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SUMMARY 

The octanol-water and hexadecane-water partition coefficients for series of 
alkylbenzenes, alkanes, alkenes, alcohols, and bromoalkanes were determined by the 
generator column technique and compared favorably to those calculated from the 
activity coefficients in each phase. A lattice-model theory suggested and the data 
confirmed that the logarithms of the partition coefficients are linearly related to each 
other and to the solute molar volume for each homologous series. As predicted by 
the theory, the slopes of the linear relationships between the logarithms of the par- 
tition coefficients and solute molar volume were the same for all homologous series 
studied. Furthermore, the logarithms of the octanol-water partition coefficients were 
linearly related (r2 = 0.993) to the logarithms of the reversed-phase liquid chro- 
matographic adjusted retention volumes determined by extrapolation to 100% water 
as the mobile phase for a variety of the solutes. 

INTRODUCTION 

The distribution of organic solutes between water and an immiscible lipophilic 
solvent provides data on the intramolecular and intermolecular forces acting between 
the solute and each solvent. The partition coefficient (K) is defined according to the 
Nernst partition law as the ratio at equilibrium of the concentration of dissolved 
substance (solute) in a two-phase system consisting of two largely-immiscible sol- 
vents’. Due to the extensive work by Hansch and Leo*, the octanol-water system 
has become the standard for determining lipophilic solvent-water partition coeffi- 
cients. At equilibrium, however, octanol contains 1.7 mol/l water and water contains 
4.5 . 10e3 mol/l octano13. 

If one chooses an n-alkane solvent in which to determine partition coefficients, 
there is no hydrogen bonding interaction between solvent and solute so the partition 
coefficient is determined by desolvation of water from the solute and the free energy 
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required to break any hydrogen bonding or dipolar interactions between the solute 
and water. The disadvantage of using an n-alkane solvent is that the possibility of 
dimerization of the solute is maximized. Costas and Patterson4 measured apparent 
molar heat capacities and volumes for methanol in n-hexane, I-hexanol in n-dode- 
cane, and 1-decanol in decane. They noted concentration and temperature depen- 
dencies which indicated alcohol self-association in the alkane solvent through hy- 
drogen bonds. 

Collander5 suggested a simple linear relationship between partition coefficients 
in different lipophilic solvent systems, 1 and 2, i.e. 

lnKz-w = alnKr_, + b (1) 

The slope, a, is a measure of the solvent system’s sensitivity to changes in hydro- 
phobicity of the solute. Leo and Hansch6 postulated that other than hydrogen bond- 
ing the partition process should be the same for solutes in each solvent system. There- 
fore, if one corrects for the hydrogen bonding ability of the solvents and solutes, the 
slope, ~1, should be equal to one. This linear relationship between partition coefficients 
in different solvent systems is said to hold if? (1) the primary solvation forces in the 
two solvent systems are similar; or (2) the solute set is an homologous series. 

In addition to experimental determination, group contribution methods have 
been used to estimate partition coefficients 2. For instance, the ?t constant is a free- 
energy-related constant for a functional group defined as: 

71 = log WxI&) (2) 

where & is the partition coefficient of$he parent compound and K, is the partition 
coefficient of a derivative. The values are additive as long as no new effects in sum- 
mation are encountered. In other words, as long as only effects, such as intermole- 
cular interactions, found in the constituent parts are encountered. 

Octanol-water partition coefficients have also been estimated by correlating 
retention in a reversed-phase liquid chromatographic (RPLC) system with known 
partition coefficients. For instance, Veith ef al.’ using methanol-water (85:15), Ko- 
nemann et al.* using methanol-water (70:30), and McDuflle9 using methanol-water 
(7525) have correlated RPLC retention data with &-, values. More recently, Camps 
et aLlo noted that the correlation coefficient between RPLC retention and K,,_, 
(where o = octanol and w = water) increased with decreasing methanol percentages. 

Other workers’ l-l 3 have used octanol-coated columns and octanol-saturated 
water mobile phases in RPLC systems for determination of &_, values. The dis- 
advantages of an octanol-coated column, however, include: (1) substances of low 
aqueous solubility (1 ppm or less) are undetectable by UV or fluorescence analysis, 
(2) stripping of the physically supported octanol creates baseline stabilization prob- 
lems, and (3) elution of fairly lipophilic compounds can take several hours with 
consequent band broadening difficulties. This leaves capacity factors or adjusted re- 
tention volumes (from Cl8 bonded phases) as the best RPLC estimate of &-,. 

In this study, octanol-water (&-,) and hexadecane-water @&,.) partition 
coefficients have been determined at 25°C for a series of alkylbenzenes, alkanes, al- 
kenes, alcohols, and bromoalkanes using the generator column technique14*15. The 
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importance of this data is both environmental and as a measure of preference of 
solute and solute functional groups for aqueous versus hydrocarbon environments. 
Due to the time and thus expense involved in doing these measurements, it is desirable 
to be able to estimate partition data from molecular parameters or from other mea- 
surements. The lattice model theory which is described in the next section suggests 
linear relationships between In &-, and In Kh_ and between either In K,-, or In 
KhmW and the solute molar volume. Also, the theory validates the group contribution 
method for estimating partition coefficients. Furthermore, since well characterized 
adjusted retention volumes are available at several volume fractions of water in meth- 
anol16, these are extrapolated to retention in 100% water which is then correlated 
with the octanol-water partition coefficients. 

From thermodynamics, the octanol-water or hexadecane-water partition coef- 
ficient can be expressed as the ratio of the solute’s, component a, volume-fraction- 
based activity coefficient at infinite dilution in water, component b, (Y.& to that in 
the organic solvent, component c, either octanol (rstO,) or hexadecane (ya&, as fol- 
lows”: 

Ko-w = Ya(b)ha(o) (3) 

Kb -w = h(b)ha(b) (4) 

The quantity Ya(b) is generally determined (for sparingly soluble solutes) as the re- 
ciprocal of the volume fraction of the solute in water, i.e. l/@a(b), and is expressed as 
the reciprocal of the solute concentration in water (C&)) times the molar volume of 
the solute (Q, l/[C,(b)v*,]. In this study, the activity coefficients in octanol or 
hexadecane have been determined by gas chromatography (GC) for the solutes of 
interest. 

Note that the partition coefficients calculated from the activity coefficients may 
be different than those determined experimentally. In the generator column mea- 
surement, the octanol or hexadecane phase is saturated with water, and the water 
phase is saturated with either octanol or hexadecane. In the activity coefficient de- 
termination, however, one is dealing with pure organic phase and pure water. This 
comparison should shed some light on the importance, or lack thereof, of phase 
saturation. 

BACKGROUND THERMODYNAMICS 

The octanol-water partition coefficient, K, - ,,., and hexadecane-water partition 
coefficient, KhVW, are defined as the ratio of the molar concentration of solute in 
octanol (&,J and hexadecane (C&, respectively, saturated with water to its con- 
centration in water saturated with octanol and hexadecane, respectively, (C,(b)) under 
equilibrium conditions: 

KO- W’ = ca(o,/ca(b, 

Kh-w = c*dca(b, 

(5) 

(6) 
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Furthermore, the chemical potential of the solute in water, j&(b), in octanol, 
P.(.(,), and in hexadecane, pa*), may be expressed by the following equations: 

k(b) = & + RT In ya(b)@a(b) (7) 

Paw = P: + RT ln Y~(~)@w (8) 

where & is the chemical potential of the pure liquid, R is the gas constant, T is the 
temperature of the system in Kelvin, &a(b), a,(,), and Gac,) are, respectively, the solute 
volume fractions in the aqueous phase, octanol phase, and hexadecane phase, and 
?a@), y.(,,), and ys(),) are the solute activity coefficients on a volume-fraction-basis 
(ya + I as 0, + 1) in water, octanol, and hexadecane, respectively. 

Under equilibrium conditions, j&(b) = Pi and ,!&(b) = j&a(r)); hence, 

h(b)%(b) = Ya(o)@a(o) (10) 

ya(b)@a(b) = Ya(h)@a(b) (11) 

Recognizing that Ca(i) Vs(i) = Gac) where Va(,) is the partial molar volume of the solute, 
and combining eqns. 5 and 10 as well as 6 and 11, one obtains 

In &..., = ln yap) - In yato) (12) 

In K6-W = ln h(b) - In h(h) (13) 

where it has been assumed that Va(b) % V,,(,,) % Vat)) E V_‘, , the last being the 
molar volume of the pure liquid solute. Note that here one is assuming that the 
activity coefficients in octanol- or hexadecane-saturated water are approximately the 
same as those in pure water and those in water-saturated octanol or hexadecane are 
the same as in pure octanol or hexadecane. This assumption seems to hold fairly well 
as will be seen later. 

Activity coefficients of the solute in the aqueous phase in equilibrium with 
essentially pure solute may be expressed as 

&(b)%(b) = Ya(a)%(a) (14) 

where yata) and @,(.) are, respectively, the solute activity coefficient and volume frac- 
tion in the solute. Under experimental conditions, Y.(~) approaches unity as @.(.) ap- 
proaches unity; hence, 

Ya(b) = (@a(b))- ’ = (ca(b)E)-’ (1% 

Therefore, the solute volume-fraction-based activity coefficient can be calculated 
from the solute’s aqueous solubility and molar volume. 

The solute activity coefficients in the organic phase are determinable by GC 
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measurements. From these measurements, one must first calculate the solute’s specific 
retention volume (V,j using the following equation’? 

v* = [(W)/wl[(po - Pw)/Pol(273*2/T’) (3/2){I(pilPcJ2 - ll/[(f’i/PcY - 11) (16) 

where t: is the solute retention time minus the air peak retention time in minutes, F 
is the carrier gas flow-rate in ml/min, Pi is the column inlet pressure in torr, P,, is the 
atmospheric (outlet) pressure in torr, P, is the saturated water vapor pressure in torr 
at the room temperature (Tp), and w is the weight in grams of the stationary phase 
in the column. Next, the specific retention volumes must be corrected for vapor phase 
nonideality in order to obtain the solute activity coefficient so that 

In yB = ln(273.2R)/(PaVgY& - (P,B,.)/RT (17) 

where d is the density of the stationary phase at the temperature (7) of the measure- 
ments, Pa and B,, are the vapor pressure and gas phase second virial coefficient of 
the solute at T, and L$ is the liquid molar volume of the solute at T. The virial 
coefficients are calculated from the modified corresponding states equation of 
McGlashan and Potter19. 

From the Flory-Huggins theory, which is based on a random mixing 
(Bragg-Williams) approximation, the volume-fraction-based solute activity coeffi- 
cients at infinite dilution in water and organic solvent are given byZo 

In h(b) = [I - (r&b)] + ra-& b 

In hc) = [I - (ralrc)l + ra.Gf 

w 

(19) 

in these equations, ri is the total number of segments in a molecule of component i 
which is proportional to Vi, the molar volume of component i. Also, Xij is the seg- 
mental interaction parameter. 

The solute, a, is composed of group type 1, the methyl and methylene groups 
and group type 2, the substituent group. Water, component b, is composed of group 
type 3. The organic solvent, either octanol or hexadecane, is component c composed 
of group types 1, the methyl and methylene groups, and 4, the -OH or -GH20H 
group of octanol. Expanding eqns. 18 and 19 to include the group types and substi- 
tuting the results into eqns. 12 and 13, one obtains the following expressions: 

In &-w = rla(Xl3 + l/h - l/rb) + rZa(X23 - xl2 + l/h - I/rb) (20) 

ln &-, = rh(X13 - x314 + I/r0 - l/lb) + r2a[X23 - xl2 - 

_&~14 + l/r0 - l/rb + f&(X12 + x14 - x24)1 (21) 

Note that f& is the fraction of segments of type 4 (-OH) in the octanol. molecule. 
Also, the number of segments in component a which are of group type 1 (rla) is given 
by 

rh = ra - r2a (22) 
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In eqns. 20 and 21, the X values are group interaction parameters. It is interesting 
to note that equations similar to eqns. 20 and 21 were derived previously to describe 
weak complexes2 l. 

Furthermore, ra is proportional to the molar volume of the solute, Va, and rza 
is proportional to the molar volume of the solute functional group x, t”,,. Eqns. 20 
and 21 can now be rewritten as 

In Kh_W = Ec(x13 + l/rh - l/rb) + &&(x23 - xl2 - x13) (23) 

+ vl,ac [(x23 - xl2 - x13) + j-40(X12 + xl4 - x24)] (24) 

where C is a constant. Note the linear relationship between In &_w and V, and In 
K,-, and Va. In eqn. 24, they&r4 term is negligible since the fraction of an octanol 
molecule which is an hydroxy-term (&,) is small. Also, the l/r0 - l/rb and l/rh - 
l/rb terms in eqns. 24 and 23 are small; therefore, the slopes of In KhmW or In &-, 
versus V. should be dominated by the Xl3 term which is positive and approximately 
the same for both systems. 

The intercepts in eqns. 23 and 24 for plots of In &_w or In &_W versus V* are 
more difficult to interpret due to the combination of unknown X values involved. 
The extraf40(X12 + Xl4 - X24)] term in eqn. 24 indicates that the intercepts should 
be different for the two systems unlike the slopes. 

As mentioned in the Introduction, Hansch and Leo2 have used the A method 
for estimating octanol-water partition coefficients. The A constants are free-energy- 
related constants which are determined for each solute group type by eqn. 2. In order 
to demonstrate the validity of group additivity, one lets 

ha = nCH,rCH, + nCHarCH, (25) 

rZa = rx (26) 

where ncu, and Rcu, are the number of methylene and methyl groups, respectively. 
Substituting eqns. 25 and 26 into eqn. 21, one obtains 

In K,_, = IZCHarCH2(&H2_, - f2%-&1,_, •t l/r0 - l/rb) + 

+ %H&H,(&H,_, - .f&x~H~_~ + l/r0 - l/rb) + rx[x3x - 

xl, - _&x14 + l/r0 - l/rb + f4o(xlx + x14 - x4.)] (27) 

which is of the form 

In &-, = ncuz In KCH~ + ~CH, In KCH~ + In fL (28) 

The free energy of transfer from water to octanol, AGO_,, is related to K,,-, by 

-AG,_, = RT In &_, (29) 
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Therefore, eqn. 28 can be rewritten as 

RT In K,-, = - (ncH,AGCH, + ncH,AGmH, + AG,) (30) 

thus indicating the additivity of the free energies of transfer. 
The lattice model theory also suggests a linear relationship between In K,,_, 

and In Khew. Combining eqns. 20 and 21 using eqns. 25 and 26 and letting c= o for 
octanol and c = h for hexadecane, one finds the following relationship 

ln Gw = In Kh-w + ncs,rcn,(l/f, - l/rh -j&x,,) + 

nCH3rCH,(l/ro - l/h - _kxd + rx[l/ro - l/Q, - f4,$14 + 

+ .fdx14 + x12 - X2,)1 (31) 

This equation is of the general form 

In &-, = In Khew + uncrr, + b (32) 

where a = rcu,(l/rO - l/r,, - fi,,X14) . Strictly then, the intercept of a plot of In 
&-, ver.rm In KhwH should show, to some extent, a dependence on solute chain 
length which could lead to “skewing” and a slope slightly different from unity. 

EXPERIMENTAL* 

The solutes used in this study were obtained either from Aldrich (Metuchen, 
NJ, U.S.A.) or Wiley Organics (Columbus, OH, U.S.A.). The purities determined by 
high-temperature GC were 99% and greater. Both the I-octanol and n-hexadecane 
had a purity in excess of 99%. Baker analyzed RPLC-grade methanol and water 
were used to prepare the mobile phase for liquid chromatography. Distilled water 
was used for other aqueous solutions. 

The generator column RPLC method as described by DeVoe et ~1.~~ was used 
to determine the K, _ and Kh-w values for the bromoalkanes and alkylbenzenes. 
The generator column GC method as described by Tewari et af.23 was used to de- 
termine the K,-, and Kh-,., values for the alkanes, alkenes, and alcohols. 

For partition coefficient measurements, approximately 2 ml of I-octanol or 
n-hexadecane containing about 1% (w/w) of solute were used to saturate the solid 
support contained in the generator column. Note that the solute-octanol or 
solute-hexadecane mixtures were previously equilibrated with water using gentle stir- 
ring for several hours. A portion of this equilibrated mixture was taken for analysis 
by either RPLC or GC. 

The water used for partition coefficient measurements, however, was not pre- 
saturated with 1-octanol or n-hexadecane. n-Hexadecane has a low solubility in water 

l Certain trade names and company products are identified in order to adequately specify the 
experimental procedure. In no case does such identification imply recommendation or endorsement by the 
National Bureau of Standards nor does it imply that the products are necessarily the best available for 
the purpose. 
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[33.8 . IO-” mol/l at 25°C (ref. 24)]. For I-octanol, it has been reported25 that the 
solubilities in water are identical within experimental error to those in octanol-sat- 
urated water. 

The activity coefficients in hexadecane and octanol were determined by GC for 
the alkanes, alkenes, alcohols, bromoalkanes, and alkylbenzenes. The stationary 
phases, I-octanol or n-hexadecane, were coated onto the support material, Chro- 
mosorb W-HP, 100-120 mesh, and the weight percent of coating was determined by 
an ashing method26. In the case of the I-octanol phase, two different weight percent 
coatings were used, 6.93 f 0.08% and 15.97 f 0.04%. For n-hexadecane, only one 
weight percent coating was used, 11.84 f 0.05%. Stainless-steel columns [l/8 in. (3.2 
mm) O.D.], both 3 ft. (90 cm) and 1.5 ft. (45 cm) lengths, were packed with known 
amounts of coated support and connected to a heated injection port and a thermal 
conductivity detector. The column temperature was controlled by a water bath at 
25.0 f O.l”C. 

A Nagretti-Zamba precision pressure regulator was used to regulate the col- 
umn inlet pressure which was measured by determining the difference in mercury 
heights in a U-tube. The carrier gas (helium) flow-rate through the column was mea- 
sured by connecting a soap bubble flow-meter to the outlet of the thermal conduc- 
tivity detector. Flow-rates were taken periodically throughout a series of runs. 

The peak midpoint at which retention times were determined was found by 
drawing tangents at points of inflection on both sides of the peak, extrapolating to 
baseline and thereby finding the midpoint 27. Since the retention times decreased as 
the experiment progressed due to column loss of the I-octanol and n-hexadecane, 
benzene was used as a reference retention time standard and injected with each solute. 
The measured retention times were thencorrected for any bleeding using the reference 
solute retention time. 

The solute specific retention volumes were calculatedusing eqn. 16, and the 
corrected activity coefficients were calculated using eqn. 17. The physical properties 
needed for these calculations can be found in refs. 28-33. Considering the uncertain- 
ties in experimental determinations and required constants for calculations, the un- 
certainty in the activity coefficients is less than 2%. 

RESULTS AND DISCUSSION 

The results for the activity coefficients in octanol (JQ,,~), hexadecane (Ye&, and 
water (ya(,,)) are given in Table I for octanol-water and Table II for hexadecane- 
water. Also given in the tables are the partition coefficients calculated using eqns. 12 
and 13 and those determined experimentally by the generator column technique. To 
check the validity of the alcohol in hexadecane activity coefficients, literature values 
for the specific retention volumes of I-butanol in n-heptadecane26 and I-butanol in 
n-octadecanej4 as a function of temperature were extrapolated to 25”C, and the ac- 
tivity coefficients were calculated. The In y value obtained for I-butanol in hepta- 
decane is 4.61 and for I-butanol in octadecane is 4.84. Extrapolating the above values 
to n-hexadecane at 25°C one finds In y = 4.38 compared to the activity coefficient 
for I-butanol in hexadecane determined here of 4.42 (Table II). 

As can be seen in Tables I and II except for the case of the hexadecane-water 
partition coefficients for the alcohols, the agreement between the partition coefficients 
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TABLE I 

RELATIONSHIP BETWEEN VOLUME-FRACTION-BASED ACTIVITY COEFFICIENTS IN WATER (yscu) 
AND OCTANOL (r.& AND THE OCTANOL-WATER PARTITION COEFFICIENTS 

Compound ln Y.(b) ln %%,* In Koew 

CalculaleP Experimental Calc. - Exp. 

Benzene 5.96 
Toluene 7.30 
Ethylbenzene 8.45 
n-Propylbenzene 9.72 
n-Butylbenzene 11.03 
n-Pentane 9.65 
n-Hexane 10.89 
n-Heptane 12.16 
n-Octane 13.35 
n-Hex- 1-ene 9.16 
n-Hept-1-ene 10.55 
n-O&-1-ene 12.07 
n-Non- 1 -ene 13.38 
I-Bromobutane 7.46 
1-Bromopentane 8.96 
1-Bromohexane 9.99 
I-Bromoheptane 11.35 
I-Bromooctane 12.64 
1-Butanol 2.56 
I-Pentanol 4.24 
I-Hexanol 5.25 
1-Heptanol 6.45 

1.39 (1.30) 4.57 4.63 -0.06 
1.23 (1.17) 6.07 6.10 -0.03 
1.22 (1.17) 7.23 7.21 0.02 
1.18 (1.14) 8.54 8.50 0.04 
1.03 10.00 9.88 0.12 
1.36 (1.28) 8.29 8.34 -0.05 
1.32 (1.22) 9.57 9.46 0.11 
1.28 (1.19) 10.88 10.73 0.15 
1.28 (1.18) 12.07 11.93 0.14 
1.33 (1.16) 7.83 7.81 0.02 
1.21 9.34 9.19 0.15 
1.20 (1.10) 10.87 10.52 0.35 
1.16 (1.08) 12.22 11.86 0.36 
1.37 (0.86) 6.09 6.33 -0.24 
1.31 7.65 7.76 -0.11 
1.23 8.76 8.75 0.01 
1.12 10.23 10.04 0.19 
0.93 11.71 11.26 0.45 
0.75 (0.77) 1.85 1.81 0.04 
0.68 3.56 3.52 0.04 
0.53 4.72 4.67 0.05 
0.54 5.91 5.92 -0.01 

l Numbers in parentheses are preliminary results from Tewari et a1.l7. 
l * In K&w = ln hb) - h Yslo)~ 

calculated from the activity coefficients and those determined experimentally is rel- 
atively good. This indicates that the assumption concerning the equivalence between 
the activity coefficients in octanol- or hexadecane-saturated water and pure water 
and those in water-saturated octanol or hexadecane and pure octanol or hexadecane 
is good. 

Aveyard and Mitchell35 also determined hexadecane-water partition coeffi- 
cients for some l-alcohols. The In Kr.,_,, values which they determined are3? - 1.08 
for 1-butanol, -0.90 for 1-pentanol, 0.25 for I-hexanol, and 1.77 for 1-heptanol. 
These values, except for I-butanol, are less than those determined by the generator 
column technique or calculated from the activity coefficients. Given that the alcohol 
activity coefficients agreed with the literature values, there is an indication of devia- 
tion from infinite dilution or limiting behavior in the hexadecane phase during the 
actual partitioning experiment. Costas and Patterson4 noted self-association of al- 
cohols in alkane solvents through hydrogen bonds for methanol in n-hexane, l-hex- 
anol in dodecane, and 1-decanol in decane. 

When considering activity coefficients in water, one must be concerned whether 
calculating them from the aqueous solubility gives a value comparable to the infinite 
dilution activity coefficient. Medir and Giralt36 reported infinite dilution activity 
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TABLE II 

RELATIONSHIP BETWEEN VOLUME-FRACTION-BASED ACTIVITY COEFFICIENTS IN 
WATER (~,,t,~) AND HEXADECANE (Y.& AND THE HEXADECANE-WATER PARTITION 
COEFFICIENT (K,, -,) 

Compound In Y.(b) In Yoe, In Kh-, 

CalculaleS Experimental Calc. - Exp. 

Benzene 5.96 1.28 4.67 4.77 -0.10 
Toluene 7.30 1.04 6.26 6.24 0.02 
Ethylbenzene 8.45 1.01 7.44 7.41 0.03 
n-Propylbenzene 9.72 0.87 8.85 8.82 0.03 
n-Butylbenzene 11.03 0.76 10.27 10.50 -0.23 
n-Pentane 9.65 0.83 8.82 9.21 -0.39 
n-Hexane 10.89 0.74 10.15 10.22 -0.07 
n-Heptane 12.16 0.62 11.54 11.95 -0.41 
n-Octane 13.35 0.53 12.82 13.01 -0.19 
n-Hex-1-ene 9.16 0.78 8.38 8.82 -0.44 
n-Hept-1-ene 10.55 0.69 9.86 9.86 0.00 
n-Oct- 1 -ene 12.07 0.58 11.49 11.12 0.37 
n-Non- 1 -ene 13.38 0.55 12.83 12.34 0.49 
I-Bromobutane 7.46 1.18 6.28 6.68 -0.40 
I-Bromopentane 8.96 1.06 7.90 8.20 -0.30 
I-Bromohexane 9.99 0.93 9.06 8.98 0.08 
I-Bromoheptane 11.35 0.80 10.55 10.48 0.07 
I-Butanol 2.56 4.42 - 1.86 -2.22 0.36 
I-Pentanol 4.24 4.37 -0.13 -0.70 0.57 
I-Hexanol 5.25 4.26 0.99 1.23 -0.24 
I-Heptanol 6.45 3.98 2.47 2.53 -0.06 

l In Khmv = In h(b) - In hhP 

coefficients for several organic compounds in water. Representative values are given 
in Table III along with the activity coefficients calculated from the aqueous solubil- 
ities. Note that there is relatively good agreement between all of the values indicating 
that the solubility calculation is a reasonable method for determining activity coef- 
ficients in water. 

A linear relationship between In K,-, and solute molar volume, K”,, and In 
Kbew and Va is suggested by the lattice model, eqns. 23 and 24. The plots are shown 
in Figs. 1 and 2 for K, _-w and Khew, respectively. Note that for the hexadecane-water 
partition coefficients of the alcohols, the In Khew calculated from the activity coef- 
ficients (Table II) are used. 

In eqns. 23 and 24, one notes that the slopes of either In &_, versus v‘. or In 
Khmw versus E should be the same for all functional group solutes. For the 
octanol-water partition coefficients, the following slopes were found: alkylbenzenes 
0.077, alkanes 0.076, alkenes 0.083, bromoalkanes 0.073, and alcohols 0.082. The 
slopes for the hexadecane-water system are: alkylbenzenes 0.083, alkanes 0.082, al- 
kenes 0.073, bromoalkanes 0.072, and alcohols 0.085. (If one uses the experimental 
In Khmw values for the alcohols to plot against K”,, the slope found is 0.103 which 
may indicate self-association of the alcohols in the hexadecane phase.) 

Looking back at the respective slopes for the octanol-water and hexa- 
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TABLE III 

COMPARISON OF MOLE-FRACTION-BASED ACTIVITY COEFFICIENTS IN WATER DETER- 
MINED AT INFINITE DILUTION (y&J AND CALCULATED FROM AQUEOUS SOLUBILITIES 
(Y%bUB) 

Compound In Y%,* In &!fv” 

n-Pentane 11.55 11.51 
n-Hexane 13.13 12.88 
a-Heptane 14.46 14.26 
n-Octane 16.08 15.55 
n-Hex-l-ene 11.45 11.10 
n-Ott-1-ene 14.65 14.24 
Benzene 7.78 7.56 
Toluene 9.20 9.08 
Ethylbenzene 10.57 10.37 
nPropylbenzene 11.75 11.77 
n-Butylbenzene 13.29 13.19 
Biphenyl 12.98 14.05 

l Medir and Giralts6. 
** From solubility data reported in ref. 23. 

decane-water partition coefficients versus solute molar volume (eqns. 23 and 24), one 
notes that both slopes are dominated by the Xi3 term, as mentioned previously. 
Therefore, one would expect the octanol-water and hexadecane-water slopes to be 
close to one another which they are. The average value of the slope for the 
octanol-water system is 0.078 and for the hexadecane-water system is 0.079. 

Molar volume correlations could prove beneficial in predicting partition coef- 
ficients for other members of solute classes. The data obtained and the lattice model, 
however, do not predict the “leveling off’ of the partition coefficients at higher mo- 
lecular volumes suggested by Mackay et ~1.~‘. 

Having determined the partition coefficients in two different solvent systems, 
it is interesting to examine the relationship between the partition coefficients. Using 
the lattice model theory, eqn. 31 predicts a linear relationship between the octanol- 
water and hexadecane-water partition coefficients of the form: 

In K,-, = ln &-or + anCHz + b (32) 

A plot of In K,,-, versus In K,., -,,, for a given homologous series should show some 
dependence on solute chain-length through the a~, term. This may lead to skewing 
and a slope which is slightly different from unity. Note that the slope would be unity 
if the intercept (urzcu, + b) were independent of solute size. 

The plots of In &-, versus In Kb--w are shown in Fig. 3. Note that for the 
alcohols, the Kh_ values calculated from the activity coefficient data (Table II) are 
used for the correlations since some aggregation of the alcohols in the hexadecane 
phase during partitioning is suspected. The slopes are close to unity. They are: for 
the alkylbenzenes 0.92, alkanes 0.91, alkenes 1.14, bromoalkanes 1.02, and alcohols 
0.96. Since none of the slopes is unity, the suspected dependence of the intercept on 
solute size does occur. Such linearity between partition coefficients from two solvent 
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Fig. 1. Plots of ln K,,-., versus molar volume of the solute. Alkylbenzenes (0): In &-, = 0.077 
(*O.O03)V; - 2.16 (&0.03), r* = 0.999 (z+zO.O19). Alkanes (0): In K.,_, = 0.076 (zkO.OO4)Y: - 0.43 
(*O.Ol), r2 = 0.999 (f0.014). Alkenes (V): In &.-, = 0.083 (*O.OOl)Y: - 2.58 (&0.06), r* = 0.999 
( f 0.037). Bromoalkanes (0): ln Xg-, = 0.073 (~0.003)~ - 1.50 (rtO.lO), r* = 0.998 (kO.013). Al- 
cohols (n: In &-, = 0.082 ( f 0.003) V# - 5.54 ( f 0.08), r 2 = 0.997 ( f 0.018). The values in parentheses 
indicate the standard deviations of the slope, intercept, .and coefficient of determination, respectively, for 
each equation (Figs. 24). 

systems occurs if the primary solvation forces in the two solvent systems or solutes 
under consideration are sufficiently similar38, i.e., solutes in a homologous series as 
reported here. 

Watari et ~1.~~ examined the partitioning of chlorobenzene and bromobenzene 
derivatives in a heptane-water system and in a 1-octanol-water system. These work- 
ers observed no significant difference in the interaction energies of I-octanol and 
heptane and concluded that partition coefficients are governed principally by differ- 
ences in cavity formation energy. However, Lyman et ~1.~~ observed a poor corre- 
lation between the partition coefficients for alcohols in a heptane-water and l- 
octanol-water system (rZ = 0.584). This poor fit was attributed to hydrogen bonding 
between solutes in the heptane phase. Octanol which dissolves a greater amount of 
water than heptane tends to inhibit solute-solute hydrogen bonding4O. The data 
presented here do not indicate a poorer correlation for the alcohols between n- 
hexadecane-water and I-octanol-water systems (rz = 0.998), probably because the 
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Fig. 2. Plots for In Kh-v versus molar volume of the solute. Alkylbenzenes (0): In Kh_r = 0.083 
(*O.O03)V. - 2.71 (&0.04), r* = 0.997 (f0.019). Alkanes (a): In I&_* = 0.082 (f0.002)K - 0.40 
( f O.Ol), rz = 0.989 ( f 0.022). Alkenes (V): In Kh-,., = 0.073 ( f 0.003) V; - 0.36 ( f O.Ol), r2 = 0.998 
(kO.014). Bromoalkanes (0): ln Kb-v = 0.072 (+O.O02)V: - 0.96 (&0.02), r* = 0.992 (hO.016). Al- 
cohols m: In Kb_r = 0.085 (&O.O03)VZ - 9.58 (10.10). rz = 0.992 (~tO.021). 

12 - 

lo- 

-2 0 2 4 6 6 10 12 

In K,.,ew 

Fig. 3. Plots of In &.., verSuS In Kb-.,. Alkylbenzenes (0): In &-, = 0.92 (&0.02) In Kh_., + 0.34 
(10.01), rz = 0.998 (zkO.026). Alkanes (0): In &-., = 0.91 (~0.02) In Kb_* + 0.03 (&O.OO), r2 = 0.992 
(50.015). Alkenes (V): In %_, = 1.14 (*0.03) In Kb_,, - 2.14 (&0.03), rz = 0.998 (~kO.019). Bra- 
moalkanes (0): In Xg-* = 1.02 (fO.02) In KI,_., - 0.48 ( f O.Ol), rZ = 0.997 ( f 0.018). Alcohols (n: 
In &-* = 0.96 (dcO.05) In Kher + 3.63 (*0.09), r* = 0.998 (f0.032). 
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activity coefficients are used to calculate the hexadecane-water partition coefficients. 
The alcohols do, however, fall outside the cluster of the other data (Fig. 3). 

As seen in eqn. 30, the lattice model validates the idea of additivity of free 
energies of transfer, i.e. the octanol-water partition coefficient can be divided into 
contributions to the free energies of transfer from the methyl, methylene, and func- 
tional groups. The group contributions to In &-, calculated from this data are 
compared to those compiled by Hansch and Leo2 in Table IV. The comparison 
between the group contributions determined here and those compiled by Hansch and 
Leo2 is fairly good. 

Also given in Table IV is the free energy of transfer from water to octanol 
(dGJ for each solute group (i). Note that a negative AGi implies favorable conditions 
for transfer from water to octanol; whereas, positive AGj implies unfavorable con- 
ditions for the transfer. For the solute groups studied, only the hydroxy group of the 
alcohols preferred to remain in the water phase as compared to the octanol phase. 

The group contributions and free energies of transfer depend on intrinsic en- 
ergetics of the solutes and solvents and the size of the solute group. The ratio of the 
group contribution for the methyl group to that for the methylene group is 1.65 
which is larger than the ratio of the respective group volumes (1.34) or group areas 
(1.57). This suggests that the segmental interaction parameter between the methyl 
group and water (XcHo_3) is greater than that between the methylene group and water 

WCH,_,). 
As noted in the introduction, several workers have correlated capacity factors 

(k’) obtained from RPLC measurements with &_, values. This is indeed a rapid 
and widely applicable method for determining &-, values; however, Veith et ~1.’ 
had a mean standard deviation of 0.64 in log K,-, for eighteen compounds. This 
poor correlation is probably due to differences in hydrogen bonding properties of the 
two systems. Camps et a1.16 noted that the correlation coefficients obtained by cor- 
relating K,,_, with k’ increased with decreasing methanol percentages. The rz values 
which they obtained for these plots were 0.759 for water-methanol (10:90), 0.949 for 
water-methanol (30:70), and 0.984 for 100% water as the mobile phase. 

Martire and Boehm4r noted that neglecting the effect of the -OH group on 

TABLE IV 

GROUP CONTRIBUTIONS TO OCTANOLWATER PARTITION COEFFICIENT (In &k6-,) 

Group 1T 

Experimental* From ref. 2 

AGO--y* 
(cal/mol) 

-CH3 2.13 2.05 - 1263 
-CHz- 1.30 1.24 - 770 
CHZ = CHt 1.86 2.03 -1102 
-Phenyl ring 3.89 4.37 -2307 
-Br 0.18 0.46 - 105 
*3H -3.91 -3.78 2317 

l Determined from data in Table I. 
* Free energies of transfer from water to octanol (RT In &-, = - AGO-,,) calculated using ex- 

perimental data. 
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TABLE V 

RELATIONSHIP BETWEEN In AZ_, AND In V,,(&. = 1) 

Compound In V.(@b = I)* In K-, 

Benzene 6.20 4.63 
Biphenyl 11.82 8.66 
Toluene 7.91 6.10 
Ethylbenzene 9.37 7.21 
n-Propylbenxene 11.27 8.50 
n-Butylbenxene 12.74 9.88 
n-Pentylbenzene 14.12 11.28 
n-Hexylbenxene 15.71 12.71 
n-Heptane 13.80 10.73 
n-Butanol 2.68 1.81 
n-Pentanol 4.22 3.52 
n-Hexanol 6.60 4.67 
n-Heptanol 7.75 5.92 

l Ref. 16: adjusted retention volumes using the 25 cm Zorbax ODS column thermostatted at 25°C 
extrapolated to 100% water (from methanol-water mixtures) as the mobile phase (ab = 1). 

Fig. 4. Correlation between In I&-., and In V. (0, = 1). In xg-, = 0.81 (f0.02) In v,, (t& = 1) - 0.34 
(fO.Ol), r* = 0.993 (*0.023). 
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I-octanol, the main difference between the RPLC capacity factor in pure water and 
K, -W is the translational freedom and structure of the respective hydrocarbon phases. 
This implies that by extrapolating the capacity factors to pure water, one can obtain 
a reasonable estimate of K,,-,. Thus and Kraak42 also found that the correlation for 
k’ at 100% water was better with &-, than k’ at a fixed mobile phase composition. 
Jinno43, however, found that extrapolation to 100% water was no better than at 
other compositions. 

Using adjusted retention volumes (I!,) determined on a 25 cm x 4.6 mm I.D. 
Zorbax ODS column extrapolated-to 100% water at 25°C (ref. 16), In K,,-, are 
correlated with RPLC retention volumes. For the adjusted retention volumes, 2Hz0 
was used as the unretained solute. The data are-given-in Table V and plotted in Fig. 
4. The correlation between In K,, -W and In .V, at 100% water, 4+, -= 1, is fairly good, 
r2 = 0.993. This indicates that Marfire and.Boehrn41 may becorrect in suggesting 
that by extrapolating the capacity factors (oradjusted retention volumes) to pure 
water, one can obtain reasonable estimates of K,_,. 

CONCLUSIONS 

The lattice model theory developed suggests and the data gathered using the 
generator column technique confirm that the -partitioning .characteristics of organic 
solutes are predictable from other partitioning measurements, molar volumes, group 
contributions, or ODS retention properties. Octanol-water partition coefficients and 
hexadecane-water partition coefficients are linearly related to each other (approxi- 
mately) and to solute molar volume for the solute group types studied. These par- 
tition coefficients may also be calculated with reasonable accuracy from the solute 
activity coefficients in either octanol or hexadecane determined by GC and in water 
calculated from the aqueous solubilities. Therefore, at least for these two solvent 
systems, the influences from mutual solubility of the two phases are minimal. The 
octanol-water partition coefficient is also separable into group contributions from 
the methyl, methylene, and functional groups. 

Relating the octanol-water partitioning data to retention in RPLC, one finds 
that partition coefficients may be reasonably predicted from adjusted retention vol- 
umes extrapolated to 100% water as the mobile phase. Therefore, neglecting the 
effect of the -OH group on I-octanol, the main difference between the reversed-phase 
retention volume in pure water and octanol-water partitioning is the translational 
freedom and structure of the respective hydrocarbon phases as suggested earlier”‘. 
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