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ABSTRACT: The reorientational relaxation time in carbon disulfide and chloroform of the phenyl groups of polysty- 
rene chains was measured by Raman line shape analysis. In the low molecular weight region, the molecular weight 
dependence was almost linear. However, in the higher molecular weight region, T~~ approaches a constant value. Clear 
molecular weight dependence of T~~ can be found a t  higher concentration but dependence becomes less clear as the 
concentration decreases. The limiting reorientational relaxation times (T, , ,~) of phenyl groups of polystyrene were 
obtained from the concentration dependence. These values increase with an increase in the molecular weight. How- 
ever, over the molecular weight 1000, the Toro reached a constant value. 

I. Introduction 
To study the molecular motions of polymer chains in solu- 

tions, there are a group of techniques such as ultrasonic ab- 
sorption,l dielectric dispersion,2 life-time measurements of 
fluore~cence,~ depolarized Rayleigh ~ca t t e r ing ,~  electron spin 
r e s ~ n a n c e , ~  and pulsed nuclear magnetic resonance.6 Various 
relaxation times in molecular motions of polymer chains can 
be obtained by means of these techniques. 

The relaxation times obtained by these methods are related 
to the local segmental motions of the backbone and to the 
motions of side chains of polymer molecules. Such local mo- 
tions are determined by local forces surrounding the segments, 
that is, by some short range forces. Therefore, it is usually 
believed that these relaxation times should be independent 
of molecular weight. 

Nevertheless, there are a number of experimental results 
in which the physical quantities to be determined by local 
forces show clear molecular weight dependence until the 
molecular weight reaches a fairly high value. For example, 
partial molar volume,i partial specific compressibility,8 optical 
anisotropy,g specific refractive index,g and hydration num- 
ber1° show such effects. 

In a previous paper,” we also reported the molecular weight 
dependence of the reorientational relaxation time of phenyl 
groups in polystyrene chains in carbon tetrachloride, deter- 
mined by laser Raman spectroscopy. The same quantities can 
also be extracted in principle from NMR relaxation experi- 
ments, infrared band shape analysis, and depolarized Rayleigh 
scattering. Compared with these methods, the Raman studies 
can give the information of interest more directly. 

In the present paper, we will report the molecular weight 
and the concentration dependence of the reorientational re- 
laxation times of phenyl groups in polystyrene chains in car- 
bon disulfide and chloroform solutions. 

11. Experimental Section 
For obtaining the reorientational relaxation times ( T ~ ? )  of phenyl 

groups in polystyrene chains in solution, the Raman line shape of the 
u2(Alg) fundamental mode of ring stretching was used. Its Raman 
frequency is 1002 cm-’. 

An argon ion laser was used for the light source excited at  488 nm 
in all measurements. The scattered light was analyzed with a double 
monochrometer, JRS-U1 Laser Raman spectrometer, manufactured 
by Japan Electronic Co. The details of experimental procedures have 
been reported previously.12 

The polystyrene samples used were the monodisperse standard 
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polystyrene obtained from Pressure Chemical Co. All measurements 
were carried out a t  room temperature. 

111. Data Analysis 
All experiments were done using 90” scattering and linearly 

polarized incident light. With the parallel and polarized 
Raman intensities representing the strong and weak compo- 
nent of the scattered light, one can write 

where p is the depolarization ratio. The isotropic scattered 
light represents the intrinsic vibrational line shape whereas 
the anisotropic scattered light is a convolution of the vibra- 
tional line shape and the reorientational spectrum. The 
problem is to separate the two accurately. 

However, as the depolarization ratio of the v 2  band is very 
small, 0.01%, the intrinsic vibrational line shape is the same 
as the measured line shape of the parallel scattering without 
introduction of significant errors. 

Generally, however, the measured spectrum is a convolution 
of the true spectrum and a slit function. Using the slit function 
S(W),  one can write 

I’isot(o) = lI Zisot(w - w’ )S(w ’ )  dw’ (4) 

where the primed and unprimed functions denote the mea- 
sured and the true line shape, respectively. To avoid the large 
error associated with the procedure, the true line widths were 
determined directly as a function of slit width and extrapolate 
to zero slit width. As an example, a plot of measured line- 
widths against the slit widths is shown in Figure 1. From these 
curves in Figure 1, we can obtain the true line widths of iso- 
tropic and anisotropic Raman lines a t  zero slit width. 

Isotropic scattering is related only to the vibrational mo- 
tions. The vibrational correlation function C J t )  can be ex- 
pressed in terms of a time-dependent correlation function 
such that 

C,(t) = f lisot(w) exp(-iwt) dw ( 6 )  

where w is the frequency measured from the band center. A 
relaxation time can be determined directly from the slope of 
log C,(t)  against t plot. When Zisot(o) has a Lorentzian shape, 
the lifetime of the upper state in the Raman transition of in- 
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Figure 1. Line width of uz of the phenyl group in polystyrene (M = 
600) in chloroform as a function of slit width a t  the concentration 20 
wt %: ( 0 )  or, ( 0 )  (Cv. 
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Figure 2. Polarized Raman spectrum, Ill(o) (upper), and depolarized 
Raman spectrum, I l ( o )  (bottom), of u2 of the phenyl groups in 
polystyrene ( M  = 4000) in chloroform. 
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Figure 3. Dependence of or ( 0 )  and oy ( 0 )  and wv ( 0 )  with the mo- 
lecular weight of polystyrene in carbon disulfide. 
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terest is given by the relation 

7, = (2TCCd,)-' ( 7 )  

where wv is the half-width of the Lorentzian band. 
Because the anisotropic scattering band contour contains 

information concerning both vibrational and reorientational 
motions, and these are assumed to be uncoupled, the complete 
correlation function is a product of individual vibrational and 
reorientational correlation functions 

C,,(t)C,(t) = .f Zanis(o) exp(-iwt) dw (8) 
where C,,(t) represents the reorientational correlation func- 
tion. 

When lanis(w) is Lorentzian and lisot(o) is also Lorentzian, 
the measured half-width of Zanis(w) is expressed as a sum 

(9) 0, = w, + Oor 
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Figure 4. Dependences of s,, with the molecular weights of polysty- 
rene in various solvents a t  the concentration 10 wt%: ( 0 )  chloroform, 
(0 )  carbon tetrachloride, ( 0 )  carbon disulfide. 

Figure 5. Relationships between reorientational relaxation times and 
viscosities of polystyrene-chloroform solutions: ( A )  h4 = 4000, ( 0 )  
M = 2200, (X) M = 600. 

Figure 6. Relationships between rOr and molecular weights at various 
concentration of polystyrene-chloroform solutions: (a) 10 wt %, (b) 
20 wt %, (c) 30 wt %, (d) 40 wt %. 

The values of mor can be determined from this equation and 
the reorientational relaxation time can be written as 

Tor = (2TCOo,)-' (10) 

Examples of the measured Zii(w) and I l ( w )  are shown in 
Figure 2. As is seen in Figure 2, both ZI I (W)  and IL(o) have 
Lorentzian line shapes. All other Raman line shapes in these 
experiments also have Lorentzian ones. These experimental 
results clearly indicate that the previous assumptions and data 
reduction are valid. 

IV. Results and Discussions 
For a 10 wt % solution of polystyrene in carbon disulfide, 

both half-widths of isotropic and anisotropic scattered light 
are plotted against molecular weight in Figure 3. Toluene and 
diphenylmethane are assumed to correspond to monomer and 
dimer of polystyrene, respectively. 

The molecular weight dependences of reorientation1 re- 
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Figure 7. Relationships between T~~ and the concentration of poly- 
styrene-chloroform solutions: (a) toluene, (b) diphenylmethane, (c) 
M = 600, (d) M = 2200, (e) M = 4000, (f)  M = 17500. 

Figure 8. Dependence of 7,: with the molecular weight of polystyrene 
in chloroform. 

laxation times ( T ~ , )  of phenyl groups in polystyrene chains in 
various solvents are summerized in Figure 4. As is seen in 
Figure 4, the T~~ increases with increasing molecular weight 
of polymers in solution. In the low molecular weight region, 
the molecular weight dependences are almost linear. However, 
in the higher molecular weight region, T , ~  approaches a con- 
stant value. 

At  molecular weights higher than about 10 000, the T ~ ,  are 
of the order of s and these values are in very good 
agreement with those reported by Inoue et aL6 from NMR 
data a t  molecular weight 230 000 and the concentration 
15%. 

T~~ vs. molecular weight relationships a t  various concen- 
trations are shown in Figure 5 .  Clear molecular weight de- 
pendence becomes less clear as the concentration de- 
creases. 

In the measurement of rotational relaxation times by means 
of ESR it is also found that T~~ of the phenyl groups of poly- 
styrene chains in solution depend on the concentration of 
p ~ l y m e r . ~  

Usually, in ordinary liquids or liquid mixtures, the rela- 
tionship between the T~~ and the viscosity 7 of a liquid or so- 
lution is represented by the Einstein-Stokes relation 

- 
V m  

B Tor = - * 
r T  

where Vm is the volume of the rotating molecule. If this Ein- 

stein-Stokes relation is applicable to this system, the rela- 
tionship between 7or and viscosity of polymer solution should 
be linear. In Figure 6, this relationship is shown. As is seen in 
Figure 6, the relationship between the and viscosity of 
solutions does not show such a straight line. This means that 
the T,, of the phenyl groups of polystyrene chains in solution 
is affected only by the local fields surrounding the phenyl 
groups, whereas the viscosity of polymer solutions at moderate 
concentrations is affected by polymer-polymer interactions 
in addition to the local fields. The reason for the dependence 
of T ~ ,  on the polymer concentration is not clear a t  present. 

To remove the effects of the concentration of polymer on 
the T ~ , ,  the reorientational relaxation times are replotted 
against concentration in Figure 7. I t  is observed that T,, is 
linear in weight concentration, though there is a t  present no 
theoretical basis for this linear relationship. By assuming this 
linear extrapolation to infinite dilution, we can obtain the 
limiting reorientational relaxation time ( T ~ ~ O )  which should 
yield information on the intramolecular interaction between 
phenyl groups in a polystyrene chain. 

The molecular weight dependence of the T,,O is shown in 
Figure 8. The 7,,O still increases with increasing molecular 
weight. 

Although it is not absolutely certain that the concentration 
dependence of T~~ can be eliminated in the linear extrapolation 
in Figure 7 and also that toluene and diphenyl methane cor- 
respond to the monomer and dimer, it appears to us that T,,O 
reaches a constant value a t  molecular weights higher than 
1000. 

The reason for this dependence of the reorientational re- 
laxation time on the molecular weight may be as follows: The 
reorientational relaxation time of phenyl groups is related to 
its rotational motion, that is, its rotational friction constant. 
The rotational motion is determined by the strong interaction 
among phenyl groups in a polystyrene chain. The larger the 
molecular weight, the longer becomes the reorientational re- 
laxation time. However, in the region of sufficiently high 
molecular weight, the interaction among phenyl groups in a 
polystyrene chain must be constant. 
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