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"] am at a loss to give a distiney idea of the nature
. of this‘liquid, and cannot do so without many. words.
Although it flowed with rapidity in all declivities
where common yater would do so, yet never, except when
falling in a cascade, had it the customary appearancs
of limpidity. It was, nevertheless, in point of fact,
as perfectly limpid as any limestone water in exis—
‘tence, the differsnce being only in appearance. At
first sight, and especially in cases wherse little
declivity was found, it bore resemblance, as regards
consistency, to a thick infusion of gumearabic in
common water., But this .was only thegleast of its
extraordinary qualities., It was not colorless, nor
was it of any one uniform color -~ presenting to the
eye, as it flowed, every possible shade of purpls,
ike the hues of a changeables silk, This variation
in~ghade was produced in a mannsar uvhich excited as
profound astonishment in the minds of our party as
the mirspr had dofle in the case of Too=wit. Upaon
collectiny a basinful,. and allowing it to settls
thoroughly, \we perceived that the whole mass of
liquid wvas made up of a number of distinct veins,
each of a distingt h @3 that these veins did not
commingle; and that their cohesion was perfect in
regard to their own particles among themselves, and
imperfect in regard to\peighboring veins, Upon
passing the blade of a knife athwart the veins, the
water closed over it immediately, as with us, and
also, in withdrawing it, all\traces of the passage
of the knife were instantly obliterated. If, hou=
gver, the blade was passed down\accurately between
the two veins, a perfsct separatipn was effacted,
which the pouwer of cohesion did not immediately
_rectify, The phenomona of this wathr formed the
first definite link in that vast cha of apparent
miracles with which I was destined to \De at length
encgircled., "
o .
(From chapter X\II}R of ths "Narrative of
Arthur Gordon\Pym" by Edgar Allan Poe,
Charles Seribner's Sons, 1914)
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| ABSTRACT

Concentrated solutions of hydroxypropylcellulose in aquecus and
\

in polar organic solvents form lyotropic liquid crystafline phases, The
critical concentnation of hydroxypropylcellulose needed for aniér\z‘tropic

* . \
phase separation is dependant upon the solvent and is much great‘gﬁ than

that expected for rpbd-like species in solution, ~The flexibility "q;f’\\tha
cellulosic chains in\a particulaf solvent is belisved to be the ma\i»n\ factor
governing the critica hydroxypropylcellt.‘sloas volume fraction at phés\ }
separation, The anisofiropic phase exhibits birefringence, iridescencg, g
and very high optical a \tivity, properties characterigtic of cholesterié i
- liquid crystals. The helicoidal pitch for most of these cholesteric !;

samplgs in water and organiic solvents variss from 280 to 700 nm, but in ‘.

certain organic sélveﬁts the helicoidal pitch rangss up to 6000 nm, The . !

. b

; latter samples exhl\bit finggrprint=like periodicity linas in the light
microscope and distinctive " himmering" colors. For both types of samples
the helicoidal pitch\is found\to vary inversely with the third po'wer of

. the hydroxypropylcell\,lloae volume fraction. A modsl is proposed for the .

1
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\' cholesteric structure j§n whichithe average separation, d, bstween the

\ chain molecules varies with ¢2 /2,» where ¢2 is the polymer volume fraction.

)

ship. The angular twist \between \the moleculss in adjacent tholesteric
~, . ‘

o

. \ :
la}a‘rs is calculated to vary from 0.30 to 1.8° over the mesophass

" |

L]

s p o s e

S




PR i e e e I I R N e T

concentration range investigated,
' . ’ , A~

Light scattering measura’msnt; give twice the uweight average molar

mass for hydroxypropylcellulose as do sedimentatior equilibrium measurefients,

Viscosity measurements in ogganic solvents show that ths hydrgxypropy]‘.—

cellulose conformation in dilute solution is neither that of a random coil
nor that of a rigid rod. All aqueous hydroxypropylcellulose solutians
show a lower consolute temberatura that varies more with the sample molar

substitution than with its molar mass. 'A qualitative "phase" diagram for

’
rd .

aqueous hydroxypropylcellulose sclutions is a}.so included.

R

e




Aol ?
&
i
v - . - i . - - R Rt et

Pl -~ ' a .

- ?

p ‘ RESUME - . y
& i
: |

| | - - A
& Des solutions concentrées d'hydroxypraopylcellulose dans des

solvants aqueux et organigues polaires forment des phases lyotropiques

\

I
de cristaux liquides. La concentration critique d'hydroxypropylcelluloss

nécessaire pour uns séparation de phase anisotrope dépend duh sol[vant at -

A

se trouve beaucoup plus grandes que celle attendue pour des macromol écules

- T
en forme de bAtonnet. La flexibilité des chalnes cellulosigues dans un

5
AN

ettt

solvant donné semble ¥tre le principal facteur gouvernant la fraction

¥

volumique critfque d'hydroxypropylcgllulosa produisant’ le séparation de

phase. La phase anisotrope produit les propriétés caractéristiques des

cristaux liquides cholesté:;iqueé ‘telles gue la biréfringence; l'f‘.rides-

cence, et une activitd optique trds importanté. Le pas de 1'hélice
pour la plupart de ces échantillons cholestériques varie de 280 & 700 nm,

o

mais peut aller jusqu'i 6000 nm dans certains solvants organiques. Dans

LS PRSP PN

e

ce dernisr, cas, las échantillons wvus au microscope optigque présentent

des lignes périodiques similaires & des empreintes digitales et des

s

coulesurs "réfléchissantes” (shimme'ring) distinctes., Pour les deux types

d'échantillons les résultats montrent que le pas-ds 1'hélice varie de i
fagon in‘ver;ema}‘wt proportionnelle au cube de la fraction volumique

d'hydroxypropylcellulose, Un moddle est proposé pour la structure

%

cholestérique dans lequel la distance moyenna, d, entre deux chalnes
moléculaires varie en fonction dg\’{{l/zr, ol ¢2 sst la fraction volumique

<

%, N~
. ' A\

N -

K

. - -
¢

K




e A eTRER o

w,

'
)
-
o

e -
{ o ‘

4

de°polym§§é. Les régyltafg/de diffraction des rayons X confirment cette
hypothdsa., /Ltanéle entrs les molécules se trouvant dans dsux éouchas‘
cholestériquas adjacentes varis ;ntre 0.30 et 1,8° selon les, concentrations
de mésophase employdas,

Li masse molaira moyanns en poids d'hydroxypropylcellulaose »
gbtenue par diffus;Zn de la lumidre est deux fois plus grande que celle
obtenua. par équilibre de sédimentation, La viscosité de 1l'hydroxypropyl=-
cellulose, en solution diluée dans les solvants organigues montre que sa
con?ormatio% n'est ni celle d'une pelotte statistique ni celle d'un
batonnet rigide, - Toutgs les solutions aqueuses d'hydroxypropylcellulose
ont une température de démixtion inférieure gui varie plus en foﬁction de
la substitution molaire de 1lt‘*échantillon qu'sn fonction de sa masse ’

molaira, Un diagramme de thasa" qualitatif pour les solutions agueuses

d'hydroxypropylcellulose est également danné,

o v
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The comparlialization of high strength fibers spun from 'anisotropi:c
polymer so:lutions has renewed scientific interest in the structure and
propefties of these macromolecular mesophases. This thasis describes the
detection and subsequent investigation of the first cellulosie to form a

lyotropic liquid crystal., ' 5 J

The first chapter of this thesis is a general introduction to the
tt;picy of liquid cryst{ls from a historical perspective. This chapter ands
with a brief description of hydroxypropylcellulose, the polymer found to
f‘::rm a lyomesophase.‘ Chapter II begins with a succinct review of the
published literature on hydryxypropylcellulose. The remainder of this
chapter is devoted tg the charactserizatian off‘ this polymer by light
scattering, sedimentation equilibrium, and viscosity measurements. Chapter

III oui‘.lines the theoriss currently in vogue that try to account for

anisotropic phase separation and mesophase formation., The applicability

4

of these theories to ghe hydroxypropylcellulose system is then evaluated
1}
by comparison with the experimentally determined phase separation data.
AN
Chapter IV is a detailed investigation of the optical properties of

hydroxypropylcellulose solutions which leads to the conclusion that

ahydroxypropylcellulose is a cholestaeric lyomesophase in water and in polar

organic solvents, Chapter V destails the results and conseguencas of an

iy
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x—~ray diffraction study on the hydroxypropylcsllulose mesophase. This
chapter 'is followed by & ghort section consisting of concluding remarks

and suggestions for fyture work, The thesis snds with a brief summary

N

of claims to original researche.
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Liquid crystais or mesophases can be ragarded as ordered fluids
which exhibit some of the properties of both sclids and liquids. The
constituent molecules of a liquid crystal are very strongly elongated and
aré generally small organic molecules, long helical rods, or complex
associated structures of molecules or ions. Liquid crystals can be
classified as either thermotropic or lyotrepic, Thermotropic liguid
crystals or thermomesophases are formed when ca;tain crystalline solids
ars heatad, Lyotropic liquid crystals or lyomesophasss ars formed from

isotropic solutions whan a critical concantration of one of the components

has been exceeded,
3 b ,
This introduction will be divided into three sections each of
wh.:ich will describe a particular group of liquid crystals. The first
saction will deal uwith low molar~mass mesophases and the evolution of
liquid crystal terminology. The:rnext saction will describe pclym;ric
liquid crystals with emphasia on their structure, properties, and current
commercial importance. The final section will detail the dsvelopment 'of

cellulosic masophases and in particulér hydroxypropyleslluless, the

subjact of this thesis.

I.1 Low Molar Mass Mesophases

Nearly a century has elapsed since the discovery of the first

liquid crystalline compounds by Reinitzer (1-2) and Lehmann (3-5),
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r Reinitzer found that on heating solid choleatseryl bsnzoate it 'melted' to

give a material which exhibited double refraction, a highhoptical activity,
beautiful iridescent colors, yet was in a liquid stata). Compounds
passessing these four propertigs later came to be known as cholesteric
liquid crystals. They were the first class of liquié crystals to be
discovered, psrhaps, becauss of their distinctive irides?ent colors. The

. tarm liquid crystal was originally coined by Lehmann in 1890 (3)e Lshmahn

and Reinitzer are regarded as the co=~discoversrs of ligquid crystals.

Vorlinder in 1908 (6) was the first to investigate the chemical
. - nature of liguid crystalline systems. He concluded that the compounds
. most likely to exhibit liquid crystallins behavior on heating should bse

\\ those that contained asymmetric molecules and a rigid linear structure.
\

\\friadel, in 1922 (7), developed a clagsification scheme for liquid crystals
l}gsed on the microscopic appsarance of the mesophagse under crossed, polars. "
\

\ ]
Th:‘z\ee distinct classee of liquid crystals were possible: nematic,

chol\staric, and smectice

\

\

Y

" Nematic (vnua= thread) liquid érystals are substances that
exhibit&

_thread—like appearance under the crossed polars of a light

|
:{.
!
&
1
4
3

microacopaﬁ\\ Subsequent work has shown that nematic mesophases possess an
orinntation;x“der in that all the molacules ars sssentially parallel
along their lopg axes, put the molecules themsgqlves au('e posi,.tionally
disordered as is illustrated schematically in Figure I.l. Cholesteric

liquid crystals,\so named because they are generally derivatives of

s e a——
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Nematic

Isotropic
Mesophase

Liquid

FIGURE I.1 Schematic view of a nematic liquid crystal with orientational

order., Contrast this with an isotropic liquid in which the
molefules~are randomly orisntad,
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cholesterol (which itself does not form a mesophase), possess a parallel
molecular alignment that is very reminiscent of that found in nematics and,
for this reason, thg cholesterics are sometimes regarded as a subgroup ot’l'
the nematics r;‘;.her than as a distinct class by themselves, Mauguin in
1911 (B=9) undertook a study of the unusual optical properties (high
rotatory power and iridescence) of ch‘oleatari'cs, He found that tha
constituentz chiral molacules of the chole;teric were distributed in a
series of parallel layers that traced out a twisted or helicoidal structure.
It was, in fact, tha presence of this he_licnidal structure == and not that
of the chiral moleculas themaeivés =~ that accountad for the very high
optical activity of the cholesteric. The long axes of the chiral molecules
were postulated to lis perpendicular to the helicaidal optical axis and
this cholesteric urméement is- dapiétod schematically in Figurs I.2. The
origin of the helicoidal twist was and today still is unknon;n, but it may,
perhaps, be related to a comt;ination of chiral and aéeric factora, When
ghite light strikes the helicoidal structure it is split into its
constituent components and is reflected in a un;que manner, The polarizing
ability of the helicoidal layers causes some wavelengths to be destructively
scattered while others are constructively reflectad, If the reflected
wavelength is batween 300 and 700 nm, then the cholesteric mesophase
pxhibitq .lovely iridescent colors. The iridescent color of the mesophase
may be alterad by changing the tempsraturs (for thermomesophases) or the
solution concentration (for lyomesophases). The iridascent color of the

— cholestaric also changes with tha angle at which the mesophase is viewad.

Cholastarics"with their chiral molsecules and helicoidal structure are tﬁa
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FIGURE I,2

¢

. Schematic view of tMe spiral molecular arrangement found in &

cholesteric liquid crystal,

Successive planes have been drawn

for convenisnce rather than to represent any real physical

condition., The diagram shows that the cholesteric is merely a

twisted nematic.
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B;ﬂy class of liquid crystals capable of axhibitj.ng iridescent colors.
Under crossed polars cholesterics may exhibit one of thrse possible

textures (10), the focal conic baing the most prew;l‘int.

The third class of liquid crystals ars the smectics. The
molecules in this mesophasse ars ax:rangad with their lo?'é'g axes assantially
parallel, However, the malecules are further distributed in well def’ined
and distinct laysrs that give the samectic a stratified struct,ur:: This
particular molscular arrangement was first noted in aﬁap (= cunvua) systoms
and, hence, the smectic name was derived. Within a layer the molecular
alignment may be vary regular ;.r irregular and a;varal samsctic types

¢
\ rangi%\g from A to H are recogaized (10=11). Figure I.3 schematically
\depicts the molecular arrangesent to bs found in thaas;nectic A and C meso-
/ phases. Smactics bocausé of their 'stratifiad atructure are the most
ordarsd of the thras liquid crystalline classes. Swmectic liquid crystals
exhibit focal conic textures uh;n viewad in the light microscope. They
are, for this reesson, difficult to dist:tnguish from bh;}nlcsstarics without

&

further study. .

e

P

Structural ;nalysis by x=ray has sh;un that liquid cryatals ars
neithar crystals nor fluids; rather, the liquid crystal is intermediate
in prder betwesn the thrae—dimensional ,-olacular"arrangalent of a
crystalline solid and tha random mlacuiar orisntation found in a liquid,
Optically, inasaphuns behave like crystalline solida in that they are

birefringant; they do, however, retain the flow properties of liqu.'!.ds.

¢
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FIGURE 1.3

[y

!
Illust@atian of the stratified layers found in a smectic liquid
crystal. . The long axes of the molecules in each layer are parallel
and they are also perpendicular to the plane of the layers '

Smectic A structure (1) and Smectic C structure (2).
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Electric (12=13) y/ednntic (14=15) fields have been found to prefersn—

tially align the molscules in both nematic and smectic mesophases, thereby
4

providing further evig»enca that liquid crystals bshave very much like

fluids, The most studiog liquid crystals until 1940 had been the simple

one~component thermotropice., The first lyotropic systems to be investigated

were the sodium and ammonium socaps of fatty acids in aqueous (16) and
organic (17-18) solvents. The phase diagrams for thase syatsms (13-20)
confirmed Vorlander's pa;tulate that liquid crystals could exhibit
polymorphism (21). /

By ;.960 the number of low molar mass compounds sxhibiting meso=
morphic behavior was very larges as can bt; seen in the tabular listing of
these materials by Kast (22). A more detailed history of low molar mass

liquid crystals can be found in the excellent review by Kelker (23).
!

1.2 Polymeric Mesophases . L .

Aqueocus tobacco mosaic virus (TMV) solutions wera found to yndergo
an anisotropic phase separation when a critical concentration of TMV
(~ s5%) in solution had been exceeded (24), Since the TMV molecules were

I3

known to have a rod=like conformation in solution it appeared that, in
& . ,

addition to the lyotropic soap systems described above, there existed a

second type of lyotropic liquid crystalline system formsd from rod-like

species in solution. In 1949 Onsager developed a theory (25) to account

s
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for the anisotropic phase separation axhibitad by agueous TMV solutionas,
He pfaposed that the asymmetric ;hape.of the stiff TMV molsculses in
solution was alone sufficisnt to bring about anisotropic phase separation
when some critical solute concentration, which dependad on the length and

the diamster of the constituent rod-like molecules, had been exceeded.

In 1951 De Vries developaed a theory (26) to account for the
variation inAoptical rotatory power with wavelength for cholesteric meso—
phases., His chelestsric model consisted af a series of birefringent
layers each of which was slightly twisted from éﬁa cther in such a mannsr
as to trace out a helicoidal structure which could be eithsr left- or;
right=handed, De Vries did not offsr an sxplanation for the origin of
the twist bétween the layers beyond stating that if the twist angle wers
incraaéﬁ&;or decreased, the reflsction wavelength of the cholesteric
would be changed, De Vries' theory was found to qualitatively fit the’
experimental optical activity data for several cholesteric systems (27-28).
Fergason (29) and Chandrasekhar (30), in the lates1960's, each indepen—
dently tried to refine and extend De Vriea' theory.

The ?ifat group of conventional polymeric compounds found.to form
liquid crystals were the polypeptides, Elliott and Ambrose (31) found
that poly~v-benzyl-L-glutamate (PBLG) soliutions, above soms critical
concentration, exhibited distinct birafringel;ca and local- regions of
spontansous orientation, In 1956 Robinsan (32) found that PBLG solutions

~

showed microscopic periodicity lines and very large optical activities

v e

L i

i




R e R A IR I SRR s Ao bt e e B4 S e ol

1r

t that were reminiscent of those characteristic of low molar mass cholesterics.
This was the first indication that a polymer could form a type of liquid
crystal analogous to those formed by low molar mass 3ubstagces. Robinson
found that, not only PBLG, but also other related polypeptides (33=36) could
form the threa classes of liquid crystals previously describad by Friedel.

" Moffitt had studied the optical aétivity of PBLG in several solvents (37-38)
and Robinsun.notad\that only in those solvents in which PBLG was raportad
to be in a helical conformation would a lyotropic liquid crystal form, If
the PBLG molecules in solution were in a random confcrmatioa, then no meso=-
phase would form asven at very high concentrations. Thus polymeric liquid
crystals seem to raquire a stiff molecular structure for the formation of a

stable mesophase. ¢

Flory, at about £his time, formulated a theory (39) to account fear
the anisotropic phase seﬁaragiOn of polymeric systems., He postulated that
as ihe number of stiff rod-like maolacules in a solution was increased, the

) systeh could naot tolerate a random distribution of these particles,
Entroﬁicélly at a high polymgg density th? most stable ata;a was an ordered
arrgy of rods, Thus, as the polymer concentration in a solution was )
R increased sbove soms critical value, thg system would undergo a phase
separation into a. diluts isotropic pﬁ;:: ana an anisotropic ordesred (liquid\,
crystalline) phase. Flory developed a corresponding theory .(40) for
polymeric systoms composed of semi-flexible molecules in which chain

flexibility determined when anisotropic phase separation would occur.
. . 4
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The discovery that extended chain aromatic polyamides (41;43),
ﬁotably KEVLAR ar poly(p—phanylterephthalamide), exhibit liquid crystalline
behavior in‘solution and that fibers extruded or spun from these solutions
arg highly oriented and very strong has apurred‘the growth, development, )
and commercialization of polymeric liquid crystals. The replacement of
high cost and heavy metal fibers in materiala‘by less expensive and lighter

polymeric fibers of equal or superior temsils strength and modulus is very

2

appealing commercially.

N

Both, naturally 6ccurring and synthetic polymsrs are found to form
liquid crystals. Indeed, 2 to 5% of all organic compounds known are able
to exist in a liquid crystalline phase. The sxoditicle of the scarabaeid
beetle exhibits iridescent colors and is reported to be the optical
analogue of a cholesteric liquid crystal (44). This discovery has prompted
a number of biologists to suggest that naturally occurring ligquid crystals
with their unique left— and right=handedness might be important in

biological processes .that require stereospecific enantiomars,

There is some confusion in the literature arising from the assump=—
tion that all flowing materials exhibiting birefringence are liquid
crystals. Care must be’exercised before a polymeric melt or solution is
clasQified as a liguid crystal bscause shear effects can induce a
temporary birefringence which diaaipateé with time as the molecules in the

polymer relax. Tables I.l and I.2, albeit by no means complsete, do provide

an overview of the types of polymers which.are reported to form- thermotropic

" ¥
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- . TABLE 1.l ‘
“
R_apresentative Listing of Polymeric Thermotropic Liquid Crystals 3
' ) §
k
. 1
Polymer . Liquid Crystal Types Structure References 3
o (if reported) . 3
' i
Polyphosphazines fn=p-R -Rz} 45 4
1 n &
Poly(p-xylena) Smectic EG-CH2-CH2}n 45 i
Polydiethylsiloxane f5i~(cH;) Gk 45,46 %
Polymerized coal tars ™ 45 1
Polymerized petroleum pitches R R 45,47 ;
. i 2 . b
Poly(N-p~mathoxybenzylileng=p=n- Nematic {b-cnfu‘-d-o-(cnz)x-u} 45 » 3
: butylaniline) - n 1
Linear polyethylene melts Smectic ECHZ-CHZ}H 48
+ Isotactic polypropylene Smectic - m—(CHB)}n 48 ] 3
N . The— .
Poly[bis(chlorophenoxy )phosphazene] Imperfect Smectic > Bpﬂ)ZP—N}n 49 .
(of] t“ k




TABLE I.1 (continued)

-

Representative Listing of Polymeric Thermotrepic Liquid Crystals

(if reported)

Poly(terephthalic hydrazide) . .., 50
Copolyesters of poly(ethyltere= ' ECD-<:>—CDU-(CH2)2-O}n ) 51
phthalate) and dicarboxy— "~ - ‘ "
lic acids or acetylated - R (PET) T N

difunctional phenols

Comblike methacrylic polymers with .EHS
cholesteric mesogenic (R3) ECH2 l}n 52 .
_ side groups . | CUNH(CHz)z-ll_Rz
Copolymers of poly(cholesteryl- Smectic ' ' 53

methacrylate) and poly’
(cholesteryl acryloxy-
benzaoate) - .

Copolymer of cholesteryl metha- ' ) 54
crylate and n—alkyl '
methacrylatses

Poly [N-(p—-cyancbenzylidene )=p— Nematic 55
" aminostyrene '

Polymer ~ ; Liquid Crystal Type ~ ’ Structure ‘ Refererces

91
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TABLE I.1 (continued)
- | ) _' : . -

LA

. Represéntative Listing of Pblymeric Thermotropic Liquid Crystals

" Polymer . Liquid Crystal fype Structure Referencas
: (if reported) :

»

.
3 73 SRR, SUCRT S0, L VE NN *t W - SIUCIE B FIOR OIS S SN

Poly[p-phenylenebis(N-methylens—p- Nematic 55
aminostyrens)] -
Poly(oxydodecanedioyloxy=1,4=pheny~ o —OOC{(CHz)lD-CUD-<:>—C--(CH3)=CH-<:>}n 56 ~
lene—@:methylvinylene)-1,4—
phenylens ’ s
Polymars with rigid structures Smectic H=C—-(CH., )~COO0R ~CaN=— a7 i - % -
y , b 9 or {C ( 3) '4C> or <:>_R}n
Nematic coo :
Polyakanoates of dimethylbenzala— S ti =L~(CH,, J=N=NmC(CH,, )= 45 3
Prbrnese of simitulse e B mance(ety)-0-03,
) Nematie 1
E
. Copolyester of PET and p-hydroxy- 45
benzoic acid melts R 1
. ) . f"‘(‘ ;
Copolyester of PET and p—acetoxy=- ) ' L 58 ¥
benzoic acid
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. TABLE I.1 (continued) .
Representative Listing of Polymeric Thermotropic Liquid Crystals
-~
Polymer ' : Liquid Crystal Type * Structurs Refsrences
(if reported)
-
Copolymers of cholesteryl acrylata 59
and cholesteryl methacry-
late
Copolymers of alkyl or alkylmeth— foH-C(oH )3 60,61
acrylates and cholesteric - : .
esters of methacryloylew— UNH(CHz)n-COUCh
aminocarbonic acids :
Poly(N-methacryloyl—N~acyl=)deriva= {CHZ-?(CH3X}n 61,62
tives of L-lysine » CDNH(CH2)4EH-NHCOR'
00H
N or
ECH2-C(CH3)3n

-

" Composite of poly(Y-butyl—L7gluta-
mate) and butyl acrylate
or poly(butyl acrylate)

4
Cholestaric

7 00-O§~O-0-C 5
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TABLE I.l (continued)

A et s ey a o

Represgntative Listing of Polymeric Thermotropic Liquid Crystals

AT e aloes

l_ ' M -
; s
1

r @
. - .

" Polymer ‘ . Liquid Crystal Type Structure
( if reported) -

<

PO 7Y

0 0 - 3
Polyesters of dihydroxy-diphenoxy— Nematic EO-O—O—(CHZ) -O-O—G-E-O—B} 64 H
. n n i
alkanes and terephthalic * 3
acid ct 3-
Polyesters of (p~carboxyphsnoxy)de— Nematic {-(':-O-O-(CHZ)IO-O-O-C-O-;j—a}n 64 %
cane and hydroquinones a g A $
3 1
Co[ poly(ethylene terephthalate)=p- Nematic 65 %
pxybenzoate] :
Propoxypropylcellulase Cholesteric - 66 : 3.

e

* - ' - )

By convention, the symbol O is used throughout to represent the benzene ring, double bonds being :
Dmittedc N

Y

Rl,R2 represent alkyl or_ alkyloxy groups -

. ) ) RS ' represents mesogenic cholesteric groups
. . .
R \re:prasants CxH2x+l groups , :;
R . represents alklyoxy groups of variable length
Ch- rgpraseq&s cholesteric groups
HE
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TABLE 1.2
Typical Polymeric Compounds Reported to Form Lyotropic Liﬁuid Crystals’
Polymer Sﬁructuré Solvent Liquid Crystal Typs Ref‘eren;:es
, (if reported)
Poly(l,4~benzamide) ‘ {NH-O-CO}n DMAc-tiC1 Nematic 42,67
\\ HF " - 42,68
i ’ ' HZ’SD4 " 42
TMU-LiCl n 42
Pcly(l,w.f;—-qt::::ai\yl;;:;ua’;eiwapg-lsn_T {NH-O—NHCD—O-cn}n H,S0,, Nematic 43,69-71
alamice) or " HMPA=NMP-LiC1 " 43,68
Poly(chloro=-PPD=T.) - DMAc—LiCl Nematic 43
H,S0 " 69
5 274
Various extended chain {NH-R-Cﬂ}n Ses reference Nematic 41
aromatic polyamides
Poly(Y=-benzyl={-glutamate) ENH—(liH-CU]-n ' Dioxane Cholasteric 69,72=76
or PBLG m~Cresol " 70,75,77-80
(CH)p=CO0CH, ) o n 73,75,81-82
' TFAAsm—cresol n 83 @
RIS . o st 2 PP TR O ,
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TABLE 1.2 (continued)

E

Typical Polymeric Compounds Reported to Form Lyotropic Liquid Crystals

: Polymer

Poly(v-benzyl=l—~glutamate)

or PBLG

k]

I

a -

J “ Poly(v-methyl-D-glutamate) l .
\ . //////// (CH,) ~CoocH,,
. -

Poly(y-propyl—l—glutamata)

Structure

{NH—CH-CD};

(CH, ) ,=coacH ~()

{NH—CH-CD}h

-

R

Solvent Liquid Crystal Type
(if reported)

CHCl3 . Cholesteric
"
CH?_Br2
CH2C12 “
CHzclézdioxane Nematic
C2H4C12’ Cholesteric
n
C2H3Cl3
i}
C2H2C12
B A "
THF
CGHS\ ' Cholesteric
C6H6 ) . Smectic
HFHZC%Zg . Chalesté;lc
m=Craesol .Cholestseric

References

73=75
76
73,75
36,75
80
80

73=74

78
84
85

75,86

87

6T

e

R L LN




TABLE I.2 (continued)

& . S
Typical Polym?ric Compounds Reported to Form Lyotropic bLiquid Crystals
k] \ !
- ) Polymer Structure “Solvent Liquid Crystal Type Refsrences
(if reported)
Poly(Y-ethyl-L-glutamate) {NHf?H-Cd}n Dioxane Cholesteric 76 X
~ . : (CH,,) ,CO0CH,CH, CH L1, " 76
° ]
- CHzBr2 76
CH3800C2H5 " 35
Poly(v-butyl=t=glutamate) BuA Cholesteric! 88 4
X or PBulG TGEDM n B9
o Poly(B-benzyl~L-aspartate) ENH;?H—CD}n CHCl3 . Cholesteric 36
or PBLA e a - R
Co : CH,c00CH ~) . -
e )
Composite of PBULG and po- BuA - ‘Choleéteric 88-89
lymerized butyl . " -
acrylate or PBuA
Poly(L-glutamic acid) or PLGA {NH-[‘IH-CD}n DMAA 88-90

s o e -

(CH2)2C00H

otk < oy 95, A
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¢ Cdimpounds Ré:}ogtéﬁ to Form Lyotropic Liquid Crystals
1
Polymer . Structure Solvent - Liquid Crystal Type Raferances
. . (if reported)
¢ . ’ — . @
Composite af PLGA and poly— DMAA Cholaesteric 90
DMAA .
N
[ -
Copolymar of PBLA and poly(y- CHClS Cholesteric | 35
benzyl=D=-glutanate) y :
o ’ N No N
Pollz(biabanzn_xazole) . {C\DKU,C—O}h H,80, 91
3 C150,H 91
y \ r \__ CHBSDSH . ; 91
.y poly(phanylgthyl)1socyanida Egin Cholesteric 92
N-R
5 3P01y(taryic)hydrazida CeHeN. 50
. ‘ _ . (C2H5)2NH 50
|
! . K
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| TABLE I.2 (continued) ,
)
|
N .
?E . = Typical Polymeric Compounds Reported to Form Lyotropic Ligquid Crystals
i T
! . " : -
: \ * '
’i Polymar . - Structure Solvent Liquid Crystal Type References
3 . F & (if reported)
1 -
%l . Poly[bis(trifluoroethoxy )= Ses reference 93
. phosphazeng]. )
f? . .
* & -
%r" lz—riydroxyoctadacannic acid CCl4, Smactic _ 94
| ¢ : _ .
; Poly (e =carbbbenzoxylysine) -ENH-CH-Cﬂ}n DMF Cholesteric 82
- J . -~
1 )
f . (CH,) NHCOOCH (O . .
- ellulose B NMNO Nematic ~ 95
) . TFAASCH,C1CH,C1 96
) H > 2 2
v / Cellulose acetats - TFAA a7
/ Callulose triacetats S5ees referencs 93
L ‘ L :
v/ " :
- .. Nitrocellulose See reference 93
/ b - v, °
i . o
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TABLE 1.2 (continued)

Typical Polymeric Compounds Reportad to Form Lyotropic Liquid Crystals

Polymar

N e

Hydroxypropylcellulosse

3

Acetoxypropylcellulose .

DNA

RNA

Structure

w

Solvent

H20

CHSDH

CHSCHZUH

Dioxane
THF
C.H_N

55
CH26H20CHj
CH.COOH
See referance

CHSCOCH3

0,1M NaCl

N

Liguid Crystal Type

(if reported)

Cholaestsric
"

Cholesteric

Cholesteric

Cholesteric

References

69 ,98=101
102
103-104

103,105
105
103,105

103
93,101
105

106

38

58
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.
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L TABLE 1.2 (continued)
. Typical Polymeric Compounds Reported to Form Lyotropic Liquid Crystals
Polymer Structure Solvent Liquid Crystal Type Refersnces
o (if reported)
Various,biopolymers ‘ A » Cholestseric 107-109
» .
Poly(butylia?cyanate) ) 110
P=-n(C )
& | n( 4“9)3 ‘ .
Poly trans=bis(tri-n—butyl-  fPt-Cac-Csc} o . 111
phosphine)platinume, A—n(C M) n
4;‘ , 1,4~butadiynediyl 49’3
T * . s
Polyquinaolines ; 66

o

* : .
Polymeric systems likely to form lyotropic mesophases since they have rigid backbones

resents aromatic ring groaps

DMAc is N,N-dimethylacetamide TFAA ishgfifluoruacat;c acid TGOM is triethylene glycol dimethacrylate

TMY is tetramethylurea BA . is benzyl alcohol DMAA is NyN—dimethylacrylamide
" HMPA is hexamethylphosphoramide THF is tetrahydrofuran OMF is dimethylformamide
NMP  is Nemsthylpyrrolidone=-2 BuR is butyl acrylate ' NMNO is Ne-methylmborpholine~N-oxide

N .
. PRSI ” GAIRORGRI e e e i S emn AR

vZ

. L
et e R g o G

kY adellons o i Wit e il e s

pd



/l - v - * oy o~ TE e zanp Tt Ve B sl L RN SR [ s BT TN IS SRR Pime

2%

. ]
or lyotropic mesophases. The diversity of the polymers that form liquid

crystals has led to a re-examination of the structural rsquirements,
proﬁerties, and uses fo,: these materials, |
V » '

Polymeric liquid crystals by analogy with low molar mass meso-—
phases can be classified-as nematics, gmectics, or cholesterics. Pofymera
can also be divided on the basis of whether the liquid crystal or ’meso—
genic elements are incorporated into the main chain backbone or the side
chaing of the polymer. The mesoganic slement 'of a polymeric liquid
crystal must be asymmetric and relatively stiff. Internal hydrogen
bonding (68), an extended series of alternating double or triple bonds (55),
aromatic rings (55), and aromatic rings separated by flexible aliphatic
groups (56) ars the prim;ry sources of main chain rigidity. In the last
situation, as the length of the aliphatic groups is increaséd, the liguid
crystalline character of the polymer is decreased until, finally, only an
isotropic amorphous polymer remeins. Thus although chain stiffness and
molecular aayma_try are paramount requirements for the formation of orderesd

mesophases, the system can, neverthsless, tolsrate a certain amount of main

chain flexibility while still retaining its liquid crystalline charactei'.

Polymers with rigid backbones can accomédata masogenj..c eide
groups either by dirsct attachment or by separation uith non-mesogenic
s;;acers. 1f the mesogenic side groupe are chemically linked directly to
the main chain, steric factors arising from the interaction and subssquent

packing of the side groups determine if a liquid crystal will form,

-~
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Semi-flexible main chains can be sufficiently distortsd to permit a good

packing of side groups and the rssulting liquid crystals are smectic (52,57).
Pl:lymethylana spacers between the backbone and the mesogenic side groups
provide suffic&g@mmility for the side chains to pack well without
distortion of th;; g;f:;ﬁ’,3(:3%?2@cha:l.n and nematic l1iquid crystals a;:a formed (57,61).

Liquid crystals with methylene bridges or spacars are referred to as comb-

like mesophases (52). Stersorsgularity in the mesogenic side groups is not
aluays required to form a mesophase (54); rather, it would sasm that good
mesogceﬁic side group packing is the primary requirsment for the formastion
of this type oflpolymric masophase (54), It is of note that in this type
of polymeric liquid crystal the majority of the mesogenic side groups arse '
cholesteric in character. Nematic and smectic side groups are found td

produce amorphous or crystalline rather than mesomorphic polymers (61).

@ r * :
Polymerization of monomeric liquid crystals by irradiation or by

use of initiators'results in a ma.somorphic polymer product in only one of
every five attempts (61). The key requirement for mesomorphic polymeri-
zation seems to be extensive cross—linkirg amongst the liquid crystalline
monomer units (55,88). The absence of cross=links or the addition of non-’ . ;

mesogenic comonomers (54) results in the formation of isotropic amorphous

polymers. Bifunctional monomers (90) and cross-linking agents (63) ssem

to be able to freeze the mesomorphic character of ‘the monomer into the
\

polymer although the mesomorphic structure of the monomer is generally

alterad on polymerization (5S).
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It is impossible at present to predict if and vhat typs of meso=—
phase will form when liquid crystal monomers are polymarized or when

polymers are synthesized with mesogenic side groups. Goometric factors,

”

main chain rigidity or flexibility, the presence of flexible spacers, side

group packing, the distribution of the side groups on the main chain, and
the polarizability of thése groups acting either alone or in combinaf.ion
determine the type of liquid crystal which will ultimatsly form {55).
Suffice‘it to say that, in general, molecules possessing strong lateral but
weak longitudinal interactions will form ordered sme;:tica, while those

exhibiting strong longitudinal but weak lateral interactions will tend to

. form nematics (55,112). The balance that is achieved between molscular

lateral and longitudinal forces alsoc plays a role in determining the type
of liquid crystal which will be formed (55). ‘
A

Two novel polymeric liquid crystals must be mentioned, Upticallx
at;tive 12-hydroxyoctadecanoic acid.gel is a unique smectic liquid crystal
that is believad to have a super heliceidal structure (94), This
helicoidal structura is thought to result from a saries of helical fibers
that are molecularly associated by hydrogen bonding in which the molecules
appear to have a smectic C structure. This super helicoidal structurs is
quite different from that found in the cholesteric mesopt;ase depicted in
Figure I,2. Optically active Neacylamino acids form a liquid crystal
suspension in benzene and chloroform (113), InA these solvents tha
dispersed acid exhibits birefringenca, optically negative spherulites,

circular dichroism, and iridescence (113), The iridescence of these.
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2
solutions results from a refractive index difference that exists between
the layeras of solvent and suspended polymer (Christianaan effect) rather
(v

than from the presence of a series of equally spaced birefringent layers

4 ~

as is the case for most '-other liquid crystals. The iridescencs of the - \
acid changes reversibly with solvent composition, temperature, and i

increasing length of the acyl content of the acid.

Current research into the physical properties of polymeric liquid
crystals is diversified and plentiful. Rheological (s8,70) and rheo~-
optical (77) studies have shown that shear partially disrupts the
cholesteric liquid cryatalline structure, but that on relaxation the
cholesteric structurs readily re-forms (98,114). Diffusion and velocity

flow studies (115) ©p model and liquid crystalline systems prove that

motion parallel, rather than perpendicular, to the molecular axis is

easier, Qualitative measursments have besn nade to evaluate the perfection

of molscular order within the mesophase through tha use of order para-

meters (72,116), Depolarized laser light scattering experiments (80)
are reported to permit the quick and accurste evaluation of the
helicoidal handedness of cholesteric mesophases. Extensive work has also

been carried out on the conversion of cholestsric into nematic liquid

!
3
i
!
!
!
;
|
3
k|
4
!

crystals and vice versa. In the former case magnetic fields (68,85),
electric fislds (75), or equal mixtures of the left-— and right-handed
_enantiomers of the cholesteric will produce a compensated or untwisted
choles‘teric (nematic). The conversion of nematics into cholaesterics can

i 7
be accomplished by the addition of optically active co=solvents (68) or
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chiral solutas (117) to the nesatic. The handadness of the resulting

cii esteric is not alu:ys the same as that of the added solutej often a
complex energy calculation is required to predict the handedness of the
resulting chola:éux_;;g‘ Hajdo has found that the cholesteric helicoidal
structure is sensitive to concentration and orientation gradients within
the system (118-19). In addition, ssveral theoriss have Eeen developed

to explain the origin of the cholesteric helicoidal twist, Samulski and

. Samulski (120) have invoked Van der Waals - Lifshitz forces and

susceptibility theory to account for the helicoidal twist of cholesterics.
Bouligand (1L07) has tried to relate the origin of the cholesteric
helicoidal twist to the natural helical tendencies of many biological
molacules, Goossens (121) has developed a statistical mathematical theory
to explain the helicoidal twist and his theory is reportxd to work wéll

for cholesterics formed by the addition of chiral sclutes to nematics.

8\

‘

Liquid crystals in general, and cholsqtarics in particular, have
been found to be very useful substances, They b%ﬁspund to very s(light
variations in temperature, electric and magnetic ;\ields, and to ultrasonic
waves. As a result liquid crystals have found use in radiology, surgery,
and urology (122), They can be used as monitoz‘:s, sensors, fever headbands,
jewelry, reflection displays, digital displays in computers and watches,
bandpass filters, circular polarizers, and a vhols host of other optical

devices (89,123). However, the most novel use of liquid crystals is as an

[ X
art form (124=25), Since the mesophase can respond to temperaturas,
\

. humidity, and viewing angle changes, a lj.quid' crystal painting can exhibit
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many unuysual visual effects. Cholesteric iridescence arises as a
constructive interference effect making cologs in <this madium combine
differently from those of ;:onventional paints and pigments which absorb
light (126), For example, the mixing of red and green paint will producs
a gray=brown color; the same cumb;l.nati&n of red and green liquid crystals
will result in a yellow color. This use of liquid crystals is still in
its infancy,
y

Liquid crystals can be used as solvent media for chemical
reactions, It has been reported (127-29) that reactions occurring in
cholesteric mesophases exhibit snhanced rates and are more highly
stereospeciffc than the same reactions carried out in non-mesomorphic
solvents. Smectic and nematic liquid crystals, when ugsed as solver;ts,
appear to have little or no control over the stereospecificity of
reactions. This property is unigue to cholesteric mesophasss., Racemic
mixtures of sulfinates or sulfoxides exhibit a net optical activity when
placed in a cholesteric'solvent (130); however, the mixture does not
necessarily have the same handedness as the cholesteric $olvent. Untwisted
or compensated cholesterics have been used as solvents to study solute
mo]:ecular orientation in homogensously oriented systems (131)., The
advantage irl using compensated cholestarics rather than aromatic solvents
is that the cholssterics do not absorb in the ultraviolet region of t;he'
spectrum. For mors information about liquid crystals and polymeric
mesophases in general, the reader is referred to any of ths Rumerous

papers (132-35) and books (136=48) which have appearsd in the praecseding

’
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decade dealing with this topic.

I.3 Cellulosic l'lasoghaseé

Celiuloae, which is found in the 'call wall of virtually every
plant (149), is the most abundant naturally occurring organic polymer,
The importance of cellulose can be traced, not only to its abundance, but
also to it; use as a renewable source of fusl, paper, fiber, building and
clathing materials. It is alsoc the starting material for a number of
important cellulose derivatives: mono-, di~, and triacetates, hydroxyethyl-—
and carboxymethylcelluloss, cellulose nitrate, et cetera, Chemically
cellulose is a polysaccharide consisting of se{laral thousand glucose units
Joined together by .l,4 beta linkages (149). Thesa boﬁds make tha cellulose
backbone relatively rigid and stiff, The inflexibility of the cellulosic
chains was originally balievéd to play a dominant role iu:w the crystalli-
zatioh of the cellulose and to preclude the formation of a stable cellulose
basaed mesophasa (40), - L

?

Hydroxypropylcellulose is the most recent cellulose aghazf to be
comm;rcially produced and its propartiaes have not ba;n as aextensively
investigated as those of the other cellulose derivatives (1s0).
Hydroxypropylcellulose was the first cellulose derivative to form a
lyotropic liquid crystal in both agqueous (98-100,104,114,151—5?;) and

organic (101-05,153) solutions. Since the publication of this discovery
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(99) it has been reported that cellulose itself (95«96,154~55) as well as
] .

several of its derivatives (97,106,156=62) also form liquid crystals.

)

The presént 1nvas£igation was t‘nda‘rtaken, not only to amsss :uoro
proef and information about the lyotropic behavior of hydroxypropylcellulose
solutions, but also in_the hop; that by carefully examining the character
and propertiss of hydroxypropylcellulose sclutions, an explanation might

be proposad as ‘to why hydroxypropylcellulose and cellulosics in general

form lyomasophases.

i
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CHAPTER 11

CHARACTERIZATION OF HYDROXYPROPYLCELLULOSE




ot R A et oty RO e

-
P
H

B

'
. iy e - P p - - .. o
et TR T e RSR e TR D b, Y S e I R RSO IO e 0 S 3 U SO TR ST R PR B TR

i r

43

I1.1 Pregaratng

Hydroxypropylceiluluae is a high molar mass polymer prepsrsd
commercially by a base catalyzed reaction at highﬁtamperatvra and pressure
between cellulose and propylene oxide (1). The starting cellulos
material may be of any types éotton linters, chemical cotton, orssban

conventional wood pulp. The cellulose is combined with alkali (usually

.

.NaOH), water, and an inert water-miscible organic diluent such as

tertiary butanol (2). This mixture is heated and alkaline cellulose is

i

produced., The alkaline cellulose is then etherifisd under pressure using
propylene oxide in the presence of a water=-immiscible second diluent
(hexane). The resulting preduct, hydrokypropylcellulose' (HPC), precipitates
out,of solutioﬁ as a flaky white powdsr land is sasily recovsred by
filtration. Details concerning the exact reaction conditions, usable
alkylating agents, and diluents can be found in the patents (2—4) and

S

litesature (5) on HPC preparation.

1.2 Strycture

The HPC backbone consists of several, thousand anhydroglucose units

Joined together by 1,4 beta linkages (6). An idealized structure for the

HPC molecule is schematically depicted in Figure 1I.l. As illustrated in
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reaction or molar substitution (MS) refers to the average number of
propylens oxide molecules combined with an anhydr?g}ucose unit in the HPC.
The MS is distinct and different from the degree of substitution (DS)
which has a maximum value of three and is defined as the average number of
hydrokyls substituted per anhydroglucose unit in the cellulose (7). This

distinction is nsecessary bscause proleene oxide can react with hydroxyl

groups both on the cellulose and on previcusly attached hydroxypropyl .

substituents.

Published reports indicate that from.60 (8) to 99.7% (9) of the
anhydroglucoss units. in HPC are substitutsd., No information is availabla
on the distribution of gubstituents or their position on the csllulosse.

P .
However, studies are currently underway on monomer and dimer model systems

~

(10). The range of DS values reported for HPC varies from 2.1 (9) to 2.5
(ll).,TAlthough these values seem somewhat high for a celluloss derivative

I4
< abgssnce of a standard analytical technique to measure the DS, N

they are, nevertheless, the bast values currently available due to the : /)
> The MS, which has a marked effect on the properties of thae
polymer, is sasily varied by the conditions used during atherification, ‘
The longer the hydroxypropylation reaction is allowsd to continue, the
_ higher is the MS of the final product since it is believed that essentially
only the sescondary hydroxyls of the side chains are available' for reaction
(1) The MS for HPC may bs determined by the use of a slightly modified

terminal methyl method (12)., The MS velue that is obtained insthis way is
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relatively precise but the accuracy of the technique has been guestioned
(4). A racently developed NMR technique (13) is claimed to give good

regults for the MS of HPC as well as an estimate of thae DS.
»

e

II.3 Progertieg

Hydroxypropylcellulose bshaves like a typical cellulose ether
(14-15) but it also has. some unique properties (16). Hydroxypropylceliuloae
is solubls in water below a.critical temperaturse that dapendé on the M5 of
the polymer. Specifically, a HPC sample with a MS of 4 is soluble to 40
but if the MS is only 2 then the solubility temperature is increased to
60°C. The lower the hydrocarboé content of the side chains, the greater
the affinity of the polymer for water (4)e At the point of insolubility
solutions turn a cloudy white and the HPC precipitates out of solution as
a highly swollen floc. On cooling, this floc easily redissolves to produce
a clear solution., This reverse temperaturs solubility bshavior is
characteristic of all non-ionic weter soluble cellulose deriuatiues‘(B,l?);

T

In contrast tofother cellulose sthers, HPC is found to be soluble

in many common organic solvents including aﬁhydrous'ethanbl. Howsver,
unlike agueous solutions, the solubility of HPC in organic solvents
increaai; as the temperature is raisad, The higher .the MS of the polymsr,
the more readily HPC dissolves in polar ?rgénic solvents (2). This dual

solubility bf HPC in aqueous and organic media is attributed to its
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ambhiphilic character., A delicate balance seems to exist bestween the
hydrophilic (watsr soluble) and the lipophilic (hydrocarbon soluble) parts
of the HPC molscule resulting not only in dual solubility but also in R

marked solubility in mixed solvents, .

Hydroxypropylcallulose with a MS of at least 3 exhibits extremely
good thermoplastic flow. It is readily injection molded or extruded to
form materials of any size or s%ape (l;la). The high substitution ratio
of HPC improvss it; resistance to both biological and chemical degradation’ =
making it the moét:stable cellulose ether. Highly acidic or alk;line
solutions do degrade HPC but only over a very long time periode. The
stability'of HPC makses it an ideal starting material in the preparation of
new compounds such as steroid esters (19), mixed csllulose ethers (20), ‘
énd non=ionic derivatives of HPC (21-24). Hydroxybropylcellulosa is
odorless, tasteless, and non-toxic to bqth animals and humans. Ths polymer
is surface active (1=2) and in aqueous solution has a stsady sﬁ%ta surface
tension that is independent of solution concentration and molar mass (25).
These properties make HPC usabl? as a féaming and thickening agent iny,
foods, cosmetics, and\laundry detergents (1). In combination with dextrin
particles HPC bonds to paﬁar withou% curling and is.agbd\extenaively in
binding glue to env&lopes (4)s In the printi?g praocess HPE\Esgg\éa‘a
suspending agent for inks. In pharmaceutid&i work HPC may be uséd as a
coating for pills, ‘ “ -

B

.Elliott undertook a rheological study of HPC melts and he

’ 4 w27
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(i ‘ concluded that HPC has a supermolecular structure consisting of a
crystalline portion imbedded in a; amorphous @atrix (26). The highly none

. Newtonian flow exhibited 6& the melt was attributed to the bulky
hydroxyproqyl side groups which causetHPﬁyto have a fairly sgtif'f structure,
Roberts and Thomas (27) have examined the solubility of HPC in solvents of
various po;érizing and hydroqen bondin§ abilities. They postulate that
the solubility of Hﬁé'may be directly attributed to the large number of
hydroxyl groups oﬁ the’ HPC that are%:§ailable for ?ydrogan bonding with
polar solvents, The enzymic degradation of HPC has been investigatsdg(g)
and it was found that the substitution pattern for HPC is very different
from that of hydroxyethylcellulose (HEC) -(9,28=30)., Ultrasonic degradation‘

<

studies have also bsen performed on HPC solutions (31). - -

i -

Wirick and Waldman (32) have successfully fractionated HPC and

w

L34 characterized aach'Fraction‘by light scattering and gel permeation
chromatography. ¢ They conclude that beoth the molar mass and the molar mass
. 1 ’

distribution in HPC depend very strongly on these propertiss in the

original starting cellulose. The substitution pattern for HPC appears to

bé very uniform although shorter chains are more substituted than longer
ones, Hydrodynamic and conformational parameters for both HP& and HEC
seem to be very similar, A gas chromatographic study of the soluts
activity for dilute and concentrated HPC solutions was récently completed
?1 . and in it the authors try to explain how the thermodynamic parameters of
‘ HPC solutiohs vary over a large concentration r;nge in different shlvents

(33-36). Sedimentation velocity (37-38) and diffusion transport (39=-40)

,.
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.
( / studies have been conducted on aquesous HPC solutions';a:t various temperatures
and concentrations. !
To date, the most detailed study on solid staté HPC has baen
o conducted by Safuelg (41). Using films cast from both water and sthanol

solutions he has p:;rfurwed dansity measurements, X=ray and/infrared etudi:ss,
. birefringence and refractive index measurements, slectron microscopy,
° ' ‘diff‘arantial scanning calorimetry, and small angle laser scattering i
experiments. Based on his experimental results, Samuels proposa.d a

) molacular model for HPC in the solid state.
(=] ﬁ -

: ' \

1I1.4 Characterization

1
~

1

The characterizat;i.un of high molar mass palymers is not yet
rou%ine, although many advances have been made in this area (42).

’, Syrithat::.cally produced cellulose derivatives, like tHl:'l':, are oft;n -
polydisperse and hard jo frag{c.iupata and so the characterization process
is mot eaé;v. Watar soluble cellulosics' are also nnturindsly difficult to
d:i.ssolvqpcomplataly: (43)e Solutions ars found to contain not only the

| molecularly dispersed cellulose chains but also undissolved fibasrs, gel

particles, and aggregstas of colloidal size (44). The presence of these

matarials complicates the dmractarizat;ion procese for celluloss

HPC is the product of a hoterogeneous reaction (2-3), the substitution

¢ -
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-scattering of¥ light. The solution inhomogeneis;\“is a result of density,

TR

S0

pattern for the side groups is not expected to be uniform and this may

also chtribl‘JtB to characterization difficulties.

2

\

II.4.1 LIGHT SCATTERING .

Introduction
>
. . P
- 4

One of the most powerful and versatil;e technigues available for

polymer characterization is light scattering (45-46), The principles of
. . 9 . v
solution light scattering have their origin in Rayleigh's thsory (47) for

~

'

the scattering gf light by a dilute gas, This theory was extended by
Debye to include macromolecular solutions (48-439). In this case

&

inhomogeneities existing in the solution are responsible for the
thermal, or concentration fluctthions. The effects of density
fluctuations ars usually sliminated by subtracting the. pure solvent

gcattering from that of \;he solution. The angular dependence of light

" scattering (50) may be coﬁvaniantly expressed by  tha Rayleigh factor, Rg,

v

defined in Equation Il.1l.

G \

\\ ~iﬂ~1‘2
\E\lo = - ' 11.1

]
g \

\

3

whera 1 0 " inpident light beam };{ltensity

‘I'm tance of scattering volums from detector

!

i, = scattered light intaqsity per unit volume
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- The molar mass (ﬁu) of the solute can be found by using Debye's equation .

which is sghown below.

where

Equation

S ' - 51

= angle of measurame_nt’_ relative to the incident beam direction

5

1

J,
2 N
+
E-F’LI——E'-‘?-—O)--L+2A=+3A‘:2+... T )
ﬁ- w 2 . 3
] "
"w
,
. - I
2:'2112(dn/|:k:)2 \ s
' " K- = L) 7
N, X .

= an optical constant

= solute concentration (g/ml) . '
= solvent refractive index

- diffgrgnfial index of refraction (mL/g)

= fvogadro’s number

x

= incident light wavelength .
= golute weight average molar mass

= gsgcond and third virial coefficients, respectively

= gxcess Ra:i.aigh factor (R,,W_m._on =Ry solvent )

11.2 is only applicable to systems whars the molecular dimensions

I

-

3
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-

ara smaller than one twentisth of the incidant light wavelangth., When
the size of the scattaring particle{'; is no longer small, the scattering
becomes more complex. Both particJée geometry and their interactions
begin to play an important rolé¢. Qestructive interference of light
scattered from different parts of the same molecule. now greatly reduces

1 /
the measured intensity of the scattered light. For such systems,

Eguation II.2 must be modified as follows .
B ,

<
i

g A _—l'— +2A2° "‘3“392+ e o o . II.3
Ry mup(e)

¢
i

-

whare 5?(0) is the particle scattsring factor (52) which corrects for the

effects of internal interference and the other variables are as defined

»

for Equation 1I,2. The size and shape of the scattering particles

determines the value of P(f#); however, in all instances, £(8) tends to

y 7

unity as @ approaches zero.  In the limiting case pf.' small scattering

angles the following relationship is valid:

A 2
N lim 1 ] + 8% 2 . 2 '
N = _— <s“> 8in“(6/2) 1.4
- 6 -+0 P(0) 3)‘2

B Y

1

uhéra <32> is the mean sgquare radius of gyration for the polymsr,

Therefore, at low angles and nsglecting the third and higher order wvirial

' &

coefficients, Equation I1.3 takes the form

¥

2
‘ k£ 1+ Lsz-z- ‘<32> sinz(G/Z) - S 2A.c 11,5
- —-— 2
Ry 3X m !

!
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The intensity of light scattered by solutions is a function of both the

concentration and angle of observation (50~51)., Three limiting cases of

1

Equation 11,5 should be noted:

' (1) In the limit of o= 0, K& = L 4 e
’ . R M
y 8 W 4
(2) As c -0, é‘-:' is proportional to sin2(9/2)
R
o .
s e Kc 1
(3) If both c and 0 ar® zero, then == = =
* ' RB Mw

f

To summarize, the weight average molar mass of a polymer solution may be

@

determined by using Equation 1I.5 arid measuring the scattered light

intengity as a function of angle and concentration. A double

extrapolation, known as a Zimm plot (52), then allouws ﬁu to be fourd from'
the raciprocal valua of Kc/ﬁo at @ =0 and c = O, The second virial

q
coefficient is obtained from the slopes of the § = 0 line whersas the slops

of the c = 0 line gives a valus for the <32> .

Experimental
A. Solution Preparation

Hydroxypropylcellulose samples, marketed under the trade name
KLUCEL y were supplied by Hercules Incorporated and the Aldrich Chemical
Company. Tha Hercules samples were designated KLUCEL £, L, J, G, N, and H

in order of incregsing molar mass. Table II.1 lists the reported molar .

Y

&

.

- . . it e b S R e i kel T e SN BB M i - . LI TR E o P,
K 4% phctt T A T AT )




WG gy e g -
L VDY WRURRAA P AL mun wse ga s e me s Vst d TTHT T ¥ o

-~

T
L4
f

TABLE II.1l

{ -
Manufacturer's Data for Nominal Molar Mass (”w) and Molar

Substitution (MS) of Several HPC Samples (1,11)

HPC Type ﬁwl mg 2
(a/mol)

E 60 000 \ 3.84
L 100 000 : 3.65
b ’ LN 3.61
G 300 000 © 3,50
n | * 3,93
H " 1 000 000 4,21

%*

No molar mass reported

4 .

: based on empirical method for estimating the degree of
polymerization (DP) of the original cellulose and then
uveing the MS value to calculate the molar mass of the
HPC ‘ -

{ terminal methyl method; average of two fesqlta o

'
!

) s
v,
[
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masses and M5 for the various KLUCEL samples investigated. The Al{i{ﬁiép‘
HPC samples had nominal molar masses (sS3) of 100 00O, 300 000, and
1 000 000 and appeared to bs identical with the KLUCEL L, G, and H

samples, rsspectivsly. Attempts to purify the HPC samples by fractional
precipitation (54) using sthanol as a solvent and n—heptane as the non-
solvent were unsuccessful, Prior to use, the HPC was dried to constant "

weight in a vacuum oven at 65° to 70°C. This process was found to

remove from 2 to 3% water despending on the HPC sample being dried.

All agueous solutions were preparsd uj.th water distilled twice
=
in a closed non=boiling still. The heating source was an infrared heat
lamp (Sylvania ‘125 watts). Dried HPC was transferred into 100-mL
volumetric flasks and 50 mll of hot water (~ GUDC), a n’on-solvent, were
added., (Like Qost water soluble polymers, HPC tends to lump together when
the powder is 'C;irst wetted with solvent (1). To minimize "agglomeration .
Lgar;ci facifl.itate dissolution, tha polymer is preslurried' in hot water to
\\ensura cgmplet;a wetting of the powder.) Next 30 mL of cold water were
added to the flask which was then placed on a mechanical shaker for tuwo
hours. At th;s time solution of all gel particles seemed to be completa.
Since HPCJ solutions have a tendency 'to foam when shaken, the solutions
wers allowed to settle for a further two hours before the flasks wereymade
up to their volumetric capacity. The solutions were gently agitated uwith
a magnet:ic a'tj\.rrer 1,’or thirty minutes more to gnsure' homagenaity. To

minimize aggreqation effects, all aqueous solutions wers prepared not more

than twenty~four hours prior to use, The solutions wers relatively clear

\

S il
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or slightly hazy depending on the HPC sample being dissolved. 0On sjtanding,
a fuzzy white precipitate was seen to develop “¥n almost all of the

§
solutions,.

Organic HPC solutions were prepared following the procedure
outlined above for aqueous samples but without the preuwstting stepe
Befors being used as a solvent, tetrahydrofuran (THF ) was dried over T
molecular sieves (Linde Air Products Co, Type 3R, 8 — 12 mesh) for at
least one week and sthanol was distilled tuwice in the closed non-boiling
still, Solutions of HPC in THF were clear and essentially free of )f‘ibers
and gel material. Ethanol solutions contained. distinct gel=like pa\rticles,
indicating that only a portion of the HPC had.dissolved. These solutions
were f’iltereg through a O,45-um Fluoropore filter prior to use.

3

8, Diffarential Index of Refraction

The differential index of refraction (dn/dc) was measured for all
the KLUCEL types (E, L, J, G, M, and H) in water., Sixty-five solutions,
approximately a dozen per HPC type, were prepared using the procedure
outlined in the previous section. Table II,2 lists the solution concen=
tration rangs that was prépared for each HPC sample. The higher the molar
mass of the HPC, the more viscous and difficult the solution was to
handls. Differsntial index of refraction measurements were also
obtained for HPC-L in THF and ethanol., The concentration rangse prepared

for thesa solutioms is also listed in Table II1.2., The solutions were made

-

&
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TABLE II.2 .
‘ f
\
Concentration Range of HPC Solutions Prepared for Differential
Index of Refraction Mesasurements :
HPC Type Solvent Concentration Range
(/L)
E H0 0.60 — 5,9
L HZU . 0,39 - 5,2
, L C,H 0N [ 0,28 =-3.5
L THF . 1.9 = 9.7
&
3 Hzo ~0049 - 502
G . . H20 : 0,31 -~ 4,8
M H20 0.62 -~ 5.0
H H,0 bt 0.069 - 0,43
4
(ﬂ I8
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up by following |the procedure already described,

Differshtial index of refraction measurements were obtained using

a Hilger and Watts M154 Rayleigh Interference Refractometer (55-56). The

~hy, temperature was maintained at a constant 25° * U.1°C by using a water

jacket provided uwith the instrument (57) and an extsrnally circulating
wwater bath, The interfergmeter cell, availabla in path lengths of 0.l-m
or 0.01;-m, consisted of a soli:d piecs of fused silica divided into two
compartments e ort for soclvent and one for sclution, The light source

was an ordinary migroscopa lamp mounted in a suitable housing.

The interference refractometer operates on the principle of
matching two sets of. interference fringes. One set of fringes is

|
statiobnary and functiofs as a refersnce point for a second mobils gat of

frinéég. The displacement, d, of the mobile fringes with respect to the
refersnce fringes is measured and is directly'relatad to the refractive

index difference, An, existing bstween the sclution and the pure solvant. -
The interferometer is caali'brated by msasuring d for several solution
covncentratiorés of known refractive index diffesrence. A plot of An versus

d yields a straight line of slops k, an ;ins’crumant constant. The 4n for

"the HPC |solutions was then calculated using the equation, 4n = kd (58).
Aqueous NaCl and KC1l solut%ons with accurate litesrature valuss (59-62)

for An were used to svaluats k for the iil'xterf‘eromater. Solutionse uwere

equilibrated for between ten and twenty minutes in the interference

refractomstar at which time distorted fringes had straightened out

0
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indicating that temperaturs equilibrium had bsen Q?ttained.‘
- i ¢

!
1

Cs Light Scatterin |
|
| |

Conventional light scattering was performed using a SOFICA 42 000

"

Photo=Gonio-Dif fusometer equippfed with a mercury lamp (A = 546 nm). An\ i
excallent da‘tailed description :of‘ the bagic dperation of this instrument

has been given by Nar:’gerison an'd East (63)s To avoid srronsous results in
light scattering, the solutions used must be dust free. Aquecus solutions

prepared according to the procsdure outlined above wers subjected to a two= . ;

Model L) for one hour at 25 000 rpm in polycarbonate centrifuge tubes
(Canlab). Glass beads (Chromatographic Specialtiss, 80 = 100 mesh) had
previously been placed in the tubes to trap any dust or gel particles
settling during centrifugation. Next, solutions wers filtered using 30-mL
syringes squipped with 0,22—um Millipore filters, The above process was
repsated a second time and the solutione were filtered dirsctly into the
25=-mL light scattering cells (64). Measurements were then made in
triplicate at several scattering a.;'xglas f’r:;m 30° to 180° on four aqueous

HPC=G solutions with concentrations bstween l.4 and 4,2 g/L." The .

scattering intensity for the solutions was normalized by using benzens as

\

a referesnce scatterer.

Loy angls laser light scattering (LALLS) (65-69) was performed

an HPC solutions using a Chromatix KMX-6 LALLS photometer. Since the

- [
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design of this instrument differs considerabiy from that of a conventional
light scatterer, a brief deécription of ths photometer and its operation
(70=71) is pressnted Hg¥e. Figure II.2 depict; schematically the basic
componants in a LALLS photoqgtar. The light source is a two milliwatt
He=Ne laser emitting vertgbally polarized red light of wavelaength 633 nm.
The laser beam is folded back on itself by two prisms which dirsct the
beam fo wheie the attenuators, sample cell, and detector optics are located;
Three measuring and one calibrating attenuator afe located betwssn the
second folding prism and the condensing lens. They function to attenuats
the ‘incident beam to within a factor of 0.25 of the sqgttersd radiation of
the solution. The calibrating attenuator serves as an int?rnal calibration

varifier. The céndensing lens focusses ths laser bsam dowun to a spot sizs

of 0.08 mm at the sample.

A

!

The solution baing investigated is confined in a small aperture in
the teflon spacer sandwiched betwesn two, two—inch long fused si;ica
windows., The window faces are polished as well as the state of the art
permits. The cell volume with a lS-mm thick spacer is approximately 0.05
mL. Solution is intrpoduced into the cell using a hypodermic syrings
inserted intu-gha spacser. The céll is méunted on a fine motion stage which
allows the operator to chooss the afaa of minimum scatter on the cell

interface for measurements.

The laser beam next passes through a rotating annulus wheel which

offers a choices of five availabls sdattaring anglgs ranging fram 2° to 7°,

S et e W -
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Chopper v

IR

e LASER

A
CcL
ATT A |

n . PHOTOMULTIPLIER

DETECTOR

Schematic view of the components of a Chromatix LALLS photometers

ATT = attenuators, CL = condensing lens, B = beam 'stop,
AN = annulus, RL = relay lens, FS = field stop, M =.mirror,

OL = ocular lens.

of sach component.

Sge text for details concerning the function
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' An aperture on the wheel allous the rgirect incidat:\t beam intensity to be
measured, Beam dtops ;:gﬁtared in the annuli absorb most of 1;he direct
laser beam. Just bahirl'._d the annulil is a fourth attsnuatar uhich ser\)es
as a-safety shutter protecting the photomultiplier from excess light
levels. Unless it is manually removed this attanuaf;or is always in the
beam path. Next along the optic path is the relay lens which serves to
image the.scattered lJ.ght at alsl magm.f'lcatmn onto the field stop.
There are twenty=four fisld stops ranging in size from 1.5 mm to 0,005 rﬁm.
!Dnly light scattersd from the cénter of the sample and passing through the
;nnul‘us is focussed onto the field stop. The final destination of the light

. f‘iﬁc'ussed through the field stop is the photomuftiplj:ar' tube which records
ltha intensity of"the scattered laser beam. By inserting a mirror and ocular
lens with a magnification af 50 just baf‘?ra the ph:ntomultiplier, it 1is
possible ‘lto observe the scattered light from the solution anﬂd tao align the

* optics of the system. -

Unlil;e conventional light scattering instruments, the LALLS
- —*.”x'\ phetametar requires no standard calibrating solutions., The iﬁstrument is
absolutely calibrated 1(72-73) in that the Rayleigh factor, Ry, is
detarmined by geometric paramstars and ratios of radiant power measurementse.

Specifically, the Rayleigh factor for a sampls is given as

G,D
.
Rg = Gl I1.6

*

©

whar GG = detsctor reading for scattered beam due to sample

[T

e~
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Go = dgtsctor reading for transmitted beam tl)/{ough sample
P .

D(J = net transmittance of attsnuators \ v

o = solid angle over which detected radiation is viewed

1 = gffactive length of scattering volume

i Tha product of 0 and 1 is constant for a particular combination of solution / ¥
refractive index, annulus, field stop, and cell spacer. The valye of DD is
congtant for a given set of attenuators but its value must be checked ‘

e

perj:odically. The RO is therefors simply the ratio of Ge/Go where both ars
) ! .
measured under identical detedtor gain and optic element conditions except
for the attenuator combination inserted in the beam path, Scattering

v . . .
measursments ?nr polymer soalutiens give the Rayleigh factor as a function

of polymer concentration. The small angles involuved (~ 2° = 7°) allow tHe

waeight average molar mass of the polymer to be evaluated without need of

extrapolation to zero angle. No Zimm plot is required. As in conventional-

4
!
i
‘

light scattering, LALLS measurements can also be made at high temperatures

(74). i

. ~olyr
.

’ .

1

Low angle laser light scattering measurements were performed on all
HPC types in water. In addition, measurements were made on HPC~L in ethanol’
. ! %

and THF. Most solutions were prepardd directly by using the dissolution y
4 v '

procedura Sutdifed above rather “than by volumetric dilution of standard

solutions. Expsrimentally, freshly preparsd solutions gave more reproducibls

rd

results than solutions prepéred by volumetric dilution. Solutions were

£

transferred to 10--mL Hamilton syringes equipped with Luer lock filter holders
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clontaining pra@tars and 0, 22=um l'lillip;:re (for aqueous solutions) or

0.45=-um Fluoropors (for ethanol and THF golutions) filtars, The syringe‘

was placed on’ a syringe drive (Multis}:eed ;I'ransmisaion Harvard Apparatus

Co., Modsl 600) which forced solut;ion through the :\light scattering cell
»

at a speed of 0,051 mL/min. The solution concantration rangs prapared '

for LALLS measursments in water was betwsen 0,03 and 5,7 g/L, in ethanol

5
between 0.5 and 4.9 g/L, and in THF between 0.2 and 1.4 g/L, , >~ \

Rasults and Discussion

o

The diffarential index of refraction (dn/dc) of a solution is an
important factor when the solute molar mass is svaluated from light
scattering data. The optical constant, K, of Equation II.S5 depends on the
square of the dn/dc, In this work the difference in refractive index (An)
betusen the solution and the pure sclvent was measured by interference

refractometry. Each measurement of An was made seven times and the results

*

s@isye averaged. This was repeated for several concentrations of HPC, The

valuas of An obtained were plotted against solution concentration (c) and

the slope of the rasulnting gstraight line gave a value for the dn[dc.
Alternatively, the dn/dc may be evaluated as the intercept, at c = 0, of a
plot of An/c versus conr.:entration. Tl;is latter method emphasizas any
scatter in the expsrimental points and consequently exaggeratss any none
linear uar;étion in An with concentration., For this reason Huglin (61) N
states that it i{ the preferred method for evaluating the dn/dc. Figures

N

I1.3, II.4, 11.5, and II;6 show typical plots of the variation in An with
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2.0 4.0
CONC HPC-E x 10° (g/mL)

6.0

The change.in refractive index difference (An) with concentration
for aqueous HPC=E salutions at 25°C and \ =560 nm,
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FIGURE II.4 The veriation in refractive index differance (an) with concentration
‘ for aqueous HPC~L solutions at 25°C and \ =~ 560 nm., - '
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- o i o s

i i raialh

> bl e




, ERPZA

. o~
' 69
concentration for agueous solutions of HPC-E, L, J, and G reapecfively.
The dn/dc values obtained for the various HPC samples in ::atar and for
"HPC~L in ethanol and THF are listed in Table II.3. There appears to be

no clear trend in the variation of the dn/dq with molar mass for HPC in

water, Rathar, the dn/dc seems to have an average value of 0,134 + 0,003 :\

mL/q over the molar mass range investigated (60 000 to 600 000 g/mol).
The results for HPC=H have been neglected since they showed a non=linsar

variation in An with concentration,

d

&

.- The differential index of refraction is wavelength dependent and

\
tba values listed in Table I1.3 vere measured at 560 nm the average

uave\eq‘gth for white light interferometry (S5S), These dn/dc values are
beliaved o0 vary by 2 or 3% from those required in the calculations of
light gcatte ing data at 546 nm and 633 nm. Experimentally, the dm/dc
valus for HPC~L was 0,117 nl/g at 259C and 560 nm. The corresponding
value reported in the literaturs (32) in the same solvent, sthanol, is
0.120 mt./g at 25°C and 546 nm. This would seem to confirm the postulated
3% error that is introduced by aesuming the dn/dc to be wavelangth
independent, A similar 3% change in dn/dc with wavelength has been
reportad for cellulose diacetate solutions (75). Although a 3% error in
dn/dc seems somewhat high, it is probably acceptable when it is recalled
that the HFC samples or:)e.1.'ﬂg used are highly polydisperse and that the

results in Table II.3 show a 2 to 3% variation from the average dn/dc

value of 0.134 mL/g with molar mess.
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TABLE II.3
¥

Differential Index of Refraction (dn/dc) values at 25°%C

’

énd A =~ S60 nm for Seve;al HPC Types in Order

of Incraeasing Molar Mass

HPC Type Solvent ~ dn/dc
(mL/g)
L4

E H0 0.133
L H20‘ 0.132
L CZHSOH 0,117
L . THF . 0.071
J H20 0.134
G H20 0.136
" HO 0.137
H HZU . 0,118

s
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The waeight average molar mass for aqueoﬁa Hf’C-é solutiona was
calculated from conventional light scattering measursments. The result—inb
data and Equation "N.5 wers used in constructing the Zimm plot shown in
Figurs I1.,7. The data which showed relatively large deviations from

7
linear behavior were not very good, but this was the best data that could

be obtained from the prepared sclutions. The scattering at angles over

4

© from both the solutions and the pure benzens was very high. This was

90
attributed to back reflectilon from some part of ths system and the data
measured above 90° have besn neglected. ~The Zimm plot extrapolation gave
a weight average molar mass of approximately 740 000 g/mol for HPC—G.

Using Equation I1.7 the second virial coefficient (AZ) vas determined to

be 3.5 x 10™% mL mol g~2. !

® 4 A

1000 -

A2 = ""2"'slope I11.7

§ =0 -

The factor of 1000 in Equation II.7 was arbitrarily chosen to produce a

good spread of the sxperimental data on the xeaxis of the Zimm plot in
1

Figure II.7. The slope referred to in Equation II,7 is that of the 6 = 0

line. The root mean square radius of gyration (< 32>1/2) was calculated

using a modified form of Equation Il,4

2 1/2 30°R, 172
<8 > = = glope II.8
16 2 c =90
n

&

and its value was found to be 320 nm, This value for the radius of

gyration is much larger than expected for a randomly coiled cellulose
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FIGURE II.7 _ Typical Zimm plot of light .scattering da'ta for HPC-G in aqueous
solution: -"Tu - 7.4 x 10° g/mol, A, = 3.5 x 1074
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chain., Increasing chain stiffness would of course increase the cellulosic

~

radius of gyration but a quantitative interpretation of its significanc‘g

x

was not marrantéd due to the scatter in the experimantél data of the Zimm

plot, Other HPC samples in aquecus and ethanol solutions showed marked

1

curvature in their respective Zimm plots making it impossibls to extrapolate
the data for a molar mass value., It would thus appear that conventional

light scattering is not the ideal technique to use in evaluating the HPC

molar mass.

Low angle laser light scattering measurements were made on several
HPC samples. The pre;:ision and accuracy of the Chromatix KMX-6 instrument
was verified using dextran (T-110, Pharmacia Fine Chemicals, ﬁw / -ﬁn > 1.44)
solutions. This polymer is often used as a molar mass-standard in aqueous

v

solution. The results obtained are shown in Figure II.8., The molar mass
from i‘.l'llr; graph is l]::i 000 g/r)nol; this differs by approximately 3% from the
manufacturer's reported value of 110 000 o/mol, The raproaucibility in ﬁ()
*values w?s excelJ:ent. Speci'f‘icalJ:y, Ee was measured five times for each
solution concentration and the results averaged., In each case the averags
' -FTO differed from the individual 'FTO valuss by less than 0.5%. The sitlgle
closed circles ’jﬁ Figure II1.8 represent the average 'F'l-o v/a uesl. To verify
that the apparsnt molar mass of dextran was not changj'.néug\ith time due to
aggregation, the light scattering measurements were repeatesd ;t two hour,
two day, and ons week ini;ervals. Every time, EO was measured five times

for sach solution concentration and the results averaged. The bars in

Figure I1.8 indicate the maximum and minimum average Fi'g values obtained
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1

LALLS data for aqueous dextran solutionsz n
0.147 mL/q, K = 1,565 x 1077 mol em? g-'2
and A

H,0

to duplicate measurements} see text for details,

= 1,332, dn/dc =

-2
» M, = 1,13 x 10° g/mol,
> = 4,07 x ].El"4 mL mol Lg-z. Closed circlaes and bars refar
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from all light scattering measursements on a particular solution concen-

tration. The change in the ave'rage -R-o with time was less than 4% in

every cass, ifdicating that dextran solutions are stable and do not ) )

L

aggreqate to any particular extent over the time span investigat:.ed. The

closed circles superimposed on ths bars in Figuré I1.8 represent an

~

avarage of "the average -R-e values used in calculating ths reportad molar
mass. The Chromatix LALLS photometer would thus seem to provide an
accurate and pracise weight &verags molar mass value for dextran without

‘the need for many duplicate measurements or a complex Zimm plot,

'
o

Low angle laser light scattering measurements were performed on

aqueous  HPC-G solutions. The data collected and Equation II.5 were used

T caaes »
[ —————

- . . s .

in the construction of Figure II.9, Measursments were repeated at tuwo
twenty-~four hour intervals and these results are also plotted in Figure
II.9. The actual molar masses calculated for HPC~G over the three day

time period are listed in Table II,4, The molar mass data clearly shouw

" [

that the HPC=G has underggne a f‘ivef‘o;d increase in molar mass over the

time span investigated, This Tesult may be akplain;d by postulating that

HPC is aggregating and this causes the molar mass to increass, Although

the aggregation of HPC in wat/er occurs over a relatively short time span,

.ong week or more is needed D!:!ef"ore a precipitate becomes visible in the

solutions, This molecular aggregation may also partiaily atcount for the
) \

curvature found in the Zimm plots of conventional light scat‘tering data,

The results of LALLS measurements on HPC-L solutions in water,

[
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.. CONC HPC-G-x 10° (g/mL)

Chromatix LALLS results for several aqueous HPC~G solutions. The

.data were collected at 24 (#), 48 (@), and 72 (A) hour intervals

after solution prsparation. See Table II.4 for the calculated

weight average molar masses.
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TABLE II.4
-

Molar Mass Raesults f'or Aqueous HPC-G Saolutions from LALLS

M

Data Collected Over a Three Day Time Period

Day " - i A,
. W . 2 -2
(g/mol) (mL mol g-")
1 420 000 © 111 x 1078
. o -
2 710 000 2,23 x 10
3 1 900 000 - 3.22 x 1075
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THF, and ethanol have been graphed in Figures 11,10, II.1ll, and II.l2
respectively, In aqueous solution the LALLS data were not very reproducible

1

and it‘was axtremely difficult to obtain a molar mass value for HPC=L. In
Figure II.10, the closed circies represent anyaverage'ﬁo value obtained from
between three to ten individual ﬁé measurements on a particular solution,
Unlike dextran solutions, the reproducibility in the individual ﬁb values
for HPC=~-L uaslonly 3%, Measurements wers repested at two hour and one day

]

over the given time period ars reprasented by the bars in Figure II1.10.

intervals for four days. The maximum and minimum averagé R, values obtained

Unlike HPC-G in water, the aggregation of HPC-L does not proceed in a -

straightforward manner.—For—instanesy—the variation in the-average-R_for

St a5

n, e

st bow P

0
a 1.08 g/L solution changed by 3% whereas for a 0.65 a/L solution the
corresponding change was 21% over the same time span. In additiony, tﬁe
change in average ﬁb valuqs with time was random — increasing for some
solutions while decreasing for others. Samples breparad by volumetric
dilution frequently gave larger average Eb values than the original, more
concentrated, standard ‘solutions, The problems outlingd above aré reported

simply to illustrate that LALLS, although a powerful and useful technique,

may not be applicable to all polymeric systems.

The ambiguous LALLS results obtained for aquedus HPC-L solutions
may, perhaps, be attributed to both sample polydispersity and aggregation
of the HPC on a submicroscopic scale. Published reports (32,38,40)
indicate thagy the sample polydispersity (ﬁ;/ ﬁ;) ;;y vary from 2 to 12 for

unfractionated BPC samples. The solution flowing through the LALLS cell

* Bt Tht
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FIGURE II.10

| | !
0.4 0.8 1.2 .
) CONC HPC-L x 103 (g/mL) S

- 0,132 mL/gy K = 1,261 x 19”7 mol cm

LALLS data for aqueous HPC—L solutions: w0 = 1.332, dn/dc =
Z g2, Ml = 2.15 x 10° g/mol,
and A, = 2,50 x 104 mL mol g_z. See text for explanation of
bars and closed circles.
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may ba suhjected to sufficient shear faorcaes to causse shear—-induced

aggregation, Some evidence to support the aggraegation hypothesis was a
" marked buildup in back pressure at the 0e22-um fil;er. The aggregates thus

formed are probably large enough to be trapped by the filter, The solution

concentration is therefore altered to an extent which could not be . g
estimated. This problem was not encountered with aqueous dextran solutions,
The déta in Figure II,10 have besn ex@rapolatad as well as possible and
indicate that HPGrL has a molar mass of 215 000 g/mol while A2 has a valuse
of 2.50 x 107 L mol g™,

Light scattering on HPC=L solutions was performed in THF and

e %t o merbtae ek AR kb W, § R

- gthanol to ascertain if HPC aggregation occurred énly in aqueous solutions,

Figure II.1ll shows the LALLS results obtained for HPC-L in THF, For an

ot e s

ékplanation of the closed circles, bars, and closed circles superimposed
on the bars, see the description given above for dextran solutions. The

gcatter in the average RO

but the slightly negative slope of the line is an indication that

values is much lsss than in the aqueous cass,

aggregation of the polymer is occurring. There was also a notigceable

R

] buildup of back pressurs at the 0.45=—um filter suggesting that some HPC

was being trapped. The molar mass for HPC=L in THF was fbund to be

2

220 000 g/mol and A, was =1.04 x 10~ mL mol g~2.

2
Light scattering results for HPC-L in ethanol were somewhat y
unusual as is illustrated-in Figure II.12, Problems were encountered in

obtaining reproqucible results on freshly prepared solutions, These: -

¢
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FIGURE II.11  LALLS data for HPC=L solutions in THF: n,, . = 1,406, dn/dc =
a 0,071 mL/g, K = 4,065 x 10°° mal cm® g~2, M = 2.20 x 10° g/mol,
and A2 = =1.,04 x llJ_4 mL mol 9-2. See text for explanation of

closed circles and bars.
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LALLS results for HPC=L solutions in
one week (@) and for two months (M):

0.117, K = 1,031 x 10 ~/ y Bl = 1.5 x 10 4 o/mol and
A, = 1,853 x 107>

2 mL mol g_2 (@), ﬁw = 1,9 x lOstg/mol and A
e 1.850 x 107 mL mol 9-2 (M). See text for explanation of

e

closed circles superimposed on bars,,

athanol which were aged for
Nenson ® 1359, dn/dc =

mal cm2 g-
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samples were found to contain tiny gel particles large enough to be visible

by the naked eye. These particles were probably undissolved HPC., 0On
standing a week, the numbser of undissolved particles was greatly reduced. ;
Light scattering data on week old samples seems to indicats that initially

only the lower molar mass fractions of HPC dissolve since thae molar mass

1

was found to be only 15 000 g/mol. Solutions qpre'aged two months and at
this time almost no gel particles were visible., The molar mass for HPC-L
had increasad”%o 190 000 g/mol. TRhe second virial coefficient in both

cases was approximately constant at 1,85 x 10-3 ml. mol g—2. The rsason why

A G A R 2wt oo

HPC“-L behaves so differently in water, THF, and ethanol is not known, but
it can be reported that light scattering measursments in organig solvents
are more reproducible than in water. In addition, HPC-L seems to aggregats

to a lesser extent in THF than in waterjy whereas, in sthanol the HPC has a

A Sk bty e e o Boam

hard time dissolving completely, but once it does, it appears to start
aggregating. In spiia of all the problems encountered, the molar mass for ‘
HPC~L appears to be approximately 210 000 g/mol == thea average valua From

light scattering measurements in tha thrae solvents,

—

= Figures 11.13 and II.14 illustrate the LALLS results for aguaous' f‘\\ ~

(<] ~

HPC-£ and J salutions respectively. The tha for HPC=£ are relatively none

linear. The molar mass waes calculated to be 120 000 g/mol and A, was LN

2

4,09 x 10-4 ml. mol 9-2' Once again a buildup in back pressurs was noted
at the filter while measurements were besing made. Unexpectedly, the data
for HPC=J were very good and it was the only system in Ghich there was no

noticeable buildup in back pressure at the filter, In addition, HPC=J

- P PR T e e . e e
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FIGUﬁE 11.13 LALLS results for aqueoha HPC=£ solutions:

n
2 -2 = _ "9

= 1,333, dn/dc

= 0,133, K = 1.282 x 107" mol cn’ g 2, M = 1,20 x 10° g/mol,
and A, = 4,09 x 10_4 ml. mol g-z. The closed circles represent

: 2

the average R, obtained for five to seven individual measursments.
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CONC HPC-J x 10°(g/mL)

FIGURE II.l4 LALLS results for aqueous HPC-J solutions:

nﬂzo = 1,333, dn/dc

- 0.134 m./g, K = 1.301 x 10~ mol cm? g~ 2, W= 2.12 x 10° g/mol,

and A2 = 4,52 x l[l-4 mL- mol g-z.
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3

-would not dissolve in either THF or ethanol. It is balieved that the
linearity .of the data points may result from a more regular or lo?er
substitution pattern which, parhape,ginhibits aggregation or gel formation
for HPC=J samples, Thelmolar mass for HPC=J was found to be 212 000 g/%ol
and A2 was. 4452 X lD-A‘mL mol 9-2. The Broblems obsarved for the various
*HPC solutions ;era more acute for the higher molar mass samplas and nao
reliable data could be obtainad for'tha HPC~M and HPC~H samples.
I1.4.2 SEDIMENTATION EQUILIBRIUM
Introduction .
The absolute weight averags molar mass for a';olymer ma9 be
determined by the use of sedimentation velocity or sedimentation

e

eguilibrium technigues. Both methods involve the study of molecular motion

through a stationary solvent (76=77) and are classified as transport

phenomenon. In this work only the latter techniqus will be described.

When a polymer solution is subjected to a low centrifugal fisld in
ap analytical ultracentrifuge, an equilibrium concentra£ion gradient is
established. The normal thermodynamic tendency of molecules- to diffuse is
sxactly balanced at svery point by th? centifugal field and, conséquently,
hg nat flow of‘molaculas across the gradisnt occurs, Formerly, the long
time§ required for the attainment of equilibrium yera a disadvantage of
this method; however, by the use of a short column technique developed by

Van Holde and Baldwin (78) the time can be rsduced to a reasonable lavel.
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Modification of the equation developsd by Goldberg (79) for sedimentation
equilibrium in a multi-component system permits an apparent molar mass

(ﬁ; i) to be calculated using the equation below
14

1
= s .. 'e
Mm,i " I=p xc dn/dc 1.9 //J

where p = the solution density (g/mL)
v = the specific volume of the solute (mL/g)
c = the solution concentration (g/mL)
X = the distance of the gradient midpoint from the

center of the rotor

N 3

y: = the height of the gradient mide-point from a

'

raference 1ine on the photographic film

Q.
=
~
A
(9]
[ |

the differential index of refraction (mL/g)

=
[ ]

a constant which is a function of the temperaturs,

rotor spesed, and phase plate angle

Sadimentation equilibrium is really only applicable to_.monodisperse
solutions whose behavior may be described as ideal (76). For gblydisperse

¢

systams the situation is mors complex since sach molar mass species in thé ’
polymer will attaiA a different equilibrium distribution in the';ell. The
ef fects of polydispersity are revealed by an increasing curvature in a
logarithmic plot of solution concentration versus 5?. In additionn

macromolecular solutions hardly ever exhibit ideal behavior and consequently

a correction must be applied for solution non=idsality (43). This is done
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by using the relationship below
:1"' ”._l + B.c , 11,10
, mo.om & e '
w N P

where ﬁ; is the true molar mass, ﬁ; i is the molar mass calculated using
s ?

Equation I1.9 agsuming ideal bebavior (Be = ), B8 is a non=ideality

correction factor, and co is the initial solution concentration. The

intercept on plotting 1/ ﬁ; j versus c_ is the raciprocal of the trus
?

molar mass and Be may be evaluated as the slops of the lins.

Experimental

A Beckman Model E Analytical Ultracentrifuge was utilized to

°

determine the molar mass for HPC=E, L, J, G, and M samplss in water, Ths

-
-~

e ”

experimental rums were expertly and kindly perfdrmed by Mr. W.Q. Yean of
the Pulp and Paper Research Institute of Canada. ‘The technique used has
been described elssuhers (80-81): Four hour; were sufficisnt for the HPC
samples to achieve eguilibrium. The time=consuming meggugaments from the

photographic schliaren patterns and subsequent numerical cé%culatione to

evaluate the molar mass for each sample were carried out by the author.

"Standard double~chanrfel quartz cells wers used in the ultra=
centrifuge. One side of the cell was filled with solution and FC=43
while the other side contained solvent and FC-43. The FC=43 is a very

b
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dense liquid (perfluorotributylamine) which is immiscible with water. 1Its
%

function is to produce a liquid = ligquid boundary at the bottom of the

column (82). The cells were centrifuged at various speeds at 25°C. The

schlisren patterns were recorded at a phase,plata angle of 65° on Kodak

I

Royal Pan film,

Solutions were made Pp in 1S-mL vials on a weight to solvent
volume basis. The solvent was added with a S=mlL volumetric pipeéte. This
stock solution was then volumetrically\diluted to give more solution
concsntrations.\ For some HPC samples all the solutions wsre prepared
directly without subsequent dilutions to check ths magnitude of any‘
dilution errors. The solution concentrations prepared for HPC-£, L, 3, and
i ranged from 1,66 to 10.5 g/Le The HPC-M required the use of more dilute
solutions with concantrationé&psﬁween 0,59 and 2.3 g/L.

. Ssveral diffarent sélution concentrations for each HPC samélé
were centrifuged at 12 000 rpm. The HPC-L samples were also centrifuged
at 8000, 16 UOQ,,and 20 Q00 rpmnto ve;ify that there was no speed dapendenéa
for the HPC samples, The other HPC samples wers 2ply centrifuged at 12 dﬂa
Cpme ‘The only exception was HPC-M which was run at 8000 rpm because at
the faster speed no solutiaon gradient was visible. No gel particlas or
precipitate were found at the bottom of the cell 6n coﬁﬁlation of theg
experiment. A photographic enlarger\with ; magnification of 8 was used tao

' °

facilitate the required mesasursments ﬁn the photbgraphic negatives,
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( 5 The-solution densgity, p, was not measursd directly but was
) calculated from the densities of the purs components by use of Equation

11.1l which assumes that no volume change occurs cn mixing the two

~

14
omponent
cjp ents. -
b .

m Pl\ll *u, . ] .
p = - = 1I1.11
v Vl + u;pz

where  p = the solution &ehe\ity Y
m= tlha total mass of both compcn\ents
V = the total volume of both components
P the solvent dengity
i p2 = the soluts \density ol B
V., = the snlvent*.voluma

w., = the sdlute weight

-

The use of Egquation II”.ll*intdeuces only a small error in the dénsity for
the dilute solutiong being investigated, 6énsity measurementsﬂat higher
dilutions usirig a Paar Precision Densitometer gave scattersd results;
measurements at highar%t concentrations were dif ficult due to the viscous

nature of the s@lutions. .

Results and Discussion

o v

An apparsnt molar mass (ﬁw i) for sach HPC concentration can be
?
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calculated by use of fLquation II.9 and the sedimentation equilibrium data.
Figure 1I.15 illustrates a typical schlisrern pattern obtained for an
aqueous HPC solution. The Yo and ax marked on the film wers measured

directly and divided by the magnificatien factor of 8. Values of 5x were

%

‘used to evaluats the x needed in qujaticn 11.9 by using the following .

rejationship }
e

x = 7.3 ~_ 0 i 11.12
2.144

LY

5

whers 2,144 is an internal camera magnification fact;or and 7.3 is ths
distance from a reference line to thes rotor centsr. ‘,The other variables
used in Equation II.9 had ths following values: Ks at 25°C and a 650
phase plate angls was 141.8 gnt 12 000 rpm and 319.1 at 8000 rpme The
dn/dc w# taken as 0.134 mL/q and it was assumed to Be independent aof
molar mass. The solute specific volume (v) was calculated as ‘0.8l mL/qg
gince it is defined as the reciprocal of the solute densit);ﬁ(pHpc = 1,23
g/mL) (83). The solution density was found to be 0.998 g/mL by using

Equation 1I.11,

<

.

<

; versus concentration for each HPC sample (E, L,
’

J, G, and M) wes constructed and ths data extrapolated to zero concentration

A graph of 1/ ﬁu

to sliminate any éffects arising from non=ideal behavior. In each case

__the intercept gave a true molar mass and these results can be found in

" Figurs II1.16, The molar masses reported are believed to bs accurate to

within 4 15% based on probable measursment errors and the use of calculated
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FIGURE II.15 Typical sedimentatidn equilibrium schlieren pattern obt'ained
: for an aqueous HPC=E solution (7.86 x 1072 o/mL) at 25% and .
12 000 rpms: Vg is the height of the ordinate from the base
line to the midpoint of the meniscus as indicated in the
above figure and Gx is the distance from the rotor center
reference line to the solution column midﬁ’uint as noted in

the above figuree.
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‘ £
CONC HPC x 10° (g/mL)

P

Variation in apparent molar mass with concsntration for several
HPC samples in aqueoua‘sulutiom @ HPC~£ (N = 6,0 x 10* g/mol,
Ay = 2.96 x 10 . mi molg ),IHPc-L (m -e 2 xll'.l g/mol, A
= 2,61 x, m mL mol g 2), AHPC-J (m = 1.0 x 10° g/mol, A Ay =
2.19 x 1074 mL mol a~2), & HPC=G (m - 1.9 x 10° o/mol, A, = 4.11
xJ.U mLmolg ),vnpc-m (m -53xlD o/mol, A , = 315 x
10™* wi mol g ) '
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density and-specific 'volume values. The only literaturs value availa/ble
for comp‘t\gr_isun with our experimental results on molar mass was obtained
on a Aia\_\.yzed HPC=L sémple by sedimentation velocity (38). The reported
ﬁu value 'of 73 000 g/mol agrses well with our experimental value of 82 000
g/mol and is within the experimental error limits noted above.-

-

I1.,4,3 COMPARISON OF MOLAR MASS TECHNIQUES

The advantages of LALLS over conventional light scattering are
many but only four points will bs mentioned. Low angle laser light
scattering utilizes the spacial chara;*£;;iétics of a lasar to measurs
absolute scattered light intensities at low Bngles eliminating the nesd for
calitgrating golutions or solvents and the tiresome calculations né?fesaary
in constructing a Zimm plot,. rThe high lsensitivity of the LALLS photometer
permits the use of very low solution concentrations, thereby making the
extrapolation to zero concentration more accurate than conventional Zimm
plot results, The difficulties in clarifying the 15 to 25 mL of static .
solution required in\conventional light gcattaping -are greatly raddged
when a smaller scattering volume (0.5 uL) is needed. In éddition, ths ‘
ocular lens on a LALLS photometsr allows direct viewing of the scattering
solution and foreign particles flowi}mg through the solution are'eaéily

L

recognized and these scattering results neglected. Any or all of the above

EN

reasons may account for the difference in molar mass for HPC-G from

conventional (T’Tw = 740 000 g/mol) and LALLS (F’l'w = 420 000 g/mol) measure=

ments, The only drawback to all light scattering measurements is the well
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documented tsndency of cellulose derivative dilute solutions to aggregate

.with time (84,85). )

Both light scattering and sedimentation equilibgium technigues
provide absolute weight average molar masses which should be almost
identical. Manley (43) in work on eth;i hydroxyethylcsllulose found that
the molar masses calculated from the two teschnigues differed by a factor
of two for the same samples. Manlay pqstulated that on etherification of
alkaline cellulose a uniform distribution of substituents is not achieved.
The highly crystalline s;ctions of the ariginal cellulose react mors slowly
than do the amorphous portions of the chains., 0n dissolving the csllulose
derivative, a large portion of the material dissolves totally; however, a
small fraction remaing inscluble ~= crystalline remnants of the original
cellulose. ‘The presence of this material does qat appear to affact the
molar mass calculated from gsedimentation equilibrium data. B;t this

insoluble material cannot be filtered out of light scatt%ring solutions

and appears to have a profound effect on the molar mass that 'is calculated

from light scattering data.

4

Table I1.5 summarizes the molar mass results for tha HPC samples
calculatad from LALLS and sedimentation equilibrium measuremants, Thea data

clearly show that the molar mass obtained from light scattering is

‘ approximately twice as large as the ccrrespondind value calculatad from

sadiﬁbntation equilibrium results. The exact rsason for thg factor of two

discrepancy in molar mass between the two methods is unknoun. However,
,,
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- TABLE II.S5

Calculated Molar Masses (‘ﬁu) and Second Virial Coefficients (Az)
for HPC Samples Prom Low Angle Lasar Light Scattering (LALLS)

: o
and Sedimentation Equilibrium (SE) Measurements

' LALLS . SE
HPC Type M x 1070 4, x 1 Box 1070 4, x 1
(g/mol) (oL molg™?)  (a/mol) (a mol g"2)
3 120 4,09 ‘ 60 2.96
L 210I 2,50 82 | 2461
J 212 . 4,52 100 2.19
G 420 11.1 o 1%0 4.11
[ moo - . - 530 3,15
H ; - - * 9ng* -

*|

\ Value from sedimentation velocity technique (40)
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i four possible reasons for the difference in molar mass may be proposed,

First, the light scattaering photometsr may exhibit a systematic error in
i‘ts results. This idea can be immediately discarded because the dextran
solutions gave excellent molar mass results and others in this laboratory
(86) have obtained excellsnt molar mass results for National Bureau of
Standards polystyrene samples. Second, since the HPC is produced by a
heterogeneous reaction betueen alkaline cellulose and propyleng oxide, the
HPC is necessarily polydisperse. The high molar mass fractions of HPC may
not ach:i.eve ec;uilibrium in the centrifugal field and, perhaps, only the lou
and medium weight fractions determine the average molar mass. This
proposal, although possible, is unlikely because there was no precipitate
visibla in the centrifuge cells. Third, it is possible that the two
techniques( do not sven measure the same weight average molar mass because
the effects of sample polydispersity on the average molar mass value are
different (45,76). Fourth, the presence of time or shear induced molecular

4aggregation seems most likely on the basis of some of the light scattering
data presented. It is, therefore, .the opinion of this author that either
molecular aggregation or sample polydispersity are somehow responsible for
the higher molar masses calculated for HPC from light scattering data,
Agaregates of HPC, if they exist, do not appear to affect sedimentation
equilibrium measurements, It is possible that the centrifugal field is
strong enough to break up any aggregates and, hence, the molar mass

¢

calculated by this technique is the trus molar mass.

The characterization of cellulose derivatives is a difficult task.
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The effacts.of‘ pqudispersitx, non-homoganeous substitution, and molscular
aggregation on measured molar masses ran;aj-.n ill=defineds In the prscesding
sactions an attempt has 'baan made to characterize saveral HPC samples as
well as the tachniques currantly available permitted; the problems

encountersed show that such measursments are not routine and that several

methods should be applisd.

I11.4,4 VISCOSITY

v

Introduction ,

/
/

The polydispersity of HPC samples precludes the use of the P(6)

valuss from light scattering in svaluating moleculAar shapse. The affects

4

of sample polydispersity and particle shape superimpose to the extent that e

the interpretation of P(#) values is meaningless In an effort to learn
more about the molecular shape of thé HPC molecUles in solution, wviscosity
measursmerts were undertaken. The viscosity No a fluid is a measurs of
it; internal friction or its resistance to flow., Addition ¢f a polymeric
solute to a solvent causes an increase in th v;scbsity of the Pesulting
solution over that of the pure solvent, Undger favorable cofditions
viscosity measurements can be used to avaluate the conformatipn of the
soluts molecules. In principle viscosity m(i/aasuremants may also be
utilized to derive a-molar mass for the so’iute; however, this molar mass,
is not absolute and it must be calibrated ?against another method like

light scattering. The use of viscosity mdaSurements in svaluating molar

masses is very limited in scope and its principle function is to provide
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data on the transport processes occurring in solution (87),

In capillary viscometry a solution is allowed to flow through a
capillary of a given length under the influsnce of gravity, The time
required for a given volume of solution to pass through the capillary is
comparad witl’} the corresponding time for the same volume of purs solvent,
Genarally, dilute polymer solutions are L;sed and it is assumed that ths
solvent and solution densitiss are approximately squal. As a result, the
viscosity ratio or relative viscosity (nr) is simply the flow time of the
solution divided by that of the solvent. The viscosity of a solution
varies with the solute concentration, To minimi;e cancentration ef facts

a

the viscosity number or reduced viscosity (qrad) has bean dafined as

Tred = :’_8_2 - ("r -1 11.13
c c

where c.is the solution concentration in g/l00-mL of solution and Tep is

the specific viscosity, The viscosity number is really made up of two
parts. First, individual polymer molecules contribute to the solution
viscosity, S;cond, since polymers are relatively large'flexible molecules
they easily interact with one another and, for this reason, molecular
interactions also affect thé golution viscasity. To minimize the effacta
of iatermolecular interfarence, the viscosity number is extrapolated to

zero concentration and the intercept gives the limiting viscasity number

or intrinsic viscosity ([nJ) defined in Equgtion II.14 below.

E I
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c

E'IJ -<k2> B I II.14
c =0 -

2

b

The limiting viscosity number is a tangible measurs of the ability of the

polymer to enhance the viscosity of the solvent in the abssnce of inter-

molecular ef fects, Viscosity data may also ba expressed as a logarithmic ;

viscosity number or -inherent viscosity (ni) defined in Eguation II.l5.

13

. . (l“ "r) I1.15
c

To evaluate ] accuratsly, the sxperimental finits concentration viscosity

data are usually fitted to a sexivi-empiriqal formula developed by Huggins.

Y)

c

Equation II,16 predicts that a plet of (nsp/c) versus concentration will be
linear with an intercept of [9J and the slope of the line will vary as the
square of (7] for a particular polymer-solvent pair, For flexibly coiled

polymers k is a constant which ranges from.0,3 to 0.5 (87). Alternatively,

é
%
i
§

a [nJ value can be obtained by the use of inherent viscosity data and

Kraemar's squation illustrated below

n, = (1" ”r) = [nl+ k'CpTe I1.17
c . ’
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whers k' = k = 0,5 of the Huggins equation. Tﬁgaﬁpaemer equation yiélds
a line of lower slope than does the Huggins equation and so may be
preferred for extrapolation purposes. The best method is to plot the
finite concentration data according to-both Equations II.16 and II.17 and
to take the common intercept as the limiting viscosity number. If tgé
Huggins equation plot shows upward curvature then the Martin squation,

illustrated below, finds axtensive use.

In .
log (—?) = log(Cnd + k"Cnlc II.18

The Mark = Houwink equation, shown below, relates the limiting
viscosity number ([pJ) to the polymer molar mass (ﬁ@).

3

- Q
Ml = K Nw ‘ 11.19

The valuss of K and o are determined from a double logarithmic plat of

n] versus ﬁ;. The intercept of this plot is K and a is the slope. The
values of K and @ are constant for a particular polymer—solvent pair.

T?e sgapa of the soluts p;rticlas in solution méy be inferred from the
value of a (87): Equation II.19 is éérictly only applicabls to mono= ;
disperse polymers but it may also be used qualitatively for polydisperse

systems.
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Experimental

Vigcosity measursments were fobtainad for HPC-£, L, J, and G

{

samples in both acetic acid and l-pentanol. Tuwenty solutions, five per

HPC type, wers prsparsd using the' procedure already outlined. The solvents
were used as received from the manufacturer. Sclutions were clear and gel=-
free except for HPC~G/l-pentancl solutions in which gel particles were very
evident indicating that the high molar mass HPC=G had only marginal

solubilﬂ:y in lepeptanol, Solution concentrations- ranged from 0,04 to

0.46 g/dL in l=pentanol and from 0.07 to 0.68 g/dL in agetic acid.

PN

Viscosities were measured using Ubbelohde capillary viscometers
¢ &
(Fisher brand, size 100) which were calibrated with distilled water. The
viscometers were immerssd in a 30-L glass bath (Townson and Mercer Ltd)

thermostatted at 25° ; 0.01°C. Solutions were squilibrated for—-fifteen

"minutes in the viscometers which were immersed in the bathy™ Viscosity

measurements were made bstween five and sight times and the resu.].‘ts wers

averaged., The flow times were recorded using an ordinary si‘.—o?\;atch (Heuear
Inc) or an automatic timer (Rinco Instrument Co) and were reproducible to
within + 0,3%. . : ‘

'

. Rasults and Discussion

The solvents chosen for viscosity measurements were those which

gave significantly different critical volume fraction valugs for mesophass
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formation (see next chapter), The idsa was to see if ths af fect of so}vent
on this critical volume fraction was related Lto the polymer conformations
in these solvents as reflected by their dilute solution viscosities. The
limiting viscosity number in both acetic acid and l-psentancl was taken to
be tha{\common intercept of the experimental viscosity data wheﬁ.it was @
plotted according to both the Huggins and Kraemer equations. The vi:?.cusity
data obtained fcr’ MPC-£, L, J, and G in l-pantanol and acetic acid are
plotted in Figures Ii.17 and II.18 respectivaiy; The data for HPC-G in
l-pentanocl have been omitted since the presence of gel particles interfesrad
with viscosity measursmants. mirick’ and Elliott (BB) reported that the
viscosity data for HPC in matgr, gthanol, and a 50:50 watsr:ethanol mixturs
fit the Martin squation much better than the Huggins equation. Tha
viscosity data for the HPC solutions in l-pentancl and acetic scid were
plotted according to the Martin equation and the resulting graphs ars shown

in Figures II,19 and 1I1.20, The viscometric data for HPC in l=-pentanol and

acetic acid seem to fit both the Huggins and Martin equations squally uwell.

\ ¢

A

' The limiting viscosity’ Autbers ohtained from the Huggins, Kraé‘;\er,
and Martin aquat;.ions should be almest identical for a particular polymere—
solvent combination, Examination of the data listed in Table II.6
illustrates that for sach HPC type there is good agreement for thg limiting
viscosity numbers calculated from th‘s three equat;.ons. In addition, the
data show that as ths molar mass of the HPC is increased, there is a \
corresponding increase in the limiting ;liscosity number as predicted by ths
Mark - Houwink equation, The Huggins, Krnaamer, and Martin constants, k, k*t,

<

-

1
)

N i s S

A%

PR P

;
?
i
H
{
i
!
[

\



. .

-\

mEeme | ameemedmmasseine o R A0 Wy SR A sy, o ) WS whame 3t ’wmwwﬁwv . jedpeset L0 o e

st 4

AR SFE R S o bt ey Pl
R e 3‘”@{‘\"‘4 ISR 1 M TR P TS TS SRR | TGRS M« S T A R W g

104

-

rs )
a -
- \ ’
-l
\7 ’ 3
. =.- .uA--0--000"OA--------n.A.-c--- Y
‘ . 20 .........&.......A....... cepe
. o 1
-
=
0 3
T e, |
‘;7"]) LTLT 7Y TP ) {
. =] A
) | : , 'O‘"O' ...... "O‘“
1.0 p— ) ~
@ . l 1 - J '

o 0.1 0.3 o 0.5
. "CONC HPC (g/dL)

t

" . FIGURE II1.17 Huggins (closed symbols) and Kraemer (open symbols) equation
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Huggins (closed symbols) and Kraemer (open symbols) sgquation
plots of the viscosity data obtained for HPC-£ (@,0), L (L),
J (A,4), and G (4,0) in acetic acid at 25°C.
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TABLE II.6

) Suﬁmary of- Limiting Viscosity Number (C#n3) and k, k', k" Constants from the Huggins,

Kraemer, and Martin tquations Respectively for HPC Samples at 25°C

%

;

!

HPC Type Solvent

)

Huggins Kraemer Martin
Lyl K i/ kt %/ Kkt

(dL/q) (di/g) (dL/g) .

’ £ l—CSHliDH 1l.18 O.44 1,19 ~0,10 1,19 0.17 -
= CHSEDDH i .1.10 0,69 1,11 -0,05 1.11 0,26
l—CSHllDH 1.,48. 04,45 l.48 0,11 1.49 . 0,16
o %

l—CSHllﬂH 2,10 0.51 2.13 '=-0,08 2413 0.18
CHSCDOH 1,76 0.99 1.97 -=0,02 1,94 0,23

1=CgHy o0 - - - - - -
CHSCOUH 2.98 1.1 3.34 0.01 3.29 0.25
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and k" respectively, which should be independent of molar mass for a
particular polymer=solvent pair, sxhibited some random variation with
molar mass for the HPC in both solvents. This behavior is often observed

for cellulose d;rivatives (85,88). The three constants seem to vary more

in acetic acid than in l=-pentanol and the Huggins constant has a higher

" average value in acetic acid (k = 0,82) than in l-pentanol (k = 0,47).

-

The Mark = Houwink K and o parameters for HPC .in l=pentanol and
acetic acid were evaluated, from a double logarithmic plot of limiting
viscosity number versus molar mass. The relsvant data have been listed in ' 2
Table II.7. The molar massss are those detarminad from sedimentation ;
equilibrium and the listed limiting vfgcosity numbers are the average
values of these quantities rsported in Table II.6. The Mark = Houwink
equation is only applicable for narrow molar mass polymer 1’1:actj.::msﬁwi

However, in applying this squation to the polydisperse HPC system some

"information may be extracted. The different a values for HPC in l-pentanol

and acetic acid indicate that the molecules have slightly different
conformations in these two solvents., Further, the HPC molgcules are
intermediate in shape between a random coil (¢ = 0.6 = 0,8) and a rigid
rod (0 = 1.8). The slightly lapgsr a value in l=pentanol would seem to
imply that the HPC molecules are stiffer in this solvent than in acetic
acide Table I1.8 lists re-calculated K and a values from the literaturs,
assuming that the molar masses for HPC listed in Table II.7 ars used
instead of the manufactursar's reborted molar magsses for corresponding HPC

samples, Examination of the data shows- some scatter in the Mark -~ Houwink

f.
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TABLE 11.7 . “

o

Data Used to Evaluate the Mark - Houwink K and o Parameters for

< HPC in l=-Pentanol and Acetic Acid

1=Pentanol Acetic Acid
- /
HPC Typs . Mw ‘qu ¥ Cnl
(g/mol) (dL/g) (dL/q)
. ¢-'/ ’
£ 60 000 1.19 ] 1.11
L * 82 000 1448 o 1.48.
3 100 000 2,12 . ;;69
] % ‘
. G 190 000 - 3.20
K (d/g) 6,98 x 10°°. 4,56 x 1070

a 1,09 0,92
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TABLE 1I.8
Mark - Houwink Constants for HPC in Various Solvents
Solvent K x 10-5 ° a Refersence
(dt/qg)
CH ,COOH 4,54 0.92 (89)
— .
T CH ,COCH 1.60 1,02 (90) }
. X .. *
o AT N HZU 5.32 0.88 (s1)
H20 1,36 lﬂ02 (90) [ %
C_H 2.60 " 0,915 (32)® . )
2" “\\\H y O ;
. CZHSOH 6.74 0.88 - (25) 5
s : : ' - é
: C_H_OH 9.85 0.85 (90) +
25 ' 3
F . i
CHS(CH2)40H 6.98 ‘ 1,09 (89} :
‘ {
. H
Temperaturs SBOC; all other viscosity data at 25°% {
» ¢ Reported molar masses from light scattering of
fractionated HPC '
v ”:—A }\
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parameters for a particular polymer—solventIcombinption. This may
reflect the polydispersity of the HPC samples and the uncertainty in the
a&erage molar mass of sach fraction., For this reason it is belisved that

these a parametsers cannot raeliably be usad to predict in which solvent HPC

has a gtiffer conformation.

«
'

I1.4,5 MOLAR SUBSTITUTION

Introduction

The characterization of HPC moulﬂ not be complete without some
comment on the MS. The exact effect of MS on the Hehavior of HPC in
light scattering, sedimentation equilibrium, and viscosity measursments
is unknown, The only available information suggests that the MS aof the
saﬁpla plays a vital role in determining the solubility of the HPC in

various solvents (2,8). ) - .

Experimental
.y
Nuclear magnetic resonance (NMR) was chosen as the technique by
which to try and'detarmine the MS of the HPC~E and L samples. The HPC uwas
dissolved in deuterated chloroform to give solutione of 7.6% HPC-E€ and 7.0%°

HPC=~L by weight., A Varian T~60 spsctrometer has used to record the NMR

) gpectra at 35°C. Standard 0,5-mm outer diameter glass tubes were used to

)
hold the sample which was preheatsd for ten minutes at 35°C prior to

ifigsertion in the spactrometer probe. Tetramethylsilans was addsd to the
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i- tubes to serve as a refsesrence for chemical shift. ' )

Results and Discussion
,- The NMR spsctrea for the HPC were interpreted using the method — f
4
developed .by Ho (13). Figure II.21 illustrates a typical NMR spectrum for §

HPC whicQ consists of two relatively broad peaks, The low fisld or so
called methyl peaks (A) arise solely from CH3 hydrogens on the substituents }

7o ]
of the cellulose ring. All other hydrogens, whaether they be on the ‘

i,

~

cellulose or the substitusnts, contribute te the higher field peak (8).
According to Ho the MS is given by the aquation below where A and B rafaer

to the areas under the low and high field peaks respectively.

10 A

3—@_-'-'74'7 11,20

Calculated MS values for HPC-Eland L ranged .from S to 8, The prscisionaof

this technique was therefors not very good. In addition, work in prdgraqa

- -

‘by Perlin and Lee (92-94) indicates that the NMR spectrum for HPC is more

o e v

complex than that originally proposed by Ho. This is clearly shown in th%,

A e

prasenée of a third unaxplaineq low field peak in Figure II.21, For these
reasons the manufacturer's reported data for the MS, mesasured by a
modification of the terminal methyl method daveloped by Lemisux and Purves
(12),’was assumed to be corresct. Very recently, Lae)and Parlin have

confirmed that fos_ﬁPC-E the DS is 2.5 and the M5 is approximately 4 by

> -
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FIGURE II.21 A typical NMR spectrum obtained for HPC-L in CDCls‘at 38°c.
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13

the uss of a high resolution C*° NMR technique (10).

I1.5 Conclusion

AN

The weight av:}age molar masses calculated from light scattering
data are high and approximataly\twice those calculated from sedimentation
equilibrium data for all HPC types investigated. Two poggkbla sxplanations
have been proposed tio account for this discrepancy in molar mass calculated
by the.fmo techniques, Firstly, the average molar mass measured by each
technique may be different because of sample polydispersity., Secondly,
timse o; shear induced aggregation of the‘HPC appears to have a more
pronounced effaect on the light scattering results than on the sedimentation
aquil}brium results., For this latter reason the true molar mass of the HPC

is believed to be that determined by the sedimentation equilibrium

tachnigue.

“

Thq~mglecular conformation of HPC in dilute l=pentanol and acetic
acid solutions 1s'heitheg a rigid rod nor a flexible coil as indicated by
the viscosity data presented in this chapter, Rather the HPC molecules

:

appear to have some intermediate conformation.
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I1I.1 Introduction -

Hydroxypropylcellulose is unique among cellulosé derivatives
because it can exhibit two distinct types pf. phase séparatioﬁé: one
brought aboué by temperature, the aother arising solsly Erom particle
asymmetry. Temperature induced phase separation is a common occurrence
among non~ionic water soluble cellulose derivatives (1)s This proéeas is
reversible and its product is a polymer-rich phase which may eventually gel

to produce a three-dimensional cross-linked network (2-3). The temperature

PR

B 2
at which phase separation occurs on cooling is known as the upper consoluts

~ temperature (UCT) (4=5); the ‘temperature at phase separation on heating is

raferred to as the lowerbcongglute temperatugé (LcT) (6)e Dstailed thermo=
dynamic information about polymer solubility and phase separation can be
found in the classic work of Huggins (7=10), Flory (1ll=14), and other
researchers (15-21), For cellulosics considerabls evidence suggests that

the existence of the LCT may be attributed to the presence of a highly

hydrogen-bonded structure which breaks up on heating (1,22-=23),

The idea that particle asymmetry alone may be responsible for a
second type of phase separation is a relatively ;ecent concept., This type
of transition results in the formation of an ordered anisotropic phase known
as a liquid crystal or 1yom;sophase.‘ The origin of this idea for very
dilute solutions can be traced to Onsager (24) and Isihara (25). Onsager
proposed that as the solute concentration of rod shaped particlas in an
isotropic solutien is increaged an instability develops in the sysﬁem

«

.
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. K
resulting in phase separation. One phase consists of isotropic randomly

oriented particles while the coexisting phase contains particles possessing
orientational order. The driving fofce for this spont;neous transition
from %gﬁ% iﬁotroplc solution to ordered anisotropic phase as more solute
is added to fha system is entropic in nature and is independent of any
specific polymer=solvent interactions, According to Onsager a random
distribution of rods in solutian minimizes the "orientational entropy" of
the system, whereas a parallel or ordered array of rods will minimize the
"translational entropy" of the system. The competition between these two
entropic components datafhines if the system will phase separate to form a
stable mesophase. Samulski (26) has shown that the critical volume fraction

of polymer in the anisotropic phass (¢g) at phase separation according to

Onsager's theory is

; Qm

4)2 = 4.5(d/L) : 1II.1

wvhere d is ths diameter and L is the length of the polymer rods in solution.

-
»

In the late fifties Flory developed a theory, based on a statistical
thermodynamic approach, to account for the a;iaotrop%c phase separation
exhibited by both semi-flexible (27) and rigid (28) rod monodisperse polymer
chaing in binary athermal sclutions. The basic premise of his theory is
that long chains of consecutively connected gegments can be packed most

efficiently into a given volume element in an ordered array. A random

distribution of such chains must necessarily waste space whils from a

L .
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thermodynamic viewpoint a mixture of ordvared and random chains is unstable
(14'). Using a lattice model flory was able to break down the solution free
energy into two components: the first, a mixing term depending Ionly on
sclution concentration and éhe second, a disorientation term depending on
chain flexibility, In placing rigid -chain segments on a ;atti.t:e a
collinear sequence of segments is produced Eecausa the chaing are rigid and

cannot bend to fill the lattice in a disordered array, As.more segmants

.

are added, the system must either develop order by a parallelization oflthe
s;;ments or by sacrif”icing some chain rigidity. It is the rivalry betuween

these two effacts which determines if an anisotropic phasé sgparation will

occur. If chain segments are inflexible, Flory has shown that a3 disordered
array - of such chains at a high density is both stat(istically and the'z:mody-

namically unfavorabls. The compstition for space at high density makes an

ordered array of parallsl rods the most thermodynamically stable s’gate.

An anisotropic phasse will form when a critical volume fraction of rods

given by Equation III.2 has been exceseded,

¢Z = (8/x)(1 = 2/x) - I11.2
: v
where x is the axial ratio of the polymer (rod length divided by rod dia-
meter) and ¢E is: the volume fraction of polymer in the anisotropic phase
at the or:set of phase saparatién according to Flory. A consequence of
Equation II1.2 is that particle asymmetry (x) alone is responsi:bla for the
anisotropic phase separation which occcurs in rod=like polymer systems.

Flory's theory is applicable to both dilute and concentrated solutions and,
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as such, has a broader scops than Onsager's theory which is applicable only

to dilute solutions,

L
o

The phasa diagram for a polymeric system exhibiting anisotropic
phase separation should consist of thres distinect regions according to
Flory's theorys an isotropic, a coexistence, and an anisotropic region.
Dilute solutions of the polymer should behave isotropically, As mor
polymer is added to the sc;lution, the critical concentration of rods giyen
by Equation III.2 is exceeded and a phase separation occurs, This concgn=

tration is referrad to as the A point and it signals the start of a narfou
’\_

~

two phase cogxistence region which consists of the parent isutrop‘ft?“solution

v
'

cand the new anisotropic llyomasophasa. Within this region the concentration
of the two phases should remain constant and only their relative proportions
should changee. Ult‘imataly the sol‘ution becomes totally anisotropic and the
concentration aﬁ thch the last trace of isotropic material disappears is
referred to as the B point, Poly—‘Y-L::enzyl—L-glutamate (PBLG) has been
replorted to undergo an anisotropic p/hase separation in several solvents
when a critical concentration of polypeptide has been exceeded (29-31).
This occurs only in solvents in which the PBLG is known to exist in an
a=hglical or relati\}ely stiff confort;lation. Flory (32) has calculated the
the axial ratios for several diffsrent PBLG samples and has found a reason-
ably good agreement between his theoretical predictions and the e;periman—
tally determined A'and 8 concentrations for this polymere. The agreement,

howsver, was not exact and Flory attributed the difference to,sampls poly=-

dispersity. Stralsy (33) has criticized Flory's theory because it predicts

v
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» ' N
{ . spontaneous phase separation regardless of the diluteness of the solution,

¢
<5
4

Str‘a.ley has .shown that the PBLG results fit Onsaqer's thesory much better.

that they do Flory's theory but, again the agreement between the theoretical g;
and experimental results is ot exact, ‘ Okamoto (34) has for this reason 4
questioned the valid;i.ty of phasa separétion theories to do more than merely f
predict a gemarali behavioral trends The theoretical predictions and th;a ) %

experimental results for anisotropic phase separation do howsver agrss an

one vital point and, that is, that the volume fraction of rods at phase

- e A

separation is independent of the solvent but varies dnly as the axial ratio
or molar mass of the sample., Therefore, molecular asymmetry and not any
specific polymer-solvent interaction is responsible for anisotropic phase

separation,

85 0 80 R kYo ST AR B b v

Miller and Wee (35~37) have evaluated the phase diagram for PBLG

[

in dimethylformamide using several different techniques t_o determina the A
and B concentrations for this system. Their phase diagram of temperature
v’ers‘us concentration is very similar to that predicted by Flory's theory
and it is-gharactaerized by three distinct regions. They conclude that aJn);
discrepancy betwesn Flory's predicted phase diagram and the sxperimental
phase diagra:n can be attributed to the fact that PBLG molscules are neither -'
- completely rigid nor impenetrable, They further report that Flory's phase
diagram exhibits subtle changes dependiqg upon whethsr the molecules are

. bt
assumed to be rigid impenstrabls, samiﬁflexible impenetrable, or rigid

penetrable rods (36). They also have found that side chain flexibility

4
appears to play some role in dstermining the phase diagram for PBLG. 9
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4 ® i
{ Samulski (38) has suggestsd that any disci"epaﬂcy betwesn Flory's
a *theory and the actual phase diagram results for PBLG- may parhaps be

attributed to a distribution of axial ratios in the polydisperse samples

being investigated., 1t has eaven baen ;aroposed that a random coil to helix

transition may occur simultansously with the formétion of the anisotroﬁic

phase in polypeptides (39-42) and, if true, then Flory's theory may not ba

applicable to systems which exhibit spontaneously induced chain rigidity.
§\

Flory has recently undertaken a-refimement (43=-44) of his original’ ,
theory to take into dccount more than just monodisperse éthermal polymer ' ;
solutions. He has extended his thsory to take cognizance of sample poly= !
dispersity (45=-46), varying polymer rod lsngths I(47),' the partitioning of
rQod-like sp,ecies betwsen the igotropic and anisotropic phases (48), the
replacement of rigid rods by a series of f“lex}.bly connected joints (49),
flexibls systems with regular rode-like sequencss (50), and, finally, of
tarnr;lry palymer systems (51-52). Flory has also reported (53) that the
mixing of flexible side chains with the solvent makes a contribution to
the entropy of the system and, thus, side chain flexibility may play an
unspecified role in anisotropic phase separation.

\ \

The discovery that cellulosic mesophases do exist (54) has gener=
. !

ated much intersst in cellulose and its derivatives, Flory originally

believed that the inflexibility of cellulosic chains played a dominant role

Do e

in their crystallization and precluded the formation of a stable mesgphase (27).

i - It has been reported that the critical concentration of celluloss acetate
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required to form an anisotropic mesophase is dependent upon the sampla
deqree of polymerization and substitution (55). This is to be expected
from Flory's theory since both these factors would alter the axial ratio
of the polymar. Aharoni has shown that this critical concentration variss
considerably with the solvent in which the cellulose acatate is dissolved
(56)s This is in c06£rast to Flory's theory and the experimental results
for PBLG in which the A point is found to be independent of any solvente
polymer interaction., Aharoni suggests that for all cellulosic mesophasss
a direct relationship exists between the polymar-solvent interaction
parameter, xl’z, and the critical concentration f?r phase separation (57).
It has sven been proposed that the critical volume fraction of cellulosic
material at the A point can be correlated)w;th the solvent acidity (58).

_ Hydraxypropylcelluloss is the only known ceilulosic to form a
lyomesophase in water and in s?mple organic solvents like methanol and
ethanol. Previously the only aqueéus polymeric systems to exhibit aniso-

tropic phase separation wers polyelectrolytéé; in these compounds it was

_impaossible to detaermine if elsctrostatic attraction, molecular asymmetry,

or a combination sf both factors was responsible fqr the phase ssparatipn
(36)s The HPC system, being non=ionic, would sesem toc be an ideal one to
test the validity of the hypothesis that geometric factors aln#e‘may be
responsible for A phase transition at ralatiuely high polymer concentra
tions., It is also of interest to determine exactly how wall the HPC system
fits Flory's theory, if the HPC system behaves like other callulosic‘meso—.

phases with respect to the A point varying with solvent, and what the
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phase diagram for HPC might look like. The following invasgigagion was
. - .
~ undertaken to ansuer these questions, ) ™~

111.2 Experimental

II1.2.1 CLOUD POINT MEASUREMENTS

Aqueous HPC solutions undergo a reversible phase separation on
heating above 4000. This phase separation is accompanied by the trans—
formation of a previously cleér solution into one with an opaque white
appearance, Several techniques were employed in attempting to guantify
the change- in solution turbidity with temperaturs. The cloud point, or
start of solution turbidity, was arbitrarily chosen as the {smperature at
which light scattered at 90° to the incident beam of a SOFICA light
gcattering photomster went off scale on the least sensitive photometsr
rénge. The solution heating rate used was 0.2% per minute and the
solution concentrations invesgigated ranged from 5 x 10-5 o/mL to 2 x ll'.l-'1
g/ml for all six available HbC types (E, L, J, G, M, and H). The solutions
were prepared according to the procedure previously outlined (59). A

Reichert Zstopan light ﬁlcroscope equipped with a lightlmeter and a Mettler

FPS2 hot stage wers also used to obtain soclution cloud points. Solutions

‘were placed in hanging drop microscope slides (Fisher Ltd) and were

examined under the light microscope while being heated at a rate of D.2°C

per minute. Light mater rsadings were taken as a function of temperature
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{ and the cloud point determined as the first significant change in trange

mitted light intensity.

Turbidity 'measuraments were also mads on concentrated aqusous HPC

T solutions (9 and 41% HPC by weight). In this case the solutions were sealedl
in parallel=-gided 0,4=~mm thick microslides (U;.trn Dynamics Inc) which were

then placed between the heating plates ;:'f‘ a Mettler FP52 hot stag"e. The g
heating rate of the hot stage was D.ZOC per minute. The sample and hot

stage were then placed within the laser beam ‘of the Chromatix KMX=~6 photo=

mater and light intensity readings wers taken esvery five minutes. o

II1.2,2 LYOMESOPHASE PREPARATION

3

Drisd HPC-E, L, J, G, M, and H were weighed into 15-n_ vials

(Kimble Glass Ltd) to which various amounts of water that had been
distilled twice were added, Solutions from 5 to 80% HPC by weight were :

prepared in approximately 2% increments. These samples were allowed to

i
I
i
!

stand at room temperature (~ 21°C) for one month with daily rotation of
the vials to ensurs the total dissolution of the.HPC. The samples werse
then gx;avimetrically analyzed with a Cahn-Gram Electrobalance and
\?luminum dif‘\f‘er'ential scanning calorimetry (DSC) pans (Perkin Elmer Co)
t:o verify the solution concentration, The DSC pans were weighed and then
approximately 10 to 20-mg of each HPC sol::tion were ;jlacad in rtha Ean.
The pan was rewsighed and then dried at 85°C for thirty minutes using

i
forced air circulation (Mettler FPS2 hot stage). The pan was next placed
. o
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?

in an oven (lDSOC) for two and one-half hours to remove‘any residual water
in the sample. The dried HPC in ths pan was weighed, dried for an
additional one and one—half‘ohours, and then rewsighed. Each analysis was

performed in triplicate and, in almost all casas, the concentration of

1

the analyzed samplé was within + 1% of the ori‘ginally prepared solution
concentration,

A

Aquesous solutions were gensrally very clean, sho(uing oril,y small
bits of 'undissoclved cellulose fibers,, The solutions were placed on flat

»

microscope slides (Fisher Ltd) and then examined for birefringence under °
the crossed polars of a light microscopse. Dilute‘s’olutions (up to about
40% polymer by weight) wers cleSr and sxhibdited no'birefrniggence. More
concen“trated solutions appeared cloudy and were 1’ound~ to shouw Avarying
amounts of birefringenca. Tuwo parlticular solution concentrations were
made note of during this investigation for solution birsf‘rj:nganca. The

A concentration or start of the tuo phase coexistence region was taken as
the point where the first tracses of birefringénce were gbservsd in a /
solutions The B concentration or start of the purs mesophase regioln‘/was
chosen as the point at which a soluti;m began to exhibit iridescence,.

Experimentally it was difficult to detelrmine conclusively at what point

all the isotropic matsrial in a sa\mple disappearsd; howevef, it was
)

reasoned that an iridescent mesophase would be unlikely to contain any .

isotropic material and seo this concentration was chosen as the B point or

Ll

upper limit for the end of the two phase coexistance regione.

°
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Hydroxypropylcellllose was found to form a lquesophase in several
polar organic dolvents. Approximately 30 to .'40 solutions of :PC were
prepared in each of the following solventsg methanol, ethanol, cellosolve,
dimethylsulphoxide (DMS0), dimethylformamide (DMF), dioxane, tetrahydrofuran
(THF), acsetic acid, acetic anhydride, formic acid, 2-methyl=-2-propanol,
morpholine, lepentanol, l-propancly 2-propanol, and pyridine. The solution
concentratioms ranged from 5 to 95% HPC by weight in approximately 3%
increments., 0nly DMSO and DMF were dried over molecular sieves prior to
use. All other solvents were used as received from the manufacturer and
were sither spectral or analar grade reagents. Solutions were prepared in

15-mL vials which were rotated daily for one month to ensure solution

homogeneity, These solutions wars then analyzed gravimetrically as

. described previously for agueous solutions. Depending upon the solvent and

the amount of HPC in the sarf!ple, the solutions varied greatly in appearance
being clear, yellow, o;:aqua, or even iridescent. The yellow color of some
HPE solutions (notably in acetic acid or anhydride and formic acid) uwas
a\utributed to, the partial degradé&ion of HPC in @_ese solvents., These
degraded HPC s?mples exhibited both mesomorphic phase separation and
iridescent col;:rs at higher HPC concentrations, In contrast to the aqueous
HPC solutions, some organic HPC snlu.;tions (in DMSo, DMF, THF, methanol)

were found to be clear and mesomorphic, For this reason all }solut.i.ons wers

examined for birefringence under the crdssed polars of a light microscope,
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I1¥.3 Results and Discussion

IIT.3.1 PHASE SEPARATION IN AQUEOUS SOLUTION ON HEATING
.
Dilute aqueous HPC solutions are clear and }elativaly homogeneous
below 40°C. These same solutions if heated above 40°C turn cloudy and HP?
precipitates out of soluticn, Under the light microscope this turbid
solution appsars as roughly spherical particles of one microh diameter.
quther heating results in a marked increase in the number of particles and
they appear to co;lesce as depicted in Figure I1II.l, The precipitated HPC
coagulates to form a white”gel-like substance surrounded by a clear aqueous
layer. The npaciéy of the gel precludes its examination for birefringence
or coalescing particles. There does, however, appear to be a c?itical
concentration of 25 weight % HPC=L below which the HPC will not coagulate
but remains unifofmly dispersed in the solution as colloidal particles. As

the molar mass of the HPC is increased this critic%} concentration for

[

coagulation decreases in an irregular fashion and is ultimately 6% for HPC=H. .

The transition from clear to turbid solution is relatively sharp and easily

detected visually for sol i;H“EUhcentraﬁions above the critical coagulation

valus., Very dilute solutions (< 1% HPC by weight) appear to exhibit severak

different degrees of ¢loudinese before turning completely white,
I}

-

The cloud point or température at which the aqueogé solutions began
to turn wvhite was evaluated as a function of HPC concentration and molar

mass. The results obtained have been summarized in Table III.l. The .

e

xR ¥ ST T

ey St

-
%

1
4
3
4
#
y
t
:
H
g
5
(3
B
¥
H
)
kY
a
k)
4
!
i
H
!
f




134

‘xt,.i’,: . ‘T’\-""/’u"

Sy vf‘:&"?

i '-:'31:4 {;’.{7’:;;
[

AN M
E =3
£

JeINR LT

-~ ¥ ,." P o e, K

A AR S ZeL S SRk
-

(L
~a W LIRS 8K D oW
R e

-
-

e & LN
t ..'.'-,-l. as 2 ‘.4-'(,.’.
AN LSS,

ot LT R
b te

s Tl oy
WS/ S O -

wor

FIGURE III.1

t
particles is approximately one micron.

2
o~

Microscopic view of the particles formed on heating a dilute
¥
aqueous HPC solution above 4090. The diameter of the depicted
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TABLE III.1 _ ‘ r

A

Variation of the Cloud Point with Molar Mass and Concentration

for Aqueocus HPC Solutions

e

HPC Typg ﬁ; Concentration Range Cloud Point (+l°C)

‘ (g/mol) (g/mL) Heating  Cooling
3 " 60 000 0,00005 - 0,09 - 44 41
o T 82 000 ~ 0.00049 - 0,30 44 * 41
J . 100 000 0.00049 ~ 0.05 a1 - 37
G 190 000 0.0005 = 0,05 a6 4l
m 530 000 0,0063 = 0,05 41 37

W 900 000  0.0054 = 0,05 41 37 o
3 ‘ @
fl " \Q\
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reversibility of the solution cloud point‘was verified by ?louly cooling
sach opaque solution and noting the temperature at whic& the last trace of
spherical particles associated with the turbid phase disappearsde. Hydroxy=
propylcellulose E, L, and G solutions had a cloud point of 44°C on heating
and 41°C on cooling. The“Forresponding temperatures were 41°C apd 37°C for
HPC=J, M, and H solutions, The hysteresis 6; the cloud point on heating
and Fooling is believed to be a kinetic phenomenon and is a common occur=-

2

rence for aqueocus polymer systems (1), There does not appear to be any
regular variation in the cloud peint with the HPC molar masé. But it is
known that the polymer molar substitution (MS) has a marked influence on
the cloud point (1). Examination of the MS data for HPC ir-Table II.1l
;hows that the cloud point is constant for samples with a MS betwsen 3.50
and 3,84 and that it decreasss by sbc if the MS is between 3,93 and 4,21,
The only exception to this behavior is HPC=J and the reason for this is
unknown, Since the HPC samples investigated could not be fractionated

sugzgssfully the effects of sample polydispersity on the cloud point could

not be assessed.

The above described phase separation whHich HPC undergoes is very
similar to that observed for other cellulose ethefs like hydroxyethylcallu~
lose (HEC) and methylcellulose (MC) (23). Methylcellulose exhibits
spherical particle formation at a temperature ofﬂﬁOOC; this is Enly
marginally lower than its reported cloud point of 62°C (2). The relatively
low cloud point (41°-44°C) of HPC relative to MC (62°C) or HEC (> mofc)

can be attributed to the long and bulky hydroxypropyl side groups which

4
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make HPC, the lsast hydrophilic callulosic ether (23). ﬁydroxypropylcallu-

lose is unusual only in that it does not immediately gel like MC but,

" rather, that it precipitates out of solution prior to gelation. A possible

sxplanation for this behavior is that MC on heating slowly loses water,
allowing the buildup of a three=dimensicnal network betwsen the polymer
molecules before total dehydration occurs, The HPC, being more hydrophobic,

on heating rapidly loses water thus precluding the formation of a network.

Two final points should be noted about the behavior of dilute
aqueous HPC solytions. Firstly, all dilute solutions exhibit a fibrillar-
like precipitate which becomes visible anywhers froq,one week to three
years after solution preparation, Figure III.Z2 illdbtrates a typical
example of this precipitate viewed in the light micbgscope. Papkov (60)
has suggested that an important characteristic of polymers likely to form
lyomesophasses is th%}x\ability to separats from solution in unusual
morphological forms with a fibrillar structurs. Secondly, aqueous HPC
golutions were found to be very sensitive to the presence of organic
solvents. Two drops oﬂ acetic acid in 20 mL of a 15% HPC by weight aqueous
solution were sufficient to prevent the phase separation of HPC at any

temperatura,

Concentrated aqueous HPC solutions (> 40% HPC by weight) exhibit
heat induced phase separation but their behavior is more complex than that

of dilute solutions. Figﬂre I1I11.3 depicts the turbidity changes observed

on heating a 9% and a 41% by 'weight HPC agqueous solution. The 9% HPC
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FIGURE III.2 Typical fibrillar structure visible in the light microscope on

examination of the precipitate found to form with time in dilute ‘

-

aqueous HPC solutions,
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FIGURE IlI1.3 The change in solution turbidity witﬁ temperature for two aqueous . ~
HPC=~L solutionss 9% (O) and 41% (A) HPC by weight, The data
were obtained with a Chromatix KMX-6 photometer and thin glass
microslides.- The data are uncorrected for scattering at the

cell faces,
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solution‘%ﬁams the behavior previously described for diluts solutions = a

sharp increase:in turbidity over a relatively narrow tempserature range with '

some hysteresis on coolinge The 41% HPC solution shows a two=step increase
» v B

in turbidity over a much broader tempsrature range. The concentration of

this latter solution is very close to that at which HPC§§bdergoes an aniso=

tropic phase separation (see next section). The complex turbidity data may
reflect a non—equilibrium situation involving two concentrated phases.

Aqueous solutions containing more than S5% HPC by weight are anisotropic

£uA s et ® s el

and display cholesteric colors (61), These solutions are also found to

turn white and phase separate on heating, yst the cholesteric colors return

ot

on cooling, An explanation of the turbidity changes with temperaturs for

anisotrapic HPC solutions is beyond the scope of this work,

[T

I11I,3.2 CONCENTRATED AQUEOUS MESOPHASE FORMATION ‘

At room temperature concentrated aqueous HPC solutéons form
anisotropic lyomesophasas (54). Such solution; are characterized by a
cloudy or iridescent appearance and are biraefringent when examined:under
the crossaed polars of a light microscope. The critical concentration of

HPC necessary for the formation of this liquid crystalline phase does not

vary very much with the HPC molar mass. Specifically 42% HPC-L, 41% of

é

both HPC=E£ ‘and J, and 39% HPC-H by weight were the concentrations in water
above which mesomorphic behavior was noted, Hydroxypropylecellulose H

. o
solutions containing’ betwsen 31 and‘38% HPC by weight were birefringent,

but this birefringence dissipated with time and sa fras ascribed tg shear




LAY \

¢

orisntation effacts resulting from sample prsparation. The mesophase was

Lﬁound to form at the same critical concentrations, noted above, for eacp

: . i
* material at 55% HPC, It was difficult' to determine exactly at whaé&aoint J

1
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HPC type esven when the solutions wers heated to 30° and 35°C. However, at
40°% forqayﬁgn of the mesophase apéeared to take place‘at slightly lower
HPC concentrations. For example, a 38 weight % HPC=L solution was found to
be birefringent -at 40%. This temperature is very close to the cloud point |
of HPC and its effect on the formation of the mésophasa is uncertain,

. 3

Agueous solutions containing between 42 and 55% HPC-L by weight

were cloudy and exhibited a mixture of both birefringent and non=birefringent
areas when examined undsr the crosseq polars of a light microscopes, As the

HPC concsntration increasad within the above limits it was noted that the

non—biref(ingent areas gradually disappeared leaving qn%z anisoﬁfopic

the last trace of isotropic material disappeared and, for this reason, the
concentration at which the solutions began to exhibit cholesteric colors ;
(see below) was chosen as the upper limit for the end of the two phase
coexistence region. In general there was no tendsncy for the cosxisting 1
isaotropic and anisotropic rsgioq? to exhibit a sharp phase saparation;
rather, both phases wera found to coexist in a homoggneous mixture. The
notable sxceptions to this‘ﬁahavior were HPC—E£ and J solutions. Ingthi;
cage the solutions on standing from one to two years were found to contain
two distinct separated phases -~ a clearer upper layer and a cloudy more
dense lower layer. Figure III.4 shogé a typical exasmple of such a phase

&

separation for a HPC-£ solution, Figure III.5 illustrates schematically
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Solutions depicting the three distinct phases which aqueous HPC

solutions can exhibit: clear isotropic, coexisting isotropic ==

anisotropic, and cloudy anisotropic.
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HPG=d/M0 — 80% ot 37 wt % HPC-J
38 wt % 1 YEAR :
HPC 20% of 41 wt % HPC~-J
HPC-J/H,0 N m—- 62% of 40 wt % HPC-J
40 wt % 1 YEAR
HPC :

| 38% of 41 wt % HPC-J

PR

- Py
FIGURE III.5 A schematic view of two agueous HPC=J solutions which on standing

for one year phase separated into the two distinct layers that

characterize the coexistsnce region of the liquid crystal., The
lower phases are cloudy and anisotropic whereas the uppsr phasss

are clear and isotropic. The proportion and compasition of sach
( phase have bsen noted in'the diagram,
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the layer compasition and the proportion of sach layer containad within two
typical HPC=J samples after standing for one year., According to Flory's
theory (28) the composition of each phase should remain constant as their
proportions change within the coexistence region. For the HPC~£ and J
solutions it was found that the compositions of the two laysrs depended to
a certain extent on the volume fraction of the original HPC solution prior
to phase separation, This confirms a si@i;gr conclusion reportad for a
different lyotropic polymer system (62), No explanation for éhis very
paculiar behavior has yet appeared in the" literaturs. Once phése separation
has occurred, the proportions of the two coexisting phases will not change
as long as the{avaporation of solvent can be prevented. Solvent evaporation
in tightly closed sample vials was not really a problem since it was found
that over a four year time span the solution concentrations had changed an
avarage of only 3%, In addition, the coexisting isntgepic and anisotropic

phases wsre found to remain stablse indefiniteiy and thare appeared to be no

driving force for the conversion of one phase into the other.

Agueous solutions contaiping more than S5% HPC by weight exhibited
lovely iri&escant celors in white lig;t. This iridescence ranged from red
to violet through ths ant;re visible spectrum as the HPC concentration was
increased to an upper limit of 72 weight %. Above this limit solutions no
longser appeared fluid but sxhibited rubbery gel properties. This gel
material was clear and rslatively hard but it still axhibited]a markad
birafringencé. For comparison with organic HPC solutiéps (ses next section)

it was convenient to convert the HPC weights to weight fractions and then to
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volume fractions, assuming that no volume change took place on mixing the

HPC with solvent. Equations III.3 and III.4 were usad for this purposa,

7
. /
w w
1 . 2
w o= : and w, = III.3
{ Wy t/wz 2 Wy +u, .
/: / ‘ 1 /
w W
e ! P2
g = o~ and 9, = ey 1II.4
1wy +uey N
3
4 -~
whers 1 refers to the solvent and 2 refers to the solute, wy and w, are

weight fractions, uy and w, arg the actual weights used to prepare the

sample, P1 and p, are the densities, and ¢l and o, are the volume fractiocns,

2
The density of water was'O.QQ%D? g/mL (63) while that of HPC was 1,23 g/mL
(23). The organic solvent densities used were taken from a chemical hand-
boak (63). Table I1I1.2 lists the volume fraction of HPC ip water needad

to produce a particular iridescent color., These numbers are nif absolute
but thay can serve as a quide since often a mixture of‘iridescent colars
can be observed for a homogeneou; sample because of optical effects (61).
Figurs III:6 illustratses thfee examples of the iridescent colors sxhibited
by aqueous HPC solutions, More will be said about tha‘origin and properties
of these iridescent colors in the next chapter. It is sufficient for the
present merely to state that heating'iridescent samplas rssultg in a color
shift to longer wavelengths, whareas the application of pressure to a éampla —

dauses a shift in color to shorter wavelengths. The effects of both

procsgses are completely reversible, The pH of thae aqueous solution usad

i
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TABLE II1.2
¢

Variation in Mesophase Iridescence with HFC Volume

Fraction in Aqueous Snlutim:a

Q *
Iridescent Color HPC Volume Fraction
(4,)
L] ‘IZ’
Rgd 0-50 - 0.54
. Gresn 0.55 - 0,58
¢
. Blue . 0,59 - 0.63
Violet ' 0064 - 0068
& .\a
5
N :
i
‘ SN
~ ¥ ',,"
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FIGURE III.6
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COLOURED PICTURES
Images en couleur

Typical iridescent colors exhibited by. dif ferent HPC concentrations

in water: the red sample is 58%, the green sample is 62%, and the
blue sample is 66% HPC by weight. ’
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to prepare the sampleg does not have any effect on the formation of the
mesophase or the "apheérance of the iridescent colors, The sole disadvantage
in using highly acidic or bas;‘.c media in the preparation of; solutions®is the
gradual degradation of the HPC with time. Lyotropic aqueous HPC solutions
when examined under the light microscope appear relatively fluid and are
characterized by the textures illubtrated in Figures I11.7 énd II11.8.
Unlike other lyotropic systems HPC soluéioﬁxs do not exhiBit focal conic
textures in the light microscope,

iiaving investigated the bshavior of aquec'nus HPC solufions from the
dilute through the rubbery gel states, it was possible to construct a
qualitative diagram showing the various "phases® which HPC can adopt in
aqueous medium. This "phase" diagram consists of four distinct regions as
is illustrated in Figure I11.9 for a representative HPC-L sample, Solutions
are clear and isotropic below 44%c AMp to a solution concentration of ai:prox—
imately 40% HPC by weight., The solution bshavior at 44°C for solutions
containing more than 40% HPC is difficult to evaluate precisely because of
the onset of anisotropic phase separation and the relatively slow attainment
of ‘ﬂequilibrium for very viscotls solutions. However it does appear that over
the entirs HPC con@tra}iun range investigated a white precipitat;e or gel ’
is formed above 44°C. The exact nature of this gel is unknown, Below 44°c
between a concentration range of 42 and 55 weight % HPC the solutions
cunsist\of‘ a mixture of isotropic and anisotropic phases whose proportions |
change gradualuly with concentration as does their composition. Between 56
and 72% HPC ;; weight only a pure anisotropic iridas'cent;\ masophasel exists

!
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FIGURE IIiI.7 Characteristic texture exhibited by lyotropic aqueous HPC solutions .
between the crossed‘polars of a light microscope. The sample is
. C
70% HPC by weight,
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FIGURE III.S8

o

Microscopic texture of an aqueous HPC solution under crossed
polars. The sample is 70 weight % HPC but is at a slightly
higher magnification than that depicted in Figure I1I.7.
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below 44°C. The final region of the "phase" diagram is that in which ths

HPC exists in the form of a hard rubbery gel above 72 weight % HPC.
I11.3.3 MESOPHASE FORMATION IN ORGANIC SOLVENTS

Hydroxypropylcellulogse is soluble in a wide range of organic
solvents (23,64) and in several of these solvents HPC has been found to
form an ordered mesophase (58,65-66), Tha critical concentration of HPC=L
raquired for mesophase formation in sixteen different soclvents has been
listed in Table III.3. Althvt.':ugh the values reported in Table III1.,3 are for
HPC~L it has been verified experimentally%that_all the HPC types (E, 3, G,
M, and H) will form mesophases in the listed solvents a‘t marginally
diffsrent volume ffactions. It would thus appear that in one particular
solvent the molar mass of the HPC plays a negligible role in determining
the critical conc;antratiun for mesophase ‘f‘ormation. However it was noted
that longer time periods were required for the higher molar mass HPC
samples (G, M, and H) to form a mesophase. It might also-be noted that the
HPC samples investigated probably had broad molar mass distributions, which
may have masked any effect of molar mass on phase separation, The data in
Table III.3 show no clear correlation between the critical weight or yolume
fraction of HPC at anisotropic phase ssparation and the refrgctive index,
density, molar mass; molar volume, and boiling or melting point of each of
the solvents. Aspler and Gray (67) have measurad the solute=solvent inter=
a;:tion parameter (xl,z) for HPC in sevsral of the solvents listed in Table

‘

I11.3 and, contrary to published reports (57), there appears to be no

ad
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TABLE 1II.3 )

..
L

Weight and Volume fraction of HPC Required to Form a Mesophase in

Various Organic Solvents

Solvent HPC Weight Fraction HPC Volume Fraction
T (wy) (4),
) !
Formic Acid 0.28 0.28
Acetic Anhydride \ 0,29 0.26
Acetic Acid 0.30 lo.27
Morpholine 0.33 0.29 1
Pyridine L 0,36 - 0,31
Dioxane . 0.38 0.34 T
) Tatrahydrofuran. 0.40 0.42 | ! !

Dimethylsulphoxide 0.41 - 0.38 :
’Dimethy\lfort;lamide 0L42 \ 0.36
Cellosolve ‘ 0,43 0.36

" Methanol 0.43 ’ 0.33 ’ 3
Ethanol .46 0.35 '
l-Pentanol ' - 0.47 0.37 |
1,1=Dimethyl~-l-gthanol 0.1;8 0.37
l=-Propanol 0.489 - 0,38
2=-Propanol 0.49 ' 0.38
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relationship between xl,2 in a particular solvent and the critical concene

tration of HPC required to form the mesophase in that solvent. Ths only

conclusion to be reached from the data in Table III.3 is that the mesaphase

forms at lower critical volume fractions in acids than in alcohols and that
s

within a particular homologous series of solvents there is no regular

variation in the mesophase critical volume fraction,

N ©

Mesomarphic aquecus and organic HPC solutions exhibited some
marked disaimi}arities in appegarance and behavior, All aqueous HPC meso;
morphic solutionsg wsre clau;iy or iridescent and all flowed easily dsspite
their high viscosity. 0Organic HPC mesophase solutions ranged from e‘x"t;reme
fluidity (in acetic acid) to hard iridescent glasses (THF and dioxane).

It was imposgible to predict from the character of the solvent the type of
mesophase likely to form: fluid, gel, or glass. The tuwo phase cosxistence
regibn was found to be much broader in organic sol'vents than in water.
Typical 1imits for the two phase region in water were between 42 and 55%
HPC by weight, uhilelin org'anic solvents the corresponding values wers from
30 to 65% HPC, In addition some organic solutions (in pyridine, morpholine,
methanol, cellosolve, formic acid, acetic acid, and acetic anhydrids)
exhibited distinct periodicity lines (to be elaborated on in the next
chapter) within the two phase regiun when examined in the light microscope.
Figures III.10, III.11, and III.12 show typical axamples of thsse periodicity
lirnes which are totally absent in agueous solutions. Finally, although

there axists a larger density difference between HPC in some of the organic

solvents and HPC in watsr, there was no tendency for the organic solutions
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FIGURE III.1l0 Polarizing micrograph of a 40 weight % HPC acetic acid solution

exhibiting distinct coexisting isotropic and anisotropic regions.
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FIGURE III.11

Unusual cell structure found in a 30 weight % HPC acetic acid

sample when viswed betwsen the crossed polars of a light

microscope. The periodicity between the lines is approximately
3000 nm.
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Polarizing micrograph of a 43 weight % HPC metharol solution

exhibiting periodicity lines aﬁiapproximately 1040 nm intervals.
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to separate into the two distinguishable phases within the coexistence

region,

Hydroxypropylcellulose solutions in acetic acid and acetic anhydride
display chgggcteristic periodicity lines in the two phase °cpexistence ragion,
In contrast to other lyotropic\systems, the psriodicity between theg lines
was found to decrease on heati \the solutions., At 40°C the lines seam to
disappe;r, although they qg;'simpiy haye moved too close together to be
dis%inguishable in the light microgﬁpﬁéz sz exact rsason for this behavior
is unknown. It should also be note@)%héﬁ HPC reacts chemically with both
acetic acid and agetic anhydrida/fé pfﬁduce a partially acetylated HPC .
sampla. This was qonfirmed by infrared spectra which showed characteristic

-1

acetate substituent peaks at 1735 &m and 1240 cm-l. The area of these

peaks increased with time over & four week period, indicafing that the HPC
was reacting progressively with the solvent, Acetoxyprdpylcellulose (AapPC)

is synthesizad from HPC and it alsec forms a lyomesophase at room temperaturs

(68).

I1I.3.4 FLORY'S THEDRY AND HYDROXYPROPYLCELLULOSE

The basic prem%se of Flory's theory is that molecular asymmetry is ° -
responsible for the formation of an anisotropic ardered phase in a soluftion
of rod shaped p;fficles. Specific polymer—soclvant interactions are beliaved
to have a negligible ef%;EE\uQ\zhe anisotropic phass séparatiun and, consge

guently, a parficu}%g'golymer should exhibit phasa sebaration at the sams
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critical volume fraction of rods in several solvents. The important para—.
meter for masophase formation is the axial ratio of the polymer and so,
indirectly, its 'molar mass. Polymer chain flexibility (27,49) and sample

polydispersity (45) are also belisved to influence phase separation bshavior.

Hydroxypropylcellulose undsrqoes an anisotropic phase ssparation in
both agueocus and organic solutions at markedly different critical velume
fractions of HPC. This behavior is contrary to theory (28) and to observa=
tions (31=32) of rigid rod systems where the ;xial ratio of the rods is the
cri'tical factor governing qphase separation, Chain flexibility has besen
invokeqd (69) to account for the unexpected behavior exhibited by HPC
mesophases. The Mark - Houwink equation a parameter (see Equation II.19)
gives a rough estimate of the flexibility or stiffness of a polymsr chain \’
(60,70), Poly=Y=benzyl-L=glutamate (PBLG) h:‘as an g parameter of 1,7 in
solutions exhibiting mesomorphic behavior (71). In thess solutions PBLG is

in a helical conformation and is thus belisved to behave like a rigid rod.

The critical volume fraction of HPC for mesophase formation in acetic acid

_ .and lepentanol is significantly differsnt and, for this reason, these tuwo

solvents were chosen for the viscosity measurements described in tha
preceeding chapter. It had been anticipatsd that the resulting a paramsters
could be corralalted with the HPC chain stiffness to explain the onget of
mescmorphic beha;vior, that is, the stiffer the HPC chains are in a solvent,
the louwer the critif:al volume fraction of HPC needed to form thexmasopha:sa.
Unfortunately this hypothesis could not be verifisd or disprovép becauss

the a parametar for the HPC solutions was not precise enough to allow ths

»
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(% ’. chain flexibility of the polydisperse samples to be evaluat;d un%quivogally. ) .
it Tﬁe visc;sity measurements éid, howe;er, show that the HPC meleculss in ;
‘ solution are in an intermediate conformation between that of rigid rods and
random coils, The:.flexibility of a polymer chain may also be quantified by
the length, 1', of the Kuhn statistical segment defined in Equation III,5

1' = <r§>/ﬁl “1I1.5 =

]

’ where ‘<r§> is the mean square unperturbed snd=to=end distance of a chain
consisting of n links each of length 1, The Kuhn length 1'is thus the
length of a freely—jointed segment in a hyspthetical chain of nl/1!
segments with ths same end—to7ghd distance as the real Ehain. For HPC

samples the Kuhn length 1' has been shown to vary Eatueen 13 and 21 nm

depending upon the sample degree of polymerization (69).

N v

Rccording to Flory's theory the volume fraction of rod—like

molecules at anisotropic phase ssparation is given by Equation III,2.
g

¢2 = (8/x)(1 = 2/x) o I11.2

I4
oA AT it T

"It is difficult, if not impossible, to measurs the axial ratig of HPC in
water, let alone in sixteen different,solueaﬂgl to test the applicability 4

4
of Flory's equation to the HPC mesophase. The HPC rod length should be the

* ]
same in all solvents but the rod diameter can vary from solvent to solvent

because of side chainesolvent interactions. It is possible to calculate a
4 & 1
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theorstical axial ratio for a HPC sample of knoun molar mass (72). This

o

\ .
calculation involves assuming reasonable values for the rod length, diameter,

S— .

and mola%pass of the HPC gstructural uﬁit. For example, a HPC sample with a s

- -

molar mass of 82 000 has a theoretical axial ratio of 130, If thig value
¥
is inserted into Equation III.2 the resultingjcrit&igal volume fraction for ﬂ

mesophase formation is 0,06, This value is almost one order of magnitude

'

with an axial ratio of Xy then Flory has shown (49) that the axial ratio,

different from the critical volume fractions determined experimentally for §
k\'bw\ ¥

HPC mesophase formation. It would thus appear that HPC does not form a ]
mesophase in the manner described by Flory's rigid rod theory., Howsver, if :
a polymer chain can be replaced by a series of freely-jointed rods, sach 5“
;%x

¥

1

»

and not the number of such segments, governs the phase separation behavior. °

L

If the length of the freely-jointed rods postulated to exist in HPC is

chosen as being equivalent to the Kuhn segment lengths of bstween 13 and

v g

21 nm, then the éxial ratios for these segment lengths can be svaluated if
the rod diamster is known. X-ray diffraction studies on HPC fibers indicate
th;t the molecules have a center—-to-center separation ef approximately

1.28 nm (69). 1If this distance is assumed to be equivalent to the HPC rod
diameter, then the axial.ratios for HPC rangs from 10 to 16. Inserting ‘
these values into Equation I1I1,.2 gives critical volume fractions of HPC
between 0.44 and 0,64 for mesophase formation. These values are of the
correct order of magnitﬁde but they are slightly l;rger than the\values
reported in Table II1.3. In view of the experimental difficulties
associated with the use of the Kuhn segment length and the use of thé HPC

canter=to=-center separation as the diameter of the HPC molecules in selution,
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" » (i
{ the agreement ‘between the estimated segment axial ratio and that required

¢

by Equation III.2 (x =~ 20) is probably as good as can be expected for HPC
in water, Thusﬂ an appropi‘iate and realistic choice of values, based on the.

limited avaidable data, for the length and diameter of the HPC molaculas

A

shows that the experimental critical volume fraction results agree
reasonably well with thod predicted (by Flory's theory for a series of

freely=jointed rather than rigid rods.
/{c
L ﬁj L

"
A

: . I11.4 Conclusion .

Aqueous HPC solutions exhibit a LCT on heating., This LCT or cloud
point was found to depend more on, the MS of the HPC rather than on its
molar mass. Some hysterssis wgs bevident in the cloud points obtained on
heating and on cooling. Both very dilute and very concentrated agueous HPC

solutions were found to undergo this particular phase separation.’ A quali-

tative "phase" diagram was presented for aqueaous HPC solutions,

2 3

el I

/iydroxypropylcellulnse was alsoc found to undergo an anisotropic
ol

~ -
LS

phase sed’afratio_n at reom temperaturs when a critical volume fraction of HPC

had been exceade;i in water and in several organic solvents, Contrary to

Flory's rigid rod theory the critical volums fraction for phase separation

-varied from solvent tvo solvent, In addition, there was no solvent property
, !

which.could be used to predict at what cri*tijcal volume fraction the meso=-

phase would form, or, if it would be fluid, gel=-like, or glassy. Flory's




J O s o R S Y C P AN sty % & TE T T TR TR RO

163

9 1

rigid rod model is not applicable to the HPC system. However, if the rigid
\
rods of* the theory afe replaced by freely=-jointed segMenti equivalant to

the Kuhn statistical-segment length. of the polymer chain,/ then the agresmaent

good.
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IV.1 Introduction . , o &
.

Cholesteric lyomesophases are ordered fluids which are charace

terized by a very high optical activity and a brilliant iridescence.ffBoth

5 »

thess properties are a consequence of the umique molecular architectu ¢ to
be found in cholesterics. The constituent molecules.of a cholesteric ust
be optically active, strongly alongatedj; and rslatively stiff., Such

molecules are belisved to align with their long axes nearly parallel t

TR I, S ST )

form a continuous layesr. Successive layers pack to produce the stratified
structure illustrated®in Figure IV.l. Each layer of this structure is
slightly twisted so that its molecules point in a different direction from
that of the molecules in the layer below. The distance over which the

v,
+ A
2

moleculas undergo a 360 degree change in orientation is referrad to as ths

b

helicoidal pitch of the cholestaric lyomesophase.

R &

LR

In 1951 De Vries proposed a theory to account for the unususl
op%ical properties exhibited by cholesterics (1). This theory assumed that

a chaolesteric material is adequately described as a series of birefringent

PR ——

lazers in a halicoidél arrangement, The opﬁical properties for such a
molecular model could be calculated pc;ording"to the theory if only the 1
helicoidal pitch, refractive index, and layer birefringence for the material
were known. De Vries showed tBat the helicoidal ﬁitch and the mesophase
refractive index are directly related to the wavelength of light normally

raflacted by the cholesteric planar structure (see Figure IV.2.A) according

to Equation IV,l. .

~
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FIGURE 1v.1 Idealized moi@cular arrangement found in a cholesteric lyomesophase, - -
Successive la;ers illustrated are not physically distinct but ars
simply an aid in vishaliiing the helicoidal structure of pitch, P,

in the cholesteric mesophasa,
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A = nP ' ! V.1
‘v,‘
where >\0 is the reflecﬁ%n wavelength, n is the average refractive index
of the mesophase, and P is the helicoidal pitch. When a‘cholesteric is
iLluminai;ed with white light it reflects ons ciroularly polarized
component of the light (2) in a narrow wavalength‘ band around )‘n' This
ref‘glection band, if within the visible region (300 to 700 nm) of the
slectromagnetic spectrum, is responsible for the iridescent colors exhibited

by most cholesteric mesophases. F

£
AS

°

" De Vries, in his optical theory for cholesterics, developed an

equation which allous thé variation in optical activity or rotatory power
with wavelength to be calculated. This equation is shown below for systems
where the helicoidal pitch is approximately equal to the incident light

wavelength N s,

' man’e

e [1 = /)]

6 = - v,.2

1

wvhere @ is the rotatory powsr (’rad/nm) at a wavelength A, An is the layer

_birefringence, )\0 is the reflection wavelsngth, and P is the helicoidal’

pitche Equation IV.2, although predicting a changs in sign for the
rotatory power on passing through the reflection wavelsngth, is only
applicable outside the reflection region. A simpler form of Equation IV.2,

shown below, can be used for cholesteric systems in which the helicoidal

v
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where the variables are the same as those defined in Equation IV.2,

Qe Uries' theory has been appliad to a solid cl':olesteric analogue
(scarabaeid beetle exocuticle) and the predicted rotatory power is in
qualitative agraeman;: ;uith the experimental results obtained for this - .
system of multiple reflecting layers in a helicoidal arrangement (3).
Robinson (4=6) has applied De Vries' simplified rotatory powsr egquation
to cholesteric poly=Y=benzyl=l=-glutamate systems and both the calculat'ed
and axperiméntal optical activities ars reported to be in good agreement.
But DuPré and Patel (7-8) have gquestioned the validity of De Vries!
simplified equation when tha pitch values are much greater (a 100 or 1000
times) t.t;an the incident light wavelength. In this case, they report that

———ael

the rotatory po\uer varies inversely as the pit{éh“(e a P‘l) and this

P

confirms an earlier report by Goosséris‘zg).

More recantly Chandgasekhar and co=workers (10=-13) have tried to
~ 5
axtend De Vries' theory so as™to determine the rotatory power within the

reflaction region, According to these authors Equation IV.4 should be

[

used to calculats the optical activity for a cholesteric within the

<

reflaction ragion
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*AN“P (A=)
f = - + o
4k, PA ' V.4
b
whereas Equétion,lv.s should be used outside the reflection region, i
- 7ARZP (A=) - “(PanT/2 )2 1/2 )
0 o
8§ == == * 1= (1 - 2 IV.5
ax PA (=2x(X = 2 )/N) )

L1

The variables are the same as those defined previously in Eguation IV.2.

Rotatory pbmer values calculated using Equations IV.J3 and IV.S are reported

oo ol o

to differ by one order of:magnitude (3). More work is required in this

area if the discrepéncy between the two equations is to be satisfactorily
I
explained,

-~
-

RE R

~ A series of birefringent layers stacked one atop another can takg

up several different orientations when confined between two flat surfaces. :

=Y

Two idealized possible arrangements are depicted schematically in Figure

IV.2. FolXowing the convention of Chandrasekbar (14) the layered

arrangamant ;llustratad in Figure IV.2.A is referred to as a planar texturs.

v

Texture, in this work, is taken to mean tha macroscopic érrangement visible
] “ 4

undaer the light m%gpns?ope. The planar texture exhib{ts large optical
r;tation, birefringence, and selective reflection of incident light
Iaccnrding to Bragg's law. At normal incidence the light reflected from the
pianar texture is strongly circularly polarized (1l4). The cholesteric

arrangement depicted in Figure IV.2.8 is birefringent and exhibits little




-

" Helicoidal | — — ——— ¢l-leﬁg:(;:;dal
AXxis _ ==
Ce———
PLANAR - FINGERPRINT
TEXTURE TEXTURE
®i = ¢r ¢ =
A o " B
i
“ -
Idealized helicoidal arrangsments possible when a cholasteric

FIGURE 1IV.2
’ structure is constrained bestwsen two flat surfaces: qbi and

¢r are angles of incidence and reflsction respectively. Sse

text for the different properties exhibited by 'the planar and

fingerprint textures depicted.
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or no optical activity (15)., Such samples of sufficiently long pitch, when
viewed in the light microscops, are characterized by a seriss of egually
spaced lines whose periodicity varies from 1 to S0 um depending on ths
solution concentration. These periodigity lineé are found to equal one~half

3

of the helicoidal pitch (6). The periodicity linmes in these samples are

very reminiscent of a‘'human fingerprint and hence their fingerprint texturs

name is derived. Samples possessing this texture exhibit a shimmering
iridescence that is distinctly different in appearance from the :cholestseric
"iridescence d;splayed by short pitchlsamples with planar texturs. The long
pitch shimmering iridescence may be attributed to the écaétering of light
from a structure resembling a liquid diffraction grating., Ffigures IV.3 and
IV.4 respectively illustrate the distinctly dif?erent types of iridescance
exhibited by the cholesteric ‘planar and fingerprint textures. The iridescent

scattering behavior of a chélesteric mesophase is fhus determined by the

macroscopic hglicoidal arrangement found within the sample.
T

De Vries' equation relating the helicoidal pitch and téa reflection
wavelength (Equation IV.l) was developed for use with normal incident light.,
Two general theories (16=17) have been developed to explain how the use of
arbitrary angles of incidence might alter ths normal reflection u;uelength
of a cholesteric mesophase., Since both theories are very similar, only the
one developed by Fergason (17) will be presented. Fergason has shown that
the refléction wavelength, Ao i’ at an arbitrary incident light‘aque of ¢

is given by Equation 1IV.6 L
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COLOURED PICTURES
Images en couleur

.

Cholesteric iridescent color of a typical concentq;tad aqueous——
HPC=L sample which exhibits a planar texture on examination in
the light microscope. The twe color appeaiance of the sample

is due to faster solvent evaporation from the sample edges.
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FIGURE IV.4

COLOURED PICTURES
Images en couleur
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Shimmering iridascent color of a typical concentrated HPC=L
acetic acid sample which exhibits a fingerprint texture on

examination in the light microscope.
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) nP sing sing
"" — i -1 A -'L -1 -—-—r
Ao,i - cos[% 8in ( - ) + 3 sin ( = )] IV.6
.- . R {

uhd%e m is the reflection order, n-is thes refractive index of the mesophass,
P is the helicoidal pitch, and ¢& and ¢E are the incidanf and refla:iion
angles respectively in air, This equation clearly shows that the incident
and reflecting or viewing angles have a marked effect on the wavelength of
the light meflected by the cholesteric structure. For systems where the
pitch, is large and the cholesteric structure bshaves as a liquid diffraction
\grating, a corresponding equation for the dependence of the shimmering color
on incident and reflection light angles can be devised by using Snéll‘s law,

, interference theory (18), and De Vries' Equation IV.l. The resulting

equation is shouwn* below

nP sing, singd
. |1 -] i 1 -1 T
Ao,i - = sxn[} SiQQE( - ) + 7 sin ( n )}/ 1v.7
where the variables are the same as those defined in Equation IV.6.
,ﬁ [

The iridescence of cholesteric mesophases is not affected solely
by incident and reflection énglas. De Vries' Equation IV.1l clearly shows
that the sample iridescence or the reflection wavelength varies as the
helicoidal pitch; any factor, thersfore, that alters the helicoidil pitch must
necessarily alter the sample iridescence. For lyomesophases the helicoidal

L]

pitch varies with solution concentration and solvent. Temperature changes
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alter the pitch in thermomesophases. Much work has been done on the latter
types of systems (19-22) whereas only a few investigations (5,23) havs been
carried out on the former systems, The work on HPC mesophases will revolve

around discovering the functional dependence of pitch on solution concentra=-

tionv

IV,2 Experimental

Iv.2.1 LYOMESOPHASE PREPARATION

.

Hydoxyp;opylcalluloae lyomesophasaes were p;apared following the two
gravimetric methods outlined below. Dried KPC was weighed into 15-mL glass
vials (Kimble Glass Ltd) to which ah‘appropriate amount of solvent was
added; The solutions were permitted to stand at room temperaturs for one
month with daily rotation of the vials to ensure homogeneity, These
;olutions were then analyzed by using the procedure outlined earlier (24)
and the concentrations agreed to within + 1% of the originally prepared

solutions.

'The second methad of lyomesophase preparation involved the
concentration of a dilute solutipn, A stock solution of abogt 30% HPC by
weight was made up, After ;aventyetwo hours of gentl? agitation the clear
yellowish solution appeared quite uniform and gel=-free, Solutions were

viscous yet they still poured easily. Stock soluticns of higher molar mass

M s R ity PO
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samples (G, M, and H) were prepared containing only 8 to 10% HPC by weight.
These stock solutions exhibited viscosities comparable to those of the more
concentrated lower molar mass HPC solutiongs, The stock solutions wers

divided #nto approximately 1l0~miL portions which were transferred into 1SemL

vials, These samples were then suspended in boiling water for ten minutes.
At this temperature the solutions phase separated and the HPC precipitated
L]

out of solution as a highly swollen coagulated floc. The solvent-rich phase

was decanted off and the remaining solution, on cooling, was cloudy in )
)

appearancd. This boiling, decanting, and coaling procedure was repeated

several ty%es for sach solution.‘ Eventually after successive coolings the ¢

samples axhibited a marked iridescence. Unless otherwise stated iridescent

colors in this work refer to ‘reflected colors at approximately normal

incident and viewing angles, The iridescent solutions were then analyzed

H
{
i
|
i
i
H

using the procadurs outlined (24) to determine their concentration.

IV.2.2 OPTICAL ACTIVITY AND REFLECTION

The optical activity for HPC solutions was determined bfvoptical‘ —
rotatory dispersion (ORD) measurements. An ORD spectrum records the change
in rotatory power with wavelength from 300 to 700 nm and therefore provides
more complete information than corresponding polarimetry measursmants which‘

can only be made at five or six discrete wavelengths. A Jasct ORD/UVS

spectrometer was used to obtain the ORD spectra for both diluts and : ;

concentrated HPC solutions, In this work dilute solutién refers to HPC

‘concentrations up to approximataly 20%. The tarm concentrated solution

e T R e e R
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will generally mean solutions containing from 25 to 80% HPC by weight or
volume., Aquecus D=glucose solutions were used to calibrate the ORD spectro-—

meter,

Dilute HPC solutions wers poured into the 10-mt ORD sample cell,
The cell was mounted in the ORD holder and the spectra were recorded from
700 to 300 nm at a ;can rate of 20 um/sec. The tempééatura was 21°C.
Iridescent HPC samples were too viscous to pour and it was nscessary to
devise a modified ORD cell, A small amount‘of the iridescent sample was
placed betwesn two cover glasses (Corning, -k8~mm sq) which were then sealed --
tagether with epoxy (Cogép) around their edgss t? reduce the evaporation of
solvent from the sample. This cell was permitted to stand for twenty=four
hours to remove any strain in the sample. A precision micrometer was“then

Iy

usad to determine the sample thickness., This technique was adequats )
although some uncertainty existed as to the uniforg\&hicknesﬁVof the. sample. -
To avoid this problem a pair of quartz cells (Hellma Canada) with a 0,0l=mm
spacing were used as the spectrometer ORD cell, This quartz cell was

gealed with molten wax to reduce evaporation of the solvent during the
twenty=four hour period prior to running the sample., The modified cell was
mounted on the ORD holder and the ,spectra were recorded at the same
temperature, scan speed, and over the same wavelength range as the dilute
solutions, The base line for the ORD spectra was obtained with distilled
water in the quartz cell. The HPC lyomasophase has a very large optical

ratation and, since the maximum rotation measured by the spactrometer is + 20,

it was ngcessary to use a very small amount of sample in the range of 20 to

Izt
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40)"mg .

In édditionxtp the optical activity, the ORD spectrum of a HPC
lyomasqphése also ;rgiides a wavelsngth valda for thé light normally
refleéted by the cholesteric structurs. This raflection wavalength
corresponds to the inflection wavelength of tha ORD spactrum, Circular
dichroism measurements on the Jasco spectrometer confirmed that the light
normally reélected by the HPC lyomesophase was circularly dichroic. The
reflaection wavelength can also be measured spectrophotometrically (15,25)
since at this wavelength only 50% of normal unpolarized light is transmitted.
The reflection wavelengths (ko) obtainaed from the ORD spectra were compared
with reflectiocn wavelengths acquired by using a Carey Mogel 17 automaéic
recording spectrephotometer. The reflection wavelength range on the Carey
extends up to 1500 nm and is thus much greater than the 700 nm limit imposed
by ORD measurements. A Pys Unicam SP8-150 UV-VIS spectrophotometer equipped
with a variable angle specular reflectancs accessory (26) was qsad to
measure the\bhange in reflection wavelsngth for several.HPC samples when the

incident light angle was varied from 16° to 75°.
IV.2.3 LASER LIGHT DIFFRACTION

Cloudy arganic HPC salptioas were placed in hanging drop slides
(Fisher Ltd, O.8-mm deep) and allowéd to equilibrate for twenty=four hours,.
These samples were then examined under a polarizing micrascope (Reichert

Zetopan)., In several of the solvents the samples exhibited distinct

AT i TR R NP i Bt S
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5

fingerprint periddicity lines, A Nikon F camera equipped with Kodak Plus=X
35-mm black and white Pan film (ASA 12%) was mounted on the light microscops ?
to take photos of these fingerprint textured samples. The resulting
negatives were enlarged and the spacing betwsen the periodicity line;lwaa
measured. A standard slide with etched spacings of 0.l-mmAand 0,0l=mm was
used as a magnification reference. ;

. o

The samples examined above were alsc found to produce light
diffraction patterns analogous to tho;e obtained from x=ray diffraction
studies, The hanging drop slides were mounted on a movable stand permitting
the sample~to-film distance to be variegd. The light source used was either
a Kodak slide projector or a He=Ne laser (Spectra Physics Model 145){of
wavelength 533 nm, The entire system was placed in a dark room. The
diffraction pattern was recorded on Polaroid 4x5 Land film which was
inserted into a poléroid film holder, The ?ilm was exposed from one to
three ssconds and pravided both a positive print and a negative:, It was
possible to evaluate the periodicity giving rise to the laser diffraction
pattern by mesasuring both the sample=to=film distance and the radius of
the ﬂiffracpion ring recorded on the polaroid film and then making uss of

s

Equation IV.B for a diffraction grating (27). -7
A = d sin@ . 1v.8 ’

where A = yavelength of laser : TG

d = periodicity spacing

ks L B0 K A
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i

0 = angle of scattéred light, where tan® is defined by the’

radius of the diffraction ring divided by the

-7
sample~to=film distance

IV.2.4 REFRACTIVE INDEX AND BIREFRINGENCE ,
]

3

.s'
The refractive index (n) for HPC ;olutions in water, msthanol, and ;

acetic acid was measured with a Carl Zeiss Model 44159 Abbé refractomeiar.
Although this instrument employs a white light source, the refractive index
measured is that of the sodium D line (589 nm); two identical Amici prisms’

within the viswing telescope disperse all other wavelengths except that of :

the sodium D lins (28-29). Measurements in all solvents wers made at 21°C

and all samples were prepared in an identical manner. Solutions weres mada
up by weight in 15—mL glass vials (Kimble Glass Ltd). The solution concen—
trations ranged from 5 to 70% HPC by weight in approximately 5% incremants.
The stlutions were allowed to stand for at least th;ee weeks and for up to

two months at room temperature with daily rotation of the vials to ensure

hamogeneity of the solutions, especially those at the higher concentrations.
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Dilute isotropic solutions gava'only one refractive index value
that increased linearly with the HPC volume fraction. As the solutions
sntered the two phase region consisting of isotropic and anisofropic
mesomorphic material, tya distinct lines were observed in the viewing
telescope of ths refractomster as indicated in Figure IV.S. Aé&ording to

,Schael (30) by inserting a polarizer at the eyepiece of the refractometer
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The schematic view of an anisotropic aqueous HPC solution through

bt e €

an Abbé refractometer telescope with no polarizer at the syepisce
(1eft), with the privileged direction (PD) of the polarizer
perpendicular to the refractometer fisld line (center), and with
the PD of the polarizagjparallel to the refractometer field line

(right)s. In each case the refractometer cross-hairs ars centered

on the upper of the two refractive index lines yisible in the

refractometer eyepiece.
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y
it is possible to enhance one line at the expsnse of the other, S$pecifically
. Y
when the privileged direction (PD) of the polarizer is perpendicular to tha
line separating the fields of the refractometer only the uppsr line is

»

vigible. Rotation by 90° results in the PD of the polarizer lying parallsl
to the field line and now the lower line is again distinctly visible whereas
the upper line appsars very faint, The- difference in refractive index in

two directions gives a value for the solution birefringence.
. ‘ - <

Solutions were equilibrated in the refractometer for two minutes
before measurements wers made, five measursments werse taken for sach
solution and the rasults wers averaged. Data uerev;eproducible to within
+ 2.0 x 10-4, the rated accuracy of the Abbéorefractometer. It was necessary
ta complete all measurements within five minutes or reproducible results
could not be obtained. In dilute solutions this was due to solvent
gvaporation, whereas in more concentrated solutions it is beliesved that the
pressure exsrted by the prism surfaces on the mesophase causes a molscualar

re=orientation that is responsible for the change in relative separation

betwsen the two refractive index lines with time. .

~

J

~F

IV.3 Resultgs and Discussion

D)

I1V.3.,1 OPTICAL ROTATORY DISPERSION °

Above a critical concentration both aqueous and organic HPC solutions
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cwere found to be iridescent and tprexhibig birefringence when examinsd

under crossed polars (24). Sinee both these properties are characteristic

of liquid crystals it was hoped that optical activity measurements would

confirm the cholesteric natura of the HPC seclutions. The optical activity

'

of dilute HPC solu{ipns arises from Eﬁe additive chirality°of individual

HPC molecules. Concentrated HPC solutions, if indeed they are cholsstéric

Nk et et

lyomesophases, should exhibit optical activities one or two orders of
magnitude higher than thosa_exhibited by dilute solutions. The very high 4 ¢
optical activity of cholesterics is attributed to the presence of the }

helicoidal structure illustrated in Figure IV.l.

I3

e

e

‘

Dilute HPC solutions in both aqueuu; and organic media exhibit

+ ki oI DR iR 1

similar plain negative DRD curves,  Figure IV,6 illustrates t%e ORD spectra

obtained for HPC in water and three organic solvents., Such curves are

-

classified as plain %%l) because they show no inflection point (where the
optical rotation is zero). These curves are ;150 referred to as négative
(32) because the rotatory power falls off with decreasing wavelength.

Aqueoub HPC solutions exhibitgd slightly larger optical gctivities than
corrgiponding acetic acggg methanol, and-cellnsulﬁe HPC solutions. The plain
negative DRD curves that result would seem to imply that the HPC)moleculas

¢

are in a random rather than in a hq}ical molecular conformation in solution, :
L Lo AN ;

© ‘

[

This is further confirmed in that the experimental ORD data can be fitted

to. a one term Drude equati&n (33). This equation predicts that the specific

.
5
i
1
1
i
H
¥
14
»
¥

rotation, [@], should vary linearly with 1/12. The ORD data for aqueous HPC
\ .
solutions show this linear dependence of [2] on l/,l2 as illustrated in
b

" '
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Typical plain negative ORD spectra fof HPC 1in watéxz (@), methanol
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’ i . Figure I\I.T\..Th-d’ specific rotation for dilute aqueous HPC solutions ranges
i} . » ; N &
P ., . . »
from appsoximately =15 to -125-9 g mL/tm g from 700 to 300 nm respectively.
e Ll
g \ e ) .
S : C
. - o Concentrated aqueous (and organic HPC s%gégions exhibit anomolous
f)‘4/~‘ . ) . e ~ -
< negativeﬂﬂRD curvég: Anqpolous ORD curves are characterized by an

.

- inflection] pint whére the optical rotation drops to zaﬁgégﬁgzlhan changes

sign (32(. the case of cholesteric mesophasgs the reqions of opposite
rAtatory pow;; are separated by‘q region of reflection of circularly
polarized light (32). This reflection region arises from a Bragg type
scattering of the incident light from the ordered arrangement of layers in
the helicoidal cholesteric strucutre. Figure IV,8 illustrates two anomolous
negative ORD curves for HPC, The curves are described as negative because
the trough of the reflection region occurs at a longer wavelength than

-does the peak. The specific rotations of concentrated HPC solutions in

both water and methanal are much greater than the specific rotations of
dilute HPC solutions in the same solvents at corresponding wavelengthse.
Typically the specific rotation for a concentrated agueous HPC solution
ranges from abeut =~2000 to +12 DDODdeg mL/dm g from 700 to 300 nm |
respectively, This higher optical activity for concentrated HPC sclutions

can only be accounted for if HPC does indeed form a cholesteric lyomeso—

phasa,

To confirm conclusively the cholesteric character of concentrated
L4 . s

. ' HPC solutions, the experimental ORD results were fitted to De Vries!'

rotatory power equation which by substituting Equation IV.1l into Equation

[ Y I L SR

R

SRR
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' FIGUREYIV.8 Typical anomolous negative ORD curves for HPC—L in methanol
(Ao = 500 nm)gand in water (Ao = 475 nm): P = peak and i
T = trough. Both samples were 0.0l mm thick. cr
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IV,2 then becomes

. : fAnzxo
. 0 - - 2 E"‘ Iu.g
432n [1 - (/A) ]

The experimental ORD curve providaes values for Ab' Ayrand 03 the only
unknowns in Equation IV:Q are the refractive index and the layer
birefringence. The solution refractive index was easily measured using an
Abbé refractometer and the results have been plotted in Figures Iv.é, Iv,10,
IV.11l, and IV.12., In agusous HPC solutions the refractive index was found
to vary linsarly with the HPC volume fraction, There was apparently no

variation in refractive index with the HPC molar mass as can be seen when

j
%
2
f:
EH
£
2
1
s
§

the data for HPC-L (Figure IV.9) and HPC=J (Figure IV.10) are compared.
The refractive index for HPC-L was also measured in methanol and acetic acid,
and the results can be found in Figures IV,.11 and IV.12 respectively. The

methanol data show the same linear dependance of refractive index on volume
p]

e

fraction as do the aqueous solutions; however, in acetic acid fhe refractive

s

iédex varies linearly with the weight fraction rather thén with the volume

fraction of polymer. ~Hydr;xypropylcelluiose is belisved to react slowly

with acetic acid to produce a partially acetylated HPC or acstoxypropyl-

cellulose (APC). The resulting mi;ture of HPC and APC in acetic acid , .
Probably affaects the volume fraction (since HPC and APC have different- ‘ :

densities) more than the weight fraction valus and this may, perhaps, ;

account for the non=linear variation in refractive index with volume fraction

-
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0.2 0.4 0.6
VOLUME FRACTION HPC-L

Refractive index data for aqueocus HPC-L solutions as a function
of the HPC volume fraction at room temperature ( ~ 21°C). The
open circles represent the sscond refractive indices measured

EN

in the Abbé refractometer for the HPC lyomesophase.
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FIGURE IV.10

<

045 - 050 0.55 0.60
VOLUME FRACTION HPC-J

The variation in refractive index with HPC=J volume .fraction in
aqueous solution at 21°%C. The open circles are the second

refractive index values measured in the Abbé refractometer for

" the anisotropic HPC mesophase.
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FIGURE IV.11

0.1 0.3 ‘, 0.5
VOLUME FRACTION HPC-L

Refractive index data for HPC-L methanol solutions as a function

of the HPC volume fraction at 21°C. The open circles represent
the second refractive indices measured in the Abbé refractometer

for anisotropic HPC solutions.
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FIGURE IV.12 The variation in refractive index with HPC-L weight fraction in
acstic acid solution at 21°C. The open circles ars the second ]

rafractive indices measured in the Abbé refractometer for the

HPC mesophase. -
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|
for HPC acetic acid solutions. The open circles in F;gures IV 9 through \
\
IV 12 represent a second refractive index which was measured in the Abbéd
raefractomater for all anisotropic HPC solutions. The'diffarence between

these two refractive indices provides a meagured birefringencs Jélua for

o, P .,:ﬂ**‘wva‘w;\‘ Bp 4 edev Ry

the samples, However, as will be explainéd in the next section, this value

is not thé birefringence required in Equation IV,9, For thé present, the
layer birefringence may be taken as a fitting parameter between Equati;n
IV,.9 and the experimental ORD results. The exact details of the fitting
procedure will be elaborated on in the next section, Figure IV.1l3 shows a
typical example of the rotatory power agreement betwsen the experimental
results and those predicted by De Vries' Equation IV.9 by the use of only
one fitting parameter, the layer birefringence. Recall that De Vries!
theory is applicable only outside the reflection region boynded by the peak

and the trough of the ORD curve. Concentrated HPC solutions behavs

1

\

optically like cholssteric mesophases in that they exhibit optical rotations

hundreds or thousands of degrees larger than their dilute solutions. This
same rotatory power data for concentratsd solutions agrees very well with

the predictions of De Vries' theory for cholestsrics using only ons fitting

. parameter, the layer birefringancs.

S

1

IV.3.2 BIREFRINGENCE

The birefringence as defined in De Vries' théory is the birefrin=-

gence of an individual layer in the untwisted cholesteric structurs.

Cholesteric lyomesophases based on polypeptide systems exhibit differsnt

¢
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' FIGURE IV.1l3 - The uariat;onliﬁ rotatory power with wavelength for an aqueous |
solution of 0.57 volume fraction HPC-£. The .solid curve is the
experimental ORD spsctrum and the broken curve is the rotatory
power calculated'using tquation IV.9 where 4An was 0.,0l, n was

1.433, and AU was 496 nm..
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helicoidal handedness in different solvents (6,34)., By choosing a suitable i

combination of two solvents it is possible to obtain an untuwisted cholesteric.

he ik

whose laysr birefringence can be measured. Alternatively, an electric or

magnetic field can be applied to untwist the cholesteric structure (35).
Unfortunately HPC exhibited ths same helicoidal handedness in all the solvents
investigated. Hydroxypropylcellulose is believed to have a right-handed p
helicoidal structure following the accepted convention (34) that if the i
rotatory power is positive for A < P %hen‘the cholesteric is right-handed.

The application of an electric or a magnetic field sesmed to have sither no

effect or a very transitory effect on the HPC cholesteric structure. It was

thus impossible to measure the layer birefringencs ,of the untwisted .
cholaesteric HPC mesophase directly; rather, De Vriss'! rotatory pouef equétion,

shown below, was fitted to the experimental ORD data and then solved for I

the layer birefringence, ' i

h

A

I 2
-wAn Ao

ax%n [1 - (A/AO)Z] | 1.3 ’

Specifically, n was dnown<From Abbé¢ refractometer measurements and 6, 4, and
Ao were obtainaed from t?e experimental ORD curves., Clearly, if a least . :
squares plot of 6 versusb[lz(l - EA/AD]Z)]—l is constructed, the slope of the
resulting straight line is given by wAnZAO/An which can be solv;d %or the :
layer birefringence. A typical example of this plot i; illustrated in -
Figure IV.l4. The layer birefringence thus determined was found to vary

from 0.007 to 0,016 over the HFC volume fraction range of 0,50 to 0.63
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respectively, The layer birefringence data have been listed in Table IV.l.
De Vries! theory requires the laysr birefringence to be constant for a
particular solution concentration and to be independent of wavelength.

tquation IV.9 was rearranged in the following form

2 2
” 41081 = (/)]
aAn n - Iv.9

4
WAO

and_solved for a layer birefringence value at each individual wavelength.
Figure IV,.15 shows the variation in layer birefringence with wavelsngth for

a typical agueous HPC solution, Although thers is some scatter in the data,

2
it would%hppear that the layer birsfringence slowly increases as the
D

LIS

wavalengtﬁ is decreassd. This trend follows that reported for liguid
crgstallina films of mathoxybeﬁiylidene butylaniline (36). The variation
in layqr(Eirefringanca with wavelength may partially gccount‘for the -
irregularities reported in Table IV.l where the layer birefringence should
increase with increasing HPC volume fraction.
" )

As mentioned previously, lyotropic HPC solutions exhibited two

refractive indices both of which could be measured if a polarizer was

v,

ingerted atlﬁhe eyepiece of the Abbé refractometer. The difference in

TR

-

refractive indices or measured birefringence values have been listaed in
Table IV.2. Examination of this data shows that the measursed birefringence
increases with increasing volums fraction of HPC in methanol and acetic
acid. Th;é samg trend is also evidént in agueous HPC solutions but there

-
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TABLE IV.1 .

~

Layer Birefringsnce Values Calculated by Fitting De Vries'
Rotatory Power Eguation to the Experimental ORD

Results for Aqueous HPC S5olutions

HPC Volume Fraction Layer Birefripgence

(0 (an)
0.495 ' 0.0074
0.498 n 0.0075
. 0.508 : 0.0076

0.520 f 0.0057
0.538 . 0.0088
0.549 | 0.0099
0.562 0.0099
0.573 ‘ t 0.0108
0.580 - - ' 0.0115
0.589 - 0.0098

‘ 0.601 D.0188 ‘
0.611 " 0.0159
0.622 | 0.0122
0.633 0.0160
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The variation in birefringence with wavelength for an aqueous é.
HPC-L solution. Birefrigence values at each wavelength were X %
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which was then solved for the birefringence. ° )
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TABLE IV.2

Vd

Birefringence Values Heasdred for HPC Solutions . .
with the Abbé Refractomater

HPC Volume Fraction Solvent Birefringence -
' (s,) : (4n)
0.330 CH,,OH 0.0022
0.370 ’ 0.0026
0.433 . 0.0042
0.516 v 0.0048
’ ) 0.554 ‘ 0.0065
. 0.353 CH,COOH 0.0040 .
0.480 ﬂ 0.0043 ‘
0.538 0.0063,
0.393 . P 0.0020
0.415 o 0.0035
T 04437 B ' 0.0046
0.439 . 0.0058
v 0,455 . 0,0044
0.469 0.0045
0.486 - 00046 ) %
0.490 0.0037 %
0.518 0.0043 {
) 0.544 - ° 0.0038 "
. 0.5646 ‘ 0.0048 f
N 0,562 0.0041 !
- 0,595 0.0049
0.598 , 0.0078
0.616 * 0,0056
0.632 0.0055

4 7 e ————
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is congiderably more scatter in ths birefringence data than in organic

solvents, Birefringences measured for elongated water—cast HPC films are

reported to vary from 0.002 tos 0,009 depending upon the slongation of the

HPC films (37)., These birefringénce values are the same order of magnitude

1

as the birefringences measured for aquaous HPC solutions. In water the
measured birefringences ranged from 0.002 to 0.006 -over the HPC volume
fraction range of 0.40 to 0.63 respectiuely; These measured bir;Fringence
values are approximately half of those calculated from theAURD data and
Equation IV.9, Figurs IV.1l6 illustrates schematically one way in which the
discrapéncy in measured and calculated birefringence can be accounted for.
The cholesteric planar structure illustrated in the upper half of Figure
IV.E% can be visualized as being viewed along the z-axis of tﬁg Abbé
ref;actometer. The mole;ules depicted in Figure IV,16 are those within the
plane of the Abbé refractometer plate (xy plane). When viewing a sample of
the helicoidal cholesteric material along the z=~axis, the molecules in;the
xy plane have an equal probability of being aligned in all directions and
thus the molecules appear to have a random distribution. Assume that the
polymer molecules can be represented as cylinders., In this case, the
molecules have only two different refractive indices — one in the axial
(na) and one in the radial (nr) direction., The birsfringence measured’with
the Abbé refractometer is given as n,=n, or the difference in refractive
indices across and perpendicular to the prism surfacas of theIAbbé 4
refractometer. Using the polymer molecule axis system definad above, the
refractive iﬁhices depicted in the upper half of ?igura IV.16 have the
following valuess n, = ny =N 4+0 and n, =n. Subst%tuting these

2 - ;

/
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FIGURE IY.lG Schematic view of the modsl invoked to ?ccount for thaldifference
in birefringence measured with the Abbé refractometer (upper)
and. the layer birefringence as required by De Vries' rotatory
pbwer theory (louer). See text for a mpre detailed explanation
of the model. ‘
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rqpults into the above expression for measured birefringence it can be seen

that

N+ N ]
b4 z 2 r b
na - nr
= 2 ¥ Iv,.10

is the birefringence measured with the Abbé refractomstsr,

The lower half of Figure IV.1l6 illustrates the layer birefringencs ;
as defined by De Vries in his theory “for cholesteric materials, Clearly
the helicoidal structure hé; been untwisted and now all the molecules within
the xy plane point in the same direction, As illustrated the layer
- birefringsnce is again the diff3rgnce in refractive indices across. and
parpendicular to the Abbﬁ prism surfaces or n =n,. Employing the p;lymer

2

molecule axes defined in the pFSVioue paragraph, it can be shown that the

-

second molecular arrangement in Figure IV.16, when viewed in the Abbé

rafractometer, should give a birefringence of

A =N = N_=n fv.1l

™~
According to this simple model, the birefringsnce for the untwisted

> S R e et 1 et LR UL

cholesteric layers should be double that for the twisted cholesteric




P v e sTERURYIE g Sy v
[

¢

208

0 Ed
s “ .

structure as determined in Equation IV.1l0. This explains the differsnce in

birefringence values’réported for the HPC solutions in Tables IV.1l and IU.Z;
Specifically, the birsfringences msasured in the Abbé refractometer ware on

the natural helicoidal cholesteric material. The layer birefringencés ‘
calculated by fitting Equation IV.9 to the ORD data were birefringences for’

the untwisted cholssteric mgiarial as defined by Ds Vries. Comparison of

the data in Tables IV.l and IV.2 shows that for a particular HPC yolume

fraction the measured birefringence (Table IV.2) is half the calculated

layer birefringence (Table IV.l). These results would seem to confirm the

At

correctness of the models proposed to account for the birefringence of the

twisted and untwisted cholesteric structures and also provide an independent

S Mol I wbe

method for evaluating the layer birsfringence.

-

IV.3,3 CHOLESTERIC COLDRS AND SHORT PITCH SAMPLES

Both spectrophotometric and ORD data prove that the reflection

lyotropic

-~ W

Qavelength at normal incidence chinges with concentration for
HPC solu@ions. This is illustrated for several agueous HPC samples in

Figures 1V.17 and IV,18, This effect was alsc confirmed visuall? in that
the cholesteric iridescent color of the samples varied with the HPC con=

centration as is depicted in Figure IV.19 and as is summarized in Table IV.3.

# . »

These same samples in the light microscops exhibited a birefringent planar
texture as shown in Figure 'IV.20., The helicoidal pitch, as defined in 1

i
Figure IV.1l, is a fundamental paramster of the cholesteric mesophase., For

this reason, thes variation in pitch with solution concentration is of more

P e
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Spectrophotometric data illustrati;g the change in reflection
wavelength maxima with the HPC<E and L concentration in water.
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”

,Three typical examples of the lovely cholesteric iridescent

color exhibited by short pitch (375 = 700 nm) aqueous HPC

solutions;
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TABLE IV.3
Hydroxypropylcellulose Weight Fraction in wate:\ Needed to
'Produce a Particular Cholesteric Iridescence
Iridescent Color ’La HPC Weight Fraction
. (wz)

Rad ’ 0.55 = 0,59

GrBBn 0060 - 0.63

Blus 0,64 = 0,68 . H

Violet . ’ 0.69 = 0,72
{
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COLOURED PICTURES
Images en couleur

Planar texture sxhibited by a 0.50 weight fraction HPC-L aqueous

golution when examined in the light microscope without crossed
polars, ¢
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interest than the variagion in reflection wavelength with concentration.

Using the refractive index data of Figures IV.9 and IV,10, the helicoidal

pitch for the HPC solutions was determined from Equation IV,.1l.
P = AO/n V.1

The helicoidal pitches, thus calculated, were found to vary inversely with \ ]
the :third power of the polymer weight or volume fréction. This éame

relationghip betwesn pitch and volume Praction has previous“ besn reported

for aquaous (25,38) andiorganic (38) HPC sclutions. Howevsr in both

published reports only one technique, either spectrophotomstric (25) or ORD

(38), was used in the evaluation of the pitch valuss. In this work both of

the aforementioned techniques werse used to calculate the helicoidal pitch

for three different types of HPC samples in aqueous solution and these

i

results are illustrated in Figurse iV;Zl. Although there is considerables

gcatter in the experimental points when both ORD and spectrophotometric

S B B B

data for the three HPC types are plotted on the same graph, the reported s

relationship betwseen pitch and the HPC weight or Qolume fraction is found

DAL

-~

* H
Figures IV,22 and IV.2$ish0w the variation in pitch values determined froT

K
5
;

ORD and spectrophotometric data respectively with HPC-L wolume fraction,.

Identical plots have been made for aqueous HPC~L solutions and these ars

presented in Figures IV.24 and IV,.25, Comparison of Figures IV.22, IV.23,
\ )

IV.24, and IV.25 illustrates four interesting points, Firstly, there is

more scatter in the pitch values calculated from the ORD data than from the

- gy - A——————
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i
spectrophotometric data. A possible reason for this behavior will be

elaborated on in the next paragraph. Secondly, the slopes of Figures 1V.22

and IV.23 and Figures IV.24 and IV.25 are very similar in spite of the
TS '
¥

scatter in the ORD calcuﬁé%ﬁﬂ?”" h values, This was taken as confirmation
Y :

e A

that both the ORD inflsction wavelength and the spactrophotometric
reflection maximum are measuring the same phenomenon —— the selective
reflection of light from a safies of equally spaced birefringent layers ;
stacked one atop another. Thirdly, the slopes of Figures IV,.23 and IV¥.25
are very similar but not exactly identical indicating, perhaps, that molar
mass has a very slight effect on the helicoidal pitch. Empirically for - ;
aqueous HPC~L solutions the relationship between helicoidal pitch (P) and

the HPC volume fraction (¢2) can be expressad as ,

=1/3 0.271¢, - 0,0123 IV.12 ‘

while for aqueous HPC-£ solutions the corrssponding expression is

p=1/3 0.282¢,, - 0.0163 IV.13

Fourthly, the excellent correlation coefficients of 0,993 and 0,999 for
Figures IV,.23 and IV.25 respectively would seem to confirm the validity of
the poatﬁlated relationship between helicoidal pitch and HEC volume
fraction, The above result is in contrast to polypeptide lyomsesophases
whare the helicoidal pitch has been found to vary inversely as the square

of the polymaer concentration in g/100 mL (5-6). It may be argued that over

P L T
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the rather narrow volume fraction and pitch ranges investigated any funce

tional relationship (P-l/2 1/2 1/3 =2

vs ¢2, P vs 43, P vs ¢2, P ve ¢, etc)
between P ahd‘¢2‘mill be approximately linear, This is in fact true as is
‘shown in Figure IV.26 where the data of figurs IV.25 have been replotted in'
the form of P-l/2 versus ¢2 and the correlation coefficient for this plot

is 0.998. Based solely on correlation coefficient values, the best data

fit is obtained with the inverse third powser relationship between P and ¢2.

Data to be prasented in the next section covers a much broader pitch and
concentration range in a different solvent and it strongly supports the
chosen inverse third power relationship between the helicoidal pitch and

the HPC volume fraction,

As previously mentioned the wavelength of light normally reflected
by a cholesteric structure is given by Equation IV.l, However if the
incident light strikes the helicoidal structure at an angle other than 90°
then the wavelength of light reflected by the cholesteric depends upan the
angle of incidence as indicated by Equation IV.6., By equipping a Pye
Unicam spectrophotometer with a variable angls specular reflsctance
accessory it was possible to measure a reflectance wavelength at ssveral
different angles of incidence for the HPC samples. These results are
depicted as closed circles in Figures IV.27 and IV,.28 for two typical HPC
solutions. The solid lines in these Figures reprasent the theorastical

change in reflection wavelength with angle of incidence as calculated

using Equation IV,6, The excellent agreement betwseen the experimental and

0

" theoretical values for the reflection wavelength, once again, confirms the

Y
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]

The variation in helicoidal pitch (P) with HPC-f£ volume fraction
in agueous solution. The above data are the same as those in_
Figure IV.25 but a different functional relationship‘batqaan P
and the HPC volume fraction has been plotted. See text for more

details,
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FIGURE IV.27 ‘?"i'he variation in reflection wavslength (/lo’i) with incident lighst
angle (¢i)‘ The solid line is the theoretically predicted
variation in Ao,i with ¢i calculated using Equation IV.6 and the
following datas n = 1,425, P = 434 nm, and ¢i = d)r. The closed
circles reprasent expsrimental reflection wavelengths obtained
‘for a 0,58 HPC={. weight f’ractlion aqueous gsolution at various
incident light angles, 5
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FIGURE I\i.28 The variation in re'flectiol% wavelength (Ao’i) with incident light
angle (d>i) for a 0.64 weight fraction HPC~L solution in water.
The closed circles are expsrimentally determined reflsction wave=—
iengths at variocus incident light angles. The solid line is the
theorstically predicted variation in 'lo,i with ¢i calculated

using Equation IV.6 and the following data: n = 1.436, P = 336,
and ¢i = ¢ro
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cholesteric charactsr of the HPC solutions. The thin Hellma cell was
difficult to position exactly perpendicular to the ORD incident light beam,
Any misalignment of the cell would result in a shift of.lo for the sampls

to lower wavelengths as predicted by Equation IV.6. This may explain the

"slightly higher and more scattersd values calculated for the helicoidal

pitch from ORD data than from spectrophotometric data.

IV.3.4 SHIMMERING COLORS AND LONG PITCH SAMPLES
.

. Hydroxypropylcellulose solutions in organic media, notably acetic
acid, exhibited distinct periodicity liqes when examined in the light
microscope. An example of these linas is shdwn in Figure IV,.29 for a
typical fingerp;int textured sample of HEC. The observed periodicity lines
corrsspond to ane~half of the helicoidal pitch and are a reﬁ%qﬁtion of a
layer-like structure which repeats itself every one to thraefﬁiorons.
depending on the solutian c;ncentration. As reported by Uematsu and
Uematsu (39) for polypeptides it was f0uqd that a thick sample of polymer
in a dished microscope slide (0e8~mm deep) was required to produce distinct
and highly visible periodicity iines. A thin sample of the sams BPC l
solution on a flat microscope slide exhibited no periodicity line;.

Figure IV,30 illustrates one way in which this "now you ;ee them now you
dontt" effect of the periddicity lines can be explained. The depth of a
dished microscope slide can easily accommodate the depicted orientations in

which some layers have their helicoidal axes parallel to the cover glass

surfdce' and the helicoidal layers appear as discreta eqhally gpaced lines
| SR g

PY)
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" FIGURE IV.29

Typical periodicity or fingerprint lines visible in the light

microscope on examination of an nganic HPC solution with large

pitch, The sample was 42,9% HPC-L by weight in acetic acid.

The periodicity spacing is 1310 nm and therefore the sample

pitch is 2620 nm,
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Dished Slide Flat Slide

FIGURE IV.30 A schematic view of the probable helicoidal orientation of HPJ

in a dishéd and a flat microscopé slide,
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b
when viewsd from above. On a flat microscope slide the helicoidal axis is

sssentially always perpendicular to the cover glass surface and no lines

are visible.

e

As noted earlisr the fingerprint spacing was found to vary with *

-

the HPC concentration, Specifically as the HPC concentration incrsased,

the spacing between the periodicity lines decreased, until ult;imately thay

.could no longer be distinguished in the light microscopse. The open circles

in Figure IV.31 show how the helicoidal pitch (or double the periodicity
spacing) varied with the solution concentration as ‘measured in the light >~ ~°
microscope. The resulting straight line has an empirical equation giveﬁ

by
b /3 0.119¢,, +0,0239 V.18 T

This inverse thifd powsr relationship beéwaen pitch and HPC volume fraction
is identical to that found for short pitch HPC samples. The helicoft;al

pitch for fingerprimt textured samples was also measured using a laser light

diffraction technigque. Normal illumination of a long pitch HPC gample with
. | .
a He=Ne lasar produced one relatively sharp diffraction ring as illustrated

in Figure IVe32. Illumination of this same sample with white light produced
7}

a series of concentric colored rings as depicted in Figure IV.33. By the

use of Equation IV.8 for the scattering of light from a diffraction grating,

it was possible to calculate the psriodi}: spacing responsible for the |

diffraction ring illustrated in sz:gure IV.32. This was dong for sasveral
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the crossed polars of a light microscope.

Variation in helicoidal pitch (P) with HPC-—L volume fraction

in acetic acid solutions exhibiting fingerprint textures under

The open circles

.- reprasent the pitch values gbtained by direct geasursment of

—
¥

o R OO Fond b nn s

text for more details,

the sample periodicity lines visible in the light microscope.
The closed circles superimposed on bars repressnt the sample

. pitch values calculated from laser diffraction patterns. Sge
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[\ .

Print illustrating the light diffraction pattern obtained for

a 0.35% weight fraction HPC—f .acetic acid solution by using a
He=Ne laser as the light sourca. The sample=to=film distance

was 6.6 cm.
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-

Illustration of the rainbow-like diffraction pattern obtained for

3
a HPC~L acetic acid solution which is illuminated by white light.
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different HPC solution concentrations aad the pitch values obtained are

plotted as closed circles with error bars in Figure IV.3l. The closed

N

f X
circles reprssent pitch values calculated assuming the diffraction ring

midpoint defines the radius of thas ring. The error bar limits repra;;;f
pitch values calculated from the corresponding inner and outsr radii gf

the diffraction ring, Intuitively one would expect the diffraction ring
midpoints to give pitch values identical to those measured in the liéht
microscope. This, however, was not the case since the data in Figure IV.31
clearly show that the pitch values calculated from the optical diffract?on
rings appear larger than those measured by optical microscopy. The iaason
for this systsmatic result is not known but its origin cannot be solely .-
attributed to measurement errors. Identical pitch values for optical
diffraction and microscope measurements on polypeptide solutions have
recently been reported (40), but the authors included a refractive index

term in their calculations that is inappropriate for this diffraction

situation (27).

Fingerprint textured samples although having pitch values between
1000 and 6000 nm — well outside the visible regioq of the spectrum (300‘20
700 nm) = nevertheless, exhibited lovely shimmering colors that have been
attributed to the scattering of light from a structure reseﬁgling a liquid
diffraction grating. The;e shimmering samples were found to change color
dramatically as the sample viswing ;ngle was varied. This is illustrated in
Figure IV.34 uwvhere the same sample is viewed at three slightly different

incident light angles. Unfortunately, unlike the smaller pitch samples, it
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FIGURE 1V,34
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COLOURED PICTURES
Images en couleur

.

:

Shimmering iridescent colors exhibited by.a HPC~L acetic acid
solution viewed at three slightly different incident light angles
(third photo on next page) to illustrate the dramatic effect of

viewing angle on the reflection wavelength of the sample.
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FIGURE *IV.34

Third photo.
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was not possible to obtain transmitted light intensities for thess

shimmering samples on the Pye Unicam spectrophotometer. It was thus
impossible to test the validity of Equation 1V.7 quantitatively on these
samples. Qualitatively, however, the reflected wavelength for the long

pitch fingerprint samplas‘varied much more with the incidence angle than ,{N/
it did for thé short pitch cholesteric samples.

ramneid)

IV.3.5 SHORT AND LONG PITCH SAMPLES IN METHANOL
\

Aqueous HPC solutions exhibited neither long pitch pasiodicity
lines nor shimmering colors. Acetic acid HPC solutions exhibited short
pitch cholesterlc colors at a HPC volume fraction of approxlmately 0.65 to
0.79., Howsver these solutions could not be used in the ORD spectrometer
because they were very inhomogensous and v%ftually glassy gsls, * Some
gffort was, therefore, expenaed in searching for a single solvent in which

both long and short pitch liquid crystalline solutions of HPC might be

obtained., Only in such a solvent could it be stated with confidence that
the helicoidal pitch varied with the solution concentration in the same

manner regardless of the system pitcH range (long or short). i

‘Hydroxypropylcellulose methanol solutions were found to exhibit

short pitch cholesteric colors and planar textures over the HPC volume

fraction of 0.45 to 0.66, Over the volume fraction range of 0.33 to 0,37
the samples exhibited long pitch shimmering colors and fingerprint textures.

This system of HPC and methanol, thersfore, seemed to be an ideal ons in

o T S e
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which to verify the proposeq inverse third power variation in helicoidal
pitch with HPC volume fraction. The wide range of pitch values accessible
in this system should eliminate any questions concerning the uniqueness of
the relationship betwsan P and ¢2 for HPC solutions., The pitch results for
the“HPC‘methanol solutions are presentsd in Figure IV,35, The large pitcﬂ
values were obtained from both laser diffraction patterns and microscopic %
measurements, while the short pitch valuasdyere determined from: both specs
t:ophotometric énd ORD data. Empiri&ally it was found that in methanol

p"l/3

= 0'206¢§ + 0,00965 1v,.15
The exact physical significance of the different slope and intercept values
for the pitéh and volume fraction relationships in the three solvents
investigated is unknoun at present, but on comparison of Eguations 1IV.12,
IV.l4, and IV,15 the interesting point arises that the lower the critical
‘volﬁme fraction for mesophase formation, the higher the slepe and intercept

values for the P versus ¢2 equation in that solvent. These results are

summarized in Table IV.4.

IVe4 Conclusion
Dilute HPC solutions exhibited plain negative ORD spectra
indicating that the individual HPC melecules are optically active. The

good fit of this same data to a ong term Drude equation indicates that

A,
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Variation in helicoidal pitch (P) with HPC=L volume fraction
in methanol solution,
, diffraction and microscope results obtained for large pitch

samples.

. metric results obtained for short pitch samples,
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Slope and Intercept Values from Plots of Pitch Versus Volums

Fraction for HPC in Several Solvents

HPC Mesophase Volums Fraction Solvent

(s.)

, 0.27 CH,,COOH

0,33 CHSDH

0.37 H20

Slope

0.119
0,206

0.271

Intercept

00,0239
0.00865

-0,0123
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the HPC molacules are in a random rather than helical conformation in
solution, Concentrated HPC solutions exhibited anomolouéﬁnegative ORD
spectra in which the optical activity of th; samples was hundreds or
thousands of degrees largsr than that cbtained for the dilute solutions.

4

The only explanation for this behavior was that HPC forms a cholasteric
lyomesophase in concentrated solutions., This was confirmed in that the
optical data for HPC could be fitted very well to De Vries' theory of

)

cholesterics by using only one fitting parameter == the layer birefringence.

The birefringence for anisotropic HPC solutions was measured with
an Abbé refractometer. This measured birefringsnce was half of the
calculated fitting layer birsfringepce obtained above., A model was
proposed to explain the discrepancy between the measured and the calculated
birefringence.s In addition, the angular depsndence of the reflection wave~
length was investigated and it was found to agiee with the theoretical
prediFtioﬁs of Fergason's esquation for cholesteric systems (Equation IV.6).

An inverse third power relationshi; bgtweeq the helicoidal pitch
and the HPC volume fraction was found to exist in several solvents ovar a
relatively large range of pitch values, Hydroxypropylcellulose was also
found to disﬁlay both cholesteric short pitch and shimmering long pitch
iridescent colors in the same (methanol) and in different (water, acstic

acid) solvents.
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V.l Introduction

X=ray diffragtion‘can be a very powerful technigue for determining

the structurg}nf materials, At one sxtreme, where perfect single crystals
g ,

of pure compénents‘are available, detailed diffraction patterns can provide
exact information on the geometrical distrib?tion of the scattering elements.
At the other extreme, scattering from ;}quids or amorphous solids gives a “
broad continuum of diffraction intensities from which the distribution
function of electron densities can be determined. Wide~angle x-ray
scattering provides information abuut\the arrangement of atoms in space
because the x=ray wavelengths are comparable to the interatomic distances'

in cryétals (1), Larger periodicities arising from lamellar structures are

generally investigated by the loweangle x-ray scattering method (1).

[

Liq5£ﬂ crystalline systems, being by definition ordered §fluids,
exhibit intermediate diffraction patterns., Specifically, nematic liquid
crystals are characterized by only one relatively broad hals in the wide=-
angle x-ray region which is attributed to the sho;t-range positional order

associated with nematics (2). Smectic mesophases are characterized by

~ several sharp reflections in the low-angle x-ray region and one broad halo

in the wide-angle region. In general, the sharp reflections are attributed
to the regular packing of the smectic layers and the broad halo reflects

the positional ordar of the side groups within theilayers (2=3). Cholester;c
mesophases, possessing no distinct molecular layers, do not exhibit any

reflections in the low-angla x-ray reéion. Since a cholesteric is sometimes <«
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regarded as a twisted nematic (4) it is not surprising to discover that
cholesterics usually exhibit only a diffuse halo in the wids-angle x—ray
region unless they have been subjected to a shear gradient, in which case
the molecules become preferentially aligned in the shear direction and
distinct arcs are visible at the halo equator. X-ray diffraction patterns
have been used to study the polymeric liquid crysta}line phases of poly=Y=
benzyl=l~glutamate (5-6) and polymeric nematics and smectics (7). An x-ragy
diffraction investigation of the cholesteric HPC mesophase was undertaken

in the hope that this would yield some information about the chiral forces

fed

4

existing between the HPC chain segments., . !

s

V.2 Experimental

X-ray scattering experiments were performed uith a Philips PW 1730
nickel=filtered Cu Ka (A = 0.154 nm) x~ray generator and a Warhus flat film
camera. The outer and inner pinhole (or collimeter) diameters were 0,015
and 8,025 in respectively., The x~ray scattering was recorded photographi-
cally on Kodak "No Screen® film with exposure times varying from three to
eight hours depending on the solvent and HPC solutioen concentration, The
sxperiments were performed under vacuum to minimize the effects of background
scattering, The mesophages studied included HPC in water, HPC in methanol,
HPC in acstic acid, and acetoxypropylcellulose (APC) in acstone. Gentle
water suction was used to fill 0,5-mm diameter thin wall quartz capillariss

(Charles Supper Co) with the mesophase., The filling process required frjﬁ
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\

one to forty-five minutes depending on the viscosity of the solution being

used, Capillaries were filled three-quarters full and then flame ssaled.

s Wl S R MR E Rt ot e

The ends were dipped in molten wax to ensure a firm seal.J Samples uwere
allowed to stand overnight to remove any orientational effects introduced
by the suction filling process. It was hoped that the ef:fects of any
solvent evaporation occurring at the suction anﬁ of‘l‘ the capillary might be
rendered negligible by positioning only the lower half of the filled

capillary over the collimeter during irra‘digtion.f The mesophasse solutihons

were prepared following the procedure already described in Chapter III and
they ranged in concentration from 35 to 70% HPC by weight in water, methanol,
acetic acid, dioxane, and morpholine and from 55 to 100% APC by weight in

acetone.

&
»

Calibration of the sample-=to=film distance on the x-ray instrument
! '

was achieved by obtaining a diffraction pattern for cholesterol. Eight of
i d

the strongest diffraction rings were then matched witH' literature ring

PR

spacings (8~9) and the célculated sample=to=film distance was l7.4 cme, Both
the HPC and APC solutions gave xeray diffraction halos rather than sharp
rings., The distance from the diffraction pattern center to the halo midpoint

was taken as the x-ray ring radius, The radius was measured at twelve

the radius did not vary by more than 0,05 cm. In addition if two different
capillaries were filled with the same solution, the resulting diffraction

halos gave x-ray spacings which were reproducible to within 0.04 nm,

¥
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¢ ( V.3 Results

Hydroxypropylcellulose lyomesophass s\plutwns sxhlbxted m.\e-angle
e
: X=Tray d:.ffractmn patterns cunszstn@ of only one broad diffuse halo, \an
" example of th.ch is illustrated in Figure V.l. T{’:a halo diameter decrease}$\/

steadily as the HPC concentration of the solution mas increased, Thse x=ray

d spacings were calculated by using Bragg's 'scatter&ng equation which is

shown below ' ! \

\

A = 2d sinf Vel
where A = the xX=—ray beam wavelength
d = the distance between the scattering elements . .
6 = the angle of diffraction defined by tan 26 =
r/1 where r is the diffraction ring radius

and 1 is the sample=to=film distance

The resulting x=ray d spacings for several aqueous HPC solutions have béeq
listed in Table V.1, The diffuseness of ths x=ray halo in aqusous media

made. it very difficult to determine an unequi'vocal relationship between d
and the HPC volume or weight fraction, For this reason, x=ray diffraction

‘\ studies were also undertaksn on some other mesophase systems, namely, HPC

¥

in methanol, acetic acid, dioxane, and morpholine and on APC (10=11) in
acetone, figure V.2 shows the slightly sharper x-ray diffraction halas

obtained for some typical HPC methancl and APC acetone solutions, The
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X-ray diffraction pattern generated by a 0.489 volume fraction

HPC= agusous solution, The sample-to=film distance was 17.4 ., .

cm and the calculated d spacing was 1.35 nm.
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HPC Weight Fraction

()

0.5173
0,5416
8.5796
0,5960
0.6121
0.6600
0.6771
0.3576
0.6508
0.3836

0.5066

0.6037

0.6056

HPC Voluma Fr,action d

($,) (nm)

0.465 ’ 1.35

0,489 | L.35
0;528 : l.34
0.545 1.33
0.561 . 1,32
0.611 1.29

0,629 1.28 . i
0.322 1.58

, 0.614 1.31 ﬂ
) 0.343 1.54
0,463 1.35
0.561 1.28
0,555 1,42

s a
Solvent .
) H20
h
%
CH3C00H
C 4“802
: )
; ) c AHQON
E ¢
&

. »

7

. SRS r W L
228 0 B 5 5 Wt ISR £ 07 - §




FIGURE V,2 The x=ray diffraction pattern on the left was obtained for a HPC

methanocl solution Win which "¢2 = 0,608 and d was calculated to be
1,35 nm, The x-ray giffraction pattern on the right was obtained
for an APC acatone solution in which ¢2 = 0,601 and d was
calculatsd to be 1,54 nm,
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va)»x.;‘iation in calculated x~ray d spacing with polym—er volume fraction for
HPC in methanol and for APC in acetone is depictaa in Figures V.3 and V.4
raespectively, The x=ray d spacing for APC in other organic solvents was
also found to decz;aase as the polymer concentration was increased as is
shoun by the data listed in Table V.l. Practical difficulties, arising

from the extremely viscous naturs of‘}the HPC solutions, made it impossible

' to fill the x=-ray capillaries with solutions whose volume fraction exceeded

0.76 HPC. The APC solutions exhibited much more fluidity and, as & result,

the highest usable volume fraction for these solutions was 0,90 APC.

The x-:;:ay d spacing results of Figurss V.3 and V.4 can be.
qualitatively e;cplained in the following way. Region A is the two phase 1
ragior; where both isotropic and anisotropic matsrial coexistj; within this
region‘the concentration of sach phase should remain constant, only their
proportions should change. Thus it is not éurpr;'.éing to find that within
this region the x=ray d spacing is Bssentiaflly constant, Region B consists
solely of anisotropic material and the x-ray d spacing decreases gradually
as the concentration of polymer in the sclution is increased., This result

was sxpected as will be eldborated on in the next section. The relativaly

narrow range of d spacing values from 1.2 to 1.7 nm.is really too small for

an absolute relationship bstween _d and the polymar vol;.une fraction (¢2) to
be established, Howsver, from the avaii’able data the best corrslation

coefficients are obtained when d is allowed to vary linearly with ¢2. The
lyomesophasgse volume fraction at which thes d spacing begins to decrease may

perhaps be used to detect the end of the two phase coexistence region, It

!
3
i
j
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is interesting to note that for APC from x-ray data the end qf the two
phase region occurs at an APC volume fraction of 0.65. This value agrees
very well with the APC voluge fraction of 0,64 previeusly reported as
corresponding to the start of the purely anisotropic mesophase (10). For
aqueocus HPC solutions the end of Ehe'tuo phase region is reported to occur
at a 0.51 HPC volume fraction (12), This value agrees relatively well
with the 0.49 HPC volume fraction deduced as the start of the purely

anisotropic mesophase from the x=~ray data contained in Table V.l.

V.4 Discussion

The physical significance of the equgiﬁentally determined x-ray

'd spacing and its variation with the mesophase volume fraction for both

the HPC and APC cholestsric syst%ms will now be considered in greater
detail, Firstly, the fact that the diffraction pattern produced by the
mesophase is a~halo suggests that there is littls macroséopic orientation
of the sample within the x-ray capillary. The faint arcs which appear in '
the x-ray patterns illustrated in Figures V.l and V.2 may perhaps be due
to a slight orientation of the mesophass along the capillary walls.
However, since these arcs are relatively indistinct, it would seem that no
extensive preferential orientation of the mesophase has occurred in the
bulk sample, Secondly, the diffuse nature of the diffraction halo
indicates that the separation between the scattering elements of the

mgsophase is not exactly uniform but that it varies about some mean spacing.

iy
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This is a reasonable assumption to make because o% the fluid character of

the liquid crystal, The scattariﬁg elements within the cholesteric material
must be the constituent rod=like molecules. The x-ray beam passing through
a small volume slement of the mesophase would see the rod;like moleculss as

being essentially parallel and thus the x-ray d spacings calculated are must

likely to represent the mean spacing between ths rod=like molecules in the'{

0

cholesteric,

The mean spacing betwsen the ‘constituent rods of the chalesteric
should vary with the polymer volume fractionj if the number of rod-like

molecules in a given volume element is increased then the spacing betwsen

k)
Y

the rods should decrease. Lacking any specific information about the packing

arrangement of rods in the HPC or APC mesophase, the following general model
is proposed to providela theoretical prediction af how the mean spacing
betwesn rods should vary with the polymer volume:fraction. The mesophase

is ﬁ? be divided inté long volume elements of cross—section A. Each cross-
sectional area A should contain part or parts of cne rod=like chain

moleculs whose crossesection is a., This model is depicted schematically

in Figure V.5. The volume fraction of chains (¢2) contained within a cross-

sectional area A is given by Equation V.2
9, = a/A V.2

and the mean center-to-centsr distance betwsen neighboring chains (E} is,

given by Equation V.3,

e

o

i
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A schematic view of the model proposed to represent the arrangement
of rod-like cholestsric molecules within a small arbitrary cross—
sectional area A. The molecular: cross—~sectional area is a and the

mean centar=to~center distancs between the rods is El-.
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Note should bé made that chain end effects have begn neglected in the above
odsl because if the distance betwsen chain ends is assumed to be of the
salpe order as the mean spacing,'a, then ,the probability of finding a chain
and gap within a cr;ss-sectional area A is EVL,‘whara‘L i; the mplymer chain
contour length. Sance‘L is very much greater than'E‘ chain end effed
the model are nagligible; The bsauty of Equation V.3 lies in the fact that
no particular packing arrangement for the rods has to be assumed and that
the slope of a plot of 31395395‘¢ 1/2 ;}bea an estimate of the chain crogsg=
sectional ares. In addition at #2 = 1 the chain molecule and volume elsment
cross—sectigzs (a =/A) should be identical == a totally realistic physical
picture for the mesophass. The experimentally determined x-=ray d spac1ng
data for both HPC and APC have hsan raplotted in the form of d versus the
inverse square root of ¢2 as required by the above model, These plots are
depictgd in Figures V.6 and V.7. The correlation coefficients for Figures
V.3 and V.6 are 0,9986 and 0,9944 respectively while the cerresponding
values for Figures V.4 and V,7 are - 0,9982 and 0, 928. Clearly, both™

-1/2

plots of d versus ¢’ and d versus ¢2 give excellent straight lines,
Thls result might havs been anticipated considering the narrow range of
experimental d and ¢2 valfes available for both the HPC énd APC mesocphases.
Although the correlation Eagificients are marginallyxﬁfttar for plots of d
versus ?2’ !%e:e currently aexists no physical explanation for the linear

variation of d with ¢2. But the model proposed in this chapter for the

mgsophase does provide a physically reasonable justification for an inverse

'
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FIGURE V.7 ' The change in‘the x-ray d spacing with the inverse square root of -

the APC volume fraction (¢APC) in acatone solutions.
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. volume fraction than did the HPC or APC volume fractions, The HPC and APC
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squars root depbndance of d on ¢2. ;n addition ihs slope of the d versus
¢2-l/2 plot for HPC is 1.02 while the intercept at ¢2 = 1 on the deaxis is
1,06, Thaese two values ars almost identical aqg they are plausible values,
as pfadicted by the model, for the HPC mu{ecula} cross-gsactional area, The
corresponding slope and intercept values for APC are 1.46 and 1,20 respec~
tively. The reason for the relatively large dié?erence in these twe values
for the APC molecular cross\sectional arsa is unkpown but the 1.20 saems a
more reasonable valus for tﬁe APC cross=sectional area becauss the x-ray d

spacing for an APC fiber is l.24 nm. Acetylated propylénq_oxide side chains

are bulkier than hydroxypropyl side chains; tﬁ%rafnra, g cellulose backbons ;

with bulkier side chains should have a greater cross—sectional area than a
similar cellulosic with smaller side chains. This is confirmed by examina-

tion of .the HPC (1.02) and APC (l.20) cross—sectional areas, It thus seems !&3

. -

that both the HPC and APC experimental data fit the model behavior outlined
reééonably well and, consequently, the x-ray d spacing has bsen assumad to

vary in an inversse sguare root mannar‘uith ¢2 for -both systems,

As mentioned earlier both HPC and APC possess identical backbones
which differ only in their attached side‘groups.QrIt was anticipated that
if side chaixn effacts for both polymers could be eliminated, then the x=ray
d spacing should be identical in each system at a given volume fraction of
cellulose (¢cel). In addition it was hoped that the x-raypd spacing data

would show a better inverses square root correlation with the cellulose

volume fractions were broken down into individual.cellulose volums fractions

~

~&
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by using the following sequence of equatioris.
N iii
\
N "
: Yeol _ cel ; Vod
, Yder Nde'r .
!
‘ u 3 .
cel s
B  cessEEEEE—— V.S ¢
: . cel Wier * Yg )
n,
(]
Veel = ll'c:el/pcal; Vder Yier/Pdar’ Vs = ws/ps v.e
B
v - T
1
¢ - ——El, ‘ Vo7
cel Vaar * Vs ’ . 2
Equation V,7 can be rewritten in the following form by substituting into ’
- 1t Equations V.4, V.5, and V.6,
LY
=1
1 1
$ol = —-[?-c—;-l—— + [ -1 V.7
ce Pcel der Pder Psl_“"der :
Jal
wheaers Wegy ® weight of cellulose in derivative
Yyer * weight of derivative in solution
wy * weight of solvent in solution
m = molar mass of cellulose repeat unit (162 g) ,

cel

Mygp ™ Molar mass of derivative repsat unit (HPC 394 g

and APC 515 g)

.
a
’
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= ygight fraction of cellulose in derivative S
j;

cal

wygp = Weight fraction of derivative in solution

Pey = 0ensity of cellulose (l‘§§s?{mL (13))

s
= density of derivative (HPC£;,23 g/ml. (14)

-

and APC 1,15 g/m. (10))’

Pder

L)
[}

density of solvent (methanol 057914 g/mL o

.and acetone 0.7899 (15)) °. \

volume of cellulose in derivative - 3
C, :
. v = yolume of derivative in solution !

volume of solvant in solution

<
]

volume éraction of cellulose in derivative

o
B

Figure V.8 illustrates a plot of the cellulose valume fractionswgalculated

psing'Equation V.7 for both the HPC and APC mesophases against the corrge

%
sponding x=-ray d spacirgs. The correlation coefficient for the pointh in
Figure V.8 is 0,989, the slope of the line is 0.622, and the intercept at
= 1 on the deaxis is 0,523, The intercept and slope values are nearly

¢cel
the same and they are very clqse to the actual cross-sectional area of a

cellulose molecule. It would thus appear, although there is some scattsr
in the data points, that the cellulosic volume fraction also varies in an

invarse square root manner with the x-ray d spacing.

Until now it has been assumed that within a small cross-sectional
{ .
arga of the mesophase the molecules ars essentially parallel, This is not

axactly truas. Deviations from this parallel arrangement might arise from
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solutions, The cgellulose volume fractions wers evaluated by

making use of Equation V,7.
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thermal fluctuations, imperfect rod%)oriantation,[l“'\or the natural twist of
the cholestaric ‘m’atarial. Figure V.9 schematica ly dapicts the molacularr
orientation within two duccessive layerg of the kolasteric material, Thé
spacing between the molecules or layers' has been depicted as being’ approx;i-

¥

mately equal to the x=ray d spacing, while the angular twist bstween the
cholesteric layers is 6. The origin of the angular twist is L;certain but
saveral theoriess ‘(5,16—17) have, besn proposed to account. for its sxistence.
The most likalfl explanation fc;r the helicoidal tuist is the existence of
asymmetric forces between the chain segments of the cholesteric. Thess
forces in HPC are postulated to arise from the inherent chirality of the

individual anhydroglucose units. For cholesteric systems, the helicoidal

pitch, P, is related to both d and @ (degrees) by the following geometric

’ -
o

relationship
P ’\ ————— V‘a

Optical data presanted in,the previous chapter showsd that the
helicoidal pitEh varies inversely as thg third power of the HPC volums
fraction (P a ¢2—3). Tseng and Gray (10-11) have found this same relation=-
ship is valid for the APC acetone lyomesophase. It has been shown in th‘ié
chapter that the x=ray d spacing varies as the inverse square root of the
polymer volume fraction, If P and d are known forla particul;r sample ‘

then Equation V.8 can be used in evaluating 6 or the avaerage angular twist ’

for the sample. The data needed to calculate d for both the F?PC and APC

|
|
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the average angular twist between molecules in successive layers

“of the structure.
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systems have been listed in Tables V.2 and V.3 redpectivaly, In both o

systems 6 is small and varies from 0,30 to 1.8 degrees over thenentire

mesophésé concentration rangs. .The variation in 8 with ¢2 can be

determined by making use of Egquation V.8 and the known variation of P and .

’ J - -
d with the polymer volums-fraction. Ideally since P @ ¢2 3 and d o, 1/2

5/2

then @ should bs proportional to ¢2 according to the.supstigutinn of

the P and d values into Equation V.8. Figure V.10 shows a plot of this
i
predicted variation of 6 with ¢2 for the APC éé;tone lyomesophase, Although

the data points are not exactly linear they do seem to fit the postulated

/2

¢ versus ¢25 relationship reasonably well., Currently there exists no

-~

real thsory to explain why or how 8 should vary with the polymer volume

fraction, : \

Hydroxypropylcellulose and APC mesophases differ considerably in
their behavior from other polymeric lyomesophases. Consider the cass of

poly=Y=benzyl=L-glutamate (PBLG) in dioxane where P is reported to vary as
c-2 where ¢ is the mesophdse solution concentration in g/100 mL of solution,

1/2

The x=ray d spacing varies as ¢ and consequently & varies as 03/2 (s).

/ -
As noted previously for ‘both HPQ and APC P varies as ¢2 3, d varies as

-1/2
¢2

phases differ in their behavior is unknown but a possible explanation may

s and @ varies as ¢25/2. The reason why PBLG and the HPC/APC lyomeso-

lie in the polymser packing arrangements and their pitch ranges. Low molar
mass mixtures of nematic and cholestaiicpmesophases exhibit anyinverse
linear relation betwsen P and the cholestaric selution concentration (P «

c'l) (18)s The larde\gitcﬁ (> 2000 nm) PBLG system exhibits an inverse
N

*

\
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TABLE V.2

Calculated Angular Twist (9) Betwsen Successive

Layers of the Cholessteric Structure -

* for HPC Methanol Lyomesophases

Pupc _  “Hpc P

. (rm)
0.340 0.4447 . 1926
0.370 0.4373 1640,
0.433 0.5426 1040
0.516 0.6236 632
0.559 0.6589 553
0.608 0.7064 405
0,660 0,7514 320

{

d
(nm)

.-

1.63
1.63
1.58
l.46
1.42

1,35

1.28

0

(deg) .

0,305
0.358
0.547
0.832
10,924
1.20

l.44

* ,
Pitch value interpolated using Equation IV,15

°
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TABLE V.3

Calculated Angular Twist (@) Between Successive

Layers of the Cholestaric Structurs

for APC Lyomesophases in Acetone

% apc

0.455
0.563
0.648
0.689
0,752
™ 0,781
)

0.82

0.826

0,854

0.895

1.000

*
p
(nm)

“apc

0.5482 1756
0.6520 770
0.7280 623
0,7632 525
0.8150\ 413
0.8283 373
0.8699 325
0.8734 321
0,8951 293
0,9254 260

1,0000 196

\
\

(nm)

1,54
1.54
1.54
1,50
l.44
1.40
1,36
1.35
1,31
1.27

1.24

(deg)

0.316
0,720
U:BQG
prNe
1,029
1,255
1,351
1,507
1.514
1.610

1.759

2,278

»*
Pitch values quoted taken from referencs (10)

e
,
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The variation in thay angular twist (@) of the cholesteric structure
with the APC volume fraction (#APC) in acetons solutions. The
angular twist for sach solution was calculated using Ehuation V.8

and the datapontained in Table V.3 §
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square root dependsnce of P on concentration (P « c—z). The HPC and APC

mesophases exhibit both long (900 = 5000 nm) and short (300 - 700 nm)

pitches which vary in an inverse third power relationship with the polymer

. voleme fraction (P « ¢2-3). There thus seems to be a natural progrsession

in the power dependence of the concentration on pitch for cholesteric

systems. The reason for this, if true, is unknown. Howsver, it is possible
that depending on the helicoidal pitch range in the system the molecules may
have different packing arrangements which do not alter the variation in

d spacing with concentration very much, but rather profoundly affect the

angular twist between the layers. . \

0

V.5 ' Conclusion .

- a
v

-

N 2

The mean spacing between the molecules of both the HPC and APC
lyomesophases as determinad by x=-ray diffraction studies was found to vary ;
with the polymer concentration. Howevsr, neither the d spacing nor the ¢2

values were broad enough in range to allow an unequivocal ralationship

/
"between d and ¢2 to be establisheds A genaral model was presented in which

d should vary as ¢2-l/2. The experimental data fit this reiationship

’;ngfunably well and physically plausible values were obtained for the HPC

?

and APC cross-sectional arsas. Ths polymer volume fractions were also
&

broken down into cellulose volume fractions and this data also fit the d
versus ¢2—l/2 relationship quite.wsll., The x-ray d spacing data gave good

values for the ond of the two phase coexistencs region in both polymeric

~

5
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The angular twist between successive layers of the cholesteric

structure was calculated and was found to vary from 0,30 to 1.8 degrees’

g}th the solution comcentration. The exact relationship betwsen ¢ and ¢2 ///\
is unknown but the experimentally calculat®dd data fit a 6 versus ¢25A2

relationship quits well,

¢

Finally, a possible explanation was proposed to

account for the difference in behavior of the PBLG lyomesophase and the

' HPC/APC lyomesophasas.

e

AN

[

et T e O T Ll S Y et

N




e g

4 et g O
v e e L L Tk 2 o o A

| |

i, Refersnces

2,

3.

4.

T

8.

9.

10,

1l,

12,

13.

15,

! 16,

F.W. Billmeyer Jr., "Textbook of Polymsr Science", 2nd ed., Wiley
Intezscience, New York, 1971, pp. 1ll=14, 146-59,

J.H. Wendorff, H. Finkelmann, and H. Ringsdorf, J. Polym Sci,, Polym,
Symp., 63, 2&5-61 (1978).

K. Fontell in "Liquid Crystals & Plastic Crystals",qG.M. Gray and P.A.
Winsor, Eds., £llis Horwood Ltd., England, 1974, Vol. 2, Chapter 4.

This Thesis, Chapter 1. !

C. Robinsor, J.C. Ward, aﬁd R.8. Beavers, Discuss, Faraday Soc., 25,
29-42 (1958).

C. Robinson, Tetrahedron, 13, 219-34 (1961). "
-

5.8, Clough, A. Blumstein, and A. deVries in "Mesomorphic Order in

Polymers and Polymerization in Liquid Crystalline Media", A. Blumstein,

Ede, ACS Symposium Series #74, Washington, D.C., 1978, pp. 1l=-1l.

H.L. Spier and K.G. van Senden, Steroids, 6, 871-73 (1965).

J. Parsons, W.T. Beher, and G.D Baker, Henry Ford Hosp. Med, Bull,,
6, 365-421 (1958),

»

s.L, Tseng, A, Valents, and D.G. Gray, Marcomolscules, 14, 715=19 (1981).

S.L. Tseng and D.G. Gray, presented in part at the 64th CIC tonference,
Halifax, May-June 1981,

J. Bheda, J.F. Fellers, and JeL. White, Colloid & Polymer Sci., 258,
1335=42 (1980).

T. Lukanoff and B, Philipp in "Polymer Handbook", J. Brandrup and E.H.
Immergut, Eds., Interscience Publ., New York, 1966, Chapter VI.

£.D, Klug in "Encyclopadia of Polymsr Science and Technology", H.M. Mark,
N.G. Gaylord, and N.M, Bikales, Eds., Wiley-Interscience Inc., New York,
1971, Vol. 15, pp. 307=14.

"Handbook of Chemistry and Physics", 56th ed., Robert Weast, Ed., CRC
Prass Ince., Ohio, 1975-76. - ..

LY
W.J.A. Goossens, Mol, Cryst, Lig. Ctyste, 12, 237-44 (1971).

o

N X




[ ettt bk ol o S P o S
3
.

€ T BTN e e e

( A 17.

18.

PESE 9 R s N R PN RISV Y SISy 0 GRS S T o fanarore —

i

) 273
A

T.V. Semulski and E.T. Samulski, J, Chem, Phys., 57, 824-30 (1977).
J. Adams and W, Haas, Mol, Cryste Ligs Cryst., 30, 1=8 (1975), \:

>

o,

-

]



- Te il
. a .
- . a -~ A v
< . @ .
T T I S o T T DA Rt - o . - e
« 7 X
P R “r T . - ,
. . ‘
- N .
.
¥ ~ L4 M .
. . » <

he ”
- o
- v »
N i .
- v
° .
- - . -~
. ~ . a
. . " . .
P
N v ' . B
- ; .
4 - <
M 4
“ .
* -~
«
N .
: . .
’ n - .
- S .
- &
— - -
7
. o
=
¢ ¢ - [ .
* .
- . R e
0 °i ¢ R
v - i
‘. »
-
» w r
. s )
. w <
o .
. Ly
o
s
" .
N »
f@' « :
»
‘ -
*
s
el * .
’ ‘ APPENDIX
e »
' -
»* "
. \ ) .
i
H .
1
) ‘L-‘d .
.
>
t 1]
.
v ¢
-
.
.
{
N <
- “
. . .
- °
. v
.
: [N L
L} e
s
L
. .
b »
L] - .
'
+ .
.-
' '
i .
i / .
y ~ N ~
’
N e’ &
i f
! A

B R S LTy




- : 275

L4

CONCLUDING REMARKS AND SUGGESTIONS FOR FUTURE WORK
. , ¢ 3 p
Tha present investigation h;s ancounierad the often—~reported
difficulties in characterizing a. highly polydisperse cellulose derivative.
The effects of samplae polydispsrsityland polymer aggregation on the

characterization techniques employea in this study are not well resolved.

Idéally, narrow molar mass fractions of hydroxypropylcellulose are rsquired

for both conventional or low angle lasar light scattering and sedimentation é

equilibrium experiments, If both techniques give essentially identical
molar massas for each fractidn, then sample polydispersity should acqbunt

L]

for the diverse hydronpropylcallulose molar mass results reported in this

V

worke. Alternatively, if fractionated hydroxypropylcellulose samples give
significantly different moﬂar massss from thggabove two techniauas then
the rolé of polymer. aggregatiaon (igduced either by time or shéar) on the
characterization procsss must be rs—evaluéted. Thefefore the primary

P

objective of any further rassarch in ﬁha‘succassful characterization of

this polymer should be dirscted towards the development of an effective

0
%
A
;\“\
i
i
%
]
{
{
i
1
¢
I
%
u

i)

fractionation method.,

Chain stiffness is a necessary but insufficient requisite for
anisotropic phase separation in csellulosics. Flexible side groups while
increésing polymer solubility may also permit the cellulogic chains to

<

slip past ona-anothsr, thus endowing the system with enough fluidity to

B
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becoma masomorphic at high polymer\éolume fractions. The absence of
flexible side groups‘is believed to result in crystallization or formation
of an unorisnted gel ;s'is the case for hydroxyethylcellulose, In some
solvents strong solvation of the polymer main chain may usurp the role of
flexible side groups., The role of side group flexibility on anisotropic
phase separation might, perhaps, be best investigated®'by replacing the
hydr?xyl groups of hydroxypropylcellulose by a series of moré flexible .
or CN) side groups., Viscosity measursments on

(Cn 2N+l S

4
molar mass fractions of hydroxypropylcellulose might be undertaken to
ascertain and assass the role of sample polydispersity on the Mark -
- ’ P
Houwink a parameter and, thus indirectly, on chain stiffness in various

H )} or stiffer (CEH

solvents, Tha effacts of non~mesomorphic and ionic groups on the hydroxye
propylcellulosse mesophase formation could be sxamined by studying
capolymer blends of hydroxypropylcellulose/hydroxyethylcellulose and
hydroxypropylcellulose/sodium(carboxymethylcsllulose) in aqueous media.
Tha'proportions of both campqnenté neadég to form and/or destroy or

inhibit mesophase formation might provide some useful information about

the machanism of anisotropic phase separation, d

Hydroxypropylcelluloss does not exhibit a lower consolute
temperature in polar organic solvents, It should, thergfore, be easier to
ubtgin and interpret a qualitative phase diagram for hydroxypr:;ylcellulose
in organic rather than in aqueocus media. In addition, ff narrow molar mass

fractions of“Fydroxypropylcellulbée were available, the exact roles of

v ser svenr memn e s -
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molar substitution and sample polydispersity on the aqueous cloud point
could be assessed and resolveds A more detailed investigation of the
coexisting isotropic\and anisotropic phases might be worthwhile to

determine if anisotrgpic phase separation selectively fractionates the

phases, This type of investigation may perhaps
LY
provide a clue to the unusual concentration dependence of both phases

polymer between the t

across the coexistence rsgion on the Qriginally prepared volume fraction
of polymer, It would also be of interest to redissolve a highly ’
dgncentrated mesophase (~ 70 weight % hydroxypropylcelluloss) from which
ali solvent had been svaporated to determine if, indéad, any fractionation
of the polymsr had occurred.
The excellent fit of the hydroxypropylcellulose optical rotatary
power data to De Vries' optical equations for cholasteric lyomesophases
using only the layer birefringence as a fitting parameter confirms
conclusively that hydroxypropylcellulose does indeed form a cholesteric
lyomesophase in several solvents, The rasu;ting fitted layer birafrine
gence values agree Qquits well with measured birefring;nces according to
the model presentéd. A dir;;t measurement of the layer birefringence
would be desirable and this might be accomplished by searching for a
solvent in which.hydroxypropylcellulose exhibits an anomolous positive

optical rotatory dispersion curve or by investigating the effectq of

strong electric or magnetic fislds on hydroxypropylcellulose.
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The helicoidal piteh of the hydroxypropylcellulose samplss was
found to decrease continuously with time. It was not possible to determine
/
if this behavior was a kinetic phenomenon resulting from the slow parfaction

.of mqlecular order in the mesophase or, simply, a ‘result‘of solvent

evaporation., The latter explanation seems to be ths more likély, but the

a a

relatively regqular decrease in pitch with time would seem to support the)
former explanation. Dissclving the‘lyotropic polymer in an inert

plasticizsr rather than in a volatile solvent and studying tﬁe change in

pitch with time would enable this question ;o be resolved. An investigation --
into the effects of pressure and taqperature on the helicoidal pitch might
provi?e some additional inforhétion about thb molecular structure of the
mesopGase. Theoretical rséégrch oatyhe'hydroxyprolecallulosa masophase

might well be undertaksn to ascertain tha phyéical significance of tha

inverse third Hohsr dapendencs of pitch‘on the polymer volume fraction.

It might also be worthwhile to.examine in mors detail the relation batween

the critical volume fraction of polymer for anisotropic phass separat;on

and the slope and intercept of pm1/3 versus ¢, plots.

Lyotropic mesophases will on heating always exhibit tharmatropic
behavior and hydroxypropylcallulosg is no exception. Although the present
investigation was éonfined to the lyotropic behavior &f hydroxypropyle
cellulose, it would surely be profitable to examine iﬁ greater detail the
" thermotropic properties of hydroxypropylcellulose itsslf, as well asnits

thermotropic behavior in solution, Moreover, a complets spectroscopic

e e o A o oy, & = B R T R g —
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investigat%on of this polymer
Raman, althaugh very complaex,
about tha pos;ible structural
f;atad hydroxypropylcellulosse

significant differences exist

279

)

by Fourier Transfarm Infrared (FTIR) and
would provide soms pertinant information
differencss existing in dilute and concen=

solutions. Preliminary FTIR results shouw

in the 800 to 1500 wavenumber region of the

infrared spectrum. Specifically, dilute solutions show no peaks in the

noted region, red samples exhibit sleven distinct peaks within the same

region, and a whole series of multiplets 'exist in this region fgg purple

samples, Thesa psaks must certainly be a reflection of the structural.

3 .

changas occurring in the system as the mesophase is formed. The FTIR

tachnique might also provide an alternative method for evaluating the

beginning and the end of the biphasic region for the mesophasa.

Finally, a more detailed x=-ray diffraction investigation of the

hydroxypropylcellulose system should be undertaken to determine the

molecular packing arrangemant existing in the mesophase. Studiss of-

mesophases prepared from other csllulose derivatives and solvents over

the broadest possible gomposition ranges should allow an unsquivocal

¢

to be sstablished.

-relationship betwesn the x=ray d spacing and the cellulosic volume fraction

The mesomorphicity of hydroxypropylcelluloss may affer a new

routs to the formation of improved cellulosic fibers possessing higher

orientation and, perhaps, more strangth. The reédy availability of

JERSETI"
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hydroxygropylcéllulnsa, its resistance to degradation, its reasonable '

price, and its novel optical properties would seem to predict a very

usaful future for this polymser, '

s w5 e st W)
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CLAIMS TO ORIGINAL RESEARCH

-]

The claimed contributions of this work to original research are ’ ’///
' Ve —
outlined below. :
\k,v\/’
1, Hydroxypropylcelluloss was the first cellulose derivative found to

- form liquid cryst;llina solutions in water and in polar organic

solvénts.
3
2. Microscopic and optical data were used to prove that hydroxypropyl-—
cellulose forms a cholssteric lyomesophase in all the solvents

* )

investigated.

‘

3. An in-depth study of this cholesteric lyomesophasse in aqueous and
in organic media showsd that optically this polymer obeys De Vries'
optical theory with only one fitting parameter — the layer bire=—

R - \
fringence.

5 bseng,

] 4

be A model has been broposed to account for the discrepancy betwssn
measured birefringences in the Abbé refractometar and calculated

‘

layer birsfringences according to De Vries! tHeory. ¢

5. The refractive index and the bﬁrefringenca for hydroxypropylcellulcse




6.

7

8.

9.

10.

' * 282

in water, acetic acid, and methanol have been measured as a function
of polymer concentration,

vy o -
The helicoidal pitch was for théxfirst time esvaluated from optical
rotatory dispersion spectra and compared with corresponding pitch
values obtained spectrophotometrically in both aqusous and organic
solutions.

Hydneﬁzﬁropylcallulose was the first known polymeric liguid crystal
to exhibit both short pitch cholesteric and long pitch shimmering
iridescence in the same solvent.

\

Over the entire pitch range studied it was found that the helicoidal}
: 4 .
pitch varies invarsely as the third power of the hydroxyprquis:flu_

losa volume fraction,

N

The characterization of this cellulosic was undertaken to compare,
for the first time, thae results from conventional ligat scattering,
low angle laser light scattéring, and sedimentation equilibrium,
Each method gives a different molar mass for the pglymer and some

reasons for this have baen proposad}-

<

Q

The differential index of refraction for this polymer was measured
in water and was found to be virtually independsnt of the polymer

molar masse

PR O, . s




{ 11. A qualitative phase diagram for hydroxypropylcellulose in watsr has

1

@een pragented.\ It does not agree very well with Flory's theory for ,
Eesomorphic phasse saparationhof rod=like molecules and sample poly—\
dispersity is an insufficient factor to account for the discrepancy,
It has been shown that if the Kuhn stat%stical segment length rather

than the molecule chain length is used in Flory's theory a much

better agreement is obtained betwssn the predicted and experimental

critical volume fraction of polyher at anisotropic phase separation,

12, It is impossiﬁle, at present, to predict at what critical volume
fraction of polymer the mesophase will form in any solvent; it does,
however, appear that the critical volume fraction of polymer is lower

in acids than in alcochols.

t

13. X=ray diffraction measurements provided a method by which the end

of the two phase coexistasnce region of the mesophase could be

- 5 *
> evaluated., i

14, The x=ray d spacing or dverage separation between the molescules of X

the cholestsric lyomesophase varied in an inverse square root manner’ T3

with the polymer and cellulose volums fractions. A modsl for the
cholesteric was presented to account for this inverse squ%re root

o)

e o)
depandence of d aon volume fraction,

: 15. The helicoidal or angular twist betwsen ths molecules of the

g ! » ¥
A ’[ ,
.
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. cholesteric was calculated to vary as the 5/2 power of the hydroxy=-
-
0
propylcelluloss volums fraction.
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