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ABSTRACT: A new, simple method for the extraction of specific interaction enthalpy from the enthalpy of solvation
is proposed. It is based on empirical but very general relationships describing the non-specific solvation enthalpy. The
specific interaction enthalpy is calculated from the solution enthalpies in the solvent under consideration, cyclohexane
and tetrachloromethane. The solution enthalpy of at least one linear alkane in the solvent must also be available. The
solution enthalpies of a ‘model compound’ or homomorph are not required. This method is applicable not only for
proton-donor solutes but also for acceptor solutes such as iodine. It can be used also for solvents associated by
hydrogen bonding (e.g. alcohols). The enthalpies of specific interaction for 280 solute—solvent systems were
calculated. Solution enthalpy data were mainly obtained from the literature and partially measured by the authors.
The results were compared with literature data on complexation enthalpy. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The behavior of molecules in various chemical and
biological processes is greatly affected by the solvent.
Such an influence is commonly described in terms of
intermolecular interactions which may be of non-specific
or specific type. We will consider the latter as the
localized donor—acceptor interactions (including hydro-
gen bond formation). One of the tools for the investiga-
tion of solute—solvent intermolecular interaction is the
study of transfer of the solute molecules from the ideal
gas phase to the solvent at infinite dilution. This transfer
is named the ‘solvation’ and the ‘solution’ means the
transfer to the same state but from the standard state of
the solute at a given temperature (solid, liquid or vapor).
The standard molar enthalpies of these processes are
interrelated by a simple equation:

Asolv[—]A/S - Asoln[—]A/s - AvapHA (1)

where ASOlVHA/ S is the solvation enthalpy of the solute A
in the solvent S, Ay, HA/S is the solution enthalpy and
AvapHA is the standard molar vaporization enthalpy of
the solute. On the other hand, the solvation enthalpy can
be regarded as the sum of non-specific solvation enthalpy
[Agolv(nonsp) H A/S] and the enthalpy of solute—solvent
specific interactions [Aim(SmHA/ 5

A/S A/S A/S
AgoryH /S = Asolv(nonsp)H / + Aint(sp)]—I / (2)
*Correspondence to: B. N. Solomonov, Department of Chemistry,
Kazan State University, Kremlevskaja St. 18, Kazan 420008, Russia.

E-mail: boris.solomonov@ksu.ru

Copyright © 2004 John Wiley & Sons, Ltd.

It should be kept in mind that the augend in this equation
contains not only the non-specific solvent—solute interac-
tion enthalpy [Ajn(nonsp)H*/51 but also the cavity forma-
tion term (AgH”>), which reflects the partial
disconnexion of solvent—solvent interactions (both
non-specific and specific in some extent) during the
solvation:'?

ASO]V(“O"SP)HA/S = Acav['IA/S + Aint(nonsp)[_IA/S (3)

The second term in Eqn (2) is more clear and compre-
hensible. It is often of particular interest because it can be
compared with the data obtained by other methods (IR,
UV, calorimetric titration, etc.). On the other hand, in
some cases the solvent—solute specific interaction en-
thalpy is the only source of information about the hydro-
gen bonding energies. Furthermore, the data on specific
interaction enthalpy can be used for the development of
solvent basicity and acidity scales.”™®

There exist a number of approaches for the extraction
of specific interaction enthalpies from solvation enthalpy
data. They include the pure base method’ and its mod-
ification,” the non-hydrogen bonding baseline method®
and the method of base solutes.”'® These methods are
actually based on estimation of non-specific solvation
enthalpy in Eqn (2) using ‘model’ solutes or ‘model’
solvents. The essential inadequacy of such an approach is
the poorly founded choice of ‘models’, i.e. the substances
having the same properties as the explored solute (or
solvent) except for its ability to undergo specific inter-
action. This problem has been substantially solved in the
method of base solutes, but the application of this method
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requires the analysis of a number of solvation enthalpy
values.'?

In this paper, we propose a new, very general method
for the extraction of specific interaction enthalpy from the
enthalpy of solvation. It requires the minimum of experi-
mental solution enthalpy data and does not require the
choice of certain ‘model’ compounds for a given solute.

RESULTS AND DISCUSSION

In a previous paper,’' we deduced the equation for
calculation of the enthalpy of non-specific solvation
[Asotv(nonspy /1. This equation is based on our presup-
position that the difference between the enthalpies of
non-specific interactions for some solvent S and cyclo-
hexane (as a solvent) is proportional to the same differ-
ence for tetrachloromethane and cyclohexane (as a
solvents):

Aini(nonspH*S = Aing(nonsp) H M2

= Q[Aint(nonsp)HA/CC14 - Aint(nonsp)I_IA/C‘SHIZ} (4)

where the proportionality factor ¢ is the constant for any
range of solutes (A) in each solvent (S). It is generally
accepted that the non-specific interaction enthalpy of any
solute with saturated hydrocarbon is minimal in a range
of solvents. Therefore, the term Aim(nonsp)HA/ Celi2 can be
considered as the common dispersion interaction en-
thalpy. Accordingly, the term  Ajynonsp)H*/5—
Aine(nonsp)H™/ 62 is the additional non-specific interac-
tion enthalpy of a solute A with the solvent S.

The assumption formularized by Eqn (4) is not rigor-
ously deduced from any physical model but is based on
the results of our previous work. In particular, it was
shown that dipole'*'* and multipole'* moments of the
solutes have no effect on the non-specific solvation
enthalpy, and the dependences of the non-specific solva-
tion enthalpies in different solvents (excluding alkanes)
on the solute molar refraction are similar to one for
tetrachloromethane.'*!313

Cyclohexane in Eqn (4) is the reference solvent. It is
essential because the calculation of the non-specific
interaction enthalpy according to Eqn (3) requires the
absolute values of cavity formation enthalpy. These data
are experimentally inaccessible but there is a method'-?
for the determination of this value relative to certain
reference solvents. Using the McGowan characteristic
volume'® (Vf) as the measure of the volume of a solute
molecule, this method gives the equation for calculation
of relative cavity formation enthalpy:

AcarH™S — Acq HY M2 = (6eayh® = beauh™H2) V1
(5)

Copyright © 2004 John Wiley & Sons, Ltd.

where 6ehS and 6. hCM12 are the specific relative
cavity formation enthalpies for solvent S and cyclo-
hexane, respectively. This value can be obtained
using the solution enthalpy of any linear alkane in the
solvent:

A 1[_IAlkane/S
soln

6““’ hs = V/Alkane <6)

Saturated hydrocarbons do not interact specifically
with a solute. The absence of specific interactions with
tetrachloromethane as a solvent is also a widely used

. -1
assumption,” ' so

Asolv(nonsp)HA/C6H12 — AsolvHA/CﬁHn and

ASO]V(“O“SP)HA/CCI4 = AsolvHA/CCI4 (7)

By combining Eqns (3), (4), (5) and (7), the equation
for non-specific solvation enthalpy was obtained:''

ASOlV(nonsp)I'IA/S = ASOIVHA/CGHIZ
+ <6cavhs — 6Cath6H12> yA
4 [ASOIVHA/CCI4 - AsolvHA/Cﬁle

. <6cathC'4 . 5cath6Hl2) v;\} (8)

The proportionality factor ¢ in this equation must be
calculated for each solvent by regression analysis.

To verify this equation, we applied it to solvation
enthalpy data obtained from the literature. Since Eqn (8)
describes the enthalpy of non-specific solvation, we
selected systems in which specific solute—solvent inter-
actions can be neglected. On this account, proton donor
solutes and solvents (water, alcohols, carbonic acids,
aniline, formamide) were excluded from the analysis.
Pyridine interacts with tetrachloromethane specifically,'’
so we excluded the data where pyridine is the solute.
Tetrahydrofuran, dioxane, dialkyl ethers and triethyla-
mine probably also interact specifically with tetrachlor-
omethane because the enthalpy of solution for these
solutes is exothermic.

The list of base solutes, their solution enthalpies in
cyclohexane (A H”/CH2) and tetrachloromethane
(AsonHA/CCY), characteristic volumes (VA) and vapor-
ization enthalpies (AvapHA) are given in Table 1. Table 2
gives the specific relative cavity formation enthalpies
(6cayh®) obtained by Eqn (6). This value was calculated
as the average for all available solution enthalpies of
alkanes (/N is a number of such alkanes). The values of the
parameter g calculated by regression analysis using
Eqn (8) are given in Table 3. N is the number of solutes
for each solvent, S is the standard deviation and R is the
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Table 1. Base solutes and their parameters for the analysis of non-specific solvation enthalpy using Eqn (8)

EXTRACTION OF SPECIFIC INTERACTION ENTHALPY

51

Solute (A) AgornH Gtz 208 K AgoinHA s, 298 K A AvpH®, 298K
(kJ mol™) (kJ mol™") (cm®>mol ™! x 1072 (kJ mol™)
Acetone 9.75% 2.70%° 0.5470 30.84°3
Acetonitrile 15.00%8 7.57% 0.4042 32.93%
Acetophenone 10.73 3.31% 1.0139 53.39%
Anisole 7.20%8 1.553 0.9160 46.82°°
Anthracene 29.70* 24.52% 1.4540 101.70%
Benzaldehyde 10.29"3 3.35% 0.8730 50.21%%
Benzene 3.19°8 0.54%8 0.7164 33.85%
Benzonitrile 11.53"3 420 0.8711 52.30*8
Bromobenzene 4.48% 0.84'2 0.8914 43.81%
Butanone 8.20% 1.76%° 0.6879 34.8933
tert-Butyl methyl ether 6.448 1.63% 0.8718 30.42%
Chlorobenzene 3.77% 0.63%3 0.8388 40.96*
1-Chlorobutane 2.8938 0.33% 0.7946 33.51%
p-Chloronitrobenzene 25.15'%2 18.91% 1.0130 70.29'2
1-Chlorooctane 2.978 0.84% 1.3582 54.43%8
Cyclohexane 0.00 0.71°% 0.8454 33.05"
Cyclohexanone 7.41%8 0.38% 0.8611 45.06%
Cyclopentanone 9.08°* 1.34%° 0.7202 42.72*8
n-Decane 2.168 3.01%° 1.5176 51.38%
1,2-Dichlorobenzene 5.22°! 1.55%° 0.9612 47.70%
1,4-Dichlorobenzene 22.20°"! 18.20'2 0.9612 64.90°
N,N-Dimethylaniline 6.44°2 0.8472 1.0980 52.83%
2,2-Dimethylbutane 0.54% 1.80% 0.9540 27.70%
Diphenyl 23.80°" 18.54'2 1.3242 81.60%°
Dimethylformamide 13.60°! 3.18% 0.6468 47.70*8
Dimethyl sulfoxide 17.49* 7.91%° 0.6130 52.89%
n-Dodecane 2.67°8 3.64%° 1.7990 61.30%
Ethyl acetate 7.28%¢ 0.17>2 0.7466 35.14%
Ethylbenzene 297! 0.54°3 0.9982 4237
3-Ethylpentane 0.96> 1.34% 1.0949 35.23%
Fluorobenzene 4.60%° 1.09% 0.7341 35.5248
n-Heptane 1.60% 2.09%8 1.0949 36.57%
2-Heptanone 6.78% 1.05%° 1.1106 47.45%
4-Heptanone 7.07%® 1.05% 1.1106 46.69°*
Hexachlorobenzene 27.20'? 24.27"2 1.4508 92.00%°
n-Hexadecane 3.7238 4.69% 2.3630 81.38%
n-Hexane 1.17% 1.63% 0.9540 31.55%
2-Hexanone 6.74% 1.05% 0.9676 42.8933
Iodobenzene 5.48%0 1.59'2 0.9746 49.60%°
Mesitylene 4.14%8 0.75% 1.1391 47.49%
2-Methylbutane 0.63% 1.30% 0.8131 25.23%
N-Methylpyrrole 7.90° 1.59% 0.7183 40.58*
Naphthalene 23.00"° 18.75'2 1.0854 72.89°
Nitrobenzene 11.9228 481 0.8906 55.02%°
n-Nonane 1.97%8 2.64%8 1.3767 46.44%
2-Nonanone 6.60% 1.42%8 1.3924 56.61%°
5-Nonanone 6.00% 0.46%8 1.3924 54.89%
n-Octane 1.75%8 2.38% 1.2358 41.51%
2-Octanone 6.80% 1.15% 1.2515 51.80°3
1-Octene 1.63% 1.00%° 1.1928 40.58%°
n-Pentane 1.03% 1.46%° 0.8131 26.74%
2,4-Pentanedione 9.75% 3.22% 0.8445 43.10*8
2-Pentanone 7.11% 1.34% 0.8288 38.41%3
Tetrachloromethane 1.72%8 0.00 0.7391 32.43%
2,2,4,4-Tetramethylpentane 0.29% 2.30° 1.3767 38.53%
2,24 A-Tetramethyl-3-pentanone 4.18% 0.46%3 1.3924 45.35%
Toluene 2.9438 —0.13% 0.8573 37.99%
Trifluoromethylbenzene 6.95%8 3.22%8 0.9104 37.57%
Tri-n-butylamine 2.09% 0.88° 1.8992 69.60**

#Solvent: n-hexane.

Copyright © 2004 John Wiley & Sons, Ltd.
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Table 2. Relative cavity formation enthalpies per unit of
McGowan characteristic volume

Table 3. Parameters of linear regression upon Eqn (8) for
the range of solvents

Solvent (S) SeavhS (KT em 2 x 10?) N Solvent (S) N q So R
Acetone 7.65 8> Acetone 28 2.0440.05 1.52  0.969
Acetonitrile 10.66 621293438 Acetonitrile 31 2284004 1.11  0.983
Acetophenone 5.31 22 Acetophenone 9 1.724+0.05 0.84 0.992
Anisole 5.69 12 Anisole 7 1.96+0.10 1.39  0.974
Benzene 5.02 8-28.37.39 Benzene 53 1.604+0.02 092 0.983
Benzonitrile 4.01 Benzonitrile 21 1.624+0.03 0.69 0.988
Benzylamine 7.85 120 Benzylamine 7 21840.07 123 0978
Chlorobenzene 2.56 2?2 Chlorobenzene 16 1.40£0.07 1.10  0.910
1-Chlorobutane 2.07 7% 1-Chlorobutane 10 1.164+0.04 0.28  0.995
Cyclohexane 1.42 92838 Cyclohexanone 7 1.56+0.09 1.04 0979
Cyclohexanone 4.66 22 Dibutyl ether 27 0614004 1.04 0.883
Dibutyl ether 0.53 7828 1,2-Dichlorobenzene 7 144+006 093 0984
1,2-Dichlorobenzene 3.47 12 N,N-Dimethylacetamide 15 2.12+0.10 2.33 0944
N,N-Dimethylacetamide 7.66 334 1,4-Dioxane 27 2.14+0.09 218 0.930
1,4-Dioxane 7.57 82 Dipropyl ether 13 0.94+0.06 1.31 0.848
propy
Dipropyl ether 0.70 1 Dimethylformamide 50 224+£0.07 254 0.927
Dimethylformamide 8.62 98:28.34.37 Dimethyl sulfoxide 48 2564+0.08 288 0.924
Dimethyl sulfoxide 13.87 6"-28-34.36 Ethyl acetate 48 1.82+0.05 1.83 0.939
Ethyl acetate 5.98 98 Mesitylene 30 0.98+0.05 1.12  0.946
Mesitylene 1.10 78:28:39 Nitrobenzene 18 1.67+£0.07 1.60 0.969
Nitrobenzene 4.99 5 Nitromethane 12 2444011 137 0979
Nitromethane 13.74 43438 Pyridine 29 2014006 170 0.944
Pyridine 6.66 4 Toluene 43 1.38£0.03 098 0.972
Tetrachloromethane 1.91 282939 1,1,1-Trichloroethane 8 1384+0.07 043 0.993
Toluene 2.65 78:28.39 Triethylamine 30 0.65+0.06 1.54 0816
1,1,1-Trichloroethane 2.57 5828 Trifluoromethylbenzene 27 1.57+£0.04 095  0.982
Triethylamine 0.43 gs-28 p-Xylene 13 1.14£0.06 089 0.947
Trifluoromethylbenzene 3.50 6°%%
p-Xylene 1.31 2?

correlation coefficient. The experimental values of
solvation enthalpy were calculated using Eqn (1) and
literature data on enthalpy of solution, ' —--810:12.13.18-42
It must be noted that in the majority of cases the standard
deviation of calculated value of solvation enthalpy from
the experimental value is <2kJmol .

The parameter ¢ is a solvent property and it would be
more convenient to calculate its value from correlation
with any solvent property. We analyzed the correlations
of ¢ values in Table 3 with some solvent parameters,
namely: function of refractive index [f(n) = (n*> —1)/
(n?> +1)], function of relative permittivity [g(e,) =
(e, —1)/(e,+1)], their difference [g(e,) —f(n)],
Dimroth-Reichardt [E7(30)] and Kamlet—Abboud-Taft
(7*) solvatochromic parameters and Hildebrand solubi-
lity parameter (6y). The correlation coefficients/standard
deviations were found to be —0.07/0.53, 0.62/0.42, 0.62/
0.42, 0.85/0.28, 0.79/0.33 and 0.87/0.27, respectively.
The last three solvent parameters do have some correla-
tion with ¢ values, the Hildebrand solubility parameter
showing a slightly better correlation. Nevertheless, a
substantially better correlation (correlation coefficient
0.98 and standard deviation 0.09) can be found for the
square root of specific relative cavity formation enthal-
pies (1/8cavh®). The correlation between g and \/ dcyhS is
shown in Fig. 1.

Copyright © 2004 John Wiley & Sons, Ltd.

This parameter is to some extent the analogue of the
Hildebrand solubility parameter because in regular solu-
tion theory & characterizes the specific cavity formation
energy. The Hildebrand parameter reflects the overall
breaking of solvent—solvent interactions, being calculated
from the vaporization enthalpy, whereas for cavity for-
mation the breaking of some part of such interactions
only is required. The parameter 1/ ../ probably reflects
better just this part of the interactions.

3,00
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Figure 1. Correlation of g (Table 3) with square root of
specific relative cavity formation enthalpy (calculated from
data in Table 2)
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The empirical correlation between g and +/8cayhS
permits the simplification of Eqn (8) for new solvents:

ASO]V(nonsp)I—IA/S = ASOIVHA/C()HIZ
+ (Beavh® — SeayhCoH2) VA

+ (034 +0.61/8 1)
X |:AS()IVIJA/CC14 - AsolVI_IA/CﬁHlZ

— Bk — ) VA (9)

By combining Eqns (2) and (9), the specific interaction
enthalpy can be calculated. The difference in solvation
enthalpies for solute A is equal to the difference in
solution enthalpies. Hence the resulting equation is

HA/S = AsolnFIA/S - Asoln[—]A/CﬁH12
- (6cavhs - 6cath6H|2)Vﬁ

- (0.34 + 0.61\/5cavh5)

X |:Asn:>lnI—IA/CC14 - AsolnI_IA/CﬁH12

Aint(sp)

— (Bea % — 5cavhcﬁﬂw)vﬂ (10)

Hence the enthalpies of solution in this solvent
(AsonHAS), cyclohexane (AgomH™ eH12) and tetrachlor-
omethane (AgH*/C%) must be available for calcula-
tion the enthalpy of solute—solvent specific interaction.
The enthalpy of solution of at least one alkane in the
solvent under consideration (for calculation of &h®)
must also be known.

We calculated the enthalpy of solute—solvent specific
interaction for all systems whose solution enthalpy data
were available in the literature. Partially these data and
also some solution enthalpies in cyclohexane and tetra-
chloromethane and solution enthalpies of alkanes in
some solvents were measured by authors. The results
are given in Table 4, where A, H*/5(sp) is the calculated
enthalpy of specific interaction, é.w4° is the specific
enthalpy of cavity formation, AgnH?/S is the experi-
mental value of solution enthalpy and A H”"S is the
complexation enthalpy obtained from literature. For each
solute the enthalpy of solution in cyclohexane
(AgonH*/CsH12) and tetrachloromethane (Ago,H™/CC4)
and the characteristic volume (Vf) are shown. The
specific interaction of iodine with different solvents is
charge-transfer complexation; for other solutes it is
hydrogen bonding.

The enthalpies of solute—solvent specific interaction
calculated using Eqn (10) are generally in good corre-
spondence with the literature data for complexation
enthalpy. The standard deviation of Ay, H*/S(sp) from

Copyright © 2004 John Wiley & Sons, Ltd.

the middle of A HA"S is 2kImol ™' for 82 compared
points (excluding three points for N-methylaniline). In
our opinion, some of the disagreements in these values
can be explained by the following reasons:

e The specific interaction enthalpy and complexation
enthalpy are calculated per mole of solute and com-
plex, respectively. These values must be equal only if
the degree of complexation is unity.

e Some solutes, such as aniline, probably form 1:2
complexes with solvents, whereas literature complexa-
tion enthalpies correspond to 1:1 complexes.

e Complexation enthalpy data obtained from the litera-
ture are often ambiguous. Discrepancies amounting
5-10kJmol ™" are often found between the results
obtained by different workers studying the same sys-
tems by the same or different methods.

e The inaccuracy of Eqn (10) is highly affected by
inaccuracies in AgHCsH2 and Ay HA/CCl | espe-
cially for solvents with high 8.,/°. The precise deter-
mination of solution enthalpies in cyclohexane and
tetrachloromethane may be a non-trivial task for some
weakly soluble substances.

e In some cases the presence of specific interactions of
the solute with tetrachloromethane may not be com-
pletely excluded. Such interactions should decrease the
results for other solvents obtained using Eqn (10).

e Despite certain model concepts, which underlie this
method, Eqn (10) is principally an empirical one.

Catalan er al.® proposed a ‘pure solvent method’ for
accurate estimation of the basicity of solvents. Being
based on solution enthalpies of pyrrole, N-methylpyrrole,
benzene and toluene, it yields SAH? | values. We com-
pared our results for pyrrole with these data. The correla-
tion is shown in Fig. 2. The largest deviation can be seen
for chloroform, but it is not surprising because in our
method chloroform is a proton donor whereas SAH? | is
a basicity scale (unlike the methods based on homo-
morphs, our method gives the overall enthalpy of all
possible solute—solvent specific interactions). Except for
this point, the correlation coefficient and standard devia-
tion are 0.98 and 1.3 kJ mol ', respectively. The intercept
of the correlation is about 2.1kJmol '. This non-zero
value is comprehensible considering that the ‘pure sol-
vent method’ gives non-zero basicities for cyclohexane
and tetrachloromethane. The slope is almost unity, con-
firming the similarity of the methods. However, our
method seems to overestimate the specific interaction
enthalpies with hexametapol and somewhat with tetra-
hydrofuran.

The rationality of the results obtained by Eqn (10) can
be confirmed by correlation with the solvent basicity (SB)
scale.® These correlations for two solutes, 1-butanol and
chloroform, are shown in Fig. 3. The correlation coeffi-
cient/standard deviation were found to be 0.97/1.6 and
0.98/0.7, respectively.

J. Phys. Org. Chem. 2005; 18: 49-61
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Table 4. Enthalpies of specific interaction [AiyH*/(sp)] (298 K) calculated using Egn (10)

Solvent (S) BeayhS (KT em > x 107) AgonHAS (kI mol ™)

AincHA/S (sp) (kI mol™")

AHAS (kI mol ™)

Solute (A): aniline; A H” 62 =15.6;57 A HA/ L =8.7;%8 VA 0.816

Acetone 7.65 _5.4%8 —11.2 —10.5%%
Acetonitrile 10.66 0.0%® —6.0 —7.1%%
Anisole 5.69 1.5%8 —43 -7.9%
Benzene 5.02 5.0%8 —-0.7 —1.0;® —6.9%°
Chloroform 3.47 0.7% —5.7
Dibutyl ether 0.53 2.9%8 —6.1 7.5%
1,2-Dichloroethane 8.56 128 —3.7
1,4-Dioxane 7.57 —4.6® —-10.3
Dimethylformamide 8.62 —11.2% —17.0 14.2%
Dimethyl sulfoxide 13.87 —10.9%® —17.4 —15.5%
Ethyl acetate 5.98 —3.5%8 -93 10.0:% —12.9%°
Mesitylene 1.10 7.9% —0.2 —1.7%
Pyridine 6.66 —7.4% —13.1 10.0:%% —14.3%
Toluene 2.65 5.9% —-0.9 98
Triethylamine 0.43 —1.8% —11.2 —13.8%
Solute (A): anthracene; Ago HA/ M2 =29.7;13 A, HA/CCl =245, VA = 1.454
Chloroform 3.47 20.8'° -32
Solute (A): benzene; AgoH*/ Gtz =327 A, HA/CCl =0.5;7% VA =0.7164
Chloroform 47 -2.0° —22
Solute (A): bromobenzene; AsolnHA/CGH'Z 455 AgonHA/ % = 0. 8~‘2 VA =0.8914
Chloroform 47 910 —1.2
Solute (A): 1-butanol; Ay, HACsHie =24 5:13 A HA/CCl = 9. 2;% VA 0.7309
Acetone 7.65 7.2'° —-10.3 —9.2%
Acetonitrile 10.66 10.8'° -72
Benzene 5.02 16.9% -0.5 —2.2%
Benzylamine 7.85 —4.4'8 —-21.9
Dibutyl ether 0.53 8.5%8 —-10.9
1,2-Dichloroethane 8.56 16.1% -1
Dichloromethane 7.43 14.4°8 -3.1
Diethyl Ether 1.59 5.3% —13.0 —12.4;% —-15.9%°
N,N-Dimethylacetamide 7.66 1.0* —16.4
1,4-Dioxane 7.57 8.1 —9.4 —13.0%°
Dimethylformamide 8.62 2.5 —15.1 —14.6:%° —16.7°°
Dimethyl sulfoxide 13.87 4.1% —14.6
Ethyl acetate 5.98 8.5'° -89 —-10.0°°
Hexametapol 4.45 —5.9'8 —233
Mesitylene 1.10 16.28 —2.4
3-Methylsulfolane 9.87 10.0%* —-7.8
Nitromethane 13.74 16.0% —2.7
Propylene carbonate 10.14 10.6%° -7.3
Pyridine 6.66 1.3% —16.1 —17.2:%° —14.6”
Toluene 2.65 16.9% -0.9
Triethylamine 0.43 —4.8'8 —24.4 —23.0;7°° —20.5%°
Solute (A): chlorobenzene; Ao HA/ st =3 .8:40 A, HA/CCls = 0. 6 3 YA =0.8388
Chloroform 3.47 910 —1.1
Solute (A): chloroform; AgoHA/ el =2.9:38 A HA/CCl = 0. 9;6! vA 0.6167
Acetone 7.65 —5.0% 7.1 —7.0%
Acetonitrile 10.66 —1.5% —48
Diethyl ether 1.59 —-8.1°8 8.6 —7.7%
1,4-Dioxane 7.57 —4.9°! —~7.0 —6.9;%2 —9.2°°
Dimethyl sulfoxide 13.87 —5.5%7 —-10.2
Nitromethane 13.74 1.1°8 -35
Pyridine 6.66 —5.5 -73 —~10.7:%> —10.0”°
Tetrahydrofuran 3.28 —8.4%! -9.2 —8.2;%2 —15.0”
Triethylamine 0.43 —13.0 —13.5 —~16.0;%* —16.7%°
Solute (A): m-cresol; AgH/ Gt =252:28 A HACCL = 15,65 vA 0916
Benzene 5.02 10.8%® —0.5 —2.7%
Dibutyl ether 0.53 —5.3%8 —21.8 —23.8;%® —19.26
1,2-Dichloroethane 8.56 9.4%8 —-0.9
Dimethylformamide 8.62 —14.0% —24.4 —24.5:*% —23.,0%
Dimethyl sulfoxide 13.87 —12.8%® —232 —24.9;°% —26.4%
Ethyl acetate 5.98 —5.6% —16.5 —19.9;* —13.4%
Continues
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AHAS (kITmol ™

—6 528
—3.5%8

—39.578

—9.6%2

—15.1%2

-10.5%

Solvent (S) Searh® (kKTem > x 10%)  AgnHAS (kKImol ") Ay HA/S(sp) (kI mol ™)
Mesitylene 1.10 9.6% —54
Toluene 2.65 10.5°8 —24
1,1,1-Trichloroethane 2.57 10.8%* -2.1
Triethylamine 0.43 —20.2% —-37.0

Solute (A): 1,2-dichlorobenzene; Agp, HA/CsH = 5.2:13 A HA/CCls = 1.5,%° VA =0.9612
Chloroform 3.47 —0. —1.2

Solute (A): 1,4-dichlorobenzene; AgonH”/ etz =22.2:13 A, HA/CCl = 18.2;12 Vf =0.9612
Chloroform 3.47 17.41° —0.2

Solute (A): cis-1,2-dichloroethene; A, HA/ Gl =3.7;1% Ay, HACCs = 1.6, VA =0.5922
Acetone 7.65 —3.1" -5.6
Acetonitrile 10.66 0.0" -3.6
Benzene 5.02 —0.7% —24
Chlorobenzene 2.56 —0.2% —1.4
1,2-Dichlorobenzene 3.47 0.3 —1.1
1,4-Dioxane 7.57 —2.7"3 -52
Dimethylformamide 8.62 —4.8" —=17.7
Dimethyl sulfoxide 13.87 —3.3% —8.1
Pyridine 6.66 —2.0% —42

Solute (A): trans-1,2-dichloroethene; Agp, HA/C6H =2.4:1% A, HACCl: = 0.5;3 VA =0.5922
Acetone 7.65 —2.5'" —4.2
Acetonitrile 10.66 0.5"3 -23
Benzene 5.02 0.2% —0.6
Chlorobenzene 2.56 0.0% -0.2
1,2-Dichlorobenzene 3.47 0.3% —0.1
1,4-Dioxane 7.57 —2.6" —4.2
Dimethylformamide 8.62 —4.8"3 —6.8
Dimethyl sulfoxide 13.87 —3.0% 7.1
Pyridine 6.66 —1.4% -2

Solute (A): N,N-dimethylaniline; A HA/ M2 = 6.4, Ay, HACCl = 0.8;% VA =1.098
Chloroform 3.47 —5.432 —-5.0

Solute (A): diphenyl; Ay HA CsHie =23 8:13 A, HA/CCls = 18 5,12 VA 1.3242
Chloroform 3.47 14.11° -3.6

Solute (A): diphenylamine; Ao H*/CeHz =29.1;%¢ Ay HA/CCl = 21.9; 00 YA =1.424
Acetonitrile 10.66 18.0°° —-5.7
1,4-Dioxane 7.57 9.2% ~12.6
Dipropyl ether 0.70 12.1° -9.2
Dimethylformamide 8.62 5.9% —-16.5
Dimethyl sulfoxide 13.87 8.8% —17.3
Ethyl acetate 5.98 11.3% -9.7
Pyridine 6.66 5.4% —~15.9
Tetrahydrofuran 3.28 5.0 —153
Toluene 2.65 17.1%¢ -3.1

Solute (A): 2.6-di-tert-butylphenol; AgnH Cotiz = 19.7;57 Ay, HA/ L = 16.1,°7 VA =1.9023
Acetone 7.65 12.5 -9.8
Acetonitrile 10.66 17.2%7 —9.4
Benzene 5.02 16.6%7 —22
1,4-Dioxane 7.57 11.2%7 ~11.0
Dimethylformamide 8.62 197 —~16.6
Dimethyl sulfoxide 13.87 11.4% —20.1
Ethyl acetate 5.98 12.2% ~7.8
Tetrahydrofuran 3.28 5.0%7 —11.6

Solute (A): Dimethylformamide; Ao HA €l = 13,631 Ay HA/CCls = 3.2, VA 0.6468
Chloroform 3.47 —12.3%! —11.2

Solute (A): Dimethyl sulfoxide; AgolnHA/ CoHiz — 17.5:2% Ay ,HA/CCls =7.9;26 Vf =0.613
Chloroform 3.47 —13.8% ~17.8

Solute (A): ethanol; Ay HA/CsHiz =23.3;38 A HA/CCl = 18.4:%8 VA = 0.4491
Acetone 7.65 5.3 -10.3
Acetonitrile 10.66 8.0% —7.4
Acetophenone 5.31 7.0 —-9.1
Benzonitrile 4.01 8.2!3 —8.2
Benzylamine 7.85 —6.2" -21.9
1,2-Dichloroethane 8.56 13.5 -2.0
Dichloromethane 7.43 12.738 -3.0
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Solvent (S) Seah (KJ em ™3 x 100)

AnH?S (kKImol™") Ay H*S(sp) (kI mol ™)

AHAS (kITmol ™

Diethyl ether 1.59 5.2% —12.5
N,N-Dimethylacetamide 7.66 —0.5% —16.1
Dimethylformamide 8.62 1.3* —14.3
Dimethyl sulfoxide 13.87 1.2% —14.3
Ethyl acetate 5.98 7.4 -85
3-Methylsulfolane 9.87 7.8% -7.7
Nitrobenzene 4.99 12.3" —3.8
Nitromethane 13.74 12 -35
Propylene carbonate 10.14 8.5%° -7.0
Pyridine 6.66 0" —15.8
Solute (A): N-ethylaniline; Ao Y CsH2 =9.9:% A1, HA/CCl =3.9:3 VA =1.098
Chloroform 3.47 —2.5% 5.0
Pyridine 6.66 —5.2°%2 83
Solute (A): fluorobenzene; Ay, HA/ €tz = 4.6;%0 A HACCh = 1.1:%° VA =0.7341
Chloroform 3.47 —0.9'° —-12

Solute (A): 3-fluorophenol; Ay HA/CoHiz =20.7;20 Ay, HA/CCl = 1256.9;26 VA =0.7928

Benzene 5.02 . —-7.1
1,2-Dichlorobenzene 3.47 11.1%° -35
Solute (A): 1-hexanol; Ay HA/CsHi = 24.4:13 Ay HACC = 18.7; V& =1.0127
Acetone 7.65 9.1 -9.0
Acetonitrile 10.66 13.4'° 5.8
Acetophenone 5.31 g.2! -9.2
Benzonitrile 4.01 102" 7.1
Benzylamine 7.85 —3.11 —21.3
N,N-Dimethylacetamide 7.66 2.6% —15.5
Dimethylformamide 8.62 47" —13.7
Dimethyl sulfoxide 13.87 6.8 —~13.9
Ethyl Acetate 5.98 9.4 —8.2
3-Methylsulfolane 9.87 11.6* -73
Nitrobenzene 4.99 14.1" -33
Nitromethane 13.74 18.0°* -2.6
Propylene Carbonate 10.14 12.6° —6.4
Pyridine 6.66 22" —15.6
Tetrahydrofuran 3.28 5.0 —12.3
Solute (A): iodine; AgHA/CeHz =29.7,70 A, HA/CCl =26.7,70 VI =0.625
Acetone 7.65 10.97! —15.9
Acetonitrile 10.66 20.17! ~76
Benzene 5.02 18.87 -75
Chlorobenzene 2.56 19.97° —6.1
1,4-Dioxane 7.57 77° —19.1
Dimethylformamide 8.62 0.4 —26.7
Ethyl Acetate 5.98 13.07° —13.4
Pyridine 6.66 —15.27° —41.8
Tetrahydrofuran 3.28 2.57! —235
Toluene 2.65 16.17° -9.9
p-Xylene 1.31 46" —11.6
Solute (A): iodobenzene; A HA/ €M = 5.5:% A, HA/CCl = 1.6,'2 VA =0.9746
Chloroform 3.47 —0.4" —1.4
Solute (A): methanol; Ag,HA Stz =24.3;13 A, HA/CCl = 18.2;,7® VA =0.3082
Acetone 7.65 3.6 —10.0
Acetonitrile 10.66 6.2 —6.4
Acetophenone 5.31 51" -9.6
Benzonitrile 4.01 7.0 —-83
Benzylamine 7.85 —-8.8"? —223
Dichloromethane 7.43 11.6° —2.1
Diethyl ether 1.59 3.8 —13.6
N,N-Dimethylacetamide 7.66 —2.3% —15.9
1,4-Dioxane 7.57 537 —-8.3
Dipropyl ether 0.7 9" —12.8
Dimethylformamide 8.62 —0.6>* —13.8
Dimethyl sulfoxide 13.87 —1.4% —13.3
Ethyl acetate 5.98 5.7 —8.6
Hexametapol 4.45 7.1'% —22.2

—14.2%°
-16.3%°

-15.9%°

—7.17

—15.3;> —15.37
79.6;712 —7.97
:6:(1)74

—15.87

—20.9;% —20.973

—12.6;% —12.67

—31.3;"% —37.277

—22.2%12 —24.37

—9 7

-10.5%
—9.2%

—15.5%°
—11.7%°
—15.1%°

—15.4%
-10.2>°
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Solvent (S) Seavh® (KTem > x 10%)  AgnH™S (kImol ™) Ay HAS(sp) (kImol™")  A.HAS (kITmol )
3-Methylsulfolane 9.87 5.7 -7.2
Nitrobenzene 4.99 11.0" 3.8
Nitromethane 13.74 0338 —-2.6
Propylene carbonate 10.14 6.3% —6.5
Pyridine 6.66 —1.9' —15.9 —~17.6:°> —16.0”
Tetrahydrofuran 3.28 3.1 —12.8
Triethylamine 0.43 —4.8% —24.1 -25.17° —17.6”
Solute (A): methyl propiolate; A HA oMz = 14.4;%" Ay, HA/CCls = 7.8;%° VA =0.6019
Acetone 7.65 —2.9% —7.0
Acetonitrile 10.66 —0.5% —4.4
Benzene 5.02 3.08 —-1.8
Dibutyl ether 0.53 248 6.1
1,4-Dioxane 7.57 —2.3% —6.4
Dimethylformamide 8.62 —5.58 —-9.5
Dimethyl sulfoxide 13.87 —3.5% -73
Ethyl acetate 5.98 —2.4%6 —6.9
Tetrahydrofuran 3.28 —4.6% —10.1
Solute (A): 2-methyl-2-butanol; Ay, H*/ etz =24.5:%% A, HA/CCL =192, VA =0.8718
Benzene 5.02 16. 628 —-1.3
Dibutyl ether 0.53 11.2% -8.1
1,2-Dichloroethane 8.56 15.0% 3.5
Dimethylformamide 8.62 3.5%8 —15.1
Dimethyl sulfoxide 13.87 5.4%8 —15.0
Ethyl acetate 5.98 8.7%8 -93
Mesitylene 1.10 14.9%8 -3.7
Toluene 2.65 16.3% —1.7
Triethylamine 0.43 —0.3% —19.7
Solute (A): N-methylaniline; Agn H* Cot2 = 11.6;3 Ay, HA/ €4 = 5.6, VA =0.9571
Acetonitrile 10.66 .16 —-3.2
Chloroform 3.47 —1.5% 55
Dibutyl ether 0.53 1.20° —44
1,4-Dioxane 7.57 —2.1%¢ —6.5
Dimethylformamide 8.62 —5.3"7 -99 —20.9%
Dimethyl sulfoxide 13.87 —3.4%7 -9.9
Ethyl acetate 5.98 —1.4% —54 —14.6"°
Pyridine 6.66 —4.3% -85 —15.9%
Toluene 2.65 6o ~15
Solute (A): N-methylpyrrole; AsolnHA/CﬁHIZ —7.9;5 AynHA/CCh = 1, 6 P2 yA=0.7183
Chloroform 3.4 —6.2° —5.6
Solute (A): naphthalene; Ay, H*/ oz =23, 0 13 AgomHA/CCh = 18. 8 "2 VA =1.0854
Chloroform 3.47 15. 4 —2.8
Solute (A): 1-octanol; AgmHA/ e =24.6;13 Ay HA/ 4 = 19.9;8 VA =1.295
Acetophenone 5.31 9.1 —11.2
Benzene 5.02 18.28 —-1.9
Benzonitrile 4.01 10.6" -9.0
Benzylamine 7.85 —1.9" —23.9
Dibutyl ether 0.53 8.18 —11.1 —12.6°
1,2-Dichloroethane 8.56 18.8% —-3.6
Dimethylformamide 8.62 7.28 —15.3 —14.6%
Dimethyl sulfoxide 13.87 10.7% —~16.0 —15.9%
Ethyl acetate 5.98 11.38 —9.4 —10.0®
Mesitylene 1.10 16.9% -2.0
Nitrobenzene 4.99 14213 —-5.9
Toluene 2.65 16.8 -22
1.1,1-Trichloroethane 2.57 17. 78 —1.3
Triethylamine 0.43 —-5.1% —24.4 —26.4"
Solute (A): 1-pentanol; Ay, HA/Cetiz = 24,178 A, HA/ Pl = 19,128 VA = 0.8718
Acetonitrile 10.66 11.6* -7.9
Benzene 5.02 17.7%8 —-0.3
Dibutyl ether 0.53 8.3% —-10.7
1,2-Dichloroethane 8.56 16.6%8 —2.1
N,N-Dimethylacetamide 7.66 1.9% —~16.6
Continues
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Solvent (S) Seavh® (KTem > x 10%)  AgnH™S (kImol ™) Ay HAS(sp) (kImol™")  A.HAS (kITmol )
Dimethylformamide 8.62 3.8 —-15.0
Dimethyl sulfoxide 13.87 5.43¢ —15.3
Ethyl acetate 5.98 9.5% —8.6
Mesitylene 1.10 16.3% —22
3-Methylsulfolane 9.87 10.7%* -8.5
Nitromethane 13.74 17.0** —3.7
Propylene carbonate 10.14 11.6° =7.7
Toluene 2.65 16.8% —1.1
Triethylamine 0.43 —4.478 —23.6
Solute (A): phenol; AgnHA/CsH =31.9:4 A HA/CL =26.2;%° VI =0.7751
Acetone 7.65 2.1'° —223 —20.1;° —21.3%
Acetonitrile 10.66 9.3'0 —15.5 —14.2;** —19.5%
Anisole 5.69 11.8"° —125 —13.0"°
Benzene 5.02 19.7% —4.6 —4.9;° —3.8%
Chloroform 3.47 18.7* 5.8
1,2-Dichloroethane 8.56 18.9 -5.6
N,N-Dimethylacetamide 7.66 —~7.0" —31.4 —28.5%
1,4-Dioxane 7.57 3.8% —20.6 —21.3;7% —20.9%
Dipropyl ether 0.70 3.0 -23.2
Dimethylformamide 8.62 —4.6% —29.1 —26.3; —28.7,%% —25.5%
Dimethyl sulfoxide 13.87 -3.0% —-28.6 —30.1;%% —28.9%
Ethyl acetate 5.98 4.1% —20.2 —20.2;°% —18.6%
Mesitylene 1.10 19.3% —6.3
Pyridine 6.66 —5.9% —30.2 —30.5;> —28.5%
Tetrahydrofuran 3.28 —1.7% —26.2 —24.07% —23.0%
Toluene 2.65 19.4% -53 —5.5;% —10.3%
1.1,1-Trichloroethane 2.57 19.7%4 -5.0
p-Xylene 1.31 20.286 -53 —6.6;°
Solute (A): phenylacetylene; A H/Cole = 6;10 Ay, HA/CCls = 6'10 VA=0.9122
Dipropyl ether 0.70 —2.8
Solute (A): 2-Propanol; Ay, HA/Cste =22 8:%7 A HA/CCl = 18, 8 VA 0.59
Dimethyl sulfoxide 13.87 . —15.1
Propylene carbonate 10.14 9. 936 —8.1
Solute (A): N-propylaniline; Ao HA CeHiz = 8.6;%2 Ao HACCl =3, 2 32 VA
Chloroform 3.47 —3. —54
Pyridine 6.66 5. 62 -9.1
Solute (A): pyrrole; AgnHA etz = 15.7;% Ao HA s = 9.3, VA = 0577
Acetonitrile 10.66 —1.3% —6.7 —8.2;%% —7.9%8
Anisole 5.69 1.4° —4.7
Benzene 5.02 3.33 —-3.1
Benzonitrile 4.01 —2.23 -89
Chlorobenzene 2.56 5.0° -25
Chloroform 3.47 1.4° 5.6
Cyclohexanone 4.66 -5.8° —12.2
1,2-Dichlorobenzene 3.47 5.1° —-1.9
1,4-Dioxane 7.57 —5.1%8 —~10.8
Dipropyl ether 0.70 -3.6" —13.1
Dimethylformamide 8.62 —9.1%% —14.7
Dimethyl sulfoxide 13.87 -9.3° —14.7 —17.67° —12.5%
Ethyl acetate 5.98 —4.2° —-10.2
Hexametapol 4.45 —-18.5° —-25.1
Nitrobenzene 4.99 0.3 —6.1
Nitromethane 13.74 1.5° -39
Pyridine 6.66 —8.4° —14.3 —18.0;%% —13.4;*
Tetrahydrofuran 3.28 -7.93 —15.0
Toluene 2.65 3.93 —-3.6
Triethylamine 0.43 —11.1° —21.2 —24.9; —18.0°°
Solute (A): toluene; Agy, HA/Cefiz =2 9;38 AsolnHA/CCIA =-0.1;% VA 0.8573
Chloroform 3. — l —2.6
Solute (A): trichloroethene; Ay, HA/CeHiz = 2.5;13 Ao HA/ €l = 0.3;10 VA =0.7146
Acetone 7.65 —0.9% —26
Acetonitrile 10.66 1.6% —15
Continues
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Solvent (S) Seavh® (KTem > x 10%)  AgnH™S (kImol ™) Ay HAS(sp) (kImol™")  A.HAS (kITmol )
Benzene 5.02 0.3% —0.4
Chlorobenzene 2.56 —0.3% —0.2
1,2-Dichlorobenzene 3.47 —1.2% —14
1,4-Dioxane 7.57 —1.6% -33
Dimethylformamide 8.62 —3.5% -5.6
Dimethyl sulfoxide 13.87 —0.99 —5.6
Ethyl acetate 5.98 —2.2% -3.3
Pyridine 6.66 —0.99 -22
Tetrahydrofuran 3.28 —5.2% —5.3

Solute (A): Tri-n-butylamine; Agn H* otz =2.1;%% Ay, HA/Cls = 0.9;°° VA = 1.8992
Chloroform 3.47 —11.1% —13.9

METHODOLOGY = ®
@ 1-Butanol ®
~

The data on solution enthalpies used in this paper were 200 g
mainly taken from papers listed in the tables. Some P
solution enthalpy data were measured using a differential 150 ®e /:
quasi-adiabatic calorimeter. The detailed technique for 3 Pry
the determination of the solution enthalpies can be found " 0o .
elsewhere.'>?® The volume of the calorimetric cell was o —® °
100ml. The final solute concentration did not exceed * P *-
0.03mol 1", The absence of a concentration dependence o0 ~
of the heat effect was controlled by successive dissolution .
of weighed samples. The results were obtained as the 00
average of 4—-6 measurements. All calorimetric data, our o o o % s o o o
own and obtained from the literature, were measured at 200
208 K.

For calculation of ¢ values by Eqn (8), the latter were 150
converted to the form A

qmo A A — -
YS _ quCI4 (11) f s /A‘/A
I 50 A —
A
% O OIOO,Z 0.3 0.4 0.5 sB 086 07 08 09
y =1.00x - 1.96

Figure 3. Correlations of specific interation enthalpies for
1-butanol and chloroform (—Ajnysp)H*) with SB scale of
the solvents

~
S

I

Specific interaction enthalpy of pyrrol (Eqn.(10))

where
" YS = Asole_IA/S - Asole{A/C()H12
- <6cavhs - 6cath6H12)V?
5
and
0 - . YCC14 — ASQIVHA/CC14 _ AQQIVHA/CGHIZ
0 5 10 15 20 25 : A
Basicity by "pure solvent method” _ (6cathC14 _ 6cthC6H12)VXA
Figure 2. Correlation of specific interation enthalpy for ) )
pyrrole with the solvents [—AjyspHP™/%] and data for The values of ¢ were obtained from Eqn (11) by linear
‘pure solvent method’ (6AHY,) regression analysis for each solvent.
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CONCLUSION

We have proposed a simple and very general method for
the extraction of specific interaction enthalpy from the
solvation enthalpy. It will give opportunities for obtaining
new data on hydrogen bonding enthalpies for those
systems where spectral methods can hardly be applied.
This method may be especially useful for the determina-
tion of the specific interaction enthalpy with the solvents
associated owing to intermolecular hydrogen bonding
(such as water, alcohols, carbonic acids, aniline and
formamide). It can also be used for the determination
of the enthalpy of the hydrophobic effect for non-polar
solutes.
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