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Abstract. A statistica1 mcchanical formaJism is developcd for the
study of rigidity changcs of a dymiristoylphosphatidylcholine bilayer
induced by lhe inclusion of tlle local anesthetic benzyI alcohol. In the
model, packing coostraints playa central role and the solution is treated
both in the ideal and the lIuggins approximations. The dependence of
the phospholipid chain order pararneter 00 lhe alcohol mole fraction
is determincd, as well as an cstimation on the change produccd on the
bilaycr thickncss. The results are in good agrccmcnt with available NMR
cxpcrirnents and X ray mcasurernents. The analysis serves as an indica-
tion that lhe main site of aclion of the benzyl alcohol is tlle hydrocarbon
bilayer.

PACS: 87.22-q; 05.00.+m

1. Introduction

In recent ycars lhe devclopmenl of throrelical models for lhe study of structural
and conformationa.l propertics of amphiphilic aggregates has rcceiveJ considerable
attention [1,2]. 11uch interesl has bccll dedicated to the study of phospholipid bilay-
ers [3,4,5], because of their rclevance in thc undcl'standillg of biological membranes
among other reasolls. In this \vork \Veare conccrncd with the behavior membranes
undertake in the prcsellce of ancsthctics. In particular, \'te propose a thcoretical
formalism for t.he study of t.he changes in tIJe hydrocarbon chain order of a lecithin
bilayer (dymiristoylphosphatiJylcholine, D~IPC), inJuced by the inclusion of a local
ancsthetic (benzyl alcohol, DA). QIle of the main reasons for choosing this problem
is the availability of relevant experimenta.! rcsults [6].

Que purpose is to ealculate the dependellce of an order parametcr S (\••..hich is
a measure of the degree of rigidity of tbe phospholipid chains) on thc conccntration
of DA. \Ve also estimate lhe change in the bilayer thickn('ss dile to the BA. Our
calculation is carried out using a statistical mechanical formalislIl. The modcl \'te
adopt for the DMPC \Vas first introdllccd by 11arsh [7] in !lis study of tbe nuidity
of lecithin bilayers. In this modcl the conforl1lational prop('rl.i,~s of t.he aeyl chains
are dcterrnilled wit.hin lhe rotational isotllcric approximatioll <!r-ve101Wdfor polymer
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solutions [8]: headgroup and interchain inlcractions are takcn into a('COllllt in terms
of packing configllrational restrictions,

Ttl(' scheme of the calculation is the follo\\'ing: with om statistical Ol<xhanieal
1l10del we obtain the free cnergy per mole of the DMpe bilaycr in the abscnce oC
BA, and the valuc P, of the average a priori probability of a having a trans bond
in the acyl tail of tiJe lipid chain. \Ve thcn consider the change in tlU' free energy
dile to tl)(' inc1usioTl of the I),\ as a salvent, treating the solution hoth in lhe ideal
approxilllatioll and witilin lile lIuggins [9] approximalion. \Ve tiwn ohtain, throllgh
tiJe statisticalllH'chanical forlllalism, the change induced 011 Pi' \Vit.h the new Pt wc
('valuat(' tl)(' ord!'l' paran\('lf'r S. Sincc P, is a function of the DMPC concclltration,
we ohtaill lhe souglll d('PClldf'IlCC of S on conccntrat.ion. \Ve can tiJen use this rcsult
lo estimat(' tile chnngf's in tlH' bilaycr thickness when the BA is addcd.

Tlle pres(,lItalion of tltis Jlnpcr is the foIlO\'ling: in Seetioll 2 wc define propcrly
the bilayer 1110<1('1\Ve use for om calculatioll. Seetion 3 is mainly conccfllcd with the
determinatioll of tl)(' fundamental quantity P¡ as a funetion of the HA lllole fradion.
In Sectioll ,1 WI' analysf' t.Ilf' lwhavior of the order paranH'tcr ami in Section 5 we
discuss om Tesults.

2. The model

Pho~pholipid bilaycrs are complex lOany body systelOs for which a wide variety of
Illodels han' I)('('n dcvclopcd [1.2,.tJ. The rnost gCIlf'fal potcnt.ial fOT these systcms
lIlay he CX¡)f'('ssed ,\S a sllm of surfan' and core tcrms. In the phospholipio, two
s('ctions can he eh'arly c1istinguished: tiJe polar headgrollp and the acyl ehaill; in
tl'I'IIlS of 1111'5('COrTIl'0IlC'lltS, tiJe sllrfii('e eontribulion consists of watcr-llf'ad, head-
!lf'ad. Ilf'ild-chaill. aud dlaill-water illteractions. The core tCTms indudes inleT- ano
illtra-c!Jaill illterartiolls. Allothcr feature which has proven to he relevant in the
descriptioll of t Ill'sP systellls is t.he aggwgate g{'ornetry ( f .g., interface g(,ollwtry and
slIloollllH'SS dl<lract I'ristics, packing conditions). G ivcll t.he colllplexit.y uf 1.1lf'sysl Clll,
a.1I tllf' t\word.ical lrC'atlll('nts ill\'()1ve sorne degree oC a.pproxilllation; dcpending OH
the problf'1Il U1Jlkr stlldy, SOIl)(' illl!'ractions are ignored and others are tn'atcd wíthin
a IIlI'an.fil'ld approxilllatioll.

\lost. tlll'on'l ical dforls 011 ti\(' stl'lIctural propertics of IIH'lIlhrall(,s lIav(' focuscd
on t.he gdJliqllid-crYSl.id pltilSf~transitioll [5], the forrnal.ioll of t.he aggrcgalf'S [1] and
prol('in itlcl'ISi{Jtl [10,11],110\\'('\,('1', to our knowledgc, for tIJe prollkm of alH'sl.hdic.
nWllIbr;-ull' in1l'radiolls onl.y a fe\\' theordical modds l1a,'(' 1)('('11c1cvelo¡H'J ((',9,
O'J.CilI)' [1'21 ;llld ll,rl'j't'IlO'S tllf'n' in), 1\1ost of thL'SC 1lI()(1<,\S [1:1,1.1,1,1)] faH iTlto ;¡

grollp, ofl('1l rd(,ITf'd to ,IS tJI(' ~1élre('lja-type lTlodcls [IG,17j, in which f'xc1u<1cd
VOIIlIl\(, ill1<'r;¡c! iOlls lH'tWl'f'lI diff('l'l'nt ac)'1 chains are accolllltcd for in a lIH'an-fkld
WilY<lnd lllf' ddilils <lfPilckillg iUf' igllored. Allother Iflodd [10.18] for lipid-allt'stbctic
j,ff(.cts is of 111('~ilglc tYIH' [l!)j, in wilicil tll(' ('xduded volllllw illlf'radions h<'tw~'n
.1111'<leyl dlilitls ,In' ,1(,(,Ollllt(,d for f'xaclly <lltd long rallgl~ van (In \\'<I(lls intl'l"acl.ions
an' tW(I\l'¡J in lllf'illl-fl('ld. 111hotlt cases. élll('sl 11('1ics aH' assnllH'd lo intf'racl eitllf'r
wit h llll' ,te.,", ~r()llp or 1111'IWil<lglOlIp, or hol h.
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'fhe model we shall bc using has a more a priori character than thC' statisticai
theorics mentioned abo\'c. As a stated in the introduction. we adopt .lhe approach
set IIp by r..larsh, in which the headgroup and interchain inÍ('raclions are' incorpo-
rated as "packing constraints". This t.ype or asslllllption has pro\'cll to he llSeflll in
variolls treatments or Illembranc properties (e.f. Gclhart [1]). \Vithin this schclll('.
the potcntial for the system is fhe Stllll of single chain conrormational cnergi('s.
cxprcsscd in terms or the rotatiollal isollwric pcscription or polymer cilains, witb
the appropriatc modifications ciue to the constraints.

llascd on the discussion forwardN:i by Naglc 151, the bilayer is trcé\ted as the
slIm of independent monolayers, aud no distinct.ioll is made bdWf'CII the chains
belonging to the sarue Iipid or to dirfcrcnt 011('5. Qur starting point coincides with tile
"random coil" cicscription proposed by Grucn [20]. ill which it is argllcd that, abovc
the gclfliqllid-crystal pha.sc transition Í('llIpcraturc

l
thc interlllolecular disorder of

the acyl chains is very similar to that in bulk liquid ,¡-albll('. lIowcw'r it should be
stresl'ed that in our approach, illstead of illlfoducing a s£'t of lllean4fjeld consistenc)'
eqllations wc ¡¡dopt the configurational cOllslraints proposcd hy ~Iarsh liT

In lhe rotational iSOllleric approxilll(ll,iOIl, thc ('élrbotl~car¡'on (e-e) honds of
lhe acyl chain are in OIlC or thrc'f' ('nergetically fa\'ored statcs: t (trans). 9+ (gauche
plus) or 9- (gauchc llIiIlUS). The parlitioll functioll Zn of a polynwr chain of 11

idcntira! bonds (wilh fr('<, end bonds) is gi\-£'Il by

n-I ( (1"
Z" =L IIU{.¡:; '= (1,0,0) U,"

conf,=2 l!g-I )

n-"

(~;:- - (:)
U,- ,- 1

'= (I,O,O)U"-' (¡) , (1 )

wtWH' L: is tlH' Slllll 0\'1'1' all possihl£' configllrations or the dl<'1ill, i rq)l"('s('lIts a C-C
c11¡¡ill hond, U{r¡ is lbe ("ondiliollal probahilit,y for a bond to IJ(, in a slall' (, gi\'('1I
that its nC'ighbor is in a stC\tc '1(~"1 E {t.g+ .g-}). and U is tll(' lransr£'r 01' slatistical
wciglit matrix. It follow5 rrorn (I) that the c\'aluatioll or 7." can he clI\'isaged as a
Markov proc('ss.

For our purposcs \n' are prilllill'ily ill!t'n'stco in lhe calculatioll of th(' a ]Hlori
prohability P, or finding i\ trans state in tlH' chain, i\n'rag('d 0\"('1' lile internal bonds.
If we define P';i as lhe average prohahility fOI"the ith hond lo 1)(' in a state 1, we
have'

'1-1

PI:; (11 - :n-I L P';I'
1=2

(2)

which can 1)(' ('X¡)I'('jo¡s('din tCl"ms or thc partilioll rUllctions or smalll'r chains (s('(~
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Appcndix) by

n-I

1', ; (" - 2)-1 L
U'=2

(3)

In order to define our phospholipid model explicitly wc no\\' follow thc argument
givcll by ~larsh [7] in his study of the liquid crystal transition of Iccithin bilaycrs,
in which packing conditiolls produce steric hilldrances that restrict the probability
transition bctween differellt stales of tlle system: a t bond can be fol1owcd by a
bond in any state, bllt a g:1 bond can onl)' be followed by a t bond. Uncler these
assllmptions

a
O
O

(4 )

where (J = ('xp -{¡J[/~y.i - ¡.•'ti}, wit.h ¡J = l/V!" l.. = Bo!tzrnann's constallt and
(Rg:! _\/::,) is tlll' ('llergy difrnf'un' bdW<'('1l a !J:! alld a f st<lte.

In iI phospholipid hilayer tlwn- is a rigidity gradif'lIt "long the distallCl' perpell-
dindar f.o llw surfan' of 111<'hila)"I'r. TIll' 1Jollds of tl](' filtty acid Jlcar the polar
headgroup are ilIon' rigid thilll t1w Ollf'S "t. Ihe center of tll(' hil<l)'ef. ~larsh incor-
porales tltis f('alllH~ by (,(lIIsic1ering tite rirsl. :1 carhon bonds doser to t he headgroup
to be in a rigid lralls ("OtlfOrlllillioll. For onr cakulalion of the partilion ftlnction Z
ami of /)/ for Ollf' of tllf' hydrocarholl Chilills of t1lf' D~II'C. \\'(' adopt this lIleasure.
TIH' only fr"(' parC'l1lll'tI'r Wf' an' II-ft with in tlw 1110<1('1is tlJ(' \"(¡JUf'of the cnergy
difff'r.~nce (Eg:J: -/-:d. For l!lis \\'1' IIS(' 1111' \"(111)(' of 1;)0 cill/mole, which corrcsponds
to a bcst fit of tlH' problf'lIl IW.ltf,d by ;.,Iill'sll. \re should (lIso point out that the
last carboll bond of tlll' c1lain is Idl fn'f' of stl'l'ic hilldrauCl'S.

3. Determination of PI as a function of DMPC mole eoncentration

If we ealclllate Pt as a function of the DA mole eonccntration, we will be able to
delermine the varialion of lhe order parametcr with lhe inclusion of the alcohol. An
important qllantity is the partition function Z of lhe acyl ehain. In general, for the
evaluation of the partition fUllction Zn of Section 2, it is con\"cnient to express it in
lerms of the cigcnvallles ,\{ of tile matrix U

3

Zn =L f{A,-2,
(=1

(5 )
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where

,
1'( = A,( L 8(.,

'1=1
(6)

and ,tI{ are the first row cornponcnts of the matrix A that diagonalizes V, B{'1 are
the c1ernents of matrix O == A-1 ami A{ are lile c1cmcnts of matrix A == A-1VA.

Using the value of V gi\"cn by Eq. (,1), we obtain, after sorne straightforward
rnatrix aIgebra, the followillg fcsults for our problcm: A}= (I + ~)/2, A2=
1 - .\".\, = 0,1', = .\¡f(2.\, - 1) and 1'2= 1 - 1',.

\Vith tile abo\"e exprcssions ilnd thc rcsults of the Appcndix, wc ilffi\"e at

z = z(,.) = (2.\, - 1)-'[.\;+2 _ (1 _ .\¡)'+2),

P,= 1', {"(I+-/(,_,)+2')(('-I)},
,..\,(1+1,(') (-1

(7)

(8)

wher(~ (, r and i ha\"e been definc'eI in the Appcndix.
Under tlle a.<;sumptioll of the moJel stateel in Sedion 2, for the myristic ilcid

r = n - 4 = 10 (the total Iluml)('r of bonds ilre 14, the first tiln'c ilfe fixcd in the
t state and the cnd bond is roliltionaly frec). It sholllcl be stress(,d thilt within the
approximations intrinsic lo the Illodcl, Eep¡ (7) and (8) ilre eXilct expre:'isiolls, valid
rol' a finit.e number of honds. USllillly. most anillylical calcnlilt.iolls <U'(' c10nc in the
lirniting case of r going to infinity (e.f. Appcndix).

1'0 calculate the de¡wndence of Z 011IJA concentration we c\"aluatc I.he changc
,ó,g produced 011 lhc Gihhs free cllergy per 1I10leof lipiel, a..<;slllllingan id('al solution
behavior [211, ¡.t.

"9 = q(XJ.l- 9(1) '" RT In(XJ.l, (9)

whcrc XL is the lipid mole fractioll. g(Xt} tile free Cllf'rgy per mole of I¡piel (;.e. the
lipid rhemical potcntial) and R tite univcrs<ll gas constant.

From standard statistical lllf'ciJanics, \Ve havc that g(XL) = -IlTln ZT(XL).
ZT(Xt} being the total pal'til.ion fUIlCtiollfoc I.he the .••..hole I¡piel chain at XL' (De-
pending 011whcthcr a proc('ss takes place al constant prcssurc of at constan!. volume,
the free cnergy dcfincd hy - RT In(Z) wiJI fespond to tile Gibhs (e) 01' tlle J lelrnholtz
(F) free cnergy, respectivdy. For our problcm we used the Gibhs frre (,Il('rgy hecaus('
we an° dcaling with an ('xIWrinwllt done al constant prcsslIre and \\"e l'1l\'isagc. lhe
mol fraction changc in te!'lllSof a \"olulJlcchangcj besides. sinn' ó.G = ,ó,F in an ideill
Sollltion, the distinctioll l)('tw(,(,1Itlle two f!"!-,cencrgies is somewhal irrelevant focQue
purposes). Sincc in our Illodcl we do not cOllsielerh('adgrollp/acyl-('hain interactions.
the partition functioll for the phospholipicl facl.orizf's <1S ZT(X¡,) = Z(XL)ZlIc,
.••..1H'fCZ"G is the partil.ioll funct.ion of lhe heildgroup. lInelcl' t.hese condit.ions we
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have [rom (9) that
(
Z( 1) \'
Z(XLl =. L.

(10)

Notice lhat implicit in Eq. (10) is lIJe assllmption lhal lhe nA win llave an
inOucncc mainly on the hydrocarhon chains of lhe DMI'C hilayer, ¡.e. we iJave uscd
thc hipothesis lhal Zne is indcpcndcllt of XL' A discussion on lhis point, whieh is
a malter of controversy in lhe sludy of tiJe mode of interaction of ancsliJesics, wiJl
be rclegated to Section 5.

From Eqs. (8), (9) and (10) we can now calculate the new value P,(XLl o[ the
average a priori probabilily thal a carbon bond in lhe ae)'1 chain is in a lraos slale
al a given nA mole fraelioos XUA (= 1 - XiJ.

4. Order parameter results

Once Pt(.\'¡J is known, we can enduaU' t11l'arder paramctcr p,.)] Si = !((:1cos2 Ol)-
1) wiJcre O is lhe momcntary anglC' l)('h','('('11 tile dir{'ction of the ¡th acyl chain
segmcnl (counted from tiJe hcadgrollp) an<1tite normal lo the hilayer surface; ( )
indicates a lime average. Following tlle procc<1ure outlincd hy I1uhbcll ancl t\.1c.
Con ncll [26J \Veoblain for Su:

S.(Xc) = 1',' - ~p?(1 - 1',)+ ¡'¡¡p,(! - P,)', (11)

where Pt is a fundian of XL. (I1uhlwl\ ami t\.lcConIlell determine Si calculating lhe
probabilily of having a chain eonfiguration with one gauchc bond, lwo gallehc bonds
and so forth and lhen evalualing the (..) time average for cach lypc of conflguration;
as they mention, lhe calculation is in ilsdf slraighlforward but sOlllcwhal tedious
lo menlion in detail).

Expression (11) is similar lo S3 in [261 since the flrst. tiJrcc honds of our modcl
are in a t state. There is howcvf'r a slight dilfcrcncc IWCflUSCwe cx1cu<ic chain
conflgura.lions wilh 9+9+ anJ 9-9- se<¡uenc('s which wcrc allowed in lIuhbell's
work.

In Fig. I we plot, as a fundion of the molc fraction ratio XII"/ XL, lhe val-
ucs of Su determined lheorctically al a temperature T = 3111\ by Eq. (11) and
tllose determinoo from lhe qua.drllpolc splitting measurcrnents carricd out al the
same lernperalurc by Turner amI Oldflcld [6J. The rclation bdwccn the lJlladrllpole
splitting t.v and S; is [23,24J

8 ( h )S, = 3" qQe'!. .ó.v, ( 12)

wlJ('f(~h is Plank's constant, Q is the c\cctric quadrupolc moment of lhe D (dcu-
tcriurn) nuc1f'us, and q the c1cdric fidd gradicnt <lue to the honding dcctrons at thc
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FIGURE 1. Plot oC the order parameter 5{7 of DMPC for various values of the MA mole fraction
XBA(= 1- XL, .•••.here XL is the lipid mole fradion). The full circles are experimental
values [6]' the error bar comes from the uncertainty reported in (6) for XL = 1.
\Ve have assigned this uncertainty to all the measurements. The salid line is the least
squares best fit for the circles (slope me = -0.018). TIJI' triangles are the ideal solution
theoretical \'alues. The dashed tille is the best fit for these values (slope mI = -0.026).
The crosses are theoretical rcsults calculat.ed within the lIuggins approximation. The
broken line is the correspohding best fit (slope mil = -0.031). The crosses for XsAIXL
equal to 0.900 and 0.83 are not shown since they overlap, wit.hin the scale ofthe figure,
with the triangles

ith chain segmento The quantity (e2qQ)/h is the quadrupole cOllpling eonst.ant and
takes the value of 170 kllz COI'most carhon deuterium bonds. In writing Eq. (12), the
chain rotation around the surface normal has been considered to be isotropic [1,4,23].
For the case oC NMfl experiments this assumption appears to hold sinee the averaging
time seale is slow enough for the average position of the chain skclet.on to be normal
to the Lilayer surface1 and the average C-D bond position perpendicular to the
bilayer normal {25,26,17,23] (this consideration implies lhat the parameter So of
Ilubbell's work is equal lo 1).

Both experimental and theorctical sets of valucs liC'on a straight line (the exper-
imental correlation is 0.996, while the lheoretical one is -0.976). The experiment.al
slope1 dctermined by least squares, is Tnt = -0.018 a.nd thC' tll('oret.ical oue is mI =
-0.026. Ir we use the error bar reported by Turner and Oldfi('ld [6] as t.he maximum
experiment.al error and lake ilIto account the standard d('\'iatioll, ¡he \.aluc of tIJe
thcoretical slope falls wit.hin the statistical and experimC'lltal ullccrtainty.

A fUIther quantity which Can be cornpared \vith experimcnt. is lhe changc in tile
effecti\'e length oC the hydrocarboll chain in Ihe bilaycr tJ.(L), dile to the BA.. Using
the express ion for (1.) given by Stockt.on el al. [23,24), \\'(' have

Ll(L)(.\'Ll = ]¡';'s I: [5J(I) - SJ(.\'¡.)I,
J

(1~)

\•...herc thc sum is taken o\'er aH the ac)'1 chain C-C bonds a nI! S] is t.he appropriate
gcneralization of S6(X d rol' tile /h carboll bond. From Eq. (1:1) \\.(' prcdicl. a bilaycr
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lhiekness red ud ion of 0.85 :i: 0,059A for XL = 0.25 (lhe uncertainly comes from
using an upper bound exprcssion for S) for lIle 1asl4 bonds). ExperimentalIy, X ray
and NMH measuremenls [6,27] show a dccrease in the bilayer lhickness of the order
of 1A.

\Ve have also carried out om calculalion considcring a IIlIggins [9,281 typc ap~
proximalion in whieh lhe relati\'c size of lhe eomponents of lhc solution is taken
into a.ecount by substiluting in Eq. (9) thc Iipid mole fradion with the lipid activity
AL givcn by

oXL [-(o - 1)(1- XLl]
AL= 1+(o-I)XL exp 1+(0-1).\\ '

where o: = 258/89 is the quoticnl of the molar volume of lclraciffane over thc molar
volume of bcnzcnc [29]. \Vith this substitution the final rcsults are good hut 1css
encouraging than thosc for the ideal solution formulation, the slope mil (Fig. 1) is
for tltis case -0.031 with a correlation of -0.980.

5. Discussion

Considering the simplicity of tIJe modcl he re presented, the coincidcncc \",'ith the
available experimental data is indced n~ry good. \Vc are tllC'rdorc INl to bdievc 1hat
up to a ccrlain extent sorne of t.IJeassumplions amI approxilllat.ions in\'olve<i in the
modcl illustrate aspeds of lhe actual behavior of the bilayef. \Ve maintain thal the
calculalion serves as evidence thal t1le DA aets mainly on the hydrophobic region of
l1le bilaycr. This is a point of intercst in the currcnt litcrature on anesthetics [27,30-
34] that has prompted various alternalive lheorctical treatmcnts [12,15,20,30]. FuI'.
thermore, our finuings support that, for the case of biological Jllcmbranes, lhc lipid
matrix appears to be an important sit.e oC action of the HA, within the hydrophobic
reglon.

As we remarkeu in Section .1, in om calcu\ation we exclude a dircct interaetion
betwccn the aeyl chain and the headgroup \vith the partitioll fundion fadorization,
and bctwccn the nA anu lhe headgroup \vhcll we consiuer Z'IIG ind<'lwIl(\ent from
XL. Howevcr, secondary cffects of lhe nA on the headgrollp can be incorporated
by modiCying tIJe rigidity of tIJe first ;) C-C bonds closl'f lo it. Preliminary rcsults
on this approach indieale t1lat the predictions oC lhe IIlo<1elwilh reganls to solu-
tion properties improve ccnsidcrably; i.f., lhe thcorelical slopc mt approachcs lhe
experimental value me. \\le lean' lhe disClIssioIl of lilcs(' fC'sltlls lo él fnlure reporl.

From the point of view of slatistical lTlC'cllanicalmoddling \\'1' are \\'ell a\\'are
lhat the literature on this subjccl has cvolved dramaticéllly in lhe past fe\\' years. As
rnenliollcJ in lhe introdllclion therc is a wide variety of j,rC'<ll.lTwnts",hieh involve
various degrees of complcxity. Iu lbis respcct our approach is a usdul flrst order
approximation to the prohlern, supported by an cnconraging comparison \\'ilh cx-
periment. 1'\\'0 hasie ingrcdicnts oC om formulation are lile ideal sollltioll assurnption
alHl tIJe role oC liJe Pél(:king conslraillts. Bolh assII1l1ptions are closel)' rciated. The
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fael that we chose the potential for the phospholipid bilayer as an iUlsembly of single
chain potentials subject to restrictions is a type of independeant "quasi-partic1e"
approximation consistent with an ideal solution description. In fact, the results
of the Iruggins approximation show that improvements to our model should be
incorporated consistently, e.g. if we consider explicitly interchain interactions this
would produce an energy change that could compete with the entropy modification
introduced with the Huggins theory, improving the final results.

The final picture that emerges from this work is that an independent "quasi-
partic1e" description for the bilayer, for which the energy available from the dilution
of the BA is mainly incorporated in the internal energy of the "quasi-partic1e", is
adequate for the problem under study. In our formulation the bilayer changes its
rigidity because the internal ftexibility of the hydrophobic chain is enhanced. Notice
that we do not attribute the change to a global modification of the packing con-
straints, these are left invariant with dilution. Our findings support this picture but
are by no means conc1usive in this respecto The analysis of alternative experiments
on other systems focussing on other properties is necessary in order to draw more
definite conclusions on a bigger variety of systems and to establish the limit of
app:icability of our assumptions. It is evident that many systems will most likely
involve other mechanisms. So far, the model works reasonably well for the case of the
DMPC-BA solution, with regard to the order parameter measurements oC Oldfield
and Turner (6) and may throw light on systems closely related to this case.

Finally, it is worthwhile mentioning that our results have becn obtained essen-
tially without fitting any parameters, since the only parameters involved are the
three initial trans bonds and the value for the (Eg;% - Et} energy difference, both
of which originated from fits done by Marsh in the context of a different problem
rdated to the fluidity of lecithin bilayers.
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Appendix

In this Appendix we follow the formulat.ion set. up in Flory's book [8]. Por a polyrner
of 11 honds with free ends, t.he probahilit.y P¡,i can be ('xprcssed by

(Al)

wllcrc J' = (1,0,0), J = (:), and Ui,' = (1 ~ n cn,ures that the i'h link

is in a tfans st.at.e.

Since

(A2)

then

(A3)

prom (1), (2) and (A:I), 10'1. (3) folJows dircctly.
Ir the hydrocarbon chain of n bomls has its first. q bonds in a trans st.ate and

thc last bond free, then, for i 2: q:

with the total part.ition fundion of the acyl chain givf'\1 by Z = IYUn-q-1J.
Ir we define 0111 == J"UmJ, t.hen lhe average probahility Pt oC having a t 'state

in aBY of the r == n - q - 1 bonds of tb~ hydrocarbon chain that are descrihcd by
the fotational isoll1cric approximation is

1 n-I 1 Il~l

f', = ( 1)2 L P',i = ( I)ZL ni_(q+l)n"_i_l' (;\.1)
n-q- 'i=q+1 n-q- -J1=q+l

Note that the nonnalizing factor Z is t.!w samc for t.he whole acyl chain as for the
r link suhchain sillce the fixed l honds do not illcrease tl)(' nmnher of collfigurations.
\Vc shall tiwreforc refer from now OH to Z as t.he partitioll fllnetion Z(l') = Zr+2 of
the r link subchain.
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Sincc !1m = Zm+2 dcfined by Eq. (1), using Eq. (5) we arrive at

(A6)

with, = f,/f"" = f3/fl, , = >'2/>', and '1 = >'3/>',.
Substituting (A6) into (A5) and using the values for .\1, .\2, '\3, 1'1 a.nd 1'2 given

in SectioIl 3, after sorne algebra, we arrive at

Z = Z(r) = (2)', -l)-'[>.;+' - (1 _ >'¡)'+'],

P, = f, {r(l + ,','_') + 2,(,' - 1)}.
rA,(1 +",) ,-1

(A7)

(AS)

If we take the large r limit, then from (A6), (A7), ami (A8), we obtain the usual
a.symptotic expressions (Flory [8]) Zm = rlm_2 ~ I'•.\;n-2 and Pt = rtl,\ •.
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Resumen. Se d('sa rrolla 1111 formalismo IlI('C,íllin) ('sIad í~tico para. el es-
tudio d(' los cambios I'll la rigidc/' 11('Hila hicapa dI' dirniristoil-fosfatidil.
colina, illducic!os por la disoluci/m del <lIH'S\(~sicolocal. tllcohol hellcílico,
en la birapa. Las constricciollC's de l'JIIpaqu('lamielllo ju('~an un papel
ccnlral ('1\ ('1 moddo. La solución se trata COIllOidf'al y dClltro df' la
aproximaci()1I de lIu~il1s. Se detcrmilla. la d('(U-'llliellcia dd parámetro
de ordpJI df'l fosfolípido fOil la fracción lIlolar d('1 alcohol y s(' 01,1 ¡PII/'
una f'slilll;\ci()ll df'1 c;ullhio producido ('ll el g;rosor de 1;\ hicapa. Los r('-
sultados ohtt'llidos concuerdan sa.tisfa('loriallH'nt(' COIldcterminari(lll('S
eXperilJlf'lllal('s 11(' IUdN '/ rayos X. El ,III"lisis realizado sirve millo
indicio dI' (¡JI(' ('1 prillcipal sitio dt' a("("il'JlIdl.1 alcohol hf'lIdlico PS la
bicapa d(' hidrocarhuro.




