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ABSTRACT: Samples of poly(methy1 methacrylate) (PMMA) labeled with anthracene in the middle of the 
chain were synthesized, and their local motions in dilute solutions were examined by the fluorescence de- 
polarization technique. Theoretical functions based on various models for local motions were fitted to the 
data. The average anisotropy ratio became almost independent of the molecular weight above 1.28 x IO5. 
At  high viscosities or at low temperatures, the discrete conformation jump models such as the Jones-Stockmayer 
(JS) model and the generalized diffusion and loss (GDL) model were in good agreement with the experimental 
data compared with the models of diffusion on a continuous body such as the Bendler-Yaris (BY) model and 
the Skolnick-Yaris (SY) model. Plots of dynamic parameters of the Hall-Helfand (HH) model versus viscosity 
revealed nondiffusive small-scale motions in the higher viscosity region. These findings suggest that some 
discrete motional modes should be taken into account in order to interpret such small-scale motions. The 
chain stiffness was evaluated by means of the dynamic parameters of the HH model, and the PMMA chain 
was found to be relatively rigid compared with the polystyrene chain. 

I. Introduction 
Investigation of the dynamic properties of polymers is 

important to understanding the macroscopic behavior of 
polymer materials. A long flexible polymer chain in dilute 
solution undergoes a number of internal modes of Brow- 
nian motion, and among them, the elementary motions 
involving conformational transitions usually take place in 
times on the order of nanoseconds. Investigations of so- 
called local motions have been done mainIy in the following 
three ways: (1) an idealized model for the local molecular 
motion is assumed and the experimental observables such 
as the orientation time-correlation function and the 
spectral density function are calculated mathematically; 
(2) the time-correlation function or its spectral density is 
measured by various experimental tools such as fluores- 
cence depolarization, NMR, and dielectric relaxation, and 
then the theoretical models are checked, and (3) on the 
basis of some idealized models, Brownian dynamics sim- 
ulations are carried out on a computer. Several theoretical 
models for local motions have been developed during the 
past 20 years. Since it is almost impossible to treat ana- 
lytically a model which is faithful to the real chemical 
structure of a polymer chain, e.g., the rotational isomeric 
state (RIS) model,' the problem is to establish what ap- 
proximation is appropriate for the real local motions. At 
the present stage, it seems to be necessary to examine how 
well the theoretical models explain the experimental data 
and to reveal the essential feature of local motions. 
However, the experimental data in this field are insuffi- 
cient. Experimental studies on various kinds of polymers 
are also required to solve another interesting problem, the 
relationship between the local relaxation and the chemical 
structure of the polymer chain. 

Fluoresence depolarization2 is a powerful tool to inves- 
tigate local chain dynamics. Anufrieva and her co-workers 
investigated the dynamics of poly(alky1 methacrylates) by 
the steady-state measurement of fluorescence depolariza- 
t i ~ n . ~  A recent development of this technique, especially 
the time-resolved measurements by the single-photon 
counting method4 in the nanosecond time region, enables 
us to observe directly the orientation autocorrelation 
function of the second moment of the transition vector and 
to examine closely the agreement between experimental 
results and theoretical predictions. Valeur and Monnerie5 
investigated the motions of anthracene-labeled polystyrene 
in dilute solutions by this method to test their tetrahedral 
lattice model.6 Recently, Viovy et al.7 reinvestigated the 
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anthracene-labeled polystyrene system and tested various 
theoretical models for local motions. Chain dynamics in 
concentrated solutions8 and in polymer meltsg containing 
a labeled polymer have also been examined by fluorescence 
depolarization. In addition, torsional and bending motions 
of nucleic acids have been studiedlo in association with 
some theories.'l 

We have been studying local chain dynamics by the 
fluorescence depolarization method and have provided a 
preliminary report on the anthracene-labeled poly(methy1 
methacrylate) (PMMA).12 In the present paper, we report 
results on higher molecular weight samples of the labeled 
PMMA and discuss the effect of molecular weight, tem- 
perature, and solvent viscosity on the local motions in 
dilute solutions on the basis of theoretical models. The 
structure of the polymer used in this study is 

CH3 I 
C k C H 2  
I 
COOCH3 

Anthracence is a suitable probe for our study owing to its 
relatively small size and symmetric shape. Its transition 
moment, indicated by the arrow, is attached in the middle 
of the PMMA chain and is parallel to the backbone of the 
chain. Such a structure seems to be advantageous in 
discussing various theoretical models of local chain dy- 
namics. 

11. Theoretical Background of Local Chain 
Dynamics 

In general, Brownian motions of polymer chains can be 
treated by the Kirkwood diffusion e q ~ a t i 0 n . l ~  However, 
it is difficult to solve this equation under proper conditions 
based on the details of the real polymer chain. Attempts 
have therefore been made to formulate certain idealized 
models for the local structures of polymer chains instead 
of solving the many-body problem. If the backbone of the 
polymer consists of a sequence of covalently bonded carbon 
atoms connected with a fixed angle, there exists a localized 
kinetic unit involving five bonds (Schatzki crankshaft14), 
and further, if the pentane effect is negligible, a seven-bond 
kinetic unit exists. If distortion of the bond angle in the 
course of rearrangement is allowed, kinetic units of 3 and 
4 bonds also exist. Mashimo et a1.l5 showed by the di- 
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electric relaxation study that crankshaftlike motions are 
not dominant in a real polymer chain. Liao and Moraw- 
e td6  showed the same result by their intramolecular ex- 
cimer formation experiments. 

Valeur et a1.6 treated theoretically the three-bond jump 
(Boyer crankshaft) on the tetrahedral lattice (VJGM 
model). Their master equation (one-dimensional diffusion 
equation) is 

aP d2P _ -  
at - D ~  

where p is the orientational probability, t the time, x the 
distance along the chain, and D the diffusion coefficient. 
By solving this equation, they obtained the orientation 
autocorrelation function of the second moment @(t), based 
on the assumption of the three-bond motion, as 

@(t) = exp(-t/Tl) exp(t/Tz) erfc (t/T2)'I2 (2) 

where T1 is the relaxation time of the lattice fluctuation 
and Tz the relaxation time of the three-bond motion. The 
exponential prefactor exp(-t/ T,) in this equation was 
added to fit the function to experimental data.5 In this 
model, the coupling range of the three-bond motion is 
considered to be infinitely long. Jones and Stockmayer17 
assumed a finite range of the motional coupling and solved 
the matrix version of eq 1 (JS model). The autocorrelation 
function is represented in terms of eigenvectors of the 
Huckel matrix. Bendler and Yarisls again solved the in- 
finite form of eq 1 (equation of plane wave propagation), 
introducing two cutoff frequencies, which correspond to 
the size of the motional unit and the motional coupling 
range (BY model). Skolnick and Yarislg developed the BY 
model by substituting a damping constant of the propa- 
gating waves for the longer-range coupling frequency (SY 
model). Further, to treat chain-chain interactions, they 
introduced a complex damping constant in this model,lg 
and Pant et al.% considered the inhomogeneous sites such 
as side chains or fluorescent probes. 

Helfand and his C O - W O ~ ~ ~ ~ S ~ ~ - ~ ~  performed the confor- 
mational jump analysis by Brownian dynamics simulation 
and found that the isolated transition and the cooperative 
counterrotation of the "type 2" transitionz4 frequently 
occur. Hall and Helfand25 proposed a simplified model 
that includes two processes of the conformational transi- 
tions of a two-state chain (HH model). These two pro- 
cesses consist of an isolated (independent) mode and a 
cooperative mode and may correspond to the above two 
processes. The autocorrelation function of this model can 
be obtained by use of the spin wave as 

(3) 

where X, and X1 are the transition rates of the independent 
and the cooperative modes, respectively, and Io is a mod- 
ified Bessel function of the zeroth order. Viovy et aL7 
improved this model and proposed the generalized diffu- 
sion and loss expression (GDL model), in which the first 
neighbor correlation is taken into account. Note that in 
both the BY and SY models, the polymer chain is regarded 
as a continuous wire (the continuous limit is taken), while 
in the mathematical procedures of the HH (GDL) and JS 
theories, the discreteness of the diffusion sites remains. 

All the models mentioned above include a few pheno- 
menological parameters, and these dynamic parameters 
are considered to reflect the characters of individual 
polymer chains. By using these models as tools, we can 
evaluate the dynamic properties of polymers from exper- 
imental data. In this sense, these models are phenome- 
nological or semiempirical. On the other hand, Yamakawa 

Table I 
Various Model Functions Used in This Study 

model N t )  

Table I1 
Molecular Weights of the Samples 

PMMA-1 PMMA-2 PMMA-3 
M ,  x 10-4 2.1 12.8 19.0 

MWIM, 1.11 1.18 1.09 
M ,  x 10-4 2.3 15.0 20.7 

and his co-workersz6 established a nonphenomenological 
dynamic model as the discrete helical wormlike chain 
model. In this theory, the physical quantities of dynamics 
such as the orientation autocorrelation function can be 
expressed uniquely in terms of several molecular param- 
eters of a helical wormlike chain and its dynamic param- 
eters. 

Table I shows the expressions for the orientation auto- 
correlation function for the models employed in this study. 
In this table, all the phenomenological parameters are 
converted to TI and T,, which are both in the dimension 
of time. As for the JS model, we used @(t )  for five-bond 
coupling to unify the number of variable parameters of all 
models (two). 

111. Experimental Section 
Anthracene-labeled PMMA samples used in this study were 

prepared in the same manner as described previously;12 anionic 
polymerization of methyl methacrylate was initiated by (1,l- 
diphenylhexy1)lithium in THF at -78 OC.,' After complete ex- 
haustion of the monomer, the living ends were deactivated at -78 
"C by a bifunctional terminator 9,10-bis(bromomethyl)anthracene, 
which had been obtained from 9,10-dimethylanthracene.2s The 
polymers were purified by reprecipitation in hexane several times 
and dried in vacuo. The highest molecular weight sample 
(PMMA-3 in Table 11) was further purified by GPC to eliminate 
the end-labeled fraction. The molecular weights of these samples 
were determined by GPC as shown in Table 11. The triad tacticity 
of these polymers was determined by 13C NMR to be 86% syn- 
diotactic. For the measurements of fluorescence emission an- 
isotropy, samples were dissolved in 2-methoxyethanol (methyl- 
cellosolve), benzene, and ethyl acetate-tripropionin (glycerol 
tripropionate) mixed solvents5 at several mixing ratios. The 
concentrations of these solutions were kept less than 0.1 wt % 
to exclude the polymer-polymer interactions as well as the mi- 
gration of the electronic excited states. All these sample solutions 
were degassed before measurements were taken. 

The apparatus of the nanosecond single-photon counting system 
used in this study was the same as that reported previously:12 
photomultiplier (PRA Model 1550), time-to-amplitude converter 
(ORTEC model 457), discriminator (ORTEC model 436, 583), 
multichannel analyzer (HITACHI model 505), and hydrogen gas 
filled flash lamp (PRA model 510B) (the pulse width is about 2 
ns). To excite the probe, a combination of two filters, UVD-36A 
and SC-37 (365-390 nm) was used, and a cutoff filter SC-42 was 
used for detection. A Polaroid HNP'B was used as the polarizing 
filter. Parallel and perpendicular components of the fluorescence 
intensity, Z,lob"d(t), Zlob"d(t), and the exciting pulse were measured 
alternately every 60 s t o  avoid data distortions by the time-drift 
of the apparatus. This procedure was controlled by a micro- 
computer (SORD Model M-223). Thus, we could obtain the 
observed anisotropy ratio robsd(tL),  as 

IIobd(t,) - GILoh"(t,) 
robsd(tl)  = (4) Illobsd(tl) + 2GZLobSd(t,) 
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with 
ti = c ( i  - 1) 

where c is the channel width (0.152 ns/channel), i the channel 
number, and G the compensating factor for the anisotropic sen- 
sitivity of the photon detector. 

Deconvolution procedures were carried out according to the 
method of WahlZ9 by use of a FACOM M-382 digital computer 
at the Data Processing Center in Kyoto University. We introduced 
a channel-shift parameter to eliminate the wavelength effect on 
the response time of the apparatus. First, we determined the 
channel-shift parameter and fitted a triexponential function 

F ( t )  = al exp(-t/T,) + a2 exp(-t/r2) + a3 exp(-t/r,) (5) 

to the total fluorescence intensity decay Pbsd(ti) = Illobsd(ti) + 
21Lobsd(ti), by the method of nonlinear-least-squares fitting. This 
time, we used the quasi-Marquardt algorithm in the SALS sys- 
tem.30 The reduced sum of the squares of the residuals, x 2 ,  is 
defined generally as 

where n is the number of data points, m the number of variable 
parameters, and w, the weighting factor corresponding to the 
estimated error. In our case, 

(7) F"'"d(t,) = ~ t ' P ( 7 ' ) F ( t ,  - 7'') dT 

and 
w, = [Illobsd(t,) + 4G21Lobd(t,)]-' (8) 

where P(7') is the exciting pulse intensity. The integration in eq 
7 was calculated numerically. Thus, we obtained the best-fit 
parameters of the total intensity. Then, we analyzed the an- 
isotropy decay curves again by using the SALS system. It is 
well-known that the anisotropy ratio, r ( t ) ,  is related directly to 
the orientation autocorrelation function @(t ) ,  as 

r ( t )  = ro@(t) (9) 

where ro is the initial anisotropy ratio. So, it follows 

r0&"P(7')W, - 7')F(t, - 7') dT 
rcdcd(t,) = (10) 

Lt 'p(nJ ' ( t ,  - 7") dT 

and in this case, w, is given byz9 
w, = 3 P M ( t , ) / [ l  + G + 3Grobsd(t,) - 3[rob"(t,)l2 - 2(2G - 1) X 

[robsd(t,)131 (11) 

Then, x 2  could be calculated from eq 6, Fbsd(t,) and being 
substituted for Pbd(t,) and Pdcd(t,), respectively. In this way, 
the model functions listed in Table I were tested, and also the 
phenomenological parameters T1, T2 (see Table I), and ro were 
determined. 

IV. Results and Discussion 
The fluorescence emission decays [Ili(t) + 21,(t)] of 

anthracene introduced in PMMA chains were found to be 
almost single exponential functions, and fluorescence 
lifetimes were found to be 9.4 ns in benzene and 10.7 ns 
in methylcellosolve a t  26 "C. Nevertheless, we analyzed 
them with triexponential functions for the sake of accu- 
racy, as described in the previous section. 

The effect of the chain length on polymer local motions 
is virtually negligible for polymers of sufficiently high 
molecular weight. Table I11 shows the average anisotropy 
ratio for each sample in methylcellosolve. The value of 
the anisotropy ratio for PMMA-2 (M, = 1.28 X lo5) is 
almost the same as that for PMMA-3 (M, = 1.90 X lo5) 
at every temperature. Therefore, in the molecular weight 
region of M ,  1 1.28 X lo5, the observed motions can be 
said to be independent of the chain length. With this in 

Table I11 
Average Anisotropy Ratio in Methylcellosolve 

temp, "C PMMA-1 PMMA-2 PMMA-3 
26 0.136 0.144 0.145 
35 0.105 0.125 0.120 
45 0.087 0.103 0.102 

Table IV 
Best-Fit Parameters for PMMA-2 in 

Methylcellosolve at 26 O C  

model r n  T,/ns T9/ns X 2  

VJGM 0.304 29.1 20.1 1.191 
JS 0.272 a a 1.101 
BY 0.268 3.0 175 1.231 
SY 0.269 2.9 69.0 1.187 
HH 0.266 158 9.0 1.316 
GDL 0.271 56.4 4.2 1.143 

O q ,  = 6.38 ns; T~ = 2/(T;' + T2-'), 
mind, we will discuss mainly the results for PMMA-2 
below. 

Table IV shows the best-fit parameters for PMMA-2 in 
methylcellosolve a t  26 O C  obtained from a time-resolved 
measurement. The value of ro for the VJGM model is 
higher than those for the other models; this is caused by 
the steep feature of the initial part of the VJGM decay 
function (this correlation function really involves an in- 
finitely rapid relaxation process, which seems to be un- 
realistic). However, aside from the VJGM model, the 
values of ro obtained here are a little higher than those 
obtained for polystyrene.' The reason for this is not clear. 
We measured the intrinsic viscosity of the methylcellosolve 
solution, and from the relation of Riseman and Kirkwood,3l 
the overall rotational relaxation time was obtained as 374 
ns. This is much higher than the obtained value of T,  for 
the VJGM model (29.1 ns), thus the relaxation time of the 
lattice fluctuation, T1, of the VJGM model is not due to 
the overall motion. For the JS model, the relaxation time, 
Th, related to the three-bond jump (harmonic mean of T1 
and Tz), is obtained to be 6.4 ns, which is somewhat larger 
than the relaxation time of the motional unit (TI) for the 
BY and SY models. The parameter Tz of the BY model 
(this is related to the motional coupling range) is relatively 
high, being of the same order of the overall motion. We 
found that this parameter still depends slightly on mo- 
lecular weight above 1.28 X lo5. The parameter T1 of the 
SY model is slightly smaller than that of the BY model, 
and this tendency is always observed for the other data 
of our experiments. The parameter Tz of the SY model 
is the relaxation time related to the damping constant. 

For the HH and GDL models, T1 > Tz is observed; Le., 
the cooperative transition occurs more frequently than the 
isolated transition does. This is contrary to the result of 
Brownian dynamics simulation.21 However, we are con- 
vinced that our result is realistic from the physical point 
of view. Indeed, the isolated transition requires large-scale 
swings of the attached tails. Therefore, such a motion may 
be strongly inhibited. The exponential factor exp(-t/ T I )  
of the correlation functions of the HH and GDL models 
may rather be interpreted as a contribution of somewhat 
large-scale motions. 

We also fitted the well-known empirical decay function 
by Williams and Watts,32 @(t) = exp[-(t/p)@], to our data, 
and found that it agrees with our data fairly well. How- 
ever, the values of exponent /3 were dependent on exper- 
imental conditions such as temperature or solvent viscosity. 
Such results may be contrary to the assumption in the 
recent interpretation of the Williams-Watts function by 
Bendler and S h l e ~ i n g e r . ~ ~  
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Figure 1. Anisotropy decay for PMMA-2 in methylcellosolve 
at 26 "C. Dots represent experimental data, and the solid curve 
indicates the theoretical decay convoluted with the best-fit pa- 
rameters for the VJGM model shown in Table IV. The weighted 
residuals are also plotted on an arbitrary scale. 
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Figure 2. Anisotropy decay for the sample of Figure 1. The solid 
curve indicates the theoretical decay convoluted with the best-fit 
parameters for the JS model. 
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The values of x2 (Table IV) show that the agreement is 
fairly good for the JS and GDL models compared with the 
BY and SY models, as we reported previously for the low 
molecular weight sample (M,, = 2.07 X lo4). Three exam- 
ples of anisotropy decay fitted with the theoretical func- 
tions of the VJGM, JS, and SY models are shown in Fig- 
ures 1, 2, and 3, respectively. Table IV also shows that 
x2(BY) > x2(SY), and x2(HH) > x2(GDL). Thus both the 
improvements in the damped orientation model and in the 
generalized diffusion and loss model seem to be successful 
(at low viscosities, this is not the case, as will be shown 
later). 

Figure 4 shows a histogram representation of x 2  for the 
BY, SY, JS, and GDL models a t  different temperatures. 
As we mentioned in section 11, we can call the BY and SY 
models the continuous models and the JS and GDL models 
the discrete models. Again, as shown in this figure, 
agreement between theory and experiment is better for 
discrete models than for continuous models in general. 
This is consistent with our previous resultI2 for the low 
molecular weight sample, and this tendency is clear at low 
temperatures. 
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Figure 3. Anisotropy decay for the sample of Figure 1. The solid 
curve indicates the theoretical decay convoluted with the best-fit 
parameters for the SY model. 
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Figure 4. Histogram representation of the values of x 2  on ar- 
bitrary scales for the BY, SY, JS, and GDL models at different 
temperatures for PMMA-2 in methylcellosolve. The values for 
the BY and SY models are relatively high compared with those 
for the JS and GDL models. 
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Figure 5. Histogram representation of the values of x 2  on ar- 
bitrary scales at different viscosities for PMMA-2 at 25 "C. 
Mixtures of ethyl acetate-tripropionin were used as solvents. 

Figure 5 shows a histogram representation of x2  a t  
various solvent viscosities. These data were obtained in 
mixed solvents (ethyl acetate-tripropionin) a t  several 
mixing ratios at 25 OC. In this case, at high viscosities, the 
discrete models show good agreement, and a t  low viscos- 
ities, the continuous models work better. Thus we have 
found that the discrete models are suitable for the observed 
local motions a t  low temperatures or a t  high viscosities. 

However, we cannot draw directly from the above fact 
the conclusion that the distribution of the relaxation times, 
i.e., of the motional modes of conformational transitions, 
depends on temperature or solvent viscosity, because the 
observing time window of the anisotropy decays in the 
experiments may also vary with temperature or solvent 
viscosity. Indeed, all our results discussed above were of 
fixed windows. Thus, we examined the truncation effect 
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Table V 
Values of x2 for Various Time Truncations for PMMA-3 in 

Methylcellosolve at 26 "C ..r',- . . ... '.* .. * .. .... ..... 
' *.- ?.t- 

model 
time window/ns JS GDL BY SY 

0 
m - 
g 0 . 1  

A, 3-9.7 1.277 1.251 2.482 2.159 
B, 3-24 1.312 1.313 1.417 1.386 
C, 10-37 1.008 1.000 0.996 0.998 
D, 15-37 1.010 1.001 0.997 1.000 

- 
- 50 

- 25 

5 0  
0 1 2 3 4 5 6 7  

Figure 6. Plots of the dynamic parameters T1 and T2 of HH 
model against the solvent viscosity. The data were obtained at 
25" C. 

0 
(c P) Viscosity 

on the behavior of each model (Table V). The data used 
are for PMMA-3 in methylcellosolve a t  26 O C ,  and the 
curve fittings were executed with the four models in the 
truncated time regions shown in the table. As expected, 
the results indicate that in the short time regions such as 
A and B, the discrete models show good agreement com- 
pared with the continuous models. Thus, it can be said 
with certainty that a t  low temperatures or a t  high vis- 
cosities, relatively large-scale motions (they may be called 
the semiglobal motions) do not relax in the time region of 
the fluorescence lifetime of anthracene and that one ob- 
serves, therefore, relatively small-scale motions contributed 
by the local conformational jumps (they may be called the 
local motions) in such a case. 

In Figure 6, we plot the two parameters of the HH model 
against solvent viscosity. We obtained these parameters 
by introducing a base-line parameter a in the HH model 
function as 

@(t )  = (1 - a)  exp(-t/T1) exp(-t/T,)l&/T,) + a (12) 

to eliminate the unrelaxed component which can be re- 
garded as the contribution of the semigIobal motions a t  
high viscosities. This type of equation for a time-corre- 
lation function was proposed by Weber and H e l f a r ~ d ~ ~  to 
fit to their computer simulation results. At low viscosities, 
the values of the base-line parameter a were obtained to 
be nearly zero. The profiles of the curves represented in 
Figure 6 are quite analogous to those obtained by Biddle 
and N o r d ~ t r o m ~ ~  for polystyrene. Apparently, there exist 
two regions of viscosity. According to Kramers,36 the 
motions in the lower viscosity part are in the diffusion 
limit, and in the higher viscosity part, the activated state 
plays a role, namely, the motions are in the nondiffusion 
limit in this case.37 As is often the case with the diffusion 
limit, the molecular motions are expected to associate with 
a large amount of friction. Such motions should therefore 
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Table VI 
Best-Fit Parameters for PSY, BY, and SY Models for PMMA-2 in Ethyl Acetate-Tripropionin at 25 "C 

viscosity/cP 

PSY TlIn5 0.88 
~ , / n s  15.8 
T3 ns 380 
X2 1.068 

BY T1 I ns 0.93 
T ~ l n 5  21.8 
X2 1.034 

SY T,/n5 0.82 
T 2 h  12.4 
X2 1.116 

1.07 
20.8 
300 
0.883 
1.12 
27.1 
0.873 
0.99 
15.3 
0.906 

model 0.432 0.496 0.717 1.95 3.85 6.08 
1.80 6.60 33.5 30.4 
37.6 
303 
1.382 
1.81 
45.5 
1.430 
1.64 
24.7 
1.289 

788 
684 
1.717 
5.37 

1.608 
5.08 
500 
1.610 

2.0 x 103 

600 4.2 x 103 
700 6.2 x 103 

1.0 x 103 3.0 x 103 

1.624 1.067 
26.6 29.9 

1.580 1.056 
22.8 29.7 
1.0 x 103 850 
1.527 1.053 

evaluate the activation energies for real local motions. 
We now discuss the model proposed by Pant et  a1.20 

(referred to as PSY model). They considered the effect 
of an inhomogeneous site of the fluorescent probe on the 
plane wave propagation. Their expression for the auto- 
correlation function is given by 

@(t) = e~p(-t/T~)[O.5(aT~/t)'/~ erf (t/Tl)1/2 - (7/2) X 

(Ti/T3)'/' exp(t/T3) erfc ( t /T3) ' /2  + 
Tl/T3[exp(-t/Tl) - ( ~ t / T ~ ) l / ~  erfc (t/T1)'/2]]/(1 - 

(Tl/T3)'/' tan-' (T3/T1)'/') (13) 

where T1 and Tz have the same meaning as those in the 
SY model and T3 is the relaxation time relating to a 
damping by the fluorescent probe. In this case, Tl/T3 C 
1 is required. Using this expression, we have determined 
the parameters T1, T2, and T3 by the same method as 
described in the experimental section, and the results are 
shown in Table VI. The parameters of the BY and SY 
models are also given in this table for comparison. At low 
viscosities (50.717 cP), the values of Tl and T2 of the PSY 
model are intermediate between those of the BY and SY 
models, and the difference between these parameters and 
those of the BY or SY model may not be significant. The 
values of x2 are also intermediate between those of the BY 
and SY models. Thus, the improvement of this model is 
not necessarily successful in spite of the good three-pa- 
rameter fit. Hence, the probe does not perturb the local 
motions of the bare polymer chain significantly within the 
assumption of the PSY theory. At  high viscosities (11.95 
cP), the values of x2 of the PSY model are relatively high 
compared with those of the BY and SY models. This 
indicates that the PSY model is inadequate for the motions 
observed a t  these viscosities. Now, note from Table VI 
that a t  low viscosities (0.432 and 0.496 cP), x2(SY) > x2- 
(BY) is observed. Also we found that x2(GDL) > x2(HH) 
a t  these viscosities. The same feature is reported for po- 
lyisoprene in low viscosity solvents (hexane and cyclo- 
hexane) by the transient holographic grating experiments.'"' 
The reason for these results is not clear. 

At this stage, we attempt to evaluate the chain stiffness 
from our data. Chain stiffness is one of the most important 
properties and it reflects well the "chain character". This 
time, we employ the HH model for convenience. The 
cross-correlation function c ( x , t )  of this model is expressed 
as25 

4G) = exp(-t/Tl) exp(-t/T2)llxl(t/T2) (14) 

where x is the distance between the two correlating bonds 
(or segments) along the chain. We define the correlation 
integral I ( x )  as 

This integral can be considered as a measure of the cor- 

Table VI1 
Values of s-' and I ( 0 )  for PMMA and Polystyrene in Ethyl 

Acetate at 25 O C  
PMMA polystyrene" 

S-1 1.716 0.959 
I(O)/ns 4.48 2.87 

a Calculated from the parameters obtained by Viovy et aL7 

relation strength a t  a distance x along the chain. From 
eq 14 and 15 we obtain 

Tz[(l + T2/TJ2 - 1]-ll4 
I ( x )  = p l x l  (16) 

(sinh s)lj2 

where 
s = cosh-' (1 + T,/Tl) (17) 

I t  is readily seen that the decay rate of the motional cor- 
relation strength against x is s = cosh-' (1 + Tz/Tl); i.e., 
s-' represents the extent of motional correlation (coupling 
range). Hence, the independent transition rate Xo 
[=(2T1)-'] narrows the motional coupling range, and in 
contrast, the cooperative transition rate hl [ =(2T2)-'] ex- 
tends it. Table VI1 shows the value of s-' for PMMA-2 
in ethyl acetate solvent a t  25 OC, which is obtained from 
Tl and Tz of the HH model. For comparison, the values 
for polystyrene under the same condition calculated from 
the results of Viovy et al.' are also shown in this table. The 
molecular weight of this polystyrene is 5.7 X lo4. The 
best-fit parameters used in the calculations were Tl = 15.8 
ns, T2 = 2.76 ns for PMMA and Tl = 5.99 ns, T2 = 3.56 
ns for polystyrene. These values clearly show that the 
correlating range of the motions for PMMA extends to a 
longer distance than that for polystyrene does. The 
stiffness parameter, X-', is considered as the most appro- 
priate one to evaluate static chain ~tiffness.~' According 
to the results of numerical X-' = 65.6 8, for 
PMMA (syndiotactic) and 37.5 A for polystyrene (syndi- 
otactic) at 300 K, i.e., s-PMMA is stiffer than s-polystyrene. 
Our result obtained above is qualitatively consistent with 
this relation since the motional coupling range may be 
directly influenced by the static stiffness. Thus, we could 
estimate the static stiffness from the dynamic parameters 
T1 and T2 of the HH model. 

Yamakawa et al.43 suggested the relationship between 
the static and the dynamic chain stiffness, and recently, 
such a problem has received considerable interest. In the 
present case, the dynamic chain stiffness may be evaluated 
by I(O), which means the correlation time of the polymer 
segment. Table VI1 also shows the values of I (0)  which 
are obtained from T1 and T2 of the HH model. One can 
see that the dynamic stiffness parameter I (0)  of PMMA 
is larger than that of polystyrene. 

However, the PMMA and the polystyrene compared 
above have different molecular weights (chain length), SO 
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a possibility may exist that the obtained value of I (0 )  
reflects partially such an effect. We feel that from the 
practical point of view, the dynamic stiffness parameter, 
which is independent of molecular weight (chain length), 
is not easy to evaluate. The dynamic stiffness is considered 
to be represented by a reciprocal of a sum of all the pos- 
sible elementary jump rates. These rates are essentially 
independent of the chain length. It is necessary to elu- 
cidate concretely the local elementary processes in the real 
polymer chains in order to extract such local motions from 
experimental data. This is a future problem. 

V. Conclusion 
We have investigated the local motions of PMMA chains 

of sufficiently high molecular weight in dilute solutions by 
the fluorescence depolarization method. At low temper- 
atures or at high viscosities of solvent, relatively small-scale 
motions belonging to the low-friction limit can be observed. 
It is revealed that these local motions can be well explained 
by the discrete models, in which the discrete motional 
modes are taken into account. The stiffness of the polymer 
chains, which characterizes each kind of polymer chain, 
can be evaluated by using the dynamic parameters of the 
HH model, and it is shown that both the static and the 
dynamic stiffness parameters of PMMA are larger than 
those of polystyrene. 
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