Journal of Magnetic Resonan@d2,183-189 (2000)

) ®
Article ID jmre.1999.1934, available online at http://www.idealibrary.conl II1E %I.

WIM/WISE NMR Studies of Chain Dynamics
in Solid Polymers and Blends

Xiaohua Qid and Peter A. Mirati

Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

Received June 23, 1999; revised September 9, 1999

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
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INTRODUCTION

information about the dynamics by measuring the degree
which the proton lineshapes are averaged by molecular motic
The proton lines are broadened in solids by hetero- and hon
nuclear dipolar interactions, and motionally averaged line
shapes are observed if the atoms experience large amplitt
fluctuations that are fast on the time scale of the dipol:
linewidths (ca. 50 kHz). The heteronuclear contribution to th
proton linewidth can be removed by carbon decoupling durin
the evolution period5). Although the proton lineshapes are
not amenable to the same detailed analysis as the deuteri
lineshapes®), they provide qualitative information about the
dynamics without isotopic labeling. The WISE experiment ca
also be used to study the mixing of polymers by placing a sp
diffusion delay between the proton evolution and cross pola
ization periods 4).

The WISE spectrum measures the proton lineshape folloy
ing magnetization transfer from protons to carbons (or oth
nuclei) by cross polarizationd). This experiment provides
information about the dynamics of chains rather than for ind

NMR has long been used as a method to measure Midual groups because spin diffusion can average the lin

molecular dynamics of molecules both in solids and solutio§aP€s for protons that are close in space during the cra
(1), particularly in polymers where the dynamics are Oﬁegolarlzanon_ pe_rlod ). In _these experlment_s, we replz_ace the
directly related to the macroscopic properti€s (NMR pro- CrosSS polarization step with the 24-pulse W|_ndo_vvles_s isotrop
vides information about the amplitude and frequency of m&2ixing (WIM) sequence that quenches spin diffusion durin
lecular motion over a wide range of time scales from measuf@0SS Ppolarization 7, §. This allows us to use the WISE
ments of signal intensities, relaxation times, and the lineshap@$Periment to measure the proton lineshapes in the absenc
The experiment of choice depends on amplitude and rate SN diffusion, so that the linewidths can be directly related t
atomic fluctuations, since some measurements are sensitivéf molecular dynamics. We demonstrate the applicability ¢
fluctuations on the MHz frequency or faster time scale whif8iS €xperiment by measuring the lineshapes for the main chs
others are sensitive to mid-kHz or slower fluctuatioy. ( @nd side chain atoms of polyutyl methacrylate) as a func-
More recently, multidimensional NMR methods have bedf" of temperature and for the individual ch_al_ns in a polysty
used to measure ultra-slow exchange in polyma)s ( rene/poly(wr_]yl methyl ether) blend. Wg anticipate that man

Wideline separation (WISE) NMR was introduced som@aterials will be amenable to analysis by 2D WIM/WISE

years ago as a simple and elegant method to measure the chAR-
dynamics of solid polymers by correlating the proton lineshape
with the carbon chemical shift4]. This experiment yields MATERIALS AND METHODS

L _ N . Poly(n-butyl methacrylate), polystyrene, and poly(vinyl
Current address: Department of Chemistry, 1101 University Ave., Univer- thvl eth btained f Aldrich. Th st
sity of Wisconsin, Madison, W1 53706. metnyl e er) were obtainedad 1rom ricn. € polystyrene

2To whom correspondence should be addressed. E-mail: mirau@b®Ply(vinyl methyl ether) blend was prepared from a 109
labs.com. solution in toluene made from equal molar mixtures of th
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(@) tion. The rate of spin diffusion is a factor of two less than fo
the exchange of magnetization J), but significant spin dif-

H H h H K fusion can occur during the cross polarization contract time
(1-2 ms) that are typically used in the solid state NMR analys
t, of polymers R). The distance over which spin diffusion can

¢ \/\/\Mw\ lead to lineshape averaging is approximately given4y (

Cross
Polarization
Drm
(b) (=75 [1]

whereD is the spin diffusion rate constant amds the cross
. polarization contact time. For a glassy polymer bel®ythe
c l 2 spin diffusion coefficient is of the order of 0.8 10*° m’/s
MEETYTVIR (10), and with a contact time of 1 ms, this gives a spin diffusiol
length scale of ca. 5 A. For polymers aboVg, the spin
FIG. 1. The pulse sequence diagrams for 2D (a) WISE and (b) WIMiffusion coefficients are much smaller (0.05 10 ** m?/s)
WISE NMR. In the WIM/WI$E e_xperiment the cross polarization is replace(ill), but Ionger Cross polarization times are required to achie
with the windowless isotropic mixing sequence. the same signal intensity. It is well known that librations an:
methyl group rotations in otherwise rigid solids can partiall
dyerage the proton lineshap®.(Protons that are withi5 A of
methyl or some other rapidly fluctuating group may therefol
appear with a motionally narrowed lineshape in the WIS
ectrum, not from molecular motion, but from spin diffusion
@is makes the WISE experiment more suited to the study
entire chains, rather than the dynamics of individual groups

polymers. Clear films were obtained by casting under nitrog
and the samples were heated to 65°C under vacuum to rem
all traces of the solvent.

Solid state NMR spectra were obtained on a Varian Uni
NMR spectrometer operating at 125 MHz for carbons and 4
MHz for protons. The spectra were acquired with 4;25-
carbon and proton pulses using a Chemagnetics 7.5-mm probe

with magic-angle spinning at 3—4 kHz. Phase-sensitive 2D b c
spectra were recorded using time-proportional phase incremen- CH;
tation @) of the first proton pulse and sweep widths in the a

carbon and proton dimensions of 30 and 400 kHz. —CH,—C——

d

RESULTS /C\ e § g h
Since its introduction several years ago, 2D wideline sepa- o O—CH,;—CH,—CH,—CH;,
ration (WISE) NMR @) has been used to study the dynamics
of many classes of polymers via the correlation of the carbon
chemical shifts with the proton lineshapes. The 2D WISE
experiment (Fig. 1a) begins with a proton 90° pulse followed The effect of cross polarization time on the WISE lineshap
by the t; evolution period during which the proton signaldas been studied for poly{butyl methacrylate), an amorphous
evolve under the influence of the chemical shift and the dipolpolymer with aT, of 27°C. Figure 2 shows the cross polariza
interactions. Another 90° pulse tips the magnetization alotign spectra acquired with 3.5 kHz magic-angle sample spil
the —z axis for an optional spin diffusion time,,, before the ning and dipolar decoupling during acquisition. PoRutyl
signal is detected in thig dimension following cross polariza- methacrylate) shows several well-resolved resonances, inclt
tion. Two-dimensional Fourier transformation yields a datag the carbonyl, the methylenes in the main chain and si
matrix with the carbon frequency along one axis and the protehain, and the main chain quaternary resonance. The ol
frequency along the other. It is typically most informative t@verlapping resonances are the main-chain and side-ch
view the data as cross sections through the 2D matrix. Sinoethyl peaks at 12.5 ppm.
the chemical shift range for protons (5 kHz) is much smaller Figure 3 compares cross sections through the 2D WIS
than the linewidths (ca. 50 kHz), wideline spectra are observspectra of polyg-butyl methacrylate) at the frequency of the
in the t, dimension. side chain methylene nearest the oxygen (e) and the metl

The 2D WISE experiment does not provide an unambiguosignals (c/h) for cross polarization contact times of 0.054 ar
measure of the proton dynamics because the lineshapes cab Ioes. Very different proton linewidths (40 and 17 kHz) are
partially averaged by spin diffusion during the cross polarizabserved for the two peaks with the shortest cross polarizati

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

Carbon Chemical Shift (ppm)

lineshapes measured by 2D WISE NMR depend on the cro¢
polarization time.

Windowless isotropic mixing (WIM) was introduced as
pulsed alternative to cross polarizatiof 8. Instead of using
matched carbon and proton spin-locking fields, cross polariz
tion is accomplished with a series of 24 pulses applied simt
taneously to the carbon and protons to transfer magnetizati
from protons to carbons while quenching spin diffusion. Th
WIM pulse sequence has been extensively used to meas
heteronuclear correlations in rotating soli@s 12, 13, and we
have been using WIM for cross polarization in the 2D WISE
experiment using the pulse sequence shown in Fig. 1b. |
using WIM in place of simple cross polarization, we car
correlate the carbon chemical shifts with the proton linewidtr
without the complications of spin diffusion, and the lineshape
can be related to the dynamics of individual groups in polyme
chains.

Figure 4 shows cross sections through the WIM/WISE 2|
spectra for the main chain methylene (a), the side-chain me
lene nearest the oxygen (e), and the methyl signals (c/h)
oly(n-butyl methacrylate). The important feature to note i
that large differences in the line widths are directly observab

time, reflecting the difference in chain dynamics for these twfPm the WIM/WISE cross sections. Although the signal-to
kinds of groups. Cross-polarization spectra are usually reoise is low for the main-chain signal, the full width at half
corded with longer contact times because the signal-to-noiséngximum is greater than 50 kHz. This demonstrates that the
very low with such a short period for carbon—proton magneis little averaging of the dipolar interactions for the main chai
zation transfer. Figure 3b shows that identical lineshapes ate27°C for poly(-butyl methacrylate). The side-chain meth-
observed for these carbons when a longer (5 ms) cross-poldene (e) shows a partially reduced line with a width of 39 kHz
ization period is used. These data clearly demonstrate that ¢emonstrating that the side chain experiences substantial n

(a)
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FIG. 3. Cross sections through the 2D WISE spectra of pelygtyl methacrylate) at the frequencies of the side-chain methylene and methyl signals
cross polarization times of (a) 0.054 and (b) 5 ms.
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FIG. 4. Cross sections through the 2D WIM/WISE spectrum of poly( FIG. 5. A contour plot for the WIM/WISE spectrum of the polystyrene/

butyl methacrylate) at the frequencies of the (a) methyl, (b) side-chain meth- ' o :
ylene, and () the main-chain methylene carbons. poly(vinyl methyl ether) blend at 27°C. The assignments for the polystyrer

aromatic and aliphatic peaks and the poly(vinyl methyl ether) methine ar
methoxy peaks are shown.

tion relative to the main chain. The methyl signal, which is a
composite of the main-chain and side-chain methyl groupsgamics in polymer blends. The quenching of spin diffusion i
shows a line width of 16 kHz, reflecting the averaging of thparticularly important for the study of blends with moleculal
dipolar interactions by methyl-group rotation. The low signalevel mixing, where the proton lineshapes can be averag
to-noise in for the main-chain signal is due to the difficulty itbetween the chains by spin diffusion. The dynamics of pol
detecting this signal. The dynamics in the main chain are sucters in blends are of interest in light of recent studies den
that interference with either the decoupling or magic-angtnstrating that even while mixed, the chains do not sho
sample spinning leads to linebroadening. identical dynamical behavior even though a singlgis ob-
Poly(n-butyl methacrylate) has a DSCT, of 27°C, and served by DSCI4). It has also been shown that the dynamic
WIM/WISE NMR has been used to measure the effect of the chains in blends can be different from the pure comp
temperature on side chain motion abdyge Table 1 shows the nent polymers 15).
linewidths for the side chain methylene (e) and methyl (c/h) Figure 5 shows a contour plot of the WIM/WISE spectrun
groups at 27, 50, and 80°C. At, the side-chain methylene isof the 50:50 molar polystyrene/poly(vinyl methyl ether) blenc
reduced from the rigid lattice value of 50 to 39 kHz, and iat 27°C. Several well-resolved peaks are observed, includi
further reduced to 36 kHz at 50°C and 32 kHz at 80°C. Thhe polystyrene aromatic carbons at 125 ppm and the poly(
composite methyl signal is reduced from 17 to 12 kHz over thig/l methyl ether) methoxy and methine carbons at 67 and !
same temperature range. ppm. The peak at ca. 40 ppm contains the overlapping pol
WIM/WISE NMR can also be used to investigate the dystyrene methine and methylene carbons and the poly(vir
methyl ether) methylene carbons. The contour plot shows tk
very different proton linewidths are observed for the polysty
TABLE 1 rene and poly(vinyl methyl ether) chains, and Fig. 6 compart
The Linewidths of the poly(n-butyl Methacrylate) Side Chain cross sections through the WIM/WISE spectra for the aromat
Methylene and Methyl Groups as a Function of Temperature peak of polystyrene and the main chain methine peak |
poly(vinyl methyl ether). The aromatic protons in pure poly:
styrene have a full width at half maximum of 40 kHz while the

Linewidth (kHz)

Temperature (°C) —OCH,— —CH, same peak in the blend has a width of 36 kHz. This demo
strates that the aromatic rings are more mobile in the blend, a
27 38.9 16.8 that they feel the effect of being dissolved in a matrix with thy

50 35.7 17.5

lower T, poly(vinyl methyl ether). The opposite effect is ob-

80 324 124 served for poly(vinyl methyl ether). Poly(vinyl methyl ether)
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found that the linewidths for the main-chain protons are clos
to the values expected for rigid polymers. This apparent di
crepancy between the dynamics detected by DSC and NMR
due to the well-known difference in frequencies probed by tt
two methods, since the DSC transitions sensitive to low fre
quency motions (ca. 1° while much higher frequencies are
required to average the NMR lineshapes. The lineshapes |
the side-chain protons are partially averaged at the DC
demonstrating that the side chains are more flexible than t
main chains. At higher temperatures we observed the furth
averaging of the lineshapes for the side chain protons.
Polystyrene/poly(vinyl methyl ether) blends have been e
tensively investigated as the prototypical miscible blend. It we
observed in the early studies that optically clear films wiih,a
intermediate between the two homopolymers could be ol

w served for films cast from toluene or benzene, while phas
o separated blends were observed upon casting from chlorofo
50 100 or trichloroethaneX(7). It was noted, however, that tfiig was

broad compared to thg,'s of the component polymers, sug-

FIG. 6. Cross sections through the WIM/WISE spectrum of the polysty- ti that th t is het
rene/poly(vinyl methyl ether) blend at the frequency of the (a) poly(vimgf]eS Ing tha € Sysiém IS nheterogeneous on some sma

methyl ether) methine carbon and the (b) polystyrene aromatic carbon re$¥0gth scale. Proton NMR studies showed that the blends we
nance. homogeneous on the length scale probedThy170 A), but

two-component , relaxation was observed§). This could be
interpreted either as evidence for microphase separation
has aT, of —31°C and chain motion at ambient temperaturevidence that the component polymers have different dynami
averages the proton lineshape to 6 kHz (not shown). WINKI the miscible blend. Following these initial studies, sever:
WISE NMR shows that the methine motion is restricted rel&NMR experiments, including intermolecular cross polarizatio
tive to the pure poly(vinyl methyl ether) in the blend with(19), NOE methodsZ0), and 2D multipulse exchange NMR
polystyrene, where a 12-kHz linewidth is observed. (21), have shown that there are close contacts between the t
WIM/WISE NMR has also been used to study the effect gfhains. Other studies have shown that the blend contains b
temperature on the chain dynamics for the polystyrene/pogrogeneities on a length scale estimated to be 0.6-3.5 |
(vinyl methyl ether) blend, and some of the results are showf, 22. Results from the multiple-pulse NMR studies sug
in Table 2. The polystyrene aromatic proton linewidth is regested a more complex structure with three phases that
duced from 36 kHz at 27°C to 30 kHz at 50°C to 9 kHz atluded a mixed phase and polystyrene and poly(vinyl meth
80°C. By contrast, the already averaged lineshape of poly(@ther)-rich phases2@). Approximately 80% of the material
nyl methyl ether) changes to a much smaller degree over thigs found in the mixed phase.
temperature range. The dynamics of polystyrene/poly(vinyl methyl ether)
blends have also been investigated by NMR methoc
DISCUSSION (4, 15, 29. It has been reported that the linewidths for some ¢
the carbons go through a maximum as a function of tempet
NMR is often the method of choice for studying polymeture due to interference of the chain motion with either th
dynamics because the NMR spectrum and relaxation rates ay&gic-angle sample spinning or the proton decoupling. Fro
sensitive to the chain dynamics over a wide range of frequen-
cies @). The range of frequencies that can be measured by TABLE 2
NMR has recently been extended with the introduction of 2D The WIM/WISE Linewidths for the Polystyrene Aromatic Pro-
NMR methods to investigate the molecular dynamics, includens and the poly(Vinyl Methyl Ether) Main Chain Methine Pro-
ing WISE NMR @) and ultra-slow 2D exchange method$), tons as a Function of Temperature
In these studies we have introduced a modified version of the
2D WISE experiment that uses windowless isotropic mixing to

Linewidth (kHz)

quench spin diffusion, so that the lineshapes can be directly temperature (°c) PS GH. PVME —CH—
related to the molecular dynamics.

WIM/WISE was used in these studies to measure the dy- 27 35.7 12.4
namics of the well-resolved main-chain and side-chain atoms 50 29.5 11.0

in poly(n-butyl methacrylate). Near thk, detected by DSC we 80 9.0 111
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this temperature-dependent linebroadening it has been shawnodified version of WISE uses windowless isotropic mixing t
that the dynamics of the component polymers are quite diffeyjuench spin diffusion during cross polarization, so that tr
ent from each other, and chain motion in polystyrene is mughnoton lineshapes can be directly related to the chain dynami
slower than the poly(vinyl methyl ether) in the miscible blendl'he pulse sequence is more complex, but we find that WIM
Furthermore, chain motion in polystyrene is increased by migasy to implement and has a signal-to-noise ratio only slight
ing with the lowT, poly(vinyl methyl ether) and the molecularlower than for cross polarization. Multipulse tune-up is no
motions of poly(vinyl methyl ether) are retarded by mixingequired for efficient cross polarization using WIM. WIM/
with the polystyrene. This behavior has also been observed WiSE NMR has been used to study the effect of temperatu
1,2-polybutadiene/polyisoprene blendsgl(25, 26. on the dynamics of the main-chain and side-chain protons
The proton lineshapes in the WIM/WISE NMR experimentpoly(n-butyl methacrylate) and the effect of blending on th
provide a direct measure of the chain dynamics in the miscilidgnamics of polystyrene and poly(vinyl methyl ether). We
blend. The results show that there is a large difference in thgticipate that this method will be applicable to a wide variet
dynamics between the aromatic rings of polystyrene and tbematerials, including polymer blends and polymers at su
main chain of poly(vinyl methyl ether), consistent with thdéaces £8). The original WISE experiment remains a valuable
previous reports. The polystyrene aromatic protons havetaml for studying the length scale of mixing in phase-separatt
linewidth of 36 kHz at 27°C, demonstrating that polystyrengolymers and blend29).
retains considerable rigidity even when blended with a Tow
material. On the other hand, this linewidth is less than the 40
kHz measured for the polystyrene aromatic rings in the bulk
mate_”al’ showing that_the I’I_ngS n t_he blen_d are more mOb"?. A. Abragam, “Principles of Nuclear Magnetism,” Oxford University
than in the pure material. It is also interesting to note that the press, New York (1961).
aromatic linewidths are much more temperature dependefty A Bovey and P. A. Mirau, “NMR of Polymers,” Academic Press,
than are the main-chain signals for paiyjutyl methacrylate) New York (1996).
and poly(vinyl methyl ether). This reflects the additionals, k. schmidt-Rohr and H. W. Speiss, “Multidimensional Solid-State
modes, such as ring flips and librations, that become available NMR and Polymers,” Academic Press, New York (1994).
to the polymer side chain at temperatures abbdye 4. K. Schmidt-Rohr, J. Clauss, and H. Spiess, Correlation of structure,
The behavior of the poly(vinyl methyl ether) main-chain mobility, and morphological information in heterogeneous polymer
signals is opposite of that observed for polystyrene. Poly(vinyl materials by two dimensional wideline separation NMR spectros-
. . copy, Macromolecules 25, 3273-3277 (1992).
methyl ether) at ambient temperature is abdvygand the o
lineshape is averaged by chain motion from the rigid lattice " Tekel: P. Palmas, and P. Mutzenhardt, Elimination of hetero-
. nuclear dipolar interaction effects from ~C-detected proton spec-
value to 6 kHz for the bulk polymer. A value of 12 kHz is {5 in wideline-separation nuclear magnetic resonances spectros-
observed for the blend with polystyrene, demonstrating that the copy, Macromolecules 26, 7363-7365 (1993).
local environment is affected by blending with the more rlglde H. Spiess, Molecular dynamics of solid polymers as revealed by
polymer. Such a difference in chain dynamics might be ex- deuteron NMR, Colloid Polym. Sci. 261, 193-209 (1983).
pected based on the observation of hanoheterogenities in theP. Caravatti G. Bodenhausen, and R. R. Ernst, Heteronuclear
blend discussed above. solid-state correlation spectroscopy, Chem. Phys. Lett. 89, 363-
The data presented from the WIM/WISE experiments are in 367 (1982)
agreement with the dynamics measured from the temperatLﬁ‘eP' Cara_vatti, L. Braunschweiler,‘ and R R. Ernst, Heteronuclear
dependence of thé’C linewidths. The studies of th&'C — SoIERTN SHECHOSCOPY In Toraing solds, Chem. Phys. Lett 100,
Iinewid_ths rely on .the fortuit(_)us interferenc_e of _the Cha"?g. R. Ernst, G. Boc.jenhausen, and A. Wokaun, “Principles of Nuclear
dynamics and the line narrowing methods, since if the chain \jagnetic Resonance in One and Two Dimensions,” Clarendon
dynamics are on the same time scale as the magic-angle spin-ress, Oxford (1987).
ning or the decoupling, line narrowing becomes inefficient and. 5. clauss, K. Schmidt-Rohr, and H. W. Spiess, Determination of
broadening is observedT). In polystyrene it was demon-  domain sizes in heterogeneous polymers by solid-state NMR, Acta
strated that the line broadening is a consequence of interferencePolymer. 44, 1-17 (1993).
with the decouplingZ4), while in poly(vinyl methyl ether) itis 11. S. Spiegel, K. Schmidt-Rohr, C. Boeffel, and H. W. Spiess, "H spin
more likely that the broadening is a consequence of interfer- diffusion coefficients of highly mobile polymers, Polym. Commun.
. . - : 34, 4566-4569 (1993).
ence with magic-angle spinning. One important advantage of _ _ _ _ _
the WIMAWISE approach is that the measurements are i [/ % 1120 16 . Wik, Soiesiie Wi s of e
dependent on the fortuitous interference of the chain dynamics 35 532 s29 (1994).
with the line narrowing methods and should be applicable 19, 3. L. white and P. A. Mirau, Heteronuclear correlation in solid
more materials over a wider range of temperatures. polymers: Identification of hydrogen bond donors and acceptors in
In summary, we have introduced 2D WIM/WISE NMR as a miscible polymer blends, Macromolecules 27, 16481650 (1994).
tool to study the dynamics of polymers in the solid state. Thig. J. Miller, K. McGrath, C. Roland, C. Trask, and A. Garroway,
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