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The sulvation equation log SF’ = c’ + rR, f mf i a&f” + b2.P: + vVx has been applied to reversed-phase HPLC 
capacity factors, as log k’, for solutes on a CT,, bonded phase. with various water-methanol mobile phases, using 
data by Yamagami and Takao. Here. SF’ is a property for a series of solutes in a fixed solvent system, and the 
explanatory variables are solute descriptors as follows: R, is an excess molar refraction, zry is the solute 
dipolarity i polarizability . Xcw y and Z/3” are the solute overalcor effective hydrogen-bond acidity and basicity. and 
V, is the McGowan characteristic volume; c, r, s, a. h and v are constants. It is shown that the blend of factors that 

influence log k’ in any given system is not the same as that which influences log P,,,,. In particular, solute 
hydrogen-bond acidity considerably influences log k’. but has no effect on log PC,,,. It follows that when log k’ 
values are used to estimate log P%,,,, great care has to be taken to match the training set of solutes in the correlation 
equation, with the solutes for which log Pi,,, is to be determined. 

The use of reversed-phase high-performance 
liquid chromatography (RP-HPLC) to determine 

water-octanol partition coefficients is a well-es- 
tablished and widely practiced method [l--S]. 
Values of the RP-HPLC capacity factor, k’, arc 
obtained for a training set of solutes with known 

water-octanol partition coefficients, P,,,, , using a 
given stationary phase and a given mobile phase. 
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is constructed, Then further measurements of log 
k' in the same system can be used to estimate 
P,,,, for other solutes. How good the estimations 

are. depends not only on the choice of the RP- 

HPLC system, but also on the choice of the 

training set of solutes. Xie et al, [2] used a 
training set of phenols in order to estimate log 

9,,, for phenols, and obtained a good ~o~~~~~~i~~ 
between tag P,,,, from an RP-HPLG met 

and log POct from the tradit~o~al shale-ask (sf) 
method. The RP-HPLC procedure of Xie et al. 
[Z] differs slightly from that summarized as Eq. 

reserved 
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1. in that the capacity factors determined at 
different water-methanol mobile phase composi- 

tions were extrapolated to zero methanol compo- 
sition, and the resulting log kk values used to 
calculate log P,,,. For 21 phenolic solutes. the 
relationship between log P,,, by the sf method, 
and log P,,, by the RP-HPLC method is given 

bY 

‘% Lt .sf = 0.0616 + 0.9861 log Pnct.RP_HPLC 

n=21, p=0.9803,S.D. =0.12.F=46& (2) 

Here and elsewhere, n is the number of 

solutes, p is the correlation coefficient, S.D. is 
the standard deviation in the dependent variable, 
and F is the F-statistic. If a wide range of solutes 
is considered, the regression equation, either in 
terms of Eq. 1 or Eq. 2, is not so good. For 
example, Vallat et al. [5] determined log k:, both 

directly using buffered water as the mobile 

phase, and by extrapolation from buffered 
water-methanol mobile phases, with a deacti- 

vated C, stationary phase. For 70 varied solutes 
they found 

log pact = 0.30 + 1.09 log k& 

n =70, p =0.9474, S.D. = 0.29, F=599 (3) 

They attributed the rather poor correlation 
shown in Eq. 3 to the different hydrogen-bond 
properties of the RP-HPLC C, system and the 
water-octanol system, on the lines suggested by 

Kamlet and co-workers [6,7] several years ago. 
As might be expected, a plot of log P,,, vs. log 
k: revealed clear family-dependent lines [5]. 
Vallat et al. [5] also examined a novel octa- 

decylpolyvinyl alcohol (ODP) stationary phase 
in a similar way, and obtained 

log P,,, = - 0.06 + 0.83 log k;,.,,, 

YE = 40, p = 0.9823, S.D. = 0.23. F= 1048 (4) 

The ODP system seems to mimic hydrogen- 
bond and other properties of the water-octanol 
system rather well [5], and gives a better correla- 

tion over a varied set of solutes. However, the 
RP-HPLC systems mostly used in the determi- 

nation of log Pact values are nearer the C, 
system, and in these cases, the training set of 

solutes will normally be chosen so as to resemble 
as closely as possible the solutes for which log 
P c,ct is unknown. Unless the training set is 
carefully chosen, Eq. 1 may not hold. An elegant 

demonstration of this has recently been provided 
by Yamagami and Takao [4], who obtained log 

k’ values on a typical C,, bonded stationary 
phase, Capcell Pak, with various water-metha- 
nol mixtures as the mobile phase. They used a 

variety of substituted furans and heterocyclic 
compounds (see Table l), as a training set, and 
showed that Eq. 1 held only for restricted 

families of solute. Even when taking the two sets 
of solutes in Table 1 separately, a plot of log k’ 
against log P,,, gave rise to families of lines, 

rather than to one single line, for any given 
water-methanol mobile phase. Yamagami and 
Takao [4] also obtained log k:, values through 

extrapolation of log k’ to zero methanol con- 
centration using results from water-methanol 

mixtures containing 30-70% (v/v) methanol, but 
found again that a plot of log kk against log P,,, 
gave rise to families of lines. Although 

Yamagami and Takao [4] took the two sets of 
solutes in Table 1 separately, similar results are 
found if the two sets are treated together, as 

shown in Figs. 1-3. Note that solutes 32-35 in 
set B in Table 1 also occur in set A; we keep 
both because the log k’ values given by 

Yamagami and Takao [4] are slightly different 
from one set to the other. 

Yamagami and Takao [4] divided the solutes 

in set A in Table 1 into three groups of sub- 
stituents, (i) H, alkyl, halogen, OMe and 

COMe, (ii) CO,R and CONMe,, and (iii) 
CONHMe and CONH,. They suggested that 
solutes with hydrogen-bond acidic groups would 
undergo hydrogen-bonding more effectively with 
octanol (or rather wet octanol) than with the less 
basic stationary phase, so that log Pact is larger 

than expected, or log k’ is smaller than expected, 
by comparison with the other substituted furans. 
A similar argument was put forward to explain 

the deviant behaviour of indole and 3-car- 
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Table 1 

Solutes and their descriptors used in the calculations 
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Set A 

1 

2 

s 
4 

5 
6 
7 

H 

9 

10 

11 

12 

13 

13 

15 

16 

17 

18 

Set B 

19 

20 

22 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

34 

36 

37 

38 

39 

40 

41 

42 

33 

Furan 

2-Methylfuran 

2-Ethylfuran 

2-Methoxyfuran 

2-O. COMe-furan 

2-CO,Me-furan 

2-CO_Et-furan 

2-Br-K’O.Et-furan 

Z-CONMe_-furan 

3-CO-Me-furan 

3-COZEt-furan 
WOkMe ,-furan 

?-CONH .-furan 

2-CONHMe-furan 

2-CONHEt-furan 

3-CONH .-furan 

3-CONHMe-furan 

3CONHEt-furan 

Pyrazinr 

2-CO,Me-pyrazinc 

~-Me-~-CO,Me-p~razine 

2-Me-6-COiMe-pyrazine 

2-Cl-5-CO,Me-pyrazine 

2-MeO-6-CO,Me-pyrazine 

Pyrimidine 

?-CO,Me-pyrimrdine 

5-COZMe-pvrimidine 

Pyridazine 

4-COZMe-pyridazinc 

Benzene 

Methyl henzoatc 

Furan 

2-COIMe-fur-an 

%CO,Me-furan 

2-Br-5-CO-Et-furan 

N-Methylp~rrole 

2-CO,Me-pyrrole 
Thiophene 

Benzofuran 

9-COIMe-henzofuran 

lndole 

2-CO,Me-indole 

3-COLMe-indole 

0.00 0.13 0.5363 

0.00 0.14 0.6772 

0.00 0.14 0.8181 

0.00 0.25 0.7359 

0.00 0.58 0.8925 

0.00 0.50 0.8925 

0.00 0.50 1.0334 

0.00 0.45 1.0675 

0.00 0.89 1.0745 

0.00 0.46 0.8925 

0.00 0.46 1.0334 

0.00 0.98 1.0745 

0.10 0.83 0.7927 

0.36 0.76 0.9336 

0.36 0.81 1.0745 

0.49 0.67 0.7927 

0.36 0.82 0.9336 

0.36 0.85 1.0745 

0.00 0.62 0.6342 

0.00 0.92 0.9904 

0.00 0.96 1.1313 

0.00 0.98 1.1313 

0.00 0.85 1.1128 

0.00 0.87 1.1900 

0.00 0.65 0.6342 

0.00 1.04 0.9904 

0.00 0.82 0.9904 

0.00 0.81 0.6342 

0.00 0.97 0.9904 

0.00 0.14 0.7164 

0.00 0.46 1.0726 

0.00 0.13 0.5363 

0.00 0.50 0.8925 

0.00 0.46 0.8925 

0.00 0.45 1.0675 

0.00 0.31 0.7180 

0.00 0.40 0.9936 

0 . 00 0.15 0.641 I 

0.00 0.15 0.9053 

0.00 0.46 1.2615 

0.44 0.22 0.9460 

0.12 0.52 1.3026 

0.44 0.49 1.3026 

bomethoxyindole in set B in Table 1. Whether or includes proper descriptors of solute hydrogen- 
not such an explanation is quantitatively correct bond acidity and basicity. This is the aim of the 
can only be ascertained through an analysis that present work. 



Fig. I. Plot of tog k’ with mobile phase 70% methanoi vs. log 
PO,, for all the entries in Table 1. Sotutes with ~otentia1 
hydrogen bond acidic sites are denoted as II;. 

Our analysis is based fs] on the generai solva- 
tion equation, 

Here, SP is a property for a series of solutes in 
a fixed solvent system; in this work, SP will 
either be k’ for solutes in a given RP-HPLC 
st~t~o~ar~ phase-mobile phase system, or will be 
water-octanol partition coefficients for a series 
of solutes, The explanatory variables in Eq. 5 are 

-l.OO a.% om KQ l.co I..% 2.00 2.x) m2 

log Poct 

Fig, 2, Hot of log k’ with mobile phase 30% methanol vs. log 
P,,, for all the entries in Table 1. Solutes with ~otenti~ 
hydrogen bond acidic sites are denoted as 8. 

solute descriptors as follows: 1-3, is an excess 
molar refraction that can be obtained fur compli- 
cated solutes by simple ~dd~t~o~ of fragments [8 

L 
f 

T; is the solute dipolarity/p~lar~~abil~ty, Z&X, 
and Z/3: are the solute overall or effective 
hydrogen-bond acidity and basic@, and V, is the 
~~~~~a~ ~bara~te~sti~ volume that can be 
calculated from molecular structure [8]; c, r, s, Q, 
h and v are constants. Hence for any new solute 
to be examined, three descriptors need to be 
assigned, viz. $, &fl and z/3,“. We have 
shown in some detail f9J exactly how these can 
be obtained, provided that a number of warer- 
solvent log P values are available. ~~arnagam~ et 
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Fig. 3. Plot of log k: vs. log PC,L, ior all the entries rn Table I. 
Solutes with potential hydrogen bond acidic sites are denoted 
as n . 

al. [lo] have determined such log P values in 
water-octanol, water-chloroform, water-octane 
and water-dibutyl ether systems for the 
pyrazines, pyrimidines. and pyridazines in Table 
1. enabling us to calculate the required descrip- 
tors. We have already determined those for many 

of the other compounds [8,9], leaving assign- 
ments to be made for solutes 4-18. This was 
done using structurally related compounds as 
examples, and the total set of descriptors was 
tested using the log P,,,, values listed [4]. The 
assigned descriptors are given in Table 1. 

The general Eq. 5 has been applied to a large 
number of water-solvent partitions [9]. The 
most relevant is the water-octanol system, for 

which the most recent [ll] equation is 

log P,,, = 0.088 + 0.562R, - 1.054~: 

+ 0.034Z.a 5’ - 3.460# + 3.841VX 

n = 613, p = 0.9974, S.D. = 0.116, F = 23162 

(6) 

The constants in Eq. 5 can be used to char- 

acterize the system in question; thus in Eq. 6 
they provide information on the difference in 
properties of octanol (or wet octanol) and water. 

The r constant shows that solute polarizability 
favors octanol, and the s constant that solute 
dipolarity/polarizability favors water -hence 

octanol is itself more polarizable than water but 
water is more dipolar than octanol. The a con- 

stant is a measure of the difference in hydrogen- 
bond basicity between octanol and water 
(because acidic solutes interact with basic sol- 
vents), and shows that the two solvents have 

almost exactly the same basicity. On the other 
hand, the b constant indicates that water is much 
more acidic than octanol. Finally, the large 
positive v constant shows that octanol will inter- 
act with lipophilic solutes to a much greater 
extent than will water. There is no reason why 

Eq. 5 should not be applied in the same way to 
log k’ values; indeed, Miller and Poole [12] have 
already shown this to be the case for a Baker- 
bond C,, stationary phase with various water- 
methanol mobile phases. We shall discuss these 
results later. 

3. Results and discussion 

The log k’ values of Yamagami and Takao [4] 
refer to six water-methanol mixtures for the 

solutes in set A in Table 1, over the range 
O-70% methanol, and to three water-methanol 
mixtures, from 30-70%, for solutes in set B in 
Table 1. There are not really enough solutes (18) 

in set A to carry out a complete analysis with 
Eq. 5. but since such a wide range of mixtures 
has been used, we thought it of interest to apply 

the equation, anyway. A summary of the re- 
sulting regression equations is in Table 2. 
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Table 2 

Summary of regression Eq. 5 for solutes l-18” 

Methanol (%) c r S a 

0 -11.84 0.16 -0.10 -1.11 
5 -0.63 0.36 -0.36 - 1.06 

15 -0.49 0.47 -0.52 -0.96 

30 -0.39 0.56 -0.68 -0.84 

50 -U.42 (1.51 -0.76 -0.68 

70 -0.67 (I.32 -0.73 -0.60 

Log k,: -0.17 O.HO -0.66 -l.Il 

30h -0.32 0.44 -0.58 -0.43 

50” -0.41 0.34 -0.74 -0.31 

70h -0.71 0.16 -0.44 -0.32 

lOOh -0.98 cr.n1 -0.19 -o.txJ 

“With a Capcell Pak C,, phase, ref. f4]. 

‘With a Bakerbond C,, phase, and a different solute set, ref. [ I2]. 

h V P S.D. F 

-1.93 3.96 0.9979 0.04 570 

-2.11 3.67 0.9969 0.05 384 

-2.33 3.34 0.9969 0.06 382 

-2.33 2.86 0.9976 0.05 508 

-2.09 2.28 0.9989 0.03 1051 

-1.74 1.88 0.9975 0.04 482 

-2.83 3.59 0.9926 0.10 160 

--2.52 3.34 0.9950 0.07 241 

-2.00 2.75 0.9880 0.11 103 

-1.59 2.12 0.9900 0.08 124 

-0.62 1.22 0.9320 0.08 17 

Although we do not regard the regression 
equations as definitive. the constants make gen- 

eral chemical sense, and the interpretative of 
them follows exactly that of the water-octagon 
equation, above. The main factors that influence 
log k’ are solute dipolarity/polarizability, hydro- 

gen-bond acidity and hydrogen-bond basici ty 
that all favor the mobile phase and lead to a 
redaction in log k’, and solute volume that favors 
the stationary phase and leads to an increase in 

log k'. The variation of the constants with mobile 
phase composition is interesting. As the metha- 
nol content increases, the difference between 
mobile phase and stationary phase basicity de- 

creases and hence the magnitude of the Q con- 
stant decreases: however the h constant reaches 
a maximum in magnitude at around IS-30% 

methanol. As the difference in hydrophobicity 
decreases with increasing methanol content, so 
does the v constant decrease. Surprisingly, the s 
constant increases in rnagn~t~d~ as the methanol 
content increases, so that the difference in dipo- 

larityipolarizability between stationary phase 
and mobile phase becomes larger. However it 
must be noted that the stationary phase is not 

e range of mobile phase compo- 
sition. At 0% ~~t~a~o~~ it will be saturated with 
water, at IOOc/c methanol it will be saturated 
with methanol, and at intermediate compositions 

it will be saturated with some solvent composi- 
tion? not necessarily the same as that in the 

mobile phase. Although the equations of Miller 
and Poole [12] refer to a different C,, phase, and 

a different (and also limited) solute set, they 
resemble quite closely those we find. A selection 
of the Miller-Poole equations is given in Table 2 

for comparison. The trend of the constants in the 
ambler-Poole equations is practically the same as 
for the solute 1-18 set, and shows, additionally, 

that as the mobile phase approaches 100% 
methanol, the a constant becomes negligible. 

The equation in log kk is not as good as the 
others, no doubt because the log k:, values 
themselves are linearly extrapolated from the 

3~-~~~~ methanol results. Because the linearity 
in the extrapolation does not hold at low metha- 
nol content, the log k:, equation is not the same 
as that at 0% methanol, obtained from the actual 
experimental log k’ values at 0%. 

We can see from a direct comparison of Eq. 6 

with the equations summarized in Table 2, why 
log k' values will not always be linear with log 

Pcrc,. Such linearity will hold if the constants in 
the log k’ equation are similar to thase in Eq. 6, 
or if there is a simple relationship between them. 

otherwise. Eq. 1 will not be expected to hold, as 
a generality, unless the solute set contains only 
functionally related solutes. Most importantly, if 



a solute set contains solutes that differ widely in 
their hydrogen-bond acidity, then the linear Eq. 

1 will break down, simply because log Pact is not 
influenced by solute acidity, whereas log k’ in 
most water~m~tha~ol mixtures is so influenced. 

The suggestion of Yamagam~ and Takao [ 
hydrogen-bond acidity of the solute le 
deviations from Eq. 1 is thus confirmed, but in 
order to quantify the effect we first prefer to 

analyse results for the total data set in Table 1. 
A summary of the regression equations ob- 

tained using all 43 data points is in Table 3. 
There is a satisfactory agreement between the 

constants in Table 2 (set A) and those in Table 3 
(sets A and B), except that the s constant in 

Table 3 decreases with increase in metha 
content, more as expected. All the equations in 

Table 3 include a substantial u constant, so that 
our comments on the influence of acidic solutes. 

above, hold for this larger data set. We can show 
the effect of our analysis using the various 
descriptors in Eq. 5, by comparing a plot of 
observed and ea~culated log k-L. values (Fig. 4). 
with the plot shown in Fig. 3. Another, more 
quantitative, way is to add log P,,,, as a de- 
scriptor to those in Eq. 5, leading to a method of 

analysis that we refer to as the log PPIUs method, 

logSP=c+TR?+s?r~+a2at;‘+b~P~+trV, 

+ 0 log L, (7) 

We shall discuss the application of the log P,,,,, 

equation elsewhere, and now just apply it to the 
results for the 43 data points, as a comFaris~~n 

with the constants in Table 3. The application of 

Table 3 

Summa~ of regression Eq. 5 for solures 1-43 

* * 
‘3 

l 

-0 .wl 

-I 2iNi 

Fig. 4. Hut of observed vs. calculated log k: on Eq. 3 with 

the cunsrants in Table 3. Solutes with potential hydrogen 

bond acidic sites are denoted as l . 

Eq. 7 is not straightforward with the present 
data. because of cross-~o~~e~at~ons of the original 

descriptors with log P,,,,. The best equations are 
summarized in Table 4; in all cases, the differ- 

l 

. 

. 
. 

l 

l 

Methanol (5% ) C r s LI h v P S.D. F 

30 -0.43 0.36 -0.61 -(1.X’) -2.34 2.92 0.9979 0.0s 1761 

SO -0.35 (1. 1x -0.47 -0.76 -2.02 2.23 0.9961 0.06 932 

70 -0.64 O*OS -0.27 -4.78 -1.72 I,61 0.9838 0.09 223 

Log k: -0.21 (1.70 -0.94 . 1.03 -3.60 3.83 0.9948 0.04 711 

Gapcell Pak C,, phase. ref. 1-11. 
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Table 4 
Summa~ of the log Pplur regression Eq. 7 for solutes 1-43 

30 -0.53 - 0.83 0.57 0.65 0.9972 0.05 2283 

Log k: -0.31 - 0.78 0.98 0.80 0.9968 0.07 1991 

30 -0.03 - 0.67 0.67 0.9838 cl.12 604 

50 -0.44 - 0.76 0.58 0.9916 0.08 1179 

70 -0.80 - 0.91 0.46 0.9728 0.11 352 

Log k; 0.55 - 0.50 0.83 0.9714 0.20 335 

Capcell Pak C,, phase, ref. 141. 

etween the log Jc’ (or log k:, > regression 
with Eog P,,,, and the best regression with the log 
PPIUS equation, depends on the axcry term, 
together with a vV, term in two cases. For 
comparison, the constants are given in all four 
cases with just a two-term equation. Then it is 

clear that the a&~; term is numerically largest 
for the 70% methanol system. and smallest for 
the 30% methanol system. This may seem con- 
trary to the results in Table 3, where the aX,cy? 
ter is numerically the largest for the 30@ 
system, but the effect of the hydrogen-bond term 

depends also on the m~~gnit~de of the other 
terms in Eq. 6. 

We can now calculate from the two-term 
equation summarised in Table 4. exactly how the 
solute hydrogen-bond acidity contributes to the 
deviation in the log k’ against log Putt equation. 

In the first set of solutes (Table l), the CONHR- 
substituted furans have &I equal to 0.36 units, 

which will lead to deviations of 0.24 log units in 
log k’ for 30% methanol, 0.27 log units for 5WG 
methanol, 0.33 units for 7OS m~tha~oi, and 0.18 

units in log k:.. Because the o constants in Eq, I 
are all less than unity (0.667, 0.573, 0.453 and 
0.829 respectively), these deviations in log k’ or 

log k:, correspond to deviations in any calculated 

log p,,, value of 0.36 (XG), 0.47 (50%), 0.73 

(70%) and 0.22 (log ki.). Yamagami and Takao 
[4] painted out the deviant behaviour of indole 
and 3-carbomethoxyindole in set B, Table 1. 
Since LX” is no less than 0.44 units for these two 

solutes, the calculated deviations will be even 
larger than those for the CU~H 

We have h~gb~~ghted the solute 

acidity as a possibIe factor in deviations from Eq. 
1, but even for non-acidic solutes, such devia- 

tions can also arise, but to a less extent. This can 
be seen by scaling the equations in log /?’ in 
order.to make the vV, term exactly the same as 

that in the log P,,, Eq. 6, so that for the 30% 
methanoI system 

1.32 log k ’ = O.J8R, - 0.8OT,H - l.l7Ca,H 

-. 2.95Z$: + 3.84VX (8) 

There is no c(~mparison between the Q con- 

stant in Eq. 8 and that in Eq. 6, as we ave 
discussed above. But also, the s constants differ 
by 0.20 units? and the b constants by 0.45 units, 

with the same (adjusted) v constants. Thus if Eq. 
1 is applied to solutes with a very wide range of 

z/35’ values and similar V, values, then devia- 

tions will also occur. 
It might be thought that log k’ values de- 

termined at 100% metbano~ could be used to 

advantage in Eq. 1, because the a constant 
becomes n~me~cally smalier with increasing 

methanol cant~nt. Indeed the ~i~~er-~o~i~ 
equation (Table 2) for log k’ values on Baker- 
bond C,, with 100% methanol mobile phase 

shows that the ~1 constant is not significant. 
However, this does not help very much in the 
estimation of log P,,[ values, because the blend 

of factors in the given Eq. 5 is still quite different 
to that in Eq. 6. We can show this in the same 
way as before, by multiplying Eq. 5 for 100% 
metba~o~~ in Table 2, by the factor 3.15 thru~gb~ 
out, 




