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On the use of regular solution theory as a theoretical frame for the analysis
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The structural heterogeneity of the phospholipid membrane causes difficulties in the analysis of membrane
functions. These difficulties can be overcome by using probes which dissolve preferentially into one of the
regions, provided that a general theory correlating probe behaviour to membrane structure exists. The use of
regular solution theory (RST) as a theoretical frame for membrane analysis is examined below, and it is
concluded that some, but not all, of the relations furnished by the theory are useful for membrane analysis.
Using these relations, it is concluded that the hydrophobic region of the membrane has a stabilizing effect.
The polar region is less stable and changes faster than the hydrophobic region. Diffusion rates are smaller in

the hydrophobic region.

Introduction

The regular solution theory (RST) deals with
solutions which are characterized by non-zero en-
thalpy and zero entropy changes. It is used exten-
sively for the description of the solubility of non-
electrolytes, and for predicting various physical
parameters of solvents. These include the surface
tension, the energy of vaporization, and the ratio
of the thermal expansion coefficient to the isother-
mal compressibility coefficient of the solvent [1-3].
The basic parameters of the theory are the solubil-
ity parameters, which measure the ability of the
mixing entities to go into solution. A solubility
parameter of an entity is defined as the square
root of its cohesive energy density.

Abbreviations: RST, regular solution theory; DMPC, di-
myristoylphosphatidylcholine.
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Because of its simplicity and the many quanti-
tative correlations which it furnishes, RST has
been applied also to biological systems. The appli-
cability of RST to the analysis of the mechanism
of general anaesthetics has been suggested by
Mullins [4], leading to a calculation of such de-
rived quantities as the compressibility of the mem-
brane from the theory [5]. In membranes, the use
of RST has evolved in the wake of the intensive
research carried out to clarify the mechanism of
transport of various metabolytes and solutes. The
theory has a potential use for the evaluation of the
nature and strength of the interactions between
membrane components [6-12]. However, contrary
to the above expectations, there are cases where
the RST does not explain the biological phenom-
ena [13,14]. It is thus tempting to define the
conditions under which this and other theories of
solution can be applied to biology, and to look for
places where different theoretical approaches com-
plement each other.

In this article we discuss the applicability of the
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RST to phospholipid membranes. These are well-
defined systems resembling essential components
of the plasma membrane in their structure and
composition, and are suited for the evaluation of
the affecting factors in terms of governing rules
[15,17). We show that some, but not all of the
relations which appear in RST are useful. The
quantities which can be deduced from the use of
the framework of the RST and solubility measure-
ments in the hydrophobic region of the membrane
are those related to the cohesive energy density.
Quantities which depend substantially on the ent-
ropy cannot be deduced. Strong limitations are
imposed on the evaluation of membrane proper-
ties by comparison of its solubility parameters
with those of model solvents.

Theoretical considerations

Solubility of gases in liquids can be regarded as
consisting of two independent steps [16,18,19]:
(1) the formation of a cavity inside the liquid
medium, and
(2) the accomodation of a gas molecule into the
cavity.
This leads to the following equations for the
standard enthalpies, entropies and free energies of
solution:

AH®=N(e;—ey)— RT 1)
AS® = N(sy—sq)— R[1+In(RT/V})] 2)
AG® = N(fy— fa)+ RT In(RT/V}) 3)

For a dilute solution of rigid solute molecules,
the parameters e,, s, and f, characterize hole
formation and depend only on the nature of the
solvent. The remaining parameters describe ad-
sorption of the solute into the cavities and depend
on the interaction between solvent and solute. The
parameters obey the general relations:

fu=en—Tsy

fsl =g Tsq

The local energy density is given by e, /v,, where
vy, the volume of the hole, is given by:

59 =3k In[1- (v, /00)""]

v,, the volume of the solute molecule, and v,, the
volume of the hole, are two geometrical factors.

Eqns. 1-3 are general expressions deduced by
thermodynamical consideration. Additional as-
sumptions are made in the derivation of the rela-
tion between entropy and cavity size (Eqn. 4) [16].
These assumptions need not concern us, since
Eqn. 4 appears here only as an experimentally
justified, convenient way for deriving the hole size.
The relation:

ey/vn=U /¥ (5)

yields directly the cohesive energy density of the
medium in terms of the molar energy of evapora-
tion, U, and the molar volume of the solvent, V.
Eqn. 5 implies that the local energy density is
equal to the average energy density. This has been
examined and verified for solutions in bulk
solvents [1,29] and in a phospholipid membrane
{16].

The regular solution theory deals with the case
where AS® = 0. This occurs when all the parame-
ters in Eqn. 2 vanish, and also when they cancel
each other to give a zero total entropy. The major
parameters of the RST are U,/¥; and the solubil-
ity parameter of the solvent, (U, /V;)'/>.

Results

Our analysis on the applicability of RST to
membranes is based mainly on solubility data of
noble gases in the dimyristoylphosphatidylcholine
(DMPC) membrane. Although the solubilities of
other entities in this membrane have been re-
corded [12], we prefer noble gases as being easier
to analyze and to treat, due to the simplicity of the
solutes and to their preferential solution in the
hydrophobic region of the membrane [5].

It can readily be seen from the data that the
description of the system by the RST is only an
approximation. The results show that the entropic
contribution to the solubility is significant in com-
parison to the enthalpies. The ratio of entropies to
enthalpies (Table I) for either cohesive or adhesive
thermodynamic functions is far from being negli-
gible. The ratio has a lower value when differences
between corresponding cohesive and adhesive are
considered. Most important is the ratio between



21

TABLE I
THE RELATIVE IMPORTANCE OF ENERGIES AND ENTROPIES IN MEMBRANE SOLUTION PROCESSES

Four processes of solute adsorption and one of hole formation are given for the DMPC membrane. Energies are given in kJ /mol and
entropies in J/mol per K. As and 4e are differences in values between the adhesive parameters and the value characterizing hole
formation. The parameters are derived from solubility data of noble gases. The method of measurement of these solubilities is given
in Ref. 12. The solubility and the standard free energy of solution are related by the equation. i°= RT In(p/X,), where p and X,
are, respectively, the partial pressure of the solute in the gas phase above the solution and its mole fraction inside the solution. The
standard enthalpies and entropies were derived from the temperature dependence of the standard free energy [12]. The e and s

parameters are derived from Eqns. 1-3 [16].

Process s e As Ae Ts/e |TAs /Ae|
Ne 31.2 7.18 23.8 24.03 1.30 0.3

Ar 58.9 13.42 -39 17.79 132 0.06

Kr 69.2 15.80 -14.2 15.41 1.31 0.28

Xe 88.9 18.73 -339 12.48 1.42 0.81
Cohesive 55.0 31.21 - - 0.53 -

the cohesive parameters, since it is three parame-
ters which reflect the nature of the solvent system
and correlate with the physical properties of the
solvent. The ratio Ts,/e,, given in Table II for
various bulk solvents and for the hydrophobic
region of the membrane, shows that the use of
RST as a general theory describing the behaviour
of membranes is not justified. The RST is valid
only when used to extract physical quantities that
are independent of entropy. Most noticeable
among the parameters that either cannot be used,
or that have lost their theoretical meaning is the
solubility parameter. Its use as the sole parameter
affecting solution is based on the assumption that
only energetic interactions affect the behaviour of

TABLE II

the solution, but as we have just shown, this
assumption is not supported by the experimental
findings. Another important quantity whose de-
duction from the RST is not justified for the
membrane is surface tension (Katz, Y., Ref. 36, in
press). A correlation between surface tension and
the solubility parameter has been established which
is applicable to many systems. This correlation
cannot, however, be applied to membranes, where
the relative importance of the entropy is greater.
We will show below that while the RST is not
general, it is still possible to create an apparent
solubility parameter which fits the solubility data
quite well (Fig. 1). This apparent solubility param-
eter cannot be used to obtain the cohesive energy

PARAMETERS CHARACTERIZING HOLE FORMATION IN VARIOUS ISOTROPIC SOLVENTS AND IN THE HYDRO-
PHOBIC REGION OF THE DMPC MEMBRANE

Entropies are given in J-K~1-mol ~!, energies in kJ /mol, and molar hole volumes in cm’/mol. Literature values (e /vy, )y, are from
Hildebrand and Scott [1]. The parameters s, and e, were derived from the standard entropies and enthalpies of solution, using the
procedures described in Refs. 16—8. It can be seen that for most solvents the difference between calculated and literature values is less
or about 10%, for benzene it is about 30%.

Solvent Nsy Ney Nvy, ey/vy (en/Onnie Tsy/ey
DMPC 55.00 31.21 25.43 1.23 - 0.53
n-Hexane 15.46 16.59 65.64 0.25 0.22 0.28
n-Dodecane 11.17 16.90 65.56 0.26 0.25 0.20
Cyclohexane 24.03 18.64 62.35 0.30 0.28 0.32

Benzene 27.38 23.06 50.90 0.45 0.35 0.36
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Fig. 1. The difference between true and apparent cohesive energy densities. The slope and intercept have a meaning of cohesive

energy density and solubility parameter of the solvent, respectively. It is seen that for the hydrophobic region of the membrane

apparent and true cohesive energy densities differ appreciably. The solvent used is the hydrophobic region of the DMPC membrane

and the solutes are: Ne, Ar, Kr, Xe and CH,. The data for the enthalpy (curve 2) and for the free energy (curve 1) are from Refs. 17,

12 and 10. Solubility parameters are from Hildebrand and Scott {2]. Enthalpies and free energies are in kJ/mol and solubility
parameters are in (J /cm®)1/2,

density and the physical factors related to it. A
discrepancy between theory and experiment was
observed also by Simon et al. [13], when compar-
ing the partition coefficient of n-hexane into phos-
pholipid bilayers with that for various bulk
solvents, and employing the RST to explain the
peculiarities of membrane solubility. However,
these authors worked with a relatively complex
solute having several internal degrees of freedom.
It is therefore difficult to use their results for
further analysis. The use of simpler solutes, such
as the spherically symmetric noble gases, provide
a better means for testing the RST. The cohesive
energy density (and hence the real solubility
parameter) can be calculated once the entropy is
taken into account.

Our calculations, based on the simultaneous
use of Eqns. 1-5 and experimental determination
of noble gas solubility, show that the cohesive
energy density is 1.23 kJ/cm’. Handbook data

were used for v,. The experimental results are used
to derive s, e; and v,. Hole volumes based on
entropy measurements of Ne, Ar, Kr and Xe in
the membrane gave estimated molar hole volumes
of 25.44 +1.39 cm’/mol. Results which differ
somewhat from these are derived when other
methods of estimation are used [16,17]. Estimation
of the molar hole volume from enthalpy measure-
ments gives a value of 20.43 cm®/mol. Molar hole
volumes in bulk solvents were also deduced from
molar heats of vaporization, yielding values that
are higher by about 12% than those which are
derived using Eqn. 4. Comparing the results de-
rived by the various methods [16,17], we observe
that the value derived from entropy measurements
is correct within 20%. This is also the accuracy
which has to be assumed when the values of the
cohesive energy density are used. As can be seen
from Table II, the cohesive energy density of the
DMPC membrane is very high in comparison to



the values characterizing the hydrophobic bulk
solvents [20,21,36]. This unusually high value re-
flects greater interaction per unit volume of the
membrane.

Using Eqn. 5 and 228 cm® as the molar volume
of one acyl chain residue of the DMPC molecule
(we consider an acyl residue of 12 methylene and
one methyl groups at a density of 0.80 9/cm’), we
find that the molar heat of vaporization of a single
and a double hydrocarbon chain of the hydro-
phobic residue of dimyristoylphosphatidylcholine
are 278.8 or 557.6 kJ /mol, respectively. A higher
value is obtained when the contributions of the
internal degrees of freedom to the enthalpy are
taken into account. For the DMPC membrane, the
number of methylene groups in the trans state was
estimated to be 7-19 per DMPC molecule [22].
When fixed in the trans state, the energy of a
methylene group is lower by 2 kJ/mol than the
value which it has in the free state. Thus, a contri-
bution of 14.7 to 39.9 J/mol is expected from the
conformation. As can be seen, this contribution is
less than 8% of the total energy. By contrast, the
energy of vaporization of n-tetradecane, which has

TABLE III
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the same composition and a compartable molecu-
lar weight, is only 69.9 kJ/mol. The difference
reflects the great cohesivity of the membrane and
its ability to withstand disruption (Some investi-
gators claim that the first methylene group of the
acyl residue of the DMPC molecule has a di-
minished interaction. This will lower the estimated
energy of vaporization by about 8%, even then the
cohesivity of the membrane is significantly greater
than the cohesivity of the bulk solvents [{23].) The
stabilizing enthalpic effect is counteracted by the
entropy of the membrane which, as shown above,
makes a relatively large contribution to the free
energy. Nevertheless, the energy is still large
enough to play the dominant role.

The relation between the cohesive energy den-
sity of the membrane and the important ratio of
expansivity to compressibility is obtained directly
by applying thermodynamics to the definitions
[24]:

x=—(1/V)(@V/ep)r (6

a=(1/V)3V/3T), M

COMPRESSIBILITIES AND THERMAL EXPANSION COEFFICIENTS FOR VARIOUS SOLVENTS

Reference is made to the measured values of the total DMPC membrane [27]. Hydrophobic region denotes the a/x value deduced
for the hydrophobic region of the DMPC membrane. Compressibilities and expansion coefficients for the bulk solvents were
extracted from the Handbook of Physics and Chemistry [25). The values for the hydrophobic region were calculated from the
cohesive energy density using Eqn. 8. An error of less than 20% is expected in the calculated values, most of it made in the calculation
of the hole volume and a much lower contribution from the evaluated cohesive parameter e, [16]. Direct measurements of
expansivity done in a vibrating quartz psychometer and of the adiabatic compressibility by sound velocity measurements made on

phospholipid bilayers and on the purple membrane of the Halobacterium halobi

were accurate to within 15% [27].

Solvent x (atm™1) K/Xp a(K™Y a/ap (a/x) (a/x)/(a/K)p
(x10%) (x10%) (atm/K)
(x10%)
DMPC 4.34 1.0 0.88 1.0 20.28 1.0
Purple membrane 2.30 0.5 0.63 0.7 26.30 13
CCP, 10.46 24 1.20 14 11.46 0.6
Isopropanol 10.20 2.4 1.03 1.2 10.12 0.5
Ethyl acetate 9.13 21 1.30 1.5 14.23 0.7
Water 4.61 1.1 0.15 0.2 3.25 0.2
n-Hexane 16.00 37 1.29 1.5 8.05 04
n-Dodecane 9.00 2.1 0.95 1.1 10.53 0.5
n-Tetradecane 8.20 19 0.90 1.0 11.02 0.5
n-Hexadecane 7.40 1.7 0.89 1.0 12.03 0.6
Cyclohexane 12.30 28 1.14 1.3 9.27 0.5
Benzene 9.40 22 1.21 14 12.87 0.6
Hydrophobic region - - - - 41.00 2.0
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Rearrangement and the use of thermodynamics
give:

(U/V)r =T (3p/3T )y — p=T(a/x) 3

The ratio of the thermal expansion coefficients a,
to the isothermal compressibility, x, which is ob-
tained for the hydrophobic region of the mem-
brane, using Eqn. 8, is significantly greater than
the values for the bulk hydrophobic solvents. It
can be seen from Table III that the ratio for these
membranes is about 4-times higher than the values
for the bulk solvents [25].

Two systems where direct measurements of
compressibility and thermal expansion have been
made are the DMPC bilayer and the purple mem-
brane of the Halobacterium halobium [26,27]. The
ratio of thermal expansion to isothermal com-
pressibility derived for these membranes by direct
measurement is only about 2-times greater than
that which characterizes the bulk solvents, or about
half the value obtained from noble gas measure-
ments (Table III). To our opinion these dif-
ferences reflect the fact that direct compressibility
and expansion measurements relate to the whole
membrane, whereas values deduced from the solu-
bility of the noble gases relate exclusively to the
hydrophobic region. The compressibility and ex-
pansion for the whole membrane are given by:

a=[1/(V,+V;)][(3V,/3T) + (3V, /3T)], (9a)
and
k= [1/(V + V2)I(3V1/93p) +(3V,/03p)] 7 (9b)

where the subscripts 1 and 2 denote the hydro-
phobic and hydrophilic regions, respectively. This
gives:

a/k= (a1 + arly)/(eV + arls) (10)

which is converted, by simple algebraic manipula-
tion, into the relation:

a/k—a,/xy = (kV3 /06V)[( @2 /7)) — (@ /)] (11)

The experimental finding that a/k for the hy-
drophobic region is greater than the value found
for the membrane as a whole, and the fact that
k,V,/k,V; is definitely positive, imply that: a,/x,

<ea/k < a,/x,. Inserting this result into Eqn. 8,
we see that the cohesive energy density in the
hydrophobic region is greater than in the hydro-
philic region. Since 3V, > V| > 2V,, it follows that
the regional cohesive energy and regional cohesive
energy density are also greater in the hydrophobic
region, which is in agreement with the claims
made above.

The increased value which we have found for
the ratio between the compressibility and thermal
expansion in the hydrophobic region can be at-
tributed to either an elevated value of the thermal
expansion, or to a diminished value of the com-
pressibility coefficient. We do not have sufficient
experimental data to conclude which of these pos-
sibilities occurs, but we can use theoretical consid-
erations such as those employed by Furth [28], or
in the scaled particle theory [29]. These equations,
which were developed for simple particles, are
naturally approximate and of limited applicabil-
ity; nevertheless, they are qualitatively correct and
therefore sufficient to show the general trend.
According to Furth, the fluctuation in volume is
directly proportional to the volume of the hole
that the thermal motion of the molecules create in
the medium. The fluctuation in entropy is a func-
tion of the hole volume. Since the expansion and
compressibility coefficients are always related to
fluctuations in the properties of the system by
thermodynamic relations given in [30], it follows
that:

x =AVZ/V,kT (12)
a=ASAV/V, kT (13)
which together give the ratio a/k as:

a/x =ASAV/AV? 14)
We obtain that:

o, /Ky = S0y /VE=5y/0} (15)

The calculated results in Table IV agree quali-
tatively with the experimental results showing that
the theoretical predictions of Furth are essentially
correct for liquids to be used for analysis and
comparison. It therefore follows from the results
of Table IV that it is the diminished compressibil-
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RATIOS OF EXPANSION TO COMPRESSIBILITY COEFFICIENTS CALCULATED FROM FLUCTUATIONS

Volumes are given here in cm’, entropies in J-mol~!-K~!. D denotes the hydrophobic region of the DMPC membrane.

{ﬂ} (a/K)exp {(sll/vh)D}
Uh (su/vn) exp

Solvent Sy S10hp v} it
x1073 { —-— } x1073

( ) g0 ( ) p
n-Hexane 1.01 1.39 4.31 0.15
n-Dodecane 0.73 1.92 4.30 0.15
Cyclohexane 1.50 0.93 3.89 0.17
Benzene 1.39 1.00 2.59 -
DMPC 14 - 0.65 -

0.24 0.8 0.91 10.00
0.17 1.05 12.7 7.8
0.39 091 5.6 8.8
0.54 1.28 4.0 6.3
2.16 - 1.0 -

ity of the hydrophobic region which is unique. The
expansion coefficient is about the same as in other
solvents. The diminished compressibility means
that fluctuations in the density of the hydrophobic
region are relatively small. Calculating hole
volumes from the magnitude of the parameters
characterizing the solubility of the noble gases in
various hydrophobic solvents, we notice that the
smallest values are in the hydrophobic region of
the phospholipid membrane. The relatively small
change in volume which characterizes hole forma-
tion in the bilayer is accompanied by an entropy
change that is several times greater than corre-
sponding entropy changes inside the bulk hydro-
phobic solvents.

Certain additional factors, such as conforma-
tional changes, also exist in the bilayer, and may
contribute to the magnitude of the ratio com-
pressibility to thermal expansion in the hydro-
phobic region. As was shown above, such an effect
will increase even further the ratio of expansion to
compressibility in the hydrophobic region.

Discussion

From what is written above, it follows that the
hydrophobic region of the membrane does not
have the characteristics of a regular solution, and
the doubts about the use of the RST for this
region are justified to a certain extent, but it also
follows that we can still use relations that were
derived by this theory, provides that we are aware
of their scope and limitations. Below, we consider
these points in detail and show in turn that:

(1) The errors introduced by the conventional
methods of analysis are due to two causes, ne-

glection of entropic contributions and the assump-
tion that the internal degrees of freedom do not
affect the outcome of the experimental values.

(2) Parameters of the RST can be used either
for correlating between solubilities or for deriving
physical properties, but not for both purposes
simultaneously. In order to achieve both aspects
correctly, a distinction has to be made between
true and apparent cohesive energy densities.

(3) It is the true cohesive energy density which
is related to the physical properties of the mem-
brane by the relations used above. It can be
furnished only from the temperature dependence
of the solubilities.

(4) The properties derived from the cohesive
energy density of the membrane are important to
the understanding of membrane function and at
present can be deduced only from solubility data.

The use of RST to deduce physical properties
of the membrane is least suitable when these
properties are strongly related to the entropy of
the system. For example, there is a strong correla-
tion between the cohesive energy density of a
solvent and its surface tension [1], but the existing
analogies cannot be used to deduce the surface
tension of the membrane which is affected by the
large entropy of the membrane [20]. We have seen
above that a similar argument holds also for solu-
bility measurements. Solubility cannot be deduced
from the known solubility parameters of the solute
and membrane because the solubility depends
strongly on the entropy, whereas the solubility
parameters (U/V)!/? reflect only the enthalpy.
Another limitation of the RST in its present form
is that it takes into account only the intermolecu-
lar interactions. Thus, the cohesive energy density
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which is obtained from noble gas solubility in the
hydrophobic region of the membrane may deviate
from the one deduced from the ratio of thermal
expansion to isothermal compressibility. In the
later, contributions due to changes in the internal
degrees of freedom (e.g., change in the freedom
for internal rotations) may play a role, whereas
noble gas solubility depends only on the inter-
molecular dispersive interactions between chains
[17]). Similar reasons may cause membrane cohe-
sive energy densities obtained from paraffin solu-
bility to differ from the values deduced when the
solutes are the noble gases [15]. Because the cohe-
sive energy density depends on the degrees of
freedom which affect the given measurement, at-
tention must be paid to the nature of the experi-
ment, even when the relations of the RST hold.
The extension of the RST to overcome this prob-
lem is straightforward, however, since each contri-
bution to the energy can be separately treated.
Furthermore, a possibility for a more penetrating
analysis of membrane behaviour is offered by this
extension. For example, the comparison of the
paraffin solubility with noble gas solubility in
order to furnish the net effect of internal rotations
on membrane behavior.

The findings imply that an apparent cohesive
energy density of the hydrophobic region can be
derived from the solubility data by plotting free
energies of solution versus solubility parameters of
the solutes. Because the entropies and enthalpies
of solution are linearly related [16}, a straight line
is established where the intercept and the slope of
the line have the dimensions of cohesive energy
density and of solubility parameter, respectively.
These constants have no direct physical meaning
and therefore are not suitable for deriving the
physical properties of the membrane. The con-
stants are nevertheless useful, since they can be
used to correlate between solubilities and to fur-
nish unknown solubilities from the correlation. A
true cohesive energy density can be derived only
from the temperature dependence of the solubility
(i.e., from the enthalpies and entropies of solution),
and it can be used to derive physical properties of
the hydrophobic region. It is useless for predicting
membrane solubilities. The difference between the
two kinds of cohesive energy densities is demon-
strated in Fig. 1. Two conclusions follow. First

that it is not the use of the RST for membrane
analysis which is wrong, but rather its improper
employment. Second that the indiscriminate use of
true and apparent cohesive energy densities, which
is commonly made in the analysis of some biologi-
cal phenomena [4,10], is not justified.

Two useful values have been derived from the
true cohesive energy density using relations em-
ployed in the RST. These are the energy of vapori-
zation and the ratio between the thermal expan-
sion coefficient and the isothermal compressibility
coefficient. Together they give the strength of
interactions inside the hydrophobic region, its sta-
bility, and its contribution to membrane dy-
namics, and are therefore useful for understanding
such phenomena as phase transition, binding of
lipid to membranes, and transbilayer diffusion.
The method used here to derive these quantities
has the advantage that selective solubility allows
to probe independently the different regions of the
membrane. For the physical properties depicted
here to be critical in determining membrane func-
tion, three conditions must be fulfilled: (1) a large
variability in the composition of the hydrophobic
moieties of biological membranes; (2) a sensitivity
of membrane function to membrane composition;
and (3) a strong dependence of the physical prop-
erties considered on membrane composition. The
existence of the first two conditions is dem-
onstrated repeatedly in the literature [34] [35].
Here we show the strong influence of membrane
composition on the physical properties of the
membrane. This is done by comparing two ex-
tremes, bulk solvents and the gel state of the
membrane. In the first the molecules are dis-
ordered and in the second they are highly ordered.
A comparison shows that the measured values
vary over a wide range, being much larger in
DMPC than in the bulk solvents which are used
here. An estimate exists which shows that for the
gel state the cohesive energy density is greater
than that of the liquid crystal by about 10% [17}.
The cohesive energy density is about 4-5-times
greater in the membrane, and the cohesive energy
per hydrocarbon chain is about 4-times greater
than the value found in comparable bulk hydro-
phobic solvents. These reflect a great stability of
the hydrophobic region of the membrane and an
ability to withstand disruption. Table I shows that



the stabilizing effect is counteracted by a relatively
large entropy contribution which acts to lower the
free energy. The ratio of energy to entropy is
about two.

The compressibility of a medium is directly
related to the fluctuation in density and this rela-
tion is given in Eqn. 12. It is easy to show that
a, = a, so when a;/k, =2a/k, we get that k, =
Ak, (see Appendix). Thus, we see that the fluctua-
tion in density in the hydrophilic region is signifi-
cantly greater than it is in the hydrophobic region.
The estimated compressibilities are given in the
phases of Table III. Interpreted in terms of non-
equilibrium thermodynamics, the difference in
compressibilities means that the hydropholic re-
gion undergoes change more readily and is less
stable than the hydrophobic region [33]. It also
implies that diffusion rates are smaller in the
hydrophobic region and larger in the hydrophilic
region.

A final comment concerns the common method
of applying bulk solvents as models for the mem-
brane and to deduce the properties of the hydro-
phobic region of the membrane from the known
properties of the common bulk, non-polar solvents
[31,32]. This procedure is not justified because, as
is shown here, membrane order plays a substantial
role in membrane processes, a role which is sig-
nificantly greater than found in bulk solvents. Use
of bulk solvents is therefore made in this article
only for two purposes, to define the range of
possible membrane value of the physical proper-
ties mentioned above and to examine the validity
and meaning of relations proposed by the RST.

Appendix

Given the findings that:
a =a, (A-1)
V=2V, (A-2)
a /K= a/k (A-3)

it can be shown from Eqns. A-1, A-3 and 9a that:
Kk=2K, (A-4)
from Eqns. 9b and A-3 we have:

2k = (V1 + 6V5) /(M1 + 1) (A-5)
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which gives when inserting Eqn. A-2:

26, =(2/3), +(1/3)x, (A-6)
or
Ky =4x, (A-T)

Eqn. A-7 being the result used in the discussion
above.
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