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SUMMARY

A study of the vapor pressures of the primary alcohols L-propanol through L-octanol as
a function of their concentration in isoctane at 25°C has been interpreted in terms of a
self-association model. The results suggest that in fairly dilute solutions (0.05—1 M), the
self-association tendencies of these alcohols are independent of chain length and cun be
described adequately with a monomer—pentamer association model. At higher concen-
trations and in the pure liquids, the extent of association increases with * .reasing chain
length. Standard free energies for the processes of transferring alcohol from its pure state
to vapor, from its pure state to infinite dilution in isooctane, and from infinite dilution
in isooctane to the vapor phase have been calculated. The methylene group contribution
to the free energy of transfer of alcohol from infinite dilution in isooctane to the vapor
phase has been shown to be a constant equal to 710 cal/mole of —CH,— groups.

INTRODUCTION

The relationship between the molecular structure of a drug molecule and its physical
and biological behavior is of paramount importance in drug delivery. Designing 1 drug
which can be efficiently delivered to a target site involves maximizing the release rate
from a pharmaceutical formulation, controlling the rates of transport through physio-
logical barriers, and favorably altering the partition coefficients between various compart-
ments. All of these processes are directly related to the thermodynamic activity of the
drug in the phases involved. Therefore, an understanding of the role of molecular struc-
ture in determining a drug’s physical properties such as the thermodynamic activity of the
drug substance in its pure state and in various solvent environments is essential for
rational drug design.

Our long term interest has been the developmeni of a rational basis for the a priori cal-
culation of the thermodynamic activity of drug molecules in any given envirenment from
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a consideration of the molecular interactions which occur in solution between the dis-
solved drug and the surrounding solvent molecules. In this paper are presented the results
of a study designed to identify the nature and extent of molecular interactions between
primary alcohol molecules in alcohol-isooctane solvent systerrs and in the pure alcohols.

The self-association of alcohols has received considerable attention in the literature
presumably because it has such a dramatic influence on the physical properties of alco-
hols. For example, a comparison of the boiling points of diethyl ether and butanol,
both of which have the empirical formula C4H,,0 but have boiling points of 35°C and
118°C, respectively, serves to illustrate the importance of hydrogen bonding effects on
solution properties. The breaking of hydrogen bonds which occurs on dilution of alcohols
in non-polar solvents results in changes in enthalpies, infrared and proton magnetic reson-
ance spectra, vapor pressures, dielectric properties, partial molar volumes, and other
properties, many of which have been used in investigations of self-association behavior,

Although a large amount of data is presently available in the liicrature, a continuing
controversy exists over the number and size of associated species in solutions of primary
alcohols. Much of the earlier research, as summarized by Pimentel and McClellan (1960},
treated alcohol polymerization as a stepwise process resulting in a continuum of species
with perhaps a preponderance of dimer. Recent work, however, suggests that a higher
polymer of a specific size may be dominant. Fletcher and Heller (1967), for instarce,
have proposed that a monomer—tetramer model adequately explains their infrared data
for the self-association of L-octanol in n-decane. On the other hand, Tucker et al. (1969)
best explained their vapor pressure data for methanol in #-hexadecane and PVT measure-
ments on methanol vapor by assuming trimers and octamers were dominant. The most
commonly used model is the monomer—dimer—tetramer model where tetramer is the
dominant polymer except in very dilute solutions. Examples of the application of this
model can be found in the work of Aveyard et al. (1973) on the association of n-dodeca-
nol and n-octanol in n-octane, and in a previous study in our laboratories on the enthal-
pies of dilution of n-alcohols in isooctane (Anderson et al., 1975).

Each of the available methods offers advantages in investigating particular character-
istics of associated species, However, from a theoretical standpoint we felt that a study of
the vaper pressures of alcohols above their solutions should be the most reliable method
of obtaining a mathematical model of self-association, since the vapor pressure directly
reflects monomer concentration in solution. Direct measurements of total vapor pres-
sure have been made previously for methanol and #-butyl alcohol in the non-volatile sol-
vent n-hexadecane, but measurements of total pressure are not as desirable for longer
chain alcohols having lower volatility or for alkane solvents having shorter chain lengths
and thus higher volatility than. n-hexadecane. Since one of the goals of «he present study
was to determine the effect of chain length on the self-association of a series of primary
alcohols, a method was required with which one could obtain precise vapor pressure data
for dilute solutions of relatively non-volatile long chain alcohols. The method chosen
consisted of the gas chromatographic analysis of the vapor in the head-space over solu-
tions of alcohols in isonctane. Isooctane was chosen as the solvent since it has been pre-
viously shown by a number of workers that alkanes are more ‘inert’ toward alcohols than
other non-polar solvents such as CCl; and benzene (Fletcher, 1969; Campbell et al.,
1975; Wolff and Hoppe!l, 1968; Woolley and Hepler, 1972). By using the gas chromato-
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graphic head-speace technique, the isooctane contribution to the total vapor pressure pre-
sented no problem since the components of the vapor were resolved, and alcohol vapors
having partial pressures as low as ~0.003 torr could be analyzed accurately.

Monomer concentrations as a function of alcohol molarity were obtained from the
vapor pressure data and cvaluated by two methods, one of which involved no a priori
assumptions regarding a self-association model. The resulis suggesi ihat associated species
larger than tetramers are important even in dilute solutions — a concl. :sion which is con-
trary to much of the data obtained by other techniques.

MATERIALS AND METHODS

Materials
The chemicais used were of the highest purity available from the supplier and were
used without further purification. In some instances, the manufacturer’s purity claim was

verified by gas chromatographic analysis. The L-propanol and L-octanol were obtained

from Aldnch Chemical Co. with purities of 99 + %; L-butanol was 99+ mol% from Mathe-
son Coleman and Bell or 99.5% puriss. grade from Fluka AG; L-pentanol and L-hexanol
were 299% from Fluka AG; L-heptanol was from Matheson Coleman and Bell with a pur-
ity of 99+ mol%; and the isooctane used was 299 mol% from Phillips Petroleum Com-
pany. All soivents were stored over Linde 4A moiecuiar sieves (Union Carbide Co.) to
remove possible trace amounts of water.

Head-space technique

Samples used in the vapor pressure study were prepared by weight. Molarities were
then calculated using the densities of the neat liquids to calculate total solution volume.
Changes in partial molar volumes of the pure components on mixing were presumed to
have a negligible effect on the total volume. Concentrations ranging from less than 0.005
M alcohol in isooctane to the neat alcohols were analyzed. The solutions were prepared in
S0 ml or 100 m! hottles with seraw cans in which a small hole was drilled. The bottles
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were sealed with teflon cap liners which were punctured prior to sampling. Rubber stop-
pers were avoided because of the possibility for loss of sample by partitioning into the
tubber and leaching of impurities from the stopper into the solutions. The bottles were
immersed up to the caps in a water bath maintained at 25.0°C. Equilibration time was
at least 15 min.

Samples were withdrawn from the head-space in the bottles using a sample loop.
Gas-tight syringes were originally used for sampling, but it became apparent when study-
ing the longer chain alcohols that adsorption onto the glass walls of the syringe barrel and
onto the metal surface in the needle adversely affected the precision and accuracy of the
rosults. Heating the syringe prior to sampling improved precision considerably, but to be
completely sure that all of the sample was being introduced onto the column, the pre-
viously mentioned sample loop was constructed. The device consisted of two Hamilton
miniature inert teflon valves, a 6 in. X 0.076 in. i.d. teflon sample loop and a stainless:
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steel bypass loop. The needie used for w thdrawing sample was teflon. A Welch Duo-Seal

vacuum pump was used to evacuate :he sample loop while carrier gas flowed inio the
~anliimn thrauoh tha hunage laon t‘lnmnc one valve maintained the vacuum in the 1000
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while the needle was inserted into the sample head-space. Sample could then be drawn
into the teflon loop and introduced into the column by diverting carrier gas flow through
the samgp’e loop. Heating tape was used to minimize the potential for adsorption on all
stainless steel lines through which the sample passed prior to reaching the column. Peak
symmetry was excellent for all alcohols, but slightly more tailing was observed for L-hep-
tanol and L-octanol peaks using the sample loop as compared to samples injected with a
syringe. This may have been due to adsorption by metal surfaces or slight partitioning of
sample into the teflon components as chain length increased.

Gas chromatography

All studies were performed with a Varian 2100 gas chromatograph using a flame ion-
ization detector. A 6-ft long X 4 mm i.d. glass column packed with 10% Carbowax 20 M
on 80/100 mesh Gas-Chrom Q (Applied Science Laboratories, Inc.) was used for L-butarol
through L-heptanol. Column temperatures were 95°C for L-butanol, 110°C for L-pentanol.
120°C for L-hexanol, and 130°C for L-heptanol. The L-propanol data were obtained on a
1-ft long X 4 mm i.d. glass column packed with 100/200 mesh Chromosorb 102 (Johns-
Manville) at a temperature of 155°C, and the L-octanol analyses were carried out using a
6-ft long X 4 mm i.d. glass column packed with 20% SP-2100/0.1% Carbowax 1500 on
100/120 Supelcoport (Supelco, Inc.) at a temperature of 120°C.

Standard curves for peak height versus amount of sample were obtained for each
alcohol by injecting liquid samples of known concentration. The detector response was
found to be linear over the working range for all alcohols. Relative vapor concentra-
tions were obtained by comparing sample peak heights with the average peak height of a
standard consisting of the vapor over the neat alcohol of interest.

RESULTS

Sample loop performarice

In a study of interactions in solution, one cannot introduce an extraneous substance
for use as an internal standard. Although this limited the precision attainable to some
extent, peak heights from successive injections were still very reproducible. Standard
deviations calculated from sets of injections of pure alcohol vapor often representing data
over the course of several hours showed that precision decreased with decreasing concen-
tration of alcohol in the vapor, ranging from £0.8% of the mean for L-propanol to +2.7%
for L-octanol. Except for L-octanol, the standard deviations were <1.6% of the mean peak
height for all alcohols in this study.

Determination of moromer concentration

The underlying premise involved in obtaining monomer concentrations from vapor
pressure data is that association of monomer in the vapor is negligibie. Data of Cheam et
al. (1970) for methanol vapor at 25°C show that at vapor pressures lower than 30-40
torr, self-association is negligible. If the higher straight chain alcohols behave similarly,
non-ideality in the vapor phase can be neglected since the highest vapor pressure encoun-
tered in this study was 20.85 torr for neat L-propanol. If the vapor contains only mono-
mer, measurement of vapor pressure gives directly the activity, a;, of monomer in the
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liquid phase because the chemical potential of the monomer, yu;, must be the same in
both phases at equilibrium. The standard state used here is a hypothetical 1 mclar solu-
tion of monomer, the reference state being infinite dilution in isooctane. The chemical
potential in the liquid phase is then expressed as

liay, = 11949 + RTIna, (1
in which
y=7c=p/H 2

where p, is the vapor pressure over a solution of known molarity, ¢;, and H is the extra-
polated vapor pressure in the standard state, or simply the Henry’s Law constant. v, is
the activity coefficient of monomer. If it is assumed that, apart from association phe-
nomena, the solution behaves ideally, then the activity coefficient of monomer is one
and monomer concentration is obtained from the ratio p/H. Henry’s Law constants were
determined from the slopes of plots of vapor pressure versus total concentration up to
about 0.02 M. These plots were linear in this region, within experimental error, indicating
the absence of significant association. Literature values used for the vapor pressures of the
pure alcohols, p°, and the calculated Henry’s Law constants obtained from our vapor
pressure data are reported in Table 1. Of course, the actual values for Henry’s Law con-
stants will depend on the literature values chosen for the pure alcohol vapor pressures,
but monomer concentrations will not be affected by possible errors in the vapor pressures
of the neat alcohols.

Monomer concentration as a function of total molarity over the entire concentration
range are shown in Fig. 1 for the n-alcohols studied. The most striking feature of the data
is the uniformity of the curves below about 1 M. This similarity in self-association ten-

TABLE 1
HENRY'S LAW CONSTANTS AND VAPOR PRESSURES OF THE PURE ALCOLHOLS 2

Alcohol H (torr 1 mol™!) P (tor)
Ethanol ® 460 59.77
L-Propanol 127 20.85
L-Butanol 333 6.18
L-Pentanol 11.8 2.35
L-Hexanol 3.76 0.82
L-Heptanol 1.00 0.232
L-Octanol 0.293 0.075

8 Pyre alcohol vapor pressures were obtained from literature data. Riddick and Bunger (1970) was the
source for all values except L-heptanol's vapor pressure which was found by extrapolation of data
from Jordan (1954).

b An estimate of ethanol's Henry's Law constant was obtained from a preliminary study in our labo-
ratories using a gas-tight syringe.
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Fig. 1. Calculated monomer concentrations versus formal alcohol concentration for L-propanol (4),
L-butanol (2), L-pentanol (=), L-hexanol (o), L-heptanol (e), and L-octanol (0). The region between
0 and 1 M is expanded as shown in the insert.

dency at total concentrations below 1 M is more clearly illustrated in a plot of «, the
ratio of monomer to total molarity, versus total molarity of alcohol up to 0.6 M as shown
in Fig. 2.

As mentioned previously, two methods were employed in obtaining a model which
best describes the experimental data. The first of these involves the assumption that only
one polymeric species exists in equilibrium with monomer as characterized by the equil-
ibrium constants, K 5, where n is the size of n-mer formed and:

(n-mer)
= 3
Kin ®on)’ &)
The total alcohol molarity, Cr, is then expressed by the following relation:
Cr =Mon +n - K, ;, (Mon)" @)

and

log(Ct — Mon) =log(n * K; ) + n - log(Mon) &)

(U) 3INIL
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Fig. 2. Plot of «, the ratio of monomer to formal alcohol concentration, versus formal alcohol molar-
ity for L-propanol (2), L-butanol (a), L-pentanol (o), L-hexanol (), L-heptanol (o), and L-octanol (o).

One can see from equation (5) that a plot of log(Ct — Mon) vs. log(Mon) should give a
straight line with a slop of n if only one associated species is present. In interpreting such
a plot, one is not restricted to a single polymer model. If more than one polymer is pres-
ent, the result wil: be an upward curvature in the line. The log—log plots for the primary
alcohols from ~0.04 M in isooctane to the pure alcohol are combined in Fig. 3. The pre-
cision of the gas chromatographic data was not sufficient to attach quantitative signifi-
cance to the data below 0.04 M because the difference Ct — Mon rapidly approaches zero
at lower concentrations. It is quite apparent from Fig. 3 that over a large concentration
region the plots are parallel and nearly linear with a slope of 5, suggesting a dominance
of pentamer. A linear regression fit of the data shown in Fig. 3 over the concentration
range of ~0.05 to 1.0 M yielded slopes of 5.02 (L-propanol), 4.97 (L-butancl), 4.99 (L-pen-
tanol), 4.69 (L-hexanol), 4.78 (L-heptanol), and 4.93 (L-octanol). The magnitudes of K, 5
as represented by the intercept at log(Mon) = 0.0 are also quite similar for all alcohols
(see Table 2).

The second approach used in analyzing the data involved a computer fitting technique.
The computer program employed the simplex method of least-squares described by Dem-
ing and Morgan (1973) to optimize equilibrium constants for each species allowed to
compete for monomer. The only constraint on the equilibrium constants was the require-
ment that all values be non-negative, as a negative equilibrium constant would have no
physical meaning. A comparison of standard deviations obtained from the best fits of a
number of models enabled one to choose the model which best approximated the experi-
mental data. The simplest models tested were monomer—single polymer models. Since
the assumption of unity for the activity coefficient of monomer becomes less valid at
higher concentrations, only the region from 0 to 1 M was chosen for compuier optimiza-
tion.
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Fig. 3. Log-log plots for (i) L-propanol, (ii) L-butanol, (iii) L-pentanol, (iv) L-hexanol, (v} L-heptanol,
and (vi) L-octanol data in isooctane at 25°C (see equation 5). Ordinate is shifted downward 0.6 units
for each alcohol after L-propariol as indicated. The straight lines having slopes of 5 represent the the-
oretical Jog—log plots based on the parameters in Table 3.

In every case, a monomer—pentamer model gave significantly lower standard devia-
tions than other single polymer models. In addition, the equilibrium constants for pen-
tamer formation were nearly identical for all the primary alcohols studied. (It should be
kept in mind that a change of about 15% in the equilibrium constants results from an
error of less than 3% in monomer concentration at a total molarity of one.) Table 2 sum-

TABLE 2
EQUILIBRIUM CONSTANTS AND FREE ENERGIES OF PENTAMER FORMATION

Alcohol K5 (1% mor#)x 1073 AG®) 5 (kcal/mole)
L-Propanol 8.6+0.2 -54
L-Butanol 8.740.3 -54
L-Pentanol 9.4+0.2 -54
L-Hexanol 10004 -5.5
L-Heptanol 109 +G.5 -5.5
L-Octanol 10.3+0.6 -§.5
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TABLE 3

RESULTS OF COMPUTER FITS USING VARIOUS MODELS FOR L-BUTANOL DATA
Model Std. dev. (XlO3 ) Parameter values

1-3 8.1 K, ;=129

1-4 34 Kl’4=l,005

1-5 0.75 K, 'c=8.700

1-6 1.9 K| ' = 80,000

1-2-5 0.75 K 1‘2 ~0,Ky,5=8,700
1-3-5 0.75 K,'3~0,Ky 5=8,700
1-4-5 0.75 K;'qg~0,K; 5=8,700
1-4-6 0.51 Kj 4= 358,K; ¢=48,500
1-3-8 1.3 K, 3=41,K;8=3.7x10°

marizes the results from the computer optimization using the monomer-pentamer model.
In addition to K, s values, A G s values for the formation of pentamer are included to
more clearly illustrate the similarity in tendency to form pentamer among the various
straight chain alcohols. The 90% confidence intervals listed are based on Fischer’s F sta-
tistic and reflect the precision within each data set.

Several combinations involving more than one polymer were also considered for com-
puter optimization. Generally, allowing one additional smaller species in addition to
pentamer, such as dimer or trimer, did not significantly lower standard deviations. The
most noticeable improvement in fit occurred for the monomer—tetramer—hexamer

L

[MonoMER]

BUTANOL [M]

Fig. 4. Monomer concentration versus formal butanol molarity between 0 and 1 M. The solid line
represents the best fit using a monomer—pentamer model. The line based on a2 monomer—tetramer—
hexamer model was nearly indistinguishable from the line drawn.
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model, but the gain in fit over the single polymer model based on a comparison of per-
cent standard deviations was less than 1%. A summary of some of the models considered
and the resultant standard deviations are presented in Table 3 for the L-butanol self-
association data. A graphical comparison of the theoretical curve with the experimental
data is shown in Fig. 4 for the monomer—pentamer model. The curve for the monomer—
tetramer--hexamer model which yielded the Jowest standard deviation was nearly super-
imposable on the monomer—pentamer curve.

DISCUSSION

The assumption that chemically distinct ‘species’ in addition to monomer exist in alco-
hols is implicit ir our treatment of the vapor pressure data and perhaps the strongest
argument for species formation comes from the success of association models in explain-
ing alcohol behavior. As shown in this study, the pronounced deviations from ideality in
the alcohol vapor pressures in dilute solutions can be explained quantitatively by a chem-
ical theory of association. Because species formation is such an integral part of any self-
association model, some consideration should be given to what is meant by ‘species’. The
fact that the extent of deviation from ideality in the alcohols studied here depends only
on hydroxyl group concentration (independent of chain length) suggests that hydrogen
bonding is the most important force involved, and is consistent with spectroscopic studies
of alcohol solutions showing a correlation between OH stretching vibrations and solution
behavior (Tucker et al., 1969). Therefore, the term ‘species’ as used here refers to chemi-
cally distinct entities formed by specific intermolecular interactions between functional
groups. Certainly alcohol polymers do not have the lifetimes attributed to covalently
bonded species. However, if the energy of a hydrogen bond is assumed to be roughly 5
keal mol™, its average lifetime at 25°C will be several thousand vibrations. This should
be a sufficient length of time to justify our referring to these associated molecules as spe-
Dominance of penta;ner

One of the most important conclusions which can be derived from this and other
recent studies is that alcohol self-association does not occur by a continuous chain-like
model such as the Kreischmer—Wiebe (1954) model, in which step-wise formation of the
(n + 1)-th polymer from a monomer and an n-mer has the same equilibrium constant for
all values of n. Rather, it follows from the large region of near-linearity in the plots of
log(Ct — Mon) versus log(Mon) (Fig. 3) that an optimum polymer size exists.

An energy minimum with increasing polymer size is best explained by formation of
a cyclic species. It would be difficult to rationalize a linear species having an optimum
stability as it is generally acknowledged that formation of linear polymers leads to an
enhanced acidity of the terminal hydrogen and thus should favor further hydrogen bond-
ing (Bellamy and Pace, 1957). The formation of one additional bond in a cyclic species
would provide the energy loss necessary for its stabilization. Perhaps the best experimen-
tal evidence for the presence of cyclic species comes from dielectric studies of alcohols in
alkane solvents such as the work by Campbell et al. (1975) on octanols. A decrease in the
apparent dipole moments of alcohols as a function of concentration was explained by the
formation of low dipole moment cyclic polymers.
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Much of the literature has been discussed in terms of tetramer formation and a previ-
ous calorinietric stud, in our laboratories also suggested the monomer—tetramer model.
However, the slopes of the log—log plots in Fig. 3 and the results of the computer opti-
mization procedure clearly favor a species larger than tetramer. From an energetic stand-
point, a cyclic pentamer should be a favorable structure. The H — — O——H angle of a
planar pentamer would be 108° which is close to the 109.1° found for the same angle in
ice (Peterson and Levy, 1957). The estimate of 108° is based on the assumption that the
0 — — H——0 bond favors linearity. Much of the evidence for linear X — — H—X
bonds has been summarized by Franks (1973). In the case of a planar cyclic tetramer, the
H— —O——H bond angles would be constricted to 90° unless some bending of the
0O — — H——0 bonds occurs resulting in the introduction of strain energy in the hydro-
gen bond (Pauling, 1960).

Very little free-energy data on primary alcohols, such as vapor pressure data, exists
in the literature. A study of vapor pressures of methanol in hexadecane resulted in a
monomer—~trimer—octamer model (Tucker et al., 1969) while a vapor pressure osmom-
etry study (Aveyard et al., 1973) of dodecanol in n-octane was consistent with a mono-
mer—dimer—tetramer model but was only carried out up to a concentration of 0.13 M.
Consequently, most of the evidence for tetramer comes from infrared, NMR, and enthal-
py of mixing data. For this reason, we feel it is necessary to review the inherent disad-
vantages of these techniques in arriving at a mathematical model of self-association.
{Tucker and Becker {1973) have previously discussed the relative merits of vapor pres-
sures, IR, and NMR techniques.) From equation 4, it can be seen that to evaluate a par-
ticular self-association model, one must obtain data for the concentration of monomer
as a function of total molarity. As we discussed previously, the alcohol vapor pressures
over their solutions are directly related to the monomer concentration in solution. The
measureable quantity in both NMR and calorimetric techniques cannot be directly
converted to monomer concentration. Also, additional parameters must be determined
to completely define the system. For example, the chemical shift obtained from proton
magnetic resonance measurements is a weighted average and includes contributions from
monomer as well as higher polymers. Similarly, calorimetric studies often ir-/olve the
measurement of a change in heat on mixing of alcohols in alkane solvents — a quantity
which is again not directly related to monomer concentration. In addition, two param-
eters must be determined for each polymer present — a K and AH° of formation. Another
difficulty with calorimetric studies lies in the assumption that the heat change measured
can be attributed entirely to breaking of polymer bonds. Although correction for heats
due to factors other than hydrogen bond breaking have been made (Van Ness et al.,
1967; Smith and Brown, 1973), this requires another parameter in the model.

Infrared studies are the most commonly employed of all the techniques in studying
alcohol self-association. Although workers using this technique often assume that the
monomer band accurately reflects monomer concentration over the entire range of inter-
est, end hydroxyl group absorption of chain polymers may overlap the monomer peak
causing an error in the apparent monomer concentration. This was shown to occur in the
t-buty! alcohol—hexadecane system by Tucker and Becker (1973). Their data indicated
that the upper limit for direct use of monomer absorbance data was at approximately
0.1 M ¢-BuOH.
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Certainly, the IR, NMR, and calorimetric techniques offer advantages over the vapor
pressure technique in the kinds of information they provide, but in light of the limita-
tions inherent in these methods, we fee! that vapor pressure data should be the most
reliable means for obtaining a mathematical self-association model. It should be pointed
out, however, that even vapor pressure d .ita can probably not be obtained with sufficient
precision to enable one to support one particular model to the exclusion of all other
possibilities. The computer fits summarizad in Table 3 show that the tetramer—hexamer
model actually resulted in a better fit of the data for L-butanol. This was also true for the
other alcohols, but the magnitudes of K, ; and K, ¢ fluctuated considerably from alcohol
to alcohol Therefore, the advantage gained in describing the vapor pressure data by
including another term in the model, when weighed against the resulting loss in physical
significance, and the difficulty in making comparisons between alcohols did not seem to
justify the tetramer-hexamer model over the pentamer model.

Evidence for dimer

Considerable discussion exists in the literature over the existence and importance of
dimers. Fletcher (1969) maintained that dimers did not exist in sufficient quantity to be
considered in the material balance equations for L-octanol in n-decane. Aveyard et al.
{1973) estimated that the maximum amount of dimer in L-octanol—octane systems was
just over 5% at 0.1 M while Tucker and Becker (1973) insist that a trimer is actually bet-
ter supported by their methanol and #-BuOH data in hexadecane.

The vapor pressures odtained in this study are not of sufficient precision to unequiv-
ocally conclude that dimers exist but not trimers, or vice versa. [t is our opinion that a
number of small species may form to a slight degree, but the computer fits of the vapor
pressures were not significantly improved by considering dimers or trimers as demon-
strated in Table 3. The ost important consideration here is that the experimental vapor
pressures can be explaincd to within approximately 3% for the entire region from 0—1
M for all alcohols studied using the monomer—pentamer model (see Fig.4). The simplicity
of a single polymer modecl and the uncertainty in identifying smaller species causes us to
faver the monomer—pentamer model, while recognizing that other species may exist in
small amounts.

FEffect of chain length on self-association

Fig. 2 and Table 2 display the remarkable similarity in association among the n-alco-
hols from propanol to octanol up to 0.6 M. Fletcher (1972) has earlier proposed that the
extent of self-association in saturated hydrocarbon solvents for n-alcohols is in the order
L-octanol > L-butanol > ethanol-d; > methanol. The evidence presented here suggests that
self-association tendency in diluie solutions is independent of alcohol chain length.
Apparently the loss in entropy accompanying the formation of a complex is not appre-
ciably altered by the addition of methylene groups to the alkyl chain. At higher concen-
trations, distinct differences in association appear as shown in Fig. 1, with the extent
of association in the neat state in the order: L-propanol > L-butanol > ... > L.octanol, A
comparison of the experimental and theoretical vapor pressures versus total concentra-
tien for L-propanol and L-hexanol (Fig. 5) illustrates a significant deviation from the pen-
tamer mouel in their self-association patterns above 1 M. For alcohols having short chain
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Fig. 5. Plot of monomer concentration versus formal alcohol molarity for L-propanol (@) and L-hexanol
(o) showing the deviation from a simple monomer-—pentamer mode] (solid line assuming a Kis=
10,000 1* mol~9) at higher concentrations.

lengths such as L-propanol the experimental vapor pressures are lower than predicted by
the monomer—pentamer model at higher concentrations. (Negative deviation was also
observed for L-butanol but to a smaller extent.) On the other hand, the longer chain alco-
hols such as hexanol exhibit positive deviations from the pentamer curve at higher molari-
ties.

Several factors having opposing effects are probably comir g into play at higher alcohol
concentrations. Further association to form higher polymers or networks could account
for the lowered activity seen for L-propanol. Brink et al. (1977) and Smith (1977) have
postulated that network formation occurs through formation of two hydrogen bonds to
one atom resulting in polymers with side chains, It is conceivable that such network for-
mation would occur less readily in long-chain alcohol systems due to the bulk of the alkyl
chains. Smith (1977) has also explained the .differences between concentrated alcohol
solutions in terms of dipole—dipole interactions between polymers. Again this phenom-
enon would be more pronounced in the smaller alcohols tince long alkyl chains would
have a screening effect inhibiting short range dipole—dipol: interactions. Data from the
study of Tucker et al. (1969) on the self-association of metnanol in hexadecane indicates
that higher association occurs at very low concentrations ia this system with a slope of
~7 in their log—log plots at a total concentration of ~0.08 M. Some preliminary data on
ethanol vapor pressures in isooctane obtained in our labor:tories also suggest that kigher
polymers than pentamer form at concentrations above 0.2 1M whic* is consistent with the
apparent trend that network formation or higher polymerization becomes significant at
lower concentrations as the chain length is decreased.

The positive deviations of the vapor pressures of higher alcohols from those pre-
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dicted by a monomer—pentame: model can be explained by a breakdown in our assump-
tion that the activity coefficient of monomer is one. Certainly the change in environment
on going from infinite dilution in isooctane to a solution which is composed primarily of
alcohol polymers will alter the monomer’s activity coefficient. An increase in the mono-
mer activity coefficient would account for the upward curvature in the vapor pressure
curves seen at concentrations approaching the neat state.

Calculation of the thermodynamics of iransfer processes and the methylene group con-
tribution

The ability to predict solution behavior from the physical properties of the pure com-
ponents would have many useful physical and biological applications. One of the methods
which has achieved some success in this context is the semi-empirical group contribution
approach. A recent review of this concept has been prepared by Davis et al. (1974). The
basic premise made in this method is that the free energy is additively composed of
independent contributions from the constituent functional groups.

From the data for the Henry’s Law constants of #-alcohols in isooctane, we can cal-
culate the molar free energies for the process of transferring alcohol at infinite dilution in
isooctane to the vapor phase, AY2PGY. For the vapor phase,
vap

= "*ui + RT Inp, (6)

where Y#Pu is the chemical potential of the alcohol in the vapor at a pressure, pg, of 1
atm. For the alcohol at infinite dilution in isooctane,

80y, = 5040 + RTIn X, (7
where "°u? is the chemical potential of the neat alcohol (mole fraction = X, = 1). At
equilibrium, %y, = ¥y, . and

ARG = YPyf — %°4¢ = _RT In(p,/Xy) = —RT In(H,/760) (®)

where H, is the Henry’s Law constant in torr based on mole fraction concentration units.
Values for Hy and AJ25G? are listed in Table 4. A plot of A}2PG? versus carbon number,
shown in Fig. 6, results in a straight line from which one can calculate the contribution of
a methylene group to the transfer process by measurement of the slope. The value ob-
tained is 710 cal/mole of —CH,— groups, which is very close to the average value of 700
cal/molz found by Davis et al. (1972) in a survey of the literature.

The free energy of transfer of alcoho! from its neat state tc an isooctane environment,
AS2GY, can also be calculated. For the pure alcohol, %, =8¢0 and a calculation simi-
lar to the above procedure (eqns. 6—8) can be used to obtam the value for AYFGY?, the
standard free energy of transfer from neat alcohol to the vapor:

AFEGY =P} — 19 = _RT In pY/760 ©

where p{ is the vapor pressure over the pure alcohol at 25°C obtained from the literature
values reported in Table 1.
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TABLE 4

STANDARD FREE ENE™GIES OF TRANSFER OF ALCOHOL FROM ISOOCTANE TO VAPOR
AND FROM ALCOHOL TO ISCOCTANE

Alcohol Hy (T6rr) AYAPG] (keal/mole) A2G] (kcal/mole)
L-Propanol 765 -0.004 +2.13
L-Butanol 200 +0.79 +2.06
L-Pentanol 71 +1.40 +2.02
1.-Hexancl 226 +2.08 +1.96
L-Heptanol 6.02 +2.86 +1.93
1-Octanol 1.76 +3.59 +1.87

The standard free energy of transfer of alcohol from its neat state to infinite dilution
in isooctane is then,

AYRGE = *0uf — 15} = —RT In(pY/Hy) (10)
These values are also listed in Table 4. The steady decline in the free energies of transfer
again reflect the decreased association in the higher alcohols in the neat state, resulting in

a higher escaping tendency for monomer in the higher alcohols. Data for standard free
energies of solution of alkanols in alkanes from Aveyard and Mitchell (1969) suggest the

o slope = 7|0 cal/mole

AleG® (keat/mole)

bl 1 1 ) 1 1 i
2 3 4 5 6 7 B
CARBON NUMBER
Fig. 6. Standard free energy of transfer of alcohol from isooctane to the vapor phase versus alcohoi
chain length. The slope gives the methylene group contribution to the transfer process.
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opposite trend with chain length. Their results, however, were based on the distribution
of alcohols between water ar.d alkane solvents and the free energies of solution of the
alcohols in water. The effest of water on the distribution behavior of alcohols is un-
known, but may have affected their results.

Pharmaceutical implications

Information of this type allows one to obtain thermodynamic activities of the various
alcohol species in solution. For example, a current study in this laboratory of the effects
of self-association on mass transport between phases has shown that the rate of transport
of phenol is proportional to the thermodynamic activity of the monomer. Another study
in progress in this laboratory has exarnined the increases in solubility observed in hydro-
carbon alcohol mixtures for several solutes which are capable of hydrogen bonding. These
increases are accounted for quantitatively by complexation with both the monomeric and
polymeric species described in this study. Thus, this type of data should be of value in
understanding and predicting the solubility and other thermodynamically controlled
properties of many substances of pharmaceutical interest.

CONCLUSION

The vapor pressure data for primary alcohols (L-propanol to L-octanol) in isooctane
from 0—~1 M can be accounted for by assuming that the important species are monomers
and pentamers. This clearly contradicts several recent IR, NMR, and calorimetric studies
which have suggested that a tetramer is predominant. Although the cause for this dis-
crepancy has not been resolved, we have pointed out some of the problems inherent in
the IR, NMR, and calorimetric techniques in cbtaining accurate values for monomer con-
centration. Obtaining the exact distribution of all species existing in these systems is of
course unattainable from vapor pressure dati, so that the monomer—pentamer model
musi be viewed as the simplest model whick adequately explains the data. Certainly a
species larger than tetramer must be included to obtain reasonable agreement with the
vapor pressure data. Inclusion of dimers and: trimers did not significantly improve the
cornputer fits. ‘

Alcohol self-association at low concentration was shown to be independent of chain
length, but at high molarities the formation of larger polymers or networks increased
with shorter chain lengths. The activities of the pure alcohols reflect the degree of associa-
tion in the neat state which is in the order L-propanol > L-butanol > ... L-octanol.
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