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Abstract 0] A novel method of measuring membrane—water partitioning
characteristics of very hydrophobic organic chemicals is described.
Partition coefficients are reported for a series of halogenated aromatic
hydrocarbons of varying molar volume between water and -a-phospha-
tidylcholine dimyristoyl (DMPC) membrane vesicles and two solvents, n-
hexane and 1-octanol. The results indicate that n-hexane and 1-octanol
are satisfactory surrogates for DMPC membranes for chemicals with 1-
octanol-water partition coefficients (log Kow) <5.5 or molar volumes
<230 cm3¥mol. Chemicals with higher log Ko or molar volume values
display marked differences in membrane—water, 1-octanol-water, and
n-hexane—water partitioning. Implications for lipid— and organism-water
partitioning of hydrophobic chemicals are discussed.

The ability of organic chemicals to elicit certain therapeu-
tic or toxic effects, such as narcosis, and to bioaccumulate in
organisms is strongly influenced by the partitioning tenden-
cy of these chemicals between the organism or a certain
target site within the organism and water. Since partitioning
of organic chemicals is predominantly into the organic or
lipid phases of the organism (e.g., membranes), for which 1-
octanol is generally believed to be a satisfactory surrogate
phase, various drug activities, toxicities, and distribution
processes have been successfully correlated with the 1-octa-
nol-water partition coefficient,’-5 Kqow. However, when Kow
becomes relatively large (i.e., for compounds which are very
hydrophobic and have high molar volumes), a loss of linear
correlation is often observed.>!3 This limits the predictive
ability of these relationships and raises uncertainties about
the mechanisms involved. The relatively slow transport
characteristics of these very hydrophobic compounds have
been recognized as an important contributing factor to this
loss of linear correlation.z7.9.11.13 But, it can also be argued
that the partitioning behavior of chemicals with large Kow
values into the lipid phases of the organism and 1-octanol
may no longer be similar. This may be due to the fact that
membranes and other lipid phases in organisms have a more
definite structure than 1-octanol. To test the hypothesis that
membranes and 1-octanol show a different phase behavior
towards chemicals of larger molar volume, partition coeffi-
cients between L-a-phosphatidylcholine dimyristoyl (DMPC)
membrane vesicles and water were measured for a series of
halogenated aromatic hydrocarbons. Since the existing tech-
niques!+!8 are not well suited for this purpose, due to the
very low aqueous solubilities of these chemicals, a method
was developed to measure partition coefficients of highly
hydrophobic compounds (log Kow > 3) between membrane
vesicles or liposomes and water. We describe the method and
discuss partitioning data for 54 chemicals in total between
water and n-hexane, 1-octanol, and DMPC membranes.
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Theoretical Section

The logarithm of partition coefficients between an organic
phase such as 1-octanol and water have often been shown to
be linear functions of the molecular properties of the solute,
such as molecular weight, volume, surface area, and molar
volume.!?-22 Also, numerous linear “Collander-type” correla-
tions have been reported between partition coefficients of two
organic phase—water systems.2z But, as pointed out earlier, a
breakdown of these correlations may occur for membrane—
water systems. To establish the cause of such a phenomenon,
it is useful to explore the fundamental basis of organic
phase—water partitioning and “Collander” equations.

The partition coefficient Kow, between an organic phase,
A, and water, W, can be expressed as

Kaw = Ca/lCw = (Vwyw)/(Vaya) (1

where C, and Cy are the concentrations (mol/m?) of the
chemicals in the organic phase and water, respectively, V,
and Vw (cm3mol) are the molar volumes of the organic phase
and water, respectively, and yw and ya are the activity
coefficients of the solute (based on Raoult’s law) in these
phases.’® The activity coefficients are the reciprocals of the
mole fraction solubilities (i.e., 1/x) of the chemical in the
respective phases when the chemical is a liquid, or F/x when
the chemical is a solid.!?:23:2¢ The term F is the fugacity ratio
and can be calculated from

F = exp({[~AS¢/R)IT/T — 1] (2)

where AS;is the entropy of fusion, T’ is the melting point (K)
of the solute, T is the temperature (K) of the system, and R is
the gas constant. For the nonpolar chemicals in this study,
the ratio AS¢/R is approximately constant with a value of
6.79.19.2¢ The activity coefficients yw and y, can be shown to
correspond to the molar Gibbs free energy of solution, AG,, in
the respective phases according to

In yw = AG, w/RT 3)
In ys = AG,A/RT @

A thermodynamic cycle (Figure 1) shows that AG, can be
expressed as the sum of the free energy of vaporization, AG,,
and the free energy of solvation (i.e., AG,). Following Butler
and Harrower, the solvation process can be treated as a “two-
step” process, each with its own free energy.2526 In step 1, a
cavity is created in the solvent that is large enough to
accommodate the solute molecule. The (endoergic) free ener-
gy associated with this process of cavity formation, AG., is
believed to be due to a combination of breaking solvent—
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solvent interactions and a loss of entropy as a result of the
restricted spatial distribution of the solvent molecules. It is
thus approximately proportional to the molecular volume of
the solute or molar volume.?° In step 2, the solute is intro-
duced into the cavity. The free energy associated with step 2,
AG;, is due to the formation of interactions between the
solute and solvent molecules and may not display a similar
molar volume dependence. The free energy of solution in
each phase can therefore be expressed as

AG, = AG, + AG,, = AG, + AG, + AG; (5)

Combining eqs 1, 3, 4, and 5 gives an expression for Kaw in
terms of these free energies, that is

-RT In KAW = RT In (VA/Vw) + (AGC_A - AGc,w) +
(AGi’A - AGi.W) (6)

This equation demonstrates that the free energy of solute
transfer between an organic phase and water is determined
by the free energy of cavity formation and solute-solvent
interactions in the two phases. If AG.» and AG.w are
proportional to the molar volume of solute (Vg), and can thus
be replaced by, respectively, AVg and WVg, where A and W
are constants (i.e., the free energies of cavity formation per
unit of cavity volume for the organic phase and water,
respectively), eq 6 can be rewritten as

In Kaw = [(W ~ A)VGVRT + In (Vi/Va) + (AGw —
AGLA)/RT (7)

Equation 7 then shows that for a series of solutes, In Kpw is
linearly dependent on the molar volume of the solute, Vg,
when the solutes are chemically similar (i.e., AG; 5 and AG; w
are approximately constant for all solutes) and/or when the
free energies of interaction of the solutes are much smaller
than their free energies of cavity formation. Congeneric
series of chemicals such as polychlorinated benzenes, biphen-
yls, and dibenzo-p-dioxins are examples of such solutes, and
correlations between log Kow and Vg are observed to be
linear.19.20-22

Equation 7 can also be written for a partition coefficient,
between another organic phase, B, and water (Kgw), that is,

In Kgw = (W ~ B)VgVRT + In (Vy/Vg) + (AG;w —
AG,p)/RT ®)

Therefore, it follows that after substitution of eq 8 in eq 7,
that

InKaw =[(W - A/W - B)lInKgw + P+ Q (9

where P = [(W —~ AY(W — B)] In Vg + [{(A — B)(W — B}
In Vg — In V5 and @ = (W — AY(W - B)IAG;g +
(A — BY(W — B)IAG; w — AG; 2)/RT.

Equation 9 is equivalent with the empirical Collander-type
equations,? that is

Kaw = XKgw)¥ (10)

or

log Kaw = Ylog Kgw + log X an

where Y equals [(W — A)/(W — B)land X is (P + @). It follows
from eq 9 that correlations between log Kaw and log Kgw are
linear when, for a series of solutes in both organic phases, the
free energy of cavity formation is linearly dependent on the
molar volume of the solute, and the free energies of interac-

tion are either negligible with respect to the free energy of

cavity formation or approximately constant for all solutes.
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Loss of linearity between log K w and log Kgw can thus be
expected for solutes which have relatively small molar vol-
umes and are chemically different in nature. For such chemi-
cals, the free energy of cavity formation is relatively small
and solute-solvent interactions may have a major effect on
the free energy of solution. The chemical natures of the
solvents A and B may then profoundly affect the relationship
between the partition coefficients. A loss of linear relation-
ship may thus be expected, especially when solute-solvent
interactions are strong. Loss of linear correlation can also
occur when in one of the two organic phases the free energy of
cavity formation is nonlinearly related to molar volume. In
that case, the slope Y in eq 11 becomes a function of the
molar volume of the solute. This may occur for high molar
volume solutes, for which the free energy of solution is
predominantly a function of cavity formation.

Experimental Section

Reagents—L-a-Phosphatidylcholine dimyristoyl (DMPC) was ob-
tained from Sigma. Mono-, di-, tri-, tetra-, and pentachlorobenzenes,
1,4-di- and 1,3,5-tribromobenzene, and 99+% 1l-octanol were ob-
tained from Aldrich. Hexachlorobenzene was obtained from BDH
Chemicals. Hexabromobenzene, 2,4,6,2',4’,6'-hexachlorobiphenyl,
octachloronapthalene, and 1,2,4-trichloro-, 1,2,3,4-tetrachloro-, and
octachlorodibenzo-p-dioxin were kindly provided by the Department
of Environmental and Toxicological Chemistry of the University of
Amsterdam. All other polychlorinated biphenyls, polybrominated
biphenyls, and polychlorinated dibenzo-p-dioxins came from Analabs
Foxboro. Glass-distilled n-hexane was obtained from Baker. All
chemicals had a minimal purity of 98%, as indicated by the suppliers
and confirmed by GC-ECD analysis.

Preparation of Lipid Vesicles—Membrane vesicles were pre-
pared according to a method described by Bangham et al.?” Briefly,
DMPC was dissolved in chloroform (10 mg DMPC per 5 mL), and
then evaporated to dryness in a round-bottomed flask on a rotary
evaporator at 40 °C for 30 min. Distilled water was added to the lipid
layer in the round-bottomed flask, and the solution was shaken
slowly in a waterbath at 40 °C. This solution was ultrasonicated in a
waterbath sonicator at ~30 °C for 75 min under helium, and then
further diluted in distilled water before being used for partitioning
measurements.

Measurement of Membrane-Water Partition Coefficients—A
two-phase system consisting of a membrane vesicle solution (0.1-1
mg DMPC/mL of distilled water) and a solution of the test chemi-
cal(s) in n-hexane was created in an aspirator bottle with a bottom
tap. The lower membrane vesicle solution was stirred slowly
throughout the experiment which was performed at 26.5 = 0.5 °C.
After 3 and 5 d, which appeared to be well beyond the time for the
system to reach equilibrium, samples were taken of both the mem-
brane vesicle and hexane solutions. Samples taken from the n-
hexane solution were diluted and analyzed directly by GC-ECD.
Samples taken from the membrane vesicle solution (10-250 mL)
were extracted twice with 10-50 mL of n-hexane. The extract was
then concentrated by evaporation on a rotary evaporator at 30 °C
and analyzed by GC-ECD.

SUBCOOLED LIQUID

AGy AGy

SOLUTION |®

%

Figure 1— Thermodynamic cycle for a dissolving solute.
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Concurrently, and under exactly the same conditions, the n-
hexane-water partition coefficients of the test chemicals were mea-
sured. Samples ranging from 10 to 1000 mL were taken from the
water phase and extracted twice with n-hexane. The extract was
concentrated on a rotary evaporator at 30 °C, and then analyzed by
GC-ECD. Samples from the n-hexane phase were diluted and then
analyzed by GC-ECD.

Partition coefficient measurements for all test chemicals were
performed in a similar fashion, but volume ratios were different
depending on the aqueous solubility of the compound. n-Hexane—
water partition coefficients, Kyw, were calculated from the chemical
concentration in the n-hexane (Cy) and water (Cwy) of the n-
hexane-water system as Cy/Cwy. This Kyw was then used to
determine the dissolved chemical concentration in the water of the n-
hexane-water-membrane system (i.e., Cywp which equals Cym/Kyw,
where Cyy is the chemical concentration in the n-hexane phase
above the membrane vesicle suspension in the n-hexane-water—
membrane system). The chemical concentration in the membrane
vesicles, Cy, was then calculated as the difference of the total
chemical concentration in the membrane vesicle suspension (i.e.,
water and membranes, Cys and Cywy) from

CM = VWM(CMS - CWM)/VM (12)

where Vi is the volume of the water phase in the membrane
vesicle suspension, and Vy is the volume of the membrane phase in
the membrane vesicle suspension (i.e., the mass of phospholipids,
My, divided by the membrane vesicle density, dy, Mm/dy). The
membrane vesicle density was assumed to be 1.014 g/mL.!4 The
membrane—water partition coefficient, Kyw, was then calculated as
the ratio of Cy and Cywy (i.e., Kyyw = C/Cwing)- In summary, Kyw
was calculated from

Kuw = Vwm(Cyms — [Cum/Kuw)/(IMy/dulCr/Kpuw))  (13)

Determination of Chemical Solubilities in 1-Octanol—Saturated
solutions were prepared in dry 1-octanol by adding an excess amount
of the test chemical to ~1 mL of 1-octanol in a 1.5-mL vial that was
capped with a screw-top teflon septum. The vials were shaken gently
for 24 h, then centrifuged at 4000 rpm for 1 h and left to settle for at
least 48 h before analysis by GC-ECD.

Gas Chromatographic Analyses—All samples were analyzed on a
HP 5890 gas chromatograph equipped with a 3Ni-electron capture
detector (300 °C) and an OGSE on-column injector. A 30-m J&W DB
17+ fused silica capillary column (film thickness: 0.25 um) was used.
The carrier gas was helium, used at a linear velocity of 30 cm/s (at
50 °C), and the make up gas was 5% methane:argon, used at a flow
rate of 60 mL/min.

Temperature programs from 50 to 300 °C were used, depending on
the chemical of interest.

Results
Experimentally determined membrane—water and n-hex-

9~

]

74

ane—water partition coefficients with their 95% confidence
intervals are listed in Table I. In all experiments, loss of
phospholipids from the membrane vesicle solution to the n-
hexane phase was <5% at the experimental temperature, as
determined by spectrophotometric analysis, and no accumu-
lation of phospholipids at the n-hexane—water interface was
observed throughout the course of the experiment. The
efficiency of the extraction procedures ranged from 90 to
virtually 100%. In Figure 2, the measured membrane-water
and n-hexane—water partition coefficients, as well as 1-
octanol-water partition coefficients obtained from the litera-
ture (Table 1), are plotted versus the molar volume of the
solute, Vg, calculated according to the LeBas method.3? This
plot shows that the logarithm of the n-hexane-water, 1-
octanol-water, and membrane—water partition coefficients
increase with molar volume in a linear fashion from values of
~3 at a molar volume of 115 ecm®mol to 5.7 at a molar
volume of 230 cm®mol. Beyond 230 ¢m®mol, this linear
behavior continues for 1-octanol-water and n-hexane—water
partition coefficients, resulting in the following correlations
for all solutes. Confidence intervals having a 95% probability
are included in parentheses.

log Kuyw = 0.0152 (+0.0018)Vg + 1.977 (%0.668) (14)
n=25r=095
log Kow = 0.0198 (£0.0015)Vg + 0.975 (£0.534) (15)

n=25r=098

Log Kuw shows a slight (but statistically nonsignificant)
tendency to level off from the linear correlation for larger
values of Vg This may be caused by experimental error or
other factors.22 Figure 2 shows that in contrast to log Kyw
and log Kow, log Kyw values level off beyond 230 cm¥/mol
and even seem to fall near 400 em%mol. Thus, log Kyw
follows an apparent parabolic relationship with respect to
Vg, with a maximum Kyw for solutes with molar volumes of
~300 ¢cm®mol; that is,

log Knw = 0.0527 (£0.0092)Vs — 0.00908
(x£0.00187)(V¥100) ~ 1.73 (x1.05) (16)

n=25r=094

This loss of linear correlation between log Kyw and Vg for
high molar volume compounds cannot be attributed to the
presence of phospholipids in the water phase since the
membrane—water partition coefficients are measured as a

3 64 3
o 3 =
~ X ¥
o
_g. 5 g L
44
3-
A B
2 —T1 T — 2 T T 1 2 T T
100 200 300 400 100 200 300 400 100 200 300 40
Vs(cm3/mol) Vs(cm3/mol) Vs(cm3/mo|)

Figure 2-—Octanol-water (A), n-hexane—water {B), and DMPC membrane—water (C) partition coeflicients as a function of the molar volume of the
solute (Vs).
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ratio of the concentrations in the membrane vesicles and n-
hexane- (not DMPC) saturated water. Recoveries of extrac-
tion procedures were carefully checked to ensure that the

rlatively low membrane-water partition coefficients are not
.ne result of losses during extraction. It is therefore believed
that the low membrane-water partition coefficients for high
molar volume solutes are due to the relatively low solubili-
ties or high activity coefficients of these solutes in mem-
branes compared with 1-octanol or n-hexane. Apparently the
free energy of cavity formation (and thus the free energy of
solution) in the membrane phase per unit of volume in-
creases with increasing volume. It is thus instructive to
analyze these data in terms of activity coefficients and free
energies.

In Table II, 1-octanol solubilities are listed and combined
with data from two other studies.!®3 Fugacity ratios, F,

were calculated and activity coefficients in 1-octanol (vo)
were deduced as yo = F/X(, where x5 is the mole fraction
solubility in 1-octanol. Figure 3 gives a plot of log yo versus
molar volume. .

Similarly, activity coefficients in water (ywy) were calculat-
ed from independently determined water solubilities (Table
D). Activity coefficients in membranes (yy), 1-octanol (v0),
and n-hexane (yy) were then calculated from yy and, respec-
tively, Kmw, Kow, and Kyyw (following eq 1) with molar
volumes of 669 cm®/mol for DMPC membranes, 126 cm®/mol
for water-saturated 1-octanol, 130 cm®/mol for n-hexane, and
18 em®mol for water (listed in Table I and plotted versus
molar volume in Figure 4). The activity coefficients thus
determined in membranes, 1-octanol, and n-hexane contain a
considerable error since they are derived from two experi-
mental observations instead of one (for yw), and they are

Table I1—Solubilities (log So) and Activity Coefficients (log yo) of Selected Aromatic Hydrocarbons in 1-Octanol

M., Too Vs, log So,

Compound g/mo K cm3mol log F moliL log o
1,4-Dichlorobenzene 147.0 326 137.8 -0.30 0.25 0.35
1,2,3-Trichlorobenzene 181.5 326 158.7 -0.30 0.25 0.35
1,3,5-Trichlorobenzene 181.5 337 158.7 -0.41
1,2,3,5-Tetrachlorobenzene 2159 324 179.6 -0.28 0.15 0.47
1,2,4,5-Tetrachlorobenzene 215.9 412 179.6 -1.16 -0.76 0.50
Pentachlorobenzene 250.3 358 200.5 -0.62 -0.49 0.77
Hexachlorobenzene 2848 502 221.4 —2.06 —1.84 0.68
Hexabromobenzene 551.5 579 250.8 —-2.83 -3.14 1.20
4-Monochlorobiphenyl 188.7 351 205.5 -0.55 -0.22 0.56
4,4’-Dichlorobiphenyl 223.1 422 226.4 -1.26 -1.15 0.78
2,4,5-Trichlorohipheny! 257.5 351 247.3 —0.54 -0.75 1.12
2,2',5,5'-Tetrachlorobiphenyl 292.0 360 268.2 -0.64 -0.63 0.89
2,3,4,5-Tetrachlorobiphenyl 292.0 364 268.2 -0.68 -0.85 1.07

acachlorobipheny! 487.7 579 393.6 —2.83 —-2.77 0.84
:;phthalene 128.2 353 148 -0.57 -0.02° 0.34
siphenyl 154.2 343 185 -0.47 -0.16° 0.59
Acenaphtene 154.2 369 173 -0.73 -0.59° 0.76
Fluorene 154.2 389 188 -0.93 —-0.65° 0.62
1-Methylfluorene 168.2 358 210 -0.62 —-0.53° 0.80
Anthracene 178.2 489 197 -1.93 —-1.93° 0.89
Phenanthrene 178.2 374 199 -0.78 —-0.40° 0.51
Fluoranthene 202.3 384 217 -0.88 -0.76° 0.78
Pyrene 202.3 429 214 -1.33 —-0.85° 0.42
Chrysene 228.3 528 251 -2.32 —2.70° 1.28
2,3-Benzofiuorene 216.3 482 240 -1.86 —1.75° 0.79
Perylene 252.3 550 263 —2.54 —2.52° 0.87
1,2,5,6-Dibenzanthracene 2784 539 300 —-2.43 -3.03° 1.49
Atrazine 2157 450 262.6 —1.54 -1.32 0.67
DDT 354.5 382 363.5 —0.86 -1.09 1.12
Hexachlorocyclohexane 290.8 433 258.6 -1.37 -1.29 0.81
Hexachlorobenzene 284.8 503 221.4 —-2.07 -1.82 0.64
1,4-Dichiorobenzene 147.0 326 137.8 -0.30 0.25 0.35
Dyes:*
| 516.4 448 535 -1.52 -3.80°¢ 3.18
1l 303.0 498 322 -2.02 -3.48°¢ 2.36
Il 306.5 498 365 —2.02 -3.41°¢ 2.28
v 3117 492 308 -1.96 -3.26°¢ 2.20
\ 418.5 421 526 -1.25 -3.01°¢ 2.65
Vi 393.3 457 514 -1.61 -2.69°¢ 1.98
Vil 396.9 443 438 -1.47 -2.62°¢ 2.05
Vil 498.0 390 503 -0.94 -247°¢ 2.43
IX 343.8 419 404 -1.23 -2.21°¢ 1.88
X 381.5 446 479 -1.50 -2.20°¢ 1.59
Xi 371.0 549 37 -2.53 -4.60° 2.96
X1 307.3 563 326 —-2.67 —4.26° 2.48
Xl 486.8 563 486 —-267 -4.80°¢ 3.02
X 629.5 593 675 -297 -6.10°¢ 4.02
" 726.4 593 763 -2.97 -6.20°¢ 4,12
it 439.8 603 — -3.07 -5.10°¢ 2.92
AIX 312.3 673 267 -3.77 -5.26° 2.39
XX 1100.0 753 933 —-4.57 -7.20°¢ 3.52

“No systematic names are reported by the authors, but structural formulas of the listed dyes can be found in ref 34. ®From ref 19. €From ref 34.
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calculated as the ratio of two error-containing numbers.
. Figure 4 shows that log yw increases linearly with Vg, that
is

log yw = AG, w/RT = 0.0240 (+0.0019)Vg + 1.892
(x£0.69) (17)

n=25r=098

Each 1.0-cm®mol increase in Vg thus causes an increase in
AG,w of 60 (£5) J/mol, in log yw of 0.024 (+0.0019), and a
corresponding reduction in subcooled liquid solubility. There
is no evidence of a significant change in the slope of the log
yw versus Vg, plot, except for chemicals with molar volumes
>300 cm¥/mol. For these chemicals, the experimental error
in yw measurements is rather large and likely to result in
values lower than the actual values, thus slightly reducing
the slope.

Since yo and yy data are less accurate, their interpretation
is more difficult. Figures 3 and 4, however, indicate that log
vo and log vy also increase linearly with Vg, that is

log Y0 = AGso/RT = 0.00540 (+0.00075)Vs — 0.281
(+0.865) (18)

n = 48, r = 0.87

log yo = AGso/RT = 0.00418 (+£0.00148)Vg + 0.0716
(x£0.54D) (19)

n=25r=0.71

log yi = AGi/RT = 0.00884 (+0.00202)Vg — 0.948
(£0.739) (20)

n=25r=0._84

Also, no profound change in behavior occurs when Vg be-
comes large. Equation 18 applies to data derived from 1-
octanol solubilities and eq 19 applies to data deduced from
Kow. The striking feature is that a 1.0-cm®mol increase in
Vs causes AG, o and AG, y to increase by 12 =4 and 22 +5
Jd/mol, respectively, and log yo and log yy to increase by
0.0048 (+0.0015) and 0.0088 (+0.0020), respectively, effects
that are much less than that in water.

Figure 4 shows that log ym tends to follow a parabolic

5

34

log Yo

0

T T T T T i T T ]
100 200 300 400 500 600 700 800 900 1000
V. (em®/mol)
Figure 3—Logarithm of the activity coefficients in 1-octanol (log yo)

versus the molar volume of the solute (V).
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relationship with respect to Vg, that is,

log ym = AGsw/RT = 0.00320 (£0.00040)(VE/100) —
1.11 (+0.262) (21

n=25r =094

This results in an increase in AG;n and log yy, for a 1.0-
em®/mol increase in Vg, which is approximately linearly
dependent on Vg [i.e., respectively, 0.16 (x0.02)Vg J/mol and
6.4 (+0.8)1073V;). For chemicals with Vg values ranging
from 100 to 230 cm®mol, this implies that a 1.0-cm%mol
increase in Vg causes AG; y to increase by 16 to 37 J/mol, and
log yu to increase by 0.0064 to 0.015, increases that are
approximately similar to those in l-octanol and n-hexane.
Although similar in slope, yy for chemicals with Vg values
<230 cm®mol tend to be lower in magnitude than yo and yy
(i.e., the solutes show a greater affinity for DMPC than for 1-
octanol and n-hexane). For some chemicals, yy is even lower
than unity (i.e., a negative deviation from Raoult’s law). This
corresponds to the behavior of activity coefficients in glycer-
yltrioleate.?> Beyond 230 cm®mol, yy increases markedly,
resulting in an increase in AG y of 37 J/mol, and in log ym of
0.015 for a 1.0 ecm®mol increase in Vg of a solute of ~230 cm?/
mol, to respectively 64 J/mol and 0.026 for the same increase
in Vg for a solute of 400 em®mol.

Introducing solvatochromic parameters to quantify solute—
solvent interactions did not significantly improve the corre-
lations shown in eqs 18—21.36-37 This may be interpreted as a
confirmation that solute—solvent interactions are relatively
unimportant with respect to cavity formation for the chemi-
cally closely related solutes in this study. It is believed that
experimental error is a major factor affecting the quality of
the correlations. We can thus conclude that chemicals with
molar volumes between 115 and 230 ¢cm®mol show approx:
mately the same behavior in 1-octanol, n-hexane, and DMPC
membranes. Chemicals with molar volumes in the range of
230 to 400 cm®mol show a marked difference in solubility
between membranes and n-hexane or 1-octanol, probably as
a result of a profound increase in free energy of cavity
formation in the membranes.

Discussion

Since this study indicates that, within the molar volume

T
100 200 300 400/100 200 300 400

vs(cm3/mo|)

Figure 4—Logarithms of the activity coefficients in 1-octanol (log yo). n-
hexane (log vy.), DMPC membranes (log yu), and water (log yy,) versus
the molar volume of the solute.



range studied, activity coefficients of nonpolar hydrophobic
organic chemicals in 1l-octanol and n-hexane are linearly
related to the molar volume of the solute, a linear correlation
etween log Kow and log Kyw, based on eq 9, may be
expected and is actually observed:

log Kow = 1.21 (20.13)log Kgw —
1.10 (+0.763) (22)

n=25r=096

For chemicals with molar volumes below ~230 c¢m?%/mol, the
behavior of the activity coefficient in membranes with in-
creasing molar volume corresponds to that in 1-octanol and
n-hexane. Satisfactory correlations between partitioning in
1-octanol or n-hexane and biological phases similar to those
studied here can be expected and indeed are found.238 Under
those conditions, 1-octanol and n-hexane are satisfactory
surrogate phases for biological phases. This is illustrated in
Figure 5 where DMPC vesicles— and liposome-water parti-
tion coefficients, determined by different methods at tem-
peratures between 25 and 28 °C (Table III), are combined
with the DMPC vesicle-water partition coefficients mea-
sured in this study and plotted versus log Kow. Figure 5,
which shows the relationship between log Kyw and log Kow
over 11 orders of magnitude in Kqow, demonstrates that for
chemicals with log Kow between 1 and 5.5, log Kyw and log
Kow are approximately equal and follow a linear correlation:

0.645 (+0.682) (23)

n=25r = 0.96

For chemicals with a log Kow of <1, and thus with relatively

igh aqueous solubilities, this linear relation curves off,
possibly as a result of the different water contents of 1-
octanol and DMPC membranes. For chemicals with log Kow
>5.5, and thus with molar volumes >230 cm?/mo], the linear
correlation breaks down and Kqw does not adequately reflect
the partitioning tendency in membranes any more. Since for
these chemicals membrane activity coefficients seem to fol-
low a distinct parabolic relationship with molar volume, it
follows, after substitution of eq 6 with AG. 5, = AVZin eq 8,
that correlations between log Kyw and log Kow or log Kyw
or any other bulk organic phase-water partition coefficient
are nonlinear and are dependent on the molar volume of the

-2 T T T T T T T T T T —1

-2 -t 0 | 2 3 4 5 6 7 8 9

log K.,

Figure 5—Relationship between the 1-octanolwater partition coeffi-
cient (log Kow) and the DMPC membrane—water partition coefficient
(log Kuw).

solute according to

log Kyw = [1.66 (£0.42) — 0.00237 (+0.00080)Vsllog
Kow — 0.850 (%1.25) (24)

n=25r=091
and

log Kyw = [1.61 (£0.276) — 0.00175
(£0.000487)Vgllog Kyw — 1.36 (+0.908) (25)

n=25r=096

The reason for the breakdown in the relationship between
log Kow and log Kyw appears to be that when solute size
increases, relatively more energy per unit of volume is
required to form a cavity in the structured membrane phase
to accomodate the solute. This is likely to be the result of the
structured nature of the phospholipids in the membrane
phase, and agrees with observations by several authors that
more voluminous branched molecules have lower lecithin—
water partition coefficients than their straight chain ana-
logues, and that the extent to which branching lowers the
partition coefficient is higher in membranes than in bulk
solvents.+345 Molecular volume and shape thus affect activi-
ty coefficients in a structured liquid, such as membranes,
differently from bulk phases, such as 1-octanol and n-hexane,
and these differences tend to become larger with increasing
solute size. This phenomenon may cause a loss of linear
correlation between partition coefficients between “bulk or-
ganic solvents” and water, and “membrane tissue” and water
for fairly large size solutes. This may then cause a break-
down of linear Kqow-based structure-activity relationships.

Finally, we emphasize that the results and discussion

Table lll—Literature Data on Partition Coefficients between Water
and L-a-Phosphatidylcholine Dimyristoyl Membranes (K,w) and
1-Octanol (Kow)

Compound log Kuw log Kow
Methanol -0.680° -0.70¢
Ethanol -0.3507 -0.26¢
n-Propyl alcohol 0.1232 0.28¢
Isopropy! alcohol —0.1452 0.05¢
t-Butyl alcohol 0.0272 0.36¢
Cyclohexanol 0.906° 1.23¢
Urea -0.6327 -1.09¢
Ethylene glycol —-0.930° -1.93°
Glycero! -1.2907 ~1.76°
Butyramide —0.289° -0.21¢
Ethylacetate 0.4077 0.70¢
n-Butyl alcoho! 0.5067 0.88°
Acetone 0.027¢ —0.24°
Ethrane 1.450° 2.10¢
Trichloroethylene 1.040° 2.29¢
Halothane 1.170° 2.30¢
Chioroform 1.470° 1.96¢
Diethylether —0.274° 0.80¢
Ethano! -1.320° -0.267
p-Fluorophenol 2.010° 1.794
p-Chiorophenol 2.390° 2.40¢
p-Bromophenol 2.450° 2.667
p-lodophenol 2.610° 2.92°
p-Methylphenol 2.350°¢ 1.944
p-Ethylphenol 2.750° 2.42¢
p-(n-Propyl)phenoi 2.890° 2.90'
p-(n-Butyl)phenol 3.190° 3.38'

2From ref 39 and (0J) in Figure 5. ®From ref 18 and (O) in Figure 5.
°From ref 40 and (A) in Figure 5. “From ref 41. °From ref 42,
'Calculated from log Kow of p-ethylphenol with a m-value of 0.48 for
each —CH,- group.
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presented here are based on data obtained from relatively
few solutes and solvents. In particular, the solutes comprise a
relatively restricted class of chemicals which are nonpolar in
nature. Other classes of chemicals may behave differently. It
is thus essential to obtain data from a wider range of
chemicals before the generality of this approach can be
ascertained. If it can be demonstrated for chemicals of
different chemical nature that the model membranes used in
this study indeed resemble the partitioning characteristics of
membrane or lipid tissue in organisms, membrane-water
partition coefficients may be a more reliable predictor and
basis for QSARs than Ky, especially for high molar volume
chemicals.
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