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ABSTRACT: Variable temperature 2H NMR TI measurements have been performed on perdeuterated 
atactic 1,2-polybutadiene (1,2-PB) at  two Larmor frequencies in five solvents: toluene, dodecane, 
hexadecane, cis-decalin, and squalene. A model independent correlation time for C-D vector reorientation, 
(a), is determined from the 2’1 data. The hydrodynamic Kramers’ equation in the high friction limit cannot 
describe the viscosity and temperature dependence of (a). In contrast, (a) has an  apparent power law 
viscosity dependence with an  exponent of 0.43. Accounting for this viscosity dependence, the average 
potential energy barrier between conformational states is determined to be 14 kJImol. 2’1 data have also 
been fitted to various relaxation time distributions. Unimodal distributions cannot fit the data while 
bimodal distributions are successful. This indicates that the orientational relaxation of C-D vectors 
occurs on two well separated time scales. These two features of the relaxation time distribution are 
presumably caused by librations and conformational transitions. The modification of solvent dynamics 
caused by the addition of 1,2-PB is also discussed. 

I. Introduction 
The local segmental dynamics of synthetic polymers 

play an important role in determining the mechanical 
properties of these materials. In bulk polymers, dy- 
namics on the scale of a few repeat units control the 
glass transition temperature, Tg. Dilute solution studies 
of local polymer dynamics allow the mechanism of 
conformational transitions to be studied without com- 
plications from chain-chain interactions. In addition, 
the potential energy barrier between different confor- 
mational states can be evaluated from careful experi- 
ments. This barrier height is expected to have a 
significant influence on Tg. Thus the study of local 
polymer dynamics in dilute solution may play an 
important role in understanding structure/property 
relationships for synthetic polymers. 

We report here 2H NMR measurements of the local 
dynamics of perdeuterated atactic 1,2-polybutadiene 
(1,2-PB, also known as poly(vinylethy1ene)). Variable 
temperature measurements within the range 220-420 
K were performed in five solvents at  two Larmor 
frequencies. These results allow us to  characterize 
three different aspects of local dynamics in 1,2-PB 
solutions, as described in the following paragraphs. In 
the course of this description, the motivation for per- 
forming these experiments on 1,2-PB will become clear. 

We first address how the solvent influences 1,2-PB 
local dynamics in dilute solution. Kramers’ equation1,2 
is usually assumed to  be an accurate description of 
polymer-solvent coupling. In the high-friction limit 
and when specific solvent-polymer interactions are 
unimportant, the hydrodynamic Kramers’ equation 
predicts that local polymer dynamics should scale 
linearly with the solvent viscosity q. The applicability 
of Kramers’ equation to this problem has been called 
into question by recent 13C NMR studies. For polyiso- 
prene in dilute solution, the time integral of a C-H 
vector orientation autocorrelation function was found 
to vary as q0,41, while an q0.33 dependence was observed 
for ~is-polybutadiene.~,~ The explanation presented for 
these deviations from Kramers’ behavior indicates that 

@ Abstract published in Advance ACS Abstracts, October 15, 
1995. 

0024-9297/95/2228-7549$09.00/0 

the size of the side group should be one important 
variable in determining the viscosity dependence of local 
dynamics. Thus we desired to study the local dynamics 
of 1,2-PB because of its somewhat larger side group. We 
observe an q0.43 dependence for C-D vector reorienta- 
tion in 1,2-PB whether the viscosity is varied by 
changing temperature or solvent. 

We also address the mechanism of local polymer 
dynamics in dilute solutions of 1,2-PB. Dejean de la 
Batie et al.5 reported that the orientational relaxation 
of C-H vectors in poly(viny1 methyl ether) occurs on 
two well-separated time scales. Later similar results 
were obtained for polyi~oprene,~#~ 1,4-~olybutadiene,~ 
poly(propy1ene oxide),8 and poly(1-naphthylalkyl acry- 
l a t e ) ~ . ~  Our results indicate that the same conclusion 
applies to C-D vector reorientation in 1,2-PB. The 
faster time scale motions are believed to be librational 
motions which occur near the minima of the torsional 
potentials. The extent of these librational motions is 
compared for various polymers. 

The third aspect of 1,2-PB local dynamics discussed 
in this paper concerns the modification of solvent 
dynamics caused by the addition of a small amount of 
1,2-PB. Recent work has shown that the addition of 
polymer can either speed up or slow down solvent 
dynamics.lo-l5 Modified solvent dynamics can then 
influence the dynamics of the polymer on all length 
scales, altering the intrinsic viscosity of the polymer and 
the viscoelastic properties of the polymer solution.1° An 
equation relating the extent of the modification of 
solvent dynamics to the ratio of time scales for polymer 
and solvent motions has been proposed by Gisser and 
Ediger.ll With the 2H TI data reported here and 
previously published results by Amelar et al.13 this 
equation can be tested for 1,2-PB. While the equation 
does not provide a quantitative description of the 
experimental results, it qualitatively predicts the trend 
observed in the 1,2-PB experiments relative to those 
observed for solutions of polyisoprene, polystyrene, and 
1,6polybutadiene. 

11. Experimental Section 
Materials. Perdeuterated atactic 1,2-polybutadiene U,2- 

PB) was a gift from Prof. Julia Kornfield. This polymer has 
M,= 69 000 with MJM,, = 1.36; it contains 93% 1,2411~1 units 
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Table 1. Viscosity of Squalene 
temp (K) viscosity (cP) temD (K) viscositv (cP) 

367.0 3.0 405.9 1.8 
377.4 2.6 416.7 1.6 
392.4 2.1 

and 7% 1,4 units. Detailed information about the synthesis 
and properties of this polymer may be found elsewhere.16 It 
has been previously established that when the molecular 
weight of flexible polymers exceeds roughly 10 000, local 
polymer dynamics are independent of molecular ~ e i g h t . ' ~ J ~  
Thus we expect that the results reported here are typical of 
high molecular weight 1,2-PB chains. 

Five solvents were used in this study: toluene, n-dodecane, 
n-hexadecane, cis-decalin, and squalene. They were all pur- 
chased from Aldrich and used as received (purity ? 98%). 
Except as noted below, the viscosities of the solvents are 
reported in the l i t e r a t ~ r e . ' ~ - ~ ~  The viscosity of squalene at 
high temperature was measured using a Cannon-Fenske 
capillary flow viscometer. These results are shown in Table 
1. 

We attempted NMR measurements over as wide a range of 
temperature and solvent viscosity as possible. Except for the 
case of cis-decalin, the high-temperature limit for each solvent 
was set either by the solvent boiling point or the NMR probe 
(limited to 425 K). 1,2-PB/cis-decalin solutions phase sepa- 
rated above 395 K, so data from this solvent were only collected 
below this temperature. At 373 K, the five solvents cover a 
viscosity range of more than 1 decade. Use of more viscous 
solvents would not allow extreme narrowing conditions to  be 
achieved over a significant temperature range. 

The polymer concentration in all solutions was 1.8 Ifi 0.3% 
(w/w). Oxygen was eliminated from the solutions by several 
freeze-pump-thaw cycles. Samples were then sealed under 
vacuum. Previous work has indicated that the spin-lattice 
relaxation time is independent of polymer concentration when 
the concentration is less than 15%.171 24 Thus the T1 
measurements reported here reflect dynamics for the low 
concentration limit. 

A few 13C NMR 2'1 measurements were performed on normal 
1,2-PB in toluene-&. This polymer was a gift from Prof. Frank 
Bates. It has an average molecular weight of about 70 000 
and 98% 1,2-vinyl units. For these 13C NMR experiments, the 
1,2-PB concentration was 10%. 

NMR Measurements. Deuterium T I S  were measured on 
Bruker AM-500 and AC-100 spectrometers a t  76.86 and 15.37 
MHz 2H Larmor frequencies, respectively. A standard inver- 
sion-recovery-FID pulse sequence was employed. The tem- 
perature was stable within 2 K. 2'1 results are generally 
accurate within 5%. 

Figure 1 shows 2H spectra of perdeuterated 1,2-PB in 
toluene at 15.37 and 76.86 MHz. Spectra in other solvents 
are similar. At 76.86 MHz, four distinct peaks are seen; these 
have been previously assigned.25 Only two peaks are resolved 
at  15.37 MHz, corresponding to  deuterons on the chain 
backbone and side group. In order to compare T1 results at 
different Larmor frequencies, we calculated 2'1s for the chain 
backbone deuterons at  76.86 MHz by a weighted average of 
the T I S  of the two individual backbone peaks. In order to check 
the weight average method, sometimes 60-100 Hz line 
broadening was used to collapse the backbone peaks; T1s were 
then calculated using the collapsed peak. The results from 
these two methods were found to  agree within a few percent. 
Side-group TIS at 76.86 MHz were also weight averaged when 
making a comparison with the 15.37 MHz data. 

Data  Analysis. Deuterium nuclear magnetic moments are 
relaxed by electric quadrupole coupling. T1 is related t o  the 
reorientation of C-D vectors byZ6az7 

where w d 2 n  is the Larmor frequency. The 2H quadrupole 
coupling constant e2qQ/h for the two types of backbone 
deuterons should be very similar; we use a value of 172 
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Figure 1. 2H spectra of perdeuterated 1,2-PB in toluene at  
76.86 MHz (top) and 15.37 MHz (bottom). The temperature is 
354 K. 

K H z . ~ ~ ~ ~ ~ , ~ ~  e2qQ/h for the side-group deuterons is chosen to 
be 190 MHz.283z9 The uncertainty in these numbers is expected 
to be less than 5% and 8%, respectively. The symmetry 
parameter E expresses the departure of the electric field 
gradient from cylindrical symmetry. For deuterium in C-D 
bonds, is known to  be close to  zero; we set 5' = 0 when using 
eq 1. 

The spectral density function J ( w )  is defined by 

Here G(t) is the second-order orientation autocorrelation 
function for a C-D bond: 

(3) 
1 G(t) = $3(ex(0)-ex(t))2 - 1 )  

In this equation, e&) is a unit vector in the direction of the 
C-D bond at  time t .  The brackets indicate an ensemble 
average. 

Molecular motion may be characterized by a model inde- 
pendent quantity, (a),30 which is the time integral of the 
correlation function G(t): 

(0) = LmG(t) d t  (4) 

2'1 is inversely proportional to  (a)  in the extreme narrowing 
regime: 

One criterion for the extreme narrowing region is that T1 is 
independent of the Larmor frequency. Another criterion often 
used is that TI = Tz. Because Tz is sensitive to very low 
frequency motions, for polymers T I  is generally not equal to 
Tz.18,31 When the first criterion is met but the second is not, 
we can use eq 5 to calculate (a) with the understanding that 
it represents the average relaxation time for all fast motions, 
i.e., the upper limit of integration in eq 4 is replaced by l / ( w ~ ) .  

It is important to note that (a) is not based on any 
assumption about the shape of the correlation function. (a) is 
an integral, not a time constant, for a particular type of 
molecular motion which might be assumed in a molecular 
model. The conclusions drawn in section I11 are independent 
of whatever model might be used to fit G(t) .  

We began this investigation using natural abundance 13C 

NMR measurements on nondeuterated atactic 1,2-PB. The 
mixed tacticity results in many small peaks in the 13C 
spectrum and, as a result, our 13C T1 measurements on 10% 
1,Z-PB in solution were quite unreliable. Nevertheless, (a) 
values obtained from this preliminary investigation agree with 
those obtained from 2H NMR measurements to within 30%. 
We will only discuss the *H T1 results in the rest of this paper. 
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Figure 2. 2H T1 vs temperature for perdeuterated 1,2-PB in 
hexadecane. Backbone deuterons are shown as open symbols 
while side-group deuterons are shown as filled symbols: side- 
group methine carbon at 76.86 MHz (A); side-group methylene 
carbon at 76.86 MHz (0); backbone methine carbon at 76.86 
MHz (A); backbone methylene carbon at 76.86 MHz (0); side- 
group deuterons at 15.37 MHz (W); backbone deuterons at 
15.37 MHz (0). Backbone C-D motions meet the extreme 
narrowing condition since TI data at two Larmor frequencies 
agree with each other. 

The superior signal-to-noise obtained in the 2H experiments 
results primarily from the greater concentration of active 
nuclei and the shorter relaxation times (which allow efficient 
signal averaging). A more subtle advantage of 2H measure- 
ments for this study is that the extreme narrowing condition 
can be met over a wider range of temperature. This is because 
the dominant term in eq 1 is &hD). In a similar equation 
for 13C T1, the dominant term is J(WC+WH).'~ At the same 
magnetic field strength, wc + OH is approximately 4 times 2WD. 
Thus, since we wanted to work in the extreme narrowing 
regime, 2H measurements allowed the study of molecular 
motions 4 times slower than would have been possible with 
13C. One disadvantage of 2H NMR is that NOE measurements 
are not applicable; these provide valuable information about 
molecular motions. 

111. Viscosity and Temperature Dependence of 
Correlation Times 

Figure 2 shows 2H TIS for deuterated 1,2-polybuta- 
diene (1,2-PB) in hexadecane as a function of temper- 
ature. TIS for side-group deuterons (filled symbols) are 
significantly longer than TIS  for backbone deuterons 
(open symbols). Accounting for the differences in quad- 
rupole coupling constants, side-group C-D vectors 
reorient about twice as fast as backbone C-D vectors, 
in qualitative agreement with our expectations. For 
temperatures above 350 K, TIS for backbone deuterons 
at 15.37 and 76.86 MHz agree within lo%, indicating 
that the extreme narrowing condition is fulfilled. This 
could not be checked at lower temperatures since the 
backbone and side-group peaks seen at higher temper- 
atures in the 15.37 MHz 2H spectrum coalesced into a 
broad single peak. In contrast, TIS for side-group 
deuterons at 15.37 MHz are more than 20% smaller 
than the average side-group TIS a t  76.86 MHz. This 
means that side-group motions are further away from 
extreme narrowing conditions than the backbone mo- 
tions, which is interesting yet puzzling. Because the 
main interest of this paper is polymer backbone motions, 

-9.8 - 

-10.0 - 
n 
UJ 
v 

6 
" -10 .2-  w 
0 - 

-10.4 - J 

-10.6 
2.4 2.6 2.0 3.0 3.2 

1000/T (1/K) 
Figure 3. Correlation times for 1,2-PB backbone C-D vector 
reorientation in different solvents: squalene (0); hexadecane 
(A); dodecane (+); toluene (0). Data were calculated from T1 
at 15.37 MHz. 

we will not further discuss the side group. TI data for 
side-group deuterons are provided as supporting infor- 
mation. 

Although our measurements were done over different 
temperature ranges in different solvents, the depen- 
dence of TI on Larmor frequency for all solvents is the 
same as the behavior shown for hexadecane in Figure 
2. Because TIS for backbone deuterons show no signifi- 
cant difference a t  two Larmor frequencies, we assume 
that all the TIS at 15.37 MHz are in the extreme 
narrowing region. A calculation described in section IV 
provides additional justification for this assumption. 
Figure 3 shows correlation times for four solvents 
calculated with eq 5 using 15.37 MHz TI data. At a 
given temperature, higher viscosity solvents such as 
squalene and hexadecane naturally show a larger (g ) ,  
indicating slower motions. 

The 76.86 MHz TI data in Figure 2 show that the two 
types of deuterons in the backbone have very similar 
TIS. Since the quadrupole coupling constants are the 
same, both types of C-D vectors in the chain backbone 
reorient a t  essentially the same rate. Similar conclu- 
sions have been reached about other vinyl polymers 
which have been investigated using 13C TI experi- 
m e n t ~ . ~ J ~ J * l ~ ~  In these cases the backbone methylene 
and methine C-H vectors have been found to reorient 
at approximately the same rate. This is also true for 
polymers with backbone heteroatoms, such as poly- 
(styrene oxide),33 poly(pheny1 thiirane),34 and poly- 
(styrene peroxide).35 In polymers with relatively flexible 
and rigid parts in their backbone, such as 1,4-polyiso- 
prene3,6,36 and 1,4-p0lybutadiene,~,~,~~ backbone meth- 
ylene and methine C-H vectors have been found t o  
reorient at different rates. 

Failure of the Kramers' Approach. Kramers' 
theory1,2 calculates the transition rate for a particle 
passing over an energy barrier under the influence of 
Gaussian random forces. The equation usually used to 
describe the temperature and viscosity (7) dependence 
of the correlation time in dilute solution is17,24,38939 

(0) = A7 exp - (3 (6) 
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Figure 4. Correlation times for 1,2-PB backbone C-D vector 
reorientation plotted against solvent viscosity at 373 K. 
Different solvents are indicated by the symbol codes in Figure 
3. The diamond is derived from 2’1s in cis-decalin at 76.86 MHz. 
The solid line has a slope of 0.43. A dashed line with a slope 
of 1 (high friction Kramers’ prediction) is also shown for 
comparison. 

Here A is a constant and E, is the height of the potential 
energy barrier between two conformational states. 
Equation 6 can be obtained from Kramers’ theory by 
making three assumptions: (1) the high-friction limit 
of the Kramers’ equation is appropriate, (2) Stokes’ law 
is used t o  relate the microscopic friction to the shear 
viscosity of the solvent at  zero frequency, and (3) the 
correlation time for a vector fixed in the polymer 
backbone is inversely proportional to  the conformational 
transition rate. 

Equation 6 can be tested in two ways using the data 
shown in Figure 3. Figure 4 shows (a) for 1,2-PB as a 
function of solvent viscosity at 373 K. The data show a 
slope of 0.43 (solid line) in contrast to the linear viscosity 
dependence predicted by eq 6 (dashed line). The fact 
that all solvents lie on a single straight line indicates 
that specific interactions are not responsible for the 
deviation from eq 6. We further note that molecular 
shape does not seem to affect (a) as an independent 
variable. We purposely chose cis-decalin and hexade- 
cane as two of the five solvents because they have 
almost the same viscosity but much different shapes. 
Essentially identical local dynamics are observed in 
these two solvents. 

A further test of eq 6 may be performed by varying 
temperature. Figure 5 plots log((a)/v) against inverse 
temperature. According to  Kramers’ theory, all solvents 
should fall on one straight line. In contrast, the four 
solvents fall on four different lines. While one might 
argue that the pre-exponential factor A could be differ- 
ent for different solvents, a systematic variation with 
the solvent viscosity is suspicious. In addition, use of 
eq 6 gives potential barrier heights of 7-9 kJ/mol for 
1,2-PB. This is too small considering that the energy 
barrier for polyethylene is around 12 kJ/mol and that 
1,2-PB and polyethylene have the same backbone 
structure.40 Thus we conclude that the local dynamics 
of 1,2-PB in dilute solution cannot be rationalized using 
eq 6. Indeed, the use of eq 6 to estimate the energy 
barrier in 1,2-PB and other polymers may lead to  
serious error. 
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Figure 5. A test of Kramers’ theory in the high friction limit 
using C-D vector reorientation times in various solvents. 
Solvent symbols are the same as in Figure 3. Different solvents 
have different lines, which suggests that the high friction 
Kramers’ equation cannot describe 1,2-PB local dynamics in 
dilute solution. 
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Figure 6. A test of a power law viscosity dependence (eq 7) 
for C-D vector reorientation in various solvents. Solvent 
symbols are the same as in Figure 3. The superposition 
indicates that eq 7 is a reasonable description of the experi- 
mental data. 

Nonlinear Viscosity Dependence. It has previ- 
ously been observed that the local dynamics of polyiso- 
prene3 and cis-polybutadiene4 can be described by a 
power law viscosity dependence of the form 

(a) = Aya e x p g )  (7)  

Figure 4 illustrates that eq 7 adequately describes the 
viscosity dependence of 1,2-PB local dynamics a t  373 K 
if a = 0.43. The temperature dependence of eq 7 may 
be tested in a manner similar to  Figure 5. The result 
is shown in Figure 6. Data from four solvents fall close 
to a common line. The slope of this line gives a potential 
barrier height of 14.1 kJ/mol. Careful inspection of 
Figure 6 indicates that various solvents systematically 
differ from the average behavior. Such deviations 
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different polymers. It has previously been suggested3 
that the exponent a should depend upon several factors 
including the size of the isomerizing unit. Larger 
isomerizing units should lead to  a being closer to 1. 
Although we cannot rationalize all the results in Table 
2, certain trends can be explained in these terms. For 
example, adding a methyl group to  1,4-polybutadiene 
to  create polyisoprene increases a by approximately 
0.08. The value of a for vinyl polymers increases with 
the size of the side group, with 1,2-PB having a = 0.43 
and poly(1-naphthylmethyl acrylate) having a = 1. 

IV. Correlation Function Shape 
The shape of the correlation function G(t)  provides 

some insight into the mechanism of C-D vector reori- 
entation (see eq 3). If C-D vectors underwent isotropic 
rotational diffusion, then G(t)  would be a single expo- 
nential with a characteristic relaxation time, z. In 
general, G(t) is nonexponential and can be described by 
a distribution of relaxation times, F(t). F ( t )  and GO) 
are related by a Laplace transform: 

Table 2. Viscosity Exponent for Dilute Solution Local 
Dynamics of Various Polymers 

ref (data; 
a analysis) 

cis- 1,4-polybutadiene 
polybutadiene (mixed 

microstructure) 
polyisoprene 
1,2-polybutadiene 
poly(ethy1ene oxide) 
poly(viny1 chloride) 
polystyrene 
poly(p-chlorostyrene)d 
poly( 1-naphthylmethyl acrylate) 

0.33 
0.36-0.39 

0.41 
0.43 
0.67-0.W 
0.7-1.0b 

=l.P 
1.oc 
1.P 

4; 4 
4: 4 

3; 3 
this work 
39; 3 
59; 4 
24,60, 61; 11 
38 
62; 62 

a Data at only one temperature. Depends upon assumptions 
about specific interactions. Data cover a narrow viscosity range. 

Dielectric relaxation measurements. e Model dependent, from the 
fitting of the DLM distribution. 

correspond to  an activation energy range of 12-17 kJ/ 
mol. Although not a perfect description, the power law 
viscosity dependence does provide a reasonable fit for 
all the 1,2-PB data. 

Why is the Kramers’ approach inconsistent with 
experimental results on the local dynamics of 1,2-PB? 
The answer lies either in the failure of Kramers’ 
equation itself or in the assumptions which are made 
when deriving eq 6 from the Kramers’ equation. It has 
previously been argued that the problem is unlikely to 
be caused by the high friction assumption41 or by the 
use of Stokes’ law to connect friction and vis~osity.~ The 
most likely explanation for the failure of eq 6 lies in the 
derivation of the Kramers’ equation from the Langevin 
e q ~ a t i o n . ~  The Langevin equation is an approximate 
description of a system which is accurate only if there 
exists a significant separation of time scales between 
system and bath dynamics. In this problem, the poly- 
mer chain is the system and the solvent is the bath. 
Thus, the validity of the Kramers’ treatment of local 
polymer dynamics depends upon whether the relevant 
chain motions are significantly slower than the relevant 
solvent motions. It has previously been shown that this 
separation of time scales does not exist in dilute 
solutions of polyisoprene and 1,4-cis-p0lybutadiene.~,~ 
In the latter case, solvent rotation times can be an order 
of magnitude longer than correlation times for local 
polymer dynamics. While we have not made such a 
comparison in 1,2-PB solutions, it seems likely that the 
similar behavior of polyisoprene, 1,4-cis-polybutadiene, 
and 1,2-PB has a common origin. In support of this 
conclusion, we note that a functional form similar to eq 
7 has been obtained theoretically for isomerization rates 
when the solvent is treated as visc~elast ic .~~ 

It is also possible that the seemingly innocuous 
assumption of inverse proportionality between transi- 
tion rates and correlation times is in error. Some 
computer simulations can be interpreted to support this 
p ~ s s i b i l i t y . ~ ~ ~ ~ ~  Molecular dynamics simulations in our 
laboratory have indicated that this assumption breaks 
down when comparing local dynamics in solutions and 
melts.45 Further investigation is required to determine 
whether this assumption fails when local dynamics are 
compared in a series of solvents. Our current specula- 
tion is that changes in the relationship between transi- 
tion rates and correlation times do not account for the 
nonlinear viscosity dependence shown in Figure 4. 

Comparison to Other Polymers. From the above 
analysis we expect that non-Kramers’ behavior will be 
observed for polymers with relatively fast local dynam- 
ics. Table 2 lists viscosity exponents for a number of 

Over the past few decades many different distributions 
have been proposed for F(z).18931 These include empirical 
equations such as C~ le -Co le ,~~  log x2,47 and Fuoss- 
K i r k w ~ o d ~ ~  distributions, which do not involve any 
assumption about the reorientation mechanism. Alter- 
natively, G(t) obtained by assuming a particular mech- 
anism of reorientation can be inverse Laplace trans- 
formed to obtain F(z).  This has been done, for example, 
with the Hal l -Helfa~~d~~ and Jones-Stockmaye15° mod- 
els. In this paper we will not attempt to distinguish 
between specific mechanisms. Rather, discussion will 
be focused on what features in the relaxation time 
distribution are essential to adequately describe back- 
bone C-D or C-H vector reorientation. 

Many different relaxation time distributions have 
been fit to experimental data. A major constraint can 
be placed on the fitting process if the shape of the 
distribution is known to be temperature independent. 
Some authors have used this c ~ n s t r a i n t ~ , ~ ~  while others 
have Thus before we determine what kind of 
distribution functions can best describe our  data, we 
must decide if the relaxation time distribution changes 
shape with temperature. 

Temperature-Frequency Superposition. Guill- 
ermo et al. have proposed a model independent tem- 
perature-frequency superposition method to  test if the 
distribution of relaxation times is temperature depend- 
ent.52 This superposition will be successful only if all 
the relaxation times in the vicinity of l/OD have the 
same temperature dependence (which means that the 
shape of F(t) on a log scale is independent of tempera- 
ture). Such a superposition of our data is presented in 
Figure 7. Equation 7 with a = 0.43 and E, = 14.1 kJ/ 
mol was used to  construct the abscissa. Unfortunately, 
it was not possible to  extend the 15.37 MHz data 
through the TI minimum due to the overlap of backbone 
and side-group 2H peaks at  low temperature. Thus we 
cannot use this plot in the manner suggested by 
Guillermo et al. 

There is indirect evidence in Figure 7 which supports 
the use of an F(z) with a temperature independent 
shape. The value of T1 a t  the T1 minimum is deter- 
mined by the width of the relaxation time d i s t r ib~ t ion .~~~  
A narrow distribution gives a sharp and deep minimum 
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Figure 7. Frequency-temperature superposition of 1,2-PB 
backbone 2H TI at two Larmor frequencies in five solvents: 
toluene at 76.86 MHz (x) ;  cis-decalin at 76.86 MHz (0); 
dodecane at 76.86 MHz (Y); squalene at 76.86 MHz (*I; 
hexadecane at 76.86 MHz ( I ) .  Solvent symbols for 15.37 MHz 
data are the same as in Figure 3. 

while a wide distribution gives a broad and elevated 
minimum. As shown in Figure 7, the value of Ti for 
1,2-PB dynamics in toluene and squalene at 76.86 MHz 
is nearly the same (within 10%). Since their TI minima 
occur a t  quite different temperatures (240 Kin  toluene; 
305 K in squalene), it is reasonable to conclude that the 
distribution of relaxation times is temperature inde- 
pendent. The lack of superposition for the two different 
solvents is presumably due to the inability of eq 7 to 
describe precisely the temperature dependence in each 
solvent with a single set of parameters. This inad- 
equacy was previously mentioned in connection with 
Figure 6. 

Temperature-frequency superposition has been suc- 
cessfully demonstrated for other polymers. Guillermo 
et al.52 have been able to superpose Tls at different 
Larmor frequencies in bulk 1,4-polybutadiene. Gisser 
et aL7 have successfully superposed Ti data of polyiso- 
prene in toluene. Recently, Spyros et  al.9 found that 
this superposition is possible for poly(1-naphthylalkyl 
acry1ate)s. On the basis of these results and the indirect 
evidence from the previous paragraph, we will assume 
that the relaxation time distribution has a temperature 
independent shape in the following discussion. 

We note one final point about Figure 7. The 15.37 
MHz data are on the same straight line as the 76.86 
MHz data above the TI minimum. The slope of that 
line is -1. This is another indication that T1 is not a 
function of Larmor frequency in this region and the 
15.37 MHz data are in the extreme narrowing limit 
within the experimental accuracy. 

Unimodal Distributions. What kind of relaxation 
time distribution can best describe our data given the 
constraint that the shape of F(t) is temperature inde- 
pendent? The fitting procedure used is the same as in 
ref 53; the temperature dependence of the relaxation 
times is given by eq 7 with CL = 0.43 and E, = 14.1 kJ/ 
mol. We first consider unimodal distributions of relax- 
ation times. In Figure 8, 2H T1 values for 1,2-PB in 
squalene are plotted against 1000IT along with the best 
fit to the log x2 distribution. Clearly the fit is not very 
good. The experiments show a minimum T1 of 8 ms at  
76.86 MHz while the fit shows a minimum of 5 ms. The 
5% uncertainty in e2qQlh cannot explain such a differ- 

0 - " 1  -2.0 

- 2 . 2 1  

) , I , , , , , , ,  

2.4 2.8 3 .2  3.6 

1000/T (1IK) 
Figure 8. Best fit of the log x2 distribution to backbone 2H 
Tls of 1,2-PB in squalene. The points are experimental T I S  at 
15.37 MHz (0) and 76.86 MHz (*). The curves are calculated 
from the log x2 distribution with p = 38 and b = 1000: 15.37 
MHz (-) and 76.86 MHz (- - -1. 

, 

p. .. 
. 1 . . , , . . . 1 . . . . . . . 1 . . . , . . . 1 , . . .  
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lOOO/T (1IK) 
Figure 9, Best fit of the modified log x2 distribution. The 
points are the same as in Figure 8. The curves are calculated 
using a log x2 distribution ( p  = 100 and b = 1000) plus a single 
relaxation time. The relative weights of these two are 0.58: 
0.42. The dashed line is the calculation for 76.86 MHz. The 
dotted line is for 15.37 MHz and the solid line is for zero 
frequency. 

ence. We have also tried to fit these data to a Cole- 
Cole distribution. Again we find that the minimum T I  
in the best fit is much lower than the experimental data. 

Other investigators have reported the inability of 
unimodal distributions to fit NMR T I  data for several 
different  polymer^.^-',^ In each case, unimodal distri- 
butions could not account for the value of TI a t  the 
minimum. This has been interpreted as indicating the 
existence of very fast motions which occur at  frequencies 
much higher than the Larmor frequency. Such fast 
motions lift the minimum of the TI data while the 
separation of the fast motions from the Larmor fre- 
quency ensures no change in the shape of the TI curve 
near the minimum. 

Bimodal Distributions. Since fits with unimodal 
distributions of relaxation times were not successful, we 
attempted fits with bimodal distributions. We modified 
the log x 2  distribution by the addition of a single 
relaxation time, to, chosen t o  be 800 times smaller than 
the F values which characterizes the log x2 distribution. 
Figure 9 illustrates that this function provides a very 
good fit to the experimental data. The choice of F l t o  = 
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Figure 10. Relaxation time distributions which produced the 
fits shown in Figures 8 (top panel) and 9 (bottom panel). The 
essential feature for a successful fit is a bimodal distribution 
of relaxation times. Thus reorientation of C-D bond vectors 
occurs on two well-separated time scales. The temperature is 
373 K. 

800 is fairly arbitrary. As long as this ratio is large, a 
good fit is always obtained. In the correlation function 
calculated from this relaxation time distribution (via eq 
8), the fast single relaxation time accounts for 42% of 
the total C-D reorientation. We also attempted to fit 
our data to  other bimodal distributions including the 
DLM model5 (a single relaxation time plus a Hall- 
Helfand distribution) and a modified Cole-Cole distri- 
bution7 (a single relaxation time plus a Cole-Cole 
distribution). These relaxation time distributions can 
also well describe our data; none of these bimodal 
distributions provided a significantly better fit than any 
of the others. 

The two relaxation time distributions used in Figures 
8 and 9 are shown in Figure 10. The distribution which 
provides the better fit (bottom panel) has a narrower 
distribution of relaxation times in the vicinity of l/WD 
and, in addition, has motions much faster than l/WD. 
As long as there is a clear separation between the fast 
and the slow motions, and as long as the fast motions 
account for 42% of the total C-D vector reorientation, 
a good fit to the TI data is expected. Although we 
represent the fast motions by a single relaxation time 
in fitting the data, the actual relaxation time distribu- 
tion of the fast motions is likely to be much more 
complex. More detailed information about the fast 
motions can be obtained from higher frequency tech- 
niques such as quasi-elastic neutron ~ c a t t e r i n g . ~ ~  

A final piece of information can be obtained from the 
fit shown in Figure 9. The solid line in this figure shows 
T I  calculated at zero frequency using the relaxation time 
distribution which fits the 15.37 and 76.86 MHz data. 
The close agreement between this line and the line and 
data for 15.37 MHz indicate that the 15.37 MHz data 
are very close to  the extreme narrowing limit. This 
provides further justification for the use of eq 5 in 
calculating (a) from TI. 

Interpretation of the Relaxation Time Distribu- 
tion. Our conclusion that C-D vector reorientation 
occurs on two well-separated time scales in 1,Z-PB is 
consistent with 13C NMR studies of other  polymer^^-^?^ 
which indicate that C-H vector reorientation occurs on 
two well-separated time scales. It is generally assumed 

Table 3. Percentage of Backbone C-H or C-D 
Correlation Function Decay Due to Librational Motions 

polymer and bond percentage ref 
solution polyisoprene CH 41 7 
solution polyisoprene CH2 48 7 

(away from methyl group) 
solution polyisobutylene CH2 21 63 
solution 1,2-polybutadiene CD and CD2 42 this work 
solution poly(viny1 methyl ether) 40 5 

solution PNAa CH 22 9 
solution PNMAb CH 15 9 
solution PNEAc CH 16 9 
bulk cis-polybutadiene CH2 46 6 
bulk cis-polybutadiene CH 27 6 
bulk cis-polyisoprene CH2 40 6 

bulk cis-polyisoprene CH2 48 6 

bulk cis-polyisoprene CH 17 6 

(both CH and CH2) 

(closer to methyl group) 

(away from methyl group) 

(both CH and CH2) 
bulk poly(viny1 methyl ether) 40 5 

bulk poly(propy1ene oxide) CH 24 8 
bulk poly(propy1ene oxide) CH2 49 8 

bulk polyisobutylene CH2 21 63 

Poly( 1-naphthyl acrylate). Poly(1-naphthylmethyl acrylate). 
Poly(1-naphthylethyl acrylate). 

that the fast motions are librations, reflecting the 
wobbling motion of C-D vectors near the bottom of a 
torsional potential energy minimum.55 These motions 
are so fast and sufficiently limited in amplitude that 
they are expected to be roughly independent of solvent 
viscosity. Recent molecular dynamics computer simula- 
tions on polyisoprene confirm several aspects of this 
p i c t ~ r e . ~ ~ ? ~ '  Both solution and melt simulations indicate 
very fast, limited amplitude C-H vector reorientation. 
Simulations of polyisoprene in toluene show that the 
fast drop (xl ps) in G(t) is substantially due to torsional 
adjustments near torsional potential minima. Simula- 
tions of polyisoprene in solution and the melt show that 
the librational motions are quite insensitive to  whether 
the chain is surrounded by solvent or polymer. 

The slower group of motions in the relaxation time 
distribution occur near l/WD in our experiments on 1,2- 
PB (see the bottom panel in Figure 10). These motions 
have usually been interpreted in terms of the crossing 
of torsional energy barriers, i.e., conformational transi- 
tions. We tentatively adopt this interpretation even 
though the simulations mentioned in the previous 
paragraph also indicate a possible contribution due to 
the coupling of small amplitude motion of several 
neighboring torsions. 

For completeness, we mention evidence of a third, 
much slower process in the relaxation time distribution 
for C-H or C-D vector re~rientat ion.~ A C-D or C-H 
vector in the backbone of a polymer chain cannot be 
completely randomized until the entire polymer chain 
has reoriented. This third portion of F(z )  probably 
accounts for (at most) the last few percent of the decay 
of G(t). NMR TI experiments are not very sensitive to 
these motions and thus they do not appear in Figure 
10. Since TI  data were used to determine (a) in section 
111, the temperature and viscosity dependence of (a) is 
determined mainly by the motions in the vicinity of l/OD 
which we have interpreted as conformational transi- 
tions. 

Comparison with Other Polymers. The fitting 
procedure discussed above indicates that librational 
motions account for about 42% of the C-D correlation 
function decay in 1,2-PB. In Table 3 we have compiled 
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this quantity for various polymers. Much of the data 
may be rationalized on the basis of steric arguments. 
Since double bonds are quite rigid, C-H vectors at- 
tached to unsaturated carbons naturally tend to have 
a smaller range of libration. This explains variations 
in the librational contribution for different C-H vectors 
in polyisoprene and 1,4-polybutadiene. For the vinyl 
polymers, side groups create resistance to librational 
motion in the chain backbone. 1,2-PB and poly(viny1 
methyl ether) have side groups of similar size and also 
have nearly the same librational contribution to the 
correlation function decay. Poly(1-naphthylalkyl acry- 
1ate)s have large side groups and smaller librational 
contributions. In most cases there is no significant 
difference between solution and bulk polymers in terms 
of the contribution of librational motions to the correla- 
tion function decay. 

V. Modification of Solvent Dynamics 
The solvent in a polymer solution has traditionally 

been viewed as a viscous continuum the properties of 
which are not affected by the presence of the polymer. 
Recently it has been shown that the presence of polymer 
can significantly modify the dynamics of the solvent 
molecules. In turn, the polymer dynamics can be 
modified by the change in properties of the surrounding 
solvent. Interestingly, the polymer can act either to 
speed up or slow down the solvent dynamics. This 
phenomenon has been recently reviewed in ref 10. 

Gisser and Ed ige~- l l ,~~  have presented an empirical 
equation t o  describe the extent to which the dynamics 
of the solvent will be modified by a given polymer: 
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Here, tsolv(c,T) is a time constant characterizing solvent 
motions at  concentration c and temperature T and tsolv 
= tsolv(O,T). tpo!y is a time constant for local polymer 
relaxation in dilute solution at  temperature T; it is 
equivalent to (a) in this paper. Q is a constant for a 
given solvent. Conceptually, eq 9 says that the change 
in solvent dynamics upon addition of polymer is related 
to the ratio of the time scales for polymer and solvent 
motions. “Fast” polymers will cause solvent dynamics 
to get faster and “slow” polymers will cause solvent 
dynamics t o  slow down. 

Gisser and Ediger showed that experimental data for 
three polymers (polystyrene, polyisoprene, and 1,4- 
polybutadiene) in Aroclor were reasonably described by 
eq 9 if Q = 4 mug.  One motivation for the current 
study of 1,2-PB dynamics was that the effect of 1,2-PB 
addition on solvent dynamics has been characterized by 
Amelar et aLl3 The results presented in section I11 can 
be used to estimate (a) as a function of temperature in 
Aroclor if we assume that eq 7 is applicable (using a = 
0.43 and E,  = 14.1 kJ/mol). Thus eq 9 can now be tested 
for a fourth polymer in solution with Aroclor. Amelar 
et al.3 found that Aroclor rotation was not a function of 
1,2-PB concentration from 256 to 276 K, thus the left 
side of eq 9 is essentially zero. Using eq 7 we find that 
the right side of eq 9 varies from -12 to -4 m u g  from 
256 t o  276 K if the above value of Q is assumed. 

Clearly eq 9 does not quantitatively describe the 
modification of Aroclor dynamics by 1,2-PB. This is not 
surprising, however, since this equation did not quan- 
titatively describe the data for 1,4-polybutadiene, poly- 

isoprene, and polystyrene solutions with Aroclor. Equa- 
tion 9 does predict the correct qualitative effect of 1,2- 
PB addition relative to the other polymers. Both eq 9 
and the experiments indicate that polystyrene slows 
down Aroclor dynamics while polyisoprene and 1,4- 
polybutadiene speed up Aroclor dynamics. Both eq 9 
and experiments indicate that the effect of 1,2-PB is 
intermediate between these two groups. 

VI. Summary and Concluding Remarks 
Deuterium TI experiments have been carried out on 

perdeuterated 1,2-polybutadiene in five solvents a t  two 
Larmor frequencies. The comparison of TI a t  two 
Larmor frequencies indicates that TI data at 15.37 MHz 
are in the extreme narrowing region. The time integral 
of the backbone C-D orientation autocorrelation func- 
tion (a) has been extracted from the TI data. The 
viscosity and temperature dependence of (a) suggest 
that Kramers’ theory is not appropriate for this problem 
because the relevant polymer and solvent motions do 
not occur on well-separated time scales. 

The local dynamics of 1,2-PB were found to depend 
upon the solvent viscosity 17 raised to the 0.43 power. 
We had anticipated that the vinyl side group on 1,2-PB 
would significantly increase the viscosity exponent 
above that observed for polyisoprene (7-O.*l). This ex- 
pectation was based on the observation that the viscos- 
ity exponent jumps from 0.33 to 0.41 when a methyl 
group is added to the 1,4-polybutadiene. The 1,2-PB 
result suggests that quite large side groups may be 
required to reach to Kramers’ scaling of yl.  We are 
currently investigating the viscosity dependence of 
polystyrene using a much larger range of solvent 
viscosities than has previously been employed. 

Analysis of TI data in squalene at two Larmor 
frequencies reveals that unimodal relaxation time dis- 
tributions cannot describe the reorientation of backbone 
C-D vectors. Fast librational motions near the minima 
of the torsional potential wells have to be added to larger 
amplitude motions (presumably conformational transi- 
tions) in order t o  obtain reasonable fits. The extent of 
librational motions in various polymers can be rational- 
ized on the basis of steric arguments. 
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