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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

Nuclear magnetic resonance (NMR) spectroscopy is a premiere technique
for the studies of polymers. Since 1950s, the literature on this topic has grown
rapidly. A large body of ingenious techniques has been developed that have
enriched the field and provided NMR practitioners with many valuable tools to use
in their work. The field now covers a broad spectrum of activities, from polymer
identification, quality control, and reaction monitoring to structure determination,
polymer morphology, compatibility, chain conformation, dynamics, diffusion,
and imaging.

For many years we have organized successful symposia devoted to NMR
Spectroscopy of Polymers at roughly every 3 years. The purpose is to provide
an international forum for the presentation of recent advances in NMR techniques
and characterization of natural and synthetic polymers, including agriculturally
based materials. We strive to invite speakers who are acknowledged leaders in
this field. Over the years, it has become the largest and the foremost symposia for
the NMR studies of polymers.

This book is based on such a symposium held at the Pacifichem meeting
on December 17-21, 2010 in Honolulu, Hawaii. At this meeting, there were 43
talks and 24 posters, representing the state-of-the-art research of polymer NMR
in solids, liquids, and imaging. Many exciting new techniques and findings were
reported.

In this symposium book, a total of 30 articles are included, covering the
following topics:

Fundamental and applied research
New methodology development
Polymer structure determination
Polymer dynamics and diffusion
Nanostructures and nanocomposites
Supramolecular assemblies
Blends, miscibility, and heterogeneity
Polymers under confinements and on surfaces
Multidimensional NMR
In addition, we are thankful to Professor Hans Spiess for an overview of solid

NMR and Professor Peter Rinaldi for a tutorial on solution NMR. It is our hope
that this book provides a good representation of what is happening at the forefront
of research in polymer NMR and also captures some of the excitements we saw at
the Pacifichem symposium.

This book is targeted for chemists, physicists, biochemists, and chemical
engineers as well as graduate students who are engaged in research and

xi
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applications of polymer NMR. It can also be a useful reference book for people
who are interested in these topics.

We thank the authors for their timely contributions and their cooperation while
the manuscripts were being reviewed and revised. Thanks are also due to the
ACS Division of Polymer Chemistry, Inc. for sponsoring the 2010 symposium.
We also acknowledge the generous funding from the ACS Division of Polymer
Chemistry, Inc., Air Force Research Laboratories, Agilent Technologies, Bruker
Corporation, Chlorella Industry Co., Ltd., Japan Medical Materials Co., JOEL,
Ltd., MR Resources, National Science Foundation (NSF) Division of Materials
Research, New Era Enterprises, and REC Materials, Inc.

H. N. Cheng
Southern Regional Research Center
USDA – Agricultural Research Service
1100 Robert E. Lee Blvd.
New Orleans, LA 70124, U.S.A.

Tetsuo Asakura
Department of Biotechnology
Tokyo University of Agriculture and Technology
2-24-16 Nakacho
Koganei, Tokyo 184-8588, JAPAN

Alan D. English
DuPont Central Research and Development Department
Experimental Station
Wilmington, DE 19880, U.S.A.
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H. W. Spiess - An Appreciation

HansWolfgang Spiess studied at the University of Frankfurt and was awarded
his Ph.D. there in 1968. He worked as a postdoctoral fellow with R. K. Sheline
at Florida State University (1968–1970), K. H. Hausser at the MPI for Medical
Research, Heidelberg (1970–1975), and H. Sillescu at the University of Mainz
(1975–1983, including habilitation). He held professorships at the University of
Münster and the University of Bayreuth (1981−1984). Since 1984, he has been
one of the directors of the Max Planck Institute in Polymer Research in Mainz.

Professor Spiess is an acknowledged leader in polymer NMR. He has
developed a large array of new NMR techniques for elucidating structure,
dynamics, phase behavior and order in synthetic macromolecules and
supramolecular systems. With brilliance and creativity, he applies these
techniques to study new polymer materials in order to relate their microscopic
and macroscopic behavior. His scientific depth and breadth can be illustrated by
the following examples:

- Two-and three-dimensional NMR methods for studying molecular
dynamics

- High-resolution multiple quantum NMR spectroscopy of solids for the
investigation of molecular structure and organization

xiii
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- Spin diffusion techniques for determining the phase behavior and
compatibility in block copolymers, polymer blends, and core shell
particles

- NMR imaging and hyperpolarization by laser polarization, dynamic
nuclear polarization and parahydrogen induced polarization

- Investigation of polyelectrolytes and biomacromolecules in solution with
a broad variety of EPR methods including nm distance measurements

- Chain motion and its relationship to mechanical properties in crystalline
and amorphous polymers as well as dynamics at the glass transition

In addition to his prolific scientific work, Professor Spiess has served as
chairman of the European Polymer Federation (1991–1992) and chairman of the
Capital Investment Committee of the German Science Foundation (1994–1996).
He was chairman of the Committee for Electronic Data Processing of the
MPG (1997−2006), President of the Groupement AMPERE (2000−2006),
and a Member of the Scientific Council of the Federal Republic of Germany
(1999−2005). He is the current President of the International Society of Magnetic
Resonance. He has also collaborated with the editors of this volume and others
to organize many international meetings dealing with NMR Spectroscopy of
Polymers to promote the development of this field.

He is the recipient of numerous awards and honorary lectureships. These
include the Leibniz-Prize of the DFG (1987), NMR Award of the Eastern
Analytical Symposium (2000), the AMPERE Prize (2002), the Liebig Medal
of the German Chemical Society (2002), the Presidential Medal of Cornell
University (2002), the Award of the Society of Polymer Science, Japan (2003),
the Zavoisky Prize (2010), and the Paul J. Flory Prize for polymer science (2010).
He holds honorary degrees (Dr. h.c.) of the Technical University of Cluj-Napoca,
Romania (1997) and the Adam Mickiewicz University, Poznan, Poland (1998).
Since 2011 he has been an Honorary Member of the Society of Polymer Science,
Japan.

After a distinguished career, Professor Spiess is retiring from the Max Planck
Institute. On behalf of all the authors in this symposium volume, we thank him for
his splendid work over the years and wish him health, happiness, and continued
vigor in years to come.

H. N. Cheng
Tetsuo Asakura
Alan D. English
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Chapter 1

Innovative NMR Strategies for Complex
Macromolecules

H. N. Cheng,*,1 Tetsuo Asakura,2 and Alan D. English3

1Southern Regional Research Center, USDA Agricultural Research Service,
1100 Robert E. Lee Blvd., New Orleans, LA 70124, U.S.A.

2Department of Biotechnology, Tokyo University of Agriculture and
Technology, 2-24-16 Nakacho, Koganei, Tokyo 184-8588, Japan

3DuPont Central Research and Development Department,
Experimental Station, Wilmington, DE 19880, U.S.A.

*E-mail: hncheng100@gmail.com

In recent years there has been an increasing research emphasis
on complex macromolecular systems. These include polymers
with precise control of structures, multicomponent systems with
higher degrees of organization, polymers involved in micelles,
interfaces, and confined environments, nanochemistry and
nanostructures, biopolymers and bio-inspired chemistry, and
application-driven polymer designs, such as fuel cells, batteries,
and ionic conductors; sensors and information processors; drug
delivery, biomedical devices, and imaging; stimulus-responsive
polymers, gels, and networks with defined function and control.
Successful NMR studies of these polymers require judicious
applications of existing techniques and development of new
or improved strategies and methodologies. In this article the
polymer/NMR literature in 2007-2011 is reviewed in view of
the recent trends in polymer research, with selected examples
taken from the literature and from the chapters included in this
book.

Introduction

Nuclear Magnetic Resonance (NMR) is a premiere technique for polymer
studies (1–5). The literature in the NMR of polymers continues to grow. Since

© 2011 American Chemical Society
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1990 there have been 3815 articles classified under NMR and polymer science,
and 3463 articles under NMR and material science in the ISI Web of Knowledge
(6). A summary with selected topics is shown in Table 1.

Table 1. Subject analysis of literature search for the category of “NMR”
since 1990 in the ISI World of Knowledge

record counttopic

1990-
1994

1995-
2000

2001-
2006

2007-
2011a

total %

chemistry 8284 10290 9681 6999 35254 50.0

instrumentation 120 139 122 88 469 0.7

polymer science 1122 1242 1000 451 3815 5.4

material science 647 1047 911 858 3463 4.9

biochemistry 3802 3940 3388 2294 13424 19.0

biophysics 1112 1262 1122 720 4216 6.0

food science 180 261 341 294 1076 1.5

plant sci. + agriculture 356 464 457 377 1654 2.3

total 18060 21013 18462 12960 70495 89.8
a Coverage in 2011 up to July 1, 2011 only.

A survey of these articles indicates several recurring research themes. In
addition to the utility of the wide array of NMR techniques to determine polymer
structures and solve polymeric problems, many researchers are concentrating
on increasingly complex macromolecular systems and on the development of
new or improved NMR strategies and methodologies. These trends are partly
stimulated by improved instrumentation, more sophisticated characterization
techniques, innovative synthetic methods, and application-driven polymer
designs. The complex macromolecular systems (7) include the following (not
mutually exclusive) areas: 1) polymers with precise control of structures,
2) multicomponent systems with higher degrees of organization, including
blends, composites, organic-inorganic hybrids, and supramolecular assemblies,
3) polymers involved in micelles, interfaces, and confined environments, 4)
nanochemistry and nanostructures, 5) heterogeneous materials, such as emulsions,
foams, and microporous materials, 6) biopolymers and bio-inspired chemistry,
and 7) application-driven polymer designs, such as polymers for fuel cells,
batteries, and ionic conductors; sensors and information processors; drug delivery
and biomedical devices, stimulus-responsive polymers, gels, and networks with
defined function and control.

It may be noted that this book provides an excellent collection of examples
of these complex macromolecular systems, together with the corresponding NMR
strategies and methodologies designed to study them. The purpose of this article

4
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is to survey the NMR/polymer literature in the past 4-5 years in view of the
various research themes and polymer types and to highlight these developments
with selected examples taken from the recent literature and from appropriate
chapters of this book.

NMR Strategies and Methodologies

As macromolecular systems become more complex, NMR has been keeping
up with both established and novel strategies and methodologies. Several review
articles in the past 5 years provide good summaries of the latest developments.
The articles by Spiess (8) on solid state NMR and by Rinaldi (9) on solution NMR
in this book are especially outstanding. They are also helpful overviews for people
who are relatively new to the field.

Other recent reviews of NMR of solid polymers include the articles by
Chen and Kurosu (10) on semicrystalline polymers, Paasch and Brunner (11) on
methods and applications that pertain to bioanalysis, Bockmann (12) on strategies
for structure determination of proteins, and Spiess (13) on the combined use
of solid state NMR and other complementary techniques. In addition, solid
state NMR of inorganic polymers has been reviewed by Borisov et al. (14),
and liquid crystals by Domenici (15). As for solution NMR of polymers, there
have been several recent reviews, particularly for biomacromolecules, e.g.,
Felli and Brutscher (16) and Foster et al. (17) on recently developed NMR
methodologies, Mittermaier and Kay (18) on biomacromolecular dynamics, Tate
(19) on anisotropic nuclear spin interactions for the morphological analysis of
proteins, Loria et al. (20) on characterization of enzyme motions by relaxation
dispersion, Markwick et al. (21) on molecular dynamics simulations for the
analysis of NMR data, and Bouvignies et al. (22) on the utility of residual dipolar
couplings for studies of proteins in solution.

Many specific NMR techniques and methodologies have been reviewed in
the appropriate chapters in this book and are described in the next section under
different research themes. In the following paragraphs, brief summaries are given
of selected techniques and methodologies that either have general utility or are not
adequately covered in the next section.

An important technique is NMR imaging. Two recent reviews by Britton (23)
and Villaraza et al. (24) have appeared. NMR imaging studies have been reported
of penetration of water into mesoporous matrices (25) and hydrogels (26), and of
styrene in polyethylene in supercritical CO2 (27). In this book Peng et al. (28) have
reported a new class of 19F polymeric imaging agents, which provide high contrast
because the body does not contain a significant concentration of fluorine to give
a background signal. Therien-Aubin et al. (29) have employed NMR imaging to
monitor the release process of pharmaceutical tablets, and Baianu and Prisecaru
(30) to study the hydration of wheat grains.

Another fruitful area of research is the use of NMR for diffusion
measurements. In his chapter Macdonald (31) gives a good introduction to the
pulsed field gradient experiment used for diffusion studies. Pulsed field gradient
results are reported by Macdonald (31), Hou et al. (32), and Jespersen et al. (33)

5
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in this book. Two recent reviews, by Walderhaug et al. (34) and Cozzolino et
al. (35), have also provided helpful complementary information, particularly on
different types of applications.

129Xe NMR can be employed to measure pore size and volume in porous
materials. In his article, Yoshimizu (36) has studied the microvoids in several
glassy polymers and correlated the results with excess free volume in the polymers.
Other examples in the recent literature include analysis of porosity in membranes
and oligopeptides (37) and microporous polymer networks (38).

Latex state NMR is reviewed by Kawahara (39); high resolution NMR
spectra for elastomers have been obtained through Brownian motion of the latex
dispersion. Similar results on a polymer slurry are reported by Thakur et al. (40),
except that 1H and magic angle spinning have been used.

The combination of rheology and NMR is a relatively newer development.
A recent review has described the basics of rheo-NMR and some applications
(41). The article by Bohme and Scheler (42) in this book examines the relaxation
behavior of polymer melts under shear. In the literature a paper has also reported
shear deformation of polymer melts observed via 1H NMR (43). The combination
of electrophoresis and NMR is discussed by Hou et al. (32). Electrophoretic NMR
has also been reported recently by Scheler (44, 45).

A technique that has gained a fair amount of traction is field cycling (46).
This is a good way to determine the frequency or field dependence of NMR
relaxation times. There are two means of achieving field cycling. A sample can
be moved mechanically to positions with different magnetic flux densities (called
"sample shuttling"). Alternatively, special electronics and magnet design permit
fast switching of magnetic fields between 0 and 0.5 T in a few milliseconds
(commonly known as "fast field cycling"). Some examples in the recent literature
include segmental reorientation dynamics in polybutadiene melts (47), dynamics
of polybutadiene in nanoscopic confinement (48), diffusion (49) and dipole-dipole
interactions (50) in polymer melts. More examples have been given in a recent
NMR field cycling relaxometry conference in Turin (51).

In solution NMR, of course, the utility of multidimensional NMR is
well known (9, 52). Isotopic labeling can also be helpful, especially in
biomacromolecules (17, 53). Several techniques have been developed to speed up
the time needed for NMR (54–57). An area that continues to show vitality is the
combination of chromatography and NMR. In the literature several publications
couple NMR with size exclusion chromatography (58–60), and NMR with liquid
chromatography at critical conditions (59, 61–63). A high temperature 10-mm
cryoprobe has been found to give higher sensitivity for 13C NMR of polyolefins
at sample temperatures of 120-135ºC (64). Other recent interesting articles
include stop-flow NMR for fast reactions (65), high pressure NMR (66), and
use of specially designed labeled chain transfer agents to facilitate analysis of
polymers made with controlled free radical polymerization (67). Additional new
developments are given in the reviews by Spiess (8) and Rinaldi (9).
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Major Research Themes

Polymers in Solution and in the Melt

It is well known that solution NMR can be utilized to identify unknown
polymers, to determine homopolymer tacticity, copolymer composition and
sequence, branching and chain ends, and irregularities such as head-to-head and
tail-to-tail structures (2–5). The number of papers published on microstructures
of polymers is large and beyond the scope of this article. The tutorial chapter
by Rinaldi (9) gives an excellent review of advanced solution techniques being
used. In their article (52), Rinaldi et al. have applied advanced 2D solution
methods to analyze fluoropolymers. Another way to carry out NMR analysis
of microstructure is via statistical models; this is reviewed by Cheng and Miri
(68). Acrylic latex copolymers have been studied by solution NMR and statistical
analysis by Beshah and Antrim (69). Solution NMR has also been employed to
study poly(ε-L-lysine) by Maeda et al. (70), carbohydrate-protein interactions by
Baianu and Prisecaru (30), and silk fibroin in fluorinated solvents by Nagano et
al. (71).

A different way to study polymer microstructure and dynamics is to observe
them in the melt (72–75). In this book Hunt et al. (76) have included a molten
inclusion compound in their studies. Hubner et al. (77) have implemented
the analyses of molten polyolefins in an industrial R&D setting where sample
high throughput is important. Bohme and Scheler (42) have studied molten
polymers with rheo-NMR. Ries et al. (78) have investigated the NMR rescaling
approximation and its application to the relaxation of polymer melts above their
glass transition temperatures. The relaxation in polymer melts has also been
reported by Chavez et al. in the literature (79).

Structure-Dynamics-Properties Relationships

This is a common theme that runs throughout many of the solid state NMR
articles in this book. As Spiess pointed out in his review (8), NMR provides
unique information on the local conformation of polymers as well as time scale
and amplitude of rotational motions in bulk. In particular, the articles by Jespersen
et al. (33), Asakawa et al. (80), Litvinov (81), Miyoshi (82), and Magusin et al.
(83) illustrate the valuable information obtainable in different polymeric systems.
In addition, the papers by White et al. (84) and Pramoda et al. (85) describe
experimentalmethods that can be applied to probe the dynamics of polymermixing
and polymer-filler interactions, respectively.

There is a large body of literature on solid state NMR studies of the dynamics
of different polymers. For example, Saalwachter (86) has provided a review of 1H
multiple quantum method for studies of chain dynamics and structural constraints
in polymeric soft materials. The dynamics of elastomers has been studied by the
multiple quantummethod and computer simulations (87), time-domain NMR (88),
and maximum entropy method (89).
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Polymers with Precise Control of Structure

Recent advances in polymer synthesis permit more precise and well
defined polymeric molecules to be prepared. NMR has been used for polymer
characterization in many of these cases. Recent examples of polymers analyzed
by NMR include those made with single-site catalysts (90–93), “precision”
polymers made via acyclic diene metathesis/hydrogenation by Wagener et al.
(94–96), polymers made with controlled or living polymerizations (67, 97–99),
and polymers made via enzyme catalysis (100–102). In this book Alam et al.
(103) have studied poly(ethylene-co-acrylic acid) with precise distribution of
pendant carboxylic acid group along the polymer backbone and its ionomer with
partial neutralization of the carboxylic acid with Zn2+ and Li+; the results have
been compared with ionomers with random spacing of the carboxylic groups.
Another example is the computer-assisted approach devised by Cheng and Miri
(68) for the analysis of NMR spectral intensities for polyolefins made with
single-site metallocene catalysts.

Blends, Composites, and Nanostructures

This category includes polyblends, composites, organic-inorganic hybrids,
supramolecular assemblies, and nanostructures. Reviews have been reported
of solid state NMR studies of multicomponent organic/inorganic materials
by Geppi et al. (104), polymer/clay composites by Olejniczak et al. (105),
and polymeric and supramolecular systems by Brown (106). Reviews have
also been given by White and Wachowicz (107) on polyblends, and by White
et al. (84) on experimental methods that have been developed to probe the
dynamics and thermodynamics of mixing in amorphous blends. Examples
of polyblends are given in this book by White et al. (84) and Asano (108).
Yoshimizu (36) studied the free volume in a polymer blend with 129Xe NMR.
Examples of polyimide-graphite composites are shown by Pramoda et al. (85),
and organic-inorganic hybrids by Jespersen et al. (33).

Nanochemistry is a hot topic today. Silica nanoparticles are reported
in the papers by Jespersen et al. (33) and Thakur et al. (40). The former
paper uses NMR relaxation and PFG to measure the dynamics of this
nanoscale ionic material prepared from silica nanoparticles. The latter paper
employs magic angle spinning (MAS) to identify organic moieties adsorbed or
covalently bonded to silica nanoparticles. Asano (108) has studied poly(vinyl
isobutyl ether)/poly(ε-L-lysine)/saponite-clay nanocomposites. In the recent
literature, NMR studies have also been reported for several blends (109, 110),
nanocomposites (111–114), polyelectrolyte complexes (115), and polyelectrolyte
multilayer systems (116).

Micelles, Interfaces, and Confined Environments

There is continued interest in polymer micelles, interfaces, and polymers
in confined environments. A review has appeared on NMR studies of block
copolymer micelles (117). In this book, Macdonald (31) introduces bicelles as

8

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
35

.4
2 

on
 J

un
e 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

1

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



membrane mimetics and confinement media. He has studied the diffusion of
poly(ethylene glycol) confined in bicelles, using the pulsed field gradient (PFG)
NMR method. Hunt et al. (76) have observed the conformation and motions of
a hydrocarbon model compound in α-cyclodextrin using chemical shifts and T1
information. In the literature, NMR has been used to study interfacial polymers in
carbon nanotube-based nanocomposites (118), surfactant layers in polymer-clay
nanocomposites (119), and polymer adsorbed on silica (120) and inorganic
membrane (121). Studies have also been made of ultra-thin polymer films on
a substrate; NMR measurements permit information to be obtained on polymer
dynamics (122) and polymer mixing (123) under confined environments.

Biopolymers, Biochemistry, and Bio-inspired Chemistry

As shown in Table 1, NMR has been utilized extensively for biochemistry
and biophysics, and (to less extents) plant science, food, and agriculture. The
natural polymers (such as proteins, polysaccharides, lipids, and related materials
found in nature) have been increasingly exploited for industrial and health related
applications. In this book microbial poly(ε-L-lysine) has been studied by Maeda
et al. (70), and blends and composites of poly(ε-L-lysine) by Asano (108).
Nagano et al. (71) have determined the structure of silk fibroin by NMR, and
designed and produced recombinant proteins from transgenic silkworm for use as
biomaterials. Nakazawa et al. (124) have conducted a detailed multinuclear NMR
study of amyloid β-peptide (the major component of plaques in Alzheimer’s
disease), particularly its interaction with lipid bilayers and ganglioside. In the
literature, there are many papers on biomimetic or bio-inspired polymers, most
of which used NMR for characterization (e.g., refs. (125–127)). Several articles
have reported the encapsulation of proteins with reverse micelles (128–130) and
chaperonin (131) as a method to enhance biophysical studies of proteins.

NMR is a frequent tool to study polysaccharides. Recent articles on NMR
of polysaccharides include chondroitin sulfate (132), alginate (133), chitin and
chitosan (134), tamarind seed polysaccharide and larch arabinogalactan (135).
In this book, Baianu and Prisecaru (30) have applied solution NMR and T2 to
investigate interactions of wheat gliadin with sucrose in aqueous solutions and
wheat gluten-glucomannan interactions in hydrated gels.

Application-Driven Polymer Designs

Several topics are of current interest, such as polymers for energy applications,
for sensors and information processors, for drug delivery and biomedical devices,
and stimulus-responsive polymers, gels and networks with defined function
and control. For fuel cells, batteries, and ionic transducers, ionomers are often
involved. The benefit of NMR to characterize ionomers is illustrated by Hou
et al. (32) (using 2H and PFG NMR) and Alam et al.. (103) (using 1D and 2D
1H MAS). In the literature, reviews have been reported of the different NMR
techniques used for polyelectrolytes (34) and polymer electrolyte membranes for
fuel cells (136–138). NMR has been employed to study polyelectrolyte systems
containing poly(ethylene oxide) and alumina (139).
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An example of π-conjugated polymers for possible electronic devices is given
by Asakawa et al. (80). A solution NMR study of a conjugated polymer has
been reported by Rahman et al. (140). A solid state NMR study of the structures
of materials involved in organic light-emitting diodes has been reported by Kaji
(141).

A study of coordination number of borate in poly(vinyl alcohol) gel is reported
by Yamada (142), using 1D and 2D 11B NMR. The utility of NMR to study phase
transitions in aqueous polymer solutions and gels has been reviewed by Spevacek
(143). T1ρ measurements have been engaged to investigate the phase structures
of poly(vinylidene fluoride) gels (144). A novel NMR approach for the studies of
gelation in flexible polymer systems has been devised by Saalwachter et al. (145).
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Chapter 2

Overview of NMR of Bulk Polymers

Hans Wolfgang Spiess*

Max-Planck-Institute for Polymer Research, P. O. Box 3148,
D-55021 Mainz, Germany

*E-mail: spiess@mpip-mainz.mpg.de

The favorable properties of bulk polymers are primarily due
to their molecular structure but also heavily depend on their
organization in bulk and their molecular dynamics. Solid
state NMR techniques provide unique information on the local
conformation of macromolecules as well as time scale and
amplitude of rotational motions in bulk. Moreover, translational
motions of the chains on mesoscopic length scales can be
elucidated by advanced NMR techniques. In order to obtain this
information, homo- and heteronuclear dipole-dipole couplings,
involving 1H and heteronuclei such as 13C and 15N, isotropic
as well as anisotropic chemical shifts, in particular of 13C,
and quadrupole coupling of 2H are employed. Experiments
can be performed on static samples and under magic angle
spinning (MAS). Double quantum and multidimensional NMR
techniques are especially informative. The methods will
be briefly introduced and illustrated by recent experimental
examples from different fields of polymer science, such as
chain microstructure, defects and dynamics, chain packing
in polymers for plastic electronics, proton motion in proton
conductors and packing of macrocycles in nanotubes.

Introduction

Precise knowledge of structure and dynamics of macromolecules of
well-defined architectures is key when tailoring them for specific functions. For
instance, such diverse technological challenges as efficient fuel cells, photonic
sensors and devices or gene delivery systems all require transport of electrones,
holes, protons or other ions. Likewise, the properties of conventional polymers

© 2011 American Chemical Society
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can be substantially improved by controlling, e.g., their microstructure and the
processing conditions. Properties of macromolecular systems critically depend on
the arrangement of the building blocks relative to each other and their mobility on
different length- and time scales. Therefore, success in polymer science requires
development of characterization techniques that are able to provide information
on these aspects. Scattering of light, X-rays and neutrons, the various forms of
microscopy as well as mechanical and dielectric relaxation are well-established
in polymer science (1).

NMR spectroscopy, on the other hand, is often considered just as an analytical
tool, monitoring the various synthetic steps, which eventually lead to the new
polymers or supramolecular systems. High-resolution NMR in one- and two
dimensions (2) provides a number of important parameters, which are specific to
macromolecules. Examples include stereochemical configuration, geometrical
isomerism, and regioregularity.

More recently, the rapid development of solid state NMR has substantially
broadened the application of NMR to polymers (3). In particular, molecular and
collective motions can be characterized in unprecedented detail. The new NMR
methods use concepts well established in X-ray and neutron scattering, yet on
much longer timescales. These techniques provide structural information with
atomic resolution even for systems that lack crystalline order in the traditional
sense (4). Moreover, solid state NMR concepts can also be applied to partially
mobile systems such as liquid crystals. Further examples are highly viscous
materials such as polymer melts in the vicinity of the glass transition or elastomers.

This chapter is intended as an overview rather than a detailed description of
the different possibilities NMR provides. It is based on previous reviews of the
author (1, 4); for further details we refer to recent reviews of the subject (5–7).

NMR Background

NMR spectroscopy is remarkably versatile and, therefore, is widely applied
in many fields of science, in particular physics, chemistry, biology, materials
science, and in medicine. This form of spectroscopy combines a number of
features that makes it an almost ideal tool: NMR is non-destructive, sample
preparation is easy, the possibility to observe different nuclei and isotopes
provides extreme structural 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 structure of polymers and other supramolecular systems can
be elucidated along several routes. The chemical shift provides the basis of site
selectivity. 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 possible in polymers, rotations have the most pronounced
effects on NMR spectra and relaxation parameters, because the spin interactions
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are angular-dependent. 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. Therefore, a brief outline of these anisotropic spin
interactions is given here.

Anisotropic Spin Interactions

As noted above, the information that can be extracted from solid state NMR
spectra is encoded via spin interactions such as the chemical shift, the quadrupolar
interaction, homo- and heteronuclear dipolar interactions, as well as J-couplings.
For convenience, these couplings and the information that is accessible through
them are listed in Table 1.

A common characteristic of the relevant spin interactions is that they
are anisotropic and can be described by second-rank tensors. The resulting
orientation-dependent NMR frequency for each of the interactions is alike and of
the following form:

Here ωL is the Larmor frequency, ωiso is the isotropic chemical shift and
the other terms reflect the deviations due to angular-dependent contributions.
The strength of the anisotropic interaction is specified by δ, and η (0≤η≤ 1) is
the asymmetry parameter which describes the deviation from axial symmetry.
The polar angles α, β, relate the orientation of the principal axes system of the
interaction tensor with the external magnetic field.

The most important interaction with respect to chemical information is the
chemical shift. It results from the shielding of the magnetic field at the position
of the nucleus by the electrons. Major advances have been achieved recently
in quantum chemical calculations of this parameter in bulk at different levels of
precision and calculational cost (8). The NMR frequency is thus shifted by an
isotropic contribution ωiso and by angular dependent terms. Assuming an equal
probability for all directions the powder average can be calculated and a broad
powder spectrum is obtained, which reflects the chemical-shift anisotropy. For
the case of an axially symmetric chemical-shift tensor, η is zero and the angular-
dependent term simplifies to δ (3cos2β-1)/2. Usually the chemical shift in polymers
spans about 10 ppm for 1H, 200 ppm for 13C, and 400 ppm for 15N nuclei, see Fig.
1.
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Table 1. Interactions of nuclei in NMR providing access to structure and
dynamics of polymers.

Interaction Electronic
Structure

Geometry Nuclei Structure Dynamics

Chemical
shift

Yes Intrinsic and
orientation

1H, 13C,
15N, 19F,
29Si, 31P

Confor-
mation,
through-
space prox-
imities

Conforma-
tional tran-
sitions, ro-
tational mo-
tions

Dipole-
dipole
coupling

No Internuclear
distance and
orientation

1H, 13C,
15N, 19F,
29Si, 31P

Through-
space
distances

Transla-
tional and
rotational
motions

J-Coupling Yes Intrinsic,
internuclear
distance and
orientation

1H, 13C,
15N, 19F,
29Si, 31P

Conforma-
tion and
intergroup
binding

Conforma-
tional tran-
sitions, ro-
tational mo-
tions

Quadrupole
Coupling

Yes Intrinsic and
orientation

2H, 14N,
17O,
23Na,
27Al

Electronic
environ-
ment, chem-
ical bonding

Rotational
motions

For abundant nuclei with spin ½, the spectrum is often dominated by
heteronuclear or homonuclear dipole-dipole interactions, i.e. the interactions
between the magnetic moments of two neighboring spins. In this case there is no
isotropic contribution and the interaction is axially symmetric, η=0, so that Eq. (1)
simplifies correspondingly. For a two-spin system the interaction Hamiltonian,
which defines the frequencies, reads

where r12 is the magnitude of the vector connecting the two spins, θ is the angle
of this vector to the magnetic field. The Ii are spin operators and the γi (i=1,2)
are the magnetogyric ratios of the spins. That is, the strength of the resulting
line splitting depends strongly on the distance between the two spins, so that
distance information can be extracted from such spectra. Homonuclear interaction
(equivalent spins with γ1 = γ2 = γ and heteronuclear interaction (non-equivalent
spins with γ1 ≠ γ2) have to be distinguished. In the latter case, the flip-flop term
which is part of the product I1 I2 in Eq. (2) can be neglected. For a powder
sample one has again to take into account all angles β and thus obtains the
so-called Pake spectrum with a considerable anisotropic line-broadening of up
to 50 kHz for homonuclear 1H-1H and up to 25 kHz for heteronuclear 13C-1H or
15N-1H dipolar interaction. Since the dipole-dipole coupling is a through-space
interaction, however, we have in principle to evaluate the sum over all possible
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pair interactions. This and the presence of molecular motions lead to considerable
complications. Therefore, in practice a relatively structureless line-shape rather
than a Pake spectrum but is observed.

Figure 1. Chemical shift ranges of organic compounds. (3)

In the case of a deuterated sample (2H, spin I=1), the spectra are usually
dominated by the quadrupole interaction, that is, the coupling of the nuclear
quadrupole moment with the electric field gradient of the C-2H bond. For
deuterons in C-2H bonds this can lead to a splitting of about 250 kHz. As in the
case of the dipole-dipole interaction, a Pake spectrum is obtained for a powder
sample. The z-principal axis of the quadrupolar interaction is oriented along
the bond axis. This makes deuteron NMR particularly useful for studies of
segmental orientations and molecular dynamics (reorientation), where the line
shapes strongly depend on the orientation of an oriented sample such as a polymer
fiber, or on the geometry of rotational motions generating averaged spectra, Fig.
2a. It is important to note that in the fast limit where the averaging is complete,
the anisotropic interaction can still be described by an expression as Eq. (1)
with averaged coupling parameters and angles. Even if an interaction is axially
symmetric in the static case, it can become asymmetric upon motional averaging
(3) and Fig. 2a.

In sufficiently mobile (i.e. liquid-like) systems where the residues undergo
rapid isotropic thermal motions, the anisotropy is typically averaged out
completely, leaving only the isotropic contributions.
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Manipulation of Spin Interactions

The rich information content of solid state spectra makes them difficult to
handle, in particular if more than one of the interactions introduced above has
to be taken into account. NMR methodology, however, provides the possibility
to decouple and recouple spin interactions nearly as desired (see (9) for a
comprehensive introduction). Moreover, the different sources of information
can be separated and correlated using the two-dimensional techniques discussed
below.

Figure 2. Solid state NMR spectra; a) static, b) under MAS.

The most prominent example of a technique for decoupling or line-narrowing
is magic-angle spinning (MAS). Here, the angular dependent part of the
interactions is modulated by rapidly spinning the sample around an axis inclined at
an angle Θ to the magnetic field. If the spinning axis is chosen along the so-called
magic-angle Θm=54.7°, the relevant scaling factor (3cos2Θ-1)/2 becomes zero
and the anisotropic part of the interaction vanishes, see Fig. 1. Today, fast MAS
with rotation frequencies reaching 70 kHz is possible. This paves the way for easy
access to high spectral resolution in solid state 1H-NMR and, more important,
largely simplifies the dipolar coupled network that prevents the dipole-dipole
coupling between 1H from being used for specific structural investigations in
non-spinning samples.

In addition, it is possible to manipulate the spin interactions by pulse
techniques (5–9) These act on the spin operators in the corresponding
Hamiltonians rather than on the geometric part. Depending on the applied
pulse sequence, a given spin interaction can be switched on and off in order to

22

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ne
 1

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

2

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



discriminate the different contributions to the desired information. For instance,
heteronuclear dipole-dipole couplings are averaged out by MAS, yet a simple
train of 1800 pulses properly synchronized with the rotor phase reintroduces
the coupling for a well-defined period of time. This so-called Rotational-Echo
Double-Resonance (REDOR) technique can be seen as the basis of many more
sophisticated ways of reintroducing homo- and heteronuclear dipole-dipole as
well as anisotropic chemical shift interactions under MAS. Pictorially speaking
the mechanical rotation by MAS in real space is partially offset by counter
rotations in spin space.

Magic angle spinning modulates the spin interactions periodically. This
means it generates rotational echoes and data acquisition can be performed in two
ways: First, if only the echo-height is monitored (rotor synchronized acquisition)
a single line results in the spectrum for each resolved site and information about
the anisotropic coupling is lost. Secondly, if the whole echo-train is monitored,
a side band pattern results, which retains information about the anisotropic
coupling, yet with spectral resolution of the different sites. This is important
for precise structural elucidation, based on the dipole-dipole coupling as well as
using this interaction to study molecular dynamics resulting in reduction of the
coupling, Fig. 2b.

Double Quantum NMR

The basic concept for using the distance- and angular dependent dipole-dipole
coupling for structural studies is described in extended reviews (5, 7). In a two-
dimensional experiment, double quantum coherence (DQ) is created, e.g. between
two 1H with like or different chemical shifts Fig. 3a. During excitation of the
DQ coherence, the dipole-dipole coupling between the two spins, which is largely
reduced by MAS, is recoupled by a suitable pulse sequence. In the evolution time
of DQ coherence recoupling is turned off, such that the different residues can be
distinguished by their different chemical shifts. In the subsequent reconversion to
single quantum coherence needed for signal detection, recoupling is again applied.
Thus, a 2D spectrum, as shown in Fig. 3b is recorded, in which information about
internuclear distances is, first of all, encoded in the strength of the DQ peaks.

It should be appreciated that the technique is based on analyzing signals
resulting from a coherence originating from two spatially separated nuclei. Thus
the basic physics is analogous to coherent X-ray or neutron scattering, where
the coherent superposition of scattered waves is exploited to deduce the distance
between the scattering centers. In NMR, however, no translational symmetry is
necessary to determine distances in the range of 0.5 nm. In fact, proximities of
1H in the same or different moieties can be probed by DQ NMR by analyzing
the intensities of a so-called rotor-synchronized spectrum, which can typically
be recorded in about 10 min for 10 mg as-synthesized samples, without the need
of isotopic labeling. If the dipole-dipole coupling needs to be determined more
accurately, for more precise determination of internuclear distances or molecular
dynamics, see above, DQ sideband spectra, as displayed in Fig. 3c are recorded.
The measurement time is then considerably longer, typically overnight.
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Figure 3. Principle of double quantum NMR. a) pulse sequence; b) double
quantum NMR spectra; c) sideband patterns.

Such DQ spectra can be recorded for both homonuclear 1H-1H, or
heteronuclear 1H-13C, 1H-15N coherences, exploiting the much higher site
selectivity of 13C and 15N chemical shifts. In the heteronuclear case polarization
transfer and recoupling take advantage of the popular REDOR technique
introduced above usually applied to isotopically labeled samples.

Two-Dimensional NMR Spectroscopy

Most of the advanced NMR techniques make use of two-dimensional (2D)
spectroscopy, because of the superb increase of resolution and ease of information
encoding. There is not enough space to explain these techniques in detail here, but
comprehensive books are available (3, 10) and only the basics are described here.
In general, a 2D NMR experiment is divided in several time periods that follow
each other. In order to record a 2D NMR spectrum, a two-dimensional data set
is acquired as a function of two time variables t1 and t2 as shown schematically
in Fig. 3a for the specific case of double quantum NMR. This is preceded by the
so-called preparation period in which coherences are excited by a suitable pulse
sequence, which in the simplest case is only one radio-frequency pulse. Unlike
conventional (1D) NMR spectroscopy, the excited signal is not directly acquired,
but is allowed to evolve in the so-called evolution period under influence of the
relevant spin interactions. The evolution time t1 is incremented in subsequent
experiments and provides the first time dimension of the experiment. After the
evolution period (and an optional mixing time), the remaining signal is directly
detected in the detection period for each time increment thus generating a 2D
data set. Two-dimensional Fourier transformation then gives the 2D spectrum.
Optionally, a so-called mixing period of length tm can be inserted between the
evolution and detection periods. During tm changes in the system can occur,
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for instance, by molecular motions, spin interactions, relaxation or by spin
manipulation (for instance recoupling).

The different aspects of 2D NMR spectroscopy are reflected in the different
variants that can be distinguished. One variant, separation spectroscopy, is used
to separate different interactions by taking advantage of the spin manipulation
techniques For instance, during the evolution period the spin manipulation can be
made such that only the isotropic chemical shift is acquired while in the detection
period the full spectrum is acquired. This leaves the anisotropy to be studied
site-selectively.

Other 2D NMR techniques, so-called correlation techniques, aim at obtaining
new information by correlating different interactions. For instance, the 13C
chemical shift anisotropy can be correlated with the heteronuclear dipolar powder
pattern in order to obtain information on the relative orientation of the two
tensors. Moreover, since no signal is detected during the evolution time, it
can conveniently be used to provide the basis for recording a double quantum
spectrum which correlates single and double quantum coherences. Considering
the manifold of spin manipulation techniques there is a wealth of such 2D NMR
techniques that can be derived for different purposes.

Finally, introducing a mixing time tm, 2D exchange spectroscopy can be
performed, Fig. 4. The most important application of such exchange techniques,
with respect to polymer investigations, is the study of slow molecular dynamics.
In these experiments, reorientations due to molecular dynamics are allowed
to take place during the mixing time tm and lead to characteristic off-diagonal
patterns in the resulting 2D spectra. If the mixing time is increased in a series
of 2D experiments, slow dynamics in the range of milliseconds to seconds can
be investigated in detail. For instance, rotation of molecules by a well-defined
angle leads to an elliptical exchange ridge for a powder. This can be viewed as a
Lissajous-figure, from which the angle, by which the molecules have rotated, can
directly be read off by a ruler. Measuring time can be dramatically reduced in a 1D
variant under MAS. Likewise, exchange of magnetization can also occur by cross
relaxation or mutual spin-flips, the latter being designated as spin-diffusion. It can
be described by a diffusion equation and provides access to domain dimensions
in phase separated systems.

Applications

The chapters in this book describe NMR studies of polymers or
supramolecular structures in the solid-, the liquid crystalline-, or the liquid
state. Often one or the other aspect of the techniques introduced above is
used. Therefore, in this overview I have refrained from trying to describe a
comprehensive set of NMR applications in polymer science. Instead, I have just
included a few recent examples of our own work.
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Figure 4. Principles of 2D exchange NMR for studying molecular motions.

Chain Microstructure, Defects, and Dynamics

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. Short-chain branches (SCB) can be introduced by copolymerization
of ethylene with short alkenes, or by isomerisation reactions during ethylene
homopolymerization Such branches form structural defects during crystallization
and thus strongly affect crystallization rates, ultimate crystallinity, and other
bulk mechanical properties. Similarly, long-chain branches (LCB) are formed
by macromonomer incorporation during polymerization. With these branches
typically being longer than the entanglement molecular weight their presence
strongly affects the processability of the bulk polymer. Long-chain branching
is known to influence the zero-shear viscosity even at concentrations of 2 LCB
per 100 000 CH2 groups. Thus, it is very important to quantify the degree of
chain branching and 13C NMR in solution seems to be the method of choice as
the chemical shifts of branch points as well as adjacent carbon positions can be
distinguished from the backbone resonances (2).

However, when applied to polyethylene a number of problems arise.
The most important being the low solubility of polyethylene, even at high
temperatures. The low concentration of 13C nuclei results in low NMR signals
requiring extended measurement times, especially for the quantification of very
low levels of branching. In specific cases up to two million transients had to be
acquired at high field in order to determine branch contents of 3–8 branches per
100 000 CH2. Another inherent limitation of solution-state NMR is the lack of
access to crosslinked and other non-soluble fractions of polyethylene. Solid state
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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 optimal conditions time savings of about two
orders of magnitude are achieved, allowing quantification of 7-9 branches in 100
000 CH2 groups within 13 h (11), see Fig. 5a.

In commercial polymer samples the irregular distribution of the branching
sites along the main chain results in uncertainty 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 (12) provide much more specific
information. By deuteration of the methyl branches, the molecular dynamics
of the defect site can be studied selectively via 2H NMR, whereas molecular
reorientations of the polymer chain between the branching sites can be monitored
separately via 13C chemical shift anisotropy. Combining these results with studies
of local conformations, a twist motion was identified, which is centered at the
branching sites for a spacing of more than twenty CH2 units between subsequent
branching points. In methyl branched PE samples with shorter spacing, e.g. 14
CH2 units between subsequent methyl branches, a collective dynamic process
emerges from this twist motion, which ultimately leads to the formation of a
rotator phase as indicated in Fig. 5b. 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.

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 (13). One promising approach to
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 promote a high mobility of
these protonic charge carriers (excess and deficient protons). 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 phosphonic 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 structure 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,
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such that only chemical decomposition would result in a loss of ion carriers, a
prominent example being poly (vinyl phosphonic acid). From 1H, 2H, 13C, and
31P NMR combined with computer simulation, detailed information on the proton
mobility, water content, and the unwanted condensation of the phosphonic acid
groups can be obtained. The protons are highly mobile, but on the same time
scale no mobility associated with reorientation of the phosphonic acid groups
or the polymer backbone is observed. The 1H chemical shifts of P-OH protons
provide evidence for the presence of a complex hydrogen bond network, see
Fig. 6, 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 Fig. 6, the highest intrinsic proton
mobility with essentially isotropic geometry arises in systems like poly(vinyl
phosphonic acids), where the hydrogen bonded network is highly disordered,
characteristic of a hopping mechanism for proton conductivity (14).

Figure 5. a) Quantification of low branch content in optimized melt state
13C-NMR under MA. b) Local and Collective Motions in precise polyethylene

with CD3 Branches spaced every 15th and every 21st CH2 group.

28

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ne
 1

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

2

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 6. Left: Distribution of the CP-OH angle within a given phosphonic
acid group of poly(vinyl phosphonic acid) PVPA, predicted from first-principles
molecular dynamics simulations. Right: Experimental 2H NMR lineshapes as
a function of temperature, illustrating motional narrowing due to the hydrogen

bond dynamics, exhibiting an effectively isotropic motion.

Hydrogen Bonding and Side Chain Conformation in Rigid-Rod Copolymers

In recent years the interest in polymer science has shifted considerably to
include liquid crystals (15) and supramolecular structures (16). As a recent
example, let us consider rod-coil copolymers such as oligo(p-benzamide)-
poly(ethylene glycol) (OPBA-PEG) copolymers with an oligomeric rod and
flexible PEG chains. They aggregate on a nanometer length scale, which is
important for many applications such as organic photovoltaics. However, this
aggregation behavior and the driving forces such as hydrogen bonding and π-π
interactions, as well as the role of the side groups, are not yet fully understood.
These non-covalent interactions can be studied by advanced solid state NMR,
combined with X-ray diffraction (XRD), differential scanning calorimetry (DSC),
and polarization optical microscopy (POM) (17). As shown in Fig. 7, longer
OPBAs form layered ß-sheet like aggregates stabilized by amide hydrogen
bonds, similar to polyamides with flexible side groups attached to the repeat
units rather than the end groups (18). These aggregates are remarkably stable
and apparently represent an equilibrium structure in both unsubstituted OPBAs
and OPBA-PEG rod coil copolymers. The binding of the PEG also introduces
a liquid-crystalline phase and the local structural order is improved in the
copolymer, if the sample is preorganized in that phase. Thus, by combining
different methods of structural investigation a model of local aggregation and
packing in both the liquid-crystalline and the solid state could be developed.
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Figure 7. Scheme packing of rod-coil copolymers. The rigid rods are held
together by intermolecular hydrogen bonds and the space between the stacks is
filled by the PEG side chains adopting a Gaussian coil-like conformation.

Packing in Polymers with Ultrahigh Charge Carrier Mobility for
Field-Effect Transistors

Applications in plastic electronics like flexible displays or smart tags call for
organic semiconductors that can be easily processed into thin films and show field-
effect transistor (FET) charge carrier mobilities exceeding 0.1 cm2/Vs. To this end
a copolymer consisting of an alternating arrangement of cyclopentadithiophene
(CDT) as a donor and benzothiadiazole (BTZ) as an acceptor unit has recently
been examined (19), Fig. 8. The planar arrangement of the conjugated backbone
ensures a close π-stacking which is required for efficient inter-molecular charge
carrier transport. Moreover, it was assumed that the close packing of the polymer
chains might originate from assisting donor-acceptor interactions. Indeed, for the
optimum molar mass, charge carrier motilities up to 3.3 cm2/Vs were achieved.

For the first time such a macromolecular system was recently examined by
solid state nuclear magnetic resonance (NMR) to provide a molecular scale picture
of the packing, Fig. 8. The 1H 2D DQ NMR spectra clearly reveal the relevant
packing contacts, confirming the expected π-π 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 π-π stacked in a lamellar fashion and these
groups are ordered in an alternating way as shown in Figure 8d. Thereby, the
acceptor groups in one layer are located on top of the acceptor groups in adjacent
layers, however, not always in the exact same position, leading to a 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 that in the case
of long and bulky alkyl chains (C16) 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, donor-acceptor interaction between the neighboring
CDT and BTZ groups located a adjacent chains apparently contributes little, if
any to the observed improvement in charge carrier mobility. NMR rather shows
the complexity of this remarkable CDT-BTZ copolymer system. This implies
that the enhanced packing order resulting in improved thin film crystallinity with
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increasingMn results primarily from π-stacking interactions of the planar extended
conjugated backbones. (19).

Figure 8. Local packing and organization of the donor-acceptor groups in a
CDT-PTZ copolymer. (a) 2D contour plot of the 1H-1H DQ NMR spectrum.
(b) Color scheme used for assignments. (c) Expansion of the backbone region
showing the contacts between donor and acceptor groups. (d) Schematic drawing
illustrating the local packing of donor-acceptor groups in two neighboring

CDT-BTZ copolymer chain.

Empty Helical Nano-Channels from Low-Symmetry Macrocycles

Natural channel-forming structures are mandatory for connecting different
compartments within a living organism. For instance, trans-membrane proteins
function as ion-channels, transporters, or antibiotics. Recently, synthetic
nanochannels as large as 1.3 nm in diameter in a tight tubular supramolecular
superstructure have been generated from shape-persistent macrocycles. Solid
state NMR combined with computer simulation was able to provide the details of
the packing. The interplay of charge-transfer type interactions and steric effects
due to the side chains were unraveled (20). Moreover, it was shown that the
channels are empty and do not host solvent molecules or back-folded alkyl chains.

Fig. 9b displays the 2D NMR 13C{1H} hetero-nuclear correlation (HETCOR)
spectrum for the macrocycle in the LC phase. In this spectrum a remarkable
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spectral resolution is observed, with 13C line widths in the order of ~100 Hz for
the core of the macrocycle, implying a very high degree of local order. From
the 2D NMR spectrum in Fig. 9b the complete assignment given in Fig. 9a is
obtained. It includes only one fourth of the total number of 13C signals possible
for the macrocycle indicating that the macrocycles are located in highly symmetric
environments, which can be envisaged in a helical arrangement of the macrocycles
in a column.

Figure 9. Spectroscopic fingerprints of the helical assembly in an empty
nanochannel from solid state NMR. a) Assignment of the aromatic carbon
and proton resonances. b) 2D 13C{1H} HETCOR NMR spectrum in the
liquid crystalline phase. c)The helical packing with a pitch of 60° leads to
intermolecular correlation peaks AB and BB observed in the 1H-1H DQ- NMR

spectrum d).

The packing environment is also reflected in the 1H chemical shifts for the
core protons of the macrocycle. These differ substantially from each other (Fig.
9b), and also from the values found in solution, which is a clear indication of π-π
stacking. The specific pitch angle can be determined by combining 2D NMR
1H-1H DQ-SQ (Double-Quantum Single-Quantum) correlation spectroscopy with
ab initio calculations. This fixes the pitch angle between adjacent macrocycles to
~60° as illustrated by Fig. 9c and the inset of Fig. 9d. Within the stack every fourth
molecule is eclipsed, i.e. related by translation, resulting in a helical arrangement
(Fig. 10), as also observed in other self-assembled organic compounds. The
pitch angle of 60° is supported by additional NMR experiments and ab initio
calculations investigating the packing of pairs of macrocycles considering their
energetics and the 1H chemical shifts of neighboring macrocycles. These show
excellent agreement between experimental and calculated values. Thus, the
internal order of the channels can be molecularly controlled and adjusted for
future applications in recognition, stabilization, or organization of nanoparticles.
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Figure 10. a) Overall view of the helical packing arrangement of the macrocyclic
channel with a pitch angle of 60°. b) Top view of the macrocycle. c) Packing
arrangement for the side chains illustrating the stabilizing effect of the outer

phenylene groups.

Conclusions and Outlook

Advances in synthesizing, characterizing, as well as understanding
macromolecular and supramolecular systems lead to an enormous variety and
complexity in the field of polymer science (21). The traditional separation in
terms of structure vs. dynamics, crystalline vs. amorphous, or experiment vs.
theory is increasingly overcome (1). 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, see Table 2, where NMR and scattering are compared.
Combining scattering or NMR spectroscopy with computer simulation is well
established today in the study of structure and dynamics of biomacromolecules.
The examples described here show the power of such an approach in the
supramolecular field involving the combination of spectroscopy, scattering and
computer simulation. Last, but not least, the development of NMR spectroscopy
is far from complete. In particular, in order to meet the ever-increasing demands
of miniaturization, the sensitivity of NMR spectroscopy has to be increased
substantially and several approaches in response to that challenge are underway
(22).
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Table 2. Comparison of scattering and NMR techniques as well as the
information provided about structure and dynamics of materials. WAXS:
Wide Angle X-ray scattering; SAXS: Small Angle X-ray Scattering; SANS:

Small Angle Neutron Scattering.
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Chapter 3

Tutorial on Solution NMR of Polymers

Peter L. Rinaldi*

Department of Chemistry, The University of Akron, Akron, Ohio 44325-3601
*E-mail: peterrinaldi@uakron.edu

This paper is derived from a tutorial on the use of solution
NMR methods to characterize polymers. The presentation has
a dual purpose: 1) to orient new scientists who are just starting
to use NMR methods in polymer science; and 2) to introduce
new developments in NMR to experienced practitioners of
solution NMR of polymers. After a brief introduction to
using one-dimensional (1D-) NMR for quantitative analysis of
polymers, the presentation covers recent developments in pulse
sequences/software, hardware developments and methodology
that combines the two. For the benefit of novice NMR users, an
introduction to some basic NMR methodology is incorporated
into these discussions. The work cited includes NMR papers
on polymers as well as recent work on small-molecule NMR
that has potential for helping with polymer analysis.

Introduction

The most important aspect of polymer synthesis is to identify the structures
of the newly synthesized materials. Once a material with desirable properties
is prepared, it is important to know the structures present and their quantities,
so that the synthesis of the desired material can be reproduced. If properties of
synthesized materials are not reproducible, the polymer chemist must determine
whether the structure and composition of the material has changed to cause the
change in properties. Furthermore, systematic changes in polymer structure can
often be correlated with changes in mechanical and physical properties. This in
turn can lead to educated choices in designing the structures of new polymers with
desired properties. Finally, it is desirable to identify the nature and quantity of
adulterants which undesirably alter the properties of materials.

© 2011 American Chemical Society
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Solution state NMR is ideally suited for determining the structures and
compositions of organic materials. There are a wealth of pulsed 1D- and 2D-
NMR techniques for resolving the resonances of many unique atoms (especially
hydrogen and carbon) present in the mixtures of organic structure components
that make up a polymer. These methods can be used for determining how these
atomic components are linked to form molecules. In most cases, the structures
of unknown compounds can be determined by straightforward examination and
interpretation of NMR spectra.

Once the structures have been identified and NMR resonances have been
attributed to the structures present, NMR spectra can be used to quantitatively
determine the compositions of these structures in the polymer. In fact, NMR is
unique among spectroscopic methods in that a correctly acquired and processed
NMR spectrum has a simple one-to-one relationship between the strengths of
signals and the number of atoms producing those signals. Other spectroscopic
methods require calibration procedures to determine extinction coefficients for
different functional groups before they can be used for quantitative analysis.

For the benefit of novice NMR users, this work contains a brief introduction to
polymer structure and some general comments on collection of quantitative 1D-
NMR spectra. It is followed by a description of some recently available (last 5
years) NMR methods which will have an impact on the field of solution NMR of
polymers. For more comprehensive descriptions of polymer NMR, the reader is
refered to some recent works (1, 2). For an excellent introduction to the use of
1D- and 2D-NMR for characterization of organic structures, the reader is referred
to an excellent textbook on the subject (3).

Polymer Structure

It is desirable to identify a number of structure elements in polymers. These
include: chain-ends, monomer composition, monomer sequence, sequences from
inverse monomer addition, stereosequence effects, branches and cross-link points
and polymer block junctions. It is also desirable to identify structure defects that
might be caused from side reactions during the polymerization, and to determine
the presence and amount of adulterants such as low molecular weight impurities
like solvents and unreacted monomer.

Chain-Ends

Equations (1)−(6) outline the general mechanism for polymerization
including initiation, propagation and termination steps.
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Termination:

Chain transfer:

The relative rates of propagation and termination pathways determine the
molecular weights of the polymers produced. From a knowledge of the various
termination processes, the chemist can alter the reaction conditions to control the
polymer’s molecular weight. Additionally, many polymer degradation processes
start by reactions at the chain terminus. If the structures of the predominant
chain-ends are known, the reaction chemistry can be altered, or chain-end capping
reactions can be performed, to reduce the number of reactive chain-ends, leading
to a stable polymer.

Monomer Sequence

When a polymer is synthesized from two monomers, A and B,
the monomers can add in an alternating fashion (1), in a statistical
manner (2), in a manner to form blocks of A and blocks of B (3), or
such that sequences of B can be grafted to a chain of A sequences (4).

The prevalence of these various structures is dependent upon the relative
reactivities of A and B monomer with themselves or with each other, and on the
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reaction conditions. The prevalence of these various structures has a dramatic
influence on polymer properties and is of intense interest to polymer chemists.

The relative reactivities of A/B monomers with themselves and with each
other can be derived from the analysis of n-ad sequences. Often, the resonances of
triads (AAA, AAB/BAA, BAB, ABA, ABB/BBA, BBB) can easily be resolved,
even at relatively low field. From an analysis of the relative compositions of these
triads, the predisposition of a particular copolymer to form alternating, random or
block structures can be quantitatively described (4). With the routine availability
of instruments with 1H resonance frequencies as high as 700 to 800 MHz, it is
sometimes possible to resolve resonances from heptads or even nonads. When it
is possible to resolve and measure the intensities of signals from different n-ads,
accurate information about relative reactivities is obtainable.

Stereosequence

When certain monomers such as 1-substituted ethylenes (e.g. styrene)
polymerize, they create stereogenic centers on alternating carbons along the
polymer backbone. In most cases the absolute stereochemistry is not important,
as a racemic mixture of polymer chains is created. However, the relative
stereochemistry of adjoining stereogenic centers is important, and has a dramatic
effect on polymer properties.

If the backbone of a vinyl polymer is drawn in a planar zig-zag orientation
as in structures 5−7, two relative orientations are seen: the meso (m) structure
has two adjoining R substituents on the same face of the polymer as in the
two dyads in 5; and the racemic (r) structure has two adjoining R substituents
on opposite faces of the polymer as in the two dyads in 6. If triads are
considered, isotactic polymers have the same orientations of all R substituents
to produce polymers with all m dyad placements. Syndiotactic polymers have
alternating orientations of R substituents to produce polymers with all r dyad
placements. Atactic polymers have random orientations of R substituents to
produce polymers with equal numbers of randomly placed m and r dyads.
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Since the properties of polymers are related in part to their tacticity,
measurement of m and r dyad composition is crucial. NMR is ideally suited to
this measurement, as the NMR resonance positions are influenced by relative
stereochemistry (5).

Other Defects

NMR is ideally suited for determining the structures and quantities of polymer
defects, whether they are incorporated intentionally or accidentally. These include
branch points, junctions between two polymer blocks, cross-link junctions and
other defects. Finally, adulterants such as residual solvents or monomer, and
additives such as antioxidants can usually be detected and identified.

Structure proofs can usually be accomplished by comparison of resonance
positions with those in the spectra of authentic material. When authentic materials
are difficult to obtain or are not available, combinations of 2D-NMR methods
can be used to determine atomic attachments, prove structure elements and
simultaneously assign resonances.

Quantitative One-Dimensional NMR

Once the presence of the above structure elements is determined and their
resonances identified, it is desirable to quantitatively evaluate the amounts of these
structures present in the polymer. This is usually accomplished with 1D-NMR
experiments. While NMR is unique among spectroscopic methods in that peak
areas can be directly related to the number of atoms of each type, it is important
to properly obtain NMR spectra in order to get reliable and accurate analysis
of composition and purity. Accurate quantitative analysis of polymers requires
attention to the details at the data acquisition stage as well as the data processing
stage.

Data Acquisition

The most important factor in generating good quality 1D-NMR spectra for
quantitative analysis it to measure the T1 relaxtion times for the nuclei whose
signals are to be measured. This is accomplished using an inversion recovery
experiment (relaxation delay-180o-τ-90o-acquire, where τ is a variable relaxation
delay) experiment. By fitting the exponentially decaying peak intensity variation
vs. τ from a series of spectra obtained with varying τ delays, the exponential
recovery time constant T1 for each peak in the spectrum is determined (1). In
setting up a quantitative 1D-NMR experiment, the relaxation delay should be 5-10
times the longest T1 among the signals of interest.

If decoupling is performed (as is the case when 13C NMR is used) then in
most cases, the nuclear Overhauser effect (NOE) resulting from saturation of the
decoupled nuclei must be suppressed, since signals of different 13C atoms are
differentially enhanced depending upon the unique relaxation characteristics of
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each nucleus. To accomplish NOE suppression, a gated decoupling experiment
must be used, where the 1H decoupler is turned off except during the acquisition
time, and a 90o excitation pulse is used. Under these circumstances complete
suppression of the NOE requires a relaxation delay (during which the 1H decoupler
is turned off) of at least 10xT1. In rare instances, when signals of very similar atoms
are compared, spectra with NOE enhancement can be used if the enhancement is
the same for all signals to be compared.

Data accumulation should be performed with an acquisition time such that
the NMR signal decays (at least 3xT2*, the apparent transverse relaxation of the
NMR signal). In selecting the spectral window, the effective excitation window of
the pulse should be considered. A square pulse produces an excitation window in
which peak height vs. offset from the transmitter (center of the spectral window)
is defined by a sin(x)/x function. A good rule of thumb is that for a 5μs pulse only
the middle 50 kHz of the spectral window experiences uniform excitation. Outside
of this window, the peak heights will be attenuated by incomplete flipping of the
spins. If the pulse width is doubled (10 μs) then the useable spectral window will
be halved (25 kHz).

A second factor to consider when setting the spectral window is hardware
filtering of the audio signal. Older NMR instruments mix the rf signal down to
the audio frequency range where it can be digitized by older analog-to-digital
converters (ADC’s). To prevent aliasing of high frequency signal components
from outside of the spectral window (thus maintaining good signal-to-noise) audio
filters are used. These hardware filters have non-ideal response and can attenuate
signals outside of the middle half of the spectral window; attenuation of signals
near the edges of the spectral window is often 50% or more, depending on the age
of the instrument. Thus, only the middle half of the spectral window is useable for
quantitative analysis.

Instruments manufactured in the past five years use digital manipulation over
a much larger portion of the signal receiver path. In these newer instruments,
the NMR signal is digitized in the rf range, and mathematical filtering is used
to prevent aliasing of signals from outside of the desired spectral window.
Mathematical filters have more desirable “brick wall” behavior; completely
attenuating signals from outside of the spectral window, while leaving signals
within the spectral window unperturbed. In these newer digital instruments,
signals in the middle 90% or more of the spectral window can be used for
quantitative analysis.

Once the spectral window is determined, the delay between the end of
the pulse and start of data acquisition should be adjusted such that in the final
spectrum all peaks can be phased correctly with adjustment of only the zero order
phase correction. The spectrum should be properly phased without the use of first
order phase correction. The optimum preacquisition delay is spectral window
dependent, so that once analysis parameters are determined, it is unnecessary to
make further adjustments and the parameters can be used for subsequent analyses.
If the spectrum is collected with an incorrect preacquistion delay, then a sinusoidal
roll will be introduced into the baseline. The intensity and number of cycles will
be dependent on the extent of the misset, and the spectral window. The problems
introduced will be more severe for data collected with larger spectral windows.
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Finally, for good quantitative analysis, spectra with good signal-to-noise
(S:N) are required. Analytical criteria specify that a minimum S:N of 10:1 is
required before quantitative measurements can be performed. However, for
accurate analyses, S:N levels an order of magnitude or greater should be used.

Data Processing

In order to accurately measure a peak integral, the peak must be accurately
represented in the digital domain. Typically, it is desirable to have approximately
10 points to define the top half of the peak shape. A good rule of thumb is to
zero fill a properly collected time domain signal (free induction decay, FID) to 2
or 4 times the original dataset size. To improve S:N and to further contribute to
sufficient digital resolution of the peaks, it is also useful to apply an exponentially
decaying function to the decaying FID. Optimum S:N is achieved when the decay
of weighting function matches the decay of the FID. Often, in real spectra there
will be a mixture of broad and sharp peaks from polymer backbone and side-chain
resonances, respectively. Therefore, it is usually desirable to examine the spectral
with different weighting functions.

A properly phased spectrum is essential for good quantitative analysis. As
mentioned above, if the data are properly collected, it should be possible to phase
the spectrum solely by adjustment of the zero order phase parameter. Often the
operator will phase spectra by zooming in on the peak and attempting to make the
peak symmetrical. If the peak is inherently asymmetric due to a signal component
producing a shoulder on the main peak, or due to an asymmetric shape from
incorrect shimming, then integration error will result. There are many published
protocols for phasing. Some of these involve phase adjustments to produce a
maximum peak integral and numerically monitoring the baseline on either side
of the peak. When phasing, it is useful to examine the true baseline regions on
either side of the peak and to adjust the phase so the extensions of these baseline
components to the peak center, intersect at the same vertical point.

Distortions in the baseline should be removed with the operator’s favorite
baseline correction algorithm. For properly collected data, the distortions should
not be too severe and a spline fit is effective. Other more involved procedures
involve fitting the baseline to an nth order polynomial, or to a sum of sinusoidal
functions. In all cases the baseline (peak-free regions of the spectrum) needs to
be identified. This is often accomplished by dividing the integral regions of the
spectrum (e.g. such that odd regions are peak-free). When defining the baseline
regions it is important to consider the fact that Lorenzian peaks typically found in
NMR spectra extend for quite a distance from the frequency of the peak maximum.
Approximately 99% of the peak area is found over a region 20 times the peak
width at half height (Δυ1/2); 98% of the peak area is found within a region with 10
times Δυ1/2; and only 95% of the peak area is found within a region with 5 times
Δυ1/2. While it might be desirable to integrate the spectra with narrower integral
regions surrounding the peak maxima, it is necessary to select baseline regions of
the spectrum that do not fall within 10-20 peak widths of the intense signals in the
spectrum. If this is not done, baseline correction will shift the baseline offsets due
to the presence of real signals, and lead to inaccurate peak integrals.
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Accurate quantitative analysis requires that all of the resonance assignments
be known and properly counted. Some particular problems include contributions
from 13C satellites and the outer wings of AB patterns in 1H and 19F NMR spectra.
Failure to count these signals properly can cause errors in quantitative analysis,
especially if the intensities of weak and strong signals are being compared.

Figure 1 shows an excellent example of how both of these factors can
cause complications in quantitative analysis. This region of the 19F spectrum of
poly(hexafluoropropylene oxide) (pHFPO) contains two AB patterns, labeled a2
and a’2 from the two diastereotopic CF2 fluorines shown on the two structures
at the bottom of the figure. The structures differ by inversion of the central
–CF(CF3)CF2 monomer unit. The central parts of these AB pattern are off scale.
They are components of the AB patterns from the chain-ends groups of pHFPO
containing CF2 signals from normal (a2) and inverse addition (a2’) of the second
monomer unit in the chain. The two weak signals at the outer edges of this
spectral region are the outer satellites of the AB pattern from the a2 fluorines.
The measured couplings in this AB pattern are 2JFF = 285 Hz, which is typical
of a two-bond 19F-19F homonuclear coupling. The corresponding outer parts of
the AB pattern from the a’2 fluorines are too weak to detect; they are ca. 10 fold
weaker due to the lower concentration of structures from monomer inversion.

Figure 1. Section of the 470 MHz 19F 1D -NMR spectrum from pHFPO showing
the region containing the a2 and a′2 CF2 resonances as labeled on the structures

at the bottom of the figure. The ratio of the two structures is ca. 100:12.

Satellites of the a2 resonance from 1.1% 19F-13C and 2.2% 19F-C-13C are seen
with couplings of 1JCF = 270 and 2JCF = 40 Hz, respectively. The center of the
doublet from 1JCF is shifted upfield by ca. 0.1 ppm by a 13C istotope shift. The
center of the doublet from 2JCF is shifted upfield by ca. 0.01 ppm by a 13C istotope
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shift. Additionally, the latter doublet (from 2JCF ) is twice as large as the former
doublet (from 1JCF ) because the probability of coupling to 13C is twice as large
(13C’s can be present at two sites, CF2 and CF3, which are two bonds away from
the a2 fluorines). These signals from coupling to 13C could easily be misinterpreted
as weak resonances from other minor chain-end structures, especially because
they are asymmetrically spaced around the central 19F resonance. Corresponding
13C satellite signals from the weaker a′2 resonances are not seen in the spectrum
because these structures are present in ca. 10-fold lower concentration.

Also, if these satellites had fallen beneath weaks signals of minor structure
components, they could easily lead to enormous errors in compositional
calculations.

If very accurate compositional calculations are needed, one should compare
integrals which are a similar multiple of the peak width. Usually, 10 peak widths is
acceptable. However, one must also consider overlap of neighboring resonances
and the effect of J-couplings on the width of multiplets in deciding integral reset
positions. When doing compositional calculation with a high degree of accuracy,
one must also decide whether to incorporate 13C satellites, and to be consistent in
their inclusion or omission.

Once the peak areas are determined, there are several strategies for calculating
compositions of various monomer- or stereo-sequences. The traditional strategy
involves determining the relationship between peak areas and various n-ad
structure elements (monomer sequences or stereosequences). A set of linear
equations is obtained which can be solved for n-ad compositions. In many cases
some of the resonances are associated with odd-numbered n-ads such as triads,
and other resonances are associated with even number m-ads such as dyads and
tetrads. These can be related to each other through necessary relationships, which
also provide additional linear relationships (2).

On occasion problems with incorrectly counting structure units occur when
more than one n-ad is considered in the compositional analysis. Researchers
from Dow proposed an alternative method for extracting polymer compositions
from NMR data (6). Their method involves examining resonances and attributing
them to the central monomer of odd-numbered n-ads, thus counting atoms only
once. From these assignments, a set of linear equations can be obtained that
relate peak integrals to a set of structures. The compositions can be solved by
numerically fitting calculated peak areas to those experimentally determined.
Recently, Momose et al. (7) described the use of multivariate analysis as a method
for studying the compositions of copolymers and homopolymer blends.

New Experiments and Pulse Sequences

Over the past decade, 2D-NMR methods have become routine for studying
the structures of complex polymers and producing the unequivocal resonance
assignments that are needed for quantitative analyses. Complete spectral
analysis usually involves collection of two or more 2D-NMR spectra and using
complementary information from the spectra to construct an entire structure.
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2D-NMR Methodologies for Determining Polymer Structure

Various methodologies have been developed for determining polymer
structure. Reference (3) serves as an excellent initial source for learning how to
determine organic structure and resonance assignments from NMR data. Two
commom methodologies for extracting structures from multidimensional NMR
spectra involve the use homonuclear or heteronuclear 2D-NMR methods.

Homonuclear 2D-NMR

In the case where sample quantity and/or sensitivity is an issue, methodologies
involving 1H - 1H (or 19F - 19F) correlation 2D-NMR experiments are useful. Such
situations include cases where sub-milligram quantites of material are available,
or where very weak signals from structures such as chain ends are to be studied.
In these homonuclear experiments the natural abundance of both nuclei is 100%,
and high sensitivity detection of nuclei with large magnetic moments (1H or 19F)
is performed.

Figure 2. Schematic representation of homonuclear 2D-NMR experiments and
the structure information available from them: a) COSY, b) DQCOSY, c) TOCSY,

and d) NOESY. Reprinted with permission from reference (1).

The structure information available from homonuclear 2D-NMR experiments
is illustrated schematically in Figure 2. The atomic connectivities in the structure
in Figure 2 are highlighted by colored boxes that match the color codes of the
experiment names which provide that structure connectivity information.

The COSY (correlation spectroscopy, highlighted in yellow) 2D-NMR
experiment produces a spectrum schematically illustrated by Figure 2a with the
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identical homonuclear chemicals shifts plotted along the two axes. Peaks are
found along a diagonal at the shifts of the resonances in the spectrum. If there is
germinal or vicinal coupling between protons, cross-peaks appear off the diagonal
at the intersection of the two shifts indicating atomic connectivity highlighted in
the yellow box (i.e. the vicinal relationship between HA and HB) on the chemical
structure in the figure. Similar information from the COSY spectrum identifies
the vicinal relationship between HB and HC (not shown on the figure).

The DQCOSY (double quantum filtered COSY, also highlighted in yellow)
NMR experiment produces a 2D spectrum (Figure 2b) similar to that in COSY,
but with signals from singlets (resonance not coupled) filtered from the spectrum.
These signals do not produce useful information in COSY spectra and only serve to
hide cross-peaks that fall near the diagonal, so their absence from the 2D spectrum
is an advantage.

TOCSY (total correlation spectroscopy, highlighted in blue) 2D-NMR spectra
(Figure 2c) have an appearance similar to COSY spectra, but with correlations
among resonances of all protons that are part of the same spin system as illustrated
by the structure elements highlight in blue on the structure in the figure. Note
crosspeaks between HA and HC in this spectrum, even though they are not coupled
to each other. These TOCSY crosspeaks are produced because they are part of the
same spin system, where HA is coupled to HB and HB in turn is coupled to HC.

NOESY (NOE spectroscopy) 2D-NMR experiments produce spectra (Figure
2d) with cross-peak patterns similar to those found in COSY spectra, but with
cross-peaks appearing at the intersection of the chemical shifts of protons that are
close (usually within 0.5 nm) in space. They provide structure information about
the spacial proximity of groups (regardless of coupling) like those shown by the
red arrow on the structure in the figure.

From a set of homonuclear experiments, it is usually possible to determine
chemical structures. However, these experiments suffer from the limited chemical
shift dispersion of 1H (10 ppm). If many structures are present with slight
environmental differences, such as those found from stereosequence effects, it
can be difficult to resolve all of the cross-peaks needed to determine structure.

Furthermore, the distinction/resolution between cross-peaks is complicated
by the fact that the cross-peak pattern are a cluster of (n x m) peaks where n and m
are the multiplicities of the coupled peaks in the 1D-NMR spectrum. For example,
the cross-peaks between HA and HB resonances in Figure 2a are a 2x4 set of peaks.
The projection of these cross-peaks produce a 2-line pattern at the chemical shift
of the HA resonance, which is a doublet; and a 4-line pattern at the chemical shift
of HB, which is a doublet of doublets. If two sets of cross-peaks occur at similar
shifts, it is often difficult to distinguish between them.

Finally, the individual peaks within a cross-peak pattern are a series of positive
and negative contours, determined by the relative signs of the J-couplings. In
low resolution 2D-NMR spectra, overlap between adjoining anti-phase peaks can
lead to signal cancellation, especially if the J-couplings are small compared to the
digital resolution and/or the peak width. In these circumstances it is easy to miss
cross-peaks, leading to misassignments and incorrect interpretation of the spectra.
This is especially true with spectra of polymers, which contain broader lines than
those found in the spectra of small molecules.
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For these reasons, when adequate signal is present, it is often preferable to
study structures using a methodology involving two or more heteronuclear 2D-
NMR experiments.

Heteronuclear 2D-NMR

In the case where ample quantities of material are available (1-100 mg
depending upon the abundance of the structure to be detected and the field
strength of the instrument used) heteronuclear 2D-NMR experiments can be
performed. These experiments most commonly involve sensitive detection of a
nucleus such as 1H or 19F, which has a large magnetic moment and is also present
in high natural abundance. However, the shifts of these nuclei are correlated with
a low abundance nucleus such as 13C (1.1% abundance), so that NMR signal is
detected from one molecule in 100. These experiments have the advantage that
the chemical shift dispersion in the indirectly detected dimension is determined
by the shift range of the heteronucleus (200 ppm in the case of 13C). Also, the
correlation is a (1 x n) pattern as there is usually no coupling in the 13C dimension
(unless there is a third NMR-active nucleus in the structure). Thus, it is possible
to resolve many resonances from chemically similar structure fragements.

Figure 3 schematically illustrates the most useful heteronuclear 2D-NMR
spectra. As in the previous section, the connectivities on the structure in the
figure are highlighted with colored boxes to match the colors of the boxes around
the experiment names from which the atomic connectivities are derived. The
HSQC (heteronuclear single quantum coherence, colored in yellow) and HMQC
(heteronuclear multiple quantum coherence) experiments use one-bond C-H
couplings to produce spectra (Figure 3a) with cross-peaks indentifying direct
C-H attactment, as illustrated by the fragments highlighted by the yellow boxes
on the structure in the figure. The HMQC experiment was originally used for this
purpose, but has been replaced by the HSQC experiment which produces more
intense signals and less complicated cross-peak patterns. Variations of the HSQC
experiment that use adiabatic 180o pulses usually give better signal to noise levels
than spectra from HSQC experiments using simple 180o pulses (8).

The HSQC experiment is usually used in combination with data from the
HMBC (heteronuclear multiple bond correlation, highlighted by the blue boxes)
experiment which produces spectra similar to that illustrated by Figure 3b. The
HMBC spectrum shows correlations between 13C and 1H atoms coupled through
2- and 3-bonds. Structure fragments highlighted in blue on the structure in the
figure are identified. Complications arise in distinguishing between 2- and 3-bond
C-H correlations. One method to enhance one or the other set of cross-peaks
is to perform the experiment twice with different delays optimized for 2- and
3-bond couplings (80 and 50 ms usually work for the former and the latter). Some
judgement of relative cross-peak intensity in the two spectra is necessary, and the
results are often ambiguous.
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Figure 3. Schematic illustration of heteronuclear correlated 2D-NMR spectra
from the hypothetical structure fragment shown at the top of the figure: a) HSQC
or HMQC, b) HMBC, c) H2BC, d) HSQC-TOCSY. Reproduced with permission

from reference (1).

The advantage of this experiment is that correlations across heteratoms and
quaternary carbons can be detected (e.g. in this case a correlations can be seen
between the resonances of the methoxyl protons and CC). Distinction between 2-
and 3-bond correlations in the HMBC spectra is usually the “Achilles heel” of this
heteronuclear 2D-NMR methodology. Many variations of the HMBC experiment
have been devised to help differentiate between between 2-bond and 3-bond
correlations. Most of these work nicely for small molecules, but because polymers
give spectra with broader lines from shorter relaxation times, these experiments
rarely work well for polymers. The exception is the H2BC (heteronuclear
two-bond correlation) experiment which produces spectra illustrated by Figure
3c (9). This experiment uses a combination 1JCH and 3JHH to produce correlations
among the atoms in the structure fragment highlighted by the red box on the
structure in the figure. In this example a 2-bond correlation is seen between CA
and HB. The H2BC cross-peak patterns are considerably simpler that those in the
HMBC spectra because 13C decoupling can be used during the acquisition time
in the former experiment. Furthermore, the cross-peaks are independent of 2JCH;
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two bond C-H couplings are often small leading to inefficient coherence transfer
between nuclei in the HMBC experiment. When polymers are studied, for the
same experiment time, signals in H2BC spectra are considerably more intense
than signals in HMBC spectra. The drawback of H2BC is that correlations to
quaternary carbons are not detected.

In the HSQC-TOCSY spectrum (Figure 3d), at the shift of each proton bearing
13C, a C-H correlation is detected at the intersection of the chemical shifts of
directly bound carbon and hydrogen (e.g. between CA and HA). In addition, at this
13C shift, additional TOCSY correlations are observed to the shifts of all the other
protons (HB and HC in this case) that are part of the consecutively coupled proton
spin system. The experiment is usually run to produce positive contours (red spots)
to indicate correlations between the resonances of directly bound carbons and
hydrogens, and negative contours (blue spots) to indicate correlations between the
resonances of the initial C-H carbon and protons not directly bound to that carbon
but part of the same coupled proton spin system.

Figure 4 shows selected regions from the heteronuclear 2D-NMR spectra of
poly(lactate-co-glycolate)-b-poly(ethylene glycol) capped with folate end groups
on the polyester chain-end (PLGA-PEG-FOL). These data show the regions which
support the assignments of resonances from the lactate portion of polymer, as
shown on the structure in the figure. Figure 4a contains the HSQC data showing
a one-bond correlation for the methyl group. Figure 4c shows the portion of the
HMBC spectrum containing correlations from lactate methyl protons to the lactate
methine and ester carbonyl carbons (correlations A1 and A2, respectively), two-
and three-bonds away, respectively. On its own, this spectrum does not permit
distinction between the two- and three-bond correlations. Figure 4b shows the
relevant region from the H2BC spectrum; it identifies the A1 cross-peak as the
one associated with the two-bond HMBC correlation.

Figure 4. Polylactic acid regions from the 2D-NMR spectra of
PLGA-PEG-Folate: a) HSQC, b) H2BC, and c) HMBC of PLGA-PEG-folate.

50

D
ow

nl
oa

de
d 

by
 D

U
K

E
 U

N
IV

 o
n 

Ju
ne

 2
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

00
3

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Quantitative NMR

The spectral dispersion provided by 2D-NMR methods is enormously
powerful for resolving and assigning resonances in complicated polymer
structures. However, once resonance assignments are made, it is desirable
and often necessary to use this information to perform quantitative analysis of
polymer composition. This can be a problem if resonances are not resolved in
standard 1D-NMR spectra. There are alternatives for getting resolved peaks for
quantitative analysis.

2D-NMR

The utilization of 2D-NMR peak integrals for quantitative analysis is
complicated by several factors that produce non-linear instrument response
which hampers quantification. These include: 1) resonance offset effects on
both transmitter and decoupler channels; 2) inconsistent polarization transfer
efficiency due to ranges of J-couplings; 3) variations in 1H T1 causing inconsistent
return of the magnetization to its equilibrium state during the relaxation delays;
4) differential polarization transfer due to variations in T2’s; 5) effects from
inadequate digital resolution; and 6) multiplicity effects (CH, CH2 and CH3
signals do not provide identical responses).

Lemaster et al. (10) first used quantitative 2D-NMR analysis for the study
polymers by examining the spectra of polyester urethanes from 1,4-butanediol/
4,4’-diphenylmethane diisocyanate and adipic acid. They used 2D-HSQC and 3D-
TOCSY-HSQC spectra to obtain resonance assignments. They then used HSQC
spectra under conditions so that the resonance offset effects were insignificant.
They determined relative 1H T1’s and corrected for shorter T1’s of the backbone
protons relative to the chain-end groups. They compared the 2D-NMR integrals of
CH2 groups which were expected to have similar 1JCH couplings. They determined
that inconsistent T2’s did not contribute to the integration errors. Digital resolution
problems were eliminated by collecting higher resolution 2D-NMR data, and by
using signal processing methods to extend the acquired signal (especially in the
evolution time dimension). Only signals of CH2 groups were compared. After
accounting for these issues, they obtained excellent results when they were able to
determine the monomer distribution ratio and the ratio of backbone to chain-end
units.

Most often, inadequate resolution in 1D-NMR spectra occurs when comparing
resonances of similar structures, as these are the resonances most likely to overlap.
This was the case in research reported by Qiu et al. where they were concerned
with the composition of poly(ethylene-co-octene) (6). 1D- and 2D-NMR data
from the αα-CH2 region of one of their samples of poly(ethylene-co-1-octene)s
(polyEO) containing 64 mole% 1-octene are shown in Figure 5.

The quantitative 13C 1D-NMR spectrum is shown across the top of the
corresponding region from the HSQC spectrum collected under conditions
where the 2D-peak volumes are expected to be quantitative. Since the αα-CH2
resonances are being compared, identical JCH couplings are expected, identical
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relaxation is expected, effects of resonance offset are identical in both the 1H
and 13C dimensions, and multiplicity effects are identical. 1H T1 could not
be measured directly because the αα-protons are not resolved; however, T1’s
for these protons (0.2s) could be measured indirectly through detection of the
resolved αα- 13C resonances. The bar graph at the bottom compares the 1D-(blue)
and 2D-(purple) peak integrals for the three resolved resonances. Excellent
comparisons are seen, indicating the utility of 2D-NMR spectra for quantitative
analysis.

Diffusion

NMR diffusion measurements have played an increasingly important role in
characterizing components in polymer systems. Although the first NMR diffusion
measurement using pulsed magnetic field gradients was described by Stejskal
and Tanner (11), the development of a 2D-pulsed field gradient NMR method,
DOSY (diffusion ordered spectroscopy), really sparked applications of diffusion
measurements (12). A good summary of applications and methodology can be
found in reference (13).

New Hardware

Over the past decade, hardware improvements have been made in several
areas. Modern instruments provide precise and accurate control of the rf
amplitude, phase and frequency. After decades of incremental improvements in
instrument sensitivity, new detection circuitry has provided a quantum jump in
signal-to-noise level. Incorporation of multiple receivers permits simultaneous
detection of two or more spectra.

Control of Rf

Modern instruments provide unimaginable control of the rf signals to permit
flexible and arbitrary schemes for manipulating the states of nuclear spins. Many
of these schemes reduce the demands of collecting high resolution 2D-NMR data
by accomplishing selective excitation of the information containing regions of the
spectrum, while ignoring other uninteresting regions of the spectrum. There are
a number of options for accomplishing this; only a few of these will be discussed
here.

Selective Excitation

The COSY pulse sequence is the most basic 2D-NMR experiment, consisting
of only two rf pulses separated by an evolution period. It is simple to perform,
tolerant of miscalibrations, has good sensitivity, and requires very little expertise to
perform. When dealing with hydrocarbon-based structures, it is the first 2D-NMR
experiment performed and it generally provides useful structure information.
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Figure 5. Backbone αα-CH2 region from the quantitative 1D-13C and
2D-HSQC NMR spectra poly(ethylene-co-octene) containing predominantly
racemic relative orientations (top of figure). A bar graph is shown comparing
compositions of monomer sequences OOOO, EOOO and EOOE determined from
1D- (blue) and 2D- (purple) integrals (bottom part of figure). Reproduced with

permission from reference (6).

When working with fluoropolymers, the huge 19F spectral window (200 ppm
compared with 10 ppm for 1H) is an advantage in that the resonance positions are
well dispersed and sensitive to the chemical environment of the fluorine atoms.

53

D
ow

nl
oa

de
d 

by
 D

U
K

E
 U

N
IV

 o
n 

Ju
ne

 2
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

00
3

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



When COSY experiments are perfomed with 19F, many FID’s with different values
of the t1 evolution period must be collected to digitize the indirectly detected
dimension of the 2D-NMR spectrum.

Figure 6a shows a small fraction of the entire 19F-19F COSY spectrum
(ca. 1% of the total spectrum area) from tetrameric(hexafluoropropylene
oxide) T(HFPO), which is a model compound for Krytox® fluoropolymer, a
poly(hexafluoropropylene oxide) P(HFPO). To obtain this data, a spectrum with
several thousand t1 increments was collected over the course of a weekend.
The experiment was long because many FID’s were needed, not because signal
averaging was required to obtain good signal-to-noise. Only the region shown
was needed to obtain the desired correlation information between the CF2-O-CF
structure fragments illustrated by the red arrows on the structure in the figure.
Despite the long experiment, spectral detail in the multiplets is not resolved.

Figure 6b shows the entire 2D-NMR spectrum from a selective COSY (14)
experiment in which shaped pulses were used to produce a spectrum containing
only CF resonances in the f1 dimension and CF2 resonances in the f2 dimension,
corresponding to the same spectral window shown in Figure 6a. The experiment
required less than 30 minutes of instrument time in which several hundred FID’s
were collected (15, 16). The experiment required hardware to produce arbitrary
rf pulse shapes with arbitrary frequency offsets, not just the simple square pulses
centered at the frequency in the center of the spectral window as are commonly
used in NMR. Note that the selective COSY spectrum contains far more detail than
is seen in the corresponding region from the standard COSY spectrum.

Figure 6c contains a spectrum obtained from a selective COSY spectrum
collected with inversion pulses centered in the middle of the evolution period, in
order to remove homonuclear couplings. The flexible hardware permits resolution
of unprecedented spectral detail. The cross-peaks all appear as singlets in the
f1 dimension; multiplet pattern containing coupling information are retained in
the f2 dimension where collection of high resolution data has little impact on the
total experiment time. Two sets of four cross-peak patterns are observed; one
set showing the B2-C1 correlation between fluorine resonances from the central
CF2OCF groups, and a second set showing A2-B1 correlations between the fluorine
resonances of the CF2OCF fragment on the left part of the structure at the top of the
figure. Four cross-peak patterns are observed for each C-F group because the three
stereogenic centers in the structure produce four diastereomers and their mirror
images.

Homonuclear Decoupling

Once multidimensional NMR experiments provide resolution and resonance
assignments, the next immediate need is to measure how much of each structure
component is present using peak area integration. 13C 1D-NMR experiments
are ideally suited for this purpose since all of the protons can be decoupled with
broadband irradiation, to produce a spectrum with a single line for each unique
carbon atom. Since the natural abundance of 13C is only 1.1 %, homonuclear
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coupling between 13C atoms does not complicate the spectrum because coupled
13C-13C spin pairs occur in only 1/104 molecules.

Figure 6. 2D-COSY spectra of hexafluoropropylene oxide tetramer: a) segment
from a standard COSY spectrum; b) full spectrum from a selective COSY
experiment; and c) full spectrum from a selective COSY experiment with

homonuclear decoupling in the f1 dimension.
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When doing NMR of abundant spins such as 1H or 19F, homonuclear coupling
produces spectra with complex multiplets. In complex molecules, these multiplets
result in overlapping patterns which can’t be resolved from one another, and can’t
be easily integrated. Although many attempts have been made, until now it has not
been generally possible to accomplish broadband decoupling of homonuclear spins
to produce 1D-NMR spectra with integrable singlets. Until recently, it has only
been possible to obtain spectra with single frequency irradiation of the resonance of
a single atom, or at best to perform homonuclear decoupling of a narrowmultiplet.

Recently, Espindola et al. (17) described the use of state-of-the-art rf hardware
to produce shaped inversion pulses. These capabilities were used to decouple an
arbitrary combination of nuclei with resonances in various spectral windows, and
produce a spectrum of singlets with broadband decoupling of the rest of the nuclei
in the spectrum.

Figure 7. Selected (CF containing) regions from the 470 MHz 19F 1D-NMR
spectra of hexafluoropropylene oxide tetramer: (bottom) standard spectrum;

(top) spectrum with broadband decoupling of CF2 resonances.

This is illustrated with the spectra of T(HFPO) shown in Figure 7, where the
C-F containing regions of the 470 MHz 19F spectra are shown. In the bottom
spectrum, coupled C-F multiplets from the middle (B and C) monomer units
shown in the structure at the top of the figure (Bn and Cn designate the fluorines of
CFn groups in monomer units B and C in the structure). These resonances were
resolved and assigned with the aid of the selective COSY spectra shown above.
It is impossible to resolve and integrate the 8 separate sets of resonances due
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to large couplings with the CF2 groups. In structure such as this, the four-bond
couplings are usually large (20-40 Hz), compared with the three-bond couplings
to the CF3 groups.

The top spectrum was collected with shaped inversion pulses between data
point samplings in the FID, such that the CF2 atoms (resonances between -75
and -90 ppm) are inverted. As a consequence, homonuclear couplings that evolve
during the first half of the dwell time (period between sampling of two data points
in the FID) are refocused during the second half of each dwell time. From the
homonuclear decoupled spectrum, shown in the top of the figure, it is possible to
separately integrate most of the resonances. At worst, it is possible to perform
peak deconvolution on some of the overlapping resonances to obtain quantitative
information.

Sensitive Detection

As with most spectroscopic techniques, in NMR there has been a constant
struggle to improve the receptivity of instruments so that spectra can be obtained
with smaller quantities of material. Over the past 60 years, this improvement has
been incremental, and resulted from improvements in instrument stability, magnet
homogeneity, magnetic field strength, rf electronics, solid state circuitry and probe
design. The exception has been the introduction of Fourier transform techniques
in the late 1960’s and early 1970’s, which lead to a quantum leap in receptivity.
The cumulative effect of these many incremental improvements has been a 105-106
fold gain in receptivity such that with the most sensitivie NMR instruments it is
now possible to get 1H NMR spectra from 10-100 ng of material compared with
100mg of material required to obtain spectra from instruments available in the
early 1960’s.

After many years of instrument improvements, the major sources of noise
in the NMR experiment are now the detection coil and the sample itself. In the
past decade, probes with the detection coil cooled to cryogenic temperatures
have become commercially available. In these probes the detection coil is
typically cooled to 200K, while the sample located a few mm away, remains at
ambient temperature. Such probes provide a factor of 4-5 gain in receptivity
compared to older style probes in which the coil remains at ambient temperature.
Most of these commercial probes are designed to operate with the sample near
ambient temperature, using 5mm sample tubes for sensitive detection of 1H,
while decoupling 13C and 15N. These probes are primarily designed and used
for biological applications. For polymer applications we are not usually sample
limited, so that it is desirable to study larger samples. Also, often polymers
require high temperature to dissolve or swell the material for high resolution
solution NMR studies.

Zhou et al. (18) describe a new commercial “cryoprobe” designed for 13C
detection using 10mm sample tubes, heated at temperatures up to 420oK, while the
coil temperature remains at 20oK. Under these conditions, they observed almost
6-fold increase in receptivity compared to a standard 10 mm probe designed for
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13C detection. This new cryoprobe permitted them to study the minor structure
components in poly(propylene-co-1-octene) using 13C NMR.

Figure 8. 100 MHz 13C NMR spectra of poly(propylene-co-1-octene):
a) INADEQUATE spectrum showing correlations of the major structure

components; b) vertical amplification of the spectrum in (a) revealing additional
correlations from minor structure components; and c) 1D-NMR spectrum.

Reproduced with permission from reference (18).

In this copolymer, the major structure component is polypropylene; the
next major component is derived from insertions of 1-octene units within the
polypropylene backbone; and finally the smallest component is derived from
inverse addition of propylene units. The study of this polymer’s structure
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requires sensitive detection of the weakest signal components. The 100 MHz
13C 1D-NMR spectrum is shown in Figure 8c; the three signals that are off scale
(labeled (CH2)PP, (CH2)PO, (CH)P and (CH3)P) are derived from CH, CH2 and
CH3 carbons of “normal” polypropylene segments; the set of signals that fall near
half scale (labeled 1B6 – 6B6 and (CH)O) are from 1-octene units incorporated
into the polymer; and the weak signals that are labeled with capital letters (C, D
and F-N) are derived from inverse addition of propylene units. The latter labels
indicate resonance assignments corresponding to the labels on the structure at the
top of Figure 8.

The 2D-INADEQUATE experiment provides correlations among the
resonances of carbons related by 13C-13C attachments in a structure. Because
these spins occur together in only 1/104 molecules, obtaining an INADEQUATE
spectrum is 100 times more difficult than performing a simple 13C 1D-NMR
experiment. Their plot of an INADEQUATE spectrum in Figure 8a, showing
correlations identifying the major structure fragments in the polymer, represents
the capabilities of most state-of-the-art NMR spectrometers. The vertical
amplification of this spectrum, shown in Figure 8b, reveals additional correlations
identifying low concentration structures from inverse propylene addition. These
structures are present in 3-5 times lower concentration.

Their 2D-INADEQUATE spectrum took 2.6 days to collect using a
“cryoprobe” with a 10 mm coil. They estimated that it would take 2.6 months
to collect a similar spectrum on a 400 MHz spectrometer using a standard probe
with a detection coil at ambient sample temperature. If quantitative 13C 1D-NMR
experiments are to be performed with senstitive detection of weak signals,
cryoprobes like the one described here could boost an instrument’s productivity
by 30-fold when long-term signal averaging is necessary. Alternatively, it might
be possible to detect weak signals in a weekend using this cryoprobe, when
another lab with a standard probe would never be able to dedicate 3 months to
collection of a single spectrum.

Multiple Receiver Systems

Multiple receiver systems have been used to speed up collection of image
data in magnetic resonance imaging (MRI) applications. These multiple receiver
systems are beginning to appear in labs doing high resolution NMR in chemistry
related applications.

In one paper, representative of one application area, Kupce et al. (19) were
able to nest 1H{13C}-HSQC and 19F{13C}-HSQC 2D-NMR experiments and to
use an instrument with two receiver channels to simultaneously detect the 1H and
19F signals (Figure 9). Such work had not been reported with a polymer sample so
the illustration here is with data from a small molecule. Two separate experiments
were performed simultaneously to double the productivity of the instrument.
The reader is encouraged to look at the cited literature in this paper to learn of
other possible variations. These experiments can increase the productivity of
instruments that are dedicated to routine screening of samples.
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Figure 9. Nested HSQC pulse sequences (left) to produce 1H (black) and 19F
detected HSQC spectra (right). Reproduced with permission from reference (19).

Alternative Lock Channel

Another valuable use of instruments with a second receiver systems is as an
alternative to the field-frequency locking system. In order for the NMR signal to
add coherently, the peak frequencies must remain fixed from one transient (and
one spectrum) to the next. To compensate for magnetic field drift, instruments
have a third complete rf channel to monitor the frequency of a third nucleus and
to adjust Bo to maintain a constant resonance frequency. In almost all cases, this
third nucleus is 2H from a deuterated solvent. Deuteration of the solvent also has
the fringe benefit of reducing the solvent signal strength, especially in 1H NMR.

In solution NMR studies of polymers, it is often necessary to use exotic
solvents to dissolve the material, or to heat and swell the polymer. For example,
chlorinated solvents such as tetrachloroethylene or dichlorobenzenes are often
used to study polyolefins, because they permit heating the sample to 120-140oC.
At these temperatures, the polymers swell and produce high resolution spectra.
Often deuterated forms of these solvents are expensive or unavailable and
alternatives are needed to provide the needed lock signal. These range from
incorporating a small amount of a deuterated cosolvent, to addition of a capillary
containing a high boiling deuterated solvent to the center of the NMR tube.

Kupce and Freeman (20) used their second receiver system to monitor the
frequency of an independent NMR signal and to calculate a correction factor to be
applied to the spectrum during the data processing stage. Their results are shown
in Figure 10. In Figure 10a and b, the results from plotting a 13C NMR signal from
a 0.1 M solution of sucrose are shown without and with compensation for field
drift, respectively. Figure 10c and d show the effects of field drift on the HMBC
spectrum without and with compensation, respectively.
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Figure 10. Results from using a second receiver as an alternate lock channel
while collecting HMBC spectra of 0.1 M sucrose in D2O: a) 13C signal monitored
without lock and b) the same signal as in (a), but with digital compensation for
field drift; c) HMBC spectrum without lock and d) same spectrum as in (c), but
with compensation for field drift. Reproduced with permission from reference

(20).
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Summary
This paper presents a small sampling of the new NMR capabilities that can

potentially impact polymer NMR spectroscopy. There are many advances in NMR
hardware, software and methodology that could not be mentioned here. Space
limitations require that the list stop at some point. If anything, the NMR field
seems to be advancing at a more rapid pace than ever before. Advancements
continue to contribute to improving the sensitivity of the NMR experiment so that
it is possible to work with smaller samples (or detect lower occurrence structure
components). New NMR methodologies help to provide information about new
structure components so that detailed structure information can be resolved. New
computers and software automate experiment setup so that once methodology is
developed, it can be applied by users who are not expert in NMR. Development of
powerful computers and software will make it easier to extract information from
complicated spectra or groups of spectra. For new workers in this field, the times
are as exciting as ever.
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Chapter 4

New Insights into Amorphous Macromolecules
and Their Mixtures from Advanced Magnetic

Resonance Experiments
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Amorphous blends of high molecular weight macromolecules
present some uniquely challenging problems in structure-
function investigations, and pose some interesting fundamental
questions regarding dynamics and thermodynamics. In the
absence of ordered morphologies or extensive isotopic labeling,
traditional diffraction and spectroscopic techniques may not
provide component-specific information. In this contribution,
we review experimental methods which have been developed to
specifically probe the dynamics and thermodynamics of mixing
in amorphous blends. Our approach is based on advanced
NMR techniques that provide chain-specific data over a wide
temperature range without introduction of any isotopic labeling
or probe molecules.

Introduction

The science related to polymer blends has historically enjoyed a productive
marriage between intellectual pursuit and economic utility, as recently discussed
in a national workshop hosted by the National Science Foundation (1). The
notion that the polymer blend area is a mature science can be challenged by
simply assessing the lack of understanding surrounding mixtures of amorphous

© 2011 American Chemical Society
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macromolecules of even the most simple chemical structure. As the polymer
science community, both from an intellectual and engineering motivation, pursues
increasingly complex systems, tailored composites, hybrid and hierarchical
structures, self-assembly, and biologically inspired materials as outlined in a
recent Macromolecules “Perspectives” article (2), we find that the same key
questions that characterize problems in mixtures of amorphous polymers continue
to arise in these emerging interdisciplinary areas. For example, simply measuring
with confidence the length scales within which two polymers are mixed in a
binary mixture of two non-crystalline macromolecules can be very challenging,
even for very simple polymer chain architectures. Also, what causes amorphous
mixtures to have a homogeneous, intimately mixed arrangement of its constituent
chains versus a heterogeneous, phase separated morphology? If intimate mixing
of the two polymer species occurs, does this mean that the chains assume new
“identities” relative to their pure component characteristics, and if so, in what
ways? Can we synthetically manipulate the macroscopic properties of the
end-result blend by systematic variation of chemical structure? Amorphous
polymer blends, which for the purposes of this contribution mean mixtures of
high polymers with no crystalline regions in the final blend, represent the first step
in generating complex polymer systems. As such, fundamental understanding of
how they behave, and connections between microscopic structure versus end-use
properties is paramount to continued progress in key areas of macromolecular
science, ranging from synthetic to engineered to biological materials. In addition,
the science of “soft matter” is growing as an interdisciplinary focal point for
researchers from physical, biological, and materials science areas (3), revealing
an increasingly apparent need for rigorous experimental techniques capable of
providing component-specific information in heterogeneous amorphous systems.
We note in passing that much of the same language that has pervaded the polymer
science community is now beginning to emerge in protein and enzyme science
(4).

In this review, we will discuss experimental strategies developed to
address key questions originally motivated by our interest in understanding
miscibility in technologically important polyolefin blends, which are composed
of completely saturated (i.e., only sp3 carbons and hydrogens) high-molecular
weight macromolecules. Since polyolefin blends have no chemical heterogeneity,
they are very difficult to study with chain-level specificity in the absence of
extensive isotopic labeling. In addition, they often are composed of chains with
similar dipole moments, or no permanent dipole at all, and as amorphous mixtures,
exhibit broad and diffuse glass transitions. Therefore, traditional methods like
dielectric spectroscopy and differential scanning calorimetry are not generally
applicable to amorphous polyolefin mixtures. As various polymer combinations
were examined, we found that the selectivity inherent to our experimental
approach based on variable-temperature CODEX5 solid-state NMR experiments
addressed many general questions in the current polymer blend literature related
to thermodynamics of mixing, differential chain dynamics, time-temperature
superposition, dynamic heterogeneity, and glass transition time-scales. Guiding
principles for the strategies discussed here include: [1] Non-invasive access to
quantitative chain-specific information before and after formation of mixtures;
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[2] Data outputs in a format accessible to the general polymer science (i.e.,
non-NMR) community; [3] Experimental measures of average/mean chain
behavior as well as heterogeneity/distributions in chain behavior; [4] Quantitative
conclusions related to the thermodynamics of macromolecular mixing; [5]
General applicability to amorphous materials. These will be discussed in the
ensuing sections.

Experimental Section

Complete details for the synthesis, acquisition, and characterization of
the polymers have been described (6–9). In general, all polymers used in
our studies have molecular weights in the range 30,000 – 1,000,000, i.e.,
synthetic high polymers well above the entanglement molecular weight.
The individual systems will be described in the text when appropriate, but
include polymers and various binary blends composed of atactic polypropylene
(aPP), head-to-head polypropylene (hhPP: made via anionic polymerization
of dienes and hydrogenation), polyethylene-co-butene (PEB: monodisperse
copolymer made via anionic polymerization and hydrogenation), polyisobutylene
(PIB-a commercial material), polyvinylethylene (PVE: 88% 1,2-polybutadiene
enchainment), and polyisoprene (PI: 97% cis-1,4 enchainment). Representative
structures for the repeat units are shown in Scheme 1.

All systems were studied in bulk, i.e., without any solvents. Miscible blends
(either equimolar or 50/50 wt%) were made by casting from solutions in a good
solvent, and were exposed to vacuum pumping for several days prior to use.
Characterization by TGA and 1H NMR revealed that no residual solvent existed
in any blend.

Scheme 1

In this review, we will primarily focus on an experimental strategy based
on variable-temperature CODEX (Centerband-Only Detection of EXchange)
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experiments. However, several other experiments (including spin-diffusion
measurements to verify miscibility, GPC, and DSC) were completed prior to
CODEX analysis, as previously described (7–9). The CODEX experiment,
first described by Schmidt-Rohr and coworkers in 1999 (5), is ideally suited for
studying slow motions in macromolecules. Stated simply, it is a one-dimensional
chemical exchange experiment that relies on incomplete refocusing of a chemical
shift anisotropy (CSA) echo based on molecular reorientation during a mixing
time. Complete details have been explained previously (10, 11), but the process is
schematically represented by the pulse sequence shown in Figure 1 below which
is applied under magic-angle spinning (MAS) conditions.

Figure 1. CODEX experiment pulse sequence applied under conditions of MAS.
The value of the exchange mixing time tm ranges from 0.05 to 0.20 seconds for all
data reported here. The total CSA evolution time corresponding to the sum of the
first and second recoupling periods was 2Ntr = (2)(4)(0.22 ms) = 1.76 ms. The tz

period, to ensure a constant time experiment, was 1 millisecond.

It is important to note that the any dynamics which occur during the mixing
time are events which are detected in real time, albeit indirectly based on their
attenuation of the chemical shift echo. Although we have typically used mixing
times tm values ranging from 0.050 – 0.20 seconds, in theory this value could
range widely, with an upper limit defined by spin-lattice relaxation. All 13C and
1H measurements were collected on a Bruker DSX-300 with field strength =
7.05T. The probe temperature was calibrated using PbNO3 to within ±1 K. All
CODEX exchange data was acquired with an actively-controlled MAS speed
(typically 4-5 kHz), a 1-ms cross-polarization contact time, rotor synchronization,
and as a precaution, CODEX measurements were altered between the CODEX
and reference signal every 256 scans to eliminate spectrometer drift. In practice,
one acquires a reference spectrum by interchanging the constant 1-ms tz time
with the mixing time. Since this time value is too short relative to slow chain
dynamics, no motion can occur during such a short mixing period. This reference
experiment yields a signal of maximum amplitude (So), which is then compared to
the experiment where the much longer mixing time tm is used (S). The normalized
difference of the two experiments is referred to as the exchange intensity E =
(So – S)/So, or ΔS/So, which quantitatively reflects slow segmental dynamics.
The exchange intensity E is a direct function of the length of the mixing time
tm, the characteric correlation time constant for whatever type of motion occurs
(τc), and the temperature T. The complete equations describing the quantitative
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relationship between E and these variables have been described in detail in
previous publications (7–11). In all cases, 13C spectra were analyzed.

We are cognizant of concerns arising from possible inhomogeneous polymer
chain sampling based on experiments that begin with a cross-polarization step.
While our primary interests revolve around very slow backbone chain dynamics at
temperatures slightly below, near, and above the glass transition temperature (but
much lower than terminal dynamics region), we do not wish to preferentially select
chain segments that are much more rigid than the bulk. Rather, homogeneous
sampling of all polymer chains in mixtures is desired. To address this concern
in the context of amorphous polymer blends, we devised a modified version of
the experiment employing only direct carbon polarization as the initial step in the
experiment. Based on quantitative comparisons of the modified direct polarization
versus CP-based CODEX results over a wide temperature range (including Tg)
for atactic polypropylene (aPP), we demonstrated that results representative of all
polymer chains in the sample are obtained in both experimental approaches (12).
Therefore, we have confidence that CP-based CODEX-based exchange methods
provide chain-level information representative of the bulk mixing and miscibility
in amorphous macromolecules.

Results and Discussion

Using the experimental approach described above, one can extract exchange
intensities E(T) versus temperature for chain specific locations, i.e., backbone CH2
versus side-group CH3. Whenever possible, signals from carbons in the backbone
are used as reporters for slow segmental dynamics. In other cases, a methyl side
group might be advantageous in that the signal is well-resolved from other signals
once mixtures are formed. We will discuss examples from each approach in the
following sections.

Figure 2 shows systematic comparisons of CODEX exchange intensities
measured from backbone CH2 versus side-group CH3 in the two pure polymers
(PEB and aPP) over the entire temperature range for which a measurable
exchange signal is detected. This is an important control experiment, since
it eliminates any uncertainty associated with additional side group dynamics
that might influence the interpretation of the CODEX results in the blend, and
their relevance to slow segmental dynamics. The onset of detectable exchange
intensity for either functional group, as well as the temperature of the maximum
E(T) value, is identical within each polymer. The absolute value of the maximum
E(T) is markedly different for the backbone CH2 vs. side-chain CH3 signals in
the PEB-66 polymer, indicative of additional ethyl branch motions which further
reduce the magnitude of the chemical shift anisotropy for that pendant methyl
group relative to backbone moeties, thereby decreasing E(T) values compared
to the backbone CH2. The exchange intensity for this CH3 group in PEB-66 did
increase, as expected, in experiments with longer recoupling times (not shown
here). Since only a single carbon-carbon bond separates the CH3 group from the
main-chain in aPP, this dramatic difference in exchange intensity relative to the
backbone is not observed. Two important points from this control experiment are:
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(1) the temperature of the maximum E(T) value is independent of which group is
measured, which means that the CH3 signals can accurately report conformational
exchange in the blend, an advantage given that they are better resolved than their
respective CH or CH2 backbone counterparts and can be deconvoluted accurately;
(2) the onset of detectable E(T) signal in the CODEX experiment agrees with
DSC data, in that the first one or two data points on the low temperature side
of each curve coincide with the DSC Tg (PEB66 = 219 K and aPP = 262 K).
Finally, in all cases a decrease in E(T) amplitude occurs when temperatures are
high enough that thermally activated conformational rearrangements occur with
a frequency larger than the magnitude of the CSA; this eliminates the possibility
of detecting any signal differences between the exchange and reference spectrum
since there is no longer orientation-dependent shielding information preserved in
the system due to motional averaging.

Figure 2. Normalized exchange intensities E(T) for methyl and methylene signals
of pure PEB66 (a copolymer of ethylene and 66 wt% 1-butene) and pure aPP.
The solid lines are Arrhenius model fits (see below) to the data, whereas the
dash-dot lines are drawn through the methylene experimental points only to

guide the eye. For reference, the Tg ranges via DSC are shown at the top of the
figure. (Reproduced from reference (8))

From these example results, we observe that the CODEX experiment
under MAS conditions provides dynamic information for slow chain
reorientation/segmental motions on timescales similar to that probed by DSC
methods, the latter being most familiar to practicing polymer scientists. However,
as we will demonstrate in subsequent sections, and as has been described in detail
in references 7-9, the overall information content and the chain specificity in
mixed systems are much higher with the CODEX approach.

Figure 3 shows temperature dependent exhange intensities E for
the same polymers described in Figure 2, and their miscible blend. We
will use this miscible aPP/PEB-66 blend to illustrate the wide range of
information (both model-independent and model-dependent) accessible using
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the variable-temperature CODEX approach, and then conclude with brief
representative results from other amorphous polymer blends. The data in Figure 3
represent the outcome of three independent temperature dependent experiments;
one each for the two pure polymers and a single experiment for the blend from
which polymer specific exchange intensities were extracted at each temperature.
This latter point is important. In contrast to other experimental approaches, a
single experiment on a mixed polymer system can provide data for all components
in the mixture, which eliminates sample preparation uncertainties/reproducibility
that often plague sequential methods where only one component may be analyzed
in any one experiment (e.g., selective deuteration, dielectric spectroscopy, etc.)

Prior to any consideration of a quantitative model to fit the results, several
key points may be discerned via simple inspection of the raw data in Figure 3,
comparing the response of the 13C signals in the CODEX experiment for each
pure polymer to the response of that same polymer in the blend. First, the PEB66
exchange intensity curve shifts to higher temperature in the blend relative to pure
chains (PEB66 is the lower Tg component). Similarly, the exchange intensity
curve shifts to lower temperature for the aPP in the blend compared to its pure
response. For the PEB66, the E(T) maximum shifts from 227 K to 247 K upon
blend formation, while the aPP E(T) maximum changes from the pure value of
273 K to 253 K in the blend. Although each curve exhibits an identical 20 K
change, they do not converge to an identical common value (5-7 K difference
in E(T) maxima) even though the chains are intimately mixed. While omitted
from the figure in order to maintain clarity, the E(T) versus T curve for the
backbone CH2 peak of aPP in the blend has a maximum at the same 252-253 K
position as the CH3 peak shown in Figure 3. Secondly, the breadth of each E(T)
curve increases for either component in the blend relative to the pure polymer,
especially for aPP. Finally, the absolute value of E(T) at each temperature across
the detectable range decreases in the blend relative to the unmixed result for
both polymer components. Although each temperature dependent exchange
intensity curve decreases in intensity and increases in breadth for the polymers
in the blend compared to the pure polymers, the overall integrated area under
the curve fits (vide infra) remains constant for each polymer, within the error
of the data analysis. While the intermediate temperature values for the E(T)
curves are reminiscent of DSC results on blends, the ability to extract these
specific details for each polymer in an amorphous mixture by simultaneous
detection of the two unique E(T) curves is difficult using traditional thermal
analysis methods. Typically, DSC traces on multicomponent miscible blends
are broad and featureless, and one cannot discern individual behaviors for the
polymer components. We conclude from these points that the overall dynamic
heterogeneity for both polymer chains increases in the blend, and in addition,
it is also known that the CODEX exchange intensity decreases with increasing
number of sites involved in the exchange process for a fixed recoupling and
mixing time (11). The details specifying exactly how the dynamic heterogeneity
increases for both chains will be discussed in the following sections, and the
reader can consult references 7-9 (and references therein) for additional details.
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Figure 3. Normalized exchange intensities E(T) for pure PEB66 ( ), PEB66 in
the blend (•), pure aPP (□), and aPP in the blend (■). The smooth lines are fits to
the data using an Arrhenius model as described in the text. Note shifts of equal
but opposite magnitude for each component upon blend formation, but a lack
of complete convergence to a common temperature for the exchange intensity
maximum of each polymer in the blend. The 5K/min scan DSC Tg range for each
polymer and the blend is plotted for reference on the top of the figure, with the
box length representing the beginning and end of the endotherm. (Reproduced

from reference (8))

Historically, the polymer science community espouses a miscible blend is
characterized by identical Tg’s for each polymer component in the miscible blend.
While this can be true, it should not be taken as a criterion for miscibility, since
Figure 3 above and Figure 8 (see below for further discussion of the PI/PVE
miscible blend) clearly demonstrate that unique glass transitions (or “effective
Tg’s”) can occur for constituent polymers in a miscible blend. Our results are
in agreement with recent publications by Lodge discussing inequivalent Tg’s for
the polymers in miscible blends (13, 14).

The fits to the experimental data shown in Figures 2 and 3 were obtained
by combining isotropic rotational diffusion with a temperature-dependent discrete
log Gaussian correlation time distribution/Arrhenius model (15–19). The absolute
value of the exchange intensity E(T) at each temperature, for a fixed recoupling
and mixing time, depends on the correlation time constant characteristic of the
motion modulating the chemical shift anisotropy as well as the distribution of
correlation time constants for all of the segments in the amorphous polymer or
polymer mixture. We use a linear model that relates the width of the correlation
time distribution to increasing temperature (20). Key results that can be obtained
from the analyses include central correlation time constants for slow backbone
reorientations in the pure and mixed systems (beginning from slightly below the
glass transition to higher temperatures, but still in segmental dynamics regime), the
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width of the correlation time constant distribution in both pure and mixed systems,
and activation energies for segmental dynamics in the neat and blended polymers.

We recognize that other temperature dependent models may be more familiar
to the polymer scientist. Figure 4 shows a comparison of the correlation time
distribution/log Gaussian/Arrhenius model discussed above with a KWW/WLF
analysis for the exchange intensity data from pure aPP and aPP in the blend; this
is the same aPP raw data shown in Figure 3. The KWW/WLF fitting parameters
are reported in the captions to Figures 4 and 5; we observe excellent agreement
between the two models in terms of correlation time values over the temperature
range of our data. Such low β values upon blend formation are consistent
with increased dynamic heterogeneity in aPP,11 as is apparent from direct
inspection of the E(T) exchange curve intensities in Figure 3 and 4. Detailed
comparisons of KWW β values to corresponding values of the correlation time
distribution widths g(τ) are provided in the Supporting Information to Reference
(8). That equivalent correlation times for the center of the distribution (τc) are
obtained using either model is more clearly evident by the representation of their
temperature dependence for both polymer components in Figure 5. One observes
that the temperature dependence of the slow chain dynamics for PEB66 and aPP
are very different. Figure 5 also shows that while the magnitude of the change in
τc values upon blend formation differs between the two polymers significantly at
any temperature (ca. 5 decade decrease in aPP versus ca. 2.5-3 decade increase
in PEB66), the two polymer components in the blend have identical values of τc
near 250 K.

Figure 4. Comparison of fits to the aPP exchange data obtained using two
different models: (1) Arrhenius temperature dependence of correlation times with
variable-width log-Gaussian distribution, and (2) WLF temperature dependence
combined with KWW distribution. The WLF/KWW parameters for pure aPP were
C1 = 15.5, C2 = 41 K, τ(Tg) = 100 s, Tg = 259 K, β = 0.8, whereas for aPP in
blend Tg = 237 K and β = 0.2 was used. (Reproduced from reference (8))

75

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 1

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 5. Temperature dependence of correlation times obtained using Arrhenius
and WLF models for the aPP/PEB66 miscible blend. The WLF parameters for
pure aPP were: C1 = 15.5, C2 = 41 K, τ(Tg) = 100 s, Tg = 259 K, whereas for
aPP in blend Tg = 237 K was used. For pure PEB66 we used C1 = 15.5, C2
= 55 K, τ(Tg) = 100 s, Tg = 210 K, and the best fit for PEB66 in blend was
obtained with C2 = 68 K and Tg = 224 K. An Arrhenius model can be treated
as linear approximation to the WLF curve, since both Arrhenius and WLF
models give similar results over the temperature range for slow motions near

Tg. (Reproduced from reference (8))

Figure 5 also clearly demonstrates that quantitative Tg timescales are revealed
by these experiments, both for the pure polymers and the polymers in the blends.
The correlation time constants for Tg in pure PEB and pure aPP both appear to
be between 10 and 100 seconds (PEB near 10 and aPP nearer 100), but most
importantly the data indicates that the change in Tg timescales, as well as their
absolute values, for either component once the miscible blend is formed are quite
different outside of a very narrow temperature range (250-260K).

Figure 6 shows calculated correlation time distributions from the fits to data
in Figures 2 and 3 for the aPP component, demonstrating how the correlation
time distribution function g(τ) can influence E(T) (21). We note how much
broader the correlation time distributions become upon formation of the blend,
and also, the increased distribution width near the Tg value (low T) for a
pure polymer. By comparing Figures 5 and 6, we immediately observe that
while central correlation time constants converge for each component in the
miscible blend, albeit changing by largely different values, that the correlation
time distributions actually diverge. Figure 6 shows that aPP, i.e. the high Tg
component, becomes much more dynamically heterogeneous relative to its pure
state, which is a common result for binary blends we have examined to date.
Indeed, the total dynamic heterogeneity in the blend is much larger than the
sum of the two unmixed polymer components, an important concept as one
considers the thermodynamics of mixing in amorphous macromolecules (vide
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infra). The reader may consult references 7-9 to see more detailed representations
of correlation time distributions, and different schematics depicting their width as
a function of temperature for pure and mixed states.

Figure 6. Temperature dependence of correlation time distribution widths σ for
pure versus blended aPP and PEB66. (Reproduced from reference (8))

For brevity, only the variable temperature CODEX exchange curves are
shown for two additional blend systems in Figures 7 (PIB/hhPP) and 8 (PI/PVE),
along with fits to the raw data using the techniques described above. PIB/hhPP
is unique among miscible blends we have studied to date in that the CODEX
exchange curves do converge to the same value (as defined by onset of detectable
exchange intensity, or more definitively by the maximum in the curve). If one
determines the central correlation time constant for the temperature corresponding
to the maximum in the E(T) curve, an identical value is observed for each polymer
component in the blend. However, the change in segmental correlation time
constants upon formation of the miscible blend is again much larger (by several
orders of magnitude) for the high-Tg component hhPP than the low-Tg PIB
component. Interestingly, the temperature where maximum exchange intensity
occurs, as indicated by the vertical arrows in Figure 7, is 5-7 degrees lower than
predicted by Gordon-Taylor/Fox equation mixing rules. In other words, it does not
agree with composition-weighted average values, and qualitatively suggests an
entropically driven mixing. Quantitative calculations based on central correlation
time constants determined experimentally for the pure and mixed polymers, using
the approach described here, confirm that positive configurational entropies of
mixing exist for this blend, as well as other miscible polyolefin blends we have
examined to date.
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Figure 7. Normalized exchange intensities E(tm) for a) pure PIB measured at the
quaternary backbone carbon (•) and PIB in the blend (o), and b) pure hhPP (■)
and hhPP in the blend (□). Note the common exchange maximum temperature
T=246 K for each polymer in the blend (left arrow) and the Fox equation

prediction (right arrow). The smooth lines are fits to the data as described in the
text. (Reproduced from reference (7))

Figure 8 shows exchange curves for the PI/PVE miscible blend system. Note
the apparent similarities between the general shape/location of the four curves and
those in Figure 3, in that the curves for the polymers in the miscible blend do
not converge to the same values (unlike the PIB/hhPP system in Figure 7). In
total, these three results suggest that one cannot assume how slow segmental chain
dynamics, which are the macromolecular dynamics most important for mechanical
properties, change when a miscible blend is formed. Stated differently, one cannot
assume that (a) a common glass transition will occur for the polymers in a miscible
blend, and (b) composition-weighted averaged chain behavior takes place.
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Figure 8. Normalized 200-ms exchange intensity E(T) curves for pure PI and
PVE and the same components measured independently in the blend. All data
shown here reflect only backbone aliphatic carbons, not side chains or olefinic
groups. The solid lines are fits to the data using an Arrhenius model with a

variable-width log-Gaussian correlation time distribution. The dashed lines are
fits to the data using the WLF/KWW model. The thick gray lines at the top of the
figure indicate the 10 K/min DSC Tg range for the two pure polymers and the

miscible blend. (Reproduced from reference (9))

Complete quantitative analysis, using both Arrhenius and WLF/KWW
models, of the data in Figures 7 and 8, including effective Tg’s, central correlation
time constants, correlation time distributions, and activation energies are reported
in references (7) and (9). It is worth mentioning here that the PI/PVE system was
an important control case as this blend has been studied by multiple investigators
using a wide variety of techniques (22–27). However, as ours was the first
method to get chain-selective information non-invasively from a single set of
experiments on a single blend sample, we were pleased to find good agreement
between quantitative data from our approach and selective deuteration techniques
involving multiple blend preparations, as previously described (26, 27). In
addition to central correlation time constants, correlation time distributions, and
activation energies, segmental friction coefficients were determined for each
component in the PI/PVE system using a KWW/WLF treatment of the central
correlation time data, where the characteristic segment length was taken as equal
to the Kuhn length, or 1.1 nm.
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During this review, we have deliberately pointed out model-independent and
model-dependent conclusions accessible via the variable-temperature CODEX
approach. Given that many of the key quantitative results come from fitting the
raw E(T) data, it is appropriate to consider a mechanism by which the central
correlation time constants τc can be evaluated independently.

Figure 9. Exchange time constants extracted from an exponential fit to the
rising exchange intensity curves are indicated on each of the Figures 9a-d for
PVE, atactic PP (PP), head-to-head PP (hhPP), and polyisobutylene (PIB),
respectively. For each of these same four polymers, at the same temperature as
indicated on each plot, the respective central correlation time constants obtained
from full analysis of the variable temperature exchange intensity curves of the
type represented by the data in Figures 3, 4, 7, and 8, are: (a) τc = 14 ms (b) τc =
24 ms (c) τc = 20 ms (d) τc = 25 ms. The temperatures indicated in a-d are equal
or very nearly equal to the exchange intensity maximum temperature for each
polymer, resulting in similar values of τc. (Reproduced from reference (9)).

In Figure 9, we show results from such an independent evaluation, in which
τc’s were determined at temperatures near the maxima in the E(T) curves, using
variable mixing time experiments for four different pure polymers including
PVE, atactic polypropylene (PP), head-to-head polypropylene (hhPP), and
polyisobutylene (PIB) at the indicated temperatures. The correlation time
constants, extracted from an exponential fit to the rising intensity curve, are
indicated on each of the Figures 9a-d, while values extracted from fitting the
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CODEX data are listed in the Figure 9 caption. (In figures where there are multiple
data points, either multiple carbon positions in the polymer chain were probed, or
as in Figure 9d, two different recoupling times in the CODEX experiment were
compared.) The results in Figure 9 indicate that the correlation time constants
obtained by full analysis of the raw data of the type shown in Figures 3, 4, 7, and
8 are accurate, with the largest difference for the polymers shown equal to 12%
for PVE, and significantly less in the other three cases. While the time required to
generate the experimental data in Figure 3, 7, or 8 is not trivial, such an approach
is significantly shorter (by a factor of 5 to 10) than the time required to obtain
full variable mixing time exchange curves, like those shown in Figure 9, over
wide temperature ranges. This control experiment, as well as comparisons of
PI and PVE data to previously reported correlation time values (9), indicate the
quantitative robustness of our approach for macromolecular mixtures.

Given that we can calculate central correlation time constants characteristic of
slow segmental reorientation for pure andmixed polymers over a wide temperature
range, we can use the Adams-Gibbs formalism to quantitatively assess entropy
changes that occur upon formation of a miscible blend (28). The relationship
between configurational entropy Sc and τc is:

where we equate τc the value of the correlation time at the center of the distribution
for either a pure polymer or the same polymer in a blend. Using data of the type
shown in Figure 5, and assuming τo ranging from 10-12 s to 10-15 seconds and c
as constant for each polymer in pure versus mixed state at a fixed temperature
(usually taken as the temperature corresponding to maximum exchange intensity),
we have determined that the total change in configurational entropy for PIB/hhPP
and aPP/PEB-66 blends ranges from +10 to +20% upon formation of the miscible
blend (and relative to the unmixed components). Therefore, one must conclude
that an increase in the number of surface contacts either between dissimilar
polymer chains or within chains themselves (an enthalpic model) in miscible
polyolefin blends simply does not exist relative to the unmixed pure polymers.
We view this as a conservative limit, since it does not quantitatively capture the
large increases in the distribution of correlation times, or dynamic heterogeneity,
associated with forming the miscible blend. The PI/PVE system is somewhat
different in that it possesses sp2 functional groups, and therefore free electron
density which increases polarizability and induced association. Even so, Figure
10 clearly demonstrates that there is a slight positive entropy of mixing associated
with forming the miscible blend, relative to the sum of the configurational entropy
for the two unmixed components. The ability to non-invasively, selectively, and
quantitatively determine this kind of data for amorphous polymers in a miscible
mixture is a key advantage of this experimental approach.
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Figure 10. Calculated values of the ratio of the total configurational entropy in
the miscible blend to the sum of the pure component entropies (Sc Blend / Sc

Pure), expressed in percent, versus the position on the exchange intensity curves
shown in Figure 8 moving from low to high temperature. Each trace represents a

calculation across the entire temperature range of the curve.

Conclusions

A chain-specific experimental approach based on variable-temperature
solid-state CODEX NMR experiments reveals that the effective glass transitions
for each chain type in miscible blends may be inequivalent, and slow segmental
dynamics for each polymer in the blend are characterized by unique central
correlation times and unique correlation time distributions. Quantitative
analyses of the raw data indicate that good agreement exists between effective
Tg’s, central correlation time constants, correlation time distributions, and
friction coefficients extracted from this approach versus those obtained by
other well-documented methods. Results from an isotropic rotation diffusion
model with Arrhenius/log-Gaussian or WLF/KWW treatments of temperature
dependence show clear sensitivity to changes that occur upon blend formation
relative to the unmixed components. Positive configurational entropies of
mixing are detected experimentally. That such quantitative information may be
obtained for either polymer component in an amorphous mixture, without isotopic
labeling, electric dipole moment constraints, or introduction of probe molecules,
is a unique advantage of this experimental strategy and illustrates applicability
to a wide range of multicomponent macromolecular systems beyond miscible
blends, including polymer nanocomposites, organic/inorganic hybrids, biological
macromolecules, and block copolymers.
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Chapter 5

Solid-State NMR Investigations of
Semi-Crystalline PVIBE/ε-PL and PK/PA

Blends: Crystallite Size, Type, and Morphology
Related to Physical Properties

Atsushi Asano*

Department of Applied Chemistry, National Defense Academy,
1-10-20 Hashirimizu, Yokosuka, 239-8686 Japan

*E-mail: asanoa@nda.ac.jp

Crystallinity and the size of crystalline phase of poly(ε-L-lysine)
(ε-PL) were determined by solid-state 13C NMR . The decrease
in the melting temperature with increasing ε-PL content
ascribed to the crystalline phase of ε-PL in poly(vinyl isobutyl
ether) (PVIBE)/ε-PL blends was interpreted by the decrease
in total lamellar thickness in the crystalline phase of ε-PL.
Furthermore, the independence of the melting temperature with
ε-PL content for PVIBE/ε-PL/saponite-clay nanocomposites
was also explained in a similar way. For polyketone/nylon
6 (PK/PA) blends, the high impact resistance under the wet
condition was explained by the characteristic morphology of
PK crystalline phase, the increased elasticity due to water
absorption in the amorphous phase of PA, and conversion of γ
crystallite to the α crystallite morphology of PA (as shown by
solid-state 15N NMR).

Introduction

Polymer blends and nanocomposites have been widely used for engineering
purposes. Their favorablemechanical and physical properties are closely related to
their morphology (especially in semi-crystalline polymers), the domain size of the
crystalline phase, and the crystalline type. Hence, the morphology of crystalline
phase and the degree of crystallinity are among the important information

© 2011 American Chemical Society
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that we have to know to understand the physical and chemical properties of
semi-crystalline polymers, their polymer blends, and their nanocomposites. To
obtain the degree of crystallinity, we can choose any appropriate method, such as
differential scanning calorimetry (DSC), X-ray diffraction, Raman and infrared
(IR) spectroscopies, and nuclear magnetic resonance (NMR) (1, 2). Among these
methods, NMR can detect the crystalline phase of a component polymer even
in a blend or a nanocomposite distinguishably and also estimate correctly the
amount of microcrystalline phase (3–5). It is valuable to analyze the domain
size, type, and morphology of crystalline and non-crystalline phases (including
inter-phase and amorphous phase) separately to reveal the relationship between
morphological information and physical properties, such as melting temperature,
impact strength, modulus, and elasticity.

In this review, I shall first discuss the determination of crystallinity via
NMR parameters, especially for poly(ε-L-lysine) (ε-PL). There are several ways
in NMR to study the crystalline phase, such as 13C spin-lattice relaxation time
(T1C), 1H spin-spin relaxation time (T2H), and 13C NMR spectral editing. We shall
compare these parameters with the results from X-ray diffraction (XRD) (3).
Secondly, I shall discuss the effects of inorganic clay fillers on crystallinity and
melting temperatures of ε-PL and poly(vinyl isobutyl ether) (PVIBE) blends, and
their nanocomposites with saponite clay (6, 7). The melting temperature of ε-PL
measured from differential scanning calorimetry (DSC) showed a dependence
on composition in the PVIBE/ε-PL blends, but compositional independence
in the PVIBE/ε-PL/saponite nanocomposites. These interesting phenomena
were explained by the domain size of the crystalline phase in ε-PL, i.e., the
Gibbs-Thomson effect (1). Finally, I shall discuss the analysis of the morphology
of polyketone/polyamide (PK/PA) blends. The high impact property of the PK/PA
blend with water absorption is due to the effects of change of PA crystalline
phase type and the increase of elasticity of PA amorphous phase under wet
conditions. Furthermore, transmission electron microscopy (TEM) shows a
characteristic crystalline lamella-like picture of PK. The 1H spin-diffusion study
via well-resolved 13C NMR signals indicates that both the domain sizes of PK
and PA are not affected by the moisture absorption (8–10).

Experimental Section

Materials

Poly(ε-L-lysine) (ε-PL: repeat unit -NH(CH2)4CH(NH2)CO-) was provided
by Chisso Corporation as a solid powder, with an average degree of polymerization
approximately 30. ε-PL is known as a biodegradable hydrophilic semi-crystalline
polymer and nontoxic toward humans and environment (11). Semi-crystalline
poly(vinyl isobutyl ether) (PVIBE: repeat unit -CH2CH(OCH2CH(CH3)2-) was
obtained from Scientific Polymer Products, Inc, and itsMw is 600,000. Polyketone
(PK, an ethylene/propylene/CO copolymer -(CH2CH2CO)m-(CH2CH(CH3)CO)n-)
is a commercial material (Carilon D26HM100), provided by Shell Co.
Polyamide-6 (PA; repeating unit -NH(CH2)6CO-) is a commercial material
(Amilan CM1017), provided by Toray Ind. Both PK and PA are semi-crystalline
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polymers. Saponite clay, which is synthetic and a smectite clay, was obtained
from Kunimine Industries Co., Ltd. It has a relatively small aspect ratio when
compared to montmorillonite and has no paramagnetic center such as Fe3+.

The PVIBE/ε-PL blend and PVIBE/ε-PL/saponite nanocomposite films
were prepared by casting 90:10 (v/v) chloroform/methanol mixed solutions that
contained those polymers at a concentration of 15 (w/v) % on a Teflon plate at
313K, which were further dried under vacuum at 313K for 1 or 2 days. The film
thus obtained was opaque and elastic. In order to exfoliate the saponite clay layers,
the saponite clay was dissolved in ε-PL/water solution at 3 wt% concentration
prior to mixing with PVIBE (ε-PL/saponite-clay=1/0.03). The ε-PL/saponite-clay
mixed powder was obtained by drying the ε-PL water solution.

The PK/PA blends were obtained by mechanical mixing. We used a simple
terminology for the PK/PA blend: PK60PA40 means a blend of 60 weight %
PK (volume fraction 0.578) and 40 weight % of PA (volume fraction 0.422).
The PK/PA blends were moisture-conditioned by holding them at 50% or 95%
relative humidity (RH) and a temperature of 296 K for three weeks or longer. Dry
test specimens were prepared by drying them in vacuum at 373K for 72 h. The
moisture absorption rate was measured by the Karl Fisher method.

Measurements and Instruments

Nuclear Magnetic Resonance (NMR)

High-resolution solid-state 13C NMR spectra were obtained using a
Varian 400WB NMR spectrometer or a Bruker DMX500 spectrometer. The
ramped-amplitude cross-polarization (CP) (12, 13) and magic-angle spinning
(MAS) with 1H high-power dipolar decoupling technique was used, employing
a rotor with 4.0 mm diameter for both NMR systems. The radio-frequency field
strength for 1H decoupling was 120 kHz for the Varian and 56 kHz for the Bruker
instrument, and the two-pulse-phase-modulation (TPPM) method (14) was used.
The MAS frequencies used were 10 to 16 kHz. 13C chemical shifts were measured
relative to tetramethylsilane (TMS) using the benzene carbon signal at 132.07
ppm for solid hexamethylbenzene or 29.47 ppm for solid adamantane as an
external reference. High-resolution solid-state 15N NMR spectra were measured
using the Varian NMR 400WB spectrometer at a MAS rate of 5 kHz and a 1H
decoupling frequency of 65 kHz with a 7.5 mm diameter rotor. 15N chemical
shifts were measured relative to the glycine signal as an external reference at 0
ppm.

The 1H spin-lattice relaxation times in the laboratory frame (T1H) were
indirectly measured from well-resolved 13C signals enhanced by 500 μs to 2
ms CP contact times. These parameters were chosen to obtain the maximum
enhanced signal, applied after the inversion-recovery pulse sequence for the
1H nucleus. T1C decay was indirectly measured from protons through the CP
enhancement as proposed by Torchia (15).
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Differential Scannning Calorimetry (DSC)

DSC curves were observed using a Perkin-Elmer 7 instrument with the
temperature increasing at a rate of 2 K·min-1 from 233 K to 473 K.

Transmission Electron Microscopy (TEM)

TEM images were collected using a Hitachi H-800 instrument with an
accelerating voltage of 200 kV. Electron staining was done with phosphotungstic
acid. Three-dimensional TEM images were examined using a FEI Tecnai G2 F20
TEM with a tilting angle that ranged from -70 to +70° for every 2° step.

X-ray Diffraction (XRD)

XRD patterns were collected using MAC Science M21X diffractometer with
Cu Kα radiation of λ= 0.154 nm at 293 K. For the XRD experiments, we prepared
a sample of ε-PL which was mostly non-crystalline. A ε-PL sample sealed in a
glass tube with nitrogen atmosphere was heat treated at 458 K for 20 min: the
crystalline phase was completely melted. After the heat treatment, the glass tube
was immediately immersed in liquid nitrogen to quench the amorphous phase.

Results and Discussion

Crystallinity and Crystal Size (Gibbs-Thomson Relationship)

Figure 1 shows the observed 13C CPMAS NMR spectra of (a) PVIBE, (b)
PVIBE/ε-PL=10/3, (c) PVIBE/ε-PL/saponite=10/3/0.09, (d) ε-PL, and (e) ε-PL/
saponite-clay=1/0.03. The expanded spectra for the CH-O-CH2 region of PVIBE
and CαH region of ε-PL are also shown in (b) and (c). Furthermore, the spectra
for the carbonyl carbon region of ε-PL are depicted in the left-hand side of (b)
to (e) and the peak assignments are also shown in the figure. Although the peak
intensities are enhanced individually by CP, we determined the real composition
of PVIBE/ε-PL blends and nanocomposites via 1H dipolar-decoupling (DD)-MAS
spectra. The spectrum of the ε-PL/saponite-clay=1/0.03 (e) shows that the relative
ratio of broad lines is muchmore than that of ε-PL (d). For example, the CH2 peaks
at 20 to 40 ppm region, which consists of apparently four narrow peaks plus broad
lines, show much broader features. This suggests that the degree of crystallinity
is decreased by adding saponite clay. Similarly, the spectrum of PVIBE/ε-PL/
saponite=10/3/0.09 nanocomposite (c) showsmore broadening as compared to that
of PVIBE/ε-PL=10/3 (b). The broadening can be particularly seen at the CαH peak
of ε-PL from 50 to 65 ppm. This is ascribed to the effect of adding clay, too. For
the carbonyl (C=O) peak at ca. 178 ppm, the tendency is clearly observed; a sharp
doublet peak of the crystalline (CR) phase (d), which is observed on top of the
broad peak attributed to the non-crystalline (NC) phase, becomes small by adding
saponite clay (e). Interestingly such a significant broadening does not appear in
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the PVIBE/ε-PL=10/3 blend (b); however, the sharp doublet peak was obscured
after blending with both PVIBE and saponite clay (c). However, the CH-O-CH2
region of PVIBE from 65 to 85 ppm does not show such a broadening by adding
saponite clay, as shown in (b) and (c).

Figure 1. Observed 13C CPMAS NMR spectra of (a) PVIBE, (b)
PVIBE/ε-PL=10/3 blend, (c) PVIBE/ε-PL/saponite=10/3/0.09 nanocomposite,

(d) ε-PL, and (e) ε-PL/saponite-clay=1/0.03 powder, respectively.

To investigate the degree of crystallinity, we examined the 13C CPMAS NMR
spectra separated into contributions from the CR and NC phases on the basis of the
differences in the intrinsic 1H spin-lattice relaxation time in the rotating frame that
characterize CR and NC phases (4, 16). This method provides the same quality
for the degree of crystallinity as well as XRD measurement for each component
even in polymer blends. Furthermore, it can be examined at room temperature
basically and usually. For the T1Cmeasurement, it is not easy to select appropriate
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temperature for both component polymers. The differences among NMR, XRD,
and T1C measurements for detection of the crystallinity are briefly discussed later.
Figure 2(A) shows an example of the spectral separation to the CR (dotted line,
sharp component) and the NC (broken line, broad component) signals for the CαH
peak of pure ε-PL (3) as shown in Figure 1(d). The dotted and broken lines are
the results of linear combinations of the spectra obtained from the different spin-
locking times of 1 μs and 5 ms prior to the CP contact time of 800 μs, respectively.
In order to obtain each line, we have attempted to null the NC and CR signal
contributions, respectively (4, 16). The solid line spectrum is obtained by the sum
of the spectra of the CR and the NC signals.

It is noteworthy that both CR and NC spectra depend on the difference in
chain order only and not on molecular motion. Since the peak intensities decrease
during CP irradiation depending on the contact time, it is necessary to obtain the
efficiency factors of CP enhancement to estimate the correct crystallinity using
both CR and NC integrals. We examined the CP dependency with various CP
contact times from 25 μs to 7 ms to obtain the relative CP efficiencies for both CR
and NC phases at a CP contact time of 800 μs.

The estimated degree of the crystallinity for pure PVIBEwas ca. 20 % and for
pure ε-PL ca. 54 %. These values have an experimental uncertainty of 5 %. The
obtained crystallinity for PVIBE in the PVIBE/ε-PL blends was approximately a
half of that of the pure one (around 10%). However, the values in the PVIBE/
ε-PL/saponite nanocomposites were not affected and remained unchanged at ca.
20 %. This is also confirmed by comparing the expanded spectra of CH-O-CH2
region between Figures 1(b) and 1(c). The degree of crystallinity of ε-PL in the
blends remained unchanged at 54 ± 5% except for PVIBE/ε-PL=10/1 blend where
the value was ca. 30% (6, 7). In the case of nanocomposites, the crystallinity of
ε-PL was changed to be around 45%, except for PVIBE/ε-PL/saponite=10/1/0.03
where the value was 36% (7).

Here, we discuss briefly the difference in sensitivity to both CR andNC phases
towards spectral separation, T1C curve, and XRD (3). Figure 2(B) shows the T1C
curves of the CαH peak of pure ε-PL. The insert is the decay curve obtained from
thewhole integral. The solid circles are obtained from the integrals of the CR phase
and the open circles from those of the NC phase. The data were obtained from the
integrals of the peaks depicted by the dotted line (CR) and by the broken line (NC),
respectively, in Figure 2(A). The sum of both decays is equal to the curve of the
insert. The T1C decay in the insert shows double exponentials and the fraction of
the long component was obtained to be 62 ± 11% by the least square fit with a
conventional double-exponential function. The T1C decay curve of the CR phase
shows single exponential (●) and that of the NC phase non-single exponential (○).
For the CR decay, we obtained the T1C value of 25 ± 2 s by a least-square fit with
a conventional single-exponential curve. This value is comparable to the value of
the long T1C component obtained from the decay of the insert (22 ± 3 s) but not
completely the same: the value obtained from the CR phase is longer than that
of the whole integral. This indicates that the molecular motion of the intrinsic
CR phase is much slower than that estimated from the long T1C component, and
the long T1C component includes the inter-phase, where the molecular motion is
comparable to that of the CR phase. Thus, the value obtained becomes slightly
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shorter than that obtained from the CR phase. Actually, the T1C curve of the
NC phase shows a non-single exponential decay. The dashed and dotted lines
in Figure 2(B) represent the decays of short and long components in the insert,
respectively. The combination of both lines reproduces the T1C curve of the NC
phase (○) well, suggesting that the broad NC component includes both inter-phase
and amorphous regions. It is also important to discuss herewith the accuracy
of crystallinity determined from NMR. The XRD experiment can estimate the
crystallinity reflecting the chain order but not mobility. Figure 2(C) shows the
XRD patterns of whole ε-PL (regular solid line), mostly CR phase (bold solid
line), and almost all NC phase (dotted line). The XRD pattern of the mostly CR
phase was obtained from the linear combination of both XRD patterns of whole
ε-PL and almost all NC phase. The estimated value from XRD is ca. 58 % with an
uncertainly of 5-10% (3). This value is in excellent agreement with that estimated
from spectral separation, 54%, within experimental error. These observations
indicate that spectral separation spectral separation provides the same quality and
accuracy for the crystallinity as well as XRD observation. Of course, it is also true
that T1C provides accurate crystallinity if the appropriate temperature is chosen
because mobility is largely affected by temperature chosen. Furthermore, it has
a potential to provide morphological information ascribed to mobility difference.
Actually, the combination study of the spectral separation and T1C experiments
gives us information on the fraction of inter-phase in the material (3).

Figure 2. (A) Observed and expanded 13C CPMAS NMR spectra of CαH carbon
of ε-PL: dotted line and broken lines represent the CR and the NC phases,
respectively. (B) The observed 13C spin-lattice relaxation curve obtained from
the CR phase (●) and the NC phase (○). The insert is obtained from the entire
integral. (C) Observed XRD patterns of ε-PL (regular solid line),ε-PL mainly
consisted of NC phase (dotted line), and the CR phase (bold solid line).
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Figure 3. DSC curves of PVIBE/ε-PL blends (A) and PVIBE/ε-PL/saponite-clay
nanocomposites (B).

A discussion is needed of the relationship between melting temperature
and the domain size of crystalline phase. For PVIBE/ε-PL blends and
PVIBE/ε-PL/saponite nanocomposites, we found an interesting DSC phenomenon
shown in Figure 3. Figure 3(A) shows DSC curves of pure PVIBE, PVIBE/ε-PL
blends, and pure ε-PL. Similarly, Figure 3(B) depicts DSC curves of the melting
temperature, Tm, region of ε-PL for the PVIBE/ε-PL/saponite nanocomposites.
From Figure 3(A), we recognize that the Tm transition of ε-PL shifts towards lower
temperatures with increasing PVIBE composition although Tm for PVIBE remains
unchanged with ε-PL addition. On the other hand, the Tm transition of ε-PL
in the PVIBE/ε-PL/saponite nanocomposites do not show such a composition
dependence as shown in Figure 3(B). For the PVIBE/ε-PL/saponite=10/3/0.09 to
10/5/0.15 regions, the Tm transition does not change with composition and shows
a constant value of 439 K. This value is comparable to that of PVIBE/ε-PL=10/3
blend. With increasing ε-PL composition, this value decreases to 433 K at
PVIBE/ε-PL/saponite=10/1/0.03. This value is somewhat higher than that of
PVIBE/ε-PL=10/1 blend. Here, if the diluent effect is predominant, the shift
tendency of Tm towards lower temperature with composition is reasonable for
the change of PVIBE/ε-PL/saponite-clay=10/2/0.06 to 10/1/0.03. However, the
constancy of Tm values for PVIBE/ε-PL/saponite-clay=10/3/0.09 to 10/5/0.15
cannot be interpreted as well. On the basis of the Gibbs-Thomson effect (1), the
same lamellar thickness exhibits the same Tm value. The DSC results shown in
Figure 3 imply that the change of Tm is attributable to the lamellar thickness in
the crystalline domain of ε-PL but not to the diluent effect by adding PVIBE.

To investigate the domain size of crystalline phase, we employed the 1H spin-
lattice relaxation decay analysis. The crystalline domain size can be inferred from
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the 1H spin-diffusion rate between PVIBE and ε-PL. Figure 4 shows the T1H curves
observed from PVIBE (CR: ●, NC: ○) and ε-PL (CR: ▲, NC: 4) in PVIBE/
ε-PL=10/1 blend. For pure PVIBE and pure ε-PL, the observed T1H curve of
the CR phase agrees with that of the NC phase due to the fast 1H spin diffusion
between the CR and NC domains; the dotted straight lines represent the respective
relaxation curves of pure PVIBE (0.8 s) and pure ε-PL (2.8 s), respectively. This
figure indicates that PVIBE and ε-PL are heterogeneous on a scale of 20-100 nm,
because both T1H curves are not consistent with each other. Furthermore, the T1H
curve of the CR (▲) for ε-PL is different from that of the NC (4), while that
of CR for PVIBE (●) is the same as that of NC (○). This observation indicates
that insufficient 1H spin diffusion occurs between PVIBE and ε-PL during the T1H
measuring period, and similarly even between the CR and NC phases of ε-PL for
the PVIBE/ε-PL=10/1 blend. This is because the molecular motion of NC chains
of ε-PL becomes much faster after blending with a large amount of mobile PVIBE
enough to hinder the 1H spin diffusion between NC and CR domains even in the
same ε-PL. This indicates that NC chains of PVIBE coexist with and penetrate
into the NC domain of ε-PL intimately much more than the other blends, and then
PVIBE chains are close proximity of the CR chains of ε-PL. Thus, the 1H spins
of PVIBE exchange smoothly with 1H spins in the CR domain of ε-PL as well
as in the NC domain of ε-PL. This results in the three-spin system. Actually,
the observed T1H curves show the typical curvature in the case of insufficient
1H spin-diffusion rate for a three-spin system (17): T1H curves are one concave
(PVIBE) and two convex (ε-PL). For the other compositions, the T1H curves show
the typical two-spin system decay: the CR curve is in good agreement with the
NC curve for each polymer (6, 7).

The proton magnetizationsMi(t) of i spin for two- and three-spin systems are
expressed by equations (1) and (2), respectively as follows:

where and . Symbols A and B denote 1H spins of
PVIBE and ε-PL, respectively. The sum of fA and fB equals to 1.

where , , and
. Parameters f, K, and k represent 1H molar fraction,

intrinsic 1H relaxation rate, and 1H spin-diffusion rate, respectively. Numbers 1,
2, and 3 express 1H spins of PVIBE, NC of ε-PL, and CR of ε-PL, respectively.
The sum of f1, f2 and f3 equals to 1.

The simulated ‘best-fit’ curves are depicted as solid, dashed, and dotted lines
in Figure 4. The simulated lines are in good agreement with the observed data
points. The obtained values areK1 = 1.12 s−1,K2 = 0.39 s−1,K3 = 0.25 s−1, k12 = 0.57
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s−1, k23 = 2.0 s−1, and k13 = 0.33 s−1. The uncertainty is approximately 10 %. The
repeating unit length, L, can be estimated from the relation of L = /(fPVIBE
fε-PL): D is the 1H spin-diffusion coefficient for PVIBE/ε-PL system (380 nm2s-1)
and obtained from the 1H spin-spin relaxation time (18–20).

Figure 4. Observed T1H relaxation curves of PVIBE (CR: ●, NC: ○) and ε-PL
(CR:▲, NC:4) for the PVIBE/ε-PL=10/1 blend. Each solid line represents the
calculated curve from equation (2). The T1H relaxation curves for pure PVIBE

and ε-PL are represented by the dotted lines.

The obtained k, the estimated L, the degree of crystallinity, xC, of ε-PL, and the
domain size which is related to the total lamellar thickness, LC, of the crystalline
phase of ε-PL are listed in Table 1. There exists a good relationship between the
decrease of LC values and the depression of the melting point with decreasing ε-
PL for blends. On the other hand, the LC values for PVIBE/ε-PL/saponite=10/
3/0.09 to 10/5/0.15 exhibit the same value of 30-33 nm within an error of 10%.
For further PVIBE-rich compositions, LC values decreases with PVIBE as well
as those of blends. The LC values for PVIBE/ε-PL/saponite =10/3/0.09 to 10/5/
0.15 are comparable to that for the PVIBE/ε-PL=10/3 blend (35 nm). It is also
interesting and surprising that the Tm values of the PVIBE/ε-PL/saponite=10/3/
0.09 to 10/5/0.15 nanocomposites show the same value of 439 K with each other.
Furthermore, this value is in excellent agreement with that of the PVIBE/ε-PL=10/
3 blend at 440K. For PVIBE/ε-PL=10/2 or 10/1 compositions, similar relationship
also remains; i.e., Tm value depends on the LC value. These results clearly prove
that the Tm value is governed by the lamellar thickness in crystalline domain and
not by the diluent effect in PVIBE/ε-PL.
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Table 1. 1H spin-diffusion rates, k, the estimated repeat lengths, L, of both
PVIBE and ε-PL domains, and the degree of crystallinity, xC, of ε-PL

composition k / s-1 L / nm L × fε-PL / nm xC / % LC / nm

10/1 0.33 569 41 30 12

10/2 0.37 309 42 58 24

10/3 0.20 320 61 57 35

10/4 0.12 350 83 55 46

10/5 0.10 345 97 59 57

10/1/0.03 0.25 654 47 36 17

10/2/0.06 0.38 305 41 46 19

10/3/0.09 0.15 369 70 47 33

10/4/0.12 0.18 286 68 44 30

10/5/0.15 0.21 238 67 49 33

L is estimated from k and the formula of L = /(fPVIBE fε-PL). LC is caluculated
from L × fε-PL × xC/100.

The crystallinity of ε-PL in the PVIBE/ε-PL/saponite=10/5/0.15-10/2/0.06
nanocomposites (around 45%) is lower than that of PVIBE/ε-PL blends (around
55 %). In order to clarify the effect of adding clay on crystallite growth, I
employed the Gibbs-Thomson relation between the lamellar thickness and Tm.
According to the Gibbs-Thomson relation (1), the depression of Tm is inversely
proportional to the CR thickness. The estimated total lamellar thickness, d, is not
suitable for applying the relation directly because we never know the intrinsic
and single lamellar thickness by this NMR simple estimation. However, if the
intrinsic lamellar thickness does not change but the amount of lamellar decreases
with decreasing of the domain size to keep the constancy of crystallinity from
10/5 to 10/2 compositions, the Tm values do not change. Thus, the change of Tm
should be explained by a diluent effect of adding PVIBE. However, the constancy
of Tm for PVIBE/ε-PL/saponite=10/5/0.15 to 10/3/0.09 cannot be interpreted by
the diluent effect. It is reasonable to consider, instead, that the thickness of the
single lamellar layer decreases with decreasing of the crystalline domain size
of ε-PL but the amount increases in the crystalline phase to keep the constant
crystallinity: namely, the estimated value d will correspond to an integral multiple
of the intrinsic and single lamellar thickness, x. Here, I adapt the value, d, to the
Gibbs-Thomson relation instead of the intrinsic and single lamellar thickness of x
to elucidate the effect of adding saponite clay on the crystalline growth of ε-PL.
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Figure 5. Plot of Tm and the total lamellar thickness of ε-PL, d, for the
PVIBE/ε-PL blends. The solid curve is obtained from equation (3).

Figure 5 shows the plot of Tm against the total thickness of the CR phase
of ε-PL, d, in the PVIBE/ε-PL blends. The Gibbs-Thomson effect is given as
following equation.

Here, Tm0, σ, ▵Hm0, and x are, respectively, the melting temperature of a
complete crystal of ε-PL, surface energy at the lamella interface, equilibrium
enthalpy per a unit cell, and the thickness of CR. The solid line is the least-square
fitted curve to the data points by substituting x to d. The fitted curve is in excellent
agreement with the observed data points. The estimated Tm0 and θ are 446.8 ± 0.2
K and 220 ± 10 K·nm, respectively. By using these parameters, the thickness of
CR for pure ε-PL can be estimated to be ca. 120 nm and that of ε-PL/saponite to
be ca. 46 nm. This suggests that adding clay has a large ability of depression of
crystalline size for ε-PL. The degree of crystallinity of pure ε-PL is approximately
54 % but that of ε-PL/saponite is 42 %. The decrease ratio of crystalline size
(1.0 – 46/120 = 0.62) is much larger than the depression ratio of crystallinity (1.0
– 42/54 = 0.22). This indicates that the crystalline phase of the ε-PL/saponite
probably consists mainly of microcrystallites.

Morphology and Impact Resistence

The impact resistence of PK/PA blends becomes much better in the
wet condition, particularly for the range of PK/PA=10/90 to 70/30 (8–10).
Surprisingly, the impact energy under dry condition is around 25 kJ m-2, but at >
1.5% humidity the value exceeds 160 kJ m-2. This large increase of impact energy
occurs for the PK/PA blends with a PA content of over 30 weight % only, and it
is interesting that the wet pure PA sample does not show such an improvement,
though it is seen even for the PK10PA90 blend. The improvement of impact
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resistence under the wet condition is limited to the compositions of 80/20 and
90/10. Furthermore, no improvement is seen for either pure PA or pure PK.
Therefore, the pronounced improvement in impact resistance should be related to
both morphology and humidity.

Figure 6 shows sliced sections of three-dimensional (3D) TEM images of
PK10PA90, PK60PA40, PK80PA20, and PK90PA10 blends. The white color
represents mainly the amorphous region and the black color the crystalline
region. It is clear in the image of PK60PA40 that there is a lamellar-like
structure shown in black ascribed to the crystalline region. Furthermore, there
are many co-continuous spherical amorphous regions. For both pure PK and
pure PA, the lamellar-like structure is not clearly observed in the TEM image.
However, the lamellar-like structure is detected even in the PK90PA10 blend
in the 3D-TEM image, albeit not clearly. It is confirmed from electron energy
loss spectroscopy (EELS) image (9, 10) that this region mainly comes from PK;
hence the lamellar-like structure is assigned to the crystalline lamellar of PK. For
PK80PA20 and PK90PA10 blends, both 3D-TEM images show a characteristic
spherical amorphous domain filled with lamellar structure. For PK10PA90
blend, the 3D-TEM image shows poor contrast but there is a lamellar network
in the deep white region (perhaps amorphous). Considering the PK loading, it
is inconceivable that the entire lamellar network is attributed to the PK chains.
From small angle X-ray scattering (SAXS) study (9, 10), the long period of
lamellae for PK-rich blends is estimated to be ca. 14 nm but that for PA-rich
blends decreases from 14 to 9 nm gradually (21). The long periods of both pure
PK and pure PA are ca. 14 nm and ca. 8 nm, respectively. Therefore, the lamellar
network for the PA-rich blends consists of a mixture network of both PK and PA.
Furthermore, the impact strength of both PK80PA20 and PK90PA10 does not
show the pronounced improvement under the wet condition. This suggests that
the existences of PK lamellae and the co-continuous spherical amorphous region
are strongly related to the improvement in impact resistance.

Figure 6. The 3D-TEM images in are views selected at arbitrary angles for
PK10PA90, PK60PA40, PK80PA20, and PK90PA10 blends.

In order to investigate the structure of the crystalline phase, domain size, and
the effect of humidity on polymer chain, 13C CPMAS NMR spectra were obtained
for both dry and wet conditions. Figure 7 shows the observed and enlarged solid-
state 13C CPMAS NMR spectra of the PK60PA40 blend in the aliphatic (a) and
carbonyl (b) carbon regions. The solid and broken lines represent the 13C CPMAS
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NMR spectra for dry and wet conditions, respectively. By comparing both dry
and wet spectra, it is clear that the signal intensity under the wet condition is
lower than that under the dry condition. The relative intensity of the amorphous
peak of PA decreases more markedly in the presence of moisture, while those of
PK remains unchanged. This indicates that the CP efficiency of the amorphous
phase of PA declines selectively. When water absorption occurs predominantly
in the amorphous phase, the polymer chains display higher mobility than in the
crystalline phase. Since CP works effectively between the 13C and 1H spin pairs
at a lower level of mobility, the CP efficiency in the mobile spins becomes worse.
Similarly, the carbonyl (C=O) peak of PK does not change after water absorption,
while the C=O signal of PA decreases. This observation suggests that water is
absorbed predominantly in the amorphous phase of PA but not in the crystalline
phase of PA and PK and the amorphous phase of PK.

Figure 7. Observed and enlarged 13C CPMAS SSNMR spectra for (a) the
aliphatic and (b) the carbonyl carbon regions of PK60PA40 blend under dry and

wet (broken line) conditions.
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PA is known to have the two crystalline phases, α and γ crystallites (22–26).
In order to clarify the change in the crystalline phase of PA after blending with
PK, we examined the 15N CPMAS NMR spectra of PK60PA40 blend and pure
PA. Figure 8 shows the 15N CPMAS NMR spectra of (a) the PK60PA40 blend and
(b) pure PA under the wet condition.

Figure 8. Observed 15N CPMAS NMR spectra of (a) PK60PA40 blend and (b)
pure PA.

For the wet condition, the amorphous phase of PA is water-absorbed, so that
the CP efficiency of the amorphous phase is depressed. Thus the amorphous peak
is obscured in Figure 8. It is well known that the 15N NMR signal is sensitive
to the difference in the polymer chain direction between the α and γ crystalline
phases of PA and shows a different chemical shift, which is due to the difference
in the circumstances of hydrogen bonding (24–26). The signal ascribed to the α
crystalline phase of PA resonates at 84 ppm and that to the γ crystalline phase at
89 ppm (25). Obviously, the α crystalline phase of PA in the PK60PA40 blend
is dominant compared with that of pure PA: rapid cooling of PA induced the
growth of the γ crystalline phase in pure PA, although the α crystalline phase
is thermally stable usually. This indicates that PK induces the growth of the α
crystalline phase of PA in the blend rather than α crystallites. The relative fraction
of the α crystalline phase of PA changes from 40% to 70% after blending with
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PK. This observation suggests that PK induces the thermally stable α crystalline
phase of PA in the blend. Presumably, the lamellar-like structure of PK will
be stabilized by the alternation of the crystalline phase of PA between parallel
(γ) and anti-parallel (α) chain directions. It is also revealed that PK causes the
crystallization temperature of PA to decrease; a higher crystallization temperature
induces γ crystallites (9). The change in the crystalline form of PA is related to
the complicated morphology detected in the TEM image and to the high impact
properties under the wet condition.

Figure 9 shows the observed T1H curves of both PK and PA in the PK60PA40
blend for both dry and wet conditions. These T1H curves were obtained from the
C=O carbon peaks of PK and PA, respectively. Because both C=O carbons are
close to the protons of the main chain aliphatic carbons or NH, 1H spin diffusion
occurs efficiently even though protons are not bonded directly to carbon within the
CP contact time of 2 ms. The T1H curves of both pure PK and pure PA (dashed
lines) show single exponential decay, resulting in semi-log plots in a straight line.
The T1H values for pure PK and pure PA under the dry condition are 2.06 ± 0.03
s (1/T1H = K = 0.485 s−1) and 1.06 ± 0.01 s (K = 0.943 s−1), respectively. The
values under the wet condition are 1.50 ± 0.01 s (K = 0.667 s−1) for PK and 0.86
± 0.01 s (K = 1.163 s−1) for PA. The T1H rates, K, under the wet condition are
faster than those under the dry condition. This indicates that the molecular motion
of both polymers is affected and is increased by water absorption. For PA, water
is absorbed predominantly in the amorphous phase and the humidity is 1.9%; for
the PA-rich alloys, the humidity is 1.7%. On the other hand, PK absorbs water
without selectivity, and the amount of absorbedwater is only 0.6%. This difference
in water absorption shows that the 13C CPMAS NMR spectrum of PK remains
unchanged under the wet condition, but that there is sufficient water absorption to
change the molecular motion and to affect the T1H of PK.

To obtain the information on domain size, the observed data points are fitted
by equation (1) with fPA of 0.548. The solid lines, which are obtained by the least-
square fit to the data, are in excellent agreement with the observed T1H decay curves
(● and ○) in the PK60PA40 blend. The K values obtained for the dry condition
are 0.53 ± 0.02 s-1 (1.90 s) for PK and 0.81 ± 0.02 s-1 (1.21 s) for PA, respectively:
the values in parenthesis are 1/K. The 1H spin-diffusion rate, k, was 0.8 ± 0.3 s-1.
The values obtained for the wet condition are KPK = 0.66 ± 0.04 s-1 (1.51 s), KPA
= 0.95 ± 0.04 s-1 (1.05 s), and k = 0.7 ± 0.5 s-1, respectively. The initial relaxation
rate of PA, KPA, in the blend is more affected by blending with PK than that of PK.
The KPA value is slower than that of pure PA by ca. 0.2 s−1, whereas that of PK in
the blend is comparable to that of pure PK. This observation suggests that PA is
dispersed and located in the PK matrix. It also indicates that the molecular motion
of PA is greatly affected after blending with PK. Since the molecular motion of
the rigid PK lamellar structure is not influenced by PA, the initial relaxation rate
does not change after blending, whereas that of PA is altered. On the other hand,
the 1H spin-diffusion rate, k, is comparable to the initial relaxation rate of both
polymers and intermediate between KPK and KPA. This value indicates that 1H spin
diffusion is slow, but that the two polymers are not completely phase-separated on
a scale of several tens to several hundreds of nm. The maximum diffusive path
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length, (i.e., average value of r), for the three-dimensional diffusion model
is estimated by ; D is the diffusion coefficient for proton spin energy. From
the TEM images that show that the direction of the lamellae is not uniform, and we

employed the to estimate the domain size. The effective D value (27, 28)
has been estimated to be ca. 700 nm2s−1 from both diffusion coefficientsDPK = 840
nm2s−1 andDPA = 600 nm2s−1, which are obtained from the 1H spin-spin relaxation
rate (20). The estimated path length, r, is about 77 nm. Thus, the average domain
size is approximately 150 nm which is twice as large as r. This value is consistent
with the averaged overall size of the elliptical (or spherical or cylindrical) domains
measured from the 3D TEM.

Figure 9. Semi-logarithmic plots of normalized T1H decay curves for PK (●)
and PA (○) in the PK60PA40 blend under the dry and wet conditions. Dashed
lines represent T1H decay curves for pure PA and pure PK. The solid lines were

obtained with equation 1.

Thus, the domain size under the wet condition did not change as compared
to that under the dry condition. From 3D TEM image, however, it was suggested
that the creation of the co-continuous spherical amorphous region contributes the
high impact resistance, and PK crystalline lamellae are evidently formed only by
blending with PA. From the NMR study, it was futher revealed that the γ crystalline
phase is converted to the α crystalline phase for PA by blending with PK, and water
absorption occurs selectively in the amorphous region of PA. These observations
indicate that the water-absorbing amorphous phase of PA plays an important role in
enabling PK/PA blends to exhibit high impact resistance and toughness. Actually,
from SAXS the long period of PK lamellae becomes wider by approximately 1
nm under the wet condition through the swelling of PA amorphous phase (9, 21).
Hence, the combination of both rigidity of PK lamellae and elasticity of water-
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absorbing amorphous phase of PA is needed to obtain high impact properties,
modulus, and toughness.

Conclusion

In this article, I first showed the relationship between the domain
size of crystalline phase and Tm of ε-PL for both PVIBE/ε-PL blends and
PVIBE/ε-PL/saponite nanocomposites. The Tm values are associated with the
total lamellar thickness estimated from an analysis of the effect of 1H spin
diffusion on T1H. Even so, it is disputable whether the calculated value is really
related to the single lamellar thickness. As I mentioned above, there are two
possibilities for the lamellar thickness in the case of similar crystallinity. One is
that the lamellar thickness does not change but the amount of lamellar decreases
with decreasing domain size. Another one is that the thickness of the single
lamellar layer decreases with decreasing crystalline domain size of ε-PL but the
amount increases in the crystalline phase to keep the crystallinity constant. The
mostly constant crystallinity has been estimated, as listed in Table 1 for 10/2 to
10/5 compositions. In the latter case, Tm changes as expected with the estimated
LC value and obeys the Gibbs-Thomson relation. If the actual morphology is
similar to the former condition, the decreasing Tm can be explained by the diluent
effect of adding PVIBE. In actual fact, we cannot distinguish between the diluent
effect and the Gibbs-Thomson effect from the LC estimation for the blends only.
However, it is also true that the diluent effect cannot explain the constancy of Tm
observed for the nanocomposites. The decrease of the lamellar thickness gives
unambiguous solution of the shift and the constancy of Tm values observed for
both blends and nanocomposites, if the estimated LC value is comparable to the
summation of a single lamellar layer thickness.

Furthermore, the relationship between the crystalline structure and impact
property for the PK/PA blends is elucidated. The high impact resistance
and toughness of PK/PA blends are the result of the interactions among the
water-absorbing amorphous phase of PA, the existence of lamellar-like structure
of PK, and the conversion of PA crystallite types.

Acknowledgments

I am very grateful to collaborators at National Defense Academy, NISSAN
ARC LTD., and Industrial Technology Center of Okayama Prefecture for their
helpful and valuable cooperation with this study.

References

1. Strobl, G. R. The physics of polymers; Springer-Verlag: Berlin, 1996;
Chapter 4.

2. Kitamaru, R.; Kaji, K. Kobunshi Jikken-gaku. In Kobunshi no Kotai Kouzou
II (Solid structure of polymer II); Kyoritsu Shuppan Co., Ltd.: Tokyo, 1984;
Vol. 17, Chapter 6 (in Japanese).

102

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

5

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



3. Asano, A.; Tanaka, C.; Murata, Y. Polymer 2007, 48, 3809–3816.
4. VanderHart, D. L.; Asano, A.; Gilman, J. W. Chem. Mater. 2001, 13,

3781–3795.
5. VanderHart, D. L.; Asano, A.; Gilman, J. W. Chem. Mater. 2001, 13,

3796–3809.
6. Asano, A.; Murata, Y.; Kurotsu, T. e-J. Soft Mater. 2007, 3, 1–8.
7. Asano, A.; Tanak, C.; Kurotsu, T. Macromolecules 2008, 41, 9469–9473.
8. Asano, A.; Nishioka, M.; Kato, A.; Takahashi, Y.; Sawabe, H.; Arao, M.;

Sato, S.; Sato, H.; Izumi, T.; Drozdova, O.; Ishikawa, D.; Hasegawa, T.;
Okamura, T.; Nagata, K.; Hikasa, S.; Iwabuki, H. Polym. Prep. 2008, 49,
682–683.

9. Asano, A.; Nishioka, M.; Takahashi, Y.; Kato, A.; Hikasa, S.; Iwabuki, H.;
Nagata, K.; Sato, H.; Hasegawa, T.; Sawabe, H.; Arao, M.; Suda, T.;
Isoda, A.; Mukai, M.; Ishikawa, D.; Izumi, T. Macromolecules 2009, 42,
9506–9514.

10. Kato, A.; Nishioka, M.; Tkahashi, Y.; Suda, T.; Sawabe, H.; Isoda, A.;
Drozdova, O.; Hasegawa, T.; Izumi, T.; Nagata, K.; Hikasa, S.; Iwabuki, H.;
Asano, A. J. Appl. Polym. Sci. 2010, 116, 3056–3069.

11. Shih, I. L.; Shen, M. H.; Van, Y. T. Bioresource Tech. 2006, 97, 1148–1159.
12. Bennet, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G. J.

Chem. Phys. 1996, 103, 6951–6958.
13. Peersen, O. B.; Wu, X.; Kustanovich, I.; Smith, S. O. J. Magn. Reson. 1993,

A104, 334–339.
14. Metz, G.; Wu, X.; Smith, S. O. J. Magn. Reson. 1994, A110, 219–227.
15. Torchia, D. A. J. Magn. Reson. 1978, 30, 613–616.
16. VanderHart, D. L.; Pérez, E. Macromolecules 1986, 19, 1902–1909.
17. Asano, A.; Takegoshi, K.; Hikichi, K. Polymer 1994, 35, 5630–5636.
18. VanderHart, D. L.; McFadden , G. B. Solid State Nucl. Magn. Reson. 1996,

7, 45–66.
19. Demco, D. E.; Johansson, A.; Tegenfeldt, J. Solid State Nucl. Magn. Reson.

1995, 4, 13–38.
20. Assink, R. A. Macromolecules 1978, 11, 1233–1237.
21. Takahasi, Y.; Nishioka, M.; Kato, A.; Hikasa, S.; Iwabuki, H.; Nagata, K.;

Asano, A. Kobunshi Ronbunshu 2009, 66, 577–584.
22. Weeding, T. L.; Veeman, W. S.; Gaur, H. A.; Huysmans, G. B.

Macromolecules 1988, 21, 2028–2032.
23. Okada, A.; Kawasumi, M.; Tajima, I.; Kurauchi, T.; Kamigaito, O. J. Appl.

Polym. Sci. 1989, 37, 1363–1371.
24. Hatfield, G. R.; Glans, J. H.; Hammond, W. B. Macromolecules 1990, 23,

1654–1658.
25. Mathias, L. J.; Davis, R. D.; Jarrett, W. L. Macromolecules 1999, 32,

7958–7960.
26. Andreis, M.; Koenig, J. L. Adv. Polym. Sci. 1995, 124, 191–237.
27. Clauss, J.; Schmidt-Rohr, K.; Spiess, H. W. Acta Polym. 1993, 44, 1–17.
28. Mellinger, F.; Wilhelm, M.; Spiess, H. W. Macromolecules 1999, 32,

4686–4691.

103

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

5

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Chapter 6

Investigation of Filler-Matrix Interactions and
Confinement Effect in Polymer Nanocomposites

K. P. Pramoda,*,1 K. Y. Mya,1 T. T. Lin,1 J. Wang,1 and C. B. He1,2
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Singapore, 7 Engineering Drive 1, Singapore 117574
*E-mail: pramoda-kp@imre.a-star.edu.sg

Although nanocomposites are known for decades, the
molecular interactions under the confined environments of such
composites are not well understood. In this article we report
the influence of two types of fillers, viz., graphite (G) and
graphene oxide (GO) nanosheets, on polyimide (PI) matrix with
varying filler content. Solid state NMR and thermo-mechanical
analysis were deployed to characterize the morphology of
hybrid materials and the interactions between the polymer
and the filler. CP-MAS and relaxation experiments were
performed to probe the interaction between inorganic and
organic phases on a molecular level and to elucidate polymer
dynamics. NMR relaxation measurements further helped in
elucidating the polymer dynamics and were supplemented by
thermo-mechanical relaxation. From the relaxation data it is
clear that GO interacts better than G with the polyimide matrix.
This is further confirmed by the higher modulus observed for
PI-GO nanocomposites than for PI-G.

Introduction

Nanocomposites are a newly emerged class of composite materials that
incorporate relatively small percentages of nanometer-sized filler particles.
Nanocomposites with carbon as filler materials exhibit improved electrical,

© 2011 American Chemical Society
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thermal and mechanical properties (1, 2). Among the various other carbon
additives, graphite is much more attractive to researchers as it is comparable
to carbon nanotube (CNT) in properties. Moreover, it has a layered structure
(similar to clay) constituted by a large number of graphene sheets held by van
der Waals forces (3, 4). Therefore, pretreatment and modification of graphite is
necessary to achieve the nanosheet distribution of graphene. Surface treatment
of graphene makes it more compatible to polymer matrix which helps good
dispersion in a polymer matrix, resulting in nanocomposites with excellent
mechanical and electrical properties. Polymer nanocomposites find applications
in automobile, food packaging and biomedical industries due to improvements
in thermal, physical and gas permeability properties of the polymers attributed
to the nanoscale filler materials. For silicates, these enhancements are achieved
with less than 10% wt addition of the exfoliated nanoscale dispersion of 1 nm
thick layers, with diameters between 20 and 500 nm. This is in stark contrast to
conventional polymer fillers, such as talc, mica, silica, and carbon black, which
require high concentrations (>30 wt %) and may cause deterioration of fracture
toughness and in processibility.

Daniel et al (5) reported a 15% improvement in elastic modulus of 1 wt %
expanded graphite (EG)-epoxy nanocomposite over pure epoxy and attributed it to
the in-situ formation of graphite nanosheets as well as to their uniform dispersion
and exfoliation in the epoxymatrix. High density polyethylene reinforced with EG
and untreated graphite by amelt compounding process also shows an improvement
in the electrical and mechanical properties of nanocomposite (6). Poly(methyl
methacrylate)-EG composites prepared by in-situ polymerization exhibits better
mechanical and electrical properties than those prepared using solution blending
methods (7). Although epoxy and thermoplastic nanocomposites with graphite/
graphene oxide nanosheet fillers have been studied, to our knowledge, there have
been no reports available on polyimide (PI)-based graphite nanocomposites.

Polyimides (PIs) are widely used in defense and aerospace applications as
well as in the electronics industry for a variety of applications because of their high
temperature resistance, low dielectric constant, inertness to solvent, and long-term
stability (8). Polyimide nanocomposites with various fillers such as CNT, clay, and
POSS (Poly Oligomer SilSesquioxane) have been studied (9–12). In this article we
report on the influence of two types of fillers, namely, graphite (G) and graphene
oxide (GO) nanosheets, on polyimide matrix with varying filler content. Solid
state nuclear magnetic resonance (SSNMR) spectroscopy and thermo-mechanical
analysis were deployed to characterize the morphology of hybrid materials and
the interaction between the polymer and the filler. The chemical oxidations of
graphite to graphite oxide are confirmed by XRD. The interaction between filler
and the polymer matrix is further studied by XPS analysis. In addition, dynamic
mechanical thermal analysis (DMTA), and thermomechanical analysis (TMA) are
applied to characterize the glass transition temperature (Tg), storage modulus (E′),
and coefficient of thermal expansion (CTE).
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Experimental Section

Materials and Synthesis of Polyimide Composites

Biphenyltetracarboxylic dianhydride, phenylene diamine, and N-methyl-2-
pyrrolidinone (NMP) were purchased from Sigma-Aldrich. All the monomers
were purified before use. Graphite, donated generously by Asbury Carbons
(Asbury, NJ, 3775 grade) was used as received and also oxidized by a modified
Hummer’s method (13). The poly(amic acid) (PAA) precursor solution was
prepared through polycondensation reaction between dianhydride and diamine
in NMP. The resulting PAA solutions were controlled to have solid contents of
10-15wt%. In a separate flask, the filler (G/GO) was first uniformly dispersed in
NMP using an ultrasonic bath to obtain their respective nanosheet. After that, the
required amount of G-NMP/GO-NMP was added to the PAA solution and stirred
continuously. The solution was then cast on a glass plate using automatic film
applicator and thermally treated at 100°C for 1 h, 200°C for 1 h, and 300°C for 4
h, respectively. The films were then removed from the glass substrate with the
aid of warm water and dried at 50°C in a vacuum oven for 2 days. The thickness
of the films was ~100 µm. Hereafter, the PI composite film with G filler was
denoted as “PI-G” and the film with GO filler “PI-GO.”

Characterization

X-ray diffraction (XRD) patterns of the samples were recorded by using a
Bruker GADDS diffractometer, with an area detector operating under 40 kV and
40mA, using CuKα radiation (λ = 0.154 18 nm). X-ray photoelectron spectroscopy
(XPS) data were recorded using a VG Scientific EscaLab 220 IXL spectrometer
with an Al Kα X-ray source (hν = 1 486.6 eV). The spectra were corrected for
carbon shift binding energy, Cs = 284.5 eV in order to determine the accurate
binding energies. SSNMR measurements were carried out with Varian 400 MHz
(9.4 T) wide bore spectrometer and the samples were spun at the magic angle
at the rate of 15 kHz using a 4 mm double resonance probe. The spectrometer
was operated at resonance frequencies of 100 and 400 MHz to obtain 13C and 1H
spectra, respectively. The spectra were referenced using tetramethylsilane (TMS).
Thermomechanical behavior of the composites was analyzed with the help of
dynamic mechanical thermal analyzer (DMTA) and thermo mechanical analyzer
(TMA) from TA Instruments. The modeling and simulation on these complexes
were done using Materials Studio software and DMol3 (14). The binding energy
was calculated using the density functional theory (DFT) calculation with the
following equation:
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Results and Discussion
Chemically oxidized graphite (G) is known as graphene oxide (GO) which

forms a stable dispersion in water or other organic solvents leading to GO
nanosheets. The extent of oxidation and the surface structure of GO are the key
parameters to improve their compatibility with the polymer. The oxidation of
graphite may affect its chemical structure and was confirmed by XRD and FTIR
(15). Figure 1 represents the XRD pattern of G and GO together with its polymer
composites. A strong peak is observed at 2θ = 26.6° for G and a scattering signal
at 2θ = 9° for GO. The peak at 26.6° represents the intact crystal lattice in G and
the peak at 9° for GO corresponds to a layer spacing of 10 Å (16). The absence
of the peak at 26.6° (2θ) in GO implies that the crystal lattice structure of G has
been disrupted. On the other hand, a small peak that appears at 26.6° (2θ) in the
PI-G composites shows the intercalation of graphite in the PI matrix. However,
the absence of the peak at 9° (2θ) that is the characteristic of GO in the PI-GO
composites indicates that the packing of the GO has been entirely disrupted by
PI-chains.

Figure 1. XRD spectra for G and GO along with the neat PI, PI-G and PI-GO
systems, respectively.

The interaction between filler and the PI matrix plays a critical role in the
property enhancement in the nanocomposites and therefore it is studied by XPS
and SSNMR analyses. XPS provides information on the specific interaction in
polymer nanocomposites as the binding energy (BE) of a core-level electron
depends on its chemical environment (17). SSNMR reveals the structure,
conformation and dynamics of polymer chains in the composites, and thereby
the interactions between the polymer and the filler. However, there have been
only a few papers on the application of SSNMR to the structure and dynamics
of organic-inorganic hybrid nanomaterials. VanderHart’s research group at
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NIST has studied Nylon-6/clay nanocomposites, including clay dispersion,
crystal stratification, and stability of organic modifiers, using 1H T1 relaxation
times. Nanodispersion in polystyrene-montmorillonite nanocomposites was also
investigated by Gilman and coworkers (18–20).

Figure 2 shows the 1H NMR spectra of the PI nanocomposites. It is observed
that the peak shifts upfield from 7.73 ppm in neat PI to 7.16 ppm along with the
presence of shoulder peaks (3.01 and 0.84 ppm) in PI-GO system. It is clearly
indicated that the interaction between filler and the matrix depends on the structure
and relaxation of polymer chains. In addition, the incorporation of GO shows a
better intensified peak compared to G, indicating better compatibility between the
filler and the matrix in PI-GO system.

Figure 2. 1H SS NMR spectra for neat PI, and 1 wt% of PI-G, PI-GO.

Relaxation measurements on these samples can be informative as well. The
T1 relaxation times for 1H and 13C are tabulated in Table 1. The T1 values for the
composites are reduced compared to neat PI. The T1 values for both 1H and 13C
are reduced in the following order PI > PI-G > PI-GO. This trend suggests strong
filler-matrix interaction between PI chains and GO nanosheets compared to PI-G.
This was further verified by thermomechanical properties such as modulus and
CTE enhancement (discussed later) in PI-GO composites as compared to PI-G.

The N 1s binding energies (BEs) for PI composites are displayed in the Table
1. As seen in the Table, the peak at 400.8 eV in neat PI is shifted by 0.8 eV for 1
wt% GO (400 eV) and the shift is only 0.4 eV in the case of 1 wt% G (400.4 eV).
The magnitude of the changes in BEs of N 1s correlates well to the strength of
interaction, indicating that the interaction between PI and GO is stronger than that
in PI-G composite. The observed strong interaction in PI-GO system is possibly
due to the presence of functional groups such as OH, COOH, and epoxy, which
becomes the preferable site for the interaction with the linear chain packing of PIs.
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However, the observed decrease in the BE values are not prominent, mainly due
to the lower sensitivity of N1s in the XPS measurement.

Table 1. N1s XPS and 1H SS NMR fit data along with their relaxation time

T1 (s)BE N1s XPS (eV)
13C 1H

PI 400.8 38 1.5

PI-G-1% 400.4 32 1.0

PI-GO-1% 400.0 22 0.3

Thermomechanical properties of PI composites were determined by DMTA
and TMA analyses. Figure 3 shows the DMTA curves for PI-G and PI-GO
composites with 1 wt% of G and GO, respectively. The storage modulus (E′)
increased with increasing filler (G/GO) content as seen in Figure 3. Table 2
summarizes the storage modulus (E′) at 100°C along with α and β transition
temperature (Tα and Tβ). Tα or Tg ~ 340°C; the presence of filler did not affect
much the Tg of the PI matrix. The observed modulus enhancement was greater
with GO addition as compared to PI-G system. A ca. 38% improvement in E′
for 1 wt% of G loading was observed versus an increase of ca. 106% with GO
loading for PI-GO composites. The extent of increase in E′ was greater in the
PI-GO system, which is possibly due to the better interaction between the GO
and the PI, leading to both physical and chemical cross-linking between filler
and the PI matrix, as evidenced by the 1H-NMR spectra. In comparison to our
system, PI-clay composites (10) showed a modulus increase of ~42% with 2 wt%
clay loading relative to that of neat PI. Similarly, Zhu et al (11) also reported
that the modulus of the PI-multi-walled carbon nanotube (MWCNT) composites
exhibited 40% increase with 5 wt% of MWCNTs content.

Table 2. Storage modulus, (E′@100°C), Tβ, Tα(Tg), and CTE values

Tβ (°C) Tα(Tg)
(°C)

E′ (GPa)
@ 100°C

CTE (100-250°C)
ppm/°C

PI 191 341 8.41 15.70

PI-G-1% 187 340 11.6 3.98

PI-GO-1% 186 344 17.3 1.67
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Figure 3. Temperature dependant storage moduli and tangent delta for the neat
PI and its composites.

The influences of G/GO on the CTE of the PI composites were also
investigated, and the results are shown in Table 2. It was found that the CTE
decreased when G and GO were incorporated into the PI matrix. The CTE of
the PI composite films is significantly reduced by about 75% and 90%, for 1%
loading of G and GO, respectively. Since CTE depends on the rigidity of PI-chain
and the interaction between PI and the fillers, the observed decreases in the CTE
for PI-G and PI-GO composite systems suggested that the interaction between
PI-chain and the G/GO nanosheet were strong which hindered the motion of
the PI-chain. On the other hand, the relatively lower CTE observed in PI-GO
when compared with PI-G could be attributed to the strong interaction between
the GO with PI-chain, which has been confirmed by XPS and NMR studies.
Furthermore, our DFT calculation also suggests that the binding energy for the
composite PI-GO was found to be 10.7 kcal/mol with an orbital cutoff 3.7 Å
while it was only 3.7 kcal/mol for PI-G with same value of cutoff (i.e. 3.7 Å).
The theoretical calculations also supported our experimental findings; i.e., the
interactions between the PI-chains and the GO nanosheets are much stronger than
that in the PI-G.
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Conclusions

Spectroscopic investigation was carried out to determine the relaxation
behavior of PI composites. The relaxation times obtained from NMR analysis
indicate that the interaction between PI chain and GO nanosheet is stronger than
that in PI-G composites. In agreement, the DFT calculations revealed that the
chemical compatibility achieved between PI and filler were mainly with GO
rather than G. Dynamic mechanical thermal analysis shows that the incorporation
of GO nanosheets significantly enhance the storage moduli of PI nanocomposites
compared to that of G nanosheets. The moduli improved ~106% with only 1 wt%
GO nanosheets while it is only ~38% with G nanosheets. The extent of thermal
expansion coefficient drop in the case of GO incorporation is greater than that of
G.
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Chapter 7

1H MAS NMR Spectroscopy of Polyethylene
Acrylic Acid Copolymers and Ionomers
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High speed solid-state 1H MAS NMR spectroscopy has been
used to characterize a series of poly(ethylene-co-acrylic acid)
P(E-AA) materials where the distributions of the pendant
carboxylic acid group along the polymer backbone are precisely
controlled. Ionomers obtained from partial neutralization of
the carboxylic acid within these P(E-AA) materials with Zn2+
or Li+ were also investigated. Using a combination of 1D 1H
MAS NMR and 2D 1H MAS NMR double quantum (DQ)
and NOESY correlation experiments, details about the local
P(E-AA) structure were obtained. The influence of precise
versus random spacing of the carboxylic acid and the impact of
Li- and Zn-neutralization on the polymer structure is discussed.

Introduction

The control and tailoring of polymermicrostructure to suit the final application
of the material remains an important objective. In addition, the ability to precisely
locate ions within the polymer structure and morphology is predicted to provide

© 2011 American Chemical Society
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control over the performance of ionomer membranes. Advances in the acyclic
diene metathesis (ADMET) and ring-opening metathesis polymerization (ROMP)
chemistry have now allowed production of polymers where the functional groups
are precisely and pseudo-randomly placed along the polyethylene chain. Recent
examples include the introduction of alkyl chains, halogens, phosphonic acids, and
carboxylic acid groups with very controlled chain spacing (1–4). Understanding
the local structure and morphology variations that occur with the inclusion of these
functional groups is an area of active research. Characterization of these precise
polymer materials has included the use of solid-state NMR spectroscopy; with
13C, 19F and 31P magic angle spinning (MAS) NMR (2, 3, 5), and static 2H NMR
(4) investigations exploring the impact of random versus precise functional group
incorporation on polymer crystallization.

In this chapter, we present then high speed 1H MAS NMR characterization
of a series of poly(ethylene-co-acrylic acid) copolymers, P(E-AA), and both
Zn- and Li-neutralized P(E-AA) ionomers. The term ionomer has found use in
literature to describe polymers that have ionic functional groups in humidified
environments. For example, Nafion in considered an ionomer in both the acidic
and neutralized salt form, because the sulfonic acid readily ionizes with water. In
the present discussion we will refer to the non-neutralized P(E-AA) materials as
acid copolymers, and the Li- or Zn-neutralized P(E-AA) systems as ionomers.
This distinction arises because the P(E-AA) copolymer acts as a weak acid, with
the carboxylic acids not being extensively ionized in a humid environment.

The 1H MAS NMR spectra of polymers below Tg are commonly broad
unresolved lines due to the presence of strong 1H-1H dipolar coupling (6,
7). Utilizing high speed (> 30 kHz) MAS spinning, this dipolar coupling is
significantly reduced producing spectra with increased spectral resolution (8).
Even though the 1H MAS NMR spectra for the P(E-AA) materials detailed here
are relatively simple, details about the local hydrogen bonding environment and
spatial connectivity between different functional groups can readily be obtained
using variable temperature (VT) and multi-dimensional NMR spectroscopy
correlation experiments as described below.

Experimental Section

Material Preparation

The synthesis and characterization of the linear poly(ethylene-co-acrylic
acid), P(E-AA), materials have been previously described (1). Polymers with
precisely spaced carboxylic acid groups were prepared using the ADMET
chemistry. These polymer samples are designated as p9AA, p15AA and p21AA,
and reflect samples where the carboxylic acid groups are precisely (p) located
every 9th, 15th and 21st carbon along the backbone, respectively. The relative
acid concentrations are 22, 13.3, and 9.5 mol%, respectively. A ROMP synthesis
method was used to produce materials of equivalent acid concentrations, but
with the carboxylic acid groups pseudo-randomly distributed along the polymer
backbone. The designation r15AA, r21AA and r44AA reflect the random (r)
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nature and the average number of carbons between acid groups. The structures of
these random and precise materials are shown in Scheme 1.

Scheme 1. Structures of poly(ethylene-co-acrylic) acid copolymers and the
corresponding Li- and Zn-neutralized ionomers.

The Zn2+ neutralization of the P(E-AA) copolymers has been previously
described (9). These polymer samples are designated as p21AA-56%Zn,
p21AA-116%Zn, p15AA-82%Zn and p9AA-66%Zn to reflect the initial precise
copolymer and the extent of neutralization. The Li+ neutralized material was
prepared by dissolving the acid copolymer in a 1:4 mixture of 1,4-dioxane
and 1-butanol at 90 oC, adding the appropriate amount of lithium acetate salt,
followed by filtration of the resultant precipitant. These Li-neutralized materials
are designated as p22AA-43%Li, p15AA-45%Li and r15AA-31%Li. The extent
of Zn2+ or Li+ neutralization achieved was determined using inductively coupled
plasma elemental analysis performed by Galbraith Laboratories (Knoxville, TN).
The generalized structure for the exchanged P(E-AA) copolymers is shown in
Scheme 1. The materials utilized for the NMR studies had previously been hot
pressed at 150 oC (~ 0.4 mm film thickness) for X-ray scattering analysis. These
polymer films were used as received unless otherwise noted.

Solid-State 1H NMR Spectroscopy

The solid-state 1D 1H magic angle spinning (MAS) NMR spectra were
obtained on a Bruker AVANCE-III spectrometer operating at 600.13 MHz using
a 2.5 mm broadband MAS probe, using N2 for spinning. A rotor-synchronized
Hahn spin echo pulse sequence was employed (Figure 1a), with 2.5 µs π/2 pulse,
16 scan averages, and a 5 s recycle delay. The rotor spinning speed for analysis
was 30 kHz, unless specifically noted. Spin regulation was maintained at ± 1Hz
through the experiments. It is known that significant frictional heating occurs
at high MAS speeds. The actual sample temperature was calibrated using the
207Pb chemical shift change of a secondary Pb(NO3)2 sample (10, 11), with all
temperatures reported in this chapter reflecting this correction. The 1HMASNMR
chemical shifts were referenced to the secondary external standard adamantane, δ
= +1.63 ppm with respect to TMS δ = 0.0 ppm.
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The 2D 1H MAS NMR double quantum (DQ) to single quantum (SQ)
correlation experiments utilized the chemical shift anisotropy (CSA) and off-set
compensated Back-to-Back (BaBa) multiple pulse sequence for the excitation
and reconversion of the multiple quantum coherences as shown in Figure 1b
(8). The 0 → ±2 → 0 → 1 coherence pathway was selected using a 64 step
phase cycle, 128-256 non-rotor synchronized t1 increments, a 2.5 µs π/2 pulse
length, 8-64 scan averages, and an excitation/reconversion length τexc of 66.66
µs, and a dephasing delay of τ0 = 10 µs. Phase sensitive detection in the F1
dimension was obtained using the States-TPPI method (12). For this excitation
time the observation of signal in the DQ NMR spectra reveals the existence
of dipolar coupling between a pair of nuclei with 1H-1H distances < 5 Å. The
solid-state 2D 1H NOESYMAS NMR correlation experiments utilized a standard
non-rotor-synchronized sequence (Figure 1c) with mixing times τmix ranging
to 1 ms. Typically 8 to 16 scan averages were employed with 512 to 1024 t1
increments. Spectral deconvolutions were performed using the DMFIT software
package (13). The average 1H-1H dipolar coupling constants were obtained
from simulation of the 1H MAS NMR spectra using in house software written in
MATLAB 2010a (The Mathworks, Inc.).

Figure 1. Solid-state 1H MAS NMR pulse sequences utilized: a) 1D
rotor-synchronized Hahn spin echo, b) 2D DQ-SQ MAS NMR correlation

experiment using the DQ BaBa excitation/reconversion sequence, and c) 2D 1H
MAS NMR NOESY. In these sequences the rotor period is defined as τR.

Ab Initio Calculations

The small acid-, ester- and Li-containing clusters were optimized in
the Gaussian 09 software (14) (Gaussian Inc., Wallingford CT) using the
6-311++G(2d,2p) basis set (15, 16), and density functional theory (DFT) utilizing
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Becke’s three parameter exchange functional (17), and the LYP correlation
function (B3LYP). The optimizations utilized a surrounding PCM solvent with
a dielectric of ε = 2.3 to represent the surrounding continuum of a PE polymer.
The integral equation formalism (IEF-PCM) model was implemented for these
calculations (18). The chemical shielding tensors, σ, were calculated using
the Gaussian 09 program utilizing the gauge-including atomic orbital (GIAO)
method at the DFT level (19). All NMR shielding calculations for the small acid
clusters used the same exchange and correlation functionals and basis sets as for
the structure optimization. The NMR chemical shift is defined with respect to the
chemical shielding of the TMS reference species by

where positive δ values represent environments that are deshielded and resonate
at a higher frequency.

Results and Discussion
1H MAS NMR

The solid state 1H MAS NMR spectra for the different random and precise
P(E-AA) materials are shown in Figure 2. As predicted for such a simple
copolymer, two major resonances were observed corresponding to protons in
a methylene (CH2) environment (δ ~ +1.5 ppm) and to protons in carboxylic
acid (COOH) environment (δ ~ +12 ppm). The high chemical shifts suggest
that the carboxylic acids are strongly hydrogen bonded and were assigned to
acid-acid dimers as shown in Scheme 2. The relative intensity of the COOH
resonance scales correctly with the overall acrylic acid mol % (see Figure 2).
For example, the p9AA (22 mol %) copolymer has the largest relative COOH
intensity. The methine CH resonance (δ ~+2.2 ppm), and the CH2 groups α to
the COOH functionality (δ ~ 1.5 to 1.7 ppm) were not resolved below Tg under
the current MAS conditions. At very high temperatures in the melt (> Tg or Tm)
the methine resonance was observable in the 1D 1H MAS NMR spectra. The 1H
NMR chemical shifts and full width at half maximum (FWHM) line widths for
the observed resonances are given in Table 1.

Minor proton environments were also observed in several of these P(E-AA)
materials, and include small amounts of adsorbed water ( δ ~ +4.8 ppm), and
a carboxylic ester resonance at δ ~ +3.4 ppm (see r15AA in Figure 2). The
assignment of this ester resonances is based on the presence of additional minor
OCH3 carbon species, δ(13C) ~ +51 ppm, and an additional minor C=O species, δ
= +174 ppm, observed in both the solution and the solid state 13C NMR. It should
be noted that this lot of the r15AA polymer had some residual adsorbed methanol
remaining from polymer precipitation and processing, which was finally removed
after extensive vacuum pumping at 80 oC (see upper spectral inset, Figure 2). For
the final (vacuum dried) r15AA sample, the carboxylic ester resonance represents
a minor proton species and corresponds to ~1 to 3% (assuming a CH3 integration)
of the entire 1H concentration. For samples containing observable carboxylic
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ester, a second carboxylic acid resonance (COOHb) was also observed at δ ~ +7
ppm. The smaller 1H chemical shift of this acid species reflects a reduction in
the hydrogen bond strength, and is assigned to carboxylic acids that are free or
complexed to the carboxylic acid ester, instead of the strong hydrogen bonded
acid-acid dimer structure. Additional discussion concerning the local COOHb
proton environment is provided in the section on 2D correlation experiments
below. The relative integration of the COOHa and COOHb carboxylic acid
resonances are given by the a/b ratio in Table 1, and range between 10 and 3 for
the r15AA and r21AA samples, respectively.

Figure 2. The solid-state 1H MAS NMR spectra (νr = 30 kHz, 332 K) for
the precise and pseudo-random P(E-AA) copolymers. The NMR spectra are
dominated by protons in the methylene and carboxylic acid environments.

Scheme 2. Proposed carboxylic acid dimer structure and carboxylic acid –
carboxylic acid ester structure based on small cluster optimizations using ab
initio DFT B3LYP/6-311++(2d,2p) methods. Simulation details are given in the

experimental section.

While the methylene can be deconvoluted into a broad and narrow component
resonance under high speed (30 kHz) MAS, there are no clear 1H NMR spectral
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signatures that allow quantification of the amorphous and crystalline morphologies
known to be present within these pseudo-random and precise P(E-AA) acidic
copolymers. The different contribution to the methylene line width are better
resolved by analysis of static 1H spectral line shapes and DQ buildups, but are
not discussed here. The crystalline and amorphous morphologies are clearly
identifiable in the solid-state 13C MAS NMR spectra, vary with the degree of
neutralization and preparation method, but will be presented and discussed in a
subsequent publication (Jenkins and Alam, unpublished results). The changes
in the crystallinity does not appear to significantly impact the observed 1H
NMR chemical shifts. There are some generalized observations concerning the
methylene line width that can be made. For the precise copolymer (Figure 2, left
side) there is an increase in the CH2 line width as the spacing between carboxylic
acids decreases. This inhomogeneous line width most likely reflects differences
in the relative concentrations of the crystalline and amorphous component,
along with the increased disorder in the CH2 environment for the copolymers
with higher acid concentrations. This variation in the methylene line width was
not as pronounced in the random copolymers (Figure 2, right side), where the
relative contributions to narrow and broad line width components do not change
significantly with increased spacing between acid groups. This is also consistent
with the invariance in the amorphous/crystalline morphology ratio observed for
these random materials using 13C MAS NMR (Jenkins and Alam, unpublished
results).

It has been shown that 1H MAS NMR can provide a wealth of information
concerning hydrogen bonding (20), and in general, the chemical shift of the OH
species gets larger with increasing hydrogen bond strength (21). The variation of
the 1H NMR chemical shifts for the COOH environment with temperature in the
P(E-AA) acidic copolymers is shown in Figure 3a. The δ > +12 ppm resonances
have been assigned to acid protons in a strong hydrogen bonding environment
such as that present in the acid-acid dimer structure (Scheme 2). For the random
materials (r15AA and r21AA), the observation of distinct COOHa and COOHb
resonances over the temperature range investigated (270 to 340 K) demonstrates
that the proton exchange rate between these two different carboxylic acid hydrogen
environments is significantly slower than the NMR time scale of the chemical shift
difference (1/τexchange < 3500 Hz).

For the precise and random P(E-AA) acidic copolymers studied, the high
frequency COOHa resonance shows the largest temperature variation (Figure 3a)
ranging from δ = +13.3 ppm to +12.2 ppm (Δδ = 1.1 ppm), and is very similar for
all materials. The exception to this trend is the p15AA acidic copolymer which
has a shifted chemical shift variation ranging from δ = +12.9 to δ = +11.9 ppm.
The low frequency (weakly hydrogen bonded) COOHb environment also exhibits
temperature variation (data not shown), but with a greatly reduced variation (Δδ =
0.3 ppm). Several of these acidic copolymers have transitions (Tg and Tm) in the
temperature range studied by this NMR study (i.e. p9AA, p21AA and r15AA);
which do not appear to have an impact of magnitude of the COOH temperature
variation. The presence of semi-crystalline components appears to have little
impact on the hydrogen bond strength. The consistent 1H NMR chemical shift
temperature behavior between these different acidic copolymers demonstrates
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that the local COOH environments are not significantly changed by the spacing
between AA groups, or by the random or precise arrangement of these carboxylic
acid functional groups. The lower 1H NMR chemical shift of the p15AA acidic
copolymer argues that for this material the hydrogen bonding is weaker, again
consistent with the lowest Tg observed (see Table 1). This reduced hydrogen
bond strength most likely results from the energetic competition between acid
dimer formation and the chain packing in the amorphous phase produced for this
acid group spacing.

Table 1. The 1H MAS NMR (332 K) chemical shifts and line widths for the
random and precise PE-AA copolymers, and the Zn2+ and Li+ ionomers

Mol%
AA

Tg(K)
[Tm]

δ (ppm)
[FWHM]a

COOHa COOHb CH2

Precise

p9AA 22 295c 12.3 [778] -- 2.5 [1403, 23.2%]b
1.5 [1070,76.8% ] b

p15AA 13.3 269c 12.3 [577] -- 1.9 [1660, 36.6%] b
1.1 [670,63.4%] b

p21AA 9.5 318c,d 12.4 [650] -- 1.7 [1564, 56.5%] b
1.6 [333, 44.5%] b

Random

r15AA(dried) 13.3 347 c,d 12.3 [455] 7.3 [365]
[a/b ~ 10]e

1.65 [1940, 55.3%]
b

1.54 [410, 44/7%] b

r21AA 9.5 358 c,d 12.5 [750] 7.23 [360]
[a/b ~ 3.2]e

1.51 [1790, 43.9%]
b

1.48 [460, 56.1%] b

r44AA 4.5 371 c,d 12.2 [925] -- 1.7 [2130, 45%] b
1.5 [385, 55%]

Zn-Neutralized

p9AA-66%Zn 22 --i 12.2
[1260]

1.53 [1110]

p15AA-82%Zn 13.3 -- i 12.8 [970] 1.62 [975]

p21AA-56%Zn 9.5 326f 12.4
[1275]

1.7 [3560, 11.5%]
1.6 [705, 88.5%]

p21AA-
116%Zn

9.5 327g -- 1.55 [2365, 40%]
1.55 [745, 60%]

Li- Neutralized

Continued on next page.
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Table 1. (Continued). The 1H MAS NMR (332 K) chemical shifts and line
widths for the random and precise PE-AA copolymers, and the Zn2+ and

Li+ ionomers

Mol%
AA

Tg(K)
[Tm]

δ (ppm)
[FWHM]a

COOHa COOHb CH2

p9AA-43%Li 22 -- i 14.5
[1700]
13.2
[1710]

-- 1.59 [1415]

p15AA-45%Li 13.3 -- i 14.5
[1700]

-- 1.61 [995]

r15AA-31%Li 13.3 -- i 14.5
[1725]

-- 1.53 [775]

a δ = chemical shift (± 0.05 ppm), FWHM = full width at half maximum (±5 Hz ). b The
relative % contributions of the different line width components. c Reference (1). d Tm,
since this copolymer contained significant crystalline component. e a/b = ratio of integrals
between the COOHa and COOHb species. f Reference (9). g Obtained from static 1H
NMR line width analysis. i Not measured.

A linear correlation between the solid-state 1H NMR chemical shift and the
H···O hydrogen bond length has been described for inorganic crystals (22)

While this relationship was developed for crystalline materials, it can still
provide some quantitative information about the hydrogen bonding in these
P(E-AA) copolymers and ionomers. For the acidic copolymer, the observed
1H NMR chemical shifts of the COOH environment vary between δ = +13.3
and +12.2 ppm (Figure 3a), with Equation (2) predicting a hydrogen bond
length between 1.63 to 1.68 Å. The lengthening of the hydrogen bond at higher
temperatures (approaching or above Tg) is consistent with increased local motions
of the polymer chains that disrupt hydrogen bonding. Interestingly, these 1HNMR
chemical shift-predicted bond lengths are very close to the 1.66 Å predicted from
ab initio modeling of small carboxylic acid dimer (Scheme 2). Direct Gaussian
GIAO modeling of the acidic dimmers predicts a δ ~ +13.7 ppm. Details for
these simulations are provided in the experimental section. These NMR results
demonstrate that the majority of the carboxylic acid protons in the P(E-AA) acidic
copolymers reside in strongly hydrogen bonded-type dimer complexes. Only in
the acidic copolymers, where an observable concentration of carboxylic acid ester
was observed (see discussion above), are free or weakly complexed carboxylic
acids resonances present. The ab initio predicted structure of the acid-ester dimer
complex (Scheme 2) predicts an increase in the hydrogen bond length to 1.81 Å,
corresponding to a predicted δ = 9.75 ppm (Gaussian GIAO δ = 10.6 ppm). While
this decrease in the 1H NMR chemical shift is in the correct direction, it is not as
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large as that observed experimentally (δ ~ +7.3 ppm), arguing that the hydrogen
bonding in the COOHb species is disrupted to a larger extent than predicted using
this simple model. The predicted 1H NMR chemical shift for a free, uncomplexed
COOH species is δ = +6.6 ppm in a continuum dielectric of ε = 2.3 (polyethylene)
using Gaussian GIAO methods.

This lack of free acid groups in the P(E-AA) copolymers and Zn- and
Li-neutralized ionomers (see those results below) is consistent with previous
FTIR studies on poly(ethylene-ran-methacrylic acid) ionomers (23). It should
also be noted that at a sample temperature of 270K (the lower limit of our fast
MAS VT capabilities) the temperature changes in the chemical shift had not yet
reached a plateau, suggesting that the dynamics of these carboxylic acid protons
that influence the chemical shift are still dominant at this temperature.

Figure 3. The temperature variation of the COOH proton chemical shift for a)
P(E-AA) acidic copolymers and b) Zn-neutralized P(E-AA) ionomers. The Tg and
Tm values (Table 1) for different P(E-AA) materials in this temperature range are

shown for comparison.

The solid-state 1HMAS NMR spectra for the partially Zn- and Li-neutralized
P(E-AA) copolymers are shown in Figure 4. The chemical shift and FWHM line
width for the different exchanged materials are presented in Table 1. Similar to
the acidic copolymers, the CH2 protons give rise to the dominant resonance, with
the COOH resonance being reduced in intensity with increasing neutralization.
For example, the inset (Figure 4) shows an expansion of the COOH resonance
for the p21AA copolymer with different levels of Zn2+ neutralization, clearly
revealing the loss of the COOH proton with Zn2+ incorporation into the material.
For the p21AA-116%Zn material there is no visible COOH 1H NMR signal
remaining showing complete removal of the carboxylic acid proton. For the
Zn-neutralized materials the COOH chemical shifts are unchanged with respect
to the un-neutralized materials, suggesting that the COOH groups retain strong
dimer-type hydrogen bonding and that the neutralization with Zn2+ does not
drastically impact the COOH environments. In contrast, the 1H NMR chemical
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shift of the COOH protons in the Li-neutralized ionomers are larger (higher
frequency) arguing an increase in the hydrogen bond strength following partial
Li-neutralization. Using Equation (1), the observed δ = +14.5 and +13.2 ppm
predicts a shortened hydrogen bond distance between 1.56 and 1.63 Å.

Figure 4. The 1H MAS NMR spectra (νr = 30 kHz) for the Zn- and Li-neutralized
precise and pseudo-random P(E-AA) copolymers at 332K. The inset shows an
expansion of the COOH proton region for the p21AA Zn neutralized materials:
0% (blue), 56% (red) and 116% (black) demonstrates the loss of this proton with

increasing exchange.

This is quantitatively captured in the ab initio cluster calculations for the
Li-containing dimer and tetramer clusters shown in Scheme 3. For the partially
neutralized Li-acid dimer the predicted hydrogen bond length was 1.60 Å
(predicted δ = +13.8 ppm). The preferred oxygen coordination of Li+ is 4, such
that the tetramer cluster containing the partially Li+ neutralized carboxylic acid
groups is perhaps a better description of the Li-acid clusters being formed. This
tetramer cluster has a range of hydrogen bond lengths (1.71, 1.62 and 1.51 Å),
with the average 1.61 Å hydrogen bond distance predicting a δ = +13.6 ppm.
It should be noted that these ab initio clusters are representative of the type of
changes that are occurring in these ionomers, and are probably simplistic in the
description of the overall structure. For example, in the Zn-neutralized ionomers,
large ionic aggregates containing numerous Zn-acid environments have been
proposed to described the overall polymer structure, (9) and that the NMR spectra
would be an average over these different configurations. Clearly the 1H MAS
NMR chemical shift remains a sensitive probe to changes in the hydrogen bond
strength in these P(E-AA) ionomers during neutralization.
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Scheme 3. Proposed carboxylic acid – Li+ neutralized dimer structure and the
carboxylic acid – Li+ neutralized tetramer structure based on small optimized
cluster models obtained using ab initio DFT B3LYP/6-311++(2d,2p) methods.

The temperature variation of the 1H NMR chemical shifts for the COOHa
resonance in the Zn-neutralized P(E-AA) ionomers is shown in Figure 3b. The
p21AA-116%Zn ionomer has no observable COOH resonance, and is therefore
these values are not included. At low temperatures the chemical shifts are similar
to those observed in the acidic copolymers, but show a marked deviation at
higher temperatures. This may reflect changes that are occurring during the
melting transition, which is in contrast to the temperature invariance of the
acidic copolymers during transition. This would suggest differences in the
polymer structure between the Zn-neutralized ionomers and the original acidic
copolymers. The temperature variation of COOH environment in the Li P(E-AA)
ionomers was very complex and revealed multiple COOH domains with differing
concentration of coordinated Li+. This differential segregation was explored
using 1H-7Li REDOR MAS NMR spectroscopy and will be presented elsewhere
(Alam, unpublished results).

2D MAS NMR Correlation Experiments

Additional details about the local structural environment are obtained using
2D NMR correlation experiments. Figure 5a shows the 2D 1H MAS NMR
DQ-SQ correlation spectrum for the p9AA acid copolymer. Similar results
were observed for the p21AA copolymer. These 2D DQ experiments provide
a sensitive tool to measure spatial proximity of protons within these materials,
with the intensity of the DQ peaks being a function of the distance between
interacting spins (~ 1/r6). The 2D DQ-SQ NMR experiments reveal the expected
interactions for the proposed structures in these P(E-AA) copolymers. There is
a strong autocorrelation peak on the diagonal (dashed line) for the CH2 proton
environments, consistent with strong dipolar couplings (close spatial interactions)
within the polymer backbone. In these experiments, a lack of an autocorrelation
resonance would show that protons of the same chemical shift (i.e. the same
environment) are not dipolar coupled to each other, or that local dynamics are
large enough to average the 1H-1H dipolar coupling. For the p9AA copolymer,
the observation of a COOH autocorrelation resonance proves close proton-proton
distances between acid groups, and supports the argument for an acid dimer

126

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
00

7

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



structure in these materials (ab initio predicted 1H-1H distance 2.4 Å). Due
to exchange effects for the acid proton, (see previous temperature variation of
chemical shift discussion) we are unable to directly measure the 1H-1H distance
using the DQ NMR experiments. A water autocorrelation resonance was also
observed, and is consistent with either water-water clustering in the material,
or strongly absorbed water molecules with very limited mobility (24). The off
diagonal resonances in the 2D NMR DQ-SQ correlation experiments reveal
spatial contact between different types of protons, including the predicted
COOH-CH2 cross peak. By increasing the sample temperature to 332 K (above
Tg) the COOH-COOH cross peak completely disappears in the 2D NMR DQ-SQ
spectrum, consistent with the motional averaging of the 1H-1H dipolar coupling
due to increased polymer backbone dynamics. Figure 5b shows the 2D 1H MAS
NMR NOESY correlation experiment, which reveals similar spatial interaction
for the off-diagonal resonances. No information about the spatial interaction
between similar proton environments (autocorrelation type resonances) can be
extracted from these NOESY experiments as the diagonal resonances in these 2D
experiments represent magnetization that has not exchanged.

Figure 5. The a) 2D 1H MAS NMR DQ-SQ correlation spectra obtained at 273K
(νr = 30 kHz) and the b) 2D 1H MAS NOESY (τmix = 10 ms) at 332K (νr = 30
kHz) for the precise p9AA copolymer. Several different cross peaks resulting
from through space conductivities were observed, including the carboxylic
acid auto-correlation resonance in the 2D DQ spectra. Additional discussion

provided in the text.

The 2D 1H MAS NMR DQ-SQ correlation experiments (data not shown)
for the pseudo-random P(E-AA) acid copolymers are very similar, with the
exception of those containing significant concentrations of the carboxylic ester
proton species. Additional information concerning the local structure in these
ester-containing materials can be realized by inspection of the 2D 1H MAS
NMR NOESY spectra shown in Figure 6. The protons in the carboxylic ester
environments (δ ~ 3.8 ppm) are more mobile (have a longer T2), such that the
2D NMR NOESY spectrum tends to emphasizes these spectral features at τmix =
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10ms, allowing strong correlations to be observed even for these minor species.
Interestingly, Figure 6 shows that the strongly bonded carboxylic acid protons
(COOHa) only have spatial contacts to the CH2 protons (similar to that in Figure
5b), and does not appear to be spatially located near either the weakly hydrogen
bonded carboxylic acid (COOHb) or the carboxylic ester. Similarly, the protons
in the COOHb species only show through space contact with the ester protons,
consistent with the previous assignment of a weakly bonded interaction. These
results suggest that these different types of carboxylic acids are not within the
same cluster.

Dynamic Heterogeneity

The 1H MAS NMR spectra reveal that strong 1H-1H dipolar interaction are
present within both the P(E-AA) copolymers and ionomers. Below Tg, relatively
broad CH2 resonances with spinning sidebands (SSB) were observed due to strong
1H-1H dipolar couplings not completely removed by fast MAS spinning (30 kHz)
or local chain dynamics. These SSB occur at integer values of the spinning speed
around the dominant CH2 resonance, as shown in Figure 7a. The previous sections
have concentrated on analysis of the isotropic resonance region to extract chemical
shift information, and have ignored the SSB patterns present within the NMR
spectra. Simulations of the SSB patterns in the 1HMAS NMR spectra can provide
an effective or average dipolar coupling values (Deff).

Figure 6. The 2D 1H MAS NOESY (τmix = 10 ms) at 332K (νr = 30 kHz) for
the r15AA acid copolymer. The strongly hydrogen bonded carboxylic acid

(COOHa) environment reveals only through space proton-proton contacts with
the backbone CH2 protons, while the more weakly hydrogen bonded carboxylic
acid (COOHb) has dominant through space interactions with the methyl ester
protons (OCH3). No contact between the COOHa and COOHb protons is

observed. Additional discussion provided in the text.
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Figure 7. The influence of inhomogeneous T2 relaxation on: a) The observed
1D 1H MAS NMR line shape for the p15AA-45%Li ionomer as a function of
the echo time. b) Expansion of the -1 and -2 SSB spectral region showing this
heterogeneous loss, c) Change in overall signal intensity for the COOH and
CH2 resonances, d) Variation of the FWHM for the isotropic resonance and e)
Change in the effective dipolar coupling constant extracted from simulation of

the 1D 1H MAS NMR spectra in (a).

The polymer dynamics on the other hand produce averaging of the dipolar
coupling, which is readily reflected in changes to the SSB patterns in the
MAS NMR spectra. While it is tempting to discuss the local structure and
environment of these P(E-AA) copolymers as being uniform, it is important to
remember that these co-polymers are heterogeneous in both their structure and
dynamics. For example, heterogeneous dynamics were readily observed during
1H MAS NMR echo spin-spin T2 relaxation experiments, where changes in the
MAS NMR spectra result with increasing echo times. For example, Figure 7a
shows the T2-Hahn echo spectra for the pAA15-45%Li ionomer sample as a
function of rotor-synchronized echo delays (Nc = number of rotor cycles, νr =
spinning speed). Even though the overall signal intensity for the CH2 and COOH
resonances reveals a single exponential decay (Figure 7c), close inspection of the
1H MAS NMR spectra (Figure 7a) reveal heterogeneous changes in the spectra.
Most importantly are the change in relative intensity of the ±1 and ±2 spinning
sideband (SSB) shown in Figure 7b, where the spectra have been normalized to
the isotropic peak intensity. The SSB intensities decrease with increasing echo
time as a result of differential T2 relaxation. Simulations of these SSB changes
correspond to a decrease in the effective dipolar coupling Deff (Figure 7d). These
spectral changes occur because the polymer fractions with smaller Deff (fewer
SSB) have longer T2 relaxation times, with this signal from these fractions being
preferentially retained at longer echo periods. A reduction in the line width of the
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isotropic resonance as a function of echo time (Figure 7e) was also observed. The
MAS line width of the isotropic resonance is known to be impacted by dipolar
coupling involving higher order spin correlation, which are diminished (narrower
line widths) for those polymer environment that are more dynamic, and have a
longer T2 relaxation. These heterogeneous dynamics and the averaging inherent
in NMRmeasurements should always be considered when comparing information
obtained using other structural refinement methods (dielectric, neutron scattering,
etc.), or to structural details extracted from other NMR experiments employing
multiple pulse sequences where heterogeneous relaxation may be involved.

Conclusions

High speed solid-state 1H MAS NMR has been presented for a series of
precise and pseudo-random P(E-AA) acidic copolymers and the related Li- and
Zn-neutralized ionomers. Even though the 1H NMR spectra were relatively
simple, a wealth of information concerning the local carboxylic acid hydrogen
bonding environment in these materials was obtained. These NMR results
demonstrate the formation of strong acid-acid dimers, with very little free acid
present within the P(E-AA) materials. While the Zn-neutralization does not
produce a large change in the acid-acid hydrogen bonding environment, the
introduction of Li+ into the P(E-AA) ionomers actually increases the strength of
the acid hydrogen bonding.
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Chapter 8

A Solid-State NMR Study of Boric Acid Doped
in Poly(vinyl alcohol)

Kazuhiko Yamada*

Department of Chemistry and Materials Science, Graduate School
of Science and Engineering, Tokyo Institute of Technology,

2-12-1-E4-5 Ookayama Meguro-ku, Tokyo, Japan
*E-mail: kyamada@polymer.titech.ac.jp

A multinuclear solid-state NMR study of boric acid doped
in poly(vinyl alcohol) (PVA) is presented. The experiments
used for PVA films include 1H windowed Phase-Modulated
Lee-Goldburg (wPMLG), and 11B Magic-Angle Spinning
(MAS), 11B stationary NMR, 11B Multiple-Quantum MAS, and
1H-11B CP and HETCOR at 14.1 and/or 21.6 T. The present
analysis strongly suggests the possibility that the boric acid
serves as a crosslinker with a coordination number other than
four.

Introduction

Polyvinyl alcohol (PVA) is industrially important and is used in a variety
of materials including vinylon fiber, textile sizing agent, adhesive agents, and
paper coatings (1–3). The versatility of PVA is due to its water solubility, and its
emulsifying, film forming, and adhesive properties. Usually a small amount of a
boric acid is added to modify the physical properties of PVA, such as mechanical
strength and water resistance. It is believed that the doped boric acid plays an
important role in crosslinking. Thus far, several schematic representations for the
crosslinked structures have been proposed, most of which are known as the di-diol
model (4, 5). In this model, a boron site involved in the formation of crosslinks
has a coordination number of four.

Nevertheless, the detailed structure for the boric acid crosslink is not
understood completely probably because it is difficult to obtain the molecular
structure of a crosslinker in a polymer that contains both crystalline and

© 2011 American Chemical Society
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non-crystalline regions. For example, X-ray diffraction patterns reflect the
crystalline parts only. Solid-state NMR is known as one of the most powerful
techniques to study non-crystalline samples (6–8). Moreover, it has a clear
advantage of nuclear selectivity, which means that it is possible to obtain detailed
information on the structural and electronic properties of the nucleus of interest. In
the present case, boron, the key atom for crosslinking, contains two NMR-active
nuclei: 10B (γ = 2.8746 × 107 rad/T s, I = 3, natural abundance = 19.6 %) and
11B (γ = 8.5843 × 107 rad/T s I = 3/2, natural abundance = 80.4 %), and PVA
contains 1H and 13C. Thus, through 1H, 11B, or 13C NMR, the interactions between
boric acid and PVA can be investigated at the molecular level. In this paper, a
study has been made of the molecular properties of boric acid doped in a PVA
film obtained by 1H and 11B solid-state NMR, and a possible conformation of the
boron crosslinker is proposed.

Experimental Section

All polyvinyl alcohol (PVA) films used in the present work were kindly
provided by KURARAY Co., Ltd. (Tokyo, Japan). For the preparation of PVA
film containing boric acid, PVA was dissolved in aqueous solutions of boric acid,
which was dried and heat-treated at 200ºC to produce the polymer film. The final
content of the boric acid in the PVA film was found to be less than 1.0 wt%.
For reference, a PVA film without boric acid was also prepared with the same
procedure without boric acid. Prior to NMR measurements, all PVA films were
dried at approximately 90ºC under reduced pressures for several hours in order
to remove residual water. Borax and boric acid, which were used as reference
compounds, were purchased from Wako Pure Chemical Industries, Ltd. (Tokyo,
Japan) and were employed without further purification.

All NMR experiments were performed on JEOL ECA 500 and 930
spectrometers (9), operating at frequencies of 160.5 and 298.1 MHz, respectively.
PVA films or polycrystalline borax and boric acid were packed into 4-mm rotors
of zirconium oxide. An external sample of aqueous solutions of a boric acid
was used for chemical shift referencing and pulse-length determination. The
recycle delay was typically 10 – 180 s. The 1H decoupling power was around 80
– 100 kHz. Magic angle spinning (MAS) frequencies were set to be 10.00 kHz.
1H and 11B T1 relaxation times were measured by using the saturation recovery
method. 11B 3QMQMAS experiments were carried out on the JEOL ECA 500
spectrometer. The z-filter pulse sequence proposed by Amoureux et al. (10) was
employed. For 1H-11B CP experiments, pre-saturation pulses were added to avoid
unwanted signals from the direct polarizations. The contact time was set to be 2
ms. For 1H windowed Phase-Modulated Lee-Goldburg (wPMLG) experiments
(11), the optimized pulse length was found to be 2.9 µs and the 1H offset position
was -3ppm. For 1H-11B dipolar HETCOR experiments (12), the CP condition
was adjusted for the boron site with a coordination number of three, which will be
discussed in the text. All the NMR spectra were processed by Delta (JEOL USA,
Inc.) software. Spectral simulations were performed on a personal computer
using the program written by the author on MATLAB (The Math Works, Inc.).
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Results and Discussion

For convenience, the results will be presented in four sections: (1)
peak assignments in 11B MAS spectra of PVA film and extraction of 11B
NMR parameters, (2) quantitative analysis of boron sites as a crosslinker, (3)
investigation of the relationship between boric acids and polymer chains at the
molecular level, and (4) a proposal for the possible conformation of boric acid
doped in a PVA film.

Figure 1. Experimental 11B MAS spectra of the boric acid/PVA film, measured at
(a) 11.7 and (b) 21.6 T.

11B MAS NMR of Boric Acid in PVA Films

Figure 1 shows the experimental 11B MAS NMR spectra of boric acid/PVA
films observed at (a) 11.7 and (b) 21.6 T with sample spinning frequencies of 10.00
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kHz. At 11.7 T, the low-field peak exhibits the typical lineshape arising from
second-order quadrupolar interactions, and the high-field peak appears as a singlet.
At 21.6 T, the two 11B sites can be clearly separated because in quadrupole nuclei
the line width is inversely proportional to the strength of the applied magnetic field
(13). Unfortunately, the spectrum measured at 21.6 T exhibits shapeless peaks so
that it is difficult to analyze it. Although the spectral width is large, the spectrum
obtained at 11.7 T is used for analysis. For the assignments of the two peaks
and extraction of the 11B NMR parameters, we first study borax as a reference
compound.

The experimental 11B MAS NMR spectrum of borax observed at 11.7 T is
shown in Figure 2. As in boric acid/PVA film, there are two boron sites in the
spectrum; a broad line shape at the low-field and a sharp one at the high-field.

From the result of X-ray diffraction (14), this compound contains two
chemically different boron; one associated with a coordination number of three
and the other with four. In the rest of this paper, these boron sites are called B3
and B4, respectively. It was reported from the pioneer work of single-crystal 11B
NMR experiments (15) that the broad (low-field) and sharp (high-field) peaks
were assigned to be B3 and B4, respectively. This assignment is quite reasonable
in that the line width depends on the magnitudes of quadrupolar interactions,
reflecting the local electric-field-gradient around the boron nucleus. For example,
the electric-field-gradient of B4 is small due to the tetrahedral structure so that it
exhibits a small magnitude of the quadrupolar interactions, thereby a narrow line
shape.

Figure 2. Experimental 11B MAS spectrum of borax, measured at 11.7 T.

The analysis of the 1D MAS spectrum of borax yielded the following
parameters for B3: δiso = 19 ± 2 ppm, CQ = 2.5 ± 0.1 MHz, ηQ = 0.09 ± 0.06.
The results are reasonably consistent with those reported for B3 of borax (15).
Unfortunately, the spectral analysis of B4 provides no information on quadrupole
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NMR parameters due to the shapeless peak. At this point, it is difficult to judge
whether B4 contains non-quadrupolar interaction, or just a small one. Yet, it
was found that the π/2 pulse width for B4 of the PVA film was different from
that determined in boric acid solution, which implies that B4 contains some
quadrupolar interactions. Note that, in the literature, a single-crystal of borax was
used so that the 11B NMR parameters could be accurately determined.

Figure 3. Stationary NMR spectra of (a) sodium nitride (23Na) and (b) borax
(11B).

To obtain 11B quadrupole NMR parameters for B4 of borax, the first order
effect of the quadrupolar interactions was used instead of the second order.
This method was reported by Mao et al (16). The procedure is based on the
detection of satellite transition by FTNMR, which is useful for analyzing such
a shapeless peak. As a test case, the stationary 23Na NMR spectrum of sodium
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nitride is shown in Figure 3(a). The spectral width was set to be 8000 ppm.
When quadrupolar interactions exist, the satellite transitions may be observed.
Because of the wide spectral width, all NMR transitions cannot be excited. As a
result, only line singularities such as peaks and shoulders remain in the spectrum
and broad parts of the line shapes are lost. By measuring the frequency between
the remaining peaks or shoulders, the NMR parameters can be successfully
determined. Such analyses of the 1D stationary NMR spectra of sodium nitride
yielded the following 23Na NMR parameters: CQ = 1.095 ± 0.005 MHz, ηQ =
0.106 ± 0.005, which are in good agreement with literature values (17). The same
spectral analysis is applied for B4 of borax, which is shown in Figure 3(b), and
the following 11B NMR parameters were obtained: CQ = 0.5412 ± 0.0008 MHz,
ηQ = 0.637 ± 0.008. The isotropic chemical shift, δiso, was determined to be 2 ±
1ppm from Figure 2. In the 11B NMR spectrum of Figure 3(b), the spectral width
was set to be 6000 ppm, and the large broad peaks observed in the middle were
associated with B3.

Figure 4. Dependence of signal intensities on the pulse length for borax,
measured at 11.7 T.

The above procedure has been applied to obtain 11B NMR parameters for B3
and B4 of the boric acid/PVA film. The 11B NMR parameters for B3 are: δiso =
19±2 ppm, CQ = 2.4 ± 0.1 MHz, ηQ = 0.09 ± 0.08, which are similar to borax.
Unfortunately, the NMR signals of the satellites were too small to be observed for
B4. Therefore, it was assumed that the 11B NMR parameters are the same as those
for B4 of borax.
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Figure 5. (a) A pulse sequence for direct polarization (b) Plot of signal intensity
against the pulse length.

Quantitative Analysis of Boric Acid Doped in PVA Films

For quadrupole nuclei, the strength of the RF field and its pulse length
affect the line shapes as well as relative intensities (18). Therefore, information
on relative populations is sometimes difficult to obtain. Figure 4 shows
the relationship between signal intensities of B3 and B4 in borax, and the
corresponding pulse lengths. The pulse lengths were varied from 0.5 to 10.0 µs
with 0.1µs steps. The π/2 pulses for B3 and B4 were 1.7 and 2.7 µs, respectively.
The magnetization of the 11B nuclei of B3 seems to process faster than that of
B4. In order to obtain accurate quantitative information, such effect must be
considered in the spectral simulation. Let us consider the direct polarization
sequence given in Figure 5(a). The initial value of the FID is equal to the area of
the NMR peak. This initial point can be calculated by using the density matrix
at the end of the pulse width, tp. If there is quadrupolar interaction, the total
Hamiltonian during tp must be the sum of Hamiltonians of the effect of RF field,
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HRF, and the quadrupolar interaction, HQ. To calculate the expected value, we
need to carry out diagonalization. The details are well explained in the literature
by Man (19). Figure 5(b) shows the calculated signal intensity of a central
transition line for I = 3/2 system against the pulse length for several different
magnitudes of quadrupolar interactions. In the calculations, the pulse power was
fixed to be 50 kHz, and the magnitudes of quadrupolar interactions were varied
from 0 to 500 kHz, as described in the figure. When there was no quadrupolar
interaction, the π/2 pulse length became 5µs, which corresponds to the situation
of I = 1/2 in the solution state. As the quadrupole interactions became larger, the
π/2 pulse lengths tended to be shorter with lower intensities. When the magnitude
of the quadrupolar interaction was much larger than that of the pulse power, the
π/2 pulse length became one-half of that for non-quadrupole interaction, which
is 2.5 µs, with the reduced intensities of 2/5. These observations are in good
agreement with the experimental results. Similar calculation has been done for
the relative populations of the boric acid/PVA film.

Figure 6. Experimental and calculated 11B MAS spectra of the PVA film.
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Figure 6 shows experimental and calculated 1D 11B NMR spectra of the boric
acid/PVA film measured at 11.7 T. The calculated spectrum was the sum of those
of B3 and B4. In the spectral simulation, the 11B NMR parameters obtained in the
above were fixed and the intensity of each sub-spectrum was varied until the total
theoretical spectrum fitted to the experimental one. From the present analysis, the
ratio of B3 to B4 was found to be around 14. Contrary to the di-diol model in
which the coordination number of boron crosslinks is four, the population of B4
was found to be minor. The crystal structure of a boric acid (20) shows that the
boron site has the B3 structure. Thus, it may be expected that crystalline boric acid
(with B3 structure) is present in the PVA polymer. There is also the possibility that
B3 plays an important role in crosslinking because of its high abundance.

Figure 7. (a) 2D experimental 11B 3QMQMAS spectrum of the boric acid/PVA
film. (b) 11B stationary NMR spectra of (upper) the boric acid/PVA film and

(lower) the crystalline boric acid.
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Interactions between Boric Acid and Polymer Chains

Next we explore the relationship between doped boric acid and the polymer
chains at the molecular levels, focusing in particular on the majority component,
B3. Figure 7(a) shows a contour plot of the 11B z-filter 3QMQMAS spectrum
of the PVA film measured at 11.7 T. Both the F1 and F2 projections of the 2D
MQMAS spectra are given on the side and at the top, respectively. Obviously, one
major peak can be observed, suggesting that B3 is a single component. Figure 7(b)
shows experimental 11B stationary spectra of the boric acid/PVA film (upper) and
crystalline boric acid (lower), obtained at 11.7 T. Relatively similar line shapes are
obtained for both NMR spectra. Apparently, B4 is too small to be detected. From
Figure 7, it is expected that the boric acid/PVAfilm contains a single boron site, B3,
in which the chemical environment may be close to that of the polycrystalline boric
acid. However, it was also found that T1 relaxation time for the boric acid/PVA
film, which was determined to be less than 2 s, was much shorter than that for the
polycrystalline boric acid (36 s). This is probably because, in polymers, there are
additional relaxation mechanisms, or the electronic properties around the boron
nuclei may be different.

Horii and co-workers previously reported the 1H chemical shifts of PVA by
analyzing high-resolution 1H NMR spectra in details (21). According to their
results, there are three kinds of hydroxyl groups involved in intramolecular and
intermolecular hydrogen and non-hydrogen bonding. The chemical shifts of these
protons are reported to be in the range of 2.85-5.80 ppm. The chemical shifts of
CH2 and CH groups are found at 1.40-1.60 and 4.20 ppm, respectively. Figure 8
shows 1H windowed Phase-Modulated Lee-Goldburg (wPMLG) spectra of PVA
films with (a) and without (b) boric acids. The present 1H NMR spectrum of
the PVA film could be assigned on the basis of the results reported by Horii and
co-workers (16). It is important to point out that there is no signal corresponding
to polycrystalline boric acid, whose chemical shift was 5.5-7.0 ppm, observed
under the same experimental conditions of 1H wPMLG experiments (data not
shown). As shown in Figure 8, there is no difference in lineshapes between the two
NMR spectra, indicating that the chemical shift of B3 may be overlapped on the
major peaks of the CH and CH2 groups, or that the PVA polymer does not contain
polycrystalline boric acid.

The adequate 1H-11B CP conditions were evaluated in order to investigate the
chemical environment around B3 in the PVA film. Figure 9 shows experimental
1H-11B CP MAS spectra of boric acid/PVA films in which the 11B CP power was
varied from 45 to 90% at 5% step while the 1H CP power was fixed. The adequate
CP conditions were found to be quite different between B3 and B4 due to the fact
that they depend on themagnitude of quadrupolar interactions. Themaximal peaks
for B3 and B4 were at 60 and 90%, respectively. For reference, the adequate CP
condition for the polycrystalline boric acid was found to be at 40%, suggesting
that the proton environment around B3 is different from that of the crystalline
counterpart.
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Figure 8. 1H wPMLG NMR spectra of PVA films (a) with and (b) without boric
acids.

It is useful to carry out heteronuclear correlation experiments in order to
understand the relationship between the doped boric acid and the polymer chains.
Figure 10 shows a contour plot of the 1H-11B HETCOR spectrum of the PVA film
observed at 11.7 T. Both the F1 (1H) and F2 (11B) projections of the 2D spectra
are also given on the side and at the top, respectively. In the experiment, the 11B
CP power was set to be 60%, which is the appropriate CP condition for B3. In
this setting, little cross peak could be observed for B4. It can be seen that there
are strong cross peaks between B3 and the CH and CH2 groups. From a careful
analysis of the F1 projection, i.e., the high-resolution 1H NMR spectrum in which
there is a small shoulder at the peak arising from the CH group, it is deduced
that there are small cross peaks between B3 and the OH groups. Importantly,
no cross peak between B3 and the polycrystalline boric acid is confirmed. In
summary, B3 is not attributed to the polycrystalline boric acid itself, but it is
surrounded by the PVA main and side chains. It should be noted that a cross peak
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appears via dipole-dipole interactions, which implies that the two atoms may not
be connected by chemical bonds, but are spatially close to each other.

Figure 9. 1H-11B CP profiles of boric acid/PVA films in which the 11B CP power
was varied from 45 to 90 % with 5% step while the 1H CP power was fixed.

Figure 10. 2D experimental 1H-11B HETCOR spectrum of boric acid doped
in PVA.
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Possible Conformation of Boric Acid Doped in PVA Films

From the author’s previous work and experience, the mechanical strength of
a PVA film is known to depend critically on the amount of boric acid. The higher
the concentration of the doped boric acid, the greater is the mechanical strength of
the PVA film. Therefore, it is deduced that a doped boric acid somehow forms a
chemical bond between the polymer and the boric acid. Assuming that boric acid
and PVA are linked by hydrogen bonds, the present results indicate that the boric
acid crosslinker has a coordination number of three instead of four.

Conclusion

This work aims to investigate the molecular properties of boric acid doped
in PVA film via multinuclear solid-state NMR. Contrary to expectations from
the previously proposed the di-diol model, the major boron site was found to
have a coordination number of three. The chemical environment of the boron
site is quite different from that of the polycrystalline boric acid. The boron is
surrounded by polymer main chain and side chains. Because the amount of doped
boric acid is related to the polymer properties such as mechanical strengths and
water-resistance, it can be assumed that the doped boric acid are linked to the
polymer, e.g., through hydrogen bonds. To the best of the author’s knowledge, this
is the first report of boron/PVA crosslinker with a coordination number of three.
Finally, it has been demonstrated that solid-state NMR is useful for studying the
molecular properties of crosslinkers in crystalline and non-crystalline polymers,
and it will be applied in this laboratory to a variety of crosslinkers in rubbers and
gels in the near future.
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Chapter 9

NMR Characterization of Canopy Dynamics in
Nanoscale Ionic Materials
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Nanoscale ionic materials (NIMs) are organic-inorganic hybrids
in which a core nanoparticle is functionalized with a covalently
attached corona and an ionically tethered polymer canopy.
NIMs exhibit liquid-like character under ambient conditions
in the absence of solvent and are of interest for a variety
of applications. We have used nuclear magnetic resonance
(NMR) relaxation and pulsed-field gradient (PFG) diffusion
experiments to measure the canopy dynamics of NIMs prepared
from 18-nm silica nanoparticles. NMR studies show that the
fast (ns) local dynamics of the canopy are insensitive to the
presence of the silica nanoparticles. Canopy diffusion in the
NIMs is slowed relative to the neat copolymer, but not all
canopy molecules are slowed equally due to crowding at the
nanoparticle surface, resulting in a strongly bound fraction at
the surface and a weakly bound outer sphere. Electrostatic
interactions with other ionic (Na+) species alter the dynamics
by screening interactions with the nanoparticle.

© 2011 American Chemical Society
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Introduction

Nanoscale ionic materials (NIMs) are an emerging class of functionalized
nanoparticles that have recently generated a great deal of interest due to their
unique characteristics (1–3). NIMs are organic-inorganic hybrids consisting of a
core nanoparticle functionalized with a covalently bound ionic corona and a bulky
counter-ion as the canopy (Figure 1). NIMs are nanoparticles stabilized by an
organic ionic liquid coating and either behave as liquids at room temperature or
undergo reversible, macroscopic solid-to-liquid transitions near room temperature
in the absence of solvent. The library of NIMs reported to date has grown to
include NIMs based on metal oxides (SiO2 (1, 4, 5), Fe2O3 (5), TiO2 (2), and ZnO
(6)), metals (Au (7–9), Pt (7, 9), Pd (7), and Rh (7)), quantum dots (10), carbon
nanotubes (11, 12), nanorods (13) and fullerols (14).

The room temperature liquid character of NIMs allows for the design of
liquids that retain the unique size-dependent properties of the core nanoparticles
(e.g., magnetic fluids with high viscosity, etc.). Exploiting the versatility of
the NIMs platform in widespread applications (9, 15, 16) will depend on the
degree to which NIMs properties can be tuned by modifying their structure and
composition (core shape and size, canopy composition and structure, and ionic
content). Flexibility in NIMs design also presents an opportunity to investigate
the influence of structure and composition on the dynamics of the canopy, which
will likely have a strong impact on the macroscopic properties of NIMs.

In this study we report the NMR relaxation and diffusion studies of silica-
based NIMs with a polymer canopy in order to determine the relationship between
chemical structure and dynamics. The results show how the properties of the
canopy relate to the macroscopic properties.

Experimental Section

Materials

Silica nanoparticles (LUDOX® HS-30 colloidal silica, 30 wt. % suspension
in H2O, 18-nm diameter, Aldrich Chemical Co.), 3-(Trihydroxysilyl)-1-
propanesulfonic acid (30-35 wt. % solution in H2O, Gelest, Inc.), and Jeffamine®
M-2070 Polyetheramine (Mn=2263, Mw=2334, PDI=1.03, Huntsman Corporation
) were used as received. Deionized water (18.2 MΩ-cm) was purified using a
Barnstead Nanopure system.

NIMs Preparation

Silica nanoparticles were functionalized according to a previously reported
procedure using (trihydroxysilyl)-1-propanesulfonic acid (SIT, 30-35 wt. %
in deionized water) (1). The functionalized nanoparticles were purified by
dialysis to remove excess SIT and then stirred in the presence of an ion exchange
resin (HCR-W2) for at least 48 hours in order to exchange sodium atoms for
protons. NIMs were prepared by titration of the bound sulfonic acid groups with
M-2070 in deionized water. The equivalence point of the titration represents
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a 1:1 ratio of canopy to bound corona. The canopy:corona ratio can be tuned
by adding the appropriate amount of M-2070 relative to that required to reach
stoichiometric equivalence. Samples were prepared at 100% (NIMs100) and
60% (NIMs60) neutralization of the anionic surface of the silica nanoparticles.
Once the appropriate amount of M-2070 had been added to generate the targeted
corona:canopy ratio, solvent was removed under vacuum at 35-45 °C for several
days, resulting in a pale yellow product that flows as a viscous liquid at room
temperature.

NMR Characterization

13C relaxation experiments were conducted using a Tecmag Apollo 500 MHz
NMR spectrometer equipped with a DOTY Scientific magic-angle spinning probe.
Diffusion coefficients weremeasured at 50.5 °C using proton pulsed-gradient spin-
echo NMR as previously described (17) using the stimulated echo sequence with
pulsed magnetic field gradients of magnitude G = 652 Gauss/cm.

The magnetization decay as a function of gradient field strength was used to
determine the diffusion coefficient. In the case of a single diffusing species, the
signal decay is given by (18, 19)

where γ is the gyromagnetic ratio of the nucleus of interest, δ is the time of the
gradient pulse, Δ is the diffusion delay time in the pulse sequence,G is the gradient
strength, and the diffusion coefficient D is related to the hydrodynamic radius rH
by the Stoke-Einstein equation (19, 20).

In those cases where single-exponential decay is not observed (vide infra), we
have chosen to fit the data to a stretched exponential function, given by

where β is a fitting parameter relating to the deviation from single-exponential
behavior. In cases where the stretched exponential did not give a good fit, the data
was fit to a double exponential function, given by

where the subscripts f and s refer to fast and slow diffusion processes.

Results and Discussion
The dynamics of the NIMs corona-canopy interface were evaluated from the

13C spin-lattice relaxation times and the proton diffusion coefficients measured
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by pulsed-field gradient (PFG) NMR. The NIMs of interest consist of an 18-nm
silica nanoparticle core functionalized with a monolayer of trihydroxysilylpropyl
sulfonic acid (SIT). The anionic SIT corona is paired with an amine-terminated
(cationic) ethylene oxide/propylene oxide diblock copolymer canopy (Figure 1).
NIMs have been described as monolithic hybrid materials with liquid properties,
where each nanostructure “carries” its share of the solvent (1, 21). For this reason,
a canopy: corona ratio of 1:1 was chosen as the most reasonable starting point for
examining the molecular-level dynamics of NIMs using NMR.

The first step in characterizing the dynamics by NMR relaxation is
measurement of the T1 relaxation across a range of temperatures and identification
of the 13C T1 minimum. The T1 minimum occurs when the molecular motions are
near the spectrometer frequency (125MHz) (22). The dynamics of the free canopy
(M-2070) and the NIMs canopy in neat, dry samples were measured from the
carbon T1 of the methylene carbon peak at 74 ppm, which is attributed primarily
to the ethylene oxide segments. Figure 2 compares the temperature dependence
of the carbon T1‘s for the bulk M-2070 and NIMs samples prepared with 100%
and 60% neutralization of the sulfonic acid groups. The most remarkable feature
of this plot is that the relaxation times versus temperature are identical and that
the T1 minimum occurs at the same temperature for the NIMs100 and NIMs60
samples as for the bulk M-2070.

Figure 1. NIMs diagram showing the core, corona and canopy.

A more quantitative understanding of canopy dynamics in NIMs can be
obtained by fitting the temperature dependence of the relaxation to a specific
model. A number of models for the C-H autocorrelation function were explored
to determine the rotational correlation times from the T1 relaxation data. We
observed that the T1 minimum (0.1 s) calculated from the isotropic reorientation
model for the C-H autocorrelation function did not adequately predict the
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experimentally observed T1 minimum (0.26 s) for either the neat canopy or the
NIMs. Given that the canopy molecules are smaller than an entangled polymer
in the melt, we have chosen to use the Lipari-Szabo (LS) model (23, 24) for the
autocorrelation function rather than a more sophisticated model like the modified
KWW model (25) commonly used for high molecular weight polymers. The
key assumption of the LS model is that the overall molecular reorientation is
decoupled from faster internal motions, and the autocorrelation function C(t) is
given by the product of the correlation functions for overall reorientation C0(t)
and the internal motion Ci(t) as

The spectral densities in the LS model are given by

where S2 is the generalized order parameter and where τi is
the correlation time for rapid librational motions and τr is the rotational correlation
time.

The LS model with a generalized order parameter of 0.4 gave a good fit to the
T1 minimum (268 K) and was used to calculate correlation times as a function of
temperature. The key conclusions from the T1 fits are that the carbon relaxation
is due to a combination of rapid (10 ps) librational motions and slower (0.1-2 ns)
reorientation. The local dynamics do not appear to depend on the presence of the
18-nm silica nanoparticle for NIMs100 and NIMs60.

The silica nanoparticles in the NIMs are functionalized at nearly every
surface hydroxyl group on the silica nanoparticle, resulting in an estimated corona
density of 4.5/nm2. At this density, the average distance between between acid
groups is less than the radius of gyration of the canopy (1.25 nm) calculated for a
freely jointed chain (26). The resultant crowding could result in stretched chain
configurations extending away from the surface, analogous to a brush. At lower
canopy densities than those studied here, configurations where the chain folds
back onto the nanoparticle surface, allowing interactions between the oxygen
atoms in the ethylene oxide/propylene oxide monomers and the sulfonic acid
groups or water molecules strongly bound to the sulfonic acids, are more likely.
We are currently investigating systems with the possibility for these interactions,
which we would expect to result in slower local dynamics.

One of the key assumptions in NIMs design is that each functionalized
nanoparticle carries its share of the solvent (i.e., the canopy) because the charge on
the ionic terminal functionality of the corona is balanced by a strongly associated,
oppositely-charged canopy molecule (1, 21). In the case of strong association
of the canopy with the nanoparticle surface, significant differences between the
diffusion coefficients measured for the bulk M-2070 and NIMs canopy would be
expected. To evaluate this hypothesis, we have measured the canopy diffusion
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coefficients using the stimulated-echo PFG pulse sequence with corrections for
gradient artifacts (27).

The first measure of the interaction between the anionic terminal functionality
on the nanoparticle and the cationic corona is to compare the diffusion coefficients
in solutions of the canopy and the NIMs. Figure 3 compares the diffusion curves
for 8% (w/w) solutions of the canopy and the NIMs in D2O at 50°C. The most
notable feature is that the diffusion coefficients are very similar for the two
samples. In both cases, the data was fit to a stretched exponential function and
the results are listed in Table I (28).

Figure 2. The carbon T1 vs. temperature for M-2070 (●), NIMs100 (▵), and
NIMs60 (▾).

The magnetization decay for M-2070 in D2O appears as a single exponential
(β=0.98) within experimental error, as expected for a nearly monodisperse
polymer (PDI=1.03) (29). The measured diffusion coefficient for M-2070 closely
agrees with the value of 2.1 x 10-6 cm2/s calculated from the Stokes-Einstein
relation using the viscosity of D2O at 50 °C and a hydrodynamic radius of 1.25
nm, calculated assuming a freely jointed chain (26). We note that rH =1.25
nm compares favorably to the value determined from dynamic light scattering
experiments (1.15 nm). By comparison, the decay curve for the NIMs100 canopy
shows only a 15% decrease in the diffusion coefficient compared to dissolved
M-2070. We can estimate the diffusion coefficient expected if the canopy
molecules were bound to the nanoparticles by calculating the hydrodynamic radius
for the silica nanoparticle (9 nm), the corona (0.5 nm) and the canopy (2 x 1.25
nm). This gives a hard-sphere radius of 12 nm, from which we would expect the
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diffusion coefficient to decrease by a factor of 9.6 relative to a dissolved canopy
molecule in D2O. The fact that we observe only a 15% decrease in the diffusion
coefficient shows that the NIMs canopy does not undergo hard-sphere diffusion
in solution. Rather, the canopy is exchanging between free molecules and other
nanoparticles in D2O on the time scale (ms) of the diffusion measurements.

Figure 3. PFG NMR diffusion for M-2070 (●) and NIMs100 (▵) in D2O.
(Reproduced with permission from reference (28). Copyright 2010 American

Chemical Society.)

Table I. Self-diffusion coefficients and fitting parameters for the canopy
and NIMs in D2O at 50°C

Sample D (cm2/s) β

M-2070 1.84 × 10-6 0.98

NIMs100 1.56× 10-6 0.73

Figure 4 compares the self-diffusion decay curves for neat, dry samples of
the free canopy, NIMs100, and NIMs100 spiked with NaCl (SIT:Na=1:1). We
observe curvature on the semilog plots and good fits to the stretched exponential
function for free canopy and Na+-spiked NIMs100. The data for NIMs 100 is fit
by a double exponential function, and the diffusion coefficients and fit parameters
are listed in Table II.
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Figure 4. PFG diffusion for bulk M-2070 (●), NIMs100 (▵) and NIMs100 spiked
with NaCl (▴).

Table II. Self-diffusion coefficients for neat M-2070, NIMs100 and NIMs100
spiked with NaCl

Sample D (cm2/s) β

Bulk M-2070 5.3×10-8 0.83

NIMs100 3.2×10-8 (fast)
1.4×10-9 (slow) --

NIMs100/NaCl 1.3×10-8 0.90

Even though we observed single exponential decay for M-2070 in D2O
solution, Figure 4 and Table II show that a stretched exponential function (β=0.83)
is required to fit the data for the neat canopy. Since the solution experiments
eliminate polydispersity as an explanation for curvature in the signal decay, we
believe the curvature results from self-association of M-2070 in the neat state,
which does not occur when the molecule is dissolved in D2O at 50 °C (Figure 3).
We note that M-2070 is similar in structure to Pluronic block copolymers, which
are known to self-associate in solution, giving rise to distributions in diffusion
coefficients (30). We have also observed self-association of M-2070 in dilute
solutions of by GPC and in both dilute solutions of M-2070 and neat M-2070 by
small angle x-ray scattering (not shown).
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Figure 5. Diagram showing the crowding of polymer chains at the surface of
the nanoparticle.

Canopy diffusion in NIMs100 is significantly slower than in bulk M-2070
and is best fit with a double exponential function. The double-exponential nature
of the curve demonstrates that there are two populations of canopy polymers, one
of which is not exchanging on the time scale (ms) of the diffusion experiment.
We believe this can be explained by polymer crowding at the particle surface
because the radius of gyration of the M-2070 is larger than the spacing between
anionic groups on the nanoparticle surface, as shown schematically in Figure 5.
A balance of electrostatic attractions between sulfonic acid and amine groups
and entropic repulsion arising from stretched chain conformations would result
in a diffuse electrostatic coupling zone extending away from the anionic corona.
This hypothesis is further supported by the observation that the slow diffusion
coefficient (1.4 x 10-9 cm2/s) gives a hard-sphere radius of 14 nm, which closely
agrees with the estimated hard-sphere radius (12 nm), defined by the silica
nanoparticle diameter plus the SIT layer and two times the hydrodynamic radius
of the canopy. The outer sphere canopy molecules are attracted to the surface
by Coulombic interactions, but they are unable to reach the surface due to the
molecular crowding. We note that the fast diffusion in the NIMs100 sample
is similar to that of bulk M-2070. We previously reported that the diffusion
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coefficients are not sensitive to the diffusion delay time, which demonstrates the
diffusion is not restricted to the surface of the nanoparticle (28).

Canopy exchange is slowed in neat NIMs100, but it is greatly increased in
the presence of NaCl. This is illustrated in Figure 4 (▴) for the sample spiked
with NaCl at a level of one sodium atom per acid group. Under these conditions,
the diffusion coefficient is an average of that observed for hard-sphere diffusion
and for the bulk canopy. The diffusion coefficient measured for the NaCl-spiked
sample is similar to that reported for another NIMs sample which we have
subsequently determined also contained approximately one sodium ion per
acid group (28). This behavior suggests that the presence of small amounts of
contaminant ions can have a dramatic effect on the canopy dynamics in NIMs
and that the diffusion properties can potentially be tuned by controlling the
concentration and valence of additional ions in the NIMs.

Conclusion

In summary, we have studied the dynamics and diffusion of the organic
canopy in SiO2 NIMs using a combination of NMR relaxation and pulsed-field
gradient diffusion. The local molecular relaxation times are similar for the bulk
canopy and the completely neutralized NIMs, suggesting that the dynamics are
liquid-like at the surface of the nanoparticle. The diffusion experiments reveal two
different populations of canopy polymers with different translational diffusion
characteristics. The canopy polymers strongly tethered to the surface exhibit
hard-sphere-like diffusion, whereas the outer sphere layer of the canopy exhibits
bulk-like M-2070 diffusion. These data are explained with a model in which
canopy crowding at the nanoparticle surface prevents all of the amine-terminated
canopy from interacting directly with the acid groups on the surface. We are
currently investigating the effects of canopy molecular weight, canopy:corona
ratios, nanoparticle size, and contaminant ion concentrations on the dynamics and
rheology of NIMs.
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Chapter 10

Dynamics of Disordered Structure of
π-Conjugated Polymers Investigated by

Solid-State NMR
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Stochastically excitable threshold units using functional
materials will potentially be among the key devices for the
production of noise-driven bio-inspired sensors and information
processors with ultra-low energy consumption. In particular, a
noise generator and threshold unit will be able to be fabricated
utilizing the fluctuations found in materials that include
structural, electric dipole, magnetic, and spin. This article deals
with studies of polymer dynamics mainly by 13C solid-state
NMR and structural fluctuations due to twist dynamics of
π-conjugated polymers near the order-disorder phase transition
or twist glass transition. The twist dynamics of π-conjugated
polymers will be important in the design and production
of future electronic devices such as bio-inspired stochastic
information processors.

© 2011 American Chemical Society
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Introduction

Biological systems employ a mechanism of sensoring and information
transmission/processing with ultra low energy consumption, which are found in
their sensory (1–3) and central (4–6) nervous systems. This situation contrasts
sharply with conventional digital computers, where energy consumption is quite
high. The low energy consumption of biological information processing is due to
its mechanism of environmental noise utilization.

Conventional digital technology has been developed based on “noise
suppression.” Because of this design, the system consumes high energy, say 3
or 5 volts and 10-100 watts per CPU in order to ensure error-less, deterministic
operation with Boolean logic. On the other hand, it is known that, for instance,
a human brain consumes at most 10 W (7) for information processing although
the number of elements (neurons) are at least hundreds of times larger than a
typical central processing unit (CPU). This is due to noise tolerant mechanism of
information transmission and processing.

Sensory nerves of several biological systems including crickets (1), crayfish
(2), and paddlefish (3) exploit the phenomenon of stochastic resonance (SR)
for weak signal detection within a noisy environment (4). Counterintuitively,
the signal/noise ratio (SNR) of weak sensory signal is enhanced by internal
and/or external noise to these systems. Thus. biological systems enhance their
performance with progressive utilization of noise. Similar phenomena can be
found in several layers of biological hierarchy, including membrane proteins
(8), cells (9), nervous tissues (10), brains (11), and individuals (12). Recently,
the concept of neuronal computations with stochastic network in the brain
has also been accepted (13). If one seeks to bio-mimick artificial agents with
high adaptability to unpredictable, abrupt environmental change, it would be
difficult to do with conventional digital technology, where operations based on
“If…Then…Else” are prerequisite. In such a case, one needs to establish novel
information sensors and processors with ultra-low energy consumption that
employs biological mechanisms of progressive utilization of noise.

Recently, Asakawa et al. (14) demonstrated that a delayed feedback network
of stochastic threshold units have the ability of noise-driven autonomous switching
depending on a sensory signal. Below we listed the four important characteristics
that can be realized with such a device element.

i) nonlinear response to external field,
ii) noise generation,
iii) one-directional signal transmission, and
iv) dynamic modulation of inter-elemental connectivity.

Historically, polymeric materials had not been used for active electronic
device materials mainly because many polymers show unstable electric properties
due to poor heat resistance or heat deflection, large structural fluctuation, or
chemical instability. Of course, recent developments in organic light emitting
diodes(OLED) (15), organic field effect transistors(OFET) (16), and organic
photovoltaic cells(OPV) (17) have been remarkable, and these applications
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related to polymers will form a mainstream of polymer electronics. Even so,
unstable properties, or (more correctly) large time and/or spatial fluctuations of
physical properties, e.g., carrier mobility and electric conductivity, can be an
important determinant in producing noise-driven bio-inspired devices that we are
interested in.

Poly(alkylthiophene)s [P3ATs] are a class of π-conjugated polymers soluble
in ordinary organic solvents. Previous x-ray diffraction (18) and differential
scanning calorimetry (DSC) measurements (19, 20) indicate that P3ATs show an
order-disorder phase transition. By tuning the length of alkyl side-group, one can
observe a transition temperature near room temperature. It is also well known
that P3ATs without doping show nonlinear electrical conductivity. Since it is
theoretically predicted that static (21) and dynamic (22) disorder affect the carrier
mobility of π-conjugated polymers, the dynamics associated with the transition
could be the origin of random electric properties and would have the potential
to be utilized for a stochastic threshold unit or a molecular noise generator. An
interacting ensemble of such stochastic threshold units can be thought of as a
complex system that generates such emergent properties as “synchronization”
(23, 24) and “chaotic state” (25) (Fig.1). We believe that such cooperative
dynamics produced by an ensemble of stochastic elements will be able to be used
for noise-driven information sensoring and processing in the future.

In this article, we shall show our recent works (26–28) concerning dynamics
of P3ATs investigated by DSC, Fourier transform infrared (FTIR), and 13C solid-
state nuclear magnetic resonance (NMR) spectroscopies. The knowledge obtained
here will be useful for material selection/screening in the fabrication of stochastic
threshold units using π-conjugated polymers.

Results and Discussions
Molecular Dynamics of Regioregulated P3AT

We have recently investigated the phase diagram for P3ATs (26–28). There
are various thermodynamic and non-equilibrium states including crystalline
(C), glassy crystalline (GC), plastic crystalline (PC), liquid glass (G), and
isotropic lipuid (I). The complex diagram can be understood using the concept of
frustration against crystallization (29). In this article, we focus on the structure
and dynamics of poly(3-butylthiophene) [P3BT] and poly(3-hexylthiophene)
[P3HT]. P3BT shows the richest phase diagram among P3AT, and P3HT is the
most widely used polymer in P3ATs mainly because it shows the largest carrier
mobility among P3ATs (30).

DSC of Regioregulated P3BT and P3HT

Figure 2A shows the DSC chart of P3BT. We found an endothermal peak at
333 K as well as a melting peak (520 K). The peak at 333 K is probably different
from the heat capacity jump at 303K for the glass transition of the quenched sample
by liquid nitrogen (Figure 2B). (Here, glass transitionmeans conventional liquid-
glass transition.) Thus, the peak at 333 K is attributable to some sort of solid-solid
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transition. The endothermal peak at 333 K could not be observed in the second
DSC heating scan after cooling at a rate of 50 K/min., inferring that the kinetics of
the transition is quite slow. An x-ray diffraction study of P3BT is available (31),
where the authors concluded that there is a side-group transition from a mixture
of end-to-end (phase I) and interdigitation (phase II) packings to the pure phase I
state. Nevertheless, on the DSC of P3HT, we could not detect anything other than
the melting peak around 500 K (Figure 2C).

Figure 1. An example of Langevin dynamics simulation for an ensemble of
stochastic threshold units. Gray dots stands for the timing when the unit outputs
a firing pulse. A) Schematic drawing of a neural network consisting of 100
excitatory units (shown as “E”) and 100 inhibitory neurons (“I”). All the
excitatory units are connected to one another and the same is true for the

inhibitory units. B) “oscillation” emergent from an ensemble of units. External
noise input or internal noise is required for the network to emerge from the
cooperative dynamics. C) Typical bifurcation phenomenon from oscillation

(“limit cycle”) to chaos when inter-unit interaction is modified through sensory
input by abrupt environmental change.
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Figure 2. Differential scanning calorimetry (DSC) charts for powdered samples
for regioregulated P3ATs. (A) the first heating scan for pristine P3BT, (B) the
second heating scan for a quenched sample by liquid nitrogen after the first
heating scan in DSC measurements, and (C) the first heating scan for P3HT.

Here, three questions remain. First, why did the π-π stacking peak in the
x-ray powder pattern smear out below 323 K, while the same peak was visible
above 323 K? Secondly, what is the driving force of transition? Thirdly, why
is the difference between P3BT and P3HT? We performed FTIR and solid-state
NMR measurements in order to address these problems.

FTIR Measurements for Regioregulated P3BT and P3HT

Figure 3 shows variable temperature FTIRmeasurements for P3BT and P3HT.
The spectra are for the out-of-plane deformation mode for the C4-H bond in the
main chain. For P3BT, there are two peaks, one at 825 cm-1 and the other at
810 cm-1. With increasing temperature, these signals are merged to the 820 cm-1

band (Fig.3A, right). At higher temperatures, the absorption of the 820 cm-1 band
is reduced and that of the 837 cm-1 band for melting is increased. In total, we
observed four peaks. At lower temperatures, the 825 cm-1 band is constant down
to 173 K, and the 820 cm-1 band is gradually shifted to 810 cm-1. From these
experiments, we assigned the four peaks as follows: 837 cm-1 (liquid), 825 cm-

1(unknown from IR measurements), 820 cm-1 (metastable crystalline state), and
810 cm-1 (crystalline state, energetically stabler than that of 820 cm-1).
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Figure 3. Variable temperature FTIR spectra for thin films of regioregulated
P3ATs, P3BT (A) and P3HT (B).

For P3HT, the IR spectrum was similar to but simpler than that for P3BT.
Below 300 K (=Tcp, the transition temperature between the crystalline and plastic
crystalline states; vide infra for the detailed definition), two main peaks were
observed at 816 and 820 cm-1. From curve fitting, a small signal at 826 cm-1 was
also detected as a minor component. Above 300K, the 820 cm-1 peak is dominant
up to the melting temperature (500 K).

13C CPMAS NMR Measurements of Regioregulated P3BT

In order to investigate the transition around 333 K, we performed 13C cross-
polarization magic-angle sample spinning (CPMAS) experiments for powdered
samples of P3BT and P3HT.

The chemical structure of 3-butylthiophene unit and 13C CPMAS spectra of
P3BT are shown in Figure 4A and B, respectively. The clear shoulder signal of the
C4methyl carbon of P3BT can be seen around 16.0 ppm below 333 K, whereas the
spectra at the higher temperatures show a unique component (14.6 ppm), meaning
that at least two chemically inequivalent methyl carbons in P3BT exist below 333
K (Fig.4C). Because the methylene carbons show no peak splitting, only the end
of the butyl chain shows two or more distinct states.

In Figure 4D, the signals of the thiophene ring for P3BT appear at 120–145
ppm as noted in previous studies of oligothiophene (32) and regiorandom poly(3-
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octylthiophene) (33). Broadening and shift of C2 and C5 peaks with heating were
also observed. We shall discuss the broadening and shift later in conjunction with
spin-lattice relaxation times. Results of FTIR and CPMAS NMR show that the
structural change of P3BT occurs markedly around 333 K. At temperatures greater
than 333 K, the state of the main chain is attributed almost uniquely to 820 cm-

1 in FTIR. The side chain is also at a unique state, as shown by the results of
CPMAS NMR. Below 333 K, the main chain consists of mainly two states: the
main component attributed to 825 cm-1 and the other to 810 cm-1. From these, the
fact that the methyl moiety of the side chain also shows at least two components
is probably related to the main-chain states.

Figure 4. Variable temperature 67.8MHz 13C CPMAS NMR spectra for a
powdered sample of P3BT. A) chemical structure of 3-butylthiophene unit, B) full
range spectra, C) expanded spectra for alkyl carbon, and D) expanded spectra

for thiophene ring carbons.

Let us recall the three aforementioned questions. What explains the absence of
the (010) peak (π-π stacking) and the weakness of (100) peaks (inter-chain packing
parallel to the planar π-conjugation) below 323K in theWAXDmeasurement (31)?
Even if both phases (phase I and phase II) coexist, the respective scattering peaks
of x-ray diffraction should be observed. Furthermore, the peak shifts in the IR
spectrum from 825 and 810 cm-1 to 820 cm-1 with heating do not agree with the
argument by Causin et al. (31), i.e., the transition from phase I and phase II to
phase I, because no common IR absorption peak attributable to phase I is visible
below and above the transition temperature. Furthermore, what is the driving force
of the transition? What is the difference between P3BT and P3HT? Clarifying
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these issues would be the key to rationalizing the data obtained from DSC, FTIR,
CPMAS NMR, and WAXD. Here, we specifically examine the dynamics of the
twisting motion of the main chain in the crystalline state.

13C Spin-Lattice Relaxation Time Measurements for Regioregulated P3BT

We performed 13C spin-lattice relaxation time measurements for P3BT using
the Torchia method (34) at various temperatures to investigate the molecular
dynamics. An Arrhenius plot of the spin-lattice relaxation rate (R1=T1-1) for each
carbon is shown in Figure 5.

For the side group (Figure 5A), each R1 value was obtained using a simple
exponential fitting curve. The figure shows the subtle change of slopes around
333 K, but the decrease of R1 was observed throughout the measured temperature
range with heating (from 303 to 373 K). This tendency is visible in the extremely
narrowed regime according to the classical Bloembergen-Pound-Purcell (BPP)
theory (35), indicating that the side chains behave similarly to liquid. The subtle
change of slopes was inferred to result from the conformational change of the
main chain because it would be difficult to believe that further changes in average
conformation should occur in the side group in the liquid state.

On the other hand, the relaxation of main-chain carbons showed no single
exponential decay in the measured temperature range. For that reason, we tried
to fit the decay curves using a Kohlraush-Williams-Watts (KWW) function (36).
In general, the KWW function is used to express magnetization near and below
the glass-transition temperature (Tg ) because the distribution of the relaxation
rate gave rise to nonexponential recoveries (37).The temperature dependences
of R1 for each aromatic carbon are shown in Figure 5B. This figure shows that
the main chain must be in the slow motion regime because of the increase of
R1 with heating. More noteworthy is the fact that discontinuous slope changes
are apparent around 333 K. In many cases, similar tendency is apparent in 2H
NMR measurements, at the glass transition for many glass formers (38–40). In
the case of NMR spin-lattice relaxation measurements, we can distinguish three
temperature regions for the arguments of glass transition. (i) T<Tg: the R1 of
glass formers is dominated by the slow β process (Johari-Goldstein process (41)),
which follows the Arrhenius-type thermal activation process. (ii) Tg <T<1.2Tg :
Both the α process and the Johari-Goldstein process affect R1, where the α process
is described as stretched exponential (KWW) functions. (iii) T>1.2Tg : R1 is
dominated only by the α process. Below 333 K, we observed the Arrhenius-type
thermally activated process for all carbons. That tendency is similar to the
Johari-Goldstein process. Above 333 K, although the measured temperature range
is insufficient to consider the condition of (ii) or (iii) because of the limitation of
the available temperature range of our instrument, discontinuous slope changes
can be a fingerprint for the effect of α process.
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Figure 5. Temperature dependence of 13C spin-lattice relaxation time at 67.8
MHz for alkyl side group carbons (A) and for thiophene ring carbons (B). Insets

are typical decay curves measured using Torchia’s method.

Figure 5B illustrates another point. For the CPMAS 13C measurements,
relaxation occurs through two paths: one is due to the local field fluctuation
by 13C-1H magnetic dipolar coupling and the other is due to fluctuation of 13C
chemical-shift anisotropy (CSA). C4 carbon that is directly connected to a proton
has larger dipolar coupling effect than those of unconnected carbons. Below
333 K, only the C4 carbon shows larger R1 than other carbons, indicating that
the relaxation is caused mainly by 13C-1H magnetic dipolar coupling. That is,
the thiophene ring does not undergo reorientations sufficient to fluctuate the
chemical-shift anisotropy. Above 333 K, the other carbons (C2,C3,C5) showed
individually specific slopes, indicating that the reorientation of the thiophene
ring brings about fluctuations in CSA as well. In view of both IR and NMR
detectability, the most plausible reorientation is twist motion. Similar low-energy
excitations of twist motion were observed in structural phase transitions in
oligophenylenes using Raman (42) and NMR (43, 44).

The above arguments indicate that the glass transition with respect to the
thiophene twisting in the crystalline state occurs around 333 K. We define the
transition as a twist glass transition. Around the twist glass transition, it is thought
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that the translational symmetry with respect to the molecular axis remains almost
unchanged. Although the side group is in the liquid state, there exist residual
thiophene π-stacking and then P3BT assumes a kind of crystalline state. But since
the π-stacking would not be strong, the planarity of π-conjugation would be far
from the perfect. If we think of the thiophene twisting as rotational degree of
freedom, the crystalline phase with thiophene twisting is twist plastic crystalline
phase (PC), and the corresponding non-equilbrium state with frozen twist below
the transition temperature is twist glassy crystalline (GC). Therefore, twist glass
transition is called PC-GC transition and the transition temperature is expressed
as Tgp. Accordingly, the four peaks observed in FTIR are assigned a follows; 825
cm-1 (GC), 820 cm-1 (PC), 837 cm-1 (I), and 810 cm-1 (C), respectively.

Back to the 13C spin-lattice relaxation of P3BT, the temperature dependence
of the stretching parameter β does not accord with the results of other glass
formers. In general, for T>Tg, β is nearly unity because the motional correlation
time is much shorter than the spin-lattice relaxation time, which means that
ergodicity is achieved. Around Tg, the value of β begins to decrease with
decreasing temperature because of the T1 distribution caused by the slowing
of the α process. Then, the value of β increases again slightly with further
cooling (40, 45, 46). In these cases, the single form of the spectral density
function J(ω) is used to determine T1 because it allows the specific examination
of intramolecular motions if we ignore intermolecular interactions. In our case,
because of the crystalline state of strong packing, we cannot ignore the fluctuation
of intermolecular interaction, especially above the transition temperature where
twist motion exists. For that reason, two kinds of spectral-density functions
are needed Jintra(ω) and Jinter(ω). Because two interactions, magnetic dipolar
coupling and chemical shift anisotropy, should affect each J(ω) in a specific
ratio depending on the second moment of interactions, the decay curve cannot
be expressed by a single stretched-exponential function, indicating that β cannot
express the T1 distribution directly at higher temperatures. At T < 333 K, where
a twist motion is absent, the magnetization curve can be expressed using a single
stretched exponential function. As mentioned above, however, at least two states
exist, which are attributed to 825 and 810 cm-1 in the FTIR spectrum in the
temperature region. Therefore, the value of β does lose the conventional meaning
of the distribution parameter in the case of P3BT.

13C CPMAS NMR of Regioregulated P3HT

Combining the results of FTIR for P3BT and P3HT and solid-state NMR of
P3BT, we assigned the absorption bands in FTIR spectra for P3HT thus: 816 cm-1

(C), 820 cm-1 (PC), 826 cm-1 (GC), and 832 cm-1 (I), respectively. The gradual
transition was observed in FTIR (Fig.3B, left) and C and GC phases disappears
around 300K, which is expressed as Tcp, the C-PC transition temperature. Since
the fraction of GC phase is quite low, it would be appropriate to express the C-PC
transition rather than GC-PC transition. In this section, in order to investigate
the structure and molecular dynamics of P3HT around Tcp observed in the FTIR
study (27), we first performed 13C CPMAS measurements for P3HT at various
temperatures. The chemical structure of the 3-hexylthiophene unit and the spectra
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are shown in Figure 6A and 6B, respectively. The peaks higher than 40 ppm
correspond to the aliphatic carbon atoms of the side group (Figure 6C) and four
aromatic peaks at 120-140 ppm correspond to the four carbons of the thiophene
unit(Figure 6D). The assignments of each carbon were made by comparing with
the solution NMR of P3HT (47). Notably the signals narrow with increasing
temperature for both the main chain and the side group. The narrowing probably
indicates the onset or acceleration ofmolecular motion of the P3HTmain chain and
side group. Figure 6E and 6F show the change in the full width at half-maximum
(FWHM) of each peak for the side group and the main chain, respectively.

For the side group, the FWHMdecreased gradually with heating, and the slope
turned particularly steeper between 200 and 250 K. After that, they showed a weak
temperature dependence (note the plateau) between 270 and 300 K, and finally
decreased again above 300 K. Interestingly, this transition temperature region for
the steeper slope between 200 and 250 K corresponds to that of the FTIR study
(27), where the C4-H out-of-plane vibration band gradually shifted with heating
from two peaks, 826 and 816 cm-1, to a single peak, 820 cm-1, which corresponds to
GC-PC (although the fraction is quite small) and C-PC transition, respectively. In
the FTIR study, we focused only on the behavior of the thiophene ring moiety, that
is, the change in absorption of the C4-H out-of-plane region around the transition
temperature (27). The CPMAS spectra, however, imply that the conformation or
the dynamics of the side group changes around the transition temperature. There
was no noticeable peak shift in the IR spectra from trans to gauche in the CH2
asymmetric band in the measured temperature range (28). Thus, the FTIR data
shows that the alkyl side group keeps the gauche conformation even below Tcp,
although the line width of the CPMAS spectra changed in this temperature region.
The 13C chemical shift of CPMAS spectra for the alkyl group is consistent with
the IR results. The methylene peaks (C1′-3′) at 30.5 ppm maintain its height even
below Tcp. From the chemical shift of the methylene peak, the side group mainly
takes on the gauche conformation even below Tcp. In fact, CPMAS spectra below
Tcp showed small shoulders around 25 and 34 ppm in the C5′ and C1′-3′ signals,
respectively, indicating at least two or more chemically inequivalent methylene
carbons in the side group below Tcp. Our FTIR study showed that several phases,
PC, GC, C, and amorphous, coexist in this temperature region. These various
phases may affect the chemical shift of the side group. Therefore, CPMAS spectra
below Tcp should have a complicated shape. Unfortunately, the signal of C4′
carbon which appears around 33 ppm overlaps with the all-trans signal of other
methylene carbons. This makes it difficult to assign the conformation at the lower
temperature accurately. However, the fact that the signal at 30 ppm is clearly
apparent and still being a main component even down to 173 K means that at least
a certain amount of the gauche conformation exists below Tcp. It has often been
claimed that the side groups of P3ATs take a perfect all trans conformation at lower
temperatures. However, it is not true in the case of P3HT.

Consequently, one can say that the increase of FWHM below Tcp originates
from the slowing of the side group dynamics. At the transition temperature,
the side group froze without a conformational change similar to a glass
transition. As mentioned above, P3ATs with longer alkyl side group, such as
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poly(3-dodecylthiophene) [P3DDT], show a melting behavior of the side group,
and it leads to polymorphism (48, 49).

Figure 6. Variable temperature 125.8 MHz 13C CPMAS NMR spectra for a
powdered sample of P3HT. A) chemical structure of 3-hexylthiophene unit, B)
full range spectra, C) expanded spectra for alkyl carbon, D) expanded spectra
for thiophene ring carbons, E) full width at half maximum (FWHM) for alkyl

carbons, and F) FWHM for thiophene carbons.

Nonetheless, the side group transition in P3HT is not an order-disorder
transition but a glass transition because of its short side group. Pankaj et al.
(50) investigated side chain dynamics in a series of regiorandom P3ATs by
dynamic mechanical analysis, and a process of the alkyl side group for P3HT
was observed at 186 K. The fact that the temperature at which the narrowing
of the CPMAS spectrum started is almost consistent with their results confirms
the glass transition of the alkyl side group in the crystalline state. Similar to the
behavior of the side group, the line width for the main chain also narrowed with
heating (see Figure 6D and 6F). Below 300 K, similar temperature dependence of
FWHM to the side group was observed, although slope changes around 190-210
K are not so clear as observed in the side group. The narrowing with heating
below 300K should be attributed to an inhomogeneity-homogeneity change in the
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conformation or to acceleration of the thiophene ring twisting motion. Indeed,
the IR band of the C4-H out-of-plane vibration below 300 K (=Tcp) was able to be
decomposed to four components, PC, C, GC, and amorphous, while it could be
decomposed to two states, PC and amorphous, above Tcp (27). Therefore, both the
decrease of conformational distribution and the increase of molecular dynamics
must have contributed to the narrowing of CPMAS signals.

13C Spin-Lattice Relaxation Time Measurements of Regioregulated P3HT

Next, we performed 13C spin-lattice relaxation-time measurements for P3HT
(28). The relaxation rates (R1 ) for each carbon at various temperatures are plotted
in Figure 7. For the side groups (Figure 7A), each R1 value was obtained using
a KWW function. Whereas below 230 K the relaxation rates were distributed,
the value of β showed nearly unity above 250 K (see the relaxation curves in
the inset of Figure 7A); i.e., the obtained fitting curve was a simple exponential.
It suggests that an inhomogeneity-homogeneity transition was occurred with
heating. The temperature range where the β value is turned into unity corresponds
to the peak narrowing of the CPMAS spectrum, suggesting side group transition.
However, a clear transition of R1 was not observed probably due to the noise in
R1 measurement, which is very susceptible to plots with low amplitude in the
relaxation curve. With further heating, R1 reached the maximum value around
270-300 K, except for the methyl carbon of the side group, which monotonously
decreased with heating, meaning that the correlation time, τc, for the inner side
group reached the inverse of Larmor frequency, 125 MHz. At a temperature
greater than 300 K, the molecular motion of these carbons entered the extremely
narrowing regime (35), and eventually the value of R1 decreased with heating.
Interestingly, the onset temperature of extremely narrowing regime is consistent
with Tcp, indicating that rapid alkyl group motion occurs in the PC state. As
mentioned above, the decay of magnetization of the side group carbon obeyed
Debye type relaxation in this temperature range. In this case, we were able to
determine the activation energy, Ea, of 8.2-15.0 kJ/mol. This is consistent with
the recent result of quasi-elastic neutron scattering by Obrzut et al. (51).

For the main chain carbons, the decay of magnetization obeyed the stretched
exponential fitting curve in all measured temperature ranges as shown by
the representative curves in the inset of Figure 7B. This distribution of R1 is
reasonable for the similar reasons as P3BT. Obtained value of R1 are shown in
Figure 7B. Two step jumps with heating are visible around 240 and 310 K. The
abrupt slope change in the lower temperature region seems to coincide with the
FWHM change observed in the alkyl side group. We can describe a plausible
scenario of the transition; the alkyl chain begins to undergo molecular motion
around 200 K, which is the onset of slope change in the FWHM upon heating,
and then the thiophene begins to twist around 240 K in response to the side group
motion accelerated enough to stimulate the main chain motion. Around 270-310
K, R1 show almost constant values. This plateau of R1 is probably related to the
critical behavior of C-PC transition. At a temperature greater than 310 K, R1
increases again with heating. The steep rise of R1 was observed in the case of the
twist glass transition for P3BT as well (26). We believe that all thiophene rings
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undergo twisting, which means that they are in the PC state. However, various
factors derived from the same reasons as P3BT prevent an estimation of exact
activation energy for the thiophene twist. As mentioned above, R1 remains almost
constant around 270-310 K. Similar phenomenon has been reported for the phase
transition of the second kind between a high-temperature normal phase and an
incommensurately modulated phase, Ti, particularly named “partial slow motion
limit” in some insulating crystals (52). Just above the critical temperature, R1
is temperature independent due to the critical slowing down of order parameter
dynamics (52). The fact that the temperature independent region is observed just
above Tcp for P3HT might indicate that the transition might be a second-order
phase transition as well. The absence of remarkable latent heat in DSC (26)
also supports the second-order phase transition. However, the phenomenon that
violates the general property of second-order transition has also been observed;
i.e., PC can exist even below Tgp (=Tcp) as the supercooling liquid (27). Further
investigations such as the frequency dependence of T1 NMR measurements are
necessary to determine the classification of the phase transition occurring in
P3HT.

Comparison between P3BT and P3HT

This section is devoted to the aforementioned third question. The temperature
dependentR1 also provides information about the difference of dominant structures
between P3BT and P3HT around Tgp or Tcp. For P3BT, only the C4 carbon,
which is directly connected to a proton, showed larger R1 than other carbons below
the twist glass transition temperature (T < Tgp=340K) (26), indicating that the
relaxation was mainly due to fluctuation of 13C-1Hmagnetic dipolar coupling. The
thiophene ringwould not undergo reorientations sufficient to fluctuate the chemical
shift anisotropy (CSA). Above the Tgp, on the other hand, the other carbons (C2,
C3, C5) showed specific slopes individually, where reorientation of the thiophene
ring, i.e., twisting, brought about fluctuations in CSA as well. For P3HT, however,
all carbons showed similar R1 in the measured temperature range, suggesting that
the relaxation occurred not only by the fluctuation of magnetic dipolar coupling but
also by that of chemical shift anisotropy even below Tcp. This difference between
P3BT and P3HT seems to be consistent with our argument based on the IR results;
GC and C, in which thiophene does not undergo twisting motion, are dominant
in P3BT, whereas PC is dominant in P3HT below Tgp or Tcp. This tendency can
be explained by the degree of frustration against crystallization due to interchain
interaction (27). In the case of P3BT, locally favored structures (“cooperative
rearrangement region”-like structure) exist with strong frustration. Consequently,
GC and C are preferentially realized with respect to a decrease of temperature.
For P3HT, in contrast, PC is the dominant structure instead of GC or C because
of its weak frustration. The relationship between the molecular mobilities of the
side group and main chain supports this hypothesis. The C-PC transition occurred
in P3HT when the hexyl group entered the extreme narrowing regime, which is
confirmed by a negative slope of R1 vs T -1. In other words, π-π stacking is easily
weakened by the rapid side group’s motion. On the other hand, P3BT kept GC
and C states even though the butyl group was in the extremely narrowing regime.
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The stronger intermolecular interaction in P3BT yields a more rigid crystal as
well as a large amount of GC. The temperature dependence of optical absorption
measurements for P3HT support these argument (28).

Figure 7. Temperature dependence of 13C spin-lattice relaxation time at 125.8
MHz for alkyl side group carbons (A) and for thiophene ring carbons (B). Insets

are typical decay curves measured using Torchia’s method.

Conclusion

In this article, we summarized our recent results concerning the phase
diagram for P3ATs. There are various thermodynamic and non-equilibrium
states including crystalline, glassy crystalline, plastic crystalline, liquid glass,
and isotropic liquid. Figure 8 illustrates the phase diagrams for P3BT and P3HT
including the thermodynamical phases and non-equilibrium states. This complex
situation is due to frustration against crystallization in P3ATs. The strength of the
frustration depends on the length of alkyl side-groups. For example, RR-P3BT is
GC rich, while RR-P3HT is PC rich for a wide temperature range.
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Figure 8. Proposed phase diagram for P3BT and P3HT. The horizontal axis
stands for the fraction of thermodynamical phasesand non-equilibrium states

estimated by the FTIR measurements and the fractions are presumably connected
to the degree of frustration against crystallization of P3AT.
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Chapter 11

Molecular Mobility and Phase Composition
in Polyolefins: From Fundamental to Applied

Research

V. M. Litvinov*

DSM Resolve, P.O. Box 18, 6160 MD Geleen, The Netherlands
*E-mail: Victor.Litvinov@DSM.com

Molecular mobility, phase composition and morphology
of polyethylenes (PE), polypropylenes (PP) and random
poly(ethylene-co-propylene) (PPR) were studied by solid-state
low-field 1H NMR, X-ray, DSC and microscopy methods.
Influence of the following factors on the phase composition
and molecular mobility is discussed: (1) the effect of the
amount and the type of comonomers in PE and PP chains,
(2) thermal aging, and (3) deformation. Small changes in the
chemical composition, thermal history and mechanical load can
significantly influence molecular mobility in the amorphous
phase. A series of studies by the author shows that solid-state
NMR provides a unique and complementary tool to traditional
methods in obtaining information about physical structures and
local dynamics in polyolefins. This information is useful to
achieve a better understanding of deformation behavior of this
class of polymers.

Introduction

The physical and mechanical properties of semi-crystalline polymers are
significantly influenced by morphology, phase composition and molecular
mobility in different phases. Therefore, a quantitative characterization of
these meso-/nano-scopic characteristics of semi-crystalline polymers is of great
importance to advance our understanding of their properties. In this respect,
the phase composition is probably one of the most important morphological
parameters, mainly because the amorphous and crystalline phases exhibit vastly

© 2011 American Chemical Society
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different behavior and their relative contributions to the material properties
should be accurately known. Numerous 1H, 2H and 13C solid-state NMR
studies of polyolefins have provided detailed information on phase structure
and morphology, especially with respect to crystalline polymorphs, phase
composition, chain conformation, and molecular motions. In this paper, a series
of studies of polyolefins using low-field 1H NMR is reviewed. Several examples
of methods and applications are provided, which help improve our understanding
of the physical structures of polyolefins and the role of the physical structures in
the different applications.

Results and Discussion

Methods for Crystallinity Determination

The most common methods for crystallinity determination are X-ray
diffraction, density measurement, and differential scanning calorimetry. Each
of these methods is based on a different physical property and gives rise to a
different definition of the crystalline phase. In general, crystallinity determination
using different methods does not always yield the same result on even the same
sample (1) because of the following reasons: (i) The complex morphology of
semi-crystalline polymers requires different sets of assumptions for the analysis of
the data recorded by different techniques. (ii) The discrimination of the crystalline
and amorphous phases is made on the basis of different characteristics, such as
the enthalpy of melting (DSC), long range periodicity (WAXD), and the specific
volume (density analysis). (iii) The two-phase model, which is traditionally
used for determining crystallinity, is rather simplified for the description of
semi-crystalline polymers due to the presence of a crystal-amorphous interface or
rigid amorphous fraction, which can be detected either as crystalline or amorphous
fraction depending on the method used. In other words, the borderline is difficult
to draw between crystalline and amorphous phases for different methods.

Several experimental methods, such as neutron scattering, dielectric
relaxation, calorimetry, and solid-state NMR, have shown that an intermediate
layer separates crystalline and amorphous phases, and the properties of this layer,
i.e., crystal-amorphous interface (1, 4, 5) or rigid amorphous fraction (6, 7), are
intermediate between those for crystalline and amorphous phases. A three-phase
model, in which the interface is taken into account, could provide better
description of the experimental data. Therefore, the term “phase composition” is
perhaps more appropriate than simply “crystallinity” to emphasize the multi-phase
nature of semi-crystalline polymers. The interfacial layer is usually thought to be
a transitional region located in between the crystals and the mobile amorphous
regions. The interface has distinct chain dynamic and is characterized by a degree
of order perpendicular to the lamellae surface but disorder in the lateral direction
(8).

Solid-state NMR is one of the most informative techniques for the
characterization of molecular mobility and molecular scale heterogeneity in
materials. Over the years, different solid-state NMR methods with relatively
basic or sophisticated features were used for the investigation of morphology
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and molecular mobility in polyolefins. 13C NMR spectroscopic methods provide
detailed information about molecular mobility in the different phases of PE
because of high phase selectivity, which exploits differences in chemical shifts
for crystalline and amorphous phases (9–12). However, quantitative studies of
phase composition, domain sizes, and molecular mobility in PE by 13C NMR
could suffer from a lack of accuracy due to very long 13C T1 value for PE crystals.
For the characterization of a large series of samples, one should choose the most
robust, convenient and accurate NMR method. 1H NMR T2 relaxometry was
widely used for this purpose. The high sensitivity of 1H NMR makes this method
very attractive for the characterization of crystallization kinetics (13), premelting
behavior (14), and quality control (15). Wide-line 1H NMR and relaxation
experiments were frequently applied to study the effect of the chemical structure,
molar mass and temperature on the phase composition and molecular mobility
(16–20).

Phase Composition Analysis by NMR T2 Relaxometry

When the term crystallinity is used in connection with low-resolution NMR
technique, this refers to the rigid fraction at temperatures well above Tg, i.e.,
the fraction of material possessing the lowest molecular mobility; this term is
also distinguished from semi-rigid (interfacial) and soft non-crystalline phases
(either oriented or non oriented) in a material. Characterization of the three-phase
structure is important from a theoretical viewpoint, and it is a key factor in
determining the overall crystalline structure, the morphology and (thus) the
mechanical properties.

Optimum Analysis Temperature for Phase Composition by NMR T2 Relaxometry

At room temperature, a significant fraction of the amorphous phase in i-PP
and HDPE is rigid. With increasing temperature, molecular mobility begins to
increase in the inner/softer part of the amorphous phase towards the lamellae
surface resulting in decrease in the amount of the rigid fraction, which is
composed of the crystalline phase and the rigid fraction of the amorphous phase
(Figure 1). To observe distinct differences in molecular mobility of the crystalline
and amorphous phases, and consequently in the T2 relaxation, the temperature of
the sample should substantially exceed the dynamic glass transition temperature
(Tgd) at the time scale of the NMR experiment, i.e., in the range of 10-4 - 10-5 sec.
Since the T2 relaxation experiments should be performed at temperatures well
above Tg, the sample exposure to elevated temperatures can cause irreversible
changes in the phase composition and in molecular mobility. Therefore, the
temperature for the experiments should not be too high to prevent annealing of
the sample during the NMR experiment.

The amount of the rigid fraction in HDPE (21) and i-PP (22) is almost constant
in the temperature range from ~70°C to 100 °C, and its value is close to the
crystallinity measured by DSC and X-ray. In this temperature range, the difference
in molecular mobility in rigid, semi-rigid and soft fractions is high enough for (i)
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accurate deconvolution of the decay of the transverse magnetization relaxation
(T2 decay) into the relaxation components originating from different phases, and
(ii) annealing can be avoided during NMR experiments at these temperatures.
Therefore, this temperature range is optimal for phase composition analysis in
HDPE and i-PP.

Analysis of the Decay of the Transverse Magnetization Relaxation

Precautions should be taken for accurate measurements of the T2 relaxation
function of materials which are composed of rigid and soft phases, like semi-
crystalline polymers above Tg of the amorphous phase (23–26). The T2 decay – the
time dependence of the Mxy component of the macroscopic magnetization vector
- is a weighted sum of T2 decays from phases with distinct difference in molecular
mobility. The relative fraction of the T2 relaxation components is proportional to
the content of hydrogen in these phases. The T2 relaxation time of these relaxation
components allows the determination of relative difference in molecular mobility
in different phases and in a series of samples of the same chemical origin. The
longer the T2 relaxation time, the larger the frequency (and/or the amplitude) of
molecular motions is.

Figure 1. Schematic drawing of the effect of temperature on the amount of rigid,
semi-rigid ands soft fractions of melt-crystallized PE, and molecular mobility in

these fractions as determined by the analysis of T2 decay.
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Analysis of the phase composition in complex polymeric materials
using T2 relaxation data is usually complicated due to several reasons: (a)
multiphase/component composition; (b) morphological heterogeneities of
materials, such as distribution of domain sizes resulting in a distribution of
frequency of molecular motions; (c) spatial heterogeneity of materials on
the micrometer scale, which is formed during processing, i.e., heterogeneous
distribution of components, differences in morphology through the sample
volume because of variation in temperature gradient and flow induced orientation
in different parts of a sample, for example in skin layer versus core part; (d)
molecular-scale and morphological heterogeneity, which is caused by the
chemical heterogeneity, such as molar mass distribution and a variation in
the chain composition, chain sequences and tacticity along a single chain; (e)
complexity of molecular motions causing a complex shape of the decay of the
transverse magnetization relaxation. Because of these reasons, a thorough study
of the T2 relaxation as a function of temperature both for a polymeric material
and for the separate components that were used for its preparation, is desired for
reliable data analysis.

The theoretical description of the T2 decay shape for semicrystalline polymers
above the Tgd is still under debate and a purely phenomenological analysis of
the decay shape with two- or more components is commonly used. Different
functions were used for describing the T2 decay for semicrystalline polyolefins
(20, 26–31). The shape of the relaxation component for the crystalline phase
was described either by an Abragamian or a Gaussian function. A Gaussian,
Weibull or an exponential function was used to describe the T2 relaxation of the
crystal-amorphous interface. The relaxation of the soft amorphous fraction was
described either with a single exponential or a sum of two exponential functions. It
should be noted that the phase composition, as characterized by the NMRmethod,
is affected to some extent by the temperature of the experiment (25), and by a fitting
function used for the deconvolution of the T2 decay into the separate components
(13, 20, 30, 32). Nevertheless, the amount of rigid phase, which is determined
from the T2 relaxation analysis, corresponds rather well with crystallinity values
obtained by other methods.

Temperature Dependence of Phase Composition and Molecular Mobility in
Polyolefins

1. HDPE, Ethylene-Octene Copolymer (m-PE) and i-PP

The three-phase model provides the most appropriate description of the phase
composition in HDPE (21) and i-PP (22) at temperatures of ~70 - 100 °C. Above
these temperatures, the phase composition is affected by annealing and partial
melting. Crystallinity values, as determined by the NMR method, are in good
agreement with those determined for the same samples using SAXS. Crystallinity
of m-PE is significantly lower than that of HDPE (33). Above room temperature,
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crystallinity of m-PE with 30 wt% octane chain units gradually decreases with
increasing temperature and approaches zero at 70°C.

2. Random Poly(Ethylene-co- propylene) (PPR)

The phase structure of PPR is more complex than that of i-PP due to the
presence of small amount of ethylene chain units in the main chain, as well
as atactic propylene chain units. Four different phases/fractions with different
molecular mobility are determined at 110°C by the T2 relaxation method (26): (i)
crystalline phase, (ii) semi-rigid crystal-amorphous interface, (iii) soft fraction of
the amorphous phase, and (iv) small amount of the amorphous fraction, which
has molecular mobility similar to that of rubbers.

3. Thermoplastic Vulcanizates (TPV) Composed of i-PP, EPDM, and Paraffinic
Oil

TPV’s are rubbery materials, which are processable as thermoplastics but
exhibits properties similar to those of vulcanized rubbers at usage temperatures.
TPV’s are produced by dynamic vulcanization of blends containing a thermoplast
and an elastomer. At 110 °C, the NMR relaxation method allows us to perform
a rather accurate determination of the amount of different phases/components of
TPV – namely, crystalline and amorphous phases of PP, EPDM and paraffinic
oil – and molecular mobility in these phases (34). Crystallinity of PP is hardly
affected by the TPV’s composition and is close to 70 wt %. A small fraction of
oil molecules plasticizes the amorphous phase of PP and the plasticization effect
is proportional to oil : PP mass ratio in the TPV composition. Results suggest
that a thin interfacial layer is formed by propylene-rich chain fragments of EPDM
of EPDM/oil rubbery phase and by PP chains of the PP phase. The interface is
the source of physical junctions, which are formed at the shell of EPDM rubber
particles and at the surface of PP particles occluded in the EPDM phase.

NMR allows quantitative determination of the network density in the rubbery
phase of the TPV’s (34). The network structure is formed by chemical crosslinks,
physical junctions at the EPDM/PP interface, temporary and trapped chain
entanglements. The total network density in EPDM rubbery phase is affected by
the following changes in the TPV composition: (i) the network density increases
with increasing amount of the crosslinker per weight unit of EPDM; (ii) decreases
with increasing oil content because of chain disentanglements; and (iii) increases
with increasing PP/EPDM weight ratio due to an increase in the density of
physical junctions at the EPDM/PP interface. The EPDM network density largely
influences the translational and rotational mobility of oil molecules; i.e. the higher
the crosslink density, the more the mobility of oil molecules is hindered. Some
relationships between the TPV composition, network density and mechanical
properties are established (34).
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Domain Size Determination by NMR Spin-Diffusion Experiments

Traditionally, transmission electron micrograph (TEM) and small-angle
X-ray scattering (SAXS) are two major techniques used to determine the lamellar
thickness. The former offers the advantage of direct access to the morphology.
SAXS is a well-developed method to quantitatively determine the thicknesses
of alternating layers of the crystalline and amorphous regions of the lamellae
morphology. The NMR experiments permit unambiguous identification of the
three-phase morphology due to a large difference in the relaxation behavior of the
chain units in mobile amorphous fraction, semi-rigid crystal-amorphous interface
and crystalline phase (21, 22). The domain thickness in HDPE and i-PP, which
is determined by NMR in the temperature range from ~70 to 100°C, is in good
agreement to those measured by SAXS and TEM on the same sample. The
thickness of the interface is nearly constant in the studied temperature range and
equals 1.1 – 1.3 nm. This value is in the same range as previously estimated for
PE value by Monte Carlo simulations (35). It should be noted that the interface
thickness is close to the length of the statistical segment of PE and i-PP chains,
which consists of 6 – 7 carbon–carbon bonds and equals to ~0.8 nm for fully
extended polyolefinic chain. Therefore, distinct differences in molecular mobility
in different fractions of HDPE are apparently caused by short-range correlations
of chain motion due to the short length of the statistical segment.

The Effect of Annealing on Phase Composition, Molecular Mobility, and
Domain Sizes

Annealing at Temperatures Close to Melting Temperature Range

Chain rearrangements upon prolonged annealing of HDPE and i-PP at
elevated temperatures result in an increase in the lamellar thickness at the
expense of the interfacial layer and the soft amorphous phase (21, 22). Annealing
also causes a decrease in molecular mobility in the crystalline phase due to
perfecting of the crystalline order. Lamellae thickening and a slight increase in the
crystallinity would cause additional slippage of chain entanglements towards the
inner part of inter-lamellar amorphous regions causing additional immobilization
of the soft fraction of the amorphous phase. The following mechanism of
morphological changes during annealing at elevated temperatures is suggested.
Upon approaching the melting temperature, molecular mobility increases both
in the amorphous phase, the crystal-amorphous interface, and in the crystalline
phase. An increase in molecular mobility is accompanied by partial melting of
small crystals and less ordered fragments of lamellae. An increased mobility in
the amorphous phase and chain diffusion in and out of the crystals (αc-relaxation)
facilitates structural reorganizations, which occur in the amorphous layer adjacent
to the lamella surface, causing a continuous shift of the interface towards the inner
part of the amorphous regions and thus reducing the thickness of the amorphous
layer and increasing the lamellae thickness. The thickness of rigid (crystalline)
domains increases linearly as a function of the logarithm of the annealing time,
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which is in good agreement with theoretical predictions and experimental results
for other polymers (36, 37).

Aging of i-PP at Temperatures Slightly Exceeding Tg

A significant change in impact strength, flexural modulus and dimensions
of injection molded part, which are made from i-PP, occurs upon prolonged
aging at ambient temperature (38). The exact origin of these changes is not well
understood. NMR T2 relaxation experiments has helped in understanding this
phenomenon (38). Molecular mobility of the rigid fractions, which at 28°C is
composed of crystalline phase and rigid amorphous fraction, is hardly affected
by aging for 1000 hours. The amount of the rigid fraction increases by ~1–2
wt%. Aging causes a significant decrease in molecular mobility in the soft
amorphous fraction. This decrease can be caused by two different phenomena:
(i) the formation of small crystals in inter-spherolitic amorphous domains during
the secondary crystallization, and (ii) an increase in the density of the amorphous
phase due to relaxation of residual stresses. The results obtained suggest that
aging-induced changes in the macroscopic properties of injection molded articles
largely originate from a decrease in molecular mobility in the amorphous phase.

Long Term Aging at Elevated Temperatures and Hydrostatic Pressure

One of the important applications of random propylene copolymers (PPR)
is the production of hot water pipes. The pipes can be used under hydrostatic
pressure and at elevated temperatures up to 70°C continuously for 50 years and
for a short time at 80°C. Breakage of pipes can occur if aging time at a certain
temperature exceeds that of the specification. It has been shown that 1H NMR
T2 relaxation analysis is the most sensitive tool for determining changes in PPR
samples that are caused by storage of PPR pipes at these conditions (26). The long
term aging causes the following changes in the phase composition and molecular
mobility. The crystallinity increases by ≤5% with increasing storage temperature.
The amount of semi-rigid and soft amorphous fractions slightly decreases upon
storage at the expense of the highly mobile chain fragments in the amorphous
phase, which have a higher concentration of ethylene comonomer units than chain
fragments in the soft amorphous fraction.

The following processes, which occur in PPR due to exposure to hydrostatic
pressure at elevated temperatures, are suggested (26). (i) Creep upon hydrostatic
pressure causing chain elongation in the amorphous phase. (ii) The increase in
crystallinity, which can occur due to the attachment of chain fragments in the
amorphous phase to existing crystals and/or due to the formation of new crystals.
In both cases, mobility in the amorphous phase decreases due to a decrease in
the chain length between adjacent crystals, i.e., the length of tie molecules. (iii)
A better phase separation of ethylene-rich chain fragments from the PP matrix.
The better phase separation results in an additional decrease in molecular mobility
in the PPR matrix, since more mobile chain fragments with ethylene chain units,
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if they are mixed on the molecular scale with PP chain fragments, cause some
increase in molecular mobility of the PP matrix due to intermolecular coupling of
chain motions. All these changes cause embrittlement of pipes followed by their
breakage. It was shown that the combination of DSC and NMR relaxometry is a
powerful tool for the investigation of the molecular origin of damages in broken
PPR pipes and fittings, and for estimating their usage temperature and time.

The Effect of Deformation on Phase Composition, Molecular Mobility, and
Domain Sizes

Ethylene Copolymers

Changes in phase composition and molecular mobility were studied for
vulcanized semi-crystalline ethylene-octene copolymer (m-PE) and amorphous
EPDM rubber using a specially designed device, which made it possible to
perform NMR experiments under fixed uniaxial compression and to record
applied force (33). These two samples differ as regards network structure, i.e.,
EPDM has a larger density of chemical crosslinks, whereas the total network
density in m-PE is significantly larger because small crystallites act as physical
network junctions. These differences in the network structure largely influence the
elastic properties. Despite the larger total network density inm-PE, strain-induced
orientation of EPDM chains in compressed sample is significantly greater,
suggesting that the density of chemical crosslinks largely determines the elastic
behavior. Crystallinity of m-PE does not increase upon compression. It appears
that compression causes rearrangements of crystallites due to chain detachment
from the crystal surface and its attachment to neighboring crystals. It can be
concluded that physical network junctions, which originate from chains anchoring
to crystallites, would not be efficient in bearing the force, and the applied force is
mainly carried by chemical crosslinks and trapped chain entanglements. Thus,
an increase in the density of chemical crosslinks is required for improvement
the elastic recovery (the compression set) of m-PE. It has been demonstrated
that 1H NMR T2 relaxation experiments under uniaxial compression can provide
useful information to help in a better understanding the viscoelastic behavior of
heterogeneous elastomeric materials, such as semi-crystalline polymers, filled
elastomers, thermoplastic elastomers and thermoplastic vulcanizates.

Isotactic Polypropylene

Changes in phase composition, molecular mobility and domain thickness in
uniaxially stretched i-PP have been investigated as a function of temperature, draw
ratio (λ), drawing temperature and drawing rate (39). The NMR experiments have
been performed on samples after strain recovery. For the drawing temperature
range between 25 and 110°C, typical ductile deformation behavior with a yield
point, neck formation and propagation, and strain hardening have been found.
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The Effect of Drawing Rate

Deformation-induced changes in the phase composition and molecular
mobility are hardly affected by changes in drawing speed which is varied from 1
to 100 mm/min. This suggests that chain rearrangements, which lead to changes
in morphology and physical structures upon drawing, are fast as compared to the
total time scale of deformation used, or the effect of drawing speed diminishes
during strain recovery.

The Effect of Drawing Ratio

Drawing to λ = 7, which corresponds to beginning of the strain hardening,
causes a small increase in the amount of the rigid fraction, which indicates the
presence of highly strained tie molecules in the amorphous phase. Upon increase
in λ from 10 to 16, a further increase in the amount of the rigid fraction is
observed. This increase can be attributed to strain-induced crystallization and/or
large immobilization of chains in the amorphous phase. At λ = 7, molecular
mobility in the semi-rigid and soft fractions is already largely decreased, and it
continues to decrease up to the highest draw ratio.

The Effect of Drawing Temperature

Drawing temperature has a large effect on the strain-induced transformation
of the spherulitic morphology of i-PP to fibrillar morphology. The amount of
the rigid fraction increases with increasing drawing temperature for all draw
ratios. Molecular mobility in crystalline and amorphous phases is lower at higher
deformation temperatures. Relative differences in imperfections in the crystalline
structure can be identified by comparing T2 relaxation time for the rigid fraction -
T2r. At the same λ, T2r is longer at lower deformation temperatures. This indicates
larger imperfections in the crystalline phase of i-PP, which is stretched at 25°C, as
compared to the undeformed sample. At drawing temperature of 25°C, the long
period and the thickness of the rigid domains slightly decrease at the expense of
the thickness of the semi-rigid and soft domains, which suggests defragmentation
and disordering of crystals. At higher drawing temperatures, an increase in the
long period and lamellae thickness is observed upon increasing the draw ratio and
drawing temperature, whereas the thickness of amorphous layer, which separate
adjacent crystals, slightly decreases. As far as molecular mobility is concerned,
it decreases with increasing draw ratio both in the rigid and soft phases. The
decrease is more pronounced at higher deformation temperatures, which points
out a more perfect structure organization due to partial melting followed by
recrystallization at higher deformation temperatures. The observed changes in
the phase composition and molecular mobility suggest that faster rate of chain
motions in the crystalline phase (αc-relaxation) facilitates transformation of the
spherulitic morphology to a fibrillar one. Moreover, partial melting followed by
strain-induced crystallization can possibly occur at higher temperatures.
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Conclusions
A series of studies of polyolefins shows that solid-state low-field 1H NMR

provides a powerful and complementary tool to traditional methods to obtain
information about physical structures, the phase composition, molecular mobility
in different phases. Even small changes in the chemical composition, thermal
history and a mechanical load can significantly influence molecular mobility in
the amorphous phase. This information is useful to achieve a better understanding
of yield and deformation behavior of polyolefins. If more detailed information
about physical phases and their chemical origin is required, high-field 13C NMR
spectroscopy should be used .
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Chapter 12

Molecular Dynamics and Structure of the
Crystalline Region of Isotactic-Polyolefins

Characterized by Solid-State NMR

Toshikazu Miyoshi*

Department of Polymer Science, The University of Akron,
Akron, OH 44325, U.S.A.

*E-mail: miyoshi@uakron.edu

A review is given of recent solid–state NMR work on structure
and molecular dynamics of polyolefins such as isotactic
poly(1–butene) (iPB1) and isotactic polypropylene (iPP). In
iPB1, melt–crystallization leads to metastable form II, and
subsequent solid–solid transition results in stable form I. 1H–13C
wide line separation (WISE) and center bands only detection
of exchange (CODEX) NMR techniques provided geometric
and time–kinetic parameters of molecular dynamics for overall
and side chains in both forms at natural abundance. The 1H
line–shape analysis using a two–spin approximation and 13C T1
results indicate that form II chains perform uniaxially rotational
diffusions accompanying side–chain conformational transitions
in the fast motional limit (correlation time < 10-7 s). After
irreversible solid transition, 13C CODEX results indicate that
crystalline stems and side–chain conformations are completely
fixed, up to the melting points (correlation time > 10 s). The
effects of the unusual molecular dynamics on the mechanical
properties are discussed. The second part of this article deals
with a re–investigation (by high resolution 13CNMR) of packing
structures of the α form of iPP. Two–Pulse Phase–Modulation
decoupling during a rather long acquisition time results
in significantly narrowed signals corresponding to ordered
packing. The enhanced spectral resolution allows us to properly
evaluate order–disorder phenomenon in polymer crystals. From
CODEX experiments, lamellar thickness and packing order

© 2011 American Chemical Society
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apparently suppress helical jumps in the crystalline regions.
These experiments provide valuable information on chain–level
structures and dynamics, particularly on the variations in
lamellae thickness as a function of supercooling.

Introduction

Understanding relationship between structure and molecular dynamics is one
of the particularly important subjects in polymer science. There are continuous
interests to understand molecular dynamics in the crystalline (1), amorphous (2),
and interfacial regions as well as in the limited dimensions such as thin films
(3) and nanopores (4). Molecular dynamics in several crystalline polymers has
been well characterized by solid–state NMR (1). Dynamic geometry and time
kinetics of molecular dynamics in the crystalline regions are significantly affected
by conformation, packing, and, inter–stem interaction. Schmidt–Rohr and Hu
categorized polymer crystals as either mobile or fixed crystals (1). The flexible
polymer chains such as polyethylene (PE) (5), isotactic–poly(propylene) (iPP) (6),
poly(oxy methylene) (7), and poly(ethylene oxide) (8), etc. are categorized in
mobile, which commonly shows helical jump motions that combine the dynamics
of well defined discrete jump motions and translations along chain axis. On the
other hand, Nylon and poly(ethylene terephtalate) (PET), etc. are examples of
fixed crystals. English et al (9) demonstrated using 2H line shape that Nylon
essentially does not perform overall molecular motions in the crystalline region
up to melting temperature (Tm).

Polyolefins consists of hydrocarbons and do not have specific functional
groups. They are ideal semi–crystalline polymers to further investigate i) the
relationship between structure and molecular dynamics, and ii) the roles of
molecular dynamics for bulk property and structural organization of polymer
crystals.

In this work, a review is conducted of our recent works on detailed dynamic
analysis of iPB1 (10, 11) and iPP (12) by using center bands only detection of
exchange (CODEX) (13) and wide line separation (WISE) NMR (14–16). On the
basis of the experimental data, useful information has been obtained on molecular
dynamics, structure, and bulk material properties.

Experimental Section

Samples

iPB1 with an average molecular weight of Mw = 186,000 and a polydispersity
of Mw/Mn = 3.3 and isotacticity, (mmmm) = 92 % was purchased from
Polysciences, Inc. iPP with Mw of 360,000 and Mw/Mn of 3.3 and isotacticity,
(mmmm) of 97 % was purchased from Polysciences, Inc. The sample was melted
and crystallized at a required crystallization temperature, Tc under nitrogen
atmosphere. Equilibrium melting temperature, Tm0, of iPB and iPP were 135 ±
2 and 184 ± 4 °C, respectively.
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Measurements

NMR

The solid–state 13C NMR experiments were carried out on a BRUKER
AVANCE 300 spectrometer, equipped with 4 and 7 mm VT CPMAS NMR probe.
The 1H and 13C carrier frequencies are 300.1 and 75.6 MHz, respectively. The
MAS frequency was set to 4000 and 6800 ± 3 Hz. The 90° pulses for 1H and 13C
were 4.5−5.0 μs. The recycle delay and cross–polarization (CP) time were 2 s
and 1 ms, respectively. High power 1H Two–Pulse Phase–Modulation (TPPM)
decoupling with a field strength of 65 kHz was used during acquisition time of 80
ms. For iPP, severe decoupling conditions with a field strength of 110 kHz and
acquisition time of 160 ms were used. Phase sensitive 1H–13C 2D WISE NMR
spectrum was obtained in TPPI mode. The data matrix had 512 points along the t2
dimension and 128 points along the t1 dimension with a dwell time of 2 and 7 μs.
A short CP of 50 μs was utilized. Continuous wave (CW) decoupling with a field
strength of 55 kHz was applied in t1 dimension to suppress 1H–13C hetero–nuclear
interaction (15, 16). The CODEX experiments utilize the recoupling of chemical
shift anisotropy (CSA) interaction by 180° pulses trains in the two evolution
periods sandwiching a mixing period, tmix (13). The MAS frequency was 4000
± 3 Hz. The 1H rf field strength for CW decoupling during 13C 180° pulse with
pulse length of 15 μs was set to 100 kHz. All other rf parameters were the same
as for the CPMAS experiments. The reference and exchange experiments were
obtained alternatively by every 128 transients, to suppress drift of the NMR
spectrometer. The T1ρH filter was incorporated into CODEX pulse program, for
suppression of the amorphous signal contribution to CODEX results at ambient
temperature and –10 °C. Totally, each spectrum was obtained by accumulating
1024 transients. The total experimental time for mixing–time dependence up
to 4 s was approximately 24 hs. The total experimental time of a typical Ntr
experiment was about 12 hs.

SAXS

SAXS studies were carried out using a CuKα radiation generated by a Rigaku
Ultrax 4153A 172B X–ray diffractometer, and a point–focusing SAXS camera.
The camera length used was 740mm and the images were recorded using an image
plate (IP) with an exposure time of 2.5 h. Digitized data were then read from the IP
using the image plate reader. Using IP, very small change in SAXS patterns could
be obtained with a very short exposure time. The corrected pattern of an empty
sample holder was subtracted from each pattern. To calculate he long period and
lamellar thickness, a correlation-function method by Rigaku R–axis software was
used.

193

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

2

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



DSC

All the samples were measured with an updated computer interfaced
Perkin–Elmer DSC–7. Both temperature and heat–flow levels were corrected
by standard materials. Measurements of the melting points were performed at
a heating rate of 10 °C /min. To prevent thermal degradation, nitrogen gas was
circulated around the sample pan.

Results and Discussion

iPB1

iPB1 is an important industrial material due to outstanding mechanical
strengths relative to chemically similar polyolfins such as PE, iPP, and
isotactic–poly(4–methyl–1–pentene) (iP4M1P) (17). iPB1 crystallizes from melt
under stationary conditions, kinetically favoring the metastable tetragonal crystal
with 113 helices (form II) (18, 19). This form II spontaneously transforms into
the stable trigonal crystal of 31 helices (form I) (20) at ambient temperature via
solid–solid transition (21). This solid transition leads to superior mechanical
property without changing lamellae thickness and crystallinity (17, 22). However,
origin of the mechanical property is not fully understood.

Figures 1(a) and (b) show the 1H MAS spectra of a form II–rich sample at
100 °C at a MAS frequency of 4 kHz. The spectrum is dominated by the isotropic
component with intense SSB patterns. The isotropic signal corresponds to the
amorphous component and SSB envelop originates from form II. Very intense SSB
patterns reflect fast and anisotropic complex dynamics in polymer backbones (23),
conformational transitions in the ethyl group (24), and methyl rotations (25). The
13C relaxation time, T1 is sensitive to high frequency motions with a minimum
value of ~ 0.1 s when τc of molecular dynamics approaches to an inverse of ~
75 MHz. In fact, the main–chain (m–) CH2, side chain (s–) CH2, and CH have
T1 values of 0.25, 0.32, and 0.38 s, respectively, at 100 °C. This simple T1 result
suggests the dynamic frequency for the coupled side group and backbone motions
is in the order of ~ 10 MHz or higher. Such high frequency dynamics are rare in
the solid state and are rather close to the frequency range in the melted state.

1H–13C WISE NMR spectrum was obtained to further investigate functional
mobility at a MAS frequency of 6.8 kHz at 100 °C. Figure 1(c) and (d) shows
1H slice data of m–CH2 and s–CH2 protons obtained through highly resolved 13C
signals. A short CP (CP time = 50 μs) and 13C CW decoupling in t1 dimension
were applied to selectively observe the crystalline signals and to quench spin
diffusions between the different functional groups in the crystalline region and
suppress heteronuclear dipolar interactions, respectively. The slice data clearly
indicate that isotropic components corresponding to the amorphous ones are not
polarized to 13C signals.
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Figure 1. (a) 1H MAS NMR spectrum, (b) amplified vertically by 20 times at a
MAS frequency of 4 kHz at 100 °C; and c) 1H slice date of 1H–13C WISE NMR
spectra of (c) the main chain (m–CH2) and (d) side chains CH2 (s–CH2) protons
through high resolved corresponding 13C signals at a MAS frequency of 6.8 kHz
at 100 °C. The (c) red and (d) blue spectra showing best fitted curves to the
experimental data with best–fit parameters of (c) =0.44 ± 0.02 and =0
(DII/2π = 9.0 ± 0.5 kHz) and (d) =0.61 ± 0.02 and = 0 (DII/2π = 12.5 ±

0.5 kHz), respectively. (see color insert)

Schnell et al (26) simulated third spin effects on the 1H SSB signals at n
order depending on geometry and distances. They realized that if a third spin
significantly interacts with the isolated spin pairs, asymmetric line shapes shall
appear, depending on the relative geometry, the mutual distances of three spins,
and the MAS frequency. Our experimental data indicate that all SSB signals at
n order are symmetric and have similar line widths as the center band. Thus, it
can be safely assumed that the two spin approximation holds for CH2 geminal
protons. Under two spin approximation, the dipolar patterns were calculated under
an assumption of averaged asymmetry parameter, = 0. The calculated line
shapes are well consistent with the experimental data.

Surprisingly, the s–CH2 geminal protons show much larger dipolar coupling
constant, DII / 2π = 12.5 ± 0.5 kHz than 9.0 ± 0.5 kHz for m–CH2. These
results were unexpected for the dynamics of the polymer with a side chain, since
side–chain protons are influenced by the complex dynamics of both the main
and side chains. Generally, two independent dynamic processes with different
dynamic axes result in a smaller dipolar coupling constant in the side group than
that in the main chain. In fact, Mirau et al (16) detected smaller linewidths for
the side group than that in main chain of poly(ethyl methacrylate) (PEMA) at a
temperature above Tg. Our experimental results in form II are opposite to those
expected in the side–chain polymers in glassy polymers but shall be explained by
the assumption of an anisotropic dynamical process.

In the crystalline region, parallel packing of the stems restricts the overall
dynamics to uniaxial motions around the stem axes. For several conformational
disordered (CONDIS) crystals such as PE in the hexagonal phase (27),
1,4–trans–polybutadiene in the high temperature phase (28), and poly(diethyl
siloxane) (PDES) (29), it has been reported by SS–NMR that stems commonly
show uniaxial diffusions around the stem axes. Under such conditions, is 0 and
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absolute averaged anisotropy parameter, is described in terms of a following
equation:

where δ is the anisotropy parameter of CH2 geminal protons under no motion (20.6
kHz), φ is an angle between dipolar vector of the germinal protons and dynamic
axis (24).

Figure 2 illustrates a part of 113 helix of form II and possible dynamic models.
The m–CH2 protons were colored by red. The dipolar vector of germinal protons
of m–CH2 in 113 helix is inclined by an angle of 82° with respect to the stem

axis. Under uniaxial diffusion in a fast limit, the value for m–CH2 geminal
protons is calculated to be 0.47. This value is consistent with the experimentally
obtained value of 0.44 ± 0.02. The small reduction in the observed value may
be due to small librations around the C–C bonds of main chains and/or slight
conformational deviations from an ideal 113 helix.

Figure 2. Schematic illustration of dynamic effects of overall chain diffusions
and conformational transitions on m– and s–CH2 dipolar vectors which being
colored by red and blue, respectively, of form II of iPB1. The side–chain
dynamics being defined by a jump angle α, where α being a difference angle
between two interchanging conformations defined by dihedral angles, β1 and

β2. (see color insert)

Former high resolution 13C NMR (24) indicated that ethyl groups in form II
adopt two conformations and perform conformational transitions at temperatures
above –110 °C. The complex dynamics of side–chain and overall dynamics would

contribute to the value for the s–CH2 geminal protons (0.61 ± 0.02) (Figure
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2). Two independent dynamic effects on dipolar patterns were numerically
calculated as functions of dihedral angle, β and conformational transition angle, α,
where α corresponds to a difference between dihedral angles in two interchanging
conformations, │β1 – β2│, where lower numbers 1 and 2 denote two different
conformations. Here, the population ratios of two conformations obtained in
former high resolution NMR at –110 °C were used (24). The calculated result

on value is illustrated in Figure 3. The overall dynamic effect of s–CH2

protons in different conformations with a dihedral angle, β, on is shown
along a horizontal axis. The conformational transition effect with a jump angle,

α, on is shown as vertical axis, The calculated vales of = 0.4, 0.5,
and 0.6 are shown as dotted solid black, and red curves, respectively, in Figure
3. It is clearly seen that only β = 88 and 268 ± 10° and their transitions with
α = 180 ± 20° or no dynamics (0 ± 20°) satisfy the experimental value. Other
conformations and jump angles show much smaller values than the experimental

result ( = 0.61). The obtained structures and dynamics (β = 88 and 268 ±
10°, and α = 0 and 180 ± 20°) also satisfy = 0. However, the lack of lateral
dynamics does not average out higher spin interactions within the stem. In view
of multi–spin interactions, it is concluded that chains in form II of iPB1 performs
uniaxial diffusions accompanying the conformational transition (α = 180 ± 20°)
of the side chain between two conformations at β = 88 and 268 ± 10° in the fast
motional limit (10). The obtained molecular dynamics clearly indicate that form
II is a CONDIS crystal.

Figure 3. Effects of overall motions and side-chain conformational transition
with a jump angle, α on value of s–CH2 geminal protons at a dihedral
angle of β under two spin approximation. α corresponding to a difference

angle between dihedral angle in two interchanging conformations. The dotted
and solid black and red curves corresponding to = 0.4, 0.5, and 0.6,
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respectively. Reproduced with permission from ref (10). Copyright 2010 ACS.
(see color insert)

Figure 4(a) shows 1H MAS NMR spectrum for form I–rich sample of
iPB1 enlarged vertically by 20 times at 118 °C. The spectrum consists of two
components of the broad crystalline and narrow amorphous signals. The observed
1H line shape in crystalline regions show a typical rigid spectral pattern which is
largely different from those of form II. Figure 4(b) and (c) shows 1H slice data
of 1H–13C WISE spectra in the main and side chains, respectively. The obtained
line shapes were fitted by Gaussian functions. The best fitted results indicate that
1H full line width at half height (flwhh) is 57, 57, 54, and 37 kHz, for m–CH2,
CH, and s–CH2, and CH3 protons, respectively. This result indicates that overall
and side–chain conformation in form I do not perform large amplitude motions
at frequency over ~ mid 10 kHz even at high temperature of 118 °C close to
equilibrium melting temperature (Tm0 = 135 °C).

Figure 4. (a) 1H MAS NMR spectrum amplified vertically by 20 times and 1H
slice date of 1H–13C MAS WISE NMR spectra of (b) the side chains and (c) main
chains of the form I rich–sample at 118 °C. The dotted lines showing 1H slice
date through 13C CH and CH3 signals, and solid lines showing 1H ones through

13C s–CH2 and m–CH2 signals.

The CODEX experiments were carried out to investigate molecular dynamics
of from I in slow dynamic range. If there is molecular motion during tmix, the
orientation–dependent frequency before and after tmix will be different, and the
magnetization will not completely be refocused. The resulting dephasing leads
to a decay of the signal–intensity in the exchange spectrum (S). If there is no
molecular motion during tmix, the evolutions in the two evolution periods will
cancel each other, and there will be no decay of the signal intensity. To remove
relaxation effects during tmix and Ntr, a reference spectrum is acquired. The signal
intensity in the reference spectrum (S0) is not sensitive to exchange process but is
only dominated by T1, T2, and pulse length errors. The motional correlation time
and information about the motional geometry can be obtained by plotting the ratio
(S/S0) versus tmix and (S/S0) versus Ntr, respectively.

Figure 5(a) shows CODEX reference, exchange, and different spectra of iPB1
form I with a tmix = 200 ms and Ntr = 2 ms at ambient temperature. S - S0 is
nearly zero in all the functional signals. This means that there is no slowmolecular
dynamics which reorients CSA interactions in all functional carbons during tmix at
Ntr= 2 ms.
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Figure 5(b) and (c) shows tmix dependence of (S/S0)* intensity ratios of
m–CH2, CH, CH3 at ambient temperature and 118 °C, respectively, where *
means pure CODEX (S/S0) decay after spin–diffusion corrections. The (S/S0)*
intensity ratios of m–CH2 and CH carbons do not show essential decay up to tmix
= 4 s with a fixed Ntr = 2 ms at ambient temperature and 118 °C. Here, it is noted
that 118°C is a few degree lower than onset of melting. The (S/S0)* ratios of CH3
signal at tmix ≥ 2 s are fluctuated and shows large experimental errors. This is
caused not by molecular dynamics but by short 13C T1 value. The solid curve to
the experimental data of CH signal shows <τc> = 860 ± 5000 s at 118 °C. This
long value is out of dynamic window in our experiments (≤ 10 s). Thus obtained
<τc> is not reliable.

Figure 5. (a) 13C CODEX reference, exchange, and difference spectra of iPB1
form I at a mixing time of 200 ms and Ntr =2.0 ms at ambient temperature. (b)
and (c) CODEX tmix dependence of (S/S0)* and (d) Ntr dependence of (S/S0)

intensity ratios of m–CH2 (●), CH (○), and CH3 (*) with Ntr = 2 ms at (b) ambient
temperature, and (c) and (d) 118°C. Reproduced from ref (11).

Figure 5(d) shows Ntr dependence of (S/S0) intensity rations of m–CH2, CH,
and CH3 13C signals with a tmix = 200 ms at 118 °C. The (S/S0) intensity ratios
of all the signals do not decay with increasing Ntr up to 4.5 ms even at high
temperature of 118 °C. The solid line with a jump angle of 0° is well consistent
with the experimental data within the experimental errors. Therefore, both
tmix and Ntr dependences of CODEX results indicate that there is no evidence
supporting overall and side–chain motions which induce re–orientations of CSA
principle axes of all the functional signals of iPB1 crystal in slow dynamic range
even at very high temperatures close to melting point. Thus, polymer chains in
forms I and II show markedly different mobility. According to crystallographic
data (14), solid–solid transition leads to 15 % contraction in ab plane and 12 %
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extension along c axis (chain axis). Such densifications lead to huge dynamic
differences in geometry and time kinetic parameters in different polymorphs of
the same polymer.

Here, we consider how molecular dynamics in forms I and II contribute
to structural organization and superior mechanical property even at very high
temperatures of iPB1. Extremely high mobility in form II is highly related to
crystallization process. For example, crystallization of form II of iPB1 completes
within 3 days at 110 °C (∆T = 25°C)) The crystallized sample shows lamellae
thickness, <l>, of ~ 28 nm at ∆T = 25°C (11). For comparison, iPP which is an
example of mobile crystals shows <l> of ~ 23 nm at similar supercooling (∆T
= 23°C) (12). This crystallization takes about 12 days. Namely, extremely fast
dynamics in form II shows much faster crystallization and makes much thicker
lamellae than mobility in a typical mobile crystal.

Irreversible solid–solid transitions not only lead to drastic changes of stem
mobility from extremely fast to slow–limit dynamics. Slow–limit dynamics of
chains in form I is largely different from mobility of similar polyolefins such as
PE (5), iPP (6), and iP4M1P (30). In these polymers, it is suggested that dissipation
of mechanical property is related to chain dynamics in the crystalline regions (5).
Thus, it is indicated that immobility of chains in form I crystal plays a critical
role for superior mechanical property. Additionally, solid–solid transition process
preserves very thick lamellae and high crystallinity which extremely fast chain
dynamics in form II makes (22). One step crystallization into fixed crystal leads to
thin lamellae with a low crystallinity (11). Therefore, it is reasonably concluded
that molecular dynamics in two step processes of i) crystallization into form II
(extremely mobile crystal) and ii) subsequently irreversible solid–solid transitions
into form I (fixed crystal) play critical roles for superior mechanical strength of
iPB1 even at very high temperatures.

iPP

We have shown that extremely high mobility in form II of iPB1 results in
significant thickness at very high temperatures. This result simply suggests that
crystalline mobility plays a critical role in lamellar thickness. Hereinafter, we
investigate contributions of other structural factors to lamellar thickness.

Stereoregular polymers adopt one of four types of helical structure consisting
of two independently structural factors of handness (right (R) or left (L)) and
orientation (upward (u) or downward (d)) in the crystalline region (31), namely,
Ru, Rd, Ld, and Lu, each of which shows an identical rotational energy in isolated
states. The chain conformation and packing in α form of iPP have been well
characterized by XRD. α form shows two limit packing structures as shown in
Figure 6 (a) and (b) (32). The chains in two limiting structures adopt 31 helices
but different orientations along c axis. There is no upward and downward disorder
of stem orientations in full limit order. On the other hand, the disorder statistically
occurs at each site in full limit disorder. Full limit disorder appears at a low Tc. The
ordered packing fraction increases with increasing crystallization temperatures Tc,
and reaches to 90–100 % at Tc = 150 °C (33–35). Previous high resolution 13C
NMR also supported these XRD results (36–38). However, spectral resolutions in
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previous NMR was insufficient to properly evaluate order–disorder phenomenon
due to strong 1H–13C dipolar interactions.

Figure 6. Unit-cell structures in (a) full limit order and (b) full limit disorder for
α form of iPP. (c) The 13C T1ρH filter CPMAS NMR spectra for α form of iPP
depending on supercooling at ambient temperature and signal assignments.
Reproduced with permission from ref (12). Copyright 2010 ACS. (see color

insert)

Figure 6(c) shows 13C T1ρH filtered CPMAS NMR spectra for pure α form
crystallized at various ΔT. TPPM decoupling with a filed strength of 110 kHz
during a long acquisition time of 160 ms were applied to fully detect free
induction decays of the crystal signals. The structure less and inhomogeneously
broadened 13C signals were observed at ΔT = 84 °C. These line shapes correspond
to packing structures in full limit disorder. With decreasing ΔT, newly narrowed
doublet signals corresponding to those in full limit order appear and grow on the
disordered line shapes. The observed spectral changing features are similar to
the formers. However, current result shows much higher spectral resolution, and
clearly indicates that the doublet signals reach to maximum intensities at ΔT = 34
°C and disordered and ordered structures co–exist even at very high temperatures
less than ΔT = 34 °C. Considering CP and relaxation effects, improved 13C signals
determine the maximum ordered packing fraction, forder = 62 % at ΔT = 34 °C (12).
This result is mostly different from former XRD (33–35) and NMR results (forder
= 90 – 100 %) (38). The obtained discrepancy is attributed to characterization
tools. XRD analysis uses very minor differences in diffraction as an evidence
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of order–disorder phenomenon. This minor difference is affected by amorphous
halo, background, and neighboring peaks. Additionally, three–dimensional
periodicity and sizes also influence the results. For these reasons XRD might
overestimate forder.

Current NMR results clearly indicate that polymer crystals include a large
amount of structural disorders even at a very low supercooling. This result
suggests that a host of factors (viz., packing energy, kinetics, chemical and
physical features, such as molecular weights, stereo–regularity, regio–defects,
entanglements, and chain folding) influence the packing structures of α form of
iPP under bulk crystallization (12).

The relationship between molecular dynamics and structures were further
investigated. As reported before (6), iPP shows helical jump motions in the
crystalline regions. Figure 7 shows the temperature dependence of <τc> of helical
jumps of α form of iPP obtained by CODEX, crystallized at ΔT = 34 (<l> = 10
nm ) and 84 °C (<l> = 23 nm ). The <τc > of helical jumps in the ordered packing
of iPP_ΔT34 is 1270 ± 20 ms at 95 °C and is 37–fold longer than that in the
disordered packing of iPP_ΔT84 (<τc> = 34 ± 1 ms ) at the same temperature.
The <τc> vs. 1/T plot exhibits Arrhenius behavior with activation energies of Ea
= 102 ± 5 and 72 ± 4 kJ/mol for the ordered packing form of iPP_ΔT34 (This
sample crystallize at ΔT= 34 °C) and for the disordered packing of iPP_ΔT84,
respectively (12). These experimental results clearly indicate that both <τc> and
Ea highly depend on packing order and lamellae thickness. If chain mobility alone
plays a critical role in increasing lamellae thickness, annealing would lead to very
thick lamellae without structural change. Thus, we investigate the relationship
between <l> and forder of iPP samples annealed at various temperatures.

Figure 7. Arrhenius plot of <τc> for helical jump motions of stems in ordered
packing of iPP_ΔT 34 (○) and in disordered packing of iPP_ΔT 84 (●) with best
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fitted values of Ea = 102 ± 5 and 72 ± 4 kJ/ mol, respectively. Reproduced with
permission from ref (12). Copyright 2010 ACS.

Figure 8 shows the <l> vs. forder curve during annealing at various
temperatures (Ta). The starting conditions of <l> and forder are 9 nm and 0 %,
respectively. With increasing Ta, the lamellar thickness increases by only 3 nm
without changing forder up to 140 °C. At Ta = 150 °C, forder suddenly increases to
25 %, and <l> also increases. Further increase of Ta induces further increases
in forder, accompanying large <l> enhancement. Figure 8 clearly indicates that
<l> significantly increases in the forder region of > 50 %. Actually, replacement
of upward and downward orientations (stem orientations) is impossible in the
limited spaces of solid crystals. This structural change requires partial melt
and re–crystallization. Therefore, it is reasonable to consider thin lamellae that
partially melt, and after re–crystallization which accompanies rearrangement of
polymer chains packing ordering, <l> significantly increases.

Figure 8. <l> versus forder of α form of iPP under (b) annealing at 110 – 170 °C.
Reproduced with permission from ref (12). Copyright 2010 ACS.

Here, we extract chain–level information from the packing structures
under the hypothesis of adjacent reentry structure. In the case of stereoregular
polymers, chain folding is allowed between antichiral isomorphous or isochiral
antimorphous chains. This selection rule leads to a strong relationship between
packing structures and chain–folding directions. In the case of full limit order,
chain folding is possible only between alternating R and L stems along a*axis
(Figure, 9 (a)). On the other hand, there is no restriction on chain–folding
directions in full limit disorder (Figure 9(b)). Therefore, two limiting structures
on packing levels mean markedly different trajectories on chain levels. Thus,
Ta dependence of forder represents a degree of ordering of chain–level structures
under hypothesis of adjacent re–entry structures. Actual lamellae thickening
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process at different Ta accompanies changes of chain–folding directions inside of
crystals. This fact indicates that not only molecular dynamics but also chain–level
structures contribute to Ta dependence of lamellar thickness in the polymer
crystals. The same discussion would hold for isothermal crystallization (1/ΔT
dependence of <l>).

Figure 9. Possible models for of polymer chain trajectory of iPP in the
crystalline region in (a) full limit order and (b) full limit disorder. Reproduced

with permission from ref (12). Copyright 2010 ACS.

Conclusion

In the first part, extremely fast and slow–limit dynamics of polymer backbone
are shown to be sources for unusual mechanical property of iPB1. This experiment
clearly indicates that available dynamic spaces induce different dynamic geometry
and time kinetics in different polymorphs of the same polymer. Extremely fast
dynamics result in very thick lamellae within a relatively short crystallization time
at high Tc. After irreversible solid–solid transition, crystalline stems in form I do
not perform any overall and side–chain dynamics up to melting points in slow
motional limit (<τc> > 10 s). The huge contrasts in these dynamics play a critical
role in the structural organization and the resulting material property of iPB1.

In the second part, we revisited packing order of α form of iPP by high
resolution 13C NMR. Strong dipolar decoupling significantly sharpens 13C
signals of the ordered packing structures. Improved resolution of 13C crystalline
signals properly accesses order–disorder phenomenon of the packing structures
depending on Tc and Ta. The experiments provide not only molecular dynamics
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but also structural ordering information at molecular levels and the effects on the
lamellae thickening process.
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Chapter 13

Chain Mobility in Crosslinked EPDM Rubbers.
Comparison of 1H NMR T2 Relaxometry and

Double-Quantum 1H NMR

Pieter C. M. M. Magusin,*,1 Ramona A. Orza,1,2 Victor M. Litvinov,2,3
Martin van Duin,4 and Kay Saalwächter5

1Eindhoven Univ. of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

2Dutch Polymer Institute, P.O. Box 902, 5600 AX Eindhoven,
The Netherlands

3DSM Resolve, P.O. Box 18, 6160 MD Geleen, The Netherlands
4Lanxess Elastomers Global R&D, P.O. Box 1130, 6160 BC Geleen,

The Netherlands
5Martin-Luther-Universität Halle-Wittenberg, Institut für Physik,

Friedemann-Bach-Platz 6, D-06108 Halle, Germany
*E-mail: p.c.m.m.magusin@tue.nl

1H NMR transverse relaxation and double-quantum (DQ)
build up have been compared for a series of EPDM grades
crosslinked with different amounts of sulfur or peroxide. The
modulus at 100% elongation of the same EPDM samples
correlates linearly to the effective transverse-relaxation and
DQ build-up rate, suggesting that both rates are proportional to
the total network density caused by chain entanglements and
crosslinks. For none of the rates, however, the linear trends
of sulfur- and peroxide-crosslinked EPDM coincide. This
suggests that sulfur- and peroxide-crosslinked EPDM networks
are qualitatively different, which is confirmed by different
distributions of residual dipolar coupling constants.

Introduction

Elastomers, like ethylene-propylene copolymers (EPM) or ethylene-
propylene-diene terpolymers (EPDM), are crosslinked to improve their

© 2011 American Chemical Society
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performance, such as elasticity, tensile strength and resistance to solvents.
Traditionally, sulfur vulcanization is applied, which, however, suffers from S-S
bond cleavage at elevated temperatures. Peroxide cure results in more thermally
stable networks (1). The mechanical properties of the rubber networks are not
only determined by the chemical crosslinks but also by the physical entanglements
between the polymer chains. Macroscopic characterization techniques, like
mechanical measurements, yield overall information of the crosslink density.
Solid-state 1H NMR gives a more detailed picture of the network density and
the heterogeneity thereof in different parts of the rubber network. The higher the
density of crosslinks and entanglements, the more restricted the polymer-chain
mobility and thus the higher the residual proton dipole coupling, as reflected
in the 1H NMR lineshape, transverse (T2) relaxation (2, 3) and the build up of
double-quantum coherenc (4, 5) For rigid non-oriented polymers the orientation
dependence of the dipolar 1H-1H coupling leads to broad 1H NMR lineshapes. In
mobile polymers the dipole coupling is partly averaged by chain motions, which
are fast compared to the static dipole coupling constant D0 (~104 Hz),. Since in
a real mobile polymer the cumulative rotational effect of chain motions is not
isotropic, a residual dipole coupling (RDC) with reduced coupling constant D
remains. This is reflected in the NMR spectrum by a narrower lineshape. The less
restricted the chain motion, the narrower the lineshape.

Although, in principle, the linewidth in a 1H NMR spectrum can be used
as a source of information about chain mobility, it tends to be polluted by other
linebroadening mechanisms, like chemical-shift heterogeneity and magnetic
susceptibility. For mobile polymers with narrow 1H NMR lines, such as
weakly crosslinked elastomers above Tg, this inhomogeneous broadening can
significantly spoil the interpretation. Therefore as an improved approach, 1H
NMR transverse relaxation, reflected in Hahn-echo decays, is often investigated
for characterization of chain mobility in polymer networks (2, 6–8). By reflecting
the overall anisotropy of sub-millisecond polymer motions, the T2 relaxation
time for elastomer networks is sensitive to the conformational mean position of
the network chains, which is affected by the presence of chemical and physical
network junctions. Long network chains undergo less restricted motions, resulting
in strongly averaged dipole couplings and thus long T2 values. Short network
chains have short T2 relaxation times.

For ideal polymer networks, a direct relation exists between the crosslink
density and proton transvere relaxation far above the glass transition Tg, where
chain mobility is fast and only restricted by the network junctions (6, 7, 9, 10).
In practice, however, one has to deal with network defects, such as dangling
chain-ends, chain loops and sol. Careful analysis of the T2 decay curves often
allows separating the relaxation behavior of the network defects from that of
network chains. The theory of the transverse relaxation in crosslinked rubbers
is based on the submolecule concept of network chains with both ends fixed
in a laboratory system of coordinates regardless of the origin of the junctions.
By assumption, the network chain consists of a number of statistical segments
between the network junctions. The Kuhn and Grün model of freely jointed
chains is used to calculate the conformational mean of the chain function in
elastomers with low crosslink density (network chains obeying the Gaussian
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chain statistics). The weight average molar mass of polymer chains between
neighboring network junctions in crosslinked elastomers can be calculated from
the transverse relaxation rate at the high temperature plateau.

1H NMR T2 relaxation of a polymer reflects the overall anisotropy of chain
motions that are fast on the sub-millisecond timescale. It is also particularly
sensitive to intermediate motions at the millisecond timescale. If intermediate
motions are significantly present in the broad range of timescales governing
polymer dynamics, the validity of standard theories relating network density via
the anisotropy of sub-millisecond motions to T2 relaxation can be questioned
(11). As further improvement, Double-Quantum (DQ) NMR has therefore been
advocated (5). The same residual dipolar coupling that underlie T2 relaxation
can also be used to generate double-quantum coherences in hydrogen spin pairs.
By a strategic combination of NMR signals, the DQ NMR technique is able
to distinguish between a coherent build-up of double-quantum coherence, and
incoherent loss of transverse magnetization. The DQ build-up rate measured in
this way only reflects the residual dipole coupling averaged by the fast chain
motions. The effect of intermediate motions ends up in the incoherent part
and is not included in analysis in terms of network density. The advantage is
that the technique zooms in on the anisotropy of fast motions, which is more
correctly analyzed by use of the submolecule theories for rubber networks.
In the previous investigation (12–14) of chemical structures and density of
crosslinks in peroxide-cured EPDM the main focus was onMAS 1H and 13CNMR
spectroscopy and static 1H NMR T2 relaxometry. In the present paper we want
to compare the outcome of T2 relaxometry and DQ build-up measurements for a
series of sulfur- and peroxide-crosslinked EPDM grades, and get a more detailed
picture of different network distributions caused by the different crosslinking
method.

Experimental Section

Materials

Amorphous EPM and EPDM co- and terpolymers with 0, 2, 4.5 and 9 wt.%
ethylidene norbonene (ENB) and respective ethylene content of 49, 54, 52, 48
wt.% were obtained from DSM Elastomers (K3200, V2727, K4802 and K4703).
For the systematic T2 relaxometry study of peroxide crosslinking illustrated in Fig.
1, the EP(D)M grades were cured with 1.25, 2.5, and 5 parts per hundred rubber
parts (phr) of bis (t-butylperoxy-i-propyl)benzene), commercially available as
Perkadox Px-14-40 (AKZO). The combined T2 relaxometry and double-quantum
build-up study described in this chapter was applied to five sulfur-vulcanized
EPDM systems with 9 wt.% ENB and varied sulfur levels of 0.7, 0.8, 1.2, 5
and 4.5 phr (as well as accelerating additives), and three peroxide-cured EPDM
systems with peroxide levels of 1.25, 2.5 and 5 phr and co-varying ENB content
of 0, 2 and 9 wt.% ENB, respectively. Further sample-preparation details can be
found elsewhere (2, 13).
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1H NMR

1H NMR Transverse Relaxometry

1HNNMR transverse relaxation was measured by use of the Hahn-echo pulse
sequence on a Bruker Minispec MQ spectrometer at a proton frequency of 20
MHz. All decays of the transverse magnetization were obtained and analyzed
as described previously (6, 7). Briefly, the Hahn-echo decays were decomposed
into three relaxation components with in total 6 fit parameters. To avoid overfitting
artefacts only the weight-average relaxation rate R2 = 1/T2 of the three components
was used for the analysis. According to submoleculemodel of crosslinked rubbers,
the effective relaxation rate R2 in a polymer network is proportional to the average
density of network junctions resulting from quasi-permanent chain entanglements
and chemical crosslinks. For EPDM the proportionality constant, which depends
on the molecular structure and the flexibility of the polymer chains, equals 0.285
mmol s kg-1.

Multiple-Quantum 1H NMR

1H multiple-quantum NMR measurements were performed on a Bruker
Minispec mp20 at 90 °C. The adjustment procedures and pulse sequences applied
are specified in references (5) and (15).

Results and Discussion

1H NMR Transverse Relaxometry

Fig. 1a shows the effective transverse relaxation rate R2 = 1/T2 of
ethylene-propylene copolymer (EPM) and three ethylene-propylene-diene
terpolymer (EPDM) grades, respectively, containing 2, 4.5 and 9 wt% of
5-ethylidene-2-norbonene (ENB) as the third monomer, crosslinked with a
varied amount of peroxide. The transverse relaxation rate is proportional to the
underlying total rubber network density, i.e. the sum of physical entanglements
and chemical crosslinks. Thus, for the given proportionality constant determined
by the molecular structure and flexibility of the polymer chains, the relaxation
rates can be directly translated into network densities (Fig. 1a, vertical axis
righthand side). Up to 5 phr peroxide the network density of the crosslinked
EP(D)M grades depend linearly on the peroxide level. Extrapolation to zero
peroxide yields similar chain entanglement densities in the range 0.20 - 0.24
mol/kg, This is consistent with the outcome of previous NMR and other studies
(2, 16). The higher network density after peroxide crosslinking is caused by
the formation of chemical crosslinks. The presence of ENB monomers in the
EPDM chain leads to enhanced crosslink formation. These ENB monomers are
involved in crosslinking reactions via addition of macro-radicals to the pendent
ENB unsaturation and via combination of ENB-derived allyl radicals (14).
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Figure 1. (a) 1H NMR transverse relaxation rates R2 = 1/T2 and network density
of EP(D)M grades with 0, 2, 4.5 and 9 wt.% ENB crosslinked with varied initial
peroxide content. The three peroxide-cured EP(D)M systems that have also
been studied with DQ NMR are encircled. (b) Correlation of rheometer torque
difference of the EPM and EPDM grades with total network crosslink density

derived from 1H NMR relaxometry.

Figure 1b shows the excellent correlation between separately measured
rheometer torque difference for the complete set of peroxide-cured EPM and
EPDM grades and the total network density determined from NMR. Apparently,
the network density calculated from T2 relaxometry has a real physical meaning
and is relevant for the macroscopic properties of the crosslinked EPDM rubbers.

Multiple-Quantum 1H NMR

The left side of Fig. 2 shows DQ build-up curves of EPDM with 9 wt.%
ENB and crosslinked with sulfur amounts of 0.7, 1.5 and 4.5 phr. The results are
compared with the DQ build-up curves of three peroxide-cured EP(D)M systems
with 0, 2 and 9 wt.% ENB and respective peroxide levels of 1.25, 2.5 and 5 phr
(Fig. 2, right). The three peroxide-cured systems represent a typical selection
across the set of EP(D)Ms already characterized with T2 relaxometry (encircled
points in Fig. 1a). Both the DQ build up SDQ and the reference decay Sref were
recorded. Fig. 2 shows the SDQ, Sref and the sum SΣ = SDQ+Sref as a function of
evolution time τDQ (sum of excitation and reconversion time). For comparison
the curve fits to the Hahn-echo decays of the same samples are also shown. Sref
and SDQ show the typical decay - and build-up behavior, respectively. For an
isotropic ensemble of isolated spin pairs without relaxation and spin diffusion,
Sref and SDQ should approach each other at sufficient long evolution time. This
is indeed observed for the sulfur-vulcanized systems, but not for peroxide-cured
EPDM, where Sref is always bigger than SDQ. Apparently the latter contains a
comparably large fraction (~10 % monomer units, vide infra) of mobile chain
fragments, such as long network chains or “dangling ends”. The DQ build-up
rate of these fragments is low compared to the overall loss of coherence due to T2
relaxation. As a result, these mobile chain fragments will only contribute to Sref
and hardly to SDQ, which causes Sref to be systematically larger than SDQ even at
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long DQ evolution time. The loss of overall coherence is reflected by the decay
of SΣ. The observed sum-intensity decays (~5 ms) are always slower than the
corresponding Hahn-echo decays (~1 ms).

The difference between Sref and SDQ at long time is a signature of “incoherent”
components, of which the loss of overall coherence is faster than the build-up
of DQ coherence. To remove these components from the NMR data we have
therefore fitted a bi-exponential model to the difference intensity Sref –SDQ over
the range 5 – 18 ms, and used this to normalize the DQ build up according to:

Figure 2. DQ build-up intensity SDQ, reference intensity Sref (magnetization not
converted into DQ coherence) and their sum SΣ versus the evolution time τDQ, as
compared to Hahn-echo decay curves, and bi-exponential curves fitted to the tail
of Sref between 5 and 18 ms.The results shown here are (left) for EPDM with 9
wt.% ENB vulcanized with 0.7, 1.5 and 4.5 phr sulfur and (right) for EP(D)M
with 0, 2 and 9 wt.% ENB cured with 1.25, 2.5 and 5 phr peroxide, respectively.
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The bi-exponential correction is negligible for the sulfur-vulcanized EPDM
(Fig. 2, left), and corresponds to the removal of ~10% of the initial intensity for the
peroxide-cured EPDM, with a tendency to decrease at increasing peroxide-level
(Fig. 2, right).

The normalized DQ build-up curves for the same sulfur- and peroxide-
crosslinked EPDM rubbers are depicted up to 5 ms in Fig. 3. As expected, the DQ
build-up becomes faster at higher sulfur and peroxide/ENB levels. The respective
shapes reflect the underlying distribution of residual dipole coupling constants.
Before giving a detailed analysis in terms of specific distribution models, we note
an interesting shape similarity among the build-up curves of the sulfur-vulcanized
EPDM systems when plotted along a logarithmic time axis (Fig. 4a). Up to
1.5-phr sulfur the curves coincide upon scaling the evolution time (Fig. 4c). The
same is true for peroxide-cured EPDM up to peroxide levels of 2.5 phr (Fig. 4b
and 4d).

Figure 3. Normalized DQ build-up curves with curve fits based on a Gaussian
and bi-Gaussian distribution of residual dipole coupling (RDC) constants for the
same sulfur- and peroxide-crosslinked EP(D)M systems as in Fig. 2. Simulated
curves for a bi-Gaussian distribution of RDC constants fit better to the observed

DQ build ups than those for a Gaussian RDC distribution.

The faster the DQ build-up, the bigger the required scaling factor, which thus
represents a model-free “relative build-up rate” RDQ. Arbitrarily taking the curve
of 1.25-phr peroxide-cured EPM as the reference, we have determined the time-
scaling factors of the other curves with respect to this curve. There is a systematic
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shape difference between sulfur- and peroxide-cured EP(D)M, which cannot be
removed by time scaling (Fig. 5). This makes comparison of the relative build-up
rates between sulfur- and peroxide-cured EPDM slightly ambiguous, but a rough
comparison is still possible.

RDQ depends similarly on the sulfur and peroxide levels as the (weighted-
average) Hahn-echo decay rate R2 = 1/T2 (Fig. 6a and 6b). As shown in Fig. 1a,
the effective relaxation rate R2 of peroxide-cured EP(D)M varies linearly with the
peroxide level below 5 phr. In contrast, for sulfur-cured EPDM R2 and RDQ follow
a kind of saturation curve. This indicates that at sulfur levels > 4 phr the content
of third monomers becomes limiting for the crosslink density, which agrees with
earlier observations (2).

Since R2 and RDQ appear to follow different slopes for sulfur- and peroxide-
cured EPDM, one could wonder which of the two, R2 or RDQ, correlates best with
the macroscopic mechanical properties. The ideal behavior would be an NMR
parameter predicting, e.g., the modulus, independent of the applied curing method.
Fig. 6c and 6d shows plots of the modulus at 100 % elongation (M100) versus
either R2 or RDQ. For each of the two crosslinking types there is a linear correlation
between the modulus and R2 and RDQ, respectively. However, for neither R2 nor
RDQ the crosslinking-type dependence disappears. This confirms that the R2 and
RDQ difference between sulfur- and peroxide-crosslinked networks is not so much
caused by NMR artifacts related to the selected NMR parameter, but may actually
be related to the even qualitatively different types of networks formed.

Figure 4. Normalized quantum build-up curves of (a,c) sulfur-vulcanized and
(b,d) peroxide-cured EPDM crosslinked at varied levels of sulfur and peroxide,
respectively, versus (a,b) evolution time and (c,d) scaled evolution time. The
five sulfur-vulcanized EPDM rubbers all contained 9 wt.% ENB. The three

peroxide-cured EPDM systems are the same as in Fig. 2.
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Figure 5. Normalized quantum build-up curves of EPDM vulcanized with 0.7 phr
sulfur and EPM cured with 1.25 phr peroxide versus the scaled DQ evolution

time.

Figure 6. (a) Effective relaxation rates R2 and (b) relative DQ build-up rates
RDQ for the same sulfur- and peroxide-crosslinked EP(D)M rubbers as in Fig.
4. (c,d) correlation between the modulus at 100% elongation M100 and (c) R2
and (d) RDQ. For clarity the data are labeled with the ENB content of the specific
EP(D)M grade, i.e. 9 wt.% for the five sulfur-vulcanized systems, and 0, 2 and 9
wt.% for the three peroxide-cured systems. The curved lines connecting the data
for the sulfur-vulcanized systems in (a) and (b) are guides for the eye only.

The similar dependence of R2 and RDQ on the sulfur- or peroxide levels
is also clear from the linear correlations between the two (Fig. 7). Sulfur-
and peroxide-crosslinked EPDM samples show different slopes, which may
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reflect the difference in the underlying network topology. Peroxide can generate
radicals anywhere along the EPDM chains, whereas sulfur requires the residual
unsaturation of the third monomer to generate crosslinks. Interestingly, the
linear correlations between R2 and RDQ for sulfur-vulcanized and peroxide-cured
EPDM cross each other at RDQ = 0 and a positive value R2* ~ 300 s-1. This may
indicate that the entanglements, which determine R2 and RDQ in the absence of
chemical crosslinks, may be different. Alternatively, R2* = 1/T2BWRmay represent
Bloch-Wangsness-Redfield type of relaxation contributions (17, 18) associated
with incoherent loss of transverse magnzetization:

where 1/T2coh denotes the decay rate of the Hahn echo under the influence of the
coherent dipolar dephasing.

Figure 7. Correlation between effective relaxation rate R2 and RDQ for the same
sulfur- and peroxide-cured EP(D)M samples as in Fig. 4.

After this essentially model-free analysis we have also analyzed the DQ build-
up curves in terms of mono- and bi-modal Gaussian distributions:

with n = 1 or 2 , respectively, and in the latter case f1 + f2 = 1, Dc(1), Dc(2), σ1 and
σ2 the center values and widths of the two Gaussian components describing the
distribution of residual dipolar coupling (RDC) constants. This distribution can
be convoluted with the Gaussian initial behavior of the DQ build-up curves for an
isotropic ensemble of isolated spin pairs with identical residual couplings D:
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The resulting analytical expression for the DQ build-up curve is (15):

Curves based on a single Gaussian distribution of RDC constants with
the maximum at 0 fit well to the initial part of the DQ build-up curves of
the peroxide-cured EPDM (Fig. 3, right hand side). At increasing peroxide
content the width of the half-Gaussian RDC distribution increases (Fig. 8b),
but the maximum stays at 0. This indicates that the chains between the network
junctions become shorter at increasing peroxide content, but there is always a
significant fraction with long chain segments (Dres=0) even at high peroxide
content. Such network structure could indicate a tendency of peroxide to form
heterogeneous networks with parts of the EPDM chains non-crosslinked. One
of the chemical pathways in the peroxide crosslinking of EPDM is the addition
of EPDM macro-radicals to the residual unsaturation of ENB monomers in the
polymer chain. This is followed by a hydrogen transfer, generating a new EPDM
macro-radical which can add to the unsaturation of another ENB monomer, or
combine with another EPDM macro-radical (13). The net result is a cluster of
two or four crosslinks. In addition, a side reaction of peroxide curing is main
chain degradation yielding a rubber network with dangling ends. Other types of
chain reactions, such as formation of multifunctional crosslinks by double-bond
polymerization, may also play a role during peroxide curing. These various
reactions lead to a broad distribution of chain mobility, and thus to a broad RDC
distribution. Similar observations were in fact previously reported for peroxide
cross-linked natural and butadiene rubbers (19).

In contrast to the peroxide-cured samples, mono-modal curves based on Eq.
5 do not fit well to the DQ build-up curves of sulfur-crosslinked EPDM (Fig. 3,
left). Bi-modal distributions consisting of a broad Gaussian centered at 0 and a
narrow Gaussian with variable center and width fit better. In this case both the
center and the width of the dominant narrow Gaussian component increases at
increasing sulfur content (Fig. 8c). The good fit with the bimodal model should not
be interpreted as indication of pronounced inhomogeneity, as the RDC distribution
is in fact dominated by the narrower component. (Note the logarithmic scale in
Fig. 8.) As support for this argument, sulfur vulcanization of natural rubber,
i.e., poly(isoprene), also yields homogeneous networks (19). Sulfur vulcanization
requires the residual unsaturation of the ENB monomer which is known to be
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incorporated randomly into the EPDM chains. Sulfur vulcanization thus produces
crosslinks more homogeneously distributed along the chain.

Figure 8. (a,b) (single-)Gaussian and (c,d) bi-Gaussian RDC distributions
yielding DQ build-up curves which fit best to the experimentaldata of the (a,c)

sulfur- and (b,d) peroxide-crosslinked EPDM grades.

Conclusion

We have compared 1H NMR transverse relaxation and double-quantum
(DQ) build up for sulfur- and peroxide-crosslinked EPDM grades with varied
sulfur- and peroxide content. The network density derived from transverse
relaxation correlates well with macroscopic properties such as the rheometer
torque difference and the modulus at 100% elongation. For peroxide-cured
EPDM DQ NMR indicates a heterogeneous network with a significant amount
of dangling ends, whereas sulfur-vulcanized EPDM shows the features of a
more homogeneous polymer network. For both types of crosslinking, the DQ
build up is faster at increasing curative content, which is consistent with an
increased immobilization of the polmer chains. The DQ build-up curves of
the sulfur-crosslinked EPDM samples have similar shapes, and can be made to
coincide by time scaling. The DQ build-up curves of the peroxide-cured EPDM

218

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
21

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

01
3

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



grades have a different shape. Whereas the peroxide-crosslinked EPDM grades
show a linear increase of the effective relaxation rates R2 and relative DQ build-up
rates up to 4.5 phr peroxide, the corresponding rates for sulfur-vulcanized EPDM
grades level off already at initial sulfur content > 1.5 phr. Mechanical properties,
like the modulus at 100% elongation, correlate linearly with both the effective
relaxation rate R2 and the relative DQ build up rate RDQ, but for neither of the
two rates the linear trends for sulfur- and peroxide EPDM grades coincide. This
is probably a consequence of the underlying different types of rubber networks.
A difference between sulfur- and peroxide-crosslinking is that the first requires
the unsaturation of the ENB monomers which are randomly distributed along the
EPDM chain, whereas peroxide radicals create combination crosslinks anywhere
along the chain, as well as addition crosslinks and other possible chain reactions.
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Chapter 14

Diffusion NMR of Polymers in Bicelles

Peter M. Macdonald*

Department of Chemical and Physical Sciences,
University of Toronto Mississauga,

Mississauga, Ontario, Canada L5L 1C6
*E-mail: pm.macdonald@utoronto.ca

This mini-review describes diffusion NMR studies of
polymers in bicelles using the pulsed field gradient (PFG)
NMR technique. Bicelles are first introduced and their
morphology and applications as membrane mimetics and
confinement media are briefly covered. The PFG NMR
diffusion method is then introduced, emphasizing its specific
advantages and limitations when applied to diffusion
measurements in macroscopically-oriented lamellar systems
such as magnetically-aligned bicelles. The utility of PFG
NMR diffusion measurements in bicellar model membrane
systems for examining lateral diffusion of membrane-bound,
surface-grafted poly(ethylene glycol) (PEG) molecular species
is demonstrated, focusing on those features of lateral diffusion
and / or bicelle morphology that such studies illuminate.
Further, PFG NMR diffusion studies of various molecular
weight soluble PEG species confined within the parallel-plate
geometry of magnetically aligned bicelles are reviewed, again
focusing on revelations concerning bicelle morphology. The
discussion concludes with an outline of future prospects for
diffusion NMR studies in bicelles.

Introduction

The sensitivity of the NMR experiment to diffusion was recognized virtually
from the inception of NMR spectroscopy (1). In the succeeding decades, diffusion
NMR, i.e., the use of NMR spectroscopy to detect and characterize diffusion, has
matured into a sophisticated suite of techniques and been applied widely in a host

© 2011 American Chemical Society
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of physical, chemical, biological and medical investigations. Much of the impetus
for these developments stems from the recognition that knowledge of diffusion
properties often can offer key insights into the structural features of complex, or
otherwise intractable, systems.

In this mini-review the focus is diffusion NMR applications in bicelles; a
novel biomembrane mimetic system increasingly employed in NMR studies of
membrane-associating molecules (2–7) and as an orienting medium for NMR
structural studies of soluble proteins and nucleic acids (8–11). Like any good
membrane mimetic, bicelles provide an environment mirroring the lipid bilayer
structural foundation of biological membranes and thus encourage the adoption
by membrane-bound species of their proper functional form. However, it is the
propensity of bicelles to align in a magnetic field, and the enhanced NMR spectral
resolution that this engenders, that is the ultimate source of their ever increasing
popularity; a popularity evident from the ongoing effusion of reviews of bicelle
properties and applications (12–23). Notwithstanding their popularity, certain
key questions regarding fundamental bicelle properties remain unresolved. And
because of their broad utility, new bicelle compositions continue to be introduced
(24), while novel bicelle properties continue to emerge (25–27).

Here, after reviewing some fundamental properties of bicelles, an overview
of the diffusion NMR experiment is provided, followed by an examination of its
particulars as applied to magnetically-aligned bicelle systems in our laboratory.
Of special interest will be the insights gleaned from diffusion NMR of polymers
incorporated into bicelles: insights regarding bicelle morphology, the resolution
of controversies thus provided and the description of new properties. Of course,
diffusion NMR is but one technique and the contributions of the multitude of other
techniques that have informed the present understanding of bicellar systems will
be acknowledged as they come to bear on the subject at hand.

Bicelle Fundamentals

Bicelles are self-assembled mixtures of short-chain and long-chain
amphiphiles (28, 29), typified by the canonical combination of
dihexanoylphosphatidylcholine (DHPC) and dimyristoylphosphatidylcholine
(DMPC) first reported by Sanders and Schwonek (30). As shown in Figure 1,
DMPC, being roughly cylindrical in shape, on its own in water assembles into
a bilayer structure such that its hydrophobic tetradecyl chains are sequestered
away from water in the bilayer interior, while its polar phosphocholine headgroup
occupies the interface between the hydrophobic interior and the aqueous bathing
medium. To eliminate the exposure of hydrophobic acyl chains at the edge of the
bilayer to water, the DMPC bilayer assembly vesiculates into a macroscopically
spherical morphology. DHPC, in contrast, being roughly conical in shape due to
its shorter acyl chains, prefers a highly curved, micellar assembly. Mixtures of
DMPC and DHPC, however, assemble into single bilayer-thickness DMPC-rich
lamellar sheets stabilized by a DHPC-rich coating along the edge regions. Since
the DMPC tetradecyl acyl chains at the edge regions are masked from water by
the coating of DHPC, there is no drive to vesiculate, and the resulting morphology
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is macroscopically planar. Because bicelles are self-assembled structures, their
morphology is subject to both compositional and environmental influences, and
exhibits a plasticity that is at once both beguiling and bedeviling.

Figure 1. Schematic of the morphological evolution of bicellar self-assemblies
as a function of the molar ratio q = DMPC/DHPC. Pure DHPC (black) forms
micelles, while pure DMPC (gray) forms lamellae. Mixtures of the two form

disks at low q, or perforated lamellae at higher q, with DHPC occupying curved
edge regions while DMPC forms a planar bilayer.

The current consensus understanding of bicelle morphology is the result
of studies using a host of physical techniques including electron microscopy
(EM) (31–33), fluorescence spectroscopy (34), NMR (35–38), small angle X-ray
scattering (SAXS) (39) and small angle neutron scattering (SANS) (19, 25, 26,
39–42). A major influence on this morphology is the molar ratio of long-chain to
short-chain amphiphiles, i.e., DMPC / DHPC, typically given the designation “q”.
As illustrated in Figure 1, at low q bicelles adopt a discoidal morphology with
DHPC populating the highly curved outer edge regions encircling a DMPC-rich
planar bilayer disc, as per the “ideal” bicelle model (43), and in close analogy to
the discoidal amphiphilic self-assemblies described and characterized by Reeves
and co-workers in the 1970’s (see (44) for a review of this early work). With
increasing q, the morphology evolves towards a perforated lamellar structure
having dimensions far larger than envisaged by the ideal bicelle model and
wherein DHPC populates the highly curved inner edges of toroidal perforations
decorating the DMPC-rich bilayer lamella.

From an NMR perspective, bicelles should be regarded as “soft” materials,
self-assembled as the result of an accumulation of otherwise weak interactions,
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and retaining, therefore, considerable freedom of molecular vibrational, rotational
and translational motion. Because of the constraints imposed by the planar
bilayer structure, the motional averaging is anisotropic, so that an NMR
spectrum obtained from bicelles will be influenced by residual anisotropic,
i.e., orientation-dependent, interactions such as those arising from chemical
shift, or dipolar or quadrupolar interactions. Both the size of any such residual
orientation-dependent interactions and the distribution of orientations across the
sample will influence the NMR spectrum. When there is a random distribution
of bicelle orientations across the sample a so-called powder spectrum results,
as shown in Figure 2A for the case of the 31P NMR spectrum of DMPC /
DHPC bicelles at a temperature below the DMPC gel-to-liquid-crystalline phase
transition temperature (Tm ~ 250C) where bicelles cannot magnetically align. The
width of the powder spectrum Δσ = σ║ - σ⊥ reflects the residual 31P chemical shift
anisotropy difference between the extrema of the parallel, σ║, and perpendicular,
σ⊥, orientations of the phospholipid long axis (and bilayer normal) relative to
the direction of the magnetic field. The line shape observed reflects the powder
distribution of bicelle orientations between those extrema. Because DHPC resides
in highly curved edge regions, it experiences effectively isotropic motional
averaging and hence exhibits an isotropically narrow 31P NMR resonance.

Magnetic alignment of bicelles becomes possible once the temperature is
raised above the Tm ofDMPC so that the self assembly becomes flexible and able to
reorganize. Such spontaneous magnetic alignment of amphiphilic self-assembled
bilayers was first reported by Lawson and Flautt in 1967 (45). It is the interaction
between the magnetic field and the magnetic susceptibility anisotropy of the
self-assembly that drives the magnetic alignment (46). Individual amphiphiles
generally possess only a small negative magnetic susceptibility anisotropy, but
when assembled into a bilayer, and aided by cooperative interactions between
neighbouring assemblies, the volume magnetic susceptibility anisotropy is
sufficient to overcome thermal fluctuations.

For DMPC / DHPC bicelles the spontaneous, so-called negative, alignment is
such that the normal to the bilayer plane lies perpendicular to the magnetic field
direction. As shown in Figure 2B, the resulting 31P NMR resonance now consists
of a narrow resonance having a frequency corresponding to σ⊥, reflecting the
narrow distribution of alignments about the direction perpendicular to themagnetic
field.

In the presence of certain membrane-associating species having intrinsic
positive magnetic susceptibility anisotropy the direction of bicelle alignment is
such that the bilayer normal lies parallel to the magnetic field – the so-called
positive alignment. The pioneering work of Reeves and co-workers demonstrated
that simple variations in the counterion composition of the electric double layer
could induce a “flip” from the negative to the positive alignment (44). For
bicelles, such a “flip” to the positive alignment was first reported by Prosser
and co-workers (47–50) who added lanthanides which bind to the bicelle
surface. Subsequently, the same positive alignment was shown to occur upon
incorporating phosphatidylcholines containing biphenyl groups (51–53), or
peptides having phenyl ring side chains (54), or lipophilic aromatic compounds
(55). As illustrated in Figure 2C, the resulting 31P NMR resonance now consists
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of a narrowed resonance having a frequency corresponding to σ║, reflecting the
narrow distribution of alignments about the direction parallel to the magnetic
field.

Figure 2. Magnetic alignment of bicelles and corresponding 31P NMR spectra.
(A) At temperatures below the Tm of DMPC the bicelles are randomly aligned.
(B) At T > Tm, spontaneous negative magnetic alignment can occur. (C) At T >
Tm upon addition of lanthanides, like Yb3+, positive magnetic alignment results.
The paramagnetic Yb3+ ions also cause NMR line broadening. Spectrum (B) was
adapted from Soong and Macdonald (159). Spectra (A) and (C) were provided

courtesy of Hannah Morales (personal communication).

It is this ability to align in a magnetic field, and the consequently enhanced
resolution relative to powder-type NMR spectra, while still manifesting
orientation-dependent interactions, that have made bicelles so popular as
biomembrane mimetics for solid state (56–76) and solution state (77–82) NMR
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structural studies of membrane proteins and membrane associating molecules
(83–95), and as an orienting medium for solution state NMR structural studies of
soluble proteins and nucleic acids (96–108).

This very popularity has engendered continuing re-examinations of bicelle
morphology, new aspects of which continue to emerge, along with reports of novel
bicelle compositions with enhanced properties. For example, both SANS (25,
26) and cryo-TEM (32) methods indicate that the morphology of neutral DMPC
/ DHPC bicelles is actually a ribbon-like aggregate which converts to a smectic
phase upon addition of a negatively-charged amphiphile like phosphatidyglycerol.
A further example concerns the location of DHPC, originally believed to be
confined to highly-curved edge regions, but now recognized to be miscible with
DMPC and to reside partly within the planar bilayer region (109). Most recently,
bicelles having DHPC replaced with the detergent Triton X100 (24) have been
reported to yield assemblies with enhanced structural features.

The remainder of this mini-review will highlight the contributions of
diffusion NMR studies from our laboratory to the description of bicelle structure,
to the resolution of certain controversies regarding their morphology, and our use
of bicelles as a platform for diffusion NMR studies of lateral diffusion within
and between lipid bilayers. It will commence with a review of diffusion NMR
fundamentals, as follows.

Diffusion NMR Fundamentals

Self-diffusion is the thermally-generated centre-of-mass translational motion
occurring in the absence of a concentration gradient. For isotropic diffusion of a
spherical object of hydrodynamic radius RH in an isotropic medium of viscosity η,
the diffusion coefficient is given by the Stokes-Einstein equation,

where kB is the Boltzmann constant and T is the absolute temperature.
Most generally, however, diffusion will be anisotropic so that the diffusion

coefficient is properly described in terms of a second-rank symmetric tensor,

requiring the determination of six independent tensor components Dij to
completely specify the diffusion coefficient (110).

For the special case of lateral diffusion within a planar bilayer membrane,
or diffusion confined between two parallel plates, only two independent diffusion
tensor components need be considered: D║ and D⊥ corresponding to diffusion
parallel and perpendicular, respectively, to the direction of the bilayer normal (111,
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112), as shown schematically in Figure 3. Consequently, the diffusion tensor is
given by,

where D⊥ is the diffusion coefficient within, or along the direction of, the plane of
the lipid bilayer membrane.

Figure 3. The diffusion tensor in the membrane frame of reference, relative to the
laboratory frame of reference as defined by the magnetic field gradient direction,

here assumed to lie parallel to the static magnetic field.

Techniques for measuring membrane diffusion abound, with fluorescence-
based methods such as fluorescence recovery after photobleaching (FRAP),
fluorescence correlation spectroscopy (FCS) and single particle tracking (SPT)
being the most sensitive and widely employed. Obviously, fluorescence
techniques require the presence of an observable fluorophore attached to the
species of interest. NMR methods for measuring membrane diffusion do not
necessarily require specific isotropic enrichment with an NMR sensitive nucleus.
They may be divided broadly into those based on exchange in the presence of
orientation-dependent interactions and those based on the application of field
gradients to confer spatial sensitivity. The latter will be the specific focus of the
following discussion.

Pulsed field gradient (PFG) diffusion NMR was introduced more than four
decades ago by Stejskal and Tanner in their now classic article (110). Their
original spin echo PFG NMR experiment is often replaced by the stimulated echo
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(STE) PFG NMR sequence (113) shown schematically in Figure 4, where the
diffusion time, Δ, is limited only by the longitudinal relaxation time, T1, rather
than the transverse relaxation time, T2, which limits the diffusion time in the spin
echo case: an advantage when, as is often the case, T1 > T2. During the evolution
period between the first and the second 900 radio frequency (rf) pulse the nuclear
spins precess in the transverse plane, acquiring a phase angle proportional to their
relevant interaction Hamiltonian, i.e., chemical shift, scalar coupling, dipolar
coupling, or quadrupolar coupling. The second 900 rf pulse places the spin
magnetization along the z-axis where it may be stored for a duration τ1 < T1. The
third 900 rf pulse returns the spin magnetization to the transverse plane where a
stimulated echo forms after a time τ2. The experiment is rendered sensitive to
diffusion by applying gradient pulses of amplitude g (T m-1) and duration δ (s)
during the evolution periods following the first and third rf pulse. The gradient
pulse induces an additional phase shift of angle φi = γgδzi, where γ (rad T-1 s-1) is
the magnetogyric ratio and zi is the position of an individual nuclear spin along
the direction of the applied field gradient, assumed to lie parallel to the static
magnetic field. Thus, the first gradient pulse encodes the nuclear spins according
to their position. If no diffusion occurs during the diffusion time Δ, then the
second gradient pulse exactly decodes, i.e., reverses, the position-dependent
phase shift due to the first gradient pulse and the stimulated echo forms with its
amplitude unchanged. If diffusion occurs then the stimulated echo amplitude is
reduced as per,

where D is the diffusion coefficient along the direction of the applied field gradient.
Experimentally, either the gradient pulse duration δ, or its amplitude g, or the
diffusion timeΔ, is varied progressively. For the case of simpleGaussian diffusion,
a semi-log plot of I/Io versus k=(γgδ)2(Δ-δ/3) produces a linear decay, assuming
constant τ1 and τ2, with a slope proportional to the diffusion coefficient.

An in-depth analysis of the theory underlying the PFG NMR experiment is
beyond the scope of this mini-review, but the reader interested in greater detail
may refer to several authoritative reviews (114–117). Since its introduction, the
basic PFG NMR experiment has been greatly refined as techniques have been
introduced to surmount problems such as the presence of background gradients
(118), or convection (119), or the need for solvent suppression (120). In our
laboratory, for example, we find it particularly useful to employ a slice-selection
strategy (121–123) to avoid the effects of non-linear field gradients.

For simple Gaussian diffusion the observed diffusive decay described above
is linear with k while the observed diffusion coefficient is independent of the
diffusion time Δ. There exist many situations, however, in which the diffusive
decay is non-linear while the measured diffusion coefficient depends on the
diffusion time. Such non-Gaussian diffusion behavior typically involves complex
heterogeneous systems wherein centre-of-mass diffusion is confined due to
morphological constraints (124–126). Indeed, it is in exactly such situations
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that the PFG NMR diffusion experiment can prove advantageous in extracting
morphological details.

Figure 4. The stimulated echo pulsed field gradient NMR pulse sequence
introduced by Tanner (113) for measurement of molecular diffusion. Black bars
represent radio-frequency pulses, while grey rectangles represent field gradient

pulses. See the text for further details.

Diffusion NMR in Lipid Bilayer Membranes

When applied to lipid bilayer membranes the PFG NMR experiment
encounters two fundamental difficulties. First, due to residual anisotropic
interactions, and dipolar interactions especially, the NMR resonances in lipid
bilayers are typically broad, which produces rapid loss of coherence during the
evolution times in a PFG NMR sequence and consequent loss of signal. Second,
in a normal spherical lipid bilayer vesicle there is a powder distribution of local
bilayer normal orientations and this complicates considerably the extraction of a
diffusion coefficient from any observed intensity decay.

One means to overcome the broad resonance problem is to combine magic
angle spinning (MAS) with field gradients applied co-directional with the spinning
axis (127). MAS produces line narrowing while the gradient configuration ensures
that all nuclear spins experience an identical gradients strength throughout a rotor
cycle. Gawrisch and co-workers have employed this approach to considerable
effect in their studies of the lateral diffusion of various membrane-associating
compounds (128–134). In such measurements cognizance must be taken of
the need to correct the diffusive decay for the powder distribution of bilayer
orientations within the sample, and a further correction made for the radius of
curvature of the bilayers as it affects the apparent diffusion coefficient (128).

One means to overcome the distribution of bilayer orientations problem is to
macroscopically align lipid bilayers between planar solid supports. Lindblom and
Wennerström (135) first used this strategy in lateral diffusion measurements, while
Lindblom and Öradd have been its principal proponents ever since, reporting, for
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example, the characterization of domain composition and properties in various
binary and ternary lipid mixtures (112, 136–140). For such planar supported lipid
bilayers there is a single bilayer orientation across the entire sample. The diffusion
coefficient extracted from a plot of Ln I/Io versus k depends, however, on the
angle θ defining the orientation of the bilayer normal relative to the direction of
the applied field gradient as per (111, 112)

where the geometry is shown in Figure 3. In order to minimize the line broadening
problem, the planar aligned lipid bilayer is placed such that the bilayer normal
is at an orientation of 54.740 relative to the direction of the static magnetic field
(assumed to be co-linear with the field gradient direction). At the so-called magic
angle θ=54.740 residual line broadening effects, including in particular for 1H
NMR measurements dipolar broadening, disappear. Since for molecular species
confined within a planar lipid bilayer milieu D⊥ >> D║, the cosine term in the
above equation can be ignored and the experiment measures a scaled lateral
diffusion coefficient Dzzlab =0.667 D⊥.

Another solution to the distribution of bilayer orientations problem involves
the use of magnetically-aligned bicelles. As may be ascertained from inspection
of Figure 2, for negatively magnetically-aligned bicelles, where θ=900, it follows
that Dzzlab =0.667 D⊥, so the experiment measures directly the lateral diffusion
coefficient of any NMR-observable membrane-associated species. On the other
hand, for positively magnetically-aligned bicelles, where θ=00, it follows that
Dzzlab = D║, so the experiment measures only transbilayer diffusion, i.e., of
soluble species. The latter is a function, principally, of the number and size of
any DHPC-rich perforations in the bicellar lamellae, as will be discussed in a
subsequent section.

Neither orientation, however, eliminates the line width problem. In fact, for
the STE PFG 1H NMR sequence, the residual dipolar broadening in magnetically-
aligned bicelles is sufficient to render most lipid resonances undetectable due to
loss of coherence during the evolution periods. Nevertheless, instances abound in
which, due to inherently near-isotropic motional averaging, the resulting narrow
resonances can be used for lateral diffusion measurements.

The first demonstration of this possibility involved a PEGylated lipid
incorporated into negatively magnetically-aligned bicelles (141). PEGylated
lipids consist of a water-soluble poly(ethylene glycol), i.e., PEG, group
covalently attached to the polar head group of a lipid moiety such as
dimyristoylphosphatidylethanolamine (DMPE). The DMPE intercalates into a
lipid bilayer, leaving the PEG group displayed at the aqueous interface, thereby
effectively grafting the polymer to the lipid bilayer surface. PEGylated lipids
are used in the fabrication of “stealth” liposomes for drug delivery applications
(142), where the steric barrier created by the PEG coating at the liposomal
surface delays liposome clearance by the reticulo-endothelial system. In bicelles,
PEGylated lipids enhance bicelle stability, again by virtue of steric stabilization
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(143). Marsh et al (144) have recently reviewed the voluminous research into
the physicochemical properties of these enormously useful bio-compatibilizing
agents. Of particular virtue for the purposes of diffusion NMR measurements
is the fact that essentially all of the protons of the ethylene oxide (EO) units of
which PEG is composed are equivalent, while the EO units undergo rapid and
facile rotational isomerizations such that, overall, even rather large PEG species,
even when attached at a surface, exhibit a single, nearly isotropically narrow 1H
NMR resonance.

A typical series of STE PFG 1H NMR spectra as a function of k for DMPC
/ DHPC negatively magnetically aligned bicelles containing DMPE-PEG 2000 is
shown in Figure 5. Proton resonances from the DMPC and DHPC are more-or-
less absent due to their short transverse relaxation time relative to the transverse
evolution times. The remaining significant proton resonances are those fromwater
and the EO protons of the PEGylated lipid. The water resonance decays rapidly
with increasing k as expected for the rapid diffusion of such a small molecule.
The EO proton resonance decays far more slowly as expected for a larger lipid
molecule associated with the lipid bilayer.

The diffusion coefficients are extracted from the slope in plots of Ln I/Io versus
k=(γgδ)2(Δ-δ/3) of the type shown in Figure 6. The water diffusion coefficient for
the case shown in Figure 5 is 1.6 x 10-9m2s-1 indicating significantly (30%) slower
diffusion than that of bulk water at the same temperature (145) the difference
being attributable to the population of lipid bilayer surface-bound water in fast
exchange with bulk water. Note that the water diffusion being measured here is
along the direction of the two-dimensional channels lying between the “parallel
plates” formed by the negatively magnetically aligned bicelles.

Figure 6 compares specifically the diffusive decays for DMPE-PEG 2000 and
free, i.e., non-hydrophobically modified, PEG 2000, both incorporated into DMPC
/ DHPC bicelles which have been negatively magnetically aligned.

DMPE-PEG 2000 becomes intercalated into the lipid bilayers while free
PEG 2000 resides within the aqueous interstices separating the bicelles. For
DMPE-PEG 2000, the intensity decay over most of the range of k values is linear,
i.e., monoexponential, indicating normal Guassian diffusion. (There is a small
contribution at lower k values from an overlapping proton resonance that decays
rapidly and is assigned to the choline methyl resonance of DHPC.) The lateral
diffusion coefficient for 1 mole% (relative to DMPC) DMPE-PEG 2000 was 1.35
x 10-11 m2s-1. Increasing the DMPE-PEG 2000 content to 2 mole% reduced its
lateral diffusion coefficient to 1.15 x 10-11 m2s-1. By comparison, the diffusion of
free PEG 2000 present in the aqueous interstices between these bicelles, although
hindered relative to PEG 2000 in bulk solution, was a factor of 30 times faster
than that of DMPE-PEG 2000 and was essentially concentration independent.

Diffusion NMR and Bicelle Morphology

Given the basic themes described above, that diffusion NMR in magnetically
aligned bicelle systems provides useful and facile membrane lateral diffusion
measurements, the focus of the remainder of this article will concern the insights

231

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



provided by such techniques regarding lateral diffusion of PEGylated lipids and
bicelle morphology.

Figure 5. STE PFG 1H NMR spectral series obtained at 35 0C with q = 4.5
DMPC/DHPC negatively magnetically aligned bicelles containing 1 mol%

DMPE-PEG 2000 as a function of increasing gradient pulse duration in the STE
PFG NMR pulse sequence. The HDO resonance decays rapidly as expected given
the fast diffusion of water. The ethylene oxide (EO) resonance of DMPE-PEG
2000 decays much more slowly as expected for a large molecule bound to the
lipid bilayer regions of the bicelle. Other resonances are largely absent due to
their fast transverse relaxation. Adapted from Soong and Macdonald (141).

PEGylated Lipid Diffusion Obeys the Free Area Model

The free area model of lateral diffusion in membranes posits that, when the
diffusing species is of a size comparable to that of the “solvent”, in this case the
solvent being the lipids of which the lipid bilayer is composed, lateral diffusion
is dictated by the availability of “free area” within the lipid bilayer relative to the
cross-sectional area occupied by the diffusant within the lipid bilayer (146–148).
The fact that the lateral diffusion coefficient of DMPE-PEG 2000 at 1 mole%
(D = 1.35 x 10-11 m2s-1) is virtually identical to values reported for DMPC at
similar temperatures using FRAP (149) demonstrates the validity of this notion,
since DMPE-PEG 2000 and DMPC will occupy virtually identical cross-sectional
areas. The size of the extra-membranous PEG moiety is entirely secondary
because it experiences only the aqueous bathing medium where the viscosity is a
fraction of that of the lipid bilayer proper. Non-hydrophobically anchored PEG
2000 diffusing between bicelles diffuses at least an order of magnitude faster.
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Figure 6. STE intensity decays as a function of DMPE-PEG 2000 concentration
in STE PFG 1H NMR spectra (35 0C) of magnetically aligned DMPC / DHPC
(q = 4.5) bicelles plus various levels of either DMPE-PEG 2000 or free (i.e.
non-hydrophobically-modified) PEG 2000. Open circles: 1 mole% DMPE-PEG
2000, DPEG = 1.35 × 10-11 m2s-1. Open squares: 2 mole% DMPE-PEG 2000,
DPEG = 1.15 × 10-11 m2s-1. Closed circles: 1 mole% free PEG 2000, DPEG = 5.00
× 10-10 m2s-1. Closed squares: 2 mole% free PEG 2000, DPEG = 5.23 × 10-10

m2s-1. Adapted from Soong and Macdonald (141).

Membrane Crowding Slows Lateral Diffusion

The slower lateral diffusion measured for 2 mole% relative to 1 mole%
DMPE-PEG 2000 can be attributed directly to the onset of surface crowding
of the PEG groups. Polymer theory indicates that for unperturbed surface
grafted polymers, a situation pertinent to the PEG group of DMPE-PEG 2000
incorporated into bicelles at the 1 mole% level, the shape of the polymer may
be modeled as a half-sphere or “mushroom” extending out from the surface a
distance equivalent to the Flory radius, RF, and covering an area A=πRF2 (150).
The Flory radius is calculated using the Flory equation, RF=N3/5a where N is the
number of monomer units and a is the length of one such monomer (151). For
DMPE-PEG 2000, where N=45 and a=3.5 Å (152), RF=35 Å and A=3850 Å2.
Hence, assuming DMPC occupies 60 Å2, complete surface coverage with PEG is
achieved at 1.6 mole% DMPE-PEG 2000. Thus, at 2 mole% DMPE-PEG 2000
overlap and entanglement of PEG groups has commenced, leading to crowding
and slower lateral diffusion. The effect is exacerbated by further increasing the
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DMPE-PEG 2000 concentration or by increasing the size of the PEG group of
DMPE-PEG (153) Surface crowding is one reason postulated to explain the
observation that lateral diffusion is generally slower in real biological membranes
relative to model lipid bilayer membranes (154–158).

The Bicelle Disk versus Perforated Lamellae Question

For some time controversy percolated regarding whether bicelles should be
regarded as disks encircled by a “bikini” of DHPC, or as lamellae perforated by
toroidal holes lined with DHPC. The PFG NMR lateral diffusion measurements
on DMPE-PEG 2000 demonstrate unequivocally that, at least under the particular
conditions of q = DMPC / DHPC = 4.5 and T = 35 0C, bicelle morphology is that
of a perforated lamella. Specifically, the fact that the semi-log diffusive intensity
decays for the PEGylated lipid as shown in Figure 5 are linear with k and are
diffusion time-independent is indicative of normal Gaussian diffusion, as opposed
to, for example, restricted diffusion. This permits a straightforward calculation of
the root-mean-square (rms) displacement undergone by the PEGylated lipid during
the experimental diffusion time via the Einstein equation, <z2>1/2=√4DΔ yielding
rms displacements on the order of 6 μm for the case D = 1.35 x 10-10 m2s-1 and
Δ = 600 ms. This distance far exceeds the radial dimensions of 300 Å predicted
for “ideal” diskoidal bicelles (43). Further, if truly diskoidal, given the operative
diffusion coefficient and diffusion time, such bicelles should have lead to restricted
diffusion behaviour in the PFGNMRdiffusion experiment characterized by a slope
of zero at large k values in plots such as those in Figure 5. One must conclude that
the perforated lamellae model pertains.

DHPC Is Not Strictly Segregated to Regions of High Curvature

As originally conceived, in DMPC / DHPC bicelles DHPC was regarded
as remaining completely segregated into regions of high curvature due to its
immiscibility with DMPC. Recent 31P NMR results have called this view
into question, providing evidence that in fact DHPC does migrate from
highly-curved regions into DMPC-rich planar regions at elevated temperatures
(109). Corroborative evidence for the “mixed bicelle” model proposed by these
researchers is provided by diffusion NMR experiments.

Examples of the type of 31P NMR spectra obtained in our laboratory, which
conform with those reported by Triba et al (109) and prompted their mixed bicelle
model proposal, are shown in Figure 7 for the case of positively magnetically
aligned bicelles as a function of q (at constant temperature 35 0C) and of
temperature (at constant q = 4.5) (159). An essential observation is that the narrow
resonance assigned to DHPC migrates towards the broader resonance assigned to
DMPC as either temperature or q increases. The interpretation is that DHPC is in
fast exchange between highly-curved regions (isotropic chemical shift) and planar
regions (anisotropic chemical shift), so that the chemical shift observed for DHPC
reflects its equilibrium distribution between the two environments. Given certain
conservative assumptions (109, 159), the 31P NMR data may be used to calculate
an effective ratio of planar-to-edge phospholipid populations, q*=(q+ω*)/(1-ω*),
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where q = DMPC/DHPC and ω* = ωDHPC / ωDMPC, with ωDHPC and ωDMPC being
the observed chemical shifts for DHPC and DMPC, respectively.

Figure 7. 31P NMR spectra of (left) positively magnetically aligned bicelles
composed of 100 / 5 / 1 (mol/mol/mol) DMPC / DMPG / DMPE-PEG2000 +
DHPC in the ratio q = (DMPC+DMPG+DMPE-PEG2000) / DHPC = 4.5 as
a function of temperature, and (right) at 35 0C as a function of q as indicated.
All samples contained 25% w/w lipid/water and included ytterbium in the ratio
Yb3+ / P = 1 / 75 to achieve positive magnetic alignment. Adapted from Soong

and Macdonald (159).

If the mixed bicelle model is correct, then the number and/or size of
DHPC-dependent perforations in the lamellae must decrease as the equilibrium
distribution of DHPC shifts away from the edge, and towards the planar,
environment. One means to test this prediction is to conduct diffusion NMR
measurements of transbilayer diffusion in the same positively magnetically
aligned bicelles. Transbilayer diffusion of a small molecule such as water will
depend principally on the total surface area of perforations in the lamellar sheets
which otherwise act as barriers to diffusion. This suggests a simple relationship
between the reduced transbilayer water diffusion coefficient D║/Do, (Do being the
bulk water diffusion coefficient at the corresponding temperature), and q*,

where fpore is the surface fraction of pores, Alam and Aperf are the respective areas
of lamellar and perforation regions, while B is a model dependent scaling factor
relating the number of DHPC occupying perforations to the fractional area of
perforations.
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Figure 8. Reduced transbilayer water diffusion coefficient D║/D0 as a function of
the proportion of phospholipids q* resident in planar versus edge regions of the
bicelles. D║/D0 was measured in positively magnetically aligned bicelles as a
function of temperature at constant q = 4.5 (closed circles), and as a function of
q at a constant temperature of 35 0C (open squares). q* was calculated from 31P
NMR spectra as described in the text and is assumed to be inversely proportional
to the fractional surface area of bicellar perforations. For the line of best 1:1 fit

shown in the figure, B=0.16. Adapted from Soong and Macdonald (159).

As shown in Figure 8, there is excellent correspondence between the decrease
in transbilayer water diffusion observed via diffusion NMR and the shift of the
DHPC population away from curved regions and into planar regions as quantified
via 31P NMR. Note that transbilayer water diffusion actually decreases with
increasing temperature, an effect that is counter-intuitive, but readily explicable in
terms of the corresponding decrease in the total area of transbilayer perforations
if the mixed bicelle model interpretation of the 31P NMR observations is correct.
The fact that both the temperature dependence and, separately, the q dependence
of D║/Do obey the same q* dependence strongly suggests that the common
element is indeed the fraction of DHPC available to form perforations, and
strongly supports the mixed bicelle model of Triba et al (109).

An interesting aspect of the interdependence of q* and D║/Do concerns the
fate of the water displaced as the DHPC-rich perforations decrease in size and/or
number with increasing temperature (160). Specifically, one may interpret the
reduced transbilayer water diffusion coefficient as directly reflecting the fractional
surface area of lamellar perforation or pores, fpores. Thus, Figure 8 indicates that the
fractional surface area of pores decreases from roughly 60% at a temperature near
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the Tm of DMPC to as small as 20% at 40 0C. The volume of water thus displaced
may be estimated using

where dB is the bilayer thickness at a given temperature as determined from SANS
(160).

The same SANS measurements (160) show that in such bicelles, as in
lipid bilayers in general, dB decreases with increasing temperature due to the
corresponding increase in the probability of trans-gauche isomerizations along
the hydrocarbon chains of the phospholipids. However, SANS measurements also
demonstrate that, unlike lipid bilayers in general, for bicelles the interlamellar
spacing, d, increases with increasing temperature. It follows that the interstitial
volume between adjacent bicelles must be increasing with increasing temperature.
The change in interstitial volume may be estimated via:

The obvious question becomes whether the increase in interstitial volume
matches the volume of water displaced by annealing of lamellar perforations with
increasing temperature. In fact, we found that ΔVbilayer / ΔVintersticial = 0.93 using
values of fpore derived from diffusion NMR and values of d and dB obtained from
SANS (160).

A schematic summarizing the temperature dependence of bicelle morphology,
as derived from the combination of SANS, 31P NMR and diffusion NMR results,
is provided in Figure 9. At a lower temperature, i.e., near the Tm of DMPC,
DHPC resides almost exclusively within, and lines the inner highly-curved
edges of, toroidal perforations decorating the DMPC-rich lamellar bicelles. With
increasing temperature DHPC becomes more readily miscible with DMPC,
and is able to migrate into the DMPC-rich lamellar regions. Consequently, the
number and/or size of the toroidal perforations decrease, so that transbilayer
water diffusion decreases correspondingly. Further, the water displaced by this
temperature-dependent annealing of the perforations migrates into the interstitial
spaces, thereby increasing the interlamellar spacing.

Water being a small molecule, its transbilayer diffusion depends principally
on the fractional area of lamellar perforations. Hence, such measurements say
little regarding the specific pore size or shape, assuming the pores are large
relative to water. One possible means to investigate pore size would be to examine
transbilayer diffusion of various size probe molecules in positively magnetically
aligned bicelles. A good candidate for such probes would be PEG.

PEG Diffusion Confined Between Bicellar Parallel Plates

As a prelude to probing pore sizes in bicelles via measurements of transbilayer
PEG diffusion, we first inspected PEG diffusion in negatively aligned bicelles
(161). In this situation the adjacent bicellar lamellae will form a set of confining
two-dimensional parallel-plate channels along which PEG may diffuse. Figure 10
A shows the PEG diffusion coefficients obtained via diffusion NMR for a series of
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11 differentmolecular weight PEGvarying from 200 to 20,000Daltons, comparing
results for PEG free in solution and confined between bicellar lamellae. For the
case of a flexible random coil polymer free in solution in a good solvent, such
as the case of PEG in water, D is expected to vary as 1/√Mw. Thus, in a plot of
Log D versus Log N, where N is the degree of polymerization, i.e., the number
of EO units, the slope should be close to -0.5. As shown by the solid line, where
the slope = -0.473, this expectation is fulfilled for free PEG. From such diffusion
coefficients one calculates the hydrodynamic radius RH via the Stokes-Einstein
equation and, subsequently, the critical overlap concentration for a given polymer
molecular weight (162). The PEG concentration used here (3.33 mg /ml) was well
below the overlap concentration in all cases, so issues of polymer entanglement
will not complicate the interpretation of the diffusion data.

Figure 9. Schematic cross-section through a set of stacked perforated lamellae of
DMPC (white) /DHPC (grey) bicellar mixtures, illustrating temperature effects

on morphology. Adapted from Nieh et al (160).
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As show in Figure 10 A, at the low end of the molecular weight range,
bicellar-confined PEG diffusion parallels the size effects seen for free PEG, but
is reduced by roughly 30% relative to free PEG; an effect that can be attributed
to the approximately 30% viscosity increase in the interlamellar space. With
increasing PEG size, there is a progressively greater hindrance of PEG diffusion
in the confined relative to the free situation. This additional slowing of diffusion
with larger PEG must be attributed to hindrance due to confinement effects.

For diffusion confined to a two-dimensional parallel-plate geometry, the
important scalar is the ratio RH/H, whereH is the separation between the confining
plates. For bicelles, H is the interlamellar spacing, i.e., the width of the aqueous
interstices between adjacent bicellar lamellae. This may be determined via
SANS and has been reported to equal 60 Å for bicelles of composition virtually
identical to those investigated here (41, 163). The free PEG diffusion data
mentioned above serve to demonstrate that the ratio RH/H will always be less
than unity for the range of PEG sizes investigated here. De Gennes’ scaling
arguments (164–166) predict D/Do~(RH/H)-2/3 for strong confinement regimes,
defined by De Gennes as RH/H >1. In Figure 10 B, the normalized diffusion
coefficient, D/Do, where Do is the diffusion coefficient of free PEG in aqueous
solution, is plotted as a function of RH/H in a log-log format. It is evident that
strong confinement effects commence once RH/H > 0.4, i.e., far sooner than
predicted by scaling theory, although the -2/3 exponent is born out. This reflects
one of the challenges of scaling arguments; that of defining the cross-over point
between bulk and confined behavior. Describing confinement effects on polymer
diffusion in terms of the expected behavior of an equivalently-sized hard sphere,
as modeled by Pawar and Anderson (167) and shown as the dashed line in Figure
10 B, fails utterly to capture the quantitative details of the diffusion of the flexible
PEG in the two-dimensional confinement imposed by the bicellar lamellae.
Newer simulations using a “Brownian dynamics combined with hydrodynamic
interactions” approach (168) predict that strong confinement commences when
RH/H > 0.5 and that in this regime D/Do~(RH/H)-2/3. This agrees well with the
diffusion behavior observed in our laboratory for PEG confined between bicelles
(161), as well as that of double-stranded DNA confined between parallel plates as
reported by others (169).

Probing Bicellar Pore Size via Transbilayer PEG Diffusion NMR

The basic notion here is that smaller PEG will succeed in entering the
lamellar perforations in bicelles and thus be able to diffuse in the transbilayer
direction, while larger PEG will not. Consequently, the relationship between the
PEG molecular weight and its transbilayer diffusion coefficient should reflect the
size of the pores through which it must diffuse.

239

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 10. (A) Log - log plot of the PEG diffusion coefficient versus the degree of
polymerization N. Closed circles: free PEG in aqueous solution (3.33 mg/ml, 35
0C). Open circles: PEG confined between the lamellae of negatively magnetically
aligned q = (DMPC+DMPG) / DHPC = 4.5 bicelles containing 5 mol %

DMPG (25 wt% lipid, 35 0C) in the presence of 3.33 mg ml-1 PEG . The solid
line is from a regression analysis of the free PEG data and has a slope equal
to -0.473. The dashed line has the same slope as the solid line but was scaled
lower by 30% to account for the increased aqueous viscosity within the bicelle
interlamellar aqueous space. (B) Log - log plot of the reduced diffusivity D/Do,
where D is the diffusion coefficient of the bicelle-confined PEG and Do is that
of the same molecular weight PEG free in aqueous solution, versus the ratio of
the hydration radius to the confinement dimension RH/H. RH was calculated
from the diffusion coefficient of PEG free in solution as per the Stokes-Einstein
equation. H was take to be 60 Å (41, 163). The dashed line shows the results for
the Pawar-Anderson equation (167) simulating a hard sphere confined between
two walls. The solid line shows the de Gennes scaling prediction (166) wherein

D/Do ~ (RH/H)-2/3. Adapted from Soong and Macdonald (161).
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Figure 11. Normalized diffusive intensity decays from STE PFG 1H NMR
spectra (35 0C) of various molecular weight PEG (as indicated) confined within
positively magnetically aligned bicelles. Symbols represent different diffusion
times: 210 ms (closed triangles), 410 ms (open circles), 610 ms (closed squares),
810 ms (open diamonds), 1010 ms (closed inverted triangles). The solid lines are
the fits used to obtain the diffusion coefficient. Adapted from Soong et al (170).

Figure 11 shows the diffusive decays obtained via STE PFG 1H NMR of
various size PEG in positively magnetically aligned bicelles (170). The bicelles
act as a series of stacked, equally-spaced semi-permeable barriers to diffusion
so that, in general, the apparent diffusion coefficient should be diffusion-time
dependent, i.e., different diffusion coefficients would be measured for different
experimental diffusion times. Only in Tanner’s asymptotic limit that the rms
displacement exceeds many multiples of the barrier spacing (roughly 100 Å in
this case (41)) does the apparent diffusion coefficient become diffusion-time
independent (171). As shown in Figure 11 this is indeed the case, in that for
each size PEG the decays overlap for all different experimental diffusion times.
Hence, the diffusion coefficient is obtained by simply fitting the slope in the usual
fashion. The rms displacement calculated for PEG 4600, where D ≤ 1x10-11m2s-1,
is several microns, equivalent to several hundred barrier spacings, confirming that
Tanner’s asymptotic limit indeed should apply.

The profound decrease in the transbilayer diffusion coefficient with increasing
PEG size is illustrated in Figure 12, where the reduced transbilayer diffusion
coefficient, D║/Do, is plotted as a function of the corresponding hydrodynamic
radius RH. Do is the diffusion coefficient of the particular PEG free in solution
(see Figure 10 A) from which RH is derived via the Stokes-Einstein equation.
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Figure 12. Reduced transbilayer diffusion coefficients D║/Do for various
molecular weight PEG as a function of the corresponding Stokes-Einstein radius
RH. Data are shown for three q values: 3.5 (triangles), 4.5 (circles) and 5.5
(squares). Solid curves show the best-fit Davidson and Deen model (172, 173)
predictions for the mean pore radii <Rp> as described in the text. Adapted

from Soong et al (170).

To obtain pore size information from data such as those in Figure 12 requires
an appropriate model for diffusion of flexible polymers through pores. In this
regard, the Davidson and Deen hydrodynamic model is particularly useful
(172–174), in that both steric exclusion from the pore and increased hydrodynamic
drag within the pore are taken into consideration,

where φ is the partition coefficient accounting for the energy cost of inserting a
polymer into a pore, K-1 quantifies the increased hydrodynamic drag experienced
by the polymer inside the pore, and fpore is the surface area fraction of pores as
derived from transbilayer water diffusion measurements such as shown in Figure
8. Details regarding the derivation of the expressions for φ and K-1 are provided in
the original references by Davidson and Deen (172, 173) and the comprehensive
review by Deen (174). The key point is their dependence on the ratio RH/Rp, i.e.,
the size of the polymer to the pore radius.

Fitting the Davidson – Deen model to the transbilayer diffusion of PEG in
positively aligned bicelles, as shown in Figure 12, yields values for the average
pore radius for three different values of the ratio q = DMPC/DHPC. For the case
q = 3.5, the best fit value of Rp is 165 Å, while for both q = 4.5 and 5.5, the best
fit value yielded Rp equal to 125 Å. These experimentally-derived values for Rp
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are consistently larger than those derived from static models, whether a diskoidal
or lamellar morphology is assumed (109, 159) and the trend with changing q is
diametrically opposite. One possible factor contributing to this discrepancy is
that real bicelles undergo fluctuations, both in-plane and out-of-plane, and such
fluctuations can contribute to transbilayer diffusion (175). Static geometric models
do not capture the effects of such fluctuations.

Conclusions and Future Propsects

Bicelles are a model system for membrane diffusion studies, while
simultaneously providing a insights into bicelle morphology. Diffusion
measurements have resolved certain controversies, but new aspects of bicelle
morphological plasticity continue to emerge, more complex lipid compositions
than the canonical DMPC/DHPC mixtures continue to be a focus of interest, and
always one wishes to incorporate and investigate proteins. Thus, it seems likely
that diffusion NMR in bicelles will continue to yield results of significance.

Attaching a PEG moiety to the diffusant of interest is one means by which to
obtain a readily visible NMR resonance, which is a prerequisite for straightforward
bicelle diffusion measurements via PFG NMR diffusion. PEGylation of virtually
any chemical species of interest is now possible. The high internal mobility
of the PEG group, even when effectively grafted to the membrane surface, is
the property which renders PEG so useful for such measurements. But many
membrane associating species, proteins in particular, exhibit regions of high
internal mobility and thus may prove amenable to diffusion measurements even
without PEGylation.

Bicelle morphology is still far from fully understood, as witness the nematic
ribbon structure observed via SANS and PFG NMR for neutral, i.e., uncharged,
bicelles, where diffusion is confined to an apparently one-dimensional path (176).
The physical origin of this morphology is still obscure.

New bicelle compositions with improved alignment properties have
been reported recently (24) but morpholigcal details are so far lacking. One
composition of interest that has not yet been described in bicelles is that containing
raft-forming lipids, which form domains and are of intense interest biologically.
Indeed, domain formation in bicelles, other than segregation of DMPC and
DHPC, has yet to be demonstrated convincingly. No doubt this has to do with
the technical challenge of mixing together lipids which, by definition, prefer to
demix from the common membranous milieu.

As for membrane-associating proteins, it seems likely that diffusion NMR
in bicelles should be able readily to differentiate oligomerization states of
membrane surface-associating peptides, where surface association may catalyze
aggregation. As for the state of oligomerization of transmembrane helical
proteins, however important biologically, diffusion NMR seems unlikely to
provide useful measurements given the expected weak dependence of the lateral
diffusion coefficient on the membrane cross-sectional area in the hydrodynamic
size regime relevant to membrane proteins.
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Finally, PFG NMR diffusion techniques may prove useful for the study of
ligand-membrane protein association studies. Membrane proteins, such as G
protein coupled receptors, are common drug targets. Thus, on might imagine
that magnetically aligned bicelles containing reconstituted membrane proteins
could serve as a platform for diffusion NMR studies of drug-membrane protein
interactions.

Acknowledgments

The research described here was supported by grants from the Natural
Sciences and Engineering Research Council (NSERC) of Canada. The author
wishes to thank Hannah Morales for providing certain NMR spectra presented
here.

References

1. Hahn, E. L. Phys. Rev. 1950, 80, 580–594.
2. Sanders, C. R., II; Landis, G. C. J. Am. Chem. Soc. 1994, 116, 6470–6471.
3. Sanders, C. R., II; Landis, G. C. Biochemistry 1995, 34, 4030–4040.
4. Struppe, J.; Komives, E. A.; Taylor, S. S.; Vold, R. R. Biochemistry 1998,

37, 15523–15527.
5. Whiles, J. A.; Brasseur, R.; Glover, K. J.; Melacini, G.; Komives, E. A.;

Vold, R. R. Biophys. J. 2001, 80, 280–293.
6. Glover, K. J.; Whiles, J. A.; Wood, M. J.; Melacini, G.; Komives, E. A.;

Vold, R. R. Biochemistry 2001, 40, 13137–13142.
7. Marcotte, I.; Dufourc, E. J.; Ouellet, M.; Auger, M. Biophys. J. 2003, 85,

328–339.
8. Tjandra, N; Bax, A. Science 1997, 278, 1111–114.
9. Vold, R. R.; Deese, A. J.; Prosser, R. S. J. Biomol. NMR 1997, 9, 329–335.
10. Boyd, J.; Redfield, C. J. Am. Chem. Soc. 1999, 121, 7441–7442.
11. Cavagnero, S.; Dyson, H. J.; Wright, P. E. J. Biomol. NMR 1999, 13,

387–391.
12. Sanders, C. R.; Hare, B. J.; Howard, K. P.; Prestegard, J. H. Progr. Nucl.

Magn. Reson. Spectrosc. 1994, 26, 421–444.
13. Sanders, C. R.; Oxenoid, K. Biochim. Biophys. Acta 2000, 1508, 129–145.
14. Whiles, J. A.; Deems, R.; Vold, R. R.; Dennis, E. A. Bioorg. Chem. 2002,

30, 431–442.
15. Nevzorov, A. A.; Mesleh, M. F.; Opella, S. J. Magn. Reson. Chem. 2004,

42, 162–171.
16. Sanders, C. R.; Hoffmann, A. K.; Gray, D. N.; Keyes, M. H.; Ellis, C. D.

ChemBioChem 2004, 5, 423–426.
17. De Angelis, A. A.; Jones, D. H.; Grant, C. V.; Park, S. H.; Mesleh, M. F.;

Opella, S. J. Methods Enzymol. 2005, 394, 350–382.
18. Marcotte, I.; Auger, M. Concepts Magn. Reson., Part A 2005, 24A, 17–37.
19. Katsaras, J.; Harroun, T. A.; Pencer, J.; Nieh, M. P. Naturwissenschaften

2005, 92, 355–366.

244

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



20. Sanders, C. R.; Sönnichsen, F. Magn. Reson. Chem. 2006, 44, S24–S40.
21. Prosser, R. S.; Evanics, F.; Kitevski, J. L.; Al-Abdul-Wahid, M. S.

Biochemistry 2006, 45, 8453–8465.
22. Poget, S. F.; Girvin, M. E. Biochim. Biophys. Acta 2007, 1768, 3098–3106.
23. Kim, H. J.; Howell, S. C.; Van Horn,W. D.; Jeon, Y. H.; Sanders, C. R. Progr.

Nucl. Magn. Reson. Spectrosc. 2009, 55, 335–360.
24. Park, S. H.; Opella, S. J. J. Am. Chem. Soc. 2010, 132, 12552–12553.
25. Nieh, M. P.; Raghunathan, V. A.; Glinka, C. J.; Harroun, T. A.; Pabst, G.;

Katsaras, J. Langmuir 2004, 20, 7893–7897.
26. Nieh, M.-P.; Raghunathan, V. A.; Glinka, C. J.; Harroun, T. A.; Katsaras, J.

Macromol. Symp. 2005, 219, 135–145.
27. Nieh, M. P.; Raghunathan, V. A.; Pabst, G.; Harroun, T.; Nagashima, K.;

Morales, H.; Katsaras, J.; Macdonald, P. M. Langmuir 2011, 27, 4838–4847.
28. Ram, P.; Prestegard, J. H. Biochim. Biophys. Acta 1988, 940, 289–294.
29. Sanders, C. R.; Prestegard, J. H. Biophys. J. 1990, 58, 447–460.
30. Sanders, C. R.; Schwonek, J. P. Biochemistry 1992, 31, 8898–8905.
31. Arnold, A.; Labrot, T.; Oda, R.; Dufourc, E. J. Biophys. J. 2002, 83,

2667–2680.
32. Van Dam, L.; Karlsson, G.; Edwards, K. Biochim. Biophys. Acta 2004, 1664,

241–256.
33. Van Dam, L.; Karlsson, G.; Edwards, K. Langmuir 2006, 22, 3280–3285.
34. Rowe, B. A.; Neal, S. L. Langmuir 2003, 19, 2039–2048.
35. Ottinger, M.; Bax, A. J. Biomol. NMR 1998, 12, 361–372.
36. Raffard, G.; Steinbruckner, S.; Arnold, A.; Davis, J. H.; Dufourc, E. J.

Langmuir 2000, 16, 7655–7662.
37. Sternin, E.; Nizza, D.; Gawrisch, K. Langmuir 2001, 17, 2610–2616.
38. Boltze, J.; Fujisawa, T.; Nagao, T.; Norisada, K.; Saito, H.; Naito, A. Chem.

Phys. Lett. 2000, 329, 215–220.
39. Luchette, P. A.; Vetman, T. N.; Prosser, R. S.; Hancock, R. E.; Nieh, M. P.;

Glinka, C. J.; Krueger, S.; Katsaras, J. Biochim. Biophys. Acta 2001, 1513,
83–94.

40. Nieh, M. P.; Ginka, C. J.; Krueger, S.; Prosser, R. S.; Katsaras, J. Langmuir
2001, 17, 2629–2638.

41. Nieh, M. P.; Ginka, C. J.; Krueger, S.; Prosser, R. S.; Katsaras, J. Biophys. J.
2002, 82, 2487–2498.

42. Harroun, T. A.; Koslowsky, M.; Nieh, M.-P.; de Lannoy, C. F.;
Raghunathan, V. A.; Katsaras, J. Langmuir 2005, 21, 5356–5361.

43. Vold, R. R.; Prosser, R. S. J. Magn. Reson., Ser. B 1996, 113, 267–271.
44. Forrest, B. J.; Reeves, L. W. Chem. Rev. 1981, 81, 1–14.
45. Lawson, K. D.; Flautt, T. J. J. Am. Chem. Soc. 1967, 89, 5489–5491.
46. Boroske, E.; Helfrich, W. Biophys. J. 1978, 24, 863–868.
47. Prosser, R. S.; Hunt, S. A.; DiNatale, J. A.; Vold, R. R. J. Am. Chem. Soc.

1996, 118, 269–270.
48. Prosser, R. S.; Hwang, J. S.; Vold, R. R. Biophys. J. 1998, 74, 2405–2418.
49. Prosser, R. S.; Bryant, H; Bryant, R. G.; Vold, R. R. J. Magn. Reson. 1999,

141, 256–260.
50. Prosser, R. S.; Shiyanovskaya, I. V.ConceptsMagn. Reson. 2001, 13, 19–31.

245

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



51. Cho, G.; Fung, B. M.; Reddy, V. B. J. Am. Chem. Soc. 2001, 123,
1537–1538.

52. Tan, C.; Fung, B. M.; Cho, G. J. Am. Chem. Soc. 2002, 124, 11827–11832.
53. Loudet, C.; Manet, S.; Gineste, S.; Oda, R.; Achard, M.-F.; Dufourc, E. J.

Biophys. J. 2007, 92, 3949–3959.
54. Picard, F.; Paquet, M. J.; Levesque, J.; Bélanger, A.; Auger, M. Biophys. J.

1999, 77, 888–902.
55. Sanders, C. R.; Schaff, J. E.; Prestegard, J. H. Biophys. J. 1993, 64,

1069–1080.
56. Sanders, C. R.; Landis, G. C. Biochemistry 1995, 34, 4030–4040.
57. Drechsler, A.; Separovic, F. IUBMB Life 2003, 55, 515–523.
58. Williamson, P. T. F.; Zandomeneghi, G.; Barrantes, F. J.; Watts, A.; Meier, B.

H. Mol. Membr. Biol. 2005, 22, 485–496.
59. Triba, M. N.; Zoonens, M.; Popot, J. L.; Devaux, P. F.; Warschawski, D. E.

Eur. Biophys. J. 2006, 35, 268–275.
60. DeAngelis, A. A.; Howell, S. C.; Nevzorov, A. A.; Opella, S. J. J. Am. Chem.

Soc. 2006, 128, 12256–12267.
61. Park, S. H.; De Angelis, A. A.; Nevzorov, A. A.; Wu, C. H.; Opella, S. J.

Biophys. J. 2006, 91, 3032–3042.
62. De Angelis, A. A.; Opella, S. J. Nat. Protoc. 2007, 2, 2332–2338.
63. Nevzorov, A. A.; Park, S. H.; Opella, S. J. J. Biomol. NMR 2007, 37,

113–116.
64. Durr, U. H. N.; Yamamoto, K.; Im, S. C.; Waskell, L.; Ramamoorthy, A. J.

Am. Chem. Soc. 2007, 129, 6670–6671.
65. Park, S. H.; Opella, S. J. Protein Sci. 2007, 16, 2205–2215.
66. Muller, S. D.; De Angelis, A. A.; Walther, T. H.; Grage, S. L.; Lange, C.;

Opella, S. J.; Ulrich, A. S. Biochim. Biophys. Acta 2007, 1768, 3071–3079.
67. Mahalakshmi, R.; Franzin, C. M.; Choi, J.; Marassi, F. M. Biochim. Biophys.

Acta 2007, 1768, 3216–3224.
68. Durr, U. H. N.; Waskell, L.; Ramamoorthy, A. Biochim. Biophys. Acta 2007,

1768, 3235–3259.
69. McKibbin, C.; Farmer, N. A.; Jeans, C.; Reeves, P. J.; Khorana, H. G.;

Wallace, B. A.; Edwards, P. C.; Villa, C.; Booth, P. J. J. Mol. Biol. 2007,
374, 1319–1332.

70. Mahalakshmi, R.; Marassi, F. M. Biochemistry 2008, 47, 6531–6538.
71. Park, S. H.; Loudet, C.; Marassi, F. M.; Dufourc, E. J.; Opella, S. J. J. Magn.

Reson. 2008, 193, 133–138.
72. Xu, C. Q.; Gagnon, E.; Call, M. E.; Schnell, J. R.; Schwieters, C. D.;

Carman, C. V.; Chou, J. J.; Wucherpfennig, K. W. Cell 2008, 135, 702–713.
73. Daily, A. E.; Greathouse, D. V.; van derWel, P. C. A.; Koeppe, R. E. Biophys.

J. 2008, 94, 480–491.
74. Diller, A.; Loudet, C.; Aussenac, F.; Raffard, G.; Fournier, S.; Laguerre, M.;

Grelard, A.; Opella, S. J.; Marassi, F. M.; Dufourc, E. J. Biochimie 2009, 91,
744–751.

75. Naito, A. Solid State NMR 2009, 36, 67–76.
76. Cui, T. X.; Canlas, C. G.; Xu, Y.; Tang, P. Biochim. Biophys. Acta 2010,

1798, 161–166.

246

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



77. Bocharov, E. V.; Pustovalova, Y. E.; Pavlov, K. V.; Volynsky, P. E.;
Goncharuk, M. V.; Ermolyuk, Y. S.; Karpunin, D. V.; SchulgaA.A.;
Kirpichnikov, M. P.; Efremov, R. G.; Maslennikov, I. V.; Arseniev, A. S. J.
Biol. Chem. 2007, 282, 16256–16266.

78. Poget, S. F.; Girvin, M. E. Biochim. Biophys. Acta 2007, 1768, 3098–3106.
79. Wang, G. S. Curr. Protein Pept. Sci. 2008, 9, 50–69.
80. Lee, D.; Walter, K. F. A.; Bruckner, A. K.; Hilty, C.; Becker, S.;

Griesinger, C. J. Am. Chem. Soc. 2008, 130, 13822–13823.
81. Hiller, S.; Wagner, G. Curr. Opin. Struct. Biol. 2009, 19, 396–401.
82. Kim, H. J.; Howell, S. C.; Van Horn, W. D.; Jeon, Y. H.; Sanders, C. R. Prog.

Nucl. Magn. Reson. Spectrosc. 2009, 55, 335–360.
83. Sanders, C. R.; Landis, G. C. J. Am. Chem. Soc. 1994, 116, 6470–6471.
84. Struppe, J.; Komives, E. A.; Taylor, S. S.; Vold, R. R. Biochemistry 1998,

37, 15523–15527.
85. Losonczi, J. A.; Tian, F.; Prestegard, J. H.Biochemistry 2000, 39, 3804–3816.
86. Yu, K.; Kang, S.; Kim, S. D.; Ryu, P. D.; Kim, Y. J. Biomol. Struct. 2001,

18, 595–606.
87. Whiles, J. A.; Brasseur, R.; Glover, K. J.; Melacini, G.; Komives, E. A.;

Vold, R. R. Biophys. J. 2001, 80, 280–293.
88. Glover, K. J.; Whiles, J. A.; Wood, M. J.; Melacini, G.; Komives, E. A.;

Vold, R. R. Biochemistry 2001, 40, 13137–13142.
89. Marcotte, I.; Dufourc, E. J.; Ouellet, M.; Auger, M. Biophys. J. 2003, 85,

328–339.
90. Lindberg, M.; Biverstahl, H.; Graslund, A.; Maler, L. Eur. J. Biochem. 2003,

270, 3055–3063.
91. Biverstahl, H.; Andersson, A.; Graslund, A; Maler, L. Biochemistry 2004,

43, 14940–14947.
92. Ellena, J. F.; Moulthrop, J.; Wu, J.; Rauch, M.; Jaysinghne, S.; Castle, J. D.;

Cafiso, D. S. Biophys. J. 2004, 87, 3221–3233.
93. Anderluh, G.; Razpotnik, A.; Podlesek, Z.; Macek, P.; Separovic, F.;

Norton, R. S. J. Mol. Biol. 2005, 347, 27–39.
94. Dvinskikh, S. V.; Durr, U. H. N.; Yamamoto, K.; Ramamoorthy, A. J. Am.

Chem. Soc. 2007, 129, 794–802.
95. Al-Abdul-Wahid, M. S.; Neale, C.; Pomes, R.; Prosser, R. S. J. Am. Chem.

Soc. 2009, 131, 6452–6459.
96. Tjandra, N; Bax, A. Science 1997, 278, 1111–1114.
97. Vold, R. R.; Deese, A. J.; Prosser, R. S. J. Biomol. NMR 1997, 9, 329–335.
98. Bax, A.; Tjandra, N. J. Biomol. NMR 1997, 10, 289–292.
99. Clore, G. M.; Gronenborn, A. M.; Bax, A. J. Magn. Reson. 1998, 133,

216–221.
100. Ottiger, M.; Bax, A. J. Biomol. NMR 1999, 13, 187–191.
101. Fischer, M. W. F.; Losonczi, J. A.; Weaver, J. L.; Prestegard, J. H.

Biochemistry 1999, 38, 9013–9022.
102. Markus, M. A.; Gerstner, R. B.; Draper, D. E.; Torchia, D. A. J. Mol. Biol.

1999, 292, 375–387.
103. Boyd, J.; Redfield, C. J. Am. Chem. Soc. 1999, 121, 7441–7442.

247

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



104. Cavagnero, S.; Dyson, H. J.; Wright, P. E. J. Biomol. NMR 1999, 13,
387–391.

105. Cornilescu, G.; Bax, A. J. Am. Chem. Soc. 2000, 122, 10143–10154.
106. Schwalbe, H.; Grimshaw, S. B.; Spencer, A.; Buck, M.; Boyd, J.; Dobson, C.

M.; Redfield, C.; Smith, L. J. Protein Sci. 2001, 10, 677–688.
107. Ohnishi, S.; Shortle, D. Proteins: Struct., Funct., Genet. 2003, 50, 546–551.
108. Luhrs, T. T.; Zahn, R.; Wuthrich, K. J. Mol. Biol. 2006, 357, 833–841.
109. Triba, M. N.; Warschawski, D. E.; Devaux, P. F. Biophys. J. 2005, 88,

1887–1901.
110. Stejskal, E. O.; Tanner, J. E. J. Chem. Phys. 1965, 42, 288–295.
111. Callaghan, P. T.; Söderman, O. J. Phys. Chem. 1983, 87, 1737–1744.
112. Lindblom, G.; Orädd, G. Prog. Nucl. Magn. Reson. Spectrosc. 1994, 26,

483–515.
113. Tanner, J. E. J. Chem. Phys. 1970, 52, 2523–2526.
114. Stilbs, P. Prog. Nucl. Magn. Reson. Spectrosc. 1987, 19, 1–45.
115. Kärger, J.; Pfeifer, H.; Heink, W. Adv. Magn. Opt. Reson. 1988, 12, 1–89.
116. Price, W. S. Concepts Magn. Reson. 1997, 9, 299–336.
117. Price, W. S. Concepts Magn. Reson. 1998, 10, 197–237.
118. Cotts, R. M.; Hoch, M. J. R.; Sun, T.; Marker, J. T. J. Magn. Reson. 1989,

83, 252–266.
119. Momot, K. I.; Kuchel, P. W. J. Magn. Reson. 2005, 174, 229–236.
120. Price, W. S.; Elwinger, F.; Vigouroux, C.; Stilbs, P. Magn. Reson. Chem.

2002, 40, 391–395.
121. Antalek, B. Concepts Magn. Reson. 2002, 14, 225–258.
122. Antalek, B.; Hewitt, J. M.; Windig, W.; Yacobucci, P. D.; Mourey, T.; Le, K.

Magn. Reson. Chem. 2002, 40, S60–S71.
123. Park, K. D.; Lee, Y. J. Magn. Reson. Chem. 2006, 44, 887–891.
124. Kärger, J. Diffus. Fundam. 2005, 2, 78–1.
125. Mitra, P. P.; Sen, P. B.; Schwatrz, L. M. Phys. Rev. B 1993, 47, 8565–8574.
126. Mitra, P. P.; Sen, P. B. Phys. Rev. B 1992, 45, 143–156.
127. Maas, W. E.; Laukien, F. H.; Cory, D. G. J. Am. Chem. Soc. 1996, 118,

13085–13086.
128. Gaede, H. C.; Gawrisch, K. Biophys J. 2003, 85, 1734–1740.
129. Scheidt, H. A.; Pampel, A.; Nissler, L.; Gebhardt, R.; Huster, D. Biochim.

Biophys. Acta 2004, 1663, 97–107.
130. Kimura, T.; Cheng, K.; Rice, K. C.; Gawrisch, K. Biophys. J. 2009, 96,

4916–4924.
131. Gaede, H. C.; Yau, W.-Y.; Gawrisch, K. J. Phys. Chem. B 2005, 109,

13014–13023.
132. Scheidt, H. A.; Huster, D.; Gawrisch, K. Biophys. J. 2005, 89, 2504–2512.
133. Polozov, I. V.; Gawrisch, K. Biophys. J. 2004, 87, 1741–1751.
134. Polozov, I. V.; Bezrukov, L.; Gawrisch, K.; Zimmerberg, J. Nat. Chem. Biol.

2008, 4, 248–255.
135. Lindblom, G.; Wennerström, H. Biophys. Chem. 1977, 6, 167–171.
136. Orädd, G.; Lindblom, G. Magn. Reson. Chem. 2004, 42, 123–131.
137. Orädd, G.; Lindblom, G. Spectroscopy 2005, 19, 191–198.

248

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



138. Lindblom, G.; Gröbner, G. Curr. Opin. Colloid Interface Sci. 2006, 11,
24–29.

139. Lindblom, G.; Orädd, G. J. Dispersion Sci. Technol. 2007, 28, 55–61.
140. Lindblom, G.; Orädd, G. Biochim. Biophys. Acta 2009, 1788, 234–244.
141. Soong, R.; Macdonald, P. M. Biophys. J. 2005, 88, 255–268.
142. Lasic, D. D.; Needham, D. Chem. Rev. 1995, 95, 2601–2628.
143. King, V.; Parker, M.; Howard, K. P. J. Magn. Reson. 2000, 142, 177–182.
144. Marsh, D.; Bartucci, R.; Sportelli, L. Biochim. Biophys. Acta 2003, 1615,

33–59.
145. Mills, R. J. Phys. Chem. 1973, 77, 685–688.
146. Vaz, W. L. C.; Clegg, R. M.; Hallmann, D. Biochemistry 1985, 24, 781–768.
147. Almeida, P. F. F.; Vaz, W. L. C.; Thompson, T. E. Biochemistry 1992, 31,

6739–6747.
148. Almeida, P. F. F.; Vaz, W. L. C.; Thompson, T. E. Biochemistry 1992, 31,

7198–7210.
149. Tocanne, J.-F.; Dupou-Cézanne, L.; Lopez, A. Progr. Lipid Res. 1994, 33,

203–237.
150. de Gennes, P. G. Macromolecules 1980, 13, 1069–1075.
151. Flory, P. Principles of Polymer Chemistry; Cornell University Press: Ithica,

NY, 1971.
152. Hristova, K.; Needham, D. Macromolecules 1995, 28, 991–1002.
153. Soong, R.; Macdonald, P. M. Biochim. Biophys. Acta 2007, 1768,

1805–1814.
154. Jovin, T. M.; Vaz, W. L. C. Methods Enzymol. 1989, 172, 471–513.
155. Tocanne, J.-F.; Dupou-Cézanne, L.; Lopez, A. Progr. Lipid Res. 1994, 33,

203–237.
156. Haustein, E.; Schwille, P. Annu. Rev. Biophys. Biomolec. Struct. 2007, 36,

151–169.
157. Saxton, M. J.; Jacobson, K. Annu. Rev. Biophys. Biomol. Struct. 1997, 26,

373–399.
158. Kusumi, A.; Nakada, C.; Richie, K.; Murase, K.; Suzuki, K.; Murakoshi, H.;

Kasai, R.; Kondo, J.; Fujiwara, T.Annu. Rev. Biophys. Biomol. Struct. 2005,
34, 351–378.

159. Soong, R.; Macdonald, P. M. Langmuir 2009, 25, 380–390.
160. Nieh, M. P.; Raghunathan, V. A.; Pabst, G.; Harroun, T.; Nagashima, K.;

Morales, H.; Katsaras, J.; Macdonald, P. Langmuir 2011, 27, 4638–4647.
161. Soong, R.; Macdonald, P. M. Langmuir 2008, 24, 518–527.
162. Doi, M.; Edwards, S. F. In The Theory of Polymer Dynamics; Oxford

University Press: New York, 1986; p 141.
163. Nieh, M.-P.; Ginka, C. J.; Krueger, S; Prosser, R. S.; Katsaras, J. Biophys. J.

2002, 82, 2487–2498.
164. Brochard, F.; de Gennes, P. G. J. Chem. Phys. 1977, 67, 52–56.
165. Daoud, M.; de Gennes, P. G. J. Phys. (Paris) 1977, 38, 85–93.
166. de Gennes, P.-G. In Scaling Concepts in Polymer Physics; Cornell University

Press: Ithica, NY, 1979.
167. Pawar, Y.; Anderson, J. L. Ind. Eng. Chem. Res. 1993, 32, 743–746.

249

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



168. Jendrejack, R. M.; Schwartz, D. C.; Graham, M. D.; de Pablo, J. J. J. Chem.
Phys. 2003, 119, 1165–1173.

169. Chen, Y.-L.; Graham, M. D.; de Pablo, J. J.; Randall, G. C.; Gupta, M.;
Doyle, P. S. Phys. Rev. E 2004, 70, 0609011–0609014.

170. Soong, R.; Majonis, D.; Macdonald, P. M. Biophys. J. 2009, 97, 796–805.
171. Tanner, J. E. J. Chem. Phys. 1978, 69, 1748–1754.
172. Davidson, M. G.; Suter, U.; Deen, W. M. Macromolecules 1987, 20,

1141–1146.
173. Davidson, M. G.; Deen, W. M. Macromolecules 1988, 21, 3474–3481.
174. Deen, W. M. AIChE J. 1987, 33, 1409–1425.
175. Lutti, A.; Callaghan, P. T. Appl. Magn. Reson. 2008, 33, 293–310.
176. Soong, R.; Nieh, M.-P.; Nicholson, E.; Katsaras, J.; Macdonald, P. M.

Langmuir 2010, 26, 2630–2638.

250

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
01

4

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Chapter 15

Understanding Anisotropy, Transport, and Ion
Associations Inside Ionic Polymers

Jianbo Hou, Jing Li, Kyle G. Wilmsmeyer, Zhiyang Zhang,
and Louis A. Madsen*

Department of Chemistry and Macromolecules Interfaces and Institute,
Virginia Tech, Blacksburg, VA 24061

*E-mail: lmadsen@vt.edu; dart270@gmail.com

Anisotropy, transport and ion associations critically determine
the performance of many ionic polymer-based materials and
devices, from fuel cells to batteries to ionic transducers. Our
group is pursuing a range of NMR studies combined with
other structural and morphological information to understand
these complex materials. We observe uniformly aligned
hydrophilic channels in different perfluorosulfonate ionomers
and aromatic-based multi-block copolymers, quantified
by 2H NMR spectroscopy and pulsed-field-gradient NMR
diffusometry. Nafion 112 exhibits biaxial alignment with its
principal and secondary axes along two orthogonal in-plane
directions. Both Nafion 212 (NRE212) and block copolymers
show uniaxial alignment with the symmetry axis perpendicular
to the membrane plane. Our further discovery of the linear
coupling between diffusion anisotropy and oritentational order
parameter for mechanically stretched Nafion 117 membranes
strongly indicates that channel dimensions, domain structure,
and defect character are unperturbed by the macroscopic
mechanical deformation. When combining ionic liquids
(ILs) with ionic polymers, ion associations result in up to 4X
faster cation than anion diffusion at lower hydration levels
and 3X slower cation diffusion at higher hydration levels.
Conversely, we use ILs as probes to map local structures
in ionic polymers. Ion diffusion coefficients exhibit strong
dependencies on diffusion time, signifying the presence of
sub-micron domain boundaries. Finally, we will discuss

© 2011 American Chemical Society
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application of electrophoretic NMR, which renders a promising
opportunity to study ion transport and associations under
electrochemical cell conditions.

Introduction

Ionic polymers manifest themselves as promising candidates for a series
of functional materials and devices, from fuel cells to water reverse osmosis
membranes to artificial muscle actuators (1–5). Many of these useful ionic
polymer membranes consist of hydrophilic and hydrophobic moieties that will
nanophase separate to form interconnected hydrophilic channels that allow
ion conduction and water transport (6–9). As illustrated in figure 1, structural
features such as orientation, size and connectivity of ionic domains and channels
within the polymer network will strongly impact water and ion transport (10–15).
Understanding the role of these key factors in the transport process will give
insightful guidance on and direct targeted design of new materials.

Our group has endeavored to understand anisotropy, transport and ion
associations inside ionic polymers by combining various NMR methods (15–20).
In general, our strategy relies on probing multi-scale (~10 nm – 10 μm) structural
features (domain sizes, periodicity, confinement, defects) in soft materials by
tracking the position and reorientation of diffusing species, such as H2O and
ions (16, 17, 21). Sample modulations, such as hydration level, molecular
weight variation and mechanical deformation strongly impact these structural
characteristics (15, 18, 22–25). Through systematic NMR studies on different
samples, as well as combining NMR with other techniques like X-ray scattering
and TEM (24, 26, 27), it is our goal to bridge the gap between microscopic
and macroscopic worlds to obtain a better understanding of these complex
materials. Herein, we summarize our recent work on relevant topics using
pulsed-field-gradient NMR diffusometry and 2H NMR spectroscopy. Diffusion
and anisotropy measurements yield quantitative information regarding structural
anisotropy and motions of ions and molecules inside ionic polymers. 2H NMR
spectroscopy further provides useful information on the orientational ordering
inherited by the probe molecules (D2O, CD3OD) through quadrupolar splitting.
The combination of these measurements allow quantitative assessment of average
alignment and alignment mode of hydrophilic channels inside the polymer. When
combining ionic liquids with ionic polymers, ion associations due to strong ionic
interactions (molecular packing, electrostatic interactions) will be modulated
by variation of hydration levels. The presence of these ionic aggregates results
in up to 4X faster cation than anion diffusion inside the ionic polymer at lower
hydration levels and 3X slower cation diffusion at higher hydration levels (28)
Further implementation of electrophoretic NMR (ENMR), which measures ion
motions in the presence of an electric field, unfolds a promising prospect for
studying and understanding ion transport and ion associations (29–31).
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Figure 1. Structural features on different length scales (a-c) inside ionic
polymers. (a) Chemical structure of Nafion. x:y represents the ratio of

hydrophilic to hydrophobic part. The short side chain is smaller than 1 nm. (b)
Ion clusters aggregate and form ion channels that are a few nms in size. (c)
Submicron hydrophilic domain bundles (blue part) are distributed within the
scaffold of polymer matrix. (d) Distribution of ionic domains impacts proton

transport inside ionic polymer membranes for fuel cell applications.

Experimental Methods

Membrane Preparation

Nafion 112, Nafion 117 (extruded) and Nafion 212 (NRE212) (dispersion-
cast) membranes, all with equivalent weight of 1100 (grams of dry membrane
per mole of sulfonate group), were obtained from E.I. DuPont (Wilmington,
Delaware) in acid form. Deuterium oxide was obtained from Cambridge Isotope
Laboratories, Inc. (Andover, Massachusetts) at 99.9% purity. The multi-block
copolymers named as BPSH-BPS (A: B) were obtained from Prof. James E.
McGrath’s group and the synthetic procedures have been reported elsewhere
(1). Similar to Nafion, these multi-block copolymers contain two parts, with A
and B representing the block masses of hydrophilic and hydrophobic segments
individually, and are coupled with the linkage group of decafluorobiphenyl
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(DFBP). For the materials presented in this work, the block masses are equal
(A = B). As reported (1), all these block copolymers were redissolved in
N-methyl-2-pyrrolidinone (NMP, Fisher), followed by solution casting onto a
clean glass substrate. The prepared films were then cast under an infrared lamp
with temperature controlled between 45-55 oC for 2 days. Membranes were
further dried in a vacuum oven at 110 oC for a whole day to remove the residual
solvent. For acidification, the membranes were boiled in 0.5 M sulfuric acid for
2h, then rinsed and boiled in deionized water. Dry membrane thicknesses were
30-40 μm. Depending on membrane type and uptake, this value increased to
60-100 μm upon water swelling.

Ionic Liquid and Water Uptake Determination

Water and ion transport in the following four ionic liquids (ILs)
were studied: 1-ethyl-3-methyl imidazolium trifluoromethanesulfonate
([C2mim][TfO]), 1-butyl-3-methyl imidazolium trifluoromethanesulfonate
([C4mim][TfO]), 1-ethyl-3-methyl imidazolium tetrafluoroborate ([C2mim][BF4])
and 1-butyl-3-methyl imidazolium tetrafluoroborate ([C4mim][BF4]). All these
ILs were purchased from Solvent Innovation GMBH (Cologne, Germany) with
purity >99%. ILs were dried in vacuum at 70oC for 48h to remove residual water
prior to diffusion measurements, and diffusion coefficients and NMR spectra were
checked for stability over time to verify that water absorption was insignificant.
Extruded Nafion 117 (N117) membranes were cut into pieces of 5 mm x 5 mm
in size, stacked together to a total mass of ~60 mg and dried in a vacuum oven
for 12h at room temperature to determine the dry membrane mass (massdry). The
membranes were then soaked with IL-D2O mixtures at different temperatures to
achieve different uptakes. The wet membranes were blotted to remove any free
surface liquid (ILs and water) and transferred to a sealed Teflon cell to equilibrate
for later diffusion measurement. All diffusion measurements were performed at
25oC after sample equilibration. To vary water content, we allowed the samples
to dry in open air while the mass of IL plus the mass of the membranes (massIL)
remained constant due to its negligible vapor pressure. Masses of wet membranes
(masswet) including water and IL were determined gravimetrically after the NMR
experiments. IL uptake and water mole ratio (χwater) were calculated respectively
using equations (1) and (2):

Diffusion Measured by Pulsed-Field-Gradient NMR

We applied the robust and simple pulsed-gradient stimulated echo (PGSTE)
sequence for all diffusion measurements. We measured 1H and 19F diffusion for
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water and ILs using a Bruker Avance IIIWB 400MHz (9.4 T) NMR equipped with
aMicro5 triple-axis-gradientmicroimaging probe and 8mmdouble resonance (1H/
2H) RF coil. The triple axis gradients each having a maximum value of 300 G/cm
allowed for measurement of diffusion along three orthogonal directions relative to
membranes, denoted as X, Y (in-plane) and Z (through plane) (18). Verification of
orientations of themembrane stacks in themagnetic fieldwas via using a Y-Z image
slice collected with a RARE pulse sequence (Rapid Acquisition with Relaxation
Enhancement) (32). The PGSTE sequence used a π/2 pulse time of 32 µs, gradient
pulse durations δ ranging from 1 – 5 ms, diffusion times Δ ranging from 10 –
600 ms and 16 gradient steps with appropriate selection of maximum gradient
strength to result in 50% - 90% of NMR signal attenuation. Due to differences
in signal intensity, the number of scans varied from 4 to 512 to produce sufficient
signal-to-noise ratio for each data point. All parameters for the gradient have been
calibrated and optimized as reported earlier (15, 18).

2H NMR Spectroscopy

2H NMR experiments were performed additionally to observe orientational
ordering in ionic polymers. This method can assist in determining the alignment
modes of materials with anisotropic structures (14–16). Single pulse experiments
(π/2 = 20 µs) were performed with repetition time of 0.5 s and number of scans
ranging from 256-1024, depending on D2O uptake. The studied materials were
soaked in D2O (99.9%, Cambridge Isotope Labs) with the measured uptake
ranging from 6 - 20 wt %. Custom-built Teflon cells with special configurations
allowed orientation of membrane stacks either vertically or horizontally with
respect to the magnetic field. These cells were placed inside the above described
imaging probe and rf coil. Relevant detailed procedures are summarized in our
previous report (15). Deuterium quadrupole splittings ΔνQ were obtained by
fitting each spectrum with two Lorentzian peaks using NutsPro software (Acorn
NMR Inc., Livermore, CA).

Results and Discussion
Diffusion Anisotropy and Channels Alignment in Ionic Polymers

Figure 2a. compares diffusion anisotropy among Nafion 112, NRE212 and
BPSH-BPS(10k-10k) multi-block copolymer at a similar water uptake. In general,
both Nafion112 and NRE212 show relatively weak diffusion anisotropy as we
observe only slightly faster diffusion in plane. In contrast, for the BPSH-BPS(10k-
10k) block copolymer, we observe equal in-plane diffusion (Dx = Dy) which is
much faster than through plane diffusion Dz. This results in substantially larger
diffusion anisotropy as compared with Nafion membranes. We further orient the
block copolymer membranes in three orthogonal directions along the magnetic
field for 2H NMR studies, as shown in Figure 2b. Experimental results suggest
uniaxial alignment in the block copolymer membranes. We observe maximum
peak splittings when themembrane plane is perpendicular to themagnetic field and
half maximum peak splittings when membrane plane is parallel to the magnetic
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field. This behavior is a result of the P2(cosθ) dependence of the quadrupole
splitting, as described in our previous report (14, 15). Both diffusion anisotropy
and 2H NMR results well correlate with the image of lamellar structure revealed
by the TEM as shown in Figure 3a. (KD is the microtoming direction and A is the
membrane plane normal)

Figure 2. (a) Comparison of diffusion anisotropy for Nafion 112, NRE 212 and
BPSH-BPS(10k:10k) block copolymer at a similar water uptake. Both Nafion 112
and NRE212 show weak diffusion anisotropy. In contrast, the block copolymer
exhibits large diffusion anisotropy where diffusion in plane is 3X faster than
through plane. (b) eExample 2H NMR spectra for the block copolymer.

Membranes are oriented in three orthogonal directions along the magnetic field
B0. Peak splittings show the maximum and half maximum values when membrane

plane is perpendicular and parallel to B0, respectively.
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For Nafion112, in-plane diffusion Dx > Dy and Dy is close to through plane
diffusion Dz. With regard to NRE212, diffusion along two in-plane directions is
similar (Dx ≈ Dy) and faster than diffusion through plane, Dz. These results, in
correlation with 2H NMR measurements (spectra not shown), confirm the biaxial
and uniaxial aligned channels inside Nafion 112 and NRE212, respectively.
Nafion112 (Figure 3b) exhibits biaxial alignment with its principal axis along the
in-plane direction (x direction) and the secondary axis along the other orthogonal
in-plane direction (y direction). In contrast, NRE212 (Figure 3c, side view) shows
uniaxial alignment. To account for the faster diffusion in plane, the symmetry
axis, which represents the average alignment of domain bundle assemblies (blue
features), is perpendicular to the membrane plane. Figure 3d is the top view
of Figure 3c, where the local domain bundle axes have an average alignment
(symmetry) axis coinciding with the membrane plane normal, but the bundle axes
are randomly distributed within the plane.

Figure 3. (a) TEM image of BPSH-BPS (10k-10k) multiblock copolymer. “KD”
is along the microtoming direction and “A” indicates the air-membrane plane
interface normal. (b)Biaxially aligned ion channels (blue cylinders) in (extruded)
Nafion112. The principal and the secondary axes are along x and y directions,
respectively. (c) Side view of uniaxially aligned domain assemblies inside NRE
212. (d) Top view of figure (c). X-Y plane is perpendicular to the symmetry axis
direction which represents the average alignment axis of domain bundles.
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We have further investigated the impact of mechanical stretching on
channel dimension, domain orientation, and defect structures in ionic polymers.
We measure water transport and anisotropy in a series of drawn Nafion 117
membranes, defining the draw ratios as L = final length (l) / initial length (l0)
(19). We notice conservation of the diffusion tensor trace (independent of
water uptake) and linear coupling between order parameter (by 2H splitting) and
diffusion anisotropy. This evidence strongly demonstrates that these domains
of channels behave like liquid crystals (33–36), simply reorienting along the
uniaxial stretching direction without perturbing their dimensions and the nature
of defect structures (character, density). Based on the absolute value of order
parameter derived from X-ray data, the linear coupling between order parameter
and diffusion anisotropy results in a molecular aspect ratio of 1.8, which agrees
well with that of the diffusing water molecules (37).

Ion Associations of Ionic Liquid Inside Ionic Polymers

Figure 4 summarizes the diffusion ratio of Dcation/Danion for ILs inside
ionic polymer membranes as a function of hydration level. We observe
striking acceleration in anion diffusion than cation diffusion for BF4-based ILs
([C2mim][BF4], [C4mim][BF4]) at high hydration level. However, such an effect
is relatively smaller for TfO-based ILs ([C2mim][TfO], [C4mim] [TfO]). We
attribute these results to 1) the interactions of polymer-fixed sulfonate groups
and cations 2) difference in basicity and ion pairing between [TfO]– and [BF4]–.
SO3- groups on the polymer side chain can attract cations to hinder their motions.
[TfO]– is more likely to pair up with cations since it is a stronger Lewis base
than [BF4]–. Thus, [BF4]– can move relatively free and lead to enhanced anion
diffusion for BF4-based ILs.

On the other side, cations diffuse much faster than anions at low water content
for [C2mim]-based ILs ([C2mim][TfO], [C2mim][BF4]), where Dcation/Danion
reaches 2.5 and 3.1 for [C2mim][TfO] and [C2mim][BF4], respectively. Such an
observation contradicts the general prediction that cation should diffuse slower
within the SO3-matrix due to the strong coulombic attraction from the side chain.
Considering that our measured cation and anion diffusion coefficients are both
time independent, we rule out the difference in global viscosity experienced by
different ions. In comparison with the diffusion ratio (Dcation/Danion ~1.3-1.5) for
free state ILs, those novel phenomena strongly suggest the formation of ionic
aggregates with specific features. We further propose that anionic aggregates are
prevalent inside ionic polymers at low hydration level. Charge neutrality requires
charge balance by means of more isolated cations which results in enhanced cation
diffusion on average. For the ease of illustration, we use a simple aggregation
model as shown in Figure 5 to explain this rationale. We only consider four types
of ions: single, dipole, triple and quadrupole. Based on this model, anionic triple
ions dominate at low hydration and lead to more isolated (single) cations with
enhanced cation diffusion. Dipoles and quadrupoles do not produce imbalanced
average D ratios since cations and anions are symmetrically distributed, and
cationic triple ions will be less likely to exist as they contribute negatively to the
observed D+Average. In other words, we conclude that anionic aggregates with
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reduced diffusion are prevalent at low hydration, while the presence of more
isolated cations results in faster cation diffusion on average.

Figure 4. Summary of diffusion ratio Dcation/Danion as a function of water content
χwater for various types and uptakes of ILs inside Nafion membranes. Anion
diffusion dramatically accelerates at higher hydration levels for BF4-based
ILs, and Danion/Dcation reaches 3 and 4 for [C2mim][BF4] and [C4mim][BF4],
respectively. At low hydration, cation diffusion becomes substantially faster
than anion diffusion for [C2mim][TfO] and [C2mim][BF4], where Dcation/Danion

reach 2.5 and 3.1 respectively.

Mapping Local Domain Information

In our recent work, we attempt to use ILs to probe structural features such
as domain structure and connectivity within the polymer network. Ionic liquids
become ideal candidates for such an investigation due to the following reasons:
1) ILs find promising applications in polymer-based materials and devices, like
batteries and soft mechanical actuator. 2) topological features strongly impact ion
transport inside polymers, thus affecting the performance of materials and devices
3) these ionic “probes” can sense a shorter diffusion length scale on average due
to their slow motions (~ 10-13 m2/s) inside polymers. As a result, they will more
effectively report on the local structural heterogeneity rather than the average
global structural information. Thus, one might obtain more detailed information
that correlates ion motions with structural characteristics. Our preliminary results
on ion diffusion coefficients (both Dcation and Danion) exhibit strong dependence
on both gradient pulse duration (δ) and diffusion time (Δ), indicating the presence
of local barriers sensed by diffusing ions. In agreement with experimental
observations, further theoretical analysis and computational results explain the
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finite gradient pulse effect and time-dependent diffusion behaviors. We estimate
that the relevant length scale that characterizes the ionic domain size is a few
hundred nm based on an empirical model for diffusion in a porous network. This
study has relevance for fundamental understanding of IL-polymer interactions,
ionic polymer morphology, improvement of IL diffusion studies, and the design
of IL-polymer composite actuators.

Figure 5. Ion associations of ILs inside the ~ 2 nm hydrophilic channels of
Nafion membrane. At low water content, (a) negatively charged triple ions are
prevalent due to strong electrostatic attractions among charged species, leaving
more isolated cations and resulting in enhanced cation diffusion on average. At
high water content (b), water dramatically reduces electrostatic interactions
among cations and anions and leads to ion disassociation. Anions (especially
[BF4]–) are released from local electrostatic networks and move relatively freely,
while sulfonate groups fixed to polymer side chains attract cations and thus

slow their average translational motion.

Probing Ion Motions Using Electrophoretic NMR

We also attempt to study motions of ions under an applied electric field
to quantify the degree of ion associations. Electric-field driven, also known as
electrophoretic NMR (ENMR), demonstrates to be a powerful tool for studying
motions of ions and aggregates in solutions (38). In contrast to a normal diffusion
spectrum, coherent motion of ions driven by the electric field will result in a net
phase shift rather than signal attenuation. The phase shift can be calculated via
equation (3):

Where γ is the nuclei gyromagnetic ratio, g is gradient strength, δ is gradient
duration time, Δ is diffusion time, E is electric field strength and µ is ion
electrophoretic mobility. For example, Figure 6 shows a series of 19F ENMR
spectra for [BF4]– in a dilute solution. From the bottom up, spectral phase shift
gradually increases with electric current, which also signifies an increment of
electric field strength. According to equation (3), for a given set of γ, g, δ, Δ
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and E values, one can estimate the ion mobility by examing the spectral phase
shift. In this case, our measured ion mobility for [BF4]– is 6x10-8 m2s-1V-1. In
further combination with the Nernst-Einstein equation, which relates molecular
diffusion with mobility, these measurements will provide insight into quantifying
the degree of ion associations.

Figure 6. Application of electrophoretic NMR allows measurement of ion
mobility. Coherent ion motions result in an NMR spectral phase shift as shown
above. From bottom to top, the increment in phase shift is associated with the
increment of electric field strength, as indicated by the electric current value. In

a dilute solution, the measured ion mobility for [BF4]– is 6x10-8 m2s-1V-1.

Conclusion

We have quantified the alignment of hydrophilic channels in a series of
ionic polymers, from Nafion 112 to Nafion 212 to aromatic-based multi-block
copolymers using 2H NMR spectroscopy and pulsed-field-gradient NMR
diffusometry. We conclude that Nafion 112 exhibits biaxial alignment mode
whereas Nafion 212 (NRE212) and block copolymers both uniaxially align along
their symmetry axes, which are perpendicular to the membrane plane. We further
revealed the linear coupling between diffusion anisotropy and oritentational order
parameter for mechanically stretched Nafion 117 membranes. These results
strongly demonstrate that macroscopic mechanical deformation has no impact
on channel dimensions, domain structure, and defect character. Combining
ionic liquids (ILs) with ionic polymers, we observe that ion associations result
in up to 4X faster cation than anion diffusion at lower hydration levels and 3X
slower cation diffusion at higher hydration levels. When we use ILs as probes to
map local structures in ionic polymers, ion diffusion coefficients exhibit strong
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dependencies on diffusion time, signifying the presence of sub-micron domain
boundaries. Finally, we also show that measurement of coherent ion motions via
electrophoretic NMR renders a promising prospect to study ion transport and
quantify ion associations.
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Chapter 16

13C-NMR Observed Conformations and
Motions of Neat Liquid and Crystalline
n-Hexatriacontane and as a Guest in the

Narrow Channels of Its Inclusion Compound
Formed with α-Cyclodextrin

M. A. Hunt,1 S. Villar-Rodil,2 M. A. Gomez-Fatou,3 I. D. Shin,4 F.
C. Schilling,5 and A. E. Tonelli*,6

1Oak Ridge National Laboratory, Oak Ridge, TN 37831
2National Institute of Coal (INCAR), CSIC, Oviedo, Spain

3Department of Polymer Physics and Engineering, Institute of Science and
Technology of Polymers (ICTP), C.S.I.C., Madrid, Spain

4College of Pharmacy & Health Sciences, Campbell University,
Buies Creek, NC 27506

537433 South Ocotillo Canyon Dr., Tucson, AZ 85739
6Fiber & Polymer Science, North Carolina State University,

Campus Box 8301, Raleigh, NC 27695-8301
*E-mail: alan_tonelli@ncsu.edu

A non-covalently bonded inclusion compound (IC) was formed
between a 36 carbon guest n-alkane, hexatriacontane (HTC),
and the host α-cyclodextrin (α-CD) and observed by solid-state
13C-NMR, as were neat HTC in both its liquid melt and in
its crystallline solid. Based on the number and frequencies of
observed 13C resonances, HTC in its neat crystals is restricted
to the fully extended all trans conformation, while in the melt
HTC chains are experiencing rapid inter-conversions between
all possible conformations containing trans and gauche bonds.
The spin-lattice relax-ation times, T1(13C), observed for interior
CH2 carbons in crystalline HTC are ~500 s and for the molten
liquid are 1-3 s. In the crystal HTC chains experience virtually
no ~100 MHz motions, while molten HTC chains are efficiently
moving at both this and much higher frequencies, leading to

© 2011 American Chemical Society
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an over two orders of magnitude decrease in HTC spin-lattice
relaxation times. While the narrow channels (~0.5 nm) of
its α-CD-IC largely restrict the HTC chains to the all-trans
conformation, the T1(13C) relaxation times of its interior CH2
carbons range from 1-4 s at temperatures from -30 to 85 °C. In
other words, even though the conformations of HTC chains in
the narrow α-CD-IC channels are severely restricted compared
to those of neat molten HTC chains, they are also experiencing
efficient ~100 MHz motions that lead to virtually identical
T1(13C)s in both environments. Here we attempt to identify
similarities and differences between the types, length-scales,
and cooperativities of the motions experienced by HTC chains
in the neat melt and in the narrow crystalline channels of its
α-CD-IC.

Introduction

The conformations and motions experienced by polymer chains in various
environments are intimately related to the physical behaviors manifested by
the materials made from them. Because NMR spectroscopy can be used to
simultaneously probe both the conformations and motions of polymers, their
connections to polymer properties can be drawn by NMR examination of samples
whose constituent chains reside in distinct and well defined environments, such
as those in mobile liquid and rigid crystalline polymers.

In addition, through formation of non-covalently bonded inclusion
compounds (ICs) between guest polymer chains and certain small molecule hosts,
polymer chains can be separated, extended, and confined to occupy the narrow
channels of the resultant IC or clathrate. This is illustrated in Figure 1 with the
IC-host α-cyclodextrin (α-CD), a cyclic oligosaccharide containing 6 glucose
units and resulting from the enzymatic degradation of starch. The diameter of the
α-CD cavity and the resultant channel in its columnar polymer-α-CD-IC crystal
is very narrow at ~0.5 nm, similar to the inter-chain separation found in bulk
polymer crystals. The extensions and geometrical constraints experienced by
individual chains are similar in both of these solid-state environments. However,
what may distinguish them are differences between the motional constraints
imposed by regularly and closely packed chains in the bulk crystal and the host
channels in α-CD-ICs, which are necessarily highly cooperative in the first case
and may not be in the second.

Using 13C-NMR, here we probe and compare the conformations and motions
of the 36 carbon n-alkane hexatriacontane (HTC), in its bulk crystal, in the melt,
and as a guest in the narrow channels of its IC formed with α-CD. The observed
resonance frequencies, δ(13C), are used to obtain conformational information,
while spin-lattice relaxation times, T1(13C), are measured to characterize the
natures of the ~100 MHz motions experienced by HTC in each of these
environments.
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Figure 1. Structure of α-CD and a schematic of a polymer-α-CD-IC.

Experimental Section

Materials

α-CD was purchased from Cerestar in powder form. Hexatriacontane (HTC,
n-C36H74) and a xylene mixture were obtained from Aldrich and used without
further purification. Formation of the HTC-α-CD-IC was described previously
(1) and is schematically illustrated in Figure 2. Approximately 62 mg of HTC
was placed in the bottom of a test tube. Then 1 g of α-CD was carefully placed
in the test tube above the HTC. Approximately 6 mL of water was poured slowly
down the side of the test tube. The test tube was sealed with a rubber septum and
placed in an oil bath at 90 °C. The HTC melted and formed a thin layer on top of
the water, while the α-CD dissolved in the water. The HTC-α-CD-IC precipitate
began to form immediately. After three days at 90 °C, the mixture was slowly
cooled to room temperature by turning off the bath heater. The precipitate was
then washed with 100 mL of xylenes at 100 °C and water at room temperature and
allowed to dry overnight at 50 °C.

Methods

A Bruker AVANCE 500 MHz NMR Spectrometer with an Oxford Narrow
Bore Magnet was used to measure 13C T1s of molten HTC using the inversion
recovery pulse sequence. The carbon frequency was 125.77 MHz and DMSO-d6
was used for spin-locking at approximately 85 °C. Chemical shifts were referenced
to DMSO assuming it resonates at 39.51 ppm vs TMS.
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Figure 2. Formation of HTC-α-CD-IC.

High-resolution solid-state 13C-NMR experiments were performed at ICTP
(Madrid, Spain) on a Bruker AvanceTM 400 spectrometer (Bruker Analytik GmbH
Karlsrube, Germany) equippedwith a Bruker UltrashieldTM 9.4T (13C frequency of
100.62 MHz), 8.9 cm vertical-bore super-conducting magnet. Cross-polarization
and magic angle spinning (CP-MAS) NMR spectra were acquired wth a standard
Bruker broad band MAS probe, spinning at 10 KHz. In all cases, high-power
proton decoupling was used. The spectra were acquired with 1 ms CP contact
time, 5 s recycle delay, and 1920 transients. The NMR spectra were processed
and analyzed with the software package XWIN-NMRTM by Bruker. All free-
induction decays were subjected to standard Fourier transformation with 10 Hz
line broadening and phasing. The chemical shifts were externally referenced to
adamantane.

Solid-state spin-lattice relaxation times, T1(13C), were measured for
crystalline HTC and the HTC-α-CD-IC by inversion recovery experiments using
the Torchia pulse sequence (2). Typically 800 transients were used for each point
and 20-30 points were used for each measurement, covering the decay of the
signal until it reached 30-40% of its maximum value. The NMR signal intensities
of carbon nuclei observed for different time delays were used to calculate the
spin-lattice relaxation times by fitting the signal intensity data to a single or
double exponential decay function. The criterion for an acceptable fit was set at
95% of residuals within the range ± 0.03.

Results and Discussion
HTC Conformations

Figure 3 presents the 125.8 MHz 13C- NMR spectrum of neat liquid HTC
measured at 85 °C, where 5 distinct resonances are observed. Their assignment
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may be made by reference to Figure 4, which outlines the substituent effects (3)
experienced by the HTC nuclei. The most intense resonance, at 28.75 ppm vs
TMS, is produced by the internal methylene carbons C5-32, while the much smaller
resonance slightly upfield at 28.37 ppm belongs to the C4,33 nuclei. Even though
each of the C4-33 carbons have 2α, 2β, and 2γ carbon substituents, carbons C4 and
C33 experience increased shielding from one of their γ-substituents (3), C1 or C36,
respectively, because the C2−C3 and C34−C35 bonds are expected (4, 5) to have a
slightly higher gauche population than the other internal C−C bonds.

Figure 3. 125.8 MHz 13C- NMR spectrum of neat liquid HTC measured at 85 °C
(ppm vs TMS). It should be noted that the chemical shift scale above assumes that
δ(DMSO) vs TMS observed at 85 °C remains at 39.51ppm, the value observed

at room temperature.

The small resonance ~2.5 ppm downfield from that of the internal C5-32
carbons belongs to C3,34, which experience only a single shielding γ-substituent.
Finally the two small resonances at 21.60 and 12.81 ppm belong to the C2,35
methylene and C1,36 methyl carbons, respectively, which have 2α,1β,1γ and
1α,1β,1γ substituents.

C1,36, C2,35, C3,34, and C4-33 have α,β,γ; 2α,β,γ; 2α,2β,γ; and 2α,2β,2γ substituents,
respectively. α,β-substituents deshield ~ 9-10 ppm, while γ-substituents produce
a maximum shielding of ~ -5 ppm (3) (See Figure 4).
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Figure 4. HTC conformations and 13C nuclear shielding. 13C nuclei separated by
three bonds in the shielding (~ -5 ppm) gauche (left) and non-shielding (0 ppm)

trans (right) conformations.

Figure 5. 100.6 MHz CP-MAS/DD 13C- NMR spectra of neat crystalline HTC at
25 °C and HTC-α-CD-IC at 25 and 85 °C.
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Figure 5 provides a comparison of the expanded CP-MAS spectra of neat
crystalline HTC recorded at 25 and HTC-α-CD-IC recorded at 25 and 85 °C,
showing only HTC resonances. All resonances observed in neat crystalline HTC
(Figure 5) appear downfield from their positions in the liquid spectrum (Figure
3). The downfield shifts are either ~ 2 or ~ 4 ppm, depending on whether or not
a particular carbon has a single (C1,2,3,34,35,36) or a pair (C4-33) of γ-substituents,
reflecting the fact that the internal C−C bonds in liquid HTC are ~40% gauche±
(4) which provides a shielding of (1 or 2)x0.4x(-5 ppm) ~ -(2 or 4 ppm).

The only notable differences between the CP-MAS spectra of HTC in its neat
crystal and in its α-CD-IC is the splitting of the C2,35methylene resonances at 24.8
ppm in crystalline HTC into two resonances at ~24.8 and ~22.8 ppm and the small
resonance at 30.5-31.0 ppm, some -2 to -2.5 ppm upfield from the main resonance
of the internal methylenes at ~33 ppm in the spectrum of HTC-α-CD-IC.We assign
this latter peak to C5,32, because they are γ to C2,35. In neat crystalline HTC, all
internal C−C bonds are trans, so the two resonances observed for the C2,35 and C5,32
methylenes of HTC residing in the narrow α-CD-IC channels strongly suggest two
conformational populations for the C3−C4 andC33−C34 bonds: i) rigidly trans (24.8
and 33 ppm) and ii) trans and gauche± conformations inter-converting rapidly
(22.8 and 30.5-31 ppm) on the ~100 MHz frequency scale, like the internal C−C
bonds in liquid HTC. This explains the two distinct conformational environments
and resultant resonance frequencies for the C2,5,32,35 carbons.

It is important to note that the HTC methyl carbon region is absent in all three
expanded spectra in Figure 5, but a single methyl resonance at ~15 ppm appears
in each full spectrum. This is consistent with C2−C3 and C34−C35 bonds that are
rigidly trans, similar to all remaining C−C bonds between C4 and C33. Apparently,
only the C3−C4 and C33−C34 bonds are exhibiting significant contents of rapidly
inter-converting gauche± and trans conformations, even though the C2−C3 and
C34−C35 bonds might also have been expected to, since they are even closer to the
HTC termini.

HTC Dynamics

The spin-lattice relaxation times, T1( 13C), observed for molten HTC are
presented in Table 1, and those measured for neat crystalline HTC and HTC
residing in the narrow channels of its α-CD-IC are compared in Table 2. The
T1(13C)s observed for interior CH2 carbons in neat crystalline HTC are ~500
s and for the molten liquid HTC are 1-2 s, which are consistent with previous
reports (6, 7). The interior CH2 carbons of HTC chains in the narrow channels
(~0.5 nm) of its α-CD-IC exhibit T1(13C) relaxation times of 1-4 sec. over the
temperature range -30 to 85 °C. In the crystal HTC chains experience virtually
no ~100 MHz motions, while molten HTC chains are efficiently moving at this
frequency, leading to more than a two orders of magnitude decrease in HTC
spin-lattice relaxation times. Even though the conformations of HTC chains in
the narrow α-CD-IC channels are severely restricted compared to those of neat
molten HTC chains, they are also experiencing efficient ~100 MHz motions that
lead to virtually identical T1(13C)s in both environments.
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Table 1. Spin-lattice relaxation times, T1( 13C), for liquid HTC at 85 °C

HTC Carbon = δ(13C), ppm T1( 13C), s

C1,36 = 12.81 3.4

C2,35 = 21.60 2.6

C4,33 = 28.36 1.7

C5-32 = 28.75 1.2

C3,34 = 30.95 2.1

Table 2. Spin-lattice relaxation times, T1( 13C), observed for HTC (C5-32) in
the neat liquid and crystal and in the channels of its α-CD-IC

Sample T1(13C), s Environment Conformation

IC (-30 °C) 1.2 α-CD-IC-Channel nearly all trans

IC (25 °C) 1,3.6 “ “ “ “

IC (85 °C) 2.6 “ “ “ “

Neat (25 °C) 505 Bulk crystal all trans

Neat (85 °C) 2.1 Bulk liquid random coil

Thus, we are faced with identifying similarities and differences between the
types, length-scales, and cooperativities of HTC chainmotions in the very different
environments provided by its neat melt and the narrow crystalline channels of its
α-CD-IC, as indicated in Figure 6.

Figure 6. Comparison of conformations and environments of HTC chains in
their neat randomly-coiling liquid and confined to the narrow channels of their

α-CD-IC.

In Table 3 the spin-lattice relaxation times of neat α-CD and for HTC and
α-CD observed in their IC are presented. First, it is obvious that in the cage
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crystalline structure of neat α-CD, the constituent carbons in each glucose ring
evidence T1(13C)s an order of magnitude longer than those observed in the
columnar crystal structure of the HTC-α-CD-IC. It is also clear that the T1(13C)s
of the ring carbons (C1-5) in α-CD are also ~ an order of magnitude longer than
those of the guest HTC chains residing in the columnar IC channels formed by
the stacks of host α-CD. As a result, we cannot attribute the very short T1(13C)s
observed for the included guest HTC chains to facile ~100 MHz motions of the
host α-CD protons. The near coincidence of T1(13C)s observed for HTC in the
melt and in the narrow channels of its α-CD-IC must be a consequence solely of
the ability of HTC chains to undergo facile ~100 MHz motions in both of these
very disparate environments.

Lyerla et al. (7) examined the 13C spin-lattice relaxation times for a series
of liquid n-alkanes and a single branched alkane, 2-methylnonadecane. From
observations made at 15.08 MHz, they were able to determine the corresponding
effective correlation times, τeff, for rotation of their C−H bond vectors,

where NH is the number of protons directly attached to a carbon nucleus and rCH is
the length of the C−H bond. They noted that i) for a particular carbon (C1, C2, C3,
etc.) τeff progressively increases as the chain length increases, ii) τeffs increase from
the chain ends toward the interior of each n-alkane, and iii) the ratio of correlation
times for the terminal methyl groups to those of the internal methylene carbons also
increases as the length of the n-alkane increases. This suggested that the rotational
motion of C−H bond vectors in hydrocarbons can be analyzed as a sum of rigid
body rotation of the entire n-alkane, with a rate of τ0-1, plus internal motion due to
rotations about individual C−C bonds i, with a rate τi-1.

The methyl branch in 2-methylnonadecane caused its C1-5 carbons to have
resonances distinct from those of the C15-19 carbons at the unsubstituted terminus.
However, the T1(13C) observed and the correlation time derived for C5 were the
same as those observed and derived for the C6-15 carbons in 2-methylnonadecane
and the C5-16 carbons in the linear isomer eicosane. As a consequence, Lyerla et al.
(7) concluded that “the segmental motion, which determines the correlation time
of a carbon in a (liquid) long chain n-alkane, involves ca.5-6 carbons on each side
of a given carbon.” From this we can at least suggest that the efficient ~100 MHz
motions responsible for the short T1(13C)s observed for interior HTC carbons in the
melt involve somewhat cooperative inter-conversions between the conformations
of 10-12 carbon atom chain segments.

Clearly distinguishable from these longer-range cooperative motions are the
much faster, more localized, and probably less correlated t↔ g± conformational
inter-conversions occurring about the -C−C- bonds in n-alkanes Cn (n ≥ 4) at
frequencies much greater than 100 MHz. These result in the rapid establishment
of equilibrium bond conformational populations that are reflected in the
resonance frequencies observed in liquid n-alkanes, which are described above
by the conformationally sensitive γ-gauche effect, and are ineffective in the
spin-relaxation of their carbon nuclei.
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Table 3. Solid-State 13C NMR spin-lattice relaxation times for neat α-CD
and HTC and α-CD in HTC-α-CD-IC

T1, s

← α-CD →

Sample C1 C4 C2,C3,C5 C6 CH2(HTC)

Cage α-CD (25°C) 200, 13 190, 12 190, 12 103, 7

HTC/IC (25 °C) 37 27 21 4, 0.4 1, 3.6

HTC/IC (85 °C) 21 17 13 0.6 2.6

HTC (crystal at 25
°C)

505

HTC (melt at 85 °C) 1.2

Turning now to the ~100 MHz motions of HTC chains isolated in the narrow
channels of its α-CD-IC, two things are clear from the observed splitting of the
C2,35 methylene resonance at 24.8 ppm in crystalline HTC into two resonances at
~24.8 and ~22.8 ppm inHTC-α-CD-IC (also C5,32 at ~33 and ~31 ppm) and the two
distinct T1s observed for the internal carbons at 25 °C (See Table 3). First, the short
T1s observed for the internal carbons of HTC included in the α-CD-IC channels are
not dominated by rigid-body rotation of all-trans HTC chains in the host α-CD-IC
channels. Second, roughly half the C3−C4 and C33−C34 bonds are experiencing t
↔ g± inter-conversions that are much too rapid to cause spin-lattice relaxation of
HTC carbon nuclei at the ~100 MHz frequency employed here to observe them,
while the other half are rigidly trans.

Consistent with the distinct T1s observed for terminal and interior carbons in
crystalline n-alkanes (6), we observe T1s of 1.8, 30, and 505 s for C1,36, C2,35, and
C3-34, respectively, in neat crystalline HTC and 3.3 and 1.3 s for the C1,36, and C2-35
HTC carbons in the α-CD-IC. When compared to the single T1s observed for all
n-alkane carbons in their high temperature rotator phases (6), it is clear that neither
in the neat crystal or α-CD-IC are the short HTC T1s a result of rigid body rotation.

In addition, the two T1s observed at 25 °C for the internal HTC carbons in
its α-CD-IC suggest that the HTC chains are moving under the constraints of two
distinct channel environments. In Figure 7 note that the difference in diameters
of the head and tail portions of α-CDs results in a gradual undulation of their
columnar channels that is similar to stacked “hour-glasses”. Thus, the motions of
those portions of HTC chains in the head-to-head channel regions would not be as
constrained as those in the tail-to-tail regions, possibly providing sufficient room
for facile ~100 MHz motions important to spin-lattice relaxation. These are likely
the regions where C3−C4 and C33−C34 bonds experience the much more rapid t↔
g± conformational inter-conversions that lead to resonance frequencies for some
C2 and C35 carbons that are shifted upfield by conformationally averaged γ-gauche
shielding from those in a rigid trans arrangement with C5 and C32.

To assist our analysis and discussion of the ~100MHzmotions that efficiently
relax the HTC carbon nuclei included in the narrow channels of the HTC-α-CD-IC,
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we briefly summarize a fully atomistic molecular dynamics (MD) modeling of 30
repeat unit (60 carbon) polyethylene (PE-60) chain confined to a single α-CD- IC
channel, and conducted by Pozuelo et al. (8). Both rigid and flexible α-CD-IC
channels were considered during 1ns MD tra-jectories run at 500K. At the end
of both trajectories, each -CH2–CH2- bond had a trans (0 ± 7-11°) population of
over 99%. These small torsional fluctuations occured much more rapidly than
~100 MHz, and could not produce efficient T1(13C) relaxation of the HTC carbons
when confined in the narrow α-CD-IC channels. In addition, virtually no rigid-
body rotational or translational motions were observed for the included PE-60
chain, consistent with the previously mentioned observation of distinct T1s for the
terminal and interior HTC carbons in its α-CD-IC.

Figure 7. The columnar structure of polymer-α-CD-ICs. The black areas indicate
the channels occupied by the included guest polymer chains.

Though an order of magnitude less frequently observed than in a single free
PE-60 chain, t ↔ g± conformational inter-conversions were observed about ~ 5
and 0 of the PE-60 bonds when confined to flexible and rigid α-CD-IC channels,
respectively. Extrapolation of these PE-60-α-CD-IC MD simulation results,
suggests that nearly each of the 59 PE-60 -C–C- bonds [(5 bonds/ns)x 10ns = 50
bonds] would undergo a t ↔ g± conformational inter-conversion over a longer
10ns trajectory, with a corresponding frequency of ~ 100 MHz, while maintaining
an overall nearly all trans average PE conformation. This might explain the short
T1s observed for the predominantly all trans HTC chains in the HTC-α-CD-IC,
but do the motions of these highly constrained conformational inter-conversions
also explain the similar short T1s observed for HTC in the melt?
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According to the analysis of the spin-lattice relaxations observed in liquid
n-alkanes by Lyerla et al. (7), apparently not, because “the segmental motion,
which determines the correlation time of a carbon in a (liquid) long chain
n-alkane, involves ca.5-6 carbons on each side of a given carbon.” While the
~100 MHz chain motions effective in relaxing the carbon nuclei in liquid HTC
and in its α-CD-IC are both conformational in origin, they likely differ both in
their length-scales and cooperativities. In the α-CD-IC, t ↔ g± transitions are
likely restricted to shorter-range ttt→ g±tg∓ (kink) and possibly ttttt→ g±tttg∓
(jog) transitions in the somewhat flexible α-CD channels (9), and, because t→ g±
transitions require surmounting a higher intrachain barrier than g±→ t transitions
and g± conformations are rare there, they are also likely more cooperative. Liquid
HTC chains are not, however, constrained by α-CD-IC channels, but must only
avoid segmental overlaps during and after their conformational transitions, and
so their ~100 MHz motions are likely less cooperative and apparently longer in
range.

Before concluding, it should be noted that the conformations and motions of
n-alkane guests included in the narrow channels of their inclusion compounds or
clathrates made with other hosts, such as urea (U), cyclotriphosphazenes (TPP),
perhydrotriphenylene (PHTP), etc. generally appear to be distinct (10–13) from
those discussed here for HTC in its α-CD-IC. This may be due to the unique
covalently-bonded cyclic nature of host CDs (See Figure 1). The constraints
experienced by guest polymers, that are threaded through host CDs and that are
eventually completely included in the channels formed by the uniaxially stacked
CDs when they crystallize to form a polymer-CD-IC, are expected to be more
severe than those produced by the channels formed from U, TPP, and PHTP
hosts, whose constraining channel walls lack the strength of the covalent bonding
in individual CDs.

Summary and Conclusions

In the rigid crystals of HTC there are apparently almost no ~100 MHz
motions able to relax the HTC 13C nuclei. In the randomly-coiling liquid there
are relatively long-range conformational motions, that are able to efficiently relax
the HTC 13C nuclei. Though predominantly restricted to the nearly fully extended
all trans conformation in the narrow (~5Å) α-CD-IC channels, apparently here
there are also facile ~100 MHz conformational (t ↔ g) motions occurring that
very efficiently relax the HTC 13C nuclei. However, in the α-CD-IC channels the
motions of guest HTC chains are more cooperative in nature and of a shorter-range
than in the neat liquid.
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Chapter 17

NMR Characterization and Product Design of
Novel Silk-Based Biomaterials

Aya Nagano,1 Yu Suzuki,1 Yasumoto Nakazawa,2 J. T. Gerig,3
and Tetsuo Asakura*,1

1Department of Biotechnology, Tokyo University of Agriculture
and Technology, Koganei, Tokyo, 184-8588 Japan

2Science Museum, Tokyo University of Agriculture and Technology,
Koganei, Tokyo, 184-8588 Japan

3Department of Chemistry, University of California,
Santa Barbara, CA 93106 U.S.A.
*E-mail: asakura@cc.tuat.ac.jp

The atomic-level structure of the crystalline region of B. mori
silk fibroin was studied using solid state NMR and statistical
mechanical calculations. Whereas lamellar structures were
proposed for both (AG)15 and (AGSGAG)5 repetitive sequences
of the crystalline region, the β-turn in (AGSGAG)5 was found
to be more distorted compared to that in (AG)15. In view of
this structural information, silk-like mineralized composite
materials were designed and characterized by solid state
NMR. Furthermore, recombinant proteins were designed and
produced in E. coli and transgenic silkworm. The films of these
recombinant proteins exhibit high calcium binding activity and
rapid mineralization.

I. Introduction

Silks are fibrous proteins with properties that have intrigued scientists ranging
from polymer chemists to biomedical researchers (1). Silkworm (Bombyx mori or
B. mori) produces silk fibroin filaments with outstanding strength, toughness, and
other desirable properties, despite being spun from an aqueous solution at ambient
temperature and pressure. In addition, silk fibroin has good biocompatibility,
resistance to thermal and enzymatic degradation, and mechanical resilience, and

© 2011 American Chemical Society
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it can be fashioned into a wide range of forms including nano- and microparticles,
films, sponges, and composites. This portfolio of properties suggests its
considerable potential for applications in medicine and surgery (2).

Silk fibroin is composed of amorphous domains (mainly consisting of
hydrophilic amino acids) and crystalline domains (mostly hydrophobic amino
acids). The primary structure of crystalline domains contains multiple repetitions
of (G-A-G-A-G-S) sequence which make up approximately one-half of the total
silk fibroin (3). These repetitive sequences are responsible for the formation
of antiparallel β-sheets in the spun fibers. The β-sheet formation ultimately
contributes to the stability and the remarkable mechanical properties of silk fibers.

The objectives of this work are to investigate the molecular-level
conformation of silk fibroin crystalline region and design silk-like biomaterials
based on the structural information obtained. In Section II, the conformational
analysis of the crystalline region of silk fibroin is described. The design of novel
silk-based biomaterials and their characterization are delineated in Section III.
The applications of these novel biomaterials are described in Section IV. Finally,
in Section V the behavior of silk fibroin in fluorinated alcohols as studied by
solution NMR is summarized.

II. Structural Studies

Silk fibroin has two distinct structures in the solid state, silk I (before spinning)
and silk II (after spinning). The conformation of silk I has been shown by solid
state NMR and X-ray diffraction to have a repeated type II β-turn structure (4,
5). As for the structure of silk II, Marsh et al. (6) were the first to propose
an antiparallel β-sheet model based on fiber diffraction studies of native B. mori
silk fiber. Even though the local protein conformation is still the basic β-sheet
as proposed by Marsh et al., a refined silk II model incorporates stacking of the
β-sheet planes in two different arrangements (7).

Solid state NMR was used to clarify the silk II structure of both B. mori silk
fibroin and (AG)15 (8–10). Broad and asymmetric Ala Cβ peaks were observed
in the 13C CP/MAS NMR spectra, indicating a heterogeneous structure. The
relative proportions of the various heterogeneous components were determined
from the relative peak intensities of the deconvoluted spectra. For example, the
deconvoluted Ala Cβ peaks yielded 27% distorted β-turn (16.7 ppm), 46% β-sheet
(alternating Ala residues, 19.1 ppm), and 27% β-sheet (parallel Ala residues, 22.4
ppm) (9).

In an investigation of the heterogeneous components, the local structure
for each Ala residue was determined from 13C CP/MAS NMR spectra for
model peptides of the crystalline region of silk fibroin, (AG)15 and (AGSGAG)5
(11, 12). Figure 1 shows the difference in Ala Cβ spectra of 10 different
[3-13C]Ala-(AGSGAG)5 peptides differing in their 13C labeling positions. It
shows that the peak patterns change largely depending on the labeled position of
the Ala residue, indicating varying local structures along the peptide chain. The
fraction corresponding to the 16.7 ppm component was determined to be 75% for
the Cβ carbon of Ala (1) in the peptide, indicating that the Ala residue at the start
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of the sequence has a high probability of forming a random coil. The fraction
was markedly lower (26%) at Ala (5) but rose to a second maximum (44%) at
Ala (19).

Figure 1. Fraction (%) of the 16.7 ppm peak calculated from the deconvolution
of Ala Cβ peaks in the 13C CP/MAS NMR spectra of 10 [3-13C](AGSGAG)5 with
different [3-13C]Ala labeling sites as a function of the 13C labeled positions.

For an investigation of the entire conformation of (AGSGAG)5 in silk II
form, it is necessary to determine the local conformations of Ser residues as
well as Ala residues. In our laboratory the information was obtained from the
internuclear distances between [1-13C]Gly and [15N]Gly nuclei in the sequence,
[1-13C]Gly-Ser-[15N]Gly, indirectly because the distance reflected the local
conformation of the Ser residue between two Gly residues. REDOR (13) was
used for this purpose.(Figure 2) As a starting point, the theoretical REDOR
curve was calculated by assuming the distance between [1-13C]Gly and [15N]Gly
nuclei in the sequence, [1-13C]Gly-Ser-[15N]Gly, to be 4.75 Å, similar to the
antiparallel β-sheet structure obtained from the crystal structure of B. mori silk
fibroin determined by Takahashi et al. (7) However, the curve could not reproduce
the observed REDOR curve, indicating that the conformation of the Ser residue
was a mixture of random coil and antiparallel β-sheet structures, as expected. The
atomic distance for random coil conformation was calculated to be 3.80 Å by
averaging the distances between the carbonyl carbon of the first Gly residue and
the amide nitrogen of the third Gly residue in the Gly-Ser-Gly sequences selected
from PDB data base. With the assumption of the presence of both antiparallel
β-sheets and random coil, the REDOR curve was re-calculated. The theoretical
REDOR curve of the mixture, 30% random coil and 70% antiparallel β-sheet,
gave the best-fit to the experimental REDOR plot of Ser15th. Thus, the fraction of
random coil for Ser15th residue was determined to be 30 % and the same fitting
process was performed for the remaining four peptides.
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Figure 2. Observed and calculated REDOR plots for the [1-13C]Gly14-Ser15-
[15N]Gly16-labeled (AGSGAG)5 peptides (Ser15th). Solid lines represent the

REDOR curves calculated by changing the fractions of the random coil (3.80 Å )
and β-sheet (4.75 Å) forms. The broken line corresponds to the β-sheet (4.75 Å).

The fractions of the distorted β-turn and/or random coil components were
determined from the relative intensities of [3-13C]AlaCβ peaks at 16.7 ppm for
Ala residues and for Ser residues from the REDOR curves of the [1-13C]Gly-Ser-
[15N]Gly labeled versions. Figure 3 shows these data plotted against the residue
position within (AG)15 (gray) and (AGSGAG)5 (black). These changes strongly
indicate β-sheet – β-turn – β-sheet repeated lamellar structure. A comparison of
the plots for (AG)15 and (AGSGAG)5 shows that on the whole the fractions of the
distorted β-turn and/or random coil component were higher in (AGSGAG)5 except
for the two Ala residues at the N-terminal sites. The way the fractions varied with
position was slightly different in the two peptides.

Figure 3. Observed relative intensities (black) of distorted β-turn and/or random
coil structural component of (AGSGAG)5 obtained from the peak at 16.7 ppm
of Ala Cβ and REDOR bimodal fitting for Ser residues are shown at different
position. The observed relative intensities (grey) of distorted β -turn and/or
random coil structure component of (AG)15 are also shown for comparison.
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Weused statistical mechanical calculation (27) to investigate possible lamellar
structures in (AG)15 (14) and (AGSGAG)5 (12). The calculations were initially
based on the following assumptions: (1) after β-turn formation along the chain
there was at least one pair of intramolecular hydrogen-bonded strands forming a
β-sheet structure; (2) the direction of the β-turn formation along the chain was
always from the N-terminal to the C-terminal; (3) there was one or two turns in
the peptide. The occurrence probability, p(i), of the i-th structure for (AG)15 and
(AGSGAG)5 was calculated as follows:

where ΔE(i) is the potential energy of the i-th structure, k is the Boltzmann’s
constant, and T is the absolute temperature. The relative potential energy of
the i-th structure, ΔE(i), was estimated from the stabilization energy, ΔEH (due
to the formation of inter-residue hydrogen bonds for each residue with β-sheet
structure), ΔET (due to the formation of turn structure), and ΔES (due to Ser
residues incorporated in β-sheet).

where nH(i), nT(i) and nS(i) are the numbers of hydrogen bonds, turns in the i-th
structure, and Ser residues incorporated in β-sheet, respectively.

The fraction of non-β-sheet conformations calculated with optimized ΔEH,
ΔET, and ΔES were plotted against the residue position. The calculated plot
agreed well with the observed data for (AG)15. However, the agreement between
the observed and calculated plots for (AGSGAG)5 was not satisfactory when
compared to (AG)15 as shown in Figure 4(a). Therefore, the calculations were
repeated by changing an assumption slightly for (AGSGAG)5; the residues
incorporated in the β-sheet structure next to the β-turn positions were allowed
to form one hydrogen bond instead of two. Other assumptions were kept
the same. With optimized ΔEH, ΔET and ΔES, the fraction of non-β-sheet
conformations calculated was plotted against the residue position. A considerably
better agreement between the observed and calculated plots was obtained when
compared with the first calculation (Figure 4(b)).

The most probable lamellar structure for (AGSGAG)5 is shown in Figure 5.
A comparison of the plots for (AG)15 and (AGSGAG)5 shows that on the whole
the fractions of the distorted β-turn and/or random coil component were higher in
(AGSGAG)5 except for the two Ala residues at the N-terminal sites. This result
indicates that the presence of repeated Ser residues in the peptide chain may
result in some disturbance to the β-sheet distorted β-turn lamella structure. In this
connection it is interesting to note that Fraser et al. (15, 16) reported that unit cell
dimensions (a, b, c) of (AG)n and (AGAGSG)m are 9.42, 6.95, 8.87 Å and 9.39,
6.85, 9.05 Å respectively. In the c-axis, the direction perpendicular to the plane of
the pleated sheet, the unit cell dimension in (AGAGSG)m was 9.05 Å, markedly
larger than the 8.87 Å in (AG)n. The data strongly support our hypothesis that
the side chains of Ser residues in (AGSGAG)5 stick out perpendicular to the
plane of the β-sheet, producing a larger c-spacing compared to (AG)15. We
suggest that this larger separation allows looser, less regularly located turns in
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the lamella structure. Gong et al. (17) proposed a tentative structural model for
cross-β protofibrils prepared from regenerated B. mori silk fibroin solution on
the basis of X-ray diffraction, TEM, and AFM images. The nanofibrils were
approximately 5 nm in width while the GS or GA at the C-end of a typical
segment GAGAGSGAGAGS gave rise to a single turn between a β-strand dimer.
The laminated β-sheet length proposed by them is reasonably consistent with our
models which consist of turns and β-strand with approximately 8-12 amino acids
at the central sequence of the proposed lamella structure with two turns for the
peptides, (AG)15 and (AGSGAG)5.

Figure 4. Observed (black) and calculated relative intensities (grey) of the β-turn
and/or random coil structure component with different position. (a) this plot
represents the first calculation, where the agreement between the observed and
calculated plots is not satisfactory compared to the same analysis for (AG)15.
(b) this plot gives the revised calculation where the assumptions are slightly
changed: the residues incorporated into β-sheet structure next to the β-turn
positions form only one hydrogen bond instead of two. The agreement between

the observed and the calculated plots is satisfactory.

Figure 5. The most probable lamellar structure for (AGSGAG)5, obtained by the
combined use of 13C CP/MAS NMR and statistical mechanical calculations.
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III. Design and Modifications

The mineralization process is naturally induced in native bone through
self-assembly at the charged acidic domains of non-collagenous proteins, which
provide adequate conditions for calcium-binding, nucleation and development
of ordered hydroxyapatite crystals (18–21). Peptide-mediated initiation of
nanocrystals offers a new platform for obtaining self-assembling of peptides
with tailor-made sequences that promote biomineralization. The concept of
molecular self-assembly has become the driving force for the development of new
biomaterials (22–35). Scientists have identified key parts of molecules (mainly
proteins) responsible for the self-assembly process, analyzed them, and developed
simpler systems. Earlier research has revealed the tendency of copolypeptides
with alternating hydrophilic and hydrophobic residues to form water-soluble
β-sheet structures through self-assembly (36–39). These studies have shown
that alternating amphiphilic-peptide sequences such as poly-(Lys-Phe),
poly-(Glu-Ala), poly-(Tyr-Glu), poly-(Val-Lys), and poly-(Lys-Leu) produce
β-sheet secondary structures and aggregates, depending on salt concentration and
pH (36–39).

In our efforts, we sought to design silk-like amphiphilic proteins for bone
repair with glutamic acid or aspartic acid components (40–42). B. mori silk
crystalline region has a lamellar structure as indicated in Section II; it seems
useful to design biomaterials based on that structure. The design concept also
originated from a desire to utilize silk with superior mechanical properties
and biocompatibility as bone repair scaffold and to develop the hydrophobic
(AGSGAG) region in silk as a part of self-assembling amphiphilic moiety. As
mineralization site, we adopted a hydrophilic sequence with contiguous acidic
(glutamic and aspartic acids) from non-collagenous proteins. The proteins were
then produced with the hydrophobic region of silk and the hydrophilic region
with mineralization characteristics.

Thus, we first started with silk-like peptides based on Ala-Gly repeated
sequences with a lamellar structure and Asp as a Ca binding site (Figure 6). We
further modified the design of the lamellar structure by introducing a Ser residue
between (GlyAla)3 and (AlaGly)3 sequences.

1. Structure 41SDSDS - (GlyAla)3Ser(AlaGly)3Asp(GlyAla)3
Ser(AlaGly)3Asp - (GlyAla)3Ser(AlaGly)3. There are three labeled versions with
13C labeling in different positions.

2. Structure 14DS16 - ThrSer-[(AlaGly)3Asp(GlyAla)3Ser]16.
The lamellar structures of the two novel artificial silk-like materials

(41SDSDS and the much larger 14DS16) were characterized using 13C CP/MAS
and spin-diffusion solid-state NMR. The β-sheet fraction in Ala residues increased
with increased distance from the Asp residue in the turn part. The Ser residue
assumed almost 100% β-sheet structure probably because it formed an extra
hydrogen bond that stabilized the stem part of (AlaGly)n. Position-selective
and sensitive information useful to characterize the detailed lamellar structure
with heterogeneous local conformation was obtained by selective labeling of the
peptide with 13C and determining 13C conformation-dependent NMR chemical
shifts. If the Asp residue is located at the center of the turn, one-half of these
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Ala residues forms β-sheet with intermolecular hydrogen bonding, but the other
half takes on a distorted structure under the influence of the adjacent Asp residue.
The high fraction of random coils strongly suggested that Asp (14) is at the
center of the turn as discussed by Wang et al (43). In contrast, the fraction of
β-sheet increased to 67% for Ala (10) and 68% for Ala (8) residues. Similarly,
the β–sheet increased to 70% for Ala (18) and 79% for Ala (20) residue. Thus,
apart from proximity to the turn position (Asp (14)) the fraction of β-sheet was
high. The fraction of β-sheet was slightly higher for Ala (16), Ala (18) and Ala
(20) compared with Ala (12), Ala (10), and Ala (8) indicating that the proportion
of β-sheet slightly increased for the Ala residues located in the central parts of the
stem region of the lamellar structure (Figure 7). As shown in Figure 7, the Ser Cγ
(54.6 ppm) and Cα (63.7 ppm) peaks indicated that the Ser residues in 41SDSDS
take on almost solely β-sheet structure (44). The deuterium solid-state NMR
study of [3,3-2H2]Ser B. mori silk fibroin fiber suggested that the hydroxyl groups
of Ser interact with carbonyl groups on adjacent chains and thereby contribute to
the intermolecular hydrogen-bonding network of the fiber (45). Figures 7(d) and
6(e) show the 13C CP/MAS NMR spectra of nonlabeled 41SDSDS and 14DS16
respectively. The two spectra are very similar; for example, the chemical shifts
of the main peaks are identical. Thus, 14DS16 is thought to take on a structure
similar to that of 41SDSDS; Asp residues are exposed on the surface of the
lamellar structure and are not incorporated into the β-sheet structure. The Ser
residues in the 14DS16 may similarly contribute an additional intermolecular
hydrogen bond, thereby further stabilizing the β-sheet structure of the stem part
of 41SDSDS. Our results from 13C CP/MAS NMR indicated that there are still
around 30% distorted β-turn and/or random coil in the Ala residues adjacent to
the Ser residues.

Figure 6. Design of lamellar structure of the silk-like peptide based on Ala-Gly
repeated sequences with antiparallel β-sheet structure, where Asp (D) is a Ca
binding site in the turn part and a Ser (S) residue is located between (GlyAla)3

and (AlaGly)3 sequences to strengthen the stem part of the lamella.

We designed another silk-like protein, (Glu)n(Ala-Gly-Ser-Gly-Ala-Gly)4;
(E)n(AGSGAG)4 where n = 4-8. First, peptides with a combination of hydrophilic
and hydrophobic sequences mimicking the primary structure of Bombyx mori
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silk fibroin were synthesized and studied in the solid state by NMR using 13C
selective labeling coupled with 13C conformation-dependent chemical shifts
and 2D solid-state spin diffusion NMR (41). The hydrophilic sequence was
poly(L-glutamic acid) (E)n, and the hydrophobic part was the consensus sequence
of the crystalline fraction of B. mori silk fibroin, (AGSGAG)4. The balance of
hydrophilic and hydrophobic characters of the peptide was controlled by changing
the relative length, n, of (E)n from 4 to 8. When n = 4 and 5, the structure of
the hydrophobic sequence is basically Silk I (the structure of B. mori silk fibroin
before spinning in the solid state), and the polyglutamate sequences take on the
random coil form (Figure 8). On the other hand, when n = 6-8, the structure of
the polyglutamate sequence changes gradually from random coil to β-sheet, and
the hydrophobic sequence adopts a mixture of β-sheet and random coil/distorted
β-turn forms, although the fraction of the latter form decreases gradually by
increasing the number n from 6 to 8.

Figure 7. 13C CP/MAS NMR spectra of (a) [1-13C]Ala12,[3-13C]-Ala16-, (b)
[1-13C]Ala10,[3-13C]Ala18-, (c) [1-13C]Ala8,[3-13C]Ala20-labeled 41SDSDS, with
expanded spectrum of Ala C=O and Ala Cβ(d) nonlabeled 41SDSDS, and (e)

silk-like protein analogue 14DS16.

IV. Applications

The protein 14DS16, analogous to 41SDSDS but considerably larger, was
produced by genetic engineering and overexpression in E. coli as a possible
biomaterial. Mineralization of films of 14DS16 in SBF (simulated body fluid) (46)
was investigated. Films of this protein treated with SBF were rapidly mineralized
with hydroxyapatite (Figure 9). For both Ala residues located closest to the Asp
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(14) residue, distorted β-turn and/or random coil accounted for one-half of the
conformations. Thus, hydroxyapatite formation is promoted by the structure
designed through analogy with lamellar silk crystalline region.

Figure 8. 13C CP/MAS NMR spectra of natural abundance (E)n(AGSGAG)4 (n
= 4-8). The spectra from (a) to (e) correspond to the samples from n = 4 to n

= 8, respectively.

Genetically modified silk fibroin containing a poly-glutamic acid site,
[(AGSGAG)4E8AS]4, for mineralization was produced as fibers by transgenic
silkworms through systematic transformation of the silkworms (42). The Ca
binding activity and mineralization of the transgenic silk fibroin were examined
in vitro, showing that this transgenic silk fibroin had relatively high Ca binding
activity compared with native silk fibroin. Porous silk scaffolds were prepared
with the transgenic and native silk fibroins. Healing of femoral epicondyle defects
in rabbit femurs treated with the scaffolds was examined by observing changes
in images of the defects using micro-computed tomography(Figure 10). Earlier
mineralization and bone formation were observed with scaffolds of transgenic
silk fibroin compared with those of native silk fibroin. Thus, this study shows the
feasibility of using genetically modified silk fibroin from transgenic silkworms as
a mineralization-accelerating material for bone repair.
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Figure 9. (a) SEM photomicrographs of a film surface of 14DS16 7 days after
immersing the films in SBF solution, (b) EDX spectrum of 14DS16 film pretreated
with calcium chloride and incubated in SBF for 7 days, (c) High-resolution SEM
photomicrographs showing mineralization on the surface of a film of 14DS16
pretreated with calcium chloride and incubated for 7 days in SBF, (d) SEM
photomicrographs with arrows indicating small but regular crystals with their

flat surfaces in contact with the recombinant protein film.

V. Effects of Fluorinated Solvents

The regenerated silk fibers prepared from aqueous silk solution do not have
as good mechanical properties as the native silk fibroin. However, the fluorinated
organic solvents 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and hexafluoroacetone
trihydrate (HFA) have been successfully used to produce silk fibroin fibers with
high strength (47–49). To understand the reasons for the increased strength
of regenerated silk fibers prepared from these two solvents, we analyzed and
compared the properties of the native silk fibroin and (AGSGAG)2, a model for
the crystalline part of fibroin, in the two solvents by 1H/13C chemical shifts and
1H-19F intermolecular NOEs (50, 51).
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Figure 10. (a) Micro-CT image of rabbit femurs in not-implated group (control),
native silk fibroin scaffold-implanted group, and transgenic silk fibroin scaffold
with (E)8(AGSGAG)4 - implanted group, respectively, and quantitative results of

(b) bone mineral content and (c) bone volume per total volume.

The 13C and 1H chemical shifts obtained from 1H-13C HSQC spectra of silk
fibroin in HFIP, HFA, and water indicated that silk fibroin formed helix-like
structures in the fluorinated alcohols. A similar tendency was observed for
(AGSGAG)2 although the chemical shift change was smaller. In addition,
intramolecular 1H-1H NOE data for (AGSGAG)2 imply the presence of helical
structures in the middle part of the peptide in HFIP but not in HFA, although an
equilibrating ensemble of conformations are likely present in both solvents.

Nuclear spin dipole-dipole interactions between the spins of (AGSGAG)2
and the fluorines of the solvent can produce relaxation of the protons on the
peptide. These solute-solvent interactions lead to intermolecular NOEs and
are characterized by a cross relaxation parameter (σ) (52). Figure 11 shows
the observed 1H-19F NOE spectra of (AGSGAG)2 in HFIP and HFA. All the
detectable intermolecular NOEs arising from peptide in HFIP are positive; all
NOEs in HFA are negative.

The simplest interpretation of intermolecular NOEs assumes that solute and
solvent molecules can be represented by hard spheres and that interactions of the
spheres depend only on their mutual translational diffusion (53, 54). A numerical
procedure that involves the treatment of Ayant et al. (54, 55) can be used to
incorporate the shape of the solute molecule into predictions of σ. Input to these
calculations includes experimental translational diffusion coefficients, the radius
of the sphere that represents a solvent molecule, the effective rotational correlation
time that characterizes 1H-1H intramolecular dipolar interactions within the solute
and a correlation time for internal rotation of methyl groups. The latter correlation
times can be estimated by considering the observed spin-lattice relaxation times
of the protons of the solute (56).
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Figure 11. 1H-19F intermolecular NOE spectra of (AGSGAG)2 in HFIP (A) and
in HFA(B). Upper spectra in each set are the observed 1D 1H spectrum while the
lower spectrum is the 1H-19F NOE spectrum at a mixing time of 500 ms for the

HFIP system and 300 ms for the HFA system.

Cross relaxation terms (σHF) for all conformations of (AGSGAG)2 in
HFIP and in HFA developed by our analysis of intramolecular 1H-1H distance
constraints were calculated using the diffusion coefficients and the other
parameters mentioned. The average of these calculated σHF values for each proton
of the peptide in each solvent is compared to the corresponding experimental value
in Figure 12. We find that σHF predicted in this way for (AGSGAG)2 dissolved
in HFIP are in good agreement with experimental data for most protons of the
peptide. This result indicates that the model used for these predictions reasonably
describes the interactions between HFIP and the peptide. Thus, these interactions
can be characterized as random collisions between peptide and HFIP, and the
dynamics of these collisions are sufficiently characterized by the experimental
bulk diffusion coefficients. In contrast, observed σHF for (AGSGAG)2 in HFA
are negative for all residues while calculated σHF were positive. Peptide-solvent
interactions are thus more complex in HFA than what seems to be the case in
HFIP.

In the processes for producing regenerated silk fibers from a silk solution,
the solution typically travels through a stainless steel spinneret into methanol
to achieve coagulation. Coagulation involves removal of solvents from around
the dissolved silk fibroin producing a conformational transition of the crystalline
regions of silk fibroin to β-sheet structures. The regenerated fiber prepared from
the HFIP solution shows slightly greater tensile strength when the draw ratio is
1:3 than that of native silk fiber, but the strength of the regenerated fiber with
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draw ratio 1:3 from the HFA solution is about 40% smaller than that of native
silk fiber. The X-ray diffraction patterns and Ala Cβ signals in solid state 13C
CP/MAS NMR spectra revealed that this difference in the tensile strength of the
regenerated silk fibers between two solvents comes from the difference in the
long-range orientation of the crystalline regions (57). According to the results,
the displacement of HFA molecules during coagulation may be less complete due
to the stronger interactions of HFA with silk fibroin. A less extensive β-sheet
aggregation during coagulation could result, leading to lower tensile strength of
fibers from HFA solutions. Also, the silk model peptide conformation possesses
a somewhat helical structure in HFIP compared to that in HFA, implying that silk
fibroin with more extensive helical conformations in HFIP tends to align more
like native silk solution in silk gland and favor the extensive β-sheet aggregation.

Silk fibroin dissolved in HFIP can be fashioned into a wide range of forms
when applied to biomaterials, e.g., sponges and scaffolds for bone tissues, films
for wound dressings, and scaffolds for cornia. The knowledge obtained in this
work should be useful in the development of better and improved silk-based
biomaterials.

Figure 12. Comparison of observed σHF (solid line) and calculated σHF (dotted
line). The calculated data are the average of calculations for the conformations
obtained by DYANA calculation. Error bars represent standard deviations of
calculated data for 10 conformations for HFIP sample and 7 conformations for

HFA sample found in the structure determination.
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Chapter 18

The Interaction of Aβ(1-40) Peptide with
Lipid Bilayers and Ganglioside As Studied by

Multinuclear Solid-State NMR

Yasumoto Nakazawa,1 Yu Suzuki,1 Hazime Saitô,2
and Tetsuo Asakura*,1

1Institute of Engineering, Tokyo University of Agriculture and Technology,
2-24-16, Nakacho, Koganei, Tokyo, 184-8588 Japan

2Department of Life Science, Himeji Institute of Technology,
University of Hyogo, Kamigori, Hyogo, 678-1297 Japan

*E-mail: asakura@cc.tuat.ac.jp

Amyloid β-peptide (Aβ) is a major component of plaques in
Alzheimer’s disease, and formation of senile plaques has been
suggested to originate from regions of neuronal membrane
rich in gangliosides. We have analyzed the interaction of
Aβ with lipid bilayers by multinuclear NMR using 15N, 31P
and 13C nuclei. The result of the present study implies that
the fibrillogenic seed nucleus involves an interaction of His
residues with the sialic acid moiety of GM1. Moreover,
Aβ(1-40) with ganglioside GM1 perturbs the bilayer structure
to form a non-lamellar structure such as hexagonal H11 lipids
and also produces single vesicles or micelles, as shown by
angular-dependent 31P NMR experiments. In conclusion, the
Aβ peptide penetrates into the lipid bilayer, takes on an α-helical
form, and produces non-lamellar lipid and micelles.

Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disease
affecting up to 15 million individuals worldwide. The brains of Alzheimer’s
disease patients are characterized by fibrillar (1) amyloid plaques that are
associated with progressive deposits (1). The principal component of amyloid
deposits is a 39-42 amino acid residue peptide, Aβ (2, 3), a product of proteolytic

© 2011 American Chemical Society
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processing of a much larger amyloid precursor protein (APP) encoded by a gene
on chromosome 21 (4). Several spectroscopic investigations have clarified the
structure of the fibrils, which form a ‘cross-β sheet’ structure (5–7). Moreover,
a link between Aβ and AD neuropathological lesions is demonstrated by the
toxicity of aggregated Aβ to neuronal cells in culture (8) and in aged brain (9).
However, the molecular mechanisms of the neurotoxic action of Aβ remain
unknown. A growing number of observations indicate that Aβ may alter the
physicochemical properties of neuronal membranes, including membrane fluidity
(10) and permeability to ions and nonelectrolytes (11). These findings strongly
suggest that at least some of the pathophysiological effects of Aβ may be mediated
by Aβ-membrane interactions. Indeed, a number of studies have shown that Aβ
is able to perturb lipid bilayers (11–14). Interest in studies of the interaction
between Aβ and constituents of brain membranes has been further stimulated by
the identification of an Aβ-GM1 ganglioside-bound form in AD brain (15–17).

Figure 1. Molecular structure of GM1 ganglioside (top) and asialo-GM1
ganglioside (bottom).

Gangliosides (18, 19) are sialic acid-containing glycosphingolipids and
consist of two main components: a hydrophobic ceramide unit, which anchors the
ganglioside to the plasma membrane, and a hydrophilic oligosaccharide chain,
to which one or more sialic acid groups are attached. Gangliosides are abundant
components of neuronal membranes and are involved in important neurobiological
events such as neurodifferentiation, synaptogenesis and synaptic transmission
(20). Aβ permeabilizes ganglioside-containing membranes and thus disturbs ion
homeostasis (21, 22). Different research groups have reported extensive studies
of Aβ-ganglioside interactions using different methodologies (16, 23–26), but no
conclusive results have been obtained. GM1 ganglioside-mediated accumulation
of Aβ protein was proposed together with the effect of cholesterol (26).
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In our efforts to clarify the interaction between β-amyloid peptide and
lipid bilayers including ganglioside, we have shown two things. First, we
have demonstrated using solution state NMR of 15N-labelled Aβ(1–40) and
Aβ(1–42) that ganglioside GM1 and asialo-GM1(Figure 1) contain micelles
(27). Secondly, we have recorded 1H decoupled 31P solid-state NMR spectra
of dimyristoylphospatidylcholine (DMPC) and DMPC/GM1 ganglioside in a
mechanically oriented system in the presence of Aβ(1-40) in order to clarify the
behavior of Aβ in the presence of GM1 ganglioside. Finally, we have studied
13C-labeled Aβ peptide by CP-MAS, DD-MAS NMR, as well as low-power
solution NMR to determine conformational features of the Aβ peptide in the
presence of lipid bilayers.

Materials and Methods

Solution NMR Experiments

Uniformly 15N-labelled Aβ(1–40) and Aβ(1–42) were purchased from
rPeptide (Athens, GA, U.S.A.), and gangliosides were purchased from Axxora
Ltd (Exeter, U.K.). The purity of the gangliosides was quoted as >98% by the
manufacturer, but was not checked. All other reagents were from Sigma–Aldrich
Co. (St. Louis, MO, USA). The heparin used was the sodium salt (H4784).

Aβ(1–40) solutions were prepared as described earlier (28). Briefly, the
peptide was dissolved at a concentration of 200 μM in 10 mM NaOH with 1
min of sonication, and immediately frozen if required. Subsequently, the pH
was adjusted to 7.2 with a minimal amount of 0.1 M HCl, and 2H2O was added
to make an approx. 200 μM peptide solution containing 10% 2H2O. Solutions
prepared in this way were stable and showed no sign of aggregation for at least
1 week. In contrast, solutions made up in a buffer aggregated much faster, often
almost entirely precipitated after 24 h. Aβ(1–42) was pre-treated by dissolution in
hexafluoropropan-2-ol and freeze-drying, before dissolving in 10 mM ammonium
hydroxide, followed by adjustment of the pH to 7.2. These solutions started
to aggregate and form fibrils immediately and were only usable for 2–3 days.
Solutions of the commercial material directly into NaOH resulted in no NMR
signal, indicating significant aggregation with the use of this method.

Stock solutions of gangliosides or heparin were prepared at high
concentrations (approx. 100–200 mM), adjusted to pH 7.2 and added directly
to the NMR tube. All NMR experiments were carried out on a Bruker
DRX-500 spectrometer equipped with a cryoprobe, and operated at 13◦C. 15N
HSQC (heteronuclear single-quantum correlation) experiments used gradient
selection for water suppression and water flipback pulses to minimize loss of
magnetization through exchange and relaxation processes. The three-dimensional
TOCSY-HSQC spectrum incorporated solvent suppression using gradients, with
a 35 ms spin-lock at 8.3 kHz decoupler power. Processing of NMR data used
FELIX (Accelrys, San Diego, CA, U.S.A.), and titration data were analysed
using home-written scripts. Cross-peak intensities were measured within FELIX,
transferred to a text file, and fitted to an exponential decay using a Marquardt
non-linear least-squares fitting based originally on a Numerical Recipes algorithm.
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Angular Dependent NMR Experiments

DMPC and GM1 ganglioside were purchased from Sigma (St. Louis, MO,
USA). Aβ(1-40) and 13C labeled DAEFRHDSGYEVHHQKL[1-13C]V18FF[3-
13C]A21EDVGS-NK[2-13C]G29AIIGLMVGGVV were synthesized in a stepwise
fashion on Fmoc-Val-PEG-PS resin (PE Biosystems, Tokyo, Japan) by a
PioneerTM peptide synthesizer (PE Biosystems) using Fmoc chemistry. After
synthesis, the peptides were cleaved from the resin by treatment with a mixture
of TFA(trifluoroacetic acid), phenol, triisopropylsilane and water (88:5:2:5 vol%)
for 2 hours at room temperature. The precipitated peptide was washed repeatedly
with cold diethylether. Then, the crude peptide was purified by preparative liquid
chromatography.

13C- labeled Aβ peptide in the presence of DMPC bilayer was prepared by
drying the DMPC under a stream of nitrogen gas from methanol/chloroform
solution, and then in vacuo, followed by hydration with 60% water by weight
of lipids wherein the content of DMPC lipids. Repeated freezing and thawing
were performed after hydration. For the preparation of oriented samples, DMPC
(or DMPC/GM1, 10:1) was dissolved in methanol/chloroform (1:1) and Aβ was
dissolved in benzene. These solutions were mixed and spread onto 0.1 mm thin-
glass plates (5×9 mm) and then dried under vacuum for 24h. The dry plates and
a small amount of water were then stacked in a 10ΦNMR tube (20 mm length).
Water was added to achieve 60% hydration. The sample was then sealed with a
Teflon cap and epoxy resin and incubated at 45° for 4 days.

High power proton-decoupled 31P NMR spectra were performed on a
Chemagnetics CMX 400 spectrometer operating at a resonance frequency of
397.79 MHz for 1H and 161.03 MHz for 31P. A static double-resonance probe
equipped with a goniometer was used. 31P NMR spectra were recorded for the
oriented samples. 31P NMR spectra of sonicated lipid bilayer were also recorded
in a solution NMR spectrometer. For the 31P NMR experiments, typical NMR
parameters were 7-8 μs (90°) pulse length, 3 s recycle delay and 1000~2000
scans. The 31P chemical shifts in ppm were referenced to H3PO4.

High resolution 13C solid- and liquid-state NMR spectra were recorded on a
Chemagnetics CMX-400 and JEOL α-500 NMR spectrometer respectively. For
the former, 13C CP-MAS and DD-MAS (dipolar decoupled magic angle spinning)
NMR with a single pulse excitation method were recorded. The π/2 pulse for
carbon and proton nuclei was 5 μs and a 1H decoupling frequency of 60 kHz
was used. Contact time was 2msec and spinning rate was 8kHz. Free induction
decays were usually acquired with 512 data points. The 13C chemical shifts were
referenced to adamantane [(28.8 ppm from tetramethylsilane (TMS)] and then
expressed as relative shifts from the value of TMS.

Results and Discussion

Structural Change of Aβ(1-40)-Ganglioside System with Solution NMR

The HSQC spectrum is shown in Figure 2. Almost all backbone signals are
resolved. At 13°C, all signals are found except for theN-terminal residue andHis6.
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His14 gives a weak signal, as expected because of rapid amide exchange under
these conditions (29). The reason for the absence of His6 in our HSQC spectra is
less clear, but it was also not observable by Hou et al. (28). On the basis of the
chemical shifts, we concur with other authors (28, 30) that the peptide is a random
coil in aqueous solution. The majority of HSQC peaks in Aβ(1–42) has been
assigned in the same way, but the assignment is somewhat less complete due to
its rapid aggregation, which limits the time available for three-dimensional NMR
experiments. The signals from Aβ(1–42) have very similar chemical shifts to
those of Aβ(1–40) except at the C-terminus, implying that there are no significant
conformational differences between them.

Figure 2. HSQC spectrum of 15N-labelled Aβ-(1–40) in water, pH 7.2, 13°C. The
small unlabelled peak at (1H=7.2, 15N=119 p.p.m.) is probably an arginine side

chain NH. Single-letter amino acid codes are used.

GM1 forms micelles with a critical micelle concentration in the low
micromolar range (31). Thus, at concentrations >100 μM, as used here, it is
essentially 100% micellar. Upon titration of GM1 micelles into Aβ(1–40),
chemical shift changes are seen in the NMR spectrum, as shown in Figure 3 (left).
The chemical shift changes are very small, but are reproducible and specific, since
many residues have essentially no change in shift. Smaller chemical shift changes
have been demonstrated to be biologically relevant on many previous occasions
(32, 33). Almost all of the chemical shift changes occur in the N-terminal half of
the peptide, and are close to potentially positively charged residues: Glu3–Arg5
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(close to Arg5 and His6) and Val12–Leu17 (close to His13, His14 and Lys16).
However, the pKa values of the three histidine residues are all approx. 6.5 (34).
Hence, at the pH of our measurements, 7.2, most of the histidine residues should
be unprotonated.

We therefore expect that the only residues significantly positively charged at
this pH should be Arg5 and Lys16, together with Lys28. This makes it unlikely
that the chemical shift changes are due only to Coulombic interactions with the
single negative charge in the GM1 headgroup, the sialic acid.

Figure 3. Chemical shift changes in Aβ-(1–40) upon the addition of GM1(Left)
and asialo-GM1(Right) to 200 μM peptide in water. Each box shows the

results for a different residue, with 1H shifts horizontal (increasing left to right,
total range ± 0.02 p.p.m (Left) and 0.015ppm (Right) and 15N shifts vertical
[increasing from bottom to top, total range ±0.1 p.p.m (Left) and 0.075ppm
(Right)]. This representation therefore resembles the change seen in an HSQC
spectrum, except that the directions of the axes are reversed. The start of the
titration is indicated with a filled circle, and subsequent titrations contain 1, 2, 4
and 8 equivalents of GM1. The size of the circles approximates the experimental
uncertainty. No data are shown for His6 because it could not be observed.

Single-letter amino acid codes are used.

In order to confirm this, a further titration has been carried out at an
approximate physiological salt concentration (150 mM NaCl), which should
markedly reduce purely Coulombic interactions in water. The results show
reduced chemical shift changes, indicating a loss of affinity (data not shown).
Residues 14–17 still shift, but the changes seen in residues 3–13 are much
reduced. This implies that, although some of the binding and the chemical shift
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changes are primarily Coulombic in origin, others (and in particular the changes
seen in residues 15–17) are much less so. We note that other authors have
concluded that binding to GM1 is not primarily Coulombic, although again there
are clearly Coulombic interactions (22, 35, 36).

A further titration of Aβ(1–40) has been carried out, using micelles of asialo-
GM1. The results are shown in Figure 3 (right), in which the chemical shift ranges
used in the plot are 75% of those used for Figure 3 (left); it can be seen that
chemical shift changes with asialo-GM1 are similar to those seen for GM1 but are
reduced in magnitude for equivalent concentrations by approx. 25%. A reduction
is expected in shift magnitude, because asialo-GM1 is known to bind less tightly
than GM1 to Aβ. The extent of the binding has been reported differently before.
Choo-Smith et al. (35) reported no binding at all to asialo-GM1, while a factor
of 2 was also reported (37). Our data agree better with the latter result (37). The
overall similarity of the chemical shift changes for GM1 and asialo-GM1 implies
that the binding interactions are similar, although with some differences in the
region of His13–Gln15. This result therefore also implies that the interaction is not
dominated byCoulombic forces, since asialo-GM1 has no charge in the headgroup.

Interaction between β-Amyloid and Lipid Bilayers

In order to clarify the orientation of lipid bilayers with GM1 ganglioside as
a function of Aβ(1-40) peptide concentration, we have recorded the orientational
behavior of DMPC lipid bilayers using angular-dependent solid-state 31P NMR
experiments. The 31P chemical shift tensors of phospholipids are represented
graphically by an ellipsoid. The three main axes of the ellipsoid represent the
main tensor elements δ11,δ22,δ33. The chemical shift that is measured at a certain
orientation of the molecule corresponds to the length of a vector parallel to
the magnetic field direction. Thus the chemical shifts indicate the tilt of the
phospholipids with respect to the magnetic field and/or the mobility of the lipid
bilayers. In the case of a completely oriented lipid bilayer, 31P NMR peaks
obtained with aligned samples are narrow and there is only a small powder
resonance under the aligned signal.

In a first set of experiments, we have obtained 31P solid-state NMR spectra of
glass-plate aligned DMPC samples as shown in Figure 4. These results indicate
that the DMPC lipid bilayer is completely oriented on the glass plates. The 31P
chemical shift values of DMPC move to high field on changing the alignment
axis from 0° to 90° relative to the magnetic field B0. Figure 4(c) and (d) show
angular-dependent 31P NMR spectra of a DMPC/GM1 ganglioside system. The
behavior of this system is similar to the result in a DMPC lipid bilayer alone,
implying that the addition of GM1 ganglioside does not significantly perturb the
structure of the DMPC bilayer.

Figure 5 illustrates the 31P NMR spectra of a mechanically oriented DMPC
bilayer as a function of the angle (θ) between the applied magnetic field and bilayer
normal. The left, central and right traces correspond to the 31P NMR spectra of
DMPC/Aβ(1-40) molar ratios of 30:1, 20:1 and 10:1, respectively. Four peaks
can be distinguished whose positions vary with the angle, while an isotropic peak
remains almost at the same position independent of orientation angle (peak 3 in
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Figure 5). In particular, the outermost pairs among the four peaks exhibit an
orientation-dependent displacement of peaks (peak 1 and 2 in Figure 5). Peak 4 in
Figure 5 represents the edge of the powder pattern of the lipid bilayers. In addition,
the separation of the outer and inner peaks varies with orientation, corresponding
to the effective chemical shift anisotropies (CSAs) of the phosphodiester moieties
(Δ = δ// - δ⊥), as summarized in Table 1.

The anisotropy values of the outer and inner pairs decrease from 43.4 and
30.9 ppm, respectively, at a low proportion of Aβ (1-40) to 38.0 and 22.9 ppm at
a higher ratio (Table 1). The most anisotropic component (i.e., most ordered) is
attributed to a lamellar bilayer, in agreement with the observed CSA values. The
component with reduced anisotropy is assigned to a different and therefore non-
lamellar structure, most likely the hexagonal H11 form (38), based on its orientation
dependence and the fact that the observed CSA value is approximately one-half the
value measured for the bilayer structure (39, 40). The isotropic peak is assigned
to a disordered component showing rapid isotropic averaging. The most likely
origin of this peak is the micellar components. We note that the chemical shift of
the ‘isotropic’ signal varies with alignment. This is not inconsistent with micellar
structure because micelle chemical shifts will still show orientation dependence
because of differences in bulk magnetic susceptibility.

Table 1. Chemical shift difference between the parallel and perpendicular
components of the 31P shift of DMPC lipid bilayer in the presence of Aβ

(1-40)

Most significantly, the anisotropies of the ordered components are reduced
with increased proportion ofAβ (1-40) (Figure 5, (a) to (b) to (c)). This observation
is consistent with insertion of Aβ (1-40) into the membrane, because the observed
anisotropies are averages of the large anisotropy arising from free lipids and the
smaller anisotropy arising from lipids in direct contact with the peptide.
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Figure 4. 1D 31P 1H-decoupled solid-state NMR spectra of oriented DMPC
samples at 35°C. θ is the angle between the bilayer normal and B0 (see insert).
(a) Oriented DMPC bilayer sample with the order axis parallel to the magnetic
field. (b) Oriented DMPC bilayer sample with the order axis perpendicular to
the magnetic field. (c) and (d) Oriented bilayers of DMPC:GM1-ganglioside in
molar ratio 10:1 in molar ratio, with the order axis respectively parallel and

perpendicular to the magnetic field.

307

D
ow

nl
oa

de
d 

by
 D

U
K

E
 U

N
IV

 o
n 

Ju
ne

 2
0,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

01
8

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 5. 31P solid-state NMR spectra of macroscopically oriented DMPC
samples incorporating varying ratios of Aβ(1-40) at 35°C as a function of the
angle between the bilayer and the magnetic field. DMPC/Aβ(1-40) molar ratios
were (a) 30:1, (b) 20:1, (c)10:1 respectively. θ is the angle between the bilayer
normal and B0. Asterisk indicates an isotropic peak. From their intensities these

are identified as the parallel and perpendicular components, respectively.

Next, we measure the 31P angular-dependent NMR spectra of a range of
DMPC/ GM1 ganglioside systems in the presence of Aβ (1-40), as shown in
Figure 6. No orientational distribution for DMPC molecules is observed at a
DMPC/GM1 ganglioside ratio of 5:1 (data not shown). Therefore, we decide to
perform an experiment using a ratio of DMPC to GM1 ganglioside of 10:1. In this
case, it is notable that the relative intensity of the isotropic peak is substantially
increased. With increasing concentration of Aβ (1-40) peptide, the intensity of
the isotropic signal gradually increases further.

This result indicates that the lipid bilayer is gradually disrupted with
increasing Aβ (1-40) peptide concentration, again highly suggestive of insertion
of Aβ into the membrane.
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Figure 6. 31P solid-state NMR spectra of macroscopically oriented DMPC/GM1
samples incorporating varying ratios of Aβ(1-40) at 35°C as a function of the
angle between the bilayer and the magnetic field. DMPC/GM1/Aβ(1-40) molar
ratios were (a) 20:2:1 (b) 10:1:1 (c) 10:1:1.5 respectively. θ is the angle between

the bilayer normal and B0.

Figure 7. Changes of isotropic signal fraction of DMPC/Aβ and DMPC/GM1/Aβ
depend on lipid/Aβ ratio. Triangle is the DMPC/Aβ sample and square is the

DMPC/GM1/Aβ sample.
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The fraction of the lamellar structure of DMPC decreases with respect to
that of DMPC without Aβ(1-40) peptide. A similar decrease in the proportion
of oriented phospholipids on glass plates has also been reported in the presence
of other membrane-bound peptides (41). As expected, the chemical shifts of the
two oriented components are dependent on their angle relative to the magnetic
field. In the case of the DMPC/GM1/Aβ system, the oriented components make
up only about 60% of the observed DMPC signal. It appears that the fraction of
isotropic component in DMPC/ Aβ(1-40) peptide samples depends on the amount
of Aβ(1-40) peptide present. However, the proportion of the isotropic lipids is
almost independent of lipid/peptide ratio when GM1 is present, as shown in Figure
7.

Figure 8 illustrates the 13C CP-MAS ((e) and (f)), DD-MAS ((c) and (d))
and solution NMR (b) spectra of 13C labeled Aβ (1-40), DAEFRHDSGYEVH
HQKL[1-13C]V18FF[3-13C]A21EDVGSNK[2-13C]G29AIIGLMVGGVVI, in the
presence of DMPC bilayer, recorded both at 38º and 21ºC, and also the solution
NMR spectrum of sonicated lipid only (a). The 13C NMR spectrum of DMPC in
the sonicated single vesicle has very sharp signals and serves as a reference for the
peaks arising from lipid itself. The CP-MAS technique emphasizes signals from
the more rigidly structured components, whereas DD-MAS tends to emphasise
more mobile components (42, 43). It is noted that the 13C NMR signals of fatty
acyl chains at 32 and 30 ppm can be very conveniently utilized as a probe to
determine the state of the lipid phase as either the gel or liquid crystalline states,
respectively (44). Therefore, it is clear that the 13C CP-MAS NMR peaks of the
fatty acyl chains show the presence of a mixture of gel and liquid crystalline lipids
(6:4) at 38 ºC but gel phase alone at 21ºC.

At least three kinds of different forms can be distinguished for Aβ (1-40)
peptide: random coil, β-sheet, and transmembrane-type α-helix structure; they can
be characterized by liquid state, CP-MAS and DD-MASNMR, respectively, in the
presence of lipid bilayer as judged from the conformation-dependent displacement
of peaks (45, 46) The 13CCP-MASNMR spectra recorded at 38ºC and 21ºC clearly
exhibit the characteristic peaks of a β-sheet form as judged from the peak-positions
of Ala21 Cβ at 20.3 ppm, and Val18 C=O at 170.1 ppm (Figure 8(e) and (f)). It is
therefore concluded that the Aβ peptide is likely to exist in a mixture of monomeric
and oligomeric states in the presence of phospholipids: theAβ peptideswhich form
β-sheet structure are likely to be oligomeric (i.e., the fibrils or protofibrils observed
in many other studies), whereas the Aβ peptides which take on a small amount of
α-helical structure are most likely to be monomeric. Moreover, it is suggested that
these structural differences usually exist in an each domain rather than in single
molecules.

It is noteworthy that very sharp isotropic Ala21 Cβ, Gly29 Cα and Gly18 C=O
signals (Figure 8(b)) can be ascribed to Aβ incorporated into micelles, the presence
of which is confirmed by an isotropic 31P NMR signal in the presence of this
protein (Figure 5). The Ala21 Cβ signal at 16.5 ppm is characteristic of α-helical
conformation and not random coil (16.7 ppm). Surprisingly, this signal, as well
as that from Gly29 Cα, which are clearly visible on liquid-state NMR, is almost
completely suppressed when the sample is analyzed with both CP-MAS and DD-
MASNMR. This suppression is ascribed to a well-known phenomenon: the failure
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of the necessary high-power proton decoupling to produce high-resolution signals
when the incoherent fluctuation frequency of peptide chains in liquid crystalline
lipids interferes with the coherent frequency of proton decoupling (60 kHz) (45,
47). If so, it is expected that such suppressed peaks can be recovered, at least
partially, either by reducing the fluctuation frequency by lowering the temperature,
or by reducing the decoupling frequency to some extent, from the original 60 kHz
to 37 kHz, for instance. Consistent with this expectation, we found that the peak
intensity of Ala Cβ is more evident when the decoupling frequency is reduced
in the DD-MAS (Figure 7(c)), and the Gly Cα signal is also more visible at low
temperature in the gel phase lipid, as viewed from the peak-position of fatty acyl
chain (Figure 8(a)).

We have shown in this paper that the bilayer structure is strongly perturbed
by the presence of Aβ (1-40) peptide and also GM1, yielding a fraction of
anisotropic but non-lamellar structure, suggested to be the hexagonal H11
structure. At the same time, the proportion of an isotropic lipid phase such as
micelle or single-vesicle increases, as determined from 31P NMR spectra. Such
perturbation to the bilayer is significantly more prominent when GM1 is present.
The assignment of the non-lamellar phases to H11 and micellar structures is based
partly on the observation that lipid polymorphic structure is strongly related to
the shape of lipids: a cylindrical lipid such as phosphatidylcholine favors bilayer
structure, while cone-like lipids such as (unsaturated) phosphatidylethanolamine,
cardiolipin and phosphatidic acid-Ca2+ prefer to take on a hexagonal H11 forms
(38). Furthermore, an inverted cone such as GM1 favors a micellar structure.

Non-lamellar lipid structures, such as that revealed here by 31P NMR, have
been reported for a number of biological membranes containing proteins such
as erythrocyte (ghost) (47), rat, bovine and rabbit liver microsomal membranes
(48, 49), and cytochrome P-450 membrane (49). Several peptides including
gramicidin, alamethicin, α-helical peptides, and antimicrobial peptides have also
been shown to perturb bilayer structure to form non-lamellar hexagonal H11
lipids by peptide-induced changes in lipid phases (50–55), in addition to the
effect of lipid molecules themselves as mentioned above. The hydrophobicity
and conformational flexibility of transmembrane peptides in lipid bilayers can
affect their propensity to induce the formation of inverted non-lamellar phases
by mechanisms not dependent on mainly lipid-peptide hydrophobic mismatch
(54), although we note that a theoretical interpretation of a mechanism of the
lamellar-to-inverted hexagonal phase transition has also been proposed, in relation
to the membrane fusion process (56, 57) For this reason, it is likely that the effect
of Aβ (1-40) arises from interaction with the lipid bilayer, following an initial
penetration into the bilayer. The effect of ganglioside, however, on modulation of
lamellar-inverted micelle (H11) phase transition has been examined in relation to
biomembranes and shown to vary depending upon the relative concentration of
ganglioside to lipids (56).

Our 13C NMR study indicates that Aβ (1-40) together with GM1 plays an
important role to disrupt bilayer structure to form non-lamellar lipid and micelle
by its penetration into bilayer and taking on an α-helical form. As a result, the
Ala Cβ 13C NMR peak was almost completely suppressed on both CP-MAS and
DD-MASNMR spectra recorded at 38°C but was partially recovered on DD-MAS
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NMR spectra utilizing reduced proton decoupling (Figure 5(c)). This means that
the features of their 13C NMR spectra are strongly influenced by the fluidity of
lipid molecules.

Figure 8. 13C CP-MAS and DD-MAS NMR spectra of selectively 13C-labeled Aβ
(1-40) peptide incorporated into lipid bilayers. (a) lipid only, (b) liquid state
NMR at 38°C, (c) DD-MAS NMR, using reduced high-power decoupling of 34
kHz at 38°C, (d) DD-MAS NMR at 38°C, (e) CP-MAS NMR at at 38°C, and (f)
CP-MAS NMR at 21°C. The molar ratio of DMPC : Aβ peptide is 10:1 in each

spectra except of Figure 5(a).

This study is ‘non-physiological’ in that the lamellar structure is allowed
to reform slowly in the presence of Aβ. It may therefore be argued that our
observation of interaction of Aβ with lipid tails is not relevant. In response,
we note that the current mixed film method is commonly used to incorporate
hydrophobic transmembrane peptides in lipid bilayers. Otherwise, such peptides
remain outside of the bilayer by forming β-sheet aggregates. Indeed, Separovic
and co-workers have been shown that addition of Aβ(1-42) to preformed bilayer
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resulted in precipitate on the lipid surface with little effect on the hydrocarbon
region of the lipid bilayer and also found that 31P isotropic peak was formed
only when the peptide and lipid were co-solubilized for Aβ(1-42) peptides. (13).
Therefore, the current mixed film method is very important in gaining insight into
whether or not the peptide is thermodynamically capable of being incorporated
into bilayers. Since the onset of Alzheimer’s is a very slow process, it is entirely
reasonable to argue that it is the thermodynamically rather than the kinetically
preferred product that will eventually prevail.

It is still premature to relate fibrillation of Aβ (1-40) in vitro with subsequent
neurodegenerative disease. However, it is interesting to note that we observe
β-sheet conformation of Aβ, presumably on the lipid surface. GM1 is closely
associated with transmembrane signaling, leading to the interesting possibility that
aggregation and fibrillisation of Aβ on the membrane surface could interfere with
signaling at synaptic junctions. Moreover, we have shown that the interaction with
ganglioside GM1 micelles is localized to the N-terminal region of the peptide,
particularly residues His13 to Leu17, which become more helical when bound as
referred to above (27). This is consistent with the present data, although here
the importance of interaction with fatty acyl chains is emphasized together with
formation of non-lamellar structure and micelle formation. This study has shown
that GM1 facilitates the membrane disruption caused by Aβ peptide. Indeed, this
view is consistent with insertion of Aβ peptide into lipid bilayer to cause disruption
of bilayer structure (17), although this is in contrast to an alternative view which
emphasizes a cholesterol-dependent cluster of GM1 in membranes (16).

Conclusion

In order to clarify the interaction between β-amyloid and lipid bilayers
including ganglioside, we first demonstrate using solution state NMR on
15N-labelled Aβ(1–40) and Aβ(1–42) that the interaction with ganglioside GM1
micelles is localized to the N-terminal region of the peptide, particularly residues
His13 to Leu17, which become more helical when bound, leaving the C-terminal
region unstructured (27). Furthermore, the insertion of Aβ peptide into lipid
bilayer to form a micellar structure is proposed on the basis of a monolayer
study (17). Secondly, we obtain 1H decoupled 31P solid-state NMR spectra
of dimyristoylphospatidylcholine (DMPC) and DMPC/GM1 ganglioside in a
mechanically oriented system in the presence of Aβ(1-40) in order to clarify
the behavior of Aβ in the presence of GM1 ganglioside. Finally, we record the
spectra from 13C-labeled Aβ peptide by CP-MAS and DD-MAS NMR, as well as
low-power solution NMR to determine conformational features of the Aβ peptide
in the presence of lipid bilayers.

In the case of solution NMR experiment, we demonstrate Aβ binding in the
low micromolar range to GM1 and asialo-GM1, but no measurable binding to the
isolated GM1 headgroup. Several experiments (both ours and those of others (33))
demonstrate that although there may be a Coulombic element to the binding, the
interactions are not limited to Coulombic ones. Our results are therefore relevant
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to the physiological situation where salt concentration is higher and Coulombic
interactions are weaker.

The chemical shift changes reported here demonstrate binding of Aβ to GM1
micelles, which is localized to the N-terminal half of the peptide. We confirm that
binding to asialo-GM1 is weaker, specifically with differences around residues
12–15 which include His residues. This conclusion is radically different from
an earlier NMR study [34]. However, that earlier study was carried out using
SDS(Sodium Dodecyl Sulfate) micelles which might explain the discrepancy.

Above all, we find that Aβ (1-40) strongly perturbs the bilayer structure of
DMPC to form either a non-lamellar structure or micelles. In particular, GM1
accelerates the effect of Aβ (1-40), as viewed from 31P NMR. Such effect may
arise from direct contact with fatty acyl chains of lipids by inserting Aβ (1-40) into
the bilayer. The difference of the isotropic peak intensity between DMPC/Aβ and
DMPC/GM1/Aβ suggests the presence of a specific interaction between Aβ and
GM1 ganglioside. We show that in the DMPC/GM1/Aβ system there are three
lipid phases, a completely aligned phase, a hexagonal phase, and non-oriented
lipids(or smaller vesicle structures (13)). The formation of latter two phases are
induced by the presence of the Aβ peptide and facilitated by GM1.
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Chapter 19

Characterization of Microbial Poly(ε-L-lysine)
and Its Derivatives by Solid-State NMR

Shiro Maeda,*,1 Chizuru Sasaki,2 and Ko-Ki Kunimoto3

1Division of Applied Chemistry and Biotechnology, Graduate School of
Engineering, University of Fukui, Japan

2Department of Life System, Institute of Technology and Science,
The University of Tokushima, Japan

3Division of Material Engineering, Graduate School of Natural Science
and Technology, Kanazawa University, Japan

*E-mail: smaeda@u-fukui.ac.jp

The molecular structure and conformation of microbial
poly(ε-L-lysine) (ε-PL) and its derivatives in aqueous solution
and in the solid-state have been studied with liquid-state 1H
and 13C NMR, and solid-state 13C and 15N NMR, together with
FT-IR, FT-Raman, and circular dichroism (CD) techniques.
CD and vibrational spectroscopic results indicate that ε-PL
assumes a β-sheet conformation in aqueous solution and in
the solid state. Solid-state 13C NMR spectra of the crystalline
and the amorphous components were obtained separately by
utilizing difference in 13C spin-lattice relaxation times between
the two components. The degree of crystallinity was estimated
to be 63%. Conformation models of the crystalline component
were also discussed. Chemically modified derivatives of ε-PL,
ε-PL/MO and ε-PL/DC were prepared through reactions with
methyl orange (MO) and dabsyl chloride (DC), respectively.
Characterization of these derivatives was carried out by
solid-state 13C and 15N NMR. In ε-PL/MO side chain α-amino
groups of ε-PL are involved in ionic bonds with methyl orange
(MO) to form poly-ionic complexes, (ε-PL)-NH3+ SO3−-(MO).
In contrast, the α-amino groups react with DC in ε-PL/DC to
form covalent sulfonamide bonds, (ε-PL)-NH-SO2-(DC). The
15N NMR data are consistent with these structures.

© 2011 American Chemical Society
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Introduction

In recent years, there has been considerable interest in biopolymers
because of concern over the environmental impacts arising from the disposal
of petroleum-based plastics (1). Biologically derived polymers have been
extensively investigated as biodegradable polymers as a means of reducing
environmental impact (2). Natural poly(amino acid)s are a class of biodegradable
polymers mainly composed of one type of amino acid. Three poly(amino acid)s
which are known to occur in nature: poly(ε-L-lysine), Poly(γ-glutamic acid), and
cyanophycin (3, 4). Microbial production of ε-PL was first discovered by Shima
and Sakai from a culture filtrate of Streptomyces albulus (5). They studied the
detailed fermentation conditions and reported the physicochemical properties of
microbial ε-PL (6–8). The ε-amino group of L-lysine is linked to the α-carboxyl
group to form a peptide bond in a ε-PL molecule. (Scheme 1) Chemical synthesis
of ε-PL was also reported by Kushwaha et al. (9). Owing to antibacterial activities
against a broad spectrum of microorganisms, ε-PL has found application as a
preservative for various food products (10).

Scheme 1. Repeating units of ε-PL.

ε-PL is water-soluble and biodegradable, in addition to exhibiting
antibacterial activities. An understanding of the structure and the conformation
is prerequisite for functionalization of ε-PL (11). We have studied the molecular
structure and the conformation of ε-PL in aqueous solution (12–14) and those
of dabsylated ε-PL in aqueous DMSO solution (15). It is conceivable that
the four methylene groups in the backbone of ε-PL endow the polymer with
considerable conformational flexibility compared to the case of poly(α-L-lysine).
The pH dependent IR and CD spectra have indicated that ε-PL assumes a β-sheet
conformation in aqueous solution, the content of which is dependent on the chain
length and the pH (14). We have characterized the structure and the conformation
of ε-PL in the solid-state for the first time by FT-IR, FT-Raman and 13C solid-state
NMR (16). Since the primary structure of ε-PL is related to nylon 6, the spectral
features were compared with those of nylon 6. On the basis of these spectroscopic
data, a conformation model was proposed for the crystalline component of ε-PL.
We also carried out structural investigation of ε-PL–azo dye derivatives using
solid-state 13C and 15N NMR (17). Polymers containing azobenzene moieties in
a side chain have potential application as an optical materials (18, 19). When
methyl orange (MO, 4-dimethylamino-azobenzene-4’-sulfonic acid) is added to
an aqueous solution of ε-PL, the ε-PL/dye complex precipitates out of solution.
This procedure has been generally utilized for the determination of free amino
groups in peptides and proteins (20). Likewise, ε-PL also forms a water-insoluble
compound in the reaction with an amino labeling reagent, dabsyl chloride (DC,
4-dimethylaminoazobenzene-4’-sulfonyl chloride). 13C and 15N solid-state NMR
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measurements of ε-PL and its derivatives have been reported, and molecular
interaction between ε-PL and the dye discussed.

Scheme 2. Preparation of ε-PL derivatives.

Experimental Section

Materials

Microbial ε-PL (free form, ε-PL) was produced from the culture broth of a
variant of Streptomyces albulus (No. 346) by Chisso Corporation, Japan according
to a reported procedure (21). Methyl orange (MO), dabsyl chloride (DC) and
other reagents were purchased from Tokyo Kasei Kogyo, Japan, and used without
further purification. The HCl salt form of ε-PL, ε-PL/HCl was prepared with
hydrochloric acid according to a reported procedure (13). ε-PL/MO and ε-PL/DC
(Scheme 2) were prepared as follows. ε-PL (26 mg, 0.2 mmol) and MO (65.4 mg,
0.2 mmol) were mixed and dissolved in 400 ml of 0.1 M phosphate buffer solution
(pH 6.0) and the pH was adjusted to 6.0-7.0 by adding 0.1-1.0 M hydrochloric
acid. The molar ratio of [MO]/[lysyl residue] used here corresponds to 1.0. The
solution was allowed to react for 4 h at room temperature. When the solution
volume was reduced to about 150 ml by evaporation, a precipitate was formed.
After centrifugation for 15 min, the orange products were taken out and dried in
vacuo. ε-PL/DC was prepared according to the conventional Schotten-Baumann
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reaction. To a 100 ml MeOH solution of dabsyl chloride (162 mg, 0.5 mmol)
containing triethylamine (152 mg, 1.5 mmol), 64 mg of ε-PL (0.5 mmol) was
added. The mixture was allowed to stand at room temperature for 20 h. The
resulted reddish-orange precipitate was collected by centrifugation. The product
was washed with distilled water several times. ε-PL/Boc (t-butoxycarbonyl)
(Scheme 2) was also prepared through tert-butoxycarbonylation using Boc
anhydride as a reference compound, which is a completely N-substituted ε-PL
derivative. The degree of chemical modification was estimated from 1H NMR
spectra of DMSO-d6 solutions, by using integral values obtained from the number
of -CH2- protons of ε-PL and appropriate protons of the chemical modifier. The
apparent degree of chemical modification was 90 % for ε-PL/MO and 83 % for
ε-PL/DC.

Measurements and Instruments

Nuclear Magnetic Resonance (NMR)

High-resolution solid-state 13C and 15N NMR spectra were measured
with Chemagnetics CMX Infinity 300 operating at 75.6 MHz and 30.0 MHz,
respectively, at room temperature. A 62.6 kHz r.f. field strength was used for a
proton 90º pulse, with cross polarization and decoupling. A sample in powder
form was contained in a cylindrical rotor of zirconia ceramic. The rotor diameter
was 5 mm for 13C and 7.5 mm for 15N, and the rotor was spun at 7.0 kHz and
5.0 kHz, respectively. Contact time was 1ms, and repetition time was 2 sec.
The number of scans was about 12,000 for 13C and about 40,000 for 15N. 13C
signal of methyl carbon of hexamethylbenzene was externally referenced to 17.35
ppm. 15N signal of glycine was externally referenced to 32.5 ppm from ammonia
(liq. NH3, 25ºC). 1H, 13C, 1H-1H COSY and 1H-13C COSY NMR spectra of
ε-PL were measured either in trifluoroacetic acid-h (TFA-h), TFA-d or D2O
solutions with a JEOL JNM-GSX 400 NMR instrument at room temperature.
Chemical shifts were calibrated through an internal standard, TMS or sodium
2,2’-dimethyl-2-silapentane-5-sulfonate-d6 (DSS).

IR, Raman, and Circular Dichroism (CD) Spectroscopies

The IR spectra were recorded on a Perkin Elmer 1650 FT-IR spectrometer by
averaging 64 scans with a resolution of 4 cm-1. The spectra were measured as KBr
pellets and nujol mulls. The FT-Raman spectra were obtained on a Perkin-Elmer
2000R spectrometer equipped with a quartz beam splitter and InGaAs detector.
The 1064 nm line of a Spectron Laser System SL300 Nd: YAG laser was used as
the exciting source with an output power of about 200 mW at the sample position.
All spectra were accumulated for 60 scans with a resolution of 4 cm-1. CD spectra
were measured with a JASCO J-600 spectropolarimeter by courtesy of JASCO
Ltd.
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Gel Permeation Chromatography (GPC)

Molecular weights and their distributions were determined using the standard
set-up of GPC-LALLS (Gel Permeation Chromatography combined with a Low
Angle Laser Light Scattering detector, Waters model ALC/GPC 244). Ion-pair
chromatography of ε-PL was carried out on a reverse-phase ODS column (L-
Column, Chemicals Evaluation and Research Institute, Japan).

Results and Discussion
Physical Properties of ε-PL

ε-PL is a white crystalline powder that shows a glass transition temperature
(Tg) at 88°C and a melting point (Tm) at 172.8°C. These values are comparable
with the typical values of nylon 6 (Tg 56 °C, Tm 221 °C). Figure 1 shows a HPLC
ion-pair chromatogram of ε-PL. The chromatogram is clearly resolved according
to the degree of polymerization (n). ε-PL exhibits a train of peaks where the major
peak population occurs at retention time around 40 min. Using the pentamer and
the decamer as standards for the n value, it is shown that ε-PL has the maximum
distribution in the n = 25-32 range. The number-average molecular weight (Mn)
of ε-PL was determined to be 4,090, which corresponds to n = 32 based on the unit
molecular weight of 128. ε-PL has a relatively narrow molecular weight

Figure 1. HPLC ion pair chromatogram of ε-PL. (Reproduced with permission
from reference (16). Copyright 2003 Elsevier.)

Characterization of ε-PL in Aqueous Solution

Since ε-PL is water-soluble, we examined the molecular structure and the
conformation of ε-PL in water (12–14). Secondary structure of ε-PL is expected
to change with the dissociation state of side chain α-amino groups and end groups.
We measured the pH (or pD) dependence of NMR spectra of ε-PL, and a series
of ε-PL oligomers in order to investigate molecular structure dependence on the
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degree of polymerization. Kushwaha et al.(9) reported the chemical synthesis of
ε-PL and discussed the conformation of the polymer in aqueous solution, although
Mn and Mw/Mn of the polymer were not determined. Based mainly on the pH
dependence of CD spectra, they concluded that ε-PL took up an electrostatically
expanded conformation due to repulsion of protonated α-amino groups at acidic
pHs, whereas at basic pHs the conformation changed to something similar to an
antiparallel β-sheet. The plots of the [θ]215 versus the pH values give sigmoidal
curves for all the oligopeptides and the midpoints of the curves coincide with the
reported pKa values of the α-amino groups (pKa=8.5). The spectral similarity
between oligo(ε-L-lysine)and ε-PL suggests that the same conformational change
occurs with a pH variation for both cases. As shown in Figure 2, themicrobial ε-PL
exhibited a similar pH dependence in the CD spectra as that reported by Kushwaha
et al. (9).

The result suggests that a similar conformation change occurred in the
microbially produced ε-PL with pH changes. We synthesized a series of
monodispersed oligo(ε-L-lysine)mers (2-, 4-, 6-, and 8-mers). The pH variation
study of the CD spectra suggested that the oligopeptides exhibited a β-sheet
conformation in aqueous solution at a pH above the pKa of the α-amino group.
The CD band intensity at 215 nm for the high pH solution was dependent
on the number of lysine residues in the oligopeptides, indicating an increased
interchromophore interaction in the higher oligopeptides. IR spectra measured in
D2O also supported the pH-induced conformational change for the oligopeptides
and ε-PL (14).

Figure 2. CD curves of ε-PL at various pH. (Reproduced with permission from
reference (12). Copyright 1991 Kinki Chemical Society, Japan.)
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Figure 3. 1H NMR of microbial and fractionated ε-PL in D2O solution. (N-),
(non-) and (C-) designate resonances of the N-, non- and C-terminal L-lysine
residues, respectively. (Reproduced with permission from reference (13).

Copyright 1993 Kinki Chemical Society, Japan.)

Another evidence for the conformational change comes from the pH titration
of 1H and 13C NMR spectra. Figure 3 shows the 1H NMR spectra of the oligomers
together with that of microbial ε-PL. All the 1H and 13C resonances can be readily
assigned using the off-diagonal peaks in the 1H-1H and 1H-13C COSY spectra: 1H
NMR (pD 6.4) δ=1.40(Hγ), 1.59(Hδ), 1.88 (Hβ), 3.25 (Hε), 3.93 (Hα); 13C NMR
(pD 6.4) δ=24.5 (Cγ), 30.7 (Cδ), 33.4 (Cβ), 41.9 (Cε), 56.0 (Cα), 172.6 (C=O).
Figure 4 shows pD dependence of 1H NMR resonances of the 8-mer. Other
oligomers exhibit similar pH dependence. A characteristic feature of the spectra
of ε-PL and the oligomers are the signals from N-, C- and non-terminal L-lysine
residues. There is only one Hα(C-) per ε-PL molecule which is adjacent to the
COOH moiety. This proton appears at slightly upfield position compared with
Hα(N-, non-) which is adjacent to the amide linkage. Therefore, the ratio I[Hα
(N-, non-)]/I[Hα(C-)] plus 1 should correspond to the degree of polymerization.
The ratios of the signal intensities, not only I[Hα (N-, non-)]/I[Hα(C-)], but also
I[Hε(C-, non-)]/I[Hε(N-)] and I[Hδ (C-, non-)]/I[Hδ(N-)] are correlated with
the degree of polymerization of ε-PL. The pKa values of the ionizable groups
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can be estimated from these curves; pKa(COOH)<3, pKa(Cα-NH2)N-,non-term. ≈8,
pKa(Cα-NH2)C-term. ≈10, pKa(Cε-NH2)N-term. >11. These results suggest that the
dissociation state of the α-NH2 groups plays an important role in the conformation
of the polymer.

Figure 4. pD dependence of 1H NMR resonances of 8-mer. (Reproduced with
permission from reference (13). Copyright 1993 Kinki Chemical Society, Japan.)

The 1H resonances of the Hα, Hβ and Hγ protons neighboring the ionizable α-
amino group are sensitive to pH change of solution. They showed high-field shifts
upon increasing the pD from 7.4 to 10.4. Similarly, 13C resonances of the C=O and
the Cβ carbons of ε-PL showed low-field shifts upon the same pD change. Both
pD titration curves of 1H and 13C NMR spectra showed mid points at pD ca. 9.0.
Furthermore, 13C spin-lattice relaxation times (T1) of all carbons rapidly decreased
upon increasing the pD from 7.4 to 10.4: T1 values (sec) at pD.7.4:Cα (0.51), Cβ
(0.33), Cγ ( 0.37), Cδ(0.34), Cε(0.38), C=O (2.93); at pD10.4: Cα (0.42), Cβ
(0.26), Cγ ( 0.29), Cδ (0.31), Cε (0.27), C=O (2.67). Saito and Smith studied the
helix-coil transition of poly(α-L-lysine) hydrochloride in aqueous solution by 13C
NMR. They found that 13C spin-lattice relaxation times T1 of the carbonyl and
the side-chain carbons decrease sharply at pD 10.2 which is the midpoint of the
transition from the random-coil to the α-helix (22). The decreases in T1 values
can be interpreted in terms of a conformational change. The NMR results together
with the CD data support the pH-induced conformational change when pH exceeds
the pKa of α-amino groups.

Characterization of ε-PL in the Solid State

IR and Raman Measurements

ε-PL samples are highly fluorescent due to impurities, and Raman spectra
obtained with visible excitation contain an enormous fluorescence background.
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FT Raman spectra with near-IR excitation at 1,064 nm were measured in order to
eliminate fluorescence problems (23). Figure 5 shows IR and FT Raman spectra
of ε-PL. Typically α-polyamides exhibit vibrational bands characteristic of the
secondary amide group. It is reasonable to assign the IR and Raman bands of
ε-PL in comparison with α-polyamino acids. In the IR spectrum of ε-PL, the
NH2 asymmetric stretching is observed at 3382 cm-1. The NH stretching band
of the amide group usually appears as a doublet called amide A and amide B
bands. These bands originate from Fermi resonance between the first overtone of
amide II and the N-H stretching vibration and are observed at 3326 and 3081 cm-1,
respectively. Similar frequencies are obtained for the Raman spectra, although
the amide B is unobserved. The low frequency νa(NH2) and the amide A bands
indicate that both the NH2 and the amide NH groups are involved in intra/inter
molecular hydrogen bondings. In general, the amide I, II and III modes for α-
polypeptides are observed at 1680-1630 cm-1, 1570-1510 cm-1 and 1300-1250
cm-1, respectively (24). Since the amide bands are affected by the dipole-dipole
interaction between neighboring amide groups, their frequencies and intensities
are sensitive to the chain conformation (25). The amide I and II bands of ε-PL are
observed at 1633 and 1534 cm-1, both of which fall within the β-sheet conformation
region. If we assume that the spectral region for α-peptides also holds for ω-
peptides, ε-PL has a β-sheet conformation in the solid state. Nylon 6, structurally
related to ε-PL, is known to assume alpha and gamma crystalline forms where the
amide chains participate in the intermolecular hydrogen bonds in either antiparallel
or parallel β-sheet form (26, 27). Frequencies and intensities of the amide bands
in ε-PL are quite similar to those of nylon 6. This spectral similarity also supports
the β-sheet conformation for ε-PL.

Figure 5. IR (a) and Raman (b) spectra of ε-PL. (Reproduced with permission
from reference (16). Copyright 2003 Elsevier.)
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Solid-State 13C NMR Measurements

13C CPMAS NMR spectra of ε-PL are shown in Figure 6(a). Peaks are
well resolved and assigned based on the 1H-1H COSY and the 1H-13C HETCOR
measurements in solution. The chemical shifts and their assignments are
summarized in Table 1. The reported data for nylon 6 are also listed.

Table 1. 13C NMR chemical shifts (ppm) of ε-PL. (Reproduced with
permission from reference (16). Copyright 2003 Elsevier.)

ε-PL nylon 6a

carbon type in D2O in the solidb α-form γ-form

C=O 180.0 178.6
177.1

173.4 173.0

Cα 57.0 57.9 36.7 37.8

Cβ 36.7 38.0 26.5 30.1

Cγ 25.0 27.9 30.4 30.1

Cδ 30.9 34.0
32.9

30.4 34.1

Cε 41.6 40.5 43.6 39.9
a Taken from ref. (33). b Peak maxima in the T1CP crystalline component discrimination
experiment.

We have demonstrated through CD and NMR measurements (14) that
the amide groups of ε-PL are involved in intermolecular hydrogen bonds
with the amide groups of the neighboring molecules, and ε-PL assumes the
β-sheet conformation in D2O solution. Similarity in chemical shifts between
the solution and solid 13C NMR spectra implies that ε-PL also takes on the
β-sheet conformation in the solid state. The C=O and the Cδ signals of the solid
are observed as doublets in contrast with the solution spectrum, which may be
attributed to the co-existence of the two crystal forms or the existence of the two
magnetically inequivalent sites in the asymmetric cell. Hydrogen bonds between
the amide groups in the β-sheet structure lead to down field shift of the C=O
carbon signal. There appears to be a small peak at 164 ppm in Figure 6(a). Dos
et al. found that amino groups of poly(α-L-lysine) can react with atmospheric
CO2 in aqueous and nonaqueous environments to give the carbamates and they
assigned a peak at 164 ppm in 13C spectrum to C=O carbon of carbamates (28).

Recently, we observed that amino groups of ε-PL also react with CO2 in
aqueous solution to give the carbamates. Detailed discussion will be published
elsewhere.
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Polymer Morphology of ε-PL

13C spin-lattice relaxation time in the laboratory frame (T1) can provide
information about polymer morphology. The signal intensities of the respective
carbon are plotted against the relaxation delay time τ in Figure 7. The decay
curves were fitted to a biexponential function decay, M01 exp(-τ/T11) + M02
exp(-τ/T12). Table 2 summarizes the observed T1 values.

Figure 6. 13C CPMAS NMR spectra of ε-PL. (a) normal spectrum, (b) crystalline
component, and (c) amorphous component. Pulse sequences used are normal
CPMAS for (a), T1CP with7 s delay time for (b), and saturation recovery with
200 ms delay time for (c). A peak marked with an asterisk is a spining side band.
(Reproduced with permission from reference (16). Copyright 2003 Elsevier.)
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Figure 7. Plots of peak intensities versus delay times in the 13C T1CP experiment
for ε-PL. ○ Cα;● Cβ; ■ Cγ; ♦ Cδ (34.0 ppm); ▴ Cδ (32.9 ppm); ▾ Cε.

(Reproduced with permission from reference (16). Copyright 2003 Elsevier.)

Table 2. 13C spin-lattice relaxation time in the laboratory frame, T1 (s) of
ε-PL. (Reproduced with permission from reference (16). Copyright 2003

Elsevier.)

carbon type

Component α β γ δ ε

amorphous 1.81 1.13 1.03 1.07 0.84 1.14

crystalline 25.4 48.8 57.6 57.8 66.1 59.1

Here, shorter relaxation times are those of the amorphous component and
longer ones correspond to the crystalline component. The degree of crystallinity
of ε-PL was estimated to be 63 % using fit parameters of the decay curve for
Cα shown in Figure 7. By using the T1CP experiment with the delay time of
7 s and the saturation recovery experiment (29) with the delay time of 200 ms,
signals from the crystalline and the amorphous components can be separately
obtained as shown in Figure 6(b) and 6(c). The amorphous spectrum has much
broader resonances than the crystalline spectrum. This is due to the heterogeneity
of the molecular conformations in the amorphous components. Furthermore,
chemical shifts of the amorphous component are observed upfield compared to
the crystalline one. The upfield shifts and the broadening of the CH2 resonances

328

D
ow

nl
oa

de
d 

by
 D

U
K

E
 U

N
IV

 o
n 

Ju
ne

 2
1,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

01
9

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



are explained by the conformational heterogeneity and the γ-gauche effects in the
amorphous components. Recently, Asano et al. have investigated the crystallinity
and the size of crystalline component of ε-PL in detail (30).

Chain Conformation of ε-PL

It is useful to compare the chain conformations of ε-PL and nylon 6. The
stable α-form of nylon 6 has trans zigzag conformation, and intermolecular
hydrogen bonds are formed in an anti-parallel sense. The less stable γ-form
has intermolecular hydrogen bonds in a parallel sense. The principal structural
difference between the α- and γ-forms is that the amide-to-methylene dihedral
angles are nearly trans in the alpha and nearly perpendicular to the peptide plane
in the γ-form. As previously noted, the amide groups of ε-PL are involved in
intermolecular hydrogen bonds with those of the neighboring molecules and
ε-PL assumes the β-sheet conformation in the solid state. As shown in Table
1, chemical shifts are significantly deshielded for the C=O, α- and β-carbons of
ε-PL compared with those of nylon 6. These chemical shifts can be interpreted
in terms of the substituent effects of α-NH2 group. In contrast, the Cγ carbon of
ε-PL is shielded due to the through space γ-gauche effect of the α-NH2 group
(31). Hydrogen bonds between the amide groups in the β-sheet structure lead to
down field shift of the C=O carbon signal. The large down field displacement of
the C=O of ε-PL may be due to a combination of the NH2 substituent effect and
the hydrogen bond effect. The chemical shift values of Cδ and Cε are similar and
close to those of γ-form nylon 6.

A conformation model for ε-PL described on the basis of the γ-form of
nylon 6 is shown in Figure 8. Sasaki et al. have carried out X-ray analysis of
powder sample of ε-PL using linked-atom Rietveld simulation (32). Based on
the preliminary simulation, they tentatively assigned the ε-PL chain conformation
to the parallel β-sheet similar to the γ-form of nylon 6. Their assignment is
consistent with the present solid state 13C NMR results.

Figure 8. A conformation model of ε-PL based on the parallel β-sheet model of
the gamma form of nylon 6. (Reproduced with permission from reference (16).

Copyright 2003 Elsevier.)
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Characterization of ε-PL Derivatives with Azo Dyes

Solid-State 13C NMR Measurements of ε-PL Derivatives

Figure 9 shows the 13C CPMAS NMR spectra of ε-PL and its azo dye
derivatives. 13C chemical shifts are summarized in Table 3 with those for ε-PL
and ε-PL/HCl. The C=O carbon signal of ε-PL/HCl shifts to upfield about 6 ppm
compared to that of ε-PL. Signals of other chain carbons, except Cγ, also show
upfield shift. These chemical shift displacements are interpreted mainly as the
substituent effect of the NH3+ group upon protonation.

The spectral pattern of ε-PL/MO in the aliphatic carbon region is similar
to that of ε-PL/HCl. The Cε peak of ε-PL/MO and the N-methyl carbon signal
of MO molecule overlap. The peaks in the 112-155 ppm region are due to the
aromatic carbons of ε-PL/MO. The signals of the ε-PL/DC in the backbone
CH2 region (20-40ppm) are much less resolved. The broad and unresolved CH2
peaks suggest that the conformational inhomogeneity of the CH2 chain is due to
the existence of bulky aromatic side chain groups. Since the aromatic carbon
signals of ε-PL/MO and ε-PL/DC overlap one another, it is difficult to distinguish
covalently bonded sulfonamide linkage from poly-ionic complex formation. An
amine-labeling reagent (DC) is expected to be covalently bonded to α-amino
group of ε-PL to make sulfonamide bond, (ε-PL)-NH-SO2-(DC), whereas MO is
expected to be negatively ionized to form ionic bond, (ε-PL)-NH3+SO3−-(MO).

Table 3. 13C NMR chemical shifts of ε-PL and its derivatives in the solid
statea). (Reproduced with permission from reference (17). Copyright 2005

Springer.)
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Figure 9. 13C CPMAS NMR spectra of (a) ε-PL, (b) ε-PL/HCl, (c) ε-PL/BocC,
(d) ε-PL/MO and (e) ε-PL/DC. (Reproduced with permission from reference

(17). Copyright 2005 Springer.)

Solid-State 15N NMR Measurements of ε-PL Derivatives

Figure 10 shows the 15N CPMAS spectra of ε-PL and its azo dye derivatives
(17). The chemical shifts and their assignments are summarized in Table 4. ε-PL
exhibits two distinct 15N peaks at 117 and 26.6 ppm. The former and the latter
peaks are assigned to the main chain NHCO and the α-NH2 groups in comparison
with nylon 6 (33), and chitosan and chitin (34–36). In ε-PL/HCl, the NHCO and
the α-NH2 peaks are observed at 123 and 44 ppm, respectively. These downfield
shifts are attributed to protonation of the α-amino group to form α-NH3+Cl- salt in
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ε-PL/HCl. Similar shift is observed in chitosan blendwith poly(acrylic acid) where
2 % formic acid aqueous solution is used as a solvent (34, 35). ε-PL/MO shows
three 15N peaks at 115, 34.1 and 59.9 ppm. A peak at 59.9 ppm is assigned to
dimethyl amino nitrogen of the dye moiety (37, 38). 15N peaks at 115 and 34.1
are assigned to the main chain CONH and the α-NH3+ group, respectively. The
15N chemical shift of the α-NH3+ is between those of ε-PL and ε-PL/HCl. Since
analogous chemical shift is reported for chitosan/poly(acrylic acid) (34, 35, 39),
the formation of poly-ion complex between ε-PL and MO, (ε-PL)-α-NH3+ SO3−-
(MO) is clearly indicated. The azo 15N signals are expected around 510 ppm (37,
38), but no such peaks are observed in this region. ε-PL/DC shows 15N peaks at
121, 102, 61.6 ppm. A peak at 60.6 ppm is assigned to the dimethyl amino group.
15N peaks at 121 and 102 ppm are assigned to the main chain CONH and the
sulfonamide groups, suggesting the formation of the covalent (ε-PL)-α-NHSO2-
(DC) bond.

Figure 10. 15N CPMAS NMR spectra of (a) ε-PL, (b) ε-PL/HCl, (c) ε-PL/Boc,
(d) ε-PL/MO and (e) ε-PL/DC. (Reproduced with permission from reference

(17). Copyright 2005 Springer.)
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Table 4. 15N NMR chemical shifts of ε-PL and its derivatives in the solid
statea. (Reproduced with permission from reference (17). Copyright 2005

Springer.)

α-NH3+

sample ε-NHCO α-NHSO2 α-NHCO
free ion-

complex
α-NH2

-
N(CH3)2

Nylon 6 b 116.5

ε-PL 117 26.6

ε-PL/HCl 123 44.0

ε-PL/Boc 120 92.2

ε-PL/MO 115 34.1 59.9

ε-PL/DC 121, 113 102 32.1 61.6

Chitosan c 21.2

CS/PAA d 31.6
a In ppm with respect to liquid NH3 at 25ºC. b α-crystalline form (33). c References
(34–36). d Chitosan/poly(acrylic acid) (34, 35, 39).

A peak at about 32 ppm which corresponds to the α-NH3+ group implies that
there exists a small amount of ε-PL/MO in ε-PL/DC. Curve fitting for the ε-PL/DC
spectrum (Figure 11) reveals a peak at 113 ppm which can be assigned to a signal
of main chain amide group, ε-NHCO-CH(α-NH3+) (40). We conclude that the
ε-PL/DC sample contains a small amount of ion complexes with MO.

Figure 11. Curve fitting for 15N NMR spectrum of ε-PL/DC. (Reproduced with
permission from reference (17). Copyright 2005 Springer.)

Conclusion

In this work characterization of ε-PL was done by using various spectroscopic
measurements, e.g., CD, IR, Raman, solution and solid NMR. The pH dependent
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IR and CD spectra indicated that ε-PL assumes a β-sheet conformation in
aqueous solution, the content of which depends on chain length and pH. 13C
spin-lattice relaxation times for solid ε-PL were measured to yield two kinds of
T1s corresponding to the crystalline and amorphous components: the degree of
crystallinity was estimated to be 63%. Solid 13C NMR spectra of the crystalline
and the amorphous components were observed separately. The amorphous
components of the backbone give rise to higher field signals due to the γ-gauche
effect. A conformation model for ε-PL was presented where the backbone amide
groups participate in inter-chain hydrogen bonds similar to the γ-form nylon 6.
The ε-PL derivatives with azo dyes were investigated by using solid 13C and
15N NMR. Side chain α-amino group of ε-PL does not make a covalent bond
with methyl orange (MO) but forms poly-ionic complex, (ε-PL)-NH3+SO3−(MO).
In comparison, dabsyl chloride (DC) makes covalent bond with ε-PL to form
sulfonamide, (ε-PL)-NH-SO2-(DC). A small amount of DC changes to MO by
hydrolysis to form the poly-ion complex, (ε-PL)-NH3+ SO3− (MO).
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Chapter 20

NMR, NIR, and Infrared Spectroscopy of
Carbohydrate−Protein Interactions and

Glycoproteins

I. C. Baianu* and V. Prisecaru

AFC-NMR & NIR Microspectroscopy Facility, College of ACES, FSHN
and NPRE Departments, University of Illinois at Urbana, 350 Burnsides
Research Laboratory, 1208 W. Pennsylvania Ave., Urbana, IL 61801

*E-mail: ibaianu@illinois.edu

A review of selected data sets for carbohydrate−proteins
interactions and glycoproteins is presented together with
authors’ results from nuclear magnetic resonance (NMR) and
infrared (NIR and mid-IR) spectroscopy, as well as chemical
imaging (micro-spectroscopy) experiments. Previous reports
by X-ray, neutron and electron diffraction are also considered
in this context, and are combined with high-resolution
NMR spectroscopy and relaxation data for glycoproteins in
solution and in biomembranes. High-resolution NMR and
transverse relaxation results are then presented for wheat gliadin
interactions with sucrose in aqueous solutions, as well as wheat
gluten--glucomannan interactions in hydrated gels that are
relevant to food physical chemistry and novel food formulations
for products with increased stability and shelf-life. NMRI and
FT-NIR microspectroscopy data are reported also for intact,
hydrated seeds that contain proteins and carbohydrates as their
major components.

Introduction

Protein−carbohydrate interactions are important for glycoprotein structure,
dynamics and function. They play key roles in physiology, medicine, biochemistry
and biophysical chemistry. Moreover, protein glycosylation is ubiquitous in living
cells as a post-translational modification. Many proteins that play key structural

© 2011 American Chemical Society

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

0

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



and functional biological roles are glycosylated; such cell-surface or extracellular
glycoproteins are involved in immunity and cell-cell recognition (1–3). Protein
glycosylation is also of great significance in pharmacology and medicine because
more than one-third of the approved protein therapeutics are glycoproteins (4).
Protein−carbohydrate interactions play important roles in protein stability and
function, and are also involved in complex molecular and cellular processes
such as cell adhesion and aggregation, oncogenesis and lectin biology. Thus,
protein glycosylation is a structural variation of both biological/physiological and
pharmaceutical importance because of its major effects on protein stability, cell
adhesion and aggregation.

On the other hand, carbohydrate−protein interactions are also important
in industrial applications and in several, related applied sciences such as food
chemistry/food science, pharmacology and medicinal chemistry. In food
chemistry they are important for several reasons, such as their role in determining
food properties containing both proteins and carbohydrates, and the correct
formulation and engineering of foods. In pharmacology and medicinal chemistry
such interactions are important for the design of novel drugs with increased
effectiveness and very high selectivity.

Protein residues, or side chains, can form a variety of non-covalent bonds
with carbohydrates, and this may occur with different sugar interface propensity
for different amino acid residues. Thus, hydrogen bonds may be formed between
the hydroxyl groups of sugars and the charged R-groups of amino acid residues
in a protein such as those of Asp, Glu, Lys, Arg and His. Another case is that of
a hexose in a conformation in which several of its carbon atoms are in a cluster
that allows for energetically favorable CH-π interactions to occur with the parallel
aligned aromatic rings of Phe, Trp or Tyr (5, 6), when the sugar and aromatic
rings are within 0.4nm from each other. For example, CH-pi interactions can form
between sugars and the aromatic amino acids Tyr296, Phe241, Phe243 on each
of the two chains of the Fc antibody, whereas Phe243 forms an actual contact
with GlcNAc as found from crystal structures of human IgG—Fc (7). The N-
glycolsylation of the conserved residue Asn297 in an IgG antibody is an example
of both types of such interactions.

The first step in carrying out detailed physicochemical studies of glycosylated
proteins, and glycoconjugates in general, is their separation with a high degree
of purity for elucidation of structure and function (8). Highly effective methods
for the separation of naturally derived glycoconjugates are various forms of high-
performance liquid chromatography (HPLC) that can also be effectively combined
with their analysis by isoelectric focusing . On the other hand, structurally well-
defined glycoconjugates can also be synthesized and then separated by HPLC.

Conformational studies of highly-purified, both natural and synthetic
glycoconjugates can be then carried out on such highly purified fractions by
high-resolution NMR, including various 2D-FT NMR techniques and/or triple
resonance, 1H → 13C → 15N, or by FT-IR, including polarized spectroscopy.
Such interesting studies were reported, for example, in the case of the human
glycophorin A, an important structural protein in the erythrocyte membrane (9,
10).

338

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

0

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Whereas NMR spectroscopy allows the elucidation of the 3D molecular
structure in solutions, X-ray diffraction (XRD) - also combined sometimes with
neutron diffraction and scattering techniques) - allows the determination of
structure only in crystalline solids such as hydrated protein crystals. On the other
hand, flexibility is essential to the physiological function(s) of many proteins (11),
including glycoproteins. However, XRD cannot distinguish between structural
and dynamic disorder (p.439 of Ch. 12 in ref. (12)), whereas NMR spectra
and relaxation (11, 12) are quite sensitive to both main-chain and side-chain
dynamics (13, 14). NMR spectroscopy has been employed to study the flexibility
of both protein segments and domains; combined X-ray and resolution-enhanced
NMR spectroscopy studies were also reported as in the case of the lac-repressor
low-resolution structure (see Figure XII-7 on p. 459 in (12)). Quantitative studies
of internal motions in proteins are also possible by NMR relaxation (p. 465 in
(12) ); especially useful are 13C T1 measurements that were reported for resolved
aromatic amino acid residues of proteins in aqueous electrolyte solutions (p.475,
loc. cit. and (14) ).

Both NMR and neutron techniques are also available for the study of isotope
exchanges, such as the 1H → 2H isotope exchange of the amide protons in
any protein peptide groups (p. 461 in ref. (12)), or the proton exchange of
Tyrosine-OH, Threonine-OH, SerineOH and Cystine SH groups, or for liquid
water protons in carbohydrate solutions or gels (15, 16); the chemical exchange
of protons between water molecules and proteins also affects the 17O NMR
relaxation of water (ref. (17) and references cited therein).

In the special case of a highly ordered array of bacteriorhodopsin molecules
in the ‘purple’ membrane of Halobacterium halobium a high-resolution structural
determination was reported from electron diffraction (ED) studies (18, 19).
However, this is not generally possible in either bacterial or mammalian cell
membranes, unless highly-ordered membrane arrays can be formed, and also if
the proteins themselves preserve a definite orientation relative to the membrane
surfaces; this was indeed observed for oriented arrays of both human and porcine
erythrocyte membranes that had a lamellar periodicity of 12.1 nm, as determined
from the XRD low-angle patterns in the fully hydrated state (20). In such oriented
membrane systems, the glycophorin A dimers exhibited discrete, sharp X-ray
reflections (Figure 1) corresponding to an orientation of glycophorin A chains
normal to the erythrocyte membrane surface, as shown in Figure 78c on page 191
for porcine red cell membrane arrays, and in Figure 81b on page 197 for human
erythrocyte membranes in ref. (20).

The transmembrane helix of glycophorin A contains a seven-hydrophobic
residue motif, LIxxGVxxGVxxT, that was proposed to mediate protein
dimerization (9). Then, magic angle spinning (MAS) NMR allowed the
determination of the helix-to-helix contacts in the glycophorin A transmembrane
domain by showing that the methyl groups of Val-80 and Val-84 are close-packed,
respectively, with the Gly-79 and Gly-83 (10). On the other hand, threonines
and serines are the most common polar residues found in the transmembrane
domains of proteins such as glycophorin A because they are able to readily
to form hydrogen bonds back to the carbonyls on the same helix. Polarized
Fourier transform infrared spectroscopy was employed to study the orientation
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of glycophorin A in reconstituted membranes and the analysis of the dichroic
ration of the 1655 cm-1 amide I vibration band yielded a value of 35o for the
helix crossing angle (9) for the transmembrane orientation. Rotational-echo
double-resonance (NMR) measurements also showed the close packing of the
Thr-87 γ-methyl group with the backbone nitrogen of Ile-88 across the dimer
interface, at ~0.4nm distance; such a short inter-helical distance makes it possible
for the β-hydroxyl of Thr-87 to hydrogen-bond to the backbone carbonyl of
Val-84 on the opposing glycophorin A transmembrane helix (9, 21).

Figure 1. XRD pattern of oriented, human erythrocyte membrane arrays showing
meridional 0.9 nm-1 X-ray reflection of glycophorin A chains oriented normally
to the membrane surface (20), corresponding to a repeat distance of ~1.2 nm

along the transmembrane helix axis of human glycophorin.

In this concise review, several NMR and NIR/mid-IR results are also
presented that are pertinent to practical applications in the formulation of
novel food formulations with proteins and complex polysaccharides as major
components.

Our results are also relevant to several other industrial applications such
as wheat grain conditioning, soybean processing and corn milling, as well as
biomedical and biotechnology applications, such as the early detection/ prevention
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of disease, and the development of novel, individualized therapies with highly
effective and selective medicines or vaccines.

Experimental Section

Materials and Measurements

Analytical grade sucrose was a product of ER Industries, Inc, (Addison,
IL 60101). Analytical grade fructose was a gift from General Mills Inc.
(Minneapolis, MN). Amylopectin purified from corn starch was obtained from
Sigma Chemical Co. (St. Louis, MO). Amaizo Polar Gel 5 and Fro-Dex-55L
were gifts from the American Maize Products Co. (Hammomd, IN). Moisture
contents of fructose, glucose and sucrose samples were determined in triplicate
by a vacuum oven method to be less than 0.2%.

1H NMRI microscopy was carried out at 17MHz with a laboratory-built
instrument (Taylor and Baianu, 1978:(23)) .

1H NMR relaxation measurements were carried out in triplicate at 10MHz on
a PC-10, and also on a PC-20 Multispec NMR relaxometer (Bruker- IBM Instr.,
Danbury, CT). The inversion recovery sequence, 180o- τ- 90o, was employed for
T1measurements of aqueous solutions, gels and hydrated solids. The Carr-Purcell
multi-pulse sequence was employed with theMeiboom-Gill modification (CPMG)
for transverse relaxation times, T2, measurements in solutions and hydrated gels.
For low moisture solid proteins, small carbohydrates, polysaccharides and gels
the multi-pulse Ostroff-Waugh (O-W) NMR pulse sequence was employed for
recording spin-echo spectra with up to 10,000 pulses in the O-W sequence, as
further detailed in (22, 29).

1H NMR high-resolution spectra for protein and carbohydrate solutions in
D2O were recorded in a 1mm capillary on a Varian UNITY-500 spectrometer
operating at 500MHz as detailed in ref. (23).

13C NMR spectra were recorded at 125MHz on a GE 500 spectrometer with
multi-pulse proton decoupling at 500MHz using WALTZ and WAHUHA pulse
sequences in the decoupling channel.

17O and 2H NMRmeasurements were carried out with a Bruker multi-nuclear
CXP-200 spectrometer operating with a 98mm bore magnet at 4.7 Tesla (23).
Other NMR techniques employed were as specified in (24).

FT-NIR spectra of glycoproteins, carbohydrates and intact, fully hydrated
whole soybean seeds were recorded with a Perkin-Elmer spectrometer model
SpectrumOne NTS (soybean seeds moisture contents were varied between 6 and
24% by dry weight). FT-NIR chemical/hyperspectral images were recorded with
the same spectrometer attached to the NIR Microspectroscopy AutoImage system
which was optimized for 1 micron spatial resolution and nanogram sensitivity.
High-resolution FT-NIR images of selected sample areas of 4 mm2 were recorded
under PC control in less than 1 hour.
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Results and Discussion
NMR Spectroscopy and Relaxation Studies of Carbohydrate−Protein
Interactions

Wheat Gliadin Interactions with Sucrose in Acidic Aqueous Solutions

Wheat storage proteins are of prime importance to the US food industry
because of their use in large amounts for making human foods. Such proteins,
not unlike membrane proteins have a high proportion of hydrophobic amino acid
residues and are not soluble in water at neutral phi A relatively small fraction
of wheat proteins—the gliadins, is soluble at pH values lower than about 3.5.
The 13C NMR spectra of wheat gliadins in solution are compared in Figure 2
with those of corn zeins in a similar solvent mixture, and both were recorded at
room temperature. The observed 13C NMR peaks of wheat gliadins are overall
considerably sharper than those of corn zeins even though the average molecular
weights of such two selected samples of cereal proteins are very close - 35,000
for wheat gliadins vs. 32,000 for the corn zeins. The higher mobility of the
aromatic amino acid residues of wheat gliadins in comparison with those of corn
zeins, which is reflected in the sharper peaks in the spectral range from 100 to 150
ppm, for example, is suggestive of either more compact, folded structures of corn
zeins than those of wheat gliadins or a significant degree of corn zein aggregation
in solution even at low zein concentrations. A similar observation regarding
the sharpness of the 13C NMR peaks holds for the aliphatic and carbonyl and
carboxyl regions in Figure 2. Specific assignments of the resolved 13C peaks were
previously reported (36, 37) for 21 amino acid residues although considerable
overlap did occur between the resonance peaks arising from several amino acid
residue groups.

Their hydration behavior and weak interactions with small carbohydrate
molecules was investigated by 1H NMR transverse relaxation measurements at
low magnetic fields in the presence of a Mn+2 paramagnetic ion probe. Both
atlow (<1.4 T) and high magnetic fields (> 4.69 T) the water proton transverse
magnetization decay of wheat gliadin solutions with/without carbohydrates
was a single exponential up to 5mM gliadin concentrations at pH 3.4. At low
concentrations of the paramagnetic ion probe, e.g. < 0.6 mM as in ref. (22), one
can therefore assume a fast-exchange model with bulk water for the bound water
protons surrounding the Mn+2 ion probe which is attached to the wheat gliadin
negatively charged surface residues, Glu and Asp, in solution at pH 3.2. With
this model, one can derive a slow correlation time τs for isotropic tumbling of
water bound to such divalent cations of ~18 ns, consistent with the calculated
value from the tumbling rate of globular wheat gliadins of an average molecular
weight of 37,000 using the Stokes-Einstein equation, as explained on p. 475 in
(12). Moreover, the sucrose concentration dependence of the 10 MHz relaxation
rate of water protons in 3 mM gliadin solutions in the presence of a constant
concentration of 0.5 mm Mn+2 exhibited a linear decrease with sucrose up to 0.4
M sucrose, as shown in Figure 8 on p. 372 in (22). A nonlinear regression analysis
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of such data was carried out with a thermodynamic linkage model that yields
the coefficients of non-ideal protein-protein interactions that indicate attraction
rather than repelling between the wheat gliadin and sucrose molecules in solution,
whereas the second order virial coefficient of gliadin-gliadin interactions in these
solutions are characteristic of repulsion between the protein molecules. Such
observations can be also considered as evidence for a preferential hydration
of wheat gliadins in the presence of sucrose (25). In other words, there is a
carbohydrate competition for water with the residues present in the protein
hydration domain, as proposed by Arakawa and Timasheff in ref. (25). Moreover,
using a spin probe, Pearce et al. found that spin label binding to wheat gliadins in
solution decreased significantly upon heating (26). After heating to 50 o C, and
then cooling to 20 o C, the 13C NMR peaks of wheat gliadins in solution were
significantly sharper than those before heating suggesting a partial, irreversible
denaturation through loss of hydrogen bonds (37).

Figure 2. Multi-pulse, proton decoupled 13C NMR spectra of cereal proteins
recorded at 125 MHz with a GE500 spectrometer: A. Wheat gliadins, and B.

Corn zeins in aqueous solutions at pD 3.4.
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Protein Interactions with Polysaccharides in Hydrated Gels

Proton broadband decoupled 13C NMR spectra were previously reported both
for wheat gluten ((23) and references cited therein) and various polysaccharides
from wheat (23), or other plant sources ((27–30), and references cited therein).
13C chemical shift assignments were made for wheat gluten CP-MAS spectra
by comparison with those of wheat gliadins in acidic aqueous solutions at pD
3.4 (23). In the interesting, but very complex, case of branched glucomannan
polysaccharides (GP) purified from Amorphophalus konjac K. Kock tuber
powders, partial 13C NMR chemical shift assignments were made by comparison
with glucomannan oligosaccharides derived from GP by partial hydrolysis (27,
28). Such GP carbohydrates that are relatively hydrophobic form very readily
gels at GP concentrations in water as low as 0.1%, which become quite firm
or rigid at GP concentrations higher than ~ 2%. In spite of the complexity of
both GP and wheat gluten, their mixture in a system of two partially hydrated,
branched hydrophobic materials-- which independently form stable gels-- may
have considerable potential for increasing the shelf-life of wheat bread by the
addition of as little as 0.1% GP to the hydrated gluten. The FT-NIR spectra
of very low moisture GP’s were quite similar to those of carbohydrates in the
soybean seed (Figure 3) with the exception of several relatively sharp bands below
5,500 cm-1 that are present only in the GP spectra; such sharp NIR bands may
correspond to a crystalline fraction of GP’s that has been also detected previously
by XRD studies of GP films (as described in previous studies cited in (27)). 1H
NMR transverse relaxation data with varying GP concentration in wheat gluten
gels were previously interpreted in terms of the formation of cross-linked GP gels
with the cross-links or junctions being formed with divalent cations such as Ca+2.
Such studies could also be carried with the Mn+2 ion probe in a manner similar to
the experiments described in the previous section with wheat gliadins interacting
with sucrose in aqueous solutions. As in the case of wheat gliadin solutions
it was found from low-field 1H NMR transverse relaxation measurements that
water protons exchange rapidly between the water bound to GP in gels and bulk
water trapped in the GP gel. One can therefore predict that in the hydrated wheat
gluten--GP gel system doped with low concentrations of the paramagnetic Mn+2
ion probe one would observe a marked increase in the transverse relaxation
rates of water protons as the concentration of GP is increased and becomes
cross-linked, thereby resulting in tough, rubber-like, textured gels. Further 13C
NMR observations carried out in parallel with such 1HNMR transverse relaxation
studies may also allow one to identify the cross-linking sites in GP—wheat gluten
gels.

On the other hand, in soybean protein gels cross-linking occur more
frequently than in the case of wheat gluten--GP gels and additional ionic
interactions are also present. In spite of the high molecular weights of the soy
proteins one notes in the WALTZ 1H-decoupled 13C NMR spectra of such gels
highly resolved peaks throughout the entire spectrum (Figure 3). Thus, relatively
rapid molecular motions of the amino acid residues are occurring in the highly
hydrated soybean protein gels whose high resolution 13C NMR spectra are shown
in Figure 3.
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In Vivo Microscopy and Microspectroscopy of Proteins and Carbohydrates
in Complex Hydrated Systems

NMR Imaging and Relaxation of Hydrated Wheat Grains

One of the earliest in vivo microscopic images reported for wheat proteins,
polysaccharides, starch, water and oils was obtained with 50 micron resolution
in hydrated wheat grains by 1H NMRI at 17 MHz in 1978 (22, 23); at the time,
the spatial resolution was mostly limited by the available computer FFT/imaging
speed and digitization capabilities. However, T1 --contrast enhancement allowed
the specific visualization of germ oil in the intact, fully hydrated wheat grain (22,
23). For higher 1H resonance frequencies in the higher magnetic fields currently
available, it has been hypothesized that the spatial image resolution obtainable by
2D-FT NMRI might be on the order of 1 to 5 microns, and does obviously depend
on the size of the imaged object. However, technological NMR advances may
very well push even further this spatial resolution limit of NMRI microscopy, as
it has already happened with FT-NIR hyperspectral imaging (29); an example of
such recent developments is presented next.

Figure 3. WALTZ-16 1H Decoupled 13C Liquid-State NMR of a soy flour gel
sample of 38.7% protein content. Spectrum recorded with 10,000 transients on a
Varian UI600 NMR spectrometer, in a 14.1T external magnetic field. (Source:

ref. (38).)
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FT-NIR Microspectroscopy and Imaging of Soybean Seeds and Embryos

Even though the spectral resolution in FT-NIR spectra of proteins and
carbohydrates is quite limited as a result of overlapping NIR bands from these
components it is possible to quantitate these components in hydrated complex
systems, such as wheat grains or whole soybean seeds and embryos. Moreover,
unlike the case of FT-IR, the presence of thick samples and high levels of either
water or oils does not prevent the investigation of proteins and carbohydrates
in intact hydrated seeds. An example is presented here in Figure 4 for intact
whole soybeans at hydration levels as high as 16% (by dry weight), even though
such studies can be carried out even at higher hydration levels with appropriate
multiple scattering and reflectivity corrections. Furthermore, the NIR sensitivity
is sufficiently high to carry out both micro-spectroscopic and microimaging
studies with state-of-the-art instrumentation.

FT-IR Chemical Imaging can be carried out with very high sensitivity but
is limited in spatial resolution primarily because of the longer wavelength and
focal-point-array (FPA) detector design limitations. An example was presented in
Figure 2.1.14 of ref (29) for the in vivo detection of protein bodies (Figure 5) in
fully hydrated somatic soybean embryos grown in culture from single cells (29).
On the other hand, FT-NIR hyperspectral imaging has lower sensitivity than the
FT-IR microspectroscopy but is capable of ten times higher spatial resolution in
hyperspectral images and does not have the FPA detector design limitations of
the FT-IR microspectrometers. The latest developments discussed in ref. (29)
indicate that the sensitivity range of FT-NIR microspectroscopy observations
can be extended to the femtogram level, with submicron spatial resolution. Such
FT-NIR/IR microspectroscopy instrumentation developments are potentially very
important for agricultural and food biotechnology-as well as biomedical and
pharmacological applications-- that require rapid and sensitive analyses, such as
the screening of high-content microarrays in Genomics and Proteomics research.

Novel, two-photon NIR excitation fluorescence correlation
microspectroscopy results were obtained with submicron resolution for
concentrated suspensions of plant cells and membranes. With advanced
super-resolution microscopy designs, a further, tenfold resolution increase is
attainable, at least in principle, along the optical (z) axis of the microspectrometer.
Especially promising are current developments that employ multi-photon NIR
excitation which could lead, for example, to novel cancer prevention methodology
and the early detection of cancers using NIR-excited fluorescence. Other
related developments are the applications of Fluorescence Cross-Correlation
Spectroscopy (FCCS) detection to monitoring DNA hybridization kinetics, DNA
binding and ligand-receptor interactions--such as glycoprotein recognition of
individual receptors on cell surfaces (31, 33), as well as HIV, or HBV (viral)
single--particle detection (29, 30) and potential treatments for Alzheimer’s
disease (32, 33).
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Figure 4. FT-NIR spectroscopy of the soybean major components, including
protein, soluble and insoluble carbohydrates (fiber), water, and oils.

Molecular Interactions and Solute Activity Determination from NMR Relaxation
Measurements on Hydrated Proteins, Carbohydrates, and Protein−Carbohydrate
Systems

In a ternary system such as proteins, carbohydrates and water, one has
to consider protein−water, protein−protein, protein−carbohydrate, as well
as carbohydrate−water and carbohydrate−carbohydrate interactions. For
solutions the problem is readily solved, at least in principle, by an equilibrium
thermodynamic approach in terms of solute and solvent activitities by employing
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the well-known Gibbs-Duhem equation. On the one hand, there are several
experimental approaches to determining water activity for both solutions and
crystalline solids. On the other hand, the determination of protein-protein
interactions or protein activity in solutions, as well as protein−carbohydrate
interactions has been traditionally difficult to measure except for solutions
at very low concentrations. The approach presented above in Sections II.a
and II.b by employing NMR relaxation measurements for water nuclei in
concentrated protein solutions has allowed the quantitative determination of the
virial coefficients of protein activity in such aqueous solutions, as well as in
hydrated gels. This was possible for small proteins---such as lysozyme (17),
corn zeins (22) and caseins—and for very large proteins, such as soy glycinins
(14) and intact myosin (22). The most reliable protein activity determinations
were made from water 17O NMR measurements in protein solutions with or
without added salt; the addition of salt ions to protein solutions has marked
effects on 17O, 2H and 1H NMR transverse relaxation rates of water that vary in
a strongly nonlinear manner with the concentration of salt added to solutions of
the same protein concentration, for salts such as NaCl, NaBr, KCl, KBr, LiCl or
ammonium sulfate. As expected from the thermodynamic theory of solutions, the
protein virial coefficients determined from the protein concentration dependence
of water 17O NMR are also dependent upon the type of both the added cation and
anion, following the lyotropic series (22). A thermodynamic linkage approach
also becomes necessary for the correct treatment of protein solutions in water
with added salt ions (34). This approach has also been tested for amino acids in
aqueous solutions with or without added salt, and in the case of carbohydrates the
prerequisite NMR relaxation studies were carried out for several polysaccharides
of practical importance (15, 16, 22). Although, protein−carbohydrate interactions
can be investigated by NMR relaxation measurements even in complex systems,
such as those discussed above in Section II.b, and in the next section, the question
of the direct determination of protein and carbohydrate activities in such complex
ternary systems remains a difficult one unless coupled with a thermodynamic
linkage approach (34), as well as a careful consideration of irreversible systems
that are far from equilibrium (35). However, it would be possible to estimate
the sum of protein and carbohydrate activities in such ternary systems by
subtracting the measured water activity, in accordance with the Gibbs-Duhem
equation. For solid gels and powders of non-crystalline, or glassy, protein and
protein−carbohydrate systems the equilibrium thermodynamics approach is no
longer valid and alternate, nonequilibrium thermodynamic models are currently
being investigated, as indicated above.

Conclusions

The study of protein−carbohydrate interactions and glycoproteins has
significant potential for both biological and practical applications, such as the
development of foods with improved shelf-life, better pharmaceuticals and
‘nutraceuticals’.
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Figure 5. Transmission FT-IR Chemical Image of a fully hydrated, live soybean
somatic embryo (i.e., cloned): shown in red is the high intensity (~0.65) of the
protein amide II absorption band. The image was recorded in 20 minutes with
a spectral IR resolution of 0.2 cm-1, and a spatial image resolution of ~10 µm.

(Image adapted from ref. (29).)

A wide range of NMR techniques, when combined with FT-NIR/IR,
CCS, XRD and neutron scattering offer very substantial advantages for
physico-chemical studies of important protein–carbohydrate interactions both in
vitro and in vivo.

Some of the expected novel therapeutics may include safer biomaterials and
also highly-selective and effective, non-toxic drugs (31) or drug-delivery systems.
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Chapter 21

Advanced Solution 2D-NMR of Fluoropolymers
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*E-mail: peterrinaldi@uakron.edu

In this paper, new methodology is described for characterizing
the structures of fluoropolymers. The methods are based on
19F/1HH/13C multiple resonance and 2D NMR experiments,
taking advantage of the unique ranges of 19F-19F and 19F-13C
couplings. 19F-13C heteronuclear single quantum correlation
(HSQC) 2D-NMR experiments based on 1JCF and 2JCF
experiments provide short range correlations within monomer
units and in many cases help to distinguish between structure
fragments identified using 3JFF, 4JFF and 5JFF correlations.
COSY and especially selective COSY experiments provide
high resolution 2D-NMR experiments with correlations based
on 3JFF, 4JFF and 5JFF couplings. These permit identification
of long-range structure correlations between monomer
units. Examples using poly(hexafluoropropylene oxide) and
poly(vinylidene fluoride) are shown.

Introduction

In recent years, there has been renewed interest in the synthesis and study
of fluoropolymers. This interest is derived in part from the unique stability
of the C-F bond to chemical, thermal and radiation degradation compared to
hydrocarbon-based structures. The presence of a high level of fluorination in

© 2011 American Chemical Society
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polymers also imparts desireable physical and mechanical properties such as
excellent lubrication characteristics, high boiling properties, and desirable optical
properties such as transparency in regions of the spectrum where hydrocarbons
usually absorb. Because of the strength of the C-F bond (relative to the C-H bond)
and the fact that fluorine on the surface of the molecule can shield the carbon
skeleton from chemical attack, fluoropolymers usually have long lifetimes. They
can be used in applications where replacement or replenishment is not possible
and/or desirable.

The properties of 19F make NMR an interesting and useful method for
studying fluoropolymer structure and composition. 19F has many characterististic
similar to that of 1H including 100% natural abundance, nuclear spin I=1/2, and a
large magnetic moment (such that it’s signal strength is similar to that of 1H). In
addition, 19F has a large chemical shift range (over 200 ppm) compared to 1H (10
ppm); its chemical shift is extremely sensitive to variations in chemical structure;
and it exhibits a large range of J-couplings (couplings over 2 to 6 bonds are
commonly observed which range from 0-300 Hz). Finally, in many polymers, the
presence of 1H, 13C and 19F provides many structure-dependent NMR parameters
to measure.

NMR, especially 19F NMR, has always been a useful tool for characterizing
fluoropolymers, especially PHFPO and PVDF. In a series of papers, Howell
et al. (1–3) used NMR to characterize PHFPO polymers and short chain
oligomers. Kostjuk et al. (4) used 19F 1D-NMR to study the mechanism of
HFPO polymerization using alkali metal fluorides as initiators. Durand et al. (5)
reported NMR data on PHFPO telomers.

Murasheva et al. (6) used 19F NMR to study PVDF, PVDF/TFE and
PVDF/TFE/HFP copolymers. In their seminal work, Cais and Sloane (7) used
19F 1D-NMR spectra to study inverse addition of monomer units in PVDF, and
made use of additivity relationships to assign resonances from the various triad
sequences formed by normal and inverse addition. Ovenall and Uschold (8) used
19F NMR to detect signals attributed to chain-ends and branches. Pianca et al.
(9) used 1D- and COSY 2D-NMR methods to study the chain-end structures in a
series of fluoropolymers, including PVDF. The branched structures in PVDF were
characterized by Hedhli et al. (10), using 1D- and 2D- NMR methods. Gulot et
al. (11) used 1H and 19F NMR to investigate the microstructure of PVDF; and
Ameduri et al. (12) used NMR and MALDI-TOF mass spectrometry to study
the structures of a range of VDF telomers. Wormald et al. (13) used 1D-NMR
methods, aided by solid state high power decoupling techniques, to get high
resolution spectra of a VDF telomere; and Durand et al. (14) reported NMR data
on PVDF telomers.

Most of the previously published NMR work involved simple 1D-NMR
experiments, however, a few notable papers on 2D-NMR characterization of the
fluoropolymers which are the subject of this work have been published. Katoh
et al. (15) first showed how 1H/19F/13C triple resonance and 2D-NMR methods
could be used to simplify the spectra of fluoropolymers using data from PVDF as
an example. Takasaki et al. (16) used low resolution 19F-19F COSY, and 19F-13C
HSQC- and HMBC-based 2D-NMR experiments to study PHFPO segments in
perfluorinated ionomers. Macheteau et al. (17) have used selective versions of

356

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 2

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

1

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



1H-19F heteronuclear shift correlation experiments to study low molecular weight
oligomers of PVDF. It is amazing how much useful characterization has been
accomplished using low field instruments and limited instrumental capabilities.

In the past few decades multidimensional NMR techniques have become
routine. Instruments with three or more rf channels have become commonplace.
In addition, the Rf and pulse programming capabilities of modern instruments
(past 5 years) have become tremendously flexible. These factors make it useful
to reconsider the nature of NMR methods for studying fluoropolymer structures.

This paper illustrates some NMR capabilities for studying fluoropolymer
structures. While some of these methods have been around for a decade or more,
their proper execution has required recent improvements in the NMR instruments’
rf performance. These methods will be illustrated with applications to the study of
poly(hexafluoropropylene oxide) (PHFPO) and low molecular weight oligomers,
and poly(vinylidene fluoride) (PVDF).

Fluorine NMR

The 19F NMR spectrum of PHFPO in Figure 1 exhibits the NMR
characteristics of 19F that make it both powerful for solving structure problems
and challenging to execute. The resonances are spread over a large spectral
window, in this case over 60 ppm, and their chemical shifts are very sensitive to
variations in the chemical and stereochemical environments.

Figure 1. Peak containing regions from the 470 MHz 19F 1D-NMR spectrum of
PHFPO; s are signals from identified impurities in C6F6 solvent.

Several sets of multiplets are observed near -145 ppm for the CF fluorines
in the B and C units of the structure in the Figure 1. The multiplets are not
resolved from one another because there are four structures for each CF group (4
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diastereomers and their mirror images). Furthermore, the multiplets are broad and
complex due to 3-bond couplings to the CF2 and CF3 groups on the samemonomer
unit, and 4-bond couplings to the CF2 groups on the other side of the ether linkage.

The nomenclature adopted in this paper to identify atoms in PHFPO/THFPO
is illustrated using the structure of THFPO in Figure 1, where the monomer units
are labeled A, B, C and Z starting from the initiation end (left) and proceeding
to the termination end of the chain. Subscripts are used to refer to the number of
fluorines on the groups within each monomer; for example, B1, B2 and B3 refer to
the CF, CF2 and CF3 groups, respectively, in monomer unit B.

2D-NMR experiments generally provide the solution to resolving overlapping
signals, and also provide correlations between resonances to identify structure
fragments. While the large spectral window makes it more likely to resolve
many resonances in complex molecules, it also creates problems because short
pulse widths are required for uniform excitation of resonances in standard NMR
experiments. In 1D-NMR experiments narrow pulses that produce small tip
angles can be used without severe consequences, but it is generally not possible
to use arbitrary flip angles in 2D-NMR experiments

Furthermore, if 19F chemical shift is to be used in the indirectly detected
dimension of a 2D-NMR experiment, a significantly long experiment time
is needed to collect the many t1 increments needed to produce good digitial
resolution in the indirectly detected dimension. In this case, a simple COSY
experiment could provide correlations that prove structure, but excellent digital
resolution is needed to resolve the multiplets in the -145 ppm region and this
same digital resolution must be maintained in the 50 ppm peak-free region in
the middle of the spectral window. A weekend-long experiment was needed to
provide a 2D-COSY spectrum with relatively poor digital resolution in the f1
dimension, even though sufficient signal-to-noise was obtained in only 15 min.

Selective excitation experiments offer a solution to these problems (18). Most
of the needed information exists in relatively small areas of the 2D-NMR spectra.
If experiments are performed to select only these areas, a few short experiments
can be performed in a few hours to provide all the needed structural information.
Selective 1H-1HCOSY experiments using shaped pulses were described some time
ago (19). While the large 19F spectral window should facilitate the use of selective
excitation, the large frequency offsets compared to 1H places excessive demands
for fast frequency/phase shifting requirements during the rf pulses and are beyond
the capabilities of older NMR instruments.

The rf circuitry on modern NMR aspectrometers is very flexible and permits
the rapid amplitude, frequency and phase switching to generate arbitrary pulse
shapes. Figure 2 shows the full 19F 1D-NMR spectrum of PHFPO (bottom) along
with several selective spectra. To generate the selective spectra, selective/shaped rf
pulses were sliced into small increments (1-5 us) and the phase was progressively
shifted to track the precession of the magnetization from a group of spins using
shifted laminar pulses (SLP) (20). The selective pulses were designed to excite
(from bottom to top) the CF, CF2 and CF3/OCF2 regions.

Modern hardware is capable not only of selective excitation with large (100
kHz) offsets from the transmitter, but also of arbitrarily combining two or more
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offset pulses to excite/flip the nuclear spins of atoms whose resonances occur in
two or more such regions.

NMR Methods

Typical ranges of couplings in fluoropolymers are shown on structure 1,
which shows a segment from PHFPO. One- and two-bond 19F-13C couplings
in fluorinated materials are large compared to their hydrocarbon counterparts.
This makes them ideal for characterization of fluoropolymers which give broad
lines and suffer from difficulty in detecting 2D-NMR correlations which rely on
weaker couplings. Because 1JCF and 2JCF differ by almost a factor of ten, it is
easy to implement experiments that produce correlations that are selective for one
or the other interaction. Two- and four-bond 19F-19F homonuclear couplings are
usually large, while other homonuclear couplings are much smaller.

Figure 2. 470 MHz 19F 1D-NMR spectra of PHFPO going from bottom to top:
with broadband excitation of all the resonances in the spectra, and with selective

excitation of the CF, CF2 and CF3/OCF2 regions.

In PHFPO, it is possible to use two different 19F-13C HSQC (21, 22)
(heteronuclear single quantum) 2D-NMR experiments, one tuned for 1JCF and a
second tune for 2JCF, to obtain the atomic connectivities highlighted by the blue
arrows in 1. In this way, all of the monomer fragments can be identified. A COSY
experiment would then primarily contain correlations between fluorines on either
side of the ether linkage, coupled by the large 4JFF.
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Figure 3 shows the modified version of the HSQC pulse sequence used to
study the fluoropolymers which are the subject of this work. Details regarding the
implementation of this experiment can be found in reference (23), however, there
are several unique and noteworthy features. 1H decoupling is performed on a third
rf channel throughout the experiment, especially with materials such as PVDF,
which have high hydrogen content. Even the HSQC spectra of perfluorinated
PHFPO’s benefit from continuous 1H decoupling as there are sometimes residual
protons present (identified by 1H 1D-NMR spectra and 13C 1D-NMR spectra
obtained with and without 1H decoupling). Several spectra are collected with
different 19F spectral windows (CF, CF2 and CF3 regions). To accomplish this,
all of the 19F pulses, with the exception of the composite inversion pulse in the
middle of t1, are low power region-selective pulses. The composite pulse in
the middle of t1 has high power, and is performed with the transmitter moved
to the center of the peak-containing regions of the 19F spectrum for maximum
effectiveness at decoupling 19F in the f1 (13C chemical shift) dimension. The
delays (Δ1) during the TANGO (Testing for Adjacent Nuclei with a Gyration
Operator) (24) period are set based on 1JCF; and the phase of the last (135o) pulse
is set based on whether 19F-13C or 19F-C-13C correlations are to be detected. The
delays Δ during the rest of the pulse sequence are set to 1/(4xnJCF), where the
appropriate one-bond or two-bond correlation is to be detected.

Figure 3. Pulse sequence for selective HSQC; see text for details.

Figure 4 shows schematic illustrations of various options used for perfoming
selective COSY experiments. In all cases, the schematic illustrations of the
standard COSY spectra are illustrated by the full boxes with diagonal in Figure
4a-c, while the gray areas represent the detected spectrum obtained with each
variation of the selective COSY. If the pulse scheme in Figure 4d is used with the
blue pulse shaped and selective, and the yellow pulse as a standard high power
pulse, then the strip COSY spectrum illustrated by the gray area in Figure 4a is
obtained. If both blue and yellow pulses are selective for the same region, then
the endo-COSY spectrum in Figure 4b is obtained. If the pulse scheme shown in
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Figure 4e is used with blue and yellow pulses selective for the indicated region
of the f1 dimension if Figure 4c and the orange pulse selective for the indicated
region in the f2 dimension, then the exo-COSY (ECOSY) spectrum in Figure
4c is obtained. This spectrum will contain a cross-peak pattern with couplings
in all dimensions. By inserting an inversion pulse (green) in the middle of t1
then selective coupling can be removed in the f1 dimension. On modern NMR
instruments, this green pulse can be the sum of two or more arbitrary pulse shapes,
to remove multiple couplings to fluorines in different regions of the spectrum.

Figure 4. Schematic illustration of selective COSY experiments; see text for
details.

Characterization of PHFPO

Structure

The first material chosen to illustrate the NMR methodology was PHFPO
because it was relatively simple to prepare NMR samples, and had well-defined
19F spectral regions which were well separated from one another. Here we show
results from tetrameric(hexafluoropropylene oxide) (tHFPO) shown in Figure 1.
This material was readily available from the commercially available acid fluoride,
readily dissolves in many solvents, and exhibits many of the NMR characteristics
of the PHFPO backbone and selected chain-end resonances found in the spectrum
of the polymer. As illustrated in Figure 1, four sets of stereoisomers (and their
mirror images) are present due to the three stereogenic centers present in the
structure.
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2D-NMR

Figure 5 shows selected data from the one-bond (top highlighted in red),
and two-bond (bottom highlighted in blue) 19F-13C HSQC spectra; showing the
correlations that prove the CF3 one-bond attachments at the chain-end and two-
bond correlations between the same CF3 fluorine and adjoining CF2 carbon. The
experiments were optimized using the couplings indicated in the figure. Note that
the 19F bound to 13C (top) is shifted by ca. 0.1ppm upfield compared the the 19F
bound to 12C as a result of the well-known isotope shift (25). Many regions such
as this were identified in the HSQC spectra, in order to identify resonances from
each of the unique structure fragments in tHFPO.

Figure 5. Selected regions from the region selective 19F13C HSQC spectra of
tHFPO showing the correlations indicated on the structure; the region from the
one-bond HSQC spectrum is shown in red and the corresponding region from the

two-bond HSQC spectrum is shown in blue.

With the four structure elements circled in blue on the structure in Figure
6 identified by HSQC experiments, the methodology then relies on COSY
correlations to prove how they are attached to one another. An expansion from
the standard COSY spectrum (ca. 1% of the total area from this 2D-NMR
spectrum) showing the correlations indicated on the structure is shown in Figure
6a. Two groups of cross peaks are seen correlating B2-C1 and A2-B1 fragments.
Poor digital resolution hides an enormous amount of detail in this region despite
the fact that thousands of t1 increments were collected over the course of a
weekend-long experiment.
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Figure 6. Selected regions from the COSY (a), and ECOSY (b) and decoupled
ECOSY (c) showing the region containing four-bond correlations between the

structure fragments shown on the included structure.
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Using selective COSY 2D-NMR experiments the spectrum in Figure 6b was
collected. Even though only 2x256 t1 increments were collected, considerably
better digital resolution is evident in this spectrum. From the data in the figure, it is
clear that there are many overlapping cross-peak patterns. All of the homonuclear
couplings can be removed in the f‘1 dimension by insertion of shaped inversion
pulses (at the chemical shifts of those 19F atoms to be decoupled) in the middle of
the evolution time. As a result, the spectrum in Figure 6c was obtained. Four sets
ofmultiplet are observed in each of the regions, from the four sets of diastereomers.
All of the couplings are retained in the f2 dimension where there is good digital
resolution, at little cost of instrument time to produce this digital resolution. At
each slice, AB patterns (2JFF=150-160 Hz) are observed for each of the unique CF2
groups; these are further split by doublet couplings to the CF group on the other
side of the ether linkage. Three-bond couplings are too small, and are not resolved.

The shaped decoupling pulse during t1was actually a combination of shapes at
several shifts, for those 19F’s that produce the couplings in f1. An additional delay
was required at the end of the evolution period to allow creation of the antiphase
magnetization from coupling between the nuclei creating the cross-peaks. The
original paper should be consulted for details (23).

Characterization of PVDF

Structure

The primary structure components of the main-chain repeat units in PVDF
are illustrated by those shown in Figure 7. The nomenclature to describe these
structures is based on that first described by Cais et al. (7), where 0 and 2
(number of fluorine in backbone methylene groups) represent CH2 and CF2 groups
along the chain. Normal addition produces -0202- carbon sequences, however,
occasionally an inversion occurs to produce tail-to-tail (-2002-) and head-to-tail
(-0220-) sequences.

Figure 7. Structures and nomenclature used to define PVDF.
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As with tHFPO above, HSQC experiments provide one-bond and two-bond
C-F correlations illustrated by the blue arrows on the structures across the bottom
of Figure 7. These experiments can be used to identify the immediate neighbors (0
or 2) of each 2 unit. COSY spectra exhibit three-, four- and five bond correlations
between 2 carbons on sequential monomer units in all threes types of structures
(-0202-, -2002- and -0220-), however, from these data it is not always possible
to identify which units produce which cross-peaks. Two-bond 19F-13C HSQC
experiments help to distinguish among these: F-C correlation in -0202- will show
correlations to the 13C shifts of the same 0 units; F-C correlations in -2002- units
will not show correlations to the 13C shifts of the same 0 units; and -0220- units
will show correlations to the 13C shifts of each other’s two resonances.

2D-NMR

The one-bond and two-bond 19F-13C HSQC 2D-NMR spectra of a PVDF
sample are shown in Figure 8a and b, along with the 19F and 13C 1D-NMR spectra,
which are plotted along the corresponding axes of the 2D-NMR spectra. The 19F
signals of 020 and 022/220 carbon sequences occur in distinct regions (red and
yellow) as indicated by the labels on the figure. These 19F resonances have been
assigned based on empirical shift additivity rules and the γ substituent effect (7).
Distinction between the 13C resonances of 0 and 2 carbons is straightforward based
on the power of electronegative fluorine to shift the 13C resonances downfield.

These assignments of resonances from three-carbon sequences are confirmed
by the HSQC data. 19F resonances of 020 sequences only show two-bond F-C
correlation to 0 carbons (red circles in Figure 8b). However, 19F resonances of 022/
220 sequences show correlations to carbons in both the 2 and 0 carbon resonance
region (yellow circles in Figure 8b). Note that 222 sequences are not possible in
PVDF.

The double quantum filtered (dq) COSY spectrum of PVDF is shown in
Figure 9. The 19F spectral window for PVDF is relatively narrow compared
to that for PHFPO, so that it is not essential to use the selective versions of
this experiment. The correlations shown on the dqCOSY spectrum permit
identification of attachments between fragments of three carbon sequences: A
(020) to E (022), E (022) to F (220), F (220) to D (020), and D (020) to C (020).
The 19F resonances are correlated with each other via 3-, 4- and 5-bond JFF
couplings through 22, 202 and 2002 attachements, respectively. As mentioned
above, HSQC data permits distinction between these connectvities (i.e. whether
2-2 linkages occur through one-bond, -0-, or -00-).

Through combined use of HSQC and COSY based 2D-NMR experiments,
this 13 carbon sequence has been identified and its resonances assigned. Similar
interpretation of the spectra easily permits identification of 9-carbon sequences
needed to identify pentad sequences in the polymer.
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Figure 8. Selected regions from the one-bond (a) and two-bond (b) 19F-13C
HSQC 2D-NMR spectra of PVDF.

Experimental Section
Materials

Solvents were purchased from Aldrich Chemical Co and Cambridge Isotope
Laboratories and used as received; THFPO was purchased as the acid fluoride
from Alfa Aesar and converted to the carboxylic acid as previously described (23).
PVDF was provided by E. I. Dupont de Nemours and Co.

Instrumentation

NMR measurements were made with a Varian direct drive 500 MHz NMR
spectrometer with five rf channels. Channels 1 and 3 were designed for high
frequency (1H/19F) and channel 2 was designed and used for low frequency band
operation (31P-15N). All channels were equipped with waveform generators for
pulse shaping. The probe used was a 5mm four channel (1H/19F/13C/2H) design
with a single high-band input for the 1H and 19F signals, and pulsed field gradient
coils (capable of up to 0.7 T/m gradients). A duplexer was used with internal
filters to combine 1H and 19F rf transmitter signals, direct them to the high band
channel of the probe, take the NMR signal from the probe, isolate the 1H and 19F
signals from the sample, and direct the desired signal to the instrument receiver.
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Complete details describing the pulse programs used have been summarized in
reference (23).

Figure 9. 19F-19F double quantum filtered COSY spectrum of PVDF.

Summary

Recent advances in the capabilities of NMR instrument hardware and the
software used to control that hardware warrants a reevaluation of older NMR
techniques and their utility in solution NMR studies of polymer structures. NMR
studies of fluoropolymers can particularly benefit from application of selective
excitation techniques. The unique characteristics of 19F (compared to 1H)
create difficulities in applications of 2D-NMR method of structure elucidation.
These same characteristics contribute to the successful applications of selective
excitation NMR experiments. In this paper, examples of these applications are
presented involving the characterization of PHFPO and PVDF. Unprecendented
detail is resolved in the selective 2D-COSY and HSQC spectra. These data
permit the assignment of resonances from monomer- and stereo-sequences in the
polymer backbone.

These experiments can and are being used to study polymer chain-end
structures, in order to shed light on the inititiation and termination processes
in polymerization. Similar analyses are also underway to characterize
poly(vinylidene fluoride-co-tetrafluoroethylene) (PVDF/TFE), poly(vinylidene
fluoride-co-hexafluoropropene) (PVDF/HFP) and poly(vinylidene fluoride-co-
tetrafluoroethylene- co-hexafluoropropene) (pCDF/TFE/HFP)
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Chapter 22

Statistical Models and NMR Analysis of
Polymer Microstructure

H. N. Cheng*,1 and Massoud J. Miri2

1Southern Regional Research Center, USDA Agricultural Research Service,
1100 Robert E. Lee Blvd., New Orleans, LA 70124, U.S.A.

2Department of Chemistry, Rochester Institute of Technology, Rochester,
NY 14623, U.S.A.

*E-mail: hncheng100@gmail.com

Statistical models can be used in conjunction with
NMR spectroscopy to study polymer microstructure and
polymerization mechanisms. Thus, Bernoullian, Markovian,
and enantiomorphic-site models are well known. Many
additional models have been formulated over the years
for additional situations. Typically spectral interpretation
and data treatment can be done through either “analytical”
or “simulation” approaches. These can be combined into
“integrated” approaches for specific situations. An alternative
(and more general) approach considers the kinetics of
the polymerization process and carries out predictions of
polymer microstructures and NMR spectra. These various
methodologies are briefly reviewed here. Also reviewed
is a recent effort in the simulation category involving a
user-friendly Excel program (“Polytact”) that can simulate the
tacticities of a large number of statistical models, particularly
those that pertain to polyolefins made with single-site catalysts.

Introduction

High-resolution solution NMR is now a routine technique for polymer
analysis (1–5). It is fairly straightforward to dissolve a polymer in a solvent and
obtain a 1H or 13C spectrum. Analyses of a polymer NMR spectrum can be carried
out at different levels (Figure 1). At the simplest level, one can use the gross

© 2011 American Chemical Society

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

2

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



NMR spectral features to search the spectral libraries for routine identification
or pattern recognition. At a more involved level, one can interpret the spectrum
(in whole or in part), using a variety of techniques, and assigning the observed
peaks to specific structures. From the assignments, it may then be possible to
derive detailed information on polymer microstructure, such as homopolymer
tacticity, copolymer composition and sequence, branching, defect structures, and
chain ends. With additional work, it may be possible to infer information on
monomer reactivity and polymerization mechanisms. In general, the amount and
the quality of information that can be extracted from the NMR data depend on the
methodologies used and the efforts expended.

Figure 1. Information content available in the NMR data together with methods
and techniques used to extract the information.

Statistical models (also known as reaction probability models) have been used
extensively in polymer studies (3–7). They provide fundamental understanding
of polymerization processes and serve as a theoretical framework whereby NMR,
molecular weight, fractionation, and polymerization kinetics data can be analyzed
in a rational manner. In many cases the models can assist in NMR spectral
assignments and help interpret the spectral intensities. Sometimes they provide
information on the mechanisms of initiation and propagation. Suitably applied,
they may permit maximum amount of information to be obtained from each
spectrum.

In this work a brief review is made of common statistical models being used
and selected methodologies being applied in the NMR analysis of polymers, with
a particular emphasis placed on the work done in the authors’ laboratories.
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Statistical Models

Over the years, many statistical models have been used to depict
polymerization. New models have been devised for specific situations. The
interrelationships of some of these models are shown in Figure 2.

One-State Models

The simple one-state models, such as Bernoullian (B), first-order Markovian
(M1), second-order Markovian (M2), and enantiomorphic-site models (E) are
well-known and have been previously described (6, 8, 9). It is important to note
that with B, M1 and M2 models, the polymerization are chain-end controlled,
whereas with E model, the polymerization is catalytic-site controlled (8, 10–12).
Models that provide dual control (both chain-end and catalytic-site) are also
known and used (7, 11–13). Other useful models include Markovian with
reversible propagation (14–16), complex participation (17, 18), and bootstrap
models (19).

Two-State Models

These models are used when two separate states are involved in
polymerization. The two states can be consecutive or concurrent (20). The
consecutive two-state model can be applied to a polymerization where the
catalytic site switches back and forth between two states as it polymerizes; the
result may be a block copolymer consisting of blocks that conform to different
statistics. The consecutive two-state model can also be used for other block
copolymers or for a polymerization where the reaction condition changes during
polymerization (e.g., changes in monomer feed, pressure, or temperature). The
concurrent two-state model is basically a mixture model. It can be used for a
polymerization where two separate active sites are present, each site making
its own polymer according to its propagation statistics; in effect, a blend of
two polymers is formed. The concurrent two-state model can also be used if a
catalytic site switches back and forth between two states but the rate of switching
is low relative to chain propagation and chain termination, and separate chains
are formed that can be attributed to each of the two states (20).

Each of the two states can be Bernoullian (B) or enantiomorphic-site (E),
giving rise to two-state B/B, B/E, or E/E models. The first two-state B/B model
has been formulated by Coleman and Fox (21) and included both consecutive and
concurrent features. The concurrent B/B model has been used to analyze NMR
data of olefin copolymers (22–25). Similarly, the concurrent B/E model has been
used to analyze the tacticity of polypropylene (26, 27). Yet another two-state
model has been reported by Ewen, et al (13, 28) and used to analyze the NMR
data of syndiotactic polypropylene made with metallocene catalysts; the model
includes dual catalytic-site and chain-end control. In addition, a general treatment
of the two-state consecutive models has been formulated (20); this is a structural
approach that is different from the Coleman-Fox treatment and is applicable to
two-state B/B, B/E, and E/E models These models have been used for the analysis
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of NMR tacticity data of elastomeric polypropylene (29, 30). Variant models have
also been proposed (31).

Figure 2. A general scheme for selected statistical models commonly used for
NMR characterization.

Multistate Models

Many polymers are found to have multiple polymeric components due
to polymerization made at different catalytic sites, at different phases, or (in
programmed monomer addition) at different times. The multistate models are
useful for the analysis of these polymers. A general methodology involving
multistate models has been reported (25, 32). The analysis is facilitated
when NMR data of polymer fractions (from fractionation or chromatographic
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separation) are available. The methodology has been applied to a large number
of synthetic polymers, particularly those made from Ziegler-Natta catalysts
which may contain more than two active sites, e.g., for the analysis of copolymer
sequences (25, 32–39) and homopolymer tacticity (25, 33, 38). In addition, it has
been used on natural polymers, e.g., pectin (40, 41) and alginate (41–43).

Perturbed Models

Many industrial (and some lab-made) polymers exhibit varying degrees of
compositional heterogeneity. Compositional heterogeneity may also influence
polymer microstructure, such as tacticity, composition, and sequence distribution.
Perturbed Markovian (44, 45) and enantiomorphic-site (46) models have been
designed as convenient tools for the interpretation of compositional and tacticity
data. In general, compositional heterogeneity can arise from many sources
(47–50). Depending on the source(s) of heterogeneity, the chemical composition
distribution (CCD) curve may take on a symmetric or non-symmetric appearance
(Table 1) (48).

For the analysis of CCD or NMR data, multistate heterogeneity can usually
be treated with multistate models. Perturbed models can be used for the treatment
of the other three types of heterogeneities. Computations can be done via either
analytical (44–48) or simulation approaches (47–50).

Table 1. Different types of compositional heterogeneity. (adapted from (45))

type possible source(s) of heterogeneity CCD curve

statistical statistical fluctuations in copolymer
composition

symmetric

conver-
sion

different comonomer reactivities skewed or tent-shaped

multistate 1. different polymers made at different
initiator sites or phases
2. programmed comonomer feeds
3. polymer blending
4. polymers from biological sources

variable (skewed to
multimodal)

process fluctuations in polymerization process
conditions

symmetric or slightly
skewed

Kinetic Models

Instead of reaction probabilities, an alternative treatment (51) uses the actual
reactions taking place during polymerization. The resulting kinetic scheme can
then be used to generate all requisite information corresponding to the observed
NMR data, e.g., composition, sequence, branching, defect structure, and chain
ends. These kinetic models are especially useful for the treatment of complex
NMR data. For example, the kinetic model of a simple binary copolymerization
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has been reported (51). A detailed study of short- and long-chain branching in
low-density polyethylene using kinetic modeling has also appeared (52).

Other Models

Most of the preceding discussion deals with homopolymer tacticity or
sequence distribution of binary copolymers. The first-order Markovian model for
ternary copolymerization (terpolymerization) is also known (53); an excellent
example of its utility has been shown by Carman et al (54) for the analysis of
NMR spectra of ethylene-propylene rubbers. The first-order Markovian model
for quaternary copolymerization (tetrapolymerization) has also been formulated
(55) with mathematical expressions for all relevant sequences. It has been used
successfully for styrene-butadiene copolymers (56), where 1,2-, 1,4-trans, and
1,4-cis additions of butadiene to the propagating chain are regarded as three
separate comonomers. The same model has been used for stereoirregular and
regioirregular polypropylene (57), where primary and secondary insertions of
propylene in two configurations are considered the four comonomers. The
mathematical expressions for a pentapolymerization (involving 5 comonomers)
would be very complex (55). A simulation approach for a pentapolymerization
has been published for ethylene-propylene rubber (48, 58); in that case, the
five “comonomers” are ethylene, propylene in the primary insertion (up and
down configuration), and propylene in the secondary insertion (up and down
configuration).

The versatility of metallocene catalysts gives rise to new statistical models.
Some of these have been recently reviewed (59). A new model (“E-B gen”) will
be described in the last section of this article.

Application Methodologies

Analytical Approaches

Whereas the models are useful for an understanding of polymerization
mechanism and statistics, an appropriate methodology is needed to apply these
models to the treatment of NMR data. Many methods and techniques have been
developed for this purpose (1–9). Most of the methods can be grouped under the
category of “analytical” approaches (5, 6, 60):

Thus, the NMR data of a polymer are first acquired and the spectral features
assigned to pertinent polymer microstructures. Spectral intensities are then
obtained, and calculations made to give copolymer composition and sequence
distribution. A more refined treatment takes all assignable intensities in a
spectrum and fits them to an appropriate statistical model, from which reaction
probabilities can be derived (54, 60–62). This approach has also been extensively
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used for many statistical models (5–7, 11, 12, 25, 32, 48), often with some
variations in methodologies (63, 64).

Simulation Approaches

The second category of approaches can be called “simulation” (or "synthetic")
approaches. The starting point here is an appropriate statistical model, from
which composition and sequence distribution for a set of model parameters can
be calculated through theory or computer simulation. The observed and the
calculated sequence distribution can be compared and adjustments in the model
parameters made until a satisfactory fit is obtained. A number of people have
utilized this approach over the years (59, 60, 62, 65–68). The advantage of this
approach is that it is often easier to calculate the sequence distribution or to
simulate the polymerization than to engage in a direct data fitting procedure for
many polymeric systems.

In one variation of this approach, one can take the reaction probabilities of a
model and use Monte Carlo method to generate an ensemble of polymer chains,
from which composition and sequence (and their heterogeneities) can be gathered
(49, 50, 66–68). When good correlations between microstructures and chemical
shifts are known, one can produce a predicted NMR spectrum. As an example,
a general computer program has been written that can be used to calculate the
copolymer sequences and to simulate the 13CNMR spectra of vinyl and vinylidene
copolymers and terpolymers (67, 68). For polymers exhibiting stereoisomerism
and regioisomerism, detailed 13C shift rules incorporating tacticity, head-to-tail,
head-to-head, and tail-to-tail structures are needed to produce simulated shifts or
spectra. For example, such 13C rules for polypropylene and ethylene/propylene
copolymer have been obtained (69). For these two polymer systems, it is
possible to simulate a range of polymer microstructures, including tacticity,
regiosequences, and chain ends (58, 70).

Integrated Approaches

A third category of methods incorporates elements of analytical and
simulation approaches. The use of both approaches in suitable cases provides
more detailed understanding of polymer microstructure and NMR shift/structure
correlations. For example, for copolymers obtained at high conversion, the direct
use of a statistical model can lead to wrong results; an integrated approach permits
more correct results to be obtained (71). Other examples of integrated approaches
have also been published (48, 72).
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Kinetic Simulation Approaches

These approaches can be used with kinetic models (above). A schematic of
this type of approaches is shown below.

If we can formulate a realistic kinetic scheme of a polymerization under
consideration, the scheme can then be used for simulation of polymer chain
growth and NMR spectral prediction. Of course, rate constants need to be known
either a priori or through model-fitting. Detailed descriptions of this approach
have been reported earlier (51, 52).

Program Polytact

Recently a convenient and pragmatic program, called Polytact, was reported
by Miri, et al (59). It was written on the Excel software with the objective
to calculate all relevant characteristics of the polymer tacticity and to present
them in graphical form in a user-friendly manner using macros. Six types of
tacticities can be produced with the program: isotactic, syndiotactic, atactic,
hemiisotactic, stereoblock, and heterotactic (the latter meaning that ideally two
adjacent substituents point in one direction followed by two substituents pointing
in the other direction). Seven one-state statistical models were built into the
program: B, M1, M2, E-B iso, E-B syn, E-B gen, and the E-M1 combination.

The “E-B gen” model is introduced for the first time in this program (59). It
enables a user to model and simulate four different types of enantiomorphically
controlled tacticities with one single model: isotactic, syndiotactic, atactic and
hemiisotactic polymer. It is based on a simplified scheme, in which it is only
relevant what the probabilities are for each of the two types of enantiofaces of the
monomer to coordinate with each of the catalyst’s two lateral, enantiotopic sites.
Specific types of catalyst symmetry groups need not be explicitly considered in
this model. Also, the equations for the pentads for the E-M1 model have been
published for the first time in the article cited (59). The “E-B iso” and “E-B syn”
models are to be used for isotactic and syndiotactic polyolefins, respectively. The
model simulations have been applied to twenty polymers with different tacticities
found in the literature (59).

A screen shot of the summary sheet of the program is shown in Figure 3. The
program’s user can select each of these models on an input window, and enter the
corresponding numerical probabilities, e.g., Pmm and Prr in case of the M1 model.
The program then produces the following output: (1) the numerical dyad, triad,
tetrad and pentad values for the specific input probability(ies), (2) bar diagrams
for the triad and pentad values, (3) 2D or 3D graphs for the triad and pentad
distribution over the entire probability range(s), depending on the model, (4) the
average sequence lengths for the meso and racemic dyads, (5) a sequence length
distribution graph, and (6) a graph for the simulation of 50 units in the polymer.
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In addition, a tab can be selected on the input window to use short-cuts for
the models (with stored ideal probabilities) to produce the six types of tacticities
mentioned above. These are intended to help the beginning user to get familiar
with the concepts more easily. Furthermore, a third tab can be selected to choose
from different metallocene symmetries that cause certain tacticities; for example,
by clicking the icon with the figure representing a metallocene with a C1 chirality,
the program will produce data for a hemiisotactic polymer as output.

Figure 3. Screenview of the summary sheet of program Polytact with the movable
input window on the right (applying the “E-B gen” model).

More detailed views of the 2D and 3D plots of the triad and pentad
distributions are available on a separate spreadsheet in Polytact. These can be
used to determine quickly which types of triads or pentads cannot be produced
with certain models or what their maximum or minimum value is. For example,
the [mmmm] pentad reaches a maximum 6.25% for a syndiotactic polymer (with
a = 0.5), which is also the minimum value of [mmmm] for an isotactic polymer
(with b = 0.5) using the E-B syn and E-B iso models, respectively. However, the
[mmmm] pentad can become zero using the E-B gen model (when either both of
its probabilities c and d approach zero or both probabilities approach 1).

A major use of the program Polytact is to compare experimental n-ad
sequences, which can be obtained from NMR spectroscopy, with those calculated
by the program. To test if the experimental data are in agreement with one of
the seven models, one needs to take a set of n-ads and decide on the particular
probabilities associated with a model. These probabilities then need to be
entered into the program, and the resulting n-ad sequences can be compared
to the corresponding experimental sequences. If the differences between the
experimental n-ads and those calculated by the program lie within a reasonable
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margin of error, the actual polymerization is considered compatible with the
particular model within the limit of experimental error.

The sequence distributions obtained can also be used to make predictions
about the degree of order and crystallinity of a polymer or its other physical
properties. If a polymer with a certain tacticity is to be grafted or modified during
post-polymerization, predictions can be made about the polymer’s reactivity as
well.

The limitation of the program is that it currently includes only the seven
given statistical models. Thus, it does not include tactictities which are based on
two-state or multi-state models.. It may also be noted that the program represents
a simulation approach; thus, optimization of reaction parameters can be done
manually, but there is currently no provision for automated iteration.

The program will be made available by the authors upon request (e-mail:
mjmsch@rit.edu, or hncheng100@gmail.com).
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Chapter 23

Composition and Phase Morphology of
Hard/Soft Acrylic Latex Polymers: NMR and

AFM Study

Kebede Beshah* and Robert F. Antrim

The Dow Chemical Company, 727 Norristown Road,
Spring House, PA 19477

*E-mail: KBeshah@dow.com

Butyl Acrylate (BA) and Methyl Methacryate (MMA)
copolymers with different molar ratios in latex particles lead
to segregated hard and soft nanodomains. The presence
of both monomers in the hard and soft nanodomains is
challenging for traditional techniques for morphology studies
such as Transmission Electron Microscopy (TEM) due to
lack of atomic contrast. We have used NMR experiments
together with statistical analysis of comonomer sequences to
determine the composition of the monomers in each phase
coupled with Atomic Force microscopy (AFM) to probe the
phase morphology and particle sizes. The synergy of the two
techniques provides the opportunity to probe interface mixing
between the continuous soft phase and the segregated hard
phase that has some impact on the final size of the hard and soft
phases after film formation.

Introduction

Emulsion polymer particles for coatings applications (about 100 nm in size)
need to coalesce during film formation in order to form transparent and crack
free films that provide hardness for better scrub and dirt pickup resistance of
paints (1–3). Such opposing properties of softness for coalescence and hardness
after film formation have been circumvented by applying coalescing agents such
as Texanol (2,2,4-trimethyl-1, 3- pentanediol monoisobutyrate) that help with
plasticization of the polymer during film formation and later evaporates to leave a

© 2011 American Chemical Society
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relatively hard film. With the drive to reduce and even eliminate volatile organic
compounds (VOC) from the environment, formulators are looking for ways to
achieve film formation at ambient temperature while maintaining certain degree
of hardness. One of the approaches involve designing a hard and soft morphology
within the same latex particle of the binder (4). The soft component delivers
the film formation property at ambient temperatures while the hard components
provide the mechanical strength and aids in dirt pick-up resistance. In some
designs the soft phase forms the continuous phase while the hard phases could be
as low as 10% and with nanodomain sizes below 20 nm. Such designs make it
very difficult for the standard analytical methods such as DSC, DMA, and TEM
to study phase segregation (5).

The challenge is exacerbated by the design of the hard and soft components
from the same pair of monomers, methyl methacrylate (MMA) and butyl acrylate
(BA). MMA rich BA/MMA copolymer provides the hard phase while a BA rich
BA/MMA copolymer forms the soft phase. A lack of atomic mass differentiation
and the similarities in components makes it difficult to image by TEM. In addition,
the lack of specific stains to differentiate MMA from BA is a limitation of TEM.
The widely dispersed nanodomains of less than 20 nm sizes provide challenges to
detect a glass transition temperature of the hard phase by DSC and DMA.

In this study we have used a combination of solution and solid state
NMR together with Scanning Probe Microscopy (SPM) to determine the phase
behaviors and obtain quantitative information on the phase segregated latex
particles. SPM is sensitive to hard and soft components and the technique is
capable of differentiating these in a film. In some instances, the similarities in
chemical composition could also lead to phase mixing that has significant effect
on detecting less that 5 nm domain sizes even by Scanning Probe Microscopy
(SPM). NMR permits the study of such systems as solid films by solid state NMR
or in solution where the comonomer sequence reveals the heterogeneity of the
polymer and the possible phase segregation.

Experimental Section

Materials

The emulsion polymers for this study were made using standard emulsion
polymerization techniques (6). The model ladder statistical emulsion polymers
of varying BA/MMA mole ratios are synthesized using standard procedures with
thermal initiation and a gradual monomer feed time of about 2 hours for the
polymerization. This provides for uniform composition of the copolymers even
for monomers with varying reactivity ratios compared to batch polymerization
that invariably leads to heterogeneous polymer chains as dictated by reactivity
ratios of the monomers than by intentional design. The complex polymers
(Samples 2, 3 and 4) require a staged feed protocol in order to achieve the desired
hard and soft components.
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Nuclear Magnetic Resonance Spectroscopy

The solution and solid state NMR experiments were all done on a Bruker
AVANCEIII 400 MHz spectrometer. The solution NMR experiments were done
on latex polymers that were dissolved in tetrahydrofuran (THF-d8) at room
temperature. For the solid state experiments, circular disks of about 6 mm in
diameter were punched out of the films and stacked in a 7 mm sample rotor for
cross polarization and magic angle spinning (CPMAS) experiment. We have also
used 4 mm sample rotors where the film is introduced after a strip had been rolled
to fit the inner diameter of the rotor. The Cross Polarization mix times for the
high temperature experiments were chosen to be 1 ms in order to optimize the
discrimination of the hard and soft components.

We have used the well established Bernoullian distribution (7, 8) for a binary
radical copolymerization of BA and MMA, the statistical comonomer sequence is
well approximated by:

Where: m = number of sites; for our triads, m = 3.
n = 0,1,2,…,m
fBA = the fraction of one of the components; in this case, mole ratio of BA.

Scanning Probe Microscopy ( SPM), a.k.a. AFM

Characterization of these emulsions consisted of evaluating the dried films
and faces cut tangential to the surface of the film. All AFM images have been
obtained using Bruker’s D 5000 scanning probe microscope, Santa Barbara, CA.
The tapping mode was used to obtain the images and operated under ambient
conditions. A FESP tip (Bruker) was chosen for imaging and operated at a
frequency 5% lower than its harmonic frequency. The engage set point was 0.8,
gains and scan speed were adjusted to allow good tracking of the tip with the
surface. Both phase and height images were collected simultaneously.

The dried films were prepared using 8 mil gauge bar to draw the emulsion
along Mylar substrate. The film was then air dried. Small samples were placed
into the instrument for imaging. All cryo faces were prepared by air drying a
puddle of material. A small piece was cut out and glued onto a bulls eye pin mount
(Electron Microscopy Sciences, Hatfield, Pa) and cryo faced on a Reichert FCS
Cryo Ultramicrotome using a diamond knife (Diatome, Hatfield, Pa) , at -60°C.
Image analysis was carried out using either Scanning Probe Image Processor
(SPIP) or image analysis on version 6 software.
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Results and Discussion

Solution State NMR: Quantitative Analysis with Standards

The solution state 1H NMR lineshapes of BA/MMA statistical copolymers
have characteristic signals due to the comonomer sequence structures (9–11).
Model samples with a composition ladder provide a vivid illustration of the effects
of nearest and next nearest neighbors in the chemical shifts of species of interest.
As mentioned above, these copolymers were made with a standard radical
polymerization of emulsion polymers. Hence, they illustrate close to a random
distribution of near neighbors distribution since the reactivity ratio differences are
compensated for by slow feed rates of monomers during polymerization.

Figure 1. Partial 1H NMR spectrum of BA/MMA statistical copolymers and a
block copolymer to illustrate the effect of near neighbors on the spectra.

Figure 1 shows an expanded region of interest of the 1H spectrum from 3.4 to
4.3 ppm of the ladder composition of BA/MMA copolymers. The signals centered
at 3.6 ppm are due to –OCH3 (methyl ester) of MMA and the signals centered at
4 ppm are due to –OCH2- (methylene ester) of BA as shown by the circles in the
figure. These signals are particularly sensitive to nearest and next nearest neighbor
monomers in the polymer sequence. For example, the –OCH2- signal of BA is
sensitive to whether it is in a triad sequence between two other BAs (BBB), or a
BA andMMA unit (BBM), orMBM triad. Similarly, the MMA signal gives rise to
a variety of peaks compared to a poly methyl methacrylate homopolymer, which
has just one peak centered at 3.6 ppm, due to sequencing effects (BMM and BMB).
We are not going to go into details of sequence distribution analysis in this report.
Extensive studies of Bernoullian distribution in copolymers have been reported
by other workers (7, 8). We will focus only on the part of the sequence analysis
relevant to our morphology study.
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As illustrated in the figure, the relative intensities of the fine structures for BA
and MMA change as the molar ratio of BA and MMA changes in the sample. We
have only shown the effect of triad sequences, but one can envision that in some
favorable cases we could also have well resolved signals from tetrad and pentad
sequence effects on the spectra giving us rich information on copolymer sequences
as discussed by many authors in a variety of polymers including heterogeneity
effect studied by perturbed first-order Markovian distribution (7–20).

Since these lineshapes of random distributions are characteristic of radical
polymerization, we can use them to determine if we have any heterogeneous
composition that would lead to hard and soft morphologies.

The glass transition temperature (Tg) of poly methyl methacrylate
homopolymer is greater than 110ºC depending upon the tacticity while poly butyl
acrylate has Tg about -60ºC. There is a linear relationship between Tg and MMA
or BA fraction in the copolymer as shown in Figure 2 below. Heterogeneous
polymers with segregated BA rich and MMA rich components would lead to a
SOFT (low Tg component from the BA rich composition) and a HARD (high Tg
component from the MMA rich composition). In some instances it is difficult to
register the presence of segregated hard and soft phases due to the total amount
and the particle size of the dispersed phase.

Figure 2. Tg of BA/MMA copolymers as a function of mole fractions.

Heterogeneous Polymer of Known Composition

Figure 3 shows the high resolution 1H NMR spectrum of a heterogeneous
polymer, Sample 2. We have also plotted model polymers of known composition
to assess the composition of the hard and soft phases. As indicated above,
the MMA signals of Sample 2 show fine structures due to triad monomer
sequences (BMM and MMM) similar to copolymer composition in the range
of 20BA/80MMA to 40BA/60MMA. Based on the integration of the BMM
and MMM triad sequences as discussed below, we estimate the composition
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of the polymer that is responsible for the MMA signal pattern in Sample 2 is
34BA/66MMA which is essentially the similar to the synthesis ratio of 35%BA
and 65%MMA.

Figure 3. Solution NMR of heterogeneous polymer (Sample 2) and reference
homogeneous statistical copolymers.

On the other hand, the BA signal at 4 ppm for Sample 2 resembles that of 100%
BA. In the model sample with about 80% BA we note that the MMA signals have
strong features at 3.5 ppm due to neighboring BA. These signals are not detected
in the heterogeneous Sample 2 spectrum, which indicates that the BA component
of the SOFT phase of Sample 4 is close to 100%.

Figure 4. 2µm AFM image of Sample 2, phase image (left) and height image
(right). A circle is drawn to aid visualization of the individual particles.

Using the Bernoullian distribution equation (experimental section) and the
intensities of the signals of the triad sequences, we estimate the MMA rich
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component to be 24% of the total polymer with composition of 65MMA/35BA
and the BA rich component to be 76% of the total polymer with composition of
greater than 90% BA. These values agree well with the synthesis composition of
25% (64MMA/34BA/2AA) and 75% (92BA/7AN/1AA).

From DSC measurement we could only detect one phase transition at -26ºC
that is attributed to the BA rich component of the heterogeneous polymer. The
lack of a clear transition for the MMA rich phase in spite of the 25% hard phase
components could indicate the presence of dispersed nanodomains of the MMA
rich phase. We used Scanning Probe Microscopy (SPM), sometimes referred to
as Atomic Force Microscopy (AFM), which excels in the imaging of hard/soft
polymer domains.

In Figure 4, the 2 µm phase image, on the left, shows greater details of
the particles surface. Here we can start to see the individual spherical particles
centered at 400 nm in diameter, and the well distributed smaller hard component
(bright spots) on the surface. In addition, bright non-spheroid features are also
seen on top of the particles, which are tentatively assigned to surfactant migration
to the surface. The hard components of the particles are readily observed on the
surface, which are well controlled in particle size and spacing.

Figure 5. 2 µm AFM of cryo faced Sample 2; phase image on left and height
image on right.

To determine if the hard component is found only on the outer surface of the
particle or within the particle, a cryo microtomy with perpendicular incision was
used to reveal the interior of the film and particles. The phase image of the cryo
surface in Figure 5 with higher magnification (2µm x 2µm) shows more clearly
the edges of the particles and the distribution of the harder component. It is seen
that the hard phase is predominately found on the outer edge of the particles. The
emulsion particles after film formation no longer look as spherical as they did
on the surface. The deformation of the particle is commonly seen during film
formation. Deformation of the particles to form the film increases the contact
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surface area between the particles forming a more rigid structure. From image
analysis, we obtained that 20% of the polymer is from the hard component in good
agreement with 25% obtained by NMR.

Heterogeneous Polymer with Unknown Composition

In some instances, the polymerization process could lead to compositional
heterogeneity that is not readily deduced from the synthesis process. These are
probably the best conditions for the application of NMR and SPM techniques
where NMR provides the compositional information and SPM the phase
morphology as we saw above for a known system.

In Figure 6, we have solution state 1H NMR spectra of three samples. For
better visual comparison, the spectrum of Sample 1 is also overlaid on the spectrum
of Sample 3 and the Sample 3 spectrum on Sample 4 with dashed lines. Note that
the –O-CH2- ester signal of BA (at about 4 ppm) is essentially identical for the
three copolymers, while there is a difference in the MMA ester (-O-CH3) signal.

Figure 6. Solution state 1H NMR of Samples 1 (statistical 58BA/42MMA
copolymer) and heterogeneous polymers, Samples 3 and 4.
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From the integrals of MMA and BA signals as well as the triad sequence
structures, we can readily determine that the signal for Sample 1 is from a
homogeneous random polymerization of 58BA/42MMA copolymer as we have
observed in the ladder compositions in Figure 1. On the other hand, the spectrum
for Sample 3 shows similar lineshape as that of Sample 1 except for higher
intensity of one of the multiplicity at 3.6 ppm , the MMM triad; compare this
signal with the spectral patterns in the model ladder compositions in Figure 1. A
random copolymer of BA and MMA in Sample 3 could not explain this higher
intensity at 3.6 ppm. Note that the 3.6 ppm signal is characteristic of MMA
rich copolymer (bottom of Figure 1) or from a blocky poly methyl methacrylate
sequence. So, this additional intensity at MMM has to arise from another
heterogeneous sequence distribution of the polymer that is mainly due to MMA
rich phase.

The signal for Sample 4 shows even higher MMA block (MMM) signal at 3.6
ppm compared to Sample 1 and Sample 3, while the rest of the spectral pattern
fits a similar 58BA/42MMA random copolymer lineshape. Hence, Sample 3 and
4 are heterogeneous polymers with one phase comprised of BA rich copolymer
(58BA/42MMA) and another that is predominantly MMA. We can now assess
the relative composition of the heterogeneous phases based on the precedent
qualitative analysis since we know the actual composition of Sample 1. The BA
signal in Samples 3 and 4 is from a BA rich polymer matrix (phase) similar to
Sample 1, hence the BA ratio in the soft phase has to be 58%, the same as Sample
1. At this stage we can assume that almost all of BA is derived from the soft phase
of the 58% BA copolymer and we can rewrite the relative integration we obtained
from the figure to reflect that we have a 58% BA containing copolymer. Hence,
the proportional amounts of all BA and MMA in Sample 3 copolymer is rewritten
from 53BA/47MMA to 58BA/51MMA, a simple proportional adjustment.
Knowing that we have now a 58%BA/42%MMA component, we further
rewrite the total composition as; 58BA/51MMA = 58BA/42MMA//9MMA =
53.2BA/38.5MMA//8.3MMA, to normalize the total composition to 100%. Given
that we do not observe lineshape difference between Sample 1 and Sample 3 and 4
except for theMMM triad sequence, we conclude that there might be only a small
amount of BA, if any, in the MMA rich component of the heterogeneous polymer.
Similarly, we determine that Sample 4 is 51.8BA/37.5MMA//10.7MMA. Hence,
Sample 3 and 4 are heterogeneous polymers with about 90% BA rich soft phase
and about 10% predominantly poly methyl methacrylate polymers.

Quantitative Analysis without a Standard

In the previous analysis we used a standard copolymer that has essentially
identical BA rich copolymer which helped with a visual comparison of the
heterogeneous polymer. It is not always possible to obtain a copolymer with
exactly the same composition as one of the components of the heterogeneous
polymer. So, we need an approach that would not require a standard sample
to match the compositions until we find the one that fits, which could lead to a
tedious trial and error task in synthesis. Even though the 1H NMR lineshape is
sensitive to comonomer compositions, accurate integration of the triad signals
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(BBB, BBM, MBM) is difficult due to peak overlap. So, we turn to 13C NMR
spectroscopy where one of the side chain methylene signals (-O-CH2-C*H2

-CH2-CH3) at about 30.1 – 30.8 ppm is also sensitive to comonomer sequences.
One of the triad segments (MBM) for -O-CH2-C*H2 -CH2-CH3 is uniquely
resolved from the rest of the signals at 30.28 ppm permitting an integration of
this signal as shown in Figure 7. In the Figure, we have included four random
copolymers with known compositions of random distribution for the validation
of the approach and the two heterogeneous Samples 3 and 4. Since we can only
resolve the MBM triad sequence signal, we will just determine its ratio with
respect to all the triads (MBM, BBB, MBB) intensities.

Figure 7. A partial 13C solution NMR of statistical homogeneous copolymers (top
4) and heterogeneous polymers (bottom 2). Only the highlighted -O-CH2-C*H2

-CH2-CH3 signal is shown.
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We can now calculate the probability of the MBM occurrence for any
composition of BA/MMA using Equation 1. For example, for a 39BA/61MMA
copolymer with mole ratio of 33.3BA/66.7MMA; for triads, m=3 and fBA = 0.333,
the various relevant probabilities (P) are given by:

PBBB = (fBA)3 = (0.333)3= 0.037
PMBB = PBBM= 2/3 (PBBM, MBB, BMB) = 2(fBA)2(1-fBA)1 = 2(0.333)2(0.667)1 =

0.148
PMBM = 1/3 (PMBM, MMB, BMM) = (fBA)1(1-fBA)2 = (0.333)1(0.667)2 = 0.148

The probability, PMBB, is the placement of two BAs and one MMA in a triad
sequence; BBM, MBB, BMB. For our BA signal analysis, we are only interested
in those triads with BA at the center. So, we are only interested with 2/3 of the
PMBB probability. Similarly, only 1/3 of the probability of two MMAs and one
BA give us BA at the center of the triad sequence (MBM, MMB, BMM). Hence,
converting the wt% composition of 0.39BA/0.61MMA to mole%, we obtain
0.333BA/0.667MMA , the sum of these probabilities is (PBBB + PMBB + PMBM)
= 0.037 + 0.148 + 0.148 = 0.333 = fBA, where fBA = mole fraction of BA in
comonomer

Hence the relative amount ofMBM from the Bernoullian distribution is given
by: PMBM/(PBBB + PMBB + PMBM) = PMBM /fBA = (0.148/0.333) = 0.444 = IMBM
compared to 0.45 from integration of the experimental data in Figure 3, where
IMBM is the fractional experimental integral of MBM triad.

This approach does not require any standard and the composition of the soft
component is readily determined by comparing the experimental integral and the
calculated probability. The conversion from experimental integral of the MBM
signal to that of the composition is straight forward using the above relations; i.e.,
PMBM/fBA = the MBM fractional integral in Figure 7.

We can rewrite PMBM/fBA = fBA(1-fBA)2/fBA, using Equation 1 to define PMBM
= fBA(1-fBA)2. Hence, the experimental integral, IMBM, and the probability, PMBM,
are correlated as: PMBM/fBA = fBA(1-fBA)2/fBA = IMBM, where IMBM is the fractional,
experimental integral of MBM, and after simplification, (1-fBA)2 = fMMA2 = IMBM,
since (1-fBA) = fMMA. fMMA = √(IMBM), remember that fMMA is mole fraction of
MMA in the BA rich component. This relationship enables us to determine the
mole fraction of MMA directly from the integrals of the experimental spectra such
as Figure 5. For example, for Sample 4, this integral is given by 0.24. Using the
relation, fMMA = √(IMBM), fMMA is determined from √(0.24) = 0.4899, fBA =(1-
fMMA) = 0.5101. We can thus convert it to weight ratio of 57BA/43MMA. Note
that we obtained 58BA/42MMA for this component with a comparison to a known
standard, Sample 1.

Below is a table of experimental and calculated values of theMBM fractional
amount among the triads. For the heterogeneous polymers, the table also provides
the weight ratios calculated from the experimental data using the equation derived
above.
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Table 1. Experimental and calculated molar ratio of MBM on model
copolymers and soft phase composition of segregated copolymer

SAMPLE
(wt. ratio)

MBM_____
(MBM+MBB+BBB)
Experimental

P(MBM)_____
P(MBM+MBB+BBB)
Calculated

Weight ratio
calculated
fMMA = √(IMBM)

79BA/21MMA 0.08 0.07

59BA/41MMA 0.23 0.23

39BA/61MMA 0.45 0.44

19BA/81MMA 0.71 0.71

Sample 3 0.25 56.2BA/43.8MMA

Sample 4 0.24 57BA/43MMA

Clearly, we have a very good match of the BA rich composition. In this
case, however, we did it without any need for a standard sample. Matching the
spectral features of the unknown with a known standard that happen to have the
same composition is a daunting task. One should remember that in the presence
of crosslinking and interphase diffusion, the Tg would not be a reliable source for
the use of the Fox equation to obtain the composition of each phase. In the case of
Sample 3 and 4, we do not have any indication of the presence of a heterogeneous
polymer by DSC or DMA measurements.

The use of this approach will require high signal to noise and resolution
spectrum in order to calculate the composition accurately. Otherwise, we will get
erroneous results due to poor integrals of the spectra. We are also assuming that
the contribution of the BA from the hard phase is minimal and we need to have
any of the independent checks we have in this report such solid state NMR and
solution state 1H NMR lineshapes to ascertain the presence of phase segregation.
Whenever possible use of integration from other regions of the spectrum, such as
carbonyl region, will enhance the accuracy of the results in Table 1.

In the preceding discussion we have determined that we do have
heterogeneous composition of the copolymers in Sample 3 and 4 with a BA
rich BA/MMA copolymer and another predominantly MMA composition in the
complex. Since all the compositional calculation was done in solution, we do not
have any indication if these heterogeneous polymers segregate to provide a hard
and soft phase in the polymer film. For that we need to study the films by solid
state NMR and AFM.

Solid State NMR

In Figure 8, the solid state CPMAS NMR spectra of Samples 1, 3 and 4, taken
at ambient temperature are shown. The signal of Sample 1, the homogeneous
58BA/42MMA, is also overlaid (dashed lines) on the other two heterogeneous
polymers for better visual comparison. Note that we have excluded the carbonyl
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carbon signal at about 176 ppm from these spectra in order to expand and display
the more informative section.

Figure 8. Room temperature 13C CPMAS spectra of Samples 1, 3, and 4.

The resonance assignments are shown in the spectrum for the various
moieties of the copolymers. Some of the backbone methylene signals of the
nearest neighbor BA/MMA sequences (BBM, MBM, BMM, BMB) are shifted
downfield and upfield respectively from the homopolymer resonances and are
spread between 40 and 50 ppm resulting in the broad signal close to the baseline.
The intensity of the ester –OCH2- signal of BA at 64 ppm is normalized for this
comparison. We readily observe that while the BA signals are similar in intensity
except for peaks 3 and 4 of the butyl group that will be addressed later, the MMA
signals at 51, 45, 15-20 ppm for Samples 3 and 4 are higher than those for sample
1. This is consistent with what we have seen from solution spectra where Samples
3 and 4 have similar BA rich component as Sample 1 and, in addition, they both
have a predominantly poly methyl methacryate component in the complex. As
shown from the plot of Tg as a function of MMA composition of the complex, if
there is phase segregation, the predominantly MMA segment of the complex is
expected to have Tg as high as 100oC. So raising the sample temperature during
CPMAS experiment to about 90oC will increase the mobility of the BA rich
segment of the polymer that has Tg close to 0oC, hence reducing the efficiency of
the cross polarization transfer for the BA rich component while retaining the CP
efficiency of the predominantly MMA component of the polymer.

In Figure 9 a set of solid state NMR spectra are shown for Sample 3 at
90ºC. The top spectrum is a standard direct polarization (DP) 13C spectrum with
quantitative representation of all species irrespective of their mobility (phase).
The middle spectrum is obtained by CP and the intensity of the backbone signals
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at about 40 ppm is normalized to the DP spectrum in the top plot; the backbone
signals being less mobile even at 90ºC will have comparable intensities with
both DP and CP experiments. The DP spectrum (top) has signals of the butyl
side chains of BA as the most intense peaks due to their highly mobile domain
as they are almost 100 degrees above their Tg. In contrast, and as expected, we
observe that the methyl group signal of BA is the least intense with the cross
polarization experiment. This is because the -CH3 group in the soft, low Tg,
phase of the copolymer is the most mobile with weak dipolar coupling, hence the
least efficient to cross-polarize.

Figure 9. DP and CP experiments of Sample 4 at 90ºC. The bottom spectrum is a
vertical expansion of the middle spectrum for better visualization.

The CP signals that are most intense at 90ºC are those of MMA indicating
a higher CP efficiency which is consistent with a strong dipolar coupling
environment for MMA that one would expect from a hard phase. We acknowledge
that we lost a good portion of the MMA signal with CP compared to DP (top
spectrum) even if we detect mainly MMA signals with CP at 90ºC. This is
because most of MMA of the total heterogeneous polymer is in the BA rich phase
copolymerized with BA, which constitute the soft phase, hence with poor CP
efficiency.

We do indeed observe weak BA signals after cross polarization at 90ºC and we
attribute these signals partly due to small BA components in the hard phase MMA
rich composition. More likely, it could be from some soft phase polymer segments
that interdiffuse into the isolated hard phases leading to a restricted motion that in
turn leads to CP signal.

Figure 10 shows the 13C CPMAS experiment taken at about 90ºC for all three
samples. We notice that the signal to noise is poor in general for all samples. This
is an indication that the sample is predominantly of ‘softer’ material at 90ºC.

Even though we have significantly reduced the signals by CP experiment at
90ºC for Sample 1 (the homogeneously low Tg polymer), we do indeed observe
some residual signals from mainly the backbone and the species close to the
backbone, namely the ester methylene (BA) and α-methyl (MMA). There is
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one exception to this observation, the relatively restricted backbone species, the
quaternary carbon signal of MMA at 45 ppm, is barely detected in this experiment.
A quaternary carbon with no directly bonded proton and in a soft domain will
have the least efficiency in cross polarization transfer since it is the farthest from
protons; one of the two necessary conditions for efficient cross-polarization as
discussed in the experimental section above – rigidity and proximity to 1H are
missing for the 45 ppm signal of MMA (peak b in the figure) in a soft polymer
matrix (Sample 1).

We still observe some signals from the backbone protonated carbons and those
very close to the backbone (-OCH2- for BA at 64 ppm and –OCH3 for MMA
at 51 ppm) since these moieties still have some restricted motions even at 90ºC
and owing to the proximity of 1H rich environment. Unlike DSC and DMA,
where we observe the dynamics for the bulk polymer as a whole, NMR, as a
powerful molecular probe, discriminates between the dynamics of the backbone
and sidechain groups. As one would expect, the side chains are more mobile
than the backbone groups hence their signals diminish the most with CP at higher
temperatures.

Sample 3 and 4 also show diminished signals for the BA sidechains similar
to Sample 1 indicating a similar dynamics or copolymer environment and the
presence of a soft phase in these films. On the other hand, some of the MMA
signals at 54, 51, 45, 15-23 ppm remain the most intense in the spectra due to their
rigid environment within the polymer. In other words, we have two segregated
phases in Samples 3 and 4; a SOFT phase, consisting of BA/MMA copolymers
that behaved the same as Sample 1 under CP and a hard phase consisting of a
predominantly MMA component with much higher CP efficiency.

Figure 10. CPMAS spectra of Samples 1, 3, and 4 at 90ºC.

The MMA signals in Sample 3 are slightly stronger than those of Sample
4, especially the 54 ppm broad peak that is due to the backbone –CH2- signal
of MMA. The diminished 54 ppm signal in Sample 4 is an indication that the
hard phase MMA in Sample 4 is probably copolymerized with more BA than the
corresponding hard phase in Sample 3. Even a slightly higher level of BA in the
hard phase will have an effect of shifting some of the backbone –CH2- signal of
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MMA in Sample 4 from 54 ppm towards 40-50 ppm. A closer look at about 40
ppm region of the spectra indicates that sample 4 has higher intensity consistent
with having more BA in the hard phase compared to sample 3. Hence, Sample 4
is likely to contain more BA in the hard phase that could lower its Tg more than
that of the hard phase of Sample 3. This could lead to a relatively more miscible
hard and soft phases of Sample 4 compared to Sample 3.

Figure 11 shows the 2 micron images obtained from the cryo face of Sample
4. Unlike the images in Figure 4 and 5, the particle morphology is not well defined
and appears to be well distributed throughout the polymer film. This type of
distribution is indicative of a different type of polymerization. In addition, the
contrast in brightness of the phase appears to differ. There is a gradual change of
the brightness of the “harder” component.

From image analysis of the AFM data, we determined that about 26% of the
polymer constitutes the bright spots that are attributed to the hard phase of the
polymer. This is in contrast to 11% hard composition from the NMR analysis.
Note that the NMR analysis is based only on the heterogeneous composition of the
polymer and could not account for any interdiffusion that might occur resulting
in different amount of hard/soft domains of the film except some qualitative
indication we saw from CP intensities at 90°C.

Figure 11. AFM image of Sample 4, 2um image. Phase image on left; height
image on right.

Such interdiffusion between (meth)acrylic heterogeneous polymers has been
studied earlier (21) where an interface structure showed a gradient (gradual)
composition change from BA rich to MMA rich component. Such interface
structures could bring more BA rich component close to the MMA rich phases
leading to an increase in the rigidity of some of the BA rich (soft phase)
components. In other words, we have more material in the hard phase of the
polymer than the 11% we calculated based on the composition from the analysis
of the solution phase spectra. Such gradient mixed phase may also be responsible
for the lack of DSC and DMA phase transitions as we also expect to have a Tg
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gradient which does not permit a clear phase transition by the two methods. We
note that in some favorable cases, for example involving styrene, DSC, DMA and
TEM could also indicate interphase mixing of latex polymers (22).

Summary

We have employed a combined NMR and AFMmethods to probe challenging
phase morphology where we have similar types of monomers in both hard and
soft phases. In addition, the MMA rich hard phase is well dispersed in the soft
BA rich phase with particle sizes below 20 nm. The NMR data provided us with
composition in each phase with solid state NMR experiment providing the existent
of a segregated hard and soft phase with the chemical composition information.

Unlike TEM, AFM does not require any atomic contrast between the two
phases. It is based on the modulus of the various phases, hence ideal for hard
and soft phase characterization. AFM data provided us with the distribution of the
various phases including particle sizes of the dispersed phase.

The synergy between the two methodologies goes beyond just determining
chemical composition in each phase by NMR and morphology by AFM. We were
able to obtain the effect of interdiffusion between the two phases where the amount
of hard and soft phases is determined to be different from that of the synthesis
composition.

References

1. Steward, P. A.; Hearn, J.; Wilkinson, M. C. Adv. Colloid Interface Sci. 2000,
86, 195–267.

2. Sperry, P. R.; Snyder, B. S.; O’Dowd, M. L.; Lesko, P. M Langmuir 1994,
10, 2619–2628.

3. Blandin, H. P.; David, J. C.; Vergnaud, J. M.; Illien, J. P.; Malizewicz, M. J.
Coat. Technol. 1987, 59 (746), 27–32.

4. Eckersley, S. T.; Helmer, B. J. J. Coat. Technol., 69 (864), 97–107.
5. Stubbs, J. M.; Sundberg, D. C. J. Coat. Technol. Res. 2008, 5 (2), 169–180.
6. Athley R. D., Jr. Emulsion Polymer Technology; Marcel Dekker Inc.: New

York, 1991.
7. Bovey, F. A. High Resolution NMR of Macromolecules; Academic Press:

New York, 1972
8. Koenig, J. L.ChemicalMicrostructure of Polymer Chains; Wiley: NewYork,

1980.
9. Kim, Y.; Harwood, H. J. Polymer 2002, 43, 3229–323.
10. Candau, F.; Zekhnini, Z.; Heatley, F. Macromolecules 1986, 19 (7),

1895–1902.
11. Anders, M.; Smulders, W.; Acrdts, A. M.; van Herk, A. M.Macromolecules

1997, 30, 322–323.
12. Cheng, H. N.; Tam, S. B.; Kasehagen, L. J. Macromolecules1992, 25, 3779.

Cheng, H. N. J. Appl. Polym. Sci.1992, 51, 21.
13. Cheng, H. N. Macromolecules 1992, 25, 2351.

399

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
21

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

02
3

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



14. Cheng, H. N. Macromolecules 1997, 30, 4117.
15. Bujak, P.; Henzel, N.; Matlengiewicz, M. J. Polym. Anal. Charact. 2008, 13

(3), 149–162.
16. Brar, A. S.; Kaur, S. J. Polym. Chem. 2005, 43, 1100–1118.
17. Aerdts, A. M.; German, A. L.; van der Velden, G. P. M. Magn. Resonance

Chem. 1994, 32, S80–S88.
18. Beshah, K. Macromol. Chem. 1993, 194, 3311–3321.
19. Beshah, K. Macromol. Symp. 1994, 86, 35–46.
20. Randall, J. C. Polymer Sequence Determination, Carbon13 NMR Method;

Academic Press: New York, 1977.
21. Beshah, K.; Molnar, L. K. Macromoleules 2000, 33 (2), 1036.
22. Colombini, D.; Ljungberg, N.; Hassander, H.; Karlson, O. J. Polymer 2005,

46, 1295.

400

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
21

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

4,
 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
07

7.
ch

02
3

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Chapter 24

Application of Melt-State NMR Spectroscopy
for Polyolefin Characterization in Industry

Gerhard Hubner, Isa Fonseca, and Matthew Parkinson*

Borealis Polyolefine GmbH, St-Peters-Strasse 25, Linz, Austria
*E-mail: matt.parkinson@borealisgroup.com

Melt-state 13C NMR spectroscopy of polyolefins has been
shown to be sensitive, quantitative and allow rapid sample
throughput. The method was implemented in an industrial
research and development environment and has proved to
be both highly sensitive and versatile. For general problem
solving melt-state MAS NMR was found to complement
standard high-temperature solution state NMR. The main
strength of the technique was found to be the possibility of
high throughput, due to the combination of high sensitivity and
rapid sample preparation. This was most clearly demonstrated
for materials of low solubility. A broad scope of application of
melt-state MAS NMR is demonstrated through the study of the
whole family of polyolefins including HDPE homopolymers,
HDPE copolymers, LLDPE, LDPE, LDPE copolymers,
PP homopolymers and PP copolymers. The application of
the techniques to the study of fractionated materials and
filled materials is also demonstrated. Some key advantages
as compared to standard solution-state NMR spectroscopy
are emphasized and recent research on decoupling in the
molten-state is presented.

Introduction

The macroscopic properties of polyolefins are strongly dependant on
their polymer chain microstructure. Through a variety of modern analytical
techniques a clear understanding of the microstructure of polyethylene (PE)
and polypropylene (PP) may be gained. The application of such analytics has

© 2011 American Chemical Society
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allowed a better understanding of the various polymerization processes and
in-turn facilitates greater synthetic control over polyolefin chain microstructure.
Polymerization of olefins is commonly undertaken using either a low pressure
processes using heterogeneous catalysis (PE and PP) or a high-pressure radical
process (PE).

The physical properties of PEs produced by heterogeneous catalysis in a
low-pressure process can be tuned by the presence of branches of various lengths
in the polymer backbone. Through copolymerization of ethylene with α-olefins,
short chain branches (SCB) can be introduced in a controlled way (1–12). Such
branches form structural defects during crystallization and thus strongly affect
crystallization rates, ultimate crystallinity, melting point, glass transition and
other bulk mechanical properties (13). In contrast, macromonomer incorporation
during polymerization leads to long-chain branches (LCB). With these branches
typically being longer than the entanglement molecular weight their presence
strongly affects the processability of the bulk polymer (14, 15). The nature of
the process allows for the production of high-density polyethylene (HDPE) and
linear low-density polyethylene (LLDPE). In contrast, if produced by radical
polymerization in a high-pressure process, polyethylene typically has a wider
variety of branch types (16, 17). The possible high content of structural defects
results in low-density polyethylene (LDPE). Although a very large number of
reactions are possible, in practice only a limited number of key structures are
observed in significant concentration, due to differences in stability of reactive
intermediates and associated rearrangement reactions (16). The radical nature of
the high-pressure process also allows the copolymerization of polar commoners,
facilitating for further tuning of physical properties. In general SCB content
and distribution as well as comonomer sequence distribution are the defining
properties of PE microstructure.

The physical properties of PPs produced by heterogeneous catalysis in a
low-pressure process are also strongly dictated by their chain microstructure
(18–22). For homopolymers stereo- and regio-regularity play a key role in
crystallization, whereas for propene based copolymers chain defects derived
from comonomer incorporation also play an important role. As such tacticity,
regio-regularity, comonomer content, commoner sequence distribution, total
defect content and various sequence lengths are the defining properties of PP
microstructure.

A variety of analytical techniques are sensitive to polyolefin microstructure,
these include infrared (IR) spectroscopy, differential scanning calorimetry (DSC)
(13, 15), triple-detection gel permeation chromatography (GPC) (21, 23) and
rheology (14, 24–32). The analytical technique that has provided the most
direct insight into polyolefin microstructure however is NMR spectroscopy,
and in particular quantitative 13C NMR spectroscopy (26, 27). When applied
to polyolefins this method allows direct access to quantitative information
about, tacticity, comonomer content, SCB distribution and monomer sequence
distribution (17, 19).

The typical implementation of NMR spectroscopy undertakes analysis
of the sample in the solution-state, however when applied to polyolefins a
number of problems arise (26, 33, 34). The most important being low solubility
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of polyolefins, even at high temperatures (35, 36) and in solvents such as
trichlorobenzene (TCB) or tetrachloroethane (TCE). The low concentration of 13C
nuclei results in extended measurement times, especially for the quantification
of very low levels of branching. Typically between 6-12 hours are needed for
a single high quality spectrum suitable for further spectral analysis. Despite
these limitations considerable effort is still made to optimize both the sample
preparation and acquisition of quantitative 13C solution-state NMR spectra of
polyolefins.

Recently, the alternative implementation of quantitative 13C melt-state
NMR spectroscopy has been shown to address some of the limitation of the
standard solution-state approach, while still providing high quality results
(37–42). Through the combination of high spin concentrations and motional
averaging of line broadening interactions (43–48) by the application of common
solid-state NMR resolution enhancing methodologies, resolution and sensitivity
is considerably increased. In practice the use of magic-angle spinning (MAS)
and high-power dipolar decoupling allow high-resolution spectra to be obtained
from polymers in the bulk molten state. When approximations are made with
respect to key acquisition parameters, further considerable timesaving may also
be made with respect to standard quantitative 13C NMR spectroscopy (38–42). In
addition to time saving during acquisition further time saving is also made due
to the removal of the solution-state sample preparation stage. The latter also has
important safety advantages, as toxic solvents no longer need to be handled. In
addition to the investigation of chain branching in polyolefins this implementation
has also been used to investigate sparse branching in other polymer systems,
which have proven problematic for quantitative solution-state 13C NMR analysis
(49).

Experimental Section
Materials

All material presented were selected to demonstrate the wide application
possibilities of melt-state NMR spectroscopy. Materials were produced from a
variety of catalysts and polymerization conditions and range from full plant scale
products, through pilot scale lots to materials produced at bench-scale. As such
all material can be considered to be typical commercial polyolefin grades suitable
for a variety of applications with standard microstructures, molecular weights,
molecular weight distributions and rheological behavior.

Hardware Setup

All melt-state NMR spectra were obtained on a Bruker Avance III 500
solid-state NMR spectrometer with a 11.4 T wide-bore magnet. All spectra were
obtained using a custom Bruker high-temperature (WVT) 7 mm MAS probehead
with the double-resonance coil optimized for 13C detection and compensated
for operation under a pure nitrogen atmosphere. Standard 7 mm zirconia rotors
zirconia rotor caps were also used (39). Sample temperature for all PEs were
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150°C, whereas for PP based systems typically 180°C was used. Temperature
calibration of the MAS probehead was carried out using Pb(NO3)2 in the standard
manner. Samples were spun between 3 and 5 kHz using a standardMAS controller
using a custom spin-up procedure, to ensure no overlap of MAS spinning side
bands with spectral signals. Shimming was undertaken on the 1H line-shape; and
all quantitative 13C spectra were acquired using standard single-pulse excitation
(SPE) with 1H dipolar decoupling (DD). Excitation was achieved using a 10
us 90° pulse. Due to the long spin-spin relaxation times (T2) encountered for
molten polyolefins low-load dipolar decoupling sequences were employed (38,
39). For decoupling 20 us 180° pulses and associated delays were used. To
ensure optimum time efficiency shorter than true quantitative pulse repetitions
delays were used (< 5 T1) e.g. 3 s for PE copolymers. However, close attention
was paid to ensure signals used during spectral analysis were quantitative with
respect to each other (38–40). For all experiments a dwell time of 15 us was used
for a spectral window of 265 ppm (33.3 kHz). An acquisition time of 571 ms
was used based upon a duty cycle of 8 % which resulted in the digitization of
38056 complex data points. The FID was zero-filled to 64k data points prior to
Fourier-transformation and Lorentz-to-Gauss apodization used.

Spectral Analysis Setup

To ensure repeatable analysis of quantitative 13C NMR spectra a set of
fully automated module spectral analysis programs was implemented. Such an
approach was necessary due to the rapid rate at which spectra were produced.
Such programs assess the presence of key substructures, integrate the spectrum,
calculate primary quantitative results, calculate secondary result from the primary
results, fit the results to models and report all quantitative results with the spectra
as PDF and CSV files.

Results and Discussion
Comparison of Melt-State and Solution-State NMR

When standard solution-state and melt-state 13C NMR spectra of a PE are
compared it is clear that high-resolution has been achieved in the molten-state
(Figure 1). All sites needed for further quantification are resolved and limited
significant differences are seen between the two spectra. Upon closer inspection
of the bulk CH2 signals it can be seen that the line widths in the melt-state spectra
are broader. However, as most spectral analysis methods tend to integrate groups
of signals, quantitative analysis is not hindered. The broader line widths are
mostly due to residual dipolar coupling, which is more problematic to remove
in the molten state due to the long spin-spin relaxation times (37–40). With
respect to sensitivity, both spectra have the same signal to noise ratio, however
higher quantification accuracy is achieved for melt-state due to the broader lines
observed resulting in larger integrals. Although 200 mg of PE was used for both
implementations and the same signal-to-noise was achieved the solution-state
spectra required 6.5 h of measuring time whereas only a 1 h measurement was
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needed for the melt-state. When combined with sample preparation the total time
for the solution-state setup was 8 h whereas only 1.5 h was needed to obtain a
melt-state spectrum. In practice a compromise between sensitivity and resolution
is made with less sample preparation and measurement time needed for the
melt-state implementation (39).

Scalar Coupling Mediated Method in the Molten State

Withmelt-state NMR considered to be closer to solid-state NMR than solution
state NMR, the possibility of applying spectral editing with multidimensional
pulse-sequences to molten polyolefins was assessed. The melt-state techniques
were found to be amenable to such methods with only minor modifications to the
pulse sequences to account for slow MAS. The spectral editing methods of DEPT
and INEPT were both applicable with INEPT found to be more robust in the
molten-state (39). As to why DEPT was more susceptible to pulse mis-adjustment
remains unclear, however the influence of residual dipolar couplings or rotor
synchronization issues is suspected. The use of INEPT has been found to
particularly useful for assignment, especially when comparing to chemical shifts
encountered in the solution-state e.g. when solvent effects exchange the location
of CH and CH2 signals. More advanced multi-dimensional techniques were also
found to be possible such as INADEQUATE which benefited from the enhanced
sensitivity and has proved useful for the conformation of assignments (39).

Advanced Low-Load Dipolar Decoupling

With strong residual heteronuclear dipolar couplings present in the
molten-state high-power dipolar decoupling methods commonly applied in
solid-state NMR need to be employed. Whereas in the solid-state the dipolar
network remains fixed during the rotor period in the molten state the dipolar
network is constantly changing. In practice this means that the advances in
heteronuclear dipolar decoupling commonly used in solid-state NMR based on
phase modulation during the decoupling block e.g. TPPM are not applicable
in the molten state. Thus continuous wave (CW) decoupling still provided the
best performance. The alternative approach of composite pulse based low power
decoupling, common in solution state 13C NMR, has previously been shown to
not be beneficial in the molten-state (39). Although CW decoupling provides the
best performance, hardware constraints based on amplifier duty cycle limits its
application to a few tens of milliseconds. For true solids this is not a problem
as T2 are short and FID truncation is limited. In contrast, for molten samples T2
are long and FID truncation is severe. Such FID truncation strongly influences
the quality and repeatability of the spectra following strong line broadening. To
address this issue low-load decoupling is used based on a sequences π pulses and
delays of equal length (38, 39). Recently this has also successfully been applied
in solid-state NMR as Hahn-echo pulse train (HEPT) decoupling (50, 51). Such
HEPT decoupling allows acquisition of the whole molten polyolefin FID and thus
improved quantitative results.
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Figure 1. Comparison of solution-state and melt-state 125 MHz 13C NMR spectra
of a polyethylene-co-butene-co-hexene terpolymer.

It should be stated that if CW and HEPT decoupling are applied for the
same time HEPT does not provide better resolution i.e. it does not have higher
decoupling efficiency (38). However, as HEPT can be applied for longer times
then less truncation and thus less artificial line broadening is needed. Further
improvements are made if standard duty cycle rules are broken and HEPT is
applied at 6 or 8 % duty cycle.

Recently, methods for heteronuclear decoupling of polyolefins in the solution-
state have been improved by using alternative super cycles of the standardWALTZ
approach (52). Further improvement has also been gained both in efficiently and
decoupling sideband suppression through the use of bi-level composite pulse based
decoupling (52). In such as approach, decoupling is started in a high power CW
mode, most needed at start of the FID, and then as the signal decays, decoupling
is switched to the lower power WALTZ modulation. With clear advantages seen
in solution-state NMR this approach was modified for melt-state NMR with an
initial CW block < 50 ms followed by the low load HEPT decoupling of > 200 ms.
This so called CW-HEPT approach can also be implemented with the initial CW
part being higher in power than the remaining HEPT part i.e. bi-level CW-HEPT
(Figure 2). For such implementation, the duty cycle was further extended to 9 %
with no decernable issues.

Figure 2. The CW-HEPT (left) and bi-CW-HEPT (right) decoupling schemes.
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When line widths are compared, it is clear that the CW-HEPT approach
provides improved resolution as compared to standard HEPT (Figure 3).
Surprisingly, limited influence was seen when raising the power of the CW block
in the bi-level-CW-HEPT manner. Even more surprisingly, similar decoupling
efficiency was achieved with the CW block having a lower power than the HEPT
block. In practice this means that the bi-CW-HEPT approach with lower initial
CW power, has more promise as it places less strain on the hardware, especially
at 9 % duty cycle. Such decoupling, however, strongly heats the sample and the
temperature instabilities need to be compensated for as a part of the temperature
regulation. As such this decoupling method is probably only applicable for
elevated temperature measurements.

Applications of Melt-State NMR in Industry

In general, the melt-state NMR approach has been found to be applicable
to all polyolefins. It has proved most successful for rapid identification and
microstructure quantification. No major differences have been found between the
setup needed for the measurement of ethylene or propylene based systems. The
de-facto standard spectral analysis method used for polyolefins microstructure
quantification have been found to be easily adapted for use on melt-state
spectra with only minor widening or shifting of some key integral regions.
Importantly, comparable results are achieved when comparing results obtained
by high-temperature solution-state NMR spectroscopy with those obtained by
melt-state NMR spectroscopy. With respect to resonance assignments, the
majority of resonances have been found to be comparable to those observed in
solution-state. However some ’solvent’ effects have been observed which means
some caution needs to be exercised before results can be used.

Figure 3. Comparison of resolution achieved for different decoupling schemes
illustrating the enhanced decoupling efficiency of CW-HEPT at high duty cycle.
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Polyethylene-co-α-olefin Microstructure

Standard spectral analysis methods for the quantification of comonomer
sequence distributions at the triad level were found to be equally applicable
to spectra recorded in the melt-state. Only minor modifications to the integral
regions were needed. The simultaneous equations used in these approaches
need to be modified to exclude signals know to be non quantitative (e.g. methyl
groups). Triad comonomer sequence distributions were shown to be comparable
between solution-state and melt-state within an acceptable error (±0.2%). More
importantly, the properties derived from the triad distribution, such as sequence
lengths, run numbers and cluster indices showed very high agreement between
the two implementations. Due to the higher sensitivity, quantities derived from
melt-state spectra were also found to be highly reproducible and showed less
variance as compared to solution-state results. Polyethylene based terpolymers
were also studied and again melt-state NMR provided comparable results to
solution-state NMR in considerably less time.

Difficult to Dissolve Polyolefins

The melt-state techniques is particularly useful when considering materials
that are very difficult to dissolve. One such class of material is HDPE
homopolymers. In such materials considerable sample preparation time is needed
to ensure a homogenous solution for standard solution-state NMR analysis.
Even after dissolution, the extremely low content of branches in such materials
often makes the measurement of quantitative spectra for branch quantification
unfeasibly long. In contrast, such materials are easily studied by melt-state NMR,
with limited reduction of spectral resolution as compared to standard LLDPEs.
In such cases the sensitivity of the melt-state technique allows quantification of
branching produced by alternative catalytic reactivity or feed stock impurity.

Rapid LCB Quantification

With respect to the quantification of long-chain branching, extreme measures
have been applied to achieve the desired sensitivity. In such cases levels of the
order of a few branches per 100,000 backbone carbons have been quantified
using weeks of measuring time at high field (14). In contrast, the sensitivity of
the melt-state techniques allows for the quantification of similar levels of sparse
branching in less than one day. In one such example, 4 branches per 100,000
backbone carbons were quantified in a single 13 h overnight measurement (38).
Such quantification opens up new opportunities for understanding LCB in PE.
Similar sensitivity has been seen for measuring LCB in PP, although this is more
difficult and requires assumptions concerning the structure of the branch site.
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Application to Isotactic Polypropylene

With respect to PP, the analysis of isotactic PP (iPP) produced by Zeigler-Natta
catalysis is also readily accomplished by melt-state NMR (53). However, for
polypropylenes resolution is limited to measurement of pentad isotacticity and
triad stereo sequence distribution. Resolution is not sufficient to measure the
pentad stereo sequence distribution or higher orders of tacticity (Figure 4). For
such systems, resolution is very important and solution-state NMR is needed
as a complementary technique. Melt-state NMR, however, does have a role to
play with respect to rapid screening of materials before solution-state analysis or
for the quantification of regio-irregularity. Through the application of fitting to
standard polymerization models similar results are obtained to those calculated
from solution-state spectra of the same material.

Application to Polypropylene-co-α-olefins

As with ethylene-based copolymers the melt-state techniques was found
to be extremely useful for the analysis of propylene-based copolymers with
α-olefins. Comonomer incorporation, commoner sequence analysis, tacticity of
propene sequences and degree of regio-irregularity could all be measured with
melt-state 13C NMR spectra (39). In addition to propylene-based copolymers,
propylene-based terpolymers have also been studied using this technique.

Figure 4. Typical melt-state 125 MHz 13C NMR spectrum of a regio-regular
isotactic polypropylene illustrating resolution necessary for both pentad

isotacticy and triad tacticity distribution quantification.
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Application to Filled and Pigmented Materials

Unlike IR spectroscopy or solution-state NMR spectroscopy direct analysis
of filled or pigmented material was found to possible by melt-state NMR, without
the time-consuming step of hot filtration. Such a process not only increases
the throughput of such analyses but has been found to play an important role
in general problem solving. With the high amount of information provided by
a single quantitative 13C NMR spectrum often many answers can be provided
after one quick measurement. Through the use of MAS the anisotropic NMR
interactions are address and averaged to their isotropic values, similarly MAS
also averages any sample anisotropy caused by filler or pigment and thus limits
its influence on the final spectrum. Very good agreement has was seen between
the analysis of original and hot filtered materials (Figure 5).

Application to the Analysis of Fractionated HDPE

A common analysis strategy for comonomer containing PE is preparative
fraction followed by commoner quantification. Commonly, such analysis of PE
fractions by NMR is limited to special cases, due to the time consuming nature
of the NMR analysis. Not only is less material available per fraction but also
the commoner content in some of the fraction may be very low. Although time
consuming, the information provided about comonomer distribution with respect
to molecular weight is highly valuable. The higher sensitivity of the melt-state
NMR approach has reduced the time of such analyses from almost a week to
only 15 h. This has allowed us to offer such analysis to a wider community.
With often only 50 mg or less provided for each fraction, the question was raised
what is the smallest quantity of material from which meaningful quantitative
results can be obtained? To study this, a series of spectra were recorded using
different amount of material from 200 mg down to 5 mg (Figure 6). As expected
sensitivity and signal-to-noise ratio decreased will lower sample amounts,
however, the determined quantities remained relatively constant. Although
the actual determined quantity remained constant as the signal-to-noise ratio
decreased, the error, as judged by the reciprocal of the signal-to-noise, increased
(38, 39, 49). The advantage of NMR spectroscopy, however, is that such a loss in
signal can be compensated for through the acquisition of more transients. Thus
for such systems longer measurement can be undertaken to compensate for the
lower than usual sample quantities. Another major advantage of the melt-state
NMR approach is that the sample is not consumed during analysis. It is thus
possible for melt-state NMR spectroscopy to be the first analytical step for a
material. The rotor can then be unpacked and the sample used for further analysis.
This has key advantages when very small amounts of material are produced and a
series of tests are needed.
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Figure 5. Comparison of melt-state 125 MHz 13C NMR spectra of two
polyethylene-co-hexene copolymers containing carbon black and blue pigment

illustrating access to comparable hexene contents without hot filtration.

Figure 6. Comparison of melt-state 125 MHz 13C NMR spectra of a
polyethylene-co-hexene. Illustrating constant hexene content with decreasing
signal-to-noise ratios of the CH branch site and associated quantification error.
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Figure 7. Typical melt-state 500 MHz 1H NMR spectrum of a
polyethylene-co-vinylacetate copolymer.

Quantitative 1H Melt-State NMR Spectroscopy

As expected 1H melt-state NMR spectra show much lower resolution, as
compared to solution-state, due to the inherent strength of the 1H-1H homonuclear
dipolar interactions. However, unlike solid-state 1H NMR of polyolefins, where
very limited microstructure information can be gained, for some copolymers the
combination of motional averaging and MAS provided sufficient resolution for
basic microstructure quantification. As such for standard HDPEs, LLDPEs and
PP 1H melt-state NMR spectroscopy is of limited use except for 13C NMR setup.
However, for heteroatom containing copolymers, such as ethylene-methylacrylate
(EMA) or ethylene-vinylacetate (EVA), the presence of polar functionality
provides sufficient chemical shift dispersion to allow simple quantification
(Figure 7). Such measurements have been found to be highly reproducible and
experimentally robust due to the shorter 1H spin-lattice relaxation times. The
only major factor that need be considered is if the MAS spinning-sidebands for
all peaks are used in the quantitative analysis.

Conclusion

Quantitative melt-state 13C NMR was successfully integrated into an
industrial research and development laboratory environment. The technique was
found to be applicable for the analysis of a wide range of industrial polyolefins
and their copolymers. Importantly, quantitative results were found to be highly
comparable to those obtained by standard high-temperature solution-state NMR.
Results obtained by melt-state NMR were also found to be considerably more
reproducible due to the high sensitivity of the technique.

Although the melt-state NMR technique does addresses some of the main
issues encountered with the more standard solution-state NMR approach it does
not completely replace the need for access to solution-state NMR. Although
sensitivity is important, some problems will always need to be addressed with the
higher resolution obtained using solution-state NMR. As such melt-state NMR
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does not replace the need for solution-state NMR, however the two experimental
methods strongly complement one another when both are used to emphasize their
particular strengths.

The main advantage found for melt-state NMR has been for rapid
microstructure screening and for the analysis of difficult to dissolve polyolefins
(e.g. highly-isotactic PP, HDPEs with very-low comonomer contents, preparative
fractions of low comonomer content systems and filled systems).

In general, the implementation of the melt-state NMR approach has allowed
much wider access to the wealth of knowledge provided by quantitative 13C NMR
spectroscopy of polyolefins. Consequently, quantitative 13CNMR resultsmay now
be offered at a much earlier stage of problem solving or general research activities.
By the implementation of such an approach we have gained better insight into
polyolefins and facilitated new research and development opportunities.
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Chapter 25

NMR Rescaling Revisited

M. E. Ries,* A. Bansal, and M. G. Brereton

School of Physics and Astronomy, University of Leeds,
Leeds, LS2 9JT, United Kingdom
*E-mail: m.e.ries@leeds.ac.uk

The purpose of this work is to examine the approximation
known as NMR rescaling, in which a polymer chain is replaced
by a series of NMR submolecules. This coarse graining of the
atomistic details makes various NMR calculations analytically
possible. To test the accuracy of this approach a computer
simulation of network chains consisting of freely jointed
rigid rods has been carried out. The time dependence of
the orientation of these rods relative to their network chain
end-to-end vector has been recorded. From this the NMR Hahn
spin echo sampled transverse relaxation and double quantum
build-up and subsequent decay have been calculated. The
simulated NMR signals are then compared with theoretical
results derived from a rescaling approach. In this work we
also test the Anderson-Weiss second moment approximation by
using it to derive analytical expressions for the NMR signals
for the simulated chains, which can then be directly compared
with the simulated results. From this work it is shown that
for a polymer melt above its glass transition temperature both
rescaling and the second moment approximations are valid.

Introduction

It is well-known that pulsed nuclear magnetic resonance (NMR) is a useful
tool for the study of dynamics and orientation in polymer melts and networks
(1–11). For the NMR measurements to be meaningful though there needs to
be a theoretical link connecting the NMR signal to the microscopic properties
of interest, such as entanglement / crosslink density, chain persistence length,

© 2011 American Chemical Society
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dynamic correlation times and order parameters. To make these connections
quantitative has proved very challenging.

The classical starting point for the quantitative analysis of stress optical
anisotropy in strained polymer networks is the Kuhn and Grün theory of 1942
(12). The true molecular network is replaced by an idealized network of identical
chains each of which consists of n freely jointed rods of length l. The motivation
for using a replacement chain comes from the fact that it is generally not possible
to derive the material properties if all the atomistic details are included. For
example, a representative or coarse grained chain such as the Rouse bead and
spring model (13) enables the rheological properties of a polymer melt to be
theoretically calculated.

In the 1970s and 80s J. P. Cohen-Addad introduced and pioneered the idea
of the NMR submolecule (14–19); a coarse grained unit comprising of several
monomers. In this approach the real polymer chains are replaced by a series of
these NMR submolecules connected together. For the Kuhn and Grün model the
parameters (n, l) of the replacement chain are chosen such that both the maximum
end-to-end length and root mean square end-to-end length of the rigid rod chain
have the same values as that of the real chain it is replacing (20). For the case of
the NMR submolecule it must generate an effective P2(cosθ ) for the part of the
polymer chain it represents, whereP2(…) is the second-order Legendre polynomial
and θ is the angle between an inter nuclear vector and the applied static magnetic
field. The NMR properties of the polymer chain are then rescaled onto the NMR
submolecule.

Motional averaging of the NMR properties for a polymer chain is considered
to take place in two steps (21). The first involves local, monomer length scale,
fast reorientations. These fluctuations take place within the NMR submolecule
and partially average the NMR properties such that they become dependent on the
end-to-end vector coordinates of their containing submolecule. The second step
is the slower reorientation of the submolecule itself. This submolecule can be, for
example, a Rouse unit, an entanglement vector or a network chain. The key point
being that the submolecule coordinates can be handled analytically, which enables
the calculation of the NMR signal in terms of these variables. The pre-averaging
of the NMR properties so that they depend on the NMR submolecule coordinates
is termed rescaling (20).

The motivation for this piece of work is that, to the best of our knowledge,
this approach has never before been verified. It has of course been used in many
publications, where it has been assumed to be true, but the rescaling approximation
itself has not been directly tested. Rescaling is just an approximation used to make
the NMR problem analytically solvable, but its accuracy and limits of applicability
are not known. For experiments such as the transverse relaxation, as sampled by
a spin-echo experiment, or the double quantum build-up and decay signal to be
quantitatively interpreted in terms of polymeric material microscopic properties,
rescaling must be valid. Otherwise the connection between these properties and
the NMR response becomes broken. It is the purpose of this work to determine if
and when rescaling is valid.
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Simulation Procedure

Freely Jointed Rigid Rod Chain

To test rescaling we simulated a pseudo-atomic chain. For this we used the
freely jointed rigid rod chain where each rod was taken to have unit length. The
rods are connected together to form a polymer chain via hinges that allow complete
free rotation, so that consecutive rods can freely take up any orientation with
respect to each other. In Figure 1 a freely jointed chain is shown forming an
end-to-end vector, or network vector, Rwith one of the rigid rods making an angle
θ with the external reference direction B.

Figure 1. Freely jointed chain showing the end-to-end vector R, reference
direction B and the instantaneous angle θ that a rod makes with the reference
direction. The dashed ellipse and straight line are explained in the text.

A C++ program was written that simulates a chain of n freely jointed rigid
rods. Initially the rods were connected together so that they formed a pre-chosen
network vector R. In each time step a hinge i was chosen, see Figure 1, and the
line that links the previous (i-1) and next hinge (i+1) was determined from the
coordinates of the hinges, which is the dashed line in Figure 1. Then a circle, seen
in perspective in Figure 1 as a dashed ellipse, was determined such that the plane
of the circle is at right angles to the dashed line, the centre of the circle is where
this plane and line meet and the radius of the circle is such that the ith hinge is on
this circle. This circle indicates all the possible positions available to hinge i that
both keeps hinges i-1 and i+1 fixed and all the rod lengths unchanged. A random
location on this circle was chosen as the new position of hinge i. In each time
step each hinge, except for the first and last, were moved in this manner, such that
the chain adopted a new configuration without altering the set up network vector
R. After each time step the orientation θ for each rod relative to the reference
direction B was recorded. In all this work we have kept B parallel to R. The chain
was always allowed to undergo 1000 time steps to equilibrate before recording
the orientations of the rods. How this data were then used to calculate the NMR
response for our simulated chains will be described in the sections below.
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To confirm that our simulated chain was behaving as a freely jointed rigid rod
chain we determined the time averaged orientation <P2(cosθ )> for each rod as a
function of network vector length R. Each rod in the chain was found to have the
same time averaged value, as expected, and followed the classical Treloar results
(22). This states that

where Rmax is the fully extended length of the chain, which for our n rods of
unit length is n. Figure 2 shows the simulated values of<P2(cosθ )> versusR/Rmax,
where the solid line is a no parameter fit given by eq 1. In this simulation n was
10.

Figure 2. The time average orientation <P2(cosθ )> of the rigid rods relative to
their end-to-end vector as a function of the ratio of the chains end-to-end length
R to the maximum end-to-end length Rmax. The solid line is given by eq 1.

Background Theory

NMR Signals

The experimental pulse sequences used to measure the Hahn echo sampled
transverse relaxation function (23, 24) and the double quantum (DQ) build-up and
decay curve (25, 26) can be found in the literature. Both these techniques can be
thought of as measuring an intensity I as a function of experimental time t. The
time evolution of these signals depends on the time dependent relative orientation
of an inter-nuclear vector relative to the external magnetic field. In this work we
will consider chains comprising n=11 rigid rods and the central one will be taken
to be this inter-nuclear vector giving rise to the NMR signal.

The Hahn echo sampled transverse relaxation function IH is given by (27)
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and the DQ signal IDQ by (27)

where

and D is an NMR interaction constant that in this work was set to 0.01 and
the solid lines in eq 2 and eq 3 indicates an averaging over all the chains in the
system. The size of D determines the timescale for the NMR signal and a value of
0.01 was chosen simply to give NMR signals that lasted many time steps (~1000)
in our simulation. In this work the simulations are repeated 1000 times, meaning
that effectively there are 1000 chains to average the NMR signal over. Finally, the
integrals in the above equations are actually discrete summations over each time
step when used to calculate the NMR signals from the simulation data.

Results and Discussions

NMR Rescaling and the NMR Submolecule Approach

It is the aim of this work to test the NMR submolecule approximation
approach, known as rescaling. To do this we need to compare the theoretical
results from applying the method of NMR rescaling with the simulation results
calculated from the simulation data. In the following work the NMR submolecule
is taken to be the network vector R. Next the rescaled NMR signal for the
transverse relaxation function is calculated after which the same is repeated for
the DQ build-up and decay function.

Transverse Relaxation Function

The rigid rod reorientations that take place within the submolecule R result
in an average orientation of these rods and therefore our inter-nuclear vector,
which in this simulation is the central rigid rod in each submolecule. Rescaling
means that just this time averaged value is needed to calculate the NMR signal.
The atomistic submolecule details, such as their fluctuations about this average
orientation are not used. In this way the NMR response becomes dependent
only on the submolecule coordinates, as it is these that determine this average
orientation, recall eq 1. To find an analytic expression for eq 2 we first replace the
integral in eq 4 with the time averaged value. This result is then substituted into
eq 2. In this simulation every chain has the same network vector and therefore all
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the rigid rods have the same average orientation. This makes the averaging over
all chains implied by the solid line in eq 2 trivial, giving

In Figure 3 the simulated transverse relaxation function for network chains
with R/Rmax = 0.6 is shown.

Figure 3. The simulated transverse relaxation function eq 2 for network chains
with R/Rmax = 0.6. The circles are simulation data points and the solid line is

eq 15.

The NMR rescaled result eq 5 predicts an oscillation with a time period
that is dependent on the average orientation of the rigid rods within the NMR
submolecule. In Figure 3 this oscillation, with the correct time period (within
5%), is seen but of key importance is that the signal also decays away. This is
not predicted from the rescaling approximation and therefore rescaling for our
simulation is not sufficiently accurate.

To understand the origin of the decaying part of the signal seen in Figure 3 it
is necessary to look more closely at the time dependence of the orientation of the
rigid rods. To do this we write the instantaneous orientation of a rigid rod in terms
of its time average orientation, as

where all the time dependence is contained within the ε(t’) term that represents
the instantaneous difference between the orientation of the rigid rod and the time
averaged value. We now substitute eq 6 into eq 4 and eq 2 to obtain
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The cosine term can be written as the real part of a complex exponential
and recalling that all our network chains have the same time average orientation
enables this to be more clearly written as

Eq 8 is the product of two terms, the first is the rescaling result eq 5 and the
second term is an extra relaxation term that is the origin of the decay seen in Figure
3. The time dependent departures from the average orientation causes the NMR
response from each network chain to go out of phase with each other, resulting in
a signal that decays away.

The first term in eq 8 represents the solid-like contribution to the signal that
gives rise to a coherent, or reversible time evolution, which can be refocused
by appropriate pulse sequences (28). The second term in eq 8 is related to the
fluctuating part or liquid like contribution and corresponds to a homogenous
broadening of the signal (28). Saalwächter et al have pioneered the use of
normalised experimental DQ build up data, which removes the influence of
relaxation processes on the double quantum intensity (26). This allows the
determination of absolute values for the residual dipolar couplings (8).

Next we use the Anderson-Weiss second moment approximation (29) to
quantify the extra relaxation caused by the second term in eq 8. The extra
relaxation is given by

The second moment approximation uses a result that is exact for a variable X
when it has Gaussian statistics,

A comparison of eq 9 with eq 10 gives

From the definition of ε(t’) in eq 6 the average value of X is zero. Therefore
substituting eq 11 into eq 10 gives
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To calculate eq 12 we need to assume a form for the correlations of the
fluctuations of the orientation about their average value. For simplicity we take
this to have the following form

where τ is the correlation time of these fluctuations and represents the
size of these fluctuations.

It should be noted that polymer chains display a spectrum of relaxation times,
such as Rouse modes (13). Our chains consist of only 11 freely jointed rigid rods
and for such short chains and our calculations eq 13 is found to adequately describe
the auto-correlation function of the fluctuations ε. For an interesting discussion on
the relationship between a polymer’s spectrum of relaxation times and its NMR
relaxation times the reader is pointed to the work by Gubaidullin et al (30).

The integrals in eq 12 can now be evaluated and in the limit where the
experimental time is longer than the fluctuation correlation time we obtain

Substituting this result into eq 8 gives

The final result is the original rescaling result multiplied by an exponential

decay envelope. We can now turn to our simulation data to obtain the τ and .
It follows directly from eq 6 and 13 that

This correlation between the orientation at one moment with the orientation
at a later time can be directly calculated from the simulation data. In Figure 4

is shown as a function of time with a fit to eq 16.
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Figure 4. Correlation function of the orientation at one moment with the
orientation at a later time as a function of time. The circles are simulation data

points and the solid line is eq 16.

In Figure 4 the data has been fitted to eq 16 giving a correlation time τ of 27

time steps, size of fluctuations of 0.18 and an average orientation P2(cosθ )
equal to 0.21. This is all the information that is needed to predict the NMR signal
in Figure 3 using eq 15. From eq 15 we determine an oscillation with period
3050 time steps and exponential decay envelope with a 1/e time of 2100 time
steps. A free fit of eq 15 to the data in Figure 3 shown as the solid line gives
an oscillation period of 3200 time steps and a 1/e time for the single exponential
relaxation of 2000 time steps. The agreement is therefore excellent, showing that
the second moment approximation is working for this system. Next we develop
similar arguments for the DQ build-up and decay signal.

Double Quantum Build-up and Decay function

The starting point for the DQ build-up and decay function is eq 3. Again
we make the rescaling assumption and replace the integrals in eq 3 with the time
average values and recalling that our network vectors are fixed, we obtain

As before, an oscillating signal with a period that depends on the average
orientation of the rigid rods within the NMR submolecule or network vector is
predicted. In Figure 5 is the DQ signal calculated from the simulation data for
R/Rmax = 0.5.
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Figure 5. Simulated double quantum build-up and decay function eq 3 for
network chains with R/Rmax = 0.5. The circles are the simulation data points and

the solid line is eq 19.

In Figure 5 the oscillation predicted by eq 17 is seen with the correct time
period (within 5%) but similarly to the previously calculated transverse relaxation
function, recall Figure 3, the signal decays away. To understand the origin of this
decaying part we again look at the effect of the time dependence of the orientation
of the rigid rods using eq 6. To carry out this calculation we first rewrite eq 3 using
the mathematical identity sinA.sinB = ½ (cos(A-B) – cos (A+B)), to give

Now that the problem is written in terms of cosine functions the derivation
for each term in eq 18 follows exactly the same steps as those for the transverse
relaxation calculation, see eq 7 to eq 15. This gives

which has the form of an oscillation multiplied by a single exponential.
Analyzing data from the simulation as was done before in Figure 4 using eq
16 we can generate a no free parameter fit to the DQ signal. This is the solid
line in Figure 5. The DQ simulation data in Figure 5 has an oscillation period
and decay time both within 5% of the predictions from eq 19. Therefore for
both the transverse relaxation function and DQ build-up and decay signal the
Anderson-Weiss approximation, eq 10, is generating excellent agreement.
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Applicability of Rescaling

In the above section it was shown that rescaling for our system of network
vectors, which were our NMR submolecules, does not quite work. The time
dependent fluctuations of the rigid rods about their average orientation causes
an extra relaxation in the generated NMR signal. For rescaling to work only
the average orientation of the rigid rods should be needed to calculate the NMR
signal. Here we find that this approach does not obtain the correct answer to the
integrals in equations 2 and 3. Each NMR submolecule due to its own particular
time dependent path for the rigid rod orientations has a different result for the phase
angle given by eq 4. This loss of phase coherence between the NMR submolecules
is the origin of the decays seen in Figures 3 and 5. Through application of the
Anderson-Weiss second moment approximation (29), given by eq 10, it is possible
to quantify this extra relaxation. This result connects the atomistic details, such as
the rigid rod orientation correlation time τ to the NMR response, recall equations
15 and 19. It is therefore now possible to estimate for real polymer melts when
rescaling will be applicable. To do this we will consider the transverse relaxation
signal given by eq 15.

For rescaling to work such that we can replace the real atomistic details with
NMR submolecules and re-write the NMR problem more simply in terms of pre-
averaged orientations eq 5 needs to hold. For this result to be a good approximation
we need the time period of the oscillations in the first term of eq 15 to be much
shorter than the relaxation time of the second term in eq 15, i.e.

If this holds in a real system, one that contains numerous NMR submolecules
each with a different orientation, the NMR signal would relax principally due to
each NMR submolecule having a different oscillation frequency. These different
frequencies would result in the NMR submolecules going out of phase with each
other. The resultant NMR signal would therefore relax and of key importance this
relaxation would not be due to the second term in eq 15. Simply put, when eq 20
holds then eq 15 becomes eq 5 and rescaling is valid. It would then be possible to
correctly calculate the NMR signal using only the rescaling result represented by
eq 5.

For polymer chains in a polymer melt <P2(cosθ )> ~1/n, for proton and
deuteriumNMRD ~ 100 kHz, atomic bond reorientations take place on timescales

shorter than τ ~ 10-10s and ~1/5, which can be seen from its definition in eq

16 and remembering that the value of averaged over all orientations
is 1/5. Putting these values into eq 20 gives that n << 2000 for rescaling to be
valid. Therefore, as long as the NMR submolecule is not too large in terms of the
number of monomers it replaces, so that it produces a significantly large average
orientation on its constituent atomic units, then the NMR submolecule description
is valid.
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Conclusions

A simulation of network chains comprising of freely jointed rigid rods with
fixed end-to-end vectors has been carried out. By monitoring the orientation of
the central rod and taking this to be the NMR relevant inter nuclear vector the
transverse relaxation function and double quantum build-up and decay have been
explicitly calculated. These simulated NMR signals were then compared with
analytical predictions made using the approximation known as rescaling. For
these simulated chains an extra relaxation was observed arising from the time
dependent fluctuations of the orientation of the rods about their average value. To
calculate theoretically this extra relaxation the Anderson-Weiss second moment
approximation (29) was employed. Excellent agreement was found between these
theoretical predictions and the simulated data, see the solid lines in Figures 3 and
5. Using these results it was then possible to calculate if rescaling in polymer melts
well above their glass transition temperature was valid. It was determined that, as
long as the NMR submolecules used to coarse grain the atomistic details of the
real polymer chains are not too large (n<<2000), rescaling is indeed valid.

Acknowledgments

Many years ago Michael Rubinstein first brought this potential problem with
rescaling to our attention and showed MER the method used in this work of
simulating freely jointed rigid rods. Several undergraduate students have been
involved in different parts of this work. They are Ian Waterman, Rachel Moody,
Adam Royles and Robert Ramsay.

References

1. Ball, R. C.; Callaghan, P. T.; Samulski, E. T. J. Chem. Phys. 1997, 106 (17),
7352–7361.

2. Brereton, M. G. Macromolecules 1989, 22 (9), 3667–3674.
3. Brereton, M. G.; Ward, I. M.; Boden, N.; Wright, P. Macromolecules 1991,

24 (8), 2068–2074.
4. Deloche, B.; Dubault, A.; Durand, D. J. Polym. Sci., Part B: Polym. Phys.

1992, 30 (12), 1419–1421.
5. Kimmich, R.; Kopf, M.; Callaghan, P. J. Polym. Sci., Part B: Polym. Phys.

1991, 29 (8), 1025–1030.
6. Klein, P. G.; Ries, M. E. Progr. Nucl. Magn. Reson. Spectrosc. 2003, 42

(1-2), 31–52.
7. Saalwachter, K.; Herrero, B.; Lopez-Manchado, M. A. Macromolecules

2005, 38 (23), 9650–9660.
8. Saalwachter, K.; Heuer, A. Macromolecules 2006, 39 (9), 3291–3303.
9. Saalwachter, K.; Kleinschmidt, F.; Sommer, J. U. Macromolecules 2004, 37

(23), 8556–8568.
10. Saalwachter, K.; Sommer, J. U. Macromol. Rapid Commun. 2007, 28 (14),

1455–1465.

428

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 2

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

5

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



11. Sotta, P.; Deloche, B. Makromol. Chem., Macromol. Symp. 1989, 23 (Eur.
Symp. Polym. Mater., 1987, Pt. 2), 183−90.

12. Kuhn, W.; Grün, F. Kolloid-Z 1942, 101, 248.
13. Rouse, P. E. J. Chem. Phys. 1953, 21, 1272.
14. Cohen Addad, J. P. J. Chem. Phys. 1974, 60 (6), 2440–2453.
15. Cohen Addad, J. P. J. Chem. Phys. 1976, 64 (8), 3438–3445.
16. Cohen Addad, J. P. J. Chem. Phys. 1979, 71 (9), 3689–3696.
17. Cohen Addad, J. P. Polymer 1983, 24 (9), 1128–1138.
18. Cohen Addad, J. P.; Dupeyre, R. Polymer 1983, 24 (4), 400–408.
19. Cohen Addad, J. P.; Feio, G. J. Polym. Sci., Part B: Polym. Phys. 1984, 22

(6), 957–978.
20. Ries, M. E.; Brereton, M. G.; Ward, I. M.; Cail, J. I.; Stepto, R. F. T.

Macromolecules 2002, 35 (14), 5665–5669.
21. CohenAddad, J. P.; Guillermo, A. J. Polym. Sci., Part B: Polym. Phys. 1984,

22 (6), 931–955.
22. Treloar, L. R. G. Trans. Faraday Soc. 1954, 50, 881.
23. Carr, H. Y.; Purcell, E. M. Phys. Rev. 1954, 94 (3), 630–638.
24. Levitt, M. H.; Freeman, R. J. Magn. Reson. 1981, 43, 65.
25. Baum, J.; Pines, A. J. Am. Chem. Soc. 1986, 108 (24), 7447–7454.
26. Saalwachter, K. Progr. Nucl. Magn. Reson. Spectrosc. 2007, 51 (1), 1–35.
27. Ries, M. E.; Brereton, M. G. Phys. Chem. Chem. Phys .2009, 11 (32),

6918–6924.
28. Sotta, P.; Fulber, C.; Demco, D. E.; Blumich, B.; Spiess, H. W.

Macromolecules 1996, 29 (19), 6222–6230.
29. Anderson, P. W.; Weiss, P. R. Rev. Mod. Phys. 1953, 25 (1), 269–276.
30. Gubaidullin, A.; Shakirov, T.; Fatkullin, N.; Kimmich, R. Solid State Nucl.

Magn. Reson. 2009, 35 (3), 147–51.

429

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 2

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

5

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Chapter 26

An NMR Investigation of a Polymer Melt under
Shear

Ute Böhme and Ulrich Scheler*

Leibniz-Institut für Polymerforschung Dresden e.V.,
Hohe Str. 6, 01069 Dresden, Germany

*E-mail: scheler@ipfdd.de

Mechanical shear is part of processing steps of polymers in the
melt. Shear influences polymer dynamics and chain order in the
melt. The effect of mechanical shear on the NMR relaxation
behaviour of polymer melts has been studied. A dedicated
probehead capable for high-temperature rheo NMR has been
developed and applied. Both the transverse and the longitudinal
relaxation time exhibit a strong temperature dependence.
The prolongation of the longitudinal relaxation time T1 with
increasing temperature is attributed to slowed down spin
diffusion as a function of the enhanced motion. The enhanced
mobility of polymer segments between the entanglements is
directly reflected in the prolongation of the transverse relaxation
time T2. Shearing the polymer sample results in an increase of
the transverse relaxation time, indicating enhanced molecular
mobility which implies, that as an effect of the shear a fraction
of entanglements in the polymer have been lost, resulting
in longer chain segments, these in turn exhibit an increased
molecular mobility as manifested in a prolongated T2.

Introduction

The flow behaviour of polymer melts is critical for various steps of the
processing and defines the materials properties in a wide range of applications.
Therefore rheological measurements are an important source of information on
the behaviour of polymer materials (1–3). For a further understanding molecular
insight into the origin of materials properties is desirable. The combination of

© 2011 American Chemical Society
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rheology with X-Ray scattering (rheo SAXS) has proven to be a valuable tool for
the investigation of molecular order resulting from shear of the material (4–6).

The combination of rheology with nuclear magnetic resonance (NMR)
as rheo NMR permits to link macroscopic properties as measured in rheology
with molecular parameters and thus yields insight in the rheological behaviour
of materials (7) with all the information content of NMR on structure, order
and mobility. Applications to liquid crystalline materials show shear-induced
orientation and the competition between orientation in the shear field to
magnetically-induced orientation (8, 9). The formation of multilamellar vesicles
has been followed as well (10). Applications to polymer melts sofar have been
limited to the room temperature range. Callaghan and coworkers showed, that
the NMR relaxation of all protons in the polymer is affected by the shear. Results
are complicated by the formation of shear bands (11). Other studies showed, that
shearing a polymer melt may result in loosening of entanglements (12).

Especially the transverse relaxation time T2 is sensitive to slow motions (13)
as they are present in the polymer chain segments between chemical or physical
crosslinks (14, 15). Another efficient measure of the polymer dynamics is the
evaluation of the residual dipolar coupling between protons via the generation of
double quantum coherences (16–18). A major advantage of the double quantum
experiments is the fact, that a buildup of the double quantum signal is observed as
opposed to the different kinds of decays like in the relaxation time experiments.
The data may directly be converted into a dynamic order parameter. Relaxation
experiments are feasible, even whan the residual dipolar couplings are too weak,
i.e. in liquid-like systems, they can often be performed much faster.

Experimental Section

For the rheo NMR experiments an in-house built high-temperature rheo
NMR probe head with an integrated Couette cell has been used. The probe
head fits in the micro 2.5 gradient system of a Bruker Avance 300 WB NMR
spectrometer operating at a Larmor frequency of 300 MHz for protons. The micro
2.5 gradient system generates magnetic field gradients of up to 1 T/m in three
axis. The Couette cell is composed of a 10 mm NMR tube as the outer cylinder
with an inner diameter of 8.6 mm and exchangeable rotating inner cylinders with
a diameter of 6 mm, generating a gap of 1.3 mm. The rotor is made of PEEK
with a structured surface to minimize slip. Shear is applied by driving the rotor
with an external servo motor located on the top of the magnet and controlled by
the spectrometer. The sample is heated by hot air. The gradient system, the shims
and the superconducting magnet are protected by a cooling gas flow. Between
the sample and the gradient coils a temperature gradient of 10 K/mm has to be
maintained. A dedicated temperature control system is in place to protect the
probehead, the gradient system and the superconducting magnet monitoring the
entire experiment. Initially temperatures have been calibrated in a an off-line
experimente, because temperature sensors would detoriate the sensitivity of the
NMR experiment. Gas flow and gas temperatures have been monitored to adjust
the sample temperature.
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The sample has been molten in the outer cylinder outside of the magnet.
Subsequent the components of the rheo cell were assembled in a dedicated holder
centering the rotor in the melt and placed into the probehead.

Imaging and velocity profiles, derived from a combination of NMR imaging
with PFG NMR, have been used to view the melt in the gap and to monitor the
steady shear. Due to the visco-elasticity, increasing rotational velocity causes the
polymer melt to climb up the rotor (Weissenberg effect) and thus disrupting the
shear in the gap. The used rotor frequencies were 0.5, 1, 2 and 5 rps, yielding
shear rates at the wall of the inner cylinder between 12 and 122 s-1.

Figure 1. Intensities of the double quantum signal of poly(propylene) as a
function of the sample temperature.

The influence of different temperatures and shear rates of the melt has been
investigated by relaxation and DQ measurements without spatial resolution.
CPMG, spin echo and inversion recovery sequences have been used for T2 and
T1 experiments, for the double quantum experiments a pulse sequence based on
(16, 17) has been applied. The 90° pulse length was 28 µs and a repetition delay
of 3 s was employed. The number of points has been restricted to limit the time
duration for which the sample is exposed to high temperatures in order to avoid
sample degradation.

The sample used in this study was isotactic poly(propylene) (i-PP), blended
with 3% PP-g-maleic anhydride (Mw = 250 kg/mol, Mw/Mn = 4.1), which is often
used as an additive in composite materials. The melt temperature of 163.5 °C
and the crystallinity of 50 % (based on the melting enthalpy of 207 J/g of 100%
crystalline i-PP (19)), were analyzed by DSC.
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Results and Discussion

Homonuclear double quantum spectra have been recorded as a measure of
the residual dipoar coupling during the melting process of the polymers. As is
depicted in Fig. 1 the intensity of the double quantum signal diminishes, when
the polymer melts. The mobility in the polymer becomes sufficiently high, that
the dipolar coupling is averaged to a degree, that no double quantum intensity is
observable. Unexpectedly no double qunatum signals have been observed under
the shear rates applied in the present study, indicating, that only limited order of
the polymer chains has been induced by the shear.

Figure 2. Longitudinal relaxation time (T1) experiments by inversion recovery of
poly(propylene) as a function of the sample temperature.

Fig. 2 shows the temperature dependence of the longitudinal relaxation time,
the lines show the fitted curves with the values shown in Table 1. At temperatures
below the nomimalmelting point (160 °C) biexponential decay is observed. Above
170 °C T1 can be described by a single exponential. The increase of T1 with
increasing temperature is attributed to slowing down spin diffusion due to the
enhanced molecular mobility. The small difference of the two components below
the melting point and the fact that above the melting point a single component
is observed, show that spin diffusion is important for T1. The major relaxation
mechanism is the methyl rotation and thus the efficiency of the spin diffusion from
CH and CH2 protons is important for the longitudinal relaxation. The parameters
used to fit the experimental data of all T1 experiments a summarized in
Table 1.

The temperature dependence of the transverse relaxation time T2 is depicted
in Fig. 3 showing a strong increase of T2 upon melting. T2 increases further with
increasing temperature showing the enhanced mobility of polymer chain segments
between entanglements as expected. T2 shows a multiexponential behaviour as for
most polymers, and can sufficiently be described by a biexponential fit. The results
from the fit are shown in Table 2. A short component in the order of 20 to 80 ms
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and the longer component raises from 200 ms to 300 ms. The parameters used to
fit the experimental data of all T2 experiments a summarized in Table 2.

Figure 3. Decay curves from CPMG experiments as a function of the sample
temperature.

Figure 4. T1 as a function of the shear rate of poly(propylene) at 180 °C.

If the inner cylinder is rotated with a torque applied from the servo motor, the
poymer melt in the gap between the two cylinders is sheared. The melt sticks to
both cylinders, thus the polymer is at rest on the outer wall and rotates with the
inner cylinder.
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Figure 5. Decay curves from CPMG experiments at 180 °C as a function of
the shear rate.

Shearing the polymer at a constant sample temperature of 180 °C does not
result in a significant change of T1 as depicted in Fig. 4. Comparing to the
strong temperature dependence of the longitudinal relaxation seen in Fig. 2 one
can conclude, that the sample temperature has not been increased by shearing the
highly viscous polymer melt. From the viscosity a temperature increase of up to
30 K would have been anticipated. Because the sample is heated by an air flow of
17 l/min, the additional heat is taken away from the sample by convection.

Table 1. Results from the fits for the longitudinal relaxation time T1

T rotation T1 [s] T1 [s]

[°C] [rev/s] component 1 component 2

160 0 0.73 0.06

170 0 0.73 0.10

180 0 0.74

190 0 0.83

180 0.5 0.70

180 1 0.63

180 2 0.64

180 5 0.64
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Table 2. Results from the fits for the transverse relaxation time T2

T rotation T2 [ms] T2 [ms]

[°C] [rev/s] component 1 component 2

160 0 19 224

170 0 25 227

180 0 34 242

190 0 53 375

180 0.5 47 258

180 1 50 281

180 2 65 285

180 5 83 269

The effect of shearing on T2 is shown in Fig. 5, showing an increase in T2 as
a function of the shear. The signal decay curves under shear are well-described by
a double exponential decay. Both components increase from 40 ms to 60 ms and
150 ms to about 300 ms respectively. The fraction of the component with a larger
T2 increases with the shear rate.

The increase in T2 implies an increase in the mobility of chain segments as
a result of the shear. A decrease in T2 would have been indicative for possible
chain ordering, which has not been observed. The increase of T2 and thus of chain
mobility is explained by loosing some of the entanglements of the polymer chains
as a result of the shear-induced motion of the polymer chains.

Conclusions

Rheo NMR of polymer melts at high temperatures has been demonstrated.
Both the longitudinal and the transverse relaxation times exhibit a strong
temperature dependence in the temperature range of the melting point. The
observed temperature dependence of the longitudinal relaxation time has been
utilized to exclude a shear-induced rise in the sample temperature in the present
study.

The transverse relaxation time T2, which is sensitive to slow molecular
motions typical for polymer chain segments between crosslinks or entanglements,
is becoming longer. The polymer network looses entanglements as a result of
the shear. The absence of a significant double quantum signal together with the
increase in T2 indicate, that chain ordering, which would be anticipated, is not the
dominating effect. The effect of orientation of the polymer chains is negligible.
The most reasonable explaination for the prolongation of T2 is the partial loss of
entanglements resulting in longer chain segments between entanglements.
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Chapter 27

NMR Imaging and Its Application in the Study
of Pharmaceutical Tablets

H. Thérien-Aubin, Y. J. Wang, and X. X. Zhu*

Département de Chimie, Université de Montréal, C.P. 6128, succursale
Centre-ville, Montréal, QC H3C 3J7, Canada

*E-mail: julian.zhu@umontreal.ca

NMR imaging is a non-destructive and non-invasive technique
especially well suited to investigate the kinetics of water
uptake, swelling and erosion of pharmaceutical tablets used
for drug delivery. Polysaccharides such as high amylose
starch, cellulose derivatives and chitosan have been used as
excipients in the tablets for the controlled release of drugs.
NMR imaging may be used to quantitatively study the swelling
of the compressed polymer tablets and the penetration of water
in the polymer matrices. These results help to elucidate the
effects of temperature, tablet size and drug loading on the
properties and drug release process of the tablets. The new
physicochemical understanding gained with NMR imaging
techniques may help in the design and development of new oral
tablets for more efficient drug delivery.

Introduction

Nuclear magnetic resonance (NMR) imaging, because of its non-destructive
and non-invasive nature, requires no physical slicing of the sample to observe
the interior of an object and has grown to be a technique of choice not only
for biomedical imaging, but also in a myriad of other applications in material
sciences and engineering (1). NMR imaging has become an interesting technique
in the study of the dynamics of diffusion in polymer systems (2–8), and has been
adapted to characterize the behavior of pharmaceutical tablets after immersion
(9–18). A better understanding of the process of controlled release of drugs
from the pharmaceutical tablets is essential to design and prepare more efficient

© 2011 American Chemical Society
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drug delivery systems. Therefore, it is essential to study the diffusion of small
molecules, especially water and drugs, and the swelling and the dissolution of the
tablets. NMR imaging may provide unique information on such phenomena.

The diffusion process in pharmaceutical tablets is usually studied by
gravimetric methods for solvent uptake and by high performance liquid
chromatography (HPLC) or UV spectrophotometry for the kinetics of drug
release. These techniques, and others such as optical methods (19–21), allow
an efficient overall general characterization of the system, while NMR imaging
provides both general and spatially-localized information on the distribution of
the compounds of interest inside and outside the polymeric matrix. NMR imaging
is used to provide the spatial mapping of proton signals. The contrast of the
images can be adjusted by the use of a range of physicochemical properties such
as the difference in concentration, relaxation times, self-diffusion coefficients
or flow rates. NMR imaging of pharmaceutical tablets has been mainly used to
image the protons of mobile water molecules inside the system during the kinetic
analysis of water uptake (9, 11, 15, 16, 22–27) as well as the diffusion of drugs
from the tablets (22).

NMR Imaging Techniques

Basic Principles of NMR Imaging

In 1973, Lauterbur obtained the first image of the interior of an object (23)
using magnetic field gradient to spatially encode information on both frequency
and phase. Lauterbur (23) used frequency-encoding to map his sample, two
tubes of water in a larger D2O tube (Figure 1), by the conversion of spectral
information into spatial information. A linear gradient of magnetic field with
different orientation was applied to obtain multiple profiles of the object. With
different projection acquired at different angle, it was possible to reconstruct the
2D image of the original object using the backprojection technique and algorithms
used in X-ray tomography. Frequency-encoding is based on the fact that the
resonance frequency of a nucleus changes with the strength of the magnetic field.
If a gradient of magnetic field (G) is overlaid to the magnetic field of the NMR
magnet (B0), a variation in frequency is observed. The application of the gradient
during the signal acquisition (Figure 2A) will encode the space in frequency
leading to the recording of the sample’s profile, the spin density distribution, i.e.,
the projection of the sample along the axe where the gradient is applied.

Subsequently, in 1974, Mansfield introduced a technique to add a third
dimension to the NMR images using selective irradiation (24). As for the
frequency-encoding, the slice selection is based on the fact that the presence of
a gradient of magnetic field changes the Larmor frequency of the nucleus under
observation according to its position in space. To selectively excite a given slice
of the sample, a RF pulse should be applied simultaneously with the gradient
pulse (Figure 2B). A sinc-shaped RF pulse was used to selectively excite a
given Larmor frequency. When a short rectangular RF pulse is generated at a
frequency νx, a broad distribution of RF with an average frequency centered at νx
is generated, the broadness of the distribution being inversely proportional to the
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length of the pulse. RF pulses of lower intensity and longer duration could be used
to contain only one frequency, or at least a narrower range of frequencies (24).

Figure 1. Lauterbur’s experiment. (A) Acquisition of 4 profiles where the gradient
axis is rotated by 45 increments. (B) Image obtained after the backprojection of
the 4 profiles. Adapted by permission from Macmillan Publishers Ltd: Nature

242, 190-191, copyright 1973 (23).

An important development to NMR imaging, allowing faster image
acquisition, was the concept of phase-encoding (25), which permits the
construction of 2D images much faster than with the Lauterbur projection method.
When a gradient of magnetic field is applied to the sample between the excitation
and the signal acquisition, the precession speed of the nucleus spins is modified
and spatially encoded (Figure 2C). The application of a linear gradient (Gx) causes
a dephasing of the spin leading to reduction in the signal intensity. The 2D image
is obtained by the frequency-encoding to provide a profile, and phase-encoding
to relate the position of the nucleus to the spin phase by the application of N
gradients of the magnetic field applied in the orthogonal direction to the slice and
frequency-encoding gradients.

Signal Acquisition

NMR images are usually obtained using pulse sequences based either on a
spin-echo (Figure 3A) or gradient-echo (Figure 3B) technique (26). The gradient-
echo permits faster imaging caused by small flip angles needed for the excitation
and the absence of a second RF impulsion which allows for shorter repetition time
(TR) leading to the faster acquisition of similar S/N ratio in comparison to the
spin-echo sequence. However, since gradient-echo is also more sensitive to small
variation in the magnetic field, artifacts could be observed in region of variable
magnetic susceptibility.
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The intensity of the signal measured by NMR imaging varies according to
Equations 1 and 2 for the spin-echo and gradient-echo experiments, respectively.
The equations show that the intensity of the signal (S) varies with sample-specific
factors such as spin density (ρ), longitudinal relaxation time (T1) and transverse
relaxation time (T2), and with experiment-specific factors such as the echo time
(TE) and the repetition time (TR) and the flip angle (α) in the gradient-echo
experiment.

In the study of drug release from pharmaceutical tablets, a crucial factor is
the diffusion coefficient or the velocity of the molecule in the presence of flow
at different positions inside the tablet (9, 11, 15, 16, 27). The self-diffusion
coefficients can be easily measured with NMR spectroscopy using the pulsed
gradient spin-echo (28) or stimulated echo sequence (29). A first magnetic field
gradient pulse is used to spatially encode the spin with their phase angle, while a
second gradient pulse of the same amplitude and intensity applied after a given
diffusion time is used to cancel the phase difference created by the first gradient
pulse if the nucleus has not diffused to a new position; otherwise the signal
measured will be attenuated. The NMR signal decreases with the amplitude of
the gradient pulses and the diffusion coefficient following the equation

where S(G) is the intensity of the NMR signal in presence of a gradient of
amplitude G, S0 the signal intensity in the absence of any gradient, γ the
gyromagnetic ratio of the nucleus, δ the duration of the two gradients pulses, ▵
the delay between the two gradients pulses and τ the interval between the 90o
and 180o pulses of the spin-echo sequence. It is possible to obtain a diffusion
coefficient map by merging the pulsed gradient spin-echo with the imaging
spin-echo pulse sequences; one could then acquire a series of spin density images
with different amplitudes of diffusion gradient and build the diffusion coefficient
image (30, 31).

444

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

7

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 2. Basic principles of NMR imaging. (A) Frequency encoding of a
cylindrical object, generated by the application of a magnetic field gradient
during signal acquisition. (B) Slice selection with selective excitation pulse in
presence of a magnetic field gradient. (C) Phase encoding generated by the
application of a magnetic field gradient between the initial RF perturbation

and signal recording.
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Figure 3. Simplified NMR imaging pulse sequences. (A) Spin-echo imaging;
(B) Gradient-echo imaging.

It is also possible to obtain images where the signal is proportional to the
relaxation times, by the acquisition of multiple images at different echo times,
which could be used to reconstruct a T2 map. A T1 map could be obtained by
the introduction of an inversion recovery segment in the pulse sequence and
the acquisition of a series of images at different inversion times. With these
relaxation time imaging techniques, it is possible to obtain useful results on the
local dynamics of the water molecules in the tablets, which help to gain a better
understanding of the swelling and drug release since the relaxation times vary
with the local molecular environment as shown in Figure 4 (11, 12, 32, 33).
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Technical Considerations

Equations 1 and 2 show that if the echo time TE is kept short in comparison
with T2 and if the repetition time TR is long in comparison with T1, the mapping
will be only proportional to the spin density, i.e., the concentration of the nucleus
under observation. If TR is kept short or TE is long, it is possible to obtained T1-
or T2-weighted images, respectively. By choosing the repetition and echo times,
one can change the signal intensity of different species of the image for a better
contrast; this is particularly interesting for whole body imaging since relatively
large variation of relaxation times may be observed for different types of tissues
(34).

Figure 4. Variation of the relaxation times according to the molecular motion
velocity of the sample.

In the study of diffusion in pharmaceutical tablets, the results obtained by
NMR imaging are usually maps of water concentration inside the tablets. Figure 5
shows examples of the spin density images of the water uptake of a polysaccharide-
based tablet. One can observe a receding dry part of the tablet (purple) and an
increase in the overall dimension of the tablet with the immersion time. At the
water-tablet interface in Figure 5, a red area is observed, giving the impression that
the spin density is higher in this region than in free water (14, 35, 36). This effect
is created to facilitate the identification of the water-tablet interface by setting the
TR shorter than the T1 of free water but longer than the T1 of the water inside the
tablet, leading to the attenuation of the signal of free water because the TR does not
allow the full relaxation of the free water protons, while allowing full relaxation
of the water inside the tablet between two repetitions.

The spin-spin relaxation is so fast in the dry part of the tablet that even with
very short TE it is difficult to observe the signal from this part. When the echo
time used is short enough, only the mobile protons are observed selectively. In
this case the water protons are the only ones contributing to the NMR signal. As
water diffuses in the tablet, the proton signal (or spin density) increases, which is
also partly due to an increase in the T2 of water (Figure 4).

The maximal resolution that could be achieved by NMR imaging varies with
a number of factors, including the concentration and relaxation time of the sample
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and also the spectrometer frequency and gradient strength. In whole body imaging,
a resolution of 1-2 mm is typical, but in microimaging, which operate usually at a
much higher frequency, a resolution of 100 µm is standard and resolutions of 10
µm are possible.

Figure 5. Radial section of the crosslinked high amylose starch (CHAS) tablet
after immersion in water at 37 °C for (a) 45 minutes and (b) 50 hours. Color

gradient scale represents the 1H spin density. (see color insert)

NMR Imaging of Pharmaceutical Tablets

Experimental Setup

NMR imaging is an ideal method to record in situ the swelling behavior of
solid oral dosage forms. It can be used to evaluate the polymer concentration
profile in the tablets (37, 38), quantify dimensional changes (thickness, area and
volume) during the swelling (14–16, 35, 36), and define the diffusion front of the
sample (14, 35). Furthermore, the NMR imaging studies can provide the diffusion
coefficient of a liquid component (15, 16), and T1 and T2 values which are related
to the environment of the penetrant and its interaction with the polymer excipients
(12).

The NMR imaging experiments are normally carried out at 37.0 °C. We used
a Bruker Avance-400 NMR spectrometer operating at a frequency of 400.27 MHz
for protons and equipped with a microimaging probe with a 20 mm inner diameter.
A standard spin-echo pulse sequence was used to obtain spin density images of
each tablet in a 20 mm o.d. NMR tube containing 20 mL of the media (distilled
water, buffer solutions or simulated physiological fluids). A slice of 0.5 mm in
thickness was selected either perpendicular or parallel to the main magnetic field
using a sinc-shaped pulse. Eight scans were accumulated to obtain 128 × 128
pixel images for a field of view of 2.0 cm, leading to an in-plane resolution of
156 µm. An echo time of 3 ms and a repetition time of 1 s were fixed, leading to
an acquisition time of about 17 min for each image. The tablets were placed on
a home-made Teflon support, which allowed three-dimensional liquid penetration
(Figure 6).
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Figure 6. A tablet on a Teflon support placed in a 20 mm o.d. NMR tube.

Diffusion-weighted images were acquired by combining the spin-echo pulse
sequence with the pulsed gradient spin-echo (PGSE) pulse sequence developed by
Stejskal and Tanner (28). The diffusion time (Δ) and the length of the gradient
pulse (δ) were set at 10 ms and 2 ms, respectively. The gradient strength varied
from 5 to 100 G/cm.

When the simulated physiological fluids were used, some defects might be
observed due to the high ionic strengths of the fluids, as shown by the bright spots
above the tablets in SGF in Figure 7. 1H tuning and matching strongly depend
on the ionic strength of the sample. A buffer solution may cause de-tuning of the
probe and the appearance of artifacts in the NMR images (39, 40).

Figure 7. The NMR images of the carboxymethylated starch (CMS)-chitosan
complex tablets immersed in water and simulated physiological fluids at 37 °C

for 1, 5, and 10 h. (see color insert)

Swelling and Water Diffusion of Polysaccharide Tablets

Cross-linked high amylose starch (CHAS) (41, 42) was used to prepare
selected tablets. The starch of a high content of amylose yields a stronger gel
(43). Covalent cross-links and hydroxypropyl side chains of the final product
allow greater stability by hindering retrogradation over time (43). Retrogradation
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of starch is used to define the changes from amorphous state to a more ordered or
crystalline state.

CHAS can provide sustained drug release as an excipient of oral drug dosage
form by the formation of a membrane at the outer layer of the tablets upon
hydration and maintaining the tablet integrity in water for days. The absence of
erosion and limited swelling allow for further explorations of the applications in
drug delivery (44). Review articles on the NMR imaging of starch-based tablets
were published previously (45, 46). We summarize here the NMR imaging results
obtained for selected polysaccharide tablets (14–16, 35, 36, 45–47) in an effort to
illustrate the usefulness of NMR imaging in such studies.

Gel Formation and Water Gradient

NMR imaging could be used to spatially map the proton signals, and thus
to follow water uptake by starch tablets. In Figure 5, the tablet is immerged in
water inside a NMR tube and a 2D NMR image of a slice inside the sample could
be obtained using a slice selective pulse sequence. The NMR images show the
formation of a hydrated membrane at the water-tablet interface. Figure 8 shows
that the membrane thickness increases rapidly at first then remains constant at ca.
0.4 mm until 50 h. This membrane regulates the diffusion of water into the tablet
(48). The water concentration in the core of the tablet increases slowly after the
initial swelling of the tablet until a constant water concentration is reached. After
80 h, the membrane thickness increases drastically to reach ca. 2 mm and then the
gelation of the whole tablet is observed (14, 22, 35, 36, 48).

The NMR images provide access to water concentration profile inside the
tablet, which can be used to calculate the water diffusion coefficient (15, 16, 36).
If the diffusion is Fickian, and that the shape of the tablet is assumed to be an
infinite cylinder (to disregard the edge effects). At the initial stage of the diffusion
process in water at 37 °C, these assumptions are considered to be fulfilled for the
CHAS tablet, at longer immersion times the edge effects will not be negligible.
The solution of Fick’s law of diffusion for an infinite cylinder can be used for the
calculation of the diffusion coefficients (49). The diffusion coefficient measured
decreases by a factor of 10 during the first 10 h following the immersion (Figure 9),
the period during which the outer gel membrane was formed. The formation of a
gel layer with a low porosity resulting from the reorganization of the starch chains
accounts for the reduced diffusivity observed after the immersion. While Figure
9 provides a general trend for the changes in water diffusion coefficient values, it
should be noted, however, that the D values at longer immersion times have larger
errors since the contribution of the edge effects becomes important and, strictly
speaking, the assumptions made are no longer appropriate.
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Figure 8. Thickness of the hydrated membrane shell of the CHAS tablet at 37 °C
after its immersion in water.

Figure 9. The decrease of the self-diffusion coefficient of water at 37 °C in the
CHAS tablet during the formation of the outer gel membrane.

When a CHAS tablet is immersed into water, water penetrates into the
hydrophilic polymer matrix to form a hydrogel, leading to a steep water gradient.
The formation of the membrane at the liquid/tablet interface is essential to the
tablet integrity and to the sustained drug release (15, 50). X-ray tomography
experiments of the membrane showed the significant difference between the
porosity of the outer layer and dry core (50). The formation of the membrane
can be followed with the NMR images adjusted with either proton density or
self-diffusion coefficient contrast (15). The different regions of the tablets are
more obvious on the self-diffusion coefficient profile extracted at the center of
the tablet (Figure 10) than in the water concentration profile (15). The membrane
is mainly composed of a region where the self-diffusion coefficient of liquid is
stable.
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Figure 10. Self-diffusion coefficient profile in the center of the tablet for CHAS
tablet (□) without drug, (•) loaded with 10% acetaminophen, and (▴) loaded with

10% ciprofloxacin after 15 h of immersion. Adapted from ref. (15).

Anisotropic Swelling

The swelling is anisotropic with the axial swelling being much more
significant than the radial swelling for all the tablets of different sizes and
within the temperature range from 25 to 60 °C (Figure 11) (14, 35, 36). The
more pronounced axial swelling is related to the relief of the stresses induced
during compaction of the tablets (51). However, the thicknesses of the gel
layer along both directions are similar (52). The glassy-rubbery transition is
based on the lowering of the glass-transition temperature (Tg) of the polymer,
which is controlled by the water concentration and depends on temperature and
thermodynamic interactions of the polymer-water system. The swelling of the
CHAS tablets approaches its maximum at around 10 h at 37 °C but 60% of
swelling can be achieved within the first 4 h (36). The water uptake and the tablet
swelling strongly depend on the size of the tablets (35). The swelling rate is faster
for small tablets along both swelling directions due to their larger surface/volume
ratio.

Effect of Temperature

The water diffusion in the CHAS tablets was studied at four different
temperatures (25, 37, 45, and 60 °C) (14, 36). The diffusion process is Fickian
between 25 and 45 °C and Case II at 60 °C (36). The tablets manifested a faster
swelling with increasing temperature up to 60 °C (Figure 11). The difference is
caused by the different degrees of the transformation from V-type single helix
polymorph to B-type double helices during water uptake (35, 36). The double
helical conformation acts as physical cross-links which in turn limit the swelling
and is thus essential for the sustained drug release, which is verified by CP-MAS
13C NMR spectroscopy (44, 53). Water penetrating into a tablet to acts as a
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plasticizing agent. This plasticizing effect increases the intermolecular spaces and
thus allows greater mobility to starch molecules which rapidly reorganize into the
thermodynamically more stable B-type double helix conformation (43).

Figure 11. Swelling kinetics of the CHAS tablets along (A) radial direction and
(B) axial direction at various temperatures. □, 25 °C;○, 37 °C;▵, 45 °C; and ×,

60 °C. Adapted from ref. (36).

Effect of Drug Loading

The drug loading effect was studied first by comparing tablets loaded with
10 wt% soluble drugs (ciprofloxacin and acetaminophen) and tablets without the
drugs (15). The extent of the swelling of the tablets was not noticeably influenced
by a 10 wt% drug-loading, since the presence of drugs at this content did not
interfere with the formation of double helices which limited the overall swelling of
the CHAS tablets (15). However, the presence of drug molecules caused a faster
water uptake, as reflected by the higher diffusion coefficients of water.

The swelling of the CHAS tablets loaded with different amounts of
acetaminophen (10, 20 and 40 wt%) were studied by NMR imaging (Figure 12)
(16). The presence of drug molecules accelerated water uptake due to the changes
in the chemical potential gradient. The higher drug loading led to a faster water
diffusion into the tablet. The drug solubility and the degree of drug loading
have little influence on the diffusion coefficient of water in the outer membrane
formed. Water diffuses faster for tablets with higher drug loading and increases
gradually with time (Figure 13).
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Figure 12. NMR images of CHAS tablets of different drug loading levels (10 – 40
wt %) immersed in water at 37 °C for 1, 2, 5, 10, 15, and 20 h. The purple part at
the bottom of the images is the Teflon support. Reproduced with permission from

NRC Research Press (16). (see color insert)

Despite the different rates of water uptake and diffusion in the tablets, the
percentage of the drug released remained similar for all the CHAS tablets. The
outer membrane ensured a controlled release of acetaminophen, regardless of the
amount of drug in the tablet (16).

The changes of the water diffusion coefficient and the tablet swelling strongly
depend on the solubility of the drug and the loading level. The drug releasing rate
merely undergoes aminor changewith increasing drug loading amount. Compared
to the CHAS tablets without loaded drugs, the tablets loaded with 10 – 40 wt %
acetaminophen swell substantially faster. The matrix is able to keep the integrity
of all the tablets after their immersion in water for a long time up to 50 hours.

Figure 13. Self-diffusion coefficients of water in the inner core of the tablets
loaded with 10% (□), 20% (○), and 40% acetaminophen (▿) obtained by

diffusion-weighted imaging. The D values of water in the hydrated gel membrane
of the tablets are shown by closed symbols. Reproduced with permission from

NRC Research Press (16).
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The Study of Various Polymer Matrices

The swelling of the CHAS tablets were compared with the tablets made of
polyelectrolyte matrices including chitosan, carboxymethylated starch (CMS) and
CMS-chitosan complex in both acidic and neutral media. Simulated gastric and
intestinal liquids (SGF and SIF) were used for the in vitro study of the swelling
and drug dissolution of the tablets (Figure 7). In the case of SGF, some artifacts
appeared on the NMR images.

The tablets made of chitosan, CMS, and the CMS-chitosan complex showed
pH-sensitive swelling due to the presence of –COONa and/or –NH2 functional
groups. The CMS-chitosan polyelectrolyte complex tablets have similar swellings
to those of CHAS tablets in neutral media. However, the complex tablets in SGF
showed a greater extent of swelling. The remarkable dimensional change in SGF
was mainly contributed by chitosan that was dissociated from its complex with
CMS.

The effect of pH is more pronounced than that of the ionic strength for the
tablets without drug loading. The swelling at different pH values depends on
the pKa of the matrix. In the case of drug-loaded tablets, the drug release rate
is affected by the pKa values of both the matrix and the drug rather than the drug
loading level.

Conclusion

NMR imaging is an effective method that can provide information on
the diffusion and swelling processes of tablets useful in the development and
formulation of new drug delivery vehicles for pharmaceutical applications.
The contrast of the images may be adjusted by the choice of the experiment
parameters such as gradient strength, repetition time, echo time and flip angle.
The self-diffusion coefficients of the diffusing fluid may also be obtained and
correlated with the swelling of the tablets. The formation of the gel membrane,
the disappearance of the dry core and the drug dissolution can be visualized. The
membrane is crucial in obtaining the controlled release of drugs from the tablets.
The effects of tablet size, temperature, drug loading level and different polymer
matrices on the tablet swelling and liquid diffusion in the tablets have been
studied. These studies show that the use of NMR imaging techniques provides
results that facilitate the development and optimization of polymeric excipients
for controlled drug delivery.
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Chapter 28

Effect of Molecular Architecture on the
Performance of 19F NMR Imaging Agents

Hui Peng, Kristofer Thurecht, Steven Hsu, Idriss Blakey,
Oliver Squires, Nyoman Kurniawan, Stephen Rose,

and Andrew K Whittaker*

Australian Institute for Bioengineering and Nanotechnology and
Centre for Advanced Imaging, University of Queensland,

Brisbane, QLD 4072, Australia
*E-mail: a.whittaker@uq.edu.au

Traditional magnetic resonance medical imaging agents based
on paramagnetic ions or particles have a number of critical
limitations, namely image contrast is often limited at low
concentrations and sensitivity of the agents becomes diminished
at higher magnetic field strengths. In this chapter we describe
the development of a new class of polymeric imaging agent
which relies on direct detection of the NMR signal of fluorine
nuclei and hence circumvents these potential problems. The
imaging performance of the new materials relies on the
maintenance of librational motion of the fluorinated segments,
necessary for partial averaging of the otherwise strong
dipole-dipole interactions and large chemical shift interactions
of the 19F nuclei. The performance of partially-fluorinated block
copolymers assembled into particles is described and related
to the interactions of the polymer chains with the surrounding
solvent medium. A second generation of materials based on a
hyperbranched structure was developed based on the learning
obtained from the earlier experiments and these demonstrated
excellent in vitro and in vivo imaging performance.

© 2011 American Chemical Society
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Introduction

Over the past several years the field of in vivo 19F NMR imaging has started
to receive renewed attention. This is a result of particular advantages of the 19F
imaging experiment, since unlike in 1H NMR imaging, the body does not contain
a significant concentration of fluorine to provide a background signal. The signal
from injected fluorine-containing molecules will therefore appear bright against a
dark background, and furthermore if the image is superimposed on a proton density
image the location of the probe molecules in the body can be readily discerned. If
probe molecule has included a targeting functionality, the text above describes the
field of 19F molecular imaging.

The fluorine nucleus possesses several attractive features for NMR imaging.
The NMR-sensitive isotope,19F, is present in high natural abundance, possesses a
spin of I=1/2 and has the second-highest gyromagnetic ratio (40.03 MHz/T) of the
commonly-encountered nuclei (1). This last property provides high sensitivity in
the 19F NMR experiment, however in the absence of fast, large amplitude motion
may lead to substantial dipolar couplings to near-neighbor nuclei (1Hand 19F). This
is compounded by the large static chemical shift anisotropy of fluorine. Despite
this, the promise of high sensitivity imaging of mobile fluorinated species has lead
to a growing body of work.

Initial studies of the potential of 19F for medical imaging were performed by
Holland and co-workers who reported images of solutions of sodium fluoride and
perfluorotributylamine within phantoms (2). The first in vivo 19F images were
reported by McFarland et al. (3) on rats injected with fluorocarbons. The 19F
longitudinal relaxation time is known to depend on the oxygen tension in the blood
stream (4), and this was exploited by several workers in small animal models (5,
6). These early studies did not progress beyond pre-clinical examination, due
primarily to the lack of clinical scale scanners suitable for 19F observation. This
commercial bottleneck has now been removed.

The field therefore has been reinvigorated, as reflected by the work from
groups in Carnegie Mellon University (7–9) and Washington University in St.
Louis (10–15) who have advanced work on nanoparticles agents based on linear
and cyclic perfluoroethers, and on branched polymers. The former molecules
have the advantage of being able to be labelled covalently in a facile manner with
fluorescent dyes, while the Wickline group incorporates a fluorescently-labelled
phospholipid into an emulsion particle (10–13). The principal application
proposed for these agents is cell tracking (16), and these workers and others have
demonstrated in vivo imaging of dendritic cells labelled appropriately with the
fluorinated particles. In more recent work, Higuchi et al. (17) have reported the
imaging of amyloidophilic compounds containing fluorine as potential markers
for the early stages of Alzheimer’s disease. The potential use of fluorinated
markers for non-invasive studies of physiology is abundantly clear and has been
reviewed by Yu and others (18). In addition Ruiz-Cabello and colleagues have
recently published an excellent review of the application of 19F spectroscopy and
MRI to medicine (19).

Examination of the literature reveals that there remain a number of
fundamental challenges to be overcome for this technology to become widely
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accepted. These are principally the low sensitivity resulting from the low fluorine
content of many potential marker molecules, the large (isotropic) chemical shift
dispersion of the 19F nucleus, and the short T2 relaxation times observed for
potential structures arising from the large shift anisotropy and strong dipole-dipole
couplings to near-neighbor fluorine and proton nuclei. This chapter describes
two generations of polymeric molecules developed to address these issues, firstly
self-assembled particles consisting of partially-fluorinated amphiphilic block,
and secondly hyperbranched polymers consisting of similar building blocks.
Polymeric agents have been chosen because of their potential for high fluorine
content, and the possibility of attachment of multiple targeting agents to the end
groups and side chains. Excretion of the polymers was confirmed as described
below. The in vitro and in vivo performance is related in this chapter to the
molecular structure of the polymeric agents.

Materials and Methods
Materials

Tert-butyl acrylate(tBA), 2,2,2-trifluoroethyl acrylate (TFEA), 2,2,2-
trifluoroethyl methacrylate (TFEMA), hexafluoroisopropyl acrylate (HFPA),
hexafluoroisopropyl methacrylate (HFPMA) and n-butyl acrylate (BA) were
purchased from Aldrich, dried over CaH2 and distilled under reduced pressure
before use. CuBr was obtained from Aldrich and purified by washing with
glacial acetic acid followed by absolute ethanol and ethyl ether, and then dried
under vacuum. Ethyl 2-bromopropionate (EBrP), N,N,N′,N′′,N′′-pentamethyl
diethylenetriamine (PMDETA) and trifluoroacetic acid (TFA) were purchased
from Aldrich and used as received. Acetone was refluxed over CaH2 and distilled
under nitrogen before use. 2-dodecylsulfanyl thiocarbonyl sulfanyl-2-methyl
propionic acid (20) and the alkyne analogue (21) were synthesized as previously
reported. AIBN was recrystallized from methanol three times before use.

Dried toluene, dichloromethane (DCM) and dimethylformamide (DMF)
were obtained oxygen- and moisture-free using a purification unit under an inert
nitrogen environment (MBraun Solvent Purification System Auto-5).

Characterization

1H NMR spectra of the polymers and intermediates were measured on a
Bruker Avance 500MHz or 300 MHz spectrometer equipped with a TXI probe
and operating at room temperature.

Gel permeation chromatography (GPC) measurements were performed using
a Waters Alliance 2690 Separations Module equipped with an auto-sampler,
column heater, differential refractive index detector, and a Photodiode Array
(PDA) connected in series. HPLC-grade tetrahydrofuran was used as eluent at
a flow rate of 1 mL/min. The columns consisted of three 7.8 × 300 mm Waters
Styragel GPC columns connected in series, comprising two linear UltraStyragel
and one Styragel HR3 columns. Polystyrene standards ranging from 517 to 2×106
g mol-1 were used for calibration.
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Differential Scanning Calorimetry (DSC) analyses were performed using a
Mettler Toledo DSC1 Star System calorimeter with a sub-ambient temperature
attachment. The glass transition temperature (Tg) was determined as the centre of
the change in heat capacity measured at a heating rate of 10 °C/min.

Dynamic light scattering (DLS) measurement was performed on a Nanoseries
(Malvern, UK) zetasizer. The scattering angle used was 90º and the temperature
was fixed at 298 K.

19F NMR spectroscopy was performed on an AMX300 spectrometer
interfaced to a 7 T vertical super-wide bore magnet. The system is equipped
with a Bruker microimaging gradient set and the probe used was a Bruker 5 mm
19F single-tuned bird-cage resonator probe tuned to 282.404 MHz for fluorine
detection. The 90o pulse time was 5.5 μs. Samples of the fluorinated block
copolymers were prepared as described below, and either maintained in mixed
DMF-water solvent (or DMSO-water) or examined after dialysis in water. The
concentration of the solutions prepared in 5 mm NMR tubes was approximately
2.5 wt. % of polymer. All measurements were performed at 310 K.

19F NMR spectra of the solutions were recorded using a 90o pulse of 5.5 μs
and a repetition delay of 10 seconds. The spectrum width was 50 kHz, and 4
k data points were collected. Typically 16 FIDs were co-added to improve the
signal-to-noise ratio.

19F T2 relaxation times were measured using the CPMG pulse sequence, with
from 2 to 256 180o pulses in the echo train. A total of 12 data points were collected.
Spin-lattice relaxation times were measured using the standard inversion-recovery
pulse sequence, with 16 value of inversion time used. A single T1 relaxation time
was observed for all samples.

19F MRI Experiments

19F images were collected on the AMX 300 spectrometer using the 3D spin-
echo pulse sequence (22). Typical experimental details are as follows. The field of
view was 20×20 mm2, and the slice thickness was 2.5 mm in a 128×128×8 matrix.
The echo time was 4.8 ms and the repetition time equal to three seconds. The
images presented here were all acquired by co-adding two acquisitions resulting
in a constant imaging time of one hour and 20 minutes.

In vivo 19F MRI images were collected on a Bruker 700 MHz wide-bore
microimaging system. Proton images were taken using a standard gradient echo
sequence. The 19F imageswere collected using a spin-echo 3D pulse sequencewith
a repetition time of 1 s and echo time of 6.4 ms. A total of 32 scans were averaged
to improve the signal-to-noise and 8 slices were generally taken with a field of
view of 3 cm. The total scan time for the in vivo experiments was approximately
8 minutes.

Ethical clearance for testing of the polymers on live mice was obtained from
the University of Queensland (AIBN/076/08). The respiration rate of the mouse
was monitored at all times during the imaging.
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Preparation of Block Copolymer Assemblies

Example Synthesis of Amphiphilic Block Copolymer

Monobromo-terminated p(tBA) (Mn=6800, Mw/Mn = 1.09), prepared by
ATRP, and CuBr were added to a 50 mL round-bottom flask which was sealed
with a rubber septum, then degassed with argon. Deoxygenated toluene was
added, after which nBA and the fluoroacrylate (FA, here FA refers to TFEA,
TFEMA, HFPA and HFPMA monomer) were added, both via syringes, then
PMDETA was introduced. The molar ratio of p(tBA) : CuBr : PMDETA : nBA
: FA=1:1:1:30:100. The solution was stirred for approximately 10 minutes until
the Cu complex had formed, as judged by the complete dissolution of the CuBr
powder particles and the formation of a deep green solution. After complex
formation, the flask was placed in an oil bath at 90 °C. After certain times, the
polymer was dissolved in THF and passed through an alumina column to remove
the copper catalyst. The THF was removed by evaporation and the polymer was
then dried under vacuum at 40 °C. For further purification, the polymer was
dissolved in THF, precipitated into a 10-fold excess of hexane, and then washed
with hexane twice. The polymer was dried under vacuum at 40 °C for two days.

Hydrolysis of the tert-butyl groups was achieved by addition to the solution
of the block copolymer a quantity of trifluoroacetic acid. A clean, 100 mL, round-
bottom flask fitted with a stirrer bar was charged with p(tBA)-b-p(nBA-co-FA),
followed by dried dichloromethane. The mixture was stirred for 10 min to dissolve
the polymer. Trifluoroacetic acid (TFA, 5.0 equiv to the tert-butyl ester) was
then added. After the mixture was allowed to stir at room temperature for 10
h, the dichloromethane and excess TFA were removed at room temperature with
dry nitrogen gently flowing through the flask. The resulting light-brown polymer
solid was dried under vacuum for 3 days under room temperature. For further
purification, the polymerwas redissolved in THF, precipitated into a 10-fold excess
of water, and then washed with water twice. The polymer was dried under vacuum
at room temperature for three days to give to a white product which was pAA-b-
p(nBA-co-FA).

Spherical micelles were obtained by the dissolution of the purified
amphiphilic copolymer pAA-b-p(nBA-co-FA) (20 mg/mL) in DMF, a good
solvent for both blocks, followed by the gradual addition (10.0 mL/h) of an
equal volume of non-solvent for the hydrophobic polyfluoroacrylate to induce
micellization. The micelles were allowed to stir for 24 h before being transferred
to pre-soaked and rinsed dialysis bags (molecular weight cut off, MW=3500) and
dialyzed against ultrapure water (18.2 mΩ.cm) for three days for removal of the
remaining organic solvent. The particle sizes of the micelles were determined by
DLS.

Synthesis of Hyperbranched Copolymers

One gram of dimethylaminoethyl methacrylate (DMAEA) (1.06 mL, 6.98 x
10-3 mol), 269 mg TFEA (221 μL, 1.74 x 10-3 mol), 157 mg 2-dodecylsulfanyl
thiocarbonyl sulfanyl-2-methyl propionic acid (4.34 x 10-4 mol), 7 mg AIBN
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(4.34 x 10-5 mol) and 101 mg EGDMA (96 μL, 5.1 x 10-4 mol) were dissolved
in 5 mL toluene and sealed in a round-bottom flask fitted with a septum. The
mixture was purged with argon for 15 minutes then heated to 65 oC for 48
hours. Upon completion of the reaction, the polymer was precipitated in hexane
and the viscous oil dried under vacuum. The polymer was characterized by
gel permeation chromatography couple with multi-angle laser light scattering
(GPC-MALLS) and 1H NMR. The alkyne-terminated PDMAEA-stat-TFEA was
prepared as above using an alkyne-terminated RAFT agent (174 mg, 4.34 x 10-4
mol) in place of the 2-dodecylsulfanyl thiocarbonyl sulfanyl-2-methyl propionic
acid.

The hyperbranched polymer was chain extended with poly(ethylene glycol)
methacrylate (PEGMA) in the following manner. 0.5 g of the hyperbranched
polymer (~ 1.5 x 10-4 mol, ~ 6 x 10-4 mol RAFT units) and 2 g PEGMA-475
was dissolved in 5 mL THF containing 2.5 mg AIBN. The solution was degassed
with argon and then reacted for 24 hours at 65 oC. The polymer was precipitated in
hexane and dialyzed against water for 5 days to remove unreacted monomer. The
polymer was freeze-dried yielding a slightly yellow, viscous oil.

Folic acid was attached to the hyperbranched polymer via standard DCC
coupling of acid group on folic acid to the amine group on the polymer.
Typically, the alkyne-terminated hyperbranched polymer was chain extended
with 11-azido-3,6,9-trioxaundecane-1-amine via standard azide-alkyne click
chemistry. The terminal amine group was then exploited for DCC coupling. The
concentration of folic acid attached to the polymer was determined by UV-vis
spectrophotometry by measuring absorbance at 363 nm. Typically, 2-3 folic acid
moieties were attached per polymer chain.

Results and Discussion

Synthesis and Evaluation of Diblock Copolymers

A series of amphiphilic block copolymers containing partially-fluorinated
segments were prepared using controlled radical polymerization (ATRP),
subsequent removal of t-butyl groups to produce a hydrophilic polyacid block.
Solutions of assemblies were prepared by addition of water to the polymers in
DMF solution followed by dialysis. The overall synthetic scheme is illustrated
below (Scheme 1) and described in the Experimental section above. Polymers
of low molar mass dispersity and of high structural fidelity were produced and
characterized as described in more detail elsewhere.

The NMR imaging performance of the diblock copolymer assemblies after
dialysis into pure water was poor, however, good images were obtainable for
solutions of the particles in mixed solvent systems, for example a 1:1 mixture
of water and DMF. The 19F NMR images of dilute solutions (2.5 wt%) in the
mixed solvents were measured at 7 T using a standard three-dimensional spin
echo pulse sequence with an echo time of 4.8 ms, and a repetition time of 3
seconds. The imaging time was restricted to 80 minutes, and comparisons were
made of the signal-to-noise ratio of the images under identical conditions. For
a spin-echo imaging sequence the image intensity is a function of the fluorine
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content, the spin-spin and spin-lattice relaxation times, and the imaging echo and
repetition times, as described in equation 1 (23). The fluorine content is known
from the structure of the polymer which was determined by careful chemical
characterization, as described in the Experimental section. The spin-lattice (T1)
relaxation times were measured for all of the samples and were of the order
of 500 ms. On the other hand, the spin-spin (T2) relaxation times did vary
appreciably across the materials prepared (from < 0.5 ms to > 300 ms depending
on the structure) (24), and showed at least two components when measured by
the CPMG sequence. Using these parameters, and assuming that all fluorine
nuclei could be measured under high-resolution NMR condition, it was possible
to predict the relative imaging intensities of all of the polymers prepared in this
study. A comparison of the predicted relative intensities and the observed MRI
intensities is provided in Figure 1.

Scheme 1. The synthetic route and structure of the amphiphilic copolymer
PAA-b-P (nBA-co-TFE (M)A).

Figure 1. Bar plot showing the ratio of the measured NMR image intensity
(arbitrary units) divided by the relative intensity predicted from the observed

molecular parameters and using equation 1.
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As can be seen in Figure 1, the NMR imaging performance of the diblock
copolymer assemblies depends strongly on the chemical structure of the
partially-fluorinated monomer and the identity of the organic solvent in the
mixed solvent system. Several important rules can be obtained from this simple
comparison. Firstly, for an equivalent fluorine content the acrylate polymers
(P1, P3) perform significantly better that the methacrylate polymers (P2, P4).
Secondly, polymers in water:DMF (dark gray bars) consistently have a higher
image intensity compared with the polymers in water:DMSO (light gray bars).
Finally the hexafluoroisopropyl-containing acrylate polymer (P3) provided the
best performance relative to the predicted behaviour, however it must be noted
that the relatively low reactivity of the HFPA to free radical polymerization lead
to low levels of incorporation of this monomer and hence overall low image
intensities.

Figure 2. Stack plot of the 19F NMR spectra of the diblock copolymer
PAA50-b-P(nBA39-co-TFEA115) in mixtures of DMF-d7 and D2O as a function of

volume fraction of D2O.

A detailed examination of the effect of polymer and solvent on the imaging
performance has been reported elsewhere (24, 25), however an additional
important piece of information can be obtained from the 19F NMR spectra
collected under high-resolution NMR conditions (receiver dead time of 15 μs) as a
function of solvent composition. In Figure 2 above we have plotted the 19F spectra
of PAA50-b-P(nBA39-co-TFEA115) in the different solvents. It can be clearly seen
that the linewidth of the observed NMR signal increases as the solvent becomes
more polar. On passing from DMF to D2O the block copolymers are forced to
assemble into particles with most-likely a shell of polar poly(acrylic acid) chains.
The increasing line width is evidence that the mobility of the fluorine-containing
side-chains becomes progressively more restricted on addition of water. Of
more relevance to the imaging performance, the integrated intensities of the 19F
signal of the trifluoroethyl side-chains decreases appreciably as solvent polarity
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increases (data not shown here). We observed an approximately 30% decrease in
intensity for the TFEA-containing block copolymers in D2O. The intensity of the
spectra of the TFEMA-containing materials decreased by 55% in 1:1 DMF:D2O
and approximately 90% in pure D2O. This observation accounts for the lower MRI
imaging intensity observed for the methacrylate polymers. Remarkably there is
a population of nuclear spins with very short T2 relaxation times, of the order of
several microseconds or less, which do not contribute to the high-resolution NMR
experiments (Figure 4) and of course the spin-echo-based MRI experiment. This
population of fluorine atoms is behaving much like a rigid solid polymer and is
due to fluorinated segments associating strongly in the hydrophilic environment.

Based on these observations, we proposed a set of design criteria for
successful, i.e. high sensitivity 19F MRI agents. Clearly the agents must have
a high volume/weight fraction of fluorine atoms so as to maximize the potential
signal amplitude. The hexafluoroisopropyl acrylate monomer gave the best
imaging performance, however its use is restricted by the low reactivity to
radical addition as discussed above. The comparison between the performance
of the acrylate and the methacrylate polymers demonstrates that the flexibility
of polymeric main chain is of importance. It is well known that methacrylate
polymers are relatively conformationally-restricted compared with acrylate
chains, as reflected in the systematically lower glass-to-rubber transitions in bulk
acrylate polymers. Chain flexibility is important in these application because of
the role chain motion plays in motion of the side chains (26, 27). The importance
of maintaining flexibility of the fluorinated segments was demonstrated by the
effects of the solvent on the NMR properties and the imaging intensities. Thus it
is necessary to design materials in which association of the fluorinated moieties,
driven here by unfavorable polymer-solvent interactions, is frustrated. This
can be achieved for example by including a branched structure. These design
considerations have the overall effect of increasing the amplitude of motion of the
trifluoroethyl groups, which in turn partially averages the dipolar and anisotropic
chemical shift interactions of the fluorine nuclei. Finally we may desire to attach
to the imaging agent a suitable targeting group, to direct the molecules in vivo to
a particular tissue type, for example cancer cells.

Hyperbranched Polymeric 19F Imaging Agents

To overcome the problems encountered with particles self-assembled from
diblock copolymers, we proposed the synthesis of hyperbranched polymers which
demonstrate high segmental molecular mobility while maintaining relatively high
fluorine contents. A degree of control over the structure of the hyperbranched
polymers can be achieved using the controlled radical polymerization method
dubbed reversible addition fragmentation chain transfer (or RAFT). Molecular
mobility is maintained in these molecules by using acrylate (i.e. low-Tg) and
polar repeat units that are well hydrated under aqueous conditions. A difunctional
monomer is incorporated to introduce branching placed in a statistical manner;
this has the effect of frustrating the aggregation of the fluorinated segments
present in the diblock copolymer assemblies, allowing incorporation of up to 20
mol. % of the fluoro-monomer. Hyperbranched polymers possess a degree of
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“shape-persistence” which means that the disadvantages of polymer assemblies,
such as disassociation under dilute conditions, do not arise. The highly branched
structure and hence high content of chain ends enables the fictionalization of the
polymers with a high concentration of targeting ligands. Finally use of RAFT
polymerization allows one to incorporate chemically-different end groups suitable
for labeling with multiple functional groups via orthogonal chemistries.

The hyperbranched polymers reported here were synthesized using the
method first published by Perrier and his colleagues (28); the reaction scheme is
reproduced in Scheme 2. An alkyne-terminated derivative of 2-dodecylsulfanyl
thiocarbonyl sulfanyl-2-methylpropionic acid was employed as the RAFT agent.
For example, a statistical hyperbranched copolymer of dimethylaminoethyl
acrylate (DMAEA - 77 mol. %) and trifluoroethyl acrylate (TFEA – 19 mol. %)
was synthesized using ethyleneglycol dimethacrylate (EGDMA – 4 mol. %) as
branching agent. Chain-extension of the resultant hyperbranched polymer with
polyethyleneglycol monomethylether methacrylate (PEGMA) was performed
resulting in a highly-branched polymers having a polycationic core with pendant
PEGMA arms which because of their pronounced hydrophilicity are likely
to surround the partially-fluorinated core. As reported by us elsewhere (29)
we examined the cytotoxicity of the various generations of hyperbranched
polymers using the MTS cell viability assay (30). These tests demonstrated that
chain-extension with the PEG-containing monomers reduced the toxicity of the
polycationic core to levels comparable to the non-toxic control, PEG(400). This
suggests that the PEGMA chains are able to shield the hyperbranched core.

Scheme 2. Generic scheme for synthesis of hyperbranched polymers using RAFT
polymerization. The intact RAFT end groups are available for extension with

PEGMA.

The 19F NMR imaging performance of this series of hyperbranched polymers
is outstanding, with excellent images being obtained in vitro over short imaging
times. In Figure 3 below we show the cross-sectional images of four plastic tubes
containing solutions of the hyperbranched polymer at various concentrations. The
right hand part of the figure demonstrates the good linear relationship between
polymer concentration and image intensity.
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Figure 3. The left-hand side of this figure shows the 19F image of four solutions of
the hyperbranched polymer (Scheme 2) in water at concentrations of 5, 10, 15, 20
mg/mL, shown as areas of increasing brightness with increasing concentration.
On the right is a plot showing the linear relationship between 19F image intensity

and solution concentration.

Excellent in vivo imaging has also been demonstrated (29). In the absence of
a targetting ligand the polymer was rapidly excreted, being observed in the bladder
two hours after injection into the tail vein of the mouse. Clearly the compact
hyperbranched polymerics are able to be pass through the tight membranes within
the kidney. To demonstrate the ability of these molecules to target specific cell
types the alkyne-functionalised hyperbanched polymers were conjugated via the
Huisgen’s cycloaddition reactionwith azide-functionalised folate. It is well known
that cancer cells over-express the folate receptors. The animal model for this
experiment was a mouse with approximately 106 B16 melanoma cells (a mouse
cell line) injected sub-cutaneaously. One week following implantation of the cells,
20 μL of a 20 mg/mL solution of the folate-functionalised hyperbranched polymer
was injected into the tail-vein of the mouse. After waiting one hour the 19F image
of the anaesetised mouse shown in Figure 4 was acquired on a vertical-bore 16.4
T system. The total imaging time was just over eight minutes. In Figure 4 the 19F
image in orange/orange shades has been superimposed onto the 1H density image,
and demonstrates clearly that there is localisation of the targetting agent in the
centre of the tumour. We have also demonstrated that in the absence of the folate
ligand no accumulation of the polymer was observed in the tumour mass. There
is clear evidence that the hyperbranched imaging agent can provide high-quality
images within short time periods, and that the incorporation of folate groups results
in localisation of the imaging agent in the tumour mass. Further experiments are
in progress to extend the number of animal targets, and to for example examine
the limits of sensitivity of the agents especially in non-solid tumours.

469

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

8

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 4. Targeted imaging of B16 melanoma cells. The proton density of the
image of the torso of the mouse shows the kidneys (yellow curve) and the tumor
mass (red curve) highlighted. Superimposed on this image in color is the 19F
image, demonstrating 19F intensity within the mass of the tumors. A threshold
has been applied to the 19F image so that regions of low intensity have no color,
those with a moderate intensity appear red, and high intensity regions appear

yellow. The fluorine imaging time was 8 minutes. (see color insert)

Conclusions
In this chapter we have described the development and testing of two

generations of 19F MRI agents with potential application in so-called “molecular
imaging”. Extensive learning was gained from the preparation of a large series of
partially-fluorinated amphiphilic diblock copolymers, which when transferred to
aqueous solution formed nanometer-scaled assemblies. The 19F imaging intensity
was found to be profoundly influenced by the details of molecular structure and
the tendency of the fluorinated segments to self-associate. This behaviour of the
diblock copolymers was determined by the interactions of the chain segments with
each other, and with the surrounding medium. Without control the lowest-energy
structures were also those in which solid-like structures were present. Ultimately
the reduction in molecular motion resulted in a decrease in the spin-spin relaxation
times and a pronounced deterioration in the imaging performance.

The learning gained from these self-assembled systems lead to the design and
synthesis of a series of uni-molecular “particles” of hyperbranched polymers. A
degree of control of the branching could be achieved using RAFT polymerization
methods. The presence of branched resulting from the inclusion into the
polymerizing mixture of a di-functional monomer lead to a shape-persistent
structure, and which in combination with the proximity of hydrophilic monomeric
units lead to a “frustration” of the association of the fluorinated monomers,
as demonstrated by the extended spin-spin relaxation times, and the excellent
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imaging performance. The molecules were tested both in test tubes, and in
animals, and performed exceptionally well, with only relatively short imaging
times required in the in vivo experiments. In the absence of targeting moieties the
polymers are excreted rapidly, however, when conjugated with the folate ligand,
the molecules were directed to a mass of melanoma cells previously seeded under
the skin of the mouse. The excellent imaging performance demonstrates the
potential of this class of agents, and this potential is being actively explored by
our group.
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Chapter 29

Latex State and Solid-State NMR Spectroscopy
of Elastomers

Seiichi Kawahara*

Department of Materials Science and Technology, Faculty of Engineering,
Nagaoka University of Technology, Nagaoka, Niigata 940-2188, Japan

*E-mail: kawahara@mst.nagaokaut.ac.jp

Latex state NMR spectroscopy and field gradient fast magic
angle spinning solid-state NMR spectroscopy were utilized for
structural characterization of rubbery polymers and crosslinked
rubbery materials. High resolution NMR spectra for elastomers
were achieved either through Brownian motion of a latex
dispersion or fast magic angle spinning for a solid. Sequence
distribution of cis-1,4-, trans-1,4- and 1,2-butadiene units
was investigated for polybutadiene through latex state NMR
spectroscopy because the polybutadiene used in this work was
prepared by emulsion polymerization. Crosslinking junctions
of vulcanized natural rubber were analyzed by field gradient
fast magic angle spinning solid-state NMR spectroscopy. The
vulcanized natural rubber with quaternary carbons linking to
sulfur as the crosslinking junction was found to be superior in
mechanical properties compared to the rubber samples with
tertiary carbons linking to sulfur.

1. Introduction

Rubbery polymers and polymer gels hold a unique place in polymer science
because they exhibit both liquid and solid behavior in terms of molecular
motion. They are usually crosslinked in practical use to maintain their physical
dimension. This crosslinking makes it difficult to apply solution NMR for
structural characterization. Moreover, the molecular motions present in them also
pose difficulties for solid-state NMR spectroscopy of the crosslinked rubbers;
e.g., two-dimensional NMR measurements cannot be easily performed on them

© 2011 American Chemical Society
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in the solid state. This is explained to be due to very low concentration of the
crosslinking junctions and their unsatisfied molecular motions, compared with
repeating units. It is necessary to develop a special NMR technique for the
rubbery polymers and polymer gels in order to perform two-dimensional NMR
measurements for their structural characterization.

Two-dimensional NMRmeasurements for the rubbery polymers and polymer
gels may be performed by eliminating dipole-dipole interactions. However, in the
case of the crosslinked rubbers, which consist of the mobile main chain and the
constrained crosslinking junctions, motionary inhomogeneity prevent the efficient
elimination of the dipole-dipole interactions. One way to eliminate the interactions
is a superposition of another motions onto molecular motions. Thus, the rotational
movement of latex particles in a dispersion may be superposed onto molecular
motions. An alternative way is to carry out fast magic angle spinning (FMAS) in
solid-state NMR (1, 2); in this case, at least 20 kHz spinning is required to obtain
a high resolution NMR spectrum (3), and a large amount of sample is needed for
an analysis of crosslinking junctions. In order to carry out the analysis of the
crosslinking junctions as extremely small amount of building block through two-
dimensional NMR, it is necessary to develop latex state NMR spectroscopy (1, 2)
and use a solid-state NMR spectrometer equipped with a field gradient-fast magic
angle spinning (FG-FMAS) probe (4). Using the FG-FMAS probe, particulary,
we may achieve large increase in sensitivity for the measurement.

Thus far, only several preliminary studies of the latex state NMR spectroscopy
have been reported: an observation of hydrolysis on the surface of PMMA
dispersoid in latex by Tarcha (5) and determination of dried rubber content for
natural rubber latex by Ang (6) and Gambhir (7). In my opinion, latex state
NMR spectroscopy has not been studied systematically in the previous articles,
and the conditions for getting a high resolution spectrum via latex state NMR
spectroscopy have not been determined. Moreover, fast MAS (more than 20
kHz) has not been achieved for solid-state NMR measurement equipped with
FG-FMAS probe, even though some results of structural characterizations of soft
materials have been reported earlier (8–10).

In a series of earlier studies, we have conducted two-dimensional NMR
measurements of rubbery polymers and polymer gels through latex state NMR
spectroscopy, using a solid-state NMR spectrometer equipped with a FG-FMAS
probe. In this article, I shall attempt to summarize the work we have done so far.

2. Latex State NMR Spectroscopy

2.1. Effect of Crosslinking

Aliphatic carbon signals obtained for polybutadiene (PB) by latex state 13C-
NMR spectroscopy are shown in Figures 1 and 2, and they are comparedwith those
obtained for solution and solid samples, in which the solid-state measurement was
performed with gated high power decoupling at magic angle spnning of 5 kHz.
Characteristics of the PB latices are tabulated in Table 1.The chemical shifts of
these signals were shown in Table 2 together with the assignment reported thus far
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(11–13), where the number of the carbon atoms in 1,4 and 1,2 units of PB belongs
to IUPAC nomenclature.

Figure 1. 13C-NMR spectra for PBD-S.

Figure 2. 13C-NMR spectra for PBD-G.
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Table 1. Glass transition temperature, melting temperature, gel content,
molecular weight, polydispersity, volume mean particle diameter of PBD

latex

Specimen Tg
/oC

Tm
/oC

gel content
/w/w%

Mw
/10 6

Mw/Mn <D>1
/µm

PBD-S -75.8 -6.7 0 3.2 4.9 0.111

PBD-G -76.0 80 0.106
1 <D> : volume mean particle diameter

Table 2. 13C-NMR chemical shifts for solution, latex and solid samples of
PBD-S and PBD-G

Chemical Shift / ppm

Sato
et.
al.9

PBD-S PBD-G

Sequence C Solution Latex Solid Solu-
tion

Latex Solid

C-v 4 24.98-
25.10

24.93 25.06 24.95 24.93 25.00 24.85

C-1,4
1,4-C

4
1

27.42-
27.57

27.47 27.64 27.47 27.45 27.58 27.47

T-v 4 30.16 30.10 30.76 30.19 30.14 30.22 30.19

v-v-C (m) 1 31.60-
32.13

32.19 32.12

1,4-v-C
T-1,4
1,4-T

1
4
1

32.72 32.72 32.89 32.72 32.73 32.79 32.72

v-v-C (r) 1 33.35-
33.53

33.60 33.21

1,4-V-1,4 1 33.99-
34.16

34.05 34.17 34.06 34.05 34.13 33.98

1,4-V-
v(m)

1 34.31

1,4-V-v(r) 1 35.63-
36.00

35.74 35.90 36.00 35.72 35.84 35.67

v-v-T(m) 1 37.24-
37.48

37.60 37.62 37.58 37.53 37.71 37.40

1,4-v-T 1 38.18 38.13 38.39 38.26 38.17 38.30 38.26

Continued on next page.
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Table 2. (Continued). 13C-NMR chemical shifts for solution, latex and solid
samples of PBD-S and PBD-G

Chemical Shift / ppm

Sato
et.
al.9

PBD-S PBD-G

Sequence C Solution Latex Solid Solu-
tion

Latex Solid

v-V-v 2 38.57-
39.13

39.05 39.30 39.13 39.06 39.23

v-v-T(r) 1 38.96-
39.13

39.58 39.59 39.62 39.44 39.52 39.61

v-V 1 39.43-
41.72

40.60 40.75 40.59 40.68 40.75

1,4-V-v 2 40.55-
41.00

41.08 41.22 41.08 41.11 41.21 41.08

v-V-1,4 2 41.13-
41.73

41.57 41.70 41.56 41.59 41.66

1,4-V-1,4 2 43.47-
43.70

43.45 43.60 43.48 43.53 43.51 43.50

C, cis-1,4 unit; T, trans-1,4 unit; V, 1,2 unit; 1,4, cis- and trans-1,4 units m, meso; r,
racemic

As shown in Figure 1, for PB-S solution sample containing no gel fraction,
all of the expected signals appeared in the spectrum, but several signals were
invisible due to line broadening for latex and solid samples. The invisible signals
are explained by the constraint of molecular movement of the polymer in the solid
phase. The data demonstrate the important role that active molecular movement
of polymer plays in the latex state 13C-NMR spectroscopy. For latex, solution and
solid samples of PB-G, some diad and triad signals were invisible in the spectrum.
Since the gel content of PB-G was more than 80 w/w%while PB-S did not contain
any gels, the invisible signals in PB-G was due to inhomogeneity in the molecular
movement due to the presence of crosslinking junctions.

The values of T1 for most carbon atoms of latex sample were smaller than
those of the solution sample but were actually similar to those of the solid sample.
Thus, the movement of PB molecules in the latex dispersion is similar to that in
the solid sample. Since a value of glass transition temperature, Tg, for PB is about
–76 oC, segmental motions are expected to occur at the observed temperature for
the polymers even in the solid state.

2.2. Effect of Dry Rubber Content (DRC)

The signal-to-noise (S/N) ratio and half-width are well-defined parameters,
which express the resolution of NMR spectrum, where high resolution are
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characterized by high S/N ratio or narrow half-width. Thus, the resolution of
latex state 13C-NMR measurement was expressed via S/N ratio and half-width.

Figure 3. Dependence of S/N ratio (○) and half-width (●) on dried rubber
content of PBD-G latex.

Figure 4. S/N ratio (○) and half-width (●) of PBD-G latex versus surfactant
concentration.
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Table 3. S/N ratio and half-width of PBD-S and PBD-G

Experimental condition S/N ratio / 102 Half-width / Hz

PBD-S

Complete decoupling

Solution b 6.6 11

Latex c 2.2 10

Gated dcoupling a

Solution b 3.5 11

Latex c 3.0 11

Solid 2.1 32

PBD-G

Complete decoupling

Solution b 0.7 26

Latex c 1.0 11

Gated dcoupling a

Solution b 0.5 26

Latex c 0.7 12

Solid 0.7 63
a Gated decoupling without nuclear Overhauser effect . b 10w/v% CDCl3 solution of
PBD. c Dried rubber content of the latex was 10%.

As shown in Figure 3, the S/N ratio for PB-G latex sample increased linearly
up to 60 w/w% in DRC, while the half-width increased abruptly at about 20 w/w%
in DRC. This implies that an appropriate DRC necessary for high resolution latex
state 13C-NMR measurement hovered around 10 w/w%. Yet, the S/N ratio and
half-width were independent of surfactant concentration as shown in Figure 4.
Thus, the surfactant concentration was kept at 1 w/v% for future experiments.

Table 3 shows the values of S/N ratio and half-width determined for the
signal at 32.7 ppm, for latex, solution and solid samples of PB-S and PB-G,
obtained under the experimental conditions of complete decoupling (COM) and
gated decoupling without nuclear Overhauser effect (NNE). In the absence of gel
fraction, the S/N ratio for PB-S solution sample, measured with a COM pulse
sequence, was higher than that measured with a NNE pulse sequence by a factor
of about 2. This is due to the influence of nuclear Overhauser effect, as reported
in the previous work (11). For PB-S latex sample, the S/N ratio estimated by
COM measurement was similar to that estimated by NNE measurement, being
comparable to the S/N ratio determined by the solid-state 13C-NMRmeasurement.
This may be due to either the absence of nuclear Overhause effect or other
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unknown effects in the latex state 13C-NMR spectroscopy. The value of half-width
for PB-S latex sample was nearly equal to that of the solution sample, and smaller
than the solid sample by a factor of about three. These results demonstrate that
the resolution of 13C-NMRmeasurement for PB latex without the gel fraction was
identical to that for the solution sample, even though the latex is heterogeneous,
consisting of a polymer dispersion in water.

In the presence of the gel fraction, as shown in Figures 1 and 2, the S/N ratio
for PB-G swollen with CDCl3 was smaller than that for the latex sample by about
one-half under observation conditions of both COM and NNE, despite the fact
that the polymer content in solution was the same as that in the latex. Here, the
solution measurement of swollen PB-G containing about 80 w/w% gel fraction
was carried out for the sake of comparison with the latex state measurement. The
half-width for latex sample was about one-half of that for the swollen sample and
one-sixth of that for the solid sample. Several signals for the solution and solid
samples of PB-G were influenced by drifting baseline due to the crosslinks present
in the gel fraction, as shown in Figures 1 and 2. Thus, highly crosslinked rubber
samplesmay be quantitatively characterized by 13C-NMR spectroscopy, when they
are dispersed in water as small particles.

2.3. Effect of Particle Size

Deproteinized natural rubber (DPNR) latex was fractionated by centrifugation
into four fractions with narrow, Gaussian, and nearly unimodal distributions in
particle size. The volume mean particle diameter distribution of the four isolated
fractions of DPNR is shown in Figure 5. At least three fractions were completely
separated from each other, and two larger fractions were somewhat overlapped.

Figure 5. Volume weighted particle size distribution for DPNR fractionated by
centrifugation: (A) DPNR-1, (B) DPNR-2, (C) DPNR-3 and (D) DPNR-4.
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Figure 6. Latex state 13C-NMR spectra for DPNR-3 obtained (A) with spinning
of the sample tube and (B) without spinning.

The latex state 13C-NMRmeasurements weremade under two conditions: one
with the sample tube spinning at a rate of 15 Hz and the other without spinning.
A typical 13C-NMR spectrum for DPNR-3 latex with a volume mean particle
diameter of 0.901 µm is shown in Figure 6. The spectrum with spinning was
distinguishable from that without spinning. The S/N ratio decreased to one-half
and half-width increased a little, as the sample tube was spun at 15 Hz. This is
explained to be due to segregation of the dispersed natural rubber particles (ρ=0.91
g/cm3) onto the upper layer of the latex as a supernatant after spinning the NMR
tube. The concentration of natural rubber at the pulse-irradiated region may, thus,
be too low to obtain a sufficient S/N ratio. In Table 6, the values of S/N ratio and
half-width for the other latex fractions are also shown. For DPNR-1 and DPNR-2
latexes with the volumemean particle diameters of 0.12 and 0.36 µm, respectively,
the S/N ratio and half-width were independent of sample spinning. For these
two fractions with the small particle diameter, the particles were homogeneously
dispersed in water after NMRmeasurement. In contrast, as for DPNR-4, no signals
were seen in the NMR spectrum when the sample tube was spun at 15 Hz. This
demonstrates that the latex state 13C-NMRmeasurement is significantly dependent
upon the homogeneity in the latex particle distribution.

The diffusion coefficient of the Brownian motion (14) was measured by light
scattering technique, since the diffusion coefficient is proportional to the rotational
motion of the particles, which may perhaps be related to the rotational correlation
time. We postulate that the molecular order rotational correlation time is interfered
by the rotational motion of the particles of about 1 µm in the average diameter.
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The motions of the particles in the latex were expected to play an important role
in eliminating the effect of dipole-dipole interactions.

Figure 7. Dependence of half-width on diffusion coefficient of Brownian
motion for methyl carbon (solid line) and methine carbon (dotted line) :

DPNR-1–DPNR-4 latex at 50 oC (○), DPNR1 at 30–70 oC (●) and DPNR4 at
30–70 oC (▵).

In order to confirm the relationship between Brownian motion and resolution
of 13C-NMR spectroscopy that is associated with dipole-dipole interactions, the
half widthwas plotted against diffusion coefficient of the Brownianmotion. Figure
7 shows a typical plot of the half width of methyl signal at 24 ppm and methine at
124 ppm versus the diffusion coefficient. The half width for the latex decreased
with increasing diffusion coefficient and was close to that for the corresponding
solution. This is strong evidence showing that the Brownian motion of the latex
particles (or its related motions) eliminates the effect of dipole-dipole interactions
on the latex-state 13C-NMR measurement.

3. Solid-State NMR with FG-FMAS Probe

3.1. Effect of Crosslinking

Solid-state 13C-NMR spectrum for the vulcanized natural rubber, measured
with a FG-FMAS probe, is shown in Figure 8, together with a solution 13C-NMR
spectrum for unvulcanized natural rubber. Five major signals in the spectrumwere
assigned to C nuclei of cis-1,4-isoprene units, according to the previous paper
(15). Half width of the signals and signal to noise (S/N) ratio of the solid-state
13C-NMR spectrum for the vulcanized natural rubber were quite similar to those
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in the solution 13C-NMR spectrum for unvulcanized natural rubber. The narrow
half width and the ample S/N ratio of the solid-state 13C-NMR spectrum for the
vulcanized natural rubber may imply that high resolution was maintained for the
solid-state 13C-NMR spectroscopy, even after vulcanization, since heteronuclear
dipole-dipole interactions was eliminated by FMAS. This is distinguished from
low resolution solid-state NMR spectrum for the vulcanized natural rubber
reported by Klüppel (16) and Köenig (17–22).

3.2. Spectral Assignments

In Figure 8, small signals appeared at 40, 44, 50 and 58 ppm in the solid-state
13C-NMR spectrum for the vulcanized natural rubber, which were not shown in
the solution 13C-NMR spectrum for the unvulcanized natural rubber. To assign
the signals, we applied DEPT measurement at 45 o (DEPT45), 90 o (DEPT90)
and 135 o (DEPT135) pulses and APT measurement to the solid-state 13C-NMR
spectroscopy. Figure 9 shows DEPT45, DEPT90 and DEPT135 spectra for the
vulcanized natural rubber. The signals at 24, 26 and 32 ppm characteristic of
methyl, methylene and methine carbons of cis-1,4-isoprene unit were shown to be
up, up, and up in the DEPT45 spectrum and almost null in the DEPT90 spectrum.
On the other hand, in the DEPT135 spectrum, the signals were up, down, and
down. Thus, the pulse width determined for DEPT measurements was confirmed
to be correct.

The small signals at 40 and 44 ppm were shown to be up in the DEPT45
spectrum, null in the DEPT90 spectrum, and down in the DEPT135 spectrum;
hence, they were assigned to secondary carbons. The signal at 50.5 ppm was
assigned to quaternary carbon due to null signal in the spectra, while the signal
at 50 ppm was assigned to tertiary carbon due to up signals in the spectra. In
contrast, the signal at 58 ppm was assigned to tertiary and quaternary carbons due
to the very small up signals in the DEPT45, DEPT90 and DEPT135 spectra and
null signals; in fact, almost all signals disappeared. In Figure 9, the APT spectrum
is also shown for the vulcanized natural rubber. The APT spectrum showed up
signals at 40 and 44 ppm, up and down signals at 50 ppm, and up and down signals
at about 58 ppm. Thus, we assigned the signals at 40 and 44 ppm to the secondary
carbons and the signals at 50 and 58 ppm to the tertiary and quaternary carbons.

Figure 10 shows solid-state 1H-NMR spectrum for the vulcanized natural
rubber and solution 1H-NMR spectrum for the unvulcanized natural rubber. Major
signals at 1.7, 2.1 and 5.1 ppm in the spectra were assigned to methyl, methylene
and unsaturated methine protons of cis-1,4-isoprene units, respectively. Values of
half width and signal to noise (S/N) ratio of the signals in the solid-state 1H-NMR
spectrum for the vulcanized natural rubber were a little bit larger and smaller,
respectively, than the values of the half width and the S/N ratio of the signals in
the solution 1H-NMR spectrum for the unvulcanized natural rubber. For instance,
the value of half width of the signals in the solid-state spectrum was about 1.5
times as large as that in the solution spectrum. This may be explained to be due
to a reduced effect of the homonuclear dipole-dipole interactions in the solid-
state 1H-NMR spectrum; i.e., a major portion of the homonuclear dipole-dipole
interactions are eliminated by FMAS. (The homonuclear dipole-dipole interaction
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may be completely eliminated by extremely fast MAS with smaller sample tube,
but this is not the focus of this work.) In Figure 10, small signals at 3.4 and 4.2 ppm
appeared in the solid-state 1H-NMR spectrum for the vulcanized natural rubber,
but not in the solution 1H-NMR spectrum for the unvulcanized natural rubber.
The signal at 3.4 ppm was assigned to aliphatic 1H linking to –C-CH-Sx group
and the signal at 4.2 ppm to unsaturated aliphatic 1H linking to =C-CH-Sx group,
according to literatures (23), where x represents the number of S atoms.

Figure 8. Typical 13C-NMR spectra: (A) solid-state 13C-NMR spectrum for the
vulcanized natural rubber, (B) solution-state 13C-NMR spectrum for unvulcanized
natural rubber. The solid-state 13C-NMR measurement was performed with a 4
mm FG-FMAS probe at 18 kHz in spinning rate. The solution state 13C-NMR
measurement was performed with a NM-40TH5AT/FG2SL probe at 12 Hz in

spinning rate.

3.3. 2D NMR Measurement

Figure 11 shows HSQC spectra obtained through solid-state NMR
spectroscopy equipped with the FG-FMAS probe. The signals at 1.7, 2.1 and 5.1
ppm in the 1H-NMR spectrum were correlated with the signals in the 13C-NMR
spectrum; e.g., the signal at 1.7 ppm was correlated with the signal at 23 ppm, the
signal at 2.1 ppm with the signals at 26 and 32 ppm, and the signal at 5.1 ppm
with the signal at 135 ppm. However, no heteronuclear correlation between the
small signals was detected in HSQC spectra due to inadequate accumulation time
for HSQC measurement.
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Figure 9. Solid-state 13C-NMR spectra with pulse sequences of distortionless
enhancement by polarization transfer (DEPT) and attached proton test for the
vulcanized natural rubber: (A) DEPT45, (B) DEPT90, (C) DEPT135, (D) APT.

To detect heteronuclear correlation between the small signals, HMQC
measurement was performed in a selective region of chemical shift: 2–4 ppm
in 1H domain and 35–70 ppm in 13C domain. Figure 12 shows HMQC spectra
obtained by the selective experiment. The 13C-signals at 40, 44, 50 and 58 ppm
were well correlated to the 1H-signals at 2.1, 1.7, 2.8 and >3.6 ppm. In the
previous works (15, 24), the signals at 40, 44 and 58 ppm of the vulcanized
liquid cis-1,4-polyisoprene as a model were assigned through solution NMR
spectroscopy with various pulse sequences, viz., DEPT, APT, HETCOR, HSQC
and HMBC. The signal at 40 ppm was assigned to C4 of trans-1,4-isoprene units,
obtained by isomerization of cis-1,4-isoprene units. In contrast, the signals at 44
ppm in the 13C-NMR spectrum were assigned to the secondary carbons adjacent
to carbons linking to S atoms. The signals at 58 ppm in 13C-NMR spectrum were
assigned to the tertiary and quaternary carbons linking to S atoms. In the present
work, the same results were obtained by the solid-state NMR spectroscopy
equipped with the FG-FMAS probe. Furthermore, the 13C-signals at 58 ppm
were correlated to the 1H-signals at 3.4 and 4.2 ppm, which were assigned to the
–C-CH-Sx group and =C-CH-Sx group.
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Figure 10. Typical 1H-NMR spectra: (A) solid-state 1H-NMR spectrum for
the vulcanized natural rubber, (B) solution-state 1H-NMR spectrum for the
unvulcanized natural rubber. The solid-state 1H-NMR measurement was

performed with a 4 mm FG-FMAS probe at 18 kHz in spinning rate. The solution
state 1H-NMR measurement was performed with a NM-40TH5AT/FG2SL probe

at 12Hz in spinning rate.

Figure 11. HSQC spectra for the vulcanized natural rubber, obtained through
solid-state NMR spectroscopy equipped with a 4 mm FG-FMAS probe at 18 kHz

in spinning rate for 1 h 2 min.

488

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 2

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
02

9

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 12. HMQC spectra for the vulcanized natural rubber, obtained through
solid-state NMR spectroscopy equipped with a 4 mm FG-FMAS probe at 18 kHz
in spinning rate for 71.5 h. HMQC measurement was performed in a selective
region of chemical shift: 2–4 ppm in 1H domain and 35–70 ppm in 13C domain.

3.4. Application of FG-FMAS Solid-State NMR Spectroscopy

The crosslinking junctions of three rubbers (CV, EV and SemiEV crosslinked
rubbers) were analyzed by solid-state 1H-NMR and 13C-NMR spectroscopy. Table
4 shows crosslink density of these three rubbers. Values of crosslink density
of the crosslinked rubbers were similar, implying that the crosslink density is
adjustable, as long as we prepare the samples under the optimum condition for
crosslinking. The slight difference in the value of crosslink density may be due to
the comparatively short time for crosslinking and it is difficult to use exactly the
same optimum time for crosslinking.

Figure 13 shows solid-state 1H-NMR spectra for the three rubbers. Major
signals at 1.7, 2.1 and 5.1 ppm in the spectra were assigned to methyl, methylene
and unsaturated methine protons of cis-1,4-isoprene units, respectively. In Figure
13, small signals at 3.4 ppm and 4.2 ppm were found for the three crosslinked
rubbers. The signal at 3.4 ppm was assigned to aliphatic 1H linking to –C-CH-Sx
group and the signal at 4.2 ppm to unsaturated aliphatic 1H linking to =C-CH-Sx
group, according to our work (4). The intensity of the aliphatic 1H linking to
–C-CH-Sx group (3.4 ppm) and the unsaturated aliphatic 1H linking to =C-CH-Sx
group (4.2 ppm) was estimated from intensity ratio of the signals to the methyl
proton signal at 1.7 ppm. The estimated value of the intensity ratio is tabulated in
Table 5. It was found that the intensity of the aliphatic 1H linking to –C-CH-Sx
group at 3.4 ppmwas 0.02% for CV, EV and SemiEV crosslinked rubbers, whereas
that of the unsaturated aliphatic 1H linking to =C-CH-Sx group at 4.2 ppm was
0.03 % for CV and SemiEV crosslinked rubbers and 0.02 % for EV crosslinked
rubber. From these results, it is concluded that the content of the small signals of
the aliphatic 1H linking to –C-CH-Sx group and unsaturated aliphatic 1H linking to
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=C-CH-Sx group for CV, EV and SemiEV crosslinked rubbers was almost similar
to each other.

Table 4. Vulcanization characteristics of HANR and DPNR compounds

Crosslink density (x10-4, mol/cm3)
Sample

CV system EV system SemiEV system

HANR 1.86 1.45 1.67

Table 5. Intensity ratio of the signal at 3.4 ppm (aliphatic 1H linking to
–C-CH-Sx group signal) and the signal at 4.2 ppm (unsaturated aliphatic 1H

linking to =C-CH-Sx group signal) to the signal at 1.7 ppm

Intensity of signals (%)
Crosslinked
rubber 3.4 ppm (aliphatic 1H linking

to –C-CH-Sx group)
4.2 ppm (unsaturated aliphatic 1H
linking to =C-CH-Sx group)

CV 0.02 0.03

EV 0.02 0.02

SemiEV 0.02 0.03

Table 6. Intensity ratio of the signals at 40, 44 and 58 ppm to the signal at
24 ppm

Intensity of crosslinking junction signals (%)
Crosslinked rubber

40 ppm 44 ppm 58 ppm

CV 0.010 0.005 0.005

EV 0.010 0.000 0.000

SemiEV 0.009 0.001 0.001
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Figure 13. Solid-state 1H-NMR spectra for the crosslinked natural rubbers
prepare by (A) CV, (B) EV and (C) SemiEV.

Figure 14. Solid-state 13C-NMR spectra for the crosslinked natural rubbers
prepared by (A) CV, (B) EV and (C) SemiEV.
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Solid-state 13C-NMR spectra for the same samples are shown in Figure 14.
Small signals at 40, 44 and 58 ppm appeared in the solid-state 13C-NMR spectra for
the CV and SemiEV crosslinked rubber, whereas only signal at 40 ppm appeared
in the solid-state 13C-NMR spectrum for the EV crosslinked rubber. The signals
at 40 and 44 ppm were assigned to C4 of trans-1,4-isoprene units (25, 26) and
secondary carbons adjacent to carbons linking to S atom, respectively, and the
signals at 58 ppm were assigned to the tertiary and quaternary carbons linking to S
atoms, according to our work (4). This may imply that the crosslinking junctions
of the CV and SemiEV crosslinked rubbers were not only secondary carbon but
also tertiary and quaternary carbons whereas that of the EV crosslinked rubber may
contain small amount of quaternary carbon. The intensity of the small signals at
40 ppm, 44 ppm, and 58 ppm was estimated from intensity ratio of the signals to
the methyl carbon signal at 24 ppm. The estimated values of the intensity ratio of
the small signals at 40, 44 and 58 ppm to the methyl carbon signal at 24 ppm were
tabulated in Table 6. The intensity of the signal at 40 ppmwas similar to each other
(0.010 %) for CV, EV and SemiEV crosslinked rubbers. This indicates that cis-
trans isomerization occurs similarly for CV, EV and SemiEV crosslinked rubbers
in spite of differences in formulation. In contrast, the intensity of the signals at 44
ppm and 58 ppm in the solid-state 13C-NMR spectrum decreased in the order of
CV, SemiEV and EV crosslinked rubbers. The intensity of the secondary carbon
(44 ppm), the tertiary and quaternary carbon (58 ppm) for CV crosslinked rubber
was the highest among the three. They decreased for SemiEV crosslinked rubber
and disappeared for EV crosslinked rubber. This implies that the amount of the
quaternary carbon of the CV crosslinked rubber is larger than that of the SemiEV
crosslinked rubber. The EV crosslinked rubber may contain a small amount of
quaternary carbon as a crosslinking junction.

Figure 15. Stress-strain curves for CV, EV and Semi-EV crosslinked rubbers.
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The stress-strain curves for the CV, EV and SemiEV crosslinked rubbers
are shown in Figure 15. Modulus at 100% strain of the CV crosslinked rubber
is almost similar with that of EV and SemiEV crosslinked rubbers. This is
consistent with the fact that the values of the crosslink density of the CV, EV
and SemiEV crosslinked rubbers were similar to each other, as shown in Table
4. In contrast, tensile strength of the three crosslinked rubbers was different; that
is, the value of stress at break of the CV crosslinked rubber (22.5 MPa) was the
highest among the three crosslinked rubbers and was reduced for the SemiEV
(17.0 MPa) and EV (9.2 MPa), in that order. In the previous work (27), Suchiva
and co-workers reported that better mechanical properties of the CV crosslinked
rubber was due to higher concentrations of the polysulfidic crosslinks compared
to those of the EV crosslinked rubber. Moreover, the superior mechanical
properties of CV crosslinking system may be explained to be due to differences
in the vulcanization mechanism of the crosslinking systems. It may be noted that
the conventional crosslinking system produces a homogeneous network. Yet,
an efficient crosslinking system results in significant polymerization of double
bonds of adjacent chains leading to a network of unevenly distributed crosslinks
and in impediment to NR crystallization and stress concentration that anticipates
compound failure (28). In the present work, it was found that the excellent
mechanical properties of the CV crosslinked rubber could be attributed to the
quaternary carbon of crosslinking junctions.
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Chapter 30

Proton MAS NMR Analysis of Phenyl Silane
Functionalized Silica Nanoparticles
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St. Paul, MN 55144

23M Corporate Research Materials Laboratory, 3M Center, 201-1W-28,
St. Paul, MN 55144
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High temperature magic-angle-spinning (MAS) 1H NMR
was used to identify organic components on the surface of
functionalized silica nanoparticles. The high temperature
data acquisition, by preferential narrowing of resonances,
enabled differentiation between species that were adsorbed or
weakly bound versus those that were covalently bound to the
surface. MAS NMR of a sample as a slurry with appropriate
solvent provided information similar to that obtained at higher
temperatures. With increasing temperature, gradual separation
and up-field shift of silanol proton and water resonances at
different rates was observed, possibly a result of diminished
hydrogen bonding at increasingly higher temperatures.

Introduction

Functionalized or surface modified silica nanoparticles are used in numerous
applications including biomedicine, biotechnology, foam generation and polymer
modification (1–12). They are prepared by reacting the silanol (-Si-OH)
groups that are on silica nanoparticle surface with an appropriately reactive
organic molecule. The reactive organic molecules most commonly used for
functionalization have the following general formula – R′Si(-OR)3, where R may

© 2011 American Chemical Society
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be methyl or ethyl group, and R′ has the desired terminal functional group. The
wish list for characterization of the functionalized nanoparticles includes: (1)
Extent of reaction of the surface silanols; (2) Confirmation of desired functional
group on molecules that are covalently bound to the surface; (3) Identification of
any self-condensed oligomeric silane; (4) Identification of inaccessible cavities in
the silica particles; and (5) Identification of adsorbed water or solvent molecules
that may be present after the drying process. FT-IR is the most common
spectroscopic analytical tool used for the molecular structure characterization of
functionalized or modified silica particles (13–17). Solution NMR, though well
known for molecular structure characterization, has found limited applications in
study of functionalized nanoparticles. There may be a number of possible reasons
for it including poor solubility and broad NMR resonance linewidths.

A variety of solid-state NMR techniques have been used for analysis of
silica particles including 1H MAS 1D/2D and 29Si CP-MAS NMR (18–30). In
functionalized nanoparticles, the surface chemistry is of most interest. Because
of the surface area to volume ratio, the NMR sensitivity is inversely proportional
to the silica particle size. 1H MAS NMR spectra are significantly more sensitive
than 13C or 29Si CP-MAS NMR. However, the normal single pulse 1H NMR
spectra of rigid materials acquired at nominal MAS speeds are usually too broad
to be useful. Fast spinning (>15 kHz) 1H MAS NMR has been shown to improve
the resolution of the resonances and enable analysis of the silica particle surfaces
(18, 19).

Here, we describe some of the capabilities of high temperature magic-angle-
spinning (MAS) single pulse 1H NMR for the characterization of functionalized
nanoparticles. MAS NMR as a slurry after addition of a small fraction of solvent
also provided similar information. Interpretations were made based on changes in
proton NMR resonance linewidths as a function of temperature.

Experimental Section

Materials and Measurements

MAS NMR spectra were acquired by spinning the sample in Chemagnetics™
probes at speeds of up to 23 kHz in a 3.2 mm rotor. Data were acquired
at temperatures between 22 ºC and 250 ºC on a Varian INOVA 400 MHz
NMR spectrometer. The temperature values reported were not corrected for
possible frictional heating. Custom made fluoropolymer (PTFE) end-caps for
the MAS rotors were utilized to enable high temperature data acquisition and
reduce background resonance. Unless specifically mentioned, pulse sequences
employing single pulse Bloch decay measurements were used. Most of the 1H
MAS NMR spectra were acquired with less than a 25° tip angle and 64 scans
were averaged with recycle time of 3 seconds. The 1H NMR chemical shift was
externally calibrated using methyl resonance of cured poly(dimethyl siloxane)
gel at δ 0.2 ppm. MAS NMR spectra of AD and HMB were collected on a Varian
NMRS 400 MHz NMR Spectrometer equipped with a Varian HXY 3.2 mm probe
at speeds of 22 kHz.
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Materials: Hexamethylbenzene (HMB) and Adamantane (AD) were
purchased from Aldrich and Avocado respectively and used without further
purification. Silica nanoparticles with nominal 20 nm particle size distribution
were obtained fromNalco as a 40weight% aqueous colloidal silica solution (Nalco
2327). Trimethoxy phenyl silane (TPS) and 1,1,1,3,3,3-Hexamethyldisilazane
(HDMS) were purchased from Aldrich.

The procedure for surface functionalization has been described in patent US
5,648,407 (31). All samples were dried for the analysis.

Sample I: 24.8 mmol of TPS in 150g of methoxyl-2-propanol was added
dropwise to 100g of Nalco 2327 while stirring. After stirring for another 30
minutes, the mixture was kept in an oven at 90 °C for 24 hours. This was then
air-dried in a heated Aluminum pan.

Sample II: The dried Sample I solid was re-dispersed in 75g of acetone. 5g
of HDMS was added, and the mixture was stirred for four hours. The dispersion
was dried at 100 °C for 30 minutes in an oven.

Sample III: 24.8 mmol of TPS in 150g of Diglyme was added dropwise
to 100g of Nalco 2327 while stirring. After stirring for another 30 minutes,
the mixture was kept in an oven at 90 °C for 24 hours. Upon cooling to room
temperature, an additional 100g of Diglyme was added and the mixture was put
on a Buchi rota-vapor to remove water. Subsequently, 10g of HDMS was added,
and the mixture was stirred for four hours. The solution was then dried at 100 °C
for 30 minutes in an oven.

In Sample III the two functionalized steps in Sample I and Sample II were
combined in to a pseudo one step process.

Overview of Resonance Linewidth Broadening Mechanisms in NMR

In order to facilitate discussions in subsequent sections, this sub-section
attempts to provide a non-mathematical description of mechanisms that govern
linewidths of NMR resonances and related key concepts and commonly used
acronyms.

Chemical shifts of resonances (δ) obtained in dilute solution NMR
spectra have been routinely used for molecular structure identification and
characterization of organic solutes (32–35). The narrow resonances in solution
at their isotropic chemical shifts are a result of (1) molecular motion averaging
orientation effects with respect to the magnetic field direction; and (2) isolation
of the solutes in deuterated (or non-protonated) solvent. Each resonance peak is
often representative of a specific three dimensional chemical structure vibrating
and rotating in isolation. Any change in the molecular structure or its electronic
environment shifts the NMR resonance, the magnitude of which is typically
related to the distance of the change from the observed nuclei.

During NMR measurements of rigid and semi-rigid materials, the rotational
and translational motions are not rapid enough to average out the orientation
dependent effects leading to broader resonances than in dilute solution. Typically,
all possible orientations of molecules are present in a randomly distributed
“isotropic” sampling. The orientation dependent shielding from electronic
environment results in a range of observed chemical shift that is referred to as the
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Chemical Shift Anisotropy (CSA). Nuclei spins also have orientation dependent
dipolar interactions that can lead to resonance broadening up to several kHz.
In isotropic samples, solid-state NMR spectrometers use magic-angle-spinning
(MAS) to mechanically average CSA and dipolar broadening, leading to narrower
resonances.

Anisotropic properties, however, are not completely averaged by MAS.
Consider two contrasting examples: (1) Hexamethylbenzene (HMB) that
has significant orientation dependent shielding and (2) Adamantane (AD)
which has a more symmetric environment. In HMB powder, the asymmetric
shielding from each crystallite will also interact with asymmetric shielding from
randomly oriented HMB crystallites in the environment. Even in the first shell
of nearest-neighbor HMB crystallites, there are infinite numbers of possible
combinations of orientations, each with a distinct net shielding effect on the
central HMB. Furthermore, as the sample rotates, the shielding effect of the
neighboring crystallites changes due to its dependence on relative orientation of
static magnetic field. Such Anisotropic Bulk Magnetic Susceptibility (ABMS)
broadening effect is significantly smaller than the CSA, but is not averaged by
MAS, and manifests as residual broadening of the resonance (36–41). This
effect is demonstrated in the Figures 1(a) and 1(b) for 1H decoupled 13C 22
kHz MAS NMR of AD and HMB, respectively. The AD resonances had
Full-Width-at-Half-Maximum (FWHM) linewidth of 8 Hz, while HMB Methyl
resonance had FWHM of 100 Hz. Furthermore, in a physical mixture of HMB and
AD, the AD crystallites experience the ABMS broadening from the asymmetric
environment of HMB crystallites around it. This effect can be observed in Figure
1(c). In this case the HMB Methyl groups still have a FWHM of about 100 Hz,
but the AD peaks broadened to about 80 Hz at FWHM.

Figure 1. 13C Direct Polarization proton decoupled 22 kHz MAS NMR Spectra of
(a) Adamantane powder; (b) Hexamethylbenzene powder (Methyl resonance);

(c) Mixture of AD and HMB.
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Spin-diffusion is another source of residual broadening, especially for
abundant nuclei such as 1H and 19F whose dipolar broadening has been averaged
by MAS in an isotropic sampling (18, 42–46). In Fourier Transform NMR
(FT-NMR), a Radio-Frequency pulse generates a coherence of nuclei spins that
oscillate in phase at their characteristic Larmor frequency, and are recorded as
Free Induction Decay (FID). Fourier transforms of the FID results in the normally
reported NMR spectrum. Longer phase coherence translates to narrower peaks
in the NMR spectrum. Spin diffusion or adiabatic spin exchange among dipolar
coupled nuclei in close proximity scrambles the encoded phase information
and hence destroys the coherence, leading to broader NMR resonances. This
broadening effect can be reduced by increased motion such that neighboring
interacting/coupled nuclei positions fluctuate more rapidly and to a larger degree.
The higher the frequency of fluctuations, the lower is the efficiency of spin
diffusion, and narrower are the observed 1H NMR resonances (42–45). Ultra fast
MAS speeds also reduce spin-diffusion and the related spectral broadening (18,
42–47). However, obtaining 1HMAS spectra of non-spin-isolated molecules with
resonance linewidths comparable to those found in solution NMR is difficult,
except in some favorable cases where ABMS broadening is negligible (42–45).

Results and Discussion

1H MAS NMR spectrum of (I) acquired at 22 kHz spinning speed and 200
°C temperature is shown in Figure 2. Broad phenyl silane resonances between δ
6.5-8.2 ppm, narrow residual 2-methoxy-1-propanol solvent resonances at δ 1.1/
3.3/3.4/3.9 ppm, water resonance at δ 5 ppm, and silanol resonance at δ 3 ppm
were observed in this MAS NMR spectrum (vide infra).

Figure 2. Proton 22 kHz MAS 200 °C NMR spectrum of (I).
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Figure 3 shows a progression of proton NMR spectra at increasing MAS
speeds for (I). At lower MAS speeds, significant fractions of the intensity of the
functionalized phenyl silane and silanol resonances were spread in to its spinning
side bands, primarily due to 1H-1H dipolar broadening. Resonances from these
molecular species covalently bound to the silica surface were better represented
in the center bands of spectrum only at higher spinning speeds. The resonance
intensity of the solvent adsorbed on the silica surface did not appear to spread
into the spinning side bands at nominal speeds (~ 8 kHz), suggesting motional
averaging and mobility of the adsorbed species at room temperature.

Figure 4 shows a progression of spectra of sample (I) acquired at increasing
temperatures and 22 kHz MAS speed. At ambient temperature (24 °C),
the fast spinning proton NMR resonance linewidths of all molecules at the
surface whether covalently bound, hydrogen bonded, or adsorbed, were
comparable. At increasingly higher temperatures, the resonances of adsorbed
1-methoxy-2-propanol narrowed significantly. In comparison, the line width of
phenyl silane resonances changed marginally with increase in temperature.

Figure 3. 1H MAS 24 °C NMR spectra of (I) at MAS speeds of (a) 8 kHz, (b) 13
kHz, and (c) 22 kHz. Note absence of spinning side bands from the narrower
resonances representing weakly bound species. A broad underlying probe
background signal was subjectively removed as part of baseline correction.

At higher temperatures, weakly attached or adsorbed species are expected to
hop sites and reoriented frequently, possibly by being in vapor phase for increasing
durations, and resulting in isotropic averaging of its immediate environment and
reduction in spin diffusion. In comparison, the strongly attached covalently bound
species would have fewer degrees of freedom and minimal change in environment
with increasing temperature since the silica particles would not be expected to be
mobile. The observed marginal variance in phenyl silane resonance linewidth with
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MAS speed and temperature could be due to a combination of ABMS, molecular
structure variations, and spin diffusion. However, no further experiments were
carried out in order to explore the contributions of each to the broadening.

The resonance around δ 6 ppm in 24 °C spectrumwas assigned in other reports
to combination of silanol and water (14, 18). In the 100 °C spectrum, part of
its intensity appears as a smaller upfield resonance around δ 4.5 ppm. Hydrogen
bonded silanol has been reported at this proton chemical shift (14). The 150 °C
spectrum indicated a more intense resonance shifted upfield to δ 4 ppm. With
increasing temperature, this resonance shifted further upfield reaching δ 2.5 ppm
in the 225 °C spectrum. The chemical shift of isolated silanol on silica in the
limit of no hydrogen bonding has been reported at δ 1.8-2.1 ppm (14, 18). Hence,
the upfield shifting resonance can be assigned to unreacted silanol on the silica
nanoparticle surface whose silanol-silanol and silanol-water hydrogen bonding
reduces with increasing temperature.

Figure 4. 1H 22 kHz MAS NMR spectra of (I) at increasing temperatures up to
225 °C. Note the shift of resonances marked by arrows.

The other part of the δ 6 ppm resonance in the 24 °C spectrum shifted up
field at a slower rate to δ 4.9 ppm in the 225 °C spectrum. This behavior is
consistent with that of water whose hydrogen bonding interactions are reduced.
However, the broad width of the water resonance compared to that of the methoxy
propanol solvent suggests that the water molecules do not experience motional
averaging similar to that done by solvent at increasing temperature. The binding
strength of water hydrogen bonded to surface silanols is expected to be stronger
compared to the weak surface interactions of adsorbed solvent, but if the water
were to hop sites increasingly rapidly or be in vapor phase for longer durations at
temperatures above 100 °C, the resulting isotropic environmental averaging would
have resulted in narrower resonances with increasing temperature. As explored
later, this resonance represents water trapped within cavities of the nanoparticles
that is hydrogen bonded with other water molecules and silanols in the cavities.

The identity of the resonance assigned to residual silanols on the
particle surfaces was confirmed by additional functionalization reactions.
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1,1,1,3,3,3-Hexamethyldisilazane (HMDS) reacts aggressively with silanol
groups to form “M” siloxane groups, viz. –O-Si(CH3)3 (14, 15, 48). Silanol
groups on the surface that could not react with the trimethoxy phenyl silane due
to conformational incompatibilities were expected to react with HMDS, even
though at least one report suggests that presence of hydrogen bonding among the
silanol groups can reduce the reactivity (14).

Figure 5. (a) 1H 22kHz MAS 150 °C NMR of (I). Narrow resonances are residual
solvent; (b) 1H 22 kHz MAS 150 °C NMR of (II). Resonance at δ 2 ppm is
residual acetone; (c) 29Si CP-MAS NMR of (I); (d) 29Si CP-MAS NMR of (II).

The arrows mark silanol resonances that react with HMDS.

In Figure 5, the 1H 22 kHz MAS 150 °C NMR and 29Si CP-MAS 24 °C NMR
spectra of (I) and (II) are compared. Upon HMDS treatment in (II) shown in
Figure 5(b), compared to (I) shown in Figure 5(a), a reduction in intensity of the
resonance assigned to silanol (1H δ 3.6 ppm marked with arrow) was detected
along with appearance of a broad “M” siloxane group resonance. In Figures 5(a)
and 5(b) the narrow resonances represent methoxy propanol in (I) and acetone in
(II), respectively. Comparison of 29Si CP-MASNMR spectra of (I) and (II) shown
in Figures 5(c) and 5(d), respectively, confirm that the silanols at the silica surface
(δ -100 ppm) and on the phenyl silane (δ -72 ppm) , both marked by arrows in the
figure, had reacted while “M” groups had formed (δ ~ 10 ppm). Due to the long
data acquisition time requirements of the 29Si CP-MAS NMR spectra, no attempt
was made to acquire multiple spectra with varying cross-polarization contact times
that could enable a quantitative comparison of integral intensities from the various
29Si resonances. The water resonance intensity in proton NMR did not appear to
significantly reduce upon HMDS functionalization. The small fraction of silica

502

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 1

9,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 1
4,

 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

07
7.

ch
03

0

In NMR Spectroscopy of Polymers: Innovative Strategies for Complex Macromolecules; Cheng, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



silanols that remained unreacted in (II) are most likely in cavities of the silica
particles along with water, and are probably not accessible to the solvents used in
the functionalization reactions. In Figure 5(b), the width of the methyl siloxane
group resonance is likely a result of ABMS broadening since the methyl groups
are expected to be freely rotating at this temperature (38, 40).

1H MAS NMR spectra of (I) and (II) acquired at lower MAS speeds after
addition of a small fraction of tetrachloroethane-d2 (TCE-d2) are shown in Figures
6(a) and 6(b), respectively. Solvent was added in order to increase the mobility of
adsorbed species. In Figure 6(b), the width and spinning sideband intensity of the
“M” siloxane resonancewas comparable to that of the phenyl resonance, and hence
is consistent with the “M” groups being covalently attached to the silica surface.
The silanol proton resonances on the other hand (marked by arrow in Figure 6),
though attached to the silica surface did not indicate similar spinning side-band
intensity distribution. We speculate that the combination of broad resonance and
lack of spinning side-band intensity, compared to the methyl “M” groups on the
surface, may indicate rapid proton hopping and exchange among the silanols at
the silica surface.

Figure 6. (a) Proton 9 kHz MAS 100 °C NMR of (I) with addition of deuterated
tetrachloro ethane (TCE-d2); (b) Proton 9 kHz MAS 100 °C NMR of (II) with
addition of TCE-d2. The arrows mark silanol resonances that do not have

spinning side band intensity.

In order to further probe whether the water resonances observed in the 1H
MAS NMR spectra were from the molecules at the surface or in cavities within
the nanoparticles, NMR spectra were acquired after dispersion in a solvent.
Depending on the size of the particles, type, and coverage of functional groups at
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the surface, the nanoparticles can form non-precipitating dispersions. Presence of
solvable pendant oligomeric chains from the nanoparticles allows the relatively
large (on average) 20 nm particles to form clear dispersed solutions (in absence
of charged species on its surfaces to prevent aggregations). In its solution, the
water on the surface of the nanoparticles was expected to be solvated by the
solvent (THF-d8) and appear as resonance at its characteristic solvated chemical
shift (1H δ 2.5 ppm) in the NMR spectra. Water within inaccessible cavities of
nanoparticles would not be solvated by the solvent and should appear as resonance
around 1H δ ppm. Presence of non-solvated (δ 5.3 ppm) water resonance in the 1H
NMR of (III) in THF-d8 shown in Figure 7 confirms that the water observed in the
1H MAS NMR spectra as a resonance around δ 5 ppm is trapped within cavities
of the nano-particles and is not accessible to the solvent. The 1H δ 1.7 and 3.6
ppm are residual THF-d8 solvent resonances while the 1H δ 2.6 ppm resonance is
water solvated by THF. The resonances between δ 3.3-3.6 ppm represent diglyme
that was present on nanoparticle surface.

Figure 7. 1H NMR of (III) in THF-d8 solution.

In Figure 7, the phenyl silane and methyl “M” siloxane resonances have
varying linewidths – from the two split narrow ones to the broad underlying
resonance. As mentioned earlier, long molecular chain extensions from the
surface, e.g. self-condensed silanes, are solvated and mobile leading to narrower
resonances. These pendant chain extensions can also be identified in their 1H
MAS NMR spectra at high temperature and fast MAS as narrower resonances, as
shown in Figure 8(a). Here again, the narrow resonances between δ 3.3-3.6 riding
on top of a broad silanol resonance are from residual diglyme. Other researchers
have also used double-quantum 1H MAS NMR techniques to probe the surface
interactions and pendant oligomers (49).

Another method to distinguish the mobile pendant phenyl silane groups from
those closer to the surface is by MAS 1H NMR analysis of the functionalized
nanoparticles as a “slurry”. The slurry can be formed by adding only a small
fraction of solvent and mixing well. The solvent molecules solvate the pendant
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Figure 8. (a) 1H 17 kHz MAS 150 °C NMR spectrum of (III) as dried powder. (b)
1H 8.7 kHz MAS 50 °C NMR spectrum of (III) as slurry in THF-d8.

and adsorbed components more than those covalently bound to the surface,
mimicking the influence of high temperature. As a result, similar mobility based
differentiation can be obtained at a lower temperature and lower MAS speeds.
Figure 8(b) shows the 1H 8.7 kHz MAS NMR of the same sample as 8(a), but
in a slurry in THF-d8 at 50 °C. Here again, the narrow phenyl silane and methyl
siloxane resonances from more mobile fractions are riding on top of broad
resonances representing rigid groups on the silica surface. The narrow 2.5 ppm
is solvated water in THF while the 5 ppm resonance is water in inaccessible
cavities of the nanoparticles. The rest of the narrow resonances represent THF
and diglyme. 1H MAS spectra in Figure 6 were also acquired as a slurry and
indicated presence of non-solvated water resonances. It may be noted that due
to the lower MAS speeds used with the slurry, the relative intensity of the rigid
components in the central band is often lower than expected.

Figures 7 and 8 demonstrate that depending on the solubility of the
functionalized nanoparticles, a number of methods can be used to obtain
information about binding strengths of the various species at the surface.

Conclusion
Single pulse high temperature 1H MAS NMR was used to characterize

functionalized nanoparticles. The high temperature helped accentuate the
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difference in resonance linewidths of the various species based on mobility and
surface binding strength. In these nanoparticles based on colloidal silica, water
molecules trapped in inaccessible cavities were identified. Gradual reduction
of hydrogen bonding among silanol groups on silica surface with increasing
temperature and rapid exchange of the silanol protons was inferred from the
NMR data. Oligomeric pendant chains attached to the nanoparticles were
readily distinguished from those covalently attached directly to the surface. For
nanoparticles that are soluble in an appropriate solvent, a number of alternative
methods can also be used.
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Chapter 31

Dependence of the Amount of Xe Sorption
on the 129Xe NMR Chemical Shift in Glassy

Polymers

H. Yoshimizu*

Graduate School of Engineering, Nagoya Institute of Technology,
Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan

*E-mail: yoshimizu.hiroaki@nitech.ac.jp

Microvoids in glassy polymers are considered to be correlated
with unrelaxed volume (so-called “excess free volume”). In
this article, the microvoids were investigated by Xe sorption
and 129Xe NMR measurements. The Xe sorption isotherms of
glassy polymers were successfully interpreted by the dual-mode
sorption model composed of Henry and Langmuir sorption
sites. 129Xe NMR chemical shifts of 129Xe in glassy polymers
showed a non-linear low-field shift with increasing amount of
Xe sorption because of fast exchange of Xe atoms between
the two sites. From the 129Xe NMR chemical shift, we could
determine the mean size of the microvoids. In several polymers,
this methodology was examined from three perspectives of free
volume, viz., thermal expansion, miscibility with reduced free
volume in a polymer blend, and specific crystalline structure.
From these findings, 129Xe NMR spectroscopy is shown to be a
powerful technique to determine the mean size of microvoids
in glassy polymers.

Introduction

A complete understanding of a solid amorphous polymer at molecular level is
very difficult because of the complex static, dynamic, and steric structures present.
Yet, it is important to understand the detailed structures of glassy polymers, such
as the amount, the size and the shape of inter-spaces between polymer chains, and
connectivity among them. These are not only important from an academic point

© 2011 American Chemical Society
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of view but also relevant to many applications. For example, the design and the
development of gas barriers or polymeric separation membranes both need the
information on the qualities and the quantities of the inter-space.

It is often thought that computational chemistry (such as MD simulations)
(1) and positron annihilation lifetime spectroscopy (2) are good approaches for
the detailed characterization of the polymeric inter-space. In this article, another
method is described, which should be complementary to the above approaches.
Xenon is an inert gas and some of its isotopes are NMR active. Through the use
of Xe as a gaseous penetrant and an NMR probe, the micro-interspaces within a
polymeric material can be characterized from the observed NMR signals. Thus,
it is demonstrated here that 129Xe NMR spectroscopy is a powerful technique for
the characterization of glassy polymers.

Background of 129Xe NMR
129Xe is an isotope of xenon with spin number I = 1/2 and a natural abundance

of 26.4 %. The relative sensitivity for NMR observation of 129Xe is larger than
that of 13C; thus, 129Xe NMR of Xe gas at relatively low pressures can be easily
observed with good sensitivity. The gyromagnetic ratio of 129Xe is about 1.1 times
larger than that of 13C, indicating that the resonant frequency for 129Xe is close
to that for 13C, i.e., easily tunable using standard multinuclear NMR probes in
commercial spectrometers. In addition, Xe atom is slightly larger than methane,
so it is a suitable probe for the sorption environment experienced by typical gases
in polymer membranes. The most attractive aspect of 129Xe NMR is the sensitivity
of the shielding to the sorption environment. The shift range of sorbed xenon
relative to the resonance of the free gas is well over 200 ppm. Since the Xe atom
has a very large polarizability, it is expected that 129Xe NMR signal is sensitive
to its environments. Indeed, the induced 129Xe NMR chemical shifts are strongly
correlatedwith the size and the nature ofmicro-pores, because the interactionswith
the host system can disturb the Xe electron density. In the case of microporous
materials like zeolites, 129Xe NMR chemical shift (δ ) of adsorbed 129Xe obeys the
following equation (3–7);

where δ(S) is due to the interactions between Xe and porous inner walls; δ(Xe)
corresponds to the interactions among Xe atoms; δ(E), δ(SAS), and δ(M) are the
contribution of electric field created by multivalent cations, the interaction of
Xe with the strong adsorption site, and the contribution of the magnetic field
created by the paramagnetic compensation cations, respectively. Figure 1 shows
schematically the relationships between δ and density of Xe. The δ(E), δ(SAS), and
δ(M) terms can be ignored for glassy polymers because most of them have no
strong charge groups. Therefore, 129Xe NMR chemical shifts of 129Xe sorbed in
glassy polymers can be interpreted by only two terms: δ(S) and δ(Xe). As shown in
Figure 1, for common polymers the observed δ increases linearly with Xe density.
The value of δ(S) can be experimentally determined through linear extrapolation
of the data obtained at various pressures of Xe. For zeolites, there are many
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reports that δ(S) values of adsorbed 129Xe are strongly correlated with the sizes
of micro-cage (3–10). Similarly it is possible to characterize the mean sizes of
micro-interspaces between polymer chains using δ(S) values.

Figure 1. Schematic representation of the relationships between 129Xe NMR
chemical shift and density of Xe.

According to Fraissard et.al., when the NMR chemical shift of 129Xe in
zeolites is only determined by the collisions with the walls, where disturbances
due to paramagnetic species or electric fields (δ(E), δ(SAS), or δ(M)) are absent or
negligible, the mean free path λ is linked to δ(S) in equation [1]. Hence δ(S) can be
related to the mean size of the micro cage by the following equation (3, 5).

λ is a function of both the shape and dimension of micro cage. In the case of
a sphere, the following relationship has been derived,

where DS is the diameter of the sphere and DXe is the diameter of Xe = 4.4 Å.
When the shape of the cage is cylindrical, the diameter of crosssection, λ is related
to DC as follows,

Usually, the average shape of micro inter-spaces in the glassy polymer is
assumed to be spherical because of random coil conformations. However, in the
crystalline structures of helical rigid rod chains, the shape of inter space in chain
bundles should be closer to cylindrical.

It is of interest that some researchers have published many articles on
polymeric systems, but they have rarely paid any attention to the density
dependence of 129Xe NMR chemical shift (11–16). In order to obtain δ(S) which
reflects the micropore size in glassy polymer, it is important to evaluate density
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dependence of Xe chemical shift together with the sorptive properties of Xe. In
view of the considerations mentioned above, we have tried to investigate the
relationship between the 129Xe NMR chemical shift and Xe sorptive properties
for glassy polymers in this work.

Gas Sorption Properties of Glassy Polymers

In general, gas sorption of glassy polymers can be rationalized by the dual-
mode sorption model (17–20), which is represented by the following equation,

where C is the equilibrium sorption amount at pressure p; C was defined as the
molar concentration of a gas per unit volume in the polymer, usually expressed
in unit of cm3 (STP) / cm3polym , which corresponds to the density of the gas
in the polymer. CD is the concentration due to Henry’s law contribution, CH
is the concentration due to Langmuir mode contribution, kD is the Henry’s law
coefficient, b is the affinity constant of the Langmuir site, and CH′ is the hole
saturation constant in the Langmuir sorption mode. The value of CH′ generally
corresponds to the unrelaxed volume (so-called “excess free volume”) of glassy
polymer as mentioned below. Figure 2 shows a schematic representation of
specific volume–temperature (V–T) curve of a typical amorphous polymer
together with its occupied volume. In the temperature region for the glassy state,
the apparent slope of V–T curve is almost similar as the curve of occupied volume.
Thus, the volume of non-equilibrium state (i.e., the unrelaxed volume) linearly
increases with decreasing temperature. The polymer free volume has also been
discussed by other researchers from the viewpoints of gas sorption properties
(19–23). The mechanisms of gas sorption below and above the glass transition
temperature, Tg, are different, reflecting the differences in physical structures and
thermodynamic states, viz., the non-equilibrium nature of the glassy state and
the equilibrium liquid–like nature of the rubbery state. In general, the sorption
isotherms for gases in glassy polymers are interpreted in terms of a dual–mode
sorption model, based on the assumption that the gas is sorbed both by Henry
and Langmuir sorption mechanisms. The former sorption behavior is similar to
the gas sorption in rubbery polymers (20), whereas in the latter mechanism, the
gas sorbs into the microvoids that exist in the glassy polymer and gets saturated
at high pressures.
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Figure 2. Schematic representation of specific volume–temperature (V–T) curve
of typical amorphous polymer together with its occupied volume.

Therefore, it is possible to understand the behavior of unrelaxed volume by
examining the Langmuir sorption mechanism. The presence of unrelaxed volume
in glassy polymers plays an important role in the gas sorption as microvoids.
As shown in Figure 2, the unrelaxed volume depends on the difference between
measurement temperature and Tg. The aim of utilization of 129Xe NMR for
glassy polymer is to clarify the relationship between the unrelaxed volume and
microvoid size. As another technique, positron annihilation lifetime spectroscopy
(PALS) is also useful in investigating size and distribution of free volume in
polymers (2, 24–27). PALS can estimate the micro-space whose size is larger
than that determined by 129Xe NMR, because positron is smaller than Xe atom.
However, PALS technique probably cannot estimate the microvoids in glassy
polymers independently, due to the fact that PALS data rely on the very short
lifetime of o-positronium and are not affected by molecular motions. This means
PALS cannot distinguish between rubbery and glassy states.

Figure 3 shows Xe sorption isotherms of polystyrene (PS), polycarbonate
(PC), tetramethyl polycarbonate (TMPC), and polyphenyleneoxide (PPO) at 25
°C (28, 29). All sorption isotherms obtained here are concave toward the pressure
axis, which is commonly observed in glassy polymers. The solid curves show
the results of curve fitting by a non-linear least-square method based on equation
[5]. These isotherms can be explained successfully on the basis of the dual-mode
sorption model. The calculated parameters are summarized in Table I. The value
of CH′ is followed by the fact that the orders of CH′ and temperature difference
between Tg and observing temperatures show a similar trend with one another (see
Table I). CH′ of PS is the minimum of all samples. It indicates that the total amount
of microvoid in PS is the smallest.
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Figure 3. Xe sorption isotherms of polystyrene (PS), polycarbonate (PC),
tetramethyl polycarbonate (TMPC), and polyphenyleneoxide (PPO) at 25 °C.

Table I. Dual-mode sorption parameters of Xe and glass transition
temperature of selected glassy polymers

Sample kD × 102 CH′ b × 103 Tg*

PS 1.1 4.8 8.8 98

PC 1.8 13.3 6.0 160

TMPC 1.5 17.4 6.0 196

PPO 1.7 20.6 7.8 216

kD : [cm3 (STP)/cm3polym. cmHg], CH′: [cm3 (STP)/cm3polym.], b : [1/cmHg], Tg : [°C]. *

Tg was determined by DSC.

Determination of Microvoid Size through 129Xe NMR

129Xe NMR spectrum obtained for the PS film in a NMR sample tube with
thick wall at 25 °C and 760 cmHg of Xe (with natural abundance of 129Xe) by
single pulse method is shown in Figure 4 as an example. Internal pressure can be
determined from the Xe sorption amount and weight change of the NMR sample
tube, and/or the chemical shift value of gaseous 129Xe signal. All 129Xe NMR
chemical shifts are referenced to an external standard of zero-pressure of Xe gas.
The peak width of the 129Xe in PS is broad compared with that of gaseous xenon,
showing considerably restricted motion of Xe atom in PS. It may be emphasized
that the peak shape of 129Xe in PS is almost Gaussian, completely symmetric,
although two sorption sites in PS are clearly confirmed from Xe sorption isotherm
measurements as mentioned above. Similar results are obtained for the other
samples and pressure conditions. In view of this interpretation, the pressure
dependence of 129Xe NMR chemical shift will be described below.
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Figure 4. 129Xe NMR spectrum obtained for the PS film in a NMR sample tube
with thick wall at 25 °C and 760 cmHg of Xe (with natural abundance of 129Xe)

by single pulse method at 110 MHz.

Figure 5 shows the plots of 129XeNMRchemical shift against total Xe sorption
amounts of C for four glassy polymers (28, 29). These downfield shifts with
increasing C are caused by increasing of interactions among Xe atoms, i.e., the
contribution of term δ(Xe) in equation [1]. The symmetric peak at about 230 ppm
as shown in Figure 4 indicates that the Xe atoms that dissolve in glassy polymer
diffuse quickly, and exchange rapidly between the Henry and Langmuir sites in
the time scale of NMR observation. When contributions of δ(E), δ(SAS), and δ(M)
in equation [1] can be ignored, the 129Xe NMR chemical shift shows linear low-
field shift with Xe density. Actually, the chemical shift of gaseous 129Xe shifts to
low-field linearly with increasing pressure. Thus, it is expected that 129Xe NMR
chemical shifts in the glassy polymers shift linearly with total Xe sorption amounts
(C) because Xe density can correspond to C. As shown in Figure 5, however, the
shift is non-linear. This finding indicates that the density of Xe in glassy polymer
is not proportional to C. Since the value of C for glassy polymer is composed of
CD and CH (see equation [5]), which is different from the case of gaseous Xe, it is
necessary to evaluate the dependence of 129Xe chemical shifts in glassy polymers
on CD and CH.

Figure 5. Plots of 129Xe NMR chemical shift against total Xe sorption amounts
(C) for four glassy polymers.
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Assuming fast exchange of Xe atoms between Henry and Langmuir sites,
the pressure-dependence of NMR chemical shifts for each site can be described
via CD and CH at each pressure and calculated using the dual-mode sorption
parameters. Thus, the observed NMR chemical shift, δobs. is expressed in the
following equations,

where φD and φH are fractional concentrations of Xe for the Henry and Langmuir
sites at each pressure, and δD and δD are NMR chemical shifts for the Henry
and Langmuir sites, respectively. In subsequent equations, subscripts D and H
correspond to the Henry and Langmuir sites, respectively. From the equation [1],
NMR chemical shift for each site is explained by following equations,

where AD and AH are constants proportional to Xe concentration for each site,
and δ(S)D,H and δ(Xe)D,H are NMR chemical shifts due to the interactions among
Xe and porous inner walls, respectively. Using these equations, Xe concentration
dependence of NMR chemical shifts for the Henry and the Langmuir sites can be
calculated. Figure 6 illustrates the result for PS, and it is noted that the unit of the
x axis is the pressure (cm Hg).

Figure 6. The plots of 129Xe NMR chemical shift against pressure of Xe for PS
at 25 °C.
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Table II. 129Xe NMR parameters of glassy polymers

Sample AD δ(S)D AH δ(S)H

PS 0.012 230.8 5.82 205.4

PC 0.18 225.0 1.59 200.7

TMPC 0.18 210.5 1.88 169.7

PPO 0.67 210.1 1.90 166.4

AD,H : [ppm cm3polym./cm3 (STP)], δ(S)D,H : [ppm].
δD is shifted more downfield than δobs., and δH is more upfield. The parameters

for each polymer are summarized in Table II. It can be seen from Table II that AH is
larger than AD by about one order of magnitude for each polymer. It indicates that
Xe density dependence of the 129Xe NMR chemical shift of 129Xe in the Langmuir
site is larger than that in the Henry site. In practice, for rubbery polymer that
contains “only” the Henry site, 129Xe NMR chemical shift of sorbed 129Xe rarely
reveals Xe density dependence. Moreover, the proportion of Xe in the Langmuir
site is larger than that in the Henry site at low-pressure region, while this is opposite
at high-pressure region. From these facts, 129Xe NMR chemical shift of 129Xe
sorbed in glassy polymer apparently shows non-linear low-field shift against total
sorption amount of C. Additionally AH corresponds to total amount of microvoids
in the glassy polymer; it becomes small with increasing amount of microvoids.
For example, the AH value for PS is larger than that for PPO.

It may be said that the NMR chemical shift extrapolated to CH = 0, i.e., δ(S)H,
reflects the mean size of microvoids in the glassy polymer. The value of δ(S)H can
be substituted in equation [2] and then the diameter of spherical space, D S can be
calculated. The results are summarized in Table III together with literature data
of PALS (25, 26). It appears that the spherical spaces correlated to microvoids
in glassy polymers are on the order of angstroms. The order of mean size of
microvoid in four glassy polymers, PPO > TMPC > PC > PS, is consistent with
that of Tg and CH′ for Xe as shown in Table I. In addition, DS value is close to the
corresponding PALS data, suggesting that the 129Xe NMR spectroscopy is a good
method for characterizing microvoids in glassy polymers.

Table III. Mean size of microvoid and/or micro-pore in glassy polymers
determined by 129Xe NMR (DS, NMR ) and PALS (DS, PALS )

Sample D S, NMR / [Å] D S, PALS / [Å]*

PS 5.15 5.76

PC 5.27 5.88

TMPC 6.17 6.40

PPO 6.29 6.56
* from references (25) and (26).
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Reliability of Microvoid Size Determination by 129Xe NMR

This section examines the reliability of microvoid size determination by using
the 129XeNMR chemical shift from three perspectives of free volume, viz., thermal
expansion (30), miscibility with reduced free volume in polymer blends (31, 32),
and specific crystalline structures (33).

First, we show the Xe sorption properties and 129Xe NMR spectra of
PPO measured at various temperatures. All the sorption isotherms obtained in
temperature range of –60 to +80 °C can be analyzed based on the dual–mode
sorption model. The Langmuir saturation constant CH′, which corresponds to
unrelaxed volume, is then determined. CH′ increases linearly with decreasing
temperature. When this straight line is extrapolated to CH′ = 0, the temperature
obtained is almost the same as Tg of PPO as shown in Figure 7(a). Yet, the mean
diameter of the microvoids (assuming spheres) of PPO which are determined
from the analyses of the pressure-dependence 129Xe NMR chemical shift of the
129Xe in PPO, also increases with decreasing temperature. The straight line drawn
in Figure 7(b) is a rough estimation because only a few data points are available,
but this suggests that the extrapolated value at Tg is close to 4.4 Å, which is the
diameter of Xe atom. These findings support the interpretation of unrelaxed
volume as shown above in Figure 2.

Figure 7. Langmuir saturation constant of Xe (CH′) (a) and the mean diameter of
individual microvoids (b) of PPO plotted against temperature.

The next topic is the relationship between the variations of microvoids and
gas sorption properties for miscible PPO / PS blend in the glassy state (31, 32).
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This has been investigated by Xe sorption and 129Xe NMR measurements. The
composition dependence of the specific volume (Vsp) has been determined from
the density measurement. It has been shown that Vsp values of the blends are lower
than those calculated by the simple additive rule. Thus, a volume contraction has
taken place when blending PPO and PS, and this may be attributed to an attractive
interaction between the methyl groups of PPO and the phenyl rings of PS (34). Xe
sorption isotherms of this blend system can be interpreted successfully on the basis
of the dual-mode sorption model, indicating that both polymers are in the glassy
state. In Figure 8(a), CH′ is plotted against the volume fraction of PPO in the blend.
It appears that CH′ is smaller than that expected from a simple additive rule drawn
as dashed line, whereas kD and b follow additive rules. The data indicate that the
decrease in the total amount of microvoids in the blends has occurred by blending,
which is consistent with the result of the density measurement. 129XeNMR spectra
of 129Xe in the blends show a non-linear low-field shift with increasing sorption
amount of Xe because of fast exchange of Xe atoms between Henry and Langmuir
sites. From the analysis of 129Xe NMR chemical shifts, it has been found that
the mean volume of individual microvoids (v) varies with a negative deviation
versus volume fraction of PPO in the blend as well as versus Vsp and CH′ (Figure
8(b)). For PPO / PS blend system, it is confirmed that the contraction of individual
microvoids occurs by blending.

Figure 8. Langmuir saturation constant of Xe (CH′) (a) and the mean volume of
individual microvoids (v) (b) plotted against volume fraction of PPO in the PPO

/ PS blend system at 25 °C.

Additional data on microvoid size determined by means of 129Xe NMR
chemical shift are summarized here. Figure 9 shows the plots of the mean volume
of individual microvoids (v) against CH′ (35). A good linear relationship between
v and CH′ is obtained. This relationship can be seen as a result of an equation (v
= 3.8 x CH′ + 48.8), indicating that the minimum microvoid volume is 48.8 Å3,
which is close to that of Xe atom (44.6 Å3). In other words, if the microvoid size
is smaller than Xe atom, sorption is impossible. These results make it clear that
unrelaxed volume (total amount of microvoids) takes on its value in response
to the changing size of individual microvoids, and CH′ is a parameter which
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indicates the total amount of microvoids. Also, it is possible that microvoid size
can be predicted from CH′.

Figure 9. Plot of the mean volume of individual microvoids (v) against Langmuir
saturation constant of Xe (CH′) for many glassy polymers at various temperatures.

The final topic in this section is the characteristic cavity in a crystalline part of
poly(4-methyl-1-pentene), (PMP) investigated by gas permeation and 129Xe NMR
measurements on PMP membranes with various degrees of crystallinity (33).

PMP is one of the semi-crystalline polymers and is widely used in industry
because of its good transparency, heat stabilty, and solvent-resistance. It is one
of the significant properties of PMP that the density of the crystalline region
is lower than that of amorphous region at around room temperature. Kusanagi
et.al. have investigated the crystalline structure of PMP, which is characterized
by molecular chains in 7/2 helical conformation packed in a tetragonal unit cell
and concluded that the lower density of crystal region is attributed to a coarse
packing of the chains; as a result, the cylindrical cavity with a diameter of about
4 Å is formed in the crystalline phase (36). This fact means that transport of gas
and vapor molecules occurs not only in amorphous but also in crystalline regions.
Figure 10 presents a schematic model of crystalline PMP as a cross-section of
four 7/2 helical chain bundle. It can be expected that small gases can diffuse in
the center circle of about 4 Å diameter drawn in the figure. The permeability
coefficient extrapolated to 100 % crystallinity, i.e., the permeability coefficient for
the cylindrical cavity along the helical PMP chains can be determined from the
permeation data of PMP membranes with various degrees of crystallinity. For the
cavity, permeability coefficients of He, N2, O2, CH4, and CO2 have shown finite
values, whereas those of C3H8 and tert-C4H10 are zero. Xe sorption measurements
of PMP membranes lead to the conclusion that Xe with a diameter of 4.4 Å is
able to penetrate the cylindrical cavity of crystalline PMP. From the analysis of
129Xe NMR chemical shifts of 129Xe in PMP membranes with various degrees of
crystallinity by using equations [2] and [4], it has been able to evaluate the size of
the cavity in PMP crystal as about 4.5 Å. This value is consistent with the results
of not only crystallographical analysis but also gas permeation and Xe sorption
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measurements mentioned above. From the present study, it is concluded that the
width of the cylindrical cavity in PMP crystal is about 4.5 Å.

Figure 10. Schematic model of PMP crystal as a cross-section of four 7/2 helical
chain bundle: stick (upper) and CPK (lower) models. The circle with a diameter

of ~ 4 Å has been drawn in the center of the CPK model.

Concluding Remarks

In this article, the potential of 129Xe NMR spectroscopy for the
characterization of glassy polymers is demonstrated through the pressure
dependence of 129Xe NMR chemical shift. Previously it has been reported that the
size of molecular cavity in the crystalline form of syndiotactic polystyrene can be
determined by means of 129Xe NMR spectroscopy (37). In our work, 129Xe NMR
chemical shift of the 129Xe in rubbery polymers and liquids is shown to depend
on Xe concentration, δD, and AD, as mentioned above (Table II and Figure 6).
The relationships between 129Xe NMR chemical shift (δ(S) ) of 129Xe in n-alkane
liquid (38), and its fractional free volume (Vf ) are very useful in predicting the
density of organic and polymeric materials in the liquid and rubbery states. In
addition, we successfully reported the estimation of the density of side chain
regions in low-density liquid-crystalline polyester with n-alkyl side chain (39,
40). We have also demonstrated that the linewidth of 129Xe NMR signal of the
129Xe in this polyester corresponds to its mobility and (therefore) diffusivity. It
is anticipated that 129Xe NMR spectroscopy will be increasingly used in the near
future as a sophisticated technique for the characterization of diffusive properties
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of polymeric materials and for the determination of microvoid size in glassy
polymers.
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Epilogue: An Addiction to NMR

What do people think about NMR?
To some it’s an instrument with a quirk;
To others it’s boring or just bizarre;
Yet to a chosen few, it’s our life’s work.

Liquid NMR is a chemist’s dream,
That can determine structures yet unknown.
Solid techniques are held in high esteem;
Their elegance has never been outshone.

Whether liquid or solid, we fiddle
With polymers, composites, and resins.
We struggle to unravel the riddle,
Seeking the mysteries of nuclear spins.

We play with pulses, probes, and smart gadgets,
Tuning them like a banjo or a bass.
We use magic angle in large magnets
And relish spinning in a special space.

Thus, spurred by fun and curiosity,
We labor willingly into the night.
We revel in our creativity,
Be it a new technique or an insight.

Why are we so delighted with our lot,
Forever working, not willing to change?
Yes, we have an addiction that, once caught,
We cannot shake off, nor want to shortchange!

H. N. Cheng
July 4, 2011

© 2011 American Chemical Society
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repeating units, 318s
solid state, 324
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PLGA-PEG-folate, 50f
31P NMR spectra, bicelles, 235f
Poly(alkylthiophene) (P3AT), 163
Poly(3-butylthiophene) (P3BT), 163
Polyethylene acrylic acid copolymers, 115,
117s

Polyethylene-co-α-olefin microstructure,
408

Polyethylene-co-butene-co-hexene
terpolymer, 406f

Polyethylene-co-butene (PEB), 69s
Polyethylene-co-hexene, 411f
Polyethylene-co-hexene copolymers, 411f
Polyethylene-co-vinylacetate copolymer,
412f

Poly(hexafluoropropylene oxide), 44f
Poly(3-hexylthiophene) (P3HT), 163
Polyimide composites, 107
Polyimides, 106
Polyisobutylene (PIB), 69, 79f, 80f
Polyisoprene (PI), 69s
Polyketone/nylon 6 (PK/PA), solid state

13C NMR, 85
See also Poly(vinyl isobutyl ether)

(PVIBE)/e-PL, solid state 13C NMR
Polymer-α-CD-IC, 275f
Polymer chain crowding, 157f
Polymer chain trajectory, iPP, 204f
Polymeric proton conductor dynamics, 27
Polymer melt, shear, 431
Polymer microstructure
application methodologies
analytical approaches, 376
integrated approaches, 377
kinetic simulation approaches, 378
simulation approaches, 377

overview, 371
Polytact, 378
statistical models
kinetic models, 375
one state models, 373
perturbed models, 375
two state models, 373

Polymer nanocomposites
characterization, 107
overview, 105
polyimide composites, 107

Polymers
bicelles, 221
diffusion NMR, 221
melt, 7
nanocomposites, 105
packing, 30
precise control of structure, with, 8
solution, 7
solution NMR methods, 37

Polymer structure
chain- ends, 38
defects, 41
monomer sequence, 39
stereosequence, 40

Polyolefins, 408
annealing effects, 185
crystallinity determination methods, 180
deformation effects, 186
domain size determination, NMR
spin-diffusion experiments, 185

overview, 179
phase composition analysis, NMR T2
relaxometry, 181

Poly(propylene)
double quantum signal, 433f
longitudinal relaxation time experiments,
434f

shear rate, 435f
Polypropylene-co-α-olefin applications,
409

Poly(propylene-co-1-octene), 58f
Polysaccharides, 344
Polytact, 378, 379f
Polyvinylethylene (PVE), 69s, 80f
Poly(vinylidene fluoride) (PVDF)
COSY spectrum, 367f
19F-13C HSQC 2D-NMR spectra, 366f
structure, 364f

Poly(vinyl isobutyl ether) (PVIBE)/ε-PL,
solid state 13C NMR
crystallinity and crystal size, 88
Gibbs-Thomson relationship, 88
impact resistence, 96
instruments, 320
measurements, 320
morphology, 96
overview, 85
See also Polyketone/nylon 6 (PK/PA),

solid state 13C NMR
Precise polyethylene, 28f
Protein-carbohydrate interactions
carbohydrate-protein interactions, 342
hydrated systems, 345
materials, 341
measurements, 341
overview, 337

31P solid-state NMR spectra, Aβ, 308f, 309f
Pulsed-field-gradient NMR, 254
Pulsed-field gradient (PFG) diffusion, 151
Pulse sequence, 45
direct polarization, 139f
double quantum NMR, 24f

PVA film
11B MAS spectra, 140f
1H wPMLG NMR spectra, 143f
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PVDF. See Poly(vinylidene fluoride)
(PVDF)

Q

Quantitative 1H melt-state NMR
spectroscopy, 412

Quantitative NMR, 2D-NMR, 51
Quantitative one-dimensional NMR, 41
data acquisition, 41
data processing, 43

R

Raman spectra, ε-PL, 325f
Random coil structural component, 284f
Random poly(ethylene-co- propylene), 184
Rapid LCB quantification, 408
Rates, 215f
REDOR plots, 284f
Reduced transbilayer diffusion coefficients,
242f

Reduced transbilayer water diffusion
coefficient, phospholipids, 236f

Regio-regular isotactic polypropylene, 409f
Regioregulated P3AT
differential scanning calorimetry, 165f
FTIR spectra, 166f
molecular dynamics, 163

Regioregulated P3BT
13C CPMAS NMR measurements, 166
13C CPMAS NMR spectra, 167f
13C spin-lattice relaxation time
measurements, 168

DSC, 163
FTIR measurements, 165
FTIR spectra, 166f
phase diagram, 176f

Regioregulated P3HT
13C CPMAS NMR, 170, 172f
13C spin-lattice relaxation time
measurements, 173

DSC, 163
FTIR measurements, 165
FTIR spectra, 166f
phase diagram, 176f

Rescaling applicability, 427
Resonance linewidth broadening
mechanisms, 497

Rf signal control
alternative lock channel, 60
homonuclear decoupling, 54
multiple receiver systems, 59

selective excitation, 52
sensitive detection, 57

Rigid-rod copolymers, 29
Rod-coil copolymers, scheme packing, 30f
Rubbers

13C-NMR spectra, 486f
HMQC spectra, 488f, 489f
1H-NMR spectra, 488f
latex state 13C-NMR spectra, 483f
solid-state 13C-NMR spectra, 491f
solid-state 1H-NMR spectra, 491f
stress-strain curves, 492f

S

Scalar coupling mediated method, 405
Scattering versus NMR, 34t
Schematic cross-section through, DMPC,
238f

Scheme packing, rod-coil copolymers, 30f
Segregated copolymer, 394t
Selective excitation, 52
Self-diffusion coefficient, 155t, 156t
CHAS tablet, 451f, 452f

SEM photomicrographs, 291f
Sensitive detection, 57
Sideband patterns, double quantum NMR,
24f

Side-chain conformation, 29
Side-chain conformational transition, 197f
Signal intensity, pulse length, 139f
Silk-based biomaterials
applications, 289
design, 287
fluorinated solvent effects, 291
modifications, 287
overview, 281
structural studies, 282

Silk-like peptide, 288f
Single-Gaussian RDC distributions, 218f
Small angle neutron scattering, 34t
Small angle X-ray scattering, 34t
Sodium nitride, stationary NMR spectra,
137f

Solid-state NMR, boric acid doped in PVA
11B MAS NMR, 135
interactions between boric acid and
polymer chains, 142

overview, 133
possible conformation, 145
quantitative analysis, 139

Solid-state NMR spectra, 22f
disordered structure, π-conjugated
polymers, 161
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1H, 117, 118f
1H MAS, 120s
isotactic-polyolefins, 191

Solution NMR methods, 37
hardware, 52
rf signal control, 52

new experiments
diffusion, 52
2D-NMR methodologies, 46
quantitative NMR, 51

polymer structure, 38
pulse sequences, 45
quantitative one-dimensional NMR, 41
data acquisition, 41
data processing, 43

Soybean seeds, 346
Spin interaction manipulation, 22
SSB spectral region, 129f
Static solid state NMR spectra, 22f
Stationary NMR spectra
borax, 137f
sodium nitride, 137f

Statistical models, NMR characterization,
374f

STE intensity decays, DMPE-PEG 2000
concentration, 233f

STE PFG 1H NMR spectra, normalized
diffusive intensity decays, 241f

STE PFG 1H NMR spectral series, 232f
Stereosequence, polymer structure, 40
Stimulated echo pulsed field gradient NMR
pulse sequence, 229f

Storage modulus, 110t
Structure-dynamics-properties
relationships, 7

Subject analysis, NMR, 4t
Swelling kinetics, CHAS tablet, 453f

T

Temperature dependence
correlation time distribution widths, 77f
polyolefins, 183

Temperature effect, melt-crystallized PE,
182f

T1H decay curves, 101f
Thermoplastic vulcanizates, i-PP, 184
tHFPO, 362f
T1H relaxation curves, PVIBE, 94f
TOCSY. See Total correlation spectroscopy
(TOCSY)

Total configurational entropy, 82f
Total correlation spectroscopy (TOCSY),
46f, 47

Transverse magnetization relaxation, decay
analysis, 182

Transverse relaxation function, 421
Two-dimensional NMR spectroscopy, 24

U

Ultrahigh charge carrier mobility, 30
Unit cell structure, iPP, 201f

W

Water uptake determination, 254
Wheat gliadin interactions, 342
Wide angle X-ray scattering, 34t

X

129Xe NMR, 510, 511f
glassy polymers, 517t
PS films, 515f

Xenon sorption
gas sorption properties, glassy polymers,
512

isotherms, 513
langmuir saturation constant, 518f, 519f,
520f

microvoid size determination, 514
overview, 509
129Xe NMR, 510
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