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41.1 Introduction

Supramolecular chemistry, which evolved from host-guest chemistry, has been
prospering in many rapidly expanding fields, such as molecular machines and
motors, molecular sensors, dynamic combinatorial chemistry, and supramolecular
polymers [1]. In supramolecular systems, various building blocks are held together
and organized by many simultaneous intermolecular forces and therefore generate
new and exciting properties and functions that surpass those of the blocks. A
supramolecular system is of structural complexity and dynamic reversibility, and
thus detailed information on these aspects allows chemists to have a deep under-
standing of the relationship among the properties of supramolecular system, the
underlying microstructure of assemblies and the molecular structure of the blocks
[2]. Spectroscopies are important and effective methodologies to deeply reflect the
molecular structure characteristics and various dynamic processes proceeded within
and between molecules. As a result, they have been widely used in the study of
supramolecular chemistry [3—7].

In this chapter, absorbance, fluorescence, NMR, and ICD spectroscopies in
supramolecular chemistry are introduced. With practical examples, some fundamen-
tal and common techniques of these four spectroscopies are discussed. The chapter
begins with absorbance and fluorescence spectroscopies, which are proven powerful
tools to study the characteristics of supramolecular microenvironment as well as the
supramolecular interaction between the building blocks. The ultraviolet-visible
spectrophotometer and the spectrofluorophotometer are two of the most commonly
used spectroscopic instruments in the laboratory. Therefore the basic principles of
the experimental design and conduction, the qualitative and quantitative analysis are
introduced in detailed. Next, 1D and 2D NMR spectroscopies including COSY,
NOESY, ROESY, and DOSY are introduced as powerful techniques for the structure
investigation. Then CD spectroscopy for supramolecular conformation changes are
introduced. Finally, the supramolecular dynamics on different timescales are intro-
duced briefly. In short, this chapter focuses on the fundamental spectroscopic
principle, the most commonly used instruments, the experimental design and con-
duction, and the qualitative and quantitative analysis. Moreover, state of art and
perspectives of studies using these spectroscopies are presented.

41.2 Absorbance and Fluorescence Spectroscopies in
Supramolecular Chemistry

The absorbance and fluorescence spectroscopies are two commonly used method-
ologies to study the supramolecular chemistry including the molecular recognition,
the self-process, and constitutional dynamic chemistry. These methodologies require
that the system contains chromophores (to absorb light) or fluorophores to (emit
light). Moreover, the signals of these materials should be changed during the
supramolecular process. For those supramolecular systems that contain no chromo-
phores or fluorophores, it is necessary to introduce into the systems the probes that
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are sensitive and responsive to the change of their microenvironments triggered by
the supramolecular processes. During the last decade, with the development of new
technologies, transient spectroscopies were developed to probe and characterize the
transient state (short-lived excited state) of the probe molecules on different time
scales from nanosecond to microsecond and successfully employed to study the
supramolecular processes.

In this section, several absorbance and fluorescence spectroscopies and their
applications in the supramolecular study will be introduced.

41.2.1 General Preparation for Spectroscopies

41.2.1.1 The Selection of Probes

The probes need to be sensitive to the change of its microenvironment and selective
to the specific binding sites. The probes could be an inherent part of the supramo-
lecular systems. For example, a fluorescent-cavity pillararene was designed and
synthesized by conjugating a chromophore to the host cavity, as shown in Fig. 1
[8]. This host can selectively detect succinonitrile with fluorescence enhancement at
lower concentration of probes (5 pM) and malononitrile with fluorescence
quenching at higher concentration of probes (0.1 mM). Such dramatically different
signal responses on the guests with a subtle difference of one methylene group were
attributed to the subtle difference of guest locations within the cavity.

On other hands, the probes need to be introduced into the supramolecular systems
if the original systems are optically silent. The probes are diffused and then located
in some specific locations mainly driven by the supramolecular interactions between
the probes and the binding sites of the supramolecular systems. In general, one might
be tempted to assume that the binding sites where the probes are located are identical
and homogeneous. However, there might be many different binding sites with
different sizes and binding affinities for the probes. For example, as shown in Fig. 2,
there are at least five binding sites with different sizes and different hydrophobicities
in human serum albumin (the host). As a result, the mobility and the dimerization
reactivity of 2-anthracenecarboxylate (the guest) are different when located in
different binding sites [9].

Another concern regarding the selection is the stability of the probes. The probes
might become reactive when excited or suffer from photobleaching, adsorption, and
precipitation. As a result, the probe signals detected for a supramolecular system
might be artifacts or unrelated to the supramolecular processes, and thus interfere
with the interpretation of the results. For example, during the study of the binding
dynamics of 2-naphthyl-1-ethylammonium cation with cucurbit[7]uril, a product
that emits at 450 nm was detected under the continuous irradiation of the aerated
samples at high photon flux (Fig. 3) [10]. This probe was related to the presence of
oxygen, the concentration of the host-guest complex, and the photon flux. However,
it was not useful for probing the host-guest binding in the project and thus need to be
suppressed.
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Fig. 2 Enantiodifferentiating photocyclodimerization of 2-anthracenecarboxylate (AC) mediated
by different binding sites of human serum albumin (HAS) in aqueous solution Ref. [9]
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Fig.3 Artifact observed at 450 nm over time during the binding of cucurbit[7]uril to 2-naphthyl-1-
ethylammonium cation (NpH™) in the presence of Na* in the aerated samples at high photon flux
Ref. [10]

41.2.1.2 The Selection of Media
Important principles on the selection of solvents need to be considered including: (i)
the solubility of the supramolecular components such as host molecules and guest
molecules, (ii) the inertia to react with the supramolecular components, (iii) the
inability to absorb or emit light at certain wavelengths that interfere with the spectra
of the supramolecular systems, and (iv) the extra driving force from the interactions
between the solvent molecules and the supramolecular components. For example,
the per-methoxylated pillar[5]arene-guest complex were destabilized in polar sol-
vents due to the strong interaction between the polar guests (dicyanoethane, 1,4-
dibromobutane and 1,3-dicyanopropane) and the polar solvent. Moreover, when the
solvent molecule was changed from p-xylene (that can bind into the host cavity) to o-
xylene (that cannot bind into the cavity due to the steric hindrance effect), the
binding affinity between the per-methoxylated pillar[S]arene and guests increased
at least ten fold, showing a competition between the solvent molecule p-xylene and
the guest for the binding site of the host. As a result, the binding affinity between per-
methoxylated pillar[5]arene and dicyanoethane can change from 42 M™' in aceto-
nitrile to 1.8 x 10° M™" in o-xylene, as shown in Fig. 4 [11]. Indeed, the host-guest
complexation could even lead to the precipitation that can be easily observed by
naked eyes [12].

In some cases, cosolvent or coion was added into the supramolecular system to
solubilize the supramolecular components. For example, in the cucurbituril chemis-
try, the addition of metal ions or hydronium was necessary to solubilize the host
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Fig. 4 Solvent effect on the binding affinity of per-methoxylated pillararene to dicyanoethane, and
the goodness of fit of data when considering the dual roles of solvent molecules as the media and the
competitor of the guest Ref. [11]
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Fig. 5 The effect of Na' concentration on the distribution of species and the binding mechanisms
for the Ph-H"-Np/CB[7] system Ref. [17]

molecules in aqueous solutions. The presence of cocations (or hydronium) in general
leads to the decrease of the binding affinity of host to guest because of the compe-
tition between the cocations and the guest to the binding sites of the host [10, 13—16].
Interesting, the presence of cocations with different concentrations can induce the
formation of different types of host-guest complexes. For example, as shown in Fig.
5, at lower concentration of Na' (<5 mM), the naphthyl unit of N-phenyl-2-
naphthylammonium cation (Ph-AH"-Np) bind to the cavity of cucurbit[7]uril. In
contrast, at higher concentration of Na" (>25 mM), the binding of Na" to CB[7]
stabilized the binding of phenyl unit of Ph-AH"-Np, and thus lead to the formation of
Na'*CB[7]@Ph-AH -Np@CBJ[7] 2:1 host—guest complex (where “@” and “s”
represent an inclusion complex and an exclusion complex, respectively) [17].

41.2.1.3 The Selection of Laboratory Tools

Cuvettes are used to hold samples for the spectroscopic test. Theoretically they can
be made by any materials that do not absorb the light at certain wavelengths. There
are mainly three types of cuvettes including quartz, glass and plastic ones. Quartz
cuvette can be used for the test from 190 nm — 2500 nm, but are quite expensive.
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Glass one can be used in the range of 340 nm — 2500 nm and less expensive. Plastic
cuvettes are transparent in the visible light range (380 nm — 780 nm), cheap and
disposable with the cross-contamination of samples being avoided. However, they
are unsuitable for the UV light range and can be corroded by many organic solvents.
When choosing the right cuvette for the experiment, the researchers need to check
the wavelength ranges, the solvents, and the photophysical properties of the samples.
Another issue is related to the adsorption of the probe to glass and plastic surfaces
that continuously decrease the concentration of probe in the solution and therefore
decrease the absorbance or fluorescence signal. For example, the fluorescence of
1 pM Rhodamine 6G (the probe) decreased at least 15% and 40% within 5 h when
hold in a quartz cuvette and in a borosilicate vial, respectively. The decrease was
more dramatical when using a plastic vial. [18] The adsorption issue of probe
becomes worse with a lower concentration of the dye prepared: In the same study,
more than 90% of 10 nM Rhodamine 6G were lost during the sample preparation
with glass or plastic containers [18]. The adsorption of Rhodamine 6G to the
surfaces of equipment was suppressed in the presence of cucurbit[7]uril due to the
host-guest complexation between the cucurbit[7]uril and Rhodamine 6G. Neverthe-
less, one might keep in mind that the concentration of hydrophobic dyes in aqueous
solution might be largely overestimated especially when preparing the samples at
low concentrations (UM or lower) or handling the samples with plastic laboratory
tools such as plastic pipettes or cuvettes.

41.2.2 The Qualitative Spectroscopic Study

The signal changes of the probes upon supramolecular interactions could be the
intensity changes for certain bands, or the wavelength shifts, or both. Several
mechanisms for the signal changes were listed as examples.

41.2.2.1 The Intensity Changes
One general mechanism related to the intensity enhancement for the fluorescence of
the probe is that the host cavity provides a protection for the excited-state probe
against quenching by the quencher (such as oxygen or ions) in the solvents. In other
cases, the energy transfer process (ET) or the charge transfer process (CT) between
donor and acceptor could occur if the donor and the acceptor are in close proximity
during the host-guest binding, leading to the fluorescence quenching of the donor.
For the acceptor, the fluorescence could be enhanced in case of ET or quenched in
case of CT. Furthermore, the close proximity of the polar moiety of one supramo-
lecular component with the fluorophore of another component can be realized during
the supramolecular process and leads to a polarity-induced fluorescence quenching.
Another mechanism related to the intensity change is the Ham effect proposed by
Ham in 1953 [19, 20]. During the determination of the absorption of benzene, Ham
found that the absorption band at 260 nm was enhanced with the solvent changing
from a hydrocarbon solvent to carbon tetrachloride. This absorption enhancement of
forbidden transitions of the solute was attributed to the overlap between the wave
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functions of the excited-state solutes and those of the ground-state solvents with a
positive electron affinity or a moderate ionization potential or both. This Ham effect
was observed later for many symmetry aromatic molecules including naphthalene
and pyrene since their first electronic transition are symmetry forbidden and can be
enhanced when located in polar environments. Indeed, the strength of the 0-0 band
for pyrene is very sensitive to the solvent polarity. As a result, the intensity ratio of
the 0—0 band and the third band in vibronic fine structure of the fluorescence spectra
of pyrene was developed as a “pyrene scale” to characterize the polarity of solvents
[21, 22]. The “pyrene scale” was later employed to study the polarity of the host
cavities for a synthetic cavitand octa acid [23, 24], f-cyclodextrin and so on [25].

The intensity change could be related to the aggregation process. In general, the
fluorescence is often quenched for fluorophore at high concentrations due to the
formation of aggregates, which is referred to as “aggregation-caused quenching”
(ACQ). In contrast, a newly developed mechanism for the fluorescence enhancement
is related to the aggregation induced emission (AIE), where the related materials are
more emissive in the aggregated state [26—32]. Whether AIE or ACQ prevails in the
systems depends on the molecular structure. For example, planar fluorophores tent to
aggregate with the strong 7-w stacking interactions between them, which leads to the
fluorescence quenching, whereas the nonplanar fluorophores might have AIE prop-
erties due to the restriction of intramolecular rotation, the restriction of intramolec-
ular vibrations, or both (i.e., the restriction of intramolecular motions). In the
supramolecular system, the fluorescence enhancement might be observed during
the binding of host to a guest with ACQ property, or during the crosslinking of
polymeric host with AIE property by the binding of multitopic guest, or both [33,
34]. Recently, the concept of the assembling-induced emission was reported where
the molecular motions and the emission are both controlled by the supramolecular
dynamic assembling [35, 36].

41.2.2.2 The Wavelength Shifts

The general mechanism related to the wavelength shifts for the probes is the Franck-
Condon principle in solvation. As shown in Fig. 6, the probes could interact with the
solvent molecules via weak interactions with the energy of the interaction being

Fig. 6 Energy diagram for A
the Franck-Condon principle
in solvation

Energy

Solvation Coordinate



41 Spectroscopy Studies of Macrocyclic Supramolecular Assembly 1169

minimized (energy level Eg). Upon the excitation of the probes, the electronic
transition occurs at 10~'% second timescale, during which the positions of the probes
and the solvent molecules stay the same (energy level E,). The dipole moment of the
excited state of probes may be different from that of the ground state of probes. As a
result, the solvent molecules will rearrange around the probes to minimize the
interaction energy (energy level E,). If the lifetime of the excited state of the probe
is longer than the time for the rearrange of the solvent molecules, the excited state of
the probe would decay from E, to the ground state (energy level E;), during which
the positions of the probes and the solvent molecules stay the same. The interaction
energy will be minimized by the rearrangement of the solvent molecules such that
the system reaches E,. If the excited state of the probe has a dipole moment larger
than the ground state, the energy level E, and E, will be significantly lower than E;
and E; in the presence of polar solvents, respectively. On the other hand, the
absorption band of the probe is related to the transition from Eg to E;, while the
fluorescence band is related to the transition from E, to E;. Therefore, the fluores-
cence band for the probe with excited state more polar than its ground state will be
red shifted in the presence of polar solvents. Moreover, the stoke shift will increase
with the polarity of the solvents. In the case that the ground state of probes has a
dipole moment larger than the excited state, a blue shift of the fluorescence band
could be observed in the presence of polar solvents. Upon complexation, the probes
move into the host cavities which are in general more hydrophobic than the solvent
phase and have polarities different from the solvent phases, which could lead to a
shift observed for the spectra.

41.2.3 The Quantitative Spectroscopic Study

41.2.3.1 The Relationship between the Signals and the Probe
Concentration

The value of absorbance determined for a probe by using a colorimeter is indepen-
dent on the equipment and proportional to the concentration of the probe according
to Beer’s law, (Eq. 1). It is convenient to determine the concentration of sample by
the absorbance spectroscopy. For example, Kaifer developed a methodology to
determine the purity of cucurbit[7]uril and cucurbit[8]uril [37]. The absorbance of
the organometallic cobaltocenium cation decreased linearly with the addition of
cucurbituril sample and reached a plateau when one equivalent of cucurbituril was
added. The plot of absorbance against the concentration of cucurbituril was straight-
forwardly characterized by two straight lines with the intersection of two lines at the
equivalence point.

A=¢e¢xLxc (1)

where A4, ¢, L, and ¢ represent the absorbance of the probe, the molar extinction
coefficient, the light path length of the sample, and the concentration of the probe,
respectively.
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In general, the fluorescence spectroscopy is more sensitive than the absorption
spectroscopy. The value of fluorescence intensity, in contrast to that of absorbance,
depends not only on the photophysical property (i.e., the fluorescence quantum
yield) and the concentration of the probe but also on the setting of the fluorimeter
such as the photon flux of lamp, the slit widths, the voltage applied to the photo-
multiplier, etc. Therefore, the values of fluorescence intensity for samples can be
compared only when the experimental conditions are the same. The reason is
discussed below.

Ip=1Ipx (1-107") x & @)

where Iy, I, and @y represent the fluorescence intensity, the intensity of the incident
light at the excitation wavelength, the fluorescence quantum yield of the probe,
respectively.

Mathematical approximation (Eq. 3) is valid when the absorbance of the probe at
the excitation wavelength is less than 0.2.

1-10"~Rx4 3)

where R = 2.205 when 4 < 0.2.
The linear relationship between the fluorescence intensity (/¢) and the concentra-
tion of probe (C) is achieved (Eq. 4) by combining the Egs. 1, 2, and 3.

Ir=IgxRxexLx®xc 4)

It is worth noting that Eq. 4 is valid only under the condition that the absorbance
of the probe at the excitation wavelength is less than 0.2. Higher absorbance values
lead to deviation from the linear dependence of the fluorescence intensity on the
concentration of the probe. Several methods can be used to lower the absorbance
values at the excitation wavelength, including (i) shifting the excitation wavelength
to a region where the absorbance is lower, (ii) diluting the solution, and (iii) using a
cuvette with shorter light path (e.g., 1 mm or 2 mm) than the standard cuvette
(10 mm).

41.2.3.2 The Determination of Lifetime of the Singlet Excited State

The fluorescence quantum yield @r in Eq. 2 is related to the rate constant for the
fluorescence from the singlet-excited species (kr) and the lifetime for the singlet-
excited species (), as shown in Eq. 5. The rate constant & is related to the refractive
index of the medium, the oscillator strength, and the wavenumber corresponding to
the maximum wavelength of absorption [38]. In general, the oscillator strength of
fluorescence dyes are insensitive to the environment where the dyes are located [39].
The lifetime 7 is the reciprocal of the sum of rates for all possible deexcitation
pathways and can be determined by using the single photon counting technique.

¢F:kFXT (5)
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For a supramolecular system where multiple fluorescent species (i) coexist, the
fluorescence decays are fit to a sum of exponentials (Eq. 6) with the lifetimes (z;) and
the pre-exponential factors (4;) being determined. The quality of each fit was judged
by the residuals plot and the value of 2. The number of exponentials (n) for each fit
was increased until the residuals were random and the »? values were between 0.9
and 1.2. It is worth noting that evaluating the goodness of the fit solely by the value
of y* is sometimes misleading since the value of y* can be within the range of
0.9—1.2 even when the goodness of fit is poor with the residuals being non-random.
Therefore, always check the residuals plot during the data treatment.

n
L=IxY [Ai x e*r‘i} (6)
i=1

The fluorescence intensities for each species (e.g., a system with two species i and
j) can be related to the pre-exponential factor and singlet-excited state lifetime 7 by
Eq. 7. Equation 8 is then derived from Eq. 7.

Iy b (Aixefi)

A ™)
F,j fO (A_] X e 1VJ)
Iri _ iz ®)
Ipj Az

According to Eq. 4, the fluorescence intensities for each species can be related to
the concentration of each species by Eq. 9.

[Fii&'xk]:’iXTiX[i]

L= ®
Iej & x ke x 7 % []]
Eq 10 can be derived by associating Eqs. 8 and 9.
4 [i]
4; i
where
& X k]: i
= 2 11
8id = o ke an

As aresult, the ratio of pre-exponential factors for different species could be used
to probe the ratio of concentrations for those species. For example, each enantiomer
of 2-naphthyl-1-ethanol (R-NpOH or S-NpOH) binds to $-cyclodextrin to form two
type of 1:1 complexes (N and E) [40]. N and E referred to the complexes with the
naphthyl unit and with the ethanol unit of NpOH being deeply embeded into the j-
cyclodextrin cavity, respectively. N and E could associate with each other to form
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Table 1 Lifetimes and pre-exponential factors for the emission of NpOH obtained from the global
analysis for the decay excited at 277 nm and measured at 380 nm [40]

NpOH 7,/n8 Ay T5/n8 A> 73/n8 As
R- 25.4 0.17 38.0 0.11 72.7 0.72
S- 25.4 0.21 38.0 0.38 72.0 0.42

three type of 2:2 complexes, i.e., NN, EE, and NE, where the EE complexe exhibited
excimer emission. The time-correlated single-photon counting experiments were
conducted for the p-cyclodextrin/NpOH systems. The decays traces determined
were fit by Eq. 6 with the parameter n being increased. The residuals between the
data and the fit was not random until n was assigned to 3, implying a “best fit” with
three fluorecent species being identified. The shortest lifetime, 7;, was assigned to
NpOH free in water, while the second lifetime, 7,, was assigned to NpOH in the 1:1
host/guest complex. The longest lifetime, 73, corresponds to the excimer emission of
NpOH in the 2:2 host/guest complex. The A3 value is significantly higher for R-
NpOH than for S-NpOH, indicating that more 2:2 host/guest complexes were formed
for R-NpOH than for S-NpOH, and thus a chiral recognition (Table 1).

41.2.3.3 The Determination of Equilibrium Binding Constant

The absorbance or fluorescence intensity change at certain wavelength upon the
host-guest complexation can be used to quantitatively study the host-guest binding.
The host-guest binding ratio can be determined by a Job plot [41]. In the experi-
ments, the samples are prepared with the concentration of guest varied but the total
concentration of host and guest remaining constant. The signal change of absorbance
or fluorescence intensity is then plotted against the mole fraction. The mole fraction
with the maximum of the signal change in the plot implicates the host-guest binding
ratio. The Job plot is simple and straightforward methodology to determine the
binding ratio. However, one could determine the binding ratio and the equilibrium
binding constant for the host-guest binding simultaneously by a titration experiment.

In the titration experiment, the concentration of the probe (either host or guest
depending on which one is detectable) is in general kept constant while the concen-
tration of the other species is varied. The signal changes are then plotted against the
concentration of the titrant and the binding isotherm was fit with several binding
models until the best fit was achieved. The goodness of the fit of a binding model is
judged by the randomness of the distribution of residuals between the data and the
fit. For example, the binding isotherms for the interaction of pillararene unit with
multitopic guests were determined and fit with different binding model (Fig. 7) [33].
Only the fit with 2:1 host/guest binding model showed random residuals for the
pillararene/ditopic guest complex and the fit with 3:1 host/guest binding model
showed random residuals for the pillararene/tritopic guest complex, respectively.

It is worth noting that some traditional fitting methods, e.g., the Benesi-
Hildebrand treatment for a 1:1 host-guest complex (Eq. 12) [42], are still employed
nowadays. These methods are convenient and straightforward to fit the data using
linear regression. However, these methods give higher weight to the lower signal
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changes which are determined at lower concentration of titrant and thus have the
higher uncertainty. As a result, the equilibrium binding constant recovered by the
linear regression (e.g., Eq. 12 for a 1:1 host-guest complex) is not so accurate as that
determined by the nonlinear regression (e.g., Eq. 13 for a 1:1 host-guest complex).

1 1 1

AN T Kxaxe (12)

A XK xc
S22 e 13
1+K xc (3)

where A, A’, K, and c represent the signal changes determined for each sample, the
signal change between the free and complexed probe, the equilibrium binding
constant, and the concentration of titrant, respectively.

41.3 NMR Spectroscopies in Supramolecular Chemistry

NMR spectroscopy is the very important and powerful methodology for the inves-
tigation of supramolecular systems. Various NMR techniques are applied to develop
detailed structural elucidation of supramolecular systems and to study their thermo-
dynamic and dynamic properties [5]. In this section, some most common NMR
techniques and their applications in supramolecular systems will be given brief
introduction.

Before beginning, it needs to be aware of that the host-guest complexation is a
dynamic process. If there is a slow exchange between the free and bound species,
separated NMR resonances will be observed for all species involved in the host-
guest bonding equilibrium. However, the most common situation in host-guest
complexation is a fast exchange, and the observed chemical shifts in this case is a
weighted average of the values in the free and bound states [6].

41.3.1 1D NMR Spectroscopy

Changes in the 1D spectra of the molecules during a molecular assembly process can
present the information about the resulting structure. Chemical shift change is
usually an indicator of the formation of a host-guest complex, and more if it is
informative on the binding mode analysis [5]. A recent and typical example has been
provide by Yu liu and co-workers [43], where a variety of morphologically interest-
ing aggregates have been constructed using bipyridinium-modified diphenylalanine
derivative (BP-FF) and macrocyclic hosts (cucurbit[7]uril (CB[7]), cucurbit[8]uril
(CBJ8)), pillar[S]arene (WP5A), or tetrasulfonated crown ether (DNC)). There is the
1:1 complex stoichiometry between BP-FF and four macrocycles. Their binding
modes were investigated by "H NMR spectroscopy. The NMR spectra of free host or
guest molecules without binding were shown in Fig. 8a, c, ¢, g, i, respectively. The
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resonances of an included guest are usually shifted to upfield compared with the free
molecule, due to the anisotropic effect of a rich electronic cavity of the host, such as
the host with the aromatic walls [44]. When BP-FF C CB[7] complex formed, the
protons (Hy, and H,) of the pyridinium moiety in BP-FF exhibited a large upfield shift
in the presence of CB[7], while the protons of the phenyl rings were essentially
unchanged (Fig. 8b, c). Therefore, it can be deduced that pyridinium moiety was
bound to CB[7], but the diphenylalanine moiety is outside the cavity. In BP-
FF C CBJ[8] complex, both pyridinium (H,, H, and H.. in Fig. 8d) and partial phenyl
protons shifted to higher field in the presence of CB[8], indicating that the
pyridinium moiety and phenyl ring of diphenylalanine were concurrently included
in the cavity of CB[8]. As shown in Fig. 8f, when WP5A was added, the proton
peaks of the pyridinium ring of BP-FF underwent an upfield shift, which demon-
strate the host-guest inclusion between WPS5A and the pyridinium moiety of BP-FF
in water. Similarly, as can be seen from Fig. 8h, the chemical shifts of aromatic
protons in DNC and all protons in bipyridinium moiety of BP-FF showed an upfield
shift upon complexation with each other, by the anisotropic effect between naph-
thalene and pyridinium rings.

Chemical shift changes in 1D NMR spectroscopy are also usually utilized to
study stimulus-response behaviors, intra- and intermolecular [6]. For example, the
changes can reveal the conformational variation of host/guest, or the relative motions
between molecules in a supramolecular system, such as in a rotaxane or catenane. As
shown in Fig. 9, OPVEx?Box*" is a semi-rigid tetra-cationic cyclophane with a
rectangle-like geometry [45]. It comprises oligo(p-phenylenevinylene) pyridinium
units and the biphenylene-bridged 4,4-bipyridinium extended viologens, where the
stilbene part is photo- and thermal-responsive. (EE)-OPVEx”Box*" can undergo
(E)«=(Z) isomerization of vinyl group upon light irradiation or on heating. The
photoisomerization can be displayed by 'H NMR spectroscopy. The 'H NMR
spectrum of a freshly prepared (EE)-OPVEx’Box*" sample under blue light
(450-460 nm) irradiation showed two distinct proton resonances shifts to upfield
of hydrogen in the alkene group (Hy and H)), indicative of (EE)-OPVEx’Box*"
undergoing isomerization. More specifically, the resonances of the protons Hy and H;
were split into two sets: the original set was assigned to the unreacted E conforma-
tion, while the other set of proton resonances (Fig. 9b), H, (d, ] = 12.9 Hz) and H,,
(d,J = 12.8 Hz), was corresponding to the transformation of OPVEx*Box*" from the
(EE)- to the (EZ)-isomer. On heating of the solution of the (EZ)-OPVEx*Box*" at
70 °C for 16 h, the "H NMR spectra (Fig. 9c) was restored to the same as the (EE)-
OPVEx’Box*", which indicated almost quantitative thermalisomerization from the
(EZ)-isomer to the (EE)-isomer.

In supramolecular chemistry study, it is a matter of great concern to study the
controlled motion between molecules, because it is an important foundation of
molecular machine research [46]. As mentioned above, certain chemical shift
changes in 1D NMR spectroscopy are signs to tracking the relative motions between
molecules. Wei jiang and co-workers has reported a rotaxane-based molecular
shuttle that can achieve directional shuttling of a cone-like “rotor” on a symmetric
“axle” [47]. The “rotor” was a naphthotube macrocycle, and the “axle” possessed
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Fig. 9 'H NMR spectra (500 MHz, CD;CN, 25 °C) of (EE)-OPVEx’Box-4PF; (a) before and
(b) after blue light irradiation (450460 nm, 12 W, 12 s). (¢) Spectrum after heating the solution of
(b) for 16 h at 70 °C. (d) Spectrum of (EZ)-OPVEx?Box-4PF Ref. [45]

two phenyl triazole stations arranged in opposite orientations and one di(quaternary
ammonium) station in the middle (Fig. 10a). The stimuli-responsive motion between
the “rotor” and the “axle” in the rotaxane (R*") could be manipulated by the acid/
base adding as shown in Fig. 10b. Its unique directional shuttling was discovered
and supported from its '"H NMR experiments. The addition of three equivalents TFA
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Fig. 10 (a) Chemical structure and cartoon of rotaxane R*" with PF; as the counterions.
(b) Cartoon representation of acid/base controlled shuttling of rotaxane R*". 'H NMR spectra
(400 MHz, CD,Cl,, 2.0 mM, 25 °C) of rotaxane R>" with PF; in (c) the absence or (d) the presence
of TFA Ref. [47]

into the solution of R>* was able to cause the protonation of macrocycle and then the
relocation of macrocycle to the two phenyl triazole stations. Because the upfield
peaks of H atoms (H;, Hy, H;, Hy-, and Hy)) from the alkyl in the “axle” was
disappeared, indicating the shielding effect faded away, that is, the electron-rich
cavity of macrocycle moved away from the alkyl. It might result in the formation of
two possible isomers RA-2H*" and RB-2H*", if the movement of macrocycle was
nondirectional onto the “axle.” However, the '"H NMR spectrum of R*'in the
presence of TFA was quite well-defined and clean, and only one set of isomer’s
signals was observed, standing for only one isomer exists. As regards peaks, protons
in left phenyl triazole part underwent very large upfield shift, where H. shifted
upfield (—1.55 ppm), Hy (—4.72 ppm) and Hg (—3.47 ppm). These chemical
shift cz:hanges revealed only RA-2H*" was formed form the directional shuttling in
the R*".
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41.3.2 2D NMR Spectroscopy

2D NMR spectroscopy gives data plotted in a space defined by two frequency axes
rather than one. The development from 1D to 2D NMR has opened a broader
prospect for the application of nuclear magnetic technology. 2D NMR techniques
have become very popular because they can easily and clearly show the interaction
within or between molecules. The interactions through scalar couplings between
nuclei can be detected mainly by COSY, TOCSY, HMQC, and HMBC experiments,
while ones through space couplings is usually detected by NOESY and ROESY
experiments.

2D COSY, called correlation spectroscopy, experiment is the simple and widely
used 2D NMR experiment. It is an homonuclear chemical shift correlation experi-
ment based on the transfer polarization by a mixing pulse between directly J-coupled
spins, and homonuclear through-bond interactions can be trace out in its map if their
cross-peak exists [48]. Thus, the spectral assignment in a complicated system can be
made with the help of 2D COSY spectrum. In the work just mentioned about the
directional shuttling of rotaxane R*" [47], the identification of its "H NMR peaks to
corresponding hydrogens of R**, especially the peaks of right (or left) “axle,” is very
difficult. To minimize form complexity, it is necessary to determine the peaks
derived from the hydrogens on adjacent carbon (e. g., H; — Hy) through the cross-
peaks in the 2D COSY map, as shown as in Fig. 11.

NOESY, called nuclear overhauser enhancement spectroscopy, is based on
nuclear overhauser effects (NOE), and the NOE is defined as the change in the
intensity of one spin when the spin transition of another nuclei nearby is perturbed
from equilibrium population [48]. The NOE decreases rapidly with the increment of
the distance between the nuclei, and thus the NOE cross peak in 2D map only relates
protons which are spatially close to each other (closer than 0.4 nm), even if no
chemical bonds connection, and the relative intensities of these cross-peaks depend
on the spaces between the corresponding nuclei. When the molecules with a mass of
1000 Da — 2000 Da, it is worth noting the NOE can become very weak or even
vanish. In that case, the spin-lock experiments such as the rotating frame NOE
(ROESY) should be used instead of NOESY. Thus, NOESY and ROESY are very
useful for judging protons that are close to each other in the supermolecular
structure. For example, the structure of f-cyclodextrin/BPA complex was investi-
gated in water solution by ROESY experiments at 25 °C in D,O [49]. As shown in
Fig. 12, f-cyclodextrin is a cyclic oligosaccharide with seven D-glucose units linked
by a-1,4-glucose bonds and has the Hz/Hs inside its hydrophobic cavity. Hs locates
at the secondary ring side, while Hs at the primary ring side. f-cyclodextrin can form
1:1 complex with BPA, and the ROESY spectrum of the complex displayed clear
NOE cross-peaks between the H, proton of BPA and the H3/Hs protons of -
cyclodextrin (peaks A and B), as well as, between the Hy, protons of BPA and the
H3/H;s protons of f-cyclodextrin (peaks C and D). These NOE cross-peaks indicate
the structure of the complex, where the phenyl ring of BPA is deeply included into
the f-cyclodextrin’s cavity. Moreover, considering the comparable intensity of peaks
E and F (peaks E assigned to the NOE cross-peaks between the H, and H;, peaks F
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Fig. 11 2D 'H-"H COSY spectrum of (400 MHz, CD,Cl,, 2.0 mM, 25 °C) of rotaxane R*>* with
PF; Ref. [47]

assigned to the NOE cross-peaks between the H, and Hs), the BPA molecule can
puncture simultaneously into the f-cyclodextrin’s cavity both from the primary ring
side and the secondary ring side. From a NOESY spectrum, similar information can
be obtained. As shown in Fig. 13, the pillararene (WP5-P) and the guest (G1)
displayed NOE cross peaks between protons H,, Hy,, and H, of WP5-P and protons
H; and H, of G1 in their NOESY spectrum, indicating the complex can be formed
and has the structure as presented in Fig. 13a [50].

41.3.3 DOSY Technique

The diffusion coefficients (D) can be calculated by the Stokes-Einstein equation (Eq.
14):

kT

D=
6znr

(14

where kg is the Boltzmann constant, 7 is the absolute temperature, # is the dynamic
viscosity, and 7 is the hydrodynamic radius of the species [S1]. The diffusion
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Fig. 13 (a) Structures and cartoon representations of WP5-P/G1, (b) 'H NOESY spectrum of a
mixture of WP5-P (10.0 mM) and G1(10.0 mM). The NOE correlation signals that confirm the host-
guest interactions are marked on the spectrum Ref. [50]

coefficients, in a given situation can reflect on the size and shape of species. Since
molecular aggregations and complexations in solution will cause a change in the
diffusion coefficients, diffusion measurements are attracting more attention in supra-
molecular chemistry. Many NMR techniques are developed for diffusion measure-
ments to investigate molecular interactions, such as DOSY. DOSY, called diffusion-
ordered NMR spectroscopy, is also presented as a 2D map with the chemical shift in
the horizontal axis and the diffusion coefficient of the component in the vertical axis
[52], so it shows the separation of the components in a complex mixture according to
their diffusion coefficient just like a “NMR chromatography” and make an evalua-
tion of the species in equilibrium. Cohen and co-workers confirmed the hexameric
capsules of M1 formed in CDCI; by the DOSY experiment using M2 as an internal
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Fig. 14 'H DOSY of a mixture of M1 (20mM) and M2 (20mM) in CDCls at 25 °C. Structures of
M1 and M2 as shown on top Ref. [53]

reference [53]. The DOSY spectrum of the 1:1 mixture of M1/M2 (Fig. 14) shows
three diffusing sets of peaks. M2 is known to form robust hexamers when dissolved
in CDCl3, so the horizontal purple line represents the diffusion value of its hexamers.
The diffusion coefficient of the slower diffusing set of peaks of M1 (green line) is
approximate to that of the hexamer of M2, indicating the hexamers M1 formed. In
addition, the red line indicates the diffusion value of the dimer of M1.

41.3.4 NMR Titration

NMR titration is measurement of chemical shift changes as a function of concen-
trations of species. As mentioned above, if host-guest complexation is a fast
exchange, the observed chemical shift in this case is a weighted average of the
values in the free and bound states. Thus, in that situation, the association constant
(K) of host-guest complexation can then be obtained from a series of NMR spectra
measured at different initial concentrations of host and guest. The data treatment
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with Benesi-Hildebrand equation is recommended and like that of the spectral
methods in previous section (Eq. 6). The advantage of NMR technology is that it
can provide more microscopic information for complicated supramolecular struc-
tures and avoid mistakes attributed to the presence of impurities. For example, Yuliu
and co-workers employed a "H NMR titration to investigate the association con-
stants (K) of CPT-CD and ADA-EDA [54]. CPT-CD and ADA-EDA are derivatives
of p-cyclodextrin and adamantane, respectively. Firstly, the stoichiometry between
CPT-CD and ADA-EDA was determined as 1:1 according to the Job’s plot where the
maximum was observed at a molar fraction of 0.5. As shown in Fig. 15, the
concentration of ADA-EDA was fixed at 0.5 mM, and the concentration of CPT-
CD increased from 0 to 3.0 mM. The proton signals of ADA-EDA shifted downfield
gradually for the inclusion of ADA part into the cavity of CPT-CD. The peak at
6 = 1.86 ppm is assigned to ADA-EDA, and its chemical-shift changes is chosen as
the function of the concentration of CPT-CD by analyzing the nonlinear least-
squares fit. Finally, the binding constant (K) between ADA-EDA and CPT-CD
was calculated as (1.8 & 0.2) x 10° M.

41.4 CD Spectroscopy in Supramolecular Chemistry

41.4.1 Generation of ICD

Circular dichroism (CD) is a chiroptical spectroscopy, and the phenomenon of CD is
derived from the differential absorption, usually in the UV-Vis wavelength region, of
molecules with left- and right-circularly polarized light (CPL) [55]. Its signal can be
positive or negative, depending on whether left-CPL is absorbed to a greater extent
than right-CPL. A chiral molecule is optically active, so CD spectroscopy is a
sensitive spectroscopic tool for determining its absolute configurations and confor-
mations. Nevertheless, an achiral molecule can be induced optical activity by a chiral
and transparent molecule as result of the appropriate coupling between the electrical
transition moments of the former and of the latter, that is, it displays induced circular
dichroism (ICD) signals in absorption bands after complexation with a chiral
inducing molecule [7, 56]. The basic idea of ICD is shown in Fig. 16.

A good example for ICD caused by hosts is that achiral naphthalene derivatives
can be endowed ICD property by the complexation with cyclodextrins [57]. Cyclo-
dextrins are chiral molecules but do not absorb in the UV-Vis region and conse-
quently do not show CD over there. Achiral naphthalene derivatives can absorb in
this wavelength range, but CD inactive. When the naphthalene guest complexes with
a cyclodextrin, it arises the ICD in the UV-Vis region [58-61].

41.4.2 Kodaka’s Rules

Kodaka proposed some general rules for ICD of an achiral chromophore caused by a
chiral macrocycle host, in particular for cyclodextrins [S8—60]. (1) For the guest
included in the host, an electronic transition of achiral guest parallel to the axis of
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Fig. 15 'H NMR titration of ADA-EDA with CPT-CD. (a) 'H NMR spectra of ADA-EDA
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Fig. 16 Simplified
representation of generation

of ICD Chiral inducer Achiral, no CD
transparent A+ B UV-VIS active

{

A-B complex

host gives positive ICD while that perpendicular to the axis gives negative ICD. (2)
When a chromophore is situated outside the cavity of the host, the sign of ICD
becomes reversed to that inside. (3) The magnitude of the ICD signal is greater when
the movement of the guest inside the host is hindered.

The application of the rules will be explained through the ICD studies of 2,3-
dimethyl naphthalenedicarboxylate (23DMN) with 2-hydroxypropyl-a-, —f-, and -
y-cyclodextrins (HPCDs) in aqueous solution [61]. As shown in Fig. 17a, 23DMN
do not have any CD signal itself, but it can be induced ICD signals in the presence of
a-, -, and y-HPCD. The ICD spectra for 22DMN:4-HPCD and 23DMN:y-HPCyD
systems exhibit a positive peak around 240 nm, which is corresponding to 'By, band
of 23DMN. It indicates that 23DMN penetrates inside the cavities of - and y-HPCD
with its 'B,, transition parallel to the axis of HPCDs (Fig. 17b). The higher magni-
tude of the ICD for the 23DMN:B-HPCD suggests a better size-fit and less move-
ment freedom of 23DMN within f-HPCD than y-HPCD. This host-guest geometry
is further confirmed by the molecular mechanics calculations (Fig. 17¢). In contrast,
the 23DMN with a-HPCD shows a weak negative peak for its 'By, band. For the
relatively small size of a-HPCD, the 23DMN can not penetrates inside with its 'By,
transition perpendicular to the axis of a-HPCD. Based on Kodaka’s rules, it should
be that the 23DMN has most of its chromophore part situated outside the cavity of
the a-HPCD (Fig. 17b). In addition, the calculation of the binding constant of host-
guest complexes also can be performed by using the ICD technique [62]. From the
ICD intensity change of the intensity of the 23DMN upon f-HPCD addition (Fig.
17d), the binding constant, as (910 + 50) M~', can be fitted out by a nonlinear
equation for a 1:1 complex (Eq. 13).

41.5 Dynamic Study in Supramolecular Chemistry

One crucial feature of supramolecular system is its dynamic characteristics [63]. The
intermolecular interactions between the chemical components in the systems are
noncovalent and relatively weak compared to the covalent bond in the molecular
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systems. Therefore, the chemical components in supramolecular systems associate
and dissociate with each other reversibly. As written by Jean-Marie Lehn, “indeed,
supramolecular chemistry is intrinsically a dynamic chemistry in view of the lability
of the non-covalent interactions connecting the molecular components of a supra-
molecular entity.” [64] The dynamic of supramolecular system might be crucial to
the application scenarios. For example, a drug delivery system might require the
release of drugs in the timescale of hours [65], while a dye stabilizing system might
require the release of dyes in the timescale of days or even months [18]. However,
the information provided by dynamic studies cannot be inferred from thermody-
namic studies or structural studies. For example, the trend for the rate of complex-
ation process can be opposite from that for the stability of the complex [66]. In
contrast, the information provided by the dynamic study can be employed to infer or
explain the results from the thermodynamic study and the structural study.

The dynamic study in the supramolecular chemistry has not been developed to the
same extent as the thermodynamic study or the molecular structural design. This
situation may be due to fact that the complexity and the diversity of the supramo-
lecular systems limit the equipment and the technique that can be employed. For
example, the dissociation of complex can proceed very fast (e.g., within 0.1 ps for
the f-cyclodextrin-xanthone complex [67]) or very slow (e.g., >27 h for the CB[7]-
1,1’-bis(trimethylammoniomethyl)ferrocene complex [68]). The slow dynamic pro-
cess (e.g., equilibrating on a timescale longer than minutes) is convenient to be
studied by the techniques aforementioned in this chapter, e.g., steady-state fluores-
cence and absorbance spectroscopies or NMR. During data collection for the
supramolecular system, the concentration of the species can be approximately
treated as being constant because the time of determination is too short for the
process to proceed (known as psudoequilibrium state). Thus, the data points col-
lected at each sampling time can be used to study supramolecular dynamics. In
contrast, the fast process cannot be studied by those techniques because the process
equilibrates within the determination time and no dynamics information can be
obtained. To study the fast process, some relaxation techniques were developed [69].

In 1950s, Manfred Eigen developed a method of “kinetic relaxation” (or known
as “chemical relaxation”) to study very fast reactions, e.g., the neutralization process
of hydronium ion and hydroxide ion [70, 71]. In brief, the methodology of chemical
relaxation studies includes perturbing a system at equilibrium, recording the relax-
ation process (i.e., the process for the system to re-achieve the equilibrium) as the
kinetic trace, and analyzing the kinetic trace. The binding mechanism for the
supramolecular system and the related association and dissociation rate constants
for the relevant reactions in the system are determined during the analyzing process.
The perturbation process, which must be faster than the relaxation process, can be
achieved by changing temperature (i.e., “temperature jump”), changing pressure
(i.e., “pressure jump”), changing the concentration of supramolecular components
(i.e., “stopped flow”) or changing the energy state of the chemical species (e.g.,
generating significant amount of excited state of species by the laser flash photolysis
experiments (Fig. 18) [72].
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Fig. 18 Techniques suitable for the supramolecular dynamics study at different timescales
Ref. [69]

In general, the binding process between the guest and the host molecules pro-
ceeds by two steps: (i) the formation of intermediates driven by the host-guest
recognition according to the surface properties of the guest and the host molecules
(i.e., an exclusion complex), and (ii) the formation of the final host-guest complexes
whose geometry and structural distribution depend on the dynamic properties of the
complex (i.e., an inclusion complex) [73]. Whether the exclusion complex is detect-
able or not is different, case by case. For example, the guests with different charge
states could associate with cucurbit[6]uril (CB[6]) by different mechanisms: Charged
guests with large size bind to CB[6] by forming exclusion complexes firstly and then
inclusion complexes, whereas neutral guests with similar sizes move into the cavity of
CBJ 6] directly without the formation of detectable exclusion complexes [13].

For a simple system with two supramolecular components, the binding process
could be very fast and equilibrate within 1 millisecond, e.g., the association rate
constant for binding of some guests to cyclodextrins and cucurbit[7]uril could be
within the range of 4 x 105M~ " s7' =10 M~! 57! [10, 74]. With the increase of
complexity of supramolecular assemblies, the assembling process dramatically
slows down from a sub-millisecond timescale to a millisecond or longer timescale
[23, 75]. It is worth noting that some picosecond and femtosecond studies have been
conducted for the supramolecular systems [76]. In these cases, the time window of
the measurement is too short for the association and dissociation between guest and
host cavities. Rather, the ultrafast dynamic studies examined the effect of the host
cavities on the vibrational relaxation process of the tripped guests.
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41.6 Conclusion

Overall, this chapter introduces four basic and common spectroscopies, i.e., absor-
bance, fluorescence, NMR, and ICD spectroscopies and their applications in supra-
molecular chemistry. These spectroscopies are profusely and successfully used in
structural, thermodynamic and dynamic studies of supramolecular systems. Absor-
bance, fluorescence and classic 1D NMR spectroscopies are useful tools to monitor
the formation of host-guest assemblies with the binding mechanism and the binding
affinity being determined. 2D NMR techniques are convenient ways to reveal the
intermolecular interactions as well as the position of guest within the host cavity.
ICD experiments are often performed for supramolecular conformation characteri-
zation. And with the dynamic methodologies at different timescales, the character-
istics of the dynamic process in supramolecular systems and the binding mechanism
could be clarified. Moreover, the basic principles in the experimental design and
practical operation of spectroscopic experiments were introduced in detailed with
specified examples. This knowledge is very important to make the experimental
design and data collection rightly especially for beginners. In all, the comprehensive
and rational use of these methods and techniques will help us to obtain more
complete and accurate insights in supramolecular chemistry.
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