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ABSTRACT Dipolar correlation functions are calculated for cis-polyisoprene in the bulk state. The time 
decay of the correlation functions results from the orientational motion of dipole moments accompanying 
the configurational transitions of the chain backbone. Examination of the intramolecular conformational 
energetics of the chain reveals that the transitions between rotational isomeric states takes place through 
coupled motion of triplets of neighboring bonds in the repeat units. The intermolecular effect on local chain 
dynamics is included in two stages: First, the relaxation in a homogeneous environment is treated through 
adoption of a local effective frictional resistance, increasing with the size of the kinetic segment. Second, 
two dynamically distinct environmental states representative of the free volume or density fluctuations of 
the medium are considered. The frequency distribution of relaxational modes is found to broaden with 
increasing number of bonds cooperatively participating in the segmental mode process. Calculations are 
performed for different sizes of kinetic segments which are defined as a sequences of bonds cooperatively 
participating in local relaxation. Predictions of the theory are compared with recent dielectric measurements 
(Boese, D.; Kremer, F. Macromolecules 1990,23, 829) of bulk cis-polyisoprene. Calculations indicate that 
the experimentally observed Kohlrausch-Williams-Watts (KWW) exponent of 0.39 is reproduced when a 
kinetic segment of three repeat units cooperatively relaxing in the presence of free volume fluctuations of 
the environment is considered. 

Introduction 

Dielectric relaxation measurements1+ on cis-polyiso- 
prene (&-PIP) chains in the bulk state exhibit the presence 
of two distinct modes of relaxation process: a segmental 
mode resulting from configurational transitions of a few 
monomeric repeat units and a normal mode associated 
with the long-wavelength motions of the chain. The two 
modes display clearly distinct features. Correlation times 
for the segmental mode are faster by a few orders of 
magnitude; they are independent of the molecular weight 
of the chain. Those for the normal mode scale with the 
second power of the molecular weight below a critical value 
M, and with a 3.7 power above ita6 The time decay values 
of the orientational correlation function 4( t )  for both 
modes have been approximated for a variety of polymers 
by the empirical Kohlrausch-Williams-Watts (KWW) or 
the stretched exponential function' 

40) = exp[-(t/~Yl (1) 
where T is a characteristic correlation time and the 
exponent fi  is less than unity. fi  for the segmental mode 
in cis-PIP is experimentally found to be 0.39 and is 
independent of temperature whereas it is larger than 0.5 
for the normal mode and increases with temperature.6 

As has first been discussed by Stockmayer,8 the com- 
ponent of the dipole moment vector parallel to the chain 
contour results in the normal mode process. Dielectric 
relaxation associated with this component leads to infor- 
mation on the low frequency dynamics of the chain. The 
basic features of the normal mode process may be inter- 
preted in terms of the Rouse and the reptation models2v6 
describing the dynamics of the end-to-end chain vector. 
In view of this correspondence, the parameters determining 
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the normal mode process are expected to be universal and 
valid for the generic flexible polymer chain. The segmental 
mode, on the other hand, is associated with high frequency 
motions and depends strongly on the local chemical 
structure of the chain. 

Segmental modes in the bulk cis-PIP have also been 
explored by timeresolved optical fluorescenceg and carbon- 
13 NMR measurements,1° in addition to dielectric relax- 
ation experiments. The relation of local segmental dy- 
namics to molecular constitution is not well established 
yet. In a recent study: the use of the anisotropic rotational 
diffusion model of a rigid body is shown to be insufficient 
in describing the experimentally determined correlation 
functions for &-PIP. The kinetic Ising model of Skinner" 
and Fredrickson and Brawer12 and the model of viscous 
liquids proposed by Brawer13 come closest to describing 
the cooperative nature of local dynamics. However, in 
those studies1@12 the chain is represented in a very general 
way as a two-spin system of a one-dimensional Ising model. 
Models of such generality establish the qualitative aspects 
of the local dynamics such as the non-Arrhenius temper- 
ature dependence of relaxation times and nonexponential 
decay of correlation functions. The system-specific quan- 
titative features of local dynamics, however, are not 
included in those treatments. In addition to the role of 
the single chain in dielectric relaxation, local density 
fluctuations also contribute to the nonexponential shape 
of the relaxation function. This is apparent from results 
of light scattering experiments on small  molecule^'^-^^ 
leading to values of 0 in the range 0.38-0.62. One 
explanation for these values of the fi  parameter is the 
presence of spatial and temporal density fluctuations 
resulting in environmental heterogeneities for the relaxing 
dipoles, therefore leading to a spectrum of relaxation times. 
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Figure 1. A few monomer units of the cis-polyisoprene chain. 
The shaded and the empty circles represent the carbon and the 
hydrogen atoms, respectively. The darker bonds represent the 
double bonds. The bonds of the monomer unit are numbered 
from 1 to 4. The x-  and the y-axes of the reference coordinate 
system are affixed to the double bond as shown. The broken 
dashed lines represent the tails of the long chain. The dipole 
moments m are affixed to the first atom of the double bond. 

The dynamic rotational isomeric state (DRIS) model, 
which has been developed over the past for 
investigating the sub-Rouse dynamics of polymers, is 
capable of incorporating the specific details of local 
structure into the kinetic Isin? model in the presence of 
a fluctuating environment. 

The aim of the present paper is to investigate the 
segmental mode relaxation process of cis-PIP chains in 
the bulk state above the glass transition temperature by 
the DRIS model. In the following section, we outline the 
assumptions of the model and the approximations in- 
volved. A convenient matrix multiplication scheme is 
outlined for the stochastic analysis of configurational 
transitions in the chain. As a first step, the orientational 
correlation functions are computed on the basis of in- 
tramolecular effects only. The environmental effect 
therein is approximated by a mean-field effective frictional 
resistance. This approach represents relaxation in a 
homogeneous environment and provides information on 
contributions from both single-chain connectivity and in- 
tramolecular energetics to the segmental mode relaxation 
processes of the chain. Relaxation in a heterogeneous 
environment results when the density of the melt exhibits 
spatial and temporal fluctuations. The effect of these 
fluctuations is included as a further step in the treatment. 
In Calculations and Discussion, predictions of the theory 
are compared with experiments. 

Theory 
DRIS Model and Assumptions. In this section we 

describe a model for analyzing the intramolecular con- 
tributions to segmental dielectric relaxation for the PIP 
chain. A small portion of a cis-PIP chain is shown in Figure 
1. The remaining parts of the chain, which will be defined 
as the “tails”, are indicated by the broken dashed lines. 
The repeat unit -[C(CH3)=CHCH&H+ consists of the 
four bonds numbered from 1 to 4 in parentheses in the 
figure. The first bond is a double bond. The shaded circles 
represent the carbon atoms. A molecule-fixed coordinate 
system OXYZ is affixed to the double bond. Following 
the convention adopted in the rotational isomeric state 
formalism of polymer  statistic^,^^ the X-axis is directed 
along the double bond. The Y-axis is taken to make an 
acute angle with the extension of the previous bond, and 
the Z-axis (not shown) completes a right-handed coordinate 
system. The dipole moment m of each repeat unit is 
indicated by an arrow affixed to the first carbon atom of 
the double bond. 

The local dynamics of the chain results from configu- 
rational transitions of short sequences of bonds. The 
length of the sequence to be considered depends on the 
time scale of the specific experiment. In general, the 
sequence should be sufficiently large to allow for the 
cooperative rearrangement of the bonds participating in 
the segmental mode process. In the segmental relaxation 
process of PIP investigated by fluorescence spectroscopy, 
the length of the sequence is estimated to be on the order 
of a few monomer units.g The sequence of bonds coop- 
eratively contributing to segmental relaxation will be 
referred to as the “kinetic segment” in the present work. 
Within the time scale of the experiments, the motions of 
the kinetic segment will be assumed to be dynamically 
uncorrelated with those of the tails. Thus, it suffices to 
explicitly formulate the correlation functions of the dipole 
moments within one kinetic segment only. 

The bond rotameric transitions appear as jump processes 
where the bond oscillates around an isomeric minimum 
and occasionally jumps to another minimum. The rates 
of these transitions are assumed to take place according 
to Kramers’ rate expression. The latter is given as the 
product of two terms, a front factor and an exponential 
activation energy term. The front factor represents the 
coupling of the chain to its environment. The activation 
energy term reflects the contributions to dynamics from 
intramolecular energetics. 

A rotameric transition over a single bond will be possible 
only if several adjoining bonds within the kinetic segment 
can be cooperatively set in motion. We call this the chain 
connectivity effect. In the absence of inertial effects and 
friction from the surroundings, the tails of the kinetic 
segment may undergo large sweeping motions when a bond 
in the kinetic segment undergoes a rotameric transition. 
For a polymeric chain embedded in a dense surrounding 
on the other hand, such sweeping motions are not likely. 
Such motions are suppressed in the present model by 
introducing a position-dependent friction coefficient ac- 
cording to which the motion of a given point on the chain 
is damped out depending on its location relative to the 
bond initiating the rotameric transition. 

We express the dynamics of all dipole moments relative 
to the coordinate system OXYZ, thereby identifying the 
latter as the laboratory-fixed coordinate system. The 
errors due to this approximation will be inconsequential 
if the damping effect of the environment is sufficiently 
strong, such as in the bulk state, and if we are observing 
the motions of the dipoles sufficiently separated from the 
origin. In any case, a correction may be applied by 
introducing independent overall motions to the coordinate 
system as has been discussed previ0us1y.l~ 

Basic Approach. Master Equation Formalism. Let 
us assume that there are n bonds between the investigated 
dipole moment vector and the coordinate system OXYZ 
and that these bonds are capable of exhibiting transitions 
from one isomeric state to the other. A set of torsional 
angles (@)a = (41, 42, ..., specifies any configuration a 
taken by the segment between the origin and the dipole 
moment. The subscript a in (@)a varies in the range 1 5 
a I N, where N denotes the total number of configurations. 
For example, if there are n rotatable bonds each having 
Y accessible isomeric states, then N = vfl. The aim of the 
DRIS model is to calculate the joint probability that the 
sequence under consideration is in the ith configuration 
at  time zero and in the j th  configuration at  time t. We 
let P(t) represent the N-dimensional vector of the time- 
dependent probabilities for all possible configurations (@Ia. 
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P(t) obeys the master equation 
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Table I 
Structural Variables for the Calculation of Lennard-Jones 

Parameters 

where A is theN X N transition rate matrix for the segment. 
The element Akl of A represents the rate constant for the 
passage from configuration {O)l to {Ojk. Equation 2 may 
be solved formally to yield 

P(t) = exp(At) P(0) 
(3) 

where P(0) is the array of the initial probabilities of the 
N accessible configurations, B is the matrix of eigenvec- 
tors of A, A is the diagonal matrix of eigenvalues of A, B-' 
is the inverse of B, and 

(4) 
is the time-delayed conditional probability matrix with 
the elements Cab describing the conditional probability of 
the occurrence of configuration {a), at time t given the 
configuration {O)b a t  time t = 0. The time-delayed joint 
probability matrix P(t) is obtained from C(t)  as 

P(t) = C ( t )  diag P(t=O) ( 5 )  
Here diag P(t=O) is the diagonal matrix of the equilib- 
rium probabilities P(0). 

The orientational correlation function Ml(t) for any two 
vectors m and n follows from the ensemble average over 
all configurational transitions as 

= B exp(At) B-' P(0) = C(t)  P(0) 

C(t)  = B exp(ht) B-' 

N N  

where the summations are performed over all configura- 
tions of the segment and ma and na denote the vectors m 
and n in the configurations CY and 8, respectively. In the 
following subsection, we describe the molecular structure 
and the energetics of the cis-PIP chain and then derive 
the corresponding rate matrix A. 

Torsional Energies, Isomeric Minima, and Saddle 
Points. The equilibrium statistics of PIP chains have 
been previously investigated by Mark26 and Abe and 
Fl0$7~28 by the rotational isomeric state formalism. The 
structure of the cis-PIP chain is shown in Figure 1. The 
conformational energetics of the chain is studied by 
considering the interaction potentials between pairs of 
nonbonded atoms, following conventional methods. Bond 
lengths are taken27 as IC+ = 1.53 A, 1C-H = 1.10 A, ZCMZ 
= 1.34A, and IC+* = 1.51 A, where C'indicates the carbon 
atom next to the double bond. Supplemental bond angles 
equate27 to LC'C'C = 55", LC'CC = 68", LC'C'H = 61", and 
LCC'(CH~) = LC'CH = LCCH = 71O. Lennard-Jones 
expressions 

(7) 
are adopted in evaluating the interaction potential between 
atoms or groups k and 1, separated by a distance rkl from 
each other. The parameters ukl and bkl are found from the 
Slater-Kirkwood formula, using the structural variables 
listed in Table I. Intrinsic torsional potentials are 
accounted for (kcal/mol) by the  expression^^^^^^ 

Eintr(4&4) = O W C O S  (34,) + COS (344)) (8) 

Eintr(43) = 141 - COS (343)) 

for the pair of bonds flanking the double bond and for the 
C-C bond, respectively. 

atom/group van der Waala radii (A) polarizability Neo 
C 1.60 
H 1.08 
CH3 1.80 

0.93 5.0 
0.42 0.9 
1.77 7.0 

N ,  = effective number of electrons in the outermost shell. 

8 O", I 

9, 90 

0 1  I 
-1 80 -90 0 90 1 

a2 
Figure 2. Energy contour maps for the two bonds flanking a 
double bond in the cis configuration. Two isomeric minima B+S+ 
and S+S- with respective energies of 0.00 and 0.06 k a m o l  are 
indicated. Six equally spaced contour levels ranging from 0.2 to 
2.7 kcal/mol are drawn. 

A segment of the form CCH2CH2C(CH3)=CHCH2C 
with the double bond in cis configuration (41 = 180") has 
been considered as a first step to gain an understanding 
of the interdependence and kinetics of bond isomeriza- 
tion in cis-PIP. The energy contour diagram calculated 
as a function of the rotations 42 and 44 about the bonds 
adjoining the double bond is shown in Figure 2. Although 
this figure bears close resemblance with the equivalent 
map calculated by Abe and Mark, it is reevaluated in the 
present work in order to clarify the barriers between 
rotational isomeric states. The portion of the map for 0" 
I 44 I 180° is shown only. The portion for Oo 1 44 2 
-180" is symmetric with respect to the origin. Energy 
levels are expressed in kilocalories/mole, with respect to 
the lowest minimum occurring near 42,44 = 80°, 75". The 
torsional angle 42 of the second minimum in the figure is 
slightly shifted toward the trans (t) state value, although 
the shape and depth of the isomeric minimum are closely 
preserved. In accordance with the previous treatment, 
neglecting those slight distortions, we can assume that 
rotations around the two bonds flanking a double bond 
are independent of each other and give rise to minimum 
energy states referred to as the skew* (s*) states which are 
defined approximately by f70° torsional angles with 
respect to the trans state. Another interesting feature 
revealed in calculations is that the fourth bond has to 
overcome an energy barrier of 4.5 kcal/mol for passage 
between the s+ and s- states. In view of the large value 
of this barrier, we assume that the passage from the s+ to 
the s- state for this bond is not possible. The second bond 
has to pass over a saddle point with a relatively low energy 
barrier of 1.4 kcal/mol on going from the s+ to s- state as 
seen from the figure. A more exact determination of the 
latter is possible by considering the interdependent 
behavior of triplets of single bonds in the repeat units, as 
presented next. 

In contrast to the bonds flanking the double bond, the 
conformational behavior of triplets of single bonds 2-4 
are found to be affected by second and higher order 
interactions along the chain.24 Energy contour diagrams 
have been obtained for groups of triplewise dependent 
bonds by varying the torsional angles 42 and 43 while 

I 
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Figure 3. Energy contour map for the repeat unit in cis-PIP as 
a function of the torsional angles $2 and $3 of the second and the 
third bonds when the fourth bond is in the s+ state. The energies 
of the minima are in kilocalories/mole. The contour lines are 
drawn at intervals of 1 kcal/mol. 

keeping 44 fixed at  either s+ or s- state in the segment 
CC(CH3)=CHCH2CH&CH3)=CHC. The energy con- 
tours shown in Figure 3 are obtained for the s+ state of the 
fourth bond. For the s-state of the latter bond, the mirror 
image of the figure is obtained and hence is not shown 
separately. The figure shows three isomeric states for the 
third bond, which may be identified as the trans (t) at  43 
= 0" and gauche* (g*) states at  4 3  = f120". The energies 
of the isomeric minima are indicated in kilocalories/mole 
with respect to the lowest energy state; 42,43, $14 = s+g-s+. 
The contours shown in the figure display isoenergetic 
points ranging from 1 to 4 kcal/mol, with intervals of 1 
kcal/mol. 

The energy map exhibits six minima and eight saddle- 
point passages as schematically represented by the arrows 
in Figures 4 for the cases where 43 = s+ and s- (parts a and 
b, respectively). No passage between the two surfaces is 
accessible as delineated above. Also, the transitions which 
require substantially large activation energies, such as the 
passage from s+ to s- for the second bond when the third 
is in g+ state, are indicated in the kinetic schemes with the 
infinity signs. The rate constants associated with the 
accessible transitions are indicated as rki ( i  = 1-8). The 
corresponding activation energies E*i (i = 1-8) are 
calculated from the height of the saddles relative to the 
initial state and are listed in Table 11. The set of N = 12 
isomeric states available to each monomeric unit and the 
corresponding equilibrium energies which are denoted as 
E", (a = 1-12) are listed in Table 111. Those states are 
assigned equilibrium probabilities p", equal to 

For a segment of k repeat units, starting with the double 
bond, the equilibrium probability Pp$t=O) of the con- 
figuration {@) is obtained from the serial multiplication of 
the equilibrium probabilities of the individual units in as 
much as units separated by a double bond are statistically 
independent. 
Transition Rates. As stated in the Introduction, a 

rotameric transition about a bond results from diffusive 
motions of the bond about the energy minima or around 
the saddle point. During its rotameric oscillations about 
an isomeric minimum a bond may approach an activated 
state and eventually cross it to reach a new minimum 
energy state or it may move back to its original isomeric 

r 
3 4 r 5  
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Figure 4. Schematic plot of rates of passage between different 
states accessible to the repeat unit in cis-PIP (a, top) when bond 
4 is in the s+ state and (b, bottom) when bond 4 is in the s- state. 

Table I1 
Activation Energies for the Various Rates (kcal/mol) 

E1 = 1.88 E6 1.44 E-, 1.82 E+ = 3.18 
E2 = 1.90 E6 = 3.40 E-2 = 2.37 E+ 2.99 
E3 = 3.73 El 2.45 E-3 = 2.79 E-I = 2.66 
Ed 2.56 Ea 3.04 E4 = 1.76 E+ 3.24 

Table 111 
Rotational Isomeric States for Repeat Units and 

Corresponding Energies 
states energy ( k d m o l )  

cs+ta+ and cs-ts- 0.94 
ca+g+s+ and cs-gs- 1.74 
cs+gs+ and cs-g+s- 0.00 
a%+ and cs+ts- 0.88 
cs-g+s+ and cs+gs- 0.67 
cs-gs+ and cs+g+s- 0.47 

state. Thus, the local orientational dynamics of a poly- 
meric chain proceeds in the form of jumps from one 
minimum to another. In general, these jumps take place 
collectively, as implicit in the discussion of Figure 3 where 
the transition of one bond from one minimum to another 
depends on the isomeric state of its neighboring bonds. 
The rate constant ri for a rotameric transition over bond 
i is given by Kramers' high-friction limit expression as 

where y and y* refer to the curvature of the energy path 
at  the minimum and saddle point, respectively, Ei is the 
activation energy for the specific transition, and {i,eff is 
the effective friction coefficient for bond i. fi,eff may be 
envisaged to contain information on the effect of the local 
environment of the bond. The intermolecular resistance 
to motion and the effect of local density or free volume 
fluctuations are accounted for in the front factor by 
suitably modifying the effective friction coefficient. The 



820 Bahar et al. Macromolecules, Vol. 25, No. 2, 1992 

Table IV 
Rate Matrix for the Bond Triplet 

s+ts+ s+ts- a+g+s+ s+g+a- s+g-a+ s+gs- s-ts+ a%- s-g+s+ s-g+s- s-gs+ s-g-a- 

S + b +  

s+ts- 
a+g+s+ 
s+g+s- 
s+g-a+ 
s+g-a- 

a-g+s+ 
a-g+s- 
a-g-a+ 

s-tS+ 
s-ts- 

a-g-s- 

0 
0 
r4 0 
0 r-6 
r-3 0 
0 r4 
r-1 0 
0 rl 
0 0 
0 0 
0 0 
0 0 

r-4 
0 

0 

0 
0 
0 
0 
0 
0 
0 

r5 

0 

0 

0 

0 
0 
0 
rz 
0 
0 

r6 

r-8 

r3 
0 
r-5 
0 

0 
0 
0 
0 
0 

0 
r-2 

magnitude of {i,effdepends on the location of bond i within 
the kinetic segment. In as much as we are interested in 
the motions of a given dipole, the position of the bond 
performing the rotameric transition relative to the dipole 
is of importance. In general, the dynamics of the dipole 
moment will be less affected by the rotameric transitions 
about bonds that are at a larger distance along the chain 
than those relatively closer. Recent calculations21 and their 
comparison with Brownian dynamics simulationsB suggest 
that a quadratic dependence of (i,eff on the number of 
intervening bonds between the dipole moment vector and 
the rotating bond is appropriate. Thus, the rate expression 
given by eq 10 will be written as 

(11) 

where n indicates the location of the dipole moment with 
respect to the origin and i that of the bond performing the 
rotqperic transition. The various terms in the front factor 
of eq 10 are lumped into A&"). The above equation 
deserves special attention. The exponential part arises 
from the specific chain conformational energetics whereas 
the term (n - i)-2 may be viewed as a property common 
to all chainlike structure and responsible for the slowing 
and/or damping of the propagation of reorientation away 
from the rotating bond. Accordingly, ri represents the 
effective rate constant associated with the motion of the 
dipole moment affixed to the nth bond as a result of the 
isomeric transition of bond i. It should be noted that the 
quadratic dependence of ri on (n - i) is not rigorously 
derived but only postulated on the basis of moment of 
inertia considerations and random-chain properties.21 
Although its adoption in previous work21 leads to results 
in satisfactory qualitative agreement with Brownian 
simulations, further comparison with experiments and/or 
molecular dynamics simulations will be of interest to 
confirm the validity and limits of applicability of eq 11. 

Transition Rate Matrices and Dispersion of Re- 
laxational Modes. In the first part of the treatment 
below, we adopt a mean-field type analysis where the 
possible fluctuations and heterogeneities in the environ- 
ment of the kinetic segment are not explicitly considered. 
Intermolecular effects are therefore included only through 
a single value of S;.,eff lumped into Ao(T) in the front factor 
of eq 10. A large value of the front factor implicitly reflects 
the favorable cooperation of the surroundings to present 
suitable pathways to surmount the barrier to configura- 
tional transition. Conversely, low values of the front factor 
decrease the frequencies of jumps from one energy 
minimum to another. In this case, the kinetic segment in 
the investigated molecule is constrained to make many 
small fluctuations about a minimum energy configura- 
tion before hopping over the transition state to another 

0 

0 

0 

0 
0 
0 
0 
0 
0 

r-7 
rl 0 
0 r-1 
0 0 
0 0 
0 0 
0 0 

0 
0 
r4 0 
0 r--3 
r-6 0 
0 r4 

0 
0 
0 
0 
0 
0 
7-7 
0 

0 

0 
re 

0 
0 
0 

0 
0 
0 

0 

0 

r-2 

r3 

r-5 

0 
0 
0 
0 

0 

0 

0 

0 

r2 

r6 

7-8 

0 
0 
0 
0 
0 
0 
0 

L4 
r5 
0 

isomeric state. The dielectric relaxation of the dipole 
results from the anisotropicintramolecular motions in such 
a homogeneous environment. It is noted that the orien- 
tational relaxation of a given vector along a chain cannot 
be obtained by a model based uniquely on local density 
fluctuations in as much as the latter is an isotropic process 
while the orientational relaxation is purely anisotropic. 
However, the contributions to dielectric relaxation from 
the nonhomogeneities of the fluctuating environment 
cannot be ignored totally because differences in the 
environment result in a wider spectrum of relaxation times 
and this directly influences the time decay of the relaxation 
function. 

The boundary condition of immobilized tails is implicitly 
taken into account in the rate constants which are the 
elements of A, by decreasing the rate of reorientation of 
a given dipole with the second power of the number of 
intervening bonds between that dipole and the rotating 
bond i initiating the motion, according to eq 11. If the 
dipole is very close to the rotating bond, if it is its first 
neighbor along the chain (i.e., n - i = 11, its motion exactly 
accompanies that of the rotating bond; otherwise, it is 
damped depending on its separation from the mobile unit. 

In the second part of the analysis, we approximate the 
fluctuating environment as a two-state medium that may 
be referred to as a fast and a slow medium. This 
approximation has been employed by a number of 
investigators in previous s t ~ d i e s ? ~ * ~ l  Conformational 
transitions in the kinetic segment are more frequent in 
the fast environment compared to those in the slow 
medium. The correspondence of this model to density 
fluctuations is obvious. The fast and the slow states are 
not assumed to be static, and transitions from one state 
to the other are recognized. This model has recently been 
applied20 to the analysis of the dynamics of small probes. 
In the present work, we extend this approach to kinetic 
segments of &PIP in heterogeneous environments. 

(a) Relaxation of a Single Repeat Unit in a Homo- 
geneous Environment. The rate matrix A accounting 
for the rotameric transitions of bonds in a repeat unit will 
be of order 12, in agreement with the number N of 
accessible configurations depicted in the kinetic scheme 
of Figure 4. The off-diagonal elements of the latter are 
listed in Table IV. The first row and column in the table 
indicate the set of initial and final states, respectively. 
The kth diagonal element of A represents the total rate 
of escape from state k. For stationary processes as 
presently considered, the diagonal elements are found from 
Akk = -E&, where the summation is performed over all 
states 1 different from k. 

A total of N = 12 relaxational modes with the frequencies 
At (1 5 5 I 12) deduced from the eigenvalues of A 
contributes to segmental motion of the repeat unit. In 
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component form, eqs 4 and 5 lead to the expressionlg 
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entational correlation betwen two vectors m and n affixed 
to the ith and j th  bonds relative to the frame OXYZ. Let 
us assume that i I j I n. The equality i = j holds for the 
case of orientational autocorrelation. Following the 
conventional approach,25 the axes of the local bond-based 
frame are defied according to the prescription given above 
for the first bond of the kinetic segment. For a given 
configurational transition from state {a) a t  time 0 to state 
(a)' a t  time t, the scalar product m(O).n(t) may be written 

m(O)-n(t) = T{@)mo.T{@)'no = moTITT{@) T{@)'lno 

(17) 
where T{@J and T{@)' are the frame transformation 
operators to express both vectors in the frame OXYZ and 
mo and no are the dipole vectors expressed in the bond 
coordinate system. They are given by the serial multi- 
plication of the transformation matrices Tk(t) associated 
with the passage from local frame k + 1 to frame k according 
to 

as 

i 1 

where the amplitude factor kt  is given by 
N N  

(b) Relaxation of a Single Repeat Unit in a Fluc- 
tuating Environment. The rates of transitions between 
isomeric states are assumed to be affected by the state of 
the environment, but the reverse is not true; i.e., the 
isomeric state of the chain sequence does not affect the 
transition rate of the environment from the slow to the 
fast state. The fluctuating environment may be charac- 
terized by two parameters such as (i) the fraction psiow of 
the slow state in the medium and (ii) the rate ralow of 
transition from the slow to the fast state. The reverse 
transition rate rfmt is fixed by the detailed balance principle 
as 

ralowl'fmt = (1 - Pslow)/Pslow (14) 
With the choice of two states for the environment, the 
total number of accessible states to a repeat upit in cis- 
PIP equates to 24. The transition rate matrix A of order 
24 for that case reads 

Here, El2 is the identity matrix of order 12, A is the 
transition rate matrix defined in Table IV, and the 
coefficient g < 1 accounts for the decreased mobility of 
the chain in the slow medium, relative to the fast medium. 
It equals the ratio of the values assumed by the effective 
friction coefficient {i,eff in the slow and fast media. 

(c) Relaxation of a Kinetic Segment of Several 
Repeat Units. In the more realistic case of x repeat units 
collectively participating in the relaxation process, the 
operating transition rate matrix A(#) is found from the 
direct product of the individual transition matrices A (or 
A) with identity matrices E12 of order 12, according to 

A@) (A, 8 E,, 8 E,, ... 8 E,,) + 
{E,, 8 A, 8 E,, ... 8 E,,) + ... + 

{E12 8 E12 8 E12 8 Ax] (16) 
Here, the subscripts 1, 2, ..., x are appended to A to 
distinguish between consecutive transition matrices, in as 
much as the front factor in the rate constants varies 
depending on the position (n) of the investigated vector 
relative to the bond i (1 I i I n = 4x) undergoing the 
rotameric transition, as given by eq 11. Accordingly, as 
x increases, increasingly slower modes contribute to the 
segmental relaxation process. The orientational corre- 
lation is still given by a sum of exponentials as represented 
by eqs 12 and 13, provided that the eigenvalues and eigen- 
functions are now found from the similarity transformation 
of A(=) instead of A and N is replaced by Nx. This 
formulation presents the advantage of yielding the dis- 
persion of relaxational modes. However, it is clear that 
determination of the eigenvalues of A(#) becomes prohib- 
itively time-consuming for x 1 3. The orientational 
correlation functions in this case are preferably computed 
by a recently d e ~ e l o p e d ~ 3 ~ ~ ~  matrix multiplication scheme. 

Matrix Multiplication Scheme for the Calculation 
of Orientational Correlations. Let us consider the ori- 

The arguments account for the implicit time dependence 
of the torsional angle $k present in Tk(t). The ensemble 
average of eq 17 over all possible configurational transitions 
may be obtainedz4 from 

(m(O).m(t)) = moT(D(t) 8 E,)(E3 8 F)mo (19) 
Here, E3 is the identity matrix of order 3, F f col (1 0 0 
0 1 0  0 0 11, the symbol 8 represents the direct product, 
the superscript T indicates the transpose, and the matrix 
D(t) is defined as 

In eq 20, Tk(0) is set equal to E3, for k > i. The product 
(&J[Tk(O) 8 Tk(t)l) is conveniently found for pairwise 
interdependent bonds, using the matrix multiplication 
scheme 

Here, J col (1 1 ... 1) and Vk(t) is the stochastic weight 
matrix corresponding to the pair of bonds (k - 1, k).23>24 
It is noted that the first bond of the kinetic segment is not 
considered. The latter prescribes the absolute orientation 
of the kinetic segment and does not affect the internal 
orientational correlations. llTk 8 Tkll is the diagonal su- 
permatrix of the form 

1 

where Tu, Tg, ..., Tc are the forms assumed by the 
transformation matrix for the respective states a, 8, ..., { 
assumed by bond k. 

For the particular case of a kinetic segment of x = n/4 
repeat units in cis-PIP, confining attention to the orien- 
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tational autocorrelation of the nth bond based frame, eq 
21 is replaced by the simpler expression 
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Here, T*, is the transformation matrix that operates 
between successive repeat units p and p + 1. It is given 
by T*, = T1T2T3T4, following the index notation of Figure 
1. The first equality in eq 23 follows from the intramo- 
lecular energetic considerations. For a total of N states 
accessible to each of the repeat units, the stochastic weights 
associated with the IP rotameric transitions equate to the 
time-delayed joint probabilities Pag(t) for states a and 19 
and are organized in V*,(t) as 

V*,(t) = row [P,,(t), PI2(t), P13(t), ..., P N N ( ~ ) I ~  (24) 
The subscript p appended to the above row indicates that 
the time-delayed joint probabilities are dependent on the 
location of the specific unit p along the kinetic segment 
of x repeat units. 

Dipole Moment Correlation Function. Let us as- 
sume that there are x dipole moments in a kinetic segment 
that is observed by the dielectric measurements a t  a given 
frequency and temperature. The dipole moment corre- 
lation function or the normalized response function @(t) 
is given by 

X I  
@ ( t )  = 

where m(,)(t) denotes the dipole moment located at the 
8th repeat unit of the kinetic segment with respect to the 
frame of observation OXYZ. The brackets indicate the 
ensemble averaging over all configurational transitions at 
the given time. The orientational autocorrelation (m(,)- 
(t).m(,)(O)) is evaluated by combining eqs 19,20, and 23 
as 

(E, Q F)mo (26) 
For clarity, we shall abbreviate the right side of the above 
equation as 

(m(s)(t)-m(s)(0)) = moT( TJO) T,(t)>mo (27) 
in the following. On the other hand, the repeat units being 
subject to independent conformational energies, the cross- 
correlation between consecutive dipoles along the chain 
reduces to 

(m,,,(t).m,,+,,(O)) = moT(Ts(0) T,(t))(T*)mO (28) 
Here, (T*) is the equilibrium average of the product of 
transformation matrices for the repeat unit. Using eqs 27 
and 28 and neglecting cross-correlations beyond first- 

rate s-' 
Figure 5. Eigenrates Xt and their amplitudes k~ for a kinetic 
segment of one monomer unit. [ = 1-12, in a homogeneous 
medium. Degenerate eigenrates and the zero eigenrate corre- 
sponding to equilibrium are not shown. 

neighbor dipoles, eq 25 may be expressed for x = 3 as 

where 

G(t) moT( T,(O) Tl(t) + T2(0) T2(t))(E3 + 2(T*)) + 
( T,(O) T&) )mo (30) 

Calculations and Discussion 
Calculations are performed for the temperature range 

222.3 I T I 244.3 K, studied in dielectric experimentsS6 
Within this narrow interval, the variation of the equilib- 
rium distribution of isomeric configurations with tem- 
perature is negligibly small. Thus, the exponential part 
of eq 10, which reflects the influence of short-range in- 
tramolecular energetics on transition rates, is not signif- 
icantly affected. This insensitivity is manifested by the 
constant slope of the time decay curves at different tem- 
peratures. The only effect of temperature is to uniformly 
shift the correlation curves along the time axis. This effect 
arises primarily from the WLF type dependence of the 
front factor in eq 10 on temperature following the 
proportionality20 

where C1, CZ, and TO for the segmental mode in cis-PIP 
in the bulk state are given by Boese and Kremer.6 Thus, 
the parameters defining the WLF-type behavior of bulk 
PIP have been established in several experiments including 
the recently performed dielectric measurements. In this 
respect, our attention in the present work is directed to 
the interpretation of the slope of the decay curves. The 
two cases of a homogeneous and fluctuating environment 
will be considered separately. 

(a) Relaxation in a Homogeneous Environment. 
Solution of the master equation leads to the determina- 
tion of eigenrates and their amplitudes. The eigenrates 
IXtI (1 I 5 I N) indicate the rate of relaxation of the eigen- 
modes. They are directly found from the diagonalization 
of the transition rate matrix A. Their amplitudes kt are 
calculated from eq 13. The latter depends on the direction 
of the dipole moment vector in cis-PIP with respect to the 
bond-based local frame. The dipole vector lies in the xy 
plane of the local frame, though the angle it makes with 
the axes is not precisely known. The calculations reported 
in this study are based on a dipole perpendicular to the 
double bond. Calculations for various angles in the xy 
plane other than 90° indicate that results are not signif- 
icantly altered. In Figures 5 and 6, dispersions of the eigen- 
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Figure 6. Eigenrates At and their amplitudes kt for a kinetic 
segment of two monomer units, in a homogeneous medium. 4 = 
1-14, Degenerate eigenrates and the zero eigenrate correspond- 
ing to equilibrium are not shown. 

rates are presented for kinetic segments of one and two 
repeat units, respectively, in a homogeneous environment. 
Results of calculations are reported for T = 240 K. The 
front factor in eq 13 is taken as 1.0 X 108/s. It is to be 
noted that the absolute value of the front factor scales the 
whole set of eigenrates by a constant factor, leaving their 
frequency distribution unchanged. Hence, the shape of 
the decay curve remains the same while only the time 
range of relaxation is uniformly shifted. Figure 5 is 
obtained for the dipole moment affixed to the fourth bond 
of a kinetic segment of one monomer unit, where the first 
bond is fixed in space. Only five out of twelve eigenrates 
appear in Figure 5 because some are degenerate. The zero 
eigenrate corresponding to equilibrium is not shown. The 
highest rate of 2 X lo6 5-l approaches the rate of transition 
of a single bond over the smallest energy barrier which is 
equal to 4.9 X 106 5-l. The eigenrates cover a time span 
of approximately 1.5 decades. Figure 6 shows the eigen- 
rates and amplitudes for a dipole moment attached to the 
end of two monomer units whose first bond is fixed in 
space. Only a fraction of the possible 144 eigenrates 
explicitly appears in the figure due to degeneracy. The 
frequency distribution of the eigenmodes is substantially 
broadened; eigenrates cover a time span of about 2.5 
decades. 

As the dispersion of the eigenrates widens, the shape of 
the response function is expected to depart from a single 
exponential and to approach the stretched exponential 
form expressed by eq 1. In Figures 7-9, results of 
calculations of the dipole autocorrelation functions of 
single dipoles are presented as a function of time for 
different length mobile sequences. In order to afford 
comparison with the stretched exponential function, the 
ordinate and abscissa of the figures are chosen as log (-ln 
+) and log t, respectively. All three figures show the 
presence of two distinct regimes that may be represented 
by two straight lines of different slopes. The circles 
represent results of calculations, and the straight lines are 
obtained by least-squares fit. Figure 7 is obtained for a 
kinetic sequence of one monomer unit with four bonds. 
The slope of the straight line at  short times is 0.96. This 
portion of the diagram having a slope close to unity is 
representative of single exponential relaxation. The long 
time portion of the graph has a slope of 0.62, which 
indicates that a distribution of eigenrates contributes to 

Figure 7. Dielectric response function for a dipole moment vector 
at the end of a kinetic segment of one monomer unit, in a 
homogeneous medium. The circles represent results of calcu- 
lations. The two best fitting straight lines through the circles 
have slopes of 0.96 and 0.62, respectively, indicating approxi- 
mately single exponential behavior followed by a KWW type 
relaxation at long times. 
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Figure 8. Dielectric response function for a dipole moment vector 
at the end of a kinetic segment of two monomer units, in a 
homogeneous medium. See legend for Figure 7. The beat fitting 
straight lines have slopes of 0.97 and 0.39, respectively. 
the relaxation at  longer times. The two straight lines 
intersect when the ordinate equates approximatelyto zero. 
This indicates that stretched exponential type of relaxation 
is observed after the relaxation has fallen below ita l / e  
point. The value of the characteristic time 7 of the 
stretched exponential function is obtained from the figure 
as 2.0 X s when the ordinate equates to unity. Figure 
8 is obtained for the autocorrelation function of a single 
dipole affixed to the end of the second monomer unit in 
a kinetic segment of two units. The slopes of the two 
straight lines are obtained as 0.97 and 0.39 representative 
of again a single exponent type decay a t  short times 
followed by a stretched exponent decay a t  longer times. 
Again, the latter starts after 60% of the full decay has 
taken place. The characteristic time is rather close to the 
preceding case. Finally, Figure 9 shows results of calcu- 
lations of the autocorrelation function of a single dipole 
moment a t  the end of a kinetic sequence of three monomer 
units. The slopes of the two straight lines in the figure 
are 0.92 and 0.34, and same characteristic time is preserved. 
We note the gradual decrease in the exponent a t  long times, 
which is a direct consequence of the broader distribution 
of relaxation rates associated with longer kinetic segments. 
However, this exponent appears only toward the later 
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Figure 9. Dielectric response function for adipole moment vector 
at the end of a kinetic segment of three monomer units, in a 
homogeneous medium. See legend for Figure 7. The best fitting 
straight lines have slopes of 0.92 and 0.34, respectively. 

stages of relaxation, in contrast to experimental obser- 
vations where stretched exponential behavior extends 
throughout the whole decay curve. The effect of fluctu- 
ations in the environment will be investigated next, as a 
possible source of observing a stretched exponential 
behavior throughout a wider time range. 

Figures 7-9 are obtained for the relaxation of a single 
dipole moment affixed to the end of the kinetic segment. 
However, the dielectric relaxation experiment measures 
auto- and cross-contributions from all dipole moments in 
the kinetic segment. In a kinetic segment of two monomer 
units, for example, there are two dipole moments present 
and the response function must embody contributions from 
both of these dipoles. Calculations performed by con- 
sidering the contributions from both auto- and cross- 
correlations of the dipoles on the fourth, eighth, and the 
twelfth bonds in a kinetic segment of three repeat units 
indicate that the response function exhibits approximately 
the same time dependence as the autocorrelation curve 
shown in Figure 9. Mainly, the bimodal character of the 
response function remains unchanged, and the correspond- 
ing time dependence on logarithmic scale is almost 
indistinguishable from that of the response function shown 
in Figure 9. 

The above calculations demonstrate that, for a chain 
relaxing in a homogeneous environment, the KWW type 
behavior predicted by the theory is confined to the long 
time tail of the correlation decay curves only, in contrast 
to the experimental measurements which reveal a KWW 
type decay over the full range of relaxation. This deviation 
stipulates the necessity of broadening the frequency 
distribution of relaxational modes. This requirement may 
be achieved by allowing for a larger variety of accessible 
states and passages. Two possible pathways are either to 
consider longer kinetic segments or to introduce the density 
or free-volume fluctuations of the environment which 
modulate the rate of conformational transitions. The 
former is not expected to yield the required behavior in 
as much as in all of the three different sized kinetic units 
the single exponential behavior persists up to l /e  point of 
full relaxation. Besides, similar nonexponential decay is 
observed even in small  molecule^.^^-'^ As to the exponent 
in the stretched exponential regime, it exhibits a steady 
decrease with increasing number of bonds engaged in 
cooperative relaxation. The exponents 0.39 and 0.34 
obtained for the kinetic segments of two and three repeat 

log t 

Figure 10. Dielectric response function for a kinetic segment 
of one monomer unit. Empty circles represent the results for the 
case of a kinetic segment relaxing in a bistate fluctuating 
environment. Results for a homogeneous environment are also 
shown by the filled circles, for comparison. The slope of the beat 
fitting straight line through the final portion of the data is found 
to decrease from 0.62 to  0.45 upon inclusion of the fluctuating 
environment. 
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Figure 11. Dielectric response function for a kinetic segment 
of three monomer units. Empty and fiied circles represent results 
in a bistable fluctuating environment and homogeneous media, 
respectively. The best fitting straight line drawn through the 
empty circles has slope equal to 0.39. 

units, respectively, suggest that the consideration of larger 
size segments is unnecessary. At  this point, the intro- 
duction of intermolecular effects associated with the 
density fluctuations of the environment seems appropriate. 

(b) Relaxation in a Fluctuating Two-State En- 
vironment. To keep generality, we assign equal prob- 
abilities to the fast and slow environments, taking pslow = 
0.5 which leads from detailed balance principle to rslow = 
past. The decay curves equivalent to those in Figures 7 
and 9, now in the presence of a fluctuating environment, 
are displayed by the empty circles in Figures 10 and 11, 
respectively. Results are reported for rslow = 1.0 X 103/s 
and A0 = 1.0 X 109/s. I t  is noted that since the rate of 
environmental transition rslow = rfmt is assumed to be much 
slower than the rate of isomeric transitions, the environ- 
ment causes only the change in the effective friction 
coefficient, through the parameter g. The value of the 
parameter g will be selected so as to ensure sufficient 
broadening of the relaxation spectrum. For comparative 
purposes, the decay curves obtained in a homogeneous 
environment using the same front factor Ao are also 
displayed, by the filled circles, in the figures. 
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For the simpler case of the kinetic segment of a single 
monomer unit, the two curves in Figure 10 are obtained 
from the application of the set of eqs 12 and 13, with the 
transition rate matrix thereinjaken as A for the homo- 
geneous environment and as A for the fluctuating envi- 
ronment, The parameterg in eq 15 is taken as 0.01, which 
corresponds to a slowing of the motions by 2 orders of 
magnitude in the slow environment. From examination 
of Figure 10, two features brought about from environ- 
mental effects appear as (i) the lowering of the exponent 
j3 from 0.62 to 0.45, as found from the best fitting straight 
lines through the final portion of the data, and (ii) the 
extension of the stretched exponential behavior toward 
initial stages of relaxation, i.e., the validity of a KWW 
type relaxation starting from @ x 0.6, as found from log 
(-ln @) -0.3 (empty circles), instead of @ = 0.35 (filled 
circles). 

In the case of the longer kinetic segment of three repeat 
units presented in Figure 11, the matrix multiplication 
scheme described above is adopted since the large size of 
accessible transitions prohibits the use of the simpler set 
of eqs 12 and 13. The total number of transitions 
contributing to relaxation amount to 126 in the homoge- 
neous medium and 246 in the presence of a bistate 
fluctuating environment. The parameter g is taken as 
0.001 in this case. The change in the shape of the dipole 
relaxation function obtained by inclusion of density 
fluctuations in the medium is striking, even in the 
logarithmic scale of the figure. The curve for the fluc- 
tuating environment closely approximates a stretched 
exponential decay with exponent 0.39 in agreement with 
experiments, throughout a substantial portion of relaxation 
starting from CP = 0.8. 

Conclusion 
The present analysis demonstrates that consideration 

of intramolecular effects alone, in a homogeneous envi- 
ronment, leads to a stretched exponential decay of ori- 
entational correlations at  long times, preceded by single 
exponential behavior during the initial stages of relaxation. 
Approximately l /e point of full relaxation appears as the 
region where the passage from one regime to the other 
takes place. Here, intramolecular effects encompass both 
the specific short-range conformational energetics and the 
long-range resistance to motion due to chain connectivity; 
the role of the intermolecular constraints is represented 
by a mean-field effective frictional resistance increasing 
with the size of the kinetic segment. The resulting 
exponent j3 is found to decrease with the size of the kinetic 
segment engaged in the cooperative relaxation process. It 
equates to 0.62,0.39, and 0.34 for kinetic segments of one, 
two, and three monomer units, respectively. The latter 
value closely approximates the experimental observation, 
though experiments indicate the validity of a stretched 
exponential behavior throughout the full range of relax- 
ation. This type of behavior is theoretically approached 
when the single chain is allowed to relax in a heterogeneous 
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fluctuating environment, instead of a homogeneous me- 
dium. Approximating the free-volume fluctuations in the 
medium by the existence of two distinct states, slow and 
fast, in the close neighborhood of the kinetic segment and 
studying the relaxation process of the kinetic segment 
subject to both type of effects, of intra- and intermolec- 
ular origins, satisfactorily explain the extension of the 
stretched exponential behavior over time scales of several 
orders of magnitude. 
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