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"1 am at a 108S te give a distinct idea of the nature 
of this 'liquid, and cannot do so lIIi thout many, 1II0rds. 
Al though i t flewed with rapidi ty in al.l declivities 
where common II/ater weuld do 50, yet never, except when 
falling in a cascade, had it the customary appearance 
of limpidity. It was, nevertheless, in point of fact, 
as perfectly limpid as any limestona watar in exia­
~tance, the difference baing only in appearance. At 
first sight, and especially in cases where little 
daclivity was round, i t bore resemblance, as regards 
consistancy, to a thick infusion of gum-arabic in 
common watar. But this . .was only thafleast of Hs 
extraordinary qualities. It was not colorleas, nor 
Illas it of any one uniform col or - presenting to the 
eye, as i t flowed, every possible shade of purple, 
ika the hues of a changeable silk. This variation 

in hade was produced in a manner which axci tes! as 
prof nd astonishment in the minds of our party as 
the mir or had dâ~e in the case of Too-wit. Upon 
collectin a basin ul" and alloll.ling it to sattle 
thoraughly, e pere ived that the whale mass of 
liquid was ma up f a number of distinct veins, 
each of a disti t hùe; that these veins did not 

" comminglà; and tha th~ cohesion II/as perfect in 
regard to their own articles among themselves, and 
imperfect in regard te neighboring veins. Upon 
passing the blade of a k . fa athwart the veins, the 
wàter closed over it imme ately, as wi th us, and 
also, in withdrawing it, al traces of the passage 
of the knife II/ere instantly 0 iterated. If, how­
ever, the blade was passed down accurately between 
the two veins, a perfect separat~ n was efrected, 
which thè power of cohesion did no immediately 
rectify. The phenomona af this wat r farmed the 
first definite link in that vast cha of apparent 
miracles with which l was destined to e at langth 
ençircled. Ir 

.. 

(From chaPt~r XVI~ of the "Narrative of 
Arthur Gordon fym" by Edgar Allal'll Poe; 

Charl.es Sèfibner' s Sons, 'l914) 
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Conce trated aolutio~a Or hydroxypropylcellulose in aqueous and 
\ 

in polar organi\ solv~enta fo:m lyotropic liquid crystafline Phaà\~a. The 

critical concent ation of hydroxypropylcellulose needed for ani~6tropic 
1'" \ \ 

\ 

phase separation i dependant upon the solvent and is much great'er than , \ 
\ 

that axpected for r d-like species in solution. The flexibili ty '9è, the 
\ 

\ 

\ 

cellulosic chains in a particula~ solvent is believed ta be the ma'in\ factor 

governing the critica 

separation. The aniso 

and vary high optical 

liquid crystals. Tha 

samples 
r • 

, \ 

hydroxypropylcelll!loae volume fraction at Pha~\ 

opic phasa exhibi ts biref ringence, ir idescenc~ ,\ 
\ 

characteristic of choleaterio 

most of these cholasteric 

c solvants varies From 280 ta 700 nm, but in 

certain organic solvants t pi tch ranges up to 6000 nm, The .-
latter samples eXh~i t fing rprint-like periodici ty linas in the light 

microscope and distinctive " 

the helicoida1 PitCh\ ie foun 

the hYdroxyprOPYlcell~lose 

calors. For both types of samples 

to vary inversely wi th the third power of 

A model is proposed for the 

cholesteric struc,turs the average separation, d, betwaen the 

chain molecules varies 

The experimental x-ray 

/2,_ where ~2 ia the pol ymer volume fraction. 

n data are in accore/' wi th this relation-

\ ship. The angular twist between he molecules in adjacent thalesteric , \ 

l~Q,rs is calculated to v ry from \ ta 1.80 over the mesophase 
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concentration range investigated. 

1 

Light scattaring measurement~ give twice the weight average malar 
• .. <l' 

maS8 for hydroxypropylce1lulose as do sedimantatiori equilib:J:ium measur~ents. 

Viscosity measurements in o~ga~ic solvents show that the hydr~xypropyl-

cellulose conformation in dilute solution ls neither that of a random co il 

... nor tha-e of a rigid rad. AIl aquaous hydroxypropylcellulose solutions 

show a lower consolute temperatura that varies more 'with the sample molar 

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

aqusous hydroxypropylcellulose solutions le also included. 
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J RESUME 

- . 
Des solutions concentrées d'hydroxypropylcellulose dans des 

solvants aqueux et organiques polaires forment des phases lyot.ropiques 
, " 

d. cristaux liquid.s. la concsn tr a tion cri \ique d ~ h yd r oxypr.opy lrellulo~ e 

nécessaire pour une séparation de phase anisotrope dépend du solvant et ' 
,< \ 1 

se trouve beaucoup plus grande que celle attendue pour des macromolécules 

'4 " 
en forme de b~tonnet. La flexibilité des cha1nes cellulosiques dans un 

solvant donné semble tltre le principai facteur gouvernant, 'la fraction 

volumique critique d 'hydroxypropylcellulose produisant < le séparation de - . , 

phase. La phase ,anisotrope produit les propriétés caractéristiques des 

cristaux liquid~s cholesté~iques telles ~ue la biréfringence, 7'frides-
1 

cence, et une activité optique t'rès important~. Le pas de l fhéltce 

_, pour la plupart de ces échantillons cholestériques varie de 280 à 700 nm, 

mais peut aller jusqu'à 6000 nm dans certains solv.ants organiques. Dans 

ce dernier: cas, les échantillons vtJs au ,riiicroscope opti",ue présentent 

des lignes périodiques similaires à des empreintes digitales et des 

couleurs "réfléchissantes" (shimméring) dis'tinctes. Pour les deux types 

d'échantillons les résultats montrent que le pas -de l' hélice varie de . " 
façon in'versement pr.oportionnelle au cube de la' fraction volumique 

d 'hydroxypropylcellulose. Un modèle est proposé pour la structure 

cholestérique dans lequel la distance moyenne, d, entre deux chalnes 

moléculaires varie en fonction d~,\l/~~, où '2 est la fraction volumique 
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de- pOlymfre. Les réBl,Jltatî~- de diffraction des rayons X confirment cette 
, 

hypothèse. L '-angle entre les molécules se trouvant dans deux couches. 

cholestériques adjacentes varie entre 0.30 et 1.80 selon les,concentrations 

de mésophase employées • 

1 

obtenue J masse molaire moyenne en poids d'hydroxypropylcellul~se 

diffusion de la lumière est deux fois plus grande que celle 

~ obtenue. par équilibre de sédimenta~ion. La viscosité de l'hydroxypropyl-

cellulose, en solution diluée dans les solvants organiques montre que sa 

conformation n'est ni celle d'une pelotte statistique ni celle d'un 

b~tonnet rigide., Toutes les solutions aqueuses d'hydroxypropylcellulose 

ont une temp.ratwre de démixtion inférieure q~i varie p~us en fonction de 

la substitution molaire de l'échantillon qu'en fonction d~ sa masse 

molaire. Un diagramme de \'phà:se ll qualitatif pour les soluÙons aqueuses 

d'hydroxypropylcellulasB est également donné. 
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'PREFACE 

"::;. 

The cO!11~m~~ialization of high strength fibars spun from anisotropie 

polymer solutions has renewed scientifie interest in the structure and 

properties of these macromolecular mesophases. This thesis describes the 

deteetion and sUbsequent investigation of the first cellulosir:; to ,form a 

lyotropic liquid crystal. ) 

" 

The first ehapter of this thesis is a general introduction ta the 

topicr ?f liquid CI:'yst~ls From a historieal perspective. This chapter ends 

with a brief description of hydroxypropylcellulose, the polymer found to 

form a lyo"'!esophase. Chapter II begins wi th a succinct review of the 

published li terature on hydroxypropylcellulose. The remainder of this 

chapter is devoted tq the characterization of this polymer by light 

scattering, sedimentation equil~brium, and visêosity measurements. Chapter 

~ 

III outlines the theories eurrently in vogue, that try to account for 

anisotropie phase separation and mesophase formation. The applicabili ty 

of these theorles ta ~he I;lydroxypropylcellulose system is then ev~luated 

" by comparison with the experimentally determined phase separation data. 

"'-Chapter IV is a detailed investigation of the optic,al properties of 

hydroxypropylcellulose solutions which leads ta the conclusion that 

hydroxypropylcellulose is a cholesteric lyomesophase in wateI:' and' in polar 

organic sol vents. Chapter V details the results and consequences of an 
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(' x-ray diffraction study on the hydroxypropylcellulose mesop,hase. This 
, . 

chapter ia fol.lollled by a, fÙlort sect.ion consisting of conc.luding remarks 

and suggestions for fl"lture work. The thesis ends lIIi th a brief summary 

.... of claims to original research. 
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Liquid crystals or mes~phasas can be regarda'd as orderad fluids 

which exhibit sOllla of the propertiae of bo~h solide and liquide. The 

conat! tuent molacules of a liquid crystal are very strongly elongatad and 

are generally small arganie molacules, long helieal rode, or complax 

associated structuras of molaeules or ions. Liqu.id crystals can ba 

claaaif'ied as either tharlllotropic or lyotropic. Thermotropic liquid 

crystale or therlllolllasophases ara forlllsd whan certain erystalline solids 

ars tieatad. Lyotropic liquid cryatala or lyorasaophsaas ara formed frolA 

-
isotropie solutions \Ilhan a critical concqntration of one of the components 

has bee" Bxcaadad. 

This introduction will be dividad into thras sections each of 

which ~ill daecribe a particular group of liquid crystals. The first 

section will deal with 10 ... molar mass maeophasas and the evolution of 

liquid crystal tarminology. Tha, next section will deseriba polymerie 

liqui~ erystals ... i~h emphssis on their structure, propartias, and current 

cOIIIIIIBrcial importance. The final section will detai! the davaloplllant 'of 

celluloeic masophalaa and in psrticular hydroxypropylcallulose, the 

subjact of this thesia. 

1.1 Low Plolar l'Iass l'Iesophaees 

Nearly a century haa alap.ad sin ce tha disccvery cf the first 

liquid crysta11ina conapcunda by Reinitzer (1-2) and Lehmann (:5-5). 
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Reinitzar found that on haating saUd cholesteryl benzoate it 'malted' to 

give a material IIIhich exhibited double refraction, a high optical activi ty, 
) 

beautiful iridescent colora, yet was in a liquid state. Compounds 

posaassing thsae four proparties latar came to be known as choleeterlc: 

liquid crystal •• 
! 

They ware the firet cla88 of liquid crystale to ba 

discovèred, perhaps, becau.e of their distinctive iridescent colora. Tha 

term liquid crystal was originally coined by Lehmenn in 1890 (:3). Lehmann 

and Reinitzer a~e regardad a. the co-discoverers of liquid crystals. 

Vorlinder in 1908 (6) 11188 the firet to ihvestigate the chellllcsl . 
, nature of liquid cryatalline ayatelll8. He concluded that the co.pounds 

\ most likely to axhibit liquid cryatalline behavior on heating should be 

\ thosa that containad 8ayllllllatric lIIo1acules and a rigid linear structuree 
\ 
\ 

'Friedel, in 1922 (7), devalo~ed a classification schema for liquid' crystala 

~sed on the microac::opic appearance of the mesophaee under cro8sad, polare. 
'\ 
'\ 

Th~e diatinct claaaes of l-iquid crystals lIIare possibles nel1latic::, 

chol~teric, and a.ectie. 

\ 
\ / 

\ NemsUc:: (vll~a ~ thread) liquid crystala are substances that 

1 exhibit ~\thread-lika appearanee under the crossed polars of s light 

lllicroacope~\ Subsequent work has shawn that nellatic mesophasea possess an 
\ 

,;;,' oriantationa\ arder in that all the 1D01acules are e88enUal~y parallal .' 

a10ng their làpg ax •• , but the .olecules thems~lv88 are posi tianally 

diaordered a8} illustratad achaNtically in Figure 1.1. Cholasteric 

liquid crysta1s, so naDSd beC8Usa they are generally derivativ88 of 

, _ .... ~--
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FIGURE I.l Sehematic vielLl of a nematic liquid crystal with orientational 

order. Contrast this wi th an isotropie liquid in which the 

mole~les~are randomly orianted. 
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cho~astero~ (lIIhieh !tsalf does not l'orm a lIIesophaae), possass a parallel 

moleeular al1gnmant that ia vary reminiscant of that f ound in nelllatics and, 

-
for this raaaon, tha cho~esterics are sOllllti",as ragarded aa 8 subgroup of 

tha nematies ra,thar than as a distinct cla88 by thellae~vea. l'Iauguin in 

191~ (8-9) undertook a study' of the unusual o~tiea1 proparties (high 

rotatory power and idd88cence) of cHo~esterics, He found that the 

constituent chiral lIo18eu~a8 of the cho~est8ric lIIere distributed in a 

series of parallal layars that tracad out a tlllisted or helicoidal structure. 

It was, in fsct, the presenca of th!, helicDidal structure - and not that 

of the chiral molecul., themaelves ...; that aceountad for the very high 

optical activity of the cholesteric. The long axes of the chiral 1II0lecules 

II/are postul:atad; to lia perpendicular to the helicoida~ optical axis and 
.c, 

thls cholestar1c arranga ... nt la- depic~.d schamatically in Figure I.2~ Tha 

origin of the haÜ.coidal twist Illas and today still 13 unknown, but it lIay, 

p'erhaps, be relatad ta a coalbination of chiral and steric factors. \&1 han 

fite light strikas the helicoidal' structure it i8 split into !ts 

constituent camponants and is reflect&d in a unique manner. The polarizing 

abili ty of the halieoidal. layers causes sOllle wavelengths ,to be dastructivaly 

scattared whlle athars are eonstruétively reflactsd. If the reflected 

wava~ang~h ia batween 300 and 70.0 nIA, then the cholesteric mesophase 

exhibits. lovely iridescent colors. The iridascent co~or of the "lDssophs88 

may be al tered by ehanging tha temparatura (for tharmomesophasas) or the 

solution concentration (for lyomesophases). The irideecent color of the 

cholesterJ.c also changes with the angle at II/hi ch the meeophasa ia viewad. 

Cholesterice 'with thair chiral lIo~eculee and halicoidù structure are the 

,l 
.j 



'. 

( 

, 
'p.'I " ' - ~ ~ ,,~, "I..!' tVi },"'tJ· ri"," ,- '" ':PI~1 /"{"', .... v' ...... r~ ~ , '~~ 'Or., ~~Fh"!r ~..,I{ ..... .,. ... -~"'f..-'tr~'. 'fc~'''',""""f>){}·'.!I~tt'J'i''~~..11~lt ~/'I 

\ 

• <l ' 
_; -.1/1'> 

a ' 

, 

- --------------------
-...-

Cholesteric 
li' 

Mesoplias~ 

FIGURE I.2 . Schamatic view of tMe spiral molecular arrangement found in ëf 

cholesteric liquid crystal. Successive planes have been drawn 

for convenienca rather th en to represent eny raal physical 

condition. The diagram shows that the chqle!>teric i9 merely, a 

twisted nematic. 
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only cJ.aas of llquid crystals capable 01' axhibi~ng iridescent colora. 

Under crosaed polara chol_terica _y exhibi t one of thrae possible 

texture. (1<0), the focal conie being tha IID8t preval'ânt. 

Tha third cl.ass 01' llquid crystal. are the a_ctics. The 

7 

IIOlecules in this _ophaae are arraogad with their l~g axas e.sentially 

parallel. Howevar, the 1ICJ1aculas ara furthar distributlild in wall dafinad " 
"'\ 

and distinct 1ayars that gi"e tha sileetic a stratifiad strue~ur8. This 

particular mo.lecular arrangamant ..... first noted in so.p (= CTIl1f'Yllcr) .yst_ 

and, hence, the a_ctic n_e .. deriveCi. laIithio a layer tha 1II0lecular 
\ 

align..ant l118y ba v~y regu.lar or irregular end severa! slIaetie types 

" t'f'r'-

\ ran~9 
\depicts 

frOID A ta H are racogllizad (lD-U). Figura 1.3 sèhellatieally 

the 1D01acular arrang ... nt ~o ba 1'ound in the SJD8etie A &rld C _aD-
o 

, . 
/ phases. SMctlcs because of their strati1'iad structura &ra the lDOat 

orltarad df the thr •• llquid crystalllna clasu. Silactic liqui,d crystals 

axhibit fDcal conic texturee when viawed in the llght microscope. Thay , . 
\ 

ara, for t~is resson, difficult ta diatinguish from bhOlasterics without 

further study. 

Structural analys:Le by x-ray ha sbolllf'l that liquid crystala are 

naither' crystals nor fluids; rather, the llquid crystal. ia inter .. diata 
, 

in order betvaen the thrae-dl_naionalj.al.acular arrang88Bnt of a 

eryata.lllne soUd and the randOll IDOlacular ori,entation found in a liquide 

Optièa.lly, laaaophue8 bahave' llke crystall.ine s'olids in that they are 

bira'ring~t; they do, howevar, retain th. flow propert1~8 of liquida. 

. ~ 
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Smectic Mesophases 

FIGURE 1.3 Illust'atian of ,the stratified layers found in a smectic liquid . ' 

8 

crystal. , The long axes of the' molecules in each ,layer are parallel 

and they àre also perpendicular ta the plane of the layer: . 

Smectic A structure '(1) and Smectic C structure (2). 
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~- Elactric (.12';'13) ",~.atiC (14-15) fields have been round to pr.feran-

( 

tially align the .alecu.1e8 in both n..atic and saactic masophaaes, thereby 
\ 

providing further evidance that liquid crystala bahave very .uch 1ik. 
-rtt-

fluide. The lIOet studi~ liquid cryata.ls until. 1940 had b •• n ,the sillple 

one-colllponent thermotropics. The first lyotropic systems to be inveatigated . 

vere the sodiulII and _oniUJI soaps of fatty acide in aqueous (16) and 
_ u 

orgenic (17-19) solvents. The phase diagra.s for these syeta.s (19-20) 
\ 

confirmad Vorlander's postulate that liquid crystals cou1d exhibit 

po.1ymorphi •• (21). 

By 1960 the nulllber of .1ow IDClar I118SS compound. exhibi ting mesa-

morphic bahavior W88 vary large as can be seen in the tabu.1ar listing of 

th88e materials by Kast (22). A 'more detailed history of lov molar masa 

liquid crystals can be round in the excellent reviaw by Ke.1ker (23). 

1 

1.2 Polyaeric "esophaaes 

Aqueoua tobacco messic virus (~V) so.lutions ware round to undergo 

an aniso~ropic phase ~eparation when a critica.l concentration of T"V 

(,..,. 5%) in solution had been excesded (24). 5ince the 11'IV .alacules lIIere 

known to have a rod-like conformation in solution it appeared that, in 
1 

addition to the lyotrepiç soap systems describad abova, there existed a 

second type of lyotropic liquid crysta.lline system formed frOID rod-1ike 

spaciea in solution. In 1949 Onsager developad a theory (25) te account 

L 
i 
l 
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for the anisotropie phase separation axhibited by aqueoua T~ solutions. 

'" . He propo8ed that the aay_trie shape, of the sti ft TPIV malecules in 

solution was alone suffieient to bring about anisotropie phase separation 

when ao.e eritical solute concentration, which depandad on the length and 

tha dianetar ot th. constituent rod-lika malecules, ~à~ baen exceaded. 

In ~95l Da Vries developed a theory {26} to account for the 

variation in optical rotstory power with wavalength for cholestaric meso-

phases. His eholeateric modal cons!ated of a serias of birefringent 

layera each Dt which waa slightly twistad from the other in auch a manner 

as to trace out a helicoidal structure which could be either left- or' 

right-handed. De Vrias did not orfer an explanation for the origin of 

the twist bètween the layera beyond stating that if the twist angle were 

increaseu or decreased, the reflection w~velength of the cholasterie 

would ba changad. De Vries' theory was found to qualitatively fit the' 

experi.anta~ optical activity data for several cholesteric syste-s {27-28}. 

fergason {29} and ~handraaekhar (30), in the late.l96D's, each indepen-

dently tried to retine and axtend De Vti~e' theory. 

The firat group of conventional polymerie coapounds tound to form 

liquid crystala ware tha polypeptides. E~iott and A~rosa (3l) found 

thàt polY-"Y-benzyl-L-glutuata (PBLG) solutions, abova SOID8 critical 

concentration, exhibited distinct birefringenca and local, regions of 

spontaneous orientation. In 1956 Robinson (32) tound that PBLG solutions 

ahowad micr~copic periodicity lins. and very large optical activitiea 

----------_ .. --.. ------
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thàt were reminiscent of those char acte ris tic of low molar mass choleeterica. 

This was the first indication that a pol ymer coUld form a type of liquid 

crystal analogous to those fo~med by low molar mess substances. Robinson 

found that, not only PBLG, but also other related polypeptidee (33-36) could 

form the threa classes of liquid crystala previoualy deacribed by Friedel. 

t'lofri tt had studied the optical act!vi'ty of PBLG in several sol vents (37-38) 

and Robinson noted ,that only in those solvants in which PBLG was reported 

ta ba in a helical conforaation would a lyotropic liquid crystal form. If 

the ,PBLG moleeules in solution wera in a random conformation, then no meso-

phasa would form aven at vary high concentrations. Thus polymeric liquid 

crystals seem to requirs a .tiff molecular structure for the formation of a 

stable mesophase. ~ 

flory, at about this time, formulated a theory (39) to account for 

the anisotropic phase separa~ion of polymeric systems. He postulated that 

as the number of,stifr rod-like moleëulas in a solution wes inereased, the 

system cpuld nct tolerate' à rendom distribution of these partielas. 

Entropically st a high ,olym~ danslty the most stabie state was an ordered 
-'\ ' 

array of roda. Thua, as the polymer concentration in a solution was 

increased abova ao.a critical value, t~ system wou Id undergo a phase 

separation into a.dilute isotropie ~a and an anisotropie orderèd (liquid 

cryatalline) phase. n:ary devaloped a corresponding theory.(40) for 

poly.aric systems camposed af aeai-flexible ~alecu18s in whieh chain 

flexibility deterained when anisotropie phase sapar~tion would oecur • 
. \ 
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, 
The discovery that extended chain aromatie pOlyamides (4l-43), 

notably KEVLAR or poly(p-phenylterephthalamide), exhibit liquid crystalline 

behavior in solution and that fibers extruded or spun tram these solution. 

are highly orientad and very strong has spurred the growth, deuelopment, 

and commercialization of polymeric liquid crystals. The replacement pf 

high cost and heavy metal fi bers in materials by less expensive and lightar 

polymeric fibers of equal or superior tensile strength and modulus i5 very 

appealing commercia+ly. 

8oth_ naturally occurring and synthetic polymsrs aré found to form 

liquid crystals. Indeed, 2 te S% of al~ organic eompounds known are able 

to exi~t in a liquid crystalline phase. The exodbticle of the scarabaeid 

beetle exhibits iridescent colora and is t'eported to be the optical 

analogue of a cholastsric liquid crystal (44). This discovery has prompted 

a number of biologists to suggeat that naturally oecurring liquid crystal a 

with thair unique left- and right-handadneas might be important in 

biologies! processes xhat require stereospecific enantlomers. 

Ther. ia some confusion in the li taratura arising fro'nI the 88sump-

tion that all flowing materla1s exhibiting birafringence ara liquid 

crystals. Care must ba, exarcised bafora a polymerie melt or solution la 

claasified as a liquid crystal bacause shesr effects can inducs a 

temporary birafringenca which dissipates with time as the molacules in tha 

pol ymer relax. Tables 1.1 and 1.2, albeit by no me ans completa, do provide 

an overview of the types of polymers which.ara raportad to form"thet'motropic 

---~ ~---~---.~--~--------_ ... ...,~ ... _--'-- ---~~ -_ .. _-----
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... TABLE 1.1 
$ 

Representative ~isting of Polymerie Thermotrop~e_Liquid Crystals 

'" PolymeI' 

Po1yphosphazines 

Poly(p-xylana) 

Liquid Crystal Typ_ 
(if reported) 

Smactic 

, 
Structure 

-{N-P-Rl-R) n 

fÔ-CH2-CH2J" n 

Polydiethylsiloxane f Si-(CH3 )2-Gr n _ 

Polymer~zed coa1 tars ~ 

Polymerized petroleum pitçhes 

-.. 

Poly(N-p-methoxybenzy1ilene-p-n­
butylaniline) 

Nematie 

RI R2 

~-C~2=N~<=>-o-(CH2)x-O}n 

Linear polyethylene melts Smectic 

Isotactie polypropylene Smeetic 

Poly[bis(chlorQphenoxy)phosphazen~ Imperfect Smectic 

~-

..,' 

fcH2-cH~ri 

----- ~-(CH3)~n 

,~ f:(Ç>-O~2P-NJn 
CI 

.. 
4 
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45 

45 

45t4~ 

45 

45,47 

45 .... 

48 
..., 

48 

49 

.... 
y 

., r 1P' -,~--_~~». ___ ",_ .... _~,.u.._~~ t F 5tH br St mM 5 * à le 

',-

-:) 
,'. 

..... 
\ ~~ 

~~i< 

«: 
" 

, 
< 

,~t 
.-; 
-l 
f. 

~A 

~ 
1 
j 
~ 
& 
,~ 
) ., 
)' 

J 

l 
l ,., 
4 
p 

l, 
1 
1 

, 



--1 

.. 

TABLE 1.1 (eontinued) 

Representative Listing of Polymerie Tharmotropic Liq~id Crystals 

p--- ~ ~- ~~ - ----------.---- _._----------~~ 

Pèlymer Liqùid Crystal Type 
(if reported) 

Poîy(teraphthalic hydrazide) 

Copo!yeaters of pOly(e,thyltere­
phthalate) and dicarbo~- ~ 
lie acida or acetylated 0 

difunctionai phenols 

Comblika methaérylic polymars with 
cholesteric mesogenie (R

3) 
sida groups 

Copolymers of poly(cholesteryl­
methacrylata) and poly' 
(choiastaryl acryloxy­
benzoate) 

." 
Copolymer of cholestaryl metha­

crylate and n-alkyl 
methacry1atas 

Poly[N-(p-cyanobenzylidene)-p­
. . aminostyren~ 

.... 

" 

Smectic' 

/ 

Nematic 

Structure 

fc°-<:)-COO-(CH 2)2-oSn 

(PET) 

.iHl 
fbH2 ,ln 

CONH(CH 2)2_11-R3 

.. 
" 

.~: 
, " 

-i 
~' 

-,";j 

~ , 
~~ 

References 
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TABLE 1.1 (continued) 

't 
.. Represëntative Listing of Polymerie Thermotropic Liquid Crystals 

Pol ymer 

POly[p-phanylenebis(N-methylene-p­
aminostyrene)] 

Liquid Crystal Typa 
(if reportedf 

Nematic 

,Poly(oxydodecanadioyloxy-l,4-pheny­
lene-2-methylvinylene)-l,4-
phenyiène 

Polymars.wi~h rigid structures 

. 
""". 

Pol,yakanoates of dimethylbenzala­
zine 

Copolyester of PET and p-hydroxy-
, benzoic acid malts 

Copolyestér of PET and p-acetoxy­
benzoic acid 

fi' 

Smectic 
or 

Nematic 

Smectic 
or 

Nematic 

-il 

structure 

-oOCf(CH2)lO-COO-<=>-C-(CH3)=CH-<:>~n 

fcH=C-(CH3)-COOR-o-C~-Q-R~n 
cao 

.-

f<:)-C-(CH3 )=N-N-C-(CH3)-<:)-otn 

• 

,.. 
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TABLE 1.1 (continued) 
A" 

Representative Listing of Polymerie Thermotropie Liquid Crystals 

Pol ymer Liquid Crystal .Type 
(if reporte.d) 

1"1" 

Copolymers of cholesteryl acrylat~ 
and cholesteryl methacry­
late 

Copolymers of alkyl or alkylmeth­
aerylates and cholesteric 
esters of methacryloyl-w­
aminocarbonic scids 

Poly(N-methaery~oyl-N-acyl-)deriva-
, tives of L-Iysine 

" #' 

1..-

Composite of poly(Y-butyl-L~luta­
mata) and but yI a~rylate 
or p~ly(butyl' acrylate) 

\ 
Cholestarie 

L 

;-

structure 

fcH2-C.(CH3Hn . 

!ONH(CH2)n -COOCh '-

-fcH2i(CH3 )]. n 

CONH(CH2)4lH-NHCOR' 
OOH 

or 

," 
fcH2-C(CH3 )3n 

. !OO~~-<:>-o-C6H13 

.. 
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TABLE 1.1 (eontinoed) 

Rep~es~ntetive Listing of Polymerie Thermotropic Liquid Crystals 

Pol ymer 

Polyester~ of dihydroxy-diphenoxy­
alkanes and terephthalie 
aeid 

Polyesters of (p-carboxyphenoxy)de­
cane and hydroquinones 

Co[poly(ethylene terephthalate)-p­
oxybenzoate] 

Propo~ypropylcellulose 

j 
,,/' 

Liquid Crystal Type 
( if reported) 

Nematie 

Nematie 

Nematie 

Cholesteric 

Structure 

o 0 

to-O-o-(CH2 ) -o-O-o.l-O~J. 64 n ~ n 

CI 

-fIi-Q-o-<CH2)lO-o-Oi-o-P-otn 64 
o 0 CH 

3 

65 

66 
~ 

~ 

* - 0 By convention, the symboi is used throughout ta represent the banzane ring, double bonds being 
omitted. , 

RItR2 represent_alkyl ar_alky~oxy groups 

R3 . represents mesoganie c~oleeteric groupe 

RI represents C H
2 

l groups x xt 
R 
Ch, 

represents alklyaxy groups of variable length 
represents cholestsric groups . . & 
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TABLE ,1.2 

Typical Polymeric Compoundâ Reported ta form Lyotropic liquid Crystals , . 

Pol ymer Structure 

Poly(l,4-benzamide) ~H-<:>-CO}n 

" 

Poly(l,~-phenylenétereph- {NH-<:)-NHëo-<=)-cOln 
thalemide) or PPD-T 

Poly(chloro-PPD-T} 

) 

Verious extended chain­
aromatic polyamides 

Poly{~-benzyl-L-glutamat8) 
or P8lG 

{tm-R-CO~ n 

fNH-CH-COf 
1 n 

(CH 2)2-COOCH2-<=> 

Solvant 
f/ 

DMAc-liCl 
Hf 
H2S0

4 
TI'IlJ-liCl 

H
2

S0
4 

HMPA-NMP-LiCl 

DI'IAc-LiCl 
H2S04 

Sas rsfsrsncs 

Oioxans 
m-Cresol 
DI'If 
TFAAtm-cresol 

liquid Crystal Type 
(if reported) 

Nematic 

" .. 
" 
" 

Nêmatic 

" 

Namatic 
Il 

Nematic 

Cholesteric 

" 
" 
Il 

.. 
",' 

."'V 

RefereRces 

42,67 
42,6B 
42 

42 

43,69-71 
t-' 

43,68 

43 
69 

41 

69,72-76 
70,75,17-80 
73,75,81-82 .... 
83 QI 
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TABLE 1.2 (continued) 

~ 

Typical Polymerie Compounds Raportad to Form Lyotropic Liquid Crystals 

ï 
'1 
" , 

; ~ 
'. 
i. 

1: 

. , 
ri 

.. 

Polymar 

Poly(Y-benzyl-L-glutamate) 
or PBLG 

'" 

Poly(y-methyl-D-glutamate) 
~ 

Poly(y-propyl-L-glutamate) 

Q 

. f 1 ! 

t ~ , 1 ur Ld'T ~. 
~' 

structure 

,1 

t NH-CH-C03-
1 n 

(CH2}2-COOCH2-<=> 

fNH-CH-CO} 
,In 

- (CH
2

)2-COOCH
3 

Solvent 

CHC13 
CH 2Br2 
CH

2
C1

2 
CH2Cli:dioxane 

C2H4Cl2-
C2H3Cl3 
C2H2Cl2 
BA 
THf 
C6H6. 
C6H6 

CH2Q2, 
!. , 

m-Cresol 

Liquid Crystal Type References 
(if reported) 

Cholesteric 

" 
" 

Nematic 

Cho1esteric 

" 
" 
" 

Cholestaric 

Smectic 
~ 

..... ' 
Cholesteric 

Cholasteric 

73-75 

76 

73,75 

36,75 

80 

80 

73-74 
78 
84 
85 

75,86 

87 

78 
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, TABLE 1.2 (continued) 
. ., , '~ 

~~ 

... 
"{ 

1 

'1 
~ 
{' 

l 
~~ 

,i 

i 
~ 

Typical Polymerie Comp~unds Reported to form Lyotropic Liquid Crystals 

i / 

\ 
If \ --- - --------- -

~~ 

..... 
\ 

Polymer 

Po~y(~-ethyl-L-glutamate) 
.... 

Ir 

" 

Poly(~-butyl-L-glutamate) 
or 1.:l8uLG 

~ 
StructurEl 

fNH-CH-CO} , t n 
(CH2hCOOCH2CH3 

POly(s-benzyl-L-aspartate) ~ENH~H-COf / tin 
or P~LA / ' . CH COOCH -0' 

Composite of PBuLG and po­
l)lffiarizad but yI 
acrylate or PBuA 

2 2 

POly(L-glutamic acid) or PlGA tNH-CH-CO} 
l ' n 

(CH~)2COOH 

1 • 7. l1Frtilf t'CT r 
q::ri)'ç icl.lWWW.U .... I.JJ ' 1 • 1 dP'S _ 

Solvent 

Dioxane 
CH 2C1 2 
CH2Br2 
CH

3
COOC 2Hs 

BuA 
TGDM 

CHC13 

8uA 

DMAA 
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liquid Crystal Type 
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Typ1cal pOly 
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C Cdmpounde ~~~ft~ to Form Lyotropic Liquid Cryatale 

~olymer 

tomposita of PLGA snd poly­
OMAA 

Copolymer of PBLA and poly(~­
banzyl-D-glutamata) 

Po~~(blBbenzo~azole) 

" 

StructU1'e 

" 

• 
N N 

{ç'* "r-r" "C-Oin 
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~ 

" POly(phenylethyl)lsocyanide fiin 
N~ 

• 

~~P01Y(tBr~i~)hYdraZidEl 

Solvent 

OMAA 

CHCI
J 

H2S04 
C1S03~ 
CH3S0

3
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CSH5N. 

(C 2HS)2NH 

- Liquld Crystal Type 
(if l'9ported) 

Cholssterie 

Cho1eetarie . 

Cho1ssteric 
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~ Typical Polymerie Compounds Reportad to form Lyotropic Liquid Cry~tals 
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Polymar 
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~ 

POly[bis(Erlfluoroathoxy)­
phosphauna] . 

l2-Hydroxyoctadecanoic acid 
:rc .... , 
( ~ 

~ 

Pol.~k-carbllban:r.oxylyainé) 
l ' 

~ 

'" 

,. J:.' oUu1DSO 

&;t 

l
, ... 

. . CelluloRs acetate 

Cellulose triàcetate 
/ ' 

Nitrocallulose 
~ 

'fi, 

4> 

~ 
Structura . 

fNH-CH..coJ 1 n . 
(CH2)4NHCOOCH2-<=> 
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Solvant 

Ses refarence 
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CC14 , 
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NI'INO 
TfAAICH 2CICH 2Cl 

TfAA 
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Typical Polymerie Compounds Reported to form Lyotropic Liquid Crystels 

~oJymer Structure Solvant Liquld Crystal Type 
, -" (if rsported) 

H20 Cholesteric 
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l CH
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TABLE I~2 (centinued) 

Typieal Polymerie Compounds Reportad to form Lyotropie Liquid Crystals 

Pol ymer 

Verious biopolymers 

* POly(butyliaocyanata) 

Structure 

, 
)-n(C4Hg)J 

Pol y trans-bis(tri-n-butyl-, fpt-c.c-c.c~ 
phosphlne)pletinum-* ~(C H) n 
1,4-butadiynediyl 4 9 3 

'* 
Polyquinolines 

*, , 

Solvent 

" 

Liquid Crystal Type 
(if raported) 

Cho1esteric 

polymerie systems Iikely te ferm lyotrople mesaphases ainee they have rigid backbenea 

~~reaents aromàti~ ring gro~ps 
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~ 
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or lyotropie ID8sophaaes. The diveraity of' the polylllsrs that for .. liquid 

crystals has lad ta a re-examination of the structural require.enta, 

1 

properties, and uses for these materials. 

POlymerie liquid crystals by anal.ogy lIIi th low molar mass meso-
1 

phases -can be classified -ae nematics, ~mectic8, or cholestsri'l:a. PolyDlers 

can also be divided on the basis of whether the llquid crystal or meso-

genic elSlllents are incorporated into the main chain backbone or the side 

chaine of the polYlDer. The IDBsogenic aleraent 'of a polymerie liquid 

crystal. must be asylll8letric and relatively stiff. Internal hydrogen 

banding (?8.), an extended series of alternating double Dr triple bonds (55), 

arolll8tic rings (55), and arolllStic rings separated by flexible aliphatic 

groups (56) are the primary sources of main chain rigidity. In the last 
, 

situation, as the length of the aliphatic groups is increased, the liquid 

crystalline character of the polymer is decreased unt~l, finally, qnly an 

isotropie amorphous polymer remains. Tl1us although chain stiffness and 

1A0lecular asymmatry are peramaunt requireraents for the formation of ordered 

IISBaphsees, the system can, nevsrthelssB, tolarate a certain aJRount o( main 

chain fleX'ibility while still rstaining ita liquid crystalline character. 

POIy.ers lIIi th rigid backbones can accolllllodate m&soganic sids 

groupe either by direct attachmant or by separation 1IIi th non-mesogenic 

spacers. If the IIIBSogenic side groupe are chslllically linkad directIy ta 

ths main chain, steric factors arisin9 fr~. the interaction and supssquent 

packing of the si de groups detarllline if a liquid crystal will form. 

j 
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Sami-~lexible ruain chains can ba sufficient1y diatortad tg psrlllit, a good 

'packing of side groupa and the resu1ting liquid crystals ara Slll8CtiC (52,s7). 

PolylDSthylene spacars between the backbone and the IIIssogen1c side groups 

prov1de SUffiC~~ibil.itY for the side chains to pack lI/e1l ... ithout 

di.,tortion of the ~~v chain and ne_tic liqu.td crystals are rormad (57,61). 

Liquid crystals ",!th .. ethylene bridges or spacars are refarred ta as comb-

lika mesophases (52). Stareoragularity in the mesoganic side groups is not 

alll/ays required to fortll a I118sophaae (54); rather, it 1II0uld seem that go.od 
o 

lIIasogenic side group packing la the prill8ry raquirement for the formation 

of this type of p01y .. ric mesophase {54}. It ia of note that in this type 

of paly_ric liquid crystal the majority of the mesogenic aida groups are 

cholesteric in character. Nell8tic and slDectic side, groups ara round to 

produce amorphous or crystalline 'rather then mesomorphic polymers (61). 

~.tLDn Dr oonoaorLc l~q"id crystals by irradiatLon Dr by 

use af initiators. reaults in a lII~somorPhic polymer product in only one of 

evary five attelDpts (61). The' key requirentent for mesollorphic polYlileri­

zatian seells to be extensive crosa-linkirlg allangst the liquld crystalline 

lIonOll8r units (55,a6). The absence of cros~links or the addition of noo-' 

I18sog~nic eomonolllera (54) results in the forlUtio~ of isotropie amorphoua 

polymers. Bifunetional 'mono_ra (90) and cross-linking agents (63) see,. 
1 

to be able ta frseze the _801Dorphic cherectar of \the monolller into the 

polYll8r although the "'DIIOrphic structure of the DIon our ia ganerally 

alteréd on polylll8rization (55). 
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It la impossible at present to pred.ict if and !Ilhat type of lIIeso-

phase lIIill form when liquid crystal IDOnOlll8rs are polymarized or IIIhen , 

polymers are eynthesized lIIith mesogenic si de groupe. Geometrie factors, 

main chain rigid.ity or flexibility---, the presence of flexible spacera, side 

group packing, the distribution of t,he sida groupa on ,the main chain, and 

the polarizability of theee groupa ,acting aither alone or in combination 

determins the type of liquid crystal which will 'ultimately form (55). 

Suffice it ta say th~t, in genersl, Molecules p08sessing strong lateral but 

weak longi tudinal. inter~ctions will form ordered smsctics, while those 

axhibiting strong longitudinal but weak lateral interactions will tend ta 

. form nematics (55,112). The balance that is achieved bettl/een molecular 
" .. 

lateral and 10ng1. tudinal forces also plays a role in determining the type 

of liquid crystal which will be formed (55). 

Tilla novel polymerie liquid crystals must be mentioned. Optically 

activa l2-hydroxyoctadecanoic acid.gel is a unique smectic liquid crystal -, 

that i8 beliavad to have a super helicoidal structure (94'). This 

helicoidal structura is thought ta result from a series of helical fibera 

that are molecularly aesoc.1ated by hydrogen bonding in which the molecules 

appear to have a amectic C structure. This super helicoidal structure ia 

quite differeflt t'rom that found in the cholesteric mesophase depicted in 

F'igure 1.2. Optically active N-acyléUllino acide form a liqu;d crystal 

suspension in benzene and chloroform (113). In these solvent", the 

dispersed acid exhibits birefringence, opt,f.C'slly negative spherulitss, 

circular dichroism, and iridescence (113). The irideacence of thase, 
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solutions results froll a rafractive index differance that exists between 

the' layera of solvant and suspend~d pol ymer (C:hristiansen affect) ~ath8t 

than froll the presence of a saries of equally spaced birefringent layera 
," 

as i. the case for most other liquid cry.tals. The iride8cence of the 

acid changes revarsibly .. ith solvant composition, telDperature, and 

increasing langth of the acyl content of the acid. 

Current research into the physieal properties of polymerie liquid 

crystals is diversif'ied and plentiful. Rheological (58,70) and rheo­

optieal (77) studies have shown that shear partially disrupts the 

cholesteric liquid cryatallina structure, but that on relaxation the 

cholesteric structure readlly re-forms (98,114). Diffusion and valQcity 

flO1ll studies (115) bl' model and liquid cryatalline systems prove thet 
. 1 - 1 

motion parallel, rather than ,p'srpendieular, to the molacular axis ia 

Basier. Qualitative mea~urements have basn made ta evaluate the perfection 

of molecular order 'Illithin the llIesophase through tha use of order para­

maters (72,116). Depolarized laser light sca(tering experilDents (80) 

are rsportad to permit the quick and accurate evaluation of the 

helicoidal handednaa. of cholesterlc meeophases. Extensive work haB alao 

been carried out on the conversion of cholasteric into nematic liquid 

crystals and vice versa. In the former eue lltagnetic fields (68,85), 

electric fielda (75), or equal miXtures of the left- and right-handed 

. enant1ol118rs of the cholesterie will produca a cO!llpensated or untwisted 

cholesteric (nellBtic). The conversion of namatics into cholestaries can 
/ 

be accomplishad by the addition of optically active co-solvents (68) or 
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chiral. solutes' (117) ta the neatie. The handadnesa of the reaulting 
.;,. 

cHllJ..esteric is not allllays the same as that of the added solute; often a 

compl.ax energy calculation is required to predict _ the hendadne8s of the 

fssul.ting chola~c;.. Hajde has found that the cholesterie heUeoidal 

29 

structure is sansi ti ve to concentration and orientation ghdients lIIi thin 

the systelll (118-19). In addition, severaI. theoriss have baen deve10ped 

ta explain the erigin of' the 'cholssteric hsl1coidal twist. Samulski and 

- Samul.ski (120) have il)voked Van der lI/aals - Lifshitz forcBs and 

susceptibili ty theory te account for the hel1coi.dal twist of cholesterics. 

Bouli.gand (107) has trled to relate the origin of the cholester1c 

heli.coidal twist to the ,natural he1ical tendencies of many biologica1 

molecules. 

ta explain 

GoasaBnS (121.) has developed a statistical mathamatieal theory 

the helicOidal twist and his theory is report~d to blork w~11 
for cholesterics formed by the addition of chiral solutes ta nematics. 

'\ 

" Liquid erystals in 9snera1, t;lnd chole~terics in particular, have 
\.. 1 

been found to be very useful substances. TJbey r,~\Pond to very slight 

variatione in temparatun, electric and mag etic fields, and te ultrasonic 

waves. As a reault liquid crystals have fa ,nd use in radio1ogy, surgery, 
, 1 

and urology (122). They can be used as monitors, sensors, fever headbands, 

jeblelry, reflection disp1aya, digital disp1ays :in computera and lIIatches, 

bandpass fllters, circular polarizafs, and a whole hast of ather optical 

devicea (89,123). Howevar, the moèt novel use of l1quid crystals is as an 
l ' . 

art forlll (124-25). Sinca the me~phase c-" r8spond to tampsratura, 

, humidity, and viewing angle changes, a liquid crystal painting can exhibit 
, ., 
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many unU8ual visual effects. Choleateric iridescence arises èa a 
1 

constructive Interference effect making colors in thia medium combine 

differently from thoaa of conventional peints and pigments which abaorb 

lignt (126). for axamp1a, the mixing of red and graan paint will produce 

a gray-brown color; the saDIe combination of rad and green l1quid cryetals 

will l'esult in a yal~olll color. This use of liquid crystals ia still in 

its infancy. 

\ 
Liquid cryatals can ba' uaed s's solvent media for chandcal 

reactions. 1 t has baen report ad (127-29) that reactions occurring in 

cholaataric lDeaophasea sxhibit anhanced rates and are mora highly 

steraoapacif:rc then the s8Jlle raactions carrisd out in non-ft1esolllorphic 

solvents. Smectic ar)d namatic liquid cryatals, ",hen uaed as solvants, 

appear to have litUe or no control over the stereospecif!i.city of 

rB~etions. This property i~ unique to ch01asteric mssophasBs. Recamc 

mixtures of aulfinates or su1foxides exhibit a net optical activity II/hen 

) 

>/ 

, p1aced in a cholasteric'solvent (130); however, the mixture doea not 

necessarily have the sue handednesa as 'the ch01esteric 801'vent. Untwistad 

,or compansated chols.taries hava ,been usad as solvants to study solut. 

molecular orientation in hOIBoganaoualy oriented systams (131). The 

advantaga in using compansatad cholastsrics rether than arolll8tic solvents 

ia that the cholesterics do not absorb in the ultraviolet ragion of the' 

spectrum. for more infor.ation about liquid crystals and poly.eric 

1Dé80phaaas in ganeral, the reader ia rafe1"red to any of the numerous 

papers (132-.'35) and books (136-48) whlch hava appearad in the precaeding 

/ 

, 
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deC?ade daaling lIIi th thia tapie. 

1.:3 Calluloa1c l'Iesophasea 

Cellulose, which 1a found in the ,cell lIIall of virtually every 

plant (149), la the moat abundant natur~lly occurring organ1e polymar. 

Thé importance of cellulose can b8 traced, not only to ite abundanca, but 

l , ~ 
alao to i ts use as a renewable source of fuel, paper,o riber, buildl.ng ànd 

clothing materials. It ls also the starting material for a number of 

important cellulose derivatiues: mono-, di-, and triacetatea, hydroxyethyl-

and carboxymethylcellulose, cellulose nitrate, et cetera. Chemically 

cellulose is, a polysaccharide conaisting of several thousand glucose units 

Joined togethar by 1,4 bets linkages (149). These bonds make the cellulose 

backbone relatively rigid and stit'f. The inflexibil.it.y of the celluloeJ,c 

chaine blas or1g1nally b'elieved to play a dominant l'ole in the crystalli-

zation of the cellulose and to preclude the formation of a stable cellulose 

based mesopha8e (40). 

Hydroxypropylcellulose is the Most recent cellulose ether to be 

cOCDlll8rcially producsd ,and i ts 'properties hsve not been as ext~nsively 

investlgated BS thoea of the ~ther cellulose derivatlvse (150). 

Hydroxypropylcel1uloae waa the firet cellulose derivative to form a 

lyotropic liquld crystal in botn aqueoua (98-100,104,114,151-52) and 

o~anic (101-05,153) solutions. Since the publication 01' this diecovel'Y 
~._ ~_~ ___ 1L, 
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(99) it ha baan reported th.t cellulose !tself (95-96,154-55) u .. en ès 

saveral of ita darivativas (97,106,156-62) alao forll liquid crystals. _ 

The present investigation waa undertaken, not on1y 'ta ."'8 1I0ra 
1 

proef and information about the lyotropic bahavior of hydl'oxypropylc811ulG~e 

solutions, but alao in the hope that by carafully exaaai.nin9 the character 

and proparties of hydroxypropylcellu1oae solutions, an explanatian might 
. 

ba propoead 88 ta why hydroxypropylcallulo8. and cellu~D8ics in ganeral 

r 
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CHAPTER II 

CHARACTERIZATION OF HYDROXVPROPYLCECLULOSE 
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II.l Preparati9r 
~ 

j 

Hydroxypropylcellu1ose is ~ high mo1ar mass pol ymer prepared 

43 

commercially by a base cata1yzed reaction et high temperature and pressure 
\\ v 

between cellulose and propylene oxide (1). The starting cellulos~ 

material,may be of any type: ~otton linters, chemical cotton, o~ven 

conventional wood pulpe The cellulose is combined with alkali (usually 

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

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

produced. The alkaline cellulose is then etherified under pressure using 

propylene oxide in the presence of a water-immiscible second diluent 

(hexane). The resulting product, h~drO~yprOPYlCellulose' (HPC), precipita tes 

out of solution as a flaky white powder ~nd ia easily recovered by 

filtration. Details concerning the exact reaction conditions, usable 

alkylating agents, and diluents can be found in th'e patents (2..!.4) and 

l~atu're (5) on HPC prepatation. Jo 

II.2 5 tructure 
i 

The HPC backbone consists of saveral.thous~nd anhy~roglucose units 

jolned together by 1,4 beta linkeges (6). An idealized structure f·or the 

HPC molecule is sChematically depicted in Figure II.1. As illustrated in 

figure II.1, propylene.oxide ls bonded to the cellulose 
J. 

linkages at two of the three available reacti~e hydroxy e extent of 

.J."" 
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F'IGURE II.l .IdealiZ~d stru~tur~, ,for hYdrO)(YPr.~CBll.ulose ",ith a Jegree of 
Sub8tit~tion of 2'and~a molar· substitution of 4 • 
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reaetion or molar subs ti tution (1'15) refers to the aver,age number of 

propylene,oxide moleeules combined with an anhydr~g!ucose unit in the HPC. 

The ~ ia distinct and different from the degree of substitu~ion (OS) 

which has a maximum value of three and is defined as the average number of 

hydroxyls substituted per an~ydroglucose unit in the cellulose (7). This 

distinction i6 necessary because propylene oxide can react with hydroxyl 

groups both on the cellulos'e and on previClusly attached hydroxypropyl 

substituents. 

Published reports indicate that from.60 (8) to 99.7% (9) of the 

anhydroglucose units, in HPC are substituted. No information ls available 

on the distribution of substituents or their position on the cellulose. 
1 

However, studies are currently underway on monomer and dimer modal systems 

(la). The range of OS values reported for HPC varies from 2.1 (9) to 2.5 

(11). ~filthough thesa values seern somewhat high for a cellulose deri~ative 

they ére, nevertheless, the bast valuas currently available due ta the 

cabsence of a standard analytical technique ta measure the,OS. " --
The ~, which has a marked effect on the praperties of the 

polymer, is easily varied by the conditions used during etherification. 

Tha longer the hyd~oxypropylation raaetion ia allowed to continue, the 

higher is the l'IS of the final product s~nce it ia believed that essantially 

only the secondary hydroxyls of the side chains are available'for reaction 

(1). The MS for HPC may be determined by the use of a slightly modified 

terminal methyl method (12). The l'IS value that ia obtained in't~is way ia 

) 
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relatively precise but the accuracy of the technique has baen questioned 

(4). A recently developed NMR technique (13) i8 claimed ta glve good 

résults for the MS of HPC as weIl as an estimate of the OS. ,. 

II.3 Propertie, 

Hydroxypropylcellulose behav8s like a typical cellulose ether 

(14-15) but it a1so has·some unique properties (16). Hydroxypropylcellulose 

is soluble in water be10w a,critical temperature that depends on the MS of 

the po1ymer. Sp~cifically, a HPC sample la/ith a MS of 4 is soluble to 40
0C 

but if the MS ls only 2 th en the s01ubility temperature ia increased to 

60
0C. The lower the hydrocarbon content of the si de chains, the greater 

the affin~ty of the polymer for ~at8r (4). At the point of inso1ubility 
~ 

solutions turn a claudy white and the HPC precipitates out 6f solution aa 

a high1y Sla/allen floc • On cooling~ this floc 8asily redissolves ta produ~e 

a clear solution. This reverse tempe rature soluôility behavior is 

characteristic of aU non-ionic la/eter soluble cellulose derivatives· (8,17 l. 

In contrast toJother cellulose athers, HPC ia found to be soluble 

in man y common orgenic solvants including anhydrous ethanol. However, 

unlike aqueous solutions, the solubility of HPC in orgenic solvents 
~, 

incraases es the temperature is raised. The higher,the MS of the polymef, 

the more readily HPC dissolves in polar argente solvants (2). This dual 

solubility of HPC in aqueous and organiç media is attr~butad to its 
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amphiphilic character. A delicate balance aeèms to exist between the 

hydrophilic (watar soluble) and the lipophilic (hydrocarbon soluble) pa~ts 

of the HPC mole cule rBsulting not only in dual solubility but also in 

marked aolubility in mixed solvents~ 

Hydroxypropylcellulosè with a MS of at least 3 exhibits extremely 

good thermoplastic flow. It is readily injection moldad or extruded to 

form matarials of any size or shape (l~18). The high substitution ratio 

of HPC improves its resistance to bcth biclogica~ and chemical degradation'-­

making it the mo~t:stable cellulose ether. Highly acidic or alkalina 

solutions do degrade HPC but cnly over a very long time periode The 

stability'of HPê makes it an ideal starting material in the preparation of 

new compounds such as steroid esters (19), mixed cellulose et~ers (20), 

and non-ionie derivatives of HPC (21-24). Hydroxypropy1cellulose is 

odorless, tasteless, and non-toxic to bath animals and humans. Th~ palymer 

ia surface active (1-2) and in aqueous solution has a steady st~e surface 

tension that is independent of solution concentration and molar meas (25). 

These pro parties make HPC usable as a foaming and thickening agent in" 
, ' 

foods, cosmetics, and laundry detergents (1). 
, 
In combination with dextrin 

" ~ partiel es HPC bonds to paper without curling and ia used.extensively in 

binding glue to Bnv~lopBS (4). In the print~~g prQcess HP~aa.a 
suspending agent for inks. In pharmacautic'éi wo.rk HPC may be U8~S a 

) 

caating for pil18~ 

,Elliott undartoak a rhaologica1 study of HPC malts and he 

" 
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'", concluded that HPC haa a suparmolacular structura consist~ng of a 
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cro/stalline portion imbedded i~ an amorphous matrix (26). The highly non­

Newtonian Flow exhibitad 6y the malt was attributad to the bulky 

hydroxyprop,yl side groups which cause 'H?é/ to ha~a a fairly stiff structura" 

Roberts and Thomas (27) hava examined t~e soLubility of HPC in solvants of 

various po~arizing and hydrogan bonding abilities~ They postulate that 

the solubility of H~6. may be direct~ attributed to the large number of 

hydroxyl groups on therHPC that ara ~ailable for hydrogen bonding with 

polar solvants. The anzymic degradation of HPC has been investigat;d ~(9) 

and i t wes Pound thet the substitution pattern fo'r HPC is very different 

From that of hydroxyathylcellulosa (HEC) ·(9,28-30). Ultrasonic degradation 

s~udias hava also baBn parformed on HPC solutions (31). 

Wirick and Waldman (32) have successfully frectionated HPC and 

ry characterized each fraction 'by light scattering and gel permeation 

chromatography. 0 They conclude that both the molar mass and the molar mass 
l 

di,stribution in HPC depend very strongly on these properties in the 

original starting cellulose. The substitution pattern for HPC appeara ta 

be very uniform although shorter chaina are more substituted then longer 
-

ones. Hydrodynamic and conformational parameters for both HPC and HEC 

seern to be very sirnilar. A gas chromatographie study of the solute 

aétivity for dilute and concentratBd HPC solutions was r.cently completed 

and in it the authors try ta explain how tha thermodynamic parameters of 

HPC solutiahs vary qver a large, concentration range in different solvants 

(33-36). Sedimentation veiocity (37-38) and diffuaion' transport (39-40) 
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studies have baen conducted on aquaouB HPC solutions -<lit v~ious tamperatures 

and concentrations. 
1/ 

To da~e. thé 1Il0st detailed study on solid statè HPC has besn 

conducted by Samue~ (41). Using films cast from both water and ethanol 

" f' 
sol~tions he has performed density messurements, X-ra y and infrared studies, 

birefringence and refracti ve in.dex messurements, electron microscopy, 
( 

differential scanning calcrimetry, and small angle laser scattering 

experiments. Bssed on his experimental rasults, Samuels proposad a 

molecular model for HPC in the solid state. 
~ 

II.4 Characterization 

The characterization of hi~h molar mess palymers is net yat 

routine, althcugr, I118ny advancas have besn made in this area (42). 
1 

Syrithet~call.y produced cellulose derivatives, liks HPC, are often 

pOlydisperss and hard J:.D fra~f:J.0t'atlil and 90 the characterization process 
t, , 

i. Aot easy. lIIater soluble cellulosics' are also notcriDusly difficul t to 

" dissolv~ completaly-(43). Solutions are found tD contain nct only the 

molecularly disparsed cellulose chaine but Blsc undissolved fibers, gal 

partic1es, and aggregatas of colloidal size (44). The presence of these 

_terials cOlIIPlicatas the charactarization process for cellulose 

derl.vativa and, th~ le unfDrtunataly trua for -HPC. In. addition, aince 

HPC is the product of a heterogenaoua reactiQn (2-3), the substitution 

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

alSD contrib~te to characterization difficulties. 

II.4.~ LIGHT SCATTERING 

Introduction 

.. 
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One of the roost powerful and versati!e techniques avai~able for 

polymer characterization i9 light scattering (45-46). The principle8 of 
~ 

solution light scattering have their origin in Rayleigh's the ory (47) for 
. 

the scattering 9f light by a dilute gas. This theory Illas extended by 

Debye to include macromolscular so~utions (48-49). In this case 

inhemogeneities existing in the so~ution are responsible for the 

"scattering oft? light. The solution inhOm~genei~'is" a result of density, 

therm~, or concentration f~uctùations. The effects of density 
'. ,1!", 

rluctuations are usually e~iminated by subtracting the, pure solvent 

scattering' from that of t.he solution. The angular dependence of light , ' 

scattering (50) may be CO~~Bnisntly exprassed by'ths Rayleigh factor, Rft 

definsd in Equation Il.I. 

whera 

j 
(1 

\ 

\ 
'~ 
JI 
\ 

\ 

ident light bau \~'t.ensi ty 

r. • ~ca of scattaring volume frOil datector 
1 

i, ttared light inte~si ty pa;" unit volW118 

" 
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(J • angle of measurem~nt' relative .to the incident beam direction 

The molar mus (Mw) of the solute can be found by using Oebye's squation 
"Il 

lIIhich is shollln beIolll. 

where 

and 

2 Kc(l + cos 1) -R, 

K 

K - an optical constant 

j" 

- !... + ~~2c ~ ~A3c2 + 

-

M 
III 

222 
2r no(dn!dc) 

\ 
\ 

N ,,4 
A 

c - solute concentration (g/mLJ 

n _ solvent refractive index 
o 

dn/dc • differentlal index of rsfraction (ml/g) 

NA - Avogadro' s number 

~ • incident light wBvelength 

-1'1 • solute lIIaight auerage molar I118SS 
III 

• • • 

, 

A2' A3 • second and third virial coefficients, respectively 

R, • excaas Rayleigh factor (R, l' t" --R, 1 t) 
""'- ,80, U .1.on ,so uen 

II.2 

Equation 11.2 is only applicable ta systems whera the IIIOlecular dimensionS 
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are smallar than one twenUeth of the incidant light wavelength. \Ilhan 

the size of the scattering particle~ is no longer small, the scattering 

becomes more complexe 80th partic~.e geometry and their interactions 

begin to play an important ra.l,é. g.estructive interference of light 

scattered from different parts of the same molecule, nDW greatly reduces 
1-' 

the measured intensity of the scattered light. rel' such systems, 

Equation II.2 IIIJst be mDdified as fo1101a/8 
, \ 

( 

52 

• • • II.3 

where 1( 8) i8 the particle scattering factor (52) which corrects for the 

effects of internaI interference and the ether variables are as defined 

for Equation II.2. The size and shape of the scattering particlès 

determines the value of P(8); however, in a11 instancel3~ :p(e) tends te 
, 1 , ~ 

uni ty as 8 approaches ierD. - In the limi ting case ?f small scattering 

angles the fol101d~ng relationship ia valid: 

llm 
(J .... 0 

1 
Pm 

" 2 
where < s > is the me an square radius of gyration far the pol ymer. 

II.4 

ThereforB, at ,10lIl angles and nsglecting the third and higher order vidal 

coefficient8, Equation Il.3 takee the forro 

II.S 

1 

1 

1 
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1 The intensity of light scattered by solutions ie a function of both the 

.-' 

{ 

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

Equation II.S shoul,.d be noted: 

"-4-

(1) In the limit of ()- 0, .!5S.. 1.+ 2Azc - -
RO PI 

.' III 

(z) As c ~O. Kc ia proportional to sin2(O/2) -
Re 

/~ 

~ ..!.. .. 
(3) If both c and () arli then zero, • -.,- Re M 

III 

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

determined by using Equation II.5 and measuring the scattered light 

intensi ty as a function of angle and concentration. A double 

extrapolation, knObln as a Zifllll plot (52). then allolll8 M to be foun'èf f'rom ' 
III 

the reciprocal value of Kc/RO st e - 0 and c • O. The second vi.rial 

coefficient ia obtained from the slops of' ths 0 - 0 line II/hereas the slops 

of the c • 0 lins gives a valus for the < s2> • 

Experimental 

A. Solution Preparation 

Hydroxypropylcellulose semples, marketed under th!'! trade name 

KlUCEL, lIIere supplied by Hercules l ncorporated and the Aldrich Chemical 

Company. The Hercule. samplas blare designatad KLUCEL E, L, J, G, PI, and H 

in arder of incra~a.i.ng molar 11188S. Table II.l .li..ta the reparted mol!ar 

, \ ' 

_ 1 
~ , 

'-: " " r, ... 
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TABLE II.l 

\ 

Planufacturar'a Data for Nominal MolaT Maas (jij ) and Moler 
1/1 

Substitution (MS) of Several HPC Samplss (l,11) 

HPC Type -1 
MS 2 

1"1 
w 

(g/mol) 

E 60 000 , 
l 3.84 

L 100 000 3.65 

J * t' 3.61 

G 300 000 3.50 

1"1 * 3.93 

H 
'ît, 1" 000 000 4.21 

* No molar meSs reported 

l J 
based on empirical method for eBtimating the degres of 

2 

polymsrization (OP) of the original cellulose and then 
using the PIS value ta calculate the molar mass of the 
HPC 

terminal methyl method; average of tlllO results 

54 
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masses and MS for the various, KLUCEL samples investigated. 

HPC samples had nominal molar masses (53) of 100 000, 300 

,\ 
The AJ,.4rich 

~ 
000, and 

1 000 000 and appeared ta be :i:dentical with the KlUCEL L, G, and H 

55 

samples, respecti,vely. Attampts ta purify the HPC samples by fractional 

precipitation (54) using ethanol as a solvent and n-heptane as the non-

solvent were unsuccessful. Prior ta use, the HPC was dried to constant 

weight in a vacuum oven at 65° to 70°C. This proc~ss was found ta 

remo,ve from 2 to 3% water depending on the HPC sample being dried. 

AU aqueous solutions were prepared w~th water distilled twice 

in a closed non-boiling sç111. The heatlng source was an infrared heat 

lamp (Sylvania 1.25 watts). Dried HPC was tranaferred into lDD-mL 

volumetrie flasks and 50 ml. of hot water ( ..... 60°C), a non-solvent, were 

added. (like ,!!ost watér soluble polymers, HPC tel')Ps to lump. together when 

the pawder ls first wetted with solvent (1). To minimize <' agglomeration 

15 ' 
and facilLitate dissolution, the, polymer ls preslurried' ln hbt water ta 

1 

'ensure complete lIIetting of the powder.) Next 30 ml of cold water lIIere 

added to the flask whieh liJ88 then plaeed on a mechanical shaker for tb/a 

hours. At this time solution of a11 gel particles seamed ta be complete. 

Since HPC solutiona have a tendency 'te foern 1IIhen shaken, the solu~ions 

lIJere allolIIed to settle for a further tille hour~ before the flasks lIIere)made 

up ta t~eir volumetrie eapacity. The solutiona II/ere gently agitated b/ith 

a magnetie 6t~rrer for thirty minutes more' to eneurs hamogene1ty. Ta 

minimize aggregat1an effects, ail aquaou8 so1.ut1ans 1118re prepared not mere 

than twenty .. four hours prier ta use. The so1.utions II/eré relativa~y clear 

1 , 

) i 

l 
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or slightly hazy depending on the HPC sample being dissolvec;l. on·~andin.g, 

a fuzzy II/hi te precipitate li/as seen to develop "'!n almost all of the 
4) \ 

solutions. 

Organic HPC sol.utions lIIere prepared fo11ollling the procedure 

outlined ab~ve for aqueous samples but lII!thout the preli/etting step. 

Before being usad as a solvant, tetrahydrofuran (THF) li/as dried over 

molecular sleves (Linde Air Products Co, T}'4le 3A, B - 12 mesh) for at 

1east one Uleak and athanol waS' distilled tlllice in the closed non-boiling 

still. Solutions of HPC in THF II/Bre clear and essentially free of fib~rs 
, \ 

\, 
and gel material. Ethanol solutions contained, distinct gel-like particles, 

indicating that only a portion of the HPC had dissolved. Theae solutions 

II/ere filtere~ through a O.45-,um fluoropore filter prior ta usa. 

B. DifferentiaI Index of Refraction 

The differeritial index of refracti~n (dn/de) li/as meesured for all. 

the KLUCEL types (E, L, J t G, Mt and H) in li/ater. Sixty-five solutions, 

approximately a dozen per HPC type, ware prepared using tha procedure 

outlined in the pre~vious section. Tabl.e II.2 lista the solution concen-

tration rangs that li/as prepared for each HPC sampla. The higher the molar 

mass of the HPC, the more vis cous and difficult the solution li/as' to 

handle. Differsntial index of refraction maasuramanta li/are alao 

obtained for HPC-L in 'THf" and athanol. The concentration range prapared 

for thesa solutions ia 81so listsd in Table II.2. The solutions II/ere made 
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TABLE Il.2 

\ 

Concentration Range of HPC Solutions Preparad for Differential 

Index of Refraction Ma8surements 

HPC Type Solvent Concentration Range 
(g/L) 

~. 

E H20 0.60 5.9 

l H20 0.39 5.2 

l C
2
H

S
OH 0.29 3.5 

l THf 1.9 9.7 

J H20 0.49 5.2 

G H20 0.31 4.8 
_. 

M H20 0.62 5.0 

H H20 0.069 0.43 
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up by follOllling the procedure already described. 

Differe tial. index of refraction measurements lIlere obtained using 

a Hilger and Wst s Ml.54 Rayl.eigh Interference Refractometer (55-56). The 

o 0 
aintained st a constant 25 + 0.1. C by using a watar -..... temperature wes 

jacket provided ith the instrument (57) and an externally circulating 

water bath. The nterfarometer ce1l, available in path lengths of O.l-m 
( 

or O.Ol~t consis ed of a solid piece of fused silica d~v).ded into tlIIO 

compartments - 011;1 for solvent and one for solution. The light source 

Illas an ordinery mi~roscopa lamp mountad in a sui table housing. 

The interference refractometer operatas on the principle of 

matching two sets of· Interference fdnges. One set of fringes i9 
\ 

stationary and functions as a ref"erenca point for a second mobile s:et of 
, \ 

\ 

fring~~. The dis placement t .9" of the mobile ft'inges wi th respect to the 

refere ce fringes is measured and ie directly related to the refractive 

ffsrence, .1n, exiâting betllleen ,the solution and the pure solvent. 

rfarometer ie calibratad by Rlea8uring .st for several solution 

concentrations of known refractive index difference. A plot of dn versus 
~ 

. ' 
d yie1de a straight 1ine of elops k, an instrument constant. The.1n for 

- 1 1 

the HPC solu'tions was then calculatad ueing the equatien, i1n • k.!:l (58). 

Aqueous NaCl and KCl solu~on8 with accurate literature values (59-62) 
<If 

for Ân \a/lars usad 

BqUilibrlat~d for 

ta evaluate k fOr the ihterfaromater. Solutions were 
1 

1 

batween ten and twenty minutas in the interference 

refractomater at IIIhich Ume dietorted fringes had straightened out 

.1 ' 

," 
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indieating that tempe rature equilibrium had been .,ttained •. 

c. Light Seattering 

Conventional light sc~ttering li/as performed using a SOfICA 42 000 

Photo~onio-oifflJSometer equipp:ed with a mercury lamp (À. ,.. 546 nm). An 

excellent detailed description of the basic dperation of this instrument 

has been given by Margerison and East (63). To avoid erroneous results in 

light scattering, the solutions us ad must be dust free. Aqueous so~utions 

prepared aecording ta the procedure outlined above were subjected to a two-
" 

, step cleaning process.. Solutions were first centrifuged (Beckman Spinco 

Mooel L) for one hour at 25 000 rpm in polycarbonate centrifuge tubes 

(Canlab). Glass beads (Chromatographie Specialties, 80 - 100 meeh) had 

previously besn placed in the tubes ta trap any dust or gel particles 

eettling during centrifugation. Nsxt, solutions were fil tered using 30-mL 

syringes equipped lI/itli 0.22-,um Millipore fil terse The above pro,cess was 

repeatad a second Ume and the solutions II/ere filtered directly into the 

2S-mL light scattering cells (94). Maasurements were then made in 
l ' 
. 0 0 

triplicata et severa! scattaring angles from 30 to 180 on fou~ aqueous 

HPC-G solutions with concentrations between 1.4 and 4.2 g/L:' The 

sca~tering intene'ity for the solutions was normalized by using benzans as 

a reference scattersr. 

LOIII angle lasar light scatterlng (LALLS) (65-69) wes performed 

on HPC solutions using a Chrometix KI'IX-6 LALLS photomatar. SincB the 
Jf r; 1 

a 



( 

60 

design of this instrument differs considerably from that of a conventional 

light scatterer, a brief description of the photometer and i ta operation 

(70-71) is presented ~~e. Figure II.2 depicts schematically the basic 

cemponents in a LALLS photometer. The light source is a two milU'watt , 

He-Ne laser emitting vertically polarized red light of waveiength 633 nm. 

The laser beam i5 folded back on Uself by two prisms 'which direct the 

-
beam ta where the attenuators, samp~e cell, and detector op tics are located. 

Three measuring and one calibrating attenuator are located between the 

second folding prism and the condensing lens. They function ta attenuate 

the 'incident beam to within a factor' of 0.25 of the scattered radiation of 

. -
the solution. The calibrating attenuator serves as an internaI calibration 

1 

veri fier. The condensing lens (ocusses the laser beam down ta a spot size 

-
of 0.08 mm at the sample. 

The solution being investigated is' confined in a small aperture in 

the teflon spacer sandwiched between two, two-inch long fused silica 

windows. The window faces are polished as well as the state of the art 

permits. The cell volume with a 15-mm thick spacer is approximately 0.05 

mL.. Solution is intrcduced into the cell using a hypodermic syringe 

inserted into the spacer. The call ia mounted on a fine motion stage IIIhich 

allows the operator te choose the area of 'minimum scat ter on the cell 

interface for measurements. 

The laser beam next passes through a rotating annulus II/haBl which 

off ers a choies of fiva availsblB 8cattering angl~s ranging from 2° ta 7°. 
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• 

F'IGURE II.2 Schematic view of ~hs components cf a Chromatix LALLS photometerl 

ATT • attenuators, CL • cQndensing lens. 8 • beam 'stop, 

AN • annulu8, -HL - rs+ay lsn8, FS • field stop, PI •. mirror, 

Cl • ocular lena. Sae text for details concerning the function ,() 

of sach component. 

< 
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An aperture on the wheel a1.1.oll.ls the~irect incident beam intensity to ba 
1 • 

measured. Beam ~tops cantered in the annuli absorb most of the direct 

laser beam. Just behi~_d the annuli is a fourth atten~ator which ser~es 

as a' safety shutter protecting the photomultiplier from excess light 

levels. Un1.ess i~ ls manua1.1y removed this attenuator ia all&lays in the 

beam path. Next along ,the optic path is the relay lens which serves te 

image the. scattered light at a 1:1. magnification onto the fie1.d' stop. 

There are tl&lenty-four field stops ra,nging in size from 1..5 mm to 0.005 mm. 

Only 1.ight scattered from the canter of the sample and passing through the 
1 

annulus is focussad onto the fie1.d stop. The final destination of the light 

focussed through the field stop ia the photomuitipl1ar. tube I&Ihich records 
y 1,. 

',the intensi ty of the scattered laser beam. By inserting a mirror and ocular 

Iens with a magnification of 50 Just bafore the photomu1.tiplier, it ia 

possibl\3 Ito observe the scattered light f'rom the solution and to align the 

optics of the system. 

Unlika conventional. light scattering instruments, the LALLS 

. -.\ photometar requires no standard calibrating sol.utions. The instrument is , 

absolutely calibratad ,(72-73) in that the Rayleigh factor, R8 , is 

detarmined by geometric parametars and ratios of radiant power measurementa. 

Speci fically", the Rayleigh factor for a sample is givan as 

G8D'tJ 

• G crl o 

wheI' Ge .. detactoI' reading for scattared baarn due to sample 

1 

(' 

) 

II.6 

, 
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Go .,. detectol' reading for trans~ittad beam, t10U9h sample 
/ 

o - net transmi t tance of at:t,enuators o \ 
II - saUd angle over which detected- radiation ia viewad 
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) 1. effective lBngth of scattBring volume 

The product of II and 1 is c,onstant ,for a particular combination of solution 

refractive index, annulus, field stop, <and cell sicer. The value of Dols 

constant for a given set of attenuators but i ts 11ue must be checked 

periodically. The RO is tharef~f'~ ~~mply the ra;tio of GO/Go IIIhere ,bath are 

measurad under identicai dete tor g~in and op tic element conditions except 

for the attenuator combinat' on inserted in the baam path. Scattering 

measuraments ~or polymeF' solutions give the Rayleigh factor as a functlon 

of polymer concentration. The small angles involved (- 2° - 7°) allolll the 

weight average molar mass of the polymer ta be evaluated wi thout need of 

extrapolation' to zero angle. No Zimm plo~ is required. As in convent.lonal· 

light seattering, LALLS measurements can also be made at high temperature's 

(74 ). 

Law angle laser light scattaring maasurements were performed on aIl 

HPC typas in watar. In aedition, measurements were made on HPC-L in ethano!" 
.; 

and THF. Most solutions 

procedure "6u~ir'ied above 

ware prepar~d directly by 

rat~th~n by volumetrie , ' 

usi119 the dissolution 

dilution of standard 

solutions. Exparimental1y, freshly preparad solutions gave more reproducible 
;' 

results than solutions prepared by volumetri~ di~ution. Solutions were 

transferred to lD-mL Hamilton syringes equipped with Luer lock fil ter holders 

, . 
.....""'._-_ ... ~~.,--- -----~ - "....---. 
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containing pre@tars and O. 22-,um l'Iillipore (for aqueous solutions) or 

0.4~m Fluoropore (for ethanol and lliF flolutions) filters. The syringe 

was placad on' a syringe drive (Multispeed Transmission Harvard Appar'atus 
~ .. 

Co., Madel 600) which forced solution through the light scattering calI 

" 
at a speed of 0.051 ml/min. The solution concentration range prepared 

for lAl:LS measurements in laIater was betllleen 0.03 and 9.7 g/L, in ethanol 

~ 
between 0.5 and 4.9 g/L, and in THF between 0.2 and 1.4 g/L •• ~ 

Resulta and Discussion 

The differential index of refraction (dn/dc) of a solution is an 

important factor when the solute malar mess is Bvaluated From light 

scatterlng data. The optical constant, K, of Equation 11.5 depends on the 

square of the dn/dc. In this work the di fference in refractive index (dn) 

between the solution and the pure solvent Illas measured by interference 

refl'actometry. Each measurement of dn was made seven times and the results 
~ 

,9tl)efe averaged. This was rep-eated for several concentrations of HPC. The 

values of dn obtained were plotted against solution concentra1;ion (o) and 

" 
the slaps of the l'esul ting sttaight lins gave a value for the dn( de. 

Alternatively, the dn/de may be evaluated as the intercept, at c .0, of a 

plot of (j,n/c versus concentration. This latter method emphasizes any 

scatter in the experimental points and consequently exaggerateà any non­
\ 

lineer variàtion in ..1n with concentration. For this reason Huglin (61) 

states that it ~ the preferred mathod for avaluating the dn/dc. Figures 
\ 

II.3, II.4, II.S, and II.6 show typical plots of the variation in do wi th 
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FIGURE 11.3 

2~0· 4.0 8.0 

CONC HPC-E X 103 (g/mL) 

The change .in refractive index difference (.1n) wi th concentration 

for aqueou8 HPC-E so1utions at 25°C and À ~Q 560 nm. 
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FIGURE, II.4 The variation in refrectivB index difference (.:1n) lIIi th concentration 

for aqueou8 HPC-L solutions st 2SoC and À ~ 560 nm. . 
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f'IGURE: II. 5 The change in refractive index differenca (iln) II/ith concentration 
o 

for aqueouB HPC-J~ solutit?ns at 25 C and h =:: 560 nm. 
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\ concentration for aquaous so~utions of HPC-E., L, J, and G rsapectiVelY. 

\ 

... 
The dn/dc values obtained for the varioU8 HPC samples in water and for 

, HPC-L in ethano~ and THf' are listed in Tab~e II.3. There appears to be 

no char trend in tha varlation of tha dn/d~ with molar !Oass for HP~ in 

water. Rather, thE! dn/dc aeams to hava an average value of 0.134 ! 0.003 "\ 

mL/g ovar the molar mass range investigated (60 000 to 600 000 g/mel). 

The resu~ te For HPC-H have been neglected since they showad a non-lineer 

\lariation in ân with concentration • 

. the di fferentiel index gf refraet.ion is we\lsleng th depandant and 
'\ 

tbe values lis t ad in Table II.:3 wera measured at 560 nm the av~rage 

wav~~gttT for white' light j.nterferometry (55). Theae dn/de valuas/ara 
~ ( 

believed ~,vary by 2 or 3% from those required in the caleulations of 

l.ight ~catte~g data at 546 nm snd 633 nm~ Experimentally, the d~/dc 

valus for HPC-L was 0.117 mL! 9 at 25 0
C and 560 nm. The corresponding 

valus reported in the literature (32) in the same solvent, athanol, ie 

0.120 mL/g at 25°C and 545 nm. This w,euld seem to confirm the postulated 

3% errer that .is introducsd by aasuming the dn/ de te be wavelsng th 

independent. A similar 3% change in dn/de w!th wavelength has been 

reportad for ee~lulo8e diacetate solutions (75). Altheugh a 3% errer in 

dn/dc seame aomawhat high, it b probably acceptable when it ia recalled 

that the HPC semples obaing used are high1y polydisperse and that the 

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

value of 0.134 mL/g lIIi th malar masse 
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TABLE Il.3 

• 
Oiffar~J'ttial Index 'of Refraction (dn/dc) Values at 2SoC 

and À Qt 560 nm for Several HPC Types in Order 

of 1 ncreasing Plolar Plass 

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

E H2 O, 0.133 

L H2 0 , 0.132 

L C2HSOH 0.117 

L THf 0.071 

J H
2

0 0.134 

G H
2

0 0.136 

M H
2

0 0.137 

H H
2

0 0.118 

,1 . 
t 

,' .. 
1 
1 
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. , 
The weight average molar mass for aqueoue HPC-G solutions wsa 

calculatad From conventional ligh t Bcat tering . meaeurements. The result-ing 

data and Equation II.S were used in constructing the Zimm plot shown in 

rigure II. 7. The data which showed relatively larg~ deviationa from 
Î 

linear behavior were not very good, but ~his was the best data that could 

be obtained l'rom the prepsred solutions. The scattering. at angles over 
1 

90° From bath the solutions and the pure benzene was very high. This was 

attributad to back reflection from some part of the ~ystem and the data 

o 
meàsured above 90 have been neglected. The Zimm plot extrapolation gave 

a weight average molar mass of' approximately ?40 000 g/mol for HPC-G. 

Using Equation II. 7 the second vidal coefficient (A
2

) waa determined ta 

-4 -2 be 3.5 x 10 ml mol g • 
~ , 

II.? 

The factor of, 1000 in E quaUon II. 7 was arbit~arily chosen to produce a 

good spread of the experimental data on the x-axis of the Zimm plot in 
'1 

tigure II. 7. The slope referred ta in E quatian fI. 7 ia that of the e • 0 
o 

line. The root mean sq~are radius of gyration « 8
2 > 1/2) wae calculated 

using a modified form of Equation II.4 

2 1/2 
<8 > '" [ 

3.\2j;j'w ]1/2 
-2 slope a 
16n c • 

II.S 

and i ts value was found to be 320 nm. This value fo.r the radiua of 

gyration is much larger than expected for a randomly coiled cellulose 
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fIGURE II. 7 .. Typical Zimm plot of light .scatteriMg data for HPC--G in aqueous 

5 '; -4 -2 
solu-tion: PI • 7.4 x ra g/mol, A

2 
• 3.5 x 10 ml mol 9 , and 

2 t ,'1&/ 
<9 > • 320 nrn. 
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chain. Increasing chain stiffness would of course increase the cellulosic 

radius of gyration but a quantitative intarpratation of Ha significanc1 

was not warranted due to the scatter in the exparimantal data of the Zimm 

plot. Other HPC samples in aquaous and ethano! solutions ahowed marked 
, 

; {' ... . . 
cutvature in their respective Zl.mm plota mak~ng i t impossible to extrapolate 

the datéÎ" for a molar mass value. It would thus appear that conventional 

light scattering la not the ideal technique ta use in evaluating the HPC 

molar mass'. 

Low angle lase:r light scattering measurementa were made on several 

HPC sflmplas. The precision and accuracy of the Chromatix KMX-6 instrument 

was verified using dextran cr-IIO, Pharmacia Fine Chemicals, M / M ~ 1.44) 
w n 

solutions. This polymer Is often used as a molar mass, standard in aqueous 

solution. The results obtained are shown in figure II.8. The molar mass 
1 

From the graph is 113 000 g/mol; this differs by approximately 3% From the 

manufacturer's'reported value of 110 000 g/mol. The reproducibility in RO 

'values w~s excellent. Specifical~y, Re was measured five times for each 

solution concentration and the results averaged. In each case the average 

Re differed From the individual Re values by less than 0.5%. The single .. 
closed circles .W! Figure II.8 represent the average RO ~ues. To vari fy 

F , 

that the apparent mol~r mass of dextran was not Changin~~ith time due to 

aggregation, the light scattering measurements were repeated at tlIIO hour, 

two day, and one week intarvals. Every tlme, Re was measured five times 

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

Figure II.8 indicate the maximum and minimum average Re values obtained 

,1 
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a 2.0 4.0 6.0 8.0 

CONC DEXTRAN x 10 3 (g/mL) 

lAllS data for aquaous daxtran solutions: nH 0 .. 1.332, dn/dc -
-7 2 -2 - 2 5 

0.147 ml/g, K • 1.565 x 10 mol cm 9 , 1'1 .. 1.),93 x 10 g/mol, 
-4 -2 III 

and AZ • 4.07 x 10 ml mol ,g Closad circles and bars rafer 

ta duplicata meesuraments; sae text for details. 
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From aU light scatt;ering measurements on a particul.ar solution concen-

~ -tration. The change in the ave'rage RO with time WÇlS less than 4% in 

Bvery case, irîdi:cating that dex tran solu,tions are s table and do not 

aggregate ta any particular extent over' the time span investiga~ed. The 

closed circles superimposed on the bars in Figure II.8 represent an 

-average of 'the average
1 

Re values used in calculating the reported molar 

masse The Chromatix LALLS photometer would th us seern to provide an 

accurate and precise weight ~verag8 molar mass value for dextran without 

·the need for man y duplicate measuremants or a complex Zimm plot. 

Low angle laser light scattering measurements were performed on 

aqueous"HPC-G solutions. The data collected and Equation II.5 wel'e used 
• .. J ~ 

in the construction of Figure II.9. Measurements were repeated at two 

twenty-four hour intervals and these results are -also plotted in Figure 

II.9. The actual molar masses caleulated for HPC-G over the three day '. 

time period are listed in Table II.4. The molar mass data clearly show 
" 

~hat the HPC-G has undel'gÇlne a fivefold increase in molar mass over t\1e 

time span investigated. '" .' , This l'eault may be explained by postulatJ.ng that 

HPC Is aggregating and thia causes the molar mass to increase. Although 

the aggregation ~f' l'IPC in water oceurs ovar a relatively short time span, 

,one week or more is needed before a precipitate becomes visible in the 

solutions. This moleeular aggregation may also partially ae::count for the 
\ 

curvatul'a found in ~he Zimm plots of conventional light 9cat'tering data. 

, ", . 

The l'esul. ts of LALLS measurements on HPC-L solutions in water, 

-..... ----------.~--.~ 
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(} 

, 

0.05 0.10 0.15 0.20 0.25 -- 0.30 

CONC HPC~G-x '103 Cg/ml) 
- --------~ •. ..rI 

\ 

Chromatix LALLS results for severa! aqueous HPC-G solutions. The 

,.~ata ",ere collscted at 24 (.), 48 (e) f and 72 (A) hour intervals 

after solution preparation. Ses Table II.4 for the calculatsd 

weight ave~ags molar masses. 
" 
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TABLE II.4 

Molar Mass Results for Aqueous HPC-G Solutions from LALLS 

Data Co11ected Over a Three Day Time Period 

Day M A
2 III 

(g/mol) (ml -2} mol JJ- -

l 420 000 1.11 x 10-3 
~n 

10-3 2 710 000 :;2.23 x 
J 

:5 1 900 000 , 3.22 -3 x LO 
-~ 
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THF, and ethanol have been graphed in Figures II.10, II.11, and II.12 

raspactively. In aquaous solution the LALLS data were not very reproducibla 
1 

and it was extremely difficult to ob tain a molar mass value fo~HPC-L. In 

Figure II.10, the closed circles represent an~average Re value obtainad from 

between three to tan individual R measurements on a particular solution. 
9 

Unlike dextran solutions, the raproducibility in the individual Re values 

for HPC-L was only 3%. Measur~ments were repeated at two hour and one day 

intervals for four day~. The maximum and minimum average Re values obtained 

over the given time peri ad ~re represented by the bars in Figure II.10. 

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

i 
l 
t 
J 
1 
~ 
" , 
l 

~ 
$ 

1 
! 
i _ _ §traigb tfoT'!laI'li-manna-r-.---f-Gr--iflstanee , tfte- variatioA--itt- tho a .... O!'a§a,-1tRe:;:;-+f-tlQfJ;r'-------+-_ 

a 1.08 g/L solution changad by 3% wharea. for a 0.65 g/L solution the ' 1 
corresponding change was 21% over the same time span. In addition~ the 

change in average Re values with time was random -- increasing for some 
, 

solutions while decreasing for others. Samples prepared by volumetrie 

dilution frequently gave larger average Re values than the original, more 

concentrated, standard/solutions. The problems outlined above ar~ reported 

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

may not be applicable ta aIl polymerie systems. 

The ambiguous LALLS results obtained for aquedus HPC-L solutions 

may, perhaps, be attributed ta both sample polydispersity ànd aggregation 

of the HPC on a submicroscopic scale. Published reports (32,38,40) 

indicate tha~he sample polydispersity CM / M ) may var~ from 2 ta 12 for w n 

unfractionate APc samples. The solution flowing through the LALLS cell 

t ' 
1 
1 '" " '. 
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CONC HPC-L X 103 (g/mL) 

FIGURE Il .. IO lALLS data for aqueous HPC-L 

/ 
-7 

- 0.132 ml g, K ... 1.261 x 1,0 
-4 

and AZ • 2.50 x 10 ml mol 

solutions: n H 0 - 1~332, dn/dc ... 
2 -2 _2 5 

mol cm 9 , M • 2.15 x 10 g/mol, 
-2 \II 

9 • See text for explanation of 

bars and c10sed circ1es. 
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may be sUbJected ta sufficient shear forces to cause shear-induced 

aggregation. Some evidence to support the aggregation hypothesia was a 
\ 

marked buildup in back pressure at the 0.22jUm fil ter. The aggregates thus 

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

concentration ia therefere altered te an extent which could not be 

~stimated. This 'problem was not encountarad with aqueous dextran solutions. 

The data in Figure II.10 have been extrapolated as wall as possible and 

indicate that HP~ has a molar msss of 215 000 g/mol while A2 has e value 

of 2.50 x 10-4 ml mol g-2 

lig~t scattering on HPC-L solutions wes performed in THF and 

-- ethanol to ascertain if HPC aggregation occurr~d only in aqueous solutions. 

Figure II.11 shows the lALlS results obtained for,HPC-L in-THF. For an 
. 

explsnation of the c10sed circlas, bars, and closed circles superimposed 

on the bars, see the description given above for dextran solutions. The 

Bcetter in the average RO values ia much lesa than in the aqueous case, 

but the alight1y negative slope of tha lin a i~ an indication that 

aggregation of the polymar ia occurring. There was also a notiçeab1e 

buildup of back pressure at the 0.45~m filter suggesting that sorne HPC 
n. 

was being trapped. The molar mess for HPC-L in THF was f~und to be 

-4 -2 220 000 g/mol and A2 was -1.04 x 10 ml mol 9 • 

light scattering reau1ts for HPC-L in ethanol were somewhat 

unusual as ia illus~rated-in Figure Il.12. Problams were encountered in 

obtaining repro~ucible reaults on freshly prepared solutions. These-

j , 
r 
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fIGURE II.11 LALLS data for HPC-L solutions in THf: n THF ~ 1.406, dn/dc s 

0~071 mL/g, k ~ 4.065 x 10-8 mel cm2 g-2, M • 2.20 x 105 g/mol, , 
-4 -2 1&1 

and A
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• -1.04 x 10 ml mol 9 • See text f07 explanation o~ 

c10sed circles and bars. 

• 

, , 

" \ 
J 

1 

1 
q 
< 
1 
1 • 

1 

1 
\ • ~ 

-~-- ~------



f 

--._---

10.0~----_r------r_----_r------r_----_r------~__, 

-CI 
'- 8.0 
'0 e -0() 

o - 4.0 

2.0 

o 

• 
4 

0.8 1.8 2.4 3.2 4.0 4.8 

82 

-------' CONC HPC-l X 10 3 (g/ml) 

( 

, 
- - --------- ----

rIGURE II.12 LALLS results for HPC-L solutions in athanol which ware aged for 

one week (e) and for two months (11): ne H 'OH • 1.359, dn/dc • 
-7 2 -2 - 2 S 4 " 

0.117, K • 1.0:n x 10 mol cm 9 , Pl • 1.5 x 10 g/mol and w 
-3 -2 - 5 A2 • 1.853 x 10 mL mol 9 (e), Pl • 1.9 x 10 tg/mol and A 

-3 -2 w 2 
• 1.850 x 10 ml mol 9 010. See text for explanation of 

closed circ1es superimposed on bars •. 
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samples were found to contain tiny gel particles large enough to be visible 

by the naked eye. Theae particlea were probably undissolved HPC. On 

standing a week, the number of undiss01ved particle~ was greatly reduced. 

light scattering data on waek old samples seems to indicate that initially 

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

- was found to be only 15 000 g/mol. Solutions were- aged two menths and at ... 

this time almost no gel particles were visible. The molar mass for HPC-L 

had increa8ed~0 190 000 g/mol. T~e second virial coefficient in both 

-3 -2 cases was approximately constant at 1.85 x 10 ml mol 9 • The reason why 

HP~ behaves so differently in water, THf, and athan01 is not known, but 

it can be reported that light scattering measurements in organif sol vents 

are more rep,roducible than in watar. In addition, HPC-l seems to aggregate 

to a lesser extent in THf than in water, whereas, in athanol the HPC has a 

hard time dissolving completely, but once it does, it appears to start 
, 

aggregating. In spite of aIL tha problems ancountered, the molar mass for 

HPC-L appears to be approximately 210 000 g/mol -- the average value From 

light scattering measurements in the three solvents • . ----

Figures II.13 and II.14 illustrate th~ LAllS results for a~ueous 

HPC-E and J solutions respectively. The data for HPC-E are relatively non-
~ 

linear. The molar mass was calculated to be 120 000 g/mol and A
2 

was 

4.09 X 10-4 ml mel g-2. 0 . b ild . b k t d nce agaln a u up ln ac pressure was no e 

st the rilter while measurements wera being made. Unexpectedly, the data 

for HPC-~ were very good and it was the only system in ~hich there was no 

noticesble buildup ln back pressure et the flIter. In addition, HPC-J 

1 
n 

1 
" \ 
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FIGURE II.13 LALLS results for aqueo~s HPC-E solutions: nH 0 • 1.33~, dn/dc 
-7 2 -2 - 2 5 

• 0.133, K • 1.282 x 10 mol cm 9 , M • 1.20 x 10 g/mo1, 
-4' -2 w 

and A2 • 4.0: x la ml mol 9 • The clossd circles represent 

t~e average Re obtained for five to seven individuel maa8uramants. 
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fIGURE II.14 LALLS res~lts for aqueous HPC-J solutions: n
H 

0 • 1.333, dn/de 
-7 2 -2 - 2 5 • 0.134 mL/g, K • 1.301 x 10 mol cm 9 ,M • 2.12 x 10 g/mol, 

and AZ • 4.52 x 1~~ m~ mol g-2. w 
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'would nct ~issolve in either THF or ethanol. It is believed that the 

linearity .of the data points may rssult From a more regular or lower 

substitution pattern which, perhapa, linhibits aggregation or gel ;~rmation 
~ 

for HPC-J semples. The molar mass for HPC-J was found to be 212 000 g/mol 

-4 -2 " and A2 was 4.52 x 10 . ml mol g • The problems observed for the various 
" 

'HPC solutions were more acute for the higher molar mass sampI es and no 

reliable data could be obtained for the HPC-M and HPC-H samples. 

II.4.2 SEDIMENTATION EQU1LIBRIUM 

Introduction 

The absolute weight average moler mass for a pol ymer may be 

detarmined by the use of sedimentation velocity or sedimentation 
, 

equilibri~m techniques. Bath methods involve the study of molecular motion 

through a etationary solvent (76-77) and are classified as transport 

phenomenon. In this work only the latter technique will be described • 

. '" 
When a polymer solution is eubjected ta a low centrifugaI field in 

âr analytical ultracentrifuge, an equilibrium concentration gradient is 

established. Tha normal thermodynamic tandency of melecules; te diffuse is 

exactly balanced et every point by the centifugal field an~, censequently, , 
-

n6 ~ flow of molecules across the gradient occurs. Formerly, the long 

times required for the attainment of equilibrium ~ere 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 reduced to a reasonable level. 

1 
4 
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Modification of the equation developed by Goldberg (79) for sedimentation 

equilibrium in a multi-component system permits an apparent molar mass , . 

(M .) te be calculated using the equation below 
w,~ 

l 
M . 

Ks • . -l-vp 
Ye 

dn/dc 
II.9 

where 

w,~ 

p • the solution density (g/mL) 

v • the specific volume of the solute (mL/g) 
o 

C • the solution concentration (g/mL) 

~. the distance of the gradient midpoint From the 

center of the rotor 

Y' • the height of the gradient mid-point From a 
e 

reference ~ine on the photographie film 

dn/dc • the differential index of refraction (mL/g) 

K • a constant which i5 a function of the temperature, s 

rotor speed, and phase plate angle 

f 
f 

Sedimentation equilibrium is really only applicable to~monodisper8e 

solutions whase behavior may be described as ideal (76). For ~lydisperse 

systems the 'situation is more complex since each malar mass species in the 

polymer will attain a different equilibrium distribution in the celle The 

effe9ts of polydispersity are revealed by an increasing curvature in a 

logarithmic plot of solution concentration versus ~2. In addition~ 

macromolecular sol~tions hardly ever exhibit ideal behavior and consequently 

a correction must be applied for solution non-ideality (43). This is done 

j 
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by using the relationship below 

..l:. 
M w 

= -L 
'- + B c e 0 

II .1D 
M . 
w,~ 

-

" 

where M is the true molar mass, M . is the molar mass calculated using w w,~ 

Equation II.9 assuming ideal behavior (8 = 0), 8 is a non-ideality 
8 e 

correqtion factor, and c a 
is the initial solution concentration. The 

intercept on plotting 1/ M . versus c is the reciprocal of 
w,~ 0 

molar mass and 8 may be evaluated as the slope of the line. e 

Experimental 

the true 

A 8èckman Madel E Analytical Ultracentrifuge was utilized ta 

determine the molar mass for HPC-E, L, J, G, and M s?mples in water. The 

experimental rUAS were expertly and kindly perfd~med by Mr. W.Q. Yean of 

the Pulp and Paper Research Institute of Canada. 'The technique used has 

bean describad elsewhere (80-81). Four hours Were sufficient for the HPC 

samples ta achieve equilibrium. The time-consuming me~rements from the 
\ ' 

photographie schlieren pat~erns and subsequent numerical c~cuiati~ns to 

evaluate the molar mass for each samp~e ~ere carried out by the autho~: 

-Standard double-channel quartz cells ware used in the ultra-

centrifuge. One sida of the cell was filled with solution and FC-43 

while the other sida contained solvent and FC-43. Th~ FC-43 is a very 
/" 

r' 

J 
f .. 

, j 
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l, 
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dense liquid (perfluorotribotylamine) which is immiscible with water. Its 
t, 

function is to produce a liquid - liquid boundary at the bottom of the 

column (82). o The cells were centrifug~d at various speeds at 25 C. The 

schlieren patterns were recorded at a phase plate angle of 65 0 on Kodak 

Royal Pan film. 

Solutions were made up in 15-mL vials on a weight to solvent 

volume basis. The solvent Illas -addad 'with a 5-mL volumetrie pipette. This 

stock solution was then volumetrically diluted to give more solution 

concentrations. For sorne HPC samples aIl the solutions were ~repared 

directly without subsequent dilutions to check the magnitude 9f any 

dilution errors. The solution concentrations prepared for HPC-E, L, J, and 

~ ranged from 1.66 to 10.5 g/L. The HPC-M required the use of more dilute 

solutions with concentrationS~batween 0.59 and 2.3 g/L • 

. Several different solution concentrations for Bach HPC sample 

were centrifuged at 12 000 rpm. The HPC-L samples were also centrifuged 

at 8000, 16 000,. and 20 000 rpm te verify that there was no speed dependence 
, 1 • ,~ 

for the HPC samples. The other HPC samples were only centrifuged at 12 000 
"1/ 

rpm. The only exception was HPC-M which was run at 8000 rpm because at 

the raster speed no solution gradient was visible. No gel particles or 

precipitate were found at the bottom of the cell on complstion of the 
a 

axpe~iment. A Photo~raPhic snl~rger\with a magnification of 8 was used ta 
\ 

faci1itate the required measurements on the photographie negatives. 
\ 

, 
\ 
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Th&- so~ution dens'i ty, Pt Illas not measured directly but Illas 

catculated from the densi ties of the pure components by use of Equation 
, , 

II.11 IIIhich assumes that no volume change occurs on mixing
o 

the tlllO 

p 

components. 
Jo 

where 

m - . II' 

P • the solutiqn de~ ty 

m • the total msss of both components 

v • the total volume of both components 

Pl • the solvent density 

P • the solute density 2 

v -. the solvent· volume 
l 

11/2 • the solute l118ight 

o 

II.1I 

The use of Equation I1.1rintroduces only a small error in the density for 
-' 

the dilute solutions' being investl.gated. Density measurements at higher 

dilutions usir1g a Paar Precision Oenaitometer gave scattered results; 

maasÎJrements at highSAc concentrations were difficult due ta the viscous ._-
-' nature of the ~lut~ons. 

, \ '\ 
!\ 1 

;, 

Resulta and Di&cussion 

An apparent molar mus (Pi .) for each HPC concentration can ~be 
1II,1. 
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calculated by use of Equation II.9 and the sedimentation equi1ibrium data. 

fïgure II.15 illustrates a typica1 sehliaren" pattern obtained for an ... 
") 

aqueous HPC _ solution. The y and 8 marked on the film wel'e measured e x 

directly and divided by the magnification factor of 8. Values of & II/ere x 

'used to evaluats the! naeded in Eqùation II.9 by using the folloll/ing 

rej.ationship ,,) 

where 2.144 ia an internaI camera magnification factor and 7.3 ia the 

11.12 

distance From a referance lina to the rotor center. The other variables 

used in Equation II.9 had the f01101l/1n9 values: 

phase plate angle waB 141.8 Jlt 12 000 l'pm and 319.1 at 8000 l'pm. The 
\' 

dn/de III. taken as 0.134 mL/g and it was assumed to ëe independeot of 

mo1ar masse The solute specifie volume (v) ILlas ca1culated as '0.81 ml/g 

ainee it is defined aa the rec~proeai of the solute density-(PHPC .1.23 

g/mL) (a3). The solution' density Illas round to be 0.998 g/mL by, using 

Equation II .11 • 

.-
A graph of 1/ M versus concentration for each HPC sample (E, L, 

, lIl,i 

J, G, and Pl) Illas constructed and the data extrapolated to zero concentration 

to eliminate any Mfacts ari8in9 From non-ideal bahavicl'. In each case 

, __ the intereept gave a true molar msss and these resu1 ta can be found in 

Hgure II.16. The molar masses reported are believed to ,be âceurate te 

lIIi thin .:t 15% based on probable meaaurement errora' and the use of .,calculated 
l , 
\ 
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fIGURE II.1S Typica1 sedimentatidn equilibrium schlieren pattern optë!ined 

For an aqueous HPC-E solution (7.8ô x 10-3 g/mL) at 25°C and 

12 000 rpm: y is the height of the ordinate from the base 
e 

line to the midpoint of the meniscus as indicated in the 

above figure and ~ i5 the distance From the rotor center x 
reference line to the solution column midpoint as noted in 

the above figure. 
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2 4 8 10 
J 

CONC HPC X 103 (g/ML) 

f"IGURE II.16 Variation in apparent molar mass lIIith concentration for several 
~ - 4 HPC samples in aqueou8 so1ution: • HPC~ (m - 6.0 x 10 g/mol, 

-4 -2 - 1&1 4 
A2 • 2.96 x la , mL mol 9 ),. HPC-l (PI • 8.2 x 10 g/mol, A

2 -4 -2 - - III, 5 
• 2.61 x, la ml mol 9 ),. HPC-J (1'1 - 1.0 X 10 g/mol, A

2 
• 

-4 1 -2 - III 5 
2.19 x la ml mol 9 ),. HPC-G (1'\, • 1.9 x 10 g/mo1, A

2
• 4.11 

X 10-4 ,ml mol 9 -2), ~ HPC-M (Pi _ 5.3 ~ 105 g/mol, A
2 

_ 3.15 x 
-4 -2 ld 

10 ml. mol 9 ). 
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denaity and <specifie volume va.lues. 
1 

The only literature value available 

'" for comparison with our experimental resul ts on molar mass was obtained 
\" , 

\ 
on a dia1yzed HPC-L sa'mple by sedimentation velocity (38). The reported 

M value l,of 73 000 g/mol agrees wall with our axperimenta.l value of 82 000 
III 

g/mol and ls within the exparimental error limita noted above.') 

II.4.3 COMPARISON Of MOLAR MASS TECHNIQUES 

The advantages of lALLS over conventionsl .light scattering are 

many but only four points will be mentionad. Law angle laser light 
" • '1-' , 

sèatterinC],l utiÜ.zea the spacial charaèteJ1istics of a laser to measure 

absolute scattered light intensities at low ~ngleS eliminating the nsed for 

---calibra~ing solutions or solvents and the tiresome calculations necessary , 

in constructing a Zimm plot. The high sensitivity of the LAllS photometer 

permits the use of very low solution concentrations ~ thereby making the 

extrapolation to zero concentration more accurate than,cpnventional Zlmm 

p.lot results. The difficulties' in clarifying the 15 to 25 ml of staeic 

solution required in ~tional light ?catteFing "are gr~at~y redu~ed . 

II.Ihen a smaUer scattering volume (0.5 pL) ls needed.. In addition, the 

ocular lens on a lALLS photometer a110ws direct viewing of the scattering 

solution and foreign parti cl es flowing through the solution are· aasily 

recognizad and thase scattering resu.lts neglected. Any or 'aIl of the above 

reasons may account for the difference in m01ar mBSS for HPC-\i from 

conventional (M' • 140 000 g/mol) and LALL5 (M • 420 000 g/mol) meaeure-w w 

ments. T.I'le only drawback ta a.ll light scattering measurements ia the well 

, 
r) 
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documented tendency of cellulose derivative dilute solutions to aggregate 

.with time (84,65). 

Bath light scattering and sadimentation equilibrium techniquaa 

provide absolute weight average molar masses which should be almost 

identical. l'Ianley (43) in work on ethy 1 hydroxyethy lcellulose found that 

the molar masses calculated from the t1&lO techniques differed by a factor 

of two for the same samples. l'Ianley postulated that on etherification of 

alkaline cellulose a uniform distribution of substituents ie not achieved. 

1 

1 
;, 
l 
J 
i 
1 . 

The highly crystalline sections of the orig,inal cellulose react more slowly 

than do the amorphous portions of the chaine. On dissolving the cellulose 

derivative, a large portion of the material dissolves totally; however, a 

small fraction remaina insoluble - crystalline remnants of the original 

cèl1ulose. The presence of this material does not appear ta af!,ect the 

molar mass calculatad From sedimentation equilibrium data. But this 

insoluble msterial cannat be fil tered out of light scaU:~ring solutions 

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

from light scattering data. 

Table II.5 summarizes the malar mase results for the HPC semples 

calculated fram I-ALLS and sedimentation equilibrium measurements. The data 

clearly show that the molar mass obtained from light scattering is 

approximately twice as large a~ the corresponding value calculated from 

sedimentation equilibrium resul ta. The exact reasan for th~ factor of two 

discrepancy in mola!" mess between the t1&lO methods is unknown. HowevBr, 
.., 

---- --- --- j 
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TABLE II.5 

Calculated Molar Masses (Mw) and Second VitisJ Coefficients (Az) 
~ '~ ) 

for HPC Samples from Low Angle Lasar Light Scattaring (LALLS) 

~~ 
and Sedimentation Equilibrium (SE) Pfeasurements 

C· i 

, 
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four possible reasons fo~ the difference in molar msss may be proposed. 

first, the light acattering photometer may exhibit a systematic error in 

i ta resul. ta. This idea can be immediately discarded because the dextran 

solutions gave excellent molar mess results and others in this laboratory 

(86) have obtained excellent molar mess results for National Bureau of 

standards polystyrene samples. Second, since the HPC is produced by a 

heterogeneous reaction betllleen alkaline cell.ulose and propylene oxide, the 

HPC ls necessarily polydisperae. The high molar mass fractions of HPC may 

not achieve equilibrium in the centri.fugal field and, perhaps, only tha 10111 

and medium weight fractions de termine the average molar masa. This 

proposaIt although possible, ia unlikely because there was no precipi tate 

visible in the centrifuge cells. Third, it is possible that the tlIIO 

techniques do not even measure the same weight average mol al' mass because 

the effects of sample polydiapersity on the averag'e mol al' mass value are 

different (45,76). Fourth, the presence of time or shear induced molecular 

~ aggregation seeme most likely on the basis of sorne of the light scattering 

data presented. It ia, therefore, .tl;1e opinion of thls author that either 

molecular aggregation or sampl.e polydisparsi ty are somehow reaponaible for 

the higher molar messes calcul.ated for HPC from light scattering data. 

Aggregates of HPC, if they exist, do not appear te affect sedimentation 

equilibrium measuraments. It ia possible that the centrifugaI fi.eld is 

strong enough ta break up any aggregates and, hence, the molar mass 

calculated by this technique is the trua molar masse 

The characterization of cell.uloae derivativea is a difficult task. 

1 
) 
; ~ 

! 
1 



\$, 

98 

The effects of p~lydispersitr, non-homogeneous substitution, and malecular 

aggregation on measured mo'lar masses remain ill-defined. In the preceeding 

sections an attempt has been made to eharacterize several HPC samples as 

well as the techniques currently available permittedj the problems 

eneountered show that such measurements are not routine and that sev,eral 

methods should be applied. 
0> ' 

II.4.4 VISCOSITY 

Introduction 
/ 

1 

The 'polytlispersity of HPC samples preCIUdel the usa of the p(e) 

values from light scattering in evaluating mOleculjr shape. The effects 

of sample polydispersi ty and particle~ shape s~pt.r mpose to the extent that 

the interpretation of p( 9) values i,s meaningless In an effort ta learn 
, , 

more about the molecular shape of the HPC molec les in soJ:ution, viscosi ty 
, 1 

measuremerits were undertaken. The viscosi ty 0 a fluid is a measure of 

i ts internaI friction or its resistance to fI w. Addition f a polymerie 

solute to a solvent causes an increase in th vis-cbsity of the esulting 

solution over that of the pure solvent. Und r 

viscosi ty measurements can be usad ta evaluJte 
/ 

, 

soll;lte molecules. In principle viseosity mrsasurements may also 
1 , 

of the 

be 

utilized ta derive a 'molar mass for the sofute; however, this molar mass, 
, 

is not absolute and it must be calibrated ~gainst another method like 
1 

light scattaring.' The use of viscosi ty mejasurements in avaluating molar 
1 

masses is very limited in scopa and i ts principle function ia te provide 

i 
l 
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data on the transport processes occurring in solution (87). 

In capillary viscometry a solution is allowad to t'low througtJ a 

capillary of a given length under the influence of gravity. The time 

required for a glven volume of solution to pess through the capillary 1.a 

compared wit~ the corresponding time for the same volume of pure solvent. 

Generally, dilute polymer solutions are used and it is aasumed that the 

~olvent and solution densitiea ar~ approximately equal. As a L'esult, the 

viscosity ratio or relative viscosity (TJ ) ia simply the flaw Ume of the 
r 

solution divided by that of t~e sol~ent. The viscosity of a solution 

varies with the solute' concentration. 
'\ 

Ta minimize concentration affects 
X 

the viscosity number or raducsd viscosity (11 d) haa besn dsfined as re 

lI red . (~) - (11 - 1) r 
c 

II.13 

where c, i6 the solution cQncentratlon in g/lOO-mL of solution and 11 ia sp 

the specifie viscasity. The viscasity number ia l'sally made up of two 

parts. first, individuel polymer molaculee contribute to the solution 

viecoaity. Second, aines polymers are relaUvely large flexible molecules 

they eesily intaract with one anothar and, for this reason, molecular 

intaraction~ alao affect the solution viscosity. To minimize the affecta 

of intermolecular interfarence, the viacosity number la extrapolated to 

zero concentration and the intercept gives the limiting vlscosity number 

or intrinsic viscoeity (C"J) defined in Equation II.l4 balow. 

·' 
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II.14 

-0 

) 

Tha Iimiting viscesity number ia a tangible measure of the ability of the 

polymar ta anhanca the viscosi ty of tha solvent in the absance of intar-

molecular affects. Viscosity data may also ba axpr8ssed as a Iogarithmic 

viscosity number or ·inherant viscosity (".) defined in Equation II.IS. 
~ 

II.lS 

Ta avaluata' Cl1J accurataly, the experimantal fini te concentration viscosity 

data are usually fi ttad te a aemi-empirical formula developed by Huggins. 

II.16 

Equation II.16 predicts that a plot of (Tf le) versus concenbration will be sp 

linaar with an intarcept of [11J and the slope of the line will vary as the 

square of [~~ for à particular polymer-&olvent pair. For flexibly coiled 

polymars k is a constant which ranges frem.0.3 to 0.5 (87). Alternatively, 
J 

a C11J value can be obtainad by the ueà of inherant viscosity data, and 

Kraemer' s equation illustrated balow 
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where k 1 • k - 0.5 of the Huggins equatien. Tiî;·-lU'aemer equation yields 

a line of lower slope th an daes the Huggins squatian and so may be 

preferred for extrapolation purpeses. The bsst method is to plot the 

finite concentration data according ta-bath Equations II.16 and II.17 and 

to teks the common i~tercept as the limiting viscosity number. If the 

Huggins equation plot shows upward curvature th en the Martin equation, 

illustrated below, finds extensive use. 

log (11~'p) • log CF1J + k"C11Jc II.IB 

The Mark - Houwink equation, shown below, relates the limiting 

viscosi ty number ([11) ta the pol ymer molar mass (M' ). w 

_0 

[11J - K!YI w 
II.19 

The values of K and 0 are determined from a double logarithmic plot of 

C11J versus M. The intercept of this plot iliJ K and a is the slape. The 
w 

values of K and a are constant for a particular polymer-solvent pair. 

The shape of the solute particles in solution may be inferred From ths 
, 

value of a (87): Equation II.19 is strictly only applicable ta mono-

disperse polymers but it may also be used qualitatively for polydisperse 

systems. 
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Experimental 

Viscosity measurements were ,obtained for= HPC-E t L, J, and G 
t; 

102 

samples in both acetic acid and I-pentanol. Twenty solutions, five peI' 

HPC type, were prepared using the' procedure already outlined. The solvents 

were used as received from the manufacturer. Solutions were clear and ge1-

free axcept for HPC-G/l-pantano1 solutions in which gel particlas were very 

evident indicating that the high molar mass HPC-G had only marginal 

solUbili-ty in I-pentano1. Solution concentrations' ranged From 0.04 to 

r 
0.46 g/dL in l-pentanol and from 0.07 to 0.68 g/dL in a.,Çatic acid. 

Viscosities were measured using Ubbelohde capillary viscometers 
o 

(Fisher brand, size 100) which were calibrated wi th distilled wâter. The 

viscometers were immersed in a 30-L glass bath (Townson and MarceI' Ltd) 

thermostatted at 25 0 + O.OloC. Solutions were equilibratEjld for.---fifteen 
~ 

minutes in the viscometers which wers immsrsed in the bath~'·· Viscosity 
. 

meaaurements were made between five and eight Umes and the results wer,a 

avet'aged. The flow timea wers recorded using an ordinary stopwatch (Heuer 
-' 

Inc) or an automatic timer (Rinco Instrument Co) and wera oducible to 

within .:!: 0.3%. , 

Re-sults and Discussion 

The sol vents chosen for viscosity measuramenta we which 

gave significantly different critical volume fraction valu s for mesophase 

...,..-.------
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formation (see next chapter). The idee lilas to see if the effect of solvent ... 
on this cri ticsl volume fraction was related to the polymer conformations 

in these solvents as reflected by their dilute solution viscasities. The 

limi ting viSé::osity number in bath acetic acid, and I-pentanol waa taken te 

be the..:, common intarcept of the exper!menta1 viscos! ty data when, i t was 

plotted according to both the Huggins and Kraemer equations. The viscosity 

d~ta obtained for~ HPC-E, L, J, and G in I-pantanol and acatic acid are 

plotted in Figures II.17 and II.IB respectively. The data fol' HPC-G in 

l-pentanol have been omi t ted aince the presence of gel particles interfered 

wi th viscosi ty measurementa. Wi:rick and Elliott (B8) l'eported that the 
, 

viscoaity data for HPC in watar, ethanol, and a 50:50 water:ethanol mixture 

fi t the Martin equation much better then the Huggins equation. The 

viscosity data for the HPC solutions in l-psntanol and acstic acid were 

plot ted according to the Martin equation and the resul ting graphe are shown 

in Figures II.19 and II. 20. The viscometric data for HPC in l-pentanol and 

acetle acid seem to fit bath the Huggins and Martin squations equally weIl. 

., 
, ~ r --

The limi ting viscosity numbers obtained From the Huggins, Kraèiner, 

and Martin equations should be almost identical for a parti culaI' polymer­, 
solvent combination. Examination of the data listad in Table II.6 

illustl'atel'3 that for each HPC type there is good agreement for the limiting 

viscosi ty numbers calcul.atad From the three equations. In addition, the 

" 

data show that as the molar mass of the HPC is increased, there ia a 

corresponding increase in the limiting viscosi ty number as predicted by the 

Mark - Houlilink aquation. The Huggins, Kroaemer, and Martin constants, k, k', 
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plots of' the viscosi ty data obtained for HPC-E (e,O), L' (11,0) f 
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FIGURE II.18 Huggins (closed symbole) and ·Kraemer (open symbole) equation 

plots of the viecosity data obtained for HPC-f: (e,O), L (11,0), 

J (Â,~), and G (.,0) in acetic acid at 25°C. 
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fIGURE ~,I.20 Plartin equation plot of ehe viscosity data obtained for HPC-E (e), 

L (0),. J (Â), and G (~) in acetie acid at 25°C. .~ 
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and k" respectively, which shauld be independent of molar mass for a 

particular palymer-solvent pair~ exhibited soma random variation with 

malar mass for the HPC in bath solvents. This behavior is often observed 
. 

for cellulose derivatives (85,88). The three constants seem to vary more 

in ace tic acid than in l-pentanol and the Huggins constant has a higher 

average value in ace tic acid (k • 0.82) than in l-pentanol (k • 0.47). 

The Mark Houwink K and a parametars for HPC,in l-pentanol and 

acetic acid ware evaluated)from a double logarithmic plot of limiting 

viscosity number versus molar masse The relevant data have besn listed in '/' 

Table II.7. The molar masses are those determined fram sedimentation 

squilib~ium and the listed,limiting vi~cosity numbers are the average 

values of these quantities reparted in Table II.6. The Mark - Houwink 

equation is only applicable for narrow molar mass polym~r fractions" 

However, in applying this equation to the polydisperse HPC system sorne 

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

an(j acetic acid inpicate that the mOlecule,s have slightly different 

conformations in these two solvants. further, tha HPC mol~culas are 

intermediate in shape betwaen a random coil (a • 0.6,'- 0.8) and a rigid 

rad (0 • 1.8). The slightly larger a value in I-pentanal wauld saem to 

im~ly that the HPC molecules are stiffer in this,salvent than in acetic 

acid. Table II.8 lists re-calculated K and a values from the literature, 

assuming that the molar masses for HPC listed in Table II.7 are used 

instead of the manufacturar's reported molar masses for corresponding HPC 

samples. Examination of, the data shows' soma scat ter in the Mark - Houwink 
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TA8LE II.7 

Data Used te Evaluate the Mark - Houwink K and a Parameters for 

. HPC in I-Pentanol and Acatic Acid 

l:"Pentanol Acetic Acid 
/ 

HPC Type M [17J f C'1J w 
(g/mol} (dL/g) (dL/g) 

<J. 

E 60 000 1.19 1.ll 

L 82 000 1.48 1.48, 

J 100 000 2.12 1.89 
1 
~ 

'\1 1 
G 190 000 p.20 l 

K (dL/g) -6 6.98 x -10 - 4.54 x 10-5 

a 
t 

1.09 0'.92 
"" . 

,f 

, ,- ---.-_.--------------....... ,.,.., ---~----
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TABLE II.S 

Mark - Houwink Constants for HPC in Various Solvents 

Solvent K x 10-5 
" a Reference 

(dL/g) 

CH
3

COOH 4.~4 0.92 (89) 

1.60 1.02 (90) 

5.32 0.88 (91) * 

1.36 1.02 (90) 

2.60 0.915 (32)-

6.74 0.88 ' (25) 

9.85 0.85 . (90) 

6.98 1.09 (891' 

* 0 0 Temperature 3S Cj aIl othar viscosity data at 25 C 

- Reported molar masses From 1ight scattering of 
fractionated HPC 
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" 
paramaters for a particular polymer-solvant combin~tion. This may 

reflect the polydispersity of the HPC samples and the uncertainty in the 

average molar mass of each fraction. for this reason It is believad that 

these 0 parameters cannat raliably be used to predict in which solvent HpC 

has a atiffer conformation. 

II.4.5 MOLAR SUBSTITUTION 

Introduction 

The characterization of HPC would not be complete without 60me 

comment on the MS. The exact effect of MS on the behavior of HPC in 

light scattering, sedimentation equilibrium, and viscosity measuraments 

is unknown. The only available information, suggests that the MS of the 

sample plays a vital role in determining t~e solubility of the HPC in 

verious solvents (2,8). 

Experimental 

Nuclear magnetic resonance (NMR) was chosen as the technique by 

which, to try and de termine the MS of the HPC-E and L samples. The HPC was 

dissolved in deutarated chloroform to give solutions of 7.5% HPC-E and 7.0%' 

HPC-L by weight. A Varian T~O spectrometer was used to record the NMR 
., 0 

spectra at 35 C. Standard O.5-mm outer diameter glass tubes were used to 

" hold the sample which was preheated for ten minutes at 3SoC prior to 

insertion in the spactrometer probe. Tetramethylsilane was addad to the 

l 
1 

1 
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tubes to serve as a referance for chamical shift. 

Results and Discussio~ 

.' The NMR spectre for the HPC were interpreted using the method 

developed.by Ho (13). Figure II.21 illustrates a typical NMR spectrum for 

HPC which consists of two relatively broad peaks. The low field or so 
'\ 

called methyl peaks (A) arise solaly from CH 3 hydrogens on tne substituents 
() . 

of tha cellulose ring. Ail other hydrogens, whether they be on the 

cellulose or the substituents, contribute to the higher field peak (8). 

According to Ho the MS is given by the equation below whare A and 8 rafer 

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

MS 
• :3 (8 - A) 

10 A II.20 
'0 

Calculated MS values for HPC-E and L ranged ,From 5 to 8. The precision of 

this tach~ique was therefora not vary good. In addition, work in progr~~~ 

'by Perlin and Lae (92-94) indicatas that the NMR spectrum for HPC is more 

complax than that original1y proposed by Ho. This is c1ear1y shown in th~ 

presence of a third unexplained low,field peak in Figure II.21. For these 

reasons the manufacturer's reported data for the MS, maasured by a 

modification of the terminal methyl method deve10ped by Lemieux and Purves 

(12), was aasumed to be correct. Very recently, Laepand P,rlin have 

confirmed that for HPC-E the OS La 2.5 and the MS is approximately 4 by 
~ 

" 

1 
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1 
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fIGURe:; II. 21 
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A typica1 NMR spectrum obtained for HPC-L in COC13 st 38 C. 
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the use of a high resoiution C13 NMR technique (10). 

II.5 Conclue'ion 

\ 

The weight av~age molar masses calculated from light scattaring 

data are high and approximately, twice those calculated from sedimentation 

equilibrium data for aIl HPC types investigated. Two Pos~ible explanations 

have been proposed ~o account for this discrepancy in molar mass calculated 

by the :wo techniques. Firstly, the average molar mas& measured by each 

technique may be different because of sample polydispersity. Secondly, 

time or shear induced aggregation of the HPC appeara ta have a more 

pronaunced effect on the light scat~ering results than on the sedimentation 

equilibrium results. For this latter reason the true molar mass of the HPC 

ia believed to be that determined by the sedimentation equilibrium 

technique. 

the' molecular conformatimn of HPC in dilute I-pentanol and ace tic 
• . '11 

acid solutions la '~eithar a rigid ~od nor a flexible coil as indicated by 

the viscosity data preaented in this chapter. Rather the HPC molecules 

appear to have some intermediate conformation. 

p 
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111.1 Introduction 

< 

Hydroxypropylcellulose is unique among cellulose derivatives 

because i t can exhibi t tlllO distinct types pf. phase s'èparatioA's: one 

brought about by t~mpsrature, the other arising solely from partiels 

asymmetry. Temperature indueed phase separation is a commen occurrence 

among non-ionic lI/ater solubla cellulose derivatives (1). This process is 

reversible and its product is a polymsr-rieh phase which may eventually gel 

to produce a three-dimensicnal cross-linked network (2-3). The temperature 
.4>fJ 

at which phase separation cceurs on ~ooling ia known as the upper consolute 
o 

temperature (UCT) (4-5); the temperature at phase separation on heating is 

" referred ta as the l o\&ler,. consolute temperature (LeT) (6). Oetailed thermo-
'., 

dynamic information about polymer solubility and phase separation can be 

found in the classic work of Huggins (7-10), Flery (11-14), and other 

researehers (15-21). tOI' cellulesics considerable evidenee suggests that 

the existence of the LeT may be attributed ta the presence of a highly 

hydrogen-bonded structure whieh breaks up on heating (1,22-23). 

The idea that partiele asymmetry alone may be responaible for a 

second type of phase separation is a relatively recent concept. This type 

of transition resul ts in the formation of an ordered anis"otropic phase knolaln 

as a liquid crystal or lyemesophass. ' The origin of this ides for very 

dilute solutions can be traced te Onsager (24) and Isihara (25). Onsager 

propesed that as the solute concentration of rad shaped particles in an 

isotropie solution is increased an instability develops in the sys~em 

'0 
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resulting in phase separation. One phase c~nsists of isotropie randomly 

oriente~ partieles while the coexisting phase containe particles possessing 

orientational order. The driving fofc,e for th~s spontaneoue transition 

from~~~~;otroPiC solution to ordered anisotropie phase as more solute 

i8 added ta the system ls entropie in nature and ie independent of any 

specifie polymer-solvent interactions. According to pnsager a random 

distribution of rods in solut~on minimizes the "orientational entropy" of 

the system, whereas a parallsl or ordered array of rods will minimize the 

"translational entropy" of the system. The competition between these two 

entropie components determines ir the system will phase separate to form a 

stable mesophase. Samulski (26) has shawn that the critieal vol~me fraction 

of polymer in the anisotropie phase (,0) at phase separation 'aceording to 
C 

Onsager 's theory is 

+~ = 4.5(d!L) III .1 

, 
where d is the diameter and L is the length of the pol ymer rods in solution. 

In the late fifties flory dElveloped a theory, based on a statistical 

thermodynamic approach, ta aceount for the anisotropie phase separation , 
exhibited by, both semi-flexible (27) and rigid (28) rod monodisperse polyme~ 

ehaina in binary athermal solutions. The basic premise of his theory is 

that long chaina of conaecutively connected segments can be packed most 

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

distribution of such ehaina must necessarily w8ste space whila from a 
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tnermadynamic viewpoin,t a mixture of ordered and random chains is uns table 

(14). Using a lat fice model Hary was able to break down the solution (ree 

energy into two components: the first, a mixing term depending only on 

solution concentration and the second, a disorientation term depending on 

chain flexibility. In placing rigid 'chain s~gments on a latti~e a 

collinear seqùence of segments is produced because the chains are rigid and 

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

are added, tl:le system must eUher develop arder by a parallalization of the 
'~ 

segments or by sacrificing sorne chain rigidity. It ia the rivalry between 

these tille effects which determines if an anisotropie phase separation will 

occur. If chain sOegments ars inflexible, flory has shown that a disordered 

arr~y - of such chains at a high density is both statistically and thermody­

namically unfavorable. The competition for spaee at high dansity makes an 

ordered array of parallel rods the most thermodynamically stable state. 

An anisotropie phase will form when a cri tical volume fraction of rods 
, , 

given by Equation III.2 has been exceeded. 

,f = (8/x)(l _ 2/x) 
e II!.Z 

, 
where x is the axial ratio of the polymer (rod length divided by rod dia-

meter) and l is the voll,Jme fraction of polymer' in the anisètropic phase 
c . . 

at the onset of phase separation aecording to flory. A consequence of 

", 

Equation 111.2 is that partiele asymmetry (x) alone ia responsible for the 

anisotropie phase separation which. cceurs in rod-like polymer systems. 

Flery' s theory is applicable to bath dilute and ~oncentrated solutions and, 
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as such, has a broader scope than Onsager 1 s theery whieh is applicable enly 

te dilute solutions. 

The phase diagram for a polymerie system exhibiting anisotropie 

phase separ,ation should consist of threa distinct ragions according to 

Flory'g theory: an iSDtropic, a coexistence, and an anisotropie ragion. 

Dilute solutions of the polymer should behave isotropically. As mol' 
( 

p~:llymer is added to the solution, the critieal concentration of rods en 

by Equation III.2 ia exceed~d and a phase separation n-

tration is raferred to as the A point and i t signaIs the start of anar ow 
~- .... ~~~ 

two phase coexistence ragion which consists of the parent isotropie solution 

"and the new anisotropie lyomesophasa. Within this region the concentration 

of the two phases should remain constant and only their relative proportions 

should change. Ultimately the solution becomes totally anisotropie and the . 
concentration at which the last trace of isotropie material disappears is 

referred to as the a ppint. Poly-'Y-banzyl-L-glutamate (PBlG) has bean 

reported to undergo an anisotropie phase separation in several solvants 

wh en a critical concentration cf polypeptide has baen exceeded (29-:51). 

This oceurs only in solvents in which the PBlG is known to exist in an 

a-helical or relaUvely sUrf conformation. F'lory (32) has ealculated the' 

the axial ratios for several differant PBLG samples and has found a reason-

ably good agreement between his theoretical predictions and the exper imen-

tally determined A' and 8 concentrations for this polymer. The agreement, 

however, was not exact and Flery attributed the difference to/sample poly-

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

• 
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\ spontaneous phase separation regard.1ess of the di.1uteness of the solution. 

straley has -shawn that the PBLG resu.1ts fit Onsager's theory much better· • 
that they do Flory's theory but, again the agreement between the theoretical 

and experimental results ls not exact. Okamoto (34) has for this reason 

q~estioned the validi ty of p'hase separation theories to do more then merely 
1 

predict a general behavioral trend. The theoreticiü predictions and the 

experimental results for anisotropie phase separation do however agree on 

one vita.1 point and, that is, that the volume fraction of rods at phase 

separation is independent of the so.1vent but varies only as the axial ratio , . 

or molar maas of the sample. Therefore, molecular asymmetry and not any 

specifie polymer-solvent interaction ia responsible for anisotropie phase 

separation. 

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

in dimethylformamide using several di fferent techniques to de termine the A 

and 8 concentrations for this system. Their phase diagram of temperature 

versus concentration is very similar ta that predicteq by F lory' s theory 
, 

and it iS"9haracterized by three distinct regions. They conclude that any 

discrepancy betl&le.en Flory's predicted phase diagram and the Bxperimental 

phase diagram can be at tributed ta the fact that PBLG mole cules are nei ther 

complete.1y rigid nor impenetrable. They further ,report that f'lory'a phase 

diagram exhibi ts subt.1e changes dependigg upon whether the molecu.1es are 
, ~ 

assumed ta be rigid impenetrable, semi~flexible impenetrable, or rigid 

penetrab.1e rods (36). iThey a.1so have found that side chain flexibili ty 
i 

appeau to play sorne role in determining the phase diagram for PB.LG. ., 

" 
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Samulski (38) has suggestsd that any disè~epancy between F lory' s 

... 
theory and the aetual phase diagram results for PBLG- may perhaps be 

attributed to a distribution of axial ratios in the polydisperse samples 

being investigated. It has even been proposed that a random coil ta helix 

transition may oecur simultaneously w1. th the formation of the anisotropie 

" 
phase in polypeptides (39-42) and, if true, then Flory's theory may nct be 

applicable to systems which exhibit spontar'leously induced chain rigidity. 

F lory has recently undertaken a' ref in'Sment (43-44) of his original· 

theory ta take into account more than just monodisperse athermal polymer 

solutions. He has extended his theory to take cognizance of sample p'oly-

dis,persity (45-46), varying polymer rod lengths (47)" the partitioning of 

r~d-like species between the isotropie and anisotropie phases (48), the 
1 

, 

replacement of rigid rads by a series of flexibly connected joints (49), 

flexible systems wi th regular rod-like sequences (50), and, finally, of 

ternary pol ymer sye terns (51-52).'; Flory has also reported (~3) that the 

")ixing of flexible side eh~ins with the solvent makes a contribution to 

the entropy of the system and, thus, side chai't, flexibility may play an 

unspecified role in anisotropie pha,se separation. 

The discovery that cellulosic mesophases do exist (54) has gener-

ated much interast in cellulose and Hs derivatives. Flory originally 

believed that the inflexibility of cellulosie chains played a dominant role 

in their crystallization and preclud,ed the formation of a stable mesQphase (27). 

It has been reported tttat the eri.tical concentration of cellulose acetate 
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required to f orm an anisotropie mesophasa is depandent upon the sampla 

degree of polymerization and substitution (55). This la ta be expeetad 

from Flory's theory sinee both these factors would alter the axial ~atio 

of the polymer. Aharoni has shawn that this critical concentration varies 

considerably with the solvent in which the cellulose acatate ls dissolved 

(56). This is in contrast ta f"lory's theory and the experimental results 

for PBLG in which the A point is found to be independent of any solvent-

pol ymer interaction. Aharoni suggests that for all cellulosic mesophases 

a direct relationship exists between the polymer-solvent interaction 

parameter, Xl ,2' and the critieal concentration for phase separation (57). 

l t has even been proposed that the critical volume fraction of cellulosic 

material at the A point can be correlated with the solvent acidity (58). , ' 

Hydroxypropylcellulose ia the only known cellulosic ta form a 

lyomesophase in watar and in simple arganic solvants lika methanol and 

etharrol. Previously the only aqueous polymerie systems to exhibit aniso­

tropic phase separation wera polyelactrolyte~; in th~SB compounds it was 

impossible ta determine if electrostatic attraction, malecular asymmetry, 

or a combination of both factors w~s responsible fïr the phase separation 

(36). The tiPC system, being non-ionic, would seem ta be an ideal one ta 
, 

test the validity of the ~y-pothesis that geomatric factors alone, may be 

responsible for a phase transition at relat:Lvely high polymer concentra-

tiens. It is alse of interest ta determ'ine exactly how well the HPC system 

fits Flory'a theory, if the HPC system behaves like ether cellulosic meso-

phases with respect to the A point varying with sOlvent,' and what the 
---~' 
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phase diagram for HPC mlght look like. 

undartaken to answer thase questions. 

111.2 Experimental 

111.2.1 CLOUD POINT MEASUREMENTS 

Aqueous HPC sol~tions undergo a reversible phase separation on 

a heating above 40 C. This phase separation is accompanied by the trans-

formation of a previously clear solution into one with an opaque white 

appearanca. Several techniques were employed in attempting ta quantify 

the change-in solution turbidity with temperature. The cloud point, or 

start of solution turbidity, was arbitrarily chosen as the t8mper~ture at 

which light scattered at 900 to the incid~nt-beam of a SOFICA light 

scattering photometer went off scale on the least sensitive photometer 

range. The solution heating rate used was 0.20C per minute and the 

solution concentrations investigated ranged From 5 x 10-5 g/mL to 2 x 10-1 

g/mL for aIl six available HPC types (E, L, J, 0, M, and H). The 'solutions 

were prep~red according ta the procedure previously' outlined (59). A 

Reichert Zetopan light microscope equipped with a light meter and a Mettler 

FP52 hot stage were also used, ta obtain solution cloud points. Solutions 

were placed in hang!ng drop microscope slides (Fisher Ltd) and were 

examined under the light microscope while being heated at a'rate of a.2oC 
~-

per minute. Light mater readings were taken as a function of tempe rature 

"" _______ ... "'-._ .... ,... ... '-t.,.,~ .. ..,. __ ...... ,_'''''"'..,. __ ~. ______ ,... ______ ... *' ,,_ ..... ...,. ~ - ~ • ~H~~ ___ _ 
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and the cloud point determined as the first significant change in trans-

mitted light intensity. 

Turbidity meesurements were also made on concentratad aqueous HPC 

solutions (9 and 41% HPC by weight). In this case tha solutions wera sealed 

in paral1el-sided 0.4~m thick microslides (Vitro Oynamics Inc) which ~ere 

then placed betwean the heating plates of a Mahler FP52 hot stage. The 

heating rata of the hot stage 0 
minute. The sample "and was 0.2 C pel' hot 

stage were then p1aced within the laser beam "of the Chromatix KMX-6 photo-

metar and light intensity readings were taken every five minutes. :) 

111.2.2 LYOMESOPHASE PREPARATION 

Driad HPC-E, L, J, G, M, and H were weighad into 15-mL vials 

(Kimble Glass Ltd) to which various amounts of water that had baen 

distilled twica were addad. Solutions from 5 to 80% HPC by waight were 

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

stand et l'oom t~mpel'atul'e ( "" 21°C) for one month wi th daily rotation of 

the viels to ensure the total dissolution of tha.HPC. The samples were 

then gravimetrically analyzed with a Cahn -Gram Elactro~alance and 
\ ~. 
~luminum diffarential scanning calorimetry (ose) pans (Perkin Elmer Co) 
'\ 

to verify the solution concentration. The ose pans were weighed and then 

approximately 10 to 20-mg of each HPC solution wara placed in the pan. 
d 

o The pan was raweighad and then driad at 85 C for thirty minutas using 

forced air circulation (Mattler rp52 hot stage). The pan \.lias next placed 
~ 
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in an oven (105
0
C) for two and one-hal f hours to remove-' any residual lIIeter 

in the sample. The dried HPC in the pan was weighed, dried for an 

o 
additionai one and one-half hours, and th en reweighed. Each analysis Illas 

performed in triplicate and, in almost aIl cases, the concentration of 

the analyzed sample was within .± 1% of the originally prapared solution .. 
concentration. 

...~ 

Aqueous solutions \IIere ~enerally very clean, showing onl,y small 

bi ts of 'undissol ved cal~ulose f ibars,~ The solutions lIIere placed on flat 

microscope slides (Pisher Ltd) and then examined for birefringence under; 

the crossed polers of a light microscope. Diluta solutions (up ta about 

40% polymer by weight) were clear and exhibited no birefri~}genca. More 
o fi 

concentrated solutions appeared cloudy and lIIere found fo show varying 

amounts of birefringance. Tilla particular solution concentrations were 

made nqte of during this investigation for solution birefringence. Jhe 

A concentration or start of the two phase coexistence region was taken as 
l 

the point where the first traces of birefringence were ~bserved in e / 

so~ution. The B concentration or start of the' pure mesophase ragion was 

/ 
chosen as the point at which a solution bagan ,t.tl exhibit ir idescence •. 

1 ~ -";11 

Experimentally i t lilas di Fficul t to determine coilclusively at \Ilhat point 

" al~ the isotropic material in a sample disappeared; however, it was 
"} 

) 

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

isotropie ,material and sa this concentration was chosen as the 8 point or 

upper limit for the end' of the two phase coexistence reg,ion. 

.. 
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Hydroxypropylcellulose w~ found to form a lyomesophase in saveral 

polar OrganiC~olv.nt •• Approximately~O to.40 solutions of ~pc wèro 

prepared in each of the follo~ing solvents~ methano1, ethanol, cell06olve, 

dimethylsulphoxide (OMSO), dimethylformamide (DMF), dioxane, tetrahydrofuran 

(THF), acetic acid, acetic anhydride, formic acid, 2-methyl-2-propanol, 
Ji. 

morpholine, I-pentanal, l-propano1i 2-propanol, and pyridine., The solution 

concentratio~s ranged from 5 ta 95% HPC by weight in approximately 3% 

increments. !}nly 01'150 and DMF' were dried over molecular si ev es prior to 

use. AlI other solvents laIere used as receiv,ed from the manufacturer and 

were either spectral or analar grade reagen~s. Solutions were prepared in 

15-mL v~als which were rotated daily for one month to ensure solution 

homogeneity. These solutions were ~hen analyzed gravimetrica1ly as 

described previously for aqueous solutions. Depending upon the solvent and 

the amount of HPC in the sample, the solutions varied greatly in appearance 

being clear, ye1101ll, opaque, or even iridescent. The yell'ollJ color of some 

~olutions (notab1y in acetic acid or anhydride and formic acid) was 

~ributed togthe partial degradation of HPC in ~ese solvents. These 

degraded HPC samples exhibited bath IDesomorphic phase separation and 
i 

iridescent colors at higher HPC concentrations. In contrast to the aqueous 

HPC solutio~s, sorne organic HPC solutions (in DMSO, DI'IF, THF, methanol) 

were found ta be cleer and mesomorphic. For this reasen aIl âolutions were 

examined for birefrin~ence under the crâssBd polars of a light microscope. 

• 
-~-----

i , 
l, 
" 

1 

/" 



, 
r 
t r 

\ , 

o 
133 

II~.3 Results and Discussion 

111.3.1 PHASE SEPARATION IN AQUEOUS SOLUTION ON HEATING 

Dilute aqueou5 HPC solutions are clear and relatively homogeneous 

o These same solutions if heated above 40 C turn cloudy and HPC 

precipitates out of solution. Under the light microscop,e this turbid 

solution appears as roughly spherical particles of one microh diameter. 

Further heating results in a marked increase in the number of particles and 

they appear to coalesce as depicted in Figure 111.1. The precipitated HPC 

coagulates to ferm a white gel-like substance surrounded ~y a clear aqueous 

layer. The opacity o~ the gel precludes its axamination for birefringenca 

or coalescing particles. There does, however, appear to be a c~tical 

concentration of 25 weight % HPC-L below which the HPC will not coagulate 

but ~emain5 uniformly dispersed in the solution as colloidal particles. As 

the molar mass of the HPC i5 increased this critièa} concentration for 

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

The transition from clear ta turbid solution ~s relatively sharp and easily 

detected ViSU,allY for SOl~~~centra~ions above the critiqal coagulation 

value. Very dilute solutions « 1% HPC by weight) appear to exhibit severa~ 
~ 

different degrees of cloudiness before turning completely white. 
q 

The cloud point or tempe rature at wnich the aqueo6à solutions began 

te turn white was evaluated as a function of HPC concentration anc molar 

masse The results obtained have been summarized in Table 111.1. The 
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FIGURE III.l Microscopie view of the particles formed on heating a dilute 
, 0 

aqueous HPC solution above 40, C. The diameter of the depicted 

particles is approximately one micron. 
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Variation of the Cloud Point with Molar Mass ~nd Concentration 

for Aqueous HPC ~olutions 
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reversibi1ity of the solution cloud point was verified by slow1y cooling 
, 0 

each opaque solution and noting the temperature at which the last trace of 

spherical partiel es ~asociated with the turbid phase disappeared. Hydroxy­

propylcellulose E, L, and G solutions had a cloud point of 44°C on heati~g 

and 4loC on oooling. The"corresponding temperatures were 41°C agd 37°C for 

HPC-J, M, and H solutions. The hysteresis of the cloud point on heating 

and cooling is believed to be a kinetic phenomenon and is a comman occur-
, 0 

rence for aqueous polymer systems (1). There does not appear to be any 
1 

regular variation in the cloud point with the HPC molar mass. But it i9 

known that the polymer molar substitution (MS) has a marked influence on 

the cloud point (1). Examination of the MS data for HPC in\' Table II.l 

shows that the cloud point 15 constant for samples with a MS between 3.50 
, 

and 3.64 and that it decreases by 3°C if the MS ls between 3.93 and 4.21. 

The only exception to this behavior is HPC-J and the reason for this 15 

unknown. Since the HPC samples inveatigated could not be fractionatad 

5U~àSfully the affects of sample polydispersity on the cloud point could 

not be assessed. 

The above described phase separation wHich HPC undergoes is very 

similar to that observed for other cellulose ethers like hydroxyethylcellu-

lose (HEC) and methylcellulose (MC) (23). Methylcellulose exhibits 

spherical particle formation at a tempe rature of ,60°C; th.ia is only 

marginally lower than its reportad cloud point of 62°C (2). The relatively 

low cloud point (41°-44oC) of HPC relative to MC (620C) or HEC (> lOOoC) 

can ba attributed to the long and bulky hydroxypropyl side groups which 
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(--
make HPC, the least hydrÇlphilic c;elluloeic ether (23). 

, 
Hydroxypropyleellu-
1 

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

rather, that it preeipitates out of solution prior ta gelation. A possible 

explanatlon for this behavlor ls that MC on heeting slo~ly loses water, 

allowing the buildup of a three-dimensional network between the pol ymer 

molecules before total dehydration oeeurs. The HPC, being more hydrophobie, 

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 solutions. firstly, all dilute solutions exhibit a fibrillar-

like precipitate which becomes visible anywhere from, one week to three 

years after solution preparation. Figure III.2 illu~trates a typical 
1 

example of this precipitate viewed in the light microscope. Papkov (60) 

has suggested that an important charaeteristic of polymers likely ta form 

lyomesophases is th~ ability ta separate from solution in unusual 

morphologieal forms with a fibrillar structuree Secondly, aqueous HPC 

solutions were found to be very sensitive to the presence of organic 

solvents. Two drops of acetic aeid in 20 ml of a 15% HPC by weight aqueous , 

solution were sufficient to prevent the phase separation of HPC at any 

temperature. 

Coneentrated aqueous HPC solutions (> 40% HPC by weight) exhibit 

heat induced phase separation but their behavior is more complex than that 

of dilute solutions_ fi~~~e I1I.3 depicts the turbidity changes observed 

on heating a 9% ~d a 41% by'weight HPC aqueous solution. The 9% HPC 
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Typical fibrillar structure visible in the light microscope on 

examination of the precipitate found ta form with time in dilute 
• 

aqueous HPC solutions. 
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TEMPER~TURE 1 oC 

fIGURE 111.3 The chenge in solution turbidity with tèmperature for two aqueous 

HPC-L so1utionsa 9% (0) and 41% (~) HPC by weight. The data 

wera obtained with a Chromatix KMX-6 photometar and thin glass 

microalidea.· The data are uncorrected for scattering at the 

cell faces .. 
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" "'"- ., solution~ows the behavior previously described for dilute solutions -- a 

sharp increaseiin turbidity over a relatively narrow temperature range with 

some hysteresis on cooling. The 41% HPC solution shows a two-step increase' 
'if 

in turbidity ouer a mu eh broader temperature range. The concentration of 

this latter solution ia very close to that at which HPC~dergOeS an aniso­

tropie phase separation (see next section). The complex turbidity data may 

reflect a non-equilibrium situation involving two eoncentrated phases. 

Aqueous solutions containing more than 55% HPC by weight are anisotropie 

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

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

on cooling. An explanation of the turbidity c~anges with temperature for 

anisotropie HPC solutions ls beyond the scopa of this work. 

111.3.2 CONCENTRATED AQUEOUS MESOPHASE FORMATION 

At room temperature concentrated aqueous HPC solu!~ens ferm 

anisotropie lyomesophases (5,4). Sueh solutions are characferited by a 

cloudy or iridescent appearance and are birefringent when examined'under 

the crossed polars of a light microscope. The critical concentration of 

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

vary very mu ch with the HPC molar masse Specifically 42,% HPC-L, 41% of 

both HPC-Eand J, and 39% HPC-H by weight were the concentrations in water 

above which mesomorphic beh~vior was noted. Hydrexypropyleellulose H 
ri, 

solutions containing/between 31 and ,38% HPC by weight were birefringent, 

but this birefringence dissipated with time and sO'fuas aseribed tq shear 
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orientation affects resulting from sample preparation. The mesophase was 

found to foWn at the same critical concentra'tions, noted above, for eac~ 

HPC type e~en when the solutions were heated to 30 0 and 35°C. However, at 

40°C formation of the mesophase appeared ta take place "at slightly lower 
_ - _ f) 

HPC concentrations. for example, a 38 weight % HPC-L solution was found to 

be birefringent-at 400C. This temperatu~e fs very close to the cloud poLot 1
0 

of HPC and its effect on the formation of the mesophase is uncertain. 

Aqueous solutions containing b~tween 42 and 55% HPC-L by weight 

were cloudy and exhibited a mixture of both birefringent and non-birefringent 

areas when examined under the crossed polars of a light microscope. As the 

HPC concentration increased within the above limits it was noted that the 

non-bireffingent areas gradually disappeared leaving ~nly anisotropic 
.... ) .&. 

material at 55% HPC. It was difficult' to determine exactly at wha~oint 

the las"~ trace of isotropie materia~ 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 tendency for the coexisting 

iso~ropic and anisotropie regio1? to exhibit a sharp phase separation; 

rather, both phases wsre found to coexist in a homog~neous mixture. The 

notable exe~ptions ta this ~ehavior were HPC-E and J solutions. In this 

eaae the solutions on standing from one to two years were found to contain 

two distinct separated phases -- a elearer upper layer and a cloudy more 

dense lower layer. Figure 11I.4 shows a typical exemple of sueh a phase 

separation for a HPC-E solution. Figure Ill. 5 illustrat~s sehe'matically 
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Solutions depieting the thrae distinct phases whieh aqueous HPC 

solutions ean exhibit: elaar isotropie, coexisting isotropie -­

anisotropie, and eloudy anisotropie. 
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FIGURE III.5 A schematic view of two aqueous HPC-J solutions which on standing' 

( 

for one year phase separated into the two distinct' layers that 

characterize the coexistence reglon of the liquid crystal. The 
, 

lower phases are cloudy and anisotropie whereas the upper phases 

are clear and isotropie. The proportion and composition of each 

phasa have been noted in'the diagram. 
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the layer composition and the proportion of each layer contained within two 

typical HPC-J samples after standing for one year. According to Flory's 

theory (28) ~he composition of each phase should remain constant as their 

proportions change within the coexistence region. For the HPC-E and J 

solutions it was found that the compositions of the two layera depended to 

a certain extent on the volume fraction of the original HPC solution prior 

to phase separation. This confirme a si~il~r conclusion reported for a 
\ ~ 

different, lyotropic polymer system (62t. No explanation for this very 

peculiar behavior has yet appeared in thé- liter-ature. Once phase separation 

has occurred, the proportions of the two coexisting phases will not change 

as long as the\sVaporation of solvent can be prevented. Solvent svaporation 

in tightly closed' sample vials was not rsally a problem since i t was found 

that over a four year time span the solution concentrations had changed an 

average of only 3%. In addition, the coexisting isot~ic and anisotropic 

phases were found to remain stable indefinitely and there appeared to be no 

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

Aqueous solutions containing more than 55% HPC by weight exhibited , 

lovely iridescent colora in white light. This iridescence ranged from red 

ta violet through the entire visible spectrum as the HPC concentration was 

increased ta an upper limit of 72 weight %. Above this limit solutions no 

longer appeared fluid but exhibited rubbery gel p~operties. This gel 

material was clear and relatively hard but it still exhibited a marked 

birefringencè. For comparison with organic HPC soluti~rs (see next section) 

it was convenient ta convert the'HPC weights ta weight f~actions and then to 

, , 

, 
î 

! 
1/ 

'. -~ 
i 

i 
j 

1 

J 
1 

, 

1 
1 

~ . 
{ 



'-

145 

volume f~actions, assuming that no volume change took place on mixing the , 

HPC with soivent. Equations 111.3 and 111.4 were used for this purpose. 

/' 

( 

• and • III.3 

and 
W!P2 

1II.4 

where l refers t~ the solvent and 2 refers ta the solute, wl and w2 are 

lJ weight fractions, wl and w2 ar~ the actual weights used to prepare the 

sample, Pl and P2 ~re the den~ities, and ~l and ~2 are the volume fractions. 

The density of water was'O.99707 g/mL (63) while that of HPC was 1.23 g/mL . 
(23). Tha organic solvent densities used wara taken from a chemical hand-

b~ok (63). Tabla III.2 lists the volume fraction of HPC in water needed 

to produce a partzcular iridescenb color. Thase numbers are not absolute 
I? 

but they can serve as a guide sinqe~ of tan a mixture of iridescent colora 

can be observed~for a homoganeous sample because of optical affects (61). 

figura 'IIh6 illustrates thrae examples of the iridescent colors axhibited 

by aqueous HPC solutions. More will be said about the or!gin and properties 

of these iridescent colors in the next chapter. It i9 sufficient for the 

present merely to state that heating 'iridescent samples results in a color 

shift to longer wavelengths, whereas the application of pressure te a sample 

tauses a shift in color to shorter wavelengths. 

pro~.. ara complataly rava~._ibla. Tha pH of 
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TABLE III.:l 

Var~ation ~n ~esophase Iridescence ~ith HPC Volume 

Fraction in Aqueous Solution 

1 .. 

Iridescent Color HPC Volume Fraction 
('2) 

fo' 

Rad 0.50 - 0.54 

Graen 0.55 - 0.58 

Blue 0.59 - 0.63 

Violet 0.64 - 0.68 
l< ,4 
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FIGURE III.6 Typical iridescent col ors exhibited by. differant HPC concentratidns 

in water: the rad sample i5 58%, the green sample i5 62%, and the 

blua sample i5 66% HPC by weight. 
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ta prepare the samples does not have any effect on the formation of tha 

mesophase or the "appearance of the iridescent colora. The sole disadvantage 

in using highly acidic or basic média in the preparation of solutions ois the 

graduaI degradation of the HPC lI.Ii th Ume. Lyotropic aqueoua HPC solutions 

when examined under the light microscope appear relatively fluid and are 

charaeterized by the textures illuetrated in. Figures III.7 and III.B. 
. 1 

Unlike other lyotropic systems HPC solutions do not exhilHt focal conie 

textures in the light microscope. 

Having investigated the b~havior of aqueous HPC solutions from the 

dilute. through the rubbery gel states, ~ t Illas possible to cons truct a 

quali tative diagram showing the various "phases" which HPC can adopt in 

aqueous medium. This "phase" d~agram consists of four distinct ragions as 

is illustrated in figure III.9 for a representative HPC-L sample. Solutions 

are clear and isotropie belolll 44 Oc ..up to a solution concentration of approx­

imately 40% HPC by weight. The solution behavior at 44°C for solutions 

containing more th an 4~ HPC ia difficult to evaluate precisely because of 

the onsat oJ: anisotropie phase separation and th~ relatively slolll attainment 

f fi il"b· f ." l t" H "t d th t o equ 1. r~um or very v~seous so u ~ons. owever l oes appear a over 

the entire HPC con~tration range investigated a white precipitate or gel 
_" ,1 

is formed above 44 oC. The exaét nature of this gel ia unknown. 8elolll 44°C 

between a concentration range of 42 and 55 lIIeight % HPC the solutions 

consist of a mixture of isotropie and anisotropie phases II/hose proportions .!.> 

change gradually with concentration as doea their composition. 8etlileen 56 
ï'''' 

and 7'Z/. HPC by weight only a pure anisotropie irides'cent' mesophase exi~t8 
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FIGURE III.7 
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Characteristic ~exture exhibited by lyotropic aqueous HPC solutions 

between the crossed polars of a ligl:lt microscope. The sample ia 
, 1 

70% HPC by weight. 
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FIGURE III.8 

( 

-

Microscopie texture of an aqueous HPC solution under crossed 

polars. The sampIs is 70 weight % HPC but is at a slightly 

higher magnif ication than that depieted in Figure Il I. 7 • 
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fIGURE 111.9 Sketch i1lustrating the varioua "phases" which aqueous HPC 

solutions can axhibit as a function of tamperature and 

concentration. 
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belolll 44 C. The final region of the "phase" diagram is that in which the 

HPC exists ir the form of a hard rubbery gel above 72 waight % HPC. 

III.3.3 MESOPHASE fORMATION IN ORGANIC SOLVENT5 

Hydroxypropylcellulose 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). The critical concentration of HPC-L 

requirad for mesophase formation in sixteen different solvents has baan 

listed in Table III.3. Althôugh the values reported in Table III.3 are for 

"" HPC-L i t has baen varified axperimentally that. aIl the HPC types (E, J, G, 

!YI, and H) will form masophases in the listed solvents at marginally 

different volume fractions. H would thus a~pear that in one particular 

solvent the molar mass of the 'HPC plays a negligible role in detarmining 

the critiçal concentration for mesophase formation. However 4.t was noted 

that longer time periods were required for th,e higher molar mass HPC 

samples (G, PI, and H) ta form a mesophase. It might also- be noted that the 

HPC samples investigated probably had broad mol al' mess distributions!, which 

may have masked any affect of molar mass on phase separation. The data in 

Table III.3 show no clear correlation ,between tha critical weight or volume 

fraction of HPC at anisotropie phase separation and the ref~ctive index, 

dansi ty, molar mess, molar volume, and boiling or mel ting point of each of 

the solvents. Aspler and Gray (67) have maasured the solute-solvent inter-

action paramater (Xl 2) for HPC in saveral. of the solvants listed in Table 
1 ' 

III.3 and, contrary to published reports (57), there appaars to be no 
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f 
TABLE III.3 

<3 
UJ,eight and Volume fraction of HPC Requirad to form a Masophase in 

Var ious Organic Solvents 

-' 

Solvent HPC Weight fraction HPC Volume fraction 
(w

2
) ('2) '1 

1 
1.1 

t' 

formic Acid 0.28 0.28 

Acatic Anhydride 0.29 0.26 

Acatic Acid 0.30 '(0.27 

Morpholine 0.33 0.29 

Pyridine 0.36 0.31 1 
Dioxane 0.38 0.34 i 
Tetrahydrofuran 0.40 0.42 j 

i 

Dimethylsulphoxide 0.41 0.38 

'DimethylFormamide 0~42. 0.36 

Cellosolve 0.43 0.36 

.. Methanol 0.43 0.33 , 

Ethanol 0.46 0.35 
~ 

.. 
I-P'entanol 0.47 0.37 

l,l-Dimethyl-l-ethanol 0.48 0.37 

l-Propanol 0.49 0.38 

2-Propanol 0.49 0.38 

( , 

J 
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relationship betwaen Xl ,2 in a particular solvent and the critical concen­

tration of HPC raquired to form the mesophase in that solvent. The only 

conclusion to be reach9'El from the data in Table III.3 is that the mesophase 

forms at 10IIIer critical volume fractions in acids than in alcohols and that 

wi thin a particular homologous series of solve'1ts there is no regular 

variation in the mesophase critical volume fraction. 

Mesomorphic aqueous and organic HPC solutions exhibited some 

marked dissimilarities in appearance and behavior. AU aqueous HPC meso-

morphic solutions lIIere cloudy or iridescent and aIl flowed aasily daspi te 

their high viscosity. Organic HPC mesophase solutions ranged From extrema 

fluidity (in ace tic acid) ta hard iridescent glasses (THF and dioxane). 

l t was impossible to predict From the character of the solvent the typa of 

mesophase likely to farm: fluid, gal, or glass. The two phase coexistence 

regi~n was found to be much broader in organic solvents than in water. 

Typical limits for the two phase ragion in water wera betllleen 42 and 55% 

HPC by weight, whila in organic solvants the corre,sponding values wete From 

30 ta 65% HPC. In addition some organic solutions (in pyridine, morpholine, 

methanol, cellosolve, formie acid, acetic acid, and acetie anhydride) 

exhibitad distinct pariodicity line!3 (ta be elaborated on in the next 

chapter) within tha tlllO phase region when examined in the light microscope. 

f"igures III.IO, III.U, and III.12 show typical examples of these periodicity 

lines which are totally absent in aqueous solutions. finally, although 

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

solvents and HPC in IIIl!tsr, there lilas no tendency for the organic solutions 

..! ~ .. , ..... ~ ....... ,_~ ____ ' .. --.._<'i._Irf' .. .--._-_____________ ~. ____ i ..... -~'": .......... t ~-_._. 
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.. 

Polarizing micrograph of a 40 we~ght % HPC acetie acid solution 

exhibiting distinct coaxisting isotr,opie and anisotropie ragions. 
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, 

FIGURE 111.11 Unusual cell structure found in a 30 weight % HPC acatic acid 

sample when viawed batween the crossad polars of a light 

microscope. The periodicity between the Linas is approximataly 

3000 nm. 

J 



FIGURE IU .12 
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Polarizing micrograph of a 43 waight % HPC methanol solution 

exhibiting pariodicity Linas at' approximately 1040 nm intervals. 
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to separate into the tlIIO distinguishable phases lIIi thin the coexistence 

raglon. 

Hydroxypropyleellulose solutions in aeetie aeid and acetie anhydride 

display eharacteristic periodicity lines in the two phase·coexistenee region. 

In cQntrast to other lyotroPi~ systems, the periodieity between thE\ lines 

Illas found to decrease on haati~ha solutions. At 40
0
C the lines seern to 

disappe:r, although they ~ sirnpiy have moved too close together to be 
\ ~ 

distinguishable in the light mieros~,ope: T~ exact reason for this behavior 

is unknollln. It' should also be noted~\~-at HPC reacts chemically with both 
, \ 

acetie acid and acetic anhydride /to pr'Çlduce a partially aeetylated HPC 

sample. This Illas ~ confirmed by ~nfrared spectre whieh showed ehar,acteristic 
, 

-1 ' l 
aeetate substituent peaks at 1735 èm and 1240 cm-The area of these 

peaks inereased lIIitl1 time over 8 four lIIeak period, indicating that the HPC 

Illas reacting progressively with the solvent. Aeetoxypr~pylcellulose (APC) 

is synthesized from HPC and i t also forma a lyomesophase at room temperature 

(68). 

111.3.4 fLORY'S THEORY AND HYDROXYPROPYLCELLULOSE 

The basic premise of Flory's theory Is that molecular asymmetry i5 

responsible for the formation of an anisotropie ordered phase in a solution 

of rod shaped particles. Specifie po1ymer-solvent interactions are believed 

to have a negligible eff~~~e anisotropie phase separation and~ consa­

quently, a particular polymer ahould exhibi t phase separation at the sama 
..--- ,l!-~ r_ 

/' 
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cri tical volume fraction of rads in several sol vents. The important para-. 

mater for mesophase formation is the axial ratio of the polymer and sa, 

indiractly" Hs 'molar mass. Pol ymer chain 'nexibili ty (27,49) and sample 

polydisparsity (45) ara also bel.ievad to influence phase separation behavior. 

Hydraxypropy1cel.lulose undergoes an anisotropic phase separation in. 

bath aqueous and organic solutions at marked1y different cri tica1 vr;Jlume 

fractions of HPC. This behavior ia contrary to thaory (28) and to observa-

tians (:31-32) of rigid rod systems where the axial ratio of the rads ia the 
.. 

critical factor go\(erning phase separation. Chain fl.exibility has been 

invokeg (69) ta account for the unexpected behavior exhibited by'HPC 

mesophases. Thé Mark - Houwink equation 0 parameter (sae Equation II.19) 

gives a rough estimate of the flexibÙity or stiffness of a polymer chain 

(60,70). Poly-'Y-benzyl-L-g1utamate (P8LG) h~s an a parameter of 1.7 in 

solutions exhibiting mesomorphic behavior (71). In these solutions P8LG is 

in a helical conformation and ia thus believed to behave like a, rigid rad. 

The critical volume fraction of HPC for meaophase formation in acatic acid 

_ .~and I-pentanol i5 significantly different and, for this resson, these two 

sol vents wera chosen for the viscoaity measurements descdbed in the 

preceeding chapter. It had been anticipated that the resul ting a parameters 

could ba corra1ated with the HPC chain stiffness ta expla,tn tha onset of 

mesomorphic behavior, that i5, the sU ffer the HPC chains are in a solvent, 

tha lower the ori tical volume fraction of HPC needed to form the\ mesophase • 
• 

Unfortunately this hypothesis could not be veri fied or disprovep because 

the a pa amet~r for the HPC solutions was not precise enough to a1lol.ll the 

(' 

, 
'1 

, 

l , 

.' 

1 

" ~ 



l' 

( 

. 
, ~' .... 1 '"T~'~f;-" ,."t..~.,.,. ~'';-:..('''l1l..r.\'t--:: ~""""'':>.:a~~'('''''' 

160 

cha~n flexibility of the polydisperse samples to be evaluated u~quivo~ally • 
. 

The viscosity measurements 9id, howeuer, show that the HPC molecules in 

solution are in an intermediatB conformation betwéen that of rigid rods and 

random coils. The'flexibility of a polymer chain may also be quantified by 

the length, l', of ~e Kuhn etatistical segment def;,ned in Equation IIl.5 

l' :=1 - III.5 

2 II/here <r > is the Inean square unperturbed end-to-end distance of a chain 
o 

consisting of n links each of length 1. 

length of a freely-jointed segment in a 

T-her~ lèngth l' ois thus 

hYjPthetical chain cf nl/l' 

the 

segments with the sarne end-t~nd distance as the real ;hain. For HPC 

sample~ the Kuhn length l' has baen shown ta vary between 13 and 21 nm 

depending upon the sample degree of polymerization (69). 

According to Flory's theory the volume fraction of rod-like 

molecules at anisotropie phase separation is given by Equation 111.2 • ..... 

lII.2 

~It is difficult, if not impossible, to measure tAe axial DBtio of HPC in , 
water, let alone Ln sixteen different ,~olve~ to test the applicability 

1 
of Flary's equation ta the HPC meeophase. The HPC rad length should be the 

sarne in aIl solvents but the rad diameter can vary from solvent ta solvent 
.. 1 / __ / 

becau~e of side chain-solvent interactions. It'is possible ta calculata a 
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theoretical axial ratio rOI' a HPC sàmple of known moI aI' mass (72). This 
C) \ 

calculation involvea assuming reasonàblè -u~ue!, for the rod length, diameter, ----and mOI~ass of the HPC str~uctural unit. For example, a HPC sample, with a 

mol aI' mass of 82 000 has a theoretical axial ratio of 130. If thi~ value 
JI 

is inserted into Equation'" III.2 the resulting crit-içal volume fraction for , 

mesophase formation is 0.06. This value is almost one arder of ma,gnitude 

different from the critical volume ,fractions determined experimentally for 

HPC mesophase formation. It would th us appear that HPC does not form a 

mesophase in the manner described by Flory's rigid rad theory. However, if 

a polymer chai~ can be replaced by a series of freely-jointed rods, each 

o 

with an axial ratio of x, then Flory has shawn (49) that the axial ratio, 

and not the number of such segments, governs the phase separati~n behavior. ' 

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

chosen as being equivalent to the Kuhn segment lengtha of between 13 and 

21 nm, then the axial ratios for these segment lengths can be evaluated if 

the rod diameter ia kno\iln. X-ray di ffraction studies on HPC fibers indicate 

that the molecules have a center-to-center separation ~f approximately 

~.28 nm (69). If this distance is assumed to be equivalent to the HPC rod 

diameter, then the axial, ratios for HPC range from' 10 to 16. Inser9.ng 

these values into Equation III.2 gives cri tical volume fractions of HPC 

between 0.44 and 0.64 for mesophase formation. These values are of the 

correct order of magnitude but they are slightly larger th?n the values 

reported in Table III.3. In view of the experimental difficulties 

associated with the use of the Kuhn segment length and the use of the HPC 

center-to-center separation as the diameter of the HPC molecules in solution, 
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ft 
the a~reement'between the estimatéd' segment axial ratio and that requirad 

by Equation III.2 (x ::::::: 20) is prabably as good as can be axpected for HPC 

in water. Thu~ an appropriate and tea~istic choies of values, based on the, 

limi tad avai'il.able data, for the langth and diameter of the HPC molacule8 

shows that the s~parimsntal critical volume fraction results agree 

reasonably well wi th ttfdftl predicted 'by flory 1 s theory for a series of 

freely-jointed rathar than rigid rods. 

. \ 

11I.4 Conclusion 

Aqueous HPC solutions exhibit a LCT on heating. This LCT or cloud 

point was found ta depand more on,the MS of the HPC rather 'than on its 

molar mass. Some hysteresis was evident in the cloud points obtained on 

heating and on eooling. 80th very dilute and very concentrated aqueous HPC 

solutions were found ta undergo this partieular phase separation: A quali-

tative' "pl:lase" diag'ram was presented for aqueous ,HPC solutions. 

tydraXyprOPYlCe~lUlose was also found ta underga an anisotropie 
'" .... ~ \ 

phase separa-tio.n at nom temperature when a critieal volume fraction of HPC 

had been exceeded in water and in severa! organie so~vents. Contrary te 

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

·varied from solvent to solvent. In addition, there was no solvent property 
\ 

~ ) 

which.could be usad to predict at what critica~ volume fraction the meso-

phase would farm, or, if it would be fluid, ge~-1ike, or glassy. F~ory's 
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rigid rad model i8 not applicable to the HPC system. However, if the rigid 

rads of- the theory a~e r,eplaced by f,reelY- jai~ted segment, equivalent ta 

the Kuhn statistiCal,segmènt length,of the polymer chain, then the agreement 

between the experimentally determined and the theoretic ly predictad 

cri tical _volume fractione for HPC aniso'bropie 'phase s araUon 1a qui te 

good. 
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CHAPTER IV 

OPTtCAL PROPERTIES or HYOR8XYPROPYLCELLULOSE 

LYOPlESOPHASES 
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IV.l Introduction 
~ 

Cholesteric lyomesophaaes are ordered fluIds which are ~haraè-

terized by a very high optical activity and a brilliant iridescanca. ,. Both 
\, 

these properties are a consequence of the unique molecular architectu ' to 

be found in cholesterics. The constituent molecules.of a cholesteric ust 

be optically active, strongly elongated, and relatively stiff. Such 

molecules are believed ta align with their long axes nearly parallel t \ 

form a continuous layer. Successive layera pack ta produce the stratiFied 

structura illustratedFin 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 

molecules undergo a 360 degree change in orientation i5 referred ta as the 

helicoidal pitch of the cholesteric lyomesophase. 

In 1951 De Vries proposed a theory to account for the unusual 

optical properties exhibited by cholasterics (l). This theory assumed that 

a choleateric material is adequately~de8cribed as a series oF birefringent 

• layera in a helicoidal arrangement. 
/ 

The optical properties for such a , 
molecular model could be calculated ~ccording'to the theory if only the 

helicoidal pitch, reFractive index, and layer birefringence for the meterial 
~ 

were known. De Vries showed that the helicoidal p.i tch and the mesophasa 

refractive index are directly related to the wavelength of light normally 

reflected by the cholesteric planer structure (see Figure IV.2.A) according 

to Equation IV.l. 
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'1 

Idealized mo1acu1ar arrangement found in a cho1esteric lyomesophase •. 

Successive layers illustratad are not physically distinct but ara 

simply an aid in visualiîing the helicoidal structura of pitch, Pt 

in the cholesteric mesophase. 
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• nP IV.l 

\ 

where X is the reflecfi~n wavelength, n ia the average refractive index 
o 

of the mesophaae, and P is the helicoidal pitch. Whan a ~cholesteric ia 

illuminated with white light it reflects one circularly polarized 

component of the light (2) in a narraw wavelength band around À. This 
o 

reflection band, if within the visible region (300 to 700 nm) of the 

elsctramagnatic spectrum, is respansible for the iridescent colora exhibi ted 

by most choleateric mesophases. ( 

\. 

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

equatian which allowa thE( variation in optical adivi ty or rotatory power 

with wavelength to be calculated. This squation is shown bel.ow for systems 
o 

whera the helitaidal pi tch is appraxtmatsly equal to the incident light 

waval.ength 

(J = - IV.2 

where () i9 the rotatory power (rad/nm) at a wavelength X, fin is the layer 

. birefringence, À is the rsflection wavelength, and P i9 the helicoidal 
o 

pitch. Equation IV.2, although predicting a change in sign for the 

rotatory power on pasaing through the reflection wavel.ength, ia only 

applicable outside the reflection region. A simpler form pf E quaUon IV. 2, 

shawn below, can be used for cholesteric systems in which the helicoidal 0 
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pUch is larger th an the incident 1ight wavelength (p > X) 

(},= -

where the variables are the same as tha,se defined in Equation IV.2. 

De Vries' theory has been applied to a solid cho1esteric analogue 

(scarabaeid beetle exocu.ticle) and the predicted rota tory power is in 

172 

IV.3 

qualitative agreement with the expsrimental results obtained for this' . 

system of mul tiplELrsflacting layers in a hêlicoidal arrangement (3). 

Robinson (4-6) has applied De Vries 1 simp1ified rotatory power equation 

to cholesteric poly-"Y-benzyl-L-glutamate systems and both the calculated 

and experimental optical activities are reported to be in good agreement. 

But DuPré and Patel (7-8) have questioned the validity of De Vries' 

simplified equation when the pit ch values are much greater (a 100 or 1000 

times) than the incident light wavelength. In this case, they report that 
.....---:.~I~ ";. " , l 

the rotatory power varies inversely as the pitch -'(8 ex P- ) and this 

confirms an earlier report by Goosseris :~9). 
.!'1' .. 

More recen.tly Chand~asekhar and co-worksrs (10-13) have tried t:o ,," , 
extend De Vries 1 thaory 50 as" to de termine the rotatory pOlIIer within the 

.'-.,' reflection regian. According ta these authors E quaUon IV.4 s't10u1d be 
I l / \ \, 

used to calcu1ate the optical activity for a cholestaric withir'l the 

reflectibn regian 
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rAn2p rp._ X ) 
(J + 0 -- 4>.2 IV.4 PX ", 

whereas Equati-on ,IV.5 should be used outside the reflection ragion. 

,- 1f'An2p r{ >. - x ) [1 ~ (1 - '(P.ilnr/X )2 f/2 
c-\" < 8 .. ' - + 0 

(-2.Ü - =o)2/ ÀJ 4X.2 Px. IV.S 

The variabies are the 88me as those da fin ad previously in ~uation rV.2. 

Rotatory power values calculated using Equations IV.3 and IV.S are reported 

to differ by one order of0magnitude (l). More werk ls required in this 

area if the discrepancy between the two equations ia to be satisfactorily 

explained. 

- A ~eries of birefringent layera stacked one atop another can take 
" 

up severai different orientations whan confined between two Flat surfaces. 

'-..._, _ Tilla idealized possible arrangements are depicted schematically in figure 

1) 

IV.2. FolIollling the convàn~ion of Chandrasekhar (l4) the layered 

arrangement ~llustrated in Figure IV.2.A is referred ta as a planar texture. 

Texture, in this work, is taken te ma sn the macres copie arrangement visible 
Q 

under the light mi~scope. The planar texture exhibits large optical .., , 

rotation, birefringence, and selective reflection of incident light 

according ta 8ragg l s ralII. At nar~al incidence the light reflected From the 
/ 1 

planar te~ture ls strongly circularly polarized (14). The cholesteric 

arrangement depicted in figure IV.2.B i8 birafringent and exhibits little 

/ 
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11111 :r ï III - HeUcoidai -HalicoidalÎ - .. 

Hm Axis Axis 
11111 III 

PLANAR FINGERPRINT 
TEXTURE TEXTURE 

<pj ~ cP,. ct>. = cf>r 

A B 

fIGURE IV.2 Idealized he1icoidal arrangements possible when a cholestéric 

structura is constrained between two fIat surfaces: ~. and 
1. 

!' 

~ are angles of incidence and reflection respectively. See r 
tèxt for the different properties exhibited by 'the planar and 

fingerprint textures depicted. 
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or no optical activity (15). 5uch samples of sufficiently long pitch, when 

viewed in the light microscope, are characterized by a s"eries of equally 

spaced linaa whose pariodicity varies from 1 to 50 ~m depending on the 

solution concentration. Thase periodicity linea are found to equal one-half 

of the helicoida1 pitch (6).. The periodicity lines in thèse samples are 

very reminiscent of a'human fingerprint and hence their fingerprint texture--' 

name is derived. Samples poasessing this texture exhibit a shimmering 

iridescence that is distinctly different in appaarance From the 'choleateric 

-iridescence displayad by short pitch samples with planar texture. The long 

pitch shimmering iridescence may be attributed to the scattering of light 

from a structure resemb1ing a liquid diffraction grating. Figures IV.3 and 

IV.4 respec~ively illustrate the distinctly difterent types of irideacence 

exhibi~ed by the cholesteric'planar and fingerprint textures. The iridescen~ 

scattering behavior of a chélesteric mesophase is thus determined by the 

macroscopic helicoidal arrangement found within the sample. 

Da Vries' equation relating the helicoidal pitch and the raflection 

wavelength (Equation IV.I) was devalopad for use with normal incident light. 

Two genaral theories (16-17) have 'been developed to explain how the use of 

arbitrary angles of incidence might alter the normal reflection wavelength 

of a cholesteri~ mesophase. Since bath theories are very. similar, only the 

one developed by Fergason (17) will be presented. Fergason has shawn that 

the refléction wavelength, À _, at an arbitrary incident light. angle of ~ 
o,~ 

is given by Equation IV.6 



t 

FIGURE IV".3 

COLOURED PICTURES 
Images en couleur 
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Cholesteric iridescent celor of a typical concent~~sed aqueeus---

HPC-L sample which, e~hib~a planar textu~e on exami~ation in 

the light microscope. The two color appearance of the samRle 

is due ta faster solvent evaporatien from the sample edges. 
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FIGURE IV.4 
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COLOURED PICTURES 
Images en co~leur 

Shimmering iridescent color of a typical concentrated HPC-L 

acetic acid sample which exhibits a fingerprint texture on 

examination in the Iight microscope. 
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wh~e m is the raflectian arder, n'ia the refractive index of the mesophase, 
~ 

P is the helicoidal pitch, and ~i and ~r ara the incident and reflection 

angles respectivaly in air. This equation clearly showso that the incident 

and reflacting or viewing angles hava a marked affect on the wavelength of 

the light nef~ected by the cholesteric structure. For systems where the 

pitch. ia large and the cholesteric structure behaves as a liquid diffraction 
"-

, 

grating, a corresponding equation for the dependence of the shimmering color 

on ,incident and reflection light angles can be devis~d by using 5nell's law, 

interfsrence theory (18), and De Vries' Equation IV.1. The rasulting 

equation is shown'below 

nP . -m 

where the variables are the same as those defined in Equation IV.6. 
l' 

IV.7 

The iridescence of cholestaric mesophases is not affected solely 

by incident and raflection angles. De Vries' Equation IV.l clearly shows 

that the sample iridescence or the reflection wavelength varies as the 

helicoid~ pi~ch; anr factor, therefore, that aIt ers the helicoid,r pitch must 

necessarily alter the sample iridescenca. For lyomesophases the helicoid~ 

pitch varies with so+ution concentration and solvent. Temperature changes 
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alter the pitch in thermomasophaees. Much work has baan dona on the latter 
-

typas of systems (19-22) whereas only a few investigations (5,23) have baen 

carried out on the former systems. The work on HPC mesophases will revolve 

around diacovering the functional dependence of pitch on solution concentr~ 

tion. 

• 
IV.2 Experimental 

IV.2.1 LYOM(SO~HASE PREPARATION 

Hydoxypropylcellulose lyomasophases were prepared fbllowing the two 

gravimetric methods out~ined below. Oried HPC was. weighed into 15-mL glas8 

vials (Kimble Glass Ltd) to which an appropriate amount of solvent was 

added. The solutions were permitted to stand at room temperatura for one 

month with dai~y rotation of the vials to ensure homogeneity. These 

solutions were th en analyzed by using the procedure outlined eariier (24) 

and the concentrations agreed to within ~ 1% of the originally prepared 

solutions. 

The second method of lyomssophass preparation involved the 

concentration of a dilute solutipn. A stock solution of abQWt 30% HPC by 

weight was made up. After seventy~two hours of gentle agitation the clear 
o 

yellowish solution appeared qulte uniform and gel-free. Solutions were 

viscous yet they still poured easily. Stock solutions of higher molar mass 

, ... _ .. · ______ ··012_""' __ Mw ••• 
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semples (G, ~, and H) were prepared contain1ng only 8 to 10% HPC by weight; 

These stock solutions exhibited viscosities comparable ta those of the more 

concentrated lower malar mass HPC solutions. The stock solutions were , 
divided ~nto appro imately lD-mL portions which were transferred into 15-mL 

vials. These samp es were then suspended in boiling water for ten minutes. 

At this temperature e solutions phase separated and the HPC precipitated .. 
out of solution as a highly swollen coagulated floc. The solvent-rich phase 

was decanted orf and the remaining solution, on cooling, was cloudy in 

appearance. This boiling, decanting, and cooling procedure was repeated 

several t~es for each solution. Eventually after successive cooling8 the 

samples exhibited a marked iridescence. Unless otherwis9 stated iridescent 

colora in this work rafer to"reflscted colors at approximately normal 

incident and viewing angles. The iridescent solutions were then analyzed 

uaing the procedure outlined (24) to detarmine their concentration. 

IV.2.2 OPTICAL ACTIVITY AND REfLECTION 

The optical activity for HPC solutions w~s determined by optical 

rotatory dispersion (ORO) measuremants. An ORO spectrum records the change 

in rotatory power with wavalength From 300 ta 700 nm and therefora provides 

more complete information than corresponding polarimetry measurements which 

can only ba made at five or six discrete wavelengtha. A ~a8c 

speetrometer was used to obtain the ORO spectra for both dilut 

concentrated HPC solutions. In this work dilute soluti~n refer to HPC 

concentrations up to approximately 20%. The term concentrated s lution 
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will generally mean solutions containing from 25 ta 80% HPC by weight or 

volume. Aqueous D-91ucose solutions were us~d te calibrata the ORO spectro-

meter. 

/ 

Oilute HPC solutions were poured into the iO-ml ORO sample cell. 

The cell was mounted in the ORO holdaroand the spectra were recorded from 

700 to 300 nm at a scan rate of 20 ~m/sec. The temperature was 2loC. 

Iridescent HPC samples were too viscous to pour and it was necessary to 

devise a modified ORO cell. A small amount of the iridescent sample was 

placed between two cover glasses (Corning, ~B-mm sq) which were then sealed-~ 

t~ather with epoxy (Conap) around their edges to reducs the evaporation of 
~ . 

solvent from the sample. This ce Il was permitted to stand for t~enty-four 

hours to remova any strain in the sample. A pTecision micrometer was then 

used to determine the sample thicknees. This technique was adequate 

although sorne uncertainty existed as to the unifor~icknesSlof the.sample.· 

Tc avoid this problem a pair of quartz cells (Hellma Canada) with a O.Ol-mm 

spacing were used as the spectrometer ORO celle This quartz cell was 

sealed with molten wax to reduce evaporation of the solvent during the 

twenty-four hour period prior to running the sample. The modified cell ~as 

mounted on the ORO holder and the,spectra were recorded at the same 

temperature, scan speed, and over the sarne wavalength range as the dilute 

solutions. The base line for the ORO spectra was obtained with distilled 

water in the quartz celle The HPC lyomesophase has a very large optical 

rotation and, aince the maximum rotation measured by the spectrometar ia ± 2°, 

it was n~cessary to use a very small amount of sample in the r~nge of ~D to 

.1 
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40-mg. .. 

In addition,~~ the optica1 activity, the ORO spectrum of a HPC 
-

~~ . 
1yomBs~phasB a1so providas a wavelength value for the light normaliy 

reflected by the cholestaric structura. This reflaction wavelength 

corresponds to the inflaction wavelength of the ORO spectrum. Circular 

dichroism measurements on th~ Jasdo ~pectrometer confirmed that the light 

norma1ly raflacted by the HPC lyomesophase was eircularly dichroic. The 

reflect~on wavalength can a1so ba measured spectrophotometriea11y (15,25) 

sinee at this wavelength only 50% of normal unpolarized light is transmitted. 

The reflection wavelengths (À ) obtained From the ORO spectra were compared 
o 

with reflection wavelengths acquired by using a Carey Model 17 automatic 
~ 

recording spectrophotometer. The reflection wavelangth range on the Carey , 

extends up to 1500 nm and is thua much greater than the 700 nm limit imposed 

by ORO me~ursmsnts. A Pys Unieam SP8-ISO UV-VIS spsetrophotomstsr squippsd 

with a variable angle specular reflectance accessory (26) was used ~ 
\ 

meas~re the ~hange in reflection wavelength for several HPC samples when the 

incidenE light angle was varied from 100 to 750• 

IV.2.3 LASER LIGHT DIFFRACTION 

Cloudy organic HPC sal~tions were placed in hanging drop slides 

(Fisher Ltd, 0.8-mm deep) and al10wed te equilibrate for twenty-four hours. 

These samples were then examined under a polarizing microscope (Reichert 

Zetopan). In saveral of the solvants the samples exhibited distinct 

- - - . 1-- .. -. -- .. -
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fingerprint periddicity lines. A Nikon F camera equippad with Kodak Plus-X 

3S-mm black ~nd white Pan film (ASA 125) waa mounted on the light microscope 

to take photos of these fingerprint textured samples. The rasu1ting 

negatives were enlarged and the spacing between the periodicity 1ines was 
; 

measured. A standard a1ide with etched spacings of O.l-mm and O.Ol-mm was 

usèd as a magnification reference. 

The samples examined above were also found to produce light 

diffraction patterns analogous to those obtained From x-ray diffraction 

studies. The han~ing drop sli~es were mounted on a movable stand permitting 

the sampla-to-fi1m distance to be vari~d. The light source used was either 

a Kod~k slide projector or a He-Ne laser (Spectra Physics Model 145) of 

wavelength 633 nm. The entire system was placed in a dark room. The 

diffraction pattern was recorded on Polaroid 4xS Land film which was 

inserted into a po~aroid film holder. The film was exposed From one ta 

three ~econds and provided bath a positive print and a negative. It was 

possibleoto e~a1uate the periodicity giving rise to the laser diffraction 

pattern by measuring both the sampla-to-film distance and the radius of 

the diffrac~ion ring recorded on the polaroid film and then making use of 

Equation IV.S for a diffraction grating (27). 

À • d sin (J IV.8 

where À = wave1ength of laser 

d - periodicity spacing 

\ , -
1 

1 
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(J. angle of scatterad light, where tan8 is defined by the' 

radius of the difftaction ring divided by the 
- ( 

sample-to-film distance 

IV.2.4 REfRACTIVE INDEX AND BIREFRINGENCE 
i 
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The refraetive index (n) for HPC solutions in water, methanel, and 

,aeetic aeid was measured with a Carl Zeiss Madel 44159 Abbé refractometer. 

Al~hough this instrument employs a white light source, the refractive index 

measured is that of the sodium D l~ne (589 nm); two identical Amici prisms 

within the viewing telescope disperse aIL other wavelengths exeept that of 

the sodium 0 li ne (28-29). Measuremants in aIL solvents were mad~ at 21 0 C 

and aIL samples were prepared in an identical manner. Solutions were made 

up by weight in lS~mL glass vials (Kimble Glass Ltd). Th~ solution concen-

trations ranged From 5 to 70% HPC by weight in approximately S% Increments. 

The solutions were allowed to stand for at least three weeks and for up to 

twe months at room temperature with daily rotation of the vials ta ensure 

homogeneity of the solutione, especially those at the higher concentrations. 

Oilute isotropie solutions gave only one refractive index value 

that increased linearly with the HPC volume'fractiori. As the solutions 

entered the tlilO phase regian eonsisting of isotropie and anisotropie 

mesomorphic material, two distinct lin es were observed in the viewing 

telescope of the refractometer as indicated in Figure IV.S. A'COrding to 

,Schael (30) by inserting a polarizer at the eyepiece of the refractometer 

, 
> 1 , 
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FIGURE IV. 5J 

"=1.4241 

n = 1.4290 

The schematie view of an anisotropie aqueous HPC solution through 

an Abbé refractometer telescope with no polarizer at the ~yepiece 

(left), with the privileg~d d~rection (PD) of the polarizJr 

perpendicular ta the refractometer field li ne (center~, and with 
(0 

the PD of the polarize~parallel to the refractometer field lins 

(right). In each case the refractometer cross-hairs are centered 

on the upper of the two refractive index lines ~~sible in the 

rafractometer eyepiece. 
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it is possible ta enhance ohe line at the expense of the other. Specifically 

when the privileged directièn (PD) of the polarizer is per~~ndicular to the 

lina separating the fields of the refractometer only the upper line i5 

visible. Rotation by 900 results in the PD of the polarizer lying parailel 

to the field line and now the lower lihe is again distinctly visible whereas 

the upper lin~ appears.very faint. 
1 

The>difference in refractive index in 

two directions gives a value for the solution birefringence. 

Solutions were equilibrated in the refractometer for two minutes 

befote measurementp were made. rive measurements were taken for each 

solution and the results were averaged. Data were;reproducible to within 

-4 
~ 2.0 x 10 ,the rated accuracy of the Abbé refractometer. It was necessary 

to complete all measurements within five minutes ?r reproducible results 

could not be obtained. In dilute solutions this was due to solvent 

evaporation, whereas in more concentrated solutions it i5 belisved that the 

pressure exerted by the prism surfaces on the mesophase causes a molecalar 

re-orientation that is responsible for the change in relative separation 

between'the two refractive index lines with tima." 

~) 

IV.3 Results and Discussion 

IV.3.l OPTICAL ROTATORY DISPERSION o 

Above a critica~ concentration both aqueous and organic HPC solutions 

, 
~' 
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',', u were found ta be iridescent and ta exhibit; birefringence when examined 
",.. , ( -' ' . 

und~~ crossed polars (24). Since b~th these properties are characteristic 

of liquid crystals it was hoped that optical activity measurements would 

confirm the choresteric nature of the HPC solutions. The optical activity 

of dilute HPC soluti9ns arises from !he additive chirality'of individual 

HPC molecules. Concentratad HPC solutions, if indeed they are cholestéric 

lyomesophases, should exhibit optical activities one or two orders of 

magnitude higher than thèse exhibited by dilute solutions. The very high 

" optical activity of cholesterics is attributed to the presence of the 

helicoidal structure illustrated in Figure IV.l. 

ù 

Oilute HPC solutions in bath aqueous and organic media exhibit 

" sirnilar plain negative ORO curves., Fi.gure IV.6 illustra tes the ORO spectra 

obtained for HPC in water and three organic solvents. Such curves are 

cl~ssified as plain r31) because they show no inflaction point (where the 

optical rotation i5 zero). These curves are also referrec to as negative 

\32) because the rotatory powar falls off with decreasing wavelength. 

Aqueous HPC solutions exhibitad slightly larger optical activities than 
'Ijj. 

corr~~ponding a~etic BC~ methanol, and 'cellosolve HPC solutions. The plain 

negative DRO curves that result would seern to imply that the HPC molecules 

are in B,random rather than in a h~ical rnolecular conformation in solution. 
o \ ! . ' , \ 

1 1 

This ia 'further confirmed in that the experimental ORO data can be 'fitted 

to, a one term Drude equation (33) • This equation predicts that the speci fic 

rotation, [aJ, shou~d vary lin!!arly with 1/;..2. The ORD data for aqueous HPC 

solutions show this linear dependence of [cr] on 2 1/;" as illus trateèJ in 
6) 

1 

i 
i 
J • i 

4 ' 
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FIGURE IV.fi Typical plain neg~tive ORO spectra for HPC in wate~ (tt), methanol 

(11,), acetic acid' (0), and cellosolve (0) -at 21°C. 
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figure IV. -l.;~ll specifie rotation for dilute aqueeus HPC solutions ranges 
_ • _. ':f Il ~ 

From appeoximqtely -15 te -125 ,d g mL/~m g from 700 te 300 nm resp~ctively • .. ' 

coneentra;ed aqueeus and organic HPC so~tions exhibit anomolous 

.~ 
7 

1 
negatlve_.ORD cu-rv~ 

.~ 1 
inflecti~int whère the optical rot~tion dro~s 

sign (32~~ the case of oholesterie mesophases 
.. ~ < 

Anornolous ORO euru'es are eharacterized by an .. 
te ze~then changes 

f 

1 
the reg~ons of opposite 

rotatory power a~ separated by a region of reflection of cireularly 

polarized light (32). This refleetion region arises from a Bragg type 

scattering of the incident light from othe ordered arrangement of layers in 

the helieoidal eholesterie ~trucutre. Figure IV.8 illustrates tlllO anomolous 

negative ORO cur~es for HPC. The curves are described as negative because 

the trough of the refleetion regLon occurs at a longer wavelength than 

-does the peak. The 'specifie rotations of eoncentrated HPC solutions in 

both watar and methanol are mueh greater than the specifie rotations of 

dilute HPC solutions in the same sol vents at corresponding wavelengths. 

Typica11y the specifie rotation for a concentrated aqueous HPC solution 

" ranges from abDut -2000 to +12 000 deg ml/dm 9 from 700 to 300 nm 

respeetively. This higher optical activity for eoneentrated HPC solutions 

ean only be accounted for if HPC does indeed form a eholesteric lyomeso-

phase. 

To confirm conclusively the cholesteric character of concentrated 
" , JI 

HPC solutions, the .experimental ORO results II/ere fitted to De Vries' 

rotatory power equation IIIhich by substituting Equation IV.1 into Equation 

( 
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rIGURE IV.7 Oepandsnce of the solution optical activity on wavel~ngth for a 
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IV.2 then becomes 

(J • -

The experimental ORO curve provides values for Ào' À,:and (J; the only 

unknowns in Equation IV.9 are tha refractive index and the layer 

1.92 

IV.9 

birefringence. The solution refraetive index was easi1.y measure8 using an 

Abbé refractometer and the results have baen plotted in Figuras IV.9, IV.IO, 

IV.1.l,.and IV.l2. In aqueous HPC solutions the refractive index was found 

to vary linearly with the HPC volume fraction. There was apparently no 

variation in rafractive index with the HPC molar mass as ean be seen when 

the data for HPC-L (Figure IV.9) and HPC-J (figure IV.la) are eompared. 

The refractive index for HPC-L was also measured in methanol and acetic acid, 

and the results can be found in figures IV.ll and IV.12 respectively. The 

methanol data show the same linear dependenee of refractive index on volume 

fraction as do the aqueous solutions; however, in aeetic aeid fhe refractive 

index varies linear1.y with the weight fraction rather than with the volume 

fraction of polymer. ' Hydroxypropylcellulose i8 believed to react slowly 

with acetic acid to produce a partially acetylated HPC or acetoxypropyl-

cellulose (APC). The resu1.ting mixture of HPC and APC in aeetie aeid 

probably affects the volume fraction (aince HPC and APC have different 

densities) more than the weight fraction value and this may, perhaps, 

account for the' non-1.inear variation in refractive index with volume fraction 
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for HPC acetic a~id solutions. The' open cireles in Figures IV.9 through 

IV.12 represent a second refractive index IIIhich Illas measured in the Abbé 
) \ 

refraetometer for aIl anisotropie HPC solutions. The 'difference between '. 
. 

these tlllO refractive indices provldes a measured b~refringence value for 

the samples. However, as will be explained in the next section, this value ' 

ia not the birefringence required in E,quation IV.9. for the presant, the 
\ 

layer birafringence may be tekan as a fitting parameter between Equation 

IV.9 and the expe:imantal ORO results. The exact details of the fitting 

procedure will be elaborated on in the next section. figure IV.13 shows a 

typical exampla of the rotatory power agreement between the experimental 

results and those predicted by De Vries 1 Equation IV.9 by the use of only 

one fitting parameter, the layer birefringence. Recall that De Vries' 

thaory is applicable only outside the reflection region bounded by the peak 
~ 

and the trough of the DAO curve. Concentrated HPC solutions behave 

optically like cholasteric mesophases in that they exhibit optical rotations 

hundreds or thousands of degrees larger than their dilute solutions. This 

same rotatory power data for concentratad solutions agrees very wall with 

the predictions of De Vries' theory for cholesterics using only one f~ tting 

parameter, the layer birefrJ.ngence. 

IV.3.2 BIREfRINGENCE 

The birefringence as defined in De Vries' theory is the birefrin-

gence of an individual layer in the untwisted cholesteric structure. 

Cholesteric lyomesophasas based on polypeptide systems exhibit differant 
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helicoidal handednass in diffsrent solvants (6,34). 8y choosing a suitabla 

combination of, two solvents it is possible to ob tain an untwisted cholesteric,. 
!"r ) 

, 
whose layer birefringence can be measured. Al ternatively, an electric or 

magnetic field can be applied ta untwist the cholesteric structure (35). 

Unfortunately HPC exhibited the same helicoidal handedness in all the solvents 

investigated. Hydroxypropylcellulose i9 believed ta have a right-handed 

helicoidal structure following the accepted convention (34) that if the 

rotatory power is positive for À < P than' the cholestaric is right-handed. 

The application of an electric or a magnetic freld seemed to have either no . . 

affect o~ a very transitory affect on the HPC cholesteric strùctura. It was 

thus impossible ta measure the layer birefringence,of the untwisted 

cholesteric HPC meeophase directly; rather, De Vries' rotatory power equation, 

shown below, was fitted to the experimental ORO data and then solved for 

tha layer birefri~gencs. 

4 
8 = - IV.9 

1 

Specifically, n was known from Abbé refraçtometer measurement~ and 8, À, and 

À were obtained From the experimental ORO curves. Clearly, if a least 
o 1 

squares plot of () versus ,[À2(l - [À/ÀoJ2)J-l ie constructed, the slope of the 

resulting straight line ia given by TÂn2
À /4n which can be solved for the a 

layaI' birefringance. A typical example of this plot is illu9tratsd in 

Figure IV.l4. The layer birefringence thus determined was found to vary 

From 0.007 to 0.016 ovsr the HPC volume fraction range of 0.50 to 0.63 

1 

j 
J 
1 
! 
j 

1 
1 

1 
11 
l' 
j 



-en 
CI) 
"0 -z 
o -t;: 
~ 
o a: 

200 

-1.2 -0.6 0 +0.6 +1.2 ~ +1.8 + 2.4 +3.0 

[ 
2 ( 2 2 ] -1 5 -2 A 1 - A/A. ) x 10 (nm ) 

fIGURE IV.14 The change in opticat activity- as a· function of wavelength for 
"1 " 

an aqueous HPC-J sofution: 'dn was 0.0075, n wfls 1.431, .lo was 

524 nm, and the sample thicknass was 69 p.m.-

o 

( 

_- '1' ~ -~--_ ... ------



.... , 

'",' "'-' 

201 

respectively. The layer birefr1ngence data have besn listed in Table IV.l. 

De Vries' theory requires the layer birefringenc8 to be constant for a 

particular solution concentration and to be independent of wavelength. 

Equation IV.9 Illas rearranged in the folloll/ing form 

w - IV.9 

and_salved for a layer birefringence value at each individual wavelength. 

Figure IV.1S shows the variation in layer birefringence with 1118velength for 

a typical aqueous -HPC solution. 
'! 

v-

Although there i5 some scattér in the data, 
\ 

it wouldC~pear that the layer birafringence slowly increase~ as the 
\; ~l, 

wavelength is decreased. This trend follo~s tha~ reported for liquid 

cr~talline films of aethoxybenzylidene butylaniline (36). The variatiOn 
D 

in lay~r bir~fringence with wav~length mey partially account for the 

irregularities reported in Table IU.l where the layer birefringence should 

increSS8 with increasing HPC vo~ume fraction. 

\ ~ 

As mentiQne~ previously, lyotropic HPC solutions exhibited tilla 

refractive indices both of which could be measured if a polarizer wes 

inserted at the eyepiece of the Abbé refractometer. 
",If;:;?'" • 

t 
The difference in 

refractive indices or measured b!refringence values heve been listed in 

Tab~e IV.2. Examination of this data shows that the measured birefringence 

~ncreases with increasing volume fraction of ~PC in methenol and acetic 

acid. This sama trend is also evident in aqueous HPC solutions but there 

/' 
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TABLE IV.l 

Layer Birefringence Values Calcu1ated by fitting De Vries' 

Rotatory Power Equation to the Experimental ORO 

Results for Aqueou8 HPC Solutions 

HPC Volume fraction Layer Birefringence 
('2) 

(.:1n) .) 

0.495 0.0074 ~ 

0.498 0.0075 
r'" 

.ç 0.508 .0.0076 

0.520 
{ 

0.0057 

0.538 0.0088 

0.549 0.0099 

0.562 0.0099 

0.573 0.0108 

0.580 0.0115 

0.589 0.0098 

0.601 0.0188 

0.6ll 0.0159 
o • 

0.622 0.0122 

0.633 0.0160 
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TABLE IV.2 

Birefringence Values Messured for HPC Solutions 

with the Abbé Refractometer 

HPC Volume Fraction Solvent Birefringence J 

(+2) (ân) 

0.330 CH:sOH 0.0022 

0.370 0.0026 

0.433 0.0042 

0.516 0.0048 

0.554 0.0065 

0.353 CH
3

COOH 0.0040 ' 

0.480 0.0043 

0.538 0.0063 , . 
0.393 fi 0 2 0.0020 

0.415 0.0035 

0.437 0.0046 

0.439 ~.0058 

0.455 ' 0.0044 

0.469 0.0045 

0.486 ' 0~0046 

0.490 0.0037 

0.518 0.0049 

0.544 0.0038 

0.546 0.0048 
'\ 0.562 0.0041 

0.595 0.0049 

0.598 0.0078 

0.616 , 0.0056 

0.632 0.0055 
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is cons~derably more scat ter in the birefringence data than in organic 

solvants. Birafringences measured for elongatad w~ter-cast HPC films are 

raportad to vary From 0.002 ta 0.009 dapending upon 'the elongation of the 

HPC films (37). These birafring~nce values are the sarna order of magnitude 

as the birefringences measured for aqueous HPC solutions. In water the 

measured birefringences rànged from 0.002 ta 0.006 -over the HPC volume 

fraction range of 0.40 to 0.63 respectively. These measured birefringence 

values are approxima tel y half of those calculated From the ORO data and 

Equation IV.9. figure IV.16 illustrates schematically one way in which the 

discrepancy in measured and calculat~d birefringence can ba accounted for. 

The cholesteric planar structure i1lustrated in the upper half of figure 
lM , ~ 

IV.16 can be visualized as being viewed a10ng the z-axis of the Abbé 

reftactometer. The molecules 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 a10n9 the z-axis, the Molecules in the 

xy plane have an equal probability of being aligned_~n aIL directions and 

thus the Molecules appaar to have a random,distribution. Assume that the 

pol·ymer 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 birefringence measured with 

the Abbé refractometer is given as n 
x n or the difference in refractive z 

, 
indices acroas and perpendicular to the prism surfaces of the Abbé 

refractometer. Using the polymer Molecule axis system defined above, the 

refractive intlices depicted in the upper haÙ of Figure IV.16 have the 

following values: n • n • n + n and n _ n. Substituting these 
x y a r z r -, 

2 

/ 

,- , 

,j 
l 
J. 
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MEASUREO BIREFRINGENCE' nx - nz 

"x 

CHOlESTERIC -L AYER· BI REFRINGENCE n~ -n y 

- nz ------- ---.... -
nx 

Sche~tic view of the model invoked to account for the difference 
.- ) 

in birefringence measured with the Abbé refractometer (upper) 

and. the layer birefringence as required by De Vries' rotatory 

p~wer theory (lowerj. 5ee text for a mPte detailed explanation 

of the model. 
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r~ulte into the above expression for measured birefringence it can be seen 

that 

n - n -x z 

, -

n + n a r 
2 

n - n a r 
2 

- n r 

is the birefringence measured with the Abb~ refractometer. 

,IV.10 

The lo~er half of rigure IV.16 illustrates the layer birafringence 

as defined by De Vries in his theory"for cholesteric materials. C1early 
~. 

the helicoidal structure has basn untwisted and nqw all the molecules within 

the xy plane point in the same direction. As i1lustrated the layer 

.' birefringénce ie again the diff'é~nce in refractive indices aeroes- and 

parpendicular to the Abb~ prism surfaces or n - n. Employing the pol ymer 
x z 

molecule axes defined in the pr~viou6 paragraph, it can be shown that the 

second molecular arrangement in Figure IV.l6, when viewed in the Abbé 

refractometer, should give a birefringence of 

n n • n - n x z a r 

"-
According ta this simple model~ the bire~ringence for the untwisted 

choleeteric layers should be double that for the t~isted choleeteriç 

.. ' 
"' 

IV.1l 
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t 
1 
1 
! 



1 

\ 
L " _" • '" " ,_t~ .~'f"'\"-;' .... ( ..., .. ., .... </" .-' 

208 

structure as determinèd in Equation IV.IO. This ex plains the difference in 
, 

birefringence values reported for the HPC solutions in Tablas IV.l and IV.2. 

Specifically, the birefringences measured in the Abbé refractometer were on 

the natural helicoidal cholester!c material. The layer birafringances 

calculated by fitting Equation IV.9 to the ORO data were birefringences for' 

the untwisted cholesteric rJ;t"arial as dafined by Da Vries. Comparison of 

the data in Tables IV.l and IV.2 shows that for a particular HPC volume 

fraction the measured birefringence (Table IV.2) is half the calculated 
~ 

layer birefringence (Table IV.l). These results would seern to confirm the 

correctness of the models proposed to account for the birefringence of the , 

twisted and untwisted cholesteric structures and also provide an independent 

method for evaluating the layer birefringence. 

IV.3.3 CHOLESTERIC COL ORS AND SHORT PITCH SAMPLES 

80th spectrophotometric and ORO data prove that the reflection 

wavelength at normal incidence Ch~ngeS with concentration for ~~~otroPic 

HPC solutions. This is illustrated for several aqueous HPC samples in 

Figures IV.17 and IV.l8. This effect was also confirmed visually in that 

tha cholesteric iridescent color of the samples var~ed with the'HPC con-

centration as is depicted in rigure IV.19 and as is summarized in Table IV.3. 

These sarne samples in the light microscope exhibited a birefringent planar 

textur~ as shown in Figure \~V.20. The helicoidal pitch, as defined in 

Figure IV.l, is a fundamantal parameter of the cholesteric rnesophase. For 

this reason, the variation in pitch with solution concentration is of more 
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FIGURE IV.17 Spect~ophotometric data il1u8trati~g the change in ref1ection 

wave1ength maxima with the HPC-E and L concentration in water. 

, fr~m right ta 1eft ~ '2 · 0.488, '2· 0.494:·~2 .. 0.517, 

'2 "; 0.545, '2 .. 0.584, ànd '2 '. 0.611. .~ , 
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FIGURE IV .19 

COLOURED PICTURES 
Images en COU~~v 

Three typical examples of the iovely cholesteric iridescent \ 

color exhibited by short pitch (~75 700 nm) aqueous HPC 

solutions. 
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TABLE IV.3 

Hydroxypropylcellulose Weight Fraction in Wata~ Needed to 

ProducB a Particular Cholesteric Iridescence 

Iridescent Color 
,J 

HPC Weight Fraction 
(w

2
) 

Red 0.55 0.59 

Green 0.60 0.63 

Blue 0.64 0.68 

Violet 0.69 - 0.72 
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COLOURED PICTURES 
Images en couleur 
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Pl anar texture exhibited by a 0.50 weight fraction HPC-L aqueous 

solution when examined in the light microscope without crossed 

polars. 
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interest th an the varia~ion in reflection wavelength witn concentration. 

Using the refractive index data of Figures IV.9 and IV.lO, the helicoidal 

pitch for the HPC solutions was determined from Equation IV.l. 

P lOI -\/n IV.l 

The helicoidal pitches, thus calculated, were found to vary inversely with 

the .:third power of the pol ymer weight or volume fra'Ction. This same 

relation~hip betwean pitch and volum~fraction has previous~been reportad 

fo~ aqueous (25,38) and.organic (38) HPC solutions. However in both 

published reports only one technique, either spectrophotometric (25) or ORO 

(38), was usad in the evaluation of the pitch values. In this work both of 

the afarementioned techniques were used to calculate the helicaidal pitch 

for three different types of HPC samples in aqueous solution and these 
> 

results are illustrated in Figure IV.21. Although there Is considerable 
J 

scatter in the exparimental pO,ints when bath ORO and spectrophotometric 

data for the three HPC types are plotted on the same graph, the reported ~ 

relationship between pitch and the HPC weight or volume fraction is found 
.J.~ Il J ~ , 

to be vaIid as la _ shown more clear ly in Figuras ,IV. 22 through IV. 25. -. ' 
'1 

figures IV.22 and IV.2~\show the variation in pitch values'determined from 
• 

ORO and apectrophotometric data respectively with HPC-L ~oluma fraction. 

Identical plots have been made for aqueous HPC-E solutions and these are 

presented in figures IV.24 and IV.25. Cqmparison of figures IV.22, IV.23, 
\l 

IV.24, and IV.2S illustratas four interssting points. Firstly, there ls 

more acatt.ar in the pitch valuas calculated frol'l! the ORO data than from the 
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spectrophotometric data. A possible reason for this behavior will be 

elaborated on in the next paragraph. Secondly, the slopes of figures IV.22 

and ,IV.23 and figures IV.24 and IV.25 are very similar in spite of the 
"'J~"tl\~'·r... ... , ' 

scatt,er in the ORO calcu~&h values. This was takan as confirmation 

that both the ORO inflaction wavelength and the spactrophotometrlc 

reflection maximum are measuring the same phenomenon ~ the selective 

reflection of light from a series of equally spaced birefringent layers 

stacked one atop another. Thirdly, the slopes of figures IV.23 and IV.25 

are very similar but not axactly identical indicating, perhaps, that molar 

mess h,fls a vary slight effect on the helicoida! pitch. Empirically for 

aqueous HPC-L solutions the relatio,nship between helicoidal pitch (p) and 

the HPC volume fraction (~2) can be expressed as 

IV.IZ 

while for aqueous HPC-E solutions the corresponding expression ia 

P
- l / 3 _ 

O.282~2 - 0.0163 IV.l3 

fourthly, the excellent correlation coefficients of 0.993 and 0.999 for 

figures IV~23 and IV.25 raspectively would seern to confirm,the validity of 

the postulatad relationship between helicoidal pitch and HPC volume 

fraction. The above result ia in contrast to polypeptide lyomesophases 

where the helicoidal pitch has been round ta vary inversely as the square 

of the polyma~concentration in 91100 ml {5-6). It may be argued that over 
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" the rather narrolal volume fraction and pitch ranges 

tionai relationship (p-1/2 vs ,p2' p1/2 vs ,p2' p1/3 

investigated any func­

-2 
vs ~2' p vs ,p2' etc) 

betllleen P and ~2 )IIill be approximately linear. This ia in f"act true as is 

shown in figure IV. 26 where the data of figure IV. 25 have been replat ted in' 

-V2 • the form of P versus ~2 and the correlation coefficient for this plot 

is 0.99B. Based solely on correlation coefficient values, the best data 

fit Is obtained wlth t~e inverse third power relationship betllleen P and ,p2. 

qata ,ta be pr:esented 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 norma1ly reflected 

by a cholesteric structure is given by Equation IV.l. However if the 

incident light strikes the, helicoidal structure at an angle other th an 900 

th en the wavelength of light reflected by the cholesteric depends upon the 

angle of incidence as indicated by Equation IV.5. By equipping a Pye 

Unicam spectrophotometer with a variable angle specular reflectance 

accessory it was possible to measure a reflectance wave1ength at several 

d~fferent angles of incidence for the HPC samples. These results are 

depicted as closed circlas in figures IV.2? and IV.28 for two typical HPC 

solutions. The solid linaa in these Figures repreaent the theoretical 

change in reflection wavelength with angle of incidence as calculated 

uaing Equation IV.5. The excellent agreement between the experimental and 

theoretical values for the reflection wave~ength, once again, confirma tha 
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The variation in hdicoidal pUch (p) with HPC-E volume fraction 

in aqusous solution. The above data are the same as those in~ 

figure IV.25 but a different functional relationship bet~een P 

and the HPC volume fraction has besn plotted. Ses text for more 

details. 
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f"IGURE IV. 27 Tthe variation in reflection wsvelength (A .) wi th incident ligh
1
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O,l. 

angle (<Pi). The solid line is the theoretically predicted 
\ 

variation in À i with q,. calculated using Equation IV.6 and the 
0, ~ 

fo11o\&l1ng data: n = 1.425, P .. 434 nm, and q,. - cp. The closed 
l l' 

circlee represent experimental reflection wavelengths obtained 

'for a 0.58 HPC-L lIIeight fraction aqueous solution at various 
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incident light angles.. t 
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FIGURE IV. 28 The variation in re'flection wavelength (À .) with incident light 
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angle (<1>.) for a 0.64 weight fraction HPC-L solution in water. 
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The closed circles ara sxperimentally determined rsflaction wave-
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cholesteric character of the HPC solutions. The thin Hellma eell was 

diffieult to position exaetly perpendicular ta the ORO incident light beam. 

Any misalignment of the cell would result in a shift of.\ for the sample 
o 

to lower wavelengths as predicted by Equation IV.6. This may explain the 

. slightly higher and more seattered values ealeulated for the helicoidal 

pitch from ORO data than from spectrophotometric data. 

IV.3.4 SHIMMERING COLORS AND LONG PIT,CH SAMPLES 

. Hydroxypropylcellulose solutions in organic media, notablyaeetie 

acid, exhibited distinct periodicity li~es when examined i~ the light 

microscope. An example of these lines ls shdwn in Figure IV.29 for a 

typieal fingerprint textured sample of HPC. The observed pariodicity lines 

correspond to one-half of the helicoidal pitch and ara a ref~ection of a 
J 

.::~( ~ 

layer-like structure which repeats itself avery one to three-~icrons . 

depending on the solûtion concentration. As reported by Uematsu and 

Uematsu (39) for polypeptides it was f~und that a thick sample of polymer 

in a dished microscope slide (O.8-mm deep) was requirad to produca distinc~ 

and highly visible periodicity lines. A thin sample of the same HfC 

solution on a fIat microscope slide exhibited no pariodicity 1ines. 

r igure IV.30 illustrates one way in which thls "now you see them now you 

don't" affect'of the periddicity linas can be explained. The depth of a 

dished microscope slida can e~sily accommodate the depicted orientations in 

which some layers have their helicoidal axes parallel to tha cover glass 

surfàcs' and the helicoidal layers appear as discrete equally spaced lines 
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Typical periodicity or fingerprint lines visible in the light 

micro~cope _on examination of an ~g~nic HPC solution with large 

pitch. Th~ sa~ple was 42.9% HPC-L by weight in ace tic acid. 

The periodicity spacing is 1310 nm and therefore the sample 

pitch is 2620 nm. 
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Dished SI ide Flat Siide 

FIGURE IV.30 

\ 

A schematic view bf the probable helicoidal orientation of HPct 

in a dishad and a flat microscope slide. 
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'\ 

,when viewed from ab ove. On a flat microscope sl.ide the helicoidal axis i5 

Bssenti~lly always perpendicular to the cover glass surface and no linaa 

are visible. 

As noted earlier the fingerprint spacing was found to vary with 

the HPC concentration. Specifically as the HPC concentration increasad, 

the spacing between the periodici ty lin es decraased, until ul timately they 

.,could no longer b$, distinguished in the light microscope. The open cire1es 

in figure IV.31 show how the helicoidal pitch (or doutlle the periodicity 

spacing) varied with the solution concentration as ~measured in the light ,', ~. 

microscope. The resulting straight line has an empirical equation given 

by 

\ = IV.14 

This inverse thHd power relationship batwaen pi tch and HPC volume fraction 

is identical to that found for short pi tch HPC samples. The' hel~ico[9al 
pitch for fingerpriflt textured samples was also meâsured using a lasar light 

diffraction tachniq'ue. Normal illumination of' a long piteh HPC ..sample with 
1 

a He-Ne lasar produced one ralatively sharp diffraction ring as illustrated 

in Figure IV.32. Illumination of th,is same sample .with ~hite light produeed 
1 

a series of concentrie colored rings as depictad in Figure IV.33. By the 

use of Equation IV.S for the scattering of light from s: diffractio~ grating, 

i t was possible ta calculate the periodic spaci~g r~spansible ~ for the . 

diffraction ring illustratad in ,figure IV.32. This was done far several 

.' 
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Variation in he~icoidal pitch (p) with HPC-L volume fraction 

in acatic acid solutions exhibiting fingerprint textures under 

the crossed polars of a light microscope. Th.e open circles 

reprasant the pitch values qbtained by direct ~easurement of 

the sample periodicity lines visible in the li'ght microscope. 

The closed circles superimposed on bars represent the sample 

pitch values o~culatad from ~asBr diffraction patterns. See 
" \" text for mere details. 
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~fIGURE IV.32 
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r-- , . 
Print illustrating the lignt diffraction pattern obtained for 

a 0.39 weight fraction HP~~ ace~c acid solution by using a 

He-Ne laser as the light sourcs. The sample-to-film distance 

was 6.6 cm. 
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FIGURE IV.33 Illustration of the rainbow-like diffraction pattern obtained for 
~ 

a HPC-L acetic acid solution which is illuminated by white light. 
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different HPC solution concentrations and the pitch values obtained are 

plotted as closed circles with error bars in figure IV.31. The closed 
~l!} 

circles represent pitch values calculated assuming the diffraction ring. 
'<." 

midpoint defines the radius of the ring. The error bar limi,ts represent 

pitch values calculated From the corresponding inner and outer radii of 
~ 

the diffraction ring. Intuitively one would expect the diffraction ring 

midpoints to give pitch values idantical to those measured in the light 

microscope. This, hOll/ever, was not the case since the data in figure IV.31 

, clearly show that the pitèh values calculated from the optical diffraction 

rings appear larger than those measured by optical microscopy. The teason 
l' 

for this systematic result i5 net known but its crigin cannot be solely 

attributed to measurement errors. Identical pitch values for cptical 

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 thi5 diffraction 

situation (27). 

fingerprint textured samples although having pitch values betll/een 
~ 

1000 and 6000 nm - weIl oùtside the visible regl.on, of the spectrum (300 ,to 

700 nm) -- nevertheless, exhibited lovely 5himmering colors that have been 

attributed to the scattering of light from a structure rese~ling a liquid 

diffraction grating. These shimmering sam~Jes lIIere found to change color 

dramatically as the sample viell/ing angle II/as varied. This is illustrated in 

figure IV.34 where the sarne sample i5 viell/ed at three slightly different 

incident light angles. Unfortunately, unlike the smaller pitch samples, it 
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Shimmering iridescent color~ 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 angl~ on the reflection wavelength of the sample. 
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wes not possible to ob tain transmitted light intensities fo+ these 

shimmering semples on the Pye Unicam spectrophotometer. It was th us 

impossible to test the validity of Equation IV.7 quantitatively on these 

samples. Qualitatively, however, the reflected wavelength for the long 

pitch fingerprint samples varied much more ~ith the incidence angle th an ,(-~ 

it did for the short pitch cholesteric samples. 

IV.3.5 SHORT AND LONG PlrCH SAMPLES IN METHANOL 

Aqueous HPC solutions exhibitad neither long pitch p~iodicity 

linea nor shimmering colors. Acetic acid HPC solutions exhibited short 

pitch cholesteric colors at e HPC volume fraction of approximately 0.65 ta 

0.79. However thasa solutions cauld not be used in the ORO spectrometer 

because they were vary inhomogeneous and virtually glassy gals. < Sorne ' y , 
sffort was, therefore, expended 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 sol'vent could it be stated with confidence that 

the helicoidal pitch varied with the solution concentration in the same 

manner regardless of the system pit ch' range (long or short). 

'Hydroxypropylcellulose methanol solutions were found to exhibit 

short pitch cholest~ric colors and pl anar 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, therefore, seemed to be an ideal one in 
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which to verify the proposeq inverse third p~wer variation in helicoidal 

pitch with HPC volume fraction. The wide range of pitch values accessible 

in this system shoul~ eliminate any questions concerning the uniqueness of 

the relatianship between P and ~2 for HPC solutions. The pitch results for 

the' HPC meth~nol solutions are presented in Figure IV.35. The large Pitc~ 

values were obtained from 'bath laser diffraction patterns and microscopie ) 

measurements, while the short pitch values were determined fro~both spec~ 
, ~, 

tr,ophotoriletric and ORO data. Empirically it was found that in methanol 

-1/3 
P ::II 0.206~2 + 0.00965 IV.l5 

The exact physical significance of the different slope and i~tercept values 
~ 

for"the piteh and volume fraction relationships in the three solvents 

investigated is unknown at present, but on comparison of Equations IV.l2, 

IV.14, and IV.lS the interesting paint arises that the lower the critical , ' 

volume fraction for mesophase formation, the higher the slape and intercept 

values for the P versus ~2 equation in that' solvent. These results are 

summarized in Table IV~4. 

IV.4 Conclusion 

Oilute HPC solutions exhibited plain negative ORO spectra 

indicating that the individual HPC molecules are optically active. The 

good fit of this sarne data to a one term Orude equatian indicates that 
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TABLE: IV.4 
)' 

Slope and Intercept Values ~rom Plots of Pitch Versus Volume 

Fraction for HPC in Several Solvents 

HPC MesophasB Volume Fraction Solvant Slopa Intercept ') ... 
("c> , 

0.27 CH3COOH 0.119 0.0239 

0'.33 CH 30H 0.206 0.00965 

0.37 H20 0.271 ~.OI23 
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the HPC molecules are in a random rather than helieal conformation in 

solution. Concentrated HPC solutions exhibited anomolous negativa ORO 

speetra in which the optical activity of the semples was hundreds or 

thousands of d~grees larger than that obtained for the dilute solutions. 

The only explanation for this behavior was that HPC forms a eholesteric • 

lyomesophase in concentreted solutions. This was confirmed in that the 

optical dsta for HPC could be fitted very well to De Vries' theory of 

cholesterics by using only-one fitting parameter -- the layer birefringence. 

D 

The birefringance for anisotropie HPC solutions was measured with 

an Abbé rafractometer. This measured birefringence was half of the 

calculated fitting layer birefringepde obtained above. AmadeI was 

- proposed to explain the ~iscrepancy batween the measured and the calculated 

birefringence. In addition, the angular dependence of the reflection wava-

length waB investigated and it was found ta agree with the theoretical 

predictions of tergason's equation for cholesteric systems (Equation IV.6). , 

An inverse third power relationship b~tween the helicoidal pitch 

and the HPC volume fraction was found to exist in several sol vents over a 

relativ~ly large range of pitch values. Hydroxypropylcellulose was also 

found to display both cholasteric short pitch and shimmering long pitch 
1 

iridescent colors in the same (methanol) and in different (water, acetic 

acid) solven'ts. 
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V.l Introduction 

X-ray ~iffra~tion'can be a very powerful technique for determining 

the structure ,~of materials. At one extreme, IIIhere perfect single crystals 

~ 
of pure components'are available, detailed diffract~on patterns can provide 

exact information on the geometrical distribution of the scattering elements. 
( 

" At the other extreme, scattering From liquids or amorphous solids givBS a . .. 
broad continuum of diffraction intensities from which the distribution 

function of Blectron densities can be determined. Wide-angle x-ray 

scattering provides informatiqn about the arrangement of atoms in space , 
bBcause tha x-ray lIIavelengths are comparable to the interatomic distances 

in crystals (1). Larger ~~riodicities arising From lamellar structures are 

generally investigated by the low-angle x-ray scatteri[lg method ('1). 

""""" 

Liq5frl crystalline systems, being by definition ordered fluids, 

exhibit intarmediate diffraction patterns. Specifically, nematic liquid 

crystals are characterized by only one relatively broad halo in the wide-

angle x-ray ragion which is attributed to the sho~t-range positional order 

associated III-Hh namaties (2). Smectic mesophases are characterized by 

severa! 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 smectie layers and the broad halo reflects 

the positional arder of the side groups within the layers (2-3). Cholesteric 

mesophases, possessing no distinct molecular layers, do nct exhibit any 

reflections in the low-ang~e x-ray region. Since a cholesteric is sometimes 

- -, 
1 

" 

, 
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regarded as a twisted nematie (4) i~ is not surprising to discover that 

cholesterics usually exhibit only a diffuse halo in the wide-angle x-ray 

region unless they have been subjected to a shear gradient, in II/hich case 

the moleeules beeome preferentially aligned in the shear direction and 

distinct arcs are visible at the halo equator. X-ray diffraction patterns 

have been used te study the polymerie liquid crystafline phases of poly-Y­

benzyl-L-glutamate (5-6) and polymerie namaties and smeeties (7). An x-r~y 

diffraction investigation of the choIes te rie HPC mesophasa was undertaken 

in the hope that this would yield sorne information about the chiral forces 

existing betll/aen the HPC chain 5egme,nts • 

.... 

V.2 Experimental 

X-ray scattering experiments were performed with a Philips PW 1730 

niekel-filtered Cu Ka (À = 0.154 nm) x-ray generator and a Warhus fIat film 

camera. The outer and inner pinhele (or collimeter) diameters II/ere 0.015 

and 0.025 in respectively. The x-ray seattering Illas recorded photographi-

eally on Kodak "No Sereen" film with exposure times varying from three ta 

eight hours depending on the solvent and HPC solution concentration. The 

experiments II/ere performed under vacuum ta minimize the effects of background 

seattering p The mesophases studied included HPC in II/ater, HPC in mathanol, 

HPC in aeetie aeid, and aeetaxypropylcellulose (APC) in acetene. Gentle 

water suetian was used ta fi11 D.5-mm diameter thin wall quartz capillaries 

The filling praeess required fr~ . 
(Charles Supper Co) ~ith the mesaphase. 

1 
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one to for,ty-five minutas depending on the viscosity 'of the solution being 

used. Capillaries were fillad three-quarters fu~ and then flame sealed. 

The ends wer~. dipped in mol ten wax to ensure a firm seal. Samples \IIere 

allowed to stand over-night to remove any orientational effects introduced 

-
by ~he suction fi11ing process. 1 til/as hoped that the effects of any 

solvent evaporation occurring at the suction end of the capillary might be 

rendered negligible by posi tioning only the lOlller half of the filled 

capillary over the,'collimeter during irra'diption.< The mesophase solutions 

II/ere prepared f0110ll/ing t~8 procedure already described in Chapter III and 

thay ranged in concentration From 35 to 70% HPC by w~ight in water, methanol, 

acetie acid, dioxane, and marpholin~ and from 55 to 100% APC by weight in 

acetone. 
r. 

• 
Calibration of the sample-ta-film distance on the x-ray instrùment 

\ 

was achieved by obtaining a diffraction pattern for cholesterol. Eight of 
J 

the strangest diffraction rings were then matched witH' literature ring 

spacings (8-9) and the càlculated sample-to-film distance was 17.4 cm. 80th 

"-
the HPC and APC solutions gave x-ray diffraction halos rather than sharp 

rings. The distance From the diffraction pattern center to the halo midpoint 

II/as taken as the x-ray ring radius. The radius was measured at twelve 

,differa.nt points ara und the diffraction ring and at any point on the ring 

the radius did not vary by more than 0.05 cm. In addition if twa differant 

capillaries blere filled with the same solution, the resulting diffraction 

halas gave x-ray spacings II/hich II/ere reproducible to within 0.04 nm. 

.--~--
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V.3 Results 

Hydroxypropylcellulose lyomesophase ~lutions eXhibited'~a-angle 1 
. l, , 

x-ray diffraction patterns conSiStin~ of only orte broad diffuse halo, 'àn,,,-, 

, ex ample of which i8 illustrated in figure V.l. T~e halo #iametEJr decreas~~ ! 

steadily as tha HPC concentration of the solution ~as increased. The x-ray " 
,. " ~ 

~' d spacings were calculated by using Bragg 's '8catterlng equation which is 

\ 
ahown below 1 \ 

\ 

\ 
À • 2d sin9 V.l 

where À al the x-ray beam wavelength 

d = the distance between the scattering elemente 

\ 

~ 
.,. the angle of diffraction defined by tan 28 = 

rll where r is the diffraction ring radius 

and l is the sample-to-film distance 

The resulting x-ray d spacings for severa! aqueous HPC solutions have baen 

listed in Tabla V.l. The diffuseness of the x-ray halo in aqueous media 

made it very difficult to determine an unequivocal relationship between d 

and the HPC volume or weight fraction. For thie reason, x-ray diffraction 

studies were also undertaken on soma other masophase systems, nsmely, HPC 

in methanol, acetic scid, dioxane, and morpholine and on APC (10-11) in 

acstons. rigure V.2 shows the slightly shsrper x-ray diffraction halos 

obtained' for some typical HPC msthanol and APC acetone solutions. The 

J. 
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J 

X-ray diffraction pat~ern generated by a 0.489 volume fraction 

HPC-L aqueous solution. The sample-to-film distance was 17.4 . 

cm and the ca1culated d spacing was 1.35 nm. 
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TABLE V.1 

\ 
Variation in X-"ray d Spacing with HPC-L Concentration in Aqueous 

and Organic Solutions 

Solvent , HPC lIJeight fraction HPC Volume Fri!ction d 
(w

2
) (;2) (nm) 

H
2

0 0.5173 O.46g'1 " 1.35 

0.5416 0.489 1.35 

Q.5796 0.528 1.34 

0 •• 5960 0.545 1.33 
<" 

, 
0.6l2~ 0.561 1.32 

0.6600 0.611 1.29 

0.6771 0.629 1.28 

CH
3

COOH 0.3576 0.322 1.58 

0.6508 0.6~4 1.31 
.~ 

C
4

HaOz 0.3836 0.343 1.54 

0.5066 0.463 1.35 

0.6037 0.561 1.28 

C4HgON 0.6056 0 • .555 1.42 

i 

)-
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The x-ray diffraction pattern on the 1eft Illas obtalned for a HPC 

methano1 solutior in which ,~2 '" 0.608 and d was ca1culated ta be 

1.35 nm. The x-ray diffraction pattern on the right was ebtained 

for an APC acetone solution in which ;2 .. 0.601 and d was 

ca1cu1atad te be 1.54 nm. 
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v~ation in cal.culated x-ray d spacing with polymer volume fraction for 

HPC in methanol and for APC in acetone is depieted in Figures V.3 and V.4 

respectively. The x-ray d spacing for ApC in other organic solvents was 

a1so found to decrease as the polymer concentration lilas increased as is 
\ 

shown by the data listed in Table V.l. ' Practieal diffieulties, arising 

from the extremely viscous nature of )the HPC solutions, made it impossible 

to fil! the x-ray capillaries wHh solutions whose volume f'raction exceeded 

0.76 HPt. The APC solutions exhibited much more fluidity and, as il' rssult, 

the highest usable volume fraction for these solutions was 0.90 APC. 

The x~,ay d sp4cing results of Figures V. 3 and' V. 4 can be. 

qualitatively explained in the fo11owing way. Region A is the tilla phase 

region where both isotropie 'and anisotropie matarial eoexist; within this 

region the concentration of each phase should remain constant, only their 
-

proportions shou1d change. Thus it is not surpri~ing to find that within 

this region the x-ray d spacing is essentially constant. Region B consists 

solely of anisotropie material and the x-ray d spacing decreases gradually 

as the concentration of polymer in the solu~ion is increased. This reaul t 

was expected as will be elaborated on in the next section. The relativsly 

narrow range of d spacing values from 1.2 to 1.7 nm. ie. rsally tao smaU for 

an absol4te relationship between d and the polymer volume fraction ('2) to 
~ 

be established. However, from the available data the best correlation 

coefficients are obtained IIIhen d is allowed to vary linearly with "2. The 

lyomesophase volume fraction at which the d spacing bagins ta dacrease may 

perhaps be used to detect the end of the two phase coexistence region. It 
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fIGURE V.3 
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The variati~n in x-ray d spacing w1th HPC volume fraction <+HPC) 
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The variation in x-ray d spac1ng with APC volume fraction <'APC) 

in acetone solutio~s. See text for an Bxplanation of the A and 

8 ragions. 
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is interesting to note that for APC From x-ray data the end of the two 
t 

phase region occurs at an APC volume fraction of 0.65. This value agrees 

very well with the APC volume fraction of 0.64 previoualy reported as 
/ 

correaponding to the start of the purely anisotropie mesophase (10). For 

aqueous HPC solutions the end of the two phase region ia reported to occur 

at a 0.51 HPC volume fraction (12). This value agrees relatively weIl 

with the 0.49 HPC volume fraction deduced'as the start of the purely 

anisotropie mesophase from the x-ray data contained in Table V.l. 

V.4 Discussion 

The physical significanee of th~ expe~imentally determined x-ray 
"". 

'd spacing and Hs variation wi th the mea,ophase volume fraction for both 

the HPC and APC cholesteric syst~ms will no~be considered in greater 

detail. Firstly, the fact that the diffraction pattern produced by the 

mesophase ls a halo suggests that there ia little macroseoplc orientation 

of the sample within the x-ray eapillary. 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 mesophase along the capillary walls. 

However, since these arcs are relatively indistinct, it w~uld seem that no 

extensive preferential orientation of the mesophase has occurred in the 

mulk sample. Secondly, the diffuse nature of the diffraction halo 

indicates that the separation between the scattering elements of the 

mesophase is not exactly uniform but that it varies about sorne me an spacing. 
',' 
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This ia a reasonable assumption to make becau~e of the fluid character of 

the liquid crystal. The scattering elements within the cholesteric material 

must be the constituent rod-like moiecules. The x-ray beam passing through 

a small volume element of the mesophase would see the rod-like moleculas as 

being essentially parallel and th us the x-ray d spacings calculated are mqst 

likely ta represent the mean spacing between the rod-like molecules in the· \. 
~ 

cholesteric. 

The mean spacing between the-constituent rads of the cholesteric 

should vary with the polymer volume fraction; if the number of rod-like 

molecules in a given volume element is increased then the spacing between 

the rods should decrease. Lacking any specifie information about the packing 

arrangement of rads in the HPC or APC mesophase, the follolding general model 
1 

is proposed to prouide a theoretical prediction of how the mean spacing 

between rads should vary with the polymer volume~fBaction. The mesophase 

19 to ba divided into long volume alaments 'of cross-section A. Each cross­
\ 

sectional area A should contain part or parts of one rod-like chain 

molecula whosa cross-Baction is 8. This model is depicted schematically 

in Figure V.5. The volume fraction of chains (~2) contained within a cross­

sectional area A i8 gluen by E quaUon V. 2 

• a/A V.2 

and the mean center-to-centar distance between neighboring chains (d) ls, 

given by Equation V.3. , ' 

/ 
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Edge on View Side View 

fIGURE V.5 

t ' 

A schematic vielll of the model proposed ta represent the arrangement 

of rod-like chalesteric molecules with{n a small arbi trary cross-· 

sectional area A. The molecular, cross-sectional area ia a and the 

mean center-ta-center distance between the rads la d. 
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Note sheuld be made that chain end effects have besn ~eglected in the above . 

j
del because if the distance between chafn ends ia as"sumed te be of th8' 

sa,e order as the mean spacing, d, then Ithe prebability of finding a chain 

en gap within a cross-sectional area A is d/L, where L is the 

· r-contour length. S'ince L is very much greater than dt chain end 

the model are nagligible. The beauty of Equation V.3 lies in the fact that 

no particular packing arrangement for the rods has te ba assumed and that 

th l f l t f -d .1. -1/2 \ t . t f th h' e s ope 0 a poo ~~E~uS 'l"2 g~ves an es ~ma e a e c a~n cross-

sectional area. Int;dition at ;2 • l the chain molecule and volume alement 

crass-sectio~s (a a~) shauld be identical -- a totally realistic physical 

pictura for the mesophase. The exper~mentally determinad x-ray d spacing 

, 

" data for bath HPC and APC have been replotted in the form of d versus the 

inverse square root of ;2 as required by the ~bove modal. These plots are 

depicted in Figures V.6 and V.7. The correlation coefficients for Figures 

V.3 and V.6 are 0.9986 and 0.9944 respective1y while the corresponding 

values for Figures V.4 and .... 
V.7 are - 0.9982 and D.~~28. C1early, bath 

è 
versus '2-1/ 2 give exce1l~nt'straight lines. plots of d versus (2' and d 

This result might have been anticipated considering the narraw range of 

experimental d and '2 values availab1e for bath the HPC and APC mesophases. 
i 

Althaugh thé correlation ~ficients are ~rginally ~etter for plots of ~ 

versus '2' there currently ex,ists no physical exp1anation ~or the linear 

variation of d with '2. But the model prcposed in this chapt~r for the 

m~hase does provide a physically reasonable justification for an inverse 
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The change,in·the x-ray d spacing with the inverse square root of 

the APC volume fraction (;APC) in acetone solutions. 
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square root dependence of d Qn '2. In additi'on the slope of the d versus 

+2-1/ 2 plot for HPC ia 1.02 while the intercept at ~2 • l on the d-axis i8 

1.06. These twe values are elmost identical a~~ they are p~ausibla values, 

as predicted by the mOdel, for the HPC mo~ecular cross-sectional eres. The 

correspending slope and intercept values for APC are 1.46 and 1.20 rèapec­

tively. The reasen for) the relatively large di/ference in these two values 

for the APC molecular c~oss7sectional area is unknown but the 1.20 seems a 

more reasonable value for the APC cross-sectiona! area because the x-ray d 

spacing for an APC fiber is 1.24 nm. Acetylated propylene oxide side'chain~ 
r . 

are bulkier than hydrexypropyl side chains; 'thBrefore, â cellulose backbone 

with bulkier side chains should have a g~ater cross-sectionsl ares than a 

similar callulosic with smaller side chains. This ls confirmed by e~amins-

tion of .the HPC (1.02) and APC (1.20) cross-sectional areas. It thus S8ems 

that both the HPC and APC experimental data fit the model behavior outlined 

+ reasonably weIl and, consequently, the x-~ay d spacing has been assumed to 

vary in an inverse square root manner with ;2 for-bath systems. 

As mentioned earlier both HPC and APC possess identical backbones 

IIIhich differ only in their attached side. groups • ...,.,. It was antic::ipated that 

if side chain effects 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-ray d spacing data 

lIIould show a better inverse square root correlation with the cellulose 

, volume fraction than did the HPC or APC volume fractions. The HPC and APC 

volyme fractions were broken down into individual.cellulose volume f~actions 

-'" 
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i <\> 
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by uaing the fo110wing sequence of equattons. 

l, 

"-

"" f. IIIcel PI cel - • - V.4 
IIIder 

PI • 
der - " J 

• 
""cel V.5 W • • c.sl II/der + IIIs 

~ 

v pel • III /p • V / • wde:!Pder; v • Ws/ps V.6 cel cel' der s 

• 

Equation V.7 can be rewritten in the f0110win9 form by substituting into 

, it Equations V.4, V.S, and V.6 • 

.. 

~cel -
ce M l (1 l~ l + ---

P s w.der 
V.7 

D 

where III 1. weight ce of cellulose in derivative 

wd • weight of derivetive in solution er _ 

III • weight of solvent in so.lution s . 
unit (162 g) PI • molar mess of cellulose repest cel 

M • der molar mess of deri\Jative repeat unit (HPC :394 9 

and APC 515 g) \ 
( 

. , . 

1", 
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wcel • weight fraction of cellulose in derivativa 
, ::,1. . 

wder • weight fraction of de~ivat1ve in solu~iont 

Pcel :II dens1ty of cellulose (1,6~~mL (13») 
~- d--;~ 

.,.,; , ,,~ 

Pder • density of derivativB (HPC_;'-'2~ g/mL (14) 
~ 

and APC 1.15 g/mL (10») t 

Pa .. density of solvent (methanol 0.7914 g/mL 

-and acetone 0.7899 (15) •. 

\ 
\ 

.. voluMe of cellulose in d~rivative 
r 

v cel 
\, 

vder • volume of derivative in solution 

v :a volume of solvent in solution s 

+cel .. volume fraction of cellulose in derivative 

Fïgu+:e V.8 illustrates a plot, of the cellulose volume fraction~alculatèd 

.usin~· Equation V. 7 for both the HPC and APC mesophases agains t the corre­
'\; , 

sponding x-ray d spaci~s. The correl.ation coefficient for the poincli in 

figure V.S is 0.989, the sI ope of the li ne ls 0.622, and the intercept st 

; 1 - 1 on the d-axis 18 0.523. The intercept and slope values are nearly ce 

the same and they are very cl~se to the actual cross-sectlonal area of a 

cellulose molecule. It would thus appear, although there ia some scatter 

in the data points, that the callulqsic volume fraction also varias in an 

jnverae square root manner with the x-ray d spacing. 

Until now it has besn assumed that within a small cross-sectional 

1 
aree of the mesophase the molecules are essentially parallsl. 'This ia not 

exectly true. Deviations From this paralle1 arrangement might arise From 
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The variation in the x-ray d spacing with the cellulose volume 

fraction (, l) of HPC in methanol (A) and APC in acetone (e) , ce 
solutions. The ~llulosa volume fractions were evaluated by 

making use of ~quation V.7. 
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th!irmal fluctuations, imparfect rad") orientation, Il\or the natural twist of 

the cholesteric material. Figure V.9 sChematica1rY depicts 

orientation within two Successive layers. of the c~olasteric 
the molecular 

material. The 

spacing between the molecules or layers has baen d,epicted as being· approxi-

mately equal to the x-ray d spacing, whUe the angular twist between the ., 
cholesteric layera ia (J. n:-e origin of the angular twist is uncertain but 

several theorie~ ès,16-l7) have. basn propoaed to account. for Hs existence. 

The most likely explanation for the helicoidal twist ia the existence of 

aSYlllmetric forces ,between the chain segments of the cholesteric. These 

forces in HPC are postulatad to arise from the Inherent chirality of the 

individual anhydroglucoae units. For cholesteric syst~ms, the helicoldal 

pitch, P, ls related to both d and () (degrees) by the following geometric 

relationship 

P 
,P 360 d .-

6 
v.a 

Optical data presented in, the previous chapter showed that th"e 

helicoidal pit~h varies inversely as th~ third power of the HPC volume 

-3 fr~ction (p Q P2 ). Tseng and Gray (10-11) have found this same relation-

ship Is valid for the APC acetone lyomesophase. l t has baen shown in this 

chapter . that the x-ray d spac.ing var.ies as the inverse square root of the 
" . 

pol ymer v"olume fraction. If P and d are known for a particular sample 

then Equation v. a can be used in evaluating (J or the average angular twist 

for the sample. The data needed to éalculate ~ for both the ~PC and APC 

o 

1 I~ 
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x 

An expandéd view of tlaJO successive layera in the model proposed 

to represent a dholeateric lyomesop~ase. The average distance 

between the molecules and the molecular layers is - d and 8 i8 

the aV8rd:ge angular twist betl&leen molecules in successive layera 

'<J of the structure. 

.. , 

, 
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systems have been listed in Tables V.Z and V.3 re§Jpectively. \n both ~ 
) . 

degrees over th~entire sys~ems 8 ia amall and varies From a.3D to 1.B 

mesophase' concentration range. (,The variation in fJ lIIith '2 can be, 

determined by making use of Equation V.S and the known variation of P and 

. , ." '" -3 -1/2 d with the polyrner volume-fraction. ldaally s~nce P a T
2 

and d a '2 

th en fJ should be proportional to ;2
5
/ 2 according to the,supsti~ution of 

the P and d va].ues into Equation V.B. FiglJ't'e V.10 shows a plot of this 

predicted va;iation of 8 with ?2 for the APC aj~tone lyomesophase. Although 

the data points are not exactly linear they do seern to Fit the postulated 

8 versus '02
5

/
2

0 

relationship reasonably IIIs11. Currently there exists no 

real theory to explain why or hOIll fJ should vary with the polymer volume 

fraction. 

\ " 

Hy~roxypropylcellulose and APC mesophases differ considerably in 

their behavior from other polymerie lyomesophases. Consider the oas'e of 

poly-~-benzyl-L-glu~amate (P8LG) in dioxane where P i5 reported to vary as 

-2 c where c is the. meaophase solution concentration in g/loO ml of solution. 

The x-ray d spacing varies as c-1/2 and~consequently 9 varies as c3/ 2 (5). 

, -3 
As noted previously for 'both HPC, and APC P vM'ies a!'l'2 ' d varies as 

-1/2. 5/2 
'2 ' and fJ varies as ~2 • The reason IIIhy P8LG and the HPC/APC lyomeso-

phases differ in their behavior is unknollln bu~ a possible explanation may 

lie in the .polymer packin~ arrangements and their pitch ranges. Low molar 
, 

mass mixtures of nematic and cholesteric., mesophases exhibit anr inverse 

linear relation between P and the cholest~ic sQl~tion concentration CP a 

c -1) (lB). The larg&,~tch' (> 2000 nm) P8LG system exhibits an inverse 

" 
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TABLE V.2 

Ca1cu1ated Angular Twist (e) Between Successive 

Layers of the Cho1asteric Structure ' 

,r for HPC Methanol Lyomesophases 

..:, 
;HPC wHPC P d e 

{nm} (nm) (deg) , 

0 40 0.4447 - 1926 1.63 0 .. :305 
.( 

0.370 0.4713 1640. 1.63 0.358 

* 0.433 0.5426 1040 1.58 0.547 

0.516 0.6236 632 1.46 0.832 

0.'559 0 .. 6589 553 1.42 ,0.924 ~ 
0.608 0.7064 405 1.35 1.20 

0.660 0.7514 320 1.28 1.44 

.. 

* vaiue Pitch interpo1ated using Equation IV.15 
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TA8LE V.3 

! 

0 

Ca1cu1ated Angu1ar Twist (9) 8etween Successive 

Layers of the Cho1asteric Slruct'ure 

for APC Lyomesophases in Acetone 
~ 
\ 

.1 
~ 

* \ 
;APC wAPC 

p d () " ~ 

~ 
(nm) (nm) (deg) ~ 

~ 

( 0.455 0.5482 1756 1.54 0.316 
, 

'1 

-t 
0.563 0.6520 770 1.54 0.720 

0.648 0.7280 623 1.54 0.890 

~. :l~ 

0.689 0.7632 525 1.50 1.029 1 
() "'if 

J 
0.752 0.8150 \ 413 1.44 1.255 ~ 

- -- " 
'~ 0.781 0.8283 373 1.40 1.351 -,i 

) 
: 
1 

0.821-' 0.8699 325 1.36 1.507 
, 

0.826 0.8734 321 1.35 1.514 

0.854 0.8951 293 1.31 1.610 

" 0.895 0.9254 260 1.27 1.759 l 

.. 
'" • "-

1.000 
{~-;\ 

1.0000 196\ 1.24 2.278 
\ 

* ( ( Pitch values quoted taken from reference 10) 

( 

\, 
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, 1.00 

F'IGURE V.10 

0.80 

0.30 0.40 0.50 0.60 0.70 0.80 
5/2 

q:, APC' 

The variation in thEi\ angula~ twist (8) of the cholesteric structure 

with the APC volume fraction (~APC) in acetone 

angular twist for each solution was calculated 

and the data, contained in Table V.3. 

solutions. The 

using E~uation V.8 
\ 
\ 
\ 
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square root dependence of P on concentration (p a c-2). The HPC and APC 

mesophases exhibit both long (900 - 5000 nm) and short (300 - 700 nm) 

pitches which vary in an inv~rse third power relationship with the polymer 

( -3 
vol~~e fraction P a;2 ). There thus seems to be a natural progression 

q 

in the power dapendence of the concentration on pitch for cholesteric 

systems. ~he reason for this, if true, is unknown. However, it is possible 

that depending on the helicoidal pitch range in the system the molecules may 
l'k:A 

have different packing arrangements which do net alter the variation in 

d spacing with concentration very much, but rather prcfoundly affect the 

angular twist betwBen the layers. 

V.5 ' Conclusion 

The mean spacing between the molecules of both the HPC and APC 

lyomesophases as determined by x-ray diffraction studies was found ta vary 

-wi th the polymer concentration. However, nei ther the d spacing nor the ;2 

values were broad anough in range te allow an unequivocél relationship 
1 

-between d and '2 to be established. A general model was presented in which 

d should vary as ;2-1/ 2• The experimental data fit this relationship 

~onably well and physically plausible values were obtained for t~e HPC 

.' and APC cross-sectional araas. The polymer volume fractions were also 

broken down into cellulose volume fractions and this data aIs a fit the d 

-1/2 versus ;2 relationship quite_well. The x-ray d spacin~ data gave good 

values for the end of the two phase coexistence region in both polymerie 

" . 

1 

" 
',' 
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systems. The angular twist between successive layers of the cholesteric 

structure was calculated and'was found to vary From 0.30 to 1.8 degreeé' 

with the solution co~centration. The exact relationship between 
'0 

Q 

is unknown but the experimentally calcula~~~data fit a (J'versus 

() and +2 

, 5/2 
2 

relationship quite welle Finally, a possible Bxplanation was proposed to 
, 

account for the difference in behavior of the P8LG lyomesophase and the 

HPC/APC lyomesophases. 

/1 

'1 ' 

'. 
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CONCLUDING REMARKS AND SUGGESTIONS FOR fUTURE WORK Il 

The present investigation has encountered the often-reported 

difficulties in characterizing a.highly polydisparsa cellulose derivative. 

The affects of sampl~ polydispersity and pol ymer aggregation on the 

characte,rization techniques employed in this study are not wall resolved. 

IdiallYt narrow molar mass fractions of hydroxypropylcellulose are required 

for both conventional or low angle laser light scattering and sedimentation 

equilibrium experiments. If both tec~niques give essentially identical 

molar masses for each fractidn, then sample polydispersity should acqount 

for the diverse hYdroXypI'opylcellulose mol aI' mass results raported in this 

work. Alternatively, if fractionated hy~roxypropylcellulose samples give 

significantly different mo]ar masses From th~above two techniques th en 

the role of polymer, aggregation (~nduced either by time or shear) on the 
" 

characterization proceas ~ust be re-evaluated. Therafore the primary 

objective of any further research in tne'successful characterization of 

this pol ymer should be directed towards the development of an effective 

fractionation method. 

Chain stiffness ls a necessary but insufficient requisite for 

anisotropie phase separetion in cellulosics. Flexible side groups while 

increasing polymer solubility may also permit the cellulo~ic chains to 

slip past ana anothar, thus endowing the s~stem with enough fluidity to 

t 
l' , , 
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becoms mesomorphic at high pDlymer~olume fractions. The absence of 

flexible s~de groups is believed to rasult in crystallization or formation 

of an unorient~d gel as'is the case for hydroxyathylcellulose. In sorne 

solvents strong solvation of the polymar main chain may usurp the rols of 

flexible side groups. The role of side group flexibility on anisotropie 

phase separation might, perhaps, be best investigate~Oby replacing the 

hydroxyl groups of hydroxyprqpylcellulose by a series of moré flexible 

Viscosity measurèments on 
4\ 

molar mass fractions of hydroxypropylcellulose might be unde~taken to 

ascertain and aS8eas the role of sample polydispersity on the Mark -
• $ 

Houwink a parametar and, thus indirectly, on chain stiffness in various 

sol vents. Ths affects of non-mesomorphic and ionic groups on the hydroxy-

propylcellulose' mesophase formation could be examined by studying 

copal ymer blende of hydroxypropylcellulose/hydroxyethylcellulose and 

hydroxyprmpylcellulose/sodium(carboxymethylcellulosa) in aquaous media. 

The'proportions of both components neede~ ta form and/or destroy or 

inhibit mesophase formation might provide sorne useful information about 

the mechanism of anisotropie phase separation. 

Hydroxypropylc~llulose does not exhibit a lower consolute 

temperature in polar orgenic solvents. It should, thsrefore, be easier ta 

• obtain and interpret a qualitative phase diagram for hydroxypropylcellulose 
o 1 

in organic rather then in aqueous ~edia. In addition, if nerrow molar mess 

fractions ofihydroxypropylcallulb~a wère available, the exact raIes of 

/' 1 
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molar substitution and sample polydispersity on the aqu~ous cloud point 

eould be assessed and resolved. A more detailed investigation of the 

anisotropie phases might be worthwhile to 

determine if anisotr phase separation salectivaly fractionatas the 

polymar betwaan the t phases. This type of investigation may perhaps 
'\ 

provide a clue to the unusual concentration dependence of both ph~ses 

across the coexistence ragion on the ~riginally prepared volume fraction 

of polymer. It would also be of interest to redissolve a highly 

&lnceptrated mesophase (.... 70 weight % hydroxypropylcallulose) From which 

all solvent had baen avaporated to datermine if, indeed, any fractionation 

of the pol ymer had occurred. 

The excellent fit of the hydroxypropylcellulosa optical rotator~ 

power data to De Vries' optical equetions for cholesteric lyomesophases 

using only the layer birefringence as a fitting parameter confirms 

conclusivaly that hydroxypropylcellulose does indeed form a cholesteric 

lyomesophase in saveral solvants. The resulting fitted layer birafrin-

gence values agree quite well with maasured birefringances according to 
" 

the model prasented. A direct measurement of the layer birefringance 

wnuld 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 affects of 

strong eleetric or magnatic fields on hydroxypropylcelluloèe. 

_ .. _----... ~ ,,----
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The helico~dal pitch o~ the hydroxypropylcellulose sampI es was 
, 

found to dacreese continuously with Ume. It was not possible to determine 
! 

, 1 

if this behavior was a kinetic phenomenon resulting from the slow perfection 

of mQlacular order in the mesophase or, simply, a 'resul t ~'of solvent 

evaporation. The latter explanation seems to be the mere likely, but the 

relatively regular decrease in pit ch with time would seem to support the 

former explanation. Dissolving the lyotropic pol ymer in an inert 

plasticizer rather th an in a volatile solvant and studying the change in 

pitch with time would enable this question ta be rasolved. An investigation --

into the affects of pressure ,and temperature on the helicoidal pitch might 
/ 

provide some additional information about the ~olecular structure of the 
, .. :, 

mesophase. Theoratical researeh on!tha hydroxypropylcellulosa mesophase 

might weIl be undertakan to'ascertain the phy~ical significance of the 

inverse third power dependence of pit ch on the polymer volume fraction. 
\, 

It might also be worthwhila to.examine in more datail the relation between 

the eritical volume fraction of polymar for anisotropie phase separation 

, -1/3' 
and the slope and intercept of P versus ;2 plots. 

Lyotropic mesophases will on heating always axhibit thermotropic, 

beh~vior and hydroxypropylcellulose is no exception. Although the prasent 

investigation was confined te the lyotropic behavidr of hydroxypropyl-

cellulose, it would surely be profitable to examine in greater datail the 

thermotropic properties of hydroxypropylcelluloee itself, as weIl as its 

thermotropic behavior in solutfon. Moreover, a complete spectroscopic 

1 
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investigat~on of this polymer by Fourier Transfcrm Infrarad (fTIR) and 

Raman, altho~~h very complex, would provide some pertinent information 

about the possible structural differences exlsting in dilute and concen-

trated hydroxypropylcellulose solutions. Preliminary FTIA results show 

significant differencee exist in the 800 to 1500 wavenumber ragion of the 

infrared spectrum. Specifically, diluta solutions show no paaks in the 

noted ragion, red samples exhibit alevan distinct peaks within the sama 

ragion, and a whole series of multiplets 'exist in this ragion for purple 
le' 

, 
samples. Thase peaks must certainly ba a reflection of the structural· 

j 
changes occurring in the system as the mesophase i5 formed. Tha fTIR 

technique might also provide an alternativa mathod for evaluating the 

baginning and the end of the biphasic region for the mesophasa. 

Finally, a mora detailad x-ray diffraction investigation of the 

hydroxypropylcellulose system should be undertaken "to detBrmina tne 

molacular packing arrangement existing in the mesophase. Studias of' 

me50phases prepared From other cellulose derivativas and solvants over 

the broadest possible ~omposition ranges should allow an unequivocal 

"relationship bstween the x-ray d spacing and the cellulosic volume fraction 
, ," 

to be astablished. 

" The mesomorphicity of hydroxypropylcellulose may offer a new 

route to the formation of improved cellulos'ic fibers pos5essing highar 

orientation and, perhaps, more strength. Tha re~dy availability of 
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r. hydroxYl:lropylcellulose, its resistance ta degradatian, its rsasonable 

priee, and its naval optieal properties would seem te pradict a very 

useful future for this polymer. 

o 
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1 
CLAIMS TD ORIGINAL RESEARCH 

The claimad contributions of thls work to original raseerch are 

outlined below. 
J 

1. Hydroxypropylcellulose was the tirst cellulose derivative found ta 

" - form liquid crystalline solutions in watar and in polar orgenie 

solvents. 

J 
2. Microscopie and optical data were used ta prove that hydroxypropyl-

cellulose forms a cholesteric lyomesophase in aIL the solvants 

investigated. 

3. An in-depth study of this cholesteric lyomesophase in aqueous and 

in organic media showed that optically this polymer obeys De Vries' 

optical theory with only one fitting parameter -- the layer bire-

fringence. 
\ 

• 
4. A model has been proposed to account for the discrepancy between 

measured birefringences in the Abb~ refractometer and calculated 

l.ayer birefringenees according, ta De Vries f tt1e'ory. 

5. The refractive index and the ~irefringence for hydroxypropylcellul~se 

\ 
\ ~ 
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in water, acetic acid, and methanol have baen measured as a function 

of polymar concentration. 

The halicoidal pitch was for the first time evaluated from optical 

rotatory dispersion spectra and compared with corresponding pitcn 

values obtainad spectrophotometrically in both aqueous and organic 

solutions. 

Hyd~~rOPYICellUlose was the first known polymerie liquid crystal 

to exhibit both short pitch cholesteric and long pitch ahimmering , 

iridescence in the same solvent. 

Over the entire pitch range studied it was found that the helicoidal\ 
II 

pitch varies inversely as the third power of the hYdrOXypr~lU-

lose volume fraction. 

The characterization of this c~l~ulosic 'was undertaken to compare, 

for the first time, the results from conventional light scattering, 

low angle laser light scattering, and sedimentation equilibrium. 

Each method gives a different molar mass for the pol ymer and some 

reasons for this have been proposed. ' 

a 

10. The differential index of refraction for this polymer was measured 

in water and was found to be virtually i~dependent of the polymer 

molar masse -. , 
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A qualitative phase diagram for hydroxypropylcel1ulose in wa~er has 

~een presented. , l t does not agree very weIl wi th F Ipry 's theory for 

mesomorphic phase separation' of rod-like molecules and sample poly-. \ 

disparsity is an insufficient factor to account for the discrapancy • 

It has been shown that if the Kuhn statistical segment length rather 
, 1 

than the mole cule chain length is used in Flory's theory a much 

better agreement is obtained betwean the predic€ed and experimental 

critical volume fraction of polymer at anisotropie phase separation. 

It is impossible, at present, ta pr~dict at what critical volume 

fraction of pol ymer the mesophase will form in any solvent; it does, 

however, appear that the critical volume fraction of polymer i6 lower 

in acids than in alcohols. 

13. X-ray diffraction measurements provided a method by which the end 
1 

of the two phase coexistence ragion of the mesophase could be 

evaluatad. 

14. The x-ray d spacing or a~erage separation between the mole cules of 

the cholesteric lyomesophase varied in an inverse square root manner 

with the polymer and cellulose volume fractions. A model for the 
. 

cholesteric was presented ta account for this inverse square root 

deper\i:lence of d on volu~e fraction. 0 
\' 

15. The helicoidal or angular twist between the molecules of the , 
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cholesteric wss calculated ta vary as the 5/2 power of the hydroxy-
~ 

propylcell~lose volume fraction. 
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