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ABSTRACT:

Osmotic pressures for branched polymers in a good solvent were measured over a

wide range of concentrations. Two types of branched polymers, star-shaped poly(a-methylstyrene)s
having three branches and comb-shaped polystyrenes having 15—16 branches, were studied. The
data were analyzed using the scaling law. The difference in the reduced osmotic pressure between
star-shaped polymers having three branches and the corresponding linear polymers results from the
difference in radii of gyration. In branched polymers having many branches, there is a region from
which the segments of other molecules are excluded as a result of high segment density.
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The osmotic pressure of linear polymers in good
solvents shows different concentration dependence
in three different regions, i.e., dilute (C < C*), semi-
dilute (C>C*), and concentrated solutions.!~3
Here C* is the critical concentration at which
polymer coils begin to overlap with each other and
is defined by

. IM )
—-4n<s2>3/2NA 1)

where (s2) is the mean square radius of gyration of
the polymer, M, the molecular weight, and N,,
Avogadro’s number.

In dilute solutions, the osmotic pressure is repre-
sented by the virial expansion form

II/C=RT(/M+A,C+A4,C*+ ) )
where A, and A, are the second and third virial
coefficients and are expressed by

43N, P (5232
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2
and
Ay=yA,*M @)

It has been shown*® that the interpenetration
function ¥ is almost constant and the polymer
coil behaves as a hard sphere when the molecular

weight is high and the solvent is good. Moreover,
y may be constant if the hard sphere model is
also valid for 4;.1® By substituting eq 1, 3, and
4 into eq 2, we obtain
IIM/CRT=1+3n"*¥(C/C*)
+9nP2y(C/C*)* + - - - )
In semidilute solutions of linear polymers, the
concentration dependence of the reduced osmotic
pressure IIM/CRT obeys the scaling theory of de
Cloizeaux,®" yielding
IM/CRT=K,(C/C*)/3"~1 ©)

where K, is a numerical constant and v, the ex-
cluded volume exponent in the radius of gyration vs.
the molecular weight relationship

(s*yoc M? M

The apparent second virial coefficient S defined by
the following equation is often used for a more
detailed discussion of semidilute solutions!:®

RTS=[II/C—(RT/M,)]/C ®)
From eq 3, 5, and 6, we have

S/A,=1+3n'2¥y(C/C*)
+ for (C<C*) 9)
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S/A2 :sz—l(c/c*)(z—3v)/(3v—1)

for (C>C* (10)

where K, is also a numerical constant.

Therefore, the reduced osmotic pressure ITM/
CRT or the reduced apparent second virial coef-
ficient S/A4, is a function of C/C* in both dilute and
semidilute solutions. In concentrated solutions,
however, the osmotic pressure may be explained
by the theory of Flory and Huggins;® the reduced
osmotic pressure cannot be expressed as a func-
tion of C/C*.3

In this work, measurement of the osmotic pres-
sure of branched polymers in a good solvent
(toluene) was carried out over a wide range of
polymer concentration. Since the segment density in
branched polymer coils is higher than in the cor-
responding linear polymers of the same molecular
weight, the concentration dependences of the os-
motic pressure of branched and linear polymers
may differ. The conformation of star-shaped poly-
mers in semidilute solutions was discussed by
Daoud and Cotton,!° taking into account two
characreristic lengths ¢ and y; ¢ is similar to the
screening length for semidilute solutions of linear
polymers and y is the radius which is not penetrated
hy the branches of other molecules. The osmotic
pfessure of branched polymers in semidilute so-
lutions can be well explained by the concepts pre-
sented by these authors.

EXPERIMENTAL

Materials

The samples used here were two star-shaped poly-
(a-methylstyrene)s having three branches (S-22, S-
26) and two comb-shaped polystyrenes (KIII-F89,
KI-F3) with 15—16 branches. These samples were
prepared by Fujimoto et al. in a previous work.!!+12
The molecular characteristics of these samples are
listed in Table I. These two comb-shaped polymers
may be considered as stars rather than as combs.
There is no practical difference between the branch-
ing indices calculated for these combs and for stars
with the same number of branches.'® The molecular
weight distriburion of branches in each sample was
narrow. Each comb-shaped polymer had a distri-
bution corresponding to the degree of branching;
the samples, however, were carefully fractionated to
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make the distribution even narrower.!3

Linear polystyrenes of narrow molecular weight
distribution of Pressure Chemical Co. were used for
comparison. The weight average molecular weights
in Table I are from a previous paper,'# and the radii
of gyration were estimated using the (s2) vs. M
relationship <{s?>=1.38 x 10718 A7!19 determined
by the least-squares method from literature
data. 1418

Toluene, a good solvent, was purified by the same
procedure described previously.*

Osmotic Pressure Measurements

Osmotic pressures were measured at 25°C using a
high speed membrane osmometer of Hewlett-
Packard Co., Ltd. When the pressure was high, a
mercury or water manometer was employed to
balance the pressure. The membrane used was No.
0—8 of Scheicher & Schiill Co., Ltd., for non-
aqueous solutions.

Light Scattering Measurements

Light scattering measurements for estimating
molecular weight and radius of gyration were
carried out at 25°C using a FICA-50 automatic
light scattering photometer. The same experi-
mental procedure reported previously* was used.

Light scattering data were analyzed by the
square-root plot, which utilizes the following
relations:

(KC/Rp)y2o=(1/M ) ?(1+ A,M ,C+ - --) (11-a)
(KC/R)2=(1/M )12

><<1+% (s 47” sin2(6/2) + - - )
(11-b)

where KX is the optical constant for light scattering,
R,, the Rayleigh ratio at a scattering angle of 6, M,,,
the weight average molecular weight, A, the wave
length in the solution and C, the polymer con-
centration. The subscript §=0 and C=0 indicate
the limits of the zero scattering angle and zero
concentration, respectively.

RESULTS

The weight average molecular weight M,
radius of gyration {(s?>*/? and the second virial co-
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Table I. Sample characteristics

M, M, (s%yjem™?2 C*¥lg~tem®  A,(LS) A4,(0S) v
Sample code 1P g’

x105  x10° x 1071 x 1072 x107*  x107* LS oS
S-22 — 9.0 3 1.4, 0.63; 2.0 2.0, 0.2 0.2 0.9,
S-26 — 36.0 3 6.3, 0.28, 1.6 — 0.2 — 0.7,
KI-F3* — 9.6 16 0.85 1.5, 2.0, 2.2, 0.5¢ 0.6, 0.3,
KIII-F89* — 26.5 15 2.3 0.92, 1.3, 1.5, 0.5, 0.65 0.4,
PS-1 0.51 — — 0.05; 4.9, — 6.3¢ — 0.3, e
PS-2 1.57 — — 0.21, 2.0, — 4.64 - 0.2 —
PS-3 — 9.0, — 1.64 0.51, — 2.9, — 0.2¢ —
PS-4 — 19,5 — 4.1, 0.28, — (2.55) - (0.2¢) -

2 The number average molecular weights of a backbone (M) and branch (M,;) are 9.8 x 10* and 17.6 x 10* for KIII-
F89, and 5.7 x 10* and 5.5 x 10* for KI-F3, respectively.

b f=(M,— M,0)/ M.

¢ LS and OS denote the y values calculated from A,(LS) and 4,(OS), respectively.

15

x10°(KC/R,)"?
=
I

-10 -05
Figure 1.

efficient 4, (LS) for the samples studied are listed
in Table I. The square-root plot is illustrated in
Figure 1. The critical concentration C* in Table I
was calculated from eq 1 using the data of (s?)
and M, or M,. The values of 4, (OS) were also
evaluated from the square-root plots of osmotic
pressure. To facilitate the determination of A,
(OS) by square-root plots for certain samples
(S-22, KIII-F89, KI-F3 and PS-3) the number aver-
age molecular weights were assumed to be equal
to the weight average molecular weights deter-
mined by light scattering. The value of 4, (OS) for
PS-4 was extrapolated from the experimental
relationship between 4, (OS) and M. The A4, (OS)
values thus estimated and listed in Table I were used
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A Zimm plot for star-shaped poly(a-methylstyrene) S-26 in toluene at 25°C.

to analyze osmotic pressure data. The interpene-
tration function ¥ in Table I was calculated by
inserting the experimental values of 4,, M and (s>
into eq3. ¥ is almost independent of molecular
weight in each type of sample.

All osmotic pressure data are summarized in
Table II. Figure 2 shows double logarithmic plots of
II/C vs. C for star-shaped poly(x-methylstyrene)s.
The data for the corresponding linear polymers!
with high molecular weights are shown by a broken
line for comparison. Figure 3 shows double loga-
rithmic plots of II/C vs. C for comb-shaped poly-
styrenes, along with the data for linear polysty-
renes. From Figures 2 and 3, it can be seen that
osmotic pressures for branched polymers are inde-

369



Y. Hico, N. UeNo, and 1. Nopa

Table II. Osmotic pressure data for star-shaped
poly(a-methylstyrene)s, linear and
comb-shaped polystyrenes in
toluene at 25°C

Table II. (continued)
poly(a-methylstyrene)s, linear and
comb-shaped polystyrenes in
toluene at 25°C

x100C I  x1°C 1  x10°C @ x10)C 11  x10)C @I  x10°)C I
gem™3 gem™? gem™® gem™? gem™®  gem™? gem™ gem™? gem™? gem™? gem™?®  gem™?

—S-22— —PS-1—
0.098, 0.04; 0.5914 0.44, 1.484, 2.39, 0.082¢ 0.43, 1.151, 8.14, 5.679¢ 105.8
0.198¢ 0.07g 0.7325 0.72, 1.835¢ 4.15, 0.213; 1.13g  1.328, 9.87, 8.819, 246.4
0.207,4 0.06g 0.757, 0.64, 2.869 10.11 0.338, 1.87g 2.365¢ 22.82 10.981; 400.8
0.260, 0.10, 0.998, 1.284 5.434, 52.13 0.589, 3.53, 3.323; 39.14 12.889, 585.0
0.390;  0.19; 1018  1.10, 0.843, 544, 4138, 60.29
0490, 029, 1320, 2.45,

—PS-2—

—S-26— 0.171; 0.5, 0.803, 2.09, 4.671, 51.75
0517, 018, 1203, 143, 2132, 537, 0257, 044, 0966, 279, 6166, 95.15
0.650, 0.36, 1.409, 2.05, 2.384¢ 6.82; 0.313, 0.63; 1.232, 2.88; 79145 167.7
0.740, 0.44; 1.606, 2.79, 2.587, 8.04, 0.409, 0.81, 1.533, 6.01, 10.895, 345.6
0.851, 0.60; 1.803, 3.67, 2.928, 11.14 0.482, 1.04, 1.9704 9.33, 13.751; 6304
0.984, 0.86, 2010, 4.83, 0.579, 129, 2.668, 16.57

— KII-F89— 0.669; 1.63; 3.058, 21.83

0.518, 0.17, 1.781, 2.85, 5575  56.14 —PS-3—
0.802, 0.50, 2200, 581, 6559  84.56 0.237, 008, 0872, 117, 4442  40.33
0.901,4 0.69, 2.507, 7.89; 7.407 118.5, 0.323; 0.17, 1.133, 1.924 6.065 84.60
1.007, 0.86, 2.706, 9.87, 8.361 152.3, 0.436, 0.27, 1.244 2.40, 7.596 146.6
1.152, 1.51, 2911, 11.87, 9.666  215.1, 0.513, 042, 1.612 4.22, 8.584 198.8
1.312, 1.69, 3.381 16.51¢ 11.013 296.8 0.633¢ 0.64, 2.250 8.70s 11.158 368.2
1.545, 213, 4568 3726 11.983  368.4, 0.739,  0.84, 2.575 11.84 13.878  690.1

—KI-F3— —PS-4—
0268, 0.2, 1.345, 191, 5183  51.16 0250,  0.09, 00951, 1.18,  3.800  27.20
0.2904 0.13, 1.435, 2.18, 5.979 74.13 0.358, 0.20, 1.296, 2.45, 3.975 30.29
0419, 023, 1470, 273, 6427 1302 0420, 026, 1.727, 4.62, 4766  48.99
0427, 023, 1.688, 329, 6884 104.6, 0.574, 045, 2259 872, 7.643 1478
0529, 035, 1.888, 432, 7.354 123.0, 0.764, 081, 2993 16.19
0.632, 0.53; 2089, 553, 8.626 2219,
0.632, 0.56, 2.185, 4.70, 8.769  184.1,
0.68, 059, 2384, 7.66, 10.015 257.9, DISCUSSION
0.802; 0.79, 2.614 11.27 10.447 309.7
0.979; 098, 2933 1335 10.881  330.0, As evident from Table I, the interpenetration
1021, 1.04, 3.102 1514 12112 426.5 function ¥ depends on the degree of branching but
1021, L10,  3.562 2515 13103 522.4, appears to be independent of the chain length of
1.061, 1.33,  3.809 22.92 13.188 516.8, . . . .
1.085, 133, 4575 3551 14504 658.1, branch‘es provided the molecular weight is hlgl:l.
1241, 151, 4787  60.03 Thus, it may be expected that the reduced osmotic

pendent of molecular weight and agree with those
for the corresponding linear polymers at high
polymer concentrations.

The apparent second virial coefficients S of two
types of branched polymers and linear polystyrenes
are plotted against polymer concentration in
Figures 4 and 5.
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pressure IIM/CRT of each group of branched
polymer in dilute solutions can be expressed
as a function of C/C*.

In semidilute solutions (C> C¥*), linear polymer
coils in a good solvent overlap with each other to
form a uniform network structure. Inside this net-
work, the blobs behave .as independent polymer
coils of size ¢ which depends only on polymer
concentration according to®

Polymer J., Vol. 15, No. 5, 1983
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Figure 2. Osmotic pressure data of star-shaped poly(a-
methylstyrene)s in toluene at 25°C. The symbols O-and
—QO denote the data for S-22 and S-26, respectively. The

broken line shows the data for linear poly(a-
methylstyrene)s.!
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Figure 3. Osmotic pressure data of comb-shaped
polystyrenes in toluene at 25°C. The symbols O and
(5 denote the data for KIII-F89 and KI-F3, respec-
tively. The symbols @, Qe and @ denote the data
of linear polystyrenes, PS-1, PS-2, PS-3, and PS-4, re-
spectively.

(12)

Since osmotic pressure is proportional to 1/£3.
IIM/CRT of linear polymers in semidilute solutions
are proportional to (C/C*)!/®¥~1, as expressed by
eq 6.

If v in eq 7 for branched polymers is the same as

émc—v/(Sv—l)

Polymer J., Vol. 15, No. 5, 1983

20 T T T T T T
o
n /
4]
\'I
o P
= o ’?3&)0_

S

,—O_CH'}g' n
&5

&

00

o
(o4

0 I ] 1 ] ] ] ]
0 2 4, .6 8
x10°C/gml

Figure 4. Apparent second virial coefficients of star-
shaped poly(a-methylstyrene)s in toluene at 25°C. The
symbols are the same as in Figure 2. The symbols of
intercepts at C=0 denote the second virial coefficients
determined by light scattering 4, (LS).

that for linear polymers and ¢ for branched poly-
mers has the same concentration dependence as
eq 12 for linear polymers, IIM/CRT for branched
polymers is expressed by

HM/CRT=Kng/—3/2(3v—1)(C/C*)1/(3v—1) (13)

where K, is the proportionality constant in eq 6 for
linear polymers, g’, the mean square radius of
gyration of a branched polymer (s2), relative to
that of the linear polymer having the same molec-
ular weight (s%),, i.e., g’'={s*),/{s*)>;, and C* is
given by eq 1 with (s?), for {s?>. Equation 13 may
apply not only to star-shaped polymers but also to
comb-shaped polymers at high degrees of coil over-
lapping, since osmotic pressures for branched po-
lymers agree with those of the corresponding linear
polymers at least at high concentrations, irrespec-
tive of molecular weight and degree of branching
(see Figures 2 and 3), and also since g’ depends on
the degree of branching but appears almost inde-
pendent of molecular weight, as shown in Table 1.

If the degree of coil overlapping is not too high in
semidilute solutions of highly branched polymers,
the network structure cannot be as uniform as in
linear polymer solutions. In the vicinity of a branch
point, there may be a region of radius r,, from
which the segments of other molecules are excluded
due to the high segment density of branched poly-
mers, as was assumed by Daoud and Cotton.!®
Assuming that the osmotic pressure of a branched
polymer in a semidilute solution is proportional to
the number of contact points outside r., we obtain
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Figure 5. Apparent second virial coefficients of comb-shaped polystyrenes in toluene at 25°C. The
symbols are the same as in Figure 3. The symbols of the intercepts at C=0 denote the second virial

coefficients determined by light scattering 4, (LS).

II/RToc F/& (14)

where F is the fraction of polymer segments outside
r.. By taking into account the factor F eq 13 gives

HM/CRT=K"g/—3/2(3v—1)(C/C*)1/(3v—l)F (15)

and, similarly,

S/A2=qu/—1g/—3/2(3v—1) (C/C*)(2—3v)/(3v—1)F
(16)
Thus, the effect of branches becomes apparent
through the g’ and F factors.

To calculate F, we consider a star-shaped poly-
mer with f branches each having »n segments. In a
0-solvent, the probability of finding the n-th seg-
ment at a distance r from a branch point is given by

P,(r=(3/2n¢r*»)¥* exp (=3r*/2<r*y)  (17)

where (r?)=a’n and a is the segment length. We
assume that the expansion factor o of a star-shaped
polymer of f branches having n segments is given by
the theory of Candau, Rempp and Benoit,'® when
neglected the triple contact term and derived

o’ oc(fn)t2g 32 (18)

where ¢ is the unperturbed radius of gyration of the
branched polymer relative to that of the corre-
sponding linear polymer (g=<{s2),0/{s?>10)- We
further assume that the expansion factor for (r?)
in a good solvent is also given by eq 18. We then
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obtain

(r?y=a’na oca’n(nf)i5g 35 (19)

Subsitution of eq 19 into eq 17 gives an approximate
distribution of the n-th segment in a branch in a
good solvent. If we integrate the distribution func-
tion for n over all segments, assuming r? <a*>N and
multiply the result by f, we obtain the segment
density C(r) as a function of the distance r from the
branch point

C(r)ocg1/2f5/6a—5/3r—4/3 (20)

If the sements of other molecules cannot enter the
region of radius r,, C(r) is equal to the average
concentration C of segments in the solution at r=r..
Thus, we have

5/8 ,3/8

roocfBg¥Bg3tC 34

@1

If the number of segments inside r_ in a branch is
denoted by ., the fraction of segments outside r_, F,
is

F=1—nJN 22

Since the ratio n/N is proportional to
(r/(R*Y1%)1106 where (R?) is the mean square
end-to-end distance of a branch, F is given by

F=1=(/<r?y )08 = 1- K(C/C*) 712 (23)

where K’ is a numerical constant. Here, it should be
noted that we can derive the same equation as eq 23

Polymer J., Vol. 15, No. 5, 1983
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Figure 6. Double logarithmic plot of reduced osmotic
pressure IIM/CRT vs. C/C* for star-shaped polymers.
The symbols are the same as in Figure 2. The chain line
denotes the data for linear polymers.! The solid line
denotes eq 15, assuming v=0.58;,! g’ =0.85, K’=0, and
K,=1.5" The dotted curve denotes eq 5 assuming
¥ =0.26 and y=0.25.

from the theory of Daoud and Cotton!® for a star-
shaped polymer with long branches, although their
equation for C(#) is different from eq20. If, more
generally, v is used in place of 0.6 in eq23, F is
written as

F=1-K/(C|C*)~1ev=D) (24)

Since F is a function of C/C*, IM/CRT and S/4,
for branched polymers should be functions of
C/C*. As the polymer concentration increases, F
should approach unity.

Figures 6 and 7 show the double logarithmic plots
of IIM/CRT vs. C/C* for star-shaped and comb-
shaped polymers, respectively. It appears that the
reduced osmotic pressure IIM/CRT for both star-
shaped and comb-shaped polymers can be ex-
pressed as a function of C/C*. The data for the
corresponding linear polymers® are also shown for
comparison. In these figures, the dotted lines show
the values calculated from eq5. The calculated
values on the basis of eq 15 are shown by solid lines,
with K’ in eq. 24 taken as an adjustable parameter.

Polymer J., Vol. 15, No. 5, 1983
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Figure 7. Double logarithmic plots of reduced osmotic
pressures IIM/CRT vs. C/C* for linear and comb-
shaped polystyrenes. The symbols are the same as in
Figure 3. The solid line for linear polymers denotes eq 6,
assuming K,=2.2 and v=0.59;. The solid curve for
comb-shaped polystyrenes denotes eq 15 assuming
K,=2.2,v=0.59;, K'=0.95, and g’=0.42. The broken
line denotes eq 15, assuming that K’=0 and the other
parameters are the same as for the solid curve. The
dotted curves denote eq 5 assuming Yy =0.63 and y=0.25
for the comb-shaped polymers, and =0.26 for the
linear polymers.

The values of the other parameters used for calcu-
lation are given in the figure captions. The values of
K, were obtained from the corresponding linear
polymers, and the values of ¢’ determined
experimentally.

In Figures 8 and 9, the experimental values of
S/A, for star-shaped and comb-shaped polymers,
respectively, are plotted against C/C*. The values of
the parameters v, g’, ¥ and K’ used for calculation
are the same as those in Figures 6 and 7. The values
of K, were taken from the corresponding linear
polymers.

Figures 6 and 8 show that the experimental data
for star-shaped polymers are in good agreement
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Figure 8. Plots of /4, against C/C*. The symbols are
the same as in Figure 2. The solid curve denotes eq 16
assuming K,=0.26, obtained for the corresponding
linear polymers.! The chain line denotes the data for
linear polymers.' The dotted line denotes eq 9. The
parameter values used are the same as in Figure 6.

with the lines calculated with K’=0, i.e., F=1. This
indicates that, in solutions of star-shaped polymers
having three branches, there is no region from
which the segments of other molecules are excluded.
The difference in reduced osmotic pressures of the
star-shaped and corresponding linear polymers
arises only from the g’ factor, that is, the differ-
ence in the radii of gyration.

On the other hand, the experimental data for
comb-shaped polymers agree with the values calcu-
lated with K’=0.95. In both Figures 7 and 9, the
values computed from eq 15 with F=1 agree with
experimental data only at large values of C/C*
(>8). This implies that a polymer with many
branches has a region into which the other mole-
cules cannot penetrate and that this region dis-
appears as coils increasingly overalp. The reason
why K'=0 is valid for star-shaped polymers with
f=3 but K'=0.95 for highly branched polymers
is not clear at present. The assumption that the
segment distribution in branched polymers is simi-
lar to that in linear polymers should be applied
with considerable reservation to highly branch-
ed polymers. In the vicinity of a branch point
in a highly branched polymer, the segment den-
sity may be higher than predicted by eq20.
Therefore, it may be expected that parameter K’
varies with the degree of branching.

As can be seen from Table I, the values of ¥ for
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Figure 9. Plots of S/4, against C/C* for comb-shaped
and linear polystyrenes. The symbols are the same as in
Figure 3. The solid curves for comb-shaped polymers
and for linear polystyrenes denote the calculated values
of eq 16 and 10, respectively. The value of K, is assumed
to be 0.37 for both solid lines. The values of the other
parameters used are the same as in Figure 6. The broken
curve denotes eq 16, assuming K’=0. The values of the
other parameters are the same as in Figure 7. The dotted
line denotes eq 9. The parameter values used are the
same as in Figure 7.

star-shaped polymers are slightly larger than 0.2,
for linear poly(x-methylstyrene)s,*> but the values
of ¥ for comb-shaped polymers are considerably
larger than those for linear polystyrenes.!8-2%2* This
fact indicates that branched polymers probably
behave more like hard spheres than linear polymers.
This effect may persist even in semidilute solutions
for highly branched polymers.
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