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SUMMARY 

The gel chromatographic behaviour of aliphatic alcohols on Sephadex G-10 
and G-15 in aqueous systems was elucidated primarily in terms of hydrophobic 
interactions by use of the thermodynamic functions for dissolution in water and for 
partition in gel chromatography; the former was obtained from the literature and the 
latter from the temperature dependence of the distribution coefbcient (&)_ 

From an enthalpy+entropy compensation test for partitioning processes of so- 
lutes between the mobile and stationary phases of gel columns, it was found that 
methanol, ethanol, 2-propanol and 2-methyl-2-propanol behaved in a different manner 
to the primary n-alkanols containing more than two carbon atoms m the molecule did. 
The salting-out effect of the alcohols from the bulk to the gel phase and the effect of 
addition of methanol to water as the eluent are discussed. 

INTRODUCTION 

Although solutes are separated in gel chromatography prmcipally depending 
on their size, the behaviour of relatively small molecules and ions is often affected 
anomalously by several kinds of side-effects such as electrostatic and hydrophobic 
interactions and hydrogen bonding on tightly cross-linked gels m aqueous systems. 
The separation mechanism with such side-effects has been studied by investigating the 
dependence of elution volumes or volumetric distribution coefficients (e.g., Kd or K,,) 
on sample concentration, type of eluent, eluent concentration, pH of eluent, tempera- 
ture, etc.‘. 

Hydrophobic interactions, one of the important side-effects, have been widely 
observed for organic, biochemical and biological solutes and have sometimes been 
utilized to fractionate proteins’. However, they have been investigated mostly by 
phenomenological methods. For example, Morris’ contended that chromatographic 
behaviour can be ascribed mainly to a hydrophobic interaction only if all of the 
following three criteria are met: (1) hydrophobic sites can be identified on the 
stationary phase; (2) the solute is more firmly adsorbed at higher than lower tempera- 
tures, so that the free energy of adsorption IS primarily entropic in nature; and (3) 
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adsorption occurs at relatively high salt concentrations and desorption at lower salt 
concentrations. An additional criterion’ has also proposed that adsorption can be 
depressed by the addition of weakly polar solvents to the aqueous eluents used. 

The endothermic temperature dependence of the K, value or capacity factor is 
essential to hydrophobic interactions, because these interactions are solvent depen- 
dent3_ The careful examination of the temperature dependence of the K,, values gives 
thermodynamic functions such as dG&, AH,“, and AS& which are the standard free 
energy, enthalpy and entropy changes, respectively, required for transfer of the so- 
lutes from the mobile phase (bulky phase) to the stationary phase (gel phase) at mfmite 
dilution. 

Only a few workers 4-11 have dealt with hydrophobic interactions in gel chro- 
matography by the use of the thermodynamic approach, although the effect of tem- 
perature on elution volumes and several kinds of volumetric distribution coefficients 
has been exammed as the maJor criteria for hydrophobic interactions1*‘2*13_ Mars- 
den’*’ studied the afEmty of dextran gels for weakly polar solutes m aqueous systems 
and concluded that water plays the dominant role in producing the entropic affinity in 
hydrophobic interactions. Janado and co-workers*” reported recently that the pref- 
erential partition of water-insoluble dyes and sodium dodecyl sulphate on Sephadex 
and Bio-Gels can be ascribed primzrily to the hydrophobic free energy ansmg from 
the anomalous nature of hydrated water in the gel beads. In both instances the AC& 
values are negative and the AH,“, and AS& values are positive, indicatmg that hydro- 
phobic interactions are the mam effect_ No study, however, has been carried out to 
clzrify the hydrophobic interaction mechanism by correlating the thermodynamic 
functions for gel chromatographic processes with parameters characteristic of the 
interaction, e.g., those for hydration of so-called “hydrophobic solutes”. 

This study, therefore, was undertaken in order to clarify the mechamsm of the 
separations of small hydrophobic solutes on tightly cross-linked dextran gels (Sephadex 
G-10 and G-15), principally by correlatmg the AS& values with the As”,, values, the 
standard entropy changes for hydration of the solutes. Nine aliphatic alcohols were 
employed as a homologous series of hydrophobic solutes for two reasons: first, a set 
of accurate thermodynamic data on the dissolution of the gaseous alcohols into water 
is available’“16 and the hydrophobic hydration of these alcohols described in detail; 
and secondly, the Kd value of methanol is independent of the pH of the eluent on 
Sephadex G-10, although those of inorgamc ions varied significantly with pH”. This 
characteristic of alcohols as non-electrolytes will be advantageous in investigations of 
the separation mechanism without electrostatic mteractrons. According to the criteria 
mentioned above, the effects of salting-out and addition of methanol to water as the 
eluent were also examined m order to estabhsh whether the gel chromatographic 
behaviour of the alcohols is primarily governed by the hydrophobic interactions_ 

For the purpose of the differentiation of solutes in mechanistically d&erent 
processes, an enthalpy-entropy compensation test based on a linear free-energy re- 
lationship18”0 was apphed to the partitioning of solutes m gel chromatography. 

EXPERIMENTAL 

Sample soiutions 

All reagents used were of guaranteed reagent grade from Wako (Osaka, Japan) 
or Nakarai Chemicals (Kyoto, Japan), unless otherwise stated. Methanol, ethanol, l- 
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propanol and 1-butanol labelled with carbon-14 were obtamed from New England 
Nuclear (Boston, MA, U.S.A.) and used as radiotracers. 

Sample solutions for aqueous systems were prepared by dissolving methanol 
(MeOH), ethanol (EtOH), I-propanol (I-PrOH), I-butanol (1-BuOH), I-pentanol (l- 
PeOH), I-hexanol (I-HexOH), I-heptanol (I-HepOH), 2-propanol (i-PrOH) and 
2-methyl-Zpropanol (t-BuOH) in the eluents. The sample concentration was 
5 - IO-‘M, except for I-HexOH and I-HepOH, of which saturated solutions were 
used because of their poor solubihties. For MeOH, EtOH, l-PrOH and I-BuOH, 
sample solutions of concentration 0.01, 0.1, 0.2 and 0.4 IM were also employed in 
order to examine the effect of sample concentration on the K, values. 

Blue dextran 2000 (Pharmacia, Uppsala, Sweden; 0.36%) and tritiated water 
(New England Nuclear) were used as standard materials with Kd = 0 and 1, respec- 
tively. Sodium-22 or chloride-36 ion was employed as an internal standard for both of 
1-PrOH and I-BuOH with 0.1 M sodium chloride eluent at pH 2 or 12. 

In experiments with the mixed eluents containing water and methanol, sample 
solutions of I-octanol (1-OcOH) in the eluents at a concentration of 5 - lo-’ M were 
also used in addition to those of the alcohols stated above. In this instance, poly- 
ethylene oxide (Toyo Soda Manufacturing, Tokyo, Japan; I%&, = 1.5 - 105, iu,,/&?” = 
1.04) was employed instead of Blue Dextran 2000. 

Ehents 
The aqueous eluents used were distilled water and 0.1 M sodium chloride 

solution at pH 2 or 12 adjusted with hydrochloric acid or sodium hydroxide solution. 
Sodium chloride solutions of concentration 0.01, 0.05, 0.2, 0.5 and 1.0 llf at pH 2 
were also employed to examine the effect of eluent concentration on the & values of 
the alcohols. 

The mixed water-methanol eluents contamed 50, 90 and 95 “/, of methanol. 

Colunms and ehtion procedure 
Sephadex G-10 or G-15 (Pharmacia, dry particle size 40-120 pm) was packed 

into the column (Pharmacia, Kl6/100) with flow adaptors at both the top and 
bottom, as described in a previous paper”. 

All the equipment except the recorder (R-201, Rikadenki Kogyo, Tokyo, 
Japan) and cooling bath (PBC-4,Neslab Instruments, NH, U.S.A.) were installed in 
an M-1900E chromatochamber (Toyo Kagaku Sangyo, Osaka, Japan), which was 
thermostated with an accuracy of + 1°C. On investigating the temperature depen- 
dence of the Kd values, the column and the reservoir were water-jacketed and the 
elutions were carried out at 10, 15, 20, 25 and 30 f 0.02”C by the use of a TC-3 
thermostat (PM_ Thamson, B-V., Zoetermeer, The Netherlands) combined with the 
cooling bath. 

A l-cm3 volume of the sample solution was introduced on to the column with a 
hypodermic syringe through a hne sample injector of the septum type. The elution 
was allowed to proceed at a constant flow-rate of 60 cm3/h with a Duramat pump 
(Chemie u. Filter, Heidelberg, G.F.R.) or a pump of the single-plunger type (KHU- 
16, Kyowa Seimitsu, Tokyo, Japan) combined with a KU-l damper (Kyowa 
Seimitsu). The effluent from the column was collected in l-cm3 fractions with an 
Ultrorac 7000 fraction collector (LKB, Bromma, Sweden). 
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The e&tent was also monitored continuously with a differential refractometer 
(Showa Denko, Tokyo, Jauan, Shodex RI, SE-l l), which was connected to the re- 
corder_ The activities of tritiated water and 14C-labelled alcohols were measured with 
a liquid scintillation spectrometer (Packard Instrument, IL, U.S.A., Model 3320 or 
2660}, and those of “Nat and %I- with an auto-gamma scintillation spectrometer 
(Packard, Model 5230) or an automatic GM counter (LBC-22B, Aloka, Mitaka, 
Japan)_ The dead volume from the cell of the refractometer to the fraction collector 
was determined by comparing the elution volumes of the radioactive alcohols ob- 
tamed by activity measurements with those obtained by refractometry, and the elu- 
tion volumes of the alcohols were corrected by this value when calculating the K,, 
values. 

Calcuiution of the Kd value 
The Kd value was obtained by the equation2’ 

where V, is the total hqmd volume of the gel column, V,, the void volume outside the 
gel, V, and Vu the elutron volumes of the sample and the internal standard, respec- 
tively, and Kdtls) the distribution coefficient of the internal standard. The elution 
volume of tritiated water was used as the V, value, that of Blue Dextran 2000 or 
polyethylene oxide as V,, and that of “Na+ or 36Cl- as Vu for the elutions of l- 
PrOH and I-BuOH at pH 2 or 12, respectively. 

Calculation of the theri?lo~yiiainic frtnctrons 
The Kd value obtained dynamically by the column method has been accepted as 

a parameter representmg thermodynamic equilibrium in gel chromatography, be- 
cause this is usually equal to the static value obtained by a batch method22. Consider- 
ing that the dynamic Kd value corresponds to the equilibrium constant based on 
partitioning of the solute between the gel phase and the bulky phase outside the gel 
particles, the thermodynamic functions can be obtamed by the equation 

In Kd = (-Aff&/RT) + (AS&-/R) (3) 

where AH& denotes the standard enthalpy change, AS& the standard entropy 
change required to transfer 1 mol of the solute from the bulk to the gel phase, R the 
gas constant and Tabsolute temperature. When the plot of In Kd against l/Tis linear, 
Ahr’,“, can be obtained from the slope and dS& from the intercept. 

RESULTS AND DISCUSSION 

Effect of sample concentration 
The dependence of the Kd values on sample concentration suggests that two 

factors are operative in gel chromatographic processes: (1) the distribution isotherms 
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are non-linear and dependent on concentration, and (2) the solutes undergo molec- 
ular changes such as association, dissociation, complex and ion-pair formation and 
adsorptive properties depending on ionic strength’. Therefore, a study of the effect of 
sample concentration may provide information about such side-effects. 

The effect of the sample concentration was examined over the range 0.01-0.4 
M for MeOH, EtOH, 1-PrOH and I-BuOH by the use of radioactive labelhng on 
Sephadex G-10 with 0.1 M sodium chloride solution as eluent at pH 2. The results are 
given in Table I, and indicate that the _& values of the individual alcohols were not 
affected by the variation in the sample concentration over the range studied. This 
tendency is also consistent with the observation by Marsden that the behaviour of 
non-electrolytes was independent of the concentration over wide ranges in aqueous 
dextran gel systems. 

TABLE I 
EFFECT OF SAMPLE CONCENTRATION ON Kd VALUES 
Gel, Sephadex G-10: eluent, 0.1 M NaCl at pH 2, temperature, 20.5 + 0 3°C. 

Sample Concentration (M) 

0.01 0.05 0.1 0.2 04 

MeOH 0 76, 0 75, 0 76, 0.76, 0.76, 
EtOH 0 76, 0.76, 0 76, 0.762 0.76, 
I-PI-OH 0 89, 0 89, 0 33, 0 90, 0.39, 
I-BuOH 1.10, 1.09, 1 10, 1.10, 1.10, 

In conclusion, the two factors mentioned above had a negligible effect in gel 
chromatographic processes in this study. In further experiments, sample solutions at 
0.05 M were used except for I-HexOH and I-HepOH with the aqueous eiuents, for 
which saturated solutions were employed. 

Eflect of eluent concentration 

It is well known that the elution volumes of organic non-electrolytes such as 
oligosaccharides, proteins and other bIologica substances vary conslderably depend- 
ing on the concentrations of inorganic and organic electrolytes in the eluent’. These 
phenomena were often discussed quahtatlvely m terms of salting-out or saltmg-m 
effects. When a salting-out phenomenon was observed, it was accepted as a cnterion 
that the hydrophobic interaction between the solute and the gel matrix may be oper- 
ative as one of side-effects in gel chromatography’. 

Therefore, the dependence of the Kd values on the eluent concentration was 
examined for MeOH, EtOH, I-PrOH and I-BuOH oc Sephadex G-10 by using 
sodium chloride solutions of concentration of O-l.0 M at pH 2 as the eluents. The 
results are shown in Fig. 1. 

The Kd values of the individual alcohols are almost constant below an ionic 
strength of 0.1 A4 and tend to increase gradually with increase in ionic strength, 
especially above 0.2 M_ This effect is more significant for I-PrOH and I-BuOH than 
for MeOH and EtOH, the K,, values of which are only slightly affected. Marsden’ 
observed that guanidmium sulphate, potassium chloride and magnesium chloride 
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Fg 1. Effect of eluent concentration Gel: Sephadex G-10. Eluent. NaCl solutions of various concen- 
trauon at pH 2. Temperature- 20.8 f 0 5°C. 1 = MeOH, 2 = EtOH; 3 = I-PrOH; 4 = I-BuOH. 

increase the K,, value of l-PeOH. Hence, the obvious tendency for the salting-out 
effect to occur with I-PrOH and I-BuOH in this study suggests that the hydrophobic 
interactlon operates possibly as one of the important factors governing the behaviour 
of the primary n-alkanols containing more than two carbon atoms m the molecule in 
gel chromatographlc processes. The mechamsm of the salting-out phenomenon will 
be discussed in terms of the Kd values of the eluent ions (See Separation nrechanisnz). 

Effect of addrtion of methanol to water as eiuent 
Organic solutes in uncharged states tend generaily to be adsorbed anomalously 

with aqueous eluents on the gels of the Sephadex G and LH types, and to be desorbed 
with non-polar and weakly polar eluents’. Nith the latter eluents, the elution volume 
is linearly dependent on the logarithm of the molecular weight or of the molar volume 
of the solute. This phenomenon has been interpreted mostly in terms of the molecular 
slevmg effect, dependmg on the size of the solute molecule. 

The effect of the addition of methanol to an aqueous eluent on the K, values 
was examined for ten aliphatlc alcohols on Sephadex G-10 at 20°C. The Kd values are 
shown as a function of loganthm of molecular weight m Fig. 2. The Kd value de- 
creases with increasing amount of methanol added in each instance and then the & 
value for each alcohol with 90% methanol becomes identical with that with 95% 
methanol, with which the linear dependence of the Kd values on the logarithm of 
molecular weight was observed, suggesting that molecular sievmg is predominantly 
operative in the separation mechanism studied. However, the linear relationship for 
the group of MeOH, EtOH, i-PrOH and t-BuOH (classified into group B) is different 
from that for the other primary n-alkanols (group A). This might be attnbutable to 
the different extents of the mteractlon between the solutes ind water and/or methanol 
contained in the eluent. 

The Kd values of members of group A with pure water increase markedly with 
increasing molecular weight, whereas the Kd values of group B are slightly reduced, 
suggesting that side-effects possibly operate as dominant factors for group A. One of 
them may be hydrophobic interactions. With 50% methanol, the behaviour of the 
alcohols may be governed by both the hydrophobic interactions and the molecular 
sieving effect to various extents in each instance. 
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Fig 2 Effect of addttlon of methanol to water as eluent. Gel Sephadex G-10 Temperature- 20°C Eluent 
0, water; 8, 50 o/0 methanol: a,90 and 9.5 o/0 methanol. n IS the number of carbon atoms m the alcohol 
molecule: I and I denote ISO and terttary, respectively 

Effect of temperature 
When the hydrophobic interaction is prrmanly operative, volumetric para- 

meters such as elution volumes and Kd values generally increase with increase m 
temperature’. Without side-effects, the volumetric parameters are insensitive to tem- 
perature vanation’. Therefore, the temperature dependence of the Kd values was ex- 
amined for the aliphatic alcohols on Sephadex G-10 and G-15 over the range 10-30 
or lO--35°C. The In Kd values under different conditions are shown as a function of the 
reciprocal of absolute temperature in Fig. 3. 

With the aqueous eluents, the K,, values for all of the alcohols increase with 
increasing temperature (endothermic, Fig. 3a-d), whereas those with 95 o/0 methanol 
are independent of temperature, wrthm experimental error (Fig. 3e). These obser- 
vations suggest the possibility that the hydrophobic interaction may be an important 
factor for alcohols in the aqueous dextran gel systems. With 95 c/0 methanol, the 
molecular sieving effect may operate predominantly as described m the precedmg 
section. 

Evaluation of thermodynamic fhctions for gel chrotnatographic process 
When tritrated water is used as a standard material for the determination of the 

total liquid volume of the column, the Kd value is underestimated owing to an tsotopic 
exchange reaction of the hydrogen atoms between the tritiated water and the hydrox- 
yl and/or the carboxyl groups of the gel matrix. Marsden7*‘3 reported that the 
correction factors to the Vt - V,, values due to the tsotopic exchange were 1.091 and 
1.075 for Sephadex G-10 and G-l 5, respectively. Even if these factors are mtroduced 
into the calculation of the thermodynamic functions, the AH& values are invariable 
and the AS& should be reduced only by 0.724 and 0.601 J”K-’ mol-’ on Sephadex 
G-10 and G-15 in each instance, provided that the factors are independent of tem- 
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perature over the range studied. As this assumption was not examined, the contri- 
bution of the correction factors to the dS& values was not taken into account in the 

present study. 
On the other hand, when the thermodynamic functions are evaluated on the 

basis of Van ‘t Hoff piots, it is essential that the properties of the gel do not undergo 
any change over the temperature range investigated. Lampert and Determann ob- 
served the temperature dependence of swellin, u of soft gels, such as Sephadex G and 

LH and Bio-Gel P types. According to preliminary experiments”, Sephadex G-10 
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Fig. 3. Van ‘t Hoff plots of In Kd agamst l/T (a) on Sephadex G-10 with 0 1 IW NaCl at pH 2, (b) on 
Sephadex G-10 with 0 1 M NaCl at pH 12; (c) on Sephadev G-10 with water, (d) on Sephadex G-15 with 
0.1 M NaCl at pH 2; (e) on Sephadex G-10 with 95 % methanol. In (a)-(d)- 1 = MeOH; 2 = EtOH; 3 = l- 
PI-OH; 4 = I-BuOH; 5 = I-PeOH; 6 = I-HexOH; 7 = I-HepOH; 8 = I-PrOH; 9 = r-BuOH In (e) 8 = 
I-OcOH; 9 = I-PrOH; 10 = t-BuOH 

columns swollen m water and in 0.1 M sodmm chlonde solution at IO’C shrunk by 
2.7 and 5.6%, respectively, of their bed volumes when the temperature increased to 
30°C and the coefficients to transform the Kd into the K,, (F,) decreased only 
3.2 and 3.7 %, respectively. With 95 % methanol, the bed volume of the column was 
almost independent of temperature and the F, value decreased only 6.5 o? when the 
temperature increased from 10 to 30°C. 

Moreover, as the Van ‘t Hoff plots shown in Fig. 3 yielded a good linear 
relationship over the temperature range examined in each instance, the effect of 
temperature on the gel properties was also neglected. 

Enthalpy-entropy compensation test for gel chromatograpkic process 
According to an extrathermodynamic approach* based on a linear free-energy 

relationship, enthalpy-entropy compensatton implies a linear dependence of the 
overall free-energy changes on the corresponding enthalpy changes for intrinsically 
similar physicochemical processes. If a physico-chemrcal change falls to conform to 
the common compensation pattern, tt IS assumed to be different from the common 
process in some mechanistic details. The enthalpy-entropy compensation test, there- 
fore, can serve as a diagnostic tool for differentiating among the solute behaviour in 
mechanistically different processeszo. 

* Without a rigorous thermodynamic foundatton. 
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However, the linearity of the plot of AH& against AS& for the processes to be 
elucidated does not always indicate the existence of compensation behaviour based 
on the common physicochemical process, because compensation may arise in part 
from statistical effects due to errors associated with the determination of AH&. and 
AS& values’8~‘g. In order to minimize the statistical effects, use of the following 
relationship was recommended for elucidating compensation behaviour, assuming 
that the Kd value corresponds to the thermodynamic equilibrium constant in gel 
chromatographic partitioning of the solutes” : 

where KdtT, denotes the distribution coefficient at the reference temperature, T, and 
AG; the free-energy change of a physicochemical interaction at the compensation 
temperature, 3. When T = /iI, a homologous series of solutes in a common process has 
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the same value of AGZ, because the changes in AH& are offset by those in TAS& AS 
the reference temperature, T, the temperature near the harmonic mean of the experi- 
mental temperatures for the evaluation of the AHod, values is usually employed in 
order to reduce the statistical errors2’_ Hence, 20°C was tentatively employed under 
the present experimental conditions. Plots of In K,,,,, against d&c are shown in Fig. 
4, where the In KdtZoj values were plotted against AS& with 95 o? methanol (Fig. 4e), 
because the confidence intervals of dS& were less than those of AH& in this instance. 

First, it should be noted that with the aqueous eluents the compensatton be- 
haviour of members of group A is markedly different from that of group B, regardless 
of both the type of eluent and the gel porosity. This indicates that there may be a 
srgnificant difference in the separation mechanisms for the aliphattc alcohols between 
groups A and B, which will be discussed in terms of different modes of hydration in 
the following section. 

Secondly, the compensation pattern with 95 % methanol obviously differs from 
those with the aqueous eluents m two important respects: all of the dS& values with 
the former eluent are negative whereas with the latter they are positive, and no 
appreciable difference of the compensation behaviour between groups A and I3 was 
observed with the former, although plots for 1-OcOH and t-BuOH deviate con- 
srderably owing to experimental error. The characteristic behaviour with the eluent 
almost free from water is attributable principally to the molecular sieving effect, as 
discussed above. 

Table II summarizes the results obtained by the compensation test for the gel 
chromatographic behaviour of the alcohols with the aqueous eluents. The 0 and AG; 
values were obtained from the slopes and intercepts accordmg to eqn. 4. For group A, 
the slopes and ji values are mdistingutshable from one another at the 0.05 confidence 
level, but the intercept on Sephadex G-15 is different from those on G-10. This 
suggests that cross-links of the ether type may participate considerably in the sepa- 
ration mechanism. The/l values for group A agree well with that reported by Marsden 
for EtOH, 1-BuOH, I-PeOH and I-HexOH on Sephadex G-10 (229”K), suggesting 

TABLE II 
PARAMETERS OBTAINED BY ENTHALPY-ENTROPY COlMPENSATION TEST 
Vananccs of in Kd and dH& were not taken Into account for the calculatton of parameters Values of slopes and 
Intercepts are gsven wtth 0 95 confidence intervals 

Group* Chromatograph~c Correlatron Slope 10’ Intercept B (“a AC; (kJ mol-‘) 
condmon- coeficrent 

A 1 0.988 0.12, * 0.03, -1.1, * 04 224 2.2, 
2 0 976 0 13, & 0.05, -l&f07 723 2 3, 
3 0.998 0 10, & 0.02, - 1 0, & 0.2 223 2 o* 
4- 0 999 008, z 001, -06, +Ol 242 1.2, 

B 1 -0.884 -0 01, + 0 01, -02, +01 301 0.5, 
2 -0 852 -001, f 0022 -02, *01 302 0.5, 
3 -0.975 -0.00, * 0.006 -02, & 0.5 300 0 62 
4 -0 717 -0.01, + 0039 -0.1, + 0 1 303 0.4, 

l A- I-PrOH, l-BuOH, I-PeOH, I-HexOH and I-HepOH. B- MeOH, EtOH, i-PrOH and t-BuOH 
* 1, On Sephadex G-10 wtth 0.1 M N&l at pH 2; 2, on Sephadex G-10 with 0.1 M NaCI at pH 12; 3, on 

Sephadex G-10 with water; 4, on Sephadex G-15 mth 0.1 M N&l at pH 2. 
* The value for 1-HepOH was excluded because of tts large expertmental error 
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the important role of water in the gel chromatographtc processes for the members of 
group A’. On the other hand, neither the slopes nor the intercepts for group B were 
statistically drstmgmshable from one another, but it is not yet clear whether this may 
be ascribed to the intrinsically similar process or to experimental error. 

Separat fan iifechaitfsin 

The dependence of the Kd values on temperature and on the concentrations of 
sodium chloride and methanol in the eluent discussed above suggests strongly that 
side-effects play a dominant role in the mechanism of separation of the aliphatic 
alcohols and that the most important factor is possibly hydrophobic interactions. 

Marsden’.’ investigated the behaviour of weakly polar solutes, including eight 
ahphatic alcohols, on tightly cross-linked dextran gels in aqueous systems and pro- 
posed that the hydrophobic interaction between the solutes and the gel matrix may be 
the most important factor governing the solute behavtour. However, the behaviour of 
LPrOH and t-BuOH was anomalous and could not be interpreted_ 

Janado and co-workersg-” reported recently the preferential partttion of water- 
msoluble dyes and sodium dodecyl sulphate in the gel phases of Sephadex G and 
of Bio-Gel P-2 in aqueous systems. By Investigating this preferential partmonmg m 
terms of the transfer free-ener,v of the solute from the mobile phase to the swollen gel 
beads, they claimed that the overall transfer process is primarily governed by hydro- 
phobic free energy arising from the anomalous nature of hydrated water in the gel 
matrix, r-e., m htghly hydrated water so-called “iceberg formatton” around the solute 
molecules is partially prevented and the hydrophobic free energy is accordingly de- 
creased resulting m preferenttal partition 

On the other hand, the hydrophobic hydratron of non-polar and weakly polar 
substances such as noble gases, hydrocarbons and aliphattc alcohols in aqueous so- 
lutions has been extensively studied (e.g., ref. 26). Studies on viscosity and maximal 
density of aqueous solutions of alcohols revealed that alcohol molecules produce 
hydration shells around themselves, where water is organized more highly than m 
bulk, Le., ordering of water structure tends towards an ice-like arrangement. Thermo- 
dynamic studies gave the standard free-energy, enthalpy and entropy changes for the 
dissolution of gaseous alcohols in water; the free-ener,v changes are positive and the 
enthalpy and entropy changes are negative. This is consistent with the model pro- 
posed in the former studies, as far as the hydrophobic hydration phenomenon is 
concerned. 

In order to discuss the meaning of hydrophobic interactions in gel chromato- 
graphy, AS& values were plotted agamst AS&y14-16, as shown m Ftg.5. AS& denotes 
the standard entropy change on drssolvmg 1 mol of gaseous alcohol m water at 
infinite dilution. In each instance, good linear relationships were observed for groups 
A and B. This phenomenon can be interpreted physico-chemically as follows. 

The entropy of the system, mcluding solutes and solvent, decreases on dissolu- 
tion of gaseous alcohols in water owing to the formation of the hydration shells 
around the solute molecules, where organization of the structure of water tends 
towards an ice-hke arrangement. The solute in the mobile phase IS in such a state, as 
mentioned. The gel skelton may also organize water around its hydrophobtc sites on 
swelhng in water, with an accompanying decrease in entropy due to ordering of the 
solvent structure. Then, the system will partially regain its entropy loss as a result of 
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Fig 5. Plots of AS& agamst AS&. Key as m Figs 3 and 4. As”,,: see text 

permeation of the alcohol molecules into the swollen gel phase, where the solute will 
share the “hydrophobic hydration shells” in part with those of the gel matrix. The 
more carbon atoms there are in a molecule, the greater wrll be the entropy regain of 
the system. Consequently. TAS& terms overwhelm the opposite contribution of 
d.H&-for several higher members of the primary n-alkanols. Fig. 6 illustrates schemat- 
ically such a hydrophobic interaction mechanism between the solute and the gel 
matrix. The assignment of the hydrophobic site in the gel will be discussed later. A 
schematic energy diagram for hydrophobic solutes in the gaseous state, in aqueous 
solution and in the swollen gel phase is shown in Fig. 7. This is a possible outline of 
the hydrophobic interactions in gel chromatography_ 

There is reasonable evidence to explain the different tendencies of the “entropy 
regain” between groups A and B, phenomena corresponding to which were also 
observed on the enthalpy-entropy compensation behaviour in Frg. 4, as discussed in 
the preceding section. For aliphatic alcohols, Hill and White” observed that the 
correlation of As”,, with the surface area of the cavity in the water structure produced 
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Fig 6. Schematic illustrahon of hydrophobic interactxon m aqueous dextran gel system 
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Fig 7. Schema& representation of energy diagram for alcohols as hydrophobxc solutes m different states 

by the dissolution of solute molecules in water for the members of group A is different 
from that for group B. Cabani and Gianm -27 found that the contribution of hydroxyl 
groups of saturated primary alcohols to the thermodynarmc functions for hydration 
in water differs from that of secondary and tertiary hydroxyl groups. These facts may 
be attributable to different modes of hydration between groups A and B, as follows. 

Group B consists of methanol and its derivatives in which the hydrogen atoms 
of methanol are replaced successively with methyl groups. Methyl substitution may 
influence the hydrophilic hydratron shells on hydroxyl groups to a considerable 
extent. In contrast, the addition of methylene groups to a member of group A will not 
affect the hydrophilic hydration on the terminal hydroxyl groups. Therefore, the local 
dissimilarity of the mode of hydration between groups A and B may lead to different 
patterns of enthalpy-ntropy compensation and of entropy regain. Strictly, the gel 
chromatographic behaviour of the ahphatic alcohols in aqueous systems, therefore, 
would not be described solely by the hydrophobic interaction mechanism, because the 
hydrophilic sites of the solutes and gel matrix might also participate in the separation 
mechamsm. Molecular sieving may also be partly operative, especially for the mem- 
bers of group B. 
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In order to obtain additional information on the separation mechanism, the 
AS& values of the alcohols are plotted against carbon number in Fig. 8, and the 
K d~zo~ and the thermodynamic functions for sodium and chloride ions in the eluent at 
pH 2 and 12 are listed in Table III. 

3 4 5 6 7 

Carbon number 

01 4 

Carbon number 

FIN S Plots of dS& agamst carbon number. 0, on Sephadev G-10 \wth 0 1 lci NaCl at pH 2; ~b, on 
Sephadex G-10 with 0 1 M NaCl at pH 1 2; A, on Sephadex G-10 wth water; El, on Sephadev G-15 with 
0 1 ~tl NaCl at pH 2. 

TABLE III 
K d(lOj VALUES AND STANDARD THERMODYNAMIC FUNCTIONS FOR TRANSFER OF 
ELUENT IONS FROM MOBILE PHASE TO GEL PHASE 
Gel, Sephadex G-10, eluent, 0 1 &f NaCl at pH 2 and 12 

IOlI PH Kazo, AH& (XJmol-=) AS;, (J”K-’ ,no[-‘) 

Na’ 2 063, -2_87 + 1.50* -13.6 + 17* 
Cl- 2 0.65, -302 & 1.02* -13s f 35f 
Nd+ 12 0.93, -639 t 127* -224 * 43” 
cl- 12 0 50, -1.56 + 097* -11.0 + 3.3” 

l 0.95 confidence Interval. 

Fnst, both AH& and AS& for the eluent ions are negative, in contrast to 
the positive values for the alcohols. The Kd(20j value and the thermodynamic func- 
tions for sodium ion are nearly the same as those for chloride ion at pH 2, but they 
differ sigmficantly at pH 13, indicating that at pH 12 sodium ion tends to be attracted 
and chloride ion to be repelled by the gel phase. This may be attnbutable to an 
Increase in negative charge due to proton dissociation from hydroxyl groups fixed to 
the gel matrix, because the Kd(2or value for sodium ion is the same as that for chloride 
at pH 12 on Sephadex LH-20 (hydroxypropyl derivative of G-23, according to 
prelimmary experiments’*. In contrast, the In K,Czo, values and the thermodynamic 
functions for each alcohol at pH 2 are almost same as those at pH 12 on Sephadex G- 
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10 with sodium chloride as eluent, as shown in Figs. 3 and 8. This behaviour is 
characteristic of the alcohols as non-electrolytes_ In addttton to the increase in nega- 
tive charge of the gel matrix with increasing pH, the structure of water in the gel phase 
may change to some extent, depending on the pH of the eluent*. The possible change 
m water structure, however, could have a negligible influence on the separation mech- 
anism of the alcohols, suggesting that the water structure around the hydrophobic 
sites of the gel matrix would scarcely alter with pH. 

Secondly, Sephadex G-15 shows less affinity to the alcohols than the more 
tightly cross-linked gel Sephadex G-10, as can be seen in Fig. 8. Preliminary experi- 
ments also revealed that Sephadex LH-20 adsorbed the alcohols more than Sephadex 
G-15 did, in spite of its relatively large pore size “_ These facts suggest that the 
hydrophobic sites of Sephadex G-10 and G-15 may be assigned to cross-links of the 
ether type. Several workers have also proposed that the ether-type linkages of dextran 
gels are responsible for hydrophobic adsorptton 12*3“-33. As already shown, Fig. 6 
reflects the fact that the solute molecules might interact hydrophobically with the 
cross-link of the gel matrix. 

Thirdly, the Kd values of the eluent ions are considerably smaller than unity, 
except for that of sodium ion at pH 12, as shown in Table III. Thrs fact provides the 
followmg possible mterpretation of the effect of the eluent concentration on the K,, 
values in the higher concentration range at pH 2 (see Fig. 1). The smaller Kd values of 
the eluent ions suggest that there is a lower concentration of the salt in the gel phase 
than m the mobile phase. Sodmm or chloride ion will change the water structures in 
the mobile and gel phases as a structure maker or breaker. The structure of water in 
the mobile phase will be perturbed more than that in the gel phase, because of the 
different solubllities of the salt between the two phases. The alcohol molecules in the 
bulk will therefore find it difficult to organize water, favorably around themselves 
in the higher concentration range of the eluent, so they might show aflinity to the 
gel phase due to salting-out from the bulk. In other words, the different solubihties of 
the alcohols between the mobile and stationary phases due to the above cause may be 
responstble for the salting-out effect’. 

For group A, the salting-out effect was not observed at an eluent concentration 
of 0.1 M, as shown m Figs. 1 and 8. For i-PrOH and r-BuOH in group B, the AS,“, 

and ln &,, values on Sephadex G-10 with water, however, are larger than those with 
sodium chloride eluents (see also Figs. 3 and 8). This phenomenon is contrary to that 
expected from the salting-out effect mentioned above, and might be attributable to 
the specific mode of hydration of group B, but this is not yet been clarified. 
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