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SUMMARY

The use of R,, values in reversed-phase thin-layer chromatography as a param-
eter for the hydrophobicity of a compound is limited by the fact that the R, values
depend on the composition of the mobile phase. A possible explanation for this
dependence is given and a hydrophobic parameter is suggested that is independent of
the concentration of the organic component in the mobile phase.

INTRODUCTION

The hydrophobicity of drugs is important with regard to their biological ac-
tivity, and a knowledge of the hydrophobicity is essential for establishing quantitative
structure—activity relationships. The R,, values in reversed-phase thin-layer chroma-
tography (RPTLC) are suitable for the description of the hydrophobicity of com-
pounds because they can be determined very easily!-2.

In RPTLC the stationary phase is non-polar [for instance, silica gel, impreg-
nated with silicone oil or silanized silica gel PF,;, (Merck, Darmstadt, G.F.R.)] and
the mobile phase is polar (e.g., water—acetone mixtures). The R,, values depend on
the concentration of the organic component (acetone) in the mobile phase!. On
plotting the R,, values versus the concentration of the organic component in the
mobile phase, straight lines with different slopes for different compounds (i) result:

R, ,=a

e, i i bszn (l)
with

ZAn = VAn/( VAn + VH;O) (2)
where V,, is the volume of acetone in the mobile phase and V' o the volume of water.

0021-9673/81/0000-0000/502.50 © 1981 Elsevier Scientific Publishing Company



70 1. DRAFFEHN, K. PONSOLD, B. SCHONECKER

Taking R,, values estimated at different compositions of the mobile phase,
different correlations with biological activities are possible. For this reason, a general
problem arises when using R,, values as a hydrophobic parameter. Therefore, we
looked for a hydrophobic parameter on the basis of R,, values but independent of the
composition of the mobile phase.

In an earlier paper we discussed the influence of neighbouring groups on the
hydrophobicity of substituents®. The change in hydrophobicity of such a substituent
by a neighbouring group was interpreted by the disturbance of the hydrate envelope
around the substituent. The results obtained in studying this intramolecular interac-
tion have now been used to explain the different slopes of the straight lines between
R, values and the concentration of the organic component in the mobile phase. A
second model for the interpretation is based on thermodynamic principles. Both
models yield equivalent results.

RESULTS AND DISCUSSION

As a measure of hydrophobicity that is independent of the portion of the
organic component, we propose a parameter that is obtained from the area below the
straight line according to eqn. 1 (Fig. 1).
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Fig. 1. Plot of R,, values versus concentration of organic component (acetone) in the mobile phase.

+ The difference between the areas above and below the z,, axis within the
limits* from z,,, = 0.25 to 0.75 is expressed by the integral

aJb; ) 0.75
Fp= | (a; — bizpy) dza, + § (a; — biza,) dza, 3)
0.25 alb,

Solving this integral yields
Fp = (2a; — by)/4 4

* Integration within these limits to exclude deviations from linearity.
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This expression should be considered as a measure of the hydrophobicity. Of course,
another expression is conceivable: only the area over the z,, axis or the sum of the
areas, for instance. Our intention is to obtain a parameter of hydrophobicity that is
independent of partition of the mobile phase and possibly more reliable than a value
that refers to any concentration, because the complete functional expression (eqn. 1)
serves for the specification of the hydrophobicity.

A hydrophobic increment of substituents is defined analogous to the 7 values
or the AR, values:

AFy = Fp(X) — Fp(H). &)
In Table I, data for steroids with a hydroxyl group in the 17f-position and a 16a-

hetero substituent and steroids with only a 16x«-substituent are given.

oH
-X

@k (T T
CHaO : I CH1O'

Table I includes the coefficients in eqn. 1, the correlation coefficient r (number
of data points n = 4), the Fy, and AFy, values, the z values of Hansch er al.* and the ¥
(= Vw — Vy) values of Moriguchi er al.>.

The AF, values yield significant correlations with other hydrophobic param-
eters, e.g., the = values of Hansch ef al. and the V; values of Moriguchi et ai.:

176-H:

AF, = —0.142 (1 0.048) + 0.185 (£ 0.046) «,, 6)
n=1i0; r = 0.942; ¢t = 7.51; x < 0.001;

178-OH:

AFp = —0.024 (+ 0.021) + 0.116 (+ 0.020) 7,, (7
n=10;r = 0.963; r = 10.15; « < 0.001;

178-H:

4Fy = —0.119 (£ 0.019) + 0.451 (£ 0.045) V' (8)
n=10;r = 0971; ¢t = 9.99; a« <« 0.001;

174-OH:

AF, = —0.013 (4 0.011) + 0.276 (£ 0.026) I, 9)

n=10;r = 0.992; r = 18.86; « < 0.001.

These equations show that the Fy, values are suitable as a hydrophobic parameter in
reversed-phase thin-layer chromatography. The equations also show that the corre-
lation is not improved over the correlation of R, (0) or R,,(0.45) values?. The reason
may be the correlation between b; and a; (see below) in the case of the steroids
investigated; perhaps such a correlation does not exist for other substances class.
The change in hydrophobicity of the 16x-hetero substituent by intramolecular
interaction with the 178-hydroxyl group is atiributed to a decrease in the number of
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TABLE 1
HYDROPHOBIC DATA FOR STEROIDS

% 178-H 178-OH . v,
a; b,‘ r F D AF, D a; bi r F, D AF, D

H 381 497 099 0.66 0 231 328 099 034 0 0 0.056
OH 219 311 099 032 —-034 1.54 226 090 0.20 —0.14 —0.67 —0.403

Br 3.78 484 097 0.68 0.02 238 3.1 098 042 0.08 0386 0.244

N, 362 463 096 0.65 —0.01 240 3.17 098 041 0.07 046 0.281
SCN 324 436 099 053 —0.13 239 343 098 0.34 0 041 0.120%**
SeCN 3.56 493 099 0.55 —0.11 248 352 099 0.36 0.02 0.39*% 0.138%%%
SH 356 475 099 059 —-0.07 228 3.13 098 0.36 0.02 0.39 0.160

NHCOCH,; 213 3.02 099 031 -—-035 i64 251 099 0.19 —0.15 —097 -—-0.556

NCS

439 558 099 0.80 0.14 3.15 431 099 0.50 0.16 L.15 0.438***

SCH,C;H, 508 647 099 092 0.26 368 5.07 099 057 0.23  2.57**% (.887%**

* 71(SeCN) = #(SeCH;) — n(CHj;) + =n(CN).
% 7(SCH.C.Hs) = n(SCH;) + n(CHs).

*k P value from ref. 5.

water contacts in the hydrate envelope around the substituent and the 17f-hydroxyl
group?. This decrease in the number of water contacts has been estimated by a simple
model, assuming the substituents and their hydrate envelopes to be spheres. The
hatched ‘‘overlapping volume™ (Fig. 2) has been calculated as a function of the
substituent in the 160-position.

For the calculation of the effective radius (), a simplified model was used.
Assuming that the hydrate envelope is a spherical shell with volume

V=46 — ) (10)
this volume should be proportional to the polar effect:

V= 4+ 10 Vyp/Vy (1)
A proportionality factor was neglected because only relative volume changes were
included in the following calculations. In these equations, r© is the effective radius, r*

the Van der Waals radius, ¥}, the hydrophilic increment of Moriguchi er al.>-° and Vy,

hydeate shell of OH

- e e
Fig. 2. Calculation model of hydrate envelopes.
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the Van der Waals volume?®. Division of eqn. 11 by the Van der Waals volume resulfs
in standardization to unit volume.

With

™ = 33Vy/an (12)

the following equation is obtained as an expression of the “*effective radius™:

= 3GV 21 + ()
= 0.620 3/(1 + 103 vy + V2)/Vy (13)

The calculation of spherical areas with these “‘effective radii” gives values F [= 4n
(r)?] correlating well with values of the “molecular surface area” (MSA) according to
Hermann’:

MSA

n

= —55.902 (£ 15.662) + 3.499 (£ 0.113) F (14)
= 16; r = 0.998; t = 55.36; « < 0.001

(MSA of alcohols and hydrocarbons from ref. 8. Hence the ““overlapping volume”
follows:

Vg(x) = %75 [héH(3"6H — hoy) + /1)2((31‘;( — hy)l (15)
where

hoy = [(r'):()z — (fou — Ax)Z]/ZAx (16)

hy = [(row)* — (% — AY)?1244 a17)
and

Ay = 1.204 /3.970 + 0.119 r5 + 0.690 (i%)> (18)

(/* is the covalent radius).

TABLE II
ny,0(X) AND /(X)

X nyo(X) h(X)
H 0 0o
OH 0.39 0.26
Br 0.12 0.07
N, 0.24 0.17
SCN 0.31 0.24
NHCOCH, 0.46 0.32
SH 0.18 0.13
NCS 0.28 0.29

SCH,Ph 0.59 0.73
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The following equation yields the number of moles of water forced out of the
hydrate envelope as to X = H:

M7(X) — Y (H)]-6.023-1023A3 mole

18.05-10%* A3 mole (19)

By o(X) =
ny,o(X) = 0.033 [V (X) — V (H)] 20)

(18.05 - 10?* is the molar volume of water in A3). These values are given in Table II.
The relative change in the hydrophobicity of X by the intramolecular interac-
tion with the hydroxyl group was calculated by equation 21:

] <) |

ACX) =1~ 21

RS

These values are also given in Table II.
A good correlation was found between the number of moles of water forced
out of the hydrate envelope and the relative hydrophobic change (eqn. 22):

h(X) = —0.062 (+ 0.101) + 1.077 (£ 0.304) myy o(X) (22)
n = 10;r = 0.920; ¢t = 6.61; « < 0.001

With the estimated number of moles of water forming a hydrate envelope around the
178-hydroxyl and 16«-X substituents without mutual influence ini.0(X)] and with the
estimated number of moles of water not taking part in the formation of the hydrate
envelope [ny, o(X)] as a result of the described intramolecular interaction, one can
calculate the molar fraction of the latter:

X
Xeo(X) = ggzﬁ—xg - 23)

This molar fraction of water corresponds to a defined molar fraction of acetone in the
mobile phase of the chromatographic system:

XaaX) = 1 — xy,o(X) 9

This represents the correlation between the loss of water by intramolecular interac-
tion and the same loss of water caused by an increase in the acetone concentration in
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the mobile phase. As the acetone concentration was calculated as a volume fraction
(Zan), @ transformation was carried out:

Xanl(X)
FHalX) = MH,OA' Oan (25)
Xan(X) + —Aﬁ—o'[l — Xaa(X)]
An  YH,

where My o and M, are the molecular weights of water and acetone, respectively,
and gy o and g,, are their dénsitics.

The slopes of the straight lines according to eqn. I were calculated by eqn. 26
(see also Fig. 1):

Ry (X) [z%.] — Ru(X) [0]

tan «(X) = (26

=0 2£.00 )

The relative change in the hydrophobicity caused by varying the acetone concentra-

tion in the mobile phase from z,, = 0 to =, = =¥, was calculated by means of the
equation

Ry (X) [z40)
2aX) = ————— (27
“ Ry(X) (0] )

Solving eqn. 27 for R,(X) [z%.] and putting this expression into eqn. 26 gives eqn. 28
as an expression for the slopes of the straight lines:

Ry(X) [0] [¢*(X) — 1]

£.(X) (28)

tan a(X) =

Assuming that the decrease in the amount of water in the mobile phase results in a
relative change in hydrophobicity {/*(X)] corresponding to the change in hydropho-
bicity caused by a decreasing in the amount of water [/i((X)] as a result of the intra-
molecular interaction, one can develop the equation

*X) = i(X)
(X)) = ch(X) (29)

where /*(X) = 1 — ¢*(X) and ¢ = constant, and for tan x(X):
tan a(X) = —cRy(X) [0] A(X)/=Xa(X) (30)
A relationship exists between #(X) and =% .(X):

AX) = —0.061 (+ 0.089) + 3.400 (+ 0.847) zx.(X) (31)
n = 10;r = 0.935; t = 7.74; « < 0.001

Hence eqn. 32 follows as a good approximation:

AX) = 34 % (X) (32)
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Eqn. 32 was substituted into eqn. 30 and the result was an expression of the
slopes of the straight lines obtained by plotting the R,, values versus the concentration
of the organic component in the mobile phase:

tan a(X) = —c' Ry (X) [0] 33)

where ¢ = 3.4 c.

A differentiation between the following three cases is possible:

(@) R,J[0] > O: the straight line falls more steeply the more hydrophobic is the
molecule;

(b) R,[0] < O: the straight line rises more steeply the more hydrophilic is the
molecule;

(€) Ry[0] = 0: tan (X) = 0.
The first case has been proved by us and the other two are hypothetical.

The experimentally ascertained slopes of the R,, versus acetone concentration
rurves of steroids® can be correlated with R,,[0]; values (eqns. 34 and 35):

b, = 0.083 (& 0.538) — 1.262 (& 0.206) Ry [0]; (34)
n=99; r = 0.973; t = 41.52; « < 0.001

As the constant term in eqn. 34 is not significantly ditferent from zero, it follows that
; = tan a(i) = —1.262 R,[0]; 35)

The difference in the slopes is reduced to the decrease in the number of water contacts
in the mixed solvate envelope around the molecule caused by the decrease in the
proportion of water in the mobile phase. The decrease in the number of water con-
tacts is dependent on the hydrophobicity of the dissolved compound.

A simple thermodynamic approach yields an analogous result. In this model
the standard enthalpy change of the chromatographic process is composed of the
standard enthalpy change of the process with pure water as mobile phase and the
standard enthalpy change of solvation of the molecules by water and acetone. The
standard enthalpy change of the whole chromatographic process is given by

Ry i = AGE/RT = a; + biza, (36)

For the chromatographic process with pure water as mobile phase (z,, = 0) one
obtains

a; = —AG:,/RT 37

If the mobile phase consists of water and an organic component (acetone), which is
miscible with water, a solvation equilibrium is established:

P, = ey (38)

¢ is the concentration of the molecules of compound / which are solvated by the
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organic component and cf2° is the concentration of the molecules solvated by water.

It should be mentioned that this is only a simplified model, as in practice a mixed
solvate envelope exists.
As the concentration of the mobile phase is not constant, we must write

" = qifVaa (39)

‘and

0 = p/Vuo (40)

With ¢; + p; = r, and gq;/r; + p;/r; = 1, one obtains

P, = (1/zan — 1) qi/p:
= p; (1 — Za)/Zaa(l — q) 41

and
In P, = —AGi;/RT 42)

The proportion of molecules (p;) solvated by water is the smaller the higher is the
proportion of the organic component in the mobile phase and the higher is the
hydrophobicity of the molecule (/).

One can assume that AG;, contributes the more to the standard enthalpy
change of the chromatographic process the higher is the proportion of water solvated
molecules. On the other hand, with an increase in the concentration of the organic
component, the influence of AGj ; increases. AGs; has the opposite sign to 4GS,
because the partition is defined as a partition between a non-polar stationary phase
and water and not, for instance, between this phase and acetone. Hence we obtain

—dAG;, = —(1 — 24,) 4G75 + 2,,4Gis (43)
Eqns. 36, 37 and 42 were substituted in eqn. 43 and, after division by R7, we obtained

a; + bizpn = (1 — z5) @ — Z5In P, (44)
and for b; = tan «;:

b, = —a; — In P, = Ry[0]; — In P, 45)
Because in P; depends on the hydrophobicity, one can write

In P, = kR[0]; (46)
and

bi = =k 'RM[O].‘ 47)
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with&’ = k — 1. Ask’ > 0Qit follows that In P; > O and P; > 1. Hence from eqn. 41 it
follows thatgq; > z,,andp;, < 1 — z,_..If z,, < 0.5then p; > ¢g;and if z,, > 0.5 then
p; < g;.

In other words, from this model it follows that up to a concentration of the
organic component in the mobile phase of 509, by volume the proportion of the
molecules that are solvated by water may be greater than the proportion of acetone-
solvated molecules. If the proportion of the organic component is greater than 50 %
(v/v) the proportion of the molecules solvated by water must be smaller than the

proportion of acetone-solvated molecules.
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