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I. Introduction

Solution and solid state two dimensional NMR
are important tools for materials characterization,
and for understanding the structure and dynamics
of polymers. The power of NMR as a tool arises
from its ability to visualize individual sites along
the polymer main chain and side chain, making it
possible to relate the structure and dynamics at the
molecular level to the bulk macroscopic properties.
The goal of many polymer NMR studies is to un-
derstand polymer structure-function relationships,
as polymers with well defined properties are used
extensively in the packaging and electronics indus-
tries. The thermal, mechanical, optical, or electri-
cal properties are known to depend on the details
of the polymer structure, including the stereochem-
istry in the polymer main chain and side chains,
geometric isomerism, the presence of branches and
cross links, and the chain conformation, all of which
can be characterized by NMR. Polymer blends and
semicrystalline polymers are also materials of great

interest, and NMR plays an important role in mea-
suring the phase structure of these materials.

The NMR analysis of polymers has been histor-
ically limited by poor spectral resolution due to the
repeating structure of the monomers in polymers.
Resonances from defects or other microstructures
are frequently not resolved from the primary poly-
mer signals, and are difficult to detect and analyze
by ID NMR. These structures can frequently be ob-
served as the resolution is increased on proceeding
from ID to 2D (or 3D) NMR. The higher resolution
makes it possible to pose more precise and detailed
questions about structure-function relationships in
polymers.

II. Polymer Structure

The structure of polymers ultimately influences
the behavior of the bulk materials, films and poly-
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Figure 1: The stereochemistry of vinyl polymers.
Monomers are added to the growing chain with the
same (m or meso) or opposite (r or racemic) stere-
ochemistry to form dyads (mm, rm, rr). Higher or-
ders of stereochemistry such as triads (mmm, mmr,
rrm, etc.) and tetrads can also affect the NMR spec-
tra. Chains with only m dyads are (a) isotactic,
which chain with only r dyads are (b) syndiotactic,
and chains with a random mixture of m and r dyads
are (c) atactic.

mer blends. Polymer structure may be discussed
at a number of levels, ranging from the chemical
structure of the monomer to the phase structure
of the bulk material. The chemical structure de-
pends on the monomer and the synthesis conditions.
One important factor is the stereochemistry of the
monomer as it is incorporated into the growing poly-
mer chain. Figure 1 shows several of the possible
stereochemical arrangements, or tacticities, for vinyl
polymer chains. The stereochemistry affects the
magnetic environment for the main chain and side
chain atoms, and can lead to separate resonances
for each stereosequence. The chemical shifts are af-
fected not only by the nearest neighbors, but also by
the monomer stereochemistry as many as ten units
away (1).

In addition to stereoisomers, other structures
may be incorporated into the growing chain, de-
pending on the chemistry of the monomer and the
reaction conditions. Some of the structures are the
head-to-head and tail-to-tail monomer additions, ge-
ometric isomerism, and chain branching, as shown
in Figure 2. Thus, while the repeat structure of
polymers may seem simple, the microstructure may
be extremely complex from the statistical incorpora-
tion of defects and stereochemistry into the growing
chain. The incorporation of these structures, even
at low levels, can have dramatic effects on the prop-
erties of the bulk polymers.

A higher level of structure in solid polymers is
the phase structure. In semicrystalline materials the
phases may include crystalline, amorphous, and in-
terfacial regions that can be distinguished by differ-
ences in their chemical shifts and relaxation times.
Proton spin diffusion, detected either directly (2) or
via cross polarization (3), can be used to charac-
terize the domain structures in these complex ma-
terials. This is particularly important in polymer
blends, the polymer mixtures that can adopt a va-
riety of physical modifications ranging from phase
separated to mixed on the molecular level.

The macroscopic behavior of polymers is fre-
quently related to the molecular properties, and 2D
NMR has been used to characterize the conforma-
tion and dynamics of polymers. Polymer confor-
mation has been studied using a variety of 2D NMR
techniques to measure the through-bond J couplings
(4) or through-space dipolar couplings (5) in solu-
tion, or the reorientation angles in the solid state
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(6). These same methods are also used to study
polymer dynamics over a wide range of time scales.
These techniques are particularly important for es-
tablishing a molecular level understanding of the
low frequency (microsecond to second) dynamics of
polymers that have been observed for decades with
dielectric and dynamic-mechanical spectroscopy (7,
8).

Spectral resolution is one of the most important
factors limiting the NMR analysis of polymers, since
each monomer is similar to its neighbors and the sig-
nals tend to overlap. The small frequency shifts due
to stereochemistry and other types of isomerism are
frequently less than the line widths, so inhomoge-
neously broadened lines are observed (1, 9). These
limitations can frequently be overcome by 2D NMR,
and many of the experiments designed to establish
peak assignments and for structure determination
in biological macromolecules can be used without
modification in synthetic polymers (10, 11). The
interest in the solid state properties of polymers has
led to the development of new NMR methods for
measuring the structure of solids (6).

III. Polymer Characterization by
2D NMR

The characterization of high molecular weight
polymers is one of the areas to benefit from the in-
troduction of 2D NMR. The limited spectral reso-
lution typically observed in polymers is illustrated
in the proton and carbon spectra of poly (vinyl chlo-
ride) as shown in Figure 3 (12).

poly(vinyl chloride)

Poly (vinyl chloride) has a complex microstructure
due to stereochemistry, yet few lines are resolved
in the 500 MHz proton spectra. The methine pro-
tons between 4 and 5 ppm show resolved lines for
the rr, mr, and mm stereosequences, but none of
the methylene protons are resolved. The methylene
proton spectrum is particularly complex because the
geminal protons in r centered dyads have identical
magnetic environments while those in m centered

ones are nonequivalent (1, 9). Higher resolution is
observed in the carbon spectra, particularly in the
methylene region. This immediately suggests that
carbon-proton correlations can be used to identify
peaks and characterize these materials.

Many of the 2D experiments used to establish
peak assignments in small biomolecules are directly
applicable to high molecular weight polymers. This
result might not be expected because 2D exper-
iments that utilize through-bond J couplings are
most effective for samples where the line widths are
considerably less than the J coupling constants (1-15
Hz for proton-proton and 125-160 Hz for carbon-
proton couplings) (13, 14). While the molecular
rotational correlation times are very long for high
molecular weight polymers, many studies have shown
that the relaxation in polymers is due to segmental
motions that are fast compared to molecular reori-
entation (15). As a result, the effective correlation
times for polymers in solution are molecular weight
independent for high polymers, and vary from pi-
coseconds to nanoseconds depending on the chem-
ical structure of the monomer. For vinyl polymers
like poly(vinyl chloride) and polystyrene the effec-
tive correlation times are on the order of 0.5 ns (15).
Thus, the homogeneous line widths are less than
the proton-proton coupling constants and the poly-
mers can be effectively studied by through-bond 2D
J-correlated spectroscopy (COSY) (12, 16), nuclear
Overhauser effect spectroscopy (NOESY) (17) or by
spin-locked rotating-frame isotropic mixing experi-
ments (18).

Figure 4 shows the carbon-proton correlation spec-
trum for 83,000 molecular weight poly(vinyl chlo-
ride) (12). Peaks are observed for all of the resolved
carbon signals, and the protons can be directly as-
signed from such a correlation map for those cases in
which the carbon signals have been assigned. Note,
however, that there is additional assignment infor-
mation in these spectra, since the methylene protons
are nonequivalent in m centered dyads. The inset to
Figure 4 shows an expansion of the carbon-proton
correlations for the methylene carbons and protons,
and shows that some of the carbon signal are asso-
ciated with two proton signals, and these must be
assigned to m centered dyads.

Homonuclear through-bond J-coupling correla-
tions are also used to characterize polymer micro-
structure. Although the inhomogeneous line widths
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Figure 2: Geometric isomerism in polymers. The geometric isomers incorporated into the growing polymer
chain may include (a) head-to-tail, head-to-head, and tail-to tail additions ofmonomers, (b) chain branching,
and (c) cis and trans isomerism.

are larger than the three- and four-bond coupling
constants for protons, cross peaks are observed, but
may be diminished compared to those in the spectra
of peptides and nucleic acids with similar correlation
times (10). The studies of poly(vinyl fluoride) are an
example of using through-bond correlations to make
spectral assignments in polymers. In addition to the
stereochemical microstructure associated with vinyl
polymers, poly(vinyl fluoride) contains defects re-
sulting from the head-to-head and tail-to-tail addi-
tion of monomers to the growing chain.

poly(vinyl fluoride)

Previous to the advent of 2D NMR, assignments for
the defects and the stereosequences were made by
the synthesis of model compounds and polymers.
Such an example is shown in Figure 5, which shows
the 19F spectra of commercial poly(vinyl fluoride)
and a sample synthesized under conditions that sup-
press the addition of head-to-head and tail-to-tail
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Figure 3: The high resolution carbon and proton NMR spectra of poly(vinyl chloride). The (a) 500 MHz
proton and (b) 125 MHz carbon spectra of a 10 wt% poly(vinyl chloride) of molecular weight 83,000 in
benzene-d6 solution at 65°C. Reprinted by permission from reference (12).

',! monomers (16). Assignments for the polymer stere-
ochemistry and the defects can be obtained directly
from the 19F COSY spectrum shown in Figure 6 (16)
via the four and five bond 19F-19F couplings that
vary between 2 and 8 Hz. The off-diagonal correla-
tions show the connectivities for the upfield portion
of the spectrum that contains the defect resonances.
Tracing the connectivities leads to the defect and
stereochemical assignments, without the synthesis
of new materials.

Correlations using through-space dipolar inter-
actions (NOESY) play an important role in the as-
signment and characterization of copolymers. Fig-
ure 7 shows the 500 MHz NOESY spectrum of an
alternating copolymer of styrene and methyl meth-
acrylate (19). Assignments based on intemuclear
separations are made by considering the intensities
expected for the various cross peaks (Figure 8).
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Figure 4: The heteronuclear proton-carbon correlation spectrum of 10 wt% poly(vinyl chloride) at 65°C. The
inset plot shows an expansion of the correlations in the methylene region. Reprinted by permission from
reference (12).
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The distances between the methoxyl protons of
methyl methacrylate and the phenyl protons of sty-
rene depend strongly on the tacticity. Since the
cross peak intensities depend on the inverse sixth
power of the internuclear distance, NOESY cross
peak intensities can be used to make sequence as-
signments. The phenyl and methoxyl protons are

polystyrene/poly(methyl methacrylate)
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Figure 5: The 188 MHz fluorine NMR spectra of poly(vinyl fluoride) as an 8 wt% solution in N,N-dimethyl
formamide-d7 at 130°C. Spectrum (a) shows the commercial material and spectrum (b) a polymer that
contains no head-to-head and head-to-tail defects. Reprinted by permission from reference (16).

I1' nearest in the co-isotactic sequences, intermediate
in the co-heterotactic, and separated in the co-syn-
diotactic sequences. Inspection of Figure 7 reveals
a strong and a weak correlation from the phenyl
protons to the methoxyls that are assigned to the
co-isotactic and co-heterotactic sequences.

In addition to the common homo- and heteronu-
clear COSY and NOESY experiments, more demand-
ing experiments such as relayed coherence transfer,
multiple quantum filtering (12), spin-locked isotropic
mixing (18), and proton detected heteronuclear shift
correlations (20) have been used to establish peak

assignments in synthetic high polymers. As a gen-
eral rule, the pulse sequences used for peak assign-
ments in biopolymers yield important assignment
information in synthetic polymers, although the peak
intensities are diminished due to the larger inhomo-
geneous line widths.

IV. Polymer Chain Conformation

NMR studies in solutions and in solids have been
used to study polymer chain conformation in order
to establish the relationships between the polymer
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Figure 6: The 188 MHz 19F 2D COSY spectrum of poly(vinyl fluoride) in N,N-dimethyl formamide-d7 at
130°. Correlations are observed both for head-to-head (B and C) defects and between monomers of differing
stereochemistry. Reprinted by permission from reference (16).

microstructure, the conformation, and the proper-
ties of bulk polymers and films. Through-space dipo-
lar interactions and through-bond J couplings in so-
lutions provide an indirect measure of the average
chain conformation, since the dynamics of the poly-
mers are usually fast compared to the dipolar and J
couplings. The chain conformation in solids is mea-
sured by the reorientation of the carbon-deuterium
bond vector or the chemical shift anisotropy tensor.

A. Polymer Chain Conformation in So-
lution

The molecular dynamics of polymers in solution,
mainly due to gauche-trans isomerizations and seg-

mental motions, is fast enough to average the dipo-
lar interactions almost to zero, so relatively sharp
lines are expected. However, because of the inho-
mogeneous line broadening resulting from the poly-
mer microstructure, the COSY cross peaks some-
times cancel due to overlap in the anti-phase mul-
tiplets (10, 13, 14). Even with these limitations,
through-bond couplings can yield important infor-
mation about the chain conformation. The appear-
ance of COSY cross peaks have been used to char-
acterize the solution conformation of poly(methyl
methacrylate). Figure 9 shows the ID and 2D COSY
spectrum of isotactic poly (methyl methacrylate). The
lines in the isotactic polymer are sharper than those
observed in the atactic polymer, and conformational
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Figure 7: The 500 MHz NOESY spectrum of the alternating poly(styrene-co-methyl methacrylate) copolymer.
The spectrum of the 10 wt% sample in benzene-d6 was acquired at 80°C with a mixing time of 0.3 s. Reprinted
by permission from reference (19).

information is obtained from the observation of long
range couplings. The four bond couplings between
the main chain methylene protons and the methyl
attached to the polymer backbone can only be ob-
served for an extended, all trans conformation. The
observation of methylene-methyl four bond couplings
in the COSY spectrum in Figure 9 demonstrates
that the coupling constants are on the order of 1 Hz.
Since gauche bonds would lead to coupling constants
too small to be observed in this experiment, poly

(methyl methacrylate) must exist in a predominantly
trans configuration about the bonds separating the
low field methylene and methyl protons. This be-
havior is also observed in the 2D COSY spectrum
of the poly (methyl methacrylate) oligomers (4).

For most polymers, however, it is difficult to
quantitatively measure the chain conformation from
the coupling constants because of the line widths
and the peak overlap, although this analysis has
provided conformational information about the so-
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Figure 8: The effect of tacticity on the phenyl-methoxyl distance in the alternating poly(styrene-co- methyl-
methacrylate)copolymer. The drawing shows the (a) co-isotactic, in which the phenyl and methoxyl groups
are closest, (b) co-syndiotactic, and (c) coheterotactic sequences.

lution structures of poly(vinyl chloride) (12, 21) and
poly(propylene oxide) (22). An alternative strategy
is to use a three dimensional experiment that com-
bines NOESY and J-resolved spectroscopy so that

the J coupling information is obtained from the well
resolved cross peaks rather than the overlapping di-
agonal peaks (23, 24). The pulse sequence for 3D
NOE/J-resolved spectroscopy shown in Figure 10 is
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Figure 9: The (a) ID and (b) 2D COSY spectrum of isotactic poly(methyl methacrylate) in CDCI3. Note cross
peaks between the methylene protons and the methyl protons that arise from the conformationally sensitive
four bond couplings. Reprinted by permission from reference (66).

the combination of the two 2D experiments. The
data are acquired as a series of NOESY spectra in
which the cross peaks are modulated by the J cou-
plings, and Fourier transformation of these modula-
tions give the J coupling patterns for the protons of
interest.

This method has been used to study the chain

conformation of an alternating copolymer poly(vinyl-
idine cyanide-co-vinyl acetate)



120 Bulletin of Magnetic Resonance

OX) 0-2 0.0

(b)

(a)

-50 -30 -10 10 30
Frequency (Hz)

(C)

5 0

Figure 10: The pulse sequence and data processing for 3D NOE/J-resolved NMR spectroscopy. The data
are acquired as (a) a series of NOE spectra in which the cross peaks are modulated by the J coupling. A
free induction decay (b) is extracted from the peak modulations and Fourier transformed (c) to give the J
coupling pattern. Reprinted by permission from reference (24).
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in order to relate the chain conformation to the
bulk properties of poly(vinylidine cyanide-co-vinyl
acetate) films (23, 25). The thermal and piezoelec-

•- CN
poly(vinylidine cyanide-co-vinyl acetate)



Vol. 13, No. 3/4 121

OAc

I I ' < I I I I I ' ' ' I

-20. 0.0

Hz

20.0 40.0 -40. -20. 0.0

Hz

20.0 40.0

Figure 11: The 3D NOE/J-resolved spectra for the methylene protons of poly(vinylidine cyanide-co-vinyl
acetate) in dimethyl sulfoxide and dimethyl formamide. Cross section through the non-equivalent methylene
protons are shown with the geminal (Jg) and vicinal (Jv) couplings. Reprinted by permission from reference
(25).

trie properties of poly(vinylidine cyanide-co-vinyl ac-
etate) films depends on the casting solvent, and it
has been suggested that this results from a funda-
mental difference of the chain conformation in dif-
ferent solvents (26). Figure 11 shows cross sections
though the 3D NOE/J-resolved spectra of poly(vinyl-
idine cyanide-co-vinyl acetate) at the frequencies of
the two resolved methylene proton signals in deuter-
ated dimethyl sulfoxide and tetrahydrofuran, two
casting solvents that lead to films with different ther-
mal properties (25, 26). The results show that the
coupling patterns are identical in the two solvents,
and that the chains are in a predominantly trans
conformation. This clearly demonstrates that chain
conformation is not the explanation for the differ-
ences in the thermal properties of the films. An
analysis of the NMR relaxation in the solid state
shows that the differences that arise from the casting
solvents are related to differences in chain packing
in the films (25).

NOESY spectroscopy is also used to investigate
chain conformation in solution, as the distances be-

tween pairs of main chain protons depends on the
average conformation. The quantitative analysis of
the chain conformation of an alternating poly(styrene-
co-methyl methacrylate) copolymer has been reported
using a rate matrix analysis of the NOESY cross
peaks (5).

B. The Solid State Conformation of Poly-
mer Chains

The mechanical, thermal, and dielectric prop-
erties of polymers are critically dependent on the
chain conformation and crystallinity. The tradi-
tional NMR methods for studying polymer chain
conformation are confined mainly to the analysis
and interpretation of the conformationally sensitive
carbon chemical shifts (9). Recently, however, new
2D NMR experiments have been developed to study
chain conformation and dynamics in solids utilizing
the orientational information contained in either the
quadrupolar powder patterns or the carbon chemi-
cal shift anisotropy (CSA) patterns. The deuterium
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Figure 12: The pulse sequence for the study of ultraslow motions in polymers in solids. For deuterium
studies the flip angles for the first and last pulse are 90°, while the middle two pulses are 54.7°, and the
magnetization is sampled following a quadrupolar spin echo. For spin 1/2 nuclei the first three pulses are 90°
and the magnetization is sampled following a 180° refocusing pulse (28).

and CSA line shapes depend on the orientation of
a molecular axis (either the carbon-deuterium bond
vector or the CSA tensor) with respect to the mag-
netic field (6). Powder patterns are observed in un-
oriented samples that reflect the distribution of an-
gles between the molecular axis and the magnetic
field. If the polymer undergoes molecular motion,
the molecular axis may reorient relative to the mag-
netic field and a change in the spectrum can be
observed. The exchange experiments in solids are
designed to detect the reorientations resulting from
conformational transitions, and to study the "ultra-
slow" molecular dynamics in polymers (27, 28).

Figure 12 shows the pulse sequence used to mea-
sure slow conformational exchange in solids. The
pulse sequence is conceptually similar to the NOESY
pulse sequence, but differs in some details (27, 28,
29, 30). In common with NOESY, the spins are
frequency labeled during the ti period, allowed to
exchange during the mixing time, and detected dur-
ing the t2 period. Exchange peaks are generated
when the conformational transition changes the ori-
entation between the carbon-deuterium bond vector
and the magnetic field. In contrast to the NOESY
spectra, well resolved cross peaks are not observed.
Rather, there is a distribution of intensities off the
diagonal that are determined by the reorientation
angle, the correlation time, and the mixing time
(31). This is a powerful method for measuring poly-
mer structure and dynamics because the pattern of

off-diagonal peak intensity is critically dependent on
the exchange mechanism. In crystalline materials
where the polymer undergoes a well defined jump
between orientations, a ridge pattern is observed,
and the jump angle can be directly determined from
the angle of the ridge pattern with respect to the di-
agonal (31). The distribution of cross peak intensity
is extremely sensitive to the geometry of molecular
motion (29, 30).

Figure 13 shows the 2D deuterium exchange spec-
trum for the crystalline regions in poly(vinylidine
fluoride) (32)

poly(vinylidine fluoride)

a polymer that has attracted much attention be-
cause of the combination of its piezoelectric and py-
rolectric properties, and its high mechanical strength
and processability (33). Along the diagonal appears
the normal Pake doublet pattern observed in the
spectrum of materials that are rigid on the deu-
terium NMR time scale (27, 34). The information
about the reorientation of the carbon-deuterium bond
vector is obtained from the small off-diagonal ridges,
since the orientation of the ridge with respect to the
diagonal is determined by the jump angle. A de-
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Figure 13: The 2D spin exchange spectrum for the crystalline fraction of poly(vinylidine fluoride) at 97°C
with a 0.2 s mixing time. The spectrum is fit with the jump angle distribution shown in the inset. Reprinted
by permission from reference (32).

tailed model for the molecular motion is obtained
from spectral simulations using the distribution of
jump angles shown in the inset to Figure 13. An
excellent correspondence between the experimental
and simulated data is obtained for a model with
a 113° (±0.5°) reorientation. This high resolution
measure of the jump angle allows the authors to dis-
tinguish between the various models that have been
proposed for the chain dynamics of poly(vinylidine
fluoride) (32). The molecular motion is assigned the
rotation and translation of a monomer to a neigh-
boring site in the crystal. The transition from the
trans-gauche-trans-gauche(-) to the gauche(-)-trans-
gauche-trans is the only model for the molecular mo-
tions which accounts for the experimental NMR as

well as the x-ray crystallographic data.
This same technique has been used to study the

crystal structure of isotactic poly(propylene) (35).

Poly(propylene)

Isotactic poly(propylene) crystallizes in a 3i helix,
and the methyl group reorientation angle determined
from the 2D NMR experiments of 111-115° com-
pares favorably with the value expected from the
crystal structure (111°). Another important feature
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(a)

Figure 14: The experimental (a) and simulated (b) spin exchange spectra for the crystalline phase of
poly(oxymethylene) at 87°C with a mixing time of 2 s. The ellipse is due to 200° jumps within the crystal.
Reprinted by permission from reference (6).

of this class of NMR experiments is that the tran-
sition observed by dynamic mechanical or dielectric
spectroscopy can be directly assigned to a particu-
lar molecular motion in the crystalline state. The
correlation times measured by simulation of the 2D
exchange NMR spectra can be directly related to
the frequency maxima in the dielectric and dynamic
mechanical spectra of polymers (7, 8).

The chemical shift anisotropy patterns (CSA)
are also used to study the chain structure of crys-
talline polymers using the pulse sequence shown in
Figure 12 (6, 36). As with the deuterium line shape,
the CSA pattern depends on the orientation of a
particular nuclei, carbon, silicon, phosphorus, etc.,
relative to the magnetic field. In powdered samples
the CSA line shape is determined by the distribu-
tion of the orientations with respect to the mag-
netic field. A change in molecular orientation dur-
ing the mixing time gives rise to off diagonal ridges,
as shown in Figure 14 for poly(oxymethylene) (37).

poly(oxymethylene)
In addition to the CSA pattern along the diagonal,
a well defined ridge pattern is observed for the crys-
talline phase of poly(oxymethylene), and the reori-
entation angle can be determined from the spectral
simulation shown in Figure 14. The best agreement
between the experimental and simulated spectra is
found for a model in which there is a net chain ro-
tation of 200°. The activation energy for the helix
rotation, 20 kcal/mole, is in good agreement with
the values reported for the dielectric and dynamic
mechanical a transition of poly(oxymethylene) (38).

The principle values of the CSA tensor must be
assigned to a molecular axis for a quantitative in-
terpretation of the CSA 2D exchange spectra. This
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(a)
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Figure 15: The carbon spin exchange spectrum for poly(oxymethylene) at (a) 43°C with a mixing time of 1
s and (b) at 63°C with a mixing time of 4.5 s. The spectra were acquired with the pulse sequence shown in
Figure 12 with a rotor synchronized spinning speed of 700 Hz. Reprinted by permission from reference (36).

is established in 2D experiments that correlate the
CSA line shape with the heteronuclear proton-carbon
dipolar interaction (39). The results from the study
of poly(oxymethylene) show that the CSA tensor is
determined by the local symmetry of the monomer
unit (40), with the z axis oriented perpendicular to
the O-C-0 plane and making an angle of 55° with
the helix axis. The y axis lies within the O-C-0
plane and bisects the O-C-O angle, and the x axis is
perpendicular to the y and z axis. Results from this

experiment have also been reported for polyethylene
(41) and the cis and trans forms of polyacetylene
(42).

The study of polymer structure and dynamics
from reorientation of the CSA tensors is limited to
polymers in which the CSA patterns do not overlap.
Most polymers of interest have several nonequiva-
lent carbons with overlapping CSA patterns, mak-
ing interpretation of such exchange spectra ambigu-
ous. Several experiments have been developed to
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Figure 16: The spin diffusion spin exchange spec-
trum of crystalline polyethylene at 75 MHz. The
top spectrum (a) shows the nonspinning spectrum
of polyethylene. The experimental spin exchange
spectra are shown with mixing times of (b) 0.01 s
and (c) 10 s. Reprinted by permission from refer-
ence (45).

overcome this limitation. In one variation the CSA
patterns are scaled by rapid off-axis magic angle
spinning (43). The CSA patterns are scaled so they
no longer overlap with each other, and the spin ex-
change for each carbon can be measured. Another
alternative is to use the pulse sequence of Figure
12, but with slow magic angle spinning, conditions
under which the CSA line shape is converted to a
series of spinning side bands, with the spacing be-
tween the side bands determined by the spinning
speed (39). If exchange occurs during the mixing
time (which is fixed at an integral number of rotor
periods), then cross peaks will be observed between
the spinning side bands. This experiment is shown
in Figure 15 for poly(oxymethylene) (36). In the
2D exchange spectra at low temperature with a 1
s mixing time, only the spinning side band pattern
along the diagonal is observed. At higher tempera-
tures and longer mixing times (4.5 s), cross peaks are
observed connecting the spinning side bands. The
reorientation angle and correlation times are deter-
mined by spectral simulations, and the results are
in close agreement with those obtained for the non-
spinning experiments. The experiments with slow
magic angle spinning provide the same conforma-
tional and dynamic information, but have the ad-
vantage of a higher signal-to-noise ratio (since the
relatively sharp side bands are detected) and are
applicable to a wide variety of materials.

Thus far, we have only considered cross peaks or
ridges that arise from molecular reorientation. At
very long mixing times or for samples enriched with
13C or 15N, magnetization exchange can also pro-
ceed via spin diffusion (28, 44). For samples with a
defined orientation between neighboring nuclei, ex-
change ridges will be observed, and structural in-
formation can be extracted. Exchange via reorien-
tation and spin diffusion can be distinguished by
the effect of temperature. Reorientation is an ac-
tivated process with a strong temperature depen-
dence, while the exchange from spin diffusion does
not have a significant dependence on temperature.

Figure 16 shows a spin diffusion structural study
of the crystalline fraction of polyethylene (45). The
top spectrum shows the CSA pattern for polyethy-
lene and spectra 15b and 15c show the 2D spin ex-
change spectra at mixing times of 0.01 and 10 s.
Only diagonal peaks are observed at short mixing
times, with ridges becoming visible as the mixing
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time is increased. The ridges begin at the intersec-
tion of wn and U22 and converge towards W33, indi-
cating that exchange leaves the direction of 0-33 un-
changed while an and 022 are interchanged. These
data can be modeled from the polyethylene crystal
structure in which 033 is oriented along the chain
direction, while an and CT22 are perpendicular. In
polyethylene an and o~22 are oriented perpendicular
to each other in carbon atoms on the neighboring
chains. Thus, these data could be explained either
by interchain spin diffusion or by a 90° chain rota-
tion. The exchange spectrum is insensitive to tem-
perature, showing that interchain spin diffusion is
the mechanism responsible for the ridge patterns.

moves the 20-50 kHz homonuclear dipolar couplings
and chemical shift anisotropy that results in broad
lines in the proton spectra (39). The line widths in
the multipulse decoupling/MAS proton spectra are
typically broader than for those in solutions. How-
ever, if the line narrowing is sufficient that separate
signals are observed for each polymer in the mix-
ture, then the phase structure can be investigated
by 2D spin exchange NMR.

The miscibility of polystyrene/poly(vinyl methyl
ether) films depends on the casting solvent (48) and
has been investigated by this method (47).

V. The Phase Structure of Poly-
mers

Polymer phase structure has a critical effect on
the behavior of polymer films and, depending on
the molecular weight, the chemistry of the monomer
units, and the casting conditions, the films can range
from macroscopically or microscopically phase sep-
arated to mixed on the molecular level. The phase
structure of polymers is commonly investigated us-
ing proton spin diffusion detected using cross polar-
ization and magic angle spinning (CPMAS) (3). For
those cases where the relaxation rates of the poly-
mer pair are sufficiently different from each other,
the differential proton Ti or Tip relaxation rates
can be used to measure the length scale of polymer
mixing. If the polymers are mixed on a length scale
less than 200 A, a single Ti will be observed, and if
they are mixed on a length scale less than 20 A, a
single Tip will be observed (2,46).

For many polymer pairs, however, the differ-
ences in the relaxation rates are not large enough
to study the phase structure, and the phase struc-
ture must be investigated by 2D NMR using chem-
ical shift based frequency labeling methods. Figure
17 shows the pulse sequence for measuring proton
spin diffusion in the solid state (47). Like NOESY
spectroscopy, the spins are frequency labeled during
the ti period, exchanged during the mixing time,
and detected during the t2 period. The difference
between the pulse sequences for solids and solutions
is the application of multipulse proton decoupling
during the ti and t2 periods. The combination of
multipulse decoupling and magic angle spinning re-

polystyrene poly(vinyl methyl ether)

Figure 18 shows the solid state proton spectrum of
a polystyrene and poly(vinyl methyl ether) mixture
and the 2D spin exchange spectra for the films cast
from toluene and chloroform (47). Three groups
of signals are observed with magic angle spinning/
multipulse proton decoupling that can be assigned
to the polystyrene aromatic protons at 6-8 ppm, the
poly(vinyl methyl ether) methine and methoxyl pro-
tons at 3-4 ppm, and the aliphatic signals at 1-2 ppm
that contains the overlapping polystyrene methine
and methylene protons and the poly(vinyl methyl
ether) methylene signals. The top 2D spin exchange
spectrum was obtained with a 0.1 s mixing time for
the blend cast from chloroform. Cross peaks are ob-
served connecting the polystyrene aromatic protons
to the overlapping methine/methylene protons and
from the poly(vinyl methyl ether) methine/methoxyl
peak and the aliphatic peak at 1-2 ppm. These cross
peaks are assigned to intrachain spin diffusion that
occurs during the mixing time. Note, however, that
no cross peaks are observed between the polystyrene
aromatic protons and the poly(vinyl methyl ether)
methine/methylene peak. This shows that the poly-
mers are separated into domains that are larger than
the length scale (100-200 A) probed by proton spin
diffusion. The bottom plot shows the spectrum for
the blends cast from toluene solution. In addition
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Figure 17: The NOESY pulse sequence modified for solid state 2D NMR studies. This sequence differs
from the standard NOESY sequence with the addition of multipulse proton decoupling during the ti and t2
(acquisition) periods (47).

to the intrachain cross peaks, cross peaks are now-
observed between the polystyrene aromatic protons
and the poly(vinyl methyl ether) methine/methoxyl
peak. This clearly shows that the polymers are
mixed on the spin diffusion scale. The study of
polymer phase structure base on chemical shift dif-
ferences is a powerful new tool for the analysis of
solid polymers, and overcomes the limitations of the
traditional methods that require large differences in
the relaxation times for the two polymers.

Two dimensional NMR in solutions is also used
to study polymers that form miscible blends. These
experiments are more easily performed and are used
as model systems to gain a molecular level under-
standing of the intermolecular interactions that leads
to the formation of miscible polymer blends. Fig-
ure 19 shows the ID and 2D proton spectra of a
40 wt% polystyrene/poly(vinyl methyl ether) mix-
ture in toluene solution (49, 50, 51). This spec-
trum shows higher resolution than in the solid state
because the lines are narrowed by molecular mo-
tions in the tolene solution (15). Note, for exam-
ple, that separate signals are observed for the poly-
styrene meta/para and ortho phenyl protons, and
the signals for different polystyrene tacticities are
observed for the polystyrene ortho protons. The
poly(vinyl methyl ether) methine and methoxyl pro-
ton signals are also clearly separated. This higher
resolution makes it possible to ask more detailed
questions about the molecular basis for the interac-
tions between the chains.

Figure 19 also shows the solution 2D NOESY
spectrum for the 40 wt% polymer mixture in toluene
(50). In addition to the expected intrachain inter-
actions, cross peaks are observed between the poly-
styrene aromatic protons and the poly(vinyl methyl
ether) methoxyl protons. This demonstrates that
these groups are in close proximity, as through-space
dipolar interactions between protons separated by
less than 5 A are the only mechanism for the mag-
netization transfer between chains (17). The anal-
ysis of the spectra in Figure 19 shows that only
the polymer side chains interact in concentrated so-
lutions. This is in accordance with independent
solid state experiments that suggest that miscibility
in the polystyrene/poly(vinyl methyl ether) system
arises from the favorable enthalpy of interaction be-
tween the polystyrene phenyl and poly(methyl meth-
acrylate) methoxyl groups (52, 53). Such an inter-
action is expected to be much weaker than ionic
or hydrogen bonding interactions, and may be one
reason why intermolecular cross peaks are observed
only at concentrations greater than 30 wt% (49, 50,
51). The effect of polystyrene stereochemistry on
intermolecular complex formation can also be exam-
ined since separate resonances are observed for the
rr, mr and mm ortho proton resonances. The results
show that the formation of the intermolecular com-
plex is independent of polystyrene stereochemistry
(49).

These 2D NOESY studies in polymer mixtures
can also be used to understand other types of in-
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Figure 18: The solid state proton NMR spectra (a)
of polystyrene/poly(vinyl methyl ether) mixtures
and the 2D exchange spectra for films cast from (b)
chloroform and (c) toluene. The spectra were ac-
quired using the pulse sequence in Figure 17 with a
mixing time of 0.1 s. Reprinted by permission from
reference (47).

termolecular interactions that lead to the formation
of miscible blends. Figure 20 shows the NOESY
spectra for 38 wt% mixtures of poly(vinyl chloride)
and poly (methyl methacrylate) (25), a mixture over
which considerable controversy exists in the litera-
ture about the miscibility of this polymer pair. It
has been suggested that the miscibility is due to a
weak intermolecular hydrogen bonding between the
carbonyl oxygen of poly(methyl methacrylate) and
the electron deficient methine proton of poly(vinyl

(a) J{ )
i.O 6 . 0 4 . 0 2 . 0 0 . 0

Figure 19: The (a) ID spectrum and NOESY spec-
trum (b) for 40 wt% mixtures of polystyrene and
poly(vinyl methyl ether) in toluene solution at 65°C.
The 500 MHz spectra were acquired with a 0.75 s
mixing time. The intermolecular cross peaks are cir-
cled. Reprinted by permission from reference (50).

chloride) (54). Figure 20a shows that both intra-
and intermolecular cross peaks are observed at high
concentrations. Since several intra- and interchain
cross peaks are observed, it is possible to calcu-
late the distances between the protons on the dif-
ferent chains, giving geometrical information about
the complex. Figure 20b shows the NOESY spec-
trum for a mixture at the same concentration that
contains D2O. Since the hydrogen bond formed be-
tween the polymers is expected to be weak compared
to normal hydrogen bonds, the added water is ex-
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pected to effectively compete with the intermolecu-
lar interactions. The results show that the addition
of water leads to a complete loss of the intermolecu-
lar cross peaks, providing experimental support for
hydrogen bonds as the interaction leading to misci-
bility in the poly (vinyl chloride)/poly (methyl meth-
acrylate) system.

This methodology has been used to study the in-
teractions in a number of polymer systems that form
compatible blends. If the interactions are relatively
strong, as with ionic interactions (55) or hydrogen
bonds (25), then intermolecular cross peaks are ob-
served at lower polymer concentrations. The obser-
vation of cross peaks in the polystyrene/poly(vinyl
methyl ether) mixtures, where the interactions are
relatively weak, shows the profound effect that very
subtle intermolecular interactions can have on the
properties of polymers. This presumably arises from
the chain structure of polymers: while the inter-
actions are weak, there can be many interactions
per chain, such that the total free energy associated
with these interactions is sufficient to determine the
phase structure of these materials.

VI. 2D NMR Studies of Polymer
Dynamics

2D NMR is also an effective tool to study the
molecular dynamics of polymers, and several new
experiments have been designed to probe the dy-
namics over a wide range of time scales. Prior to the
advent of 2D NMR, polymer dynamics were studied
by relaxation rate and line width measurements, fol-
lowed by interpretation of the spin-lattice, spin-spin,
and rotating-frame spin-lattice relaxation rates in
terms of the molecular dynamics. Solution 2D NMR
experiments such as NOESY are used to facilitate
these measurements by directly measuring polymer
dynamics from the time dependence of the cross
peaks (56). Other measures of polymer dynamics
include those experiments where the chemical shifts
are resolved from the dipolar interactions (57) and
the more direct measures of the "ultraslow" dynam-
ics using the methods listed above for the study of
the conformation of crystalline polymers (6).

Rotational dipolar spin-echo spectroscopy is a
technique developed to measure the polymer dy-
namics that average the carbon-proton dipolar in-
teractions (57, 58, 59). If the polymers are mo-

bile on time scales that are fast compared to the
dipolar couplings (10-50 kHz), then the dipolar pow-
der pattern will be averaged in a way that depends
on the geometry of the molecular motions. The
carbon-proton coupling is detected in a 2D experi-
ment where the carbon chemical shifts appear along
one axis and the dipolar coupling patterns along
the other (57). The pulse sequences for the rotor-
synchronized rotational dipolar spin-echo spectra is
shown in Figure 21. Following cross polarization,
the carbon spins precess under high power proton
decoupling. After the 180° carbon pulse, proton-
proton decoupling is applied (the ti period) before
the sample magnetization is acquired (the t2 pe-
riod). While the details are more complex, this
experiment is similar in principle to 2D J-resolved
spectroscopy in solution (60). Double Fourier trans-
formation yields a spectrum with the carbon chemi-
cal shifts along one axis and the carbon-proton dipo-
lar couplings along the other. Figure 22 shows the
CPMAS spectrum of poly (ether-ether-ketone),

poly(ether-ether-ketone)

a commercially important high temperature poly-
mer that is used in the fabrication of high strength
composite materials. The molecular dynamics of
poly(ether-ether-ketone) have been examined for sam-
ples that differ in crystallinity and the monomer
structure (59). Peak 1 in Figure 22 arises from pro-
tonated aromatic carbons while peak 2 is assigned to
overlapping signals from both protonated and non-
protonated carbons. The remaining signals are as-
signed to nonprotonated carbons that do not have
strong dipolar interactions and are not amenable
to analysis by this method (57). Cross sections
through the 2D rotational dipolar spin-echo spec-
trum of poly(ether-ether-ketone) samples that are
1%, 8% and 26% crystalline are shown in Figure 23
as side band intensity plots (59). The results show
that the pattern broadens as the crystallinity in-
creases. Detailed information about the molecular
dynamics is obtained by calculating the side band
intensity pattern for a particular model of molecu-
lar motion. The data in Figure 23 are best fit by a
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Figure 20: The 500 MHz 2D NOESY spectra of a 38 wt% mixture of poly(vinyl chloride) and syndiotactic
poly(methyl methacrylate) in deuterated tetrahydrofuran (a), and in the same solvent with a trace of 2H2O
(b). The intermolecular cross peaks are marked. Reprinted by permission from reference (25).
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Cross
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Figure 21: The pulse sequence for rotational dipolar spin-echo spectroscopy (57).
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Figure 22: The 15.1 MHz CPMAS spectra of poly(ether-ether-ketone) for 1% and 26% crystalline samples.
The inset structure shows the peak assignments. Reprinted by permission from reference (59).

model that contains rigid aromatic rings in both the
crystalline and amorphous regions as well as mobile
rings that undergo both 180° flips and small an-
gle librations in the amorphous phase. It is also
reported that the ether-ether rings are more mo-
bile than the ether-ketone rings. This is contrary
to intuition based on the intramolecular barriers to
rotation and demonstrates that interchain packing
plays a critical role in the molecular dynamics of
polymers. Polystyrene, poly(ethylene terepthalate)
and polycarbonate (57) have also been investigated

by this method. Since these experiments are per-
formed at natural abundance for the 13C signals,
they are applicable to a wide variety of materials.

The 2D deuterium and CSA exchange spectra
are ideal for investigating the "ultra-slow" motions
in polymers (27, 28). In a previous section we saw
how the reorientation angles measured from these
spectra can be directly related to the crystalline
structure of polymers. These spectra also lead to
molecular level assignment of the low frequency tran-
sitions measured by dielectric and dynamic mechan-
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Figure 23: The rotational dipolar spin-echo spectra for poly(ether-ether-ketone). The sideband intensity plots
are shown for (a) 1%, (b) 8%, and (c) 26% crystalline samples for peak 2 in Figure 22. Reprinted by permission
from reference (59).

ical spectroscopy (7, 8). In poly(vinylidine fluoride),
for example, the 2D deuterium spin exchange ex-
periment shows that the a transition observed by
dielectric spectroscopy (61) can be assigned to the
rotation and translation of a monomer in the crys-
tal, since both the 2D NMR and dielectric spec-

tra have the same rate constants and temperature
dependence (32). These methods can also be used
to measure the molecular dynamics in amorphous
polymers. Figure 24 shows the 2D deuterium ex-
change spectrum for main chain deuterated poly-
styrene (62). Unlike the crystalline materials, no
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Figure 24: The (a) experimental and (b) simulated 2H spin exchange spectra for main chain deuterated
polystyrene above the glass transition (118°C) with a 0.012 s mixing time. Reprinted by permission from
reference (62).

ac

Figure 25: The CPMAS 2D spin exchange spectrum for semicrystalline polyethylene obtained with a 2 s
mixing time at 100°C. Reprinted by permission from reference (37).
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sharp ridge pattern is observed for glassy polysty-
rene. However, the intensity pattern in the 2D spec-
trum depends both on the reorientation angle and
the correlation time for the slow molecular motion.
From simulations at several mixing times the au-
thors conclude that molecular motion in polysty-
rene just above the glass transition temperature is
attributed to small angle jumps, and that the dis-
tribution of correlation times is on the order of five
decades. The trans-gauche jumps that play a crit-
ical role in the relaxation of polymers in solution
play only a minor role just above the glass transi-
tion temperature. The molecular dynamics of atac-
tic polypropylene (63) and plasticizers in a glassy
polymer matrix (64) have been investigated by this
same method.

The 2D spin exchange experiments can also pro-
vide direct experimental evidence for chain diffusion
between the crystalline and amorphous regions of
semicrystalline polymers. Chain diffusion has been
suggested as the process giving rise to a transition
in the dynamical mechanical spectra in polyethy-
lene (65), but this suggestion has not been widely
accepted due to the lack of experimental evidence.
The 13C signals for the all trans crystalline frac-
tion and the gauc/ie-containing amorphous fractions
are separated by 2 ppm in the high resolution CP-
MAS spectrum, so chain diffusion between the two
phases can be measured by solid state NOESY spec-
troscopy. Figure 25 shows the 2D spin exchange
spectrum for semicrystalline polyethylene acquired
using the NOESY pulse sequence with rapid magic
angle spinning and high powered proton decoupling
in which magnetization exchange cross peaks are ob-
served between the crystalline and amorphous frac-
tions (37). The temperature dependence of the mag-
netization transfer is similar to that observed by
other spectroscopies, and the translational diffusion
constant (10"14cm2/s) can be calculated from these
data.

VII. Conclusions

2D NMR has made important contributions to
many areas of polymer science, ranging from ma-
terials characterization to understanding structure-
function relationships in polymers. The increase
in resolution in 2D NMR has led to a more de-
tailed characterization of polymers that is important

not only for understanding structure-function rela-
tionships, but also for understanding polymerization
mechanisms. New experiments have been designed
to study the structure and dynamics of polymers
and in several cases, such as the study of the chain
dynamics of poly(vinylidine fluoride) and polyethy-
lene, the 2D NMR studies have resolved long stand-
ing controversies. The results from the studies of
the molecular dynamics of glassy polymers above Tg
have provided valuable new insights into the molec-
ular dynamics of polymers. With the development
of new experiments and the application to more ma-
terials, 2D NMR will continue to have a large impact
in materials science.
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