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ABSTRACT: Specific interactions between cellulose and hydrophobic solvents were studied using highly planar

oriented cellophane and X-Ray diffraction analysis. The planar orientation index ( fkð1�110Þ) was found to decrease con-

siderably by hydrophobic solvent treatment. Toluene, a hydrophobic solvent, caused decrease at specific concentration

in fkð1�110Þ at toluene content of ca. 20–40wt% to cellulose with keeping its crystallinity and the degree of intermolecular

hydrogen bonding. The molecular sheet-like assembly (corresponding to �sh relaxation), proposed previously by

Yamane et al. [Polym. J., 28, 1039 (1996)] may be a plausible explanation of the result. Analysis of X-Ray diffraction

intensity of cellulose/solvent systems might give some information on the extent of interaction between cellulose and

solvent in question. However, whether such change in specific solvent concentration with orientation index is related to

the long-periodicity change, as observed for water, should be studied. [DOI 10.1295/polymj.36.478]
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Water causes a sudden long-periodicity change of
regenerated cellulose fiber at ca. 30wt%.1 Such con-
centration-specific structural change for natural cellu-
lose was also observed indirectly by T1 measurement
of water in cellulose.2 Ago et al. also showed that
amorphous cellulose is reorganized to cellulose II
crystals by ball-milling preferentially when water con-
tent is ca. 30%.3 Hydrophobic solvents such as hex-
ane, toluene and dichloromethane are captured in cel-
lulose domain even after some severe vacuum
drying.4 Such nonpolar solvents have been frequently
utilized as heterogeneous reaction media for convert-
ing cellulose to its derivatives. Marchenko et al.5 stud-
ied structural changes in cellulose (wood pulp, cotton)
caused by dichloromethane (DCM) by using X-Ray
diffraction, IR, and SEM analyses, and noted intra-
fibrillar swelling, no practical change in X-Ray crys-
tallinity, some changes in CH2 vibration (IR; 1380
cm�1) absorption, a loosening of cellulose structure
by penetration of DCM into nonordered region and
formation of rigid cellulose structure after removal
of DCM. Such studies are quite important, although
not much research seems to have been done. Recently,
we have reported the mechanical molecular alloy
preparation of cellulose/thermoplastics in the pres-
ence of such a nonpolar solvent.6,7 The method is
based on the facts that 1) such solvents lowers the
temperature (a kind of Tg) considerably, representing
�sh relaxation mode (inner phase relaxation of cellu-

lose main chains on molecular sheet-like assembly8,9

on tan �–T curves, from ca. 170 �C to less than room
temperature9 and 2) such solvents might induce con-
centration-specific mobilization of cellulose chains.
Therefore, more detailed studies on the interaction
of cellulose with nonpolar solvents are immediately
required. Recently, a concentration-specific interac-
tion between cellulose with hydrophobic solvent (tol-
uene) was noted by Ago et al.,10 by measuring the
spin–lattice relaxation T1 of specific proton NMR
peak of cellulose. Concentration-specific interaction
took place between toluene content of ca. 20–30
wt% for cellulose, and dioctyl phthalate (DOP) spe-
cifically changed the mobility of cellulose at 20–
40wt% for cellulose.11 These studies concentrate on-
ly on natural fibrous or powdery samples, and whether
such hydrophobic interaction takes place for regener-
ated cellulose is of our interest.

EXPELIMENTAL

Samples
A commercial semipermeable cellophane (thick-

ness; 0.0508mm, average pore size; 50 �A, �-cellulose
content; 99%, manufactured by Viskase Companies,
Inc.). The cellophane was first dipped in ion-
exchanged water, and then dried under vacuum at
60 �C for 6 h. A given amount of toluene (0–60wt%
for cellulose) was sprayed on the dried cellophane
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and the each treated cellophane was stocked in a
sealed vessel at 25 �C for 2 h and 5 d and then subject-
ed to X-Ray diffraction measurement. For irradiation
of X-Ray to the parallel direction of cellophane sur-
face, several pretreated cellophones are piled and
roughly pressed. In the case of cyclohexane, hexane,
carbon tetrachloride, acetone, ethyl acetate and bis-
2-ethyl-hexyl phthalate (DOP), similar sample prepa-
ration (2 h treatment) was made for the cellophanes
with 40wt% of each solvent. All Solvents used were
guaranteed grade.

Measurement
X-Ray diffraction patterns of samples were meas-

ured by reflection method and recorded on a X-Ray
diffractometer with scintillation counter (Rigaku-
RU200B; Cu-K�). X-Ray was irradiated at �� (2 � ¼
5{35�) to the membrane surface (parallel incidence)
and its cross section (perpendicular incidence). Meas-
urement was made at 1�/min with inner reference
(SiO2; 2 � ¼ 28:45�). To calculate the orientation of
crystal planes ð1�110Þ, diffraction intensity of parallel
incidence (Ið1�110Þ) at 2 � ¼ ca. 12�, (Ið110Þ) at 2 � ¼ ca.
20� and (Ið020Þ) at 2 � ¼ ca. 22� was measured. X-
Ray diffraction pattern of random oriented sample
was recorded by the powder method. Diffraction in-
tensity of the random oriented sample (i) of each crys-
tal plane was measured. It is well known that the ð1�110Þ
crystal plane is orientated parallel to the film surface
in case of cellophane. Orientation index, fkð1�110Þ for
ð1�110Þ plane, was evaluated using the simple method
reported by Takahashi12 as follows. Orientation index
shows relative degree of planar orientation and takes 0
(random) as 1 (parallel to surface).

fkð1�110Þ ¼ fIð1�110Þ � ðIð110Þþð020Þ

� ið1�110Þ=ið110Þþð020ÞÞg=Ið1�110Þ
Apparent crystal size (ACS) was estimated through
use of Scherrer’s equation.13

ACS ¼ 0:9�= cos � � �

with

� ¼ ðB2 � b2Þ1=2

where � is the wavelength of the incident X-Ray
(1.5418 �A), � is the diffraction angle corresponding
to the ð1�110Þ plane, b is the instrumental constant
(0.2) and B is the half-value width, in radians, of the
peak angle of the ð1�110Þ plane.
Here, the unit cell parameters of cellulose II, a ¼

8:10 �A, b ¼ 9:03 �A, c ¼ 10:31 �A, and � ¼ 117:10�

were used.14

RESULTS AND DISCUSSION

Figure 1 shows X-Ray diffraction patterns of origi-
nal dried cellophane. X-Ray diffraction obtained by
perpendicular incidence to the cellophane surface
shows 1) strong (110) plane peak at 2 � ¼ ca. 20�,
2) second conspicuous peak ((020) plane) at 2 � ¼
ca. 22�, and 3) practically no ð1�110Þ plane peak at
2 � ¼ ca. 12�. In contrast, X-Ray diffraction pattern
obtained by parallel incidence to the cellophane sur-
face showed a strong ð1�110Þ plane peak at 2 � ¼
ca. 12�. Theoretical diffraction strength for ð1�110Þ
crystal plane is ca. 1/3 of those for (110) and (020).
The ð1�110Þ crystal plane is thus orientated parallel to
the film surface. Density of hydroxyl group on the sur-
face of ð1�110Þ plane is quite high.15 Such cellulose
membrane generally shows very low contact angle
of water droplet, high wettability with high anisotrop-
ic swelling, leading to macroscopic structural defor-
mation on mechanical impact, such as easy fibrillation
in wet state and lowering of crystallinity in dry state.
Table I summarizes diffraction peak positions for

three planes, relative intensity of (110) and (020)
plane compared to ð1�110Þ peak intensity for toluene-
treated (2 h) sample, and planar orientation index
fkð1�110Þ for 2 h- and 5 d-treated samples. Note that
ACS of the ð1�110Þ plane for all data points is equivalent
in value.
Figure 2 shows typical X-Ray diffraction patterns

obtained by parallel incidence to the cellophane sur-
face of the toluene-treated (2 h) cellophanes. Table I
shows that the ð1�110Þ plane peak at 2 � ¼ ca. 12� de-
creased by toluene intrusion compared to other planes.
Inspection of the correlation between RI for (110) and
RI for (020) showed that relative intensity was main-
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Figure 1. X-Ray diffraction patterns of dried original cello-

phane: a, obtained by parallel incidence to the cellophane surface;

b, perpendicular incidence to the cellophane surface.
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tained almost constant, indicating no loss in crystallin-
ity. This is supported by the fact that crystallinity of
the powdered natural cellulose does not change signif-
icantly even by ball-milling with toluene, as pointed
out previously.8,10 Thus, the lowering of ð1�110Þ intensi-
ty should be correlated with lowering crystal planar
orientation. However, the lowering of fkð1�110Þ also
should be correlated with increasing of (110) and
(020) plane intensity, from a crystalline view point.
Such lowering of specific plane may be explained

by relaxation of the ð1�110Þ plane. Since the ð1�110Þ plane
is formed by hydrophobic interaction,9 toluene may
strongly affect the crystal plane, and relaxing the hy-
drophobic interaction of the plane, and finally, causing
some distribution in ð1�110Þ spacing which should have
4.4 �A or 4.1 �A periodicity. This explanation is support-
ed by the fact that molecular sheet-like assembly is al-
so relaxed by toluene treatment.9 The sheet-like as-
sembly is assumed to be one of the amorphous
components16 (corresponding to �sh relaxation) and
derive from ð1�110Þ crystal plane.9 As the result, inten-
sities of (110) and (020) planes with spacings of 4.4 �A

and 4.1 �A respectively might be reduced irrespective
of the orientation index fkð1�110Þ and crystallinity. The

lowering of (110) intensity was more remarkable than
(020). This may be related to the surface energy of
each crystal plane. (110) plane may easily be affected
in toluene, since the surface energy of the plane is
lower than (020) plane.17

Figure 3 shows plots of fkð1�110Þ vs. toluene content
for the treated cellophane ( ; 2 h treatment, ; 5 d
treatment). Clearly, ca. 40% toluene is specific for
the 2 h-treated sample and ca. 20wt% toluene is spe-
cific for 5 d-treated sample. At specific points, fkð1�110Þ
becomes minimum. The reason for the shift of specific
concentration to lower concentration by prolonged of
treatment time may correlate with penetration time of
effective enough toluene to cause such decrease in
plane orientation. fkð1�110Þ of 2 h-treated sample was
much smaller than 5 d-treated sample at 40% toluene.
Toluene lowers glass transition temperature to less
than room temperature18 and activates molecular mo-
tion in the amorphous region. Some structural forma-
tion may be generated under these conditions. Such
observation might not be possible for powdered cellu-
lose samples. It is not clear at present whether similar
long-periodicity change occurs as observed for water
(specific concentration; ca. 30wt%).
Although exact diffraction angles could not be de-

termined, those for ð1�110Þ and (110) planes seem to
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Figure 2. X-Ray diffraction patterns obtained by parallel inci-

dence to the cellophane surface of the toluene-treated (2 h) cello-

phanes: a, dried original cellophane; b, toluene content was

20wt%; c, 40wt%; d, 60wt%.
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Figure 3. Effects of toluene content on the orientation index

fkð1�110Þ: , 2 h-toluene treatment; , 5 d-toluene treatment.

Table I. X-Ray parameters for cellophane treated with toluene

Toluene ð1�110Þ (110) (020) fkð1�110Þ fkð1�110Þ
content 2 � (deg) ACS ( �A) RIa 2 � (deg) RIa 2 � (deg) RIa after 2 h after 5 d

0 12.32 36.5 100 20.48 20.5 21.74 17.8 0.956 0.956

10 12.06 34.9 100 20.71 26.7 22.00 30.0 0.934 0.926

20 12.06 34.9 100 20.59 37.5 21.75 38.6 0.911 0.907

40 12.17 34.9 100 20.50 57.9 21.87 59.6 0.866 0.931

60 12.27 34.9 100 20.44 31.7 21.79 31.7 0.931 0.926

aRI is relative intensity compared to ð1�110Þ intensity.
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shift reversely as a function of toluene content (TC),
as shown in Figure 4a and b. That is to say, the angle
for the ð1�110Þ plane slightly shifts to a lower one, ap-
proaching minimum at toluene content = 10–20
wt%, then shifts to a higher one, and also the angle
for (110) slightly shifts to large one, approaching
maximum at toluene content = ca. 20wt%, and final-
ly shifts to higher angle. Thus, ð1�110Þ and (110) planes
are slightly widen and narrowed, respectively, at spe-
cific concentration of toluene. However, fkð1�110Þ seems
not to be correlated with refraction angles represent-
ing ð1�110Þ and (110) planes. ACS proved it does not
change at all. Crystallinity and the degree of intermo-
lecular hydrogen bonds may thus be slightly changed
during toluene treatment. Deviations of unit cell pa-
rameters, a, b, and � from original cellulose sample
remained within 1.5% or less after toluene treatment.
Figure 5 shows X-Ray diffraction patterns for cello-

phane treated with several hydrophobic solvents. Al-
though the solvent concentration giving specific struc-
tural change of cellulose, if any, might be different
from solvent to solvent, the diffraction patterns are
given at constant concentration here (40wt% to cello-
phane). However, as seen in the figure, diffraction in-
tensities are all different depending on the kind of sol-
vent used. This means that solvent is vaporized

sometime during X-Ray diffraction measurement.
The lowering of intensity is obviously due to the de-
crease in cellulose weight fraction. Therefore, analysis
on the diffraction intensities might give information
on the degree of interaction between cellulose and sol-
vent. The order of intensity was cyclohexane > ethyl-
acetate > toluene > carbon tetrachloride > DOP >
acetone. Acetone, which might have both hydropho-
bic and hydrophilic nature, interacts with cellulose
most strongly, being resistant to vaporization from
cellulose. Table II summerizes X-Ray parameters for
cellophane treated with various solvents and physical
parameters. All solvents had some potential to de-
crease fkð1�110Þ of cellophane, with slight lowering in dif-
fraction angle for ð1�110Þ plane. DOP and toluene
strongly decreased the planar orientation index. Ace-
tone, cyclohexan and carbon tetra-chloride has some-
what lesser potentials. However, their correlations
with physical properties of solvents are not seen. Sol-
vents having aromatic rings seem to give strong po-
tentials for interacting to cellulose. Inspection of the
ratio between RI for (110) and (020) gives a one-to-
one correlation, denoting that no specific influence
on the planes takes place. Here, again the ð1�110Þ plane
seems to be widen by any of the solvents.
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Figure 5. X-Ray diffraction patterns for cellophane treated

with various hydrophobic solvents: a, cyclohexane; b, ethylace-

tate; c, toluene; d, carbon tetrachloride; e, DOP; f, aceton.

Table II. X-Ray parameters for cellophane treated with various solvents and physical parameters

Solvent parameters ð1�110Þ (110) (020) fkð1�110Þ
Solvent

Mw
a "b �c �d 2� (deg) ACS ( �A) RI 2� (deg) RI 2� (deg) RI after 2 h

Cyclohexane 78 2.05 0.898 0.779 12.10 34.9 100 20.33 26.5 21.74 27.1 0.938

EtAc 74 6.68 0.385 0.934 11.97 34.9 100 20.41 41.5 21.44 42.5 0.903

Toluene 91 2.24 0.587 0.867 12.17 34.9 100 20.50 57.9 21.87 59.6 0.866

CCl4 154 2.24 0.965 1.595 11.75 34.9 100 20.08 18.4 21.51 20.4 0.955

DOP 391 5.3 81.0 1.482 11.86 34.9 100 20.24 68.0 21.38 76.0 0.833

Acetone 58 20.7 0.316 0.785 11.97 34.9 100 20.18 23.3 21.44 23.3 0.946

aMw, molecular weight; b", dielectric constant at 25 �C; c�, viscosity (poise); d�, density (g/cm3).
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Figure 4. Effects of toluene content on diffraction angles of

ð1�110Þ and (110) planes: a, ð1�110Þ plane; b, (110) plane.
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CONCLUSIONS

Analysis on X-Ray diffraction intensity of cellu-
lose/solvent systems provided information on the de-
gree of interaction between cellulose and solvent. Hy-
drophobic solvents are able to decrease ð1�110Þ planar
orientation index ( fkð1�110Þ) for highly plane-orientated
cellophane. Toluene, a hydrophobic solvent, caused
concentration-specific decrease in fkð1�110Þ at toluene
content of ca. 20–40wt% to cellulose with keeping
its crystallinity and the degree of intermolecular hy-
drogen bonding. The molecular sheet-like assembly
(corresponding to �sh relaxation), proposed previously
by Yamane et al.9 may explain the present results.
However, it is not yet clear whether such solvent con-
centration-specific change in orientation index is relat-
ed to long-periodicity change, as observed for water.
For this purpose, more detailed studies, such as
small-angle X-Ray analysis and NMR relaxation anal-
ysis, should be made.
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