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SUMMARY 

Literature data on activity coefficients of various solutes in water, of some 
tetraalkyl compounds in methanol-water mixtures and of water in organic solvents 
have been correlated with the product of the molecular surface area of the solute and 
the solute-solvent interfacial tension at ambient temperature. The conditions for 
which this relationship holds are examined. 

The retentions of apolar solutes have been measured on LiChrosorb RP-IS 
using methanol-water mixtures as eluents at 25°C. The results are discussed in terms 
of a monolayer adsorption model (according to Locke-Everett) and in terms of the 
adsorption model based on the solvophobic interaction theory. The important role of 
solute activity coefficients in the eluent on solute retention is shown quantitatively. 
The affinity of the adsorbent towards solutes is shown to be a result of apolar interac- 
tions in the RP-IS phase and of polar interactions in the interfacial layer of adsorbed 
methanol_ The influence of both contributions is illustrated. 

INTRODUCTION 

Deviations from ideal behaviour in solutions of nonelectrolytes are 
frequently important in the design and operation of separation processes_ Although 
the understanding of these deviations has grown considerably during the past dec- 
ades, it is still a difficult task to predict them quantitatively_ Particularly for mistures 
containins one or more polar components, one cannot rely on current solution 
theories because the basic assumptions employed do not apply to polar mixtures. 
Therefore, in many instances. experimental data on activity coefficients or estimated 
values from (semi-) empirical correlations have to be used. In this respect the esten- 
sive work of Pierotti et al.’ on infinite dilution activity coefficients of members of 
homologous series in water, alcohols and ketones must be mentioned. 

The first part of the present work deals with activity coefiicients of rather small 
solute molecules of various sizes, shapes and polarities in water and those of apolar 
soIutes in methanol-water mixtures, and also of water in some organic solvents, at 
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ambient temperature. The second part deals with the interpretation of chromato- 
graphic retention data of aromatic solutes on LiChrosorb RP- 18 with methanol-water 
misrures as eiuents at 25’C. It will be shown that current retention theories may give 
rise to misinterpretations when solute activity coefficients in the eluent are not quanti- 
tatively accounted for. 

THEORETICAL 

_Actirity coef$cients and sohbiliries 
The excess chemical potential of an infinitely dilute solution of a sparingly 

soluble liquid solute (1) in a solvent (2) is given by 

wherein ;--;_? is the activity coefficient of the solute at infinite dilution and xi .z ( s 0.0 1) 
is the mole fractional solubility of the solute ar the absolute temperature, T. 

In the case of random mixing, 4,~:_, can be divided in two terms’: 

(2) 

The athermai contribution arises from the difference in size between the two molecu- 
lar species in the solution_ It is usually estimated from the well known Flory-Huggins 
equation’+ which, at infinite diIution, is given by 

where v” is the molar volume_ However, it is questionable whether eqn. 3 is applicable 
to the partly aqueous solutions examined in this work. First, one can hardly expect 
that such solutions of apolar solutes obey the condition of random mixing because of 
preferential solvation of the solutes by the organic solvent. Secondly, Hildebrand and 
Scott5 and Vitoria and Walkley6 have shown that the Flory-Hugtins equation con- 
siderably overestimates the athermal contribution to the excess entropy for mistures 
of globular (instead of chain) molecules. Thirdly, according to Flory’, eqn_ 3 is less 
suitable when Y~/L$ is small (i.e., 2-5). As these features apply to many of our solu- 
tions. the d&2- term will be omitted. 

To estimate the vafue of 4&i (or 4~:_?) the cavity concept is adopted, accord- 
ing to which. the transfer of a solute molecule from the pure liquid to the solvent can 
lx divided into two steps- In the first one the solute molecule is removed from the 
liquid, the required free energy being equal to 0.5Gv,A1N, where F,., is the free 
ener_q of cohesion (per cm’), N is Avogadro’s constant and A, the molecular surface 
area of the solute. In the second step the solute molecule is transferred into a cavity of 
suitable size (i.e._ with a surface area A,) in the solvent. Beside the free energy of 
cavity formation in the solvent, equal tc 0.51;$,,2A1_~, a term -cmzAIN is involved, 
wherein --F;*? is equal to the free energy of adhesion (per cm’) for the interface 
between the phases 1 and 2_ According to Girifalco and Good’ 
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where 
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fl.2 = oy f G’3 - & (3 

G’ is the surface tension of i and 0(1? is the interfacial tension between the 
phases 1 and 2. Hence, according to this approach a very simple relation for ApFsl is 
obtained: 

A& = &A,N 16) 

However, it had already been recognized by Uhlig’, who correlated the solubilities of 
gases in organic solvents with 04 values, that the use of (macroscopic) surface tension 
data on a molecular scale implies an approximation_ lMore recently, Choi et aZ_” 
showed that the curvature of cavities accommodating small molecules like argon can 
lower the “microscopic” surface tension of apolar solvents to about one-third of the 
value for a plane surface. Therefore, A,uE 1s2 can be at most proportional to ~~~~ilV_ 

An even more serious problem arises from the impossibility of giving a sharp 
definition of a cavity when the ratio of the molecular radii rJrt 5 1 rl_ Further. the 
underlying assumption on applying eqns. 4 and 5 to the solution process is that 
macroscopic interfacial layers have similar properties to molecular solvation layers, 
which is erroneous”. In this respect, hydrophobic effects are mentioned which in- 
fluence the excess entropy, enthalpy and probably also Ap:,? of apolar solutes in 
aqueous solvents”“. It is not expected that these intricate effects play a similar role 
in plane interfaces. For these reasons, the approach outlined above can only yield an 
empirical formula for ApLf.,, which in its most simple, linear, form reads: 

Ap:_l/RT = In 7zt = --In _Y~.~ = B i- CG~~A,IV/RT 17) 

In eqn. 7, B and Care adjustable parameters, the magnitude of which may depend on 
the temperature and the solvent. 

A similar relation has been applied by several authors’*” in order to relate the 
solubilities of members of various solute series (e.g., alkanes, alkylbenzenes and al- 
cohols) in water to their A, values. In this paper it is also applied to solutions in 
methanol-water mixtures and to solutions of water in organic solvents. 

Solute retention in reversed-phase cohms 
From a formal point of view an apolar bonded phase should be considered as a 

solid adsorbent. Owing to its diffuse surface layer, the adsorptive properties may 
differ from those of “classical” solids. Nevertheless, it seems logical to start with 
searching for a plausible description of solute retention in terms of adsorption 
models. This approach is now outlined. 

From isotherm data given by Slaats et ~1.‘~ and BET surface area determined 
in our laboratory, we estimated that [at SO-90 % ( v v methanol] about 0.9 and 1.2 / ) 
monolayers of eluent (largely methanol) are adsorbed on LiChrosorb RP-8 (272 2 5 
mz/g) and W-l 3 ( 171 f 1 m’/g), respectively. 

The capacity ratio, k, of a solute (I), which is distributed between an interfacial 
layer (2/3) and a mobile eluent (2), can be presented by the equation: 
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In eqn. 8, fil and ~zr are the numbers of moles of solute in the stagnant interfacial 
-‘phase” and the mobile phase. respectively_ It is assumed that both phases are homo- 
geneous and contain ri2 moles of adsorbed and jr1 moles of mobile eluent, respective- 
ly. The solute activity coefficients in the mobile phase and in the adsorbed eluent layer 
are denoted by ~c,~ and ~c,~:~, respectively, and are both defined with the pure (liquid) 
solute as standard state. 

Following Everett”. we adopt his basic concept of monolayer adsorption and 
chose a monolayer of pure solute as standard state for the solute activity coefficient 
in the interface_ The corresponding activity coeflicient, -;i;.1,3. is related to ~lf.~;s by 

In j.& = In -;;;.2 s - &v(G;, - Gy3)fRT (9) 

where z1 is the are& occupied by a solute molecule on the adsorbent, and ~4~ and G:; 
are the surface tensions of the adsorbent-eluent and -pure solute interfaces, 

Combination of eqns. 8 and 9 gives: 

This equation was proposed by Locke” on the basis of a displacement adsorption 
model. He noted that the last two terms of eqn. 10 are not readily predictable for 
apolar bonded phases. Further. he observed that In k is strongly correlated with 
solute solubility in the eluent and concluded that the In ;.c2 term is of prime impor- 
tance. Cohn and Guiochon”, however, proposed to neglect both activity coefficient 
terms in eqn. 10. With this approximation, X- values in the eluents 2 and 2’ are related 
by the equation: 

This simple equation has been used to define an eluent strength scale on the basis of 
interfacial tension data”-‘3. It can be assumed that G$ values for an alkylsilica and a 
liquid alkane as component 3 are approximately equal. The latter data can either be 
measured, or estimated with Fowkes’ equation’* 

0 
Gz3 = G: t 0: - 2(G$G($’ ’ (12) 

wherein G: represents the “dispersive” part of the surface tension of the polar solvent. 
From eqn_ 11, Cohn and Guiochon” obtained similar a& - oP,~ values for ODS-2 (a 
bound octadecyl silyl phase) and graphite in water (2) and methanol (3’) Moreover, 
these values were in accord with calculated estimates. The authors concluded that this 
result points to an adsorption mechanism on ODS-2. However, from Fig. 7 and S of 
ref. 22 it folIows that in methanol-water mistures the eluent strer.gth depends on the 
solute type_ This inconsistency needs closer examination. 

Another adsorption model has been proposed by Horvath ef ai.“. It is based 
on Sinanosu’s solvophobic interaction theoryz6, which &ves a detailed account of 
nonelectrolyte-solvent interactions in terms of macroscopic properties of the mis- 
ture components. A disadvantage of Horvath’s equation” for In k is that eluent and 
adsorbent effects are mingled in the various terms, which hampers a rigorous verifl- 
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where V, = nlv$ Unfortunately, In yc..3 cannot be measured_ The best thing to do is 
to suppose $a to be equal to ;.;3X,. Hence, a partition mechanism is only plausible 
when X- values obey the relation k/P = n,v$/V,. Wi:h this criterion in mind it is 
possible to estimate the relative importance of partition contributions to k values 
from experimental In k rerszrs In P plots with an intercept In 6 and a slope equal to l- 
Under these conditions, it holds that 

wherein kpart_ denotes the contribution of solute partition to X-. When 6 appears to be 
much larger than the estimated phase ratio. the retention mechanism should be 
characterized as adsorption_ This applies to the In k values in this work, as will be 
shown below. 

Finally_ it is noted that partial immersion of the solute in the RP-IS layer 
cannot be ruled out_ This will hamper a straightforward interpretation of solute 
retention in terms of the (displacement) adsorption models mentioned above. 

EXPERIMEb3-.L\L 

Chenricah arzd characterization of the coltnnn packilig material 

-411 solutes had the highest available purity. Water was distilled twice before 
use. Absolute methanol (analyzed reagent grade) was obtained from J. T. Baker 
(Deventer, The Netherlands). Tetradecane (Fluka, Buchs. Switzerland) was olefin- 
free. Elemental analysis showed that LiChrosorb RP-18 (E. Merck, Dannstadt. 
G.F.R.) contains 0.256 g carbon per gram of the parent silica, LiChrosorb Si 100 
(S,, = 22 m-, 5 ‘10 according to Hemetsberger ef uI_“)_ The ODS surface concentra- 
tion is 4.4 qole/m’ if it is assumed that dichloromethyloctadecylsilane has reacted 
with the silica. In view of the rather large ODS content, it is not ruled out that traces 
of water have caused some polymerization of the aikyl layer during the silylation 
reaction_ 

Deremriuaiion of imei-fir&al remions 

Interfacial tensions of tetradecaneimethanol-water mixtures were measured at 
30 + 0:05X by means of the drop-we&& methodzs. The capillary tip of the stalag- 
mometer (glass, 9.5 mm 0-D.) was rouaened in order to improve the wetting with 
highly aqueous phases. The densities of the pure and the presaturated phases were 
determiced by picnometry (accuracy better than 0.2%). The methanol-water mire- 
tures were supplied with a calibrated microburette (Metrohm AG Herisau) via a heat 
exchanger tube to the capillary_ The volume of the falling drop was determined after 
an equilibration time of 5 min (at 95 y0 of its final volume). A correction for non-ideal 
drop shape was applied”. The tyz values were reproducible within 0.2 dyne$zm and 
appeared to be (within error) the same for pure and presaturated phases. Smoothed 
values are given in Table 11. 

Apparatus and procedure for liquid chromarograplg 

The home-made apparatus was equipped with an Orlita diaphragm pump, two 
pulse dampeners in series, a four-port Valco sample valve with a 3-d loop and an 
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Altex Ml53 UV-detector. The column (precision-bore stainless steel, 25 cm x 2.1 
mm I.D.) was surrounded by a water-jacket and thermostatted by a circulation pump 
at 25 f O_OS”C_ The eluent now-rate was monitored continuously with a siphon 
counter (Waters Assoc., Milford. MA, U.S.A.) which was calibrated at various flow- 
rates and eluent compositions_ The column was packed by the viscosity packing 
method_ The slurry [ 10 o/0 (w/w) RP-18 in amyl alcohol] was degassed and homoge- 
nized by sonication, and forced into the column with methanol at 350 atm. The 
weight of RP-18 in the column was 0.485 g_ 

The solute sample size was 20 pg or less. The reproducibility of triplicate 
measurements of the retention volume was 10 ~1 or 2 “/b for strongly retained solutes. 
Methanol-water mistures were used as eluents. 

The void volume of the column, V,,, was determined by picnometry using 
carbon tetrachloride and n-hexane. A value of 655 ~1 was obtained_ Owing to ad- 
sorbed methanol and water [according to Slaats et aI_“, 63 pi/g LiChrosorb RP- 18 at 
eluent compositions ranging from 50 to 90% (v/v) methanol], the mobile phase 
volume in the column, I’,, is equal to 658 - 0.485 - 63 = 627 ffl. This estimate was 
used to obtain capacity ratios k = ( FTr - V,)/I/, ( rrr is the solute retention volume 
after correction for hold-up outside the column), also at 30 “/‘, (v/v) methanol_ 

If the capacity ratio is calculated from k = ( Y, - I’,)/ VO, it has a well defined 
physical meaning in terms of the surface excess of the adsorbed solute. Moreover. I’-,, 
can be measured and applied straightforwardly, when the wetting conditions are 
good. On the other hand. physical models which consider the distribution of the 
solute between the eluent and a layer of stationary liquid should be examined with X- 
values calculated from X- = (I/, - V,)/ V,, where v, is equal to V, - v, and I$ is the 
volume of adsorbed eluent. This volume may be estimated from surface escess data of 
the eluent components, on the basis of some simplifying assumptionsig. 

RESULTS AND DISCUSSION 

dctia+ty coef$ciettrs ami sohtbilities 
Sohbiliries in wairfer. Literature data on In _~i.~ (at 25”C), G: and G:? data (both 

at 2OC) and il, values of some alkanes. substituted benzenes. diethyl ether_ some 
alcohols and ketones are given in Table I. Unfortunately, surface tension data are 
commonly reported at 2O’C. However, since the inlluence of temperature on GO values 
is rather smalI (dcr’/dT z - 0.15 dyne/cm - “K for water at 25X), this disparity of 
temperatures causes an error of only -0-7 dyne/cm which is close to the experimental 
error of r& (see Table I) and will not alter the final conclusions. 

As the collected _~r.~ values are small, In 7& values can be calculated from eqn. 
1. They are plotted versus G~~I,N/RT(T = 298.2”K) in Fig. 1. Obviously, the solutes 
can be divided in two classes The data points of solutes with 10 5 G:~ (dyne/cm) ,( 
50 can be fitted with the equation 

In ~2~ = (2.34 + 0.14) + (0.619 f 0.009) &l,N,lRT (1% 

with a standard error of fit, s, = 0. 18*. The In y;fZ values of solutes with GT~ 5 10 

l Eqn. 19 is not applicable to n-alkanes when the number of carbon atoms II, c 5 or > 11. 



176 

TABLE I 

1-V. E. HAMMERS. G. J. MEURS. C. L. DE LIGNY 

SOLUBILITIES OF ORGANIC COMPOUNDS IN WATER 

Literature data on A,, 4, c& In xr2 and calculated values of 9 (see eqt. 20). 

A Ikanes ref. 29 ref. 30 ref_ 30 ref. 31 
n-Pentane 1?4_0 15.98 49.6 f 0.6 Il.55 
2-hietbyibutane 121.1 1497 49.6 11.32 
I;-He.xane 142.1 18.42 51.0 f 0.2 13.13 
2,2-Dimetbylbutane 135.1 16.18 z49.7 12.47 
3-hfetbyl_pentane 137.5 lS_11 s49_9 1x4 
Cyclohexane 120.8 x5= 509 11.34 
E-Heptane 160.3 20.26 51.3 + 0.8 14.46 
2.4Dimetbyipemane 13-2 18.12 ;-_50_0 1-t-13 
n-Octane 178.4 2I.SO 51.4 16.08 
2,z4-TrimethyIpentane 163.1 IS.85 50.1 14.77 

Subsrirnred benzenes ref. I8 refs- S,30 
Benzene 109.5 22_8S 
Tjluene 1x.3* 28.53 
Ethylbenzene 145ff 29.0-t 
o-_XvIene 
ri-Xylene 

143* 30.00 
145.1* 28.60 

pXylene 145.1* 28-33 
l-3,5-Trimethyibenzene 162.S* 28.S 
rz-Buqlbenzene lS2ft 29.33 
Cblorobenzene 127. I 33.6 
Bromobenzene 133.1 36.5 
Iodobenzene 141.9 39.7 
Nitrobenzene z I-IS* 43.9 
Aniiinem 124’ 41.9 

reJ>_ 8.30 refs. I S,32 
34.6 + O-5 7.79 
35.9 + 0.2 9.17 
38.1 &- 0.7 10.49 
36.1 IO.44 
37.9 IO.60 
37.8 10.53 
35.7 1 i-85 
39-6 13.36 
37.4 9-43 
35.1 lO.iO 
41.8 IO.81 
25.7 8.31= 

5.8 4.96= 

1131 17.0 10.7 4.1732 

AfrohoP- ref. 39 ref. S ref. S ref. 3i 
rr-Pentanol ! 34.0 25.7 4.4 5.30 
,r-Hesanol 152_i 25.8 6.5 6.81 
Cyclobe.xanoI 130.3 32.7 3.9 5.10 
m-Heptanoi 170.3 24.5 7.7 8.18 
n-Octanol 188.4 27.5 8.5 9.42 

KeroneF 
Methyi propyi ketone 
MetbyI butyi ketone 
Methyl amyi ketone 

127: 
1466’ 
164” 

ref_ 8 ref_ S ref_ 3J 
24.7 6.3 4.33 
75.0 9.6 5.30 
76.1 12.1 5.75 

0.57 
0.58 
0.55 
0.57 
0.56 

0.56 
0.54 
0.56 
0.54 
0.56 

0.75 
0.72 
0.69 
0.71 
0.70 
0.70 
0.68 
0.65 
0:70 
0.69 
0.66 
0.8 I 
0.9s 

1.13 

I.09 
1.06 
1.04 
1.06 
1.63 

1.07 
1.03 
0.99 

f Vaiues estimated from Van der Waals radii 36 . bond Ien_& and bond angles, as outlined by Valvani 
er ~1_‘~, using their A wiues for homomorphous chiorobenzenes’” as reference compounds- 

t* Estimates from the plot of In _vz2 vahres of metbylated benzenes rersm A, values. 
- Excluded from the regression. 

r Values obtained from tire piot of -4, values of n-alkanes (gilen by Vahani er a1.a9) versus those 
according to Bondi”. and using his rl increments for the -C& and X = 0 groups. 
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dyne/cm (aniline, alcohols and ketones) cannot be predicted with eqn. 19. Possibly, 
oriented adsorption of these molecules at the water interface occurs which causes an 
anomalously low value of &_ Attention is focused on the first mentioned solute class. 
For these solutes, the precision of eqn. 19 is diminished by correcting In rcz for the 
athermai contribution to the excess entropy (see Fig. 1). 
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Fig. 1. Literature data on In y,__ X7 in water at 25°C of solutes with interfacid tensions cT2 2 IO dyne/cm 
(0). and of soIutes with c$ 5 10 dyne/cm (denoted by - in Table I, A), wrsus G~~A~J\~[R~~ Aiso 
presented are In y;.? - d~~.~, ‘*-‘RT data (eqns. 1-3) for alkanes and alkylbenzenes (0). 

As eqn. 19 appears to hold remarkably well for solute molecules of different 
sizes, shapes and po!arities (dipole moments), it is interesting to examine the range of 
deviations from the Berthelot geometric mean rule that is covered by the examined 
solutions. These deviations ham;Kr a straightforward application of the reguIar solu- 
tion theory’ in mauy cases. According to Girifalco and Goods they can be quantized 
by: 

Values of @ are given in the last column of Table I. Very large deviations are found 
for alkanes in water (CD = 0.56) whereas for diethylether in water @ = 1.12 indicates 
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only small d&&ions. Therefore eqn. 19 holds well over a large range of deviations 
from the geometric mean rule. 

Solubilities in methanol-water nli_vtztres. Methanol-water mixtures are 
frequently used as eluent in reversed-phase liquid chromatography_ Hence, some 
insi@ into the factors which determine yFz values in these mixtures can be useful in 
chromatographic practice and in systemat& studies on solute retention_ The foliow- 
ing analysis merely deals with hydrocarbons. 

Literature3’ data on In ~:.3 of tetramethyl-silicon (TMSi), -germanium 
(TMGe) and -tin (TMSnj, tetraethylcarbon (TEC), -silicon (TESi) and -tin (TESn) 
and tetrapropylgermanium (TPGe) are given in Table II. From Table I it follows that 
the Gyl values for normal and branched alkanes are about equal. Therefore it was 
assumed that the Gyz values of the tetraalkyl compounds in contact with water are 
equal to 51.4 dyne/cm (i-e., the value for n-octane). The cry2 values of the tetraalkyl 
compounds in contact with methanol-water mixtures and methanol were assumed to 
be equal to G:, of tetradecaie. The latter quantity was measured by the authors and is 
given in Tabie II (third Iine from bottom)_ The A, values of the tetraalkyl compounds 
Lvere estimated from their In ;:;_3 data in water by means of eqn. 19 and are given-in 
Table II (last column)_ Apart from the data on TEC and two data on TPGe, all In yF’._ 
data can accurately be described as linear functions of G:? A, with eqn. 7. The 
estimates of the B parameter appear to be independent of the solvent composition 
and equal to that _ven in eqn_ 19, whereas the estimates of the C parameter (@ven in 
Table II) appear to be equal to 1 for s(MeOH) 2 0.3. In order to verify whether C 
depends cn the molecular shape of the solute, incremental In ;‘” data for a -CH,- 
goup, obtained from solubility data given by Hiller et aZ.3* were considered. Ln 

(7” jCH2 data for n-alkyl bromides at x(MeOH) = 0.29, for Iz-alkylbenzenes at 

TABLE II 

SOLUBlLiTIES OF TETRAALEYL COMPOUNDS IX !blETHAXOL (MeOH)-WATER MlXTURES 

_ Literatllre data on In ;1.2. cslculated values of _4!. rspximental & data and values of the C parameter m1th their 
srandard errors. 

x (Sleo~!) 0.000 0.059 0.100 0299 0.399 0.491 0.800 1.000 
O. (w,‘w) >kOH 0.00 10.00 30.53 43-12 s-l_19 63.16 57.68 too.0 

Soiure !:1 ;;_231 &(A’) 
_-____ 

TMSi 12.43 11.73 8.91 422 3.65 130.5 
TMGe 11.62 11.88 5.57 4.45 3.73 132.9 
TM!% I,67 11.97 10.27 9.10 is9 4.69 3.83 133.6 
TEC 15.59 14.74 12.65 11.26 9.75 5.54 4.35 =z 175.5 
TESi Ii.04 16.03 13.5s 11.89 IO.15 9.03 5.77 4.3 190.0 
TESn 17.70 16.63 14.06 12.17 IO.44 9.27 5.63 4.29 19s.5 
TPGe 2124 19.9s 1423 12.67 6.97’ 587f 244.3 

G& (dyne, em) 51_4* X-l 26.1 21.0 17.2 14.0 7.2 1-4 
c 0.619 0.77 0.93 0.99 0.99 1.04 0.99 1.02 
=, 0.005 0.01 0.01 0.02 0.05 0.13 0.20 

* Outlier, excluded from re_ges.sion analyses. 
* Datum for n-octane-water”. 
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_r(MeOH) = 0.36 and for n-alkyl disulphides at s(MeOH) = 0.51 are: 0.92 & 0.05, 
0.82 + 0.04 and 0.59, respectively_ The corresponding C& vaiues lie on the same 
curve as those for the tetraalkyl compounds in a plot VS. the composition of the 
solvent (Fig. 2). As the appropriate value of Gy, of a -CH,- group may be assumed to 
be equal to that of tetraalkyl compounds, this result means that C is also equal to 1 
for the -CH?- group. 

0 0.5 10 
x (MeOH) 

* 

Fig. 2. Macroscopic G& values for the planar interface tetradecane,knethanol-water (a), and microscopic 
C& values for the curved molecular interface of tetraalkyl compounds (0) and of a -CH,- group in II- 
alkyl-bromides. -benzenes and xiisulphides (0) in methanol-water mixtures (b), as a function of the mole 
fraction of methanol at 2O’C. Values of Cc f2 have been calculated from solubilitks by eqn 19. 

Sohbiiity of water in organic solvents. Data on in slSz (1 - water, 2 - organic 
solvent) given by Donahue and Bartel133 are used. In order to avoid artifacts due to 
concentration effects on yl.?, we considered only those solutions where x1 ,z < 0.0 I_ 
The selected data on In _Y~,~, ~2 and by2 and the calculated @ values are given in Table 
III. 

A description of the In 17;~ data in terms of eqn_ 7 requires a value for the 
surface area of the cavity which can accommodate a water molecule_ We assumed 
that it is equal to the surface area of a water molecule (36 A’, as calculated according 
to Bondi36). The In uzz data can be described fairly well with the equation 

In rc2 = (2.17 + 0.39) + (1.17 + 0.10) A,N&/RT (21) 

with a standard error of fit, s, = 0.25. The value of the B parameter is about equal to 
that given in eqn. 19, whereas the value of C is rather close to 1 (i.e., the value 
estimated in the preceding section). 

The rather good description of the In ret data with eqns. 19 and 21 illustrates 
the welI known fact that free energies can generally be well described with rather 
crude models. On the other hand. it is true that free energy data can only yield a 
limited insight into the intricate phenomena that are encountered in physical reality. 
Therefore we do not want to speculate about the physical meaning of the empirical 
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TABLE III 

SOLUBILfTIES OF WATER IN ORGANIC SOLVENTS 

Litcrarure data on 4, G2 and In x tet, and calculated values of 0 (see eqn. 10). 

SOlWit &ZO’C) o~2(zo=c) -in Xtr3’ 
(@e/cm j (&neicm) 

.-I Ikan2s ref_ 30 re$30 
n-Pcntane 15.9s 19.6 7.64 
n-Hexme I s.12 51.0 7.42 
C~clohexane 25.5s 5028 7.51 
n-Heprane 20.26 51.3 7.0s 
n-Octane 21.30 51.4 7.01 

S;lbsrirnled benzenes ref_ 30 ref_ 50 
Ekxlzene 22.88 11.6 5.78 
Toinene 18.53 35.9 5.99 
Eth>lbxzene 29-M 38-I 6.07 
Bromobenzene 36.5’ Xl5 5.54 

Halogerslrd akmes r2f_ 8 wf_ s 
Chloroform 27.15 31.6 530 
Carbon tetrachlorids 26.95 15.0 7.09 
Ethyl bromide 2%: ;I.’ 52% 

Curbor; dkdphidc 32.3 48.4 7.26 

@(ZOT) 

0.57 
0.55 
0.56 
0.54 
0.54 

0.75 
0.77 
0.69 
0.69 

O-77 
0.61 
0.7s 

0.58 

parameters B and C. An analogous reservation applies to the following discussion of 
the retention on reversed-phase adsorbents 

We conclude this section by stating that eqn. 7 gives a good description of 
activity coefficients (i.e., solubilities) in solvents as different as water, partly aqueous 
solvents and apolar organic solvents_ This equation contains only two parameters, 
one of which (8) appears to be independent of the solvent_ 

Ln k values in water were obtained by linear extrapolation of experimental In k 
data (k 5 65) at 30,50,70 and 90 y0 (v/v) methanol. These values as well as the slopes 
of plots of In k versus the volume fraction of methanol (6) are given in Table IV for 
some alkylbenzenes, chlorobenzenes and arenes. It is noted that the extrapolated data 
in water (2) and methanol (2’) may deviate slightly from experimental data. At high 
water contents [> SO 7; (v/v)] the e.- lperimental results may be affected by incomplete 
wetting of the alkyl layer. For ‘H20, V, = 555 fi was obtained in water. A similar 
relatively small value has been reported by McCormick and Karge?‘. Nevertheless, 
Karger et al.” obtained In X- values for some Iz-alcohols with methanol-water mix- 
tures and water as eluents, which are linearly related to the volume fraction of metha- 
nol. Our (estrapolated) In (II& values in water (from In k vaiues of butyl- and 
propyibenzene) are within error equal to those presented by Karger ef al. In view of 
possible effects on In k at high water contents, only relative In k values of related 
solutes in water will be considered below. 

Cofin’s modei (eqn. I II_ In order to examine the applicability of eqn. 11 to 
LiChrosorb m-1 5, b values were plotted versus A ,_N/RT. The solute surface fraction 
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TABLE IV 

VALUES FOR A,. EXTRkPOLATED In k VALUES ON LICHROSORB RP-1s HOLDING FOR 

WATER AS ELUENT, In & AND In(kj& ) VALUES IN WATER AND THE SLOPES OF PLOTS 
OF Ink versus VOLUME FRACTION METHANOL. b 

A IkyIben33tes 
Benzene 
Toluene 
o-Xylene 
nz-Xylene 
p-Xykne 
Ethylbenzene 
1.2.3-Trimethylbenzene 
1.2.4-Trimethylbenzene 
1,3,5-Trimethylbenzene 
n-Propylbenzene 
n-Butylbenzene 

109.5 
127.3 
143 
145.1 
145.1 
145 

161.5 

IS’ 

Cidorobenzenes ref_ IS 
Chlorolxnzene 127.1 
o-Dichlorobenzene 142.7 
nl-Dichlorobenzene 144.7 
p-Dichlorobenzene 144.7 
1,2,3-Trichlorobenzene lSS.3 
1,2,4-Trichlorobenzene 160.2 
1,3,5-Trichlorobenzene 162.2 
1.2.3,4-Tetrxhlorobenzene 173.5 
l,Z3,5Tetrachlorobeenzenr 175.8 
1,2_4,5-Tetrachlorobenzene 175.8 
Pentachlorobenzene 189.4 
Hesachlorobenzene 203.0 

Arenes * 
Naphthalene 153 
Biphenyl 190 
Flwxene 181 
Anthracene 196 
Phenanthrene 196 
Pyrex 203 

4.86 f 0.12 
6.31 _+ 0.12 
7.35 & 0.07 
7.60 f 0.09 
7.5-5 f 0.05 
7.53 + 0.09 
5.54 5 0.07 
8.84 f 0.07 
8.98 2 0.07 
9.14 * 0.02 

IO.52 5 0.02 

6.44 5 0.05 
7.74 + 0.02 

8.04 F 0.02 
7-90 & 0.05 
9.10 * 0.07 
9-3 & 0.7 
9-s + 02 

10.4 
10.7 
10.7 
12.1 
13.6 

8.01 & 0.0s 
9.60 5 0.02 

9.8 + 0.2 
10.9 & 0.3 
10.5 f 0.3 
11.7 + 0.3 

ref_ 32 
7.7918 
9.17 

lo.+% 
10.60 
IO.53 
10.49 
11.40 
11.63 
11.55 

z11.92 
13.36 

reJ IS 
9.43 

11.40 

11.12 
11-u 
12.02 
12.57 
13.35 
14.31 
11.37 
11.21 
15.66 
17.20 

refk 39.40 
11.10 
13.98 
13.38 
14-66 
14.36 
15.21 

2.93 6.2-I & 0.16 
2.86 7.55 * 0.16 
3.09 5.38 & 0.09 
3.00 8.61 f 0.14 
2.95 8.50 + 0.05 
2.96 5.65 i 0.14 
2.86 9.40 f 0.09 
2.79 9.67 + 0.07 
2.87 9.74 * 0.09 

= 2.75 10.20 + 0.03 
2.84 11.40 2 0.03 

2.99 
3-66 
3.08 
3.50 
2.92 
3.3 
3.6 
3.9 
‘7 
ZS 
3.6 
3.6 

3-09 9.15 f 0.12 
j-36 IO.76 f 0.03 
X58 10.43 f 0.30 
3% 11.40 + 0.39 
3.56 11.05 f 0.39 
3.51 11.91 + 0.51 

7.74 f 0.07 
s.94 2 0.03 
9.05 * 0.03 
8.98 f 0.07 
9.97 f 0.09 

10.02 f 0.25 
10.14 * 0.2s 
10.9 
11.1 
11.1 
12.1 
13-l 

* Estimated values. using A( ;C-H) = IS.15 A’, _4( SC-, condensation)3D = 3.49 A2 and d( ZC- 
alky1)36 = 4.95 A’_ 

in contact with the adsorbent is denoted by @ = Jr/A,. The obtained $(o& - &) 
values for the three solute classes are 28.8 + 0.9 (alkylbenzenes), 25.3 & 0.5 (chloro- 

benzenes), 23.7 f 1.4 (arenes) and 27.2 2 0.9 dyne/cm for the -CH2- group. Thus. 
eqn. 11 offers a useful empirical description of the eluent effect on In k values in the 
esamined range [30-90 % ( / ) v v me th anal] with plausible values of $_ Within a group 
of related substances + has a constant value, but slightly different values are obtained 
for different groups of substances. This rest& may mean that In -z213 - In 7& is 
independent of the eluent composition in the examined range. However, it is unlikely 
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that the approximation In -;;;C.Z13 ‘= In yc,, made in the derivation of eqn. 11 from eqn. 
10, is always true, as the surroundings of the solute in the bulk eluent and in the 
surface layer are rather different. It follows from the results of Miickel and 
Freyholdta3 that, for rz-alkanes on Nucleosil Cl 8 in 70 % (v/v) methanol, In qz2!3 - In 
yc2 increases linearly with the alkane chain length for the plausible value $ = 0.5. 
Therefore, Cohn’s model is not correct, although for a group of related solutes it may 
give a useful description of eluent effects. 

Locke’s model (eqns. 8 and LO)_ We consider first the (extrapolated) data on 
retention with water as the eluent. The data on ln(k~~~,) given in Table IV are, within 
a class of related solutes, independent of A,. This result is difficult to reconcile with 
eqn. 8, according to which In (k@%) is equal to In (Q?zZ) - In yFzn. It implies that 
the activity coefficient y&13 is independent of X1_ It will be di&ult to develop a 
physical model that predicts this unexpected relationship --or rather, this absence of 
a relationship_ This argument illustrates the superiority of eqn. 10 over eqn. 8. Ac- 
cording to eqn. 10, In (kbizt) is equal to In (Z&z,) - In ~;t.~,~ i xzN(~!, - cy,)/RT_ 
It follows that the dependency of In -;;;C.2,3 on R, is compensated by that of the surface 
tension term. 

Now we turn our attention to data in methanol-water mistures. At 40-7004 
(v/v) methanol, SlaatsxiSS and Hennion et aLa obtained approsimately constant In 
(k~z&&) values for monosubstituted bezzzenes and phenanthrene, respectively, on 
home-made RP-18 phases. We have obtained the corresponding data on LiChrosorb 
RR-18. Our In k values are presented in Table V as extrapolated In k values in water 
and b values, together with mean In y&i3 values obtained from eqn. 8. 

The latter dam were calculated using 7e2 data given by Slaat?.“‘. Values for rt2 are based on &‘, = 
677 JXI_ VaIues for Ii2 are based on the weight of adsorbent in the cofumn (0.433 g) and the amount of 
adsorbed eluent [at SO-90% (v/v) methanol: 1.49 mmole methanol and 0.21 mmole water per gram Li- 
Chrosorb RP-18, according to Slaats”]. Activity coefficients of phenanthrene were obtained from molar 
solubility data= (s) using the equation 

where r” is the molar volume. and In ;;.n_o is given in Table IV. The In (;c2 &trz data for a -Cl&- 
group are calculated from In (;;.21k)cHI values. Ln (;;.2)cH2 is obtained from eqn. 19, using AcHz = 
18.1 A’ and ~2y.a values given in Table II. The indicated uncertainty of the data in the fifth column of 
Table V corresponds with the (hardly significant) increase of In j.&0l with increasing methanol content. 

The results in Table V give rise to the following comment. The In y;Tt13 values 
of the various apolar benzenes in 40-70% (v/v) methanol are not correlated with A,, 
just as is found in water as eluent Obviously, also in methanol-water mistures the 
dependency of In ,;‘;Tz13 on Zz is roughly compensated by that of the surface tension 
term in eqn. 9. However, this compensation is not perfect for zz-alkyl chains where In 

W2,3kH2 = 0.10. This conclusion is confirmed by Miickel and Freyholdt’s resultsa 
obtained for a series of n-alkanes on Nucleosil Cl8 in 70 ok (v/v) methanol. Hence, a 
description of in k in terms of eqn. 10 is preferred_ The differences in the values of In 

‘r’Za3 = ln iG2 - ~zzV(&J, - r_$:,)/RT are partly due to differences in In N;T~,~ and 
partly due to different A, and by3 values. For the investigated, reIativeIy apoIar 
solutes GY3 is presumably very small. If we assume that z1 = 0.5 A I and that ~$3 = 
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20 d_yne/cm [i.e.? equal to & for the tetradecane/50 o/0 (v/v) methanol-water inter- 
face] and we negIect ~:a, In -z2/a can be calculated at 50 o/0 (v/v) methanol. These data 
are given in the sixth column of TabIe V_ They reflect the interactions of the solutes in 
the interfacial layer. As a monolayer of almost pure methanol is adsorbed to the RP- 
1 S surface layer. solute-methanol interactions reflected in the In yc2. values holding in 
methanol (2’) shouId also contribute to In *x_2:3_ Indeed. the range of In (-x_2,,/:?;C.2.) 
values (eighth column of Table V) is much smaller than that of In -zli3 (1.8 rs. 3.5). 
Further, a comparison of the data for the polar benzenes in columns 6 and 8 clearly 
illustrates the importance of solute-methanol interactions in the interface_ Solute 
adsorption to residual silanol groups on LiChrosorb RP-IS is not apparent, because 
one regression holds for log X- on log P,,,r_ values (P,,,,_ is the solute partition coefficient 
in the octanol-water system) for acidic chlorophenols, basic chlbroanilines and 
apolar compoundsa’ (compare with results given in ref. 45, where adsorption to 
silanol groups controls the retention). 

The Ciqni&liquid partitiott model. In this mode1 a linear In k rerszrs In P plot 
with a slope close to 1 is expected (eqn. 15). Using PC,, data in the system rz- 
hesadecanqi50 “/, (v/v) methanol-water*’ at 2YC, such a plot is found for the apolar 
solutes benzene, toluene and chlorobenzene: 

In k = I-70 t In Pc16 (23) 

A simi!ar correlation is obtained for apolar solutes between In k values in water and In 
P values in a water,&heptane system<‘, where In k = In PC-_ Both intercepts are 
much larger than expected from the phase ratio term in eqn_ 17. Hence. soIute par- 
tition (with the assumption 77-a = ;.Fe3,) is inadequate to predict in k values of apolar 
solutes on LiChrosorb RP-IS (eqn. is). 

The In X- vahtes of the polar benzenes are larger than espected from eqn. 23 (see 
last column of TabIe V)_ This points to a particularly favourable sorption mode for 
these molecules, presumably one in which the polar part interacts with the adsorbed 
methanol Iayer. This is most clear for phenol_ both from In (k/P& and from a 
comparison of In -x;2 3 and In (-~_1.3~;1.1. ) data. In this connection it is worth noting 
that addition of only 2”,d ch2orofot-m to the eluent methanol-water ( 1: I) causes a 
relatively large reduction of In k values of phenols on ODS-silica”. This result can be 
attributed to competitive Lewis base-Lewis acid interaction in the interfacial metha- 
nol layer. 

HoruM‘s model. This interesting model will be examined by means of In (k)cul 
values. Because of the large number of unknown model parameters only approximate 
equations have been examined up till now. Horvgth et al.” showed that In X- values of 
solutes increase with their hydrocarbonaceous surface area (when polar interactions 
are similar). This result is in accord with eqn. 57 of ref. 25 

in k z constant +- &(d, -I- If, - A,,)X/RT (24) 

where A, t A, - A,, ZE dd is the total surface area of the solute moIecule ( 1) and 
the adsorbent (3) that loses contact with the eluent (2) on adsorption_ But as dA is 
proportional to ii t, the same result is expected for solute partition (combine eqns. 15 
and 7). A more severe test shouId involve the term $dA. Therefore. we consider the 
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equation: 

In (&HI = 64A,,j'W7- (w. 

Using literature data for rri and Acu, = 1 S. 1 A2, the following 4 A,, JAcu, values are 
obtained: 0.43 in water, O-42 in 70 o/o (v/v) methanol and 0. IS in methanol as eluent. 
Obviously, eqn. 25 fails correctly to predict the eluent effect on In k. This may be due 
to unallowed approximations. 

This problem can be overcome by using eqn. 14 and In (X-),-u. data in water (2) 
and methanol (2’). Neat solvents are chosen for reasons given in the theoretical 
section. Ln (;Z)cHL values can be estimated from eqn. 7 (C = 0.619 in water and 1.02 
in methanol). Substitution of these data reveals that the last term of the right-hand 
side of eqn. 14 is zero. As K;(~)G! - K;,(~)G:. is positive for xc and G' values given by 
Halicioghr and Sinanogh?‘. A,, - A, is zero. This result suggests that the alkyl 
chains are immersed in the RP-IS layer. However, in that case it is hard to explain 
that In (7~r,&u2 is different from zero at 40-70 % methanol (Table V). It is noted that 
when Sinanoglu’s solvophobic interaction theory is applied to solute adsorption in 
RP-18 columns, the magnitude of the parameters kc and A,, - A, in eqn. 24 should 
be known precisely_ This is only the case when we are dealing with an impenetrable 
and regularly associated RP-18 layer that is smooth on a molecular scale. The occur- 
rence of such ideal bonded phase surface layers is questionable. 

Apart from the problems mentioned above. Horvath’s model has a funda- 
mental shortcoming hecause it fails to account for contributions of solute-methanol 
interactions in the interfacial layer. This is due to the assumption 4p;i;j = 4l;‘;fF and 
the subsequent substitution of %i_j = --dE*y- underlying eqn. A7 in the Appendix. 
This problem is hard to solve at an acceptable level of sophistication, because the 
interfacial methanol concentration changes outside the linear range of the excess 
isothermrg. 

We conclude this section by statin, a that neither the adsorption models pro- 
posed by Colin and by Horvath nor a partition model can satisfactorily describe 
solute retention in RP-lS/methanol-water systems. The In (X-/I’) and the In (-_113/;.;G.Z) 
data indicate that solute adsorption is of prime importance. Presumably, the adsorp- 
tive properties of RP-18 deviate from those of solid adsorbents due to solute sorption 
into the alkyl layer, the extent of which may depend on the polarity (interaction with 
adsorbed methanol) of the solute_ More experimental data are necessary in order to 
improve on this rough picture. Finally, it is emphasized that these tentative conclu- 
sions should not be generalized to other reversed-phase systems. The present ap- 
proach may prove useful to characterize their (ad)sorptive properties. 

CONCLUSIONS 

Values of in yc2 at infinite dilution in water for solutes of different sizes, shapes 
and polarities are linearly related to the product of the interfaciai tension, G:,, and the 
molecular surface area of the solute A,, if oy2 2 10 dyne/cm. Similar plots of In *.a 11.1 
vs. A,G~, have been obtained for tetraalkyl compounds in methanol-water mistures 
and for water in some organic solvents. All these plots have a common intercept but 
their slopes are different. The standard deviations around the regression lines are 
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about 0.2. This corresponds with an accuracy of 20x, i.e., roughly four times the 
precision of the experimental 7” data. 

Solute retention on LiChrosorb RP-18 with methanol-water mixtures and 
water as eluents is mainly controlled by the solute activity coeEcient in the mobile 
phase. The adsorbent atilnity towards solutes is approximately constant in the ex- 
amined ranSe of 40-70% (v/v) methanol. This is due to a constant amount of ad- 
sorbed methanol in this ranse_ In water and in methanol-water mixtures, In Y;C.,,~ is 
not related to the molecular surface area of the solute (alkyl chains are exceptions). 
Interactions between polar benzenes and methanol play an analogous role in the 
interfacial layer_ This is most clearly illustrated for phenol_ It cannot be ruled out that 
the phenyl group of these solutes is partly surrounded by RP- IS chains, as seems to be 
the case for the apolar benzenes. But even for apolar solutes interfacial adsorption 
prevails. 

The model proposed by Colin fails accurately to predict the eluent effects on 
solute retention and may give rise to misinterpretations. The solvophobic interaction 
model proposed by I-IorGth ignores solute interactions with adsorbed methanol and 
fails to describe the effects of neat eluent on ln k values of n-alkanes (or alkyl chains) 
in a plausible manner. 

A better characterization of the surface structure of the RF’-18 layer is desirable 
in order to improve the interpretation of retention data on more or less diffuse apolar 
bonded phase adsorbents. A presentation of the results in this work in terms of 
Locke’s model (eqn. 10) is preferred. 

APPENDIX 

Derir-ation of eqns. 13 and 14 
The standard partial molar free energy of solution of a solute i in a solvent j 

from the vapour state is given by: 

4&iqj (v - s) = RT In &_qj) = RT ln yiyjfi (Al) 

Thereinf; is the (partial) fugacity of i that is in equilibrium with the solution of i in j at 
temperature T. The activity coefficient , i_i G is related to the pure solute (yTj = 1, when 
xi j = 1). and3 is the fugacity of the pure vapour of i at temperature T. From the 

-1 so ubility theory of Pierott?’ it follows that at atmospheric pressure and at _K~_~ 2 0: 

4pFj (v + s) = -xisj i RTln (RT/$) (AZ) 

The second term of the right-hand side of this equation accounts for the change of the 
translational free energy of the solute molecules upon transfer from the perfect 
vapour state to the dissolved state. 1~: is the molar volume of the solvent. The term 
-xIVj represents the potential free ener,T of the solute molecules in solution (relative 
to that in the perfect vapour). It is the sum of the free energies of cavity formation, 
dE_y-, and of solute-solvent interactions, 4ef,-. According to Sinanoglu” the 
former is given byf 

* The parameter Wij (see eqn. 20 of ref. 26) is omitted because it wiIl enlarge kf only slightly (5 ,T< or 
less). 
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where +i)G) is the “microscopic” surface tension of the curved cavity in j accom- 
modating the solute molecule i, and A,N is the molecular surface area per mole of 
solute. Combination of eqns. Al-A3 gives: 

In rz = dePj’-/RT + @)o,OAiN/RT - In VT + In (RT,x) (A41 

Combination of analogous espressions for In rG in the solvents j = 2 and j = 2’ 
gives eqn_ 13. 

The interaction between the molecular species 1 and 3 can be characterized by 
the association constants KIJsj (in solvent j) and Klssv (in the vapour phase): 

-_ 

Kl3.j = -~13,j/-~l.j-~~,j and K13.v = X3Uit3 

Combination of eqns. A5, Al and A2 $ves: 

(A5) 

In K~3.j = In KI~.~ + (Zl3.j - Z,._JIRT + ln (Y;&) (A61 

If it is assumedZ5 that dP;‘lj = dt;‘,lF, implying that reduction terms’” can be omit- 
ted, and that h-5(13) = KS(~), substitution of ziwj = --Lie:- according to eqn. A3 in 
eqn. A6 yields: 

In K13.j = In Kt3_,. - KS(~) $‘(A13 - A3)1V/RT + In (~cfi> (A7) 

When the ligand 3 is chemically bound to a silica surface, the magnitude of R13.j = 
_~~3_j/_~~_jS,.j may deviate from Kl3.j 3 &en by eqn. AS. In that case the chromato- 
graphic capacity ratio, kl.j,3, is given by: 

In kl.j,~3 G In (tZ,3sj/n,sj) = In (lij/lrj> + In (K~3vj-v~_j) (AS) 

If one can assume that the ratio g 13.jjK13.j (and the accessibility of the bound ligands 
for solute molecules) is similar in various solvents, substitution of eqn. A7 in AS 
yields expressions for In klej,,, in the solvents 2 and 2’. Combination gives eqn. 14. 

SY .MBOLS 

-7 

7” 
-7 
I 

6 
ri:( i) 

4flE 
A/P- 
A/P_ 
L&?P(v --, s) 

a0 

- 
- 
- 

- 
- 

- 

activity coefficient (standard state: pure liquid solute) 
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parameter that corrects G$’ for the effect of the curvature of the 
cavity accommodating solute i in solvent j (eqn. A3) 
excess chemical potential 
athermal contribution to ApE 
thermal contribution to ApE 
standard partial molar free ener,o of solution from the perfect 
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- dispersive part of surface tension (eqn_ 12) 
- interfacial tension between the phases i and j 
- measure for the deviation from the geometric mean rule 
- volume fraction of methanol in the eluent 
- potential frtx interaction energy relative to that in perfect 

vapour (eqn. AZ) 
- fraction of the molecular surface area in contact with the ad- 

sorbent phase 
- molecular surface area 
- area occupied by a solute molecule on the adsorbent 
- surface area of adsorbate molecule and adsorbent that loses 

contact with the eluent on solute adsorption 
- empirical parameter (eqn 7) 
- empirical parameter (eqn. 7) 
- free ener,T of cohesion per cm2 
- free energy of adhesion per cm’ 
- free enera of cavity formation (eqn. A3) 
- free ener_q of interaction 
- association constant (free ligand_ eqn. AS) 
- association constant (bonded phase ligand) 
- Avogadro’s constant 
- solute partition coefficient 
- gas constant 
- molar solubility 
- absolute temperature 
- voIume of the mobile eluent in the column 
- retention volume corrected for hold-up outside the column 
- volume of adsorbed eiuent in the column 
- volume of the empty column minus the volume of the packing 

material 
- concentration (mole/l) 
- partial fugacity 
- fugacity 
- chromatographic capacity ratio 
- number of moles (dissolved in mobile phase) 
- number of moles (adsorbed or sorbed) 
- mean molecular radius 
- molar voiume 
- mole fraction 
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