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Ve ptespnt ‘a model for theff A‘isothe:ms of PC 11pid monolayers on:

1
.

‘L(an air vater interface. Our model 15 an. Ising 1ike N-state’ 1attﬁce model

s
¢ oo
[

solved 1n the Bethe approxiuation, It is-based on the folloving 1deas'

)

(1) The LC/LE transition is a chain disordeting txansition in which

the | hydrocarbon chains go from a rigid all trans to a chain melted

excited chain configpration. The transition 13 modified through the ,

i

growth of finite- sized Hpid domains in the Lc phase. ,%‘\ .

(11) Ih the LB phase, the monolayer expands through the '

1ntroduction of vacancies,and'the,collaDSe of I;pid'chains onto the

R v
B N i
[

N '

v »

(111) The LE/SG transition is a firSt o:der transition driven by

i
v

fhe polat head intetaction. -

we model the LC/LB traﬂ?ition for a system of impure monolayers.

[

The phasa transition 15 shiftéd. Staled and eliminated. . :
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. .dans le substrat aqueux. ' L s

Gy L
‘E‘ mv‘ ¢ !

| ki
Nous presentons un nodéle dectivant les isothemes 1!~A des

t

monocouches llpidiques PC & une interface air- eau‘ Notre modtle de type

./’

Iaing a N’états, est’ solutionne dans l'apprdximation ae Bethe et se
' fonde sur les idees suivantea. mid ‘ 7

.
v
4

(1) La transition LC/LE est une tranaition impliquant un

¢

desorganisation dans la chathe d'hydrOCarbure quiupésse d’un etat tout-‘

trans, tiglde a ‘un etat excite, en fusion. La transiticn est modifiee

par e biais de la croissance de domaines finis dans 1a.phase LC. -

(11) Dans la phase LB, la monocouche se dilate par sulte de .~ .

17introduction de ‘sites vacants et l’effondrement des chaThes lipidiques

'
'
t

' i 4
' i

'(141) La transition LE/SG, est une transition d’ordre um, ‘dont

1'origine est 1’interaction des tétes polaires. o o
i f N o i L i
o \ « 4 N v b

Nous proposons: aussi un modéle de la transition LC/LE pour-un
systeme de monocouches impures. La ‘transition de phage est decalée,
« x}l E , - S ~/,A(\
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CHAPTER_ONE: LIPID MONOLAYRRS AND THEIR PROPERTIES -

Phase transitions in 'quasi-tvo-dimensional menolayers of

amphiphilicfnolecules have been studied for a variety of 1lipid systems.
Such gystems are interesting riot only from a thermodynamic viewpoint,

but also through the central role vhich they play in interface
1 |

science( .
In the field of membrane biology, studies of monolayer systems may
have relevance as'pﬁssibfe model systems for some biological’

membranes(2’3). Lipid bilayers are nov considéred to form the

N

underlying matrix of a cell mgﬁbrane; in which the proteins and other
intrinsic molecules are embedded. Purthermore, there is ample evidence

of both a theoretical and experimental nature vhich suggests that lipid

pilayers consist of two weakly coupléd,,back to back monolayers(&’s)u

Thus, the study of monolayer properties may well shed light upon

X . ! °
phenomena such as the transport of molecules across membrane boundaries,

membrane structure and cellular adaptation - all of which may well be

rélated to phase ‘changes in biomembranes(6’7).;

Lipid monolayers occur-naturally in lungs, mayonnaise, and soaps.

-

A v;riety of diverse technical applications for monolayers tncludes

’surf;ctan;s (é.g. soaps ), foodsfuffs (e.g. phirmaceuticéls, dyes),
lubricants, evaporation control, environmental technology, semiconductor
devices and the manufacture of biocompatible materials(g’g).

Amphiphilic molecule; consist of two parts, each of vhich

separately have very different solubilities in vater. As a prototype, we



canathink of an n-chain f;tty acid CEB(CﬂéanODH. The polar part (CO0H
‘group) s very soluble ; the alkane chain, CH3(CH£)n, insolu ble.

Ve will focus specifically on monolayers of phospholipids-with
choline polar head groups, notably dipalmitoylphosphatidylcholine
(DPPC). Such 1lipids have tvo saturated hydrocarbon chains consisting of
m - carbon atoms, a glyceride backbone and a hydrophilic

'phosphatidylcholine head group( ' )

Fig.(1,1) - Structure of PC Phospholipid

0
]
Rl -C~-0-~ CHZ .
! glyceride backbone
Ry - C-0-CH, , ,
“ O We-o0- (B0 - GHI o CH, - N - (cHy
: N I B
m-carbon chains ' cho?%ne»polar head group

As the lipid molecules are spread onto the vater surface, the
hydrocarbon chains are squeezed out of the aqueous substrht; becayse of
the strong hydrophoblc interaction which. results from the high self-
attraction of water. Tke polar head group stays well anchoredzinsiﬂe the

vater surface. As a result, we have the formation of quasi-&yo-

dimensional monomolecular Eilm(lo'll). , )

The Langmuir trough (described below) allows one to measure the

'1atera1 pressuré‘(ﬂ) and to ¢alculate the area available to each

molecule,(A). The resultant 1. - A 1sothefms exhibit’ phase behavior very

! s
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Fal

. arranged parallel to the interface

A

.3-

much like that of a th;ee-dimensional pressure-volume system. In
fig.(1.2) ve have a typical set of igotherms. At least three phases may
be readily identified i '
{1) a liquid.condensed -(LC) ph;ase.vith areas per ch‘ain being
less t};an 23 32. | |
(11) a 1liquid-expanded (LR) phase with areas per chain being
roughly betveen 31oA~60 XZ‘ ’ —

N

{111) a surface gas (SG) or ve;pour phase vith areas per chains
being greater than 90 32“[’).

The surface gas, found at very lov densities and im; pressures
{(about 0.01 dynes/cm, for DPP& andc Q.l dﬁes/cm. for pentadecanoic¢ acid
both at abofutx25°C)_convergg(s onto 'thg"iépghéims generated by’ a two-
dimens‘i/o‘pal 14@:&1 gas: *

) »

[1-1] TA = NKT .

/

There is probably little or no ‘mterra,ct;io\n bety}een ‘fdiffeirent molecules
in this region of the isotherms. It is thought that most chains are -
(13,15) |

Compression of this film results in the LE/SG ;;hase transition. The

observed ‘coexistence regioﬁ is asymmetfiéally shaped and is T

-t

L charactérized by its extreme range in areas per molecule, 'rum'xing from

about a hundred to.several thousand angstroms squared. The transition is

first-order with its thermodynamic functions obeying mean-field éxponent

Ed
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lavs. Thé " cr‘itical temperature is difficult to determine experimentally

I

due ta the possible extrusion of surface active contaminants iroxn the

N

The LB phase covers a large range in pressures and exhibits

liquid like behavior. In this phase, the hydrocarbon chaing are being

»

more vertically oriented vith respect to the interface.
The LC/LE phase transition is characterized by significaﬂt non- zero
slopes in the-coexistence region, and a discontinuous'change of slope -

at the onset of the Lk phase. Bysteresis is observed if the film is
4

alternately compressed ‘and expamied(12 19) '

The resultant LC phase may be vieved as a semisolid or gel phase

rThe chains are tightly packed in an all trans state (this will be

clarified later) and vertical vi th respect to the substrate. Further

r '
.

eompress:lon of the film beyond its minimum area per molecule ( 20 4 v

!

X /chain fot straight chain carboxylic acids) results in the collapse of )
the monomolecular £ilm. ’l'he film folds up. onto 1tself fm:ming ‘three-
ldimensional multilayer structures( )(see fig (l 3))

Host monolayer experiments measuring the r‘l\A isotherms are

A

gerf'ormed with a Lanzmuir trdugh (fig.(l.&)’)‘. Typically “the t'rough has®
dimensions 60x15x2 em.d and 1is made out’ of either teflon or fused ‘

silica To form the monolayer, the surfactant under study, xwhich is

1

insoluble in vater,' is first dissolved in an organic solvent. The

'
4

/ solution is then spread onto the vater surﬁat:e. The organic solvent is -

\L.-
¢

-
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Bqueous subs’rr o‘re.

. ‘ .. ' L
R hydrocarbon chains T
' ‘, N ' . - r Pt oo Tl o, ‘,’ o
 Fig: (1.3) Quahtatwe p1cturg of ’che phase changes of phosphohmd .
monolayers . 'In the LC phase , the 1ipi, ds’ are tidhﬂy packed inan ..
all- -trans confi guratmn . In the LE phase ) the chains are d1sordered.
and begin’ ;o’ colTapseé . In the SG phase y most, of the ;:hams lie ' . ,
parallel on the substrate . There wﬁl be many holes ovr vacanmes Ve
N < R 1. ,\. ) l o j, t ‘: \r, ",, - . .
— ' N T - s ) .7 , o . , '
[ ¢ ‘ LR ‘ ”" - - “ = ' . ST ;o R " , ‘\‘\ e [
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K (expansion) takes plece at’ retes sufficiently slov as to(maintain )

i

‘

~an airvvater intetface. Specifically ve will model the LCILB‘and the

3

alloved to eyaporate, leaviog bebind a monolayer filu, which msy then be

i

calfe |
E o
[

v
¢

L

R

i
PR

’

o

e

' compressed or'expanded with theouid oéfa movable £loet This float Wj?,~"

0
.

serves to confine the surfactant nolecules to.one ena of the trough It

'

¢

is free to<sving along’the vster surface in response to the film ri

/

pressure and it acts like a tvo dimensional piston. Compression

i

-

‘

'

v

s

r

equilibrium states “at all times. Typical rates of compression are less

than 1 & perx molecule per minute

The lateral pressure is determined as a function of area per v

(17)

'
+

i

\e
I

molecule through a measurement of the difference in the surface tensioh\

betveen the aqueous substrate (y ) and the film (y)

.[1,'31

’

[

.
5

<

r

2

Ty,
ot

-

. ) y

5

]

-

1

1 “

v
'

-

~or

This is accomplished vith the aid of a- torsion vire attached to the

‘

movable float.

Of interest are also experimental studies of surfactants vith a

variety of inpurities. The films are formed by first spréading the

v

<

'

[

‘

¢

s

surfactant: on pzeformed substrates oontaining impurities at

predegermined concentrations

It is one of the aims ‘of this thesis to present a model for the

~

(20,21) -

A

[

v
1

phase transitiqns of phospholipid monolayers vith choline headgroups at

i

LB/SG phase transitions, Qur. model is an Ising 1ike N -state lattice

i



acyl cheins in the LR phase. Our hodel vill be solved 1n the Bethe <

. 1mpur1ties to the put‘e lipid system on the LC[LB phase transition. In

'chapter VY, ve present the conclusionm s . b

mcdel vith short x:ange 1hteractzona. Ve account for the disordering of

hydrocarbon che!ns, the gmwth nf non intemcting domains 1n the ‘Lc

[

phase, the addition of free VOlune or holes, ‘and thex "lifting up" of the

/ ' ¢ }

‘ approxdmation.fve will also present a mdlel fdr the LC/LE phase

Y

transition of the Iipid system vith substitutional impurities. T

t

In chapter II ve present the model of Geargallas and Pink for the

: LC/LK ‘phase tx:ansitlon. Ve consider the questipn o£ the 'ordet’ of the

s ¢ ‘ l . .

i phese transi tion and diScuss results. This ttansition 1s understopd in -

v

_ terms of a melting together of domains as the chafn configuration

changes from an all- trans’ to a tiore diso:dered state.

t 3

In ‘chapter III, the nodel for the LB/SG t:gmsition is glven. After

reviewing the experimental data for the transition, a lattice gas model

y

1s presented. The results of this model are given and discussed in the A

. - N AN
B - - t i’ -
. P : ) o [ A o« ‘
chapter . - Q_x L ) N e
P . N N .

In chapter v ve deal vith the effect of addmg substituticmal

A .
" .

y Y N o ,o- s - v, Lo . R



" .. (1) ORDER OF PHASE T8 mgruoixg , | (:\ o

' I3

- Thia chéptet deals explicitly vi th the theory of the LCILI! phase - ,

'
t

transition. After briefly revieving thﬁ questionuof the ordet of the L .

' a ¢ '
LI

phase transition, ,the theory for the LCILE transition as developéd by N LT

.\'.'
\

Georgallas and Pink (G‘?)(22 27) 13 ptes,ented 'l‘he transition is

, undenstood in tems of .an’ increase in the numbet of " gauche eonformers in oy

" domains in"the;c phase,., / ‘ e : , . o — Lo

, ’I‘h exgerimental l‘! vs. A isotherms for the’ LC/LE phase t;ansition\

< NN {

t
i N 1

the acyl ohalhs of»xthe amphiphilic moleculea ( a "chain melting o 3 ' P

A

transition ) and through the. gtowth of finite sized, non- interacting ) oo

N [ - - - N v,
. ; . e i ' N « ' ' 2
[ P , v, '
a0 LT, v > . \ LI N
Voo ' . N . - B v N

. I
¢ . N
, ; S

v
S, \ .

»

"vshov tvo- 1mpor1;an; c,haracteristics' significant non zero slopes in the

. the LCILB phase traosition, i e. vhether it is a. Eirst*order phase s ‘ Tet

. ‘coexistenée regiom’ and a. discontinuous change in slope aft’ the onset of -

)
) ‘

f
[y

> . \

the LR- pha&a(lz) This has lead to questions as to’ r.he true nature of - L

'~transi_tipn, "'diffuse" first order transition or something eise(zz)? S

. + e

K B ‘ . . e
PR .

' - R .

- I

"

‘

disoontinuity occurs., 'l'hus, a first order phase transition is

Aceord;lng to Ehrenfesf:’s criterion. the order of the phase o DR ;

" . ‘:

transition is generally indicated by the order of the derivatiVe of the

Gibbs free energy (G) at constant temperature ('I’) in vhich a,

s

characterized b'y a discontinuity in the first dértvative. of the Gibbs

1 f
!
y

free energy. The tvo- dimensional Clausius Clapeyron equation : ‘



s

\ sttuctures and nenormalization group calculations PR

i ' . - i
‘ ] ,
: . . ! , , ) »
R ! b ' et . . ! 1 4 . N ' L
- dif - A8 . ’ : , B
A

[

“,‘[?-1‘1'.‘ O+ Jl 7+ P T

i v

relates the change in the surface pressure vith temperature to :he Lo

change in latent heat (AH) and the change 1n area per molecule (AA) o 1’:

)

across the first order phase transitién(za), Phase separation and a

Y

‘vell defined coexistence region,are asaociated vith a first ordec '

Y

tfansition. The LR/SG transition which is discussed in the next chapter

3

is of this tYpe.“ In a true second-order phase‘transition,Gthe“entropy,

*
, .

‘Nenthalpy, and area changes are all zero., Bovever singularities occur in

1
)

the heat capacity and the isothermal compressibility. ¢ { :
As stated above. there has in fact been a considerable‘body of

- s
f ','

con;roversy about 'the order,of the LCALE phaae,trahsitlgﬁ.“The absense

“e s

.of a flat part of ihe'1soiheim'reptesent1ﬁg a‘iie liae’has pfbmptéd

.
t ‘

’ several authors to postulate’ a second order phase transition. Thds has

' . Lo i

been the subject of- theoretical models - 1nVOlving both cpmplex chemical . K‘Z
("3)

-
5

{ ! .
The model of GP, as used in the present thesis, predicts a flrst-

order phase transition vhose tie line is reduCed in length due to the
a .

effect oﬁ domain fgfmation in the ttansition region. Experimental ‘ K

f

evidence for the order of the transition is prOVided by the recent

microflue&ecence experiments,bngcConnell et al.(éé). The expetiments R

i

ihvol&e the.use of’amphiphjlic;dye moleculés vhich are soluble in thelLE

phase, but are ejected from the LC phase The results‘shov explicitly

N .
Lt

that LC»regions nucleate and grov in the transition‘region as the

Pl
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S -13-

pressdré increases Ve feel that this can be interpeted in terms of

vety long 1ived metastable states related to .a first order phase

- Ytransition. It wvas originally found that the ‘droplet’ had a rosette

shape indicating the presence of chiral symmetry. However recent
( 5)

“‘,experiments by Hiller et al. use pressure jumps to show that in the

early grovth bhése, the droplets are dendritic This may be due to the

presence of dye moiecu'les. Recent wvork by Houritsen and Zuckermann

"describes the: phenomena of nucleation and grovth in phospholipid
‘ monolayers in terms of interfacial melting(“).
. ¢

(11) CHAIN MELTINE‘HODEL

The LC/LE phase transition of 1lipid monolayers has been variOUSly

(12 24)

' analyzed in terms of a Landau-Ginzburg theory the effect of

25,26)

' excluded volume{ interacting orientational states( ) and through

* the disordering bf the hydrocarbon chains via the introduction of gauche“'

bonds. The. fpopular?’ viev is that it is the ”melting" of the chains

which is, responsible ,for the LC/LE phase transition. . " oo

'Bvidence for this comes from Xx- ray studies of lipid bilayers, which =

s thought to display an analogous phase transition. At 1ow "\

N
,

-temperatured, it is found that the hydtocarbon chains form a triangular

1attice with 1attice constant 4. 8 ﬂ betveen extended and parallel

chains. Above the tx:ansition, the. average 1ntermolecu1ar spacing is 5.3,

\X. The diffraction patterns are diffusg, ,indi_ca,ting configurat’ional

v
1

-~
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In such a model, the effective Hamiltonian may be written in the

fornm :

E‘L"‘ﬂ | , ?C }(lm{ %sinj le side

where KM. 1s the sum of all the shott ranged 1nteract10ns stabilizing\
the monolayer film ; Rﬂnﬂ‘e st is the Hamiltonian for a single site,
respmsible for the disordering‘ v}thin a hydrocarbon chain. The
cé;lfaing contributions from a dipole-dipole interaction between polar
head groups and the dispersive van der Vaals 1nte;'action. The ailowed
states are chosen in 'suc:h"a wvay as to disfavour stgricaily ~h1nde“red‘

, configu'rations‘.‘ ItA 1; z;lso \pps"siblle: to neglect t}:é @ipole;dipole
cqntriﬁutiops due to thel‘ rélatiyvely sﬁallrchandges lin al.;ea "taking‘;
place(w’zz’”). ‘However, thisi interaction becomes impﬁrtant (:a,md «‘hence
ve; vill inelude it) as thé systemiundergoes the ;,E/SG tran'sition. -

The disordering of the alkane chains is due to a, rotation about any

R C C bond of the rest of the chain. For such a rotation, the potential -

)

function has three minima : an absplute mininum at © = 0. and local .

minima at eg= $2/3n. For eg ,“‘the associated eriergy sta'te lies
13 |

<

O.IIchIO_ ergs. abpve the absolute mininum (see Fig.(zﬁl)l).

A théoreticél‘modgl for the interactions between the hydrocarbon
chains must ;}scbrp‘t‘iratg the vast number of states possible ( about 313

fo\r DPPC ). To overcome thi’s dif‘ficulty, .Donlach introduced a two-state

/ﬂ.

~
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model in which the chains would either be in an all-trans ground state
(g) or an excited "chain melted"” state (e).
£ ,
The all-trans ground state is taken (to have zero internal energy

(EgnO) and degeneracy Dg-l. The lipid chains are fully‘extende(ﬂ and

perpendicular to the substrate projecting an area of Agu20‘4 32 onto
(4,27)

» v

the interface
All other physically realistic rotomeric states are included in a
highly degenerate state (De >> 1) : the excited state. The internal
energy Ee includes contributions from the formation of gauche bonds, and
to some extent the energy associated‘ with iransalgtianalxmotibn of the
chain. It 15 the state favoured in the LE phase. It projects a Cross-
. sectional area of Aer(x34.0 2 ) on‘to the inteffagg. ' !
It will further, be assumed that each site of a triangular lattice
is occupied by a lil;id chain. Chains on neighbouring sites vflvl interaet .

via the quadrupole-quadrupole van der Waals interaction(?g'zg). ‘

Tge Hamiltonlan for such a model is then written :

na o ®=-2T T Tomid, Lyt LITAE)T,,

A <ij> nm i

vhgref i:ln is ‘the projection operatorh of the 1lipid chain on thé,ith.
lattice site in state n ; ~JOI\(n.m) is the van der Vaals 1nteract'iop
between .tvo neare§t neighbour {n.n.) chalns ; Bn and An dgnotgrthe
effective internal energy and cross-ﬂect:l:ohal aréa of the nth. state. -
The t‘fansformat‘ion Bcié«u 172¢1 + o) and iie =‘1/2(l L ay) vith~"

&
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T

a7- ,

oy= t1 paps eq.(2-3) into. an Ising model with a temperature dependent

f}eld $
--J SV -
(a1 }6 ) E oad; - H(TT,T)Z d; * constants
- G ' 1 ,
where A
I,
[2-5) J = 7 (1(818) - 21(e,8) + I(ese))
[2-6] H(ILTY = h(M) - KT/2 1n(D/D D
. . | -
{2-7} h(ﬂ) = 5 (1(8,g) - I(e,8)) + L/2(A, ~ A)

£

+ /2B, - B)

q = coordipation number of the lattice

-y

The above Hamiltonian contains conskant terms, vhich wve will drop since
- they will not participate in the calculation of the equation of state.

The order parameter <> 1s related to the. average area/chain (A)

through :
: N ; N .
, {2-8) <A Ag(Ne ‘”?g + A, N+ R

g N -«

. ""{(,Ae + Ag) + Cod(A, - AL

where Ng and N. denoté 'the number of 1ipid chains in their ground or
excited states respectively. - . . | :

From eq.(2-6), it 1is clear that whenever De b DK » H(OLT) can

’ * *
change its sign at some temperature T and pressure fI given when
©

HIN,T)m0: o S



Pre

-18-

«

[2-9] Tt Ly In(D,/D_))

| The effect of this ters.1s 1llustrated in fig.(2.2). If E= O , the

’ Hamiltonian (2-4)(rehuces'to the tvo-dimensional zero-field Ising model.

The order paranieter’ corresponding to this model is given !§y curve (a),
vith a &econd-order phase transition at T-T,. If B0 and spall T ,

the order parameter ‘<o> , lies near +1 and above the'8'= 0 curve. For

' . , : * ’ ’ o L%
large T ,<o> i5 near -1 (curve b). If T < Tc, then H changes sign at T

resulting in a discohtinuous-cﬁange‘in'<u> and a first-order phase . °

“transition. If T > T, (éurte ¢), ‘the chanfe can take place

continuously.

Fia. (1.2)

The term'J in Hamiltonian (2-4) accoqnis for the van der Waals



&
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interactions betveen chains. This is the dominant 1nteraction behind the

LC/LE phase transltion. It has been shovn, that for cylinders

} 1

1nteracting v}a the van der Vaals forces, one can erte as.-a good

< approximation(ao) ’ : ' - ? B ) e ’ .
[2710] - L Ikh,n) ﬁ:I(ﬁ);(g) ' |
“ihilll | o I(p) = § 9(ehp)f/§ S(;/s) kngfgn)ﬁb
,,$2'121" ¥ 8p) = llztséosz(ehpfl) o SR ‘,i o . ‘\\;\;

= ¢

ﬁéte Gip represents the angle that the pth. C-C bond of the acyl chain
[;; i
in state n/makes with the local axis of symmetry 'The ratio R /R 1s the

? '
ratio between the ninimum cylinder radius (R ) and the radius of the

nth. state (R JK*7-;0 S( 8 ) is the chain orientational order
parameter 1ntroduced by Harcelja and Hayer Saupe( 9> in the study of
liquid crysta}s. Direct calculations of«eqs.(2-9) to (2-13) yie{gs the
following values for DPPC : I(g,g)nl.o, I(e;g)no.ldﬁ; I(e,e)=0.0219.
Monte- Carlo simulations of the above model on a triangnlar lattice’

E

yvields a first- order phase transition with 1sotherms having a vell- © ~

defined|coexistence curve(27}. . - . . :

[

(111) CHAIN MBLTING MODEL VITH FINITR STZR RFFRCTS
‘Monte-Carlo simulation of the model described above vith the

addition of random s»bstitutibnal 1mpurities yields a, transia{pn with ’ L

b

®

o~

5
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,noﬁ-zetb slopes in‘the coexistence region. This led to the conjécture By

is essentially 1nf1niteq1n siZe. GP proposed the follovihg ansatz to

. [2-131 - - ‘N = N+ (N - N)(1.- <o>

‘ incorporated into the model. The latter pp#nf makes the usual mean-ffeld

order phase ffansitipn and a critical point,

, -20-

'
i

\.
Geozgallas and Pink that the LC phase is composed of essentially

finite sized, noninteracting 11ipid domains. Since an- 4nf1nite system is ;

U\ 4 - n' . , i ! i
necessaty for the ocurrence of a first order phase transition(23), thesen . -

domaihs must firat ”melt”"or coalesce before the transition can take s

7 ! ’

. place. The bOUndariesﬁof the domains then cease to‘exist and the system"

!

desctibe the gtovth of the. domains, each of vhich contain the same .
. S , Nov L g .

1

numbet of molecules Q . . C , N
~ b . . . , '
N) > ! ' . ' L v k . ' ‘{ ' !

Here N represents’tbe number of molecules per domain at high pressures '

'in the LC phase ; N, at the midpoint of the transition. One expects L S

<< N_ since the domains ‘coalesce to fo;m.aﬁ‘infinite,systedk CL

To date, the tvo-dimensional Ising model with a field has not been '

solved analytically and therefore some approximation must be chosen. A

further complication is that the effect of the growth of domains musf~be, K

appfoximation unsatisfactory, since it will alwvays hevéya sha}p first-

5 < . '
v )
, . .

Thé Bethe-Peier}s.approxiﬁgtipn is an 1mproveﬁént~qver the mean-

field 'approximation since {1t tekesffirstIneighboﬁr/éorrelations into
account. To simulate the growth of domains naturally, .the model vas L "
. ) s ' o ) v

v
b I
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difference betveen the experimentally observed T ax 304 K 1s taken tq
‘ be‘an a;fifaeg of the Bethe apptpximation,‘The prder parameter 1§4given
by H ) T e :,V B «, ' , \(' ’ - )
. 4 vz s < - .
+ . .
{2-15] <ady = VN+}Z N ) . I
‘N N+4 A , " '
‘ " ’ D . \,‘ \ - . N . i + , . w p‘ t\, ,r ,"
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. solved an a Cayley tree of N sites vlth qy6. A furthe: advantage is that
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P
» *oe
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‘
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s }

i

the Hamiltoniah (2f4) in the Bethe approxinatibn has .an exact solutioh

) 1

,

i,

on the Cayley tree. It pbssesses a Critieal poinx anly in the C \:

thermodynamic Iimit of N - =, J'“

[N
i

is given by = ‘

- [

12-141/

B -

\

vhere n represents the number of rings on the tree (see fig. (2 3)) The

»
H
]

IR . The Cayley tteerpossesses exponential gtdvth
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K critical temperature exists at', tanh(J/ZkT ) = I/(q

N\ \

critical tempetature T

- 315 °K fixes Jo to be 4 0. 972x10

1)‘ Choosing the
-13 3
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. | ' v = tanh(J/KT)", @« tash(B/kT).- '~ = . "
pu ) (31) ! o e
' Eere zy 1s a reeursion parameter vith z =0 S T T

“

Y \'1 :’,{ It 1s nov possible to solve eqs (2 &) to (2 16) self consistently

e for N and <o> The free parameters D -and N fix the pdsition of the

- ’

P )

klnk in the LB phase and the slope of the Lc phase respectively. Values

x, E
»! ~I,{

of N ‘= 10 b N - 10 Of and D -}275000 were chosen to obtain the best

- ) f

fit. to the T - 26 1 C 1sotherm reported by‘Albrecht et al.. These K

|~
- l

values correspond ton n»l& rings on the- Cayley tree and represent a

1 ¢
‘

[ ,
. PR

domain enclosing about 600 1ipid molecules. S,

1

iy i 1 As,shovn in Fig (2 4), the model reproduces quaiitatively all the

’ i

Voo

‘ features of the LC/LE phase transition. Recently there has been some

ot ' i <

.verificatdonjof the grovth of'f;nite-sized domains 1n the Ld'phase’by

{ 5 ;o7 ,4‘”

PR Fischer and Sackmann » who observed a "spider’s Veb of elongated 100 X

/ ' .
’ ‘

wide cracks n and platelets of 1 um diameter using electron -
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Pmimna s THR L =mmm FAB AS (LR/SG TRANSITIO

This chapter presents a nodel for the LE/SG phase transition of

1:f lipid nonolayers based on a txo dinensional 1attice gas theory and a

change in the orientation of the hydrocarbon chains vith respect to the -

s,

aqueous sbbstrate,. Ve begin by revieving some experimental data for the

LE/SG transition. Ve continue by presenting our 1attice model "and, .end

( .,

the chapter vith a presentation of our, model for the conplete H A T s

isotherns of the 1ipid monolayer.%f

1
.o . . Lt Co. - . ) "
[ S . ' t

ey mmzmmm. RE§UL§ L C e Lo

Experimentally the LE/SG phase transition is a first order, phase ‘

transition. It is characterized by the large range of its coexistence

region, vhich runs from about one hundred to’several'thousands of |

8 !
PRl

( angstroms squared. It is found at very\lov pressures of about 0.12

dynes/cm for pentadecanoic acid to 0.01 dynes/cm for dimyristoyl

| lecithin, both at T-25 C. Kim and Cannell( é), with better experimental

$ l

techniques,»vere able "to’ improve upon initial measurements done by

'

L ‘Hawkins. and Benedek(17) The density of the liqui& phase ,pl , and the

vapour’ hase-,g » vere obtained by fitting the N data vith polynomial -
P i

\ 4ot " N

in p near each side ‘of’ the coexistence curve, The intersection of these

s

fitted ‘curves with I in the hggizontal portion of each isotherm leads to

the fdlloving set of critical exponents . ;

0 97+0 006 cm./dynes,

| .
! . e ' »



’These results are remiﬁiscént of those obtained'from _mean field

T a fused silica tray estimated ‘the critical tbmperature to be betveen

!

‘:f(m“y\;mga cas iaobm.s' o g

;vith HaxVell s equal area cOnstructIon, yields a first- order phase

- - | ‘ ’
L
_‘Y 4 f o y ' .'26’ ' . N e '
' ' . . , '

~0. 9840 007

(’“1"‘  25410%(T_ 'r) cm. /ciynes

0 50+O 003’ 20l / 10632

S ».(sil-p)q419('r ) o
13- 1 )
L R mALY mol 7 10%%2 IR »
.'1’ a26 27C
nc = 174 mdynes/om.’ . . 5\3?()

' calculations, vhich are known to 'be exact for 1nfin1te range weak

interactive iorces(33) . Ca Co . ", ‘ P p .

There”exists some uncertainty as 'to the exact value of the critical

temperatufe;yvh;ch'may be due to exper{mental~oethods: Thus, Kin et

a1.(18)  ycing aﬁtegxd'n tray found T, 26 27 c. Pallas(l ) vorked vith

i .
N i

39 4°¢ to 51‘04 C. The differenee could be due to the extrusion of

surface active contaminants from the teflon trhy. L “ o
o - .

o
!

. . ) ' a B
- T \

- t ! . ! v (

. As a gaseous monolayer is compressed its n A isotherms : x/

o \ - -

\1ncreasingly start to deviate from those of a, two dimensional iheal gas

(eq. 1. 1) ‘One of the . simplest equations of state, vhich when éomhined

‘

N b

,transition in tvo dimensions is the Van der Vaals equation

s, . - ) ¢ . - N 2
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132 . . +asal y(a - A = kE

- vhere a is’a cohesive term and A an excluded area term.\These are -

usually adjustable or "fitting parameters of “the theory although

Smith(ab) provides some meagure’ of theoretical justification for their

-

: values. The cricical point 1s ptedicted to be : ‘ A

(3-:3] © Mg =g Ay = By T, o= 39k

. b Lt . R ) , v WL B
The oritical“expOnents have mean-field values{35).‘Both Pallaéls)and ’

,’Gérshfelo(3§) obtaihed-volyes for the critical point from their éhtdr
Taking A6 = 406 Xz)mol. and a\é_,Z.Bx'lo‘l3 erg:cm.2 hoi? yields a
orit{oal point of Hc =j929 u&m_ly; Ac = 300 zzlmol.i and 'I‘c = 266°C,"
These values are_clearly'not oeééonable. Thus, the von der Waals |
equation of state fails to provide realistic 1nformation obouo the
critical behawior of the LB/SG phase ttansition of the monolayer.

Furthetmore. the isotherms generated by this equation of state compare

unfavourably to the experimentally obtained isotherms, particularly in

’ utegions of hlgh densities S .

“

" A, first attempt to model the LE/SG phase transition makes use of ‘a.

simple lattice gas model It 1s based on the idea that it 1s the
P addition of vacancies which’ provide the only mechanism for increasing
* area in the LE phase.‘The results of such a model are velllknown;

.§i11(37) éives:the equation of staté as ;
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[3-4) R 1“[(%%%%%?? uif)]

L i " ! v
B.= (1 -4 - DA - exp(wxlk'l")]“

i

where f is the fraction of occupied sites, 4 13 the 1nteraction energy

betveen occupied sites and q denotes the number of nearest neighbours of

“a site on the lattice (q = 6 ‘for triangular lattice ). The critical

temoéiature is predicted to be :

(351 & - 20 wm&h

G

Selecting T = 31.500 in accordance vith Gerohfeld’slé results

fixes the 1nteraction energy E at~0. 17x10 -13 ergs. . Vorking on a °

‘triangular 1att1ce, ve chose the area per site to be 34.0 %2

1

' accordance with results from the LC/LB phase transition. Ve then

obtained, after Maxwell construction, a firstiorder,phasé'transition_‘

with isothermn akin to those‘pfedicted by a van der Vaalslgas. The
1

‘coexistence region had a very much smaller range { ~500 32) than those

experimentally observed This decreased length may be an artifact of the'
Bethe approximation. However, 1f ve combine the results of. this lattice

gas model with those »f the LC/LB phase transition {as explained 1n .

J

section 41v)-of this chapter ), thg resultant isotherms exhibit.very

steep slopes in the LR phase. As a result this simpie lattice gas modél'
isfunsatiéfactnry as a model for the LE. phase. Th13<points to- the
B ' r ! ']'4 L . o ) ' 1

, N
@& ‘ . ,,'
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2]

existence of a mechanism which is different than the strict addition of

vacancies or free volume.

&

4

(111) LATTICE GAS MODEL VITH CHAIN COLLAPSE

The key idea of our model for the LB phasevis“that the acyl chains

of most of the phosphdlipids lie hq;&zoniélly on’ the aqueous sﬁbstrate

" in the SG phase and perpendicplarl& to the Interface in the LC phase.

This suggests a lifting up of the chains as the film is compressed. We
shall not add¥ess the question of the.motioh betwveen thgse two
Eonfigurations, but rathe; regard them as two distinct $tatés of the
hydrocarbon chaing. At all times the head group stays well anchored
belov the aqueous substrate (see fig.(l. 3))

In this model, we start with a triangular lattice ;f N sites. We
place upon it N& straight, rigid and 1nteract1ng rods, each occupying

(m+1) lattice sites. These vill represent the lipid molecules vith

~ ’

fallen hydrocarbon chains. In~ad&ition Ny molecules‘vith upright acyl
chains, each taking up one site, ‘are placed on the lattice. Thus,,we
have essentially a tvo state model in terms of chain orientation. The ./

upxight&chains,may be in either their ground state (g) or their excited

_state (e) Finélly ve have N vacancies or holes. Letting N represent

» the. number of lipid chains, ve have :

2

- [3‘5] , ‘ N, = Ng +,Ne
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[3-6] | N oKy s Ny
( R ‘ . S
[3-7) Ns-; - ’No + ‘R’ + (m+1)N‘L‘ ‘ .

Furthermore,‘there exis; three base vectors on the triangular lattice in-

vhose direction, the rigidwybds can lie. Iﬁ‘N£ denotes theé number of rods

lying in the ith direction, then  :

< v

i 3
[3-8) th - ?;Ni - .
with v = 3 for our triangular lattice. ‘ X

The isothermal-isobaric partixion function for the monolayer in the

LE pgase may then be vritten(lo) .- ‘ {j

, ] .

13-] Z‘(N%N)“'T) :EZQW&:N@‘ Na(&){g Zy ] eXF:[_' Hos !‘kT]
R Mep, ‘

vhere ! is the total number of intermolecular configurations for a-'given

value nearest neighboﬁr Na of type af where &,ﬂ ¢ {o,e,g,1=1,2,3),

)
4 \
e partition funcrion for the a state is of the form :

)

N
v

!

<101 - z, = exp{ —fu/kr}
f {r with f denotes the activation energy of the ath state of the 1;pid\‘

#

\\\chain. Ve proceed to ¢alculate the unknown elements of the parfition

n-

function (3-9).

s ~

The partition function will be Ralculated in the quasi-chemical

s

I
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i - % i
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. v ’ ‘

approximation, which ‘_takes first neighbour correlations' tnto account. ‘

Hill shovs ihap“h : A SR - o3
[3 ;‘11}4‘\: R ’ Z m“s '“d;'“dﬂ) ‘ = S(NS’NO) . ’ . .
P . . oo e Co o b

N °
. 9
v« ~ > B v

vhex.‘e"ﬂg(ﬁ N',) 'représénts the number of configurations 1:1‘esgective of .’-

1

neighbouring arrangements. It is equivalent to the number’ of vays bf - .
10 .

- ¢

" laying dox‘m“N;‘ rods) NT upright molecules and No vacanci.es on the - k on

"

* lattice. Our’;’calculation of g(N_,N ) proneeds through a gtraightforward

N ") ’ (38) : -
extension of analysis of DiMarzio ' o

3

Tt Ve begin with a triangular lattice for which eqs. (3 6) to (3 9)

‘
.,v

hold On,m this empty lattice we first place N and N upright

..cv R .
v . .

*molecnles. This may be done in :

»
! 2

. vt \.l‘ a_;{‘
n] « (Nm L (N-—Ng)! Ny ,
' (N -N )l(N )Z(NS—Ng-Ne)I(N )! (Ns N*)Y(N )l(N )!
different vays; . g‘ ' N “ T
Ve then plac:e Jl \molecules in the f;rst direction onto ‘the )

lattice. The probability that a sﬂ.t“e A, f)icked at random, 15 empty is :

UES

(N Ny - (m+1)J1)
N i ] .
~8 R ’ &

«
|

= [?"31 - - P{A enpty] =

The probability that.-a site is occupied by é\xgod\ ‘segment 1is : T~

{

, S (n+1)3:
[3-14] PUI ""“*'”'I“ L h .
- _ L o Ny :
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"

+ v

'If site A is empty, the ratio of the number of times it adjoins s yrod 1o

@ 3

the number of times it adjoins a‘vaéant site 15 :

LS

: 1 (e, ]
(s-18] {

@H) N R
[‘(Nsm,—(wml)]‘ (N _-Ne-(m+1)3))
l Ns T «

The probability that a si‘te B is empty, given that it adjoins an emi)ty
) . . . % N

sitqu‘is s

A (N -Np-(@+1)3g) -
D] FIAB empty] = M Ne-(ay3 )+,

3

The (j'1 +1) molecule may then heﬂ plar;ed onto the lattice in "’j;kl vays: .

»

| [ Ny-a+) g™ \
[3-1] L prceeT e LGS RGO EY)

'

The total number of ways to place Ny indistinguishable molgeules onto

the lattice in the first orientation is :

b | ‘
T Fi A NNy (m)N, A TN N
wo N T 7 TN R JIN, T{R_Ny-(n+)K, ]!

1
‘ [N -uN;
G- = N TN G —(maD)N; J1

\
n h)
[ v 1

Given that Ny molecules have been placed in /directi'on 1, we
. .
- proceed to add Nz molecules in direction 2, assuming that each ¥

direction is 1ndépendent of the other. Ve again first add 12 molecules.

23
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‘[.3'11] \ . INS‘"t‘(m”)(“l 2t321

AP 33.
Thel (jé- +1)th molecule‘can then go onto the lattice in (W -Nf-(mﬂ‘)ﬂ -
+
(m+1) j2 ) places. The ptobability that a site is unoccupied vhen it is-
known that the adjacent site in. the’ second direction is . occupied is :

. N -N,-(m+1)u L(m+41)3,]
s ,iﬂl P[A B emptyl [N (m+1)(N +32)-n’+(m+1)u +32;

4

t
‘

It follows tha”t : T ° N

0

{ [N N~ (m+1)(N Y
*,0 T L (m+l)(N AR A A Ny “$ (m“)(" 1301

[s-20]
Wehave :° ., ° . . ° . |
. et n - , K o
[3-21] TT Jp#l [N Np-(+)N) LN Ny-al, )1
oo Nl N HINNITIN Ny (mily(N) W)

Proceeding in the same way for the third direction :

" [N, Ny (m+l)(N 1330 \
j3+l N -L*N (m+I)(N +N +j3)+(m+1)(N BENIE

j

’j.' o b T R
IR TLY ! ¥igH AN -Ny-(m+1) (Ny#y) 11 [N Ny N, ]!
Ngt ?'3![NS~N,I!J§WS— ,—(mﬂ)(n1 +N2+N3)]l

J'vo 3

Multiplication of egs. (3 42,17, 20 »23) yields the g(N ,N 9) factor for N‘

" rods , Ny upright molecules and N(') vacancies :
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T . (N -NooN,Jt , ‘
[s-24] . BN ) = % 31' - !’ jﬁ - Ve
o, . ; n ( *] No 8Ne! J” j . . —. J

If the distribution of rods ‘ov/er the possible lattice directions is - o

{sotropic - 1.e. Nj - NJ/3" e e ) |
a ' ‘ N LN -u*-i'-‘u"u AU L

[ﬂ",‘LS] . ,:8’(“ Nas ’N) = R S "
L st i NN 1t3n ![34}! LT

" R . -

" In thé/spéciaL case of No~ 0, this feduces to : T T

- - ey

* ' 4 0 -
. R .
- N ! . . . N . ,
< ' - Lot L ' . - P . ~ .
. o 3 . z AR [ ‘ ‘.
) , . ‘ , N _ENB 1! N .
PN .
. - )

[3-2¢] - © g(N_N,,N. ) = o .
: s o 2 N .3 -~ e S
) - ( o ng NO!ISH‘ )

‘ o \ . .
\ ' , ~ 1 i‘l? - . Vo v
wbich is the formula published by DiNazo¢® ) - |
Finally taking the 1ogarithm of eq (3 25), applying Stirling 'S —. ‘
approximation and eliminating Na fer cbnvenience . T ‘

. [ N .. ' » 1
- N i .

o 1n(g)/N (1+y -ﬂny;)ln(l#y -Hny&) + Y, ln(y ) y}ln(y‘;/p.)

o, «-‘i—ﬂn+1)y¢>1n(y~ + c«"i—w)yp - )!J‘n()sj

L] - gy nc-y, ~y;> u(y +<m+1>y&>1n(y +<m+1>y4> "

where v ~3 for a triangular lattice and y N, /N S L

[ [y

A& * » " v ’ 1
In the partition function (3 }0) we have the following Hamiltonian -
[3-28) ‘LS = "'Z Nagtap " Me. @ ’
N ' . “p )\ ' ¢" . ! :
’ /' {.‘ ’ (
b 1
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af
a,B e {e,g,i} L represents the yet unspeciiied 1ntemction energy

‘ ~

a

L ’

Mvhere N represents the number of nearest neighbours of: type aB vithw

between molecules .of type a and B3 n represei:ts,/ the surfaee pressur_e "

~ / -,‘ P 4y
b, ‘ . ¥

and A the total area of the monolayez’ o e T .
S AN, +A8N8+AR +A(m+l)N4, ' ‘.
\ ‘[3-.;91 S f“‘l Rea +(m+1)y$+1—yﬂ~y;‘) +Agyg o

e species. Ve then have 36 different types of nearest neighbour

'

S &ojgﬂ.’ |

~,/where{q=q=q

1
[N -

Here\v’?x . the ‘area occupied by an upnight, melted chain is taken tb be

’
< o 7 N

,t;he area of a vacancy, fallen chains aneo assumed to occupy an area

‘

: .
.-t .

P p‘rOportiqnal to Ae. : . o ‘

4
4

rif‘thee:et { N } weré knovn, ve would then be: in a position tc '

S -
t

calculate all the elements of the partition function. This set vill now

, o

be calculated 1n “the quasi- chemical approximation through an. extension -

.
'

(39) > ! ' ". ‘: s . " ‘ '

A ' N n ’

of VQrk by Cotter—uartire

'
'

¢

Uorking vith our familiar triangulax: lattice, ve again assume that '

rods lying 1n the three different directions t0' be fm:mally different

i
;
t

¢ B
l

’ N h “ s \
. . 0 '
7

3 0 SRR ' R -
,qi = ((m+1)z 2(m+1)+2)} Ayith z:--6(3 Here q1 v

1
“y

represents the number of nearest neighbours a, molecule of type a has In

olr calculations, ve vill choose {N /aﬁ € (o,e,g. —142,3) ) qs.the

't
T

N

configurat‘ions subject to the constra:lnts*,: , . - D,

S

r ~2Naa‘ Z (N oB + NBa) = qazNa . N E
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P Bl

S

" To obtain G, ve 'sum over N-

, '[3»341 ’l - g(NS'N ) -—C(N )% m(N ,N ,N B)

AR o (N,+N + N )x I ,
war, ,m_fél . b

_ Ujilléing~tﬁg‘equdtions of constraint, this becomes : -

.(. ) @ = S e
: t333] R "T}“f‘\lqz-“«“ 2‘_“(31;08 +N ))!TTP(N B'NB 1 B

o © r .30~
. . . o
.

/ ' ~ . -

set of 1ndependent variables and determine .- { Nda} . using the ébocq

t . -

‘ equations of constraint. R * S

- 5

In the-quasi chemical approximation, vhich is equivalent to the fi

. Bethe approximation i{n’ two- dimensions, ‘we treat neighbouring sltes as

/

independent A combinatorial approach will then be used to calculate

the number of vays of randomly arranging N ap af pairs

.m(N B) ’

assuming complete 1ndependence for all pairs.- - oy

4
} [
i vy ’ A *
' LR . .
o -

8(N NN a’ = O o(Ng N Vo) - .

PN

- Ve e&péct C ék‘lc since many physically impossible situations will be

. cOUnted in m.,From combinatorics

©

TT“ 'TT(" )

)

L]

4
N

\ Al . N - ¢ A ,
S A ,
\ e s 2 q ] N . =

A4
[ ' . )

;e

:
2 ) . .
o to . - . ‘
’ \r N
~
i 1

‘ \ '
- Since the value of g(N ,N ) 18 given by eq (3 25), ve can, in’ principle,

nov determine’ CQN ) Hovever, the sud 1§ much too difficult to perform

Lo~

ﬂirectly. We there{ore make use of’the "maximum term method", which
' ‘ “‘I,/

£
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. replaceg the logarithm of a sum by the logarithm' of the largest term 1n

’
s

" the éum. Hill shovs that to otders of magnitude significant in

f

thermodynamics, the tvo are equal(37) Therefore B ’ o

G g
’ ¢ , “ o
! ¢ ¢

. ["35] , | 1n<C) ==1n( s(N D) - InCal,. Ly

:

b ¢ ‘ ,
It turns out to. be mpre convenient to mximize ‘log @ 3 C
1n\w—»2[2qN11an*qu C

‘e

. - nglm K, ~Z<Na + Ny )11nw(qzn Z(N N )1
[3-3] - EZIN pincH B) iy ln(N

- |
,,p fa | oy

‘
'
’ . [
H

Maximizing this w.r.t. the set huB‘ and No yields the set of’

s

_ simultaneous equations :

[3:37] L e
K !Z (qzN - (Nwm‘, NI Z(quNB ( ‘IB Br))] ", //7

o
‘

. These,‘may be sdlved ‘to gi’veA: , .o
., . N < . } ' N R o ‘.

-

a'x.r‘ Yo,g'e"!lrl‘ ‘}‘/ . .

. - . + »
3 ' - s PN 4 [ e 1,

- 99NN Co LT S

e T VB T2[FTANT. ., RN A
R A A o : .

P N
§ 1
i - ‘

~[3.391".. S ) QQBZY ﬂ - . R
o i o 2(1 tY¥, t(a- 1)}") S . )

Y (-§ 0,’8,&,1-’.—‘1,2;,3:} i t’ ‘ R

L ' ' 14 o
. N f

'kv‘e nov have all the ingredients necessary to calculate the '

i

(.
'

partition. function. The . Gibbs freé energy may nov be wr:ltten dpwn usihg

\ - * . - v -
3 . ' v,
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é«l;s.‘(al-zj}), ,_(3-’28),(\.3329),(3~38) rERE
G/N . KT ln(Z)/N '
. ‘, - \. \‘ N , 1
s -RT{(W myi)ln(lwomy“) = yoln(y)
*"(1~y‘-y )h(l-y{' ~y yglh(yg) - ytln( ;) 4 -
* iy, +<P——m+1)y¢>1n<y +<—‘ﬁ—~m+1>y4> SR
+ (Y +(m+1)y3),1n(y +(m+l)y3 } .

T 2Ty +(q>1)y4)'i g'eg e Ve 1)‘eg{+2qy8y¢ T
. +(1-'Y Yt) eee+2q(l yy-y Jy: ‘et*‘?%,‘u}
Dtgﬂ. ] + H(A myJ + Ay, + (A é)¥8 +8,) * f‘,y’v e |

Y
’

" We.have assumed that vacancies do not intéract,,vith any other particle -

i é.-'eo "= 0 Hinimizing the Gibbs free energy V.I. t. y;) and yIJ y

L] <,

~

subject to”t.he constraint that N is constant yields the set of coupled
equgtions‘ : s
. k'l'{mln[l-‘y«-my&]‘ +;p.(E-lm+1)ln(y +(“—_l,ni+1)y¢] :

-ln[x;] + 1n[l~y‘ y ) + p(m+l)1n[y -f(mﬂ)y‘ ]}

o 2T, Ka l)y&){z(l % ysz)'ae - 2avg gl

- . 2
x'-2q(l-2y‘ -~y )‘ea + 2yg¢ - 29 y‘au}

2(g-1) - ‘ :
' Y,e +(1 Y -y ) €,
201, w(a-lyy 2 U8 8 v

. u I -
e+ zctl,y Y ge eg +2q(i -y Y‘)JQ e,; + 2qygy“eg* +q,2y‘2¢u¥

’[s-uoj_' L TR YU
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C L. k‘l‘iln[l’ﬁf -my‘ ln[y 1+ pln[y Kﬂ-—m-ﬂ)y& R

. - lnly j(n+1)yJ } A ' “’
Y . 2 { : P N
O + (1 Y / ) % v

200y +(q~l)y4 G *

: +2(1~Yg“y¢)ygce8 + qzyt u “+ Zﬁ(l ¥y y;”&‘ea + Zngy; u]‘

el w0 ,

7 v 1 ; . ;o ,4 i \' . ‘ ' ) l (y‘ T? ' .- )
The abgove equations may be éolggd'numeficallir to, yield 'the 1 - A '
isotheijm's‘ for the LE/SG phasea'tran.s‘ir‘:tiop. ,

1
)

(iv) A MODEL von;mg COMPLETE: 1l - A ISOTH § L

- Up to NOV ve have dealt’ vith the LC/LE ‘and’ LE/SG transition
separately 'I'he Hamiltonian vhich will generate the complete nm- A

isotherms, of the 11p1d monolayer may be vritten * '
[3-‘42.] —C}{v MQP + MLS }(’) (,Ou?h

) where Jﬁqp represents the Hamiltonian developed by Georgallas and -
xl"ink(22 27) for the LC/LE transiti,on H 3&; is the ﬂamiltonian for the
‘ LE/SG transition and k“"f'"‘ﬂ the coupling Bamiltonian vhich will

. connect the two phases. S:lnce the 3{, and X.Lg’ genera;te-pha"se

, Gp

" transitions that are effective y separate ), VR W suppose that
11 h ff i 1 d, 111 h

'}6%\.,3 As small’ and hence makes only a negl:lgible contribution to the '

| systen. Ve can therefore Just add ftee energy contributions from the

mddels’developed;ﬁdz the, tvo phase transit:;ons T



Up to nov, the 1nteraction energies { € B } areﬂentirely .
featureless. It is essential that the values chosen reflect the physical
origin ‘of the forces involved Ve shall adopt the ‘view - that the ,’

principle forces 1nv01ved are the van der Vaal dispersive forces and the

q;po1e~dipolb intetaction betveen polar head_groubé. Theréfdte} ve

]I

i

' chooge ¢ . . L
| ‘ ' S , iy
(3-42) el M@ wke T /
U Feg o Mews) 4 Ko :
-, - B h{«?’ _—
€ae s Jy I(‘?se) + Ko ] \
S JREE
) € :l(;KO- |
S ¥

- . » 1

, Heré J \I(g,é), 3 'I(e,g)'and‘J 'I(e;ej’arelidentidél.with—tﬁe
parameters given.in chapter,II Ve futther have assumed that there will

' 4 ®

bea neglig;ble contribution to the van der Vaals 1nteraction between = ',

chains oriented at right .angles: to each osher. Ko denotes the

'contribution from‘the dipole dipole 1nteraction. In the case -of ' the

'interaction betveen fallen and upright chains ,and betveen two féiiﬁp_,u;

LI .

.chains, this 1ntetaction 9111 be reduced by .a factor of g and « T

e ;

respecpively.\‘These parameters.are expectgd to have values less than
"“unity, sincemot all configuratiohs on the lattite allow for maximal
B interactibn'betweég_the poiar head groups, For'example, consider two

{‘}.\‘.
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1
h

41 i R b
) 28 ' ' ' , A ' )

molecules with fallen chains. Only when the two polar head groups are
. | ‘ o

géarest neighbours do they interact with their full-scale attractive

férce Ko. Given the iery large number of vacancies in the system, and

i

the different configurations that the fallen chains can assume on the

lattice, ve see thathbuch'cnnfightatibns are very unlikely.. Thus, inla’

very simple fashion, these tvo' parameters accbuniﬁfér the distance

dependence of the dipoie-dipo;e'infe%action;\‘- N o ‘

’
. ¢
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Chapter IV : Regults for the Complete Model

s

£~

In this chapter ve present tfe numerical results for the complete

’ modél developed in the last chapter. We first discuss the pafametefs of

!

the theory, and - then present thefresults through a series oﬁlgraphsﬂ

eqs - (

then

In order to solve our equations self consistently. we combined
3. 40 41) thrpugh the elimination of ﬂ. The resultant equation wvas

solved for y ) the concentration of holes ’ and y‘, the

concentration of molecules vith fallen chains, both‘%ormalized vith

S ;'L)

-
2

respect to the number of chainsf The Maxwell construction vas then.

4~

applied'to the resultant’isothefms by checking for equel values of the
. , , o :

Gibbs free energy.

e
) ;

’In,our theory for the LE/SG transition, the adjustable parameters

are '3

o - the'numbe: of lattice sites which a fallen chain

occuples on the interface.

f*mlthe activation energy associated with the fallen state.

" Ko,a,p - these three parahetefs determine the strengths

of the dipole dipole interactions betveen various
species. Ko the full -scale dipole dipole interaction
energy; a determines the interaction‘between

tvo fallen chains; B tne interaction heiveen a

fallen chain and an upfignt'molecule‘

" Qur numerical results are glven ;h;ough,a serles of graphs (figs.

'
IS v .
". N Ao
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4.1-8). We chose to model the isotherms of the phospholipid DPPC, using

the following set of parameters @

‘ 3(g:8) = 1.0 by = 20.4 R2
He,g)y = 0.148 A, = 34.0 8%
3(ere) - 0.02 D, = 1.0
3, = 0.972x10713 ergs. Db, = 1275000.0 ¥
- B, =00 - | N =10° | o
B, = 2.78x107 13 ergs. N, = 1010

\

These values are identical with those used by GP in their theory for the
LC/LE transition. In the following set of diagrams (see p. 49 ), unless
otherwise specified, the values of the various parameters for the

extended model are:

T = 21.5% :

Ko = 0.75x10"!3 ergs. '
B = 0.55
a = 0.0
£= 0.0
m= 5 o '

The cholice of the above parameters will become clear as ve begin to
study the effect of each variable.
The first graph (4.1} shows the resultant It - A isothernm for a

11pid system without any dipole-dipole interactions at all. As expected,

ot
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there is no-LE/SG phase transition and the isotherms tend to zero at
jnfinite areas per holéculp. Since the case Ko < O does net yfeld any
phase transition, ve continue to investigate cases with an attractive

dipolé-dipole interaction,

«

¥Pirst we investigate the effect of E‘ , the ac%ivation energy of

the fallen state, on both the LE and 56 phases (£f1g.(4.2)). Increasing

¢

f; dravs the monolayer closer together in the LE phase and,lbveré the

pressure at which the LE/SG phase transition takes pldce. Thus, in '

order to £4t our numerical results to those obtained through experiment,

it would seem that an f£VIO_l3 ergs. is needed. Hovever, choosing ﬁ‘ >0
5 o ' ’

leads to an increase in the number of uﬁ;ight chains {n the 5G’ phase.

This 1is compﬂ@ﬁq%y gnreaséna?le'in thé_COntéxt qf opriphysica} mode}.
Since chbosingcz ngfe negatibé raises the LB!SG kfansition.ﬁress;ié;fue
can theréfore dispensé with the’ par;meter entirely and set f% 0.0. (
This is not unreasonable, since it $hould eost u@s no- energy to ¢ollapse .

) . ~

the chains 1if there 1is sufficient space ‘

[N

The effect of changing the amount of space vhich a ﬁallen chain

3

occupies on the isotherms is shovn in fig.(4.3). As o increases from 3
to 7 , the lsotherms move towvards extended areas per molecule.’ The )
onset of the LE phase is also increa$ed very slightly (ﬂ/2 3 g /mol )""
Larger values of m depress the presSures at vhich the LE/SG phasz

transition’ takes place. Since ghe'lgngth of a single\gafbgnicarboﬁ_bond\

1s about I.SQ\X, and because a site of our lattice has an area of 34.0



32, ve cannot reglistically‘expect n to take on vaiues greater than 5
(for DPPC, vhich has tvo 16 carbon atom chains ).

The effect of varying Ko, the full- scale attractive dipolé dipole
1Jteraction strength 15 111usttated in fig. (A 4). As expected, I
increasing Ko results in a less expanded monolayer - i.e. the film.is
drawn closer tOgether;“ The patameters o and 8 determine the interaction
strengths betveen tvo 1ip1ds vith fallen chains and a lipid vith fallen
chain and a lipid vith an upright chain. Graphs shoving the variation of

these two parameters are found in fig. (4. 5 +6). From our physical model

i '

and based on the distance dependence of the dipole~d1pole interaétion, o

ve expect that o vill be very small and B to ‘be’ about 172. It 1s clear\

1 I

that increasing « leads to a more expaqded monolayer . The parameter B'

behaves in the saﬁe\fashion, except that the variation is, much' more

pronounced It was found that choosing Ko = 0 75x10 13ergs., B ? 0.55 ;«

""N-»z

'
'

[N

=0 Iead to a best fit for the LE phase of the lipid monolayer.

s

The final results of our model calculations are shovn 1n -y

figs (A 7 8) In the first, we - illuatrate ‘the Lc/LE phase transition

b4
/0 « ¢

,,and our results for the LE phase. There has been no attempt made to. show ’

K

“the LB/SG phase transitdon.én this {igure. The results for the LB/SG

I"‘

phase transition and SG’phask ape given in’ fig (4.8) These show the

oA

LE/SG transitian as taking glacé at pressures of '0.12 dynes/cm. ‘kT ;

4

~*25°C ) vith the length o£ :h& qoexistence curve being 8,000 10 000 %2

”

/,4

. ’, “ - 4 . '
R . P ; ‘y
0 . . [ o C
.l. A , P .o ’ ‘ '
', B ¢ , . v
e . ¢
T . 2.

"
-
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ERPEN

Thus, we see: that in a qualitative way, our model reproduces all of

the eSSential features of the two main phase changes of lipid

i

) monolayers In particular, the model of Georgallas and Pink yields

nonzero slopes in{}he coexistence region, and a'discontinuous change in .

=

slope at the onset of the LR phase. Slopes obtained for the LE phase are
in good qualitative agreement vith those obtained through experiment. In

addition, our model produces a first order LR/SG . phase transitiOn vith a

\

coexistence region >7, 000 X Ve have therefore accomplished our goal of
describing the‘ﬂ - A-isotherns>of 1ipid monolayers and their associated

phase transitions using ‘a:single model. g

[ b
;

Our model cannot predict the critical’behavior of the LE/SG phase

’

transition correctly due to the nature of the Bethe approximation\used.

t

Our calculated critical temperature is greater than 300° C. Near the

critical point, the variation of the order parameter with temperature is
i/ + ! ' ’ 5

almost parabolic, for a mean-field theory. Thus, for mean-field type

solutibgs!\smallivariationiyin tempereture'leiﬂ to relatively large
’ehénges'in'vhe order.parameter. IThislis in contrast'to the exact

) solntion; vhere,iarge chenges in the order parameter occurronly
relatiwely close,to the criticalltemperature( 0) . Hence, if ve'arelto'

st
¢

model a very 1arge range in,area per molecule using'a mean-field type

‘

solution, we must be very far from the critical point. Our, obtaining

1
f '

Ve ‘ s ¢ P
values for the critical temperature and pressures which are much too

t

high is not too surprising and,corresponds to trends observed in othér

¢ i
[
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models. Por example, Pal}as(lsy‘obtaiued a value:of f;=2§0° C.in fiktipg e

data’ of Cérshfe143§);o a mean;field van der Vaals-équation of siate.‘

’ - . i r
~ . i t B ot

Furthermore, the data used eas for pentadecanoic hctdﬁ'a soap vith,ef o ,;j

single 15’carbon atom chain and a’coexistence cutve having a length of . fx

™ ‘s

about half the size of. the corresponding tvo chained phospholipid on - . :'5\’1;\+‘

' thid basis alone, our predicted valuex fdr the critical temperature R
Lot o < S e
, .should be’even farther away from theitftrueivalue. T l., CL e

R

One problém vith’ ourfmodel is that the pcedicted pressure values~ oL
I . oy

' for the LE/SG phase transition are too high It was possible to- reach o - fﬂ

- oy, o -t

" low pressures of “'0 02 dynes/cm. (as observed experimentaliy) as o T :?

' ue
N

T¢

Opposed to our calculated values,of noO;lZ;d?nes/cm. ’ but only at the

cost of eXpanding the rdnge of the coexistence region to unreasonable

~r

lengths ( t.e. >20, OOO 32 /mol ) Alternately, proper tfansition . s

X

pressures and areas could be obtained by accepting lover transition ST o a

/ 1 d

-temperatures { say 5—10 C as oppbsed to 25 ol and higher) Since this_

¢ - o

vOuld not al;er our conceptual picture in any vay, this possiblity Vas_ ’ SRS

\

not fully~exp10red Our’ lover transition pressures are°partially due to a PR
Lo Ve e S

our use of the Bethe approximation and to Some of the-assumptions N ’ ’
implic'it in_our model. . g - TP L

\

:
v

- Our model of the LE/SG phase trensition is, essentially a two state !
( v
model in_terms of chain orieutation vith respect to_the aqueous :

' '

subStrate. The~hydrocarbon(chains are in either their,upright or ’fallen

state’. No attempt has been'made in th;s thesis;tb address the uyuamics o

L v
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of the collapse. It seems likely that this collapse‘or lift}ng up of- the L

’
v * )
.

. 'acyl chains takes place 1n stages, each,of vhioh vould have 1ts own . }

R S . R I

v e

1nteraction enetgy and statistics.«lnclusionxof such 1ntermediate states \

;
‘ N

into our nodel may well improve quantitacive agreement vith the

LR v 1

experimental tesults. E

4 - e
N 1

R s s .o

Furthermore, in calculating the statistics for conflguratlons of

collapsed chains, molecules Vith upright chains and vacancies on our

-t
- i

'triangular lattice, ve treated each‘fhain as being completely separate

¢

and independent This makes our‘model really more appropriate for

'single cbained molecules such as soaps. Indeed, for such systems, the‘

) ' -

’ pressures obtained are- 1n good agreement vith those obtained thtqugb

5

experlment. In the casa'ofiphospholipids such as DPPC. gheré*are always
. tvo chains _per molecule, whlch are coupled via their glyceride backbone.

- ¢ v

Thus our calculations for the entropic terms contributing toVards the

free cne;gy of the sys;em are only a £1rst approximafion. -
v ' 4 . ' a - ' ' A '.

- m - .
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only- nearest neig’hbour,interactions} may be written down in analogy to '

’ 'distinguish betveen a lipid chain (l) or an 1mpurity (p) Its values

“ 57- Ly

" CHAPTER V_: LC/LR PHASR_TRANSITION POR IMPURR HbNOLAYERS

In this chapter ve present tvo mean-fleld solutions for the LC/LE
phase transition for a lipi'd nrn‘onolayer vith small substitutional -
impu‘rities, Ve will focus in particuiaf\on g-naphthol as the in;f)urity.
The experimental ‘resul‘ts(zo) ( given Iin“fig.(s.l)) indicate that as the

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

F- T

tPansitions are shifted, broadened and finally éliminated. The film is

very much more expanded and fluid. At high pies;ures, > 30 dynes/cm.,

W

the impurity -is sgueezed out of the monolayer. The impurities are

capable of repenetrating the film vhen the pressure is lowered.

»

-

(1) Model for Impure Monolavers:

" To the model in chapter 1¥, for the purae ‘1ipid system, ve nov a.ddnl

small substitutional imputities. The general Hamiltonian, considering

. our previoﬁs model,‘introducing only‘a,nev,degree of freedoin :

, o

‘M’ r 3‘{, . o T bl :r(n.mu"am% . 71 i Hit >€.¢

‘ "‘4 ) 4!]7 L nm

‘ Here Ei 13 the generaliszed site operator introduced 1n order to

t

are kgivqn as follows : .£, 1p' takes on the vaIUes +1 or O, depending on

whether the :lth site is occupied by an. impurity or a lipid chain, £

L

may be vritten as filfi. Here" £11 is the Tipid chain site operator



n,
\ N
b

. ‘L&é‘y' N

Fiq.(5.1) DPPC on (8 -NAPHTHOL substrates : experimental results.
\' N

k!
36
~ 27 5.01E-4M
c 2.505E-5M"
8\ 5.01E-5M
%) 2.505E-5M
g 18- 5.01E-6 M
¢S PURE WATER
,Q "
)
K 9
OL— 'L' ' I S - P = .
. 25 40 5 70 - 85 100 115

- AREA (squore angstroms/molecule) |

Lo



J fi,ntroduced Ain chapter II. It accounts to‘r the .two possible states of .the

.

, ) |

R ‘ i
B -

., 1ip1d chains. ‘the ground /state (g) and the excited state (e) The ‘

,
L
LR . )

opefrator gi is introduce& a8:8 cqmiting deﬂce. It takes on the values

'
'

+1 ‘or' 9, dgpéﬁatng o whethrer ‘the’ uh stte 15, occupied by a 11p1d chain

L or;,’éft ’impurity. Fux;thermo!:e, ~3 J(n !ﬁ)/i represents the, as, of yet

l R ‘ 7
i

,“ xunsiaécified, 1rit;erac,tion bf:tvIeen sites 1 énd 4 of the lattice occupied

< ’ f
f.. ""/s//r,’ :, “ :
.

by sﬁecies 1n state Ly and’ n, xespéctively H(n) denotes the, ‘magnetic o

'x

' 1y [
' ¢ ’ ‘
” » 1',

. ffield' or chemical pocentflal associated vith the moleculat species. 1f

I

'

N 4 I J‘ \ i
o ‘all'o,f.-;tt,u; lattice si;és are vccupied, then :

t

< , o : ,‘/’*, ’ vy . ’ K ) . "’“ : i
r’IS)“(z}“:/\ fxilff',ip =1 - S 1

, " The numbéi pﬁr’i&{pur,ities is given by :

vy ¢

e . t‘] R " AN .
: ' e o 1thc ‘ lathice ) 3 . o
| {:5'3] I :',' 3 'E Eip Z( 1 - Eiln) == le iy

) ) ,

S 4 ‘. o
. G
Al Ay '

The Hamiltonian (5 1) may be- split mto three distinct terms.,

[5‘3] :—1}{1 }Ll‘ }(}L. ‘}Crf

K

’
h
i

! !» 4 ; K . ! '
vhere each oﬁ thg above tems tepresents/ the Hamiltonian for the

. 3 P ,: h,

interaction betVeen lipids, a 1ipid and an impurity and between tvo
i . 7 -

R 1mpurit£es, réspectively pransion of eq (5 1, e,:limination of 51 -

€
4

i

¢

using eq (5 2),’ summation over the tvo possible lipid states, followed

by the t::balxsformation iﬁig ’-.: 1/2(1 + a ) iie . 1/2(1 . Ui)' vith oy =

+1x, yields the folloving £orm for eq (5 4) 8 ‘, - ‘;

-~
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ways. In both cases, ve vill make use of a tiean- field type of C

(v

| 0 \ ,
. ~ | -
k B’I{’u 2J 2 £t 3‘1’*‘ B("'T)Z ofy

, S , » S
[5-5) ( J = -29[‘](8?8) +'J(e,e) - ZJ(elyg)] \ ) v
HIILT) = Joak4[3(8,8) - J(eie))/4

+ 1/2(Bg - Be + M(Ag - Ae)] - kT n(De/Dg)/2 .

, ' l )‘/61.’; "J‘lq;]»’[aiéi(l“gj) +,qj€j(1_€1)l,

P
- —~ Jo ) . o
[5-6] I =3, - 'J(e.p)l : - : |
_}(’,m; —JAAZ(I eim ej) T
[5-71. LA J(b,p)?z .’

’ R \ . ) , . )
. al . ;
v T

In wvriting the above equatipns, ve have droppgd the constant terms

appearing in the Hamiltonians, since these vill ‘have no effect on, the

) N : ,,,,

' calculated thermodynamic properties of the system. -

In ;;his thesis, ve vill solve the 1mpu:1ty problem in tvo, di)fferent

[N 1
A

4
- (

assumption, which vill replace the site Operator ;1 by . 1ts site

independent average <62 This rocess vill be carried out first in the
Hamiltonian, then in the parrition function. ’ | \ \
N ! y oL - P

t

v,
]

In this }\iﬂ:st me:thgod of salution, ve will assume that §1 may be

' replaced by its site independent ,ave}:age <€> Ve vrite

.o '

'
Bl f [ ) e
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‘[5-8/]4 o <> =y = Ny /(N ) K N
Lo e> = n T N NN
. .»m\ E =’¥‘)2 - Ip ]( I*Np)
vhere Nl and Np repfesen‘ft the number of 1ipid 'éhains.and, 1ppurifies
reépe"ctively. In this case , our Hamiltonians become :
Hi ; ;)ciqj a(n,'f').‘?i: o ‘

- W, 2
15-9] J o= **IJ(g»z) + d(eye) - 2J(e,g)]n] j

"'(n,'r) = J qn [J(g,g) - J(e,e) 174 + nl):i [(Ag + Ae)

+ (Bg - Be)} - kT 1ln(De/Dg)/2

A£<U "‘0’)

(lj)
R R 2 - n . '_
(5-10) 3 =2 e - I
i
rr T z‘
, , (l}‘)‘
. . - " Jon;: , . o
[5-11] Jpa =7 JpspP) =

‘These may bevfixrthef reduced . to :

. . . \ - '
_— pé -3 L. °473 ‘EJ,Z‘H

(ij)
1 J
[5-12] J - ——~(J<g,g> £ Je,e) - me,znn
Hl 5 H(!]»,T), + Jonlnzq[J(g,p) - Je,p))/2
Ve see that this Hamiltonian is in exéétly tﬁé same form as used in

y
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_‘ transition pressdre is shifted towards higher pressures.i
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chapter II Thus, for model I, solving eq (5 12) .on a Cayley tree in the

Bethe approximation, vill yield exactly the same solutions as presented

[ ) K

in chapter II. The effect of the impurities ‘is then to’ scale the

5,

effective—interaction energy (J), and to both shift and scale the field

(Hl):‘ Thua, as ve increase the impurity concentration, ve expect the

v R
st - " ~

LC/LE phase transition to become vashed out and eventually ‘to disagpear.v

Since we explicitly assumed that the distribution of impurities on the
,lattice is essentially random, ve lose the effect of impufity~impurity'\

" interactions. Henoe, this model-will not.allow for pﬁase‘separation or,f

v

clustering of the {mpurity. L " ’g\

]
1

'shape es fhe isdtherms‘for the‘pure monolayer, exceéi that the

(ii) Results fdr Hodel I . \

The tesults for Hodel I are shovn in fig (5 2). They show that at.
very low;impurity coneentrations, the isotherms have the same basié

»
5 - - N v
. .

N T

“

Although not iliustrated for this model, it vas £0und that for a .

i B

given concentration of impurities. the interaction betveen 1ipids and

\

impurities, A’ controlled the transition pressure. A positive

' R / ‘ B
(repulsive) interactiqn leads to a depression of the transition pressure

! 3
3 \ .

towards the transition pressure of the‘pﬁre monolayer. An attractive

\

(negative) intersetion energy has the opposite effect, y

& further result of gﬁe‘addition df'impurities'to the monolayer

Iy
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‘concentration : | i A P ‘

“system, as 1s,pbserved expérimentallyﬁ . 1 ) |

. neighbour correlations. , ' A

i

! t N ‘ . il
i . o g ' 1 i ¢ :
i ; ' . oot . ¢ A 1, ! L~

. { ' . T i
' . l s,

1 ‘ , s ' X [

..(5-'131 el i Te® I

1 ’ 1

i . . - - ¢ [ [

» ! ! |

vhere Tc is the critical temperature of the pure monqlayer system- Tcl

: Yo , < !
f -

the new’ critical temperature. Thus, since n1 < l O, the critical“ !

'
!

{emperature vill be depressed This is reflected through the shape oﬁ

1]
3

- the 1sotherms vith h;gher impurity concentrations (e g.{ 1= 0:1).

ot ‘ i
" JIn this thesis, no- attempt has been made’to model the ejection of
|

the impurity from the monolayer at higher pressures. Thus, our

) 1

calculated 1sotherms do not converge onto the 1sotherms of pure lipid

i f 3 { ' L

f [ f
+
. ' v

(iil;Hgdel I ) . o il R R '.l"r
S L . [ A -

by A Georgallas(3 ) This method is particular;y agtractive for

[l

pseudolattices like the Cayley tree, sfnce it natu:ally allovs the

A - ,

development oi higher approximations for the impurity problemr In the

the results for the pure lipid system (i e. equ(z 15 16) Hodel 1T

differs from Hodel Iin that Ve carry out only a partial averaging in.

ghé Bamiltbniaﬂm Ve thereby,allov for the gffect of some nearest

¥

In presenting our’ second model, ve vill follov a method developed -

' equations to follow. setting n - 1 0 and n2 - 0.0 allovs us to.qbtain'
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‘ 1

oo Consider nov a Cayley tree, vhose sités vill be filled vith ‘either
“~lipid chains or 1mpdrities through the addition of succeSsiVe rings or
shells ¢ . ..,

(a) If the,tree‘hae zero rihg§,~ﬁe gbtain by’inhpeetionft- ‘

»

.',[5‘14] . 'z(oj -'-2co‘sh(n18) oLl

‘f(b) Consider nbv a Cayley tree vith n-l ringsu Ve can vrite and

approximate the Hamiltonians as’ follo&w :

~ ! v

-'-U/zio;om H(a,,s,*Z m T tpleg)

' ~

-:raicozs,u 4 ‘g u )
[%f\.«m “**H(O‘*tv‘i )- 3‘ %o 0 i, ]n,

J

l’[5"51~ '+[ (jrg"'ﬁ)t Ji - ui(l {, )]"i.

'

The partition EUnction may now’ be calculated.using

.rs*iél‘ ey = ews¥y
y (1) AL

For ease of notation, ve introduce the convention that coupling

<tonstants vithout a tilda vill denote the constant diVided by kT (i e.. J

L%

= J/k’l‘ etc: )

H
f,

If there 1s a lipid in the ground srate at the origin of 'the

Cayley tree, then :
(éi L TR Yo +3. Loal - th
Fs-n] 2% =exp[t1§(ujijl-i~’ﬂ(ll tLoyep +3, L1 - e

[
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<
> o

= (x K 1,3 expr +qn2 ‘3

fv'here" “ x\:-’ exé[anmIJ}" r I ‘

If the 11pid'chain-at the origin of the Cayley trée 1s in its

excited state,. then 2

[5-14) (u";) ~exp(~J%, @4y +B(L +chgj) 3, Z(l B ej)l
=(y +y )“ exp[-(H’ +any I

v 1

vhere y = exp’[n)la—nl.l]

i

If there is an impurity at the or’igin,:

9

(s-14] §g> ~e$'<p{(JA +H)§:§r3€j’+JM§;(I - &yl

o any o
= [2eosh( H +J,)1 © explanydy, )1 L

, The partition fun‘ction for the Cayley tree with n=1 rings is then:

\ ) ] i ) | \‘
-] %1y = 2(8) gl (P2 -

i
n

= [Tr X4 exp[H+qn,J,] + Tr 74 exp[*(ﬂ*qthAH.f

, ‘ n nzq « ‘ {
. [2cy‘osh(B+JA)] exp[qn,_ Ml

£

vhere the matrices X, and Y, have been 1ntroduced 1n analogy to the

transfer matrices They are defined to be :

x % , % y)
[s«z,t] _ X.‘(*"‘,"T') - )’;:‘(vf' Y
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1
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-«

‘ Each of these matrices has one eigenvalue vhich is, aero. Calling the

il .

~ non-zero eigenvalue [ M1 } respectively, the parameters fAl,pl} mayl

AY

be '1ntroduced through the substitutions : .
- * N ‘ \4\ . ‘:
P FC T xl)q‘z‘x‘l, = (% + x"l)q = A%e P h
[g“"l] L. ' ' ’ 3 ' - - I : . ‘ N -~
‘ ST it? (Tr Y )q (3,; +y )‘1 - A,?e“q‘pl’

t

Then our partition function then became; s
qn” | B L _5yn zq
(I)‘ [Zcosh(n Ianl(pl 2 A))][ch:z::h(fw.lé.\‘)] N

. explqnz AA]
,(t:) Proceeding 1n similar fashion, we vrite down the partition

4

. function for a Cayley tree vith naz rings :

-

, S . qn <HAy Lqny G0yt
\ A0y 1 1
[5:24] Bagy =le "%~ e T Zp]d Zy.

here [ iI"iII'gIIIA} ate'dp‘f,i'ned‘thrdugh‘thb get éf“equ,a"tiops ;0
%, - xw )“* 2. exprm iy, ] ~A‘* expl (- mp, fnz A>J
=(y+y 1)(;; exnl (qél)n l --Aq exp( (a-D)(p; *n 3]

, 294) = 1 "2k

¢ = 1 explEn,] +exp[- (B4, m(“ “expuq 1>n2 M)

[ 2eosh(ﬂ +J ) ](q I)"’ £xp [(q-i)n2 Aa]

?

' B B U WV
15261 Ty = Txdy vy [e‘zc]
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iy S ‘ R n
= AT [xexpi(g-1)(p 1,30 1+ 2 Texpl-(ar1(p 30 11

(g-1)nyn,

N R o . ) -L ’ ‘
oo - | .[Zcosh(!}adA)] exp‘['(q-})nwzJMszA‘} 3

o S e -J,, n, -
(5271 %y = 9E, vy 5 e Vi)

i “'1\

(q-1)n AT
exp{-(q-1)(pyn,J ) 1]

3 o o

=A [yexp[(a-1)(py4n,J,)] * ¥
l ‘ (d'd)nlnz N , Lo

’ [Zcosth‘y(ﬂﬁfh)] exp[l(q—l}{szM~n2\§A]

| e F et i oy

C - ) } ~(Q"1)n1’ . s : T (o:;—l)nln2

PO ‘ ‘ o = 1}, \ exp{nZJMmz(f*"l)JAA’I?COSMBHA” .

[ : n ot .
- 1 : -
| . {2cosh<B+J§.+(q—})(n1p1mZJA))], ‘ ‘

Intxoduc;ng thé substitutions N

x) = x exp [(@-DnCpy +nyd)] -

‘ v © y 'exl—’ [/(\Q‘:l)nl(pl \{“" ‘,IZJA)‘]

5-29]  Tr X} =] = afexplap,] :
: rrr Y2 = },,3‘ = g‘{exp[«qu!\ ' oL ”
5(1;' ') - yz? vt ot
: _ Our partition function for n=2 rings, then becomes : SRR



<

\'tree H

s3] By =BH@-D(gmydy)

s3]

. ; ?M‘ o . B
2y, =a‘{“‘\”“n‘{ {\2éosn(n,¥!+qnf(pz+n2§,s_>>l exp {qnJ,,]
{5-20]" ‘ \VBI ( ZQOSh(B+JA)] - ,
o n"\ S A ' -
By = z {2cosh( H+3Aﬂél)(nlplm2JA))) e:,,[n, J'M]

y. . Ve generalize these substitutions for n=s" rings on. the Cayley

‘ <
Choa

n

x_  =\ ex‘tb[nllﬂsm\llj

R s ) ' :
X % — XY

“_Xﬁf(x;' x;') B A (v;' ")

All of thesé matrices have one non-zero elgenvalue.which may be wri tten

y. = lexg[rflﬂs-nl.l‘]

2

as: . ,’ Pl ‘
~ 9 q ~=, . 'q= q_ -} q~ q ' '

Tr Xg (Tr)Xsﬁ o= (Rg_p¥g 1) = Ag explap,]

{s-32] S '

’ q a_ 4_ ... -1 (Q_ .49 _ x

CTe X9 = (Tr ¥ 7= ng= (yg_1Wgoy) = Ag expl-apg] .

1

From these, one easily obtains :

e 3

- ] " 2p : ‘f l(xs‘_lhzl) cosh{n HHq- 1yn (P, 2 )4y J]
5-33] e 5 =a_/p =gt
SR s s (ys-‘-l*ysill) ‘cosh[n B+ g~ l){rxl(ps 1 2 A) ~n J]
2 ' “ 3
As = s By (xs v x _‘1)(5? +y;il)

o= l«cosh(nlﬂﬂq»l)nl(bs_l szA)fml«J] »
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[?-36]- ’ ‘ z, =V ‘tah‘h(Hs_l)

70
c'CDSh[n./lB"'(gnl)n].(pS:—l -’—nZJA)nn]»J] | , N -

Ve further have the recurrence relation:

s @) @™ qeen,
(n) % % R .
. [Zc?sh(nlﬂmni(p“szA))]exp[qn'lz‘JM]

2

nl . . \ rlln2
where ' . Bl = A, [2co'sh(‘ﬂ+JA)]
Ly ’ 'nlm ¢ . : n~1n:2 : -
(s-3s] - B, =Ag (Zcosﬁ(BﬂAﬂq-l)(nlpswszAr)‘)}‘ . C"P[",i’ f";\n’}‘~

These recurrence relations may be solved. Ve define .-

{5-351} \ , z = téﬁh(psnl) V= tanh{‘ﬁlj)“

It may \easi‘ly be shown :

- Aklgebx:a,:l)c’ m‘anipulat(i—gn’then jielﬂs: '

»
[t

| S vzl 5 e whaf L gl
san fs o rm v T - a-wpal ot
v

P T a-1 Y S
(A Fupd sz DT 4 A —u -z )

vhere ,

!

v, ‘-—l tanh( n.l‘ﬂ * (a-Lyn;n,J,)

~ In the thermodynami’c 1limit, s = «, it.may be shown. thar the,abov"e

e ‘e L

{
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. is: m] ,

; o 4
1. ‘
expression reduces to a polhomial of: dekree‘q o A
Ca +u)A + z)q'.‘l Q- (- 21t ‘
z _ . ATt A
(s-38] v~ -1 -1,
~ (1 +u)d +zy + (1. - Uy (1 - 2)
The free-energy is fouhd u's‘ing : o , : R

(5-39] . . B, = kT In(z,) L
. |‘ . X 1 ' ’

Tt may be -shown that, the eentral site of the Cayley tree has the

v

éame"maghétizatidn’ as that calculated by the Bethe appro‘ximatior}. 'I‘he ‘

central site experier{ces a ‘field” given‘by : ‘ -

[5"40]‘ l /{ sH +alpg +ngdp) 7 0 i ) L '
,The ‘magnetizat;lon’ or order garameter is obtained by differentiating
vith respect to the field at - the centre( site.: .

‘ . ’A(F‘ﬁ/k'r) , e e B L
Lo? = - {. N B T Yo L
’ , .c C ‘h{f: ; : \u ‘

B

~ v K
)

i)

/ ' cT s
\ . ’

LI

In terms of the order parameter for the pure lipid systfem, <a>r—£—~—)-
' Z ha'd

our hew 'order parametert(w for the impure ,monol’ayef system is:

.

( ’ . . ‘ i <0’> *tanh(nl 2 A) ’ K N
5-42.] o ke =1y 1 +€"$tanh(n1n2 PO A T

.

(iv) Results for Model TI. - ‘. T ‘ T

1 N N -
. ' N St
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Our results for Model II are shown in the following series of ..
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, o . ' | graphs. ‘As for Madel I, ,ng attempt ;\as been made to model the absorp{ion

. N or ejection of 1mpurities from ﬂ,e mbnolayex: at high pressures, or to

‘model the LE phase f‘or‘t‘he,'syste‘m./;\ . ‘ ' ‘ o L,

yerov o \ . . N
' N . \ N , . ;o - + ' ) \
v ?

e A: | . The variation of the’ calculated i‘so't’h"‘érms' for a given impurity L 5

:
VoL T
‘ 3 N 4

o - oncentration vith respeet to the 11pi¢ impurity 1nteraction is ; fo

4+ ’»
. '

‘ - 1llustrabed in ‘fig._(5,3). As in the case of Hodel I, an attractive : L

¢

Lo o , !
: Co "ihteractiqn pu’shes'"t,be 1sotherms tovards higher, pressures‘; a repulsive

i
- ¢ ¢ ’ 5 \

co - 1nteraécion energy depresses the transition pressures. . C
e , , .!/‘r“ ,'/H)., ;

- » :In contrast toﬂHedel I, the crixical temperature depends only

linearly on ‘the impul;ity concentration s T R

¢

! W ,’" .
'f" £l ,’;,., S ‘1;,///
.

.
o Yy f Tt ¢
Ty :‘i /; ’.! 'l 1 N | ot . [
,:T =R 'I‘c. ;
e / P L ’ // to oo o ,
‘ . . - A . by [ 5 o ' - :
N . N PR rogk LN ' s % B [ N
+ ‘ 14
/

vhere',ti‘c?f fis’i'the c':;’:ft\ic_ei‘iemperaiure,pf'thek{)ure iipid ‘system, Tcl, of '.-%

the 1mpure system. Thus, although the transition temperature is

s

PRI ' I depressed, it changes only slowly yhen compared vith that of Model 1.

[N P .
’ K 5
[ N

herefore, the 1sotherms retain their basic shape, even at relatively

~ IY) - lv Is A‘ ll
, e PR g

X "‘ high 1mpurity concentratiqns. A comparisor; df the tvo models is given

Ve e N . ,/,/ -
’ - N RN St ! . A .o
v W 1, S R . s

1 . . S o
. L ‘1nfig(54)¢‘ . A A A Y \ ;
Tl ) , ! " K 4 r’f /'// P * -

“? - "/4/1 //(/,/

Our ‘best fit’ 1:0 the experimenta;l. results s illustrated in o S
,,'g o - : ) fig (5 5) The system can best be ;nodelled vith a veak repulsive .

. / Ve, . R
¢ . ‘ : 0 e '

1(-[ ~

.

Lo interaction betveeu the lipids and 1mpurities. These isotherms also R S

3

IR illustrate the full domain strucrture,( ’in conrrast to a single domain-as‘\- : AT

:’!
‘ il

i

- S shovn 1n the, previpus 3 graphs. Attempb;lng to fit the points halfvay FoLs

h '\ . o v » 4
I L 3 ,IQ ', ,\/'., : .
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; CHAPTER VI N L SI N S
In this final chapter, we byiefly present some possible
L .
A ' 1mprovements and extensions to our’ model and summarize our’ conclusions.

- kS

The model presented for .the complete .- A isotherms of the lipid

I

' monolayer is essentially a tvo-state model in. terms of chain orientation

.
r N

vith respect to the aqueous eubstrate. ‘The hydrocarbon chains are 1n

either their upright ( the upright chains may be in either their ground

r

or excited states ) or 'fallen state' No attempt has been made to

.[/

address the dynamics of thls collapse. It is likely that this collapse .
or 'lifting,up of the acyI chains takes place in stages, each of vhich
o vould have its own interaction’ energy and statistics. Inclusion of such,

intermediate states may well resul: in improved quantitative agreement
‘vithfthe experimental results. N . ’ }‘\“ ‘ o
‘Fdrthermore, in calculeting the.statistics for configurations‘of Sy

\eollapsedhchains, molecules with uprléht chains’and vacancies, bnfour

;
a0 ~ '

triangular 1attice, we treated each chain as being completely separate
and 1ndependent. This makes our model really mote appropriate for |

")

v - single- chained molecules such as soaps; Indeed for such systems the
'pressutes obtained~are in very good egreement vith‘those obteined ‘l
through experiment However, 1n the case of phospholipids such DPPC,‘;
there are alwvays tvo chains per molecule, which are, coupled via their

glyceride backbone. Thus, our ealculations for_@he;entropic terms

- - o . : B .
A ‘contributing tovards the free energy of the system ig really‘only an

<



.78.

gpﬁ;&ximation and can possibly be improved.

‘The treatment of the p;obleQ of impure monolayer systems may be
extended in qumerdus va&s. In this thesls‘ve,preseéted a hode1~vhich is.
- strictly for the LG/LE phase transition. Through the 1ntr§dUction 6f'
vaéaﬁgieé, the collaése of acyl éhains and a pr0per'treatmen£ uf‘the
interaction between impuities and lipids, our model could be extended to \
the LE phase and LE/SG phase transition. |

Our treatment of the LC/LE transition ggr impure monolayers
‘explicit}y made use,of a mean-field type of asstption.on the
distribution of impurities on the Cayley tree. U%}ng the'method»outlined'
. , Lo f - .
in chapter V, it becomes easy‘té devélop higher approximations for the
probleml Such a treatment would éntail vorking'vitﬁ the>grénd
canonical partition funation, to explicitly:consider-all’bosgibilities
C;: each laftice site (‘1,e. 1mpurity[‘or 1ipid chains in ground or
excited staté ) and uging the constraint that the number of impurities
1§ fixed as ;‘bouhdary condition. It is hoped tha; such imyfoved
'appr&ximations allowijf tthposéibility of im§Urity-impur1ty
'interactions, and c;n theréfp%e'géluéed to model situations vhere phase’
QeﬁaratiQn and clhs{éfing of the impurities fake’place.

In his stuéy of 1mpure mon&layers usiﬁg B-naphthol, Cadénheaé et

fzo)noticed that 'at high pressures ( > 30 dynes/cm. ) the impurity vas

ejected from the 1attice . It was originally hoped that such effects

could be modelled through an ansatz, which is linear in the order



1
3

3

) obtained experimentally. ‘pur model 1s based on the’ folloving ideas :

. o ’ )
.
-79- ' o
! o "\‘ N ' ! o

f
!

parametef, 'similar to éq (2.13} (‘heie the'eontentration'of,the ihphrity B

K\would replace Nl the size of the growing lipid domain ) Implementation .

3

of such a model showed that such a linear ansatz 18 too simple minded

! [
-

and heneeeit is’ not sufficient to model,this effec;.,A’more~sy§teﬁatie‘,

;nvestigation of the - absotption is needed S Lo

In calculating { N } 1n chapter I for the LB phase, ve made use

N /

{lof vork by Cotter-HartirJ39) They dealt vith 8 system of rods and

[ t

- sdlutes. It vould be 1nterest1ng to. extend this vork, to include ghe

) 4 N
A v i
! . ' ! !

possibilities of vacancies and impurities. S T

- i
‘.

In conclusion, we have presented a model for the phase transitions
i ‘ ! /
3

of lipid moﬂolaYers on gn airavaterlinterface, which achieqes some

[

k) LA [ ’ \ i [

“‘measure of'both qualitative.and‘quantitative agreement with the resul@s

[— k4
3 . '

e

!

5; (1) The LC/LE‘phase transition ds a chain disordering transition 1n
which the. chains go £rom a rigid, all trans eonfiguration in the LC ?;;: T,

phase to'a chain meltedu excited state in the LE phase. This transition
. C. r
i further modified through the growth of noninteracting. fini;e sized

lipid domains in the LC- phase.., : f‘ . 'a o g v . ,4 .

o (11) In the LE phase, the monolayer expands through the

1

, 4 .
1ntrodu¢tion of vacadcies or holes, and through the collapse cf the

, R ' v ! L
t - ’

lipid chains 6nto the aqueous substrate. “)‘ ;

9

s

)
1

(iii) The LR/SG phase transition 1s a first order phase transitton.

b

Ve have modelled .this transition as being driven by the interaction ) o

1 i t
, N [ .
"



phase transition. - - .

betveen;the polar head groups of the lipids. ' p o

(1v) There seems to be little 1nteraction betveen lipids in the SG

/ phase. The observed isotherms converge onto those generated by a tvo-

1
c

dipgnsional ideal gas.

50 -

(v) Addition ¢£ small, substitutibnal 1mpur1ties to our lipid

System has the effect of shifting, scaling and eliminating the LC/LE

[



‘e

-

)
.

'

APPENDIX .1

G

‘
IR R

S

4"

T “

Iy
g . 1
HE R

[
EHl

N -
Yy R
.
v
L] v
‘ -
. -
- FEE A Y
ey
Tox:
~ PR R S
ol S e
vty seqd
¥ ~
d <
- Ao e
g s 1 ¥
RS IR T
PR T S I
e P
R 1
ot 4
. L
LR -
&4 PR
s (RIS )
I N .
N
LA <
> - T4
IR N
L F My, .
-
[ A
4 t3 AR
P A -
sard gl
- pUY LTy
BRAY ey N
’ PRI
St Ly

3

1




L]
3

) -
.
.
[
i
c Ce
- 1
Gr - .
t T *
* o
&) [
1
s L

+ _w.
SCOLF

a A
e e St
RECIIE & 15 S | B
Ot

i
v
£

T

i
’
o
t -
PR
r
e
¢
'
s
o
ol
i
P!
1t t
'
o
o

<t
Ce

~
:r
«
- l
-4
0
r:— :
-
T
1
o '
Vo
" .
Ly .
N
w_ ,
a0 o
Y-,
"t
o !
’ IS
ot
‘ '
Pl
A€ N
W g
L N |
11, 4 s
[ I
e [
N
\:.J
“ H
- i
)
«

i
i t
. e
[ 1T
P .
Iie et
b T3

fer 1

e
B
e
I

'
+ ‘ ¥
v
.
¢ 1
A .
‘ -
v
i - i
. e -
- . ‘ >
Fao -
AL o
vy .
o
y '
hi .
. .
o - L
. 5
! [
>
. »
T )
[} 1 '
(]
N 11 {1 .
Lot o
[ !
{1 i1 N
e 1 b
L ()

. . Al
T
14
:\.,J?—.
0T &
' .UJ?
L & TR SRR AN PR
L A I | O S A
Hoae W2 x="h [
D Th e [T T g b 1T
LU SR AN I B SV RO S
. f
- ~ . C
. e
€ T i
3 ~ T - e
.
y

+
L
f

S
t
T

=n



- B ~ o~ — ’ "
“ - - ' - - - - - - - .
g L - - - . . - - [ .
\ . - B -
s ) . - . - . TR - - . PEERY
; -~ - - ) - - -~ 7 3
. . . . N . - .
= - . ' -
- ~ . - . ~
- - . . - - R )
. \ N . - - h
< - - ) . .
R N - - - P
' - N ‘ - . - . - ‘ :
= N . - E . .
B - ) -
; c. . - “
. N

R [N \ - . - - . -
l. r K b - - - -
- L-. B ’ ‘ A} ~ - -
. - : o - N
P [ . - . ‘ ., . ‘ .
' . ‘ ‘o - - -~ v . ! . '
’ ' - " - N - .- . . i .. [ N
. . bt - - B o
Li [ . ’
- ' . - ‘ - .
. . " R N .t . 1 = L
’ - T
- tho- . - - . ~ T
e o - R . i
. , , - - B Y W - - - m
. ' N N s R - . . P N t o]
c _— : t [
e .
< b - 4 o : - - v » : - f
- ~ ’ - A_ - N - .
* C et L 1] . - - ‘M__z i £ e
R T N ¢ . e N - ! » - o .
B L. e v - . » [ U ) o, -
N . i i - . . ey t T - '
- LI ) - IS , N N - - T ~ et
TR S _ . CeoT fis
- e ta. . ' I . . . . B T T T, - v
- S B . Swe e, - - S . , . \
4 i - - e s - N a- - ) - o '
. . L e . " . - T - "
Fry N [ . . v v “ x A LT a2 i :
-, ' B s . r N - - - N ‘ i ' -
A b n 4 « . 0 1 - i
. - 5 akaT. v - ’ - . £yt T m - - ~
-~ SN pl . ~ - h
[add - .\Wu 1 v )V 4 . ~ L ~ ' " N " -
8 - : Al 1 t
‘ FLTIN - - ‘ 4 2 : -
. ~ . . " t It} -
‘ v, o - A . , \ , \ . - m»_ . :
I ¢ _ L i M e - - . . ~ . s S : - £ .
¥ [l S ' 5, ] B f ~ . \ N
- | | h - * ! N ) . o v
3 . s L LI ’ v N - . ‘ - h - <t il . h :
4 P W, 1 ‘o 3 ] ) [ - [ 1 ot 1 .7 '
Ve i e 1 B ‘ ot e B N [ v 0 = ¢
..y [ ti L. vyt L. - N 1. o - « -7
[ o4 LA LN [ LR . [ + T
- e e ot [ S ISR [ N [ ‘
o v - < . [ ‘ ' : f
R .
' . 7 ' i . . . r
PR ! B o LA ~ i i
, . . it
B ' . “tas T Ve Iy se | - PR PM_‘
K ¥ Ve LR I P -
o L [ R . I - -
. , -
, g s i - ~ TN R Y4 e . O - to
S L i . Wy - 71 sy [ S
i ¢ - T . Coyp,ne % 4y VT e el S
V L “ R 3 | . i, . o
e toeh - LR I G X - - -1 Y ' '
i - o P N W N o L W - Coa
Lo N A N Y H oty Bt o . . -
: » i N o o e [CTRNS | ] ' ' o g Va i iy
) W ‘ - 3 Y i RN [ . M.s.
I < o -
o R , ° N B B} - ~
o « . : o R v - .
. . . ib 2 ’ ’ .. ° - - )
- fr 3 T - , . -
-4 . . - ~
. . s livy v g [y Fe - [ ' * - ?::;.._
B - - = -~
' - N P - f B . . - «
i v ) ) - - ~ - - -
) . " R . . .
. ) -
-~ . o - - "
- - - ! - e -
. - . - N : ¢ -
- . . . ' - . - ) " N > T .
v - ) N - L ~

u



»

-t

130Y
1t
-

1
-, ,
-
'
R -
- '
o i -
~ ,y. 1y
y
-
' . '
- . '
Il i
[ ot
. S el
+ [ ~t
T [ .
7 PR I
LIS I S
[ C8 I T 4 S
FIC 1T,
1 i,
. 1
“a .
i T o
[N A AP«
[ T A A ¥
PR LA B
[ T il
LA S AT
~ LRI
)
w -
v
N,
3
:

13
{
»
1
I
Tt
e
PR
=]
e 7
RN
.
~

- ~
-

i ~
i

v
ot
At

'
{4 f
¢ 0o
o
«

“
\

L

r

A - ¢
oo .- . & .
i
? a -
L, T
.. . - N - -
- . P .-
- R . ' R )
. . - -
M
. . .
. - oo .t .
— - - .
. t . -
LN re
- e (s .
, 1
+ T LI
-~ . .~ oo
a 1 ~ - T .
. ~ t 1
. .o 3 - L 3
\ b, t
t . r B - R
Ve ' .
! ' 3] - 1t
. N o LN
. - i , ) w
~ ' ot Tt N (=
P . "oty .- .
! r, . R el
4 . ., M
[ - N SR - o
. T . - ,
B . |
~ecryp 0 BN
4 . Tl - 1
e 1
‘ .- o 4 te
- - .
- - !
. [ R s
! * ! o e
. 1 s N a0 .
-~ - - » e i I
! ' e
1 I
s ', IS et t
“ o - Wt Wl ~
o ‘ [ PR
i [ . - -oul
[T 4t LR S
TR b .- o
O - - . [P
8 t1 i st N T
. St ' i1 . [ R
- o + AN - . 4
" b [R I WP o, o t
. < ' « ot & 1y et o [
o . (LI SRR © 4 1] - (p wm
v T T e g b 1t Wyt
LIS LI . [N | I
-t Ml $173 1 By
' S < Ty
® , ti1f) RN N L
; Cle § = dhvsa o4 [ !
P g i = } , 1] et
< (LT LA T L R R N1
e I oy S sk Tt P S
S PR WY (L T35 A
]
N - - [
. ! < : iy
N o - - Vg
-- . 1
- 1 - - -
. b , ~ o EERAS RN
v 1
. 4~ . 4
. ~ hn ’ r
.
- . ' . A} .
g .
i ' v -
h ‘ N ° . < "

\ .
. .
N .
1
7 T
>
.
.
. .
t '
- H
.
' + B [
i
L,
. ot AJ
., J i M
T | IS
-t 4 ‘. i
' 1 1]
Y ..I
Vs
H
!
+ +|
- i
.
L e ¥
« 3
o
! 1
|
oyt
t
fro2 |
-
)
R
i LR e
w] i
P v o [N S
[ O N S | P,
1 ' . T e ¢
[ 1 rod bt
Vi v . e
e T, ' s
v &} [ VR S PR
[SALPEE A S R & N .
RN e e B o S
-~ [ I N
T [ T L T B L
(2T I TR ¥ B PR AT
CHER byt
‘
¢
s
. 2
. \‘A



.J.S-
« ~ H
LT e,
-
.
;
.
y
.
.
.
.
"
P - \
H . .
.
"
—‘_r
! T
Lok

-
’
-
-
1
i
11
11
T
4
LI
i
bt
'
'
-
e

[



’

.
-4
.m?

T -

)
(S
S

PO e Lt Ee
t 1l e

RS TR S
A SR
- e B 0 [P

. —_—
5
i -

[ EE
o
T 2

"

{

f

’
- “
4 “ -
i [
M r
S
AT e
<0 {t
s
. .uf.
HE L
fu g "
- in] LN
a1 T
ty o
1~y -
1Yy -
[P TN

[
R (RN
o - C
t gt » »
T =l T
[ERERTE
U g0 (D
EAl g el S
U N L
El] -
LT et saaa f
el et

1
R

[

[Sh}




.
. - .
‘ i -
- ]
.. i <. -
IR .
- - . .- " .
. ) ' @ e “- il . "
- - o Ta
- i . .
v - T
.- g .
N - . f DTN Ts
- . RS o 7Y A 1 4
: . L -
o ~ :
LA - EIeAd e b b
DR APE TR0 0l O earny
oL - . et e~~~
N R - B~k e300
- m o omap e e -
. N - -yt D oo e
R R N M Mkt
. o e ] (2} -~ b
- r 1. [
. . . . ~a N racy -
! : [ IR 130
. - . © 2 O0
R ~ I T O
R - N = M, - -~
- oo « oIr -
[ . PR 8] - RS
T 1o et
~ 4 N 3} R = S
. -, - - @ - .a
- ) R A ] . ba
. e ) -4 2 [ 108
' L . ] At
P T [ T 2.0 B B ]
. '3l - » . [}
» -~ - -~ : . Q ’
S e “n e - -
A K N Lo - ~ “
T et M = > O
T - . e - - oo
* N . - K
e -~ Q
- L@, e e
- e | » I e ] P -
. . rr LI T2 AN
n . -y - A
EE con T g h .
fa -, L L
- - - > ” - -
M ‘r \r ‘ -z
S . . ) ‘
SR aE “ .
S - o
o oo s .
o .
e : L -
.- N I R .
(3 v A . .
) oy S B
L - o ° N
o ol ”
M RV - e
E - . .o . x
P N -
© ~ 3>
.~ . : ) \ \
- N . N - ;

s
A -
-
. e
= ° 1
‘e 'S
f TR S T R I
O rarhbaraeg 3200 31 s
Jrr - -~ -y IR ]
4ol v ey Dm0 <
gt 0o <
1 RS EP LSRN T LI = 3 (Y]
= B pactw Lo~ |
rq P AT & B m LI
Pr - 4 et e g o
DETR RIS S LAY o N SR
- trle (LS - L)
I I Y i 1 O RN I I G R
. MW, S - et
Rz Re NP RS A [
[P SN ¥ IR ¥
- oL =N i
P Tl ‘e a¥ >
~ s 30 ERARR i
BB e (W]
a0 - (RN
RS R R Y R < n’ ‘
« -~ 0O i»]
- 2 3 -
[LELNY -
v -
LI o e X
R R o Fa Y 8 . .
v » .
NS X3
A e N * -
-NU ~
.« *
A i
. R .-
N P2 .
L} Tt -
R oo
AT T Y . -
U
crst c .
s - <
(DU XS ‘;c* ’
. e
.
s M -
Ea) -
- _‘ * o €
- . b
. - -
.
<
= E ) ,_‘ : -
};" > r" af’ .
T - > - -
e -
8 - \ ° . . -
. . - -
- o fe

-
- . .
’ ’ Bl “ ' -
L]
- . > - Y a2
* ¢ .
R ; -
.
’ Ay
R .
-, ) . [4
, .
. . ' -
LN Y 2aa N '4” [ Pttt " , [ T n [ O r -~
T [ - Vs 12 - &
vy e}
v - RE i) -
. . + il
- L i 4 - -
FIMers v, 7 ! RSN LI A SERESY ¥ B te ¥ %} R :_j °
R RN SIS NI B R RV s (T R R T T ~ 0"
NErIR ] (L R ] [f} 1} wet o -ee 0 oy, 0y Ml =30 WN R =HE U h rhtsrg e e 1) ¢
tpr= g} tr L E S [ N I 5.2 e Srtrerailey HO D O 3w enl G~ e 1)
U] I WKTRI e af L R Mo G0 e w oy vk 0ok Bt Sy
ottt MUY e 13MEE F iy Y beow Ve 113 At XTI I PIN MR- skl er ) ¢
M) by b Pord ) eysflan [ o V.o Sy 1 Lo L B e wmM= %ma R e o]
Ty sk N R Y v | ' "" 3 b = B 4 0 4Q - - riS ra) e
n [ 1} - s gt e ot . B PN [}1] R - L0 4T rt MDY
130 13 . (TR e i st NETREE mms. - e T F Y - e LT o
' [N « a3 LD Loy it qs [SET R e R D R T - T )
[ toag b [ SN i TR TS DU B S 1 . f Lot W ; .« ¥ Tiel 1w £3.6 (X33 ‘e i hi
i LI O S . . q e RPN gy Y Jbes ° [T e | 1D1e - [ I R
W b ufe.n n e M U Sy N e~ T - Y - B>
[ [N Cr— 1t P, 4 1 & Rafln] “ PR L ) M [ . a
- 01 i1 - Wt W i QL.; ‘;D [ N | ot « B ¥
[y . rs+ o LT W ¥ LAY - e 7] ’
B oo 1) 2 Vb R D0 TR reo
' Te LY e Jox tvm S, s nr - r £
[ROE ¢ B E e m e " L 1] -:} t
15 - [ - P -t 134 A 5]
.t Cy K RO (AN Yoo 1t
* " ! "‘k . ] - I ‘<~ Ihd
. vt ” N oo 5 l’s . w0 Q
- 1 1 ~ } p
v ‘ >oak o u o T
o : t e o » e
: .
, " )}" ':; . ‘T_l =y ia 1 1
. L. . 39 i ct Y]
L n ) Lo - e o
£y - Y < ° t . -3
- - (SRS , 4
.k 5 on .J ' o a
s - PR S J
. v ot : W e i
LR N [ g 3 " .
t S - l; )
vk .
i " - '_ RN £ R
N ‘ - A ‘e -
/' o
LI N . . o 1] -
’ - . = B - .
' : < Do T &
- v . [
\ PR . o
", . B - - o
" . . , . 3
“ . . “n 1i1 N
- . 4 - a . . ¥ -
L 9 * .
. - :f . o .
p - o’ ) “y R Lo
» w .
T - -
- ' C e s
A ) N ray e N .
= a > it 1‘ ; . - - N
- i < e 7
. N . ;- s
- - = - . 2 . N
. R, . . 0 :
e L e ‘ _ Ch
. . ;? AN ;”g a . . B
« B - L IR B ' s - oo
- S e s ]
vy =" - it R [ .
' > P
e . - - - : " -
- A N LT . . _— ., .
P - - o - -



e}

.
'
.
o !
.
A
&
e
-
.
’
K o
.
4 .
K
.-
a
> .
"
N
-
“ ~
.
,
“ '
i
-t
.
.
y
- f
-
'. 4
' o
L
‘ k :
—— v M
'
. :
[
‘e
- ® -
v
3
- ,
e ‘ ~
' .
v » . -
N

[
a
.
¢
N
"
.
Y

P *
~ v e W ey rre m s amwar?
4
- -ae' .
* -~ 5
N [[ o a
i VT T
.ot 29 N
R e T P " ~ ~
o vaswacal ivli . .
a- . £ -
L2 ovemvIv.gt 0,30 gcts LB
e FEVL
. ghtaI- , .
- - Ha
5 Yoy 2=2,00001a7 : . R [
gatc 27 . - &
C& - . . " » - '
& vm=fxa=1. v"'»ﬂ L R .
1f vmat. 3 dg ac o5 o >
f'-'vo*w"f-.d_ RS
sota P R _oe N
-- . .
= . . g
Ll vINSXZErE’ Ty D.T) P S
-hgie=/sox - P .
Fe A
. 3Ite 44 .
22 wp1sgi o ) N o
o=, : , o . . .
I3il Iopmat: N0, AHVETCALLY MZanINGTIL 80..TION
VR, ae-l, 20 ’
i raturs ., . , .
a2 IR . ‘ % -
T o . )
- ) B '
- ~ K
o o,
Jounle srecisioo -fuvotion sgoal 30 ’
-t R
2 Tris faoption Qivemcs L.ese fIr w3 rEtarts a C3LL. . dtel
o v N
» - . v
; 2
. <
Favgean ! - . o !
3% A.=1,30 g+, sl ",
t:.’.‘.h-;. 55 v:qD_:‘::l_,.p;_:.; :.:"‘. rma = - .
=R #0082 50 ras— nied 330N I-53%, " ~153 AN €200,
« -~ ® szorao e emtl oD =l-lel or x“vr»nnl =3I
' R P q%, ac -pjlgc“; o s, Mt . -
N !!: S P
szl=ger) a T ’ ‘
, QELTLLIIM wer ol meed meendine,
R L T .cu*vw~'~o~-««"rwcw‘ . '
2 TEle veqrgrym VAl 30 v gk aswE gm0 e LD
» E2=3,90%vag, 50 Mol *Fe-vn il .
RISt S e v er R, AR
7o t3=4ivrizglan vkt . ) . .
‘=de«"'-a.ju**‘:~*” =3

¥m

P
o

(VT

- . a
IR TV W V7 3
: yaIxy !

1\ é e \ 1Y . s . - . R , "-

5’ : n‘ - t . N + - . . < e N * v
FETIN dadsia precasior function v:Jrrvstuo:J S .

- o L 'S . ' .

. & this orplcuiatesz wae derivative of va i we ase 4=wbrn= ne*H::.g
~ - . '; ' N . .

ST L CommEn/1nteriwe WS . Weg. wax. wer wv.xr,~nu.£w.:nt ‘

S % .g,vZ.Vm.Xa,a0.test.ior ,
o 1Mniiait realel( a—h u-*: . R
o -

\ \

a=‘sng-1, dﬂ’*xwlhpu*l.pq -
gl=ueq*v*-"rv:*wﬂ"+x;.dﬂ-xn—"u)
- * ~wa2x*t‘.d9—_.d0*ym—vg'

ot blmwgeyvp#vpr2,ohee 1. Q-vm~va:*v;

v [ -
. N - . "y
. N . .
o, . A X
. A .
. ) . .
» . . R ,
* Y i
- el B ks
- - ' 3 - .
. .
’ .
- ¢ N
N \ - - v
. . )
- 3
' N [t - M - -
~ - ¢
o . : PN
. * o
L . , .
. - - Vi - N
0 * + ) ‘
. S +
. . P
. R
f . R .
. , . . ot
- \ .
- s iy
. R o

—B*a?wm*uh .

]

n‘ﬁ.,g4u*“c*vn¥dcv

13
B
S
N v
[
l
< !
'
i
v
b
'
f
\
i
- "
4
.
N
' 1
N ‘n
{
. <
,
v
N
‘ i
- .
.
0 .
'
1
f
. .
. -
\ V
(S N
vt
“
‘
'
[
.
PR



. . e -y . . s ’ '
- e ee IR A :
A . . 3 .
o 0 -
: . . A
. .
i .
, . . ce - i
R ST U LA i T U U ot N At I oREE I EN13 ’
k) S v

P L

ERPL s R I

R e
bA T,

=t i*s,.dly

” e e R u b R A

? reLarr
y

- I S ﬁ'r)c-b'i

~aney

ol

-ty

f}'ﬁ .
At Leden+de ) ‘

‘ t:—b.dD*tu,‘xht'cen*aen*:en- . . -

+ b

NEERRET - - . '

o .

N R (228 . . .
T : . ! ' kY I Al
z * -
* : double prexizian fanciion aresa "vav& . ’

tnis

commer,;nter’we WO w23, W0 A W

function pstur

*

¥ LZ.y8.MF.AALAT.EEST

.

-
*
.

. . »

o tl=ti-dlag/l.40~vm-yq ~dlagesa/mye - - le
t:=3:“%ﬂ‘*'¥ﬂ*7 O Tolitnt DRNC. T DA N MR A . :
i) - - - .
t3=1,33, Y0 cera-1,200en
toseivs3 S e
glzugavasigouee 0T movg Rl S0 ohent 1;3_—~ﬂ Vg IrIED,
' 2 v o= ld o pezorelod =D 2lelas e s n Trge 500 h—v"
‘ 3=l 00r war e N - L Rk L0 AVl . N«
“navze,n me Toa0el 20 o s sun, ' . g
‘ CraTii® yubtrbleS 008 o-l 2] eelen _453#E3T0 0 Tak¥am.
LR VAN e S . . Lo e
. v el aaR 1 ¥ o} 3 ' . R
b ~ ’ lE"‘d . h "
goon.e prsEziioow orywtion iree .o.l ' .
' P N ' ’ v " ) Y T
2 g2e@™ roout Taratertarsy hLoaEilcoouiio Isipu $12E fSE YreEs enesgy
N 3 25 S|
. 2IMI T LB WE L pD. Y200 WE W Wk oL AN T vkt
» v ym s a.an. el LS
- IAA=NE N RN E DL PR . St
B T outL=lo ol 4 1\* .zl i
o L 0 B i S N D AL DA TIL RN L F Y S N4 A
' $ w3 o7 yoeEshaelmened mn v d~ LTl megnenlan B2 T
‘ . Gl w omve e Pla el ,?_‘:: R TR -u---,.-as‘»\:-..J'-:: .~ - "\‘
ey . Co- T3 II - ) :
. Tz - aT et e . i ‘ . :
. ., i te3t feyl Il TiTio-eZezizo L.
< -0 =Tl lgde oe o-l o b eem _ )
) - 53?Y-‘.-4J-L¢n,‘r<‘;c_ qnch.* XA jﬁqvg*t‘,aj-vq-yglﬁwe:
. v s e dal +u:+\ s¥uze=loOror sl omevss Rvitewe |
R . * wQra- V*«rwx. ' R .
N t"v=:”‘m DFR0* 4mru 2wy 43& 0-13.5vneyg .
L ::‘EE="H""+'- PR ; - L , .
| . <o ratudr - o s ; -
ST T ey - s ! .
[ o ' . i R ) Ca .
. - 3 . . . - ] . - - "
T . oy .- . s ‘ .
s gouble orecdsizs urmotion .gea.n T, . " ,
: B g . : po T . Vs
R~ Lijnée%aai this calouiabes wo. f #8 are Just off the J(/.E.
v« .+ o prase Trensition Y e
I~ :ﬁ,ametegs.:nciuzsd are for- PR l:pads o .
Lo B ; i et o .
LA . ln,) Cit rEal«fia—- .oz - < S

. - dimensaon

il

oL [ COMmON ANTED/ We. 435 WEY . WQK.WEA.#K XM HPUL LRkt o
R X o.wa:vr ¥E. ag.tgsu.,ar - ) 4 .
* = N ¢ - P . R .
- ‘ N " - I3 N
LS. T p= /1000,85 . U .
Lo S xx'*=rht,-04;.: oo g .
L . cosw=E T . —_— . . o
: B niom.TToED - . ot \ .
i S0 RPAE3.16820 . o T - ‘ S
. , r3e=0,022d0, L . . L
] © 0 sep=1.d0 . . . P S
. I gs=l. Bel o L T . L 5
T « : B R “vﬁ' . ' B 9‘ ‘_ - . . .o .
. , JFEE TR S . . . -
o . . , ‘ . C ) , 1
< .t B . , - ® . 4 . . e “ ] N . l‘
' N ~ N h .
. . PR 1 S < . . oL
! ‘ a : N ; . ' ' N I . 5 .
B . . - § J o, -, X A . k S ..
' T : ' ' ' A . ' L [ : o A P :
PN L S L . 5 oL o \
e . R oo -
. . v o

-

30

fT & Dressure valie

M5.:01t realsBig- 1.c~:) i ‘ .
Cramadion i, dDeyod, eyt . L
1251+ ovau=1,d0rrxm=rns »dlog

vivma=l gt Rvm w0l

‘

.
Aivea
: [
TeWH KT TS AV YRT

Qc.

A%l
N T

Jan\:nu‘-”__!‘i\(ﬂ' .

"irout paraaeters



} N * . -
» : v 90 - .
» v I---- - e
- -
, - Llenle ——rma
- ag=20
i EY- TN -
{ Fe. i
: N T=L bR C
) . xne=1030770,3000,a] -
; vy=-3,01 - . )
i = kI=wenae | g2hsvge-2.g00ex 121 /4.43 - ,
i . MRS oL S PR R LA A .
. ¥ vgerderc v.gr-devot~v 3/ ideyplvvg resavpr=vugh )
. he=yx 10%:.00#7 3 ,d0-y e «. 33
Ag=nottee~gg) I, d0-uxht¥*dlogde/dg /2.0 i
. zigma=..c0
-~ o - ¢
b T8.cuiate the lesic traneitios
-
v oy=l . g '
. FRIBNTDE v AnE-\N0 e d0-g1oma.
. wr=:dlog. 1 4.d3 ¥xnd=-2.03 Jo.20rsdlogr 3,400
L ne=1{: sgrglwr
% o . ' .
. ~ga=ho+n#ag-ay” I.d0 - -
. .15 ad=N0 yeRL . » .
P ' so=.desseaar-deyn —2a o ZEvm aa +de o -maa
) s . ::_ ‘:Dg.n-‘ B N
i t '°n= ‘ - . ~ v
i [OF ~an Wi Jee g} - ' ’ . .y
: : . ) : '
== ST -
I N . N .
. .- T o B .
s= =T . s
. Dok omegw cleel 30=2 Laey #Eoueg R 00T e iRy
. P LA I A A SIE TN L B T
. LRV ST # . . ) ’ .
PRI T R A S . .
T =:3_=: oS iaws o 3T g-m'-).:,. Ay )
- ST T, ) R . A !
. . LI T it ElYnovo e : . N .
- 4 P )
. ' ‘ ~l e a® .k .S - R .
. [ * . D
R . cTis. rorast MoODNMETIIO0T rnoiigwl ’ ; )
O s e . .
. . - 2 2ass EIplesadeas, nLIWIO000 amen - : .
. . . SLEMETL L . o ‘ )
. , 3533 13 " . W ot . .
- e GpSigmezeitt ot oL -
= - - L a - -
@3= 3g-2@~ I3-a% +3105F 0 240 C
- . . vica.= .,zl-a.. " Zozl L
. a5k <2 - ! . ‘
. . N N * - a e " W ) v . .
L] » .
. - ¥ zazt voe transitioe T
T e, Lo ! . . ro. ’ . ' -
- 14 it=1 ¢ . . co C )
E— . L gt 0 R - s . 1
.\ ag=o, 2l : ! P , s
* o "?‘”8'33-?-33 acta 23 L e T
o R 26=-0,Zvfe - s . -
- i3 PR DIRIS E S Pt -2 KR LR I . 2 LT £ B 2 VR A
‘ ) . ICRE2QY A+ :,::’*:g.&*ﬁwv_};‘b :,cﬁ:‘-;:;: Lt g A
. MR & A R L oA T cee T T o
: - cafribeln 200 gotn 0T o R ¥ . .
- - , . > . whatericor,:082 L oot -
- « - - - - - —_py = — -t -~
. CIZEC horuate U0 COV.ERIENCGE FOR o - s .
. : A gots 4% ' . Lo . - L
. - - ~ ~y e b ol
o LT . .30 Iftdans 20D 3otg 38 L -
ST . © . pg=Ioy | o
X . '\‘ . - g-faD ._'C-‘ . ‘ ‘ . ‘.
oo ' - I3 sigma=: gezaxezgvy .
T ' = a=agx ¢ . ; : . . 2
‘ : &3='ag- 2./ 2.d0 SV '
PR B L f Y. . xa=a, 8t o o " .
« - . . - il - 1}
. ) o - . vIoaL= eddmyri iR, el )
T L L oem C.#OCRLS dmem s in gdenE- gt
B PR < . Ml = - RN
¢ L o p=iGCC. 30+ - Co —— )
< L4 . v - ' .t -
:~ (: ‘ ) ! b retur~ T - ~ . ' L, e R P
[ B8 . - - end : ‘ : T e
i + N . 1 - * a
. S P L. o2 LN . - - . . - “
' . P N . * -t . ‘ « - . * \~‘ ' N ’ :" o
‘e ' ! e B ’ X ~ 7 —, A to o T ! + ' 2~
e . . v L T S 5 R o, q
oy ‘ 2 . ~ . ’ - . : T P * . .- P ¢
s .."- + ‘“' : ‘- “ v - T . S .- toe ' ’ S
‘0 ~ ) ' N “ 1 . . Y - + N .~ - 1. .: ' o
' - B [ T . R . L el - ) - B L , .
A) - . ' Y "~ - H - b . “ i I, . - : “ ) .
v . N S e [ N A - *
. . . [ . R N a Wt .o, A { ' e “o " -
- : - T 4 I, L ,
“ ) ] . - . . Lt e L . & . . ) ) .
P B . EE N A L ‘ A . , oAl -"'a' . o
. B . - . N . o N oot - . .
. . ; . S . .
! N 3’ oA ~ Yo e ! . .
. . . > . L - M . B ’
N f. ‘ ! - B e i Y. . L > .
: . > v-, v ey . e . . . . + P
- K N ~ ~ N - " e . - M
_ ) E T tren crT e
- & 4 o e - . -

wbede . T L 4

-

"
o

-



AT L
i——— y
v K f
N . "A
» R I
¥ S
) N -
g
\ .
- - v - * .
.- . - v - N
s . . . LT a
v e - -
- e
1 - - + . «
. - a . -
.
- .-
- - . E
' <o
.
s _ vy
Y -~
. - .
- - .
- [
A -~
. - - ~ * Ly
R - . R
R N el LR
R H oo
. -
- - P Ay
™ - 4
. Nt -
P > - >
*
- .
- ~ " -
. - - 4 T
- - . F N N
- - 4
L f N ~
. . .
=% - .
- ¥
- - “ . = .
e - )
t L
. - T -
- W7t -
N -y -
N .o
N . .
s . LY
- DR N
. - N ~
. K v 2
- ~ <t - T “~.;
. " F. e
- i .o A *
- - o
— -
. ~ M
) . i * )
N - -
L7 - . .
ee e
- o T -
159 .
- .
. - -0 .
' N
4 .. . a .
- . PN .
» % -
- . L
. LR 0
I3 g . -
3 he ™ - - bl
. .
N 4 - S
K . N
. <. N
. oy .
?
. -
. - >
-, - "
- . <
N -, P
Nl wmor T ~
<, —t
P - v
N . > " =
. - .

S

Bt pmeeasiv o L

P
. oL
L e
.
.
. -
. AN
c. .
. .
< t2 S :
. L. L) .
..

v .
. + -
N -
R | By BE=OS R AU I 3 R G
- STy oty
YW AN R TRV R | B 13 1
Lorgd trreny et
L3 D R | BT L | (R
FEESTE S TRRAAEE I SN |

- L7 I N |
RN . - .
- 8 'f « ' .
] . LI [
o r,
3 T ox < o -l
- - ST
B - )i [}
[T t. €1
- e ® _ t
. £ '
| e BN - - X
, e
- W ST
. LYy - .
s i o
< ty - - .
N . LI B [ %]
[ .
. - it
v - %] ]
B u
vF i3
L8] 3
. 1t
| o 0
1) .
. o e
[
. .
. - L
s -
P
t e L
. . .
Celt ke, e ..

*1

XN IR 1
VL]
3¢

2
i)

.
YL
Hog e

o )

By -
-

-

.t

v s

tL
P |

[

3
N
. 3
N
.
N 2
.

e o i o i h% " i —
Il
i .
; b ol
* Thoa +
¥
. - - 2
AT P nuN o
. . t - . f
. J
. . .-l -
. " -
3 ‘. fite, @ rRYvee; 1o 81
NS RN R el ] k-] ry [ JEN |
e - £ ~ it -1 0 ' cid
Lnsr - < i Clv=3 3 oLy
T T A 1< Wwire- 3 1 >
gy eyt Che W Tty o ot
PRI ] LI | W 3 42
rdr e b [ AT ~rFe N [a] [a] . y
oo » . . Ry [ 2 ry .
I T A L3 oryz 1]
R S N - tins ¢+ 2 N -
F1op e [} 29 I B U W
[ < Ve Urerrey v. - 5 H
4] *y + [0, 2 T (3] ' |
" - wyo- Y700 I S SO | P
t fow [w I .~y M feox o «
it r ~ (R4 Y ) 0 “ L
3o - 3 a3 (ol 2k & b
13 »ama U i
b . ul 12Je N> [ ] i
Ny et g (7 1
3 3t « .
) Qe =3 3 - - .
1y [0 & [n3
' £ "L ot D L e
= 13 3 )
a 0 - 4 L) | e ,
(2] o) - g n - LI
.- 13 € T .7
n ot n ry
D > 3 Q0 ,
Fri P - B .
N [} [ £ w <
.- 5] X L0
N - . - = SN
- e b4 'S
i I T I 6 |
" - . » o £
PO
‘:‘ S S 2 < I
£ - L 1
. < y” : i
11 r 3
- ° A - . R H
- 3 . . E
. - i) N
> -+
- v T t A
- J . . .
. [n 8
: . ow ’ 1
- . ] -
S ' o o :
- n -0 .
. . .. - (S .
. - N ’ £l
" B - t
T .0 L1 ' H
. R . i . i
i - - b
S - ' .
. - , 5
- - T Al
* .
3 e i ' *
= -~ N . - 4
. ) N I g
s » A * - Xy ."e“:wﬂan -y .~



~

AT

’ L et
-92- SR g

°

REFERENCES

1. J.Baret , Prog. in Surface and Membrane Sei. 14 (1981).

:

.

i

2. L. Rothfield (editor) , "Structure and Function of Biological

Membranes",(Academic ' Press, Nevw York 1971).

3. M.C.Phillips, D.Chapkan, Biochim. Biophys. Acta

163 (1968) p.301.

4. D.Pink,A.Georgallas, M.J.Zuckermann, Z. Physik B

. 40 (1980) p.103.

5. 'A.G'eor‘ga"llas,f.x..ﬂunter, T.Lookmann, M.J.Zuckermann, D.Pink,

Eur. Bjophys. J. 11 (1984) p.78.

6. Lehninger, “Biochemistry",(Worth Pub.,New York ,1970).

-

" .7.,- W.Hoppe, V.Lehmann, H.Markl, H.Ziegler (editors),

"Biophysics", (Springer-Verlag, Berlin,1983).

8. D.Cadenhead, Ind. Eng. Chem. 61 (1969) p.22.

9. T.H:'lyaska', T.\iatanabe, A.Fujishima, K.Bonda, J.Am.Chem.Soc. - -

100 (1978) p.6657.

"10. A.Caillé; A.Rapini, M.J.Zuckermann, A.Cros, S.Doniach, 4 "

Can. J. Phys. 56 (1978) p.348.

11. A.Cai}le,y D.Pink, F.de Verteuil, M.J.Zuckermann,

[

©
A .,

Bt 9 v e~



re o o v e

=

12.

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.

23.

24.

L | . 03 . K

o

Can. J. Phys. 38 (1980) p.581.

} o/
0.Albrecht, H.Gruler, B.Sackmann, J.Physique 39 (1978) p.301. "

kY

5

N.Gerpchfeld, K.Tajima , J. Coll. Inter. Sci.

59 (1977) p.597. “ o Cy

I

M.J.Zuckermann, D.Pink, M.Costas, B.C.Sanctuary,

N.Pallas, Phd. Thesis, Clarkson Uni: Potsdam N.Y., (1§83).
N.Pallas, B.A.Pethica, Langmuir 1 (1985) p.509.

M.V.Kim, D.Cannell, Phys. Rev. A 13 (1976) p.411.

-

G.Benedék, G.A.Hawkins, Phys. Rev. Lett. 32 (1974) p.524.
\ i

N.Gerschfeld, R.Pagano, J. Phy. Chem. 76 (1972) p.1231.

A

H.Doefler, VW.Rettig, Coll. & Polymer Sci. 258 (1980) p.415.
A.Cadenhead, preprint.
ﬁ.Loesche, B.Hoehvald; Bur. Biophys. J. 19} (1984) p.35.

A.Georgallas, D.A.Pink, Can. J. Phys. 60 (1982) p.1678.

5

) .
L.D.Landau and E.M.Lifshitz, "Statistical Physics : Part 1",

(3xd ed:,Pergamon Press, 1980).

J.Pirpo, These de Doctorat, Uni. de Provence, (1981).

s

LT



~ 26. J.Dupin, J.Pirpo et al., J. Chem.Phys. Zg_(197?9.

o

-94- .

. 25. J.Pirpo, J.Dupin, G.Albinet et al., Phys. Revi A

N 221(1978) p.2782. Lo~ M ,

27. D.A.Pink, A.Georgallas, J. Coll. Inter. Sci. 89 (1982) p.107. ” .

28. S.Marcelja ,Biochim. Biophys. Acta. 367 (1974) p.165:
29. S.Marcelja ,'Biochen. Biophys. Acta.oﬁié ;1976) p.l.
30. A.Wulf, J. Chem. Phys. 67 (1977) p.2254.

31. A.Georgallas, Phd. Thesis Uni. of London ; (1979).

32, A.Pischer, B.Sackmann , J. Physique 45 (1984) p.517.

33- H-FiSher, s.“a’ AnNi&ely phys- ReV- Letto .2_9 (1972) p-sz‘. ! " ‘ 8

[

34. T.Smith , J. Coll. Inter. Sci. 23 (1978) p.27. E{L e
f G - ’,' «

. ! ’

v )

35. ﬁ.E.Reichl, "A Modern Course in Statistical Mechanics ",

(Uni. Texas Press, 1980)- ’ . C .
36. N.Gershfeld, J. Coll. Inter. Sci. 32 (1970) p.167. , L

37. T.Bill, "Introduction t¢ Statistical Mechanics ",

(Addison-Vesley,1960). . w
38. BR.DiMarzie, J.Chem.:Phys. 35 (1961) p.658.

39. M.Cotter, E.Martire, J. Mol. Cry. & LiqT/Cry. z (1969) p.295.



.. Physical Rev. A 30 (1984) p.2720.
. 7 .

.45, A.Miller, V.Knoli, H.Moewvald, to be Tpubli.shed.(

:
.
3 . -95.

L [ 4 ¢ \

40, Domb,Green (eds)," Phase transitions and Critical Phenomena "
’ . ! Y .

Vol.2, (Academic Press ,Nev Yozk , 1972).

\

"+ 41, S.Katsura, M.Takizava, Prog. Theor. Phys. 51 {1974) p.84.

¢

. . ‘ .
"42. V.von Tscharner, H.McConnell, Biophys. J. 36 (1982) p.409.

43, G.Albinet, A.-M.S.Tremblay, Physical Rey. A 27 (1983) p.2206.

J.-Pl}kgte. G.Albinet, J.-L.Firpo, A.-M.S.Tremblay,

( and references therein ) o .

. o SN

‘44'. R.M.Veiss, H.M,HMcConnell, Nature 3]0 (1984) p.5972 .

PR E ’
: H.M.McConnell, \L.K.Tamm, R.M.Weiss, Proc. Natl. Acad.-

oA

Sci. USA 81 (1984) p.3249. S

v (
! B

Y

46. O.G.Hourits:en, H.J.zdckerlann, private communications (19865 o
o oy

i -

]

. ’
- ‘e 7
¥ . -
M . f s ¢
v
° .
o -
i o\
b - M h
| s !
- g
t T 1 Al
v
[REEEAY .
* > ' . “ ’
. o v R -
. s s ‘ b
A ?
} Y
o
. ~ 4
(] . . -
el T
s . 3
. 23 .
s K PR . X PR, -
. - L
X . H
4 R o : .
v N N .
B ‘ . ;
! .
7:)\ -
X s k) s
. s [ R
5 ’ ’
[ s g
el . 4 i Lk
- 4
. 14 RN <
1 3
! i ? - -
-
’ .
'
Lod K}

. “ .
T e T R
R T e
K



