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Evidence that interfacial transport is rate-limiting during passive
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The octanol to water overall transfer rate constants (k_,), the octanol /water partition coefficients (K,.) and the
diffusion coefficients in octanol (D, ) and water (D, ) were measured for 36 compounds. A plot of D,/ k., as a function
of D,- K, /D, was shown to fit a straight line for compounds having a high K pes and from the slope of this line, the
thickness of the unstirred layer in the wa:or phase was found to be 9.1 pm. Using this value and the data provided by
compounds having a low K ., an estimate of 1.2 pm was obtained for the thickness of the unstirred layer in the octanol
phase. This provided estimates for the true interfacial rate constants, k,,, (for movement of a compound from octanol
into water) and k,, (for movement in the opposite direction), which were corrected for the effects of the unstirred
layers. k,,, proved to be constant to within one order of magnitude for a series of compounds whose K pc Values ranged
over three orders of magnitude, while &, for these same compounds varied directly as X pe- Assuming that octanol has
solvent properties similar to those of the lipid bilayer present in natural membranes, the permeability of these
membranes to a given compound can be shown to be equal to &, /2. Comparing the permeabilities calculated in this
way to measured permeabilities of natural membranes showed them to be of the same order or saller. These data are
consistent with a proposal that the rate-limiting step in passive membrane permeation is not the ra.e of diffusion within
the membrane iiself, but rather, transfer of the permeant across the interfaces separating the lipid phase of the cell

membrane from the aqueous phases on either side of it.

Introdnction

The plasmalemma of most living cells has as its core
a bilipid layer. This layer is generally assumed to be the
main barrier to movement of compounds in and out of
the cell — the evidence for this being that the rate of
movement of a specific compound into the cell is pro-
portional to its oil-water partition coefficient (K).
This is generally true for compounds with a large K,
but fo- many small compounds, and those with low K.
the relationship does not appear to be clear cut [1].

In an earlier paper [2] it was pointed out that in
passing through the plasmalemma, or cell membrane, a
compound not only has to traverse the bilayer but must
also move across an interface between the water and
lipid phases on either side of the bilayer. If k&, is the
rate constant for passage of the compound from water
into the organic phase (the bilayer) and k_, is the rate
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constant in the opposite direction, then the overall
membrane permeability constant will be P, =k, -
P/(k,, + 2P), where P, the permeability of the bilayer,
=D/8, D being the diffusion coefficient of the com-
pound in the bilayer and 8 the bilayer thickness. From
this expression it follows that if the slow step in permea-
tion of the membrane is the movement through the
bilayer, (i.e. if P < k_,) the rate constant for permea-
tion will be =K - P, since the partition coefficient,
Kpc = kyo/kow- On the other hand, if P>k, and
interfacial transport is rate-limiting, the rate constant
will approximate & /2.

Diffusion coefficients usually vary as the cube root
of the molecular weight of the compound and therefore
P is unlikely to provide the wide range of values neces-
sary to account for the range of permeation rates usu-
ally found in living cells, which may be as high as four
orders of magnitude. Partition coefficients, on the other
hand, and presumably the interfacial transport con-
stants of which they are composed, vary over many
orders of magnitude and therefore could account for the
range of permeation rates. Partition coefficients are
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readily measured and a large number are listed in the
literature, allowing comparisons between them and cel-
lular transports to be made [1}. The interfacial transport
constants are much more difficult to determine, how-
ever, and relatively few have been reported, so that one
cannot, at the moment, correlate their values with those
of membrane transport. In the present work, k,, and
K. were measured for 36 compounds of widely differ-
ing chemical structure, together with their diffusion
coefficients, in an octanol-water system and k,, for
each calculated.

The technique used to measure k,,, is that described
in the original report [2] where water and the lower
straight chain alcohols were investigated. This technique
employs two types of apparatus. In the first (apparatus
A), a 30-p1 drop of octanol was suspended in a moving
stream of an aqueous solution of the compound under
investigation for a known time, removed and the amount
of compound it contained determined. Repeating this
procedure with a number of drops over different time
intervals allowed k_, to be determined. During pro-
longed suspensions, the concentration in the drop
reached a steady value, and divisicn of this value by
that of the concentration in the aqueous solution, pro-
vided an estimate of K .. The second apparatus (B) was
the same as the first with the exception that an aqueous
drop was suspended in an octanol solution of the com-
pound. In this case, however, the rate constant de-
termined was k.

This work was criticized by Hladky [3] who felt that
the resistance to movement imposed by the unstirred
layers on either side of the interface would mask that of
interfacial transport. Hladky showed that under
steady-state conditions, the apparent rate constant, k_,,,
would be related to the tiue rate constant, k,, by the
expression

. keyPoP,
kow = PP, T knoPy + ko Py M

where P, and P, are the permeabilities of the octanol
unstirred layer (o.u.l) and the water unstirred layer
(w.ul), respectively. If D, and D, are the diffusion
coefficients of a compound in octanol and water, and 8,
and 8, are the thicknesses of the o.u.l. and w.u.l,, then
P,=D,/8, and P, =D,/8,. Thus, remembering that
Kpc='kwo/k0w, Eqn. 1 may be rearranged to the ex-
pression

,g° = %:Kpcsw + Lo +8, )

ow k ow

If, as Hladky coniends, k, is very large, or 8§ >
D,/k,, for all compounds, Eqn. 2 is reduced to the
form

&=—°K S, +8
kow Dy e T (22)

which predicts that a plot of D /k., as a function of
D,K,./D, for a number of compounds should be a
straight line with slope 8, and intercept =§,. Hladky
showed that this appeared to be true for the data
obtained in the original paper [2}, since, when plotted in
this way they can be fitted to a straight line whose slope
provides a value for 8, of 9 um and whose intercept =
8,= 6 pm. A similar plot using the results listed here is
made, and it is shown that while data for those com-
pounds with a large K. can be fited to a straight line,
those obtained from compounds having a K. in the
lower range cannot, leading to the conclusion that for
these latter compounds, k_, must be of the same order
or smaller than P, and P, - thus confirming the con-
clusion reached in the original paper [2].

Experimental

The octanol to water rate constants (k_,) and the
partition coefficients (K,.) were measured at 25°C
using the octanol drop apparatus (apparatus A) and the
methods previously described [2].

Diffusion coefficients in both octanol (D) and water
(D,,) were determined at 25°C by the capillary tube
method [4,5]. In this method, thin capillary diffusion
tubes were filled with a water or octanol solution of the
compound under investigation and immersed in a ther-
mostated bath of the same solvent for an appropriate
time interval. The diffusion tubes were then removed
and placed in centrifuge tubes made from 2 mm id.
pyrex capillary tubing of the form shown in the inset,
Fig. 1. They were then spun in a swinging bucket
centrifuge at 3000-4000 X g for 1 min with the closed
end of the capillary resting on the restriction in the
centrifuge tube. This procedure removed all solvent
from the outside of the capillary tube which was then
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Fig. 1. Graph: plot of the maximum etror, E,,, in the determination
of the diffusion coefficient as a function of 100C, /C,, the percentage
of the compound remainmg. The error in the concentrations, AC, is
taken as 0.1% of C,. See text for explanation. Inset: A is the
centrifuge tube with the diffusion tube, B, inserted in it, in position
for transfer of the solution from B to A by centrifugation.



transferred to a second centrifuge tube, this time with
its open end inside the latter, where it was again centri-
fuged, and the solution it contained completely trans-
ferred to the centrifuge tube. This solution was mixed
by forcing it in and out of a syringe several times after
which samples were taken for analysis. The diffusion
coefficient was calculated using the equation [5]

412 8 C
p="m(5-2) 3)

where D is the diffusion coefficient, L is the length of
the capillary tube, C, is the concentration of the origi-
nal solution, and C, the average concentration of the
contents of the capillary after time 7.

The capillary tubes were made from replacement
bores for Drummond microdispensers available from
Fisher Scientific (whose catalogue number is 21-169A
for a 10-pl bore and 21-169C for a 25-ul bore). These
tubes are ideal for the present use since they have a
highly uniform diameter throughout their length. The
10-p1 tubes employed in the aqueous diffusion measure-
ments (which have an internal diameter of 0.7 mm)
were cut in half to give a length of 4.5 cm, and the
broken end sealed by rotating in a flame. For the
octanol diffusion measurements, the 25-u1 tubes (whose
internal diameter was 1.1 mm) were similarly treated
but were cut to about 2.2 cm. Before being filled, the
lengths of the tubes were determined to the nearest 0.01
mm using a cathetometer. Since the time and lengih
could be determined with considerable accuracy, the
main source of errors probably resided in the de-
termination of the concentrations. To estimate the ef-
fect of these errors, the following analysis is useful, If C,
and C, are the true values of the concentrations, then
according to Eqn. 3, for a given time interval the true
diffusion coefficient will be D = A4 In(BC,/C,), where
A=4L%/7% and B=8/7% Suppose AC is a constant
error in the determination of the concentrations, then
D, =A In( B(C, + AC)/(C, — AC)) will be the value for
D at maximum error, and the maximum percentage
error will be £, =100(D,— D)/D. In Fig. 1, E_, is
plotted against 100C,/C, and it can be seen that the
lowest error occurs at a time for which 24% of the
compound remains. In the present work, the times were
selected such that the amount of compound remaining
was in the range 18-30%.

Resuits

Table 1 iists the results of the various measurements
and these are plotted in Fig. 2 according to Eqn. 2a as
D,/kg, vs. D,K,./D,. Note that the numbering of the
compounds in the table increases as their value of
D,K,./D, increases, i.e. as the distance this ratio is
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TABLE I

Parution coefficients, rate constants and diffusion coeffictents i water
and octanol

The rate constants are in unts of pm s~ ! and the diffusion coeffi-
cients are n pm?® s "',

No.  Compound Ko koo D, D,
1 Tetraethylene glycol  0.0239 262 592 107
2 Water 00525 445 2340° 270"
3 Ethylene glycol 00606 407 1178 164
4 Acetamide 00692 392 1320° 164
5 1,3-Butanediol 0.164 295 980° 146
6 Methyl carbamate 0.230 515 1240 136
7 Propionamde 0.189 310 1057 145
8  Methanol 0225 478 1700 234
S 1.5-Pentanediol 0.372 218 865 124
10 Acetic acid 0.481 328 1153 181
11 Buiyramide 0573 268 1070" 151
12 Ethanol 0.487 420 1286 224
13 Urethane 0.716 357 1066 212
14 1.6-Hexanediol 0945 28.3 747 128
15 Pinacol 0.885 150 745 151
16 Isopropanol 1.20 332 1067 203
17 Isovaleramide i.54 27z 855 127
18 n-Valeramide 2.35 203 954 133
19 Ethyl acetoacetate 1.49 20.7 723 169
20 n-Propanol 206 270 1140 212
21 t-Butanol 217 225 885 157
2 Ethyl acetate 3.59 220 1056 166 *
23 2-Butanol 3.64 174 908 181
24 Butylcarbitol 4.69 12.7 830° 141 ¢
25 Isobutanol 5.96 120 970 193
26 n-Butanol 7.08 1.2 1027 196 ©
27 Aniline 8.65 10.8 1039 164 *
28 t-Amyl alcohol 5.81 10.6 761 182
29 r-Amylamine 794 917 867 175
30 2-Picohne 9.54 784 928 203
k)| Benzyl alcohol 13.02 705 946 196
32 Vaniilin 16.44 4.24 726 142
33 Methoxyphenol 21.05 430 815 141°¢
34 Phenylacetic acid 2545 377 933 163
35 n-Valeric acid 29.30 341 932 172
36 Phenol 30.95 287 980 178

* Value from Ref. 6.
® Values from Ref. 7.
¢ Estimated from other data in this table.

plotted from the ordinate. A second plot of compounds
one to 22 is made in Fig. 3.

Discussion

Fig. 2 shows that all the data taken together appear
to fit Eqn. 2a over a wide range, and provide a value of
9.1+ 0.2 pm for §,. A closer examination shows, how-
ever, that the fit to Egn. 2a does not apply for all the
compounds. This is illustrated in Fig. 3 where the data
obtained on the 22 compounds having the lowest K.
are replotted. Here it can be seen that there is consider-
able scattering of the plotted data which we might
conclude initially is due to experimental error. This



78

70
36
60 | °
50| 035
34

320" 033

31

3 4 5 6 7

Do Kpc / Dw

Fig. 2. Plot of the data according to Eqn. 2a. All the data in Table 1
are plotted in this graph as open circles with the numbers beside them
referring to the compounds as numbered in this table. These numbers
increase as their distance along the abscissa increases. The solid line is
a regression on all the points and bas a slope of 9.08£023 pm, an
intercept of 4.30 1+ 0.39 pm, and a correlation coefficient of 0.99.

error is unlikely to be random, however, since in the
previous work [2,8] it was shown that rate measure-
ments are usually good to better than +10% for a given
compound, whereas the difference between the rates
predicted by Eqn. 2a and those measured for various
compounds is much greater. Systematic errors, such as
those produced by the presence of impurities, are un-
likely to account for rates which are too high. On the
other hand, the low value for k., for compounds such
as pinacol (number 15) might result from the presence
of surface active impurities. These, as was pointed out
in the previous publication [8], can inhibit stirring within
the drop with a consequent enlargement of unstirred
layers present at the interface and a reduction in the
overall rate of transfer across the interface. To test for
the presence of such impurities, the measurements on
pinacol, the compound having the widest positive devia-
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Fig. 3. The data for compounds numbered 1 to 22 in Table I are

plotted here according to Eqn. 2a. The dotted line is the same as the

solid line in Fig. 2, which is a regression on all the data listed in
Table L.

tion from the straight line in Fig. 3, were repeated on a
recrystallized sample. This produced little change in the
value of k., and a second quantity of this compound
was ordered from the manufacturer. Again the measure-
ments showed no significant difference from the origi-
nal value, forcing the conclusion that the scatter among
points in Fig. 3 does not arise from any known experi-
mental error. An alternate explanation for these dis-
crepancies is that the assumption on which the plot in
Fig. 2 is based, i.e. that k_,, is very large relative to the
other constants in Eqn. 2, is not valid for these less lipid
soluble compounds and we shall now examine this
possibility.
Eqn. 2 can be rearranged to the form

Using this equation, a lower limit for P, for each
compound can be estimated by assuming that %k, is
infinitely large, and from this, a upper limit for &, can
be obtained. This calculation was made for each of the
compounds listed in Table I, with §,=9.1 pm, and
listed in column 2 of Table II. At the same time the
ratio of the residue, R, to 1/k_,, was calculated as a
percentage for each compound and listed in column 3
of Table II as the ‘confidence ratio’. The significance of
this ratio is that since the maximum value of 1 /P, (and
therefore §,) is calculated as the difference between the
measured quantities 1/, and K -8,/D, (see Eqn.
2), the errors in this calculation will increase as the
difference decreases relative to the larger of the two
quantities (usually 1/k_,). Thus, this ratio provides an
indication of the confidence which one might have in
the result since the errors will be lower the larger this
relative difference.

8, ranges from 2.4 pm for methyl carbamate and
ethyl acetate, and 2.6 pm for isovaleramide, to 8.4 um
for pinacol. However, as these are upper limits, the
iowest, 2.4 pm, must be accepted as the true (or overall)
upper limit. Substituting this value together with other
known quantities into expression 2 rearranged to the
form

1
B (l/k(;w)_(szpc/Dw)_‘(so/Do)

kDW

allows us to calculate &, the true rate constant. Since
2.4 pm is the largest 8, can be, this calculation results in
a maximum value for k. On the other hand, substitut-
ing the lowest possible value for 8, (which, of course, is
zero) into this equation provides a minimum estimate of
k,w. These calculation have been made and the mini-
mum and maximum estimates for &, listed in Table II.
A similar listing for k,, (found by multiplying %, by
K ) is also included in Table II. The confidence ratios



TABLE 11

Estimated values for 8, and the rate censtants
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The values in column 2 are estimated maximum values for 8, 1n gm. The vlaues of the rate constants are reported as pm s~ . The confidence ratios
are an indication of the reliability of §, and the lower values of the rate constants. (Sce iext for explanation). Calculations on the data for

compounds 33-35 are not complete due to their low confidence ratios.

Compound 8, Confidence Minimum-maximum 8,=12 um
ratio
kow kvm kow k\tn
1 Tetraethylene glycol 42 99 27- 65 06- 16 38 1
2 Water 6.0 99 45- 75 2 - 4 56 3
3 Ethylene glycol 4.0 98 42-110 3 - 6 60 4
4 Acetamide 4.1 98 40~ 96 3 - 7 56 4
5 1,3-Butanediol 47 9 31- 63 s - 10 41 7
6 Methyl carbamate 24 91 56-0 13 - 110 26
7 Propionamide 44 95 33-71 6 - 13 45 9
8 Methanol 46 94 51-110 11 - 24 69 5
9 1,5-Pentanediol 5.2 92 24- M4 9 - 17 31 12
10 Acetic acid 48 88 35- 74 18 - 36 50 24
11 Butyramide 49 87 31- 60 18 - 35 41 23
12 Ethanol 46 86 49-100 24 - 51 67 33
13 Urethane 16 78 46— 95 33 - 68 62 a4
14 1,6-Hexanedol 1.0 67 42-2C0 40 - 190 70 66
15 Pinacol 84 84 18- 25 16 - 22 21 1%
16 Isopropanol 4.0 66 50-120 60 - 150 2 86
17 Isovaleranude 2.6 55 49-680 76 -1000 92 140
18 n-Valeramide 36 55 37-110 88 - 270 56 130
19 Ethyl acetoacetate 50 61 34- 65 50 - 97 45 66
20 n-Propanol 44 56 49-110 100 - 220 67 140
21 s-Butanol 35 50 45-150 98 - 320 69 150
22 Ethyl acetate 24 32 68-0o0 250 -0 140 490
23 2-Butanol 3.8 37 48-130 170 - 470 69 250
24 Butylcarbitol 39 35 37- 97 170 - 460 53 250
25 Isobutanol 53 33 36- 66 220 - 390 47 280
26 n-Butanol 5.2 30 38- 70 270 - 490 49 350
27 Aniline 2.8 18 58-400 510 -3500 100 880
28 +-Amyl alcohol 45 26 40- 85 230 - 500 55 320
29 -Amylanune 45 24 39- 83 310 - 660 53 420
30 2-Picoline 6.9 27 29- 45 280 - 430 36 340
31 Benzy! alcohol 32 12 61-250 800 -3200 98 1300
32 Vanillin 42 13 34- 78 550 -1300 47 770
33 Methoxyphenol -03 -1
34 Phenylacetic acid 28 6
35 n-Valenic acid 1.2 2
36 Phenol 109 18 16- 21 510 - 650 18 570

in Table I apply to the minimum values of the rate
constants, but not to the much less reliable maximum
values.

It is unlikely that §, would be as large as 2.4 pm
since this would make k,, for methyl carbamate in-
finitely large, while that for all other compounds near it
in Table II are less than 100 pm s~'. On the other hand
it is also unlikely to be zero, leaving the best estimate as
an average of these two extremes — 1.2 pm. For the
purpose of further discussion this value was adopted in
calculating the estimates for the rate constants listed in
the last two columns of Table Il

Perhaps one of the most striking features of these
results is that the range of values for k, is so narrow
(one order of magnitude) in spite of a wide range for

the values of K, (greater than three orders of magni-
tude). On the other hand, &, varies in proportion to
K. These facts are illustrated in Fig. 4 where the iwo
rate constants are plotted against the partition coeffi-
cients and fitted with regression lines. The latter has a
slope of virtually zero for the k,, data and, since
koo =Ky~ kow, a slope of one is obtained for the &,
data. It was shown previously [2] that if movement
across the interface is the rate-limiting step in mem-
brane transport, the membrane permezbility constants,
P, will equal k,,/2. It is a well established observation
that the permeability constants for most cells vary di-
rectly as K. and therefore the assumption that interfa-
cial transport is rate-limiting is consistent with this
observation, at least in a qualitative sense, since, as we
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Fig. 4. Plot of the rate constants calculated with the assumption that
8, =1.2 pm (Table IT) vs. the partition coefficients as listed in Table I.
Solid circles: k,, data; open circles: k,, data. The solid line is a
regression on the k., data and has a slope of 0.001+0.04 pm 57" and

an intercept with log(K ;) =0at 1.74£0.03 um s~ !, The broken line
is a regression on the k,,, data and has a slope of 1.00+0.04 pm s~ 1

an intercept with log (K,.)=0 at 1744003 pm s~! and a correla-
tion coefficient of 0.97.

have just seen, a calcuiated P, would vary as k,,
which in turn varies as K.

The scattering of the data points around the regres-
sion lines in Fig. 4 is no doubt due in part to experi-
mental error. However, a major part of the scattering
must also be due to physical causes arising from the
variety of chemical structures of the compounds tested.
This is perhaps best illustrated by the compounds
pinacol (HOC(CH,),C(CH;),0OH) and methyl carba-
mate (H,NCO,CH ), which, although they exhibit simi-
lar water-octanol transfer rate constants (k,, =19 and
26 pm s” !, respectively) have widely differing k,, val-
ues (21 and 110 pm s~ ', respectively). This may possi-
bly be due to the methyl groups shielding each hydroxyl
group on the pinacol molecule, thus slowing the hydra-
tion of the hydroxyl groups during entry into the water
phase, and, at the same time, ease its entry into the
organic phase. Such speculation is premature, however,
in the absence of measurements on a greater variety of
compounds.

Brodin and Agren [9] measured the rate of mass
transfer across a cyclohexane/water interface using a
similar moving drop technique to that used here. Al-
though they did not make allowances for unstirred
layers in their calculations, assuming them to be negligi-
ble, it is interesting to note that their values for k.,
were similar to those reported here, ranging from 10 to
100 pm s~! in spite of a wide range in partition
coefficients (0.4 to 160000). The similarity in absolute
values of the rate constants io those reported here is
also significant in view of the much more lipophilic
organic phase they employed, since it seems to indicate
that the nature of the organic phase is not important in
determining the rate of movement of a compound into
the water phase (k).

Measurements of interfacial transport rates have also

been made using the rotating diffusion cell [10,11]. In
this procedure, the organic phase, which is contained
within a Millipore filter disk whose pores it completely
fills, separates two compartments containing the aque-
ous phases. Intense stirring of the aquecus phases is
possible since the surfaces of the interface are not
disturbed by the stirring and their areas therefore re-
main constant. Thus by measuring the rate of transport
of substances between the two aqueous compartments
as a function of the degree of stirring, and extrapolating
to an infinite stirring rate, the effect of unstirred layers
in the aqueous phases can be eliminated. At the same
time, the unstirred layer in the organic phase is defined
by the thickness of the filter disk which is usually 150
pm, This imposes a permeability constant, P,, of ap-
proximately 7 pm s~ ! for compounds with a diffusion
coefficient of 1000 pm? s~', as found for most com-
pounds in water. If octanol were the organic phase,
however, P, would be only about 1 pm s~'. Thus
meaningful measurements with this system (which mea-
sures k) can only be made on compounds having low
partition coefficients and thus low values for k. Nev-
ertheless, despite this and other criticisms levelled at
this method, the results reported for it are similar to
those reported here in spite of a wide variety of solutes
and solvents used. For example, Guy, Aquino and
Honda [10] found values for &, between 18 and 30 pm
s~! for salicylic acid and methyl nicotinate moving
through a layer of C, of C,, hydrocarbons while Flem-
ing, Guy and Hadgraft [11] found %, to be 10 pm s™!
for the movement of methyl nicotinate from isopropyl
myristate into water. These results further confirm the
conclusion that k_, is constant to within an order of
magnitude regardless of the chemical structure of the
compound and of the nature of the organic phase.

Stein [1] culled from the literature a number of what
he considered to be reliable values of ‘basal permeabili-
ties’ of human red blood cells to nonelectrolyte mole-
cules. The term ‘basal’ suggests that the membrane
permeabilities, P,, are unaffected by specific transport
systems, or that they are purely passive in nature. In
Table III, a number of these values are compared to
those derived from the present data using the relation-
ship P (calculated) = k,,,/2 [2]. This comparison shows
that for the smaller molecules, water and methanol, the
measured values are larger than those calculated. This
may reflect the presence of small pores in the natural
membrane through which these molecules can diffuse.
For the remaining molecules, however, the rates appear
to be similar, in spite of the fact that the solvent
properties of octanol may not correspond closely to
those of the lipid bilayer in the membranes. Had we
chosen a more lipophilic solvent, for example, K. and
consequently the calculated P, values, would have been
greater for lipophilic compounds, but less for more
lipophobic compounds.



TABLE II1
Comparison of measured to calculated permeability coefficients

The values for the measured permeabilities, P,, were taken from
Stein’s Table 2.1 [1]. MW is the molecular weight of the compound.
Calculated permeability coefficients are reported as &, /2. The val-
ues for k,,, used are listed in Table 11 with §,=12 pm s~

Compound MW P, koo/2
Water 18 12 1.5
Methanol 32 37 78
Ethanol 46 21 16
n-Propanol 60 65 69
Ethylene glycol 62 0.29 1.8

But even if the resistance to movement of molecules
which is imposed by the lipid bilayer/water interface
were no greater than that of octanol/water, it would
still be high enough to account for the permeability of
natural membranes. By contrast, there is no direct ex-
perimental evidence that the diffusion coefficients of
compounds in the transverse direction within the bi-
layer are 3-4 orders of magnitude lower than they are
in water, which they would have to be, to be rate-limit-
ing during permeation. Thus we may conclude that the
lipid bilayer in the plasmalemma may act as a barrier to
the movement of molecules. =ut be restricting their
diffusion as Stein suggests {1], but by requiring them to
negotiate a transfer from water to a lipid phase and
back again. This, in turn, necessitates the rupturing of

81

bonds bet'veen the permeant and water molecules, re-
placing them with bonds to molecules in the lipid phase,
then reversing this process, with all the consequent
enthalpic and entropic restrictions, and it may well be
these restrictions which inhibits the free movement of
molecules through the cell membrane.
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