
Sojute interaction with nonpolar stationary phases in liquid chromatography 
is examined on the basis of the solvophobic theory. The chromato_mphic process is 
viewed as a reversible association of the solute with the hydrocarbonaceous ligands 
of bonded phases. A detailed analysis of the e&ct of the solvent on this process yields 
an expression for the capacity factor with essentially no adjustable constants. The 
theory satisfactorily accounts for the factors affecting solute retention under a wide 
range of experimental conditions. It makes possible the characterization of the solvo- 
phobic (eluent) strength of mixed solvents having different composition and the evalu- 
ation of the various solvophobic forces representing incremental values of the Zoga- 
rithm of the capacity factor. The wide apphcabihty of nonpolar stationary phases 
(reversed phases) in liquid chromatography is demonstrated by the rapid separation 
of biogenic acids and bases on octadecylsika columns with neat aqueous elements. 

The beginning of liquid chromatography (LC) with unpolar stationary phases 
is traced back to a suggestion made by Boscott’ in 2947, but it was Boldingh’ who 
first separated long-chain fatty acids on a column of rubber powder by using aqueous 
methanol and acetone in 1948. Subsequently, Howard and Martin3 described the use 
of liquid parafik and n-octane as stationary phases in liquid-liquid chromatography 
of fatty acids. They christened the technique “reversed-phase” chromato,mphy in 
order to distinguish it from conventional partition chromatography. It h& been gener- 
ally assumed’ tha.t reversed-phase chromatography is restricted to the separation of 
unpolar substances such as lipids and hydrocarbons, although as early as in 1951 
Martin and ~Porter employed a %versed-phase” system for the fractionation of 
ribonuclease by column chromatography5. Thereafter, stationary phases less polar 
than the eluent have been widely employed by lipid chemists despite the relative in- 
stability of the cohtmns and other technical difbculties. 

In the middle of the sixties it was recognized that superior stationary phases 

* Title in symposkm program: “Eydrophebic chromatography of small biological molecules”. 



can be obtained by ccvalently binding a suitable organic moie_ty to -the szlrface of a- 
rigid porous suppOrt. Although the first unpok. ‘%ondeF phases were used in gas 
chromatographg, Stewart and Perry7 soon made the suggestion &at ffie treatment of 
a siEceous support with octadecylchlorosilane would yieM a useful stationary phase 
for LC. At that time these authors did not recognize yet the tide applicabiJ.&y of 
bonded phases in LC. Nonetheless, they envisioned “thata family of anchored phases 
offers the best (if not the only) present possibility for liquid;-Iiquid chromatography 
of lipophilic mixtures without the necessity for precisipn thermostating and careful 
pre-equilibration of conventional ‘knniscible” phase pair”. Since th?n, octadecyl- 
silica has become a widely used stationary phase mainly due to the work of Kirkland6 
and Majorsg, who have popularized pellicular and microparticulate bonded phases, 
respectively. 

Today, “reversed-phase” chromatography is one of the most widely used 
techniques for the separation of a tar,, =a variety of mixtures by &b-performance LC. 
It is estimated that B&80 % of the analytical separations are carried out by using this 
rechnique. In most cass octadecylsilica, whose surface is schematically illustrated in 
Fig. 1, is the stationary phase and mixtures of methanol or acetonitrile with water 
a.re used as eluents. The chromatographic system is simple and the_ components of the 
mixed solvents are readily available in sufficient purity. The reproducibility of the 
method is very good and the columns are stabIe as long as the pH of the eluent is 
beiow seven. Hydrocarbonaceous ligands other than the octadecyl moiety can also 
be used in order to optimize the properties of the stationary phase for specific sepa- 
ration problems. 

This work commenced with the observation that neat aqueous eIuents, which 
do not contain organic solvents, could also be used for the separation of small, rel- 
Avely polar biological molecules on octadecyIsilica’*. In the absence of an organic 
component from the eluent, however, the interaction between the solute and &Lhe hydro- 
mbonaceous moiety of the stationary phase has to be the sole cause of solute reten- 
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Fig. 2. Illustration of the poker groups (circles) and the nonpdar hydmca%onaceous moiety in a 
typical solute. 

tion. 1x1 other words, the chronatomphk process is governed by the so-called hydro- 
phobic eEecP. It is recalled that the recently introduced hydrophobic affinity chro- 
matogrkphyz2*” has been successfully employed for the separation of biopoIymers on 
the basis of hydrophobic interactions. 

Fig. 2 shows the structure of vanilalanine, which exemplifies the substances 
employed in this study. It is seen that besides polar groups this compound possesses 
a substantial hydrocarbonaceous moiety that can enter into hydrophobic interactions 
with the actadecyl chains of the stationary phase. The phenomenon restionsible for 
solute retention can be pictured as 2 reversible association process between the hydro- 
carbonaceous Iigand anchored to the surface and the solirte moIecuIe, as shown in 
Fig. 3. 

Other non-covalent interactions such as ionic and hydrogen bonding, which 
have been widely exploited in aqueous LC, are caused by a more or Iess strong at- 
traction between the solute and the stationary phase. In contrast, hydrophobic inter- 
actions originate from a net repulsion between the water and the unpolar ligand as 
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Eg. 3. Association of ffie solute with the hy&&ozaceots 
phrce. : 

the surface of ffie st2tionzry 



well as the unpoiar moiety of the solute. The tendency of w&r to reduce thi nonpoku 
surface area of the mokcules in c&tact with the sokent is then mairdy responsible 
for their association. Fig. 4 schematicat!ly W&&es the interactions between a s&te 
having ionic, hydrogen bonding, and hydrophobic factions and three types of corre- 
sponding stationary phases. The two top cases show complex format&n with an ionic 
and hydrogen bonding stationary phase and suggest that the driving force for b&h 
coulombic and hydrogen bonding in&actions is the attraction between the solute 
and the anchored ligand. In contradistinction, the driving force for the association with 
the hydrocarbonaceous Iigand is tie concommitant decrease in the nonpolar sil-face 
<area exposed to the solvent. Somewhat vaguely we may say that in the case of hydro- 
phobic bonding it is mainly the solvent that forces the mokcules to associate. rather 
than the attraction between them. 

HYDROPHOBIC 
(SOLYO?HO61C) 

Fig. 4. Schematic illustration of the possible interactions between the solute and stationary phase in 
chromatography with aqlieous and other polar eluents. 

The hydrophobic effect plays a very important role in life sciencePJ5 and the 
subject has extensively been treated theoretically 16.17. The statisticaI approach that 
re!ates this phenomenon to hypothetical water structures, however, is fess suitable 
to interpret the chromatographic process. On the other hand, a quite gene& theory has 
been deveioped by Sinano&P and Sinanogiu and Abdulnutig to describe the eEect 
of the so!vent on chem&aI events. Their solvophobic theory requires essentially no 
adjustable constants and employs a relatively simple approach to treat the i&era&on 
between molecules having nonpolar moieties ;k~ polar solvents. fn view of this exact 
theory solvophobic elects are not restricted to nezt aqueous media. However, _the 
very high cohesive density of water is responsible for the hydrophobic e&ct, which.& 
tbe most pronounced sokoohobic e&k 

In an attempt to pro&de a tbeizreticaI fkamework tb& accuunts for the goye&- 
itig factors in LC with nonpolar stationary phases, we adapted the sofyophobic theory. 



T~e&ing.sohte retention as an association process, vide supra, we have been able to 
describe Liquid-solid chromatography with bonded phases in a fundamental fashion 
and &abEsh a basis for the use of this technique for physico-chemical measurements. 

THEORY 

En our-present model the interaction between the solute and the stationary 
phase in solvophobic chromatography is considered as a reversible association of 
the sohue mokcules, S, w&h the hydrccarbonaccous Iigands, L, at the surface Ac- 
cordingly, solute retention is governed by the equilibrium 

SfL*SL 

where the complex SL is assumed to be formed 5y soivophobic interactions and the 
process is characterized by the equilibrium cons’tint, K, which is defined by 

w-1 
K = PI IL1 (1) 

In order to evaluate K we employ the solvophobic theory put forward by 
Sinanogu et al. in a series of papers 18-25_ Unlike most other theories which deal with 
the hydrophobic effect, it is cast in terms of macroscopic solute and solvent properties 
and will be briefly reviewed here. Our treatment is restricted to unionized solutes, 
i.e., ionic interactions are neglected. 

MoIecuIar associations in solution can be conceptually broken down into two 
processes, One is the interaction of the molecules, S and L, to yield SL in a hypo- 
thetical gas phase without any intervention by the solvent. The other more involved 
process entail’s the interactions of the associating species and the complex individually 
with the solvent proper. In our case the association in the gas phase is assumed to 
occur by van der Waals forces only and the free ener,v change of the process is 

denoted by 4E;,,. Bs,,f. The standard unitary free ener,q change for placing the species 
into the solution is expressed by the difference between the free ener,T change required 
for the creation of a cavity to accommodate the species j in the solvent, A&,, and 
that arising from the interaction between the species and the surrounding solvent 
mokcu!es,-AFf,,. Thus, the total standard unitary free ener_ey change of the second 
process for each species is given by 

where the last term, which contains the mote volume of the solvent, Y, and the atmo- 
spheric pressure, PO, accounts for the entropy change arising from the change in “fret 
vohune~. The overall standard unitary free ener_q change for the association in so- 
lution, bFt=,,, is given then by 

45’&,, = 4&s-.,, -I- C4Ez.,, f 4Ft.d - (4Fc.s + 4F,.s) - 
(4Fc.1. f 4FiJ - RTIn (RTIp,V) (3) 

where the subscripts S,L and SL refer to the three species invoked. 



s?, is the liquid coefficient of thermal expansion for the species. K$ expresses the ratio 
between the energy required for the fornation of a suitably.sbaped cavity with~asur- 
face area A, in the solvent and the energy required to expand t&s pkmr stiace of. 
the solvent by the same area, which is approximately given by A,y, r$ is the corre- 
sending function for the entropy productiop asSqci&ed with making the cavity. 
Halicio@.t and Sinanogn have c&dated and tabulated the K values for a number 
of pure solvents*‘. The q values for speciesj can be estimated by 

where K’ is evduated for the n&t solvent, and V and V, are the mole volumes of the 
solvent and &e species’& respectively. -4 simiiar relationShip has been proposed for 
K’j also. Both $ and K; approach unity as the size of solute molecules with respect 
to the size of solvent moIecu!es increases. 

The second term in eqn. 2, which expresses the interaction of speciesj with the 
solvent, has been assumed to be the sum of a van der Waals component; dFvdw,,, 
and an ele&r&tatic free energy term, LIF,_~_.~, so that 

AK.1 = d&m,, f dL,..j 

According to Sinanoglu the van der Waak term is given by 

with the ionizatior~ potentials I and -II for the solvent and specks j, respectively, -and 
DJ is the qausius-Mosotti function ofthe species @ties by 

, . . 
where pr, is *&e refractive index of the spe&s j_ -D for-the solvent is expressed in a 
si+zzrmy* _ -. _- - ,-- 
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_- . -. -_ 



Q’ md Q” are dixensiodss functions that can be obtined by integrating the effec- 
tive pair poten’& mbeJswen the solvent and solute molecules over the total <ohme. 
Because Q” -C &IQ’, Q” wilE be neglected and we evakite Q’ from the following 
relationship _ 

where 

k? is the tithxetic mead diameter of the two molecules, i is the mean Kihara pram- 
eter, and 5 is the mean London parameter given by 

1 
a=#qfG) (16) 

A1 of these core size pzaxeters can be evahated for species j from the mO!ecukIr 
volume, vj, by the use of the following semiempirical relationships 

RJ = 2.74 (s)1’3 

iJ = L-74 ia 
?Js 0.24 + 7w, 

3-24 + 70, 

3v, 1’3 t-_) 4.64 
=i = 45-c 3.24 + 7a> 

(17) 

w 

= where wi is the ace~ti~ faztor ofj and cm be evaluated for polar substances from tbhat 
~-of- qonpolsr eom~oum3s ~ofs&nkr geometry. The core size parameters for the solvent 

R, I a?d G are _evah&ed in a similar way. Ecps. 8 through 19 enable us to calculate 
~K&v*i for wirious sohxte-solvent combinations. 

_ The second ierm OIZ the rigkMm~d side of eqn. 7 hzs been approximatifg as 
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: 
w&&z cbj is .the static dipole moment.ofj-and $3 is z-f&@& of_th~+@ti~ :di&&i& 
constant of the_ -sd!vent, E, as given by :-- -, : 

. . . ~. . . . 

g.= 2$--i) --_ _ I _: -. .. ._; ::..:-.._ 1. &j 

Ef .~ 
. 

On the other hand, 9 depen& on the pola&&ilit$ of ihe-species j, czJs s. 

.I 
L?P=. : f22j 

4Z&* 1 
( 

-q_) 

where .q, is the pern&tivity constant. The varikitin of 9 with &vent properties is 
negligible. 

After substituting and combining eqns. 3,4,7 and 20, V&T obtain foi the&e&l 
process that the standard unitary free energy change is given by 

A&, = &~w_,,,, i- @wiw.~ - 2 y N P’L 99 + NK.& &_ y (1. - WSL) - 
SL 

AFvdwvS + + + 99 - NK; As y (I - W,) -A&,,,. -Jr q+s- 
S L 

tVK&.&p(I- wLj-RTLn+ (23 
0 

In the dkmatographic system of interest the sobfeAt mokcrrles are signi& 
cant@ smaller thar the solute molecules and the size of the hydro+bonaceous ligand, 
usuaily an octadecyl moiety, is much greater than that of the sollrte. Then the foUo\v- 
ing &un;ptions appear to be quite reasonabie 

w,, = w, = w, = 0 (241 

~Gkv.sL =_ ,J~"ciW.L $5) 

k-J&=!% (26) 

./lL=o (27) 

and 

KeSL = KeL = 1 ~4331. 

For convenience the moiecuIar volume of the complex is assumed too-be a &tipje df 
the mofecuIar volu&e of the solute : 

VSL .= iilk -. -I p% 
-- 

-,vher&d is ,the proportionality factok and the toti_.sti+& arei of ee c&ap~ek k ex- 
press+ _as 

A~ = & $1 AL 4 AA ; f -. __ _~, -_ .: -y’ -~ (q 



By substitrrting &=s from eqn. 6 into eqn. 31 we obtain that 

The thermodynamic equilibrium constant, which governs solute retention in 
the chromatographic process, is K and according to our model it is related to the free 

energy change by 

The measured chromatographic parameter is the capacity factor, k, which is related 
t5Kby 

lnk=InKfO, (34) 

where tp is a characteristic constant (the logarithm of the so-called phase ratio) for a 
given cofumn. In view of eqns. 32-34, the capacity factor can be evaluated by the 
following expression 

fnk=q,- 

Mtemativefy we cam derive an expression similar to eqn. 35 without assuming that 
the solute mokcule and the complex are very large in comparison; to the solvent 
molecules. Following Sinanosu and assuming~that the solute, ilgand, and complex 
all have spherical shape we cau calculate the surface area of the species by 

A, = 4_.836 v,= = 4.836 (Vi/m2/3 (36) 

Combining eqns. 4 and 6 with the assumption that W = 0, we obtain that 

AFc,, = _&G&y f 4.836W3 (IP - I) V=J3y (37) 



The cornSnation of eqns. 3,7,20 and -37 with t&e asstiptions &ted in &%glsl 
24-k yields for the unitary standard free energy change of the association process 
the following expression 

4.836N’/~ (P - I) Yz’3 y - RTIn fi (38f 
0 

In view of eqns. 33 and 34, the capacity factor is then cakufated by 

Eqn. -39 can also be obtained directly from eqn. 35 with the relationship between the 
mokcular area and volume stated in eqn. 36. As seen, eqns. 35 and 39 are equivalent 
when the relationship ‘between the molecular surface and vohtme in eqn. 36 is ap- 
plicable. 

The theoretical expression for the capacity factor as presented in eqns. 35 or 39 
has been derived for PO = 1 aim in the last term. fn LC the average pressure in the co& 
umn is usually much higher, therefore, the pressure dependence of the various rerms 
is of interest_ An examination of the e!Tect of pressure shows that most terms, iu- 
eluding the last term expressing the entropy of mixin g, are fairly indifFerent to changes 
in pressure provided the liquid is incompressible. 

NevertheIess K’, which is related to the internal energy change associated with 
&e vaporization of the solvent, merits speeiai consideration_ If the surface tension 
and the mole volume of the solvent are not affected by pressure changes we can use 
the expression derived by Halicio@uz’ 

where AE,,, is the heat of vaporization, to estimate the e&et of pressure on tie. In 
order to do so it sufiices to estimate the pressure dependence of bE,,,. Literature data 
indicate that the heat of evaporation increases slightly with the pressure. Our calcu- 
Iationfor solvents of chromato,qphic interest have indicated that IF increases fess 
than 20 % from its atmospheric value when the pressure increases to 60 atm. Et has 
also been found that the rek.tive change in e-with the pressure is about the same for 
solvents such as water, methanol, and acetonitie. The development of.methods to 
calculate Ic’ values for conditions of chromatographic interest -is current.Iy under 
inve&gation and will b=e the subject of subsequent corrkurni~tion. f 

The canonica! expression for the capac& factor as given in esn: 39 can be 
further sim$&d in certain special eases. For a_ gken soMe when the sokent compo- 
sition & changed at constant temperature and Bow-rate with a fixed coluinn, we as- 



where A and C may be regarded as constants and can be determined experiment&y_ 
B, D, E and the last term aEe aIs0 constant and can he estimated. The meaning of the 
constants is given by 

with the approximation that .Qm 1 

C = NAAjRT (4) 

13 = 4.836.W1=fRT (49 

E = AFv;,d,,s/RT W) 

When the same eluent and column are used, the capacity factor of difFerear solutes 
may be obtained at a tied temperature and flow-rate from the following expression 

CL: 
vs 1 -;izJvs) + “AA 

where the ccnstants A’, B’, and C’ are given by 

(47) 

(49) 

Chroinatogmphic experiments are frequently carried out at different temper- 
atures. In order to estimate the effect of temperature on the capacity factor we recall 
&hat the v2n't HofF equation expresses the standard enthalpy change, AH,,,,, for 
the solute%ationary phase interaction by 

d CR in Q =- _4Ho 

d W-3 
zs.sOC 



We get Ali,,, from.ecp. 39 assuming that p is temperature independent, as follows 

-RRT(l -&T) (52) 

Eqn. 52 implies that van? Hoff plots for the capacity factor would not yieEd straight 
lines. Nevertheless our chromatographic data show that AH_,, can be fairly con- 
stant over a relatively wide range of temperature for reasons discussed later. 

MATERIALS, EQUIPMENT AND PROCEDURES 

A Perk&Elmer Model 601 liquid chromatograph with a Rheodyue Model 
7010 sampling valve with a 20-~1 loop, a Perk&Elmer Model IS. 55 variable-wave- 
lsngth detector, and a Perkin-Elmer Model R-56 recorder were used throughout the 
study. The detector was operated at 254 nrn. Ah experiments were carried out with 
Partisil IO25 ODS (Whatman, Clifton, NJ., U.S.A.) columns, 25 x 0.46 cm I.D., 
under isocratic elution conditions at 25 “C. Reagent-grade chemicals for the prepa- 
ration of the buffers were obtained from Fisher ScientiGc (Pittsburgh, Pa., U.S.A.). 
Methanol and acctonitrile were “distilled in glass” from Burdick and Jackson Labs. 
(Muskegon, Mich., U.S.A.). Distihed water was prepared with a Barnstead distilling 
unit in our laboratory. The sample compounds were purchased from AIdrich (Mii- 
maukee, Wise., U.S.A.) and Si_mna (St. Louis, MO., U.S.A.). 

Capacity factors have been evaluated from the chromatograms in the usual 
way . *6 The mobile phase hold-up times were measured by injecting Na8?0, together 

with the sample components and the retention time of the small peak at the front was 
taken as to. The concentration of the tracer was sufhciently low not to affect the re- 
tention of the early peaks. The retention times were measured from the dis’tance bc- 
tween the injection point and the peak matium on the chromatogmm. 

In experiments with neat aqueous eluents the pH was adjusted with phosphate 
butIer and NazS04 was added to maintain an ionic strength of about 3, The eluents 
in the ex_periments with water-methanol and water-acetonitrile mixtures were acidi- 

fied by 0.1 M phosphoric acid in order to suppress the ionization of the acidic solutes. 
In the calculations the phosphoric acid was ignored. The composition of the mixed 
solvents is expressed in per cent (v/v) of the or-tic component de&ued by the number 
of milliliters of organic solvent, Y, which was mixed with 1Go - Ymi of water. The 
following five substauces have been found to elate wi’& a ConvenientIy measurable 
I: va!ue over the full ~composition range: benzoic acid, o-toluic acid, &oh& acid, 
cirmamic acid, aud I-naphthoic acid. The k values were measured with the neat aque- 
ous elueut, which was assumxl to have the properties of pure water, Psith mixed sol- 
vents containing 10-X) % (v/v) of methanol or acetonitie in 10% increments as well 
as with the neat organic solvents. These measurements were Performed with a single 
column whose pro_perties did not change in the course of experiments. 
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For each ekeat the reIevant thermodynamic properties haye been calculated. 
The term A&,~, tas afso been evaluated for each sdute and solvent combination 
shown-in Fig.- I7 accor&ing to the procedure outlined in eqns_ 8-29. Table E shows 
the source ofiiterature data for czkulating the various thermodynamic functions. The 
iooization potentials of the compounds shown in FI,. -= 27 were estimated as 8 eV. 

-Their acentric factor was calculated as 0.25 with toluene zs the homomorph. The 
~5 values of the neat solvents were taken from the fiteratwezL or estimated. The values 
us& in this study were 1.277, 1.778, and 0.90 for water, methanof, 2nd acetonitriie, 
nspectively. 

LITERATURE SOURCES FOR THE PROPERTIES OF SOLVENT MIXTURES AS SHOWN 
BY THE REFERENCE NUMBERS 

Property Reference 

Watep-acefonifrile 

SuIface tension (j) 
Density @) 
Diekctrk constant (E) 
Refmctive index (n) 
Acentic fxtcr (~0) 

29 30 
29,3i 32 
33 34 
W 30 
21,35 21,35 

The molecular surface seas were estimated from the group surface increments 
given by Bondiz7 with the appropriate crowding correctionP. The total surface area, 
TSA, has been evaluated as the sum of ohe group area increments; the hydrocarbon- 
aceous surface area, HSA, was obtained by summing the area increments of carbon 
and hydrocarbon groups only. Dipole moments were obtained from monographsS6*S77. 

The average mole volume of mixed solvents, Y, has been evaluated, depending 
on the nature of the Iiterature datz, by one of the following expressions 

OF 

(j3) 

where e is the density of the titure, X is the mole fraction, IV is the weight fraction, 
and M is the molecular weight. The subscripts L and 2 refer to water and the organic 
solvent, respectively. 

On the graphs the composition of mixed solvents is expressed by per cent 
(v/v), which is generally used in cbromatographic practice. The values have been 
catcufated by one of the foilowing expressions 
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Eqn. 41 was used to analyze the data obtained with mixed solvents. From the 
properties of the solutes and solvents, the terms BB, E and In (RT/&V), have been 
exactly calculated over the full range of solvent composition. For pure solvents the 
term D (r? - 1) &/2’“y was also calculated with the A~ values stated above, and, from 
the experimental data measured with neat eluents, the constants A and C were evalu- 
ated. With the A and C values so obtained we estimated the magnitude of Ke for mixed 
soivents f&m the experimental data by using known values of E, V and y. The validity 
of the assumption W = 0 (eqn. 24) was tested; it was found that the values obtained 
with the exactly calculated IV (eqn. 5) deviated less than 4 oA from the values obtained 
by making the above assumption. All calculations were carried aut OR a PDP IL 
minicomputer using BASIC language. 

RESULTS AND DISCUSSION 

Hydrophobic chromatograplzy 

The chromatograms depicted in Figs. 5-7 iilustrate that relatively polar sub- 
stances can readily be separated on octadec=lsilica columns with nezz aqueous eluents 
of appropriate pH. As solute retention is caused by hydrophobic interactions between 
the hydroearbonaeeous ligancls iu the stationary phase and the unpofar moiety of the 
solute molecules, the technique that employs neat aqueous eluents is accurately 
termed hydrophobic chromatography. 
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Fig. 6. Cbmmatogram of acidic and basic catecholaninc metabolites. CoIumn, Partisil 1025 ODS; 
eluent, 1.0 M Na,SO, in 0.1 M H5pO,-E=H~FO, btier, pK 2.1; flow-rate, 2 I-RI/IX&; inlet pressure, 
Z&JO ps.i.; temperature, 25 “C. 1 = Normetuzephriae; 2 = vzd5nmsndelic acid; 3 = metz- 
nephrine; 4 = f-metfiyldopamine; 5 = paznephrixe; 6 = bomovaaillic acid; 7 = homovanilk 
&ohoL 

Fig. 7. Cbromatogram of ma&elf -c acid derivatives. Column, Partisil 102.5 ODS; eluent, l.OM 
N&ZOe in 0.1 M H3POrKEf,F0, bufFer, pN 4.4; flow-r&e. 1 .O ml/m&; inlet presare, la00 p.s.i.: 
temperature. 25 “C. 1 = 3&DihydroxymandeIic acid; 2 = norepinepbrine; 3 = &bydroxymzndelic 
acid; 4 = 3-hydroxymandeiic acid; 5 = 3-methoxy3-hydroxymandemandelic acid; 6 = 4-hydroxyphenyl- 
methylaminoethanol; 7 = tyramine; 8 = metanephrine; 9 = 3-GmethyIdopamine. 

The relatively high coIumn e&iency and peak symmetry may by due to the fact 
that ia PzrGsil 1025 ODS the surface concentration of the hydrocarbonaceous moiety 

is rekdively low, as indicated by the 4-6 % carbon content of the dry stationary phase. 
Therefore, it is assumed that the silica surface closely resembles the representation in 
Fig. I. On the other hand, in octadecylsilicas of high carbon content, the pore surfwe 
of the sorbent is IikeIy to be coated by an organositoxane polymer fihn. The advantage 
of the molecular fur configuration depicted in Fig. 1 is that there are sifanol groups, 

aC, tie surface which Facilitate wetting by the neat aqueous eluent. Thus, interfacial 
mass transfer resistance is tinimized. In addition, neither peak symmetry nor colzlmn 
etiicieacy is impaired since the sofute mokaies are not illaqueated in the entangled 
chains of the polymer film. 

It has been observed that the ionization of the solutes can have a dramatic 
effect on the retention and both the capa&y factors 2nd the relative retention values 
are strongly iafuenced by the #-I of the eluent. Whereas the foregoing theoretical 
tratient does -not deaf with &e ionization of the solute explicitly, the subject will be 
discussed in a subsequent cummuni~tion~. 

For relatively nonpdar solutes the hydrophobic interactions with an_apolar 
stationary phase such as wtzdec$siliea are so strong that they cannot be efuted with 
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Fig. 8. Cbromzto$ram of aromatic acids. Column, Rxtisil 1025 ODS; eluent 30% (v/v) xetoaitrile 
2nd 70% (v/v) 0.05 M phosphate btier, pH 2.7: flow-rate, I mllmin; inlet p_xssure, looi) p.s.i.; 
:empezmtu_w, 25 ‘C. 1 = Ber!!ic acid; 2 = 2-bromobenzoic acid; 3 = 2-iodobenzoic acid; 4 = 4- 
iritrocinnamic acid; 5 = napbthoic acid; 6 = Godobenzoic acid; 7 = 3-cldorockmamic acid. 

neat aqueous eluents at ambient temperature. By the use of mixed solvents, however, 
the capacity factors can be reduced to any desired value at least for Iow-molecular- 
weight solutes. Fig. 8 illustrates the separation of aromatic acids on octadecyisilica by 
ehrtion with an acetonitrile-water mixture. With neat aqueous ehrents the retention 
of the uncharged solutes would be too strong and the chromatographic system would 
be impractical. 

This is in agreement with the general practice in chromatography using unpoIar 
stationary phases and, therefore, the most commonly used elnents are mixed solvents. 
The elution of large solute molecules on a cohmm containing octadecylsihca of high 
carbon content may require the employment of neat organic solvents. Under such 
conditions the term solvophobic chromato_mphy appears to be most appropriate 
because it correctly conveys the nature of the GmdamentaI solute-stationary phase 
interaction underlying the chromatographic process. Hydrophobic chromatography, 
of course, is a particular case of solvophobic chromatography when a neat aqueous 
eluent is employed with a nonpolar stationary phase. 

Test of theory 
Solvophobic chromatography is probably the least cempiicated of all liquid- 

solid chromatographic processes in which the sohtte interacts with the stationary 
phase. Yet, the equations derived from the theory for the capacity factor are quite 
involved, as seen in eqns. 41 and 4’7, despite the simphfying assumptions. 

Nevertheless under certain conditions some of the terms in these equations 
remain fairly constant so that further simphficatiorr is pqssibbre- First, we examine the 
dependence of the capacity factor on the molecular dimensions of the solute at a 
hxed eluent composition. Going back to eqn. 47, we see that the two van der Waals 
terms have been lumped together in the leading constant d’. Whereas these terms de- 
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pend on dute properties, for_ cIasely ref&ed sofutes they are expected to vary at the 
same extent a&d the changes in the two terms very nearly caitncei each other because 
of th& opposite signs. Therefore A’ can be considered constant for solutes having 
commensurable molecular dimensions. According to eqn. 47 the observed variation 
of the c~pa&y factor with solute p~opetiies depends on the I& two terms. The sec- 
ond term entails the dipole moment, the moiecular volume, and the pofarizability 
of the sOlute as well as the volume change occurring upon binding the solcte to the 
ligand. The third term is essentially the product of the contact area in the complex and 
the surface tension of the duent. 

+____J 
M Ii0 IGo c-21 

H-YDROCARSONACEOUS SURFACE AREA 4 

Fig. 9. Graph illustrating the refztionship between the logarithm of the capacity factor and the 
hydrocarbonaceous surface area of different classes of solutes in hydrophobic cbromatogmphy. CoI- 
umn, Pmtisit 1025 ODS; eiuent, 1.0 h4 NazS04 in 0.1 M phosphate buffer, pH 2.05; flow-rate, 1.0 
ml/n&; inlet press-ure. IUCIO p.s.i.; temperature, 25 “C. Acids: (1) homovanillic acid, (2) phenylacetic 
acid, (3) 4-hydroxyphenylacetic acid, (4) mandelic acid, (5) 3&dihydroxyphenyIacetic acid, (6) 3,4- 
dihyciroxymzndelic acid; amino acids: (1) tryptophan, (2) phenylalanine, (3) tyrosine, (4) 3,4-di- 
hydroxyphenyIa!anine, (5) 3,4-dihydroxyphenylseriue; amines: (1) phenylethylamine, (2) 3-D 
methyldopamine, (3) phenylethuloiamine, (4) tymmine, (5) normetanephrine, (6) dopzmine, (7) 
norphenyiephrine, (8) octopamine, (9) norepinephr;ae. 

In Fig. 9 the logarithm of the measured capacity factors is plotted against the 
hydrocarbonaceous surface area of three hasps of closely related aromatic 
solutes: wboxylic acids, amino acids, and ,znines. The k vafues were obtained with 
a neat aqueous phosphate buffer at the same conditions. It is sea that each family of 
compounds yields a linear piot, the slopes of which are nearly identical. The straight 
lines suggest that for each family the contact area is directly proportional to the hydro- 
carbonaceous surface arez (EEA) of the solutes. Consequently, the second term in 
eqn. 47 is about the same for alE members of a famiiy. The identity of the sIopes is 
expected because if AA is proportional to the KSA of the solutes, then the slope de- 
pends strictly upon the surfice tension which was constant in the experiments. The 
data show that the contact area is about 35 % of HSA. 

For dosely related substances we may expect that the second term of eqn. 47 
is fairly constant and in this case eqn. 47 can be simplified to 



whereA'andthes~~ndtermin~~.47arerum~din~~~'*.f~deed,~n.57p~~~ 
the linear behavior shown in Fig. 9. The relative dispfacement of the lines representing 
the diierent families can be accounted for by th& difherences mainly Fn the second term 
in eqn. 47, which expresses the electrostatic efRct aud influences the value of A” in 
eqn. 57. Fig. 9 demonstmtes that the intercept the value of A”, is the greatest for the 
acids and the smallest for the bases. It is recalled that the sign ofthe second term ineqn. 
47 is negative so that its absolute value would ‘be smaller for *he acids and the g&test 
for the bases in agreement wfth the intercepts in Fig. 9_ The dipole moment whose 
squ2red value appears in the numerator of the second term of eqn. 47, is approximate- 
ly 1 debye for the acids and 15-20 debyes for the amino acids. Thus, the displacement 
of the lines can readily be explained by the difference in the average dipole moments 
for the two families. On the other hsmd, the bases carry a net charge at the eluent pR; 
therefore, the low value of the intercept czn be expfzined by a repulsive effect ccrre- 
sponding to the dipole efkct discussed above. 

Fig. 9 implies that the contact area between the solute and the hgand is propor- 
tional to the hydrocarbonaceous su_Sace area of the substances investigated. Such 
dependence of the capacity factor on the molecular surface area has been frequently 
observed in chromato_mnhy with a wide variety of homologous series and usually 
reported as a linear relationship between log k and the carbon numbe?9*‘o. This 
manifestation of Traube’s rule zrises from the proportionality between the number of 
carbon atoms and the molecular surface area in homologues. 

In our case, the three families do not represent genuinely homologous series; 
yet, with the use of the hydrocarbonaccous surface area instead of the carbon number, 
Traube’s rule can be broadly applied in solvophobic chromatogrzphy, as demon- 
strated in Fig. 9. From this it follows that for a group of compounds, which hzve 
essentially the same properties with respect to the second term in eqn. 47, but do not 
represent a single homologous series, the plot of the log k against HSA or under 
circumstances against ‘B-4 shoufd yield a single straight Zinc. For instance, we expect 
that a plot of log k KS. carbon &_mber for primary, secondary and tertiary allphatic 
alcohols wouId give three straight lines having the same slope but diEereilt intercepts. 
A plot of the same Iog k vames against the molecular surface area, however, should 
yield a single straight iine. 

For a given solute the eKkct of changing eluent composition has been expressed 
by eqn. 41. When only the surface tension changes, eqn. 41 can be simplified to 

where A”’ is the sum of ah telms which do not contain the surface tension and 

B,, = NAA f 4.836N’L3 (Kp - 1) P3 
RT (59) 

Eqn. 58 predicts a linear dewndence of iog k on the surface tension of the 
efuent for a &en solute pro-tided K-” and the mole volume of the eluent remain con- 
stant. Fig. 10 illustrates the surface tension of some aqueous salt sofutions and mixed 
solvents as a function of the composition. In view of the data eqn. 58 would predict 



that the capacity factor increases with the salt concentration of the eluent in hydra- 
phobic chromatography ad deceases with the water concenfration when tixed 
solvents are emp!oyed as duearts_ This is in a_geement with the general experience. 

SALT coNaNTRATloN f&l] 

PERCENT W/Vi ORGANIC SOLVENT 
WITH WATER 

Fig. 10. Surface tension as a function of the composition in i-nixed soivents and salt solutions. Water- 
methanol and water-acetonitriIe systems represent the mixed solvents_ 

The surface tension of inorganic salt soiutions in water is to a good approxim- 
ation a linear function of the salt concentration and can be expressed by 

y=yo-l-ftm (60) 

where yO is the surface tension of pure water (yO = 72.0 dyne cm-’ at 25 “C), 1p2 is the 
molal salt concentration, and t is a coefEicient which depends on the nature of the 
salt. In Table If the z values are listed for a number of common inorganic salts. 

According to eqn. 60 the fo,o k values should linearly increase with the salt 
concentration as long as eqn. 58 holds. Indeed, as seen in Fig. 11, plots of log k 
against KC1 concentration in the eluent yield straight lines for a number of aromatic 
acids and bases of relatively comp!ex chemical structure. The slopes are similar, 
indicating similar contact areas for these closely related substan,-es. The intercepts 
depend on the van der Waals terms and the electrostatic interaction term in view of 
eqn. 48; At the eluent pH most species carry a net charge and this can greatly infiuence 
the vahte of A”’ in eqn. 58, which determines the ma,titude of the intercepts. It is 
interesting to note that the intercepts decrease with the hydrocarbonaceous surface 
area, HSA, of the solutes and only homovanihic acid (HSA = 113 AZ), which does 
not have an ionized amino group at the eluent pR, is an exception. On the other hand, 
the correlation between the elution order and total surface area, TSA, of the solutes is 
by far not so satisfactory. 

The results show that eqn. 58 is a useful approximation as long as the change 
in the surfzzce tension of the ekent does not affect the value of the terms lumped to- 
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I+_ 11. Plot iihstratin,- the elect of salt concentmtion on the &a&y factor. Ihe cmxenhztion of 
XC3 in a 0.05 M KR,po, solution was varied_ The upper s&e shows the surface tension of the 
efuent. The hydr&rbcnaceous surface area (HSA) 2nd fhe t&d surface a-es (TSA), of the~salute 
molecules ze shown. CoIuma, Fartkil 1025 ODS; ffow-rate, 1 dkxtin; tempemture, 25 OC_ 

gether in the constant A”‘. The resrtlts depicted in Fig. 12 demonstrate, however, 
that with m&d solvents this is no longer-the case. Whereas the plots of En k against 
;J for water-me&and and water-acetoonitri mixtures show that the rxqs~i& f&or 
decre+ses with the surface tession, the de_pendence is stron&nonlinear_ Thkbehav- 
ior, ho:&ever, is not mexpected zs the mole volume of ~the sokent mixtures Zs .a 
function of the cozqositiozi and k is also likely Ca chgnge- -Co&qae&Iy, B” in 
eqn 58 is eqec’&d to’vary over such a wide Cage of solvent &npo&ion. 

-In order to take these factors into accormt.and &@ess the c.q2&q factor as 

S frrnction of t&6 eZuent comp&ition for IQ&& s&+s, &have to use eqn. iel and 
subject_the thkori t& a much more exactin~i&ti,anfj&&k~~~ th&~eaepfion-& 

the 1=&g constmt .&l ter&s ofeqn. 41 ar depkdenf on-the prqsertk &f&e due&. 
.- - _ 

_. ->-- _. 



Fig_ 12. Plots iHu_sWing the dependence of solute retention of the surface tension of mixed solvents 
The capcity factors of cinnamic and benzoic acid were measured io triter--�nethano! and water- 
acetonitde mixtures. Coiumn, Partisil10.25 ODS; flow-r&e 1.0 ml/min; temperature, 25 “C. 

1x1 order to ikstr&e the effect of composition on the key eluent properties for water- 
methanol znd water-ace:onitrile mixture, Ke, 9, y and In (RTIP,V), have been 
c&xEated in terms of reduced energy units with appropriate scz!iing factors over the 
fuli composition rage. As a result their variation with composition could be conve- 
niently depicted in Figs. 13 and 14. It is noted that due to the scaling factors employed 
the actual magnitude of the functions is obscrzred and only tick relative changez 
with the solvent composition is illustrated_ 

For a given solute the magnitude of solvophobic interactions is hugely depen- 
dent on these four solvent properties, which embody the solvophobic strength of the 
solvent. It is seen in Figs. 13 and 14 that the individual properties do not change with 

c 



PERCENT (V/V) OF ACETONITRILE 

Fig. 14. Graph ihstrating the properties of acetonitrik-water mixtures at 25 “C zs a function of the 
composition. The properties zre expressed in dimensionless enew units and are rep_mted by the 
curves (a) ice, (b) 9, (c) -Ayji2T with A = 1 A”, 2nd (d) In (RTIp,V) - 7. 

varying solvent composition in the same way. Whereas both the surface tension and 
!n (RTIp,v) decrease with increasing concentration of the organic component in 
both mixtures, Ke goes through a mti~mum and .5B is practically constant. The be- 
havior of hp and In (i_rlp,V) as seen in Figs_ 13 and l-4 reedily explains the failure of 
eqn. 58 manifested in Fig. 12. 

The effect of the solvophobic strength of the eluent on the capacity factor is 
illustrated in Figs. 15 and 16. The ordinate is a !n k sde, which expresses tile ma@- 
tude of the experimental capacity factor, In k,,, and that of the individual terms in 
eqn. 41, which represent incremental in ks values. ??ae actual vahre of In k is the sum of 
the increments so that 

Thus, Figs. 15 and 16 give a graphical representation of the various terms, except the 
leading constant, A, of eqn. 41, and their dependence on the ehrent composition for 
a given solute which is in this case o-toluic acid. The relative magnitude and compo- 
sition dependence of the In ki values have been found quite similar for the other 
solutes investigated: benzoic acid, p-toluic acid, cinnamic acid, and I-naphthoic acid. 

The terms of eqn. 41 have been evahuated by the foltowing procedure. First, 
the value ofA&&RY’(term Eof eqn. 41) was calculated for each solute and neat 
solvent combination according to eqns. 8-29 and the terms D (K” - I) Vjr and 
In @T/P,, V, were calculated for the neat sokents. The value of B&was cafcdated with 
the proc>_rties of tie solute and the neat solvent The estimated value of A ranged from 
34.4. Wifh the?? constants and the known y values as wehas with the observed ca- 
Facity ~factors, the column and solute parameters A and C were caicu2~ted from eqn. 
41. Subsequently the appropriate properties of the two hinds of solvent mixtures hav- 
_%g different compositions and the corresponding bF&&RT terks were calcrrIat&. 
ksuming that A, B_ and Care independent of the solvent composition,~we then evak 
ated by -using eqn. 41 again the term D cpy’ - 1) P3y zis 8 ftiiztion of the cornpa& 
tion for both water-methane1 and water-acetonitrile mixtu~ms~ -- 

-, ..~ 
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Fig. 15. Graph iilustratk~g tke logaritkm of tke calculated capacity factor increments, In kl, and tke 
logaritkm of the capacity factor, In k,,, measured for u-toluic acid on an octadecylsilica column 
witk water-inetkano! eluent systems of different composition at 25 “C. Tke In ki values were evaluated 
by eqn. 41, so that tke curves represent tke inditidud terms as foIIows: (a) In (RAT/PO V), (b) Cy, 
(c) D (_c - 1) P3 y, (d) i39, and (e) E. The v&e of term A is -7.00. 

Fig_ i6. Graph illustrating tke lo,titkm of tke c&ul2t& capacity factor incremeots, h kl, and tke 
lagaritkm of the capacity factor, In kc&, mmured for o-toluic acid on an OctadecylsiIica cafumn 
with water-acetonitrile eiuent systems of different composition at 25 “C. The III kl values were 
evalu&ed by eqa. 41 so that tke curves represent tke individual terms as foliows: (a) In (RT,P,,V), 
(b) Cy. (c) D (K’ - I) Ft3 7, (d) BS@, and (e) E. The vahz of term A is -6.60. 

ft is seeen in Figs. E 5 and 16 that the solvophobic forces, illustrated by the curves 
representing all the terms but A of eqn. 4, show a similiar dependence on the solvent 
composition with both eluent systems. Tire &I det Waals force increases with the 
conce~tntion of the organic component. This e&ct is iargely due to the increase in 
the apparent solvent radii, which deter&&e the value of Q’ in eqn. 12, altkough the 
changing values of the average ionization potential and the Clausius-Mosotti func- 
tion also afEc% tke shape of cmrve (e) in Figs. 15 and 16. The electrostatic term, B9, 
is remarkably insensitive to solvent eKects; in fact it can be regarded invariant with 
th& soIvent.composition whezx the solute is uncharged. Of course, t-his term, which 
orginates from Onsager’s reaction field41 ,wouid have a stronger fimctiond dependence 
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upon the dielectiic constant of the medium if the solutes were ionized and consequent- 
ly would have a greater efkt on the capacity factor with changing sofvent composi- 
tion. As shown by curve (a) in Figs. I5 and 16 the term representing the entropy of 
mixing changes about that much as the van der Waak term, but in the oppc&te 
direction, over the full range of composition. Consequently, the two solvophobic 
forces counterba!ance each other. 

The solvophobic forces that have the greatest influence on the observed capacity 
factor are those which are dependent on the surface tension, Le., the term C-/ shown 
by curve (b) and D (6 - I) V213y shown by curve (c) in Figs. I5 and 16. The change in 
the measured capacity factor with the solvent composition is almost entireiy deter- 

mined by the corresponding variation of the two dominant soivophobic forces. In 
this regard the role of Ke is of great significance. This parameter has been defined as 
the ratio of the ener_q required to create a cavity for a solvent molecule to the energy 
required to extend the planar surface of the liquid by the surface area of the mole- 
CL&+~~. The results in Figs. 15 and 16 show that the term containing Ke first rapidly 
increases with the concentration of the organic component while the surEace tension 
sharply decreases then, after reaching a maximum, decreases slowly. In the case of 
water-acetonitrile mixtures, this decrease accounts almost completely for the de- 
crease in the capacity factor with the water content at high acetonitrile concentra- 
tions. The behavior of AZ of mixed solvents has not yet been investigated by others. In 
our view, the rapid increase in lie when organic solvent is added to water initially is 
due to abrupt changes in the liquid structure in the circumambient region of the 
cavity. 

As mentioned before, the variation of the individual solvophobic forces with 
the solvent composition for the other four solutes has been found similar to that shown 

in Figs. 15 and 16. Of course, the terms A and Bin eqns. 41 are different for eachsoiute. 
It is recalled that A depends on the column parameters and entail the free energy 
change of the association process in the gas phase, whereas B is a function of solute 

properties am! 1. The values of these constants as calculated by the aforementioned 
procedure are listed in Table III. It is seen that the A values have the expected trend 
because they entail the van der Waais term for the gas phase association which should 
increase with the size of the soktes. Consequently the value of A increases as the cal- 
culated molecular volumes increase and the concommitant A values decrease. Never- 
theless, the sum A i E is fairly constant because the effect of molecuiar size in both 
van der Waals terms is essentially eliminated. The magnitude of B is largeiy deter- 

TABLE III 

CONSTANTS OF EQN. 41 OBTAINED FOR THE FIVE SOLUTES WLTH THE TWO MIXED 
SOLVENT SYSTEMS 

soh&? . A’ AtE” B 1. 

Bemoic acid - 10.2 -24.0 -0.3 4.38 
Cinnamic acid -7.1 -22.7 -0.7 3.75 
pToiuic acid -7.8 -22.9 -0.9 3.55 
5Toluii acid -6.8 -23.4 -0.3 3.53 
I-Naphthoic acid -1.8 -21.1 -0.3 3.ao 

* Average values fcr the two solvent systems. 
= - Tlz sxm wa% e with E value& fsdr 5xat v&?&r_ 



mined by the dipole moment _and the elect ofa is relatively minor because (1 - lj/ZI 
varied only between 0.33 and 0.39 in the range ofR shown in TabIe ‘ITT. 

The constant C in eqn. 41 is proportioned to the area of the contact surface 
in the solnte-hgsnd complex, d,4. Et is expected that for Such closely related mokcutes 
as the five aromatic acids in question, dA is proportional to the total s&ace area of 
the Solnte molecules. Indeed, there is a linear relationship between C and TSA, as 
shown in Fig_ 17. From the slope of a straight line, which goes through the points, we 
cakulated that dA is about 2G yO of the total surface area. This fraction is si_&kantiy 
smaller than the 35 % found earlier from the slopes in Fig. 9. This discrepancy, of 
course, can be explained by the fact that in Fig. 9 the abscissa is the hydrocarbon- 
aceous surface zrea, whereas in Fig. 17, the total surface area of the solute molecule 
was used. It is possible, however, that the slopes in Fig. 9 were increased by an area- 
dependent van der Waafs e&ct which was excluded from C by the method by it was 
calculated. The dashed line in Fig. 17 is intended to illustrate the surmised dependence 
of C on TSA with a hgand such as that used in the experiments. The fine suggests 
that with decreasing size of the solute molecules, an increasing fraction of the solute 
surface is in contact with the ligand when the complex is formed, i.e., the slope of the 
C vs. TSA curve increases. 

The temperature dependence of solute retention in solvophobic chromato- 
graphy is determined by the enthalpy of association as long as the structure of the 
stationary phase is unaffiited by the changing temperature. As shown by eqn. 52, 
the explicit temperature dependence of d#,,, implies that van’t HOE plots of the 
observed capacity factors would be curved. A close examination of the temperature- 
dependent terms of eqn. 52 shows, however, that in most cases the deviation from En- 
earity is relatively small. We estimated the variation of the temperature-dependent 
terms for a typical solute and water. The resuits showed that the expected change in 
the enthalpy over a temperature range of 50” is iess than 5 y/o. Consequently, the cnt- 
halpy change in-a temperatnre interval of chromato_mphic interest is probably small 

Fig. 17. Graph ibstmting the relationship betwea~ the coe%Ycient C in ecp. 41 and 44, which is 
prop+ional to the contact FEZ of the assuciating specie, and the total molecular surface area of 
Pfie sollrtes indicated. The caefiicien: G for ez& solute was evalutited from the k values measured 
with either methanol-wster or ac&onikiIe-water eluent systems over the full rvlge of solvent 
composition; column, Partis3 I035 ODS; Eow-rate, 1 rn@min; temperature, 25 “C. 



enough to yield linear van? EFoE plots The _vaiidity of the foregohrg assessment is 
clearly seem in Fig. 1% The average value of4E?‘- for the catecholamine derivatives 
is about -3 kcal mole-l whick is somqxhat higher than those reported ia the liter- 
ature** for solutes of comparable size in solvophobic chromatography with methanol- 
water. This is readily explained by ffie higher ti value for the mixed sofvent &an for 
pure water in view of eqn. 52. 

It has been postulated” that hydrophobic inter&ions are strengthened yuith 
increasing temperature in contradistinction to the general experience in sofvophobic 
cbromato_mphy and the results presented in Fig. 18. According to eqn. 52, dK‘&_ 
could be negative if its value would be dominated by the fourth and/or the fifth term. 
The fourth term increases with the contact area; consequently, it could be large when 
both the ligand and the solute are large mokcules. The magnitude of the P&h term is 
comparable to the other terms in eqn. 52. If they are relatively smali, however, the 
fifth term, because of its negative sign, could make 4H”,,= negative. The occurrence 
of such a situation in chromatopaphic practice is unlikely under conditions investi- 
gated in this study. 

1 
30 3.1 32 3.3 3.e 

103/T (“K-‘) 

Fig. 18. V&t Hog plcts of the capacity factors measured with biological substances. Column, 
Partisil 1025 ODS; eluent, 0.05 M KH2F04; flow-rate, I ml.kniti. 

CONcJxJSIONS 

The application of the solvophobic theory to IX with nonpolar stationary 
chases enabled us to carry out a detailedtheoretical analysis of-the factors responsible 
ior solute retention and to interpret our experimental results obtained in a wide’range 
of conditions. 

The solvophobie strength df the eluent has been characterized by-four func- 
tions of the solvent pro_p&ies, among which the surface tension plays a paramount 
role in this type of chromatography. Takkg into account the solute properties, we 
3ave czkdati the solvophobic forces which determine the =gnitude of the capacity 
!?acacrot in a given column for a variety of soIute and solvent_mixtures. Ourtheorycorrob- 



orates tke semiempirical resuhs of other w5rkersJs*4-: and offers a catholic framework 
for predicting and interpreting ckromatograpkic behavior. 

The cbrf3matogrq&ic pmcess has been viewed in this study as a reversibfe 
assodatio~ of the-soiute with the hydrocarbonaceons hgands covafentIy bound to the 
surface of tke stationary phase. Tke theory, however, can be readily applied to fiquid- 
liquid ckromatograpky or to de&&e solvophobic interactions with other unpolar 
stationary phases such as gEtpEte, wtuih has bzen used in gas ch~5mat5graphy's 

and recently was suazessfulty employed in LC as well49 On the other hand, the as- 
sociation model may facilitate a rigorous theoretical treatment of solute interaction 
with other bonded phases whose iigand may contain polar or even ionic functions. 

Owing to the cardinal rofe of hydrophobic interactions in l%e processes, there 
is a need for a physico-ckemica! method to quantitatively measure tke kydropkobicity 
of biologically active substances. In tke ligkt of our present understanding, solvophobic 
ckromat5grapky could be a very useful tool to obtain such information. Moreover, 
station&r phases with hydrophobic surfaces of different configuration could be used 
as probes to map the detailed hydrophobic profile of biologicalfiy interesting com- 
pOuRd% 

We have seen that in LC the magnitude of solute retention is de&a_rmined by the 
ener,7 balance of the solute-stationary phase, tke duent-stationary phase and the 
sohrte+eiuent irrferactions. Solvophobic chromatography is dominated by the last 
two interactions and so!vation of the solute solely accounts for the relative retention. 
Conversely, in the other types of LC, excluding exclusion chromatography, the 
interaction of ‘he sohrte with the stationary phase pfays the predominant role in ef- 
fectiRg sokrte retention. In practice, the imbalance of #he interaction energies is suf- 
ficiently great to warrant a clear distinction between solvopkobic chromatography 
and the other techniques. From this perspective Howard’s and Martin’s suggestion3 
to call it “reversed-phase” chromatography may not have been entirely infekcitous 
even if this attribute does not express the essentia! physico-ckemical phenomenon 
that governs the chromatoaphic process. 
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NOTE ADDED IN PROOF 

The expfoitation of the solvophobic effect in ckromatograpkic separations is, 
of conrse, not restricted to tke use of nonpolar statisnary phases. Dr. M. Lederer 
pointed out that our historical introduction could have mduded as examples “sahing- 
out” chromatography46 and ‘solubikzation” chromatograpky4’. In both cases poly- 
styrene-type ion exchangers were used for the separation of nonionic substances on 
the basis of solvopkobic interactions between tke solutes and tie hydrocarbonaceous 
matrix of the io&exckange resins. For instance, in “salting-out” chromatography 
alcohols, aldehydes, ketones and esters were separated by adsorption of the sample 
onto the ‘resin matrix from saturated ammonium su.k%te followed by etution with 
progressively diluted salt solutions. In ‘%ofubiEizatio~" chromatography hydro- 



organic mixtures were used as the ekefit to separate fatty acids, ethers and hydk- 
carbons on ion-exchznge columns. Naturally, out theoretical apprdach --mut&s 
mutartdi- can be extended to i&erL>ret these and other chromatographic separations 
where solvo&obic interactioas play a predomiknt ro!e. 
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