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ABSTRACT: Nineteen fractions of cellulose tris[(3,5-dimethylphenyl)carbamate] (CTDC) ranging in
weight-average molecular weight Mw from 2.5 × 104 to 7.5 × 106 have been studied by static light
scattering, sedimentation equilibrium, and viscometry in 1-methyl-2-pyrrolidone at 25 °C. Since this
cellulose derivative exhibits pronounced optical anisotropy, light-scattering data are corrected for the
anisotropy effect on the basis of Nagai theory for the Kratky-Porod (KP) wormlike chain with cylindrically
symmetric polarizabilities. It is shown that the data for 〈S2〉z (the z-average mean-square radius of
gyration), δ (the optical anisotropy factor), and [η] (the intrinsic viscosity) and those reported previously
for 11 fractions are described accurately by the known theories for the unperturbed KP chain if Mw is
lower than 7 × 105. From the comparison, the persistence length and the monomeric projection of the
CTDC chain are estimated to be 7.8 and 0.52 nm, respectively. WhenMw exceeds 106, i.e., when nK (the
Kuhn segment number) increases above 50, excluded-volume effects on 〈S2〉z and [η] become experimentally
observable. Though such a large nK value for the appearance of volume effects has been considered
inconsistent with the Yamakawa-Stockmayer-Shimada (YSS) theory for KP or helical wormlike chains,
the observed excluded-volume effects are found to be explained quantitatively in the YSS scheme, i.e., by
the YSS perturbation theory combined with the Domb-Barrett function for the radius expansion factor
and the Barrett function for the viscosity expansion factor. Thus, this theoretical scheme should have a
wider applicability than what might be anticipated from earlier studies.

Introduction
Excluded-volume effects on the dimensional and

hydrodynamic properties of a semiflexible polymer in a
nonideal solvent should become experimentally observ-
able when the molecular weight M exceeds a certain
value. By analyzing available data for the mean-square
radius of gyration 〈S2〉 on the basis of the Kratky-Porod
(KP) wormlike chain,1 Norisuye and Fujita2 estimated
the Kuhn segment number nK for such an onset of
volume effect to be about 50. This nK value has since
served as an empirical guide for the molecular charac-
terization of semiflexible polymers based on the unper-
turbed KP model, i.e., for experimental determination
of the persistence length and the linear mass density.
However, Norisuye and Fujita’s finding raised a very

fundamental problem that still remains unsolved,3 in
that the estimated nK value (or more generally the ratio
of the contour length to the stiffness parameter in the
helical wormlike chain4) was 1 order of magnitude
larger than that predictable from the Yamakawa-
Stockmayer-Shimada (YSS) perturbation theory5-7 for
KP or helical wormlike chains. In other words, in-
tramolecular volume exclusion in actual semiflexible
polymers appeared to be suppressed more strongly than
predicted by this theory. Yamakawa and Shimada6
examined the discrepancy by comparing theoretical and
experimental 〈S2〉 and concluded that the YSS scheme
(i.e., the YSS theory combined with the Domb-Barrett
function8 for the radius expansion factor), which is now
known to be valid for flexible chains,9-13 breaks down
for poly(hexyl isocyanate), a typical stiff chain. This
conclusion may suggest need of reconsideration of the
YSS theory for polymers with high stiffness, but since
it is based on the 〈S2〉 data for one particular polymer
+ solvent system,14 further experimental study with
other stiff polymers, preferably on both 〈S2〉 and [η] (the
intrinsic viscosity), is needed. Such work must cover
anM range broad enough to allow not only unequivocal

determination of the model parameters for the unper-
turbed KP or helical wormlike chain in a region of low
M but also observation of intramolecular excluded-
volume effects at high M. Only a few available data of
〈S2〉 and [η] for stiff polymers satisfy these conditions.
In our recent characterization work15 by light scat-

tering and viscometry, it was found that cellulose tris-
[(3,5-dimethylphenyl)carbamate] (CTDC), whose chemi-
cal structure is shown in Figure 1, behaves like an
unperturbed KP chain in 1-methyl-2-pyrrolidone (or
N-methyl-2-pyrrolidone, NMP) at 25 °C but tends to
undergo intramolecular excluded-volume effects when
the weight-average molecular weight Mw exceeds 106.
The persistence length estimated was 7.8 nm, indicating
a considerable stiffness of the CTDC chain. Further,
our previous work showed that narrow-distribution
fractions could be prepared by extensive fractionation.
Thus, we expected this cellulose derivative to be useful
for exploring excluded-volume effects in semiflexible
polymer solutions and made light-scattering and viscos-X Abstract published in Advance ACS Abstracts, April 1, 1996.

Figure 1. Chemical structure of cellulose tris[(3,5-dimeth-
ylphenyl)carbamate] (CTDC).
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ity measurements on CTDC fractions covering in Mw
from 2.5 × 104 to 7.5 × 106 with NMP at 25 °C as the
solvent. In the work reported below, the data of 〈S2〉z
(the z-average 〈S2〉) and [η] obtained are analyzed along
with our previous results on the basis of the KP model
to determine the model parameters characterizing the
CTDC chain in the unperturbed state, and then excluded-
volume effects on the measured 〈S2〉z and [η] at highMw
are compared with predictions from the YSS theory.

Experimental Section
Samples. Fully substituted samples of CTDC were previ-

ously15 prepared by the reaction of cellulose with 3,5-dimeth-
ylphenyl isocyanate in pyridine at 140-150 °C followed by
repeated fractional precipitation with NMP as the solvent and
methanol as the precipitant. From these, 19 middle fractions
were chosen for the present study. Their molecular weights
were determined by light scattering or sedimentation equilib-
rium in NMP at 25 °C. NMP was dehydrated with calcium
hydride and fractionally distilled under reduced nitrogen
atmosphere just before use.
Light Scattering. Intensities of light scattered from CTDC

in NMP at 25 °C were measured on a Fica 50 light-scattering
photometer using vertically polarized incident light of 436 or
546 nm wavelength. In all actual experiments for the former
wavelength, however, a 436 nm filter was placed in front of
the photomultiplier to minimize possible fluorescence contri-
butions to light-scattering intensities. The measurement was
also made for the depolarized component, with an analyzer
set in the horizontal direction, since the CTDC chain was
optically anisotropic. For its specific refractive index incre-
ment at 25 °C, the previously determined values15 of 0.105 cm3

g-1 for 436 nm and 0.0966 cm3 g-1 for 546 nm were used. Test
solutions and NMP were made optically clean by filtration
through a Millipore filter followed by centrifugation at about
(4 × 104)g for 2 h (Sorval RC-5C).
The apparatus was calibrated with pure benzene at 25 °C

as the reference liquid. The Rayleigh ratio of this liquid for
unpolarized light was taken to be 46.5 and 16.1 cm-1 for 436
and 546 nm, respectively. Its depolarization ratio was deter-
mined to be 0.40 for both wavelengths by the method of
Rubingh and Yu.16
The scattering intensity data obtained as functions of

scattering angle θ and polymer mass concentration c were
analyzed according to the equations17-19

where

In these equations, K is the optical constant, Rθ,Uv and Rθ,Hv

are the reduced scattering intensities at θ for vertically
polarized incident light without analyzer and with analyzer
in the horizontal direction, respectively, Mw,app, 〈S2〉z,app, and
A2,app are the apparent values of Mw, 〈S2〉z, and A2 (the second
virial coefficient), respectively, n0 is the refractive index of the
solvent, λ0 is the wavelength of incident light in vacuum, δ is
the optical anisotropy factor, and 〈S2〉* is an apparent mean-

square radius of gyration. It should be noted that except for
Gaussian chains, 〈S2〉* differs from the true 〈S2〉z unless δ )
0.19,20
Ultracentrifugation. Sedimentation equilibrium mea-

surements were made on four samples of relatively low
molecular weights in NMP at 25 °C. Use was made of a
Beckman Model E ultracentrifuge with a Kel-F 12 mm double-
sector cell. The liquid column was adjusted to 1.2-1.5 mm,
and the rotor speed was chosen to be (9 × 103)-(2.6 × 104)
rpm depending on the sample’s molecular weight. The partial
specific volume of CTDC in NMP at 25 °C was taken to be
0.782 cm3 g-1.15 Values of Mz/Mw (the z-average to weight-
average molecular weight ratio) were also determined for three
of the samples by analyzing the equilibrium concentration
profiles in the manner described previously;15 that for one
sample (designated T260) could not be estimated owing to
remarkable nonideality.
Viscometry. Zero-shear intrinsic viscosities in NMP at 25

°C were determined using a four-bulb low-shear capillary
viscometer (apparent shear rates of 8-56 s-1 for pure NMP
at 25 °C) for the three highest molecular weight samples and
conventional capillary viscometers of the Ubbelohde type for
the rest. For samples with [η] < 50 cm3 g-1, the relative
viscosity was evaluated by taking account of the difference
between the solvent and solution densities.

Results and Discussion
Results from Light Scattering and Sedimenta-

tion Equilibrium. Figure 2 illustrates the angular
dependence of (Kc/Rθ,Uv)1/2 at different polymer concen-
trations for CTDC sample M8, the highest molecular
weight studied. The filled circles represent the infinite
dilution values of (Kc/Rθ,Uv)1/2 and the dashed line the
initial slope of the curve fitting them.
The values ofMw, A2, δ, and 〈S2〉* determined accord-

ing to eqs 1-5 are summarized in Table 1, along with
those ofMw, A2, andMz/Mw obtained from sedimentation
equilibrium. The values ofMz/Mw indicate that samples
T92, T37, and T25 are fairly narrow in molecular weight
distribution, as was previously shown to be the case for
some other CTDC samples.15 The data of δ as a function
of Mw are shown in Figure 3, in which our previous
data15 (the circles with pip) are also included. The two
data sets are fitted essentially by a single curve, whose
slope is about -1 forMw above 105. Though not shown
here, the previous and present data for 〈S2〉* are also
consistent with each other. Note that to evaluate 〈S2〉z
from 〈S2〉*, a suitable model must be assumed.19,20

lim
cf0

(Kc/Rθ,Uv)
1/2 )

Mw,app
-1/2[1 + 1/6(4πn0/λ0)

2〈S2〉z,app sin
2(θ/2) + ...] (1a)

lim
θf0

(Kc/Rθ,Uv)
1/2 ) Mw,app

-1/2 + A2,appMw,app
1/2c + ... (1b)

lim
θf0
cf0

Rθ,Hv
/Rθ,Uv

) 3δ/(1 + 7δ) (2)

Mw,app ) Mw(1 + 7δ) (3)

〈S2〉z,app ) 〈S2〉*/(1 + 7δ) (4)

A2,app ) A2/(1 + 7δ)2 (5)

Figure 2. Angular dependence of (Kc/Rθ,Uv)1/2 at different
polymer concentrations for CTDC sample M8 in NMP at 25
°C and 546 nm. The polymer concentrations in units of 10-3

g cm-3 are 1.714, 1.308, 0.9981, 0.6553, 0.3114, and 0 (b) from
top to bottom. The dashed line indicates the initial slope.
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Determination of True Radii of Gyration. As in
our previous work,15 we model the CTDC molecule in
NMP by the KP chain with cylindrically symmetric
polarizabilities. The unperturbed mean-square radius
of gyration 〈S2〉0 and δ of this chain with contour length
L and persistence length q are given by19,21

Here, ε is the polarizability parameter defined by 3(R1
- R2)/(R1 + 2R2), with R1 and R2 being the longitudinal
and transverse polarizabilities per unit contour length,
but its value derived directly from the measured (total)
Rθ,Hv/c at zero angle and infinite dilution is only appar-
ent because Rθ,Hv generally contains a substantial
contribution from the collision-induced component22-24

and also because ε in solution is subjected to the effect
of internal field;25 correction for these factors can lower
|ε| by a factor of 2. In the ensuing analysis, we regard
ε as an adjustable parameter independent of molecular
weight.

Equation 6 can be approximated by14

provided that nK ()L/2q) > 2. Here, ML is the molar
mass per unit contour length defined by ML ) M/L.
Under the same condition for nK, Nagai’s theory19 for
〈S2〉* is written in a good approximation as26

with

These equations indicate that the three parameters q,
ML, and ε must be known in order to evaluate the true
〈S2〉z from 〈S2〉* data. As in our previous work,15 we
determined these parameters and 〈S2〉z simultaneously
from the data of 〈S2〉*, δ, and Mw in Table 1 by the
following iteration method.26

First, approximate values ofML and qwere estimated
from the intercept and slope of the (Mw/〈S2〉*)1/2 vsMw

-1

plot constructed in Figure 4a according to eq 8 with 〈S2〉0
replaced by 〈S2〉*; the pronounced downward deviations
of the six plotted points at smallMw

-1 may be ascribed
to excluded-volume effects on 〈S2〉. The first approxi-
mate values ofML and q were then used to find ε which
allows eq 7 to best fit the experimental δ vsMw relation
in Figure 3; ε for CTDC was taken to be negative on
the basis of flow birefringence data27,28 for cellulose tris-
(phenylcarbamate) in various solvents. With the values
of ML, q, and ε thus estimated, fUv in eq 10 was
calculated to obtain first-approximate values of 〈S2〉z as
a function ofMw. On iterating this procedure twice, we
reached the following convergent parameter values: q
) 7.8 ((0.6) nm,ML ) 1080 ((60) nm-1, and ε ) -2.85
((0.2) (the values of 〈S2〉z are presented in the last
column of Table 1). The curve in Figure 3 actually
represents the δ values calculated from eq 7 with these
parameter values, and Figure 4b shows the (Mw/〈S2〉z)1/2

Table 1. Results from Light-Scattering and
Sedimentation Equilibrium Measurements on CTDC

Samples in NMP at 25 °C

sample 10-4Mw

104A2,
mol g-2 cm-3 103δ Mz/Mw

1012〈S2〉*,
cm2

1012〈S2〉z,
cm2

M8 751 0.854 241 241
M6 610 0.921 181 181
M4a 427 1.06 120 120
M1a 144 1.42 0.8 37.3 37.2
M1b 103 1.84 0.9 25.2 25.1
T660 65.9 2.09 1.6 15.2 15.1
T460 45.7 2.34 2.0 10.6 10.5
T390 38.5 2.21 2.3 8.79 8.65
T300 29.5 2.65 3.3 6.77 6.63
T260 26.3a 2.82a
T210 21.0 2.98 4.1 4.76 4.62
T150 14.8 4.03 6.7 3.14 3.00
T120 12.2 3.76 7.3 2.56 2.42
T92 9.21a 5.27a 1.1a
T56 5.55 4.55 18
T52 5.17 4.80 19
T46 4.57 5.59 20
T37 3.68a 6.50a 1.1a
T25 2.48a 5.50a 1.1a

a From sedimentation equilibrium.

Figure 3. Molecular weight dependence of optical anisotropy
factor for CTDC in NMP at 25 °C. Our previous data15 are
indicated by circles with pip. The curve represents the
theoretical values calculated from eq 7 with q ) 7.8 nm,ML )
1080 nm-1, |ε| ) 2.85 (see the text). Its slope is about -1 for
molecular weights above 105.

〈S2〉0 )

(qL/3) - q2 + (2q3/L) - (2q4/L2)[1 - exp(-L/q)] (6)

δ ) (2ε2q/135L){1 - (q/3L)[1 - exp(-3L/q)]} (7)

Figure 4. Plots of (Mw/〈S2〉*)1/2 vs Mw
-1 (a) and (Mw/〈S2〉z)1/2

vs Mw
-1 (b) for CTDC in NMP at 25 °C. Circles with pip,

previous data.15

(M/〈S2〉0)
1/2 ) (3ML/q)

1/2 + q1/2(3ML)
3/2/(2M) (8)

〈S2〉* ) 〈S2〉0 - fUv
(9)

fUv
) (4q2/45){ε[1 - (8qML/3M) + (26q2ML

2/9M2)] -

(23ε2qML/126M)[(1 - (103qML/69M)]} (10)
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vs Mw
-1 plot in the final step. The values of q and ML

determined here are identical with those estimated
previously from limited data (our previous ε value was
-2.9). If correction for polydispersity is made withMz/
Mw ) 1.1 (see Table 1 and also ref 15), the present ML
and ε values are replaced by 1190 nm-1 and -2.7,
respectively, while q remains almost unchanged. Note
that for a not-too-broad sample, ML in eq 8 may be
replaced with ML(Mw/Mz) in a first approximation and
also that δ is essentially free from the polydispersity
effect since it is almost proportional to Mw

-1 in our
molecular weight range.
Figure 5 shows that the previous and present 〈S2〉z

data forMw below 106 are closely fitted by the theoreti-
cal curve computed from eq 6 with q ) 7.8 nm and ML
) 1080 nm-1. For Mw above 106, the plotted points
deviate upward progressively with increasingMw, con-
firming our previous finding from limited data (for Mw
< 4× 106) that excluded-volume effects on 〈S2〉z of CTDC
become observable when Mw exceeds about 106. We
note that in this high Mw region, the data points
approximately follow a straight line with slope 1.1 (not
shown here), while the theoretical curve has a slope of
about unity.
Intrinsic Viscosity. The results for [η] and Huggins’

constant k′ are presented in Table 2, and the vlaues of
[η] are plotted double-logarithmically against Mw in
Figure 6, along with our previous data.15 The viscosity
exponent is about 0.95 for Mw < 105 and 0.66 for Mw >
2 × 105. The curve in the figure represents the
theoretical values calculated from the theory of Yoshiza-
ki, Nitta, and Yamakawa29 for [η]0 of an unperturbed
KP touched-bead chain using the previously estimated
parameters:15 q ) 7.8 nm,ML ) 1140 nm-1, and db (the
hydrodynamic bead diameter) ) 3.9 nm; we note that
the q value from 〈S2〉z was previously assumed to be
applicable to [η] since the three parameters could not
uniquely be determined from the [η] data. The agree-
ment between theory and experiment is seen to be good
forMw < 7× 105 (hence it is unnecessary to redetermine
the model parameters characterizing [η]0 of the CTDC
chain). TheML values of 1190 and 1140 nm-1 from 〈S2〉
(polydispersity-corrected) and [η], respectively, are also
in substantial agreement. These findings allow us to
conclude that in the region of Mw below 7 × 105, the
molecular weight dependences of 〈S2〉z, δ, and [η] are

explained consistently by the known theories19,21,29 for
the unperturbed KP chain.
TheML values of 1190 and 1140 nm-1 with the molar

mass of 603.7 per residue yield 0.52 ((0.01) nm for the
monomeric projection along the chain contour of the
CTDC chain. This monomeric length is quite close to
the literature values of 0.51-0.52 nm for cellulose30 and
its derivatives31,32 in the crystalline state, confirming
that the KP chain is an excellent model for CTDC in
NMP. The bead diameter of 3.9 nm based on the theory
of Yoshizaki et al.29 corresponds to a cylinder diameter
of 2.9 nm (in the Yamakawa-Fujii-Yoshizaki theory
for KP cylinders33,34), which is only slightly larger than
the maximal diameter estimated from the chemical
structure of CTDC (to account for the difference, solva-
tion of NMPmolecules onto the polymer chain may have
to be considered).
As can be seen in Figure 6, excluded-volume effects

on [η] become experimentally detectable at Mw ) 7 ×
105-106, being consistent with the finding on 〈S2〉z in
Figure 5. The molecular weight of 7 × 105-106 for this
onset of volume effect corresponds to an nK of 40-50,
which is comparable to Norisuye and Fujita’s estimate2
mentioned in the Introduction. The question is whether

Figure 5. Experimental 〈S2〉z for CTDC in NMP at 25 °C
compared with the theoretical curve (eq 6) for the unperturbed
wormlike chain with q ) 7.8 nm andML ) 1080 nm-1. Circles
with pip, previous data.15

Figure 6. Molecular weight dependence of [η] for CTDC in
NMP at 25 °C. Our previous data15 are distinguished by pip.
The curve represents the theoretical values calculated from
the theory of Yoshizaki et al.29 for the unperturbed wormlike
touched-bead chain with q ) 7.8 nm,ML ) 1140 nm-1, and db
) 3.9 nm.

Table 2. Results from Viscosity Measurements on CTDC
Samples in NMP at 25 °C.

sample [η]10-2, cm3 g-1 k′

M8 14.0 0.33
M6 12.6 0.34
M4a 9.64 0.33
M1a 4.79 0.31
M1b 3.82 0.38
T660 2.73 0.37
T460 2.26 0.35
T390 1.95 0.38
T300 1.63 0.43
T260 1.45 0.34
T210 1.31 0.37
T150 1.02 0.32
T120 0.876 0.39
T92 0.693 0.40
T56 0.428 0.40
T52 0.408 0.45
T46 0.359 0.35
T37 0.286 0.39
T25 0.191 0.45

3600 Tsuboi et al. Macromolecules, Vol. 29, No. 10, 1996



the YSS theory5-7 is capable of explaining the volume
effects which appear to be negligibly small for nK < 40
but appreciable for nK > 50. The check of this point is
the core of the present work.
Excluded-Volume Effects. In the YSS scheme5-7

for KP or helical wormlike (HW) chains, the radius
expansion factor RS [t(〈S2〉/〈S2〉0)1/2] and the viscosity
expansion factor Rη [t([η]/[η]0)1/3] are universal func-
tions of the scaled excluded-volume parameter z̃ defined
by

with

and

Here, λ-1 is the stiffness parameter, z is the conven-
tional excluded-volume parameter, and B is the excluded-
volume strength representing the interaction between
a pair of beads. The KP chain, with which we are
concerned here, is a special case of the HW chain,4 and
in this case, there hold the relations

with â and a being the binary cluster integral and the
bead spacing, respectively. Note that λL ) nK in the
KP limit of the HW chain.
Following Yamakawa and co-workers,6,11 we adopt the

Domb-Barrett function8 for RS
2 and the Barrett func-

tion35 for Rη
3, with z replaced by z̃:

These equations accurately describe experimental data
for flexible polymers9-13 with λ-1 of 1.3-5.8 nm over a
very broad range of molecular weight and also for
sodium hyaluronate36 with λ-1 ) 8.2 nm (q ) 4.1 nm)
in aqueous NaCl at high ionic strength. As may be seen
from eqs 11-17, B is the only unknown necessary for
the theoretical evaluation of RS

2 and Rη
3 (and hence of

〈S2〉 and [η]) for CTDC since all the other parameters
are known.
In Figure 7, our 〈S2〉z data are compared with the

theoretical values (the solid curve) calculated from eqs
6 and 16 with q ) 7.8 nm, ML ) 1080 nm-1, and B )
0.50 nm. The agreement is satisfactory throughout the
entire range of molecular weight studied. The dashed
line in the figure represents the theoretical values for
the unperturbed KP chain with the same q and ML
values. Importantly, the difference between the solid
and dashed lines remains small up to M ∼ 6.6 × 105
(i.e., nK ∼ 40), being at most 5%.
A similar comparison for [η] is shown in Figure 8, in

which the solid curve represents the theoretical values

for the perturbed KP chain with q ) 7.8 nm,ML ) 1140
nm-1, db ) 3.9 nm, and B ) 0.50 nm, while the dashed
one again refers to the unperturbed state. It can be seen
that the solid line closely fits the data points over the
entire molecular weight range. This line stays close to
the unperturbed line for M below 6.6 × 105 (the
difference is only 5% at M ) 6.6 × 105), as is the case
for 〈S2〉. We may therefore conclude that the YSS
scheme quantitatively explains the substantially un-
perturbed behavior of the CTDC chain for nK below 40
and the appreciable excluded-volume effects on its 〈S2〉z
and [η] for nK above 50. This reconciles the YSS theory
with Norisuye and Fujita’s finding2 (on stiff chains) that
volume effects on 〈S2〉z become experimentally visible
at nK ∼ 50. The point is that below nK ∼ 40, the
theoretically predicted volume effects in the CTDC chain
are too small to be observed by experiment as upward
deviations of 〈S2〉z and [η] from the unperturbed lines.
The B value of 0.50 nm for the CTDC chain is

comparable to those for flexible polymers9,10,13,37 in good
solvents, but the reduced strength parameter B/2q (or
λB), which determines z̃ at a given λL () nK), is only
0.032 for the former and 1 order of magnitude smaller

Figure 7. Comparison between the measured 〈S2〉z for CTDC
in NMP and the YSS theoretical values (solid line) calculated
from eqs 6 and 16 with q ) 7.8 nm,ML ) 1080 nm-1, and B )
0.5 nm. Dashed line, theoretical values for B ) 0.

Figure 8. Comparison of the measured [η] for CTDC in NMP
with the YSS theoretical values (solid curve) for q ) 7.8 nm,
ML ) 1140 nm-1, and db ) 3.9 nm. Dashed line, theoretical
values for B ) 0.

z̃ ) 3/4K(λL)z (11)

K(λL) ) 4/3 - 2.711(λL)-1/2 + 7/6(λL)
-1 for λL > 6

) (λL)-1/2 exp[-6.611(λL)-1 + 0.9198 +
0.03516λL] for λL e 6 (12)

z ) (3/2π)3/2(λB)(λL)1/2 (13)

λ-1 ) 2q (KP) (14)

B ) â/a2 (KP) (15)

RS
2 ) [1 + 10z̃ + (70π

9
+ 10

3 )z̃2 + 8π3/2z̃3]2/15 ×
[0.933 + 0.067 exp(-0.85z̃ - 1.39z̃2)] (16)

Rη
3 ) (1 + 3.8z̃ + 1.9z̃2)0.3 (17)
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than the latter group of systems because of the high
stiffness of the CTDC chain. This small B/2q for CTDC
in NMP is responsible for the excluded-volume effects
(on both 〈S2〉z and [η]) that remain small up to as large
an nK as 40.

Conclusions
We have investigated 19 narrow-distribution fractions

of cellulose tris[(3,5-dimethylphenyl)carbamate] ranging
in Mw from 2.5 × 104 to 7.5 × 106 by light scattering,
sedimentation equilibrium, and viscometry in 1-methyl-
2-pyrrolidone at 25 °C and analyzed the results together
with our previous data on the basis of the Kratky-Porod
wormlike chain with and without excluded volume. The
major conclusions from this work may be summarized
as follows.
1. The previous and present data for 〈S2〉z, δ, and [η]

are described accurately by the known theories19,21,29 for
the unperturbed wormlike chain with a persistence
length of 7.8 nm, a monomeric projection of 0.52 nm,
an apparent polarizability parameter of -2.7, and a
bead diameter of 3.9 nm if Mw is lower than 7 × 105.
2. Excluded-volume effects on 〈S2〉z and [η] are

appreciable forMw > 106, i.e., for nK (the Kuhn segment
number) > 50. This finding is consistent with Norisuye
and Fujita’s estimate2 of the critical chain length for
the onset of the experimentally observable volume effect
in semiflexible polymer solutions.
3. Though it is seemingly inconsistent with the

Yamakawa-Stockmayer-Shimada theory,5-7 the theo-
retically predicted volume effects on both 〈S2〉 and [η]
are sufficiently small for nK below 40, and the molecular
weight dependences of measured 〈S2〉z and [η] are indeed
explained quantitatively in the YSS theoretical frame-
work, i.e., by the YSS theory combined with the Domb-
Barrett function8 for RS

2 or the Barrett function35 for
Rη

3. The last conclusion suggests that the YSS theory
should be applicable to moderately stiff chains as well
as flexible and weakly stiff polymers.
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