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ABSTRACT: Dynamic light scattering measurements have been made on two series of polymacromonomer sam-

ples consisting of polystyrene with 33 styrene side-chain residues (F33) in cyclohexane at 34.5 �C (a theta solvent) and

with 65 styrene side-chain residues (F65) in cyclohexane at 34.5 �C and toluene at 15 �C (a good solvent) to determine

the translational diffusion coefficient D as functions of the weight-average degree of polymerization of the main chain,

Nw, ranging from 15 to 3030 for F33 and from 42 to 1250 for F65. The D data are compared with those previously

obtained for a polystyrene polymacromonomer with a shorter side chain length of 15 styrene residues. The hydrody-

namic radius RH at fixed Nw is larger for a longer side-chain polymer and in toluene than in cyclohexane (for F65),

reflecting the higher backbone stiffness for the longer side chain and in the good solvent. The Nw-dependence of RH

and that of the reduced hydrodynamic radius (the ratio of RH to the radius of gyration hS2i1=2) for the respective poly-
macromonomers are fitted by the theoretical curves for the wormlike chain with the model parameters leading to fits of

previous data for the intrinsic viscosity ([�]) and hS2i, provided that the chain diameters d are taken to be 1.29–1.35

times those from [�]. This discrepancy in d is similar to what was found for thin stiff chains, revealing certain short-

comings of the current hydrodynamic theories. It is pointed out that polystyrene polymacromonomers with large diam-

eters relative to Kuhn’s segment length are hydrodynamically similar to flexible chains for which the available theories

for D contain an error of about 15% in the Gaussian-chain limit. [DOI 10.1295/polymj.37.529]
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It has been shown in the last one decade that poly-
macromonomers, regular comb polymers with dense
side chains, behave like stiff chains in dilute solution
despite being composed of flexible chain units.1–6 This
stiffening effect of side chains ought to be explained
in terms of intramolecular interactions between or
among monomeric units. To this end, unequivocal de-
termination of the relationships between the backbone
stiffness and the side chain length and between the
backbone stiffness and the excluded-volume strength
is essential, but even systematic data for statistical
and hydrodynamic properties are yet insufficient. No-
tably, Wintermantel et al.1 remarked that measured
radii of gyration hS2i and intrinsic viscosities [�] for
a polymacromonomer consisting of the poly(methyl
methacrylate) (PMMA) main chain and polystyrene
(PS) side chains in toluene, a good solvent, were not
consistently explained by the unperturbed wormlike
chain,7 a typical model for stiff polymers.
Recently, we investigated polymacromonomers

F15, F33, and F65 consisting only of PS with 15, 33,
and 65 side chain residues, respectively, in cyclohex-
ane at 34.5 �C (a theta solvent) and in toluene at 15 �C

(a good solvent).8–12 In contrast to the remark by Win-
termantel et al.,1 our data of light scattering hS2i8,9,12
and [�]10,12 for the three polystyrene polymacromono-
mers were explained consistently by the current theo-
ries13 for the wormlike chain with or without excluded
volume when the contribution from side chains near
the main-chain ends to the polymacromonomer con-
tour length was taken into consideration. We found
from dynamic light scattering (DLS) measurements,11

however, that the model parameters allowing a close
fit to data of the translational diffusion coefficient D
for F15 samples in cyclohexane at 34.5 �C disagreed
with those from hS2i and [�]. The difference in each
parameter was not so large to impair the applicability
of the wormlike chain to the polymacromonomer con-
tour and was tentatively attributed to either our simple
treatment of the side-chain effect near the main-chain
ends or certain shortcomings of the theories13 for
polymer hydrodynamics. Our more recent study14 on
this polymacromonomer by small-angle X-ray scatter-
ing showed that the wormlike chain model with this
side-chain effect is capable of quantitatively describ-
ing experimental hS2i and scattering functions in the
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theta solvent down to a very low molecular weight.
Thus, the basic theory for D (or the translational fric-
tion coefficient) should be the issue rather than the
model itself. Although D (or the sedimentation coeffi-
cient) has extensively been investigated for thin stiff
polymers,15 its well-documented studies for stiff but
thick polymers are yet limited to the F15 and
PMMA-PS polymacromonomers.1,2

In the present work, we extended the DLS study
to polymacromonomers F33 and F65 of longer side
chains in cyclohexane at 34.5 �C and F65 in toluene
at 15 �C to see whether D data are explained by the
available theories with the same model parameters
as those describing hS2i and [�]. The experimental
results and their analysis are presented below.

EXPERIMENTAL

Polymacromonomer Samples
The previously investigated samples8,9 F33-1, F33-

2, F33-4, F33-5, F33-6, F33-8, F33-10, F33-13, and
F33-14 of polymacromonomer F33 and samples12

F65-1, F65-2, F65-3, F65-4, F65-5, F65-6, and F65-
7 of polymacromonomer F65 were chosen for the
present work. To these was added one sample (desig-
nated below as F33-3b), which was obtained by frac-

tionation of the previous F33-3 sample. The weight-
average molecular weight Mw of F33-3b was deter-
mined to be 5:98� 106 by static light scattering in cy-
clohexane at 34.5 �C. Weight-average molecular
weights for all samples are summarized in the third
column of Table I. We note that most of these sam-
ples are sufficiently narrow in molecular weight distri-
bution (see ref 8, 9, and 12).

Dynamic Light Scattering
The autocorrelation function gð2ÞðtÞ at time t was

determined at scattering angles � between 20 and
90� for cyclohexane solutions of the F33 samples
and cyclohexane and toluene solutions of the F65
samples with different polymer mass concentrations
c using an ALV/DLS/SLS-5000 light-scattering pho-
tometer with an ALV-5000E correlator equipped with
a YAG laser of 532 nm in wavelength �0. The (exper-
imental) first cumulant � was evaluated from gð2ÞðtÞ
according to the equation

ln½gð2ÞðtÞ � 1� ¼ const.� 2�t þ oðt2Þ ð1Þ

The desired diffusion coefficient is equal to the infinite
dilution value of ð�=k2Þk¼0, i.e., �=k

2 at k ¼ 0. Here, k
denotes the magnitude of the scattering vector defined
by k ¼ ð4�n0=�0Þ sinð�=2Þ with n0 being the solvent
refractive index.

RESULTS

Figure 1 illustrates plots of ln½gð2ÞðtÞ � 1� against
k2t at fixed scattering angles for a cyclohexane solu-
tion of polymacromonomer sample F33-8 with c ¼
2:01� 10�3 g cm�3 at 34.5 �C. The data points for
the respective angles at k2t < 1� 106 s cm�2 follow

Table I. Results from dynamic light scattering measurements

on samples of polystyrene polymacromonomers F33 and F65

Sample Solvent Mw=10
4 D=10�7 cm2s�1 hS2i1=2/nm ��1

F33-1 1080a 0.700 54.5a 0.77

F33-2 765a 0.892 44.9a 0.74

F33-3b 598 1.02 37.1 0.78

F33-4 362a 1.25 30.3a 0.78

F33-5 Cyclohexane 289a 1.44 — —

F33-6 at 34.5 �C 220a 1.61 22.8a 0.80

F33-8 87.3a 2.53 — —

F33-10 38.4a 3.65 — —

F33-13 12.8a 5.52 — —

F33-14 5.43a 7.58 — —

F65-1 855b 0.933 40.9b 0.77

F65-2 423b 1.23 28.1b 0.85

F65-3
Cyclohexane

364b 1.45 25.3b 0.80

F65-4
at 34.5 �C

209b 1.74 16.9b 1.06

F65-5 145b 2.16 12.8b 1.06

F65-6 94.3b 2.66 — —

F65-7 28.6b 3.87 — —

F65-1 816b 0.840 54.5b 0.74

F65-2 406b 1.22 35.6b 0.78

F65-3
Toluene

366b 1.37 30.0b 0.82

F65-4
at 15 �C

216b 1.77 19.8b 0.97

F65-5 147b 2.23 14.8b 1.03

F65-6 94.3b 2.71 — —

F65-7 28.6b 3.90 — —

afrom ref 8 and 9, bfrom ref 12
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straight lines, whose slopes equal 2�=k2. Since the
slopes are essentially the same, we readily get
ð�=k2Þk¼0 at this particular polymer concentration of
2:01� 10�3 g cm�3.
The concentration dependence of ð�=k2Þk¼0 for tol-

uene and cyclohexane solutions of F65 is shown in
Figures 2a and 2b, respectively. The plotted points
for each sample in either figure are fitted by a straight
line, whose intercept is equal to the desired D. The

slopes of the lines for the toluene solutions are all pos-
itive, while those for the cyclohexane solutions are
essentially zero. The F33 polymacromonomer in cy-
clohexane exhibited similar concentration depend-
ence. The data of D thus obtained for all the samples
are summarized in Table I, along with our previous
hS2i data8,9,12 from static light scattering and the pres-
ent data for sample F33-3b in cyclohexane.
The D data for the respective polymacromonomers

are plotted double-logarithmically against Nw (the
weight-average degree of polymerization of the main
chain) in Figure 3, in which our previous data11 for
polymacromonomer F15 in cyclohexane at 34.5 �C
are included for comparison; Nw is evaluated as Mw

divided by the molecular weight of each macromono-
mer M0 (1,650, 3,560, and 6,870 for F15, F33, and
F65, respectively). It can be seen that D in cyclohex-
ane decreases with increasing side chain length when
compared at the same Nw. The D values for F65 in tol-
uene happen to be close to those in cyclohexane. This
is probably because the effect of larger chain dimen-
sions (or higher backbone stiffness) on D in toluene
is offset by the opposite effect of the lower solvent
viscosity.

DISCUSSION

Hydrodynamic Radius
The hydrodynamic radius RH defined by

RH ¼ kBT=6��0D ð2Þ

was calculated from the D data for the three polysty-
rene polymacromonomers as functions of Nw, where
kB is the Boltzman constant, T is the absolute temper-
ature, and �0 is the solvent viscosity. The resulting log
RH vs. logNw relations are illustrated in Figure 4. The
relation for each polymer in cyclohexane (the theta
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state) is linear with a slope of about 0.5 in the region
of Nw larger than 100, while that for F65 in the good
solvent toluene has a slightly higher slope of 0.56 for
Nw > 200. These exponents are close to those known
for flexible polymers in theta and good solvents.13

The Yamakawa–Fujii theory16 for the translational
friction coefficient of an unperturbed wormlike cylin-
der may be expressed in terms of RH by

RH
�1 ¼

2

L
½C1 ln � þ C2 þ C3ð�LÞ

þ C4ð�LÞ2 þ C5ð�LÞ3 þ C6�
�1 ln �

þ C7�
�1 þ C8�

�2 þ C9�
�3 þ C10�

�4�
for �L � 2:278

¼
2

L
½A1ð�LÞ1=2 þ A2 þ A3ð�LÞ�1=2

þ A4ð�LÞ�1 þ A5ð�LÞ�3=2�
for �L > 2:278

ð3Þ

Here, L is the contour length of the cylinder, ��1 is the
Kuhn segment length, � is the ratio of L to the cylin-
der diameter d, and the coefficients Ci (i ¼ 1� 10)
and Aj (j ¼ 1� 5) are given in ref 16 as functions
of �d (A1 ¼ 1:843). Since the Yamakawa–Fujii theory
considers no effect from the chain ends, it may not be
used for short cylinders with L=d less than 4. Norisuye
et al.17 calculated the translational friction coefficient
for wormlike cylinders capped with hemispheres at
both ends. Their expression for RH

�1 near the rod lim-
it, i.e., for small �L, reads

RH
�1 ¼

2

L
½C0

1 ln � þ C0
2 þ C0

3ð�LÞ þ C0
4ð�LÞ

2

þ C0
5ð�LÞ

3 þ C0
6ð�LÞ

4 þ C0
7ð�LÞ

5�
ð4Þ

The coefficients C0
i are given in ref 17 as functions of

�d and �. In the limit of L ¼ d, RH given by eq 4

approaches d=2 as expected by the Stokes law for
spheres. The theoretical curves from eqs 3 and 4 are
almost smoothly connected around L=d ¼ 4.
The above expressions for RH contain three param-

eters, L, ��1, and d. The first parameter may be relat-
ed toMw by L ¼ Mw=ML withML being the molecular
weight per unit contour length of the main chain. For
low molecular weight polymacromonomers, however,
the effect from side chains near the main chain ends
on L is not negligible10–12 and may be taken into con-
sideration by

L ¼ Mw=ML þ � ð5Þ

where � stands for the hydrodynamic contribution of
side chains to the main-chain contour (see Figure 3
of ref 10).
We computed RH for F33 and F65 as functions of

Nw from eqs 3–5 with the parameter sets10,12 of ��1,
ML, d, and � explaining the Mw-dependence of [�],
with the result that the calculated RH values for both
polymers are appreciably smaller than the experimen-
tal ones. This was also the case for F15 in cyclohex-
ane.11 When d was varied with the other three param-
eters kept unchanged, the theoretical values came
close to the data points over the substantial Nw ranges
for the F33 and F65 polymacromonomers. They are
represented by the solid curves in Figure 4 and the
parameters used for the calculation are summarized
in Table II. We note that the intramolecular exclud-
ed-volume effect in toluene solutions of the F65 poly-
mer should be negligible because �L (¼ 4:5) for the
highest molecular weight sample is comparable to
the critical Kuhn segment number (4–5) representing
the onset of the volume effect in the other polymacro-
monomers.9

For reference, our previous comparison between
theory and experiment made for F15 in cyclohexane11

is included in Figure 4, in which the solid line fitting
the circles refers to the previously chosen parame-
ters11 (��1 ¼ 11:5 nm, ML ¼ 5600 nm�1, d ¼ 5:2 nm,
and � ¼ 2:5 nm). The dashed lines in the figure repre-
sent the theoretical values from eq 4 for � ¼ 0. Their
apparent deviation from the data points demonstrates
that the effects from the chain ends are significant
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 / 
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Figure 4. Hydrodynamic radii for polymacromonomers

F15,11 F33, and F65 in cyclohexane at 34.5 �C and F65 in toluene

at 15 �C plotted against Nw. The symbols are the same as those

used in Figure 3. Solid lines: theoretical values from eqs 3 and

4 with the parameters given in Table II; dashed lines: theoretical

values for � ¼ 0.

Table II. Model parameters allowing fits to RH data for

polystyrene polymacromonomers F33 and F65 in cyclohexane

at 34.5 �C and F65 in toluene at 15 �C

Sample and Solvent ��1/nm ML/10
3 nm�1 d/nm �/nm

F33 in cyclohexane 22 (28)a 13,500 10 (7.4)b 4

F65 in cyclohexane 36 26,000 15 (11.5)b 6

F65 in toluene 75 25,000 18 (14)b 6

avalue leading to a closer fit to RH data (see the text) bvalues

used to fit [�] data10;12
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for Nw smaller than 100–200. We should point out,
however, that these effects on RH are not as remarka-
ble as those observed on [�].10,12

In Table II, the d values from RH are about 1.29–
1.35 times larger than those (in the parentheses) from
[�]. This trend is similar to what was reported for thin
stiff polymers;15 in the typical case of poly(hexyl iso-
cyanate) (PHIC) in hexane,18 the d value estimated
from the sedimentation coefficient (equivalent to RH)
is about 1.5 times larger than that from [�]. This dis-
crepancy in d is considered to come from certain
shortcomings in the current hydrodynamic theo-
ries.13,16,19,20 The polymacromonomers F33 and F65
(in either cyclohexane or toluene) are as stiff as the
PHIC chain (��1 ¼ 42{84 nm depending on the kind
of solvent),15 but their reduced diameters �d (0.2–
0.45) are one order of magnitude larger than that
(0.02) for PHIC and comparable to those for typical
linear flexible polymers.13 In this sense, the polyma-
cromonomers are hydrodynamically similar to flexible
chains. This is indeed the case for the exponents of RH

already mentioned (see Figure 4).
According to detailed data analyses for linear poly-

mer chains,13,15 the hydrodynamic theories13 are gen-
erally less accurate for a more flexible chain, i.e., for a
larger �d, and the inaccuracy can lead to an appreci-
able error in the estimation of � orML; in the coil lim-
it of the (unperturbed) wormlike chain, RH, [�], and
hS2i are all determined by the product �ML [for exam-
ple, RH ¼ ð1=2A1ÞðM=�MLÞ1=2 with M the molecular
weight (see eq 3)]. For the F15 polymacromonomer
in cyclohexane,11 the value of (�MLÞ1=2 from RH

was 16% smaller than that from hS2i or [�], the dis-
crepancy being more serious than that in d. We note
that, although the [�] theory of Yoshizaki et al.,21 used
for our previous analyses,10,12 is not accurate either in
the coil limit, it gives ð�MLÞ1=2 values consistent with
those from hS2i for the three polystyrene polymacro-
monomers in both cyclohexane and toluene, as was
case for typical stiff chains.13,15

In the present analysis for F33 and F65, we allowed
only d to change with the other parameters (from hS2i
or [�]) kept unchanged, but in actuality, we can vary
two of the four parameters in fitting RH data for a giv-
en polymacromonomer.11 If ML and � are fixed to the
values in Table II, a closer fit is obtained with ��1 ¼
28 nm and d ¼ 10 nm for F33 and thus the resulting
ð�MLÞ1=2 value is 11–13% smaller than that expected
from hS2i or [�] for the F33 polymer (we note that
ML ¼ 1:3� 104 nm�1 from hS2i9). This finding bears
a close resemblance to the discrepancy for the F15
polymer mentioned above. On the other hand, we
found that neither ��1 nor d needs to be altered for
F65 (in the two solvents). Further discussion is given
in relation to hS2i in the next subsection.

Reduced Hydrodynamic Radius
Reduced hydrodynamic radii ��1 (¼ RH=hS2i1=2)

for F33 in cyclohexane and F65 in cyclohexane and
toluene are presented in the sixth column of Table I
and plotted against logMw in Figure 5. It can be seen
that ��1 for each polymacromonomer-solvent system
decreases with increasingMw, as was observed for lin-
ear flexible polymers with relatively low molecular
weights in theta solvents,13 and that this Mw-depend-
ence is weaker for F33, i.e., for the shorter side chain;
��1 for F15 in cyclohexane was almost independent of
Mw over a range from 6� 105 to 6:5� 106.11,14 We
note that the observed decreases in ��1 with increas-
ing molecular weight are opposite to the behavior of
PHIC18 of high molecular weight.
The curves in Figure 5 represent the ��1 values

calculated from eq 3 and the Benoit–Doty equation22

hS2i ¼
L

6�
�

1

4�2
þ

1

4�3L
�

1

8�4L2
½1� expð�2�LÞ�

ð6Þ

for hS2i of an unperturbed wormlike chain using the
model parameters in Table II; note that the contribu-
tion from side chains to hS2i is insignificant for the
polymacromonomers in the molecular weight range
of interest. As may be expected from the discussion
on the model parameters in the preceding subsection,
the satisfactory agreement is seen for F65 in both
cyclohexane and toluene. This substantiates that the
available theories16,17,19,21 for the wormlike chain are
capable of consistently describing the Mw-dependence
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and F65. Curves: theoretical values from eqs 3 and 6 with the

parameters given in Table II.
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of RH, [�], and hS2i for the F65 polymacromonomer.
The wormlike chain with ��1 ¼ 84 nm, ML ¼
11;600 nm�1, d ¼ 8 nm, and � ¼ 8 nm also explains
the Mw-dependence of D and hS2i for the PMMA-
PS polymacromonomer with M0 ¼ 2;900 in tol-
uene.1,2 Interestingly, the backbone stiffness of this
polymacromonomer is comparable to that of F65 in
the same solvent, though, as mentioned in the Intro-
duction, [�] data for the former polymer are incon-
sistent with hS2i and thus remain to be seen by
experiment.
The calculated curve for F33 in Figure 5 deviates

slightly downward from the data points, reflecting
the fact that the parenthesized ��1 value of 28 nm
(instead of 22 nm) in Table II leads to a closer fit
to the RH data in Figure 4. This difference in �1=2

or ð�MLÞ1=2 is about the same as that [16% in
ð�MLÞ1=2] found previously for the F15 polymacromo-
nomer, both coinciding with the error of theoretical D
in the coil limit13,15 due to the ignored effect of fluc-
tuating hydrodynamic interaction. As was shown by
Yamakawa and Yoshizaki,23 this effect is negligible
in the stiff chain limit, so that consistent values for
� and ML may be obtained from hS2i and D data for
thin stiff chains. The point is that this is not always
the case for polymacromonomers which have stiff
backbones but large reduced diameters �d as in linear
flexible polymers.
In view of the theoretical problem revealed in the

present work, the inconsistent d values from RH and
[�] are probably beyond our discussion. Very recent-
ly,14 we determined the diameter of the F15 poly-
macromonomer molecule in cyclohexane by small-
angle X-ray scattering. The average value obtained
for most samples was 4.8 nm, being close to both
5.2 nm (from D)11 and 4.7 nm (from [�]).10
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