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Abstract 

On the basis of at most three parameters, the solubility of carbazole is predicted in 33 nonelectrolyte solvents by 
means of the general solubility equation derived from the thermodynamics of mobile order. Particular attention is 
focussed on the influence of the formation of solute-solvent stoechiometrical hydrogen bonds on the treatment of 
the non-specific dipole-dipole and dispersion interactions. Three classes of solvents can be distinguished according 
to their solubilizing potential towards carbazole: non-complexing solvents, complexing non-associated solvents and 
complexing amphiphilic solvents. The analysis of the relative importance of the different terms contributing to the 
solubility allows one to quantitatively understand its variation between the different classes as well as within each 
class of solvents. 
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1. Introduction al., 1990): 

Our earlier solubility studies have primarily 

been concerned with the prediction of the solubil- 

ity of nonpolar substances, mainly aliphatic and 

aromatic hydrocarbons (Ruelle et al., 1992a-c, 

1993a) and polychlorinated aromatic hydrocar- 

bons (Ruelle et al., 1993b), in non-associated and 
associated solvents, by applying the general solu- 
bility equation (Eq. 1) (Ruelle et al., 1991) de- 
rived from the mobile order theory (Huyskens 
and Siegel, 1988; Huyskens, 1990, 1992; Siegel et 

ln@,=A+B+D+F+O+OH (1) 

with 

A = -A meltH(l/T - l/L)/ 

R+ [(T,-T)/T-ln(T,/T)]Ac,/R 

B = 0..5@,( V,/V, - 1) + 0.5 ln( @n + @sVB/I/s) 

D = -@;VB( 6; - Q2/( RT) 

F = -rsQsV,/Vs 

0 = ln( 1 .O + K,( @JV, - @JI/B)) 

OH = - ln( 1 .O + K&I/B) 

+ ln( 1 .O + K,, Qs/Vs 

+KBB@B/VB) * Corresponding author. 

0378.5173/94/$07.00 0 1994 Elsevier Science B.V. All rights reserved 
SSDI 0378-5173(93)E0281 -T 



126 P. Ruelle et ul. /Internutionul Journul of Phurmuceut~cs 104 (1994) 125-133 

In these expressions, d,,,,,H, T,,, and AC, rep- 
resent the molar heat of fusion, the melting tem- 
perature and the heat capacity difference bc- 
tween the solid and liquid forms of the solute; 

VB, sg, @n, Vs, 64, Qs stand for the molar 
volume, the modified non-specific cohesion pa- 
rameter and the volume fraction, respectively, of 
the solute B and of the solvent S; rs is the 
‘structuration’ or ‘mobile order’ factor of the 
solvent; K,, Kolr and K,, denote the stability 
constants which characterize the hydrogen bond 
rcspcctively formed between a proton-acceptor 

solute and a proton-donor solvent, a proton-donor 
solute and a proton-acceptor or amphiphilic sol- 
vent and between two solute molecules in solu- 
tion. 

From the analysis of the relative importance of 
the different contributions involved in the solubil- 
ity calculation, it was demonstrated how much 
the solubility of inert substances in alcohols or in 
water was essentially determined by the hy- 
drophobic effect (F term). This effect corre- 
sponds to a decrease of the entropy of the self-as- 
sociated solvent molecules by addition of an inert 

Table I 
Molar volume, Vs, and modified non-specific cohesion parameter, 6;. of solvents, and experimental volume fraction soluhility of 

carbazole, @tf”, at 25°C 

Solvent 

tr-Hexane 

n-Heptane 

rt-Octane 

rt-Decane 

,I-Dodecane 

n-Hexadecanc 

Cyclohexane 

Methylcyclohexane 

t-Butylcyclohexane 

Cyclooctanc 

Isooctane 

Squalane 

Benzene 

Khlorohexane 

I-Chlorooctane 

I-Chlorotetradecane 

Chlorocyclohexane 

Chloroform 

Diethyl ether 

Dihutyl ether 

Dipentyl ether 

Anisole 

Dioxane 

Tetrahydrofuran 

Ethyl acetate 

Butyl acetate 

Acetone 

Methyl ethyl ketone 
Ethanol “ 

Propanol ,’ 

Butanol ” 

Octanol ‘I 

Water 

“S 
(cm’/mol) 

131.6 

147.5 14.66 

163.5 14.85 

195.‘) IS.14 

228.6 15.34 

260.3 15.49 

108.X 14.X2 

128.3 15.00 

173.9 IS.50 

134.Y IS.40 

166.1 14.30 

525.0 16.25 

XY.4 1X.9.5 

138.1 18.00 

171.1 18.00 

270.2 IX.00 

120.3 IX.45 

x0.7 18.77 

104.X 18.7X 

170.3 17.4s 

204.0 17.61 

119.1 20.20 

X5.8 20.89 

81.4 19.30 

Y8.5 20.79 

132.5 19.66 

74.0 21.91 

90.2 20.90 

58.7 17.x1 

75.1 17.29 

92.0 17.16 

15X.3 16.38 

IX.1 20.50 

6; (pw 
I3 Reference 

(J’/? cm .3/Z) 

14.56 I .56SE ~ 04 

1.73XE - 04 

1.7YSE ~ 04 

2.194E ~ 04 

2.075E - 04 

2.087E ~ 04 

2.492E - 04 

2264E - 04 

2.131E ~ 04 

3.394E - 04 

1.124E ~ 04 

I .x95 E - 04 

7.322 E - 03 

2.736E ~ 03 

2.097E - 03 

1.318E - 03 

3.SX2E - 03 

6.7748 ~ 03 

l.Xl4E - 02 

4.363E - 03 

2.647E ~ 03 

l.612E ~ 02 

6.059E - 02 

1.221E ~ 01 

2.979E - 02 

1.82OE - 02 

x.97 I E - 02 

6.781 E ~ 02 

X.YX9E ~ 03 

7.187E ~ 03 

7.126E ~ 03 
7.54’) E ~ 03 

8.0476 ~ 07 

Acree (1 Y90) 

Acree (1990) 

Acrec t 1990) 

Anderson et al. flYX0) 

Anderson et al. (1 YXO) 

McGargar and Acree f 19X7) 

Acree (IYYO) 

Acree ( 19Ytl) 

McGargar and Acree (IYXX) 

Acree t 1990) 

Acrce ( 1990) 

McGargar and Acree (lYX7) 

Merck Index (1989) 

Acrcc and McGargar (10X7) 

McGargar and Acree (1989) 

McGargar and Acree (I 9X9) 

McGargar and Acree t 1989) 

Anderson et al. (1980) 

Merck Index (198Y) 

McGargar and Acree (19X7) 

Anderson et al. (1980) 

Chernyi et al. (1986) 

Chernyi et al. (1986) 
Chernyi et al. (1986) 

Chernyi et al. (1986) 

Anderson et al. (1980) 

Merck Index (1989) 

Chernyi et al. (1986) 

This work 

This work 

This work 

This work 

Pearlman et al. (1984) 

” The solubilities were determined spectrophotometrically at 292 nm on a Perkin-Elmer Lambda 15 UV/Vis spectrophotometer. 
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solute, and can be seen as a solute rejecting 
effect of the solvent. Recently, the solubility 
model was used to predict the solubili~ of crys- 
talline proton-acceptor substances, i.e., ketones, 
esters, nitriles and tertiary amides (Ruelle and 
Kesselring, 1993; Ruelle et al., 1993c), able to 
form hydrogen bonds with proton-donor solvents, 
and to determine the standard stability constants 
characterizing these hydrogen bonds. With the 
prediction of the solubili~ of testosterone propi- 
onate, it could furthermore be. shown that these 
standard stability constants were transferable 
from one solute to another provided they form 
the same type of hydrogen bond with the solvent. 

To provide more insight into the applications 
and limitations of the general solubility equation, 
this paper reports predictions of the solubility of 
carbazole in pure nonelectrolyte solvents of dif- 
fering polarities, and explains the dependence of 
the obtained values on the nature of the solvent. 
Carbazole has been chosen as an initial example 
of a molecule belonging to the class of proton- 
donor substances. However, carbazole may be 
considered as a model substance, since it only 
interacts as a proton donor (see Section 2) in 
contrast to most compounds of this class which 
moreover act as proton acceptors and are also 
able to self-associate. 

2. Results and discussion 

The general solubili~ equation can be applied 
for predicting the solubility of carbazole in pure 
solvents provided at least the values of some of 
its properties (A, Vs, Sk and K,,) as well as 
some properties of the solvents (Vs and Sh> are 
known or can readily be determined. The re- 
quired solvent properties, i.e., their molar vol- 
umes, Vs, and their modified non-specific cohe- 
sion parameters, Sk, are given in Table 1. Con- 
cerning carbazole, its fluidisation constant, A = 
-4.588, is obtained from its melting properties 
(A,,,,H = 22.7 kJ mol-‘, T,,, = 519.2 K and AC, 
= 2.2 J/K-’ mol- ‘1 obtained by differential 
thermal analysis (Coon et al., 1988), and its molar 
volume, Vs = 148.2 cm3 mol-‘, is calculated from 
group contributions (Ruelfe et al., 1991). To de- 

termine its self-association constant, KBB, and its 
modified non-specific cohesion parameter, SL, it 
must be known whether carbazole self-associates 
(K,, j: 0) or not (K,, = 0) in solution. In the 
absence of a direct experimental answer, a non- 
linear regression was performed by means of the 
E04UPF subroutine of the NAG-Fortran Library 
to fit Eq. 1 to the experimental solubilities mea- 
sured in non-complexing solvents. The best fit 
was obtamed for a K,, value close to zero (0.47 
cm3 mot-“). In view of this result, we concluded 
that, in contrast to proton-donor solutes like alco- 
hols or carboxylic acids, the molecules of car- 
bazole did not self-associate in solution, and that 
the imide N-H group should interact with its 
surroundings mainly as a proton donor and not as 
a proton acceptor Iluo = 0). This conclusion is 
furthermore supported by the fact that, in the 
crystalline state, carbazole molecuIes are neither 
Iinked by N-H---N intermolecular hydrogen bonds 
(Lahiri, 1969). The modified non-specific cohe- 
sion parameter, Sg, of carbazole may then be 
deduced from its experimental solubility in one 
single inert solvent for which the F term and the 
stability constant KoH are non-existent. Using its 
molar fraction solubility in n-hexane (X, = 
0.000139) at 25°C (Acree, 1990), one calculates a 
value Sb of 23.04 MPa1j2. 

x 

--I . 

14 15 16 17 18 19 20 21 22 23 

modified solubility parameter, 6,’ 

Fig. 1. Plot of y, (symbols) and y, (solid line) values vs the 

modified non-specific cohesion parameter, 64. of the solvents. 

-8- 

-9- 

- solvents non-complexing 

v complexing solvents 

l associated solvents 



For solids, solubility is determined by fusion 
and mixing and corresponds to a free enthalpy- 
governed phenomenon. At equilibrium, the en- 
tropic changes exactly compensate the enthalpic 
ones. Accordingly, the influence of the solvent on 
the chemical potential of a given solute, and 
hence on its solubility, can be classified into ener- 
getic or entropic effects. Altough in the past 
attention was essentially focused on the energetic 
effects of the solvent (regular solutions), entropic 
effects may, however, be even more important. 
Essentially two distinct entropic contributions de- 
pending on the soIvent control the solubility equi- 
librium: the entropy of placing and the entropy of 
the mobile order which is at the origin of the 
hydrophobic effect. In a liquid mixture, the en- 
tropy of placing results from both the exchange 
possibilities of the fluidized solute molecules with 
those of the solvent, and from the expansion of 
the space available for the motions of each 
molecule in solution. On the other hand, the 
hydrophobic effect is observed whenever self-as- 
sociated solvents are considered, and is mainly 
due to the increase of the temporary loss of 
freedom of mobility of the solvent molecules when 
the volume of the solution is enlarged by addition 
of the solute. In the frame of mobile order ther- 
modynamics, the influence of the placing entropy 
and of the hydrophobic effect on the chemical 
potentiai of the solute is given by Eq. 2: 

y, =ln @,-B--F 

= In Qn - 0.5[ Qs( V&V, - 1) 

+ln(@n + @stk/~s)l +rsWB/~s (2) 

where the mobile order factor, rs, depends on 
the number of hydrogen-bonded chains in which 
a solvent molecule can be involved, and amounts 
approximately to 1 for single chains (alcohols) 
and 2 for double chains (water) (Ruelle et al., 
1991). If, at solubility equilibrium, no specific 
interaction is formed between the solute and the 
solvent, the entropic effects should exactly be 
counterbalanced by the sum of the solute fluidis- 
ation and the change of the non-specific cohesion 
forces upon mixing. For high volume fractions of 
the solvent (@p,” = l), the influence of these en- 

thalpic contributions on the chemical potential of 
the solute is expressed by Eq. 3. 

y2=A-+D= -d,,,,,,H(l/T- l/T,,,),‘R 

+ [(L - TV- ln(Q’T)]4c, 

/R - V,( Sk - S;)“,‘( RT) (3) 

For a given solute, whether or not y, equals 
yz, constitutes an information about the nature of 
the interactions that a particular solvent form 
with the solute. In the case of carbazolc, the y, 
values calculated for each particular solvent of 
Table 1 from the experimental solubilities are 
compared in Fig. I to the y2 theoretical curve 
obtained on the basis of the properties of the 
pure substances only. Inspection of Fig. 1 reveals 
that solvents can be separated into three groups 
with respect to their hehaviour towards car- 
bazole: the non-complexing solvents (atkanes, 
chloroalkanes and aromatics), the complexing but 
non-associated solvents (ethers, esters and kc- 
tones) and the complexing associated solvents 
(alcohols and water). It also shows that y, values 
agree with y, ones for solvents of the first group 
only; in complexing solvents, y, is always greater 
than y2. From a thermodynamic point of view, 
this result demonstrates that, in presence of inert 
solvents, the enthalpic contribution to the car- 
bazolc solubility equilibrium is fully described by 
the A and D terms which exactly counterbal~;nec 
the entropic part. For all the other solvents, the 
positive deviations, y, - y2, must bc attributed to 
the formation of specific solute-solvent intcrac- 
tions which increase the solubility but arc not 
taken into account by Eq. 3. To describe correctly 
the carbazole solubility equilibrium in complexing 
solvents, Eq. 3 must therefore be modified in 
order to include the additional positive contribu- 
tion (OH term) accounting for the H-bond forma- 
tion between the proton-donor N-H group of 
carbazole and the proton-acceptor site of the 
complexing solvents. This means that WC must 
know the order of magnitude of the stability 
constants, K,,,, , characterizing the hydrogen 
bonds. Although different vaiues of the stability 
constants should be used for each particular sys- 
tem, it has recently been shown (Ruelle et al., 
1993c) that these constants do not vary greatly 
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Table 2 

Stability constants, K,, (cm’ molt ‘), of carbazole-solvent 

H-bonds in solution derived from the experimental solubilities 

H-bond type Solvent Kott K OH 

(Eq. 1) (Eq. 5) 

N-H---ether 

diethyl ether 265.97 111.62 

dibutyl ether 363.10 99.39 

dipentyl ether 208.39 65.43 

anisole 122.53 62.42 

dioxane 144.45 114.04 

tetrahydrofuran 1034.87 556.31 

N-H---ester ethyl acetate 151.98 116.22 

butyl acetate 281.31 157.15 

N-H---ketone acetone 268.46 252.12 

methyl ethyl ketone 382.58 303.46 

N-H---alcohol ethanol 8X4.35 210.28 

propanol 1094.09 205.79 

butanol 1343.18 238.37 

octanol 4 194.39 463.91 

N-H---water water 188.81 166.67 

within systems forming the same type of hydrogen 
bonds, and that they are therefore transferable 
from one system to another. In column 2 of Table 
2 the values of the particular stability constants, 
K OH, calculated from the experimental solubili- 
ties by using Eq. 1 are reported. In contrast to 
findings from our previous work, the variations of 
K,,s are now relatively large within solvents 
belonging to the same class. The observed disper- 
sions can, however, be reduced if the D term is 
modified in order to account for its interference 
with the OH contribution. In other words, the 
influence of specific stoechiometrical H-bond for- 
mation on the non-specific dipole-dipole and dis- 
persion interactions must be considered. In fact, 
when preferential contacts are formed between 
solute and solvent active sites, the molecules are 
no longer randomly distributed, and the expres- 
sion of the D term, which is essentially based on 
the assumption of ‘random’ interactions in solu- 
tion, is no longer valid but has to be corrected. As 
a first approach, the D term has been multiplied 
by the fraction, y, of the time during which each 
N-H group of carbazole is not bound to the 
proton-acceptor site of the solvent, or during 
which the mixing can be considered to occur at 
random. As far as the concentration of the N-H 

active sites of carbazole in solution remains much 
lower than that of the proton-acceptor sites of 
the solvent, the fraction y is given to a good 

approximation by the expression (Ruelle et al., 
1991): 

Y = l/(1.0 + KoH@#‘A (4) 

where Qs/Vs is the forma1 concentration of the 
solvent and K,, denotes the stability constant of 
the solute-solvent H-bonds. Taking this correc- 
tion into account, a modified solubility equation 
(Eq. 5) can accordingly be written in which the 
dependence of the new D’ term on the formation 
of specific solute-solvent interactions is de- 
scribed: 

ln@,=A+B+D’+F+O+OH 

with 

(5) 

1 

D’= - (l.O+K,,@,/V,) RT 

The values of Ko, derived from the new 
equation are listed in the third column of Table 
2, and as expected are now closer to each other. 

Although better solubility predictions would 
be obtained by using a specific stability constant 
for each type of hydrogen bond, for simplicity 
only two average values, i.e., 100 and 230 cm3 
mol-’ characterizing the N-H---O, (ether, ester) 

-2 7 

I 

-8- 

-17 -14 -11 -8 -5 -2 

Ln (X,‘““) 
Fig. 2. Relationship between predicted (Eq. 5) and experi- 

mental solubilities of carbazole at 25°C. 
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and N-H---O, (ketone, alcohol, water) H-bond 
formation, respectively, have been retained. 

The solubility of carbazole is then predicted by 
means of Eq. 5 in lb: non-complexing solvents on 
the basis of a single parameter (an), and in 15 
complexing solvents on the basis of three parame- 
ters (Sk, K,_,_oI, KN_r1_02). The results ex- 
pressed in molar fraction, X,, are compared to 
the experimental results in Table 3, whereas the 
quality of the predictions is shown in Fig. 2 and 
through the following linear regressions (Eq. 6 
and 7): 

for 33 solvents: 

Xpred = O.OOlS( kO.0025) B 

+ 0.56( f0.134)X;;XP 

(n = 33, rz = 0.701) (6) 

for 31 solvents (not considering tetrahydrofuran 

and octanol): 

X pred = 0.00027( + 0.00046) B 

+ 0.88( 10.032)XFp 

(II = 31, r2 = 0.991) (7) 

Table 3 
Experimental, Xt;““. and predicted, XgPrc“, solubilities of carbazole at 25”C, and the contributions B. D, F and Olf (A = -4.58X) 

Solvent XCXll 
a 

XFd B D OH b 

Non-complexing solvent 

Isooctane 0.000126 

n-Hexane 0.000139 

n-Heptane 0.000173 

Cyclohexane 0.000183 

n-Octane 0.000198 

Methylcyclohexane 0.000196 

n-Decane 0.000298 

n-Dodecane 0.000320 

Cyclooctane 0.000309 

t-Butylcyclohexane 0.000250 

tz-Hexadecane 0.000414 

Squalane 0.000671 
Khlorooctane 0.00242 

I Chlorohexane 0.00255 

Khlorotetradecane 0.00240 

Chlorocyclohexane 0.0029 I 
Chloroform 0.00370 

Benzene 0.00443 

Complexing non-associated solvent 

Dipentyl ether 0.00364 

Dibutyl ether 0.00501 

Diethyl ether 0.0129 

Butyl acetate 0.0163 

Anisole 0.0130 

Tetrahydrofuran 0.0710 

Ethyl acetate 0.0200 

Dioxane 0.0360 

Methyl ethyl ketone 0.0424 

Acetone 0.0469 

Complexing associated solvent 

0.000106 PO.111 

0.000139 0.122 

0.000153 0.005 

0.000184 0.336 

0.000185 - 0.096 

0.000215 0.150 

0.000249 ~ 0.261 

0.000307 - 0.392 

0.000312 0.096 

0.000343 - 0.154 

0.000361 - 0.497 

0.000851 - 0.991 

0.00225 -0.138 

0.0022s 0.072 

0.0024 1 - 0.525 

0.00295 0.21Y 

0.00387 0.718 

0.00409 0.578 

0.00478 - 0.295 - 1.176 0.398 

0.00503 -0.134 ~ 1.169 0.460 

0.0119 0.374 - 0.541 0.662 

0.0122 0.114 PO.381 0.556 

0.0146 0.227 - 0.255 0.601 

0.0173 0.690 - 0.358 0.784 

0.0183 0.445 -0.144 0.687 

0.0327 0.605 - 0.077 1.164 

0.0345 0.541 - 0.072 1.226 

0.0440 0.785 -0.017 1.347 

Water 0.98 x IO_ ’ 1.33 x 10 ’ 4.645 

Ethanol 0.00355 0.00394 1.215 
Propanol 0.00365 0.00414 0.821 

Butanol 0.00444 0.00426 0.540 

Octanol 0.00806 0.00334 - 0.065 

- 4.566 

-4.298 

-4.lY7 

~ 4.038 

- 4.009 

-3.X63 

- 3.730 

- 3.543 

- 3.487 

~ 3.307 

- 3.406 

- 2.755 

- 1.513 

~ 1.511 

- 1.515 

~ I.250 

- I.075 

~ 0.987 

- 0.028 

~ 0.329 

-0.4X2 

- 0.585 

- 1.076 

2.618 - 16.376 
1.585 - 2.500 

1.396 - 1.057 
1.248 - I .hOO 
0.895 ~ 0.933 
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where y1 is the number of solvents and r* denotes 
the coefficient of determination (95% confidence 
limits in parentheses). These results once more 
demonstrate the capacity and the reliability of the 
mobile order theory derived solubility model to 
predict the solubility not only of apolar or pro- 
ton-acceptor substances, but also of proton donors 
in nonelectrolyte complexing and non-complexing 
solvents. 

Describing elementary physical steps of the 
whole solubility process, each term of Eq. 5 (Ta- 
ble 3) contributes to increase or decrease the 
solubility. The analysis of the relative importance 
of each of these terms as well as their variations 
from one solvent to another therefore allows one 
to understand the dependence of the solubility of 
carbazole on the nature of the solvent. Except for 
water, the fluidisation of carbazole (term A) rep- 

hmzPne- 

t~hloroji,ml- 

t.hloroc7iclohexune- 

I -t~l~k~rotetrLulecune - 

I -chlorohexane- 

I-cJ~loroocWne- 

.srpalunr- 

n-hesudecune - 

t-hutylqclohexune- 

CyC~looctune - 

n-dodecme- 

n-dewne- 

merhykyc~lohexune- 

n-oc’tune- 

ryc~lohexune- 

n-heptunr- 

n-hexunr- 

isooc‘tune- 

I’I’I’I’I’ 

5 -4 -3 -2 -1 0 

Fig. 3. Contributions of the mixing entropy correction (B), 

and of the change of the non-specific cohesion forces (D’) to 

the solubility of carbazole in non-complexing solvents at 25°C 

(solvents are arranged in increasing order of solubility). 

ucetone 

methyl ethyl ketone 

dinxane 

ethyl acetate 

tetrahydrofurane 

unisole 

hulyl ucetute 

diethyl ether 

dibutyl ether 

dipentyl ether 

-2 -1 0 2 

Fig. 4. Contributions of the mixing entropy correction (B), of 

the change of the non-specific cohesion forces CD’), and of 

the solute-solvent hydrogen bond formation (OH) to the 

solubility of carbazole in complexing non-associated solvents 

at 25°C (solvents are arranged in increasing order of solubil- 

ity). 

resents the dominating contribution to the solu- 
bility, and is responsible for the order of magni- 
tude of the solubility. However, being constant, 
this term obviously does not allow ranking of the 
solvents according to their solubilizing capacity or 
elucidation of the origin of variation of solubility 
of carbazole. A partial answer can be found on 
inspection of the modified non-specific cohesion 
parameter of the solvents. Due to their low val- 
ues with respect to that of carbazole, the solubil- 
ity variation mainly results from the change in the 
non-specific cohesion forces (term D’): the 
smaller the (6; - Sk> difference between the so- 
lute and the solvent, the higher is the solubility. 
This term alone even permits one to explain and 
to predict the variation of carbazole solubility 
within the set of non-complexing solvents (Fig. 3), 
although the solubilities in these solvents are 
relatively close to each other. 

For the complexing but non-associated sol- 
vents, in addition to the preceding observation 
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which remains valid, one must also take into 
account the positive effect of the solute-solvent 
hydrogen bond formation (term OH). This addi- 
tional positive effect combined with lower values 
of D’ term permits explanation of why the car- 
bazole solubility in ethers, esters and ketones is 
generally greater than in inert solvents. Within 
the set of proton-acceptor solvents, the increase 
of solubility mainly results from the two following 
complementary effects: the decrease of the D’ 
term and the increase of the OH term (Fig. 4). 
While the D’ term decreases with the difference 
of the modified non-specific cohesion parameters 
between the solute and the solvent, the OH term 
increases with the reciprocal of the molar volume 
of the solvent, provided the solute-solvent H-bond 
is of the same strength. 

Finally, in alcohols and in water, all or part of 
the benefit brought about by solute-solvent hy- 
drogen bond formation is lost because of the 
negative hydrophobic effect resulting from sol- 

vent self-association (term F). In alcohols, the 
observed solubilities of carbazole are intermedi- 
ate between those measured in inert and in com- 
plexing non-associated solvents. The values in- 

octanol 

1 

_D 

butand q & 
=F 

propanol 

ethanol 
-I 

I, , , ,I, I 

-16 -12 -8 -4 0 4 

Fig. 5. Contributions of the mixing entropy correction (B), ot 

the change of the non-specific cohesion forces CD’), of the 

hydrophobic effect (F), and of solute-solvent hydrogen bond 

formation (OH) to the solubility of carbazole in complexing 

amphiphilic solvents at 25°C (solvents are arranged in increas- 

ing order of solubility). 

crease from ethanol to octanol (Fig. 5) following 
the decrease of the hydrophobic effect which is 
inversely correlated with the molar volume of the 
solvent. As to the aqueous solubility of carbazole, 
it is much lower than in any other solvent, and is 
essentially determined by the hydrophobic effect. 
With respect to alcohols, the very large negative 
value of the water hydrophobic effect results from 
both the very small volume of water and its 
participation in double hydrogen-bonded chains. 

3. Conclusion 

As a proton-donor substance, carbazole may 
interact in solution with proton-acceptor and am- 
phiphilic solvents by forming hydrogen bonds. 
With respect to their behaviour towards car- 
bazole, the solvents can therefore be divided into 
two main groups: non-complexing (inert) and 
complexing solvents. In inert solvents, the car- 

bazole solubilities are lowest and their magni- 
tudes are governed by the changes of the non- 
specific cohesion forces. Based upon the random 
distribution of the molecules within the solution, 
these changes are calculated from the squared 
difference of the modified non-specific cohesion 
parameters of the solute and of the solvent using 
the geometric mean rule of regular solution the- 
ory. In complexing solvents, the temporary hydro- 
gen bond formation between carbazole and the 
solvent modifies the distribution of the molecules 
in solution; during a fraction, 1 - y, of the time 
the molecules are no more randomly distributed. 
The positive effect of these intermolecular bonds 

on the solubility is accounted for by the OH term 
of the solubility equation, while their effects on 
the distribution of the molecules are taken into 
account by multiplying the D term of the equa- 
tion by the fraction, y, of the time during which 
the solvent and the solute molecules are free 
from each other. The complexing solvents can 
furthermore be separated into two categories: 
complexing but non-associated ones, in particular 
ethers, esters and ketones in which the solubili- 
ties are highest owing to the hydrogen bond they 
form with carbazole, and the amphiphilic solvents 
like alcohols and water which not only interact 
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specifically with carbazole, but also self-associate. 
Because self-association tends to repel the solute 
outside from the bulk of solvent, the solubility of 
carbazole in alcohols and in water is decreased 
with respect to that in complexing but non-associ- 
ated solvents. In particular, the hydrophobic ef- 
fect due to the self-association of water is so large 
that the aqueous solubility of carbazole remains 
much lower than in any other solvent. 
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