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SYNOPSIS

Ethyl cellulose (EC) films that retain lyotropic and thermotropic cholesteric liquid crystalline
order, and an amorphous EC film were prepared. The liquid crystalline order was identified
by optical measurements. The comparative permeability of oxygen and nitrogen gases for
three kinds of EC film was determined, and the applicability of the EC films that retained
cholesteric liquid crystalline order to oxygen enrichment are discussed. The permeability
of oxygen or nitrogen gas for the liquid crystalline films was lower than that for the amor-
phous ones. The activation energy for the permeability coefficient of oxygen gas was ca.
3.5 kecal/mol. The ratio of permeability coefficient for oxygen gas to that for nitrogen gas
was less than 4. Interestingly, the permselectivity of oxygen and nitrogen gases for the
liquid crystalline films was greater than that for the amorphous ones. © 1996 John Wiley &

Sons, Inc.

INTRODUCTION

Recently, the gas transport phenomena in polymeric
solid films that retain liquid crystalline order (here-
after, liquid crystalline film) or in the liquid crys-
talline state of the polymer were reported.’™*? Almost
all the liquid crystalline polymers investigated had
nematic or smectic characteristics. There are very
few data for gas transport in the cholesteric (twisted
nematic) polymeric liquid crystals at present.!***
Some groups succeeded in preparing the cellulosic
cholesteric liquid crystalline solid films.'®*2° We also
prepared the liquid crystalline hydroxypropyl cel-
lulose (HPC)?'-?* and ethyl cellulose (EC)?? films.
One of our final objectives is to make clear the ap-
plicability of the cholesteric liquid crystalline films
to gas or liquid separation. In this article we consider
the EC liquid crystalline films for the following rea-

* To whom correspondence should be addressed.
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sons: EC has been the subject of research for oxygen
enrichment since the 1950s,2-% EC forms both ly-
otropic and thermotropic liquid crystals at given
conditions,® and EC is generally amorphous and the
effect of the crystalline phase on the gas transport
can be ignored. Therefore, EC film is a good model
for comparison with the gas transport phenomena
in liquid crystalline and amorphous films.

When gas transport phenomena are investi-
gated, fundamentally we need to find out the mor-
phological data of the films used and to consider
the relation between the transport phenomena and
morphology of the films. Accordingly, in the first
part of this article the identification of the liquid
crystalline order in the films prepared is described
as in our previous article.?* In the following part
the permeability of oxygen or nitrogen gas in the
films is determined, and the applicability of the
EC cholesteric liquid crystalline films to oxygen
enrichment is discussed. We prepared an amor-
phous EC film that serves as a basis for comparison
of the gas permeability.

1621



1622 SUTO, NIIMI, AND SUGIURA

This paper is a sequel to our previous articles on
the cellulosic liquid crystalline films.?*?

EXPERIMENTAL

Samples

EC (Tokyo Kasei Kogyo Co. Ltd.) was used as re-
ceived. The weight-average and number-average
molecular weights (M, and M,) and degree of sub-
stitution (DS) of EC are 12.3 X 10%, 3.78 X 10% and
2.67, respectively.’! Before use, EC powder was dried
in vacuo at 40°C for ca. 24 h. Commercial reagent
grade m-cresol and benzene (Wako Pure Chemical
Ltd.) were used without further purification.

Preparation of Concentrated Solutions

Given amounts of the EC powder and m-cresol were
mixed in a glass-stoppered flask. The flask was
stored in the dark for ca. 3 months. The concentra-
tion of solution was 40 wt %. The critical concen-
tration from the biphase to single-phase liquid crys-
tal (Cb) at 20°C was ca. 30 wt % for our EC/m-
cresol system.?! Thus, our EC solution in m-cresol
was a single-phase liquid crystal. EC solution in
benzene (10 wt % concentration) was also prepared
but the system never formed liquid crystals.®

Preparation of Solid Films

EC liquid crystalline films were prepared by two dif-
ferent processes: solvent cast and hot pressing. The
former was intended to provide the films retaining
lyotropic liquid crystalline order, while the latter was
for the films retaining thermotropic liquid crystalline
order. Amorphous films cast from the benzene sys-
tem were also prepared and acted as an arbitrary
basis for comparison.

Table I Conditions for Preparing Ethyl
Cellulose Films

Initial Hot-Press
Conen Temp. Film
Solvent (wt %) °C) Code
Benzene 10 - EC-1
m-cresol 40 — EC-1I
180° EC-III

2 Pressure of 50 kg/cm? for 30 min.
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Figure 1 IR spectra for our EC films heat treated at

(—) 40°C or (---) 60°C in vacuo; (a) EC-I, cast from ben-
zene solution; (b) EC-II, cast from liquid crystalline m-
cresol solution; and (c¢) EC-III, hot-pressed at 180°C.

Solvent-Cast Process

A sample solution of ca. 4 g was spreaded slowly
with a glass rod (shear rate ca. 54 s™') on a glass
plate framed with 300-um adhesive tapes parallel to
each other on both sides of the plate. The plate was
kept over mercury and the solvent was allowed to
evaporate for 2-3 weeks in a laboratory atmosphere
(ca. 20°C, 65% relative humidity). The resultant film
was peeled from the plate, dried in vacuo at 40°C



for 3 or 4 days, and then stored in a desiccator over
silica gel at room temperature. The thickness of the
films was 50-80 um.

Hot-Pressing Process

Approximately 4 g of the EC powder was placed be-
tween two aluminum foils positioned on the platen
of a simple hydraulic press. As a spacer, aluminum
plates (ca. 50-um thickness) were placed on four edges
of the platen. At 180°C the EC powder was preheated
for 2 min, then pressed at 10 kg/cm? for ca. 5 min,
followed by 50 kg/cm? for 30 min. The EC compressed
between the aluminum foils was cooled at room tem-
perature. The resultant film was peeled from the alu-
minum foils and stored in the desiccator. The thick-
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ness of the films was 60-100 um.

The conditions and abbreviations of the resultant
films are shown in Table I. Hereafter, each film is
denoted by the letter I, II, or III (indicating prepa-
ration process).

Heat Treatment of Cast Films

The films cast from m-cresol and benzene systems
(EC-II and EC-I) were dried at 40°C in vacuo. How-
ever, the solvent remained in the cast films. Ther-
mogravimetry (SSC-5200, Seiko, Co. Litd.) revealed
that the residual solvent in each film was 1.5, 3.4,
and 0% for the EC-1, EC-II, and EC-III films, re-
spectively. The presence of residual solvent in the
cast films was confirmed by infrared spectroscopy
(IR-435, Shimadzu Seisakusho Co. Ltd.) at 20°C as

vacuum senser
vacuum gauge

temp.

Figure 3 Temperature dependence of dynamic me-
chanical properties of ethyl cellulose films at 110 Hz; (O)
EC-1, (A) EC-11, and ((J) EC-III.

shown in Figure 1. The solid line is for the film
heated at 40°C and the dotted line is for the film
heated at 66°C. Compared with the spectra for the
EC-III films, which have no residual solvent, both
types of cast film without heat treatment at 60°C
exhibited other peaks around 1600 and 720 c¢cm™!,
which corresponded to the benzene ring. Therefore,
for further removal of the solvent, the cast films
were heat treated at 60°C in vacuo for 3 days. After
heating at 60°C, those peaks of the IR spectrum
became weak. The cast films heated at 40°C inevi-
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Figure 2 Schematic diagram of our gas permeation apparatus.
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Figure 4 Polarized photomicrographs of the texture for
our EC films; (a) EC-1, (b) EC-II, and (c) EC-IIL

tably retain the solvent and the further heating at
60°C reduces the amount of residual solvent.

Polarized Microscopical Observation of Films

An Olympus polarized microscope equipped camera
was used to observe and photograph the texture of
the films under a crossed polarizer with 150X mag-
nification.

Circular Dichroism (CD) of Films

CD spectra of the solid film between glass plates
were determined with a Jasco J-40S (Japan Spec-

troscopic Co. Ltd.) at room temperature in the
wavelength range of 200-700 nm.

Scanning Electron Microscopy of Films

The free surface and fractured planes of the films
were observed with a scanning electron microscope
(S-415, Hitachi Seisakusho, Ltd.). Films were freeze
fractured by bending in liquid nitrogen.

Gas Permeability of Films

Gas permeability coefficients were determined by
using equipment designed and constructed in our
laboratory. The schematic diagram of our gas per-
meation apparatus is shown in Figure 2. Sample film
circularly cut (4-cm diameter) was set in the per-
meation cell. The cell was thermostated to 20 + 1°C,
unless otherwise noted. The downstream side was
vacuumed (ca. 1.35 X 107° kg/cm?). At given pres-
sures at the upstream side (p,) we determined the
pressure at the downstream side (p) as a function
of time by means of a vacuum sensor (ULVAC Co.
Ltd., WP-02). The time dependence of the pressure
suggested that it takes ca. 600 min untill steady state
is reached. Consequently, all measurements of the
permeation were performed for ca. 2000 min. The
gas leak rate in this apparatus was less than 1% in
comparison with the gas permeation rate, thus we
ignored the gas leak.

The permeability coefficient P is estimated by
using eq. (1),

P = V-(Ap/At)s-273/(273 + T)
X1/16-1/A-1/p;, (1)

where V is volume of the downside tank (4299 cm?),
(Ap/At)s is the slope of the steady state, T is tem-
perature, [ is film thickness (50-80 um), and A is
the area of the film (4 cm?).

The gas permeability greatly depends on the ex-
perimental temperature that is above or below the
glass transition temperature, T, of the films.*® Thus,
here we determined the 7T, of our films. Figure 3
shows the dynamic mechanical properties of each
film, determined with a Rheovibron DDV-II-C
(Toyo Baldwin Co. Ltd.). Around 130°C the storage
modulus (G) greatly decreased and tan é increased.
This behavior was almost the same as that reported
in the literature.**® This indicated that the T, of
our films was ca. 130°C and was almost independent
of the preparation process. Our permeation exper-
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Figure 5 CD spectra for our EC films. The abbreviation of each film is indicated in the

figure.

iments were carried out at 20~40°C, meaning that
our measurements were carried out at a temperature
below the T, of the EC films. Thus, the permeability
coefficient should be estimated on the basis of a par-
tial immobilization model.?® In our preliminary
study, however, we did not adopt the model.

RESULTS AND DISCUSSION

ldentification of Liquid Crystalline Order in Films

Figure 4 shows the polarized photomicrographs of
the texture for the EC films. The EC-I film exhibited
no texture. On the other hand, the EC-II and EC-
IIT films exhibited mosaiclike textures; the texture
for the EC-III film was not as clear as that for the
EC-II film. The mosaiclike texture was similar to
the texture of cellulosic liquid crystalline solu-
tions.16:37-41

Figure 5 shows the CD spectra for the EC films.
The EC-II and EC-III films exhibited a positive peak
at each wavelength, whereas the EC-I film did not
peak. This clearly indicated that the m-cresol cast
film and the hot-pressed film retained the left-
handed cholesteric liquid crystalline order and the
benzene cast film did not. Generally, the wavelength
of the peak of the CD spectrum is related to the
cholesteric pitch: the wavelength of the peak is di-
rectly proportional to the pitch.*? Consequently,
comparison between CD spectra for the EC-II and
EC-III films revealed that the cholesteric pitch for
the EC-II film was longer than that for the EC-III
film. Figure 6 shows the scanning electron photo-
micrographs of fractured and free-surface planes for
each film. The texture of fractured plane depended

on the preparation process: the EC-I film showed a
relatively smooth texture, whereas the EC-II and
EC-III films showed fluffy textures typically ob-
served for liquid crystals. In the free-surface plane,
the EC-I film showed a wrinkle texture, and the EC-
II and EC-III films showed a relatively smooth tex-
ture.

Our findings noted above clearly indicated that
the benzene cast film was amorphous as expected,
and the other films (m-cresol cast and hot-pressed
films) retained the left-handed cholesteric liquid
crystalline order. This was the same as that reported
in our previous work.?* Our films seemed to be ho-
mogeneously dense. The findings are summarized
in Table II.

Cellulosic liquid crystals form polydomain tex-
tures.*® The domain size in our films was not deter-
mined, but the size during creep deformation, that
1s, the Eyring’s activated volume V, for our films
was determined.?** The value of V appears to be a
quick guide to estimating qualitatively the average
size of a domain. Therefore, the value of V for each
film is also shown in Table II.

Gas Permeability in EC Films

As noted in the Experimental section, our cast films
contained the residual solvent, more or less. The
permeability coefficient P of the oxygen gas for the
cast film (EC-II) heat treated at 40 or 60°C, deter-
mined at 35°C, is shown in Figure 7. This indicates
that further heat treatment tends to increase P.
Compared with P for the heat-treated and hot-
pressed films, P for the heat-treated film was lower
than that for the hot-pressed one. The difference in
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Figure 6 Scanning electron photomicrographs of (a) free-surface and (b) fractured planes
for our EC films (original magnification X500); (a) EC-I, (b) EC-II, and (c) EC-III.

P of the EC-II and EC-III films could be regarded
as significant. This suggested that the residual sol-
vent prevents gas diffusion. The CD spectra for the
heat-treated films were almost the same as those

shown in Figure 5: the cholesteric pitch was inde-
pendent of heat treatment in our conditions. We
suppose that the residual solvent has a minor effect
on the gas permeability in our films and the choles-
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Table II Morphological Characteristics of Ethyl Cellulose Films

Film Code Cholesteric Pitch Domain Size Ve (nm?)
EC-1 Amorphous — - 1.265
EC-I1 Lyotropic liquid crystal Long Big 1.226
EC-III Thermotropic liquid crystal Short Small —

® Eyring activated volume at 23°C.

teric liquid crystalline order has a major effect. Con-
sequently, we show the data for the films without
heat treatment at 60°C later.

Pressure Dependence

Figure 8 shows the dependence of the nitrogen or
oxygen gas permeability coefficient on the upstream
side pressure p; for the amorphous EC-I film. The
order of P for nitrogen gas was ca. 5 X 107!° and
that for oxygen gas was ca. 13 X 107!, This order
was the same as that reported by Hsieh® for the
amorphous EC films. With increasing pressure, P
decreased, regardless of gas species. P for the EC-
IT and EC-III films behaved similarly to that for the
EC-I film. This was the general behavior for poly-
meric films below T,

A
;m
£ A
§ ¥ 1 8 — \
o3
T -
~ A
\
A—
‘o
x
a
16
| | i L l
0.0 oA 0.2 0.3 0.4 0.5
P, (kgfcm?)

Figure 7 Upper pressure dependence of oxygen gas
permeability coefficient at 35°C for EC-II films heat
treated at (A) 40°C or (A) 60°C in vacuo.

Effect of Liquid Crystalline Order

Figure 9 shows the nitrogen gas permeability coef-
ficient for three types of film prepared by different
processes. P for the EC-I film (amorphous) was
greater than that for the EC-II film (lyotropic liquid
crystalline) or for the EC-III film (thermotorpic lig-
uid crystalline). The behavior of P may be explained
on the basis of molecular packing: the higher the
packing of molecules, the lower the permeability. As
shown in Table II, the cholesteric pitch for the EC-
III film was shorter than that for the EC-II film.
This means that the molecular packing for the EC-
III film is more dense than that for the EC-II film.
Needless to say, the molecular packing for the liquid
crystalline state is greater than that for the amor-
phous state. This was estimated from the values of
V shown in Table II.
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Figure 8 Upper pressure dependence of (O) nitrogen
or (®) oxygen gas permeability coeflicient for EC-I film.
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Figure9 Comparisonofnitrogen gas permeability coef-
ficient for (O) EC-1 (A) EC-I1, and () EC-IIL.

The trend for oxygen gas was the same as that
for nitrogen gas, as shown in Figure 10. The principal
finding deduced from Figures 9 and 10 was the per-
meability for the liquid crystalline films was smaller
than that for the amorphous ones. [t was noteworthy
that the difference in values of P between the amor-
phous and liquid crystalline films, especially between
the EC-I and EC-II films, was not as large as ex-
pected. This is partially because the liquid crystalline
order in our films seemed to be relatively low; the
order parameter for our films was less than 0.6.*
Strictly speaking, we cannot neglect the possibility
that the residual solvent plays some role in the gas
transport phenomena in our cast films.

For the polymeric liquid crystalline films, it is
still unclear whether gases can permeate through a
liquid crystalline phase. Weinkauf and Paul®* re-
cently proposed a model that gases transport in the
boundary of liquid crystalline domains for thermo-
tropic nematic liquid crystals. However, Vittoria et
al.% explained the transport phenomena for the side-
chain polymeric liquid crystals in terms of a biphasic
model that consisted of less-ordered and well-or-
dered liquid crystalline phases: gases transport
through the less-ordered phase. As noted above, we
suggested that the gases permeate through a liquid

crystalline phase that is not so well-ordered. For
cellulosic liquid crystals, molecules are are wormlike
not rodlike.*® Thus, the molecular order of cellulosic
liquid crystals is intrinsically less than that of other
main-chain liquid crystals. Consequently, it seemed
difficult to exclude the following possibility that
gases permeate through the cellulosic liquid crys-
talline phase.

Effect of Temperature on Oxygen Permeability
in EC-HI Film

P determined at 20, 35, and 45°C increased with
temperature. The Arrhenius plots of P were almost
linear, as shown in Figure 11, and the activation
energy was obtained. The values at given pressures
are shown in Table III, where the values are ca. 3.5—
3.8 kcal/mol and are a little smaller than that re-
ported for the nematic liquid crystalline film.!

Permselectivity of Nitrogen and Oxygen Gases

As shown in Figures 8 and 9, P for oxygen gas was
greater that that for nitrogen gas, regardless of types
of film. This is mainly due to the difference in the
size of the gases: the size of oxygen is 3.46 A and
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Figure 10 Comparison of oxygen gas permeability coef-
ficient for (@) EC-1, (A) EC-II, and () EC-IIL
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Figure 11 Arrhenius plot of oxygen gas permeability
coefficient for EC-II film at given upper pressures (kg/
cm?): (A) 0.1, (A) 0.2, and (A) 0.4.

that of nitrogen is 3.64 A.*® Here we defined the
permselectivity of our EC film to a pair of oxygen
and nitrogen gases as the ratio of P for oxygen gas
to that for nitrogen gas, a = P,,/P,;. The values of
« for each film are shown in Table IV. The values
were less than 3.54 and were greater than that for
the copolypeptides.’® From an engineering view-
point, this did not mean the marked applicability of
the EC liquid crystalline films to oxygen enrichment.
However, it was noteworthy that the values of « for
the liquid crystalline films were greater than that
for the amorphous ones. This indicated that the
cholesteric liquid crystalline film exhibited a better
permselectivity than the amorphous ones for a given
liquid crystal-forming polymer. Consequently, the
cholesteric liquid crystalline texture can possibly
improve gas-separation properties.

Table III Activation Energy (E) of Oxygen Gas
Permeability at Each Upper Pressure
for EC-II Film

Pressure
(kg/cm?) 0.1 0.2 0.4
E (kcal/mol) 3.82 3.76 3.43

Table IV Upper Pressure Dependence
of Permselectivity Ratio «a for Films

Pressure (kg/cm?)

Film

Code 0.1 0.2 0.3 0.4
EC-1 2.58 2.36 2.56 2.52
EC-II 3.18 3.27 3.27 3.54
EC-111 3.07 3.54 3.28 3.17

We need to prepare the more ordered cholesteric
liquid crystalline films and obtain the data on the
domain size and the domain boundary to thoroughly
understand the transport phenomena in the cellu-
losic liquid crystalline films.

CONCLUSIONS

Three types of the EC solid film were prepared: the
first film cast from benzene solution was amorphous;
the second one cast from liquid crystalline solution
in m-cresol and the third one hot pressed at 180°C
retained the left-handed cholesteric liquid crystalline
order. The permeability of oxygen or nitrogen gas
for the liquid crystalline films was lower that that
for the amorphous ones. Effect of temperature on
the permeability of oxygen gas for the liquid crys-
talline film was general and the values of activation
energy were smaller than those for other polymeric
liquid crystals. The permeability of oxygen gas was
greater than that of nitrogen gas for each film. The
permselectivity of oxygen and nitrogen was not
marked: the ratio of P for oxygen to that for nitrogen
« was less than 4. Interestingly, the values of « for
the liquid crystalline films were greater than that
for the amorphous ones. This suggested that the
cholesteric liquid crystalline texture improves the
gas separation properties.

The authors gratefully thank Dr. M. Karasawa, Dr. N.
Pusch, Mrs. H. Nagasawa, and M. Satoh for help in the
design and construction of our gas permeation apparatus.
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