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An experimental study is reported of the quiescent and flow birefringent chara-
cteristics of two liquid crystalline polymer solution systems, poly-p-phenylene
terephthalamide (PPD-T) in sulfuric acid and hydroxypropyl cellulose (HPC) in

water over a range of concentrations. It is shown,for the quiescent state, the
dilute solutions are optically isotropic while the concentrated solutions ‘
consist of negatively birefringent domains. During flow at low deformation )
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~“Inighly birefringent fluid is obtained. The birefringence increases with

concentration at constant deformation rate and exhibits a major increase as
the liquid crystalline state is formed. The source of the birefringence is
due to (1) % anisotropy of polarizability of oriented macromolecules,;(2) <&~
difference in refractive index of solvent and oriented macromolecules (form
birefringence). The results are interpreted in terms of the level of polymer
orientation which may be developed in flow for liquid crystalline polymer
solutions as compared to solutions of flexible macromolecules.
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SYNOPSIS

An experimental study is reported of the quiescent and flow bire-
fringent characteristics of two liquid crystalline polymer solution
systems, poly-p-phenylene terephthalamide (PPD-T) in sulfuric acid and
hydroxypropy! cellulose (HPC) in water over a range of concentrations.
It is shown for the quiescent state the dilute solutions are
optically isotropic while the concentrated solutions consist of
negatively birefringent domains. During flow at low deformation rates
moving domains are still seen. At higher deformation rates a
homogeneous highly birefringent fluid is obtained. The birefringence
increases with concentration at constant deformation rate and exhibits
a major increase as the liquid crystalline state is formed. The source
of the birefringence is due to (1) - anisotropy of polarizability of
oriented macromolecules, (2) - difference in refractive index of sol-
vent and oriented macromolecules (form birefringence). The results are
interpreted in tems of the level of polymer orientation which may be
developed in flow for liquid crystalline polymer solutions as compared

to solutions of flexible macromolecules.




INTRODUCTION

In recent years attention has been drawn to a class of polymer
fluids which exhibit birefringence in a state of rest though in some ways
they behave as normal liquids indeed often with a lower viscosity
level. The existence of this order in the state of rest has resulted
in those fluids being referred to as anisotropic as contrasted to iso-
tropic systems which have no order in the rest state. These mesophase
or 1iquid crystalline polymer systems include concentrated solutions
(and in a limited number of cases melts) of polypeptides (1-9), p-linked
aromatic polyamides (8-16) and other aromatic polycondensates
(15, 17-21) and cellulose derivatives (9, 22-24). The mechanism of
formation of these polymer liquid crystals seems largely associated
with the rigidity of the macromolecules and the inability to pack
a random arrangement of rods at moderate and high
volume fractions.(See Figure 1), Flory (25) has developed a statistical
thermodynamic lattice theory for concentrated solutions of rigid rods
which predicts this transformation. In recent years, this model has
recefved increased attention from Krigbaum and Salaris (20) and Flory
and Abe (26).

Kwolek and her coworkers (10-12) found that fibers formed from wet

and dry jet wet spinning of liquid crystalline solutions of p-1inked aromatic

polyamides possess high levels of orientation and mechanical properties
even at low flow stresses. This has been observed in polyesters (17, 18)
and cellulosics (23) as well. In a recent publication, we reviewed
the earlier literature on liquid crystalline polymer fluids and the

formation of fibers from them (27).
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It would appear that molecular orientation is more readily developed
and retained in these systems than in solutions or melts of flexible
macromolecules. There have been some investigations of flow induced
structural changes in polymer liquid crystals by Japanese investigators,
notably Asada and Onogi (6, 7, 24) and Horio (15) who have made con-
tributions to this subject. It is the purpose of this paper to present
a report of research in our laboratories on the development of orientation
during flow of liquid crystalline polymer solutions.

The two polymer systems of concern in this study are poly-p-phenylene
terephthalamide (PPD-T)

0
l fl

{-NH-@-NN-C-@-C} (1

and the hydroxypropylcellulose ester (HPC) with degree of substitution

four. This has an approximate structure

OH
|

? CH? CH - CH3
0 - CH2 - CH - CH

3

(11)
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We investigate in particular the flow birefrinence of two dif-
ferent 1iquid crystal forming polymer solutions poly(p-phenylene tere-
phthalamide) (PPD-T) in sulfuric acid and hydroxypropyl cellulose (HPC)
in water. This paper continues the authors investigations of polymer

1iquid crystalline fluids (8,9,14,16,27).

BACKGROUND

Polarizability Anisotropy and Interpretation of Birefringence Levels

We attempt in this paper to determine the extent of molecular orien-
tation developed during flow through measurements of birefringence. Be-
fore we can meaningfully proceed we must be able to relate birefringence

to orientation. Birefringence in flowing polymer solutions may be related

either to orientation or to geometry-refractive index difference (form bire-

fringence) effects. We discuss each of these in turn,

Hermans and his coworkers (28) have shown that uniaxial fiber
orientation measured by coszﬂ (where ¢« is the angle between the preferred
direction and the polymer chain axis) is related to the anisotropy

of the polarizability through:

[ I 3cos’s - 1

| g 2 (1)

where a,, is the polarizability alona a polymer chain, J) the

I
value perpendicular to it and f is known as the Hermans orientation
factor. 42 is the difference between the mean polarizability along
the fiber axis and perpendicular to it.

The value of aa in filaments is traditionally determined through
measurements of birefringence. The 1880 theory of Lorentz (Lorentz-

Lorenz equation) relates refractive index to the polarizability,

|



SO

O ——sa g

4
Ay (Q~_3_]_) through
2
- 4
el e N, (2)
nl s 2

where o is the density, N is Avogadro's number and M is molecular weight
per structura) unit. Lorentz (29) (pg 137-145, 305-308) notes that Eq(2)
is limited to isotropic systems and cubic crystalline lattices. The prob-
lems associated with £q(2) in two phase and anisotropic media were pointed
out and analyzed by Rayleigh (32) as early as 1892 and has been discussed
by more recent Investigators such as Stein (33) for its application to
crystalline polyolefins. Page and Adams (30) argue this formalism may

be applied to anisotropic systems with n and 1 replaced by principal re-
fractive indices and polarizabilities. Kuhn and Grun (34) independently
developed and utilized this arqument to predict the birefringent properties
of deformed vulcanized rubber and Hermans et al (28) applied it to fibers.
Gurnee (35) and later investigators used this concept to predict the in-
trinsic birefringence of polymer chains. Consider a completely oriented
system of polymer chains. Again letting the subscript ;| mean parallel to

the chain and_L to be perpendicular to the chain, we obtain:

2

ny, -1 n, -1

" J. - 4? N(‘

2 - 2 o "‘j" ’ﬁ ('l" - GJ) (3)
" s ng * 2

For small values of My = M we may reduce Eq (3) to
n 6n 2l 5

e TR TR U sy A o CTRCE T LY
‘n + 4 (n~ +2)
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Based on Eqs (1) and (4), the Hermans orientation factor may be related
to the measured and intrinsic birefringence of filaments through:

n‘ % n2 AN

TR (%)

Intrinsic Birefringence of PPD-T and HPC

To proceed we must evaluate T and :l_for the PPD-T and HPC chains.

This may be done as suggested by various authors by considering an
extended chain structure and adding bond polarizabilities (35, 36).

In Appendix 1, we detail the method of computation of 2° from bond
polarizabilities. A computation using this method for PPD-T is given
in Appendix 2 where the bond polarizabilities of Bunn and Daubeny (36)
are used. In Appendix 3, we attempt to estimate »° for HPC. The un-
known orientation of the propylene oxide substituents in Formula 11
does not allow for a meaningful prediction of 2° using the methods of
Appendix 1. We have estimated it from data on oriented films published

by Samuels (37). We obtained the results

a° (PPD-T) = 0.37

A° (HPC) = 0.038

The values of A° are for crystals and should be appropriately lower

for polymer solutions, i.e. op A® where ep is the volume fraction of

polymer.
The value of A° for PPD-T should be directly comparable to experi-

mentally measurements on highly oriented fibers(though not for HPC
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because birefringent data were used in its determination). Konopasek
and Hearle (38) report an for oriented fibers with the structure of
PPD-T to be 0.45 which is troublesome as it exceeds the theoretical 4°.
Possible difficulties are (i) the lack of additivity of bond polarizabil-
ities in condensed ring systems, (ii) inaccurate representation of the
internal field, (iii) inaccurate bond polarizabilities. Stein (33)
has discussed problems of this type in the evaluation of 21° for poly-

olefins.

Form Birefringence

In two component systems, one must evaluate whether there is bire-
fringence due to the two components possessing different refractive in-
dices and being anisotropically distributed. The theory of such form
birefringence is due to Rayleigh (32) and hac been extended by various
investigators since that time (31, 39, 40). A recent example of the
importance of form birefringence has been Folkes and Keller's (41)
study of extruded filaments of block copolymers which contain a
parallel of cylinders of one phase suspended in a second.

In the present paper we are concerned with polymer solutions.

There has long been a concern with form birefringence arising from
orientation in flowing polymer solutions (42-44). This is the result

of studies showing the birefringences of these systems exhibiting

a significant dependence on solvent (42, 43). However, theoretical
considerations of this effect have been limited to dilute solutions

and models of dumbbells and isolated flexible chains. We have attempted
to estimate the maximum form birefringence of PPD-T and HPC solutions

using the Rayleigh-Wiener theory (32, 39, 41) for parallel rods. The
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predicted values are of order 20 percent of the intrinsic birefringence

of the solution taken as ;p:“. where :p is the volume fraction of polymer

in the solution.

Stress Field in Elongational and Shear Flow

There is an extensive literature on the rheological properties of

concentrated solutions of flexible polymer chains. These systems
generally respond as isotropic viscoelastic fluids and the stress fields
in flows of interest may be expressed in terms of non-linear visco-
elastic constitutive equations.

In an elongational flow:
Vi T Y (xy) volx,y) = v3(x3) (6)

where 1, 2, 3 are an orthogonal frame. The resulting stress

field g for an isotropic viscoelastic fluid is (45)

mn 0 0
iig
R e T R
0 0 0 (7)

where F is the applied tension and A the cross-sectional area. mnm
in the steady state depends upon the elongational deformation rate.

In a shear flow
o Ty v‘(xz) Vo T Vg 0 (8)

The stress field is of form (46)




it
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n N2 0 933 0 0 N] + NZ 12 0 |
g = 012 992 0 = |0 133 0 + 012 N2 0
0 0 033 O 0 J33 0 0 0
where (9) ;
i
Ny = oy - 9 Ny = 055 = 933 (10) |

N‘ and NZ are the principal and second normal stress differences which
depend on the steady state &hear rate.

The above forms are for isotropic viscoelastic fluids. There have
been rheological theories developed for liquid crystals notably by 1
Frank (47) and Ericksen (48) for static deformations. Theories of
flow of 1iquid crystals are presented by Leslie (49, 50) and Ericksen
(51). These tneories are intended for low molecular weight 1iquid

crystals. Their predictions for steady flows are much more complex :

than viscoelastic fluid theory and complex boundary effects arise (52-

54). Some experimental studies on low molecular weight liquid crystal

bear out such complexities (55, 56).

Flow Birefringence

The development of molecular orientation during flow of solutions

of macromolecules has been investigated using flow birefringence for
generations (57-59). Most efforts have been directed at dilute solutions
and have involved biological and rigid macromolecules and to a more

1imited extent flexible hydrocarbon polymers (vinyl polymers, polydienes).
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These studies have aimed at determining individual macromolecule
characteristics including rotary diffusion constants and chain length
for rigid macromolecules. Investigations for concentrated polymer
solutions and melts have focussed on flexible chains where Lodge (60)
and Philippoff (61-64) among others (65 - 68) show the development
of birefringence is governed by the ‘rheo-optical law' which relates
it to the difference in principal stresses F existing during flow,

i.e.

n‘ - nj » C(:yi - fvj) (”)

This behavior has been justified in terms of the theory of networks of
flexible polymer chains (35, 60, 69, 70).

Oda, white and Clark (71) note it is implicit in the theory
of birefringence in flexible polymer chain networks that the stress-
optical C constant should be proportional to (‘” - \xl) and to 2°. In

uniaxial extension, it follows from £q (11) that

c
f=Go) oy (12)

is to a good approximation independent of polymer type. (/2% is about
2 x 10‘ Brewster. They verify this for on-line birefringence measure-
ments on fiber spinlines and vitrified polystyrene filaments. The
proportional ity of C to (-1” - al) and »° also explains Philippoff and
Tornquist's (64) finding of the dependence of C on the length of the
pendent group on a vinyl chain.

Polymer 1iquid crystalline fluids are characteristically bire-

fringent in the state of rest (1-3, 8-13, 16, 22, 23, 27). MHowever, there

have been few studies of the rheo-optics of these polymer solutions.

B
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Indeed as noted earlier only the investigations of Asada and Onogi

and their coworkers (6, 7, 24) and Horio (15) may be cited. These

authors have reported on the flow birefringence of both dilute isotropic
solutions and liquid crystalline solutions of polypeptides (6, 7), aromatic
polyamides (15) and hydroxy propyl cellulose (24). However, their re-

sults are rather qualitative and limited to shear flow.

EXPERIMENTAL
Materials
The two polymers used were poly-p-phenylene terephthalamide (PPD-T)
in the form of DuPont Kevlar®and hydroxypropylcellulose (HPC) as
Hercules Kluce|®L. The PPD-T was dissolved in 100% sulfuric acid
and the HPC in wateir. These are the same two polymer solution types
considered in our earlier paper (9). A)) experiments were carried out

at room temperature (ca. 23°C).

Optical Microscopy of Quiescent Solutions

A Leitz-Ortholux polarizing 1ight microscope was used to investigate
the birefringent characteristics of the systems. The sample thickness
was controlled in two ways. For the measurement of the thicker sample
solutions, Fisher Scientific Littmann Slides (for fungus mounts) were
used with a glass cover slide. These slides possess depressions of
600 microns (um). For the thinner sample solutions, cells were made
by pressing samples between glass plates separated by a spacer. The
thickness of the spacer was 100 ym. The microscope sample holder had
a hot stage with ¢ 9.5°C temperature reqgulation. Transmitted 1ight

intensity was measured with a photometer.
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Absorption Spectra on Quiescent Solutions

Absorption spectra were determined with a Cary 17 double beam

spectrophotometer.

Shear Flow Birefringence

Shear flow experiments were carried out between glass plates
using teflon spacers of thickness 56 um or 88 ym. The plates were set
on the stage of a compensating polarized 1ight microscope. The upper
glass plate was drawn at various constant velocities to obtain a wide

1 1

range of steady shear rates (107 ~ 10" sec "). The shear flow bire-

fringence was measured in the '1-3' plane.

Shear Flow Rheological Properties

Measurement of shear flow principal normal stress difference N..
and shear stress 72 were obtained for the HPC solutions on a Rheometrics
Mechanical Spectrometer. The shear stress was determined from the
torque M and the normal stress difference through the thrust force F

(72)

o .__2% H N ,_2;
12 ,np T (13 a,b)

Similar studies on PPD-solutions have been carried out in our labora-

tories by Aoki et al (8).

Elongational Flow

Elongational flow experiments were carried out by gravity spinning
in which sample solutions were extruded from a die. The apparatus
used was a Harvard infusion/withdrawal pump. Retardation measurements

were carried out by setting a Olympus polarizing microscope with a
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Berek compensator across the spinline. The diameters of filaments along
the spinline were also determined from photographs taken with the aid of

a camera using a close-up lens (Micro Nikkon f = 55mm).
QUIESCENT SOLUTIONS

Appearance
The solutions studied showed a range of appearances to the unaided

eye. The PPD-T anisotropic solutions are dark brown and essentially
opaque. The HPC solutions have a striking appearance exhibiting colors
which vary as a function of concentration. At a concentration of 53
weight percent (wt. %) the HPC/H,0 solutions are an iridescent red

orange which changes to blue as the concentration increases to 70 (wt. %).

Transitions to Anisotropic Fluid Phases

The polarizing microscope was used to determine the conditions
under which the solutions studied became anisotropic.
A1l solutions were isotropic at low concentrations. Over a con-
centration range characteristic of the polymer, a transition occurred
to an anisotropic phase in which light came through the cross polars.
This is shown in Figure 2.

The phase transition characteristics differ for the two systems,
In case of PPD-T, it occurs in a very narrow composition range. For
the HPC solutions, it occurs in a wider concentration range as shown
in Figure 2. The log l/Io versus concentration curves for the PPD-T
are steeper than those of the HPC solutions.

Generally, anisotropic polymer liquid crystalline solutions trans-
form to fsotropic 1iquids as they are heated up. When a 9.5 wt % PPD-T

solution was heated on a hot stage of the polarizing microscope under
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cross polars at a rate of 5 min/C°, the phase transition from aniso-

tropic to isotropic was observed at 57°C. On the other hand, when

this solution was cooled down at the same rate (5 min/C°), liquid
crystal formation occurred at 38°C. This supercooling phenomenon is
characteristic of liquid crystalline polymer solutions, and was ob-
served for other polymer (8) systems except HPC. In the case of HPC
aqueous solutions, HPC molecules begin to precipitate at 38°C.

Detailed Observations of Liquid Crystalline Phases from Polarized
Light Microscopy

The solutions of PPD-T in the two phase region (9 ~ 9.5 wt.%)
display small globular structures. (Figure 3a) The average size of
the globular particles is about 5 um (5 x 104 E). The particles are
spherulites exhibiting a Maltese cross under cross polars. The sign
of the spherulites is negative, i.e., the tangential refractive index
is greater than the radial refractive index. At a slightly higher
concentration, aggregates of spherulites with diameter of 50 ;m are
formed.

The structure of single phase PPD-T and of polymer 1iquid crystal-
line solutions in general cannot be characterized easily. This is in
part becuase the features of the solutions are affected by the shearing
force applied when the sample solution is poured into the cell for

microscopy. As the orientation relaxation time of polymer liquid

crystals is quite long, characterization requires several days for
the sample to equilibrate.

In the single phase structure there is complex 'domain' micro- |
structure consisting of what may be aggregated spherulites (Figure 3b). .
Individual units of the PPD-T 1iquid crystals seem to be very small
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(< 10um). Threadlike structures resembling those seen in low molecular
weight nematic thermotropic liquid crystals (73, 74) are observed if
the anisotropic phase is melted at 90°C to form an isotropic 1iquid and
then slowly cool down to room temperature (Figure 3c).

The HPC solutions do not show a distinctive morphology until a
concentration of order 40 wt.% is reached. Above this concentration
very small birefringent particles and aggregates of these particles
are suspended in the isotropic phase (See Figure 4a). In the two
phase region the HPC solutions show very fine structure that is not
found in PPD-T.

In the anisotropic region with the HPC concentration between 53
wt.2 and 70 wt.% the solutions exhibit an iridescent color. At con-
centrations higher than 70 wt.% the HPC solutions exhibit domains at
spherulitic structures of dimensions 20 ~ 80 ym (Figure 4b). These

spherul ites are negatively birefringent.

Implications of Spherulite Structure

The existence of negative spherul ites indicates

n >n or 6, >0

where the subscripts @ and r refer to the tangential and radial directions
in the spherulite. As the polarizability along the length of the PPD-T
and HPC chains are greater than that perpendicular to it, we may con-
clude these macromolecules are oriented in a circumferential or tangential

manner (See Figure 5).

Absorption Spectra

The absorption spectra of the HPC liquid crystalline structure is

|
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shown in Figure 6. The maximum peak of the absorption spectrum shifts
as the HPC concentration is increased. The peak shift is also observed

when the cell is inclined to the measuring light beam.

Cholesteric Character and Absorption Spectra

Many low molecular weight thermotropic liquid crystals have been
found to have an internal twist in their structure and are classified
as being cholesteric (73, 74). This internal twist leads to selective
and directional light scattering and to optical rotary character. It
has been associated with the existence of asymmetric carbon atoms in
the molecules. The name cholesteric derives from the cholesteryl

derivatives which strikingly show this character.

The pitch of low molecular weight cholesteric structures has been
determined by Ferguson (75) and later investigators (76, 77) analyzing
diffraction of electromagnetic radiation as a function cof wavelength.
When the orientation of the cholesteric structure is uniform, the
pitch 'p' can be determined from the maximum peak of the apparent ab-
sorption spectrum. The pitch is indeed proportional to the wavelength
corresponding to maximum diffraction or absorption intensity. We have
been able to use this method to compute pitch for the HPC solutions.
Generally this was found to vary from 5200 ; to 2600 R as the concen-
tration increases from 53 to 70 wt.%.

Cholesteric character in polymer solutions has been previously
reported for polypeptides including PyBLG by Robinson (1-3) and for
HPC in HZO by Werbowyj and Grey (22). The latter authors using optical
rotation report a value of 3600 i at 66 weight %. PPD-T solutions




would seem to be nematic, i.e. they possess no internal twist,

The ordering of the macromolecules within the helicoidal choles-
teric structure is of considerable interest. The observed pitch 'p'
is several orders of magnitude larger than that of any internal helical
structure within the macromolecule. It would thus seem obvious that
it may correspond to a twist in a direction perpendicular to planes of
macromolecules. This is the view taken by Robinson and his coworkers
(1-3) for solutions of polypeptides and it should also apply to planes
of macromolecules. (See Figure 7). Bernal and Fankuchen (78) argue
in investigations of tobacco mosaic virus suspensions, which appear to
exist in a liquid crystalline form, that the rigid rod viruses exist
in a two dimensional hexagonal array. A similar view is expressed by

Robinson et al (2) for the polypeptide systems.

Wall Effects

We have found a sample size effect in our 'absorption' spectra
experiments on HPC. This leads to the conclusion that the walls in-
fluence the orientation of the layers. From experimental studies
using sample cells with a range of thicknesses, the structure of the
anisotropic HPC solutions in narrow cells can be concluded to be
a cholesteric structure with its planes parallel to the plane of the
cell walls as shown in Figure 8. On the other hand, from the studies
with cells with larger distances between the walls it was found that
the wall planes of the cell play an important role in forming a
uniform cholesteric structure. In the thicker cell the structure near
the walls (within about 120 um from the surface) is highly ordered,

but in the inner part is less ordered.
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SHEAR FLOW
HPC Results

Shear flow experiments on HPC solutions were carried out using
parallel glass plates with 88 um spacers. The 1sotropic, single
phase anisotropic and two-phase solutions were examined.

The isotropic solution showed a steady state birefringence in
seconds after applying steady shear. The birefringence decayed to
near zero in seconds after cessation of steady flow. However, for
anisotropic solutions, it took some minutes to achieve a steady state
birefringence after applying a steady shear flow. This was true for
single phase anisotropic and two-phase systems. The build-up of
birefringence in steady shear for each type of solution is shown in
Figure 9 (a) and (b) and 10 (a) and (b).

The decay of birefringence following cessation of flow is shown
in Figure 10 and 11 for the isotropic and anisotropic solutions. For
the isotropic solution this occurred in less than one minute. For
the anisotropic systems about 15 percent of the birefringence still re-
mains after 30 minutes, even though the stress again totally relaxes
in a minute or less.

The anisotropic solutions inevitably have some preferred orienta-
tion which is created during sample loading between glass plates and
does not relax easily. The shapes of birefringence build-up depend on
sample loading. The time scale is always several minutes which is
dependent on the shear rate.

In the case of the 551 MPC solution (single phase anisotropic) at
0.1 sec-! shear rate, well defined birefringence only became observ-
able 3.5 minutes after applying shear. Before this time no well de-

fined observation was possible because of the domain structure of the
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anisotropic solution. For single phase anisotropic solutions, bire-
fringence overshoot could be observed in a range of shear rates as
shown in Figure 9 (b), i.e., a steady state was obtained after
passing through a birefringence maximum. The overshoot maximum time
depends on the shear rate and shifts to shorter times as the shear

]. birefringence

rate becomes larger. At shear rates higher than 2.4 sec”
overshoot was not observed.

The birefringence build-up is shown in Figure 9 (a) for the two-
phase anisotropic HPC solutions in which the isotropic and the aniso-
tropic phase coexist. No birefringence overshoot was detected for the
two-phase solutions as found for the single phase anisotropic solutions.
However, it also took a long time to obtain a steady state birefringence
as in the case of single anisotropic solutions (Figure 9 (b)).

The steady state birefringence of HPC solution of various concen-
trations is plotted against shear rate, v, in Figure 12. Isotropic
solutions show a linear relationship between the birefringences and
the shear rate in the range studied here (y = 0.1 ~ 10). For aniso-
tropic solutions the steady state birefringence increases logarith-
mically against shear rate at shear rates between 0.3 and 4.0 sec".
The birefringence levels off at a shear rate of about 10 sec'] for the
single phase anisotropic solutions.

There is a striking increase in steady state birefringence with
concentration near the critical concentration for formation of aniso-
tropic phase. This is shown in Figure 12. At a shear rate of 10 sec”!

sn increases by an order of magnitude as the concentration increases

from 40 to 50 percent.




R

19

PPD-T Results

Shear flow measurements of PPD-T anisotropic solution were carried
out using thinner spacers of 56 .m thick because of its higher bire-
fringence.

As solutions of PPD-T in 100% H2504 are colored brown, it is very
difficult to measure the birefringence with a compensator. Special
care must be used as the anisotropic solutions show a distinct fine
domain structure which makes the measurement more difficult.

The behavior of PPD-T isotropic solutions in shear flow is almost
the same as that of HPC isotropic solutions. The steady state bire-
fringence has a linear relationship with shear rate in the whole
range studied as shown in Figure 13,

The structure of anisotropic PPD-T solutions (10%) sheared at a
shear rate less than 0.09 sec'] still show distinct fine polydomains
even after a 20 minute flow period. It was almost the same as that
of the unsheared solution. Therefore, no birefringence was observed
in low shear rate flow. At higher shear rates birefringence became
observable after a long induction period; it took seven minutes at a

1

shear rate 0.18 sec” . The observed values were almost the same as

the steady state birefringence. No smaller values were observed in

this system,
At shear rates greater than 3.7 sec'], the retardation of the
sample solution was greater than that observable with our 10 order

compensator (6000 um). This means the birefringence was greater

than 0.11.
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measurement (9, 75-77). They suggest the HPC cholesteric struct.re
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The retardations of 14% of PPD-T solution sheared between glass

plates with 50 um spacers were also greater than 6000 ,m. No measure-

ments could be made in these conditions.

From Figure 13 it may be seen that as one proceeds from the iso-
tropic to the anisotropic state there is an enormous increase in bire-
fringence. C(learly at any shear rate, the 107 solution shows more than
one order of magnitude of birefringence over the 07,

Birefringence relaxation after cessation of steady shear flow was
also measured for the 10% anisotropic PPD-T solution. It was observed
that the birefringence values became obscured by 1ight scattering
effects after three minutes from the cessation of steady shear and the
observable birefringence did not decrease as rapidly in this period

as in the HPC anisotropic solutions,

HPC Discussion

Basic studies of the liquid crystalline structure of HPC-H,0 solution
were reported by Werbowyj and Grey (20) and by ourselves (8). Recently,
the deformation of HPC cholesteric structure in shearing flow have

been studied by Asada et al (24) using the apparent absorption spectrum

can flow at low shear rates and transforms to a nematic structure at

shear rates higher than 1.30 sec™ .

The irridescent color caused

by the selective reflection of light were also observed in steady

1

state shearing flow shear rates jower than 4.7 sec . The intensity |}

of cholesteric irridescent color was confirmed to decrease as the

shear rate increased.

Birefringence overshoot over much larger time scales than stress

PO
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overshoot was observed at low shear rates ranging from 0.1 to 0.60 sec'l

for the single phase anisotropic solution. (Figure 10(b)). This may
mean at the beginning of shear deformation the large cholesteric domains
are deformed by localized high shear. This causes the birefringence

of the sample solution to increase to a higher value than the steady
state and then to slowly decay to a steady state as a 'dynamic equil-
ibrium' structure is achieved. At shear rates higher than 1.2 sec']

the effect of localized shear is almost negligible.

Birefringence relaxation of HPC solutions after cessation of steady
flow is plotted as a function of time in Figure 11(a) and (b). For isotropic
solutions, the birefringence became almost zero within 1 minute after
cessation of shear flow. However, the birefringence relaxation of aniso-
tropic solutions is very slow compared with isotropic solutions. Re-
covery of cholesteric irridescent color came to be observable as the
birefringence decreased. This recovery of cholesteric structure after
cessation of shear was also found by Asada et al (24) using the technique
of light spectroscopy. This structural change of the HPC liquid crystal
is a recovery of the cholesteric structure from the oriented nematic
structure.

The observations of the quiescent state indicated the existence

of oriented solid layers along boundaries. The existence of such

layers in flow would obviously be important in interpretation of both
rheological and rheo-optical behavior. The existence of boundary
layers in low molecular weight 1iquid crystals was suggested by various

investigators (54-56) for low molecular weight liquid crystals.

In summary we observe that in the quiescent state the one-phase

solution consists of cholesteric liquid crystalline structures existing

in domains with oriented structures at solid boundaries. In flow the
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cholesteric structure is transformed to an oriented nematic structure
and domain boundaries disappears. (See Figure 14). The fate of the
boundary layers is not known. The oriented nematic state relaxes very

slowly to reform the isotropic state.

PPD-T Discussion

Birefringence measurements of PPD-T solutions were very difficult
because of the high intrinsic anisotropy of polymer molecule and of
the color of PPD-T/H,50,4 solution. This is especially the case for
anisotropic solutions where light scattering by the domain structure
increases the difficulties.

In the case of HPC, the mechanism of structural change by shear
was from cholesteric domains to an oriented nematic structure. The
mechanism of PPD-T anisotropic solution can be considered to be from
a nematic structure having small domains to a homogenous oriented nematic
structure (Figure 14). In the lower shear rate range (less than 0.1
sec']). no striking chaﬁge of domain structure of 10% of PPD-T was found
by microscopic observations and no birefringence values were measured
because of the scattering effect of the heterogeneity of the structure,
This means these domain are stable for low shear and appear to flow under
mild shearing. The oriented nematic structure of 107 PPD-T was obtained
only in the steady state at shear rates of more than about 0.2 sec™ Mt
The structure of the oriented nematic state was very homogenous

under microscopic observations, i.e., no structures other than stream

1ines were observed.

Magnitudes of Birefringence

The intrinsic anisotropy of the polymers used in this study has
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been discussed earlier in this paper. The theoretical intrinsic
birefringence A° of PPD-T uniaxially oriented crystal is 0.37. Those
for HPC uniaxially oriented crystal and amorphous region are 0.04 and
0.02, respectively. The values for the solutions are epn° or 0.04-
0.05 for a 10% PPD-T solution and about 0.01 for the HPC solutions.
Form birefringence effects may raise this value another 20%. These
values of HPC are seen to be reasonable compared with the birefringence
values obtained by shear experiments. However, the birefringence of
PPD-T anisotropic solutions is too large compared with the calculated
maximum values. Theoretically, considering density differences, opA°
could be as high as 0.066 using our value of »° and 0.085 if we were
to take 2° to be 0.40. Formm birefringence could raise this to 0.1.
This would make our 10% solutions completely oriented.

Let us turn to the problems that exist in the calculation of
0pA° which might place our estimates of this for PPD-T in error. The
Bunn-Daubeny polarizabilities (36) as suggested by Stein (33) may
underestimate 2°. It is also possible that the bond polarizabilities
additivity discussed in Appendix 1| may not be valid for highly
aromatic systems. This could explain the discrepancy with Konopasek
and Hearle's fiber birefringence. Other problems exist for the
solutions., One difficulty involves the estimation of form birefringence
levels. The Rayleigh - Wiener theory is undoubtedly much too crude.
Another difficulty arises in that the PPD-T probably becomes a poly-

electrolyte in solution and has a layer of HS0z associated with it.

The influence of such structure on both n'|- fJ_a"d form birefringence

is not obvious.
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ELONGAT IONAL FLOW

HPC Results

The birefringence in elongational flow of the isotropic and the
anisotropic HPC solutions were measured by a solution spinning method.
In the end, gravity was used because it proved very difficult to obtain
a stable flow of polymer solutions on a rotating roll. A distinct
difference between isotropic and anisotropic solutions was observed in
the profiles of the spinline. These profiles showed no extrusion rate

dependence. For the isotropic solution the spinning solutions continue

to deform along the length of the spinline. However, for the anisotropic
solution all changes in diameter of the filament occurred within several
centimeters from the die. If we assume incompressibility of the solutions,
the velocities of flow along the spinline may be calculated from these
profiles. These are plotted as a function of distance from the die in
Figure 15. The elongation rate of the isotropic solution (30%) was about

L for a 50 cm take-up and 2.74 sec'] for a 100 cm take-up,

1.90 sec”
at a distance of 20 cm from the die. For the anisotropic solution
(55%) all velocity gradients abruptly go to zero within 5 c¢cm from the
die, and almost no velocity change occurs after this point.

The observed on-line birefringence of isotropic solutions of HPC
(30%) is shown in Figure 16a as a function of the distance from die.
The birefringence rises to a steady state value within approximately
75 cm from the die exit.

On-line birefringence measurements of HPC anisotropic solutions
were carried out in the same manner. No domain structures were observed.

The measured birefringence of 50% and 55% HPC anisotropic solutions

at various positions on the spinning 1ine are plotted as a function of

:
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the distance from the die in Figure 16b. The birefringence values
are considerably larger than for the 30% solution. They increase to a
maximum at about 2.5 cm from nozzle. At lower positions in the spin-

line the birefringence becomes smaller.

PPO-T
On-line birefringence measurements of PPD-T solutions were also
attempted using the same apparatus. Owing to the large intrinsic
anisotropy and light absorption by colored sample solutions, and more-
over, to the large diameter of the spinline solutions, the retardation

could not be observed by using a 10 order compensator.

Discussion

As shown in Figure 15 the elongation rate of HPC anisotropic solutions
was almost constant in a range between 5 ¢cm and 15 c¢cm from the nozzle.
On-1line birefringence values in this range were measured and reached a
constant value as also shown in Figqure 16b,

The stationary birefringence of elongational flow can be expressed
as a function of elongation rate. A similar function for shear can also be
expressed. [f the birefringence is taken to indicate the level of
orientation developed, a comparison of elongational to shear flow reveals
elongational flow is about three times more effective at the same deforma-
tion rate.

In general, it takes a 'ong period to obtain a stationary state
after applying steady shear to liquid crystalline polymer systems.
Consequently, in the case of elongational flow of a fluid emerging
from a die, it is difficult to interpret the birefringence. Very
high values of birefringence of anisotropic solutions were measured

on the spinline. Moreover, a maximum birefringence was observed at a
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position near the die. The maximum orientation was obtained within a
short time after emerging from the die. The elongational rate at this
deformation in the case of 100 cm take-up of 55% HPC solution is estimated

1

to be more than 1.2 sec  and for one 50 cm take-up to be more than

5.4 sec".
In terms of mn/epm° which is the Hermans orientation factor, Eq (5),
the values are less than 0.01 for the isotropic solutions. For the

55% HPC solution the value is remarkably high in the range 0.3 to 0.5.
BIREFRINGENCE-STRESS RELATIONSHIPS

It is very interesting to know the relationship between mechanical
responses and optical properties of polymer liquid crystals in flow.
This relationship has been studied for flexible polymer chains and is
the rheo-optical law developed for flexible polymer chains relating
birefringence to stress through £q (11).

The principal stress difference in shear flow is obtained from Ny
and N2 values obtained at the same shear rate in the Mechanical
Spectrometer. In the spinning flow, the stress is obtained from the

descent distance below the position in question specifically:

2 2
0y - oy (4“2 + N, ) (shear flow)

(14a, b)

3
(o] - az)(;m) - Wb[ 0g A(x])dx‘ (spinning flow)
x
m

Our shear flow birefringence was measured in the '1-3' plane and is
(m - n3). Our elongational flow birefringence is (m - np).

The ratio of the birefringence in a solution of concentration ¢ 2
p
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to that in a solution with concentration :p] at the same stress is
an(s 2) : C(s 2)
An(op‘) C(op]) (15)

The stress optical constant for flexible chain systems should be pro-
portional to the concentration of chains. We would expect the ratio
of Eq (15) to be °p2/°pl' We find that if we compare values of An(opzl
:n(ep]) for the liquid crystalline and isotropic solutions in this way,
the ratio considerably exceeds ’p?”pl' The increase in orientation is
associated with this is greater by an order of magnitude or more.
According to Oda, White and Clark, the value C/2° has the same

value for polymer melts with flexible chains being approximately 0.2 x

3

IOS Brewster (10'] cmz/dyne). The values we have found for the liquid

crystalline solution

C An
A » “ - 09 s AW
epq° lf;"’“ NI (16)

considerably exceed this value. For the HPC the mean value of this

ratio for anisotropic solutions is 700 x 105 Brewster, a factor 3500

greater. However, it is to be noted that the values for the isotropic

HPC solutions also exceed the flexible polymer chain value with a

mean value of 30 x 105 Brewster. This could be due to chain rigidity

and urcertainties in ap:’. (For shear flow we have presumed here (n] - n3) "

(n] - "2))‘

Due to the problems of evaluation opA° we cannot critically discuss

the PPD-T solutions in a similar manner though the same situation clearly

arises.
It should be noted there is no experimental proof of the rheo-

optical law for liquid crystalline polymer solutions. Indeed it might
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be suspected that it should not be so. Certainly Figure 10 (b) suggests
that the stress optical law is not valid in start-up or cessation of
flow. It is to be noted that Brodnyan, Gaskins, Philippoff and Lendrat
(79) have checked the validity of the rheo-cpu.cal law in shear flow

of isotropic solutions of some cellulose derivatives (but not HPC).

CONCLUSIONS

We have presented an experimental study of the birevringent charac-
teristics of isotropic and liquid crystalline solutions of hydroxy
propy! cellulose (HPC) in Hy0 and poly-p-phenylene terephthalamide
(PPD-T) in HZSO4 in the quiescent state, in shear flow and in elonga-
tional 'spinning' flow.

(1) In the quiescent state, domain structures exist with macro-
molecules arranged tangentially around the circumference. The HPC
solution is cholesteric possessing a superposed twist at a smaller
scale.

(2) In shear flows, the domain structures of both completely
anisotropic solutions break up at sufficiently high deformation rates
and the fluid achieves a homogeneous highly oriented state. Orientation
levels are much higher than in the isotropic fluids and decay away
much more slowly.

(3) The cholesteric structure HPC solution transforms to an
oriented nematic state in shear flow.

(4) Upon stoppage of flow, the domain structure reforms and HPC
regains its cholesteric character.

(5) 1In elongational flow, no domain structures are observed and
much higher orientation levels are obtained than shear flow when com-

parisons are made at either the same deformation rate or differences




in principal stresses.
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APPENDIX !

Determination of Intrinsic Birefringence From Bond Polarizabilities

Let the polarizabilities of individual bonds be a:‘ along their

length and ai perpendicular to them (35, 36). We must now recognize
that polarizability is a second order tensor (It relates the electrical
field strength vector to the polarization vector) (31). The component
qgt in the coordinate reference frame with axes along and perpendicular
to the chain backbone are related to those in the coordinate frame of

i
the bond b by
i -
>3 i i
g T E: E: La Leb “ab
a b (A-1)

where the Llp are cosines of the angles between the axes defining
the 1th bond and the extended macromolecule. For a structural unit

with n bonds
n
S AL
%st %st sa “tb ab (A-2)
i i a b

i
Introducing the matrix representation of uabin the bond:

a; 0 0
§ i
g~ 0 b 0
§
o ) (A-3)

Here u; fs along bond i and a;b is perpendicular to bond 1.
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3 We may write the components . , as
%L
i 2.1 i 21 e 1
o " oo Loy cosTopy +ap, (cosTey, + cosCeyy)]
i
n
i 2 i i 2.i
j{: [°b cos n + npb sin 012] (A-4a)
i
n
i 2.1 i 2 i
1) 2:[1b cos“a,y + U (cos dpn *+ COS .23)]
i
n
:E: [a s1n . n cos2 i . 1;b (sinzo‘ cosze:] cosze)]
' (A-db)

N sin n sin“a’ + a;b (COSzv. + cosza:] sinzoi)]

(A-4¢)

n
R AR RPN T
a3 = ) |
i

where oi is the azimuthal angle between the ” axis in the chain coordinate
frame and the longitude defined by the ith bond axis. "m and ay are

given by

!
T ap ap = 3 (ag + agy) (A-5)

(Compare the discussions of Gurnee (35) and Kawai and his coworkers
(80, 81).
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APPENDIX 2

Calculation of Intrinsic Birefringence for PPD-T

Using the bond positions of the (orthorhombic) crystalline lattice
structures of PPD-T as given by Northolt (82) (See Figure 17) we have
computed T and 143 AS well as Nyr Mo ng and 4° for PPD-T. We
obtain in terms of Northolts orthorhombic unit cell with Bunn and Daubeny's

bond polarizabilities (36)

= 321.6 x 10" Pem’

-
"

: M

* 25 3
nﬁ ® a5, 268.4 x 10 ““cm

& -25 3
L % %33 195.0 x 10 ““cm

-
"

m =2.038 n_ = 1.803 n = 1,53

v, 8, and a correspond to the ¢, b and a crystallographic directions.

This leads to

. e ) = 232 x 10~ 3 4° = 0,368

This calculation neglects complexities due to the internal field (33)
presumes the density of the crystal and neqlects form birefringence

(31, 32, 40-44).
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APPENDIX 3

Calculation of Intrinsic Birefringence for HPC

Hydroxypropyl cellulose is a more difficult polymer to characterize
because of uncertainity of the configurations of the substituent groups.
(See Figure 18) For cellulose itself, we may readily make calculations.
These have been most recently done by Takahara et al (81) who have used
the atomic arrangements of Meyer and Misch (83) for the cellulose II
crystalline form and the Bunn-Daubeny bond polarizabilities (36). This
is more awkward because the unit cell is monoclinic rather than or-

thorhombic. They obtain

a (b-axis) = 147.0 x \Oglbcm3

-25

ag (parallel to pyranose ring normal to 101 plane) - 142.2 x 10 cm3

-25

a (normal to pyranose ring, parallel to 101 plane) - 119.2 x 10 cm3

- 2 -25 3
2F a ay 133.7 x 10 cm
nT = 1.650 which leads to

ng * 1.624 P 1.504

a° = 0.086

The presence of the propylene oxide ether qroups should certainly lower

as Moo and 4%, The crystal structure of HPC has been studied by Samuels
(37) who finds it to be rather complex (Figure 18) with the pyranose ring
twisted relative to each other and part of the propylene oxide chains
being parallel to the axis (thus affecting 1‘). Samuels also records

experimental data for density and calorimetric crystallinity, birefringence
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and amorphous, fa' and crystalline, fc. orientation factors in partially
oriented films. These are interrelated through Hermans equation

(84) (see also Taylor and Darin (85) and Stein and Norris (86):

o ,0
an XfCAC + (1 - X) faA.a (c-1)
From this we compute
:‘\o = .A.-OC n 0.038

with A; of 0.019.
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FIGURE 1, LATTICE MODEL FOR THE FORMATION OF POLYMER LIQUID
CRYSTALS.,

FIGURE 2. RELATIVE TRANSMITTED LIGHT INTENSITY THROUGH CROSSED
POLARS WHERE 1o 1S LIGHT INTENSITY YHBN THE SOLUTION
1S ISOTROPIC., SAMPLE THICKNESS Is 100 .

FIGURE 3, POLARIZED LIGHT PHOTO MICROGRAPHS OF PPD-T SOLUTIONS,

A. SMALL SP"ERBkITES AND THEIR AGGREGATES AT 9.2%
ppD-T IN 100Z H2soy.

B. 11T PPD-T SOLUTION BEFORE ANNEALING.

c. 11T PPD-T SOLUTION AFTER HEATING TO 90°C
AND COOLING TO AMBIENT TEMPERATURE.

—- o

FIGURE 4, POLARIZED LIGHT PHOTOMICROGRAPHS OF HPC SOLUTIONS,

QBGREG TES OF ANISOTROPIC HPC PARTICLES AT
HPC IN WATER,

B. SPHERULITIC STRUCTURE AT 70 wr. % wpc/30%
WATER,

FIGURE 5, ARRANGEMENT OF PPD-T AND HPC MACROMOLECULES IN
NEGATIVE SPHERULITES.

FIGURE 6, ABSORPTION SPECTRA OF MPC ANISOT }C SOL TIONS
’HOSE CONCENTRATIONS RANGE FROM

. SAMPLES THICKNESS 1s 100 chaows

FIGURE 7, SCHEMATIC REPRESENTATION OF POLYMER CHAIN
ORIENTATION IN CHOLESTERIC LIQUID CRYSTALS,

FIGURE 8, STRUCTURAL ARRANGEMENTS EXPLAINING SAMPLE SIZE
EFFECTS IN HPC SOLUTIONS,

FIGURE 9, TRANSIENT BUILDUP OF SHEAR STRESS IN HPC SOLUTIONS, i
A. U5 wr., % HPC IN WATER,
B. 55 WT. % HPC IN WATER,
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A, THE BlREFRgggENCE AND STRESS RESPONSES OF AN
ISOTROPIC DUk HPC SOLUTION PLOTTED AGAINST
FLOW TIME. THE SUBSCRIPT 'ST REFERS TO THE
STEADY FLOW CONDITION,

B. THE BIREFRINgENCE AND STRESS RESPONSES OF AN
ANISOTROPIC % HPC SOLUTIQN PLOTTED AGAINST
FLOW TIME. THE SUBSCRIPT ST REFERS TO THE
STEADY FLOW CONDFITION,

BIREFRINGENCE RELAXATION FOLLOWING CESSATION OF FLOW
FOR HPC SOLUTIONS.

A. 45 WT. % HPC IN WATER.
B. 55 WT. 7 HPC IN WATER.

STEADY STATE BIREFRINGENCE FOR HPC SOLUTIONS AS
A FUNCTION OF CONCENTRATION AND SHEAR RATE.

STEADY STATE BIREFRINGENCE AS A FUNCTION OF CON-
CENTRATION AND SHEAR RATE FOR PPD-T SOLUTIONS,

PROPOSED FLOW INDUCED DOMAIN DEFORMATION AND DIS-
APPEARANCE MECHANISM OF POLYMER LIQUID CRYSTALS,

VELOCITY PROFILES ALONG THE SPINLINE FOR HPC
SOLUTIONS.,

A. BIREFRINGENCE AS A FUNCTION OF DESCENT DISTANCE
ALONG THE 1SOTROPIC HPC SPINLINE.

B, BIREFRINGENCE AS A FUNCTION OF SPINLINE
POSITION FOR ANISOTROPIC HPC SOLUTION,

CRYSTAL STRUCTURE AND MOLECULAR ARRANGEMENT OF
PPD-T AFTER NORTHOLT (82).

PROPOSED CRYSTALL INE_MOLECULAR ARRANGEMENT OF
HPC AFTER SAMUELS (37).




FIGURE 1,

Isotropic Anisotropic

LATTICE MODEL FOR THE FORMATION OF POLYMER LiQulD
CRYSTALS.
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FIGURE 5. ARRANGEMENT OF PPD~T AND MPC MACROIMOLECULES IN
NEGATIVE SPHERULITES,
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FIGURE 7. SCHEMATIC REPRESENTATION OF POLYMER CHAIN
ORIENTATION IN CHOLESTERIC LIQUID CRYSTALS.
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EFFECTS IN HPC SOLUTIONS.
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FIiGURE 12, STEADY STATE BIREFRINGENCE FOR HPC SOLUTIONS AS
A FUNCTION OF CONCENTRATION AND SHEAR RATE.
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QUIESCENT STATE wWiTH AT FIRST THE DOMAING A CONTINUOUS FLUID

MANY OISCRETE DOMAINS TRANSFORM INTO ELLIP- IS OBTAINED ABOVE A
OF SPHERULITES WITH SOIDALLY OEFORMED CRITICAL OEFORMATION
E POLYMER CMAINS ARRANGED SHAPES RATE
; TANGENTIALLY WITHIN THE
SPHERULITES

FIGURE 14, PROPOSED FLOW INDUCED DOMAIN DEFORMATION AND DiS-
APPEARANCE MECHANISM OF POLYMER LIQUID CRYSTALS.
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FIGURE 15, VELOCITY PROFILES ALONG THE SPINLINE FOR HPC

SOLUTIONS,




N

m

*NOI LNT0S JdH J1dO0¥ULIO0SINY ¥04 NCILISOd
INITINIAS 40 NOILONNA Vv SY 3ONIONI¥IIN¥IE 'H

*3NIINIES OdH J1d0O¥10S1 3IHL ONOTV
JONVISIQ IN3DS3Q 340 NOILONNS v SY JONIONIY¥43N¥IE 'V ‘QT 3¥N914

(wd) 1940UUIdS WOJY dduEeISIO
S a ] 4

v L] LS L 8 Ll L v

% 66  —O0—O0—
%06 ' —o0—o—

-

oduebuiyjeuag

(‘Otluv)

(wd )

yibua auluos
001 GL oS

-1 v T

o
-

ecvebuijang

(gOLXx Uuv)




poly( p-phenylene terephalamide) : PPD-T

fren

. ae 787 A
] b= 518
c* 129 -
' t= 90° M G Northoit
a Eur. Polym. J, 10,799 (1974)
FIGURE 17. CRYSTAL STRUCTURE AND MOLECULAR ARRANGEMENT OF j

PPD-T ATTER NORTHOLTY (82),




idealized structure of hydroxypropyliceliulose ( HPC)
molecular substitution : 4

FIGURE 18, PROPOSED CRYSTALLINE MOLECULAR ARRANGEMENT OF
HPC AFTER SAMUELS ()7),
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