
R(lrt  tnl  (d lnrn
ANNAI-s OF THE \'nll ' l  OriA .l(:, lLLll l  0r' .1(rr';N(;/ ' i^S

l'olunr )0) l 'rru(s 21)-265
Dccotber )0, 1977 25695

PART VI. ELECTTICAL ANt) TR^NSP{'III. PIII:NOMI:NA
oF ARTIFICIAL MEMBRAN}:s

STUDIES OF THE PHYSICAL CHEMISTRY OF PLANAR

BILAYER MEMBRANES USING HIGH.PRECISION

MEASUREMENTS OF SPECIFIC CAPACITANCE*

Stephen H. whitet

Depa ment oJ Physiology
University of Colifumia
Inine, Califonia 92717

INTRoDUcTIoN

A solution is, by definition, any phase containing trro or more components.
Thc ccll membrane is a phasc(6) distirrct from the cytoplasm and interstitium con-
toining lipids and proteins, and is therefore a solution. Simply calling the mem-
bronc a solution, however, provides few new insights into mcmbrane architccture.
My luboratory is conccrned vith devcloping quantitative methods for describing
thc rolution propcrties of membrane systems that we believe will lead to a deeper
undcrstanding of membrane organization. Toward this end, we have been study-
ing thc physical chcmistry ofth€ planar bilayer membrane, rvhich is a particularly
rimplc mcmbranc solution consisting of alkane molecules dissolved in a l ipid
biloycr. This paper describes the rationale for and the results of some of our
crpcrimcnts.

TtrE CELL MEMBRANE As A LrPID-PRoTEIN SoLUTtoN

Thc bssic structural elemcnt of cell mcmbranes is the l ipid bilayer,r-r which is
bclicvcd to act as a two-dimensional "solvent" for hydrophobic proteins.+7 A
highly pictorial desc.iption of the mcmbrane as a two-dimcnsional solution is
shown in FrcuR[ l. Acccpting this scheme as a working hypothesis, the next logi-
cal stcp is to construcl a quantitative physicochemical theory. This is a difficult
step, however, becaus€ ofour l imited knowlcdge ofsolutions in volumes of molec-
ular dimensions. Dcscribing the solution properties ofmembranes is related to the
problem of dcscribing the solution properties of a very thin slice of an ordinary
bulk solution. Both problems are equivalent to the notoriously intractable one of
describing the behavior ofsolutions at the molecular level.

The complexity of describing the membrane as a lipid-protein solution can be
appreciated more easily by constructing a Corey-Pauling-Koltum model of part
of the hydrophobic segmente'22 of the major glycoprotein ("glycophorin") of
human red blood cell membranes and comparing it (FrcuRE 2) with a CPK modcl
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N(uKrl(t l icol rnd Communrc!tivc f)isordcrs und Slrokc (l KC4 NSml46).



244 Anna ls  New York  Academl  o l  Screnecr \  h i t c :  P I J n i r r  l } l : r r c r  M e m b r i r n c r 245

p ropc r t i c s  n ( ) l  no rn la l l )  obse rvcd  i n  o rd inu r l  bu l k  so lu t i ons l  f hc  [ nswc rs  10  t hcsc
qucs l i { ) ns  l r c  impo r tan l  l b r  unde rs l i t nd ing  l i p i d -p ro l c i n  i n l c .ac t i ons  i n  n t !m_

b rancs .  Fo r  t h i s  r cason .  n r1  l abo ra to r l  i s  cng lgcd  i n  s tud i cs  o l  t hc  i n t c rdc t i on  o l '

a l kancs  $ ' i t h  b i l a l c r s  and  cc l l  mcn rb r rncs .  Thc  s tud i cs  I  dcsc r i be  hc re  a t c  con -

cc rncd  w i t h  t hc  s imp l cs t  poss ib l c  mcn lb r i t nc  so lu t i on  ( con lpd rc  F t cuREs  2  und  8 )

cons i s l i ng  o f  a l kanc  d i sso l vcd  i n  p l ona r  l i p i d  b i l aye rs .  Scvc ra l  spec i6c  qucs t i o l r s

mo t i va ted  t he  s tudy .  l )  l t  t he  i n te r i o r  o l  t hc  b i l aye r  cqu i va len t  t o  u  bu l k  x l ky l

l i qu id l 2 )  Wha t  s t r uc tu ra l  f ed tu res  o f  t hc  l i p i d  r l l ec t  t hc  so lub i l i t y  o f  a l kancs  i n

the  b i l ayc r ' l  3 )  Wha t  s t r uc lu r r l  p ropc r t i c s  o I  l hc  a l k tncs  dc t c rm ine  so lub i l i t l l

Pa r t i u l  uns *e rs  1< l  t hcsc  qucs t i ons  a rc  bcg inn ing  t o  en rc rgc  and  $ i l l  bc  dcsc r i bcd

be lo * . I  bc l i c ve  t hc  r csu l t s  p rov ide  cxc i t i ng  i t nd  p rovoca t i vc  i ns i gh t s  i n to  t he

na tu rc  o l  t hc  b i l ayc r .

F t ( , LRrL  A  h igh l )  schcma t i e  rop rescn l i l t i on  o f rhc  ee l l  membr  n r  i r \  r  l $ ( )  d ro r rn \ r ( , r . r l
so lu t i on  i n  $h i ch  rhc  l i p i d  b i l n l c r . r c t s  as . r  " so l vcn l '  l o r  h \d r i ) ph , rh r !  t r ( ' l .  r \  B . r \ r ( t  . i j
S i nge r  r nd  N ieo l \ on .3

o l ' a  phospho l i p i d .  F r cuRr  2  suggcs t s  t ha t  we  mus t  be  c l u l r ( ) u \  r n  r l ese r rh rn !  t hc
membr lnc  as  u  s imp le  two -d imcns ion i t l  so lu t i on .  [ : o r  onc  t h rng .  : r t  t he  l e \e l  o l  r
s i ng le  am ino  uc id  res idue ,  t hc  b i l aye r  t h i ckncss  i s  su l l i c i cn t  t , '  i r l t nhu t c  l  l h i r d
dimcnsion to thc system. Pcrhaps the tctro qt&si-tvl l-di,rr, t ,nt i t tnt l  * nrofc appro-
p r i a te .  l t  may  be  reasonab le  t o  t r ea t  t hc  mcn rh rane  r s  l r  l $o - ( l i n r c  \ r ona l  so lu -
t i on  a t  t he  l cve l  o f t he  po l ypep t i dc  o r  p ro t c i n .  bu t  t hcn  a  p rob l c rn  u r i scs  bccausc
o f t hc  mass  o f t hc  po l ypcp t i dc .  The  app rox in t : t t c  mo l ccu lu r  * c rgh t  t r l  t hc  dcca -
pep t i de  shown  i n  F rcuRE 2  i s  1 , ' 100 ,  and  t h i s  r ccoun r \  l i r r  l c ss  t hun  h t l f  o f  t hc
23  res iduc  hyd rophob i c  scgmcn t l r  o f  g l ycopho r i n .  Hc ra t l ce . r r r c .  r r h i ch  hus  a
mo lecu la r  wc igh t  o f  on l y  226  and  i s  i dca l l y  h l d rophob i c .  i s  on l r  s l r gh r l t  so lub l c
i n  p l una r  b i l ayc rs . l 0 l l  Henc i cosanc  (C rH4r ,  MWl97 )  i s  p roh r rb l l  comp lc l c l y
i nso lub l c  (F r ( i uRE  3 ) .  Thus .  hyd rophob i c i t y  a l onc  docs  no t  l \ \ u r r  so lub i l i t y  i n
b i l ayc rs .  I n  one  scnsc  t h i s  compar i son  i s  un l  i r .  bccause  s ( ) l uh i l r l \  t ) l  p ro t c i ns  w i l l
bcdc t c rm incd  i n  pa r t  by  t c r t i a r )  s t r uc tu r c .  \ 1h i ch  p r ( )b l b l \  r cndc rs  t hcm amph i -
ph i l i c  ( su r f ucc  ac t i vc ) .  Ncvc r thc l css ,  t hc  l o r \  so lub i l i t r  o l  t he  l ongc r  a l kanes  i n
p lana r  b i l ayc rs  ra i ses  a  s i gn i l i cun t  conccp tu : r l  p roh l cn t  \ r i t h  r cga rd  ro  dcsc r i b i ng
the  membrunc  us  a  s imp le  so lu t i on  o fp ro t c i n  i n  l i p i d  b i l x ) c r .  I ' u r l hc r  ex tmrn r l r r ' r n
o f  F t cuR [  2  r cvea l s  an  add i l i on r l  p rob l cm tha l  i s  usun l l t  i gno red  i n  d i scuss ions  o l '
hyd rophob i c  p ro te ins .  Thc  po l ypcp t i dc  con t r i ns  nun te rous  c r rbonv l  ox )gcns  t hu t
mus t  makc  t hc  po l ypep t i dc  morc  po la r  t han  rn  r l k rnc  o f  cqu i v . t l cn t  m i l ss .  O rgx -
n i z i ng  t he  po l ypcp t i de  i n to  a  hc l i c l l con f i gu ra t i on l l  cou ld .  howcvc r .  pa r t i r l l y  a l l c -
v i a te  t h i s  n rob l cm.

Thus ,  t hc  mcmbrane  i s  I i k c l y  t o  be  an  excep t i ona l l y  comp lcx  so lu t i on .  I t  i s
p robab l y  p ropc r  t o  v i ew  thc  mcmbranc  as  a  quas i - two -d imcns iona l  so lu t i on  o l '
proteins or parts of protcins dissolvcd(or i | t  lcast dispersed) in thc bi la! 'er. Vicwcd
in this \ray, u mujor problem of membranc biophysics is to dcvclop quanti t i t t ivc
me thods  f o r  dcsc r i b i ng  t hc  so lub i l i t y  o f  p ro t c i ns  o r  po l ypep r i dcs  i n  b i l ayc rs .  Whc rc
sha l l  we  s ta r t i  I n  t h i nk ing  abou l  t h i s  p rob l cm.  I  r ca l i zed  t ha t  wc  r r c  l a rgc l v  i g -
no ran t  o fhow  cven  t he  s imp l cs t  mo lecu l cs  i n t c r i l c t  w i t h  t he  b ih , y - c r .  Cons ldc r .  l i ) r
cxamp le ,  hcxanc .  Th i s  mo l ccu l c  shou ld ,  and  l pp l r cn l l y  does  (S .  l l .  Wh i t e  r r r t r l
M .  Ya fuso .  unpub l i shed )  r cad i l y  d i sso l ve  i n  t hc  membranc  b i l u r c r  and  l i p rd  r l r .
pe rs i ons - " 'Wh l t  k i nd  o f cnv i ronmcn t  docs  i t  l l nd l  l s  t hc  i n ( c r i ( ) r  r r l  t he  o r r : r r e r
l i ke  a  s imp l c  u l kanc  l i qu id .  r s  mrny  pcop l c  hc l i l r t .  o r  doe \  t hc  l r l ( n , , r  h , r \ r

. . J

I  r ( i r  R r  :  ( ' o r e ] ' l ' r u l i n g - K ( ) l l u n r  m o d e l s  o l  r  l c c i l h i n  n r o l c c u l c  { l t l t )  n n d  n  m c n r b r  n e
p o l \ f ' . n t i d c  ( r i g h l )  l o n s r \ l I ) g  o l  r  \ e q u c n c c  o l  l c n  J  i n o  a c i d \  { n u n r b c r s  8 7  9 6 )  o l  l h c  l l

.unrD N.rd h\dronhobrf  s.gnrcnl  o l  rhc r Ix l , ) r  rcd hlood ccl l  ,ncmbrane gl le, )pn) lL-rn
q g l r e o l r h o r r n r ' r r  I h r \  ( l c ( ' n c n l i { l !  h r s  r  n r o l c e u L ' r  \ \ c r g h l  o l  t r h o u t  l , - 1 0 0  n d  i \  l t r r  1 o ( r
b r l l \  1 , ,  h e  \ ( i l u h l c  | l r  r h c  b r [ \ ! r  r r r  . r n \  s r r r r f l c  \ c r 1 \ c  h t e i r u s c  l h c  ] l  c r r b o n , - r r l k r n c  h c r r '

c r . , ' ' r i c  r \ l \ \  l { ) - r , \  l \ r , i h . , h l \  . , ' t i r t l . l t L \  r j i ' , i l u h l t  r | l  h  l , r \ c r t  l l t h l r \ .  t o  l  s r n ! l c  r r " r r r ( r
r . ( l  r  l  r  .  r  l  r  L  .  l  r  r  .  .  .  ,  ,  r  l  l  r  f  r  ,  l r ! . r  \  \ i ! i , r l  , . , f 1  l l  r .  1 , r r l t . r p '  t r t , , r r  r . . r . , ) n r b l .  l , )  r . l ( !  1 , ,  l h (

r , / r , r \ r  / t r , ,  , / r , ' r , , r \ /  t r , r '  \ i ,  L r l r ! ,
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THE PoTENTTAL oR INTERAcTIvE VoLUME oF BTLAYERS

The planar bilayer membrane first described by Mueller et a/.r2 is a natural
system for examining the alkanc-bilaycr interaction since an alkane or equivalent
solvent is essentiall l  for bilayer formation. Various techniques used in the forma-
tion and examiDation of these bilayers have been well described in two recent
publicalions,la'15 A measurement of particular importance is that of specific
capacitance,r6 which yields information on the thickness and composition of the
bilayer. The hydrophobic core of the bilayer has a specific georretric capacitance
(Cr) given by

White: Planar Bilayer Membranes 247

that is, given a fixed amount of l ipid in a bilayer, th€ membrane thickness can ad-
just to accept additional constituents without necessarily changing the interfacial
organization. I I ike to call this potential volume the inleructive volume of the
bilayer because it is the volume which can be made available for the interaction of
solute molecules with the bilayers. I emphasize that in the alkane-free bilayer this
volume does not exist. It is a potential volume that is revealed only when other
constituents (such as alkanes) are introduced.

Presumably, biological membranes have an interactive volume partially occu-
pied by membrane proteins or polypeptides. The introduction of alkanes into bio-

-  €ocB

"=  o"
where co = 8.854 x l0-Ia Farads/cm, cB is the dielectric cucfficient and rB the
thickness of the alkyl interior. cB can be estimated satis factori ly 18 and C, can be
accurately measured with high precisionrT by A.C. bridge techniques, witi appro-
priale corrections for the electrolyte-bilayer dispersionr? and polarization-charge
capacitance.v In my laboratory, C" can be measured with a precision of better
than0.3l which means that changes in ds of about 0.2A or less can be reliably
detccted.

Thickness, determined from Equation l, is a direct measure ofbilayer composi-
tion.r0 2r A planar bilayer of thickness 68 and area A wil l have a volume given by

6 r A : N A c V ^ c + N ^ V ^

where Na6 and N1 are the total number of acyl chains and alkane molecules,
respectively, and VAs and Va are the molecular volumes. In terms of the number
(n) ofacyl chains and alkanes per unil area ofmembrane, Equation 2 becomes

,B = ,r^c Vac + ,AV^. (21

For monoglyceridc and phospholipid bilayers, the number of stabilizing lipid
molecules per unit area of bilayer appears to be independent of the typc and size
ofthe alkane us€d to form thc bilayer. Therefore, 6B ( rA, so that thick mem-
branes havc a larger volume fraction ofalkane than do thin ones.l0'l l

FIGURE 3 shows the results of recent measurements in my laboratory of the
thickness of bilayers formcd from glycerol monooleate aod n-alkanes at 30'C in
0.1 M NaCl solutions. The maximum thickness (48,3 A) is obtained for z-decane.
As th€ size of the alkane increases, lhe thickness of the bilayer decreases and
approaches the theoretical limiting value of 24.94 (calculated from data in Ref.
l8). This decrease is striking and, I believe, profoundly significant. First, n-alkanes
are not equally soluble in the bilayer, for ifthey were, thickness would be indepen-
dent ofalkane type. This indicates that the interior of the bilayer is not completely
equivalent to a simple bulk alkyl l iquid because we know that l iquid alkyls are
miscible in one another. Second, the thickness of the bilayer can be changed by
almosl a factor of lwo without changing the number of stabil izing l ipid molecules
per unit area. This suggests that the bilayer has a potential volume availablc for
accommodating proteins or other molecules that is approximately cquul to thc
volume of the acyl chains of the stabil izing l ipid moleculcs composing thc bilnycr:

+5

E l o l ? ' t + B l e 2 O 2 ?
NO OF CARBONS

FlcuRE 3. The thickness of planar bilayer membranes formed from glycerol monooleate
(CMO) disp€rsed (10 mg/ml) in n-alkanes, as a funcl ion of the number of carbons in the
alkane. The aqueous phlse was unbuffered 0. lM NaCl (pH .? 6); T : 30.0'C. Thickness
was determined from high-precision capacitance measurcments corrected lbr the electrolyte-
membrane dispersion and the polarization-charge capaci lance. Since the numb€r of GMO
molecules p€r unit area of membrane is independent of alkane size, thickness is a direct
measure of the amount of alkan€ in the bi layer. Note that as the size of the ,-alkane in-
creases, its solubility in the bilayer decreases. Th€ horizontal dashed line represents the
thickness of a hypothetical alkane-free bilayer. The extrapolation of the curve connecting
the data points shows that heneicosane (C2t Haa) is probably insoluble in the bi layer.

logical membranes should reveal the avai lable interactive volume and al low one to
examine the competit ion between alkane and protein for the interactive volume. i t
may be possible in this way to quanti tate the interaction of the proteins with the
bi layer.

How A r .KAN ls  Occupy  rHE  l r r eR , r c r t v t  voLUME o t 'THE B ILAYER

why is i t  that the interactiv€ volume of the bi layer cannot be occupied as easi ly
by, si |y, r-hcxadccanc as hy l-decane' l  That is, why is ,-decanc morc solublc in thc

GMO IN
N.ALKANES

( t )
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o
z " -
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Alkane

' | -Hexadecane
Tetramethylhexadecane*
Heptamethynonanet
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Bilayer
Thickn€ss (A) (kcal/mol)
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formed from n-hexadecane, hcptamcthylnonane (a hexadecane isomer), and tetra-
methylhcxadecane (an eicosane isomer) are shown in TABLE I and FtcuRE 5.
These data strongly suggest that thc primary variable is alkane length, with
molecular volumc having a second-order effect. H€ptamethylnonane has approxi-
mately the same molecular volume as a-hcxadecane, but the bilayer has a thick-
ness of 45.0 A rather than 34.0 A. A short extrapolation of the data in Frcurr 3
shows that bilayers formcd from eicosane (z-C20Ha2 ) should be essentially alkane-
free and have a thickness of about 25 A. lf molecular volumc were the Drimarv

^.-/io----:>.. (cH3)r ce-,. 
\" :t*\ i

- ' .  I
GMo IN ALKANES .,5\ 

I
30"c \ l

^ b _(cHd+c6cra"\-J.

L t 7 ' o

ctB

FrcuRE 4.  Corey-Paul ing-Kol tum models of  ( f rom lcf t  lo  r ighl)  g lyccrol  monooleat€.
n-hexadecane.2.6, l l , l5-retram€rhylhexadecane.2,2.4, . l .6.8.8_heptamer 'hylnonane. Hcpla_
methylnonane has about the same molecular  volumc as hcxadeclnc,  bui  i ts  lenBth is  th€
sameds thal  of  r -decane. Tetramethylhexadecane has ubout the s|me molecular  volume
as ercosane but  the lenglh of  hexadecane. Lengrh is  th€ pr imarv var iable determining
alkane solubi l i l )  (see FtcrrR! 5) .

bilayer than n-hexadecanc? Beforc this question can be answered, we must first
establish what structural property of the alkane is important in determining
solubil ity. In Frcunr 3, thickness was plotted against the number of caroons ln
the alkane. Structurally, both the molecular volume and the length of the alkane
vary with the numbcr of carbons. Which of these variables is important in setting
the solubil ity? This question can be answcred by cxamining bilayers formed from
isomers of a-alkancs (FtcuRE 4). The results of mcasurem€nts made on bilaycrs

TaBLr I

PHyslcAL PRopERTI€s of  PLANAR BTLAYERS FoRMED FRoM
GLycERot.  MoNooL€ATE AND SEveRAt AlxANEs ^T 3O.C

.? *o
o
o^_
z
I
9 " ^
F

25

2 0 u

aHl  ^sI

3.O +.O 5.O 6-0
MoLEcULAR v61-gsg 116-?2qv31

FrcLR! 5.  The th ickness of  p lanar b i layer membranes formed f rom glycerol  monool€ate,
disp€rsed (10 mg/ml)  in var ious alkanes al  30'C,  as a funct ion of  the molecular  volume of
the alkane. The open c i rc les (o)  are values for  thc r -a lkanes (CN) f rom Ftc lRE 3.  and
(h€ shaded c i rc les ( . )  are values for  heptamerhylnonane l (CH:)rCcl  and tetramethylhexa-
decane l (CHt)acl6 l .  Nol€ that  the membranes formed f rom (CHt) . rcalare much th icker
than f rom Cl6,  even lhough the molecular  volumes of  the two alkanes are aboul  the same.
(CH3)aC16 gives membranes of  about the same th ickness as Ct6,  even though the molec-
ular  volume is about the same as C29. The !h ickness of  C20 m€mbranes should th€oret ical ly
give a value of  th ickness c lose ro lhat  shown by th€ dashed l ine.  which r€presenls the
hypothet ical  a lkane-free th ickness of  the bi layer.  These dala indicate that  a lkane length
determines solubi l i ty .  Molecular  volume has a second-order ef fec! .

var iable,  membranes formed f rom tetramethylhexadecane ( i -Cr0Ha2) should give

membranes of about this thickness. However. the observed thickness is 32.5 A-
close to the value of n-hexadecane. The lcngth of tctramethylhexadecanc is about
the same as ,-hexadecane, whcreas the length of heptamethylnonane is about the
same as n-dccane (see FrcuREs 4 and 8). FrcuRE 5 shows bilayer thickness plotted
ugainst the molecular volume of the alkanes. The points for heptamethylnonane
l (CHr)7Cel  and tc t ranrc thy lhcxadccane [ (CHr)?Ce]  a re  ou t  o f  p lacc  in  a  wuy
r ( )s l  c rs r ly  cxp l r incd  by  l l k i tnc  l cng th  bc ing  thc  p r in r l ry  v r r iab lc .  Notc .  how-

cvcr .  th i r t  thc  th ickncsscs  arc  smal lc r  than cxpcc lcd  i l  l cng th  wcrc  thc  on ly  v l r i -

J4.0 + 0.2
32.5 + O.2
45.0 + 0.2

4 .01  +  0 .10
3.20 + 0.25
0.37 + 0.01

13 .25  +  0 .16
10.65 + 0.86
1.2-] + 0 0.1

*2,6,  I  l .  I  5- tetramethylhexad€cane.
+2.2.4.4,6.8,8-hepramerhylnonane.

t r . \H is  the enrhalpy of  r ransfer  and lS rhe cnl iopv ot  lnrnst t r  o l  thr  l l t l rnc t rorn hl | lk
( m i c r o l e n s e s  a n d : r n n u l u s )  t o  t h c  b i l  \  c r  i t l  \ a t  u r : r t k ) n  c q u r h b f i u | l r  ( l  l l s l
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FIGURE 6,  A.  & B.  A model  lbr  one monolayer of  a b i la ler  constructcd f ron number t0
nrckcl-p larcd bc ded chi t in.  A:  l ) isar isembled model  sIowing the . . rc] lch.r ins. . i r t rnchcd 

ro
,  , l : "  , l l '1 l l l r . .  n lJr(  In r  he\usunJt  prr lcrn.  The spac;ng;s scat t j  to g i rc an . i rcn, , rc l r
r h : U n  o r  4 ( r A r .  t t l t r n g  r h c  c r ( r \ s - \ e L t i o n a l  a r e a  o f  I  s i n g l e  b e a d  x s  2 0 A 2 .  T h e  l e r n r i n a l' 'metht lgroups 

are painted .€d bur appe{r  gra!  in the black and_shi tc Dhoto B:  Modcl
a s s e m b l c d  i n  a  P l c \ i g l a s s "  b o \ .  T h e  h e i ! h l  o t  t h (  h , r \  r , ' r r e \ n , , n J ,  r , ,  r t .  t u t t ,  . r , . n u " u
l ( D C r h  o f  t h (  i , ( ! I ( h r I n

FrcuRE 6, C. & D. C: Sid€ view of the asscmbted model (sce legend for FrcuRE 6, A & B).
A few chains (20",,) were painred black. Nore that mosr of the ch'ains are bent so that thc rer-
minal melhyl halfofthe chain lerls to run paral lel to the bi layer surface. D: Top view of th€
rnodel. Note the high density of "m€rhyl groups."

able. These deviat ions are probably caused by a molecular volume effect which is
second order to the lensth effect.

Andre$s el a/. ' -  have suggested that the alkane solute resides largely (but not
exclusively' '  )  in the central port ion of the bi layer. As discussed by White,rr this
is reasonable for several reasons. First,  magnetic resonance studies of phospho-
l ipid mult i layers and vesicles (see e.g. Refs. 30 and 3l ) indicate a signif icant gradi_
ent of f luidity within bi layers. The methylene groups (-CH2-) closer to the
terminal methyl group (-CHr ) have more degrees of freedom (Ruidity) than those
near the polar group. The alkanes should f i t  more easi ly into the less constrained
(more f luid) central zone than into the outer zones where the I ipid acyl chains have
fewer degrees of freedom. A graphic i l lustrarion of the ffuidi iy graj ienr is shown
in FrcuR! 6, in which a model of one half of a bi layer has been constructed from
beaded chain of the type used in pul l-str ing electr ic lamp sockets. The model is a
gross approximution to real i ty, but i t  does have the fol lowjng essential constraints
o l  l i p i d  r cy l  cha ins  i n  b i l avc rs : J  I  )  Thc  p , ) l i r r  cn r l s  o f  r hc  . .mo l ccu le r . .  a r c  c tose t y
p r r ckc ( l  ( ) n  l t n  upn r ( ) \ r  ] l l t c l v  hc r l r gona l  lw ( )  ( l imcns io  u l  l u t t i c c .  2 )  Thc  avc r l l qc

t . t . " a o a t a
a a o c a o a a a a
t a t a I l a l e o
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distance between -CH2- groups on neighboring chains is conslant throughout
the bilayer (i.e., the density of the bilayer is uniform with respcct to thickness).
3) Neighboring chain segments run parallel to one anothe.. These constraints
cause lhe bilayer to have a much smaller thickness (rB) than expected from the
fully extended length (,t.) of the acyl chain. Approximately, tB = 2 (Ao/A),1,
where Ao is the cross-sectional area of an acyl chain ( - 22A2, Ref. 3) and A is the
area per acyl chain in the interface (-39A'for glycerol monooleate, Ref. 29).
For glycerol monooleate, &:22.3A (Ref. l l) and 68 : 25A. As a result (as the
model clearly shows), each chain at any instant of t ime tends to be "bent" so that
the segments of the chain near the tcrminal methyl group tend to run parallel to
the plane ofthe bilayer. This means that as time runs the terminal methyl groups
move about in a central zon€ parallcl to the bilayer and sweep out much la.ger
areas than the polar groups; hence, the increased fluidity nea. the center of the
bilayer. In glycerol monooleate bilayers containing l itt le solvent DB .i 3 and on
the average the acyl chains wil l be bent near their centers, causing the chain near
the polar cnd to tend toward the normal of the bilayer and the chain n€ar the
-CH3 group to tend toward thc parallel ofthe bilayer.

Second, the alkane molecules wil l tend to align themselves parallel to the acyl
chains (see discussions in Refs. 32 and 33) just as neighboring acyl chains tend to
align themselves parallel to one another. If the alkane molecules were located
exclusively near the polar surfaces, they could align themselves parallel to the
acyl chains only if the area per polar group increased significantly. Such an area
increase would also increase the free energy (surface tension) oI the bilayer and
would therefore not be favored. If, on the other hand, the alkane molecules were
located mostly in th€ center of the bilaye., they could simultaneously occupy vol-
ume and be parallel to the acyl chains without changing the area per polar group
(FrcuREs 7 and 8). This, coupled with the idea that the chains must be bent much
ofthe time, explains why decane is more soluble than hexadecane (and in general
why alkane length and not molecular volume is the important structural param-
eter). As wil l be explained shortly, the terminal methyl groups of the opposing
monolayeas must be free to make lrequent contacts with one another across the
bilayer midplane. All ofthe hexadecanes cannot simply span the distance from the
polar group to the -CHl group without causing an energetically unfavorable
increase in the area per polar group, and they therefore shift toward the fluid cen-
ter of the bilayer. But, if the hexadecanes occupied a volume fraction of about
0.50, as n-decane does,2e the terminal methyl groups could not come into contact
at the midplane. Since this contact must occur, some hexadecanes must be ex-
cluded from the structure. The bent terminal methyl ends of the acyl chains prob-
ably swing out toward the bilayer midplane somewhat to form "slanted pockets"
into which the hexadecanes can fit (FlcuRE 7). In this way. the hexadecanes can
be parallel to the acyl chains without occupying interfacial area, and the terminal
methyls can interact. This treatment assumes that the monolayers function in-
dependently of one another; that is, a given hexadecane does not often span the
midplane so that it is simultaneously mixed in both monolayers. Cross-monolayer
mixing.equires that space for part of the hexadecane be available in both mono-
layers  a t  the  same po in t  in  the  midp lane s imu l taneous ly .  The probab i l i t y  o f  th is
is low unless the motions of the acyl chains in thc two mon()l i lvcrs i lrc highly cor-

related, which also seems unlikely. If the hexadecanes could sDan the midDlane.
it would be possible to have them occupy a large volume fraction (0.50) and give
membranes ofthe same thickness as decane membranes. Since the volume fraction
is actually low (0.27) and the membranes are thin, it appears that spanning does
not occur, and that the monolay€rs act independently. This is consistent with the

.  FrcuRE 7. Corey-Pauling-Koltum models of a-hexadecane and glycerol monooteate
showing how hexadecane might f i t  into th€ central zone of the bi layerl 'Some alkane musr
also b€ locat€d in lhe interfacial zones near the polar groups but only in very l imited
amounts, because small  increases in ar€a per polar group lead to large incr€ases in the anter_
facial freernergy- I t  is suggested that the..b€nt" ierminal halves ofthe acyl chains swing
out loward the midplane sl ightly to generate space for accommodating lhe alkanes. Note
that the hexadecane must be in frequent contact with -CHr grorrp. from the opposeo
monolayer.-The packing ofa tong alkane wirhin the acyl chainJ (betwien ptanes detined by
the terminal methyl groups and the double bonds) is probably not as t igirt  as in bulk, so
that some free volume is geneaated,

small  free-energy dif ference between lcm2 of alkane-saturated bi layer and 2cm2
of monolaycr adsorbed at the alkane/water interface16 and with the suggestion of
Andrews el a/.2e that the volume fract ion of alkane in the monolayer at t l -e alkane/
water interface is the same as in the bi layer saturated with alkane.

Now consider decane (Ft(;uRr, l l ) .  Thc sl lme gencral considcrations apply,

Whi te :  P lanar  B i la le r  Mem bra  nes 2s3
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FrcuRE 8. Corey-Pauling-Kolturn models of r-decane and gl lcerol monooleate showing
how decanc mighl f i l  into the c€ntral zone of the bi laler. Because decane is shorter than
,-hexadecane. ful l  extension of somc of the acyl chains is possiblc and provides enough
space to accommodate a lar8e volum€ fract ion (about 0.5) of decane. The thickness of the
bi layer is about twice the ful ly extended lenglh ofthe acyl chain.

except that the alkane chains are shorter and can occupy a large volume Iract ion

without occupying interfacial area or causing the terminal methyls to lose con-

tact. The larger volume fract ion ( interactive volume) is achieved by having the

acyl chains spend much more t ime in ful ly extended configurations. Decane bi-

layers, in fact. huve a thickness about equal to tuicc the ful l t-  extended length

o f  t he  acy l  cha in .  And rcws  c l  a /  "  po in l  o t l 1  t h l r t  on l \  l t  \ n l i r l l  pc r ccn l i l gc  ( r l  t hc

I
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acylchains need to be extended at any instant of t ime to mrintain this thickness.

It  can be imagined that the acyl chains are whipping back and forth between con-

tracted and extended states. As this whipping occurs. there wil l  be a continual

exchange between space occupied by acyl chains and space occupied by alkanes

Now cons ide r  why  t he  t e rm ina l  n re thy l s  on  oppos ing  mono laye rs  mus t  make

frequent contact at the bi layer midplane. That is, why cannot the membrane

abso rb  a rb i t r a r i l y  l a rge  amoun ts  o f  a l kane  by  g row ing  i nde l i n i t e l y  i n  t h i cknessJ

As discussed by Whiteto and Andre*s el 4/. ,2e a compressive force acts across the
bi layer due to the attract ive van der Waals force between the separated aqueous
phases (see Ref. 35 for an excel lent discussion of lhis force). I f  the bi layer were

much thicker than 2t, this compressive force would cause the excess alkane to

f low between the monolayers toward the annulus and microlenses unti l  the acyl

chains of the opposing monolayers came into contact and presented a signif icant

repulsive force. Unti l  the acyl chains meet, the only opposing force is the transient

one of viscous f low of the excess alkane between the monolayers. This is ptecisely

why the pldnar bi layers thin from an init ial ly thick f i lm in the f irst place.

THE Postr loN oF THE ACYL CHATN DOUBLE BoND

AFF[crs rHE INTERACTIVE VOLUME

The acyl charns of the bi layer are, on the average, bent, causing the methyl

end of the chain to have a tendency to run paral lel to the bi layer. A bi layer con-

taining l i t t le solvent has a thickness sl ightly greater than the ful ly extended length

of a single acyl chain. This means that the stat ist ical bend wil l  occur in approxi-

mately the middle oi the chain. l t  was proposed above that the alkanes interact

p redominan t l y  w i t h  t he  t e rm ina l  me thy l  ha l f o {  t he  cha in .  The  doub le  bond  o f  t he

glycerol monooleate is located at carbon number 9, which places i t  direct ly in the

center of the chain. Since the double bond is ct:r,  i t  favors nicely the stat ist ical bend

in the center of the chain. Thus, the alkane molecules probably spend most of the

time in the central region of the bi layer del ined by the double bonds of the acyl

chains of the opposed monolayers. This suggests that the location of the double

bond may have an effect on the way the alkanes can occupy the interactive volume

of the bi layer. The data of FIGUREs 3 and 5 indicate that glycerol monooleate

bi layers have a maximum thickness when n-decane is used to form_ the bi layer.

Bi layers formed from n-octane are sl ightly thinner. Requena er a/ 'o have made

as im i l a r  obse rva t i on .  P re l im ina ry  measu remen ls  i n  my  l abo ra to ry  i nd i ca te  t ha t

cyclodecane and 2,2.3,1, tetramethylhexane also give thinner membranes than

,-decane. Requena and Haydonru report that membranes formed from 2.2.4

tr imethylpentane. cyclohexane. and .n-5-decene also yield thinner membranes.

It  thus appears that glycerol monoolel le bi layers have ^ Do\inlunt thickness for

z-decane. For alkyl solutes longer or shorter than decane. the membranes de-

crease in thickness. This effect might be due to the length of the alkane relat ive

to the double-bond posit ion. Note thlt  in FtcuR[ 1l the decane molecule precisely

spons the distance between carbon 9 (the double bond) and lhe methyl group. A

rc r sonab l c  h ] -  po thes i s  i s  t ha l  i f  t he  a l k  ne  c rn  p rec i se l y  span  t hc  doub le  bond -

me lh \ lS roup  d i \ t r ncc .  i t  i s  poss ib l c  l i r r  t hc  acv l  cha in  t o  spend  so  e  t ime  fu l l !

c x t cn t l cd  i r r  t hc  l f c \ cncc  ( ) l  t h !  r r l k i l nc  \ ! i l h ( ) l r 1  gcnc r i l l i ng  l r cc  \ o l umc .  l l  t hc

I
I
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TABLF 2

PHyslcAL PRopERTtEs oF PLANAR BtLAyERs FoRMED FRoM
lsoMERs oF GLycERoL MoNooLEATE AND HEXADECANE* AT 30.C

Bilayer 
"Thickness (A) (kcal/mol)

AS
(cal/deglmol)

l 8 :  l ( ^6 ) t
l8: |  (49)l
l 8 : l ( A l l ) $

31.9  +  0 .2
34.0 + 0.2
12.0 + 0.2

3 .01  +  0 .19
4.03 + 0.10
3.66 + O.22

10.02 + 0.57
1.1.25 + 0.36
12.15  +  0 .65

'dH and AS have sam€ meaning as in TABLE l.
f Clycerol monopetroselinin.
iClycerol monooleat€.
gGlycerol monovaccenin.

alkane is shorter than the double bond-methyl distance, the acyl chain cannot
spend much time fully extended without generating energetically unfavorable free
volume. Therefore, the acyl chains do not extend as fully with the shorter alkanes.

To examine the role ofdouble-bond position further. membranes were formed
from n-hexadecane and positional isomers ofglycerol monooleat€. Tesre 2 shows
a comparison of glycerol monooleate (18:1, A9) with glycerol monovaccentn
(18 :1 ,  A l  l )  and g lycero l  monopet rose l in in  (18 :1 ,  A6) .  When the  doub le  bond is
shifted to either position 6 or I l, the membrane becomes thinner. lt seems that the
maximum interactive volume is achieved when the double bond is located in the
center__of the acyl chain. This is consistent with the work of Barton and Gun-
stone," who have shown that thc bilayer phase transition temperature (T.) of
dioctadecenoyl lecithins is minimum when the double bond is at position 9. For
example ,T . :  -  2  |  'C  fo r  A9,  bu t  fo r  43  and A l5 ,  T .  =  +35"C.  Max imum in -
ternal f luidity is obtained when the double bond is in the center of the chain. This
makes it easier lo insert alkanes into the interior.

THERMODYNAMIcS oF ALKANE SoLUBILITY

Not only does the thickncss (and therefore the composition) of the bilayer
depend upon alkane structure, it also depends strongly on temperature.le'20 This
fact is indicative of a nonideal bilaycr solution and permits important thcrmo-
dynamic -information about the interaction of alkanes with the bilayer to be
obtained.' '

Th€ temperature-dependence of the solubil ity of solid, immiscible l iquid and
gaseous solutes in l iquids provides a m€ans of calculating the entropy (AS) and
enthalpy (AH) ofsdlution.25 Consider, for example, a saturated solution in which
exc€ss solid solute is present. At equil ibrium, the free energy of solute in the pure
solid must be the same as the partial molal free energy (chemical potential) of the
solute in the saturated solution; that is, the free energy of transfer from solid to
solution is zero at equil ibrium. Under these circumstances, the AH and AS of
transfer from solid to solution are easily calculated.25 The planar bilayer is com-
pletely equivalent to this system; it is saturated with alkane because the bilayer is
surrounded by an annulus (Plateau-Gibbs border) of the bulk solution of l ipid

White: Planar Bilayer Membranes

in alkane. The alkane is present in great excess in the annulus and can be treated
for our purposes as a reservoir of pure alkane. The proof that the bilayer is satu-
rated comes from the observation that numerous microlenses (dia. - I pM) of
excess solvent reside in the plane ofthe bilayer.262? Immediately after formatton,
the "black" fi lm or bilayer appears completely smooth and structureless in re-
flected l ight (FrcuRE 9A). within a few minutes, however, bright "pinpoints"
appear which become fully developed in l0 20 minutes (FIGURE 9B). These "pin
points" are the microlenses, which are thick relative to the bilayer and scatter
incident l ight. Exceedingly careful measurem€nts of specific capacitance show a
slight thinning of the membrane that follows the time course of appearance of
microlenses. In general, however, the microlenses have less than a one-percent
effect on the measured specific capacitance.lE 2l'28

Thus, the planar bilayer is saturated with alkane. The microlenses and an-
nulus are excess solute and are completely equivalent to the excess solid found in
saturated solutions of solid in l iquid described earlier. If the alkane of the micro-
lenses (M) and annulus (A) is in equil ibrium with the bilayer (BI), then the
enthalpy and entropy of transfer of alkane to the bilayer can be calculated by the
following standard equations:')

AH = Hrr - Hu,e = *friJ.^,,"

I ' r ( ;uRl i  9.  Rel lected- l ight  photographs of  a p lanar b i lay€r formed f rom glyc€rol  mono-
olcr te in heplrmelhylnonane. Ar The membrane immediately af ter  th inning.  Note the
smooth s l ruclurc lcss surfacc.  B:  The membrane aboul  twenty minut€s af t€r  th inning.
Nurrcrous nicrolcnrcs ol  cxccss al lant  crn be seen in the surface.  These microlenses ln-
drer tc lhx l  lhc h i l : rvcr  is  r ' l l lura lcd * i rh thc t ' lkrnc.  Thc br ight  conc€nlr ic  . ings surrounding
l h c  h r l x \ { r  : r r c  d n c  l , r  l h r  c n { l  r i l l  u \ t d  r D  l h c  r r x c h r n r r q  o l  l h c  s c n l u n r
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AT SATURATTON EQUTLTBRIUM, FBt = F M.e.

aH= Fisr- Hra,;= -R la#Jurro

as= Se,- Su^= R ($ii+).^ro

XS = MOLE FRrcTION OF ALKANE IN BITAYER

FIGURE 10. Schematic drawing summarizing the structure and the.modynamics of
planar bilayers saturated with alkane. At equilibrium, the partial molal free energy of the
alkane in ihe bi layer (Fs) must be the same as in the bulk alkan€ of the annulus and
microlenses (FM,a). The equations give the enthalpy (AH) and entropy (AS) of transfer
Irofi bulk to bilayer. assuming thc activity of the alkane is a linear function of concen-
tration, which is probably a reasonable assumption at saturation. Thc mole fraction of
alkane solute (Xs) can be calculated from measlrements of specific geomet c capacitance
and a knowledge ofthe interfacial concentration ofthe stabilizing lipid moleculc (sec text).

AS = Ssr  -  su .e  =  R{ " l i  t )  (4 )
\ dtn T / srr.e

The derivation ofthese equations assumes that the activity of the alkane solute in
the bilayer is a l inear function of concentration. ln these equations, R is the gas
constant, T the temperature in 'K, and Xs is the mole fraction of solute in the
saturated bilayer. I isl and Ss; arc, respectively, the partial molal enthalpy and
entropy ofthe alkane solute in the bilayer, whereas Hy.1 and SM.A are the values
in the bulk phases of microlenses and annulus. AH and AS give, therefore, the
€nthalpy and entropy of transfer from bulk to bilayer. At saturation equil ibrium,
the free energy oftransfer AF = Fs1 - Fy,a is zero, so that AH = TAS. FIGURE l0
summarizes the thermodynamics of the alkane-bilayer interaction. The beauty of
this approach is that a driecl thermodynamic comparison of the interior of the
bilayer with the interior ofthe bulk alkane isobtained.

Procedurally, AS and AH are found from the slopes of plots of InXs vs. lnT
and (l/T). The only problem is to determine X5, which is easily done from the
measurements of specinc geometric capacitance and knowledge of the concentra-
tion of the surface active l ipid in the bilayer.lo' l l '1821 It is absolutely essential
that the planar bilayer-annulus-microlens system (FrcuRE l0) be in chemical
equil ibrium. That equil ibrium exists can be easily verif ied, becaus€ the composi-
tionofthe bilayer, and therefore the thickness and specific capacitance. wil l be
invariant with time at equil ibrium. Measurements as a function of t imc of l i lms

MTcRoLENS(M)
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Frc_uRE I l . .Plots of the specif ic geometric capacitance (Cr) as a function of rempera-
ture (T). The diameters of the data points represent the standar'd error of the mean (e0.j,,.,)
of triplicate determinations on each of three membranes at each temperature. A: i, of li-
layers formed frorn 2,6, 1 | , I 5-tetramethy lhexadecane [(CH])acl6i, r-hexadecan; [Ct6l,and 2.2,4.4,6,8,8-heptamerhylnonane (CHr)?Cel. B: C, of 6i iayi i i  formed from po;i-
t ional isomers of glycerot monoolear€ {Cr8:l(49)l  and n-hJxadecane.
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formcd from various l ipids indicate that equil ibrium is casily achieved in mono-
glyceride fi lms2r but not necessarily with fi lms formed from lecithins.2E The
monoglycerides and shorter alkanes are slightly soluble in *ater,2l2e and to have
equil ibrium th€ aqucous phase must be saturated with the bulk solution: other-
wise the values ofspecific capacitance wil l be too high and time-dependent changes
will be observed.

Measurements of specific geometric capacitance (C, ) ot bilayers as a function
of iemperature for glycerol monooleate in several r€lated alkanes and for posi-
tional isomers of glycerol monooleate in ,r-hexadecanc are shown in FtcuRE I l.
From these data, plots of lnxs against (l/T) and lnT were prepared as shown in
FrcuRE l2 forglycerol monooleate in various alkanes. A l inear regression analysis
on thcse plots, using Equations 3 and 4, yield thc enthalpics and cntropics of
transfer (TABLEs I and 2). The results are interesting. Consider first the data for
glycerol monooleale in r-hexadecane (TABLE l). The enthalpy of transfer from
bulk hexadccanc to saturatcd bilayer is +4.03 Kcal/mol and thc entropy is + 13.25
cal/mol/ 'K.{ These values are exceptionally large. As pointed out elsewhere,2l
ifthe intcrior of thc bilayer werc equivalent to a simple alkyl l iquid, the enlhalpy
would bc only a few calories per mol. Therefore, the immediate and unequivocal
conclusion is that the hexadecane molecules find thcmselves in an environment
markcdly different from a simple alkyl l iquid. The large values of AH and AS
mean that the hexadecane molecules arc not bound as tightly in the bilaydr as in
bulk, and that they have more degrees of freedom. One explanation is that, in
gcneral, thc cohesivc forccs in the bilayer are not as large as in bulk. Thc work
of Gershfeld and Pagano38 and Katzre, however, indicates that the cohesive forces
between acyl chains in monolayers and bilayers are thc same as in bulk, Thc x-ray
diffraction data of Wilkins 

"r 
da' are consistent with this conclusion. An alterna-

tive explanation was offered by Whitezr and depends upon thc idea outl ined earlier
that thc alkane molccules arc located larSely (but not exclusively, sec bclow) in
the central zone of the bilayer. Numerous x-ray diffraction studies of bilayers
(c.9. Ref. 3) rcvcal a zone of low elcctron density in thc bilaycr mid-plane due to
the methyl (-CHr) groups (FrcuRE 6D il lustratcs this point). There is thus l itt le
interdigitation betwecn thc apposcd monolaycrs, and a well-defined intcrface must
exist betwe€n them. Because the methyl groups have a lower electronic polariza.
bil i ty than mcthylene groups, molecules located chiefly in the vicinity of the mid-
plane should experience smaller van der Waals cohesive forces. Support for this
hypothcsis is given by Dean and Hayes,o who measured thc heat of sorption of
hexane vapor on close-packed stearic acid monolayers at the vapor-water inter-
face. At low partial pressures ofhexane (that is, low surface covcrage by adsorbcd
hexanes), the heat of sorption is 4.5 Kcal/mol. At high partial pressures (high-
surfacc covcrage approaching closcst packing of hexane on the stearic acid sur-
face) the heat of sorption becomes identical to the heat of vaporization of l iquid
hexane (7.5 Kcal/mol). This indicates that the exposed -CHl surface of the steric
acid does not attract hexancs as strongly as thc fully cov€rcd hexane surface or
bulk l iquid.

lThese values are slightly differenl than previously reportedzl bccausc of slightly dil lcrsnt
assumpt ions rbout  how the area per i icy l  chi l ins in thc in lcr f rce chingcl i  wirh rcmpcr l turc.
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An additional contribution to the large positive AH for hexadecane may come
from the generation of free volume in the central zone. The insertion of hexa-
decane into the "slanied pock€ts" between the terminal methyl halves of the acyl
chains probably creates some free volume because the acyl chains cannot flex
cnough to pack tightly about end of the hexadecane facing the interface (see
FrcuRE 7). This generation of frec volume would increase the Ruidity and there-
fore the entropy of thc central zone. Thus, compared to bulk hexadecane where
the alkane-alkane packing is t ighter than the alkane-acyl chain packing of the
bilayer, the cohesive energy density would be decreascd. But this decrease would
be compensated for by the increased entropy.

The cnthalpy of transfer of heptamethylnonane into glycerol monooleate
(TABLE l) is only 0.37 Kcal/mol, compared to 4.03 Kcal/mol for hexadecane.
This means that the heptamethylnonane finds an environment in the bilayer much
closer to the bulk environment. This is consistent with measurements I have made
on the shorter n-alkanes (Ctr through Cs). The results of these measurements wil l
be reported elsewhere, but the general conclusion is that as the length of the alkane
decreases, AH decreases and, in fact, revetses sign at about 4-decane or r-hen-
decane. One reason for this is the larger volume fraction (F) of the bilayer oc-
cupied by the shorter alkanes (e.g., for heptamethylnonane at 3O', F = 0.45 while
for z-hexadecane, F = 0.27), which means more nearest neighbors of the alkanes
will be alkanes rather than acyl methyl groups. This docs not fully explain the
difference, however, since tetradecane with F = 0.43 has a AH of 1.02 Kcal/mol
(S.H. White, unpublished), about 3 times the heptamethylnonane value. Thc dif-
ference is probably duc to the large number of -CHt groups on the heptamethyl-
nonane. ln bulk, this molecule is already in a -CH3 rich environment and does
not pack as tightly as tetradecane in bulk. Thereforc the environment of the bi-
layer is closer to that of the bulk environment. There is also l ikely to be a free-
volume effect for this molecule. Becausc the heptamethylnonane is more spherical
than the neighboring acyl chains, it cannot pack as compactly in the bilayer as in
bulk and consequently free volume is produced resulting in a lower cohesive
energy density.

Now compare the tctramethylhexadecane data with thc hexadecane data in
TABLE l. Note that AH is reduced to 3.20 Kcal/mol. The volume fraction of the
bilayer occupied by the tetramethylhexadecane is 0.23 compared to 0.27 for hexa-
decane, so the lower AH cannot be explained by the volume fraction effect. The
difference is probably due to the presence of the additional -CHr groups on the
tetramethylhexadecane, which cause looser packing in bulk compared to hexa-
decane. The lower polarizabil ity of the additional -CH3 groups should also
lower the bulk cohesive energy density compared to hexadecane. The fact that the
melting point of tetramethylhexadecane is far lower than that of hexadecane sup-
ports this point of view.

The data of Tesl-t 2 for the bilayers formed from the glycerol monooleate
positional isomers in n-hexadecane is more diff icult to interpret. AH is signifi-
cantly smaller for the A6 and Al I isomers, even though the volume fractions for
these are smalle. (0.22) than for the double bond at A9. The situation is not com-
pletely clear, but it may be due to a bimodal distribution o[alkane Even though
the alkane is locatcd largely in the central zonc ol thc bilayct. thcrc must nlso bc
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somein the monolayers near the aqueous interface. Since the area per glycerol
monooleate is about 39A' (Ref. l0) and the cross-sectional area of the acyl chain
is 2242, it is possible to pack a small number of alkanes into the bilayer parallcl
to the acyl chain beginning at the interface, rather than at the center of the acyl
chain. To accomplish this, it is only necessary for an occasional chain to be fully
extended. These few alkane molecules would find an environment much more l ike
the bulk l iquid and would consequently have a lower AH and AS of transfer.
I wil l report elsewhere that th€ maximum positive AH is achieved for a-hexadecane
with the value decreasing slightly for ,-heptadecane and n-octadecane. I believe
this is because the length of the longer alkanes starts to favor insertion near the
interface, rath€r than into the central zone. Not much can be packcd in this way,
ofcourse, without increasing the frec energy ofthe system due to an increase in the
area per acyl chain. Essentially, in the general case, the central zone of the bilayer
has degrees of freedom not found in bulk alkane, which favors the entry of alkane
because of a positive AS paid for at the expcnse of an unfavorable positive AH.
I propose that as the alkane chain length increases, its presence in the center of
the bilayer becomes more unlikely stericly, and a more favorable enthalpy is
achieved at the expensc of entropy by having the alkane line up with acyl chains
beginning at the interface. This cannot long continue without an unfavorable
free-cnergy increase in the bilayer because of the interfacial changes. The amounl
ofalkane at the interfacial zone is probably small, but it is not unti l the amount of
alkane in the central zone is reduced that its cffect on the enthalpy can be seen.

Now consider the problcm ofchanging the location ofthe double bond. As the
double bond is shifted to either end ofthe acyl chain, the acyl chain behaves more
and more l ike a^n unsaturated chain, as evidenced by the thermal studies of Barton
and Gunstone." I believe this decreases the inleractive volume and therefore
favors the shift ing of the alkane chains toward the interface. The increased frac-
tion of alkane in the interfacial zonc may account for thc decrease in AH and
AS observed for hexadecane in the two isomers of glycerol monooleate. This €f-
fect wil l probably not be obscrved for the short alkanes, because the amount of
alkane in the ccntral zone must be reduced far €nough to permit the lowered AH
ofthe alkane in the inte.facial zone to be observed. Also. the alkane chain must
be long enough-to achieve a favorable enthalpy oI interaction with the acyl chain.
Requena el a/. 'o report that the surface pressure of glycerol monooleate at the
alkane/water interface increases as the length of the alkane increases. The inser-
l ion of a few alkanes into the absorbed monolayers should cause such an ln-
crease,a provided the area per glyccrol monooleate in the interface does not in-
crease. The increase in surfacc pressure wilh increasing alkane chain length isi
consistent with the idea that the thermodynamics favor the entrance of the longer
alkanes into the interfacial zone.

CoNcLUsroNs

This research represents the first attempt of my laboratory to explore sys-
tcmatically the solution properties of bilayers using alkane molecules as sotutes.
Thc drtl clcnrly support thc notion that thc interior of the bilayer is not simply
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equivalent to a bulk alkyl hydrocarbon, since the enthalpy of transfer from bulk
to bilayer for hexadecane is greater than 3 Kcal/mol. The solubil ity of alkanes
depends primarily upon the length ofthc alkane and only secondarily upon molec-
ular volume. The variation in solubil ity suggests that the bilayer has an interactive
or potential volume availablc for interactions with other molecules roughly

' equivalent to the volume of the acyl chains. This potential volume can become
occupied without significant changes in interfacial organization. lt appears that
the interactive volume is maximized by having thc double bond in the centcr of thd
octadecenoyl acyl chain. lt is suggested that the alkane molccules occupy primarily
the central zone ofthe bilayer but may also occupy the intcrfacial zone to a l imitcd
extent, with the longcr alkanes having a great€r l ikelihood of occupying the inter-
facial zonc than the shorter alkanes. ln the ccntral zone, it is suggested that thc
presence of thc terminal methyl groups of the acyl chains and ihe greater disorder
found there give rise to the positive enthalpy and entropy observed for alkanes
oflengths greater than eleven carbons. The qualitative analysis of the data is con-
sistent with having the two monolayers ofthe bilayer act independently; it appears
unlikely that a single alkane molecule spans thc bilayet midplane and mixes
simultaneously in both monolayers.

Perhaps the single most important conclusion from this work is that alkanc
molccules do not distribute uniformly through the thickness of the bilayer. That
is, the bilayer is physicochemically anisotropic normal to thc plane of thc bilaycr.
Thercfore, membrane solutions are unlikely to be true two-dimensional solutions
in which thickness is an irrelevant variable. The bilayer also has properties un-
observed in three-dimensional solutions. and it therefore seems reasonable to
refer to membrancs as ouasi-two-dimensional solutions.
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