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ABSTRACT: Zero-shear viscosities 7o of tetrahydrofuran solutions of cellulose tris(phenyl carbamate)
(CTC), a moderately stiff polymer of persistence length g = 10.5 nm, were measured as a function of the
polymer concentration ¢ and molecular weight M. The molecular weight dependence of 7o at high
concentration is definitely stronger than that of flexible polymers, reflecting the chain stiffness of CTC.
The 7o data for higher molecular weight samples are favorably compared with the fuzzy-cylinder model
theory, but it is necessary to consider up to the terms in c? in the intermolecular hydrodynamic interaction
(HI) when the M of CTC is low. When compared among polymers of the same contour length but different
stiffness, the intermolecular HI becomes more important with decreasing q.

Introduction

Solution viscosity is very high for stiff polymers even
at low concentrations. For example, xanthan gum,2
scureloglucan,?# and succinoglycan,>® which are known
to be very effective viscosity-enhancing agents added
into foods or industrial materials, are all rigid helical
polysaccharides with the persistence length q of 50—
200 nm, and their rigidity is the origin of the viscosity
enhancement. The high viscosities of polymer solutions
are induced by intermolecular interactions among poly-
mer chains, which are usually divided into two parts:
the short-range entanglement interaction and long-
range hydrodynamic interaction (HI). With increasing
the polymer chain stiffness, the entanglement effect on
the solution viscosity strongly increases,” while the
effect of the latter interaction becomes minor.8 We have
demonstrated that the entanglement effect is accurately
described by the fuzzy-cylinder theory for such solutions
of stiff polymers of medium molecular weights.”

On the other hand, with decreasing the polymer chain
stiffness, we may expect a different situation on the
polymer solution viscosity. Previous studies®~11 on zero-
shear viscosities 7o of poly(n-hexyl isocyanate) (PHIC)
solutions with g of ca. 20—40 nm showed that the fuzzy-
cylinder theory becomes less accurate in very low and
high molecular weight regions. The disagreements may
be ascribed to effects of the intermolecular HI and of
the reptation-like motion in the low and high molecular
weight regions, respectively. Including the intermolecu-
lar HI effect in the fuzzy-cylinder theory,® a good
agreement was recovered for low molecular weight
PHIC samples.

In the present study, we have investigated solution
viscosities of a cellulose derivative, cellulose tris(phenyl
carbamate) (CTC), with a moderate stiffness (g = 10.5
nm) between typical stiff and flexible polymers. Since
its molecular characteristics have been already studied
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previously,’2 CTC is suitable for quantitative arguments
on the solution viscosity. Comparing »o for polymers of
largely different stiffness, we have examined the chain
flexibility effect on 7o in detail, especially on roles of
entanglement and hydrodynamic interactions in 7.

Experimental Section

Seven fractionated CTC samples were used for viscosity
measurements. Among the samples, five samples (F12, F14,
F17, F19, and F23) were the same as those used in a previous
study,*? and two samples (Q1-2 and K3-3) were newly prepared
in the same method as previously. Molecular characteristics
of all the samples are listed in Table 1. For the newly prepared
samples, the viscosity-average molecular weight M, was
estimated from the intrinsic viscosity [#] in tetrahydrofuran
(THF) at 25 °C by using the [#]—molecular weight relation
reported previously.'? In the following, both M, and the weight-
average molecular weight M,, are denoted simply as M.

For all the samples (except for sample F23), their ratios of
the weight- to number-average molecular weight (Mw/My)
estimated by GPC are less than 1.1 (cf. the seventh column of
Table 1), guaranteeing narrow molecular weight distributions
of the samples used. Degrees of substitution of the CTC
samples estimated by elemental analysis are listed in the
eighth column of Table 1. The results indicate the full
substitution on hydroxyl groups in the cellulose chain.

The contour length L and the number of Kuhn's statistical
segments N for each sample in THF were calculated from M
by using the molecular weight per unit contour length M, =
1040 nm~* and the persistence length g = 10.5 nm determined
previously.*? Those results are also listed in Table 1. As shown
previously, the intramolecular excluded-volume effect is neg-
ligible for CTC in THF at M < ~3 x 10°.!2 Thus, we do not
consider this effect in what follows.

Shear viscosities  of THF solutions of CTC samples at 25
°C were measured at different shear rates and polymer
concentrations by a magnetically controlled ball viscometer
(Iwamoto Co. Ltd., Kyoto, Japan) or by a four-bulb low-shear-
capillary viscometer, both of which were used in previous
studies; see ref 9 for the detailed procedure. Zero-shear
viscosities 7o were obtained by extrapolating » obtained to the
zero-shear rate. The intrinsic viscosity [#] and the Huggins
coefficient k' of each CTC sample were determined by viscom-
etry for dilute solutions of the CTC sample using a conven-
tional capillary viscometer (cf. the fifth and sixth columns of
Table 1).
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Table 1. Molecular Characteristics of CTC Samples Used (in THF at 25 °C)

sample Mw/10% L/nmP Ne [71/cm3 g1t k' M/ Mpd Dse¢
Q1-2 352 340 16 254 0.38 1.09 3.1
F12 23.2 223 10.6 177 0.37 1.07 3.1
Fl14 15.0 144 6.87 119 0.35 1.05 3.0
K3-3 8.2a 79 3.75 69.9 0.36 1.07 3.0
F17 6.42 61.7 2.94 48.3 0.39 1.07 3.2
F19 4.06 39.0 1.86 31.8 0.42 1.08 2.8
F23 191 18.4 0.875 0.145 0.46 3.

a Viscosity-average molecular weight estimated from [;] in THF (25 °C) with the established []—M,, relations.12 b Calculated from M,
with the molecular weight per unit contour length M, = 1040 nm~1. ¢ Calculated from L with the persistence length g = 10.s nm. ¢ Estimated
by GPC with the calibration curve constructed by narrow-distribution CTC samples of which molecular weights were determined by light

scattering. ® Degree of substitution estimated by elemental analysis.
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Figure 1. Double-logarithmic plots of the zero-shear viscosity
7o Vs the polymer mass concentration ¢ for THF solutions of
CTC at 25 °C.

Results

Figure 1 shows double-logarithmic plots of the zero-
shear viscosity 7o vs the polymer mass concentration c
for THF solutions of seven CTC samples at 25 °C. In
the figure, vertical segments attached to experimental
curves indicate phase boundary concentrations c, where
the cholesteric phase starts to appear, which were
estimated from c, data obtained previously.1® The data
points of 7 follow curves concave upward up to ¢ near
¢i. This non-power-law behavior is characteristic of stiff-
chain polymer solutions.?7.14.15

Figure 2 shows double-logarithmic plots of 7, vs the
molecular weight M for CTC solutions at two fixed c.
The data points follow curves concave upward with the
slopes of 4.7 (for ¢ = 0.315 g/cm?3) and 3.7 (for c = 0.165
g/cm?3) at high M regions. Those slopes for CTC solutions
are larger than the well-known exponent 3.4 for solution
viscosities of entangled flexible polymers,'617 and the
large exponent is characteristic of stiff polymer solu-
tions.2’7~14'15

In Figure 3, relative viscosities 7, (i.e., 7o divided by
the solvent viscosity #®) for five polymer solution
systems with different chain stiffness but almost the
same contour length L (=200 nm)!8 are plotted against
the molar concentration ¢/M. The chain stiffness can be
expressed in terms of q; g values of schizophyllan (a
triple-helical polysaccharide), xanthan (a double-helical
polysaccharide), poly(n-hexyl isocyanate) (PHIC), CTC,
and polystyrene are 200, 100, 37 (in toluene), 10.5, and
1 nm,!® respectively.”20 It can be seen that 7, steeply
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Figure 2. Double-logarithmic plots of the zero-shear viscosity
1o Vs the polymer molecular weight M for THF solutions of
CTC with two different polymer concentrations.
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Figure 3. Relative viscosities 7, of five polymer solution
systems with different chain stiffness, plotted against the
molar concentration c/M: (a) schizophyllan (a triple-helical
polysaccharide) in water at 25 °C (q = 200 nm; L = 210 nm),**
(a) xanthan (double-helical ionic polysaccharide) in 0.1 M
aqueous NaCl at 25 °C (g = 100 nm; L = 190 nm),? (O) poly-
(n-hexyl isocyanate) (PHIC) in toluene at 25 °C (q = 37 nm; L
=210 nm),!! (®) CTC in THF at 25 °C (g = 10.5 nm; L = 220
nm), (O) polystyrene in cyclohexane at 34.5°C (q=1nm; L =
340 nm).?” Solid curves: the fuzzy-cylinder theory; dotted curve
for polystyrene solutions: eye guide.

increases at lower molar concentrations for stiffer
polymers. This is a clear demonstration that the poly-
mer chain stiffness is an essential factor in the polymer
solution viscosity. However, we can see that », of CTC
solutions becomes higher than that of PHIC solutions
at high concentrations. This viscosity inversion will be
discussed in the next section.
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Discussion

Previous studies”10:11.21 showed that solution viscosi-
ties of stiff polymers were favorably compared with the
dynamical theory based on the fuzzy-cylinder model
unless the molecular weight of the polymer is too large.
Here we compare the Huggins coefficient k' and also 7o
data for CTC solutions with the fuzzy-cylinder theory.
In the theory, polymer chains in solution are repre-
sented by the fuzzy cylinder model. The effective length
L. of the fuzzy cylinder is identified with the root-mean-
square end-to-end distance of the polymer chain (=
L[Nt — (1 — e 2N)/2N2]¥2, where N is the number of
Kuhn's statistical segments), and the effective diameter
de of the fuzzy cylinder is also calculated from L, N, and
the diameter d of the polymer chain.” As shown previ-
ously,10 k' can be written in the form

k' = ki, + kg 1)

where ki, and kg, are the contributions of the inter-
molecular hydrodynamic interaction (HI) and of the
entanglement interaction to k', respectively. The latter
can be calculated theoretically by1©

Ko = 3 Le4NA
5 2 /1350 ML

Here f(de/Le) is a known function of de/L., y and y are
hydrodynamic parameters calculated from the axial
ratio p of the polymer chain, and Fp and Fo are another
hydrodynamic parameters related to the longitudinal
and rotational diffusion coefficients at infinite dilution
calculated from p and N (Na: the Avogadro constant).”21

Using the wormlike-cylinder parameters determined
previously (g = 10.5 nm and d = 2.2 nm),*? we can
calculate theoretical values of kg, for CTC in 25 °C
THF as a function of L, which is indicated by the solid
curve in Figure 4.22 Furthermore, from the experimental
k' and the theoretical ki, we can estimate kj,, using eq
1, which are shown by circles in Figure 4; the filled
circles are ki, for the CTC samples used in this study,
and unfilled circles indicate ki, obtained from k' data
for other samples presented previously.? The contribu-
tion of the intermolecular HI to k' takes a minimum at
L ~ 100 nm (or M ~ 2 x 10%). A similar L dependence
of ki, has been already reported for toluene solutions
of PHIC?! (cf. triangles in Figure 4), but values of ki,
for PHIC are smaller than those of CTC at the same L
except at very short L; ki, for PHIC at L =~ 100 nm
take slightly negative values maybe due to inaccuracy
in kg,. Since kj,, for stiffer polymers like schizophyllan
and xanthan are negligibly small except for very short
chains,1% we may conclude that the intermolecular HI
is more important in the solution viscosity for less stiff
polymers if p is not small.

According to the previous formulation,° the zero-
shear viscosity 7o is written as

fr(de/Le)V%Z(FIIO/FrO)l/2 (2)

A

no =1+ n(s)[n]C[l + %mz(% - 1)] h,c) (3

r

where 5® is the solvent viscosity, D, and Dy are the
rotational diffusion coefficient with and without per-
turbed by the entanglement effect, respectively, and
h,(c) is the viscosity enhancement factor by the inter-
molecular HI given below. The entanglement effect on
Dro/D, was formulated by the mean-field Green function
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Figure 4. Contributions of the entanglement interaction Kk,
and the intermolecular hydrodynamic interaction k;,, to the
Huggins coefficient for THF solutions of CTC: the solid curve,
kg, calculated for CTC in THF by the fuzzy-cylinder theory
(eq 2); filled and unfilled circles, ki, for samples used in the
present and previous studies,*? respectively; triangles, kj,, for
poly(n-hexyl isocyanate) in toluene at 25 °C.1!

method (cf. eq 2 in ref 10) as a function of c and M. Since
entanglements among stiff-polymer chains are mainly
released by the longitudinal diffusion of the chains, the
equation of Dyo/Dy includes the longitudinal diffusion
coefficient Dy, which is perturbed by the head-on colli-
sion with the surrounding molecules (the jamming
effect) and was previously formulated on the basis of
the hole theory.”2! In this theory, the probability of the
collision is expressed by the similarity ratio A* between
the fuzzy cylinder and the critical hole for the longitu-
dinal diffusion, and thus the equation of D,¢/D, contains
A* as an adjustable parameter. On the other hand,
wel01l have previously demonstrated that viscosities of
PHIC solutions can be favorably compared with eq 3,
by taking into account the effect of the intermolecular
HI up to the first order of ¢ or by expressing h,(c) by

h,(c) =1+ k[l (4)

By using eq 4 along with kj,, given in Figure 4 and
choosing changing A* to be 0.04, we obtain solid curves
in Figure 5 from eq 3, which nicely fit 7o data for CTC
solutions except for the two lowest molecular weight
samples. The value of A* chosen is close to that chosen
for PHIC solutions (A* = 0.03)! but smaller than those
for stiffer polymer solutions of schizophyllan and xan-
than (A* ~ 0.1).72! Solid curves in Figure 3 for four stiff
or semiflexible polymer solution systems are also drawn
by the same theory.23 The stiffer the polymer chain is,
the larger the value of L. is at equal L.” Because Dyo/Dy
in eq 3 contains a term proportional to Le,* the increase
in L, strongly enhances the viscosity. On the other hand,
the viscosity inversion observed for CTC and PHIC
solutions at a high polymer concentration is owing to
stronger intermolecular HI for the former solution, as
shown in Figure 4.

In Figure 5, the disagreement between the theory
(solid curves) and experiment for the two lowest molec-
ular weight CTC samples at higher concentration
regions may arise from higher order terms of c in h,(c),
being neglected in eq 4. Considering up to the second-
order term, we write

h,(€) = 1 + kiy[yle + Ky ([7]c)? (5)
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Figure 5. Comparison between the fuzzy-cylinder theory and
experiment for zero-shear viscosities of THF solutions of
CTC: solid curves, calculated by egs 3 and 4; dashed curves,
calculated by egs 3 and 5.

For suspensions of rigid spheres where the entangle-
ment effect vanishes (or Dy o/D, = 1 in eq 3), theories
predict that ki, /ki,,®> ~ 1,245 but experimental results
indicate a larger contribution of the second-order term
(K, /K> ~ 6.5).26 For CTC solutions, if ki, 7k, are
chosen to be 2.4 and 1.1 respectively for samples F23
(p = 8.7) and F19 (p = 17), eq 3 along with eq 5 gives
us dashed curves in Figure 5, which fit to experimental
data for the two samples. The parameter k}}, seems to
be a decreasing function not only of p but also of g
because the second-order term was not detectable in
solution viscosity of PHIC even at p as small as 10.1!

As shown in previous papers,'? the fuzzy-cylinder
theory failed to describe solution viscosity data for PHIC
with N 2 20, and this failure was ascribed to the
reptation-like motion of polymer chains taking coiled
conformations in concentrated solutions which is not
incorporated in the fuzzy-cylinder theory. Since N of all
CTC samples examined in this study are smaller than
20, the effect of the reptation motion may be unimpor-
tant. Good agreements between theory and experiment
for higher molecular weight CTC samples shown in
Figure 5 demonstrate that the fuzzy-cylinder theory is
applicable even for semiflexible polymer solutions with
g as small as 10 nm when N < 20.

Conclusions

The viscosity enhancement in polymer solutions can
be argued in terms of the two effects of the entangle-
ment and of the intermolecular hydrodynamic interac-
tion (HI). The former effect becomes stronger with
increasing the polymer-chain stiffness but weaker with
decreasing the axial ratio p of the polymer chain; it
vanishes for spheres (p = 1). As demonstrated above
and also in previous papers,’1011.21 the entanglement
effect in semiflexible or stiff polymer solutions can be
successfully described by the fuzzy-cylinder theory if N
is not so large.

The effect of the intermolecular HI plays an important
role in the solution viscosity when the stiffness or the
axial ratio of the polymer chain decreases. In the
present study, the contribution of this effect to 7g is
expressed by the phenomenological eq 5 which includes
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up to the second-order term of the polymer concentra-
tion with two hydrodynamic parameters ki, and ki,
We have determined kj,, by fitting the theory to ex-
perimental data of 7. Theoretical calculations of ki,
have not been performed for polymer solutions yet.
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