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ABSTRACT: Small angle X-ray scattering and light scattering from linear and branched 
polymers in a good solvent were measured to study the concentration dependence of correlation 
length over a wide range of concentration and the effects of branching The concentration 
dependence of of linear polymers in semidilute solutions is well explained by the scaling theory 
and the reduced correlation length of linear polymers is found to be an universal function 
of the degree of coil-overlapping CJC* over wide ranges of molecular weight and concentration in 
semidilute solutions as predicted by the scaling theory. The effects of branching are found to be not 
so remarkable that of branched polymers is almost equal to that of linear polymers in the same 
concentration. 
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From extensive studies of osmotic pres
sure of linear polymer solutions1 - 3 it was 
pointed out that polymer solutions in good 
solvent systems can be classified into the three 
different regions, that is, dilute ( C < 1 and 
CjC* < 1 ), semidilute ( C < 1 but CjC* > 1) 
and concentrated solutions (C 1 and c; 
C* > 1) if we employ two concentration pa
rameters C and C/C* to specify polymer so
lutions, where C is the polymer concentra
tion and CjC* is the degree of coil-overlap
ping. Here, C* is the critical concentration 
at which the polymer coils begin to overlap 
with each other as defined by 

polymer at the infinite dilution, respectively 
and NA is the Avogadro's number. 

C*=3M/(4n(s2 ) 3 i2 NA) (1) 

where M and (s2 ) are the molecular weight 
and mean square radius of gyration of the 

It was also shown1 - 3 that the reduced 
osmotic pressure IIM/CRT of linear poly
mers in semidilute solutions can be express
ed as an universal function of C/C* and is 
well explained by the scaling theory4 - 6 such 
as 

IIM/CRToc(CjC*)11<3v-l) (2a) 

and 

II/ RToc c3v/(3v-l) (2b) 

where II is the osmotic pressure, R is the gas 
constant and v is the excluded volume expo
nent in the relationship between (s 2 ) and M, 
i.e., (s2 ) ocM2 v. 

As shown in a previous paper7 the scaling 
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theory, eq 2 is also valid for osmotic pressure 
of semidilute solutions of star-shaped branched 
polymers with three arms in good solvents, 
while it is valid for that of highly branched 
polymers in the concentration range where 
polymer coils extensively overlap with each 
other. In these causes the concentration de
pendence of n are quantitatively explained 
by eq 2 assuming that the values of v for the 
branched polymers are equal to those for the 
corresponding linear polymers in good sol
vents. The deviation from the scaling theo
ry of linear polymers observed for highly 
branched polymer at a relatively low degree 
of coil-overlapping in semidilute solutions 
may be explained by assuming that there is 
a region from which segments of other mol
ecules are excluded as a result of high segment 
density as pointed out by Daoud and Cot
ton.8 

According to the scaling theory5 •6 the cor
relation length of linear polymer, which is 
a characteristic length in semidilute solutions 
is also given by 

)1;2 rx( C/C*)- vt<3v-1 l (3a) 

and 

(3b) 

Although several experimental works5 •9 •10 

were carried out so far on the correlation 
length of polymer in good solvents, the ranges 
of polymer concentration C and degree of 
coil-overlapping CjC* are not wide enough to 
examine the scaling theory. Since the branch
ing affects the concentration dependence of n 
in semidilute solutions of highly branched 
polymers as described above/ it is interesting 
to study the effects of branching on the scat
tering function and correlation In this 
work, therefore, we measured the correlation 
lengths of linear polystyrenes and poly((J(
methylstyrene)s with narrow molecular weight 
distributions over a wide range of molecular 
weight and of branched polystyrenes with 
many long branches by using small angle X-
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ray scattering and light scattering methods. 
Here, we report that the concentration de
pendence of of linear polymers in semidilute 
solutions is well explained by the scaling 
theory and the reduced correlation length 
(s 2 ) 112 of linear polymers is found to be 
an universal function of the degree of coil
overlapping CjC* over wide range of mo
lecular weight and concentration as predicted 
by the scaling theory. Moreover, we report 
that the effects of branching are not so re
markable that of branched polymers is al
most equal to that of linear polymers at the 
same concentration. 

EXPERIMENTAL 

Materials 
Linear polystyrenes with narrow molecular 

weight distributions were purchased from 
Pressure Chemical Co., Ltd. (PS-16, PS-90 
and PS-180) and Toyo Soda Manufacturing 
Co., Ltd. (F-450, F-850 and F-2000). Poly
((J(-methylstyrene)s with narrow molecular 
weight distributions ((J(-113 and (J(-111) were 
prepared previously by an anionic polymeri
zation method.U Branched polystyrenes 
(KIII-F89, KI-F3 and KO-F3) were also pre
pared previously by an anionic polymeriza
tion method. KIII-F89 and KI-F3 have 

Table I. Molecular characteristics of linear polymers 

Sample 
code 

Polystyrenes 
PS-16 
PS-90 
PS-180 
F-450 
F-850 
F-200 

15.7 
90.1 

193 
448 
842 

2100 
Poly(Q(-methylstyrene)s 

0(-113 330 
0(-111 747 

0.02, 2.04 
1.86 0.52 
4.17 0.284 

11.3 0.154 
21.3 0.090 
70.0 0.045 

7.33 0.209 
18.7 0.116 

• Evaluated from (S2 )=1.38x 10- 18 Mu 9 for poly
styrenes in toluene at 25°C. 7 

b In toluene at 25°C. 
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Table II. Molecular characteristics of 
branched polymers 

Sample Mw X 10-4 fb <S2) X JOll/ C* X 102/ 
code cm2c gcm-3c 

KIII-F89• 265 15 2.\ 0.922 
KI-F3• 96 16 0.85 1.54 
KO-F3• 358 52 1.29 3.05 

• The number-average molecular weights of a backbone 
(M.0 ) and branch (M.b) are 9.8 x 1<r and 17.6 x 1Q4 for 
KIII-F89, 5.7 x l<r and 5.5 x 104 for KI-F3, and 
9.5 x l<r and 6.5 x 104 for KO-F3, respectively. 

b f=(Mw-Mno)/Mnb· 
c In toluene at 25°C. 

16 branches while KO-F3 has 52 
branches, all long enough compared with the 
parent polymers. 7 •12 Thus, they may be re
garded as star-shaped polymers with many 
branches. The molecular characteristics for 
those linear and branched polymers are shown 
in Tables I and II, respectively. 

Toluene, which is a good solvent for poly
styrenes and poly(a-methylstyrene)s was 
purified by the same method as described in 
the previous paper. 11 

Measurements 
Small Angle X-Ray Scattering. The measure

ments were carried out with a Kratky U -slit 
camera of Anton Paar Co. with a step scanner 
at 25°C. The X-ray source was a water cooled 
copper-anode tube operated at 45 kV x 30 
rnA powered by a X-ray generator, Model 
DX-GE-2D of JEOL (Japan Electron Optic 
Laboratory Co.). The wave length was 1.54 
A (Cu-Ka). Stability of the beam intensity was 
confirmed by using Luporene in each mea
surement. The widths of entrance and counter 
slits were 100 and 250 ,urn, respectively and the 
distance between the sample position and the 
plane of resistration was 21 em. The difference 
between the scattering intensities from solu
tion and solvent was converted to desmeared 
intensities /(q) according to the method of 
Glatter for a slit correction as described pre
viously.13 
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Light Scattering. The measurements were 
carried out with a Fica 50 automatic light 
scattering photometer at 25°C. The incident 
beam was an unpolarized light with a wave 
length of 436 nm and the scattering angle was 
in the range of 30 150°. The optical con
stant was determined with the scattering in
tensity from benzene at 25°C. The optical 
purification of solutions were usually carried 
out by filtration through 0.45 .urn Millipore 
membrane filters. Solutions of high molecular 
weight samples were clarified by ultracen
trifugation at 50,000 g for ca. 2 h. 

Concentration ranges for measurement were 
in small angle X-ray scatter

ing and gcm-3 in light scattering, 
respectively. 

RESULTS 

The correlation length in semidilute so
lutions is usually evaluated by using the fol
lowing Lorentzian equation from angular 
dependence of scattering intensity /(q) in the 
range of lf<s2) 112 <q<l/a.6 

(4) 

where q is the magnitude of the wave vector 
q=(4n/2)sin(l:l/2), 2 is the wave length in the 
solvent, e is the scattering angle and a is the 
statistical segment length of the polymer. 

It should be noted, however, that eq 4 is 
rigorous when the mean field approxima
tion is valid, for instance, in concentrated 
solutions as shown by Edwards/ 4 Jannink 
and de Gennes. 15 Benoit and Benmouna16 

also showed that eq 4 can be considered as a 
direct application of the equation of Ornstein 
and Zernike. Moreover, Daoud et a/. 5 as
sumed that eq 4 is still valid in semidilute 
solutions if a chain behaves like a Gaussian 
chain whose statistical segment length is and 
the renomalized excluded volume is used. 

The validity of eq 4 in semidilute solutions, 
therefore, should be by experiments. 
Daoud et a/. 5 reported that there is a good 
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Figure 1. Plots of of small angle X-ray scatter
ing intensity against q2 for linear polystyrenes in toluene 
at 25oC. The symbols 9 and 6 denote the data for PS-
90 (C=O.lOI gcm- 3) and F-450 (C=0.029gcm- 3), 

respectively. 
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Figure 2. Plots of inverse of small angle X-ray scatter
ing intensity against q2 for branched polystyrenes in 
toluene at 25°C. The symbols 9• 6, and 0 denote the 
data for KIII-F89 (C=0.205gcm- 3), KI-F3 (C= 
0.119gcm- 3) and KO-F3 (C=0.052gcm- 3), respec
tively. 

linear relationship between 1//(q) and q2 in 
small angle neutron scattering from deuterated 
polystyrenes in CS2 as predicted by eq 4. As 
shown in Figures 1 and 2 the same good linear 
relationship was observed except for low q 
regions in small angle X-ray scattering from 
linear and branched polystyrenes in toluene. 
The scattering data at the low q regions were 
neglected to evaluate ( since the desmeared 
intensities at the low q regions were very much 
affected by the desmearing conditions. 

In light scattering data the deviation from 
the linearity was also observed at low q regions 
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Figure 3. Plots of inverse of light scattering intensity 
against q2 for the linear polystyrene F -450 in toluene at 
25°C. The concentrations are 0.0099, 0.0080, 0.0051, 
0.0031, and 0.0018gcm- 3 from top to bottom. 

where q2 (s 2 ) < 1, when the polymer concen
trations becomes higher as shown in Figure 3. 
It was pointed out17 that the deviation arises 
from the presence of large concentration 
fluctuations with correlation lengths com
parable to the radius of gyration. In the pres
ent work, therefore, ( was evaluated from 
angular dependence of light scattering at the 
high q regions where q2 (s 2 ) > 1 according to 
eq 4 as shown in Figure 3. 

DISCUSSION 

Double logarithmic plots of ( of linear 
polymers determined as described above 
against C are shown in Figure 4. The data in 
range of C>O.Ol g cm- 3 were obtained by 
small angle X-ray scattering, while those in 
range of C < 0.01 g em- 3 by light scattering. 
Data of neutron scattering from deuterated 
polystyrenes in CS/ are also inch,1ded. The 
polymer concentration dependence of cor
relation length (is independent of the methods 
of measurement. And also no difference 'is 
found between polystyrene and poly(a-meth
ylstyrene). The solid line has the slope of 
-0.75 as predicted from the scaling theory,5 •6 

eq 3b, assuming that v=0.6. The same data 
were replotted in the form of (/(s 2 ) 112 vs. 

CjC* in Figure 5. The solid line again has the 
slope of -0. 75. The reduced correlation length 
(/(s 2 ) 112 for linear polymers is found to be an 
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Figure 4. Concentration dependence of correlation 
lengths of linear and branched polymers in good 
solvents. The symbols are as follows: linear polystyrenes 
in toluene (0, PS-16; 0, PS-90; 9• PS-180; 0-, F-450; 
-0, F-850; f), F-2000); linear poly(o:-methylstyrene)s 
in toluene (CD, o:-113; e. o:-111); linear deuterated poly
styrene in cs2 (0)5; branched polystyrenes in toluene 
( •• KIII-F89; •• KI-F3; e. KO-F3). The line denotes 
eq 3b with v =0.6. 

0.01 

10 
C/C* 

100 

Figure 5. Double logarithmic plots of reduced cor
relation lengths against CfC*. The symbols are the same 
as in Figure 4. The line denotes eq 3a with v = 0.6. 

universal function of CjC* over wide range 
of molecular weight and concentration. Thus, 
when the polymer concentration C is higher 
than the critical concentration C* and lower 
than a certain concentration C** gem - 3 , 

the prediction of the scaling theory is well 
supported by experiments, in agreement with 
the conclusion from osmotic pressure. 1 - 3 

If there is a region in which segments 
of other chains cannot penetrate in highly 
branched polymers as suggested previously, 
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we may have two characteristic lengths, that 
is, a correlation length similar to that found 
in semidilute solutions of linear polymer and 
a radius inside which the segments of other 
chains do not penetrate, as pointed out by 
Daoud and Cotton.8 However, we cannot 
observe any particular difference between 
the scattering functions of linear and branch
ed polymers within experimental errors as 
shown in Figures 1 and 2. So we evaluated 
the correlation lengths of branched polymers 
by using eq 4. 

Figure 4 shows that the correlation lengths 
of branched polymers are almost equal to but 
may be slightly larger than those of linear 
polymers at the same polymer concentra
tion. This result appears to be consistent 
with the fact that the osmotic pressure of 
branched polymers7 is lower than that of 
linear polymers except for a region where 
polymer coils extensively overlap, considering 
that ll Since the concentration de
pendence of is weaker than that of n, 
however, it is difficult to conclude that there is 
a significant difference between the correlation 
lengths of linear and branched polymers as 
observed for ll,7 considering the experimental 
errors in determining If the reduced cor
relation lengths of branched polymers are 
compared with those of linear polymers, data 
of branched polymers are lower than those of 
linear polymers as shown in Figure 5. This is 
a natural result obtained from the fact that 
the segment density of branched polymer is 
higher than that of linear polymer having the 
same molecular weight. 
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