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ABSTRACT: Carbon and proton nuclear magnetic resonance measurements have been applied to the poly(viny1 
acetate) system in the presence and absence of water. Proton magnetic relaxation dispersion measurements 
from 0.01 to 30 MHz demonstrate a low-frequency dispersion that indicates a distribution of low-frequency 
motions that drive the proton magnetic relaxation. The static carbon spectra demonstrate that the carboxyl 
side-chain region of the polymer is largely unaffected by the addition of water. However, there are dramatic 
changes in the carbon spin-lattice relaxation rates when the polymer is hydrated. In the presence of water 
the carbon spin-lattice relaxation is dominated by the high-frequency motion of the water molecules, but 
carbon relaxation and proton relaxation in the rotating frame are controlled by slower polymer motions of 
sufficiently small amplitude that the carboxyl carbon chemical shift tensor is largely unaffected. 

Introduction 
The interaction between water molecules and motions 

in macromolecular systems is important for understanding 
materials properties, and in the case of biological catalysts, 
the details of function and mechanism. Biologically critical 
molecules such as enzyme catalysts are difficult to study 
because the considerable monomer heterogeneity produces 
very complex spectra; simpler polymeric systems may, 
therefore, serve as reasonable model systems for deducing 
main dynamical principles, but which are of considerable 
interest in their own right. The present report concerns 
the dynamical response of a polymer to the addition of 
water. Poly(viny1 acetate) was chosen as a model system 
because of its convenient spectroscopic and physical 
properties. The monomeric unit is shown in Figure 1. 

Motions in polymeric solids have been studied by 
magnetic resonance methods for a number of years using 
highly sensitive proton magnetic resonance methods. 
Attempts are often made to relate the physical properties 
of the polymer to the proton spin-lattice relaxation times 
in the laboratory and rotating frames, TIH and TlpH. A 
major difficulty with detailed interpretation of proton spin 
parameters arises because of efficient spin-spin commu- 
nication between protons in different regions of the 
polymer, i.e., spin diffusion, which often averages the ef- 
fects of local dynamical heterogeneity. Nevertheless, such 
studies have shown clearly that at temperatures below the 
glass transition temperature, Tg, local motions such as 
side-chain motions, terminal group rotations, or main-chain 
local fluctuations dominate the observed nuclear magnetic 
relaxation behavior, but at temperatures above Tg, back- 
bone motions contribute importantly.',* 

It is well-known that the addition of solvent or plasticizer 
to a glassy polymer lowers Tg,  changes the mechanical 
properties, and is a function of the particular polymer- 
plasticizer i n t e r a ~ t i o n . ~ - ~  Though there have been a 
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number of NMR studies on polymer dynamics, there have 
been relatively few that examine the dynamical effects of 
polymer-solvent interactions. The emergence of high- 
resolution rare-spin magnetic resonance methods in solids 
such as cross-polarization8 magic angle sample spinninggJO 
(CP-MASS) combined with strong dipolar decouplingl' 
permits observation of particular monomer carbon reso- 
nances, thus providing the possibility of site-specific res- 
olution in an analysis of the polymer dynamics.12 In glassy 
polymers there is some broadening of the polymer carbon 
spectrum obtained under magic angle spinning condi- 
tions;12 however, the resolution is sufficient to resolve all 
four carbon resonances in poly(viny1 acetate), permitting 
independent measurement of relaxation rates and in some 
cases line shapes in nonspinning samples. Since the rare 
spin is not subject to the relaxation averaging associated 
with efficient spin diffusion, the carbon spectrum offers 
site-resolved nuclear magnetic relaxation times. The main 
parameters that are available include the carbon-13 line 
shape, the proton relaxation times TIH and TlpH, and the 
carbon relaxation times TIC and TIF,  all sampling some- 
what different spectral densities, thus permitting a dy- 
namical characterization that reflects motions a t  different 
frequencies. 

Earlier work on poly(viny1 acetate) using high-resolution 
solution-phase NMR methods has shown that water is a 
poor solvent;6 however, saturation of the polymer with 
water lowers the glass transition temperature by 25 "C. 
Further, it was shown that high-resolution carbon NMR 
spectra could be obtained a t  temperatures about 100 "C 
above T,  using radio-frequency (rf) levels appropriate to 
scalar decoupling of the protons; however, detailed analysis 
of polymer motions and the contributions of water were 
not reported. Here we report an extensive data set on both 
wetted and dry polymer. We address the contribution of 
water to both the carbon and proton magnetic relaxation 
in wetted poly(viny1 acetate) and use the carbon line shape, 
the carbon relaxation times TIC and Tlpc, and the field 
dependence of the proton relaxation time TIH to partially 
characterize the motions in the system. 
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time T along the applied carbon rf field of chosen amplitude, ulc, 
during which the proton decoupling field was turned off. At the 
end of the delay time, the carbon FID was sampled with the strong 
proton decoupling field on; typically 1000 transients were accu- 
mulated. The logarithm of the individual carbon resonance in- 
tensity was plotted against the spin-locking time to yield the 
effective rotating frame relaxation time, T1,C'. The measurements 
were repeated for different vIc values in the range 25-98 kHz. The 
spin-locking field strength was calibrated with an external hex- 
amethylbenzene sample under identical conditions by measuring 
the length of a 4~ pulse. 

For the carbon cross-polarization spectra of static samples, the 
temperature a t  the sample was controlled to within 3 OC with a 
Varian temperature control unit. All the CP-MASS carbon 
relaxation time measurements were made at ambient temperature 
between 294 and 298 K. The glass transition temperature for dry 
poly(viny1 acetate) is 302 K.6 

Results and Discussion 
Proton Relaxation Dispersion. The pro ton  spin- 

lattice relaxation rates are shown as a function of magnetic 
field strength, plotted as the proton La rmor  frequency, in 
Figure 2A for d r y  poly(viny1 acetate) .  The proton relax- 
a t ion  dispers ion behavior  shows that t h e r e  is a s t rong  
magnetic field dependence of t h e  observed relaxation rate  
at Larmor frequencies  below 200 kHz.  Wi th in  t h e  Sam- 
pling cons t ra in ts  of the field-cycling spec t rometer ,  the 
pro ton  relaxation is characterized b y  a single-exponential 
t ime constant  over t h e  frequency range studied. A typical 
resul t  is shown  i n  Figure 2B. 

The observat ion of a single-exponential decay of the 
proton magnetization provides evidence that t h e  polymer 
is sufficiently homogeneous that t h e r e  a r e  no barr iers  to 
efficient proton s p i n  diffusion; i.e., the polymer protons 
a r e  character ized b y  a single s p i n  t e m p e r a t u r e  and relax 
as a single well-mixed magnet ic  system. The monotonic  
s m o o t h  increase in  re laxat ion r a t e  at lower frequencies  
reflects the exis tence of low-frequency motions.  The re- 
laxa t ion  dispers ion observed c a n n o t  be explained b y  
motion of t h e  methyl  group, though methyl  group rotation 
is a common feature in polymer spin relaxation.1,2 Previous 
work has clearly d e m o n s t r a t e d  that the methyl  ro ta t ion  
is extremely r a p i d  at the t e m p e r a t u r e s  s tud ied  here, 
leading to a magnet ic  relaxation dispersion at frequencies 
in  the hundreds of megahertz range, which are inaccessible 
o n  o u r  equipment .  The observed relaxat ion dispersion 
thus reflects motions o t h e r  than methyl  rotat ion.  

If one assumes (1) that spin-lattice relaxation is caused 
b y  r andom molecular motions within the monomeric  u n i t  
wi th  d is t inc t  correlat ion t i m e s  7:, ( 2 )  that there is n o  
correlat ion or interference be tween the motions,  and (3) 
that all the polymer chains  come to a common  s p i n  tem- 
p e r a t u r e  b y  s p i n  diffusion, t h e  field dependence  of t h e  
relaxat ion is implied b y  the equat ion  

t C H - C  H2& 
\ 
0 I 
P P\ 

0 CH, 
Figure 1. Monomeric unit of poly(viny1 acetate) showing the four 
resolvable carbon atoms. 

Experimental Section 
Poly(viny1 acetate) obtained from Polysciences Inc. was supplied 

by Professor W. G. Miller, University of Minnesota. The polymer 
was amorphous and atactic, had a weight-average molecular weight 
of 1.9 X lo5, and was used without further purification. Dry 
samples of the polymer were prepared by drying beads of the 
polymer in vacuo over boiling acetone for several hours and then 
packing into 10-mm sample tubes. The water content in the dry 
samples was estimated to be less than 1% by weight. 

Treatment of the polymer with water produces physically 
different samples, depending on the method of preparation. When 
the polymer was allowed to stand in the presence of excess water 
for several weeks and the remaining excess water simply pressed 
out, the sample was biphasic and similar to that used by Professor 
Miller and co-workers in their study! This sample is dynamically 
heterogeneous as will be shown. On spinning this sample in a 
high-speed rotor a t  2 kHz, excess water on the polymer is spun 
out. Depending on the length of the spinning run, the resulting 
material may lose the dynamical heterogeneity. The polymer 
remains hydrated, however, and was found to contain between 
6 and 9% water by weight. 

The proton spin-lattice relaxation times were measured as a 
function of magnetic field strength in the range corresponding 
to Larmor frequencies from 0.01 to 30 MHz on a field-cycling 
spectrometer built in this laboratory with the collaboration of Dr. 
Seymour Koenig and Dr. Rodney Brown, 111, and described 
e1~ewhere.l~ The magnetic field was cycled between a fixed soak 
field of 0.705 T and a measure field varying between 23.5 m T  and 
0.94 T; a fixed resonance field of 0.493 T was used. The proton 
magnetization amplitude was measured on the proton FID fol- 
lowing a 90' pulse after the resonance field was achieved, captured 
by a sample and hold circuit, and digitized by an IBM 7406 device 
coupler. On-line least-squares fits were made on the relaxation 
data. The temperature of the sample was 287 K and was main- 
tained by a liquid cooling system using freon as the cryogenic fluid. 

All carbon-13 measurements were made on a solids spectrom- 
eter built in this laboratory, described in detail e l~ewhere, '~  and 
operating a t  56.44 MHz for protons and 14.19 MHz for carbon. 
Carbon spectra were obtained by cross-polarization with magic 
angle spinning a t  2 kHz when desired. The C P  was established 
by using a single-contact Hartmann-Hahn match15 a t  approxi- 
mately 40 kHz rf field. The contact time for polarization transfer 
was chosen to be 1 ms for the dry sample and 0.5 ms for the wet 
samples. Proton decoupling was maintained at 60 kHz or greater 
for 50 ms and the efficiency of the high-power decoupling was 
often checked with a spinning sample of 3-methylglutaric acid. 

For carbon T1 measurements, the carbon magnetization ob- 
tained by cross-polarization along the x' direction was subse- 
quently rotated by a 90' pulse to lie along the -2'direction using 
a carbon pulse applied along the y' direction. After a variable 
time T during which the proton rf was turned off, a carbon 90° 
pulse was applied along the y'direction and the resulting FID 
was sampled under strong proton decoupling. Typically 1000 
transients were accumulated and the resulting FID was Fourier 
transformed. Least-squares analysis of the decay of the individual 
carbon signal intensities as a function of the delay time yielded 
the relaxation time.16 Nonexponentiality in the decay was not 
observed. Since in our measurements TIH << TIC, there was no 
need to irradiate the protons during the delay time to suppress 
the transient nuclear Overhauser effects.17 

Measurements of carbon spin-lattice relaxation in the rotating 
frame were made by creating the transverse carbon magnetization 
by a cross-polarization contact with the protons followed by 
maintenance of the spin-locked carbon magnetization for a variable 

where  uOH is the proton L a r m o r  frequency and Ci repre-  
sents t h e  strength of the relaxation interaction associated 
wi th  the i t h  motion wi th  correlat ion t i m e  7:. E q u a t i o n  
1 is an extension of the well-known relaxation equationsls 
to several  i n d e p e n d e n t  re laxat ion processes where t h e  
mot ions  a r e  uncorrelated;  i t  is approximate  i n  that the 
motional  anisotropy,  which clearly is p resent  in  a n y  such  
constrained system, is not explicitly included, but reflected 
i n  C. O t h e r  re laxat ion equat ions  der ived for  t h e  case of 
highly anisotropic  mot ion  m a y  b e  appropr ia te  as well.19 
Application of eq 1 with two terms, one for methyl rotation, 
permi ts  motional  character izat ion of the low-frequency 
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Figure 2. (A) Proton spin-lattice relaxation rate measured as 
a function of magnetic field strength, indicated as proton Larmor 
frequency, for dry (*) and wet (0) poly(viny1 acetate) obtained 
at 287 K. The dashed line represents the fit to the dry data 
assuming a single correlation time model for the motions using 
eq 1 with C = 1 x 10'O and T~ = 1 X s for methyl rotation 
and C = 2.5 X lo7 s-' and T,  = 1 X lo4 s for the low-frequency 
motions. The solid line is calculated assuming a log x2 distribution 
of correlation times with the parameters b = 1000, p = 7, and 7 
= 1 X s (see ref 20). (B) Representative plot of the proton 
longitudinal magnetization decay (*) obtained at a measure field 
of 0.013 MHz for dry poly(viny1 acetate). The solid line represents 
a linear least-squares fit to the data to yield TIH. 

dispersion; the dashed line results, which is clearly a poor 
fit to the data. There are several interpretative options. 
The solid line in Figure 2A was obtained by fitting the data 
with a log x 2  distribution of correlation times with the 
parameters shown in the caption. The fit and the choice 
of distribution function are not unique, though the shape 
of this asymmetric function appears justified.20 We point 
out only that some distribution of motions is required to 
fit the data and that the proton relaxation rate does not 
plateau a t  the lowest frequencies shown. It might be ex- 
pected that the lowest effective field possible in this ex- 
periment is Hloca,; thus the highest rate would be 1/ TIDH. 

We have independently measured l/TIDH of dry poly- 
(vinyl acetate) at 56.4-MHz resonance field for protons 
using the Jeener-Broekaert sequence21 and found that the 

B A 

A 

Figure 3. Static carbon-13 cross-polarization spectra of poly(viny1 
acetate) obtained at 14.2 MHz at ambient probe temperature: 
(A) dry sample with no dipolar dephasing delay; (B) cross-po- 
larization spectrum with a 40-ps dipolar dephasing delay prior 
to data acquisition on a dry sample; (C) cross-polarization 
spectrum with a 40-ps dipolar dephasing delay on the wet sample 
which had been spun at approximately 2 kHz to remove excess 
water; (D-F) similar dipolar dephased spectra taken on a wet 
sample containing excess water (biphasic) with recycle times of 
2 s for (D), 1 s for (E), and 0.7 s for (F). 

dipolar signal decays biexponentially with rates of 77 and 
1.4 X lo4 s-l. The slower decay rate for the dipolar signal 
is smaller than the spin-lattice relaxation rate measured 
at the lowest magnetic fields using the relaxation disper- 
sion spectrometer. The difference is consistent with the 
terms in the equation for the dipolar relaxation rate, which 
may usually be neglected a t  high field but become im- 
portant at the lowest fields measured, elevating the re- 
laxation rate compared with the high-field values.22 In 
addition, the motions in the polymer may decrease the 
effective dipolar field strength, thus shifting the plateau 
off scale to the left in Figure 2A. 

The proton relaxation dispersion for poly(viny1 acetate) 
hydrated with water is shown in Figure 2A as well. In the 
wet sample the relaxation rate is nearly doubled at all 
magnetic field strengths, and as in the dry sample, there 
is a clear dispersion in the relaxation rate in the low-fre- 
quency region, 40-100 kHz. It is unclear from just the 
proton measurements whether the relaxation rate change 
is due to motion of the water protons behaving as relax- 
ation sinks or due to water molecules stimulating the 
motion of the polymer. Since the carbon data to be 
presented will show that this sample is not essentially 
homogeneous, we have not attempted to fit the data with 
a distribution of correlation times. 

Carbon Line Shapes. Carbon cross-polarization NMR 
spectra are shown in Figure 3 for dry and water-treated 
poly(viny1 acetate) obtained with several data acquisition 
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Table I 
Polv(vins1 acetate) I3C SDectral and Relaxation Data 

parameter 
?(COO)b 011 = -127 011 = -138 

6 2 2  = -8 
033 = +15 

parameter coo CH CH2 CH, coo CH CH, CH, 

6 2 2  = -11 
6 3 3  = +3 

dry wet" 

OMASS -41.3 +61.6 +89.2 +108.0 -41.2 +61.6 +89.5 +108.0 
30 20 18 13 9 2 1 4 

a Wet corresponds to the polymer hydrated with H20  as described in the text. Where measurements were taken for D,O-treated sample, 
results are shown in parentheses. bChemical shifts are expressed in ppm with respect to external benzene. c A t  vlC = 91 kHz. d A t  v l C  = 80 
kHz. 

methods. Figure 3A shows significant spectral overlap in 
the sp2-carbon region because of main-chain resonances 
that may be largely eliminated by using a correctly chosen 
dipolar dephasing delay.23 The resulting spectra shown 
in Figure 3B-F exhibit well-resolved sp2-carbon line 
shapes. The effect of varying the recycle time of the CP 
experiment on the observed carbon line shape is displayed 
in Figure 3D-F for the water-saturated poly(viny1 acetate). 
In bulk polymer the carboxyl carbon line shape corre- 
sponds to an asymmetric tensor with a large chemical 
shielding anisotropy similar to those found in simple 
acetates and other closely related  system^.'^ The observed 
singularities in the powder pattern for the sp2 carbon lead 
to the principal values of the chemical shielding tensor 
shown in Table I. The sp2-carbon tensor is sensitive to 
changes in local environment, but the sharpness of the 
powder pattern at the singdarities demonstrates that there 
is no appreciable distribution in the principal values of the 
tensor, which suggests that the polymer is structurally 
fairly homogeneous. These tensor components are very 
near rigid-lattice values in Figures 3A-C, and, therefore, 
the side-chain motion sensed at  the sp2 carbon is of such 
small amplitude that significant averaging of the tensor 
does not result. 

The effects of varying the sample temperature on the 
observed carbon-13 spectra of dry poly(viny1 acetate) are 
shown in Figure 4. The static carbon spectra change 
considerably from an almost rigid-lattice line shape at  
room temperature to a strongly averaged or almost iso- 
tropic line shape at  approximately 380 K. Both the 
side-chain and main-chain carbons exhibit continued 
narrowing of the powder patterns with increasing tem- 
perature. I t  is clear that regardless of the detailed dy- 
namical events or models used to describe them, a tem- 
perature rise over this range leads to both main-chain and 
side-chain motions that average the chemical shift tensors. 
In the lower temperature range, up to approximately 330 
K (see Figure 4), the powder pattern for the sp2 carbon 
is maintained though there are clearly some changes in 
detail. As the temperature is increased further, above 
about 350 K, the motions apparently become nearly iso- 
tropic, though we have not modeled the effects of a broad 
distribution of correlation times on the powder pattern line 
shapes.51 The protons were strongly decoupled in ob- 
taining the spectra in Figure 4; thus, motional averaging 
of the chemical shielding anisotropy alone is monitored 
by the line shape. However, a t  temperatures above 350 
K, considerable averaging of the carbon-proton dipolar 
interaction undoubtedly occurs as shown by the loss of 
signal to noise in the cross-polarization spectrum shown 
a t  the top of Figure 4. This temperature dependence is 
consistent with the observations of Miller and co-workers, 
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Figure 4. Carbon-13 cross-polarization NMR spectra taken a t  
14.2 MHz for dry poly(viny1 acetate) a t  different temperatures. 

who reported high-resolution carbon-13 spectra in similar 
samples using only proton scalar decoupling levels a t  high 
temperatures.6 Similar observations have been made on 
other rubbery polymers well above the glass transition 
t e m p e r a t ~ r e . ~ ~  Comparison of the carboxyl portion of the 
carbon spectrum for dry poly(viny1 acetate) a t  329 K 
(Figure 4) and poly(viny1 acetate) with excess water at 296 
K (Figure 3D) shows that the line shapes are similar for 
these two samples, which are both approximately 25 K 
above the glass transition temperature. We have not at- 
tempted to fit the carbon line shapes to a detailed motional 
model. 

When poly(viny1 acetate) is saturated and stands in 
excess water, significant changes are observed in the carbon 
spectrum as shown in Figure 3D-F. Here the sample is 
clearly heterogeneous and is apparently similar to that 
used by Miller and co-workers in their carbon NMR study.6 
The carbon spectra are independent of the amount of 
excess water as long as the sample is biphasic. It is clear 
that when the recycle time of the CP experiment is varied, 
the observed carbon line shapes change and considerable 
narrowing of the resonances attend the shorter recycle 
times. When long recycle times are used (2 s), the sp2- 
carbon region shows a motionally modified line shape 
different from that observed for the dry polymer, but a t  
short recycle times the same region of the spectrum is 
narrowed by a factor of 8 (Figure 3F), demonstrating that 
the polymer is dynamically heterogeneous in the presence 
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Table I1 
“Best-Fit” Parameters t o  Contact Time Study of Poly(viny1 acetate)’ 

dry wetb 
- 

parameter coo CH CH, CH3 coo CH CH2 CH3 
TIS, N S  424 74 71 151 497 62 37 111 

(403) (35) (27) (112) 
TIOH, ms 39.1 46.5 45.2 45.8 5.9 8.4 7.1 8.4 

(8.5) (9.9) (9.9) (9.5) 
Tmr wj 1940 478 459 866 1343 307 196 487 

(1326) (198) (160) (503) 
I 7 J I 0  0.952 0.990 0.990 0.981 0.796 0.964 0.973 0.944 

(0.859) (0.945) (0.984) (0.948) 

“’Best-fit” values obtained by nonlinear least-squares fit of the contact time study data using eq 2 (see text). *Values in parentheses are 
for D,O-treated sample. Wet corresponds to the polymer hydrated as described in the text. 

of excess water. The resulting carbon line shape is thus 
a superposition of different motionally averaged compo- 
nents, each of which is modified from that of a rigid sp2 
tensor depending on the details of the motions present in 
that particular microscopic domain. The local dynamics 
are clearly sensitive to solvent penetration.6 It should be 
noted that selection of spectral components by this type 
of relaxation rate weighting does not depend on the ori- 
entation dependence of the proton longitudinal relaxation 
rate itself because rapid spin diffusion within each mi- 
croscopic polymer domain averages the relaxation rates 
over the orientations in the domain. These observations 
demonstrate that in this dynamically heterogeneous system 
there is inefficient proton spin communication between 
dynamical domains and that in spite of considerable 
motion in some, there remains sufficient order to provide 
reasonably efficient cross-polarization from the proton to 
the carbon spins. For the dry polymer where extensive 
motional averaging of the carbon-13 line shapes occurs a t  
elevated temperatures, there is no evidence for dynamical 
heterogeneity in the carbon spectra. It may be noted that 
although addition of water lowers the glass transition 
temperature, the carbon-13 line shape at the same relative 
temperature ( T  - Tg)  is similar. 

When excess water is removed from the sample by 
mechanical spinning at  2 kHz, small changes occur in the 
carbon spectrum. The carboxyl carbon displays a powder 
pattern characteristic of a rigid tensor, Figure 3C. For this 
wetted, but not overly saturated system, the sp2-carbon 
line shape is independent of the recycle time; thus, the 
sample is dynamically homogeneous by this measure. 
Though there are no large changes observed in the carbon 
line shapes for these samples, there are very dramatic 
changes in the relaxation times for the carbon atoms when 
water is added to the system. 

Well-resolved carbon-13 resonances are observed for 
both main-chain and side-chain carbon atoms when the 
sample is rotated at the magic angle. Within the resolution 
permitted by the residual line widths for dry and wet 
poly(viny1 acetate), the isotropic chemical shifts measured 
were the same (Table I). Thus, the local electronic en- 
vironments sensed at the carbon sites remain very largely 
unaltered by the addition of water. 

Carbon-13 Cross-Polarization. The effect of varying 
the contact time on the observed cross-polarization spectra 
of dry and wet poly(viny1 acetate) was studied under magic 
angle spinning conditions, permitting the observation of 
the time evolution of each carbon resonance in the mo- 
nomer unit. The wet samples were hydrated but not bi- 
phasic as shown by an unaveraged static shift tensor of the 
sp2 carbon. The data for the sp2 carbon shown in Figure 
5 demonstrate the early growth of magnetization due to 
the cross-polarization and the longtime decay due mainly 
to the finite proton spin relaxation time in the rotating 

C O N T A C T  T I M E  ( m s o c )  

Figure 5. Evolution of the carbon-13 cross-polarization intensity 
of the sp2 carbon obtained under matched Hartmann-Hahn 
condition with magic angle spinning for dry (*) and wet (+) 
poly(viny1 acetate). The solid line represents the contact time 
variation given by eq 2 using the best-fit parameters shown in 
Table 11. 

frame. The behavior for other carbon resonances was 
similar. The time evolution of the carbon signal may be 
satisfactorily described by25 

where X = Trs/TIpH and the rate constants for the growth 
and decay of the carbon signal are denoted TIS and TlpH, 
respectively. The data for each carbon atom were analyzed 
with this equation and the best-fit values of TIS and T?pH 
are summarized in Table 11. Figure 5 indicates the quality 
of the fit. 

These data demonstrate that the addition of water re- 
duces the proton TIP fourfold when the polymer is hy- 
drated, but there is little effect on the cross-polarization 
rate. The value of the contact time that yields the optimal 
signal is given by 

(3) 

These contact times and the fractional decrease in the 
maximal signal intensity from Io are compared for wet and 
dry samples in Table 11. Since the cross-polarization pa- 
rameter does not change very much on hydration of the 
polymer, the shift in the optimal contact time is mainly 
influenced by changes in the proton Tlp,  which becomes 
shorter with the addition of water. Since the sp2 carbon 
has the largest TIS the degradation in signal is large (20%) 
compared with the other carbon resonances. It is impor- 
tant to note that the results are similar when the polymer 
is hydrated with either H20 or D20 (see Table 11). The 
insensitivity of the proton T I ,  to substitution of D20 for 
H20 indicates that  rapid flipping motions of the added 
water do not dominate the proton relaxation in the rotating 
frame in the hydrated polymer samples. This relaxation 
data coupled with the observation of an essentially static 
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made possible be a very low activation barrier created by 
absence of significant steric constraints in the polymer.32 

The contribution to the sp?-carbon relaxation froni 
methyl rotation is estimated to be approximately 1.2 X 10.’ 
s (T, of 850 5), which is clearly minor compared with the 
measured relaxation rate of 0.03 s-l (30 s for T,).  Similar 
arguments for doniiiiance of niotioirs other than methyl 
rotations follow for the main-chain carbon atoms. Con- 
sidering the observation of  an essentially rigid-lattice line 
shape for the sp2 (*arban atom, the riiotinii responsible for 
the carbon spin lattice relaxation nirist leaLe this tensor 
unperturbed on the time scale of frac+ions of a millisecond. 
‘I’hus, the high-frequency inotions respnnsible for the 
longitudinal relaxat ion rates observed rniist he of small 
aniplit tide. The c.drhoii spin lattice relaxation times for 
the iiiaiti ch i l i  cdrhon atoms art: very siniilar as shown in 
Talile I The proton en\ironnieiit of these (arhon atoms 
is simila~ imp13 ing that (he strength of the relaxation 
iuteractic,li will he siinilar. The methyJ protons are not 
particularly close to those arhon at oms, siiggest ing that 
c a r h n  spiii -lattice relaxation is thi inated hy main-chain 
motions, which iiiilst he of slildll aniplititde to he conaistent 
with the iiidgiit Lide of tlie relaxation times and the absence 
of effects on the (.hemica1 bhift terisors We can provide 
1 1 0  evidence for the ester methj 1 reorieniatiotis proposed 
edilier from dielectric relaxatioir n~easiirements;~ 12 how- 
ever, the powder pattern line shapes mdy be insensitive 
1 t) rare fluctuations such as diffusion of a CliStUrbdilce along 
the chain. It is possible that such a rare event could 
dominate the spin-lattice relaxation times but not affect 
the carbon line shapes provided that the concentration of 
the disturbance region is small. 

Carbon-13 spin-lattice relaxation time measurenients 
were also made on hydrated samples of poly(viny1 acetate). 
The results for the H,O-treated sample are shown in Figure 
6. Measurements for the D,O-treated samples were also 
made and the results compared in Table I. There are 
significant changes in the carbon TI values on the addition 
of H,O, but smaller changes when D20 is used. This result 
is substantially different from observations of the proton 
and carbon relaxation times in the rotating frame (see 
Tables I and 11). 

Carbon-13 Relaxation in t h e  Rotating Frame. 
Measurements of the carbon-13 relaxation in the rotating 
frame may provide information about motions in the 
mid-kilohertz range. The interpretation of the experi- 
mentally determined relaxation time for the decay of the 
carbon magnetization, Ti,?, is not simple since the (barbon 
nuclei is the solid experience fliictuations of the local 
magnetic field caused by both niolecular rnotions and spin 
fluctuations of the more abundant protons throiigh their 
mutual static dipolar interactions. Both experimental and 
theoretical implications of this problem have been con- 
sidered in detail for polymeric33 44 atid nonpolymeric4j ‘’ 
systems. The model appropriate for the present case ha3 
been discussed by VanderHart arid Garrowag .7q The 
carbon-1 3 rotating-frame Zeenian systerii is coupled with 
the lattice \ia rrioleciilar motions (TI,:) a d  t u  the proton 
reservoir though spin- spin processes (?; biD). ‘The proton 
reservoir relaxes to the lattice with a relaxation time 
which urider MASS conditiuns is usually less than 100 i t s  

so that the conditiori ‘TrlJD ‘2, T’,r)13 is satisfied. Therefore, 
the carbon-13 rotating-frdme magnetization will he de- 
pleted through the 
via the T( 
the measured TI,”+ KM!: he wntteu 

path to the la1 tit 
path to tlie pro1 ( I I I  reservo 

EH;!\CH A_.-- I \CH3 J 
0 4 8 12 16 20 24 

TIME, s 

Figure 6. Representative semi’ qgarithmic plot of the carbon. 13 
CP-MASS signal intensity for individual carbon atoms in dry 
poly(viny1 acetate) as a function of the delay time in the carbon 
spin-lattice relaxation time experiment. 

tensor for the carboxyl carbon in these hydrated samples 
indicates that hydration causes an increase in low-am- 
plitude motions of the polymer. Such small-amplitude 
motions do not cause a large reduction in the second 
moments which determine in part the TIS. This conclusion 
is consistent with the analysis of carbon relaxation data 
in the rotating frame and with the changes in TIc observed 
when water is added to the polymer. 

Carbon-13 Relaxation in the Zeeman Frame. Rep- 
resentative carbon spin-lattice relaxation data are shown 
in Figure 6. Within experimental error each decay may 
be described by a single-exponential time constant though 
different carbon atoms clearly have different relaxation 
times that range between 13 and 31 s, as summarized in 
Table I. 

The carbon relaxation in the laboratory frame is coupled 
to the lattice by molecular motions and is not complicated 
by spin-spin effects.26 The dominant relaxation mecha- 
nism for carbon in the solid is the modulation of the C-H 
dipolar interaction by molecular motion.i2~17~27-30 For the 
methyl carbon the rotational motion about the C3 sy.m- 
metry axis will niodulate the intragroup dipolar interaction 
with directly bonded protons and provide a relaxation 
path. The long carbon Ti for the methyl resonance dem- 
onstrates that the methyl motion is very rapid and actually 
in the limit << 1, where T~ is the correlation time for 
the reorientation of the methyl group. Since the motion 
of the methyl group is anisotropic, the carbon relaxation 
rates should be anisotropic and depend on the angle that 
the symmetry axis makes with the magnetic field direc- 
t i ~ n . ’ ~ . ~ ’  For an amorphous material this effect would 
result in a distribution of relaxation rates spanning ap- 
proximately a factor of 3,30 but the motion of the rotor at 
the magic angle collapses this distribution. The powder- 
averaged relaxation rate for the present case is presented 
in ref 17 with the appropriate spectral densities. With 
standard values of 1.1 A for the C-H distance within the 
methyl rotor and tetrahedral bond angle, the correlation 
time for the methyl group motion was calculated to be 2.3 
ps. The extremely rapid methyl rotation is presumably 
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Figure 7. Carbon-13 CP-MASS spectra obtained at 14.2 MH7 
on dry poly(viny1 acetate) as a function of the carbon-13 spill 
locking time at a locking field of 91 kH7 
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A measurement of TIPc* thus contains a mixture of these 
two effects and, therefore, a quantitative separation of 
spin-lattice effects from spin-spin effects is necessary 
before conclusions about molecular motions in the polymer 
may be drawn. Since our measurements are done on a 
sample under the MASS condition where the rotor fre- 
quency is considerably larger than (T,,"') itself, the 
measured values of TlPc' correspond to the powder average 
of Tlp('''s for different niolecular orientations. ('alculation 
of 1;3HD for glassy polymer systems has been at best 
qualitative because of the difficulty in evaluating the 
correlation time for the prototi spin f l u c t ~ i a t i o n s . ~ ~ , ~ ~  45-46 

Moreover, an independent measurement of TrHn is not 
possible under MASS conditions when TID" << TCHD, 
which is applicable in polymer systems. Recently, Schaefer 
and co-workers suggested a nine-step procedure for esti- 
mating the importance of Tc.HT).43 The effects are separable 
if measurements are made a t  different spin-locking fields 
and if the field dependence of TI: is functionally different 
from that of TCW". F:xponential dependence of TCHD on 
the spin-locking field has been verified for crystalline 
L-alanine49 and for oriented crystalline p ~ l y e t h y l e n e ~ ~  by 
measurements as a function of spin-locking field strength. 
Whereas the correlation function for the motional pro- 
cesses is usually assumed to be exponential, leading to a 
Lorentzian spectral density function,12 the correlation 
function for the spin -spin fluctuations is assumed to be 
Lorentzian, leading to an exponential spectral density 
f u n c t i ~ n . ~ " ~ ~  For dry poly(viny1 acetate) at room tem- 
perature (295 K), information about the nature and time 
scale of motions is available from the proton relaxation 
dispersion measurements and the carbon line shape studies 
presented earlier. We have noted that (1) methyl rotation 
is very rapid ( ~ ~ ~ 7 ~  << l), (2) the side chain is effectively 
rigid as evident from an unaveraged carboxyl carbon 
chemical shift tensor, and (3) main-chain small-amplitude 
motions in the submicrosecond range apparently dominate 
relaxation times of all the carbon atoms. At low values 
of spin-locking fields (25-45 kHz), which compare with the 
magnitudes of the proton-carbon dipolar interactions that 
are modulated by the proton spin  fluctuation^,^^*^^ the 
spin-locking field dependence for the spin-spin process is 
expected to be much stronger than for the spin-lattice 
processes. 

Figure 7 shows the decay of the carbon intensities as a 
function of the spin-locking time in the CP-MASS spectra 
a t  a spin-locking field of 91 kHz. These data and those 
obtained a t  other spin-locking fields are well represented 
by an exponential decay. Representative data taken at 83 
kHz for the spin-locking field are shown in Figure 8. The 
results of' the TI,,' * measurements as a function of the 
spin-locking field (25 98 kfilz) are shown in Figure 9 for 
dry poly(viny1 acetate). For each carbon there is a sharp 
exponential dependence at low spin-Io~king field strengths 
and either a weak or no depeur1enc.e at  high spin-locking 

I 4 I_. d 
20 40 60 80 IO0 

IO' L 
0 

T (ms) 
Figure 8. Semilogarithmic plots of the carbon-13 CP-MASS 
signal intensities for COO (*), CH (0), CH2 (D), and CH3 (A) 
carbon atoms in dry poly(viny1 acetate) as a function of the carbon 
spin-locking time at a spin-locking field vIc = 83 kHz which yield 
the decay constant TI:*. 

c / ,  
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0,lL 25 35 I 45 I 55 I 65 I 75 I 05 I 95 I 
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Figure 9. dependence of the apparent carbon rotating-frame 
relaxation time, TIPC*, for individual carbon atoms in dry poly- 
(vinyl acetate) obtained at ambient probe temperatures. The solid 
lilies are drawn through TIPc* data to show the strong exponentid 

3pendence at low spin-locking fields. Analysis of the data at 
. ,w spin-locking fields (25-45 kHz) leads to the cross-relaxation 
parameters shown in Table 111. 

fields over the range accessible. The spinspin process may 
be described by the  equation^^^,^^,^^ 

with 

JD(w) = ( 1 / 2 ) ~ 7 ~  e x p ( - ~ ~ ~ )  ( 5 )  

where 2 7 y C  = YcHlc is the spin-locking field experienced 
by the carbon, MCH2 is the second moment of the carbon 
nucleus in question that arises from dipolar interactions 
with surrounding protons, and 7 D  is the correlation time 
of the dipolar fluctuations. A least-sqnares analysis of the 
data in Figure 9 a t  low spin-locking fields (25-45 kHz) 
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Table 111 
Cross-Relaxation Parameters Determined for the 

Spin-Spin Process to the Rotating-Frame Carbon-13 
Relaxation of Dry Poly(viny1 acetate)n __ 

parameter COO CH CH, CH3 
MrH2 Hz2 1.2 X lo8 21.2 X lo8 29.7 X 10' 2.22 X 10' 
T T ) ,  LIS 20.0 18.2 19.9 19.5 

Determined by analyzing the observed TIPC* data in the range 
I ,( = 25-45 kHz using eq 5. 

I V  

0 IO 20 
T ( m s )  

30 

Figure 10. Semilogarithmic plots of carbon-13 CP-MASS signal 
intensities for COO (*), CH (O), CH2 (a), and CH, (A) carbon 
atoms in poly(viny1 acetate) hydrated with H20 as a function of 
the carbon spin-locking time a t  a spin-locking field of Y , C  = 83 
kHz which yield the decay constant TIPC*. 

yields the parameters MCH2 and rD associated with each 
carbon. The results are summarized in Table 111, which 
demonstrates that the second moments, MeH*, are different 
for each carbon atom as expected. On the other hand, the 
time constant rD for the dipolar flip-flop correlation time 
of protons at  each carbon atom are the same, which sug- 
gests that the simple model originally derived for simpler 
crystalline  material^^^,^^ is s u f f i ~ i e n t . ~ ~ ~ ~ ~  

Figure 9 indicates that  spin-lattice effects dominate 
when the spin-locking field is greater than 7 5  kHz. How- 
ever, a t  spin-locking fields less than this value where 
spin-spin and spin-lattice effects are mixed, the relative 
contribution of the spin-spin process, which scales with 
the second moment of the carbon-proton dipolar inter- 
action, for the side-chain carbons is smaller than for the 
main-chain carbons (see Table 111). A t  high spin-locking 
fields, relaxation of main-chain carbon atoms is dominated 
by motions of sufficiently small amplitude that the car- 
boxyl chemical shift tensor senses only minor, if any, 
changes. For the methyl carbon, the observed values are 
several orders of magnitude smaller than that predicted 
from a consideration of methyl rotation alone; thus, re- 
laxation a t  this carbon atom is also dominated by low- 
frequency small-amplitude motions of the main chain. The 
efficient relaxation of the main-chain carbon atoms is 
consistent with this interpretation because the C-H dipolar 
inteiactions are larger for these carbons with directly at- 
tackled protons, which may compensate for any decrease 
in motional amplitude because of main-chain constraints. 

Figure 10 shows the carbon-13 signal intensity decay in 
the CP-MASS spectrum as a function of the spin-locking 
time at y lC  = 83 kHz for hydrated (H,O) poly(viny1 ace- 
tate). The rotating-frame carbon relaxation data are 
presented in Figure 11 as a function of the spin-locking 

L 

coo - - 

O IK 3 5  45 i5 6 5  i 5  85 9'5 
I3C HI, kHz 

Figure 11. Apparent carbon relaxation time in the rotating frame 
plotted as a function of the spin-locking field strength for poly- 
vin 1 acetate) treated with H20. The solid line is drawn through 

data to show a much weaker exponential dependence at low 
spin-locking fields. 

field in the same range vlC = 25-98 kHz. Compared with 
similar data for dry poly(viny1 acetate) (Figure 91, it is clear 
that the carbon relaxation time is a factor of approximately 
10 smaller than that for the dry sample a t  very high 
spin-locking fields where motional effects dominate. By 
comparison, the differences are much smaller at the lowest 
spin-locking field where spin-spin effects dominate. It is 
clear from Figure 11 that the spin-locking frequency de- 
pendence of TIPC* at  low spin-locking fields is not simply 
exponential as implied by eq 5. Rather a gradual increase 
in TIPC* values to a limiting plateau value is observed for 
all the carbons. The exponential dependence at low fields 
is overcome in the wet case by spin-lattice effects ap- 
parently driven by increased polymer motions. Similar 
measurements were made at  80 and 92 kHz for the carbon 
spin-locking fields when the polymer was treated with D20. 
A t  these spin-locking fields the spin-lattice effects dom- 
inate and within the measurement error the values are 
similar to those found for the samples hydrated with H,O. 
Compared with the carbon Zeeman spin-lattice relaxation 
data these results demonstrate that low-frequency motions 
in the polymer dominate the carbon rotating-frame re- 
laxation. The data for both dry and wet poly(viny1 acetate) 
demonstrate the importance of the dipolar interactions for 
carbon relaxation in the rotating frame. 

The data summarized in Tables I and I1 demonstrate 
several fundamentally interesting aspects of water behavior 
in this system. The proton TI ,  values show that while 
there is a factor of 6 or more change on the inclusion of 
water, there is very little difference between HzO and DzO 
though the proton and deuterium magnetic moments differ 
by approximately a factor of 6. Similar results were found 
for the carbon rotating-frame measurements. Therefore, 
water motion itself does not contribute significantly to the 
low-frequency relaxation, which is apparently dominated 
by polymer motions. The high frequencies sensed by the 
carbon spin-lattice relaxation, on the other hand, show 
marked differences between dry and HzO- and D20-treated 
samples (see Table I). Compared with the changes induced 
by H,O, the changes caused by D20 are small. The larger 
shifts in the carbon TI for the protonated carbon atoms 
are consistent with some increase in polymer motion 
sensed better by the TIC data. The changes induced by 
H,O, however, are large for all carbon atoms and demon- 
strate that  even the carbon relaxation is dominated by 
dipole-dipole interactions modulated by high-frequency 
motions of water. This result is interesting given the low 
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water content of the system but is consistent with other 
studies of water dynamics in low-water-content sy~tems.~’ 

In summary, the relaxation parameters sensitive to the 
lower frequencies are dominated by motions of the poly- 
mer, but these motions are sufficiently small in amplitude 
that the side-chain sp2-carbon chemical shift tensor is 
affected very little. The relaxation parameters that sample 
high-frequency motions are very sensitive to the addition 
of water, which besides changing the polymer motions 
affects the carbon relaxation times directly by a dipole- 
dipole mechanism. The water in this polymer matrix thus 
has significant components a t  the carbon Larmor fre- 
quency and moves very rapidly in spite of the low con- 
centration and apparent lack of fluidity in the sample. 
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