inherently becomes more
spherical in shape. When enantiophilic behaviour [8] no longer prevails, enantio-
phobic behaviour comes to the fore resulting in the formation of conglomerates or,
more rarely, kryptoracemates.

In terms of space-group symmetry, kryptoracemates are restricted in the adoption
of these. As mentioned above, kryptoracemates can only crystallise in space-groups
not having symmetry operators of the second kind. Thus, a kryptoracemate must
crystallise in one of the 65 Sohncke space-groups (non-enantiogenic groups) which
are characterised as not having a centre of inversion, rotary-inversion axes or glide
planes, i.e. only have symmetry operations of the first kind; crystals adoptingSohncke
space-groups are chiral. Further, the number of molecules in the crystallographic
asymmetric unit, i.e. Z ′ (equals the number of formula units in a unit cell divided by
the number of general positions for that unit cell), is greater than unity unless the
molecule itself lies on a rotation axis [11].

The purpose of this overview is not to give a comprehensive list of all known
kryptoracemates but rather to highlight the different classes of kryptoracemates
that have been described in the crystallographic literature. As a starting point, a
clarification of the term kryptoracemic compound is made, analogous to that now
adopted for supramolecular isomers [12, 13]. A supramolecular isomer (SI) is a
molecule/framework that can adopt a different structure, including with a different
atomic connectivity, as opposed to a polymorph [14]. Often, this phenomenon was
accompanied by a change in the counter-ion and/or solvent occluded in the crystal
[12]. Subsequently, the term was modified to refer to a genuine SI [13], whereby the
molecular formula was exactly the same, rather than the generic, all-encompassing
SI [12]. Following this precedent, herein, kryptoracemates are divided into “gen-
uine kryptoracemates”, with only one type of species (molecule or zwitterion)
in the crystal, and “more loosely defined kryptoracemates”, which may include
counter-ions, solvent, etc., in their crystals.

With the above division in mind, the following survey is arranged in terms of
the number of chiral centres in the molecule and highlights different issues asso-
ciated with the examples, for example, polymorphism, the availability of crystals
of diastereoisomers, etc. The images herein are original, being generated from
the Crystallographic Information Files (CIFs) [15] available through the CSD [4]
employing DIAMOND [16] and QMol [17]. The chemical diagrams were drawn
with ChemDraw™, and data analysis was aided by Mercury [18] and PLATON [19].
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The respective CSD [4] REFCODES are included in the captions of the figures.
Finally, while common names are employed in the text as much as possible, IUPAC
names are included in the captions of the figures, as determined by MarvinSketch
[20].

19.2 Genuine Kryptoracemates

A distinction is made herein between genuine and non-genuine kryptoracemates.
While the basic definition is the same for both classes of compound, the influence
of solvent or a counter-ion on the crystallisation outcome is virtually impossible
to determine with absolute confidence. Hence, kryptoracemic crystals comprising
enantiomorphic molecules are discussed first; in 19.3, kryptoracemic crystals having
additional species present in the crystal will be described.

One of the very first molecules to exhibit kryptoracemic behaviour was DL-2-
hydroxyphenylalanine (1), which in fact crystallises as a zwitterion [21]; images for
1 are shown in Fig. 19.1. There is one stereogenic centre in 1, which crystallises in the
monoclinic space-group P21 with Z ′ = 2, the asymmetric unit comprising a pair of
ostensibly enantiomorphic molecules; the S-form is shown in Fig. 19.1. The overlap
diagram, comprising the S-form and inverted R-form, displays an almost perfect
overlap, as is often seen in kryptoracemates. However, in this case, the diagram is
misleading. The enantiomeric molecules are related by a non-crystallographic centre
of inversion located at 0.661, 0.390, 0.802. As the fractional atomic coordinates for
the R-form were not available, this molecule was generated arbitrarily. While 1
is zwitterionic, the overwhelming majority of genuine kryptoracemates comprise
neutral enantiomers.

Fig. 19.1 Images for 2-azaniumyl-3-(2-hydroxyphenyl)propanoate (DTYROS), 1: chemical
diagram (upper view), molecular structure and overlay diagram
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Figure 19.2 shows images for 4-azido-5-(biphenyl-4-yl)-5-hydroxy-3-methyl-
2-oxo-2,5-dihydrofuran (2), a neutral molecule crystallising with Z ′ = 2 (space-
group P21); the R-form is illustrated in the molecular diagram [22]. The overlap
diagram highlights a close correspondence of the molecular structures in the inde-
pendent tetrahydrofuranyl rings (R-form and inverted S-form) but differences in the
orientations of the biphenyl residues.

In 3, 2,4-dinitro-2,3-dichloro-3-thiolene-1,1-dioxide, rich in heteroatoms, a close
overlap is again noted between the five-membered rings when the molecule in
Fig. 19.3, i.e. the S-form, is overlapped with the inverted form [23]. The molecule
crystallises in the orthorhombic space-group P212121 with Z ′ = 2.

Kryptoracemic behaviour is not restricted to examples with Z ′ = 2, i.e. two inde-
pendent molecules in the crystallographic asymmetric unit. This is illustrated for
1,6-dihydro-1,6-dimethyl-4-phenyl-1,2,3-triazine 2-oxide (4), where Z ′ = 4 (mono-
clinic,P21); 4 is another example of a formally charged species [24]. The asymmetric

Fig. 19.2 Images for 4-azido-5-hydroxy-3-methyl-5-(4-phenylphenyl)-2,5-dihydrofuran-2-one
(DIXPUW), 2: chemical diagram, molecular structure and overlay diagram

Fig. 19.3 Images for
2,3-dichloro-2,4-dinitro-2,5-
dihydro-1λ6-thiophene-1,1-
dione (LACFEB), 3:
chemical diagram, molecular
structure and overlay
diagram
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Fig. 19.4 Images for 1,6-dimethyl-4-phenyl-1,6-dihydro-1,2,3-triazin-2-ium-2-olate (FATFUB),
4: chemical diagram, molecular structure and overlay diagram

unit of 4 comprises two independent pairs of enantiomeric molecules, neither of
which is related by crystallographic symmetry. The illustrated molecule in Fig. 19.4
has the chiral centre being R. Thus, there are one further R-form and two S-forms
in the asymmetric unit. The overlap diagram of the two R-forms with the inverted
S-forms reveals high degree of concordance among the four independent molecular
conformations.

Molecules of 8-methoxy-1-oxacyclotetradeca-2,13-dione (5) have a single stere-
ogenic centre, with the S-form shown in Fig. 19.5. The kryptoracemate crystallises in
the monoclinic space-group P21, Z ′ = 2 [25]. A centrosymmetric polymorph is also
known for 5, which exhibits similar unit cell parameters for the space-group P21/c,
Z ′ = 1 [26]. The overlay diagram highlights the close agreement in the molecular
conformations. The above observations raise two crucial issues when assessing the
aetiology and even the validity of kryptoracemic behaviour.

The first important issue to be addressed relates to the correctness of the assigned
space-group. In a series of publications spanning several decades [27–29], Marsh
and colleagues periodically corrected space-group assignments. Particularly relevant
to the present survey was the conclusion that the most often missed symmetry in
space-group assignments, often leading to incorrect or even over-interpretation of
chemistry/correlations with spectroscopy, was the presence of a centre of inversion
[29]. With modern software, such as PLATON [19], it is likely that the number of
errant structures will be/should be reduced.
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Fig. 19.5 Images for 8-methoxy-1-oxacyclotetradecane-2,13-dione (NIWHUX), 5: chemical
diagram,molecular structure andoverlay diagram. In the latter, the blue trace represents themolecule
found in the centrosymmetric crystal [26]

The question of mis-assigned space-groups notwithstanding, the second issue
arising from the appearance of non-centrosymmetric and centrosymmetric poly-
morphs for 5, remains largely unanswered. The crux of this question is: Why do
kryptoracemates appear in the first place? The centrosymmetric structure of 5 indi-
cates that enantiomers of 5 can and do crystallise in a centrosymmetric space-group,
as might be expected. So, why the appearance of a non-centrosymmetric version, the
kryptoracemate? As noted above, kryptoracemates crystallise with Z ′ > 1; thus far,
the author has not come across a kryptoracemate with the molecule lying on a rota-
tion axis. Thus, kryptoracemates may be considered a special case of the relatively
large number of structures with Z ′ > 1. In a recent comprehensive review of this
topic, Steed and Steed [30] indicate that 9% of all-organic crystals have Z ′ > 1 and
include reasons for this phenomenon such as having awkward-shaped molecules, the
vagaries of crystallisation techniques, thermodynamics, etc., or some combination
of these. In the case of 5, it might be that the observation of the kryptoracemic form
may be the result of a rapid crystallisation, the kinetic form, the centrosymmetric
form, the thermodynamic outcome.

Thus far, all of the discussed kryptoracemates discussed feature a single stere-
ogenic centre only. However, two andmore stereogenic centresmay be found in kryp-
toracemates. An example of a kryptoracemate with two stereogenic centres is illus-
trated for 2,2′-dimethyl-2,2′,3,3′-tetrahydro-1,1′-bicyclopenta(a)naphthalenylidene
(6) [31] in Fig. 19.6. In the illustrated molecule, both chiral centres are R. As seen
above, the superimposition of the illustrated molecule with the inverted form shows
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Fig. 19.6 Images for 2-methyl-1-{2-methyl-1H,2H,3H-cyclopenta[a]naphthalen-1-ylidene}-
1H,2H,3H-cyclopenta[a]naphthalene (AQABID); 6: chemical diagram, molecular structure and
overlay diagram

a close correlation with the exception of the relative orientations of the methyl
substituents.

In 2-[(3,5-dinitrobenzene)amido]cyclobutane-1-carboxylic acid (7) [32], the
configurations at the sp3-carbon atoms bearing the carboxylic acid and amino func-
tionalities are R and S, respectively, as shown in Fig. 19.7. The overlap diagram
again confirms the close similarity in the molecular conformations, especially in
the four-membered rings. The presence of carboxylic acid functionality might be
expected to promote the formation of a racemic crystal, whereby the carboxylic acid
groups of each enantiomer associate about a centre of inversion via the familiar eight-
membered {…HOCO}2 homo-synthon. However, while the {…HOCO}2 homo-
synthon is formed between the twomolecules in the crystal (orthorhombic,P212121),
the homo-synthon is non-symmetric. It is worth noting here that it is well established
in the crystallographic literature that carboxylic acids form the eight-membered
{…HOCO}2 homo-synthon in only about a third of the crystal structures where
this is possible, being heavily susceptible to competing supramolecular synthons
[33, 34].

In another variation of the theme, thus far, all of the chiral centres have been
carbon-based. An attractive exception is found in the triazatriphosphinine derivative
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Fig. 19.7 Images for 2-[(3,5-dinitrobenzene)amido]cyclobutane-1-carboxylic acid (EGURIH); 7:
chemical diagram, molecular structure and overlay diagram

(8) [35]; the crystal is monoclinic, P21. As seen from Fig. 19.8, the two chiral centres
are phosphorus-basedwith the configuration being S at the phosphorus centre bearing
the chloride substituents and R at the second chiral phosphorus atom. Unlike several
other structures, differences between the enantiomers are noted in the conformations
of the nine-membered rings and in the relative orientations of two phenyl rings.

Three chiral centres are noted in the crystal of 1-acetoxy-7-cyano-5-
methylbicyclo(3.2.0)heptan-2-one (9) [36]. For the illustrated molecule in Fig. 19.9,
which crystallises in the monoclinic space-group P21, the configurations at the
acetyl-, cyano- and methyl-substituted carbon atoms are R, R and S, respectively.

The structure of 6a-ethyl-1-(phenylsulphonyl)decahydro-4H-pyrrolo(3,2,1-
ij)quinoline (10) [36] is notable for two reasons. First and foremost, there are
four chiral centres in the molecule; see Fig. 19.10. The configurations about the
centres bearing sulphur and nitrogen atoms are each S, while those about the carbon
atoms bound to three carbon atoms are each R. Secondly, the crystal structure of a
stereoisomer is known. The stereoisomer crystallises in the centrosymmetric space-
group P21/c with Z ′ = 1 with equal numbers of all S, S, S, R (and R, R, R, S)
configurations [37].

Kryptoracemic crystals of the di-hydroxyl species, 1,2,3,4,5,6-hexahydro-2a,4a-
(ethano)cyclopenta(fg)acenaphthylene-3,9-diol (11), feature four chiral centres in a
monoclinic crystal with space-group P21 with Z ′ = 4 [38], i.e. with two pairs of
crystallographic independent enantiomeric molecules. In the molecule illustrated in
Fig. 19.11, the two hydroxyl-bearing carbon atoms each have an S-configuration
while the other two chiral centres each have a R-configuration. Further interest in 11
rests with the observation that a polymorph is also known [38]. In this monoclinic
crystal, there are one and one-half independent molecules in the asymmetric unit (Z ′
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Fig. 19.8 Images for 12-chloro-14-N ′,14-N-diphenyl-2,6,11,13,15,16-hexaaza-1λ5,12 λ5,14λ5-
triphosphatricyclo[10.3.1.01,6]hexadeca-1(16),12,14-triene-14,14-diamine (GAFJIH); 8: chemical
diagram, molecular structure and overlay diagram

Fig. 19.9 Images for
7-cyano-5-methyl-2-
oxobicyclo[3.2.0]heptan-1-yl
acetate (BINGOU); 9:
chemical diagram, molecular
structure and overlay
diagram
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Fig. 19.10 Images for 3-(benzenesulphonyl)-8-ethyl-1-azatricyclo[6.3.1.04,12]dodecane
(HILXUW); 10: chemical diagram, molecular structure and overlay diagram

Fig. 19.11 Images for pentacyclo[5.5.2.21,4.04,14.010,13]hexadeca-7(14),8,10(13)-triene-2,15-diol
(NOLFUP); 11: chemical diagram, molecular structure and overlay diagram

= 1.5) with the space-group beingP2/c.While onemolecule lies in a general position
(yellow image in the overlay diagram), the other is located about a twofold axis of
symmetry (pink image). The overlay diagram of the six independent molecules in
Fig. 11 highlights only small conformational differences in the molecules.
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Fig. 19.12 Images for 7,11-dibromotricyclo[5.2.2.02,6]undeca-3,8-diene (QEWTES); 12: chem-
ical diagram, molecular structure and overlay diagram

The are five stereogenic centres in the dibromo derivative, 1,10-
dibromotricyclo(5.2.2.02,6)undeca-4,8-diene (12) [39]; crystals belong to the
orthorhombic space-group P212121. In the illustrated molecule of Fig. 19.12,
the chiral centres connecting the five- and six-membered rings each have an
S-configuration and the remaining chiral centres are each R.

The final structure to be described among the genuine kryptoracemates is that
of 4,7;13,16-diepoxy-9,18-dimethyl-1,10-dioxacyclo-octadecane-2,11-dione (13)
[40]. The molecule crystallises in the monoclinic space-group P21 and with Z ′ = 4;
i.e. there are two pairs of enantiomeric pairs related across a non-crystallographic
centre of symmetry. The illustrated molecule of 13 in Fig. 19.13 has six stereogenic
centres, each having a R-configuration. The overlap diagram of the two all-R-species
with the inverted all-S-species shows a high degree of concordance in molecular
conformation.

19.3 Non-genuine Kryptoracemates

In this section, representative examples of kryptoracemates with additional species
incorporated in the crystal are described. These are solvates, salts and crystals with a
combination of these. Enantiomeric pairs of chiral molecules are present in all exam-
ples as for the genuine kryptoracemates reviewed in 19.2 but so are other species. In
most cases, it is likely that the presence of additional species does not have a signifi-
cant influence on the observed kryptoracemic behaviour but, as will be demonstrated,
certain counter-ions can be employed to force the formation of kryptoracemates.

The first structure to be described in this section may consider the result of an
unbalanced crystallisation. In the crystal of trans-2-N,N ′-dimethylaminomethyl-1,3-
dithiolane-1,3-dioxide (14) [41], the chiral centres are the sulphoxide–sulphur atoms,
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Fig. 19.13 Images for 5,14-dimethyl-4,13,19,20-tetraoxatricyclo[14.2.1.17,10]icosane-3,12-dione
(NUYTAC); 13: chemical diagram, molecular structure and overlay diagram

havingR- and S-configurations in themolecule illustrated in Fig. 19.14. Themolecule
crystallises in themonoclinic space-groupP21 withZ ′ =3.Twoof themolecules have
the conformation shown in themolecular structure diagramofFig. 19.14, and the third
molecule has the opposite, i.e. S- and R-configurations. Hence, there is a deviation
from the usual 1:1 enantiomeric ratio, hence the use of the term “unbalanced”. In
one sense, 14 can be considered a multi-component crystal of an enantiomeric pair
of 14 co-crystallised with a RS-diastereoisomer.

Fig. 19.14 Images for 2-[(dimethylamino)methyl]-1λ4,3λ4-dithiolane-1,3-dione (VEFMEZ); 14:
chemical diagram, molecular structure and overlay diagram
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Fig. 19.15 Images for 2-(dimethoxymethylidene)pentacyclo[9.6.2.01,9.03,8.012,17]nonadeca-
3(8),4,6,12,14,16-hexaen-18-one (SOQQOE); 15: chemical diagram, molecular structure and
overlay diagram

An analogous situation to 14 pertains in the crystal of 6-(dimethoxymethylene)-
dibenzo(d,k)tricyclo(5.2.2.03,7)undeca-4,10-dien-8-one (15) [42], which crystallises
in the triclinic space-group P1 with Z ′ = 4. In this unbalanced crystal, three of
molecules have the configuration shown in the molecular structure of Fig. 19.15,
i.e. with R-configurations at the three chiral centres, and the fourth molecule has the
all-S-configuration. Minor conformational differences in the orientations of some of
the aromatic rings are noted in the overlay diagram (the inverted all-S-configuration
is represented by the red image).

A more conventional co-crystal is evident for 16, having a 2:1 compo-
sition of 3,3-dimethyl-4-(phenylsulphonyl)azetidin-2-one and trans-3-methyl-4-
(phenylsulphonyl)azetidin-2-one; 16 crystallises in the monoclinic space-group P21
[43]. The illustrated molecule in Fig. 19.16 has an R-configuration around the chiral
centre, and the overlay diagram between it and its inverted enantiomer suggests
a conformational difference associated with the relative orientations of the phenyl
sulphoxide residues. In the molecular packing, each of the amine-N–H atoms forms
a similar weak hydrogen bond with a sulphoxide oxygen atom.

The carboxylic acid, syn-1-benzyl-4,5-diphenyl-2-methyl-4,5-dihydroimidazole-
4-carboxylic acid, has been crystallised as its hemi-dichloromethane solvate (17) in
the orthorhombic space-groupP212121 [44]. In themolecule illustrated in Fig. 19.17,
the configuration of the carbon atom bearing the carboxylic acid is S and the other
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Fig. 19.16 Images for the 2:1 4-(benzenesulphonyl)-3-methylazetidin-2-one 4-
(benzenesulphonyl)-3,3-dimethylazetidin-2-one co-crystal (ABADUD); 16: chemical diagram,
molecular structure of 4-(benzenesulphonyl)-3,3-dimethylazetidin-2-one and overlay diagram for
an enantiomeric pair of 4-(benzenesulphonyl)-3,3-dimethylazetidin-2-one molecules

chiral centre is R. The overlay diagram is exceptional in that there are signifi-
cant conformational differences in all but the methyl substituents about the central
five-membered imidazole ring. In the crystal, each of the hydroxyl groups forms
an intermolecular hydrogen-bonding interaction with an imidazole nitrogen atom
rather than self-associating via hydroxyl-O–H…O(hydroxyl) hydrogen-bonding, as
has been noted previously in cases of steric congestion [45] and in the presence of
competing synthons [46].

Another solvate, this time a 3:2 hydrate is found in the orthorhombic
(P212121) crystals of 2,8-diisopropyl-5-trifluoromethyl-7,8-dihydro-1,12-
iminobenzo(c)pyrido(4,3,2-ef)(1)-benzazepine (18) [47]. Just as for 15 and 16
described above, the composition of 18 can be considered as being unbalanced,
with the crystallographic asymmetric unit comprising the illustrated molecule
in Fig. 19.18, with an S-configuration at the chiral centre, two inverted organic
molecules alongwith twowatermolecules of crystallisation.Different orientations of
the isopropyl groups are evident in the overlay diagram. The independent molecules
form different intermolecular interactions. The molecule with the S-configuration
forms amine-N–H…N(amine) and N–H…N(pyridyl) hydrogen bonds. By contrast,
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Fig. 19.17 Images for 1-benzyl-2-methyl-4,5-diphenyl-4,5-dihydro-1H-imidazole-4-carboxylic
acid dichloromethane solvate (2:1) (KODQOK); 17: chemical diagram, molecular structure of the
carboxylic acid and overlay diagram for the enantiomeric carboxylic acids

each of the two molecules with a R-configuration forms amine-N–H…O(water) and
N–H…N(amine) hydrogen bonds.

Attention is now directed towards the description of four salts. The first of these,
namely the 1:1 salt 2-amino-N-(1-methyl-1,2-diphenylethyl)acetamide hydrochlo-
ride (19) [48], crystallises in the monoclinic space-group P21 with an enan-
tiomeric pair of cations and two chloride counter-ions in the asymmetric unit.
The chiral centre in the cation shown in Fig. 19.19 has an R-configuration. As
noted above for 17, non-trivial conformational differences are evident for the
pendant groups in the overlay diagram. There is charge-assisted ammonium-N–
H…Cl and ammonium-N–H…O(carbonyl) along with amino-N–H…Cl and amino-
N–H…O(carbonyl) hydrogen-bonding operating in the molecular packing. The inde-
pendent cations have distinctive hydrogen-bonding patterns, with the molecule
shown in Fig. 19.19 forming ammonium-N–H…Cl and amino-N–H…O(carbonyl)
hydrogenbonds as opposed to the enantiomerwhich forms twoammonium-N–H…Cl,
one ammonium-N–H…O(carbonyl) and one amino-N–H…Cl hydrogen-bonding
interactions.

A 1:1 ratio between cations and anions is also found in the crystal
of 2-((2,8-bis(trifluoromethyl)quinolin-4-yl)(hydroxy)methyl)piperidinium 3,3,3-
trifluoro-2-methoxy-2-phenylpropanoate (triclinic, P1 with Z ′ = 2) [49]. The special
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Fig. 19.18 Images for the 3:2 8,16-bis(propan-2-yl)-12-(trifluoromethyl)-9,15,19-
triazapentacyclo[8.7.1.13,17.02,7.014,18]nonadeca-1(18),2(7),3,5,10,12,14,16-octaene hydrate
(AWUVUJ); 18: chemical diagram, molecular structure of 2,8-diisopropyl-5-trifluoromethyl-7,8-
dihydro-1,12-iminobenzo(c)pyrido(4,3,2-ef)(1)benzazepine and overlay diagram of the organic
molecules

feature of this structure is that the anions are chiral, and each has an R-configuration,
precluding the adoption of a centrosymmetric space-group. The molecule illustrated
in Fig. 19.20 has two chiral centres, with the carbon bearing the hydroxyl group being
S and the other being R. The overlay diagram between this molecule and its pseudo-
enantiomer mate indicates differences in the relative orientations of the piperidinium
cations. The hydrogen-bonding interactions formed by the cations are quite similar,
at least to a first approximation, with each of the hydroxyl groups participating in
a charge-assisted O–H…O hydrogen bond with a carboxylate oxygen atom. Three
of the four ammonium-N–H atoms are bifurcated. One hydrogen atom from each
ammonium each group forms an intramolecular, charge-assisted N–H…O(hydroxyl)
hydrogen bond, and the remaining charge-assisted hydrogen bonds are of the type
N–H…O(carboxylate).
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Fig. 19.19 Images for [(1,2-diphenylpropan-2-yl)carbamoyl]methanaminium chloride
[MAPXUX]; 19: chemical diagram, molecular structure of the cation and overlay diagram
of the independent cations

The next structure to be described is also a 1:1 salt, i.e. bis(2-
((2,8-bis(trifluoromethyl)quinolin-4-yl)(hydroxy)methyl)piperidinium) chloride 4-
fluorobenzenesulphonate (orthorhombic, P212121 with Z ′ = 2) [50]. The key differ-
ence in this case is that the two anions are distinct. For the molecule illustrated in
Fig. 19.21, the chirality of the carbon connected to the hydroxyl group is R and
the other chiral centre in the ring is S. As for 20, there is a minor conformational
difference in the piperidinium cations. Despite the presence of distinct anions, the
hydrogen-bonding interactions at play in the crystal are comparable. Thus, each
hydroxyl group forms a hydrogen bond to a sulphoxide oxygen atom, indeed to the
same sulphoxide oxygen atom. The two ammonium-N-H atoms of each cation form
charge-assisted hydrogen bonds to a chloride and to a sulphoxide oxygen atom.

The crystal of 21 is the second 2-{[2,7-bis(trifluoromethyl)quinolin-4-
yl](hydroxy)methyl}piperidin-1-ium salt to be described. These species are of
interest as the R,S-cation, as its chloride salt, commonly known as mefloquinium
chloride, was found to be effective against malaria [51]. The salts 20 and 21 were
prepared in attempts to resolve the enantiomers as the S,R-enantiomer causes toxic
side effects and, in fact, were the structures that piqued the interest of the author in
this field. Of the about 30 known [4] crystal structures of methloquine/mefloquinium,
two are kryptoracemic. In another study [52], where crystallographic details were
reported only extremely briefly, it was mentioned that in their attempts at chiral reso-
lution, about the same ratio of kryptoracemates was isolated. These numbers exceed
greatly the estimated 0.1% frequency for this behaviour and may suggest a propen-
sity of these molecules towards kryptoracemic behaviour. However, it is more likely
that the “McCrone axiom” is apt here [53]: paraphrasing, the more effort one puts
into discovering different forms of crystals, the more likely it is that new forms will
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Fig. 19.20 Images for 2-{[2,7-bis(trifluoromethyl)quinolin-4-yl](hydroxy)methyl}piperidin-1-
ium 3,3,3-trifluoro-2-methoxy-2-phenylpropanoate [ENIPUO]; 20: chemical diagram, molecular
structure of one cation and overlay diagram of the cations

be discovered. This axiom is clearly vindicated by computational chemistry investi-
gations which indicate that many calculated polymorphic forms of a molecule may
differ in Gibbs free energies by only a few kcal/mol [54, 55].

One last kryptoracemate example is included for the sake of completeness, namely
a salt solvate, cis-2-phenyl-3-methoxycarbonyl-pyrrolidinium oxalate hemihydrate
(22) [56]. The crystallographic asymmetric unit in the monoclinic space-group P21
comprises two cations, two anions and awater molecule of crystallisation. The cation
represented in Fig. 19.22 has S- and R-configurations at the carbon atoms carrying
the phenyl and ester groups, respectively. As is normally the case, the agreement in
conformation between the illustrated and invertedmates is close as seen in the overlay
diagram. The hydrogen-bonding profiles exhibited by the cations are quite similar
with one ammonium-N–H atom of each forming a donor interaction to the water
molecule of crystallisation. In the same way, the second ammonium-N–H atom of
each cation is bifurcated. For the illustrated molecule in Fig. 19.22, this atom bridges
the carbonyl oxygen atom of the carboxylic acid group and a carboxylate oxygen
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Fig. 19.21 Images for 2-{[2,7-bis(trifluoromethyl)quinolin-4-yl](hydroxy)methyl}piperidin-1-
iumchloride 4-fluorobenzene-1-sulphonate [ELAMAH]; 21: chemical diagram,molecular structure
of one cation and overlay diagram

atom of the same oxalate anion, thereby forming a five-membered {H…OCCO}
synthon. A slight difference occurs in the case of the second cation. Although a
five-membered {H…OCCO} synthon is still formed, one, weaker, hydrogen bond
involves the hydroxy group of the oxalate anion (rather than a carbonyl) resulting in
a significantly longer N–H…O hydrogen bond.

19.4 Overview

The intention of the present survey of reported kryptoracemic crystals highlights the
structural diversity of this rare class of crystal, making up only 0.1% of all-organic
crystals [3]. The genuine or pure kryptoracemates—containing pseudo-racemic pairs
only—have molecules related to a non-crystallographic centre of symmetry with
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Fig. 19.22 Images for 3-(methoxycarbonyl)-2-phenylpyrrolidin-1-ium hydrogen oxalate hemihy-
drate [FAHQUB]; 22: chemical diagram, molecular structure of one of the cations and overlay
diagram of the cations

only minor conformational differences. Similar observations pertain to non-genuine
kryptoracemates which contain additional species (solvent and counter-ions) in their
crystals in addition to pseudo-racemic pairs. Kryptoracemates can only crystallise
in Sohncke space-groups and the overwhelming majority of genuine examples crys-
tallised in three space-groups: P1 (15%), P21 (52%) and P212121 (33%). For the
non-genuine kryptoracemates, a possible reason for this behaviour may relate to the
presence of additional species and the influence these have on the supramolecular
association operating in the crystals, something unlikely to “pertain” in the genuine
kryptoracemates.

At present, it is probably fair to opine that most of the reported kryptoracemates
are the product of serendipity and that systematic studies are likely to uphold the
McCrone axiom[53] but prove to bemost rewarding at the same time [57].Certainly, a
rationale of this behaviourwill prove useful in the understanding of the crystallisation
phenomenon in general.
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Chapter 20
Twenty-Five Years’ History, Mechanism,
and Generality of Preferential
Enrichment as a Complexity
Phenomenon

Rui Tamura, Hiroki Takahashi, and Gérard Coquerel

Abstract Described here are the history, mechanism, and generality of ‘preferential
enrichment (PE)’ which is a spontaneous chiral resolution phenomenon observed
upon recrystallization of certain kinds of chiral racemic organic compounds from
organic or aqueous solvents. The use of dimorphic cocrystals of chiral racemic
compounds and achiral coformers could greatly expand the scope of PE. A thor-
ough mechanistic investigation through (i) the direct observation of crystallization
processes by using in situ techniques such as attenuated total reflectance infrared
spectroscopy, temperature-controlled video-microscopy, and time-resolved X-ray
powder diffraction measurement, (ii) the graph set analysis of crystal structures of
deposited crystals, (iii) the kinetic/thermodynamic studies on the unique solubility
properties of two enantiomers, and (iv) the observation of equilibrium behavior of
an added labeled compound in solution and in the solid phases under PE conditions,
together with (v) the construction of the corresponding ternary phase diagram, has
indicated that PE is ascribed to an event of nonequilibrium ‘complexity system.’
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20.1 Introduction

The ‘complexity theory’ developed rapidly since the 1970s is regarded as one of
the paradigm shifts or epoch-making revolutions of natural science in the twentieth
century [1, 2], together with the birth and establishment of ‘quantum mechanics’
and ‘Einsteinian general theory of relativity’ at the beginning of the same century
[3]. Nowadays, a concept of the nonlinear complexity theory is recognized to govern
a variety of dynamic behaviors observed in both natural and social sciences [4–
8]. In the ‘nonequilibrium (or out of equilibrium) complexity system,’ symmetry
breaking occurs easily in concert with a phase transition of a chaotic or dissipative
state to another one. In other words, fluctuation in a nonequilibrium state induces
a phase transition to trigger the symmetry breaking, and eventually, the nonlinear
amplification of fluctuation leads to dissymmetric circumstances [4–8]. A typical
example is the birth of the universe by the cosmic inflation followed by big bang
starting from a quantum fluctuation according to the ‘uncertainty principle of energy
and time’ as a hypothetical explanation [3]. Other familiar and important examples
include many body interactions of multiple elements responsible for the nonlinearity
[9]; intermolecular interactions can give nonequilibrium objects such as cells [10],
bubbles [11], and metastable crystals [12], which may have strong links to the origin
of the selected chirality of life.

In this context, twenty-five years ago, we discovered an unprecedented, sponta-
neous chiral resolution phenomenon, referred to as ‘preferential enrichment (PE),’
which was applicable to a certain kind of racemic organic salt crystals [13, 14]. Since
that time, it has been proved that generally, PE originates from regular chiral fluctua-
tion and symmetry breaking which occurs immediately after polymorphic transition
during crystallization. In more detail, by repeating simple recrystallization of certain
kinds of racemic mixed crystals (solid solutions) under nonequilibrium conditions
using high supersaturation, a regularly alternating enrichment of two enantiomers
occurs largely in the mother liquor and slightly in the deposited crystals with full
reproducibility in the absence of an external chiral source (Fig. 20.1a) [15–19]. This
is, in essence, a completely opposite phenomenon to the well-known ‘preferential
crystallization (PC)’ of racemic conglomerates composed of amixture of homochiral
R and S crystals [20–22]. PC discovered byGernez in the nineteenth century has been
recognized to be a common chiral resolution method by seeding a nearly racemic
solution with a very small amount of enantiomerically pure crystals (Fig. 20.1b)
[23, 24]. In PC, it is in the deposited crystals that substantial enrichment occurs by
recrystallization, and at the same time, slight enrichment of the opposite enantiomer
always takes place in the mother liquor. Please refer to the cited literatures [15–22]
for the comparison of PE with PC and the significance of these complementary two
phenomena in the field of chiral separation by crystallization.

Here, at first,we focus on the history and features, and the recently clarifiedmecha-
nism, requirements and generality concerningPE.Then, our strategy and the outcome
with respect to the recent application of PE to racemic dimorphic (two components)
cocrystals are introduced. Eventually, we have recognized that PE is ascribed to an
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Fig. 20.1 Chiral resolution by a preferential enrichment (PE) of a racemic mixed crystal in the
case of substantial enrichment of R enantiomer in solution after the first recrystallization of the first-
generation of chiral organic salts 1 and b preferential crystallization (PC) of racemic conglomerates

event of complexity system; the processes in PE such as (a) molecular aggregation
in solution, (b) formation of metastable crystalline phases, (c) polymorphic transi-
tion (or phase transition), and (d) substantial enrichment of one enantiomer in the
mother liquor correspond to the following terminologies of complexity theory; (a′)
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dissipative self-organization, (b′) emergence of new order and chaos, (c′) phase tran-
sition between chaos and/or order, and (d′) chiral symmetry breaking and increasing
returns, respectively [1, 2, 4–8].

20.2 History and Features of PE

In 1993, accidentally Ushio and Tamura found an unprecedented spontaneous chiral
resolution phenomenon during recrystallization of a chiral racemic antiallergenic
drug named ‘Suplatast Tosylate (1a)’ which is an organic salt (Fig. 20.2) [13]. In
1998, this new phenomenon was referred to as ‘preferential enrichment (PE)’ [14].
In 2002, we proposed the general mechanism of PEwith respect to a series of the first

Fig. 20.2 Molecular structures of the first-generation of racemic organic salts 1 showing PE.
Abbreviated names representing each molecular structure, like ST for compound 1a, are also
indicated
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generation of chiral racemic organic salts 1 (Fig. 20.2), which were the derivatives of
racemic 1a, in terms of a unique polymorphic transition occurring during crystalliza-
tion (Fig. 20.3) [25, 26]. The propriety of this proposedmechanismwas verifiedby the

Fig. 20.3 Mechanism of PE in the case of crystallization of the supersaturated solution of slightly
R-enriched compounds 1. Homochiral 1Dmolecular association (a, f) in the supersaturated solution
and b, f in the metastable crystals, c polymorphic transition followed by d selective redissolution
of the excess R enantiomer into the mother liquor, and e deposition of nonracemic mixed crystals
slightly enriched with the opposite S enantiomer
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following four experimental and theoretical studies; (1) the polymorphic transition
process could be directly followed by using in situ techniques such as attenuated total
reflectance FT infrared (ATR-FTIR) spectroscopy [25–30], temperature-controlled
(TC) video-microscopy [31], and time-resolved X-ray powder diffraction (XRPD)
measurement [31], (2) the regular enrichment of one enantiomer in the mother liquor
was successfully rationalized by the kinetic/thermodynamic studies on the solubility
properties of two enantiomers [32], (3) the crystal structures of the deposited fine
polycrystalline powder samples were solved from the XRPD data by the direct-space
approach employing the Monte Carlo method with the subsequent Rietveld refine-
ment [26, 27, 29], and the resulting brittle crystal structures were characterized in
terms of the occurrence of partial crystal disintegration of the once deposited crystals
on the basis of the graph set analysis of hydrogen bond motifs [33], and (4) a ternary
phase diagram that is fully in accord with all experimental data and the elucidated
mechanism of PE was proposed [32].

Consequently, PE with regard to the first generation of racemic organic salts
1 was found to be initiated by the solvent-assisted solid-to-solid transformation
of a metastable polymorphic form into another thermodynamically more stable
one during crystallization from the supersaturated solution of the racemic organic
salts composed of two enantiomers without the aid of any external chiral element
(Fig. 20.3c) [15–19]. Most notably, this polymorphic transition process was accom-
panied by selective redissolution of the excess one enantiomer from the incomplete
hydrogen bonding sites inside the transformed disordered crystal lattice into the
mother liquor until the deposited crystals were slightly enriched with the opposite
enantiomer (<10% ee) with full reproducibility (Fig. 20.3d, e). Thus, the interplay
of (i) such a solvent-assisted solid-to-solid polymorphic transition (Fig. 20.3c), (ii)
the subsequent selective redissolution process of the excess one enantiomer from
the deposited brittle mixed crystals (Fig. 20.3d), (iii) the regular enrichment of one
enantiomer in the mother liquor, and (iv) the deposition of eventually disintegrated,
powdered mixed crystals which can retain the resulting fairly-random alignment of
two enantiomers inside the crystal lattice so as to memorize the regular chiral fluctu-
ation and symmetry breaking (Fig. 20.3e) turned out to be responsible for this unique
chiral resolution phenomenon.

Furthermore, on the basis of the requirements of PE clarified for a series of the
first generation of racemic organic salts 1, we have successfully expanded the scope
of PE to common racemic crystals, such as (1) an acidic chiral nonsteroidal anti-
inflammatory drug (ketoprofen) [34] and (2) the second generation of dimorphic
cocrystals composed of (a) a racemic neutral or basic α-amino acid (Phe, Leu, or
Arg) and an achiral dicarboxylic acid (fumaric acid or oxalic acid) as the coformer
(cocrystal former) [35–38] and (b) a racemic acidic anti-hyperlipoproteinemia drug
(CPPPA) and an achiral isonicotinamide as the coformer (Fig. 20.4) [39]. Although a
little bit modifiedmechanismwas necessary for each of these cocrystals, these results
strongly support the generality of our initially proposed requirements andmechanism
of PE clarified for a series of the first generation of racemic organic salts 1. Thus,
PE is expected to become a general chiral resolution method by crystallization, with
high flexibility and versatility, and full reproducibility.
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Fig. 20.4 Molecular structures and space groups of the racemic crystals of a neutral α-amino
acids, b acidic nonsteroidal anti-inflammatory drugs, c cocrystals (2-4) of α-amino acids with
achiral dicarboxylic acids, and d cocrystal (5) of acidic CPPPA and achiral isonicotinamide, treated
in this article. The double circle, single circle, triangle and cross signs indicate the occurrence of
an excellent, good, fair, or no PE, respectively

20.3 First Generation of Organic Salts

The five requirements indispensable for the occurrence of PE with respect to the first
generation of racemic organic salts 1 are summarized below in connection with the
elucidated mechanism (Fig. 20.3) [15–19, 25–33, 40]:

(i) Sufficient Solubility Difference: The choice of crystallization solvents is one
of the most crucial factors. In more detail, the solubility of the enantiomeri-
cally enriched sample must be much higher (twice or preferably more) than
that of the corresponding racemic one; this implies the high possibility of pref-
erential formation of homochiral one-dimensional (1D) R and S chains even
in a racemic solution (Fig. 20.3a). Such a solubility difference considerably
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Fig. 20.5 Nonlinear
solubility properties of 1c
observed during the PE
experiment carried out in
EtOH at 25 °C. The plot of
the total mole fraction (X tot)
of 1c versus the ee value
(eel) in the mother liquor.
Data cited from Ref. [32]

affects the ee value reached in the mother liquor at the end of crystallization;
the larger the difference is, the higher the reached ee value in the mother liquor
is. Furthermore, the combined use of supersolubility (a solubility obtained
by dissolving the sample in a solvent on heating followed by being cooled)
measurement under various conditions, measurement of the total solubility of
the two enantiomers of 1 at each reached ee value in the mother liquor during
the PE experiment [32], and number-averaged molecular weight measurement
by vapor pressure osmometry [25], together with the molecular dynamic simu-
lation of the oligomer models [25], supported a homochiral 1D assembly in
preference to a heterochiral one in the racemic solutions of 1 showing PE and
proved the nonlinearly increasing total solubility of the two enantiomers with
increasing ee value in the mother liquor (Fig. 20.5).

(ii) Unique Crystal Structure: The stable non-racemic crystals obtained at the end
of each PE experiment must have a disordered molecular arrangement mainly
containing heterochiral RS cyclic dimer chains as well as homochiral 1D R
and S chains (Figs. 20.3e and 20.6) [33].

(iii) Polymorphic Transition: A solid-to-solid polymorphic transition of the initially
formed metastable mixed crystals composed of a random alignment of the
homochiral 1DR and S chains into the stablemixed crystals mainly comprising
heterochiral RS cyclic dimer chains mentioned in the above requirement (ii)
should occur during crystallization (Figs. 20.3b, c and 20.6). This polymorphic
transition could bemonitored bymeans of in situ ATR-FTIR spectroscopy [25–
30], real-time TC video-microscopy (Fig. 20.7) [31], and time-resolved in situ
XRPDmeasurement (Fig. 20.8) [31]. The occurrence of polymorphic transition
during crystallization was further supported by two different types of unique
melting point diagrams obtained experimentally for two typical first genera-
tion of chiral organic salts (1b and 1c) showing an excellent PE phenomenon
(Fig. 20.9); for 1b, two end-of-fusion curves intersect at 35% ee [25], while for
1c, the two curves are located closely to each other without intersection [40].
The following three conclusions were drawn from these two diagrams; (1)
their crystalline nature falls into a racemic mixed crystal (i.e., solid solution),
(2) the existence of two polymorphic phases is necessary for PE, and 3) the
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Fig. 20.6 Schematic representation of typical crystal structures of the deposited crystals obtained
after the polymorphic transition of the metastable γ-form crystals inducing PE. Actually obtained
nonracemic crystals have a disordered crystal structure. Graph set assignments for centrosymmetric
cyclic dimers are as follows: Type A, R2

2(24); Type B, R4
4(22); Type C, R2

2(10); Type D, R4
4(12),

Type E, R4
4(28). Data cited from Ref. [33]

free energy difference between the two polymorphs is small enough to allow a
polymorphic transition to proceed at a moderate rate during crystallization.

(iv) Selective Redissolution of Excess One Enantiomer: At the end of the above
polymorphic transition, the transformed disordered crystals become brittle due
to the formation of incomplete hydrogen bonding sites which result from
the irregular alignment of R and S chains in the metastable crystal lattice
(Fig. 20.3b). This was rationalized by characterizing the crystal structures of
the deposited crystals on the basis of the graph set analysis of hydrogen bond
motifs (Fig. 20.6) [33]. Consequently, selective redissolution of the excess one
enantiomer from the fragile transformed crystals into the mother liquor occurs
until the deposited crystals were slightly enriched with the opposite enantiomer
(Fig. 20.3d).

(v) Deposition of Non-racemic Mixed Crystals: The transformed deposited non-
racemic mixed crystals must not undergo an additional solvent-mediated
polymorphic transition into racemic compound crystals of 0%; thereby, the
occurrence of the regular chiral fluctuation and symmetry breaking can be
memorized.
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Fig. 20.7 Time sequence showing microscope images of racemic 1c during crystallization from
the 10-fold supersaturated EtOH/2-PrOH (1/1 v/v) solution at 20 °C. a The metastable leaf-shaped
and the stable dendrite crystals nucleated onto the leaf-shaped crystals are highlighted as red and
blue squares, respectively. The left-side inset indicates the magnification of the right-side crystals.
b The stable crystals grow on the surface of the metastable crystals. c The metastable crystals
started to dissolve when the solution was heated to 70 °C. d Dissolution of leaf-shaped and stable
dendrite crystals. The white arrow corresponds to 50 μm. Reprinted with permission from Ref.
[31]: Copyright 2020 American Chemical Society

Based on these requirements and mechanism of PE, we proposed a ternary phase
diagram that is fully consistent with all experimental data obtained for the first
generation of organic salts 1 showing PE (Fig. 20.10). The explanation concerning
this diagram cited from Ref. [32]. is as follows. ‘In this diagram, the first-formed
metastable phase I has a composition of S1 and L1 in the solid and liquid phases,
respectively. The unchangeable�10 (overall composition), the changeable S1 and L1,
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Fig. 20.8 In situ XRPD patterns of 1c. Conditions: In EtOH/2-PrOH (1/1 v/v, 11-fold supersatura-
tion), at 10 °C, and time interval 9 min. These in situ diffraction patterns were compared with that
of the dry final powder sample and that simulated from the single crystal data (δ-form) of racemic
1c. Major transition points are denoted by arrows 1–3. Reprinted with permission from Ref. [31]:
Copyright 2020 American Chemical Society

Fig. 20.9 Melting point diagrams of a 1b and b 1c. White and black circles represent the tempera-
tures of the beginning and the end of fusion of the stable polymorph, respectively, while white and
black squares in panel (a) are those of the metastable polymorph. Data cited from Refs. [25] and
[40]
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Fig. 20.10 Ternary phase diagram for PE.V is the point of 100%solvent.Ω10 represents the amount
ratio of ternary components in the tenfold supersaturated solution. S1 and L1 indicate the initial
compositions in the solid and liquid phases, respectively, immediately after the first crystallization.
The next process is an irreversible transition from the phase I to another more stable phase II,
resulting in the liquid phase change from L1 to L2 and the solid phase change from S1 to S2. The
last change from L3 to L4 is accompanied by that from S3 to S4 and thereby irreversible transition
from (+)-rich to (−)-rich (around 5% ee) crystals which is a macroscopic chiral symmetry breaking
phenomenon unique to PE. Data cited from Ref. [32]

and point V (100% solvent) are aligned as shown by the dashed-dotted line, meaning
that an ideal behavior is expected for the first-formed metastable mixed crystals.
Then, phase I undergoes an irreversible solid-to-solid polymorphic transition to give
another more stable phase II, which comprises S2 and L2 and the tie line is no more
alignedwith the pointV. The liquid phaseL2 ismore enrichedwith the (+)-enantiomer
than the solid phase S2, because this evolution is represented by an anticlockwise
rotation of the tie line aroundΩ10. If the solid phase is composed of a normal racemic
compound, the rotation of the tie line should stop at L3 (S3 is 0% ee). However, the
PE process is a “reversed entrainment effect” that has gained some momentum,
and it keeps going beyond the 50:50 ratio of (+)- and (−)-enantiomers in the solid
phase, showing that it is a nonequilibrium process. In practice, the solid phase S4 is
slightly enriched with the opposite (−)-enantiomer, resulting in a macroscopic chiral
symmetry breaking phenomenon.’

Accordingly, the technical and phenomenal features of PE are summarized as
follows:
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(a) Usual stagnant crystallization conditions without either vigorous stirring or
abrasive grinding can be applied to thePEexperiment, except that approximately
four to 25-fold supersaturated solutions are employed because the supersolu-
bility of the racemates showing PE is considerably higher than the solubility at
25 °C. The attainment of such a high supersolubility is closely associated with
the preferential formation of homochiral 1D R and S chains even in the racemic
solution. Usually, at the supersaturated concentrations below fourfold, PE does
not efficiently occur.

(b) Racemic or non-racemic samples less than 10% ee are more suitable for the
PE experiment than those of higher ee values to achieve a very efficient resolu-
tion, resulting in the regular deposition of non-racemic mixed crystals slightly
enriched (around 5% ee) with the opposite enantiomer.

(c) When the original supersaturated solution used for crystallization is strictly
racemic (0.0% ee), the probability for either the R or the S enantiomer to be
enriched in the mother liquor after the first crystallization is 0.5. This is because
initial capricious formation of the first-formed non-racemic metastable crystal
nucleus should determine which enantiomer is enriched in the mother liquor
thereafter. Since generally the racemic synthesis of 1.0mol of a chiral compound
produces a racemic sample with a standard deviation of ca. 1.3 × 10–10% ee, it
is noteworthy that chiral amplification of nearly 1012-fold occurs easily during
the PE process [32].

(d) Only racemic or non-racemic samples have to be crystalline to implement the PE
experiment efficiently. It does not matter whether the enantiomerically enriched
samples with high ee values exist as solids or oils; this is in sharp contrast to
PC of racemic conglomerate crystals.

(e) Seed crystals are not necessary at all and should not be added to induce
crystallization, because PE is sometimes inhibited by them.

20.4 Ketoprofen [34]

To extend the scope of PE to pharmaceutically relevant compounds, we carried out
an extensive search using the Cambridge Structural Database (CSD) regarding chiral
nonsteroidal anti-inflammatory drugs (NSAID) with an appropriate crystal structure
exhibiting PE, according to the requirement (ii) in the Sect. 20.3. We found that
ibuprofen (space group: P21/c), ketoprofen (P–1), and naproxen (Pbca) (Fig. 20.4)
have the desired stable racemic crystal structure containing RS dimer chains as well
as homochiral 1D R and S chains (Fig. 20.11). Among them, only ketoprofen with
a relatively high eutectic point at 82% ee satisfied all the five requirements (i)–(v)
for the occurrence of PE listed in the Sect. 20.3. Indeed, ketoprofen showed a good
PE phenomenon as long as crystallization began from tenfold supersaturated H2O–
EtOH (v/v 1:1) solution of non-racemic ketoprofen of more than 1% ee at –16 °C
(Fig. 20.12), despite being a single-component organic crystal. However, ibuprofen
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Fig. 20.11 Crystal structure of (RS)-ketoprofen. a A view down the b-axis. b A view down thec-
axis. See Fig. S2 for a view down the a-axis. Reproduced from Ref. [34] with permission from The
Royal Society of Chemistry

and naproxen failed to show PE due to no occurrence of polymorphic transition
during crystallization.

20.5 Second Generation of Organic Cocrystals

From the successful case of PE for the single-component ketoprofen (Sect. 20.4), we
learned that a common racemic compound with a relatively high eutectic ee value
can behave like a quasi-mixed crystal and show a good PE phenomenon by carefully
choosing nonequilibrium crystallization conditions so as to induce a desired poly-
morphic transition. Therefore, we focused on dimorphic cocrystals which have a high
potential of showing a polymorphism and inducing polymorphic transition during
crystallization [41]. It is anticipated that the cocrystal formation would contribute to
producing the requisite molecular arrangement in the crystal by converting a racemic
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Fig. 20.12 Preferential
enrichment of ketoprofen.
Conditions: aH2O-EtOH
(v/v 1:1, 3.7 mL) at −16 °C
for 4 days; bH2O-EtOH (v/v
1:1, 2.8 mL) at −16 °C for 4
days; cH2O-EtOH, (v/v 1:1,
2.4 mL) at −16 °C for 4
days; dH2O-EtOH (v/v 1:1,
2.2 mL) at −16 °C for 4
days; eremoval of the solvent
by evaporation. Data cited
from Ref. [34]

compound crystal with a low eutectic ee value into a quasi-mixed crystal with a very
high eutectic ee value (Fig. 20.13a, b), which can permit the formation of brittle
deposited crystals after polymorphic transition under supersaturated crystallization
conditions (Fig. 20.13c–e).

Accordingly, we carried out an extensive CSD search to find out an appropriate
cocrystal composed of a racemic neutral α-amino acid and an achiral dicarboxylic
acid as the model compound. Consequently, we found that the 1:1 cocrystal (2) of
DL-Phe (phenylalanine) and fumaric acid (Fig. 20.4), which has a space group of P–
1 and a high eutectic ee value, satisfied all the five requirements and indeed showed
an efficient PE phenomenon, whereas free DL-Phe failed to show a polymorphic
transition and thereby PE [35]. Furthermore, we found that the 1:1 cocrystal (3)
(P–1) of DL-Leu (leucine) and oxalic acid [36] or the 1:1 cocrystal (4) (P–1) of
DL-Arg (arginine) and fumaric acid [37] exhibited an improved or an excellent PE
phenomenon, respectively, although free DL-Leu or DL-Arg showed a poor or no PE
phenomenon, respectively (Fig. 20.4) [37, 38]. However, the cocrystals of other α-
amino acids such as Val, Leu, Ile, Met, Ser, Tyr, and Ala with fumaric acid or oxalic
acid failed to show PE [37]. Based on these findings of cocrystals 2–4 exhibiting
PE, next, we focused on finding the cocrystals with a space group of P–1 which are
composed of chiral acidic drugs and achiral basic coformers by the CSD search.

First, to improve the efficiency of PE with respect to ketoprofen, we tried co-
crystallization using various basic coformers. However, no cocrystal was formed
due to a large solubility difference between the two components in various solvents;
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Fig. 20.13 Schematic melting point diagrams (a, b) with a polymorphism essential to induce PE
and advantage of co-crystallization of racemic compound crystals (c–e). a Two typical diagrams of
a mixed crystal capable of showing PEwith respect to organic salts 1 corresponding to Fig. 20.9 and
b a concept on transformation of a common racemic compound with a low eutectic ee value into
a quasi-mixed crystal with a high eutectic ee value with an appropriate polymorphism by crystal
engineering. For clarity, only the end of fusion curves are indicated. A polymorphic transition of a
metastable disordered γ-form crystal into c a brittle disordered crystal capable of inducing PE for
the first-generation of organic salts, d a very stable disordered crystal unable to induce PE due to
hydrogen bonding networks, and e a brittle disordered crystal capable of inducing PE with the aid
of coformers. Two handwritten lines in panels c and e indicate the brittle sites in the crystal lattices
due to the weak electrostatic interactions and no hydrogen bond



20 Twenty-Five Years’ History, Mechanism, and Generality … 421

racemic ketoprofen always showed much higher solubility than coformers [39].
Next, although the cocrystal of racemic naproxen with bipyridine or piperazine was
successfully prepared, both cocrystals failed to show PE because of the violation
of the solubility requirement (i) in the Sect. 20.3; the solubility of the pure enan-
tiomer was lower than that of the racemate in various solvents [42]. Furthermore,
the crystal structure of the cocrystal of racemic ibuprofen with 4,4′-ethane-1,2-
diyldipyridine (P–1) or nicotinamide (Pca21) was known. However, these cocrys-
tals failed to exhibit PE, because they did not have an appropriate crystal structure
described in the requirement (ii) [39]. Instead we have found that the 1:1 cocrystal
(5) (P21/n) of racemic CPPPA [anti-hyperlipoproteinemia drug (EMD 31 647)] and
isonicotinamide (Fig. 20.4), shows an excellent PE phenomenon [39].

20.5.1 Phenylalanine-Fumaric Acid Cocrystal (2) [35]

The 1:1 cocrystal (2) of DL-Phe and fumaric acid, which has a eutectic ee value
as high as 99% in water, satisfied all the requirements (i)–(v) and thereby showed
an efficient PE phenomenon (Fig. 20.14). The XRPD pattern of the deposited non-

Fig. 20.14 Successive
recrystallization of cocrystal
2. Conditions: aH2O
(10.0 mL, six-fold
supersaturation) at 5 °C for
60 h. bH2O (9.2 mL) at 5 °C
for 48 h. cH2O (8.7 mL) at
5 °C for 42 h. dH2O
(7.8 mL) at 5 °C for 24 h.
eH2O (6.9 mL) at 5 °C for
24 h. fRemoval of the
solvent by evaporation. Data
cited from Ref. [35]
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Fig. 20.15 Crystal structure of DL-cocrystal 2. a A view down the c-axis. Fumaric acid molecules
were omitted for clarity. b A view down the a-axis. The carbon, oxygen, nitrogen, and hydrogen
atoms are represented by grey, red, blue, and white circles, respectively. Reprinted with permission
from Ref. [35]: Copyright 2020 American Chemical Society

racemic crystals obtained at the end of PE experiment of the DL-cocrystal was
identical to that simulated from the X-ray crystallographic data of the single crystal
of DL-2. Based on this crystal structure (Fig. 20.15), the mechanism of PE most
likely involves the following successive processes (in the case of starting from a
slightly L-rich solution, Fig. 20.16): (1) preferential formation of homochiral 1D D
andL chains of typeA in the supersaturated solution, (2) a solid-to-solid polymorphic
transition of the metastable mixed crystals composed of the same homochiral D and
L chains of type A into the stable heterochiral cyclic dimer chains of type B, and (3)
partial crystal disintegration in the irregular molecular alignment area allowing the
redissolution of the excess L enantiomer into the mother liquor until the deposited
crystals are slightly enriched with the opposite D enantiomer. This mechanism is
quite similar to the case of the first generation of organic salts (Fig. 20.3).
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Fig. 20.16 The proposed
mode of polymorphic
transition of racemic or
nonracemic cocrystal 2.
a Transformation of a
metastable form into a stable
one. This is the case in which
an even number (four in this
case) of homochiral l chains
are surrounded by two
d chains in the metastable
form, resulting in partial
crystal disintegration after
polymorphic transition.
b Hypothetical type B cyclic
dimer chain structure in the
cocrystal with orientational
disorder at the position of the
amino group on an
asymmetric carbon atom.
c Schematic illustration of
panel b. Reprinted with
permission from Ref. [35]:
Copyright 2020 American
Chemical Society
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20.5.2 Leucine-Oxalic Acid Cocrystal (3) [36]

Although the 1:1 cocrystal (3) of DL-Leu and oxalic acid has a eutectic ee value
as high as >98% in H2O–EtOH (v/v 2:1) at 25 °C, only modest PE phenomenon
was observed even when successive crystallization was performed from a slightly
enantiomerically enriched (5.0% ee) fivefold supersaturated solution at 5 °C [36]
(Fig. 20.17).

Interestingly, the crystal structure of the stable DL-3 was quite different from
those of the first generation of organic salts and DL-2, although the space group
was P–1. Namely, the crystal structure was composed of a pair of 2D D and L
sheets (Fig. 20.18a, b). Accordingly, the mechanism of PE was different from the
previous ones. A new mechanism consistent with all the experimental data was
proposed to involve the following processes in the case of using a slightly L-rich
sample: (1) preferential formation of homochiral 1D D and L chains of Leu through
the intermediary of oxalic acid in the supersaturated solution, (2) direct nucleation
(phase transition) from the slightly L-richmolecular cluster to give the stable, slightly
L-rich mixed crystalline phase composed of 2D D and L sheets (Fig. 20.18c), and
(3) preferential redissolution of the L sheets from the area of irregular and brittle
sheets packing in the crystals, in which an even number of L sheets (four sheets in
this case) are surrounded by two D sheets, into the mother liquor until the deposited
crystals are slightly enriched with the opposite D enantiomer (Fig. 20.18c). Thus,
the ee value in the mother liquor cannot increase largely, because the ee value of the
resulting D-rich deposited crystals is as low as less than 1.0%.

Fig. 20.17 Preferential enrichment experiment of cocrystal 3 by using a fivefold supersaturated
solution in H2O/EtOH (2/1 v/v), compared with the solubility at 25 °C (Table 1). Conditions:
a H2O/EtOH (2/1 v/v) (2.0 mL) at 5 °C for 7days. b H2O/EtOH (2/1 v/v) (1.6 mL) at 5 °C for 4
days. c H2O/EtOH (2/1 v/v) (1.5 mL) at 5 °C for 5 days. d H2O/EtOH (2/1 v/v) (1.3 mL) at 5 °C
for 4 days. e Removal of the solvent by evaporation. Data cited from Ref. [36]
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Fig. 20.18 Crystal structure
of DL-cocrystal 3 and the
mechanism of PE. a 2D
Homochiral sheet structure
on the ab plane (left) and
schematic representation of
the 1D homochiral chain in
the sheet structure (right).
b Heterochiral 1D chain
structure along the b-axis and
stacking modes of 2D D and
L sheets and DL sheet pairs
along the c-axis. D-Leu (red),
L-Leu (blue) and oxalic acid
(sky blue and magenta).
Hydrogen atoms are omitted
for clarity. The arrows show
the direction of alternating
homochiral 1D chains
alignment in the 2D D and L
sheets. c Proposed mode of
the selective redissolution of
the excess L sheets from the
deposited crystal. The arrows
show the direction of
alternating homochiral 1D
chains alignment in the 2D D
and L sheets. Data cited from
Ref. [36]

20.5.3 Arginine-Fumaric Acid Cocrystal (4) [37]

DL-Arg formed a 1:1 cocrystal (space group: P–1, C2/c, or P21/c) with fumaric
acid, malonic acid, or oxalic acid, respectively. Among these three cocrystals with
very high eutectic ee values (>95%), only the cocrystal (4) of DL-Arg and fumaric
acid showed an excellent PE phenomenon (Fig. 20.19), although in this instance a
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Fig. 20.19 Preferential
enrichment experiment of
cocrystal 4 using an 8-fold
supersaturated H2O-EtOH
(1:1 v/v) solution.
Conditions: a H2O-EtOH
(8.8 mL) at 5 °C for 6 days,
b H2O-EtOH, (7.9 mL) at
5 °C for 4 days, c H2O-EtOH
(7.1 mL) at 5 °C for 5 days,
d H2O-EtOH (6.6 mL) at
5 °C for 4 days, e removal of
the solvent by evaporation.
Data cited from Ref. [37]

polymorphic transition was not observed during crystallization by in situ ATR-FTIR
spectroscopy, TC video-microscopy, and in situ time-resolved XRPD measurement.
Therefore, in this case, a direct nucleation (phase transition) from the molecular
clusters present in the supersaturated solution giving mixed crystals is most likely
to induce the chiral symmetry breaking and thereby PE. The crystal structure of the
stable racemic cocrystal 4 is shown in Fig. 20.20.

Furthermore, in this PEexperiment, a total amount of two enantiomers dissolved in
themother liquor was kept constant despite the increasing ee value of one enantiomer
in themother liquor during crystallization, in contrast to the case of thefirst generation
of organic salts [32]. More interestingly, by adding a minute amount (0.1 wt % of the

Fig. 20.20 Crystal structure
of DL-cocrystal 4. Data cited
from Ref. [37]
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Fig. 20.21 Schematic representation of the exchange processes of two enantiomers between the
solid and the solution phases in the case of the PE experiment starting from a slightly l-rich
supersaturated solution. Selective dissolution of the excess l enantiomers from the deposited mixed
crystals into the mother liquor and selective incorporation of d enantiomer from the mother liquor
into the deposited crystals occur to give slightly d-rich deposited mixed crystals and highly l-rich
mother liquor eventually

total Arg mass) of 13C6-L-Arg to the slightly D or L-rich suspension of cocrystal 4 at
a different time (2.5, 6, or 144 h) after the beginning of precipitation, we found that
95, 93, or 75% of the labeled L-Arg, respectively, was incorporated deeply inside the
L-rich deposited crystals in the case of starting from the slightly D-rich suspension,
whereas in the case of starting from the slightly L-rich suspension, 50 or only 12% of
the labeled L-Arg was mainly incorporated into the surface area of D-rich deposited
crystals by the addition at 2.5 or 144 h, respectively. Apparently, an exchange of
opposite enantiomers between the solid and the liquid phases was noted [43].

Based on these experimental results obtained during the duration from 5 min
to 144 h after crystallization began, the mechanism of this PE phenomenon in the
case of using a slightly L-rich supersaturated solution is most likely to involve a
crucial exchange process between the D enantiomer in the mother liquor and the
L enantiomer in the solid phase during crystallization so that the ee value in the
mother liquor gradually increases by the following double effects; (i) impoverishing
the minor D enantiomer in the mother liquor and (ii) enriching the mother liquor by
the L enantiomer which was already in excess in the original supersaturated solution
(Fig. 20.21).

20.5.4 CPPPA-Isonicotinamide Cocrystal (5) [39]

FreeCPPPAof 0.0%eedid not showaPEphenomenon at all under any crystallization
conditions. However, when non-racemic free CPPPA of 1.0% ee were repeatedly
recrystallized from the fivefold supersaturated 2-PrOH solution at 20 °C only under
stagnant conditions without stirring, a modest PE phenomenon was observed.
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Fig. 20.22 Preferential
enrichment experiment of
cocrystal 5 using the fivefold
supersaturated 2-PrOH
solution at 20 °C.
Conditions: a 2-PrOH (3.8
mL) for 5 days. b 2-PrOH
(3.5 mL) for 5 days.
c 2-PrOH (3.2 mL) for 3
days. d 2-PrOH (2.9 mL) for
3 days. f Removal of the
solvent by evaporation
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When recrystallization of the 1:1 cocrystal (5) of racemic CPPPA and isonicoti-
namide (INA) was repeatedly carried out from the fivefold supersaturated 2-PrOH
solution at 20 °C with initial stirring until crystallization began and subsequently
under stagnant conditions, the ee value in the mother liquor reached 93% after the
fourth recrystallization (Fig. 20.22). In this case, the occurrence of polymorphic tran-
sition during crystallization was not observed by the in situ ATR-FTIR spectroscopy,
similarly to the case of the cocrystal (4) of Arg and fumaric acid.

The unique crystal structure of this stable racemic cocrystal 5 is shown in
Fig. 20.23a, b. Interestingly, the space group was not P–1 but P21/n. From this
crystal structure, it is assumed that a corrugated homochiral 2D R or S sheet with a
large dipole moment (6.36 d per CPPPA-INA unit), which is formed by homochiral
2D aggregation of R or S molecules, is fairly stable in 2-PrOH (Fig. 20.23a, b). On
the other hand, a pair of homochiral 2D sheets (RR or SS sheet pair) are formed by
stacking in an antiparallel manner so as to cancel the dipole moment in the solid
phase, so that RR and SS sheet pairs stack alternately to form the unique racemic
crystal structure (Fig. 20.23b).

Furthermore, a total amount of two enantiomers dissolved in the mother liquor
was kept constant despite the increasing ee value of one enantiomer in the mother
liquor during crystallization, similarly to the case of the cocrystal 4, but different
from the cases of the first generation of organic salts 1 (Fig. 20.5) [32]. Therefore,
the mechanism of PE regarding the cocrystal 5 should be quite different from those
of other compounds showing PE.

Based on the unique crystal structure of the racemic cocrystal 5 and the additional
fact that the deposited crystals with very low ee values obtained at the end of PE
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Fig. 20.23 Crystal structure (a, b) of DL-cocrystal 5 and the mechanism (c, d) of PE. a Left: The
stacking manner of, e.g., four CPPPA-INA units in the homochiral 2D sheet on the ab plane. Right:
The same homochiral 2D sheet viewed down the a axis and its schematic representation. The black
arrows indicate the direction of total dipole moment of the same four CPPPA-INA uints. b The
stacked layer structure of antiparallel homochiral 2D sheet pairs along the c axis and its schematic
representation. c Mechanism of a large enantiomeric enrichment in the mother liquor and a slight
enrichment of the opposite enantiomer in the deposited crystals. From the less stable stacking sites
indicated by the orange arrows (structure III), the excess S-sheet dissolved into the mother liquor.
d Schematic drawing of 2D sheets dissolved in the mother liquor and stacked in the solid phase at
the end of the PE experiment. Reproduced from Ref. [39] by permission of Wiley Ltd.

experiment were always second harmonic generation (SHG)-positive indicating the
formation of homochiral domains inside the crystals, it is assumed that an irregular
arrangement of homochiral 2D R and S sheets occurs during crystallization under
nonequilibrium conditions using high supersaturation (process 1 and structure II in
Fig. 20.23c); (i) the respective homochiral 2D R and S sheets stack predominantly
in an antiparallel manner, but to some extent in a parallel manner to form somewhat
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irregular homochiral sheet pairs, and (ii) the homochiral 2D sheets pairs stack to
give partially irregular arrangement in the crystals. As a result, the resulting brittle
deposited mixed crystals contain the less stable parallel stacking sites indicated by
the outside orange arrows (structure III), where the excess homochiral 2D sheet (an
S sheet in the present case) dissolves into the mother liquor to result in the slightly
R-rich crystal (process 3 and structure IV). Thus, it is reasonable to consider that a
large molecular dipole moment of the CPPPA-INA unit and the weak interactions
(only CH/O and CH/π interactions) between homochiral 2D sheets are responsible
for the observed PE phenomenon.

20.6 Conclusions and Prospects

Through the 25 years’ studies on the mechanism and generality of PE, we have
confirmed that PE is attributed to an event of complexity system and applicable to
not only certain kinds of mixed crystals which we discovered for the first time,
but also various quasi-mixed crystals prepared by co-crystallization of common
racemic compounds with achiral coformers. The mechanism of PE has turned out
to be quite flexible depending on the molecular and crystal structures. Since various
compounds which satisfied all the five requirements listed in this article could show a
PE phenomenon with very high probability, we believe that it is easy to find out new
compounds showing PE according to this simple protocol, i.e., the five requirements.
Furthermore, it is noteworthy that SHGmeasurement of deposited crystals can serve
as a facile method at the first-stage screening to explore new candidate compounds
showing PE or confirm the occurrence of PE for newly found compounds.

Thus, we anticipate that PE can be used as a general chiral resolution method by
simple crystallization, with high flexibility and versatility, and full reproducibility,
similarly to PC of racemic conglomerates.
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Chapter 21
Asymmetric Synthesis Involving
Dynamic Enantioselective Crystallization

Masami Sakamoto

Abstract An approach to obtain products with high enantiomeric purity by utilizing
the chirality generated by crystallizing organic materials is introduced. If a racemic
mixture forms a conglomerate in which each single crystal is assembled from a
single-handed enantiomer, it is possible to resolve each enantiomer from the racemic
mixture by the preferential crystallization method. Furthermore, when preferential
crystallization is applied under conditions in which fast racemization proceeds in
the mother liquor, it becomes possible to converge the entire system to the desired
single-handed enantiomer. This method is called crystallization-induced enantiomer
transformation (CIET), a type of crystallization-induced stereoisomer transforma-
tion (CIST), and is a total resolution method realized by amino acids, pharma-
ceutical intermediates, axially chiral materials, etc. In recent years, even dynamic
systems with relatively low racemization rates have been applied to chiral ampli-
fication by attrition-enhanced deracemization. In this chapter, recent advances in
asymmetric synthesis by a methodology combining a chemical reaction that forms
a chiral center from prochiral starting materials with deracemization by dynamic
enantioselective crystallization are introduced. This method is applied to various
asymmetric syntheses and is a phenomenon in which crystals of a product with high
enantiomeric purity can be obtained only by crystallizing the product from the reac-
tion system in solution. Various types of reactions have been developed by adjusting
the conditions for the reversible reaction or the racemization of asymmetric centers
with enantioselective crystallization. This method will be widely developed in the
future and is also applicable on an industrial scale.
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21.1 Introduction

Optically active compounds are in high demand in the fields of pharmaceuticals,
foods, functional materials, etc., hence the development of efficient and highly selec-
tive synthetic methods is strongly required. The optical resolution process by pref-
erential crystallization has evolved into a practical method for optically resolving
racemates economically and easily, and has been carried out on an industrial scale
[1–3]. Furthermore, the dynamic crystallization method via racemization in the
process of crystallization can completely separate the required enantiomers from
the mixture of racemates by deracemization [4–8]. In addition, Viedma ripening, for
which many successful examples have been reported in recent years, is a deracem-
ization process by grinding and stirring crystals using glass beads under conditions
where racemization proceeds in a racemic mixture of conglomerate crystals [9].

The crystal of a racemate can be roughly classified into three categories that focus
on individual crystals: (i) the racemic compound is composedof an equivalent amount
of both enantiomers, (ii) a racemic conglomerate consists of a single enantiomer, and
(iii) the racemic solid solution in which both enantiomers are arranged at random in
a single crystal. All racemic materials studied crystallize as one of these three kinds
of crystals [10–13]. Preferential crystallization is not available for all the crystals
of a racemate, and only a racemic conglomerate of the crystal (ii) was utilized for
resolution.

The space groups of crystals are classified into 280 kinds, of which 65 are
chiral space groups. Table 21.1 shows the space groups of crystals registered in
the Cambridge Crystallographic Data Center (CCDC) as of August 2019, including
the first 11 that occur most frequently, which accounts for 90% of the total. Among

Table 21.1 11 preferred space groups and frequency of crystalline compounds in CSD-2019 (total
number: 957,506)

Space group number Space group Frequency (%) Top
11 > 90%

Frequency (%) among chiral
space groups

14 P21/c 34.4

2 P-1 24.8

15 C2/c 8.3

19a P212121 7.1 32.8

4a P21 5.1 23.7

61 Pbca 3.3

33 Pna21 1.4

62 Pnma 1.0

9 Cc 1.0

1a P1 1.0 4.4

5a C2 0.9 3.9

aChiral space group
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them, the chiral space groups are P212121, P21, P1, C2, which is 14.1% of the
total [14]. Since this data includes crystal structure analysis data of optically active
compounds, the ratio of chiral crystallization of achiral compounds and formation of
conglomerates is considered to be somewhat lower, around 5-10%. However, there
are some substance groups where only half crystallize in a chiral space group, and
there are cases where the synthesis of 50 types of derivatives does not afford any
chiral space groups. Although the intermolecular interactions of both enantiomers
can be predicted to some extent, they are still not fully elucidated but are dependent
on chance.

Therefore, when performing a reaction using a chiral crystal or utilizing optical
resolution by crystallization, it is preferable to target a substance group whose
substituents can be easily changed. Unlike studies applying to a variety of deriva-
tives with different substituents, such as asymmetric synthesis using chiral cata-
lysts, chiral crystallization is a bottleneck for asymmetric synthesis using crystal
chirality. In order to avoid this bottleneck, a diastereomeric reaction can be used
by introducing optically active substituents into the molecule, or by forming chiral
ion pairs (salts), co-crystals, or chiral inclusion compounds (host–guest complexes).
Many valuable methods have been adopted that lead to chiral environments in crystal
lattices [15–20].

21.2 Total Resolution from Racemates by Dynamic
Crystallization

Pasteur was able to manually separate sodium ammonium tartrate crystals to obtain
an enantiopure compound, based on the geometric chirality of the contours of the
conglomerate crystal. However, it is difficult to visually dividemost crystals, because
they do not show geometric chirality by such an outline [21]. So far, conglomerate
crystals have been used for optical resolution of racemates by general preferential
crystallization methods, which are important methods indispensable for resolution
processes on an industrial scale, especially in the fields of medicine, agrochemicals,
and foods [22].

In the industrial preferential crystallization process, various improvements have
been made to obtain crystals with as high an enantiomeric purity as possible, but
it is necessary to reduce the amount of crystals obtained by one crystallization,
because the opposite enantiomer that is excessive in the mother liquor crystallizes.
(Fig. 21.1a). Furthermore, the maximum resolution is only 50:50, and there is a
problem that one enantiomer must be discarded. Therefore, total resolution to selec-
tively obtain only the required enantiomer by crystallization under conditions where
racemization occurs rapidly has been performed with some substrates (Fig. 21.1b).

When a racemic mixture of a conglomerate is crystallized from a supersaturated
solution, themolecule repeatedly aggregates anddissolves, until thefirst chiral crystal
nucleus is eventually formed. As molecules of the same enantiomer gather further
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Fig. 21.1 a Preferential crystallization of racemic conglomerate and b dynamic enantioselective
crystallization (total resolution by chiral amplification)

in the crystal nucleus and crystals grow, the crystallized enantiomer decreases in the
mother liquor, but it is supplied through racemization in solution and the equilibrium
state is maintained. In this way, enantiomerically pure crystals are obtained without
special optical resolution methods such as exposure to a chiral stationary phase.

The first example of dynamic enantioselective crystallization is the crystallization
of quaternary ammonium iodides from solvents reported by Havinga et al. [23]. They
proposed that the second crystal nuclei grow from microcrystals derived from the
first mother crystals, and also demonstrated the effect of stirring, by which crystals
of high purity can be obtained reproducibly. The effect of stirring has been studied
in detail with sodium chlorate by Kondepudi et al. [24].

The phenomenon of nonlinear increase of one enantiomer is explained by “Ost-
wald ripening.”When there is a difference in the size of fine particles (microcrystals)
deposited from a supersaturated solution, this is a phenomenon in which small parti-
cles disappear and large particles gradually become larger with the passage of time
[25]. Since the solubility of small particles is higher than that of large particles, they
gradually disappear and aggregate toward the larger particles by the Gibbs–Thomson
effect.

In order to obtain crystals with high optical purity, fast racemization in the mother
liquor compared to the rate of crystal growth is required. Therefore, in dynamic
crystallization under conditions of low racemization rates, asymmetric amplifica-
tion to high enantiomeric purity is difficult. However, a method that allows chiral
amplification even in a system with a low racemization rate has been developed.
Viedma sealed a saturated solution containing crystals of racemic sodium chlorate
and glass beads and continued the grinding with stirring for a few days. All of
the crystals were completely converted into crystals of a single-handed enantiomer
[9, 26]. This asymmetric transformation is called attrition-enhanced deracemization
(Viedma ripening) and is a solid-to-solid deracemization reaction, which is distin-
guished from the dynamic preferential crystallization method via deracemization
from solution-to-solid [27, 28]. His experiment used sodium chlorate, which is an
achiral inorganic molecule, but other groups have recently succeeded using many
organic molecules.
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As mentioned above, chiral amplification using dynamic enantioselective crys-
tallization is a very effective resolution method because the desired enantiomer
can be completely resolved in one crystallization [7, 8]. Several successful exam-
ples of chiral amplification have been reported so far, and their application to
amino acid derivatives and in the pharmaceutical field is particularly remarkable
(Fig. 21.2). The amino acid derivatives 1–11 [5, 26, 29–38] and the naproxen deriva-
tive 12 [39, 40] all use a racemization reaction via deprotonation at the α-position
of the carbonyl group. The required optically active enantiomers are selectively
obtained with high enantiomeric purity by filtration, and some compounds have
been developed industrially.

Deracemization of racemic diarylsuccinamides 13 affording a conglomerate was
also developed under basic conditions by the solvent evaporation method or attrition-
enhanced deracemization with specific ee values [41, 42].

The racemization reaction is most frequently reported by abstraction of the acidic
protons at the α-position of carbonyl groups, but asymmetric amplification accom-
panied by racemization of quaternary chiral centers has also been reported. The
chiral center of isoindolinone 14 is an aminal structure and is stable in nonpolar
solvents; however, racemization proceeds under basic conditions or in an alco-
holic solvent. Asymmetric amplification from a racemate to over 90% ee has been
achieved by crystallization while promoting racemization in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) [43]. Similarly, for the racemization by ring-
opening and ring-closing of the aminal carbon, 100% ee optical purity has been
reported even for asymmetric amplification of pyrrolinone 15 [44].

Spiropyrans 16 and spirooxazines 17 also have quaternary chiral centers. These
compounds are photochromic materials that undergo reversible color change owing
to ring-opening and ring-closing reactions by photolysis or thermal reaction. Asym-
metric amplification has been achieved by dynamic crystallization of racemic
spiropyrans and spirooxazines, which afforded racemic conglomerate crystals by
the solvent evaporation method or attrition-enhanced deracemization [45].

Deracemization of allylsulfoxide 18 was developed by Meekes under grinding
conditions in ether refluxing conditions, where the racemization process involved
2,3-sigmatropic rearrangement [46].

An example of preferential crystallization accompanied by racemization (atropi-
somerization) by axial rotation has been reported [47]. Pincock et al. reported that
binaphthyl 19wasmelted and crystallized at 150 °C to obtain an optically active solid.
Binaphthyl is a racemic crystal upon crystallization fromsolution, but deracemization
is achieved by satisfying two conditions: forming a conglomerate at high temper-
ature and rapid racemization by axial rotation during crystallization. Furthermore,
when the melted materials were stirred during crystallization, the reproducibility of
obtaining high purity crystals improved with high optical purity of 90% ee or more
[48].

We found that an analog of pyrimidine bases 20 having aryl groups on the nitrogen
atom formed conglomerates [49]. These compounds have stable C–N axial chirality
and do not racemize at room temperature; however, axial rotation occurs at high
temperature. A small amount of solvent was added to crystals of 20. After dissolution
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Fig. 21.2 Successful examples of dynamic enantioselective crystallization using conglomerates
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at 200 °C, a small amount of seed crystals was added and crystallization was carried
out while gradually cooling to obtain crystals with high optical purity of 90% ee or
more.

In addition, there is a substrate suitable for deracemization by crystallization.
Pyrimidinethione 21 having a naphthyl group on the nitrogen atom forms a conglom-
erate. The solvent is gradually evaporated from the toluene solution at 100 °C to give
91% ee of crystals [50, 51].

Nicotinamide 22 also gave a conglomerate (P21 space group) and has a half-life of
racemization of about 3 h in chloroform at 20 °C. It wasmelted at 160 °C (mp148 °C),
gradually cooled to 125 °C with stirring, and solidified by adding a small amount
of seed crystals, giving 83–92% ee of crystals [52]. To obtain a high ee of crystals
with good reproducibility by deracemization from the melt, seeding is necessary,
because only 6-42% ee was obtained without seeding. On the other hand, attrition
with stirring in hexane at 70 °C always gave 99% ee crystals after 3 days.

Similar aromatic amide derivatives 23–25 exhibited axial chirality, and afforded
conglomerate crystals [53–55]. Their activation free energies are around 20–
22 k calmol−1, whichmeans that their axial chirality can be easily controlled thermo-
dynamically. Optically active compounds were easily obtained by enantioselective
crystallization from the melt with specific ees; however, the chirality was gradually
lost by dissolving into solvent even at room temperature. The chirality was efficiently
utilized for many asymmetric reactions at low temperature and by using adequate
solvent properties.

21.3 Absolute Asymmetric Synthesis by the Combined
Methodology of Chiral Center Generation
and Dynamic Enantioselective Crystallization

Focusing on developing a more effective and convenient absolute asymmetric
synthesis using crystal chirality, an asymmetric synthetic method combining a reac-
tion that generates a chiral center from a prochiralmoleculewith dynamic crystalliza-
tion was developed (Fig. 21.3). Optically active materials can be obtained by simul-
taneously carrying out the chemical reaction and dynamic crystallization without an
external chiral source. This approach starts with prochiral materials that can provide
chiral products via reversible condensation reactions. Application to the Mannich
reaction has been reported by Tsogoeva et al. [37] and to an aldol condensation by
Bolm et al. [56]. We also developed some new reaction systems and summarize them
together with some valuable results developed by other groups.
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Fig. 21.3 Chirogenic scheme from prochiral starting materials followed by dynamic enantioselec-
tive crystallization

21.3.1 Asymmetric Stereoisomerization Involving Dynamic
Crystallization

An asymmetric stereoisomerization from a prochiral form to a chiral form involving
the isomerization of 2,3-disubstituted succinimides was developed (Fig. 21.4) [41].
Symmetrical diphenylmaleimides were reduced with hydrogen in the presence of
platinum oxide to give the corresponding cis-diphenylsuccinimides. These materials
were in prochiral meso form, but in the presence of a base, rapid isomerization
took place to the thermodynamically stable chiral trans form with both enantiomers.
Among the trans isomers with various substituents, it was found that 26a (R = Pr),
26b (R = i-Pr), and 26c (R = o-tolyl) gave racemic conglomerates.

A catalytic amount of base (DBU) was added to a mixed solution of chloroform
and hexane of 26a or 26b, and the crystals of the trans form were quantitatively
deracemized to an enantiomeric purity of 80–90% ee simply by allowing the solvent
to evaporate naturally with stirring. Although the formation ratio of the (+)-form
or (−)-form by spontaneous crystallization was almost the same, seeding with a
small amount of seed crystals could promote crystals with the same stereochemistry
as the seed crystals to be selectively amplified. In the case of 26c, isomerization
occurred to the trans form during purification of the cis form. Dynamic preferential
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Fig. 21.4 Asymmetric isomerization followed by dynamic crystallization under achiral conditions

crystallization could then be carried out using the racemicmixture of the trans isomer
as a startingmaterial, and deracemization to the trans-26c of high enantiomeric purity
was observed.

21.3.2 Asymmetric Synthesis Using Reversible aza-Michael
Addition Reaction Followed by Attrition-Enhanced
Deracemization

Vlieg et al. succeeded in obtaining β-aminoketone 27 in 100% ee by applying the
Viedma ripening method to the reversible aza-Michael addition reaction of anisidine
to an enone (Fig. 21.5) [57]. When anisidine was reacted with an enone in ethanol,
conglomerate adduct 27 crystallized. The reaction mixture was kept in suspension
with stirring in the presence of DBU, and deracemization was promoted through the
reverse reaction leading to one-handed enantiomorphic crystals.
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Fig. 21.5 Asymmetric synthesis followed by dynamic crystallization under achiral conditions

21.3.3 Asymmetric Synthesis of Amino Acid Derivatives
and Their Precursors

We also developed asymmetric amplification reactions combining the reversible
Michael addition reaction and the dynamic crystallization of conglomerate crys-
tals (Fig. 21.6) [58]. Michael reaction of phenethylamine and aroylacrylamide 28 in
the presence of a catalytic amount of DBU in a mixed solvent of EtOH and heptane

Fig. 21.6 Asymmetric synthesis using reversible Michael addition followed by dynamic crystal-
lization in achiral conditions
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Fig. 21.7 Asymmetric synthesis of α-amino amide by conjugate addition and attrition-enhanced
deracemization

efficiently occurred to give a white precipitate of an amino acid derivative 29. Contin-
uous suspension with stirring until complete evaporation of the solvent quantitatively
gave 29 with 46% ee. The rate of racemization by the reverse reaction was insuffi-
cient even in the presence of DBU, and it was difficult to obtain a product with higher
optical purity by the solvent evaporation method.

Next, we examined conjugate addition followed by attrition-enhanced deracem-
ization (Viedma ripening). Arolyacrylamide 28was reacted with 1.5 eq of phenethy-
lamine in EtOH with or without glass beads (Fig. 21.7). The cycloaddition reaction
proceeded smoothly and the solid of adduct amino amide 29 appeared immediately.
The reaction mixture was continuously stirred over several days while monitoring
the ee value. In solution, the racemization proceeded by reverse conjugate addition
reaction and deracemization by Viedma ripening.

When we used glass beads with a stir bar, the ee value started to increase after
14 days, reaching 95% ee after 22 days. The ee was measured for both the mother
liquor and the solid. The ee value of the solid after 22 days was 99%, while that of
the mother liquor was nearly racemic. Without glass beads and with only a stir bar,
the starting time was delayed to 25 days; furthermore, the rate of deracemization
became slow and took as many as 45 days to reach a stationary state with the same ee
value as that obtained with glass beads. Thus, the use of glass beads was effective in
accelerating the rate of deracemization. This reversible reaction was also efficiently
accelerated by DBU in aprotic solvent; however, DBU in protic solvent was not
as effective. When DBU (0.5 eq) was added to the reaction system, some effect
appeared on the starting point of deracemization; however, the inclination of the
line of deracemization was almost the same. This reaction afforded the asymmetric
synthesis of an amino acid derivative by reversible Michael addition.

In these procedures, both enantiomers appeared randomly in each batch at almost
the same probability. Once the achiral substrates, 28 and phenethylamine, were
suspended in solution, the reaction occurred to give both enantiomers of the product
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in equal amounts. As the reaction progressed, the solution became saturated with the
poorly soluble product, and both enantiomers of the product precipitated in equal
amounts as racemic conglomerate crystals. The solid of 28 was gradually replaced
with the solid of product 29. The initial symmetry of this solid state was broken due
to either local statistical fluctuations in ee or a local difference in crystal size distribu-
tion between the enantiomers. Subsequently, grinding of the crystals in combination
with solution-phase racemization caused complete deracemization of the solids. The
reaction proceeded quantitatively, and the yield of the filtered solid product was 90
with 99% ee.

As described above, moderate chiral induction of 45% eewas achieved in a couple
of days by conjugate addition followed by the dynamic preferential crystallization
method. On the other hand, a considerably higher ee value was obtained with the
second method by using Viedma ripening, although several days were required for
effective deracemization even in the presence of DBU. Therefore, we examined
combining the methodology of both procedures to obtain optically pure crystals in
a short period of time. First, benzoylacrylamide 28 and phenethylamine (1.3 eq)
were reacted in a mixed solvent of MeOH and hexane, and the reaction mixture was
vigorously stirred while evaporating solvent at 40 °C. It took about a half-day to
remove all the solvent. The ee value of the solid of adduct 29 was around 15%. To
the solid, ethanol as a solvent, DBU (0.5 eq), and glass beads were added, and the
suspended mixture was stirred vigorously. The changes in ee values for the reaction
mixture (including both mother liquor and crystals) were plotted. Deracemization
began in a short time and the ee increased to 95% in only 8 or 9 days. In all cases, the
final ee value of the separated solid was 99%. Thus, we shortened the reaction time
significantly by dynamic preferential crystallization followed by attrition-enhanced
deracemization.

The next example is the asymmetric synthesis of an aspartic acid derivative,
succinopyridine 30 (Fig. 21.8) [59]. This material crystallizes in the chiral space
group of P212121 and is used as an optical element due to its second-harmonic gener-
ation (SHG) properties. As described above, the aza-Michael addition is reversible
and is successful in chiral amplification by dynamic crystallization. The pyridinium
cation of 30 adjacent to the carboxylate anion also suggests that direct deprotonation
would lead to racemization of this material.

The racemization rate of optically active 30 was measured in 90 °C water, and
the half-life was found to be 115 min. The use of 10% aqueous AcOH reduced the
half-life to 20 min. In this case, when D2O was used instead of H2O, deuterated 30
was formed at the chiral center accompanied by small amounts of maleic acid and
fumaric acid. These facts suggested that the racemization of the chiral center did
not occur by a reversible reaction but by deprotonation involving the enol form as a
major pathway.

When an equal amount of maleic acid and pyridine was reacted in water at 90 °C,
succinopyridine precipitated readily. Acetic acid was added to form a 60% aqueous
acetic acid solution, and the reaction mixture maintained suspension with stirring at
the same temperature using glass beads. The ee value rose after 8 days and reached
99% ee after 16 days. A higher concentration of acetic acid, about 75% in water,
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Fig. 21.8 Asymmetric synthesis using Michael addition followed by dynamic crystallization
involving deracemization by deprotonation

reduced the induction period, and deracemization started after 4 days and gave 80%
ee of the solid after 7 days.

Kawasaki et al. reported a valuable synthetic example of an amino acid precursor
by the Strecker reaction followed by crystallizationwith racemization in the presence
of a base leading to α-aminonitrile 31 in up to 96% ee (Fig. 21.9) [60, 61].

Noorduin et al. also reported the Strecker reaction to Viedma ripening for the
absolute asymmetric synthesis of highly sterically hindered α-amino acids, and the
enantiomerically pure α-amino acids 32, tert-leucine, and α-(1-adamantyl)glycine
were obtained (Fig. 21.10) [62].

Fig. 21.9 Asymmetric Strecker synthesis followed by dynamic crystallization
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Fig. 21.10 Asymmetric Strecker synthesis followed by Viedma ripening

21.3.4 Asymmetric Synthesis Involving Photochemical
Reaction Followed by Dynamic Enantioselective
Crystallization

The above reactions involved both thermal chemical reactions and thermal racem-
ization processes (TT-type, Fig. 21.11). We also developed an asymmetric synthesis

Fig. 21.11 Three types of asymmetric reactions involving dynamic crystallization
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by a reversible photochemical reaction as a new asymmetric reaction system. It is
an absolute asymmetric synthesis of the PP-type by photochemical reaction and
photochemical racemization.

When prochiral ethyl 6-bromochromone-2-carboxylate 33 was used as a starting
material, the photodimer 34 was obtained as a conglomerate of the C2 crystal space
group. A reversible reaction process by light irradiation using the same wavelength
of light was also observed (Fig. 21.12) [63]. When a 0.01 M acetonitrile solution
of 33 was irradiated at 20 °C while gradually evaporating the solvent, crystalline
optically active dimer 34 was obtained; however, the enantiomeric purity was only
29% ee. It was possible to increase the ee to 50% by adding a small amount of seed
crystals during crystallization.

Next, the acetonitrile solution was irradiated at low temperature to promote crys-
tallization without evaporation of solvent. When a 0.01 M acetonitrile solution of 33
was irradiated at −40 °C, dimer 34 was obtained with 38% ee without adding seed
crystals. The enantiomeric purity could be increased up to 80% ee by adding a small
amount of seed crystals.

We also examined the photoreaction using sunlight, because both monomer 33
and dimer 34 showed absorption in the long wavelength region over 400 nm.When a

Fig. 21.12 Asymmetric synthesis by reversible photodimerization of chromone carboxylates
followed by enantioselective crystallization
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0.01 M acetonitrile solution of 33 was irradiated by sunlight outdoors on a clear day
at a temperature of 10–20 °C, the dimer precipitated as a white solid by stirring for
about 6 h until the solvent was evaporated. When seed crystals were not used, 34was
obtained with low ee or as a racemate. On the other hand, when seed crystals were
added, the dimer having the same chirality as the seed crystals was obtained in 15–
30% ee. Thus, an optically active substance could be obtained simply by irradiating
a solution of a prochiral compound with sunlight.

For the above PP-type asymmetric reaction system, efficient racemization did
not proceed and optical purity was only up to 80% ee due to competition of light
absorption between the product and the starting material. Therefore, an asym-
metric synthesis of PT-type (photochemical reaction and thermal racemization) was
designed, in which the photoreaction was used as a trigger to generate an asym-
metric center, followed by thermal racemization for the fast racemization process
(Fig. 21.13).

Fig. 21.13 Asymmetric synthesis by photochemical reaction using natural sunlight followed by
thermal racemization process
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Prochiral aroylacrylamide 35 has an enone structure, and the photoisomerization
reaction was expected to convert theE-form to the Z-form (Fig. 21.13) [44]. Thermo-
dynamically stable (E)-35 was isomerized to the Z-form by irradiation of light. The
Z-form ismuchmore stable than normalZ-enones due to the intramolecular hydrogen
bond between the carbonyl oxygen of the ketone and the NH group. Furthermore,
the NH of the amide and the nearby carbonyl carbon resulted in an intramolecular
cyclization reaction to give the pyrrolinone 36. It was revealed that 36 formed a
conglomerate with a crystal space group of P212121. Since pyrrolinone 36 has an
aminal skeleton, a racemization reaction is expected due to the (Z)-35mediated ring-
opening process and deracemization by application of the stereoselective dynamic
crystallization method (asymmetric amplification).

The asymmetric center of 36 was stable in low polar solvents such as benzene,
hexane and chloroform and in aprotic solvents, and racemization did not proceed at
room temperature. An increase in racemization rate was observed in methanol, with
a half-life at 20 °C of 161 min. The half-life was shortened to 11.5 min at 35 °C.
When DBU was added as a base catalyst, racemization was further promoted;
however, isomerization from (Z)-35 to (E)-35 was also induced at the same time.
In order to obtain 36 of high optical purity, it was necessary to continue irradiation
with light in order to promote isomerization of the alkenyl group while promoting
racemization by DBU.

The experimental procedure for the actual asymmetric synthesis is very simple.
The prochiral (E)-35 and 0.1 equivalents of DBU were dissolved in a mixed solvent
of methanol and chloroform, and irradiated with light at 365 nm using an LED while
stirring at room temperature until the solvent was completely evaporated. The optical
purity of precipitated 36 after solvent evaporation was analyzed using HPLC with a
chiral column. In all the experiments, 36 was reproducibly obtained at 98–99.9% ee.

The chirality was random in each batch, but by adding a small amount of seed
crystals, it was possible to obtain 36 having the same chirality as the added seed
crystals. We also succeeded in an asymmetric reaction using sunlight. Enamide (E)-
35 has an absorption edge up to 420 nm and can be isomerized by sunlight. The
prochiral (E)-35 was dissolved in a mixed solvent of methanol and chloroform,
0.1 equivalents of DBU was added, and the mixture was irradiated with sunlight
with stirring until the solvent was completely evaporated. When the experiment was
conducted 10 times, 36 was obtained with an optical purity of 99% ee or more in all,
with 7 in the R-form and 3 in the S-form.

In this reaction system, the pyrrolinone derivative could be obtained with high
enantiomeric purity simply by irradiating the solution of prochiral compound with
LED light or sunlight outdoors (Fig. 21.14). Pyrrolinone is an important skeleton
found in many pharmaceutical intermediates, and the control of the stereochemistry
is an important research topic.
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Fig. 21.14 Photochemical reaction of 35 followed by crystallization, leading to the optically active
pyrrolinone 36

21.3.5 Generation and Amplification of Chirality
via Diels–Alder Reaction and Dynamic Crystallization

The Diels–Alder (DA) reaction is one of the most fundamental and illustrious reac-
tions in organic chemistry, providing access to a variety of polycyclic heterocycles.
The DA reaction is well-known to be a concerted electro-cycloaddition reaction and
to involve a reversible process. We applied this reaction system to the asymmetric
synthesis involving dynamic stereoselective crystallization as shown in Fig. 21.15
[64]. The primary DA reaction of 2-methylfuran with N-phenylmaleimide provides
chiral materials from prochiral starting substrates and the racemization of (±)–37
might be promoted by a reversible process. One of the most important requirements
in this reaction system is that the DA adduct 37 should afford a racemic conglomerate
in the P212121 space group (Fig. 21.16).

When2-methylfuran andN-phenylmaleimidewere reacted inCDCl3 under homo-
geneous conditions, at the early stage of the reaction, both exo- and endo-adducts
formed equally, but the endo-adduct gradually decreased, and the ratio of exo to endo
reached 8:1. When the reaction was performed on a preparative scale and concen-
tration, the crystalline exo-adduct precipitated and was removed from the reaction
system. Finally, the products converged to the exo-adduct, which was isolated in 90%
yield accompanied by a trace amount of the endo-adduct.

Fig. 21.15 Diels–Alder reaction of N-phenylmaleimide and 2-methylfuran
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Fig. 21.16 Absolute asymmetric synthesis by Diels–Alder reaction involving dynamic enantiose-
lective crystallization

Another important requirement to apply this asymmetric DA reaction using
dynamic stereoselective crystallization is the rate of the reverse reaction under the
same conditions. The reverse reaction without catalyst was quite slow, however, it
was found that trifluoroacetic acid (TFA) accelerated not only the reversible DA
reaction and but also the DA reaction without side reactions.

Next, we examined the asymmetric DA reaction involving dynamic enantioselec-
tive crystallization. When a heptane solution of N-phenylmaleimide, 2-methylfuran
(15.0 eq), and TFA (0–1.0 eq) was stirred in the presence of glass beads at 80 °C in
a sealed tube, the crystalline exo-adduct appeared quickly. The solution was kept in
suspension by stirring for several days at the same temperature, and the change in
ee value of exo-37 by attrition-enhanced deracemization was monitored by HPLC
using a chiral column.

When we stirred achiral N-phenylmaleimide and 2-methylfuran without TFA in a
heptane solution, the induction period until deracemization started was several days.
Deracemization began gradually after 15 days, but once initiated, the ee value sharply
increased up to 90% ee as shown in Fig. 21.17, line 1. The attrition of crystals using
glass beads was quite effective for deracemization, since deracemization was not
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Fig. 21.17 Asymmetric Diels–Alder reaction followed by attrition-enhanced deracemization using
glass beads applied to achiral N-phenylmaleimide (100 mg, 0.578 mmol) and 2-methylfuran
(710 mg, 8.67 mmol) in hexane or heptane (1.00 mL) at 80 °C with or without TFA (0–1.0 eq)

observed under suspension without glass beads even after 30 days. Furthermore, the
induction period could be reduced by the use of TFA as an acid catalyst (lines 2–4).
TFAaccelerated not only theDAcycloaddition reactionbut also the retro-DAreaction
without promoting other side reactions. As the amount of TFA increased, there was
a tendency toward both a reduction in the induction period and an acceleration in
deracemization, with deracemization starting at the fourth day leading to 90% ee
after 11 days (line 4).

When using hexane instead of heptane, deracemization proceeded much faster
(lines 5–8). Deracemization started after ten days and reached 86% ee after 19 days
without TFA (line 5). TFA influenced both the reduction of induction and deracem-
ization periods, affording a 86% ee of exo-37 after only five days by the use of 1.0 eq
of TFA (line 8).

However, the maximum ee value of the solid obtained from the reaction in hexane
was slightly lower than that in heptane (86% vs. 90%). The solubility of the DA
adduct may play an important role in deracemization with its repeated dissolution
and crystallization processes. Hexane had a slightly higher solubility for the DA
adduct than heptane at 80 °C in a sealed tube, resulting in the shorter deracemization
time and lower ee value of the solid.

The first example of asymmetric DA reaction was developed involving stereose-
lective dynamic crystallization via a reversible process.

The first example of asymmetric DA reaction was developed involving stereose-
lective dynamic crystallization via a reversible process.
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21.4 Conclusion and Future Prospects—The Fascination
of Organic Crystals and the Prospect for New
Asymmetric Reactions

Asymmetric chemistry using chirality that is naturally expressed by crystallization
of organic compounds was introduced from the viewpoint of asymmetric synthesis.
More than 160 years have passed since Pasteur separated sodium ammonium tartrate
crystals by hand to obtain optically pure compounds, but the attractiveness of such
crystals has yet to be exhausted, with new chemistry being developed every day.

Optical resolution of racemates utilizing the properties of conglomerates is impor-
tant as a simple and inexpensive resolution method. Furthermore, in the case of rapid
racemization in the process of crystallization, total resolution by deracemization
from a racemate to one enantiomer becomes possible. We introduced examples of
incorporating synthetic processes for amino acids, medicines and agrochemicals, and
applications to axially asymmetric compounds. Deracemization by dynamic crystal-
lization includes liquid–solid dynamic preferential crystallization, which promotes
crystallization from a supersaturated solution, and Viedma ripening by asymmetric
amplification in solid–solid form, which is being developed in new reaction systems.

In addition, the asymmetric synthetic process combining a reaction that generates a
chiral center from a prochiral substrate with dynamic crystallization is a phenomenon
in which chirality is manifested and amplification occurs only by reaction in solution
and crystallization. This method is expected to be developed for a variety of reaction
systems. However, the above-mentioned methods are only applicable to chiral crys-
tals and conglomerates, and chiral crystallization is the largest bottleneck. Future
developments such as technology that can arbitrarily control the crystal structure
and chirality, and prediction of crystal structure due to advances in computational
chemistry are eagerly anticipated.
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Chapter 22
Molecular Recognition by Inclusion
Crystals of Chiral Host Molecules
Having Trityl and Related Bulky Groups

Motohiro Akazome and Shoji Matsumoto

Abstract Molecular recognition by inclusion phenomena is a useful application of
organic crystals. So, in this research, first, we discuss how several recent examples
of inclusion crystal methods have been overviewed in the optical resolution field.
Then, we focus on the installation of trityl and related bulky groups, which enable
compounds possible to settle guest molecules to form inclusion crystals. Some hosts
of amines and amino-acid derivatives having trityl or 9-phenyl-9-xanthenyl groups
include several neutral guests to construct inclusion crystals and achieve struc-
tural isomer separation and optical resolution. Finally, we report how salts between
N-trityltyrosine and tert-butylamine include 1-(1-naphtyl)ethanol with high enan-
tioselectivity of 96%ee (R). Through this review,we recognize trityl and related bulky
groups as crystal engineering tools that conduct inclusion ability to host candidates.
Single-crystal X-ray analyses of these inclusion crystals show us that inclusion with
low enantioselectivity is often due to the statistically disordered structure of guests.
The method of suppressing this statistic disorder to reach high enantioselective
inclusion remains unknown.

Keywords Molecular recognition · Inclusion crystals · Amino acid · Trityl group

22.1 Introduction

In the comprehensive reviews of our previous book (2015),we dealtwith chiral recog-
nition with inclusion crystals of amino-acid derivatives having trityl groups [1]. We
will expand on the former review by summarizing the five-year progress of molec-
ular recognition with inclusion crystals of chiral substance-based host molecules
with bulky groups.
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Many approaches to performing optical resolution of racemic compounds have
been developed [2]. Three major optical resolution methods are listed with brief
accounts of their procedures in Fig. 22.1.

Generally, acidic or basic compounds are easily separated because basic or
acidic optical resolution reagents are applicable to the diastereomeric salt method
(Fig. 22.1a) [3, 4]. However, racemic neutral compounds do not form salts, so
diastereomeric salt methods are not applicable. The covalent diastereomer method
is considered a reliable optical resolution method for neutral compounds such as
alcohols and ketones (Fig. 22.1b). Racemic neutral compounds are transformed to
the diastereomers by covalent bonding formation with chiral auxiliaries. After the
diastereomers are separated by column chromatography or fractional crystallization,
they are decomposed to recover an enantiomer of original compounds.

Fig. 22.1 Some optical resolutionmethods. aDiastereomeric salt method. bCovalent diastereomer
method. c Inclusion crystal method
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Choosing reversible and convenient covalent bonding formation in the functional
groups of amides, sulfoxides, nitrile, and so on is more difficult than with alcohols
and ketones. The inclusion crystal method must conveniently separate one enan-
tiomer from racemic compounds for all of these neutral compounds, including alco-
hols and ketones (Fig. 22.1c) [5–7]. Because inclusion crystals are obtained by co-
crystallization without a covalent bonding formation between hosts and guests, the
recovery of optically separated guests—in which guests are released by dissolution
or heating of inclusion crystals—is quite easy.

However, inclusion crystals consist of weaker intermolecular interactions such
as hydrogen bonds and van der Waals interactions instead of ion pairs and covalent
bonds. Therefore, the molecular design of the host is an important consideration in
the construction of inclusion crystals with guest molecules.

22.2 Recent Examples of Molecular Recognition
by Inclusion Crystals

22.2.1 Chiral Recognition by Inclusion Crystals

In 1983, Toda reported on optical resolution by the inclusion crystal method using a
chiral 1,6-bis(2-chlorophenyl)-1,6-diphenylhexa-2,4-diyne-1,6-diol, which is clas-
sified as a wheel-and-axle type (Fig. 22.2a) [8]. This chiral diol host included
3-methylcyclohexanone and 3-methylcyclopentanone enantioselectively.

More recently, Nassibeni and Weber reported on a borneol dumb-bell
host with methylcyclohexanones and 2-butanols (Fig. 22.2b) [9]. Achiral 4-
methylcyclohexanones formed 1:2 (host/guest) inclusion crystals. With other
methylcyclohexanones, 1:1 inclusion crystals were obtained and 2- and 3-
methylcyclohexanones were included in 72% ee (S) and 57% ee (S) with statistic
disorder of these guest molecules.

Barton and Caira’s group reported on the inclusion of TETROL with cyclohex-
anone and 2-, 3-, and 4-methylcyclohexanone (abbreviation:Cy, 2-MeCy, 3-MeCy,
and 4-MeCy) that form1:1 complexes (Fig. 22.2c) [10].Notably, the 2- and 3-MeCys
were included in the axial conformation of their methyl groups. But the methyl group
of the included 4-MeCy took the more favorable equatorial conformation. Enan-
tiomeric excesses of 2- and 3-MeCys in the inclusion crystals are 13% and 20%
ee for (R)-enantiomer, respectively. The reason for this low selectivity is confirmed
by the single-crystal X-ray analysis that showed both (R)- and (S)-enantiomers were
observed as a statistically disordered structure in the same void space. In addition,
Barton found interesting inclusion phenomena of these cyclohexanones concerning
TETROL in the competition experiments [11]. Crystallization of TETROL in the
presence of an equimolar mixture of 2-, 3-, and 4-MeCy gave inclusion crystals with
a mixture of three guests, where the ratios were 79: 14: 7, respectively. The host’s
selectivity might be described as 2-MeCy > > 3- MeCy > 4-MeCy. Conversely,
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Fig. 22.2 Structure of hosts and guest molecules in inclusion crystals

TETROL in the presence of the equimolar mixture of Cy and 2-, 3-, and 4-MeCy
crystallized with a mixture of four guests, at the ratios of 52: 5: 13: 30, respectively.
The host’s selectivitymight be described asCy > 4-MeCy > 3-MeCy > 2-MeCy. The
selectivity order of TETROL for the three isomericMeCys was reversed whether Cy
was present or not. Here, Cy was overwhelmingly favored over any of MeCys from
the results of equimolar binary or ternary competition including Cy. Interestingly,
the coexistence of Cy altered the host behavior of the inclusion crystals.

This TETROL host is related to TADDOL, which Toda [12] and Seebach [13]
studied in the early stages of inclusion crystal development. TADDOL is also a
famous diol host that can include ketones enantioselectively.

Generally, optical resolution can reliably obtain one enantiomer from a racemic
compound. However, half of the undesirable opposite enantiomers remained after
optical resolution. When the guests are racemizable in the crystallization process,
the thermodynamic controlled crystallization yields a more stable compound with
enantioselectivity, which is called “crystallization-induced dynamic resolution”
(CIDR).

As shown in the useful application of inclusion crystals in Fig. 22.3, Kaku
and Tsunoda’s group have been developing this CIDR of racemic ketones using
a TADDOL-type host since 1997. Recently, deracemization of α-monosubstituted
cyclopentanones as new substrates was achieved [14]. This CIDR transformed
racemic α-alkylcyclopentanone into the R-form (97% ee) in an 89% yield.
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Fig. 22.3 Crystallization-induced dynamic resolution of racemic ketones using TADDOL-type
host

22.2.2 Chiral Recognition by Inclusion Crystals
of Amino-Acid Derivatives

Here, we discuss three works [15–17] on molecular recognition by chiral amino-
acid derivatives to review the progress of inclusion crystals over the past five
years. Kodama’s two papers addressed intriguing crystalline hosts that have binary
structures to combine the organic salt of amino-acid derivatives with urea [15]
and hydrazide [16] functional moieties. Hu’s paper reported that a chiral cyclic
peptide derived from (S)-proline included both enantiomers of BINOL to form a
1:1 complex of (3S,6S)-dipeptide and rac-BINOL [17]. When this phenomenon was
applied to non-racemic BINOL as the guest, inclusion crystals were deposited to
include perfectly racemic BINOL; however, enantiomeric enrichment of BINOL in
the solution occurred to obtain optically pure BINOL from the filtrate.

In 2016, Kodama reported that salt of urea-modified phenylalanine and an achiral
amine included alkyl aryl sulfoxideswith high enantioselectivity (Fig. 22.4) [15]. The
binary structure built up with the salt of ammonium carboxylate and urea functional
moiety makes the host design unique. In this case, combining urea-modified pheny-
lalanine and diphenylmethylamine formed 1:1 (host/guest) inclusion crystals with
methyl phenyl sulfoxide in 89%ee (R). Single-crystalX-ray analyseswere performed
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Fig. 22.4 Kodama’s urea-modified phenylalanine salt host. a Host and guest structures. b Methyl
3-tolyl sulfoxide-included crystals (CCDC-1478529: space group P1). c Ethyl 4-tolyl sulfoxide-
included crystals (CCDC-1478530: P21)
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on two other inclusion crystals with methyl 3-tolyl sulfoxide (space group P1) and
ethyl 4-tolyl sulfoxide (P21) (Fig. 22.4b and c). Both crystal structures had a similar
one-dimensional hydrogen bonding network, and the network made a column struc-
ture from the host–guest complex. The two crystal structures differed in the direction
these columns were assembled, space group P1 arranges them in a parallel direction,
P21 arranges them in an antiparallel direction.

The hydrogen bond of phenyl-ureamoietywith an oxygen atom of the carboxylate
made a rigid L-shaped conformation of the host, which is essential to creating the
asymmetric cavity for one preferable enantiomer of sulfoxides.

When triphenylmethylamine used an amine part instead of diphenylmethylamine,
the urea-modified phenylalanine salt crystallizedwithout guestmolecules. The amine
part was also necessary to form inclusion crystals.

More recently, Kodama reported on enantioseparation of sulfoxides and nitriles
by inclusion crystallization with chiral organic salts based on phenylalanine [16].
The host also has a binary structure composed of a hydrazide functional moiety and
a salt between a 4-hydroxybenzoic acid and chiral amine part of a phenylalanine
derivative (Fig. 22.5a).

The salt forms a one-dimensional columnar structure with a 21-helical hydrogen
bonding network (Fig. 22.5b). In inclusion crystals, (S)-form (98%ee) of ethyl phenyl
sulfoxide was captured by hydrogen bonding with the phenolic hydroxy group of
the host and settling in the inclusion cavity formed between these host columns.
The phenyl hydrazide moiety needs to bind with an oxygen atom of carboxylate and
become an inclusion cavity wall to recognize guest shapes.

Similarly, several nitriles with high enantioselectivity up to 92% ee (S) were also
included in this host.

Many recent asymmetric syntheses in organic chemistry achieved high enan-
tioselectivity. However, insufficient results give non-racemic compounds and might
require additional optical resolution. Such non-racemic mixtures of enantiomers
are base materials for optical resolution. Fogassy considers the enrichment of non-
racemic mixtures of enantiomers an important part of the resolution processes
[18].

Hu reported that (3S,6S)-dipeptide derived from (S)-proline includes both enan-
tiomers of BINOL to form a 1:1 complex of (3S,6S)-dipeptide and rac-BINOL
(Fig. 22.6) [17]. As the result, the enantiomer excess of the BINOL guest in inclu-
sion crystals is zero, making it impossible to separate racemic BINOL. However,
this inclusion phenomenon of racemic compounds can still use the method of enan-
tiomeric enrichment in solutions. This is a unique example of optical resolution for
non-racemic compounds. The rac-BINOLwas deposited as a 1:1 complex, and enan-
tiopure (R)- or (S)-BINOL was obtained from the filtrate. When 10% ee and 80% ee
of (R)-BINOL were applied for enantiomeric enrichment, yields of 90% and 96%
were obtained, respectively, based on the amount of enantiomeric pure BINOL (>
99% ee).
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Fig. 22.5 Kodama’s host design of amino-acid-based salt having a hydrazide functional moiety.
a Host and guest structures. b Crystal structure of (S)-ethyl phenyl sulfoxide-included crystals
(CCDC-1577954)

22.3 Installation of Trityl and Related Groups to Construct
Inclusion Crystals

22.3.1 Trityl and Related Groups as Crystal Engineering
Tools to Construct Inclusion Crystals

Trityl groups and related bulky aryl groups are recognized as functional tools for
supramolecular chemistry including crystal engineering. In 2016, Sauvage [19] Stod-
dart [20], and Feringa [21] were awarded the Nobel Prize in Chemistry. They devel-
oped molecules with controllable movements like a tiny lift, artificial muscles, and
minuscule motors.



22 Molecular Recognition by Inclusion … 465

Fig. 22.6 Enantiomeric enrichment of non-racemic BINOL by heterocomplexation of (3S,6S)-
dipeptide in a solution

They used bulky groups (such as a trityl group) as a molecular gear for the design
and production of molecular machines regardless of solid or solution states, the
stopper of rotaxane, etc. In this area, symmetrically beautiful triphenylmethyl or trip-
tycene groups can fascinate us as molecular gears in intelligent molecular machines.
In the early stage of molecular machines, Mislow studied these groups as propeller
and dynamic molecular gear (Fig. 22.7) [22, 23].

In organic synthesis, the simple trityl group is a well-known protective group of
amino groups [24]. Although the trityl group is readily introduced in the nitrogen
atom of the amino group via trityl cation intermediate under acidic conditions, the
trityl groups are to be kept stable under basic conditions but are easily removed under
acidic conditions. We also have to remember that the amino group loses a hydrogen
atom—which can potentially capture a guest using hydrogen bonds—instead of
obtaining a trityl group. However, this is not always negative because the installed
bulky trityl group often improves the inclusion ability of hosts by suppressing their
inherent hydrogen bonding properties.

In the rest of this section, we summarize recent examples of molecular design
for constructing inclusion crystals with neutral guests using trityl and related bulky
groups as useful crystal engineering tools. Akazome used the suppression effect of
a trityl group on the amide hydrogen bond in the related inclusion crystals of N,
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Fig. 22.7 Molecular propeller and gear consisting of trityl group and linkage of two triptycene
groups

N’-ditritylamino-amide [1, 25]. Figure 22.8 illustrates our host design based on the
compensation of hydrogen bonds broken by trityl groups. N-Methylacetamide has
hydrogen bond donor (H–N) and acceptor (CO) groups that form a one-dimensional
hydrogen bonding network, and the hydrogen bonds between them will be broken
by installed bulky trityl groups. At the same time, the trityl groups make cavities in
which guest molecules are captured. When a guest suitably compensates the loss of
the inherent hydrogen bonds, the hydrogen bonds from host–guest interactions will
form inclusion crystals.

Rychlewska found that bis(triphenylacetamides) of chiral 1,2-diamines construct
inclusion crystals for suppression of amideNH· · · O=C hydrogen bonds (Fig. 22.9)
[26]. This host included CH2Cl2, H2O, CHCl3, and Me2CO to form 1:1 (host/guest)
inclusion crystals. In the 1:2 (host/guest) inclusion crystals of dimethyl sulfoxide,
hydrogen bonding only occurs between the host and the guest molecules (Fig. 22.9b).

Fig. 22.8 Akazome’s host designed to capture amide guests to compensate for loss of hydrogen
bonds broken by trityl groups
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Fig. 22.9 a Rychlewska’s bis(triphenylacetamides) host of chiral 1,2-diamines. b Schematic
drawing of host–guest interactions in inclusion crystals with dimethyl sulfoxide guest

This host also included methanol, ethanol, and 2-propanol accompanied with
one water molecule. But longer-chain alcohol molecules such as n-butanol and
sec-butanol were not included. Furthermore, inclusion of chiral molecules was
unsuccessful. However, further modification of this host molecule might bring
enantioselective inclusion.

As another example, inclusion ability was obtained by introducing a trityl group
to the structure. A silatrane has a unique structure with an intramolecular Si-N coor-
dination bond. Introduction of the trityl group to the amino group of [1-[(N-methyl-
N-tritylamino)methyl]silatrane brings inclusion ability for this tritylated product
(Fig. 22.10) [27]. Inclusion crystals of 1:1 (host/guest) with a benzene molecule
were obtained after the recrystallization from a mixture of benzene and heptane.
The X-ray diffraction study shows that the geometry of the coordination center of
silicon and the existence of an intramolecular Si-N coordination bond are typical for
silatranes. The trityl group made a void to include a benzene molecule.

In the organic chemistry, we often need to separate racemic compounds and a
mixture of structural isomers. For example, there are mixtures of o-, m-, and p-
disubstituted benzenes, of linear and branched alkanes, etc. Even if the hostmolecules
are achiral, they can recognize one structural isomer from amixture of isomers based
on whether the molecular shapes match the void that occurred in the crystal lattice
or not.

In 2019, Barton and her coworkers developed a newwheel-and-axle host design of
achiral diamines that have two 9-phenyl-9-xanthenyl or (9-phenyl-9-thioxanthenyl)
groups with structures similar to a trityl group. The xanthenyl and thioxanthenyl

Fig. 22.10 Formation of inclusion crystals by tritylated 1-[(N-methyl)methyl]silatrane



468 M. Akazome and S. Matsumoto

groups are conformationally restricted by oxygen and sulfur atoms bridged over two
phenyl groups, respectively (Fig. 22. 11).

These hosts formed inclusion crystals to recognize molecular shapes of many
guests that have five- or six-membered rings [28–32]. As a few typical and prac-
tical examples, we introduce Barton’s separation of structural isomers (C8 aromatic
fraction of crude oil) briefly using these hosts. From an equimolar quaternary guest
mixture (EB, o-Xy, m-Xy, p-Xy), the 1:1 complex of H1 (X = S) included EB,
o-Xy, m-Xy, and p-Xy in guest ratios (25.1:2.5:4.1:68.3) and that of H2 (X = O)
included them in guest ratios (5.2:1.5:1.3:92.0). This result means that ethylenedi-
amine having two (9-phenyl-9-xanthenyl) groups (H2) recognized the shape of the
p-Xy guest molecules and included it predominately in the cavity formed in their
crystal lattice.

A similar trendwas also observed in selective inclusion from amixture of anisoles.
From an equimolar quaternary guest mixture (ANI, 2MANI, 3MANI, 4MANI), the
1:1 complex of H1 (X = S) included ANI, 2MANI, 3MANI, and 4MANI in guest
ratios (29.0:3.0:21.9:46.1) and that of H2 (X = O) included them in guest ratios
(11.3:1.5:4.6:82.6). H2 included 4MANI predominately, where 4-methylamisole
(4MANI) had a structure similar to ethylbenzene (EB). Barton also reports inclu-
sion crystals of cyclohexane-1,4-diamines having two 9-phenyl-9-xanthenyl or
(9-phenyl-9-thioxanthenyl) groups [32].

Although these hosts are achiral structures at this stage, 9-phenyl-9-xanthenyl and
9-phenyl-9-thioxanthenyl groups would be good candidates for crystal engineering
tools to construct inclusion crystals. The syntheticmethods of these xanthenyl groups
are as easy as the trityl group’s.When these xanthenyl groups are introduced to chiral
amines, enantioselective inclusion may occur by the host.

Fig. 22.11 Barton’s alkanediamine hosts having 9-phenyl-9-xanthenyl and (9-phenyl-9-
thioxanthenyl) groups and examined guests
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22.3.2 Enantioselective Inclusion of Alcohols Into Salts
Between N-Trityl (S)-Tyrosine and Tert-Butylamine
[33]

In 2012, we reported that N-tritylamino acid tert-butylamine salts enantioselectively
included aliphatic alcohol (Fig. 22.12) [34]. Salts between carboxylic acids and
primary amines have an inherent one-dimensional hydrogen bonding network. In
this work, we utilized trityl groups to break the hydrogen bonds and form inclusion
cavities, and alcohols were included to compensate for the loss of hydrogen bonds. In
tert-butylammonium salts of N-tritylphenylalanine, enantioselective inclusion of 1-
chloro-2-propanol was observed in 69% ee(S). This salt host included only alkanols
and benzyl alcohol, but 1-arylethanols such as 1-phenylethanol were not included at
all.

Here, we report additional developments of N-tritylamino acid tert-butylamine
salts. In our previous work, the enantioselective inclusion ability of phenylalanine
was superior to five other amino acids we examined (Ala, Val, Leu, Ile, Phe, and
Phg (an abbreviation for phenylglycine)). Among about twenty naturally occurring
amino acids, the structure of tyrosine is close to phenylalanine, whereas the hydroxy
group is in the para-position of the phenyl group. We theorize whether the hydroxyl
group incorporates the hydrogen bonding network and affects their inclusion ability
and enantioselectivity (Fig. 22.13).

To evaluate the ability of the host to include secondary alcohols with enan-
tioselectivity, we chose several 1-arylethanols as racemic alcohols. The crystalline
host (tert-butylammonium salts of N-trityltyrosine: Tr-Tyr·tBuNH2) and racemic 1-
arylethanols (4 equiv.) were dissolved in toluene and recrystallized by diffusion of
hexane vapor. The Tr-Tyr·tBuNH2 included the corresponding alcohols to yield 1:1
inclusion crystals, which were collected by filtration and confirmed by a 1H NMR
spectra. After inclusion crystals were dissolved in chloroform, a 1M aqueous NaOH

Fig. 22.12 Crystallization of Tr-Phe·tBuNH2 with alcohols to prepare inclusion crystals
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Fig. 22.13 Host structure of Tr-Phe·tBuNH2 and Tr-Tyr·tBuNH2

solution was used to move Tr-Tyr into the aqueous phase. The included alcohol was
recovered from the organic phase, and the enantiomeric excesses of the alcohol were
estimated by chiral HPLC (CHIRALCELs OB-H and OD-H and CHIRALPAK IB)
analysis. The results are summarized in Table 22.1.

The predominant configurations of 1-phenyl, 1-(2-tolyl), and 1-(3-tolyl)ethanols
that included in the host were (R)-enantiomer with enantiomeric excesses of 46%,
56%, and 53%, respectively.

We carried out single-crystal X-ray analysis of inclusion crystals with 1-
phenylethanol to clarify the mechanism of enantioselective inclusion and the effect
of hydroxy group (Fig. 22.14). The results show that the HO group and carboxylate
of tyrosine captured 1-phenylethanol molecules (host/guest = 1:1) and constructed
a cyclic hydrogen bonding network to form a 2:2 cluster (Tr-Tyr·tBuNH2). We
observed that oneN-Hgroup of tert-butylammonium formed anN-H· · ·π interaction
with the phenolic side chain of Tyr, and all other protic hydrogen atoms participated
in normal hydrogen bonds in the crystal structure. Two hosts of Tr-Tyr·tBuNH2 and
two guests of 1-phenylethanol were included in an asymmetric unit. An enantiopure
(R)-1-phenylethanol was observed in one recognition site, but both enantiomers of
the alcohols (R:S = 45:55) were included in another recognition site. As a result of
the statistically disordered structure, the enantiomeric excess of (R)-1-phenylethanol
in this crystal was calculated to be 45%, which is very close to 46% in bulk solids.
The tolerance of the disordered structure decreased its enantioselectivity.

Inclusion crystals of Tr-Tyr·tBuNH2 with 1-(4-tolyl)ethanol and 1-(1-
naphthyl)ethanol were also subjected to single-crystal X-ray analyses. As shown in
Fig. 22.15, these crystal structures are similar to that of 1-phenylethanol mentioned

Table 22.1 Alcohols
included in salts of
tert-butylammonium
N-trityltyrosine

Entry Alcohol guest ee (%) Predominant
configuration

1 1-phenylethanol 46 R

2 1-(2-tolyl)ethanol 56 R

3 1-(3-tolyl)ethanol 53 R

4 1-(4-tolyl)ethanol 3 R

5 1-(1-naphtyl)ethanol 96 R
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Fig. 22.14 Crystal structures of Tr-Tyr·tBuNH2 with 1-phenylethanol (CCDC-1949797). a Top
view of 2:2 cluster. (b) Schematic drawing of hydrogen bonds (c) Side view to clarify NH-π
interaction

Fig. 22.15 Crystal structures of Tr-Tyr·tBuNH2 with a 1-(4-tolyl)ethanol (CCDC-1949798) and
b 1-(1-naphtyl)ethanol guest (CCDC-1949799)

above. The 2:2 clusters (Tr-Tyr·tBuNH2) have the same cyclic hydrogen bonding
network in which HO groups of alcohols are captured by the HO group and
carboxylate of tyrosine.

Notably, both enantiomers of 1-(4-tolyl)ethanol were included in each cavity
without statistic disorders even though the space group (P21) was identical to 1-
phenylethanol. This result showed that the bulk solids of the enantiomeric excess
resulted in 3% ee (R).

Conversely, inclusion crystals of 1-(1-naphthyl)ethanol suppressed the disordered
structure in which the same (R)-enantiomer settled in each cavity. Similarly, the
enantiomeric excess of bulk solids reached up to 96% (R) in Table 22.1. Notably, the
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asymmetric unit consisted of two hosts and two guests, while the space group was
P1.

The three crystal structures mentioned above have the same cyclic hydrogen
bonding network to form 2:2 clusters (Tr-Tyr·tBuNH2).

Figure 22.16 shows the difference between phenylalanine and tyrosine. In the
case of Tyr, a one-dimensional hydrogen bonding network of ammonium carboxylate
was broken and terminated by a phenolic hydroxy group of Tyr. As a result, larger
secondary alcohol guests settled between hosts with the distance expanded from 9.27
to 11.15 Å. Although the phenyl group of Phe interacted with one phenyl group of
a trityl group by a C-H· · ·π interaction, the phenyl group of Tyr interacted with one
hydrogen atom of the ammonium group by a N-H· · ·π interaction, and the phenolic
HO group also made a hydrogen bond with an oxygen atom of the guest alcohol.
The conformational change of the side chain induced a new 2:2 cluster structure
(Tr-Tyr·tBuNH2).

As mentioned above, we found that Tr-Tyr·tBuNH2 salt included 1-arylethanols
to form the similar 2:2 clusters (Tr-Tyr·tBuNH2). The structure of these inclusion
crystals had the generality to become a great potential inclusion host. However, the
statistic disorder must be suppressed and high enantiomeric excesses must be gained.

22.4 Conclusion

We reviewed the recent progress of the molecular recognition by inclusion
phenomena regarded as a useful application of organic crystals.

In the first half of this review, we covered recent examples of molecular recog-
nition by inclusion crystalline hosts: a dumb-bell type host [9], TETROL [10, 11]
and TADDOL [14], and amino-acid-based hosts [15–17]. Some chiral hosts have
achieved high enantioselective inclusion for cyclic ketones (up to 97%ee), sulfoxides
(up to 98% ee), and nitriles (up to 92% ee).

In the latter half, we focused on the installation of trityl and related bulky
groups, which enable compounds to settle guest molecules to form inclusion crys-
tals. In fact, some hosts of amines [26–32] having trityl or 9-phenyl-9-xanthenyl
groups included several neutral guests to construct inclusion crystals. In particular,
we demonstrated that salts between N-trityl-tyrosine and tert-butylamine include
1-(1-naphthyl)ethanol in 96% ee (R) [33].

Inclusion crystal methods are still being refined to achieve structural isomer sepa-
ration and optical resolution for neutral compounds. The trityl and related bulky
groups might be recognized as crystal engineering tools that have the inclusion
ability to host candidates. However, single-crystal X-ray analyses of these inclusion
crystals showed us that inclusion with low enantioselectivity was often owing to
statistically disordered structures, meaning both enantiomers settled in one recog-
nition site. Therefore, the method of suppressing this statistic disorder with low
enantioselectivity remains unknown.
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Fig. 22.16 Comparison of crystal structures of Tr-Phe·tBuNH2 with benzyl alcohol (CCDC-
1949796) and Tr-Tyr•tBuNH2 with 1-phenylethanol (CCDC-1949797). a Hydrogen bonding
network. b Conformational difference between Tr-Phe and Tr-Tyr·tBuNH2 in inclusion crystals
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Chapter 23
Asymmetric Catalysis
and Chromatographic Enantiomer
Separation by Homochiral
Metal–Organic Framework: Recent
Advances

Koichi Tanaka

Abstract In this review, we report the recent progress in homochiral metal–organic
frameworks (MOFs), a new class of porous materials, consisting of metal–oxo clus-
ters and multifunctional ligands for heterogeneous asymmetric catalysis and enan-
tiomer separation. The asymmetric catalysis section is subdivided based on the types
of reactions that have recently been successfully performed using chiral MOFs as a
heterogeneous catalyst. In the secondpart,wegive someexamples from recent studies
highlighting enantiomer separation using chiral MOFs as a novel chiral stationary
phase for high-performance liquid chromatography.

Keyword Chiral metal–organic frameworks · Chiral asymmetric catalysis ·
Chromatographic enantioselective separation · Crystal structure

23.1 Introduction

In the last decade, metal–organic frameworks (MOFs) have attracted much attention
for various applications, such as gas storage, separation, sensing, and catalysis [1].
Chiral MOFs show great potential as asymmetric catalysts [2] and chiral stationary
phases (CSPs) for enantiomer separation by high-performance liquid chromatog-
raphy (HPLC) [3]. Several structural features of chiral MOFs play crucial roles in
the above-mentioned applications, such as their large internal surface area, high
adsorption capacity, permanent porosity, and thermal stability. In this review, we
describe the recent progress in asymmetric catalysis and chiral HPLC separation
using chiral MOFs. Asymmetric catalysis is an essential area of chiral chemistry,
and it efficiently assists in the synthesis of valuable chiral organic compounds. The
use of homochiral MOFs as asymmetric catalysts is eco-friendly owing to their
many advantages, including mild reaction conditions, high enantioselectivity, easy
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product purification, and catalyst reusability. Because of the numerous benefits of
homochiral MOF catalysts, a variety of chiral MOFs have been designed and inves-
tigated as asymmetric catalysts. A large number of chiral stationary phases based
on crown ethers, polysaccharides, and cyclodextrins have been reported for sepa-
ration of enantiomers. In addition, chiral MOFs show great potential as the chiral
stationary phase for enantiomer separation byHPLC. The advantages of chiralMOFs
over other chiral stationary phases are their well-ordered frameworks with defined
chiral pores that are accessible to potential substrates and their controllable func-
tionalities by varying the chiral linkers and metal ions. This review highlights the
recent successful applications of chiral MOFs in the fields of asymmetric catalysis
and chromatographic enantiomer separation from 2012 until the present.

23.2 Asymmetric Catalysis

23.2.1 Ring-Opening Reaction of Meso-Epoxides
with Aromatic Amines

In 2008, Tanaka and co-workers [4] reported synthesis of (R)-MOF-1 by
treating (R)-2,2’-dihydroxyl-1,1’-binaphthalene-5,5’-dicarboxylic acid 1 with
Cu(NO3)2 under solvothermal conditions. The resulting two-dimensional infi-
nite [Cu2(1)2(H2O)2]·MeOH·H2O framework contains copper paddle wheels as
secondary building units (SBUs) stacked along the b axis with an interlayer Cu–
Cu distance of 15.6 Å (Fig. 23.1). Using (R)-MOF-1 as a catalyst for asymmetric
ring-opening reactions of cyclohexene oxide with some aniline derivatives to furnish
the corresponding optically active β-amino alcohols resulted in good yields with
excellent enantioselectivities (Table 23.1) [5]. Hirao et al. [6] reported the mech-
anism of this catalytic reaction by QM/MM computational study. The QM/MM
calculations showed that the reaction consists of two major steps. In the first step,
ring-opening of the epoxide occurs to form an intermediate with an alkoxide ion,
and the strong binding of the alkoxide ion to the Cu(II) center results in cleavage
of one of the four coordination bonds of the copper with carboxylate ligands. In
the second step, proton transfer occurs from the aniline to the alkoxide oxygen
atom to form the β-amino alcohol. The transition state for the ring-opening step in
formation of the (R,R)-isomer is stabilized by CH–π interactions, whereas such
interactions are absent in the transition state for formation of the (S,S)-isomer.
Tanaka et al. [5] synthesized (R)-MOF-2 by solvothermal reaction of the chiral
organic linker (R)-2,2’-diethoxy-1,1’-binaphthyl-4,4’-di(5-isophthalic acid) 2 and
Zn(NO3)2·6H2O in a mixed solvent (N,N-dimethylacetamide–EtOH) at 110°C for
2 days. X-ray diffraction analysis revealed that a rigid MOF was constructed around
two pentacoordinated Zn(II) cations with a nearest Zn···Zn distance of 3.384(2)
Å (Fig. 23.2), which were bridged by three carboxyl groups from three different
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Fig. 23.1 X-ray structure of (R)-MOF-1

Table 23.1 Asymmetric epoxide ring-opening of cyclohexene oxide catalyzed by (R)-MOF-1

OH
OH

(R)-

CO2H

CO2H

1

O
O

(S)-

HO2C CO2H
32

O
O

(R)-

HO2C CO2H

HO2C CO2H

Cl

Cl

HO2C CO2H

O + Ar-NH-Me

(R)-MOF-1

50 , 48 h, CHCl3

OH

N
Ar

Me

Entry Ar Yield (%) Ee (%)
1 Ph 86 85
2 2-MeC6H4 19 43
3 3-MeC6H4 90 78
4 4-MeC6H4 94 92
5 4-MeOC6H4 87 95
6 4-ClC6H4 85 82
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Fig. 23.2 X-ray structure of (R)-MOF-2

Table 23.2 Asymmetric epoxide ring-opening of cis-stilbene oxide catalyzed by (S)-MOF-3

O +
50 , toluene

OH

N
H

Ph

Ph

Ph

Ph

(S)-MOF-3NH2

R

R

Entry R Time (h) Yield (%) Ee (%)

1 H 15 91 85

2 Me 70 78 75
3 MeO 63 70 62
4 F 63 95 89

5 Cl 63 70 58
6 Br 63 72 31

chiral ligands. (R)-MOF-2 exhibited good enantioselectivities toward the ring-
opening reaction of cis-stilbene oxide with aniline orN-methyl aniline. Zhao and co-
workers [7] reported synthesis of (S)-MOF-3 from (S)-6,6’-dichloro-2,2’-diethoxyl-
1,1’-binaphthyl-4,4’-bis(5-isophthalic acid) 3 and its good catalytic activity for
the asymmetric ring-opening reaction of cis-stilbene oxide with several anilines
(Table 23.2).

23.2.2 Oxidation of Sulfides to Sulfoxides

Tanaka and co-workers [8] described aMOF-1 catalyzed oxidation of unsymmetrical
sulfides. Various sulfides were oxidized with hydrogen peroxide or its complex with
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Table 23.3 Oxidation of sulfides to sulfoxides with hydrogen peroxide catalyzed by (R)-MOF-1

R1
S

R2

O

R1

S
R2 30% H2O2

(R)-MOF-1
(R)-

Entry R1 R2 Yield (%) Ee (%)

1 Me Ph 44 56

2 Et Ph 67 58

3 Me 4-MeC6H4 35 39

4 Me 4-MeOC6H4 69 40

5 Me 4-ClC6H4 53 41

6 Me 2-ClC6H4 6 13

7 H2C=CH Ph 15 64

8 Me 2-Naphthyl 27 65

9 Me PhCH2 79 80

10 Ph PhCH2 26 23

urea in the presence of 0.04mol%ofMOF-1 undermild conditions to give sulfoxides
with high enantioselectivity up to 80% ee in favor of the R isomer (Table 23.3). It is
important that no sulfones were formed and thatMOF-1 can be separated by simple
filtration from the reaction mixture and reused.

23.2.3 Michael Reaction

Lin and co-workers [9] extensively investigated the catalytic activities of Ru-
and Rh-complex-based BINAP-derived chiral MOFs. MOF-4·Ru was synthesized
by reaction of ZrCl4 with 4,4’-bis-(4-carboxyphenylethynyl)BINAP 4, followed
by modification of MOF-4 with [Ru(cod)(2-Me-allyl)2]. The MOF-4·Ru cata-
lyst showed impressive enantioselectivity in 1,4-addition of arylboronic acids to
cyclohex-2-en-1-one to afford (S)-3-arylcyclohexan-1-ones with yields of 80%–99%
and enantioselectivities of > 99% ee.

Enantioselective addition of phenylboronic acids to N-tosyl benzaldehyde imines
readily occurred in the presence of 3 mol% MOF-5·Rh(acac) synthesized from
ligand 5. Optically active substituted (S)-N-tosyldiphenylamines were obtained with



482 K. Tanaka

~ 99% enantioselectivity in high yield (Table 23.4) [10]. A homogeneous catalyst
used as a reference showed lower activity and asymmetric induction.

23.2.4 Cyanosilylation

Cui and co-workers [11] synthesized vanadium(V)-containing cage-type (S)-MOF-
6 with metal–salen fragments from dicarboxylic acid 6. (S)-MOF-6 showed high
enantioselectivity in addition of trimethylsilyl cyanide to aromatic and heteroaro-
matic aldehydes to form the cyanohydrin silyl ether with a high ee value in the pres-
ence of 1 mol% (S)-MOF-6 (Table 23.5). They suggested that the low ee value of the
adduct obtained fromanthracene-9-carbaldehyde could be related to steric hindrance.
A homogeneous catalyst prepared from dimethyl VO (salen) dicarboxylate showed
considerably lower asymmetric induction of 51% ee with 42.6% conversion.

23.2.5 Henry Reaction

Jiang et al. [12] reported synthesis of the three-dimensional (3D) chiral metallosalen-
based chiral MOF [Cd2(Cu(salen))(DMF)3]·DMF·3H2O (R)-MOF-7 with a one-
dimensional open channel. In the presence of 1 mol% (R)-MOF-7 and (i-Pr)2EtN as
a co-catalyst, nitromethane enantioselectively added to various aliphatic, aromatic,
and heteroaromatic aldehydes to give the corresponding (R)-adducts (Table 23.6).
For most of the reactions, the yields were high and the ee values exceeded 90%. The
exceptions were sterically hindered aldehydes, such as naphthalene-1-carbaldehyde
and anthracene-9-carbaldehyde, and 4-nitrobenzaldehyde. Pyrene-1-carbaldehyde
failed to react under the reaction conditions, presumably because of its large size,
which prevents it from accessing the catalytic sites inside the pores of (R)-MOF-7.

23.2.6 Morita–Baylis–Hillman Reaction

Hu et al. [13] reported synthesis of a chiral ionic liquid moiety of a L-pyrrolidin-
2-ylimidazole-decorated homochiral UiO-68-type MOF, followed by impregnating
UiO-68-type coordination polymer in a toluene solution of Ti(Oi-Pr)4 and subsequent
hydrolysis of the latter inside MOF-8 pores. The obtained porous TiO2@MOF-8
composite catalyst was an efficient asymmetric heterogeneous catalyst in theMorita–
Baylis–Hillman reaction. Addition of methyl acrylate to substituted benzaldehydes
in the presence of 2 mol% TiO2@MOF-8 afforded the corresponding (R)-products
in high yield with excellent enantiomeric purity (Table 23.7).
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Table 23.4 Michael addition of phenylboronic acids to N-tosyl benzaldehyde imines

PPh3
PPh3

MOF-4 Ru

PPh3

PPh3

CO2H

CO2H
4

O

+ Ar-B(OH)2

O

Ar
Ar = Ph, 3-MeOCOC6H4, 4-MeCOC6H4

40
85~87%
>99% ee

MOF-4 Ru

NH
O

MeMe
Me

MOF-5 Rh
CO2H

CO2H

H
N

O Me
Me

Me

5

+

100

MOF-5 Rh(acac)

R1

H

N
Ts

B(OH)2R2

R1

HN
Ts

R2

(continued)
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Table 23.4 (continued)

Entry R1 R2 Yield (%) Ee (%)
1 Cl H 99 98
2 Cl F 95 99
3 Cl OMe 80 97
4 H F 97 99
5 H OMe 96 97
6 OMe H 98 99
7 OMe F 99 >99

Table 23.5 Cyanosilylation of aldehydes in the presence of (S)-MOF-6

N
V

O

N

O

t-But-Bu

CO2HHO2C
O

(S)-

6

+ TMSCNAr-CHO O

CNAr

TMS
(S)-

(S)-MOF-6

0

Entry Ar Yield (%) Ee (%)
1 Ph 93 92 (S)
2 4-BrC6H4 94 92 (S)
3 4-MeC6H4 90 92 (S)
4 3-MeOC6H4 92 95 (S)
5 4-MeOC6H4 90 94 (S)
6 1-Naphthyl 91 92 (R)
7 2-Naphthyl 90 95 (S)
8 2-Thiophenyl 92 92 (S)
9 9-Anthryl 62 35 (S)
10 9-Anthryl 20 90 (S)
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Table 23.6 H reaction of aldehydes with nitromethane catalyzed by (R)-MOF-7

N
Cu

O

N

O

t-But-Bu

PhPh

CO2H

CO2H

HO2C

HO2C

7

(R)-

+ CH3NO2R-CHO
OH

R
NO2

(R)-MOF-7 (1 mol%)
(R)-

Entry R Yield (%) Ee (%)
1 n-Bu 98 91
2 cyclohexyl 84 92
3 Ph 71 95
4 2-MeC6H4 83 93
5 2-MeOC6H4 88 98
6 2-BrC6H4 75 93
7 2-NO2C6H4 73 91
8 2-furyl 86 93
9 2-pyridyl 98 93
10 1-naphthyl 31 81
11 9-anthracyl 11 45

23.2.7 Diels–Alder Reaction

In 2016, Tanaka et al. [14] prepared novel homochiral biphenol-based (R)-MOF-9 by
the solvothermal reaction of the chiral organic (R)-2,2’-dihydroxy-1,1’-binaphthyl-
4,4’-dibenzoic acid 9 ligand and Cu(NO3)2·3H2O in a mixed solvent (DMF–H2O) at
55 °C for 4 days. The MOF crystallized in the trigonal R32 space group (Fig. 23.3).
Synthesized chiral (R)-MOF-9 was found to be an effective asymmetric catalyst in
the Diels–Alder reaction between isoprene and N-ethyl maleimide, with up to 81%
yield and 75% ee. The optimized conditions for the reaction were explored, and it
was found that the best yield was obtained when the reaction was performed at 0°C
for 48 h in EtOAc solvent. The scope of the reaction was investigated with various
N-substituted maleimides with isoprene, and lower reactivity and enantioselectivity
were obtained for bulky substrates because of their weak interactions with chiral
(R)-MOF-9 (Table 23.8).
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Table 23.7 Morita–Baylis–Hillman reaction of benzaldehydes with methyl acrylate catalyzed by
TiO2@MOF-8

CO2H

CO2H

N N

HN

Cl-

8

L-
1. ZrCl4

N
N

HN

Cl-

2. TiO2

TiO2

TiO2@MOF-8

+Ar-CHO
CO2Me Ar

OH

CO2Me

TiO2@MOF-8

(R)-

Entry Ar Yield (%) Ee (%)
1 2-MeOC6H4 88 90
2 3-MeOC6H4 93 97
3 4-MeOC6H4 99 99
4 2-MeC6H4 68 85
5 3-MeC6H4 85 93
6 4-MeC6H4 97 96
7 2-NO2C6H4 44 87
8 3-NO2C6H4 56 95
9 4-NO2C6H4 64 98

Cui and co-workers [15] prepared Cr(salen)-based (R,R)-MOF-10 from (R,R)-
(−)-N,N’-bis(3-carboxyl-5-tert-butylsalicylidene)-1,2-cyclohexanediamine 10 and
demonstrated its ability as a catalyst for a variety of asymmetric organic transfor-
mations. The Diels–Alder reaction was explored with a range of methyl-substituted
dienes, which successfully reacted with acrolein in the presence of 5 mol% (R,R)-
MOF-10, affording the corresponding products with up to 91% ee (Table 23.9).
The catalytic activity of (R,R)-MOF-10 in hetero-Diels–Alder reactions was also
evaluated. The reactions proceeded smoothly with substituted benzaldehydes and
Danishefsky dienes, and the desired products were obtained with up to 79% ee
(Table 23.10).
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Fig. 23.3 X-ray structure of (R)-MOF-9

23.2.8 Friedel–Crafts Alkylation

In 2012, Lin and co-workers [16] constructed novel chiral (R)-MOF-11 with Brøn-
sted acid sites from (R)-1,1’-binaphthyl-2,2’-phosphoric acid derivative 11 and
Cu(NO3)2. (R)-MOF-11 was found to be an active catalyst for the Friedel–Crafts
reaction between indoles and N-sulfonyl aldimines. The reaction preferentially
formed the corresponding R isomer (Table 23.11). Interestingly, methyl ester ligand
11 predominantly formed the S isomer.

In 2018, Tanaka and co-workers [18] reported the first highly enantiose-
lective Friedel–Crafts alkylation of N,N-dialkylanilines with trans-β-nitrostyrene
catalyzed by homochiral (R)-MOF-12 [17] constructed from (R)-2,2’-dihydroxy-
1,1’-binaphthyl-6,6’-dicarboxylic acid 12 (Fig. 23.4). The Friedel–Crafts reaction
was explored with a range of N,N-dialkylanilines, which successfully reacted with
trans-β-nitrostyrene in the presence of 20 mol% of the evacuatedMOF, affording the
corresponding products in excellent yields (~96%) and enantioselectivities (~98%
ee) (Table 23.12). Sterically more bulky N,N-dibenzylaniline showed poor catalytic
efficiency in terms of both the product yield (5%) and enantioselectivity (26% ee).
This may be because of the weaker encapsulation of the sterically bulky reactant
in the chiral cavities of (R)-MOF-12. The catalyst was separated by filtration and
successfully used for two further catalytic cycles without loss of catalytic activity.
On the basis of the above results, the reaction was extended to pyrrole and N-methyl
pyrrole, and it was found that (R)-MOF-12 can also efficiently catalyzed the reaction
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Table 23.8 Diels–Alder reaction of isoprene with N-substituted maleimides catalyzed by (R)-
MOF-9

OH
OH

(R)-

CO2H

CO2H

9

Me
+ N

O

O

R N

O

O

R
Me(R)-MOF-9

40 , AcOEt

Entry R Yield (%) Ee (%)
1 Me 37 37
2 Et 81 75
3 n-Pr 11 5
4 Ph 17 7
5 Cyclohexyl 18 0

with β-nitrostyrene, affording both 1:1 adduct and 1:2 adduct in excellent enantiose-
lectivities and good diastereoselectivities; the results are summarized in Table 23.13.
We propose a stereochemical model for the transition state of the reaction, based on
the experimental results and the configurations of the products. The NO2 group of
β-nitrostyrene coordinates with the Lewis acidic Cu site through an oxygen atom.
Preferential attack of the para-position of N,N-dimethylaniline on the Si-face of β-
nitrostyrene in the confined spaces in (R)-MOF-12 leads to the R-configured product
(Fig. 23.5).
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Table 23.9 Asymmetric Diels–Alder reactions catalyzed by Cr(salen)-based (R,R)-MOF-10

N
Cr

O

N

O

t-But-Bu

CO2HHO2C(R,R)-

10

R2

R3

R1
N

CO2MePhH2C

+
O

Me

R2

R1

R3

CHO
Me

N
CO2MePhH2C

(R,R)-MOF-10

r.t. 24 h

Entry R1 R2 R3 Yield (%) Ee (%)
1 H H H 90 87
2 Me H H 32 86
3 H Me H 79 91
4 H H Me 30 87

Table 23.10 Asymmetric hetero-Diels–Alder reactions catalyzed by Cr(salen)-based (R,R)-MOF-
10

OSiMe3

MeO
+ ArCHO

O

O

Ar

(R,R)-MOF-10

-20

Entry Ar Yield (%) Ee (%)
1 Ph 87 78
2 2-FC6H4 89 78
3 4-FC6H4 84 79
4 4-BrC6H4 86 72
5 3-NO2C6H4 83 75
6 4-NO2C6H4 77 75
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Table 23.11 Enantioselective Friedel–Crafts reactions of indole with N-sulfonyl aldimines

HO2C CO2H

CO2HHO2C

O

O
P

O

OH
(R)-

11

N
H

+ N

R1 N
H

HN
R1R2 R2(R)-MOF-11

r.t., 48h

Entry R1 R2 Yield (%) Ee (%)
1 Bs H 39 42
2 Bs H 38 39
3 Ts H 32 44
4 Ts Br 42 40
5 Ts Cl 45 29

Fig. 23.4 X-ray structure of (R)-MOF-12
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Table 23.12 Enantioselective Friedel–Crafts reactions of dialkylanilines with β-nitrostyrene
catalyzed by (R)-MOF-12

OH
OH

HO2C

HO2C

(R)-

12

Cu(NO3)2
(R)-MOF-12

60

NO2

NO2

N
R1

R1

N
R1 R1

R2
R2

+
(R)-MOF-12

Entry R1 R2 Solv. Time (h) Yield (%) Ee (%)
1 Me H EtOH 48 95 98 (R)
2 Et H 2-PrOH 72 91 95
3 n-Pr H 2-PrOH 72 46 84
4 CH2Ph H EtOH 72 5 26
5 Me Me EtOH 48 93 97
6 Me Cl EtOH 72 56 98
7 Me OMe 2-PrOH 48 96 94
8      -(CH2)5- EtOH 72 62 99

Table 23.13 Enantio- and diastereoselective Friedel–Crafts reactions of pyrroles with β-
nitrostyrene catalyzed by (R)-MOF-12

N
R

+
(R)-MOF-12NO2

N
RO2N NO2

+
60 24 h

N
R NO2

1:1 adduct 1:2 adduct

Entry R Solv. 

1:1 adduct 1:2 adduct 

Yield (%) Ee (%) Yield(%) Ee(%)   Dr 

1 H 2-PrOH 44 75 21 93 69:31 

2 Me EtOH 44 80 15 97 81:19 
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Fig. 23.5 A plausible mechanism of the asymmetric Friedel–Crafts reaction by (R)-MOF-12

23.3 Chromatographic Enantiomer Separation

In 2012, Tanaka et al. [19, 20] reported HPLC enantiomer separation of various types
of sulfoxides, sec-alcohols, β-lactams, benzoins, flavanones, and epoxides using a
(R)-MOF-12-silica composite as the chiral stationary phase. The (R)-MOF-12-silica
composite was synthesized from a mixture of (R)-12, Cu(NO3)2, and monodis-
perse spherical silica gel (particle size 7 μm) in DMF under solvothermal condi-
tions. A suspension of the (R)-MOF-12-silica composite in hexane/2-PrOH was
slurry-packed into a stainless steel column (150 mm × 4.6 mm). The separation
factors were larger for unsubstituted and p-substituted sulfoxides than their o- and
m-substituted isomers. Thus, the shapes of the p-substituted sulfoxides matched the
cavity of (R)-MOF-12 (6.2 Å × 6.2 Å). Enantioseparation of o-substituted sulfox-
ides was incomplete, probably because of steric constraints. The (S)-isomer of the
sulfoxides eluted first, followed by the (R)-isomer in most cases. This suggests inclu-
sion of the (R)-enantiomer in the cavity of (R)-MOF-12, probably promoted by
intermolecular hydrogen-bonding interactions between the phenolic OH group of
(R)-MOF-12 and the sulfinyl group. Indeed, polar substituents, such as Cl, at the
o-position of the phenyl group disturbed this hydrogen-bond formation and led to
poor enantioselectivity (Fig. 23.6).

In 2013,Yuan et al. [21] reported successfulHPLCresolutionof racemates, such as
1-(4-chlorophenyl)ethanol, furoin, benzoin, flavanone, Troger’s base, BINOL, 1,2-
diphenyl-1,2-ethanediol, warfarin sodium, 3-benzyloxy-1,2-propanediol, and 3,5-
dinitro-N-(1-phenylethyl)benzamide using the chiral [(CH3)2NH2][CD(bpdc)1.5]
MOF as the chiral stationary phase. Tang and co-workers [22] designed a non-
interpenetrated 3D homochiral MOF using enantiopure pyridyl-functionalized salen
[(N-(4-pyridylmethyl)-l-leucine·HBr)] as a starting material. It was also used as
the chiral stationary phase for HPLC to enantioseparate racemic drugs (ibuprofen,
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Fig. 23.6 HPLC chromatograms on (R)-MOF-12 column for the separation of racemates
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Fig. 23.6 (continued)

1-phenyl-1-propanol, benzoin, ketoprofen, and naproxen), and it showed excel-
lent performance in enantioseparation. Cui et al. [23] reported two homochiral
1,10-biphenol-based MOFs with chiral dihydroxyl and dimethoxy groups, respec-
tively. A MOF containing chiral dihydroxyl auxiliaries was used as the chiral
stationary phase of HPLC for enantioseparation of 1-phenylethylamine, 1-(4-
fluorophenyl)ethylamine, 1-phenylpropylamine, and 1-naphthalen-1-yl-ethylamine.

In 2019, Tanaka et al. [24] reported a new homochiral MOF (R)-MOF-13 with
an expanded open cage (10.7 Å × 10.7 Å) (Fig. 23.7) based on the (R)-3,3’-bis(6-
carboxy-2-naphthyl)-2,2’-dihydroxy-1,1’-binaphthyl ligand and used it as a novel
chiral stationary phase for HPLC. (R)-MOF-13 showed excellent performance for
enantiomeric separation of several racemates, including sec-alcohols, sulfoxides,
epoxides, lactone, 1,3-dioxolan-2-one, and oxazolidinone, in HPLC (Fig. 23.8).
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Fig. 23.7 X-ray structure of (R)-MOF-13

23.4 Conclusions

In this review, we summarize the recent progress in synthesis of novel chiral MOFs
and their applications as heterogeneous catalysts in asymmetric reactions and as
the chiral stationary phase of HPLC. Chiral MOFs have proven to be remarkable
heterogeneous catalysts in asymmetric reactions affording high yields and excellent
enantioselectivities of reactions comparable with those of homogeneous catalysts.
Chromatographic separation with chiral MOFs has rapidly expanded in recent years,
and more suitable chiral MOFs will be designed for separation of various organic
racemates in the near future.
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Fig. 23.8 HPLC chromatograms on (R)-MOF-13 column for the separation of racemates
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Fig. 23.8 (continued)

References

1. Cook,T.R., Zheng,Y., Stang, P.J.:Metal−organic frameworks and self-assembled supramolec-
ular coordination complexes: comparing and contrasting the design, synthesis, and functionality
of metal − organic materials. Chem. Rev. 113, 734–777 (2009)

2. Ma, L., Abney, C., Lin, W.: Enatioselective catalysis with homochiral metal–organic frame-
works. Chem. Soc. Rev. 38, 1248–1256 (2009)

3. Peluso, P., Mamane, V., Cossu, S.: Homochiral metal-organic frameworks and their application
in chromatography enantioseparation. J. Chromatogr. A 1363, 11–26 (2014)

4. Tanaka, K., Oda, S., Shiro, M.: A novel chiral porous metal–organic framework: Asymmetric
ringopening reactionof epoxidewith amine in the chiral open space.Chem.Commun., 820–822
(2008)

5. Tanaka, K., Kinoshita,M., Kayahara, J., Uebayashi, Y., Nakaji, K.,Morrawiak,M., Urbanczyk-
Lipkowska, Z.: Asymmetric ring-opening reaction of meso-epoxides with aromatic amines
using homochiral metal–organic frameworks as recyclable heterogeneous catalysts. RSC Adv.
8, 28146–28159 (2018)

6. Doitomi, K., Xu, K., Hirao, H.: The mechanism of an asymmetric ring-opening reaction of
epoxidewith amine catalyzed by ametal–organic framework: insights from combined quantum
mechanics and molecular mechanics calculations. Dalton Trans. 46, 3470–3481 (2017)

7. Regati, S., He, Y., Thimmaiah, M., Li, P., Xiang, S., Chen, B., Cong-Gui Zhao, J.: Enan-
tioselective ring-opening of meso-epoxides by aromatic amines catalyzed by a homochiral
metal–organic framework. Chem. Commun., 49, 9836–9838 (2013)

8. Tanaka, K., Kubo, K., Iida, K., Otani, K., Murase, T., Yanamoto, D., Shiro, M.: Asymmetric
catalytic sulfoxidationwithH2O2 using chiral coppermetal–organic framework crystals. Asian
J. Org. Chem. 2, 1055–1060 (2013)

9. Falkowski, J.M., Sawano, T., Zhang, T., Tsun, G., Chen, Y., Lockard, J.V., Lin, W.: Privi-
leged phosphine-based metal–organic frameworks for broad-scope asymmetric catalysis. J.
Am. Chem. Soc. 136, 5213–5216 (2014)

10. Sawano, T., Ji, P., McIsaac, A.R., Lin, Z., Abney, C.W., Lin, W.: The first chiral diene-
based metal–organic frameworks for highly enantioselective carbon–carbon bond formation
reactions. Chem. Sci. 6, 7163–7168 (2015)

11. Xi, W., Liu, Y., Xia, Q., Li, Z., Cui, Y.: Direct and post-synthesis incorporation of chiral
metallosalen catalysts into metal–organic frameworks for asymmetric organic transformations.
Chem. Eur. J. 21, 12581–12585 (2015)

12. Fan, Y., Ren, Y., Li, J., Yue, C., Jiang, H.: Enhanced activity and enantioselectivity of Henry
reaction by the postsynthetic reductionmodification for a chiral Cu(salen)-basedmetal–organic
framework. Inorg. Chem. 57, 11986–11994 (2018)



498 K. Tanaka

13. Hu, Y., Liu, C., Wang, J., Ren, X., Kan, X., Dong, Y.: TiO2@UiO-68-CIL: A metal–organic-
framework-based bifunctional composite catalyst for a one-pot sequential asymmetric Morita–
Baylis–Hillman reaction. Inorg. Chem. 58, 4722–4730 (2019)

14. Tanaka, K., Nagase, S., Anami, T., Wierzbick, M., Urbanczyk-Lipkowska, Z.: Enantioselective
Diels-Alder reaction in the confined space of homochiral metal–organic frameworks. RSCAdv.
6, 111436–111439 (2016)

15. Xia, Q., Liu, Y., Li, Z., Gong, W., Cui, Y.: A Cr(salen)-based metal–organic framework as a
versatile catalyst for efficient asymmetric transformations. Chem. Commun. 52, 13167–13170
(2016)

16. Zheng, M., Liu, Y., Wang, C., Liu, S., Lin, W.: Cavity-induced enantioselectivity reversal in a
chiral metal–organic framework Brønsted acid catalyst. Chem. Sci. 3, 2623–2627 (2012)

17. Cui, Y., Ngo, H.L., White, P.S., Lin, W.: Homochiral 3D open frameworks assembled from 1-
and 2-D coordination polymers. Chem. Comm., 994–995 (2003)

18. Tanaka, K., Sakuragi, K., Ozaki, H., Takada, Y.: Highly enantioselective Friedel-Crafts alkyla-
tion of N, N-dialkylanilines with trans-β-nitrostyrene catalyzed by a homochiral metal–organic
framework. Chem. Commun. 54, 6328–6331 (2018)

19. Tanaka, K., Muraoka, T., Hirayama, D., Ohnishi, A.: Highly efficient chromatographic reso-
lution of sulfoxides using a new homochiral MOF–silica composite. Chem. Commun. 48,
8577–8579 (2012)

20. Tanaka, K., Muraoka, T., Otubo, Y., Takahashi, H., Ohnishi, A.: HPLC enantioseparation on
a homochiral MOF–silica composite as a novel chiral stationary phase. RSC Adv. 6, 21293–
21301 (2016)

21. Zhang, M., Pu, Z., Chen, X., Gong, X., Zhu, A., Yuan, L.: Chiral recognition of a 3D chiral
nanoporous metal–organic framework. Chem. Commun. 49, 5201–5203 (2013)

22. Kuang, X., Ma, Y., Su, H., Zhang, J., Dong, Y., Tang, B.: High-performance liquid chromato-
graphic enantioseparation of racemic drugs based on homochiral metal–organic framework.
Anal. Chem. 86, 1277–1281 (2014)

23. Peng, Y., Gong, T., Zhang, K., Lin, X., Liu, Y., Jiang, J., Cui, Y.: Engineering chiral porous
metal–organic frameworks for enantioselective adsorption and separation. Nat. Commun. 5,
4406 (2014)

24. Tanaka, K., Kawakita, T., Morawiak, M., Urbanczyk-Lipkowska, Z.: A novel homochiral
metal–organic framework with an expanded open cage based on (R)-3,3’-bis(6-carboxy-
2-naphthyl)-2,2’-dihydroxy-1,1’-binaphthyl: synthesis, X-ray structure and efficient HPLC
enantiomer separation. CrystEngComm 21, 487–493 (2019)



Part V
Solid-State Reaction



Chapter 24
Solid-State Polymerization of Conjugated
Acetylene Compounds to Form
π-Conjugated Polymers

Shuji Okada, Yoko Tatewaki, and Ryohei Yamakado

Abstract Since polydiacetylene derivatives are synthesized by the solid-state poly-
merization of butadiynemonomers, the structures of themonomers determining their
alignment in the crystals are very important. By applying themolecular design strate-
gies to obtain polymerizable monomers, several monomers with interesting struc-
tures and properties, i.e., monomers with electron-donating aromatic rings directly
attached to the butadiyne moiety, gel-formable butadiyne monomers with 3,4,5-
alkyloxyphenyl groups, monomers with a phenylene group sandwiched by two
butadiyne moieties, and a ring monomer with two butadiyne moieties to form a
tubular polymer, were synthesized and characterized.

Keywords Acetylenic compound · Solid-state polymerization · Polydiacetylene ·
Donor substituent · Gel · Tubular polymer

24.1 Introduction

π- Conjugated polymers are quite important materials for electronics and photonics,
and their applications are based on electrical conducting and semiconducting prop-
erties, linear and nonlinear optical properties, photovoltaic property, etc. Similar to
conventional polymers, most of π-conjugated polymers are synthesized in the solu-
tion state. Meanwhile, polydiacetylene is a unique π-conjugated polymer obtained
by the solid-state polymerization of butadiyne monomers. Although some butadiyne
monomers have been known to give colored materials in their crystalline states [1],
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Fig. 24.1 Solid-state
polymerization scheme of
butadiyne monomers (left) to
the corresponding
polydiacetylene (right).
Distance d and angle θ are
the packing parameters of
the monomers. The
appropriate conditions for
the polymerization are d ≈ 5
Å and θ ≈ 45°

the reaction and the productswere first clarified byG.Wegner [2]. Themonomer used
was hexa-2,4-diyne-1,6-diyl bis(p-toluenesulfonate) (PTS), and the crystal reacted
thermally was subjected by X-ray crystallographic analysis. The reaction scheme
was explained to be 1,4-addition polymerization of butadiyne monomers to give
polymers with a π-conjugated backbone composed of the alternating sequence of
the carbon-carbon double and triple bonds. Since the mobile range of molecules
in the crystals is limited, monomer arrangement in the crystals is definitely impor-
tant for smooth progress of the polymerization in the crystals. The conditions for
the solid-state polymerization of the butadiyne monomers to give polydiacetylenes
have been found as follows: Distance d between the adjacent monomer molecules
along the translation direction, which coincides to the polymerization direction, is
approximately 5 Å, and angle θ between the translation direction and the direction
of the linear butadiyne rod structure in the monomer is approximately 45° as shown
in Fig. 24.1 [3, 4]. Hereafter, in this chapter, butadiyne moieties and their conjugated
substituents are shown in magenta color, and polydiacetylene backbones are shown
in blue color in the chemical structures. The polymerization can be stimulated by
thermal treatment, photoirradiation, and irradiation of high-energy electromagnetic
waves such as X-ray and γ -ray, depending on the monomers. Since the polymer-
ization progresses under the crystal lattice control, i.e., generally topochemical, and
topotactic in some cases, the stereoregular polymer structures are obtained. From the
point of view of polymer synthesis, stereoregular synthesis is one of the important
subjects, and the solid-state polymerization satisfies this point. Another important
issue in polymer synthesis is the molecular-weight control. Since the polymeriza-
tion direction in the crystals is fixed along a certain crystallographic axis, we can
control the molecular weight by the length of the crystal along the polymerization
direction. In the two-dimensional crystals, synthesis of a polydiacetylene molecule
by polymerization from a stimulated monomer to the monomer beside a defect has
been demonstrated [5]. Nanocrystals of butadiyne monomers with controlled sizes
are also useful to prepare molecular-weight-controlled polydiacetylenes when the
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polymerization occurs from one crystal surface to the other surface on the opposite
side [6, 7].

Due to the formation of the π-conjugated backbones after the polymerization,
the resulting polydiacetylenes usually have the excitonic absorption bands with the
maxima in the wavelength region approximately between 500 and 700 nm, showing
characteristic blue to red colors. As mentioned later, when the materials after the
solid-state reaction of butadiyne derivatives do not show such characteristic bands,
the reaction may not proceed in the 1,4-addtion manner to form the polydiacety-
lene structure. Although the backbone structure of polydiacetylene is fixed to the
ene-yne alternating sequence, its color varies depending on the structural conditions.
Generally, it is believed that blue color corresponds to planer extended π-conjugated
backbone and red color corresponds to slightly disordered or undulatedπ-conjugated
backbone, respectively. Thus, the polymer color can be altered through conforma-
tional changes of the substituents triggered by external stimuli,which result in confor-
mational changes of theπ-conjugated backbone. Based on this mechanism, a variety
of bio- and chemo-sensors have been developed [8, 9].

Meanwhile, applications of polydiacetylenes for electronics and photonics have
been started first as third-order nonlinear optical materials. In 1969, the third-order
nonlinear optical susceptibilities (χ (3)s) of polydiacetylenes evaluated by third-
harmonic generation (THG) were reported to be comparable to or more than those
of semiconductors, which have been known as the materials with large χ (3)s [10].
On the other hand, although many of π-conjugated polymers have been investigated
as conducting polymers, electrical conductivities of polydiacetylenes are generally
poor. This is because high crystallinity of the polymer prevents dopant immersion
and effective chemical doping of the π-conjugated backbones cannot be achieved.
Semiconducting electrical conductivities in the crystalline states were reported, for
example, for the polydiacetylene obtained by polymerization of the doped monomer
crystals or doping during polymerization [11].

In this article, we review some polydiacetylenes prepared to improve their phys-
ical properties. The first topic contains polydiacetylenes substituted by electron-
donating aromatic rings directly bound to the backbone. They may be used as
hole-transport materials. Also, if they form charge-transfer complexes by combining
with appropriate electron-accepting species, electrically conducting monomers and
polymers may be obtained. The second topic is related to polydiacetylenes with
fibrous morphology. When the π-conjugated backbones are formed along the fiber
direction, the resulting fibrous crystals may be used as conducting wires for molec-
ular electronics. The third topic is related to polymerization of the monomers with
two butadiyne moieties, which may give ladder-type polydiacetylenes with unique
properties.
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24.2 Aryl-Substituted Butadiyne Monomers

In order to develop materials for all-optical switching devices, studies on further
improvement of the third-order nonlinear optical properties of polydiacetylenes were
performed. Although it was clearly demonstrated that the large χ (3)s were originated
from polarization along theπ-conjugated backbones, their enhancement has not been
easy because the substituents of the conventional polydiacetylenes are composed of
methylene chains and the π-conjugated backbone structures are quite similar among
them. Thus, attachment of π-conjugated substituents to the backbone to modify
the π-conjugated structures was proposed to increase χ (3)s. However, in the early
stage of the research on polydiacetylenes, only few diphenylbutadiyne derivatives
were known to be polymerizable in the solid state [12, 13]. Many of diphenylbu-
tadiyne monomers do not align in the polymerizable stack in the crystals resulting in
stable compounds. In order to obtain polymerizable butadiyne monomers with one
aromatic ring at least, key structures for the polymerizable stackswere extracted from
the crystal structures of the polymerizable monomers. They were methylene group
with the bent structure for easy stacking, the alkyl chain for intermolecular packing,
urethane or amide groups to form intermolecular hydrogen bonding, and fluorinated
aromatics with the characteristic electronic effect [14]. By using these structural
features, various polydiacetylenes withπ-conjugation between the backbone and the
substituents have been prepared and characterized [15]. For example, symmetrical
diphenylbutadiyne derivatives with fluorinated substituents such as fluorine atoms or
trifluoromethyl groups were often found to be polymerizable [16] although polymer-
ization probabilities of asymmetrical derivatives with one fluorinated phenyl group
became low [17]. Introduction of urethane group in the alkyl substituent has been
known to be effective to obtain polydiacetylenes from symmetrically substituted
monomers [18], and polymerization probabilities of arylbutadiyne derivatives were
found to be improved by attaching the alkyl-urethane group [19, 20]. By using this
urethane substituent effect, the solid-state polymerization of butadiyne derivatives
with electron-donating aromatic rings were studied.

24.2.1 Aniline and Carbazole Derivatives

Aniline and carbazole rings work as electron-donating substituents. Thus,
4-(dimethylamino)phenyl [21, 22], 4-(N-carbazolyl)phenyl [23], and 3-(N-
phenyl)carbazolyl [24] groups were introduced as one of the butadiyne substituents,
and the other substituent contained butylene and urethane groups (Fig. 24.2).
Although all compounds prepared showed absorption in the visible region after
UV irradiation, their diffuse reflectance spectra were able to be roughly classified
into two types. One is the spectra with absorption maxima in the wavelength range
between 580 and 672 nm (Fig. 24.3a). This type of absorption is typical for polydi-
acetylenes as mentioned in the introduction. The other spectra showed absorbance
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Fig. 24.2 Structures of butadiyne monomers with 4-(dimethylamino)phenyl, 4-(N-
carbazolyl)phenyl or 3-(N-phenyl)carbazolyl group

Fig. 24.3 Typical examples of two types of diffuse reflectance spectra of the butadiyne derivatives
obtained during irradiation of UV light at 254 nm: a Spectra of 1b with absorption maxima in the
visible region and b spectra of 1d without no absorption maxima in the visible region

increase from the absorption edge to the shorter-wavelength side without absorp-
tion maxima in the visible region (Fig. 24.3b). Absorption of this type is often
observed for mono-substituted butadiyne derivatives [25, 26]. Although these spec-
tral differences have been recognized [27], the structural differences have not been
clearly explained. Fortunately, since eight crystal structures of compounds 1 and 2
were able to be solved, the relation between the absorption spectra and the reac-
tion scheme was found. Table 24.1 summarizes some important data obtained by
the X-ray crystallographic analysis to explain the polymerization scheme and the
absorptionmaximumof the polymers.Geometrical relations of the distances between
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(a) (b)

C3•••C4 

C1•••C2 

C1•••C4 

4 
3 
2 
1 

Fig. 24.4 Reacting carbons of adjacent butadiyne monomers for a 1,2-addition and b 1,4-addition,
respectively. Substituent R corresponds to aryl groups of compounds 1 and 2, and butadiyne carbons
are numbered from the R’ side. Symbol Cm· · ·Cn indicates the distance between carbon m and
carbon n between the adjacent monomers

acetylenic carbons of the adjacentmonomers are shown in Fig. 24.4. Distances C1· · ·
C2 and C3· · ·C4 (d12) in Fig. 24.4a are related to reactivity via the 1,2-addition
scheme while distance C1· · ·C4 (d14) in Fig. 24.4b is for the 1,4-addition scheme.
Focusing on the compounds showing absorption maxima, ds are 4.99–5.19 Å near 5
Å and θs are 45.7–51.6° near 45°, which satisfy the condition for 1,4-addition poly-
merization. In these compounds, the d14s are shorter than the corresponding d12s,
suggesting 1,4-addition is much easier. Among the compounds without absorption
maximum, 1e has a large d value of 5.94 Å, which is an obstacle for the polymer-
ization. From the point of view of the monomer alignment, all analyzed monomers
except 1e have intermolecular hydrogen bonding between the urethane groups along
the monomer stacking direction. However, for 1e, the hydrogen-bonding direction
and the stacking direction are different, which causes the large d value. For 1d and 2e,
the d14s are longer than the corresponding d12s, which induces 1,2-addition rather
than 1,4-addition. From these results, it is concluded that the absorption bands in
the visible region like in Fig. 24.3a are essential for the polydiacetylene structure
obtained by 1,4-addition. For the monomer showing the spectra like in Fig. 24.3b,
the regular polydiacetylene structure should not be obtained. It is interesting that
all-trans conformation of butylene in the monomers is not essential in the regularly
polymerizable stack.

Except for themonomers in Table 24.1, 2g, 2h, 3e, 3f, 3g, and 3h showed excitonic
absorption bands of polydiacetylene, while 1h and 3a did not. Regarding to the hole-
transport property, higher HOMO levels are important. For the monomers, the DFT
calculation results suggested that the HOMO energy order from lower to higher
levels was 2 < 3 < 1. However, measured ionization potentials of the polymerized 1c,
2 h, and 3e were 5.9, 5.4, and 5.2 eV, respectively. Thus, the HOMO energy order
of the polymers was estimated to be 1 < 2 < 3. One of the possible reasons for the
experimental low HOMO level of the polymer of 1 may be its oxidation due to the
higher HOMO level than the others. Since the ionization potential of polydiacetylene
from 1,6-di(N-carbazolyl)butadiyne (DCHD) [28], which is a well-known monomer
substituted by carbazolyl groups without conjugation to the butadiyne moiety, was
obtained to be 6.2 eV in the same measuring conditions, the conjugation effect of
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carbazolyl group to the polymer backbone in 2 and 3 seemed to be effective to elevate
the HOMO levels.

As was demonstrated by the calculation results on the HOMO levels, 1 has
the highest energy among them, and formation of the charge-transfer complexes
with electron acceptors was expected. However, strong acceptors such as tetracya-
noethylene (TCNE) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) were reported
to react with ethynylaniline derivatives [29, 30]. Thus, weaker acceptors of
2,4,7-trinitrofluorenone (TNF), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ),
p-benzoquinone, and chloranil were mixed with 1h [21]. When solution of 1h was
combined with acceptor solutions, the color changes were clearly observed for TNF
andDDQ. From their NMR studies, it was found that TNF formed the charge-transfer
complex with 1h but DDQ reacted with 1h to give a product with a cyclobutene ring
due to the [2+ 2] cycloaddition of –C≡C– in 1h and –CCN=CCN– in DDQ. Even in
the case of weaker acceptors of p-benzoquinone and chloranil, their co-grinding with
1h resulted in color-changed products due to charge-transfer complex formation. All
products from 1h, i.e., the adduct with DDQ and the charge-transfer complexes with
TNF, p-benzoquinone, and chloranil, showed a broad absorption band in the visible
region in their diffuse reflectance spectra, and the absorption edge wavelengths were
between approximately 750 and 1000 nm, depending on the compounds.

24.2.2 Pyrene Derivatives

Pyrene is an aromatic hydrocarbon with electron-donating ability and fluorescent
property, and 1-pyrenyl group was introduced as a substituent of butadiyne as shown
in Fig. 24.5. When UV light at 254 nm was irradiated to yellowish compound 4,
the color turned green [31]. From the absorption spectra, it was found that the
new band with the maximum at approximately 620 nm appeared by UV irradia-
tion, and this band was assigned to the polydiacetylene structure. Greenish color of
the polymer is explained by the color mixing of yellow from the pyrenyl group and
blue from the polymer backbone. Since the absorption edge wavelength of monomer

Fig. 24.5 Structures of butadiyne monomers with 1-pyrenyl group
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4 is longer than 400 nm, photopolymerization can be stimulated even by UV light
at 302 and 365 nm, which is contrast to the polymerization of the conventional
butadiyne monomers. This clearly indicates the conjugation effect of the pyrenyl
group to the butadiyne moiety. Since the absorption spectra of the polymers obtained
by irradiation of the UV light at different wavelengths almost coincided, the polymer
structures were found to be the same irrespective of the irradiated wavelength.

Synthesis of compounds 5a and 5bwith the alanine residue at the endwas inspired
by the butadiyne derivatives with an alkyl group instead of the pyrenyl group of 5a
and 5b, which formed nanoassembled structures [32]. Upon irradiation of UV light at
254 or 365 nm, 5a polymerized to be the polydiacetylene with absorption maximum
at 624 nm while 5b polymerized in irregular manner [33]. For these compounds,
the reprecipitation method [34], in which acetone solution of the compound was
injected into pure water with vigorous stirring, was applied to form nanoaggregates.
The sizes of nanoaggregates prepared at ambient temperature were approximately
105 nm for 5a and 50 nm for 5b, which increased by elevating temperature. When
the preparation temperature was set at 60 °C, a part of 5a coagulated to form helical
nanoribbon structures with the typical width and length of approximately 100 nm and
more than 1 μm, respectively. The origin of the helicity is considered to be chirality
of the alanine residue. For 5b, circle domain structures with the size of hundreds
of nanometers were observed. Upon UV irradiation, both aggregates did not show
characteristic bands of polydiacetylene suggesting that the main reaction was not
1,4-addition. Namely, monomer stacking structures of 5a are different between the
crystals and the nanoaggregates.

24.2.3 Tetrathiafulvalene Derivative

Tetrathiafulvalene (TTF) is a strong electron donor, which is often used to prepare
charge-transfer complexes by combining with electron acceptors like TCNQ. Thus,
monomer 6with the TTFmoiety in Fig. 24.6 was synthesized, and its polymerization
behaviors were investigated in the crystals and the nanoaggregates [35]. Size of the
nanoaggregates obtained by the reprecipitation method was 80 ± 10 nm. Although
6 in the crystalline state showed the absorption band at approximately 580 nm upon

Fig. 24.6 Structure of a monomer with a butadiyne moiety connected to a tetrathiafulvalene ring
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irradiation of UV light at 254 nm, no absorption peaks were observed for the nanoag-
gregates in the same condition, indicating different stacking structures between the
crystals and the nanoaggregates. The charge-transfer complex of 6with 2,5-difluoro-
7,7,8,8-tetracyanoquinodimethane (F2TCNQ) in the nanoaggregate states was also
prepared by the reprecipitation method using acetone solution of 6 and F2TCNQ
in the mixing ratio of 1:1 for injection to pure water. The nanoaggregate size was
approximately 140 ± 70 nm. Since the absorption bands in the visible-NIR spectra,
assigned to TTF radical cation and F2TCNQ radical anion, were confirmed, the
charge-transfer complex seemed to be formed. However, upon UV irradiation, the
complexedmonomer showed absorption decrease suggesting that the charge-transfer
state was decomposed and the regular solid-state polymerization did not progress at
least.

24.3 Monomers Showing Fibrous Morphology

When we can prepare fibrous crystals of butadiyne monomers and stimulate the
solid-state polymerization along the fibrous direction, fibers with large mechanical
strength may be realized. In addition, they may be also used as conducting wires
for molecular electronics, if fiber diameters are down to a nanoscale and appropriate
doping is carried out. When nanowires are prepared in solvent in high concentration,
the gel state generally appears. Although some gel-formable polydiacetylenes have
been reported [36–38], the monomer structures were slightly complicated. Thus,
simplified structures were designed. Since 3,4,5-alkyloxyphenyl group, which can
be derived from gallic acid, is a useful substituent for nanoassembling of functional
species, it was introduced at both ends of the butadiyne monomers [39, 40]. Urethane
or amide groupswere placed between the endgroups and the central butadiynemoiety
to ensure the formation of the polymerizable stacks by intermolecular hydrogen
bonding. Structures of the related monomers are shown in Fig. 24.7.

In monomers 7 and 8, the methylene numbers between butadiyne and urethane
moieties are different, i.e., four for 7 and three for 8, respectively. The C=O vibra-
tion of 7 and 8 with dodecyloxy groups is approximately 1700 cm−1, while that of
the corresponding methoxy derivatives is approximately 1725 cm−1, indicating that
intermolecular hydrogen bonding becomes stronger by attaching long alkyl chains.
However, there is large difference in themelting points of 7 and 8, i.e., 74 and 109 °C,
respectively, and stacking difference depending on the methylene chain number was
found to be also an important factor for determining the physical properties besides
the hydrogen bonding. Upon UV irradiation, the absorption bands at the longest
wavelength of both monomers appear approximately at 580 nm. Conversion from a
monomer to the corresponding polymer by γ -ray irradiation of 7 was higher than
that of 8. For monomers 9–11, the hydrogen-bonding group was changed to amide
group, and its direction and position were changed. The melting points reflecting
crystallization states were investigated using DSC in detail, and, at least, two poly-
morphs were found for each of 9–11. Upon UV irradiation, the absorption bands
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Fig. 24.7 Structures of butadiyne monomers with 3,4,5-tri(dodecyloxy)phenyl groups

at the longest wavelength of 9, 9, 10, and 11 were approximately at 640, 570, and
530 nm, respectively, and these wavelengths varied depending on the crystallization
conditions except for 11.

Gel formation was confirmed as follows. The solution with a determined concen-
tration was prepared in a test tube and was cooled in an ice bath. When the test
tubes were turned upside down and the materials inside did not flow and was fixed,
the mixture was decided to be in the gel state. For chloroform and tetrahydrofuran,
all compounds did not form gels even in the solution with the 5wt% concentration.
The results for other solvents are summarized in Table 24.2. In these experimental
conditions, the urethane derivatives form gels in carbon tetrachloride and toluene but
not in diethyl ether. Meanwhile, opposite results were obtained for the amide deriva-
tives. In general, transparent or translucent gels were formed in nonpolar solvents,
and opaque gels were formed in polar solvents. These appearance differences were
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Table 24.2 Gel formability of 7–11 in various solvents

Solvent Gel formabilitya

7 8 9 10 11

Hexane T(1) T(1) T(2) T(3) T(1)

Cyclohexane T(1) T(1) T(3) T(3) T(3)

Carbon tetrachloride T(2) T(1) – – –

Toluene T(2) T(2) – – –

Diethyl ether – – T(2) O(3) O(2)

Ethyl acetate O(1) O(1) O(2) O(1) O(2)

Acetone O(2) O(1) O(1) O(1) O(2)

Ethanol – O(1) O(1) O(5) O(1)

aSymbols for the gel formability: T, formation of transparent or translucent gels; O, formation of
opaque gels; –, no gel formation even in the 5wt% concentration solution. Numbers in parentheses
are minimum concentration for gel formation in wt%

originated from their nanostructures, which were confirmed by the SEM observa-
tion of the corresponding xerogels. For the transparent or translucent gels, the fibers
thinner than 100 nm were observed (Fig. 24.8a). However, for the opaque gels, the
fibers thicker than 400 nm, which is comparable to the visible-light wavelengths,
were found (Fig. 24.8b), and they causes light scattering. All these gels were found
to be photopolymerizable. Although gels from 7 and 8 were reported to be nonpoly-
merizable [39], their polymerizable gels were able to be obtained in the conditions
different from the reported ones.

(b) (a) 

Fig. 24.8 SEM images of xerogels of 10 obtained from a cyclohexane and b ethyl acetate. They
correspond to transparent and opaque gels, respectively. Reprinted with permission from ref. [40].
Copyright 2017 by the Chemical Society of Japan
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24.4 Monomers with Two Butadiyne Moieties

When the monomers have two polymerizable moieties and are fully polymerized,
one-dimensional ladder polymers or two-dimensional network polymers can be
obtained depending on the monomer structures and the polymerization sites, which
will be discussed later. Stepwise polymerization scheme of the monomers with two
butadiynemoieties to form the ladder polymers are displayed in Fig. 24.9. In previous
studies, the monomers with two butadiyne moieties have already been synthesized.
For monomers with two butadiyne moieties connected by a methylene chain, both
moieties reacted to give the ladder polymer when the methylene numbers are eight
and four. When the methylene number is two, only one butadiyne moiety reacted
to form the single-chain polydiacetylene. This result suggested that polymeriza-
tion of a butadiyne moiety affects the conformation of another butadiyne near the
polymerized butadiyne moiety [41]. Similar interference between two butadiyne
moieties was also observed for the monomers with two diphenylbutadiyne moieties
and amide groups [42]. Meanwhile, polymerization of the monomers with two
butadiyne moieties connected by acetylene sequence of –(C≡C)n– was also inves-
tigated. For the monomer with n = 0, i.e., octatetrayne, asymmetric polymerization
was progressed, and butadiynyl-substituted polydiacetylene with deep blue color
was first formed [43]. The further polymerization stimulated by the thermal treat-
ment gave less-crystalline brownish polymers [44]. For the monomers with n = 1
and 2, i.e., decapentayne and dodecahexayne [45, 46], the first step of polymeriza-
tion is the same as the tetrayne derivatives, and the second step of polymerization
also progressed to form ladder polymers, in which two conjugated backbones were

Fig. 24.9 Stepwise polymerization scheme of the monomers with two butadiyne moieties to form
the ladder-type polydiacetylene. A monomer and the corresponding monomer unit are highlighted.
One of the butadiyne moieties of the monomer (left) polymerizes via 1,4-addition to form single-
chain polydiacetylene (middle), in which butadiyne moieties remains in the substituents. The
following 1,4-addition polymerization of the butadiynemoieties in the substituents gives ladder-type
polydiacetylene (right)
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connected by conjugated acetylenes in each repeating unit. The resulting polymers
showed unique absorption bands at the longer wavelength than the excitonic bands
of the polydiacetylene, which were considered to be originated from π-conjugation
between twoπ-conjugated backbones. On the other hand, in the case of themonomer
with two butadiynemoieties connected by –(CH=CH)3– in the all-trans form, regular
polymerization did not occur [47].

24.4.1 Monomers with Phenylene Linkage

As mentioned above, when the π-conjugated linkage is introduced between
two butadiyne moieties, π-conjugation between two polydiacetylene backbones
is expected. Since phenylene group can be another π-conjugated linkage, the
related compounds of 12 and 13 in Fig. 24.10 with phenylene and 2,3,5,6-
tetrafluorophenylene groups, respectively, were synthesized, and their polymeriza-
tion behaviors were studied [48]. It was found that 12 was photostable and 13 poly-
merized to give the single-chain polydiacetylene, whose further polymerization was
impossible. Thus, two approaches were performed to change their polymerization
conditions.

The first one was cocrystallization of these two monomers [49]. Solid-state poly-
merization of the cocrystals affords copolymers of polydiacetylene, whose proper-
ties may be modified depending on the mixing ratio of the comonomers. Although
the monomer structures of 12 and 13 are the same except the central phenylene
groups, their crystal structures are apparently different because of different polymer-
ization behaviors. Thus, cocrystallization conditions were first investigated. Single
melting point and single crystal-structure of the crystals were confirmed by the DSC
and powder X-ray diffraction measurements, respectively, as evidences of cocrystal
formation. The cocrystals of 12 and 13 were prepared by the slow-evaporation
method using dichloromethane. The melting points of 12 and 13 are 120 and 140 °C,
respectively. When the molar mixing ratio of 13 was low, two endothermic peaks
were observed in the temperature range up to 150 °C in the DSC thermograms.
However, when the molar mixing ratio of 13 was approximately 60% or more,

Fig. 24.10 Structures of bis(butadiynyl)benzene derivatives



24 Solid-State Polymerization of Conjugated … 515

Fig. 24.11 Structures of bis(hexatriynyl)benzene derivatives

single melting point around 140 °C was observed. Because of the specific interac-
tion between arenes and the corresponding perfluoroarenes [50], formation of the
1:1 cocrystals was considered. However, this cocrystal combination was found to be
not the case. In the powder X-ray diffraction experiments, both diffraction peaks of
12 and 13were observed when the molar ratio of 13was low. However, as the molar
ratio of 13 increased, the diffraction peaks corresponding to 12 disappeared and only
the diffraction peaks similar to 13 remained. This indicates that 12 is incorporated in
the crystal lattice of 13. Actually, the cocrystals with the 3:7 mixing ratio of 12:13
were found to be photopolymerizable to show the absorption band around 700 nm.

The second approachwas to extend conjugated acetylenicmoieties frombutadiyne
to hexatriyne [51]. Generally, reactivity of butadiyne derivatives is less than that of
the corresponding more acetylene-conjugated compounds. Accordingly, hexatriyne
derivatives 14 and 15 in Fig. 24.11 were expected to be more reactive than the corre-
sponding butadiyne derivatives 12 and 13, respectively. Actually, in addition to 15,
polymerization of 14 was also confirmed irrespective of no polymerization of the
corresponding butadiyne derivative 12. Photopolymerization of these monomers was
able to be stimulated by irradiation of UV light at 254 and 365 nm. Upon irradiation
of UV light at 254 nm, 14 first showed the absorption peaks at 637 and 586 nmwith a
shoulder band at the longerwavelength of approximately 690 nm.The similar absorp-
tion bands were also observed when irradiated with UV light at 365 nm. In contrast,
15 showed different absorption spectra depending on the irradiated wavelengths.
When 15 was irradiated with UV light at 254 nm, the absorption peak at 622 nm
with a shoulder band at approximately 580 nm, whose structures were similar to the
absorption peaks at 637 and 586 nm of 14 and characteristic of polydiacetylene, were
observed. Meanwhile, upon irradiation of UV light at 365 nm to 15, the absorption
peak appeared at the wavelength approximately 100 nm longer, i.e., a small band
at 743 nm with the broad band at 654 nm. Although the reason for the different
behavior of 15 depending on the irradiated wavelengths is unclear, the produced
polymer with absorption at the longer wavelengths may be unstable to UV light at
254 nm. From the FT-IR spectra to monitor intensity changes of the C≡C stretching
vibration peak depending on UV irradiation time, conversion of 14 by UV light at
254 nm was found to be low but that of 15 by UV light at 365 nm was estimated
to be approximately 60%. This meant approximately half of the hexatriyne moieties
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reacted. From the detailed analysis of 15 using 13C-NMR spectra, it was clarified
that one of two hexatriyne moieties reacted to form the single-chain polydiacety-
lene. The 1,4-polymerization sites were found to be at the first acetylenic carbon
next to the methylene chain and the fourth acetylenic carbon from the methylene
chain, i.e., polydiacetylene substituted by 2-[4-(hexatriynyl)phenyl]ethynyl groups
was formed. Although further polymerization was attempted on cocrystals of 13
with 12 and crystals of 14 and 15, it was hard to obtain the polymers with two
polydiacetylene backbones linked by arylene groups from these monomers.

24.4.2 Ring Monomer with Nonconjugated Linkage

As ladder polymers are obtained from linear monomers with two butadiyne moieties,
tubular polymers are expected to be formed from ring monomers with butadiyne
moieties. There were several examples of the ring monomers with one or two
butadiyne moieties [13, 52, 53]. If some parts of the ring structure are composed of
methylene chains, the resulting tubular polymers seem to be soft in contrast to rigid
tubular polymers like carbon nanotubes. Molecular inclusion ability in the polymer
tubes may show interesting phenomena such as specific molecular transport and
specific interaction between the tube wall and included molecules.

As described in Sect. 24.3, butadiyne derivatives with 3,4,5-alkyloxyphenyl
groups at ends give polydiacetylenes with nanofibrous morphology. Based on
this molecular design, synthesis of a tubular polydiacetylene was planned [54].
Compound 10 was selected as a basic structure, and one of dodecyl groups on
the phenyl rings was converted to the nonylene linkage by design to connect two
butadiyne derivatives, resulting in a ring monomer 16 (Fig. 24.12). It was actually
synthesized by the copper-catalyzed oxidative coupling reaction of the precursor
17 (Fig. 24.12). The structure of 16, purified finally by the gel permeation chro-
matography, was confirmed by the following features. In the 1H-NMR spectrum, the
terminal acetylene protons were not detected. Although aromatic protons of 17were
observed at the same chemical shift due to free rotation of the aromatic ring, those
of 16 were observed as a pair of doublet peaks suggesting the fixed ring structure.
The MALDI-TOF mass spectrum clearly indicated existence of the species with the
molecular weight corresponding to 16. Interestingly, in spite of similar molecular
weights, melting point of 16 is much higher than that of 17, i.e., 153.5 and 107.3 °C,
respectively.

Cyclic compound 16 was found to crystallize in two modifications I and II. It is
not surprising because 10 as the basic structure also showed more than one crys-
talline forms. Modification I solidified from chloroform-methanol mixture showed
the absorption bands around 500 nm characteristic of polydiacetylene upon UV irra-
diation. In contrast, absorption changes ofmodification II solidified fromchloroform-
hexane mixture were similar to those displayed in Fig. 24.3b indicating irregular
polymerization. When the solution of 16 in chloroform-methanol mixture was drop-
casted and dried, the nanofibrous structures with the diameter of 80 ± 30 nm like in
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Fig. 24.12 Structures of macrocyclic monomer 16 with two butadiyne moieties and its precursor
17

Fig. 24.7awere confirmedby theSEMobservation.Modification II did not showclear
fine fibrous structures. From the Raman spectra, the conversion due to photopolymer-
ization was estimated. In modification I, the monomer showed the C≡C stretching
vibration peak at 2250 cm−1, and it almost disappeared upon prolonged UV irradi-
ation. Instead, a new peak at 2106 cm−1corresponding to the stretching vibration of
C≡C within the polydiacetylene backbones gradually appeared depending on UV
irradiation time, indicating almost full conversion. Even in modification II, almost
full conversion was also confirmed.

As mentioned above, the linear monomers with two butadiyne moieties may give
one-dimensional ladder polymers or two-dimensional network polymers depending
on themonomer structures and the polymerization sites. Similarly, the ringmonomers
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(b) (a)

Fig. 24.13 Possible regular polymerization schemes of 16: a one-dimensional tubular polymers
obtained from parallel stacking of the macrocyclic monomers and b two-dimensional porous
crosslinked polymers obtained from alternating stacking of the macrocyclic monomers. Horizontal
gray bars and vertical blue lines indicate the side views of the ring structures and π-conjugated
backbones, respectively

with two butadiyne moieties may afford one-dimensional tubular polymers or two-
dimensional porous crosslinked polymers as shown in Fig. 24.13. In general, one-
dimensional polymers are relatively soluble, but two-dimensional crosslinked poly-
mers are not. Since the polymerized samples of 16 were soluble in organic solvents,
they should not be the fully crosslinked polymers but the tubular polymers.

24.5 Conclusion

In order to obtain polydiacetylenes with specific functions, several types of conju-
gated acetylene monomers, which have the substituents to modify the properties of
the resulting polymer and hydrogen-bonding groups to align the monomers in the
polymerizable stacks in the crystals, were prepared.

For the monomers with electron-donating aromatic rings, N,N-dimethylaniline,
N-phenylcarbazol, pyrene, and TTF rings were directly attached to the butadiyne
moiety as one of the butadiyne substituents in 1–6. They are generally polymeriz-
able. From the X-ray crystallographic analysis of some monomers, the intermolec-
ular C–C distances related to polymerization were obtained, and the relation between
these distances and the absorption spectra in the course of photopolymerization was
clarified. When the spectra have the absorption maxima in the wavelength region
approximately between 500 and 700 nm, d14s are shorter than d12s, and 1,4-addition
to form polydiacetylene is actually advantageous. This corresponds to the fact that
the absorption bands have been recognized to excitons characteristic of polydiacety-
lene. When the spectra show no maximum in the visible region and monotonical
absorbance increase from the absorption edge to the shorter-wavelength side, d12s
are shorter than d14s or ds are too long, suggesting that the regular 1,4-addition poly-
merization is no longer possible in these cases. Due to substitution of the electron-
donating rings, the HOMO levels of some polydiacetylenes increased to be higher
than those of the conventional polydiacetylenes. Although optical and electronic
properties of the pyrenyl derivatives have not been elucidated in detail, the helical
nanostructure was formed by introducing the chiral substituent. The charge-transfer
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complexes of the monomers with aniline or TTF ring were able to be prepared.
However, their solid-state polymerization was not successful.

Monomers with phenylene or tetrafluorophenylene group sandwiched by two
butadiyne or hexatriyne moieties were prepared and polymerized. By cocrystalliza-
tion of nonpolymerizable monomer 12 and polymerizablemonomer 13, polydiacety-
lene copolymers, whosemolar ratio of 13was not less than approximately 60%,were
obtained. Both monomers 14 and 15 with hexatriyne moieties were polymerizable.
However, only one of the conjugated acetylenes reacted to form the single-chain
polydiacetylene and the polymers with two polydiacetylene backbones connected
by phenylene linkages seemed to be difficult to be synthesized.

Gel-formable butadiyne monomers 7–11 were able to be obtained by a simple
molecular design, in which 3,4,5-alkyloxyphenyl groups and hydrogen-bonding
groups were introduced. The nanofibrous structures as a microscopic view of the gels
were confirmed, and themacroscopic appearance of the gels depending on the solvent
usedwas explained by the fiber thicknesses. By extending the linearmolecular design
of 10 into a ring shape, a macrocyclic monomer 16with two butadiyne moieties was
synthesized, and the corresponding tubular polymer seemed to be obtained.

By applying appropriate combination of functional groups and hydrogen-bonding
groups to conjugated acetylene monomers, π-conjugated polymers with desired
optical and electronic functions can be synthesized via the solid-state polymeriza-
tion. Further challenges to prepare polydiacetyleneswith the single crystalline feature
advantageous to improve a variety of physical properties will be continued.
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Chapter 25
Click Chemistry to Metal-Organic
Frameworks as a Synthetic Tool for MOF
and Applications for Functional
Materials

Kazuki Sada and Kenta Kokado

Abstract Metal-organic Frameworks (MOF) are a new class of functional crys-
talline materials with the large nanopores and open frame structures. The controlled
nanoporous structures attract for various applications such as gas sorption, catalysis,
biomedical applications, and transport materials for electronic and photophysical
devices. For the large demands on preparing the advanced functional materials based
on theMOF, the functionalization of theMOF has been attracted significant attention
for controlling the environments of the nanopores in the past decade. Among them,
the most fruitful approach is post-synthetic modification (PSM) of the MOF.The
PSM is defined as the modification of the organic ligands in the frameworks of the
MOF by chemical reactions, especially organic reactions, after the formation of the
MOF as crystalline materials. In this review, we focus the PSM of the MOF by
copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) and the related reactions
that have many advantages such as diverse substrates, mild conditions, high yields,
high 1,4-regio-selectivity, and high orthogonality for other organic reactions, and
wide availability of the media. Furthermore, we discuss the control of the functions
of the MOF and the preparation of the functional composites based on the MOF by
the CuAAC of the MOF. Therefore, this review includes the following four topics:
the exploration of CuAAC reaction for PSM in MOF, the development of other click
reactions for PSM, the function-oriented PSM by CuAAC reaction, and networking
and biocongujation of MOF.
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25.1 Introduction

Metal-organic Frameworks (MOF) are a new class of crystalline materials composed
of polytropic ridged organic ligands and metal ions as shown schematically in
Fig. 25.1a. They are self-organized to form an infinite periodic framework struc-
ture as the crystalline lattice due to the rigidity and large space of the organic ligands
and multivalence of the metal ions. The most important feature of the MOF is the
robust framework structures with large nanopores. The infinite combinations of the
metal ions and the organic ligands provide large numbers of nanoporous materials
with different porosities [1–3]. Moreover, as compared to other inorganic porous
materials, such as zeolite and mesoporous silica, they can be easily synthesized
under relatively mild conditions. From the library of the MOF, we can now design
the frameworks of the MOF as well as the size and shape of the nanopores. The
controlled nanoporous structures are useful for various applications such as storage
and separation of gases [4, 5], heterogeneous catalysis [6] or supports for the immo-
bilization of homogeneous catalysts [7, 8], drug delivery and bioimaging [9, 10], and
transport materials for electronic and photophysical devices [11, 12].

For these many demands on preparing advanced functional materials based on the
nanoporous structures of the MOF [13, 14], the methodology for the modification
of the MOF has attracted significant attention for controlling the environments of
the nanopores. The most successful approach is post-synthetic modification (PSM)
[15–17], as shown in Fig. 25.1b. PSM is defined as the modification of the organic
ligands in the frameworks of the MOF by chemical reactions, especially organic
reactions, after the formation of the MOF as crystalline materials. This approach has
the advantage for the preparation of the MOF with the functional groups that are
sensitive or degradable under the solvothermal conditions used in the preparation
of the MOF. PSM has become a powerful tool for the rational functionalization
starting from the readily available MOF with the reactive functional groups on the
organic ligands. The nanopores large enough for the organic reactions and the high
stability against some organic reagents enable us to usemany organic reactions for the
PSM. This should be the most prominent difference between the MOF and the other
nanoporous materials, especially the inclusion crystals of organic host molecules.
The strong electrostatic interaction and coordination bonds between the metal ions
and the organic ligands as the connectivity should contribute to the high stability,
compared to the weak non-covalent bonds such as hydrogen bonds and π-π stacking
among the host molecules in the inclusion crystals.

Although there are some early examples for the PSM of the MOF, in 2007,
Cohen and coworker pointed out the significance of the PSM of the MOF [18].
They demonstrated the chemical modification of the amino-tagged MOF derived
from IRMOF-3 prepared from 2-aminoterephthalic acid and Zn(II) ion. Isocyanates
and acid anhydrides directly reacted with the amino group in the organic ligand of
the MOF to convert the amide and urethane groups without loss of the crystallinity
and the nanoporous structures of the MOF. This report suggested that the MOF
has a relatively high stability against the organic reagents, and the organic reagents
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Fig. 25.1 Schematic drawings of a metal-organic frameworks (MOF) and b post-synthetic
modifications (PSM) of MOF

smaller than the size of the nanopores could access and react inside the MOF. More
interestingly, the easy functionalization of the MOF by the covalent bonds of the
functional groups should be readily available, which are accessible to unique phys-
ical and chemical properties that are rarely presented in the pristine MOF. A high
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Scheme 25.1 Copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC)

number of organic reactions for the modifications of the organic ligands in various
MOF has been attempted to establish the PSM of the MOF [15–17].

Among the organic synthetic reactions, the copper(I)-catalyzed azide–alkyne
cycloaddition (CuAAC) or the Huisgen 1,3-dipolar cycloaddition (Scheme 25.1)
is one of the most useful organic reactions, due to its diverse substrates, mild condi-
tions, high yields, high 1,4-regio-selectivity, high orthogonality for other organic
reactions, and wide availability of the media [19, 20] Generally, the CuAAC reac-
tion takes place just by mixing two substrates. As the results, they are called click
chemistry or the click reaction [21, 22]. The discovery of CuAAC dates back to the
1960s, and the important improvement reported in 2002 is the utility of the copper(I)
ion as a catalyst [19]. Due to the high specific reaction between the azide and the
alkyne, CuAAC has been broadly exploited in the fabrication and modification of
various functional materials including organic polymers [23, 24]. In recent years,
CuAAC was also employed in the research field of porous organic polymers (POPs)
and covalent-organic frameworks (COFs) [25]. In this review, we summarize the
PSM of the MOF by the CuAAC reaction, and applications for the preparations of
the functional materials based on theMOF. The progress of the recent research on the
following three items, the exploration of theCuAACreaction for thePSMin theMOF,
the development of other click reactions for the PSM, and the function-oriented PSM
by the CuAAC reaction, include the control of gas sorption, the development of new
MOF catalysts by introducing homogeneous catalysts, the scaffold of the polymer
and network materials, and the conjugations of the MOF with biomacromolecules.

25.2 CuAAC (Huisgen Cyclization) Reaction
for Post-synthetic Modification (PSM) Ofthe MOF

According to a literature survey, the post-synthetic modifications by CuAAC are
classified into the four main types of reactions: (1) azide-tagged MOF modified by
alkynes, (2) alkyne-tagged MOF modified by azides, (3) one-pot, two-step modifi-
cation of amino-tagged MOF by alkynes through in situ formation of azide-tagged
MOF, and (4) azide-tagged MOF modified by the ring strain-promoting click reac-
tion (SPAAC)without a copper catalyst as summarized in Scheme 25.2. Thus, we
now review them chronologically.

In 2008, Sada et al. reported the first example for the PSM of the MOF using
CuAAC [26].Terphenyldicarboxylic acid having two azide groups (AzTPDC) was
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Scheme 25.2 Post-syntheticmodifications (PSM) of theMOFby theCuAAC; a azide-taggedMOF
modified by alkynes, b alkyne-taggedMOFmodified by azides, c one-pot, two-step modification of
amino-tagged MOF by alkynes through in situ formation of azide-tagged MOF, and d azide-tagged
MOFs modified by the ring strain-promoting click reaction (SPAAC) without a copper catalyst



528 K. Sada and K. Kokado

dissolved in N,N-diethylformamide (DEF) with zinc nitrate hexahydrate, followed
by heating at 80°C to yield a pale yellow cubic-shaped crystal of N3-MOF-
16 (Scheme 25.2a). Since it showed a similar powder X-ray diffraction pattern as
IRMOF-16 consisting of zinc (II) ion and terphenyl dicarboxylic acid, it has the same
infinite periodic lattice structure with the formation of the cluster of Zn4-O-(OOCR)6
from the six organic ligands as the connectivity of IRMOF-16. To this MOF, various
terminal alkynes, such asmethyl propiolate, propargyl alcohol, 1-hexyne, and propar-
gylamine, caused the CuAAC reaction in the presence of copper bromide in DEF.
The characteristic FT-IR band around 2100 cm−1 for the azide group completely
disappeared in 30 min and 1H NMR measurement after the acid hydrolysis repre-
sented the new peaks from the triazole ring. Also notably, since the X-ray diffraction
pattern before and after the reaction did not change, the crystallinity of the MOF was
found to be preserved during the click reaction. Therefore, this system should be one
of the examples of the PSM for the MOF.

In the same year, Nguyen and coworkers reported surface modifications of a
trimethylsilyl (TMS)-protected alkyne-tagged MOF by the same reaction after the
deprotection of the TMS group by tetrabutylammonium fluoride (TBAF) [27, 28]
(Scheme 25.2b). In this reaction, the alkyne-tagged MOF was reacted with azides
introduced from the external solution. A strong fluorescence was observed only on
the surface of the MOF after the treatment of the azide with ethidium bromide as a
fluorophore. As another example, the surface hydrophilicity and wettability of the
MOF could be changed by employing CuAAC with the azide-terminated polyethy-
lene glycol (PEG). Subsequently, the same authors synthesized the core-shell MOF
modified with two different azides by controlling the deprotecting reagents of the
TMS-protected alkyne-tagged MOF [28]. In the multiple deprotection and CuAAC,
the crystallinity and the nanoporous structure of the MOF were well maintained.

Since the organic ligand having an azide group is not commercially available for
the PSM of the MOF, it is necessary to synthesize them through the several steps of
organic reactions. This should be a drawback for the CuAAC for the PSM. In 2010,
Farrusseng and colleagues reported a one-pot, two-step PSM from aminoterephthalic
acid as the common starting material by the direct conversion of the amino group
to the azide group [29] (Scheme 25.2c). They first prepared a series of MOF, called
DMOF-NH2andMIL-68(In)-NH2. The PSMof the amino group to the azide group in
the MOF was then done by the treatment of nitrite tert-butyl and trimethylsilylazide
in a THF solution at room temperature, followed by the CuAAC with the terminal
alkynes in the presence of copper (I) hexafluorophosphate. The resulting MOF was
achieved by quantitative modification of the organic ligand. The surface area of
the pores by this modification was reduced to 9–18% of the original MOF, and the
pore volume by 6–14%. This method is applicable to other MOF such as IRMOF-
3, MIL-101-NH2, CAU-1, and MIL-53 providing many functional modified MOF.
They also demonstrated that a large number of alkynes, such as phenylacetylene,
propargylamine, 1-hexyne, propargyl alcohol, and propiolic acid, can be used to
react with the MOF. Since the first step has a low efficiency due to the low diffusion
rate in the nanopores, a high excess amount of trimethylsilylazide should be required
for the quantitative conversion. Some limitation to the type of functional groups of the



25 Click Chemistry to Metal-Organic … 529

alkynes, for example,DMOF-NH2crystals,was easily dissolvedby the treatmentwith
propiolic acid. According to the nitrogen adsorption measurement, the adsorption
surface area and pore volume are reduced in accordance with the conversion yields.
Therefore, the size of the nanopores can be finely controlled by the PSM. Inspired
by this method, Giambastiani and coworkers reported the unconventional double
derivatizations of the amine-tagged MOF (UMCM-1 and MIXMOF-5) by treatment
of single organic/organometallic acetylene derivatives for the first modification of
the click reaction [30]. The binary and ternary mixtures of the alkynes in variable
molar ratios were carried out for multi-modification by the single-step click reaction
for the MOF catalysts.

Finally, in recent years, the ring strain-promoting click reaction (SPAAC)has
been spotlighted [31, 32] because the cyclization takes place without the assistance
of the metal ion, then this reaction was used for the PSM of the MOF. Rosi and
coworkers prepared BioMOF (N3-bio-MOF-100) equipped with the azide group
(Scheme 25.2d). The click reaction of the azide groups in theMOF proceeded almost
quantitatively by the treatment of a 11,12-didehydrodibenzoazosine (DIBAC) deriva-
tive having a ring strain triple bond to the azide group [33]. It should be noted that one
equivalent was used for the azide groups in the MOF without any metal ions under
very mild conditions. The active ester with DIBACwas also quantitatively modified,
and further modification using the phenylalanine dimer could be achieved. In addi-
tion, Wöll and coworkers compared CuAAC and SPAAC for the PSM of MOF thin
films (SURMOF) on gold substrates and reported the usefulness of SPAAC [34].
This process should be of importance to overcome the intrinsic toxicity from conven-
tional Cu catalyst for CuAAC and significantly broaden its utilization in biomedical
applications.

25.3 Post-synthetic Modification of MOF by Click Reaction
Other Than CuAAC

As mentioned in the previous section, with the progress of click chemistry, not only
the original CuAAC but also various reactions have come to be recognized as the
click reactions.We focus on them in this section. Cohen et al. reported a tandem post-
modification method of the MOF using a reverse electron-requested Diels–Alder
reaction of vinyl compounds for 1,2,4,5-tetrazine (Scheme 25.3a) [35]. They first
synthesized UMCM-1-NH2 from aminoterephthalic acid and zinc(II) ion followed
by the condensation reaction with 1-pentenic anhydride. For these MOF, it was
allowed to quantitatively react with dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate to
generate a dihydropyridazine skeleton ring. By the tandemmodification, a large pore
surface area derived from UMCM (4000 m2/g) decreased after the first amidation
(3600 m2/g) and the subsequent Diels–Alder reaction (2800 m2/g) according to the
nitrogen adsorption measurement. When a similar tandem modification of IRMOF-
3 with the smaller nanopores was attempted, the first step reaction quantitatively
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Scheme 25.3 Post-synthetic modifications (PSM) of the MOF by the click reactions other than
the CuAAC; a a reverse electron-requested Diels–Alder reaction, and b the light-induced thiol-ene
click reaction

occurred, but the Diels–Alder reaction proceeded with 20% or less chemical yield.
The bulkiness of the substrate restricted the transport in the relative small pores of
the MOF.

Another important click reaction is PSMof theMOFby the light-induced thiol-ene
click reaction.Rieger and coworkers reported the light-induced click reaction toMOF
from 9,10-triptycenedicarboxylic acid and 2-(1-butenyl)-2’-methyl-4,4’-bipyridyl as
the organic ligands. They formed a paddle-wheel-type zinc (II) cluster, and the thiol-
ene click reaction between the carbon-carbon double bond and thiols was carried
out by UV irradiation with ethanethiol (Scheme 25.3b) [36]. The organic ligand is
thioetherified in high yield. Since the thioether should be sensitive to metal coordina-
tion, quantitatively introduction of the thioether by PSM should have an advantage.
In addition to the thiol-ene click reaction, they reported various PSM other than the
click reaction, such as the introduction of the diol by osmium oxidation, the bory-
lation by hydroboration reaction, and the epoxidation with dimethyldioxirane. They
should expand the utility of the PSM for the functionalization of the MOF.

25.4 Function-Oriented MOF by CuAAC-PSM

As described in the previous section, CuAAC and the related reactions have been
applied for the PSM to control the functions of theMOF. The variations in the organic
ligands and the substrates for the CuAAC, either alkynes or azides, should provide
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a high number of functionalized MOF by the PSM. The easy and mild reaction
conditions might be advantage of the CuAAC for the modification of the MOF or the
construction of the MOF conjugates with other functional materials. In addition, the
high yield should be important for the functionalizationwithmixed ligands andmixed
substrates for the fabrication of multi-variate functionalized MOF. In this section,
we summarized some trials for controlling the functions of the MOFmodified by the
CuAAC.

For gas storage, the PSM should be effective tool for controlling the capa-
bility of gas sorption. Zhou et al. have reported the control of the functional group
amount of the pore surface by mixing several types of ligands during the MOF
synthesis(Scheme 25.4a) [37]. In this report, they prepared PCN-58 and PCN-59
consisting of zirconium (IV) ions and terphenyldicaboxylic acid ligands. A series of
organic ligands equipped with zero to four azide groups in the benzene ring of the
ligands were prepared and the mixed organic ligands were subjected to solvothermal
synthesis to form various MOF with the various organic ligand ratios. The multi-
variate MOF has a good reactivity for various alkynes in the pores as well as on the

Scheme 25.4 Preparation of function-oriented MOF by the CuAAC; a the multi-variate MOF
for gas sorption, b the multi-variate MOFfor catalysis, and c the MOF having the asymmetric
organocatalyst
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surface under the CuAAC conditions. In particular, the PCN-58 and PCN-59 modi-
fied with propargylamine having the four azide groups provided the greatest uptake
of carbon dioxide compared to that of nitrogen. The affinity for carbon dioxide could
be controlled by the modification of the amine functionality. After this approach,
Zhao and coworkers reported the amine-triazole-tagged MIL-101 byCuAAC with
a series of acetylene-containing amines from the azide-tagged MOF [38], and the
obtained modified MOF was used for CO2 adsorption. The improved CO2 uptake
ability increased up to 128.3 cm3/g at 1 atm and 273 K, and a significantly enhanced
selectivity to CO2 over N2 was observed. More recently, the preparation of the azide-
tagged NU-1000 and the subsequent click reaction with alkynes have been reported
[39], and the alkyne-tagged UiO-68 was also prepared and used for CuAAC with a
series of azides by Wang and coworkers [40]. They controlled the gas sorption by
the steric dimensions of the external substrate which affected the preference of guest
adsorption.

MOFare promising as a catalyst, but there have also been attempts to improve
the catalytic ability of the MOF by the PSM using the CuAAC. Farrusseng and
coworkers introduced both the organic base derived fromN,N-diethylpropargylamine
as a catalytic site and the phenyl ring from phenylacetylene as a lipophilic site into
the framework of DMOF-NH2by a one-pot, two-step CuAAC (Scheme 25.4b) [41]
and used for the transesterification of aliphatic esters. The transesterification reaction
proceeded in a higher yield, when both alkynes were used for the PSM compared to
those modified by only one of the two. The improved affinity with the substrate by
introducing the lipophilic group (phenyl group) enhanced the catalytic activity. In the
cases of the bulky alcohols, the transesterification reaction did not proceed, indicating
the size selectivity of the substrate due to the pore size. More recently, Duan and
coworkers reported the preparation of theMOFwith chiral 2-azidomethylpyrrolidine
by CuAAC as the asymmetric catalytic site(Scheme 25.4c) [42]. ThisMOFwas used
for asymmetric aldol reaction between 4-nitrobenzaldehyde and cyclohexanone with
a 75% yield and 71%ee. The size selectivity of the substrates was also observed.
Furthermore, the switching of the chirality of 2-azidomethylpyrrolidine in the PSM
provided the product with the opposite chirality and the similar yield and enantios-
electivity. This PSM should be used to construct the desired chiral nanopores for
asymmetric catalysis. Gao and coworkers reported the catalytic MOF derived from
UiO-67-N3 by the CuAAC for the Knoevenagel condensation between benzaldehyde
and ethyl cyanoacetate. The triazole group formed by CuAAC acted as the crucial
active site for Knoevenagel condensation [43].

25.5 Networking and Biocongujation of MOF
by CuAAC-PSM

The open framework structures of theMOF should be useful as the template for poly-
merization and networking. Sada et al. reported the polymerization of organic ligands
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on the open framework of the MOF as the monomers by CuAAC with external guest
monomers added to the solution (Scheme 25.5a) [44]. The azide-tagged MOF (N3-
IRMOF-16) consisting of AzTPDC and Zn(II) ions was treated with pentaerythri-
toltetrapropargyl ether (CL4) as a cross-linker under the standardCuAACconditions,
followed by the demetallation reaction of the MOF by an acid or base solution. The
decomposition of the coordination bonds proceeded from the outside to the inside of
theMOFwithin a fewminutes to generate the polymer gels with a well-defined poly-
hedron shape similar to those of the starting MOF. The other MOF such as KUMOF
and UiOMOF could be converted to the polymer gels with the well-defined polyhe-
dral structures. They extended this method to the preparation of polymer gels with
an anisotropic swelling behavior [45] and box-like polymer gels by core-shell MOF
prepared by the epitaxial growth of unreactive and reactive organic ligands [46]. This
method was applied to the polymer syntheses with the specific degree of polymer-
ization controlled by the lattice structure of the MOF [47]. More recently, Tsotsalas
reported porphyrin polymer thin films byPSMusingCuAACon the surface-anchored
MOF (SURMOF) as the template [48]. The SURMOFwith the azide groups prepared
by a layer-by-layer technique was crosslinked with trimeric acetylene to give the

Scheme 25.5 Networking and polymerization of the organic ligands in theMOF by the PSM; a the
CuAAC between the azide-tagged MOF and the multiple alkynes, and b the light-induced thiol-ene
reaction between the alkene-tagged MOF and the multiple thiol
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porphyrin-based organic thin films after removal of metal ions by immersing in an
EDTA solution. The morphology and thickness of the porphyrin polymer thin films
were not significantly changed during the decomposition of the coordination bonds.
The open framework of theMOF acts as a template for the two-dimensional polymer
thin film. The generation of singlet oxygen by visible light irradiation was monitored
for its antimicrobial activity. The other reactions such as light-induced thiol-ene click
reaction (Scheme 25.5b) and the coupling reaction of the terminal alkynes were used
for the crosslinking of the organic ligands in SURMOF by the same group [49, 50].

The bioconjugation of the MOF and biomacromolecules has attracted consider-
able interest as functional composites. As described in the previous section, SPAAC
should expand the possibility of the utility for the PSM of the MOF by the CuACC.
One of the earlier examples of the bioconjugates of theMOFwas reported byMirkin
and coworkers in 2014 [51]. DNA oligonucleotides were covalently functionalized
to the surface of the nanoparticles of UiO-66-N3 by the CuACC (Fig. 25.2a). Due
to the limitation in the pore size of UiO-66, the click reaction only occurred on the
surface, andUiO-66wasmostly covered byDNA.Gas sorption revealed that the open
framework was preserved throughout the chemical transformation. Moreover, after
the modification, DNA-conjugated UiO-66-nanoparticles exhibit increased stability

Fig. 25.2 BioconjugatedMOF; a DNA-conjugated MOF and b self-propelling of MOF-microtube
conjugateon the kinesin-coated surface in the presence of ATP
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and enhanced cellular uptake as compared to the pristine MOF nanoparticles. More
recently, Willner et al. reported similar DNA-conjugated UiO-68 nanoparticles for a
dye/drug loading device and their controlled release by stimuli-responsiveness of the
DNA duplex [52, 53]. As another important application, nontoxic UiO-66 nanoparti-
cles were synthesized by Forgan and coworkers. The surface of UiO-66 was wrapped
with amphiphilic PEG by the CuAAC [54]. More recently, the bioconjugation of
the MOF and microtubule was prepared by the CuACC between MOF and biotin,
followed by the conjugation among the streptavidin, biotinated-microtubes, and
streptavidin-MOF. Thus, theMOFwere self-propelled on a kinesin-coated surface in
the presence of ATP as the fuel for the biomotor (Fig. 25.2b) [55]. Thus, the covalent
linkage between the MOF and biomacromolecules can be easily achieved by the
CuAAC as the PSM, and should become an important tool for the construction of
new biomedical devices.

25.6 Concluding Remarks

During the post-synthetic modification of the MOF, many functional groups were
successfully tagged into/onto the pristine MOFs by the CuAAC toward targeted
applications. The mild conditions and the wide tolerance for the functional groups of
the reagents and the solvents in the CuAAC seem to play a key role for the PSM of
the MOF. In other words, the PSM of the MOF by the CuAAC should become one
of the most important strategies for the fabrication of functional composite materials
of the MOF. Furthermore, although not detailed in this review, the CuAAC has been
used for synthesizing organic ridged ligands for the formation of the MOF. The click
chemistry has significantly contributed to the progress of theMOF research.We look
forward to further development of functional materials through the combination of
click chemistry and MOF.
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