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SUMMARY 

Capacity ratio (k) data of benzene, nitrobenzene and phenol have been meas- 
ured on LiChrosorb RP- 18 with water as the eluent at temperatures between 5 and 
85°C. The influence of temperature on the structure of the RP-18 layer is discussed. 
Partial molar free energies, entropies, enthalpies and heat capacities of adsorption 
have been computed as a function of temperature by fitting Taylor’s series expansions 
to the In k data. These thermodynamic data appear to depend on (alterations of) the 
structure of the RP-18 layer. The effects of cavity formation and of hydrophobic 
hydration of benzene in water, and of the solute polarity on the strength of the 
adsorption, are discussed. It is shown that enthalpyjentropy compensation effects 
play an important, although not readily predictable, role in solute adsorption. 

INTRODUCTION 

The influence of temperature on solute retention in reversed-phase high-per- 
formance liquid chromatographic (RP-HPLC) systems has received relatively little 
attention. This may be due to the fact that a change of the column temperature 
generally has only a small effect on the selectivity. Therefore, separations are usually 
improved by optimizing the eluent composition. Moreover, the logarithm of the ca- 
pacity ratio, k, in aqueous binary eluents is approximately linearly dependent on the 
reciprocal of the absolute temperature’+. Therefore, from a practical point of view, 
research on temperature effects in RP-HPLC is not an urgent task. 

On the other hand, the retention mechanism in RP-HPLC is still a controver- 
sial topic, and progress in this field may be achieved by more detailed investigations 
on temperature effects. This has been attempted by studying enthalpyentropy (or 

5 enthalpy-reduced free energy) correlations - g. Such studies require precise retention 
data and a suitable computer program to evaluate adsorption enthalpies and their 
errors as a function of temperature. A disadvantage of this approach is that contri- 
butions to the enthalpy will affect the entropy as well. As a result, they will be masked 
to some extent in such correlations. For that reason, a straightforward interpretation 
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of enthalpy (and entropy) data seems preferable. Unfortunately, current adsorption 
models appear to be either inaccurate, or they are not readily applicablelO. A possible 
alternative might be to account explicitly for the excess data of the solute in the 
eluent bulk. Along these lines, further insight into the interactions of the solute at 
the interface between the bonded phase and the eluent can be expected, as illustrated 
previously lo on the basis of (reduced) free energies of adsorption. This approach is 
now extended to the adsorption enthalpies and heat capacities of benzene. 

As this paper deals with the adsorption of only three solutes, viz., benzene, 
nitrobenzene and phenol, in only one, rather outstanding system (LiChrosorb RP- 
l&water), its scope is limited. The choice of this particular system is based on the 
following considerations. First, it is probably one of the simplest systems. When 
aqueous binary eluents are used, a rigorous interpretation of the thermodynamic 
sorption data should account for the variation of the excess amount of (ad)sorbed 
eluent” with temperature, which will be rather laborious. Secondly, it may be a 
useful system for the examination of hydrophobic interactions in water or aqueous 
electrolyte solutions. In that case, the k values should not be affected by alterations 
in the structure of the bonded phase. Gilpin and Squires12 suggested that such phase 
changes or transitions do not occur after a heat treatment of laboratory-prepared 
octyl, nonyl and decyl silicas in water and are absent altogether from octadecyl sil- 
ica13. This conclusion seems to be based on the linear In k vermx l/T plots obtained. 
In our opinion, this argument is not self-evident. In general, it is not expected that 
partial molar heat capacities of adsorption are equal to zero in such systems. For 
that reason, it seems worthwhile to examine the effects on k values of structural 
changes in non-polar bonded phases in more detail. Thirdly, LiChrosorb RP- 1X was 
chosen as adsorbent because of its large surface concentration of bound octadecyl 
groups, effectively preventing adsorption to residual silanol groups on the silica sur- 
face underneathi0Tr4. This will facilitate the description of the retention behaviour 
of solutes of various polarities. 

THEORETICAL 

If water is used as eluent and we assume that adsorption to residual silanol 
groups can be ignored, the retention volume of ZHzO (corrected for hold-up outside 
the column) is given by 

VR,2H20 = VW (1) 

where VW is the total volume of water in the column. When we are dealing with solute 
partitioning between the RP-1X phase and the eluent, a capacity ratio, ki*, can be 
defined by 

kf = (vR,i - ~R,ZH20>/VR,ZH20 (2) 

wherein VR,i is the corrected retention volume of solute i. However, it will be argued 
below that solute molecules are essentially retained by adsorption in the interfacial 
layer between RP-18 and water. Therefore, we adopted a monolayer displacement 
adsorption model which implies that one monolayer of stagnant water, volume VW;, 



STRUCTURAL CHANGES IN NON-POLAR BONDED PHASES 43 

covers the adsorbent phase. Consequently, the volume of the mobile phase in the 
column is V, = V, - F*;. According to this model’O: 

(3) 

In this equation, ni and ni are the numbers of moles of i in the stagnant interfacial 
water layer and in the mobile eluent, respectively. The corresponding mole fractions 
are denoted by Xi and xj, and the activity coefficients by yzntnterf. and yp, respectively. 
Unfortunately, V,,, cannot be experimentally determined, because inert solutes, i.e., 
with k = 0 in eqn. 3, do not exist. Moreover, V, cannot be accurately estimated, 
because VW is not precisely known for bonded phases. It is doubtful whether their 
BET surface areas at 78°K are applicable at ambient temperature. Therefore, ki has 
to be replaced by k:. As FJV, < 1, combination of eqns. l-3 gives: 

In (.Ui/xJ = In ki* + Fw/kTVw - In (VW,’ VW) (4) 

Because the RP-18 layer is not completely wetted by water, it can be estimated from 
the data given in the next section that Fw/Vw 5 0.04 in our column. This implies that 
the second term of the right-hand side of eqn. 4 can be omitted, provided that k* 
2 4. This condition is amply met in this work. Therefore, according to the monolayer 
adsorption model, the partial molar free energy, entropy and enthalpy of adsorption 
are evaluated from: 

AC, E -RT In (Si/xi) = -RT In kT + RT j3 (5) 

AS, = Rink; + RTdInk;/ZT - R/3 (6) 

Ai?= = RT2 d In k;jaT (7) 

Notice that p (= In F&/VW) is assumed to be independent of temperature. In this 
respect, the RP-18 layer is treated as a solid adsorbent. However, contrary to solid 
adsorbents, the thermodynamic adsorption data on alkyl silicas may be affected by 
alterations in the structure of the interface, as will be shown below. 

EXPERIMENTAL 

Chemicals and adsorbent characterization 
The solutes were of the highest available purity. Water was distilled twice and 

degassed before use by saturation with nitrogen, followed by sonication. The LiChro- 
sorb RP-18 (E. Merck, Darmstadt, F.R.G.) was taken from the same batch as used 
previously lo and has an ODS surface concentration equal to 4.4 pmoles/m2. In view 
of its large ODS content, the layer may have been slightly polymerized during the 
silylation reaction. 
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Apparatus and procedure 
The eluent delivery system consisted of an Orlita DMP 151513 diaphragm 

pump and two pulse dampeners in series. The four-port Valco sample valve was 
equipped with a 3-~1 loop. The heat exchanger capillary tube (25 cm X 0.2 mm I.D.) 
and the column (precision-bore stainless steel, 25 cm x 2.1 mm I.D.) were surround- 
ed by a water-jacket and thermostatted by a Colora cryostat to within 0.05”C. The 
column temperature was measured with calibrated Anschiitz thermometers to O.l”C. 
Solute detection was performed with a Coleman M55 UV-visible spectrophotometer. 
The retention volume of *HZ0 was monitored with a Waters R401 refractometer 
detector. After the eluate had been thermostatted at 25°C by means of a heat ex- 
changer, the flow-rate was continuously monitored with a siphon counter (Waters 
Assoc., Milford, MA, U.S.A.), which was calibrated daily and at any flow-rate. The 
column was packed by a slurry packing technique. The slurry [ 10% (w/w) RP-18 in 
1-propanol] was degassed and homogenized by sonication, and forced into the col- 
umn with 300 ml of hexane at 350 atm. Next, 100 ml of acetonitrile and 200 ml of 
methanol were successively flushed through the column. The weight of adsorbent in 
the column was 0.442 g. 

The void volume of the column, VO, was determined by picnometry with car- 
bon tetrachloride and n-hexane and appeared to be 725 ~1. The hexane in the column 
was replaced by methanol, as described above. At 5°C about 300 ml of water were 
required to remove the methanol from the column [verified by means of gas chro- 
matography (GC)]. At higher temperatures, a negligible amount (2 ~1 in total) of 
entrapped’ 5 methanol was released from the RP-18 phase. At the applied column 
pressures (loo-150 atm) the VR,+,o values appeared to be independent of pressure 

and temperature (5550°C). Above 50°C a tiny decrease of I/R,zHzO (about 25 ~1) could 
be inferred from a gradual shift of the UV peak of *Hz0 (not to be used for absolute 
VR measurements). In the range 5550°C V R,‘u,o amounts to 640 ~1 on the R-layer, 
and 615 ~1 on the S-layer at all temperatures (layer notations as in the next section). 
As S,,, = 171 m2 per g adsorbentlO, pw/ VW 5 0.04 in eqn. 4 because of incomplete 
wetting of the RP-18 layer by water. 

Capacity ratio measurements were started after the removal of methanol by 
water at 5°C and were carried out at 5”-intervals up to 85°C. The solute sample size 
was d 5 pg. The shape of the peaks was virtually symmetrical, except for phenol 
above 75°C. A temperature equilibration period of 3 h appeared to be necessary in 
order to achieve a long-term reproducibility of the capacity ratios of l-2%. Capacity 
ratios were calculated from eqn. 2. For convenience, these k* data will be denoted 
by k in the following. It was verified that k is independent of flow-rate in the range 
0.3-l .5 ml/min. 

RESULTS AND DISCUSSION 

Structural changes in the bonded-phase layer of LiChrosorb RP-18 

Experimental In k data of benzene, nitrobenzene and phenol are plotted verms 
l/Tin Fig. 1. These plots are comparable with those obtained for phenol or resorcinol 
on octyl, nonyl and decyl silicas by Gilpin and Squires12, but our results on LiChro- 
sorb RP-18 strongly deviate from those on laboratory-prepared octadecyl silicas 
where Gilpin and Sisco13 obtained essentially linear plots of In k versus l/T for 
phenol. Before discussing this dissimilarity, attention is turned first to some features 
of the retention on LiChrosorb RP-18. 
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Fig. 1. Plots of In k wws 1 /T for benzene (a), nitrobenzene (b) and phenol (c) on the R- and the S-layers 

of LiChrosorb RP-18. 

An increase of the column temperature (initially at 5°C) causes a steady de- 
crease of In k (upper curves in Fig. 1). However, when the column is slowly cooled 
from 50 to 25°C the In k values at 25°C are not in accordance with the upper curves 
but are, in between the upper and the lower curves. On the other hand, when the 
column temperature is maintained at 50°C for about 24 h, the k values remain un- 
changed. Obviously, on heating, some irreversible change of structure in the RP-1X 
layer occurs, which is counteracted by a stabilizing effect, probably due to hydro- 
phobic association of octadecyl chain ends that are in contact with water. Further 
heating of the column to 279°C and successive cooling yields In k values that lie on 
the lower curves, whatever temperature changes are further applied, provided that 
they are sufficiently slow. Apparently, the irreversible phase-transition is finished at 
79°C. In the following, the RP- 18 layer of the higher and that of the lower adsorptive 
strength will be denoted as the R- and the S-layer, respectively. The heat-induced 
alteration in the adsorptive properties of LiChrosorb RP-18 cannot be ascribed to 
(thermal) decomposition. After flushing the column successively with methanol and 
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with water (200 ml of each), the k values obtained are within error equal to those 
obtained in the first measuring cycle. In total three cycles were performed. Thermal 
stability has also been established by Gilpin and Squires. 

As far as the structure of the R-layer is concerned, we agree with previous 
proposals12. It is assumed that in methanol the RP-18 structure is rather chaotic. AS 
a result of the abrupt switch from methanol to water, the RP-18 layer instantly 
collapses, due to reinforced hydrophobic association, and a rather rough surface 
layer is formed (Fig. 2A). On heating, the kinetic energy of the alkyl chains increases 
and the R-layer will gradually expand to a less dense, bristle-like phase (Fig. 2B). 
According to Gilpin and Squires l2 this configuration is maintained on cooling, and 
the space among the alkyl chains is occupied by water molecules. However, from an 
energetic point of view, this picture seems less plausible for RP-18 layers. In our 
opinion, the bristle phase steadily collapses on cooling to an S-layer with a smooth 
surface that consists of more or less regularly associated alkyl chains (Fig. 2C). Con- 
clusive evidence for this dynamic behaviour is obtained from the following experi- 
mental facts. Significantly larger In k values were found after rapid cooling from 79 
to 10°C than those obtained after very slow cooling, i.e., than those on the lower 
curves in Fig. 1 at 10°C. Only the k values of phenol are apparently unaffected by 
the cooling rate. Further, we observed that solute molecules can be trapped in the 
RP-18 layer on rapid cooling. After a sample injection at 80°C the eluent flow was 
stopped and the column was abruptly cooled to 25°C. The pump was then actuated 
again and the solute peaks were recorded. The column was heated to 80°C at zero 
flow-rate and, finally, the entrapped part of the sample was eluted and recorded. 
From the peak areas in the two chromatograms and the k values it is estimated that 
about 20% of the sorbed solute molecules entered the bristle phase to some depth. 
The remaining 80% of the solute is sorbed into, or quite close to, the interfacial layer 
between RP-18 and water. Thus, even at high temperatures, solute retention on Li- 
Chrosorb RP-18 is mainly controlled by an adsorption mechanism. This unexpected 
result is attributed to two effects: 

(B) 

Cc) 
Fig. 2. Schematic illustrations of the R-layer (A), the bristle layer (B) and the S-layer (C) on LiChrosorb 
RP-18. The layer densities probably differ less than is suggested. 
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(1) Morel and Serpinet l6 showed that solute partitioning on “molten” RP-18 
layers prevails in GC columns at temperatures above 27°C. Below about 7°C solute 
molecules are adsorbed on a “crystalline” RP-18 surface. However, a thin coating 
of a polar liquid, like glycerol, appears to raise the melting range by about 10°C. This 
stabilization of the crystalline phase has been ascribed to hydrophobic association 
of alkyl chain ends by the glycerol coating 17. As it can be reasonably expected that 
the RP-18 layer is even more strongly stabilized by water, solute adsorption will 
prevail at still higher temperatures. 

(2) Solute sorption from the vapour phase and from water are also different 
in another respect. In the latter case, the free energy of adsorption is approximately 
minimal when the total surface area of a non-polar solute molecule and the alkyl 
layer that loses contact with water molecules on sorption is maximallo. As dispersive 
interactions in water and in the alkyl layer are similar18, alkane molecules will show 
little tendency to penetrate the associated RP- 18 layer. Complete immersion of polar 
solute molecules in the alkyl layer is even less likely, because favourable polar inter- 
actions with interfacial water molecules would be lost. 

According to these considerations, flat adsorption to the S-layer i.e., with an 
as large as possible portion of the molecular surface exposed to the S-layer, will 
occur. As the R-layer is assumed to have a slightly diffuse surface structure (see Fig. 
2), solute molecules may be partly enclosed by a free alkyl chain end. This improved 
solute-adsorbent contact probably explains the relatively high adsorptive strength of 

the R-layer. 
Finally, the different retention behaviour on the laboratory-prepared RP-18 

adsorbents examined by Gilpin and Sisco13 and that on LiChrosorb RP-18 will be 
discussed. From the increase in on-set temperatures of the phase transition with 
increasing chain length, Gilpin and Squires’ 2 concluded that a transition in a RP-18 
phase in water is not expected below about 140°C. In view of our results, such extra- 
polation is erroneous. By relating their [k(R) - k(S)]/k(R) data to the ratio 
%C/n,, i.e., the weight of bound carbon per gram of adsorbent divided by the number 
of carbon atoms of the alkyl chain, we found that an irreversible transition in the 
RP-18 layer is not apparent from In k values as long as %C/n, 50.9. Because %C/n, 
< 0.88 for the RP-18 phases examined by Gilpin and Sisco13, it is expected that the 
R- and S-curves will coincide, as is indeed observed. However, it is true that on 
LiChrosorb RP-18 .%C$z, = 1.14, although the specific surface area of the parent 
silica of the latter is smaller than that used by Gilpin. Obviously, the different reten- 
tion behaviour on the two adsorbents is connected with the larger surface concen- 
tration of alkyl chains on LiChrosorb RP-18. 

It is noted that the curvature of the In k ver.ruS l/T plots in Fig. 1 need not be 
connected with a transition in the alkyl layer. For benzene a similar curved plot is 
obtained for the activity coefficients in water (see eqn. 3), and hence a plot of In (k/y”) 
veTSUS l/T is approximately linear. Therefore, conclusive evidence about the occur- 
rence of structural alterations in bound alkyl layers in water cannot be based on the 
shape of Van ‘t Hoff plots, as was suggested by Gilpin and Squiresl*. 

The influence of the alkyl layer structure on the plate height is not significant. 
Only phenol gave skewed peaks above 70°C. Probably, residual silanol groups be- 
come accessible for adsorption at high temperatures. 
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Curve fitting results 
Taylor’s series expansions and T-polynomials were fitted to experimental In k 

values at T < 348”K*, and to solubility data of benzene in water (In x,,~.) and dis- 
tribution coefficients of benzene between the perfect vapour phase and water (lnflx), 
given by Franks et aE.lg. The six constant Taylor’s series expansion readGo 

+ ; (d2Ac,/8T2)e 

+ 7”f (L?3ACp/ZT3)8 [Q - 6($ + 18; 

- 10 - 3 i - 12 In f 
( )I 

and can be rearranged to the six-term relation: 

RlnX= A + BT-’ + ClnT+ DTf ET2 + FT3 

(8) 

(9) 

The T-polynomial of m + 1 terms is given by: 

R In X = i ajTi (10) 
i=O 

In these equations X denotes kVwii?w, x,,~. or f/x; 8 is a reference temperature (“K) 
and m Q 6 (eqn. 10) in this work. The minimum numbers of terms in eqns. 8 and 10 
required for an optimum fit to the data is estimated by means of the usual criteria: 
(1) the standard error of fit (s) should be minimal; (2) if sz of a z + l-term polynomial 
fit is not significantly smaller than that of a z-term polynomial fit (to be judged from 
an appropriate F-testzO at a confidence level of 95%), the z-term equation is pre- 
ferred. Standard errors of fit for various numbers of terms involved in eqns. 8 and 
10 are given in Table I. From the results the following conclusions can be drawn: 

(i) When two terms are involved, eqn. 10 offers the best fit. Current chromato- 
graphic practice for obtaining enthalpy data from Van ‘t Hoff plots (eqn. 8 with 
AC, = 0) is not recommended when water is used as eluent. 

* Data at T > 352”K, i.e., on the bristle phase, are not employed in order to avoid inconsistent 
curve-fitting results. 



STRUCTURAL CHANGES IN NON-POLAR BONDED PHASES 49 

TABLE I 

STANDARD ERRORS OF FIT, s, FOR VARIOUS NUMBERS OF TERMS IN EQNS. 8 AND 10 
FOR SEVERAL DATA SERIES FOR BENZENE, NITROBENZENE AND PHENOL, AND THE 
NUMBER OF TERMS FOR AN OPTIMAL FIT TO THE DATA, z 

Solute Parameter n Ep. 

Benzene 

Nitrobenzene 

Phenol 

In (#Yx) 

In x,,~. 

In k (R) 

In k (S) 

In k (R) 

In k (S) 

In k (R) 

In k (S) 

31 8 61 6.4 6.5 6.6 4.4 6 

10 10 9.7 6.5 6.5 4.4 4.5 

31 8 53 6.1 6.2 6.2 4.6 6 

10 46 7.2 6.2 6.1 4.6 4.7 

17 8 56 14.1 14.2 14.3 14.9 3 
10 41 13.7 14.2 14.3 14.9 15.5 

22 8 73 16.9 14.0 10.8 11.1 5 
10 61 20.3 13.3 11.1 11.2 11.3 

16 8 41 11.6 11.9 11.0 10.5 6 

10 14 11.8 11.8 10.8 10.7 9.0 
21 8 29 12.1 12.2 11.2 9.0 6 

10 13 12.2 12.1 10.9 9.1 9.1 

14 8 58 17.8 15.6 11.1 11.6 5 

10 29 19.4 14.1 11.4 11.5 12.1 

23 8 43 19.7 17.8 18.3 14.2 6 
10 23 20.4 17.9 18.4 14.5 14.2 

s IO3 for various nos. of terms in 
eqns. 8 and 10 

z 

2 3 4 5 6 7 

(ii) When three or more terms are involved, eqn. 8 (or 9) fits the data equally 
well (or even better) than eqn. 10. Franks et al. l9 claimed that eqn. 10 is superior 
but omitted to adduce arguments in support of this conclusion. Apart from that, our 
enthalpies and heat capacities from In (J/x) data obtained with eqns. 8 and 10 are in 
excellent agreement with their results. 

(iii) The optimum number of terms, z, in eqns. 8 and 10 is given in the last 
column of Table I and appears to range from three to six for the In k data series. 

TABLE II 

STANDARD PARTIAL MOLAR EXCESS FREE ENERGIES, EKTHALPIES, ENTROPIES AND 

HEAT CAPACITIES FOR BENZENE IN WATER. AND THEIR STANDARD DEVIATIONS 

10 4403 f 1 -0.30 f 0.07 ~ 16.6 * 0.2 -17 i 23 
15 4486 f 1 -0.21 f 0.04 -16.3 + 0.1 44f9 
20 4565 f 1 0.10 f 0.05 - 15.2 =k 0.2 76 =k 5 
25 4638 f 1 0.51 f 0.03 -13.9 * 0.1 84 f 6 
30 4703 l 1 0.92 f 0.03 -12.5 i 0.1 77 f 5 
35 4763 k 1 1.27 f 0.03 -11.4 i 0.1 61 f 4 
40 4817 & 1 1.53 f 0.03 -10.5 * 0.1 45 * 4 
45 4868 f 1 1.72 f 0.03 - 9.9 i 0.1 34 f 5 
50 4916 i 1 1 Q” 1 0.04 - 9.4 f 0.1 37 f 6 
55 4962 f 1 2.13 f 0.05 - 8.6 i 0.2 61 f 6 
60 5002 i 1 2.55 + 0.05 ~ 1.4 f 0.2 112 f 14 
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Because z is susceptible to small systematic experimental errors, this result is not 
surprising. Possible artifacts due to this uncertainty in z (+ 1) can be avoided by 
omitting computer results within the lower 10” and the upper 1.5” of the examined 
temperature range. The s values obtained for the various z-term polynomials are in 
accord with estimates of the experimental error (0.5% of .x,~~. and l-2% of k). 

Smoothed AC, AI??, As and AC?, values for the various data series as well as 
their standard deviations, evaluated from eqn. 8, are given in the Tables II and III. 
It should be borne in mind that, due to the dynamic behaviour of both RP-18 layers, 
In k values at different temperatures refer to more or less different adsorbent struc- 
tures. Consequently, the thermodynamic adsorption data on these layers will deviate 
from those on rigid adsorbents of a similar chemical constitution. For that reason, 
we have occasionally assigned the predicate “apparent” to our data. 

Enthalpy~mentropy correlation 
It is easily shown from the Gibbs equation, AG, = Aga - TAS,, that 

effects of a temperature change on AH, and on AS, are related by the equation: 

(11) 

As the experimental error of AC, data is relatively small, this equation also relates 
the errors of ARa to those of AS,. When AJTi, is plotted versus A& for a series of 
solutes and the slope of this plot is close to the experimental temperature, T, it is 
often hard to establish whether such a correlation is a consequence of physico-chem- 
ical causes or merely due the (usually large) experimental errors. Therefore, Krug et 
a1.21*22 proposed to correlate AG/T, instead of AS, with AH data 

+ AG, (T = z)lr (12) 

where T is the isokinetic (or compensation) temperature. In eqn. 12 AG,jT and de,/7 

at T = z may be replaced by the corresponding -R In k data (see eqn. 5). Because 
the R In k w. ARa correlations for our experimental data are poor on both the R- 
and S-layers, no more can be concluded from eqn. 12 than at least one of the three 
solutes shows a deviating retention behaviour. From eqn. 11 (and eqns. 57) it is 
clear that enthalpy data offer the best prospect for improvement of the description 
of solute adsorption in the RP-18--water system. 

Influence of the structure qf the RP-lX&vater inter:fhce 

In Fig. 3, AAfT, = AI?, (R) - ARa (S) data are plotted versus T. Obviously, 
the shapes of the curves are connected with the polarity of the solutes. The AABa 

values of nitrobenzene steadily decrease with increasing temperature, those of the 
very polar phenol go through a minimum, whereas those of the non-polar benzene 
tend to a maximum. These results clearly illustrate the pronounced effect of the layer 
structure on the enthalpic contribution to solute retention. The relatively large 
- AAna value of benzene at 15°C may be due to the better soluteeadsorbent contact 
on the R-layer. At higher temperatures the R- and the S-layers are more alike and, 
accordingly, -A AH, becomes smaller. The influence of (changes of) the layer struc- 
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Fig. 3. AAga s Ai?Ta (R) - Aga (S) as a function of temperature for benzene (a), nitrobenzene (b) and 
phenol (c). The standard errors of the data described by the curves are GO.2 kcaljmole. 

ture on Af7, values of polar solutes is far more complex. Polar interactions in the 
interface may deviate from those in water 14. Note that the characteristic curve pattern 

in Fig. 3 is not apparent from the curves in Fig. 1. This is a result of entha;py/entropy 
compensation effects. Obviously, the extent of compensation depends on the solute 
polarity. 

Influence of cavity formation, hydrophobic hydration and solute polarity 
In order to obtain a better insight into the adsorption of non-polar solutes 

from water, the phenomena that attend the transfer of benzene molecules from ben- 
zene to water will be reviewed briefly. The standard partial molar excess free energy 
connected with that process is given by: 

AGE E RT In 7” z -RT In .x,,~. (13) 

As the mole fractional solubility of benzene in water, x,,~., is very small, concentration 
effects on the activity coefficient, y”, may be neglected. At 25”C, AGE = 4.64 kcal/mole, 
Ap = 0.51 kcaljmole and A,!!? = - 13.9 callmole . “K (see Table II). The large 
-AF values of non-polar solutes, like benzene, in water have been ascribed to a 
diminished freedom of motion of the water molecules in the hydration shell around 
a solute molecule, relative to that in the water bulkZ3. As ARE is rather small, the 
strongly positive AGE values of benzene and other non-polar molecules are mainly 
due to entropy effects on this hydrophobic hydration in waterz4-*‘j. On adsorption, 
a number of water molecules are transferred from the hydration shell to the less- 
ordered bulk water. Accordingly, positive A,% and negative AC, values are expected 
and obtained (see Table III, benzene), and adsorption from water is essentially an 
entropy-driven process25. As it is expected that the order in the hydration shell will 
decrease with increasing temperature, it is not surprising that A.F and ARE increase 
with temperature and that AC; is positive (see Table II). Accordingly, As, and Ai?, 
will decrease with increasing temperature and Acpa is negative, as is indeed observed 
on both layers (see Table III, benzene). 
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Although this reasoning ostensibly agrees with the experimental results, it has 
a serious shortcoming in that it ignores the contribution of cavity formation to the 
excess data. Shinodaz7 obtained the following rough estimates for benzene at 25°C: 

A &“. % 8.1 kcaljmole and A$,,,. z 7.2 Cal/mole f “K. Combination with the excess 

data yields the contribution of hydrophobic hydration: Aph z - 7.6 kcal/mole and 

A& z -21.1 Cal/mole . “K, giving AGh cc - 1.3 kcal/mole. Note that these sub- 

stantial contributions of A& and A&, largely cancel in the AGE data. Complete 
enthalpy/entropy compensation of hydration effects has been predicted by Ben- 
Naim2*. Also, Patterson and Barbe 29 have discussed compensation effects on or- 
der/disorder phenomena and, in essence, the present results from Shinoda’s model 
confirm their conclusions. Evidently, the major driving force for hydrophobic 
benzene-adsorbent interaction originates from the free energy of cavity formation 

(AG,,,,. = 5.95 kcal/mole from the above data). As part of the solute-adsorbent 
complex loses contact with water, AGa will be negative. Hydrophobic hydration is 
clearly not the impetus for solute adsorption. Notice that this conclusion is just the 
opposite to that implied in the first-mentioned trend of thought. 

Next, let us consider the temperature dependence of the excess data more 
closely. In Fig. 4, AC?“, ARE, TAF and AC: data, given in Table II, are plotted 
versus T. The increase of ARE (and TAF) with temperature is due to the steady 
removal of order in the hydration shells around the benzene molecules in water. The 
decrease of AC: within the 25-48°C range is connected with a transition in the water 
structure that causes an increase of the number of water molecules in the “ordered” 
hydration shells19. As a result, the ARE and TAf? curve shows an inflection point 
at about 48°C. Note that the characteristic sigmoidal shape of these curves is no 
longer apparent from the AC? curve. This confirms that effects of structural changes 
in the bulk water on the hydrophobic hydration completely cancel in the excess free 
energyz8. 

The above results can be related to the adsorption data by considering the 
excess data for the RP-l&water interfaces (denoted by index a/w). The relevant data 
are obtained from the equation 

where Y denotes G, H, S or C,. They represent (apparent) partial molar quantities 
for the transfer of an infinitely small amount of benzene from benzene to the RP- 
18-water interface. Interestingly, the ACFa:w and A&+. curves have analogously sig- 
moidal shapes as those for the corresponding excess data in the bulk water (Fig. 
4). Association of benzene molecules with the R- and S-layers results into two 

Ac:a,W curves that run nearly parallel to the AC: curve within the transition region 
of water. This result is compatible with solute adsorption at the interface of the 
RP-18 layers. As our ACpa data do not show a characteristic relative maximum at 
about 48°C the effects of the transition in water on the adsorption data cannot be 
established. But, if present, these effects are compensated in AGfp - RTfl (= RT 
In y”/k), which increase almost linearly with temperature (see Fig. 4). Interestingly, 
a In (y”/k)/BT appears to be very small, particularly on the S-layer (about 0.004 per 
“K). This clearly illustrates the importance of eluent effects on solute adsorption. 
Mean A&. values on both layers appear to be independent of temperature within 
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t- 

Fig. 4. AI?, Ai?, TAP and dT: for benzene in water, and Acfi, - RTP, AR& and .A(?:_ for benzene 
(transfer from benzene to the R- or S-interface of LiChrosorb RP-18-water) as a function of temperature. 
The standard errors of the plotted data are ~0.15 kcal/mole (AH and TAS) or <25 caljmole “K 
(AC,). 

0.4 kcalimole. According to Shinoda’s concept (with Acpcav, = 0 Cal/mole . “K), this 
implies that the observed decrease of Alla with increasing temperature largely orig- 
inates from the increase of dnr, (reduction in order in the hydration shell). Of course, 
alteration of the adsorbent structure will affect Alla as well. Analogously, we have 
pointed out that the decrease of AC?, and TA!?, with increasing temperature is gov- 
erned by the increase of AGE and TAF, respectively. 

From the foregoing it is concluded that cavity formation and hydrophobic 
hydration effects in the bulk water significantly contribute to A&, Ana and Acpa. 
But the values of AG, are mainly governed by the partial release of the positive free 
energy of cavity formation of benzene in the mobile eluent. A more sophisticated 
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-6 c 

Fig. 5. Afla values of benzene (a), nitrobenzene (b) and phenol (c) on the S-layer of LiChrosorb RP-18 
in water as a function of temperature, 

model is required to estimate the latter more accurately. The rather simple description 
of the adsorption data in terms of excess data is connected with our choice of the 
standard state of the adsorbed solute, i.e., the pure bulk solutelo. 

Comparison of the AR= values of nitrobenzene and phenol with those of ben- 
zene (see Table III) suggests that the polar NO2 and OH groups contribute consider- 
ably to the (apparent) enthalpy in favour of adsorption, even at the less perturbed 
S-layer-water interface (see Fig. 5). But these contributions are largely offset (for 
nitrobenzene) or even overshadowed (for phenol) by negative entropy increments. 

Because of their “apparent” character, the results have been described, rather 
than explained in detail, in the foregoing discussion. In our opinion, this restriction 
may be appropriate to other dense RP bonded phase-water systems. Recently, a 
more rigorous treatment of adsorption data in such systems has been outlined by 
Elkoshi and Grushka30. However, it is questionable whether the necessary require- 
ments concerning bonded phase rigidity and absence of accessible silanol sites, pre- 
supposed in their interesting approach, can be simultaneously fulfilled. It is worth 
noting that adsorption and hydrophobic interaction should properly be distin- 
guished3 O. 

The occurrence of reversible transitions or structural alterations is not excep- 
tional in dense, bonded-phase layers. Morel and Serpinet16,17 examined transitions 
on alkyl layers on silica in GC columns. Riedo et aL3* observed transitions on mixed 
crystal phases, consisting of bonded alkyl and n-alkane chains. Kessaissia et aI.32 

reported low-temperature transitions on moderately dense alkyl layers and associated 
them with glassy transitions in semi-crystalline polythene. In various nitrophenyl- 
aminobutyl layers on silica the extent of association between the polar ligand groups 
appears to depend on the column temperature and on the eluent polarity33. 
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CONCLUSIONS 

When (pure) methanol in a LiChrosorb RP- 18 column is abruptly removed by 
water, a “rough” interfacial RP-18-water layer of relatively high adsorptive strength 
is obtained. On heating at temperatures up to 79°C this layer shows an irreversible 
transition to a more or less ordered, bristle-like configuration. On cooling, this bristle 
phase reversibly collapses to a “smooth” layer of regularly associated RP-18 chains, 
which shows a relatively low adsorptive strength. Even on the less dense bristle phase, 
solute adsorption into (or close to) the RP-l&water interface prevails. Results on 
octyl, nonyl, decyl and octadecyl silicas indicate that irreversible phase transitions 
are only apparent at a sufficiently high surface concentration of bound alkyl chains. 

The In k versus l/T plots of benzene, nitrobenzene and phenol are curved for 
both the “rough” and the “smooth” RP-18 layer. These In k values are equally well 
described by Taylor’s series expansions and by T-polynomials of an equal number 
of terms (2 3). 

Apparent enthalpic and entropic contributions to the solute retention strongly 
depend on the structure of the RP-18~ water interface. This effect appears only partly 
to cancel in the free energies of adsorption. The values of the free energy of adsorp- 
tion of benzene are mainly governed by the (partial) release of the free energy of 
cavity formation in the bulk water. Cavity formation as well as hydrophobic hydra- 
tion effects in the bulk water significantly contribute to the enthalpy and heat capacity 
of adsorption. In comparison with benzene, both nitrobenzene and phenol show 
strongly negative (apparent) adsorption enthalpies and entropies. 

A rigorous quantitative interpretation of adsorption data on alkyl bonded 
phases requires a detailed knowledge of the surface structure of these phases. 
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