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ABSTRACT

A study of the proton transfer process from nitro-substituted benzoic acids to benzoic
acid in H,O—DMSO mixtures compared with the same process in the gaseous phase is
presented. A thermodynamic cycle allows calculation of a transfer process in solvent X
which refers to a gaseous initial state, i.e. §APf =. These thermodynamic quantities have
been assumed as a measure of “‘external’ solute—solvent interactions. It may be noted
that in solution the resonance effect appears in the ortho-anion, while in the gaseous
phase the resonance is effective for the para-compound A comparison with the chloro-
isomers shows that the proton transfer process is easier for the nitro-isomers in the gas
phase while the contrary is true in solution.

INTRODUCTION

-The proton transfer process from chlorobenzoic acids to benzoic acid in
water—dimethylsulfoxide (DMSO) mixtures has recently been compared
with the same process in the gaseous phase [1]. Using a thermodynamic
cycle we have calculated, in DMSO—Water mixtures, a proton transfer pro-
cess which refers.to a gaseous:initial thermodynamic state. The thermody-
namic quantities (6 AP§"™) calculated have been assumed as a measure of the
“external” interactions of the proton transfer ‘process among molecules,
anions and solvent. =

. It has also been shown that the respectlve shapes of the entropic and free
energy terms are very close to those of the prevmusly calculated [2,3]
entropic reaction constants and substituent constants. The entropic reaction
constants, giving only a trend: of the “‘external” solute—solvent interactions,
‘were found to be chiefly inductive in character. In contrast, the T §ASF™™
curve gives a measure of the values of the solute—solvent interactions.

In the: present. work the behavior of the nitro benzoic acids in the same
transfer proton: process ‘has' been exammed ‘The effect of these two substi-
tuents on the. above-mentloned process is. qmte different. This is related to
-the resonance, the greater size and the d_lfferent mductlve effect of the mtro-
,'_group. _ S : . Sl s
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The following equations have been used [2, 3] to ﬂlustrate the substxtuent
effect

(NO,—PhCOOH)x + (PhCOO7)x = (NO,—PhCOO7)x + (PhCOOH) X_ . '_(1_)_
where X is the mole fraction of the solvent ' . '
SAG® _
T 2303RT PO T Pulut PsOs (2)
__5AGY Go + fF + 8E, = puOu + ps0s + fF + 8E | (3)-
2.308RT F°7° = Pufu T PsOs ¢ |
in eqn. (2) puOy and ps0g are defined by the relations
_8AH®
Puou = "5 308RT (4a)
SAS®
Pss =3 303K (40)

while in eqn. (3) pyoy and ps0s are defined as

8AH° .
PuOn = 5 onapm 303RT —OEg (5a)
SAS°
PsOs =5 303r ¥ (5b)

EXPERIMENTAL AND PROCEDURE

The calorimetric apparatus, preparation of the DMSO—water mixtures,
and the technique to determine the thermodynamic values for benzoic and
nitrobenzoic acids have been described [4,5].

RESULTS AND DISCUSSION

The thermodynamic cycle used to calculate the ‘‘external” interactions
employs, =3 already shown [1], benzoic acid as a reference compound

NO,~PhCOOH,, + PhCOOg, *2%i®, NO,~PhCOOG, + PhCOOH,
lSAPs 'l&APs lSAPs J’GAPs - (6)

(NO,—PhCOOH)y + (PhCOO")x —’Q(Noz—Phcoo )x + (PhCOOH)x

where BAP,(,, is the gas-phase change of some- thermodynamm ptopertles
(P; =G, H, 85), for the proton tra.nsfer process, and § AP, x, is the correspond-
ing value in solvent X. :
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_.Thus,'thiscanbe'vsiritten'- | - '
'5APi<X) BAP“,)-GAPS SRR e )

_the nght-hand term of eqn (7 ) bemg assumed as the proton transfer, sol-
vent X, which refers to agaseous intial thermodynamic state, so that 6 APS ™™ =
SAPF X,

Further, accordmg to Hepler et al. [6—8] in eqn. (1) the solvent effects
can be separated from the mtnns1c molecular effects as

It is assumed that the § AP;(x, values are the total interactions, and 6 AP,
and 8 APF™™ are the “internal” and “‘external” interactions, respectively.

Itis well known:(1,9—11) that for reactions such as those considered here,
it is possible to assume 8ASj(,, = 0, so that 8 AG;) (600 K) =~ 6AG; ) (298
K) =~ 6 AH;,.

6AG; ) values are avaJlable in the l1terature [10] and GAGi(x) values have
been calculated [3,12]. By including these values in eqn. (8) it is possible to
calculate SAG¥§ ™. Similarly, § AHF* may be calculated. Finally, the entropic
term T 8ASF”™ can be calculated by means of the enthalpic § AH} "™ and free
energy 6AGF™™ terms. All thermodynamic values are reported in Tables 1—3
and are plotted against DMSO mole fraction in Figs. 1—3.

As shown in previous works [3,12], the solute—solvent interactions are
expressed by means of the entropic reaction constants p.. The curves of the

T SASF”* term have shapes very close to those of the reaction constants, and
give a measure of the values of solute—solvent interactions, while the p,
curves give only a trend. .=~

It is interesting to note that the behavior of the nitro-isomers in the gas-
eous phase is quite different from that which occurs in solution. Indeed, in
the former phase the (negative) values of the free energy term, related to
the proton transfer process, decrease according to the sequence p-NO, > m-
NO, > 0-NO,. This order can be justified bearing in mind that, in the gaseous
phase, the intramolecular bond is acid-weakening the ortho-isomer, while the
resonance effect is acid-strengthening the para-isomer. In contrast, in the lat-
ter phase the unfavorable effect of the “‘external” thermodynamic terms is
ordered as: m-NO, > p-NOz > o0-NO,. It may be noted that for the three iso-
mers, the enthalpic term clearly prevails..

As previously shown [5], in the mixed solvent the two —CH3 groups of
DMSO interfere with the approach of the negative group of the ortko-anion
to. the dipole.- This allows the ortho-anion to re-establish the resonance
between the phenyl and carboxyl groups. The effective d1pole—-d1pole inter-
actions with the DMSO molecule stablhze the ortho-a.nion, thus increasing
the acid-strengthening effect. _

Contrary to what happens in the gas phase the resonance effect for the
parag-anion is very poor, so that the negatlve charge is mainly localized on the
.—COO~ group-and the solvation effect is strongest. Therefore, in solution the
resonance effect appears for the ortho-amon only, whlle in the gaseous phase
the resonance is. effectlve for the para-1somer. — _
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TABLE 1

Enthalpy, entropy and free energy values for the proton tra.nsfer process of ortho-
nitrobanzoiec acid in DMSO—water mixtures caleulated by assuming a gaseous nntnal
thermodynarmc state (all thermodynamic quantities are given in keal mole“) .

XDMSO ' EAGF”‘ BAHf—’x ' T8ASP"‘ .
0 6.03 _ 792" . 1.89
0.1 6.34 8.36 222
0.2 6.48 8.46 1.98
0.3 6.46 10.86 4.40
0.4 6.34 11.85 5.51
0.5 6.17 15.89 Q.72
0.6 6.01 13.06 - 7.06
0.7 ' 5.83 12.02 6.19
0.8 5.68 12,21 6.53
TABLE 2

Enthalpy, entropy and free energy values for the proton transfer process of meta-nitro-
benzoic acid in DMSO-—water mixtures calculated by assuming a gaseous initial thermo-
dynamic state (all thermodynamic quantities are given in keal mole™)

XpmMso 8A6f4x 5AHf_’x T BASF_’X
0 8.01 9.34 1.33

0.1 7.78 10.62 2.84

0.2 7.53 14.46 6.93

0.3 7.40 17.46 .10.06

04 7.20 21.19 13.99

0.5 7.04 21,72 14.68

0.6 6.90 22,22 15.32

0.7 6.76 16.64 9.89

0.8 6.67 15.43 8.76
TABLE 3 )

Enthalpy, entropy and free energy values for the proton transfer process of para-nitro-
benzoic acid in DMSO—water mixtures calculated by assuming a gaseous initial thermo-
dynamic state (all thermodynamic quantities are given in kcal _mole"l) .

XpMSO SAGE™™ SAHF™™ T3ASf™™
(1) 10.07 11.43 : . 1.36

0.1 9.83 11.27 . 144

0.2 9.66 11.40 1.74

0.3 9.49 15.88 6.39

04 '9.37 1582 - - 6.45

05 ©9.29 14.28 . 6.99
0.6 9.14 1578 7 6.59

0.7 8.99 16.98 7.99

0.8 8.81 2093 1212 -
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Fig. 1. Thermodynamic¢ quantities for the proton transfer process of ortho-nitrobenzoic
acid in DMSO—water solutions, obtained by assuming a gaseous state as reference.
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Fig. 2. Therxnodynamm quantxtres for the proton transfe" process of meta-mtrobenzoxe'
cxd m DMSO—water solutlons obtamed by assummg a gaseous state as referenee ey
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Fig. 3. Thermodynamic quantities for the proton transfer process of para-nitrobenzoic
acid in DMSO—water solutions, obtained by assuming a gaseous state as reference.

In solution the meta-compound shows the greatest unfavorable effect to
proton transfer. This can be related to the drastic desolvation of the meta-
anion with respect to para- and ortho-anions.

In the gaseous phase the proton transfer process is easier for the mtro-
than for the chloro-isomers, while in solution the contrary is true. Indeed, in
the gas phase the inductive effect of the nitro-group is stronger than that of
the chloro-group. Consequently, in the liquid phase the nitro-anions are
more desolvated than the chloro-anions. Furthermore, the ortho-anion
exhibits a steric inhibition of solvation on the carboxylate group. -
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