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,'\l~ pres~nt' a model for the 1fûA ,1~ot.helm.s· of PC l1pld monol.ay~rson' 
, .. 1 , .. { ..... 

J, ,aq air-v.tér interface. Our .odel 18 an. lsing-Uke N-atate' lQu::1r::e mode,l 
~ ", - , • " 1 

, ',J 
, , t' l 1 I, \ '1 ,_ ' - t, 

solYedb~·the,Bethe approdlll8tlon. It h· based on the fo116ving 1deas: 
l , ~ " f 

'(.11)' '111.e: i.elLB transition' 18 a chain ~1Sordetlng' hansit10n in vhiè.h 
'l ' , - " t>' 

, • ! ' 1 1 1 

,the :hyd~~e~rbon chaln~ &0 from ft r1g1d~,a~~'-trans to, a' chain· me~ted, ,i 

• J,' . .-

, ,exclt~d ~ha~n c~nfi~rati9n. The transition 1$Imodified t~rough the 
" , ~ , . ' ' , ~' ~ , ~ 

. g~o.,th o~',fini'te-slze.d'~ipld domalns 'in the Le phase. 
,. 1 \ l", <.. 

. '. 

" 

. ùl),'In the ILE phase, the mono;J.ayer e)tvarids thro~gh "the i , 
, > 

, , int~o~uction of -"acancÙ~s, and ,thê. c()l~ap$e 'Qf Üpid 'chalns onto the 
. '" " 

, i 

, 
" . , 

~ '( ~ .' l ,. ~ ". / r " , l ' 1 

(Hl) :nie LE/SG: tran$it~oni'> is a fh:st -qrder' ·transf,tion driven by' 
0, ' 

... -' . .' :~, tb~. polar, head interaction.' 
- '~ ... ," , 

" " ~ { 
The phas~ transi t10n 1s' sn1.Ited, S'eal'èd,~and eUlllinat~d·. 
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" '1' ( ii) ", 

;B~§\!mé 
... ,"," '" , 

presentons un IIbd~~e' d'cr.1~ant les ls()ther~s lt-À des ,Nous 
~ , " u 

monocoucbe1:i lipidiques ,pè à un~ ln,te'dace alr-eau< Notre ~odéle de type 
, , , l ' ~, -, , ,( 

l" '.'; Ising i',N.'t~tSt.' est' soiutio~é d~s l'apprO~1.mat~~n d~ Bethe et se 
,1 Il} ~ ( • - .. 

l ' ) , ~ : , 

, fond,e sur les idées suivantes: 
l , 

l' 

)' l ' \ , l ' ,\ ~.'''' l , (, • 

(1) La transition Le/LB est une ,tran$1Uon !Jppl1ctuant un 
t , _ l ,~,' t 

j • 

, " 

",' 
1 ~ l' 

désorganisation d~, la cl1a1'ne d'bydrocarbur'e QÙl"~passe d'un:'état tout-
, , 

tràns" rigIde à 'un éta't exc1té~ en fusion. ~ transition est, modiUé'e 

par le biais de l~ croissance de ~oma1nes finis dan$ la, phase Le. 

(11) Dans la phase LE. la monocouche Se dil~te par suite de 

IJlntrod~ctlon de:sltes vacants et l'effondrement des cha,fnes lip~diques 
, " 

, ,dans l,e sùbs q-a. t a~uewc. 

) ,1 l, 

'(Ut)' La transition LÉ/SC, ~it': une n'ansi don d'or:d~e un', ''do~t' ' 

l'origine est l'lnteracti~n des't~tes polaires. 
~ , , , ! , l, ! 

lt i " .. 1 • l ,'\ \ • ,! 

Nous pro'posons, aussi un modèle de' 'la trans~ tion LC/LB pour' un ' 
t ! ~ ) , ( 

système ~~ lD~noco~che,s. !l1)pures.La 'transition'de ,,,ha~e ~~;~ ~,e~al~er 

étalée et é!ilDi~e. 
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ÇHAPIgR ONE: LIPID HONOLAYRRS ANI> THErR PROPERTIES 0 

Phase transitions In·quasi·tvo·di~ensional ~gnolayers of 

'. . 
~phlphilic aolecu1es have been studled for a variety of I1pid systems. 

5uch systems are Interest1ng riot on1y from a ther~odynamic vlewpoint, 

but a180 thro~h the centrai role vhich they play in interface 

science(l) • 

In the field of membrane ~lo10gy, studles of monolayer systems May 

have relevance as'possibte model systems for some biologlcal' 

membranes(2,3). Llpid bilayers are nov considèred to form the 

,underlying matrix of a cell m~mbrane', 1n vhich the proteins and other 

intr'insic Molecules are embedded. Furthermore, there ls ample evidence 

of both a theoretical and experimental nature vhlch suggests that,lipid 

, ~ (4 5) 
bilayers cons1st of tvo veakly coupled" back to back monolayers ; • 

Thus, the study of monolayer ptoperties may,vell shed llght upon 

phenomena such as the 'transport of Molecules across membrane boundaries, 

membrane structure and cellular adaptation . aIl of vhich May vell be 

related to phase'changes in blomembranes(6,7)., 

Llpld monolayers occur~naturally ln lungs, mayonnaise, and soaps. 

A v~r1ety of diverse technical applt'cations for Illonolayers includes 
. , 

'surfactants (e.g. soaps ), foodstuffs (e.g. pharmaceutlcals, dyes), 

lubricants, evaporation control, environ~ental technology, semicondijctor 

devlces and the manufacture of biocompat1ble materials(B,9). 
\ 

Amphiphilic Molecules conslst of tvo parts, each of which 

separa tely have very different solublli ties in va ter. As a pro·to type, ve 

• < 

'. 



ù 

" 

• , , 

·2· 

can thlnk of an n-chain fatty acid CB3(CH2)nCOOB. The polar part (COOa 

group) Is very soluble; the alkane chain, CB3(CB2)n' 1nsolu ble. 

Ve viII foeus specifically on monolayers ~f phospholiplds·vlth 

choline polar head groups, notably dipalmltoylphosphatldylchollne 

(DPPC). 5uth 11plds have tvo saturated hydrocarbon chalns consistlng of 

m . carbon atoms, a glyceride backbone and a hydrophillc 

. 6 7} 
'phosphatidylcholine head group(' . 

Fig.(].l) - Structure of PC Phospholipld 

o 
, 

glyceride bàckbone 

rn-carbon chai ns chol,ne· polar head group 

As the 1,fPld molecules are spread onto the va ter surface, the 

hydrocarbon chains are squeezed out of the aqueous substrate becau~e of 

the strong hydrophobie interaction vhich"results from-the hlgh self· 

attraction of vater. ~e polar head group stays vell ,anchored---lnslde the 

vater surfacé. As a result, 'lie have the fo~matlo~ ~ quasi-tvo-
, v.&. j . "-

dimensional monomoleeular fl1m(lO,11>. 

The Langmuir tro~gh (described belov), 8110v5 one 'to measure the 

"lateral pressuré' <n) and to talculate the area avallable to each 

molecule, (A). The I;'esultant 'n· A hothc!:'llIs exhlb1t~ phase behavior very 

,1 

, . 



ï 

-3-

much ll~e that of a threè-dlmenslonal pressur~·vol~e system. In 

fig.(1.n ve have a tyPlcal set of ~her~. At least three phases may 

be reàdily identified ; 

(1) a liquid·condensed c(LC) phase vith a.reas per chain being 

less than 23 i 2 . 

( li) a liquld· expanded (LE) phase vÙ'h areas per chain being 

, 2 
~bughly betveen 34·60 Z . 

> 

(111) a surface gas (SG) or vapour phase vith areas per chains 

bel ng grea ter than 90 12 ( Il.) . 

The surface gaS, found nt very>~()\/ densit!es and 10'101 pressur~s 

(aboQt 0.01 dynes/cm. for DPPC and 0.1 dyne~/cm. for pentadecanoic acid 

both at abdut, 25°C) converg~s a,nto th~ is~th~rms generated by a t'lolO" 

dimensiona1 Idé~l gas: 

[1-1] fIA "" NkT l' 

f~;here ,is probably li ttie o~ 'n~- 'intera~vo~ bety~en ':(liffe:re~t molecules 

in this region of ,the isotherms. It Is thoùght that most chain'S are' 
t '-, ~ ~ 

arranged paralle~ to 'the interfa~e{13., 15). 

Compression of thls film results ln tQe LE/SG phase transition. The 

observed'coexistence reiiO~ ls asymmetilcally shaped and ls 

characterized by ,,1 ts extrem~ range in areas per molecule, running from 

about a hundred to,' severaI th'ousand 'angstr:oms sq\Jared. The' tramÙ tion 1s 

first·order vith its' thermodynam1c functions obeying mean-field exponent 
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pfg. 1.2 (a). Lat~ré\l Pres~ure '. Hole(!ula~ Area isotherms for DPPC. 

The temperatures for the lsothe:r;ms are 20.4, 27 •. 5, '30, 
o ' " ',- -

qnd 37.5 C. 'The dotted,11nes mark the, beginning'· 
" , - . 42 ' -

,and. the edd 6f th~-Lc phase( ). 
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.-Fig. 1.2 

" ' 

" ' , 
c . 

" 

O(.:.DML 

lii) , DMl 
. 2!..5 '\;' 

'\ 

" 
\ ,. 

, . 
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<-b) Lateral- Préssure,'·. Molecular' Area 'isotherms for, a. ~DHL'~ 
~ . (12) 

(:t) experimental resùlU for Le/LE transition . , . 

\ . 

. (11) expet:lmenta~'res1,Ù.ts 'for LB/SG, trans1tlon(13).·, 
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,la~~.' The "c~iUcal:. tè'mp'eraiu~e~,l~ d1fÙ~ult to dete~mlne expe~1~en'tailY 
"1 r ,~l 1 

dùe to the possible extrus'lon of surface·aètive 'contam1nants frolU the;' .-' 
• 11 , ., ~ ~ ... " ~ 1 _ '_ ' 

Langmuir ·trough. ,rt ls' 'es-t1rUt~d -t~ J"a.rige betve~~ i6~4!L~(l5-'18)'. 
. i --- -., , . 

, , 

The LB phase' covèrs a lar~e.~ange in pressures, and exhibits 

l1quld·l1'ke' ~ehaylor.' In tb1s' phase, the. hyd'rocarbon cha1ns are being' 
, " 1'\ • 

J!lore vertically ol'iented' vit~ respect t~' the' l'~terface. 
~ , - ~ " 1 • 

" , 
, O' , 

The Le/LÈ ph~se ,transi ho~, is châ.~act~r12ed by, significant non- zero 
, . 

slopes, in the, coexistence reglon, and a discontinuous' ch~ge of sl'ope' 
, ' .... - 1 l " 

, ' 
, \ • ~ 1 

at the onset of: th~ LB' phase. Hys'teresi's 15 observ~d' if the film 'ls 
, - \ , ~ , , , .. 

1 
' l ." . , d" , :d(l2,,19) q 

a ternate y ~ompresse and ~xpande • 
" , , 

" . 
The, rësultan t Le phase ma'y)ë vie",,~d as a semlsol1d or ,gel phase. 

! J \', r, 

The chain~ are tightly' pa'cke~.1~ an· ~n'. tr8!ls state (thl~ viIi he' ' " , 

l " "'1 

clar1fled later) and vertical Vi th respect to the substrate. FU,rther 
1 ~, _ • , 1 

eomprè'sslon of the f1i~'bey~nd' it~ .mi~imup1 ar,ea pet molecu~e .( 20.4. \. 
• ' 1 

',' 

2, -, .' ,., 
.1 /chain f'Oz;- straight chain carboxylic àcids) result:~' in the collapse' cf 1 

• , • ' ~', / ~ ,~ , /'.. J'" " • ~ 

the monomolecu,lar fÜm:. TlÎe 'f.llm fO~d~," u~: pn to i tself fo-rming lh~ee ~ 
, "', 15, . , 

dimensional 1lIuIUIaYer structures<. ) (see 'fig.-( 1.3». 
/ - ,( .- . 

Host m9~~1~~er' ex,peri~en~~ 'measudng the 'k i'so~h'erm~ are 
: 

, {.,' 

" , \ - 1 

~erformed vi th a Lan,gmuir 'iroug~. (fig. (1,.4 n ~ Typically "the ti-ough has' 
, ' , 3 ' ' " ',', 
dimensions 60~15x2 cm. and ~s made out'o~ elther te fIon or fused, 

"' , ,/ "''''' -' ., 
~, 

8111ca. To form thé monoiayerj the surfactant' tUld,er stUdy,',which ls, '" 
, .' 

• 1 

,', 
t' 

insoluble in vater, is Urs,t dissolved in an organic solvent. The 

1 soluti,?n' is the.n spr~,ad ~:>nto the 'Iater surf~ee. ,The organl'c: solv~nt -i~ , " : 
\ l., 

: , . 
'. 

}' . , 

, ) , . \ " 

l ' 

, , 

',0 

-1 \ 
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/à~~.eovs sub~trote.'~ : p91Q~ .:~!là· . 
'~hydr;qcarb6n: 'c.~O\~ns.,' '," 

" . }. 

l, 

, " 

, 1 ", 

" 

, , 

Fi9~{I.3) ~ualitativ~ p;,cture. of the 'phase c~a~gés o~' phosP!Ïol,ip·id., 

m~nolàyers '. ,In ,th'e'"U:, pha~e 'f' th~ li,pfd~: à're' 'tiqh1:1i, pàcK~â ;'n, an', . " 
• , 1 \ ' 1 .... \ "'. "', • ~ 

aH-tranS confjgul"at'ion '. In the LE phase. the>c11ains are',dis.ôr.del"ea 

and begjn','to;~dl"a~~e' •. In'~thé ,SG,phase' , most,of'the ~ha:ins'li.e :",' 
• , _ 1 • • l <,,'. \ " 

para1Jef on the substrate ,Therè' wi,11" bé ma~y h:Ole~ or 'vaca.rrèi~s " 
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.~,,..,' 1 ~ , " ... 1"_. ,~ l ,<. ,'f l ',i ~,' '''''_/ "1'./ ::,' u ~.: 1 ... \" ,'\,: ... 

- alloved to evaporate', "leavlilg behlnd a" ~onola-yèt' ;fil." whlch rni,.y thén' be , " '_, " , " 
# ", "rI "'. I:~ "~,,t ',.. A"'" - ',~ ,i , <' f r l' I-t~ ;'/ ./,".: ~I" J,\,,~~J '1'.'''1' 

compre~8ed.':f!)r.':~P~d~ ~it~' the,al~' ~f~~':movab'l:e iloat~ :th!s:float' ",>," ~_ ~':,;,' : "'l,, ',', 

ç,', " • '. " " ~ ~ ,i l'~,' '. '~\ ~ .Il, ( • • •• ~', J' {', 1" ~ \ \ l" ; 

seryes t~ confine the 8urf'~è~ant ,~~iec;ùl~s t~', qn~ erid:of"t'lte, 't:i~u~h'."tt ~' , " -,' ,,' "" 
J, ~ .. ~ ~.; , (1 Il " J ;.. • 1 • t, 

, "; .,', \ " • , ;' .. j' 1 l '! ','. " , 

, '1$' il·ee"·to. swing along,the ",ater",sürface~ in~ r.esponse' ',t,C) th~ film 
,_ ", 1 ~ -'. ~ , " 

. , .' ,{ " 

, " 

. près'~ure and' if,' acts 'likè a 1 t~o-d:iJiensi~na1 piston_- ~mpr~Ss,lori 
l' \ ' ' , , 

" , 

, " t 
- , 
,~ 1 • 

. "'\ . (expansi-On)~ takes Pla,c_~, at :~a,t~'sJ,suff1d,entl~,slo:-, a,s ,to ,~~nt,a'in 

, ~qu~libr1um st'~te's 'at a11 ~imes.' TYPÙ~l' rat.~s 'of 'c<?mpieSS'lÔ,~ are 'less, " , 
, , 1 ' 1 1 ~. 1 1 

\ 1 .. 1 rI 

.2 ' '(17) 
than 1 ~ per molecule per minute • ' 

~ " - ", ' ,/ ' ~ 
, 
" 

The ia~eraf ,pr~s'sur~, i~ rletetmined as' a fu.~é.t~on, of ar.e~" p~r " , 
~ ~ 1, _ 

mOhdûie, ~hrQugb' a Ift~asufein~t 'of thé dÙference ,ln- the 'surface tensioh ' 
- ,_~ , _, l ,#'. _ ~' ~ " • 1 / • 

between th~ aqueous, sûbstl;'at~' ("'0). ~d ,the fi1~ '(-y): 
,- . , " 

1 ; 
j" 1 

, ' 
, '. 

, , 
, " , 

, 1 (' !,' 

• 1 V 
',' \' .. 

l' 'l 

" , , ' 

• 1 ; . " 

, , (1 

, 

. ' . , , 

1 ./' 

., 

1 ;l. l' 

, 

This Is' accompli shed v1t.h thé ,aid of a' tor~ion' ~ire .atta,c~ed t,o, the, " , , " 
'1 1· • l' ',1 7 - ' 

,movab1e float,. 
,- , , , 

, " 
f" r " '1 , ~ '~, , _ • 

Of Interest ar.e 'a1so experimentar st~dtes of surfactant~ ~1th a - , , ' l, J • 

~ j "J ~ 1 f' #,," 1 _' , ~ ..' , ~ 4: , " " . -, l ' ' 4 ~': 
'vadet·y of Il1puriUe,s. Th-e Has, are formed ,by 'first spreadlng, the 

su~fa~tant' M ,preformed sub~q:at~s tonta~'~lng !nipur!tles, at '. '. ' 
, 
" 

, '. ", ' ,', ;(20 21) : . , . 
~~~dev~tmlned "conte~,trat1ons, ,. ., 

! ' 1 } ~. "" ' • 1 " , 

~t ,l,s one of the alms 'of tl}l~ thesis to preser,i~ a:'m~dei .,for the 

, , P~~'s~ . t~~si~1~s' ~f' ph~s~hOUPid 'înQriolayers ,w~ th ~Ilo~ine headgro~l>~ '~~ 
( ,J ~ "1 , / ' ~ 1 t l, ' 

f 1 - 1 \ t 

an alr·water l~terf~ce. Spec~flcally·we 'will ~ode1 the ,Le/LE and \h~, 

,LElS(; phase tz:ansl,Uons. 9ur,'modei ls an Isln~.l1k~ N·s~ate laùlce,. 

\ 1 ~;) 
, ' 

(' ~ l 

, 1 
, , 

•• l' 

< • 
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0' , 

ac:yl e)lains in thé ~ ph~e~ Ot,t~ lR~d~l' ~~ll'.b~ s()lv~d in the ;Bethe', 

. . , \ 

.. ~ 1 

. " 

l ' ~ , 

" 

", 

: t 

',; , l" ~. ,.' 1 ~ - \ " ' , " 
1 l '1 l , ' ' ~," ,~ ':. ' J", " ", ~ ., ~' ~ , ,1 

app~oxJ.lllàtion., ie, w111 81sO,· present, a, Ilod~l f~ ,the LC/Llf phase '. 
• l ' r, l , '. _ , ' , 

, " 

, ,trans1tl~n of ,the llpld system' vi t~, sùbstttuttonal' liÙpurlties. 
1 "" rI 

, " ,~ ~ j 

,In' che,tpter, II we pr~se,n t ~h~ Jnc/Ciel of:' G~~rgal1"UJ ànd Pink for the 
, .' 

l " ~ • \' ~ ~ 

;', Le/LE',phase transittop., Ye con$lder'the questl'9H.9t'the 'o~det~ of the 
l ,L' , \ '\ i '. ( ~' .. ~ j ,J ~ jl .. ' • 

'\ 

, _ ,_ S! L , ' 

phase transition and diseuss'results. T1:tls, transition la understoQd in 

: te'rris of' ~ lIIelÙng together. of domalns as' the cbafn' configuration' 
, • ' , , • J ' ,,' \. 1 ~ ,,' , , ' • ~ ~ ~ 

, r ~, 1 \ 

chanJes froll! -an a11- trans' to a more disordered ,s.'t!Ïte.', 
~ , ' '1 ". • ~ L_ ! \ ' ' " " 

, ' , 
, , , • ~ \ , j 

In "chapter III, the Jlode1', for 'tlJe t.ElSG trilllsHlon ~s" given;' After 
~,' ~ ,. 1 ~ , • ~ ". ~ ~ ," • ,~ 

l ,,"'r - 1 " 

revl~wlng the ex~er1mentai data for th~ .tran'~l,t'1on~ à latt,tee gas' Illodel 
!,' ., )' • ' , '", - ) _. ' , l ,~ 

18 pres,ented •. The t"esul~s' of 'thts mod~l are glve~;- ~d"dlS~\lssed' Jn the 
) ", 11 ~ \ , \ ' ' 

, . 
ch~p.ter ·n ... ,' '\ ' , . '" b ~ , ,J' " 

, , 

, ' , \ " ! , ,1 J ,1 \ "'1 .... 1 ~. ~ \ ,.... 1 

,;rn 'ch.apter, V we' C:teàl < vi th j the eftect of addlni' subst~ tU'Uonai 
, ' • J. _ , ~ 

,1~puH ~le~ ~o th~ .;~t~ l1pid sy~t~1D ~~-'th~ "LC/L~',I~hàse .,t~~s~u:~n~' In.' 
, , 

, _1 _ ~ 

'Chapte,r.'Vl, ~e -present tbe. conclusions.,. 

, " 
l,' 1 

" 

, ' 

, 
, " 

, ' , 

. " 

" 

'-, 

, " , , 

'. ." 

, , 

" , 
, " 

, ' 

, ' , ~ ~ , 
,f' 

, " 

.. l ' 

roi 1 

, ' 

',' 

, , 
" , 

',' 

, ·7 

, ". l 

, " 

1 
, 

" 

, ' 

, , , 
p 

, " 

l '_ ,! ~ ~ l 

,/ 

.... ,", 

. , 

y " 
" . 

. ; 



" 

<, 
" , _ .... -,, 

, , 
, , 

~ ',\ ~ 

, " 
" 

,'r \ 

1 \ l' 

" ' 

-Ir· 

, " . 

~' , l , 
" , , " ' 

, l.. ' 
, , 

.. J ,\ 

,1 " 

, , 
( , 

, '1 .' . ~ ,\ .. ' 
). '( 

, " 

, ' 
, .' 

\ , ,l. 

\ . 
• 0-

, , . 

, i 

, .' 

' .. 

, , 

" , 

1 .... ~ 

" , 

, , , 

" ' 
, " 

, ' 

, , . 
~ , ~ , ; ~ l' 

. doma1l1s 1n"th~ ~'phase, ' . .' " 
• , < 

.: ~ , 1 ' :-

': 1:' _ - -", , 

",. ,', ('i)' ~iID~ OF' 'PHASÉ' i$,tyisnI~NS 
,. ~ .. ,J .. ~f ~ V . " . ' .-

'. ( . ; -' ' ," . " 
'. " Thè- exi?érimeJ1tal n vS.,A ~sotherms for the'Le/LE phase ',t}:ans.ition, 

.. ",4 " l' '~ ! ':, of" (" l , ... -' .. " \: • ~" " • ~... ' 

~' " .$llov tyo'lmp~n'anf è,ha~aëtèr1st1cs': slgnlficélIJ't ~on-zero slo~es in the 
L'Il '_r ' 

II, 1 -l" .. 
" \ 'r' 1 - .... ~._ .,', -. ~~' \ ~ 

4 coexis tenée ·t~gionl and a, ,di$con t-1nuous cliange ,in slope ut'". the onse t'of -
,. , ',' ~" -' l, _ ~, ' 

" .t~e L~ ~~e(~2~ _;. ~~~ ha~ i~~d to ~~eStion~' a~ t;. the tr~;' nature oI 
\ - "I~, " ~ • 

. '.- the. .i.e{u. phase', t'r~~it.ion .. ·Le. whether 1t Is' a,:f1rst..'or~et: phas~ ," 
t' 1 (::..',' , , • , ~ - ,1 • l' 1 l,' 1 _ • ", < 1 l " _~. , 

", ;,ir~'siti~ri, ~:'tldi'~fus~" ·tirst~~rder'·tran'sition or somethl~g' ~lsé('22)?-,.' 
, ~ , .' 

" 

,Aceord~ng\o ~renfest's,~r1t~r1on,',the order ()f the phase' 
1, \ t i', • j -.J • \ \ 

, ~ ~ ','... ;' l, ,..' • 

, . Gibbs free energy '(G) , at constant .temperature (T) ln vh:1ch a 
,.. • " ,,~ .. \' l , " 

, .di~'conun~lty occu'rs'., Thus, 11 first-ordér phase ,transition :ls 
, " " . . ',' / ' , " 
~ _ 1. ~ ,_ " \ 

characterized, 'by- a discon#n~1ty in the 'f1rs~ dèrivatlve ,o~ the Gibbs 
l ' -

~ J , ~ ~ 

~~ee energy. The 'two-dim~~s1onal Clausius," èlapeyron eq~,ation 
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, " l' 

, ' t , . , " - , , ' 
: l , , , ··12· 

\ ~ " , 
j'II 

. ' '. dU ' 'AIl ',-'.-' "dT TM, 

. ' 
.. 

,) ) , 
, ' , 

1\,I'e~~tes, thè c~ge 'in the surfaee pf~ssure ~1th 'temperat~re' t'o :the:" , ,:, ;", 
" ' 

,change l'n l~tent ,heat ',(AB) an,d th~ change in area ,pe,r molec.ule (.M>, 
~ . " " ,,' ) ',' , , . . . 

açross the U~s,~~o~der':~h:ase tranSH1:0n(~3?·. ~~~e s~~ara~1on and'~, ~ ,;, 
, , • ~ ; 1 l " " r , ,,\ ~', ',1 :, \ - !-, , , 

,vèll·def1ned coexistente region are associated w1t~ il '~1rst.àt:d~~' , ',' 
l" ,,' \ , .i' ", l ' 

, transition ." ~~' LE/SG ttansl tion whlch 1s 'dlsc.uss~d ln thq n'e'l=~' ctl~p ter 
• ,~ , 1: .. '. ~" .. ' ~ 

, '. 1 • '~ • ~ ~ 

'~S', of ~th1s. 't~p,e: ", In a true, secoQd.orde~ ,phas~ 'transi t~~~~,:th~ l'e~tropy; 
J • ~ , , ,~ 1 

','.-enthalpy; and', àrea changes aie all zero. Bovev~r, slllgUlar1Üë's pccur in 
C' ,.. l ' 1 1 

, ' 1 J ~J, ~ 

the heat 'capacity, atut the isothermal c~mpre'ss1bil1ty. . / 
, ~ \ ' , J .' '" ,,', '~ \' J ~ l ' ~' 'J ' 

, ,As s ta ted above, there has in tact 'been a considerqbl'e. ,body of, 
'. J J • l' 1 ~ • 1 

> .... 1 

• ' l ' , " 1 • 

,.' of ~ flat 'part of ,ttie, l~othe~m 'repre~entlIig !1 'tte U~é'h<!s P~~I!Ip-t'ed " 
, ~ ~, • f 

, ! 1, 

seyeral :authors ~o' postulate' al' second-order. phase ~'tran~i t1~m: T1;ris h<;\~ 
J , 1 ~ , " r 1 l ,-

been the' sUbjec:ù of·' theoretlcal models 2iIwolving both cpmpléx ch'emlcal 
• 'A ~ 1 ~ .' " • /_ \ ' ) • i" -.. "n . ... 

~t'ructu:res and 17enormal1zatlon gt;'oup calcùlations(43) ~ 
, l ' ' " 

,The' model of CP, as ~Sed ,in th~ pres.en,t t!J,esls: predf~~s, a fi rst·' . 

'order phase transi tï9n whose tie Une Is red\lc~~ ln ~ength "due to the 
il , ' , . "' 

effect o~ domain formation in the transition reglon,_ Expedméntal 
, ' ," ' , , r 

'evidence for the ,arder of the trànsitlon 15 provlded bi the re~ent 
. , ' '- " ' , (44)" , ' , 
mlcroflu~ecence experlments ,of: KeConnell et al.· • The experime~ts 

: ' 
, . 

involve th~ use of amphip~lic,dye molecul~s whlch'are soiubl~ in the 'LE 
, \ \., , \ 

. " 

phase, but are ejected from the Le phase.The ,results 'show,expllclt~y 

that Le reglons,l1ucleate and.groY in the- tt'anslUo~ region'.as ,the ", 

1 - , 

,: """ 

, . , . 

. , 

" ' 

, ' 

,1 • " 

, , 
" 

, ' ' 

" , 

'1 



" 

l, 

, , 

pressure Inereases. ~e'feel that thts can De interpeted ln terms of 
., 

very'long 'lived lIetaStable_-states :related to'.a first -ordçr phase 
J' ''> ~, 1 l 

• '- j ~ , 

,tl:"anslUon. It vas ôdg1nally fQund, that the 'dropIet' had a r9s~tte - \ ' , - , 

, , 

shape indicatlng the presence of chiral symmet~y. Davever recent 
~ c , ' • 

: expert~ents bY' K1Ùer' ~t 'a1.(4.5) ~Sè pre~sure jtpnps to sho~ tha.t in' the 
" ' 

early grovtb phas~, the'~roplets are dendri~ie. This May be due ta the 

~r~~~nce of dye m6~èc~1~S: Recent York by ~ouritsen ana Zuckérmann 
, , 

'descrlbes the phenomenâ of nucleatlon and gr.ovth in phosphollpld 

, , , , (46)-
mOMla:yers in 'terms of interfacial meltirig • ' " 

~ 1 \ " ~ _ 1 

(' 

(11) CHAIN HELTING 'HODEL , , 
.. 

The Le/LE phase' tr~sition of ,lipid monolayers'has been vadously 

analyzed 'in 'terms- ~f 'a Landàu-Glnzburg ~heory(l21'24), - ~he e~féct of' 
, • J" 

e~cI~ded -'v~l\Ul1e<25,26) " l~t,erac~lng / orientatl~~al' 's~~tes_(~?) -cind. th'~~Ugh 
the_ disordering hf tbe hYdroearbon, ë.hains via the 'i~t.roductlon of ga'ucf\e' 

bonds. The, 'popular' view ~s 'thtClt . ft ls the "melUng" of the 'chains 
- , , . , 

which Is, responslble)or th~ Le/LB Ph~se, transItion • 

" , 

, -' 

: ' 

, , ' 

" -

.' F.viden~e for this comes 'from x.~ay studies- of 'iipld b:llaye~s, whfch ,--
.' l ' ' 

, - é 

, , , 

,1s thoug~t to dfsplay an analogou,s 'phase tr~si ~ion~ At low " " 
- 1 \, 1 

,tempet~tures, ft,ts found tbat the hydroçarboD'chains form a tria~gular 
~~ 1 ... 

, -

lattice vi th latÙce constant' 4.8 i -between 'éxtendéd and parallel , ' 
() l " ,~ r -. ' 

chalns. A\')ove the 'tl'ansi tion ~ the, avet:age 1nterutolecular spaCtng 1s 5.3 1 

i. The diffr~ctl'on patterns are d1f~us~, ,1ndl~a~lng configurational 
, ' , . 

" , , 

>.. , 

" , 

...... ",A 
, , 

: 

- 1 



- 1 1 \ 

" , 

,1 

'd1sorder( 4,10) • 

In such a model" the ~ffeotlv~ Baml1tonlan may be vrltten ln the 

forlll : 

where ëJtlRt, ls, the s~' of 0.11 the short-ranged interactions s,tabilizing 

the monolayer film' ; lt~,c .rte.' ls, th'e 8amiltonian for a sln'gle site, 

responsible for the dlsordering, w~thln a hydrocarbon chain. The 

c~ntain~ contributio~s ~rom a dipole-dipole interaction' betveen,pola~ 

head group~ and the dispersive van der Vaals interactton. The allowed 
, , 

states are,chosen in such'a vay as to disfavour sterically,hlndered 

configu,rations. It i; also P9s~ible to nêglect t~è ~:1polewdipole 
, , , 

contributio~s due to the relatively s~11 changes in area taking 
, , 

(10 22 27) , , 
place 1 , • 'Bovevel', this interaction b'eçollles 11l1port,ant (and ,hence 

ve viII Include ,it ) as the system,undergoes the LE/SG transition. ' 
, , 

The di,sordering ~i the alkane chains' Is due ,to ~,rotai"ion about any 

c-c bond of the re$t of,the chain. For such 'a rotat1on, the potentlal ' 

function ,has three O1,ini!lla an absolu te minimum at e ,.. 0, and local 

minima at e = t2l31'1'. 'For e • ~ the associated' energy stéùe lie~ 
, g ,'g, ' ' , 

" , -13', ' , ' , 
~ O.45xl0 ergs. ab~ve the absolu te ~in1mum (see Fig.(2.1»., 

- l ' l' , 

, , , 

A theoretical mod~l for the 1~teractions betveen the hy~rocarbon 
1 \ ~', 1 

chains' must l~corpdrate the vast number of st'ates poss'ible ( about 315 
, ! \ J 

, , 
for DP~C ). To ,overcome this difÜcult:y" ,Doniacb introduced a tvo-state 

" , 

, .' 
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- 16· 

model in which the chains vould elther be ln an all-trans ground state 

(g) or an excited "chain melted" state (e). 
b 

The all·trans ground state i8 taken to have Zéro ln'ternal energy 
f 

(E -0) and degeneracy D .1. The lipid ehal!'S' are fully' extended and 
g g 

perpendicular tt) the substrate projectlng an area of A ... 20.4 12 onto . . g 

AlI other physically reallstlc rotomerlc states are included in a 

hlghly degenerate state (D~ » 1) : the excited state. The internal 

energy E includes contributions from the formation of gauche bonds, and 
e < 

to some extent the energy associated vith translational,motion of the 

chain. It is the state favoured in the LE phase. It projects a cross-

02 ' 
sectionsl area of A (~34.0 A ) onto the interface. 

( e,r , , ' . 
It will further be assumed that each site of a triangular lattlce 

, ' 

is occupied by a lipid chain. C~ains ~n nelghbouring sit~s wll~ interaa~ 

via the quadrupole~quadrUpole van der vaals Interactlon(?8,29). ' 

Tue, Ha~lltonian for such a lIIodel is then vritten : 

vher~ iin is Dthe projection operator of the l1pid chain on the, i th. 

lattlce site ln stat,e n ; ~Jor(nJIil) ls the ~an 'der Vaals 1nteractio~ 

between ,two neareft neighbour (n.n.) chalns ; En and An d~note',the 

effecthte internaI energy and cross-sectional area of the nth. st~te'.,' 

The transformat'ion lig ... 1/2(1 + (1i) and t..1e ", ,1/2(1 '. (1i>,with' 

, , 

, , 
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, ' 

O't- t 1 IllaPS eq;(2-3) Into, an lsing I!Iod~ vith ,a temperature dependent, 

f,ield :' , 

vhere 

[ 2-5) 

(2·6) 

[2 -7] 

. 

Je, = -* t: (fÇ <f. .. H [TIlT) L d.. ~ cor.Sl"o.,is 
, r ,(. "U> 1 J _ i ) 

Jo 
J = 4(I(8,8>, 2I(E;;g) + I(e;e» 

H(n,T) ~ h(n) kT/2 In(DeJDg) 

qJo ' 
h(n) ... -4 (l(g,g) r(e,~» + lJ2(A - A ) 

g ~ e 

+ 1/2(R - E ) e. g 

q = coordination nu~ber of the lattice 
..... '" 
, 1 

", ' 

The above Hamiltonlan con taIns constant te~ms, vhi~h we vil! drop since 
.. 1{- _ 

they wHI not partiÜpa te 1~ the calculatio~ of the equation of s ta te. 

The order parame ter <u> is related to the, average area/chain (A) 

.{ 2-81 .. 
, :: %[ (Ae + A ) + (a>(A - A ) 1-

, . g "g e 

where N and N denote ,the number of I1pld chains in theit ground or 
" g" e , 

e)f;ci,ted s~ates respecttvely .. , 

, From eq.(2-6), ft, 15 èlear tbat vhenever De > Dg , S(ntT) can 

* ~* change its slgn at some temperature T and pressure Il given when 
10 

o 

l '. 



-' 

·18· ' 

(2·9] 
,''Il, * ., 

T • 2h{n-)/(K-ln(D ID » 
.' "e g, 

The eff~ct of thls term,ls'illuj!;trated in -Ug'.(2.2). If B - 0 t the 
, ' , , , 

Bam~ltonian (2·4) ,reduces' to the t~o.dimenslonal ~ero·fleld Ising model. 

The' ord~r paramete~' co~tesponding to this mo~ells given ~Y curve (a)~' 

vith a se~~rtd:ordet-Phase transition _~t ~=T~. ,If B~O~ ~~â s~all T , 

the order parame ter . <(T~ , lies near +1 and ab ove ,the' fi' ,. 0, curve. For 

'large T ,<~> la near ·1 (curve b). If T* ,( T , then B ch~ngeS'Sl~ at ~* 
, c" 

, - ' 
resulting i~ a discontinuous-changeln <(7') and a fi~st·order phase. 

'transiiion. If T* > Tc (~urve c).,the change Can ,take place 

con Unuously. 

"1 
<' 

0'" 
" <d> · " ~ ~ 

0 · 
Fi~. ,(1,,1) 0 T'fi T 

· · · , . · ' · 
'r 

--1' 

, 
, , 

The term'J in Bamiltonlan' (2-4) acco~nts for the van der Vaals' 
" ' 

{ 

li 
(\' -

, " 

, ' 

, , , ' 

, , ' 

.. 

, : 

~ 
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" 

, ' , ' 

" . J' 
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, < 

\~ l ? _ ~ 

.c: 
j 

'\ ., .. ' - - , 
interaC,t,ions betveen .chains'. This ls ~he, dOlIl1n8Jlt 1~terac~10n' beh~nd tlte' 

,~ ~/LB phase transition~'It h~~ been sho~, 'th4t,for cyilnders' 
- \ ,~ .. 1 _ 

, interacting ~J.a the ~an d~r V~l$ forces, one can vri,t'~ ~s' ~ good , 

~" . (30) 
approximat1on : 

(2.10] l(n,m) i: I(n)l(m) 

,vhere 
" 

{2-11] 
- S 

" l(n) "! ~ ~(9 ), /~ S(1r/6) (R IR ) #1,-
" ~ np. g" n 

, , ,2 
S( 9 ) .. 1/2(3~os (9 -1) 

np np, 

" 

Het.e ~np represen~s th~ anglè that the p!h. c-c bond ~,f the acyl eh'ain 
[JI , ~ ~ 

" , . 

in sta,te 'n- maltes with', the local axis of symmetry.' The ratio R IR ls the 
, g n 

w , '" 

ratio betveen tbe minimum cylinder radius (R') and the radius of tbe 
1 g, . . . 

nth. s ta te (R .. :fA::/1r). S( e >' 1s the chaIn orlentational otder , n . n np' , . 
, ,,, 29 .' 

parame ter lntroducéd by'Harcelja and 'Hayer-Saupe( ~ in the study of 
l' ' J 

liquid crystals: Oirect calculations of·eqs.(2-9} to (2-13) y!elds the . " . .; . 

follovlng' values for,'OPPC : I(g,g).1.0, r(et~)-0:148t I(e,e).O,02...19 .. ' 
" . 

Honté-carlo simulations of the ~bove model' ,on a triangular latUce' 

--yields a f1rst.or~er phase transition vith Isotherms having a weIl· " 

deflned, coeJ(ls,ten~e curve(27). 

(Hi> CHAIN HELTING MOOEL VITH FINITE SIZE I!FFRCTS , 
i 

. , 

'Monte-Carlo slmuÙt10n of the model des~rlbed '~bove vith ~he " 

~ddÙion, of random $.ubstitut"10nallmp~rltieS 'Y'le~~'s 'a, trans~~;np witl;l' 
'" ... ' ... '" 

.. 

'. 

" 

/ ' 

, .. 
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,r , 

'. 
, . 

,non~zero slopes in the coe1dstencé reg1on. This led to the ~o,nj~~t'ure 1>y 
, , '/'., " ' '\.., ,', :' 

GéQrgallas an~, Pink that the Le ,phase ls composed of essential.ly, , 

t'in1 te-shed;: non1nteract1~ Upie! domains. 'Sin~é an r4.rifi'ni Ù~ systèm is.' 
~ - \ , l , \ •• ... , ... 

ne~~ssilry for the o~urrence of ~ first.o~d~t Ph~se 't'rand Uon(23), :the~. 
_ J " 

do~:lns ~tist first "mdt" ror c~ales~e ,béfore the tr.ans1tlon èan take : '. 
, 

place. The boùndârles',of the 'dOllÛllbS, then ceSSe to ,exist an~ the system 
c \.. • '.' _ • _ ,) '" • 

, ls essentially, Infini tedn siZe. GP p~oposed" the f6110wihg ansatz ta 
, .' 

( " . , ' 

- des<:r1~e :the, gtowth of the. domains. ea~h of vhlch contain the same 
\ • • '.' "'". v " 

numbet,of molecules N': 
f r 

[-2-13] 'N III N .+ (N N)(l ,- < (1)N) 
0, s 0 . . 

Here ~o représents' t~e number ~f moleeule~ per domain a~ high,pressures 

One expects N , 
, ' 0 

«N stnce the domains :~oalesce to form. an 'infin!te, system', s ' , , 

To date, the two·dimension~l Ising model vith à field bas 'not been 1 
, " " 

, , 

solv~d analytlcally and therefoFe some approximation must be chos~n. A 

further 'complication 1s' that ,the efféct' of the grovth o<f dollialns must' be 
, , ' 

" , , . ' 
incorporated 'into themodel. Thé latter P91nt makes the usual mean·field 

~ , .1; " , 1 

approximation unsatisfactorYt si~ce 'it- vill always ha,ve, a sharp Urst· 
, , 

"order 'phase transiti~n and a cr~ticaf point • 
. , 

Th~ Beth~.Pelerls. apprQxlmatlpn 1s aQ improve~ent' over the méan· 
, , J, " :' 1 \ l , ' ,'1 ... ' 

field 'app~oxim'aÙ~n ~~nce n t~es','first 'ne1g~bO~r, correl~dons ~nto ' 
~,., , , 1 ~ , ; 1 

, 
account. 'To si~late thé grovth of domains naturally,the model was 

, .' 

,l .. 

, . , 

1 • 

Il,' 

'" 

1 .-

. , 

, ',-

l , 
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. " 

, ' 
1 ; ,i .. ' 

" ,l' . , , 
, .' #',~ 

. , ' 

, , ' 
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Î, t" 

, 
:' ... ~ Jo tI~)~ l' 1 ... 

, J. 

, '. , ' , , , ; l., " 
S61:ve~ an a ~yley 'tré~ o~'.N s1t~s. vHh ct-6> A f,urthe~, a4vantage', ~s tha;f" 

, " , ~' ~ 

, ,',' ," , . ,". ,~ ',,' ,.' . ,- :" ", ,," :' , \: ,," 

the Bàml1tonlah (2-4) ,in the ~the,appr.oxlmat~on,has,an e~çt sol~tf9n: 
,~ , l', \' ~ . 1 J .. ~ , 

l "-, ~ "fil 1 J / • 

on the ca~ley tree. 'lt'pos~esses'a crltical poin~ ahly,fn t6è 
, ..... ,,.. 1 

, 1; 1 . . ~ /.. . ~,~ , . 
',' 'théItiod;Ynamlc 1111H of N .... OCI. ' '. '\, 

, " , 4 ~, 'A ~ , ,"' '.. ~ 1 , ' , 

';' >~e, Cayley, tree.' p~sses~~~ 'exponent1a~ '~toyth, 
.. ~ * • ~ , 

, " 

: !" 

" (, 

" 1 . " 

th~' ,numb,er of ,51 tes 
" ~ l ,1 

"'" ... : 1 , . 

J j" 

" , 

" , " 

... :/,' 
, 1 

, l)t 

.', -1 

" , . , , " ,~ .' , ,,' " J 

, , 
., {f 

< ' 
", , ,. . 

, : 

,-" '-' 

~. ,/ 
) J 

" ' 

, " 
1 ) ~: 1 1 ( 

[2-14) 

by : 

. " 

" (2-15) 

where 
" , 

. ; 

, ' 

. '. 

N,a 

" ' , ' 

" 

q(q 1)·- 2 
. q '-.2, ' 

, 1 l' '4, 

~N~l + vZN . 

V; + ~NzN+l ' 

'. ' 
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" . ..,'-
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~e~~, ZN Is' a r~c~~810n ~ar,~e~'~r~ vh~, i~ eO<:31~.: 
.. 1 \ ~ , 

" , 

,t;.. , 

'i' 1 

1 
, , 

, \ . ~ 

" 'lt' 18 nov possible ~o solve ,eqs~(2,·4) ~o (2.'16) "sel~.,co~s1stently 
• ! l , ,. ..., 1 1 ~ • 

~ " 't .. 1, • ). ' l " _, ' 

. ,::: "fo,r ,~, ~d" <a>N' .. Th~ '~ree 'pa,r~~~rs De '~~, Ns ~1~ tl\~ "p~~t~o~, ~~ :,t~~~: . ': ., 

. - -ltink 1n the LB phase ù'd 'the slope of thé Le phase. res.péctiv~ly.· 'Valu~s 
,1 1. t.- , f " ~ - t ~' ) '.., l ,,\ '. _. ~ \ , 

of t(,' - 102 , 'N"::, - "lOI? s'nd d' '~1275000 ~ère 'ch~s~rÎ' to ~obta1'n the' best .' 
l '5 1 1 • 1 0, ~ .. , 'e '\ ;', 1 • Il l ''.r r' • 

1 < ' 1 " r r - J '. Il " - , -

'fit,'ta thé T - 26.1oC'ïsotherm reported.bY'Àlbz:echt!,et ·al .. ~ ''l'hesè 
l " , 

" 
, 
, ' J - " 

, values' ,c~rl'espond~ ta n' ':... :14 r1ngfi on, the' Cayley t,ree a~d rep~esen t· a 
, : 

" 

, , 
c ' • ,) , ~ • 

As: sbow'.in Flg.'(2.~), the model' ré pro duces quà11t~UvelY· dl ~thè 
, " 

,feaiu~es o~ ~he Le/tIr p~ase' transl'~~on'. Recently thére has been sorne 
, 1 \' ,1 , ' • 

. ~r1f1ca'Uon :of the ,grQvth of 'f~nl te-s,lzed dom,ains' in tbe te phase' by .-
l.. ,( " 1 1 v, 1 f~ f: .. Il 1; ~ .. , ~ , :. • J 

Fischer and Sac~nn , vhÔ observed a' "spid~r)s veb'of'elong~ted '100 X " 
1, l , 

, vide crackS ," and ~platelets" of.'l ~ d1amet~r: ~s'1'ng elec.tron' 
- , 

• • , J ~ -; r-

, "(32) 
, :, ~1crosc~py '.' ., , 
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The, Cayl'ey 't.rè~ • vi th, q~3 and ng3 rings _ In lab~111ng, the 

lattice~'ve fOlîov :t1ie'no~at:1on of Katsura"'and TakiZ'a~a(41;),. -. . ~ . ~ ~ 

The:ver'ti~es ,at~ ~ab~~èd by the, l'nd1ce~ 0, li 12' , .. ,., 
111

2
, •. 1 ,:I(il'",I,'2.~q';1213··,(q·l»., . 

. s ,," '31 
(. taken fr~m ~.Geor8allas' ~~es'~s( ». 
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2.4 (~) caiculâted ri-A' isôthe~.: '. , 
, # ~ .'" 1 - Cl , .. "" 

(b) Predlcted fi-A, isotherms for 'T..aOoC comparEi'd, ' " '" 

.', ,'vi th ~hose' ~bta~ned 'by' Albtetbt 'et" àl (l2.? (I)" ' ' 

, f 

, f r 

an~ those 'obt~~n~d .,y von Tsrihainer and -.Hcto~el'l' 
(1I)(42). '(~ak.~~ fro~ GP(~2)~' "':, ",,' 
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," 
. CHA~ TURBS'; 1RB LIQUID~mMmÊD',.o SlmFACB.'GAS tLB/SG) TRANSItION' 

l, t 1. 

,Thl~ enapter pr~sen.ts a model: ,fo~ the 'LB/SG phase ~rans:ltl0n of 

l1pld ;'aonolayers based Oit ~ .t.wo~dl.enslonal lattice gas. th~ory' ~d a 
" ,\.' a '''' , , \ \ l " .. -". 

c~ge1n' t~e orientation of, the hydrocarbon chalns vIth r~sp~ct to the 

, aqueous s'ubstrate .• : Ve' begln, by .revlew:l~ so~ experlm~ntal. dàta for ,the 
, 1 ~, _ l' 

l 

LB/SG J transi Ù~n. Ve continue by presenting, our: lattl'ce, Ilio<lel "and, ,end 
, , 

< ,.- ,-

,th~ chapt'er vi t~ a, presentation of our, m()del for, the "complete n . A' 

'!'sothet'Ils ol" the 11pld ino~olayer. :, ,-
. . 

(1) EXPERIMENTAL RBSULTS , , " 

; , 
, , ' 

,l, 

'transition., It' ls charaetedzed 'by the large range of' its coexistence 
'r" • .. ,! ' 

reglon, wh.ich runs' from about one bundred to' ~evera~ ,thousands of " , . , 

" 1 t' , \ 

angstrôms squared. It 1$ found at very,low p~essures of' about 0.12 
'I • ,\: l ~, ' 

,dynes/cm for pentadecanoic,acld to '0.01 ,dynes/cm ~o;r dimYris,toyl. 
, ' " - ,1 ' " 

.: '1 ,1ec1thln, -both' ~t .r_'250 C. Kim and CanneU(16) t 'vith bette~ experilllèn'tal 
, ! \ l " , 

\ 1 l ' ~ 

techniques, ',:Vere. able '~o' ~lIpro.Ve ,upon' Inl tiSl in~asurements done by 
, ' J, _, .! 

l,' (17). . 
,,'Hawkins, and, ~nedek • The -density of the' l1qu~t!, P?ase ,.'PI ' 'and the. 

vapour' phase' .. '!~v ' were obtalned, by fitting the n data :~Ii,th.r po~ynOmiar 
, \ ' 

in p near eacb s~de'of'tbecoexistence curve. The intersection of, these 
, l / - , 

dtted 'curves vith n in ,the horlzo'ntal portion 
.. " .' " ,':J;"!' , 

. , , 

of, each isotherm 'leads to, 

the 'followlng se,t of critical" exponent,s . 

i 
" 

1 , , 

, 
" 

'. 
,', 

, 
" 

, , , 
, \ 

- , 

,. 
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" , , 
l' \' 

( fI,)l 0::1.,25,(103 (Tc ~~) -O. 98~.OO7 cm./dyne,s 
~ , , 

,,(Pl p~) III' 41.9 (Tc ,T)O.50:?OO3'mol.,,/'10412 
, , 

[3-1 ) 

, , , 

n ~ 174 maynes/om. " c 
" 

Thes~ results are reml~ls'cent of 'thos,e obtained 'fr'om mean field 

" 
ca1culatlops, w'hich are known' to' be exact for ,infi.nl te range weak 

- '33)' interactiv~,forc~s( • 

.- j 
't r ~ , ... 

Thete "exlst~ Some uncertafnty as 'to' the exac~ value of the critical , , 

.J 
temperatu~e, 'vhich' may be d~e to experimental,~ethods: Thus, 

\ " " ' ,', ." - KlIn et 

(16) '/. ,e ' ,·',,'0' ',(15) 
al. , , uslng a tefl0!l tray found Tc = 26 .. ~ 7 C. Pallas 

. - . \ 

a fuse~ sÜica tray estimated :the crÙfcal temperatttre ta be between 
~ ,,' \ 1 .... 

o o'· " ' 
3?4 C t~ 51~04 ,C~ The dlfference cou1d be,due ta the extrusion qf 

, ' , " ll\,." ' 4 

,surface78.ctive I?~mtàmlnants from 'the ,tef;o~ 't~ay. 
1 ... , l" 

1 Il. -,,1 

1\ r \ 1 l ' 

': :(11) 'LAttICR GAS MODELS' 
'-

" .. 
, ~s a'gas~ous mohol~yer 1$ campr~ssed, its fi-A lsothèrms " , 1 

\ • J~ , , 1 - '"" 1 

. increasingly start ,to d~viate 'from t}:lose, of a, tw:o'· dimensi'o~al 'iÜeal 'gas 
" , 

'( eq • 1.1). 'One of th~ !dmples t' eqùa tipns of s ta té, ~hieh when èombined 
, " 

~ " ~ -

, , '1 " 

transition' in tvo·dtmen~lons ls the van der ,Va~ls equatlon : \ 
• _ " ,.. '_ ~,\; '1 , • 

~. - ~,\ ~J' ," 

,', , \ 

~. '1 

~' , 

, 1 

, " 

,,' 

l ' '/ 
, , 

;, ',: ' 



'- . , 

,', 

(3.- 2] : ... 

where a is a cohesive term and,A an excluded 'area term.These are' 
'0 , " 

, , 
, , 
usual1y, adjustable or _ "fi ning" parameters of the theoFY although , 
, (34)' "J' , " , '- ' , 

Smith, provldes somè menSure'of theoret1cal justification for their 
l " 'j 1 ,. 

, ' 

'v~lues. ~e erÙical point ls predicted, to be 
,,"' 

J, .. 

p-3J , a ' Il, ",,' - , A, - lA . 
c " 27A2, c , c;> 

"Of, , " 0, ,rJ 

The aritleal 'exponents have mean-field values,(35) ,Both PallaJI5)and ' 
,. \ ' ,~ 1 

1 36 ~ , - ),,(' , 
Cershfeld( .> obtained ,values for the cX'1tieal point from their data'. 

~aklng A' = 400 i 2;mol. and ~ ~ 2.Sxl0-13 
, 0 ' , " 

2 .. 1 
erg.cm. mol. yields a 

. " -1' , ,e2 ~ . 
critical point Qf TI :co' 929 sdim ; A = 300 A /mol. and T = 266oC., , .' , c'· ,c 'c 

These values are,clearly'not reasonable. Thus, tne_van der Vaa1s 

equaUon of state fails' to provide real·hUe lnforDiat1on about the 
, ' 

, , 

critl~al behavIQr of, the LE/SC phase translt~on of th~ monola~er. 

Purther/.qore, the' i'sotherl!ls generated by this equation of state' com~are 

unf~vourably ~o the experlmentally obtalned ~sotherms, particularly in 

" .'J:egions of hlgh densltits. 

, ' , "A, flrst ,attempt - to model the LE/SG phase transition makes use of 'a, 

<l, simpie lattlee, gas mod,el. 'It 1s bàse~ on, the idea tha~ 1t :l9 the 
l , ' • 

o 0 

addl t'ton ~f ~aëancleso, vh!c.h 'provide the pnly mechanlsl!l for 0 inctea~ing 

area' in the LE phase. Th~ results of such a model are vell ,known~ 

.~il1(37) g1ves: the equation of'state as 

" , ,\ 

" 

, ' 

'0, 

, 0 
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[3-4) 

l , ' 

P, la (1 4(1· h (l exP(-B/kT)l ~ , , 

vhere f is the fraction of occupted sites, B ls the interaction ~nergy 

betveen occupiea sites and q, denote~ t~e number of nearest neighbouts of 

a site on the lattlce (q - 6 ,for trlangular lattlce). The critical 
, , 

temper~ture ls predicted to be ; 

(3-5) 
E ' 2 * = 2q In(~) 
c q 

Selectlng T = 3i.Soc in acco~dance vith Gershfeld's13 results - c • 

fixes the interaction 'energy E atlllO.17xlO-13 ergs •. llo'rking on a 

'triangular lattice, wé chose the area per site'.t~ be '34.0 ~.2 :In 

accordance vith resultsOfrom thè LC/L~ phase tran~ition~ Ve then 
'" 4· ~ 

obtained, after Maxwell construèdon. a tirst~prder ,phase', traMition, ' .' ) , 

vi th lsothetJl1~ akin to those 'predicted by' a ~an der llàals', gas. The 
'~' " '" \' ~ 

coexistence reglon had 
, , 

~ , 2 
a v.erY-mu~h smaller range (~500 ,l,) than those 

~xper1metltally observed. This decrea,sed ~engtti Itlay he an artifact· of the', 

-
Betb.e approxtmation'. Bovever, if Ive combine the results of, this lattice , , , 

, -' 

gas 'model vi th those 09f the LCILE phase tiansi tion (as explained in , 
, , 

section ,(Iv)' of' this chap,ter ), the resultant isotherms exhibit very 
, , ' - \ 

steep sl~pes in 'th~ LE phase'. As ~ r~s~lt thls simple 'làttic~ gas model' 

is'unsatisfactoryas a model for the LE,phase. Thi~'polnt~ to-the 
J ' 

" , 

---~-

" 
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existence of a mechanlsm vbich 19 different' than the' strict addl tian of 

vacancies Of fre~ volume. 
t> 

CHi) LATrreS ÇAS MODEL VITH CfJAIN COLLAPSE 

The key idea of our model for tbe LE phase 'is'that the acyl chalns 
, , 

of Most of the phosphol1pids ~ie ho.r1zontàlly on" the aqueous s~bstrate 

in the SG phase and pérpen~ic~larlf to the fnterf~ce in the Le pha~e. 

This suggests a l:tfÙi18' up of the ~hains as the, Ulm ls compressed. Ve 

shall not address the question, of the mo,tion betveen these tvo 

~onflguratlonst b~t rathe~ r~gardthem'as t\lO dls~lnct ~tates of the' 

hydrocarbon chain$. At aIl times th~ head-group stays vell ancbored 

below the aqUeous substrate (see fig. (1.3»'" 

In 'thi~ model, we stail:' ~1th,,~ triangular U1:Ute of Ns sites. \le 

place upon it N" stra~ght, rigld an~ inte'ractin~ ~ods, each occupyIng 
, , • 1 \, 

(m+'l) lattice sit~s. ~ese will rëpresent the l1pid 'molécules vith 

" , 
fallen hydroc~rbon cha~ns. 'In -adà1tlon Nt mOlecUles, ~ith ilpright Beyl . ' 

dlains, each taking up one,'site, 'are placed on the latUce. thus, ,we 

have e~sentilally a t:"'o~state model in' tetms of chain .o-dentê1tion. The,' 
, .' 

upright .chains ,may be in either their gro'und state (g) or tlleii ~xc1ted 
, l 'f. 1" 1 

state (e)'-'Fll\éllly \le have N, vacancies or holes. Letting. N represent 
-, ,0-

" the. number of lipld' chàlns. ve have- ; 

, [3-S) Nt=N +N . g 'e 

f' 
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(3-61 N .. , t;., '+ N~ " 

" -~\ 

\~l. 
[3-1] Ns • No + ,N. + (m+l)~, 

Furtherlllore" there exlst t~ree base vectois on the trlllngular lattice in-
, , 

whose directfon, the rigicf:rods càn lie. It,N
t 

denotes th~ nurober'of rods 

lying ln 'the i th direction, the-n' 1 : 

[3- 8) 

vi th v .. 3', for our triangula):' lattice. 

The lsothermal·lsobaric part1Uon function for the mono layer in the 

LE phase may then be written(lO) : 

, 
vhere fi 13 the total number of intermolecular configurations for a'given 

neighbour Na~ of type.~~ where ~.~ E (o,e,g,i~1,2,3}. 
, 

e partition funcrion fo~ tpe astate 19 of the form : 
.' 

-10) z z exp{ -f IkT} 
ex Cl 

( with fa. denotes the activation energy of, the ath,state <:lf the l}~id", 
'\ ' 

'\C~ain. Ve proceed to calculate the unknown clements of the partition 
1), 

function (3-9). 

The partition funct~on will be-~~ulatcd ln the quasi·chemical 



'. " 

l~' , 

1 

apprqxirnadon t vhiCh .takes Ùr~~: neighb'~u~ co~rélations' 1nto 

8111 sh~s that(37) 

, ) 

aeColl;nt. 

, .' , '., ""- , 

, ;: 
'l.3;Ü)\. . . 

" . ,,. ,. 

vhere.:g(Ns ,~~) 'rep:~sénts the number of 'conf1guraUon~ irr~spe~ti ve ,of;; 
:> ". , 

neighbouring' arrangeDlents. It ls equlva1ent to the number: of ,ways 'ht . :', . 
J' 1 • ~ 0;) 1 \ 

"laying d~\m ;N~ rods", N.,. upright mo1ecules and No vacanC,i.~s o~ the., """. "'i~' 
", 

la t tiçeA Out'( cale.ulation of g(N ;N ) proaeeds 
- ", sa, 

\ ':', ''} "", (38) 
ex·tensi'on of, analysis of DiHarzio • 

~ l .11 

through a Iitra;1ghVC)rv~FÇ' 
'b 0, ~ " • lIt 

" ~, ~r, " " 

"[-" , 

. 't. lle l beg1n vith a triangular lattlce for which eqs. (3-6) t'O'. (3- 9) , .. 
• • '" ~ .. ., il' " : 

.' t, h~Ol( On.t~, 'thi,~ .emp~r lattlee, \le first place Ng , and Ne' uprlgh
i

t 
, , ~ .. (, ~'. ' .. , , 

" molec\lles. This may"~be done in 
';~ ~.. j, l 

.01 ~ "'l\ ~'.i\. 

5_ ,) ;'(N '0 t 'eN -N ) 1 N ï' 1 

[-s:ra] :. '\. s' ., s S "" s , , 
. (Ns~~g) t (~g) t (N~-,Ng -Ne)! (Ne~! (N~ -Nt) f (Ng?'l (Ne'?! 

different w~ys,. : '\ 
-, f' "" 

'" .... ' , 0' 

lie then Pl~êe jl ,moleeule$ in 'the .ftrst direction o'nto ',the 
~ ). ''').' .,' ," , , l , 

lattit'~. TOe probabi~~ty that a ~t:'e A" pl.ék~~ 'at random, 1s empty 1s 

, '4 . ' 

, ',[3-1!J " /, (~s -N.t.-(m+l.) ji) 
PlA empty} =. N 

" ' 
.,$ 

The probability that.'a site 1s occupled by a,rod~segment,is li' 
\, ,~' , , 

.' . 
'\ 

" , 

. ' " 

,(' li ... " 

., 
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'.1f site li. 15, empty, the' ratio of' the numbet; of Umes 1 t adjoins a rod to 

the nulilber of times, 1 t a~joins a' va~ant 51 te, 19 

(\-IC] 

, 

The probllb111ty that a si te B 1s empty, given tbat ft adjoins an empty 

site ,A is :' , 

, _ ,(Ns -N.t-(IlI-H)jl) 
P [ A, B- emp ty 1 - ..,..,.,..~,...---,---=---:-,-.,­

" (Ns"Nt -(m+l)jt)+jl 

The 0 1 +J) molecule may then be placed onto th~ lattice in .... j +1 ways: , 

The total number of vays to place NI indistinguishable mol~ules o~to 

the lattice in the first orientation' :1s : 

(1-I'J 
_ [Ns:-Nt -mN1) l, 

- Nl ![Ns -N.t-(m+l)N11 f 

Given th~t NI molecules have been place~ ln ,direction l, ve 

proceed to add"2 molecules in dlrec.t'ion 2, assum1rti that each 

direction 18 independent of the otber. Ve agal,n ,first add j2 molecules_ 

" 
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, 

Th~, (j2 ,+l)~h molecu}e'can t~en go onto the latticé ln '(Ns ·N
1

-(m+l)Nl'-

(lIJ+l)j2 ) places. The ptobabUit'y that a site h 'unocéupi~d vhén H, ts' 
~ - , • ,1 

known that the adJacent' 'site in, the' $econd"dlre~t1on ~s ,ocëupied, ~s 

(NS-Nf-(m+l)~1~(~+1)j2) 
P[A,B empty'J = [N

g 
-(m+l )(N

1 
+jZ)-N, +(m+l)N

1 
+j2" 

It f611o~s thà't 

Ye' have 

" 

Proceedlng ln thé saille vay for the third direction : 

~, ' ,-,' m ,r (Ns-~t-'-(m+l)(NliN2+j3)] " J 
,J.Lj 3+1 ~lNs4Jt-(m+l)(Nl-tN2+~3)+(m+l)(Nl-tN2)+j3J 'l' 

l '(Ns-Nt-(m+lj(Nl~2+j3)] , 

rod~ N ... uptight lIJolecules and N' vacanc1es : 
'T 0 ' 

, '. 

, r. 

" , 

\-
" 

" ' 

" ' 

" 
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,#4, , ( 

~s lU {NS-N,,-mN ) l' 
- " 

, 

''l' 

,g(N.,Nu ) ~ (N .. -NtJI3NOmgINel~Njl. .' ., 

If the distribut1~n of rods 'o~er the possible lattlee ôi~e'~tfo~'s '1s 
" , 

, .... , ' 

( 7 

~ , . 

, " . , 
" , '" r 

, In thé. special case of" Nt" 0 .. ' th1s teduces to 
, , 

: , .... 1 

. ' 
l, ,i 

, , ' 

pl. , , , 
, ' 

, . 
, -, 

l " 
" 

1 • 

, r ,,' ' , , \ 

'Whi~'~, 'l'S the ,formula 'published by ~1H;1ZiO,(38)~ .' ,'" f', , . 
o 1 " (l , 

l '1 \) J ' • ~. - '~,' ' \~ -,. , .. .' • - ! " _ _'" 

Flnally taklng the logari thm of ~q. p.·2!?)', qp~lying StiJ:'lingJs-.' ,', ". 
\ , ~ "e, r r • 

1 • ,I • '" • 

apP~oJdmadon 'and ~limlIui~~n~ Nt fot:' ~~nv~nten~e :;~ " , , , 
~ 1 - , 

~ ". -.1' y 

, ',\ ~ 

1 • -' . ' " - ~ 
- \ .. • .. - r J' ~', <1' ,1 ", J \ 

Inur>'~ ~ '~1+Y6-tmy~)1~P'~o~Y.i') + y?ri~~o} .-:-: Yil,n,(,~~/j1~ ", ... _ 

+ ~y~~~:i~+l~y~)in(Y'~,~ ~!L:m~i);~) 7:yjt~(~j':j ~ " ,-,- ',< ,',,',', 
.. \' 1,' Il < 

Il \ '\. 

-(l-Yg~Y;~ )ln,~l-~i -:y~i) .~: ~~yo ~~_:l)Yl )ln(~~~,~~l)Y~~, " .' 
... - • l' 

, 1" r .... " t ,. ~ • \ ... 1 l ,t' 

.'}; ... 

, , 

where v':=3 for a t~1angular lattiee 'ancf y ~ =N0:1N~ " ,,',' ~" 
. ~ !\. ,~~ f 1 l".. t ,. ~ J 

. ' ~n' the part~ don functi9n <3,',19>, ve have th~' f~l'~o~f~g 'H~llJi~'tOJlian: 

': :, " . 
~ ,~ j 1 A ,-' 

" . 

. ' [3.28] 
.' ' 

",' 
, " 

, " 

" ~' 

, -, , 

" 

J, 

" 

'. , 

, ' 

, '. 

, , 

.) 

.... 1 ' 

, , , 

, , .. 1 

, ' , 

, . 
, ' , 

: \ 1 _ 



. " 

) , 

, ' ( 

,. 

:' 

, " 
\ 

,-' . , ' 

: .< ~ "'.' ~ 
,"·35- "_' 

~~, ' ! , ' 
1 • ~ .. 

.... , , \ 
" , 

" and A 'the total area of, th~ monolayei', :. 
, , ,t ' " !,' 1 

, 
['3-,:29']' , .:}~, '{A~(Y~ +(m'~l~yt,~~-rf"YJ;"'~' ~gYg'l . 

, . , 
, .. 

~ P, 

, 
" 

, '. 
, " 

"' 

" . , 

, ' 

, , 

" .. ," 

" 

, . 

, , 

'" Her~:' Ae .~. the area "oc~uJ>l~~' by ~, upright, m~l~ed chain, 18 tàken tô bs. " 

" 
, l' 

, 
• - , l 1 

, , ! , ' 

..the area of, a vac~nc'y; fan~n châins aJ!'eo 'assumed ,'to occ~P'Y an area 
'''' • - \ • • • 1 ~ 

. , .. 

" -: 
" , 

, , 

, , 

' . 
. ' , 

, .' 
• ," 1 , , 

,If 'the -set { N OI~ } veré known,' we would then be: in: a pO,si tion to .: , l , 

• l ',' \ ." , 1 1 1 '.' t \ • 1 1. : ,:~' ~ 
calcul~~~ aIl the e~ements of -the partition func:t,ion. This set will- now 
~ , , ~,J'O '~\ \~. 

l ,"'" 

'~e calculated in 'the .quasi.~he~icai' apprOXl~t110~ 
, , ' ' l," , " (39) 

','of ~Qrk by ,Cotter-Hartire • . , , ~ , 
J ' 

Vorklng '!Ii" th, OUr famlliar" trlangUlar lattice, we agaln assumé thà t . 
• ," 1 ~' " 1 

1 1" • '! • 

'.' ,rQ~s'lying l'n, ~he three di~fere~t 'd~rect1ons 'to' b~ f.o:r,~llY -differen\ 
~, • ',1 ',_ _ " 1 ~ " )', ,- 1 ~ '\ l' 1 l , .' (1 

speelas. lie then have' 36 different types 'of near~st neighbour 
'. " ' 

" 

" . , ' 
~onfjgu'I'at1ons subj~ct to the constraints',: 

, " 
... ! . t 1 

, 1 

2N "+.[ (N ~ + Na) ) '", q z~ 
, ' aCl" ~.. a,~ ..,Cl Cl. Cl " 

l, 

~ , " wh~re { q~=qe;=qg'=l,q( ... «m+l?z.2(m~1)~2)} ':JI,.t;~' z;'6J .Jlere qé 
f .. ', .1 

represe~ts' the number of ~eai:-est ne1ghbours .a.' molecule l of,. typ~ 
1 ~', '," l , ' ' , " ' • ' ''' , 

our ~alc~lat10ns~ w~ v1~1 '~h~ose'~'{~a~/ap ~ (O,~',g~'1==142;,3) ,} , 
, ... "- ' , . 

Cl h.as' •. ln " , 

as th~ 
I( ',l' 
l"~, , , 

, " 

,( 

.', 



1 L'''' 

. " 

' ... " 

" 

, (, 

.... -, 

1.. , '~ 

, . 

, 1 

, " 

\ . 

" 

, . , -Je.-

" ( • • 1 ~ ,. , 1 

, set, ~f'f i~dependent, va~lt\bles and determine ,,( 'N, ) , usi,ng the above 
'1 ' ,~ 00 . ~ \' 

equations of ~onstra1n~~ 1 

- ' 
.. '. ,,' , " 

~ ... 1 .. , 

l " 

- " " ',l~ t~~ '~ti~~~ -chernie,al, approximation, 'vh1eb 

,', , Betlte.approx1matlon Ùl: tvo-dime~Slons" ve treat 

is, ,~qui~~le'nt, t~ the 

neigh'bour1l1g sI tés as, 
" " • f" ~ v - ~ • ' 1 

(,lnd~pehdç,nt., A combl~~toriàl approach vil! tben be used to calculate 
~ ~ • ~ - . ' 1 • 

. , r f Il 

" ,- '",w(Na ,Na~) " .. the, nüm~~ ~t'.v~)'s o~ rando~ly ar~~il,li Np~ ~13 pairs 
, 'l, • • . 

a11 , pairs. ' · assuming éomplete indep~ndènce' for 
" (' 'r , " 

J, " , 
.' . 

, g(~,~'~a;Naf3) ='-C(Na)w(tls,N(X;N~p) 
- ~, ~, 

v~ e~pèct C « .1 ,:"sltl(~e m..âny physically impOSSible si tuaUons vill- be 
, , 

counted in 'w., F,rortl comb!natorics ': · \ . ~ , , 
\) ~, ... 

, 
, , 

, " 

Uij11.~ing,. th,e:eq\uiU~n~ of çonstr~int, ~hls, becomes :. 
.. i\, ,. , 

, ; 

... ", J . . , " 

, " 

, .::- t3~!,J : 
'.. _ f ... ,;':, 

• '*' ~ ,a" .. 

, " 

( , ,.. '" To. obtai~ ,C':' ~e '~um àve~' N~~ ::, 
., f, ' 

, ' 
, , 

1 f ' 

, ~ \ 

" l, 

( , ' 
" , , ' , 

, g(~~ ',N') ;:: C~t/) ~ <ù(N),N ';N Il)' 
. '.. a" aU, S' « (l ... , . " , ~l' ~ 

- ".Slnce. the' value of g~N~,Na)' is ~lv!i'n br eq.(~-25>., we can, 1,n' principle" 
~ , ... .... ....' 

no,y: determlne' ctN ) ~ Ho,~ev~r, thè suri! 1-S .much too', difficui t to pe~form' 
~ , ~ Q. _ \,' ! ' ) ~.. ,- , - " ..... ( -, 1 -'. 1 

directly: lie ther~~ote make use' o'f.·'~h~ ',~~axi~um ~ term met~,odn, ~hlch . 

,/ 

, 
, 1 

l' 

. , - , ' 

",' , 

, ' 

" , 



" ',' 
, ,~' " 

.. ~~, . , " 

, , 

1 , , 
" 

·37'· 1 , , ' 
" ' 

" 

) 1 (,' ~ l' ., 

: replac:e~ the' iogari~h~ :o'f 'a' sum by' t,he' l~,i~rhhm\()f' ~be~.lar~~st 
1 f - ",! J' ,1 f,', ,l' J, l' 

" 
" ·the SUIII~ Bill, shows, th'at tq order~, of' ~gnitude si8n1H:éant in, 

~ 1 \ l " • 1 1 • '" ' 

thérmodynamic8'~ th~ two ~re' equ~l (37?,~ Ther~~ore,:' , 
~ !~) , , 

" , J 
1 } 

" 

" 

, 1 In(e) , == :1n( giN' ~N » .. In( (&l' " ,) " 

, l ' , S a. max •. ' 
~ J; ~ f' " ( 

, j 1 

,It, turns out t'o. be awré' converl1ent to max~mize 'log (&) ',: 

'( 

, , , 

" 

term in, 

} 

, ", 

, 1 

" ' 

, " 
l" ~ 

( , 
, ,\ 

1 ", 

) , 

l " , , 
~ \" '! ~, 1 J 

slmultaneous'equatfons : 

J' 

, "These, may 

l" '.' 

'- . 
( "" 

" , . , " 
, ' 

= N ::= q~qêl/!NaNp' 
N(I~ 1Jr.r., 2( 'l: q..,~y] '; , 

, ,)0 , 

, ' 
" .. ~ 

• ~ r ; , 1 l " 

, 1 

, 
, , 

" , 
,qù qr"ZY (lY f!N ' ' 

~ 2(1 ,+ y 0 +, (q71}y~,> " 
" 

,,'~' r~'~ ~,g~e,' 19i~"','~:7 
~e 'now have a11 the l~~l"edi~~t$ necess'ary to ~alculàte ,'the " ::: ' 

/' , 

,~ ,t. 1 ~.! v ~ 

parq~ion,functlon. The',Gibbs freé energy'may'nov be wdUen dpVn 'using-' 
, l " , ' 

, -

',' 

!' / 

, " 

" 
" , , 

• ,f 1 

, " 

t v,\ 

" , 

/, ' 

." , ' f { 

" 
," >~, 

" , 

, , 

.. , 

l " 

'-:' ' , , 

, , 

/ 

" , 

'" 

, , 

,', 

, , 
" 

'/ 

, -



" 

. ' ~ .. 

'. 

, " 

, 
, J ,> 

", ' 

1 .. , ~' 

. . , 
" , 

,.> .-

, , 

1 t.J: 

, , 

'. 

- " > ·38· 

, , "~ 

" . eqS.'(3-2!), t (3:~8).,(3:29) ,~3.38) ,:-

~ " 

'G~ ~ -kT InÇZ)(N 

, . :. ~ ",~"-kT{(~;o -tr;II;~')ln(l-+Yo-IfAY~.,>' ";'Yol~(y~)· ' 

~"(~-Y, ~Yg).ln(l-Y,,·:"Yg~' :. Yglh(Yg? ~ Y,,~n(;4) 
, . , " ',+ ~~~ -t(~;l~+l)~,)ln(io-t("'~lln'+l)Y~) " 

" 

\ " 
" 

" 
~ . + '~y() i(m~l)Y~ ),ln(~o +(m+l )Y;,) J ' 

"; 2(1-+y ~q:':"l)Y' ){Ygt'gg +2rg'(1~Yg-Y~ )~:eg +2QYgYJ. ~~ 
,0 l "'. .' l , 

" .f( 1,:-1g -'Y-,: )2~e~ +2~~ l-Y~'~y g,)Y~'te~ .fq~yttU) . 

, 
, -

, ,+ 'n(Aemyl. + Aê~o + (Ag:"ie)Yg +'Ae ) ,+ f~y", 

, " " ' 
/, '1 .." , " , lie . hâve assulDed that vacancies d'o not interact"wi th any other particle 

J !' , ' 

,Lé.,' Eou' :-,~" .. Hini~i~ing.· the Gibbs fr,e,e ene~gy w.r. t,. Yo and y~, ' , , 
~ " t:o, J, \, \ • 

~ubjèÇt to ~h~'cons'trai~t . that ~ ~$ co'nst~t yields the,' s~i o'f coupled,' 
'.. : 1 ~ ~ , , 

. \ 

" , 

" . 

'. , , , - . , 

.' 

, ' 
',' 

, .' 

" 

, ) 

" l' 

, " 

, ~ / , 

." }, 

. ' 

l' • ~ ~ • 

,\, 

1';:' , 

l " , ' 

" 



, ' 

" ' 

. , 

.' 
t 
, , 

~, , 

d .' 

, \, 

, + 2(1-y -y,)y «' 
g '" g eg , . 

-1lA 
, "g 

l ' 

·39·' • 

. , ' 

, " 

The abQve equàtions may be sOlv:,ed'numerically to,yield 'thé'rr A 
" , 

" 

" .' , 'i j 

(i v) A MC;>DEL FOR THE COMPLE'PE' fi ~ A ISOTBERM~ . 
\ '~r l , 

<,' 

, Up te, 'no~ ove ha~e ,dealt'vlth 'the LC/~E,',ànd"LE/SG' t,ransitlon 

separately~ The Hamllton1an vhic~ vill generat'e t~~L complete n . A 

isothérms, of d~e' l1pid mo~olayeI;' may', be vdtten 

" vhere' Je."p represents the 8a1nilt~niilD developed by Geoq~all~s, and.-. , . 

1 

" 

,Pink(2Z,2.7) f9r the 'LC/~B t:r;an~i~:i~n i deu~ ts the', damiÙ~nia~ for the 

, LBI.~G' t~~~l H?n' an~ :k.~rli, , th: 'eoupÙ!l8 B~l~to~ian vhich' will 

, , ~o'Îlne~t the ,ivo p~ases. Sinc~ th~ Jt~p and, JtL~ , '~e~era:te :ph~'S~ 
\ , \ \ 1 l " , 

, t, 

~ '. ~ E, r 

, transft~onsthat are effeCtiv~ly septü:ated,,: ve will suppose that 

':-i~"'''j ,~s saial1' ~~ h~~C~ make'~ only a 'neJt1ig ible conir~bution ,to tlle 
'" l , , ' '.J t 

~yste,lD. Ve' cart the~efo~~' just ad? Ïree enérgy c~ritrjbut~ons from th~, 

m~dels 'developèd ,;fdr t'lie, two phase tta,nsl t~Qns '", ' 

. " 

'. , , , 

, {", 

-<. , , 

, , 

, " 

~ 

, , . 

~ i \ 
1 

J, • 

" 



" , " 

, '7 i v 
Up ta now, .th~ inte'racUon e~~rgies.< ,t(lp l. are e,nurèly, 

- r .... , 

featûreless. It 15 ~~senUal that' the values' chosen 'rèflect the" physicâl 
, , , " l ,'. .. 

" orlg1n'o~' the forces Involved. Ve,s~all adopt the'v~e~ ,tha~ th~ 
\ '. 

, } 

, prlnc,lple forces involvèd are the, van '~er Vàal dlsperslv~ fo,rçes and thé, 

dlpole-dipole interaction between pOlar head grou'ps. Therefo're't we 
,l, t ...... 1 

'. 
_. J, 

[~.42J ,~~g 
'e: Jo l(g.g) + KQ 

" 
-, 

, 1 
~'eg .. Jo l,(e,go) + Ko 

.. ).."t-"?' 

,,~ee à,:JO 
I('e,e) '+ Ko 

" 

Bere J ,I(g,g), J 'I(e:g) 'and' J 'I(~~~)': are 'identiC:~l,~:l,th, the 
, o· 0 ' 0" ' . 

, l ' ./ , 
", f , , 

pàrameters iiven 'in chapte;r:, ~I. Ve'~\11;ther ,b~ve ,assum~~ ,'that' there will,', 
l' , .J 

bel a negÙg;bl~ ,c~ntribuUon to th~ van 'der, Vaals Interaction between 
, , ' 

1 1'- , ~ 1 

chains nriE!Dted' at right angles: to each o5her.' Ka denotes'the 
\ ' - -, ,,'1' '" \" " \, 1 

contrlbutio~ from. 'the' ,dipole~d1pole .'interaction. In the casé ·'of.' the 
, , 

\ , ) ~ \. " !", , " 

fnter~ct1on be-tween ~alleJl and uprlgh~~ chains ,'~~d, betw~~~ two '~a~', ' 

'chains, 'this i~teract1c:m: vHl be reduced 'by ,a f.ac tor,.of 13, and a ,,' , 
, ,," \ l t l , ( -,' f • 1 • '-< -, 1 

l' l ' 
• 1 !' ~ 

respéct1ve~y., ' These parametersare expected ro have values less than 
, ~, ~., .' • 1 l , ' 

, , 1 

,'unUy, $lnc~,.not ~ll"configuraÙohs on tl!e 1atÙce a.1low f~~ maximal' 
1 _ _ 1 l " 

, . 
" interaction' bet"teen,~the p'oiar be~~ groups. For exampl-e, ~onslder t~b 

~~ , , ' 
,,' 1 

" , 

" 

.' ., 
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't-t\ 

molecules vith fallen chains., On1y vhe~ the two pol~r hêad groups are 
\", 

nèarest neighbours do the)' interact 'vi th their ful1-s~ale attra,cdve 

.). " of 

~orce Ko. Given th~ very large number of vacancles in the system, 'and 

the different confi~rat1ons that' the' fallen chains can assume on the, 

laÙlce,' we see tt,tat 'such' conf~gÙratÜms are v~ry un1ik~ly .. Thus, in a' 

,very simple fa~hion, these t\to' parâmeters account for thé distance 

dependenee of tbe dipole-dipole' interact1on~ 
• 1 l " 

" 

, ' 

" 

\,, ., 

'1 

" 
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Çhapte~ IV ': Re§ults 'for !h~ Cçmplete Mgdel 
, 0 , 

In this ch~p~er ve present tke nu~erical results'for the complete 
, c 

, ~od~l déveloped in the last chapter. Va f~rst discuss the paramete~s of 
, , , 

, , ' 

the ,theory, an,d, th~n prasen t the, :resul ts througb a 'series of 'graphs.' 

,In order to solv~' o,ur equations self·consistently, ..,e comblned 

eqs. (3 -40,41'). thrpugh' the eliml,nat~on of n. The resultant, equâtion vas 
, ' 

,ttlen solv~d :for _Yo~ the c,oncentr~tion,' of h,o~,es , and y,,", ,the' 
, , ' 

concentration of molecules ..,ith fallen.-chalns, both 4l0rmaUzed vith 
, l ' ~ , 

, . 
respect t'o the numb~r of chains. 'the Maxwell construction vas then, 

, " 

applied to the resultant isotherms by che~klng for equal values, of the 

Gibbs free ~~e~gy. 

are ': 

In, oUr the(>ry for the Lg/SG trà~sit~on, the adjustable parameters 

) 
, , 

m . the'nullib~I' of lattice si~es vhich a fallen chain 

occupl~s on: the interface.' ,', 

f.V ' th~ ~cdva~ion ,ene~gy ~s~oéia~,ed vith th~, fallen state. 

Ko,a,~ . these thr~~ para~eters ~etermln~ th~ 'strengths 

of the dlpol~~dipole interactions betveen variouS 
, ' , 

speci~s:, Ko the tuil~scale dipole.dlpole'interaction' , ' , 
". l, ' 

eoergy; a de termines the interaction betveen 

two fallen ~halns; 13 the interacUon betveen a . , \ ' ' 

, ' 
fallen, chain'and, ah u~right'molecule. 

, , 

, Qur numerical resul ts are gl ven through a series ,of graphs (figs.' 
" ' 

, , 

" 

" 

, " 
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4.1·8). Ve cho~e to model the Isotherms of the phosphollpid DPPC, using 

the follow1ng set of parameters ~ 

J(g,g) • 1.0 A .. 
g' 

20.4 i 2 

J:(e,g')" • 0.148 A • e 
34.0 il, 

j J(e,e) '. 0.022 D - ~ .0 g 

-13 
De 127'5000.0 Jo == 0.912xl0 ergs. "" 

,{ 

Eg 0::: 0.0 N 
0 

::; 102 

-13 N = 1010 E = 2. 7adO ergs. . e s 

These values are identical 'vi th those used 'by CP, tu ,their theory for the 

Le/LE transition. In the following set of d1agram~ (see p. qq ), unless 

othervise specified, the values of the various parameters for the 

extended model are: 

T '" 2I.5
0
C 

,. -13 
Ko = 0.75xl0 ergs. 

13 "" 0.55 

Cl .., 0.0 

f~ "" 0.0 

m '" 5 

, 

the choice of the above parame~ers v111 become clear as we begln tO 

study the effec t of each var1abl~,. 

The fh:st graph (4.1:) shovs the resultant n . A isotherm for'a 

lipid system vlthout any dlpole·dipole interactions at aIl. As expeéted, 

.. 
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there 1s no'LE/SG phase transition and the isotherms tend to zero ar 
~ 

Inflnitê areas,per ~Olècul~. Sfnc~ the ca~e Ko < 0 does not yield any 
.. '...._- --

l '\ ,.) 

\ phase trans1UQn, 'le continue to 1nve,Ugate caSes vith an attractive 
- ) 

-
dipole·dlpole interaction. ' 

Yirst we Investlgate the effect of f. " the activation energy?f 
,. 

the fallen state, on both the 'LB and SC,phases (flg.(4.2». Increasing 
, 
fJ. dra'lS the monolayer cl~ser toget,her in the LE ph~s.e ?,nd 1 io~e1:;s the 

pre~sure at vhlèb the LE/SG ph~se transition fake~ pl~ce. Thus, in 

order to fit our numerical results to those obtaineQ through expe~iment. vi 
-13 it vould seem that an f~~lO \ ergs. fS neèd'ed~ .Bovever, choosing f. ,>0 

leads to an increase in the number of upright chains in the SG' phasè. 
~, " / 

This is comp]q~Jy l\nreas~nabIe . in the _con't~"t of o,ur 'physioal- model. 
~) • ~ t '1.' , 

Since cho,oSing f ~re nègativ.~ r~~es, t,h~ ~~JSG :t'ra~slti()nr..e..:.essul:el ,1)~ 
\ ' 

can therefore ~ispensè vith the' ~;:ira'm,éter "entitely 3:nd set .,f~ "" 0.0. 

- , 
This is not unrea$onablet s~nce 1 t should, ~ost ~s no, energy to <;:lollapse 

the chains if there 15 suffldfwt' spa<:e. - " 

The effect of' changlng the ,amount 'of $pac~ vMch a fallen ch'aln 
" 

occupies on the isotherms 1s show ln fig, (4.3). At;; m increa~es trom 3 

ta 7 , the isotherms !nOVe. tOliards exte'ndeC;f. areas' per moleC!ule. The' 

Larger values of m depress the press~res at vnlch ·t~~ tE/SG pha~~ " 

transition" takes place. Since ~he- hmgth of a singl.e, C?ar'b?n:,ca.rbon bonq, 

ls about 1. 54 ,1, and hecause a si te of our la't'tice has ari area: of 34,'0 

, ' 

.' ' 

. , ' 

I­
I 

) 
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i 2" ve cannot real1st1cal1y',exp~ct m 'to talté on values 8:r.:~ater thàn,5 
~ • l , \ 

l ', '1 

(for DPPC, vo1th hàs t""o 16~'carbon atom ~hains ). 
l ,'r" ! 

T~e' ~ffect 'oi', vatying Ko, the, 'fuIl'-scale 'at~~acti~e dipole.dlpoie 

'lJterac't~on stre~gth 1~, ~llu~trated ln fig. (~.4),. As expected" ' 

increasing Ko results in,a l~s~ exp~ded m~nolayer • i.e. thé.film,~s 
, ~ , , 

J , 

dravn ~loser togethe~., the,patameters ~ and p determin~ the·intèraction 
l '. 1 \ \" \ \ 

,~ 1 1 

strengths bet .. een t",o ,li'pld$' vi t\l. fallen chalns. and a Jipid' vith fallen ' 
1 • \ ~ 1 

, 
chain and a l1pld vith aD updght chain. Graphs sho~ing the variat1o~' oi.' ' 

Il' • >"" , 1 1 

and based on the distance dependence of the dipole-dlpole interaC~ion, 

ve expec t ,tha t ~ vin b~ very ~m~ll and ~ to -be' abou t " 112. l t 'iS dear' 
& ' ! / ) - 1 1 

, " 

that ~nèreasing ~ lèads to a more exp~ded monolayer. The parame~er ~ 

'behaves ln the s~efashion, except tbat the variation i~\much'more 
, , , -13" 

p'ronounced'~ It ,,~q.~-' found that chooslng Ko - 0.75,,10 ergs., ~ "" 0.55 ,~ 
, ..!.:...t 

.. 0 l~ad ~o ~ bès t fi' t,' for the LE phase of the lipid monolayer. 

, ' 1 

• J 

" 

, ' 
) , 
-, 

' .. : 
- , 
, '; \ 

, , 

irt . 
j' ,14 

, " 
1 JI' If "1 "JI' /','1, \ 1 

, " ~ r ~ 1 1 l ," , 

, '-:, 
, , 

l " , ' ," , , 
) ,/ ,i 

," ~ r 

, " 

, " , ., 
, ' ~ f ' 

1 1 '" ,: \ r, ~ :, : ;,' 
/ 1 J f : / '.- -', , 

'; Il 

, l, 

\ ' 

1 

/, ' " 
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l , 
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l ' 

,', 

, " • ,'~ r 

1 

, ' 
l' 

l' J' ~ 

" 

, : 

" ' 



, ' 

1· 
1 

\ , 

, " 

\ \ -, , 

" -

, ,. 

-46-

'( , 

Thus, we see' th&t ln a qualitative ~ay, our model reproduce~ aIl of 

the essentlal features of the two main phase changes of lipld 

monolay~rs-., In particular, the m04~1 of Georgal1as and Pink yields 

nonzero slopes in·Qhe coexistènce region, and a~dlscontlnuous change in 
, " l ' 

" ' ~ ... ' 1 

.:slOp'é at the dnset of the LE phase.' Slopes obtained for the LE p"hase are 
, \ ' ' 

iD·good qualltatlv~ agreement vith tho~e Qbtain~d through experiment. In 
I~ , \ 1 1 l, ; \ 

1 - , : ~ l , 

-;- 1 addition, our model ~roduces a first -order LE/SC -phas~ transition vith a 
, , , 

, ' '02 
coexistence re~ion >7,000 A .,Ve have therefore accompllshed our goal of 

descrlbing the 'fi - A, l~other~s'of lipid monolayers and their associated 

phase transi tions 'using 'a' single mode!. 
" 

Our model cannot predi~t the criUcal 'behavior of, the LE/SG phase 

transition "correctly due to the nature 6f the Bet~e approximation, l,lsed. 

Our cal~ulated critical te~per~ture i~ greater than 3000 c~ Near the 
..... ~ , ' ' 

critical point, the va~iatlon of the order parame ter with temperature Is 
, 1 • 

almos t p'arabol1c, for.a mean - f ie~d, ~heory. Thus, for mean· field type­

solu UQt}s ~ - s'malI, varia ~l~~S. ,in temp~ra: ture le:~ t'o rela,ti vely large 
), 1 1 \ 

~hâ~ges' in '11he '~rder $>aramet.er. This i5 in c~ntrast ·'to the exact 

sol~tion~ where large changes in 'the order paJiameter occur on1y - ' -" , ' , , 

J • l '40, ' . 
relati~ely close ,~o the critical temperature(, ) • Bence, if ve'~re to 

!Dode! a vèry iarge range in,area pe;r'molecule I,lslng'a mean·field type 

solution, we must be very far from the crit;ical point. Our, obtaini:ng 

,/, ,\ <:. 

values for the critlcal temperature and pressures 'which ~re much ~oo 
, Il ", 

h~gn 1s not too surprising and.cor~esponds to trends observed in oth~r 

'" . 

, ' 

, : 

! ,~. ~ 

: 1 

_. l, 

" 
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models. Fo~ eXaJIl~le; Pallas(lS), 'obtal~~d a ~aiu~:of ''.l.' =2600 'C:i~ (Ùtl~g 
) , .) " : 1 ~ "'.' -c .I,,!, \"' \ 

data'ot 'GérShfelJ3~)~o a ,mean~f!eld v~ der v~als"~q~a1:tcin' of stat~. '", -

, . 
l , ., ~ " , I~· 

_,1 .. 

Furtherlllore, the data ~sed vas for pentadecanol!: aci'<~~\'~ soap ~i th, a', I.! ': 
, ,- . 

, 1 1 1 ~. ft, k' ~. __ 

'single 15' carbon étOIn ch.lin ,and a' coexistertce curv~ bavjng a l~gth of. 
. . ~ --' , " , l'. ' 4" ~.~ ,~.~ \ ..... • ~, ! , .. " 

about half the size of, the corresponcUng, t!O~'Chaln.e~''-pho~pho~~Plc:J,. On" '" ,~,'~:, "~~\,, 
~ " '. J _ • ~ , '.. 1 ~, ~ '. • 

this basls"alon~, our predicted:valuè's' f-or' the.'cr,lt1cai telllperature 
1 i .... ~, 

, , 
, ' ~" " 

, f ' ,1 .. 
" ' 

l '.should be level} farthel;' away, fFqm their~ 'tru~ ,va;l.~e. 

, ' 

, " k' l ' .. ~ , 1 ~ , \ ~ ~ ... 1 

One problém wl'th 'our ~lDodei 15 "tha t t,he- pte~ic ted press~re valuès -
1 • ~"_., t 4 l ' ~ .. " 

for, the LE/SG ~has~ transi tlo~ a~~ tQO- hlgh '; It, vas p~sSibl'~ tb- reé).ch' 
, ' 

"., "low 'pressures .of ~,oj)2' aYJles/cni.' (,as;,ob~e~v~~.',eXpe1=lmen~aÜ,y) as: , -
'.. 1 : ~ " ~ • t ' f w:' .' ~ ~: ~ '.. ' : 

" OPPo$~d to our c~leula:ted viilu~s '.of' ""'0.12, dYnes/cm. , but or111 a't ,thé' , 
" , 

cost' of 'exp~din'~ the' rângç 'of' i:h~ co~"bt~nbe tegfop' to: ~rir~a~onâbi~' " 
~, " , " - ..... ~ 1 \ _-.~ , 

lengths ( 1,.~. >2o,oooi2 /~oi. ,). -Altei:~ately~ l>'to~r- tra:nsiti~n "; 
, ~ '" \ . 

L' c • \' ~ 1 ~ :: \ J! ~~ --

pressur~s ~d 'areas 'éould be obtâi~e~ .by'~éc\epUn'g' lover transi'tioÎi -
, ,. ~ 1 

... r J • f , 

, , , . 0 ' 0 ' ' . 
-,temperatures ( s~y 5":'JO, C as, o'ppns~d 'to 25 C'and hlgher). 'S1qce this,o ' 

, ~ ~. 

, " 

, " 
,\muld not al1=er pur concept~alplctu,~~ t'ri aoy vay, ,this P9Ss'~b11ty' vas. 

not fully, !xplored. Our' lover ~ransi,t'ion' pressures are: parti~ll~ 'due t.o 
1 (j , , , \ ' , '-) ~ " ' 1 ( " 

pur, ùse of Itt~e Bethe approximatlôn and" ,to SOIll~ Qf' ,,the -~s,sumpti0lls 
- , ~ 1 .... 

1 • J 

'imp1:lci t, 111 our mo"el. 
\ ... " -' 

" 
; ~ . , 

_ , ' qur m~del, of' t~é ~,~/SG phils,e ,tr;msi,t,ion l,s. essenda~,li il' ,two-state 
f, ..... \ .... 

model',in terms or chain orientation vith respect, to, the aqueous " 
l ' • 

suDst~ate. The- hydroc~rbon ;chalns are in ei.the~ the'ir 'ûpd~ht or ' fallen \ 
\ 1...,' 1 1 ~ ' • .J 1 

state',. No ~ttempt has b~el'4 'made ln th1s ~hesls .ta add'ress ~he '~~am1cs , 
,-

'Il, - • 

'" , 1 

l' 

\ J, , 

l ' 

" 
" . 

\ , 

1 -. " 

.. , 

" , '" , , 

. " 

.1 
, " \F 

. , 
, :;' 

. , 
r,' / ll\ 
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,~ 1 / 

) - ' 

J 

. , 
, ' t.. 

~l ' 

" . 
, " 
" . \' , 

... ', \ 

, ' 

" ',-,' , , , 

{ ,'.. ~ 

\ .,' , ~ 

, - '-,of the e'ôl1~pse. 'tt see~~ llkèlY' thà.t th1~ ,tolbpse 'or', 11'fUng Ull of' ,the ' . .' " ;' :,', 
, 1 \ 1 .... ' ~ - l ' : ' ~ 'I : , ~. \' ~ \./ - , ... >' J - - ,'1 ---- ' 

. " ' 'àc~l chains. takés place in stages,' eaèh of vhiëh WQuld. have i t~ ~vn " " " 
, ,,:'.:, ,;,' ,': 4"'" """, " ,'." • ::.'. ' "" , • "'~ 

inters'cUon énergy ~nd stat1$ticS • ..-Inclusion ,of' st,lch Intermediatè states' ',' 
_ ~ ~ , , ... ;: , '" • "'~ 1 1 1·... • , , • 1 \ ,'~!. ~ l,' \, ...,' . " 

, , 
" ' -, " ~ , exper!mental ~esults. 

J \ ' ' •• , ~'~. ' 

, ,'-:' 'Furth~rIltOré, 'ln' èalcu'lat,i~ the' sta:t1stièsf~r' c~nf1:~raÙons 'of 
.... " . _ .. 

\ " , 

, ' • ! I,' ..,. ,1 'r ~ 

',' cop~p's~dn~~hal~s, 'IIlol~culès v!'t:h, up~igh~ ~ha1ns and, vacandes on oux 
- 1 •• ,(" ~, \". '..... • . .' , '\ - . 

'. , 

'f ,'tr1~~~ia~ la~Ùce •. y~" tre~~ed ,e~ch .. fh"in ~s bè~,~~ co~pletely 'sepa:r,a~~:, ' 

, a~d Ind~~ndent'. This 'm~es ~U~ ~~del' reallY; 'mor~' apPt~p~late 'f~~ , " 
, _, ( 1,1. 1 > " 1 ~ , 

'1- , ' , 'f... ~"~ .. , ' .. , ~ , .' " • ~ 

, single - t:haioed' mol~eules $uch as ~o,aps. lnaeed, ,for .suc~ sys t~ms, the' 

l, pre~sur~s obtained are -1n go~d 'agrêemen~,,~:! th, .thos~ obtal~ed ~htqugh ,: 
" , 

,,' \ 

, , ' 1 ~ . ~ ;. / ~ l, ,~I, '", ~ , 

" ~XpeElment. III the, case 'of, ,pho,sph~Ullids such aS ,DPP,C. ~herè' are alwaY{i' 
• ' , ' • ' ' l , '- 1 ~ • r 

" ' 

, 1) , 

t~o 'coai~:s ,pet- 'molecule ~whlch are' ~o~plêd'-vla their ~lyc~ilde' baèkbone. 
< ,: ' 

>", • 
1 " c 

Tbus our calculat.lons ,'for, the entroprç 'terms cOIl,tribut'ing to~ards the 
! ", l'·' -_ 

,J , 

frée eneJï,gy of the system are <mIy a Urst approx~lI1at1on. 
,', 0 ~ ,1 l' 
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Fig;.(4.Z) ~ 1l',-A: is-otherms showing va~t~ti,On inJf~~! the: act{v~tion: ' . 
. .' ,energy 'of 'collaps~d' qhain. a) Le/LE transition. b) LE/SG transition. 
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CHAPT ER V LC/LE PHASE TRANSITION FOR IMPURE HONOLAYERS 

In this. chaptér v,e presenf t~o mean-field solutions for the LCILE 

phase transition for a lipid monolayer vith small substitutionsl 
, ~ 

impuritles. lie will foeus in ~art1cUlar', on ~·naphthol as the i~pur1ty. 

The experimental ,resu~ts(20) (gi'ven ~n'fi8.(5.1» indlcate that as the 

impurity concentration increases, both the LC/L~ and LE/SG phase 

ti)ansitions are ~hifted, broadened ~nd ftnally el1mlna~ed. The film lS 

very mU~h ~ore expanqed and fluid. At high pressures, > 30 dynes/cm., 
l' , 

thè 1mpurity,is squeczèd out of the monolaYè+. The impurities,are 
v 

capable of rep~netratlng the film ~hen the pressure 1s ,lowered. 

(i)"Mode~ for Impure Monolayets; 

, , ' Ta the modei in chapter, Il, for the pure Jlpid system, \le noy a~d' , 

small suhsti tutional ~mpuH ties. The general Iia'!liltotlfan; consldetlng 

only. néarest neighbour. interactions, may }je liritten 'do,",? ln analogy to 

. our prev.ious model, 'întroducing ooly' a ,nev ,degree 'Of freedom : 

1 

8?re 'tin 109 ·the ~ene'ra1:Lzeâ .dte oper."tor Intro'duced ln order' to 

" , 'distin~~sh, betv~en' a 'li,pid chain (1) or an illlp~r~ ty (p). :t'ts, val,u~s 

are 'g1 v~n'" as follo\{$ ,; ,t l' , t a1$ès on 
, , ' . p .. thé' v~lties +1 or 0; dep~ndlng on 

vhether :the '~th si te' 1s occ~Pled by 
> ~ , ,1 \ ,,' 

, /, , 

anilnP~rity or a ~ipi~ c~aiJi; Ça 

Illay ,b; '\lrit ~en ,a~ , i.1l~i" Sere' til 
, ' , 

15 th; ~lpld' chain site operato( 

, ' 

,1 

" 

1 • ~) 

, ç 

~l 
.. ' 

'. 
> ' 



Fiq.(5.1) DPPC on (3-NAPHTHOL substrates : experimental resuft~. 
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" , . 
<, ' ,1; ~, • J , I, 1 

/ ',,: i in'ttodu<:ed 'in chap,ter 'II. It SlCCQUtlts fo):' the ,two possible states of ,the 
\, J, 1 ~ J r 1 l 1 l , ~ , ! 

'1 ',( , " 
• \ l' !} l, l' 

, , 

'l' J I,' I1p1d chains,' 't~e ir:oùn~ IStiJÙ, (g) a(td the excited state (e). 'J,'he 
,'.1 ,'~' ~ • ~ J , ' R '/ ' c~ 1 l "\ ~ ~,' \ 

",,~;':6per~~'~r, ~'1,'.1$ ,intra,duce~ ~s:a equrit11lg:d~v~ce. 1t 'takes o~, ~~~ values 
• : ',~;' J' '/:"', ,1 I, { ',j,1 , 

" ... 1 i' ,,\.r j ~, l , 

',," ,,+'(.or')Y,y d~p~~~~'~~ ,whet~~r :tb~' i~h ,site Is, ~~ÇUP.i~d by a l1'pid chain 
, :: ~ ','1, l': J, '/.' l, f ,1 l '('~ "1 " ;1 " - l' ') l "" ,1 '", ". i ' 

oi;/1itt 'tmpurl'ty. Fu'J;thermoJ;',é', .:.:.] J(n,1ll)/2 represènts the, as, of yet 
}" 1 j, /, ~/, 11"\ '.' 'r' 1 1: 1',1 ,0/, ' 1 l " ' 1 • 

" 

) ': 1, , 
, 1 

1 ) 1 ,1.m's~~~lf'1'ed~ ,1'n~er~~Üo~','bl~,t,w~éri ~Ùes 1 ând j ,of' the lattice occupied 

, " 

:' 

) 1 l '.. ~ ,J 1 ", /,,' • r \ ,',' ,1 , 1 .L, 

) • ' " f l' l , '. , 1 ~, ) 1 fi' > 

" " '~Y, ',sp'~~~es ,i~"'J~,ta~~,~;,,and:,~,ie~pecti;vely. Il(n) dena,tes tlle, fmagnetic 
., • :' I~ , : '1 il J','; , 1 \ 

':':",f1~la'", or 'ch'l'!mlca'l,'piùéndâi associa'ted wlth the molecular spec1~s. If 
; f 

" ,{ , " ' .;1 

, 1) ,'aU, of. "the làttice sites are' t>ccupied y then 
( : () • ," 1" ".." ~,', ' 

" ' ( 

, JS-2J 
1 ~,' , 1 

i ' 

''rhe numbe~ ?f ~'im.pu'tples is gi ven by 
, ! • ~ '1':: ' 1 (J', ' 

" ',' , , , , l' 

" ' ' 'J" '\0. tti~', 1 Q tti,te " , 

,tS- 3J " """, ,'r: )l~: ~l r ( 1 .~ ~il'> == ~p 
, , , J • 1 l' ,~) iLf " . ,1 1 ':lI ' 

, " , 1 

,~ ,~'} '[ : 1 : \ : • 'i ~ <' ~ l' 'f' , ' ' 1 J 

The:'.ij~i'l,'ton:1an (5-1) may be, split' In..t,o three distinct terms: 
l', l " ,: >' , '1 ' ",' '1 , 

, "", ,', /" 1.1 ~ LI, ' .. '1.1' , il.l ,:, 
I:[S~~]t,;"': ,:"";',1,' ',',~\J ' '~.t~.(' '<1~L~f IdVf·,r 

, • 1 1 ~, 1 ! 1 : ' 1 .. ? '" ,', l 

: Vh~r~,', ea~h .. ~~:' t,ti~. abo~e' tetmS ~e~~es~~ts, the Ba'JDiltonian ,~Qr" the, 
" ,'", r t " J " f Il : ~ }, J ~ 1. • " , " 

,: in ~é~~cdôn; be'tv~eô Uplds t'a llpi~f :abd 'an impur! ty ~d be'tween' two , 
'. ) 1Y 

, cr 1, j, l' ]' ,l,," ' 

'j Il " J, l':. ,',' . '1 (r , 

l , ",;' Il ' ~1!1~~r~'t,!~~, r~ip'éc~i,:V~,lY,., ~p,anS1o~,: of ~q"(5·1) t ~11minatiçm of ,EfP , 
,1 ,,' l , ' " ' JI l ',J' • 1 ~' l, ri,. / ',~.,' l " " \ ' 

" ,~',' ,us~n~,e,q .. (5'-,2),,; s~llllàation(..ov~I;'the ,tvo p'os~ible B,pid st~teSt follo'Wed, 
"', II ", 1,.' JI ! , ' l, \ 1 , 

" .' 

l' 

" , 
, " 

, 1 

,: ":,~;; ':'.',; ',:by,,'t'hè :'~k~'sfQ,~~~~)[l' . t ig."~)?2(1 :'~ ~i) J ,~',~'e' -: l/~(l • O'i)' vith (Ti "; " 

, ,1 

. " 

, , 

','f ::. '1 ~ ,1,' :.~ .... ' ; , j, l ~ 11 1 } > , ' 1 " 1 l ' 

" " ·:t.h ,yi,elds the'fol19'Îiing form for' eq~I(5-4) ,~, ' 
l " ,1 ' : 

~, 1,', ~r: '_:. 
, ' 

• Il ., ',"J " 
, ' • J 

, .. J ,j , , 

f 
\ 1 l '1, ,! 

r 1 { ~, 
) , 

, , . , .. 
, " 

l ,l, 

, ,1 

," 

1,r::J > 

'1 , 1 
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" 
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\ 

(5-5J. 
J ~ 

~ , 0 
J ., T{J{gtg) ... ' J(e,e? 2J(e"g») \ J 

a:rr,T) '. J~4~j[J(g,~) - J(e,~>l/4 
'0 , 

r r, / J J 

,+ 1/2{(Eg - Be ... n(Ag, , Ae)] kT,ln{De/Dg)12 

" , 

'-, 

, ,\ 

, [,5.7), '" .J ':= J J(p,p)/l ,AA 0 '{ , 
" f ~ ~ \ i 

In vrHing 'the ab ove equatlpns,' we have dr()pp'~({ the con'stant tèr~~ .. ' 

appearing, in the B~rniltonian'.s ,", stnee these, vi11 'oave no "effect on, the, 
l ' ' ! -, J ~ , ," 

" ' ~, J l J ' ' '. ~ 1 J ',~ _ 

, , ' calculated thermodynamic prQpertles of the. system. 
'c' 

-4f!'- \,' J ~' • J ~ , ~ \ ; \ ~ ~ 1 \; .... ; , l' 

_ In ;'ihls, thes,l~, ~e w~l1 ~olve the, impur1 ty problem l,n'" two, d~ffer~nt 
1 ) ... , t '. ' ,j ~ r ~ ~ l , \ \ ',' 

vays, In bot~~ cases, ve v111 mak~,use: ,of ~ tliean:,Ùel~ ~~e of 
, .-' ~, ',) 

assUlDpt:1on, WhiC.h,)w'n~' repl,ace t~~é 'sÎt./ ~p~rator ~'i by ,Ù~" s1t~ 
, " 

"indëpenden,~"a:ver~é'~~~. TUs p'roc~ss,<v.p+ be, càrried ou<'first in ,the,,' 
" l' 

BamlltQni:an, 'then in' the ,Î)art'l tion 'fu~cÜon. 
, . , " 

, \ 

, , 

, '" :' (il,) "ODEL' I ' , " 
l ' 

, " 

.. ' ' ... ~ 
JI) J ' , , ' 

, ,replaced ~ by i ts "si te independen t ~veî::age <t>. lie wri te, : 
\ 1 \ ,,' l", , 

, , , 
! 

, .-

, 
,1 

\?-

, ' 

',1 

, 1 

, /,' 

'. , 

, ,l, 

, ,1 

, , ' 
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\ , 

·(P "" nt} ,. Nl/(~l-tNp): 
'- ~ , 

. ,,\ 

\'~ - ~ 

, 1.' ,':", " 
vhere NI and N rep~esent the number o'f U.pid 'chains-. and, im. puri tics 

P , ' 

rèspe"ct1vely. In this case our Bamlltoni'an~ become : '. 
" , 

'[S-91 2J( e tg) loi 
, 1 

1 

- . J(e,e) 1/4 + "1/2 [n(Ag • Âe) 

* (Bg Re)} '·'.kT In(De/Dg)12 

(S. HI] J(e,p)} 

, ' 

J 

( 5·11') 

'These ~y be,fù~theF reduced,tQ 

1 

dG 
'N 

= -i. I: t111Tj - Hl L"~i 
(~> • ~ 

J' " 
[5·121 :r '" 4

o
(J(g,g) -te J(e,e) ~'2J(e,;g),~,nt ' 

Hl II< H(!l, T~ + Jon tn2Q{J(i,P) . J(e;'p»)/2 

.. , . ' 
\le see tltat this BaltllltonHm is in exact11 the SQ.II1e form as used in 

" , 

l,' 

\ 

..... , '. 

, ,'1 

, p' 

" . 

, -, 
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" ' , " 

chapter IL 'thus', 'f~~' lDod~l, I, 'solving ,eq~(5·12) ,~n, à Cayley tr~e-, in ,the 

Bethe appro~lm.aÜon~ ViII' y~éld e~ctly '~be saine ~soluti.ons ,as: pres,e,n:t~d' 
in :~~aPter' ~{~ The,' etféct, Qf' th~ -'lIllP~ri des' 1s then t'o' sCl;1le the , , 

effectivë- int'Sraction energy '(J), and 'to b~th',shlft and scale the field h 

(~l)'" Thu's, 'as we increase.' the ,impur,1ty conceotratio~1',we ~p,ecf th~', 
, \ • < 1. '!, • JI' " " - ,. ,'1 \ ~ ,,~, , 

Le/LE phase ~ransition to beeome vashéd out and eventually ,to disappear. 
- "_, • _'. ' l " " ',,) 

, l , 

Since 'we" explic'itly assumed that the éÜstribution Qf impuriUes on the, 
\, ,l, -,' , '-

, , , 

- Ilatt~ce: 18 'essentially ran4om, wè lose the èffect of impurl tY·lmpurJ ty' . 

interactions. Bence, this model·vill n~t.allov J?,r phase sepa,ration 041 

clu$teI'ing of 'the llIipurity. , ~~, , 

, ' 

, . 

'tl ," 

. The r'e~ults for Model, l 'ar~ shown i,n f1g:(5.~). They shov thàt at'_ 
'1 1 l ' 

- . 
sh~pe as ,the isother~s .~or the'pur~ monolayér, except that, the 

. , '"6', 1 

transi tion pressure 18 shifted. tovards higher :pr~ssures.-' ' 
1 ~ _ 'J l '- , ' 

\" \' 0 

~lthough not 1'l~u~t-ra~e~/or thi~ model,. it, 'vas found that for,a . ' . 

. ' glven concentration of impur! ties. the i~teractlon bëtv~en', liPtds and , , 

',., -

impurities, JA, eo~tro~led the t.railsltion,pr~~sure/ ~ pOsitive 
" , 

1 1 • ~ ~ 1 > l , 1 

1nterâcU~n le~ds to a deÎn,'esslon of ttte: tr~s1 tion p~eE..sure (repuls 1 ve) 

to'vards the transi tian pressure of the' pure l'.l1on~layer. 
\ 

(negati.ve) Interaeiion energy has the opposi.t~ effect. 

An attractive 

J 

A further res.ult of ~he 'adt;J1t1on cif impur! tl,es to the monQ,layer: 

" ) 

, > 
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Fig'.'(5.2)- Resu1ts for ,Model 1 ' DPPC with ('J-naphthol'impurities" 

. T::a 21.5 Oc j' Ap':. 34.0 ~2,., Full ,do~ain struct'ùre iS includ~d. 
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'r " 

j 1 

, 
,! 

Il"'' 

, ' 

l ' , 1 

i , ' 

1 , ' 

• / 1 

1 system 'l's to rIlake the crÙlcal temp~rature' dèpen~ent on the impurlty , 
,If) , ' 

f ," 1 \ 

'concentration :' 

, 1 

1 " .' T~~ .' n
l 
T~'~, 

, 1 

'{ 1 

" (5- Hl ' " 

i' 

, : 
: l ' tempera:ture will be, depressed~. ,This 1 is reUt!c ted <through the shàpe of " 

". l , 

" 

,. the lsotherms wcith h~gher ,1mpur~ty. éo:ncent~at~ons ',(e~g,. ,nI·: ..0:'1)', . 
'\ ' 

• ~ 1 ," ~ \ ~. _, ~ 1 - , 

, , ,ln thls thesis, nO'attempt, has been made- to model. the ejection of 
1 ~ _ , _ • .1 

.' l 

, : the impuri ty ~iC?m tb~ fDonoiàyer a t hlgher pr~ss~re~. ;Thus" our 

, 
-' 

\ l' 

, '. 

l ,calculated isotherms do not converge onto the isothèrms à,f pure·lip~d 
" , 

1 

"·~ystem, as ls,observed. ex~èr1mentally.i 

, (11)= Hodel II .', 
, ,', 

" , , 

\ , 

_ / l ~ 1 1 ,. - \ 

In presenting our' second model, vevl.11 folli)V' ~ method d'eveioped 
• '. 1 1. • \ ' 

by A.G~oi-ga{la$,(31)., This. met~od '1,;' Pa.~~ic~lar~~ ait'~a:C~l'Ve. for 
" '-. 

f 'pseud(Ùatti~~s l1ke:,'the 'càYléy tre~,' sin~e it ~atu'~ally a11:.ows', the 
'" 1 1 ~ • ' 

1 

. ',~ev~lopment of ~lgher ~ppr~x1matlons ,for the impur:1ty problem. In tpe 

equa.tlons to fo110WI"~~;t1n~ ~l • {~O'and r12 -- 0.0 ai~~ws.u"s tO':~b~ain, 
l ", .. _, " , 

the results for ~he' pUl."e Upid system (1.e', ~qs~,(2.15,16),. Model II 
l, ' \ ; ~ 

differs from Ho~ei <J: in thàt 'ire car~y ~ut oAly a paÙlal averaging in, ' 
,,~ " 

~ne a~mll t'onlan., Ve t~èreby _ a~low for the effec t of sollle neares t 
" 

, nèighbo~r corréla t ion~. " , 

; . 

.\ , 

J, 

\ 
" , 

~ ,; , 

l" " 



, i 

" 

1 , ' 

\ , 

> ' 

, " 

,1 

,~\ , \ , 
't ' 

l' , , 1 

.' 
1 ~ , ~ ~ 'J l' ~ 

, 'f Consider nov ,a cirley tree"1 'whose si téS ,wll~, bé' Ul~~a:vith 'ei th~r 
:,... ..;, l , ; \ J ..... 

,iipld 1 ch~ins or impuri ties' th,rougb the addhlon of succeSshe rings or 
1 l " " , ". t • 

" 
" , 

shells : ' - , l, 
, , 

.. ~ 1 ~ 

, '(a) ~f the, tree 'bas z,ero rln,s,.we 1tbtain by' in~pection' '!, " 
\ .. 1 • 1 '." \ 1 ~' , j 

, 1 

Il J) ,l' 

'[5·,14 ) 
, , 

, " 

l '\. l ,~', ~' , l ,( t ,1 l '!, 

'(b) Consider now a 'Cayley t~e~'wlth 0 .. 1 ,dngB'. Ve, cao wr1t~' and 
r ' , , , 1 >' \ ~ ~ \ t \ • 

, . 
app,roxlmate the, ,P~ml1tonians' as 'fol1~vs' : , , 

l' 

',1 

, "K,; • ~t 0'0")1. )j- li ( ~6 ~~ • t "J~J) ~ J~J.Q4. '1. ) (I- '\J' ) 
, , j' " ,J'", ,J'"J ' 

, ,,~jAt(o'.~.(I~~j) ~~\; (t-f.»" , 

::{-~f.r.a.i'/ -,iCo-o • ~~ 1j > .}" ~Ir. (1 "1J )]n., 
'+ [-(J'. ~jj)t. ~~J- J.:J (I-~)]"l. 

l " 

,',' J J 
" 

Th~ pa~ti~io.n ,flmcti<?o' ~y oow: ~e: calcul~ted, USlng ': 

l ' 

For esse of notation ", lIe introduce the convention, that coup'l1ng 
• L , ,', 

~, \' 
foi '1 _ _ _ J " \ 

<constants without a tHda will denote the constant divided by,kT O.'e., J 
J t 1'....',' , ! 

, , , 

'" .. J/kT, ètc~). " 

, . If, ,there 1s a Ifpi~ in the 'g,r'o~nd s,ta te ât the orig1n of 'the 
, 

Cayley"" tree, then,:, 

, , . 
t&'~"ti' , "' z<i> 

h) 

" ' 

l, • 

1 

, " , ' , 

0; exp ( ~ t à j ~ j + 'B ( 1 
, ,J" " 

, , 

1 

" 

, , 

, , 
') ,"\ 

.' 

, , 

) "',' 



, ' ' 

.. 

" 

, " 
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, l ' 

where- , , , 

J ' ' " ; ~ , 1 1 ~ - 1 :1 \ 

If the ~1p!d'ch8~n.at the'orig1n, of the.eaylêy trèe :1s h~ its. 
\ ' ,_ J 

exe! ted state, , then. : 
.. ~ , ' 

'Where 

(e) 
Z (l)' =~"PI-4~j~j +8<-1 +fj~~)'- JÀ~(1 ,~ ~jii " 

:"" ,(y + ~-l~q 'exp{-(B' +,q~2JA)J:' , 

If tl'~ere is an impurity at the orlg1n, : 

l ' • '., 

, The parti tion function for the Cayley tree w1 th nel rings ls then: 

\ 

",,' (Tr gQ exp(ll-klo'2JA) + Tr' yq exp(-Ôi-iqn2JA11~1 

yhere the matrices X t and y~ ~ave been 1~tro~uced ,in analbgy tQ the 
: ' ~ l ~ 

transfer matr,1èes. They 'ar~ defin~d ta be ~ 

, "(X )( ) X":: v.-I , x'" , , ' 

, 'J' • 

, 
. , 

, ' 

·i 

, 1 , \' 



1 / ) , ,~~ \ L, 

~ch, of these matrices bas 'àne e~genv~lue whlch !s, . ..zero. Call1ng the. 

, .' 1 ~ 

, , 

nop-zero eigenvalue { ~p t; } ~es~e'(!t1velY, "t,he paFam~~ers ,tAI 'Pl'}' may, 

b~ !lntr~duced, 'tJtroug~ the substi t~t'l,on:~ : 
". 

" , 

, 'q':' q, ,q .. ' -1 q q qp 
Tr 'x'1 '" (Tr Xl) = 'A~, .. (x + x ) ""A,e • 

, " 

Then' our parti t1.on tUnetl()n then becQmes :. , , 
'. 

, , 
'. 

1,. , " . , 
qnt ' ' . . ,01n 2<1 

,Z(l) ::=A\" [2cosh(nlB~nlfPl1n2JA»){2coS~(H+JA») Il 

• exP[~n~JAJ,) 
" . 

,(c) ,'Proceedin~ in, 'slI1lilar 'fash!on; \le "wrÙe dQ\m the parti tian 
, ' " 1 ... 

" , , , 

. 
, , 

, . , 

" 'ZA = (x-!1é-l)'(q:~~t ~xp,r('~'-i)'b2J~J ~,~,;-~-èXPf(q',-l){Pl' + 92JA»)'" 
, ' 

il! • ~y.y-l) (q-l).xP( - (+~2j;) ~A ~~ I~XP[ -( q-I )(Pl : n~J ,,) ) . 
l , 

, .. ' J ~, ~ 

'Ze ~ t eX~{.~~AJ +,e~pr-(H-tJA)l/'~~~)eXP[(~-l)n~J~) , 

'::= ( 2cosh(H' + ~ A)' '~(q~,t')n, ex~ r(~:,"1)n2J Al)' , 
, ' 

{5.·,26] 

'. 
,1 

, '. 

, 
", 

.'. < 

" , 
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(5·28) 
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'. 

'(q-l)n' l" • '-1 .' " nJ 
, ,'" AL ,f Ixexp{(q-l ),(Pt7nZJ A;)f +, x, expJ :-(9.,-1 )(p} -tniJ A)1'l • ' 

(q-l)n
t
n

2 
. 1. . 

• [2cosh(B-iJA») , exp[(q-:l)n2JAki1l2JAr,. 
• • 1 

"" ' .... '. -1"; nI ,-JA'\I n2 
Zn == {yZA. + y ,ZBt le zc1 

(q-l )~l ' , ,n 
=At, ,. (yexpf(q-l)(pi-tn

2
J A)] 'ri- Y-~exP{-(q-l)('.pl,-tp2JA)Jl·l' 

..,. N • 'V ni IV JM,nZ Zn! "'" (ZAexpla-tJAJ + Znexp[-(S+JA)]J ~ (Zc~' ,1 

.(q-l)n1 , :' , ' ", (q-l)n1nZ 
;:: AI èKp-[n2JAA -tnl(q-l)JAAH~,cosh(H+JA)'] • , 

" lntroducing the substitutions !. 

" . 

x} '= x elCp (q-~')nl (Pl + n2J A)}' " 

YI ,:= 'l'exp l'<,q"':-1)n1(Pl + n2J A),} .., .. 

,i' ,1" 

(
X '1( )" 

'Xl.'-: '')(I~J Xi' 
," , 

Our parti ti.on funct'16~, for 1'\ .. 2 ',rings, ~hen be~omes 

," 

, ' 

J. 

:.':: 

., -

1 • 

, , . 



" , 

, ' 

-' ' 

! " 

,Z'(2) ::: a1(q-l)Bi ( 2eosb.(nlH-+qni(P2~2JA»} exp fqn~JAAJ 

'n1 \ 1 n n 
, ,81 '=' A/l' 2;eosh(R+J A) fI, 2 

, B , 2 
ni, ' '''- ,', ,(\,'\1 " [ :3. 'J 'J 

~ A,. ( 2c~Sh( H+JA'f(~1)(nlRl-in2:lA~))~ e,"f' 1\.r ~", 
l ' , 1. f' - _ r, 1 

«U ,-" Ve)reneraÜze these subSti tutions' for', n!;!ls; rings on, the Cayley . "j 
,- t • ,~ • 

tree .. 

-

Hs ~ H+(q'-l)(Ps -ttl2J A) 

Xs =: e)(p [n'l Hs 4n
1 

J l 

,~s ::: ,exp,ln1Hs-n1JJ 

X ~ (::. '~I )' 
" 54, 

, , .1 

r, 

AlI of thesè matrices have one non-zero eigenvalue.which may be writcen 

as~ 

(5-31.J 

From these, one easily obtains 

," 

(Xs _1 ~;~ 1) . cosh[n11J-t(q-,I)ni (Ps-l ~2JA)-ffll J J 
(YS"-:-l iyS~l) = cosh{'n1H,+(q-l)n1 (Ps ,-l -+nZJA)-nel 

A; "" >'sP-s ", {Xg':'l' + X;~l')(YS-l + Y;~l) 
, . 
, ' 

J " 
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We furthe~ bave t~e rècurrence rèla t1on,: 

q(q_l)n-l q(q_l)n-2 " Bq(q-l). 
Zen) ,=. B, Ba. ' ••• ,1\ 

.. (2c~sb(nl B-tqn~ (Pl\»/f12.:J A) »exp{qn~J AA l 

). 
nI 0l n2 

~here ' BI == A. I {2C~sh(B+JA)J 

Thése recurrence, r~lations may be solved. lie d'eflne 
. ' , , 

f5-3S1 

lt may ea511y be shawn 
, ' .., 

, AlgebraiÇ' ~ipulation 'then yielas: ' 
1 ~ , , '> 

" 

(5-3~] 
(i '+ ~A),(l 

" q-"'::l 
(1 " -, !J ~ ) (1 ,-2 + z ' 1) -s , s-

"" v + z' )q~1 ' ' 
(1 + uA)(l + (1 - 'uA)(l -s .. 1 , 

, e 

"q',;..l " ) s-1. , 
z ')q-l', 
5-1 

In the thermodynamfc 'Hnli ~, s .. 00, 1 t 'may be' shawn, tha t the, above 

, ri 

" 

" 
" 

, ' 

,1 

, / 



f 

. " 

. . ~ 

" . 
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e~pr~ssion reduces to a pol~omlal of, degree'q 
, IV 

. " ~ 2)q~1 UA)~l 
" ' q-l, 

(1 + uJJO - (1 - - z) z 
(5-38} - ;::' ,~ 

Z)q-'l, v + 2jQ-1, +.'(1. -
" 

(1 ,+ uA,)(\ uA)(l ,-

the free -energy is found uS,lng 

[5·39] . F =: ~kT ln(Z ) 
.n n 

.. 
It maJ'; bS; 'shown that1 t~lE~ -eentrÙ, ~1te of th~ Cayley tree :h~s the 

-. " " l ' 

same' 'magile'tization' as that calcula~ed by' ~~e Bethe approximaqo~. '~he 

central site e)Cper1e~ces a' 'field'. given' by : 

.-(''''= II' + q(p + n J). ' . ~Hc ,S 2 A [5,- 40). , 
'. 

- , 

,The 'magnetizat~~ri t or order :parameter :1$ obtained "by -d1ffer~nti.a til)g, 

\ ! J ~ l \ ~ 

,VI th respect -to the field at· the centre si t~, : 

~ _ ' (~(P~/kT) '). 
~ , - '4 B' ' 

',c, 'I\;t: 

' .. 
/ ' 

., 

, \ 
, 

, , {; '"", Ù +v)z. " 
In terms of the or:der' p~rameter for the pure l1p1d Syst~lD, <O'>,~ 2' ' 

Z +v 

oui hew' o.rder paralJ;1e~er; <0'> for the impure ,IDonolayèt' sys tem 'l,s; , 

" , , 

" .. 

.' 

, ' , 
} ", 

" 

," t 1 

.l, , 
. " 

, i 

, " 

, , J 

l ' 
'/ 

, '," 
\ ,'. 

., 
" 

, " 
t'~ :' 

.1, 

, ~ 
J • , 

" 

. , , , 
, ' 

.... ' ... 

',,' . 

, ' , 

. , 

-/ 

, , 

(Iv) Results for Model II, ; ,,' ~ l ' 1: ( , 
, ~ J ' " ' • l,' 

\, ",.l • 1 - ( ~. ~, 4; 

Our resultS for Model II are s)lo..m in the ioilovin~ series 'Q~ ' .. ,,/ " '~":,,'J, .• '. 
, ~ ",' ~ : f

r 
l , 

, " / 
, . 

f, 
. , 

l' ; • rI' 

r • \ 1 

... ~ '.... _ l 

, ! 

, , , , 
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1 • 

gra\>hs. f!.s for Model l'~ ,nq,:a,~tempt .. ~a~ béen 'made to m'odel the absorpotion 
l, 

or ejection 'of i}':lPU~i,~tr~S', ~~o~ t~'e: ~npl,a;ei at 'hith pressures, or to 

: 'lJ,lodel the ~E. pha~e ~or 't~e:sy~t~m.f:, 
l' ! ,w f" 

r , , 

,Tne vatiat~on of the' 'ca~culated i'soi:h~tm;:;' for a' given impurity 
JI, r ,t 1 J 

~ li, l , l 

, .' co'ncentratlQÎl v,l th resp,èct' ta _the ''upic;l-'lmput;1ty interaction 'ls 
j ~ '. " r ! c. , ~ f !' • r \ ", • • 1 

i11ustrated in 'fig.(S.3).' '~s 'ln the case '.of Ho'd'el' I, an attractive 
• \ • l '1 'n 1 

.. " in t~ra~ t i,q~ ~u's~es :'t,~e iso'therms tovards. high~r, pressures'; a repulsi ve 
" \. ~ r " : l '/ ~. j 1 

in tera~ c'l'on' energy "de'presses, the transi tion, pressures. 
1 f l ,_ Ir!., • l' r t J ,1 ' 

, '1 1 1 1 ~ ~ (1 ~ r, l 'J,' 1 1 " / 1 r ) ; l , , 

,l, • ... 1 ~ 1 l , '1 ~ , l, 1 

, ~n, ,con/t:t;,ast to/.M9de1 I~ 'the dhic'al' ~emperatute depends only 
Ir r ' l," 1 ( l ," 

~ , J ,1/ 1 J .. l j " ' 

, " 

! t .~ 1 r' ;' , '1 ,1 l ','1 J ; > f : ' ri" 

linear,ly ,on, the impu~it~ ,coJlcent'ration :" 
1 • / < ;:-- ,J " ,'r ,1 ,~,,';, /1 f " ~. ( 1.. : ~ 1 ~ .. \ , • ' 

~.. / ~ ,T, ' ,1 !: ,~ r f >' " 1 1 ( ! l,', r' (" 't l '~t ! 1 fI 

1 1 r" ',! • 1 ")' ,r { 
~, ,', '1 ft ['~J • .J i" 1 1 JI, ( 1 Il 1 l ,J l '01 , ") r'" 

[5~43J'{' '/,( ,Tc :""nlTe" , ,-,' ;. '.," ,,",' '; :<>' :;-/ /':i',,' ':''',>,,<': , ' ,( 

~hei~·,i~::i/t~~' ~ri{ti~~i: i:emp~r~'t~r~ ,of th~ure Ùpld '~ystem~ T,cl f of ',< 
, '~'. ',,~, > " ',! .', ' . .',.- -",',:,;':'.' " l' ' , 

, " 

, 1 ~ 

. ", ''the 1m'pure .'sY,stèm •. Thus ~ 'althougJ:l ,the t.r;ansition temperature 1s .' 
, : '1 _ 1"1" ). 1-

• • ~ , J / ~" r,) 1 _ 

" ".', " -: .. depres~éd, ,1t changes' pnl~,~~lQVl9"yh~~ 'Co~p,ared. ~ith that of Madel 1.' 
..... '. r~ , ~ ( : ,~' ',~ '1 - l", ,1 •• '," l", ~ ~', , • • " 

• _.' f, ' , ;} ,/. J. 

, tlJeç,~fore, the 'isotherms r~ta1n .-theH·' basic 'sbape, even ~t r~lativelY 
, .",' .: , ' ,r___ -. 1 -' /.',' ': ':.~ • .',. (;, :',', '. ;':i ,:~, . ' 

-", , 'J ?,igh imp)irity concentra~l~~s: A cp,llLP,~rF~p_J) '}>f: the two models i~ given 
_ l , " " • J .. , 1 1/ / J',! "', ,1 " 

l "'fi 54 . '\',~",'fjl'/.iI_,)f:"'~1 
-'r .1n~ g.(.' ),. J"I:' if ;,,11/ ,';'/', /-

) ( " ' - , , - ../. ~ ~ / : J .1 If (/ IJ (1 ,. 1 

:' ': , " 'pu~ 1 b~s t ,~1'~' ,to ,t~~ Ai'peri!l1en.t~~. :r.é~ul t'~":is 1l.1\1str'at'ed 11\ 
l' l " ,,,' 1/. ; 1 l) • '_ ,,' J! 1_ f, " ',', ~ f, ; ~ : 

fig.~5.5.>o: .'::~~ systé~ ~a~ ~~s,<b~',~~~e,i~~d V~'~h,'a veak r~p~l~iV~ 
" l ' l' / l , ( / l ," ~ 1 

" " ~nt~raction between the ,l.ip,id$ apd' 1~pl,lr,i tiés,. These' isotherms also " ,', ,< ' ",' '. , . " , ' .',', :; " ': :'.,' . ,,",, " ',:. '," ' 
" , illustrate the full dOlllaln struc.turèlin" <;ontra'st to a singl~ domain -as' ... 

~,~ t'l":,, '> ,\ ,,'~ /l/I'/:".':. , 
snqwn 'in the:pf~~ious '3,gr~phs'.',At'Ü~;;;p,t,i'ntf ~o· fit' the point's ha~'f,-:ay,~, 

f ' l" ri'),' • .z~1 \' ~'Il(;'i,'~'/ '.' \ 
~ , f' C J 'l, l ,l'il 

J,' /, 

, , , " ~ 1 • , ' 

" , 

• ~ ,_" 1 / \ 

, (II '1 (1 _ ~ ,\ ~ • 

,. , - t' ~', l' r 
'i ,', ,. 

.', . " } t ';' , I:~r : :' " . 
f, ' J ~ f 

! r ~ 1 

:' 1 1/'" 
1 l , ,1 

/ '.: 1 
,-

• t'" 

, , 

" 
• ;1 
• l, 

l, 

1 .. 
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• , l' 
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" 
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,l, 

,shOY, tba't' ,th~ llIoQel 15 successful for 
,~ 1 ~ J j \ L 1 1 

,Io~' ~mpur1,ty 'co~c~ntI'ii t~o~s" but ,not éit h'igher' 1mpurity concentrat1pns~ 
',' l , -,' , ' 

1 
'.' 

" r 

1 " 

\ 1 

) 

l, , 
u 

" 

J' 

, , 
1 1............. • 

becollle :lmpottant. 
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Fig.(5.3> A comparison between isotherms with different impurity-li~;d 

i~terac'tion~,'T;l' 21.So'C 'A~= 34,,0 ~2 ni" 0.05. 
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CRÀPTER VI 
) 

: ÇQNÇLQ~IQNS 

ln this final ehapter, 'le 'bfletl'y ,p'rE~sent' some ,pos,sible ' 
1 ." JI" ( '( ~ , ~ 

t~ oux;' model, and, su_r1ze our: con~h,l~~()ns'''' 
, " ) 

" 1 1 

Improvements and extensi'ons 
, , ' -, 

" ' 1 1 ~ \ , 

,t ,1 

The ,J!lodelpr«:sented, to'r ,thé comple~e fi ,. A lsottlerms' of' the 'l~pld 
, ' . '~ . , ' 

, ' , \ t " ,j ,~' 1 1: ,,' 
mono layer i$ ess~ntiaUy a t'!l9-State model'in', tet'ms of chaln ol;'ientation 

, t',) 1 ' ,Ir: l' J 

vith respect to the aqu~ous ~ubstrat~. 'The,~ydroc~rbon 'chains are' ~~ 
l , ) r 

either their upright '( the upright chalns 'may he' in eithe1" ~heir' g~.ound 
" ~ ; , " J. 

, 
or excited states) 91' 'fallen state'. No attempt has been made to 

, , ' 
address the dynamics of this' collapse. It la l1kely that t'his ~'ollapse 

or 'liÙ'ing. up' o'f the .1cy1 chains takes place in' stages, each of \lhich' 
, r j' \ c 

, , 

would have its own interacÙo,n' en~rg}r and statlsti~s-. Inclusion o{ such, , 

Intermediate states may vell resul~ in 'improved qu~tltat1ve ,agrt::ement' 
" ' 

, ' , wl th" 't~e 'expe~imental results. 

F~rthermore, in calcul~d.~g the, stat1sÙcs' for con,f1gurati,ons of 

, collapse(f chains, ,mol~~ules 'Il th uprigh t ,chains: and ~ac:anc1es, 'on <out 
,- -

1 1 ~ .;1 , l (\ l ' ' ' l , ' 

tdangular lattic~, 'olé treated- ~ach chain as being, cQmpletely separa te 
, (, 

) 1 f ~ ~ " " 

single. chain;d inol~cules such as soaps.' Indeed', for such S'ys,tcms the', 

pressures obta'ln~d '~re 1~ very good agr~emen\ vi th" ihos~ ob-tained 

thtough experlment. Bowever, ln the case'of:phosphoU~ids such DPPC, 
... " " - " 1 ~ -" , ~ 

thete are always two, chains per molecule; '~hich are, coupled, via theli, 
l " " ~ \ , - , -

glyceride baç~bone. Thus', 'our' calcula tiqris for_the' en t't'opic terms 
J ~ l ' j 1 

') ,-

-contrlbutlng' tovards the free energy of the ~ystem 1~ reàll~ 'only ~n 

. " V 

, " 

, , 
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, , 

approximation and ,CM posstbly ,be Imptoved. 

The t~eatment of the problem 9f 'impure monolayer' systemsmay be 

extended in numerous ways. ln this thesls we ,presented a 'model vbich is'" 
- " 

strictly for the Le/LE phase'transition. Through the introduct~on of 

vac~ri<:iest the collapse, of ,acy1 cha~ns and a proper t,reat~ent 'of the 

interac,tion bétw~en impui ties 'and l1pi'ds, our model could he eX'ten~ed to 
, ' ' 

the' ,LB phase' and LE/SG pnase transi tlon. 
- ," 

, l ' ~ -.'"~ 

Our treatment of the Le/LE transition' ~or impure monolayers 
'\. 

, '~,,' 
explicitly mad~ use ,of a me~·fleld type of as~mptlon on the 

distribution of impurities 6n the Cayley tree. us}pg the 'method' outlined' 
Î 

in chapter V, 1 t becomes easy, t? develop higher approximatfons for thé 

, -
Such a treatment would entail yorking vith the grand 

éanonle'al parti tion funcUon, to explic1tly: conslder -aIl: po_s~lblli ties 

,at each lattice site ,( i~e. lmpurity" or lipid chains in groun~ -Qt' 

exclted state ) and u~lng ,the constr4lnt that the number of impurltiès 

ls fixed as a'boundary çondition. It is hoped that such improved 

'apprOXimations allow·for thepossibllity of impurity-i~purity 
l " , 

" 

, in terac ti~~s, and c~n ther~fore ,'b~ used to mOd-el si tua Ùons whére phase 
" ' 

separation and clust~ring of the impu~ities take place. 
1 

,In his study of impure monolayers uSing ~·naphthol, Cadénhead et 

al~20)notieed that 'at high pressures ( > 30 dynes/cm. ) the impurlty vas 
') 

ejec,ted from the lattice '. It was odglnally hoped that such effects 

could be modelled thro~gh ~n ansatz, vh1ch 15 I1near ln the order 
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, 1 

'1 _ • ' ,\ J f , 

parameter, 'similâr to eq.(2.13) (h~~e,the',concentrat1on 'of,t'hé imp'urity . 
l ' , ,1 ,.: l " ~ , 

l' 

would '~eplac'~' N~ the size of 'the _gio~lrig 'Up'id' domàln'). Implementation 
~ : , " ,l , ' ' l , ' " 1 ~ 1 t 1 \ ,\ 1 1 1 \ tI. 

of 'such a model ~li~wed that such à lin~ar: anl';>at'z i~",to~,si'mple minded 
r _ ' ' " > ~ '_ l '( \ 

, ,1 t, ' J ~ 

t In 'c~lculatin~: (, N
a13'l in ,c~aPter I~' f~~ the LB' ph.a~e ,\le tIlade 'use' 

J • 1 ~, J 

:' ,of '~~rk lb; 'coùe'r,-M~rü'rP~). they:" de~~t ~l"t~ a ~yste'm ·o.f ra,d,s' and 
, '1 

,." t \ ~ , '- • • l' , j , 

, l' 1 l ' - 1 (1 ' \.. , 1 ~ 

" , " 

sdlute.s. iIt would ,be intere:;t1ng to, extend this,' work,·,to include ~he 
~ ... (!' l , 1 1 \ ,J 

• l , 

" / .. 
pO.Ssibill Üe~ ,of ~y~c;anc1e~ ,and 1.mpur~~iés. 

" \- JI' 1 J! ! l' ~: l , ' 1 

In. conciusipn, ~è ,hav~ '.prese'n:tfi!d a model for, the phase, tx'ansf tians 
, r ,. !;, 'J.. , l , ,,!,? 1 r 

of lipid moilol~Yers" ~n Arl',air .. yater,.1nterface, wh1ch ',ach'iev~~, sOlllé 
J ~ ~I - '.' 1 Il l ':,J f 1 \, 'i' (' ,'_ 1 ~ , , ,! ": '\ ! , 1 l', " 

'measure of'b~th qualitative.a~d.quant1tatlve agrèe.ment vith the resul~s 
- l " ~ , ~! ' , '\ , oF" l , 

, 'u' l ,1 l,"! \' " ; .,. • 1 \, r 

ob,taineCl; experimen~ally'~ 'P~:t: model ,1s. b~sed' on the' folloving" Ide~s : .' 
I, l' 1 f " \ 1 l ' 

, ',\ " , , ,! '~, \ ,1 

l,', (i) ,Tl;te Lç/La phas,e tr~n's1tl,QP' !s ,a' .chain 41'so~de!lng tx;al;lSÜloh :in 
\' 1 1 (, 1 l', l' 1 1 ... ! ,'! t ' 

Vhi~h the, chalns go' from' a rlg1~" aU.: traos configuration 1'n' th~· LC : ." 
r t ,.., - l " 'j ,( ':'''' _. ) 

/ -

pha'se' to' a ,dhain ,melted" excJted st'ate 'in 'tb~ ;i.É phà~~ •. This tran;>ition' 
. , ' . ' " , K'r 

/ 
\ ' 

'" 

,\ • ' 1 ' '( ~ ';0 \ J ' 

la further modified throUfth'the gro~th'of,n()n1n,teractHlg, firiite·,sbed 
, . 

• " \' , " '0 . 
lipid domains in'the, LÇ'pha~~.,: ' 

.: J < - 1 1 \ r ! 

, " 
~ J, > ' 1 "", ) J ' i f 

'(11) In the LE 'ph'ase~ the 'monolayer expands through- tl:le 
, • ,,' 1 

l, \ _ I, 

l " 

\ .'1hhoduètlon' of' vacarlcies oi: hO,les, an~ t~tough the coilapse of 'the, .', 
~ r 1 1 1 - l ,~~ ) f J \, l ' , 1 

": Upi~ chalns Orito ~he aquéous' ~ubstrate.. ,', ; 
~!'--- r \ ~" '\ , \ ' ,;' Q, ' ) J ) 

(Ui) The LE/SC; phase trallsi don 1s'- a, 'f1~st ·~J;der phase' 'tr~rislUQ.n. 
~ 1 l', " \. " \ ' -

,1 '.' 

Ve have modelled.this transifion as bel~g d~iven hy the'interac~iQn 

" l, 

, " 

, , 
, . 

','-

',, 
1 '-', 

, . , 
, , 

,/ 

, ,,' 
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betveen. t~e polar he~d groups of the Ü~idS. 

, '(:IV) There see'ms t~ be Ut~le "'~t~ra'ct:t'on betveen l,1Pi.d;ïl in the SG, 
, ' 

phase. The obs'erved isotherms converge, onto' those 'genèrated, by a tvo~ 

" ' 
di~~nsl0nal ideal gas. 

fi 1 \ 

, , 

(v) Addition of amal1;' substitutional'impurf,t:1es to our 'llpid 
,. J' - ) " 

" , , 

system' has the ,effect of,',shifting, sc;aling and e~11D1na~ing the LC/LE 

phàs~ transition. 
, " 

/ , ' , 

! 
-

r , 
, il 

\, 

, '" , , 

.' 
} U 1 

(' 
" \, 

f 
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