Adv Polym Sci (2013) 261: 295-320
DOI: 10.1007/12_2013_255

© Springer-Verlag Berlin Heidelberg 2013
Published online: 27 October 2013

Probing Macromolecular and
Supramolecular Structure, Dynamics,
and Function by Magnetic Resonance

Hans Wolfgang Spiess

Abstract The use of magnetic resonance spectroscopy, both electron paramag-
netic resonance (EPR) and nuclear magnetic resonance (NMR) for elucidating the
structure, dynamics, and function of macromolecular and supramolecular systems
is described. The role of chain conformation in governing supramolecular organi-
zation is emphasized. Examples include polymers with conformational memory,
polypeptides, dendronized polymers, as well as functional macromolecular and
supramolecular systems for organic-based electronics. Acknowledging Hermann
Staudinger’s vision similarities between synthetic polymers and biopolymers, e.g.,
partially disordered proteins, are addressed. Moreover, the need to apply a multi-
tude of techniques in studying the structure and dynamics of such complex systems
is emphasized.
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1 Introduction

To state that precise knowledge of the structure and dynamics of macromolecules of
well-defined architectures is of utmost importance when tailoring them for specific
functions nowadays sounds like ululas Athenas portare. In his Nobel lecture in 1953
on macromolecular chemistry [1] Hermann Staudinger emphasized the importance of
determining the structure of macromolecules, but did not mention their dynamics. He
listed several experimental techniques for determining the structure and the molec-
ular weight of macromolecules that were in use at that time, when the macromolec-
ular nature of both synthetic and biomacromolecules was under debate, but magnetic
resonance was not among them. This is easily explained by the fact that magnetic
resonance (MR) techniques based on electron spins (i.e., electron paramagnetic
resonance, EPR, spectroscopy) and on nuclear spins (i.e., nuclear magnetic reso-
nance, NMR, spectroscopy) were in their infancies, being discovered in 1944 by
E. K. Zavoisky [2], and in 1945 by F. Bloch and E.M. Purcell, respectively
[3, 4]. Naturally, their potential in macromolecular science was not yet known. As
early as the 1960s, however, G. Natta and coworkers took advantage of the new NMR
technique to elucidate the stereoregularity of poly(propylene) [5], providing a new
way of structural characterization of macromolecular chains [6]. Polymer dynamics
is closely linked to the mechanical properties of polymer materials [7]. As molecular
dynamics leads to narrowing of NMR lines, the analysis of "H NMR line shapes of
bulk polymers offered a means for a better understanding of these delicate relation-
ships [8]. Indeed, as early as 1959, W. P. Slichter published a seminal paper [9], again
in Staudinger’s journal, entitled “Nuclear resonance studies of motion in polymers,”
describing these developments. Much later, ’H NMR on selectively deuterated poly-
mers provided unique possibilities for elucidating both the time scale and geometry of
molecular dynamics in polymers [10].

Today, NMR spectroscopy has advanced to become an indispensable tool in
polymer research. The introduction of Fourier transform NMR and its extension to
two and higher dimensions [11] made it possible to include low-sensitivity, yet highly
informative, spectroscopy of rare nuclei such as '>C or '°N. These techniques are now
mainly applied to study biomacromolecules [12] in solution, but increasingly also in
the solid state [13]. In the latter case, multidimensional NMR techniques were
actually developed first for synthetic polymers [14]. Later, advances in solid state



Probing Macromolecular and Supramolecular Structure, Dynamics, and Function. . . 297

NMR under fast magic angle spinning (MAS) offered an attractive way to elucidate
the packing and local dynamics of the building blocks in supramolecular assemblies
[15]; for a review of the early examples see [16].

In the early days of magnetic resonance, NMR and EPR spectroscopy were
developed in parallel and often by the same people [17, 18]. Later on, the two
techniques largely separated, but recent developments in microwave technology
have allowed spectroscopists to use pulse methods in EPR as well [19] and it is
rewarding to see the two “sister spectroscopies” merge again. In fact, the current
revival of EPR (ESR) spectroscopy in macromolecular science [20-22] is largely due
to the development of pulsed methods by groups active in both solid state NMR and
EPR [23, 24]. Using these techniques, together with site-directed spin labeling [25],
the structure of biomacromolecules and supramolecular assemblies can now be
probed on the nanometer scale, which nicely augments the subnanometer information
provided by NMR. A singular advantage of MR methods is the fact that structure
determination does not require single crystals, as needed for X-ray diffraction or
neutron scattering [26]. Therefore, MR can be applied to condensed matter in all
forms: liquids, crystalline solids, disordered solids, liquid crystals, and even gases.

This chapter collects a few recent studies on the structure and dynamics of
macromolecular and supramolecular systems, largely based on the author’s group
in collaboration with other more synthesis-oriented colleagues. For additional reading
we refer to a recent perspective article [27] and recent reviews [28—-30]

2 Solid State NMR and Pulsed EPR Techniques
for Analyzing Structure and Dynamics

Signals originating from hydrogen-bonded protons are well separated in 'H MAS
NMR spectra, typically resonating between 8 and 20 ppm [11, 16]. Therefore, the 'H
chemical shift provides semiquantitative information about the strength of the hydro-
gen bonds. In addition, the 'H chemical shift is also a sensitive probe of so-called ring
currents associated with aromatic moieties [16]. They are observed as a low field shift
compared to the corresponding liquid state signal and may thereby serve as a direct
hint for -7 interactions. Likewise, the low field shift can be simply related to the
packing via so-called nucleus independent chemical shift (NICS) maps [31]. This
augments the well-known sensitivity of '>*C NMR chemical shifts to local conforma-
tion [6], known as the “y-gauche effect”. Detailed packing information is obtained
from distance measurements between specific proton sites at adjacent building blocks
via high resolution double quantum (DQ) solid state NMR under MAS [16, 28]. This
is particularly important for supramolecular assemblies involving aromatic groups
and functional polymers for organic electronics [32, 33].

Solid state NMR, however, is probably even more powerful for probing the time
scale and geometry of rotational motions [14]. For instance, disk-shaped aromatics
often stack into columnar structures as part of discotic liquid crystals (DLC)
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[34]. In the liquid crystalline phase, the disks rotate around the column axis.
A particularly simple way of characterizing such restricted molecular dynamics is
provided by the dynamic order parameter S, 0 < § < 1. It is defined as the ratio
between the motionally averaged and the static anisotropic NMR interaction, e.g.,
dipole—dipole coupling, anisotropic chemical shift, or quadrupole coupling
[14]. For the rotation of disks in a perfectly packed column, S = 0.5 for '*C-'H
dipole—dipole coupling or ?H quadrupole coupling, centered around the C—H (C-D)
bond direction. Imperfections of the packing in the liquid crystalline phase, where
disks can be inclined to the column axis, lead to reduction of S below 0.5 and values
as low as 0.15 have been found [35]. Thus, S provides both dynamic and structural
information. In general, solid state NMR yields site selective information about the
amplitude and time scales of molecular motions over broad ranges of length and
time; for a recent review see [30].

The information about the structure and dynamics of polymers that EPR can
provide is very similar [19, 21]. For synthetic polymers, biopolymers, and supramo-
lecular assemblies, nitroxide spin probes and spin labels are particularly useful [36]. In
solution, their EPR spectra are governed by the g-factor and the hyperfine splitting
(denoted as a) to the N nucleus of the NO group. In solution, the former determines
the frequency of the center of the triplet arising from the hyperfine coupling. Both
parameters are sensitive to the electronic environment. In the solid state, the anisot-
ropy of the g-tensor leads to broad characteristic EPR line shapes, similar to those in
solid state NMR. Likewise, the EPR spectra are averaged by rotational motions, yet on
time scales in the nanosecond scale rather than the microsecond scale that is relevant
in NMR [14, 19]. This motional averaging has been exploited extensively in macro-
molecular science, due to the pioneering work of J. Freed [37]. Moreover, similar to
NMR, the dipole—dipole couplings between electron and nuclear spins can be
exploited to determine intermolecular distances below 1 nm. The much stronger
couplings between two electron spins can probe distances up to about 8—10 nm.
Both types of measurements are achieved by pulsed electron—nuclear or
electron—electron double resonance techniques [23, 24], respectively.

3 Structure and Dynamics of Macromolecular Systems
Governed by Their Local Conformations

3.1 Conformational Memory in Synthetic Polymers

In flexible polymers, the chains tend to form random coils and the local conforma-
tions allow isotropic rotational motions of the residues by a combination of angular
fluctuations and conformational transitions [14, 38]. Stiff macromolecules with
flexible side groups, however, lack conformational freedom within the backbone,
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Fig. 1 (a) Extended chain conformation of syndiotactic poly(n-alkyl methacrylates). (b) Aniso-
tropic chain motion during glass process. (¢) '*C NMR spectra indicating anisotropic motion
above Ty, as described in the text

which leads to formation of layered structures even in the melt and highly aniso-
tropic motion [39]. The question then arises whether in more conventional polymers
extended conformations involving several repeat units can exhibit conformational
memory manifesting itself in collective anisotropic motions. Randomization of
conformation leading to locally isotropic reorientation could then occur as a sepa-
rated process on a longer time scale. Structurally heterogeneous poly(n-alkylmetha-
crylates), which consist of a polar backbone and flexible nonpolar side groups
R, = C,Hy,.1, are candidates for polymers with conformational memory, and
indeed exhibit unusual relaxation behavior [40]. The backbone of these polymers
contains extended syndiotactic sequences, which lead to extended chain conforma-
tions (see Fig. 1a).

Molecular dynamics of a macromolecular chain involves both conformational
and rotational motions. Along these lines, the backbone dynamics of poly(n-alkyl
methacrylates) has been elucidated by advanced solid state NMR, which enables
conformational and rotational dynamics to be probed separately [41]. The former is
encoded in the isotropic '*C chemical shift. The latter is probed via the anisotropic
'3C chemical shift [14] of the carboxyl group with unique axis along the local chain
direction. Randomization of conformations and isotropization of backbone orien-
tation occur on the same time scale, yet they are both much slower than the slowest
relaxation process of the polymer identified previously by other methods [40]. This
effect is attributed to extended backbone conformations, which retain conforma-
tional memory over many steps of restricted locally axial chain motion (Fig. 1b, c).
These findings were rationalized in terms of a locally structured polymer melt, in
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which the polar and less flexible polymethacrylate backbones form disordered
layers. This structure has been confirmed through temperature-dependent wide-
angle X-ray scattering (WAXS) [42]. The anisotropic chain motion occurs within
the layers; conformational randomization and rotational isotropization require
extended chain units to translate from one structured unit to another. The variation
in the molecular weight of PEMA showed that a minimum chain length of five to
ten repeat units is required for this effect to occur [43]. In the vicinity of the glass
transition temperature (T,), the time scales of the two processes for PEMA differ by
more than an order of magnitude, where the anisotropic motions follows a simple
Arrhenius law and the isotropization process follows the Williams—Landel-Ferry
(WLF) equation [7].

Recently, such peculiar chain dynamics were studied in nanoparticles onto
which PEMA was grafted [44]. Through selective '*C labeling, different parts of
the PEMA brush were labeled: at the particle surface (brush A), in the middle
(brush B), and at the chain end (brush C). In both brush A and brush B the
isotropization is significantly slowed down, in particular at elevated tempera-
tures (see Fig. 2a, b). The increased curvature of the data indicates a significant
increase of T, by about 20 K as well as significant changes in WLF parameters.
Remarkably, the part of the chain directly bound to the surface, brush A,
consisting of about 40 repeat units, displays virtually identical reduction in
isotropization mobility as the part in the middle of the brush, brush B, where
the labeled part is separated from the core by about 60 repeat units. This is
remarkable because the nanostructures of PEMA mentioned above involve five
to ten repeat units only.

This suggests that these structures, which are the reason for the clear separation
of the time scales of the local chain motion and the isotropization in PEMA, are
significantly affected by the presence of the nanoparticle. One can compare this
effect with the significant reduction in the chain reptation in star polymers, where
the star point does not move and chain motion can only occur via arm-retraction
[45]. In fact, from H NMR on selectively deuterated four-arm star poly(butadiene),
Brereton el al. [46] found a similar behavior, namely almost uniform dynamics for
the middle part of the arm, yet significantly shorter correlation times for the chain
ends. Our work also motivated computer simulation of chain dynamics of grafted
chains. It was found that the repeat units at the end relax faster than units further
inside along the chain, as previously observed for planar brushes but at variance
with theoretical expectations [47].

This example of studying polymer chain dynamics by advanced NMR
techniques illustrates what kind of unique information this technique can provide.
Many different types of information are accessible and its site selectivity is
unmatched by other methods. In addition to the local dynamics, chain motion on
mesoscopic length scales in polymer melts have been elucidated by various NMR
techniques including DQ NMR in high and low magnetic fields [29, 48]. Last, but
not least, the translational motion of poly(ethylene) chains from the crystalline to
the noncrystalline regions and vice versa has been quantified in samples of different
morphology, unraveling the decisive role of the interface [49].
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3.2 Self-Assembly and Dynamics of Polypeptides

It is remarkable that Hermann Staudinger had already considered synthetic and
biomacromolecules in parallel and noted their similarities as well as their differences
[1]. Following this, we note that local chain conformations also play a vital role in the
organization of polypeptides, i.e., macromolecules composed of amino acids. Resem-
bling biomacromolecules, they are considered for use in drug delivery and gene
therapy and thus have been the subject of intensive studies [50, 51]. In addition, it is
known that the superb performance of biological polypeptide-based materials such as
hair or spiders’ silk is due to a hierarchical superstructure over several length scales,
where structure control is exerted at every level of hierarchy [52]. The two most
common local conformations of polypeptides, known as secondary structures, are the
a-helix, stabilized by intramolecular hydrogen bonds, and the p-sheet, stabilized by
intermolecular hydrogen bonds. These secondary structures can be probed directly by
solid state NMR [14] and their packing can be obtained from X-ray studies
[53]. In addition, the a-helical structure posts a permanent dipole moment along its
backbone and can, therefore, be classified as a type-A polymer in Stockmayer’s
classification [54]. This dipole moment can be measured precisely using dielectric
spectroscopy (DS) and can be used as a probe of the persistence length of the
secondary structure [55]. Over the years, we have studied various polypeptides by
different NMR techniques, X-ray scattering, and dielectric spectroscopy [8] in order
to better understand their hierarchical self-assembly (Fig. 3).

As shown in an extended review [56], the concerted application of these tech-
niques has shed light into the origin of the glass transition, the persistence of the
a-helical peptide secondary motif, and the effects of topology and packing on the type
and persistence of secondary structures. Protein function and application often depend
on these issues. Using poly(y-benzyl-L-glutamate), PBLG, as an example, it was
shown that helices are objects of rather low persistence in the bulk as well as in
concentrated solutions in helicogenic solvents.

Copolypeptides, on the other hand, with their inherent nanometer length scale of
phase separation, provide means of manipulating both the type and persistence
of peptide secondary structures. As examples, we refer to the partial annihilation of
a-helical structural defects due to chain stretching, to the induced chain folding of
[-sheets in block copolypeptides with incommensurate dimensions, and to the desta-
bilization of f-sheets in peptidic blocks having both secondary motifs [57, 58]. These
effects should be taken into account when such peptides are going to be employed. in
applications such as drug delivery.

Proline residues are of exceptional significance in protein conformation and
protein folding because proline is the only amino acid where the nitrogen bears no
amide hydrogen, preventing hydrogen bonding. Furthermore, the bulky pyrrolidine
ring restricts the available conformations. Therefore, polypeptides with proline res-
idues offer a unique possibility for unraveling the interplay between hydrogen
bonding and geometric packing effects. In a recent multi-technique study of diblock
copolymers of PBLG and poly(L-proline) (PLP) their hierarchical self-assembly was
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Fig. 3 Assembly of a lamellar-forming polypeptide-coil diblock copolymer, depicting the main
techniques employed in our studies. Small-angle X-ray scattering (SAXS) is employed for the
domain spacing, d. '>C NMR and wide-angle X-ray scattering (WAXS) are employed to identify
the type of peptide secondary structure (a-helical in the schematic). WAXS is further employed to
specify the lateral self-assembly of a-helices within the polypeptide domain (a hexagonal lattice is
indicated in the schematic). Dielectric spectroscopy (DS) and site-specific NMR techniques are
employed for the dynamics. Furthermore, the most intense DS process provides the persistence
length, £, of a-helical segments [56]

7

PBLG

Fiber axis

PLP

Fig. 4 Copolymer self-assembly, showing PBLG and PLP o-helices (NMR, WAXS) that are
packed (WAXS) with significantly differently sized hexagons. The respective unit cells are indicated.
The arrow indicates the fiber axis. Adopted from [59]

investigated. Both blocks possess helices stabilized either by hydrogen bonds (PBLG)
or by steric hindrance (PLP) and are packed in two hexagonal cells of different
dimensions. An intriguing trans—cis conformational change of PLP upon confinement
was observed that mimics the isomerization of isolated proline residues in proteins.
These cis-PLP conformations reside primarily at the PLP/PBLG interface, alleviate
the packing frustration (see Fig. 4), and permit PBLG and PLP helices to pack with
the bulk [59].
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3.3 Protein Dynamics and Flexibility: Order and Disorder
in Proteins

Hermann Staudinger concluded his Nobel lecture [1] by saying “macromolecular
chemistry makes use of a number of qualitative correlations: those of shape and of the
associated configurational scope, up to the level of the “atomos” of living substance,
on which the game of Life ensues. In the light of this new knowledge of macromo-
lecular chemistry, the wonder of Life in its chemical aspect is revealed in the
astounding abundance and masterly macromolecular architecture of living matter.”
Thus, he clearly looked at synthetic macromolecules and biopolymers in parallel and
looked for synergies in their understanding [60]. Moreover, self-organization and
dynamics are common aspects in synthetic and biological systems alike [61, 62].

As far as proteins are concerned, the wealth of structural data available today [63]
are from X-ray studies of protein single crystals. However, as stated in an extended
review [64], the occurrence of unstructured regions of significant size (>50 residues)
is surprisingly common in functional proteins. These disordered regions are charac-
terized by great structural flexibility and plasticity. Obvious similarities between
proteins and synthetic polymers are that both classes span a wide range of organiza-
tion, from completely disordered random coils via molten globules and linked folded
domains to mostly folded crystallizable proteins [64] in the case of biopolymers, and
amorphous via self-organized structures to semicrystalline polymers in the synthetic
case [53]. A reason for the attention being paid to disordered regions of proteins today
is that techniques have recently been developed to analyze their structural propensi-
ties in solution by multidimensional NMR and pulsed EPR spectroscopy
[64-68]. These studies of intrinsically disordered proteins (IDPs) or disordered
protein regions indicate that proteins in general have a conformational ensemble of
varying breadth.

As a specific example from our group showing that well-ordered proteins also can
gain significant flexibility, let us consider the functional structure of human serum
albumin (HSA). It is the most abundant protein in human blood plasma and serves as
a transporting agent for various endogenous compounds and drug molecules [69]. Its
capability to bind and transport multiple fatty acids (FA) has been studied extensively
in the past. The research on HSA was severely hampered by the complexity of the
protein and benefited tremendously from crystallographic high-resolution structures.
Nearly 20 years ago, He and Carter reported the first crystal structure [70]. To date, a
plentitude of crystal structures have been deposited in the Protein Data Bank. Even
more important for understanding the binding properties of the protein, however, are
the structures of complexes of HSA and transported molecules, such as fatty acids.
Due to the pioneering work of Curry et al., crystal structures of various HSA—fatty
acid complexes have become accessible [71]. In particular, it was found that fatty
acids are distributed highly asymmetrically in the protein crystal, despite the fact that
HSA itself exhibits a symmetric primary and secondary structure.

In the context of partially disordered proteins, we note that the surface exposed
parts of HSA show a high degree of flexibility, which constitutes a key to the protein’s
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Fig. 5 Flexibility of the
fatty acid binding site entry
points, which results in a
much more homogeneous
and symmetric distribution
over the protein surface than
expected from the crystal
structure. Only one binding
site is shown for clarity.
Adopted from [74]

binding versatility towards various molecules. As early as the 1950s, Karush devel-
oped a concept that accounted for conformational adaptability of the binding sites [72]
and later a model was proposed that took into account the conformational entropy
arising from the flexibility of the fatty acid alkyl chains [73]. As noted in Sect. 2,
distances and distance distribution between spin labels on the nanometer scale can
now be determined with pulsed electron—electron double resonance, DEER
[20, 24]. By using spin-labeled fatty acids, it is possible to unravel the functional
structure of HSA with respect to its binding of fatty acids directly from the fatty acids’
point of view [74]. In this way, the distribution of the fatty acid binding sites is
detected without any contribution from the complex protein itself, which is an
enormous simplification. Structural information of the binding sites is obtained by
determining the distance distributions between the fatty acids in frozen solution. In
order to sample distances between different binding sites, fatty acids with different
labeling positions can be applied. In 5-doxylstearic acid (5-DSA), the unpaired
electron resides near the anchoring carboxylic acid group, in 16-DSA it is located
near the end of the methylene chain. Thus, information can be retrieved separately
from the anchor positions in the protein and from the entry points into the fatty acid
channel formed by the protein.

The experimental distribution of 5-DSA, probing the anchoring points, nicely
fits that of the crystal structure. In contrast, the distance distribution of the entry
points (16-DSA) strongly deviates from that of the crystal structure and indicates
that the entry points are distributed much more symmetrically and homogeneously
over the protein surface than expected from the crystal structure. As depicted in
Fig. 5, this leads to a picture of the functional protein structure that contains a more
rigid, asymmetric inner part of the protein, while the surface of the protein shows
much larger structural flexibility. These findings [74] suggest that the conforma-
tional flexibility at the periphery of HSA is a prerequisite for its function as a carrier
for so many different compounds. When comparing these EPR-derived results with
similar measurements on bovine serum albumin (BSA), one finds that in BSA the
structural (peripheral) flexibility is far less than in HSA [75].
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3.4 Dendronized Polymers

Inspired by Staudinger’s vision [1], mimicking the size and eventually the function
of biomacromolecules has been a dream of chemists for decades [76]. This requires
not only giant molecular structures to be generated, whose dimensions are on the
order of tens and even hundreds of nanometers, but also that these man-made
objects should have a useful, predetermined shape. Last, but not least, at both the
periphery and the interior they should contain functionalities such as recognition or
catalytically active sites. Moreover, their interaction with solvents, in particular
water, should be controlled and exploited in their self-organization. It is evident that
successful projects in this direction will have considerable impact on both biolog-
ical and materials sciences.

One approach along these lines is to incorporate building blocks such as amino
acids (see Sect. 3.2), generating bioinspired polymers [77]. A full synthetic approach
makes use of the enormous variety of dendrons and dendritic groups [78]; for recent
reviews see [76, 79]. The structure of dendritic groups can be varied in different ways,
e.g., by controlling their size by their generation, by generating amphiphilic character
by incorporating hydrophobic and hydrophilic building blocks, or by varying the
conformational freedom from completely rigid (polyphenylene) dendrimers [80] to
highly flexible as in hyperbranched polymers [81]. Linear polymers jacketed with
dendrons attached via their apex provide a conceptually simple class of dendronized
polymers. For such polymers with conventional backbone, poly(styrene) or poly
(methacrylate), the polymer shape can be controlled through the self-assembly of
flexible dendritic side-groups and the degree of polymerization (DP) [82]. For low
DP, spheres are observed, whereas for high DP, cylinders are obtained. 'H and '°C
solid state NMR on the latter have revealed details of the organization of the dendritic
groups within the supramolecular polymer [83]. The dendrons contain aromatic
moieties and flexible ethylene oxide linkers (Fig. 6). In the supramolecular assembly,
however, they largely lose their flexibility and exhibit dynamic order parameters S as
high as 40-80%, displaying a gradient of mobility that decreases from inside out. This
significant immobilization nicely demonstrates their role as structure-directing moi-
eties displaying “edge-on” and “face-on” contacts between the ethylene units and the
aromatic rings, facilitating the formation of helices (see Fig. 6).

The shape of macromolecular objects can also be changed by external stimuli
[84]. For instance, thermoresponsive polymeric materials are of great interest owing
to their potential use in fields such as actuation, drug delivery, and surface modifica-
tion [85]. Ever since the discovery by Wu and coworkers of the coil-globule transition
of single poly(N-isopropylacrylamide) (PNiPAAm) chains near the lower critical
solution temperature (LCST) [86], the collapse mechanism and the formation of
stable mesoglobules have been intense topics of research [84, 87]. Despite these
efforts, a molecular-scale picture of what happens when thermoresponsive polymers
start to dehydrate at a certain temperature, subsequently collapse, and then assemble
to mesoglobules, did not exist. This absence severely hampered rational
materials design. Dendronized polymers with amphiphilic dendritic groups based on
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oligoethyleneglycol (OEG) helped to shed more light on the phase separation because
they exhibit fast and fully reversible as well as particularly sharp transitions, as
observed in turbidity measurements [88]. These dendronized polymers with terminal
ethoxy groups are soluble in water. Their LCSTs lie in a physiologically interesting
temperature range between 30 and 36°C and mainly depend on the periphery of the
dendrons.

There are indications, however, that such thermal responses proceed by via the
formation of structural inhomogeneities of variable lifetimes on the nanometer scale
that are still poorly understood. Indeed, this topic has been identified as one of the
major challenges of current research in the macromolecular sciences [89]. The
structure and lifetime of these local inhomogeneities will obviously influence the
aspired function, for instance drug delivery. Magnetic resonance techniques, as
intrinsically local methods, are particularly suited to probe structural inhomogeneities
of functional macromolecules in general [14, 21] For instance, with multidimensional
NMR, the lifetime of dynamic heterogeneities in polymer melts in the vicinity of the
glass transition was identified as early as 1991 [90].

A particularly simple way of studying the molecular environment of thermore-
sponsive dendronized polymers, which undergo a thermal transition, utilizes con-
ventional continuous wave (CW) EPR spectroscopy on nitroxide radicals, as
paramagnetic tracer molecules [21]. As noted above, such spin probes are sensitive
to the local viscosity, which will give rise to changes in the rotational correlation
time and to the local polarity/hydrophilicity [21, 22]. The latter affects the elec-
tronic structure of the radical and changes the spectral parameters, specifically the
g-factor and the hyperfine coupling constant to '*N. The amphiphilic radical
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is especially suited to sample both
hydrophobic and hydrophilic regions and also mimics a small molecule to be
delivered by the dendronized polymer.
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Fig. 7 (a) Thermal collapse of dendronized polymers, as deduced from EPR spectroscopy of
admixed spin probes [91]. (b) Skin barrier effect in mesoglobules of different sizes [91]

The results of such a study [91] are depicted in Fig. 7a. When the temperature is
raised above the transition temperature 7, the aggregation of the complete polymer
sample is triggered by dynamic structural inhomogeneities of a few nanometers. In
this temperature regime the spin probes exchange between large hydrophilic and
small hydrophobic regions. Although macroscopic turbidity measurements suggest
a sharp phase transition of the polymer, EPR spectroscopy reveals that the dehy-
dration of the polymer chains proceeds over a temperature interval of at least 30°C.
It cannot be described by a single de-swelling process that would be expected for a
thermodynamic phase transition. Rather, the dehydration should be viewed as a
molecularly controlled nonequilibrium process that takes place in two steps. The
local heterogeneities grow in size, and polymer chain fluctuations slow down.
Within ~7°C above T, the majority of the dehydration is complete and percolation
for the fraction and volume of hydrophobic regions is reached. Heating the samples
to even higher temperatures leads to additional losses of residual water from the
collapsed system. Although the aggregation temperature mainly depends on the
periphery of the dendrons, the dehydration process itself is sensitive to the inner
core, with the dehydration efficiency being strongly related to the hydrophobicity of
the core.

In a subsequent study [92], differences in the EPR spectra in dependence of the
heating rate, the chemical nature of the dendritic substructure of the polymer, and the
concentration were interpreted to indicate the formation of a dense polymeric layer at
the periphery of the mesoglobule (Fig. 7b). This skin barrier [85] is formed in a
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narrow temperature range of ~4 K above T and prohibits the release of molecules
that are incorporated in the polymer aggregate. In large mesoglobules, formed at low
heating rates and at high polymer concentrations, a considerable amount of water is
entrapped and a microphase separates from the collapsed polymer chains at high
temperatures. This results in aggregates possessing an aqueous core and a corona
consisting of collapsed polymer chains. Fast heating rates, low polymer concentra-
tions, and hydrophobic subunits in the polymer make the entrapment of water less
favorable and lead to a higher degree of vitrification. This has obvious consequences
for the design and use of thermoresponsive polymeric systems in the fast growing
field of drug delivery.

Following A. D. Schliiter’s question of “whether one can create a molecular object,
i.e., amolecular system that does not respond to its surrounding, by making a polymer
thicker and thicker” [93], shape-persistent dendronized polymers in solution were
studied by advanced pulse EPR methods. As expected, DEER spectroscopy yields the
size (thickness) of different generations of charged cylindrical dendronized polymers
in solution [94]. Moreover, a combination of CW EPR and a modified isotopolog-
specific DEER variant provides a better understanding of how amphiphilic molecules
can be loaded into and released upon external stimulation from these thick
polymers [95].

4 Functional Materials

Macromolecular and supramolecular systems are becoming increasingly important as
functional materials in various applications, e.g., ion conductors [96], sensors [97],
and organic electronics [98]. In all cases, magnetic resonance provides unprecedented
details of structure and dynamics [99-104]. Moreover, applications for synthetic
polymers in medicine are emerging [105]. Research at the interface of polymer
chemistry and the biomedical sciences has given rise to the first nanosized
(5-100 nm) polymer-based pharmaceuticals, the “polymer therapeutics.” Polymer
therapeutics include rationally designed macromolecular drugs, polymer—drug and
polymer—protein conjugates, polymeric micelles containing covalently bound drug,
and polyplexes for DNA delivery. Another important route for generating
nanoparticles and controlling their interaction with cells is provided by miniemulsion
polymerization [106], which can also be used to encapsulate, e.g., magnetic contrast
agents for magnetic resonance imaging (MRI) [107].

4.1 Elastin-Like Polypeptides and Drug Delivery

Drug release can, of course, also be realized using building blocks from nature. In
this respect, elastin-like polypeptides (ELPs) are particularly interesting [51]. ELPs
are genetically encoded polymers composed of repeats of the amino acid VPGXG
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Fig. 8 Putative hydration for ELPs with (a) protic guest-residue side chains and (b) aprotic guest-
residue side chains. (a) The hydration layer of the protic guest-residue side chain is individually
stabilized by H-bonds and can vanish independently (decoupled) from backbone hydration layers.
When the His residues are charged (bottom) the individual (decoupled) side chain hydration layers
are even more stable than in the charge neutral analog (top). The higher stability is schematically
depicted as larger hydration shell and larger number of H-bonds. (b) The hydration layer of the
guest-residue side chain is stabilized via coupling to neighboring backbone hydration layers and,
hence, dehydration takes place cooperatively. Adopted from [108]

motif found in tropoelastin (X being the so-called guest residue, which can be any
amino acid except proline). Their LCST phase behavior at the molecular level can
be fine-tuned by the choice of the guest residue, their chain length, and by the
cosolutes [108]. This makes them excellent candidates for studying fundamental
aspects of intrinsically disordered polypeptides on the one hand and thermore-
sponsive polymers, on the other hand.
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In a recent study using simple CW EPR spectroscopy [22], new light could be shed
on the dehydration mechanism in LCST-polypeptides [109]. It was shown that
hydrophilic (backbone) and hydrophobic (side chain) hydration layers of ELPs can
exist in a coupled state or a decoupled state (Fig. 8). The decoupled hydration state
consists of hydrophobic and hydrophilic hydration layers that respond independently
to temperature whereas the coupled hydration state is characterized by a common,
cooperative dehydration of both hydration layers. The authors could show that the
primary sequence of an ELP can be tuned to exhibit either of the hydration layer
coupling modes. Charged side chains lead to decoupling, whereas strongly hydro-
phobic side chains trigger stronger interaction between hydrophilic and hydrophobic
hydration, leading to coupling of both layers. These results indicate that ELPs are the
first identified class of polymers that exhibit a first-order inverse phase transition on
nanoscopic length scales. These findings are important for the understanding and
further use of ELPs in applications such as drug delivery and may also provide
insights into the role of hydration layers in governing the structure—function relation-
ship of intrinsically disordered proteins, as discussed above.

4.2 Columnar Stacks

Columnar stacks are the structure-determining feature of discotic liquid crystals
(DLCs) [24]. As noted in the “Introduction”, the disc-shaped aromatic core units
rotate around the column axis, which can conveniently be studied by NMR via
'H-"3C dipole—dipole or “H quadrupole coupling. Moreover, imperfections of the
parallel packing within the column lead to a reduction in the dynamic order S to
values below 0.5. Such disorder was indeed observed early on for the extended
hexabenzocoronene (HBC) units with alkyl chains attached, whereas the smaller
triphenylene moieties lead to much narrower DLC phase ranges, but are much better
packed [110]. In fact, the high charge-carrier mobility in a highly ordered helical
columnar structure derived from a triphenylene derivative [111] generated a remark-
able interest in the semiconducting, photoconducting, and other electronic properties
of columnar liquid crystal materials. By incorporating a phenylene ring between the
HBC core and the alkyl chain, the order within the column of HBC could be greatly
improved [112] and, together with perylenediimide (PDI), was used to generate
highly efficient self-organized thin films for organic photovoltaics [113].

Indeed, PDI derivatives are attractive in all-organic photovoltaic solar cells and
field-effect transistors. These applications rely on the high charge carrier mobilities
that made PDI the best n-type semiconductors available to date [113]. PDIs have an
elongated shape, and can therefore display considerable dynamics even in the frozen,
crystal-like state. This was observed in a triethyleneglycol (TEG)-substituted PDI
[114]. From X-ray scattering, we found that the PDI building blocks assemble into
columns arranged in a hexagonal unit cell with a lattice parameter of 2.23 nm. The
meridional reflections in the wide-angle region are assigned to the n-stacking distance
of 0.34 nm between individual molecules in the stacks. Additional weak and diffuse
off-meridional reflections show a d-spacing of 0.70 nm, i.e., twice the simple
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Fig. 9 (a) Packing of dendronized PBI with equal intra- and interdimer stacking (left and right,
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(middle). (b) Tetramer motif stacking into columns. (¢) Molecular reorganization: one PBI leaves
the columns, flips over, and enters a column again. Adopted from [117]
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n-stacking, indicating correlations of adjacent TEG-PDI molecules perpendicular to
each other. The dynamics of these systems was studied by different solid state NMR
techniques. These showed that TEG-PDI in its frozen state performs angular fluctu-
ations with amplitudes up to +40°, reflecting the rather fragile packing of the
elongated PDI units perpendicular to each other. In the liquid crystal phase, additional
motional averaging in the NMR spectra is observed. The easiest motional process
consistent with the observed averaging involves cooperative rotation of the PDI
molecules by 90° around the column axis. Thus, whereas the restricted angular
fluctuations in the solid phase can be considered as local processes, the increased
dynamics in the liquid crystal phase must be highly cooperative in nature. Such
cooperative dynamic modes are, of course, particularly important in processing such
systems to align the columns on surfaces [115].

Moreover, slow molecular dynamics and very slow phase transformation [116]
hamper the formation of the equilibrium phases of DLCs and the different packing
in equilibrium and nonequilibrium phases can have pronounced effects on the
charge carrier mobilities. This was studied in detail in perylene bis(diimide)s
(PBIs) functionalized with dendritic groups [117, 118]. These dendronized PBIs
self-assemble into complex helical columns generated from tetramers containing a
pair of two molecules arranged side-by-side and another pair in the next stratum of
the column, turned upside-down and rotated around the column axis at an
intratetramer angle that is different from that of the intertetramer angle (Fig. 9).

In most cases, the intratetramer stacking distance in this column is 0. 41 nm, while
the intertetramer distance is 0. 35 nm The architecture of this complex helical
column, the structure of its 3D periodic array, and its kinetically controlled self-
organization with such a long intratetramer distance are not ideal for the design of
supramolecular structures with high charge-carrier mobility. In fact, the mobility of
electrons is only moderate. However, in some cases, heating above 100°C in the
liquid crystal phase optimizes the packing and results in shorter intratetramer dis-
tances and much higher charge mobilities [117, 118]. This is accompanied by
substantial narrowing of the 'H NMR lines. Computer simulation showed that this
narrowing of the NMR spectra indicates a complex reorganization mechanism,
whereby the PBI molecules leave the supramolecular column, flip over, and reenter
a column at a later time (Fig. 9b, c).

4.3 Pi-Conjugated Macromolecules for Organic Electronics

Likewise, polymers with extended n-conjugation and low band gaps are of broad
scientific interest because of their promising applications as semiconductors in
organic electronic devices. Examples include organic photovoltaic (OPV) cells,
organic field-effect transistors (OFETs), and organic light-emitting diodes (OLEDs)
with optimized properties toward light harvesting, charge-carrier mobility, and light
emission, respectively [119-121]. Such polymers with lamellar n-stacks are often
semicrystalline [53], i.e., they exhibit phase separation with regions of high and low
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order. The specific organization of the macromolecules depends on the processing
conditions. X-ray diffraction (XRD), which is well established in structure elucida-
tion, requires high order, like that of single crystals, if atomic resolution is sought.
From a fiber diagram, often employed in polymer science [53], only information
about the relative assembly on a crystallographic lattice, or chain-to-chain and n—x
stacking distances, can be derived. Thus, a “multi-technique” approach is required to
fully elucidate such structures.

Along these lines, we recently introduced a new systematic strategy for revealing
the local packing in such polymer systems [122]. Our strategy makes use of the space
group (i.e., one of the first steps in a conventional approach to solve a crystal
structure), distance constraints from 'H DQ NMR, and chemical shifts. These exper-
imental results are unified by quantum-chemical calculations, enabling the verifica-
tion of specific packing models in silico and quantification of z-stacking effects.
In order to illustrate the potential of our strategy, we chose poly(3-hexyl-thiophene)
(P3HT) as a prominent example. It is one of the most frequently studied semicon-
ducting polymers because of its widespread applications in organic electronic
devices, resulting from its facile processability, high charge-carrier mobility (up to
0.1 Vem? sfl), and environmental stability (see Fig. 10) [123].

Our approach can be compared with that employed for determining the solution
structures of biomacromolecules by NMR through distance constraints (nuclear
Overhauser effect, NOE) and chemical shifts [11, 12]. This, however, requires a
large number of NOE constraints, whereas in a crystalline solid, the periodicity
described by the space group gives access to the full 3D structure from only a few
constraints. Thus, our strategy, which we propose to term “multi-technique crystal-
lography,” can be applied in general to provide quantitative insights into the packing
of semicrystalline polymers with specific intermolecular packing features, such as
hydrogen bonds or stacking of aromatic moieties. In fact, similar approaches, often
termed “NMR crystallography” [124] are increasingly applied in unraveling the
structures of pharmaceuticals [125-127] or supramolecular systems in general
[128, 129].

In order to achieve high charge-carrier mobility, donor and acceptor groups can be
mixed, as was done in supramolecular stacks with or without a polymer backbone
[130]. Such groups can also be incorporated into a copolymer consisting of an
alternating arrangement of cyclopentadithiophene (CDT) as a donor and
benzothiadiazole (BTZ) as an acceptor unit, as reported recently [131] (see Fig. 11).
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Fig. 11 Local packing and organization of the donor—acceptor groups in a CDT-PTZ copolymer.
(a) Two-dimensional contour plot of the '"H-'H DQ NMR spectrum. (b) Color scheme used for
assignments. (¢) Expansion of the backbone region showing the contacts between donor and acceptor
groups. (d) Local packing of donor—acceptor groups in two neighboring CDT-BTZ copolymer
chains. Adopted from [131]

Field-effect transistor (FET) hole mobilities exceeding 3 V cm? s~! have been
obtained and these were shown to be strongly sensitive to the molecular weight of
the hexadecyl-substituted copolymers. Solid state NMR was used to assess the
supramolecular organization of the conjugated chains. The 'H 2D DQ NMR spectra
clearly revealed the relevant packing contacts, confirming the expected n—x stacking
for the polymer backbone. The packing of the donor and the acceptor groups,
however, was found to be more delicate. Donor—acceptor groups are n—x stacked in
a lamellar fashion and these groups are ordered in an alternating way, as shown in
Fig. 11d. Thereby, the acceptor groups in one layer are located on top of the acceptor
groups in adjacent layers; however, they are not always in the exact same position,
leading to heterogeneous packing. This model derived from NMR is consistent with
the findings of X-ray scattering. It also allows for optimal packing of the side chains,
which in the case of long and bulky alkyl chains (C¢) should be advantageous in order
to avoid steric clash. Conclusively, solid state NMR does not reveal a donor—acceptor
overlap within 0.4 nm. Thus, strikingly, donor—acceptor interaction between the
neighboring CDT and BTZ groups located at adjacent chains apparently contributes
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little, if anything, to the observed improvement in charge-carrier mobility. NMR
rather unravels the complexity of this remarkable CDT-BTZ copolymer system.

This result was confirmed by molecular modeling of this system [132], which
showed that the longitudinal displacement of the conjugated backbones by 1-2 A
changes the electronic coupling mediating hole hopping by over one order of
magnitude. Interestingly, these subtle structural changes have clear fingerprints in
X-ray diffraction patterns and 'H NMR chemical shifts, which allow refining the
structural parameters down to the molecular scale. From this study, it was con-
cluded that the unprecedented hole carrier mobilities observed in fibers of the
CDT-BTZ copolymers arise from a close packing of the polymer chains into a
close-to-registry assembly, providing optimal wavefunction overlap, together with
the intrinsically higher electronic bandwidth for charge motion along the chains.
This arrangement is primarily triggered by van der Waals interactions between the
long, linear alkyl chains and not by electrostatic donor—acceptor interactions. This
rather unexpected result emphasizes how important the detailed information on the
packing provided by a multi-technique approach including solid state NMR is to
obtain unbiased structural details, which are needed to optimize the structure for
specific applications.

5 Conclusion

Following the pioneering work of Hermann Staudinger [1], advances in the syn-
thesis, characterization, and understanding of macromolecular and supramolecular
systems have led to an enormous variety and complexity in the field of polymer
science [89]. The traditional separation in terms of structure versus dynamics,
crystalline versus amorphous, or experiment versus theory is increasingly being
overcome. As far as characterization of such materials is concerned, no experimen-
tal or theoretical/simulation approach alone can provide full information. Instead, a
combination of techniques is called for and conclusions should be backed by results
provided by as many complementary methods as possible [27]. As demonstrated in
this contribution, the information provided by NMR and EPR is often indispensable
and unique. Combining scattering or MR spectroscopy with computer simulation is
well established today in the study of the structure and dynamics of biomacro-
molecules and provides new insight in the emerging field of partially disordered
proteins [64]. The examples described here show the power of such an approach
involving the combination of spectroscopy, scattering, and computer simulation in
the supramolecular field.

Last, but not least, the development of NMR spectroscopy is far from complete
[133]. In particular, in order to meet the ever-increasing demands of miniaturiza-
tion, the sensitivity of NMR spectroscopy has to be increased substantially and
several approaches in response to that challenge are underway [134—137], down to
the detection of single spins [138]. Remarkably, in this area the combination of
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NMR and EPR called “dynamic nuclear polarization” is very advanced and has
already been successfully applied in magnetic resonance imaging [139].
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