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ABSTRACT: The dynamics of poly(2-vinylpyridine) in chloroform solution has been examined by 13C 
spin-lattice relaxation time and NOE measurements as a function of temperature. The experiments 
were performed at 50.3 and 100.6 MHz. The backbone carbon relaxation data have been analyzed in 
terms of six motional models. Among these models, the models which consider conformational transitions 
and bond librations for the backbone were found to be more successful. Pyridyl ring motion has been 
modeled as  a restricted rotation with the rotational amplitude varying with temperature. The activation 
energy parameters obtained from the relaxation data of the pyridyl ring carbon have been compared 
with the energy barrier for ring rotation estimated from conformational energy calculations using the 
AM1 semiempirical quantum chemical method. The results of the conformational energy calculations 
support the description of pyridyl ring motion as  a restricted rotation. 

Introduction 
Studies on the dynamics of polymer chains have 

attracted considerable interest since chain dynamics 
play an important role in determining the macroscopic 
properties of polymeric systems. Among the various 
techniques employed for the study of chain dynamics, 
nuclear magnetic resonance has proved t o  be a powerful 
tool since its selectivity allows a detailed analysis of the 
motions of the different components of the polymer 
chain. Studies of chain dynamics in dilute solution have 
the advantage that it is possible to focus on the internal 
motions of a single chain because the effects of inter- 
chain interactions are minimized. 

Nuclear magnetic relaxation processes such as spin- 
lattice relaxation, spin-spin relaxation, etc. are sensi- 
tive to molecular motion. Quantitatively, the relaxation 
parameters depend on the decay of the orientation 
autocorrelation function of the individual internuclear 
vectors. The correlation function embodies the mech- 
anisms and rates of the molecular motions, and obtain- 
ing information on this function is the objective of 
relaxation studies. NMR relaxation parameters (TI ,  T2, 
NOE) provide information about the correlation func- 
tions through their relationship to the spectral density 
function, which is the Fourier transform of the correla- 
tion function. By measuring several relaxation param- 
eters at different resonance frequencies, the spectral 
density can be sampled discretely at a number of 
frequencies, thereby gaining some insight into the form 
of the correlation function. 

In polymers, chain connectivity leads to complicated 
motions and a single exponential correlation function, 
which was found to be successful in the treatment of 
dynamics of small molecules, has been found to be 
inadequate to describe these m0tions.l Currently, there 
are two equivalent ways of considering this complex 
situation. One approach is to  analyze the experimental 
data in terms of an empirical distribution of correlation 
times. In the other approach, a correlation function is 
derived on the basis of a specific model of the polymer 
motion, which can then be tested experimentally. 

Most of the models for polymer dynamics are based 
on the conformation transitions of short segments of the 
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backbone. These models have been quite successful 
because for high molecular weight polymers, the relax- 
ation is governed, to a large extent, by these segmental 
motions. However, recently, several investigators have 
emphasized the need to consider motional modes which 
are more localized, in addition to the segmental motions, 
in order to understand the differences in the dynamics 
of C-H vectors at different sites of the chain back- 
b ~ n e . ~ , ~  These highly localized motions have been 
identified as C-H bond librations. 

In the present study, 13C spin-lattice relaxation times 
( T I )  and nuclear Overhauser enhancements (NOES) of 
poly(2-vinylpyridine) (P2VP) have been measured in 
chloroform solution as a function of temperature at 50 
and 100 MHz. In an earlier study by Chachaty et al.4 
13C T1 measurements were carried out for P2VP samples 
of different tacticities and molecular weights at 25 MHz. 
For a sample of isotactic P2VP in methanol, 13C 2’1’s 
were measured as a function of temperature at 25 MHz 
and the dynamics was interpreted in terms of isotropic 
rotational diffusion using a single exponential correla- 
tion function. This model, however, is inadequate for 
describing the complex motions which occur in polymer 
chains. In the present study, we first analyze the 
experimental results, on the basis of three different 
motional models, which consider only segmental mo- 
tions for the polymer chains. We then augument these 
models by including librational modes of the backbone 
C-H vectors and compare the results with those of the 
models based solely on segmental motions. The pyridyl 
ring motions have been investigated by using composite 
spectral density functions which include the ring motion 
along with the description of the backbone motion. The 
results obtained from the analysis of ring motion are 
compared with the energy calculations performed on a 
simple model system. 

Experimental Section 
P 2 W  obtained from Aldrich and having a weight average 

molecular weight of 40 000 was used. The polymer was 
purified by successive precipitation by hexane from benzene 
solutions. The samples used for NMR experiments were 10% 
(wUvol) in CDC13. 

The 13C nuclear magnetic resonance experiments were 
carried out on Bruker ACF-200 and Bruker AMX-400 spec- 
trometers operating at  50.3 and 100.6 MHz for the 13C nucleus. 
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The sample temperature was regulated to il K. The spin- 
lattice relaxation times were measured by the inversion- 
recovery technique, which uses a 18Oo-s-90" pulse sequence. 
The delay time between two sequences was 5 times longer than 
the highest 2'1, among those which were to be determined 
simultaneously. An initial estimate of the T I  values was 
obtained from preliminary experiments. A total of 200-300 
acquisitions were accumulated for each set of 14 arrayed "tn 
values. The 2'1 values were determined by fitting the signal 
intensities as a function of delay time to a three parameter 
exponential f~nction.~ Nuclear Overhauser enhancements 
(NOEs) were measured by comparing 13C signal intensities of 
the spectra acquired by continuous 'H decoupling and inverse 
gated decoupling. In the NOE experiments, delays of 10 times 
2'1 were used between acquisitions. Experiments were per- 
formed on undegassed samples, since the relaxation times of 
interest are much less than 500 ms, and in such cases, the 
presence of dissolved oxygen is not expected to contribute 
significantly to relaxation. The measured TI'S are accurate 
to within 8%, and the NOEs, accurate to about 15%. 

Theoretical Background 
Assuming a purely 13C-IH dipolar relaxation mecha- 

nism, the spin-lattice relaxation time, @:dl and 
nuclear Overhauser enhancement, NOE can be obtained 
from the following expressions:6 
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ation in addition to the dipolar mechanism, the expres- 
sion for NOE becomesg 

(3) 

where yc and YH are the magnetogyric ratios of 13C and 
lH nuclei, respectively, po is the permeability of vacuum, 
N is the number of directly bonded protons, r is the C-H 
internuclear distance, h = h/2n where h is Planck's 
constant, and OH and oc are the Larmor frequencies of 
lH and 13C, respectively. For the backbone C-H bonds 
we have used an r value of 1.09 A obtained from 
quantum ~hemis t ry ,~  and for the pyridyl C-H a value 
of 1.083 Aa obtained from the microwave experimental 
data for pyridine was used. 

The assumption of a purely dipolar relaxation mecha- 
nism may not be very accurate for the carbons of the 
pyridyl ring. At the high magnetic fields used in the 
present study, the chemical shift anisotropy (CSA) may 
be an additional relaxation pathway and hence we have 
included it in the analysis of the relaxation of the ring 
carbons. On including the CSA contribution, the spin- 
lattice relaxation rate is given by9 

(4) 

If the chemical shift is axially symmetric, T(lcsA) is 
given by9 

where ql and ul are the components of the shift tensor, 
parallel and perpendicular to the symmetry axis. When 
the CSA mechanism contributes to  spin-lattice relax- 

The quantity (41 - 01) can be obtained from the principal 
values of the 13C chemical shift tensor using 

The calculations have been carried out with (SI - 01) = 
174 ppm; obtained from the principal values of the 13C 
shift tensor of the C3 carbon of pyridine.1° 

If the shift tensor is axially symmetric, 011 = 0 2 2 ;  
however this is not true for the carbons of pyridine.1° 
The use of eqs 5 and 6 is thus an approximation but it 
may be considered adequate for the protonated ring 
carbons because the contribution of CSA to relaxation 
would be smaller compared to that of the 13C-lH dipolar 
relaxation. 

The spectral density function J(o)  is obtained by the 
Fourier transformation of the orientation autocorrela- 
tion function, G(t). 

1 J(o)  = -s" 2 -- G(t)eiUt dt 

The relaxation times depend on the decay of G(t), and 
it is governed by the molecular motion. Obtaining the 
form of G(t) is therefore a decisive step in the interpre- 
tation of the relaxation data. For small molecules 
undergoing isotropic rotational diffusion, G(t) is a single 
exponential function decaying with a time constant, zc, 
the correlation time. 

For polymers, this simple model is unrealistic and 
hence correlation functions have been derived on the 
basis of specific motional models. These models are 
described in the following section. 

Models 

A polymer chain can undergo a variety of motions 
such as overall tumbling of the entire chain, conforma- 
tional rearrangements of the backbone, and motions of 
pendent groups about an axis within the polymer. In 
flexible polymers, relaxation is controlled to a large 
extent by small scale segmental motions which differ 
widely in their rates and mechanisms. In order to get 
a comprehensive picture of the polymer dynamics in 
PBVP, we followed two approaches. In the first ap- 
proach, the correlation function is expressed as an 
empirical distribution of correlation times. In this 
context we have utilized the Cole-Cole and log x2 
distribution functions. In the second approach, the 
correlation function is derived on the basis of specific 
models of the polymer motion. A brief description of 
the models which we have employed in the analysis of 
the experimental results is given below. 

Cole-Cole Distribution. The Cole-Cole distribu- 
tion is symmetric and is centered about TO. The spectral 
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density function is given by11J2 
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cos (1 - €1- 

cosh[E ln(oz,)l+ sin (1 - E ) -  
J(w) = - ‘ ;’ ] (10) 

I 3 
where E is the width of the distribution and lies in the 
range 0 I E I 1; the smaller the value of E ,  the wider 
the distribution. When E attains its maximum value, 
this model reduces to the single correlation time model. 
The parameters in this model are E and the correlation 
time ZO. 

log 2 Distribution. The log x2 distribution is 
asymmetric and skewed toward longer correlation times. 
The spectral density is given by13 

(12) 

The distribution is defined by its width p and the 
mean correlation time TO, which defines the center of 
the distribution. The r function normalizes the distri- 
bution to unity. The parameter b describes the loga- 
rithmic base and is usually set to 1000. For high values 
of p ( p  L 1001, this model also reduces to the single 
correlation time model. 

Jones-Stockmeyer (JS) Model. The JS  model is 
a modification of the diamond lattice model (VJGM) 
proposed by Valeur et al.14 The VJGM model is based 
on three- and four-bond motions (crankshaft motions) 
which occur in a polymer chain on a tetrahedral lattice. 
The VJGM correlation function has an extremely slow 
rate of decay at long times, which is rather unrealistic. 
The JS model considers three-bond motions, and t o  
overcome the limitation of the VJGM model, the con- 
formational coupling is restricted to  a finite chain 
segment, consequently implying greater local freedom 
of motion. 

In the absence of overall tumbling and internal 
rotations of pendent groups, the spectral density is given 
by15 

(13) 

where 

s = (m + 1)/2 (15) 

(16) 

and 

y = l n 9  (18) 

The parameter w is the rate of occurrence of a three- 
bond jump, usually expressed in terms of the harmonic 
mean correlation time Zh which defines the time scale 
of the segmental motion, zh = (2w)-l. The breadth of 
the distribution of correlation times is characterized by 
the number of bonds m involved in the cooperative 
motion. The quantity (2m - 1) represents the chain 
segment expressed in bonds that are coupled to the 
central three-bond unit, and no correlated motions are 
assumed outside the segment. 

Hall-Weber-Helfand (HWH) Model. The HWH 
model takes into account pair transitions involving 
simultaneous rotations about two bonds and isolated 
transitions which involve rotations about one bond. The 
spectral density is given by2J6 

J ( w )  =Re[(  1 ,,,I 
a + i p )  

where 

and 

p =  -20 - + -  
[.‘o .‘J 

(19) 

(20) 

(21) 

Here tl and TO are the correlation times for the pair and 
isolated transitions, respectively. 

Librational Motions. Recently, there has been 
considerable emphasis in the literature on the necessity 
t o  consider two classes of motions occurring on well- 
separated time scales for a better description of the 
backbone motion. The HWH model was found to 
underestimate the value of TI at the minimum and it 
also failed to account for the different local dynamics 
observed at different carbons of the polymer chain. 

The Dejean, Laupretre, Mounnerie (DLM) model2 
which is a modification of the HWH model, overcomes 
the deficiencies of the HWH model by superimposing 
an additional independent motion on the backbone 
rearrangement of the HWH model. The additional 
motion involves librations of the C-H vectors of the 
backbone with a correlation time, tl. The resulting 
spectral density expression is given by 

(22) 
1 - f I f‘l 

J(o) = (a + ip)1’2 1 + w2q2 

Gisser et aL3 have introduced librational motion in 
the Cole-Cole distribution and single exponential cor- 
relation functions. The models which include librations 
were found to be more successful in describing the 
experimental relaxation data. Following the approach 
of Dejean et a1.2 we have appended the librational 
motion to the JS  model and the Cole-Cole distribution 
and the spectral density expressions in the two models 
are respectively 

and 
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repeating unit of P2VP is indicated below. 

a R  
-CH-CHZ- 

1 + ozrlz 

Inclusion of librational motion introduces additional 
parameters into the models, namely the ratio of seg- 
mental motion correlation times to that of libration and 
f, the relative weight of the librational component. 

Numerical Calculations 
Relaxation data were analyzed by using the spectral 

density functions discussed in the previous section. In 
order to obtain a fit of T1 as a function of temperature, 
we have introduced the temperature dependence of 
correlation times in the spectral density expressions. 

Helfand17 has applied Kramer’s theoryls for the 
diffusion of a particle over a potential barrier to con- 
formational transitions in a polymer. According to this 
theory, the correlation time r ,  for a conformational 
transition involving an energy barrier Ea, is written as, 

where A = yC, v being the viscosity and C, a molecular 
constant. In the calculations, the activation energy, Ea 
and the pre-exponential factor, A, were taken as adjust- 
able parameters. 

Temperature dependent TI values a t  both the fre- 
quencies were fitted simultaneously. For the Cole- 
Cole, log x2 ,  JS, and HWH models, the experimental TI 
values for the methine carbon at different temperatures 
were used as the input data. The width parameters in 
these models ( E ,  p ,  m, and ro/r1) were varied manually, 
and the values of A and Ea which provided the best fit 
were obtained. Fitting was achieved by minimizing the 
sum of the squares of the deviations between the 
calculated and experimental values using a simplex 
routine. The parameters thus obtained were used to 
predict the relaxation data of the methylene carbon. 

For the more complicated models, namely DLM, modi- 
fied JS, and modified Cole-Cole involving librations 
parameters, A, E,, and f were included in the fitting 
procedure and the remaining parameters were adjusted 
manually. The experimental data corresponding t o  the 
methine carbon were utilized to obtain the model 
parameters. These parameters were held constant 
while the values off giving the best fit to  the methylene 
carbon data were determined. The deviations between 
the calculated and experimental quantities are ex- 
pressed as the mean square of relative deviations 
denoted as d. The conformational energy calculations 
have been carried out by the AM1 methodlg as imple- 
mented in the Gaussian 92 program package.20 

Results 
Isotactic and atactic P2W have been studied by NMR 

and the spectral features are well documented in the 
literature.21B22 The proton NMR spectrum of the sample 
under investigation indicated random tacticity. Fol- 
lowing the approach of the earlier investigators,2l we 
have estimated the probability of isotactic addition, P,, 
to be 0.48. The labeling of the carbon atoms in the 

HJ% H L 5  H 

H 

In Table 1 we summarize the 13C TI values and NOES 
for the backbone carbon atoms and the CS, C4, and C5 
carbons of the pyridyl moiety. The experimental data 
display the following features. With increasing tem- 
perature, the TI values of the backbone carbons reach 
a minimum and then increase. The TI values are higher 
at higher magnetic field in the entire temperature range 
of study. The NOE values decrease with increasing 
magnetic field and are well below the limiting value of 
3.0 in the entire temperature range at both the fields. 
The latter two observations suggest that the motional 
characteristics are far below the extreme narrowing 
limit in the whole temperature range studied for both 
the fields, and further it implies that a single exponen- 
tial correlation function, that is, isotropic motion, is 
inadequate to account for these relaxation data. An- 
other important observation is that the ratio of T1 values 
of the CH group to  the CH2 group, i.e., Tl(CH)/Tl(CHd, 
is approximately 1.8 f 0.1 throughout the temperature 
range. This value is differ%ent from 2, which is expected 
from the number of directly bonded protons and sug- 
gests that the C-H internuclear vectors associated with 
the CH and CH2 groups may be subjected to  different 
local motions. 

The relaxation times of C3 and Cq carbons are similar 
a t  both the fields in the entire temperature range of 
study and they are higher than that of the methine 
carbon, especially at higher temperatures. On the other 
hand, the relaxation times for the C5 carbon are lower 
than those of CS and C4 carbons but they are comparable 
to those of the methine carbon, especially at the higher 
field. The observations suggest that the pyridyl ring 
motion could be modeled as a rotation about the c2-c5 
axis. As a consequence of such a motion, the C3-H and 
C4-H internuclear vector would undergo reorientation 
whereas the C5-H vector would be little influenced and 
the relaxation of the latter would largely be determined 
by the backbone rearrangements. 

Discussion 
In modeling the dynamics of PBVP, we consider two 

types of motions: (i) segmental rearrangments of the 
backbone and (ii) motion of the pyridyl group. A third 
type of motion which might contribute to relaxation is 
the overall tumbling of the polymer chain. The latter 
motion of the polymer chain can compete with local 
segmental motions if the correlation time is of the same 
order as that of the segmental motions or less. The 
correlation time for overall tumbling motion, ZR, can be 
obtained from the hydrodynamic e q ~ a t i o n ~ ~ , ~ ~  

ZR = ~ M v I v ~ ~ R T  (26) 

where M is the molecular weight, [y] is the intrinsic 
viscosity of the polymer solution, and T O  is the solvent 
viscosity. 

Earlier studies of TI as a function of molecular weight 
for P 2 W  have shown that when the degree of polym- 
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Table 1. Experimental Carbon-13 Spin-Lattice Relaxation Times (ms) and NOEa of Protonated Carbons of P2W as a 
Function of Temperature at Two Magnetic Fields 

backbonecarbons pyridyl ring carbons 

CH CHz c3 c4 c5 

temp, K 50.3 MHz 100.6 MHz 50.3 MHz 100.6 MHz 50.3 MHz 100.6 MHz 50.3 MHz 100.6 MHz 50.3 MHz 100.6 MHz 
248 131 (1.53) 277 (1.43) 67 (1.53) 161 (1.36) 147 (1.45) 268 (1.35) 145 (1.47) 263 (1.39) 137 (1.44) 256 (1.28) 
263 111 (1.56) 249 (1.49) 58 (1.67) 136 (1.45) 131 (1.56) 248 (1.43) 136 (1.5) 246 (1.45) 128 (1.5) 248 (1.41) 
283 113 (1.77) 237 (1.57) 63 (1.8) 125 (1.58) 139 (1.75) 253 (1.51) 137 (1.69) 244 (1.47) 129 (1.71) 234 (1.48) 
296 126 (1.85) 240 (1.66) 70 (2.0) 128 (1.71) 157 (1.83) 258 (1.89) 157 (1.87) 249 (1.77) 142 (1.92) 240 (1.77) 
308 144 (2.13) 251 (1.84) 80 (2.14) 135 (1.84) 189 (2.1) 263 (1.92) 191 (2.07) 260 (1.85) 165 (2.06) 246 (1.84) 
318 164 (2.29) 260 (2.04) 92 (2.29) 148 (1.89) 227 (2.23) 279 (1.95) 223 (2.3) 275 (1.89) 202 (2.18) 264 (1.87) 

a Values in parentheses. 

Table 2. Simulation Parameters 
of P2W 

for Methine Carbon 

model width" rJr+ f E,, kJ/mol 1013A, s 103d 
Cole-Cole 0.69 20.3 1.75 2.10 
1% z2 19 22.3 0.846 1.99 
JS 7 26.7 0.0751 2.76 
HWH 20 27.4 0.0709 7.64 
modified Cole-Cole 0.70 10 0.470 21.7 5.4 2.62 

(100 0.0169 20.1 2.0Y 1.73 
1000 0.0166 19.9 2.2 1.99 

10000 0.0165 20.0 2.1 2.01 
modified JS 5 10 0.560 20.9 8.12 1.73 

100 0.0787 24.0 0.225 1.46 
(130 0.078 23.9 0.229)' 1.46 
1000 0.077 23.8 0.241 1.46 

10000 0.077 23.7 0.246 1.46 
DLM 8 10 0.439 24.7 0.841 1.26 

(100 0.190 18.5 3.95)' 2.35 
1000 0.183 18.1 4.50 2.35 

10000 0.182 18.1 4.53 2.41 

a Width refers to  e ,  p ,  m, or tdsl. t J t 1  corresponds to  tdri, Th/ 

51, and t l /q  for modified Cole-Cole, modified JS, and DLM models, 
respectively. Values in parentheses indicates the parameter set 
used t o  plot 2'1 and the NOE of the methine carbon as a function 
of temperature. 

erization exceeds 100, T I  becomes independent of the 
molecular  eight.^ It implies that when the degree of 
polymerization exceeds 100, relaxation is largely con- 
trolled by the segmental motions of the backbone. The 
polymer sample used in the present study, has a degree 
of polymerization approximately 380 and hence we do 
not expect any significant contribution to relaxation 
from the overall tumbling process. 

In the present study the segmental motions have been 
modeled by the Cole-Cole distribution, log x2 distribu- 
tion, JS, and HWH correlation functions. The effect of 
the inclusion of librational motion has been examined 
using the DLM model and by the Cole-Cole and JS 
models by modifying the respective spectral density 
functions. Motion of the pyridyl ring has been modeled 
as a restricted rotation. In the following discussion, we 
have evaluated the models in their ability to  describe 
local motions of the chain and the description ofpyridyl 
ring motion as a restricted rotation has been supported 
by conformational energy calculations. 

(i) Segmental Motion of the Main Chain. We first 
analyze the experimentally observed relaxation data for 
the methine and the methylene carbons of the backbone 
using the Cole-Cole, log x 2 ,  JS, and HWH correlation 
functions. The parameters which give the best fit of the 
methine carbon T I  data to the above models are given 
in Table 2. The Cole-Cole and log x2 models reproduce 
the experimental data very well and the performance 
of both the models are comparable, as seen from the d 
values included in Table 2. The JS and HWH models 
on the other hand, predict minima which are much 
lower than the experimentally observed minima. The 

Table 3. Simulation Parametersa for Methylene Carbon 
Ti of P2W 

model sJrlb f 103d 

Cole-Cole 
1% x2 
JS 
HWH 
modified Cole-Cole 10 

(100 
1000 

10000 
modified JS 10 

100 
(130 
1000 

10000 
DLM 10 

(100 
1000 

10000 

0.391 
0.113Ic 
0.107 
0.106 
0.484 
0.165 
0.165Ic 
0.161 
0.161 
0.431 
0.267)c 
0.258 
0.257 

7.18 
7.54 

10.90 
18.80 
8.21 
2.51 
2.42 
2.35 
7.25 
2.68 
2.66 
2.55 
2.56 
8.44 
2.86 
2.76 
2.75 

a Values of E,  and A are the same as for the methine carbon. 
T $ S ~  corresponds to  rdq, tdrl ,  and r l /q  for modified Cole-Cole, 

modified JS and, DLM models, respectively. Values in paren- 
theses indicate the parameter set used to  plot 2'1 and the NOE of 
the methylene carbon as a function of temperature. 

underestimation of the TI  minima when analyzed by 
the HWH model has also been noted for other 
 polymer^.^,^^-^^ The width parameters in these models 
can be expressed as a function of temperature, and it is 
expected that as the extreme narrowing limit is ap- 
proached, the width parameters attain a limiting value 
for which the correlation function becomes equivalent 
to  the single exponential function. However, in the 
present case, no appreciable changes were observed in 
the best fit width parameter values even when the 
relaxation data at each temperature were fitted sepa- 
rately. We therefore conclude that in the temperature 
range under study, the width parameter does not 
change and hence it is not expressed as a function of 
temperature in the fitting procedure. 

We now consider the relaxation times of the methyl- 
ene carbon. If the reorientation of the backbone C-H 
vectors is solely due to the segmental motion, the 
parameters obtained for the methine carbon should also 
be able to account for the relaxation data of the 
methylene carbon. The calculated TI  values for the 
methylene carbon deviate significantly from the experi- 
ment for all the models, as is evident from the d values 
given in Table 3. In the entire temperature range, the 
calculated values are less than the experimental values. 
This indicates that the reorientation of the C-H vectors 
is not entirely determined by the segmental motions. 

Recently, C-H bond libration has been used success- 
fully by several authors to obtain a better description 
of the experimental features. We have employed the 
DLM model and the modified Cole-Cole and JS func- 
tions which include librations in order t o  examine the 
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Figure 1. Temperature dependence of T1 for the methine 
carbon of PPVP in CDC13. Solid, dashed, and dotted lines 
represent results obtained using the modified JS, modified 
Cole-Cole, and DLM correlation functions, respectively. The 
points are experimental TI values obtained at two Larmor 
frequencies. 

effect of this additional mode on the relaxation behavior. 
With inclusion of libration, we have two additional 
parameters, namely, the ratio of the correlation time 
for segmental motion to  that of libration, and a weight 
factor f ,  which serves as a measure of the contribution 
of the two types of motions. 

The best fit of 2'1 versus T curves for the methine 
carbon, calculated on the basis of the modified Cole- 
Cole, modified JS, and DLM models are shown in Figure 
1, and the model parameters are included in Table 2. 
The TI values obtained from the modified Cole-Cole 
model are very close to  the values obtained from the 
Cole-Cole model a t  all temperatures; the difference is 
about 1%. An examination of Table 2 shows that the d 
values for both the models are nearly the same. The 
inclusion of the librational mode of the C-H vector of 
the methine group in the Cole-Cole model does not 
change its predicted relaxation times. Examination of 
the best fit parameters given in Table 2 reveals that 
the weight factor f ,  associated with the librational mode, 
is negligibly small (0.0169). In the modified model, two 
types of motional modes contribute to the decay of the 
orientation correlation function of the C-H vector, 
namely, the segmental motion of the backbone and the 
librational motion of the C-H vector. A very small 
value obtained for the weight factor implies that the 
librational mode contributes negligibly (about 2%) to the 
decay of the correlation function. A major contribution 
therefore comes from the backbone rearrangements. 

The modified JS and DLM models on the other hand 
show a substantial improvement over the results ob- 
tained from calculations based on the JS and HWH 
models, respectively. The inclusion of the librational 
mode in the latter models leads to prediction of 2'1 
values in better agreement with experiment, as indi- 
cated by a comparison of the d values given in Table 2. 
The values of the weight factor obtained for the modified 
JS and DLM models imply that the contribution from 
the librational modes to the decay of the correlation 
function is about 8% and 19%, respectively. 
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Figure 2. Temperature dependence of TI for the methylene 
carbon of P2VP in CDC13. Solid, dashed, and dotted lines 
represent results obtained using the modified JS, modified 
Cole-Cole, and DLM correlation functions, respectively. The 
points are experimental TI values obtained at two Larmor 
frequencies. 

Figure 2 shows the best fit 2'1 versus T curves for the 
methylene carbon based on the modified Cole-Cole, 
modified JS, and DLM models, and the model param- 
eters are given in Table 3. The inclusion of the 
librational mode raises the 2'1 minimum and leads to 
improved agreement with experimental values for all 
the three models. Table 3 shows significant lowering 
of d values for the models which include libration. The 
contribution from the librations of the C-H vector of 
the methylene group to the decay of the correlation 
function is approximately 11%, 17%, and 27%, respec- 
tively, for the modified Cole-Cole, modified JS, and 
DLM models. A notable common feature in these 
models is that the value of the weight factor is less for 
the methine carbon than that for the methylene carbon. 
The smaller value for the methine group indicates 
greater steric hindrance to the librational motion of the 
C-H vector of the methine group relative to that in the 
methylene group. The methine carbon has a directly 
attached pyridyl group, which owing to its size, may 
physically hinder the librational motion. This observa- 
tion agrees with the earlier findings for other poly- 

The amplitude of librational motion can be estimated 
from the parameter, f, in conjunction with Howarth's 
restricted rotation model.30 In this model, libration is 
described as the motion of the C-H vector inside a cone 
of half-angle 8, the axis of the cone being the rest 
position of the C-H bond. The angle 8 can be estimated 
from the expression30 

mers,2,25,26,28,29 

COS e - cos3 e [ 2(1-  COS e) 1 1 - f =  (27) 

The conic half-angles estimated for the three models are 
different. From the modified Cole-Cole model, the 
calculated values of 8 for the CH and CH2 are 6.1 and 
16. lo, respectively, and the corresponding values based 
on the DLM and the modified JS models are 21.3,25.7" 
and 13.3, 19.7'. The librational mode influences the 
calculated 2'1 values through two factors, namely, the 
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correlation time for libration and the quantity f which 
is related to the amplitude of libration. Dejean et a1.2 
have examined the effect of these two factors on the 
calculated T I  values. The librational correlation time 
shows a noticeable influence only on the higher correla- 
tion time side of the T I  minimum. The T I  value at the 
minimum is directly proportional to 1/( 1 - f ,  and hence 
the height of the TI  minimum is highly dependent on 
the amplitude of the librational mode. 

In our analysis of the TI  data we have observed that 
among the models which does not include libration, the 
HWH model predicts minima far below the experimen- 
tal values for both methine and methylene carbons. The 
JS model shows a slight improvement over the HWH 
model and in the case of the Cole-Cole model, a 
significant lowering of TI  minimum is observed only for 
the methylene carbon. In fact, the extent of deviation 
from the experimental minimum parallels the trend 
observed in the d values given in Tables 2 and 3. The 
inclusion of the librational mode leads to  raised T I  
minima closer t o  the experimental observation and the 
amplitude of the librational mode is the deciding factor. 
The models for which the lowering of T I  minimum is 
greater require a higher librational amplitude to ac- 
count for the experimentally observed minimum. 

By employing the models which include libration, it 
is rather difficult to determine accurately the ratio of 
the correlation time for segmental motion to that of 
libration. As noted from Tables 2 and 3, varying this 
ratio from 10 to 100 leads to significant improvement 
in the calculated relaxation parameters for all the 
models. A further change from 100 t o  10 000 produces 
negligible variation in the calculated values, as seen 
from the deviations (d). Beyond a value of 100, the 
values off, A, and E,  are also observed to be almost 
stable. 

As independent source for testing the correlation 
function is the NOE.31 The parameters obtained from 
the various models can be utilized to predict the NOE 
as a function of temperature. The single exponential 
correlation function predicts NOE t o  be dependent on 
correlation time only in the region of T I  minimum and 
reaches the asymptotic limits of 2.988 and 1.154 for uctc 
<< 1 and uctc >> 1, respectively.6 Examination of the 
experimental NOE values given in Table 1 indicates 
that for both methine and methylene carbons, the NOE 
increases gradually at lower temperatures, followed by 
a sharp increase. However for both fields, the NOE does 
not reach its limiting value of 2.988. 

The parameters obtained from the modified Cole- 
Cole, modified JS and DLM models by fitting the TI  data 
have been employed t o  predict NOE as a function of 
temperature. The predictions of these models for me- 
thine and methylene carbons are shown in Figures 3 
and 4, respectively. The modified JS model predicts a 
sharp rise in NOE with temperature; this increase is 
however at a lower temperature than that observed 
experimentally. Although this model predicts an NOE 
versus temperature curve which is sigmoidal in shape, 
the increase in NOE is not continuous. After an initial 
increase, the curve levels off and then begins to increase 
further. This feature is not observed experimentally. 

The DLM and modified Cole-Cole models on the 
other hand, reproduce the experimental features cor- 
rectly. These models like the single exponential cor- 
relation function, predict the NOE to be independent 
of temperature at temperatures below the T I  minimum. 
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I 0 

Figure 3. Temperature dependence of NOE for the methine 
carbon at (a) 100.6 MHz and (b) 50.3 MHz. Solid, dashed, and 
dotted lines represent the predictions of the modified JS, 
modified Cole-Cole, and DLM correlation functions, respec- 
tively. The points are experimental NOE values. The model 
parameters bbtained by ktting to the experimental 
are given in Table 2. 
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Figure 4. Temperature dependence of NOE for the methylene 
carbon at (a) 100.6 MHz and (b) 50.3 MHz. Solid, dashed, and 
dotted lines represent the predictions of the modified JS, 
modified Cole-Cole, and DLM correlation functions, respec- 
tively. The points are experimental NOE values. The model 
parameters obtained by fitting to the experimental T I  data 
are given in Table 3. 

This feature is disernible from the curves calculated for 
the higher field. 

The three librational models give good fittings for the 
T I  values of the methine and the methylene carbons. 
For further comparison we consider the modified JS and 
DLM models. Even though both models give similar fit 
to the T I  values of the backbone carbons, the modified 
JS model fails to reproduce the experimental NOE 
satisfactorily. On the basis of the DLM model, the 
activation energy calculated, is 18.5 kJ/mol. The ob- 



Macromolecules, Vol. 28, No. 7, 1995 

served activation energy may be written 

E, = E ,  +E* (28) 

where E,  is the activation energy for solvent viscosity 
and E* is the potential barrier for the conformational 
transitions of the backbone. From a plot of In q versus 
1/T, where 7 is the viscosity of the solvent (chloroform), 
E,  was found to be 7.4 kJ/m01.~~ It leads to a value of 
11.1 kJ/mol for E*. 

However, it should be noted that the activation 
barrier for conformational transitions obtained by the 
above method may not be very accurate. Recently, 
Glowinkowski et al.33 have shown that Kramer's theory 
breaks down when the time scales for the polymer and 
solvent motions are not cleanly separable. This is 
particularly true in solvents of high viscosity; where the 
time scales for the polymer and solvent motions are very 
similar. In PBVP, for the temperature range of study, 
the correlation times for the conformational transitions 
range from about 3 x s and the 
motional characteristics are far from the extreme nar- 
rowing limit. In this particular situation we can assume 
that the time scales for the polymer and solvent motions 
are quite different and the use of Kramer's theory may 
not lead to very large errors. For better estimates, it is 
necessary t o  investigate the dynamics in solvents of 
different viscosities. The estimated activation energy 
may be used to  obtain some insight into the nature of 
the backbone motion. 

Helfand17 has classified polymer conformational tran- 
sitions according to  the position of the chain ends 
attached to a segment undergoing the transition. Type 
1" motion is a crankshaft motion involving rotation 
about two collinear bonds, leaving the positions of the 
chain ends unchanged. In type 2* motion the confor- 
mational transition results in a translational motion of 
the chain ends. The observed activation energy of 11 
kJ/mol is consistent with a single bond rotation. This 
implies that type 2* motions are more likely in PBVP, 
since a type l*  motion would involve a higher energy 
barrier due to simultaneous rotations about two bonds. 

(ii) Anisotropic Motion of the Pyridyl Ring. 
Examination of the experimental data given in Table 1 
shows that the T1 values for the ring carbons are 
comparable to that of the methine carbon of the back- 
bone. It suggests that the pyridyl ring does not have 
much motional freedom relative to the backbone. For 
a quantitative analysis of the experimental data of the 
side group nuclei, the spectral density expression has 
to be modified to account for the additional motions of 
the side group. 

For modeling the pyridyl group motion we have used 
the following approach. The relaxation of the pyridyl 
ring carbons is governed by the reorientation of the 
C-H vectors of the pyridyl group, which results from 
the backbone motions and ring motions. The backbone 
motion has been shown to be best described by the 
motional models which include libration. In these 
models, motions occurring on different time scales are 
involved in the motional modes of the backbone. These 
are the conformational transitions which are expressed 
by the JS  and HWH functions, and the librations of the 
backbone C-H vectors. The librational motion is not 
expected to  influence the relaxation of the pyridyl ring 
nuclei since it does not result in the reorientation of the 
ring C-H vectors. In modeling the pyridyl motion, we 
therefore do not include the librational term which 
occurs in the modified JS  and DLM models. However, 

to  4 x 

Behavior of Poly(2-vinylpyridine) in Solution 2403 

the parameters involved in the description of the con- 
formational transitions are fixed by the best fit values 
obtained for the backbone carbon relaxation data based 
on the modified JS and DLM models. This approach is 
similar to the treatment of motion in  polycarbonate^^^ 
where the backbone motion has been shown to  involve 
conformational transitions as well as phenyl ring rota- 
tions. However, only the former is included in the 
description of rotations of the methyl side chain. 

Attempts to model the ring rotations using stochastic 
diffusion processes or jumps in a 2-fold potential barrier 
proposed by Jones35 were unsuccessful. We have fol- 
lowed the approach proposed by Ghesquiere et al.36 in 
which the motion of the pyridyl ring about the C2-C5 
axis is considered as oscillations of small amplitude. 
Other investigators have adopted a similar approach for 
describing side group motion by treating it as a re- 
stricted r o t a t i ~ n . ~ ~ ~ ~ ~  The composite spectral density 
which includes pyridyl rotation is given b y 6  

~ ( w )  = & ( I  - 3 cos2 y)2 + sin2 2741 + cos a> + 3 2  

sin4 y ( 1 +  cos 2 a ) ] ~ ( r ~ , w )  + [sin2 2741 - cos a) + 
sin4 y(1  - cos 2a)lJ(tt,w) (29) 

where y denotes the angle between the internuclear 
vector and the axis of rotation and a is the angular 
amplitude of the oscillation. When the segmental 
motion is described by the JS model, J ( t b , O )  is given by 
the expression (13) with Zb = Zk, and for the HWH 
description of the segmental motion, J ( t b , W )  is given by 
eq 19 with t b  = to. J(tt,o) is obtained by replacing tk or 
to by zt in the above expression and rt is defined by 

(30) 

where t i r  is the correlation time for the ring rotation. 
When the angular amplitude a is 180", the above 
expression becomes the same as the 2-fold jump pro- 
posed by Jones. In the following, the composite expres- 
sion in which the segmental motion is described by the 
JS  function will be referred to as ring model 1, and when 
the segmental motion is described by the HWH function, 
it will be referred to as ring model 2. 

The best fit TI versus T curves for the C3 carbon based 
on the above models are shown in Figure 5 and the 
model parameters are given in Table 4. Both the models 
show good agreement with the experimental data. In 
the fitting procedure the angular amplitude of the ring 
rotation was allowed to vary with temperature; the 
dependence is of the form 

a = ~ ~ 1 ' 2  (31) 

A similar temperature dependence for the amplitude of 
the phenyl group motion has been adopted by G r o n ~ k i ~ ~  
for modeling the restricted internal rotation of the side 
groups. For ring model 1, a was found to vary from 42 
t o  48" in the temperature range of study. Using ring 
model 2, a values were found to  range from 49 to 55". 
The a values obtained by both the models indicate the 
ring rotation to be highly restricted, and it involves 
small angular oscillations. Though the motional am- 
plitude is limited, the motion is faster than the backbone 
rearrangements, as is evident from a comparison of the 
correlation times for the segmental and ring motions 
given in Table 5. The restricted rotational amplitude 

I 

-1 
t t - l  = Zb-l + t i r  
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Figure 5. Temperature dependence of T I  for the C3 carbon 
of the pyridyl ring. Solid and dotted lines represent results 
obtained based on the ring models 1 and 2, respectively. The 
points are the experimental TI values obtained at two Larmor 
frequencies. 

Table 4. Simulation Parameters for C3 T I  
model E,, kJ/mol 1013A, s C 103d 

ring model 1 13.9 0.383 2.67 1.8 
ring model 2 14.6 0.178 3.09 2.8 

P2vP 
Table 5. Correlation Times for Pyridyl Ring Rotation of 

modified JS" ring model 1 DLMa ring model 2 
temD, K 109rh, s 101ls,,, s 1 O 9 t l ,  s 101lrl,, s 

_ _ _ _ ~  

248 2.471 3.282 3.134 2.131 
263 1.276 2.233 1.878 1.423 
283 0.590 1.424 1.033 0.887 
296 0.378 1.098 0.731 0.675 
308 0.259 0.881 0.545 0.536 
318 0.193 0.742 0.434 0.448 

a Correlation times for cooperative segmental motions are 
included for comparison. 

may be due to steric hindrance caused by the presence 
of nearby bulky pyridyl groups. 

The predicted NOE as a function of temperature for 
the C3 carbon, based on the two models, is shown in 
Figure 6. As noted for the calculated NOES for the 
backbone carbons, ring model 1 predicts a leveling-off 
of the NOE which is not observed experimentally. Ring 
model 2, on the other hand, is more successful in 
reproducing the experimental features observed for the 
NOE. At the higher field, the deviation of the calculated 
values from experimental values is more but it remains 
within 10% for most of the temperature range consid- 
ered. A comparison of the performance of the two 
models shows that ring model 2 reproduces the experi- 
mental features satisfactorily. Ring model 2 yields an 
activation energy of 14.6 kJ/mol. After the energy 
barrier due to solvent viscosity is subtracted, the 
potential barrier for the ring rotation is 7.2 kJ/mol. 

For a more detailed study of the ring motion, i t  is 
necessary t o  have an estimate of the energy barrier 
involved in the pendent group motion by independent 
means. We have carried out conformational energy 
calculations on the following model which was chosen 

0 
0 

1.9 (a)  0 

Figure 6. Temperature dependence of NOE for the CS carbon 
of the pyridyl ring at (a) 100.6 MHz and (b) 50.3 MHz. Solid 
and dotted lines represent predictions of ring models 1 and 2, 
respectively. The model parameters obtained by fitting to 
experimental 2'1 data are given in Table 4. 

to represent the polymer under investigation. 

The structural parameters obtained from the geom- 
etry of ethylpyridine optimized by the SCF/3-21G method 
of ab initio quantum chemistry were used to build up 
the above model. The structure of the model compound 
was optimized using the semiempirical quantum chemi- 
cal method, AM1. During optimization, the bond lengths 
were held constant and the interbond angles and 
torsional angles were allowed to vary. The optimized 
structure was found to have TTGTT conformation for 
the backbone, and the pyridyl ring is oriented perpen- 
dicular to the backbone with the ring nitrogen pointing 
away from the methine hydrogen. 

All the energy calculations were performed using the 
AM1 method. In order to generate the potential energy 
curve for the pyridyl ring motion, the rotation angle, 4, 
of the central pyridyl ring was varied in increments of 
10". At each step, all the bond angles and torsional 
angles were optimized in order to avoid possible over- 
estimation of the potential barrier of interest which 
might result otherwise. The bond lengths, however, 
were kept constant, since it is very unlikely that the 
bond length changes appreciably, as a result of the ring 
rotation. The potential energy as a function of the 
rotation angle, 4, is given in Figure 7. Examination of 
the potential energy curve shows that an activation 
barrier of approximately 23 kJ/mol should be overcome 
for a complete rotation through 180" of the pyridyl ring. 
Interestingly, Ghesquiere et al.36 have also reported an 
activation barrier of about 21 kJImol for the pyridyl ring 
motion in poly(4-vinylpyridine). Such a high energy 
barrier suggests that the pyridyl ring motion must be 
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Figure 7. Energy barrier to internal rotation of the pyridyl 
ring calculated using the semiempirical quantum chemical 
method, AM1. 

of limited amplitude. Based on the analysis of the ring 
carbon data, using ring model 2, the amplitude of ring 
rotation has been estimated to  vary from 49 to 55" in 
the entire temperature range of study and it involves 
an energy of about 7.2 kJ/mol. Energy of this magni- 
tude corresponds to angular amplitudes of the order of 
40 to 43" in the potential energy curve. The rotational 
amplitudes estimated from conformational energy cal- 
culations are comparable to those obtained from the 
experimental relaxation data. 

Conclusion 
The 13C relaxation data for the backbone and ring 

carbons of P2VP have been analyzed by different 
motional models for the polymer chains. Models which 
consider motions on two different time scales for a 
complete description of the backbone motion were found 
to be more successful in the analysis of the relaxation 
data. These motions include conformational transitions 
of short segments of the backbone and the C-H bond 
librations. The best fit to the experimental relaxation 
times was obtained from the DLM model. The libration 
amplitude is lower for the C-H vectors of the methine 
carbon relative to that of the methylene carbon due to  
steric hindrance resulting from the presence of the bulky 
pyridyl group on the methine carbon. The ring carbon 
relaxation data have been interpreted satisfactorily by 
considering the ring motion as rotations of restricted 
amplitude. It was confirmed by the conformational 
energy calculations carried out on a model compound, 
which showed a very high activation barrier for 180" 
rotations of the pyridyl ring. In the temperature range 
of study, the rotational amplitude of the pyridyl ring 
varies from 49 to 55". The rotational amplitude esti- 
mated from the conformational energy calculations was 
found to be reasonably close to the value obtained from 
the experimental relaxation data. 
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