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ABSTRACT

Solubilities have been measured for o-alkoxyphenols in water—alcohol mixtures. The
alcohols ranged from the co-solvent methanol to the co-solute 1-octanol and each alcohol was
present at the saturating concentration of l-octanol in water viz. 0.00316 M. Plots of
solubility vs. carbon number of the alcohols show discontinuities. Enthalpies of solution in
these same solvent systems have also been measured. The data are compared with those for
m-alkoxyphenols. The results and the comparison are discussed in terms of H-bonding,
solvent—solute interactions and in terms of solute volumes.

INTRODUCTION

In a recent paper [1] we reported on the solution thermodynamics of
m-alkoxy phenols in alcohol and in water—-alcohol systems. The three
component systems (phenol /water /alcohol) were of interest because of our
previous studies [2] on the thermodynamic parameters of transfer of solutes
of pharmaceutical interest between water and some non-aqueous solvents
which were taken to represent the behaviour of the biological membrane [3].
Many partitioning experiments result in three component systems because of
mutual solubility of the solvents. The alcohol present in each system studied
was maintained at a concentration of 0.00316 M (the saturating concentra-
tion of octan-1-ol in water at 298 K). The alcohols from methanol to
octan-1-ol were systematically investigated. When solubilities and enthalpies
of solution were measured, discontinuities were observed in the plots of
solubility vs. carbon number of the alcohols. The enthalpies of solution and
the enthalpies of transfer (from water /alcohol to pure alcohol systems) were
in agreement with the solubility measurements. The discontinuities were
noted as occurring at the alcohol component of the solvent system whose
molar volume was very close to that of the solute studied. The relationship
between these observations on the solubilities of the m-alkoxyphenols and
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on the details of the solution process was not discussed in detail since three
component systems are very complex but the explanation of the trends
discovered must lie in the solute—solute and solute-solvent interactions.

The recently published discussions of linear solvation energy relationships
[4], whilst illuminating as they do the factors that correlate a wide variety of
solvent effects, have not included any discussion of the case of mixed
solvent systems. The analysis of partitioning behaviour which is described in
some of these publications draws attention to the correspondence between
experimental values of the partition coefficient and those calculated using
the LSER approach. The discussions do not, however, take account of the
mutual solubility of the water/octan-1-ol system except in so far as the
coefficients of the parameters of the terms of the LSER equation do indeed
reflect properties of the solvent system under investigation. It remains to be
seen whether the various coefficients correlate with chemically significant
features of the solvents. The concentration of octan-1-ol in water at satura-
tion is 0.00316 M at 298 K and of water in octan-1-ol is ca. 2.3 M at 298 K.
Lee [5] has also described, for pure solvent systems, some of the factors
which determine the solubilities of nonpolar solutes in water, this time in
statistical-mechanical terms.

In an attempt to focus on some of the difficulties, and to provide some
quantitative results for solution thermodynamics in these systems which may
improve our understanding, we have extended our previous study to the
o-alkoxyphenols in solution in the same water /alcohol systems by measure-
ment of their solubilities and their enthalpies of solution. The interest here is
in the behaviour of solutes whose enhanced possibilities of internal hydrogen
bonding compared to their m-analogues may influence these properties.

There are insufficient data to allow the parameterisation of LSER equa-
tions and hence to evaluate the variation of the coefficients and their
correlation with the varying properties of these solvent systems. It should be
noted that the behaviour of the alcohols ranges from that of co-solvent, e.g,
methanol to co-solute, e.g., octan-1-ol.

MATERIALS AND METHODS

The measurement of solubilities and of the enthalpies of solution were as
previously reported [1,6]. The preparation and determination of purity of the
alkoxyphenols have been described previously [3].
RESULTS AND DISCUSSION

Table 1 and Fig. 1 report the solubilities of the homologues of o-alkoxy
phenols as a function of the alcohol component of the water /alcohol solvent
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TABLE 1

Solubilities (mM) of o-alkoxyphenols in water and in water/alcohol solvents (alcohol
concentration, 0.00316 M) at 298.15 K

Solvent o-Me o-Et o-Pr 0-Bu

Water 188+3 609 +1 15540.3 392402
Water /methanol 190+3 60.6 +1 15.8+0.3 4.01+0.2
Water /ethanol 191+3 61.8 +1 16.3+0.3 4.06+0.2
Water /propanol 192+3 60.3 1 15.4+0.3 3.98+0.2
Water /butanol 193+3 602 +1 155+0.3 435+0.2
Water /pentanol 192+3 578 +1 151403 395402
Water /hexanol 184+3 58.15+1 16.0+0.3 437+0.2
Water /heptanol 17513 543 +1 140+0.3 3.87+02
Water /octanol 125+3 520 +1 11.9+0.3 3.7340.2

systems, each alcohol present at a concentration of 0.00316 M. Again, as
with the m-alkoxyphenols the noteworthy feature of these results is the
sharp break in solubility that occurs for each solute separating two linear
sections. In contrast to the m-homologues, however, the break in the plot for
the methoxy compound now occurs at the water /pentanol system not at the
water /butanol system. The o-ethoxy compound shows a break at
water/hexanol (cf. water/pentanol in the m-series) and interestingly the

200 o - Methoxyphenol

F 700
E o- Ethoxyphenol
~ o fo n
z o
350t
3
o =
h
o- Propoxyphenol
174

i_e—_o_o__e_u—o\"\o\

~

M.e Et P‘r Bu P‘e Héx He.pt dct
Alcohol (0.00316M)

Fig. 1. Solubilities of o-alkoxyphenols in water/alcohol systems (alcohol concentration
0.00316 M).
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break is still at the water/hexanol point for o-propoxy—the same break
point as for the m-propoxy solute. The explanation for the breaks offered
previously was that the volumes of the solute and the alcoholic component
of the solvent were approximately the same and hence at this point we may
regard the solute and the alcohol as co-solutes competing for the restricted
non-aqueous cavities available in that solvent system. The fact that this
simple relationship is disturbed somewhat in the o-series suggests a change
in the “ volume” of the o-homologues, at least up to the propoxy substituent.
These data suggest therefore that some feature of the solute’s structure is
now contributing to this modified behaviour, perhaps internal hydrogen
bonding. Reference was made in the earlier paper in this series to other
results which lend some support to this proposal [7-13].

This conclusion, that the structure of the solute influences the solubility in
a very dramatic manner is reinforced by the enthalpy of solution data
presented in Table 2. Also presented in Table 2 are the enthalpies of
solution of the m-methoxy and m-ethoxy compounds in some of the solvent
systems. These data show that the enthalpies of solution of the o-analogues
are very different from those of their m-counterparts. These differences lie
not only in the absolute values of the enthalpies of solution but also in the
trends revealed. For the m-compounds the trends showed increasingly

TABLE 2

Enthalpies of solution at infinite dilution (kJ mol™!) for solution of o- and m-alkoxyphenols
in water and in water /alcohol solvents (alcohol concentration, 0.00316 M) at 298.15 K

Solvent Me Et Pr Bu
0-Alkoxyphenols
Water 2.100+0.040  0.122+0.006 —0.284+0.010  0.355+0.008
Water/methanol 2.018 +£0.016 0.125 +£0.009 —0.286 £0.008  0.383+0.011
Water /ethanol 2110+ 0.028 0.103+0.003 —0.204+0.011 0.383+0.011
Water /propanol 2.002+0.019 0.168 +£0.006 —0.200+0.006  0.352+0.004
Water /butanol 2.098+0.047  0.15410.008 —0.202+0.005 0.383+0.005
Water /pentanol 2073+0.032  0.156+0.005 —0.205+0.007 0.363+0.002
Water /hexanol 2.107+0.032  0.19710.007 —0.4231+0.005 0.339 1+ 0.006
Water/heptanol 2.180+0.028 0.189+0.014 0.227 + 0.005 0.566 1 0.008
Water/octanol 2.1154£0.022  0.9514+0.028 0.898 +0.006 0.55410.008
Octanol saturated

with water 0.6741+0.011 1.94240.017 1.74240.008  0.90710.005
Octanol 0.825 +£0.009 1.528 +£0.021 1.0194+0.008  0.240+0.012
m-Alkoxyphenols
Water 5.77 +0.18 548 +0.08
Water /butanol 572 +0.11 521 +0.08
Water/pentanol 574 +0.13 5.00 +0.06
Water /hexanol 582 +£0.10 514 +0.08
Water /heptanol 6.26 +0.21 498 +0.13
Water /octanol 551 +0.13 525 +£0.11
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positive values in the enthalpies of solution (after the break point in the
solubility data) whereas here, for the o-homologues the trend is increasingly
negative up to the o-propoxy derivative and appears (there is only one
datum after this compound) thereafter to become increasingly positive. For
both o- and m-compounds their low solubility prevents study beyond the
compounds reported here but further evidence for the profound influence of
solute structure upon the solution process is seen in the decreased rates of
solution noted for the o-series of compounds. This decrease in rate of
solution (as observed microcalorimetrically) depends upon the homologue
itself, the rate being slowest for the o-propoxy derivative. If, as seems likely,
the o-compounds form intramolecular H-bonded structures these might not
discourage the solution process to the same extent as might the intermolecu-
lar H-bonds that are the only possible type of such bond available in the
m-series. Whatever the form of these internal H-bonding structures, it would
appear that they dictate the rate at which these compounds dissolve in these
mixed solvent systems and presumably the nature of the solvated species
that exist in solution. For example, the o-propoxy compound, it would
appear, forms more/stronger H-bonds with the solvent than it does inter-
nally (the enthalpy of solution is negative; compensating for the breaking of
solute—solute associating forces).

Individually, each solute shows very little in the way of a trend in its
enthalpy of solution in the solvent series studied, each value in the alcohol
systems being rather similar to that in pure water. This statement is true up
to the heptanol system for each of the four solutes studied. The data reveal
large changes in the enthalpies of solution on solution in water/octan-1-ol.
We can only suppose again that this profound effect is due to the particular
effects of having octan-1-ol present in water at its saturating concentration
thus highlighting the effects consequent upon attempting to place another
solute into the solution.

Table 2 also shows the enthalpies of solution for the solutes on dissolution
in octan-1-ol saturated with water and in pure octan-1-ol. As noted [1] in our
earlier publication the interest in these solvent systems stems from our
interest in transfer studies of solutes from water to some non-aqueous
solvent which may mimic the properties of the biological membrane (i.e.,
these data are of use in quantitative structure activity relationships [14];
QSAR). Thus in Table 3 we show the derived thermodynamic parameters
for transfer of these solutes from water saturated with octan-1-ol to octan-1-ol
saturated with water (these are the solvent systems present in the partition
experiment [6]; octan-1-ol has found most favour as the solvent which best
represents biological lipid matrices (ref. 15 gives an account of a thermody-
namic basis for the selection of solvent systems to represent biological
membranes). The data for the enthalpies of transfer are, again, notably
different from those for the m-homologues [6] which are all negative and of
the order of 7 kJ mol™'. The results for the o-compounds show a trend in
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TABLE 3

Values of A,,,,,G (kJ mol™}; calculated from values of partition coefficient at 298.15 K),

AonsH (KJ mol™ ') and A,,,,,S (J mol~! K™!) for transfer of o-alkoxyphenols from water
saturated with octan-1-ol to octan-1-ol saturated with water
Atra":G Atra":H Atran.\'S
o-Me —7.49 —-1.44 20.3
o-Et —9.88 0.99 36.5
o-Pr -13.44 0.84 47.9
o-Bu —16.25 0.35 55.7

enthalpy of transfer, being negative for the o-methoxy, becoming positive
for the o-ethoxy and apparently becoming increasingly negative again for
the o-propoxy and o-butoxy compounds. The values for the Gibbs function
of transfer were derived from the appropriate partition coefficients. The
values of the enthalpies of transfer and the entropies of transfer correlate
[16,17] well with a compensation temperature [16] of 245 K (correlation
coefficient of AH/AS plot = 0.9793). There is no such compensation ob-
served in the plots of A H/AG which are [18,19], for data derived from van ’t
Hoff plots, a better test for chemical causality in related systems [19].

The data reported in this paper were obtained in an attempt to investigate
the properties of mixed solvent systems where the co-solvent /co-solute ratio
is systematically varied but whose concentration remained constant. It is
apparent, however, that these results indicate not only the complexities of
such solvent systems but also reveal the consequences of structural changes
in the solutes studied. We noted in our previous publication [1] that
discussion of such systems was not possible at any detailed level because of
their complexity—the studies reported here reinforce that conclusion. They
also, however, reinforce the view that any attempt to predict the behaviour
of compounds in solvent systems or to calculate partition coefficients (as in
QSAR) can lead not only to systematic errors but to gross errors in the case
of a congeneric series.
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