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ABSTRACT: The method of Iatrou et al. (Macromolecules 1998, 31, 6697) was applied to synthesize a
normal comb polystyrene sample with uniform side chains equally spaced along the main chain but with
the most probable distribution in the main chain length. The molecular weights of the side chain and the
connector (the part of the main chain between the neighboring side chains) were 3.5 × 104 and 2.3 × 104,
respectively. The sample was analyzed using a gel-permeation chromatography system with a multiangle
light scattering and refractive index detector to determine the relationship between the z-average mean
square radius of gyration 〈S2〉 and the weight-average molecular weight Mw. Tetrahydrofuran (THF) was
chosen as the solvent. The relation fell considerably below that for linear polystyrene. The slope of the
plot of log 〈S2〉1/2 vs log Mw for the comb polymer was 0.46, a value much smaller than the Flory exponent
0.6 for linear chains in good solvents. Similar measurements were also made on polystyrene centipedes
prepared by Iatrou et al., which have two side chains at each junction point. As the ratio r of the molecular
weight of the side chain to that of the connector increased, the 〈S2〉 vs Mw relation was lowered. Comparison
of the experimental relationship with theoretical predictions for flexible discrete chains suggested that
the main chains of the two types of polymer are stiffened by the crowding of the side chains. To estimate
the backbone stiffness, 〈S2〉 was calculated on the basis of the wormlike comb model whose main and side
chains have different Kuhn lengths λ-1 and λs

-1, respectively. With λs
-1 ) 2 nm and the linear mass

density ) 390 nm-1 (for both main chain and side chains), λ-1 was estimated so as to give the closest
agreement between the calculated and measured 〈S2〉. It was found that the calculated values for the
comb polymer with λ-1 ) 5.5 nm agree closely with the experimental data. The data for the centipedes
were also explained by the theory, which showed the backbone stiffness to increase with increasing r.

Introduction

An important finding in recent polymer solution
studies is that polymacromonomers which have comb
structures behave as stiff chains in solution,1-7 despite
being composed of such flexible components as polysty-
rene. Their stiffness increases when the side chain
becomes longer and/or when the solvent becomes ther-
modynamically better.2,4-6 The stiffness may be consid-
ered to arise from repulsions between neighboring side
chains.8 If this hypothesis is accepted, the stiffness
should be reduced with decreasing the distance (spacer
length) between neighboring side chains. In polymac-
romonomers, however, the spacer length is fixed by two
C-C bonds, and thus we have to use some different
synthetic strategy to obtain comb polymers with differ-
ent spacer lengths.

Some groups9-13 previously prepared comb polymers
by grafting reactions of anionic living polymer chains
onto active sites along the main chain and found from
light scattering that measured z-average mean square
radii of gyration 〈S2〉 were larger than those expected
from theories based on the Gaussian bond probability.
They considered the comb polymers to be expanded due
to the high segment densities. However, no attempt was
made to estimate the stiffness of the polymers in such
early days. For an unequivocal determination of the
chain stiffness of a given comb polymer, we need a series

of samples with different main chain lengths and a fixed
side chain length. The grafting reaction is not always
advantageous to this end, in that it is not completed
since high side chain densities prevent additional side
chains from approaching the active groups on the main
chain.14

Very recently, Iatrou et al.15 made comblike polymers
using a new scheme, in which two side chains connected
by tetrachlorosilane were reacted with R,ω-dianionic
polymer chains (connectors) in a polycondensation man-
ner. This method allows us to obtain comb polymers
with fixed side chain lengths but broad (most probable)
distribution in the main chain length, i.e., a series of
samples with different molecular weights after fraction-
ation. The comblike polymers prepared by Iatrou et al.
have two side chains connected at each junction point
and are called “centipedes” (“a” in Figure 1).

In this work, we synthesized a normal comb polysty-
rene sample with one side chain at each junction point
(“b” in Figure 1) following the method of Iatrou et al.,
and determined 〈S2〉 of the polystyrene comb and the
centipedes made by Iatrou et al., all in tetrahydrofuran
(THF) as functions of weight-average molecular weight
Mw using a multiangle laser-light-scattering (MALLS)
detector equipped with a gel-permeation chromatogra-
phy (GPC) separation system. This technique is espe-
cially powerful for obtaining such data from a polymer
sample with very wide molecular weight distribution.
The 〈S2〉 data obtained are analyzed by use of relevant
expressions derived to examine the effect of the degree
of branching on chain stiffness.
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Experimental Section
Polymer Samples. We used three centipede polystyrene

samples previously prepared by Iatrou et al.15 In addition, one
sample of normal comb polystyrene was synthesized as follows.
Linear polystyrene for the side chains was synthesized in
benzene using sec-butyllithium as the initiator and reacted
with excess trichloromethylsilane after adding about 2 units
of butadiene at each end. The polystyrene connector was made
using (1,3-phenylene)bis(3-methyl-1-phenylpentylidene)dilith-
ium as the difunctional initiator in benzene with a small
amount of THF added to avoid the aggregation of the initiator
and growing chain ends. This initiator was obtained by the
reaction of 1,3-bis(1-phenylethenyl)benzene with sec-butyl-
lithium. After the solvent was replaced with pure benzene (to
reduce the 1,2 addition), about 2 units of butadiene were
introduced at each end to promote the efficiency of the
polycondensation reaction (when we once skipped this step,
we obtained only linear chains made of a connector and two
arms, because the steric hindrance among benzene rings at
the chain ends prevented the linkage of more than two chains
at the junction point). The solution of the side chains was
poured dropwise into the connector solution after adding a
small amount of THF; to make the samples’ molecular weight
as high as possible, almost equal amount of the side chains
and the connector were mixed. The reaction was monitored
by GPC with an aliquot of the solution taken into an ampule.

The GPC chromatograms “A” and “B” in Figure 2 show the
peaks for the side chain and the connector, respectively. Here,
Ve denotes the elution volume. A small subpeak in “A” shows
that some dimers are contained but these species do not affect
the polycondensation reaction. A similar subpeak, which can
also be seen in “B”, indicates the presence of the subproduct
produced by the deactivation of one living site of the difunc-
tional initiator due to some impurity. This product may
terminate the polycondensation reaction. However, since its
amount is very small, the effect was not serious.

The GPC chromatogram “C” shows the peak for the product
after mixing “A” and “B”. A broad peak for the polycondensa-
tion product can be seen at Ve ≈ 22 cm3. The shoulder at Ve ≈
23.5 shows the linear product made of a connector joining two
arms. After a couple of days, we added some more side chains
to ensure the completion of the reaction, and obtained the final
product “D”. This comb polystyrene sample was designated as
CS25-35.

The weight-average molecular weights of the side chain and
the connector (Mside and Mcon, respectively) determined by light
scattering measurements are shown in Table 1, along with the
ratio r ()Mside/Mcon). The values for the centipede polystyrene
samples15 are also included in the table.

Light-Scattering Measurements. Light-scattering mea-
surements were made at room temperature using a MALLS
detector DAWN DSP-6 (Wyatt Technology Inc.) with He-Ne
laser (633 nm). The photometer, which was calibrated with
pure toluene, was connected to a GPC system equipped with
three columns (two Waters HT6E linear columns and 1 Waters
HT3 column (103Å)) and a refractive index (RI) detector
(Waters 2410) which was used to determine the concentration

at each position of the peak. THF was used as the eluent; the
flow rate was set to 1 mL/min. Polymer sample solutions with
mass concentrations of about 1 × 10-3 g cm-3 were injected
using a sample loop of 0.1 cm3 capacity.

The angular dependence of the scattering intensity was
analyzed using Berry’s square-root plot to determine 〈S2〉 at
each position of the peak. The specific refractive index incre-
ment for THF solutions was taken to be 0.186 cm3 g-1.16

Measurements were also made on Pressure Chemical’s
standard polystyrene samples. The values of 〈S2〉 and Mw for
five samples were determined by the integration of the RI
signal and scattering intensity at each scattering angle over
the whole peak area. The results are presented in Table 2.

Results

Figure 3 depicts the curves of the polymer mass
concentration c, Mw, and 〈S2〉 against Ve for CS25-35.
It can be seen that the concentration is diluted down to
c ≈ 2 × 10-4 g cm-3 after passing through the columns.
The concentration effect on the value of Mw can be
neglected when considered with second virial coefficient
data for linear polystyrene in THF.17 The concentration
effect on 〈S2〉 can also be ignored. In the region Ve <
19.6 cm3 (the left dashed line), the Mw - Ve relation

Figure 1. Schematic representation of centipede and comb
molecules.

Figure 2. GPC chromatograms for the side chain (A), con-
nector (B), middle product (C), and the final product (D) of
comb polystyrene CS25-35.

Table 1. Molecular Parameters for Polystyrene Comb
and Centipedes

Mside Mcon r

CS25-35 35100 23100 1.52
GS15-35a 34400 15700 2.19
GS40-25a 28800 41200 0.70
GS60-15a 13500 57000 0.24

a Reference 15.

Table 2. Values of the Radius of Gyration for Linear
Polystyrene in THF

Mw × 10-5 〈S 2〉1/2/nm

17.2 66.1
8.18 40.8
7.01 37.7
5.16 31.2
3.51 25.1
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deviates from the nearly linear relation for Ve > 19.6
cm3 because of the exclusion limit of the GPC columns.
The 〈S2〉1/2 values for Ve > 21.9 cm3 (the right dashed
line) are less than 20 nm, the lowest limit for the
determination of 〈S2〉 with adequate precision. Thus, we
use the data for 19.6 cm3 e Ve e 21.9 cm3 in the
following analysis.

The triangles in Figure 4 show the 〈S2〉1/2 data for
comb polystyrene CS25-35 in THF. The figure includes
the data for linear polystyrene in Table 2 (unfilled
circles) along with those determined by Schulz and
Baumann17 (filled circles) and Park et al.18 (half-filled
circles). They fall on a straight line, which is expressed
by

The exponent 0.6 agrees with the Flory value, which is
commonly observed for linear flexible polymers in good
solvents. The 〈S2〉1/2 values for the comb polymer (tri-
angles) are systematically smaller than those for linear
polystyrene as expected for highly branched polymers.
They can be fitted approximately by a straight line with
slope 0.46, which is much smaller than the Flory
exponent for linear chains. The molecular weights from
4 × 105 to 3 × 106 correspond to 6 to 50 in terms of the
number of the junction points p in a molecule.

Figure 5 shows the plots of 〈S2〉1/2 vs Mw for the
polystyrene centipedes in THF. The molecular weight
range for any centipedes is narrower than that for the
comb polymer, being p from 3 to 6 for GS60-15, from 4
to 12 for GS40-25, and from 6 to 9 for GS15-35.
Importantly, 〈S2〉1/2 decreases with increasing r (in Table

1) when compared at the same molecular weight. The
data for GS40-25 can be fitted by a solid straight line
with slope 0.52, which is also smaller than the Flory
exponent for linear polystyrene.

Discussion
The ratio gS of 〈S2〉 for a branching polymer to that

for the linear polymer with the same molecular weight
is often used to characterize the degree of branching or
the segment density in the molecule. Some equations
of gS for several types of comb polymer were derived,19-23

assuming the Gaussian bond probability. However, none
of them is applicable to our centipedes. We therefore
calculated gS for Gaussian comb polymers having p
junction points with functionality f, i.e., those in which
(f - 2) side chains are connected at each junction point
(f ) 3 for the comb and f ) 4 for the centipedes). The
result reads (see Appendix A)

In the case of f ) 3, this equation reduces to the Berry-
Orofino equation21 for normal comb polymers. For p )
1 and r ) 1, it gives the Zimm-Stockmayer equation19

for star polymers with f arms. On the other hand, when
p is much larger than unity, we obtain

which is known as Orofino’s equation20 (for f ) 3).
From eq 2, gS can be calculated if f, p, and r are given.

The values r for our samples are given in Table 1, and
p can be calculated from Mw with Mside and Mcon in the
table. The dashed line in Figure 6 represents the 〈S2〉1/2

values calculated for the comb polystyrene CS25-35
from eq 2 with 〈S2〉1/2 for linear polystyrene (eq 1). When
the molecular weight is lower than 106, i.e., when p <
18, the calculated values agree well with the experi-
mental data. This suggests that gS in the good solvent
system is very close to that under Θ conditions when
the branching degree is not high. We note that for star
polymers with f < 10, gS values in good solvents are
known to coincide with those calculated from Gaussian

Figure 3. Plots of Mw, 〈S2〉, and c vs Ve for comb polystyrene
CS25-35.

Figure 4. Molecular weight dependence of 〈S2〉 for linear
polystyrene (O, this work; b, Schulz and Baumann;17 y, Park
et al.18) and comb polystyrene CS25-35 in THF.

Figure 5. Molecular weight dependence of 〈S2〉 for linear
polystyrene (symbols are the same as those in Figure 1) and
the indicated polystyrene centipedes in THF.

gs ) 1
[(f - 2)rp + p + 1]3

{(f - 2)p[3p(f - 2) - 2]r3 +

(f - 2)p(p + 1)[(f - 2)(p - 1) + 3]r2 + (f - 2)p(p + 1)
(2p + 1)r + (p + 1)3} (2)

gs )
3(f - 2)

p ( r
r + 1)2

+ 1
r + 1

(3)

〈S2〉1/2 ) 1.18 × 10-2 Mw
0.6 (nm, linear) (1)
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models.24-27 For Mw > 106, however, the dashed line
deviates upward from the data points progressively with
increasing molecular weight. Hence, eq 2 fails to explain
the molecular dependence of 〈S2〉 for CS25-35.

Figure 7 compares the 〈S2〉1/2 data for the centipedes
with the values (dashed lines) calculated from eq 2 (f )
4) with eq 1. The dashed lines for GS60-15 and GS40-
25 closely fit the plotted points in the molecular weight
range examined, whereas that for GS15-35 deviates
downward from the data points. This deviation may be
attributed to the stiffness caused by the high side chain
density in GS15-35 compared to the other samples.

To estimate the backbone stiffness of our polymers,
we calculated 〈S2〉 of a wormlike comb (including normal
combs and centipedes) whose main chain and side
chains have Kuhn segment length λ-1 and λs

-1, respec-
tively. The main chain consists of (p + 1) connectors of
contour length Lc linearly linked at p junction points,
i.e., the contour length L of the main chain equals (p +
1)Lc. At each junction point, (f - 2) side chains of contour
length Ls are connected to the main chain by completely
flexible joints. Although such flexible joints may not be
realistic, the direction of the side chains at junction
points does not matter for comb polymers with flexible
side chains. A similar model was proposed by Terao et
al.4,5,28 to examine the effect of the thickness on 〈S2〉 of
polymacromonomers. We note that, although linear
polystyrene is better modeled by the helical wormlike
chain,29 its helical nature is weak.

The resulting expression for 〈S2〉 consists of two parts,
the contributions 〈S2〉s and 〈S2〉m from the side chains
and the main chain, respectively (see Appendix B)

where

and

with Lt being the total contour length given by Lt ) (f
- 2)pLs + (p + 1)Lc. In the case of, p . 1 and λLc , 1,
eq 4 for f ) 3 reduces to the equation of Terao et al.28

In a comblike molecule, the main chain may be
stiffened by the interaction between side chains, but
analyses of intrinsic viscosity [η] and translational
diffusion coefficient data for polymacromonomers sug-
gest that each polystyrene side chain has an end-to-end
distance comparable to that of the free linear chain with
the same contour length.6,30 In other words, the stiffness
of the side chain may not differ much from that of the
linear chain whose dimensions are characterized by a
Kuhn length of 2 nm and a linear mass density ML of
390 nm-1.31 Thus, with λs

-1 ) 2 nm, ML ) 390 nm-1

(for both main chain and side chains), and the known p
values, we searched for λ-1 that gives the closest
agreement between the 〈S2〉 for the polystyrene comb
CS25-35 and those calculated from eq 4 with eqs 5 and
6. The solid line in Figure 6 represents the values
calculated with λ-1 ) 5.5 nm, a value more than twice
as large as λs

-1. Its close fit to the data points shows
that the wormlike model is preferable to the discrete
flexible-chain model for the comb polymer and that the
main chain is stiffened by the congestion of the side
chains.

Similar comparisons are shown for the centipedes in
Figure 7, where we have used ML ) 390 nm-1 and λs

-1

) 2 nm again and chosen λ-1 values of 4.5 nm for
GS60-15, λ-1 ) 5.5 nm for GS40-25, and λ-1 ) 8.5 nm
for GS15-35 to best fit the data points for the respective
polymers. The close fits of the solid lines to the data
points substantiate that the main chains of the centi-
pedes have higher stiffness for larger r (see Table 1).
Since r represents the crowdedness of the side chains,
this demonstrates that the side chain density is es-
sential to stiffening the main chains of the comblike
polymer.

Conclusion
The method of Iatrou et al.15 was applied to synthesize

a comb polymer sample with uniform side chains

Figure 6. Comparison of experimental 〈S2〉 (triangles) for
CS25-35 with the values calculated for the flexible discrete
comb (dashed line) and the wormlike comb model (solid line).

Figure 7. Comparison between experimental values of 〈S2〉
(symbols) for the polystyrene centipedes indicated and those
calculated for the flexible discrete comb (dashed lines) and the
wormlike comb model (solid lines).

〈S2〉 ) 〈S2〉s + 〈S2〉m (4)

〈S2〉s )
(f - 2)p

Lt
2 {Ls

2[ Ls

6λs
- 1

4λs
2

+ 1
4λs

3Ls

-

1
8λs

4Ls
2

(1-e-2λsLs)] + Ls(Lt-Ls)[ Ls

2λs
- 1

2λs
2

+

1
4λs

3Ls

(1-e-2λsLs)]} (5)

〈S2〉m ) 1
Lt

2 {L3

6λ
- L2

4λ2
+ L

4λ3
- 1

8λ4
(1-e-2λL) +

(f - 2)Ls[2p + 1
p + 1

pL2

6λ
- pL

2λ2
+ p

2λ3
- 1

2λ3
e-2λLc

1-e-2λLc
(1 -

e2λLcp)] + (f-2)2Ls
2[p(p - 1)( L

6λ
- 1

4λ2) +

1
2λ2

e-2λLc

1 - e-2λLc (p - e-2λLcp

1 - e-2λLc )]} (6)
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equally spaced along the main chain but with broad
(most probable) distribution in the length of the main
chain. The molecular weight dependence of 〈S2〉 of the
comb polystyrene in THF was obtained using a GPC
system equipped with MALLS and RI detectors. The 〈S2〉
values for the comb polymer for p < 18 were represented
by the calculated values with gS for the Gaussian comb
and 〈S2〉 - Mw relation for linear polystyrene in THF.
The calculated values for the centipedes also fit the
experimental data for r < 1. However, 〈S2〉 of the comb
for p > 18 and that of the centipedes for r > 1 could not
be represented by the calculated values. The wormlike
comb polymer model whose main and side chains have
different Kuhn lengths explained all the 〈S2〉 data
obtained. From the comparison between the experimen-
tal and calculated values, it was found that the stiffness
of the main chain of the centipedes increases with r.
However, the intramolecular excluded volume effects
were ignored in the above analyses. To examine these
effects, measurements on the Θ solvent system are in
progress.
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Appendix A. Derivation of Equation 2.
The general expression of gS for flexible branched

polymers is given as32,33

Here, Nt is the total segment number in the molecule,
ni and nj are the numbers of segments in the ith and
jth subchains, respectively, and nij is the number of
segments in the subchains lying between the ith and
jth subchains. The summations are taken over all the
subchains.

The first term in the brackets of eq A1 for regular
comblike polymers made of side chains and connectors
with fixed numbers of segments ns and nc, respectively,
gives

where p and f represent the number and the functional-
ity of the junction points in the molecule.

Considering the three cases: 1. Both ith and jth
subchains are the side chains. 2. both ith and jth
subchains are the connectors. 3. One of the ith and jth
subchains is the side chain and the other is the connec-
tor; the second term in the brackets in eq A1 gives

Substituting eqs A2 and A3 into eq A1 and considering
Nt ) p(f - 2)ns + (p + 1)nc and r ) ns/nc, we obtain eq
2.

Appendix B. Derivation of Equations 4 and 5.
The mean-square radius of gyration for branched

polymers made of wormlike subchains is given by34,35

Here, Lt denotes the total contour length given by ∑p Lp
and 〈R2(rp, rq)〉 the mean-square distance between two
points at rp and rq on the pth and qth subchains,
respectively. The variables rp and rq represent the
contour distance from one end and take values from 0
to the lengths of the subchains, Lp and Lq, respectively.

When the side chains are connected by free-rotating
joints to the main chain, eq B1 for the wormlike comb
is represented by the following equation:

Here, I1, I2, I3, and I4 represent the contributions,
respectively, from the following cases: 1. r and r′ are
on the main chain

2. ri and ri′ are on the ith side chain

3. r is on the main chain and ri is on the ith side chain

4. ri and rj are on the ith and jth side chains, respec-
tively.

Here, N is the number of the side chains, L and Ls are
the length of the main and the side chains, respectively,
and ri0 and rj0 represent the positions of the junction
points at which ith and jth side chains, respectively,
connect with the main chain. The subscripts m and s
represent the contributions from the main and the side
chains, respectively. These terms can be calculated
using 〈R2(r, r′)〉, the mean-square distance between two
contour points r and r′ on a wormlike chain33,36 with
Kuhn’s segment length λ-1:

Substituting eq B2 with eqs B3-B6 after carrying out
the integrations and summations, we obtain eq 4 with
eqs 5 and 6.
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