July 17, 2012 | http://pubs.acs.org
Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.fw001

NMR Spectroscopy
of Polymers in Solution
and in the Solid State

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



July 17, 2012 | http://pubs.acs.org
Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.fw001

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.fw001

July 17, 2012 | http://pubs.acs.org

ACS SYMPOSIUM SERIES 834

NMR Spectroscopy
of Polymers in Solution
and in the Solid State

H. N. Cheng, Editor

Hercules Incorporated Research Center

Alan D. English, Editor

DuPont Central Research and Development

American Chemical Society, Washington, DC

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



July 17, 2012 | http://pubs.acs.org
Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.fw001

QD 139 .P6N67 2003 c. 1

NMR spectroscopy of polymers
in solution and in the

Library of Congress Cataloging-in-Publication Data

NMR spectroscopy of polymers in solution and in the Solid State / H. N. Cheng, editor,
Alan D. English, editor.

p. cm.—(ACS symposium series ; 834)
Includes bibliographical references and indexes.
ISBN 0-8412-3808-1

1. Polymers—Analysis—Congresses. 2. Nuclear magnetic resonance spectroscopy—
Congresses

I. Cheng, H. N. II. English, Alan D., 1947- III. American Chemical Society. Division of
Polymer Chemistry, Inc. IV. American Chemical Society. . Meeting. (221% : 2001 : San
Diego, Calif.). V. Series.

QD139.P6 N67 2002
547°.7046—dc21 2002074775

The paper used in this publication meets the minimum requirements of American
National Standard for Information Sciences—Permanence of Paper for Printed Library
Materials, ANSI Z39.48-1984.

Copyright © 2003 American Chemical Society
Distributed by Oxford University Press

All Rights Reserved. Reprographic copying beyond that permitted by Sections 107 or
108 of the U.S. Copyright Act is allowed for internal use only, provided that a per-
chapter fee of $22.50 plus $0.75 per page is paid to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923, USA. Republication or reproduction for sale
of pages in this book is permitted only under license from ACS. Direct these and other
permission requests to ACS Copyright Office, Publications Division, 1155 16th St.,
N.W., Washington, DC 20036.

The citation of trade names and/or names of manufacturers in this publication is not to be
construed as an endorsement or as approval by ACS of the commercial products or
services referenced herein; nor should the mere reference herein to any drawing,
specification, chemical process, or other data be regarded as a license or as a conveyance
of any right or permission to the holder, reader, or any other person or corporation, to
manufacture, reproduce, use, or sell any patented invention or copyrighted work that may
in any way be related thereto. Registered names, trademarks, etc., used in this
publication, even without specific indication thereof, are not to be considered unprotected
by law.

PRINTED IN THE UNITED STATES OF AMERICA
RAmerican Chemical Sociaty
Library

In NMR Spectrosco MQMLM and in the Solid State; Cheng, H., et al.;
ACS SymposiuWY85hBZtong 0.1 2083B5ocicty: Washington, DC, 2002.



Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.fw001

July 17, 2012 | http://pubs.acs.org

Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books de-
veloped from 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 chem-
istry audience.

Before agreeing to publish a book, the proposed table of con-
tents 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 previ-
ously published papers are not accepted.

ACS Books Department
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Preface

NMR spectroscopy is a vibrant and still rapidly growing field. Its
utility as a research and as a problem-solving tool is well recognized.
One of the most fruitful areas of its application is polymer science. The
NMR spectroscopy field has attracted a large number of talented
scientists and is constantly being refreshed by fundamental research and
new improved methodologies. Because of the importance of polymers to
industry, substantial investment has been made in NMR spectroscopy in
industrial laboratories. Thus, excellent research work is being done not
only in academia and in government laboratories but also in industry.

In view of the rapid advances being made in this field, we
organized a three-day symposium at the 221* ACS National Meeting in
San Diego, California, on April 3-5, 2001. The symposium was very
successful, with 52 oral and poster papers and 45 presenters. Among the
participants were leaders and active researchers in this field, with
roughly equal representation from academia, industrial companies, and
government laboratories. Thus, the presenters brought different skills and
provided a balanced perspective as to the current practice of polymer
NMR. Another feature of the symposium was its international nature;
roughly 30% of the presenters came from outside the United States.
Indeed, some of the best work in this field today is being done in Europe
and Japan.

Because polymer NMR papers tend to be published in a number of
different journals, we thought it would be beneficial to assemble the
symposium papers into one book. This symposium volume is the result.
Hopefully this book will be a useful reference work for students and
practitioners of polymer NMR, as well as a practical handbook for many
state-of-the-art NMR techniques. A total of 31 chapters are included
herein, including an overview chapter (Chapter 1). For convenience, this
book is organized into five sections: solid-state NMR of polymers,
solution NMR of synthetic polymers, solution NMR of natural polymers,
combined NMR-separation techniques, and dynamics of polymers in
solution. '

xi
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We are thankful to all the contributors of this volume, who not
only took time to prepare the chapters but also observed the deadlines
and followed the format of the symposium volume. Special thanks are
due to Professor Peter Rinaldi who wrote an invited paper on 3D NMR
(Chapter 8). We are also grateful to the ACS Books Department for
agreeing to publish this symposium volume.

H. N. Cheng

Hercules Incorporated
500 Hercules Road
Wilmington, DE 19808-1599

Alan D. English

DuPont Central Research and Development
Experimental Station E356/103
Wilmington, DE 19880-0356
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Prologue

Two topics both alike in pedigree,

In polymer science where we lay our scene,
From ancient art evolve fresh artistry,
Attaining a success that’s unforeseen.

To the advancement of these same techniques
A lot of scientists dedicate their life,

Whose solid and solution work bespeaks

A field still flourishing and free of strife.

The lure of NMR, combined with love,

And popular usage and patronage,

Which, though impressive, has room to improve,
Is now this story with many a page;

The which if you with patient eyes attend,
What here shall miss, our toil shall strive to mend.

H. N. Cheng

A parody inspired by William Shakespeare’s Romeo and Juliet.

xiii
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Chapter 1

Advances in the NMR Spectroscopy
of Polymers: An Overview

H. N. Chengl and Alan D. English2

IHercules Incorporated Research Center, 500 Hercules Road,
Wilmington, DE 19808-1599
" 2puPont Central Research and Development, Experimental Station,
Wilmington, DE 19880-0356

NMR spectroscopy is being used extensively to study both
synthetic and natural polymers. Many techniques and
methodologies have been developed, and these have been
applied to a large number of polymeric systems. An overview
is provided here of the recent advances in this field, coverisg
both liquid-state and solid-state NMR. For illustration,
pertinent examples are taken from selected publications in the
literature and from the papers included in this symposium
volume.

NMR spectroscopy is a well-known and popular technique for polymer
characterization. The literature on this topic is vast and continues to grow. For
example, according to Chemical Abstracts the number of publications containing
“NMR” and “polymer” as the key words has hovered around 600 per year in the
last few years.

© 2003 American Chemical Society 3
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In the past 4-5 years, quite a number of relevant review articles and books
have appeared. These included general reviews on NMR of polymers (1-10),
reviews on solid state NMR (7/-15), solid state multidimensional techniques
(16-19), spatially resolved techniques (20), solid state NMR studies of polymer
dynamics and structure (21), hydrated polymers (22), vulcanized elastomers
(23), crosslinked polymers (24), and polymer networks (25). Reviews have also
been written on polymer gels (26-28), polymer colloids (29), polymer-surfactant
systems (30), and polymers on surfaces (3/).

In liquid state NMR, other than the general reviews noted above, reviews
have appeared on chemical shift calculations (32) and on computer-assisted
approaches (33). In addition, the NMR of polypropylene (34) and dienes and
polyenes (35) has been specifically reviewed.

NMR imaging has been increasingly applied to polymeric materials.
Several reviews have appeared (36-41).

In this article, an overview is given of this field, with an emphasis on the
development of new or improved techniques and methodologies. In order to
narrow the scope, only solution and solid state NMR techniques are covered.
The polymeric systems chosen as examples are taken from the literature and
particularly from the papers included in this symposium volume (42-71). Also
included are selected preprints taken from the papers presented at the
international symposium on High Resolution NMR Spectroscopy of Polymers
held at the ACS National Meeting in April, 2001 in San Diego, CA (72-87).

Solution NMR

The use of solution NMR for polymer analysis has become routine in many
laboratories. NMR is used to monitor the extent of a reaction, to check the
purity of polymers, to identify unknown materials, and to study polymer
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microstructure, dynamics, and interactions. Because of its wide usage, a large
number of new or improved techniques and methodologies continue to appear.
A summary of many of these developments is given below.

1. Multidimensional NMR

Since its introduction to polymer studies in the early 1980s, two-
dimensional (2D) NMR (88) has continued to surprise and to delight NMR
spectroscopists with the range and the depth of its problem-solving ability. This
technique has become widely practiced and is commonly being used (89). In
this volume Newmark has reviewed some of the standard 2D experiments and
compared their performance (54). Brar et al. have applied 2D experiments to
poly(vinyl alcohol) (53) and to acrylonitrile copolymers (52). Chai et al. have
reported a 2D NMR study of polyurethane dendritic wedges (5/). Xu et al. have
used 2D NMR to assign the NMR spectra of ethylcellulose (65). In their
spectral assignments of polypropylene, Segre et al. have obtained relevant 2D
NMR data (55). 2D NMR has also been used in the papers by Martinez-Richa
(39), Sachinvala et al. (64), and Yang et al. (58).

Three-dimensional (3D) NMR is an upcoming area that holds a lot of
promise. Peter Rinaldi, who is an acknowledged leader in 2D and 3D NMR, has
written a timely and authoritative review in a special Invited Paper (48). In
addition, he and his coworkers have used 3D NMR and triple resonance methods
to study poly(dimethylsiloxanes) (50), and fluoropolymers (49).

2. Hyphenated Techniques

One of the research trends in analytical chemistry is the combining of
analytical techniques, and polymer chemistry is no exception. In fact, combined
fractionation-NMR (off-line) has been around for many years (90). Recently,
many papers have appeared, coupling NMR to SEC and LC, either off-line or
on-line. An off-line SEC-NMR investigation of several copolymers has been
reported by Montaudo et al. (68). On-line SEC-NMR studies have been made of
polymer mixtures by Wu and Beshah (67), and of alginates by Neiss and Cheng
(69). On-line HPLC-NMR has been used for oligomer analysis by Hiller and
Pasch (66). On-line liquid chromatography critical adsorption point (LCCAP)-
NMR has been employed to study tacticity distribution of poly(ethyl
methacrylate) by Ute et al. (84).

In the literature, supercritical fluid chromatography (SFC)-NMR has been
engaged for the analysis of plasticizers (9/). Off-line capillary electrophoresis-
NMR has also been reported, and a recent review is available (92).
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3. Isotopic Labeling

Isotopic labeling is a very useful technique in NMR studies of polymers.
For example, >C NMR studies of polymers and copolymers prepared using "°C-
enriched initiators have been carried out to obtain information about the chemo-,
regio-, and stereo-selectivity of radicals derived from such initiators (93-95). In
addition, '°F and *'P labeling has permitted the studies of chain ends obtained
from "F and 3 lP-containing initiators and chain transfer agents (72,95).

C and ?H labeling has been one of the methods employed to study the
reaction mechanism of cationic ring-opening copolymerization of trioxane and
dioxolane (73). In the literature, specific >C labeling has been used for Ziegler-
Natta and metallocene catalysis in order to probe reaction mechanism (96).
Segre et al. have employed BC-enriched CO to quench propylene
polymerization and to determine the structure of active chain ends (55).

Isotopic labeling can facilitate relaxation studies of polymers. In their
relaxation studies, Blum and Durairaj have used “H labeling on their
polyacrylates (70). Luther et al. have labeled their polyphosphazenes with °N in
their work (71).

4. Theoretical Modeling

One of the advantages of NMR in polymer solution studies is the wealth of
information available. A NMR spectrum may contain information on polymer
microstructure, polymerization mechanism, side reactions, compositional
heterogeneity, and (sometimes) molecular weight. Frequently, the challenge is
to interpret the spectrum, to extract the relevant information, and to maximize
the information content. One way whereby this can be accomplished is through
theoretical modeling. This can be carried out, for example, for the polymer
structure, polymerization statistics, and reaction kinetics.

The use of statistical models to interpret (and to rationalize) NMR tacticity
and sequence data is well established (97,98). In this volume the
enantiomorphic-site model has been used by Segre et al. in their studies of
polypropylene at high fields (55). A two-site model has been employed by
Shimozawa et al. to observe the effects of internal donors in propylene
polymerization (56). Other models for polyolefins have been reported in the
literature, e.g., the multi-site model (99), the dual catalytic-site/chain-end model
(100), the perturbed model (101), the consecutive two-site model (102), the four-
component model (703), and the chain end model (104).
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A recent theoretical development is the use of NMR to study compositional
heterogeneity. Two approaches can be used: 1) perturbed Markovian
(continuous) model (105), and 2) multi-component (discrete) model (99). Neiss
and Cheng have applied the discrete model to the SEC-NMR data of alginates
(69). In an earlier work, the NMR data of alginates have also been fitted to a
continuous model (7106).

5. Computer-Assisted Methodologies

Computer methods have often been engaged for polymer microstructural
studies (33). A common methodology is to use the computer to fit the observed
data to a given theoretical model (model-fitting or analytical approach).
Examples are the data treatment given in the papers by Segre et al. (55),
Shimozawa et al. (56), and Neiss and Cheng (69). An alternative method is to
simulate or to predict the observed data (simulation or synthetic approach). The
data may be the NMR spectrum (/07), NMR tacticity or sequence intensities
(108), or the chemical composition distribution (/09). Examples in the literature
include polystyrene tacticity (using a statistical model) (710) and low-density
polyethylene (using a kinetic model) (111).

Molecular modeling and conformational analysis has been used by
Martinez-Richa et al. to determine the minimum-energy conformers in
polyimides (59). Molecular modeling has also been employed for the
conformational analysis of polyisocyanate model compounds (85). A review
article on NMR conformational analysis has recently appeared (712).

In the identification of unknown polymers, it is often necessary to search an
appropriate spectral library. Computer methods have been reported that help in
this search (1/3,114). Many other papers have also reported the use of
computers in various contexts, but space limitations preclude a comprehensive
coverage here.

6. Relaxation Studies

The use of NMR relaxation in polymer solutions is well known (715). This
is an excellent technique to study polymer chain dynamics (7/6),
polymer/polymer, polymer/solvent, polymer/additive interactions (7/7), and
phase transitions (118).

In this volume, Blum and Durairaj have used “H relaxation to probe the
dynamics of deuterated polyacrylates in concentrated chloroform solutions (70).
Luther et al. have carried out °N and T, relaxation studies to elucidate the
interaction between lithium ions and ""N-labelled polyphosphazenes (71).
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Baianu and Ozu have used low-field relaxation data (together with high-
resolution 'H and "C spectra) to study the gelling mechanism of glucomannans
in water (63).

7. Other Methods

Because of the need for spectral assignments, the prediction of chemical
shifts remains an active area of research. Two popular methods are y-gauche
rotational isomeric state (RIS) model (7/9) and the empirical additive shift rules
(120,121). For example, in their polyester work, Fawcett e al. have derived
empirical additive shift rules that pertain to their polymeric system (57).

Diffusion measurements continue to be a recurring theme in the NMR
literature. Quite a few papers have been published on diffusion in polymer
solutions, mostly with the pulsed field gradient (PFG) technique (722).
Diffusion-ordered spectroscopy (DOSY), a 2D method based on PFG, has been
used on several polymer systems (123). A different approach to diffusion
measurement has also been reported (124).

An exciting technique is rheo-NMR, being further developed by Callaghan
(125). TIn this way the NMR behavior and rheology of complex fluids can be
studied. An alternative method is the use of NMR imaging to study polymer
theology (126).

Another development is nano-NMR, which uses a probe containing a small-
volume sample cell that rotates at ~ 2 kHz about the magic angle. This
technique is suitable for studies of heterogeneous samples as well as for samples
that are limited in quantity. This has been successfully applied to carbohydrates
(83).

An interesting trend is the increasing use of in situ NMR to study
polymerization Kinetics, curing reactions, or to determine the comonomer
reactivity ratios (127). High-pressure, high resolution 'H NMR has been
employed to study polymer/solvent interactions in poly(1,1-hydroperfluorooctyl
acrylate) and its copolymer with styrene (128).

8. Application Areas

In view of its problem solving ability, it is not surprising that liquid-state
NMR has been applied to a wide range of polymeric materials. A relatively
comprehensive review of the different polymer types has recently appeared (1).
A brief survey is given below.
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a. Addition Polymers

These polymers have been widely studied by NMR. In general, there are
several types of information available, depending on the polymer in question.
- stereochemistry, e.g., homopolymer tacticity
- regiochemistry, €.g., normal or inverted monomer addition
- comonomer sequence placement (in copolymers)
- compositional and tacticity heterogeneity
- molecular weight effects, e.g., chain end structures in low-
molecular-weight polymers
- branching and crosslinked structures
geometric isomerism, e.g., cis and trans isomers in polydienes
Addmon polymers reported in this volume include fluoropolymers (49),
polypropylene (55,56), polystyrene (66,67), polyacrylates (54,70), styrene-ethyl
acrylate copolymer (66), styrene-methyl methacrylate copolymer (67,68), and
acrylonitrile copolymers (52).

b. Condensation Polymers

Condensation polymers are easily amenable to NMR analysis. However, the
information content is variable, depending on the polymer structures involved.
There are several examples of condensation polymers in this volume:

i. Polyesters (57)

ii. Polyurethanes (51)

iii. Polyimides (59)

iv. Polysiloxanes (50)

v. Phenolic polymers (60)

¢. Ring-Opening Polymers

Examples given in this volume are the papers by Yang (on the cationic
copolymerization of trioxane and 1,3-dioxepane) (58) and by Luther (on BN-
labelled polyphosphazenes) (71). Poly(ethylene oxide) is also included in the
HPLC-NMR studies by Hiller and Pasch (66).

d. Natural polymers

The use of NMR for natural polymers is widespread. A large part of the
effort has been directed towards proteins and polynucleotides. Two excellent
examples are given in two preprints (81,82). Similarly, the polysaccharide area
has its share of NMR studies. In this volume, Bush has expounded the origins of
the flexibilities of complex polysaccharides (61). Huckerby et al. have carried
out a careful structural investigation of keratan sulfates using NMR (62), and
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Neiss and Cheng have studied the microstructure of alginates and related it to the
action of enzymes (69). Baianu and Ozu have examined the gelling mechanism
of konjac gum and its interactions with proteins (63). Other studies include
bacterial exopolysaccharides (86) and oligosaccharides (83,87).

e. Polymer Reactions

Frequently the polymers found in nature or made commercially need some
improvements in their end-use properties for specific applications. In such
cases, modification reactions can be made on the polymers. A notable case is
cellulose, which is insoluble in water and in most organic solvents. Suitable
reactions are done industrially to convert it to esters or ethers. Sachinvala ez al.
have synthesized a number of di- and tri-substituted cellulose ethers and
characterized them by NMR (64). Xu et al. have used 2D NMR to analyze ethyl
cellulose, a commercial polymer (65). Newmark has used 2D NMR to study
cellulose acetate butyrate (54). Other uses of NMR to study polymer reactions
have been reviewed elsewhere (129).

Solid State NMR

1. General Comments

A variety of NMR methods can be used to characterize the structure and
dynamics of polymers (both synthetic and naturally occurring) over a wide range
of length and time scales. The length scales probed correspond to: 1) the
primary chemical structure of the macromolecular chain (monomer content,
sequencing, tacticity, etc.), 2) the secondary structure which is usually a two
dimensional ordering such as a hydrogen-bonded sheet, and 3) the tertiary
structure such as globular folding in proteins or the three dimensional crystal
structure. Beyond these length scales, that are appropriate for individual
molecules, are length scales that are characteristic of the morphology and/or
phase structure.

Characterization of the polymer primary structure is best carried out using
solution NMR methods due to the increased spectral specificity of ‘solution’
NMR methods as compared to solid state NMR methods. ‘Solution’ NMR
methods here includes solutions, gels, dispersions, melts, etc. Any method
involving dilution, dispersion, increased temperature, etc. that will introduce
sufficient motion into the polymer chain such that the unwanted nuclear spin
interactions can be averaged to their trace values (zero for dipolar, isotropic
chemical shift for the chemical shift anisotropy, scalar coupling for the indirect
dipolar interaction, and zero for quadrupolar), on a sufficiently short time scale,
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will advance the ability to observe a ‘solution” NMR spectrum. For many
naturally occurring polymers and all thermoplastic synthetic polymers, solution
NMR methods are the best approach. For a few naturally occurring polymers
(45,46) and most thermosetting (43) synthetic polymers, it can be impossible to
obtain a ‘solution’ NMR spectrum without significantly modifying the backbone
structure. In these cases, even for the characterization of the primary chemical
structure of the molecule, solid-state NMR methods may be required. A classic
comparison of the information available from solution and solid state >°C NMR
methods is available (130). For determination of the primary chemical structure
in the solid state the primary experiment utilized is the cross-polarization magic
angle spinning (CP/MAS) “C NMR experiment. This experiment and a variety
of other solid state NMR experiments are lucidly described in a book (131).

Investigations of the secondary or tertiary structure of polymers cannot be
carried out with solution NMR methods because the very act of ‘dissolution’
destroys these structures. The chain conformation of a polymer that is intimately
associated with another material, such as an inclusion complex (44), and the
phase structure of a blend (42) are two examples of the importance of longer
length scale structures requiring that the structure at all length scales be
determined in the solid state.

Furthermore, characterization of the molecular dynamics must be carried out
in the solid state if the objective is to understand the dynamic structure in the
solid state (47). This information can be related to other relaxation methods
such as anelastic and dielectric relaxation to develop an understanding of a
variety of properties such as toughness, permeability, secondary/tertiary
structure, and structure/property/processing relationships.

2. Experimental Techniques

Solid state NMR is a vibrant and exciting field where many new techniques
appear regularly. An overview of some selected techniques is given here.

a. Techniques for Polymer Structure and Conformation

The solid state NMR spectrum tends to have broad lines because of
chemical shift anisotropy and dipolar and quadrupolar couplings (11,15,130-
134). The use of high-power dipolar decoupling, cross polarization (CP) and
magic angle spinning (MAS) to produce high resolution "C spectra and to cut
down on the instrument running time is well known (/35). Likewise, the
combined rotation and multi-pulse (CRAMPS) experiment can permit 'H spectra
with narrower linewidths to be obtained (736). Recently, with increasing
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spinning rates (up to 50 KHz), MAS alone can sometimes produce relatively
narrow lines in the 'H solid state spectra (14,137).

For these high-resolution solid state spectra, many techniques analogous to
those used in solution NMR can be applied. For example, 2D HETCOR
experiments have been achieved using several pulse sequences (738). 2D double
quantum correlation NMR (equivalent to 2D inadequate in solution and
requiring *C-labelled spin pairs) has been found to be a good technique to study
chain conformations in the solid state (/39). Homonuclear 'H-'"H double
quantum MAS experiment has been used to get detailed structural information
for several chemical systems (140).

In addition, the rotational-echo double resonance (REDOR) is a powerful
technique to determine distances between two hetero-nuclei (141). Methods
have also been developed that permit the detection of torsional angles (742).

b. Techniques for Polymer Morphology

A major application of solid state NMR is the study of polymer morphology.
Information potentially available includes the amount and orientation of
crystalline phases in semi-crystalline polymers and the domain sizes in phase-
separated polymeric systems. For the determination of crystallinity, a common
method is to measure T, relaxation in '"H NMR (or *H NMR for deuterated
polymers). The relaxation data can often be resolved into two (or more)
components, which may correspond to magnetization arising from crystalline
and amorphous phases (71/-15,130-134). The development of the maximum
entropy regularization method has permitted more facile and less subjective
analysis of the data (/43). In optimal cases, multiple components can be
identified.

An alternative approach is to determine the crystalline content from the solid
state NMR spectra. For example, this can sometimes be done from *C NMR
spectra with MAS or CP/MAS experiments. Another way to study semi--
crystalline polymers is '**Xe spectroscopy, whereby the degree of crystallinity,
free volume, and the presence of micropores in polymeric materials may be
ascertained (744).

NMR is particularly suited for the measurement of domain sizes in the range
of 5 — 200A (145), which can be probed with a spin diffusion experiment, e.g.,
Goldman-Shen sequence (146) and dipolar filter pulse sequence (/47). The use
of multidimensional techniques to study length scales in heterogeneous polymers
has been previously reviewed by Spiess (148).

¢. Techniques for Polymer Dynamics

Among the most popular methods to study polymer dynamics are the

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
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relaxation times, Ty, T,, T),, and Tcy, and nuclear Overhauser effects (NOE)
(11-15,130-134). T, and NOE are sensitive to higher frequency motions (10%-
10'%s), whereas T, and Ty are sensitive to lower frequency motions (100-105 s).

A second group of techniques may be called “lineshape analysis.” Simple
methods entail the measurements of linewidths or second moments as a function
of temperature. More sophisticated methods involve the analysis or the model
fitting of spectral lineshapes. A prominent method is 1D *H lineshape analysis
for deuterium-labeled polymers, which is sensitive to motions in the frequency
range of 10*-107 s (149). The 2D wideline separation NMR (WISE) experiment
permits correlation of the *C high resolution spectrum with the wideline 'H
spectrum, which provides dipolar information (71,150). The 'H linewidth is a
function of the frequency of the polymer motion relative to the time scale of
dipolar couplings.

For low-frequency motions (10°-10* s), the 2D *H exchange experiments are
useful techniques (719). Other exchange experiments are also informative, e.g.,
the one-dimensional exchange spectroscopy by sideband alternation (ODESSA)
(151), time-reversed ODESSA (152), and centerband-only detection of exchange
(CODEX) (153). Many advanced techniques are given in a recent, excellent
review by Brown and Spiess (14).
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Chapter 2

Solution and Solid-State NMR Characterization
of Ethylene Oxide—Propylene Oxide Composites
for Ultra-Low Dielectric Constant Applications
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*Corresponding author: mirau@bell-labs.com

High-resolution proton and silicon NMR has been
used to study structure formation in solution mixtures of
ethylene oxide/propylene oxide triblock copolymers and
methyl silsesquioxane. These mixtures are precursors to ultra
low dielectric constant films used in the fabrication of
integrated circuits. The solution NMR results show that
micelle formation is suppressed during solvent casting and
curing of the films, and that miscibility is enhanced by the
interactions of both the ethylene oxide and propylene oxide
blocks of the triblock copolymer with the methyl
silsesquioxane matrix.

The continued improvement of integrated circuits and the decreased
size of new devices are the result of advances in materials chemistry,
photolithography and device design. As the devices shrink, however, the
distance between wires decreases and the performance is limited by increases in
the circuit response time, power consumption and cross talk between the wires
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(1). These problems can be minimized by using a packaging material with a
lower dielectric constant (k). The current materials of choice, silicon dioxide,
has a dielectric constant of 4 and will not be suitable for the next generation of
devices with feature sizes below 100 nm. Most organic materials have dielectric
constants greater than 3, so it is difficult to design ultra low-k materials without
taking advantage of the low dielectric constant of air (k=1) by introducing pores
(2,3). Pores can be created by the thermal treatments of composites containing
high boiling point liquids (4) or polymers (3), where the organic material is
either evaporated or burned away.

We have been exploring the possibility of using block copolymers as
templates to control pore formation in composites that are precursors to ultra
low-k films (5). Block copolymers are of interest since they are commercially
available for a wide variety of monomers with well-controlled molecular weights
and polydispersities, and it is possible to control the film morphology with the
proper choice of monomer, molecular weight or architecture.

In the current studies we have prepared precursors to ultra low-k films
using methyl silsesquioxane as the matrix and poly(ethylene oxide-b-propylene
oxide-b-ethylene oxide) triblock copolymers as porogens. The triblock
copolymers have been extensively studied, and the aggregation behavior and
morphologies are known to depend on the block lengths and molecular weights
(6). Methyl silsesquioxane, which has the empirical formula CH;-510, 5, is of
interest as a matrix material because it has many of the favorable qualities
required for low-k dielectrics, including good thermal stability, low moisture
uptake and a relatively low dielectric constant (2.6-2.8) for the bulk films (3).
We are hoping that the amphiphilic properties of the triblock copolymers will
allow us to control the pore formation in the methyl silsesquioxane composites.
The best films for low-k applications are expected to be those with small (nm-
sized), isolated pores, since this morphology is expected to have the best
mechanical strength and would provide little opportunity for metal diffusion
from the surface.

Methods and Materials

The triblock copolymers of poly(ethylene oxide-b-propylene oxide-b-
ethylene oxide) L101 (EO4—P059-EO4), P103 (EO]TPOG()-EO”), and F88 (EO]Q:;-
PO35-EO¢3) were obtained from the BASF Corp. The methy! silsesquioxane
precursor was obtained from Techneglass as a neat solution or as a 30 wt%
solution in a mixture in n-butanol and ethyl alcohol. The GPC analysis of the
methyl silsesquioxane showed a number average molecular weight of 1668 and a
polydispersity of 3.2.
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The solution NMR experiments were performed at 500 MHz using a
Tecmag Apollo NMR spectrometer. Hypercomplex pure-phase two-dimensional
spin exchange spectra were measured using the (90°-t;-90°-1,,-90°-t,) pulse
sequence (7,8).

Results

Proton NMR in solution has been used to study composite formation in
mixtures of ethylene oxide/propylene oxide triblock copolymers and methyl
silsesquioxane. The porous films for low constant applications are prepared
(Figure 1) by mixing the polymers and methy] silsesquioxane in butanol
followed by spin casting (5). The film is then heated to 120°C to condense the
methyl silsesquioxane into a relatively rigid network. After the matrix has been
cured, a high temperature treatment (> 400 °C) is used to remove the polymer
and obtain the final porous film.

St e Cure >120°C ® ®
B> > » e
@ A0 v e e e
o
Mixing/Spin Coating Gelation
T >400°<7
o
(@) o ©
OO0
S (@)

Pore Formation

Figure 1. A schematic diagram showing casting and curing of the ultra low
dielectric constant films. The films for devices are cast on silicon wafers.

The polymer and matrix components must be carefully chosen to obtain
films with small, isolated pores. This can be accomplished by choosing
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Figure 2. The solution (left) and solid-state (right) silicon NMR spectra of
methyl silsesquioxane before and after heating to 120°C for 1 hour.

polymers that remain miscible with the methyl silsesquioxane as the film is
cured. Polymer miscibility has been extensively studied and most mixtures of
polymers are not miscible unless there are favorable interactions between the
chains that drives miscibility (9). It is especially difficult to obtain miscible
methyl silsesquioxane films because the film properties change significantly
during the cure. This is illustrated in Figure 2, which shows the silicon spectra
for the methyl silsesquioxane polymer before and after temperature treatment at
120 °C. Two peaks are observed in the silicon spectrum of the methyl
silsesquioxane before heat treatment that can be assigned to the so-called T> and
T? sites, silicons attached to a methyl group with either two or three Si-O-Si
bridging groups. These spectra show that the methyl silsesquioxane starting
material contains high concentrations of hydrophilic hydroxyl groups and
hydrophobic methyl groups. The polarity of the matrix changes substantially as
the hydroxyl groups are lost during the cure, making it difficult to maintain the
miscibility with the polymer as the film cures.

Much of the interest in ethylene oxide/propylene oxide block
copolymers is due to the fact that these polymers are able to self-assemble in
solution (6). The polymers can have complex phase diagrams (10) and have
been used to template the formation of ordered structures in mesoporous silcas
(11). The self-assembly of the triblock copolymers can be monitored by NMR,
since the formation of micelles and other structures affects the chain dynamics
and the NMR linewidths. This is illustrated in Figure 3 which shows the solution
spectra for L101 (EO,-POso-EO,) in *H,0 as a
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Figure 3. The effect of temperature on the proton NMR spectra of P103 in
2
H,0.

function of temperature. At low temperature the polymer adopts a random coil
configuration and narrow linewidths are observed both for the methyl protons of
propylene oxide and the main chain methylene and methine protons of the
propylene oxide and ethylene oxide. As the temperature is increased, the
linewidths also increase, particularly for the propylene oxide resonances. It is
known from other studies (6) that the triblock copolymers form micelles, and
these changes can be monitored from the proton linewidths. At ambient
temperature the triblock copolymer forms micellar structures with a propylene
oxide interior and a corona of ethylene oxide. Unfortunately the micelles (30-50
nm) are much larger than the pores required for the ultra low dielectric constant
films.

The low-k films are prepared by solution casting the methyl
silsesquioxane and the triblock copolymers mixtures from butanol. The size and
distribution of polymer domains in the film will depend on the degree to which
the polymer self-associates. Figure 4 shows the solution proton NMR spectra of
the P103 triblock copolymer (EQ;;-POgy-EO,7) mixed with methyl
silsesquioxane in butanol-d;o. The important feature to note is the narrow line
widths for the polymer methyl and main chain resonances. Both sets of peaks
are narrower than the broad peaks shown in Figure 3 for the triblock
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Figure 4. The solution proton NMR spectrum of the 50:50 methyl
silsesquioxane: PO13 mixture in butanol-d,,.

copolymer micelles. These experiments show that the casting solvent
suppresses micelle formation.

The results for the butanol solution show that micelles are unlikely to
form in the initial solvent mixture. As the film is cast-and heated, the
environment for the polymer changes substantially as solvent is driven off and
the hydroxyl groups on the methyl silsesquioxane are condensed. To study the
effect of the solvent loss we prepared a neat sample of the methyl silsesquioxane
and the 1101 triblock copolymer (EO4-POso-EQ,). We were able to study the
solution structure of the neat mixture because the L101 has a low ethylene oxide
content and is liquid-like at ambient temperature. Figure 5 compares the
solution spectra of the neat L101, the neat methyl silsesquioxane and the 50:50
mixture. Again we note the narrow lines for the polymer peaks, suggesting that
micelle formation is also suppressed in the neat mixture with methyl
silsesquioxane.

The ethylene oxide/propylene oxide triblock copolymers were chosen
to maintain miscibility as the composite cures. To achieve this, it is necessary to
have favorable interactions between the polymer and the matrix, even as the
matrix becomes more hydrophobic. We have explored the intermolecular
interactions between the matrix and the polymer using two-dimensional (2D)
exchange NMR (7) on the neat mixture, and Figure 6 shows the 2D exchange
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Figure 5. The 500 MHz proton NMR spectra of (a) neat methyl silsesquioxane,
(b) the 50:50 methyl silsesquioxane:L101 mixture, and (c) neat L101. Residual
solvent lines are marked (s).

spectrum recorded with a mixing time of 0.25 s. The peaks along the diagonal
can be assigned to the peaks in the equilibrium spectra (Figure 5(b)). The off-
diagonal peaks arise from magnetization exchange during the mixing time
between pairs of protons in close (> 5 A) proximity (12,13). Several
intermolecular cross peaks are observed, including those between the methyl
silsesquioxane methyl protons, the propylene oxide methyl protons, and the
ethylene oxide and propylene oxide main-chain methine and methylene protons.
The strength of the intermolecular interactions can be evaluated by comparing
the relative intensities of the cross peaks in the 2D spectrum with the equilibrium
spectrum. These data are compared in Figure 7 for the cross peak between the
methyl silsesquioxane methy! protons and the main-chain ethylene oxide and
propylene oxide protons enclosed in the box in Figure 6. The equilibrium
spectrum (Figure 7(b)) for the mixture shows well-resolved peaks for the
methine and methylene peaks for the propylene oxide and the methylene peaks
for the ethylene oxide block. Since the L101 triblock copolymer has a low
ethylene oxide fraction, the methylene peak for ethylene oxide is smaller than for
the propylene oxide. The cross section through the 2D spectra (Figure 7(a))
shows cross peaks to both the propylene oxide and ethylene oxide protons,
showing that the methyl silsesquioxane is favorably interacting with both the
ethylene oxide and propylene oxide blocks in the triblock copolymer. However,
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Figure 6. The 2D exchange spectrum of the 50:50 mixture of methy!
silsesquioxane and L101 obtained with a 0.25 s mixing time. The solvent lines
are marked (s).

the cross peaks to the propylene oxide block are enhanced relative to the
ethylene oxide block when compared to the equilibrium spectrum. This shows
that the propylene oxide block interacts more strongly with the methyl
silsesquioxane than does the ethylene oxide.

Discussion

We have been designing films for low-k applications by using ethylene
oxide/propylene oxide triblock copolymers as templates in porous films (5). The
goal of this research is to discover polymers that phase separate from the matrix
by forming small, isolated domains. The polymers are then removed in a high
temperature step to generate the final porous material with a low dielectric
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Figure 7. Comparison of (a) cross sections through the 2D exchange specta of
the methyl silsesquioxane cross peaks with the (b) equilibrium spectra. The
solvent lines are marked (s).

constant. The size and distribution of the pores are determined by the polymer-
matrix interactions as the composite is cured.

Ethylene oxide/propylene oxide triblock copolymers have been
successfully used to template pore formation in ultra low-k films, and dielectric
constants as low as 1.5 have been observed with polymer loading levels of 50
wt% (5). These films have good mechanical properties, a high breakdown
voltage and a low moisture uptake. We have characterized the films with high-
resolution solid-state proton NMR and found that the triblock copolymers form
nm-sized core-shell structures with the propylene oxide block at the interface
between the ethylene oxide block and the methyl silsesquioxane matrix (14).

In these studies we have used solution NMR to study structure
formation and the intermolecular interactions between the polymer and the
matrix during the cure that affect the miscibility. The triblock copolymers form
micelles in aqueous solution with the propylene oxide block at the center and the
ethylene oxide block at the exterior (6), and micelle formation can be monitored
via the proton linewidths. The NMR studies show that the triblock copolymers
do not form micelles in the butanol solutions used for solution casting films of
the low-k dielectrics, or in neat mixtures of the triblock copolymers with the
methyl silsesquioxane. The methyl silsesquioxane starting material contains a
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high concentration of hydroxyl groups and become progressively more
hydrophobic as the matrix cures. The 2D exchange NMR experiments on the
neat mixture shows that both the ethylene oxide and propylene oxide blocks of
the triblock copolymer interact with the methyl silsesquioxane starting material,
but the interactions with the propylene oxide block are stronger. We believe that
it is the favorable interactions between the methyl silsesquioxane and the triblock
copolymer that promote miscibility as the system cures. The triblock copolymer
remains miscible until late in the curing when the condensation of the matrix
forms a rigid barrier that inhibits aggregation of the triblock copolymers into
larger domains. The observation that the propylene oxide interacts more
strongly with the matrix is consistent with the structure of the composite
measured by solid-state NMR which shows that that propylene oxide block is at
the interface in the cured composites (14).
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High-Temperature Solid-State NMR of Cross-
Linked, Insoluble, and Unswellable Polymers
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St. Paul, MN 55144

The use of solid-state magic-angle spinning (MAS) and
variable temperature (VT) NMR techniques as routine
molecular structure characterization tools to analyze insoluble,
high M.W., and/or cross-linked polymers is demonstrated.
Increasing the mobility in the polymers by either swelling in a
solvent and/or by elevation of temperature leads to narrow
resonances with isotropic chemical shifts in MAS NMR
spectra. Current instrumental capabilities of solid-state NMR
spectrometers to acquire MAS spectra at temperatures up to
250 °C enable NMR measurements at temperatures wherein
the mobility of the polymers is high and the material is
viscous. In a viscous state, the T, time of a polymer is shorter
than in a dilute solution or in an amorphous state. Combined
with MAS, the viscous sample has long T, time (narrow
resonances) and significantly reduced chemical shift
anisotropy (CSA) such that spinning side bands are often not
significant. Such line narrowing allows rapid acquisition of
reasonably  well-resolved  proton, fluorine, carbon,
phosphorous, or silicon NMR spectra of insoluble materials
for their molecular structure characterization.
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Chemical shifts of resonances obtained in solution NMR spectra have been
routinely used for molecular structure identification and characterization of the
organic solutes. In solution, the organic solutes undergo motion in all degrees of
freedom including rotation and translation movement that is faster that the time
scale of NMR measurement, viz. microseconds. As a result, the observed
resonance is at the isotropic chemical shift, which is representative of the
molecular structure and electronic environment averaged over all orientations
with respect to the By (static magnetic field) direction. The relative intensities of
the various resonances are usually representative of the relative mole fractions of
the respective nuclei in the solution.

During NMR measurements of rigid and semi-rigid materials, the rotation
and translation motions are not rapid enough to average out the orientation
dependent effects. In such cases, chemical shift anisotropy (CSA) and spin-spin
dipolar coupling effects lead to a broad range of resonances and multiple overlap
of resonances. Solid-state NMR spectrometers use magic-angle-spinning (MAS)
to mechanically average over all orientations, which leads to reduction of CSA
and spin-spin dipolar coupling effects. In rigid systems, the use of BC cross-
polarization NMR from 'H spin magnetization has been quite effective.
However, if the material is not well ordered or highly crystalline, the CP-MAS
spectral resonances are significantly broader than those observed in solution
NMR spectra. Disorder in the rigid material under investigation often broadens
the NMR resonances to a point where molecular structure identification can be a
challenge. Here we discuss NMR techniques that can be used routinely and
rapidly to identify and analyze rigid and semi-rigid materials by obtaining NMR
spectra of Y% spin nuclei with relatively narrow resonances at their isotropic
chemical shifts.

Experimental

Solid-state NMR spectra were acquired by spinning the sample in
Chemagnetics MAS probes at speeds of 6 kHz — 12 kHz in a 5 mm rotor or 15
kHz — 25 kHz in a 3.2 mm rotor. Varian INOVA wide bore 400 MHz
spectrometer was used. Data were acquired at temperatures between 22 °C and
250 °C. Unless specifically mentioned, pulse sequences employing single pulse
Bloch decay measurements were used. *C NMR spectra were acquired with less
than 67° tip angle and proton cw decoupling during acquisition, while proton
NMR spectra were acquired with less than 25° tip angle.
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FT-NMR and Magic-Angle-Spinning

In order to discuss the effect of temperature on MAS-NMR spectra of
polymers, it is necessary to develop a frame of reference. FT-NMR uses a radio
frequency (RF) pulse to induce transitions between the two spin quantum states
of + Y% and - '%. The induced transitions create a phase coherence of spins in
the two states such that a net magnetization precesses coherently in the (XY)
plane orthogonal to the direction (Z) of the static magnetic field B,. See Figure
1 below. It is this oscillating net magnetization orthogonal to B, direction that is
detected as NMR signal by the receiver coil. The oscillation and eventual decay
of the spin phase coherence magnetization in the XY plane is recorded as the
Free Induction Decay (FID) in an NMR spectrometer. Fourier transform of the
FID provides the distribution of Larmor frequencies, which are often reported in
chemical shift (8) values.

slight excess

Incoherent spins .
90° RF Phase Coherence
000000000 ¢ Ofspms

-1/2
AE

FID

000000000

By
iz <=~ Free Induction Decays with
Slight excess Larmor frequency loss of coherence

Figurel. Process of generating FID in FT-NMR.

The phase coherence of spins can dissipate via various processes. One is by
returning to the equilibrium Boltzman distribution of spin states by exchanging
energy with the lattice. The time constant for this process is referred to as the T,
time. Alternatively, the spin phase coherence can also dissipate without
exchange of energy. Such processes include (1) spin-exchange among the
dipolar coupled spins and (2) the presence of multiple Larmor frequencies. The
time constant for the loss of phase coherence of spins, and the resulting loss of
NMR signal, is referred to as the T, time. In dilute solutions, due to the rapid
motion of the molecules, the spin-exchange efficiency is low and often the loss
of spin phase coherence is primarily by T, processes; i.e. T, = T;. However in
rigid and semi-rigid materials, the efficiency of spin-exchange processes is
significantly higher and the resulting loss of spin phase coherence is more rapid
than the rate of T, relaxation. The short T, time (i.e. T, << T,), observed in rigid
and semi-rigid materials, leads to broad resonances in the Fourier transformed
spectrum.
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Figure 2. Lab frame orientation dependent Chemical Shift Anisotropy (CSA)
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Spins maintain orientation with B, direction.
Hence, interaction between spins is dependent on orientation.

Figure 3. Lab frame orientation dependent dipolar couplings

In a homogenous static magnetic field B, the net magnetic field observed
by each nucleus, and hence its Larmor frequency, is dependent on the orientation
of the molecule with respect to the B, direction (lab frame). Chemical shift
anisotropy (CSA) is caused by orientation dependent shielding of nuclei by an
asymmetric electronic environment, as shown pictorially in Figure 2 for the ring
currents in benzene. Dipolar couplings are orientation dependent interactions
between two or more nuclei, as shown pictorially in Figure 3 for a pair of nuclei
whose spins must be aligned either with or against B, direction, irrespective of
the orientation of the molecule. For the pair of nuclei shown, the two
orientations with identical scalar distance between them have significantly
different dipolar coupling. In dilute solutions, rapid molecular motions average
over all possible orientations during the FID acquisition and only the isotropic
chemical shifts are detected. In rigid and semi-rigid materials, molecular
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motion is not rapid enough to average the orientations during the FID
acquisition. In such cases, broad distributions of Larmor frequencies are
observed. The resonances of rigid and semi-rigid materials can be narrowed if
the various molecular orientations are averaged during the FID acquisition.

Equivalent
representation [

5>

Bo

Spherical :
. - . Cyaas
distribution Body diagonal of cube
of orientations is the magic angle

Figure 4. Magic Angle Spinning (MAS)

Magic angle of 54.74° is the body diagonal of a cube (C; symmetry axis)
and solution to the equation (3cos’0 — 1) = 0. In a powdered sample, all possible
orientations have equal probability. An equivalent representation is presence of
equal fractions of orientations along the three orthogonal axes, as shown in
Figure 4, which is mathematically represented by the second order Legendre
polynomial that contains the term (3cosze-1). Constant rotation of a sample
containing randomly oriented molecules along this magic-angle leads to
mechanical averaging of all orientations. Acquisition of NMR FID while
spinning the sample at this magic angle to the B, direction provides isotropic
chemical shifts in the FT spectrum.

The broadening of the NMR spectral resonances by CSA effects and
orientation dependent spin-spin interactions is “inhomogeneous” and normally
averaged by MAS. However, the broadening of the FT NMR spectra caused by
spin diffusion is “homogeneous” and in order to be reduced, usually higher than
15 kHz MAS speeds is required. Spin diffusion processes (i.e. spin-flip-flops)
are a result of spin-spin dipolar couplings and require that the relative orientation
of the interacting spins not change significantly for certain time duration. In a
soft/flexible/viscous/visco-elastic state, the rapid fluctuations in relative position
of all the surrounding nuclei lead to reduction in efficiency of spin diffusion.
Higher the frequency of fluctuations, lower is the efficiency of spin diffusion,
and narrower are the observed NMR resonances. The combination of MAS (to
reduce magnetic susceptibility, CSA broadening, and static dipolar broadening),
and temperature/plasticizing solvent (to reduce dipolar interactions) can lead to
significantly narrow NMR resonances [1,2].
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Discussion

Solution NMR is popular due to its ability to provide information about
molecular structure. A primary criterion is that the material must be soluble.
Insoluble materials, unless they form swollen gels, are usually not analyzed by
NMR techniques for molecular structure characterization.  Analysis of
crystallinity and morphology of insoluble materials is normally carried out by
mechanical averaging of all orientations by Magic-Angle-Spinning (MAS) and
acquisition of NMR spectra of sparsely abundant nuclei such as BC and *si
while applying high power proton decoupling RF. The high power decoupling
is used to reduce the NMR spectral broadening due to J-coupling between the
sparse nuclei and abundant proton spins. Cross-polarization techniques, which
employ transfer of magnetization from the abundant proton nuclei spins to the
BC and %Si nuclei, are usually used to increase the signal strength.
Unfortunately, the MAS NMR spectra of rigid materials are always broader than
those observed in solution NMR spectra, partly due to disorder or defects, and
partly due to spin diffusion processes. The disorder includes variations in bond
lengths, angles, and environments, which lead to a distribution of isotropic
chemical shifts.

Cross-linked polymers and high molecular weight polymers are commonty
found in many products. Cross-linking can be used to impart many desirable
properties in a polymer product, one of them being to hold shape. Finding
analytical techniques to identify, analyze, and characterize cross-linked materials
is often a challenge. Solution NMR techniques cannot be used since cross-
linked polymers do not dissolve. However, some cross-linked polymers do swell
and form gels in an appropriate solvent. If the mobility in the gel is high,
conventional solution NMR techniques are adequate for the analytical analysis.
If the polymeric material does not swell or if the mobility after swelling is
insufficient to average out the CSA, the solution NMR spectral resonances are
broad. MAS of such gels are known to provide narrower spectral resonances
[3]. 'H NMR spectra are especially sensitive to mobility. Due to the almost
100% natural isotopic abundance of protons, strong spin-spin dipolar couplings
between various proton nuclei are always present. As mentioned earlier, the
strong and abundant spin-spin dipolar couplings are responsible for rapid spin
diffusion and loss of spin phase coherence during the '"H NMR acquisition.
Magic angle spinning can reduce the spectral broadening due to spin diffusion,
but there is a limit to the MAS speeds that can be achieved. For elastomeric
materials that are soft/viscous, MAS leads to spectral line narrowing [4-6]. For
more rigid polymeric materials, an effective way of reducing the effects of spin
diffusion is increase in mobility by either heating the sample, or addition of a
plasticizing solvent, or a combination of the two (see Figure 5). In a viscous
state, when various parts of the molecules are librating independently and
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rapidly, nuclei do not stay fixed in relative 3-D space for long enough duration to
interact and promote spin flips or spin exchange. An additional advantage of
MAS measurement in viscous state is simultaneous partial averaging of the
chemical shift anisotropy and reduction of the broadening caused by static
dipolar couplings. The motion also reduces or eliminates broadening caused by
variations in bond lengths, angles, and environments that is present in rigid
materials.

Soft/Viscous Rigid

Semi-rigid

* Narrow resonances
* Similar to solution
* Shorter 7, values

Structural Characterization

» Broad resonances
* Crystallinity
» Momhology

Materials Characterization

Figure 5. MAS NMR of Polymers in various physical states.
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Figure 6. Proton MAS NMR of poly(propylene) at approx. 120 °C
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The line narrowing under MAS and high temperature was first reported by
Sterna and Smith for amorphous insoluble aromatic polymers in 1988 [I].
Additional papers on similar work on other non-aromatic systems have not been
reported. Degradation of other polymeric systems at high temperatures is a valid
concern. For analysis of fluoropolymers, Munson et. al. had shown that the
combination of MAS and high temperature provides narrower 'F NMR spectral
resonances than only MAS or only temperature [2]. We have found that
excellent resolution can be obtained in high temperature proton MAS NMR
spectra of hydrocarbon polymers. See for example Figure 6 that shows a two Hz
linewidth proton NMR spectrum of poly(propylene) acquired without addition of
any solvent. The splitting of resonances from proton-proton couplings is easily
observed in the spectrum — the methyl resonance has a 6.5 Hz splitting from
coupling to methine group. The 24 kHz spinning sidebands with less than 1%
integrated intensity are shown in lower part of the figure. These may be the
MAS radial-field sidebands reported by Tekely and Goldman [7].

200 °C
Butyl methacrylate co- ~ *C MAS 'H MAS
2-ethylhexyl acrylate
cross-linked by butane 32 scan 23 scans
diol dimethacrylate 7250 200 A:SW - B T R T
@ 7K MAS o
Smm rotor 150°C
Recycle delay of 5 s
32 scans 32 scans
250 200 150 100 50 opPPM 60 40 20 0 20 -40PPM
13C CP-MAS 100 °C
128 scans 32 scans l ﬂ 16 scans JL
2 00 150 100 50 0 PPM ' 25 200 150 1 50 0 PPM 60 40 20 0 -20 -40PPM
25 °C
256 scans 32 scans 32 scans

A A
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Figure 7. NMR spectra of an amorphous polymer at various temperatures.

MAS (7 kHz) NMR spectra acquired as a function of temperature for a
representative cross-linked insoluble amorphous polymer are shown in Figure 7.
The composition was determined from the NMR spectra to be 90% butyl
methacrylate + 7% 2-ethyl hexyl acrylate + 3% butane diol dimethacrylate. At
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room temperature the proton spectrum is broad and featureless, while the Bc
CP-MAS and one-pulse spectra are similar except for the carbonyl resonance
that has a long T, time. Upon increasing the temperature to 100 °C, the proton
spectrum gets significantly narrower while both the >C NMR spectra deteriorate.
The deterioration of the *C NMR spectra may be due to interference between
the molecular motion frequencies in the polymer and either proton decoupling
frequency or magic angle spinning [/,8]. Increase of the temperature to 150 °C
further resolves the proton NMR spectrum and improves the 13C one-pulse NMR
spectra. The '>C CP-MAS NMR on the other hand is extremely weak at this and
higher temperatures, presumably due to significant reduction in spin-exchange
(spin-diffusion) efficiency. Further increase in temperature to 200 °C provides
well-resolved proton and C NMR spectra. From the NMR data acquisition
perspective, the system in this state at 200 °C is similar to that in solution. An
evidence for this is the ease of acquisition of 2D NMR spectra using solution
NMR pulse sequences. A COSY spectrum acquired under these conditions is
shown in Figure 8. Gradients have also been used for 2D MAS NMR data
acquisition of non-solid materials including gels and swollen resins [9].
However, commercial gradient MAS probes for operation at high temperatures
are not yet available.

0 35 30 25 20 15 1)
£2 (oo}

Figure 8. 7K MAS proton-proton COSY of poly(butyl methacrylate-co-
2ethylhexyl acrylate) at 200 °C

In a semi-crystalline polymer or in a polymer that contains crystalline
domains, it is necessary to break apart all the crystalline domains for a true
representative high resolution NMR analysis. This can be achieved by either
addition of solvent or acquisition of data at temperatures close to the melting
temperature of the crystalline domains. At temperatures above the melting point
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of a polymer, degradation and undesired reactions can occur. These can be
minimized or made insignificant by using a low variable temperature (VT) gas
flow rate. At a given VT gas temperature, the sample in the rotor will achieve
the VT temperature at a rate that is inversely proportional to the VT gas flow
rate, as long as all energy exchange processes available to the polymeric sample
are reversible. However, since the degradation processes are irreversible, any
excess energy available to the polymer will be sent along the degradation
pathway. A low VT gas flow rate enables the sample in the rotor to maintain its
temperature without providing significant excess energy that can be used for
irreversible degradation processes. The presence of crystalline or rigid
components can be determined by comparing the shape of the spinning side band
in the proton NMR spectrum with that of the spectrum. For MAS speeds less
that 10 kHz, presence of a broad side-band underneath the narrower side-band is
an indication of the presence of crystalline domains. For higher MAS speeds, as
attained in 3.2 mm probes, if the shape of the spinning side band is significantly
different from that of the spectrum, most likely rigid domains are present at that
given state/temperature.

Dilute Crystalline
solution Domains
POLYMERS

Amorphous
domains

7; time

Concentrated
solution

Viscous state

Correlation time T,
Figure 9. T, minima when in viscous or viscoelastic state

Another advantage of acquiring data in a viscous or viscoelastic state is
presence of short T, times. On the chart of molecular correlation time versus T
time, depicted pictorially in Figure 9, dilute solutions and crystalline domains
have long T, times at the two ends of the correlation spectrum. Concentrated
solutions and amorphous domains have shorter T, times, but the viscous state is
close to the T, minima and has the shortest T, time. This was reported a number
of years ago by Farrar and Becker [10].

MAS NMR acquisition of polymeric materials at temperatures wherein the
mobility is high provides multiple advantages:
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(1) The efficiency of spin diffusion processes is reduced, leading to increased
T, and longer FID. This process also manifests as decreased cross-
polarization efficiency with increasing temperature.

(2) Fewer or no spinning side bands are observed because CSA is also
averaged by the fluctuations.

(3) The short T, time constant allows rapid acquisition of successive scans
during signal averaging.

(4) Isotropic chemical shifts (8) are observed without interference from
crystallization and morphological effects. These & can be compared with
values in databases of solution NMR spectra for identification and
characterization.

Conclusions

The variable temperature capability of solid-state NMR spectrometers was
exploited in order to obtain narrow NMR spectral resonances of rigid/semi-rigid
polymeric materials. Acquisition of NMR spectra of polymeric materials in a
soft/viscous state is possible by alteration of the physical state of the sample by
any combination of temperature and plasticizing solvent.
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Chapter 4
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Solid-state NMR with magic-angle spinning has been used to
study the structures and dynamics of semicrystalline homo-
and copolymers of poly(e-caprolactone) (PCL) and their
inclusion complexes (ICs) formed with alpha and gamma-
cyclodextrins (a- and y-CDs), which are shown to have
channel structures occupied by single and two parallel, side-
by-side PCL homopolymer chains, respectively. In the PCL-
polystyrene (PCL-PS) and PCL-poly(ethylene oxide)-PCL
(PCL-PEO-PCL) di- and triblock copolymer-CD-ICs, only the
PCL and both blocks are included in the CD channels,
respectively. PCL (guest)-CD (host) magnetization exchange
has been observed, but the results differ substantially from
those usually evidenced by semicrystalline polymers and their
blends. Conventional relaxation experiments [T;(**C),
T1,("°C), and Ty,(*H)] and 2D wide line separation NMR with
windowless isotropic mixing have been used to monitor the
chain dynamics. The results show that the intermolecular
interactions in the a-CD-IC channels restrict the dynamics of
some PCL carbons more than others, but the PCL chains in
both CD complexes are more mobile than in the
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semicrystalline bulk samples. These results are also compared
to the dynamics observed for valeric acid molecules when
included in their IC with a-CD, which is also a channel
complex structure.

It is well known that certain molecules such as urea, perhydrotriphenylene
(PHTP) and cyclodextrins can form inclusion compounds (ICs) with polymers
[1-2] during their cocrystallization, both from solution and the melt. An IC is
formed when a small molecule “host” crystallizes into a matrix that encapsulates
and’ squeezes individual polymer chains into separate, well-characterized
channels. It is the well-defined geometrical environment (narrow cylindrical
channels) that makes these complexes useful for studying the motions and
conformations of segregated polymer chains. Cyclodextrins (CDs) are cyclic
molecules. Since o-CD consists of six glucose units connected by a-1, 4-
glucosidic linkages, the diameter of its cavity is only 4.9 A, which is much less
than that of y-CD (7.9A) consisting of eight glucose units. Because of size
compatibility, only single PCL chains can be incorporated inside the o-CD
channels, while two side-by-side, parallel PCL chains can be threaded inside the
y-CD channels. In this study, we investigated the length scale of mixing and
molecular motions of PCL homo-and block copolymers in these two inclusion
complexes by solid state NMR spectroscopy.

Experimental
Materials

PCL was purchased from Scientific Polymer Products, and CDs and valeric
acid (VA) were obtained from Cerestar and Aldrich Chemical Co., respectively.
PCL-poly(ethylene oxide) (PEO)-PCL triblock with M, = 14,140 is
characterized by PCL.PEO block lengths of 35, 140 repeat units. The PCL-
polystyrene (PS) diblock has a M,, = 16,470 and PCL,PS block lengths of
35,120. The o-CD/PCL inclusion complex was prepared by a sonication method
[3]. Both PCL (0.2 g in 50 mL acetone) and saturated a-CD solutions (7.25 g in
50 mL water) were heated to 70°C and the PCL solution was slowly added to the
o-CD with sonication. The mixture was kept at 70°C for 17 minutes with
sonication. A white precipitate was formed after 10 hours of quiescent storage.
The y-CD/PCL inclusion complex was prepared by a heating technique. Both
PCL (0.2 g in 50 mL acetone) and saturated y-CD solutions (11.6 g in 50 mL
water) were heated to 70°C and the PCL solution was slowly added to the y-CD
with stirring and heating. A white precipitate was formed overnight. After
filtration and washing with distilled water, the o-CD/PCL and y-CD/PCL
samples were dried in a vacuum oven. Valeric acid (VA)-0-CD/IC and the a-
and y-CD/ICs with the di- and triblock copolymers were similarly formed.
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Solid State NMR Spectroscopy

Solid-state "C-NMR measurements were performed on a Varian Unity
spectrometer at 100 MHz using a 7.5 mm magic-angle spinning probe. The
spinning speed was regulated at 3500 Hz or 4500 Hz, and the carbon and proton
pulse widths were set to 4.2 ps. The proton T), relaxation times were measured
using the cross polarization pulse sequence preceded by a variable proton spin-
lock period [4]. The two-dimensional *C—"H HETCOR spectra were collected
using the pulse sequence described previously [5]. BLEW-12/BB-12 decoupling
was applied during the evolution period to suppress homonuclear proton and
carbon-proton dipolar interactions, and the spectra were acquired with one
WIM-24 mixing cycle [6]. Spin-lattice relaxation times (7;) were measured by
two pulse sequences, CP-T; and saturation-recovery-7). The 2D wide line
separation [7] spectra with windowless isotropic mixing [8] were measured
[9,10] using a 300 kHz sweep width in the proton dimension and a 30 kHz
sweep width in the carbon dimension

Results and Discussion

The inclusion complexes formed by a-CD and y-CD with PCL have been
characterized by DSC, FTIR and X-ray diffraction [3,11]. These studies showed
that complexes are formed and adopt channel structures. PCL and PEO chains
of the triblock copolymer are included in both a- and y-CD/ICS, while the PS
chains in the diblock copolymer are excluded from the channels of a-and y-
CD/ICs. In the bulk PCL-PS diblock the PCL blocks do not crystallize, and so
rubbery, amorphous PCL blocks are bonded to glassy, amorphous PS blocks.
Figure 1 shows the 100 MHz solid-state NMR spectra for a-CD, PCL and the a-
CD/PCL inclusion complex. The signals from PCL are easily identified and are
well resolved from the o-CD signals in the complex. The chemical shifts for
PCL in the inclusion complex are similar to those observed in the semicrystalline
sample, suggesting that the PCL in o-CD channels adopts an extended all-trans
conformation [3]. We can observe similar characteristics in the complex between
PCL and y-CD. However, the cross polarization dynamics indicates that the
maximum intensity for the PCL peaks was observed with a 4 ms cross
polarization time, rather than the shorter 1 ms contact time used for the a-CD
complex.

The length scale of phase separation is of interest in many polymeric
systems, and several methods have been developed to measure domain sizes
using proton spin diffusion. In the present study we have used the proton T},
relaxation rates to measure magnetization exchange between the guest polymer
and the CDs. If there is efficient magnetization exchange on a length scale of 20
A or less, then an average relaxation time will be observed between the polymer
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Figure 1. The CP/MAS spectra of (a) PCL, (b) PCL-0-CD-/C,
and (c) 0-CD. Spinning sidebands are marked with (*).
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and the host matrix. Table 1 shows the results for the proton T, relaxation
measurements for a-CD, PCL and the a-CD/PCL complex. Semicrystalline PCL
has a long relaxation time (54 ms) while the relaxation time for the pure a-CD is
much shorter (4.9 ms). The values for a-CD and PCL in the complex are
intermediate between these two values, showing that there is some spin diffusion
between the host and the included polymer. However, the proton T}, relaxation
times for PCL and a-CD are not identical, demonstrating that the spin diffusion
is not complete. Such behavior is not expected, since the polymer in the a-CD
channel is expected to be within the length scale of spin diffusion probed by
proton T, relaxation (20 A). Proton spin diffusion over length scales as long as
200 A is the result of many individual magnetization transfer steps. The rate of
spin diffusion depends on polymer chain dynamics and the proton density. We
believe that the fundamental difference between most materials and the polymer
inclusion complexes is that the proton density is not uniform. There is a high
density of protons along the polymer chain and in the a-CD that can promote
efficient spin diffusion. In most solid polymers there are van der Waals contacts
between chains that cause the protons from neighboring chains to be in close
contact. The polymer in the inclusion complex is constrained by chain
connectivity to occupy the center of the channel. It may be that this forces the
PCL and the a-CD protons to be more distant than they would be in normal
organic solids, and this greater separation is the reason that we do not see
efficient spin diffusion between the polymer and the host. However, we observe
that both the y-CD and PCL carbons have the same relaxation times in the
complex, showing that there is efficient spin diffusion between the crystal frame
¥-CD and included PCL chains. This maybe because the guest is in closer
contact with the host, since two PCL chains can be incorporated inside the y-CD
channels. In VA-a¢-CD-IC and the triblock copolymer a- and y-CD/ICs, we
observed efficient spin diffusion between the crystal frame CDs and the small
moleculeVA and triblock copolymer guest, while inefficient spin diffusion is
observed between the PCL and CD protons in the diblock-a- and -y-CD/ICs.

Table 1. Comparison of the T;,('H) relaxation times for PCL-aCD/IC and

PCL-yCD/IC.
T1,('"H) (ms) Samples Tio(‘H) (ms)
a-CD PCL y-CD PCL
a-CD 49 y-CD 2.7
PCL-aCD- 11.9 154 PCL-yCD-IC 9.3 9.1
IC
PCL 54 PCL 54.0

In order to confirm this view, we performed the solid-state heteronuclear
correlation experiment, which can measure spin diffusion more accurately. With
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a short mixing time this experiment can give a correlation of the solid-state
carbon and proton spectra. If there is efficient spin diffusion during the mixing
time, the average proton chemical shifts for each resolved carbon resonance can
be observed due to spin diffusion. Figure 2 shows the heteronuclear correlation
spectrum of a-CD/PCL inclusion complex with two different mixing times: (1)
50 ps and (2) 10 ms. A mixing time of 50 us is too short for significant spin
diffusion and a normal heteronuclear correlation spectrum is observed. The
proton chemical shifts of a-CD and the PCL are shifted toward each other due to
spin diffusion during the 10 ms mixing time, however, the spin diffusion is not
complete, with remaining proton chemical shift differences between the guest
and the host. Comparing with the heteronuclear correlation spectrum of y-
CD/PCL complex (see Figure 3), we observed identical proton chemical shifts of
the guest PCL and host y-CD in the complex, indicating that there is efficient
spin diffusion between them, as also observed in the VA-a-CD/IC, the di- and
triblock-a-CD/ICs, and the triblock-y-CD/IC, but not in the diblock~y-CD/IC,
where completely efficient spin diffusion is not observed during the 10 ms
mixing time.

Figures 4 and S present the heteronuclear correlation spectra for the diblock
PCL-PS ICs with a- and y-CD, respectively, where it is apparent that the PS
protons are not in close proximity to the host protons of a- or y-CDs. This
clearly confirms that the PS blocks are excluded from the CD channels. At the
same time, however, the PCL and CD protons are proximal, and at 1,, = 10 ms
nearly identical proton resonance frequencies are observed for both guest PCL
blocks and host CDs due to spin diffusion between their nearby protons. Also
note that the aliphatic backbone carbons (g) at ~40 ppm show correlation to both
the aliphatic and aromatic protons (h), which is possibly due to cross-
polarization of the methine carbon by the ortho protons. There is clearly spin-
diffusion between PS protons, but not between PS protons and the PCL or CD
protons.

The dynamic behavior of the inclusion complexes can be studied by the
measurement of the *C T} relaxation times and the application of specific pulse
sequence. In this study we employed two pulse sequences to measure the °C T,
relaxation rates: saturation-recovery 7, and CP-T}, and obtained consistent
results. The T values for the carbon nuclei of the PCL, a-CD/PCL, o-CD, y-
CD/PCL and y-CD are given in Table 2. Double exponential relaxation times are
observed for the bulk PCL and the a-CD. Large changes in the 73(C)’s for bulk
PCL are observed upon complex formation. Single exponential recovery is
observed for both the polymer and a-CD in the complex. The relaxation rates of
the PCL chains included inside the o-CD channels are fast: 0.24-0.31s for
methylene carbons, which is only 0.1% to 0.2% of the relaxation times
observed for bulk PCL. However, we did not observe much difference between
o-CD/PCL and y-CD/PCL complexes. Although the a-CD channel can only
accommodate single PCL chains and the y-CD channel is large enough to
accommodate two side-by-side parallel chains, the PCL chains show
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Table 2. T,(**C) values for the carbon nuclei of the a-CD, y-CD, poly(e-
caprolactone) and their inclusion complexes.

Samples Polycaprolactone | a,y-CD |
a b c,d e C1 C4 C2,C3, C6
C5

PCL 169.8 | 160.6 | 161.5 | 223.6
3.28 1.23 1.22 1.68

o-CD/PCL | 0.24 | 0.26 0.31 0.29 31.7 24.3 18.3 0.84
o-CD 1474 | 1694 | 161.5 110.5
1.32 8.64 3.34 6.65

y-CD/PCL | 0.22 0.19 | 0.28 0.17 31.3 22.2 18.0 0.85
y-CD 78.1 359 36.4 16.2
1.04

similar mobility in the megahertz regime in these two different host
environments. This would indicate that cooperative motion of side-by-side
parallel PCL chains in the y-CD/PCL inclusion complex, if they occur, are not
influencing megahertz T}(C) relaxation. Very similar T,(C)s were observed for
the PCL chains in the diblock and triblock a- and y-CD-ICs, though in the bulk
diblock the PCL are not crystalline and thus quite mobile with T{(C)s ~ 1 s.

Interestingly the T,(C)s observed for the PS block in the bulk PCL-PS
diblock are shorter than those observed in the diblock o- and y-CD/ICs.
Connectivity of PS blocks to rubbery PCL in the bulk diblock copolymer, as
opposed to included PCL blocks in the CD-ICs, apparently facilitates the high-
frequency (MHz) motions of the glassy PS blocks.

We also employed 2D WIM/WISE experiments [9-11] to study the
molecular dynamics of the complexes. The advantage here is that the WIM
quenches spin diffusion during the cross polarization. This means that the
proton line widths can be directly related to the dynamics of the individual
protons rather than the average values for the entire chain that is measured using
the original WISE experiment.[7] The line widths for PCL in the inclusion
complex with a-CD are reduced relative to semicrystalline PCl, as seen in Table
3. The methylene nearest the carbonyl group (e) shows the largest reduction in
line width, from 52 kHz in semicrystalline PCL to 26 kHz in the inclusion
complex. The methylenes at the center of the PCL monomer (c, d) are reduced
from 54 kHz in the crystal to 30 kHz in the complex. The methylene nearest the
oxygen shows the smallest change in line width (51 to 41 kHz). This shows that
the chain is not uniformly restricted in the channel, but that some methylene
groups are more mobile than others, which may be due to hydrogen bonding
between the guest and the host (see Figure 6). But we do not observe such a
gradient in proton line widths for pairs of PCL chains included in y-CD channels.
Also the proton line-widths observed for the methylene groups in VA-a-CD/IC
are very comparable to those observed in the PCL-a- and y-CD/ICs, so over all
rigid-body rotation or libration about the chain axis, which would be expected to
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Table 3. The proton linewidths for a-CD, y-CD, PCL, and their
inclusion complexes measured by 2D WIM/WISE NMR.

Linewidth (kHz)

a-CD Polycaprolactone
Sample ClI C4 C2C C6 a b cd e

3,CS
o-CD 45 46 45 59
o- 44 47 40 45 41 33 30 26
CD/PCL
y-CD 45 46 45 59
¥- 46 40 40 34 26 34
CD/PCL
PCL 62 Sl 54 52

a - The reported line widths are the full width at half-maximum.

be more facile for VA, are likely not contributing to the mid-kHz motions of the
included PCL chains.

Cooperative, long-chain motions in the mid-kilohertz regime for pairs of
PCL-PEO-PCL chains in their y-CD channels seem more restricted than for the
single triblock chains in their a-CD/IC channels. For the PCL-PS diblock, where
PS is excluded in the a-,y-CD/ICs, the mid-kilohertz PCL chain motions are
similar to those observed in the homopolymer PCL-a- and y-CD/ICs. The PS
proton line widths are broader in the PCL-PS-a and y-CD/ICs than in the bulk
PCL-PS diblock, where the glassy PS blocks are attached to rubbery PCL
blocks. Thus the larger amplitude, lower frequency mid-kHz motions in glassy
PS blocks are facilitated by attachment to rubbery PCL blocks, in comparison to
PS chains attached to PCL blocks included in the CD-ICs. Thus, both the high-
frequency (MHz), low-amplitude and lower-frequency (kHz), larger amplitude
motions contributing to the T,(C) relaxation and 'H line-width narrowing,
respectively, in phase-separated, glassy PS blocks are sensitive to the
morphology and mobility of the PCL blocks to which they are attached.

Conclusions

In summary, we have used solid-state NMR to probe the structure and
dynamics of the a- and y- inclusion complexes with PCL homo- and block
copolymers. The a-CD inclusion complex with PCL differs from other materials
in that there is not an even distribution of protons, so that spin diffusion is
inefficient when the PCL chains have to occupy the center of a-CD channels, but
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Proton Line Width (kHz)

o
a b c d e
——CH;—CH;—CH,—CH,—CH,—C—O0——
Polycaprolactone f

Figure 6. Plot of the proton line widths measured by 2D WIM/WISE NMR for
each PCL methylene carbon in the PCL-0-CD-IC (See Table 3).

efficient for pairs of PCL chains in y-CD channels due to the closer distance
between the. guest and the host. Complex formation is driven by intermolecular
interactions, and these interactions exert an effect on the chain dynamics, with
those portions of the chain nearest the main chain oxygen being the most
restricted for the a-CD complex. However, we did not observe such a dynamic
gradient for paris of PCL chains in the y-CD complex, which may be due to the
increased cooperative nature of the motion of side-by-side, parallel PCL chains.
Also we observe some difference between the motions of included block
copolymer PCL chains depending on whether or not the non-PCL blocks are
also included.

Solid-State NMR observations of polymer chains included and segregated
in the narrow channels of the crystalline inclusion compounds formed with CD
hosts reveal motions in the MHz and mid-kHz regimes which differ from those
observed in their bulk samples. What is not clear, as yet, is why? However,
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because of the well characterized structural environment experienced by polymer
chains residing in the narrow cyclodextrin channels,and because their motions
are necessarily unaffected by cooperative interchain interactions, except when
pairs of narrow cross section polymer chains are included side-by-side in their y-
CD/ICs, we believe that further NMR observations and molecular modeling
analyses of their motions may lead to to a more complete description. By
comparison to the motions observed in their bulk samples, we may then be able
to better describe the solid-state dynamics of polymers.
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Chapter 5

Structural Aspects of Low-Molecular-Weight
Azocellulose Polymers: A Solid-State >C NMR Study '

Suizhou Yang, Monsey M. Jacob, Lian Li, Ashok L. Cholli, and
Jayant Kumar

Center for Advanced Materials, Department of Chemistry and Physics,
University of Massachusetts at Lowell, Lowell, MA 01854

Azobenzene-modified cellulose (azocellulose) polymers were
synthesized by covalently linking 4-cyanophenylazophenol to
commercially available low molecular weight cellulose
samples via Mitsunobu reaction. These azocellulose polymers
were characterized by solid-state C NMR and FTIR
spectroscopic techniques. The analyses of data suggest that the
coupling reaction occurs preferentially at the C6 carbon
position and the primary alcohol is the most reactive group
among the three-hydroxyl groups in the repeating B-D-
glucopyranose units. These results are consistent with
azocellulose polymers that were prepared with ultrahigh
molecular weight natural cellulose. Surface relief gratings
(SRGs) were also inscribed holographically on the thin films
of azocellulose polymers.
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Since the discovery of the photoinduced surface relief gratings (SRGs) on
the thin films of azobenzene-modified polymers (/,2) at temperatures below
their glass-transition temperature (Tg), these azopolymers have received
attention lately due to their potential use as optical storage materials (/-7).
When irradiated with two interfering polarized laser beams, the azobenzene
chromophores in the azopolymers will undergo trans-cis-trans isomerization and
induce SRGs on the polymer thin films. This phenomenon has been observed on
the films of wvarious azobenzene polymers, such as epoxy polymers,
polyacrylates, polyesters, conjugated polymers and polyazophenol (/-7). SRGs
can also be inscribed on the films prepared from azobenzene-modified cellulose
samples with ultrahigh molecular weights (8). It is interesting to know the role
of molecular weight of cellulose on the formation of SRGs. The focus of this
report is to investigate suitability of commercially available low molecular
weight cellulose for the formation of SRGs.

Cellulose, a biomacromolecule composed of PB-D-glucopyranose units
linked together by (1-4)-glycosidic bonds, is the most abundant polymer in
nature. The linked B-D-glucopyranose units alternate up and down and form a
linear polymer backbone chain. Because of the bulky nature of (-D-
glucopyranose rings and the strong intra- and inter-molecular hydrogen
bonding, cellulose has a high T, of ca. 230 °C (9). Every B-D-glucopyranose
unit contains three hydroxyl groups, which can participate in the Mitsunobu
reaction (/0). One of the typical Mitsunobu reactions is the alkyl aryl ether
formation from phenol and alcohol in the presence of diethylazodicarboxylate
(DEAD) and triphenylphosphine (TPP) (/0). Thus, azophenol can be covalently
linked to the cellulose by Mitsunobu reaction to give azobenzene-modified
cellulose for optical applications. In this paper, 4-cyanophenylazophenol was
covalently linked to commercially available low molecular weight cellulose
samples. The experimental results are also discussed on the formation of SRGs
on these azopolymers. The solid state structural characterization using solid
state. "C NMR reveals (a) morphological changes as a result of
azofunctionalization of cellulose, (b) preferential site for azocoupling on the
cellulose, and (c) extent of coupling.

Experimental Section

Materials

Two commercial cellulose samples were received from International Paper
Company and are described as follows: (1) ESTERCELL,; viscosity (CED) is
6.5 and DP (degree of polymerization) is ca. 1000, and (2) VISCOCELL;
viscosity (CED) is 3.1and DP is ca. 500. These samples were dried in vacuum
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at 80 °C for overnight prior to their use in azocellulose synthesis by Mitsunobu
reaction.

4-cyanophenylazophenol was synthesized by diazotation of 4-
aminobenzonitrile with sodium nitrite and then coupling with phenol (//). The
model compound 4-cyano-4’-methoxyazobenzene was also synthesized
according to the procedure described in ref. (117).

Scheme 1. Synthesis of azocellulose polymers by Mitsunobu reaction

DMF

R

?

Scheme 1 shows the synthesis of azocellulose by Mitsunobu reaction.
Cellulose was reacted with 4-cyanolphenylazophenol in  N,N-
dimethylformamide in the presence of triphenylphosphine (TPP) and
diethylazocarboxylate (DEAD) (/). The azocellulose was obtained by
precipitation with methanol and purified through repeated dissolution and
precipitation with DMF and methanol. The Degree of substitution (DS) of
polymers was determined on the basis of the molar extinction coefficient of the
trans form of the model compound 4-cyano-4-methoxyazobenzene (A, = 361
nm, €,,, = 2.13 x 10*) in DMF solution. Since there are three hydroxyl groups in
the B-D-glucopyranose unit, the maximum DS would be 3 if all the hydroxyl
groups were substituted by azobenzene chromophores in each glucose ring.
Three azocellulose samples were prepared, AZOEST21, AZOEST49 and
AZOVIS69, with varying composition that are listed in Table 1.
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Characterization

The solid-state *C CP/MAS (cross polarization and magic angle spinning)
NMR spectra were acquired on a Bruker DRX 300 MHz NMR spectrometer
operating at a frequency 75.46 MHz. The magic angle-spinning (MAS) rate for
the 4mm rotor was 10 KHz so that the solid-state NMR spectra were free from
spinning side bands. The typical experimental parameters for collecting solid
state NMR data were as follows: 2k data size, 2ms contact time, 31250 Hz
spectral width, 32 ms acquisition time, and 15,000 FIDs were co-added. The
data were weighed with an exponential function using a line broadening of 5 Hz
prior to Fourier transformation (FT). The recycle time delay was 3 s. The proton
n/2 pulse width was 3.6 us. Infrared spectra were recorded on a Perkin-Elmer
1720 FT-IR spectrometer. The KBr pellets were prepared by using thermally
treated KBr powder for cellulose and 4-cyanophenylazophenol samples. In the
case of azocellulose polymer sample, a thin film was cast on KBr discs from the
azocellulose sample solution in DMF.,

Surface Relief Grating (SRGs) Fabrication

The polymer films were cast on a glass substrate from the polymer solution
containing mixed solvents of hexafluroisopropanol and trifluroacetic acid (80:20
by volume). SRGs were fabricated on the azocellulose film of ca. 1u thick using
a simple interferometric set-up (4) at 488 nm with an intensity of 200 mW/cm?®.
The polarization of the two writing beams was set to £45° with respect to the s-
polarized beam. The SRGs were investigated by an atomic force microscopy
(AFM) in the contact mode under ambient conditions. The surface topology and
surface profiles from the AFM images provided the spacings and the surface
modulation depths of the surface relief gratings.

Results and Discussion

Table 1 shows the experimental conditions for the synthesis of azocellulose
polymers through alkyl aryl ether formation via Mitsunobu reaction (Scheme 1).
Samples AZOEST21 and AZOEST49 were prepared from ESTERCELL
cellulose, and Sample AZOVIS69 was prepared from VISCOCELL cellulose.
The degrees of substitution (DS) for these samples are 0.21, 0.49 and 0.69,
respectively.
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Table 1. Azocellulose polymers obtained by modification of cellulose .

Sample Cellulose TPP DEAD Dye DS
®) 8) ® (@) (@
AZOEST21 1.00 6.00 330 500 0.21
AZOEST49 1.00 740 420 630 0.49
AZOVIS69 1.00 740 420 630 0.69

Figure 1 shows the °C CP/MAS NMR spectra of ESTERCELL cellulose
(Spectrum a), AZOEST21 (Spectrum b), AZOEST49 (Spectrum c) and 4-
cyanophenylazophenol (Spectrum d). The assignments of solid-state °C NMR
resonance peaks for cellulose samples were based on the work of Atalla and
VanderHart (/2,13). For ESTERCELL cellulose in Spectrum a, C4 and C6
carbons show peaks due to crystalline and amorphous regions. Compared to the
resonance peaks for crystalline regions, the amorphous resonance peaks are
broad and appear up field. The narrow resonance peak at 64.4 ppm is assigned
to the carbon C6, at which the primary alcohol groups is linked, in crystalline
domains, whereas the amorphous region C6 carbons appear as a shoulder to this
peak at 62.3 ppm. The C4 carbons in the crystalline domains appear at 88.4 ppm
as a narrow resonance peak, whereas amorphous C4 carbons present at 83.4
ppm as a broad and up-field resonance peak. The resonances in the 70-80 ppm
chemical shift range are associated with the ring carbons C2, C3, and C5. The
most down field peaks in Spectrum a, at 105.1 and 103 ppm, are assigned to C1,
the anomeric carbon. The multiplet peaks of C1 may be due to the occurrence of
non-equivalent glycosidic linkages (12, 13).

The C CP/MAS NMR spectrum of 4-cyanophenylazophenol is presented
in Spectrum d (Figure 1). The assignments of these resonances have been
reported before (/) and are shown in Figure 1. The resonance peak at 163.3
ppm is assigned to C1’ carbon. Two carbons that are bonded to azo double bond
—N=N-, C4’ and C5’ appear at 147.6 and 155.4 ppm, respectively. The carbor
C8’ is expected to be in the up-field of the aromatic region as result of its
bonding to a cyano group (—C=N) and it appears at 111.7 ppm. All the
protonated aromatic carbon resonances (C2’, C3’, C6’ and C7’) appear in the
115-140 ppm region. The resonance for cyano carbon C9’ is overlapped with
the C2’ resonance peak in the Spectrum d.

In the Spectrum b for azocellulose polymer, AZOEST21, a new broad peak
in the up-field region appears at 53.8 ppm as a result of Mitsunobu reactior
between ESTERCELL cellulose and 4-cyanophenylazophenol. This peak
indicates the formation of alkyl aryl ether via linking azobenzene chromophores
to the cellulose. It is interesting to compare the relative changes in the intensities
of crystalline and amorphous peaks in the *C NMR spectra of cellulose anc
azocellulose polymers. The intensity of the broad resonance peak at 62.3 pprr
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that is assigned to the amorphous domain of the cellulose in Spectrum a is
decreased in Spectrum b and a new resonance appeared at 53.8 ppm. This
suggests that the Mitsunobu type coupling is preferentially taking place in the
amorphous region of the polymer. The position of this new peak also suggests
that coupling is at the primary alcohol group. In addition, the slight changes in
the peak intensities of resonances in the 70-80 ppm region indicate that there
may be some coupling reactions which are taking place at the other hydroxyl
groups on the ring. The appearance of downfield resonances in the aromatic
region signifies the linkage of azochromophores to the cellulose polymer chains.
As the DS is increased from 0.21 to 0.49, the prominent *C NMR spectral
features were also changed. The peak at 53.8 ppm in Spectrum b becomes
stronger in Spectrum ¢ of AZOEST49, whereas the intensity of the C6 carbon
resonance that appeared at 64.4 ppm decreased dramatically. The intensity of
the resonance at 88.4 ppm, which is attributed to C4 carbons in the crystalline
regions of the cellulose, also decreased significantly from a sharp and strong
peak in Spectrum a to a weak and broad peak in Spectrum c. The strong and
sharp resonance at 105.1 ppm in Spectrum a, the anomeric carbon Cl1, also
decreased and a new broad up field shoulder appeared in the 90-102 ppm
region. This broad peak may be assigned to carbon C1 in the amorphous region
of azocellulose. Correspondingly, the intensity of downfield peaks associated
with azobenzene chromophores in azocellulose is significantly increased with
DS.

H C23,5
3 2 1 Cl
G, O gy Mo
C6* b
*
Cé c
2 3 67 g
|} 4 N 54 8' o
d

160 140 120 100 80 60 40
ppm

Figure 1. The "C CP/MAS spectra of ESTERCELL cellulose (a), AZOEST21
(b), AZOEST49 (c), and 4-cyanophenylazophenol (d).
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Figure 2 shows the "C CP/MAS NMR spectra of VISCOCELL cellulose
(molecular weight ca. 80,000) (Spectrum a), AZOVIS69 (Spectrum b) and 4-
cyanophenylazophenol (Spectrum c). The assignments of solid-state *C NMR
resonance peaks for VISCOCELL cellulose and 4-cyanophenylazophenol are
the same as presented in Figure 1. In the *C CP/MAS NMR spectrum b, the C6
peak intensity decreased significantly and the new peak corresponding to C6*
appear at 53.6 ppm, which indicates the formation of the alkyl aryl ether at C6
position. The peak at 88.3 ppm, which is associated with the crystalline region
of polymer, decreased significantly in spectrum b compared with spectrum a.
And at the same time, a broad peak up-field to C4 appeared and is overlapped
with the resonances of C2, C3 and CS5 carbons of azocellulose. The appearance
of this broad peak also suggests that the polymer is transforming from
crystalline to a highly amorphous polymer. This indicates that the long
azobenzene chromopohores attached at the C6 carbons may prevent polymer
chains forming the crystalline domains in the azocellulose samples. The
interchain spacings may be too large to form a packed crystalline order. The
spectral changes for the resonance peak of anomeric carbon C1 in Figure 2 is
similar to the changes that were observed for AZOEST in Figure 1.

The results of the solid-state NMR data on low molecular weight
azocellulose (80,000-160,00) presented in Figures 1 and 2 and ultrahigh
molecular weight azocellulose (ca. 5.8 x10%) (/1) suggest that the coupling
reaction takes place predominantly at the C6 carbon position. The Mitsunobu
reaction is initjated preferentially in the amorphous region of cellulose and then
through the crystalline region. As a result, the crystalline region decreases
whereas the amorphous region increases.

oH C235
a
HO 5 OH a

160 140 120 100 80 60 40
ppm

Figure 2. The >C CP/MAS spectra of VISCOCELL cellulose (a), AZOVIS69 (b),
and 4-cyanophenylazophenol (c).
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Figure 3. The >C CP/MAS spectra of ESTERCELL cellulose (a), AZOEST49
(b), high MW Azocellulose with a DS of 0.49 (c), and high MW cellulose (d).

In Figure 3, the solid-state *C NMR spectra of low molecular weight
cellulose and corresponding azocellulose are compared with ultrahigh molecular
weight cellulose and its azocellulose at the same level of DS (0.49). For
ESTERCELL cellulose, the crystalline resonance peak at 64.4 ppm for the
carbon C6 in Spectrum a decreases significantly in Spectrum b and appear as a
small up-field shoulder to C2, C3 and C5 resonance peaks for the azocellulose
polymer. In a similar way, the changes for C1 and C4 are also observed. For the
cellulose with an ultrahigh molecular weight (5.8 x 10%) (1/) with the same DS
of 0.49, the spectral changes for crystalline domain carbon resonances in
Spectrum c are significantly smaller compared to the changes in Spectrum b for
low molecular weight azocellulose. These results suggest that the crystalline
regions of cellulose with low molecular weight are more susceptible to
morphological changes than the cellulose with a high molecular weight as a
result of functionalization with azobenzene chromophores.

The FTIR spectra of ESTERCELL cellulose (Spectrum a), AZOEST21
(Spectrum b) and AZOEST49 (Spectrum c) and 4-cyanophenylazophenol
(Spectrum d) are shown in Figure 4. The absorption peaks of ESTERCELL
cellulose are assigned according to the work of Ilharco et al. (/4). In the
Spectrum a of ESTERCELL cellulose, the band with maximum absorption at
3260 cm’ is attributed to the O-H stretching. The presence of a broad O-H
peak is probably due to distribution of peaks arising from different types of
hydroxy! groups (one primary and two secondary alcohol groups), different kind
of hydrogen bonding (intra- and intermolecular hydrogen bonding), and
different chain order (amorphous and crystalline domains) in ESTERCELL
cellulose. The bands at 2920 cm™ and 2849 cm’' are associated with the C-H
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Figure 4. The FTIR spectra of ESTERCELLcellulose (a), AZOESTER21 (b),
AZOESTER49 (c), and 4-cyanophenylazophenol (d).

stretching. The bands at 1157 and 1029 cm™ are corresponding to the C-O
stretching. The bands at 1051 and 1106 cm’ are assigned to the C-O-C
bending in the pyranose ring and the O-H in-phase bending or asymmetric
stretching respectively (/4).

Specrum d in Figure 4 shows the FTIR specttum of 4-
cyanophenylazophenol. The band with maximum absorption at 3302 cm™ is
attributed to the O-H stretching of the phenol group. The band at 2232 cm is
associated the C=N stretching. The bands at 1591, 1587, and 1503 cm™ are
corresponding to aromatic C=C stretching. The band at 846 cm'' is attributed to
the out-of- plane C-H bending of 1,4-disubstituded benzene rings. The bands at
1214 and 1138 cm™ are assigned to C-O and C-N stretching respectively.

The characteristic peaks arising from the azocellulose polymers as a result
of Mitsunobu reaction can be easily identified in Spectra b and ¢ in Figure 4 if
the spectra for azocellulose are compared with Spectra a and d. In the spectra of
azocellulose polymers, the peak attributed to C—O stretching at 1214 cm™ from
4-cynophenyazophenol does not appear, while a new sharp and strong vibration
band appears in the region of asymmetrical C-O-C stretching for aryl alkyl ether
at 1249 cm’'. Also, the band of alkyl aryl ether C~O-C for AZOEST49 is much
stronger than that for AZOEST21. These suggest the attachment of azophenol
chromophores to the cellulose through the formation alkyl aryl ether. The C=N
stretching at 2227 cm’!, the aromatic C=C stretching at ca. 1598 and 1500 cm™,
the C-N stretching at 1139 cm™ and the out-of-plane C—-H bending of 1,4-
disubstituded benzene rings at ca. 848 cm™ are characteristic peaks of azophenol
chromophores in the azocellulose polymer. The intensities of these vibration
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peaks increase with the DS suggesting that azophenol chromophores are linked
to ESTERCELL cellulose as a result of Mitsunobu reaction. The FTIR Spectra
of low molecular weight cellulose VISCOCELL and its azopolymer show the
similar spectral features of ESTERCELL.

The typical AFM three-dimensional images of the SRGs with grating
spacing of 1 pm on the films of azocellulose polymers are shown in Figure 5.
The SRGs on all samples were recorded at an intensity of 200 mW/cm?, and the
writing beams were turned off after the diffraction efficiency saturated. The
amplitudes of the surface modulation are 150nm, 200 nm for azocellulose
AZOEST21, AZOEST49 respectively. This conforms to the increase trend in
amplitude of SRGs with DS (8). In the case of AZOVIS69, the amplitude of the
surface modulation is over 300 nm. For the high molecular weight azocellulose
polymer with a DS of 0.49, the amplitude is about 300 nm. The AFM data in
Figure 5 indicate that the SRGs inscribed on the film of AZOEST49 are
smoother than those of high molecular weight polymer.

Conclusions

Azocellulose polymers have been synthesized by linking azobenzene
chromophores to commercially available low molecular weight cellulose
through Mitsunobu reaction. The solid-state *C CP/MAS NMR data suggest the
coupling reaction take place preferentially at the C6 position. SRGs on the films
of these azocellulose polymers were holographically induced in a single step
process.
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Chapter 6

Structure of Bombyx mori Silk Fibroin
before Spinning in Silkworm

Tetsuo Asakura, Jun Ashida, and Tsutomu Yamane

Department of Biotechnology, Tokyo University of Agriculture and
Technology, Koganei, Tokyo 184-8588, Japan

The silk I structure (the structure of Bombyx mori sik fibroin before
spinning in the solid state) was determined with “C two-dimensional
(2D) spin-diffusion solid-state NMR, rotational echo double resonance
(REDOR) and quantitative use of “C CP/MAS NMR chemical shifts.
We used “C - °C double labeled and "*C - “N double labeled model
peptides, (AlaGly),s in silk I form for solid state NMR analyses. The
structure was determined to a repeating type II B-tun.  The solubility of
B. mori silk fibroin in water was examined in the light of the presence of
Tyr and Val residues in the repetitive domains of GAGAGYGAGAG
and GAGVGYGAGAG sequences. The presence of amorphous
domains, TGSSGFGPYVANGGYSGYEYAWSSESDFGT was also
considered as the origin of the solubility of silk fibroin in water. The
solution structure of silk fibroin in B. mori silkworm is also discussed
with previous circular dichroism (CD), optical rotatory dispersion
(ORD) and solution NMR data.

The silkworms can produce strong and stiff fibers at room temperature and from an
aqueous solution (1). Therefore, it is important to know the structure of the silk fibroin
in silkworm in order to understand the mechanism of fiber formation at the molecular
level. Two crystalline forms, silk I and silk II, have been reported as the dimorphs of
silk fibroin from B. mori based on several spectroscopic investigations (2).  The silk I
structure (the structure of silk fiber after spinning) was first proposed by Marsh et al. (3) to
be an anti-parallel B-sheet, which was subsequently supported by other researchers (1).
However, the determination of the silk I structure was difficult because any attempts to
induce orientation of the silk fibroin or the model polypeptides with silk I form for studies
by X-ray and electron diffraction, causes the silk I form to readily convert to the more
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stable silk I form (2). So it is necessary to use more appropriate analytical methods in
order to determine the silk I structure at molecular level. Solid state NMR is reported to
be one of the suitable techniques for the determination of silk I structure (4).

In this study, we attempt to investigate the silk I structure by employing a number of
solid -state NMR (°C - 2D spin-diffusion NMR, REDOR and quantitative use of °C
CP/MAS NMR chemical shifts) methods (4). The primary structure of B. mori silk
fibroin largely consists of repeat sequences of six residues (GlyAlaGlyAlaGlySer), (1).
Therefore, we studied the (AlaGly);s sequence as the model for silk I structure.
However, the model peptide, (AlaGly),s, was found to be insoluble in water although the
silk fibroin exists in the solution state in silkworm before spinning. ~ Therefore, we also
attempted to clarify the critical amino acids in silk fibroin which may be mainly
responsible for its solubility. Recently, Zhou et al. reported its complete amino acid
sequence of B. mori silk fibroin (5). The analysis showed that in addition to the
repeating sequence of GAGAGS, the primary sequence of silk fibroin also contains
GAGAGY and GAGAGVGY sequences. These repetitive sequences are flanked by
the amorphous region: TGSSGFGPYVANGGYSGYEYAWSSESDFGT, containing
both polar and hydrophobic bulky residues. Therefore, the sequential model peptides
selected from this primary sequence were also synthesized and the solubility of the
peptides in water was examined. The structures of these peptides were characterized by
solid-state NMR and compared with the (AlaGly);s model peptide. The solution
structure of silk fibroin in B. mori silkworm will be discussed with reference to previous
CD (6), ORD (7) and solution NMR data ( 8, 9).

Experimental

Peptide synthesis

All the peptides investigated here, were synthesized with the solid phase method by
employ F-moc chemistry. The double labeled peptide: °C - °C and ®C - *N of the
(AlaGly),s sequence were synthesized for 2D spin-diffusion and REDOR experiments.
To achieve purification the samples were dissolved in 9 M LiBr and then dialyzed
thoroughly against distilled water for four days. The participated samples were collected
anddried. The structures of all the samples were confirmed from the "C CP/MAS NMR
and IR spectra (10).  In order to examine the role of specific amino acids on the solubility,
peptides with following sequences, 1-4, of silk fibroin were synthesized.

H-GAGAGSGAGAG-OH 1
H-GAGAGYGAGAG-OH 2
H-GAGVGYGAGAG-OH 3
H-TGSSGFGPYVANGGYSGYEYAWSSESDFGT-OH 4
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As described previously, the aqueous solution of silk fibroin was obtained directly from the
silkgland of B. mori.

NMR

The 2D spin-diffusion NMR spectra were obtained with a Varian Unity/NOVA 400
NMR spectrometer and a 7mm¢ Jakobsen-type double-tuned MAS probe at off magic
angle condition (8,+7°) and with the sample spinning of 6 kHz at room temperature.
REDOR experiments were performed on a Chemagnetics CMX-400 spectrometer
equipped with a solid-state accessory and a triple-channe] magic-angle probe with a S mm
coil, spining at 5 kHz. The *C CP/MAS NMR measurements were performed on a
Chemagnetics CMX~400 spectrometer as described previously (4).

Results and Discussion

Silk I structure in the solid state

Figure 1 (A) shows the *C CP/MAS spectrum of double labeled spectrum of
(AlaGly),s after dissolving in 9 M LiBr and then dialyzing against water. 'The high field
resonance region (10-70 ppm) was expanded. The observation of chemical shifts at 17.4
ppm for CB and 51.5 ppm for Cox carbons of Ala residue, clearly indicate that the structure
of the peptide is silk I (10). The ™C solution NMR spectrum of B. mori silk fibroin
obtained directly from the silkgland is also shown in Figure 1(B) for the sake of
comparison. The observed *C chemical shifts of Ala Co,, CB and Gly Co: carbons are
almost the same between the solid state and the solution state. It may be mentioned that
the chemical shifts of Ala Co and CB carbons have been more quantitatively used for
characterization of the Ala residue in silk I structure (11). The ¢ and W torsion angles
satisfy the Cocand CB chemical shifts, consistent with the values ¢=—80° to —20°, ¢ =
90°to 180°.

¢ and y angles of Ala and Gly residues in silk I form was determined by the 2D
spin-diffusion solid-state NMR which is a powerful method to obtain the relative
orientation of two chemical shift tensors of “C labeled sites in the local molecular
framework (4). Under off magic angle condition, the 2D spin-diffusion NMR spectra of
(AG)s A[1-°CJG,[1-°C]A,5s G(AG), along with the simulated spectrum for the torsion
angles ( ¢ =-60° and v = 130" ) of Ala residue (only ca‘bonylreglons), are shown in
Figure 2A. The 2D spin-diffusion NMR spectrum of (AG), [1- BCIA[1-°CIGys (AG),
is shown in Figure 2B along with the simulated spectrum for the torsion angles ( ¢ =
70°and y =30°) of the Gly residue. The simulation was performed for the regions in the
Ramachandran map, which were selected from the chemical shift data of silk I obtained
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FigureI. C CP/MAS spectrum of (AlaGly),s 30 mer (4) and "°C solution NMR
spectrum of B. mori silk fibroin in aqueous solution obtained directly from the silkgland
(B). Theresonance region, 10-70 ppm was expanded

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.ch006

July 17, 2012 | http://pubs.acs.org

75

A (ppm) | (ppm)
150 150 ¢
160 160 |
170 170 |
180 180 |
180! 190 |-
200 200 |
210 i L i i 'Y 3 2“0 L L 3 a1 N N
210 200 190 180 170 160 150 . 210 200 190 180 170 160 150
(ppm) {ppr)
{pom)
B 150
160
170
180
190
200
b} 1 I 2 2 . . i 1 2 L i 1
200 190 180 170 160 150 200 190 180 170 160 150 ]

Figure2. The experimental (@) and simulated (b) 2D spin-diffusion NMR spectra of
[1-°C Gly;4 1-°C Alays] doubly-labeled (AlaGly),s 30 mer (4) and [1-°C Ala;s 1-°C
Glyi] labeled (AlaGly),5 30 mers (B). 'The torsion angles (¢ and w=-60°and 130°) of
Ala residue and (¢ and y= 70" and 30°) of Gly residue were obtained from the
et
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Figure 3. Repeated B-turn type Il-like structure. For example, there is intra-molecular
hydrogen bond between the carbonyl oxygen atom of the (i-1)-th Gly residue and the
amide hydrogen atom of the (i+2)-th Ala residue

from solid-state NMR.  To confirm the ¢ and y values of the Gly residues we also used
the reported unit cell dimension along the c axis ( 8.88A) of the silk I structure (4). Figure
3 shows the model of silk I obtained with ¢ s, =—60°; W = 130" and ¢ g, = 70°; Yoy =
30°. In order to further confim the proposed model the distance between the “C=0
carbon of the 14th Gly residue and the N nitrogen of the 17th Ala residue in the peptide
(AG)A[1-"CIGAG["NJAG (AG)s was determined by a REDOR experiment (4).
The distance was determined to be 4.010.1A which agrees well with the distance of 3.9
0.1 A, calculated of intra-molecular hydrogen bonded structure of the silk I which
accommodates repeated type I B-turn structure (the ideal backbone torsion angles of a
type II B-tumn are: ¢; ~—60°, y, ~ 120°, ¢;; ~ 80° and y;;, ~ 0°).

Thus, there are inframolecular hydrogen bonds between the carbonyl oxygen atom of
the (i-1)™ Gly residue and the amide hydrogen atom of the (+2)™ Ala residue, between the
amide hydrogen atom of the (/)" Ala residue and the carbonyl oxygen atom of the @3
Gly residue, and between the carbonyl oxygen atom of the (#+1)" Gly residue and the
amide hydrogen atom of the (#+4)" Alaresidue. Moreover, the reported X-ray diffraction
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data ie the WAXS pattem, of silk I further allowed us to confim the formation of
inter-molecular hydrogen bonds between the Ala C=O and Gly amide-NH of one strand
and the Gly amide-NH and Ala C=O on the adjacent molecule, respectively (4). The
direction of this inter-molecular hydrogen bonding is perpendicular to the fiber axis.

Orrigin of solubility of B. mori silk fibrein in water

The peptide (AG);s used for proposing the silk I solid state structure was found to be
insoluble in water. Interestingly, the peptide 1, which incorporates Ser residues in the
(AG), sequence, however, remains insoluble in water. As already noted earlier, the
fraction of B. mori silk fibroin precipitated after cleavage by chymotrypsin (Cp fraction) is
~ 55% of total silk fibroin with the sequence (AGSGAG);. This is also insoluble in water
indicating that the Ser OH group does not contribute the solubility of the peptide (1). It
was of some interest to analyze the soluble fraction (Cs fraction) after chymotrypsin
treatment. 'The comparison with the amino acid composition of Cp fraction showed the
presence of Tyr and Val residues in Cs fraction (12). The gel filtration column
chromatography (sephadex G-15) resulted in four fractions, S-I (32%), S-I(4%),
S-M(46%) and S-IV(17%). 'The amino acid composition of the S-I fraction was similar
to that of Cp fraction except that approximately half of the molecular weight of the Cp
fraction. The amount of S-II fraction is small and the amino acid composition is similar
to that of S-III fraction.  The peptide sequences of the S-III fraction were reported to be
GAGAGAGY and GAGVGAGY. The S-IV fraction consists of a mixture of smaller
sequences. From these results it can be safely speculated that the Tyr and Val residues
may contribute to the solubility of the silk fibroin in water. In order to check the solubility
of (AG), based sequences, we synthesized peptides GAGAGYGAGAG, 2 and
GAGVGYGAGAG, 3 where the Tyr and both Val & Tyr residues were present,
respectively in the center of the sequences. Surprisingly, both the peptides, 2 and 3, were
easily soluble in water. The peptide 4 (TGSSGFGPYVANGGYSGYEYAWSSES-
DFGT) of B. mori silk fibroin, called the amorphous sequence by Zhou et al,, was also
found soluble in water. So the presence of these sequences in silk fibroin may be the
origin of its solubility in water. However, considering the relative fractions of each
sequence in the whole silk fibroin, the role played by the Tyr and/or Val residues may be
critical and appears to be important in controlling the solubility.

In order to characterize the structure of these peptides “C CP/MAS NMR spectra of
these model compounds were recorded (Figure 4). It is clear that the Ala residues in 1
take largely an anti-parallel B sheet, as judged from the C chemical shifts of Ala CB
resonance at 20.3 ppm. However, there is a shoulder at ~ 16.5 ppm, indicating the
presence of a small fraction of random coil structure. The observed chemical shifts at
489 ppm for Ala Co and 172.0 ppm for Ala carbonyl carbons also support the
anti-parallel (3 sheet structure of 1.  The chemical shift values at 42.6 ppm and 169.1 ppm
of the Ca and carbonyl carbons, respectively for Gly residues indicate that the residue also
takes anti-parallel B-sheet structure. The small, but clearly resolved sharp peaks at 54.7
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and 63.6 ppm are assigned to the Co. and CB carbons, respectively of the Ser residue.
These chemical shift values are also typical ones for anti-parallel } sheet structure ie. silk II
structure. The deuterium NMR dynamics study of the Ser residue in silk fibroin with silk II
structure has also supported that the residue tends to stabilize the extended conformation
via the formation of main-chain to side~chain hydrogen bonding interactions (13).

LIS S I IR B N M 20 TR SN UL SR BN L NN R N IO IR R L IR AN N BRNLENL R BN N BN

250 200 150 100 50 0
ppm from TMS

Figure 4 °C CP/MAS NMR spectra of the sequential model peptides, GAGAGSGAGAG
(1), GAGAGYGAGAG (2) and GAGVGYGAGAG (3) selected from the repetitive
domains of B. mori silk fibroin.  * indicates spinning side bande.

Investigation the effect of the introduction of the Tyr residues in the (AlaGly),
sequence, could be of conformational interest. The observed Cowand CB chemical shifts
of the Ala residue in 2 at 49.5 ppm and 16.5 ppm, respectively, means that the
conformation is either random coil or sikk I. In this case, however, the line widths are
considerably broader than that of silk I (10). Especially, a sharp peak of the Ala carbonyl
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carbon should be observed at 176.8 ppm at the carbonyl carbon region if the structure is
silk I (10), but this is not observed in Figure 4. The Gly carbonyl carbon peak of 2
resonates at lower field than the silk I peak (169.1 ppm), indicating that the Gly residue
also takes a random coil. A similar tendency was also observed for the peptide, 3 and so
the presence of Val residue is essentially no effect compared only the presence of the Tyr
residue. The structure of Tyr and Val residues involved in the repeated GlyAla
sequences can be discussed with the chemical shift values, although it is difficult to obtain
the exact values because of small amounts of these residues in the chain and the peak
overlapping. The chemical shifts ; Tyr Co peak at ~ 55.5 ppm and Tyr CP peak at 36.3
ppm , are close to the random coil shift of Tyr residue ( 554 ppm and 36.1 ppm,
respectively ).  Thus, Tyr residue in 2, and both Tyr and Val residues (~ 59 ppm) in 3 take
random coil structure. Contrary to the case of Ser residues, Tyr and Val residues
effectively destroy silk I i.e. B-turn structure, and make the silk fibroin stored in the middle
silkglands soluble in water. .

Solution structure of silk fibroin

Since the silk I structure appears when the silk fibroin stored in silkgland is dried
gently, the evidence of the appearance of the ordered structure is expected with the
previous solution NMR data reported by us (8,9) and other researchers ( 6,7) on silk fibroin
extracted directly from the silkgland of silkworm. The CD spectra of B. mori sikk fibroin
obtained directly from middle silkgland, reported by Kataoka et al. (6), was studied at two
widely different concentrations in water (Figure 5).

The observed CD pattern of silk fibroin at low concentration ~ 0.1% , may indicate
that the predominant structure is random coilumordered. However, there is residual
negative ellipticity value at ~ 220 nm which may suggest contribution(s) from some
ordered structure(s). It may be noted that the typical CD spectrum attributed to random
coilunordered structure has moderate positive ellipticity value at~218 nm. Interestingly,

_g 0
: :
2 L4} £
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»
=)
27200 20 220 260™ 200 220 240™

Figure.5. CD spectra of B.mori silk fibroin obtained directly from the silkgland at the
concentrations , 0.1% (lefi) and 8.6% (right).
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Figure6. Helical (Silk 1) content of B. mori silk fibroin obtained directly from the
silkgland as a function of the concentration. These data were determined by ORD
measurements

at significantly higher concentration ~ 8.6%, a distinct CD pattern with poorly defined
troughs, at ~ 218 nm and ~ 206 nm, was observed. The [6],, value could not be
quantitated because of the high concentration of the sample. Latter CD pattemn of silk
fibroin does not appear to be the reminiscent of either helical or B-sheet structure. In fact
BC solution NMR chemical shift data of silk fibroin clearly suggested the absence of
helical structure (8). Thus, under experimental condition, the CD pattern presumably
indicates the appearance of some ordered structure (8). Evidence for the induction of
concentration-dependent ordered structure , as seen in the CD spectra, may suggest the
existence of an equilibrium of different populations of silk structures. The ORD
measurements were also performed by Kobayashi et al. (7) by changing the concentration
of liquid silk from silkworm ( Figure 6). The b, value, which reflects the fraction of
helical structure, indicates that the helical contents start increasing from the 5% of silk
concentration and reach 40% helical contents in the liquid silk obtained from middle
silkgland (silk fibroin concentration ~ 30%). This study also supports the generation of
ordered structure(s).

The silk I in the solid state is repeated -tumn type II structure as mentioned above.
Perczel et al. (14) reported typical CD pattern of type I and type II B-tun together with
random coil. Actually, the random coil pattem is similar to the pattem of silk fibroin at
0.1%. Interestingly, the CD pattern at 8.6% is similar to type I B-tum and quite different
from type I B-tum.  The observed spin diffusion NMR spectra and REDOR data of Ala
residue clearly show that the silk I structure is not type I B-turn (¢ =-60°y =-30°). So
both B-turns form intra-molecular hydrogen bonding, but the strong aggregation of silk
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fibroin chains during drying process might promote the structural change from type I to
type IL

(W %)
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Figure7. The'H-coupled and decoupled spectra of the carbonyl carbons for the Gly
residue of [1-°C]Gly-labeled B.mori fibroin observed as a function of the concentration

Figure 7 shows the "H-coupled and decoupled C solution NMR spectra of the
carbonyl for the Gly residue of [1-°C]Gly-labeled silk fibroin in D,O (8). The
observations of the long-range coupling constant between “C and "H nuclei, *Jex.coms are
expected to yield information conceming the local conformation.  Splitting of the peaks in
the carbonyl region of the "H-decoupling spectrum was assigned to specific sequences (15).
The value of the >/ ¢-.cqsWas readily determined from the spacing of the doublet for each
Gly carbonyl carbon peak in the 'H-coupled spectra. After correction by means of the
peak-to-trough ratio of the doublet was applied to the determination of >/ c-j.cox Values :
2.8Hz for G-A-G-S-G sequence, 2.4Hz for G-S-G-A-G, and 2.6Hz for the G-A-G-A-G
sequence at 1.8 w/v%.  These values decrease slightly with increasing concentration :
2.5Hz for the G-A-G-S-G, 2.0Hz for the G-S-G-A-G sequence and 22Hz for the
G-A-G-A-G sequences at 7.3 wiv% (8).  Since the ¢ value of the Ala residue is ~—60°,
which is independent of whether type I or I B-tum structure, >.J .x.cqs1 can be calculated to
be —-0.75 Hz (8). Therefore, the decrease in the long range coupling constant might
indicate the appearance of the silk I structure at increased in concentrations.
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Chapter 7

Estimation of Physical Properties of Archeological
Silk with NMR Relaxation Time and Fluctuation—
Dissipation Theorem

Riichirdé Chiijo, Kyoko Fukutani, and Yoshiko Magoshi

Department of Environmental and Material Engineering, Teikyo University
of Science and Technology, 2525 Yatsusawa, Uenohara-machi,
Yamanashi 409-0193, Japan

A detailed study of silk samples was carried out using both
fresh and archeological samples. Good correlations were
obtained between the NMR spin-lattice relaxation time and
mechanical properties, such as initial compliance, initial
tensile strength, and the ratio between these two parameters.
These correlations were then used to estimate the physical
properties of archeological silk samples from the T, data
alone. The equivalence of the relaxation time and the
mechanical properties was also suggested by the fluctuation-
dissipation theorem. The effects of degradation and
paramagnetic impurities were also addressed in this work. The
results obtained herein have relevance to a cultural problem
involving the definition of “left-and-right” in Japan.

The development of archaeology brings us lots of samples from ancient
times. Polymeric samples, such as fibers, are included in the artifacts. These
samples are very useful in an understanding of the prevailing culture at the time
when the samples were produced. However, there are some limitations to such
studies. A typical limitation pertains to physical properties of polymeric
materials. The passage of time may induce degradation of the polymer. The
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degradation may produce stress concentrations in the sample when a stress is
applied. Thus, a measurement may not necessarily reflect the physical properties
of the sample in its original state, but may instead reflect the degradation.

The measurements of physical properties can be categorized as “direct” or
“indirect.” In the former are included measurements of stress relaxation, creep
compliance, and dielectric relaxation. In these experiments an excitation is
applied which induces a direct change of mechanical parameters, and a response
is observed as a result of this change. In these direct experiments the
contribution from stress concentrations is inevitable. The indirect method may
entail the measurement of fluctuations. For example, NMR spin-lattice
relaxation time (T,) is a fluctuation quantity. No change is induced in the
mechanical properties during the indirect measurement; this analysis is therefore
free from the stress concentrations. If the information from direct measurement
is equivalent to that from indirect measurement, we can estimate the former
through the measurement of the latter without the influence of the stress
concentrations. The equivalence of these two measurements is guaranteed by the
"fluctuation-dissipation theorem" (7,2). In the next section we will try an
experimental verification of the theorem for fresh fiber samples.

It is well known that paramagnetic impurities affect the spin-lattice
relaxation. The above theorem is valid only for samples without paramagnetic
impurities. The third section is devoted to the effect of the impurities in the
samples treated with dyestuff and mordant.

There is a beautiful and well-preserved hall named Konjikido (Gold Colored
Hall) in Chusonji Temple in Hiraizumi, Iwate, Japan. In this hall three mummies
from the twelfth century are still preserved. These mummies are Fujiwara
chieftains: Kiyohira Fujiwara (the first chieftain, died in 1128), Motohira
Fujiwara (the second, died in 1157), and Hidehira Fujiwara (the third, died in
1187). In the coffins of these mummies lots of silk fabrics have been preserved.
These silk fabrics will be used for T, measurements. The results will be
employed for the estimation of the physical properties in the fourth section.

Earlier, we had already analyzed the amino acid composition of these silk
fibers with solid-state °C NMR (3). We had found the composition to be a
function of silk cultivation temperature. Part of this finding had been presented
at a symposium in the 211th ACS National Meeting (4) and also covered in the
Chemical and Engineering News (5). This study has been extended to a cultural
problem, namely, the definition of "left-and-right" (6). There are two different
definitions in Japan: from lower hierarchy side, or from higher hierarchy side.
The latter one is more popular in Japan. In a Japanese temple, the buddha image
faces the prayers. The prayers, therefore, find the left hand of the buddha on
their right side. Buddha is, of course, higher than the prayers in hierarchy. If
this is the case, the definition for “left” and “right” in a buddhist temple would
be opposite from the prayers. An old document states that the central, left, and
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right mummies under the floor of Konjikido are Kiyohira, Motohira, and
Hidehira, respectively. According to Japanese custom, this document should be
read for prayers, and Motohira is therefore on the right and Hidehira is on the
left. Actually, until 1950 this definition was adopted even in Chusonji Temple.
However, the definition changed to the opposite one in 1950. The reason why
the definition was changed is out of scope of this chapter. It will be valuable to
reconsider which definition is more reasonable from the findings of NMR. Our
previous paper (6) presented an opposition on the basis of physico-chemical
data. More specifically, a comparison of the amino acid composition and the
temperature estimated from dendrochronological data supported the original
definition. In this paper this opposing view will be strengthened by the T, data.
This will be another aim of the fourth section.

Experimental Verification of Fluctuation-Dissipation Theorem

As discussed in the Introduction, if equivalent information is obtained from
both direct and indirect measurements of mechanical properties, then the
fluctuation-dissipation theorem is applicable (/). The exact proof of the theorem
has already been made. However, an experimental verification is still useful for
experimental chemists in an understanding of this theorem. In order to carry out
the verification, the spin-lattice relaxation times are compared with
corresponding mechanical properties for fresh silk samples. A linear
relationship between the two measurements would then constitute an
experimental verification, at least for these samples. It may be noted that
experimental verification does not imply a general proof because this is not a
rigorous mathematical proof.

Fresh silk fabrics were used for the T, measurements as well as for the
measurements of initial compliance (A), initial tensile strength (B), and the ratio
(A/B) of these two quantities. For simplicity, the T, of alpha carbon in glycyl
residue was chosen as representative of the T, values. T, values were measured
on a JEOL Alpha 500 spectrometer operating in the solid-state high-resolution
mode. The pulse sequence used was 180°-1-90°. (A), (B), and (A/B) values
reflect viscous, elastic, and viscoelastic quantities, respectively. These values
were measured on a Tensilon/Utm-II instrument. In Figure 1 we show the
correlation between (A) (top), (B) (middle), and (A/B) (bottom) and the
reciprocal spin-lattice relaxation time. The three data points designated by K,
M, and H will be explained in the fourth section. Least square analysis was
done on each of the plots and the correlation coefficient determined. The
coefficients were 0.919 (A), 0.747 (B), and 0.956 (A/B). As expected, the
correlation was the best for A/B.  This is because phenomenologically NMR
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Figure 1. Correlation between initial compliance (A, top), initial tensile strength
(B, middle), and the ratio (A/B) and the reciprocal spin-lattice relaxation
time for fresh silk fabrics. K. M. and H are data points for the reciprocal
spin-lattice relaxation times of the silk fabrics in Chusanji temple, placed on
the least-square straight lines.
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relaxation is closest to viscoelasticity. This good correlation between A/B and
T, suggests the plausibility of the fluctuation-dissipation theorem.

Before moving to the next topic, we need to check whether the T's are
affected by degradation. If T,'s are noticeably affected by degradation, then the
T)'s of archaeological samples do not reflect the mechanical properties in the
sample in its original (non-degraded) state. The logarithmic free induction decay
curves of one fresh sample (thin line) and of the corresponding degraded sample
(thick line) are shown in Figure 2. The degradation was done by electron beam
(230 Mrad) irradiation. The absolute intensity values are slightly different for
the two lines, but the slopes of the two lines are almost equal.  The slope
corresponds to the reciprocal spin-lattice relaxation time. Thus, the data suggest
that the T, is almost equal before and after degradation; the degradation does not
induce serious change in NMR relaxation. In other words, the change in
mechanical properties is primarily due to stress concentrations.

Effect of Paramagnetic Impurities on T,

Silk fabrics are usually treated with dyestuff and mordant. In the latter there
are several inorganic paramagnetic compounds, such as FeCl;. In addition, there
are other paramagnetic compounds in archaeological samples, e.g., blood (which
contains hemoglobin). The fluctuation-dissipation theorem states the
correspondence and equivalence between the “direct” measurements and T,
which is modulated by molecular motion. If paramagnetic impurities are
present, the data may also reflect the effect of these impurities. Thus, this effect
needs to be checked. In this paper this paramagnetic contribution is considered
to originate only from mordants.

Thirteen samples were used for the comparison between A/B and reciprocal
T,. In Figure 3 are shown the correlation, in which @, B, and A stand for
samples without dyestuff and mordant, with mordant, and with dyestuff and
mordant, respectively. Only one point is an outlier. This is the data point from
the sample that has been treated with commercial FeCl,. The exact recipe does
not appear on the label of this mordant. We cannot judge whether this mordant
is pure FeCl,. We surmise that part of FeCl, has changed into the paramagnetic
FeCl;. Except for this isolated point, the remaining points are scattered, but the
range of scattering is rather limited. This finding suggests that the effect of
paramagnetic impurities is not very large. In the next section we will discuss the
spin-lattice relaxation behavior of silk fabrics at Chusonji temple without taking
consideration of paramagnetic impurities. Actually, the plot similar to that of
Figure 3 is impossible for the samples taken from Chusonji temple due to the
presence of stress concentrations.
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Figure 2. Logarithmic free induction decay curve of one fresh silk fabric sample
(thin line) and the corresponding degraded sample (thick line)
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Estimation of Physical Properties of Silk Fabrics Preserved in
Chusonji Temple and the “Left-and-Right” Problem

Three data points (K, M, and H) in Figure 2 originate from silk fabrics in
the coffins of Kiyohira, Motohira, and Hidehira, respectively. However, we
have no data on the mechanical properties of these fabrics (i.e., (A), (B), and
(A/B)). The consideration in the second section suggests possible correlations
between these three quantities and the reciprocal T;. We can then use the
observed reciprocal T, data and predict the (A), (B), and (A/B) values from the
linear relationships obtained from the measurements of fresh samples. As
described previously, only the values of (A/B) are reliable. From the data, we
can say the viscoelastic parameters of silk fabrics preserved in Chusonji temple
are almost similar to those of today.

We need to address the so-called "left-and-right" problem, which has
already been mentioned in the Introduction. In Figure 4 are shown the
relationship between the temperature index and (A/B). The index has been
determined by Mitsutani (7) from dendrochronological data. For samples K, M,
and H the old definition before 1950 is used in the top figure, and the new
definition in the bottom figure. Correlation coefficients are 0.94 and 0.26 for the
top and the bottom figures, respectively. The preference for the old definition is
obvious. (Note that in Figure 1 we have already adopted this older definition.)

Sasaki (8), who is a priest in the Chusonji temple, is opposed to our
previous paper (6). His opposition is based on the desire to maintain the dignity
of the temple. We believe his position was not based on scientific facts. We
have earlier indicated our opposing views (9). One of the rationales for carrying
out this work is to verify our earlier results and to collect additional data. We
believe we have done so and have vindicated our position through the current
study.
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Chapter 8

Polymer Characterization by 3D Solution NMR

Peter L. Rinaldi

Department of Chemistry, Knight Chemical Laboratory, The University
of Akron, Akron, OH 44325-3601

In this work the applications of three dimensional (3D)
solution NMR techniques for characterizing the structures
of synthetic polymers and dendrimers are illustrated,
including: the characterization of polymer chain-end
structure, monomer Ssequence, stereosequence, and
branching. The utility of triple resonance and pulsed field
gradient NMR techniques in these research endeavors are
discussed.

Introduction

Since its discovery over half a century ago, NMR has been the most
valuable tool in advancing our knowledge of organic structures in chemistry,
biology and materials science. The development of multidimensional NMR
methods, especially 3D-NMR techniques, in conjunction with isotopic labeling
has been indispensable in developing our knowledge of protein structure and
function in molecular biology.(1) Generally, 2D-NMR methods have been

94 © 2003 American Chemical Society
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sufficient in natural products chemistry, pharmaceutical science, and other
fields involving the study of structures of relatively small molecules.(2) The
complex mixture of structures present in synthetic organic polymers makes this
a fruitful area for applications of multidimensional NMR methods.

2D-NMR methods have been extensively exploited to tackle problems in
polymer science, however, the use of 3D-NMR techniques in polymer science
has been rare. Several factors have discouraged the exploitation of these
techniques in polymer science, including the scarcity and expense of
isotopically labeled monomers and the relatively small amount of funded
research compared to that performed in the biological area. Nevertheless, 3D-
NMR methods can be extremely useful for studying problems in polymer
structure, mechanism and properties. In this review, we will summarize some
of our work in this area in the hope that it will inspire others to use this
methodology.

Polymer Structure.

Structure identification problems in polymer science generally entail
identification of chain ends, main-chain repeat units and their sequences, and
chain defects. All these factors influence the appearance of the polymer’s NMR
spectra, and are critical in determining the material’s final physical and
mechanical properties.

Chain-end Structure

Identification of chain-end resonances are useful since a comparison of
these resonance intensities with those from the rest of the polymer provides a
reliable means of determining number average molecular weight (M,), a key
factor in determining a polymer’s physical and mechanical properties.
Knowledge of the structures at the chain end is key in understanding the
initiation, termination and chain-transfer reaction steps during polymer
formation. All these factors are vital for altering reaction conditions to control a
polymer’s M, It is also thought that many polymer degradation processes begin
with reactions at unique chain-end structures; if these structures and their
degradation processes are known, it becomes possible to alter them to provide
stable materials.
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Main-chain Structure.

When polymerization of unsymmetrical monomers such as propylene
occurs, addition can occur in a head-to-tail or a head-to-head fashion to provide
a variety of different structures. If two or more monomers are copolymerized, a
variety of monomer sequences (dyads, triads, tetrads, pentads, etc.) are possible
as illustrated by the possible pentad monomer sequences for poly(1-chloro-1-
fluoroethylene-co-isobutylene), (PCFEI), shown in Table 1. In general, it is
possible to form copolymers having blocks of monomers, a statistically random
distribution of two monomers, and all possible compositional variations
between these two extremes. In the example of PCFEI, it is possible to form
pentads with five sequential E’s, five sequential I’s, and all permutations of E’s
and I’s between those extremes. The relative number of different monomer
sequences provides information about the “blockiness” of the polymer, and is
useful for determining the polymer’s monomer composition.

Table 1. Most probable structures from polymerization of isobutylene (I)
and 1-chloro-1-fluoroethylene (E)

E-EEE-E E-EEI-E  E-IEI-E  E-EIE-E  E-ElI'E E-lI-E

mm, mr, rr m, r m,r
E-EEE-I E-EEI-E I-IEI-E E-EIE-I E-EII-I  E-II-I
mm, mr, rm, m,r m,r
T
I-EEE-I E-IEE-E I-IEI-I I-EIE-I I-EII-E I-I11-1
mm, mr, It m, r mr
I-EEI-1 I-EIl-1
m, r

If the vinyl monomer produces a stereogenic center upon incorporation into
the polymer backbone, then additional structural permutations are possible. In
the simplest case, we can consider the relative stereochemistry of adjoining
monomer units in a polymer dyad. If these centers produce a mirror plane or a
C, axis of symmetry, then the dyad is said to have meso (m) or racemic (r)
relative stereochemistry, respectively, as shown in Figure 1. The relative
stereochemistries of higher n-ad sequences are defined by the stereochemistries
of the component dyad sequences as shown for the triad components of isotactic
(mm), syndiotactic (rr), and heterotactic (mr) polymers.

The possible stereosequences of the middle triads of the PCFEI pentads are
listed below each of the pentads in Table 1. Triads composed only of
isobutylene units do not contain stereogenic centers, and therefore do not
exhibit stereosequence effects in their NMR spectra. Even a relatively simple
copolymer such as PCFEI is a mixture of over 30 microstructures, thus
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explaining the complexity of the 1D-NMR spectra of this polymer, even at 600
MHz (Figures 2a-c).(3)

In this chapter, a small sample of the 3D NMR methods available to
identify structures and obtain resonance assignments from synthetic polymers
will be presented. Once assignments are obtained, they can be used together
with standard quantitative 1D NMR to measure the compositions of structures
present and to learn about the polymerization chemistry.

mm
isotactic

rr
syndiotactic

mr
heterotactic

Figure 1. Relative stereochemistries in meso (m) and racemic (r) dyad and
triad structures that consltitute isotactic, syndiotactic and heterotactic

polymers.
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Figure 2. One dimensional NMR spectra of PCFEI: a) 586 MHz "°F
spectrum; b) 150 MHz °C spectrum; and c) 600 MHz 'H spectrum.
(Reproduced from reference 3. Copyright 1996 American Chemical Society.)
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Multidimensional NMR

Two Dimensional NMR

Figure 3a shows the diagram of a one dimensional experiment, which
consists of preparation and detection periods. In most instances, the preparation
period is a relaxation delay, however, in special experiments, the preparation
period can be some other special sequence such as a relaxation delay combined
with an INEPT(4) polarization transfer delay. The resulting signal as a function
of detection time (¢/), known as a free induction decay (FID), is Fourier
transformed (FT) to provide the normal spectrum with peak intensity as a
function of frequency (7).

Preparation Acquisition

Preparation Evolution gMixin, Acquisition
2D I tl I s%“
Cc
Preparation Evolution Mixingg  Acquisition
nD { tn-l l t"
\
n-1

Figure 3. Schematic illustration of nD-NMR experiments: a) 1D, b) 2D, and
¢) nD.

In 2D-NMR experiments, an additional evolution delay, ¢/ (and in
some cases an optional mixing delay), is inserted between the end of the
preparation period and the beginning of the detection period (£2) (Figure 3b). A
serics of FID’s are collected with the #/ period incremented by an amount
related to the inverse of the desired spectral window in the f7 dimension
(Figure 4a). In nD-NMR, the convention is to sequentially label the evolution
delays t/, t2,...t(n-1) in the order they are executed (Figure 3c), and the
detection period is identified as tn. Sequential FT with respect to 2 (Figure 4b)
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and then #] produces a 2D spectrum with the usual NMR characteristics of the
detected nucleus plotted along f2 (Figure 4d). The NMR parameters plotted
along the f1 axis depend upon the specific preparation period used, and the
nature of the NMR coherence evolving during the ¢/ period.

FT(t) , ’
a b
f C
a — 11
d — FT®)
I
e
b - >t
fi

Figure 4. Schematic illustration of the steps in producing a 2D-NMR
spectrum: a) raw t1/t2 data, b) after FT with respect to 12, c) t] modulation
of the signal intensities at the shifts of peaks a and b in (b), and d) final
spectrum after FT with respect to both t1 and t2.

Thousands of 2D experiments have been reported in the literature.
These experiments can be categorized into a few major classes based on the
type of information obtained from the spectra. The experiments within a class
contain different refinements of the same basic experiment, but they provide
the same type of information. Different variations are most useful under
different circumstances. Typically, information from two or more classes of
experiments is used together to obtain a complete solution to a structure. In
selecting appropriate experiments, one must first consider its feasibility in
terms of sensitivity. Assuming availability of an instrument with a specific field
strength and no limitations imposed by the amount of sample available (not
unusual, especially when dealing with commercial polymers), the feasibility of
an experiment is determined by the sensitivity for the nucleus to be detected,
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Figure 5. Diagram showing the relative intensities of different NMR signal
components.

the abundance of the nuclear isotopes involved in the experiment, and the
abundance of the structure fragment to be studied. This is illustrated in Figure
5.

Note that the intensity scale along the side is logarithmic. In the chart, the
intensity of the main-chain resonances in the 'H spectrum is assumed to be 10”.
If one wants to detect resonances from a unique isolated structure such as the
chain-end of a polymer with degree of polymerization (DP) of 100, and one
assumes that there is a mixture of 10 different chain-end structures, then the
intensity of the signals from each of these structures might be ca 10*. If an
indirect detection experiment such as HMQC(S5) is to be performed to detect
chain end C-H correlations, then the natural abundance of >C (1.1%) must be
factored into the equation. The intensities of the desired signals will be ca. 10%
or 100,000-fold weaker than the signals in a standard '"H NMR spectrum. This
creates a considerable sensitivity problem, equivalent to diluting the sample
100,000 fold. The enormous dynamic range of intensities for the signals
present, creates some additional difficulties when it is necessary to detect weak
signals in the presence of huge peaks from 'H-'°C fragments in main chain

‘repeat units. Furthermore, the intense signals must be completely and reliably

removed from the spectrum while detecting the much weaker 'H-">C signals
from 1.1% of the chain ends containing '>C. Traditionally, phase cycling has
been used for selective detection of the desired coherence, and cancellation (by
difference spectroscopy) of the much more intense undesired signal
components. These techniques work reasonably well for small molecules,
however they are insufficient for collecting spectra of suitable quality to detect
chain end correlations in the 2D-NMR spectrum. Typically, phase cycling
provides up to 100-fold cancellation of undesired signals, however, this leaves
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artifacts that are still 100-fold more intense than the desired chain-end
resonances.

Coherence Selection Using Pulsed Field Gradients

To solve this problem, coherence selection using pulsed field gradients
(PFG)(6) can be extremely useful. Pairs of magnetic field gradients are applied
during pulse sequence delays, such that the effects of the inhomogeneous
magnetic field cancel for the coherence components of interest. Consequently,
the desired NMR signal component is refocused for detection. All other
undesired coherence components suffer from the cumulative effects of the field
gradients, are defocused, and thus the undesired signal components are not
detected. Typically, more than 1000-fold suppression of undesired signal
components can be achieved. When using this technique to perform
multidimensional NMR studies of polymers, several advantages are realized. 1)
Much better suppression of the undesired signals components is achieved,
making it possible to detect signals that are orders of magnitude weaker than
the main chain resonances. 2) Cancellation artifacts that produce ¢/ noise are
eliminated. 3) If signal averaging is performed, phase cycling can be used in
conjunction with PFG coherence selection, providing up to 10°-fold suppression
of undesired signals; thus making it possible to detect weak chain-end signals
of 'H-’C fragments while suppressing the much larger main-chain 'H-">C
resonances. 4) Because the undesired signal components never pass through the
instrument’s receiver path (as they do in coherence selection via phase cycling
alone), the receiver gain can be optimized for the detection of the weak signals
of interest, greatly improving the dynamic range characteristics of the
instrument. These factors make PFG coherence selection particularly valuable
for polymer NMR spectroscopy.(7)

Figure 6 shows sections from the HMBC spectra of polyethylene. In Figure
6b, the spectrum is dominated by a huge ¢/ noise ridge at the shift of the

rz 3a P b
(ppm)d, | v | (ppm)3
095 :' ol .| 095 3 . e e
105 ! 1.05 -
115 3 1.15 3
1.25 3 125 3
135 - 1.35
145 3 ! 145
155 3 155
S ——
40 34 28 22 16 10 40 34 28 22 16 10

Figure 6. Sections from the 750 MHz HMBC spectra of polyethylene: a)
with PFG coherence selection; and b) with coherence selection by standard
phase cycling.
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backbone methylene carbons, from incomplete cancellation of undesired signal
components. Two small cross peaks, from a small number of branching
structures, are barely detected. The spectrum in Figure 6a was obtained with
combined use of PFG’s and phase cycling for coherence selection. In the latter
spectrum, the ¢/ noise ridge is completely eliminated revealing new
correlations. The signals that were seen in the former spectrum are now very
intense, a consequence of the fact that ca. 100-fold greater receiver gain could
be used, reducing digital noise that restricted dynamic range.

3D-NMR Spectroscopy

If 2D NMR can be described as a series of 1D experiments repeated while
incrementing a ¢/ evolution delay (Figure 3b), then 3D NMR can be described
as a series of 2D experiments repeated while incrementing a 2 evolution period
(Figure 3c). Due to sensitivity limitations, almost all solution 3D NMR
experiments to date involve 'H detection during the acquisition time. The NMR
properties of the heteronucleus are indirectly detected (as in HMQC) through
modulation of the signal by precession of coherence during one of the evolution
delays.

3D NMR experiments can be constructed in two ways. In the first method,
two 2D-NMR experiments can be combined to form a 3D experiment. For
example, COSY and HSQC experiments can combined to produce a HMQC-
COSY experiment.(8) The 3D spectrum from such an experiment would
contain 2D-COSY planes at the shifts of each hydrogen-bearing carbon atom.
The planes would only contain correlations between the shift of the proton
bound to that carbon and those protons coupled to it. Dramatic simplification of
the spectra are obtained by dispersing the components of the COSY spectrum
into the *C chemical shift dimension. If two homonuclear experiments (such as
COSY and NOESY) are combined, a homonuclear 3D experiment is obtained.
These methods have the advantage of excellent sensitivity, since all the nuclei
involved have essentially 100% abundance and high receptivity. Additionally,
these experiments do not require special hardware and are easy to set up since
they only require a single Rf channel. Unfortunately, the number of cross-peaks
in such spectra is extremely large. For example, there are 64 peaks in the
COSY-COSY spectrum of an AB spin system. This defeats the purpose of
using multidimensional experiments. Nevertheless, experiments of this sort can
be useful. Mirau et al. (9) have used a NOESY-J-resolved 3D-NMR experiment
to study the conformation of poly(vinyl acetate-co-vinylidene cyanide).

Double resonance 3D NMR experiments are derived from the combination
of a homonuclear 2D experiment and a heteronuclear 2D experiment such as
HMQC. These experiments do not require special hardware, and are feasible
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with essentially all modern instruments. Compared to homonuclear 3D
experiments their sensitivity is reduced by the low abundance of the
heteronucleus. However, they provide very good spectral dispersion since the
heteronuclei generally are singlets dispersed over large chemical shift ranges.
These experiments are feasible whenever a standard HMQC experiment is
possible.

A second alternative for creating 3D experiments involves concatenating a
series of coherence transfer sequences (such as INEPT), with evolution delays
inserted when the coherence resides on the nuclei of interest. The resulting 3D
spectrum will contain correlations at the intersection of the NMR parameters
measured during the evolution time (usually chemical shift). Figure 7 shows a
pulse sequence diagram for a general HXY 3D chemical shift correlation
experiment. In this sequence, coherence is transferred from H to X (using Jux);
a second coherence transfer from X to Y is performed (using Jxy), while the
coherence resides on Y, its chemical shift is encoded during the ¢/ evolution
period; coherence is transferred back to X; the X chemical shift is encoded
during the 2 evolution period; finally coherence is transferred back to 'H for

detection during £3.
N7
tuq c—¢cC

'HIAHAI , ﬂ . " : |AA3
o (1 C | (1=
Y .” i I " .‘ﬂ. )

G | B

A B C P E F G H

Figure 7. Pulse sequence diagram for an HXY triple resonance 3D-NMR,
open rectangles represent 180° pulses and solid rectangles represent 90°
pulses.

The sensitivity of this experiment compared to simple 'H homonuclear
experiments is governed entirely by the natural abundance of the X and Y
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nuclei. Variations of this sequence, where X = '*N and Y = '°C, are the basis
for many of the 3D experiments used to study protein structures.(l) These
experiments are usually performed on proteins with a high level of '>C and °N
incorporation so that the abundance of these isotopes is not a factor in
determining sensitivity. However, experiments of this sort can be performed
without the benefit of isotopic labeling. This is the subject of this review.

The primary factors in determining the feasibility of such experiments
are the relative abundance of the fragment to be detected and the abundance of
the NMR active isotopes of X and Y. In an HCX experiment, used to study
polymer chain-end structures uniquely containing NMR active X nuclei, the
diagram in Figure 5 illustrates the relative signal intensities of polymer
structure fragments. We can define a parameter called degree of difficulty
(DOD) by equation 1,

DOD = -log[abundance of >C x abundance of X x abundance of structure) (1)

which provides an indication of the relative intensity of the desired signal
component compared to the signals from abundant 'H atoms of high occurrence
main-chain repeat units. For a polymer with degree of polymerization (DP) of
1000 and X nucleus natural abundance of 1%, if we are to perform HCX
experiments to detect 'H-Bc-x fragments of chain-ends, DOD = -log[0.001 x
0.01 x 0.01] = 7. The signals of interest will be 107 less intense than those of
protons from the polymer backbone structures. Use of experiments like this
requires an instrument with three Rf channels, in order to simultaneously apply
pulses at the H, X and Y frequencies, and to simultaneously decouple X and Y

while acquiring the 'H signal during £3.

Applications
Main-Chain Structure, Monomer Sequence and Stereosequence

Li et al. (10) used HCF triple resonance 3D NMR to assign the 'H, >C
and "°F resonances of poly(1-chloro-1-fluoroethylene) (PCFE). Figure 8 shows
the 1D NMR spectra of this polymer. The 'H spectrum contains very little
useful information; and the Be spectrum shows essentially two clusters of
resonances from C-F and CH, groups. The B spectrum contains three groups
of resonances in ca. 1:2:1 ratio, from mm, mr/rm and rr triad stereosequences.
Application of HCF triple resonance 3D-NMR is particularly useful in this
case, since 'F has a natural abundance of 100% and an enormous chemical
shift dispersion. The sensitivity of this experiment is comparable to that of a
simple double resonance “H{">C}-HMQC experiment.
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Figure 8. NMR spectra of poly(I-chloro-1-fluoroethylene) (PCFE): a) “F,
b)'H, and ¢) °C with 'H and *°F decoupling spectrum.
(Reproduced from reference 10. Copyright 1997 American Chemical Society.)

Figure 9 shows slices from the triple resonance HCF 3D-chemical shift
correlation spectrum. In this experiment, coherence transfer occurs from 'H to
C (using one-bond Jcy coupling); '*C chemical shift is encoded during ¢1;
coherence transfer is accomplished using two-bond Jcr; '°F chemical shifts are
encoded during £2; and coherence transferred back to '>C, then 'H for detection.
The fIf3 slices (Figures 9a-c) at the three '°F chemical shifts show C-H
correlations for directly bound atoms of the CH, groups adjoining the'°F atom
with the chemical shift of that slice. At each >C chemical within a slice,
correlations are observed to either one or two 'H chemical shifts, depending
upon whether the methylene exists in an r or m dyad, respectively. This makes
it possible to determine that the slices in Figures 9a, 9b and 9c are from CH,-
CF(C1)-CH, fragments of mm, mr/rm and rr dyads, respectively. A more
detailed analysis of a very high resolution 3D spectrum, by comparing the
mutual existence of the same cross peaks in different slices, permitted the
resolution and assignments of all 10 sets of resonances from pentad structures.
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Figure 10. 1D NMR spectra of poly(I-phenyl-1-silabutane) (PPSB): a) 'H,
b) °C, and c) *Si. (Reproduced from reference 11.
Copyright 1997 American Chemical Society.)

Similarly, 'H/"*C/*Si triple resonance 3D-NMR was used to study the
structure of poly(1-phenyl-1-silabutane) (PPSB).(12) In this polymer,
stereogenic centers are present at the Si atoms. While the 'H 1D NMR
spectrum only revealed two sets of resonances from protons o and B to Si
(Figure 10a), the 1D *Si NMR spectrum exhibited three peaks from mm,
mr/rm and rr stereosequences (Figure 10c). As with PCFE, a 'H-">C-*Si
chemical shift correlated 3D-NMR spectrum (Figure 11) permitted assignment
of the resonances from the three triad stereosequences.

Slices from the 3D NMR spectrum, at the shifts of each of the unique *Si
atoms are shown in Figures 11b-d. As with PCFE discussed above, examination
of the correlations from methylene groups B to Si reveals the same types of
single and double correlations for r and m methylenes. It thus became possible
to assign the sets of resonances (‘H, '*C and *Si) to mm, mr/rm and rr triads
structures. Similar techniques have also been used to study the structures of
small oligomers of poly(dimethylsiloxane).(73)
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These experiments were used in a slightly different way to obtain complete
characterization and resomance assignments for carbosilane-based
dendrimers.(/14) As an example, consider the second generation dendrimer
shown in Figure 12. Two 3D-NMR spectra were obtained, both with 'H to Bc
coherence transfer delays based on 'Jom. In the first experiment (spectrum
shown in Figures 13a-c), the >C to *Si coherence transfer delays were based
on 'Jcg;, producing information about direct H-C-Si connectivities highlighted
by the bold type bonds in the substructure in Figure 12a. From this spectrum, it
is possible to identify three unique structure fragments.

In order to determine how the three fragments are connected, a second 3D-
NMR experiment was performed with C to Si coherence transfer delays based
on *Jcs; (spectrum shown in Figures 13d-f). This spectrum shows the same
cross-peaks seen in the one-bond 3D spectrum (but without optimized
intensities for these one-bond correlations) and a new set of cross peaks
correlating the shifts of °Si with the shifts of "H and '>C atoms of CH, groups
two bonds away. While there are methods to remove the one-bond correlations
from the multiple-bond 3D NMR spectrum, this would have lengthened the
pulse sequence, potentially resulting in loss of signal intensity through
relaxation processes. The spectra are well dispersed, and the presence of these
extra peaks does not hinder the resolution and assignment of important peaks.

These HCSi 3D NMR experiments had a DOD of 4 to 5. In order to
compensate for the loss of signal intensity, ca. 20-30 mg of material was used
in a 5 mm sample tube. 3D-NMR experiments typically required 4-8 hours,
however, the experiment times were not governed by sensitivity requirements.
All spectra contained more than adequate signal-to-noise, and were it for this
factor alone, could probably have been completed in just a few minutes. The
longer experiments times were required to collect a 3D data matrix having a
sufficient number of increments in the ¢/ and f2 dimensions.

Three-dimensional NMR techniques at 750 MHz have been used to study
the structures, resolve and assign the resonances, and study the interactions
between DAB-type dendrimers.(15) If HCN triple resonance techniques had
been applied without the benefit of isotopic labeling, the DOD for these
experiments would have been on the order of 6-7, about an order of magnitude
too difficult to perform on even the best of modern NMR instruments. This
difficulty is largely due to the very low (0.37%) natural abundance of '°N. At
the very high field, all of the '>C resonances from third and fourth generation
DAB-16 and DAB-32 were resolved. This fact was exploited by using HMQC-
TOCSY(16) double resonance 3D NMR to resolve and assign all of the 'H
resonances of DAB-16. It was possible to resolve all of the 'H resonances in the
3D-NMR spectrum from this experiment (based on dispersion of the 'H
resonances in the '>C chemical shift dimension), despite the fact that many of
the 'H atoms have essentially the same chemical shift. Once the resonances
were assigned, a NOESY-HSQC experiment(/7) was used to study the inter-
and intramolecular interactions of these molecules in a variety of solvents.
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Copyright 1999 American Chemical Society.)
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Chain-End Structure

In a manner similar to that used for the carbosilane dendrimer discussed
above, 'H/"*C/"'°Sn triple resonance 3D-NMR was used to study the chain-end
structures of tri-n-butyltin-capped polybutadiene.(78) If only the last monomer
unit on the chain is considered, there are at least 3 possible chain end
structures, depending upon whether 1,3-butadiene is enchained by 1,2 addition,
cis-1,4-addition or trans-1,4 addition, as shown by the structures in Figure 14.
If the penultimate monomer unit is also considered, there are at least 9 possible
chain-end structures. Long-range couplings between '>C and metal atoms in
organometallic structures are usually quite large. For organotin species similar
to those present in the structures of interest here: 'Josy ~ 300 Hz, *Jcs, ~ 20 Hz,
and *Jcs, ~ 50 Hz. Three separate HCSn chemical shift correlated 3D-NMR
experiments were performed with delays optimized for one-, two- and three-
bond >C-'"Sn couplings. These experiments were used to identify the CH,
groups one-, two- and three-bonds from Sn in the chain-end. Slices (f1/3)
correlating 'H and 'C at four separate '"°Sn chemical shifts in the f2
dimension are shown in Figure 14. Applications involving organometallic
species are most promising since even three- and four-bond long range
couplings are often large enough to produce 3D correlations.

In a study to learn about the polymerization chemistry of a new class of
phosphorus-centered radical initiators, a combination of 3D-NMR techniques
was used to study the *'P-containing chain-end structures of polystyrene.(19)
Several of the possible chain-end structures are shown in Figure 15, along with
the 1D "H, °C and *'P NMR spectra. In the 'H and '*C NMR spectra, the weak
signals from chain-end structures are buried under the much larger signals of
the polymer backbone.

A simple HCP chemical shift correlated 3D-NMR spectrum provided
information about the CH,, groups directly bound to *'P at the chain ends. Since
3P s present in 100% natural abundance, this experiment has sensitivity
comparable to that of a standard HMQC double resonance experiment.
Additionally, because only the chain-end structures contain *'P, the experiment
selectively detects chain-end resonances, and filters all other signals from the
spectrum. Figure 16 shows the standard HMQC spectrum along with the
truncated 3D spectrum. In the HMQC spectrum (Figure 16a), all the resonances
from the polymer are observed. It is difficult to discern resonances from the
chain-end because they are buried by the much larger signals from the polymer
backbone. Figure 16b contains the truncated HCP 3D-NMR spectrum showing
/273 correlations (*C-'H). It is equivalent to an HMQC spectrum except for the
fact that coherence must pass through *'P in order to be detected during the
acquisition time. It therefore behaves as an HMQC spectrum selective for CH,
groups bound for *'P.

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



114

(121908 [o1uaYy) UvoLPWY )07 WS1AdoD) "§] 2oUd.48f2.4 WO paonpo.dsy)
“SO, pup HOp, uo pasnq sAvjap 4afsun4y 201242409 3uisn auatpoingdjod
pawutiz)-usEng-u fo winioads YN (€ USOH ) wo4 saouS b 24n31q

yoz-="S¢ 0LL-="S¢ g9l-="S¢ Zri-="S¢
(uxti) 13 ({7 1 E] (wet) 14 () 14
sioanane Jeaunan® prunnuaE soun NN meE
34 34 34
o ) oz . o2 USOp, yum
ot o o ae us/o/H
5 # wioxy
' st ) - ' o $9011S-a€-O/H
(uxdl) 13 (wetd) 12 (wtf 14
Iz 6 - S G L 6 LLElIGS LG uca—u—.v.- o._.u.—._N
........ " 8 éé/w
4 - ”MM - ”MM €
T 3 B s g
F 1 -z
alie o ‘ ety €
@ | - és?/”\/:w?/_
OOWH-US/H DONH-O/H loid-ae-o/H

800U0'7£80-E002-10/T20T 0T :10p | Z00Z ‘0T Jequiede B7eq Uoieo!and
Biose'sgnd;/:dny | 210z ‘2T AIne

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;

ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



115

(121008 [po1uaY) uPILLWY [)(Z Y3144do)) "6 29ua.43fa4 wiodf paonpo.dsy)
‘oipva (Aurydsoydiusydip Aq pajpnyiur ‘uotpziiaudjod
auadd1s Aq pauiiof Sa4njonds pua-utoys Suuivjuod-snioydsoyd
a1q1ssod puv ‘v4joads YN d,c PUD D¢, ‘H, 1DUOISUIUIP-2UQ) "G 24NSLH

Ud ud € o Ud ¢ )
u u
e s v i S e
Ud Ud Ud

800U0'7£80-E002-10/T20T 0T :10p | Z00Z ‘0T Jequiede B7eq Uoieo!and
Biose'sgnd;/:dny | 210z ‘2T AIne

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;

ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.ch008

July 17, 2012 | http://pubs.acs.org

116

a
U
%
B L ALY L A A A L] L R R A Lkl W) A A
ﬁ__,__;; ®pmi b
_ 1.6 -
1.8 -
% 20 -
. 22
< 3 .
~ 24 -
S 283 do
| 28

i AAS Rkt RS L b il M A R A A b M L

4T 45 43 41 39 37 35
Sc (ppm)
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The full 3D version of the experiment is shown schematically in Figure 17.
It is possible to identify the CH, 'H and >C resonances of eight types of chain-
end structures, without interference from signals from the rest of the polymer
structure. Unfortunately, unlike the organotin structures discussed above, long-
range "*C-*'P couplings are relatively small (ca. 5 Hz). The short relaxation
times of this polymer, together with the long coherence transfer delays required
to produce correlations between >'P resonances and the resonances of CH,
groups more than one bond away, preclude the use of the HCP 3D-NMR
experiment for obtaining additional structure information. Fortunately, there is
a solution to the problem.

A nearly identical polystyrene sample was prepared, but with uniform ">C
labeling of all the polymer backbone carbons. This permitted the use of the
pulse sequences shown in Figure 18. The naming of these sequences follows the
convention used by those working in the protein structure area. Listing the
atoms in the coherence transfer pathway forms the acronym. Those atoms in
the coherence transfer pathway whose chemical shifts are not encoded during
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an evolution delay, are included in parentheses. The H(CA)P-CC-TOCSY
experiment (Figure 18a) starts with coherence on protons; transfers coherence
to phosphorus through the carbon o to phosphorus using 'Jcg, then using ep;
the *'P chemical shift is encoded during ¢1; coherence is transferred back to the
carbon o to phosphorus, then a TOCSY spin lock pulse is used to distribute
coherence among the first few carbons along the polymer backbone; the '>C
chemical shifts of these carbons are encoded during #2; and coherence is
transferred back from each of the '>C atoms to their directly bound 'H atoms
for detection. Slices at each *'P chemical shift exhibit C-H correlations for the
first few CH, groups at the polymer chain end containing that phosphorus
atom. The length of the TOCSY spin lock sequence governs the extent of
coherence transfer down the chain from phosphorus. Typically, the upper limit
is about 4 carbons due to dephasing of the magnetization in the spin lock field,
relaxation, and attenuation of the signal from distribution of the coherence over
many carbons. This experiment requires a high level of '°C labeling to succeed.

The second pulse sequence (HCCH) provides detection of 2D-
INADEQUATE spectra in the fIf2 planes with detection of 'H in f3. If a
particular 'H chemical shift is selected, the fIf2 plane will contain the
INADEQUATE spectrum of the directly bound >C and adjoining. °C atoms.
Because the experiments were performed on '>C labeled polymers, the
sensitivity was fairly high, however, this experiment does not filter resonances
of the polymer backbone from the spectrum. Practical aspects of using these
pulse sequences are described by Saito et al.(20)

These last two experiments were used together with the HCP spectrum to
provide assignments of the backbone CH and CH, carbons of the first two
monomer units along the polymer chain. Selected regions of slices from the
HCP, H(CA)P-CC-TOCSY and HCCH spectra, containing resonances from one
of the chain-end structures, are shown in Figure 19 to illustrate the
methodology. In Figure 19a, a pair of correlations are seen in one slice from the
HCP spectrum at one of the >'P chemical shifts; these are C-H correlations from
one of the CH, groups bound to phosphorous. The next step is to search for
these correlations in the HCCH (Figure 19b) and H(CA)P-CC-TOCSY spectra
(Figure 19c). At the '>C chemical shift of this correlations in the H(CA)P-CC-
TOCSY spectrum, two other CH correlations can be identified and attributed to
the second and third carbons from the chain end. It is not possible to identify
the order of the carbons from this single 3D spectrum, however, there are
several ways to accomplish this. Among them are to order them based on the
INADEQUATE-type data present in the HCCH spectrum. At their common
double quantum frequency, the slice from the HCCH spectrum shown in Figure
19b contains the initial correlation from the methylene group bound to
phosphorus, and a second correlation from the next methine group in the
polymer backbone. Alternately working from the HCCH and the H(CA)P-CC-
TOCSY in the slices shown in Figures 19d-h, it is possible to identify for the
third and fourth CH, groups along the polymer chain.
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Conclusions

Three dimensional NMR experiments can be enormously useful for
studying the structures of synthetic polymers. Although these experiments are
much easier when isotopic labeling is performed, they are clearly feasible and
useful, even when labeling is not possible. When performing HCX experiments
where X is a low abundance NMR active isotope or when trying to detect
resonances from low occurrence structures such as polymer chain ends, PFG
coherence sclection is essential. If the low occurrence structure uniquely
contains structural features such as an NMR active X nucleus (or if a label such

s C can be selectively incorporated into the structure of interest) these
experiments can be useful for selective detection of interesting resonances while
removing much more intense interfering signals from other parts of the
molecule. One of the main obstacles to general application of these methods is
the short T, of most polymer resonances, however, recently developed probes
for performing high temperature PFG experiments should be helpful in
circumventing this problem.
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Chapter 9

Triple Resonance '"H/*C/”F Multidimensional
Solution NMR of Fluoropolymers:
Experimental Aspects

Olivier Assemat and Peter L. Rinaldi

Department of Chemistry, Knight Chemical Laboratory, The University
of Akron, Akron, OH 44325-3601

In this work the use of 1D and multidimensional 'H/ '>C / '°F
triple resonance 750 MHz NMR techniques for characterizing
fluoropolymers are illustrated. When characterizing
fluoropolymers, it is possible to take advantage of the large
spectral dispersion, the high natural abundance, and the large
gyromagnetic ratios of the 'H and '°F nuclei. However, the
enormous '°F chemical shift range creates some practical
difficulties. The indirect detection pulse sequences had to be
modified to introduce composite pulses on the transmitter
channel to reduce offset problems, and WURST adiabatic
decoupling was used to reduce problems associated with
decoupling over the large frequency range. Vinylidene
fluoride — hexafluoropropene copolymer was studied. High
field, "H/'3C/*F triple resonance, and multidimensional NMR
provides enormous spectral simplification, permitting the
extraction of structural information. Experimental conditions
for collecting high quality spectra are outlined and complete
resonance assignments for the most abundant structures in the
polymer are given.
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Introduction

Fluoropolymers have many applications because of their unique properties.
They exhibit very good stability when exposed to high temperatures, organic
solvents, reactive chemicals, and oxidative environments. Fluoroelastomers are
a significant part of this family; they are widely used for sealing applications in
hostile environments. In using '°F NMR to study fluoropolymers, it is possible
to take advantage of the large chemical shift range (over ten times that of 'H),
the high natural abundance, and the high resonance frequency of the fluorine
nucleus. Consequently, '°F NMR is an extremely useful and sensitive technique
for characterizing these materials. When combined with high field, triple
resonance, and multidimensional methods, enormous spectral dispersion is
achieved, permitting the extraction of detailed structural information. But
these factors also entail complications, especially at very high field. Here we
describe some of the complications associated with the performance of
'H/3C/PF triple resonance, multidimensional NMR of fluoropolymers on a 750
MHz spectrometer. Experimental methods are illustrated to circumvent
problems with uniform excitation, multiple quantum interferences, and
decoupling over wide spectral windows. Results from the characterization of
poly(1,1,2,3,3,3-hexafluoropropylene-co-1,1-difluoroethylene) (PVH) micro-
structure with "H/*C/*F triple resonance, multidimensional NMR are used to
illustrate the applications of these techniques.

Experimental

Materials.

Poly(1,1-difluoroethylene-co-1,1,2,2,3,3,3-hexafluoropropylene), a comer-
cially available material, was supplied by Atofina and was used as reccived. For
'H and "F detected experiments, 20-30 mg of material was dissolved in 1 mL
acetone-ds contained ini a Smm NMR tube. For >C detected experiments 80-
100mg of polymer was dissolved in 1mL acetone-ds contained in a Smm NMR
tube.
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NMR Measurements.

All the NMR spectra were obtained with a Varian UnityPlus-750 MHz
spectrometer equipped with a pulsed field gradient accessory (PFG); four RF
channels, two of them full band (‘H to '*N); and a 5 mm 'H/"*C/**F/*H four-
channel PFG probe (optimized for '°F detection). The temperature was
regulated at 25.0°C. All data processing was performed on a Sun Ultrasparc-10
using Varian’s Vnmr software. Acetone was used as an external reference for
the 'H and '*C chemical shifts, and CFCl, was used as an external reference
for the °F chemical shifts.

1D-NMR.

The "F spectrum was acquired at 705 MHz with '"H decoupling using a
0.7s acquisition time, 3ps (20°) pulse width, 16 transients, and a 3s relaxation
delay. The *C{'H} spectrum was acquired at 188.6 MHz with WALTZ-16
modulated "H decoupling, a 0.5s acquisition time, 5us (45°) pulse width, 34000
transients, and a 1.5s relaxation delay. The BC{'H,'°F} spectrum was acquired
at 188.6 MHz with WALTZ-16 modulated 'H decoupling and WURST
modulated '°F decoupling, using a 0.2s acquisition time, 14ps pulse width
(45°), 42000 transients, and a 1s delay.

F Detected 2D-PFG-HSQC Spectra.

The '’F/'3C 2D spectra were obtained using a modified version of a pulsed
field gradient heteronuclear single quantum coherence (PFG-HSQC) sequence
(1). This sequence was modified to include 180° composite pulses on the g
channel and 180° 'H decoupling pulses centered in the evolution and
polarization transfer delays. These spectra were obtained using the States (2)
method of phase-sensitive detection in the evolution time dimensions, using 90°
pulses for '°F and *C of 16.5us and 27ps, respectively, and a 2s relaxation
delay. The A delays for one-bond experiments were 0.89ms, 1ms, and 1.25ms
for the CFs, CF,, and CF regions, respectively (based on 'Jce, = 280 Hz, 'Jcz, =
250 Hz, and 'Jop = 200 Hz). The A delays for 2 bond correlation experiments
were 6.25 ms, based on 2Joz = 40Hz. A 0.5s acquisition time was used with
WALTZ-16 modulated 'H decoupling and GARP modulated '>C decoupling;
64 transients were averaged for each of 512 increments during t;. The two PFG
pulses were 2.0 ms and 0.5ms in duration and had amplitudes of 0.1 and 0.106
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T/m, respectively. Data were zero filled to an 8k x 2k matrix and weighted with
a sine bell function before Fourier transformation.

Decoupling.

The WURST decoupling sequence was implemented with the Pbox in
Varian’s VNMR software, using a constant adiabaticity modulated frequency,
a 0.92 ms pulsewidth, and a 1.2 adiabaticity factor (Q). The constant
radiofrequency level yBy(rms) was 4.3 kHz. In order to compensate for residual
imperfections in spin inversion, the five-step phase cycle (0°, 60°, 150°, 60°,
0°) of Tycko et al (3) was used.

Results and Discussion

Polymer Structure.

The PVH used in this work is typically prepared by radical emulsion
polymerization  of  1,1-difluorogthylene (V) and  1,1,2,2,3,3,3-
hexafluoropropylene (H),

foru—or
R CH,—CF, CF,—CF
L x |

R
CFy Y

\4 H

and therefore a statistical distribution of monomer units might be expected.
Under the reaction conditions, both monomers can add in either a head-to-tail
or a head-to-head fashion. Since the units resulting from H monomer produce
an unsymmetrical structure in the polymer chain, a variety of stereosequences
are also formed. The most straightforward way to represent monomer units
from reverse addition is to treat these as if they are derived from separate
monomer units (V' and H”) for the purpose of describing microstructure. The
number of possible triads from co-polymerization of 4 monomer units is 4> =
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64. In reality, reverse addition occurs in less than 5% of the additions of V and
H units, so that the probability of a triad containing two monomer units derived
from reverse addition is very small. Furthermore, H units do not add to H units
(4,5) at the end of a growing radical chain-end. These factors greatly reduce the
number of possible triad structures in the polymer; however, there are still 20
possible triad sequences to be considered. Some of the most prevalent structures
are summarized in Figure 1. The number of possible structures is increased if
we consider that with the HVH type of structures (HVH, HV’H, H’VH,
HVH’...), it is possible to have several stereosequences.

The one-dimensional (1D) '°F NMR spectrum of PVH is shown in
Figure 2. In this spectrum, three main regions can be distinguished; from CF;,
CF; and CF groups. One easy way to test for uniform excitation is to integrate
both CF; and CF regions and to make sure that the Icr, 1 cr ratio is 3:1, since

these two groups of signals come from the same monomer. Despite the
enormous chemical shift range (over 90 kHz) there is still considerable signal
overlap within each region, even on a 750 MHz spectrometer. The complicated
spectrum results from the large number of structures present, and the large
number of '°F-'°F homonuclear couplings present. Triple resonance and
multidimensional NMR techniques offer solutions to these problems; however,
the use of these experiments is complicated by the large spectral windows
involved.

Decoupling.

In '*C detected NMR experiments, simultaneous 'H and '°F decoupling
provides enormous spectral simplification, however, at high field, the spectral
window is enormous (90 kHz in this work). To solve this problem, F WURST
(6,7.8) decoupler modulation was used. The main advantage of adiabatic
decoupling such as WURST is that the effective bandwidth is proportional to
the square of decoupler field strength, yB,, while in WALTZ and GARP
decoupling the bandwidth has a linear dependence on yB,. The decoupler
profile in WURST also has a relatively flat top and very sharp edges.
Additionally, adiabatic decoupling is not very sensitive to RF field strength and
inhomogeneity as long as the adiabatic condition is satisfied (9). Unfortunately,
adiabatic decoupling suffers from the introduction of significant decoupler
modulation sidebands (70,11), especially at very high field where wide effective
decoupling bandwidths are needed. Modern high field spectrometers provide
very good dynamic range and permit the achievement of tremendous signal to
noise ratios so that very weak peaks (1:10°) can be easily observed. In such
cases, sidebands can produce severe problems. Different solutions to the
sidebands problems have been proposed, such as: bilevel decoupling (12),
ECHO-WURST (73), adiabatic defocusing (/4), and recently an analytical

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



128

i puv 4 fo uoypzriawdjod wof saanjonais ajquqoad JSOpy [ 24n31y

A H A

fo o}
Yy~ /m_o\“_ Jfo.xx

A H )

nn_w

4
mO/»IO\u_OJuO\IOJ«mO

A A
nn_nw

240 =N N"_e
- u_._o\.. 107 Yo

A A A
14 4 k4
P o) %)
M_.6\"_ wzo& p vl
A A A
14 4 Z
PN o
20” ,«“_o\“_ o™
A A A
t4 Z 14
o, Lo, o
Yo Yoo o™
A A A
~"_o,~ w"_ow w“_ow -
HO” MO o

H A H

nuﬂ
t40 m_o/ A
- /"_w o~ tao””

600U0"7£80-E002-40/T20T 0T :10p | Z00Z ‘0T Jequiede e Uoieo!and
Biose'sgnd;/:dny | 210z ‘2T AIne

In NMR Spectroscopy of Polymersin Solution and in the Solid State; Cheng, H., et a;

ACS Symposium Series; American Chemical Society: Washington, DC, 2002.



Publication Date: December 10, 2002 | doi: 10.1021/bk-2003-0834.ch009

July 17, 2012 | http://pubs.acs.org

129

CF;

CF,

—AM

J_Jt____h._il 4L
-80 -100 -120 -140 -160 -180 ppm

Figure 2. 705.5 MHz 1D "°F NMR spectrum of PVH.

solution for amplitudes and phases of decoupling sidebands as a function of
inversion time (75). Since the purpose of this work is the identification of the
most abundant structures in the fluoropolymers, the complete elimination of the
sidebands is not so critical. However, discrimination of decoupler modulation
sidebands from weak signals of low-occurrence (ca. 1 mole%) structure
components can be problematical.

The illustration in Figure 3 can be used to compare the relative
effectiveness of various decoupler modulation schemes, including the recently
reported WURST modulation; it shows the results from decoupling a C-F
doublet (from CH,F-CHOH-CH,F in acetone-dg) in a series of spectra obtained
with various decoupler offsets, using a decoupler field strength yB, = 4.4kHz.
The most commonly used WALTZ-16 decoupling technique provided effective
decoupling over a 15 kHz window, whereas WURST provided efficient
decoupling over a 90 kHz window, as required for '>C{'°F} experiments.
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