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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-18
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-18 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 non-electrolvtes 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 mixtures
containing 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 coeflicients or estimated
values from (semi-) empirical correlations have to be used. In this respect the exten-
sive work of Pierotti er 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 coefficients of rather small
solute molecules of various sizes, shapes and polarities in water and those of apolar
solutes 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
mixtures as eluents 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

Activity coefficients and solubilities

The excess chemical potential of an infinitely dilute solution of a sparingly
soluble liquid solute (1) in a solvent (2) is given by
Api, = RTInyf, = —RTInx, (0

wherein 7y , is the aciivity coefficient of the solute at infinite dilution and x, , (£0.01)
is the mole {ractional solubility of the solute at the absolute temperature, 7.
In the case of random mixing, Aut , can be divided in two terms?:

Ap, = A + A (2)

The athermal 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 dilution, is given by

R Y v
A = RT|Inb + (1 - 3 3)
2 1

where 1° 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
Scott® and Vitoria and Walkley® have shown that the Flory—Huggins equation con-
siderably overestimates the athermal contribution to the excess entropy for mixtures
of globular (instead of chain) molecules. Thirdly, according to Flory’, eqn. 3 is less
suitable when v§/+9 is small (i.e., 2-5). As these features apply to many of our solu-
tions. the Au}"y term will be omitted.

To estimate the value of 4u}; (or 4uf ;) the cavity concept is adopted, accord-
ing to which. the transfer of a solute molecule from the pure liquid to the solvent can
be divided into two steps. In the first one the solute molecule is removed from the
liguid, the required free energy being equal to 0.5F] ,4,N, where F} , is the free
energy 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 4,) in the solvent. Beside the free energy of
cavity formation in the solvent, equal tc 0.5F5 ,4, N, a term — F} , A, N 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?®

Fi=2d @
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and

Fi, = ot + 6% — 6}, (3)

where ¢? is the surface tension of i and &%, is the interfacial tension between the
phases 1 and 2. Hence, according to this approach a very simple relation for Ayt , is
obtained:

AI‘E.: = 00,4, N (6)

However, it had already been recognized by Uhlig®, who correlated the solubilities of
gases in organic solvents with ¢9$ values, that the use of (macroscopic) surface tension
data on a molecular scale implies an approximation. More recently, Choi er al.*®
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, Auf , can be at most proportional to 63,4, N.

An even more serious problem arises from the impossibility of giving a sharp
definition of a cavity when the ratio of the molecular radii r,/r, < 1!!. 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 4uf, of apolar solutes in
aqueous solvents!* 13 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 4 yf.z, which in its most simple, linear, form reads:

At ,/RT = In3F, = —Ilnx; >, = B + C6%,A,N/RT 7

In egn. 7, Band C are adjustable parameters, the magnitude of which may depend on
the temperature and the solvent.

A similar relation has been applied by severai authors'® ' in order to relate the
solubilities of members of various solute series (e.g., alkanes, alkylbenzenes and al-
cohols) in water to their 4, 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 columns

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 scems 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 al.® and BET surface area determined
in our laboratory, we estimated that [at S0-90 9/ (v/v) methanol] about 0.9 and 1.2
monolayers of eluent (largely methanol) are adsorbed on LiChrosorb RP-8 (272 + 5
m?2/g) and RP-18 (171 + I m?/g), respectively.

The capacity ratio, &, of a solute (1), which is distributed between an interfacial
layer (2/3) and a mobile eluent (2), can be presented by the equation:

Ink =In@z/n) =1In (?ic,z/"z) —In (?fz/s/ﬁz) (8)

-
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In eqn. 8, i, and n; 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 71, moles of adsorbed and 1, moles of mobile eluent. respective-
ly. The sclute activity coefiicients in the mobile phase and in the adsorbed eluent layer
are denoted by 77, and {3, 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 coefficient, 77 ,, 3. is related to 7{*, 3 by

Inyfas = InfTa3 — A;N(633 — 6%3)/RT 9

where A, is the area occupied by a solute molecule on the adsorbeat, and 63, and 69,
are the surface tensions of the adsorbent-eluent and —pure solute interfaces.
Combination of equs. 8 and 9 gives:

Ink =1In(h/n,) + Inyf, — In7Fa3 + A, N(695 — 693)/RT (10)

Tkis 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
apelar bonded phases. Further. he observed that In & is strongly correlated with
solute solubility in the eluent and concluded that the In ;[ , term is of prime impor-
tance. Colin and Guiochon®?. however, proposed to neglect both activity coefficient
terms in eqn. 10. With this approximation, k& values in the eluents 2 and 2" are related
by the equation:

In (k, 5 3/ky 5-3) = In (B0, /n,i1.) + A,N(625 — 63.5)/RT (1D
(Ky23/R1273 2715- 11200y 1 2

This simple equation has been used to define an eluent strength scale on the basis of
interfacial tension data?2-23. It can be assumed that ¢35 values for an alkylsilica and a
hiquid alkane as component 3 are approximately equal. The latter data can either be

measured, or estimated with Fowkes’ equation®*
6%; = 6% + 63 — 2(c3c' (12)

whercin o5 represents the ““dispersive™ part of the surface tension of the polar solvent.
From eqn. 11. Colin and Guiochon?*? obtained similar 63, — 63.5 values for ODS-2 (a
bound octadecyl silyl phase) and graphite in water (2) and methanol (2’). 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 8 of
ref. 22 it follows that in methanol-water mixtures the eluent strength depends on the
solute type. This inconsistency needs closer examination.

Another adsorption model has been proposed by Horvath e al.5. It is based
on Sinanoglu’s solvophobic interaction theory?®, which gives a detailed account of
non-electrolyte—solvent interactions in terms of macroscopic properties of the mix-
ture components. A disadvantage of Horvith's equation?? for In £ is that eluent and
adsorbent effects are mingled in the various terms, which hampers a rigorous verifi-
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cation of his model. As far as eluent effects on retention are concerned, this difficulty
can be overcome. In the Appendix, it is shown that the relation between the solute
activity coefficients in the eluents 2 and 2’ is given by:

Ka
2

. . )
In (772/7T2) = (AFY — AFT5)/RT — Ing

+ [x5(1)6% — x5(1)63]- A, N/RT (13)

The first term of the right-hand side of eqn. 13 accounts for the reduced molar free
energies of 1-2 and 1-2’ interaction contributions. The second one represents the
change of the reduced translational free energy of the solute on its transfer from
eluent 2’ to eluent 2. The parameter k(1) in the third term corrects for the effect of
curvature of the cavity surface on the macroscopic surface tension of the solvent and
depends on the solvent and the solute. Eqn. 13 may be compared with the empirical
eqn. 7 and eqn. 12.

As is outlined in the Appendix, In & values in the eluents 2 and 2’ are related by:

In (&, 5.3/ky 23) = In (hny./nyis) + In(;7a/v1
[x5(3)62 — K5-(3)o1(A;5— A;)N/RT (14)

In eqn. 14, the index 13 denotes the association complex of the solute and a bonded
phase alkyl chain. The occurrence of “free™ alkyl chains in RP-18 layers in contact
with polar eluents is not certain. It cannot be ruled out that the alkyl chains are
associated in a more or less “rough’ surface layer. Only for a perfectly plane surface
does it hold that k5(3) = x5.(3) = 1 (cavity curvatureis nil). Further. the factor 4,5 —
A5 in eqn. 14 is not predictable, unless the RP-18 surface layer is smooth. Finally,
in partly aqueous eluents the concentration of the organic modifier around a solute
molecule will deviate from that in a macroscopic surface iayer. In consequence, °
values cannot be predicted for mixed solvents®® and eqns. 13 and 14 can only be
applied rigorously when neat eluents are used.

The concept of retention by liquid-liquid partition implies that a homogeneous
solution of the solute (1) in the RP-18 phase (3) is assumed. In this case & values
holding in eluent 2 are described by

In &k = In (7 /ny) = In (37,/n) — In (37 3/n3) (15)
wherein 775 is the solute activity coefficient in the RP-18 phase and #; is the number

of moles of octadecyl groups in the column. The distribution of a solute between a
solvent (2) and a suitable n#-alkane phase (3°) is given by the partition coefficient. P

In P =In(c,3/c12) =IM@GES) — In (¥3v3) (16)

where ¢, 5. and ¢, , are solute concentrations (mole/1) in both phases. Combination of
eqns. 15 and 16 yields

Ink =In@v3/Vy) — InGEs/75s) +n P (17
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where V, = n,vJ. Unfortunately, In y¥; cannot be measured. The best thing to do is
to suppose 713 to be equal to y73.. Hence, a partition mechanism is only plausible
when & values obey the relation &/P = n3v3./V,. With this criterion in mind it is
possible to estimate the relative importance of partition contributions to & values
from experimental In & versus In P plots with an intercept In é and a slope equal to 1.
Under these conditions, it holds that

Koontk = n315./0V,, (18)

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

Finally_ it is noted that partial immersion of the solute in the RP-18 layer
cannot be ruled out. This will hamper a straightforward interpretation of solute
retention in terms of the (displacement) adsorption models mentioned above.

EXPERIMENTAL

Chemicals and characterization of the column packing material

Ali 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, Darmstadt.
G.F.R.) contains 0.286 g carbon per gram of the parent silica, LiChrosorb Si 100
(Sger = 282 m?/g according to Hemetsberger et al.>”). The ODS surface concentra-
tion is 4.4 pmole/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 laver during the silylation
reaction.

Derermination of interfacial tensions

Interfacial tensions of tetradecane/methanol-water mixtures were measured at
20 + 0.05°C by means of the drop-weight method?$. The capillary tip of the stalag-
mometer (glass. 9.5 mm 0.D.) was roughened in order to improve the wetting with
highly aqueous phases. The densities of the pure and the presaturated phases were
determired by picnometry (accuracy better than 0.2 97). The methanol-water mix-
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 ¢ of its final volume). A correction for non-ideal
drop shape was applied”8. The 69, values were reproducible within 0.2 dyvnejcm and
appeared to be (within error) the same for pure and presaturated phases. Smoothed
values are given in Table 1.

Apparatus and procedure for liguid chromarography
The home-made apparatus was equipped with an Orlita diaphragm pump, two
pulse dampeners in series, a four-port Vaico sample valve with a 3-gl loop and an
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Altex M153 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 + 0.05°C. The eluent flow-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 % (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 ug or less. The reproducibility of triplicate
measurements of the retention volume was 10 ul or 2 9; for strongly retained solutes.
Methanol-water mixtures were used as eluents.

The void volume of the column, ¥,, was determined by picnometry using
carbon tetrachloride and n-hexane. A value of 658 ul was obtained. Owing to ad-
sorbed methanol and water [according to Slaats e a/.'?, 63 ul/g LiChrosorb RP-18 at
eluent compositions ranging from 50 to 909 (v/v) methanol], the mobile phase
volume in the column, V¥, is equal to 658 — 0.485-63 = 627 pl. This estimate was
used to obtain capacity ratios & = (¥, — V,)/ V. (¥, is the solute retention volume
after correction for hold-up outside the column), also at 309 (v/v) methanol.

If the capacity ratio is calculated from k = (V, — V,)/V,, 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 &
values calculated from k = (V, — V,)/ V.., where V_ isequalto V, — I and ¥V is the
volume of adsorbed eluent. This volume may be estimated from surface excess data of
the eluent components, on the basis of some simplifying assumptions'®.

RESULTS AND DISCUSSION

Activity coefficients and solubilities

Solubilities in water. Literature data on In x, , (at 25°C), ¢} and ¢, data (both
at 20°C) and A, 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 20°C. However, since the influence of temperature on ¢° values
is rather small (d¢®/dT =~ — 0.15 dyne/cm - °K for water at 25°C), this disparity of
temperatures causes an error of only —0.7 dvne/cm which is close to the experimental
error of 6%, (see Table I) and will not alter the final conclusions.

As the collected x, , values are small, In 77, values can be calculated from eqn.
1. They are plotted versus 69,4, 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 < 69, (dyne/cm) <
30 can be fitted with the equation

In 7%, = (2.34 £ 0.14) + (0.619 + 0.009) 69,4, N/RT (19)
with a standard error of fit, s; = 0.18*. The In 7§, values of solutes with 67, < 10

* Eqn. 19 is not applicable to n-alkanes when the number of carbon atoms z. < 5 or > 11.
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TABLE1
SOLUBILITIES OF ORGANIC COMPOUNDS IN WATER

Literature data on A,, 6%, o%», In x, , and calculated values of @ (see egn. 20).

Solute A, c¢{(20°C) a1,(20°C) —inx, , D(20°C)
(4> {dynefcm ) (dynejcm) (25°C)
Alkanes ref. 29 ref. 30 ref. 30 ref. 31
n-Pentane 124.0 15.98 496 + 0.6 11.55 0.57
2-Methylbutane 1211 14.97 49.6 11.32 0.58
r-Hexane 1421 18.42 510 + 0.2 13.13 0.55
2,2-Dimethylbutane 135.1 16.18 =49.7 12.47 0.57
3-Methylpentane 137.5 18.11 =499 12.84 0.56
Cyclohexane 120.8 2558 50.28 11.34 0.36
n-Heptane 160.3 20.26 513 + 08 14.46 0.54
2,4-Dimethylpentane 154.2 18.12 ~=350.0 14.13 0.56
n-Octane 178.4 21.80 S5t.¢ 16.08 0.54
2,2 4-Trimethylpentane 163.1 18.83 50.1 14.77 0.56
Substituted benzenes ref. I8 refs. 8,30 refs. 8,30 refs. 18,32
Benzene 109.5 2288 346 + 05 7.79 0.75
T-luene 127.3* 28.53 359 = 02 9.i7 0.72
Ethylbenzene 145%* 29.04 38.1 + 0.7 10.49 0.69
c-Xylene 143% 36.00 36.1 i0.44 0.71
ri-Xylene 1451 28.60 379 10.60 0.70
p-Xylene 145 1> 2833 37.8 10.33 0.70
1.3,5-Trimethylbenzene 162.8% 28.8 38.7 11.85 0.68
r-Butylbenzene 182%= 29.33 39.6 13.36 0.68
Chlorobenzene 127.1 33.6 37.4 9.43 0:70
Bromobenzene 133.1 36.5 38.1 10.i0 0.69
" Iodobenzene 141.9 39.7 41.8 10.81 0.66
Nitrobenzene = 145* 43.9 257 8.31%2 0.81
Aniline*** 124> 429 5.8 4.9633 0.98
Diethyl ether 1i3% 17.0 10.7 4173+ 1.12
Alcohols*** ref. 29 ref. 8 ref. 8 ref. 35
r-Pentanol 13490 25.7 44 5.40 1.09
n-Hexanol 1521 258 6.8 6.81 1.06
Cyclohexanol 1303 32.7 3.9 5.10 1.04
n-Hepianol 170.3 245 7.7 8.18 1.06
7-Octanol 1884 275 8.5 942 1.03
Kezones*>* ref. 8 ref. 8 ref. 34
Methyi propyl ketone 127¢% 24.7 6.3 4.33 1.07
Methyl butyl ketone 146° 250 9.6 5.30 1.03
Methyl amyl ketone 1643 26.2 12.4 5.78 0.99

* Vaiues estimated from Van der Waals radii*®, bond lengths and bond angles, as outlined by Valvani
et al.®, using their A values for homoemorphous chlorobenzenes!® as reference compounds.
*=x Fstimates from the plot of In x, , values of methylated benzenes versus A, values.
++* Fxcluded from the regression.
3 Valuss obtained frem the plot of 4, values of n-alkanes (given by Valvani er al.*%) versus those
according to Bondi®*®, and using his A increments for the -O— and >C = O groups.
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dyne/cm (aniline, alcohols and ketones) cannot be predicted with egn. 19. Possibly,
oriented adsorption of these molecules at the water interface occurs which causes an
anomalously low value of 6¢,. Attention is focused on the first mentioned solute class.
For these solutes, the precision of eqn. 19 is diminished by correcting In y{°, for the
athermal contribution to the excess entropy (see Fig. 1).
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Fig. 1. Literature data on In 7, in water at 25°C of solutes with interfacial tensions 69, 2 10 dyne/cm
(@), and of solutes with 6%, < 10 dynefcm (denoted by *** in Table I, &), versus 67,4, N/RT. Aiso

~

presented are In 7§, — Au3"y/RT data (eqns. 1-3) for alkanes and alkylbenzenes (O).

As eqn. 19 appears to hoid remarkably well for solute molecules of different
sizes, shapes and polarities (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 hamper a straightforward application of the regular solu-
tion theory® in many cases. According to Girifalco and Good® they can be quantized

by:
® = Fi,/(Fi., F5:)'7 = 0.5(6} + 63 — 6%2)/(6}e9)"” (20)

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

Solubilities in methanol-water mixtures. Methanol-water mixtures are
frequently used as eluent in reversed-phase liquid chromatography. Hence, some
insight into the factors which determine 7§, values in these mixtures can be useful in
chromatographic practice and in systematic studies on solute retention. The follow-
ing analysis merely deals with hydrocarbons.

Literature3’ data on In 77, of tetramethyl-silicon (TMSi), -germanium
(TMGe) and -tin (TMSn), tetraethyl-carbon (TEC). -silicon: (TESi) and -tin (TESn)
and tetrapropylgermanium (TPGe) are given in Table II. Frem Table I it follows that
the 69, values for normal and branched alkanes are about equal. Therefore it was
assumed that the 69, values of the tetraalkyl compounds in contact with water are
equal to 51.4 dynejcm (i.e., the value for n-octane). The 6}, values of the tetraalkyl
compounds in contact with methanol-water mixtures and methanol were assumed to
be equal to 62, of tetradecane. The latter quantity was measured by the authors and is
given in Table II (third line from bottom). The A, values of the tetraalkyl compounds
were estimated from their In 7, 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 7§,
data can accurately be described as linear functions of 69, A, with eqn. 7. The
estimates of the B parameter appear to be independent of the solvent composition
and equal to that given in eqn. 19, whereas the estimates of the C parameter (given in
Table II) appear to be equal to 1 for x(MeOH) > 0.3. In order to verify whether C
depends cn the molecular shape of the solute, incremental In y* data for a -CH,—
group, obtained from solubility data given by Hiller er al.>® were considered. Ln

+™)en. data for n-alkyl bromides at x(MeOH) = 0.29, for n-alkylbenzenes at

TABLE 11
SOLUBILITIES OF TETRAALKYL COMPOUNDS IN METHANOL (MeOH}WATER MIXTURES

Literature data on In ;7 ,, calculated values of 4,. experimental 67, data and values of the C parameter with their
standard errors.

x (MeO31) 0.000 6.059 0.200  0.299 0.399  0.491 0.800 1.000
<, (w,w) ¥cOH 0.00 10.00 30.83  43.12 51419  63.16 87.68 100.0

Solute bror,% A (A)
TMSi 12.43 11.73 8.91 152 3.68 130.5
TMGe 12.62 11.88 8.87 4.45 3.73 132.9
TMSn 12.67 11.97 10.27 9.10 7.89 4.69 3.83 133.6
TEC 15.59 14.73 1268 11.26 9.75 5.54 4.35 ~175.5
TESi 17.04 16.03 13.58  11.89 10.15 9.03 5.77 4.54 190.0
TESn 17.70 16.63 1406  12.27 10.44 9.27 5.63 4.29 198.5
TPGe 21.24 19.98 14.83 12.67 6.97% 5.87* 2413
6%, (dyne,cm) S14xx 38.4 26.2 21.0 17.2 14.0 7.2 14

C 0.619 0.77 0.93 0.99 0.99 1.04 0.99 1.02

s. 0.008 0.01 0.01 0.02 0.05 0.13 0.20

* Quulier, excluded from regression analyses.
** Datum for n-octane-water3°.
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x(MeOH) = 0.36 and for n-alkyl disulphides at x(MeOH) = 0.51 are: 0.92 + 0.05,
0.82 + 0.04 and 0.59, respectively. The corresponding Cc?, 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 ¢3, 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.
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Fig. 2. Macroscopic 6%, values for the planar interface tetradecane/methanol-water (a), and microscopic
C&9. values for the curved molecular interface of tetraalkyl compounds (O) and of a -CH,— group in n-
alkyl-bromides. -benzenes and -disulphides (@) in methanol-water mixtures (b), as a function of the mole
fraction of methanol at 20°C. Values of Cs9., have been calculated from solubilities by eqn. 19.

Solubility of water in organic solvents. Data on In x, , (1 ~ water, 2 ~ organic
solvent) given by Donahue and Bartell®*? are used. In order to avoid artifacts due to
concentration effects on y, ,, we considered only those solutions where x; , < 0.01.
The selected data on In x| ,, 62 and 6{, and the calculated & values are given in Table
I

A description of the In y{, 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 A2, as calculated according
to Bondi*®). The In 7{°, data can be described fairly well with the equation

In 77, = (.17 + 0.39) + (1.17 £ 0.10) 4,No%,/RT @1

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 y{°, data with egns. 19 and 21 illustrates
the well known fact that free energies can generally be well described with rather
crude models. On the other hand, it is true that free energv data can only vield 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 111
SOLUBILITIES OF WATER IN ORGANIC SOLVENTS
Litcrature data on 63, 67, and In x; 5, and calculated values of @ (sce eqn. 20).

Solvent 65(20°C) 6%,(20°C) —in .r,_,” P(20°C)
(dynejcm) (dvnejcm}
Alkanzs ref- 30 ref. 30
n-Pentane 15.98 49.6 7.64 0.57
n-Hexane i8.42 51.0 7.42 0.55
Cyclohexane 25.5% 50.28 7.51 0.56
n-Hepiane 20.26 513 7.08 0.54
n-Octane 21.80 5i.4 7.01 0.54
Substituted benzenes ref. 36 ref. 30
Benzene 2288 346 5.78 0.75
Toluene 28.53 35.9 599 0.72
Ethylbenzene 20.04 38.1 6.07 0.69
Bromobenzene 36.5% 38.1% 5.84 0.69
Halogerated alkanes ref. 8 ref 8
Chloroform 27.15 31.6 5.30 0.77
Carbon tetrachloride 2695 450 7.09 0.62
Eth3l bromide 242 312 534 0.78
Carbon disulphide 32.5 8.4 7.26 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 (B) appears to be independent of the solvent.

Retention of apolar solutes on LiChrosorb RP-18 in methanol-water systems

Ln £ values in water were obtained by linear extrapolation of experimental In &
data (kK < 63) at 30, 50, 70 and 90 94 (v/v) methanol. These values as well as the slopes
of plots of In & versus the volume fraction of methanol () 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 [ =80 % (v/v)] the experimental results may be affected by incomplete
wetting of the alkyl layer. For 2H,0, V, = 555 pl was obtained in water. A similar
relatively small value has been reported by McCormick and Karger*!. Nevertheless,
Karger er al.*? obtained In k values for some n-alcohols with methanol-water mix-
tures and water as eluents, which are linearly related to the volume fracticn of metha-
nol. Our (extrapolated) In (k)qy. values in water (from In & vaiues of butyl- and
propylbenzene) are within error equal to those presented by Karger er 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.

Colin’s model (egn. 11). In order to examine the applicability of egn. 11 to
LiChrosorb RP-18, & values were plotted versus A, N/RT. The solute surface fraction
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TABLE IV

VALUES FOR 4,. EXTRAPOLATED In & VALUES ON LICHROSORB RP-18§ HOLDING FOR
WATER AS ELUENT, In 3. AND In(k/y5.) VALUES IN WATER AND THE SLOPES OF PLOTS
OF In k versus VOLUME FRACTION METHANOL, 5

Solute A, (42 Ink £+ s InyF.  —<In(kfrd,) b+

Alkylbenzenes ref. 32
Benzene 109.5 1.86 + 0.12 7.79'% 293 6.21 + 0.16
Toluene 127.3 6.31 + 0.12 9.17 2.86 7.35 + 0.18
o-Xylene 143 7.35 = 0.07 10.4¢ 3.09 8.38 = 0.09
m-Xylene 145.1 7.60 = 0.09 10.60 3.00 8.61 + 0.14
p-Xylene 145.1 7.58 + 0.05 10.53 2.95 8.50 + 0.05
Ethylbenzene 145 7.53 + 0.09 10.49 296 8.68 + 0.14
1.2,3-Trimethylbenzene 8.54 + 0.07 11.40 2.86 9.40 + 0.09
1.2.4-Tnimethvibenzene 8.84 + 0.07 11.63 2.79 9.67 + 0.07
1,3,5-Trimethylbenzene 162.8 8.98 + 0.07 11.85 2.87 974 + 0.09
n-Propylbenzene 9.14 + 0.02 =11.92 =278 10.20 + 0.03
n-Butylbenzene 182 10.52 = 0.02 13.36 2.84 11.40 + 0.03

Chlorobenzenes ref. 18 ref. 18
Chlorobenzene 127.1 6.44 + 0.05 9.43 2.99 7.74 + 0.07
o-Dichlorobenzene 142.7 7.7 + 0.02 11.40 3.66 8.94 + 0.03
m-Dichlorobenzene 144.7 8.04 + 0.02 11.12 3.08 9.05 + 0.03
p-Dichlorobenzene 144.7 790 = 0.05 11.40 3.50 8.98 + 0.07
1,2,3-Trichlorobenzene 158.3 9.10 + 0.07 1202 2.92 9.97 + 0.09
1,2, 4-Trichlorobenzene 160.2 93 + 02 12.57 3.3 10.02 + 0.25
1,3,5-Trichlorobenzene 162.2 9.8 + 0.2 13.58 3.6 10.24 + 0.28
1.2,3,4-Tetrachlorobenzene 173.8 10.4 1432 3.9 10.9
1,2,3,5-Tetrachlorobenzene 175.8 10.7 134.37 3.7 11.1
1,2.4,5-Tetrachlorobenzene 1735.8 10.7 14.21 3.5 11.1
Pentachlorobenzene 189.4 12.1 15.66 3.6 12.1
Hexachlorobenzene 203.0 13.6 17.20 3.6 13.1

Arenes * refs. 39,40
Naphthalene 153 8.01 + 0.08 11.10 3.09 925 + 0.12
Biphenyl 190 9.60 + 0.02 12.98 3.38 10.78 + 0.03
Fluorene 181 98 + 0.2 13.38 3.58 10.43 + 0.30
Anthracene 196 109 =+ 0.3 14.66 3.76 11.40 + 0.39
Phenanthrene 196 105 + 0.3 14.36 3.86 11.05 + 0.39
Pyrene 203 11.7 £ 03 1521 3.51 11.92 + 0.51

* Estimated values, using 4(>C-H) = 18.25 A?, A(>C-, condensation)>® = 349 A? and 4(=C-
alkyl)®® = 1.98 A2

in contact with the adsorbent is denoted by = A4,/4,. The obtained ¥(6%; — 693.;)
values for the three solute classes are 28.8 + 0.9 (alkvlbenzenes), 28.3 + 0.5 (chloro-
benzenes), 23.7 + 1.4 (arenes) and 27.2 + 0.9 dyne/cm for the —CH,— group. Thus.
eqn. 11 offers a useful empirical description of the eluent effect on In & values in the
examined range [30-90 9 (v/v) methanol] with plausible values of 4. Within a group
of related substances iy has a constant value, but slightly different values are obtained
for different groups of substances. This result may mean that In 77,5 — In ¥, is
independent of the eluent composition in the examined range. However, it is unlikely



2z pue g subd wosy puw b sasias . MUP [IVAWIIAAYD O s10[d jo m_c::_ca_::a Jeaul| ¢ PauIqO d1am (JOURYIIU U5) SINJRA wx
“Wafudp g = Flo pur g = o ey = T yum g ‘uba wosy powmae) »

L8c 01c

W. E. HAMMERS. G.J. MEURS._ C. L. DE LIGNY
i

9L~ | oro T ey~ 00 T v S0 F 6T (174 Jouat|]
vI'T 'l 99'¢ 0 F 1Ko €20 F sby v1°0 F 10 1£1 apAyoprzuag
60'c 0¢'T ot 6L'E 01'0 F 7570 tT0 T 999 o F Iy 143 apinuozuag
67'T §UT 66T 19’y £0°0 F o'l 600 F 079 P10 F ov'y St QUZUIGOININ
9T or'c 9¢'l SR'E €10 F 910 £20 F vl 20 F oy dal auoudydorndy
90'C ' $E'T LRE $0°0 F $5°0 600 F £9'9 L0 F s el dusiuy
9T $1'T 6Ly 200 F Lo'o- LEINY £0F sol 961 QUMM |
69'1 o1t 8¢'T LS'E 90'0 F 0 LO0F L S0'0 F 9 Lzl ADZUAOIOND
6V'1 ov'e 86°E S0'0 T 6t0 Pro F 898 60’0 F €8s St auduaqidya
£L'1 Al £7'T Sp'e p0'0 F 0E0 81°0 F $S°L AVERIL) Ll an|oy,
69’1 80 61'T £0'E SO0 F 020 910 F $79 0 Fogy 0l aozudgy
$E'0 020 $$°0 00 T 010 p0'0 F 071 £0°0 F 8t'1 181 dnosg -*p1y-

Sh=0d ¢ =0dlg0=2d 0 = So=d 0> h> P00 605050 p=0
(OWgly) wy (CIPTI) 1y Uy MLy YTy Y F - ST oy (¥ )'V anjos'

o _ O MILLYM NTTONVILEIA A0 NOLLDVY:E HNOTOA CELLYDICNT HELL LV 814 ¥ €0SOUHDIT
NO SHOTVA 9479 up ANV CERYFEM) up 51 up Y8 up a9 (N CSIVIVA Y U QALY TOAVELXE ' VY H0VUNS AVINDETONW

A ATHVL

182



1L.C ON LICHROSORB RP-18 WITH METHANOL-WATER MIXTURES 183

that the approximation In 77,j; = In 7{°,, 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 Maockel and
Freyholdt*3 that, for n-alkanes on Nucleosil C18 in 70 9 (v/v) methanol, In 77,5 — In
¥+, increases linearly with the alkane chain length for the plausible value ¢ = 0.5.
Therefore, Colin’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 10). We consider first the (extrapolated) data on
retention with water as the eluent. The data on in(k/y{°,) given in Table IV are, within
a class of related solutes, independent of 4,. This result is difficult to reconcile with
eqn. 8, according to which In (k/y{°,) is equal to In {(i,/n,) — In 7{°,5. It implies that
the activity coefficient y{, 5 is independent of A4,. It will be difficult 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 (k/7{,) is equal to In (#,/n;) — In 7i 23 + A, N(63; — 0%3)/RT.
It follows that the dependency of In 77", 3 on A, is compensated by that of the surface
tension term.

Now we turn our attention to data in methanol-water mixtures. At 40-70%,
(v/v) methanol, Slaats™*** and Hennion e a/.*® obtained approximately constant In
(kn,/77,) values for monosubstituted benzenes and phenanthrene, respectively, on
home-made RP-18 phases. We have obtained the corresponding data on LiChrosorb
RP-18. Our In & values are presented in Table V as extrapoiated In &k values in water
and b values, together with mean In 7{*,,; values obtained from eqn. 8.

The latter data were calculated using 7. data given by Slaats**-*>_ Values for n, are based on ¥V,
627 pl. Values for i, are based on the weight of adsorbent in the column (0.485 g) and the amount of
adsorbed eluent {at 50-90 %/ (v/v) methanol: 1.49 mmole methanol and 0.22 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

In ('J'f.:/"l'{.uzo =In (Sx,u:o "'?izo/Sx._" "g) (22)

where 1° is the molar volume, and In 7y ¢ is given in Table IV. The In (71, 3)cq, data for a -CH,-
group are calculated {rom In (7 5/K)cn, values. Ln (7f2)cu, Is obtained from eqn. 19, using Acy, =
18.1 A2 and Ce? , values given in Table I1. The indicated unmrt..untv of the data in the fifth column of
Table V corr&sponds with the (hardly significant) increase of In 7{,.; with increasing methanol content.

The results in Table V give rise to the following comment. The In 3§, ; values
of the various apolar benzenes in 40-70 9 (v/v) methanol are not correlated with A,,
just as is found in water as eluent. Obviously, also in methanol-water mixtures the
dependency of In 77,,;3 on A, is roughly compensated by that of the surface tension
term in eqn. 9. However, this compensation is not perfect for n-alkyl chains where In
(7E2/3)cu, = 0.10. This conclusion is confirmed by Mackel and Freyholdt’s results*?
obtained for a series of n-alkanes on Nucleosil C18 in 70 % (v/v) methanol. Hence, a
description of In k in terms of egn. 10 is preferred. The differences in the values of In
Yi23 = In Fa AIN(G,:, - (713)/RT are partly due to differences in In 7,5 and
partly due to different 4, and ¢9; values. For the investigated, relatively apolar
solutes 695 is presumably very small. If we assume that 4, = 0.5 4, and that 6¢3; =
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20 dyne/cm [i.e., equal to 695 for the tetradecane/50 %, (v/v) methanol-water inter-
face] and we neglect 69, In 77,5 can be calculated at 50 9 (v/v) methanol. These data
are given in the sixth column of Table V. They reflect the interactions of the solutes in
the interfacial laver. As a monolayer of almost pure methanol is adsorbed to the RP-
18 surface layer, solute-methanol interactions reflected in the In 7{°,. values holding in
ethanol (2°) should also contribute to In 757,,;. Indeed, the range of In G7°5.3/71 )
values (eighth column of Table V) is much smaller than that of In 37,5 (1.8 vs. 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-18 is not apparent, because
one regression holds for log & onlog P, values (P, is the solute partition coefficient
in the octanol-water system) for acidic chlorophenols, basic chloroanilines and
apolar compounds*’ (compare with results given in ref. 48, where adsorption to
silanol groups controls the retention).
The liquid-liquid partition model. In this model a linear In & versus In P plot
with a slope close to 1 is expected (eqn. 17). Using P.,¢ data in the system #u-
hexadecane;30 %, (v/v) methanol-water*® at 25°C, such a plot is found for the apolar
solutes benzene, toluene and chlorobenzene:

Ink = 1.70 + In Pc,¢ (23)

A similar correlation is obtained for apolar solutes between In & values in water and In
P values in a water/n-heptane system™®, where In & = In P.,. Both intercepts are
much larger than expected from the phase ratio term in eqgn. 17. Hence. solute par-
tition (with the assumption y{°y = 71 ;) is inadequate to predict In & values of apolar
solutes on LiChrosorb RP-18 (eqn. 18).

The In &k values of the polar benzenes are larger than expected from eqn. 23 (see
last column of Table V). This points to a particularly favourable sorption mode for
these molecules. presumably one in which the polar part interacts with the adsorbed
methanol layer. This is most clear for phenol. both from In (5/P¢¢) and from a
comparison of In 77, 5 and In (37.,.5/7, »-) data. In this connection it is worth noting
that addition of only 29 chloroform to the eluent methanol-water (1:1) causes a
relatively large reduction of In & values of phenols on ODS-silica®°. This result can be
attributed to competitive Lewis base—Lewis acid interaction in the interfacial metha-
nol layer.

Horvdth's model. This interesting model will be examined by means of In (k)cy.
values. Because of the large number of unknown model parameters only approximate
equations have been examined up till now. Horvith er al.?’ showed that In & 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& ~ constant + 6%(d, + A5 — A,;5)N/RT 4

where 4, + 45 — 4,5 = AA is the total surface area of the solute molecule (1) and
the adsorbent (3) that loses contact with the eluent (2) on adsorption. But as 44 is
proportional to 4, the same result i1s expected for solute partition (combine eqns. 15
and 7). A more severe test should involve the term 6944. Therefore. we consider the
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equation:
In (K)cy, = 694 Acy N/RT 25)

Using literature data for ¢3 and Acu, = 18.1 A2, the following A Ay /Ay, values are
obtained: 0.43 in water, 0.42 in 70 % (v/v) methanol and 0.18 in methanol as eluent.
Obvicusly, eqn. 25 fails correctly to predict the eluent effect on In 4. This may be due
to unallowed approximations.

This problem can be overcome by using eqn. 14 and In (&)qy . data in water (2)
and methanol (2°). Neat solvents are chosen for reasons given in the theoretical
section. Ln (3%)cy. 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 k5(3)62 — r5.(3)a?. is positive for x° and ¢° values given by
Halicioglu and Sinanoglu®!, 4,; — A; is zero. This result suggests that the alkyl
chains are immersed in the RP-18 layer. However, in that case it is hard to explain
that In (77°2/3)cn, Is different from zero at 40-70 9 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 k° and A4,; — A3 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 because it fails to account for contributions of solute-methanol
interactions in the interfacial layer. This is due to the assumption AFyy; = AF3} and
the subsequent substitution of z; ; = —AF;;" 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
isotherm?.

We conclude this section by stating that neither the adsorption models pro-
posed by Colin and by Horvath nor a partition model can satisfactorily describe
solute retention in RP-18/methanol-water systems. The In {4/P) and the In (37 .,3/75)
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 y{°, at infinite dilution in water for solutes of different sizes, shapes
and polarities are linearly related to the product of the interfaciai tension, ¢?,, and the
molecular surface area of the solute A4,, if 69, = 10 dyne/cm. Similar plots of In 7§,
vs. A,69, have been obtained for tetraalkyl compounds in methanol-water mixtures
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 209, 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 coefficiect in the mobile
phase. The adsorbent affinity towards solutes i1s approximately constant in the ex-
amined range of 40-70 % (v/v) methanol. This is due to a constant amount of ad-
sorbed methanol in this range. In water and in methanol-water mixtures. In 77,5 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 phenoi. It cannot be ruled out that
the phenyl group of these solutes is partly surrounded by RP-18 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 Horvath ignores solute interactions with adsorbed methanol and
fails to describe the effects of neat eluent on In & values of n-alkanes (or alkyl chains)
in a plausible manner.

A better characterization of the surface structure of the RP-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 {(egn. 10) is preferred.

APPENDIX

Derivation of egns. 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:

A;zgj (v—>s)=RTIn (j_;/xi'j) = RTln 7fj_f? (Al)

Therein £, is the (partial) fugacity of i that is in equilibrium with the solution of i in j at

temperature 7. The activity coefficient 7 is related to the pure solute (775 = 1. when
x.; = 1). and f? is the fugacity of the pure vapour of i at temperature 7. From the

iy T

solubility theory of Pierotti’? it follows that at atmospheric pressure and at x; ; = 0:
A, (v > 5) = —x,; + RT In (RTH?) (A2)

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. v{ is the molar volume of the solvent. The term
— x5 ; represents the potential free energy of the solute molecules in solution (relative
to that in the perfect vapour). It is the sum of the free energies of cavity formation,
AF%-, and of solute-solvent interactions, 4F%-. According to Sinanoglu®® the
former is given by*

AFT = w5(1) ) 4N (A3)

* The parameter I¥;; (see eqn. 20 of ref. 26) is omitied because it will enlarge x* only slightly (57 or
less).
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where xj?(i)a? is the “microscopic” surface tension of the curved cavity in j accom-
modating the solute molecule 1, and 4;N is the molecular surface area per mole of
solute. Combination of eqns. A1-A3 gives:

In 35 = AFSH/RT + &5W6®AN/RT — In 9 + In (RT/) (Ad)

Combination of analogous expressions for In 75 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 K| 5 ; (in solvent j) and K, ;, (in the vapour phase):

K35 = Xy3,;/x1,;%3,; and K5, = fislfifs (A35)
Combination of eqns. A5, Al and A2 gives:
InKy3; = In Ky5, + (135 — 23;)/RT + In (37/7) (A6)

If it is assumed®® that AFYY:;; = AFYY, implying that reduction terms*® can be omit-
ted, and that x§(13) = xj(3), substitution of z;, ; = — 4F;3" according to egn. A3 in
eqn. A6 vields:

ln K13,j = ln K13_‘. - I\'_T(3) G?(A13 - A3)IV/RT + lIl (:";:.Jf?) (A7)

When the ligand 3 is chemically bound to a silica surface, the magnitude of K, 35 =
X13;/x,;%,; may deviate from K5 ; given by eqn. AS. In that case the chromato-
graphic capacity ratio, &, ;3. 1S given by:

In ky 5 = In (1y5/n, ) = In (F/n;) + In (K55 ;) (A8)

If one can assume that the ratio K, 5, /K 3,; (and the accessibility of the bound ligands
for solute molecules) is similar in various solvents, substitution of eqn. A7 in A8
yields expressions for In k, ;,; in the solvents 2 and 2’. Combination gives eqn. 14.

SYMBOLS

7 — activity coefficient (standard state: pure liquid solute)
A — activity coefficient at infinite dilution

7= — activity coefficient at standard state of monolayer of adsorbed
pure liquid solute

d — empirical parameter

w5(3) — parameter that corrects 6} for the effect of the curvature of the
cavity accommodating solute i in solvent j (eqn. A3)

Ap® — excess chemical potential

Ape — athermal contribution to AuF

Ap'®. — thermal contribution to Au®

ApP(v — s) — standard partial molar free energy of solution from the perfect
vapour

c® — surface tension
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