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ABSTRACT: Inrecent years major advances in generating, characterizing, and understanding macromolecular
and supramolecular systems have been achieved. This has led to an enormous variety and complexity in polymer
science. The traditional separation in terms of structure vs dynamics, crystalline vs amorphous, or experiment vs
theory is increasingly overcome. As far as characterization of such materials is concerned, no experimental or
theoretical/simulation approach alone can provide complete information. Instead, a combination of techniques is
called for, and conclusions should be supported by results provided by complementary techniques. This
Perspective discusses the kind of information that can be obtained by advanced solid state NMR and EPR
spectroscopy, combined and/or compared with X-ray and neutron scattering as well as dielectric spectroscopy and
computer simulation. The multi-technique approach is demonstrated by a number of examples including
morphology, defects, heterogeneities in time scale and amplitude of motion, and local and collective dynamics
in polymers of different architectures, biomacromolecules, and hybrid systems.

Introduction

In soft matter, function of complex synthetic as well as natural
systems is often achieved by separating regions of order and
disorder. For entropic reasons such phase separation happens
spontaneously even in macromolecules with chemically identical
repeat units, leading to semicrystalline polymers and even more so
in polymer systems comgosed of different repeat units, i.e., polymer
blends or copolymers."* Incompatibility of building blocks, e.g.,
backbone and side groups in macromolecules, or noncovalent
interactions, such as hydrogen bonds, ionic forces, or 77— inter-
actions, lead to self-organization.® In the resulting structures the
different units are spatially separated and may display vastly
different dynamics. This is even more pronounced if organic and
inorganic residues are combined. Even if highly ordered on a local
scale, such systems often do not crystallize. Therefore, their atomic
resolution structures cannot be determined by conventional X-ray
or neutron scattering techniques. In order to provide insight into
the organization of such materials, advanced methods of charac-
terization should be able to probe both structure and dynamics
simultaneously. Traditionally, however, the determination of struc-
ture and the elucidation of dynamics of matter are considered
separately. With the advancement of characterization techniques,
however, this separation becomes more and more artificial. Instead,
elucidation of the structure can facilitate the understanding of
dynamic properties and vice versa. In fact, determination of the
molar mass by dynamic light scattering,* well-established in the
polymer field, provides an instructive example as there the size of
the macromolecule (structure) is determined from measuring their
translational diffusion, i.e., a dynamic phenomenon. In liquid
crystals,” the degree of alignment of the residues (structure) is
conveniently determined from the reduction of an anisotropic
interaction, e.g., dipole—dipole coupling in NMR by restricted
molecular dynamics. As functional supramolecular materials often
display liquid crystalline phases, this provides a convenient way of
at least partially determining their structure.

*E-mail: spiess@mpip-mainz.mpg.de.
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Figure 1. Glass transition of poly(vinyl acetate). Comparison of (a)
density change measured by dilatometry® and (b) changes in molecular
dynamics detected by dielectric spectroscopy.

In fact, slow molecular dynamics are extremely sensitive to even
the slightest differences in structure. Polymer behavior at the glass
transition is a well-known example. In Figure 1 the density change
of poly(vinyl acetate) during the glass transition® is compared with
the change in molecular dynamics as revealed by broad-band
dielectric spectroscopy.” Within a temperature range of 30 K, the
density changes by 2.1%, whereas the dynamics spans a range of
8 orders of magnitude! Thus, slow dynamics monitors the sligh-
test structural changes and can be used to detect such changes,
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even when conventional tools of structural characterization reach
their limits.

If structural information on a molecular level is sought, site
selectivity is required. Moreover, for macroscopic organization,
mechanical properties, and transport of ions or charges in highly
viscous materials or even solids “slow” dynamics on time scales
longer than microseconds are particularly relevant. While several
techniques meet one or the other requirement for elucidating
structure and/or dynamics, NMR spectroscopy stands out as it
meets all of them,® and rapid development of the NMR methods
is still ongoing. It should be acknowledged, however, that no
single technique can provide the required information. Instead, a
combination of complementary methods is required. This also
includes combination of experimental techniques and computer
simulation in its remarkable development.” Therefore, this Per-
spective describes new developments in NMR spectroscopy as
applied to macromolecular and supramolecular systems, relates
this information to that obtained by other techniques, in parti-
cular scattering, and describes specific examples of combined
studies in areas recently identified as challenges and opportunities
in macromolecular science."

Experimental Methods for Elucidating the Interplay between
Structure and Dynamics

NMR Spectroscopy. NMR spectroscopy is remarkably
versatile and, therefore, is widely applied in many fields of
science, in particular physics, chemistry, biology, materials
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science, and last but not least medicine.!' NMR is nondestruc-
tive, sample preparation is easy, and the possibility to observe
different nuclei and isotopes provides extreme structural and
site selectivity.'> Moreover, dynamic features can be studied
over many decades of characteristic times, from picoseconds to
minutes,® and length scales from interatomic distances in the
100 pm range up to a meter or so in NMR imaging."* The
wealth of information accessible by NMR spectroscopy results
from the fact that a variety of interactions of the nuclear spins
with their surroundings can be exploited. The unique informa-
tion about relationships of distinguishable units can be estab-
lished in space and time by multidimensional and multiple
quantum NMR spectroscopy.&lz"4

In particular, the structure of polymers and other supra-
molecular systems can be elucidated along several routes.
The chemical shift provides the basis of site selectivity and
geometric parameters such as internuclear distances as well
as dihedral angles are encoded in the dipole—dipole and the
J-coupling. Of the great variety of molecular motions possi-
ble in polymers, rotations have the most pronounced effects
on NMR spectra and relaxation parameters, because the
spin interactions have a well-defined angular dependence.
But conformational dynamics and translational motions can
be tackled as well. The anisotropic nuclear spin interactions
also offer a means to probe the alignment of residues in
partially ordered systems such as drawn fibers'> or oriented
liquid crystals (see above).’

Traditionally NMR spectroscopy is divided in high reso-
lution liquid state and low resolution solid state NMR.%12
Nowadays, however, this division is no longer appropriate,
as anisotropic spin interactions are also exploited in liquid
state NMR, e.g., in structure determination of proteins in
solution.'® Moreover, in polymers and supramolecular sys-
tems, liquid and solid states are not clearly separated, e.g., in
the amorphous state in the vicinity of the glass transition.
Thus, the methodologies converge, albeit the technical dif-
ferences should not be ignored. Indeed, application of NMR
spectroscopic methods from protein NMR to study synthetic
polymers in solution provides unambiguous atomic connec-
tivity information in the polymer backbone which facilitates
analysis of comonomer composition, stereosequence distri-
bution, and branching structures.'” As several reviews on
new developments of NMR on bulk polymers and supra-
molecular systems are available,'®?° we refrain from de-
scribing the techniques in detail again. Instead, we have
collated the information accessible through the anisotropic
spin interactions in Table 1.

X-ray and Neutron Scattering. Scattering is a particularly
powerful tool in polymer science. While X-ray scattering?! is
most valuable for elucidation of the structure, neutron scatter-
ing in addition provides information on the geometry and time
scale of molecular motions.”> Remarkable similarities exist
between quasielastic neutron scattering and multidimensional
exchange NMR,?*® as both methods provide information
about the geometry (amplitude) and the time scale of molecular
motion independently, albeit on different time scales. In the
case of translational motion incoherent neutron scattering and
pulsed field gradient NMR even probe the same dynamic
structure function.’**> Moreover, combination of pulsed field
gradient NMR and electrophoresis NMR permits the direct
observation of counterion condensation in polyelectrolytes.”®
With the availability of advanced neutron sources, the time
scale accessible to neutron scattering has recently been ex-
tended to longer times,’ which offers new possibilities in stu-
dies of polymer physics.”® Remarkably a similar analogy exists
between the so-called two-dimensional DECODER NMR?%
and pole figure analysis in X-ray scattering on partially
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Table 1. Interactions of Nuclei among Themselves and with Their Surroundings, Which Provide the Basis for Elucidating Structure and
Dynamics of Polymers

electronic
interaction structure geometry nuclei structure dynamics
chemical shift yes intrinsic and 'H, ¥C, N, “F, 2°Si, 3'P  conformation, conformational
orientation through-space transitions,
proximities rotational motions
dipole—dipole no internuclear distance 'H, 3C, PN, F, #Si, *'P  through-space translational and
coupling and orientation distances rotational motions
J-coupling yes intrinsic, internuclear 'H, 13C, °N, "F, ¥Si, *'P  conformation and conformational
distance and orientation intergroup binding transitions,
rotational motions
quadrupole coupling yes intrinsic and orientation  *H, "N, '70, **Na, ?’Al  symmetry of electronic rotational motions

environment, chemical bonding

Table 2. Comparison of Scattering and NMR Techniques as Well as the Information Provided about Structure and Dynamics of Materials”

scattering NMR
incoherent coherent single quantum double quantum
dynamics molecular n-quasielastic n-quasielastic 2D-, 3D-, 4D-exchange, MAS-sidebands
pulsed field gradient

collective n-spin-echo 2D-exchange decay of DQC
structure molecular WAXS, WANS chemical shift, MAS sidebands 2D pattern, MAS-sidebands

collective (packing) X-ray pole figures, DECODER chemical shift 2D signal pattern

SAXS, SANS

“WAXS: wide-angle X-ray scattering; SAXS: small-angle X-ray scattering; SANS: small-angle neutron scattering; MAS: magic angle spinning;
DECODER: direction exchange with correlation for orientation—distribution evaluation and reconstruction; DQC: double quantum coherence.

oriented samples, e.g., fibers.® Again, remarkable advances
in synchrotron X-ray sources’ can be exploited in polymer
physics, in particular for studying thin films.*'

As scattering and NMR are both very versatile and can
unravel the delicate interplay between structure and dy-
namics in complex soft matter systems, it is worthwhile to
compare the two techniques in detail as done in Table 2.

Other Techniques. Scattering and NMR are by no means
the only techniques to probe the interplay between structure
and dynamics of macromolecular and supramolecular systems.

e Remarkable improvements have been achieved in broad-
band dielectric spectroscopy (DS). Today it routinely covers
10 orders of magnitude with highly improved sensitivity,
such that weak dipoles and/or low amplitude motions can be
elucidated®* and dynamics in thin films are accessible.>

o Likewise, electron paramagnetic resonance (EPR) spec-
troscopy®* of spin labels and spin probes in polymers enjoys a
remarkable revival due to improved microwave technology,
which now allows routine applications of pulsed EPR methods
and high-field EPR with similar improvements as in high-field
NMR. These techniques offer, e.g., easy access to probe counter-
ion structure and dynamics in polyelectrolyte solutions.>

e Optics combined with microscopy also allows us to study
structure and dynamics with unprecedented possibilities. In both
cases, dye molecules are often used as tracers. As an example,
translational diffusion of fluorescent tracers in various environ-
ments can be studied with very high sensitivity by fluorescence
correlation spectroscopy (FCS). The method, originally devel-
oped for studying the diffusion of biomacromolecules, is based
on detecting the fluctuations of the fluorescent light intensity
caused by the diffusion through a small observation volume on
the micrometer scale, formed by the focus of a confocal micro-
scope.*® Near-field techniques and low temperatures allow for
observation at the single molecule level, which offers unique
opportunities to unravel structure and dynamics of supramole-
cular structures of interest in photophysics.®’

e For the improvement of processing polymer materials,
their flow behavior is of utmost importance.*® Here the
recent development of Fourier transform rheology™ is parti-
cularly important, as it offers a way to quantify nonlinear

flow of bulk polymers or polymer dispersions in a unique and
quantitative way. For the latter, nonlinearity originating
from strain hardenin% strain softening, and wall slip could
clearly be unraveled.*

This collection is certainly not complete but rather indi-
cates the enormous improvement of characterization tech-
niques achieved during the past decade or so.

Examples

In a recent Perspective,'® leading scientists in the polymer field
have identified challenges and opportunities for research in
macromolecular science. They point out that “advances in
synthetic techniques and in polymer functionality both require
and inspire advances in our ability to characterize molecular and
material structure in detail.” The following examples have been
selected bearing in mind this statement and some of the specific
challenges mentioned in this paper.

Morphology: Chain Organization and Mobility in Semi-
crystalline Polymers and Its Relation to Drawability. The new
NMR techniques provide new insight into one of the classics
in polymer physics, namely the changes in mobility of chains in
samples of different morphology.*' In particular, the conforma-
tion of the chains at the interface between crystalline and
noncrystalline regions in semicrystalline polymers is crucial
for their dynamics. This was studied in ultrahigh molar mass
linear polyethylene in the solid state comparing the behavior of
solution crystallized (SC) and melt crystallized (MC) samples
(Figure 2).** As expected, the higher conformational order in
the SC samples leads to a significantly reduced local mobility as
probed via "H—'3C dipole—dipole couplings compared with
the MC sample. In contrast, chain diffusion is considerably faster
in the SC samples, where on a much longer time scale the all-
trans stems in the crystals diffuse to the gauche-containing non-
crystalline regions and vice versa. Thus, extended conformations
in the interphase between crystalline and noncrystalline regions
of SC samples apparently facilitate chain diffusion (see Figure 2).
The temperature dependence of the diffusive motion is similar in
SC and MC samples. Therefore, the difference in time scale
results from the entropy difference between SC and MC sys-
tems. Our conjecture is further supported by a recent study of
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Figure 2. (a) Chain organization and chain motion in semicrystalline
polyethylene. (b) Chain diffusion vs local jump rate of melt crystallized
polyethylene. The former shows a simple Arrhenius behavior, whereas
the latter display a pronounced curvature.

chain diffusion in monodisperse long n-alkanes* where it
was found that the alkane chains can rapidly slide around a
well-defined fold, while the chain-end methyl groups are
constrained at the opposite lamella surface.

The comparison of the diffusion constant for the chain
diffusion and for the local motion in the crystallites, also
available from NMR, is even more interesting. Substantial
acceleration of the local mobility with increasing temperature,
as compared to the chain diffusion, is observed (Figure 2b),
which can be attributed to the formation of defects in the
expanded lattice. Contrary to textbook knowledge,*' however,
these defects are not effective in moving the whole stem, despite
the fact that their mobility is detected by mechanical relaxa-
tion. Instead, twist modes of the entire stem, as discussed by
Mansfield and Boyd in 1978 already,** are apparently able to
drive chain diffusion.

Based on NMR observations of chain motion in polymer
crystals, the crucial importance of chain diffusion for cold draw-
ing of such polymers has been pointed out by Schmidt-Rohr.*’
Eventually, however, topological constraints (entanglements) in
the noncrystalline regions limit the drawability.*® By controlled
synthesis the number of entanglements can be reduced. Ulti-
mately, crystals composed of single chains are feasible, where
the chains are fully separated from each other. As shown re-
cently by a combination of rheology and NMR spectroscopy,?’
such separation can be maintained in the melt leading to a
new “heterogeneous” melt with more entangled regions,
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where the chains are mixed, and less entangled regions,
composed of individually separated chains. On a molecular
level, these differences in the melt structure were detected by
a slight difference in chain dynamics via NMR spectroscopy.
The long-lived heterogeneous melt shows decreased melt
viscosity and indeed exhibits enhanced drawability on crys-
tallization.

Defects and Chain Branching. The macroscopic properties
of polyolefins strongly depend on the chain microstructure.
In recent years new single site catalysts have enabled much
greater synthetic control over the polydispersity, type of branch,
and branch content.*® In polyethylene, the physical properties of
both the solid and the melt can be tuned by the presence of
branches of various lengths in the polymer backbone. Such
branches form structural defects during crystallization and thus
strongly affect crystallization rates, crystallinity, and other bulk
mechanical properties. For instance, long-chain branching is
known to influence the zero-shear viscosity even at concentra-
tions of 2 branches per 100000 CH, groups. Thus, it is very
important to quantify the degree of chain branching, and '*C
NMR in solution seems to be the method of choice as the che-
mical shifts of branch points as well as adjacent carbon positions
can be distinguished from the backbone resonances. However,
when applied to polyethylene, exceedingly long measurement
times are needed because of the low solubility of polyethylene,
even at high temperatures. Solid state type NMR, under magic-
angle spinning (MAS), on the other hand, can be used to
overcome these limitations,* despite the substantial loss of
spectral resolution as compared to solution NMR. Under opti-
mized conditions about 2 orders of magnitude reduction of
measuring times where achieved, allowing quantification of a
few branches in 100000 CH, groups in a single overnight run
(see Figure 3a). Remarkably, the characterization of branch
lengths up to 16 carbons in melt-state NMR is achieved by
measuring relaxation times, i.e., discriminating the branches
via their dynamics rather by their chemical shift, based on the
chemical structure.

Melt-state MAS NMR can also be used to study chain
ends. This is particularly important to prove the cyclic nature of
polymers generated by ring-expansion metathesis polymeriza-
tion.® Cyclic polymers have been a fascinating macromole-
cular architecture for synthetic chemists as well as materials
scientists and physicists ever since the discovery of circular
DNA.’! Constraining a macromolecule into a cyclic topology
can result in unique properties in comparison with linear
analogues such as lower viscosities, smaller hydrodynamic
radii, and increased functional group density. Furthermore,
cyclic polymers may challenge and expand fundamental know-
ledge regarding polymer properties as they relate to the pre-
sence and absence of chain ends. In view of the synthetic
challenge producing this topology, being able to determine
the absence of chain ends is particularly important.

In commercial polymer samples the irregular distribution
of the branching sites along the main chain results in uncer-
tainty of the branching influence on morphology, chain
dynamics, and other physical properties. Here polyethylene
samples with regularly spaced methyl branches obtained by
acyclic diene metathesis (ADMET) polycondensation* pro-
vide much more specific information. By deuteration of the
methyl branches, the molecular dynamics of the defect site
can be studied selectively via ’H NMR, whereas molecular
reorientations of the polymer chain between the branching
sites can be monitored separately via '*C chemical shift
anisotropy. Combining these results with studies of local
conformations, a twist motion can be identified, which is
centered at the branching sites for a spacing of about 20
CH, units between subsequent branching points. In methyl
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to the formation of a rotator phase as indicated in Figure 3b.
Thus, localized and collective mobility induced by the defects
can clearly be distinguished. The superb spectral resolution of a
850 MHz solid state NMR spectrometer was essential for
obtaining these results.> It is rewarding to observe that chain
twists considered above to be responsible for chain diffusion are
actually found in this study of well-defined structure.

Dynamic Heterogeneities at the Glass Transition and in the
Glassy State. Heterogeneity in structure and dynamics is a
particularly characteristic feature of amorphous polymers. In
the context of interplay of structure and dynamics, it can
probably best be probed in polymer melts in the vicinity of
the glass transition. Here, multidimensional exchange NMR®
can provide information that was completely inaccessible
before. As the geometry and the time scale of molecular motion
are probed separately and, moreover, the motional behavior
can be probed at up to four subsequent times, questions can be
tackled such as is the probability of undergoing a jump different
after the group has performed a jump? In a series of pioneering
papers,> the nature of nonexponential relaxation in polymers
in the vicinity of the glass transition was examined. This lead to
the concepts of rate memory and dynamic heterogeneities, which
today are recognized as a signature of fragile glass-formers>>->
(see Figure 4). The unique capabilities of NMR were exploited
to develop a technique combining 4D-NMR with spin
diffusion® that allowed us to detect not only the time scale of
such heterogeneities but also their length scale in the nanometer
range. It was found that the number of statistically independent
units engaged in these heterogeneities is below 100. Therefore, it
is tempting to relate them to the “cooperatively rearranging”
units first postulated by Adam and Gibbs.”’ Indeed, computer
simulations™® show that such heterogeneities can even occur in
simple hard-sphere systems as displayed in Figure 4c.

In physics terms the NMR techniques developed in the
1990s to elucidate dynamic heterogeneities provide higher
order correlation functions.>*>>>° The X-ray lasers currently
being built several places are considered to provide excess to
such functions in the future as well. Moreover, such dynamic
heterogeneities can nowadays even be probed at the single

Figure 4. Complex dynamics at the glass transition of soft matter from multidimensional NMR: (a) correlation times of chain motion of atactic poly-
(propylene) from different NMR experiments; (b) geometry of rotational motions; (¢) dynamic heterogeneities as visualized by computer simulation.
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1, and the above conclusions are confirmed

molecule leve
quantitatively.

Heterogeneities, however, not only concern the time scale of
the molecular motion, they also apply to their amplitude. As far
as sub-T, dynamics and its relation to ductility is concerned,
bisphenol A polycarbonate (PC) is one of the most studied, yet
still controversial, systems. For a recent review of the field see
ref 61. From ?H NMR line shapes, large angle phenylene
rotations described by 180° flips augmented by additional
oscillations were identified at room temperature and above.®?
Such 180° flips were subsequently confirmed by '*C NMR line
shape studies® and *H 2D exchange NMR at lower tempera-
tures.* The time scale of the phenylene motion is in remarkable
agreement with that of sub-7,, mechanical relaxation. Under
tensile stress, the time scale of the motion did not change
significantly, but the heterogeneous Gaussian distribution of
flip angles determined around 230 K broadened from 50° full
width at half-maximum in PC without stress to 90° under
50 MPa tensile stress.** Thus, the phenylene motion seemed
well characterized. Recently, the sub-7, dynamics of PC at
ambient temperatures was also studied by quasielastic neutron
scattering,® and it was concluded that in addition to ill-defined
180° flips the phenylene rings in PC exhibit a third motion,
namely flips by 90° with correlation times in the range between
I nsand 1 ps at temperatures of 300—400 K. This was inferred
from an increase of the quasielastic scattering intensity above
room temperature, which could not be accounted for by well-
defined 180° flips alone. A full simulation of the scattering
intensity considering a distribution of flip angles, however, was
not attempted. With advanced 2D NMR techniques®® probing
the '*C anisotropic chemical shift, the geometry of the pheny-
lene motion can be probed differently than via “H quadrupole
coupling, as the unique directions of the two interactions are
mutually perpendicular. As seen in Figure 5a, 180° and 90° flips
result in vastly different line shapes, yet the experimental
spectra show no evidence of the latter. Instead, the phenylene
motion in the glassy state displays a heterogeneous distribution
of rotational angles, about 80° in width, centered at a flip angle

of 180°, which stays essentially constant over a wide tempera-
ture range.” Moreover, the presence of flip angles differing
significantly from 180° readily explains the increase of quasi-
elastic scattering intensity in the neutron data. The consistency
of the results of the different NMR experiments and neutron
scattering is truly gratifying. Moreover, the presence of flip
angles significantly different from 180° provides a simple way
of coupling the phenylene flips to other degrees of motion of the
PC chain as well as mechanical relaxation. This is because the
flip does not occur between equivalent positions of the group.
Thus, the phenylene motion that can consistently be observed
in NMR and neutron scattering experiments is sensitive to the
details of the local packing.

Itisinteresting to note that distributions of fluctuation angles
also occur in the dynamics of confined molecules in macro-
scopically oriented nanoporous systems®® as observed by *H
solid-state NMR. Profound differences are found for guests in
crystalline and noncrystalline polymers. In stretched crystalline
polymer hosts, like the 0 phase of syndiotactic polystyrene, high
orientation of the guest molecules can be achieved without
changing their local environment. While the rotation axis can
be fixed, large-amplitude motions can still occur, which is
important information for tailoring guest—host systems for
specific applications.®’

Heterogeneities in Functional Stimuli-Responsive Polymer
Networks. Polymer networks that can take up many times
their own mass in water attract a lot of attention in materials
science. Such networks can be chemically fine-tuned to expel
water and collapse from a swollen state upon an external
stimulus (temperature, pH, salt content, etc.).””" This sensi-
tivity toward external triggers makes polymer networks inter-
esting for use as functional materials, e.g., in molecular sensors
or as drug delivery agents. EPR spectroscopy of amphiphilic
nitroxide spin probes offers an interesting way to study the
release of small molecules. EPR spectroscopy on these reporter
molecules shows high selectivity and site specificity and delivers
a large variety of information on local guest—host interaction,
the distribution of guest molecules (on the nanometer scale),
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and accessibility by solvents. A recent study’? along these lines
on poly(N-isopropyacrylamide), PNIPAAM, revealed that
small molecules are continuously released from the polymeric
network when the temperature is increased (see Figure 6).
However, macroscopically the polymeric network collapses
rather sharply at the lower critical solution temperature
(LCST) of the polymer, around 30 °C. These findings have
led to the conclusion that the polymer network collapse is a
continuous process, in which individual polymeric “pockets”
are in a collapsed state even at temperatures significantly below
the LCST and that the macroscopic collapse takes place only
when a certain number and/or volume of collapsed “pockets™ is
reached. Remarkably, the hydrophilic regions form nanoreac-
tors, which strongly accelerate acid-catalyzed disproportiona-
tion reactions while simultaneously the hydrophobic regions
act as nanoshelters, in which enclosed spin probes are protected
from the decay. The results show that the system consisting of a
statistical binary or tertiary copolymer displays remarkably
complex behavior that mimics spatial and chemical inhomo-
geneities observed in functional biopolymers such as enzymes.

Subsequently, a similar result of micro/nanophase separa-
tion was observed in block copolymers of PNIPAAM and N-
isopropylmethacrylamide (PNIPMAM). This was con-
cluded from small-angle neutron scattering (SANS) and
analysis of the scattering with a new form factor model with
a nanophase-separated internal morphology.”* We note that
the simple and cheap EPR method does not only directly
mirror the nanophase separation in the CW EPR spectra
without the use of any model, but even allows for the
characterization of the nanoheterogeneity on the functional
level of a chemical reaction.

Similarly, dendronized polymers, based on oligoethylene
glycol (OEG) units, exhibit fast and fully reversible phase
transitions due to dehydration of the more hydrophobic
groups with a sharpness in turbidity measurements that is
among the most extreme ever observed.”® Their LCST is
found in a physiologically interesting temperature regime
between 30 and 36 °C. Probing the collapse on a molecular
level with spin-label EPR spectroscopy as described above
reveals, however, that the dehydration of the polymer chains
proceeds over a temperature interval of at least 30 K. It
cannot be described by a single deswelling process that would
be expected for a thermodynamic phase transition. Rather,
the dehydration should be viewed as a molecularly con-
trolled nonequilibrium state and takes place in two steps.
The local heterogeneities grow in size and polymer, chain
fluctuations slow down. Within ~7 °C above T, the major-
ity of the dehydration is completed, and percolation for the

fraction and volume of hydrophobic regions is reached.
While 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 core’s hydrophobicity.””

Translational Chain Motion in Entangled Polymer Melts.
Chain motion in entangled melts is a complex process
involving many length and time scales.”® A remarkable
advance in understanding the processes involved was pro-
vided by the De Gennes reptation/tube model”’ (see Figure 7).
Depending on the molecular weight of the chains and thus
the number of entanglements per chain, the time scale of
correlation loss associated with this process is more or less
separated from the more localized Rouse modes, regimes
I—II. In highly entangled melts the time scale for reptation
between the longest constrained Rouse mode and the tube
disengagement time ranges from about 0.1 ms up to
seconds.’® The simple fixed-tube model is insufficient for a
quantitative description of rheological data, and ongoing
discussions focus on including dynamics of the tube itself,
caused by contour-length fluctuations arising from chain-
end motions of the test chain, or constraint release, arising
from matrix chain motions.” Microscopic, atomic-scale
experiments focusing on the Doi—Edwards regimes 11-1V
(constrained Rouse, reptation, and terminal diffusion) can
crucially test the fundamental model assumptions.™

Among the experimental techniques, neutron scattering” and
NMR spectroscopy® are particularly informative because they
are able to provide information on time scale and geometry of
the motions. Thus, many studies aimed at checkin% the predic-
tions of the tube model have been performed.'”* For high
molar mass samples, however, reptation is outside the typical
time window of neutron scattering. Thus, neutron scattering
and diffusion NMR®! are particularly suited to study regimes I
and IT in Figure 7. Advanced NMR techniques such as studying
residual dipole—dipole couplings via double quantum coheren-
ces'® 2 are better suited to directly probe the slow dynamics in
regime III and even IV. These NMR techniques provide access
to the orientation autocorrelation function C(7) introduced by
Ball, Callaghan, and Sarnulski,82 which was measured directly in
the time domain and applied to study reptation by Graf et al.®*
For a review and more recent studies, see ref 19. Moreover,
NMR longitudinal relaxation at low fields offers another way to
reach the necessary low frequencies and has successfully been
applied to elucidate reptation dynamics.®*

Recently, by combining these two NMR techniques, it was
possible to monitor the dynamics of well-entangled polymer
chains in the bulk melt over 10 orders of magnitude in time,
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Figure 7. (a) Sketch of time and length scales for mean-square dis-
placements (r(r) — r(0)) of a segment of an entangled polymer chain,
adapted from ref 76, and the orientation autocorrelation function,
C(1)."*3% (b) Selected correlation functions C(1/t.) for polybutadiene
from double-quantum (DQ) NMR.* combined with 7} field-cycling
NMR data from ref 84 covering the lower time range, with no relative
shifts applied. The dashed lines indicate the approximate time limit for
complementary NSE spectroscopy in the studied temperature interval.

covering the regimes II—IV of the tube model ¥ The familiar
molar mass scaling of the Rouse and the disentanglement times
was confirmed, but a characteristic variation of the scaling
exponent describing the time dependence of segmental fluctua-
tions in the constrained-Rouse regime IT up to high molecular
weights was observed. The local relaxation of well-entangled
chains is thus governed by Rouse modes that are much less
restricted than predicted by the tube model. Furthermore, by
mixing chains of different molar mass and making one species
unobservable via deuterium labeling, it was shown® that the
scaling exponent is determined by the matrix chains alone,
suggesting that constraint-release effects are responsible for the
observed behavior (see Figure 7).

Self-Assembly and Dynamics of Polypeptides. Polypeptides
(macromolecules composed of amino acids) play a vital part
of the molecules designed for use in drug delivery or gene therapy
and thus have been the subject of intensive studies.***” These
copolymers are produced commercially on an industrial scale by
using conventional a-amino acid N-carboxyanhydrides (NCA)
ring-opening polymerization techniques. 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 with several length scales where structure control
is exerted at every level of hierarchy. Their two most common
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Figure 8. Assembly of a lamellae forming polypeptide—coil diblock
copolymer depicting the main techniques employed to study their struc-
ture and dynamics small- and wide-angle X-ray scattering (SAXS,
WAXS,) *C NMR, and dielectric spectroscopy (DS).

local conformations, known as secondary structures, are the
a-helix, stabilized by intramolecular hydrogen bonds, and the
[-sheet, stabilized by intermolecular bonds. These secondary
structures can be probed directly by solid state NMR,*® and their
packing can be obtained by X-rays. In addition, the a-helical
structure posts a permanent dipole moment along its backbone
and can be, therefore, classified as type A polymer in Stock-
mayer’s classification.* 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, which
is difficult to obtain by other methods.

Despite recent progress both in the synthesis as well asin
understanding the interplay between structure and dynamics of
polypeptides (and proteins), several unresolved issues remain.
These include™ (i) the origin of a dynamic arrest at a “glass
transition” temperature, i.e., at a temperature where the internal
dynamics are practically frozen and the proteins are thus unable
to function, (ii) the persistence length of a-helices, and (iii) the
effect of chain topology on the type and persistence of secondary
structures. The complex self-assembly and the dynamics on
different length and time scales require the use of a variety of
powerful characterization techniques such as X-ray scattering,
NMR, and dielectric spectroscopy (DS), see Figure 8. It depicts
a lamellae forming polypeptide-b-coil diblock copolymer.
Small-angle X-ray scattering (SAXS) is employed for the nano-
domain spacing, d. *C NMR and wide-angle X-ray scattering
(WAXS) are employed to identify the type of the peptide
secondary structure (a-helical in Figure 8). WAXS is further
employed to extract the lateral self-assembly of a-helices within
the polypeptide domain (a hexagonal lattice is indicated in the
schematic). Dielectric spectroscopy and site-specific NMR tech-
niques are employed to study the dynamics.

For example, copolypeptides, with their inherent nan-
ometer length scale of phase separation, provide the means
of manipulating both the type and persistence of peptide
secondary structures. Specifically, partial annihilation of a-
helical structural defects due to chain stretching, induced
chain folding of f-sheets in block copolypeptides with in-
commensurate dimensions, and destabilization of 5-sheets in
peptidic blocks having both secondary motifs were iden-
tified.”! These effects should be taken into account when
such peptides are considered for drug delivery. Polypeptide
star polymers with a large hydrocarbon core were found to
have several unanticipated properties.’> First, with the aid of
a polyphenylene core scaffold it was shown that there is a
distinct change in the peptide secondary structure from coil/
pB-sheet conformations to a-helices accompanied by an
abrupt increase in the hydrodynamic radii. This change in
secondary structure and the consequences on the particles’
diffusion, measured by confocal fluorescence correlation
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Figure 9. Left: distribution of the CP—OH angle within a glven phosphonic acid group of poly(vinylphosphonic acid) PVPA, predicted from first-
principles molecular dynamics simulations. Right: experimental >H NMR line shapes as a function of temperature, illustrating motional narrowing due

to the hydrogen bond dynamics, exhibiting an effectively isotropic motion.

spectroscopy, can be crucial in the efficient design of multiple
antigen peptides. Second, the bulk studies revealed a strong
effect of the polyphenylene core on the peptide secondary
motifs that could not be envisaged from their linear ana-
logues. Clearly, the local conformation of the peptides is a
key parameter for understanding these systems, and the
concerted use of the different techniques provides consider-
able more information than using either one alone.”®
Interplay of Structure and Dynamics in Polymeric Proton
Conductors. The growing necessity for clean energy sources
to substitute fossil energy has created high demands for
batteries and fuel cells. Therefore, various approaches have
been proposed aiming at developing new classes of proton
conducting membranes for high temperature applications.”
Nafion, the most widely used membrane material, is a
perfluorinated polymer that stands out for its high, selective
permeability to water and small cations, in particular pro-
tons. The chemical structure of Nafion combines a hydro-
phobic Teflon like backbone with hydrophilic ionic side
groups.’® Despite its technological importance, the structure
of the Nafion ionomer used in proton-exchange membranes
of H,/O, fuel cells has long been contentious. Recently an
advanced analysis of small-angle X-ray scattering data of
hydrated Nafion was performed by calculating the SAXS
curve by a numerical Fourier transform from a given scatter-
ing density distribution.”® In a thorough study combining
solid state NMR with this new analysis of the SAXS curve it
was concluded that the characteristic “ionomer peak’ arises
from long parallel but otherwise randomly packed water
channels. These channels are surrounded by partially hydro-
philic side branches, forming inverted-micelle cylinders.”® At
20 vol % water, the water channels have an average diameter
of 2.4 nm. The new model can explain important features of
Nafion, including fast diffusion of water and protons
through Nafion and its persistence at low temperatures.
For technical reasons such as methanol crossover and CO
poisoning of the electrodes, a high temperature operation
(T > 100 °C) of fuel cells would be favorable. However, proton
conduction drops dramatically in Nafion and related mem-
branes when the proton carrying liquid water evaporates from
the membrane. Therefore, proton transport membranes are de-
sired, which do not rely on the diffusion of small proton carrying
molecules (vehicle mechanism) and can efficiently operate at
temperatures above 100 °C. In fact, such materials are consid-
ered to be one of the keys to further progress in PEM fuel cell
technology.”® One promising approach in the development of

such a material is to combine the functions of the protogenic
group and the proton solvent in a single molecule. Such
molecules must be amphoteric in the sense that they behave as
both a proton donor (acid) and proton acceptor (base), and they
must form dynamical hydrogen bond networks. The first leads
to the formation of a high concentration of intrinsic protonic
defects as a result of self-dissociation, and the latter may pro-
mote a high mobility of these protonic charge carriers (excess
and deficient protons). It should be noted that the mobility of
intrinsic defects is generally higher than that of extrinsic defects,
which may be introduced by acid or basic doping disturbing the
local symmetry of the hydrogen bond network.

Typical amphoteric liquids include phosphoric acid and
diverse heterocycles such as imidazole, pyrazole, benzimidazole,
and triazole. In the liquid state, they all show relatively high
proton conductivities with significant contributions from struc-
ture diffusion, i.e., the motion of protonic defects (excess or
deficient protons) via intermolecular proton transfer, coupled to
hydrogen bond breaking and forming processes.”* A promising
approach to eliminate the liquid electrolyte is to attach the protic
groups of the liquid electrolyte to the backbone of the polymer,
such that only chemical decomposition would result in a loss of
ion carriers, a ipromment examlgle being poly(vinylphosphonic
acid).”” From 'H, ?H, 1°C, and *'P NMR combined with com-
puter simulatlon, detalled information on the proton mobility,
water content, and the unwanted condensation of the phospho-
nic acid groups can be obtained. High mobility is found for the
protons, whereas on the same time scale no mobility associated
with reorientation of the phosphonic acid groups or the polymer
backbone is observed. The "H chemical shifts of P—OH protons
provide evidence for the presence of a complex hydrogen bond
network (see Figure 9), which allows for proton transport via a
Grotthus-type mechanism along a given chain as well as
between adjacent chains. The MD simulations further show
that proton vacancies can be trapped in the anhydride defect
produced by the condensation. More important, as shown in
Figure 9 the highest intrinsic proton mobility arises in systems
like poly(vmylphosphomc ac1ds) where the hydrogen-bonded
network is highly disordered,”® characteristic of a hopping
mechanism for proton conductivity.

In systems where the hydrogen-bonding network is sepa-
rated from the polymer backbone via a spacer, a concept
well-established in both synthetic and biological functional
systems, site-selective NMR provides unique information
about the interplay between local structure and the dynamics
of the units involved and proton mobility. In the case of a
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triazole functional polysiloxane, both the thermodynamics
and the kinetics of formation and breaking of the hydrogen
bonds could be followed by NMR.% This reveals that
molecular reorientations of the triazole ring are essential
for the proton transport. However, all activation energies of
the microscopic processes are lower than that of the proton
conductivity itself, indicating that there is an additional
energy barrier controlling the macroscopic proton transport.
This is not monitored in the local processes observed by
NMR. Similar behavior is observed in phosphonic acid-
based systems.

Last but not least, different protogenic groups can be
mixed in one system, e.g., by attaching them to the same
or different polymer chains. Along these lines imidazole
methylphosphonate models have been investigated to eluci-
date hydrogen bonding and dynamlcs of a potential anhy-
drous polymer electrolyte.'® This model salt exhibits ionic
conductivity in the solid state, and the way of ion conduction
in the solid state differs depending on the choice of anion and
cation pairs. Increasing temperature introduces thermal
motion and promotes the rotation of the imidazole ring
together with the rotation of the phosphonate group. This
leads to a cooperative mechanism of ion conduction between
imidazole and the methylphosphonate at higher tempera-
tures, which was unseen in a previous study of the benzimi-
dazole methylphosphonate analogue.'"!

Interplay of Structure and Dynamics in Columnar Struc-
tures for Organic Electronics. Research on soft matter today
includes supramolecular assemblies beyond polymers with
different architectures.'® Discotic liquid crystals, consisting
of rigid disk-shaped aromatic cores and disordered alkyl
substituents are prominent examples as they are able to
organize into columnar supramolecular structures. Their
self-assembly is driven by the 7— overlap of the disks and
the unfavorable interactions between the cores and the alkyl
chains that lead to nanoscale self-assemblies. %> Applications
of such systems as electronic devices rely on the optimal
stacking of the aromatic cores that allow for charge carrier
mobility along the columnar axis (i.e., molecular wires).'®
With this in mind, the self-assembly and electronic properties
of large aryl cores such as hexa- 4perl -hexabenzocoronenes
have been explored extensively.'® Recently, pigments such
as perylenediimide derivatives have gained attention because
of the opportunities presented by the combination of
their liquid-crystalline, photo h%/smal semiconducting, and
photoconducting properties.'*'31% The degree of struc-
tural perfection strongly affects their molecular properties
(absorbance, fluorescence, and charge transport) and results
in applications in organic field-effect transistors, light-
emitting diodes, and organic solar cells. The supramolecular
organization can be improved by generating helical struc-
tures through the appropriate choice of side groups by
attaching the disks to a hehcal Eolymer backbone or by the
structure of the core itself.'”

Molecular dynamics of these complex systems is the key to
the processmg and self-healing capabilities of such molecular
assemblies.'” Since many of the early systems are sym-
metric, they do not carry a dipole moment. Therefore, the
use of dielectric spectroscopy is limited. The prominent
dynamic process in discotics involves axial rotation of the
disks around the column axis. This has been established by
H solid state type NMR on samples aligned in magnetic
fields as early as 1981 9 and has meanwhile been confirmed
by innumerable 'H, °H, and '*C NMR studies,>*° including
a detailed eluc1dat10n of the rotational angles involved by
two-dimensional exchange NMR.!'! This axial rotation
happens on relatively long time scales, ranging from a few
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hundred nanoseconds in the liquid-crystalline state to seconds
in glass forming discotics, as proved from combmmg NMR
with broad-band dlelectrlc spectroscopy.'!'? Notably, NMR
not only detects the axial motion, it also provides information
about the packing order within the column via the correspond-
ing site selective order parameter. This order is typically very
high in columns with small disks, in particular the triphe-
nylenes,"'*!"! while it can be significantly lower in the larger
disks such as hexabenzocoronene (HBC).''® Again, neutron
scattering can pr0V1de detalled information on the dynamics
on shorter time scales.!'* Small-angle fluctuations were identi-
fied, which can have important impact on the Charge carrier
mobility, which happens on similar time scales.''® Thus, only
the combination of the two techniques can provide the full
picture.

In columns with a helical superstructure the rotation of the
disks cannot occur as a simple local process but requires
cooperative motions within the column in order to preserve the
correlation between adjacent moieties. This was first demon-
strated in a study combining dielectric spectroscopy and NMR
on dipole functionalized HBCs, where two distinct modes were
observed.''® The faster mode is associated with local axial
rotation of the disks with limited amplitude; the second one is
ascribed to the cooperative complete axial rotation. In columns
composed of perylene derivatives the pitch angle between
adjacent moieties depends on a delicate balance of w—7t inter-
action and the organization of the side groups.''” In a highly
ordered system, where the perylene moieties are packed perpen-
dicular to each other local and cooperative motions could be
nicely separated.'”® From a combination of various *C solid
state NMR experiments local axial fluctuations of substantial
amplitude were deduced in the solid, and full cooperative axial
rotation was found in the liquid crystalline phase (see Figure 10).
The cooperative dynamics in the liquid crystalline phase shows
that indeed the correlation between adjacent perylene units is
maintained during the axial rotation. Such cooperative dynamic
modes are particularly important in processing columnar dis-
cotic systems to align on surfaces.

Conclusions and Outlook

Advances in synthesizing, characterizing, and understanding
macromolecular and supramolecular systems have led to an
enormous variety and complexity in the field of polymer science.
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Figure 11. Overview of systems, phenomena, and techniques for elucidating the interplay between structure and dynamics in macromoleular and

supramolecular systems.

The traditional separation in terms of structure vs dynamics,
crystalline vs amorphous, or experiment vs theory is increasingly
overcome. As far as characterization of such materials is concerned,
no experimental 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. Combining scattering
or NMR spectroscopy with computer simulation is well esta-
blished today in the study of structure and dynamics of biomacro-
molecules.!”” Prominent pioneering examples of such an approach
in the supramolecular field involved the combination of spectros-
copy and computer simulation to elucidate the packing in columnar
systems'?’ and the Proton conducting network in a new type of
proton conductor.'”! Elucidating slow dynamics in this way is
limited by the current capability of computers. The much faster
motions accessible by neutron scattering or NMR relaxation can
already be analyzed by computer simulation.'* Advantage should
be taken, however, of the fact that a general formalism exists, which
does not involve the usual assumption of exponential relaxation and
can handle locally anisotropic motion.'* Indeed, in a recent ab initio
calculation of >H and 7O relaxation in water, without any empirical
parameters or model assumPtions a pleasing agreement with
experimental data was found. 1 Remarkably, however, the simu-
lated correlation function differs significantly from a simple ex-
ponential.

The examples described above, namely morphology, defects,
heterogeneities, local and collective dynamics, and biomacromole-
cules and hybrids, are explicitly mentioned among the “challenges
and opportunities” of research in macromolecular science.'”
They also reflect topics studied in our Institute, which celebrated
its 25th anniversary last year.'”> These examples, although far
from complete, also illustrate the special role of magnetic
resonance techniques, in particular solid-state-type NMR, in
elucidating the interplay between structure and dynamics in these
systems (see Figure 11). Phase separation in polymer blends and
block copolymers have been subjects of recent Perspectives'**'?’
and will not be treated in detail here, but we point out that one-
and two-dimensional NMR techniques allow selective determi-
nation of the glass transition via the time scales of slow chain
dynamics for polymers in mixed systems relative to their pure

states'® 1% and the role of configurational entropy.'*' In case of

biomacromecules we, again, refer to a recent Perspective.'*> The
role of NMR is well established in this area (see above).
A particular intriguing question involving the interplay of struc-
ture and dynamics concerns the molecular processes leading to
protein folding.'** These processes can now be followed by
pulsed double electron electron resonance (DEER).'** This has
recently been demonstrated by elucidating the refolding of the
integral membrane protein light-harvesting complex II following
the formation of different structural elements of the complex in
real time.'*>

The development of NMR and pulsed EPR spectroscopy is far
from complete. In particular, in order to meet the ever-increasing
demands of miniaturization, the sensitivity of NMR spectros-
copy has to be increased substantially, and several approaches to
respond to that challenge are underway.'*® Moreover, studies of
the activity of olefin metathesis catalysts by solid state NMR have
shown how sophisticated multidimensional NMR techniques can
be employed to fully characterize catalytic species on silica
surfaces to obtain structural and dynamic parameters related to
their reactivity.'?” Similarly, NMR methodology has been devel-
oped to monitor structural changes that occur during the opera-
tion of Li ion batteries.'*® These in situ NMR studies allow one,
for example, to capture metastable phases, to follow reactions
between the electrolyte and the electrode materials, and to
investigate the effect of rapid charging and cycling of the
battery.'® Thus, in the future, it will be possible to elucidate
the relation between structure, dynamics, and function by experi-
ments on devices rather than materials, as is already the case in
photophysics today.'4%!4!
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