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The partitioning of n-alkanes between an egg-phosphatidylcholine bilayer and its toms was studied for 
alkanes with ten to sixteen carbon atoms using measurements of membrane capacitance. The partition 
coefficient was found to decrease with increasing alkane chainlength and to increase with increasing 
temperature. This is consistent with a well-known statistical model of lipid alkane bilayers in the liquid 
crystalline state. It was found that n-decane was unsuitable as a solvent in these experiments because 
significant partitioning of n-decane into the aqueous phase and atmosphere occurred and this could not be 
adequately controlled. Egg-phosphatidylcholine bilayers containing negligible amounts of solvent could be 
produced using a method similar to the 'freeze-out' method of White (Biochim. Biophys. Acta 356 (1974) 
8-16). Bilayers formed using n-hexadecane were found to be virtually solvent-free at temperatures below 
30°C. The partition coefficient of n-alkanes in the bilayer was also found to depend on the alkane mole 
fraction. Thus it was concluded that the assumption of ideal mixing between acyl and aikane chains in the 
bilayer was not valid when the alkane mole fraction exceeded 40% (with respect to the acyl chains of the 
lipid). The variation of the standard chemical potential with temperature was measured for alkanes of 
different chainlengths and it was concluded that the enthalpy and entropy of the alkanes in the bilayer are in 
themselves temperature-dependent. This indicates that the state of the hydrophobic interior of lipid bilayers 
varies with temperature. 

Introduction 

In order to model the physical and chemical 
properties of living membranes, artificial lipid bi- 
layer systems such as vesicles, planar bilayers and 
multilayers have been extensively studied. Single, 
planar lipid bilayers, in principle, should accu- 
rately model the bilayer component of living 
membranes. A common method of forming planar 
bilayers is to disperse the lipids in a hydrophobic 
solvent such as one of the n-alkanes. A film of this 
solution is then established across an aperture in a 

* Present address: School of Chemistry, The University of 
Sydney, Sydney, NSW 2006, Australia. 

septum dividing two aqueous solutions. The bi- 
layer spontaneously forms as the solvent is ex- 
pelled from the film into the surrounding annular 
region (torus) between the bilayer and the septum 
(see for example, Re/. 1). The bilayers so formed ~ 
contain varying amounts of alkane solvent which 
in the steady-state is presumably in thermody- 
namic equilibrium with the bulk lipid-alkane solu- 
tion of the torus and the lipid in the aqueous 
solution. 

§ It should be noted here that bilayers formed by the alterna- 
tive technique of monolayer apposition also require small 
amounts of solvent present during formation to maintain 
stability [1,4,5]. 
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Naturally occurring membranes probably do 
not contain any alkane hydrophobic molecules. 
Further, the incorporation of solvents such as the 
alkanes into living membranes significantly alters 
membrane function; they act indiscriminately as 
local anaesthetics [2]. 

The presence of varying concentrations of n-al- 
kanes has also been reported to modulate the 
conduction properties of reconstituted membranes 
containing passive ion channels such as those 
formed by the addition of gramicidin into the 
membrane [3]. 

In the past, differences in the response of multi- 
layer lipid preparations and single planar bilayers 
to the addition of molecules such as benzyl al- 
cohol and cholesterol have been attributed in part 
to the presence of n-alkane solvents in the latter 
(e.g. Ref. 6). It was also suggested that these 
molecules may induce changes in the partitioning 
of n-alkanes into the bilayer interior [2,6]. Knowl- 
edge concerning the interaction between hydro- 
phobic solvents, such as the n-alkanes, and lipid 
bilayers is thus also important to our understand- 
ing of this membrane model. 

In order to identify the factors which modulate 
the solubility of alkanes in lipid bilayers, the tem- 
perature-dependent partitioning of n-alkanes 
(chainlength 10 to 16 carbon atoms) between the 
bilayer and torus was investigated in this study. 

The absorption of alkanes into the interior of 
artificial planar bilayers is known to increase their 
thickness [5,7,8]. By assuming that the alkane con- 
centration in the bilayer was linearly related to the 
membrane thickness, the alkane concentration in 
the bilayer could be determined (Refs. 7,8 see also 
Appendix). Studies of alkane absorption in bi- 
layers formed from monoacylglycerols such as 
glycerol monooleate have shown that the con- 
centration of alkane solvent present depends on 
the chainlength of both the monoacylglycerol and 
the alkane components of the bilayer [7,8]. White 
[9] found that bilayers could be formed with 
negligibly small (equilibrium) solvent concentra- 
tions by the use of hydrophobic solvents that have 
such large molecular dimensions (e.g., squalene), 
that they are effectively too big to fit into the 
hydrophobic part of the bilayer structure (i.e., 
they are similar in length to the hydrocarbon 
chains of the monoacylglycerol). Independent Ra- 

man spectroscopy studies [10] support White's 
conclusion. Further, it has been found that the 
relative solubility of alkane in the bilayer is also 
dependent on temperature [8]. Decreasing the 
temperature causes the solvent in the bilayer to 
collect into (perhaps frozen) microlenses, 
whereupon it is effectively removed from the bi- 
layer proper. This effect has been exploited by 
White [11] as a method for producing essentially 
solventless glycerol monooleate bilayers. In this 
paper we report an extension of such alkane solu- 
bility experiments to egg-phosphatidylcholine bi- 
layers. 

A statistical mechanical (mean field) model of 
the acyl chain conformations was developed by 
Mar~elja [12]. Gruen [13] refined the mean field 
model of Mar~elja by including explicit terms in 
the partition function which accounted for the 
polar group interactions and the oil/water surface 
free energy at the bilayer/water interface. An 
extension of this model [14,15] gave the partition- 
ing of alkanes between a saturated aqueous phase 
and the bilayer interior. The results presented here 
are in qualitative agreement with those predicted 
by Gruen's model of the bilayer interior. 

Materials and Methods 

Bilayers were generated from solutions of egg- 
phosphatidylcholine dissolved in n-alkanes (15 
mM with respect to phosphatidylcholine) with 
chainlengths between ten carbon atoms (n-decane) 
and sixteen carbon atoms (n-hexadecane). Bi- 
layers were generated at temperatures between 25 
and 45°C (depending on the alkane solvent) with 
1 mM KC1 in the aqueous phase. 

The mole fraction of n-alkanes within the hy- 
drophobic region of each lipid bilayer was calcu- 
lated from four-terminal measurements of its total 
capacitance at a frequency of 1 Hz (see Appendix). 
The details of this technique and apparatus have 
been discussed elsewhere [16-19]. 

Formation of bilayers from two-component 
solutions (i.e., phosphatidylcholine and alkane) of 
some of the alkanes at very low concentrations of 
the alkane could not be achieved because of the 
limited solubility of lipids in that alkane. This 
problem was overcome by dissolving the lipids in 
a two-component solvent; i.e., the alkane under 



study (e.g., dodecane) plus hexadecane (i.e., a 
three-component solution). The hexadecane in 
which the lipid was dissolved, at temperatures less 
than 35°C, was essentially excluded from the bi- 
layer phase. The effect of low concentrations of 
shorter-chainlength alkanes could then be studied 
by adding small amounts of the shorter-chain- 
length alkanes to the l ipid/hexadecane mixture. 

In these studies, the bilayer and torus were 
assumed to be close to equilibrium when the 
capacitance of the membrane had attained a steady 
value (varying less than 1% in 15 min). All mea- 
surements reported here are for bilayers which 
had been allowed to come to such thermodynamic 
equilibrium with the torus and were 'black' over 
virtually the entire aperture in the septum. Care 
was taken to ensure that the bilayer remained 
planar during capacitance measurements, by peri- 
odically adjusting the hydrostatic pressure across 
the film. The absolute value of the bilayer area, 
excluding that of the torus, was determined (to an 
accuracy of 2%) using a eyepiece graticule mounted 
in a 40 × microscope. 

Results 

Stable egg-phosphatidylcholine bilayers could 
be generated only at temperatures which were 
sufficiently high to ensure that initially significant 
amounts of alkane solvent remained in the bilayer 
immediately after formation of the 'black' mem- 
brane (at least 1 : 10 mole ratio alkane : egg-phos- 
phatidylcholine). Only after the film had become 
bimolecular over the entire aperture in the septum 
could the temperature be lowered. Upon lowering 
the temperature, solvent left the bilayer phase of 
the membrane, apparently aggregating into micro- 
lenses (i.e., small droplets of liquid alkane visible 
as isolated 'pinpoints '  of high reflectance under 
the viewing microscope [20]). The membrane would 
usually attain a steady capacitance within 15-20 
rain of a change in temperature. 

Bilayer capacitance," temperature-dependence 
It can be seen from Fig. 1 that the upper 

limiting value of the capacitance at low tempera- 
tures of all bilayers generated from solutions of 
the lipid for the longer chainlength alkanes 
(C14-C16 alkanes) was similar at low tempera- 
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Fig. 1. The capacitance, measured at 1 Hz, of representative 
bilayers in equilibrium with egg-phosphatidylchofine solutions 
containing different chainlength alkanes at different tempera- 
tures. The horizontal dashed line is the low temperature upper 
limit to membrane capacitance, which is common to all the 
egg-phosphatidylcholine bilayers formed from C14-C16 alkane 
solution in 1 mM KCI over the temperature range employed 
here. 

tures. The bilayer capacitance decreased with in- 
creasing temperature, asymptotically approaching 
a lower limit of approx. 3.5 + 0.3 m F / m  2. From 
the results shown in Fig. 1 it is clear that, at any 
given temperature, the bilayer thickness (and hence 
alkane solubility) was reduced as the chainlength 
of the alkane present was increased. 

Bilayer capacitance: dependence on torus alkane 
concentration 

Egg-phosphatidylcholine bilayers were formed 
from solutions in which the concentration of a 
given alkane molecule could be varied over a wide 
range (see Materials and Methods). The capaci- 
tance of egg-phosphatidyicholine bilayers formed 
with a mixture of n-decane and n-hexadecane was 
found to have no well-defined, stable value, and 
typically varied between 3.7 and 5 m F / m  2 over a 
period of 2 h. This long-term variation in capaci- 
tance was not present in bilayers formed from 
longer-chainlength alkanes such as n-dodecane. 

Inspection of Fig. 2 shows that the total scatter 
in the bilayer capacitance between different bi- 
layers (for a given solvent) increased with increas- 
ing alkane concentration in the bilayer. The scatter 
in the bilayer capacitance varied from 4%, when 
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Fig. 2. The capacitance of lipid bilayers in equilibrium with 
n-tetradecane solutions of egg-phosphatidylcholine in 1 mM 
KC1. The error bars refer to the variation in the measured 
capacitance of ten egg-phosphatidylcholine bilayers. Note that 
the scatter increases with decreasing membrane capacitance. 

essentially no solvent was present, to a maximum 
of 20%. 

The temperature-dependent capacitance of bi- 
layers in equilibrium with different mole fractions 
of n-dodecane in the torus is shown in Fig. 3. It 
was found that a decrease in the mole fraction of 
n-dodecane in the torus caused an increase in the 
temperature-dependent, bilayer capacitance. 
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Fig. 3. The capac i tance  of egg-phospha t idy lcho l ine  bi layers  in 
equ i l ib r ium wi th  so lu t ions  con ta in ing  var ious  mix tures  of n- 
hexadecane  and  n-dodecane  in 1 mM KCI. The numbers  at  the 
r igh t -hand  side of the graph  ind ica te  the mole fract ion of 
n -dodecane  in the membrane - fo rming  solut ion.  

Discussion 

Interpretation of the low-temperature capacitance 
The capacitance measurements showed that al- 

kanes of different chainlengths had different, tem- 
perature-dependent, effects on the thickness of 
planar lipid bilayer membranes. These observa- 
tions, including the dependence on chainlength, 
are consistent with some X-ray diffraction mea- 
surements (e.g., Ref. 41)). However, other X-ray 
and neutron diffraction studies (e.g., White et al. 
[27]) have shown that the thickness of membranes 
in multilayer preparations used in such diffraction 
studies is not dependent on the amount of alkane 
absorbed into the preparations; the absorption of 
alkane molecules in these systems was apparently 
accompanied by an appropriate change in the area 
per lipid molecule. This curious dichotomy in the 
effects of alkane on planar bilayers and in some 
multilayer preparations has been noted and dis- 
cussed previously. Thus, White et al. [27] have 
suggested that the disparate effects are related to 
the depressed value of the water activity in the 
multi-layer preparations relative to those in planar 
bilayer preparations where the water activity coef- 
ficient is essentially unity. 

The capacitance measurements revealed that 
the thickness of the planar bilayer membranes was 
modulated by the absorption of alkane from the 
torus. However, at sufficiently low temperatures, 
the differential effects of alkanes with different 
chainlengths vanished and the capacitances (and 
hence the thickness) of the bilayers were inde- 
pendent of alkane chainlength and temperature 
(at least for the longer-chainlength alkanes). This 
suggests that the concentration of the longer- 
chainlength alkanes in the membrane at low tem- 
peratures must be very small. The data presented 
suggest that this pattern for the effect of tempera- 
ture is also true for n-dodecane, except that the 
process was incomplete at the lowest temperature 
that could be used (see Fig. 1). 

The capacitance of egg-phosphatidylcholine bi- 
layers formed by this method in 100 mM KCI was 
6.8 + 0.2 m F / m  2 at 25°C, which compared 
favourably with the capacitance of bilayers formed 
by monolayer apposition (7.21 + 0.2 mF/m2).  The 
latter are believed to have a negligible solvent 
concentration as determined by the effect of d.c. 
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voltage bias on the membrane capacitance [5]. 
Based on these data, it is now assumed that 

bilayers containing n-hexadecane in 1 mM KC1 
external electrolyte are essentially solvent-free * at 
temperatures up to 30°C and that the upper limit- 
ing capacitance at low temperatures is the capaci- 
tance of the solvent-free bilayer. 

The partition coefficient, K, of n-alkane chains 
between the bilayer and torus of lipid membranes 
is numerically equal to the mole fraction of al- 
kanes in the bilayer provided that the alkane mole 
fraction in the torus is unity §. 

Solventless egg-phosphatidylcholine bilayers 
could be produced by generating the bilayer films 
at elevated temperatures and then reducing the 
temperature which lowered the alkane concentra- 
tion. This technique is analogous to the 'freeze-out' 
method of White [11]. 

Effect of microlenses 
White [11] observed that alkane which was 

displaced from the bilayer upon changes in the 
bilayer-torus equilibrium collected into small 
lenses of bulk alkane which he referred to as 
microlenses and which were clearly visible under a 
low-power microscope. 

This phenomenon was also observed in the 
present experiments. Being much thicker than the 
surrounding bilayer, the lenses of trapped solvent 
contribute little to the capacitance of the bilayer. 
If the microlenses occupied a significant fraction 
of the membrane surface area, this would intro- 
duce errors into the estimates of bilayer thickness 
derived from the total membrane capacitance. 
This, however, is not the case. 

A detailed study of the effect of microlenses on 
estimates of the bilayer area has been carried out 
by White and Thompson [20]. It was found that 
the total area occupied by microlenses depended 
on the amount of solvent disproportioned from 
the bilayer and the size of the microlenses formed. 
The calculation of White and Thompson showed 

* Solvent-free only in the sense that the bilayer thickness was 
unaffected (within the experimental error of ± 22%) by the 
possible presence of trace amounts  of solvent within the 
bilayer. 

§ The lipid concentration in the torus was always very small 
(under 30 raM). The total alkane mole fraction was then 
always greater than 0.99. 

that in extreme cases microlenses could occupy 
10% of the bilayer area. The presence of micro- 
lenses in lipid bilayers was believed to be the 
cause of the considerable scatter in the bilayer 
capacitance observed in their experiments. 

In the present study for bilayers containing 
appreciable amounts of alkane, the scatter in the 
capacitance of bilayers was similar to that re- 
ported by White and Thompson for bilayers con- 
taining n-decane. However, if variations in the 
area of microlenses between different membranes 
were responsible for the experimentally observed 
scatter, then large variations in the limiting (up- 
per) value of the capacitance would also have been 
observed. This was not the case. Therefore it can 
be concluded that microlenses only had a small 
effect on the total capacitance of the membrane 
(at most 2%). The experimental scatter must then 
arise from variations of up to 25% in the alkane 
concentrations within those bilayers which contain 
significant alkane in the interior of the membrane. 
The reason for the considerable variability is not 
understood. 

Bilayers formed from binary mixtures of n-alkanes 
Nearly all of the earlier published bilayer work 

has been on egg-phosphatidylcholine bilayers 
formed from n-decane solutions. As found in many 
previous studies, bilayers formed from n-decane 
solutions had no well defined capacitance (e.g. see 
Refs. 20-23). In some of these studies [20,21] it 
was suggested that this was due to a time-varying 
disproportioning of n-decane into microlenses. In 
the present experiments it was apparent that n-de- 
cane was sufficiently volatile to affect the time- 
course of the capacitance of bilayers formed from 
this solvent, an effect already known in bilayers 
containing n-nonane [2]. Thus, the bilayer thick- 
ness never reached a stable value in the life-time 

o f  the membrane (typically 2 h). Therefore, the 
bilayers containing n-decane must be treated as 
three-phase systems (i.e., the bilayer, the torus and 
the atmosphere) and precautions would need to be 
taken to ensure that the aqueous phase and adja- 
cent atmosphere are in equilibrium with the n-de- 
cane in the bilayer (for the atmosphere this repre- 
sents substantial technical problems). The fact 
that such precautions were in general not taken 
may account for the considerable variation in 
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bilayer capacitances reported in the literature for 
apparently identical bilayer systems using n-de- 
cane solvents (e.g., the capacitance of egg-phos- 
phatidylcholine-cholesterol bilayers containing 
n-decane; cf. Refs. 2, 24). 

The assumption of ideal mixing between the n-al- 
kane and acyl chains 

Provided ideal mixing occurs between the al- 
kane and lipid acyl chains, the standard chemical 
potential difference, A# °, and the partition coeffi- 
cient of n-alkanes, K, between the bilayer and 
torus phases are related by Eqn. 1: 

Ag ° = - R T I n  K (1) 

where T is the absolute temperature and R is the 
molar  gas constant. The standard chemical poten- 
tial difference can be expressed in terms of a 
difference in the internal entropy, AS °, and en- 
thalpy, A H  °, of the n-alkane. Thus: 

a~o = a n o -  r a s  o (2) 

Considerable evidence exists to show that the 
alkane is not evenly distributed throughout the 
bilayer interior, and that the alkane preferentially 
occupies the region near the midplane of the bi- 
layer; the region near the b i layer /water  interface 
being effectively inaccessible to alkanes (e.g. Refs. 
25-27). It has been calculated [15] that at low 
alkane concentrations the alkane molecules are 
distributed fairly uniformly throughout the hydro- 
phobic interior, since their mixing entropy over- 
shadows the decrease in configurational entropy 
imposed by the order of the acyl chains (see next 
section). At higher alkane concentrations the n-al- 
kane distribution is non-uniform. The alkane mole 
fraction approaches unity near the bilayer mid- 
plane, whereas that near the bi layer /water  inter- 
face is low [15]; i.e., the mixing of acyl and alkane 
chains deviates significantly from ideality. If this 
is correct, then the thermodynamic analysis pre- 
sented here as well as in some previous studies 
(see for example, Refs. 2 and 8) would not neces- 
sarily be applicable to this system. 

To check this, the partition coefficient of n- 
dodecane was measured as a function of its mole 
fraction in the bilayer by varying the alkane mole 
fraction in the torus at constant temperature. Re- 
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Fig. 4. The mole fraction of n-dodecane in egg-phosphati- 
dylcholine bilayers (Xb) plotted against the mole fraction of 
n-dodecane in the membrane forming solution (Xt) at 20°C 
and 40°C. The data presented in this figure were calculated 
from the capacitance data in Fig. 3. The dashed line is the 
mole fraction of n-dodecane near the bilayer midplane, calcu- 
lated from the data at 40°C, assuming that the dodecane was 
only distributed throughout 50% of the bilayer interior. Note 
the relation between X b and X t is essentially linear up to 
values of X t of approx. 0.4. 

suits for this are shown in Fig. 4. The partition 
coefficient of n-dodecane between the bilayer and 
torus was independent of n-dodecane mole frac- 
tions in the bilayer up to 0.4. After this, the 
partition coefficient decreased with increasing 
concentrations in the bilayer. Thus, for alkane 
mole fractions in the bilayer less than 0.4, the 
assumption of ideal mixing of acyl chains and 
alkanes is not a bad approximation. The decrease 
observed is due to the fact that further partition- 
ing then largely occurs into the alkane chains near 
the bilayer surface, where A/~ ° is higher. 

The bilayer interior," order and its effect on n-alkane 
partitioning 

The acyl chains in a lipid bilayer above its 
phase transition are in a semi-ordered state. Order 
is imparted to them by their attachment at one 
end to polar head-groups which sit at the 
bi layer /water  interface. The acyl chains are par- 



tially straightened to reduce high-energy hydro- 
carbon-water contact. 

The alkanes are chemically similar to the acyl 
chains. However, the alkanes have no polar groups 
and therefore are not anchored to the bilayer 
interface and are free to reside wholly within the 
bilayer. Gruen [14], when modelling the absorp- 
tion of alkanes in lipid bilayers, considered the 
free-energy cost of creating space for the alkanes 
and the free energy of mixing of acyl and alkane 
chains in the plane of the bilayer. 

Gruen's [13] modelling of this system predicted 
two important factors which affect the alkane 
absorption and which are both related to the order 
parameter * of the acyl chains [14,15]. 

Firstly, in regions of high acyl-chain order the 
alkane chains are partially constrained to lie paral- 
lel to the acyl chains. Thus, the internal entropy of 
the alkane molecules is much lower in these re- 
gions than in regions of low acyl-chain order. 
Hence, regions of high acyl-chain order in the 
bilayer are relatively hostile to the presence of 
alkanes. Additionally, if alkane molecules were 
intercalated into the lipid near the hydrophobic /  
polar head interface, the acyl chains would need 
to become further ordered in order to minimize 
the increase in interracial free energy which must 
result from the increased lipid-lipid spacing which 
follows from inserting an alkane molecule in this 
region. 

A consequence of this is that, while shorter- 
chainlength solvents would be able to partition 
into the hydrophobic region near the bilayer mid- 
plane, longer-chainlength alkanes, being partly 
constrained to lie parallel to the acyl chains, would 
have a portion of their structure located in the 

* The order parameter, nl, at the ith carbon atom of the acyl 
chain is defined by the expression: 

Where '0' is the angle between the local acyl-chain axis and 
the bilayer normal. The parentheses indicate a thermody- 
namic average. The order parameter is a measure of the 
orientational order of the chains. A larger order parameter 
implies a high degree of alignment and hence a small array 
of conformations available to the chains. Thus, large order 
parameters effectively imply a small internal entropy of the 
acyl chains. 

101 

1 0  

o 
E 

e.- 

4 

i 

C 16 

I I I 
,0 2'o 3o 20 

TEMPERATURE °C 

Fig. 5. The difference in the standard chemical potential be- 
tween the bilayer and torus for different chainlength alkanes at 
different temperatures. The heavy central lines indicate the 
typical temperature-dependence of A# ° for a given bilayer. 
A# ° was calculated from data shown in Fig. 1 using Eqns. 1, 
A2 and A3. The shaded area represents the scatter over 5-10 
different membranes. The main variation in the temperature- 
dependence of A~t ° between different membranes was due to 
variation in the intercept rather than the slope of the tempera- 
ture-dependence. 

more ordered outer part of the hydrophobic re- 
gion of the bilayer and so would not be able to 
partition into the bilayer as easily. 

In spite of the significant experimental scatter, 
the chainlength-dependence of alkane absorption 
in egg-phosphatidylcholine bilayers was found to 
be quite significant and was consistent with previ- 
ous measurements on  egg-phosphatidylcholine bi- 
layers [7] and similar to that found in glycerol 
monooleate bilayers [5,8]. From Fig. 5 it can be 
seen that the chainlength dependence of A/~ ° is 
very pronounced, increasing by 2.5 kJ /mol  for 
each additional carbon atom in the alkane chain. 

The low values of A/x ° for n-dodecane show 
that alkane near the midplane of the bilayer con- 
tributes very little to the Abt° of the longer al- 
kanes. This suggests that the main contribution to 
the standard chemical potential of the alkanes in 
the bilayer arises from the terminal carbon atoms 
of the longer alkanes. Thus it seems that the 
partitioning of n-alkanes into the bilayer would be 
sensitive to the order parameters of the acyl chains 
near the bilayer/water interface. 
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Absorption of n-alkanes: interpretation of tempera- 
ture-dependence 

The temperature-dependence of A/t °, derived 
from Eqn. 2, is given by: 

O A #  o O A H  o A o 

~T i~T AS ° - T-03T S (3)  

In some previous studies [7,8], it has been as- 
sumed that AS ° and AH ° are temperature-inde- 
pendent. Hence, Eqns. 2 and 3 reduce to the 
following well-known expressions: 

AS o 0A# ° 
0T (4) 

,aHo= [a~,o]T_0 (5) 

Fig. 6 shows the temperature-dependence of the 
difference in the standard chemical potential, A# °, 
in the bilayer and toms for different alkanes. The 
temperature-dependence increased with increasing 
chainlength of the alkane solvent. At higher tem- 
peratures, the temperature-dependence of A/t ° ap- 
peared to vanish (at least for the shorter-chain- 
length alkanes). AS, obtained from Fig. 6 using 
Eqn. 4 for the different alkanes studied, was about 
200 J- mol-~ • K-~, which is certainly a consider- 
able overestimate of the likely value, as the state of 
the bilayer interior is not very different from that 
in the membrane toms. The value for AS ° pre- 
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Fig. 6. The difference in the standard chemical potential be- 
tween alkanes in the bilayer and torus phases of the membrane 
for alkanes of different chairdengths, at 30°C. Ag ° was calcu- 
lated from the data shown in Fig. 1 using Eqns. A3 and 4. 

sented here is nearly an order of magnitude greater 
than the entropy of fusion of alkanes. 

According to Gruen [15], AH ° and AS ° for 
alkane partitioning are dependent on the ordering 
of the lipid acyl chains in the bilayer. Deuterated 
lipid NMR studies [30] on egg-phosphatidylcho- 
line multilayer preparations show that the order 
parameter of perdeuterostearic acid intercalated in 
the acyl chains is temperature-dependent, decreas- 
ing from 0.4 to 0.36 between 30°C and 50°C. 
Thus, it seems that most of the temperature depen- 
dence of A/t ° is a result of the temperature-depen- 
dent acyl chain order in the bilayer interior, that 
Eqns. 4 and 5 are not applicable to alkane lipid 
bilayer systems studied here, and that setting 
OAH°/OT and OZlS°/OT to zero in Eqn. 3 is not a 
good approximation. 

Appendix 

Calculation of n-alkane concentration in egg-phos- 
phatidylcholine bilayers 

It has been shown that bilayer membranes con- 
taining alkane solvents are thicker than those that 
are solvent-free. Provided the difference in thick- 
ness, Ad; between the solvent-free and solvent- 
containing bilayer arises entirely from the partial 
molar volume of the alkane in the bilayer (i.e., 
provided the area density of the lipids is un- 
changed), one can calculate the molar concentra- 
tion of alkane per unit area in the bilayer, c a, 
using the following expression: 

A d p  
c a =  M (A1) 

where p and M are the mass density and molecu- 
lar weight of the solvent. The volume-averaged 
mole fraction of alkane with respect to the acyl 
chains, X a, is given by: 

X a =  c...~_~ (A2) 
C a + C| 

where c~ is the number of moles of acyl chains per 
unit of membrane area. 

Previous studies (e.g. Refs. 4, 7, 11) have used 
measurements of membrane capacitance to mea- 
sure Ad and hence estimate the molar concentra- 



tion per unit area in the bilayer. In this study, A d 
was calculated using the following expression: 

where C and C' are the capacitances of the 
alkane-lipid bilayer and the same bilayer in its 
alkane free state, respectively, e 0 and e r are the 
permittivity of free space and relative dielectric 
constant of the hydrophobic region, which is about 
2.1-2.13 [31]. Eqn. A3 is valid provided that: 
(a) The molecular volume of the alkane solvent 
contributes to the volume of the hydrophobic re- 
gion without contributing to the membrane surface 
area, as an increase in the membrane area per 
molecule is energetically unfavourable. Thus, the 
bilayer interracial area occupied by each lipid is 
considered independent of both temperature * and 
alkane concentration (see Ref. 4). 
(b) The dielectric constant of the alkanes used in 
these experiments was in the range 2.02-2.06, 
which was considered to be approximately equal 
(within error of +_ 2%) to that of the lipid acyl 
chains. The temperature-dependence of the dielec- 
tric constant is negligible; varying less than _ 2% 
in the temperature range of the experiments [32]. 
(c) The alkane volume density is temperature-in- 
dependent in the temperature range of these ex- 
periments, to within 3% (e.g., Ref. 33). 
(d) The error introduced by neglecting the effect 
of microlenses on the measured area of these 
bilayers is small (Ref. 20, see also Discussion). 

The thickness of the solvent-free bilayer is 
largely determined by the ratio of the partial 
molar volume of the acyl chains of the molecules 
to the area of the lipid molecule in the plane of 
the bilayer [34]. The former quantity can be con- 
sidered constant. 

Previous measurements [23,35] show that the 
capacitance of egg-phosphatidylcholine bilayers at 
frequencies of 1 Hz includes the geometric capaci- 
tance of the central hydrophobic layer, as well as 
the series capacitance of the carboxyl-ester- 
oxygens on either side of the membrane. Further, 

* Increasing the temperature, if anything, should on entropic 
grounds, cause a (small) increase in area occupied per lipid 
molecule. 
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it is known that the capacitance of the 
Gouy-Chapman ionic double layers on either side 
of the membrane also contributes to the measured 
capacitance at 1 Hz, although this should be sig- 
nificant only at low ion concentrations in the 
aqueous phase [23,36]. Discussion of the effects of 
ionic double layers on the measured bilayer capa- 
citance is not presented here. For further details, 
the reader is referred to the discussion in Refs. 
36-39. However, on inspection of Eqn. A3, one 
can see that any errors introduced by ignoring the 
effects of bilayer substructure or ion double layers 
cancel exactly when calculating the alkane con- 
centration within the bilayer. 

Acknowledgments 

The authors wish to thank Dr. D.W.R. Gruen 
and Dr. J. Wolfe for their most helpful discussions 
and Mr. T. Chilcott for his expert technical assis- 
tance. The authors also wish to thank the 
Australian Research Grants Scheme, who funded 
and made this research possible. 

References 

1 White, S.H., Petersen, D.C., Simon, S. and Yafuso, M. 
(1976) Biophys. J. 16, 481-481 

2 Haydon, D.A., Hendry, B.M., Levinson, S.R. and Requena, 
J. (1977) Biochim. Biophys. Acta 470, 17-34 

3 Hendry, B.M., Urban, B.W. and Haydon, D.A. (1978) 
Nature 217, 739-740 

4 Fettiplace, R., Gordon, L.G.M., Hladky, S.B., Requena, J., 
Zingsheim, H.P. and Haydon, D.A. (1975) Methods of 
Membrane Biology (Korn, E.D., ed.), Vol. 4, pp. 1-75, 
Plenum Press, New York 

5 Benz, R., Frohlich, O., L~iuger, P. and Montal, M. (1975) 
Biochim. Biophys. Acta 394, 323-334 

6 Ebihara, L., Hall, J.E., MacDonald, R.C., McIntosh, T.J. 
and Simon, S.A. (1979) Biophys. J. 28, 185-196 

7 Fettiplace, R., Andrews, D.M. and Haydon, D.A. (1971) J. 
Membrane Biol. 5, 277-296 

8 White, S.H. (1977) NY Proc. Acad. Sci. 3, 243-265 
9 White, S.H. (1978) Biophys. J. 23, 337-347 

10 Simon, S.A., Lis, L.J., MacDonald, R.C. and Kanffman, 
J.W. (1977) Biophys. J. 19, 83-90 

11 White, S.H. (1974) Biochim. Biophys. Acta 356, 8-16 
12 Mar~elja, S. (1974) Biochim. Biophys. Acta 367, 165-176 
13 Gruen, D.W.R. (1980) Biochim. Biophys. Acta 595,161-183 
14 Gruen, D.W.R. (1981) Biophys. J. 33, 149-166 
15 Gruen, D.W.R. and Haydon, D.A. (1981) Biophys. J. 33, 

167-187 
16 Coster, H.G.L. and Smith, J.R. (1974) Biochim. Biophys. 

Acta 373, 151-164 



104 

17 Bell, D.J., Coster, H.G.L. and Smith, J.R. (1975) J. Phys. E. 
8, 277-296 

18 Ashcroft, R.G., Coster, H.G.L. and Smith, J.R. (1977) 
Biochim. Biophys. Acta 469, 13-22 

19 Laver, D.R. (1983) PhD thesis, University of New South 
Wales 

20 White S.H. and Thompson, T.E. (1973) Biochim. Biophys. 
Acta 223, 7-22 

21 Andrews, D.M. and Haydon, D.A. (1968) J. Mol. Biol. 32, 
149-150 

22 Ashcroft, R.G., Thulbom, K.R., Smith, J.R., Coster, H.G.L. 
and Sawyer, W.H. (1980) Biochim. Biophys. Acta 602, 
299-308 

23 Ashcroft, R.S., Coster, H.G.L. and Smith, J.R. (1981) Bio- 
chim. Biophys. Acta 643, 191-204 

24 Hanai, T., Haydon, D.A. and Taylor, J. (1965) J. Theor. 
Biol. 9, 422-432 

25 Simon, S.A., Stone, W.L. and Busto-Latorre, P. (1977) 
Biochim. Biophys. Acta 468, 378-388 

26 Simon, S.A., Stone, W.L. and Bennett, P.B. (1979) Biochim. 
Biophys. Acta 550, 38-47 

27 White, S.H., King, G.I. and Cain, J.E. (1981) Nature 290, 
161-163 

28 Seelig, J. and Seelig, A. (1974) Biochemistry 13, 4839-4845 

29 Stockton, G.W. and Smith, I.C.P. (1976) Chem. Phys. Lipids 
17, 251-263 

30 Stockton, G.W., Polnaszek, C.F., Tullock, A.P., Hasan, F. 
and Smith, I.C.P. (1976) Biochemistry 15, 954-966 

31 Huang, W.T. and Levitt, D.G. (1977) Biophys. J. 17. 
111-128 

32 Handbook of Chemistry and Physics (1976) 57th Edn., 
CRC Press, Boca Raton 

33 White, S.H. (1975) Biophys. J. 15, 95-117 
34 Israelachvili, J.N., Mitchell, D.J. and Ninham, B.W. (1976) 

J. Chem. Soc. Faraday Trans. II 72, 1525-1568 
35 Ashcroft, R.G. Coster, H.G.L., Laver, D.R. and Smith, J.R. 

(1982) Biochim. Biophys. Acta 730, 231-238 
36 Lauger, P., Lesslauer, W., Marti, E. and Richter, J. (1967) 

Biochim. Biophys. Acta 135, 20-32 
37 Everitt, C.T. and Haydon, D.A. (1968) J. Theor. Biol. 18, 

371-379 
38 White, S.H. (1973) Biochim. Biophys. Acta 323, 343-350 
39 Smith, J.R. (1977) PhD thesis, University of New South 

Wales 
40 White, S.H. (1976) Nature 262, 421-422 
41 Pope, J.M., Walker, L.W. and Dubro, D. (1984) Chem. 

Phys. Lipids 35, 259-277 


