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Synopsis

Hot-stage polarized light microscopy suggests that bulk hydroxypropyicellulose (Hercules Klucel
E) is a cholesteric liquid crystal. Rheological measurements indicate this system exhibits shear
viscosities similar to those of polyolefin melts except that it has a yield value comparable to sus-
pensions. Birefringent characteristics were observed in shear flow between glass slides. No re-
laxation of birefringence is observed following flow. Extruded filaments (without applied take-up
tensions) show high levels of birefringence and significant orientations from WAXS measurements.
These have skin-core structures with highly oriented outer layers which are caused by the flow
patterns in the reservoir and die preceding the extrudate. In the case of melt-spun filaments, where
tensile elongation occurs, a highly oriented structure of uniform cross section is found.

INTRODUCTION

The history of the development of plastics and fibers from cellulose derivatives
dates back more than a century.l-3 The decline in commercial importance of
cellulosics from 1930 coincides with the growth of polymer physical chemistry
and structural characterization techniques. Cellulose derivatives have not re-
ceived the detailed study given to polyolefins, polydienes, etc. Liquid crystalline
structure in polymer systems was first observed in concentrated solutions of
polypeptides by Courtaulds investigators*® in the mid-1950s. Similar structures
were found in solutions of para-linked aromatic polyamides®? and other rela-
tively rigid aromatic polycondensates.l®!! Somewhat surprisingly, liquid
crystalline structures were observed in hydroxypropylcellulose—water solutions
by Werbowyj and Gray!213 and others® shortly thereafter. Liquid crystalline
characteristics were reported in a wide range of cellulose derivative solutions by
Panar and Willcox.4 These observations were extended to other cellulose de-
rivatives by Aharoni!® and Bheda, Fellers, and White,'617 The development
of high levels of birefringence and orientation during flow of solutions of hy-
droxypropylcellulose has been described by Onogi, White, and Fellersi® and
Asada et al.1® Similar studies for cellulose acetate butyrate solutions have re-
cently been reported by Bheda et al.}?

This report concerns our efforts to study structure development in processing
of liquid crystalline cellulose derivatives. The first investigations in this direction
were reported by Panar and Willcox!4 in a patent application. More recently,
wet spinning of liquid crystalline cellulose acetate butyrate and cellulose tricetate
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solutions have been reported by Bheda et al.17 Our interests have been directed
toward thermotropic liquid crystalline polymers because solvents may be elim-
inated, thus avoiding problems of solvent toxicity and recovery and the vagaries
of void structures formed during coagulation. The only known thermotropic
polymer liquid crystals are aromatic polyesters.1%!! It is shown in this report
that some hydroxypropylcelluloses (Fig. 1) exhibit liquid crystalline phases when
they are in a fluid phase. Solid hydroxypropylcelluloses had been structurally
characterized by Samuels,2® and the existence of flow behavior similar to a
polymer melt below their crystalline melting point has been discussed by Elliott.2!
Our discovery led us to turn our attention to the processing of this system and
in particular to orientation and structure development in melt spinning and
extrusion. The present study thus represents a continuation of earlier studies
by our group of structure formation in melt spinning.??-26 Recently, Horio and
his co-workers27? have reported that similar studies are in process in Japan. HPC
would seem, however, to only be of interest as a model for thermotropic liquid
crystal behavior and is not of obvious commercial importance itself. This is
because of its excellent solubility in water, alcohols, ketones, and organic
acids.

BACKGROUND

Crystalline Structure of Hydroxypropylcellulose

The crystalline structure of hydroxypropylcellulose (HPC) has been investi-
gated by Samuels.?® On the basis of wide-angle X-ray diffraction (WAXS)
measurements, he indicates that it may be considered as a pseudotetragonal unit
cell with dimensions

a=b=11334A
c=15.04A

Here, c is the chain-axis repeat distance. For crystalline cellulose, the repeat
distance is 10.3 A, which corresponds to two anhydroglucose units. The repeat
distance in HPC corresponds to three anhydroglucose units (which are oriented
at 120° angles to each other).20

Samuels?? has classified the WAXS patterns of this polymer. The strongest
WAXS reflection for HPC was found to be the (100), which is an equatorial re-
flection in a uniaxial film. This has a Bragg’s law d spacing of 11.33 A. The next
weaker reflections are observed at d spacings of 7.49 and 4.98 A. These corre-
spond to the (002) and (003) reflections. Other weaker meridonal d spacings
related to (00!) reflections are observed.

R R = CH~—CH—CH,
CH, OH
R’ = CH,~—CH—CH,
o OR OCH,CHCH,

Fig. 1. Idealized structural unit of hydroxypropylcellulose with a degree of substitution of 4.
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The degree of crystallinity in water-cast HPC films was estimated by density,
calorimetry, and infrared measurements to be 15-20%.20

Orientation Factors
The state of uniaxial polymer chain orientation in a filament may be repre-
sented in terms of the Hermans orientation factor f., defined as2?2-26:29.30
3cosfgp—1
==y

where ¢ is the angle between the chain axis and the fiber axis. In a crystalline
phase, we may express the state of orientation of the three axes of the unit cell
using generalizations of eq. (1) of form?3°

(1)

caalh. —
fj=3COS;! 1 @)

where j may be a, b, or ¢ (chain axis), and ¢; represents the angle between the
Jj crystallographic axes and the fiber axis. The f; for the three crystallographic
axes are referred to as the Herman-Stein orientation factors.

Hydroxypropylcellulose has a tetragonal unit cell. As the three crystallo-
graphic axes are orthogonal,

cos? g + cos? ¢p + cos? ¢ =1 3)

and from eq. (2),
fa+fb+fc=0 4)

As the unit cell is tetragonal, the a and b crystallographic axes are equivalent.
This leads to

fa="fo fe = —2f, (5)

WAXS Measurements of Orientation Factors

Samuels?® has studied the crystalline orientation of HPC films using WAXS.
He found that only the (100) reflection was strong enough and suitable for or-
ientation measurements. We may determine the three crystalline orientation
factors of a filament from

/2 .
J; I(¢100) cos? 100 sin ¢100 dd100
cos? ¢, = P 6)
j:) I(¢100) sin ¢100 d P100

Then f, may be computed from WAXS data using Eqgs. (6) and (2), while f; and
f. may be computed from eq. (5) for a tetragonal unit cell.

Interpretation of Birefringence

Birefringence An is related to crystalline orientation through the expres-
sion25.31-33

An = X(fc)c A(c) + (1 - X)(fc)am Agm + Anform (7)
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where X is the fraction crystalline, An¢gr, is the form birefringence, and A is
the maximum (intrinsic) birefringence. The subscripts ¢ and am refer to crys-
talline and amorphous regions. From the work of Samuels,2? we may estimate
X as 0.15 to 0.20. However, the values of A2 and AY,, are not well established.
The magnitude of A® was suggested by Onogi et al.!8 to be of order 0.03 at room
temperature.

EXPERIMENTAL

Materials

We have investigated a series of three different hydroxypropylcelluloses,
Klucel E, G, and H, manufactured by Hercules, Inc. We designate these as HPC
E, G,and H. HPC E has a nominal molecular weight of 60,000 HPC G of 300,000,
and HPC H of 1,000,000. The most extensive investigations were performed
on HPC E.

Hot-Stage Polarized Light Microscopy

The HPC series was investigated between glass slides on a Leitz Ortholux
polarized light microscope with a hot stage. The studies were made between
20 and 240°C. Studies were made in which the HPC was sheared between glass
plates in the field of the microscope.

M
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Fig. 2. Light intensity I/Io due to HPC between crossed polars as function of temperature.
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Fig. 3. Optical photomicrograph of HPC E between crossed polars at (a) 205°, (b) 190°, (c)
180°C.

Rheological Behavior

The viscosity of the HPC E “melts” were measured at 180°C in a Rheometrics
mechanical spectrometer in the cone plate mode at low shear rates. Measure-
ments were made in a Merz—Colwell Instron capillary at higher shear rates. Fully
developed laminar shear flow across the instrument cross section in the direction
of shear was presumed in determining the viscosity as is traditional with New-
tonian fluids and molten plastics.34-36
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Fig. 4. Birefringence An as function of shear rate for HPC E at 180 and 190°C.

Extrusion and Melt Spinning

Filaments were extruded and melt spun from a Merz-Colwell Instron capillary
rheometer with a die of diameter of 0.03 in. and L/D ratio of 20. The fibers were
taken up on a rotating roll driven by a motor. Spinline tensions were measured
using a Rothschild Tensionmeter.

Structural Measurements

WAXS fiber patterns were measured using a Philips X-ray generator with
nickel-filtered CuKa radiation. Birefringence measurements on fibers were
made with a Leitz Ortholux polarized light microscope equipped with a Berek
compensator. SEM photomicrographs of fibers were made using an AMR
high-resolution scanning electron microscope.

Mechanical Properties

Tensile stress—strain curves on melt-spun filaments were obtained using a table
model Instron tensile tester. The filaments were dried in a vacuum oven prior
to testing.

QUIESCENT AND RHEOOPTICAL STUDIES

Hot-Stage Microscopy Studies

The various HPC samples were investigated over the range 20-240°C. We
show a plot of transmitted light intensity I/I through crossed polars as a function
of temperature in Figure 2. Samuels2? has interpreted from calorimetric mea-
surements that HPC melts in the range 208-234°. We see the disappearance
of all birefringence and occurrence of a dark field at 210°C for the E samples and
the higher molecular weight G exhibits a dark field at 215°. H degrades before
the dark field occurs.

In cooling specimens from 210°C, the transmitted intensity is about one-third
of that in heating. If however a slight shearing is applied, the light intensity is
greatly increased.
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Fig. 5. Birefringence relaxation for HPC E at various temperatures.

Optical photomicrographs of the HPC E between crossed polars are shown
in Figure 3 for 150, 190, and 205°C. The appearance at 205°C shows a two-phase
morphology with birefringent and dark regions. At 190°C, the dark regions are
greatly diminished. Below 190°C, the specimen shows a beautiful, colorful
appearance implying a cholesteric liquid crystalline form. In the temperature
range 190-210°C, the field is generally a light yellow.
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Fig. 6. Shear viscosity as function of shear stress of HPC E at 180°C.
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(a) (b)

Fig. 7. WAXS patterns of an HPC E extrudate: (a) solidified extrudate; (b) extrudate annealed
at 150°C for 3 h.

The HPC G and H samples appear to exhibit two-phase morphologies with
what seems to be “gel” particles dispersed in a lower molecular weight phase.
These appear to prevent the G and H from flowing.

We conclude that the E sample forms a liquid crystalline melt in the range of
about 160-205°. The G and H samples contain both liquid crystalline phases
and perhaps a second crystalline phase, which may be higher in molecular weight
and/or lower in propylene oxide content. These were found to prevent it from
forming uniform fibers and films.

Birefringence Variation in Shear Flow

When one imposes a shear flow on the HPC E at a temperature of 180°C,
through moving one glass slide parallel to the other, the birefringent field becomes
homogeneous. At a shear rate of 400 s~1, the fluid exhibits a birefringence of
0.015 in the 1-3 plane, where 1 is the direction of flow, 2 is the direction of shear,
and 3 is the neutral direction (see Fig. 4).

It is difficult to estimate the actual level of orientation due to birefringence
at 180°C. The birefringence is in large part determined by the orientation of
the side groups. As birefringence decreases with temperature, it might be sug-
gested that the side groups are orienting to become more perpendicular to the
chain.

When the relative motion of the glass slides is ended, little tendency is found
for the birefringence to decay away, although the stresses decay away in seconds
(Fig. 5). Indeed, hours after the experiment, the shear flow-induced birefrin-
gence remains. Similar but less pronounced observations were made by Onogi
et al.18 on HPC/water solutions where stresses decayed away in seconds and about
one-half of the birefringence remained after a half-hour.
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Fig. 8. SEM photomicrograph of HPC E extrudate.

Rheological Behavior

Viscosity measurements for the HPC E as a function of shear stress are shown
in Figure 6. The viscosity shows a continuous decrease as a function of shear
rate or stress. The viscosity is of order 20,000 poises at 104 dyn/cm2. The vis-
cosity continues to increase in an apparently unbounded fashion at low defor-
mation rates and to exhibit a yield value of order 1000 dyn/cm?2. Our results are
consistent with those of a decade-old study of the viscosity of HPC “melts” by
Elliott2! at 190° who also seems to observe a yield value or at least no limiting
zero shear rate viscosity.

Interpretation

The quiescent hot-stage microscopy and rheooptical studies suggest the HPC
E is a cholesteric liquid crystal. This material responds to stress as a soft solid
rather than a true fluid and exhibits a yield value above which it flows. During
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Fig. 9. Slicing of extrudates and birefringence variation in HPC E extrudate.

flow, very high levels of orientation are achieved which do not decay following
flow.

Similar yield values have been observed in liquid crystalline polymer solu-
tions3¢37 and in liquid crystalline polyester melts.38

Total Fiber O\
SN

HPC extrudate

Fig. 10. WAXS patterns of outer layers and core of HPC E extrudate.
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Fig. 11. Cross section of reservoir at die entrance: (a) sample preparation; (b) section between
crossed polars; (c) schematic.
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Fig. 12. WAXS patterns of HPC E melt-spun filaments. Left: extrudate. Right: fiber
[drawdown ratio 17].

STRUCTURE OF EXTRUDATES

Initial Extrudate

Filaments were extruded from the E sample at a temperature of 180°C where
they would be expected to be in a liquid crystalline form. No tension was exerted
on the filaments, which solidified in air as they slowly descended vertically from
the die.

In Figure 7, we show WAXS patterns of the original and the annealed ex-
trudate. A high level of orientation is observed. The WAXS patterns of the
annealed fiber are more sharply defined and have narrowerlines. Generally,
polyolefin extrudates prepared under such conditions would exhibit complete
Debye-Scherrer rings in a WAXS film pattern and no orientation.

The HPC extrudate exhibits a birefringence of 0.017 to be compared with
Onogi et al.’s suggested A of 0.03.

u
181
®
P Onpe
L shEaxe) O
e 1.5 |
X
S
1.2~
1 1 1
0 5 10 15

TAKE-UP STRESS (dyne/cm?) <108
Fig. 13. Birefringence of HPC E filaments as function of take-up stress.
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Fig. 14. Hermans orientation factors f. as function of take-up stress.

We may determine Hermans—Stein orientation factors from these experi-
mental results. From the WAXS pattern, we have for the crystalline regions

fc = 0.65 fo =fp = —0.33

From the birefringence data and Onogi et al.’s A?, we would surmise a mean
Hermans orientation factor of

An
fu= XS 0.53
if we take A% to be 0.032. This should be compared to the WAXS £, of 0.65.
An SEM photomicrograph of a peeled extrudate is shown in Figure 8. The
fibrilliar character of the outer layers is to be noted.

Annealed Extrudates

We annealed the extrudates at 150°C for 3 h. A WAXS pattern of the an-
nealed extrudate is shown in Figure 7(b). The orientation is seen to be about
the same or slightly increased. The (100) WAXS reflections are sharper, indi-
cating larger crystallite sizes and more perfect crystalline structure.

Radial Variation of Extrudate Structure

Our SEM studies of peeled extrudates suggested strong radial variations in
extrudate structure. This led us to slice the extrudates as shown in Figure 9(a)
and determine birefringence distributions. It is apparent [see Fig. 9(b)] there
is a strong radial variation in birefringence with the outer layers more highly
birefringent than the inner regions. Figure 10 shows X-ray diffraction patterns
of the extrudate as a whole, the outer layers, and the inner regions. Distinct
differences in the orientation as indicated by (100) reflection correspond to the
birefringence data.
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Mechanism of Radial Variation

The radial variation in fiber structure must trace either to the stress and ki-
nematic field within the capillary or to the prehistory in the barrel. From a force
balance on rectilinear laminar flow in a tube,

wr2 Ap = 2xrLoyo(r)

RAPr
o12(r) oL R £))
One should expect the maximum shear (and normal) stresses to be at large radii.
The radial velocity gradient is zero at the center of a die and is a maximum at
the die wall. This would tend to give a strong radial variation in birefrin-
gence.

However, certain experiments we have performed suggest to us that the or-
ientation distribution develops in the die entrance region. It appeared to us that
because the birefringence relaxation time is very long, the material in the Instron
rheometer barrel should maintain its structure after having been cooled to room
temperature. In Figure 11, we show a section of the reservoir (prepared as in
Fig. 9(a) between crossed polars). The most birefringent regions are those from
which fluid enters into the outer radii of the die.

The HPC E at 180°C is composed of a liquid crystalline domain structure.
Above a certain set of deformation rate or stress conditions, the grains blend into
uniform structure. Below these conditions, these grains persist. In Figure 11,
we can see a fairly abrupt distinct change in domain structure and orientation
along the radial direction. 'The material in the highly birefringent oriented region
has merged into a continuous fluid. This is probably the region of highest stress
and perhaps the only positions in the reservoir where the stresses exceed the yield
value. Within the capillary, most of the granular core is brought above the yield
stress. The radial variation in fiber structure is the result of these two pro-
cesses.

Preheating Prior to Extrusion and Radial Variations

We have found that by heating the HPC in the reservoir up to 210°C for a
period of 10 min and then cooling back to 180°C prior to extrusion, the bire-
fringence of extrudates is much more uniform. Furthermore, the level of bire-
fringence has increased to 0.0145 as compared to values of 0.0104 when the melt
was not preheated.

MELT SPINNING

Results

Filaments were melt spun under the same conditions as used in the extrusion
process. The range of operating conditions involved take-up velocities up to
24 m/min and tensions of 1.7 X 107 dyn/cm?2.

In Figure 12, we show a WAXS pattern of melt spun fiber. Compare this to
Figure 7. The birefringence of the melt spun fibers is shown as a function of
take-up stress in Figure 13. The surface of the melt-spun fibers shows a fibrillar
structure like the extrudate.
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Interpretation

In Figure 14, we plot the Hermans—Stein orientation factor f., which was de-
termined as described earlier as a function of spinline stress. Such plots are
suggested by earlier melt spinning studies from our laboratories?%-26; f, and f,
are given by eq. (5). At zero take-up tension, we have the high levels of orien-
tation described in the previous section. Some increase in orientation occurs
with increasing drawdown, but this is modest. We also present in Figure 14
experimental data for polyethylene22 and polypropylene.23:25 This is found to
go through the origin at zero stress unlike the unique characteristics of HPC and
to generally exhibit lower values except at the highest stresses.

We have studied radial variations in birefringence using the method of Figure
9. The birefringence of the fibers is found to be independent of radius, unlike
the extrudates. Radial variations of fiber structure found in extrudates are
eliminated by the drawdown. This indicates an interesting interaction of the
influence of flow in the die system and subsequent postdie processing on the solid
state structure of liquid crystalline fluids.

MECHANICAL PROPERTIES

From Instron tensile tests, the HPC fibers are found to have a moderately high
modulus and are brittle. The Young’s moduli of the samples are all in the range
2-3 X 1019 dyn/cm?2. The elongations to break are 2-5%. The tensile strengths
are of order 8 X 108 dyn/cm?.

The research reported here was supported in part by the Dow Chemical Company.
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