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SUMMARY 

The behaviour of functional groups having differing physico~he~c~ characteristics 
have been exa~ed in reversed-phase high performance liquid~olid c~omato~aphy 
using aqueous methanolic eluents. The effects of tempe.Mure, mobile phase organic mod- 
ifier concentration and stationary phase on extrathermodynamic group values have been 
determined. Results fit into the framework of solvophobic theory with extrapolated 
group parameters being related to other extra~e~odyna~c terms. Group values exhibit 
linear enth~py~ntropy compensation beha~our as examined using AN-AG coordi- 
nates. A unique relationship between solute retention and the enthalpy of transfer ft)r all 
solutes and phase systems examined is exhibited, and the overall study indicates that 
attempts to relate chromatographic retention data to drug liquid-liquid distribution is 
thermodynamically valid. 

lNTRODUCTlON 

hush recent atten~on has been given to the development of a priori me~ods for pre- 
diction of drug solution behaviour, and to the use of such methods in phy~c~hern~c~ 
and biological studies. Pharmaceutical science has focused frequently on the group contri- 
bution approach, (Datis et al., 1974), to realize these objectives in, for example, solution 
properties (activity coefficients), and liquid-liquid distribution parameters (partition 
c~f~cients), The rubric of this approach assumes that the free-energy of the process is 
comprised of the independent cont~butions of the component functional groups. 

The advent of high performance liquid chromatography, (HPLC), brought about by 
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the availability of repl:loducible systems and precision instruments has revived interest in 
the use of chroma.tography for providing physicochemical information of drug molecules. 
In particular, attermpts have been made to relate directly or indirectly oil-water partition 
coefficients to HPLC data using either squid-squid phases, (Huber et al*, 1972, 1973; 
Carlson et al., 1975; Henry et al., 1976; 5Airrlees et al., 1976;Miyake and Terada, 1978; 
Unger et al., 1978; Ur.ger and Feuerman, 19791, or liquid-solid phases, (McCall, 1975; 
Twitchett and M&at, 1975; MohGr and HoAth, 1977, 1978; Tanaka and Thornton? 
1977; Yamana et al., 1977; Baker, 1979; Baker et al., 1979; Liichmuller and Wilder, 
1979; Chen and HonGth, 1979; Riley et al., 1979; Veith et al., 1979; Rittich et al., 
1980). HPLC studies show a greater precision in data than approaches using thin-layer 
chromatographic methods, (Tomlinson, 1975), and generally relate some retention 
parameter to partition coefficients without examining the effect of environmental factors 
(phase composition, temperature, etc.). 

In this present study we have examined the effect of various en~ro~ent~ factors on 
solute chromatographic retention while employing a functional group contribution 
approach. Chromatographic group contribution data can be described in thermodynamic 
terms, and this stLtdy has determined the contribution that individual moieties have to the 
free-energy char:ges taking place upon transfer from mobile to stationary phase in a num- 
ber of systems. In addition, with regard to Franks’ comment (Franks, 1975), that the 
freeenergy term may hide more than it reveals due to possible enthalpy/entropy compen- 
sation effects, we have determined the group entropic and enthalpic contributions. This 
has been accomplished lby measuring the column retention behaviour of up to 10 homolo- 
gues of 10 series of substituted and unsubstituted alkylbenzoates in octyl and octadecyl 
chemicaBy bonded reveled-ph~e systems using aqueous me~anol eluents of varying 
composition, over a temperature range 20-50°C. 

MATERIALS AND MEI’HODS 

A custom-made ~hr~~matograph was used thro~~~o~t the study. Eluent was delivered 
from a t litre glass reservoir, which was thermostatted 5°C above the temperature of the 
column. Delivery wan effected by a high pressure reciprocating membrane pump O-325 
bar, (Drlita DMP, lS15), with a flow-through manometer acting as a dampening device. 
Column Ioading of sample was made using a 10 ~1 loop valve (Valco, model CB-6-UHPa- 
C-20 7000 PSC), chosen for its operating s~~i~~ation at raised tem~ratures. The col- 
umns used were 30., 50 or IO0 mm in length, and were constructed from 2.8 mm i-d. 
and 635 mrft o,d. precision bore stainless steel (316) tubing. Detection was either by a 
differential flow-through refractometer, (Waters, model R401), with eluent as reference, 
or by a fixed wavelength (254 run) ultraviolet detector (Waters, model 440). Chromatog- 
rams were recorded using a linear potentiomet~c chart recorder. Temperature control, 
+O.l*C, was maintained by totally immersing the column, end-fittings and capillaries, into 
a water-bath having II circulating flow facility, (Haake, type 21). 

Clctyi bonded ~he~~~y to silica, and octadecyl bonded to silica were used as rhodel 
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stationary phases and were obtained from Merck, Darmstadt, F.R.G., (Lichrosorb RP-8 
and RP-18, respectively), and had stated mean particle diameter size of 5 pm, with pore 
size and specific surface area estimated to be about 100 A and 400 m2/g respectively. 

Methyl to pentyl benzoates were commercially obtained, (Merck, Darmstadt, F.R.G.) 
and were of analytical grade. The hexyl to decyl unsubstituted and methyl to decyl sub- 
stituted benzoates were synthesized and supplied by U.R. Tjaden of this laboratory, 
(Tjaden, 1976). 

Double-distilled, deionised water was used throughout, and methanol was of analytical 
reagent grade, (Baker, A.C.S. specification). Potassium dichromate was of laboratory 
grade. 

Procedure 
Columns were packed by a balanced density slurry technique, (Tjaden et al., 1977), 

using tetrabromoethane-chloroform mixtures and packing pressures of 1000 atmos- 
pheres. Samples were dissolved in the appropriate mobile phase and injected generally as 
mixtures of homologues of each series. 

Retention time was measured using a stop watch, and each reported value in this paper 
is the mean of at least 3 separate determinations. Throughout the course of the experi- 
ments, checks were made to ensure that a neighbouring homologue had no effect on the 
retention of any other homologue. This was performed by measuring the retention time 
of singly injected homologues. For very poorly retained solutes it was necessary to cor- 
rect retention times for dwell times in the column-end capillaries. Freshly prepared aque- 
ous methanol solutions of potassium dichromate were used to determine non-retained 
times. 

RESULTSANDDl!XUSSION 

Functional group values 
Functional group contribution towards retention, (Martin, 1950), may be defined as, 

(Riley et al., 1979): 

7 = log rji = lOg(Kj ’ K;‘) = 10g((tRj - tRo)(tRi - tH&) (1) 

where K and tn are the capacity ratios and retention times of solutes j and i which differ 
by a functional group, r is the chromatographic selectivity coefficient and r its logarith- 
mic form, and tne is the retention time of an unretarded tracer. In this present study, 
except where Indicated, the reference solute, i, is taken as the ring unsubstituted ester. 
Capacity ratios may be related to solute distribution coefficients, Kd, by: 

where I$ is the phase ratio. Hence the group term, 7, is equivalent to other substituent 
extrathemlodynamic parameters, (Leffler and Grunwald, 1963), such as the ARM TLC 
term, (Bush, 1965), or the Hansch n term, (Iwasa et al., 1965), derived from liquid- 
liquid distribution studies. Capacity ratios of 100 compounds comprising 10 homologous 
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Eg. 1. Re~at~~ip between rapacity ratio, K, and carbon number of alkyd chain, n, for 8 hor‘lo~ogous 
series of ring~ubstitutrA alkylbenzoates. Chromatographic conditions: octadecyl/methanoi : water 
(80 : 20). 19.9OC. Key: a-h are 3C1,4c1,3C)C,t~s,‘4-OCH~, 3-Noa. 2-OCHs and 2-NO2 respectively. 

Fig. 2. Re~ation~p between capacity ratio and homolog~e carbon number for 2~itrobenz~tes mea- 
Fred in an octyl/methanol : water system at 19 9°C at different organic tinoditier compositions. 

SC&S, @iaterials), have been measured at 4 temperatures using 80 : 20 methanol : water 
as eluent. For 70 : 30 and 60 : 40 methanol : water compositions, generally only the 
retentions of the u~u~tituted, the 2 methoxy- and the 2-~tro~ubstituted series have 
been determined to cebtain methylene group values, and the retentions of the other C2, 

Fig. 3. Effect of chain bngth of alkyls~i~ stationary p&e on retention of 3~hIoroalk~r~be~oates 
using methanol : water (:30 : 20) as eluent, at -2WC. (Stationary phase alkyl chain length is given next 
to mch data tine. Values for the methylbonded a~,lkylsilica are from Tjaden, 1976.1 
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C6 and C7 homologues measured to determine other functional group contributions. This 
data set comprises some 1100 K values (determined in triplicate),, which have been a me&n 
coefficient of variation of between 0.4 and 0.9% deepening on the phase system. Excel- 
lent peak shape was obtained thro~~out, save for the strongly retained hom~logues of 
the chloroalkylbenzoates using high water eluent contents. Figs. l-3 show the effects of 
solute structure, organic modifier composition and +cking material alkyl chain length on 
retention, and Table 1 gives r values for all substituents examined at 20°C. 

~e~ylene group values are shown to be constant above an ester carbon chin-leng~ 
of 5 (Table l), whereas for the Cl-C5 homoIog~es there is a non-fear relation~p 
between log K and carbon number, such that rcH2 increases with chain length. Similar 
effMts have been observed for alkylbenzoates on microspherical poly(styrene-divinyl- 
benzene) gels, (Naksle and Muto, 1976), and for example, with n-alkanes (Karch et al,, 
1976), and n-alcohols (Karger et al., 1976). Such effects may be attributed in part to dif- 
ferences in hydro~Dbi~ity between methyl and me~ylene groups (Davis et al., 1974), 
effects of carboxy group hydrafion on lower homologues, and with a systematic error in 
determination of tHO (‘Eqn.4) (Berendsen and de Galan, 1980). Fig. 1 is typical for any one 
set of environmental ccmditions, hence, since ring substitution has no effect on methylene 
group values, group .sontributions for aromatic ring substituents are given by the vertical 
distance between log K vs. homolo~e carbon number plots. An increase in eluent polarity 
leads to a rise in retention and relative retention, with both K and ?CHZ increasing (Fig. 2, 
Table 1). How&h et al. (1976) have demonstrated that application of solvophobic theory 
lSinano&h, 1968) ‘to reversed-phase high performance liquid-solid chromatography, 
(RP-HPLC), shows that for methanol-water eluents the relationship between retention 
and eluent surface tension may be given by 

lnK=g+ 
N AA + ‘+.ti%N”3(~” - 1) V”” - y 

RT (3) 

where g is a term which varies with organic modifier composition and type of solute; N, 
R, T and V are Avogadro’s number, the gas constant, absolute temperature and average 
molar volume of the eluent, respectively; AA is the relative surface contact area of the 
solute molecule with the stationary phase, and can be indicated by molecular surface 
area; and K= may be defined as the ratio of the energy required to extend the planar sup 
face of the solvent by the surface area of the added solute molecule. For meth~ol-water 
mixtures the term g in Eqn. 3 is related largely to the van der Waals component of the 
free-energy of interaction of the solute with the solvent, and can be given by (Horvath et 
al., 1976) AG,,&RT. This will change with organic modifier composition and hence in 
group contribution terms we may recast Eqn. 3 as 

r= 
~AG~~~ + N~{‘~Aj - AAt) 

2.3RT (4) 

where (AAj - AA& is a group constant term describing the alteration in surface contact 
area of the solute with the stationary phase caused by a substituent. According to Eqn. 4 
a plot of I vs. y should be linear for all functions groups, inde~ndent of group character 
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Fig. 4. Relationships between r and mobile phase surface tension, y, (mN - m-l), using octyl (closed 
datum points) and octadecyl (open datum points) stationary phases. Key: a-h as for Fig. 1, i and j are 
2Cl and CH2 groups, respectively. 

Fig. 5. Relationship between liquid-liquid distribution group values, 8, (Fujita et al., 1965), and 
chromatographic me values, determined by extrapolation using the regression coefficients of Eqn. 4 for 
each function, (Table 1). Closed and open data points are for RP-8 and RP-18 stationary phases, 
respectively, and squares are for the 2chloro substituent. The line drawn is not a regression line but iS 
intended to indicate a trend. 

and, for example, stationary phase alkyl chain length. Fig. 4 shows this to be the case, 
with linear relationships existing between all substituents and eluent surface tension at 
20°C. Using Eqn. 4 derived regression coefficients have. been used to calculate two extra- 
polated values (see Table 1); that is, T,, which is a group contribution term at a hypothe- 
tical 100% eluent water composition; and ~(~~1, which corresponds to the abscissa inter- 
cept term in Eqn. 4 when r values are set at zero. Omission of the &nitro- and 2-methoxy 
values (since these have an effect on the benzoate carboxy function) gives Y(,=~) values of 
21.5 (SD. = 2.4) and 20.4 (S.D. 1.7) mN -m-l, when using octyl and octadecyl station- 
ary phases respectively. That all r(r;o) values (Tab!e 1) approximate’to the surface ten- 
sion of pure methanol at 20°C (i.e. 22.6 mN Q m-l), means that no stationary phase selec- 
tivity then exists, which argues for the stationary phase behaving as the mobile phase (i.e. 
as pure methanol) due, apparently, to an adsorbed 1a:yer of methanol. 

Hypothetical r values at 100% water composition (T& have been derived to provide a 
standard set of conditions for comparison with other group terms. Fig, 5 shows the 
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approximate relatio:nship found between both sets of ~~ values and water/octan-l-ol1~ 
values (Fujita et al., 1965). The appropriate correlation equations (analyzed by least- 
squares regression) are given below, i.e. 

7: =230x-033 n=9 r=0.914 (5) 

re ‘* = 2.64~r - 0.34 n = 9 r = 0.915 (6) 

where n and r refer to the num~r of data points and the correlation coefficient, respec- 
tively. (The 2-chIoro substituent is an obvious exception to these relationships, and has 
been omitted from the regression analyses. It should be appreciated that I values used in 
this study are obtained from literature log Kd values obtained for a phenoxyacetic acid 
series.) The 7, terms are not well correlated with Hammett u values (r = OS), but the 
latter can be used to improve the re vs. n correlation, viz: 

7e ‘* = 2.70s - 0.600 - 0.16 n = 9 R = 0.965 (77) 

7: = 2.42n - 0.650 - 0.16 n = 9 R = 0.967 (8) 

where R is the muhiple correlation coefficient. For Eqns. 7 and 8 both abscissa param- 
eters are significant at the ar, 0.01 level. The improvement in correlation found using o 
values has not been found for ion-pair reversedephase systems using Hypersil packing ma- 
terials (Riley et al., 1979), and may reflect the presence of residual silanol groups with 
~~hr~rb compared to the highly silanized Hypersil surface. 

Locke (1974) has concluded that selectivity in reversed-phase HPISC is independent 
of stationary phase alkyl chain length. Fig. 3 and the data for rCHz given in Table 1 con- 
tradict this hypothesis, and are in agreement with other studies (Karch et al., 1976a and 
b; Rerendsen and de Galan, 1980), that methylene group selectivity is affected by the 
nature of both the stationary phase and the eluent. Interes~~y, this present study shows 
that at high organic modifier compositions this ~~~~~tiou is,blwred, which appears 
to reflect current thieories of solute retention in RP-I-WC that describe selective adsorp 
tion of, for example, methanol onto the packing material. 

The freeenergy change, AC, during solute reten~on can be related to both the ther- 
modynamic distribution constant for the process, and the capacity ratio using the van ‘t 
Hoff isotherm and Eqn. 2, i.e. 

AG = -RT In r;C, = --RT lnfrc . #“) (9) 

Developing this into the van ‘t Hoft’equation then for the effect of temperature on reten- 
tion we may write (Melander et al., 1978) 

AH A!S 
blnIr--i--+lnf$ 

RT R 
(10) 



233 

Thus the enthalpy, AH, can be assessed from a plot of, for example, ln K vs. T’l, and if 
the enthalpy remains constant this will be a strai&t line. The entropy change, AS, caused 
by a solute cau be determined only if the phase ratio is known. This is virtually impossi- 
ble for brush-type reversed-phase stationary phases, (tichmiiller and Wilder, 1979). Anal- 
ysis can be mad;, howev:t, in group contribution terms. The theoretical basis (Consden et 
al., 1944; Martin, 1950) for the relationship between retention in distributing systems lies 
in the assumption that the free-energy change can be expressed as the sum of molecular 
group contributions (Pierotti et al., 1959), and hence if solute i is substituted by n groups 
X and m groups Y, etc., then for one mole of material 

-RT ln(~ * #-I) = AGi + nAGx + mAGy + . . . etc. (11) 

and thus, for example, it follows from Eqn. 1 that 

7 = - (A(AG),&/(2.3RT) (12) 

and by combining Eqns. 1,lO and 11, we obtain 

7 = - (A(AH))/(2,3RT) + A((AS))/R (13) 

To determine the energetics of functional groups the influence of temperature on solute 
retention has been measured between -20 and 50°C for all phase systems having an octyl- 
bonded stationary phase, and in the 80 : 20 methanol : water/octadecyl system. Fig. 6 

Iuu 

50- 

K 

*5 
0 2 4 6 6 0 

n 

K 

I I I I I I I 
3.0 3.2 34 36 

T-1 

Fig. 6. Effect of temperature on the retention of 2.nitrobenzoates determined in an RP-I 8/MeOH : 
Hz0 (80 : 20) system. Temperatures, (“C), are given next to each data line. 

Pig. 7. Van ‘t Hoff plots, (K-* vs. reciprocal absolute tt?mperatUre, OK-l X 103), for 2-methoxyalkylben- 
zoate homologues, determined in a RPl8/MeOH (80 : 20) system. Solute homolopue number is given 
next to each data line. 
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describes the effect of temperature on retention of 2nitroakylbenzoates in the latter sys- 
tern. Similar profties were obtained for all solute series in each phase system, and show 
that an increase in temperature causes a fall in both methylene group selectivity and sol- 
ute capacity ratio. Fig. 7 describes van ‘t Hoff relationships for 2-methoxyalkylbenzoates 
and is typical of all systems. Table 2 gives the measured enthalpy changes for all solutes 
determined in the 80 : 20 methanol : water/octadecyl system (other values will be given 
as group contribution terms, below). 

Table 2 shows that, in common with all literature values, the enthalpy value indicates 
an exothermic process over the studied temperature range. It has been argued (e.g. 
Scheraga, 1979) that the strength of hydrophobic effects should increase with tempera- 
ture. This postulate is often not valid experimentally. For example, it has been observed 
recently (Tomlinson et al., 1979) that large organic i&r complexation in water as rein- 
forced by hydrophobic interactions (Tomlinson and Davis, 1980), is accompanied by a 
positive enthalpy and entropy change at temperatures below lS”C, but is associated with 
a negative enthalpy change and an increasingly less positive entropy change as tempera- 
ture is raised to 60°C. Meiander et al. (197s) have discussed tbis contradiction with 
respect to retention in RR-HPLSC, and conclude that there is a major inconsistency 
between the assignment of a positive sign for enthalpy -with a hydrophobic effect, and the 
often observed behaviour of a fall in capacity ratio as temperature increases (i.e. a nega 
tive AH). 

Enthalpy-entropy linear compensation 

Physicochemical processes occurring in aqueous environments are often characterized 
by an enthalpy-entropy compensation effect (Leffler and Grunwald, 1963; Lumry and 
Rajender, 1970). Leffler and Grunwalld have argued that to identify a single unique me- 
chanism for a series of solutes if AH and AS are approximated as being constant then 
SAH should be simply proportional to &AS, (where 6 denotes a change caused in the ther- 
modynamic parameter by either a medium effect, or, as for the present study, by a 
change in solute(s) structure(s). Recently it has been shown, (Krug et al., 1976a and b), 
that enthalpy-entropy compensation behaviour should not be studied using AH-AS 
coordinates, since tbis can lead to artifacts caused not by true compensation between the 
two but by statistical effects. Rather, it is recommended, should regressions of functional- 
ities between thermodynamic variables be carried out in a AHThm - AGThm region, 
where Thm refers to the harmonic mean temperature of the experiments, since, it is 
argued, unbiased estimates of the parameters will be obtained which will aid hm proving 
the existence of linear relationships between AH and AS. Enthalpy entropy compensation 
is well expressed (Krug et al., 1976a) by 

AH=flAStAG(atT=@=flAS+AGp (14) 

which is consistent with the Gibbs equation, such that a linear relationship between AH 
and AG must exist, i.e., 

AH=hAGt(l -X)AGO (15) 
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where 

h = l/(1 --T/P) (16) 

fl is a proportionality factor as defined by Lefflet and Grunwald (1963) and, having the 
dimensions of absolute temperature, has come to be termed the compensation tempera- 
ture_ Eqn. 14 can be rewritten (Leffler and Grunwald, 1963) to express the free-energy 
change measured at a l?Ied temperature T, (AGr), as 

Ac, = AH(l - TIP) + TAG& (17) 

Hence by combining Qns. 10 and 17 it can be shown (Melander et al., 1978) that for 
RIP-HPLSC systems 

lnK-r=- (AH/R) - (l/T - l/P) - AGplW + ln 9 (18) 

which in group contriblution terms (Eqn. 13) we can show will become 

7T = ‘- (A(AH)/2.3R) -(l/T - l/P) - A(AG&/Rp (19) 

Using 35°C as the harmonic mean temperature, Thm, all data for the present study (e.g. 
Table 2) have been examined using Eqn. 18. Values for K 35 ’ have been obtained using 
the regression equations used to obtain AH values from In K vs. T-t plots. Fig. 8 is the 
compensation plot for all unsubstituted and substituted heptylbenzoates using 80 : 20 

l--d_- 
-10 -13 -16 

AHmm 
-1 

Fig. 3. Enthalpy-entropy compcnsathon plot according to Eqn. 18 for heptylbenzoates showing cap- 
acity ratio, K, vs. enthalpy, AH, (kJ * mol”) found at the experimental harmonic mean temperature 
(35°C) for RP-8 (closed datum point:;), and RP-18 (open datum points), stationary phases and a meth- 
anol : water (80 : 20) eluant. Drawn lines are regression lines for each phase system. 
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-10 -18 -26 -34 

AHThm AtAtdh” ’ 

Fig. 9. Enthalpy-entropy compen~tion plot according to Eqn. 18 for substjtut~ and unsubstituted 
hexyt-, heptyl- and decytbenzoates in various phase systems. Overlapping data points have been omit- 
ted for clarity. The drawn line is the regressed line for ali data, as given by Eqn. 20. Key: stationary 
phase as for Fig. 8; circles, squares and diamonds refer to 80 : 20, 70 : 30 and 60 : 40 methanol : 
water eluents respectively. 

Fig. 10. Compensation plot for function groups according to Eqn. 19 for 10 substjtuents de~ernlined 
in 4 phase systems (Tables 1 and 3). The drawn regression line is as given by Eqn. 21, Key: as for Fig. 
9. 

methanol : water eluents and octyl and octadecyl stationary phases. Compensation behav- 
iour occurs in both phases, with the octyl plot having a lower slope coefficient than for 
the octadecyl phase. Melander et al. (1978) have described similar com~n~tion effects 
for 8 solutes using RP-HPLSC with octadeeylsilica as the stationary phase, and either neat 
aqueous phosphate buffer (PH 2 or 7) or the same buffer containing 6% or 30% (v/v) 
acetonitrile as eluent. This same study analyzed data from other work for the retention of 
ketones and aldehydes in various phase systems, and although compensation behaviour 
could be described, fi values were ~~fic~~y lower in some systems vacating different 
retention behaviours. Viewing only the relationships given by Fig. 8 it is possible for the 
present study to propose similar differences in retention behaviours between the octyl 
and octadecyl systems. However, inclusion of AHThm and kThm values for all the alkyl- 
benzoates determined in all 4 phase systems (Fig, 9) shows both that this postulate would 
be invalid and that a general re~tion~p exists in RP-HPLSC ~twe~n solute retention 
and enthaipy for methanolic eluents irrespective of stationary phase chain length. Fig. 9 
does not include all available values for clarity purposes. The relationship for all solutes is 
given by 

log Is 39c = - 0.104AH - 0.69 n = 89 t = 0.979 (20) 
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TABLE3 

FREE-E~RGY,EN'~HALPIC,ENTROPiCANDsGROPiPCONTRIBUTIONS 
- 

I-‘unctional Phase system 
group - 

Octyl,‘methanol : water (60 : 401 Octyl/methanol : water (70 : 30) 

‘z A (AC) A(AH: A(AS) t A (AC) A(AH) A(AS) 

2-s 
3XXH3 
4-OCH3 

2-NO2 
3-NO2 
4-NO2 

2x7 
3CI 
4x1 

CH2 

-0.25 1.50 1.79 0.95 -0.18 1.06 2.50 4.62 
0.06 -0.35 -1.07 -2.32 0.04 -0.26 -0.30 -0.13 
0.06 -0.35 -0.62 -0.86 0.03 -0.18 0.66 2.72 

-0.29 1.68 2.07 1.26 -0.22 1.22 2.45 4.01 
-0.05 -0.29 0.19 0.32 -0.01 0.04 1.30 4.10 
-0.05 -0.29 0.35 0.20 -0.08 0.45 1.57 3.64 

0 0 0.20 0.65 0.02 -0.09 -0.07 0.06 
0.33 -1.94 -4.10 -6.92 0.25 -1.48 -3.20 -5.57 
0.29 -1.73 -2.35 -2.07 0.21 -1.22 -2.17 -3.09 

0.24 -1.41 -2.53 -3.62 0.17 1.00 -2.32 -4.29 

A (AH) values are means of between 3 and 50 unique values depending on the functional group and 
the phase system. Each unique value being determined in triplicate. 
A (AC), A (AH) and A (AS) have units of kJ . molet, kJ - mol-’ and J . mol-t . K-' respectively. 

The variance between this relationship and that for other systems is due to the different 
phase ratios (Eqn. 18). Using group data (Eqn. 19) A(AH), A(AS) and A(AG) values have 
been derived at Thm = 35°C from the parent solute AH values, from extrapolated r values 
and from the Gibbs equation respectively, and are given in Table 3. Fig. 10 is a plot of 
rThm vs. A(AH) Thm for all functional groups examined in 4 phase systems. The good 
relationship existing between the two is embodied in Eqn. 21, viz. 

73s"c = - 0.091 A(AH)Thm - 0.01 n =40 r=0.949 (21) 

The generality of this equation for RP-HPLSC systems can be discerned from Table 4 
which compares the regression coefficients of Eqn. 21 with similar relationships found by 
us for ion-pair RP-HPLSC systems. With a larger variety of functionahties and phase sys- 
tems it should be possible to confirm and/or impn>ve the coefficients of Eqns. 20 and 21, 
such that the predictive nature of both for descr,ibing solute physicochemical and chro- 
matographic retention behaviour may be realized. Related to this aim will be an observa- 
tion arising from the present study that r and A(AG) values from any one methanol : 

waterlalkylsilica system are directly correlated with another. For example, 

71 = 1 s4 72 + 0.03 n= 15 r=0.!?93 (22) 

and 

A(AG),* = 1 .l 1 A(AG),~~ - 0.20 n = 10 I = W98 (23) 
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Phase system 

Octyl/methanol : water (80 : 20) Octadecyllmethanol : water (80 : 20) 

7 A (AC) A (AH) A(AS) 7 A (AC) a (AH) A (AS) 
- 

--0.15 0.91 1.27 1.17 -0.18 1.07 1.49 1.19 
0.03 -0.18 -0.91 -2.34 0.06 -0.28 -1.08 -2.63 
0.01 0.83 0.11 0.09 0.02 -0.14 -0.58 -1.40 

-0.20 1.19 1.87 2.20 -0.29 1.68 1.69 0.03 
-0.02 0.11 0.60 -2.31 -0.02 0.11 -0.8 1 -2.99 
-0.04 0.22 0.60 1.22 -0.02 0.14 0.71 1.84 

0.01 -0.03 0.21 0.77 0.02 -0.09 -0.46 -1.21 
0.18 -1.08 -2.02 -3.05 0.27 -1.58 -2.76 -3.85 
0.14 -0.83 -1.65 -2.65 0.24 -1.40 -2.08 -3.18 

0.13 -0.77 -1.72 -3.07 0.16 -0.97 -1.94 -3.15 

where subscripts 1 and 2 refer to octadecyl/methanol : water (60 : 40) and octadecyl/ 
methanol : water (80 : 20) systems respectively, and e’ and e” refer to extrapolated r 
values (Table 1) computed using Eqn. 4, for octadecyl and octyl alkylsilicas respectively. 
Such relationships are similar to those first observed by Collander (1951) who, when cor- 
relating partition coefficients measured in different but related solvent pairs, found a 
logarithmic relationship between the Kd values for a series of solute analogues. 

CONCLUSIONS 

This work shows clearly a single unique relationship between alkylbenzoate retention 
and enthalpies of transfer from aqueous methanol eluents to alkylsilica stationary phases. 
The linear plot described by Fig, 9 and Eqn. 20 can be transformed into AHThm - 
AGThm coordinates, having a slope related (Eqn. 16) to the compensation temperature, 0, 

by 

fl = Thm/(l - h-‘) (24) 

For the present study this gives a compensation temperature of 794’K which both com- 
pares with values of between 596 and 743°K described for other reversed-phase systems 
(Melander et al., 1978; Vigh and Varga-Puchony, 1980) and falls within or approaches 
their 95% confidence limits. A study using a greater and more varied number of solutes 
and functionalities is required to determine whether such temperatures and compensation 
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lines are unique for all RPeHPLSC systems. The examination of the more modern alkyl- 
silica packing materials having little residual silanol character and per cent carbon loadings 
>lO, appears to be highly appropriate in this context. 

~thou~ the unfree of the group com~n~tion plot, (Eqn. 21), has been shown 
for comparing group retention in various phases, whether the coefficients of this equa- 
tion, and others (Table 4), are unique for describing a hydrophobic phenomenon requires 
further information from, for example, liquid-liquid distribution studies before this can 
be established. Our current stu&ies are directed towards this point. Meanwhile it is possi- 
ble to examine only the the~odyn~ic beha~our of the much studied me~ylene group 
in other physicochemical equilibria. For transfer of this function from water to: (i) a non- 
polar organic liquid (Davis et al., 1974); and (ii) a pure solid phase (Somasundaran and 
Fuerstenau, 1972), A(AG), A(AH) and A(AS) values are: (1) -3.5 kJ * mol”, -1.4 kJ * 

mol” and 8 J * mol” - k-l; and (ii) -3.5 kJ l mol”, -7.4 kJ * mol” and -12 J * mol” - 

IF, respectively. For the o~tyl~rne~~ol : water (60 : 40) phase system, (Table 3) meth- 
ylene group values of -1.41 kJ * mol”, -2.53 kJ - mol” and -3.62 J * mol”‘ * K” are ob- 
tained. AlthFugh these values will be partly due to the presence of methanol, the sign of 
the values suggests that retention in RP-HPLSC is more akin to an adsorption rather than a 
partition process. We have commented on this point previously (Tomlinson et al., 1976). 

A prime advantage of RP-HPLSC for prosing indices de~~bi~g drug ~st~bution to a 
non-polar region is the greatly expanded range of values experimentally accessible using 
scaling relationships, such as given by Eqn. 4, Estimations using Eqns. 4-6 show that a 
correlated log Kd scale of -12 to +12 is possible using RP-HPIX compared to a maxi- 
mum range of -6 to +6 using shake-flask methods. 

The use of modern liquid chromatography for probing ~fo~ation about the physi- 
cochemical properties of drugs is a useful alternative to conventional methodologies: 
whether the domain can be extended from describing hydrophobicity to other areas such 
as electron acceptor-donor equilibria and kinetic parameters is a future challenge. 

We have reported briefly on this work previously (Tomlinson et al., 1978). 

This work was partly funded by a grant from Z.W.O., the Netherlands Organisation for 
Pure Research, which is gratefully acknowledged by the authors. 
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