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ABSTRACT: Small-angle X-ray scattering measurements have been made on seven polymacromonomer samples

consisting of polystyrene with a fixed side chain length of 15 styrene residues in cyclohexane at 34.5 �C to obtain the

z-average mean-square radius of gyration hS2iz and the particle scattering function Pð�Þ. The dependence of hS2iz on the
weight-average molecular weight Mw, which ranges from 5:1� 103 to 1:8� 105, is described by the wormlike chain

with the model parameters explaining previous light scattering hS2iz data for high molecular weights (6� 105–

7� 106), when the effect of the chain diameter d and that of side chains near the main-chain ends on the polymacro-

monomer contour length L are incorporated into analysis. Scattering profiles in the form of the Kratky plot are also

explained by the recent theory for the wormlike chain with a circular cross section unless the axial ratio L=d is less

than 2, i.e., unless Mw is lower than 2:6� 104. The conventional cross-section plot, i.e., the plot of ln½kPð�Þ� vs. k2

with slope �d2=16, is found to be applicable to samples with L=d > 2, where k denotes the magnitude of the scattering

vector. It is concluded from further analysis of the hS2iz data combined with previous transport coefficient data that the

wormlike cylinder model, a smeared model for regular comb polymers, consistently explains the molecular weight

dependence of hS2iz, intrinsic viscosity, and translational diffusion coefficient for the polystyrene polymacromonomer

in cyclohexane over a broad range of molecular weight. The applicability of a semiflexible comb model consisting of

wormlike main and side chains to hS2iz and Pð�Þ is also examined. [DOI 10.1295/polymj.37.324]
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Recent experimental studies on polymer solutions
revealed that brush-like polymers behave as stiff
chains in dilute solution though they are composed
only of flexible chains.1–6 In hope of obtaining further
structural information, especially on the main-chain
stiffness, we investigated polymacromonomers con-
sisting of polystyrene in cyclohexane at 34.5 �C (a
theta solvent) and in toluene at 15 �C (a good solvent)
by static7–9 and dynamic light scattering10 and viscom-
etry.9,11 The molecular weight dependence of the z-
average mean-square radius of gyration hS2iz (> 100

nm2) for a few series of samples with fixed side chain
lengths was found to be explained by the contour of
the wormlike chain with12 or without13 excluded vol-
ume, so that no structural information on the polymer
thickness (and hence on the side chains) was obtained
from light-scattering hS2iz. On the other hand, analy-
ses of intrinsic viscosities [�] and translational diffu-
sion coefficients D gave values of the chain diameter
d in addition to the wormlike chain parameters deter-
mining the contour, though end effects arising from
side chains near the main-chain ends had to be consid-
ered.9–11 The estimated d for each polymer happened
to be comparable to what is expected from the molar
mass of the side chain.

The theories14–16 for [�] and D of the wormlike
chain used for the aforementioned analyses should
be accurate for stiff chains, but they may involve a
few problems concerning d. Firstly, though not all,
unreasonable values of d were estimated for a few
typical stiff polymers on the basis of these theories
or equivalents.17 Secondly, the chain length depend-
ence of [�] or D for stiff but thick wormlike chains
is rather similar to that for flexible chains10,11 for
which those theories are less accurate. Thirdly, no the-
oretical [�] for short, thick cylinders with flexibility is
available, so that the theory16 based on the touched-
bead model (instead of the cylinder model) was used
in our estimation of d.9,11

In view of these theoretical problems, we deemed it
necessary to investigate by small-angle X-ray scatter-
ing18 (SAXS) the particle scattering function Pð�Þ and
the radius of gyration for polymacromonomer samples
of low molecular weight, for which the effect of d

should be significant. The present study was thus
undertaken to see whether data of hS2iz and Pð�Þ for
a series of polymacromonomer samples (F15) with a
fixed side chain length of 15 styrene residues in cyclo-
hexane at 34.5 �C are consistent with the structural
information from [�] and D. Wataoka et al.19 already
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attempted to estimate d of polymacromonomers by
SAXS, but they used the expressions for Pð�Þ of ellip-
soids and elliptic cylinders probably because no rele-
vant theory for cylindrical wormlike chains was avail-
able. Quite recently, Nakamura and Norisuye20

calculated Pð�Þ for a wormlike chain with a circular
cross section according to the procedure of Nagasaka
et al.21 We therefore analyze the present Pð�Þ data
using this new theory. We also analyze the hS2iz and
Pð�Þ data in terms of a comb model that explicitly
considers the side chains in a polymacromonomer
molecule.

EXPERIMENTAL

Samples and Preparation of Solutions
Seven polymacromonomer samples consisting of

polystyrene were chosen from a series (F15) of previ-
ously investigated samples,8,10,11 which had been syn-
thesized from the same macromonomer having the
benzyl group at one end of each molecule. The
weight-average molecular weight Mw and the ratio
of Mw to the number-average molecular weight Mn

of this macromonomer were 1650 and 1.09, respec-
tively. Molecular weights from light scattering and
Mw=Mn values from gel permeation chromatography
for the polymacromonomer samples8 studied are
shown in the second and third columns of Table I.
Each test sample was dried in vacuo for more than

12 h just before use. Its solutions were prepared by
mixing the weighed amount of the polymer with cy-
clohexane, which was fractionally distilled after being
refluxed over sodium for 5 h. The polymer mass con-
centration c was calculated from the polymer weight
fraction and the solution density.

Small-Angle X-Ray Scattering
Intensities of X-ray scattered from polymacromono-

mer F15 in cyclohexane at 34.5 �C were measured
on the point-focusing system developed previously.22

This system is briefly described below.
X-Ray is generated from the copper rotating anode

of a Rigaku RU-200 X-ray generator operated at
30 kV and 150mA and is focused by two elliptic mir-
rors joined in the side-by-side manner. The mirror is
made of 50 alternate layers of tungsten and boron car-
bide, whose spacing changes gradually from one end
to the other according to the reflection angle of the
K� line (wavelength �0 ¼ 0:154 nm). The focused
X-ray beam passes through two pinhole slits to re-
move the K� component and X-ray caused by parasitic
scattering at the mirror surface. The test solution in a
quartz-glass capillary (1.5mm in diameter) is kept
within �0:1 �C by circulation of temperature-regulat-
ed water through a capillary holder. The scattered
X-ray is detected on an imaging plate (IP) as a two-
dimensional image, which is processed with an IP
reading system (Rigaku R-AXIS DS).23 The distance
from the capillary to the detector is 565mm. The de-
sired intensities Ið�Þ are obtained as a function of scat-
tering angle � by integration of intensities over a nar-
row angular range from � ��� and � þ�� with
�� ¼ 0:005�{0:025�. We note that no significant error
is introduced even for �� ¼ 0:04� if hS2iz is less than
100 nm2.23

Four to five solutions with different concentrations
were measured for each sample; c was in the range
between 1:1� 10�2 and 4:0� 10�2 g cm�3 for the
highest molecular weight sample F15-9 and between
1:0� 10�1 and 3:2� 10�1 g cm�3 for the lowest mo-
lecular weight sample F15-15. Intensity data were ac-
cumulated for 6 h for each solution. The solvent inten-
sity was measured before and after the measurement
of every solution and its mean was subtracted from
Ið�Þ for the solution to obtain the excess scattering
intensity �Ið�Þ. The resulting c=�Ið�Þ values at fixed
� (< 2:0�) were insensitive to c, as expected for the
theta solvent.8 They were extrapolated to infinite dilu-
tion using the square-root plot of ½c=�Ið�Þ�1=2 vs. c;
those for � > 2:0� were discarded because �Ið�Þ val-
ues at such high angles were inaccurate. We note that
no correction for X-ray absorption by the solution is
necessary at infinite dilution.

RESULTS

Figure 1 shows the angular dependence of ½c=
�Ið�Þ�1=2c¼0, the infinite-dilution value of ½c=�Ið�Þ�1=2,
for samples F15-9 and F15-10 and that of ln½�Ið�Þ=
c�c¼0 for the rest, both in a low-angle region; we
expected the Guinier plot of ln½�Ið�Þ=c�c¼0 vs. k2 to
be linear up to a larger k than the square-root plot
for low molecular weight samples. Here, k is the mag-
nitude of the scattering vector k. The z-average mean-
square radii of gyration evaluated from the indicated
straight lines are summarized in the fourth column
of Table I.

Table I. Molecular weights8 and results from SAXS

measurements on polystyrene polymacromonomer (F15)

samples in cyclohexane at 34.5 �C

Sample Mw=10
5 Mw=Mn hS2iz/nm2 d/nm

F15-9 1.75 1.10 34 5.1

F15-10 1.23 1.10 23 5.0

F15-11 0.614 1.08 10.5 4.7

F15-12 0.474 1.09 9.2 4.7

F15-13 0.260 1.09 5.4 4.5

F15-14 0.108 4.2 4.7

F15-15 0.0514 3.5 4.7
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Figure 2 shows the scattering functions in the form
of the reduced Kratky plot of Mwk

2Pð�Þ against k for
all the samples studied. We have evaluated Pð�Þ from
½c=�Ið0Þ�c¼0=½c=�Ið�Þ�c¼0, where ½c=�Ið0Þ�c¼0 de-
notes the value of ½c=�Ið�Þ�c¼0 at � ¼ 0. As is expect-
ed for thick polymer chains with small axial ratios,
each curve has a broad peak. The peak top moves to
a larger k and its height decreases with decreasing mo-
lecular weight. Except for the two samples with low
degrees of polymerization, the scattering curves for
different samples almost merge at large k.

DISCUSSION

Radius of Gyration
The mean-square radius of gyration hS2iKP of the

Kratky–Porod (KP) chain24 is expressed by13

hS2iKP ¼
L

6�
�

1

4�2
þ

1

4�3L

�
1

8�4L2
½1� expð�2�LÞ� ð1Þ

where ��1 and L are the Kuhn segment length and the
contour length of the chain, respectively. The latter is
related to the molecular weight M by

L ¼ M=ML ð2Þ

with ML being the molar mass per unit contour length
of the chain.
The data of hS2iz from the present SAXS and previ-

ous light scattering8 measurements for the F15 poly-
macromonomer in cyclohexane at 34.5 �C are plotted
double-logarithmically against Mw in Figure 3. The
dashed line represents the values calculated from
eqs 1 and 2 with ML ¼ 6200 nm�1 and ��1 ¼ 9:5

0 0.05 0.1 0.15

0.005

0.01

0.015

F15-9

[c
 / 

∆Ι
(θ

 )]
c=

01/
2

F15-10

8.5

9

9.5
0 0.05 0.1 0.15

F15-11

F15-12

0 0.2 0.4 0.6

6

7

8

9

F15-14

k2/ nm-2 

F15-13

ln
 [

∆I
(θ

 )
 / 

c]
 c

=
0

F15-15

k2 / nm-2

Figure 1. Plots of ½c=�Ið�Þ�1=2c¼0 and ln½�Ið�Þ=c�c¼0 against k
2

for the indicated samples of polymacromonomer F15 in cyclohex-

ane at 34.5 �C.
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Figure 2. Reduced Kratky plots for samples of polystyrene

polymacromonomer F15 in cyclohexane at 34.5 �C: , F15-9;

, F15-10; , F15-11 (reproduction from ref 22); , F15-12;

, F15-13; , F15-14; , F15-15.
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Figure 3. Molecular weight dependence of hS2iz determin-

ed by SAXS (circles) and light scattering (triangles) measure-

ments for polystyrene polymacromonomer F15 in cyclohexane

at 34.5 �C. The solid and dashed lines show theoretical values

for the wormlike chain with and without the effects from thick-

ness and chain ends. The dot-dashed line represents theoretical

values for comb polymers composed of wormlike subchains

(eqs A-1–A-3).
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nm, which were determined by Terao et al.8 so as to
give the closest fit to the triangles. This line deviates
remarkably downward from the circles for Mw below
105, suggesting a significant effect of chain thickness
on hS2iz. When this effect was taken into account ac-
cording to the equation25

hS2i ¼ hS2iKP þ ðd2=8Þ ð3Þ

for the KP chain with a uniform diameter d using d ¼
4:7 nm (determined11 from [�]), the calculated curve
rose but was still appreciably below the circles (not
shown). Although the choice of a larger d improved
the agreement to some extent, no quantitative agree-
ment was reached by adjustment of d. This was also
the case in the analyses of [�] and D.9–11

In our previous work, Terao et al.10,11 demonstrated
significant end effects on [�] and D at relatively low
molecular weights by introducing a parameter � de-
fined by

L ¼ M=ML þ � ð4Þ

where � stands for the apparent contribution of side
chains near the main-chain ends to L (see Figure 3
of ref 11). Terao et al. found that a � value of 2.2
nm (with ML ¼ 6300 nm�1, ��1 ¼ 9:5 nm, and d ¼
4:7 nm) explains the Mw-dependence of [�] for the
F15 polymacromonomer in cyclohexane (down to
Mw � 2� 104).11 They assigned a slightly larger �
of 2.5 (�0:3) nm to obtain a good agreement between
theory and experiment for D;10 although the other
parameters from D and [�] also slightly differed, the
discrepancy was hardly beyond their uncertainty.
The solid curve in Figure 3 calculated with � ¼ 2:2
nm for the above parameter set (ML ¼ 6200 nm�1,
��1 ¼ 9:5 nm, and d ¼ 4:7 nm) is seen to fit all the
data points very closely. Hence, we may conclude that
the wormlike chain model with the thickness and end
effects is capable of consistently explaining our hS2iz,
[�], and D data for the polymacromonomer in the
theta state. We wish to point out that the hS2iz data
in the figure do not allow separate estimation of d

and � and are equally fitted by theoretical curves for
pairs of parameters in the range 3:8 < d=nm < 5:0
and 2:1 < �=nm < 4:2.
It is interesting to see whether a semiflexible comb

model chain explicitly taking into account side chains
is applicable to our hS2iz data. We here consider a
simple model in which each side chain is a wormlike
coil with contour length Ls and Kuhn length �s

�1 and
linked to the main chain of contour length L and Kuhn
length ��1 by a universal joint. The expression for
hS2i of this comb, derived by Nakamura et al.,26 is
given by eq A-1 with eqs A-2 and A-3 in the Appen-
dix as a function of Ls, �s

�1, L, ��1, and p (the num-
ber of side chains in the molecule). For the F15 poly-

macromonomer, we obtain Ls ¼ 3:92 nm from the
molecular weight of the side chain divided by the lin-
ear mass density of linear polystyrene (390 nm�1)27 in
cyclohexane at 34.5 �C.
The dot-dashed curve in Figure 3, calculated from

eqs A-1–A-3 with ML ¼ 6200 nm�1, ��1 ¼ 9:5 nm,
Ls ¼ 3:92 nm, and �s

�1 ¼ 6 nm, closely fits the data
points. The last parameter, chosen to fit the data, is
much larger than that known for linear polystyrene
(2 nm)27 in the same solvent though it may be some-
what overestimated owing to the universal joint
invoked for the junction of the main and side chains
in the model. If literally taken, this larger �s

�1 implies
that the side chains of the polymacromonomer are
more extended than an isolated polystyrene chain.
The average diameter of the polymacromonomer
molecule is calculated to be 5.8 nm if it is equated
to the root-mean-square end-to-end distance for the
contour length 2Ls. This diameter does not differ
much from the values 4.7–5.1 nm estimated from [�]
and D on the basis of the smeared cylinder model.

Scattering Functions
Use is often made of the cross-section plot of

ln½kPð�Þ� vs. k2 to determine d of a polymer chain
from scattering data.18 Figure 4 shows this type of
plot for five high molecular weight samples (data for
F15-11 are the reproduction from ref 22). Except for
a very low k2 region, the experimental data for each
sample can be fitted by a straight line (dashed line)
over a wide range of k2, as was found by Wataoka
et al.19 for polymacromonomers consisting of the
poly(methyl methacrylate) or polystyrene backbone
and polystyrene side chains in toluene at non-zero
concentrations. This linearity is consistent with our
recent calculation20 that theoretical ln½kPð�Þ� for the
wormlike chain with a finite thickness is approximate-
ly linear with a slope fairly close to �d2=16 (the con-
ventionally assumed slope) in a wide range of k2.
Equating the slope of each straight line to �d2=16,
we obtain d ¼ 5:1, 5.0, 4.7, 4.7, and 4.0 nm for F15-
9, F15-10, F15-11, F15-12, and F15-13, respectively.
Except for F15-13, these d values are essentially con-
stant.
In Figures 5a and 5b, the Kratky plots for all the

samples are compared with theoretical solid curves
computed from Nakamura and Norisuye’s theory20 for
the wormlike cylinder with ML ¼ 6200 nm�1, ��1 ¼
9:5 nm, � ¼ 2:2 nm and an appropriately chosen d

for each sample. Except for the two lowest molecular
weight samples, the agreement between theory and
experiment is satisfactory. The chosen d values, pre-
sented in the fifth column of Table I, are essentially
invariable, being 4:8� 0:3 nm, and those for sam-
ples F15-9 through F15-12 agree with what was esti-
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mated from the cross-section plot in Figure 4. The sol-
id lines in this figure actually represent Nakamura and
Norisuye’s theoretical values for the parameter sets
used in Figures 5a and 5b, so that their overlaps with
the dashed lines at not-too small k2 for these samples
are consistent with this agreement in d. For sample
F15-13, however, the two lines in Figure 4 do not
overlap for k2 > 1 nm�2, yielding different d values.
Hence, the conventional slope �d2=16 of the cross-
section plot cannot be used for this low molecular
weight sample whose axial ratio (L=d) is only about
1.4. In any event, the present Pð�Þ data for samples
F15-9 through F15-13 are also explained by essential-
ly the same parameters describing [�] and D for the
polystyrene polymacromonomer in cyclohexane.
In Figure 5b, the solid curves for F15-14 and F15-

15 do not fit the scattering intensity data at k larger
than 1 nm�1. Since the number of side chains is small
(less than 7) for these low molecular weight samples,
the cylindrical model should be crude at such high
scattering angles where X-ray sees the relatively local
structure of the molecules. In this situation, it is
worthwhile to examine Pð�Þ for the semiflexible comb
model mentioned in relation to the Mw-dependence
of hS2iz.
The dot-dashed lines in Figure 5b show the k2Pð�Þ

values calculated for this comb model from eqs A-4
through A-9 in the Appendix with the same parameter
set as that for hS2i of the comb in Figure 3. These
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curves deviate considerably upward from the data
points for the respective samples, and their deviations
are even larger than those observed for the cylinder
model. If the thickness of the main and side chains
is taken into account on the basis of the touched-bead
model (eq A-10 in the Appendix) with the bead diam-
eter db taken as 2.0 nm for F15-14 and 2.3 nm for F15-
15, the scattering curves for the samples come very
close to the data points, as indicated by the dashed
lines in the figure (db should not be confused with
the polymacromonomer diameter d). This substanti-
ates the importance of the chain thickness to Pð�Þ
for the polymacromonomer samples at high scattering
angles, but the good agreement must be accepted with
some reservation because the chosen diameters are ap-
preciably larger than what is expected from the chemi-
cal structure of the styrene residue (about 1 nm). Ap-
plying the comb model to F15 samples of higher
molecular weight with db as an adjustable parameter,
we obtain similar or even larger diameters. Thus the
present comb model explains Pð�Þ of the F15
polymacromonomer in cyclohexane at the theta point
only for k < 1 nm�1, and the behavior at higher scat-
tering angles remains to be seen theoretically on a
more elaborate model. It should be noted that db hard-
ly affects hS2i and hence Pð�Þ at small k even for the
lowest molecular weight sample studied.

Hydrodynamic Factors
Combining the present hS2iz and previous [�] and D

data, we obtain the hydrodynamic factors � and �
defined by ½��Mw=ð6hS2izÞ3=2 and 6��0DhS2i1=2z =kT ,
respectively, with �0 being the solvent viscosity.
Figure 6 shows that � changes with molecular weight
and has a pronounced maximum around Mw ¼ 3�
104 whereas ��1 stays almost constant.
The solid line for ��1 in the figure calculated from

the theory of Yamakawa and Fujii14 (Mw � 1:2� 105)
or Norisuye et al.15 (Mw � 1:2� 105) for the transla-
tional friction coefficient of a wormlike cylinder and
from eqs 1–4 with ML ¼ 6200 nm�1, ��1 ¼ 9:5 nm,
d ¼ 4:7 nm, and � ¼ 2:2 nm comes close to the data
points. This is expected because both D and hS2iz
can separately be explained by the wormlike chain
model; the slightly but systematically larger experi-
mental ��1 is due to the small difference between
the parameter sets for the two properties. A similar
agreement can be seen between the theoretical and
experimental �. The former has been calculated with
the aid of the touched-bead theory16 of [�] for Mw >
5� 104; the dashed line connects the theoretical �
values corresponding to [�] for two beads (the left
end of the solid curve) and the Einstein sphere limit
(i.e., L ¼ d). The sudden decrease in experimental �
for Mw < 2� 104 with decreasing molecular weight

cannot be explained by the discrete-chain theory, but
the sphere-limiting value does not seem to deviate
much from the experimental �–Mw relation in the
region of Mw � 1:5� 104.

CONCLUSIONS

We may draw the following conclusions from the
SAXS data obtained for polystyrene polymacromono-
mer samples with a side chain length of 15 styrene
units in cyclohexane at 34.5 �C. The effects of chain
thickness and ends on hS2iz are significant in the mo-
lecular weight region studied, i.e., for Mw < 2� 105,
and their consideration allows the present hS2iz and
Pð�Þ data and previous light scattering hS2iz data to
be explained consistently by the wormlike cylinder
with ML ¼ 6200 nm�1, ��1 ¼ 9:5 nm, d ¼ 4:8� 0:3
nm, and � (the end effect parameter) = 2.2 nm over
a broad range of Mw. This parameter set is essentially
the same as that describing the molecular weight de-
pendence of [�] and D for the polystyrene polymacro-
monomer in the theta solvent. Unless the axial ratio is
less than 2 (the number of side chains is less than 10),
the conventional cross-section plot of ln½kPð�Þ� vs. k2
with slope �d2=16 gives d values that agree with
those evaluated from curve-fitting of the scattering
functions. The semiflexible comb model, composed
of wormlike main and side chains, also describes the
hS2iz–Mw relationship and the angular dependence
of k2Pð�Þ for k < 1 nm�1 if we choose the Kuhn seg-
ment length of the side chain to be 6 nm, a value con-
siderably larger than that known for the linear polysty-
rene molecule (2 nm).
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APPENDIX

This appendix presents the expressions for hS2i and
Pð�Þ of a semiflexible comb composed of wormlike
main and side chains, in relation to the data analyses
made in Figures 3 and 5b. The side chains, each hav-
ing a contour length Ls and a Kuhn length �s

�1, are
connected to the main chain of contour length L and
Kuhn length ��1 at intervals of Lc [¼ L=ðpþ 1Þ]

by universal joints, where p denotes the number of
side chains or the number of junction points in the
molecule. Thus the total contour length Lt of the semi-
flexible comb is given by Lt ¼ pLs þ L. The expres-
sion for hS2i of this molecule derived by Nakamura
et al.26 reads

hS2i ¼ hS2is þ hS2im ðA-1)

where

hS2is ¼
p

Lt
2

�
Ls

2 Ls

6�s
�

1

4�s
2
þ

1

4�s
3Ls

�
1

8�s
4Ls

2
1� e�2�sLs
� �� �

þ LsðLt � LsÞ
Ls

2�s
�

1

2�s
2
þ

1

4�s
3Ls

1� e�2�sLs
� �� �� ðA-2)

and

hS2im ¼
1

Lt
2

�
L2

L

6�
�

1

4�2
þ

1

4�3L
�

1

8�4L2
1� e�2�L
� �� �

þ LsL
2pþ 1

pþ 1

pL

6�
�

p

2�2
þ

p

2�3L
�

1

2�3L

e�2�Lc

1� e�2�Lc
1� e�2�Lcp
� �� �

þ Ls
2 pðp� 1Þ

L

6�
�

1

4�2

� �
þ

1

2�2

e�2�Lc

1� e�2�Lc
p�

1� e�2�Lcp

1� e�2�Lc

� �� ��
ðA-3)

The particle scattering function for the same model
chain as above may be calculated from

Pð�Þ ¼ 2ðJ1 þ J2 þ J3 þ J4Þ=Lt2 ðA-4)

with

J1 ¼
Z L

0

ðL� tÞIðk; tÞ dt ðA-5Þ

J2 ¼ p

Z Ls

0

ðLs � tÞIðk; tÞ dt ðA-6Þ

J3 ¼ 2
Xp
i¼1

Z L

0

Iðk; si0 � sÞ ds
Z Ls

0

Iðk; siÞ dsi ðA-7Þ

J4 ¼
Xp�1

i¼1

Xp
j¼iþ1

Iðk; sj0 � si0Þ

�
Z Ls

0

Iðk; siÞ dsi
Z Ls

0

Iðk; sjÞ dsj ðA-8Þ

and

Iðk; tÞ ¼ hexp½ik 	 RðtÞ�i ðA-9)

In these equations, RðtÞ is the distance vector between
contour points s and s0 (t ¼ js0 � sj), sx0 (x ¼ i, j) de-
notes the contour point on the main chain at which the
xth side chain is connected, and the contributions J1,
J2, . . ., J4 correspond to the cases in which (1) two
points s and s0 are on the main chain, (2) they are
on the same side chain, (3) s is on the main chain
and si is on the ith side chain, and (4) si and sj are

on the ith and jth side chains, respectively. For com-
puting J1, J2, . . ., J4, we use the interpolation expres-
sion of Iðk; tÞ obtained by Nakamura and Norisuye.20

The above eqs A-4 through A-9 are concerned with
the comb molecule composed of infinitely thin main
and side chains. If the thickness is introduced into
these sub-chains by use of the touched-bead model
with bead diameter db,

28 the desired Pð�Þ is expressed
by

Pð�Þ ¼ 9
2

kdb

� �6

½sinðkdb=2Þ

� ðkdb=2Þ cosðkdb=2Þ�2P0ð�Þ

ðA-10)

where P0ð�Þ denotes the scattering function (eq A-4)
for the comb consisting of infinitely thin sub-chains.
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