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ABSTRACT: The lSC spin-lattice relaxation time (TIC) has been measured for bulk poly(ethy1 acrylate) 
(PEA) and poly(n-butyl acrylate) (PBA) as a function of temperature. Some side-chain carbons in PEA and 
PBA show minima in TlC. On the basis of these results, the motion of CHs carbons and the CH2 carbons 
in the side chain can be accounted for by the superposition of mainly two motions. One involves internal 
rotation or torsional oscillation of each functional group. The other is a slower motion induced by backbone 
motion. In addition, a molecular dynamics (MD) trajectory of 1.0-ns duration has been computed for a 
methyl-terminated atactic poly(ethy1 acrylate) at 80 "C. The results of the MD calculation were in general 
agreement with the results of lSC spin-lattice relaxation. 

1. Introduction 
High-resolution NMR is a powerful tool for getting 

information about molecular motions of polymers. To 
gain a deeper insight into the chain motion, several 
investigators have measured NMR relaxation parameters, 
typically the l3C spin-lattice relaxation time TIC, as a 
function of temperature on a number of amorphous 
polymers.l4 The experimental results have been analyzed 
in terms of molecular motions by using particular auto- 
correlation functions that correlate the relaxation param- 
eters with dynamics of polymem617 In spite of the basic 
importance of the method, polymers probed by the NMR 
relaxation measurements have been rather limited. It is 
desirable to have data for a wider variety of polymers. 

Polyacrylates are fundamental polymers and they are 
also industrially important as raw materials of oil-resistant 
rubbers. Detailed molecular-level studies, however, have 
not been plentiful for polyacrylates in the bulk state.1a28 
Matsuzaki et al. have already determined the stereo- 
chemical configurations by 'H NMR18 and 13C NMRl9 
spectra of several polyacrylates and model compounds in 
solvent. In contrast, the molecular motions have been 
studied by pulsed lH NMR20*21 and d i e l e c t r i ~ ~ ~ ? ~ ~  and 
dynamic mechanical2426 relaxation. 13C spin-lattice re- 
laxation measurements, which probe local motions of 
polymer chains, have not been reported to date. 

In the past few years, molecular dynamics (MD) 
computer simulation has been emerging as a novel tool for 
the investigation of the structure and dynamics of amor- 
phous  polymer^.^^^^ The atomistic MD method is espe- 
cially useful for analysis of motional processes since it 
provides the entire atomic coordinates of polymers as a 
function of time. In regard to the NMR relaxation 
measurements the use of the MD method is very attractive 
because it is free from the arbitrariness that more or less 
plagues the conventional analyis by using autocorrelation 
functions. On the other hand, the applicability of the MD 
method is severely limited by the time scale it can cover. 
The recent progress in computer hardware, however, has 
made the atomistic MD method capable of pursuing 
molecular motions with correlation time 7c of the order of 
10-9s, which can be detected by 13C spin-lattice relaxation 
time measurements. 
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In the present paper, we report 13C spin-lattice relax- 
ation measurements observed for bulk poly(ethy1 acrylate) 
(PEA) and poly(n-butyl acrylate) (PBA) over a wide 
temperature range. In addition, the experimental data 
are analyzed with a MD trajectory computed for PEA in 
the amorphous state. Thus the molecular motions of PEA 
and PBA are elucidated by combination of the NMR 
experiments and atomistic computer simulation. To the 
best of our knowledge, such combination is used for the 
first time in the present paper. 

2. Experimental Section 
2-1. Materials. PEA and PBA samples were prepared from 

purified ethyl acrylate and n-butyl acrylate by solution polym- 
erization in methyl ethyl ketone with azobis(isobutyronitri1e) 
and mercaptoethanol as initiator and chain transfer agent, 
respectively, at 55 "C for ca. 3 h. The polymers obtained were 
purified by reprecipitation into methanol as nonsolvent and dried 
in vacuum for at least 24 h at 25 O C .  

The molecular weights were estimated by GPC at 35 "C with 
a flux of 1.0 mL/min of tetrahydrofuran. Polystyrene standards 
were used to calibrate the hydrodynamic volume. The obtained 
&fn and polydispersity index of PEA were 9.67 X 104 and 1.79, 
respectively. Those of PBAwere 1.32 X Wand 1.56, respectively. 
Both samples were found to be atactic with meso:racemic ratios 
of 45:55 as determined by 270-MHz 'H NMR in solution. The 
glass transition temperatures of PEA and PBA were -20.3 and 
-51.9 "C, respectively, as determined by extrapolation to a heating 
rate of 0 "C/min using TB values measured on a Perkin-Elmer 
DSC7 differential scanning calorimeter at two heating rates of 
5 and 10 "Clmin. 

2-2. NMR Measurements. High-resolution solid-state lsC 
NMR spectra and lSC spin-lattice relaxation times TIc were 
measured on a JEOL GSX-270 pulsed FT NMR spectrometer 
at 67.8 MHz with a CP/VT probe. The chemical shifts relative 
to tetramethylsilane were determined from the CH resonance 
line (29.50 ppm) of solid adamantane at 25 "C. I3C spin-lattice 
relaxation times were calculated using the inversion-recovery 
method modified by the pulse saturation transfer technique or 
the pulse sequence developed by Torchiam in the temperature 
range from -100 to +125 "C. The temperatures of the samples 
were obtained by calibration with 1H chemical shifts of the OH 
group of methanol or ethylene glycol. The spinning speed was 
5.2-5.8 kHz, and the spinners were made from zirconium oxide 
with a Vespel. 

2-3. MD Computer Experiment. To facilitate the inter- 
pretation of the results from the NMR experiments, an MD 
trajectory of 1.0-ns duration was generated for a methyl- 
terminated atactic PEA. The simulated system was a single- 
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Figure 1. A typical PEA structure com uted by the MD method 
with the cell-edge lengths being 36.1 1 on average. 

chain PEA surrounded by its periodic images under the periodic 
boundary conditions. Figure 1 shows a typical snapshot of the 
MD trajectory. In Figure 1 the polymer is in a bulk state because 
ita periodic images, which are not drawn in the figure, fill the 
vacant spaces. The molecular weight of the PEA chain is 30065, 
which correapon &to a polymerization degree of 300. The united- 
atom model was employed to reduce the computational load. 
The H atoms are therefore excluded, and the PEA chain has 
2102 atomic centers. The tacticity of the PEA chain was set at 
the meso/racemic ratio of 44/56, which corresponds to a similar 
ratio of the real polymer used in the NMR measurements. The 
constant-temperature and constant-pressure MD method was 
used with the temperature and pressure set at 80 "C and 1 atm. 
The temperature 80 "C was chosen because it was a significant 
temperature observed in the NMR experiments. 

The computational polymer sample was prepared initially at 
20 O C  by the MD run of 1.98-ns duration starting from a gaslike 
structure.& The temperature was then raised to 80 "C, and the 
dynamics was run for 1.25 ne. The trajectory of the last 1-ns MD 
run was used for the analysis. In the MD computation the time 
increment was 1 fa and the cutoff radius of the nonbonding forces 
was 7.5 A. The calculated density of the polymer was 1.09 and 
1.06 g/cm* at 20 and 80 "C, respectively, as compared to the 
experimental density at 25 "C of 1.12 g/~ma.'~ Further technical 
details of the MD simulation are found elsewhere.'0 

According to the theory of NMR, the l 9 C  spin-lattice relaxation 
times are derived from the orientation autocorrelation functions 
associated with the C-H bond vectors. The autocorrelation 
functions Ki (i = 0,1,2) are defied as 

Ki(7) = (Yi(t+7) Yi(t)) (1) 

(2) 

(3) 
(4) 

with r,  8, and 4 being general polar coordinates of the C-H bond 
vector.4* The brackets in eq 1 mean the ensemble average. 

On account of the use of the united-atom model C-H bond 
vectors were not immediately available out of the MD simulation. 
CrH vectors on a carbon atom Ci can be derived from C,-X, 
vectors, where X, represents C or 0 atoms bonded to the Ci 
atoms. Let us denote the normalized C,-X, vectors as n, (a = 

where 

Y,, = P(1- 3 cosz e) 
Y, = r4 sin e cos e exp(i4) 

y2 = r4 sin2 e exp(2i4) 
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Figure 2. 13C chemical shifts of polyacrylates in the solid state 
at 62 O C  (in ppm relative to TMS): (a) PEA; (b) PBA. 
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Figure 3. 13C spin-lattice relaxation times nTIC at 67.8 MHz for 
the individual protonated carbons of bulk PEA as a function of 
inverse temperature, where n is the number of directly bonded 
protons: CH (0) and CHa (m) in the main chain of PEA, OCH2 
(0); CHs (A). The best fit of the experimental values for the 
main-chain carbons in the temperature range above the glass 
transition temperature with the assumption of isotropic rotation 
is shown as a dotted line. 

1-3 for a methine carbon and a = 1,2 for a methylene carbon). 
The C,-H vector on a methine carbon Ci was represented by 

* n, + n2 + n3 
CiH = -rCH (5) 

In, + n2 + nsl 
The C,-H vectors on a methylene carbon Ci were calculated by 

eHcH) (6) 
+ -ni - n2 ~ H C H  ni X n2 

C,H = rCH -cos - f -sin - 

The constants rCH and BHCH were taken to be 1.09 A and 106.3", 
respectively. Since the C-H vectors on a methyl carbon cannot 
be represented in a similar manner, Ki(7) functions were not 
computed for methyl carbons. 

3. Results and Discussion 
3-1. NMR Relaxation Experiments. The 13C PST- 

MAS spectra of bulk PEA and PBA measured at 62 O C  

show five peaks and seven peaks, respectively. Their 
assignment is given in Figure 2. There is partial overlap 
of the peaks corresponding to  the CH and CH2 carbons. 
The overlap increases at lower temperatures, making the 
relaxation measurement less accurate. 

Figure 3 shows the measured nTIC, where n is the number 
of directly bonded protons, as the function of the reciprocal 
of temperature for each type of carbon in bulk PEA. An 
nTIC minimum is clearly observed a t  80 O C  for the CH2 
carbon in the side chain. Since the nTIC minimum occurs 
a t  W T ~  E 1, the correlation time 7c of molecular motion is 
on the order of l / w  - 10-9 s, with the Larmor frequency 
w of 2~ X 67.8 MHz in the present measurement. The 
nTlC of the main-chain carbons and the CH3 carbon may 
have minima outside the measurement range, a t  a higher 
temperature for the former and a t  a lower temperature 

(ln1+n21 2 In,xn,l 2 
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chain dynamics which consider anisotropic reorientations 
have been proposed by several investigators. Those models 
include the model of log x2 distribution by Schaefer,15 
three-correlation time theory by H ~ w a r t h , ~ ~ J ~  and Jones- 
Stockmayer three-bond jump theory.'~~ However, obser- 
vation of a minimum in nTlC is usually required to apply 
those models. Since nTIC minima have not been observed 
for main-chain carbons of both polymers, analyses beyond 
the isotropic reorientation model had to be given up. 

I t  is worth noting that the slope of nTIC against 1/T for 
the backbone carbons of PBA is gentler than that of PEA. 
This difference can be interpreted in two ways. One 
interpretation invokes the superposition of some elemental 
motions. If elemental processes exist on the backbone of 
each polymer, the processes should be almost the same 
between PEA and PBA because of their identical backbone 
structure. The nTIC curve should be governed by the 
temperature dependence of the correlation times of the 
processes. Thus, assuming several correlation times 
without a distribution in 7c values, the PBA chain is more 
flexible than the PEA chain since a broader curve of (1/T 
vs. nTIC) corresponds to the smaller apparent activation 
energy for the elemental motion with a correlation time 
T~ of the order of 

Alternatively, another interpretation is possible based 
on a single elemental process with a distribution of 
correlation times. Considering a distribution in T ~ ,  an 
increase of the width of the distribution would broaden 
the nTIC minimum regardless of the shape of the distri- 
bution. This distribution width can be related to the 
number of degrees of freedom in the distribution of 
correlation times.15 Assuming a larger distribution width 
leads to broadening of the nTIC curve as actually observed 
for the main-chain carbons of PBA in Figure 4. The 
backbone motion of the PBA chain is therefore charac- 
terized, possibly, by more degrees of freedom than that of 
the PEA chain. In other words, the PBA chain is more 
flexible than the PEA chain. 

Accordingly, the gentler slope in the main-chain nTIC 
curves of PBA relative to PEA reveals that the PBA chain 
ismore flexible than the PEA chain, whether superposition 
of more than one elemental motion is assumed or a 
distribution in the correlation times is assumed. This 
conclusion is in accord with the relative order in the glass 
transition temperatures of the two polymers. 

3-3. Side-Chain Motion. Conventional analysis using 
the isotropic reorientation model is of little value for the 
understanding of side-chain motions as exhibited in 
Figures 3 and 4. First, extremely broad minima observed 
for all the side-chain CH2 carbons of PBA are far different 
from the usual behavior expected from the model. Fur- 
thermore, for the side-chain CH2 carbons of both PEA 
and PBA, the nT1C value at  the minimum is much higher 
than the value expected from the isotropic reorientation 
model. The model predicts that the nTlC minimum is ca. 
0.1 s for the present frequency of 67.8 MHz, while the 
experimental nTIC minima for the side-chain CH2 carbon 
of PEA and the C-1, (2-2, and C-3 carbons of PBA are 0.8, 
0.55, 0.4, and 0.43 s, respectively. 

The high nTIC value at  the minimum is difficult to 
explain by more elaborate models which assume a dis- 
tribution in correlation times. An orientation autocor- 
relation function with a log x2 distribution has been 
proposed by Schaefer.16 The normalized log x2  distribution 
function is written in terms of a variables which is a b-base 
logarithmic function of 7: 

s. 

F(s )  = (i/r@))@s)% exp(-ps) (7 )  

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
1000/T ( K.') 

Figure 4. 13C spin-lattice relaxation times nTIC at 67.8 MHz for 
the individual protonated carbons of bulk PBA as a function of 
inverse temperature, where n is the number of directly bonded 
protons: CH (n) and CH2 (m) in the main chain; C-1 (o), C-2 (a), 
C-3 (v), and CH3 (A) in the side chain. The best fit of the 
experimental values for the CH carbon in the temperature range 
above the glass transition temperature with the assumption of 
isotropic rotation is shown as a dotted line. 

for the latter. From the temperatures a t  which the minima 
occur, one may compare the local molecular mobility of 
the CH3 carbon, side-chain CH2 carbon, and main-chain 
carbons. Their mobilities decrease in that order. 

Figure 4 shows the behavior of nTIC for bulk PBA. Like 
the case of PEA, the nTIC curve of the CH3 carbon may 
have a minimum below the measured temperature range. 
Also, a minimum may appear for the main-chain carbons 
near or above 130 "C. On the other hand, broad minima 
of nTIC are actually observed for all of the CH2 carbons 
in the side chain. These minima are broader than the 
minimum for the side-chainCH2 of PEA. This observation 
indicates that the motion of the side chain of PBA is more 
complex than that of PEA. The minima for the C-2 and 
C-3 carbons in the butyl group occur a t  ca. -40 and -50 
"C, respectively. The nTIC curves of C-2 and C-3 carbons 
are quite similar, indicating the similarity in the mobility 
of the two carbons. The most interesting phenomenon 
shown in Figure 4 is the appearance of double minima for 
the C-1 carbon of the butyl group at  ca. 70 and ca. -30 "C. 
This subject will be discussed later in detail. 

Figures 3 and 4 are all the data of our NMR experiments. 
What comes next are the analyses of the NMR data in 
terms of the motions of the polymer chain. Such analyses 
or interpretations are presented below separately for the 
backbone, side-chain, and methyl-group motions. The MD 
analyses are given in the last part of this section. 
3-2. Backbone Motion. The conventional analysis was 

first made for the backbone carbons by using the isotropic 
reorientation in which the correlation time 7c is 
expressed as T~ = T& exp(AE/kT). The best fit to the 
experimental nTIC values are shown as dotted curves in 
Figures 3 and 4. The apparent activation energy, AE, 
computed from the T~ for the main-chain carbons of PEA 
is 6.5 kcal/mol, while that of PBA is 4.1 kcal/mol. However, 
as shown in Figures 3 and 4, discrepancy occurs in the 
temperatures region close to the nTlc minimum. This 
discrepancy indicates that the isotropic reorientation 
model is not sufficient to account for the backbone motions 
of PEA and PBA and that some anisotropic processes are 
present. Hence, the apparent activation energies obtained 
should be regarded as a qualitative estimate. 

It has been generally accepted that the values of nTIC 
of polymer chains cannot be adequately explained by the 
isotropic reorientation model even in solution. Models of 
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s = lOg,[l+ ( b  - 1)(7/r0)] (8) 
where ro is the average correlation time corresponding to 
the mean value of s, p is a width parameter whose inverse 
corresponds to the variance, u2, of the x2  distribution, and 
r(p) is the r function of p .  The distribution in terms of 
correlation times, G(T) ,  is defined by 

G(r )  d r  = F(s)  ds (9) 
The distribution function G(r)  with parameters of b = 
lo00 and p = 2 is extremely broad and corresponds to a 
distribution width in r of several orders. Using this 
function, the expected value of the nTIC minimum is ca. 
0.3 s, which is the maximum value of this model. Thus 
this model cannot explain the observed high nTIC minima. 
Although a distribution of correlation times may exist, 
the high values of nTIC at  the minima and/or the broad 
curves of 1/Tvs. nTIC strongly suggest that the motion of 
the CH2 carbons consists of multiple elemental motions. 

In the case of PBA, a reasonable speculation about the 
identity of the multiple motions is that the side-chain 
motion is made up of a superposition of the rapid torsional 
oscillations around the oxygen-(C-1) bond, the (C-l)-(C- 
2) bond, and the (C-2)-(C-3) bond within a conformation, 
plus rotations around these bonds corresponding to the 
conformation change of the side group. Backbone motion 
and rotation around the bond between the CH carbon in 
the main-chain and the carboxyl group should also 
contribute to the side-chain motion. The motion of the 
side-chain of PEA would be figured in a similar manner. 

The above discussion is in accordance with previous 
studies in which the influence of superposition of elemental 
motions on measured n T I C  was studied. Although there 
are a variety of models proposed, they lead to the common 
conclusion that the effect of an anisotropic fast process 
(for example, a rapid atomic fluctuation on a picosecond 
time scale as indicated by Levy and K a r p l ~ s ~ ~ )  and a 
libration of limited but significant amount about the rest 
position results in an increase in the measured nTIC. The 
torsional oscillation within a conformation that is discussed 
in the preceding paragraph corresponds to the anisotropic 
fast process studied in previous works. The torsional 
oscillation is also one of the central subjects in the MD 
simulations to be described later. 

The most interesting phenomenon concerning side-chain 
rotation is the appearance of double minima for the C-1 
carbon of the butyl group of PBA at  ca. 70 and ca. -30 OC. 
The double minima sharply indicate the existence of two 
kindsof motions. Since the locations of the nTIC minimum 
for the C-2 and C-3, -40 and -50 "C, respectively, are close 
to the nTIC minimum of the C-1 carbon at  -30 OC, these 
three minima should be closely related. The motion 
characterized by these minima is probably a cooperative 
motion of the entire butyl group in PBA. Side-chain 
rotation and conformational changes within the butyl 
group are the candidates of the cooperative motion. The 
fact that the temperatures of the nTIC minima for the C-1, 
C-2, and C-3 carbons decrease in that order indicates that 
the mobility of the side-chain carbons increases with the 
distance, through the bonds, from the main chain. The 
order of mobility of carbon atoms can thus be understood 
from the standpoint of the degree of the motional 
restriction caused by the main chain. 

The motion of the C-1 carbon related to the nTIC 
minimum at  70 "C is slower than the cooperative motion 
discussed above. Although the minimum corresponding 
to this slower motion seems to disappear for the C-2 and 
C-3 carbons in PBA, there is a possibility that a subtle 
minimum is buried at  higher temperatures. In any case, 

the origin of the slower motion is obscure so long as just 
nTIC data are examined. In this regard the nTIC minimum 
of the PEA side-chain CH2 carbon is interesting because 
its location, 80 'C, is close to the C-1 higher temperature 
minimum. It seems reasonable to speculate that the two 
minima are the manifestation of a common motional 
process. More discussion will be given in the MD 
subsection. 

3-4. Methyl-Group Motion. As already discussed, it 
is likely from Figures 3 and 4 that the CH3 carbons of both 
polymers have an nTIC minimum somewhere below -100 
OC. The motions of the CH3 carbons are therefore much 
faster than those of the other carbons. From a geometrical 
point of view, the dominant rapid motion of the CH3 group 
is either the internal rotation around the C3 axis or the 
side-chain rotation. Further discussion, however, would 
not be warranted at  this time when only nTIC data are 
available. 

A remarkable finding concerning the CH3 carbon data 
is the apparent discontinuity or kink observed in the CH3 
curve of PEA at  -20 "C. Interestingly, the temperature 
is close to the glass transition temperature. However, it 
seems unlikely that the anomaly is a reflection of the glass 
transition, because no other nTIC curves, including the 
CH3 carbon of PBA, show anomalous behavior a t  each 
glass transition temperature. A more likely explanation 
is that a minor minimum is hidden in the CH3 curve of 
PEA. That is, the CH3 curve is regarded as the super- 
position of two curves, a minor-minimum curve and a 
dominant curve, of which the minor-minimum curve is 
reduced to the plateau observed in the temperature range 
between 0 and 60 OC in Figure 3. From this explanation 
it follows that a relatively slow motion with a correlation 
time of the order of s exists in the CH3 group of PEA 
above room temperature. Since a similar anomaly is not 
detected in the methyl group of PBA, the presumed slow 
motion is not a motion inherently associated with methyl 
groups. 

3-5. MD Simulation. Analysis of the MD trajectory 
obtained for PEA provides further evidence for the 
interpretations described above. Figure 5 shows the 
computed orientation autocorrelation function KO, eq 1 
with i = 0, for each type of CH bond vectors. In Figure 
5 the normalized function Ko(r)/Ko(O) is plotted, and the 
normalized K1 and K2 functions were virtually the same 
as the normalized KO function. The disturbance of the 
curves noticed near r = 1 ns in Figure 5 is due to statistical 
errors and has no physical significance. 

In the case of the isotropic reorientation model, the 
orientation autocorrelation function is written as 

K i ( d  = Ki(0) exp(-l.rl/Tc) (10) 

K ~ ( o )  = 4/5rcH4, K ~ ( o )  = 2/15rCH4, ~ 2 ( 0 ) =  '/15rCHd 

where 

(11) 
and re is the correlation time that is given by the slope of 
the semilogarithmic plot of the function. The semilog- 
arithmic plot of the same KO function as in Figure 5 is 
presented in Figure 6. While the semilogarithmic plot of 
eq 10 yields a straight line, the curves in Figure 6 are not 
straight. Thus, the MD simulation gives the same 
conclusion as the NMR experiments: the motions in the 
tens of megahertz region are too complex to be described 
by the isotropic reorientation model. 

As seen in Figures 5 and 6, there is a rapid initial decay 
of the correlation for all carbons in the first 1-2 ps. The 
corresponding correlation time, ridt, obtained by the initial 
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Figure 5. Normalized orientation autocorrelation function KO- 
(r)/Ko(O) for each type of CH internuclear vector of atactic PEA 
obtained by MD simulation: (0) CH in the main chain; (w) CH2 
in the main chain; (0) CH2 in the side chain. (a) The first 1 ns; 
(b) the first 10 ps. 
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Figure 6. Semilogarithmic plots of the normalized orientation 
autocorrelation functionKo(r)/Ko(O) displayed in Figure 5 during 
1 ns: (0) CH in the main chain; (W) CH2 in the main chain; (0) 
CH2 in the side chain. 

slope of the semilogarithmic plots of KO is 3.3 ps for the 
main-chain carbons. The initial decay is followed by a 
much slower loss of correlation over the rest of time. 
Therefore, the backbone motion is described by the 
superposition of a t  least two kinds of motions. One is a 
rapid motion on a picosecond time scale, while the other 
is dominant on a nanosecond time scale. Since the KO- 
(T)/Ko(O) value for the main-chain carbons at  1 ns is ca. 
0.6, which is much greater than l /e ,  it is concluded that 
the dominant slower motion of the main chain is char- 
acterized by a correlation time larger than 10-9 s at  80 "C. 
This conclusion is in agreement with the nTIC data of 
Figure 3, which indicates that the correlation time of the 
backbone carbon motion in PEA is larger than 10-9 s. 

The Tinit value obtained for the side-chain CH2 carbon 
from the corresponding semilogarithmic plot is 0.39 ps, 
which is an order of magnitude smaller than that of the 
main-chain carbon. The average correlation time, defined 
as the time at  which Ko(T)/Ko(O) becomes l /e,  is ca. 1.4 ps 
for the side-chain CH2 carbon. In other words, the initial 
rapid decay is the dominant decay process in the side- 
chain CH2 motion. The dominant picosecond decay is 
followed by a much slower loss of correlation. The present 
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Figure 8. Schematic picture of the partial segment used for 
calculation of the trajectories of the dihedral angles of an atactic 
PEA, where the unshaded circles indicate carbon atoms and the 
shaded circles indicate oxygen atoms. 

o 200 noo 6nn noo inon 
Time (PSI 

Figure 9. Trajectory of the dihedral angle C r C  -Cb-Ci during 
1 ns (upper plot) and trajectory of the dihedral angle C&- 
CSO. during 1 ns (lower). 

tional jumps often occur synchronously or collectively over 
closely located monomer units, as seen clearly at ca. 220 
ps and less clearly a t  ca. 570 ps. This type of motion is 
the so-called segmental motion. Occurrence of confor- 
mational change with a short rest period, as observed on 
the C,-Cd bond at ca. 720 ps with the rest time of ca. 10 
ps, is also interesting. It should be noted that confor- 
mations never changed during 1 ns a t  some segments. It 
seems possible that the frequency of the conformational 
jumps differs from segment to segment, producing a 
distribution in the corresponding correlation times. 
Though the present simulation time of 1 ns is too short, 
a length of 10 ns or so seems to be enough to examine the 
frequency distribution. 

The features of the backbone motions discussed above 
should be shared by PBA, which has the same backbone 
structure as PEA. Results related to the backbone motion 
are now summarized fairly convincingly. The backbone 
motion which is responsible for the l3C NMR spin-lattice 
relaxation for PEA and PBA involves the superposition 
of two main motions. One is a picosecond torsional 
oscillation within a given conformation. This type of 
motion corresponds to the rapid loss in the correlation Ki 
and causes a high value of nTlc. The second motion is a 
segmental motion over a few monomer units, possibly with 
a distribution in its correlation time. The segmental 
motion leads to a slower decay of Ki and is responsible for 
the probable minimum in nTIC. 

The trajectory of the dihedral angle CrC,-C,-O. (see 
Figure@ isshowninthelowerhalfofFigure9. Thechange 
of this angle involves rotation of the entire side chain. 
Features of the trajectory are similar to the backbone case 
in terms of the superposition of rapid torsional oscillation 
and an occasional conformational jump. The conforma- 
tional jump seems to occur a little more frequently than 
that of the backbone. It is interesting that the motion 
seems to synchronize with the conformational jump of the 
Cg-Cb bond. This suggests that segmental motion of the 
backbone induces the side-chain rotation. Such a coop- 
erative motion with the backbone certainly represents a 
slower mode of the side-chain motion. However, it must 

Z 600 620 640 660 680 700 
i. 
0 Time(ps1 

Figure 10. Typical trajectory of the dihedral angle C,-O.. 
C, during 100 ps. 

c.- 

be pointed out that a slower motion of the side chain is 
also derived directly from the backbone motion. 

Summarizing the side-chain motion, we conclude that 
thenTlCminimafortheCH2carbonofthePEAsidechain 
a t  80 "C, the CH3 carbon of PEA at 0 4 0  "C, and the C-1 
carbon of the PBA side chain at 70 OC all result from 
segmental motion. It is worthy of discussion that there 
is a trend in the observed nTIC minima ascribed to the 
segmental motion. In Figure 3 the side-chain CH2 
minimum is clear, whereas the CH3 minimum is obscure. 
The temperature of the minima lowers in order of the 
main-chain and side-chain CH2 and side-chain CH3 
carbons. Therefore, the trend is the nTIC minimum 
becomes less clear and occurs a t  lower temperature as the 
position of the carbon gets further apart from the 
backbone. The same trend is recognized also in Figure 4 
for PBA, in which the nTIC minimum dueto the segmental 
motion disappears for the carbons that are further apart 
than C-1 from the backbone. The trend is naturally 
understood as the effect of increasing degrees of freedom 
with increasing number of bonds from the backbone, a t  
which the segmental motion arises. 

A trajectory of the torsional angle around the O.-Cp 
bond (Figure 8) for 100-ps duration is shown in Figure 10. 
This motion is described as rapid torsional rotation that 
covers seemingly all accessible conformations. Obviously, 
this torsionalrotationoccurring on apicosecond timescale 
is the origin of the rapid and dominant loss in the KO 
function of the side-chain CH2 carbon. As already 
explained, the rapid loss in the correlation function causes 
a high nTIC minimum. Since high nTIC minima are 
observed in PBA (Figure 4), the torsional rotation is very 
likelytakingplace in theside-chainofPBA, too. InFigure 
3 the nTIC minimum corresponding to the torsional 
rotation is not observed in the measured temperature 
range. Thus, this nTIC minimum is expected to occur as 
a broad component in the temperature well below -100 
"C. 

4. Conclusions 

In the present work, the dynamics of bulk PEA and 
PBA was investigated using 13C spin-lattice relaxation 
experiments and MD simulations. We conclude the 
following: 

(1) The backbone motions which are responsible for the 
13C NMR spin-lattice relaxations for PEA and PBA are 
described by the superposition of mainly two motions. 
One of the motions is a picosecond torsional oscillation 
within a stable conformation. The second is a segmental 
motion involving a cooperative conformational jump over 
a few monomer units. The correlation time of the 
segmental motion at ca. 120 "C is on the order of lO-9 s. 

(2) The alkyl groups in the side chains of PEA and PBA 
rotate on a picosecond time scale above room temperature. 

(3) The side-chain CH2 carbon and CH3 carbon of PEA 
and the C-1 CH2 in the side chain of PBA move on a 
nanosecond time scale at 80, 0 4 0 ,  and 70 OC, respectively. 
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These slower motions are related to segmental motions of 
the main chain. 

(4) The results from the MD simulation generally agree 
with those from the TlC experiments with respect to the 
mobility of PEA. Thus, the simulated model is sufficiently 
correct to analyze the mobility qualitatively or semiquan- 
titatively. 
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