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Summary

The physicial properties of compounds which have a common parent structure, and differ only by the sequential addition of a
methylene group to an alkyl side chain might be expected to demonstrate a linear variation in behaviour as a function of the length of
the alkyl carbon chain. Although this is indeed so in many instances, there are many examples in the literature in which a break in the
pattern of the behaviour of the product is observed at a chain length of five carbons (+1). In this paper, examples are highlighted in
which this is true for solid-state properties (melting point, wettability), solubility, liquid properties, partition and biological response.
NMR data demonstrate that certain substituent alkyl chains are essentially rigid until a chain length of 5 carbons is exceeded, after
which the freedom of movement is increased; this is used as a basis to explain the observed behaviour.

Introduction

Numerous studies on disparate subjects testify
to a significant change in properties of compounds
as the length of the alkyl chain is increased through
a chain length of 5 (£ 1) carbon atoms. We are
not aware of any attempts to collate information
on this phenomenon. The purpose of this work is
not to provide a comprehensive review of all re-

Correspondence: G. Buckton, Department of Pharmaceutics,
The School of Pharmacy, University of London, 29-39
Brunswick Square, London WCIN 1AX, UK.

ports of quantitative structure activity relation-
ships, but to present evidence from a variety of
different areas as examples of how chain length
may affect: (i) solid-state properties, (i) solubility,
(iii) liquid properties, (iv) partition, and (v) bio-
logical response. Much of the data that will be
discussed will be taken from work of our own
research groups, thereby providing continuity of
examples. We do, however, acknowledge that this
behaviour is not a uniform occurrence, and there
are examples of linear relationships between
physical properties and carbon chain length of
homologous compounds; such linear systems will
not be discussed.
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Solid-State Properties

Werrability

Little work has been presented on the vartation
of wettability in homologous series of powdered
solids. It is acknowledged that chemical structure
will influence the wettability of a powder, ie. a
variation in the proportion of hydrophobic and
hydrophilic groups will be reflected in the wetta-
bility. Forster et al. (1991), have reported on the
change in wettability of a series of alkyl p-hy-
droxybenzoates by water (Fig. 1); the samples
were aged untreated powders, thus the effects of
energy changes due to physical treatments (Buck-
ton et al., 1988) should be minimised. The methyl
derivative was clearly an exceptional member of
the group (as might be expected), having a low
contact angle. The ethyl to pentyl derivatives had
essentially identical contact angles, this indicates
that the surface composition of the powder does
not change as the chain length is increased from 2
to 5; this may be due to the rigidity of the short
alkyl chain. However, the contact angles for the
hexyl and heptyl derivatives were larger. It can be
assumed (see later) that after the chain exceeds
five carbon units, there is freedom for it to rotate
about carbon/carbon bonds giving rise to differ-
ent conformations during crystallisation, and thus
the opportunity for the ring and part of the side
chain to co-exist at the surface of the crystal.
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Fig. 1. Contact angles of water on alkyl-p-hydroxybenzoates
(Reproduced from Forster et al., 1991).
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Fig. 2. The melting points of the alkyl-p-hydroxybenzoates
(Reproduced from Forster et al., 1991).

Melting points

Melting points are often quoted as a crude
method of predicting solubility, on the basis that
for a solid to dissolve there must be a breaking of
solid / solid bonds. There must also be a breaking
of liquid/liquid bonds to form a cavity, and the
subsequent formation of bonds between the solute
and the solvent, following the removal of a mole-
cule from the solid phase and accommeodation in
the liquid cavity. The success of melting points as
a predictor of solubility will depend on the rela-
tive magnitudes of the solute/ solute, the solvent/
solvent and the solute/solvent interaction en-
ergies.

Numerous workers have reported the change of
melting points in a homologous series. Examples
include the p-aminobenzoates (Yalkowsky et al.,
1972) and the p-hydroxybenzoates (Forster et al.,
1991). Fig. 2 shows the variation of melting point
as a function of alkyl chain length for the alkyl
p-hydroxybenzoates, the trend of which is similar
to that observed with the alkyl p-aminobenzoates
(see Yalkowsky et al,, 1972). The melting points
decrease as the chain lengths increase from 1 to 5
carbon units; when the chain length exceeds five
carbons, the melting points rise. The chain lengths
1 to 5 show an ordered (nearly linear) decrease in
melting point, but the melting point of the longer
chains, is neither linear, nor does it show an
odd /even variation (this is particularly true for



the p-aminobenzoates). The concept of odd/even
variation in homologous alkyl chains will be dis-
cussed below, but is believed to be related to the
orientation of the methyl group at the end of the
chain; the orientation will alternate due to the
‘zig-zag’ structure of alkyl chains. Yalkowsky et
al. (1972) designated the butyl derivative as the
position at which the properties changed, the p-
hydroxybenzoates show a more clear break at the
pentyl derivative.

Solubility

On the basis of the melting point data, the
solubility of the alkyl p-aminobenzoates and the
p-hydroxybenzoates should rise to a maximum at
a chain length of five, and then fall. The solubikh-
ties of the p-aminobenzoates in hexane and in
silicone oil follow this predicted trend (Yalkowsky
et al., 1972). In both these cases the semi-logarith-
mic plots yield a straight line relationship for
chain lengths of 1 to 4, then an oscillating de-
crease, following an odd/even variation. For the
p-hydroxybenzoates, a similar trend was observed,
however, the methyl derivative was anomalous,
and the odd/even variation for the higher chain
lengths was not obvious (Forster et al., 1991). For
each of these systems there was a very clear break
in the solubility plot at a chain length of five
carbons. The fact that the solubilities correlated
reasonably well with the melting points, implies
that the disruption of the crystal lattice is a domi-
nant factor in the solution process, and that the
accommodation of the solute molecule in the
solvent is not a limiting factor. Thus, the structure
of the crystal lattice is influenced by the chain
length in such a way as to cause a change in
properties at a five carbon chain. Yalkowsky et al.
(1972) presented X-ray diffraction data to demon-
strate that the crystal packing altered at around
the butyl derivative.

The aqueous solubilities of both benzoate series
plotted as a function of carbon chain length
(Yalkowsky et al., 1972; Forster et al., 1991), were
not of the shape that would be predicted by the
melting points. In both cases, the semi-logarithmic
plots revealed a linear decrease in aqueous solubil-

ity from methyl to butyl (and potentially pentyl
for the p-hydroxybenzoates), followed by a break.
The longer chain p-aminobenzoates formed a sec-
ond linear region, of steeper gradient than the
short chain members. The longer chain p-hy-
droxybenzoates produced a line of shallower
gradient than the short chain members, and al-
though there were few data points on this line,
there was a possible indication of odd/even varia-
tion. Since the aqueous solubilities are not related
to the solid melting points, it must be the accom-
modation of the solute molecules in the solvent
cavities that is the limiting factor in the solution
process. Therefore, the break in the behaviour of
these series at the butyl /pentyl derivative relates
to the structure of the liberated molecule, not to
the crystal lattice. This demonstrates that the in-
fluence of chain length can be expected to remain
after liberation from the solid state, and breaks in
properties at the butyl/pentyl derivative can be
expected in solution phase properties and in bio-
logical response.

The solution thermodynamics of the p-hy-
droxybenzoates have been investigated in water,
95% ethanol/water mix, octan-1-ol and hexane
(Beezer et al., 1991). In each case the Gibbs free
energy of solution showed a break at a chain
length of about 5 carbon units.

The observations on a break in chain length are
not just applicable to the two benzoate series. The
solubilities of the me-alkoxy phenols (liquids at
ambient conditions) have been investigated, and
these can be used as a further example of such
behaviour. The calorimetrically determined en-
thalpies of solution of the m-alkoxy phenols dem-
onstrate that the methyl derivative has anomalous
behaviour, and that ethyl to hexyl fit to a straight
line of enthalpy of solution as a function of carbon
chain length (Fig. 3), after the hexyl derivative, the
enthalpies of solution decrease (Beezer et al., 1983).
Further studies have described the solubility of
the o-alkoxy phenols in water and water/ alcohol
systems (Beezer et al.,, 1987a). In this study the
solubility of the methoxy- to propoxy- o-alkoxy
phenol derivatives was measured in mixtures of
alcohol / water ranging from methanol to octanol.
The solubility of the o-methoxy phenol was about
190 mM in water, and mixes of standard molar
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Fig. 3. The enthalpies of solution of m-alkoxy phenols (drawn
from data in Beezer et al., 1983).

concentrations of ethanol / water, propanol / water,
butanol /water and pentanol / water; the solubility
in higher alcohol / water mixtures showed a linear
decrease with increasing chain length of the al-
cohol. The o-ethoxy phenol had a solubility of
approx. 60 mM in the water/lower alcohol mix-
tures, and then exhibited a linear decline for al-
cohol chain lengths greater than 6. A similar trend
was reported for the o-propoxy phenol.

The Gibbs free energies of hydration for
aliphatic alcohols have been discussed by Beezer
and Hunter (1983), highlighting the possible ex-
istence of odd/even oscillations in the increments
on a plot of free energy as a function of number of
carbons, up to pentan-1-ol; for the longer chain
alcohols, increments were more uniform, once
again demonstrating a break in properties at a
chain length of five.

Liquid / Liquid Transfer and Partitioning

The enthalpies of transfer of the methoxy to
butoxy derivatives of the o-, m- and p-al-
koxyphenols between octanol and water, and iso-
tonic solution and Escherichia coli have been de-
termined (Beezer et al., 1987b). The enthalpies of
transfer between octanol and water were signifi-
cantly different to those between the isotonic solu-
tion and the bacterial cells, indicating that octan-

1-ol is not necessarily a good model for a biologi-
cal membrane. The ortho- and para-alkoxyphenols
showed a break in the enthalpies of transfer at the
butoxy derivative, in both solvent systems (Beezer
et al., 1987b), as do the enthalpies of transfer of
the methoxy- to pentoxy- m-alkoxyphenols from
water to cells (Beezer et al., 1987c¢).

Biological Activity

Interaction with esterases

Hofstee (1952, 1954, 1958) described the action
of selected esterases against a homologous series
of substrates.

The behaviour of two different pancreatic
esterases towards a homologous series of n-fatty
acid esters (Hofstee, 1952) was such that the maxi-
mum reaction rate was attained at an aliphatic
chain length of 5 (for esterase I) and 7 carbons
(for esterase II). Throughout the entire series (three
to nine carbons) there was an obvious odd/even
variation in the plot of number of carbons as a
function of maximum reaction rate. When the
activity of cholinesterase was investigated in hu-
man blood serum, with sodium salts of the n-fatty
acid esters of m-hydroxybenzoic acid (Hofstee,
1958), the esterolytic activity peaked at a substrate
chain length of five carbons, with clear odd /even
variation in response either side of this maximum.
The level of activity was increased in proportion
to the calcium ion concentration, but always at-
tained maximum activity at C,.

Hofstee (1954) investigated the behaviour of
horse liver esterase towards the same series of
n-fatty acid esters. In this instance, the first order
reaction rate constant increased by a factor of 2.5
for each additional methylene group, but beyond a
chain length of six carbons, the subsequent linear
increase was of the order of a factor of 2 for each
additional methylene group, thus a distinct break
in properties occurred at a substrate chain length
of six.

In vitro assessment of biological response

The effect of o- and p-alkoxyphenols on
bacterial cells has been investigated microcalori-
metrically by Beezer et al. (1987d). The dose re-
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Fig. 4. An example of minor deviatrons 1n structure activity
trends associated with the bacteriostatic action of a homolo-
gous series of 4-n-alkylphenols (drawn from data in Witham,
1983).

sponse curves for bacterial kill had a much steeper
gradient for the o- and p-butoxyphenols, com-
pared to the other members (C,-Cs).

In studies investigating the mechanism of anti-
bacterial action of a homologous series of 4-n-al-
kyl phenols against E. coli, Denyer et al. (1980)
and Witham (1983) observed minor deviations in
structure-activity trends arising at the butyl/
pentyl interface (e.g. Fig. 4). A close similarity in
the chain length related behaviour was seen be-
tween bacteriostatic activity (minimum inhibitory
concentration, MIC), alkylphenol-bacterium bind-
ing at the MIC, and the antimicrobial events of
proton translocation and potassium leakage. The
common reliance on chain length for all these
phenomena implied a relationship anticipated
from the selective membrane permeabilising ac-
tion of these agents at bacteriostatic concentra-
tions (Hugo and Bowen, 1973).

It might be expected that the observed minor
discontinuities would be more clearly revealed if
bactericidal events were to be considered since
these reflect extensive drug induced damage. In
this context, gross membrane disruption, as de-
termined by pentose leakage following sustained
contact (Denyer and Hugo, 1991), shows a marked
discontinuity at n-butylphenol (Fig. 5). Extensive
leakage is likely to be closely associated with cell
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Fig. 5. The effect of alkyl chain length on the membrane

disrupting properties of 4-n-alkylphenols, as demonstrated by

pentose leakage (LCs, = concentration causing 50% leakage of
intracellular pentose) (drawn from data in Witham, 1983).

death (Denyer and Hugo, 1991). Significantly,
therefore, the rate of E. coli kill (Decimal reduc-
tion time, D value) for .the six alkylphenols at
their MIC in buffer showed a similar break point
(Fig. 6).

The principal cellular target for phenolic agents
is believed to be the cytoplasmic membrane (De-
nyer, 1990). It is likely that discontinuities associ-
ated with carbon chain length reflect altered inter-
actions with the phospholipid bilayer.
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Fig. 6. D values for alkyl phenols against E. coli suspended in
Hepes buffer (drawn from data in Witham, 1983).
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General Discussion

In the solubility, partitioning and transfer data
discussed above, we have been dealing with the
variation in a Gibbs function (e.g. the Gibbs func-
tion of transfer, A, . G= —RT In P, where R is
the gas constant, 7" is the absolute temperature
and P is the partition coefficient) with carbon
number. It would be interesting to know whether
enthalpy and /or entropy terms that constitute AG
(since AG=AH — TAS) also show the same kind
of variation with carbon number. These data would
shed light on the reasons for the observed changes
in properties at the carbon chain length of 5 (+1).
For example, Nilsson (1986) has shown that if the
enthalpy of solution at infinite dilution in water of
a series of n-alkan-1-ols is plotted as a function of
carbon number, a distinct break occurs at carbon
number 5, with the values of A H, remaining
constant from C,—C,,.

Work by Bratt et al. (1990) and Gillies et al.
(1990) using NMR relaxation techniques to study
internal motions in micellar and related systems
has shown that, for alkyl chains, internal motions
become more unrestricted along the chain. For a
series of n-octyl compounds examination of the
internal correlation times revealed that carbons 5,
6, 7 and 8 had similar values for all compounds
studied. This suggests, in these compounds at least,
that the hydrocarbon chain becomes significantly
more flexible from carbon number 5 onwards.
From this it is possible to propose an explanation
for the observed break in solution phase proper-
ties at carbon number 5. If we take a hypothetical
series of compounds which have the same ‘parent’
chemical structure, and which differ only in the
length of the pendant alkyl chain, then for short
alkyl chain lengths the solution phase properties
(for example) will be dictated by the parent struc-
ture and one might intuitively expect the equi-
librium solubility of these compounds, in any given
solvent, to vary in a linear fashion with the carbon
chain length of the alkyl group. This would only
be valid if all the CH, groups in the alkyl chain
were physically equivalent. The NMR data sug-
gest that this is not the case, and that in structural,
and hence entropic, terms, there will be a break in
the linearity upon the addition of further methyl-

ene groups after carbon 5, because there is much
greater flexibility introduced into the alkyl chain
after this point. It now becomes clear that from C,
to C, the alkyl chain may be regarded as ‘rigid’,
and therefore will impose a minimum free energy
conformation on the neighbouring solvent mole-
cules. For alkyl chain lengths of five or more
carbons, it will be the solvent that will be able to
dictate the minimum free energy conformation on
the alkyl chain of the solute, and it is possibly this
change in the degree to which each species con-
trols the overall structure of the solution that
accounts for the break in the observed solution
phase properties at carbon 5, for some series of
compounds as illustrated by the examples cited
here.

Naturally, the observed behaviour of solute-
solvent systems is, therefore, dependent upon the
balance of hydrophobic and hydrophilic forces.
Abraham (1984) has summarised data for a wide
series of compounds which indicate, that for many
systems, this balance may result in apparently
linear relationships between thermodynamic func-
tions and chain length. It is, however, precisely for
those systems where linearity does not exist that
interest arises.

References

Abraham, M.H., Thermodynamics of solution of homologous
series of solutes in water. J. Chem. Soc. Faraday 1., 80
(1984) 153-182.

Beezer, A E. and Hunter, W_H., Oscillations in some linear free
energy relationships derived from partition coefficients of
phenols between octanol and water. J. Med. Chem., 26
(1983) 757-759.

Beezer, A.E., Hunter, W.H. and Storey, D.E., Enthalpies of
solution of a series of m-alkoxy phenols in water, n-oc-
tanol, and water-n-octanol mutually saturated: derivation
of the thermodynamic parameters for solute transfer be-
tween these solvents. J. Pharm. Pharmacol., 35 (1983) 350-
357.

Beezer, A.E., Lima, M.C.P.,, Fox, G.G., Hunter, W.H., and
Smith, B.V., Solution thermodynamics for o-alkoxyphenols
in water and in water-alcohol systems. Thermochim. Acta,
116 (1987a) 329-335.

Beezer, A.E., Lima, M.C.P,, Fox, G.G., Arriaga, P., Hunter,
W.H. and Smith, B.V., Microcalorimetric measurement of
the enthalpies of transfer of a series of ortho- and para-al-
koxyphenols from water to octan-1-ol and from isotonic



solution to Escherichia coli cells. J. Chem. Soc., Faraday
Trans. 1, 83 (1987b) 2705-2707.

Beezer, A E.,, Gooch, C.A., Hunter, W.H. and Volpe, P.L.O,, A
thermodynamic analysis of the Collander equation and
establishment of a reference solvent for use in drug parti-
tioning studies. J. Pharm. Pharmacol, 39 (1987¢c) 774-779.

Beezer, A.E., Gooch, C.A., Hunter, W.H., Lima, M.C.P. and
Smith, B.V., Quantitative structure-activity relationships: a
group additivity scheme for biological response of E. coli to
the action of o-, m- and p-alkoxyphenols. Int. J. Pharm,,
38 (1987d) 251-254.

Beezer, A.E., Fox, G.G., Gooch, C.A., Hunter, W.H., Miles,
R.J. and Smith, B.V., Microcalorimetric studies of the
interaction of m-hydroxybenzoates with E. coli and with S.
aureus. Demonstration of a Collander relationship for bio-
logical response. Int. J. Pharm., 45 (1988) 154-155.

Beezer, AE., Buckton, G., Forster, S.C., Park, W.-B. and
Rimmer, G., Solution thermodynamics of 4-hydroxybenzo-
ates in water, 95% ethanol/water, octan-1-ol and hexane.
Thermochim. Acta, (1991) in press.

Bratt, P.J., Gillies, D.G., Sutcliffe, L.H. and Williams, A.J.,
NMR relaxation studies of internal motions: a comparison
between micelles and related systems. J. Phys. Chem., 94
(1990) 2727-2729.

Buckton, G., Choularton, A., Beezer, A.E. and Chatham, SM.,
The effect of comminution technique on the surface energy
of a powder. Int. J. Pharm., 47 (1988) 121-128.

Denyer, S.P., Mechanisms of action of biocides. Int. Biode-
terioration, 26 (1990) 89-100.

Denyer, S.P. and Hugo, W.B., Biocide induced damage to the
bacterial cytoplasmic membrane. In Denyer, 8.P. and Hugo,
W.B. (Eds), Mechanisms of Action of Chemical Biocides:
Their Study and Exploration. SAB Technical series 27,
Blackwell, Oxford, 1991, pp. 171-187.

Denyer, S.P., Hugo, W.B. and Witham, R.F., The antibacterial
action of a series of 4-n-alkylphenols. J. Pharm. Pharmacol.,
32 (1980) 27P.

Forster, S.C., Buckton, G. and Beezer, A.E., The importance of
chain length on the wettability and solubility of organic
homologs. Int. J. Pharm., (1991) in press.

Gillies, D.G., Matthews, 8.J., Sutcliffe, L.H. and Williams,
A.J., The evaluation of two correlation times for methyl
groups from carbon-13 spin-lattice relaxation times and
NOE data. J. Magn. Reson., 86 (1990) 371-375.

Hofstee, B.H.J., Specificity of esterases I1. Behavior of pan-
creatic esterases I and II towards a homologous series of
n-fatty acid esters. J. Biol Chem., 199 (1952) 365-371.

Hofstee, B.H.J., Specificity of esterases IV. Behavior of horse
liver esterase towards a homologous series of n-fatty acid
esters. J. Biol. Chem., 207 (1954) 219-224.

Hofstee, B.H.J,, A homologous series of soluble n-fatty acid
esters (C,—C,4) as substrates for serum cholinesterase. J.
Pharmacol. Exp. Ther., 123 (1958) 108-113.

Hugo, W.B. and Bowen, J.G., Studies on the mode of action of
4-ethylphenol on Escherichia coli. Microbios, 8 (1973) 189~
197,

Nilsson, S., A thermochemical study of interactions between
water and some hydrocarbons, alcohols and esters. PhD
Thesis, University of Lund, Sweden, 1986.

Witham, R.F., A study of the antimicrobial activity of a
homologous series of phenols. PhD thesis, Nottingham
University, 1983.

Yalkowsky, S.H., Flynn, G.L. and Slunick, T.G., Importance
of chain length on physicochemical and crystalline proper-
ties of organic homologs. J. Pharm. Sci., 61 (1972) 852-857.



