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ABSTRACT: The temperature and molecular weight dependencies of the intrinsic viscosity [�] were investigated

for cellulose tris(phenyl carbamate) (CTC) in tetrahydrofuran (THF). By the analysis of the [�] data in terms of the

wormlike cylinder model, the persistence length q of CTC was determined as a function of the temperature. With de-

creasing the temperature from 25 to �20 �C, q increases from 10.5 to 13.7 nm. This temperature dependence of q was

successfully explained by the broken wormlike chain model, where each glucose residue in the cellulosic chain is as-

sumed to take left-handed 3/1 or 2/1 helical state and occasionally a kink state generated by a glucosidic bridge angle

fluctuation. While the torsional fluctuation in each glucosidic bond is considerably small, there are two energetically

favored helical (3/1 and 2/1) states, so that the cellulosic chain may not be regarded as a regular helix in solution.

[DOI 10.1295/polymj.38.226]
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Helicity of polymer chains plays important roles in
chain rigidity, liquid crystallinity, and chiral discrim-
ination. Recently, several synthetic polymers have
been found to take more or less regular helical confor-
mations in solution, and extensive arguments have
been made on the relationship among their chemical
structure, helicity, chain rigidity, liquid crystallinity,
and cholesteric structure. Many review articles deal
with recent advances in this subject.1–5

Cellulose derivatives are known as semiflexible
polymers exhibiting liquid crystallinity6,7 and impor-
tant materials in chiral chromatography.8 These fea-
tures imply helical nature in the cellulosic chain. Con-
formations of cellulose derivatives in solution were
studied both experimentally and theoretically for a
long time. However, as mentioned in a previous pa-
per,9 their conformational analysis was not an easy
task because both chain stiffness and excluded volume
effect must be taken into account simultaneously due
to their intermediate chain rigidity. Only recent litera-
ture provides proper analyses for the conformation of
cellulosic chains9,10 and also for solution properties
(e.g., liquid crystallinity,11 viscosity,12 and diffusivi-
ty13) based on the properly analyzed conformation.
On the other hand, theoretical studies on the confor-

mation of the cellulosic chain were carried out by
Brant et al.14–17 in 1970s, who made an extensive con-
formational energy analysis and found two energeti-
cally stable conformations implying left-handed 3/1
and 2/1 helices for the cellulosic chain. However,
the characteristic ratio C1 and its temperature de-
pendence estimated from their conformational energy
did not satisfactorily agree with experimental results

for cellulose derivatives.15,16 The disagreement was
argued occasionally afterward,17,18 but satisfactory
explanation has not been made yet. Thus, the local
conformation of the cellulosic chain is still unclear.
In this study, we have revisited this subject in the

light of a novel approach recently applied to synthetic
helical polymers.5,19,20 We have analyzed the tem-
perature dependence of the persistence length q of a
cellulose derivative, cellulose tris(phenyl carbamate)
(CTC) in tetrahydrofuran (THF) using the broken
wormlike chain model,21 and compared the result with
the internal rotation potential of Goebel et al.15 for the
cellulosic chain. For helical polymer chains, monomer
units take a same internal rotational state repeatedly
along the chain, and the strong conformational corre-
lation among neighboring units is characteristic to this
category of polymers. Unfortunately, the above analy-
sis on the temperature dependence of q could not pro-
vide information about the degree of the conforma-
tional cooperativity for the CTC chain. To supple-
ment the information, we also measured the tempera-
ture dependence of the circular dichroism (CD) for
CTC in THF which reflects the chiral local confor-
mation, and compare the result with CD for amylose
tris(phenyl carbamate).

EXPERIMENTAL

CTC Samples
Four CTC fractions prepared in previous studies9,11

were chosen for viscosity measurements. Table I lists
the weight-average molecular weight Mw and the ratio
of the weight- to number-average molecular weight
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Mw=Mn previously determined by static light scatter-
ing and SEC, respectively. Values of Mw=Mn for
two fractions are equal to or less than 1.1, guarantee-
ing narrow molecular weight distributions of the frac-
tions used.

Viscometry
Viscosities of THF solutions of four CTC fractions

were measured by using conventional Ubbelohde-type
capillary viscometers by changing temperature from
�20 to 25 �C. The Huggins and Mead–Fuoss plots
were used to determine the intrinsic viscosity [�]
and the Huggins coefficient k0 as functions of the tem-
perature and molecular weight.

Static Light Scattering
Static light scattering measurements were made for

fraction F11 in THF at 20, 15, 10, and 5 �C using a
DLS 5000 light scattering apparatus (Otsuka Electron-
ics, Osaka, Japan) equipped with a He–Ne laser. The
second virial coefficient A2 of this fraction was deter-
mined as a function of temperature by using the fol-
lowing equation

lim
�!0

Kc

R�

� �
¼

1

Mw

þ 2A2cþ � � � ð1Þ

where K is the optical constant, c is the polymer mass
concentration, R� is the excess Rayleigh ratio at the
scattering angle �. The optical constant K at each tem-
perature was determined so as to give the agreement
between 1=Mw of this fraction (cf. Table I) and Kc=
R� at zero � and c. As shown previously, the linear
plot gives a wider linear c region than the root plot,
so that the former plot was used to estimate A2 as
indicated by eq 1.

Circular Dichroism and UV–vis Absorption Spectros-
copy
Circular dichroism (CD) and UV–vis absorption

spectra for dilute THF solutions of a CTC fraction
with Mw ¼ 2:2� 104 were recorded simultaneously
on a JASCO J-725 spectropolarimeter equipped with
a liquid nitrogen-controlled quartz cell with a path
length of 0.5 cm in a cryostat at wavelength of the
incident light between 200 and 600 nm, ranging from
40 to �100 �C. The polymer concentration was chos-
en to be 4:4� 10�5 g/cm3 (at 25 �C).

RESULTS AND DISCUSSION

Temperature Dependence of the Persistence Length
Results of [�] and k0 for four CTC fractions in THF

at different temperatures are summarized in Table I,
and [�] data are plotted against temperature in
Figure 1. The temperature dependencies of [�] are
monotonous in THF, which are in a contrast with sig-
moidal temperature dependencies of the dielectric re-
laxation frequency reported for CTC in dioxane.22 The
chain expansion of CTC with decreasing temperature
was reported by several workers.22–26 The values of k0

are normal, indicating no aggregation of CTC in THF

Table I. Molecular characteristics of CTC fractions used

Fraction Mw=10
4 Mw=Mn

a Temperature
(�C)

[�]b k0

F4 240 25 10.47 0.41

0 11.93 0.37

�20 13.43 0.39

F6 111 25 6.23 0.44

20 6.39 0.44

15 6.46 0.49

10 6.59 0.44

5 6.83 0.52

0 6.86 0.50

�5 7.04 0.47

�10 7.65 0.47

�15 7.80 0.50

�20 8.68 0.35

F11 33.9 1.10 25 2.22 0.35

20 2.26 0.39

15 2.39 0.33

10 2.45 0.33

5 2.50 0.35

0 2.50 0.37

�5 2.63 0.34

�10 2.70 0.35

�15 2.76 0.35

�20 2.80 0.38

F18 5.87 1.07 25 0.475 0.40

0 0.532 0.41

�20 0.572 0.37

aEstimated by SEC. bIn units of 102 cm3/g.

Figure 1. Temperature dependencies of [�] for four CTC frac-

tions in THF.
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upon cooling. Figure 2 plots [�] vs. Mw double-loga-
rithmically of CTC in THF at 0 and �25 �C as well
as the previous results at 25 �C.9 The molecular
weight dependencies of [�] become slightly stronger
with lowering temperature.
Figure 3 plots the second virial coefficient A2 for

fraction F11 against temperature. As expected for
polymer-good solvent systems, A2 is almost independ-
ent of temperature, which suggests that both inter- and
intramolecular excluded-volume effects do not change
with temperature.
Previously,9 [�] data of CTC in THF at 25 �C were

analyzed by using the theory of Yamakawa, Fujii, and
Yoshizaki for the wormlike cylinder model27–29 com-
bined with the quasi-two-parameter theory29–31 for the
intramolecular excluded-volume effect to obtain the
following wormlike-cylinder parameters: the persis-
tence length q ¼ 10:5 nm, the molar mass per unit
contour length ML ¼ 1110 nm�1, the cylinder diame-
ter d ¼ 2:2 nm, and the strength of the excluded-
volume B ¼ 1:8 nm. The ML value in THF is close
to that expected for the energetically stable conforma-
tion of the cellulosic chain. Thus we may expect that
ML does not change upon cooling. The B value can be
also assumed to be independent of temperature, be-
cause A2 does not depend on temperature, as shown
in Figure 3. Furthermore, [�] is insensitive to the val-
ue of d unless the axial ratio L=d of the chain is con-
siderably small. Since L=d is larger than 24 at Mw >
58;000, we may neglect the temperature variation of

d. Therefore only q is responsible for the temperature
dependence of [�]. Solid curves shown in Figure 2
indicate the best fit results of the theory where q val-
ues were chosen to be 12 and 14 nm at 0 and �20 �C,
respectively. The q values chosen and the previous
result at 25 �C are shown in Figure 4 by filled circles.
In addition, the fit to [�] data for fractions F6 and F11
at different temperatures shown in Figure 1 provides
us q values shown by unfilled circles in Figure 4.
There are a number of estimates of q for cellulose

derivatives in literature (cf. references cited in ref 9).
Figure 4 contains some literature data10,22 for CTC in
THF and dioxane by a diamond and triangles. Those
results are not so much different from ours (filled and

Figure 2. Molecular weight dependencies of [�] for CTC in

THF at 25, 0, and �20 �C; symbols, experimental data (data at

25 �C being the reproduction of the previous results9); solid curve,

theoretical values calculated by the theory of Yamakawa, Fujii,

and Yoshizaki for the wormlike cylinder model27–29 combined

with the quasi-two-parameter theory for the intramolecular ex-

cluded-volume effect using ML ¼ 1110 nm�1, d ¼ 2:2 nm, B ¼
1:8 nm, and q shown in Figure 4.

Figure 3. Temperature dependence of A2 for fraction F11 in

THF.

Figure 4. Temperature dependencies of the persistence length

for CTC in THF and dioxane; ( ), determined from the molecular

weight dependence of [�] in THF; ( ), determined from [�] data

for fractions F6 and F11 in THF; ( ), Danhelka et al.’s result10 in

THF; ( ), Gupta et al.’s data22 in dioxane; dot-dashed line, theo-

retical result of q obtained by Goebel et al.;15 solid line, the effec-

tive persistence length q calculated by eq 4 for the broken worm-

like chain model with ~��K ¼ 40� and G� ¼ 4:9 kJ/mol.

H. YANAI and T. SATO

228 Polym. J., Vol. 38, No. 3, 2006



unfilled circles) around room temperatures. Although
Gupta et al.’s results ( ) look to change abruptly
around 25 �C, re-analysis of their dielectric critical
frequency data by the moderner theory of Yoshizaki
and Yamakawa32 yields a temperature dependence
of q almost parallel to ours.

Conformation of the CTC Chain
As depicted in Figure 5a, the cellulosic chain is

conventionally regarded to consist of virtual bonds b
indicated by the dotted arrows. From crystallographic
data for cellobiose (the dimer model of the cellulosic
chain),33 the virtual bond length b is estimated to be
0.547 nm. The bond angle � and torsional angle �

with respect to b vary with the rotations � and  about
two chemical bonds of the glucosidic bridges C(1)–
O(1) and O(1)–C(40) indicated in the panel.
Goebel et al.15 calculated the internal rotation po-

tential Eð�; Þ for cellobiose, considering the repul-
sive and attractive van der Waals contributions and
also electrostatic contribution with assuming that the
glucose residues keep the stable C1 chair-conforma-
tion. When the bond angle � of the glucosidic bridge
(cf. Figure 5a) and the parameter � (characterizing
the van der Waals repulsion between interacting
two atoms) are chosen to be 116� (the value for cello-
biose in the crystalline state) and 0.02 nm (a standard
value for �), respectively, Eð�; Þ takes two energy
minima at rotational states which correspond to a left-
handed nearly 3/1 helical (� ¼ 50�,  ¼ 0�) and a
nearly 2/1 helical or the zig-zag (� ¼ 22�,  ¼ �35�)
states36 for the cellulosic chain taking repeatedly each
rotational state (cf. Figure 3 in ref 15). The two states

however give similar pitches h per the glucose resi-
due, being 0.511 and 0.518 nm, respectively, and the
energy barrier between the two states is not so high
(< 2 kcal/mol).
The population of the rotational state of the cellulo-

sic chain may be calculated from Eð�; Þ according to
the Boltzmann law if the internal rotation potential as
a function of � and  is given. Using this population
and the geometry of the glucose residue taking the C1
chair conformation, Goebel et al.15 calculated the
characteristic ratio C1 and its temperature coefficient
d lnC1=dT on the basis of the rotational isomeric
state model.
For the wormlike chain model, C1 is related to the

persistence length q by5,19

q ¼ ðb2=2hÞC1 ð2Þ

Figure 4 shows the temperature dependence of q

transformed from Goebel et al.’s results of C1 for
� ¼ 116� and � ¼ 0:02 nm, using b ¼ 0:547 nm and
h ¼ 0:514 nm, by the dot-dashed line. The theoretical
q values are larger than our and literature experimen-
tal results for CTC in THF and dioxane. The disagree-
ment between the theory and experiment for a cellu-
lose derivative23 in C1 has been already mentioned
by Goebel et al. themselves.15,16

Goebel et al.’s calculation of C1 is based on the
following model; each glucose residue in the cellulo-
sic chain takes two stable rotational states specified
by ð�; Þ ¼ ð50�; 0�Þ (the 3/1 helical state) and (22�,
�35�) (the 2/1 helical state) with almost equal prob-
ability [Eð50�; 0�Þ � Eð22�;�35�Þ from Figure 3 in
ref 15], and the two 3/1 and 2/1 helical states appear
randomly along the chain. If there is some conforma-
tional correlation or cooperativeity among neighbor-
ing glucose residues, q should be written in the
form5,19

1

q
¼

f

q3=1
þ

1� f

q2=1
þ

1� cos ~��V

hli
ð3Þ

where q3=1 and q2=1 are the persistence lengths when
all residues in the chain take the 3/1 and 2/1 helical
states, respectively, f is the probability that each res-
idue takes the 3/1 state, ~��V is the angle between the
chain-contour axes at the conversion point from the
3/1 to 2/1 sequences, and hli is the arithmetic mean
of the average lengths of a 3/1 and 2/1 sequences.
The conformational cooperativity increases hli and
thus q. Therefore, the cooperativity cannot explain
the disagreement between experiment and theory in q.
Goebel et al.15 found that if � is slightly increas-

ed from 116� to 125�, new energy minima appear
in Eð�; Þ in quite different rotational states, i.e.,
at ð�; Þ � ð0�; 180�Þ or (180�, 0�) (cf. Figure 4 in

Figure 5. Cellulosic chain represented in terms of (a) the vir-

tual bond b and (b) three-kind bonds b1, b2, and b3.
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ref 15). When the cellulosic chain takes these new
rotational states, the direction of the virtual bond
abruptly changes along the chain. That is, kinks may
occasionally appear on the cellulosic chain along with
the bond angle fluctuation, as already pointed out by
the original authors and the chain may be viewed as
a broken wormlike chain.21

The effective persistence length for the broken
wormlike chain can be written in the form5,19,21

1

q
¼

1

q0
þ

1� cos ~��K

h expðG�=RTÞ
ð4Þ

where q0 is the persistence length for the chain with-
out the kink, ~��K is the kink angle, G� is the excess free
energy (per mole of the repeating unit) when the chain
takes the kink conformation, and RT is the gas con-
stant multiplied by the absolute temperature. As men-
tioned by Mansfield,21 the intrinsic viscosity for the
normal wormlike and broken wormlike chains are in-
distinguishable if the parameter � � qð1� cos ~��KÞ2=
2h expðG�=RTÞ is sufficiently smaller than unity.
The solid line in Figure 4 indicates the theoretical q

calculated by eq 4 using q0 of Goebel et al. given by
the dot-dashed line along with ~��K ¼ 40� and G� ¼
4:9 kJ/mol, which is favorably compared with the ex-
perimental persistence length in THF. The value of �
is less than 0.08, so that the broken wormlike chain
model is indistinguishable from the wormlike chain
model. The kink angle ~��K ¼ 40� is realized by intro-
ducing in the 3/1 or 2/1 helical sequence a kink con-
formation ð�; Þ � ð170�; 0�Þ,19 which is consistent
with Goebel et al.’s Eð�; Þ at � ¼ 125� (cf. Figure 4
in ref 15). The value of G� indicates that the kink
appears in the cellulosic chain every seven glucose
residues on average at 25 �C.

Torsional Fluctuation in the CTC Chain
Recently, Sato et al.5,19 estimated the degree of the

torsional fluctuation from q data for some synthetic
helical polymers. The torsional fluctuation is a basic
quantity characterizing the local conformation of

polymer chains. Here we estimate the degree of the
torsional fluctuation, or the standard deviations of
the torsional angles � and  , for the cellulosic chain
to compare it with those for other helical polymers.
For this task, the cellulosic chain is regarded to con-

sist of the three kinds of the main-chain bonds b1, b2,
and b3, shown in Figure 5b, instead of the virtual
bond b in Panel a. Thus the structure of the cellulosic
chain is specified by the three bond lengths (b1, b2,
and b3), the three bond angles (�1, �2, and �3), and
the three torsional angles ( ~��1, ~��2, and ~��3).

36 The vir-
tual bond b is given by b1 þ b2 þ b3, while �, �,
and  correspond to �3, ~��3, and ~��1, respectively.

36

From crystallographic date for cellobiose,33 the bond
lengths are given by b1 ¼ 0:145 nm, b2 ¼ 0:287 nm,
and b3 ¼ 0:140 nm, the bond angles by �1 ¼ 142�,
�2 ¼ 152�, and �3 ¼ 116�, and the stable torsional an-
gle by ~��1 (measured relative to the trans state) = 8.6�

~��2 ¼ �5:6�, and ~��3 ¼ 49� in the crystalline state.
Furthermore, the conformational energy calculation15

predicts that the internal rotation potential Eð ~��1; ~��3Þ
takes two minima at ~��1 ¼ 9� and ~��3 ¼ 56� (nearly
left-handed 3/1 helix) and at ~��1 ¼ �26� and ~��3 ¼
29� (nearly 2/1 helix).36

As mentioned above, the (effective) persistence
length q of our cellulosic chain model can be calculat-
ed by eq 4 where q0 is estimated from the right-hand-
ed side of eq 3. Using the above geometrical parame-
ters of the cellulosic chain, we can estimate ~��V to be
5.8�,19 which indicates that the conversion from the
3/1 to 2/1 helical sequences does not essentially
change the helix axis of the cellulose chain, and that
we can neglect the last term of eq 3 in a good approx-
imation. Therefore, we can calculate q by

1

q
�

f

q3=1
þ

1� f

q2=1
þ

1� cos ~��K

h expðG�=RTÞ
ð5Þ

Here, it is noted that the kink angle ~��K should not be
confused with ~��V.
The persistence length q3=1 for the 3/1 helix in eq 5

is calculated by

q3=1h ¼ b21
1

E� T1T2T3

� �
33

�
1

2

� �
þ b22

1

E� T2T3T1

� �
33

�
1

2

� �
þ b23

1

E� T3T1T2

� �
33

�
1

2

� �

þ b1b2
1

E� T1T2T3

T1

� �
33

þ
1

E� T2T3T1

T2T3

� �
33

� �

þ b2b3
1

E� T2T3T1

T2

� �
33

þ
1

E� T3T1T2

T3T1

� �
33

� �

þ b3b1
1

E� T3T1T2

T3

� �
33

þ
1

E� T1T2T3

T1T2

� �
33

� �
ð6Þ

where E is the unit matrix and Ti (i ¼ 1, 2, and 3) are the transformation matrices defined by
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Ti ¼
hcos ~��ii cos �i hsin ~��ii hcos ~��ii sin �i
hsin ~��ii cos �i �hcos ~��ii hsin ~��ii sin �i

sin �i 0 � cos �i

0
B@

1
CA

ði ¼ 1; 2; 3Þ ð7Þ

with h� � �i meaning the thermal average with respect
to ~��i calculated using the Boltzmann factor with
Eð ~��1; ~��3Þ; the subscript 33 attached to the matrices
in eq 6 means the 3,3 element of the matrices. If
Eð ~��1; ~��3Þ is expressed by

Eð ~��1; ~��3Þ ¼
1

2
a3=1½ð ~��1 � ~��1;3=1Þ2 þ ð ~��3 � ~��3;3=1Þ2� ð8Þ

in the vicinity of the stable 3/1 helical state, where
~��1;3=1 and ~��3;3=1 are the torsional angles in the stable
3/1 helical state and a3=1 are the force constant,
hcos ~��ii and hsin ~��ii can be calculated by

hcos ~��ii ¼ cos ~��i;3=1 expð�RT=2a3=1Þ;
hsin ~��ii ¼ sin ~��i;3=1 expð�RT=2a3=1Þ ði ¼ 1; 3Þ ð9Þ

The rigid glucose ring hinders ~��2 from fluctuating. We
can calculate q2=1 in the same way.
Since the two potential wells around the 3/1 and

2/1 helical states are not so much different in the
depth and gradient for Goebel et al.’s Eð�; Þ, we
may approximate a3=1 � a2=1 and f � 1� f � 1=2.
When we choose a3=1 ¼ a2=1 ¼ 9:5 J/(mol�deg2), f ¼
1=2, ~��K ¼ 40�, and G� ¼ 4:9 kJ/mol, eq 5 along with
eqs 6–8 reproduces the solid line shown in Figure 4.
The force constants a3=1 and a2=1 chosen yield 11.4�

for the standard deviations of the torsional angles
for ~��1 and ~��3 at 25 �C. As shown in Table II, this
degree of the torsional fluctuation for the cellulosic
chain is larger than that of a very rigid helical poly-
silylene derivative, poly{[(R)-3,7-dimethyloctyl-(S)-
3-methylpentyl]-silylene} (q ¼ 103 nm), but smaller
than those of a less rigid helical polysilylene de-
rivative, poly{[n-hexyl-(S)-3-methylpentyl]-silylene}
(q ¼ 6:1 nm) and a helical polyacetylene derivative
poly[(4-carboxyphenyl)acetylene] complexed with an
optically active amine (q ¼ 8:6 nm).
As shown in Figures 1 and 2, we observed no

sigmoidal temperature nor molecular weight depend-
encies of [�] for CTC in THF, so that we did not con-
sider the conformational cooperativity among neigh-

boring repeating units in the CTC chain above.
However, this does not necessarily mean that the cel-
lulosic chain taking the 3/1 and 2/1 helical states has
no conformational cooperativity. If q3=1 and q2=1 are
not so much different each other and also ~��V is small
enough, the cooperativity is not reflected on q or [�].
In fact, q3=1=q2=1 ¼ 0:84 and ~��V ¼ 5:8� for the cellu-
losic chain from the above estimates, so that the de-
gree of conformational cooperativity may not be esti-
mated from q or [�].
Hsu et al.18 made a conformational analysis on

CTC in a dioxane/methanol mixture25 using a differ-
ent chain model. In their model, each glucose residue
can take one of two conformational states referred to
as the ‘‘stiff’’ and ‘‘flexible’’ states, and the sequence
of the two states along the chain is governed by the
Zimm-Bragg theory originally proposed for the he-
lix-coil transition of polypeptides. The ‘‘stiff’’ state
was assumed to reside in the existence of cooperative
solvophobic and/or hydrogen bonded interactions
between the neighboring side-chain phenyl carbamate
groups, which restrict the conformational freedom of
� and  .
Hsu et al. chose a nearly 3/1 helical state (� ¼ 70�,

 ¼ 0�) as the most stable conformation for both stiff
and flexible states, and 7.0 J/mol�deg2 (¼ 5:5 kcal/
mol�rad2) and 3.8 J/mol�deg2 (¼ 3:0 kcal/mol�rad2)
as the force constants for the stiff and flexible states
(Ks and Kf in the original paper), respectively, to fit
the molecular weight dependence of the radius of
gyration for CTC in a dioxane/methanol mixture.25

However, their force constant Kf for the flexible
state is too small in comparison with Goebel et al.’s
Eð�; Þ, and cannot be explained by realistic van der
Waals radii of atoms.15 Furthermore, the force con-
stant Ks for the stiff state also gives a shallower poten-
tial well than Goebel et al.’s, although the stiff state
should restrict more severely the conformational free-
dom by the solvophobic and/or hydrogen bonded
interactions which was not considered by Goebel
et al. To dissolve those inconsistencies, their chain
model may need to introduce the kink conformation
reducing the chain stiffness, as we did.
Hsu et al. assumed the cooperative ‘‘stiff’’ and

‘‘flexible’’ two state model from a sigmoidal tempera-
ture dependence of the dielectric relaxation frequency

Table II. Standard deviation of the torsional fluctuation for the cellulosic chain

and some typical helical polymers (at 25 �C)

Polymer hð ~��� ~��0Þ2i1=2

cellulosic chain 11.4�

poly{[(R)-3,7-dimethyloctyl-(S)-3methylpentyl]silylene}19 6.2�

poly{[n-hexyl-(S)-3-methylpentyl]silylene}19 17.4�

poly[(4-carboxyphenyl)acetylene]43 15�

amylosic chain 35.4�

Local Conformation of the Cellulosic Chain in Solution
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in dioxane22 and also an unusual molecular weight de-
pendence of the radius of gyration in dioxane/metha-
nol mixture25 for CTC. As mentioned above, there are
no such peculiar dependencies for CTC in THF that
we do not have to introduce the cooperative two state
model, at least for CTC in THF. It is interesting to
study the different conformational behavior of CTC
in THF and dioxane, but we do not discuss this prob-
lem here.

Comparison between the Cellulosic and Amylosic
Chain Conformations
Goebel et al.34 calculated also the internal potential

Eð ~��1; ~��3Þ for the amylosic chain. The result has a sin-
gle shallow minimum at ð ~��1; ~��3Þ ¼ ð�19�;�44�Þ cor-
responding to a left-handed 5/1 helix, which forms
a contrast to a rather deep double-well type potential
for the cellulosic, in spite of the resemblance in the
chemical structure between the two polysaccharides.
Brant and Dimpfl37 further estimated the characteristic
ratio C1 of amylose to be 5.5 from Eð ~��1; ~��3Þ, and
the result was favorably compared with experimental
data.35 The standard deviation of the torsional fluc-
tuation for ~��1 and ~��3 for amylose can be calculated
from this C1 in a similar way to cellulose. The geo-
metrical parameters of the amylosic chain can be
extracted from crystallographic data for methyl �-D-
maltopyranoside.38 As shown in Table II, the result
is much larger than that of cellulose due to the shal-
lowness of Eð ~��1; ~��3Þ.39 Although the helical nature
of the amylosic chain was pointed out by several
authors,17,35,40,41 the global conformation of amylose
may be regarded as the random coil due to this large
torsional fluctuation.
A long time ago, Bitteger and Keilich42 observed a

strong exciton splitting in circular dichroism (CD) of
phenylcarbamate-substituted amylose and maltose
(the dimer of amylose) near 230 nm but a weak simple
negative Cotton effect on CD of phenylcarbamate-sub-
stituted cellulose and cellobiose at a similar wave-
length. From these observations, they proposed a local-
ly helical conformation for the amylosic chain and a
nearly planar conformation for the cellulosic chain.
Figure 6 shows CD and UV spectra of a CTC frac-

tion with Mw ¼ 2:2� 104 in THF at temperatures
from 40 to �100 �C. Above �20 �C, the CD spectrum
exhibits a simple negative Cotton effect as reported
by Bitteger and Keilich. On the other hand, below
�40 �C the CD spectra of CTC shows a exciton split-
ting similar to that for amylose tris(phenyl carbamate)
(ATC) in dioxane at room temperature.42 The exciton
splitting in CD indicates a helical arrangement of
phenyl carbamate chromophores attaching to the cel-
lulosic and amylosic chains, and the helical arrange-
ment probably arises from a locally helical conforma-

tion of both main chains. It is noted that Bitteger and
Keilich42 observed a simple Cotton effect for phenyl-
carbamate-substituted D-glucose, which indicates that
the exciton splitting in ATC arises from the exciton
interaction between phenyl carbamate groups attach-
ing to neighboring glucose residues.
Since the local helix pitch of the amylosic chain

(¼ 0:37 nm) is shorter than that of the cellulosic chain
(¼ 0:51 nm), phenyl carbamate groups attaching to
neighboring glucose residues are closer in the ATC
chain, and the exciton interaction among the chromo-
phores may be stronger than in the case of CTC. This
may be the reason why the exciton peak of ATC per-
sists up to higher temperature. The energetically fa-
vored helical states of cellulosic and amylosic chains
are both left-handed, which may correspond to the
same plus and minus signs of the CD signal at shorter
and longer wavelengths for both ATC and CTC.
We measured CD spectra for fraction F18 (Mw ¼

5:87� 104) in THF at temperatures from 20 to �60
�C, but observed no molecular weight dependence

Figure 6. CD and UV–vis absorption spectra of a CTC

sample with Mw ¼ 2:2� 104 in THF (c ¼ 4:4� 10�5 g/cm3 at

25 �C) ranging from 40 to �100 �C, where " is the (monomer-unit)

molar extinction coefficient, and �" is the difference in " between

right- and left-handed circularly polarized light.
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of CD. Furthermore, Bitteger and Keilich observed
almost identical CD for ATC and maltose tris(phenyl
carbamate). This indicates that the chiral arrangement
of phenylcarbamate groups does not persist over so
long range for both CTC and ATC.
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