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SUMMARY

Standard thermodynamic quantities for the interaction of #-alcohols with oc-
tyl-agarose in aqueous mixtures of methanol, ethylene glycol and urea are calculated
from retention data at different temperatures. The use of Van ’t Hoff plots is dis-
cussed. Results are compared with literature data and are interpreted with a simple
model of hydrophobic hydration.

INTRODUCTION

This paper is the third in a series on the influence of organic additives in
hydrophobic interaction chromatography with octyl-agarose. So far, we have studied
the properties of the layer of octylglycidyl groups (OG) at 25°C. It was concluded
that the retention can be described by a liquid-liquid partition model. The layer of
OG has liquid properties closely resembling those of #-octanol. The variation of the
partition constant with the composition of the eluent is caused solely by the variation
of the activity coefficient of the solute in the eluent?, even if the co-solvent is strongly
sorbed by the stationary phase?2.

The present paper describes the influence of the temperature on the chromato-
graphy of n-alcohols in aqueous mixtures of methanol, urea, ethylene glycol and, for
the sake of comparison with (scarce) literature values®, in a single water—dimethyl-
formamide (DMF) mixture. The first three are of interest in chromatography, as they
have been used to elute sorbed protein*—¢, and DMF has been proposed as a reference
co-solvent in calorimetric determinations of enthalpies of solution’. Thermodynamic
standard quantities can be calculated from the temperature dependence of the mea-
sured elution volumes. The standard states of the solutes in the layer of OG are not
subject to variations of sorbed amounts of additive with temperature, or with eluent
composition, because of the low affinity of these co-solvents for the layer of OG. The

0021-9673/86/$03.50 © 1986 Elsevier Science Publishers B.V.



20 P. M. BRANDTS, W. J. GELSEMA, C. L. DE LIGNY

decrease of the retention with increasing amounts of co-solvent can then be inter-
preted by a simple model, and the results can be compared with literature data on
the vaporization of the n-alcohols from the partly aqueous solvents.

The thermodynamics of the interaction in an aqueous 25 mM phosphate buf-
fer® has been described before. It was demonstrated that the values of AH®, AS° and
A4C;, show all the characteristics of the transfer of an apolar solute from water to an
organic medium, closely resembling n-octanol.

THEORETICAL

It is our aim to calculate values of 4G°, AH®, AS° and 4Cj (henceforth denoted
as AX") from the variation of the retention volumes with temperature and to interpret
these data as a function of the amount of co-solvent in the eluent. First, a discussion
about the difficulties and the reliability of the method is given.

It is obvious that the standard state of a solute in the stationary phase must
preferably not depend on the possible variation with temperature of the sorbed
amounts of co-solvent, W} 4 (grams of A per gram of OG groups). Such a variation
would have a temperature-dependent impact on the retention volumes that would
lead to corresponding trends in values of AG®/T as a function of 1/T and, hence, to
values of 4X® that are difficult to interpret. It should be noted that such difficulties
occur particularly with batch partition experiments in, e.g., the octanol-water system.
For in those systems, contrary to the chromatographic system with its bonded phase,
the organic phase also may dissolve in the aqueous phase. Further, the experimental
problems associated with batch partition experiments are much larger.

Fortunately, there exists a class of co-solvents that do not sorb on the layer of
OG, i.e. electrolytes and highly polar organic substances such as sucrose and urea.
In that case, the properties of the adsorbent resemble those of pure n-octanol at the
same temperature, irrespective of the amount of co-solvent in the eluents, thus the
same standard state in the stationary phase holds at all eluent compositions and
temperatures. With methanol or ethylene glycol, however, where W; 4 is not exactly
zero, the possible influence of a small amount of these co-solvents in the layer of OG
needs careful attention before the results are interpreted (see Results and discussion).

The density, dog, of the stationary phase is another topic that deserves atten-
tion. In previous papers!-2, the mole fraction partition constant Ky 5 has been proved
suitable for the description of the chromatographic system at a constant temperature.
The value of dog is eliminated in that quantity. However, the temperature dependence
of —RT In Ky g cannot be used for the calculation of readily interpretable values of
AX®: the variations of the densities of the eluents with temperature and composition
differ considerably from one eluent to another. This leads to artificial trends in values
of AX°. Rather, it has been pointed out® that the molarity distribution constant, Kp,
should be used. This implies that we have to face the problem of the unknown value
of dog. Fortunately, it will be seen that various realistic assumptions about the value
of dog lead to very small differences in the calculated values of 4X3¢. In the following
paragraph, the standard free energy of transfer of 1 mole of B from an infinitely
dilute solution in the eluent to the stationary phase, 4Gg, is calculated, taking a
small amount of sorbed co-solvent into account.
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Calculation of AGyg
We assume that the chromatographic conditions do not differ significantly
from the standard state of infinite dilution. The distribution constant Ky is given by
cB,og nB,og/ Vog

Ky = 2% = oo )
i cB,aq nB.sq/ Vaq

Here, cp denotes the concentration of a solute B (mol 171), ¥V, and V,, are the
volumes of the stationary and the mobile phase in the column, respectively, and ng
denotes the number of moles of B. ¥, can be approximated as the sum of the volumes
of the pure constituents: octylglycidyl (Vog) and sorbed additive (Vo). If we sub-
stitute in egn. 1 the expression for the capacity ratio, kg

Np,og - Ve — V°

kg = (2
P e o @
we have
Ve — V°
Ky = —S— 3
® Vo + Vaor ©)

Here, V° denotes the elution volume of a supposedly unretarded compound (hence
V® = V,q see ref. 1) and ¥, that of B. Substitution of the expression for the specific
retention volume!, V; = (V. — V°)/wog (Wog denotes the weight of OG groups in
the column) and transformation of volumes into amounts yield an expression for Kp,
from which 4G%¢ can be calculated as

4Gy = —RTIn V, + RT In [dod + W3adi'] 4)

Here, dog denotes the density of the layer of OG and d, that of the pure additive (g
ml~?). Thus 4G3g can be calculated from specific retention volumes at different
temperatures, provided that values of W73, ., da and dog are known at those temper-
atures. It follows from eqn. 4 that the methylene increments of 4AG3q can be obtained
from specific retention volumes only:

AG:)G,CHZ = —RTIn Vu,n/ Vg,n -1 (5)

where n denotes the number of carbon atoms. (Of course, this elimination of dog and
W, does not lead to the nullification of the influence of sorbed additive on the
methylene increments. .

A particularly simple situation exists if the sorbed amounts are too small to
have any influence on the values of 4G3¢. In that case, ambiguity about dog can be
avoided by calculating the change of 4G with changing eluent composition, from
retention volumes only. From this change, and literature data on the free energy of
hydration, the free energy of solvation in the partly aqueous eluent can then be
calculated. The calculations proceed as follows. It holds that

4Gy = AG? — AGE 6)
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Here, 4G denotes the free energy of solvation of 1 mole of solute in the layer of OG
(transfer vacuum — layer of OG) and 4G} that in the partly aqueous eluent. Note
that 4GS in eqn. 6 is independent of the eluent composition in the considered case.
From eqn. 6

AGy = AGY — 4Gy + 4GEe @)

where the asterisks refer to the values in a pure aqueous eluent, and substitution of
eqn. 4 transforms this into

AGh = AGY + RTIn (VyVy) | ®)

EXPERIMENTAL

The experimental procedure has been described before!-8. Special care was
given to preventing vaporization of the eluent constituents.

The elution peaks were symmetrical at temperatures above 0°C. Below this
temperature, in aqueous methanol, Cy = 0.098 (grams of A per gram of eluent) peak
shape changed drastically and serious tailing was observed. Here, the layer of OG
might lose its liquid properties. Such phase transitions in bonded layers have been
observed before!%:1! in reversed-phase high-performance liquid chromatography.

With two eluents, i.e. the highest concentration of urea and ethylene glycol at
t > 25°C, the bascline stability was problematic. We were forced to increase the
sample dose to 1 mg. This hardly affected the accuracy. However, measurements with
higher homologues than #n-octanol were not possible owing to long-term drifts.

RESULTS AND DISCUSSION

Table I lists values of V (millilitres per gram of OG groups) of n-alcohols on
octyl-Sepharose CL-4B at various temperatures. The precision of these values is es-
timated to be ca. 0.4 ml g™* or 0.8%, for small and large values of V;, respectively.
Control experiments with unsubstituted Sepharose showed no significant contribu-
tion of agarose to the retention. Before applying eqns. 4-8, we shall first discuss the
possible influence of small amounts of additive in the layer of OG.

Influence of sorption

As we stated before, with some organic co-solvents W3, is not exactly zero.
Of the four additives, methanol probably has the largest affinity for the layer of OG.
This can be inferred from the values of the octanol-water distribution constants:
methanol, 0.1512; DMF, 0.10%3; urea, 0.08'4; and ethylene glycol, 0.012!5. Therefore,
the following discussion about methanol a fortiori holds for the other co-solvents.

The influence of sorption may become manifest in two different ways: (i) in
the change of the amount of stationary phase with temperature (this effect is ac-
counted for in eqn. 4); (ii) in the change of the nature of the layer of OG.

(i) From the data in Table I, for the model substance n-octanol in methanol—
water eluents, we used eqn. 4 to calculate different estimates of 4Gyg/T at each
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TABLE 1
SPECIFIC RETENTION VOLUMES OF n-ALCOHOLS ON OCTYL-SEPHAROSE CL-4B

Additive (A) Cy t Number of carbon atoms in model substance
(°C)
5 6 7 8 9 10
Methanol 0.000 42 128 46.3 172 641

104 139 50.9 189 700
180 159 57.9 211 775
25.7 175 62.6 225 814
329 184 66.1 233 827
403 189 68.5 239 832

Methanol 0.098 56 117 40.7 148 532 1869
9.8 136 43.3 152 543 1897

18.2 - 131 44.6 156 548 1897

26.7 134 46.4 158 534 1793

344 143 47.2 157 514 1683

428 133 46.1 148 480 1544

Methanol 0.199 34 92 36.9 126 426 1407
104 107 38.3. 120 397 1255
180 128 317 117 367 1124
257 118 36.8 112 339 996

331 110 33.7 103 303 879
404 11.6 32.8 95 272 783
Methanol 0.303 49 9.7 26.9 759 219 614 1697
92 98 26.2 733 205 567 1560
180 105 23.9 669 179 470 1247
267 68 21.7 583 148 374 940
346 83 207 514 126 314 738
432 73 19.7 46.2 107 252 605
Methanot 0.414 1.9 15.1 35.1 84.2 198 457
9.2 13.7 323 73.8 170 - 378
18.0 144 29.9 67.5 146 312
254 12.1 26.4 57.5 123 259
33.9 13.2 228 48.1 102 213
41.7 10.6 20.8 42.7 84 171
Urea 0.059 55 133 49.2 174 674

11.5 146 52.0 187 729
16.3 159 55.1 204 753
226 173 58.3 210 784
298 179 62.4 219 798
394 197 66.0 221 798

Urea 0.172 36 120 40.9 157 583
124 13.1 453 168 603
188 14.0 49.5 178 613
263 165 51.5 182 634
334 155 534 183 632
443 149 51.7 177 610

(Continued on p. 24)



24

TABLE I (continued)

P. M. BRANDTS, W. J. GELSEMA, C. L. DE LIGNY

SPECIFIC RETENTION VOLUMES OF n-ALCOHOLS ON OCTYL-SEPHAROSE CL-4B

Additive (A) C4 t Number of carbon atoms in model substance
(°C)
5 6 7 8 9 10
Urea 0.279 32 120 373 145 515
104 123 42.0 154 524
18.0 135 45 156 526
250 138 452 156 535
333 137 46.3 155 511
407 137 459 154 503
Urea 0.380 49 - 34.1 118 387
12.1 123 36.8 123 392
184 138 38.7 127 399
252 134 40.8 130 387
33.7 147 444 128 -
411 - 409 126 369
Ethylene glycol 0.153 36 111 473 175 641
11.3 119 49.9 185 674
18.1 136 52.6 195 679
253 153 55.7 192 658
341 155 56.2 190 645
426 115 55.8 187 619
Ethylene glycol 0.299 00 129 47.5 173 621
63 132 47.9 167 583
13.5 135 47.3 161 558
19.6 139 47.1 158 514
268 14.1 46.2 150 475
339 ,13.2 442 139 -
406 132 41.3 127 390
Ethylene glycol 0.440 08 137 44.2 140 464
68 128 41.8 131 416
127 126 40.0 122 382
20.7 11.6 374 111 336
298 114 35.1 100 282
394 11.6 315 84.0 230
DMF 0.331 4.0 18.9 620 175
11.2 17.5 55.2 160
19.8 17.5 51.8 139
26.2 16.9 463 122
334 16.0 41.5 109
41.2 13.6 359 92.8

experimental temperature by making various estimates of the values of dog, da and
W:, as a function of 7. From the estimates of AG3g/T we calculated
AH¥g, TASy6 and ACS o6 as before®. The results, presented in Fig. 1, show the small
influence of dog, da and W3 4. Clearly, the variation of —R In ¥y with T and with
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Fig. 1. Influence of model parameters on calculated thermodynamic standard quantities of n-octanol in
methanol-water mixtures.

(a) doe ddog Wi4 W34 ds dd,
oT aT oT
| 0.89® (©) Refs. 1 and 2 (20°C) o 0.8 Ref. 19
A 1 0 Refs. 1 and 2 (20°C) 0 1 0
[ ] 1 0 0 0 1 0
* 0.89 © Refs. 1 and 2 © 0.3 Ref. 19

(a) Full lines = AHyg; broken lines = TAS%¢.

(b) Density of octylglycidyl ether at 25°C'6.

(c) Values for octanol, ref. 19.

(d) The value of W%, is probably independent of T. This follows from the constant value of the activity

coefficient of methanol in all eluents between 40°C and 100°C (calculated fromP-X diagrams!’-!%) and

from the value of the activity coefficient of methanol in the layer of OG (i.e., near unity'). Both are not

expected to change much from 40°C to 5°C, and hence W} , can be expected to be constant.

{e) An unrealistic, very large fluctuation of W}y, with T is assumed: W(, (T°C) = Wia (20°C) x
T-20

2 20 °

i.e. a doubling of W3, per 20°C temperature increase.

Ca outweighs that of dog, da and W} s. Only an unrealistic change of W} with T
leads to different values, but even they show the same trend with eluent composition.
These results lead us to neglect the sorbed amounts of co-solvent and to take dog
= 1, which implies dropping the term RT In [doé + Wia da'] from eqn. 4.

(ii) The possibility that changing amounts of sorbed co-solvent as a function
of the eluent composition, and especially of the temperature, contribute to the change
of retention volumes must be considered in spite of the small values of W} ,. Whether
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this occurs ‘can be investigated with eqn. 6, provided that values of 4G} and AGS,
are known, as a function of the eluent composition. In that case, AG? can be calcu-
lated and tested for being constant. Values of AG3¢ have been dealt with in (i). They
are known but for a small constant term arising from dog. Values of AG can be
calculated as follows. Assuming that the vapour of the solute behaves ideally and
that its activity coefficient in the eluent equals that of a saturated solution in the
eluent!, AG}, follows from the ratio of the number density of the solute in the vapour
phase and in the saturated eluent. It holds than that ‘

RTS
AG® = AG%g — RT In—mo
06 "0 a P° My

&)
where Mg denotes the molecular weight of the solute, « is its activity when saturated
with the eluent and S is the solubility (g 17!) of the solute in the eluent, and P° (Pa)
is the vapour pressure of the pure solute.

We performed this calculation for n-octanol in methanol-water eluents at 25°C
using the data from a previous paper!. Results, listed in Table II, show that AG? is
constant within ca. 0.3 kJ mol 1.

‘TABLE II

FREE ENERGIES OF TRANSFER AND OF SOLVATION FOR #-OCTANOL IN METHANOL-
WATER MIXTURES

Cilgg™l) AGYG* (kJ mol™1) S** (g171) a** AG2*™* (kJ mol™!)
0.000 —~16.60 0.572 0.79 —343
0.098 —15.59 0.730 0.72 —34.2
0.199 —~14.44 1.16 0.64 —344
0.303 —~12.48 2.57 0.57 —34.7
0.413 —9.61 6.52 0.48 —34.6

* Eqn. 4 with ¥, from Table I, dog = 1 and Wi, = 0.
** See comments in ref, 1.
v Egn. 9, P° from ref. 20.

With enthalpy values another test can be performed, also for n-octanol. The
value of AH? (Ca = 0), i.e. —70 k]I mol~?, was obtained with the enthalpy equivalent
of eqn. 6 from the value of 4Hy¢ (Fig. 1) and the literature value of 4Hj3, both in
water29. The value of AH" for solvation of n-octanol in pure methanol is —69 kJ
mol~! (found by extrapolation of literature values of lower alcohols with constant
methylene increments?!), As these values are nearly identical, the presence of a small
amount of methanol in the layer of OG at higher values of C, is not expected to
influence AHE much. ’

We conclude that 4X? does not depend on the eluent composition. This means
that the variation of 4X3g, and that of AX}, with eluent composition, are identical.
Our chromatographic data on AXpg can thus be compared with literature data on
AX} obtained by classical methods. The methods are complementary, as the chro-
matographic method works best with higher homologues that are well retained on
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the octyl-agarose column, whereas classical methods work best with lower homo-
logues that are well soluble in partly aqueous solvents and have a high volatility.

Influence of the temperature on the retention volumes

Fig. 2 presents a Van’t Hoff plot (4Gd6/T = —Rn V, vs. T~ 1) for n-octanol.
The remarkable behaviour of pure water, especially at low temperatures, is clearly
illustrated by this Figure. It is seen that the increase of the retention with temperature

in pure water changes rapidly to the opposite behaviour if co-solvent (except urea)
is added.

DC‘____

© 30 2 10 0o
Ca CA CA CA
-30{ MeOH GLOH OMF UREA | o
AG%G 0.4 log
T
(I mole'Y) l

}
I

Fig. 2. Van’t Hoff plot for n-octanol. Eluents: methanol (MeOH)-water = ; ethylene glycol (GIOH)

= —~—;urea = ........ ; DMF = —.—~_—. Values of C, (weight fraction of additive in the eluent) are
indicated in the figure,

Thermodynamics of the retention process

Values of 4X3¢ at 25°C were calculated as before®, They are listed in Table
III. From the precision of the experimental data, an error of & 0.07 kJ mol 'K ~?
can be predicted in AGdg/T for values of ¥; > 100 ml g~*. Table III shows that S,
values resulting from the statistical treatment are indeed of this order of magnitude.

The methylene increments of values of AXpg in Table III are independent of
the chain length of the alcohols, within experimental error. More accurate values of
4Xbc,cu, were established as follows. Values of 4Gdc,cu, were calculated from the
ratio of Vg, and Vg .-, with n = 8 or 9, if measured (eqn. 5). Values of AXpg,ch,
were calculated from a Van’t Hoff plot. They are listed in Table IV.
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TABLE III

VALUES OF 4X3g AT 25°C FOR INTERACTION OF n-ALCOHOLS WITH OCTYL-AGAROSE
IN VARIOUS ELUENTS

A(Cy) n ACSoc  AH3g TAS%e  AGdg P s**
Methanol 5 0*** 8.2 15.2 ~7.0 0.8 0.28
(0.000) 6 —0.27 7.0 173 ~1024 02 0.06
7 —0.30 5.5 19.0 ~1341 01 0.05

8 —0.35 4.1 20.7 ~1660 02 0.06

Methanol 5 Ot 21 8.5 —6.4 1.3 0.49
(0.098) 6 —0.24 2.0 11.5 ~9.51 03 0.10
7 -0.28 —-03 12.3 ~1255 02 0.06

8 —0.29 -25 13.1 ~1559 0.1 0.02

9 —0.35 -45 14.1 -1861 02 0.06

Methanol 5 0*** 3.1 9.1 —6.0 2.3 0.86
(0.199) 6 —0.31 40 5.0 -893 04 0.15
7 —0.22 —6.1 5.6 —11.68 03 0.10

8 —0.21 -9.5 5.0 —1444 02 0.05

9 ~0.10 —118 5.4 -17.13 0.1 0.03

Methanol 5 O**+ —6.3 —1.1 -5.3 29 1.10
(0.303) 6 0.07 —6.1 1.6 -770 02 0.09
7 -0.18 —10.2 0.0 -10.19 03 0.12

8 —0.21 —143 -18 —1248 03 0.10

9 —-0.22 —~175 —-2.7 —1482 02 0.08

10 —0.19 —-20.7 -36 -17.12 06 0.21

Methanol 6 rr* -52 1.1 -629 17 0.65
0.414) 7 —0.22 —-10.7 2.6 -814 03 0.12
8 —0.23 —134 —38 —961 0.5 0.14

9 —0.28 —16.7 —438 —1195 03 0.10

10 —0.20 —185 —-4.7 —1381 03 0.12

Utea 5 -0.23 7.5 14.6 -710 04 0.12
(0.059) 6 —0.08 6.2 16.3 —10.13 02 0.05
7 —035 4.1 174 —1331 03 0.10

8 -0.30 26 19.1 —1655 0.1 0.03

Urea 5 ko 46 11.2 —662 18 = 065
(0.172) 6 ~0.34 3.8 13.6 -972 03 0.1
7 -0.28 1.7 14.6 —1289 02 0.07

8 —0.17 0.7 16.7 ~1597 02 0.09

Urea 5 0*** 3.0 9.4 —645 15 0.54
(0.279) 6 —0.34 24 119 —949 03 0.10
7 —0.19 02 - 127 —1253 03 0.09

8 -0.16 —-1.1 144 —~1553 02 0.09

Urea 5 0 52 117 —651 19 0.35
(0.380) 6 —0.30 36 12.8 -926 08 0.27
7 ~0.24 0.7 12.8 —1205 0.1 0.05

8 —0.18 -15 133 —1479 02 0.08
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TABLE 111 (continued)

VALUES OF 4X%g AT 25°C FOR INTERACTION OF #-ALCOHOLS WITH OCTYL-AGAROSE
IN VARIOUS ELUENTS

A(Ca) n ACS 06 AHY TASYg AGdg * 5
Ethylene glycol 5 {ladaled 8.5 15.2 —6.63 0.8 0.30
(0.153) 6 —0.20 28 12.7 —-9.92 03 0.10
7 —0.26 04 13.4 —13.05 0.3 0.10
8 —-0.24 —-1.6 14.6 —16.13 0.3 0.10
Ethylene glycol 5 —-0.23 —0.8 5.7 —6.50 04 0.15
(0.299) 6 —-0.22 —34 6.1 —9.50 0.2 0.07
7 -0.23 —6.4 6.1 —12.43 0.2 0.10
8 —0.21 -9.2 6.1 —15.32 0.2 0.07
Ethylene glycol 5 -023 =20 4.1 —6.08 0.4 0.13
(0.440) 6 —0.08 —6.5 24 —8.89 0.2 0.07
7 —-0.20 —10.2 13 - —11.53 0.2 0.09
8 —0.22 —14.0 03 —-14.20 0.2 0.08
DMF 6 —0.35 —6.5 0.5 —7.01 0.8 0.28
7 —-0.24 -11.0 —-1.5 -9.55 04 0.15
8 —0.22 —13.1 —1.1 —-12.00 0.2 0.08

* s denotes the error in values of AH3g and T48%¢ (kJ mol™!).
** s, denotes the error in a single value of AG°/T.
*** ACS was not evaluated from the data, but arbitrarily put equal to zero.

TABLE IV
VALUES OF METHYLENE INCREMENTS OF 4X3%g AT 25°C

Eluent C4 ACS cH, AHgy, TASth, 4Gey, s Sy
Methanol 0.000 —0.04 —1.48 1.70 -3.18 006 0.02
0.098 —0.04 —-2.09 0.94 —3.03 0.16 0.06
0.199 +0.06 —2.83 0.10 —293 0.10 0.04
0.303 —0.02 -3.70 —1.36 —-2.34 0.13 005
0.414 —-0.01 —2.84 —0.92 —-1.92 0.17 0.06
Urea 0.059 —0.12 —1.82 1.39 —-3.20 0.14 004
0.172 +0.09 —1.55 1.55 -3.10 0.14 0.05
0.279 +0.09 -1.77 1.26 —3.03 021 0.08
0.380 +0.06 —-2.21 0.61 —2.82 0.20 0.06
Ethylene glycol 0.153 —0.02 -2.17 0.93 —3.10 025 0.09
0.299 +0.01 —2.84 0.08 —292 0.12 005
0.440 —0.03 —3.56 —0.92 —2.64 008 0.03

DMF 0.331 +0.05 —-3.33 -0.82 —2.50 044 0.16
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Fig. 3. Change of heat capacity values with eluent composition. Symbols: @ = methanol; @ = ethylene
glycol; A = urea; ¥ = DMF.

Fig. 4. Thermodynamics of the interaction of a methylene group with the octylglycidyl layer. Symbols as
in Fig. 3, plus free energy = ---; enthalpy = ; entropy = — — ——.

Fig. 3 shows values of AC} o for n-octanol as a function of Ca, and the
influence of co-solvents on the methylene increments of free energy, enthalpy and
entropy is given in Fig. 4.

A comparison with recalculated literature data is shown in Fig. 5. Here, we
plotted our values of 4 H} (open symbols) together with recalculated data from Rouw
and Somsen® on the heats of solution of some lower alcohols in mixtures of DMF
and water. It can be seen that the agreement between the two sets of data is good.

A graphical representation of eqn. 6 for methanol-water eluents is given in
Fig. 6, and Fig. 7 presents the results for eluents with ethylene glycol and urea. In
the latter figure, values of AH}, for n-butanol, recalculated from data of Nwankwo
and Wads622, agree very well with our results for #-hexanol and r-octanol.

In the next few paragraphs, the values of the free energy, heat capacity, en-

hydration
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Fig. 5. Standard enthalpies of hydration of n-alcohols in DMF-water mixtures. Numbers in the figure
denote the value of #. Open symbols are our data and closed symbols and full lines are recalculated data
from Rouw and Somsen?, on enthalpies of solution, 4HS,. Note that AHS = AH3, — AHS,, where
A4H?,, denotes the standard enthalpy of vaporization (from ref. 20).
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Fig. 6. Thermodynamics of transfer, solvation and hydration in methanol (MeOH)-water mixtures. Sym-
bols as in Fig. 4. Solutes are #-hexanol and n-octanol (denoted with the value of 7 in the figure). Values
were calculated with the 4X equivalent of eqn. 8. AGE* and AHE, values at Ca = 0 are from refs. 20 and
23; values at C, = 1 are estimated by extrapolation with constant methylene increments from data in ref.
21.

thalpy and entropy will be discussed and interpreted according to current theories
on the subject.

Free energy values

It can be seen in Figs. 6 and 7 that values of 4G} become less negative with
increasing amounts of co-solvent, in this case just as with the values of —log Kxn
discussed before!. The ratio of AG3g and 4Go,cu, (Fig. 4) appears to have a nearly
constant value of (n — 2.8) in all eluents except for methanol (C, = 0.414). Assuming
constant methylene increments, this can be interpreted as a contribution of the polar
head to 4Gy opposite to that of 2.8 methylene groups. This contribution thus de-
creases from 9 kJ mol ™! in water to ca. 6 in methanol (C, = 0.303). The value for
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Fig. 7. Thermodynamics of transfer and hydration in eluents with ethylene glycol (GIOH) and urea.
Symbols as in Fig. 4. With ethylene glycol, values for n-butanol were obtained from ref, 22. Values at
Ca = 1 are estimated by extrapolation of values for lower homologues from ref. 24.




32 P. M. BRANDTS, W. J. GELSEMA, C. L. DE LIGNY

the free energy of dehydration of the polar head in water is much larger; i.e. ca. 24
kJ mol ! 25, Appreciable hydrogen-bond formation of the polar head in the layer of
OG must therefore still persist, presumably with the spacer arm8.26.

The methylene increments of AG? and AGS are equal to half the difference
between the curves of n-hexanol and n-octanol for solvation and hydration, respec-
tively, in Figs. 6 and 7. The methylene increments of AGj are large and negative, i.e.
—2.7kI mol ™. This is also observed with solvation in organic liquids?7-28, In water,
the methylene increments of AG} for n = 6-9 are small and positive, i.e. ca. +0.5
kJ mol~?, thus contributing negatively to AG}g cu,. The large negative value of
A4G¥g,cu, apparently results from a lack of interaction between water and methylene
groups. By addition of co-solvents, 4G cu, may change sign, as can be seen in Fig.
6. This reflects the increasing capability of the mixture to dissolve hydrophobic moie-
ties. Water is not unique in showing positive values of AGj cn,. It can be inferred
that solvation in hydrazine is also accompanied with small (positive) methylene in-
crements?®. The cause of this phenomenon lies probably in the large forces of cohe-
sion in polar liquids as a result of extensive hydrogen-bond networks3°.

Heat capacity values

The heat capacity values of n-octanol (Fig. 3) change by ca. —0.35 kJ mol™*
K~ ! upon transfer from water to the layer of OG. The large negative value of
AC3 o Water is in good agreement with the concept of a thermally labile hydrophobic
hydration structure, that is thought to surround alkyl groups in water. It is seen that
AC$ 06 becomes less negative by the addition of co-solvent.

Fig. 3 offers the same picture as can be obtained from literature data for the
dissolution of n-butanol in aqueous mixtures of DMF7 or ethylene glycol?2.

Enthalpy and entropy: general survey

The influence of co-solvents on these quantities is much more complicated than
on free energies or heat capacities. Fig. 4, 6 and 7 yield the following four points of
information.

(1) All co-solvents have the same effect on 4Hpg and T4 S, both for alcohols
and methylene groups: their values are lowered. The entropy decreases more rapidly
than the enthalpy. A change to negative values may even occur. Note that
AH¥g,cn, in water is strongly negative. So this type of hydrophobic interaction is not
solely entropy-driven, and it becomes less important with increasing temperature.

(2) The co-solvents are not equally effective in lowering values of 4X3g. Of
course, this depends also on the concentration unit used.

(3) Changes in 4G3¢ can be accompanied by tenfold changes in T4S3¢. Appar-
ently, changes in entropy and enthalpy largely compensate each other.

(4) A considerable contribution of the polar head to values of 4Hpg and
TAS3G must exist. This follows from the positive values of 4Hgg and the negative
value of 4H¥s,cn,. The possibility of non-linear methylene increments over the range

= 0-9 hampers the precise evaluation of the contribution of the polar head to 45>
and to TAS%s. However, a tentative extrapolation to n = 0 yields an enthalpic
contribution of + 16 kJ mol !, and an entropic contribution of +7 kJ mol ! to the
values of AH%; and TASYs, respectively. It follows that the partial dehydration of
the polar head is the cause of the increase of retention with increasing temperature
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in water (see Fig. 2), and not the hydrophobic interaction of the alkyl chain with the
layer of OG.

We shall now turn to the interpretation of the values of AH® and TAS® sepa-
rately.

Enthalpy values

It can be seen in Fig. 6 that the values of AH} and AHY are nearly equal, in
spite of AGY” being much less negative (ca. 15 kJ mol ™ for n-octanol). This unex-
pected feature (for it costs a lot of heat energy to form a cavity in the hydrogen-
bonded liquid) has been interpreted as the result of an extensive formation of hy-
drogen bonds around alkyl chains in aqueous solution. The nature of this labile,
non-rigid “hydrophobic hydration™ and its existence in (partly) aqueous media has
been studied by various methods (see e.g. refs. 3 and 7, and refs. therein). Water is
unique in this respect, for even hydrazine, about as lipophobic as water and also
strongly hydrogen-bonded, does not show such abnormal enthalpies?®.

It has been found that hydrophobic hydration is strongly co-operative in
nature. This explains the strikingly non-linear graphs of 4 H; and 4 Hpg as a function
of C, in the Figs, 6 and 7. Apparenily, reiatively smali amounts of co-solvent are
capable of destroying a large portion of the hydrogen bonds around alkyl chains, so
that for Cy4 ca. 0.3 the hydrophobic hydration of octanol is completely nullified. This
is also reflected in Fig. 3 for the values of 4C} o6 .

Following Rouw and Somsen, we adopted a simple model, developed by Mas-
troianni ef al.3! and based on the assumption that hydrophobic hydration causes a
contribution 4H}y, in pure water, superimposed on the value obtained from a linear
relation in the co-solvent-rich region between AH®° and the mole fraction of water,
Xu,o. This value (in our case AHy — AHyy) is obtained by extrapolation to
Xn,0 = 1 of the supposedly linear part of the AH® vs. Xy, o relationship at Xy 0 <
ca. 0.6. It is then assumed that the probability of finding N water molecules forming
a “cage” around e.g. an alkyl group is equal to X§ 0, and that even the exclusion of
only one water molecule from the cage by co-solvent molecules leads to the nullifi-
cation of the contribution of that cage to the value of AH® (in our case, 4H}). For
solvation in a partly aqueous eluent it can be derived that

AH3, = Xuo(AHE ~ AH) + (1 — Xu,0)dHsc, =1 + XiodHi, (10)

where AHj, ¢, -1 denotes the standard solvation enthalpy in the pure co-solvent A.

We applied this expression to our data on AHj}, by adopting successively several
values of AHY;, for the n-alcohols and then calculating the best value of N by the
least-squares method. The curves were forced through the AHj, values at Xy,0 = 1
and 0. It appears that good fits can be obtained only with different values of N for
the various co-solvents (except ethylene glycol and methanol). This is shown in Fig.
8 for n-octanol, taking AHR, = —24 kJ mol™%,

Fig. 9 is a plot of the calculated best values of N as a function of the adopted
values of AHyy for the n-alcohols with n = 6, 7 and 8. The numbers in the graph
denote the standard errors of the estimate of AHY, S. (kJ mol~?) data for Xu,0 =
0 and 1 excluded. It can be seen in Fig. 9 that our data can be fitted with eqn. 10
with S, values of ca. 1 kJ mol~! over a range of AHg, values, which hampers the
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Fig. 8. Enthalpies of hydration of n-octanol and the cage model. Symbols as in Fig. 4. Lines are calculated
values of AHg, with a AH?, value of —24 kJ mol~!. The best values of N are indicated. With urea, the
value of C, = 1 (not shown) is assumed to be equal to that of ethylene glycol. However, even a change
of 10 kJ mol~! in this value does not lead to different conclusions.

extraction of both 4H§, and N values. With DMF, the values of N are plotted that
reproduce the single experimental 4H$, value for n-octanol. For the sake of compar-
ison, values of N and of AHg, for lower homologue (symbol: @, n-values in par-
entheses) obtained by Rouw and Somsen® with DMF-water mixtures also are shown.
Extrapolation of these data to the curve for n-octanol in DMF gives the combination
AHY = —24 kJ mol™!, N = 14. With this value of AHg, for n-octanol, a lower
value for N is found in methanol-water and ethylene glycol-water mixtures, viz.,
N = 8. With n-hexanol and n-heptanol, N values of 6 and 7 are found, respectively,
if AHg, values are adopted in between those for n = 5 and 8. On doing so, N is
found to increase with n, as could be expected.

However, quite independent of the AH}, values are the values of N = 2-3
found with urea (Fig. 9). They are very much lower than those for the other co-
solvents. The low N values are related to the low value of the slope of the curve for
urea in Fig. 8. Apparently, urea does not destroy the cage-like hydration structures

30
——e aHpp(kmole)

Fig. 9. Best values of N as a function of adopted values of AH%, Numbers in the graph denote the
standard deviation of estimates of 4H3. The symbol @ (n) denotes a value from Rouw and Somsen?; n
is the number of carbon atoms of the n-alcohol.
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as effectively as DMF, for example. Rather, our results point to the existence of
mixed solvation structures around alkyl groups in concentrated solutions of urea, as
proposed by Nozaki and Tanford32. Recently, Kuharski and Rossky33-34, in a mo-
lecular dynamics -study, simulated the incorporation of urea in the hydration layer
of an apolar solute. These authors showed that interactions between water—water
and water—urea molecules in contact with the solute are indeed somewhat stronger
than the same interactions in the bulk solution, although this enhancement was found
to be smaller than in pure water. These findings explain our results: urea may be
built-in into the hydrophobic hydration structure. However, it should be noted that
the values of AC}, o in urea—water mixtures indicate even less structure around the
alkyl chains than in mixtures of the other co-solvents with water.

Literature values of enthalpies of solution may also be used to calculate N
values. We arrived at N = 6 for n-butanol in ethylene glycol-water mixtures22. This
is lower than its value in DMF-water mixtures3 (N = 10), just as we have found for
n = 6,7 and 8. Such dependence of N values on the size and/or the polarity of the
co-solvent molecules is also indirectly apparent in results of Kimura et al.34 with
alcohols as co-solvents. Here, the slopes of the enthalpy graph at Xu,o = 1 are
different, just as il our Fig. 8. This may indicate that the polar hydroxy group of the
co-solvent can also be (partially) built-in into the hydration structure without de-
stroying it, just as the hydroxy group of the solute probably participates in the cage
structure’-3%; it also may explain the lower N values we found for methanol and
ethylene glycol as co-solvents.

Entropy values

Figs. 4, 6 and 7 show the same trends (in a somewhat more pronounced way)
as enthalpy values. The large, negative values of TAS}" are thought to arise from the
increase of structure, the slowing down of translation and rotation, and the restriction
of the configurational freedom of water in the hydration shell associated with hy-
drophobic hydration®®. Enthalpy and entropy values compensate at least partially.

CONCLUSIONS

(1) Values of AG°, AH°, 4S° and AC, for the interaction of n-alcohols with
octyl-Sepharose can be interpreted with a simple partition model. Their variation
with eluent composition is solely caused by the change of the standard state of the
solute in the aqueous phase. .

(2) The increase of the retention of the n-alcohols with temperature, with water
as the eluent, is not caused by hydrophobic interaction but by dehydration of the
polar head. .

(3) By adopting the cage model of Mastroianni et al.3, reasonable values of
the number of water molecules N in the hydration cage of n-alcohols can be obtained
from the enthalpy of hydration. The (single) value for the enthalpy of hydration of
n-octanol in DMF-water can be described with N = 14. This figure corresponds
with the value extrapolated from data given by Rouw and Somsen for lower hom-
ologues. With aqueous mixtures of methanol or ethylene glycol, lower N values are
found, viz. 8, 7 and 6 for n-octanol, n-heptanol and n-hexanol, respectively.

(4) With urea, much lower N values indicate that co-solvent molecules are
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built-in into the cage. This is not reflected in the values of AC} in urea—water mixtures.
These indicate even less structures around the alkyl chain than in mixtures of the
other co-solvents with water.
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