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ABSTRACT The backbone dynamics of poly(isopropy1 acrylate) (PIPA) in chloroform have been studied 
over a wide composition and temperature range using deuterium NMR. The polymer was specifically labeled 
with deuterium in the methine position so that only one resonance would be seen. The results of TI and T2 
measurements were used to test the log x2, VJGM, Bendler-Yaris (BY), and Skolnick-Yaris (SY) models 
of polymer reorientation. I t  was found that, even though all the models could mimic the data, they did not 
always fit the data in a physically realistic way. The log x2 model yielded results which were not physically 
realistic even in dilute solution. The results from the VJGM, BY, and SY models were roughly indistinguishable 
despite their different formulations. All three models contain two parameters, each of which are dominated 
by either fast or slow motions. Further, it was seen that  in dilute solution, the fast motion has an  energy 
of activation of about 5 kcal/mol which is independent of concentration. In more concentrated solutions the 
energies of activation for the slow-motion parameters are concentration dependent and range from 12 to  30 
kcallmol. In concentrated solutions, i t  was found that  TI and T2 cannot be represented by a single model 
but the T2 measurements can be used to define a division between semidilute and concentrated solution when 
[,IC, r 30 for PIPA-CHCl,. It was also found that the T2 values for the concentrated solutions could be 
fit by using a free volume approach. The free volume parameters were calculated and judged to  be reasonable 
when compared to  the other systems. 

Introduction 
The dynamics of the backbone and side chain of polymer 

molecules in solution have been studied by a wide variety 
of techniques.’ The results from techniques such as di- 
electric relaxation, fluorescence depolarization, ESR spin 
labeling, and NMR relaxation studies can be used to test 
proposed models of polymer motion. The results from all 
of these techniques suggest that the reorientation of 
polymer segments is not adequately described as simple 
isotropic reorientation. NMR is particularly versatile for 
the study of polymer motion because it can be used to 
probe different moieties in a repeating unit, provided that 
each has a “resolved” resonance. Studies of relaxation 
times from ‘H, 13C, and 2H ( to  a lesser extent) NMR in 
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dilute polymer solutions have been reviewed by Heatley2 
within the framework of models existing at  that time. 

The study of polymer dynamics using NMR in concen- 
trated solutions is more complicated than in dilute solu- 
tions. As polymer concentrations are increased, the line 
widths broaden to the point of severe overlap, which makes 
it difficult to assign spectral features to individual reso- 
nances. Thus, detailed dynamics studies become difficult 
to perform with lH, 13C, or 2H NMR at natural abundance. 
Therefore, most quantitative polymer dynamics studies 
are carried out a t  concentrations less than 30 wt %. In 
the limit of bulk polymer, some of these problems can be 
overcome through the use of specialized techniques such 
as magic angle spinning. However, these are not easily 
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applicable to polymer solutions for a variety of reasons. 
One possible solution to the problem of overlapping 

resonances in polymer solutions is the use of specific 
deuterium labeling. If only one position on the repeating 
unit is labeled, then there will not be any noticeable 
overlap of resonances because the natural abundance of 
deuterium is so low. Specific deuterium labeling is also 
an advantage because a deuterium nucleus attached to a 
carbon atom is relaxed via the electric quadrupole inter- 
action. In that case the principal electric field gradient 
is along the C-D bond vector axis. Hence the effect is 
always intramolecular (while the proton NMR case may 
involve intermolecular contributions) and the results can 
be directly related to  the reorientation of the C-D bond 
vector. Since deuterium relaxation times in general tend 
to be shorter than those of 13C, the 2H experiment also 
realizes a significant time savings over 13C when the 
polymers are significantly enriched with deuterium. 

In this study we have probed the dynamics of specifically 
deuterated poly(isopropy1 acrylate) in chloroform. The 
polymer was enriched a t  the methine position and its 
dynamics were probed by using 2H NMR relaxation times 
(i.e., T I  and T2) .  The purpose of the study was twofold. 
First, we wanted to observe dynamics of the polymer over 
a wide range of concentration and temperature. Second, 
we compared our results with those predicted from current 
motional models. We were interested in finding the limits 
of applicability of the models previously applied to rather 
limited data sets. Those chosen for comparison were the 
log x2 model proposed by S ~ h a e f e r , ~  the diamond lattice 
model proposed by Monnerie et al. (VJGM),4 the Ben- 
dler-Yaris model (BY),5 and the Skolnick-Yaris (SY) 
model.- The experimental results represent a very broad 
range of NMR concentration and temperature data which 
can be used to examine polymer dynamics from a variety 
of viewpoints. 

Experimental Section 
Acrylonitrile-d was prepared in a manner similar to that found 

in the literature.'OJ1 Acrylonitrile (la) (20 mL), DzO (20 mL), 
hydroquinone (0.2 g), and calcium oxide (0.8 g) were refluxed for 
6.5 h. Under these conditions the methine proton is exchangeable. 
The acrylonitrile-d (lb) layer was separated, dried with anhydrous 
sodium sulfate, and distilled. Isopropyl alcohol (13.0 g) and DzO 
(3.6 g) were added to a solution of acrylonitrile-d (10.6 g), sulfuric 
acid (40 g), hydroquinone (0.4 g), and DzO (5.0 g) at 145 "C. The 
resulting isopropyl acrylate-d (IC) was then washed with water 
and sodium bicarbonate several times, dried with anhydrous 
sodium sulfate, and distilled from PZOb The monomer was 
estimated to contain a 9O:lO mole ratio of D/H in the methine 
position by comparison of the relative 13C NMR signal intensities 
of the methine and methyl carbons in the protonated and deu- 
terated polymers. 

The isopropyl acrylate-d (IC) (10 g) was polymerized under a 
nitrogen atmosphere in toluene (20 g) using an azobis(iso- 
butyronitrile) (AIBN) initiator. The polymerization was run at 
65 "C for 6 h. The polymer was precipitated with methanol and 
dried in a vacuum oven. The reaction scheme is as follows: 

CH2=CR'R2 + -[CH#2D(CO&H(CHJ2)],,- 
1 2 

la, R' = H; R2 = CN 
b, R = D; R2 = CN 
e ,  R' = D; R2 = COZCH(CH,), 

The viscosity-average molecular weight was measured in benzene 
to be 98000 (DP = 1000) using Mark-Houwink constants from 
the literature.12 The intrinsic viscosity of the polymer was also 
measured in CHC13 from 10 to 50 O C  using an Ubbelohde vis- 
cometer in a thermostated bath. To check the molecular weight 
dependence of the relaxation times, a second sample was prepared 
with a molecular weight of 50000. From the carbon-13 spectrum 
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of PIPA-d it was found that the polymer was predominantly 
atactic. On the basis of the tetrad analysis of the backbone 
methylene, the fractions of the racemic and meso diads were 
calculated to be 0.55 and 0.45, respectively. The assignments were 
based on previous studies on PIPA.13 

Solutions for NMR studies were prepared by adding chloroform 
directly to weighed polymer in a 5-mm NMR tube. The highest 
molecular weight polymer (98000) was used for all samples. The 
tubes were sealed and no attempt was made to remove dissolved 
oxygen because of the shortness of the relaxation times. Deu- 
terium NMR spectra were taken on a JEOL FX-9OQ instrument 
operating at 13.8 MHz for deuterons. The 2'' values were mea- 
sured by inversion-recovery (180°-t-900) and the T2's by the 
CPMG method.'* In all cases the decay curves could be char- 
acterized by a single-exponential relaxation time. A pulse delay 
of at least 57'' was used to allow for the deuterons to achieve 
equilibrium magnetization after each data acquisition. The re- 
laxation times were calculated from the signal heights using a 
weighted log linear least-squares fit. The experimental errors in 
the relaxation time measurements are estimated to be about 10%. 
The experimentally determined relaxation times were independent 
of sample rotation rate. The temperature was maintained with 
the JEOL temperature controller which passed heated or cooled 
gas into the thermostated sample area. The uncertainty in the 
temperatures is f l  "C. 

Theoretical Background 
The nuclear magnetic relaxational behavior of a deu- 

terium nucleus directly bonded to a carbon atom is dom- 
inated by the electric quadrupole interaction. Since the 
principal electric field gradient can be taken as being along 
the C-D bond vector and nearly axially symmetric (7 = 
0, asymmetry parameter), the TI  and T2 values are given 
by2,15 

1 3a2 
- = - (e2qQ/h)*[J(wo)  + 4J(2wo)] 
T1 20 (1) 

and 
1 3a2 
- = - ( e2qQ/h)2 [3J(0 )  + 5J(w0) + 2J(2w0)]  (2) T2 40 

where e2qQ/h  is the quadrupole coupling constant, J(w) 
is the spectral density at frequency w, and wo is the Larmor 
frequency. 

The problem confronting the polymer dynamicist is the 
evaluation of the spectral density, which is the Fourier 
transform of the autocorrelation function G(t )  or 

J(w) = ~ ~ G ( t ) e i U t  dt  (3) 

In this case the autocorrelation function represents the 
correlation of the C-D bond vector axis a t  times 0 and t.15 
It is clear that while simple exponentially decaying auto- 
correlation functions describe the reorientation of small 
molecules, they are inadequate in the description of the 
motional behavior of polymer molecules in solution.2 It 
is therefore appropriate to examine the more successful 
models of polymer dynamics which may describe the re- 
orientation of polymers in solution. 

The most versatile and popular empirical distribution 
of correlation times is the log x2 distribution proposed by 
S ~ h a e f e r . ~  This model uses a skewed logarithmic distri- 
bution of correlation times which yields 
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Here, r represents the gamma function and b, P (width 
parameters), and T~ (mean correlation time) are chosen to 
fit the data. I t  is generally agreed that b and P are not 
totally independent2 and the model is essentially a pseu- 
do-two-parameter model. 

A more molecular approach was taken by the Monnerie 
et al. (VJGM) model.4 The model is based on three- and 
four-bond jumps on a diamond lattice. The result in terms 
of the spectral density is 

[ J ( w )  = 

(1 + u ~ T ~ ~ ) ~ . ~  + 1 ($)[ 1 + w2T02 

where To and Td are fitted and related to the three- and 
four-bond jump rate w3 and w4 by 

To = KD2(3.16w3 - 9.61~4) ( 5 4  
Td = 4.74W4 (5b) 

KD takes the value of In 9 if both the trans (anti) and 
gauche conformations are equally probable. 

The remaining two models to be explored are those of 
Bendler and Yaris5 and Skolnick and Yark6 The Ben- 
dler-Yaris (BY) model is a continuum version of the dis- 
crete model proposed by Jones and Stockmayer.lG In this 
limit, the solution of the one-dimensional diffusion equa- 
tion is a series of plane waves which yield 

where wA and wg (fitted) are the low- and high-frequency 
cutoff given by 

WA = ( 2 / 5 ) k ~ ~ ~ o  ( 6 4  

OB = ( 2 / 5 ) k ~ ~ V o  (6b) 
where uo is the three-bond jump rate and k A  and kB are 
the short- and long-wavelength cutoff wave vectors. 

Finally, the recent model of Skolnick and Yarisg8 (SY) 
extended the BY approach by including complex or real 
damping terms which effectively replace the low-frequency 
cutoff. Since we confine ourselves to two-parametrer fits, 
we will only consider the case of “real” damping. For this 
case, the SY model predicts 
J(w) = 
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Figure 1. Typical deuterium inversion-recovery sequence for 
PIPA-d. Note the two resonances which can be seen near the 
null point (see text). 

are related to the bond jump rate and damping constant, 
respectively. More specifically 

6 = Dw: (7f) 

where D is the jump probability, w, is the short-wavelength 
cutoff, and k,, is the maximum value of the wave vector 
corresponding to the short-wavelength cutoff. The 
short-wavelength cutoff was introduced to account for the 
fact that there is a smallest displaceable unit in the 
polymer backbone. 

One might expect that the first three models proposed 
might adequately describe the reorientation of an isolated 
polymer chain. As the concentration is increased the limits 
of applicability of these models are not known. In contrast, 
the formulation of the SY model is such that we might 
expect the damping constant to be determined by the 
chain-chain interactions. Thus, it may be applicable to 
the results from concentrated solutions. In the following 
sections, we test the limits and/or validity of all four 
models using our deuterium NMR data. 

Results 
Shown in Figure 1 are the results of a typical inver- 

sion-recovery sequence for the deuterium nucleus on a 70.5 
wt 5% PIPA-d-chloroform solution. The specifically la- 
beled deuterium NMR technique has greater sensitivity 
than the natural-abundance carbon-13 methods. Only 50 
transients were taken per delay value. As can be seen from 
the figure, the decay has the form of a single exponential, 
but a second superimposed resonance can be observed near 
the null point of the main resonance. Since both peaks 
have similar Tl values, we conclude that both are from the 
same position on the polymer. A small difference in T1 
could be due to the differences in the mobilities of different 
triad species which would not be chemically shifted much 
in the deuterium spectra but could have slightly different 
relaxation times. I t  has been observed that there is a 
difference in the relaxation times for polymers of different 
tacticities as shown in studies on isotactic and syndiotactic 
PMMA in solution.” However, it appears that for atactic 
polymers, the relaxation times are roughly independent 
of the microstructure of the chains for several vinyl poly- 
mers.18J9 

Shown in Figure 2A are the results of the T1 measure- 
ments as a function of concentration and temperature. 
The results have also been tabulated in Table I. I t  can 
be seen that the plots for the low concentrations are similar 
to each other and show curvature at the low temperatures. 
At higher concentrations, TI minima are observed for 
concentrations greater than 70 wt  % polymer. As the 
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Figure 2. Deuterium relaxation time values as a function of concentration and temperature for (A) T1 and (B) T2. The lines are drawn 
to aid the eye only. 

Table I 
TI Values (ms) for the Different Concentrations of PIPA-d in CHC13 at Various Temperatures 

wt  % PIPA 
T, "C 12.3 21.5 29.5 38.2 50.5 60.4 70.5 79.3 89.0 
-34 28.3 26.7 24.8 
-24 
-20 
-16 
-10 
-7 
0 
3 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

33.3 

39.0 

43.3 

44.0 
57.5 
65.9 
71.6 
82.4 
95.4 

106 
130 

29.6 

34.0 

39.2 

40.8 
49.9 
56.7 
65.0 
77.5 
85.3 
92.6 

112 
132 

27.4 

32.0 

35.7 

37.3 
45.6 
51.6 
58.0 
70.1 
75.5 
96.4 

110 
123 

27.6 

28.3 

31.6 

41.0 
39.8 
50.2 

67.4 
75.8 
86.2 

103 

concentration is increased the minima shift to higher 
temperatures and higher T1 values. The highest concen- 
tration reported is 89 wt % polymer. 

In Figure 2B, and also in Table 11, are shown the T z  
results as a function of temperature and concentration. 
The T2 measurements made using the CPMG method were 
the same as those estimated from the line widths, for line 
widths greater than ca. 100 Hz. It was found that the line 
shapes were independent of the rate of sample rotation. 
As expected, the T2's are a monotonic function of 1/T. 
The decrease in T2 with decreasing temperature becomes 
more pronounced for the more concentrated solutions. 
This is especially obvious for the T2 values near temper- 
atures corresponding to the T I  minima seen in Figure 2A. 
Both T1 and T2 values were found to be independent of 
molecular weight for 50 wt % solutions for the 98000 and 
50 000 molecular weight samples. This is consistent with 
the earlier studies of PMMA.17 

29.8 

28.9 

28.4 25.3 

32.2 26.7 
36.4 31.7 
38.9 38.1 
49.5 39.8 
56.0 45.3 
63.9 50.5 
71.7 57.5 
77.5 63.7 

29.5 
32.6 
35.9 
39.9 
42.0 
45.6 
48.9 
54.6 

33.0 
32.7 
33.8 
36.7 40.3 
38.0 38.5 
45.4 38.4 
48.0 38.6 
49.3 43.6 
54.8 51.0 

The data presented in Figure 2 represent a wide tem- 
perature-concentration range as well as a wide range of 
molecular mobility. In addition, the Tz values provide a 
much more reliable, precise, second data set than the nu- 
clear Overhauser enhancement (NOE) values which are 
usually used in 13C studies of polymer dynamics. We will 
examine these data using the four different models sum- 
marized in the previous section. At this point we note that 
all four models examined can span our data set. However, 
we do not believe that the implications of these results are 
physically realistic. In the concentrated region where the 
models seem to fail we will use free volume concepts to 
model the T2 data. 

The results reported below for the various parameters 
were calculated from the T, and Tz data assuming a 
quadrupole coupling constant for the backbone C-D of 165 
kHz.20*21 This value is typical of aliphatic carbon-deuteron 
bonds. The error introduced by the uncertainty in this 
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Table I1 
T, Values (ms) for the Different Concentrations of PIPA-I in CHCla at Various Temperatures 

T, "C 12.3 21.5 29.5 38.2 50.5 60.4 70.5 79.3 89.0 
wt % PIPA 

-34 9.23 6.01 3.92 
-24 
-20 
-16 
-10 
-7 
0 
3 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

21.6 11.9 

26.0 16.1 

33.6 20.0 

25.0 
43.7 29.7 
54.9 32.3 
65.6 42.4 
69.8 45.7 
83.4 51.1 
88.6 56.2 

112 64.9 
75.5 

8.47 5.81 

10.9 8.80 

14.9 11.7 

18.2 15.9 
22.8 18.1 
27.5 23.4 
33.0 26.5 
35.0 
36.0 27.2 
44.7 37.9 
50.0 45.1 
63.0 52.4 

Table 111 
Calculated Apparent Energies of Activation (kcal/mol) for 

Backbone Reorientation of PIPA-I from the Various 
Models Tested (See Text) 

VJGM BY SY 
wt. % PIPA log X *  Td TO WR W A  6 B 

12.3 
21.5 
29.5 
38.2 
50.5 
60.4 
70.5 
79.3 
89.0 

2.4 4.3 2.4 6.6 
2.2 3.9 3.8 5.8 
3.2 4.1 3.9 6.2 
2.8 4.2 4.2 5.7 
2.7 5.7 12.3 5.2 12.2 6.0 10.8 

5.1 13.8 13.5 5.4 13.1 
17.4 15.7 18.5 
17.9 15.4 17.0 
24.0 22.8 29.0 

value is not significant in its effect on the calculated 
motional parameters. Results for the log x2 (Figure 3), 
VJGM (Figure 4), and BY (Figure 5) models are shown 
in terms of the appropriate parameters. In many cases the 
behavior of the parameters is exponential with 1/T. In 
such cases the calculated apparent energies of activation 
are shown in Table 111. 

The results of the data fitted with the log x2 model are 
shown in Figure 3. These data were fit using b = 400. In 
this range, variation of P and T~ could fit all of the data. 
As noted by Schaefel.3 the choice of b does not have a great 
effect on the calculated values of T~ which fit the data. 
Similar results are obtained for b = 100 and it appears that 
the qualitative features of Figure 3 are roughly inde- 
pendent of b. Values of P ranged from 7 to 14 and gen- 
erally increased with decreasing concentration or increasing 
temperature. This is consistent with the view that the 
motion is becoming more isotropic with decreasing con- 
centrations or increasing temperatures. As can be seen T~ 

is not always exponential in 1/ T. At higher concentrations 
there is a maximum with respect to 1 / T  which clearly 
mimics the TI behavior. Even in the most dilute solutions 
there is a slight nonexponential behavior. The apparent 
energies of activation calculated for T ~ ,  except for the most 
concentrated solutions, are given in Table I11 along with 
the values from the other models. I t  should be noted that 
the correlation times calculated for the most dilute solution 
are greater than some of the more concentrated ones. 

The results from the VJGM model" are shown in Figure 
4 for both parameters Td and T,. For the three-bond jump 
parameter Td (Figure 4B), an Arrhenius-type behavior is 
found for concentrations less than 70 wt %. Above this 
concentration the nonlinear behavior is pronounced, with 

0.83 

1.92 

3.49 

7.27 
11.3 
17.2 
20.7 
25.0 
34.5 
39.4 
54.0 

n 
v) u 

qs 

1.73 

2.48 1.12 
6.05 2.62 1.18 

10.9 4.25 2.06 
12.5 7.53 3.53 
18.0 10.4 5.77 
24.0 16.0 7.72 
30.5 22.2 12.1 
37.2 29.8 16.8 

22.3 
28.2 

0.212 
0.398 
0.663 
1.25 
4.50 
6.38 

11.5 
17.3 
25.2 

0 a1 
o m  
"2 

z9.5 

I 21.5 
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Figure 3. Calculated values of T~ from the log x2 model as a 
function of temperature and concentration. The lines are drawn 
to aid the eye. 

maxima in Td corresponding to the TI minima (Figure 2A). 
For dilute solution the energies of activation (Table 111) 
are roughly independent of concentration and equal to 4-5 
kcal/mol. In contrast, the behavior of To with temperature 
suggests an Arrhenius-type behavior only at  the highest 
concentrations and shows curvature for the lower con- 
centrations. Energies of activation calculated for the more 
concentrated solutions ranged from 24 to 12 kcal/mol and 
monotonically decreased with decreasing concentration. 
The correlation times for To are about 5 orders of mag- 
nitude lower than those for Td. There is also a striking 
qualitative difference between the To curves for concen- 
trations of less than 40 wt % and greater than 40 wt %. 

The results from the BY model are shown in Figure 5B 
(for wB) and Figure 5A (for wA). The low-frequency cutoff 
term WB is very similar to Td from the VJGM model. The 
energies of activation from the BY model are also similar 
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to those from the VJGM model (Table 111) for the fast- and 50 wt % are obvious. Values for wB are about 5 orders 
motional parameter. In addition, the concentrations which of magnitude faster than wA. 
show curved behavior with 1/T are fairly similar for all Finally, the results for the SY model are not explicitly 
three models. The results for the long-wavelength cut-off, shown because of their similarity to the BY results. The 
WA (Figure 5A), are also similar to To in the VJGM model. results from BY and SY are almost superimposable with 
Both energies of activation and demarcation between 40 6 = wB and p = wA. Slight differences do, however, result 
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in slightly different energies of activation which are given 
in Table 111. Similar results would also be found by using 
the Jones and Stockmayer model.16 The VJGM model is 
preferable in this case because the correlation lengths of 
the motions are long enough to make application of the 
Jones and Stockmayer model cumbersome. 

Discussion 
The data presented in the previous section represent an 

extensive set which can serve as a significant test for any 
motional model. In this study, all of the models previously 
mentioned can mimic the experimental data, but the re- 
sults suggest that none of the models are totally applicable 
over the wide range of conditions employed here. However, 
it  is still possible to use these models not only for com- 
parison but also to yield physical insight into the polymer 
reorientation in these systems. 

It is clear that the VJGM, BY, and SY models each have 
two parameters which can be associated with short-range 
and long-range (or alternatively fast and slow) motions. 
To an extent, r0 and P can be thought of in a similar way, 
although the formulation of the model is different. The 
values of the fast-motion parameters are dominated by TI 
and the slow-motion parameters by Tp The curves for Td, 
wB, and @ are controlled mainly by Tl as evidenced by 
marked curvature and extrema which correspond directly 
to the TI data. The log x2 distribution also has a similar 
relationship to TI as shown in the average correlation time 
curve. In the case of log x2, the width parameter is more 
sensitive to T2 than TI. However, it  should be noted that 
the log x2 model does not seem to fit in a realistic way even 
for the most dilute solution data. The failure of the log 
x2 model in the dilute solution suggests that this model 
is probably not a realistic one for polymer motion. The 
fact that this was not observed in previous studies was due 
to the very limited data sets  sed.^?^^ 

In dilute solution, the energies of activation are similar 
for the fast-motion parameters of all the models, with those 
for log x2 being slightly smaller than those from the other 
models. The smaller energies of activation probably result 
from the dominance of the fast correlation times in the log 
x2 distribution. Since the distribution rises very rapidly 
on the fast correlation time side, the fast Correlation times 
tend to dominate r,,. 

For the other models (Table 111) the energies of acti- 
vation of 4-7 kcal/mol are very much in accord with 
previous studies. Similar values have been found for other 
polymer solutions reviewed by Heatleya2 More recent re- 
sults for poly(1-butene) (0.2 g/cm3) in o-dichloro- 
benzene-deuteriobenzene (5.6 kcal/mol), polypropylene 
(4.1 kcal/mol),18 and poly(methy1 vinyl ketone) (15%) in 
dioxane (4.8 kcal/mo1)22 have similar E, values. This is 
also in the range of the activation energy found for the 
aliphatic reorientation in solid poly(buty1ene terephthalate) 
(5.8 kcal/mol).= PBT has the smallest unit (butyl) which 
can undergo a variety of proposed threebond motions even 
though there is some debate about the exact nature of 
these.” It is quite remarkable that so many systems have 
similar behavior with temperature changes in semidilute 
solution. This is especially interesting considering the 
different side chains which are encountered and the dif- 
ferent motional models used. In our case, the insensitivity 
of the energies of activation to concentration is under- 
standable if the fast, short-range bond motions do not 
require much free volume to occur and thus are not very 
sensitive to changes in concentration. 

In more concentrated solutions the results for the 
fast-motion parameter are not monotonic functions of 
temperature. When the TI value approaches a minimum 
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it is also mimicked in the fast-motion parameter. Similar 
behavior has also been noted using carbon-13 NMR in 
poly(buty1 methacrylate) solutions.26 We recognize that 
this is an obvious breakdown of all of the models used. 

The slow-motion parameters have much higher energies 
of activation in concentrated solutions and are concen- 
tration dependent. As expected, the E,  decreases with 
decreasing concentration. This trend is most obvious for 
the VJGM and BY models. The higher energies of acti- 
vation and slower motions are indicative of motions in- 
volving several subunits. At  lower concentrations the 
slow-motional parameters have a more complicated tem- 
perature dependence. First noted2 for the VJGM model, 
this problem is most likely due to the many different 
motions possible in dilute solutions which can contribute, 
each in their own way, to the temperature dependence. 

I t  is surprising that the BY and SY models are almost 
identical in results despite their different formulation. 
This is disappointing considering that the SY model in- 
cluded a damping term which one might have thought 
would be very important in concentrated solution. The 
fact that similar results from both models are found is 
consistent with the current study and also the previous 
work of SY.7 However, in contrast to their studies, we do 
not find any significant differences between the use of the 
VJGM, BY, or SY model. We feel that all three models 
yield the same information. It is interesting to compare 
our results with those of Heatley and Cox26 as interpreted 
by Skolnick and Y a r i ~ . ~  Their data consisted of proton 
T1 and NOE data. The curvature effects seen in the 
slow-motion parameter a t  low concentrations are evident 
even in their very limited data set. Consequently, it is not 
meaningful to interpret those data in terms of energies of 
activation. We therefore believe that their objections to 
the VJGM model, mostly based on energies of activation, 
are invalid. On the basis of this fact, neither our data nor 
theirs can make any definitive claims for a “best model”. 

In semidilute solution, the motion, as perceived from any 
of the models, is fast enough for both Tl and T2 to be 
dominated by fast motions. However, in concentrated 
solutions T2 is dominated by much slower motions than 
those that determine TI because of the zero-frequency term 
in eq 2. This results in large differences in T1 and T2 for 
concentrated solutions. In previous proton NMR studies, 
proton dipolar coupling was suggested to be the dominant 
reason for the inequality of the relaxation times.27 Unlike 
the proton case, the deuteron line widths and relaxation 
times in this study are not affected by low-speed sample 
rotation. This suggests that neither residual dipolar nor 
quadrupolar coupling is important when compared to the 
normal T2 quadrupolar relaxation process. Therefore, we 
submit that the difference in Tl and T2 in this case is due 
to the nature of the motion itself (Le., the reorientation 
of the C-D bond vector and not residual coupling as 
claimed for the proton ~ a s e ~ ~ , ~ * ) .  

Since T2 becomes dominated by slower motions as the 
concentration is increased, it may serve as a means for 
estimating the rough division between semidilute and 
concentrated solutions. Shown in Figure 6 are the plots 
of the Tz data between 10 and 50 “C as a function of the 
mole ratio of solvent to monomer units. As can be seen, 
the data for any temperature consist of two linear regions 
described previously as the concentrated and transition 
regions.28 

The intersection of the two lines for each temperature 
in Figure 6 can be used to estimate a critical mole ratio, 
yo and hence critical concentration, C,. As expected, the 
critical concentration increases with increasing tempera- 
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Figure 6. Deuterium spin-spin relaxation times (T,) vs. y, the 
mole ratio of solvent to  monomer units, as a function of tem- 
perature: (V) 50, (A) 40, (0) 30, (@) 20, and (m) 10 OC. 

Table IV 
Comparison of the Critical Concentration (from Semidilute 

to Concentrated Regimes) and Intrinsic Viscosity of 
PIPA-d-CHC13 as a Function of Temperature 

T, "C [?I, mL/g Y C  CC [?IC, 
10 57 1.68 0.473 26.9 
20 55 1.56 0.493 27.1 
30 54 1.53 0.498 26.8 
40 49 1.23 0.557 27.2 
50 48 0.80 0.675 32.3 

ture. The product of C,  and the intrinsic viscosity [17] is 
listed in Table IV as a function of temperature. The 
product of these two is constant over the range studied (the 
50 "C data show poor linear correlation in the semidilute 
region and may be discounted here). This suggests that 
for the PIPA-CHC1, system the transition to a strongly 
entangled regime is a t  about 30 times the concentration 
where CJv] = 1. 

Previously, proton NMR studies have yielded results on 
the transition between dilute and semidilute solutions of 
polyisobutylene in carbon d i s~ l f ide .~ ' t~~  These results 
suggest that Cc[q] = 10 or 6 (depending on the molecular 
weight of the polymer). With this in mind, a value of 27 
seems reasonable. Previous studies have not been easily 
able to probe this semidilute to concentrated solution 
transition. Proton NMR resonances often overlap in the 
concentrated region and so quantitative information is 
difficult to obtain. 

The large differences between Tl's and T2's in concen- 
trated solutions are due to the different motions which 
dominate each. Hence a single theory does not appear to 
describe both simultaneously. Since T2's are dominated 
by slow motions which involve many monomer units in the 
concentrated region, a free volume a p p r o a ~ h ~ + ~ ~  may be 
applicable. In this case the superposition of both tem- 
perature and composition may be characterized by a shift 
factor 

a(T,ui) = (T2,0/7'2) (8) 

-1" 

0.4 

0 4 a 12 16 

Y A Y 1  

Figure 7. Shift factor for the T2 data va. A& as a function of 
temperature, using the data for 89 wt % PIPA sample as a ref- 
erence. 

where u1 is the volume fraction of solvent and the zero 
subscript refers to an arbitary reference state. We note 
that the reference state is written in the numerator because 
the relaxation times vary inversely with the local friction 
coefficient upon which a(T,ul) is usually based.B Normally 
the shift factor dependence on the fractional free volume 
is given by 

(9) 

where B is a constant close to unity and f and f o  are the 
fractional free volumes of the solutions a t  T and ul, and 
To and ul,o (reference), respectively. 

The T2 data presented can be examined by using this 
approach by varying either the concentration or temper- 
ature. At  a fixed temperature, the free volume may be 
given by 

(10) 

where p' can be related to the fractional free volumes of 
the pure components.29 For the simple case where f is the 
volume fraction average of the free volumes of pure com- 
ponents, p' = f: - fZo, where the superscripts refer to the 
pure components. Substitution of eq 10 into eq 9 yields 

(11) 

The shift factors for the T2 data are shown as a function 
of u1 in Figure 7 for samples of 30 wt % or greater. Here 
the 89 w t  % sample is used as a reference. The data show 
the linear dependence as expected from the theory and 
suggest the correctness of its application. The value of the 
intercept is seen to increase with increasing temperature 
and yields values shown in Table V. These values seem 
reasonable when compared to those of other systems for 
data obtained both from NMR3' and from other tech- 
n i q u e ~ . ~ ~  The slopes of the lines in Figure 7 are constant 
below 60 "C but increase by about a factor of 2 at 60 "C 
and are constant above 60 "C. This effect is seen in the 
calculated values of FIB shown in Table V. At 60 "C there 
is a discontinuous jump in F I B  vs. temperature. This 

In a(T,ul) = B [ ( l / f )  - U/f0)1 

f = f o  + p'bl - u1,o) 

a = fo /B  + fo2/BP'(ul - ul,o) 
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Table V 
Free Volume Parameters for Composition Superposition 

Using 89 wt % as Reference (Figure 7) 
T, "C PIB  P'l B 

20 0.15 0.657 
30 0.16 0.735 
40 0.20 1.340 
50 0.25 1.900 
60 0.29 1.190 
70 0.38 2.340 
80 0.47 2.500 

Table VI 
Free Volume Parameters for Temperature Superposition 

Using the 20 "C Data as Reference (Figure 8) 
wt % PIPA f n l  B Blar 

89.0 0.091 1150 
79.3 0.111 1250 
70.5 0.149 731 
60.4 0.118 1770 
50.5 0.166 1110 

temperature is very close to the normal boiling point of 
pure chloroform and so it may be tempting to suggest that 
the T2 measurements are sensitive to this phenomenon. 
However, because calculation of p' involves multiplication 
of the intercept squared there may be considerable error 
in the calculated p' values. 

The variation of free volume with temperture is often 
given by 

(12) 
where af is the free volume thermal expansion coefficient. 
It is a composite of the expansion coefficients of the pure 
materials. Substitution of eq 12 into eq 8 yields 

-l/ln a = fo /B  + fo2/Baf(T - To) (13) 

The plot corresponding to our T2 data and eq 13 is shown 
in Figure 8. In this case, we have examined the data as 
a function of composition using the 20 "C values as ref- 
erences. Again the data show linear behavior and the 
values of f o / B  and a f / B  are shown in Table VI. The 
intercepts are again reasonable and generally increase with 
increasing concentration. The af parameters from the 
slope are shown to be more or less constant over the range 
studied. The 60 wt  % data show a af value which is low, 
but this is most probably due to the very low value of the 
intercept for that sample. 

The above discussion suggests that a free volume ap- 
proach can describe the data. However, because the de- 
pendence of free volume on composition and temperature 
for this system is not known, independent comparisons 
have not been made. Work is presently being done in this 
laboratory using other techniques so that more than a 
semiquantitative approach can be taken for this system. 

Conclusions 
We have shown that the a combination of deuterium 

NMR Tl and T2 data is an effective probe of polymer 
segmental motion in the dilute and semidilute regions. In 
concentrated solutions, the T2 data can give information 
on the longer time scale motion, which can be interpreted 
by using a free volume approach. The advantages of se- 
lective labeling with deuterium provide a means by which 
one can probe dynamics in both dilute and concentrated 
polymer solutions with excellent sensitivity and resolution. 
These techniques applied to poly(isopropy1 acrylate-d) 
represent a very extensive probe of backbone motion. 

In this study it was found that the log x2, VJGM, BY, 
and SY models could all mimic the data but it is clear that 

f = f o  + 4 T  - To) 
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Figure 8. Shift factor for the T, data vs. 1/ (T - To) as a function 
of concentration. To is the reference temperature and equals 20 
"C. 

none of the models could be used successfully over the 
entire temperatureconcentration range. It was found that 
all of the models essentially contain two parameters which 
were dominated by fast and slow motions. Thus, the fast- 
and slow-motional parameters were very closely coupled 
to the behavior of T I  and T2, respectively. Of the models 
tested, three yielded approximately the same view of the 
backbone dynamics (VJGM, BY, and SY) and therefore 
all are believed to be equally valid though none are suc- 
cessful over the entire concentration range. The log x 2  
model, however, probably underestimates the energies of 
activation and does not have physically realistic behavior 
for data from very dilute or concentrated solutions. 

The results for poly(isopropy1 acrylate-d) indicate that 
the fast motion involving a few bonds has an activation 
energy of about 5-7 kcal/mol for semidilute solutions. 
This activation energy is roughly independent of concen- 
tration and in agreement with results from other systems. 
The slow-motion parameter has a concentration-dependent 
energy of activation which is much higher than that for 
the fast motion. This is in agreement with the claim that 
it represents longer range segmental motions. The failure 
of the SY model was apparent even though its formulation 
made it very attractive for use in concentrated solution 
studies. The T2 values were also shown to be useful to 
distinguish between semidilute and concentrated solutions. 
The division between these occurs a t  a concentration C,, 
which as a function of temperature obeys 30 = [TIC,. Thus 
the T2 values are very sensitive to chain overlap. 

Finally, in concentrated solutions it was found that a 
free volume approach could be used to describe the T2 
behavior as a function of both temperature and compo- 
sition. Plots of the shift factor a(T,ul) were linear with 
either (T  - To)-1 or (u, - U ~ , ~ ) - I ,  suggesting the correctness 
of this approach. The intercepts from both types of plots 
are consistent with fractional free volume that increases 
with increases in solvent concentration or temperature. 
They are also consistent with results from other systems 
which have similar dependences on free volume. The 
behavior of the parameters af and p' are more complicated 
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because the exact dependence  of the free volume as a 
func t ion  of temperature and composition is not known. 
However, there does seem to be a change  in slope, and 
hence p’, in the range of the boiling point of chloroform. 
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ABSTRACT Rheological properties are much related to the molecular dynamics in concentrated polymer 
systems. The reptational chain model of Doi and Edwards has successfully explained many characteristic 
features of viscoelasticity of flexible linear polymers. The Doi-Edwards theory predicts that  the zero-shear 
viscosity scales with molecular weight, M, as qo = M3 while the well-known experimental result is qo 0: f@*. 
This discrepancy is a fundamental pending problem associated with the molecular theory. We have theoretically 
identified four modes of polymer dynamics: the Rouse motion between two entanglement points, the chain 
slippage through entanglement links, the chain contour length fluctuation, and the chain reptational motion 
corrected for the chain length fluctuation effect. Including all these four dynamic modes, a general functional 
form for the stress relaxation modulus after a step shear deformation in the linear region has been derived. 
Extensive and consistent agreements between theory and experiment have been obtained. The theory allows 
the analysis of the entire linear viscoelastic spectrum and explains (a) the 3.4 power law of viscosity as a function 
of molecular weight, (b) the molecular weight dependence of steady-state compliance, (c) the transition point 
of viscosity, M,, and (d) the transition point of the steady-state compliance A4:. We have used the theory 
“literally” in analyzing experimental data. The consistency observed in the agreements of theory and experiment 
may allow for exact definition of several fundamental physical quantities in polymer dynamics and viscoelasticity. 

I. Introduction 
Linear  viscoelasticity of polymers is a very impor t an t  

aspec t  of rheological s tudy .  On one hand i t  is  closely 
related to the molecular structure (molecular weight (MW), 
molecular weight d i s t r ibu t ion  (MWD),  and long branch- 
es),’ and on the other hand it determines the relaxation 
of polymer stress or orientation in p r o c e s ~ i n g . ~ - ~  Thus, i t  
plays an essential role i n  l inking polymer s t ruc tu re  and 

processing. Despi te  its importance,  a completely good 
understanding of i ts  relation wi th  molecular structure has 
been lacking even for the s imples t  cases such as flexible 
l inear polymers of very narrow MWD. 

In 1971, de Gennes4 described the diffusion of a linear 
polymer molecule i n  a network sys tem as rep ta t ion  i n  a 
“tube”. In 1978, Doe and E d ~ a r d s ~ - ~  recognized t h e  im- 
portant relation of the rep ta t iona l  mot ion  and the me- 
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