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Wideline separation (WISE) NMR with windowless isotropic
mixing (WIM) is developed as a method to study the dynamics of
polymers and blends. This experiment is designed to measure the
dynamics of polymers through the proton lineshapes that are
correlated with the carbon chemical shifts in two-dimensional
NMR experiments. If the atoms experience large amplitude fluc-
tuations that are fast compared to the dipolar broadening, then the
proton lines will be narrowed relative to rigid solids. We have
modified the WISE experiment by replacing the cross polarization
step with WIM to quench spin diffusion during the cross polar-
ization so that the proton linewidths can be directly related to the
chain dynamics. Two-dimensional WIM/WISE has been used to
measure the main-chain and side-chain dynamics in poly(n-butyl
methacrylate) and blends of polystyrene and poly(vinyl methyl
ether). © 2000 Academic Press

Key Words: polymers; solid-state NMR; dynamics; 2D NMR;
lends.

INTRODUCTION

NMR has long been used as a method to measur
molecular dynamics of molecules both in solids and solu
(1), particularly in polymers where the dynamics are o
directly related to the macroscopic properties (2). NMR pro-
vides information about the amplitude and frequency of
lecular motion over a wide range of time scales from mea
ments of signal intensities, relaxation times, and the linesh
The experiment of choice depends on amplitude and ra
atomic fluctuations, since some measurements are sensi
fluctuations on the MHz frequency or faster time scale w
others are sensitive to mid-kHz or slower fluctuations2).
More recently, multidimensional NMR methods have b
used to measure ultra-slow exchange in polymers (3).

Wideline separation (WISE) NMR was introduced so
years ago as a simple and elegant method to measure the
dynamics of solid polymers by correlating the proton linesh
with the carbon chemical shift (4). This experiment yield

1 Current address: Department of Chemistry, 1101 University Ave., Un
sity of Wisconsin, Madison, WI 53706.

2 To whom correspondence should be addressed. E-mail: mirau@
labs.com.
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information about the dynamics by measuring the degre
which the proton lineshapes are averaged by molecular m
The proton lines are broadened in solids by hetero- and h
nuclear dipolar interactions, and motionally averaged
shapes are observed if the atoms experience large amp
fluctuations that are fast on the time scale of the dip
linewidths (ca. 50 kHz). The heteronuclear contribution to
proton linewidth can be removed by carbon decoupling du
the evolution period (5). Although the proton lineshapes a
not amenable to the same detailed analysis as the deu
lineshapes (6), they provide qualitative information about t
dynamics without isotopic labeling. The WISE experiment
also be used to study the mixing of polymers by placing a
diffusion delay between the proton evolution and cross p
ization periods (4).

The WISE spectrum measures the proton lineshape fo
ing magnetization transfer from protons to carbons (or o
nuclei) by cross polarization (4). This experiment provide
information about the dynamics of chains rather than for
vidual groups because spin diffusion can average the
shapes for protons that are close in space during the
polarization period (3). In these experiments, we replace
cross polarization step with the 24-pulse windowless isotr
mixing (WIM) sequence that quenches spin diffusion du
cross polarization (7, 8). This allows us to use the WIS
experiment to measure the proton lineshapes in the abse
spin diffusion, so that the linewidths can be directly relate
the molecular dynamics. We demonstrate the applicabili
this experiment by measuring the lineshapes for the main
and side chain atoms of poly(n-butyl methacrylate) as a fun
tion of temperature and for the individual chains in a poly
rene/poly(vinyl methyl ether) blend. We anticipate that m
materials will be amenable to analysis by 2D WIM/WI
NMR.

MATERIALS AND METHODS

Poly(n-butyl methacrylate), polystyrene, and poly(vi
methyl ether) were obtained from Aldrich. The polystyre
poly(vinyl methyl ether) blend was prepared from a 1
solution in toluene made from equal molar mixtures of
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184 QIU AND MIRAU
polymers. Clear films were obtained by casting under nitro
and the samples were heated to 65°C under vacuum to re
all traces of the solvent.

Solid state NMR spectra were obtained on a Varian U
NMR spectrometer operating at 125 MHz for carbons and
MHz for protons. The spectra were acquired with 4.25ms
carbon and proton pulses using a Chemagnetics 7.5-mm
with magic-angle spinning at 3–4 kHz. Phase-sensitive
spectra were recorded using time-proportional phase incre
tation (9) of the first proton pulse and sweep widths in
carbon and proton dimensions of 30 and 400 kHz.

RESULTS

Since its introduction several years ago, 2D wideline s
ration (WISE) NMR (4) has been used to study the dynam
of many classes of polymers via the correlation of the ca
chemical shifts with the proton lineshapes. The 2D W
experiment (Fig. 1a) begins with a proton 90° pulse follo
by the t 1 evolution period during which the proton sign
evolve under the influence of the chemical shift and the dip
interactions. Another 90° pulse tips the magnetization a
the 2z axis for an optional spin diffusion timetm, before the
signal is detected in thet 2 dimension following cross polariz
tion. Two-dimensional Fourier transformation yields a d
matrix with the carbon frequency along one axis and the pr
frequency along the other. It is typically most informative
view the data as cross sections through the 2D matrix. S
the chemical shift range for protons (5 kHz) is much sm
than the linewidths (ca. 50 kHz), wideline spectra are obse
in the t 1 dimension.

The 2D WISE experiment does not provide an unambig
measure of the proton dynamics because the lineshapes
partially averaged by spin diffusion during the cross pola

FIG. 1. The pulse sequence diagrams for 2D (a) WISE and (b) W
WISE NMR. In the WIM/WISE experiment the cross polarization is repla
with the windowless isotropic mixing sequence.
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tion. The rate of spin diffusion is a factor of two less than
the exchange ofz magnetization (3), but significant spin dif
fusion can occur during the cross polarization contract t
(1–2 ms) that are typically used in the solid state NMR ana
of polymers (2). The distance over which spin diffusion c
lead to lineshape averaging is approximately given by (4)

^uxu& 5 ÎDtp

4
, [1]

whereD is the spin diffusion rate constant andt is the cros
polarization contact time. For a glassy polymer belowTg the
spin diffusion coefficient is of the order of 0.83 10215 m2/s
10), and with a contact time of 1 ms, this gives a spin diffus
ength scale of ca. 5 Å. For polymers aboveTg, the spin
diffusion coefficients are much smaller (0.053 10215 m2/s)
(11), but longer cross polarization times are required to ach
he same signal intensity. It is well known that librations
ethyl group rotations in otherwise rigid solids can parti
verage the proton lineshape (1). Protons that are within 5 Å of

a methyl or some other rapidly fluctuating group may there
appear with a motionally narrowed lineshape in the W
spectrum, not from molecular motion, but from spin diffus
This makes the WISE experiment more suited to the stud
entire chains, rather than the dynamics of individual grou

The effect of cross polarization time on the WISE linesh
has been studied for poly(n-butyl methacrylate), an amorpho
polymer with aTg of 27°C. Figure 2 shows the cross polari
tion spectra acquired with 3.5 kHz magic-angle sample s
ning and dipolar decoupling during acquisition. Poly(n-butyl
methacrylate) shows several well-resolved resonances, in
ing the carbonyl, the methylenes in the main chain and
chain, and the main chain quaternary resonance. The
overlapping resonances are the main-chain and side-
methyl peaks at 12.5 ppm.

Figure 3 compares cross sections through the 2D W
spectra of poly(n-butyl methacrylate) at the frequency of
side chain methylene nearest the oxygen (e) and the m
signals (c/h) for cross polarization contact times of 0.054
5 ms. Very different proton linewidths (40 and 17 kHz)
observed for the two peaks with the shortest cross polariz

/
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185WIM/WISE NMR OF POLYMERS
time, reflecting the difference in chain dynamics for these
kinds of groups. Cross-polarization spectra are usually
corded with longer contact times because the signal-to-no
very low with such a short period for carbon–proton magn
zation transfer. Figure 3b shows that identical lineshape
observed for these carbons when a longer (5 ms) cross-
ization period is used. These data clearly demonstrate th

FIG. 2. The 125-MHz carbon spectrum of poly(n-butyl methacrylate
recorded with cross polarization and 3.5-kHz magic-angle sample spin

FIG. 3. Cross sections through the 2D WISE spectra of poly(n-butyl me
ross polarization times of (a) 0.054 and (b) 5 ms.
o
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lineshapes measured by 2D WISE NMR depend on the c
polarization time.

Windowless isotropic mixing (WIM) was introduced a
pulsed alternative to cross polarization (7, 8). Instead of usin
matched carbon and proton spin-locking fields, cross pola
tion is accomplished with a series of 24 pulses applied si
taneously to the carbon and protons to transfer magnetiz
from protons to carbons while quenching spin diffusion.
WIM pulse sequence has been extensively used to me
heteronuclear correlations in rotating solids (8, 12, 13), and we

ave been using WIM for cross polarization in the 2D W
xperiment using the pulse sequence shown in Fig. 1b
sing WIM in place of simple cross polarization, we
orrelate the carbon chemical shifts with the proton linewi
ithout the complications of spin diffusion, and the linesha
an be related to the dynamics of individual groups in poly
hains.
Figure 4 shows cross sections through the WIM/WISE

pectra for the main chain methylene (a), the side-chain m
lene nearest the oxygen (e), and the methyl signals (c/
oly(n-butyl methacrylate). The important feature to not

that large differences in the line widths are directly observ
from the WIM/WISE cross sections. Although the signal
noise is low for the main-chain signal, the full width at h
maximum is greater than 50 kHz. This demonstrates that
is little averaging of the dipolar interactions for the main ch
at 27°C for poly(n-butyl methacrylate). The side-chain me
ylene (e) shows a partially reduced line with a width of 39 k
demonstrating that the side chain experiences substantia

.

crylate) at the frequencies of the side-chain methylene and methyl sign
tha
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186 QIU AND MIRAU
tion relative to the main chain. The methyl signal, which
composite of the main-chain and side-chain methyl gro
shows a line width of 16 kHz, reflecting the averaging of
dipolar interactions by methyl-group rotation. The low sig
to-noise in for the main-chain signal is due to the difficulty
detecting this signal. The dynamics in the main chain are
that interference with either the decoupling or magic-a
sample spinning leads to linebroadening.

Poly(n-butyl methacrylate) has a DSCTg of 27°C, and
WIM/WISE NMR has been used to measure the effec
temperature on side chain motion aboveTg. Table 1 shows th
linewidths for the side chain methylene (e) and methyl (
groups at 27, 50, and 80°C. AtTg, the side-chain methylene
reduced from the rigid lattice value of 50 to 39 kHz, an
further reduced to 36 kHz at 50°C and 32 kHz at 80°C.
composite methyl signal is reduced from 17 to 12 kHz over
same temperature range.

WIM/WISE NMR can also be used to investigate the

FIG. 4. Cross sections through the 2D WIM/WISE spectrum of poln-
butyl methacrylate) at the frequencies of the (a) methyl, (b) side-chain
ylene, and (c) the main-chain methylene carbons.

TABLE 1
The Linewidths of the poly(n-butyl Methacrylate) Side Chain
Methylene and Methyl Groups as a Function of Temperature

Temperature (°C)

Linewidth (kHz)

2OCH22 2CH3

27 38.9 16.8
50 35.7 17.5
80 32.4 12.4
a
s,
e
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namics in polymer blends. The quenching of spin diffusio
particularly important for the study of blends with molecu
level mixing, where the proton lineshapes can be aver
between the chains by spin diffusion. The dynamics of p
mers in blends are of interest in light of recent studies d
onstrating that even while mixed, the chains do not s
identical dynamical behavior even though a singleTg is ob-
served by DSC (14). It has also been shown that the dynam
of the chains in blends can be different from the pure com
nent polymers (15).

Figure 5 shows a contour plot of the WIM/WISE spectr
of the 50:50 molar polystyrene/poly(vinyl methyl ether) bl
at 27°C. Several well-resolved peaks are observed, inclu
the polystyrene aromatic carbons at 125 ppm and the po
nyl methyl ether) methoxy and methine carbons at 67 an
ppm. The peak at ca. 40 ppm contains the overlapping
styrene methine and methylene carbons and the poly(
methyl ether) methylene carbons. The contour plot shows
very different proton linewidths are observed for the poly
rene and poly(vinyl methyl ether) chains, and Fig. 6 comp
cross sections through the WIM/WISE spectra for the arom
peak of polystyrene and the main chain methine pea
poly(vinyl methyl ether). The aromatic protons in pure po
styrene have a full width at half maximum of 40 kHz while
same peak in the blend has a width of 36 kHz. This dem
strates that the aromatic rings are more mobile in the blend
that they feel the effect of being dissolved in a matrix with
lower Tg poly(vinyl methyl ether). The opposite effect is o
served for poly(vinyl methyl ether). Poly(vinyl methyl eth

h-
FIG. 5. A contour plot for the WIM/WISE spectrum of the polystyre

poly(vinyl methyl ether) blend at 27°C. The assignments for the polysty
aromatic and aliphatic peaks and the poly(vinyl methyl ether) methine
methoxy peaks are shown.
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187WIM/WISE NMR OF POLYMERS
has aTg of 231°C and chain motion at ambient tempera
verages the proton lineshape to 6 kHz (not shown). W
ISE NMR shows that the methine motion is restricted r

ive to the pure poly(vinyl methyl ether) in the blend w
olystyrene, where a 12-kHz linewidth is observed.
WIM/WISE NMR has also been used to study the effec

emperature on the chain dynamics for the polystyrene/
vinyl methyl ether) blend, and some of the results are sh
n Table 2. The polystyrene aromatic proton linewidth is
uced from 36 kHz at 27°C to 30 kHz at 50°C to 9 kHz
0°C. By contrast, the already averaged lineshape of po
yl methyl ether) changes to a much smaller degree ove

emperature range.

DISCUSSION

NMR is often the method of choice for studying polym
dynamics because the NMR spectrum and relaxation rate
sensitive to the chain dynamics over a wide range of freq
cies (2). The range of frequencies that can be measure
NMR has recently been extended with the introduction o
NMR methods to investigate the molecular dynamics, inc
ing WISE NMR (4) and ultra-slow 2D exchange methods (16).
n these studies we have introduced a modified version o
D WISE experiment that uses windowless isotropic mixin
uench spin diffusion, so that the lineshapes can be dir
elated to the molecular dynamics.

WIM/WISE was used in these studies to measure the
amics of the well-resolved main-chain and side-chain a

n poly(n-butyl methacrylate). Near theT detected by DSC w

FIG. 6. Cross sections through the WIM/WISE spectrum of the poly
rene/poly(vinyl methyl ether) blend at the frequency of the (a) poly(v
methyl ether) methine carbon and the (b) polystyrene aromatic carbon
nance.
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found that the linewidths for the main-chain protons are c
to the values expected for rigid polymers. This apparent
crepancy between the dynamics detected by DSC and NM
due to the well-known difference in frequencies probed by
two methods, since the DSC transitions sensitive to low
quency motions (ca. 1 s21) while much higher frequencies a
required to average the NMR lineshapes. The lineshape
the side-chain protons are partially averaged at the DSCTg,
demonstrating that the side chains are more flexible tha
main chains. At higher temperatures we observed the fu
averaging of the lineshapes for the side chain protons.

Polystyrene/poly(vinyl methyl ether) blends have been
tensively investigated as the prototypical miscible blend. It
observed in the early studies that optically clear films withTg

intermediate between the two homopolymers could be
served for films cast from toluene or benzene, while ph
separated blends were observed upon casting from chlor
or trichloroethane (17). It was noted, however, that theTg was
broad compared to theTg’s of the component polymers, su
gesting that the system is heterogeneous on some s
length scale. Proton NMR studies showed that the blends
homogeneous on the length scale probed byT1 (170 Å), but
two-componentT2 relaxation was observed (18). This could be
nterpreted either as evidence for microphase separati
vidence that the component polymers have different dyna

n the miscible blend. Following these initial studies, sev
MR experiments, including intermolecular cross polariza

19), NOE methods (20), and 2D multipulse exchange NM
21), have shown that there are close contacts between th
hains. Other studies have shown that the blend contain
rogeneities on a length scale estimated to be 0.6–3.
4, 22). Results from the multiple-pulse NMR studies s
ested a more complex structure with three phases th
luded a mixed phase and polystyrene and poly(vinyl me
ther)-rich phases (23). Approximately 80% of the materi
as found in the mixed phase.
The dynamics of polystyrene/poly(vinyl methyl eth

lends have also been investigated by NMR met
4, 15, 24). It has been reported that the linewidths for som
he carbons go through a maximum as a function of tem
ure due to interference of the chain motion with either
agic-angle sample spinning or the proton decoupling. F

TABLE 2
The WIM/WISE Linewidths for the Polystyrene Aromatic Pro-

tons and the poly(Vinyl Methyl Ether) Main Chain Methine Pro-
tons as a Function of Temperature

Temperature (°C)

Linewidth (kHz)

PS C6H5 PVME 2CH2

27 35.7 12.4
50 29.5 11.0
80 9.0 11.1

-
l
so-
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188 QIU AND MIRAU
this temperature-dependent linebroadening it has been s
that the dynamics of the component polymers are quite d
ent from each other, and chain motion in polystyrene is m
slower than the poly(vinyl methyl ether) in the miscible ble
Furthermore, chain motion in polystyrene is increased by
ing with the lowTg poly(vinyl methyl ether) and the molecu
motions of poly(vinyl methyl ether) are retarded by mix
with the polystyrene. This behavior has also been observe
1,2-polybutadiene/polyisoprene blends (14, 25, 26).

The proton lineshapes in the WIM/WISE NMR experime
provide a direct measure of the chain dynamics in the mis
blend. The results show that there is a large difference i
dynamics between the aromatic rings of polystyrene an
main chain of poly(vinyl methyl ether), consistent with
previous reports. The polystyrene aromatic protons ha
linewidth of 36 kHz at 27°C, demonstrating that polystyr
retains considerable rigidity even when blended with a lowTg

material. On the other hand, this linewidth is less than th
kHz measured for the polystyrene aromatic rings in the
material, showing that the rings in the blend are more mo
than in the pure material. It is also interesting to note tha
aromatic linewidths are much more temperature depen
than are the main-chain signals for poly(n-butyl methacrylate
and poly(vinyl methyl ether). This reflects the additio
modes, such as ring flips and librations, that become ava
to the polymer side chain at temperatures aboveTg.

The behavior of the poly(vinyl methyl ether) main-ch
signals is opposite of that observed for polystyrene. Poly(v
methyl ether) at ambient temperature is aboveTg and the
lineshape is averaged by chain motion from the rigid la
value to 6 kHz for the bulk polymer. A value of 12 kHz
observed for the blend with polystyrene, demonstrating tha
local environment is affected by blending with the more r
polymer. Such a difference in chain dynamics might be
pected based on the observation of nanoheterogenities
blend discussed above.

The data presented from the WIM/WISE experiments a
agreement with the dynamics measured from the tempe
dependence of the13C linewidths. The studies of the13C
linewidths rely on the fortuitous interference of the ch
dynamics and the line narrowing methods, since if the c
dynamics are on the same time scale as the magic-angle
ning or the decoupling, line narrowing becomes inefficient
broadening is observed (27). In polystyrene it was demo
strated that the line broadening is a consequence of interfe
with the decoupling (24), while in poly(vinyl methyl ether) it i

ore likely that the broadening is a consequence of inte
nce with magic-angle spinning. One important advantag

he WIM/WISE approach is that the measurements are
ependent on the fortuitous interference of the chain dyna
ith the line narrowing methods and should be applicab
ore materials over a wider range of temperatures.
In summary, we have introduced 2D WIM/WISE NMR a

ool to study the dynamics of polymers in the solid state.
wn
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modified version of WISE uses windowless isotropic mixin
quench spin diffusion during cross polarization, so that
proton lineshapes can be directly related to the chain dyna
The pulse sequence is more complex, but we find that WI
easy to implement and has a signal-to-noise ratio only sli
lower than for cross polarization. Multipulse tune-up is
required for efficient cross polarization using WIM. WI
WISE NMR has been used to study the effect of temper
on the dynamics of the main-chain and side-chain proto
poly(n-butyl methacrylate) and the effect of blending on
dynamics of polystyrene and poly(vinyl methyl ether).
anticipate that this method will be applicable to a wide var
of materials, including polymer blends and polymers at
faces (28). The original WISE experiment remains a valua
tool for studying the length scale of mixing in phase-separ
polymers and blends (29).
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