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The methyld; dynamics of two relatively similar polymers, pétymethylstyreng (PAMS-d;)

and polymethylphenylsilane (PMP&;), are investigated via deuterium NMR relaxation
experiments. Our analysis of the relaxation data uses the entire solid-echo spectra to maximize the
precision of the experiments with regard to the information available on the methyl dynamics. The
analysis is novel in that it does not usé, or M, to fit the relaxation data. Additionally, the
three-site symmetric jump model is shown to not have an observable azimuthal angular dependence
for T, relaxation. The methyl dynamics are quantified with, o, andf which are the log-average
correlation time, half-height full-widtlibase 10 of a log-normal distribution of reorientation rates,

and the anisotropy of the relaxation, respectively. The anisotropy paramescbased on a serial
combination of the rotational diffusion and symmetric three-site jump reorientation of a methyl
deuteron. This serial model coupled with a distributiorrgé has a minimal number of parameters

that have physical meaning and quantify the observations of our relaxation data. Generally, at
similar temperatures the methyl reorientation in PAMSIs at least 100 times slower than that of
PMPSd;. For both polymers, both,, and o decrease with increasing temperature, resulting in
activation energies of 12 and 5 kJ/mol for PAMI-and PMPSd;, respectively. Also, with
increasing temperature a mechanistic change from three-site jump to rotational diffusion is observed
and quantified. This information, along with that of other studies, suggests that the BAMS-
methyls have highly restrictive environments that may be closely coupled to phenyl-ring
reorientation. ©2000 American Institute of Physid$$0021-96068)0)50416-4

INTRODUCTION Many reviews are available on the subject of deuterium
relaxation*>~1 The analysis of this study uses relationships

Nuclear magnetic relaxation studies are often used tehat are independent of some of the experimental parameters
infer dynamic information about molecular systems. Typi-that typically limit the precision of relaxation data. Also, by
cally, relatively fast motions with correlation times,, incorporating the methyl relaxation formalism of Torchia
smaller than 10°s are studied, but slower motions can alsoand Szabdwith the exponential nature of relaxation, a few
be probed:? Relaxation data is generally interpreted in termsmodifications and simplifications of methyl relaxation are
of a model and much research has been done on the formderived. Though a model is used, the analysis is similar to
lation of models for various types of molecular motlon?  the model-free approach of Lipari and Sz&hia that its first
Many of these models are encompassed in the generalizegbal is to quantify the essential features of solid-state poly-
stochastic model of Lindenberg and Culiek.different ap-  mer relaxation data which are the reorientation rate, nonex-
proach is to extract the maximum amount of informationponential relaxation, and anisotropy. Finally, with the aid of
from the data into as few parameters as neédékhen, if  other information, the results are related to differences be-
possible, these parameters can be related to a physical modslieen what appear to be two relatively similar systems.

In this study, deuterium relaxation is used to probe theTHEORY
solid-state methyl dynamics of pdky-methylstyrengds

(PAMS-d;) and polymethylphenylsiland; (PMPSds). Molecular motion induces nuclear spin relaxation by
causing fluctuations in local fieldgouplings that result in

. _ o energy level transitions. For a deuteron, the coupling of the
dPresent address: Department of Chemistry, Washington University, S'huclear quadrupole moment to the electric field gradient
Louis, Missouri 63130.

YAuthor to whom correspondence should be addressed; University O{efg) of th? bond is primarily respgnsiblg for .relaxatiUn.
Missouri—Rolla. Electronic mail: folum@umr.edu This coupling depends on the relative orientation of the efg
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or bond to the applied magnetic fiel®¢). So, molecular An aspect not evident from EqL) or (2) is that plots of
dynamics can modulate the interaction and create fluctuafy OF Tig VS 7. Or temperature have a minimum around
tions that result in relaxation. T.wo=1. Generally, at thisr;, the local field fluctuations
Of the different types of relaxation, the relaxation thatcaused by molecular motion are at the same frequency as
returns a spin system from a perturbed state to equilibriuniéquired for a transition and relaxation is most efficient. As
(or Zeeman magnetizatipris known as spin-lattice relax- 7¢ €ither increases or decreases from this valseally as a
ation and has a time constaift,. The spin-lattice relaxation result of temperature changeshe frequencies of the fluc-
rate is given by tuations move away fronw, and relaxation becomes less
) efficient (T, increases Unless otherwise noted, we refer to
UT (@, 7ey.n) = ﬂ[‘]l(wojc“_.)4_432(2&)0,70’_._)]_ slpw and fast motion in relation to the minimum of Flg.. 1,
3 with slow referring to the left side of the minimum with

(1) wor.>1 and fast to motion withvy7,<1.
Likewise, the decay rate from a quadrupolar ordered state is Most methods for determining, and T,q monitor the
given by?3 decay from or return to an ordered state as a function of an
5 experimental delay time,'8=2° Some experiments, such as
UTiq(wo, e, ) = wgdi(wo, 7c, ), 2 inversion-recovery, monitor both. Far,, Zeeman order is

where “7.,...” implies that the quantity is dependent on thegenerated by simply allowing the deuterons to equilibrate
correlation time,r,, and other(orientational, mechanistic, relative toBo. ForT,q, quadrupole order is usually created

etc) variables;w, is the Larmor frequencyw, equals 3/4
the quadrupole coupling constant (QE@me?qQ/h, typi-
cally 150—-170 kHz for an aliphatic deuteighi and, theJ;’s

(and observed with a Jenner-Broekaert type pulse
sequencé®?? For both types of relaxation, the observed
magnetizationM ,(t), as a function ot and at frequency

are the spectral densities, which are the Fourier transforms 6@h be expressed as
their respective autocorrelation functions. Thés can be
viewed as a measure of the intensity of motion with fre-
quency,wq (or 2wg), and rotational symmetry, The rota-
tional symmetry refers to that of the first=€ 1) and second
(i=2) order spherical harmonigsr Wigner rotation matri- wherea and b depend on the experimental conditions and
ce9 and the motion capable of inducing single and doubleH ,(t) is the fraction of intensity aw remaining(or formed
guantum transitions, respectively. These expressions summatter time t. Often, a=M,, b=(M,—My), and H(t)
rize the essential features @f and T, relaxation in that =exp(-t/T,,), whereM, andM., are the magnetizations at
their rates are directly proportional to the magnitude of thet=0 andt=c, respectively, and, , is the relaxation time
local fields created, QCC, and the type and intensity of moeonstant for the resonance at The subscrip represents
tion aroundwg,J; . T1,T1g, etc. Typically,a, b, and T, , are simultaneously

M,(t)=a—bH,(1), ()
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varied to achieve the best fit of E(B) to the experimental to using the skewed distribution that results from the inverse
data. As an alternative to fitting E€) to the data, the scaled Laplace transform of the stretched exponerfiial.

change inM ,(t), For the methyld; relaxation experiments investigated in
this study, some simplifications of the above equations re-
{Mo(t) =M, (t) M ,(t1) =M, (tn)} sult. First, the approximate cylindrical symmetry of its efg
={H ,(t;) —H,(t) }{H ,(t1) —H ,(t)} (4)  tensor (7=0) and fast ¢;<QCC ") rotation about its sym-

_ . metry axis reducex(®, 6) for a methyl deuteron fo
and/or the relative change M ,(t) with respect ta,

{dM,(t,)/dtH{dM,(t;)/dt}={dH,,(t,)/dt}/{dH,(t;)/d1} w(8)= i%(S cog 9—1), 9)
5)

could be used. The subscript§, I, andn refer to theith,jth, ~ Wherew,=w¢/3 and ¢ is now the angle between the sym-
first, and last experimental point, respectifdlyand Metry axis of the methyl group ari8,. It should be noted
dM,(t)/dt refers to the derivative d¥f(t) with respect to  that althougho() is independent oé, the spectrum is still a
t. These equations are not dependent on experimental paragtPerposition of) values, as will be the relaxation rates if
eters such asl, and M.. and emphasize that all the rate they are¢ dependent. Also, although E¢9) has a “re-

information is contained i, (t). duced” coupling parametemé, relaxation rates are still de-
In the solid-state deuterium powder spectra of polymersPendent onwg=3/4 QCC. _
the simple exponential decay,H,(t)=exd—t{T; Two mechanisms that seem to represent the experimen-

or T10..}], is usually complicated by both the orientational tal extremes ofT, anisotropy for methyl rotation about a
dependence of the relaxation rat@nisotropy®'® and the Static symmetry axis are continuous rotational diffusion and
heterogeneity of the systerf&*25 The complications & Symmetric, 1.20fthree—sit<§ej§31mp.3 Derived analogously to
caused by the orientational dependence can be seen by dRose of Torchia and Szaé} the spectral densities for ro-

amining the NMR resonance frequenty tational diffusion,J;4(w,7¢,60) andJyg(w,7c,0), are
0(0,0)=*wy/2(3cog@—1—7sif O cos2p), (6) Ji(@ 7c,0)=47/27(1-3 cog 6+4 cod 0)/(1+ w?7))
wherew(0, ¢) is relative towy; ® and ¢ are the polar and +8(1—cog 0)/(16+ w?70)], (10

azimuthal angles, respectively, describing the orientation of 5 2
the principal axis of the efg t8y; 7 is the asymmetry pa- Jog( @, 7, 0) =47/27 (1= cos' )/ (1+ w? )
rameter which is a measure of the efg’s deviation from cy- +2(1+6 cog 0+ cod 0)/(16+ w?7?)]
lindrical symmetry; and, the- is representative of the two e
“transitions” of the deuteron. Equatio(6) does not have a (1)
one to one correspondenge petween orientation and fregq those for the three-site jumgy;(w,7¢,6,4) and
quency. Thus, the magnetization at a frequency can be & (w,7..0,), are

. . . . . . 2j yic Uy ’
superposition of different orientations with different relax-
ation rates and the overdfl ,(t) for a frequency will be Jij(w,7¢,0,¢)=47/9 (33 co §+2 cod 6)

—32"2cosd sir® 0 cog3¢)1/(9+ w?73),

Ho()= 2 We 4 exd —t/Ty(7:,0,8)], (7)
&% 0,¢ x\’c (12)
wherew, 4 is the weight of each component and the SUMY,,(w,7¢,0,¢)=47/9(3+6 cog 9—cod 0)/2
runs over all the combinations @& and ¢ that generate a " _ -
resonance ai. The sum could be expanded to account for +2%cosfsin’ 6 cog3¢)1/(9+ w’ry),
the natural linewidth of resonances as well. (13)

The various environments present in a solid polymer can )
also cause nonexponential relaxation. As a first approximaBoth 6 and ¢ refer to the polar angles of the symmetry axis

tion, the heterogeneity could result in a distributiongls  relative toBq. For the rotational diffusion modei,=D"*,
within the sample anéf (t) becomes whereD is the diffusion coefficient; and for the jump model,

.=k~ ! wherek is the jump rate. With these designations,
7. IS the inverse rate constant and not the actual correlation
time. The most notable difference between these models is
that the three-site jump mechanism appears taplepen-
Xexg —t/Ty(7¢,0,4)], ®  dent. However, as shown in the Appendix, after integration

whereG(7.;7m,0) represents the distribution ang, ands ~ OVer ¢ this dependence can be removed dadw, 7¢, 0, ¢)
are mean and width parameters, respectively. Often, a logindJzj(@,7c.6,¢) rewritten as

normal distribution ofr;'s is used, which corresponds to a Jyi(@,70,0) =479 (3— 3 cog 0+ 2 coé 6)]/(9+ w?r?)
Gaussian distribution of activation energids,J—assuming ¢’ ¢ ¢

Hw(t;vaO'):f chE G(Tc;vaO')WG),¢
0,9

the 7.'s have an Arrhenius relatioff. A stretched exponen- (14
tial form of H,(t) has also been used to model nonexponendy;(w, 7., 6) = 27,/9 (3+6 cog §—cos' 0)]/(9+ w>7l).
tial relaxation? This form ofH ,(t) is essentially equivalent (15
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With this modificationH ,(t) must be multiplied by a func- jumps, the middle will decay roughly twice as slow as the

tion, h(t; 7., 0), which is given in the Appendix for botli;  horns or edges. Thus, without any further complications such

andT,q. ForTy,h(t;7.,0) is essentially 1 for all values of as axis motion, the mechanisms should be distinguishable in

t in which M ,(t) is observable and hence it can be ignored.both the fast T;) and slow [T,q) regimes.

ForT,q, theh(t; 7., 6) term should be included. The exact Often, methyld; powder patterns show-dependent re-

form of H ,(t) with this modification will be shown below. laxation behavior between that of rotational diffusion and
For these two models] is the only relaxation rate pa- jumping®®?° For reasons discussed later, we combine the

rameter dependent on orientation. Thus, for simplicity, =~ mechanisms in a serial or homogeneous manner where all

and T, will now be subscripted by instead ofw to denote  methyls switch between jumping and diffusing often during

the relaxation rate of a resonance. The valuegrainge from  the experiment, but do not change their rate-gras defined

0° to 90° and are related te through Eq.(9). Figure 1  above. With this model each deuteron has the same average

illustrates theT, differences between the two models for the environment and an effective rate, T{(7.,6,f), results

6=0° (edge and 90°(maxima resonances. Because the from the weighted sum of the individual rates,

=0° and 90° frequ_enci_es have the smallest an_d Iar@gst UT (70, 0,8 )= 1Ty (76, 0)+ (1) Tyq(7c,0), (16)

values, the curves in Fig. 1 and the corresponding ratios of

T1e0t0 T1 o demonstrate the maximuffy- 6 dependence of WhereT, refers to eithefl, or T,q; the subscriptsi and]

the models. For slow rotationwy7.>1), the models have refer to the rotational diffusion and jump mechanisms, re-

similar & dependencies and are difficult to distinguish with SPectively; and represents the fraction of time the deuteron

T, data. In this region, th&; 4o/ T, o ratios equal 1.5 and 1.4 Jumps and is equivalent to the parameter used by Torchia

for the rotational diffusion and jump models, respectively.and Szabd to generalize their modelsT,(7;,¢) and

As the reorientation rate increases and passes through the Txj(7c,6) are derived with the substitutions of Eqg) and

minimum (we7e=1), the T; oo/ T1 ¢ ratio for rotational dif- (%), respectively, into Eqcl) or (2).

fusion first increases from 1.5 to 2.2 and then decreases to 1 For this homogeneous combination model,(t) be-

in the fast motion regimed,7.<1). For the jump model COMES

the ratio goes smoothly from 1.&low) to 2 (fasy. Again, H,(t;7e.f)=w h(t-f;7¢, 0. )exd —t/Ty(7e, 0. ,f)]
the models appear too similar around the minimum to dis-

cern by T, anisotropy alone. However, when the motion is +(1-wi)h(t-f;7c,0-)

fast, the entire powder pattern relaxes at the same(naté xexg —t/T,(re,0_ )], 17)

dependengefor the rotational diffusion model in contrast to

the jump model which has &, ¢/ T 4 ratio of 2. This dif- where thef..’s are the angles from the®" transitions cor-

ference can be Observed experimenta”y. responding tow [determined from EC](9)], W, iS the fraC-
A plot of T1q vs 7, would look similar to that off; vs tion of the inte.nsity f_rom the h transition at w which can

7. in that the rates of the two mechanisms are relatively?® calculated if the line shape is known; ah¢t-f; 7, 6) is

similar, but the ¢-dependence is different. FoF,o, the the function incorporating the> dependence with multi-

middle region of the powder pattern, with=54.7°, also Plied by f. Once againh(t- f;7¢,6) is essentially 1 fofT,

becomes a distinguishing factor. The jump mechanism ha@nd given by Eqs(A5) and(A6) of the Appendix forTq .

T10.0: T10:547 T10.00 Fatios of 6:9:4, independent of . For _Flr_1ally_, for this model of_ methyl reorientation, including

rotational diffusion, these ratios vary with, and are @ distribution ofr’s results in

12:27:16 in the fast region. With slow diffusive motion, the

Ti0547 lies betweend=0° and 90° values, as witf;; Hw(t;Tm!va):f d7G(7¢;Tm,0)H (e, ), (18

however, thed-dependence is reversed, as compared;to _

with the #=0° resonance relaxing 4.5 times slower than theVnereH(t;7c,f) is the sum of only two angles, EGL7).

6=90° resonance. The difference in these ratios makgs Relative to Fig. 1, the distribution flattens and raises the

experiments most suitable for distinguishing between th&UTves as its width increases. This effect extends both the
mechanisms in the slow motion regime. time scales associated with the minimum andthat which

The T, andT, behavior of the two mechanisms can be the models have .significantly diﬁereﬂig gndTlQ behav_ior.
divided into that of fast go7,<1) and slow (ogr,>1) me- T the model applies, Eqsd)—(5) using either Eq(17) with
thyl reorientation and summarized in relation to the ChangegWO param?ters or qug) with thrge parameters should fit
of the powder pattern with an increasing delay timén the e relaxation behavior of the entire mettig-powder pat-
fast regime,T,q relaxation is similar for both mechanisms ™ These fits are in contrast to using E8), which would
with the middle region §=54.7°) decaying the slowest. For have 3 or 4_ parameters for eagh It_ S_hOUId be noted that
T, in the fast regime, the rotational diffusion mechanismsucce:ssful fits only suggest the validity of the model and do

predicts that the entire powder pattern relaxes at the sanf®t prove it
rate and the jump mechanism predicts that the hors (
=90°) will decay twice as slow as the edges=<0°). For
slow reorientation;T, relaxation is similar for both mecha-
nisms with the horns decaying roughly 50% slower than the  The synthesis and characterization of PM&Swas de-
edges. FofT 14 in the slow regime, with rotational diffusion scribed previously® For PAMS-dj, trideuteromethylstyrene
the edges will decay 4.5 times slower than the horns and, fofAMS-d;) was synthesized by reacting trideuteromethylphe-

EXPERIMENT
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nylketone (PhCOCE) with the ylid created from bromom- the data, especiallgM(t)/dt, and allowed consistent sam-
ethyltriphenylphosphine (RRCH;Br) and NaH. DMSO was  pling of M(t) anddM(t)/dt on thet scale. Fits using Ed6)

the solvent for these reactions. The AMiS-was then poly- failed to give physically reasonable results regardless of
merized in THF at-78 °C with sec-butyllithium. The result- whether separatkl, andM.. values were used for eadhor

ing PAMS-d; had a molecular mass and polydispersity ofscalableM, andM.., powder patterns were used.

22.7 kDa and 1.1, respectively, based on polystyrene stan- For the distribution, a discrete version of the log-normal
dards. Liquid state deuterium NMR at 60.3 MHz showed thadistribution was sampled at 20 logarithmically spaced values
approximately 20% of the deuterons were on the backbonef 7.. The discrete version was

after the polymerization, probably resulting from the sec- 1

butyllithium rearranging the AM3};. Proton NMR at 200 G(7¢ T, 0)=
MHz showed the polymer to be atactitUsing an 8 mg o2

sample and a heating rate of 10 °C/min, differential scanningvherea was essentially the half-height full-widtHHFW)
calorimetry (DSC, TA Instruments DSC model 2010 (Ref 24 in decades and,, was the log-average of the dis-
showed a glass transition at 130 °C. This value is similar tQjp, ion. For the relaxation fits, both samples had the QCC
other reported values for this molecular m&sk. should be set to 170 kHz. Changing the QCC By kHz did not affect
noted that though a molecular mass of 22.7 kDa is relativel)fhe results significantly. The weights,, , were based on a
small, it is quite close to wheré, becomes independent of gaic nowder pattern convoluted with a GausgfBoth the

1
molecular mas$. “reduced” QCC and line broadening used in this calculation

The N(')VIR instrum_entation was the same as previqgleNere found by fitting the experimental spectra to a theoreti-
described® The experiments were performed on a mod|f|edca| pattern. In this fit, the middle regicf+5 kHz from the

Varian VXR/S at 60.3 MHz with  90° pulse width of 8. antey of the spectra was ignored for the low-temperature

For PAMSAs, the T, relaxation data was collected prima- paps.d, spectra and when the spectra contained a central,
rily with the solid-echo inversion-recovery sequeritie), fast-isotropic resonance. This “reduced” QCC was also used
7—t—m/2,— 7— mwl2,— r FID(echg+ for the frequency-angle relation of E). To compare the

fits to the spectraa andb of Eq. (2) were found by a linear
and, for PMPSd;, a modified fast inversion-recovery se- least-squares fit dfl ,(t) and the fittecH ,(t; 7,0, f ) to the
quence(FIR) was used? line defined by Eq(3).
It should be noted that Eq9) is not valid when the
m—t= /2= 7= w2y~ 7FID(echo + methyls reorient withry’s greater than about 16's. So, the
t— m/2,— 7— m/2,— 7 FID(echg— 6 dependence of this analysis is not strictly valid for the
lower-temperature PAM8; data; however, the overall re-
where the* implies addition or subtraction of the FID’s. laxation rate should still be reasonably accurate as it is pri-
Both sequences had 32 phase cycles. The echo delaas  marily dependent orr; and not affected by the line-shape
set to 30us andt, the delay time oM ,(t) andH,(t), was  changes that occur in the intermediate region, %07,
varied to collect 8—15 spectra. The only difference noticed< 108 5.2426:293233The more severely distorted PAMS-
between the two sequences was experimental time. Thepectra below-75 °C were not used.
sweep width was 2 MHz for all spectra with audio filters set
to 170 kHz. The FID’s were left shifted to the top of the RESULTS
echo, zero filled to 16k data points, and convoluted with a
Gaussian of 1-2 kHz before the Fourier transform. The time  The solid-echo spectra of PMRi-from —125 to 0°C
between scans was 150 ms for PAM$-and 1.75 s for are unremarkable and similar to the higher temperature spec-
PMPSd;. The scan rate for PAM$, was fast enough to tra already publishetf. They are typical of a methyd,
saturate the backbone deuterons. Solid-echo spectra were agtickly (7.<QCC™Y) reorienting about its symmetry axis
quired similarly, except with the usual eight phase-cycleand have a reduced splittifgistance between the maxima
pulse sequence and possibly different repetition times aer horng of about 41 kHz. The intensities of the spectra
noted later. begin to decline above 25 °C as a result of backbone motion
T, relaxation was measured using the sine mode of thén the intermediate region (16< 7,<10 %s).*° Below
two-dimensional exchange pulse sequence with the same pabout—150 °C, a static pattern (splittirgl24 kHz), indica-
rameters as previously describ®dlhe sweep width, filters, tive of methyl rotation much slower than QC&r,
relaxation delays, and Gaussian broadening were the same ad0 *s), begins to build in, superposed on the reduced
the T, experiments. For th&,, pulse sequence, the mixing pattern.
time, t,,, was equivalent to the delay time, The spectra of PAMSkE (Figs. 2 and 3 are slightly
For each temperature, the array Df spectra was di- atypical of a methyd; group. At temperatures below
vided into 30 linearly-spaced angles according to@yg.For  175°C, above which isotropic backbone motion collapses
each of the 30 angles, the 8—15 valued/Qf(t) were splined the spectra, their reduced splitting is about 38 kHz or about 3
together. Twenty logarithmically-spaced values ofi(t)’'s  kHz less than the usual. Also, as can be seen in the low
anddM(t)/dt for each angle were then recovered from thetemperature spectra of Fig. 2, as temperature increases a
splines and simultaneously fit to Eqg) and (5) with j=i static methyld; component is present until an unusually
+2 and Eqs(17) and (18) asH(t). The splines smoothed high temperature of-50 °C and an increased central inten-

exd —(In(./mm)/20)?], (19
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and intensity loss. The relative amount of the fast-isotropic
resonance and the intensity loss of the spectra begin to in-
crease significantly above 100 °C. These spectra are shown
in an absolute intensity scale and are not corrected for the
Boltzmann temperature dependence of the magnetization.
The spectral intensities of both PAM&- and PMP3ds,
corrected for the Boltzmann factor, are plotted in Fig. 4. In

LI
ﬁ/

C

225 /

oA M this plot, the low-temperature intensities, belev@0 °C, of
ol PAMS-d; do not include the intensity of “frozen” methyl
a groups and, consequently, represent lower limits.
For PMPSd; and PAMSds;, the T,’s for the horns
-100 . . .
wfﬂ (T1908) as a function of temperature are shown in Fig. 5.
a0 4 ' TheseT;'s correspond to thetandardfit, which we define
% o 5 o o oS Eq.(3) with H(t)=exp(~t/T,) anda, b, and T, fitted

9 si7 06 parameters. This figure shows that the methyleorienta-

_ tion of PMPSd; approaches the minimunwgr.=1) from
FIG. 2. Low-temperature solid-echo spectra of PAMS- The 6 scale ap- the fast sid <1 the t t d d that
plies to the transition that has its horn or maxima around 19 kHz. The e 1ast si _84’070 ) as e empera ur? ) ecreases an a
arrows on the—120 °C spectrum mark the horns of the “frozen” methyl PAMS-d3 is on the slow side of the minimumw(7.>1)
powder pattern which is only evident at50 and—75 °C as an increased below about 75°C and above it otherwise. The plot also
baseline. illustrates the large difference ifi; behavior between the

two relatively similar polymers. Aside from the difference in

sity along with an overall loss of intensity is evident until "€ magnitude of thd,’s, PMPSd; moves far away from
0°C. The increased central intensity and loss of intensity aré€ Minimum with increasing temperatuA00 ms at 100 °C
typical of methyl rotation in the intermediate regitf®3232 and PAMSd; remains relatively close to the minimum for
Because the relaxation delay for the spectra in Fig. 2 was 15@e entire(300 °Q temperature rangénote the highly ex-
ms and theT; of the backbone deuterons is above 3 s, thePanded scale for PAME3).
backbone deuterons were saturated and are not viéiflee After noting the somewhat unexpect&d behavior of
spectra in Fig. 2 are scaled to approximately equal heighttAMS-d3,T1o spectra were collected at various tempera-
and both thew and 6 scales are shown to illustrate their tures. TheT o spectra for PAMS; at 25 °C are shown in
relation to the powder pattern and each other @y. Fig. 6. The spectra and relaxation behavior for other tem-

The relaxation delay for the high temperature PABIS- peratures are similar in that the middlé=54.7°) decays
spectra of Fig. 3 was 20 s and the 90° horns of the backboniée slowest. This aspect isnly consistent with the jump
deuterons are visible as satellites about the main methyhechanism for the slow regime spectxra50°C). A compari-
powder pattern. Disregarding these backbone deuterons, tisen of similar spectra at75 and 100 °C(not shown also
methyl-d; powder patterns are similar to the 0°C spectrareveal that thel 4 o:T1q g ratio changes from about 1.4 at
except for the presence of a fast-isotrofmientra) resonance —75°C to around 1 at 100 °C which indicates a mechanistic

38 kHz

FIG. 3. High-temperature solid-echo

PAMS-d; spectra. The delay between

scans was 20 s and the horns of the
powder pattern from backbone deuter-
ons are also visible.

Mmﬂ UL U

175°C 167 158 1 4 116 107 20 69 47 27

o
e
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change. These ratios are basedlqg’s calculated from the
standardfit. PMPSd; T, spectra are similar in the## de-
pendence, but they have much higher valuesTg§ and
much lower S/N ratios. For PMP&;, the T, spectra are
somewhat unimportant as the metlgl-group remains on
the fast side of the minimum at all temperatures studied. FoM (t) values for6=90° of PAMSd; at —75 °C and PAMS-
both polymers, theT,; data alone is used to quantify the d; at —125°C. Figure 8 also has tretandardfits, defined
dynamic variables. Thd,o data are used to support and above, and thenodelfits [Eqg. (18) with Eq. (17) asH.(t)
guide the analysis at lower temperaturgsound theT;
minimum) where theT, data can be ambiguous.

7253

FIG. 4. Boltzmann corrected spectral
intensities for PAMSd; (O) and
PMPSd; (#). The decrease above
100 °C for PAMS4; and the decrease
for PMPS4d; are from backbone mo-
tion. The low-temperature decrease of
PAMS-d; is from intermediate region
methyl rotation.

As an example of th@, spectra from the IR sequence,
the array of spectra for PAM8; at 0 °C is shown in Fig. 7.
The spectra are typical of both polymers in that the powder
pattern changes slightly with increasitjgshowing thed de-
pendence of the relaxation. Figure 8 shows the experimental

and Eqs(4)—(5) as the fitting criteri@d The standardfits are
typical of all the data in that they decay too slowly at

0.5

0.4

0.1

>

—

-

-0.006

=3

-150

T
-100

Temperature (°C)

150

200

FIG. 5. TheT,'s from the typical
three-parameter exponential fit for the
6=90° resonances of PAM8; (O)
and PMPSd; (#). The curves were
drawn for clarity.
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38 kHz

FIG. 6. T, spectra for PAMSd; at
U J 25°C. Note: the middle region

(0=54.7°) relaxes the slowest.

t=05ms 1 3 5

small values ot and too fast at large values. Also, from the fit in Fig. 8, most of the calculated points from thedelfits
standardfits, the relation betweeili; and 6 is erratic as the are indistinguishable from the experimental data even though
inset of Fig. 8 illustrates. In general, though not necessarilghey force theT, ,'s to a specific functional dependence éf
evident in the inset, th&,’s for the smaller angle&l°-209 and have only three parameters for the entire powder pattern.
are less tharT, 9. The PMPSd; data, with a lower S/IN  Also, Eq.(17) fits (no distribution, not shown which only
ratio, is more erratic than the PAM&; data. Allowing aT,;  account for thed-dependence, show little improvement over
for both 's at a frequencyfour-parameters with Eq7), not  the standardfits, indicating that a distribution is necessary.
shown results in even more errati¢ dependence with little As might be expected from the plots in Fig. 1, the mini-
decrease in fitting error. mization routine behaves slightly differently with respect to
Unlike the standardfits, which are typical of the data, initial guesses depending on whether the data is in the fast,
the PAMSd; modelfit in Fig. 8 represents the woratodel  minimum, or slowT, region. For data clearly on the fast side
fit of all the data studied. Generally, like the PME$Smodel  of the minimum, the initial guesses have little effect on the

38 kHz

/ & Mﬂﬂﬂ 8 10 15 20 30 45 60 80 FIG. 7. A typical array of inversion-
1115 25 325 4 W

t=0.1ms 0.5 /“\ /’*\ [’\ [ recovery spectra (PAM85 at 0 °O.
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0.9

0.8 4

FIG. 8. Experimental points &
=90°) and fits from the typical three-
parameter fit (---) and the jump/
diffusion serial model with a distribu-
tion of 7's (—). The —125°C
PMPSd; data(#) is typical of most
of the data. The—75°C PAMSd;,
data(O) represent the poorest fit. The
inset shows the erratic behavior the
“typical” fit predicts for T,'s as a
function of # (same temperatures and
symbols.

+ *> At
VV\Qq_Q**/\.\‘_‘) POy

T T T T —
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Delay Time, 7 (s)

final, converged values of the parametefs o, andf. Un-  E,, of 12+-0.5 and 4.#0.1kJ/mol for PAMSd; and

expectedly, the minimization routine does distinguish be-PMPS4d;, respectively. Ther, values of the Arrhenius
tween the two mechanisms for the PAMISdata around the equation are about>610 *3s for both samples. As can be
T, minimum—apparently, as a result of the higfigrvalues  seen from the plots, the behavior of both polymers is for an
and larger anisotropy of the rotational diffusion model in thisincrease in both the width of the distributiosr, and jump
region(see Fig. 1L However, reasonable initial guessespf  like reorientationf, as temperature decreases. For the lower
are imperative or the minimization routine tends to find localtemperature PAMS}; data, theo’s are probably a lower
minima on either the fast or slow side of thg minimum.  limit as the “frozen” methyls were not part of the analysis.
Constrainingr,, to Arrhenius behavior would probably re-
move this difficulty, but such a constraint might also mask
anomalies. With both a slightly different minimum and dif-
ferent ¢-dependence, incorporating o data into the fitting One of the main objectives of this work is to quantify the
routine might also better resolve the minimum region. Fortemperature dependence of the methyl dynamics. As tem-
data on the slow side of the; minimum, the parameters,  perature increases, this dependence is experimentally ob-
and o are well behaved as in the fast regime. However, theserved as a change in the magnitudd ofand a decrease in
minimization routine behaves somewhat erratically with re-both the nonexponential character and Theanisotropy of
gard to the initial and finaf values. Generally, the routine the relaxation. Within our model and generally, the changes
converges to values dfaround 0.75 with reasonable initial in the magnitude oT; for both polymers are consistent with
guesses, but extreme values of any parameter could result @an increasing reorientation rate, quantified fyy, as tem-
convergence af=0,1 or even no change from its initial perature increases. This rate increase is expected for ther-
guess. The final values reported result from initial guesses ahally activated processes and conforms to an Arrhenius re-
f=0.75 andr,, and o equal to their average converged val- lation for both polymers. Ther,, data from PAMSd; is
ues. TheT,qo spectra support this initial value dfand, if  consistent with dynamic mechanical analyd®viA) which
incorporated into the minimization routine, the uncertainty inshows a 1 Hzmethyl reorientation at-160 °C and ark, of
f on the slow side of the minimum would probably be re- 14 kJ/mol*® Using ther,, vs temperature data of this study,
duced. In general, the error bars for each parameter are estire predi¢ a 1 Hzjump rate at—170°C and arg, of 12
mated to be about10% for o, £20% forf, and+60% for  kJ/mol. We could not locate similar data to corroborate our
Tm. These errors are based on the range of converged valuB$PSd; analysis.
generated from different initial guesses. The large erratjn Because the heterogeneous morphology of polymers
is somewhat misleading as it affects the fits on a log scale.leads to various backbone and sidegroup environments, poly-
For both samples, the fitted values of the three parammer dynamics are often modeled with distributions of reori-
eter, 7,, o, andf, in relation to temperature are plotted in entation rate$>?*-252°For both PMPSd; and PAMSds;,
Figs. 9, 10, and 11, respectively. Thg's in Fig. 9 follow  the superposition of “frozen” and fast-rotating methyl pow-
Arrhenius behavior and correspond to activation energiegjer spectra at low temperatures along with their intensity

DISCUSSION
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-5.54

-6.54

12 kJ/mol

-7.54

FIG. 9. Ther,’s or log-averager.'s

fit from the serial jump/diffusion
model with a distribution ofr.'s as a
function of inverse temperature for
PAMS-d; (O) and PMPSd; (4).
The lines correspond to Arrhenius re-
lations.

Log (zm)

-8.54

-9.54

4.7 kJ/mol

-10.54

-11.5

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
1000/T (1/K)

reductions indicate a distribution of reorientation rates. The temperature dependence of the anisotropy(or
Therefore, we attribute the decrease in the nonexponentigdependendgeof the relaxation for both polymers is, gener-
character of the relaxation to a corresponding decrease in tradly, between the two mechanisms of rotational diffusion and
width of the distribution of reorientation rates. The trend ofjumps. As mentioned, the relaxation becomes less aniso-
increasing width as the motion slows is similar to trends intropic as temperature increases. In our analysis, we quantify
backbone dynamics where the distributions also generallyhe anisotropy with the parametiewhich ranges from 0 to 1
broaden as the motion slow@s Ty is approached from implying no 6#-dependence(rotational diffusion or that

higher temperaturgs® of the three-site jump, respectively. Aside from the model,
0
34
0
0
0
0 0 0 0
2 . 0 FIG. 10. The width parameters of the
o ‘ log-normal distribution as a function
0 of temperature for PAMS}; (O) and
PMPSd, (#).
¢ ' .
0
1 + U 4 0
t by 0
\ '
LK 0
Yy
0 T T T 1 v L 1 O
-150 -100 -50 100 150 200

0 50
Temperature (°C)
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FIG. 11. Thef parameters of the serial
jump/diffusion model representing the
relative amount of time spent jumping
vs diffusing as a function of tempera-
] ture for PAMS4d; (O) and PMPSd,

0,3.: (#). The lines are drawn for clarity.
0.2
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there are several other possible explanations for this behavraction of the methyls are diffusing and the others are jump-
ior. Perhaps the simplest is that neither the jump nor théng (heterogeneous environments or parallel processes
diffusion mechanisms adequately describe the methyl reoriH ,(t) would be a weighted sum of exponentials from each
entation. Based on a Smoluchowski process, the more “remechanism. Or, if the mechanism switches between jumping
alistic” and complicated threefold potential mechanism forand diffusing(serial processoften during the experiment,
methyl rotation has aé#-dependence between the two perhaps as a result of environmental fluctuatioHs,(t)
mechanism&. In fact, settingf to around 0.75 mimics the would be a single exponential with a time constant that is a
¢-dependence of the potential model in the fast regime.weighted sum of the different relaxation rates, Ef). For
Generally, mechanisms that have only one, fixed mode o& serial process, the weights would be proportional to the
motion, such as the three-site jump, rotational diffusion, ortime spent in each mode. Both the parallel and serial models
threefold potential, have a fixegétdependencéindependent would result in an average anisotropy and temperature
of 7;) oncer, is in either the fast or slow regime. In relation changes could reasonably affect the weights and extent of
to PMPSd;, a refined mechanism may account for the lowaveraging.
temperature value of However, such a mechanism alone The actual dynamics of methyl groups attached to a
can not explain the decrease in thelependence for either polymer backbone are governed by a potential that is corre-
the fast regime PMP8; or PAMSd; data. So, asimple lated with other motion, free volume, conformations, pack-
refinement of the methyl rotation mechanism does not appeang, etc. Considering these complications along with the av-
to be adequate. erage nature and limited precision of relaxation data, the

Motion of the methyl symmetry axis could also result in serial jump/diffusion process seems a reasonable and simple
a mixed #-dependence. For example, if the axis reorients byapproximation to the microdynamics of the methyl group.
isotropic rotational diffusion(IRD) as described by a The parameter of the serial model directly quantifies changes
Fokker—Planck diffusion equatiofi;® the ¢ dependence in the local environment or potential. In contrast, the param-
vanishes and the entire powder pattern relaxes at the sameter of the similar parallel model quantifies the long-range
rate. Though this description is not applicable to a slowlyheterogeneity of the system. The serial model coupled with a
reorienting axis as might occur in solids, it does serve talistribution of ry’s attempts to separate these local and long-
demonstrate the averaging of the anisotropy that can occur iange effects. Additionally, in the limit of small molecules or
the axis encounters all values 6f For solids, IRD is better crystals the serial model is physically more reasonable than
described by nearest-neighbor small-angle juf§With this  the parallel process as it does not require heterogeneity to
description, the axis does not necessarily isotropically reoriaccount for a mixed-dependence. The actual physical pic-
ent within the time frame of the experiment and there may bdure is not the major theme, though. The purpose of the
only partial averaging. As temperature increases, the amoumtodel is to quantify the change in tfig anisotropy from the
that the axis reorients is likely to increase which would de-slow to the fast region in a physically reasonable and
crease the anisotropy. straightforward manner.

Heterogeneous and/or fluctuating environments would  Additional information is required to explain the
also be observed as a mixédlependence. For example, if a changes quantified by of the serial model. Ignoring the
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small central fast-isotropic resonance, two dimensional exbe a compromise between the model-free approach of Lipari

change(2D-X) NMR shows that the axis in PAM8; are  and Szabtf where “moment” parameters quantify the data

stationary until about 130 °@%%° This result is also consis- and the generalized stochastic model of Lindenburg and

tent with aT4 of 130 °C. So, for PAMS4; the trend inf is Cukier?

not due to axis motion and seems to represent a gradual Relaxation data from two relatively similar polymers

mechanistic change. The relatively high temperatureeAMS-d; and PMPSd; are analyzed in terms of this model.

(—=50°0 in which the methyl rotations “freeze” out, high Generally, at similar temperatures, the methyls of PA§4S-

E, (12 kJ/mo), and smallT;’s or relatively slow reorienta- reorient at least 100 times slower than those of PMRS-

tions suggest that the methyls in PAMIg-have restricted For both polymers, as temperature increaggsand o de-

environments. A recent study also suggests that PANS- crease, resulting ifE,’s of 12 and 5 kJ/mol for PAMS};

has slower methyl motion than other polymer methyland PMPSd;, respectively. Also, a change fror the me-

groups*! The reduced splitting of 38 kHz may also support thyl reorientation mechanism is observed for both polymers.

restricted environments if the reduction results from a comWith the aid of other data, it seems likely that the PAMS-

pressed bond angle. A change of about 1° in either the bonahethyls have restrictive environments that are closely

angle orz-axis of the efg could account for the reduction. coupled to phenyl reorientation and that phenyl reorientation

With these restricted environments, a possible cause of thiaster than about 1 kHz results in diffusive methyl rotation.

changes inf might be phenyl reorientations. DMA studies PMPSd; may be similar; however, without specifically in-

report two phenyl reorientations beginnifg Hz) at —104  corporating axis motion and knowing the other dynamics, the

and —38°C with E_’s of 32 and 45 kJ, respectively.The  nature of theT; anisotropy is less certain and only the total

first reorientation should reach 1 kHz at arour®0°C  anisotropy is quantified.

which should be fast enough to significantly affect the po-

tential and the “time” a methyl group either jumps or .dif— ACKNOWLEDGMENT

fuses. Thus, for PAMSk;, it seems likely that the trend ih

is due to phenyl motion affecting the methyl environments. ~ The authors thank the National Science Foundation un-
For PAMSd; the changes also seem to result from ader Grant No. DMR9807696 for financial support.

change in the methyl reorientation mechanism, but they are

complicated by motion of the symmetry axis. Above 50 °C, APPENDIX

2D-X NMR indicates that the sample consists of methyl

groups whose symmetry axis is either static, reorientingE

slowly, or reorienting fast and isotropicaffy.From these g.

experiments, we estimate that at most from about 15% at

56 °C to 36% at 90 °C of the axis will be reorienting fast Hm(t)=2g Wy | (2m) " texd —t/Ty(7c,0,4)1d¢, (A1)

enough to significantly change the position of the axis and

affect theT, anisotropy*? Using these percentages, the axiswhere we have replace the sum ovewith an integral and

motion alone cannot account for the changed,ibut its ~ ¢-dependent weights with (2) ~*. After separatingy; into

relatively sharp decrease above 50 °C may be in part due t¢-dependent and-independent parts EqA1) can be re-

this motion. Because tHE,’s andE, of PMPSdj are typical ~ written as

of methyl groups, without further information the source of

the apparent mechanistic change is unknown. Plausibly, free Hw(t)zE Wy h(t;7e, 0)exd —t/Tqj(7¢,0)], (A2)

volume increases or, with the similarity of the polymer to o

PAMS-d;, phenyl motions may drive the change. whereT,j(7¢,0) is Egs.(14) and (15) substituted into Eq.

(1) andh(t, 7., ) is the function referred to in the text and
CONCLUSIONS equals

If Egs. (12) and(13) are substituted into E1) and then
(1) into Eq.(7),

To maximize the information and precision of the relax- 1 (2=
ation experiments, we use the entire solid-echo spectra in our N(t;7¢,0)=>— f exft-g(7c,0)cos3p]-d¢, (AI)
analysis®® Additionally, the analysis is based on relation- 0
ships that depend only on the relaxation and not on experiwhere forTy,
mental parameters such s, andM . For methyl rotation, 9( 7., 0)=[16022wi2 2cos0 sirf 0]/
we find T, andT,q data important for motion that is faster e’ a’c™o
and slower, respectively, than the Larmor frequency. [9(9+ T2wd)(9+4 T2w])] (A4)
The serial model coupled with a distribution ef’s
guantifies methyl dynamics with only three parameterg—
o, andf, which are the log-average , HHFW base 10 width
(essentially of a log-normal distribution of reorientation ¢ ! ) 4
rates, and anisotropy of the relaxation, respectively. The ar{_unctlon of imaginary argument, i.e.,
isotropy parametef is based on a serial process in which a “[tg(7e, 0)]%
methyl deuteron changes between the mechanisms of rota- h(t;7¢,0)=1[t-g(7c,60)]= >, ERCOE (A5)
tional diffusion and a three-site jump. Because these param- k=0 '
eters have general physical meanings, this approach seemsRor T, a similar procedure producesgér., ) of

with all variables and constants defined as in the text. The
integral in Eq. (A3) can be evaluated analytically and
h(t;7.,0) is equal tolg[t-g(7.,6)], wherelq is a Bessel
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2'BecauseT, (7. ;0,¢) is often either directly or inversely proportional to
7., the integral in Eq(8) is essentially a Laplace transform.

2The angle between the symmetry axis of the methyl group and the bond
vector was set to 70.5°.
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