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Abstract

The enthalpies of benzene and nitrobenzene solution in the highly aqueousNydtdimethylformamide and water—
acetonitrile mixtures have been measured at 298.15K calorimetrically and compared with the results reported earlier for
aniline. The enthalpic coefficientl,(,) of the solute—organic cosolvent pair interaction in water were computed. The —-NO
and —NH group increments to the pair-interaction coefficients were estimated. It was found that the interaction aiteNO
—NH; groups with the aprotic cosolvent molecule in water differs strongly—for the former group the interaction is strongly
thermochemically repulsive, but for the latter one it is attractive. The investigation of the solutes behaviour in highly diluted
aqueous solutions indicated the extreme sensitivity of the aromatic solutes to the presence of cosolvent molecules in water
that increases from aniline to nitrobenzene.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction predictions on the properties of biologically active
compoundg3,4].
The importance of studying the aromatic com-  We have recently reported the enthalpies of solu-
pounds behaviour in solutions is dictated by the fact tion (AHZ,) of aniline (GHsNHy) in the mixtures of
of their using in a wide range of applicatiofis-4]. water with dimethylsulfoxide (DMSO), 1,4-dioxane
The investigation of the energetics of interactions (DO), acetone (MgCO) [5], N,N-dimethylformamide
between simple aromatic solutes and their functional (DMF) and acetonitrile (MeCN)[6]. The curves
groups with cosolvent molecules in a highly diluted (AHSOQ vs. the mixed solvent composition (X) were
aqueous solution provides also useful information and found to pass through the maximumt= 0.07-Q2
mole fraction of an organic component, the height
_— of which is defined to a great extent by peculiarities
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correlation between thie,, values and the enthalpies
of aprotic solvent hydrationA(Hr?yd) is observed6],

the coefficients above increasing with the decrease of

the AHr?yd values.

In the present paper, we report the enthalpies
of solution of benzene (Hs) and nitrobenzene
(CeHs5NOy) in the water-rich region of the water—
DMF and water—-MeCN mixed solvents. The princi-
pal objective of this work is to obtain and compare
experimental information on the energetics of inter-
action of simple aromatic solutes and their functional
groups with cosolvent molecules in water.

2. Experimental

Purification of the solvents was carried out as
described previously6]. Water was deionised and
distilled twice. DMF (Fluka) was purified according
to the following procedure: drying by Cug0o~ first
vacuum distillation — drying by 4A sieves —
second vacuum distillation. Acetonitrile (Purum) was
dried by 3A sieves and distilled twice. The water
content obtained by Karl Fischer titration for both

solvents did not exceed 0.05mass%. The enthalpies

of DMF and MeCN solution in water at 298.15K
were —15.31+ 0.05 and—1.50+ 0.06 kJmot?, re-
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frozen at 278K, dried by 4A sieves and distilled
under reduced pressure.

The measurements were carried out using a pre-
cise hermetic “isoperibol” ampoule calorimeter fitted
with a 75cn? titanium calorimetric vessdl]. The
calorimetric vessel was equipped with a calibrating
heater, a titanium stirrer and a thermistor. A glass am-
poule containing a solute was attached to a stirrer.
The dissolution process was initiated by an ampoule
crushing against the vessel bottom. The thermistor
was connected with a precise resistance bridge and a
recorder potentiometer. The enthalpy of solution was
determined by a comparative method. The electrical
calibration was carried out before and after each ex-
periment. The apparatus was tested by measuring the
enthalpies of solution of potassium chloride (KCI) in
water and aniline in DMF at 298.15K being 17.25
0.03kJmot ! [10] and —11.284 0.05kJmot?! [6],
respectively. The agreement between our and litera-
ture AH? values (17.22kJ mof for KCI [11] and

sol
—11.20 kJ mot? for aniline[12]) was excellent.

3. Results

The experimental results in water are listed in
Table 1. It should be noted that both solutes are

spectively. These values are in good agreement with slightly dissolved in water. The main period of a sin-

literature data being-15.27 kJmot! for DMF [7]
and—1.44 kJmot?! for MeCN [8].

gle experiment was approximately 20 min for benzene
and 35 min for nitrobenzene. Thus, for the treatment

Benzene (Chemapol, for UV spectroscopy) has of the experimental data Regnault—Pfaundler proce-
been used as supplied. Nitrobenzene (Chemapol) wasdure was used13,14]. The estimated precision of

Table 1
Experimental enthalpies of solutiom H2})) and enthalpies of solution at infinite diIutiqusool) of benzene and nitrobenzene in water
at 298.15K

CeHe (AHZ, = 2.05+ 0.06% 2.08+ 0.04%)
m x 107¢ (molkg™1)

CsHsNO, (AHQ, = 3.96+0.11)

AHP (kImoFl)  m x 102 (molkg™) AHM (kImoFl)  m x 102 (molkg™!)  AHZ, (kJmol?t)

0.3512 2.03 0.1112 3.56 0.5100 4.12
0.3991 2.25 0.2244 4.21 0.5112 3.67
0.4953 2.04 0.2298 4.18 0.5803 4.09
0.5859 1.89 0.3241 3.90 0.5846 3.60
0.5890 2.14 0.4421 3.90 0.7411 4.41
0.8505 1.94

aErrors represent 95% confidence limits.
b Value from Ref.[15].
®Moles of the solute per 1kg of the solvent.
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Table 2

Enthalpies of solutiofAH!, = AHZ)) of benzene and nitrobenzene in the water-DMF mixtures at 298.15 K

CsHs CsHsNO;

X, x 1072 m x 1072 (molkg™1) AH", (kImof?) Xy x 107 m x 107 (molkg™?t) AH", (kImof?)
2.473 0.7121 3.71 1.061 0.1566 4.92
4.011 0.9020 4.55 2.267 0.2616 6.89
4.699 1.534 4.79 3.192 0.2549 7.70
5.157 0.7993 4.97 5.162 0.3275 9.27
5.518 1112 511 6.777 1.241 10.05
7.094 0.7582 6.09 10.14 0.4339 11.78

10.01 1.305 7.19

2Mole fraction of DMF in a mixed solvent.

Table 3

Enthalpies of solutiofAH!, = AHZ)) of benzene and nitrobenzene in the water-MeCN mixtures at 298.15K

CsHs CsHsNO

X, x 1072 m x 1072 (molkg™1) AH, (kImolt) Xy x 10° m x 10?7 (molkg™1) AH", (kImor?)

0.4997 0.4215 3.69 0.0990 0.1211 3.98

1.001 0.6312 5.23 0.250 0.1198 4.80

2.500 1.544 7.43 0.500 0.2118 6.30

5.000 1.937 9.67 1.001 0.5210 6.88

7.011 1.444 10.11 2.000 2214 10.33

10.01 2.033 10.75 3.002 2.225 11.90
4.498 0.8305 13.56
5.500 0.9440 15.24
6.000 0.6123 15.64

2Mole fraction of MeCN in a mixed solvent.

the AHZ, values in water ist5%. In the water-rich solute—cosolvent pair interactiofi3], the energetics
region of the mixed solvents, both solutes were dis- of which can be studied using McMillan—Mayer the-
solved better and the overall experimental uncertainty ory [16]. This formalism allows to connect the solu-
of the AH[7, values is estimated to be within 2%. tion properties at different activities and represent the
It can be seen fronTable 1that the experimen-  excess thermodynamic properties of a diluted solution
tal enthalpies of solution of benzene and nitrobenzene in terms of virial expansiof3]. According to Somsen
(AHZ) in water do not depend on the solute molality. and co workerd17,18] for the enthalpy of solution
Thus, the enthalpies of non-electrolytes solution at in- A H, of any solute (x) in a mixture (& y) of a sol-
finite dilution, i.e. the standard enthalpies of solution vent (5) and a cosolvent (y) at low,Xalues one can
(AH 0I) have been calculated as average values in thewrite:
range of the experimental resulf&ble 1shows a good
agreement between our and literature a5 for ben-
zene. TheAHZ, = = AH? <o Values in the mixtures of
water with DMF and MeCN representing the results
of a single experiment are given ifables 2 and 3.

HQy(xinS+y) = Ao+ A1X, + AoX? (1)

whereX, is a cosolvent mole fraction. Th&, coef-
ficient is connected with the enthalpic coefficidnt,
of the solute—cosolvent pair interaction by a simple
relationship[17]:
4. Discussion

2hyy

A=Y

e @

It is known that the solute behaviour in the re-
gion of the low cosolvent content is defined by the whereMsg is molar mass of a solvent (water).



12 A.V. Kustov et al./ Thermochimica Acta 398 (2003) 9-14
Table 4
Enthalpic coefficients (f, Jkgmol2) of the aromatic solute pair interaction with DMF or MeCN in water
X S-water
y-DMF y-MeCN y-DMSO y-Me,CO y-DO
CsHs 579 + 40 1916+ 225 1198+ 11 1315+ 25(¢% 1287 + 2607
CsHsNH; 432 + 28° 1034+ 160° 256 + 38° 942 + 109 793+ 70°
CsHsNO2 1186+ 101 3032+ 295 - - -
-NO, 607 + 109 1116+ 371 — - -
—NH —147 + 48 —882 + 276 —942 + 116 —373 £ 273 —494 + 270

aCalculated from the data in Ref0].
bValues from Ref[6].

The results of theegs. (1) and (2application to
the aqueous systems studied are givefable 4. The
h., values are seen to be positive indicating that the
aromatic solute—cosolvent interaction is repulsive in
a thermochemical seng&9]. As can be seen from
Table 4, the coefficients above depend greatly on func-
tional group nature. Therefore, it is important to esti-
mate the —-NH and —NQ group increments to thig,,
values. In the first approximation, they can be calcu-
lated as follows:

hxy(=NHp) = hyy(CeHsNH2) — hxy(CeHe) ®3)
hyy(=NO2) = hxy(CeHsNO2) — hyy(CeHe) (4)

Table 4shows that the coefficients of the —Ntnd
—NO, group have different signs. It indicates that the
—NO, group—aprotic cosolvent interaction is strongly
thermochemically repulsive, whereas the -—-NH
group—cosolvent interaction is attractive. It is obvious
that such attraction between aromatic aminogroup
and dipolar aprotic solvent molecules in a highly
diluted solution is sufficiently surprising especially
for MeCN. This result prompted us to investigate the
aminogroup behaviour in other aqueous systems.
Recently[20], we have reported the enthalpies of
solution of benzene in the mixtures of water with
Me,CO, DO and DMSO. Sufficient density of the ex-
perimental points in the water-rich region allows us
to calculate in this work the benzene—aprotic cosol-
vent pair-interaction coefficients which are given in
Table 4. Comparing thle,, values obtained with those
for aniline [6], one can evaluate according Em. (3)
corresponding the —NHgroup increments. It can be
seen fromTable 4that the —NH group behaviour in
the systems studied is identical, i.e. its interaction with

the aprotic cosolvents in water is thermochemically
attractive. A possible explanation of the results ob-
tained is that cosolvent molecules are preferably ori-
ented to —NH group by their polar groups rather than
non-polar —CH or —CH, groups. Therefore, one can
expect the short-range solute—cosolvent specific inter-
action in a highly diluted aqueous solution. However,
the large variation of the coefficients above indicates
that such explanation is likely to be simplified. In
fact, it is hard to believe that molecular nature of the
—NH; group interaction with DMF and DMSO in wa-
ter should greatly differ (see the pair-interaction coeffi-
cients given inTable 4), because both aprotic solvents
have close molar volumes, H-acceptor and H-donor
ability [21]. On the contrary, thh,, values are almost
identical for the cosolvents with different H-acceptor
properties such as MeCN and DM321].

It is known that the enthalpic pair-interaction co-
efficient is related to a temperature derivative of the
integral of the mean force potentiél,, (r, £2) occur-
ring between the solute and cosolvent molecules in a
highly diluted solution[3,22]. Herer represents the
x=yintermolecular distance, arfd is the orientational
contribution[22]. The latter contribution appears to
be important in our systems and responsible to some
extent for the difference in the —NHyroup behaviour
pointed out above. Moreover, it should be noted that
negativeh,, values can result from the contribution
of not only the contact, but also the solvent separated
configurations if an appropriate minimum of thg,

(r, £2) function lies in the region of the negative
energy valueg3]. Therefore, the explanation taking
into account only the —Nigroup—cosolvent contact
specific interaction in a highly diluted aqueous solu-
tion is unlikely to be unique. The investigation of the
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temperature dependence of the values for benzene
and aniline would be useful from our point of view
for understanding this problem.

Turning now to theh,, values for benzene, aniline
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from aniline to nitrobenzene. The previous studies
[10,23,24] indicated that the solute hydrophobicity
increase strongly diminishes cosolvent—water ratios.
Thus, the —N@ group behaviour in water appears to

and nitrobenzene, we can make from the analysis of be rather hydrophobic than hydrophilic because its

Table 4one interesting observation. It is obvious that

introduction into the benzene ring significantly de-

a largerh,, value will cause the difference between
the enthalpy of solution of a solute in a binary mix-
ture (S+ y) and a pure solvent (S) at a lower cosol-
vent mole fraction. Comparing the coefficients in the
water—-DMF and water—-MeCN systems, we should ex-
pect that the difference pointed out above should be
observed in the latter system at a much lower cosol-
vent mole fraction.

Recently[10,23,24], we have found the extreme
sensitivity of hydrophobic solutes to the presence
of a small amount of an organic cosolvent in wa-
ter. In particular, it was shown that the identical
values of the enthalpies of tetraalkylammonium bro-
mides transfer (AR = 0.5kJmol!) from water
to water—hexamethyl phosphoric triamide (HMPT)
mixed solvent are observed at a very small HMPT
mole fraction. The HMPT—water mole ratios (one
cosolvent mole per corresponding number of water
moles in the mixture) for the mole fractions obtained
were found to decrease linearly with increasing the
tetraalkylammonium ion siz§l0,24]. In this paper,
we performed an analogous procedure for the aro-
matic solutes in the water—-DMF and water—-MeCN
systems. The cosolvent mole fractidp for A H2
0.5kJmol ! were computed from théh,, values
given inTable 4according the following relationship:

creases the cosolvent—water ratios in both the systems.
It should be noted that this phenomenon is expressed
stronger in the water—MeCN system.

It is interesting to note that the water mole numbers
in the ratios obtained almost in all systems are more
than sufficient to form hydration shells around both so-
lute and cosolvent molecules. Therefore, the extreme
sensitivity of the aromatic solutes to the presence of
DMF and especially MeCN molecules in water can be
explained as the result of significant overlapping the
solute and aprotic cosolvent hydration cospheres, both
of which appear to include a large number of water
molecules. It allows to draw a conclusion that correct
computer simulations of such geterotactic interactions
require using a cubic with periodic boundary condi-
tions in which cosolvent—water ratios should be lower
than those given iTable 5.
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