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I. INTRODUCTION 

When certain solids (e.g., p-azoxyanisole) are heated they do not pass directly 
into the liquid state but adopt a structure which has properties intermediate 
between those of a true crystal and those of a true liquid. On reaching a certain 
temperature the solid undergoes transformation into a turbid condition that is 
both birefringent and fluid, the consistency varying with different compounds 
from that of a paste to that of a freely flowing liquid, At a higher temperature, 
the turbid condition is converted into the true liquid. As the liquid cools these 
changes take place in reverse order; however, some supercooling may occur 
when the transition temperatures are reached, as in the case of ordinary crys- 
tallization. 

A birefringent fluid can also be formed when certain compounds are treated 
with a cont<rolled amount of water or other polar solvent. These birefringent 
systems are formed with certain rather large molecules (e.g., sodium stearate); 
they are also found in some biological systems. The properties of this birefringent 
fluid resemble those of the birefringent fluid formed by heating certain solids. 

Reinitzer (331) was the discoverer of the “liquid-crystalline” phenomenon, 
while Lehmann (218) first described the property of liquid crystallinity. In  1889 
Lehmann (220) found that cholesteryl benzoate, when heated, first formed a 
turbid system that would flow as readily as oil but still retained many of the 
characteristics of crystals.1 Soon after this initial discovery Lehmann found that 
ammonium oleate and p-azoxyphenetole (219) were examples of substances that 
may exist in the “mesomorphic state.” The early literature of the field contains 
some interesting debates between Reinitzer and Lehmann concerning priority 
on a number of important observations concerning the properties of liquid crys- 
tals. These are recorded in papers by Reinitzer (332) and Lehmann (227-229). 

There are two books of note written on liquid crystals: namely, Chemische 
Kristallographie der Flussigkeiten by Vorlander (433) and Chemische Morphologie 
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der Flussigkeiten und Kristalle by Weygand (442). Each book summarizes the 
work of the author in the field of liquid crystals. Both Vorlander and Weygand 
had the same goal in their study of liquid crystals; they attempted to define the 
constitutional pecularities which a molecule must possess to form the rneso- 
morphic state. 

Brauns (42) collected under one cover 172 abstracts of papers and books which 
were published between 1881 and 1931. These abstracts cover papers dealing 
with organic compounds in inanimate matter and the role of liquid crystals in 
living processes. Oseen (307) authored a small book on the theory of the forma- 
tion of liquid crystals. 

Two extensive symposia have been held to discuss liquid crystals; the papers 
presented a t  these symposia were published in Zeitschrift f u r  Kristallographie 
(387) and Transactions of the Faraday Society (388). 

Some brief reviews in journals, summaries as chapters of books, and small 
booklets or pamphlets have appeared but there has been no general review of 
recent origin. These reviews or summaries vary in length and importance; some 
of them are devoted only to a summary of the work of one researcher, while 
others deal with a small area of the field. The reviews and summaries of Lehmann 
(223, 231, 232, 239-246), Vorlander (427, 428, 430), Kast (196), Bragg (40), and 
Friedel (106, 107) are the most extensive and informative. Other brief reviews 
are by Garner (117, 118), iMayr (267), Stumpf (379), Pope (322), Chaudhari 
(68), Mauguin (265), Schenck (356), Rinne (335), Randall (327), Weygand 
(445), and Chatelain (66). The review by Schenck covers the years 1905-1909. 
Stumpf’s review (379) is a r6sum6 of the work done on liquid crystals after the 
earlier review of Schenck (356) and covers the years 1910-1918. The paper by 
Rinne (335) is a review comparing the morphological, chemical, thermal, and 
optical characteristics of sperma and of liquid crystals. However, none of these 
reviews are exhaustive. In  some cases this is by choice of the author, who was 
interested in only one aspect of the subject; in other cases the author chose to 
discuss or emphasize only his own research in the field. 

An effort has been made in this article to summarize the literature on the 
mesomorphic state and to bring into one review article the different methods 
that have been used to attack the problem of the properties of this state. Through 
the papers reviewed in this article and those reviewed in the articles and books 
listed above, an attempt has been made to cover the literature on the meso- 
morphic state. A number of the topics in this article have not been considered 
in the review articles or books mentioned above. For those topics that have been 
reviewed previously, the present review briefly summarizes the previous writings 
and then covers the literature from the date of the previous review to the pres- 
ent. The literature has been covered through 1955, with some additional refer- 
ences of later date. 

11. hTOMENCLL4TURE 

Lehmann was the first to suggest the name liquid crystats for those substances 
which are liquid in their mobility and crystalline in t,heir optical properties. The 
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first property (liquid) suggests that the substances in this phase are readily 
disturbed though the phase may be readily renewed, while the latter property 
(crystal) suggests some degree of arrangement of the component molecules. The 
term liquid crystals is simple and suggestive and has been used throughout the 
literature since the time when it  was suggested by Lehmann; hence it has been 
used as the subtitle to this article and on occasion throughout this review. 
Friedel (106, 107) has argued that the name liquid crystals is not a good one 
because the substances are neither perfect crystals nor perfect liquids. He pro- 
posed the name mesomorphs or mesoforms, terms which are more logical since 
the properties to be described are intermediate between other properties that are 
well defined. A related term mesomorphic state, which the authors consider 
preferable, has been used in the title of this article and throughout the review. 
The name paracrystah, proposed by Rinne (338) for this class of compounds, has 
been used on occasion in this review. Other names that have been proposed for 
the mesomorphic state are discussed by Rinne (338). 

Most compounds that exhibit the mesomorphic state can be classified by two 
structures which have been designated as smectic and nematic. The term smectic 
(soaplike) was coined by Friedel (104) from the Greek ~ ~ p y p a ,  meaning grease 
or slime. The smectic structure is stratified, the molecules being arranged in 
layers with their long axes approximately normal to the piane of the layers. The 
term nematic was coined by Friedel (104) from the Greek vqpa, meaning thread. 
The term is used literally to  describe the threadlike lines which are seen in the 
nematic structure on microscopic observation. In the nematic structure the only 
restriction on the arrangement of the molecules is that the molecules preserve a 
parallel or nearly parallel orientation. A third structure has been described in 
the literature-namely, the cholesteric-so called because it is shown mainly by 
cholesteryl derivatives. More details are given on the properties of these struc- 
tures in Section IV. 

The mesomorphic state can be prepared from solids either by thermal proc- 
esses or by means of “solvents.” Using the nomenclature of Friedel (106), Law- 
rence (214), and Jelley (182), thermotropic mesomorphism refers to the production 
of the mesomorphic state by means of heat in contrast to  lyotropic mesomorphism, 
which has been defined as the process for preparation of the mesomorphic state 
by solvation. 

Two terms have appeared in the literature describing those crystalline solids 
which yield the mesomorphic state on heating. Smectogenic is a name applied to 
solid-state anisotropic molecules that may be arranged in parallel layers or with 
the molecules of adjacent layers imbricated and which on heating give the 
smectic structure. Nematogenic is a name applied to solid-state anisotropic mole- 
cules that will lead t o  the nematic structure on heating. In  this article the t e r n  
mesomorphic substance will refer to a substance that yields the mesomorphic 
state by a thermal or lyotropic process. 

The literature on the mesomorphic state has much confusion in the termi- 
nology used for designating the temperatures a t  which phase transformations 
take place, The temperature a t  which the crystal lattice collapses has been called 
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Abbreviated 
Somencla  ture Xomenclature 

~ Equilibrium Between Structures  

_ _ _ ~ _ _ _ _ _ _ ~ _ ~ _ _ ~ _ _ _ _  
Crystal F* mesoiiior~rliic s t y t p  isniectic or nematic 

structiire'i 
Crystal Ft stiiectic s t ruc tu re  
Crj-stal + nematic struetiire 

Smectic s t ructure  ( 1  + amect ie  s t i 'ucture  1 2 :  
Gliiecric struetiire ( 2 :  S smectic s t ructure  ' 3 '  
Smectic s t r u c t u r e  + neiiiatic s t ructure  
hIesoniorphic state F! liquid 

Sinectic strnc-ture @ liquid 
Nematic s t r i ic ture  2 licliiid 

CI ysttil - m~.poinorphic pcjint 

Crystal - stiiectir point 
Crl-stal - nematic  Iioint 

Smectic (1 '  - sniectic ( 2  point 
Smectic ( 2 1  - smectic 1 3  jmint  
Sinectic - nemiitic poinl 
~ [ e s o ~ i i ~ ~ r p l i i c  - !iquid pnint 

Smectic .- l i r~uid  point 
Xeniat ic  - lirluid point 

C-31 point 

C-P pnint 
C - S  j ) i ~ i n t  

SIPS? point 
S9-S: point 
S - S  point 
_\I-L pirint 

S-L po in t  
N-L pc~int  

either the melting point or the transition point, n-hile the temperature at whirh 
the true liquid is obtained has been referred to as the clarification point, clearing 
point, transition point, or melting point. In this revien- the authors have adopted 
the terminology for phase transformations li:,ted in table I .  

111. HIPOTHESEY &IS T O  T H E  S - I T U I I E  O F  THE SEAIAiTIC STHTJCTCItE 

h theoretical interpretation of the niesoniorphic state has intrigued iiiaiiy 
physicists and chemists since its discovery in 1888. There can be found in the 
literature Exchanges of argunieiits for and agaiiiht tn  o hypotheses that ei-olved 
out of the data that n-ere interpreted. Even today there i.: no one theoretical 
interpretation of th'e mesomorphic structure that conipletely explains all of the 
experimental data. However, of the tu-o hypotheses that have been proposed, 
namely the swarni hypothesis and the dihtortioii hypothesis, the swarm hypothe- 
sis is the more widely accepted. 

First, brief mention \]-ill lie made of the distortion hypothesis as it n-ai pro- 
posed by Zocher (464). Zocher expanded on his hypothesis in seyeral other later 
papers. Only a fen- of Zocher's papers will be lihted here, 4nce these listings, iii 
turn, n-ill direct the reader to others. Zocher's papers (466, 468, 469) are espe- 
cially concerned with an iiiterpretatioii of the effects of a magnetic field 011 the 
iieniatic structure. The assumptions that Zocher made to  derive equation:, for 
his theory of distortion in a magnetic field are: ( I )  the entire nematic structure 
under observation tends to take up such a position that the axial direction at  
el-ery point is the same; (2) any force acting so as to diqturh the state (under 1) 
where the directions are uniform cause:, a distortion in the nematic structure in 
n-hich the direction changes c30ntinuously until a restoring force of an elastic 
nature holds the applied force in equilibrium; and ( 3 )  the positions of the units 
in the nematic btructure initially assumed at the surface5 of solid bodie+ ( e g . ,  
glass) are almobt unchangeable by application of an external force (magnetic 
field). Eveii though Zocher (467) applied the distortioii hypothe::is with iome 
degree of success to the effects of a magnetic field 011 the nematic structure, the 
hypothesis has its limitations when one attempts to  interpret the properties of 
light extinction and wall effects. Furth and Sitte (114) argued that the distortion 
and swarm hypothese:: emerge as the swarm dimensions decrease. The reader is 



rderred to their :trticle mid to oile t-)y %ocher (4691 in \inicli he ;xgu+ thai the 
‘Lwo hypothese. do not have the same physical significaiirr. 

According to  the widely accepted >warm hypothesis, v-hich ;\.as initially pro- 
po-ed by Rose (33. 341, the rnoltciile? in the niesoniorpiiic .-trurture are :lot 
c r icn td  in the same direction throughout the whole medium but are grouped in 
:iggregrates or in-arm.. The riiolccwle> in the .n-arm lie parallel ( ~ r  approximately 
w3 but in a direction that is raiidoni to  the molecuie\ of other swarnis iii the 
medium. From thi- point of vien the btructure resenihk a n i a ~  of miall crys- 
tals rather than a \ingle crystal. hut with thi5 difference that, owing to the 1110- 

bility of the molecule-, the ?~oariiis do not remain roiihtaiit in sim but are con- 
tinually exchanging molecule? with one another arid with the o p t i ~ d l y  isotropic 
medium; the arraiigeiiient of the swarniq is not a rigid w e  and i.; .ubjcct to 
mechanicd deformat ion. 

A number of investigator. ha\-e developed inathematical interpretation* of 
the sn-ariii hypothesis. The reader is directed to several important papers by 
different author?. Since iioiie of these niatheniatical developments ha\-e fully 
explained the varied properties of the meioinorpliic structure, this hection will 
he limited to a sumniary of the important aspects of the propertich of the me.;o- 
morphic structure that can tie explained by the swarm concept. Key references 
to niathematical theory are those lip O\een (308-310). Ornstein (i30.3-304, 
Ornstein and Kast (303). and Tsvetkov (404). The interested reader is referred to 
these references for inathematical detail.. 

The swarm hypothe4.; explains the turbid appearalive of the mesomorphic 
structure ab being due to the scattering of light by the hn-arm-. The hypothesis 
also accounts for the fact that the orienting effect* produced by applied electrical 
and magnetic. fields on the iieiiiatic structure are much larger than nould be ex- 
pected if the niolecules were acted oii individually by the fields. If the mew- 
rnorphic structure is grouped into swarms, each will be oriented as a unit, and 
since its moment (length X charge) will be much greater than that o f  a single 
molecule, the effect of applied fields will be much increahetl. Calculation of the 
average diameter of a in-arm oil the ba>is of the effect of a magnetic field gives 
a \ d u e  of the order of 1 0 - 6  mi., n.hich is equivalent t o  a +warm content of ap- 
proximately 1 Os  molecules (30.5 1. 

Also, the snarm hypothesi:, M H  eiplaiii the effect of -urface- of cwntact t)f the 
meqornorphic -tructure with solids (e.g. ,  glas.; container?) where the slvarms are 
oriented to a depth of a few hundredth? of a millimeter (:30.7‘1. The hypothesis can 
account for the double refraction of the structure as well as for its diamagnetic 
a i d  dielectriual aniwtropy . 

The smectic structure i.; riot interpreted in terms of either the distortion or the 
swarm hypothesis. Evidently no hypothe.;i; or theory has been propo>ed to ex- 
plain the smectic structure. 

IT. THE STI~UCTURE OF THE MESO~VORPHIC STATE 
The transitioiis from the completely ordered solid crybtal through the smectic 

9iid nematic structures to the true liquid may be outliiied as f o l l o ~ s :  
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I , Three-dimensional crystal. -1part from vibration, the centers of gravit;; 
of all lattice units are fised; rotations are not possible. 

2 .  Crystal with rotating molecules. The center:, of grar-ity of a11 lattice units 
arc fixed; rotation about one or more axe* i.; po.sihle. Example: huty! 
halides ( A ’ ?  

3. Smectic $trucature. The center< of gravity of the riiiith- (molecule-) are 
niohile iii tJvo dirtc.tioii<: rotation about oiie axis i- permitted. 

4. Xematic ~ t r u ( ~ t u r t ,  The centers of gravity of the unit? [molecule-) are 
mobile in three directions; rotatioii a b o u ~  one a s h  i L  permitted. 

5 .  True liquid. The centers of gravity of the units a r ~  mohile iii three ciirw- 
tions; rotation about three axes perpendicular to ~ i i e  another is porsiblt.. 

For a given compound , the temperature limits betweeit u-1iic.h the mesomorphic4 
structure i -  .table are definite values which vary slightly 11 ith preswre ill aworci- 
ancp with the Clausius-Clapeyroii equation (173). At the N-L pl3int the meso- 
morphic and liquid states exist in equilibrium with one nitother; at the ?-AI 
point the crystalline and mesoniorphic states can exiht t ogether. For miic coni- 
pouiidi, by rapidly cooling the melt, a mesophase is foriiiecl n hicih is meta5tahlc 
with respect to the crystalline state under all conditioiis. I’or some lyotropic 
systems. by rapid evaporation of the solvent. a niesopha:,(l is formed which iz 
metastable with respect to the crystalline state under all coiiditions. The n i ~ m -  
phase i b  thus in a nionotropic relationship to the crystalliiie +tat(’. 

An interpretation of the reason for the existence of the nieaomorphic stat(> may 
be suggested by the niolecular structures of the conipouilds wllich assume i t .  The 
structures of these compounds are discussed in Sectioii I-. I t  has been fourid that 
compouiid? exhibiting mesomorphism have moleciiles that are elongated, a!id in 
some cases flattened as well, and which possess one or more polar groups. Tiic 
shape of the Iiioleculei: fa\-ors a parallel alignment to one another, like log* 111 
river or a hundle of peiicils; in the crystalline state they are arranged in thi. way 
and are held together ?I? attachments through the polar groups as well as hy the 
unspecific van der Waals attraction. If this is the arrangement in the cry,+tallinc 
+tate, it is not surpribing that in going from the solid to the liquid the transforma- 
tion is by i tages? i.e., the 11-eaker bonds break first, leaving the rnolecules with 
some degrtle of freedom of relative niovemeiit, before wffirient thermal energy 
ha$ been acquired to overcoiiie in any great degree the tendelicy for them to het 
theniselvcc, parallel to one another. Thus the system hecome+ fluid but reniniii:, 
hirefringen t because of the preferred orientation of the molecules 

,Ilmost a l l  the cornpoutids that form the rnesoniorphic *tate can be c l a 4 i e d  
by the two Ytructures delsignatetl as smectic and nematic. The smectic structure 
i- qtratifiecl, the niolecules being arranged in layers with their long axes approxi- 
mately norninl to the planes of the layers. In  the rieniatic structure the only 
restriction on the arrangement of the molecules is that the molecules pre:,erve a 
parallel or iiearly parallel orientation. l l a n y  mesomorphic substances ;.how 
either the wiectic or the nematic structure exclusively, but there are some 5 ~ ~ 1 ) -  

stances that can exhibit both structures. the smectic followed by the nematic. 
-41~0, a few wbstaiice+ have been shown to exist in more than one smectic phase 
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1. 

2. 
3. 

Liquid state 
AI ,q, h--L 3 ~~ ~~ 

7 ~ ~ ~ ___ __ 
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and several systems have h e i i  reported which eshibit lieither the miectic nor the 
nematic structure (19, 86. 340). Some of the,? mewniorphic+ ;-tructure+ oberr-eti  
recently (88, 340) will require further htudy before they v a n  he dehignated accu- 
rately. In all of thehe structures the tempcrature ranges of stability of the different 
phases are sharply defiiied. In the literature a third conmion itrucaturtl has beeii 
descrihed--namely, the caholesteric-- >o called txcaube it is shoivn mainly l ~ y  
cholesteryl derivati\-eb. L4< dipcused later in  thi;, xrtioii,  some reaparch workers 
consider this strurture a hpecid type of the iieniatic ?truvture. 

The relatioilship between the <tabilit:,- ranges of the differelit i t r w t  urt+ for 
substances that *how the iiiemiiorphic htnte i h  give11 in figurc. I ,  together with 
some propertieq of each. Thi; rty>re~eiitation U I ~ I C S  that the rubtaiic~e goe+ 
through hoth wiec'tic aiid ~ I P I I I ; ~  tic* 5truc*tl1ro+. 



(b) 
FicT 2 S( hematic arrangement of molecules in the smectic structure. ( : t )  single Iai-era: 

' t >  I tlo111,le 1:1 >,-PI i: 

a. thalli\uiiiI) stcar:\ tcl ' 1.57) the inolwule- in the miectic atru(*ture are double 
laycrh, a-  illu-tratcd in figure 2h. 

Ii :I nurii1)rr of :he qtrat;i n-we put together like thc leaves of a hook, one could 
eii\.i-ioii the ci i t l  niolec>alc.: on the face of one stratum atij uGting thcrnselvc.: so 
tl iut  they are fittctl i l l  401i i~ c>har:tc.teriitic* patttlrn with the end molecwlcs of the 
ndcjaceiit Ytrsta. In thi< arniiigemei~t mid with a regular repetition in every direc- 
tioii  in -pace, the mlid ( ~ r y * t a l ~  woiilti he formed. In the ,hrncc*tic >tructure, the 
temperatui.o i i  high mough t o  hrenk the tmit-ls betn-een the sheet. but there is 
iiot sufTic*ieiit ~ i ic rgy  t o  hrmk up  tlic -hwt- theni.:elve-. 

The \hectb in the mec+ic .itri:cturt w i 1  didP without hindranc~ from their 
neighhor-. The ;.hcetb theni-el\-e. do  i io t  1ichils.e like an iiidi\.iclual crFhta1 hut 
niay be considered as a tsi o-diniriisional fluid. Ai film of ethyl p-azoxybenzoate in 
the *mectic btructure stretcdhed oyer a sniall hole in a plate gives the condition 
of parallel sheet?. The rcwlting structure is optically homogeneoua and said to 
be honieoti-opic. The honieotropic structure is formed lvheii the smectic phase is 
formed on a surface with I\ hich i t  does not form stinong local attachments or if a 
film of the smectic structure is stretched over a small hole. In polarized light the 
strurture will chow ring< aiid with a yuarter-wave plat€ i t  simulates the optical 
pa t tpm of a positii-e cry>tal. Because the sheets are not properly adjwted to each 
other the full structure of the crystal is not realized. Observed in coii\rergent light 
the miectic .+tructiire beha1 es like a positiT-e uniaxial crystal with the optic axis 
at right angles to the btrata. The random &le-to-side spacing of the molerules 
gil-ey the uiiiasial character of the structure. 

-111 iiitereptiiig example of the horiieotropiv struchture, which iudiratw its 
stratifiration, is the Grrrnd.jenI; terrrrces (gmrttes d gradins). The Grandjeaii terraces 
(144) are illustrated in figure :3 and a photograph of thii structure i. giveu in 
figure The 3teps in the -tructurc m i 1  he iiitalind in any direction n-ithout, pro- 

? Figiiie- 1, 5 ,  9, 14, arid 15 have been reproduced with the kind p e r n k i o n  o f  Dr. A .  S. C. 
LXJ\ rcrice a n d  the  Royal 1Iioro-copicnl Society. 





When thc m e c t i c  .t ~ ~ : i ~ r u ~ ~ ~  i- >upported between gla:,,i piate. the .trata in the 
smectic 3tructure ciw t*rimpled. Attachments between the suhtaiice and the 
glass are strong. aiid a t  different points these attachments c#ompt>l the strata to 
take different direvtionh. Thc-cl directii-t. center5 of attachnieiit i ~ q u i r e  the 
gmeral arrangenient of the ihect . in the body of the rile1 t to ucconiiriotiate theni- 
selves to the eliforred coiiditioii. of the gla+ attachnieiith. Xlso. us the awocia- 
tioiis oi molecule:: (in.arnis) are :armed at mrious points iii the i t rw tme ,  when 
the liquid pa:,+es into :he s;r>iecatic *tructure, it is iiecc arj- for the molecular 
a:,sociutioiis to  be fitted to one another a i  they gron- aiid rncet. The contortions 
of the :,trata by contact with the gla>z platci ]iring about optical pecularities of 
the sniwtic btructure. The forms which the qtrata assume a i d  their effert upon 
the tran~niission of light have been d i s c u s 4  by different n-orker+. The surfaces 
of the itrata form serie;. of cyczlidr., the properties of which were described by 
Dupiii (8-1). Bragg (40) hac doiic a splendid job of dt-crihiiig the chief properties 
of the vyclidei a,- they are related to the :,mectic btructure. Further discuhbions 
of Dupin':: cyclide- may tie foiiiid iii hook. of niathmiatics such as that by Hilbert 
aiid Cohn-I-oq,-eii (164). 

Finni the micro?copir obiervatioii of the 5mectic structure hetn eeii glas? 
wrfacw, it i+  c~oncludccl that the strata form wries of parallel curved surfaces. 
Dupiii q-clide:: ha\-c> the property that both Yheet? of their ~ r f a c e  of centers 
degenerate into tun-e-. Ailso, the5e surfaces may lie defined a$ the en!-elopes of a 
faniily of hphere? t:iiipent to  three fixed bphereh. It iiiay also he poiiited out that 
each +phere of t h t  ianiily of -phere+ that envelope:, a chyclide i:, ;angent to the 
h i e  of cwr1:ature of the cGyclide. 'The toruh i:, an example of a cyciide. I ts  surface 
of (aitcxr+ ooii-i-t- of tlir. axj- of rotation together n.ith thc c*irc,lc t r a c d  out by 
the veiiter of the gc~iertiting circllc duriiig the rotation. -411 coiie.- a i d  cylinders of 
revolution are cyr l id~~- 11: thi\ c*a:,e ( .:e part of the surface of center< i h  the axis 
of rotation and the other part is at iiifiiiity. For all other ryclides, the <urfiLce of 
centers coii&t- of t n o  coiiics -\\-hitah are in general an ellipse and a hyperhola. 

T o  form an idea of thcl arrangement of the cyclides, a simple case is one in 
which the c j ~ c l i d e ~  have iiiiiforni diameter and the ellipse liecome's a circle aiid 
the hyperhola fmmic. the axis of the circle. The cylides are interqected at right 
angle5 hy every <traight line that meets both circle aiid mi.. I n  this bpecial case 
the +truight line\ that meet both circle and axis are perpendicular to the \trata 
aiid therefore arc parallel t o  the long dimenqioii of the molecule. If we n o ~ v  go 
froni this wip le  case to  Ihe more general one iii whicAh the circle hecome- the 
ellipse, every *trriight jinc that meets both ellip'e mid hyperhola i:, iiorriial a t  all 
poiiiti to a +erieh oi -urfac*e+. If any t n o  poiiiti on the hypcrbola are take11 and 
ctraight line:, are drnnn iron1 each of rhein to  (31-ery point on the ellipse, a region 
Liounded 'o?T two (.one. i< included which can he divided by Dupin cylide.: into 
series of h e t s  of uiiiliorni thickness. Xt all point- 011 the wrface of the &pace :he 
ihects are perpendicular to the generator of the cones. The reader i+ referred to 
Bragg (40) for  iurthcr discu>>ion and illustration of thehe .tatemelit-. Ah exaniple 
of :t (~ ro i s  :,ectioii of a Dupiii q-cdlide is ?lio~\ n i n  figure 6. This figure illustrates 
the c*yclicie- degenc.ratiig to a point. half-cyclide is reprpsented in figure 7!  
-hoi\.iiig t h k  princ*ipal (.ro----wtioii. It ran he >Pen that the circular (w*::--ertion 
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FIG. 6 (Upper section). CJ elide in  plan 
FIG. 7 .  (Lower section), Half-cyclide, shaming principal cross-aection 

varies in diameter from a maximum A B  to a mininiuni BC and that this cros5- 
section occupies dianietrically opposite positions on the cyclide. 

The geometric basis of the focal conic structure is illustrated in figurc 8. It 
consists of a family of parallel, equally spaced cyelides, shown in section (eleva- 
tion view) iii figure 8a and in another section (plan view) in figure 8b. The 
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FIG. 8. la) Lower section: elevation view of cyclides in  section. (b) Upper section: plan 
view of cyclides in section. 

~onirnoii  centers in the principal cross-sections are P arid R. Lines in the same 
cyclide bear the same numbers, as 1 , I ; 2 , 2 ;  3 , 3 ;  etc. Cyclide S o .  1 niay be 
considered as the starting point in the discussion. In  cyclide 30. 1 the radii of 
the principal sections are PO aiid OR, with point 0 representing the point in 



figurtl 0. Lines X! aiid 13’1 :1r figure 8a xrf’ t : i t l  ’’i )p’ t t~ , , -  * ~ t ~ 0 t t o m ”  tmuadaric~ 
in the half-cyclide of figure 7 .  The first four q.c~iidi.i I ,  2 ,  3 .  4) are siiniiar 
to those represented in figures 6 am1 7, but  1 1 1  -\*g. ;; t l ~ c ~  radiu? of the minor 
principal cross-section has shrunk to a point ,id a i d   ah^+-^^ h L. 5 tne cyclictes 
are incomplete, the cross-section hrinking to p:)ii~ts I>& . C’c“ 
8b) before the full circuit of the holim\- riiig iw made. Y f L i i b ; ,  i11stead of beill!; 

rings they are crescents. The poiiits -1, R,  C ,  K ,  t i t(#.  of figure Sh lie 011 an ~ l l i p w  
of which 0 is one of the foci and P and R are the) \-ertice. 

The cyclides outside No. 1, i.c., 5 1 ,  12, i:-;> et[ (figure Sa). i i a ~ e  no centra! 
hole but only a “dimple” above aiid i)eion., c .g . ,  1) and [cyvlidt. Yo. 11 1 aiid 

F and M (cpclide S o .  16) (figure 8a). The points J1, -Y I>, F ,  etc  lie oii a h:,- 
perbola of which 0 is a vertex aiid R i~ a focu\. 

The locus of the Tyertices of the circular corns oi revoiutioi! pasmig through 
a given ellipse is a hyperbola which pasaes thrc)ugh the ~ O C ‘ U -  of thtl e!lip+t~ tmci 
lies iii a piane perpendicular to the p‘lanr~ of t h r  di1p-c.. C giiv(Jrwij ~ thv low-  of 
the vertices of circular cones pasiing through t h e  11: periioi:: i- :LE clllipsc.. Thm E‘ 
is the apex oi a cone of revolution of PfZF iii iihi< h RF ; l l id  F” l i r l  OH dla1netr i -  

cally opposite sections of the q-clides. Similarly Jl. -\ . ; t ) t d  1, :irv tiit. hpiw- 0; 

cones of evolutioi; X R P .  3‘l‘bZP. :tiid DRP, reipcctive!\-, . l ! i r l  tfic el1ip-t- 1- h -ec- 
tioii of all these cone$. I h e  ellipse and thc h\.w~r’t,oia arc’ dwcrihed aq focal 
conics. Bupin’s cyclide. are surfaces which are dran-ii i j  rigkit angle. to ali thc 
straight’ lilies that pass through both coiiicb 

- 7  

The mathematical relationship between the f n d  c a i ~ c -  i? ai fo1ion.J. 

x = oj 

!I = oi 
The coiiditioii that each passes through the focus of the other is 

b? c2 = - 

These relationships are discuwxi 111 hooks 011 ciifiereiitiai geometry (97,. 
Ilupin’s cyclides have the property that ail)- pair of burfaces is equally s;ep:~- 

rated everywhere: thi.: iiiakcs it possiblcl for t h e  surfaces to coincide ivith the 
surfaces of sheets of uniform thfckiie??. &%grecbnieiit betn-ee:i theory aiid esperi- 
ment leads to the coiiclusiori that the sniectrc structure is arranged in w c h  a 
mamier that the strata take the fern, of Bupin’s cyclides. Since there are othcr 
geometric arrangements d she of iiiiiforni thickness, there must 1 ) ~  a ju-tifi- 
cation for the preference of cyciides. This is b a 4  on energy considerations. Tnc- 
strata in the smectic structure nius.t, while obeying the  boundary conditioiii, 
arrange themselvei so that tile potential energy of the +ystem is a miniinurn. 
This requirement is met with the cyclides which have the lowest potential erierqy 
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of the posihle arraiigeiiieiit,-. Bragg (40) ha> ronder*ed othcr gconietric forms 
aiid concluded that only the Dupin cg’clide,. meet the *tructui-nl requirements 
of the -niwtic htructure. The iiio‘t direct eT-ideiice for the f o w l  c.oiiic. *triicture 
in the imectir phase i b  that the outline of the ellipse aild hypertwla c u i  be heeu 
ab dark h e <  n-hen the -triicture i- examined ~u ide r  thcl iiiicw,-c#ope. Figure 9 is 
a photograph that 4iowd thih htructure. The locatioii of the ellipc ~iiid hyptdmla 
in the ptructurc’ (ab (mi he >een i i i  figure 8 )  represent opticd cliirontinuitiei in 
the incdiuni; they are  the loci oi poilit> at which the ptrata uirciergo a *harp 
change in dirwtioii. 

The -iniple-t repre-eiitatioii of the focal c.oiiic structure i >  the >o-csiled polyg- 
onal structure. Thii -tructure 1% generally obtained in iairly thwk a i d  iiot too 
7;ivouq bpteni+ .  I’riedcl (101) de-cdrii-)ed the preparation of thid -tructure in 
detail. niic*roscaopic esaniiiiatioii of the syktein that h h o n - s  thi- polygoiiai Ytruc- 
ture ~ ~ \ ~ e a l -  a nuriiher of irregular polygonal areas which may hu\-e m y  number 
o f  > i c h  and in mchh of I\-hich there appear> a fniiii1:- of ellipw- nhich are tan- 
geiitial to the :,ides of the polygoii aiid to each other. The ipaci+ 1)etn.eeii larger 
(Jllip-cy are ocnipied by imallcr ellipbe:, aiid +o on. I.‘igsuri> I O  repreyelits ail imag- 
inary (base *ho\i ing the larger ellipyes in a four-hided pc,lygon. RSTI-,  a i d  por- 
tioiih of t hc ellip-c. in iieighboriiig polygons. 111 this btructure all niaj or priiicipal 
:\xes of all the (illipv\ in :i given polygon pa-:: through oiie pciut, P .  .;ecoiid 
otwn-atioii i, that  if the uppr’r *urface of the preparatioli hetn-een tht. glass 5ur- 
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/f 
FIG. 10. Polygonal structure (upprr surface f o e i i s ~ d  I ; anal!-zrr o n l y  

face? is focused and the analyzer (without the polarizer) i- inbertid. crtc-11 e l l i p  a 

is seen to be crossed hy a ,ktraight brush, the direction of which i k  pttrallPi to thv 
vibration direction of thc iiicol. Thc iurron-est part of the brush c*tsiil:~ici+ ;\ i t L  

one of the foci of the ellipbe 1.2, H, et(,. in figure 10). 
If the focus of the iiiicrowqx i;- c t i t c rd  from the U J ~ ~ C ’ I -  t o  ~hc: 1o;r~r ~ u ~ f l t c ~ ~  

it will be observed that ( 1 )  each ellipse has as it, partner o11tl hranc.11 of a 11,s- 
perbola which lies in the vertical plant- coiitaiiiiiig the major asi. of the ellipw 
and which meets the ellipqe a t  the fo(bub crobsed by the dark hru.;h (-1- D ,  tit(.. 
in figure 101, and (2)  the hyperbola-. h longing  to ellip.-e;, in the same polygoii 
will all meet in the lower surface a t  one poilit X, which i.: directly h ~ l o n -  thf. 
point of intersection of the major axe* of the ellipyci. Thi, point of i i i t ~ v c t i o i ~  
of hyperbolas is a common corner in the sy.tem of polygonal area.; on thr. lo\wi 
surface which is now in focus. The polygon edge:: which radiate from thib poiiit 
intersect a t  right angles the projwtion.; of the er1gt.h of the polj-gon OH thc uppcr 
surface to which the hyperbolas heloiig. Thehe are illu-trated in figure 11. Thu- 
X Y ,  X Z ,  X G ,  and X H  intersect a t  right angle..: the projection of S T ,  RI-.  I’T, 
and RS. 

The experimental ohmwitions may he esplaiiied a i  follow. ‘I’hc nic.dium may 
be divided into pyramids and wedge9 or tetrahedron,, the ‘time of the pyrainid- 
being the polygons observed in the upper and lower 3urfares n-hich are undcr 
examination. Take the block of material represented hg figure 1‘2, n-hich may 1 ) ~  
considered as consisting of an inverted pyramid RST I’X,  two erect pyramid- 
UIT’ZXH and TZT’GX, and three tetrahedrons T’ZTX, r R X H ,  and TLS-YG. 
The base RST LT of the inxrerted pyramid correspond< to the polygonal ;,trucat IIW 

in figure 10 with the apex of the pyramid, X, correspoiiding to the poiiit siriiilarly 
labeled in figure 11. 
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FIG. 11. Polygonal structure (1011-cr surface foetised) 

U 

FIG. 12. Polygonal structure 

Each pyramid contailis a family of cones of revolution which touch oiie an- 
other along coninion generators. The ellipric h e s  of the cone< re*t on thp base 

ship to these ellipses come together at the apes of the pyramid. I’or example, in 
figure 12 the four largeht cone* with elliptic bai;e. are repre+ented along with 
their hyperbolas A S ,  B X ,  C X ,  and DS. 

Figure 13 represents the continuity of strata in f o d  conic -tructure. The 
upper section of the drawing repre>eiits a wctioii of the miectic Gtructurc in the 
plane of the ellipses. -40 ,  BO, -i’O’, a i d  B’O’ repre>eiit the hyperbola- that pass 

of the  pyramid (.see figure 12). The hyperhola.: which bear a focal conic rela d t ‘  1011- 
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FIG. 13. Cuntinuity of qtrata in focal conic structure 

through the foci -4, B,  -l’, and B’ of the ellipses, respectively. I n  this focal conic 
structure the plane of the hyperbola is perpendicular to the ellipse. DOC and 
EO’C are cones beloiiging to different pyramids. I t  can be seen from figure 13 
that the cyclides of one cone EO’F pass continuously into the cyclides of the 
other cone CO’F. Even though the representatioii in figure 13 is for only a few 
hies of contact between cones, it  is assumed that each pyraniid is completely 
filled with cones, small ones in the craiiniey between the larger ones at  least down 
to the limit set by interniolecular distance; then the strata of each cone will a t  
every point on its surface be continuous with the st,rata of some other cone except 
a t  the surface of the pyramid. where they are coiitiiiuous with those of the tetra- 
hedral regions. 

It is impossible by direct observation to prove that the pyramids are cmn- 
pletely filled with coiies. Ellipses smaller than the h i i t  of the microscopic reso- 
lution cannot be observed, but it may he concluded with home confidence that 
the presence of any other type of structure would in\-olve dihcontinuities in the 
strata in addition to those at the hyperbolas. 

The pairs of polygoii edge:, which are a t  right angles to  oiie another and repre- 
sented in figure 11 by  XG, X”, S T ,  a i d  KU are each composed of an upper and 
iower edge of a tetrahedron. Reference to figure 12 \vi11 make this clear. It may 
be c~oncluded that the edges are parts of focal conic curves, i.e., in each pair one 
edge is part of an  ellipse and the other part, of a hyperbola. The cyclides corre- 
sponding to these curves will be continuous with those of the cones on the sur- 
races of the neighboring pyramids. A single section i-: shown in figure 13. OCO’ 
is a section oi‘ a tetrahedron, and its cyclides. based on the edges 00’ and C, are 
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continuous with those of the cones COIF and COG. Liiicis (‘0’ arid CO, re?pe(,- 
ti1Tely. arc1 the lines of contact between the cone and the tetrahedroi;. 

The dark brushes acr0s.i each ellipse in the polygonal iec‘tion, when ir i h  01’- 

herx-ed in polarized light, may be explained as folion-3. The long axeb of the 
riioiecuies are everyis-here at  right angles to the strata. If the analyzer is iiisertc~ 
into the microscope and the microscope is focused oil thcl upper +urfac.e of tiir 
preparation, ordinary light entering the niediuni is rew1i-d iiil o extraorcliiiary 
aiid ordinary ray?. l’ne extraordinary rays vibrate in the plane coiitaiuiiig the 
ray and the optic. axis of the medium, i.e., in the direciioii of the long axis of thc 
molecule. On-iiig LO the cur\-:tture of the strata, the inclination of the optiv asii 
varies continuousiy from point to point throughout the preparation. C ; r a i i t X j t ~ i i .  

(145) showed that, as a result of curvature. the ray nil1 I)(> deviated anti will 
follow a curved path. Consequently, few of these ray,- rcach the objectivt. of the 
microscope. The propagatioil of ordinary rayq which i.ihrate at right angle- w 
the long axes of the niolecules is not affected by thci cur\-ature of the ,-trata. 
Therefore, the ordinary ra;t-s are primarily responsiblti €or the formation of the 
image. The long axe:, of the molecules lie along line? joining the hypwhola I O  

the ellipse. i.e.,  along lines P F ,  R F ,  OP, etc. in figure 8a, and the vibratioii di- 
rections of the emerging ordinary rays are at right angles t o  these radial 11111+ 

J’ihratioii direction\ u: some of the rays are siion-n in figure 10. It can be ~ e ;  
that rays emergiiig on the radial lilies which are parallel to the vibration d i r w -  
tioii of the analyzer will be extinguishcd. 

If the lower hurfare of the preparation is focused aiid the polarizer is IWC: 

(analyze!- omitted ) 1  thc extraordinar\- rays  are deviated ah before n-hilt tile 
ordinary r:iyb appear oidy where the liioiecules are iiot parallel to the vihrztio: 
direction of the poiarizer. Thu. each elijpse $how.; a bruih parallel t o  thi- di- 
rection 

B.  THE \ EM.IhTIC’ STRTJCTURE 

Thti ilematic structure has none of the coiiic structure nor the Graiiillcw; 
terrace? of the smectic structure. It ha? no qtratification but does pcwesk milt 

interesting optical propertie> and has boine degree of niolecu1i:r arrangenici, r 
The propertieg of the nematic Ftructure indicate that the nioiecules xt‘ paralie!, 
or nearly parullei, to one snotner bur are :lot in layers It can be c>oric.lridecl that 
the subs~tinw q n e  its inobilit> to the facility with which the niolecu!e+ i’un KM’  

drav 11 p b p ~  t m c a  : i ~ i t ~ ~ ~ i t ~ r  while retaining a strong tendency io  aci1uir.c or w t a i l i  LL 

parallclim, t)tJt \ i v : ~  t h  l o i g  diineii4oiic of the niolecui+ atid thc direc : io11 (1: 

d ra n-ing . 
Reriiai m d  i ron- fuot  (,I 7 1 -tidied tlic :.!*>-Ftal .>tructure of -oliG p-azosy:~ilisolt~ 

mid p-aza:yphenetok by x-rays aiid found that the inolec~uie- !n ti-lr. ,-c,li,i I ic  
paraliel t o  one aiiotlier hut cannot he clearly separated into m y c ~ .  Thi- r.vstbl 
pattern ha. been dehcrilied as imbricated; hon ever, it mii.st not be iiiferrtd tha. 
all iieniaticb aurxtaiicaeh have aii inihricated structure ill t l i ( ~  cry~tailiiit~ >tal . 
There arc not many x-ray data available on the crystallinp Ftate of d i d s  thai 
forin the mesomorphic. i t a t e ,  $0 no general statement can he I! isely made about 



crystalline arrangenieiit ver.us mesomorphism. Hon-elw, it appears that with a 
layer arrangement of molecules in a crystalline state, the substance can exist as 
a smectic structure as n-ell as a nematic one. 

When the nematic preparation is placed between glash surfaces, the molecules 
in contact with the glass tend to be attached sideways to the surfaces. The orien- 
tation of the molecules in the bulk of the phase appears to be governed by those 
sticking to the glass surface. The effect of surfaces on orielitation of the swarnis 
in the nematic structure has been the object of much study. Some of these studies 
are prehented in Section X,G. The iiiflueiice of the rurface on the orientation of 
swarms can be demonstrated as follon-s: a microscopic slide aiid a cover glass 
are treated briefly with hydrofluoric acid aiid washed and dried without touching 
the surfaces. The hydrofluoric acid treatment gives a roughened glass surface 
and many points of contact for the iwariiis. A molten liquid-crystalline substance, 
such as p-azoxyanisole, is allowed to run between the slide and cover glass by 
capillary action. If the edge of tho film is inoculated with a grain of the crys- 
talline hubstance, relatively large crystal plates are obtained on cooling the 
system. If the preparation is n o ~ v  heated to convert it to the mesomorphic state, 
each plate assumes the nematic structure with the orientation of the molecules 
in each plate controlled by the surface which it contacts. The orientation of the 
molecule:: on the top wrface is different from the correqpoiiding orientation on 
the face below. However, the preparation i? nox  fluid and it is birefringent 
(uiiiaxial poiitive) aiid uniform iii optical properties;. If this preparation is cooled 
aiid carefully handled, the cover glasse.: can be twisted a little and the plates 
adhering t o  the top and bottom surfaces separated. 

Ii the cover glass is moved 4 e w a y s  carefully a i d  the preparatioii of the 
iieniatic structure observed under a microwope, there appears an effect which 
indicates that the bouiidarie.: of the uniform plate;, are doubled. This is because 
the molecules in the top layer are attached to  the cover glass and move with it 
while thohe on the bottoni layer remain attached to the lower glaqs; the mole- 
cules in the bulk of the preparation adjust themselveb to the shearing effect. If 
a polarizer of the microxope is set parallel to the molecule5 on the lower surface, 
the analyzer, in order t o  obtain extinction, is not .;et perpendicular to the polar- 
izer but a t  some other aiigle dependent upon the amount of displacement of the 
molecules in the system. If the cover gla5s is rotated, the nematic structure is 
forced to take on a twi;,ted structure. Thi;, causes the structure to rotate the 
plane of polarization of light, i.e., the structure appears ab if it were optically 
active. 

If the nematic structure is heated just k i d e  the liquid $ttLtC arid cooled again 
to the nematic structure, the pattern of nematic plates as described above is 
reproduced. This may bo explained by reaFoiiing that the molecules at the glass 
surfaces remain oriented while in the liquid .tate, and that when the system is 
cooled, they direct the molecules in the preparatioii into their original arrange- 
nieii t q .  

Zorher and Lngar 1474) niade a study of the nematic structure in converging 
polarized light and a t  thicknesses up to 1 nim. It was concluded that the parallel 



THE MESOMORPHIC STATE 1069 

FIir. 14 FIG. 13 
FIG. 14. Semat ic  qtrucfiire.  11iov irig from left t o  r ight :  cr-qtalline sol id;  rieriiatic a t r u c -  

FIG. 15. Sphericd “drop-”  formed :I* the  nematic s t ructure  +epar:ite- from the liquid. 
tu re ;  l i qu id .  From Lawrence (2151. 

From Lnivrence (215 1 .  

orientation of the iiiolwule- clxteiicl.; from one glass surface to the other, right 
through the preparation ill the-e thin iectioiis. 

If a 3iihstaiice posseAiig nze?omorphic properties is rooled +udcleiily from the 
liquid +tate to the iieniatic -tructure,  the preparation beconies fill1 of complicated 
1.ortice.: itlid intert\\-ining+. iliiio~ig the?(. are the fine line3 or thre:& from which 
the btriicture deri\w i t -  name. The threads are line3 of di?coiitiuuity giTriiig rise 
to optical effects. The photograph of the nematic structure in polarized light 
and -1iov-ing theFe thread.- i- gil-en ill figure 14. These threads are most frequently 
fouiid in  preparation.: that are relatively thick aiid on glas. iurface> that have 
not had Gpecial treatment in their preparation. The threads appear to  be partly 
or wholly anchorcd to  the g h + s  but for the most part they freely follon- the 
nio\-enicwt of the fluid, continually chaiigiiig their length aiid Fhape. In some 
(*a+ei they disappear n-ithoiit leal-ing a trace. The threads appear to  be due to 
dihcoiitiiiuities in the htructure, hut the nature of the tli+coiitinuity i- a matter 
of doubt. The di.-caontiiiuitj- may lie a line toward n-hich the long axeh of the 
niolec~ulei are directed ill a radial inaiiiier. Or again, the di-continiiity might be 
a line around n-hich the medium i.: circulating, mrresponding to a vortex ring, 
perhap  hollow aiid T-acuouh, around which the molecules are circulating. The 
long axes of the molecule3 are then tangential to circles iiornial to, and centered 
on. the line- of di-coiitiiiuitj-. The discontiiiuity may be due to both htrurtural 
pattern?. In any ca>e, the line- can lie looked upon as axes about n-hirh the 
nicdiuni i \  itriirtiirally liuilt. 

i\-e photographs of the iieniatic itructure a i  quickly as 
powihle after it has formed, so as to avoid changes due to  cmntinuous motion of 
the liquid, oiie oberre.: diffcwnces hetn-een the two photographs iii that the 
thread< that look liarrow aiid cbleai- iii one photograph are blurred or di\torted 

If one takeh two w c c  



in the other; otherwise the photograph:, art’ identical. Tht same errwt can i)c 

obtained by allowing the substance to crystallize between giass surface5 befort 
the thread structure is established. On oiwrvatioii through an analyzer O \ l b  

polarizer) it will be seen that parts of the field are brighter than others. i n  the 
brighter parts the threads are well-defined lines, while in the darker parts the;) 
are blurred. If the threads are the axeb about which the medium is structurally 
built, the above phenomenon can be explained on the ba>ih that the extraordi- 
nary rays passing near a thread are deviated by the curvature of the structure 
and for the most part do not meet the microscope objective. Tne ordinary ray? 
are not deviated because they vibrate at right angles to the long axes of thc 
molecules. The vibration directions of the  emerging rays are dependent upon tnc 
orientation of the molecules which adhere to the upper glass surface, and thc 
orientations a t  the surface are dependent upon the previ0u.j arrangement of the 
molecules in the solid crystal. If the orientation of the long axes of the molecule., 
at the glass surface is perpendicular to thtl aiigie. of the vibration direction of 
the analyzer, the ordinary rays that rearh the ~ y r  s ~ i i i  not i . 1 ~  deviated as tiicy 
pass near the thread; thus the thread6 will he i l l  hh:irp outline in the brightlj 
illuminated area. Howeyer, if the orientation of the iorq  axes of the inoicculec 
at the glass surface is parallel to t h e  vibration directioi: d the analyzer, on::- 
extraordinary rays will pass and the images wil; Le blurred because these ray+ 
are deflected out of their course by passing iiear the threaii4. The intensity o 
the light will be low and the images thus are distorted. This phenomenoii w a ~ ~  
studied in considerable detail by Zocher and Birsteiii 1470,. 

When the nematic structure is formed hy cooling the liquid, it first appear,+ 
in “drops” that are spherical. These aniwtropic “ d w p ”  are +howl  in figurr i,. 
It can be seen that each “drop” shows a cross and that the arrm of all the crus 
are parallel to the principal planes of the nicols in the microscope; these obser- 
vations indicate a spherulitic type of structure. Therc is an indication that the 
molecules in the drop either radiate from the nuclear point ir, the ceiiter of the 
drop or are arranged along concentric circles as if there were a vortex. Either 
arrangement would account for the cross. If the preparatioii is rotated n.ith 
respect to  the nicols, the crosses do not move. The drop is therefore independeiit 
of surface attachments and is floating freely in the body of the liquid. 

The molecules in the nematic structure are oriented by electrical and magnetic 
fields. This indicates a greater degree of freedom of movenient of the molecult.-- 
in the nematic structure than in the smectic structure. Once the smr.ctic structure 
has been formed, the magnetic and electrical fields of the streq$h that havr 
been used in studies reported in the literature, do not affect i t .  With an electrical 
field, the molecules in the nematic structure set theniselveh with their long axe& 
perpendicular to the electrical hies  of force whih tile moici‘~a!ar axes are sei 
parallel to the magnetic flux line:, in a magnetic field. T”ien-eci along thp line5 of 
force of the magnetic field, the nematic structure appear5 clear. 

The electrical moment of a swarm is of the order of I O b  times that 01 an in- 
dividual molecule. The diamagnetism of the neni5tjc structcire k a d ~  t o  a hiiiiilar 
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r d u e  of the size of the sn-arm. 11ore information on these facts may be found 
i n  Sections VI and T-111. 

C . THE CHOLESTERIC STRI-CTURE 

The cholesteric structure has certain characteristics that are markedly differ- 
ciit from the smectic. niid iieiiiatic btructures. The structure is found especially 
TYith cholesterol and its deril-atives but a few other substances, e.g., amyl 
craxiobeiizalaniinocii~i~an~ate, show this property. The characteristic properties 
gf the cholesteric structure may be suniniarized as follows: 

1. It is optically negatix-e, while smectic and nematic structures are opti- 
cbaily positive. The optically negative character is probably connected 
ivith the broad qterol portioii of the molecule. 

2. The structure is optically active and shows strong rotatory power. 
3. When illuminated n-ith n-hite light, the most striking property of the 

cholesteric structure is that of scatlering the light to  give vivid colors. 
The color of the -tattered light a t  a particular angle to the surface of the 
film is dependchiit on ( a )  the substance, ( b )  the temperature, and ( c )  the 
angle of the incident beam. 

1. In the structure. m e  circularly polarized component of the incident beam 
i-: ~ ~ o m p l e t e l ~  unaffected. For the dextro structure it is only the circularly 
polarized beam with counter-clockwise rotating electrical vector which 
i b  reflected (the sign of rotation refers to  an observer who looks in the 
direction or the incident light). Levo structures have the reverse effect. 

3.  Elec~r icd  vedorb of the incident and reflected light rotate in opposite 
directions j s w  . ; i p  of rotation in 3 above). For ordinary substances the 
direction (3 rotation is unaffected by reflection. 

6. The mean m-ns.elength of the reflection band depends on the angle of the 
incident beam (angle between the surface and the incident beam). The 
relationship can be described approximately by the Bragg diffraction 
equation. The apparent reflections occur on layer spacings of about 2000 

7 .  Khen  the 3tructure fill. a wedge-shaped space, bright and dark lines 
appear which follow the lines of equal thickness. Some researchers inter- 
prtlt these dark lines as intersections of structural layers iii the medium. 
The spacings of the dark lines agree Jvith the spacings found in the ex- 
perimental methods mentioned in paragraph 6 above. 

The cholesteric i-tructure in some respects resembles the smectic and nematic 
<tructures. For example, cholesterpl cinnamate on cooling from the liquid state 
will first form a coiifuseci appearance of a focal conic structure. With a slight' 
mechanical dkturbaiice the Inediuin takes a form which reflects light of brilliant 
isolor,-. Thc~ {Aolor is tcmpcraturt. dependent, being a vivid green at higher tem- 
peratures and goidel:-hroilze a t  lower temperatures. 

Friedel (104) suggested that the cholesteric structure was a special kind of 
nematic btructui-e. Hi> main poiiits of argument were as follows...: (1) Some meso- 

A. (146). 



riiorphic substaiices show both the smectic, and iieniatic structure-; some hhow 
both the cholesteric and sniectic; but no *ui>staiice has been found to  exhibit 
both cholesteric and nematic. (2) When certain mis ture~  of dextrorotatory and 
levorotatory cholesteric substances are heated. the cholesteric0 properties slonly 
disappear and the nematic structure takes over The change does not shon- aiiy 
discontinuity . 

Friedel (106) summarized the optical rotatioil of the cholesteric attractioii a\ 
follows: a dextro structure will rotate the plaiie of polarization of the iiicideiit 
light to the right when the wavelength is less t h m  that of the light sattei*ed a t  
maximum iiiteiisity (perpendicular t o  the surface) ; the incident light is rotated 
to  the left when its wavelength is greater than this. For the levo itruchture, 
levorotation occurs when the iiicideiit light is of shorter wavelength than that 
scattered a t  maximum intensity and dpxtrorotatioii when the m-avelength i.: 
greater. 

An intere6tiiig characteristic of' the cholehterics structure iy that the bcatterd 
light is circularly polarized, being either dextro- or levorotatory. X further inter- 
esting property is that  if the incident light is circularly polarized in the same 
sense as that normally scattered by the substance, i.e., if right-handed circwlnrly 
polarized light is directed a t  a dextro substance, it is icattered without change 
of sense, which is contrary to  what is normally found for the reflection of circli- 
larly polarized light. If the incident circularly polarized light is of oppobite  sei^', 

the light is then transmitted without change of seii5e. 
Gaubert (125) studied mixtures of cholesteryl conipuund:, and different arid,. 

Cholesterol and succinic, ciiiiianiic, or anisic acid gave optically negative c i y -  
tals, while compounds such ab succininiide and the tartaric acids gave posit iv,, 
crystals. 

It was the belief of the E'riedel.; (107) that  substances po.;-eAig the nematic> 
structure can be made to  form stratified cholesteric structures b y  the addition of 
asymmetric molecules. E'riedel (105) reported that small aniounts of cholesteryl 
acetate in p-azoxyaiiisole gave levorotation, decreaiiiig in a normal maiiiier with 
increasing wavelength. The systems were not rircular-dichroic ox'er the entire 
range of the conditions that he studied. &'or example, a misture composed of 40 
parts of p-azoxyaiiisole to 1 part of cholesteryl acetate gave a rotation of %(i3 
in revolutions per millimeter a t  100°C. and 503 nip, while the rotation was 12,; 
revolutions per millimeter at  123°C. and 635 nip.. L-pon doubling the chole>teryl 
acetate concentration Friedel found that the specific rotation decreased b y  about 
one-half ; this shows that the concentration of the cholesteric 3tructure itself and 
not the concentration of the asymmetric units is responsible for the unusual 
rotation values. 

The effect of temperature and the angle of observation relative to the illumiiiat- 
ing beam on the color of the scattered ray is illustrated b y  such bystems a3 a 
mixture of approximately 55 per cent cholesteryl benzoate and -23 per cent of 
cholesteryl acetate or by pure cholesteryl ciniiamate. With the cinnaniate, Royer 
(345) found that the reflected colors are displaced toward the red as the melt i h  
cooled from the liquid through the cholesteric structure. Further discussion of 
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this phenomenon can be found ill the paper by Gaubert (120'1. The reflected color 
with the acetate and benzoate mixture is violet at the upper limits of thci meso- 
morphic .;tructure. The colors vary successively from violet to red as the tenipera- 
ture decreases. Iii all cases the illuminating white light and the observation are 
nornial to the surface. If the direction of observation is oblique to the propara- 
tion, thc \rawlength of the light reflected decreases with increase in obliquei~ws 
of the angle of observation. 

The optical rotation of the cholesteric structure has been studied n ~ : .  t y e -  

cently by Slathieu 1263) and Levy (248). llathieu's results may be sunini.heil 
a$ follon-s: ( 1 )  The scattered radiations form a spectral band of 0.020 1-1 in width. 
the intcii4tj- paases through a maximum towards the center of the band aiid i({i  
this n-aveleiigth, Xo, the rcattered light is circularly polarized. (2)  In  this spevtral 
band of light the transmitted light is elliptically polarized; the light becoinch 
circularly polarized if the thickness of the cholesteric layer is sufficient. (3)  Thth 
rotative ability doe\ not attain any infinite value but is reversed, taking a null 
value for the wave length X a .  

The la- t  of' thew poiiitb resolves the two different points of view about the 
rotative ability of the chole:.:-teric structure. One view (107) was that the rotatory 
power chniiged ill 4gii while taking 011 some infinite values, and the other view 
(3771 ~va .  that the rotatory power of the cholesteric structure is similar in the 
vkiiiit: :if qoine wavelength, Xo, to  that of the rotatory power of ordinary op- 
ticall- a v t  

T h e  valiics that Nathieu (263) obtained for the rotation of the cholesteric 
ron.pouiidG that he atudied are of the order of 1000" per millimeter. The largest 
valse< reported for organic molecules in a homogeneous medium is a specific 
rotat ioii of about 300' per inilliineter (284). 

Levy 1348) measured the natural rotation and ellipticity of cholesteryl oleate 
in a perpeiidicular and parallel magnetic field using a wavelength of 5460 -1. and 
betn-eel? the temperatures of 37" and 43°C. The strength of the 'magnetic field 
was 24,600 gauss. For any give11 temperature, the rotation increased slightly 
under the influence of both a perpendicular and a parallel field as compared to 
no field ; generally, the ellipticity increased with temperature, reaching a limiting 
T-aluc around 42°C. The experimental findings fit the theoretical developments 
reported b y  Levy (247). 

Graiidjean (14-3) studied the orientation of the cholesteric structure of choles- 
teryl epteih on ionic salts. When the cholesteric structure of cholesteryl caprate 
i. iiitroducaed into the cleavage cracks of crystals, the optical axis of the liquid 
become+ oriented and parallel with respect to the crystalliiie surface. With rock 
salt, cleavage (001). the direction of the optical axis of the structure is that of 
the diagoiials of the face of the cube. In  the case of cholesteryl benzoate, and 
of the animoniuni and trimethylammoniuni oleates, the orientation of the axis 
of the cholesteric structure is normal to the cleavage plane. 

De T'rieF (439) gives a theoretical treatment to the phenomenon of the rotatory 
power of' the mesomorphic state, with a main concern for the derivatives of 
cholesterol. He assumed that the molecules are arranged in a special way so that 

liquid-: in  the vjeinity of certain absorption bands. 



TABLE 2 
T y p i c a l  examples  o j  coiiiporinds showing a s ingle  rrzesornorphic s trrcct icre  

~ ~.. ___ __ _.___ .- 

Compound Structure Temperature Range 
.___________ ~ ~ ~- ~ - 

"C. 
.iirinionium oleate bniectic 
E thy1 p-azoxybenzoate F niect ic 
Ethyl  p-azoxycinnaniate Smectic 
p-asox yamsole h-ematic 
rlnisaldazme Seniatic 
'C'holesteryl benzoate Cholesteric 
.4my1 cyanobenzalaininocinnalllate ~ Cholesteric 

Room temIierature 
iii-120 
110-250 (CU. i 
116-1 33 
168-182 
146-178 5 
92-106 

the electric axes rotate screwlike. It doe-; :lot iriatter :vhclther this molecular 
arrangement occurs in small steps (as has been thought by practicaily d l  
workers iii the field) or continuously. Wtien the axes make one revolution over :I 

thickness, p, then light in a region X = p n  will he reflected ( n  = r.efracti1-e index:. 
The second important parameter is the ;--slue of the double refraction, CY = 

(n2 - n,)/n, where n = (n ,  + n41'2, From p and cx all optical properties can he 
calculated. De Vries pointed out that no accurate data for testing the theory 
were available, but that on a qualitative basis  he agreement is satisfactory 
with experiment. Evidently the work of 3Iathieu i263) was not kiion-ii to this 
author. 

V. ~IOLECULAR STRUCTURE OF SLBST-~KCES WHICH FORM THE 

hf ESOMORPHIC dT-Y'TE 

h characteristic structure of a molecule that will show the mezomorpiiic 
state cannot be defined easily. hIesomorphisni ia found in aromatic, aliphatic, and 
multi-ring compounds. -4n illustration of a bimple aliphatic compound shon-iiig 
liquid crystallinity is 2,4-nonadieiioic acid, while the simplest aromatic com- 
pounds are p-propoxybenzoic acid, p-butylbeiizoic acid, and p-methoxycinnnmic 
acid. Examples of compounds showing a single mesomorphic structure arid their 
temperature ranges of mesomorphism are given in table 2. Typical compounds 
showing more than one mesomorphic phase ;ire : ( I )  cholesteryl pelargonate : 

90.5" 7(  c 78" I <j 
Crystalline ZZIZ smectic -LIZ caholesteric I__:=- liquid 

(2 )  ethyl anisal-p-aminociiinamate 

118" 
--f 

83 O 91° 
Metastable crystal sniectic 1 LIZ- sniet*tic 2 t--- 

Smectic structure 1 and the metabt able cryitxlline modification :ire found on 
cooiing smectic phase 2 i f  ail traces of t n e  stnhle cr\,btnlline form are abqent. 

There are generally oiily one or at most two niesoniorphic modifications of 
a given compound. However, Weyganti (444) found rz-octusybenzal-p-prcrpyl- 
aniline to be a substance that exhibit5 four liquid-crystalline riiotlificstion-. 
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.I. AROMATIC TYPE COMPOI'SDB 

Aromatic compounds will be considered first, since they make up the largest 
group of knon-n coIlipot1Iids exhibiting mesomorphism. Beriial arid Crowfoot (17) 
proposed that ail aromatic molecule to show mesoniorphism must posse- the 
foliou-ing structure: ( I )  the niolecules niust be geometrically anisotropic and 
eithei roa-shaped, flat, or lath-shaped; (2) there must not be more than otie 
group in the molecule with a high dipole; and (3)  the molecuies should ~.oiitain 
moderately actil-e groups such as -CCl, -COC--, -CH=X---, and -OCO,-- 
toward the extremities of the molecule. The structural requirements li.-ted i i j  
Bcrnai and Crowfoot may be considered as the basic requirenients for thc nieso- 
niorpiiic .tructure of aromatic type molecules. 

1 .  Baste strtict rtral rcquirenzents of aromatic t ype  molecules 
.A summary of the basic structure of aromatic type compouiids can be giveir 

by use of the general formula: 

Surririxlrizeci in talole 3 are the listings of the composition of the central group, 
x.  the type of r*onipouiids represented for the particular x, and a typical example 
oi that type. Table 3 ii  djvided into symmetrical and unsymmetrical molecular 
htructwey In table 4 the types of end groups, y, are sunimarized. Xeither of 
thebe tables is meant to contain an exhaustive listing of all the groups reported 
in the litciratiire. However, the tables may be considered as an extensive listing 
of the known aromatic types of compounds exhibiting mesomorphism. The geii- 
era1 plan of classification is patterned after Weygand (442). 

2.  ElTect of atomic grouping zn the molecule on the mesomorphic character 
The effect of different atomic groups in a molecule can be illustrated by the 

i.haracteri,stic molecules shown in table 5. The first portion of the table deals 
with unsymmetrical molecules and illustrates the effect of the change iii C-T\; 
and S-1, points with a rearrangement of the end groups. The second portion of 
the table illustrates the effect of the change of arrangement of the central group 
on the C-T and h--L points while the end groups remain fixed. Yo effort has 
been made to accumulate all possibilities to be found in the literature to illustrate 
:he effect of atomic grouping in the molecule ; however, these illustrations are 
typical of this particular phenomenon. 

The subdtut ion of the methoxyl group for the nonpolar phenyl group gives 
practically no change in the S - L  point, while the exchange of two polar groups 
gixres a pronounced change in the S - L  point (as much as 20°C.). Examination of 
table 3 shows that a change of the atomic groupings in a molecule with a strong 
central dipole such as the azoxy group in these few compounds listed here does 
not result in much change of the K-L point. However, in the case of the weaker 
dipoie surh as the azo group, a change in the arrangement of the central grouping 
gives a large change in the S - L  point (as much as 40°C.). The data for table 5 
are from Foote (96) and Kast (197). 
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x = Ce;tral Group I T w c  Typical Example 

Symmetrical molerules 

Biphenyl p .  p ’ -  1)ietkiylbenzidine 
Ll.ans-DiphenSletliylene p ,  p’-Iliacetoxystilbene 
Diphenylacetylene p ,  p’-Diacetoxydiplienylacetylene 
trans-Azc~benzene p - (  p-Acetoxyazo) benzoic acid 
Diphenylbutsdiene p .  p’-r)iniethoxydibenzalbutadienP 
Ilihenzslazine ’ p ,  p’-l)imrthoxybenzalazine 

S--3 
‘\ 

C- 
// 

-C 
\ / 

CH=CH 

‘\ 
C=CH- 

/’ 

-CH=C ,CHrCHr 

\ 
‘CO’ 

Carbox) lic ncids I double mnle- 
ciiler 

Dipfienylpyridaz ine 

DihenzslcyclopentsnunL- 

p .  p’-  !jiniet~irixS.dit)cnzai-l,  4-na1111- 
t iialeiiediumine 

p-R~.itylhenzoic acid (duuble mulecule) 

0 
I 

I Plienq 1 a t e r  of benrr,ic ar id  p - (  p-lkthoug benzoay)benzoic acid 
I I  

-c-0- 

- C H = X ~ N = N -  I3enzal-p-arninouzohenlene 

- c H = N ~ N = N - -  1 Benzal l-aniinonaphthalene- 
1 4-azobenzene , 
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TABLE 4 
Composition of end group 2n aromatic  t y p e  molecules showing the mesomorphic  state 

y = End Group I Type y = End Group 1 Type 
1 

CH3cCHzJn- 1 Normal alkyl ' I  CH~(CHZ)~OCO-  Carboxylic acid ester 
(Cll3)zCH (CHz'sn- 1 Branched alkyl I CH~I,CHS)~COO- Phenol acid ester 
C H3 (C Hz)?LO- ' Alkoxy ' CN- Cyano 
CH30(CHz ,*O- 1 Oxygen-broken alkoxy 1 NO?- 1 Nitro 
C1, Br ,  I 1 Halogen 1 1  NHz- 1 A4mine, substituted amine 

TABLE 5 
Effect of atonzic grouping o n  crystal-nematic  and  nemat ic - l iqu id  poin ts  

Change in arrangement of unsymmetrical end groups 

Compound* ' Crystal-Sematic 1 Sematic-Liquid 
1 Point Point 

186 
161 
112 

115 
105 

8 1 . 5  

176 
l 7 i  
128 
108 
132 
124 

Change in arrangement of central group ___- 
Compound* 1 Crystal-Sematic i Sematic-Liquid 

Point 
I 

Point 

"C. 

0 

185 
T 

T 

C H ~ ~ C E H ~ C H . = N C ~ H ~ ~ ' = S C ~ " = C H C ~ H ~ ~ C H ~  
I 

I 
0 

226 
190 

CHIC~H~N=CHCEH~N=NC~H~CH=NC~H,CH~ 228 
CHaOCsH4CH=NCsH4N=NCBHllr;=CHCsH4OCH3 220 
CH~OC~H~N=CHC~H~N=NC~HICHENC~HIOCH~ 257 

CH~OCSHIS=CHC~HIN=NC~H~CH=NC~H~OCH~ 
C H ~ C ~ H ~ C H = N C ~ H I N = N C ~ H ~ N = C " ~ C H C H C H ~  I 

* .411 benzene rings are joined in the para position 

I 'C. 

I 292 
I 

>295 
285 

>297 
> 300 
>340 

3. Effect of polarity of end group on the nematic-liquid point; e fect  of change of 
central group on  the nematic-liquid point 

For any given basic molecular structure it is generally found that an increase 
in the polarity of the end groups decreases the N-L point. An exception to this 
is found in the case where the central group is a carboxyl group. The polarity of 
the central group, keeping the end groups fixed, also influences the N-L point of 
the compound. At present it is not proper to make a sweeping statement about 
polarity of the central group versus N-L point. Factors (e.g., resonance) other 
than polarity enter into the structural features of the molecule. 
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/ 
X=(-CH,- 0 -) ‘ 

1-40 

I t- 80 

- ( - C O - O - ) =  x 
-(-c O-NH-)= x 

Refe r e m  e 
*--(‘ H2-cH2)= Temperahre 286°C. ---(CH, -0-)  = x 

FIG. 16. Effect of polarity of end group 011 the nematic-liquid point; effect of change of 
central group on the nematic-iiyuid point. 

Assembled in figure 16 are the S - L  points of a seriec: of compounds fashioned 
around the basic structure: 

R ~ - c H = ~ - ~ - ~ - - ~ - ~ = c H -  - O R  / 

T 
(central group) 

The elid groups (R) in one case are nonpolar and in the second case polar. An 
illustration of the change in the S - L  point n-ith a change in the central grouping 
for a fixed set of end groups can also be observed in figure 16. This aspect of the 
central grouping is discussed further in the next section. 

.$. Changes in molecular structure 
This section deals with compouiids that exhibit both the nematic aiid the 

smectic structures. It presents examples of investigations that have been made 
in which the researchers have carried out systematic studies (a) on the change 
of the C-11, S-E, S-L, or S - L  point in a homologous series, ( b )  011 the effect of 
the change of the central group in a niolecule on the C-11 and S - L  points, and 
Cc) on the influence of the kind and riunlber of substituents on an aromatic 
nucleus on the mesomorphic character. The examples given here are in some 



THE MESOMORPHIC STATE 1079 

loo I / 
/ 

90 I I I I I 
1 I I I I I 

4 5 6 7 8 9 / O l / / 2 / 3  
Side Choin L e n g t h  (Total Co-bon and Oryyen Atoms) 

FIG. 1 7 .  Nematic-liquid and smectic-nematic points versus side-chain length for the 
p-n-alkoxyhenzoic acids and the nematic-liquid points for the p-n-alkylbenzoic acids. 
Curve I, S - L  points for the p-n-alkoxybenzoic acids (Gray and Jones (151)). Curve 11, 
S - N  points for p-n-alkoxybenzoic acids (Gray and Jones (151)). Curve 111, K-L points 
for p-n-alkylbenzoic acids (Weygand and Gabler (450)). 4 = n-butyl, 5 = n-amyl, e tc .  for 
alkyl groups and 4 = n-propoxy, 5 = n-butoxy, etc. for alkoxy1 groups. 

cases the only ones available, while in other cases other examples could be cited. 
A11 of the studies attempt to relate mesomorphism with molecular structure. 

(a) Molecular structure and the nematic structure; homologous series that 
represent both nematic and smectic structures-only one end 

group of the molecule changes 

The alkylbenzoic acids and the alkoxybenzoic acids furnish an interesting 
series of compounds for comparison of the effect of change of C-hI and S - L  
points in a homologous series. Effect of the change of the end groups on transi- 
tion temperatures can also be observed in these series. These series of compounds 
represent both the nematic and the smectic structures. T'orlander considered the 
benzoic acid derivatives as representative smectic type compounds. In  figure 17 
the h'-L points of the benzoic acid derivatives are plotted against the chain 
lengt,hs of the alkyl or alkoxy groups. Also included in figure 17 is the plot of 
the S-N points versus chain length. It is noted that for the lower-molecular- 
11-eight members of the series the apices in the curves I and 111 occur a t  the odd- 
numbered chain members and that the curves tend to flatten out as the mole- 
cules become larger. The data for the alkylbenzoic acids are from Weygand and 
Gabler ( G O ) ,  while those for the alkoxybenzoic acids are from Gray and Jones 
(151). The general slope of curves I and I11 is negative; the general slope of 
curve I1 is positive. Both of these plots are representative of most honiologous 
series that  have been studied. 
,I homologous series (351) which shows a pronounced regularity when the 
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C HaC HzOC HzOC sH1C H=NC nH4OC HIC H3 ( I  X)  

C H3OC H20C eHaCH=NC sHIOCHZC H3 (XI) 

. 
~ - C ~ H ; O C ~ H ~ C H = N C ~ H ~ O C H Z C H ~  (Xi 

K-L points are plotted against the length of the end chain is that of the benzd-  
naphthylaminoazobenzene compounds, 

n - R o <-->- _ _  -__- - 
c H=?;?>--N=X c a 

- - - 64 

80.5 
125 5 125 1 - i ~- 

~ - - 
I I 

The 1 - L  points alternate regularly and equally strong between 85" and 100°C.; 
no increasing or decreasing tmdeiicy is noticed. Branching of R will lower the 
N-L point; the isopropyl derivative, for example, has an S - L  point of 11°C. coni- 
pared to 88°C. for the normal compound. In the case of the isoamyl derivative 
the K-L point is 78"C., which is close t o  that of the n-amyl derivative (89°C.). 

Some of these benzalnaphthylstniiiioazobeiizeiie compounds show unusual 
properties in retardations in the transformations from crystalline solid to true 
liquid and vice versa. For example, the isobutyl derivative melts a t  106°C. and 
will solidify glass-clear if kept a t  its melting point for a long period of time and 
then cooled rapidly to 0°C. This glass-clear product is stable for several days if 
kept at 0'C. As the glass-like material is warmed to 16°C. it becomes cloudy 
after several minutes a t  this temperature and changes into the mesomorphic 
state. The mesomorphic state clears sharply at  22°C. This transformation takes 
place iii the range of the supercooled melt. 

(b) Comparison of end groups with an equal number of links but 
with different kinds of atoms 

The compounds chosen t o  illustrate this comparison are the p-alkoxybenzal- 
p-alkoxyanilines. These compounds were studied by Weygand and Gabler ( 448). 
The results of their studies are summarized in table 6. Some of the phase trans- 
formations illustrated in table 6 are carried out in the supercooled melts, as can 

T-IBLE: 6 
T r a n s i t i o n  temperature of p-a lkoxybenza l -p ' -a l~y lan i l ines ,  p-alkoxybenzal-p'-alkoxyan~ 1 1  n e s ,  

p -  (p-a1koxy)a lkoxybenzal  - p ' -  ( p ' - a l k o x y )  a l k o x y a n i l i n e s ,  and  p -  ( p - a l k o x y )  alkoxy6enzal-  
p ' - a l k y l a n i l i n e s  

Weygand and Gahler (4.18) 
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he >eel] b y  the temperature- for some of the transition.;. Compounds I\' and I' 
IiaIYe two ?mectic forms with transformation points a t  the same temperatures of 
84' and 79°C'. Compound 1- also has an S - L  point a t  115°C. 111 the nest lower 
homologs, conipouiid I1 has two smectic traiisitioiis at 77'C. and 74"C., while 
conipouiid IT1 has lo\t i t a  rniectic properties but does have ail S - L  point at 
96*C'. Figure 18 diagramniatically repremits these observations and includes the 
theoretical S-I, poiiits for compounds I1 and IS'. 

If this structure i+ altered bj- replacing the alkyl of the alkoxy group in 
the p-alkos~bei izal-p-alkos~ai i i l i r~e~ n-ith ari ether [i.e., RCH2CHZO- with 
T<OCH20--- or ROCH2CH20CH2-) the S - L  point will lie lowered, or the meso- 
morphic, -tructure di-appenrs entirely. Data from Weygand, Gahler, and Bircon 
(-432) to illustrate this fact are given in  table 6. For comparison, observe the 
pair3 T'I aiid TIT, 1-111 and IX,  and X aiid XI. For example, compounds 1-1 
and 1-11 ha1.e the same number of carbon atonis in the side chains but compound 
1-11 doe< not exhibit a nematic htructure. 

- 

- 

- 

- 

((4 Effect of central group 011 cry.;tal-meuoniorphic, smectic-nematic, smectic- 
liquid, and nematic-liquid points; change of nematic-liquid point 

in  the homologs of a series 

The first series of cmmpounds cho>en for this illustration are the azoxyphe~~ol, 
azophenol, and azoniethinephenol ethers studied b y  Weygand aiid Gabler (44 6, 
449). The ('-31 and S - L  points itre gil-en in table 7. 

The S - L  points for the azopheiiol ethers and the azomethinq~henol ethers are 
obtained by melting the compounds aiid then slo~i-ly cooling theni. L%ll plots of 
chain length versu3 the S-1, point of the azoxy-, azo-, and azoniethiiiephenol 
ether< give curve< with apicec - it the odd-numbered chain lengths ('even number 

X 

C 

i" 
/ 

i 
I 

1 
f 

i 
i 
I 

: /  : 
i 

I 

I 

r n m z z  301 

Compound Number 



TABLII 7 
Equilibriwn temperatures  and  phase transitzons j'or the aroryphtnol. u z o p h e n o l .  unii azo 

mcthznephenol e t h e l s  
IYeygnrici and Gabler (446, 449) 

Side-chain iength:  2 = metholy,  3 = ethoxy, 4 = n-propox? e t c .  
-______ , 

Azomethinepheno' 
Ether5 Azoxyphenol Ethers Azophenol Ethers 

Side-Chain 1 
~. _________ ~ _ _  Length 

C-M ,U;L S-s or s - L ' ~  C-RI S-L S-L qr S-i c-11 S- L 
Doint 1 point I point I point point point ~ point point 

._ ____ ~ 

T .  i T. i oc. ~ T. "C. 
2 ~ 116 134 ~ - 1 '  165 SliOl 
3 . . . .  i 131 168 .- 159 1.50 
4 . . .  . 116 ' 122 , -- 146 1112' 
5 . . . . .  ' 1 O i  131 -. 135 121 

- ~ 113 1 105 

. . . . . .  122.5 92 ~ in3 109 

6 . .  , 

8 .  ~ i 4  
9... 1 76 

- . . . .  127 ~ 72 102 114 

- . . . . .  1 2 4 . 5  i 106 ~ 98 
103 ~ 107 

1 

-- i n .  . . . . . .  i i  i 121 ~ 113 
11.. . . . . .  78 123 ' 1 1 9 . 5  ' 106 I - 

13 . . . . . . . . . . . .  1 82 1 - ' 122 
. . . . . . . . .  i 1 2 . .  ~ 7 8 ' -  1 2 0 . 5  ' 

9!i 
1 x 3  

' l O i ,  
12; 
10:: 

of carbon atoms). is generally observed, the niaxiniuin differences in  the S - L .  
points are with the lower-molecular-weight coiiipound~ and this diff erencae de- 
creases as the molecular weight increase? 

A plot of S - L ,  S-K, aiid S-L point< versus number of linked atoms in the end 
groups is shown in figure 19 for the azoxypheIio1 ethers, alkoxybenzoic acids, 
alkoxyciiinamic acids, and alkoxyazines (361, 443). Xote that the N-L point 
curves are all similar and that the S - S  and S-L point curves take on a posit:-,.(- 
slope for all the series except the alkoxyazines. For example, in the case of tnc 
azoxypheiiol ethers the *lope of the pniectic liiie i- positive. while with the 
alkoxyazines the slope i.; negative (or perhap  zero). The bmectic curve for the 
azophenol ethers is the more geiierai type. In both cases the S - L  point and 3-Y 
and S-1, point curve:, approach each other, aiid in the higher homologs i i i i  

nematic structure is ohserveti. 
Illention hhould be made of the work of Graj-> Iiartley, Ibbotson, and Joiiei 

(149) on mesomorphism and the chemical con-titution of certain mono- and 
dianils of the benzene, biphen_vl, fluorene, arid fiuorenoiie +cries. Data in tabie F; 
represent mesomorphimi m r w s  chemical constitution for the monoanilq a ~ d  
diaiiils of p -  (~-fllkoxV)loeiizylideiieaiiiiiio derivatives of biphenyl, fluorene, mici 
fluorenone. The data 'how the change of the transformation temperatures with 
change in the central ptructural group. 

For the moiioanils the aI-erage transition temperatures indicate the order oi 
decreasing thermal stability, with rehpect to both structures (nematic and snwc- 
tic), to be fluorene, biphenyl, fluoreiione. In the case of the dianils the order i+ 
biphenyl, fluorene, aiid fluorenone. The author-: (149) attribute the difference-: 
within the niorioanil and d i a d  types and twtn-een the two types to such factor' 
as molecular geometry and polarizability. These workers attempt to relate thp 
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FIG. 19. Smectic-nematic! smectic-liquid: and nematic-liquid points versus side-chain 
length for azosJyheno1 et  hers, alkosj-benzoic acids ~ alkosycinnamic acids, and alkoxy- 
azines. Curve I: S - I ,  points for p-a,zoxyphenol ethers (Weygand and Gabler (450)). Curve 
11, S - S  or S-I, poiGts for p-azosj-phenol ethers (Weygnnd and Gahler (449)) .  Curve 111, N-L 
points for p-n-alkosybenzoic acids (Gray and Jones (151)). Curve I V ,  S-N points for p-n -  
alkosybenzoic acids [Gray and Jones (151)). Curve I-, 5 - L  points for p-n-nlkoxycinnamic 
:icids (Stormer and JTodary ( 3 i 5 ) )  and Bennett arid Jones (13'1j. Curve 1-1, S-T points for 
p-n-alkosycinnamic acids (Bennett  and Jones (13)). Curve 1'11, T - L  points for p-n-alkosy- 
azines (Shalv 1361)). C ' i i r ~ ~  T.111. S-T\; points for p-n-alkosyazines (Shaw (361)). 
2 = methosy, 3 = et hosy. et '.' 

AIonoanil5 from 

Fluorene Biphenyl Fluorenone 
AI erage transition temperature I 'C I C - - ~ I  end :roup) _ _ _ ~ ~ _ _ _ _ _ _  

_____ ~ -________ 
10.6" S2.1" 

24 5" 22 O 

Smectic t o  neniatic +triicture 166" 155 4" -+ 73.3"  

Semat ic  t o  triie liquid -tructure ' 186.4" ___* 161 9" -& 139.9" 
- ________ ' ~~~~~ 

~ Dianils from 
Average transition remperature ('C.) fC;-C1,.- end grcup) ' _ _  

Biphenyl Fluorene Fluorenone 

16.2" 43.2" 

24 O 24.2" 
Smect ic t o  nematic b t  ruct ure 313" 296.8" -- 253.6" 

Sematic  t o  t rue iiquid structure 1 345" - 321" -- 296.8" 



No group or atoni 253 >315 
-CHz-- S o t  l i q u i d - c r >  stslline 
-CHzCHz-- l i l  ~ 312 

Not Iicluid-cr> s t a l l i n e  
156 2 i O  

- CH2CHzCHzCH:C H7- \ e t  y srtiall 11q11id 
cry stallinit> 

-CH=CH- 230 >360 
-c=c- 235 1 251 

-c-0- 20b >310 

-CHzCHzC Hz- 
--CHzCHzCH?C Hz- 

-CHzO- I 209 29g 

mesomorphic character of these coinpound,. to recent niterpretations of the btrue- 
ture of' fluorene and fluorenone. 

The effect of change of the central group hetweeii the central benzene nuclei 
of dianisalbenzidine wa? studied by T-orlander. His findings, presented in table (3, 

are compiled from his many papers on liquid crystal> (for example, 431). X 
complete bibliography of T'orlander's work\ i:, included in a menioir to him 
written by JVeygaiid (-145). 

T'orlander (432) made a comparable ,ctudy of a large iiuniher of derivatii (1- o f  
C6H5CH=SCsH4xCcH4X=CHC6H5. The central g r o u p  studied in thi\ ,ceric- 
were comparable to those given in table 9 a i d  the results u-ere similar. Th(1 
structural influelice of different g r o u p  011 the end phenyl g r o u p  u a <  id-o 
discussed. 

5 .  Injhencr of substituents in  certain molecTrlcs on the mesomorphic charactc r;  
position of attached side groups 

The work of JViegand on diariisalherlzidiiie and its derivatives illustrateb the 
effect of substitution into different positions of the diphenyl portion of the ~ i i (~ l e -  
cule. Table 10 summarizes the findiiig;.: of Wiegand (436). 

Gray and Jones (152) have made a study of the niehoniorphisni aiid con>ti- 
tution of n-alkoxynaphthoic acids. They found for the un5ubstituted alkoyy- 
naphthoic acids that the 4- and 5-n-alkoxy-1-iiaphthoic acids and the 7-ti- 
alkoxy-2-naphthoic acids exhibited 110 niemphase+ whereas the 6-n-alkoxy-2- 
naphthoic acids are mesomorphic. They attributed these characteriatirs t o  the 
fact that  the 5 , 1  and 7 , 2  acids are not rod-Fhaped, ,since the axes of the carboxyl 
and alkoxy groups are not in line. This is e.pet-ially true wheii the dimer is cui1- 
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TABLE 10 
The e f e c t  of substitirents on m e s o m o r p h i c  character  G j  the  dianisalbenzidine derivat ices  

Wi'iegsnd (456) 

, I 
Compound l Crystal-Kematic Point Kematic-Liquid Point 

-- 

"C 
252-253 
215-216 

Dianisalbenzidine . . . . . . . . , . . . . . , , , . , . 
2,2'-Dichlorodinnisalbenzidine . . , . . , . . . 

2, 2', 6,6'-Tetrachlorodianisalhenzidine, . . , . . .  217-219 { m p t . )  
2,2'-Dimethyidianisalbenzidine . . . . . . . . . .  172-li3 
3,3'-Dirnethyldianisalbenzidine . . . . . . . , , . , . . 1 180-181 
2,2 ' ,  6,6'-Tetramethyldianisalbenzidine . . . . . , . . , ~ 212-213 (m.pt.)  

3,3'-Dichlorodianisalbenzidine , . . , . , . . , , . . , , 1 148-119 

"C. 
>345 

320-321 
I 1310  
I None 

I 353 
307-308 

Ncne I 

sidered. The 4,1 acid is essentially linear but is also very broad. Also, il' a dimer 
forms, the two naphthalene rings may cause such imbrication in ?5e molecule 
that the closest packing in the crystal lattice is not one in ahich the molecules 
lie parallel. Mesomorphism of the 6 ,2  acid is to be expected, since the individual 
molecule and the dimer are both long and rod-shaped. 

Substituents in the alkoxybenzoic acids and the 6-alkoxy-2-naphthoic acids 
influence the mesomorphism of these acids. Gray and ,Jones (150, 152a) studied 
the m-alkoxybenzoic acids and the a-6-alkoxy-2-naphtthoic acids. The results of 
their findings are summarized in table 11. In the alkoxybenzoic acids the bromo 
and nitro derivatives do not show mesomorphism. Among the various facts to 
be noted in table 11 is that with an increase in the size of the halogen atom, the 
smectic structure appears at a greater length of the side chain. 

The position of the dianisal groups in the naphthalene nucleus in dianisal- 
naphthyldiamines determines whether the compounds are mesomorphic in 
character. Wiegand (457) found the results summarized in t,able 12. 

Those molecules that are rod-shaped or most nearly rod-shaped are meso- 
morphic in character, while those that are not rod-shaped do not possess liquid 
crystallinity. 

Work on the p-alkoxycinnamic acids and their halogen derivatives will be 
mentioned. Stormer and Tt'odary (375) found that the allocinnamic acids did not 
show mesomorphism, while the trans stable form gave the mesomorphic struc- 
ture. Bennett and ,Jones (13) studied these same cinnamic acids extensively and 
reached the same conclusion concerning mesomorphism. 

In the study of cis and trans isomers the Tvork of Weygand and Lagendorf 
(454) on the cis- and trans-l,2-dibenzoylethylenes should be noted. The effect 
of halogen substitution on the mesomorphism of the trans-p- (n-a1koxy)cinnamic 
acids has been studied very recently by Gray, Jones, and Marson (153). It was 
found that the chloro- and bromo-trans-4-n-alkor;y-3-halogenocinnamic acids 
showed mesomorphism but with less of a mesomorphic transition temperature 
than the comparable p-(n-a1kosy)cinnamic acids. The iodine derivatives were 
found to he nonmesomorphic. The plots of the mesomorphic transition tem- 
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structure Maximum phase 1 maximum phase 
lengths Only iength 

X 

I I ~ 

I I 16 

'C. 

. . . . . . . .  , 10 57 15 
16 . . . . . . . .  

I 16 

H ~ 3 j 

~ 4 . 5  
F 1 8 9 
c1.. i 8 § 

i - . . . . .  
I 

I ' Value of tl* at  
Nematic structure ~ Smectic structure , Smectic structure maximum phase 

I only 

6-Alkoxy-2-naphthoic acids, 1 

x 

Length of no at  First Appearance of 

, 
I 

1 

1 16and 18 i 
I "C. 

. . . . . . . . .  42 1 6 
7 . . . . . . . . .  40 

c1.. 3 1 6 
Br. 3 ~ 7 1 16and 18 ~ 

. . . . . . . .  10 1.5 
8 
12 

I. 
N o t  

I 

. . . . . . . . . . .  ~ 16 and 18 ~ 25 8 

~ 

- 
I 

! 
I 

n = number of carbon atoms in alkoxy side chain. 

TABLE 12 
Molecular  s tructure versus mesomorphism of the dianisalnaphthyldiamines 

Wiegsnd (457) ___ 
Compound ' Crystal-sematic Point , Sematic-Liquid Point 

_I__.__ I - I_ I - 
I I 

"C. "C. 
Dianiaal-l,4-naphthylenediamine. . . . . . . . . . . . . .  ~ 182.fr184 
Dianisal-1.5-naphthylenediamine. . . . . . . . . . . . . . . . . . .  196 
Dianisal-2,6-naphthylenedismine . . . . . . . . . . . . . . . . . . .  1 R S . b l E 9 . 5  
Dianisal-1 ,'I-naphthylenedkmine. . . . . . . . . . . . . . . . . .  1 142-113 (m.p . j  
Dianisal-2,5-naphchylecediamine. . . . . . . . . .  I 133-134 (m.p.) 
Dianisal-2,7-nsphthylenediamine. . . . . . . .  204-206 (m.p . j  

I 

262-263 
282.5 

None 
None 
None 

354.356 

peratures of the chloro-substituted trans-p- (3-a1koxy)cinnamic acids versus the 
length of the side chain are given in figure 20. Mesomorphism does not show up 
in these substituted acids until the hexoxy derivative. With unsubstituted 
trans-p-(n-alkoxy)cinnaniic acids the methoxyl group shows mesomorphism. A 
comparison of t'he average temperature change of mesomorphic transitions 
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FIG. 20. Smectic-nematic, smectic-liquid, and nematic-liquid points versus chain lengtk 
for the  Irans-4-n-alkoxy-3-chlorocinnamic acids (Gray, Jones, and Marson (153)). @ = 
nem:ttir noints  Cl = Rmwtir m i n t s  2 = methoxv 3 = ethoxv 4 = n-nronoxv. etc 

TABLE 13 
T e m p e r a t u r e  changes of mesomorphic  t rans i t i ons  of certain t rans -a lkoxyc innamic  ac ids  

Gray, Jones; and Marson (153) 

i c1 I Br 

I 3-Substituent in the p-(n-a1koxy)cinnumic acids . . . . . . . . . . . I 

Average mesomorphic-liquid transition temperature, ‘C. ( C l r  
Cla . . . . . . . . . . . . . . . . , . , . . . . , , . . . . . . . . . . . . . . . . , . . . . 160.5’ 1 129.8’ I 123.i‘ 

. 
Decrease in transition temperature from unsubstituted acid . 30.7’ 36.7” 

through substitution in the 3-position of the trans-alkoxycinnamic acids is given 
in table 13. 

Gray, Jones, and Marson attribute the decrease in thermal stability when 
chlorine was substituted for hydrogen to two factors: first, the C-C1 dipole 
will increase the molecular polarization and the mesomorphic thermal stability, 
and secondiy, the increase in moIecular breadth due to the chlorine atom will 
increase the molecular separation, weaken the intermolecular forces maintaining 
the molecular orientation in the mesomorphic structure, and decrease the thermal 
stability. Bromine gaye a slightly greater decrease than chlorine and with iodine 
the mesomorpnism disappeared. The authors compare their findings on the 
trans-p-(n-a1koxy)cinnamic acids with their findings on the halogen derivatives 
of the alkoxynaphthoic and alkoxybenzoic acids. The results are comparable. 

Yorlander (434)  discussed the esters of both simple and complex alcohols 
and of the saturated phenyl fatty acids and saturated aliphatic mono- and 
dicarboxylic acids, esters of unsaturated carboxyIic acids, and diphenyl paraffins. 
There is a collection of transformation temperatures for a large number of 
members of different homologous series of these different classes of compounds. 
Transition temperatures and chain length of the end groups are related. 

6. Convergence of smectic and  nematic  curves 
In  a number of homologous series that  have been studied it has been found 

that the S-K and S-L, and X-L points tend t o  converge a t  some high homolog 
of the series. Figures 19 and 20 represent this property. The S-;?; and S-L, and 
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N-L points versus length of side chain for p-azoxyphenoi ethers, p-(n-alkoxy)- 
benzoic acids, and p-(n-a1koxy)cinnamic acids are piotted in figure 19. Figure 20 
represents the S - S  and S-L, and X-L points for the trans-alkoxy-3-chlorocin- 
naniic acids. In  all cases it can be seen that the smectic and nematic curves tend 
to  converge. The reader is referred to Weygand and Gabler ($51) for further 
discussion and illustratioris of the convergence of plots of S-N and S-I,, and h--L 
points versus length of side chain. 

B. THE CHOLESTERYL COMPOUNDS; POSITIOS X S D  NTJMBER O F  DOUBLE R O S D S  

Wiegand (455) studied the relationship between spatial structure and the 
mesomorphic character of cholesteryl derivatives. The basic structures which he 
considered are given in figure 21. His results are summarized in table 14. 

Also, Wiegand (455) compared the C - S  and 1 - L  points for the different po- 
sitions of the double bond in cholesteryl benzoate and the different positions of 
pairs of double bonds in choleetadienyl benzoate. The results of his findings are 
summarized in table 15. The numbering of positions in the molecules is the same 
3s in figure 21. 

C.  ALIPHATIC COZIIPOUSDS OF MESOMORPHIC CH IRACTER 

The list of aliphatic compounds that exhibit the mesomorphic structure is not 
nearly SO large as that of the aromatic type. The monocarboxylic aliphatic 
acids and their salts are the compounds of t>his type that have been studied 
most extensively. Other aliphatic compounds such as esters and alcohols are to 
be found listed in tables in Intmzutional Critical Tables (96) and Landolt- 
Bornstein (210). The aspects of the polymesomorphism of these compounds 
have been summarized by Weygand (343) and are briefly reviewed in Section X,H 
in this article. 

The monocarboxylic aliphatic acids have been studied in some detail. The 
simplest aliphatic conipound that exhibits mesomorphism is 2,4-nonadienoic 
acid (453). This compound has a C-X point of 23°C. and an X-L point at; 49°C. 
In  this same paper 2,4-undecadienoic acid, which has a C - S  point a t  32°C. and 
an K-L point at 58"C., is d e w ~ 4 h d  (433). 

Vorlander (429) conccrnc.i! ! i with the study of the sodium d t ~  of a 
number of monocarboxylic ;ti';( ile Lawrence (214) reported on the ,m-  
monium salts of a number of r h  kc acids. The changes in the mesomorphic 
state are reproducible but are (trteAi niissed if tlLp rate of heating is too fast. 
Vorlander's work on the salts of the riionocuruoriylic acids was not very critical, 
as can be seen from the n-orli of  Sordsieck, Rosevear, and Ferguson (299) on the 
transition points of anhydrous sodium palmitate. 

The differences in refractir-c index and viscosity in the mesomorphic region of 
anhydrous salts are often quite small. The transition temperature is independent 
of the chain length but defined by the nature of the cation. J'old and Vold (425) 
as n-ell as Vold, Rosevear, and Iierguson (423) showed that sodium palmitate 
passes through five states when the crystals are heated t o  the liquid. ,2 somewha; 
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25 
C H3 

21 22 23 21 23 ,/ 
C K  CH, CH? CIi, C H 

rs?zo/l \27 
H,C CH C Ha 

I 1  

HO H 

FIG. 21. Sumbering of cholesterol ar,c choiesteryl derivatives: (a) chc,.?sterol; (b) 
cholestanol, rings A-B trans,  OH in 8-pori t inn;  epieholestanol, rings A-13 t rans ,  OH i n  
a-position. 

TABLE 14 
R e l a t i o n s h i p  between spat ia l  s tructure and mesomorphic  charac!et of cholesteryl derivat ives  

Riegxnd ( 4 5 5 )  
___I ~- 

, Epicholestanol I 
~ Cholesterol Cholestanol 
I 1 

Benzoyl.. . . . . . . i 
Anisyl.. . . . . , . . , 182.5-ifi;i 
4-I'henylben- 

149-150 

zoyl. . . . .  , . , . .  . 177-179 
4-Toluyl.. , . . . , . . 176.5-180.5  
2-Tolliyi , . . _ . . . ,  120-121 I -  

;;! I 1 3 6 . 5 - i , " 7  ' ij.5 ! 111.i-105 ; ~ o  nematic structuro 
lGO-iSC:.,- ~ 239 101.5-106 1No nematic structure 

290 l i l -172  ~ 291 1 ih117 nematic etructuro 
341 1 l 7 i . 5 - 1 7 2 . 5  , 225 ' Di.5-92.5 IYc. nematic structure 
133 ~ 122-123 I :108) ' ~ o  nematic structure 

I I 

_I______~.-------.__I - 
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TABLE 15 
Effect  0: locatzon o j  double bonds i n  cholesteryi derivatives 

Wiegand (455) 

Cholesteryl Benzoate 

Location of 1 Crystal-nematic j Kcmatic-liquid 
double bond 1 point point 

‘C. 
149-155 
157-158 

14- 
115 

165-171 

“C. 

17u 
176 
1-74 
140 

NOKW 

Cholestadienyl Benzoate 

Location of 
double bond 

5 ,  6;  7 ,  5 
6, 7 ;  8, (i 
7 ,  8; 11, 15 
8,  9 ;  24,  25 
14, 15; 24, 25 

Crystal-nematic 
point 

“C. 

142.5-142 
146 

149-150 (m.pt.) 

12k122 (m.pt.) 
126-128 

Nematic-liquid 
point 

“C 

1% 
180 

None 
136 

None 

similar effect was found for sodium stearate by Vold, Macomber, and Vold 
(421), but Stainsby, Farnand, and Puddington (368) found fewer phases when 
using rigorously anhydrous conditions. Mesomorphic states have been termed 
waxy, neat, and middle soap, with the prefixes “super” and “sub” being applied 
when subdivisions o€ these phases have been distinguished. 

Wirtii and Fellman (463) have detected definite changes in dielectric constant 
associated with the mesomorphic phase transitions in anhydrous sodium 
palmitate. 

Light transmission by alkali metal stearates in the mesomorphic state has 
been studied recently Sy Benton, Howe, and Puddington (15). The plot of per 
cent transmission versus temperature for the alkali metal salts shows sharp 
breaks in the curves a t  different transition temperatures. Such a plot shows 
two types of breaks in the curves, i.e., those transitions that are abrupt and 
those that are manifested by a change of slope in the curves. The authors point 
out that the latter minor changes are much more accurately determined by 
the optical method of light transmission than by the usual microscopic methods. 
The breaks in the curves indicate phase changes, but the authors point out 
that the optical method used in this study may not necessarily measure true 
thermodynamic transition temperatures, since a change in translucency may be 
due to  causes other than a phase transition. However, in general, the agreement 
between the transition temperatures obtained by this convenient optical method 
check well with data obtained by other, sometimes more elaborate, methods. 
Results for comparison of transition temperatures by different methods are given 
in table 16. 

With the exception of 10-methylstearate, it was found that the sodium salts 
of the substituted stearic acids show a much greater decrease in intensity of light 
transmitted a t  the neat-liquid transition temperature than through the normal 
stearates. 

The densities of thc alkali metal stearates in the mesomorphic state and of 
sodium stearates having substituents in the hydrocarbon chain have been meas- 
ured over a temperature range of 25-380°C. by Benton, Howe, Farnand, and 
Pudding-con (1-t;. Discoritinuities in the density-temperature relationships indi- 
cate the transitions between the various mesomorphic forms in which these soaps 



Transition 

"C. 
25-165 

165-265 
270-353 
360-360 

I ernperature 

1.02-0.92 

0.92-0.84 
0 . 8 3 4 . 7 7  
0 78-0 .77  

Curd 1 - curd 2 39 90 55-96 
Curd 2 - subwaxy 114 117 12-1 19 

Waxy - superwaxy - 
Subwavy - waxy 134 ' 132 ',9-150 

! _. I , 167 
buperwaxy - subneat 208 1 205 198 

, I 

Subneat - neat 257 213-251 
271-273 

23g 1 288 ~ 280 
I 
I 280 Piest - liquid 

I -. 

j ~ 

I 
132 
165 I 186 
220 

I 258 I 283 

TABLE 17 
Densi ty - temperature  re la t ionships  for sodium and pota.csiam stsarates 

Benton, Howe, Farnand, and Puddington (14) 

Sodium Stearate i 

Phase 
1 Temperature 

- -  
"C. 

Curd and waxy 26130  
136190 

Subneat lG5-258 
Neat I 260-283 
Liquid i 2%-310 

1 Density 

' I  
1 100-0  93 

0 91-0.87 1 0 86-0 82 
! 0 8 1 4  795 

0 7 9 5 0 . 7 8  

Potassium Stearate 

exist. Mesomorphism is found to k~ much less pronounced in the substihted 
stearates than in the normal soaps. Illustrative data on the normal sodium and 
potassium stearates are given in table 17. 

Other references to studies of aliphatic monocarboxylic acids and their salts 
may be found in Sections IX and XII. 

Several authors have interpreted certain polymeric forms as being meso- 
morphic. The work of Bunn and Garner (47) on nylon as well as the structural 
studies on polyamides in general has been interpreted by Kast (197) as repre- 
senting polymeric forms that show mesomorphism. Figure 22 represents I-Lst's 
interpretation of the structure of the polyamides. 

I> I FOEM.%TIOhT O F  THE MESOMORPHIC STATE WITHOUT HEAT 

A number of compounds are known that form the mesomorphic state when a 
polar compound is added. The first oE these compouiids observed was bronio- 
phenanthrenesulfonic acid, xhich was studied by Sandquist (347). Since this 
report niaiiy conipounds such as the salts of high-molecular-weight monoc:uSox- 
j-lic acids, d t s  of high-molecular-weight nnpht henic rwids, and high-moliecu- 
lar-weight sulfonic acids and their salts have been reported. These compounds 
;Lre discussed in Section X I .  



1092 CLEKS €I. BROWN AND WILFRID G. SHSW 

FIG. 22. Structure of polyamides: (a) smectic hexagonal structure; (b) crystalline mono- 
clinic state.  

TI. OPTICAL COSSTAXTS OF THE NEMATIC STRUCTURE 

p-Azoxyanisole has been the compound most studied in the measurement of 
optical constants of the nematic structure. The refractive index in the un- 
oriented turbid medium cannot be measured, but the oriented state is optically 
clear enough to allow measurement of the two principal indices of refraction 
of p-azoxyanisole. The oriented uniaxial state can be obtained by the action of 
the walls of the container if the sections are thin or by the use of a moderate 
magnetic field. Chatelain (56) has obtained values for the refractive index of 
p-azoxyanisole a t  different temperatures using light of a wavelength of 546 m p .  
In these studies Chatelain had his samples in thin layers between rubbed, parallel 
glass plates. The nematic structure behaved essentially like uniaxial crystals, 

Later a prism-shaped glass container (314) \vas used and values of the re- 
fractive index Tere obtained for p-azoxyanisole, p-azoxyphenetole, and anisal- 
dazine. The refractive indices were taken a t  two different wavelengths and were 
considered by Chatelain to be more precise than those obtained earlier. JTalues 
for the refractive index of p-azoxyanisole in the mesomorphic state a t  two differ- 
ent wavelengths and a t  different temperatures are given in table 18. The liquid 
a t  136°C. has refractive indices of 1.644 a t  589 mp and 1.661 a t  546 mp. 

The ne was found to be much more strongly dispersed than no and there was a 
difference in the absorption of two rays in visible light. With a layer 0.02 mm. 
(56) thick a t  120°C. the ordinary ray was transmitted down to 422 mp and the 
extraordinary ray only to  434 mp. It can be seen that p-azoxyanisole in this 
state shows strong positive dichroism for blue light. Chatelain showed that 
sections up to 1 mm. thick can be prepared in an uniaxial state and that the 
wall action and inagnetic field give exactly the same orientation effect on the 
molecules a t  a giveii temperature. 

Recently Falgueirette.; (91) made a study of the refractive indices for the 
nematic structure of p-butoxybenzoic acid. His results are summarized in table 
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1.659 
1.652 
1.644 
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TABLE 1s 
Refrac t ive  i n d i c e s  of p - a z o x y a n i s o l e  in the  m e s o m o r p h i c  state 

Pellet and Chatelain (314) 

589 mp 546 rnc1 
Temperature -- _ ~ _ ~ _ _ _ _ _ _ _  

I 
I no I ne no ~ ne 

"C. ! 
105 
110 I 

114 

120 
122 
125 
128 
130 
132 

I 
i 

1 .558 
1.559 
1.560 
1.561 
1.563 
1.564 
1.566 
1.569 
1.571 
1 . 5 i 6  

1 . 8 i 5  
1.865 
1.856 
1 8.19 
1.842 
1.836 
1. 825 
1.914 
1.806 
1.?95 

I 
I 1.568 
I 1.569 

1 .570 j 

1 .571 
1 .572 
1 .574 

i 1.576 
1.578 
1 . 5 8 1  i 

I 1 .584 

1 .9Oi  
1.898 
1.890 
1,894 
1.877 
1.872 
I .  862 
1.850 
1.843 
1.833 

TABLE 19 
Refrac t ive  indices of p-butoxybenzoic  ac id  at di f ferent  temperatures  a n d  di f lerenl  wavelengths 

Falgueirettes (91) 

"C. 

14.3 
149 
153 
157 
159 
180 

1.619 
I 1.615 i 1 . ~ 6  

1. GOO 
' 1 591 
~ 1.580 

1.449 
1 .449  
1.450 
1 . 4 5 1  
1.453 
1 .454 

1.627 I .  452 
1 .621 ~ 1 .452 
1 .614 , 1.454 
1 606 ! 1 .455 
1.598 I 1.456 
1 588 1 1.457 

1.465 
1.465 
1.167 
1.469 
1 . 4 7 2  
1.473 

1 ,684 
1.681 
1.674 
1.663 
1 .651 
1.636 

1 . 4 i 2  
1 .472 
1 .474 
1 . 4 7 7  
i .  480 
1 .481 

19. For comparison, the liquid a t  162°C. has refractive index values of 1.491 
a t  589 mp, 1.495 a t  546 m p ,  1.515 a t  436 mp, and 1.527 a t  404 mp. 

Stumpf (378) made measurements of the refractive index of active amyl 
p-cyanobenzylideneaminocinnamate perpendicular to the optic axis and also 
parallel to the optic axis. Curves showing the variation of the refractive index 
with the wavelength of the incident light are convex to the wavelength axis; 
convexity bxomes more pronounced as the temperature falls. This compound 
has the power of extremely strong elliptical polarization (about a thousand 
times that of quartz). The refractive indices at different wavelengths of light 
have been determined for ethyl p-ethoxybenzalamiiio-.cr-methylcinnan~ate and 
ethyl p-ethoxybenzalamino-a-ethylcinnamate (74). An interesting property of 
these compounds is that they are perfectly transparent to visible light. 

The T'erdet constant for the nematic structure for light travelling parallel to 
the optical axis apparently has not yet been measured. However, Vieth (409) 
found that  the angle of rotation oi light in a magnetic field varies markedly 
with the wavelength of the light. Likewise, flow birefringence of the nematic 
structure does not appear to have been measured. 



I t  mu;.' aiscj L't. :>'>I :I ? x t ;  tnat Lw constant5 ior titi- mesomorphic stat(& uo 
not apwar  to  h:*vc i w r t  deteminec! Howevei tlaing *:Jutions of substanc-ec 
that form thc :~it:winorp~~ic state 371 heating Tzvetitov arid Marinin (405 I walk- 
ated the molar lie:.. coxtant  icky the d u t e  F:I-  example, using benzene soiu- 
tions, the molar k e n  caonstari;, I~JI p-azoxyaniwir 'ir,zts found t o  ne 51.8, and 
dibenzalbenzidirlr: gavc a Y ~ U P  of 2 250. 

The iongitudinal depolarizatim of light b:~ tlrc nematio structure has heei 
reported by Tsvetkov (399) a m  by Procopin (325) + Tsvetkov avoided waL 
effects by adding 3 per cent metniJxycinnamic acid to the p-azoxjsnisole in the 
nematic structure. The depolarizatiou. D = tan2 B. is complete in unoriented 
layers 1.25 nim thick (the analyzer of the microscope setting for balance, wit? 
both fields black, is (? = 8 ;  in a measurement tc, restore balance, the analyzer 
must be rotated through the angle 0; Trie depolarizat~ioii of the structure de- 
creases with increasing magnetic. field strengths up to about, 3000 oersted,, 
and remains constanL up to  22.000 oersteds (maximum field studied). At 3000 
oersteds the depolarization is ahout) 1 per cent. 7'svetKov studied both longi- 
tudinal and transverse magnetic fieids with similar resulls. Procopin concluded 
frcm hls studies that the size df the molecular aggregates (swarms J 1:; the nematir' 
structure of p-azsxyanisoie was greater than I mirron in diameter 

Procopin also studied beeswax and found that in tilt. temperature range of 
59" to  61°C. the beeswax depolarized light and produce6 high brightness in the 
field of observation just as p-azoxyanisole does in the nematic structure. Lanolin 
was found to depolarize light a t  room temperature, and i t  was found by Procopir 
(325) that this depolarizing effect decreases regularly withincrease in temperature, 
disappearing entirely a t  39"C., the melting point of lanoiin 

The relationship between optical and magnetic properties of the nematic 
structure has been studied by a number of workers. Foex (95) found the principal 
magnetic susceptibiljtics of the solid crystals to be x: = -0.665 X 10-6g.-1; - 

--0.569 X IO-'g.-' It can be seen that the solid crystal is not  magnetically 
uniaxial; i t  is knowsu that the crystal is not optically uniaxial. For the nematic: 
structure the process of nieasurement orients the molecules parallel to t h t  
field, so that the quantity measured is properly xil. Just a t  the C-3f point the 
magnetic susceptibility of the nematic structure was found by Foex tcl h.- 
-0.457 X 10-6gg.-1; the diamagnetic anisotropy increases as the temperature i b  

raised, first rather rapidly, and then towards the IS-I, point (135°C.) discon- 
tinuousiy. Foex found the liquid state of p-azosyaniqole to have an average 
magnetic susceptibility value a: -0.545 X lO-bg,-' at 134°C. and above. Tsvet- 
kov (400) and Tsvetkoa. and Sosnovskj. (4071 developed a rotating magnetic 
field for the measurenien ts of diamagnetic anisotropy of liquid crystals. The. 
magnetic anisotropy (AX = xi  - for the oriented nematic structuro waF 
obtained for methoxycinnamic acid, p-azoxyanisole, p-azoxyphenetole, anishl- 
dazine p-acetoxybenzaIazine, p-anisylidencaminoazobenzene: dibenzylidene- 
benzidine, and dianisylidenebenzidine. Tsvetkov and Sosnovsky combined their 
resuIts for p-azoxyanisoie with t n e  value of xil from Foex to obtain xL and x 

I, = -0.634 X 10-Sg.-l; x a  = -0.408 >( 10-6g.-1 with the average, X = 

- 
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FIG, 33. Temperature dependence of diamagnetic susceptibilities of p-azoxyanisole in 
three phases (Tsvetkov (400) and Tsvetkov and Sosnovsky (407)). 

The results are illustrated in figure 23. J t  can be seen from the figure that the 
magnetic anisotropy takes a sharp drop a t  the C-K point, gradually falls off 
through the range of the nematic structure, and vanishes in the liquid. Tsvetkov 
and Sosnovsky also showed that the magnetic anisotropy is proportional to the 
number of benzene rings in the molecules. Tsvetkov (402) used the data that he 
obtained in evaluating Ax in the rotating magnetic field t o  obtain values of 
viscosity. The values obtained were found to agree with those obtained by other 
methods. 

VII. VISCOSITY OF THE NEMATIC STRUCTCRE 
Sehenck (353)  made the first study of the viscosity of the mesomorphic state. 

His studies were made by the capillary-flow method and were done on cholesteryl 
benzoate and p-azoxyanisole. Both compounds showed sharp breaks a t  the N-L 
point in the viscosity versus temperature curves. Eichwold (87) found a com- 
parable sharp break a t  the h'-L point in the viscosity versus temperature curves 
for p-azoxyanisole, p-anisalazoxyphenetole, and p-methoxycinnamic acid. 
Becherer and Kast (1 1) studied the viscosity of p-azosyanisole between 115' 
and 145°C. according to the Helmholtz method. Results of their findings are 
similar to those of Schenck, who used the capillary method. Becherer and 
Kast found that the viscosities versus temperature curves of the mesomorphic 
state and the liquid state lie on parallel straight lines and that the transition 
between the two lines occurs suddenly a t  the X-L point for p-azoxyanisole 
(135.2"C.). A plot of the data from Becherer and Kast (11) is shown in figure 24. 

Bose and Conrat ( 3 5 )  made a study of the viscosity of anisaldazine over a 
temperature range of 163" to 194°C. and under conditions in which they con- 
trolled the temperature within a felv tenths of a degree. The capillary-flow 
method used by Bose and Conrat gave result;; that showed a decrease in viscosity 
with rising temperature up to 180°C. where the viscosity was a minimum, there- 
after increasing rapidly up to 182.8"C. (the I?-L point) where the viscosity has 
its maximum value: the viscosity falls off regularly with further rise in tenipera- 
ture. Bose (33) studied the viscosity of anisaldazine by the capillary method 
under different pressures and found that Poiseuille's law holds only under srnail 
pressures. 



Several investigators (22, 31, 32. 206, 21 '2) h a v ~  cvmp~rcd data oll the viscosity 
of substances that exhibit the mesomorphic statc: i\ ith the -i-jscosity of cmiilGoiis. 
All investigators preseiit data or referencei: to data to sul,stantiatti their con- 
clusions. In general, the conciusi( m i  by t h v e  authorp were that th,. rncsornorphic 
state and emulsions shov.7 viv*ci ty  cliaracteristiei that are very himilar. N o  
attempts have been made in rwr,nt years, ~ i i ~ c c  the ral)id gron-th of  colloidal 
chemistry, to dimiss the problem of re1atio:ihhip between the visco4tj- chxracter- 
istics of the rnesoniorphic state and those of emul-ions. 

Several authors have discussed t h e  visrosity of the niesornorphjc state theo- 
retically. Herzog and Kutlcr (163)  concluded that the \*slue:: for the exprri- 
mentally determined viscosity could IJe traced t o  the translational and ro- 
tational motions of the Swarms and reasoned theoretxally from this point of 
view. Prior to  this, Voight (413) rcasi:ned that viscocity data t-hat had i m n  

P 

Nernatli Srrucrur. ----cr - i  qu id  -- - 

120 1.25 l 3 C  35 lrC 145 /qO 
L . - - _- -- -- 0 020 

r L A q p i h 4  rJ?f. "C  

FIG. 24. Viscosity (7 )  of p-azoxyanisols versus temperature T ~ P  viscoiity is i n  pokes 
For ?lo the molecules lie arbitrary to  the velocity gradient. For ?+ the  molecules have their 
longitudinal axes in layers but thc  groups of niolecdes in the layers have arbitrary azimuth. 
For the  molecules stand perpendicular t o  the velocity gradient. 7'1 is from Eichwold 
(87) and 70 and q+ are from Becherer and Kast (ll),  

collected a t  the time of his articles gave no grounds for the s\v;sirin hypothesis. 
Schachenmeier (349) developed a matheniaticai theory for the viscosity co- 
eficient of the mesomorphic state. It does not appear that anyone has applied 
the results of this study to experimental data,. 

The most recent study of the viscosity of the niesoniorphic state is by Peter 
(317) and Peter and Peters (318). The capillary-flow properties of p-azoxy- 
anisole in the temperature range 119-154°C. arid under the influence of shearing 
velocities from 60 to 18,000 cycles per second were studied. In the niesomorphic 
state, and under low shearing frequency, p -  azoxyanisole exhibited little change in 
viscosity; above 10,000 cycles per serund an isotropic liquid showing Newtonian 
flow was observed. Peter assigned a value of 2.9 kcal. per mole to the activation 
energy for the flow process in the mesomorphic state and a value of 5.6 kcal. 
per mole to the liquid. By measurement of the transmission of light, Peter 
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established the frequency of orientation through thc shearing stresc in the 
mesomorphic state as well as the frequency of disintegration of the orientation. 
Both processes followed fir$t-order kinetics. The rate constant for the orienta- 
tion process was 0.8 sec.-l a t  119'C. and at  a shearing frequency of 1750 cycles 
per second. The disintegration constants a t  119"C., 125"C., and 131°C'. were 
found to be 0.110 f 0.004 sec.-l, 0.115 =t 0.007 set.-', and 0.123 =t 0.005 set.+, 
respectively. A relation betn-een the viscosity of the nematic structure and the 
rate coiistants of the various orientation processes is deduced. 

A few data are available on the viscosity of the mesoniorphic state formed by 
the action of polar molecules on certain solids. Bastow and Bowden ( 7 )  ob- 
served the viscous flow of liquid films of I per cent ammonium oleate solutions; 
thin liquid-crystalline films showed pronounced rigidity. Other measurements 
of the x-iscosity of lyotropic mesoniorphic systems are cited in Section XII; for 
example, see the articles by Hyde, Langbridge, and Lawrence (176) and Smith 
and McBpin (364). Jelley (181) used spectrographic, ultramicroscopic, and 
streaming birefringence methods to study dispersions of 1 ,l'-diethyl-$-cyanine 
chloride in sodium chloride solutions and found the properties of these solutions 
to correspond to the nematic structure. Scheibe, Kandler, and Ecker (352) 
attributed the properties of these 1 , I  '-diethyl-+cyanine chloride solutions to  a 
reversible polymerization of the dye ions. 

Powell and Puddington (323) used the capillary method of vidcosity measure- 
ment t,o study the transition temperatures of anhydrous sodium stearate. From 
the viscosit'y data a new transition n-ithin the subneat phase was found at 
225°C. and thixotropy was found over the range 211-298OC.; above 305°C. the 
flow is that of a Kewtonian liquid. 

The viscosity of mixtures of substances in the mesomorphic state has been 
studied by Pick (321), using mixtures of p-azoxyanisole and p-azoxyphenetole. 
No maximum was found on a plot of viscosity versus mole per cent of the coil- 

stituents, but on the contrary the curve had a slight concave pattern, 
The effect of an electrical field and of a magnetic field on the viscosity of the 

mesomorphic state has been studied by several different investigators. Bjern- 
stahl (23) used an oscillating-disk viscometer with connections for applying an 
electrical field perpendicular to  the plates. The relationships between change in 
viscosity of p-azoxyanisole viith change in applied voltage (both alternating 
and direct current) as found by Bjornstahl are sketched in figures 25 and 26. 
p-Azoxyphenetole gave comparable results. Bj ornstahl concluded, in harmony 
with x-ray work by Kast, that the asis of the sm-arm is inclined parallel t o  the 
electrical field. 

The experimental results of the effect of the perpendicular electrical field 
by Bjornstahl have been verified by Mikhailor and Tsvetkov (2831, using the 
capillary method; in addition, they found that a parallel electrical field reduced 
the time of flow when compared to a field-free capillary. Mikhailor and Tsvetkov 
interpreted their results as being due to a flon- of the nematic structure caused 
by the field and not to a direct orienting effect of the field. 

Bjornstlihl and Snellman ( 2 5 ) ,  by using a simple Couette viscometer, ob- 
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F I G .  25 FIG. 26 
FIG. 25. Change of viscosity of p-saoxyanisole with change in voitage (alternating 

FIG. 26. Change of viscosity of p-azosyanisole with change In voltage (direct current) 
current) (from Bjornstahl (23)). 

(from Bjornstahl (23)). 

tained results showing that the increase in viscosity due to a direct electrical 
field was directly proportional to the square of the field strength and inversely 
proportional to the speed of rotation. The effect was found to be smaller with 
alternating fields, decreasing with increasing frequency. A plot of change in 
viscosity of p-azoxyphenetole a t  145°C. against the square of the voltage of the 
applied field (direct current) is given in figure 27. 

In a more recent study, Tsvetkov (403) concluded that an electrical field acts 
to orient the molecular axes parallel to the field, the effect being independent 
of the frequency, and secondly, that the field gives rise t o  a macroscopic motion 
of the liquid between t'he electrodes, diminishing with increasing frequency of 
the field. Tsvetkov found that in a transverse field parallel to  the velocity gradient 
the increase in the flow time of p-axoxyanisole with increasing electrical field 
strength is smaller the higher the frequency. For direct current in a transverse 
field, the increase of floi-- t,ime with increase in voltages takes place only above 
10,000 volts per centimeter. 

The first work on the effect of a magnetic field on the viscosity of the meso- 
morphic state was done by Xeuleld (298), but his capillaries were only 0.09 
1m.m. in diameter and the action of the field may have been impeded by the 
directive action of the wall of the capillary. Tsvetkov (401) found that the 
viscosity of p-azoxyanisole a t  120°C. rises with the strength of the magnetic 
field up to about 10,000 oersteds and remains constant thereafter. Tsvetkov 
used values of the viscosity coefficient of p-azosyanisole in a rotating magnetic 
field up to 2000 oersteds as a basis for his conclusion that the molecules are 
asociated in groups with diameters of the order of 7 X 

The most careful study or' the effect of the magnetic field on the viscosity of 
$ he mesomorphic state was carried out by Miesowicz (280-282), whose results 
are summarizeu in table 20. 

cm. 
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FIG. 27. Square of volttige ( E )  versus change IL' viscosity (Aqj 0: 71-azoxypheneioie a+ 
145°C The rotation velocities of the viwometer are:  a = 0.63, b = 0.42, c = 0.33, n = O X ,  
e = 0.096. F r o z  Bjhrnstahl and Snellninn (251 
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7 3 ,  he concluded that the other investigators bad not completely oriented the 
molecules in the nematic structure. 

VIII. DIELECTRTC COXSTAXT OF THE NEMIATIC STRUCTURE 

A .  BACKGROCSD O F  EARLIER REVIEWS O S  DIELECTRIC COXSTXh-T 

The literature previous to 1931 has been reviewed by Lichteiieclier (249) 
and by Kast (191). Lichtenecker gives a summary of the work on the dielectric 
constants of liquids and synthetic mixtures for the fifty years previous to 1926. 
Anisotropic systems are included in this summary. Kast gives a critical sum- 
mary of the work done on liquid crystals up t o  1931. Kast's survey is concerned 
with substances that have the nematic structure, which from their dielectric 
characters fall into two groups, i.e., symmetrical and unsymmetrical molecules. 
Anisaldazine represents the symmetrical molecules and ethyl p-ethoxyben- 
zalamino-a-methylcinnamate the unsymmetrical molecules. Symmetrical mole- 
cules show a reduction in dielectric constant when a magnetic field is per- 
pendicular to the plates of the condenser, and a small increase when parallel. 
The amount of change depends on the temperatures, the magnetic field strength, 
and the electrical field between the condenser plates. There is a small increase 
in the dielectric constant of unsymmetrical molecules when they are acted on 
by a magnetic field parallel to the electrical field. The differences have been 
attributed to the tendencies of the symmetrical and unsymmetrical molecules 
to set themselves parallel and perpendicular, respectively, to the condenser 
plates. Born (29) assumed self-orientation of the molecular dipoles to be responsi- 
ble for the anisotropy and used the same theoretical treatment for determining 
dipole moment as had been used for calculations of paramagnetism. He (29) 
found a value for the dipole moment 50 per cent higher than that observed 
esperimentally. It is apparent that use of dipole moment alone does not explain 
anisotropy. Kast (191) reported on the changes of dielectric constant with 
constant magnetic field and different electrical fields. By applying Langevin's 
formula for calculating the average electric moment of the swarms in the meso- 
morphic state, Kast found a moment approximately 10; times the value ob- 
tained by ErrBra (88, 89) for the molecular moment. It was concluded from these 
studies that groups of dipoles must be present in the mesomorphic state. It can- 
not be assumed from this value that there are always lo5 molecules which associ- 
ate with oriented dipoles, since the strength of the external field was the only 
quantity used in arriving a t  the result. 

The influence of electrical field strength on the dielectric constant was first 
studied by Jezemki (184), the results of whose findings are illustrated in figure 
28. Kast (191) has interpreted these results by assuming that in the absence 
of a magnetic field the particles are parallel to the condenser plat,es; this is also 
true for the particles in the ease of t'he perpendicular magnetic field. In these 
cases t8he decrease in dielectric constant should be due to the rotation of the 
molecules by the electrical field. The difference in the two curves might be due 
to the deflection of the current carriers, thus causing a turbulence, or to different 
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FIG. 28 FIG. 29 
FIG. 28. Influence of the  electrical field alone or together with a longitudinal or trans- 

verse magnetic field on the dielectric constant. The compound used was p-azoxyanisole. 
H I E  = magnetic field perpendicular t o  the electrical field. H = 0, no magnetic field. H I /  E 
= magnetic field parallel t o  the  electrical field. From Jezewski (184). 

FIG. 29. Dielectric constant of anisotropic 4,4’-di-p-methoxyazoxybenzenes as a func- 
tion of magnetic field strength. At = etransverse - t longi tudinal .  From Maier, Barth,  and 
Wiehl (266). 

frequencies. The parallel magnetic field first has to orient the particles perpendicu- 
lar to  the condenser plates; therefore the dielectric constant first decreases (195). 

B . MORE RECEST DEVELOPRlEriTS I?rT DIELECTRIC CONSTANT MEASUREMENTS 

Bhide and Bhide (21) measured the dielectric constant and absorption of 
p-azoxyanisole by the resonance method a t  frequencies of 1000, 3855, and 6480 
kilocycles. There were abrupt changes in the dielectric constant as the meso- 
morphic state changed to the isotropic liquid, with the changes being more 
pronounced at the higher frequencies. This change in dielectric constant at the 
transition point checks with the observations of Kast (191). The absorption 
values showed a break a t  the transition temperature. According to Bhide and 
Bhide (21), the values of the dielectric constant for rising and falling tempera- 
tures below the S -L  point were not coincident. Cholesteryl benzoate showed 
comparable effects on the change in dielectric constant but showed no 
absorption. 

Ornstein, Kast, and Bounia (306) from a study of the dielectric constant meas- 
urements of benzophenone and p-azoxyanisole calculated the degree of orienta- 
tion of the swarms, obtaining a maximum value of about 80 per cent. 

Marinin and Tsvetkov (230), by means of the suspension method, studied the 
dielectric properties of p-azoxyanisole in motion through a capillary. The di- 
electric properties are found to vary with the velocity of flow, the strength 
of the applied magnetic field, and the temperature. At 119°C. and a rate of flow 
of 0.17 cni. per second the orienting effect is 20 per cent in a magnetic field of 
3000 gauss and 59 per cent for 1000 gauss. With a rate of flon. of 2.12 cm. per 
second the effects are 8’7 per cent, and 93 per cent, respectively. The orienting 
effect falls linearly with temperature from 90°C). t o  120°C. and then rapidly to 
zero a t  135°C. (X-L point) ; the effect increases rapidly with increasing magnetic 
field up to 800 gauss and only slowly above 1000 gauss, the change in slope in 
the curve being almost independent of the temperature. 
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Maier (252) observed the change in diPitlctrif wnstant ir ,  lorigitudinai ar;. 1 
transverse magnetic field up to 5000 gauss. The ratio of transverse to ion$- 
tudinal is found to be --Xo instead of -$$ as predicted. X-ray studies den!- 
onstrated that the difference is due to orientation of the swarms, largely by 
convection currents, in the absence of a field Maier found that a horixonta: 
temperature gradient of 0.1"C. per centimeter produces almost complete orientw 
tion of the swarms. 

Funt and Mason (112) found 113 effect of F x a r  011 toe dielectric constarlt oL 
the mesomorphic state by use of a, rotattiiig q-iindmal condenser. T m s e  i n  
vestigators concluded that the oriented grocips i ~ w m s )  are LOO snm11 t~ b:, 
affected by the shear gradients used, 

The dielectric loss of the mesomorplx state af p-azoxyanisoie with ch~tnpi 
in temperature has been studied by means ui a rc-sollance-coupled circuit (:I . .  
198). A plot of loss versus frequency shows z xi<ixiinum. The maximum x; - 
quencies increased from 7 X lo4 to greater than 2 /, lo6 Herty with a tempert 
ture increase from 118°C. to 124°C. A rnsxin,arn appeared at, thp Z-"J 
point of the p-axoxyanisole when a plot of the increase in maximum 'irequenc 
with temperature was made. The rnasimai iosses snow a great temperaturc; 
gradient which is difficult to interpret in thp light of the nebye frictional di, 
persion theory. It has been shown (305) that in tine absence oi any exterria: 
magnetic field the dielectric loss of p-axoxyankole has a maximum a t  frequencie: 
of the order of 1 megacycle. It was found that the dielectric loss in the mescb 
morphic state varied with temperature and also with frequency 

Wiehl (254). The change in dielectric constan1 
A recent study of dielectric constant has been done by hiaier, Barth, ant; 

BE = ettansverse -tionaitudinai 

with increasing magnetic field strength increases rapidly up to 1000 gauss buit 
ire is independent of field strength above 1000 gauss. These results are illustrated 
in figure 29. The variation of the principal dielectric constants of 4,4'-dipentoxy - 
azobenzene with temperature is illustrated in figure 30. The magnetic field oi" 
approximately 1000 gauss was used to measure both € 2  (field perpendicular tr 
the condenser plates) and tl (field parallel t o  the condenser plates). EO is the di- 
electric constant in the absence of a magnetic field. The temperature dependence 
of the dielectric constant of the mesomorphic state is represented for the samk 
compound by figure 31. 

The swarms are considered to  'be ellipsoidal arid are oricnted ~y a magnetic 
field of about 1000 gauss. The temperature dependence in two directions of t € i t  

axis of the ellipse is different. In  one direction the dielectric constant increases 
with the temperature as in a solid and in the other direction the dkiectric con- 
stant decreases with increasing Lernperature ;ts in :L liquid. The obserVhtion3 an  
expiained by means of the positions of the clinoles of the compounds. By mean5 0' 
a modified Onsager theory it is possibie to  calculate the riumerical value oj the 
dipoles from the measurements-. 

The schematic representation of the  c.lcc?rical measuring fields for thc  rueas- 
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FIG. 30 F I G .  31 
FIG. 30. The principal dielectric constants e l  and € 2  of 4,4'-di-n-pentoxyazoxybenzene 

FIG. 31. Temperature dependence of dielectric constant of anisotropic 4,4'-di-n-pentoxy- 
(Maier, Barth,  and Wiehl (256)). 

azoxybenzene (Maier, Barth,  and Wiehl (256) ) .  

Y 
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FIG. 32. Schematic representation of the electrical measuring fields for the measurement 
of the  dielectric constants c 1  and e2.  

urement of the dielectric constants el and € 2  may be given by figure 32. Here 
7.t is assumed that there is a strong dipoie in the middle of the molecule. Field 
3 1  gives a measure of the principal dielectric constant €1, and E2 gives the other 
principal dielectric constant, ez. 

The molar electrical susceptibility u is defined as 

where E = dielectric constant, M = molecular weight of the compound, and 
p = density of the compound. 

Data from Maier, Barth, and Wiehl (254) on molar electrical susceptibility 
as a function of temperature for the principal dielectric constants of 4,4'-di- 
peiitoxyazobenzene are shown in figure 33. uz corresponds to EZ and u1 to  El. 

As pointed out in the section on molecular structure the N-L points when 
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FIG. 34 
FIG. 33. Molar electrical susceptibility (g) of 4,4‘-di-n-pentoxyazobenzenes (Maier, 

Barth, and Wiehl (256)). 
FIG. 34. Change of dielectric constant of the mesomorphic s ta te  of the  homologous 

series of p ,  p’-di-n-alkoxyaxozybenzemes (hlaier and Baumgartner (254)). 2 = methoxy, 
3 = n-propoxy, 4 = n-butoxy, etc. 

plotted against chain length of the side chain in a homologous series give curves 
showing peaks and valleys a t  even and odd numbers of carbon atoms in the side 
chain, respectively. The change in dielectric constant with change in chain 
length of the side chain was studied by Maier (253) and by hlaier and Baum- 
gartner (255) .  The findings are comparable to those of plots of transition tem- 
perature versus chain length. The results of their findings are summarized in 
figure 34. 

Two papers have appeared in which the authors have used evaluation of the 
Kerr constant as a means of studying the polarizability of the mesomorphic 
state. Tsvetkov and Marinin (405) evaluated the Kerr constant for p-azoxy- 
anisole (I), p-azoxyphenetole (111, dibenzalbenzidine (111) , anisal-p-aminoazo- 
benzene (IF7), ethyl p-azoxybenxoate (V), anisaldazine (VI), and p-acetoxy- 
benzalazine (VII). Compounds I11 and IV have their dipole moments directed 
a t  small angles with the molecular axis, while compounds I, 11, V, VI  and VI1 
have their optical axes perpendicular to the electrical field; the latter five com- 
pounds have a negative dielectric anisotropy. Negative dielectric anisotropy is 
exhibited by the mesoniorphic stat’e, the molecules of which have a dipole nearly 
perpendicular to the molecular axis, whereas substances with positive dielectric 
anisotropy are characterized by a small angle between the dipole moment arid the 
molecular axis. In  this case, dielectric polarization is due mainly to rotation of the 
molecular dipoles around the long axes of the molecules and the dielectric 
constant is greater than i t  would be if the liquid crystal mere oriented parallel 
to the field. Also, Maier (253) has studied the effect of a static magnetic field 
on the dielectric constant of a homologous series of compounds which exhibit 
the mesomorphic state and has correlated the results with the electric dipole 
moments and polarizabilities. Tolstoi (393) attempted to answer the question 
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of the permanent dipole moment relative to the molecule. Again, he used the 
evaluation of the Kerr constant to arrive a t  an answer. For p-azoxyanisole it 
was concluded that the dipole moment forms an angle of the order of 45' with 
the azoxy group. The dipole moment has a substantial component in the dirertion 
perpendicular to the axis of the molecule. This bears out the iriterpretati~~ii of 
Tsvetkov and Marinin (405) of the large electrical poluriza bility of p-aaoxy- 
anisole, which calls for the existence of a perpendicular component only; hon- 
ever, it i q  not inconsistent with a parallel component of the dipole mon-)t'i;t, 
Tolstoi (393) reasoned that since a swarm as a whole has no dipole monlt'iit, 
then the molecules in i t  are disposed as frequently with the longitudinal coni- 
ponent in one as in the opposite direction. An electrical field perpendiciilm f o  
the axes of the molecules will tend to  split the swarm at points where neighboring 
molecules have antiparallel conipoiients; consequently, the elect'rical field may 
result in a break up of an existing sm~ftrm pattern and bring about a new swarm 
array. This tendency to split will be especially strong between two clusters of 
molecules parallel within each cluster but antiparallel from one cluster to 
another. 

The dielectric constant of the mesomorphic state of 8-lactoglobulin in water 
has been measured (360) and the data for frequency versus dielectric constant 
at  temperatures of 13.7"C., 16.6"C., and 20.0"C. obtained. Little change was 
found in the dielectric constant a t  the different temperatures. The data show a 
broader frequency range of dispersion and absorption and a smaller value of 
dielectric losses than is predicted by the Debye theory for a system character- 
ized by a single relaxation time. 

The influence of a magnetic field on the microwave dielectric constant of the 
mesomorphic state at  a frequency of 15,300 megacycles per second has been 
observed (50, 51). It was found that the real part of the dielectric constant was 
greater in a magnetic field parallel to  the microwave electrical field than with 
no field. &o, the results of the real part of the dielectric constant with the 
magnetic field of 2000 gauss perpendicular to the microwave field were found 
to  be almost the same as for a zero field. These results are exactly opposite to  
those found by Jezemki (183) in his measurements of the low-frequency di- 
electric constant. Maier (253) interpreted Jezewski's results as indicating that 
the contribution of the permanent electric dipole moment, which is perpendicular 
to  the axis of the molecule, is greater than the contribution from the induced 
polarization along the axis of the molecule. The results of Carr and Spence would 
indicate that a t  microwave frequencies the induced polarization yields the 
predominant effect. The microwave dielectric constant of the liquid shows no 
observable dependence on the magnetic field. This is in agreement with the 
optical measurements of Pellet and Chatelain (314) in that  they observed no 
anisotropy for the index of refraction in the isotropic liquid. The dielectric loss 
of the mesomorphic state of p-azoxyanisole decreased in a static magnetic field 
parallel t o  the microwave electrical field and increased in a magnetic field 
perpendicular to the electrical field. Figure 35 shows the results of these measure- 
ments. It is clear from figure 35 that, regardless of the magnitude or orientation 
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of the magnetic field, the dielectric loss increases as the temperature on the 
mesomorphic state increases. p-Azoxyphenetoie gives similar results. The field 
dependence of the imaginary part of the compiex dielectric constant is shown 
in figure 36. The general shape of this curve is very much like that observed by 
Miesowicz (282) for the field dependence of the viscosity. 

Microwave dielectric loss in the mesomorphic state in p-aeoxyanisole and 
p-azoxyphenetole is decreased by application of a magnetic field parailel to the 
microwave electrical field. If the magnetic field is suddenly turned off, a length 
of time varying from a fraction of a minute to  a few minutes is required for the 
nematic structure to  become optically homogeneous. This can be shown by meas- 
uring the change in dielectric loss after the magnetic field is turned of€. Time to 
return to  the zero-field distribution is dependent upon %he temperature and 
decreases as the temperature increases. 

By suddenly reversing an externally applied magnetic rield or' about 200 
gauss i t  can be shown that the aligning effect] of the magnetic field is entirely 
due to the diamagnetic nature of p-azoxyanisoie and p-azoxyphenetoie. Under 
the conditions of measurements by Carr arid Spence about 1 inin. was laecessary 
to produce alignment in the nematic structure when the field was turned on. 
If the alignment were due to a permanent magnetic moment, the molecules or 
swarms would have turned over when the field was reversed and while turning 
over would pass through a state of random orientation. Because of the long time 
required for the alignment to take place, this random distribution would have 
caused a change in the dielectric loss as the cnagnetic field was reversed. Re- 
versing the magnetic field showed that there was no turning over of the "par- 
ticles", a result which implies that the magnetic moment in the nematic structure 
is induced. 

Mann and Spence (258) studied the entry of microwaves into the nematic 
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FIG. 35. FxG.  36. 

FIQ. 35. Dielectric loss (E") of p-axoxyanisole in the sematic structure :Cam and Spence 
(50)). H, = magnetic field of 2000 gauss; H = no magcetic field; H? = magnetic field of 
2000 gauss. 

FIG. 36. Field dependence of the imaginary part of the complex dielectric constant for 
p-aaoxyanisole at a temperature of 124°C. ( ( h r r  and Spence (50)). 
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FIG 37. Eotation ( 4 )  of the plane of polarization of p-nzoxyanisole as a function of the 
length of sampIe (Carr and Spence ( 5 0 ) ) .  $0 is the angle between the magnetic field ana t,he 
electric vector of the  microwave field. Da ta  taken a t  129°C. in a field of 1300 gauss and at' a 
frequency of 9400 Mc. 

structure of p-azoxyanisole a t  different, angles with respect to the magnetic 
feid Tnr. experimentally measured rotation of the plane of polarization 86 
a iunctior; of the length of the sample is shown in figure 37. 

IS, X-RAY STUDIES OF THE MESOMORPHIC STATE 
HUULLZ (172) and de Broglie and Friedel (43, 44) were the first to examine 

Iiquici cryst& by means of x-rays. Huckel concluded that the x-ray diffraction 
patterns of the nematic structure are similar to those of the liquid. de Broglie 
and Friedel showed that the molecdes in the smectic structure are in equidistant, 
paraiiei strata. 

Whether or not the x-ray diffraction patterns of a nematic structure and of 
the liquid state are the same was a question of concern for many researchers 
!TI the fidd. Using copper K ,  radiation, Hiickel (172), Kast (193, 194), and Katz 
' i99) all reached the conclusion that the x-ray patterns of the two systems 
are the same. However, Kast'E (194) plot of intensity versus diffraction angle 
s h m s  some displacement of the curve of the nematic structure relative to the 
isotropic liquid. Glamann, Herrmann, and Krummacher (138) reported that 
there was a small difference in the x-ray patterns in nematic and liquid struc- 
tires. Using molybdenum k', radiation, Stewart (371, 372, 374) found that the 
c~if~ractisn-in tens it^. Curves are practically the same but that the intensity a t  the 
principal maximum is 5 to 15 per cent greater for the nematic structure than 
:or t h e >  liquid structure. The greater sharpness of the peak and the sharper inner 
s!ope n-ith the nematic structure show more regularity of structure in that 
phase. 

S:;itterctJ through the Ilteratilre are a few other references on the x-ray pat- 
t r a m s  0' tne mesomorphic state or structures supposediy related to this state. 
Giarnann, Herrmann, and Krummacher (138) took x-ray patterns by the Debye- 
Scherrer method of ethyl p-azoxpbenzoate, allyl phenylethylazoxybenzoate, 
methyl p-(p-ethoxybenzalaminojcinnama+e, ethyl p-(p-phenylbenza1amino)cin- 
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F’IQ. 38. Change in x-ray diffraction patterns of different mesomorphic compounds wi th  
change in temperature (Herrmann (158)}. 

namate, and ethyl terephthalbisaniinocinnamate in the different structures 
which each exhibits. 

Herrmann (158) made an extensive and thorough investigation of the x-ray 
patterns of the mesomorphic state. He constructed an apparatus for the simul- 
taneous optical and x-ray examination of the structures at coritrvlled tempera- 
tures. Seven esters of cinnamic acid and two of benzoic acid  ere followed 
through heating and cooling cycles and x-ray photographs werc taken of the 
different phases. The results of Herrmann’s work are summarized in figure 38. 
Classification of the x-ray patterns was made without the aid of microphotometer 
traces of the x-ray films. According to  Hermiaim, the first thrce compounds in 
figure 38 exhibit a new kind of interference, with rising temperature immedi- 
ately above the C-S point, whose origin is ascribed to hexagonal cylindrical 
packing of the molecules within the smectic planes. 

h’ordsieck, Rosewar, and Ferguson (299) carried out an x-ray study of the step- 
Rise melting of anhydrous sodium palmitate. Between the crystal and the iso- 
tropic state tm-o basic mesomorphic state structures (‘(waxy’’ and “neat”) exkt, 
structures that are crystalline in the direction of long spaciiig and liquidlike 
laterally. Between the lower temperature “~vaxy” structure which includes the 
previously known subwaxy, waxy, and superwaxy phases and the higher “neat” 
structure which includes the subneat and neat, there is a pronounced break in 
the curve of long spacing versus temperature. The three n-asy structures exhibit 
two diffuse short-spacing rings, whereas the neat phases exhibit only one. X-ray 
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data indicate that transitions among the waxy phases and between the neat 
phases are accompanied by a continuous variation in x-ray pattern; therefore 
the x-ray method cannot be used to determine the transition temperatures. 
There is a difference in the results obtained by Xordsieck, Rosevear, and Ferguson 
(299) and those obtained by De Bretteville and McBain (71) on anhydrous 
sodium stearate. De Bretteville and McBain did not find the differences in short 
spacing between the waxy phases and the neat phases which were observed by 
Xordsieck, Rosevear, and Ferguson. They concluded that the subwaxy and waxy 
phases were crystalline and that the superwaxy phase more nearly resembled 
the neat phases. The two research groups agree on the long-spacing breaks a t  
117°C. (crystal to subwaxy) and 170°C. and 270°C. (waxy to neat regions, 
respectively). The lack of agreement on the short spacing may be accounted for 
by the lack of complete conversion of the samples from one phase to another in 
the case of the work of De Bretteville and McBain and to differences between 
sodium palmitate and sodium stearatme. Nordsieck, Rosevear, and Ferguson 
found that  i t  took several hours for complete conversion of a phase to the next 
higher phase (higher used with reference to higher temperature). 

Herrmann (157) was the first to present information on the angle made by the 
intersection of the molecules with the smectic planes. He measured the inter- 
planar spacings for thallium stearate and thallium oleate. At 140°C. a value of 
36 A. was found for the interplanar spacing for thallium stearate; the calcu- 
lated length of the molecule is 27 A. Herrmann postulated double molecules placed 
end to end a t  an angle of 42" with the smectic planes. In the solid state the angle 
of molecular arrangement is smaller and equal to 37". For thallium oleate the 
angle between the double molecules and the smectic planes was found to be 
53". 

The crystalline state of some of the substances that form the mesomorphic 
state has been studied by x-rays. Kast (188) took x-ray photographs of single 
crystals of p-azoxyanisole ; Glamann, Herrmann, and Krummacher (138) took 
x-ray patterns of powder samples of a number of different compounds; and 
Bernal and Crowfoot (17) studied a number of compounds by the use of oscil- 
lation and Weissenberg photographs. Muller (290) investigated the normal 
paraffins near their C-M point, and Herrmann (157) made a study of a number 
of powder samples and samples prepared by supercooling of the smectic structure. 
One of the most informative of these articles cited on the x-ray analysis of solids 
is that  of Bernal and Crowfoot (17). A number of projection diagrams are given 
of the crystalline state of substances that show the nematic, cholesteric, and 
smectic structures when heated. 

The orientation effect of the magnetic and electrical fields on the swarms 
in the nematic structure is fairly similar and has been studied by the use of 
x-rays by a number of investigators. In  general, using copper K ,  radiation, i t  
has been found that the diffraction rings of the nematic structure become 
crescent -shaped perpendicular to the electrical or magnetic field. Herrmann and 
Krummacher (161) exposed anisaldazine, p-azoxyanisole, allyl p -  (p-phenylethy1)- 
azoxybenzoate, and methyl p -  (pethoxybenza1)aminocinnamate to a field of 5000 
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volts per centimeter and studied the orientation effect with the help of x-rays. 
X-ray photographs showed crescents, and from the optical properties i t  was 
concluded that snisaldszine and p-azoxyanisole had the long axes of the moie- 
cules point in a direction perpendicular to the electrical field and that with the 
other two compounds the long axes are parallel to the electrical field. By x-ray 
methods Kast studied the critical frequency of the electrical field for which the 
orientation of the swarms disappears. L'hs relaxation time of the swarms evalu- 
ated by this method was found to be see., as against lo-" see. for ordinary 
molecules. Kast (192) found that p-azoxyanisole prepared by different methods 
gave different results, and the discrepancy in results was attributed to differences 
in the amount and kind of impurities in the sample. Zocher (465) pointed out that 
the alignment of swarms in an electrical field is dependent upon the structure of 
the molecules. Molecules with dissimilar ends should line up with their long 
axes parallel with the field, while with the same end groups, the axes should be 
positioned transverse to the field direction. Kast (187, 189, 190) held this view, 
and Herrmann and Krummacher (161) adhered to this position after finding 
that x-ray photographs that they had taken of p-azoxyanisole and anisaldazine 
had given anomalous results because of heat flow and not because of structural 
differences. 

Kast (188) made the first study, by the use of x-rays, of the nematic structure 
oriented by the magnetic field. He found two diffuse interference maxima per- 
pendicular to the field. The x-ray pattern was explained on the basis that the 
long axes of the molecules were oriented parallel to the applied field. Solidifica- 
tion of the melt under the influence of the field showed a complete orientation 
of the molecules in the solid. An extensive study of the influence of a magnetic 
field on p-azoxyanisole was carried out by Glamann, Herrmann, and Krum- 
macher (138). Two diffraction rings were found with copper K ,  radiation, while 
three diffraction rings were obtained with molybdenum K ,  radiation. In  a mag- 
netic field the two diffraction rings obtained using the copper radiation split 
into crescents, because the long axes of the molecules are oriented parallel to the 
direction of the magnetic field. 

Herrmann and Krummacher (159) took x-ray patterns of allyl phenetoleasoxy- 
benzoate a t  different temperatures and in the absence and in the presence of a 
magnetic field. Table 21 represents the results. The d,,,,, gives the distance 
between the molecular axes which is in agreement with the knowledge of the 
dimensions of the molecule. 

Photographs (159) of crystals which had solidified under the action of a mag- 
netic field show the same orientation but not quite so marked as the meso- 
morphic structure. Herrmann and Krummacher (160) studied the x-ray diff rac- 
tion patterns of anisal-1 , 5-diaminonaphthalene in the mesomorphic state while 
under a magnetic field of 8600 gauss. These authors proposed to interpret the 
x-ray patterns so as to distinguish between intermolecular and intramolecular 
interferences. Good photographs of x-ray patterns may be found in a number of 
references (138, 159, 160) on the mesomorphic state. 

Stewart (370) carried out an x-ray study of the magnetic character of liquid- 
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TABLE 21 
X - r a y  data on allyl  phenetoleazoxybenzoate 

Herrmann and Krummacher (159) 
I 

Temperature Structure’ 1 Diameter of 1 
, Outer Ring 

I I 

Radiation: Cu K, 

“C * I 
100 Liquid, n. m. 
88 1 Nematic, w.  m. 

Nematic, w. m. 34 
Smectic, w. m. 

72 Smectic, w. m. 35 1 

Radiation: Mo K a  

8”47’ 
9”18’ 
9”18’ 
9.=33‘ 
9”33’ 

5.0 
4.8 
4. a 
4.6 
4.6 

94 
82 
70 

Nematic, w. m. 
Nematic, w. m. 
Smectic, w. m. 

34.4 
36.5 
38 

9%’ 
9”56’ 
IO”19’ 

2.16 
2.04 
1.96 

n. m. = no magnetic field; w. m. = magnetic field. 

crystalline p-azoxyanisole and compared these x-ray patterns with those of the 
liquid. His results are analogous to those cited by the other workers and discussed 
in the preceding paragraphs. Falgueirettes (91a) has made a recent study of the 
scattering of x-rays by the nematic structure. This study emphasized the orient- 
ing effect of the container and the magnetic field. 

C. Hermann (156) discusses symmetry groups of amorphous and mesomorphic 
phases. The symmetry properties of a crystal are easy to define. In  a crystal 
the symmetry properties are described by space groups and the crystal class or 
point group. Description of the symmetry of an amorphous system is more difii- 
cult to comprehend. In  an amorphous material the translation group is statistical 
in three dimensions; in a crystal there are simultaneously three -linearly inde- 
pendent direct (and as many reciprocal) translations, a triplet of either requiring 
a triplet of the other. 

Hermann describes the translatory movements of the mesomorphic phase as 
“statistical translations,” S ; “direct translations,” D ; “pseudo translations,” 
P; and “reciprocal translations,” R. These four translation types may be com- 
bined in various ways. Hermann gave an amorphous material the translation 
symbol SSS (general statistical translation in all three dimensions of space) and a 
crystal the symbol (RD)(RD)(RD) (in each of three linearly independent di- 
rections both a direct and reciprocal translation). Between these two extremes 
there are eighteen mesomorphic translation types. In  table 22 Hermann’s 
twenty translation types are arranged so that each succeeding triplet represents 
a higher order than the preceding; also included is the x-ray diffraction pattern 
proposed by Hermann for each type. This arrangement does not appear in the 
original article by Hermann. 

Secondly, the paper by Hermann deals with statistical symmetry operations. 
The latter include noncrystallographic symmetry groups and claims that all 
possible geometrical intermediate states between the regular molecule structures 
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TABLE 22* 
Hermann’s twenty  t rans la t ion  t y p e s  arranged so that each  succeeding triplet  represents a higher 

order t h a n  the preceding 

Eermann’s Number 

1 (amorphous), . . . . . .  
38. . . . . . . . . . . . . . . . . . .  
3b. . . . . . . . . . . . . . . . . . .  

3 .  . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . .  
4 s  . . . . . .  
4b. . . . . . . . . . . . . . . . . .  
4 . . . . . . . . . . . . . . . . . . . . .  

5b . . . . . . . . . . . . . . . . . . .  
5 .  . . . . . . . . . . . . . . . . . . . .  
7b. . . . . . . . . . . . . . . . . . .  
70 . . . . . . . . . . . . . . . . . . . .  
7a. . . . . . . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . . . . . . . . .  
6 . . . . . . . . . . . . . . . . . . . . .  
8a. . . . . . . . . . . . . . . . . . . .  
8, .................... 
9 (crystalline) 

Triple S; mbol 

sss 
SSP: 
SSPl 
SSPO 
SSD 
SSR 
SS(RP1) 
SS(RPo) 
SS(RD) 
SPiR 
SPcR 
SDR 
PiPoR 
PoPoR 
PoDR 
DDR 
DRR 
D R (RPo) 
DR(RD) 
(RD)(RD)(RD)  

Statistical 
translations 

Three 
Two 
T W O  

Two 
Two 
Two 
T w o  

T w o  
One 
One 
0 ne 
None 
Sone  
None 
None 
None 
None 
None 

Two 

Remarks on 

Sets of planes 1 X-ray diffraction patterns 
I 

None 
None 
None 
None 
None 
One 
One 
One 
One 
0 ne 
One 
One 
One 
One 
0 ne 
0 ne 
Two 
Two 
Two 

None 1 Many 

No sharp rings 
No sharp rings 
No sharp rings 
N o  sharp rings 
No sharp rings 
One set of sharp rings 
One set of sharp rings 
One set of sharp rings 
One sot  of sharp rings 
One set of sharp rings 
One set of sharp rings 
One set of sharp rings 
One set of sharp rings 
One set of sharp rings 
One set of sharp rings 
One set of sharp rings 
At least two sets of sharp rings 
At least two sets of sharp rings 
At least two sets of sharp rings 
Many sharp rings 

The authors are indebted to research workers a t  the Miami Valley Laboratories of The Procter and Gamble 
Company for the preparation of table 2’2 in connection with their study of Hermann’s article (156). 

and the Schoenflies-Fedorov crystal lattice are discussed, the x-rays proving a 
discriminant between the various configurations. 

X-ray studies have been made on the mesomorphic state formed by the action 
of a polar molecule on certain molecules. McBain and his coworkers have studied 
soap and detergent solutions. McBain and Marsden (261) found that for a 36.5 
per cent (by weight) solution of dodecylsulfonic acid in water, x-ray photo- 
graphs indicate a two-dimensional hexagonal arrangement of particles and that a 
“superneat” phase (96.0 per cent dodecylsulfonic acid) gives an x-ray pattern 
indicating that the particles are oriented parallel t o  the long axis of the capillary. 
Other x-ray diffraction investigations (260, 262, 344) on aqueous anisotropic 
phases show that 23-70 per cent laurylsulfonic acid solutions give structures that 
appear t.0 be elongated ellipsoids lying parallel to one another in a hexagonal 
arrangement. The thickness of the ellipsoids seems to be in the neighborhood 
of the double length of the molecule. Tilted lamellar structures were reported 
by Marsden and McBain (274) for the anisotropic phase of nonionic detergent 
in water. Other references to x-ray observations of the mesomorphic state formed 
by water and other molecules are cited in Section XII .  

A little work has been done on the small-angle region of x-ray scattering; 
most has been done on aqueous systems. Marsden and McBain (262, 274) did 
some work on nonionic detergents, and Bernal and Fankuchen (19) carried out 
small-angle work on aqueous systems of tobacco mosaic virus. 

In  t.he realm of natural products (19) tobacco mosaic virus in water systems 
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has been studied. It was found that a system containing 8 to 34 per cent virus 
and also higher concentrates prepared by centrifugation are spontaneously 
doubly refractive and consist of particles arranged in a parallel manner. X-ray 
patterns show the particles to be equidistant and that the system is liquid- 
crystalline with a hexagonal arrangement in the cross-section. The distance 
between t,he particles is dependent upon the concentration, indicating homoge- 
neity of their distribution. 

The concept of the “ideal paracrystal” and the theory of its diffraction has 
been proposed (166-168). This theory uses the convolution of Fourier transforma- 
tion. In  Hosemann’s *‘ideal paracrystal” an average distance between particles 
is introduced to interpret the presence of a maximum in the x-ray patterns. The 
centers of the particles are arranged on a more or less distorted face-centered 
cubic lattice. I n  such a niodel each molecule is surrounded by twelve neighbors 
which are closer than all other molecules, but the distance from the original 
molecule to each of its twelve neighbors fluctuates around a mean distance? 
d. The cell edge of a cubic parscrystal is equal to dy/2.  In  the ( I  11) plane the 
scattering angle 28 for the first maximum of the interparticle interference func- 
tion is determined by Bragg’s law to be 2d sin $2 = 1.22 A ;  a t  other angles of 
6 2  and 03, the scattering angles 28 are 2d sin 82 = 1.41 X and 2d sin $3 = 2.00 A, 
respectively. These maxima are broader and weaker, the higher the corresponding 
index and the more distorted the lattice; thus it is possible that only the first 
two or three can be observed. 

The model proposed by Hosemann imposes a certain relationship between sin 81 
and the volume concentration, C (ratio of the volume of particles to the total 
volume of the system); the maximum value for this volume concentration for 
spherical particles can be >Iiivn t o  be 0.74. It can then be written that 

3 C 
0.74 

where do = the diameter of the sphere. This relation can be transformed as 

do = cfcy0.74)~ 

The equation 2d sin = 1.22 X then becomes 

‘az2’ ~‘(0.74) ’  = do = constant 2 sin 6 

It is seen that sin 8, is proportional to 0;  systems following this proportion are 
rare (319). The value of sin6, for each maximum in the function a(h )  varies in 
proportion to the one-third power of the volume concentration. 

An analogous discussion for a cylindrically symmetrical system could be 
given. In  the cylindrical system sin 8; would be proportional to 0. This is the 
experimental relationship found for tobacco mosaic virus systems. 

The x-ray patterns of tobacco mosaic virus (19) are a good illustration of 
Hosemann’s model of liquid crystalliuity. The model has also been used to 
establish the diameter of the hemoglobin molecule in concentrated solutions. The 



1114 GLENN H .  BROWN AND WILFRID G .  SHAV: 

diameter of the molecule was found to be 55 A. (333). Bateman, Hsu, Iinudsen. 
and Yudowitch (8) also used the paracrystalline model in their small-angle x-ray 
study of hemoglobin. X-ray studies show that cy-keratin displays the para- 
crystalline structure as a kind of nematic structure, while collagen is B kind of 
smectic, close-range order (168) e 

Photographs of the optical diffraction patterns in green mercury light of lattice 
models (two-dimensional gratings) are made by photographic size reduction of 
regular patterns of holes. These patterns (170) simulate the x-ray diffraction 
patterns of crystals with imperfections such as thermal motion, distortion, or 
slow wandering from periodicity in one dimension or two. Comparisons are 
drawn between some of the patterns and the observed x-ray patterns of poly- 
urethan, collagen, a-keratin, and smectic and nematic structures; fair agreement 
is obtained. 

X. OTHER OBSERVATIONS 
A .  PREPARATIOh 

The two most productive researchers in the field of the preparation of liquid 
crystals were Vorlander and Weygand. KO attempt will be made in this review 
to summarize the methods of preparation for the hundreds of compounds they 
prepared. Both investigators used classical methods which were, in many cases, 
considerably improved by them. Weygand (445) has summarized Vorlander’s 
contributions to the mesomorphic state in a tribute to him. A bibliography a t  the 
end of Weygand’s article lists all of Vorlander’s publications. Vorlander is re- 
ported to have prepared over 250 liquid-crystalline compounds. The contribu- 
tions of Weygand (443) are summarized in his own book, which was published 
a few years before his death. Many of the other references in the bibliography 
of the present review contain information concerning the syntheses of many 
liquid-crystalline compounds. 

Hundreds of organic compounds (about 0.4 per cent of all organic compoundg 
known) exhibit the property of mesomorphism on heating. There is no one 
reference which gives the preparation and properties of all these compounds. 
However, a table listing over 250 compounds, with their transition points, has 
been compiled in International Critical Tables (96). References accompanying 
this compilation will furnish the reader with a wealth of information on methods 
of synthesis. Landolt-Bornstein (210) gives a listing of transition points on a 
large number of mesomorphic compounds as well as tables of values of re- 
fractive index and viscosity (209, 211>. 

Most of the transition temperatures reported in the literature have been taken 
by microscopic observations on the hot stage or by capillary-tube method 
and bath. Some studies have been made on the transition temperatures by ob- 
taining heating and cooling curves. Hartshorne and Roberts (154) describe a 
hot stage that permits interference figures of the heated specimen to be obtained. 
The most recent development of the hot-stage variety is the heating instru- 
ment developed by Gray (148). The heating element is designed for use on the 
rotating stage of a polarizing microscope and different types of phase changes 
are easily observed. 
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6. LAIGHT SChl"rEli1SCi 

The scattering crf light by the nematic structure has been the subject of 
a study by a cumber of investigators. .A series of careful studies by Chatelain 
(SO, 64) are of the most recent origin and will be outlined here. The articles by 
Chatelain give references to earlier work in this area of study of' the nematic 
srructure. Chateiain found that the intensity of the light scattered by p-azoxy- 
anisole in the nematic struczure betn-een the angles of 10" and 50" decreased 
as the angle of scattering increased. It was also found that the most intense 
vibration of the scattered light was perpendicular to the incident vibration. 
Falgueiret'tes (91) obtained the same general results in his study of p-butoxy- 
benzoic acid. 

Chatelain (63) found that the intensity of the scattered transmitted light 
can be expressed as 

K 
{sin #j1.6 

E =  

where & = scattered intensitmy, K = constant, and # = scattering angle. 
At 125°C. p-azoxyanisole behaves like a uniaxial crystal and has values of 

ne = 1.85 and 720 = 1.56. ChateIain (61) studied scattering for ordinary and 
extraordinary rays as a function of the angle of scattering, 8, for four cases. The 
study concerned the optic axis (a) parallel and ( b )  perpendicular to  the angle 
of scattering, and vibration of the incident radiation (a) parallel and ( b )  per- 
pendicular to the plane of scattering. In each case the direction of the incident 
ray was perpendicular to the optic axis. The results of Chatelain's findings are 
summarized in figure 35. The more intense scattered ray has its electric vector 

e 
{a) 

FIG. 39. Light scattering by the  mesomorphic s ta te :  (a) opt,ic axis perpendicular t o  the  
plane of diffusion; (b) optic axis in the plane of diflruaion. e = intensity of scattered light; 
Ed = illuminating vibration in plane of diffusion; eed = extraordinary vibration perpendicu- 
lar t o  t h e  plane of diffusion; €od = ordinary vibration in the  plane of diffusion; E,, = il- 
luminating vibration perpendicular t o  the plane of diffusion; cop = diffusion of ordinary ray; 
crP = diffusion of extraordinary ray; 0 = angle of measurement. From Chatelain (61). 
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Relative intensity. . . . 1 3 . 5  4 . 1  i 4 . 1  j-- ~ 
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180 "-20 " 

5 
___.- 

TABLE 23 
Diffusion of light by p-aroxyanisole in the  nematic s tructure 

Chatelain (62)  

Backward difTusion 

Scattered transmitted 
light 

perpendicular to that of the incident ray. The intensity of scattering falls off 
approximately as (sin 

Chatelain (62) compared light diffused backward with the scattered light 
that  was transmitted. The intensity of the light diffused backward increased 
slowly with the acuteness of the angle that it made nTith the incident beam. 
Illustrative results are given in table 23. The diffusion pattern was ascribed to 
particles 0.2-0.3 micron in their largest dimensions. 

A theoretical study has been made of the scattering of light by a liquid com- 
posed of anisotropic particles which show fluctuations in orientation and are so 
distributed that the medium possesses a unique isotropic axis. Chatelain (65) 
considered two cases: ( I )  discrete anisotropic molecules and (2) large groups of 
parallel anisotropic molecules dispersed among isolated molecules. In  both 
cases the theory leads to depolarization factors greatly in excess of unity. Spheri- 
cal groups of radius of 0.1 micron and containing lo6 molecules of p-azoxyanisole 
are considered as arranged parallel and inclined a t  an angle less than 36" to the 
isotropic axis and single molecules inclined a t  an angle greater than 36" to the 
isotropic axis. The theoretical results based on these assumptions are in agreement 
with experimental data. It was concluded that in the nematic structure light 
scattering is due to fluctuations in the orientation of the molecules around the 
isotropic axis and that the fluctuations in two molecules can be treated ab in- 
dependent only if their separation exceeds 0.1 micron. 

C .  SURFACE TENSION 

When in cont,act with a surface, the arrangement of the axis of the compo- 
nents in the mesomorphic state in a parallel or vertical manner to this surface 
depends upon the variations of the interfacial surface tension. If mesomorphic 
p-azoxyanisole or other nematic compounds are placed against ordinary glass 
which has been treated with acid, a vertical instead of a parallel arrangement 
is noted, According to Berstein and Zocher (20) the orientation is reversed if 
the glass is treated with alkali. 

A two-dimensional equation of state has been applied to the structure of surface 
boundary layers for isotropic liquids. It depends upon the supposition that the 
surface tension can be treated as the sum of stat,ic cohesion in conjunction with 
temperature-dependent and temperature-independent intermolecular f orces 
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(389) Although applicable to  many liquids, including certain fatty acids, it 
produces anomalous results for all anisotropic liquids. Perhaps with careful 
extension i t  could be developed as a means of determining the presence of 
anisotropic liquids. Through utilization of the data obtained, the dipole moments 
of p-azoxyanisole and p-azoxyphenetole could be calculated. 

In  general, the surface tension of liquids decreases with increasing temperature. 
The first recent detailed study of the surface tension of the mesomorphic state 
led to the conclusion that the surface tension in the mesomorphic state increases 
with temperature (92). Since the results obtained were unexpected, the experi- 
ments were repeated many times to verify the upward branches of the surface 
tension-temperature curves. The method made use of a capillary tube of not 
greater than 1 mm. bore and involved the forcing of a thread of liquid along this 
horizontal capillary tube. Although the method has been proven reliable for 
isotropic liquids, serious limitations may be involved when using associative 
substances in the mesomorphic state n-hich are seriously affected by the wall 
effects and orientation of flow. It should be pointed out, however, that metals, 
such as cadmium, copper, and iron, have also been noted t o  exhibit abnormal 
trends in surface tension with increasing temperature. 

Taking into consideration the orientation problem in nematic substances, 
several more recent experiments have been performed on surface tension (296, 
359). The structure in which the optical axes of the liquid molecules are mutually 
parallel, but a t  the same time perpendicular to the surface walls, was found to  
exist only on clean surfaces that will show wetting by water. Random orientation 
at the surfaces, involving these mutually parallel molecules, was found only on 
contaminat>ed surfaces. Using the radii of curvature of the surfaces of a drop of 
nematic p-azoxyanisole, the surface tension as a function of the temperature was 
found to  be given by A = 52.1 - 0.100t dynes per centimeter (2961, where A 
is the surface tension. These data agreed well with the surface tension measured 
by the ring method of a duxouy tensiometer for p-azoxyanisole, p-azoxyphene- 
tole, and ethyl p-azoxybenzoate (359). The first two substances showed a de- 
crease in surface tension of about 0.1 dyne per degree rise in temperature for 
both the anisotropic and the isotropic phases. In  the immediate neighborhood 
of the anisotropic-isotropic transition the surface tension remained constant. 
An increase in surface tension with increasing temperature was found, however, 
for ethyl p-azoxybenzoate in the liquid up to  160°C. At this temperature a 
maximum in surface tension was obtained, and the surface tension then gradually 
decreased as the temperature was raised. The mesomorphic state exhibited the 
normal behavior. 

D , CALORIMETRIC MEASUREMENTS 

Very little thermal data in the form of heat capacities and heats of fusion have 
been obtained for the mesomorphic state of single compounds. In  a few instances 
t,he thermal properties of these substances and their transitions have been 
shown by time-temperature curves. 

Using a radiation calorimeter (3921, the heat effects for the three stages of 
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30" to  150"C, (366), and have been plotted as both time versus temperature 
and time versus specific heat curves. The heats of fusion for the transitions from 
the soiid to the mesomorphic state a t  113.7"C., and from the anisotropic to the 
isotropic liquid at 122.5"C. are 14.3 cal. per gram and 3.5 cal. per gram, respec- 
l,ively. Only a single value for the specific heat was calculated in the small 
mesomorphic range and it was probably high. The results are of the same order 
of magnitude as values calculated from cryoscopic data and other direct measure- 
ments on mesomorphic compounds (174, 354, 355) .  

Elaborate apparatus and careful experimentation have been reported on the 
calorimetric measurements of p-azosyanisole and related compounds (206, 
207); the temperature versus time curves are in general agreement with pre- 
viously published data, but the heats of transformation are several-fold different 
from indirectly determined values (355) .  For the compound p-asoxyanisole 
two values have been reported for t'he heat of transformation of the N-L point 
of 1.6 cal. per gram (410 cal. per mole) (207) and 1.79 f 0.04 cal. per gram (206), 
while the corresponding transition for p-azoxyphenetole is reported as approxi- 
mately 2.9 cal. per gram (830 cal. per mole) (207) and 3.16 + 0.07 cal. per gram 
(206). The differences of C, values for p-asoxyanisole is 0.037 cal. per gram and 
of C, values is 0.016 cal. per gram; for p-azoxyphenetole a corresponding differ- 
ence in C, of 0.11 cal. per gram has been reported, with the isotropic phase having 
a smaller specific heat than the anisotropic (207). 

The heats of transition for all phases of sodium Iaurate, sodium myristate, 
sodium palmitate, sodium stearate, and sodium oleate were measured by use of a 
differential calorimeter (416). Although duplicate results for heats of transition 
fluctuated much more widely than did those for the calibration compounds, the 
results are precise enough to  allow comparisons of the heat effect a t  t'he different 
transitions. The transitions of curd phase to waxy soap and of subwaxy to  waxy 
soap gave large heat effects which varied with the chain length, while in transi- 
tions a t  the higher temperature the heat effects were small and almost indepen- 
dent of the chain length. The heat effect,s for successive transitions of sodium 
myristate, sodium palmitate, and sodium stearate were found to  be quite similar. 

"3. REFXACTIVE IXDEX 

A property which the parallel nroiecules of the rnesomcjrphic state exhibit is an 
orientation in which the optic axes are perpendicular to  a glass surface, e.g., the 
glass prism of a refractometer. This permits the measurement of two indices of 
refraction, the normal or ordinary index and the extraordinary index. Owing to  
birefringence and random distribution of swarms, it has been postulated that 
gradients of refractive index occur in anisotropic liquids and give rise to a 
scattering coefficient (302) proportionai to the square of the difference between 
the ordinary and the extraordinary indices, (no - n J 2 .  For anisotropic liquids 
(378, 408) this difference between the indices decreases as a function of the 
temperature up to  the anisotropic-isotropic transition (N-L point), a t  which 
point a discontinuity of index occurs. 
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Several theoretical methods have been derived for determining the refractive 
index of anisotropic liquids. A carefully worked out method has been published 
for determining the principal indices of refraction involving the determination 
of retardation of oblique parallel light in thin plates (217j. Another approach, 
using the dipole character of the anisotropic liquids, has attempted to  calculate 
the temperature coefficient of the index of refraction perpendicular to the optic 
axis from the data available (29, 30). 

The values of the refractive index of p-azoxyphenetole in the mesomorphic 
state have been measured by means of Newton’s rings at various temperatures 
and wavelengths (54). Variations in refractive index with temperature and wave- 
length were obtained and these were found to be in agreement with the data 
obtained from studies of magnetic birefringence (408). Data on p-azoxyanisole 
are more complete, and the figures obtained for all values of refractive indices 
a t  several wavelengths and temperatures were found to satisfy the expression, 

(n2 - 1)/d’(n2 + 2) = constant 

which can be deduced theoretically from the polarizability and orientation of 
the molecules ( 5 5 ) .  This expression represents an expansion over earlier relations 
(330) which were applicable to the mesomorphic state. The expression has also 
been checked and explanded in a later paper by Pellet and Chatelain (314). 

By comparing and compiling the data obtained from studies of refractive in- 
dices of nematic, cholesteric, and several mixtures of mesomorphic compounds 
(121, 122, 124, 131) various general conclusions were drawn. Some of these con- 
clusions seem improbable in the light of present-day knowledge, but others are 
still acceptable. For a complete summary, the original literature should be con- 
sulted. In  general, i t  would appear that  optically negative mesomorphic com- 
pounds may usually be mixed in all proportions, and that bot,h optically negative 
and optically positive properties follow the laws of isomorphous mixtures. The 
birefringence of the optically negative phases of the ether salts of cholesterol is 
about double that of quartz and diminishes rapidly with rise in temperature. 
Measurements of the index of refraction of mixtures of substances having the 
same optical sign give optical properties intermediate between those of the pure 
components, but this is not necessarily the case for the refractive index for mix- 
tures of substances having different optical rotation. If the positive components 
are more refractive than the negative, there is a rise in the refraction, birefrac- 
tion, and rotatory power; if they are of equal refraction, the properties of the 
negative component change only very slightly. The difference in the refractive 
index between the anisotropic and isotropic phases is not always predictable but 
i t  is usually significant for compounds exhibiting the nematic structure. 

F. SPECTRAL OBSERVATIONS 

Some of the early work on the spect,ra of mesomorphic compounds could deter- 
mine little if any differences between the mesomorphic and isotropic states 



(328). Also, the transition from liquid to mesomorphic state for several esters 
showed very little change in the absorption spectra as determined by means of a 
quart'z spectroscope (435). The main difference found in the investigation of 
the Raman spectra of p-azoxyanisole in the solid, anisotropic, and isotropic 
phases (102) was that the spect'ra of the solid and nematic structures contained 
a h i e  a t  1247 ern.-' but none appeared in the isotropic phase. 

A detailed study of the near infrared spectra of isoamyl p-(p-ethoxybenzal- 
aminojcinnamate (I), anisalaniino-a-methyl-propylcinnamic ester (11) , and 
isoamyl p-(p-ethoxybenzalaminoj-a-niethylcinnamate (111) was made €or the 
anisotropic and isotropic phases 1391), and several small band shifts were noticed 
on comparison of the spectra for the tn-o phases. The most pronounced difference, 
however, was a decrease in the background transrrlission of the anisotropic 
phase in the region between 1 p and 6 p. Isochromatic curves for the three com- 
pounds were obtained shon ing per cent transmission as a function of temperature. 
The normal, practically constant transmission in the solid and isotropic liquid 
phases was observed, but distinct arrests in transmission occlirred in the aniso- 
tropic phase in the heating curves for cornpounds I and 11, and sharp maxima 
and minima occurred in the ones for compound 111. Significant, changes in trans- 
mission also appeared a t  the C-hl: and =\;-L points, especially a t  the shorter wave- 
lengths. A possible explanation for the arrests and minima in the isochromatic 
curves may be based on the possibility of polymesomorphism (74), while an 
increase in transmission with temperature was attributed to scattering based on 
both the change and gradients of refractive index (302) and the decrease in the 
birefringence. At long wavelengths, however, approximately the same transmis- 
sions for the solid and mesomorphic phases were obtained and the increase in 
transmission occurred a t  the N-L point. The overall small change in the trans- 
mission is explained by means of a decreasing birefringence factor (no - with 
increasing wavelength. The same general type of change has also been reported 
in the visible region (378, 408). 

Very recently, Maier and Sou2e (256)  have investigated the spectra of p -  
aaoxyanisole in the wavelength range of 23004000 A. Plane-polarized light was 
used both parallel and horizt~l~tid to the major axes of the molecules. iUt~2iough 
slight shifts in absorption i wavelength were observed for various tempera- 
tures in the nematic struct .:.),? comparison of the the nematic structure 
vi th  the liquid, the authors con i that the ultravioiet spectra xvould be of 
little help in indicating novei ineermoiccular interactions of the nematic struc- 
ture. 

G. ORIENTATION EFFECTS 

In  a series of papers hy Fredericks and Zolina (100, 101) it  was pointed out 
t,hat the orienting effect on z thin surface layer of the nematic structure of 
p-azoxyphenetole and anisaldazine at the walls of the container is unaffected by 
the magnetic field. If the total liquid between two plates exceeds a certain critical 
thickness, depending upon whether the field is parallel or perpendicular, the 
remainder of the liquid will be affected by bot'h an electrical and a magnetic 



field. The main body of the nematic striicture of ethyl p-ethoxybeiizalaminocin- 
namate appeared to  be in a state of oscillation under the influence of the field. 
This oscillation could be increased and sustained by ineans of a vibrating tuning 
fork pressed to the microscope on which the observations were being made. Zolina 
(475) has chonfirmed these data 2nd noted in atiditiori thaL the vibration of the 
tuning fork shifted the opticas! m e ?  of the molecules a n n y  from the direction 
parallel t o  the beam of pdnrited light. 

Calculations of two elastic constants for p-asoxyanisole have been made by 
Fredericks and Tsvetkov (99) for both parallel and perpendicular magnetic 
fields, using the fact that the orientation of the molecules within certain limits 
can be determined by the observation of the limit of total reflection of the extra- 
ordinary ray, if the ordinary and rxtraordinary refractive indices are known. 

The molecules of the nematic structure are assumed to have the ability within 
the swarms of orienting themselves in a parallel arrangement. Xaggiar (294) has 
pointed out that  the threads appearing in a nematic structure under the influence 
of an electricxal field are a secondary ef'fect produced by convection currents due 
to  nonuniform heating. The threads are apparent in a direct field of 200-300 
volts per centimeter and in an alternating field of the same strength and with a 
frequency not greater than 50 cycles per second. 

The temperature dependence of both the nematic and smectic structures has 
been discussed by Oseerr (3081, whose paper presents a mathematical discussion 
of the relationship, More recently Holland and Stewart (165) have performed 
experiments where temperature differentials were applied to  nematic structures 
and the effects were determined hy use of x-ray diffraction photographs. With a 
higher temperature a5 the bottoIii of a container, convection currents caused a 
distribution favoring ct vertical ?M arm :t:;ee orientation, while Il-ith the opposite 
temperature gradients, a liorimnd oiientat ion of swarm axes was indicated. 
After several more experimerics, Ste;- (373) reviewed the heat flow phe- 
nomenon and transverse orient ations ;ti id ted that the cause of the phenomena 
were not to  be r'oiinc3 in JiTesentid temperature expansion, the momentum of 
high-frequency acoustic ~x:~vc-o, the anisotropic heat conduction, and/or unavoid- 
able convectioxi current5. 

Lehniann (233, 237)  has discussed ihe influence of rotary motion and twisting 
on rr,esoInorphic p-azosyanisole as well as nematic structures in general. The 
hydrodynamic flow lines obtained are the same for both mesomorphic and iso- 
tropic liquids, unless the orientation is determined by axes of symmetry or of 
convergence. If iscltropic p-azoxyanisole is allowed to  solidify between two paral- 
lel glass plates and then ren-xmed t o  the mesomorphic state, the molecules are 
not homogeneous but are oriented. The noiccales adjacen'i, to the glass have a 
fixed orientation, and other niolecules ':ear the center of the liquid are also 
stror:gly influenced regardless of whet,her the liquid is a t  rest or in movement. If 
the t m 7 0  glass plates are twisted in opposite directions, in the same planes as be- 
fore, tt spiral tJvisting of the liquid is obtained. The optical properties are now 
similar t o  a helical twisting and may be vividly shown by the use of various dyes. 

Using the data for the ordinary and extraordinary refractive indices of nematic 
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compounds, Chatelain (67) was able to calculate an average orientation factor as 
a function of the temperature. Since the distance between two molecules is less 
than a fraction of the wavelength and the molecules are essentially parallel, a 
very small variatim was found in the factor using accurate data for the refractive 
index. The orientation factor is 

+(t)  = I. - (35) sin2e 

where sin2 0 can be calculated from either refractive index. 
The orientation of anisotropic liquids on the surface of crystals has been 

reported quite extensively. Grandjean (140-142) found that the property of an 
anisotropic liquid on a crystal cleavage is not a rectilinear property. hTear the 
M-L transition the direction of orientation of the mesomorphic liquid varies 
considerably. The orientations seem to fall into three classifications: (1) one or 
more orientations which are temperature independent ; (2) the orientation for 
any temperature is fairly definite, but changes sharply with change in tempera- 
ture; and (3) the orientation varies cont>inuously with temperature, when using 
the cleavage faces of minerals such as muscovite, talc, orpiment, sphalerite, etc. 
Mauguin (264, 266) reported that mesomorphic p-azoxyanisole between two 
mica sheets separated by cleavage showed regular formations which were closely 
related to those of the supporting crystal. 

Chatelain (57-59) has reported the orientation of liquid crystals on polished 
or stroked surfaces. When glass, quartz, or mica surfaces are rubbed in a given 
direction and a nematic structure is placed on them, the molecules are oriented 
in a plane parallel to the surface and the direction of rubbing. The phenomenon 
was not observed for the smectic state. These facts lead to the theory that the 
alignment is due t o  an electrical field produced by the stroking and oriented in 
the direction of stroking. If nematic p-azoxyanisole is crystallized between two 
surfaces, the extinction angle of the mesomorphic phase produced by melting 
the solid changes with the number of times the surfaces are stroked over one 
another during the crystallization. Pretreatment of the surfaces by nitric acid 
or chromic acid also influences the orientations. Dreyer (79-81) has shown that 
strong polarizing films can be prepared by the use of a nematic structure on a 
stroked glass surface. If a solution of a dye is allowed to evaporate a t  the proper 
rate on a rubbed surface, the molecules of the dye are oriented relative to  the 
surface. The liquid film is dried rapidly so as to pass through the nematic struc- 
ture and, when fully oriented, to solidify suddenly, to  facilitate the orientation 
of the molecules of the dye. 

H. POLYMESOMORPHISM 

The observation that many substances could exist in more than one meso- 
morphic form was clearly demonstrated by Vorlander (426, 436), who in 1907 
and 1937 summarized the compounds known to  show polymesomorphism. A 
later paper (438) discussed the synthesis and association processes involved in 
the polymesomorphism of mesomorphic arylidene-p-arninocinnamates. Gaubert 
(128) has reported many instances of polymesomorphism in compounds such as 
amyl cyanobenzylideneaminocinnamate and anisylideneaminoazotoluene. 
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Apparent changes in the form of the mesomorphic state have been obgerved 
for myelin forms by Lehmann (236) when changes in the molecular directing 
force occurred. These changes of directing force were attributed to  polymeso- 
morphic transformations observed in ammonium oleate, ceresin, phrenosin, 
and protargon. Weygand and Gabler (447) discussed the two or more polymeso- 
morphic phases of azomethine compounds, xhile Campbell, Henderson, and 
Taylor (49) have discussed those for azopyridines and azoxybenzenes and also 
the monotropic mesomorphic compounds. The polyanisotropic phases of the 
soaps and their aqueous solutions are discussed in detail in Section XII. It will 
suffice here to say that the work of Vold (416, 421) and his groEp on the sodium 
salts of long-chain fatty acids is illustrative of polymesornorphism and shows 
that as one heats these compounds, they pass through several distinct stable 
mesomorphic phases before passing to the liquid. The phenomenon is not, of 
course, limited to the sodium soaps. 

I. REhCTIOh-S I S  THE MESOMORPHIC STATE 

Although most people would not consider using anisotropk liquids as solvent 
media for studying chemical reactions, experimentation has been reported on such 
systems by Svedberg (382, 383, 385). The rates of decomposition of picric acid, 
trinitroresorcinol, arid pyrogallol in mesomorphic p-azoxyphenetole were studied 
at 14O"C., and it was found that the reaction velocity in all cases was diminished 
when the system was subjected to  a magnetic field. Electrical conductivity was 
used to  folIow the reaction. Maleic acid in p-azoxyphenetole did not exhibit 
decomposition when subjected to similar conditions. With a gradual increase in 
temperature, the reaction between picric acid and p-azoxyphenetole gradually 
changed, until at 165°C. a sudden change in the rate of reaction was indicated as 
the mesomorphic state became liquid. This change in rate, as determined by the 
change in conductivity measurements, was attributed to increased rate of diffu- 
sion, since the dielectric constant and degree of dissociation remained constant. 

A mixed system of p-azoxyanisole and p-azoxyphenetole was reported by 
Svedberg as a medium for measurements of the diffusion of m-nitrophenol under 
the influence of magnetic field conditions (3%). The rate of diffusion was in- 
creased by the use of a field parallel to  the direction of flow and decreased when a 
field was applied transverse to  the direction of diffusion. 

J. ELECTRICAL COSDUCTANCE 

The nematic structure has been used as the solvent for a number of solutes, 
and the electrical conductance of the resulting solution has been determined. 
Svedberg (381, 384) carried out a series of these electrical conductance studies in 
which diff erent solutes were studied in p-azosyanisole and p-azoxyphenetole. 
Figure 40 represents the plot of conductance versus temperature for hydrogen 
chloride in p-azoxyphenetole. L4s the system is cooled from the liquid state there 
is a 14 per cent decrease in the conductance on passing through the N-L point; 
into the nematic structure. A comparable plot was obtained with picric acid 
dissolved in p-azoxyphenetole. In  passing from the liquid to the nematic struc- 
ture there is a 20 per cent decrease in the conductance. Too high temperatures 
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cause decomposition of p-azoxyphenetole and give conductance values in the 
liquid state that are abnormal. Voight (412) has discussed the theoretical aspects 
of the work of Svedberg. 

Further study by Svedberg of the electrical conductivity of solutions of 
pyrogallol and of picric acid in p-nzoxyphenetole with and without the use of a 
magnetic field showed a smaller rate of increase of the conductivity with time 
under the influence of the field than without a field, but the ratio of the rates 
both with and without the magnetic field was independent of the solute. The 
ratio was also independent of the strength of the field between 3500 and 9000 

Emperoture ,  ‘C. 

FIG. 40. Conductivity of hydrogen chloride in p-azoxyphenetole (Svedberg (381)). The 
conductivity is in reciprocal ohms. Curve 1, rising temperature; curve 2, falling tem- 
perature. 

gauss, but it shows a greater value for a smaller field in the neighborhood of 500 
gauss. This ratio increases with increase in temperature until a t  the M-L tem- 
perature a value of unity is obtained (385). 

K,  PROTON MAGNETIC RESOKANCE 

Recent studies of proton magnetic resonance have been extended to  aniso- 
tropic molecules by Spence, Moses, and Jain (367). In  the nematic structure, the 
amplitude of the signal decreases greatly compared to the liquid state and the line 
splits into three components. The separation between the two satellite peaks is 
about 3.3 gauss. The splitting of the peak is interpreted by the authors as arising 
possibly from a very strong hindering of the rotations of the methyl groups or, 
as an alternate suggestion, the protons in the benzene rings may be magnetically 
nonequivalent in the nematic structure. The signal for the nematic phase of 
p-azoxyanisole was unlike that found in the solid or isotropic phase of this 
compound. Extending the measurements to  other compounds, i t  was found that 
the proton resonance line for the isotropic phase of p-azoxyanisole, p-asoxyphene- 
tole, and anisaldazine is narrow, while in the mesomorphic state the line splits 
into three components. The separation between the satellite lines increases as 
the temperature i b  decreased in the phase. The central (main) component re- 
mains the predominant line in mesomorphic p-azoxyanisole and anisaldazine as 
the temperature is lowered, but this central component gradually shrinks down 
to the level of the satellites in the case of the temperature-dependent p-azoxy- 
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phenetole. The calculations and data indicate that the extciit of orientation is 
greatest for p-azoxypheiietole. For all the compounds nieiitioiied the sharp 
structural characteriitics of the lilies disappear in the qolid 5tate, while the 
resonance line.: of cholesterpl benzoate. sodium oleate, and .odium stearate shon- 
no btructiire in the mesomorphic state, according to .Jaiii, lIobes, Lee, aiid 
Spence (179). The work of Jaiii, Lee, and Speiice (178) showed that 4,-l’-dinieth- 
c~sv-di-azo.iyl,eiizeiie consiqt3 of a strong doublet and 11 eak cent ral component 
in the rnehomorphic ,state and that the iignal is fairly independent of tenipera- 
ture. 

ethyl pheiiylbeiiz~lariiiiioci~i~iaiiiate exhibits four. ,-2ttempts have been made by 
I<n-iiig and Lee (90) to  relate theqe p h a m  to differeiices iii line h a p e  of the proton 
magnetic z’esoiiance. ,1 triplet yignal similar to those found for p-azosyaiiisole 
and ariisaldaziiie u-a\ found in the highest temperature mesomorphic phaes of 
ethyl aniial-p-smiiiociiiiianiate. For this compound, a radical change i i i  line 
shape ]\-ab ok)ser\-d n-ith dec~easiiig temperat lire until only a Angle narrow line on 
a broad plateau resulted. The changes for ethyl pheiivlbeiizylainiiiociiiiixrliate 
\\-ere iiot nearly a- radical. The limited available data on the sigiials from yriiectic 
pha-e- by l l o s e b  (1289) indicate that in general a single -triicturelebs liiic i. oh- 
taiiied whirh is intermediate in \\-idth between that of the liciuid and the cry-tal- 
iine phaqe-. The transition temperatures of aiihj-drou.; d i u m  stearate \\-ere 
determined by nuclear magnetic resonance (147), and found t o  (.heck fa\-orahly 
Jvit h the t t m p r a t  ures ohtained hy caoii\-entional method.. 

Ethyl nnisal-p-aniiIiociiiilalliat e exhibits three memmorphic pha 

L. STIIE.IMISC+ POTESTI.\L 

.\lthough ii(miia1 anisotropy aiid a i l id ropy  of floiv hat-e been nieiitioiied iiiaiiy 
tinie,s, it IT as only rerently that the actual streaniiiig potential for the nematic 
structure was deterniined by Hulygiii and OstrouiiioT- (46). The streaniiiig po- 
teiitial, E ,  of mesomorphic p-azoxyanisole was measured ubing glaFs capillaries 
o f  10.3 mi. length and radius of 170 mic*rons, n-ith o\-erpressures. P ,  of :30-’200 
g. per q u a r e  centimeter. The glass n-all of the capillary contained R Iiegati\-e 
charge when the mesomorphic state nab  used, in contrast t o  the posi t iv  cnharge 
obtained if hen distilled water was used in the same apparatus. TVheii holding P 
coiibt:tiit, the value of E as 11-ell as the slope, E P ,  decreaqed n-ith increase iii 

temperature between 122” and 144°C‘. -4 significant discoiitiiiuous drop owurred 
in I: 1’ at  133°C. (the 11-L point). i’roni E P data and the Helniholtz forn ida ,  
elertrokinetic, potentials, r ,  were calculated and irregularities were found :ibo\re 
the C‘-11 point, probably due to the uncertainty of the values used for the 
d ielec t ri e c on st ant , the Y i ~c o,4 t y , and the el e(* t r ical coi Iu(1 t i\-i t y . 

11. POL.-1RIMETRT 

Thc optical rotation of substances in the mesomorphic state ‘generally is 
ciuite large (,ompared to liquidh and solution.. layer o f  :t iiiesoinorphic hub- 
btance that i b  1 nini. thick may give rotations of 10” to  lo5 degrees (104, 129, 
3 i 7 ,  :378), 1,ehnimin (222, ‘2124) fir-t de.rrihed a siiiiplc mid l-ery iiigeiiiou.; rntlthod 
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I 5300 658 
626 I 8000 

I 

TABLE 24 
R o t a t i o n  of cyanobenzylideneaminocinnamate in a 1 -mm. layer  at d i f ferent  wavelengths a n d  

for di f ferent  temperatures  
Stumpf (378) 

1 

642 6000 
636 I 3300 

posed by Lehmann (222) by using a continuous spectrum. There is an anomalous 
dispersion of rotatory power in the visible range. Data on rotation versus wave- 
length (378) are given in table 24. Also, the dispersion of the rotatory power is 
obtained in a single exposure. A plot of the data in table 24 would give a graph in 
which the maximum in rotations would appear between 560 and 580 mp. The 
narrow spectral region of excessive values of dcr/dA is not clear in the photo- 
graphic pattern. The error of evaluation of the rotation was given as f25' .  This 
method of study of the rotatory dispersion of liquid crystals affords a quick and 
easy method for the measurement of the rotatory power of the mesomorphic 
state and certainly deserves more investigation than i t  has thus far received. 

N. MISCELLs4NEOUS OBSERVATIONS 

The nematic structure of dibenzylidenebenzidine and p-azoxyanisole was 
studied by Beneschevich (12) to see if a strong magnetic field caused a change in 
the volume of the system. The volume was found to remain constant in magnetic 
fields from 3000 to  17,000 gauss under conditions in which the accuracy of d V / V  
was 3 X lo-'. 

Vieth (410) reported that  the rate of growth of the first mesomorphic phase of 
ethyl p-ethoxybenzalamino-a-methylcinnamate and the analogous ethylcin- 
namate increases under the influence of a magnetic field of 14,000 gauss. 

Moll and Ornstein (288) reported that there was a change in temperature, 
keeping all other factors constant, in the nematic structure when a magnetic 
field was applied perpendicular to the plates holding the system. They explained 
the result as due to the change in position of the particles in the structure. 

With a magnetic field parallel to the direction of observation, a sparking 
phenomenon was observed in the microscopic study of the nematic structure of 
p-acetoxybenzalazine. Tropper (397) regarded the scintillation phenomenon as a 
result of the thermal rotational fluctuations of the swarms. 

The light extinction of the nematic structure in a magnetic field has been 
studied by several investigators, with the paper by Bjornstahl (24) being repre- 



sentative of the work done 215 weli a? surrmiar.ixrng tkw work that precede0 it.  
Ejornstahl found that the light extinction for a system of a given thickness and 
under the influence of a n i agnhc  fieid transversc3 t o  the f i t : i c l  of obscrvstt~oii i:, zict 
clearly fixed by the temperature 3 r d  that Rucl uaztictns in iueasurernents are due 
to striae. If fluctuations are alloui~td for the strinc- thp extinction appears to be 
unchanged in transverse field. 1x1 the longi tudiiia’i magnetic field, the light ex- 
tinction decreases with the intensity of t he  field at a wavelength of 560 mp. 

The orienting influence of the magnetic field has been studied in relation I O  x 
number of properties of the nematic structure, e.g., yiscoyity and dielectric cun- 
stant. Optical properties of the lienisti(-. s!rur+t>ure are tttiwted bj- the  magnetic 
field. Van Wyk (408) found that for  each navelength arid each temperature a 
series of magnetic field strengths sveele rmnd a t  which, 11sing crossed nicoIs, thc 
nematic structure of p-azoxyar,ibole in t,lmvergent linewly polarized light gave 
a figure similar to that due to  tt positive crystal cut perpendicular to  its axis. 
For lower magnetic field stl engtlis the fie; ire IAX~I IW faint and amyrrinietrical 
and finally vanished. These observations were made in a container that had been 
treated before use with sodium hydroxidc; solutiozi If tho container was previ- 
ously treated with sulfuric acid the polarization figure did not vanish as the mag- 
netic field was decreased in strength. This difference in figures rvai explained as 
due to the influence of the washing solution on the coiitainer, thus clianging the 
orienting effects of the wails on the molecuiea. 

Naggiar (295) used a 0.1 inm. film of p-azosyanisoie stretched across a hole 
to  study the effects of a magnetic fieid parallel and perperidicular t o  the surface 
of the film. In  the magnetic field parallel to the surface, extinction is found t ~ e -  
tween crossed nicols when one of the nicols has its direction parallel to the m8g- 
netic field. From a corresponding observation in the abseiice ai a ficld, ir fo?- 
lows that in the parallel magnetic field the optic axes of tht: swarms are ail 
parallel to the free surface of the drop. If the magnetic field is perpendicdar 
t o  the surface of the film, the birefringence rings disappear a t  a particular 
value of magnetic field strength and new rings appear which are a t  the outer 
circumference of the a m ,  but rings do not appear a t  the center of the drop. 
Naggiar suggested that  this phenomenon JWS due to  a readjustment of the ne- 
matic structure within the system but not near the free surface, 

Mixtures of p-azoxyanisole and methoxycinnaniic acid, as well as other mix- 
tures, between glass plates were subjected to a parallel and a perpendicular 
magnetic field (398). Molecular layers near the surface were oriented perpendicu- 
lar to the surface, although the pure components form molecular layers parallel 
to  the glass surfaces. The constant that  characterizes the deformation properties 
of the mixture is determined by the transformation temperature of the mix- 
ture rather than the percentage composition. In  an electrical field the dielectric 
anisotropy of the mixture reverses sign at  a definite temperature determined 
by the concentration of the components. 

The appearance of oriented, soft, twinned crystals in drops of anisotropic 
p-azoxyanisole on muscovite has been explained as due to  impurities which are 
soluble in liquid p-azosyanisole but separate on cooling (134). 
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The parachors (329) of p-azoxyanisole, p-azoxyphenetole, and p-methouy- 
benzalazine at different temperatures were calculated on the assumption that 
the azoxy compounds contain the grouping O+S=S. The parachor of the ne- 
matic structure decreases to  a minimum value and then increases abruptly a fely 
degrees before the C-l; point to attain a value 12-14 units higher at  the S - L  
point. The abrupt rise is explained by Ray (329) on the assumption that the 
molecules in the nematic structure are associated in swarms of seven or eight in- 
dividual molecules. 

Ultrasonic absorption and diffusion have been discussed by Gierer and 1Virt.z 
(137) in terms of the structure of the mesomorphic state on the basis of a re- 
laxation effect, of the structure. It, appears that  the ultrasonic absorption affects 
the fluidity of the liquid. The adiabatic compressibility and molecular sound 
velocity were calculated by Gabrielli and Verdini (11 5) for y-azoxyanisole arid 
cholesteryl benzoate throughout their mesomorphic state ranges and into the 
liquid region. This involved obtaining the velocity of propag2tion and coefficient 
of absorption of ultrasonic waves. Cholesteryl benzoate shon-ed no unusuai 
effects, but an anomalous variation of ultrasonic: velocit!, , absorption. and 
molecular sound velocity with temperature vias obtained rit,h p-azoxyanisoIe 
with a maximum of compressibility and of absorption coefficient at the W-L 
point. Hoyer (171) used a pulse-reflectin? technique and obtained maximum 
compressibility and maximum absorption of ultrasonic waves by cholesteryl 
benzoate very close to  the K-L point. 

Mesomorphic substances were shown by Mann and Spence jX?> to be able 
t o  produce a rotation of the plane of polarization in a circular wave guide placed 
in a transverse magnetic field. The rotation mast likelv results from the differ- 
ences of absorption coefficients and of phase yhifts along and trmisverse t o  the 
direction of  the magnetic field, with the formcr predominating as indicated by st 
strongly polarized emergent wave. Although the rotation per wavelength was 
found to  he quite large even at small values of the magnet8ic field, the possible 
rotation js limited by certain saturation effects. 

Anisotropic absorption of mesomorphic biaxial molecules in a constant mag- 
netic field has been reported by Kikuchi (200). Since the molecules of liquid 
crystals have two axes, the electric and the magnetic, the constant magnetic 
field tends to freeze the motion of the magnetic axis, while the electric axis will 
attempt to follow the electrical field. In addition, the molecuiar axes will show 
rotational Brownian motion. These developments can be comtituted into a 
diffusion equation, similar to ones published by Gans (116) and by Perrin (315). 

Studies (287) of the influence of a magnetic field on the heating and cooling 
curves have been made, but the results were not concliisive. 

Hulett (173) made a study of the pressure-temperature curves for a number 
of substances that exhibit mesomorphism. In  general he found a linear relation- 
ship between increase in temperature and increase in prrlssure. Lyons and Rideal 
(250) related their findings of pressure versus area per molecule on a unimolecular 
film of sodium palmitate with those of Hulett and concluded that the liquid-con- 
densed types of films corresponded t o  the smectic structure of liquid crystals. 



1130 GLEKK H. BROWN AND WILFRID G. SHAW 

The influence of pressure on the C-N and N-L points of p-azoxyanisole was de- 
termined by Pushin and Grebenshchikov (326). The variation with pressure, p, 
of the N-L point (135.9"C.) and the C-N point (117.3"C.) is given by the equa- 
tions t, = 135.9 + 0.03949~ and t, = 117.3 + O.O256p, respectively, using 
pressures up to  1088 and 2645 kg. per square centimeter. Piezometric research on 
many liquid crystals has been performed by Robberecht (339), using pressures up 
to  950 kg. per square centimeter. The C-31 transition temperature showed less in- 
crease with pressure than the M-L transition temperature. The former transition 
had a value of dt/dp which differed with each compound, while the latter &/dp 
ratio appeared to have a value approaching 0.05 for most compounds tested. 

Here (162) attempted to relate the C-&I point (T,) of mesomorphic substances 
to  the M-L point (Tk). Taking values from Landolt-Bornstein (209) an average 
value of T,/Tk was found to be 0.94. 

A small change in volume was associated with the N-L transition temperature 
for p-azoxyphenetole, accarding to Bauer and Bernamont (9). The measured 
maximum cubic coefficient of expansion is 0.00146 a t  166.2"C. (the N-L tem- 
perature). 

From the C-N and N-L points for homologous ethers of azoxyphenol, azo- 
phenol, and azomethinephenol a thermal persistence order was derived by Wey- 
gand and Gabler (446). The observed persistence order of the mesomorphic 
phases of the azoxy compared to the azo and the azomethine series is both quali- 
tatively and quantitatively related to the molecular weights of the three groups 
of compounds. Although the data appear to  support this contention for compari- 
son of these three groups, most other systems cannot be readily fitted into the 
order. 

Measurement of thin fdms on surfaces can be observed and measured by phase 
contrast (98). This contrast difference, measured photometrically, enables the 
thickness to be deduced within 2 -4. Layers of stearic acid of unimolecular 
thickness on glass were found to have a thickness of 24 A. 

Eehmann (233) suggested that liquid crystals possess the power of self-puri- 
fication. For example, finely powdered particles of an impurity added to a solu- 
tion of p-azoxyanisole in bromonaphthalene will be forced out of the spherical 
drops of liquid-crystalline p-azoxyanisole as they are formed and the drops will 
be perfectly clear. 

Very recently two interesting types of compounds have been found that ex- 
hibit mesomorphism. Diisobutylsilanediol exists as a mesophase between 89.5"C. 
and 101.5"C. (86). The mesophnse is optically negative and cannot be classified 
unequivocally as smectic, nematic, or cholesteric as these structures have been 
defined by Friedel (104). The diisobutyl compound is the only one of the dialkyl- 
silanediols that has been reported as giving the mesomorphic state. Furst and 
Dieta (1 13) have shown that  N-methyl(3-n-alkoxypyridinium)methosulfate and 
N-methyl-(n-alkyl-3-pyridylsulfide)-p-toluolsulfonate and related compounds ex- 
hibit long mesomorphic ranges. 

Attempts have been made to attribute some properties of metals and alloys 
to the mesomorphic state (94, 297). 
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XI. MIXED LIQEID CRYSTALS 

Few systematic studies have been made on binary systems of substances that 
exhibit the mesomorphic state. A number of investigators made studies which 
were important to the general field of mixed liquid crystals a i d  these will be 
considered briefly. After this background on the genera,l contributions, additional 
details will be given on the more recent papers in the field. 

The modifying action of a foreign Substance on mesomorphic structure has 
been discussed in general terms (133,  while various samples of p-azoxyanisole 
containing different amounts of impurities were shown (192) to give different 
values for the critical frequency of the applied electrical field a t  which the orier:- 
tation of the rnesomorphic phase disappeared. It has been reported that the 
anisotropy of p-azoxyanisole decreased with the addition of foreign substance: 
(380), 

The addition of minute quantities of a circularly polarizing compound to ar, 
optically inactive nematic structure can transform i t  into a strongly active and 
pleochroic one; the rotatory power of such a system is proportional t o  the amount 
of asymmetric substance present (105). Several differences, especially dextro- 
rotatory versus levorotatory property and the heating and cooling transitions, 
were noted and described wnen phlorizin, cholesterol, its benzoate, propionate, 
or isovalerate, ergosterol, or other optically active substances were added to 
p-azoxyanisole (136). Collective liquid crystallizatior can often ‘ne brought a b o u  
rapidly and uniformly when cholesteryl chloride is added to other mesomorphic. 
compounds. 

The addition of a substance that showed a large tendency to set uniaxially. 
e.g., p-ethoxybenzalamino-a-methylcinnamic acid, brings randomly arranged 
mesomorphic compounds into a uniaxial arrangement. The structure of the 
planes noted in amyl cyanobenzalaminocinnamate may be observed in mixed 
cholesteryl salts and mixtures of cholesteryl salts with liquids such as p-azoq - 
phenetole (109, 110). The C-N point and X-L point curves of mixt,ureb of 
p-azoxyphenetole with p-azophenetole, of p-azoxyanisole with p-azoanisoic, 
and of p-azoanisole with p-azophenetole have been investigated (26). Thc 
azoxyphenetoie and azophenetole system is isomorphous and forms a contin- 
uous series of mixed compounds. 

Mesomorphic compounds were obtained by melting cholesterol in turn with 
succinimide, the tartaric acids. malic, maleic, lactic, malonic, succinic, cinnamic, 
and anisic acids (123, 125) ; by melting ergosterol propionate, acetate, and buty- 
rate with giycolic acid, glycerol, and orcin (1 19) ; and by melting compounds of 
cholesterol and ergosterol with urea (120 i. 

Tammann (390) prepared mixtures, in different ratios, of two compounds that 
exhibit liquid crystallinity when by themselves and observed them under LL 
microscope; he observed that many of the mixtures were mesomorphic. Gauberf 
(126) mixed cholesteryi propionate (optically negative) and ethyl anisalaminc> 
cinnamate (optically positive) and determined the refractive indices a t  different 
concentrations. The double refraction of the mixtures using sodium light was 
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found to increase from no- ne = 0.0177 to 0.1009. This effect occurs in spite of 
the fact that  the two substances have different optical character. 

Lehmann (225) made measuremefits of transformation temperatures on mix- 
tures of two substances that  exhibit mesomorphism as well as mixtures of two 
substances one of which does not exhibit mesomorphism. Vorlander and Ost 
(437) made a detailed qualitative study of the C-M point lowering caused by 
mixing several pairs of mesomorphic substances. In  some cases the C-hf point 
of the hybrid was calculated empirically and compared with the observed value. 
Smits (365) deduced a theoretical P-5"-X (pressure-temperature-composition) 
diagram for two components which are miscible in all proportions in the meso- 
morphic state. From this diagram he pointed out that  the relatiocs of special 
cases of mixtures may be obtained by making sections. 

Mlodzeevskii (285, 286) studied cholesterol and cetyl alcohol systems as well 
as cholesterol and glycerol systems. It was found that  mixtures of cholesterol 
and cetyl alcohol form mesomorphic systems yielding two solid phases a t  the 
lower transformation temperature and a liquid and a solid phase a t  the upper 
transformation temperature. Cholesterol and glycerol mixtures yield a solid and 
a liquid phase a t  the lower transformation temperature and two liquid phases a t  
the upper temperature. Csing thermodynamic principles, Mlodzeevskii con- 
structed phase diagrams corresponding t o  these phenomena. 

Kravchenko and Pastukhova (202-204) have made a series of studies of the 
mesomorphic systems formed by two-ring components such as indene, iso- 
quinoline, and naphthalene with each other and wit'h coumarone. They found 
that  indene and naphthalene form an uninterrupted series of solid solutions which 
exhibit the mesomorphic state over temperature ranges of 7" to 10°C. Other com- 
binations of compounds gave interesting results, some with smaller, others with 
larger ranges of mesomorphism. Phase diagrams are given for the different 
systems. 

Bogojawlensky and Winogradow (2'7) and later Walter (441) pointed out that  
the boundary separating the mesomorphic state and the liquid regions in the 
phase diagrams is linear. This implies that a perfectly mixed mesomorphic system 
of two components is being formed analogous to a similar series of solid solutions. 
They deduced that in cases where only one component appears toexhibit meso- 
morphism, the other must have a potential or latent mesomorphic property. 
These substances that do not exhibit mesomorphism but potentially possess i t  
evade observation because the t,ransitior, to the liquid lies below the normal melt- 
ing point. Bogoj an-lensky and T-T'inogradow, and also Walter, deduced the tran- 
sition temperature for a number of substances by extrapolation; they even found 
it  possible to obtain the mesomorphic state for pairs of substances whose indi- 
vidual components showed no nematic structure. The melting points of the mix- 
tures were so depressed as to allow the mesomorphism of the mixtures to  be ob- 
served. 

Several rather extensive studies have been made on binary systems of sub- 
stances in the mesomorphic state; these studies will be summarized in some 
detail. De Kock (201) and Prins (324) studied binary systems in which one or 
both components showed mesomorphism and discussed the results in terms of 
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4’. Hydropuinone % Hydroquinone 

FIG. 42. FIQ. 43. 
FIG. 42. Phase diagram for the system p-azoxyanisole-hydroquinone (after de Kock 

FIG. 43. Phase diagram for the  system p-azoxyanisole-hydroquinone (after Dave and 
(201)). 

Dewar (70)).  

the phase rule. They concluded that the M-L transition temperature should not 
occur sharply in two-component systems but that, as a rule, there should be a 
range of temperatures over which the two mesomorphic phases of different clom- 
position could coexist. Figure 42 shows the phase diagram of the system p-azoxy- 
anisole-hydroquinone as interpreted by de Kock. Hydroquinone alone does not 
exhibit the mesomorphic state, while p-azoxyanisole does. De Kock interpreted 
the shaded area as a region in which two distinct liquids coexist, one isotropic, 
the other anisotrgpic. The experimental evidence on which de Kock based his 
results is scanty. The transitions were followed mainly by observing the change 
in the liquid from cloudy to clear without careful temperature control and 
without stirring. Dave and Dewar (69) repeated the experiment with the system 
p-azoxyanisole-hydroquinone with great care and obtained the phase diagram 
shown in figure 43. The phase diagram in figure 43 does not show any indication 
of the two-phase liquid system observed by de Kock. 

Dave and Dewar concluded that mixtures of anisotropic liquids are in all cases 
homogeneous one-phase mixed mesomorphic systems. Using a variety of “ s ~ l u t e ’ ~  
molecules in p-azoxyanisole, i t  was found that the main qualitative difference in 
the phase diagrams lies in the slopes of the anisotropic liquid-liquid transition 
lines. These slopes are steeper the more the “solute” molecules depart from the 
phenomenon of mesomorphism. 

Dave and Dewar (’70) extended their study of the effect of structure on the 
transition temperatures of mixed liquid crystals. It seems reasonable that m y  
substance with anisotropic molecules would form a liquid crystal if i t  could be 
obtained in liquid form a t  a sufficiently low temperature. If the molecules are 
asymmetric, or if the form fields around them are asymmetric, the internal 
energy of the liquid would be less if the molecules were all oriented parallel to 
one another in an appropriate mutual relationship. In  other words, a nematic 
form of the substance must have a IoJver energy than the true liquid, and this 
in turn implies that the true liquid will undergo transition to a nematic structure 
if i t  is cooled sufficiently. Whether this nematic form can be observed in practice 
will depend on the C-;”u’ point; in most cases the transformation will be virtual, 
since i t  will be below the C-N point. 

In  the case of a mixture of two different substances both with asymmetric 



1134 GLEh’N H v  BROWN .-1ND WILFRID S. SHAW 

TABLE 2:. 
T r a n s i t i o n - l i n e  slopes for  compounds  of the t y p e  p-y-C6H;--x--C6E4-z-p mixed uv t i l  

p -azox yanisoie  
Dave and Dewar (70)  

Slope in “C. per 10 per cent change in molar composition 

I . . . . . . . .  

3.. . . . . . . . .  
4.  . . . . . . . . . .  
5.  . . . . . . . . . .  
6. . . . . . . . . . .  
7. . . . . . . . . .  
8. . . . . . . . . . .  
9. . . . . . . . .  

10.. . . . . . . . . .  
11.. . . . . . . . . .  

n ‘ . . . . . . . . . .  
H 
H 
CHs 
H 
€I 
E 
CHa 
CHI  
C! 
c1 
CHI 

CH=N 

CH=N 
N=NO 
CH=N 
CH=N i CH=N 

1 CH=N 
CH=N 
CH=N 
CH=N 

I N=N 
CHaO 
C; 
CHIC 
CI 
CHS 
CHaO 
NO: 
CHIC 
CHaO 
NO2 

Br 
C1 

c: 
OCHr 
OCHI 
CHa 
CHs 
h- ( C Ha) I 

OCHs 
OCHl 

Slope 

11.0 
1o.c 
9 . :I; 
9.0 
9 . 0  
8 . 3 
8.0 

4 . r  
2.F: 

* .  
;.i 

~ 

molecules, two factors will influence the ease of formation of liquid crystals: C1 
the ability of the molecules to  pack into a single Liquid-crystalline “lattice” and 
(2) the decrease in energy on the orientation of the liquid. If the two componentv 
are of similar size and shape, the steric factors will be uniform for mixtures of all 
compositions. If the molecules of the two components differ in size and shapc 
there will be more difficulty in packing them together. The transition ternperst- 
ture should be less than that predicted fw the “ideal” behavior considered previ- 
ously. The transition Line in the phase diagram should then be concave upward: 
when the components differ markedly the concavity should show a minimux-r 
Such a behavior was found by Dave and Dewar (69) with mixtures of p-aeoxy- 
anisole and p-anisic acid. Mixtures of compoclnds that have extremely little tenci- 
ency to  form liquid crystals and a substance such as p-azoxyanisole should yield 
a phase diagram in which the slope of the transition line is very steep. Table 25 
from Dave and Dewar (70) shows the slopes of the transition lines of mixtures of 
p-azoxyanisole and molecuies of similar shape. The lower the slope, the greater is 
the tendency for the second component to form a mesomorphic system witb 
p-azoxyanisole. 

Several conclusions may be drawn from table 25.  First, isomeric pairs havt 
similar slopes (e.g., Nos. 14 and 15 in table 2 5 ) .  Secondly, the presence of tn-6 
polar groups in the molecule is necessary for a 1m: value of the slope. Thirdly, the 
effects of terminal groups are approximately additive, the order of group ef€i- 
ciency in mesomorphic formation being KO, > OCH3 > (CH,),N > CH, > 
C1 > Br > H. Fourthly, the effects of C1 and CH, are quite similar. Lastly, the 
large effect of the nitro group is surprising, since few liquid-crystalline nitre< 
compounds are known. 

It was suggested by de Kock (201) that the depression of the S - L  point by 
solutes might be used as a method of determining molecular weights. This was 
pursued further by DuPont and Lozac’h (85) ,  using p-azoxyanisole as the cryo- 
scopic solvent in the Rast method. Dave and Dewar (70> point out from their 
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study that  the use of the N-L point to  determine molecular weight would be cor- 
rect in principle only if the solute were almost insoluble in the mesomorphic sub- 
stance, the two-component liquid being a mixture of two phases, one containing 
only the liquid-crystalline component and the other being a normal liquid con- 
taining both components. Dave and Dewar (69) showed that  birefringent two- 
component liquids are composed of single liquid-crystalline phases. Reproducible 
molecular weights could not be obtained by using the method of depression of 
the N-L point (70). 

Dreyer (82) has made commercial applications of mixed liquid crystals. 

XII, LYOTROPIC MESOMORPHISM 
A. GEIVERAL 

Those systems that  exhibit lyotropic mesomorphism are not discussed in the 
literature as extensively as those mesomorphic systems prepared by the themal  
process. There is, however, no doubt that  these lyotropic systems possess proper- 
ties comparable to  those prepared by heating certain pure compounds. The 
studies of the properties of lyotropic mesomorphic systems have not, in most 
cases, been as thorough or as extensive as those of the thermally preprtred 
systems. 

The relationships between the mesomorphic phase and colloidal systems have 
been reviewed by Ostwald (311). A few years later, Lawrence (214) discussed 
three subclassifications of mesomorphism : (1) crystalloidal mesoforms of soaps, 
( 2 )  colloidal mesoforms of soaps, and (3) structure in mesomorphic crystalloidal 
solutions in general. The swelling and molecular organization of colloidal electro- 
lytes have been discussed by Dervichian (72). He showed that by mixing two 
long-chain substances, one soluble and the other insoluble in water, different 
types of equilibria could be formed such as myelinic figures, anisotropic droplets, 
and coacervates. A general theory was formulated to  explain the limited amount 
of water that  can enter some systems, e.g., a mixture of cholesterol and sodium 
lauryl sulfate. Booij (28) has presented a very interesting discussion of associa- 
tion in soap solutions. 

When substances like bromophenanthrenesulfonic acid are mixed with water, 
they form mesomorphic phases which appear similar to those of pure anisotropic 
melts and to  soap solutions. Sandquist (346-348) prepared a series of aqueous 
systems of 10-bromo- and lO-chlorophenanthrene-3(0r 6)-sulfonic acids which on 
cooling showed mesomorphic states as shown by optical properties and the 
existence of a critical point. The colloidal nature of the solutions varies consid- 
erably with the concentration, the temperature, and the presence of foreign 
substances. There seems to  be no change in viscosity a t  the N-L transition. Ac- 
cording to  Lehmann (238), lO-bromophenanthrene-3(0r 6)-sulfonic acid forms 
two mesomorphic hydrates with water, which appear to form mixed crystals to  a 
Limited extent. Mesomorphic forms also exist for the alkali salts of the higher 
homologs of 3-methylcyclopentylcarboxylic acids. 

Balaban and King (6) have described the mesomorphic phases of the substi- 
tuted naphthylaminedisulfonic acids and related compounds. Structurally these 
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compounds are far removed from the fatty acid type and belong more with the 
organic dyes or 10-bromo- and 10-chlorophenanthrene-3 (or 6)-sulfonic acids. 
These derivatives of naphthylaminedisulfonic acids are soluble in hot water. 
and upon cooling give highly hydrated products which may vary greatly in COR- 

sistency. They have been reported to  exist in such forns as waxy state, limpid 
fluids which exhibit a sheen, clear gels, or wormlike growths but in almost all 
cases strongly birefringent. Alcoholic solutions generally do not exhibit these 
forms and a high degree of hydration seems essential. The mesomorphic character 
of aqueous systems of a large number of alkali metal and ammonium salts of a 
number of fatty acids, sulfonates, etc,, has been described (473). 

Trapesnikov (394, 395) has considered the temperature dependence of I T ~ O I N Z -  

layer pressure as a method of studying the hydrates of higher aliphatic compound. 
and t,heir mesomorphic phases, The hydrates of higher alcohols have been studied 
especially with reference to  the latent heats and temperatures of phase trans- 
formations in the monolayer and in hulk amounts of the hydrates. Crystals of 
palmitic acid, when dissolved in hydrochloric acid, were found by Trapeznikov 
(396) to  form hydrates with liquid-crystalline properties. Gaubert (130) has re- 
ported a mesomorphic phase of calcium phosphate formed by the reaction of 
phosphoric acid and calcite, while Paul (313) has reported m e  for a inixture of 
rosin, aicohol, and soda solution. Gaubert (127,) found that evaporation of solu- 
tions of anisal-p-aminoazotoiuene in orgaiiic solvents such as diethyl ethe: 
chloroform, and carbon disulfide gave a liquid-crystalline system which proved 
to  be unstable. A number of nonionic wetting agents such as polyethyiene glyco’: 
oleate show the nematic structure when mixed x i th  controlled amounts of water 
(83). 

B, SOAPS 

1. Lyotropic soap systems 

Lehmann (221) was the first t o  recognize the mesomorphic state of ammonium 
oleate irn aqueous solution. Later, soap solutions and myelin forms were men- 
tioned by Adami and Aschoff (1) and by Friedel (104). An insight into the scope 
and breadth of the field and the start of experimentation into the equilibria in- 
volved were provided by Maclennan (251) and by McBain and Langdon (272) .  

The review by McBain (268) on typical colloidal solutions embracing soap and 
soap solutions discusses the forms known up to that time. Only the neat and 
middle soap mesomorphic phases had been distinguished and these are discussed. 
The anisotropic anhydrous neat phase can be admixed with water and even salt 
in various proportions without losing its homogeneity, and ixi this paper the 
anhydrous neat phase is continuous with the neat phase of the soap kettle. Middle 
soap exists between the neat and the isotropic phases, and the range of concen- 
tration in which i t  can exist is quite wide. Addition of salt t,o form a soap-salt- 
water system involves no new features except the change in limits of concentration 
for different phases. The salt favors the formation of isotropic solu1,ions with a 
corresponding decrease in the middle soap. 

McBain and Elford (270) and Dervichian (72) pointed out that the aqueous 
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neat and middle phases are both smectic: structures--systems of variable 11 ater 
content which may or may not contain other dissolved components such as 
electrolytes. Vold (414) pointed out that these are of importance in both soaps 
and synthetic detergents such as the sulfonates. 

According to Lawrence (214) the action of the water (or other “so1vent”i and 
heat are not dissimilar in regard to the effect of breaking the bonds holding the 
molecules in their crystalline orientations in one or possibly two direction-. 111 

solution, this permits the entrance of L ‘ ~ ~ I ~ e n t ’ ’  molecules into the lattice, - %  it IJ 
a corresponding swelling of the structure. Time is often an important factor I,;r 
equilibrium is reached in some cases only after long periods of time. The phase 
rule has been applied to the soap systems by many workers and shows how narrow 
are some of the limits of the mesomorphic phases. The narrowness of the phiw 
ranges helps t o  explain contradictory statements concerning these phases. A 
number of phase studies have been made on soap systems. For example, ’s‘oid 
(415) has reported phase equilibria studies on sodium oleate; Vold and T‘oici 
(424) on sodium laurate; Vold and Ferguson (418) on sodium palmitate; McBain, 
Vold, and Frick (277)  on sodium stearate; Vold, Reivere, and McBain (422:i on 
sodium rnyristate; and Gonick and McBain (139) on hexanolamine oleate. These 
papers show solubility measurements as well as dilatometric measurements. ‘The 
vapor pressureconcentration curves for aqueous sodium palmitate and sodium 
laurate exhibit flats a t  90°C. which have been interpreted as indicating the pclssi- 
ble coexistence of two phases in equilibrium. 

Vold and T-old (424) found that the ratio of activity to mole fraction of the 
soap, u2/A%r.rZ, decreased uniformly for both waxy soap and the curd fiber phase as 
the amount of soap was increased. The net change in the ratio for the middle 
soap and neat soap is slight and qualitatively different from those for waxy soap. 
The activity-concentration curves are discussed in terms of possible structures 
€or these mesomorphic phases. 

The anisotropic liquid phases of systems containing the exceptionally soluble 
colloidai electrolyte hexanolamine oleat e and water have been discussed by 
Gonick and hiIcBain (139) and Ross and McBain (344). They found a minor de- 
crease in electrical conductivity in passage from the isotropic solution of the 
colloidal electrolyte to the anisotropic phase. The colloidal particles are micelles 
existing in both phases but oriented in a parallel manner in the anisotropic 
phase. These lamellar micelles consist of alternate layers of soap and water. The 
soap molecules are packed side by side, and thus give rise to the side spacings 
observed in the x-ray data. The long spacings obtained are attributed to alternate 
Iayers of soap and water, and the spacings increased approximately linearly over 
the range of concentration studied. 

McBain (268,269) has shown that in systems where only liquid or mesomorphic 
phases are involved, a mixture of soaps with water and salt is similar in behavi.or 
to that of a single soap. hlcBain, Lazarus, and Pitter (273) have shown that the 
system potassium oleate-potassium laurate-water presents the same phases as 
found in either soap alone. LLIcBain, Vold, and Jameson (278) presented a phase 
rule study of the mixed soap system sodium palmitate-sodium laurate-sodium 
chloride-u-ater a t  90°C. From their data a curve was constructed which would 
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permit fairly accurate prediction of a phase diagram for any mixture of the two 
soaps. Smith (363) showed that the system sodium oleate-sodium chloride-water 
has one more degree of freedom than is allowed by the phase rule a t  25OC. be- 
cause the solubility of the curd fibers varies with their diameter. Smith has also 
discussed the solvent properties of soap solutions in general, while considering 
three- and four-component systems. The many phases exhibited by systems such 
as sodium oleate, ethyl acetate, and water and these three plus sodium chloride 
have been examined in terms of middle, neat, and curd soap composition. It is 
found that the quaternary system (use of sodium chloride) introduces no new 
phase and retains all phases found in three-component systems. 

Vold and Heldman (419), using electrical conductivity measurements, came 
t o  the conclusion that the anhydrous neat and subneat soap phases of sodium 
palmitate and sodium stearate could incorporate no more than 3 4  per cent of 
water without transformation to another phase. Conductivity values for the 
neat soap phase resembled those for ordinary salts. Changes in slope of the plot 
of the specific resistance versus temperature curves could be attributed to phase 
changes occurring in the sample. Calculations of the energies and entropies of 
activation for conductivity in subneat and neat soap were made, and are corre- 
lated with the discrepancies between the calorimetric and dilatometric results 
for the transition temperature between subceat and neat soaps reported by Vold 
(417). 

Recently Rosevear (343) has reported microscopy studies of the mesomorphic 
neat and middle phases of soaps and synthetic detergents. Certain nongeometric 
textures are exhibited by middle soap but not by neat soap, while certain planar 
textures exhibited by neat soap are not found in the middle phase, and thus the 
identification of phase mixtures is often possible. The findings also apply to cer- 
tain dyes and wetting agents. This article contains very beautiful photomicro- 
graphs of different aspects of the mesomorphic state. 

2. Soaps in organic liquids 

McBain and Field (271) and McBain and Stewart (276) have studied the 
phase equilibria for acid soaps using visual, microscopic, and dilatometric 
methods. They discuss the amounts of corresponding fatty acid that can dissolve 
in mesomorphic soap phases and still obtain a homogeneous conic anisotropic 
phase. In the phase diagram, an isotropic phase in equilibrium with the two 
components in different structures (mesomorphic or solid) are found in one area, 
while a heterogeneous region consisting of mixtures of two immiscible phases is 
found in the other area. Lawrence (216) has reported a systematic examination 
of soaps in Nujol, while Vold, Leggett, and McBain (420) have studied sodium 
palmitate in organic liquids such as glycerol, diethylene glycol, isopropyl alcohol, 
palmitic acid, and many others. At sufficiently high temperature the soap is 
completely miscible in all proportiom with these solvents and forms isotropic 
liquids, but a t  lower temperatures anisotropic gels, mesomorphic phases, wax- 
like phases, and crystalline phases are observed. It is concluded that there may 
be a dependence of solubility on polarity which may be related to secondary 



THE MESOMORPHIC STATE 3.139 

valence forces. These forces would involve nonstoichiometric complex formation 
between polar solvent molecules and the dipole of the soaps. 

Soap-oil solutions have been investigated by Doscher and Vold (76-78) as 
well as by Smith and McBain (364). Very small amounts of water have pro- 
nounced effects on the physical behavior. Conductance, viscosity, and optical 
properties of the anhydrous sodium stearate-cetane systems indicate the emst- 
ence of large mesomorphic aggregates above 117°C. Dielectric absorption culrves 
by Doscher and Davis (75)  indicate that the role played by water in stabilizing 
these sodium stearate-cetane systems is related to the peptization of the meso- 
morphic aggregates above 117°C. and conversion to crystals of soap when the 
systems are taken below this temperature, 

Kyde, Langbridge, and Lawrence (176) have discussed ternary systems of the 
type soap-water-amphiphile. The soap may be carboxylate, sodium a.ikyt 
sulfate, alkyltrimethylnmmonium bromide, alkylpyridinium bromide, or non- 
ionic. The usual amphiphilic solubilizate would be fatty acid, alcohol, phenol, or 
amine. Branched-chain or aromatic substituents have been studied for both corn- 
ponents. A general phase equilibrium pattern was found to apply to all soaps 
and to all amphiphilic additives containing a straight chain of a t  least five carbon 
atoms. Certain minimum amounts of amphiphile have to be added to soap solu- 
tions before a mesomorphic form is obtainable. The physical properties are de- 
pendent upon the concentration of the soap and upon the nature of the polar 
groups and the hydrocarbon chain length for both additive and soap. These 
authors further state that the formation of the smectic structure is a true traiisi- 
tion from spherical micelle to layer lattice due to  greater order of the system 
because of closer packing of the solute. The smectic region is considered an 
analog of a solid solution. Such physical properties as electrical conductivity, 
viscosity, surface tension, and refractive index were also used to study the 
system of a branched-chain sodium alkyl sulfate (Teepol) in water plus amphi- 
phiIes such as phenols and amines. Hyde, Langbridge, and Lawrence (176) raise 
a serious question about the validity of data on phase equilibria of this type 
taken by other research workers; the concern is whether equilibrium was reedy 
attained in the systems under observation. 

C .  IONIC AND NONIONIC DETERGENTS 

Broome, Hoerr, and Harwood (45) have discussed the binary systems of water 
with dodecylammonium chloride and its N-methyl derivatives. Several meso- 
morphic phases are found to exist which are similar to those reported by Vold, 
Reivere, and McBain (422) for soap diagrams. Although these cationic colloidal 
electrolyte systems have regions corresponding to  the “middle,” “neat,’? and 
“curd-fiber?? phases of the soap-water systems, they do not display the numerous 
changes referred to as “vaxy” and its variations. Except for one transition found 
in dodecylammonium chloride at 57.5”C., no phase changes were observed in 
any of the other anhydrous amine salts. 

Marsden and McBain (262) have studied the aqueoiis systems of nonionic de- 
tergents by the use of x-ray diffraction and have given a discussion of the smectic 
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phases. Bury and Browning (48) have compared the nonionic and ionic deter- 
gents using n-uctyl glucoside and n-octylpyridiniurn bromide as typical examples, 
but the mesomorphic phases are discussed only briefly. Marsden and McBain 
(262) used x-ray data to show that many detergent-water systems show a change 
in long spacing of the mesomorphic structure with changes in concentration. 

The phase equilibrium data and behavior of solutions containing water, water- 
soluble organic solvent, water-insoluble organic solvent, and amphiphilic salt 
have been reported in detail by Winsor (458, 460462).  At high concentrations of 
amphiphilic salts, and in certain multicomponent systems, smectic phases are 
produced. They are most often gelatinous and appear to contain one form of 
micelle. Aqueous solutions of sodium 3-iindecyl sulfate are isotropic but form 
mesomorphic phases when aqueous solutions of cyclohexylamine and hydro- 
chloric acid are added. An anisotropic phase (gel) of this system which was not 
normally turbid was subjected to an electrical potential of the order of 30 volts 
per centimeter until maximum turbidity was obtained (approximately 30 see.), 
The turbidity decreased on removal of the potential but a residual turbidity was 
found. This phenomenon occurred only in concentrations of the mesomorphic 
phase range. Winsor (459) obtained a similar turbidity phenomenon for other 
mesomorphic solutions containing an arnphiphilic salt. Other systems studied 
were potassium 7-tetradecyl sulfate, aerosol OT, and sodium 8-pentadecyl sul- 
fate. The phenomenon was attributed to the a'lignment of a randomly oriented 
anisotropic solution by use of the electrical field. -4 corresponding change in the 
refractive index was observed. An alternating current of 50 cycles per second did 
not produce the effect. 

PhilippofE and McBain (320) have studied the anisotropic aqueous phases of 
some detergents and found that all the water added appears to enter an expanded 
lamellar lattice. In  the system aerosol OT (sodium dioctylsu1fosuceinate)-water, 
the mesomorphic phase a t  25°C. extends from almost the pure solid crystal to 
about 16.5 per cent aerosol QT. A n  equation has been derived which assumes that 
swelling occurs only in one direction and that, the amount of swelling is deter- 
mined solely by volume increase due to the added water. X-ray long-spacing data 
a t  various concentrations and swelling fit, the equation €or this system as well as 
for aqueous glyceryl monolaurate and diglycol laursie. Systems which do not 
follow t)his behavior have also been reported, and t,he references for these cases 
are also given (320). McRain and Marsdm (275)  reported that many lyotropic 
mesomorphic systems of det#ergents and soaps give birefringent smectic or 
nematic structures. In  t,he smectic structure the small-angle x-ray diffractions 
are in the order of 1 : 55 : and correspond to the first, second, and third orders 
of a repeating distance which has been found to  increase inversely as the concen- 
tration of the system until a lirniting concentration is reached where the structure 
breaks down and addition of more water gives a new phase. The long spacing 
a t  the limiting concentration may lie between 100 and 200 A. ?in other systems, 
called the nonexpanding lamellar type (275),  the long spacing does not change on 
dilution. 

A comparison of the dodecylsulfonic acid-water system with typical soap solu- 
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tions was given by Vold (414). The lithium, sodium, and potassium dodecylsul- 
fonates each have only one mesomorphic phase resembling the subneat soap, and 
the phase rule diagram of these salts with water is similar to those of sodium 
soaps. Dodecylsulfonic acid itself does E d ,  however, form any mesomorphic 
phases in the absence of water, in contrast to the soaps, and yet in water a t  least 
two mesomorphic phases are obtained which correspond closely to the superneat 
and middle forms of the soap system (277). The thermal stability of the aniso- 
tropic solutions is also similar for both systems, as are the microscopic appear- 
ance and consistency. 

D. LYOTROPIC MESOMORPHISM O F  DYES 

Since Zocher and Coper (472) first showed that Methylene Blue and Neutral 
Red as well as other dyes gave orientation on a rubbed surface, many dyes have 
been tested for mesomorphic character. Gaubert (127, 132, 133) showed that 
p-aminoazotoluene, tartrazine, and Brilliant Crocein with water gave meso- 
morphic phases, while Branner (41) showed the same for the potassium salt of 
Methyl Orange. 

Dreyer (80) has discussed the behavior of fdms from the aqueous solutions of 
amaranth and Naphthol Yellow S, as well as dyes of other classes which exhibit 
a mesomorphic phase. 

Sheppard’s work (362) on 1 , 1 ’-diethyl-2,2’-cyanine salts (diethyl-$-cyanine) 
proposes a new type of nematic molecular phase, that of plurimolecular filaments 
rather than elongated molecules. The structure proposed involves intermolecu- 
larly coordinated water molecules between opposite terminal nitrogen atoms 
along parallel resonance chains. Porphyrins and phthalocyanines could also exist 
in forms of the proposed structure, although these dyes are assumed to involve 
intermolecular hydrogen bonding and different conditions for intermolecular 
resonance. In  addition, the effects of aggregation and environment on absorption 
spectra are also discussed in detail. Both Jelley (180) and Scheibe (350), inde- 
pendently, reported an absorption (and fluorescence) band corresponding to a 
slight vibration parallel to the axis of the filament. 

Jury and Ernst (185) support the idea of Scheibe and Kandler (351) and of 
Scheibe, Kandler, and Ecker (352) that the orientation, and hence the meso- 
morphic phase, is due to the association of molecules resulting from secondary 
valence forces. They base their judgment upon studies of photographic sensitizers 
as well as of dyes which give mesomorphic solutions. 

XIII. BIOLOGICAL SYSTEMS 
The one field of research in the mesomorphic state that has been most neg- 

lected is that of the biological areas of study. Many brief references or observa- 
tions have been noted, but only a few investigators have made any effort .to 
apply the knowledge gained about the mesomorphic state to certain aspects lof 
living matter, even though i t  appears to the authors that much could be gained 
by such an effort. 

The authors of this article have attempted to include those pertinent papers 
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related to biological systems that are found in abstract journals. Since some pa- 
pers on biological systems make only minor mention of mesomorphism, it mould 
appear that they are not indexed as such in abstract journals. Again it wouid 
appear that authors of a number of papers describing properties of certain bio- 
logical systems are not aware of the mesomorphic state and thus do not consider 
it in their discussions. In  addition to the papers cited in this section, some 
others may be found in Section IX.  

It would be extremely difficult, if not impossible, to interpret all of the litera- 
ture on biological systems that makes any mention of properties showing resem- 
blance to properties characteristic of the mesomorphic state. Some of the litera- 
ture mentions such properties as birefringence and turbidity but, as may be 
learned from the previous sections of this review, these properties alone are not 
sufficient to prove the presence of the mesomorphic state. 

Of recent years the literature pertaining to biological systems has been intro- 
ducing the idea of mesomorphism. A perusal of journals such as Discussions of the 
Faraday Society and Biochemica et Biophysica Acta and of the annual issues of 
Progress in Biophysics and Biophysical Chemistry will result in the location of the 
description of a number of biological systems that show mesomorphism and are 
thus discussed in this light. In  a recent paper, Kacser (186) pointed out that there 
is good evidence that native protein and nucleic acid in genetic material are para- 
crystalline. Feughelman (93) gives experimental evidence to this effect. 

It may be pointed out that the mesomorphic state is singularly well fitted to 
provide complex forms in which organization and lability can be combined to a 
unique degree. Compounds can be found in the biological systems whose molecu- 
lar structure and orientation represent every intermediate degree of orientation, 
plasticity, and viscosity between crystalline substances on the one hand and 
mesomorphism or even isotropic substances on the ot,her. A quotation along this 
general line of thought will be given from Bernal,3 who said: 

The biologically important liquid crystals are plainly systems of two or more 
components. At least, one must be a substance tending to  paracrystallinity and 
another will in general be water. This variable permeability of liquid crystals 
enables them to  be as effective for chemical reactions as true liquids or gels, as 
against the relative impenetrability of solid crystals. On the other hand, liquid 
crystals possess internal structure lacking in liquids, and directional properties 
not found in gels, These two properties have far-reaching consequences. In  the 
first place, a liquid crystal in a cell, through its own structure, becomes a proto- 
organ for mechanical or electrical activity, and when associated in specialized cells 
(with others) in higher animals gives rise to  true organs, such as muscle and nerve. 
Secondly, and perhaps more fundamentally, the oriented molecules in liquid 
crystals furnish an ideal medium for catalytic action, particularly of the complex 
type needed to  account for growth and reproduction. Lastly, a liquid crystal has 
the possibility of its own structure, singular lines, rods and cones, etc. Such struc- 
tures belong to  the liquid crystal as a unit and not t o  its molecdes, which may be 
replaced by others without destroying them, and they persist in spite of the com- 
plete fluidity of the substance. They are just the properties t o  be required for a 
degree of Organization between that  of the continuous substances, liquid or crys- 
talline solid, and even the  simplest living cell. 

Quoted from J. D.  Bernal (16) by permission of the Faraday Society. 
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Wald (440) has pointed out that very little of a living cell is highly fluid. Most 
of the cell consists of molecules which have varying degrees of orientation to one 
another, Le., most of the cell represents various degrees of approach to crystal- 
linity. Vald points out that much of the dynamic plastic quality of cellular struc- 
ture, th.: capacity for constant change of shape and interchange of material, de- 
rives from the property of liquid crystallinity. 

The first observation of a mesomorphic state in biological systems, although 
not reporting i t  as such, seems to be the mention of myelin forms in 1854 (4111). 
A few years later minute fatty globules from the juice of the suprarenal gland 
were found to exhibit double refraction under polarized light and to exhibit a 
small black cross in each drop when observed between crossed nicol prisms 
(279). Since these earliest reports, many substances and organs have been re- 
ported as exhibiting myelin forms or anisotropic systems under physiological. or 
pathological conditions, and a score or so known by 1906 have been reviewed 
(2, 226). 

An important feature of these myelin bodies, as well as of the acid esters of 
cholesterol-cholesteryl oleate, benzoate, propionate, stearate, palmitate, buty- 
rate-and ammonium stearate and palmitate as well as others, seems to be the 
power of dissolving other substances while maintaining their mesomorphic char- 
acter. In  contrast to many ordinary crystalline substances that can only dissolve 
isomorphous components, these compounds can dissolve other mesomorphic 
type substances in large proportions and can even dissolve substances of entirely 
different molecular character. Undoubtedly myelin bodies play important roles 
in certain microbiological reactions where this dissolving power is of high signif- 
icance. Diffused myelin, or myelins of lecithinlike nature, probably are essential 
constituents of the cells of most tissue. Indeed, the lecithin present in significant 
amounts in the red corpuscles probably fits these bodies “to be the common 
carriers of the organism” (2). 

Many living tissues such as the muscles, tendons, nerves, organs, and bones 
show the optical property of double refraction (291). The magnitude, character, 
and conditions under which the double refraction exists are very different for 
each group and do not necessarily signify that the substance is in a mesomorphic 
condition. Muscle globulin solutions have been shown to possess a mesomorpllic 
phase with a constant angle of isocline between 76” and 78”, whereas in pure 
liquids, where the viscosity is normal throughout, the angle of isocline is found 
to be 45”. If the muscle globulin solutions are practically salt-free, a clear gel can 
be formed by slow evaporation of excess water; if this thixotropic gel is studied 
under certain conditions, two crosses of isocline are observed with a black iso- 
tropic ring separating them when viewed between crossed nicol prisms (291). .At 
a different concentration, the muscle globulin preparations have been found to  
give a colorless, viscous fluid when not in motion which appears dark when ob- 
served through a nicol prism in plane-polarized light. When the solution is set 
in motion, double refraction of flow is observed and the field of vision becomes 
bright. Typical denaturing agents destroy this double refraction of flow whiich 
has been associated with the orientation of anisotropic protein, probably myosin, 



1144 GLENN H. BROWN AND WILE'RID G .  SII.lsV 

which is responsible lor the double refraction in the iniact living muscle fiber 
(292, 293). 

The diffuse double reiraction often obtained in laboratory preparations from 
biological extracts has t w n  attributed to gels or sols composed of anisotropic 
colloid particles (471). .\queous commercial lecithin shows a smectic phase, but 
the pure synthetic form dw-i not. When biologicaily isolated lecithin is added t o  
water it swells and forms myclinic figures especially on the periphery, a id  soon 
cylindrical excrescences are Ahservcd. Lysolecithin, associated with cholesterol, 
behaves in much the same rna:i,ier by swelling and producing myelinic figures; 
the insoluble chotesteryl moleculsr portion undoubtedly hinders the true solu- 
bility of the lysolecithin molecule. The myelins of the nerve sheath or of an alcv 
holic extract of the brain also behave much like iecithin. In  contrast, cephalin is 
dispersed completely when similarly added t o  water (72 ) .  It has been found by 
Rinne (338) that merely moistening sphingmiyelin, kerasin, and lecithin prep- 
arations with water or aqueous glycerol nnd heating causes the formation of a 
smectic phase. Phrenosin and kerasin were w~cr.,rated from galactosides of the 
brain by use of cold pyridine and mesomorphic forms were obtained (341, 342). 
Cerebron and nervon, in addition to the other compounds mentioned above, have 
also been reported as exhibiting a typical nematic structure on gentle heating 
(337). 

Upon saponification of certain fats, myelin forms of fatty acids, lecithins, and 
cholesterols are produced which are mesomorphic compounds. Under other cir- 
cumstances, substances may show myelin forms and not be able to exhibit a 
mesomorphic phase and vice versa. Since this is the case, many early reports on 
myelin formations in biological systems should be reexamined before one can 
apply a blanket statement as to which systems of those reported only in terms of 
myelin formation really contain a mesomorphic phase. ,4 concentrated solution 
of lecithin in water or a water-alcohol mixture exhibits a mesomorphic phase 
very similar to that produced by oleates (230, 3691, but if too much water is 
added myelin forms appear (230). Addition of water to cholesterol or to choles- 
teryl oleate is not sufficient to produce a myelin mesomorphic phase; the former 
requires the presence of a fatty acid and possibly ti small amount of alkali i369\, 
while the latter requires an alcoholic medium. 

The inability of duplicating some of the earlier experimenh in developing a 
mesomorphic phase has been discussed by Adami and dschoff ( 2 ) .  It was found 
that a slight excess of one or another constituent or change in the relative 
amounts of the solvent seriously influences the appearance and development of 
the mesomorphic phase in certain cases. 

The mesomorphic (in some cases possibly only myelin) state was identified 
with mainly the pathogenic tissues in much of the earlier reported works (3381, 
undoubtedly because of its appearance in areas where large lipid deposits had 
formed. Later it appeared that under nonpathological conditions cholesterol 
was probably being taken up by the normal fatty globules which then became 
anisotropic ; that  lecithin could be anisotropic under normal as well as adverse 
conditions; that choline readily combined vi th  oleic acid t o  form a mesomorphic 
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(also myelin) phase (2). Although these phases were seemingly similar to those 
obtained from aqueous soap solutions, evidence was found which pointed to  
several types of myelin (and mesomorphic) forms. Water, hydrogen peroxide, 
and chromates were shown by Diamare (73) to differentiate between oleate and 
soap mesomorphic forms on the one hand and lipoid forms on the other. 

It has been demonstrated that the gray matter of the brain contains a large 
proportion of a mesomorphic phase when existing in the neurokeratogenic 
colloid, as does the telencephalon in the earliest stage and the embryo while still 
in the blastemic stage (73). Massive deposits of mesomorphic compounds are 
found in the kidneys, liver, spleen marrow, and aorta walls, through the uti1i:sa- 
tion of cholesterol compounds. This can best be shown by feeding rabbits pure 
cholesterol or foods containing it (52). The body heat of vertebrate animals is 
said to cause “lipoid drops” to appear in the mesomorphic state (338). 

Mesomorphic forms are not restricted to the lipoids, but find suitable environ- 
ment in the fibrous, stringlike, or braided formations of the muscles or nerves. 
The necessary softness and suppleness are found in the smooth muscle fibers 
which exhibit positive uniaxial double refraction (discussed above), their longi- 
tudinal direction corresponding to their axis of isotropy. Upon Contraction of 
the fibers the double refraction is reduced, owing to partial compensation (op- 
tical) of the randomly distributed and deformed micelles. The optical anisotropy 
is increased again upon the stretching of the fibers, owing to the alignment of 
the units of the fibers (338). Ir- these systems forms are observed which may be 
considered to be a mesomorphic phase coupled with micelles and crystalline 
“threads.” The bundle network observed with some gel-like fine structure pro- 
vides the necessary utility f?r the physiological expansion and contraction, oftten 
involving swelling and su aquent constriction. The external sheaths of some 
nerve systems a re also optically anisotropic. The lecithin-myelin slough bound- 
aries shoE strong double refraction, while the interior of the nerve appears to 
be only very weakly optically active (337). 

Living sperms, composed in part of protein, nucleoproteins, and albumiris, 
have been shown to possess a mesomorphic phase (335, 357). The one most care- 
fully studied, that of Sepia  ojicindis,  exhibits the same double refraction both 
when living and when preserved in alcohol (334). The anisotropy occurring quite 
commonly in the sperms is exhibited in the extended form of the sperm head. 
This double refraction can be destroyed by the artificial swelling of the sperm 
heads. The morphology, x-ray data, optical and thermal properties of the spernzs 
of Sep ia  oficinalis have been compared to organic compounds exhibiting a meslo- 
morphic phase (336). A recent discussion of the structure of chromosomes is 
given by h b r o s e  (3). 

The possibility that  the mesomorphic phase may be an important factor ;n 
the activity and growth rate of meristematic cells has been proposed (53). In- 
tracellular granules were observed to be in themesomorphic state in the unstained 
portions in the growing tips of the squash root. The granules were smaller and 
more numerous in the area near the tips and fewer and larger in more remote 
areas. 
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Aqueous solutions of tobacco mosaic virus (18,37,39, 213) as well as cucumber 
virus (38) have been shown to possess a mesomorphic state. After standing for 
several days, a 2 per cent solution of tobacco mosaic virus will separate into two 
layers. The top layer is isotropic but shows double refraction of flow of the rods, 
while the more concentrated lower layer is a strongly double-refracting thixo- 
tropic gel. The rod-shaped virus protein in the lower phase has been shown (18, 
37) by x-ray analysis to be arranged in a hexagonal close-packed array of parallel 
cylinders. As the concentration of the virus increases in the solution, the distance 
between adjacent molecules continuously decreases in the order of 500 A. to 
about 125 A. When the molecules show the arrangement of the smectic structure, 
the layers are perhaps a thousand molecules thick (19). 

A theoretical explanation for the anisotropic phase occurring in solutions of 
tobacco mosaic virus in the order of 1 4  per cent has been put forth in terms of 
the repulsive forces and thermal agitation (177, 301). By this theory, the relation 
between the critical concentration and the molecular shape of the coacervations 
of the prolate spheroid or circularly cylindrical tobacco mosaic virus can be ex- 
pressed, and i t  gives the required condition for the appearance of a mesomorphic 
phase. The excess attractive force of the coulombic attraction between the 
micelles and oppositely charged species in the solution is balanced by the dis- 
persive action of thermal agitation and another repulsive force (212). The mutual 
covolume of two swarms is approximately proportional to the sine of the angle 
between their orientation and larger than the volume of the molecules by a 
factor proportional to the asymmetry (301). The osmotic pressure of the aniso- 
tropic phase predicted by this theory is nearly proportional to  the concentration 
and only slightly greater than 3cRT/V. 

Structural studies of collagen have been reported (358) in which the properties 
described, although not so specified by the author, resemble the mesomorphic 
state. X-ray diffraction (10) studies of collagen indicate a pseudo-hexagonal pack- 
ing. Trypsin (1 11) under certain conditions of preparation contains coiled 
threads, a representative property of the nematic structure. 

Perutz, Liquori, and Eirich (316) found on microscopic observation that the 
hemoglobin of sickle cell anemia gives a liquid-crystalline pattern. When this 
reduced hemoglobin was sheared between slide and cover glass i t  became op- 
tically negative with respect to  the direction of the shear, a result which suggests 
that  the heme groups are normal to this direction. 

Birefringent solutions of poly-y-benzyl-L-glutamate in several solvents have 
been studied (340). These systems show parallel equidistant lines which are visi- 
ble even in natural light. The periodicity of these lines, which is dependent upon 
concentration, may exceed 100,000 A. The structure is also associated with very 
high optical rotatory power and is therefore like the cholesteric structure, but 
there are some features, including the appearance of visible spirals and radial 
lines of dislocation, which have not been observed in the cholesteric structure. A 
model of the structure is proposed. 

The mesomorphic state is probably one form exhibited by fibrinogen during 
the clotting of blood (4). The myelin forms of lecithinlike nature which exhibit 
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the great dissolving power mentioned above probably play an important role in 
the equilibrium of many cells and tissues. 

It seems probable that the mesomorphic modifications are of important bio- 
logical significance, for slight changes in composition and in physical and chemi- 
cal properties can materially affect the formation, continuation, or cessation of 
the mesomorphic state, a delicate balance characteristic also of many biological 
processes. Catalytic processes in biological systems could readily find a favorable 
environment in the structure of the mesomorphic state. The extended molecules, 
with fairly strong dipoles and easily polarized groups so characteristic of biological 
fluids, are comparable to those molecules of inanimate nature exhibiting the 
mesomorphic state. Further work is needed t o  unravel the mysteries of the func- 
tions of the mesomorphic state in biological systems. 

The authors wish to express their appreciation to Professor Jacob H. Sarver of 
the University of Cincinnati for drawing figures 6, 7, 8, 10, 11, 12, and 13. Ac- 
knowledgment is made of the aid received from Mr. John F. Dreyer of Polacoat 
Incorporated, and also from Dr. F. B. Rosevear and Dr. 0. T. Quimby of The 
Procter and Gamble Company, who read the manuscript and made suggestions 
for its improvement. 
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