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Fluids in nanoscopic confinements possess a variety of unusual properties, and in particular,
remarkable dynamical heterogeneities which vary on length scales as short as a fraction of a
nanometer. While the surface forces apparatus provides an experimental probe of macroscopic
properties of fluids in contact with atomically smooth solid surfaces, few experimental probes are
available which test the microscopic origins of these heterogeneities. In this article we describe our
recent efforts to apply nuclear magnetic resonance spectroscopy to nanoscopically confined
poly(styreng (PS created by intercalation into a surface-modified fluorohectorite. A comparison
between surface-sensitive cross polarization experiments with spin—echo experiments which probe
the entire organic layer suggests that PS in the center of the nanopores is more mobile than the bulk
at comparable temperatures, while chain segments which interact with the surface are dynamically
inhibited. © 2000 American Institute of Physid$§0021-960600)71206-72

I. INTRODUCTION nitude higher than in bulk. At shear rates where the bulk
liquids are still Newtonian, these films exhibit strong shear
Existing experimental studies of nanoscale systemsthinning®>® Under the stress of pressure-induced changes in
whether oligomeric or polymeric, and their interaction with the distance between confining surfaces, SFA experiments
atomically smooth solid surfaces, report remarkable changeshow strongly quantizedlayer-by-layey film drainage, as
in the dynamical properties of confined chaln&Both re-  well as wildly oscillating solvation forces, in both nanoscopi-
cent experimental results, and simulations, suggest that @ally confined simpi&!®and polymerit! systems. While the
wide range of dynamic modes are accessible to these coBSFA measurements suggest that at least some microscopic
fined molecules, and the distance from the confining surfacprocesses of molecular relaxation are very slow—both for
appears to be a critical parameter in understanding those ahort oligomers and long polymers—these relaxation modes
lowed dynamical modes. In this study, we present our initialcannot be directly observed by the SFA.
efforts at providing a direct microscopic measure of segmen- In parallel with the SFA experiments, MD computer
tal dynamics observed for a long polymer confine@i2 nm  simulations have been used so as to clarify the microscopic
slit pore between solid surfaces. Our experimental probe fomodes associated with the SFA experimental, phenomeno-
these studies is solid state nuclear magnetic resonandegical observations of macroscopic properti&s.’ In these
(NMR) spectroscopy, and the experiments we describe prob@mulations, characteristic time scales associated with seg-
chain dynamics in the gap. Remarkably, in these confinednental dynamics vary dramatically—over distances even as
thin poly(styrene (PS layers we infer that the entire range short as a single monomer diameter—in the immediate vi-
of microscopic dynamical timescales describing local reoricinity of a strongly physisorbing surface. Simulations of al-
entational modes, ranging from slower to much faster than itkane chains in contact with confining surfaces further
bulk PS, are found simultaneously within a single slit pore.suggest'**that the correlation times associated withns—
These experimental observations are clarified with referencgaucheisomerization vary by up to three orders of magni-
to molecular dynamicéMD) simulations, which reveal strik- tude inside a single slit pore, and that the transition to bulk-
ing density variations across the thin organic layers. like relaxation times occurs in the second layer of
Recent surface forces apparat®A)’ experiments on adsorbate—which may be as few as 0.5 nm from the surface.
fluid/solid interfaces in nanoscopic confinement report thaflhus the entire slow-down is observedly in theimmediate
where films are thinner than five monomer diameters, nwicinity (first layep of an attractive surfac¥, while bulk
flow is observed under shear. Instead, these thin films exhiblehavior is recovered as quickly as in the next layer.
a solid-like response with a finite yield stres® and the Although one might suspect that the inevitable epitaxial
effective viscosity measured is two to three orders of magordering found atop of atomically smooth surface could ac-
count for this behavior, computer simulatidhsuggest that
YElectronic mail: dbz1@cornell.edu density inhomogeneities normal to the confining surfaces—
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montmorillonite, often contain levels of paramagnetic impu-
rities sufficient to dominate the observable NMR featiffes.
Samples were prepared via melt polymer intercalation of
PS into an octadecyl-ammonium modified fluorohectorite, as
has previously been describ&dPolymer dynamics can be
studied by?H solid state NMR, and selectively labeled
samples were therefore prepared: in the first, a commercially
supplied PS derived from d-3 styrene was intercalated. A
second sample was prepared similarly except for the use of
d-5 styrene. This afforded us the ability to focus individually
on dynamic modes either at the aliphatic backbone, or at the
phenyl sidechains(Due to the relative insensitivity of the
deuterium quadrupole coupling to fine chemical details,
however, it was not possible to separate out the dynamics of
methine from methylene sites along the backbone, or the
ortho, meta, or para sites on the phenyl group. Such experi-
FIG. 1. Bright field TEM image of the structure of PS4EH nanocompos-  Ments would, in general, require samples specifically labeled
ites. at each individual sit¢.In addition, a separate series of
samples were prepared where the organically modified sili-
cates were ion exchanged with deuterated ammonium groups
sponsible for the slow dynamics. Moreover, the energetics ofC;gH3;ND3 ) and subsequently intercalated PS derived from
polymer adsorption to the surface determine the degree dfither d-3, d-5, or d-8perdeuteratedstyrene. These samples
polymer densification, and therefore play a key role in deterwere used to study polymer interactions between the remain-
mining the magnitude of the change in dynanfitsn sup- ing *H atoms and the silicate surface.
port of these conclusions, experimental studies by Wallace The presence of well-ordered multilayers was confirmed
et al!® have shown that strong attractive interactiéas be- by x-ray diffraction. Diffraction measurements can be com-
tween a hydrogen-terminated Si surface andliR&easeTy  bined with thermal gravimetric analysi$GA)—which pro-
near a surface, while less attractive interactions rediydas  vides the organic-to-inorganic mass ratio—and confirm that
between their “untreated” Si surfaces and)PS the polymer exists essentially only inside the interlayer gal-
In this study we look to probe the dynamic time scalesleries. The intercalated organic material consists of 68 wt %
accessibled a 2 nmthin layer of high molecular weight polymer and 32 wt% GHs,NH; in typical PS/Gg—FH
poly(styrene confined between the surfaces of layered fluo-nanocomposites. These weight fractions are in very good
rohectorite(FH).1° Our experimental tools includeH—2°Si  agreement with the TGA results of PS4§SFH samples in-
CPMAS and’H NMR. The former helps identify the oligo- tercalatedat capacity,i.e., all silicate interlayers are swollen
meric surface layer, while the latter provides a broad rangéy polymer, and there is no residual free polymer.
of sensitivity to dynamical time scales. The combination al-
lows to identify the slowest moving portion of the sample—
which is, unsurprisingly, the surface layer—and to observdll- MOLECULAR MODELING
experimentally the surprising dynamical heterogeneity found
on extremely short length scales.

While the full power of MD is most often used to probe
dynamical properties—and such a study is currently
underway—the limited time scales simulated to date in our
II. SAMPLE PREPARATION MD_ studies are of little use i_n und_erstanding the NMR ex-
periments which follow in this article. On the other hand,
FH (Ref. 20 is a synthetic phyllosilicate with typical Monte Carlo(MC) simulations of PS intercalated into sur-
lateral dimensions of 3—gm, and a layer thickness of 1 nm. face modified FH can be used to provide a detailed picture of
The surfaces are modified by ion exchange with alkyl-the structure of the polymer confined in the interlayer gallery
ammonium cationic surfactants {§;;NH3). The surfac- of the FH host. As details of the simulations are given
tant grafting density, which is characteristic of the specificelsewheré* here we make only brief mention of the tech-
silicate and its charge density, is approximately 1.12/nm niques employed.
PS is intercalated between the silicate surfaces, and the two- The rotational-isomeric-state model was used to create
dimensional inorganic platelets self-assemble into paralleinitial polymer conformations of P¥.Conformations that fit
sheets separated by an organic film 2 nm thsée Fig. 1 in the interlayer gallery were chosen, and equilibrated with
While other silicates are popular hosts for polymerMC schemes in coexistence with the grafted surfactant mol-
intercalationt® for these studies FH possesses one significanecules. Numbers of polymer chains and alkyl-ammonium
advantage. As a synthetic material, its chemical purity is desurfactants were chosen so as to match the densities found in
termined by the synthetic procedure and there is no measuthe experimental studiesee sample preparatipnSeveral
able content of F&'. NMR spectra observed in these sys- MC equilibrated system configurations were subsequently
tems are therefore sensitive to local environment andised as initial systems for relatively shdft—10 ng MD
dynamics?! Naturally occurring layered silicates, such asruns. While several force fields have been proposed fd°PS,
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FIG. 2. (Left) Simulation snapshot from MD simulation of silicate—surfactant—PS nanocomposite system, which gives an atomistic picture of the various
system componentgRight) The corresponding, ensemble averaged, number density of carbon atoms as a function of distance offset from the lower confining

silicate surface. The dotted line corresponds to the polymer backbone, the dashed to the polymer phenyls, the thin solid line to the alkyl-anfagantm su
and the thicker solid line to the total.

the force field of Miler-Plathé” was chosen, because when IV. EXPERIMENTAL APPROACHES BASED ON NMR
combined with the force field we have developed for thep g face layer structure:  *H—29Si double
organo-silicate$® it reproduces the experimentally observed resonance NMR spectroscopy

d spacings found in the PS{gFH nanocomposites. After ) ) .

o : - - : The precise balance of forces between the various inter-
equilibration of the initial system configuration, the gallery actions erains 2 question of some importance. In these mul-
structure is obtained—a snapshot of which is shown in Fig_. q P o

. L . ticomponent systems, we have a surface-specific probe due
2. A more concise repr_e_sentz_:ltlo_n |s_prOV|deo! by & plot of .thefo the existence of°Si, a naturally occurring dilute spin
various atomic probability distribution functions shown in label (roughly 4.7% of the Si sitdswith good receptivity in
the carbon-atom density profiles of Fig. 2. The density pro

. ; X NMR experiments. Only a single Si chemical environment is
files clearly demonstrate that the organic phase in the galle ; y g

. . Bbserved under high-resolution conditions—i.e., magic angle
ies (comprised of both the polymer and the tethered alkylspinning (MAS) combined with high-power *H

chaing organizes in three layers. Moreover, within each of yecoypling—indicating that the organic molecules in the gal-
the three layers, the carbon-atom distributions are even molgries interact too weakly with the electronic structure of the
finely layered, due to the combined constraints of chain consilicate lattice to generate resolvable chemical shifts.

nectivity and packing efficiency. As the fluorohectorite lattice contains hid atoms, rela-
Focusing momentarily only on the polymer configura-tive strengths of the different organic/inorganic interactions
tion provides some clues as to the origin of this layeringcan be probed by a double resonance experiment, where
effect. We find that the polymer backbone is predominatelychemical selectivity is achieved by the use of selective iso-
located near the confining wall—and at distances of aboutopic labels. We observe the MASSi NMR signal only
0.3-0.7 nm from that wall—but more removed, on averageafter magnetization has been transferred via a variable time
than most of the phenyl sidechains. Often, a short strand gferiod of cross polarizatiofCP) from nearby'H spins. CP
polymer adopts a bridging configuration perpendicular tojntensity curves are generally modeled using a three param-
and connecting between, both walls. The phenyl rings, whicigter fit°
attach to the backbone at each methine, are similarly found
in all three layers but are predominantly nearest the silicate
surface. Finally, while surfactant methylenes are found dis-
tributed in all three layers, they bunch preferentially in theynere
middle layer. As the head group of the surfactant is tethered

M '
losi( 7cp) = T (1= e~ (VR Tushemeel T, (1)

via an ionic interaction to the negatively charged silicate, it Th_s;i
cannot be completely displaced from the surface. In contrast, N=—f-
PS does displace the surfactant’s aliphatic chains, and pref- 1p

erentially interacts with the surface, in agreement with meaThus a polarization transfer experiment involves measuring
field theory predictions by Vaia and Giannéifs. the amplitude of the¢°Si NMR signal as a function of the
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a) Cross polarization untethered groups, we prepared a surface-modified silicate
with H atoms incorporated into the head group by exchange
in acid solution. Under these conditions, the neatessites

cP on the cation are at the-CH,, at distances comparable to
H decouple the closest hydrogen atoms found in PS near the su(fame
Fig. 2.
Magnetization B. Polymer dynamics: 2H NMR spectroscopy

Polymer dynamics can be probed most effectivelyia
294 observe NMR experiments?—* A class of particularly simple ex-
/ l/\/\/w periments is to monitor the intensity of a signal as a function
of temperature, as in the spin—echo experiment shown in Fig.
3(b). In modern time-domain NMR experiments spin echoes
are frequently required so that weak NMR signals can be
B Quadrupolar Echo observed far removed from the high-power excitation pulses.

In a quadrupolar spin—echo experiment as illustrated, com-
plete refocusing of the signal at a time2can be achieved,

<—TCP —_

"% 290 as long as there is no change in resonance frequency in the
2 time periods before and after the second pulse. Where there
——T, —» |[—T —>» is a significant change in frequency on a time scale compa-

/\ rable tor., however, signals from such sites are lost due to

incomplete refocusingwhich relies on the “reversal” of the
FIG. 3. NMR experiments used in this work to probe polymer structure anddjrection of spin evolution without Change in evolution fre-
dynamics(a). Cross polarization experiment for pairslef %spins(i.e.,lH guency, i.e., at identical orientatipn
?ndzglsij)- I}:urir:g the Cg;g;_pqltarizaTt:?n p?riodf magnetti_zattion itS ”aff‘Sfe(;fed Under the conditions typically associated with a quadru-
s ot yaanet7aton oSl %" polar echo iPH NMIR, the orientation-dependent resonance
experiment forl =1 (i.e., 2H). A pair of 90° pulses, of phases differing by fr€quency is determined by the direction of the C—H bond
w2, are appliedr us apart. A spin echo of intensity equal to that of the With respect to the externally applied magnetic field, thus
signal after the first pulse is observed if there is no dynamics on time scalegigna| intensity loss is a marker of large-amplitude dynamics.
comparable tor. For the PS backbone, these modes should correspond to
trans—gaucheisomerization and/or translation; for the phe-
nyl groups, some combination of ring flips and translation. In
length of the CP periodscp, as illustrated in Fig. @). Each  their study of PS/toluene glasses, Rosskeal >° showed that
such experimental curve is fit to a set of three parameterghe sudden shortening in tig, parameter characterizing re-
Mcp, 1MTy_s, and 1]'?!). Theories based on simplified focusing in a quadrupolar echo—to a value of order 230
models of the CP dynamics predict CP signals enhanced ifor polymer-rich preparations—could be used as a marker for
magnitude(by comparison to the equilibrium signal associ- Ty
ated with the?®Si nuclej in the amount y,/ ys| ~5.3° More
sophisticated theor§f1, and experimental practice, suggestsy. EXPERIMENTAL RESULTS
that for CP experiments where only a small number of
nearbyH sites contributes, enhancements are only 60%—A' Structure of the surface layer
75% as large. In traditional high-resolution NMR studies 6H spins,
M cp measures the number 81Si sites in proximity to  each spin generates a spectroscopic signature with the same
'H magnetization sources, the experimentally achieved Chhtensity. In solid state samples, this simple relationship be-
enhancement factor and various instrumental parametersveen numbers of spins and signal intensities can be approxi-
The rate of signal intensity recovery,Tl{_g;, depends on mated by observation of signal intensities in the simplest
the shortestH—?°Si distances. Modes diH magnetization NMR experiment, the Bloch decawithout enhancement
loss are collectively described by the rate of magnetizatiorirom, e.g., CPP and, where signal averaging is required, at
dephasing, ]]7;'p. In the nanocomposites, the dephasing pro-very long delays between successive scans. Such quantita-
cesses limit the useful range of magnetization transfer distively accurate experiments are thus quite time consuming,
tances to less than 0.5 nm, so th%&i in the silicate can be and executed only when necessary. By contrast, CP intensi-
observed when dH from only the closest of the three or- ties measure—to within an experimental constant somewhat
ganic layers(see Fig. 2 remains in close proximity for the smaller than one—the number of Si sites neatHonuclear
few milliseconds required to effect CP. spins. Where we wish to compare CP signal intensities be-
In CP experiments on the nanocomposite samples theveen samples and thereby learn about surface coverage,
charged head groups (-iM;) of the alkyl-ammonium sur- both experiments are necessary. Thus for each safdBe
factants normally dominate the magnetization transfer to the-5, or d-8 P$the Bloch decay intensities were measured at
silicate surface, as they are found at the shortest Si—H dis300 K and at different pulse repetition rates. The measured
tances and are immobile. So as to focus more directly on theignal intensities were extrapolated to infinite time between
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0.4 ture decrease of observable intensity with increaBesbserved irfH quad-
rupole spin—echo experiments, for d-3 and d-5 PS, in bulk and intercalated
0.3 in surface-modified FH. Intensities less than one correspontHtaites
0.2 mobile on the time scale of the spin echo experiment, as is indicated in the

right-hand axis system. In bulk, ring modes are enabled somewhat below
Ty, while backbone modes become significant only rigarin intercalated
samples, the two modes are coupled and grow in over a broad temperature
range from well belowT,, suggesting the existence of faster modes in
confined PS than are found in bulk PS.

250 300 350

Temperature {K)

FIG. 4. ?°Si CP rates and intensities, as a functioff @nd sample, observed
in the surface-modified FH samples with a labeled PS intercalates. AL, low
rates and intensities are largely independenk.ddoth d-3 and d-5 PS yield

more?°Si signal than is observed in d-8 PS, indicating that the PS is in clos-:-}n that thelH sit vailable to transfer larization ar
proximity to the silicate surface. At 350 K, all intensities decrease—becausé g tha € Sites available 1o transier polarization are

mobile styrene no longer sources magnetization—and rates increase-Closeron average than at lowd—and that the average dis-
because the more mobile components are also further from the surface. tance 'H—2%Sj is virtually identical in all the measured
samples. This would suggest that at this elevated temperature
] o elements of the organic interlayer even within the first layer
successive scans so as to account for the oSy SPIN= " have very different dynamics. Immediately atop the surface
lattice relaxations times[,, and the result was the Si spin ¢ 1 sjtes available to transfer magnetization move little,
count for that sample. CP-enhanced signal intensities werg e those!H atoms only minimally removed from the sur-

then divided by the Si spin count and the nominal CP-t5ce are no longer capable of transferring magnetization dur-
enhancement factdb) (and corrected for the natural varia- jn the CP procesghis clearly identifies the slowest-moving

tion in spin signal intensity with T/ at temperatures other styrene moieties as the surface-adsorbed species.
than 300 K. The values resulting from this process are de-

scribed in Fig. 4, where the corrected CP signal intensitie
Mcp, and transfer rates T/,_g;, calculated by fitting to Eq.
(1), are shown. Figure 5 shows our evidence for very heterogeneous dy-
In the d-8 PS nanocomposite, tFSi signalM cpis 0.47  namics in the polymer component of the nanocomposites
of its theoretical maximum. Both the intensity and the riseover the entire 2 nm film thickness. In Fig. 5 we show the
time—a rough indication of meaH—2°Si distance—remain spectral intensity(integrated over the entire relevant band-
essentially unchanged for 200<Kr <300 K. Where'H is  width) observed in quadrupolar-echo spetiravith echo
found in the backbonéd-5 PS or on the phenyl ring$d-3  spacingsr=20 us for d-5 and d-3 PS, in bulk and in the
PS as well as in the aliphatic surfactant chain, the CP frachanocomposite. Raw integrated signal amplitudes are scaled
tion reaches 0.67 and 0.62, respectively, indicating that edy temperature so as to correct for the natural decrease in
sentially all the surface Si sites are within the sphere of inNMR signal amplitude with increasing temperature; for each
fluence of a'H in one of the organic constituents of the of the four samples the nominal intensity has been normal-
intergallery layer. The increase in CP fraction reflects thazed to unity at thel =303 K. (Below this temperature indi-
proximity of the polymer to the silicate surface. Cross relax-vidual data points are too costly to obtain due to exceedingly

%. Dynamics of intergallery PS

ation rates IV, _g; differ only minimally from those ob-

served in the perdeuterated nanocomposite.

long T, values)
Two very different types of signals are identified in each

In contrast, measurements at 350 K show significant inof the four samples—the observable signals arising from

tensity losses in each of the three samples, Wi ranging
from 0.39 in the perdeuterated PS sample, to Qd43) and

sites with longT, and slow(millisecond and longer time
scale dynamics, and the unobserved signals associated with

0.51(d-5) in the samples containing partially protonated PS.shortT,’'s and more rapidmicrosecondsdynamics. Follow-

Simultaneously, the cross-relaxation ratereases indicat-

ing Rassler’® who demonstrated that in PS—toluene mixtures
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the onset of the glassy phase could be identified Thy Coo Tt
<100 us, we assign the more mobiland invisiblge por-
tions of the sample to a phase with glass-like dynanisd-
ditionally, a quite small fraction of the observed signal in the
intercalated ring sites is averaged in a fashion which suggests
the possibility of the rapid, large-amplitude flipat all tem-
peratures, line shapes observed for the slowly reorienting
sites, both in bulk and intercalated samples, are similar to the
traditional Pake powder patterns associated with static C—H
bonds, and so the one-dimensional line shape information
appears to contain little information about dynamics. Instead,
it is the signal intensities, only, which allow us to character-
ize dynamics.

In bulk PS samples there is a dramatic difference be-
tween the temperature dependences of the intensities 0btG. 6. DSC traces for 293 K T< 473 K for our PS-based nanocomposite,
served for the backbone- and ring-labeled samples. Belowne pure constituent PS, and a physical mixture of surfactant-modified FH

the bulk value ofT,,, only the deuterons in the ring-labeled _and bulk PS before_ipterc_a_lation. In bl_JI_k PIS, is observed at about 373 K;
9 y 9 in the surface-modified silicate, transitions at about 330 and 360 K reflect

(d-5 PS unde_rgo signific_ant dynamics, due t_o the a-YaiI_a:bi”tyordering transitions of the alkyl ammonium surfactant. For the intercalated—
of large-amplitude rocking modes of the rings. Significantconfined—PS, no evidence of any polymer phase transitions is observed
signal loss at the backbone sites, however, is observed onfipm well below the bulkT,, to well above.

in the temperature region>T,. Thus, the magnitude of the

“missing” signal in the spectra of the bulk P@-3) sample
g sig P P83 b rates~10 MHz3’ Both studies further suggested the exis-

is in direct proportion to the fraction of styrene moietiest l litude ri q t slowé KH
which are “glassy,” i.e., whose dynamic modes are activerZ?eCSe of lower-amplitude ring modes at slowee., kH2

on a time scale comparable to the time between pulses. _ - .
In contrast, in toluene-plasticized PS the fraction of phe-

Figure 5 also shows the measured intensities found for | d . i ring flios is d T
the same two PS samples intercalated into the organicall y! groups undergoing rapic ring Tips 1S decre enas
is lowered, and both sidechain and backbone dynamics

modified fluorohectorite, where the polymer is “confined.” "9 . ) dEaVhi
Over a very broad temperature range, and well below théeﬂect the same microscopic modeaihile T, decreases as

bulk T,, signal disappears from théH quadrupole echo the _rgtio of plasticizer tq monomer increase_s, for any com-

spectrum of the intercalated d-5 PS, and near the Bylthe position the phase 'transmorjs are observed in a narrow tem—
missing signals are about twice as large as in the bulk. ypperature range. This behavior is in sharp contrast to what is
like in bulk PS, the loss of signal intensity in the intercalatedObserVeOI in the nanocomposites, where sidechain and back-
d-3 PS tracks that found in the d-5 PS, indicating that thed?ones are coupled tightly, and spread throughout the sample

accessible slow modes involve the entire polymer—so thaVer @ transition region nearly 100 K wide.

the loss of signal intensity corresponds to a progressive in-

crease in the fraction of mobile styrene units. Moreover, noV!l. CONCLUSIONS

discontinuities which might identify phase transitions are ob-  cp experiments are useful as they provide us with a

served in the vicinity of the bulk, in the nanocomposites. measure of the local environment experienced Bgi

This is in very good agreement with differential scanningpclear spins trapped in the lattice. These experiments dem-

calorimetry(DSC) studies of similarly prepared samples that gstrate that the organic layer directly atop the silicate sur-

show no evidence for a glass tra_nsm_on in the temperaturg;ce includes PS, both phenyl and backbone groups. Styrene

range 293 K-T<473K, as shown in Fig. 6. units sufficiently close to the surface to provide polarization
for CP experiments seem to maintain their structure until at
least 300 K. Above 350 K, the CP evidence suggests that

VI. COMPARISON TO BULK PS while the Iayer in most immediate contact with the surface
maintains its integrity, styrene moieties not in direct contact

Based on quadrupole spin echo intensities in selectivelyvith the silicate surface either pull away, become more dy-

deuterated polystyrenes, it has previously been demonstrate@mic, or both. The MD computer simulatior{en, of

that at room temperatufand thus well belowl ;=373 K) in course, a vastly shorter time scahow a similar dynamic

bulk PS dynamics is quite limited. Motionally averaged line gradient.

shapes are found at lowest temperaturedHrspectra of d-5 The?H NMR experiments are complementary to the CP

polystyrene, which reflect the ability of the PS sidechains teexperiments, in that they provide a polymer’s-eye view of

execute rapid flips through large angles even in the glasskpcal environment. The quadrupole echo experiment indi-

phase of PS? Similarly averaged line shapes in bulk d-3 PS, cates that phenyl group dynamics is intimately entangled

however, are observed only in the vicinity Bf, suggesting with backbone dynamics. Furthermore, the transition be-

that the dynamical modes at the two sites are effectivelyween the glassy polymer and the melt takes place over an

decoupled. Careful analysis of complementd®¢ NMR  unusually broad temperature range. In compariigmrelax-

data at ambient temperature suggested that ring flips occur ation studies, we further find that the distribution of reorien-

heat flow (W/g)

PR TR SR AN SR TR S T NN TR S JOO'
300 350 400 450

temperature (K)
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