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f ~ An experimental study is reported of the quiescent and flow birefringent chara-

cteristics of two liquid crystalline polymer solution Systems, poly-p—phenyl ene
terephthalam lde (PPD-T) In sul furic acid and hydrox~propyl cellulose (HPC) in
water over a range of concentrations . It Is showflA for the quiescent states the
dilute solutions are opti cal ly isotropic vè~ile the concentrated solutionsconsist of negatively birefringent doma ins . During flow at low deformation
ra tes, moving domains are still seen . At highe r deformation rates a homogensus ~~~~~~~
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~~~~ highly birefr ingent fluid Is obtained . The birefringence Inc eases with
concentration at constant deformation rate and exhibits a major increa$e as
the liquid qrystalhne state is f ormed. The source of the blrefringe.ice i s
due to (1) s anisotropy of polari zablllty of oriented ascrcmolecules .~ -(2) ~

-

difference in refractive index of solvent and or iented macromolecul es ( form
birefringence). The resu lts are Interpreted in terms of the leve l of polymer
orientation ~~ich may be developed in flow for li quid crystalline polymer
so”lut ion s as con~ared to solutions of flexible macromolecules .
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SYNOPS iS

An experimental study Is reported of the quiescent and flow bire-

fringent characterist ics of two liquid crystalline polymer solution

systems, poly-p-phenylene terephthalamlde (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 rates

moving domains are sti ll 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 crystal line state Is formed. The source

of the birefringence is due to (1) - anisotropy of polarizab ility of

oriented macromolecules, (2) - difference in refractive index of sol-

vent and oriented macromolecules (form birefrinqence). The results are

interpreted in terms of the leve l of polymer orientati on which may be

developed in flow for liquid crystalline polymer sol utions as compared

to solutions of flexible macromolecules.

a 
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- 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 li quids Indeed often with a lower viscos ity

level . The existence of this order in the state of rest has resulted

In those fluids being referred to as an i s ot ro p ic  as contrasted to iso-

tropic systems which have no order in the rest state . These mesophase

or li quid crystalline pol ymer systems include concentrated solutions

(and in a limi ted nisiber of cases melts) of pol ypeptides (1.9), p-linked

aromatic polyamides (~ -1f~) and o hci aromat iL ,ol ycondensates

( 15, 17-21) and cellulose derivatives (9, 2~- 2 4) .  The mechanism of

formation of these polyrier li 4ul d crystaic ~~~~~ largel y assoc i ated

with the rigidity of the macromolecules and the inab i l i ty to pack

a random arrangement of rods at ~iivr ate and hi~h

volume fractions.(See Figure 1). riory (25) has developed a statistical

thermodynamic lattice theory for Concentrated soluti ons of ri gid rods

which predicts this transformation. In recent years , this model has

received increased attention from Krlghaum and Salaris (20) and Flory

and Abe (26).

Kwolek and her coworkers (10 - 1?)  found tha t f i~wrs  formed from wet

and dry jet wet spinning of liqu id crysta lline solutions of p-linked aromatic

polyamides possess high levels of orientation and mechanical properties

even at low flow stresses. This has been observed in polyesters (17 , 18)

and cel l ulos i cs (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).

5•
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It would appear that molecu lar orient atic~’ is more readily developed

and retained in these systems than in solutio ns or melts of flexible

macromolecules. There have been some investigations of flow Induced

structura l changes in pol ymer li quid crystals by Japanese Investi gators ,

notably Asada and Onogi (6, 7. 4) and Horlo (15) ~~o have made con-

tributions to this subject. It is the purpose of this paper to present

a report of research in our l aboratories on the development of orientation

during flow of liquid crysta l li r . po~i”t’r solution s .

The two polyme r r~,stem s of concern j! th is r t u d y are poly-p-pheny lene

terephthalaniide (PPD- T~
0

f- NH - - ‘ f f l - C -  (~ - c ~ (I)

and the hydroxypropy lc€ll u lose estt’r ~~~ w’’~ ‘~~r ’~ ’ ~f substituti on

four. This has an approx imat e st rL~~4r.~

OH

P ~~ 
4 - CH 3

— c ’ , - -

( H,
- 

H A  0
\

~~~H fy~ ~~~~~~~~~~~
0 OCH CH-CH H

H 0-CM CM CH3
Oh 

(II)
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We investigate in par~ 1Lu 1a r the flow birefrinence of two dif-

ferent l i qu id crystal forming polymer solut ions poly(p-pheny l ene tere-

phthalamide)(PPD.T) In sulfuric acid and hydroxypropy l cellulose (HPC)

in water. This paper continues the authors investigations of polymer

liquid crystalline fluids (8,9.14 ,16 ,2’).

BACKGROUND

Polar izablll ty An isotropy ard Tn t e r preta t ion ç birefrjj~9~nce Leyel

We attempt in this ~~t t k r  1p r’~ ine the extent of molecular orlen-

tatlon developed during fl ow throuqh r jr~ r~e nt s  of birefringence. Be-

fore we can meaning full y proct~e~ we ~~y be ab le  to relate birefrinqence

to orientation. £~ refri r ’~ence in flowi ni p~ l -er solutions may be related

either to orientation or to ~~~~~~~~~~~~~~ in~~~’. difference (form bire—

fringence) effects . We ~iscusc ‘~i~~h of ‘ese in turn .

Hermans and his coworkers ~2:~) ha~t~ ~r~w’ , tha t un iax i a l fi ber

orientation measured by CO~~
?
~ -‘w ’icr e is t h~ ~ni1e between the preferred

direction and the pol ir’er ch ain a~ i ’ ) i~ r ,l~~t,’ri to the a~~ rntro pv

of the pol ar izabi li ty through:

• = - 
- 1

1II
_ 
~j 

2 (1)

where 
~ 

is the pola r i7a hl l l f y ,j~~~ ri i  a ;~~~~v~’~~r chi in . tho

value per p endicular to it and f is known as •
~~~~~ Hermans orientat ion

factor. .~~~~ is the differ e nce between ho mean p n la r i z a bi lltv ilong

the fiber ax is and perpendicula r o it .

The va l ue of ~7 in filaments Ic tr ,i~~i t i ,r~~1 l .  leterrined through

measurements of birefr inqence. ‘sr’  1 8k) ~~~~~~~~~~ . f Lorentz (Lorentz-

Lovenz equation) relates refra ctive in-1~~ ~ ~~ po larizab ility,
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•‘ , (?~-~i) 
through

I
• 

. 
- 1 4i, N.~ (2)

• n + 2

where is the dens i ty, N is Avoqadro s nurter and N is molecular weight

per structural unit . Lorentz (?9) (pg 137-145 , 305-308) notes that Eq(2)

is l imited to isotropic systems and cubic crystalline lattices . The prob-

lems associated with Eq(2) in two phase and anisotr opic media were pointed

out and anal yzed by Rayleigh (32~ as earl y as 1 892 and has been discussed

by more recent Investigators ~on as Stein (33) for its application to

crysta lline polyolefins . Paic and Ada r~, (30) argue this fermalism may

be appl ied to anisotropic systems with n and replaced by principa l re-

fractive Ind i ces and po lari :aHlitiec . Kuhn and ‘ run :34 ) i ndependentl y

deve l oped and utilized thi s argument to predict the hirefringent properties

of deformed vulcanized rubber and Hermans et al (2R) applied it to fibers .

Gurnee (35) and later invest igators used th is concept to predict the in-

trinsic birefringence of polymer h iin s . Conside r a completely oriented

system of pol ymer ~ha ir~ . Aqa in lettin g ?h~ subscri pt 
~ 

mean par allel to

the chain andj to t~e perpend i ila r to the (~‘a in , we obtain:

n - l  r2 - lH ~~~~~~~~~~~ .,
~~_________ - ., - - — 

3 ‘~t 
¶ ‘II -

+ 2 nj+ 2

For small va l ues o f n 1 
- flj~ we ~1ay red ,  ~ Eq ( 3 )  to

~
-.2 + ~ 2 (n,~ - flj1 ~~~~~~~~~~~~~~~ ~~ 

~~ (
~ i~ 

- ‘i.) (4a)

- .~~~~~~~~~~~~~~~~~~~~~~~~ -•--~~~~~~~ • •  ~~~~~~~ ~~~~~~~~~~ • - --~~~~~ -~~~~~~~
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Based on Eqs (1) and (4), the Hermans orientation factor may be related

to the measure d and intrinsic birefringence of filaments through:

n - n1 2 _ .n
fl)1~~ ~i_ (5)

Intrinsic Birefrin9ence of PPO-T and HPC

To proceed we most evaluate ‘H 
and ~ for the PPD-T and HPC chains .

This may be done as suggested by various authors by considering an

extende d chain structure and adding bond po la r i zab ll it iec (35, 36) .

In A pp endix I , we deta il the method of computation of 0 from bond

polarizabilit ies . A computation using this method for PPD-T is given

In Appendix 2 where the bond po larizahiH ties of Bunn and Daubeny (36)

are used . In Appendi x 3, we attempt to ecti ~”ate 
‘ for HPC . The un-

known orientation of the propylene oxide substituents In Formula 11

does not allow for a mean ingfu l prediction of • °  us inq the rethods of

Appendix 1. We have estima ted it from data on oriented films publis hed

by Sainuels (37). We obtained the results

‘ (PPD-T) 2 0 .37

(HPC) 0.038

The values of •‘.~~ are for crystals and should be appropriatel y lower

for polymer solutions , i.e. • ~
‘ where : is the volume fraction of

g polymer.

The value of ~ for PPO-T should be directly comparable to experi-

mentally measurements on high l y eriented fibers (though not for HPC

—- - -~~~~ -- - -  -~~~
- -~~~~~~~~~~~~~~~ --
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because birefringent data were used in its determination). Kono pase k

and Hearle (
~ ) report ~,n for oriented fibers with the structure of

PPD-T to be 0.45 which is troublesome as it exceeds the theoretical ~~ O

Possible difficulties are (1) the lack of additivity of bond polari zabil-

ities in condensed ring systems , (ii) i naccurate representation of the

i nternal  f iel d , (iii) inaccurate t~ond po la rizab i lities . Stein (33)

has discussed problems of this type in the evaluation of •
° 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 an isotropica llv distr ibuted. The theory of such form

birefringence is due to Ray leigh ( 32) and ha~ been extended by various

investigators since that time (31 . ~~ 40). A recent example of the

importance of form birefringence has been FoRe- and Kel ler ’s (41 )

study of extruded filar’ents of bloc k copolr’rs w h i h  contain a

parallel of cylinders of one rP ase ~ icpe nded in a second .

In the present paper we ~r’~ conr~ rned wi ’r pol ymer solutions .

There has l ong been a concern ~~th forri ~irefringence ari sing from

orientation in fl owing polç~’cr c~ l ~‘ ~ ~~~~~~~ Th is is the result

of studies showing the birefrinqences of these sys~enic e~hib it 1ng

a significan t dependence on solvent (42 , 43). However, theoretical

considerations of this effect have been limited to dilute solutions

and models of dumbbells and isolated flexible chain s . We have attempted

to estimate the maximum form birefr inqence of PPP-T and HPC solutions

using the Ray leigh -Wiener theo ry (32 . 39, 41) for parallel rods. The

• 1
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predicted value s are of order 20 percent of the intrinsic birefringence

of the solution taken as ; °, where is t~~t vo 1 une fra tion of pol ymer

in the solution .

Stress Field in E lon ga tiona l and Shear Flow

There is an extensive literature on the rheological properties of

concentrated solutions of fle xible pol ymer chains . These systems

generally respond as isotropic vis coel astic f’ uid s and the stress fields

in flows of interest may be expressed in terms of non-linear visco-

elastic constituti ve equations .

In an elon gational flow :

v 1 (x
1 ) v 2(x2) 

= v 3(x 3
) ( 6)

where 1 , 2, 3 are an orth o :~n~ l f r~~~ . T he r’ ul~ in~ s t re ss

fiel d ~ for an isotropic visco ela stic fluid Is (45)

11 0 0

• r  0 0 0

0 0 0 (2)

where F is the applied tension and A the cross-sectional area. ‘11

in the steady state t’ren-~ upon ~~~ elon gational deformation rate .

In a shear flow

= v 1 (x 2 ) v 7 v 3 0 (8)

The stress field is of form (46)

1

I

_____ _________ • .—-—--~—------~~~~~ ------—-—-— — —--—--—~ - •---- —--———— -—- ~—- ~ __ t__~
_
~ - _ —
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0 0 N 1 + P4
2 ‘ 12  0

12 ‘22 0 0 0 + 12 N2 0

0 0 0 0 0 0 0

• where (9)

11 - ‘22 2? 
- 

33 
( 10)

and N
2 are the principa l and t~~o n1 n~~r”al stress differences wh i ch

depend on the steady state bhear r~ tt .

The above forms are for 1sotrop~ viscoel astic flu ids. There have

been rtieological theories develope d for l iquid cr ,.tal s notabl y by

Frank (47) and [ricksen (40~ for stat ic deformations . Theo ries of

flow of l i quid crystals are presented ~~~~ Lesli e (~~~ . 50) and Ericksen

(5)). These teeories are intended for lDw iolecu lir we ight liq uid

crystals.  Their predictions frr stead y flows are much more con~,lex

than v iscoel as t ic fluid theory and rjr
~rJP , boundar y effects arIse (52-

54). Some experimental studie s on low m olecu lar weight liquid crystal

bear out such comp le .it ies (55, 56).

Flow Birefringence

The development of molecular orientation during flow of solutions

of macromolecules has been Investigated using flow hirefringence for

generations (57- ). Most efforts have been directed at dilute solutions

and have Invol ved biological and rigid macromolecules and to a more

& limited extent flexible hydrocarbon polymers (viny l polymers, polydienes).

Ia

-
~~-- —-- ---~~~ -----— -—-‘ ,. - -—- -- —----

~~- -~~~---- -.-~~~~~—- - —--- - - - -  —
~~~~~~~~~~ 

-
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These studies have aimed at determining individua l macromolecule

characteristics includ i ng rotary diffusion constants and chain length

for r i g id mac romolecules. Investig ations for concentrated polymer

solutions and melts have focussed on flexible chains where Lodge (60)

and Phil i ppoff ( -64) among others (65 - 68) show the deve)opment

of birefringence is governed by the ‘rheo-optica ’I law ’ wh ich relates

it to the difference in princ i pal stresses ‘
~~ 

existing during flow ,

I.e.

— n • C (’1 — ~ (11)

This behavior has been justified in terms of the theory of networks of

flexib le polymer cha i ns (35 , 60, 69, 7 O ) .

Oda, ~~ite and Clark (71) note it is  ir~pl i it in the theory

of birefringence in flexible pol )m~er chain networks that the stress-

optical C constant should be proportional to (t l l  - 

~
) and to .

‘
. In

uniax ial extension , it follows from Eq (11) that

Cf 2 (
•
;~

• _ )  
~~~~~ 

( 12)

is to a good approximation independent of polymer type . C / . ° Is about

2 x lO~ Crewster . They verif y th is for on-line birefr ingence measure-

ments on fibe r spin) ines and vi t r i f ied polystyrene filaments. The

proportionality of C to (il l  - ~~ and . ° also exp lains Philippoff and

Tornqu$st ’s (64 ) finding of the dependence of C on the length of the

pendent group on a viny l chain .

Polymer l iquid crystalline fluids are cha racterist ic al ly bire-

J frfngent in the state of rest (1-3 , 8-13 , 16 . 2?. 23 , 27). Hcwever, there

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

_ _  _  _ _ _ _ _ _ _ _ _  _ _ _  
—

~~~---1
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Indeed as noted earlier onl y the investigations of Asada and Onogi

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

authors have reported on the flow birefringence of both dilute isotropic

solution s and liquid crysta lline solutions of polypeptides (6, 7), aromatic

poly~nides (15) and hydroxy propyl cellulose (24 ) .  However , their re-

sults are rather qualitative and limited to shear flow .

EXPERIMENTAL

Mater ials

The two polymers used were poly-p-pheny )ene terephthalam ide (PPD-T)

in the form of DuPont Kevlar ®and hydroxypropylcellulose (HPC ) as

Hercules Kl ucel~~ L The PPD-T was dissolved in l00~ sulfuric acid

and the HPC in water . These are the same two polymer solution types

considered In our earl ier paper (9). A)) experiments were carried out

at room temperature (ca. ?3’C).

Optical Microscopy of Quiescent Solut ions

A Leitz-Ortholux polarizing l ight r’icroscope 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

sol utions , Fisher Scientific Littznann Slides (for fungus mounts) were

used with a glass cover slide . These slides possess depressions of

600 microns (pm). For the th i nner sample solutions , cells were made

by pressing s~np1es between glass plates separa ted by a spacer. The

thickness of the spacer was 100 ;arn . The microscope sample holder had
a hot stage with • ‘L5 C temperature regulation . Transmitted l ight

• Intensity was measured with a photometer. 

•—~~~-- .~~~~~ - -‘ -~~~~-~~~~~~—— __
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Absorp~ion Spectra on Quiescen
t Sol utions

Absorption spectra were determined with a Cary 17 double beam

spectrophotometer.

Shear Flow Birefringence

Shear flow experiments we re carried out betwee n glass plates

using tefl on spacers of thickness 56 ~m or 88 a.r’i . The plates were set

on the stage of a compensat ing polarized light microscope . The upper

glass plate was drawn at various constant velocities to obtain a wide

range of steady shear rates ~~~ ~. o~ sec 
I
)• The shear flow bire-

fringence was measu red In the ‘1-3 ’ plane .

Shear Flow Rheologica) Pr~perties

Measurement of shea r flow princ ipal normal stress difference N1
and shear stress 1

12 we re obtained for the HPC solutions on a Rheometrics

Mechanical Spectrometer . The shear stress was determined from the

torque H and the normal stress difference through the thrust force F

( 72)

3M . 2F
~~~~~~~ 

, P41c’,R ~R (13 a ,b)

• Similar stud ies on PPD -solutlons have been carried out in our labo ra-

tories by Aok i et al (8).

Elongational Flow

Elongatlona l flow experiments were carried out by gravity spinning

in wh ich sample solut ions were extruded from a die . The apparatus

used was a Harvard infusion/withdrawa l p~anp . Retardat ion measureme nts

were carried out by setting a Ol ympus p olarizi ng microscope with a 

— .—-—-~~~~~~~~~~~~~ —-~~-•~~~• -~~~~ 
.
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Berek compensator across the spinl i ne . The diamete rs of filaments along

the spinline were al so determ ined from photographs taken with the aid of

a camera using a close-up lens (Micro Nikkon f 55nin).

QUIESCENT SOLUTIONS

Appearance

The solutions stud ied showed a range of appearances to the una ided

eye. The PPD-T anisotropic solutions are dark brown and essentiall y

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/H20 solutions are an iridescent red

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

Transitions to Ani sotr~pic Flu id Phases

The polarizing microsco pe was used to determ ine the conditions

under whic h the solutions studied became anisotropic.

All solutions were isotropic at low concentrations . Over a con-

centration range characteristic of the po l ymer , 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 diffe r 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 If1~ 
versus concentration curves for the PPD-T

are steeper than those of the HPC solutions .

Generally, anisotropic pol ymer liquid crystalline solutions trans-

form to isotropic liquids as they are hea ted up. ~*ien a 9.5 wt.% PPD-T

solu tion was heated on a hot stage of the polarizing microscope under
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cross polars at a ra te of 5 mm /C0 , 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 mm /C0), liquid

crystal formation occurred at 38°C. This supercool ing phenomenon is

characteristic of liquid c rystall ine polyme r solutions , and was ob-

served for other polymer (8) systems except HPC . In the case of HPC

aqueous solutlons~ HPC molecules begin to precipitate at 38°C .

Detailed Observations of 11g~id Crysta lline Phases from Polarized
Light Microscopy

The solutions of PPD-T in the two phase region (9 9.5 wt.~)

display small globular stru ctures.  (Figure 3a) The average size of

the g lobular particles is about 5 ;~m (5 x lO~ A). The particles are

spherul ites exhibiting a Maltese cross under cross polars . The sign

of the spherulites is negative, i.e., the tangent ial refractive i ndex

is greater than the radial refractive i ndex . At a slightl y highe r

concentration , aggregates of sphe ru lit~s with diameter of SO ri are

formed .

The structure of single phase PPD-T and of polymer liquid crystal-

line sol utions in general cannot be characterized easil y. This is in

part becuase the features of the solutions are affected by the shearing

force appl ied when the sample solution Is poured into the cell for

microsco py . As the orientation relaxation time of pol ymer liquid

crystals is quite l ong, characterization requires several days for

the sample to equilibrate .

- In the single phase structure there is complex ‘domain ’ m icro-

structure consisting of what may be aggregated spherulltes (Figure 3b).

Individua l units of the PPD-T liquid crystals seem to be very small

I
—
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(< lO~an). Threadl ike structures resetitling those seen In low molecular

weight nematic thermotropic liquid crystals (73, 74) are observed If

the anisot ropic phase is melted at 90°C to form an isotropic liquid 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 F i gure 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.% and 70 wt.~ the solutions exhibit an iridescent color. At con-

centrations higher than 70 wt.~ the HPC solutions exhibit domai ns at

spherulitlc structures of dimensions 20 ~
. 80 rn (Fi gure 4b). These

spherul ites are negatively birefrin gent.

Implications of Spherulite Structure

The existence of negative spherulite s indicates

n~~~n or t

~ r .~ r

where the subscripts o and r refer to the tangential and radial directions

in the spherulite . As the polar izabi lity along the length of the PPD-T

and HPC chains are greater than that perpendicular to it , we may con-

chide these macromolecules are oriented in a circumferential or tangential

manner (See Figu re 5).

Absorption Spectra

The absorption spectra of the HPC liquid crystalline structure is

I

•1 
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shown in Figure 6. The maximum pea k of the absorption spectrum shifts

as the HPC concentration is increased. The peak shift is also observed

when the cel l is incline d to the measuring li ght beam .

chol esteric Character and Absorption Spectra

Many low molecular weight thermotropic li quid crystals have been

found to have an internal twist In their structure and are classified

as being cholesteric (73, 74). This inte rnal twist leads to selective

and directional l ight scattering and to optical rotary character. It

has been associated with the existence of asymetric carbon atoms in

the molecules. The name cholesteric derives from the cholestery l

derivatives which striki ng ly show this character .

The pitch of low molecular weight cholesteric structures has been

determined by Ferguson (75) and late r investi gators (76 , 77) analyz i ng

diffraction of electromagnetic radiation as a function of wavelength.

When the orientation of the cholesteric structure is uniform , the

pitch ‘p ’ can be determined from the max imum peak of the apparent ab-

sorption spectrum . The pitch is i ndeed prop ortional 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.

Genera l ly this was found to vary from 5200 A to 2600 A as the concen-

tration increases from 53 to 70 wt .~ .

Cholesteric characte r in pol ymer solutions has been previously

reported for pol ypeptide s including P~BLG by Robinson (1-3) and for
- HPC in 1120 by Werbowyj and Grey (22). The latter authors using optical

rotation report a val ue of 3600 A at 66 weigh t % . PPD-T solutions

__________
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would seem to be nema tic , i .e. they possess no internal twist .

The ordering of the macromolecules within the he licoida l choles-

teric structure is of considerab le interest. The observed pitch ‘p’

is several orders of magnitude larger than that of any internal helical

structure within the macromolecu le. It would thus seem ob v ious that

it may correspond to a twist in a directio n perpendicular to planes of

macromolecules. This is the view taken by Robinson and his coworkers

(1-3) for solutions of pol ypeptide s and it should also appl y to planes

of macromolecules. (See Figure 7). Bernal and lankuche n (78) argue

in investigations Cf tobacco mos aic ‘.iru s ~uc;~ nrions , which appear to

exist in a li quid crystalline fon , tha t the ri’~ic1 rod viruses ex is t

in a two dimensional hexagonal array . A si’iilar view is expressed by

Robinson et al (2) for the polypeptide sycterv~.

Wall Effects

We have found a sample s ize e f fect  in our ‘ absorption ’ spectra

experiments on HPC . This leads to the conclusion that the walls in-

fluence the orientation of the l a yers . From experimental studies

using sample cells with a range of thicknesses . ?h.  structure of the

anisotropic HPC solutions in narrow cells can be conclude d to be

a cholesteric structure with its planes par al l il ~o the plane of the

cell wa l ls as shown In Figure 8 . On the other hand , from the studies

wi th cells with larger distances between the walls it was found that

the wall plane s 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 ~i from the surface) is highl y ordered,

but in the inner part is less ordered.

IlI
I 
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• SH[AR iu~
HPC Results

Shear flow experiments on HPC solut ions were carr ied out using

parallel glass plates with 88 • r’ spacers . ~he isotropic , single

phase anisotropic and two-phase solutions were examined .

The isotropic solution showe l a stead y state birefringence in

seconds after app1 yin~ steady shear . The hirefrinqen ce decayed to

near zero in seconds after ce s s aH on  of steady flow . h owever , for

anisot ropic solutions , it toc~ some “ inu~ s to achieve a steady state

birefri ngence after app 1 i n ~ ~ ~‘iiv  - ne ar flow . Th is was true for

single phase anisotru ic and t w - ~~a- - v c~
- 
~ . ihe build -up of

birefringence in t ’aly shea r for s i ~~~ ty~~ u ’ -~~1ut ion ic shown in

Figure 9 (a) and (b) and 10 (a) an -i ( i ) .

The decay of bire frinqence followin g ~e’cat ion of flow is shown

in Figure 10 and 1 1 for the ot rn~ ic and an ’- - ‘ropi c solutions . For

the isotropic solut ion th i s oc~ -~rred i v ~~~~~~~~ ~h~ n uru -i r~te. For

the anisotrnpic cy~~i~~~ a h o i t  S .rc ~- r ~ •~~ ‘ v- b in fr lence st i ll re-

mains after 30 ‘~1inu ’~~~. even t~’ -~ :h t h i  s r ~ a :~~in o t all v relaxes

in a mi nut e or less .

The ani cot rr~ lc sol ~ icr i ~~~ i ab~ have ç~~ip ~ r-’ f~ -rrt c1 orienta-

tion which is created -i-~r i r~ ~~~~ - ~~inr~ ~~t~~~tr i glass piates and

does not relax eas ily. The ~~~~ cct irefrinrjence build-up depend on

sample loading . The time scal~ is always ci vi ral minut es which is

dependent on the ~hca r rate.

— In the case of the 55 ~~~ solut i ,n (siru :le phase anisotrtp ic) at

• 0. 1 sec -1 shear rate, well defirwd bire ’ri ’ i r: ~ onl y became observ-

• able 3.5 minutes after applying shear . Before this time no well de-

• I fined observ ati on was possib le because of the domain structure of the

____________ ____________
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anisotropic solution . For single phase anisotropi c solutions , bire-

fringence overshoot could be observed in a range of shear rates as

shown in Figure 9 (b) , i.e. , a stead y state was obt a i ne d after

passing through a birefringence maximum . The ove rshoot maximu m time

depends on the shear rate and shift s to shorter time s as the shear

rate becomes large r. At shear rates higher than 2.4 sec~
1 , birefringence

overshoot was not observed.

The birefrinqenc e build -up is cri own in 1ic ~ure 
‘
~ ~a) for the two-

phase anisotropic HPC solutions in which the isotropic and the aniso-

tropic phase coexist. No birefr in-ience overshoot was detected for the

two-phase solut ions as found for the si n ql~ phase anisotropic solutions .

However, it also took a long t i~~ to obtain a steady state birefringence

as In the case of single anisotro p ic solut ions (Figure 9 (h)).

The steady state birefrino ,~n e  of HP(. solution of varloi s concen-

trations is plotted against cbt - ar rate , , in Fi~ ure i~~. :sotro p lc

solutions show a ‘Inear re1ati~ nch ip between the birefringences and

the shear rate in th i range Stuc1~~ d here ( 0.1 ‘ l fl ). For aniso-

tropic solutions the st adi sti~~ b irefr inqe r e increases l ogarith-

micall y against shear rate at ‘hear rates c t ~ cOn 0.3 and 4.0

The birefrinqence leve ls off at a shear r ar of about 10 sec 1 for the

single phase an isotropic solutions.

There is a striking increase in steady state hirefringence with

concentration near the critical concentratior for formation of aniso-

tropic phase. This is shown in igure 12. ~t a shear rate of 10 sec~
•n increases by an order of magnitude as the concentration Increases

from 40 to 50 percent.

—• - ‘ ~~—
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PPD-T Results

Shear flow measurements of PPD-T anisotropic solution were carried

out using thinner spacers of 56 rn thick because of its higher bire-

fringence.

As solutions of PPD-T in lOO~ H2S04 are colore d b rown , it is very

difficul t to measure the birefr inqence with a compensator . Spec i al

care must be used as the a niso t  ro: ic Sol ot i ”  ‘hciw a c i i  ‘;~~ 
i cc  t~ fi ri,

dcxnain structure wh i nak . ‘~ I ~;c easure~~nt ;;;ore diff it ~1 t

The behavior of PPD-T isotrop ic solutions in shear flow Is almost

the same as that of HPC isotrop ic solutions . The steady state bire-

fringence has a lInea r relat ionshi p with shear rate in the whole

range studied as shown in Figure 13.

The Structure of anisotrop ic PP[)-T so1ut~rnc ( 10 ; )  sheared at a

shear rate less than 0.09 sec ’1 ‘t i l l  ;~w d is t i nc t  ‘m e  pol ydomains

even afte r a 20 minute f 1 - ~ ‘i~ r o t . It was almos t the ca’-ie as that

of the unsheared solutio n . Therefore, no tc i rt’ (.ingence was observed

in low shear rate flow . At higher ~n ’ar rates birefrinqence became

observable after a l ong induction period ; it too k seven minutes at a

shear rate 0. 18 sec ’1. The observed vaL4 e ’ were almost the same as

the steady state bire fringence . ‘In smaller value s were observed in

th i s system .

At shear rates greater than 3.7 sec’1, the retardation of the

sample solution was greater than that observable with our 10 order

compensator (6000 urn) . This means the birefrinqence was greater

than 0.11 .

- I~~~~~~~~~~~~~~~~~~~~~~~~~~~• 1~t ••~~~~~~~~~~~~~~~~~ •~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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The retardations of 14 of PPD-T solution sheare d between g lass

plates with 50 urn spacers we re also greater than 6UQ~ rn . No measure-

ments could be made in these conditions .

From Figure 13 it may be seen that as one ro~e’vds from the iso-

tropic to the anisot ropic state there Ic an enormous inc rease in Hre-

fringence . Clearly at any shear rate , the l0~ sol u t ion I 
~~~ “crc than

one order of magnitude of bi ref r in~ence ove r t he 8

Birefringence re laxat ion af te r c e c , a t i - r  s t t a ~ - ’ ” a r ‘low was

also  measured for the 10~ an i co t  !‘O ’ i c  1°T- ~o1 ut ion . It was observe d

that the birefringe nce val ui’s ~~‘ . ~~~“ ~~~
‘ -

~ . 1 ‘ -~ht scat te rin o

effects after three mnut eS rro c ” - ~at i c ~ • ‘r-~ t ,- i’ o~ r and the

observable b irefr i noor e lid n o  l~- c r~’a e as ‘i .— ’ l l y ~ this period

as in the HPC anisotr o;i c so1ut~~’ .

HPC Discussion

Basic studies of the l iq uid cr i’ t al ) Inc st r uct~ rv of ~PC-ti 20 solution

were reported by ~erbowyJ and Grey (70) ~~ ~
‘- ‘. ou r ie ’lves (8). ~eci nt l y,

the defor’iat ion of HPC cholecteric Yructure ~n chea ring f’ow have

been studied by Asada et al (‘4) j 5 i r ;  the anparent absorption spectru”’

measurement (9, 7 5 - 7 7 ) .  They cuqnect the HPC ~ho1este ric struct . ’°

can flow at low shear r it ”c  and transfe r-” ’ to a ni~ ati c s t r ~ ture it

shear rates highe r than 1 .30 ~,C’1. The irr iciescent color caused

by the selective reflection of li g ht were also observed ‘n steaJ~

state shearing flow shear rates l ower than 4. cec ’1. The intens i ty

of cholesteric irridescent color ~ac rnnf ir r ,cd ‘o decrea se as the

shear rate increased.

Birefringence overshoot over much large r ‘ ‘ ‘ c c  ales t han ‘tress

I
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overshoot was observed at low shear rates ranging from 0 .1 to 0.60 sec’1

for the sing le phase ani sot r ; ic: c ulut ion .  (Fi~ iirc 10(b)). This may

mean at the beginninu of shear deformation the large cholesteric domains

are de for~ned by local ized h igh shear . Th is  causes the birefringence

of the sample solution to i ncreas e to a higher value than the steady

state and then to s lowl y  deca y to a s~eadv state as a ‘dynamic equil-

ibrium ’ structure is achieved. ~t shear rates h ighe r t han 1 .2 sec ’1

the e f fec t  of lo~ali: . -t shear is almost ne ~1i i i’ Ic.

Birefringence rel ax at i ~n of HPC sOlu ions a f te r  cessat ion  of steady

flow is plotted as a fu nction icf time in Figure 11 (a) and (t~). For isotropic

solu tions , the bir efrin qence t~ecarne almost zer-’ w ith in 1 minute after

cessat ion of shea r flow. Howe ve r , the h irefrinqen :” relaxation of an i so-

trop ic solutions is vt r~ slow co~”rired with i~ •ic tr np i c soluti ons . Re-

covery of cholesteric irridesc erit color came to t i ’ ot~servahie as the

birefri ngence decreased. Th is recove ry of cbc lester ic structure a~ ti’r

• cessation of shear was also found by A s ada et al ( p4 )  using the techni que

of light spectroscopy . Th i s  st ruc tur a l change o~ the HPC l iquid r:~ctal

is a r’ecoveri of the chole steric struc turi ’ ~‘ r - the or iented nematic

structure.

The ob s e v va t i - ’ n c  ~f the q ;4 ie -~~e r - t st~’’e indicated ~bc’ e lstence

of oriented so l id  layers along h urH1ar~r’c . The ex is t e ’ -ci of su ch

l ayers in flow would obviously t’e important in in terpre tation cf both

r$ieological and rheo -optica l teb avior . The existence of bound ary

layers in low molecular wei ght liquid crys tals was cuggested by various

investigators (54~ 5~~) f n r low molecular wei ght liquid crystals.

In sumary we oh’ c’rve that in the ‘;ciiec ~ . r- t state the one-phase

p solution consists of chol ester i c liquid c rys ta l l i ne  structures existing

in domains with oriented ctructu re s a ’ sol id boundaries . In f low the
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cholesteric structure is tran storiecl to an oriented nematic struc ture

and domain boundaries disappears . (See Figure 14). The fate of the

boundary l ayers is not known . The oriented nematic state relaxes very

slo w l y to reform the isotropic state .

PPD-T Discuss ion

B irefrinqence measurements of PPD-T solut icu r were very difficult

because of the nigh intrinsic anisotropy of pcl v ie r mol ecule and of

the color o f Pfl-T-’H~ S-1 4 solut~~- n . ~h i S  is es pe cia ll- , the case for

anisotropic solut ions wtiere li c .:r t scattering ti  the domain structure

increases the difficulties.

In the case of ~~~ the --- ,u h anic r - of structural change by shear

was from cholesteric domains to an orierte- :1 rw ”ati c structure. The

mechanism of PPD-T anisotrop ic solut ion can t c e  cons idered to be from

a nernatic structure havi n g small ciom.a inc to a ‘iomc’qenous oriented nt matic

structure (Figure l~ ) . ~n the lower ch”ar r~~ ti. ran ie (lecs than 0.1

sec ’1) ,  no str ik in i change of ~a~n stru t ~~ :~ 1~ : of PPD-T was found

by microscopic observat ions ar~i n-~ t ci re~~r ‘ nience va 1 
~
.“ were measured

because of the sca t te r ing  i’ f f , .  ‘~~‘ the “ete ro~ r ne i t y  of the structure .

This means these domain are sta hl”  for low bea r  and appear to f low under

m ild shearing. The oriented re ” a? l c  ‘‘ructure o’ lOt PPD-T was ob tained

only In the steady state at shear rates ~f -rt ~nar about 0.2 sec’1!

The structure of the oriented rw r ’ a t i c  s ta te  was very homoqenous

under micro scopic observations , i. e., no structures other than stream

lines were observed.

Ma~ n1tude s of B1refrinjenc~

The intrinsi c anisotropy of the polymers used In thi s study has

~ ~~~~~~ -~ -“~~—~~~~ ~~~~~~~~— —— - — —~~~~~~~~~~ -- ~~~~~-- - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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been discussed earlier in this paper. The theoretical intrinsic

birefringence .‘. ° of PPD-T uniaxia lly oriented crystal is 0.37. Those

for HPC un iaxiall y oriented crystal and amorphous region are 0.04 and

0.02, respective l y. The value s for the solutions are 
~~~~~~~~ 

or 0.04-

0.05 for a 101 PPO-T solution and about 0.01 for the HPC solutions .

For~n blrefringence effects may ra ise this value another 20~ . These

values of HPC are seen to be reasonab le cam~-a red with the birefringence

va l ues obtained by shear experiments. However , the birefringence of

PPD-T anisotropic so lutions is  too large compared with the calculated

maximtr values. Theore tlcall~~, c crsiderin q density differences ,

could be as high as O. 0b6 uc in :  our va lue of ~ and 0 .085 if we were

to t ake :.° to be 0. 40 . Form birefr ingence could raise this to 0. 1 .

This would ma ke our l0~ solutions comple el y oriented.

Let us turn to ~he proble~ts that exist in the calculation of

.
,
° 

~~ich might place our estimates of th is for rP r- T in ir’-t”r . The

Bunn-Daubeny polarizabilities (36) as suggested by Stein (33) may

underestimate ~~~ it is also possib le t hat the bond pol arizabi li ties

add itivity discussed In A ppendi 1 may not be valid for highl y

aromatic systems. This could explain the discrepancy with Konopasek

and Hearle ’ s fiber birefringence . )th p r  problem s exist fcr the

solut ions . One difficulty invo l ves the estimation of form birefringence

levels . The Rayleigh - Wiener theory is undoubtedl y much too crude.

Another d i ff icul ty ar i ses in that the PPD-T probably becomes a poly-

electrolyte in solution and has a l ayer of ~~~~ assoc iated with It.

The influence of such structure on both - 
~~~~ 

form birefringence

is not obvious.

_____________
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EL ON GAT IONA L FLOW

HPC Results

The birefringence in elongationa l 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 di f f icult  to obtain

a stable f low of polymer so lutions on a rotating roll. A distinct

difference between isotropic and anisotropic solutions was observed in

the profiles of the spin line . These profi les showe d no extrusion rate

dependence. For the isot ropic solut ion the spinni ng solutions continue

to deform along the length of the spin line . Howe ve r , for the anisotropic

solution all changes in diamete r of the f i lament occurred within several

centimeters f rom the d i e .  If  we assume incompr essibility of the solutions ,

the veloci t ies of flow along the sp inl ine may be calculate d from these

profi les . These are plotted as a function of distance from the die in

Fi gure 15. The elongation rate of the isotropic solution (301) was about

1.90 sec ” for a 50 cm take-up and 2.74 sec~ for a 100 cm take-up,

at a distance of 20 cm f rom the die. For the anisotrop ic solution

(551) all vel ocity gradients abruptly go to zero within 5 cm from the

die , and almost no velocity change occurs afte r this point .

The observed on-line birefringence of isotropic solutions of HPC

(301) is shown in Figure 16a as a function of the distance from die.

The birefringence rises to a steady state value wi t h i n  approximate l y

75 on from the die exit.

— On-line bivefrlngence measurements of HPC anisotropic sol utions

were carried out in the same manner . No domain structures were observed.

The measured birefringence of 50~ and 551 HPC anisotropic solutions

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

- -  — — ~~~~~~
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the distance from the die In Figure 16b . The btrefringence value s

are considerabl y larger than for the 30L solutio n . They increase to a

maximisn at about 2.5 cm from nozzle. At l ower positions in the sp in-

l i ne  the birefringence becomes sma ller .

PPD-T

On-line birefr ingence measurements of PPD-T sol utions were also

attempted using the same apparatus . Owing to the large Intrinsic

anisotropy and light absorption by colored sa mp le solutions , and more-

over, to the large diamete r of the sp inl ine solutions , the retardation

coul d not be observed by using a 10 order compensator.

Discussion

As shown in Figure 15 the elon gation rate of HPC anisotropic solutions

was almost constant in a range between 5 cm and 15 cm from the nozzle.

On-line birefringence values in thi s range were measured and reached a

constant value as also shown in Figure lFb .

The stationary birefrin gence of elon qationa l flow can be expressed

as a function of elongat ion rate . A s i—i lar function for shear can also be

expressed. If the blrefr ingence ‘s t a k e r  to indic ate the leve l of

orientation developed , a comparison of e~c~r~at ion al to shear flow reveals

elongational flow is abou t three time s more effect ive at the same deforma-

tion rate.

In gene ral , it takes a 7 ong period to obtain a stationary state

after apply ing steady shear to li quid crystalline pol ymer systeivrs .

Consequently, in the case of elonqationa l flow of a fluid emerging

from a die , It is difficult to interpret the hirefringence . Very

high value s of bilefringence of anisotropic solutions were measured

on the spinline . Moreover, a max imum birefringence was observed at a 

•-~~~ •~~~-- -
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position near the die. The maximum orientation was obtained within a

short time after emergi ng from the die. The elongational rate at this

deformation in the case of 100 cm take-up of 55~ HPC solution is estimated

to be more than 1.2 sec 1 and for one 50 cm take-up to be more than

5.4 sec 1 .

In terms of ~~~~~~~~~ which is the Hermans orientation factor , Eq (5),

the values are less than 0.01 for the isotropic solutions . For the

551 HPC solution the value is remarkabl y high in the range 0.3 to 0.5.

BLRE FRINGENCE- STRESS RELAT I ONSHIPS

I t is very inter estin~l to know the relationship between mechanical

responses and optical prop erties of pol ymer liquid crystals in flow .

This relationship has been studied for flexible pol ymer chains and is

the rheo-optical law developed for flexib le polyme r chains relating

birefringence to stress through Eq (11).

The princi pal stress difference in shear flow is obtained from N1

and ‘12 value s obtained at the same shear rate in the Mechanical

Spectrometer . In the sp lnnin q flo w , the stress is obtained from the

descent distance below the ~nsiti on in questio n specificall y:

1 
- 2 ~~l2 

+ P4 2 (shear flow)

(l4a , b)

- 

~2
) ( x m) AT~ T 

“1x 
rg A(x 1 )dx 1 (spinning flow)

Our shear flow birefringence was measured in the ‘1-3’ plane and is

- n3). Our elongational flow birefrlnqence is (n1 - n2).

The ratio of the birefringence In a solution of concentration • 2p

- - V  _ _ _ _ _ _ _ _ _ _ _ _ _
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to that in a solution with concentration at the same stress is
p1

~‘,n(; ) C(: )p2
c(~~1 ) (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 
~~

/: i . We find that if we compare values of

•n(: 1
) fo r the li quid crystalline and isotropic solutions in this way,

the ratio considerab l y exceeds :
~~

I:
p1 . 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/~° has the same

value for pol ymer melts with flexible chains being approximatel y 0.2 x
5 -13 210 Brewster (10 cm /dyne). The value s we have found for the liquid

crystalline so lution

C
- ..1: ,~ ( 16)

cons iderab l y exceed this value . For the HPC the mean value of this

ratio for an isotrop ic solutions is x 1O~ Brewst er , 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 lC1 5 Brewster . This could be due to chain rigidity

and uncertainties in ‘
. (For shear flow we have pre s~red here (n 1 - n3)

- n2)) .

Due to the problems of evaluation ~~~
,

.‘ ° we cannot c r i t ical ly discuss

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

arises .

It shoul d be noted there is no exp erimental proo f of the r$ieo-

o ptical law for liquid crystalline pol ymer so lutions . Indeed It might

_ _ _ _ _ _
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be suspected that it should not be so. Certainl y Figure 10 (b)  suggests

that the stress optical law is not valid in start-up or cessation of

fl ow . It is to be noted that Brodnyan , Gask ins , Philippoff and Lendrat

(79) have checked the validity of the rheo-Gp~..cal law in shear flow

of isotropic sol utions of some cellulose derivatives (but not HPC).

CONCL USIONS

We have presented an expe r~rental study of the bireC ringent charac-

teristics of isotrop ic and )iqu i -1 cr ,-t alJ ’ne solutions of hydroxy

propyl cellulose (HPC) in ~l~ 3 and pol y-p-ohenylene terephthalam ide

(PPD-T) In H2S04 in the quiescent state , ~n shear flow and in elonga-

tional ‘spinning ’ flow.

(1) In the auiescent state , domain structures exist with macro-

molecu les arranged tangentiall y around the circ~inference. 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 sufficientl y high deformation rates

and the fluid achieves a homogeneous highl y oriented state . Orientation

levels are much hi gher than in the isotropic fluids and decay away

much more slowl y.

(3) The cholesteric structure HPC solution transforms to an

oriented nenatic state in shear flow .

(4) Upon stoppage of flow , the domain structure reforms and HPC

regains its cholesteric character.

(5) In elongational flow, no domain structures are observed and

imich higher orientation level s are obtained than shear flow when coin-

parisons are made at either the same deformation rate or differences

_ 
- - V V . . V .  _ _ _
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in princ i pal stresses.
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APPENDIX 1

Determination of Intrinsic BirefrI~~ence From Bond Polar izabi l it les

Let the po lariz abil itles of individual bonds be along their

length and 4 perpendIcular to them (35, 36). We must now recognize

that polarizab ility is a second order tensor (It relates the electrical

f ield strength vector to the polarization vector) (31) .  The c omponent

in the coordinate reference frame with axes along and perpendicular

to the chain backbone are related to those In the coord i nate frame of

the bond 
~ab by

I r r .i
• 

a L L t sa ttb ‘ab
a b (Al)

where the are cosines of the angles between the axes defining

the i th bond and the extended macromolecule. For a structura l unit

wi th n bonds

a 
~st ~I ~I ~~ 

tsa ~tb ~ab (A-2)

Introducing the matrix representation of 
~ab ~fl the bond:

0 0

I I
2 0 

~pb 0

0 0 ‘1pb (A-3)

Here Is along bond I and is perpendic ular to bond 1.

_______ 

~~~~~~~~~~~~~~~~~~~ V 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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We may write the components as

a 
~~~ [‘ ~~~ 

COS
2

-
1 

+ V~~~~~~ (cos 2~~2 + cos 2o~3)]

a 
~~~ 11 

+ 

~pb 
sin 12’ (A-4a)

‘22 ~ cos~~~~~ ‘pb (cos 2~~2 + cos 2 .
~3)J

~~ sin~•~~1 cos2:
1 

+ 
~pb 

(sth2~
1 cos 2:~ 1 cos2e)]

(A-4b)

~~ 
[.
~ 

sin 2~~1 S l f l V ,  + 
~pb 

(cos 2~~ + cos 2 - 1 sI n 2•
1 ))

(A-4c)

where is the azimutha l angle between the .~ ax is in the chain coordinate

frane and the l ongitude defined by the ich bond axis. and are

given by

• 
~ ~ 22 + ~33) (A-5)

(Compare the discussions of Gurnee (35) and Kawa l aid his coworkers

(80, 81).

L ~~~~~~~~~~~ 
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Calcu lat ion of in t r ins ic  Bir~~f r~~n~~ V nce for PPD-T

Using the bond positions of the (orthorh orthic) crystalline lattice

str’i~..tures of PPD-T a’~ given h’~ Nor tholt (82) (See Figure 17) we have

com pu ted 11 1 1  122 
and 1,3 is wel l  as n~ , n~ , fl

q 
and :.° for PPD-T . We

obtain in term s of Northol t~. rr~ iorhonti c m i t  ce ll ~ i t h  Bunn and Daubeny ’s

bond po lar iz ab il it ies (it )

I = 3 1 .f .. 1(1

1 268..: ~ lO 25c!~

15 ~
I 1

33 
1~ 5.O lO~~ cr~

2.038 1 .803 1 .f 3 ”

-
~~~, ~~, ~~ - ~rr~~’ : - ~

n -
~ t c  Y c , 5 .~nd cr -, - 1ll ~~ r~ ; ?~ c direct ions.

This leads to

• ~32 
~ r . ~6R

This i. a lcu lat i - n r~r1 1 .’( ~~~
. 

~-r~~~ • i t  ~es ~ t . ~~ j!(~ rfl~ l fi eld (33)

presumes the d~ n s it v of t n ’ - r - . - - ’ al an :t ‘ie’ilects form b ire ringence

(31 , 3? , 40-44).

L 
- 
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0 ~~~~~~ 3

Ca lculat ion of In trins i. b ire f rinj e nce  for FIPC

Hydroxypropy l cellulose is a ni re difficult pol ymer to characterize

because of uncertain ity of the configurations of the subst ituent groups .

(See Figure 18) For cellulose i t ~ e l f , we rsay rva dil y nake’ calculation s .

These have been most re~ - n t l y done b. ~a kah ar a  et al (h1 •~ who have used

the ator’ic arranqeme~~ i t~,er ~~~~ ~“is~~’ (83) for the cellulose II

crystalline fo r1i~ and t te Bunn- i~~ ‘~~ bond :-~ola r i za~ i 1i t ~es (36). Thi s

i s more awkward heca us ~ the unit cell is rjn~ 1 inic rather than or—

tho rhcinbic. T’iev Obt m i , 1

(b-axis) l .~ .~~~ x

( pa ra l l e l  t~ pyr~ nc . r in rin v -~;a1 
- 101 r~~~r~’) — l.,~ .2 x 10 cm

~ (normal to p~ranose rin ~. ~aral I l~ 1 :~1 ant’ ) - 11 ~ .2 .‘ 10”

“11 = 133 .7 • I

l. 65J ~~~~

= 1.624 - ~:

0.086

The presence of the pr ipv iene ‘ ‘ ~~~. • -~~-~roups should certa~n~v lowe r

and Y’. The c r v c ~~~l s tr~ t ire of HPC ha~ been studied ~~~~ Sariuels

(37) ~~o finds it to be r athe r  c~~~~le~ (F iur~ 1B) with t i - c rvr~ no s.’ ‘

twisted relative to r~v b  other and ~ar~ ~ tht propylene oxide chains

being parallel to the i ’i s (t’iu’. affecting -i ). Sarnuels also records

experimental data for densi~ , ar ’ il~ ri~~ tr ’ - r~”~tal1ini v , birefringence

-I



and amorphous , 
~a’ 

and cr y sta lline , orie ntation factors in parti a lly

orien ted films . These are interrelated through Her-mans equation

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

V~V fl Xf .~~° + (1 - x ) fc c a a  (C-I)

From this we compute

-- 
* -

. 

~c 0.033

with “a of 0.
)l- 1 .

4

V V~V~~~
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FIGURE 1. LATTI CE MODEL FOR THE FORMATION OF POLYMER LIQU ID
CRYSTALS.

FIGURE 2 ,  RELATIVE TRANSMITTED LIGHT INTENSITY THROUGH CROSSED
POLARS WHERE I~ IS LIG HT INTENSITY ~H~ N THE SOLUTION
IS ISOTROPIC. SAMPLE THICKNESS IS IOU

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

A. SMALL SPH~R~LIT ES AND THEIR AGGREGATES AT ~,2ZPPD-T IN IOUX H2S014.

B. 11% PPD -T SO LUT I3N BEFORE ANNEALING ,

c . liZ PPD-T SOLUTIO N AFTER HEATING TO 90°C
AND COOLING TO AMBIENT TE M PERATURE .

* FIGURE 4. POLARIZED LIG HT PHOTOMICROGRAPHS OF HPC SOLUTIONS.

A. ~~GREG~ TES OF AN I SOTROPIC HPC PARTICLES AT
V WT ,~ HPC IN WATER.

B. SPHERULI TIC STRUCTURE AT 70 WT . % HPC/30Z
WATER,

FIGURE 5. ARRANGEMENT OF PPD-T AND HPC MAC PO”OLECULES IN
NEGATIVE SPHERUL ITES .

FIGURE 6. ABSORPTION SPECTRA OF H~ C ANIS OTRJ PIC SOLUTIONS
WHOSE CQNCENTRAT IONS RAN GE F~~- ’-~ 5h / WT, Z TO
/0 WT . L SAMPLES T HI C KN E ’. - IS i-1’1 MICRONS.

FIGURE 7. SCHEMATIC REPRESENTA TION OF POLYMER CHAIN
ORIENTA TION IN CHOLE STERIC LIQ9 ID CRYSTALS.

FIGURE 8. STRUCTURAL ARRANGEMENTS EXPLAINING SAMPLE SIZE
• EFFECTS IN HPC SOLUTIONS.

FIGURE 9. TRANSIENT BUILDUP OF SHEAR STRESS IN HPC SOLUTIONS.

A. 45 WT . % HPC IN WATER.

B. 55 WI, Z HPC IN WATER.
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FIGURE 10. A. THE B I R E F R j~~~EN C L AND STRESS RESPONSES OF AN
ISOTROPIC 5JZ HPC SOLUT ION PL9TTED AGAINST
FLOW TIME . THE SUBSCRIPT ‘ST R E FERS TO THE
STEADY FLOW C O N D I T I O N .

B. THE B I R E F R I N ~~~NCE AND STRESS RESPONSES OF AN
AN I SOTROPIC 55% HPC SOLUTI9N PLOTTED AGAINST
FLOW TIME . THE SUBSCRIPT ST ’ R E F E R S  TO THE
STEADY FLOW CONDITION .

FIGURE 11. 8IREFR IN~,[NCE RELAXATION FOLLOWING CESSATION OF FLOW
FOR HPC SOLUTIONS.

A. 145 WT . ~ HPC IN WAT tR .

B. 55 W T . ~~ - ~4PC I’4 WATER .

FIGURE 12. STEADY STATE BIREFR INGENCE FOR HPC SOLUTIONS AS
V A FUNCTION OF CONCENTRATION AND SHEAR RATE .

FIGURE 13. STEADY STATE B I R E F R I N G E N C E  AS A FUNCTION OF CON—
CENTRATION AND SHEAR RATE FOR rPJ-i SOLUTIONS.

FIGURE 14. PROPOSED FLOW INDUCED DOMAI N DEFORMATION AND DIS-
APPEARA NCE MECHANISM OF POLYMER L IQU ID CRYSTALS.

FIG URE 15. V E L O C I T Y  PROFILES AL O N -~ THE SPI ’1L I N E  FOR HPC
SOLUTIONS.

FIGURE 16. A. BIREFRI NGENCE AS A F U N C T I °N OF DESCENT DISTANCE
ALONG THE !SOT~~JrIC HPC SPINLINE .

B. BIREFRINGENCE A~ A r lJ ’4 I T IO N OF S P I N L I N E
POSITI JN FOR ANI S 3T~ CPIC HPC SOLUT ION .
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FIGURE 17. CRYSTAL STRUCTURE AND M QLECULAR ARRA N GEMEN T OF
PPD-T AFTER NORTHOLT (8 2) .

FIGUR E 18. PROPOSED CRY STA LL IN~ MOLECULAR ARRANGEMENT OF
HPC AFTER SAMUELS ( ,,~7) .

-- V -~~~~~~~~~~-~~~~~~ V .-
— --V--V.,— — V~VV_ ~V. VV VV__VV~V_ ~ V - V. V VV V_V _~~~~~~ V~ V_V VVVV ~~V.~~V . V V



_ _ _ _  V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~V~~ -VV- 
~~~~~~~~~~~~~~ VV VV.~~ VV ~ V V

/ increasing /1/
,/ polymei c oncent, of ion

0

Iso?rop.c

FIGURE 1, LATTICE MODEL FOR TH E FO RMAT I~ N OF POLYMER LIQUIDCRYST ALS ,

S



_ - - --- -V—~~~~~~~~~~~~ —-— ——-V -V - - V .

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V 2 -  PPD—T -

(

,
~

~~
Conc.ntr.tion of Polymer ( wt% )
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