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ABSTRACT

A study of the proton transfer processes from the nitrophenols to mitrobenzoie acids 1n water-DMSO
mixtures compared with the processes in the gaseous phase is presented

By means of two thermodynamic cycles which refer to a gaseous imitial thermodynamie state. it has
been possible to calculate the “external™ interactions of the cited processes

The internal hydrogen bond plays a very important role, 1n the gas and 1n the liquid phase. for the
ortho 1somers

In the pura denvatives the resonance effect prevails in the solvatnon of the phenols over the whole
mole fraction, while 1in the mera denvatives the inductive effect influences the solvation of the phenols
only 1n water-nich solutions

INTRODUCTION

The proton transfer processes from chloro-, mtro- and hydroxybenzoic acids to
benzoic acid in water—dimethylsulfoxide (DMSO) mixtures, in comparison with the
same processes in the gaseous phase have been studied [1-3].

By using a thermodynamic cycle we have calculated, in the solvent X, a proton
transfer process which refers to a gaseous initial thermodynamic state.

The thermodynamic values 8A P8~ X calculated in this way have been assumed as
a measure of the “external” interactions of the above processes.

The ease of solvation from the gaseous phase to various solutions was as follows:
chloro isomers > hydroxy isomers > nitro isomers, except for the ortho derivatives
for which the greatest difficulty of solvation was shown by the hydroxy isomer.

This general trend of solvation from the gas phase could be accounted for mostly
by the site of the molecule— the greatest being that of the nitro group.

It seemed that it would be interesting to compare the influence of the nitro group
in the corresponding phenol and benzoic acid.

Furthermore, this study can explain the influence, with respect to solvation from
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the gas phase, of the internal hydrogen bond in the undissociated molecules and in
the ions.

In a previous work [4], some linear free 2nergy relationships between the dissocia-
tion of nitrophenols and nitrobenzoic acids in various water—- DMSO mixtures have
been studied.

The following equations have been considered.

(NO,-PhOF), + (PhO~), = (NO,-PhO ™), + (PhOH) , (1)
(NO,-PhCOOH) ,, + (PhCOO ~) , = (NO,-PhCOO ™) , + (PhCOOH) , (2
— 8AG® = 2.303 RTpo (3
—8AG=2.303 RTp(o + RAg,” ) (4)
—8AG=p0, +fF+8E, +rR ()

where X (ranging from 0.0 to 0.8) represents the mole fraction of the solvent.

In the above equations the inductive, resonance, steric effect and the electrostatic
effect related to the internal hydrogen bond were factored in the various terms and
coefficients.

The trends of the entropic reaction constants p,, show that the stabilization of the
negative charge on the phenate ion reduces the number of intermolecular hydrogen
bonds among the anions of the phencl 1somers and the water molecules as compared
with those of the benzoic acid. This fact allows the solvent to interfere, to a minor
extent, with the interactions between the reaction site and the substituent group.

EXPERIMENTAL AND PROCEDURE

The calorimetric apparatus, the preparation of the DMSO-water mixtures and
the technique for obtaining the thermodynamic values for the nitrobenzoic acids {5],
the nitrophenols [6] and benzoic acid [7] have previously been described.
RESULTS AND DISCUSSION

The thermodynamic cycle used to calculate the “external” interactions employs
this time the 1somers of the nitrobenzoic acid as reference compounds.

8AP,,
NO,-PhUH,,, +NO,-PhCOO; - NO,-PhQ; +NO,-PhCOOH,,
lAP JAPh, LAP lAP, (6)
8A Py

(NO,-PhOH) +(NO,~PhCOO ™), ~  (NO,—PhO "), +(NO,~PhCOOH),

where 64 P, is, following previous conventions [1-3], the gas phase change of some
thermodynamic properties (P, =G, H,S), for the proton transfer process, while
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8A P, is the corresponding value in solvent X. Thus one can write

APy, — AP, =SAPE™ (7)

the right-hand side of the eqn. (7) being assumed as the proton transfer process, in
solvent X, which refers to a gaseous initial thermodynamic state, i.e. SAPE—X =
SAPg~X, Again we assume the SAPE~X term as a measure of the *“‘external”
interactions, so that it is reasonable to suppose that the A P, , term represents the
“overall” interactions and 8A P, the “internal” ones. By using the values [8] of
McMahon and Kebarle, it is possible to calculate §AG,,, values for the o-, m- and
p-nitro isomers of the phenols with respect to the nitrobenzoic acids.

The 8AG,x, values can be calculated by means of the 1onization values previously
calculated [5,6]. So, by using eqn. (7). it is possible to calculate SAGE—X values.

As previously shown [1-3], for such reactions as those considered here, the
symmetry numbers are small and almost cancel out. So §AG,,, can be put =~ 0 and
then 8AG, ;1600 k == OAG (4300 x == SAH .

From this, it is also possible to calculate the §A H2—X values. The TSASE—X term
can be calculated by means of the enthalpic and free energy terms.

All thermodynamic values are reported in Tables 1-3 and are plotted against
DMSO mole fraction in Figs. 1-3.

In the gas phase it can be seen that the proton transfer process shows an
unfavourable SAGB—X term for the ortho and meta isomers. Indeed for the ortho
derivatives, the internal hydrogen bond of the nitrophenol is stronger than that of
the nitrobenzoic acid.

In the meta derivatives, the nitro group influences the hydroxyl group to a lesser
extent than the carboxylate group. For the para isomers, the contrary is true. Indeed,
in the latter isomers, the nitro group disperses and thus stabilizes the negative charge
developed in the phenate ion much more than in the carboxylate ion.

In the solvation from the gas to the liquid phase the SA Hg~X term for the ortho
derivatives is unfavourable mostly beyond Xpumso = 0.6, again because of the
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Fig. 1. Thermodynamic quantities for the proton transfer process of ¢-nitrophenol to o-nitrobenzoic acid
1n water—DMSO solutions, obtained by assuming a gaseous state as a reference
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TABLE |

Free encrgy. enthalpy and entropy values for the proton transfer process from o-mitrophenol to
o-nitrobenzoic acid in water—-DMSO mixtures calculated by assuming a gascous imtial thermodynamic
state

Xouso 8AGE™* SAHs—X 78AS58~%
(kcal mole ™) (kcal mole ~ 1} (kcal mole ™ 1)

00 178 023 —1.55
(V] 167 -002 —169
02 131 10l —-030
03 109 0.19 —-090
04 094 —-029 —133

05 054 —2.40 —294
06 013 348 335
07 028 602 574
08 057 711 654
TABLEz2

Frce cnergy. enthalpy and entropy values for the proton transfer process from m-nitrophenol to
m-nitrobenzoic acid in water—DMSO muxtures calculated by assuming a gascous imtial thermodynamic
state

Xpmso 8AGE™N saHE—X T8ASE—X
(kcal mole 1) (kcal mole ™) (kcal mole ™)

00 319 096 —223

01 312 040 -272
02 340 —-379 -719
03 313 078 —-235
04 314 —158 —-472
035 263 500 237
06 258 137 —121

07 273 691 418
08 337 14 32 1095
TABLE3

Free energy, enthalpy and entropy values for the proton transfer process from p-nitrophenol to
p-mtrobenzoic acid in water- DMSO mixtures calculated by assuming a gaseous 1mutial thermodynamic
state

Xomso SAGE—X SAHE—X T76ASE—*
(kcal mole ~1) (kcal mole ™) (kcal mole ™ ")
00 956 872 —0.84
0.1 539 9.76 407
02 994 1206 212
03 961 918 ~043
04 920 1957 1037
05 871 21.96 1326
06 858 14.73 615
07 8.51 19.61 1110

08 9.04 12 63 359
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Fig 2 Thermodynamuc quantities for the proton transfer process of m-nitrophenol to m-mitrobenzoic
acid in water-DMSO solutions, obtained by assuming a gaseous state as a reference
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Fig 3 Thermodynamic quantities for the proton transfer process of p-mitrophenol to p-mitrobenzoic acid
1n water— DMSO solutions, obtained by assurmng a gaseous state as a reference
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stronger internal hydrogen bond of the phenol. In the 0.4-0.5 mole range this term
is favourable. This will be explained later.

For the para derivatives, the SAH#~X term is very unfavourable. This is due to
the drastic delocalization of the negative charge on the oxygen atom of the phenate
ion.

Finally, for the meza derivatives, the smaller inductive effect of the nitro group on
the hydroxyl group localizes the negative charge developed in the phenate ion much
more than in the carboxylate ion. So, in the mole fraction where a sufficient number
of water molecules is present, there are favourable §A H&—X values.

For a better understanding of these curves, it is useful to take into account
another cycle, which employs the benzoic acid as a reference compound.

AI;‘I(g)

8
NO,-PhOH,,, +PhCOOg; -  NO,-PhOg -+ PhCOOH,,
AP 1Az VAP VYA

SAP
(NO,-PhOH), + (PhiCOO ™)y — (NO,—PhO~),+ (PhCOOH),

Then, we can calculate, as previously shown, the “internal”, “external” and
“overall” interactions A P, which are related to each other by the relation

SAP , —8AP,  =8APEX (8)

Wgr
These values are reported in Tables 4-6 and are plotted against DMSO mole
fraction in Figs. 4-6 Equation (7) can be considered as the difference of eqn. (8)
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Fig 4 Thermodynamic quantities for the proton transfer process of o-nitrophenol to benzoic acid in
water~ DMSO solutions, obtained by assumng a gaseous state as a reference



TABLE 4

Free energy, enthalpy and entropy values for the proton transfer process from o-nitrophenol to benzoic
acid in water—DMSO mixtures calculated by assunung a gaseous imitial thermodynamic state

Xpmso SAGE—X SAHE—X T8ASE—X
(kcal mole ') (kcal mole ~ ') (kcal mole ™)

00 7.81 815 034

01 8.01 854 053

02 779 947 168

03 755 1115 360

04 728 1156 428

05 671 13 51 6 80

06 614 16 55 1041

Q7 611 1805 1194

08 625 1933 1308
TABLE5

Free energy, enthalpy and entropy values for the proton transfer process from mi-nitrophenol to benzoic
acid 1n water—DMSO maxtures calculated by assuming a gaseous immtial thermodynamuc state

Xpmso SAGE—X SA HB—% ToASE—X
(kcal mole ™) {(kcal mole 1) (kcal mole ™)

00 1120 10 30 —090

01 10.90 1102 012

02 10 97 10 67 -030

03 10 50 1833 783

04 10 34 19 60 926
05 967 2674 17 07

06 948 2360 14 12
Q7 948 23 60 1408

08 10 04 2975 1971
TABLE 6

Free energy, enthalpy and entropy values for the proton transfer process from p-nitrophenol to benzoic
acid in water—- DMSO muxtures calculated by assuming a gaseous 1nitial thermodynamac state

Xpuso SAGE™X SA HE—X T8ASE™X
(keal mole 1) (keal mole ™) (keal mole ™ 1)
00 19 63 2015 —052
01 1972 2073 1.0t
02 19 60 2345 385
03 2210 25.15 306
04 18 57 3539 16 82
0.5 18 00 36 84 18 84
0.6 12.72 30.47 127¢
07 17.48 36 60 1912

08 17.85 3356 1571
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Fig 5. Thermodynamc quantities for the proton transfer process of m-nitrophenol te benzoic acid n
water— DMSO solutions, obtaincd by assuming a gaseous state as a reference

and the similar equation in ref.2 related to the transfer proton process from
nitrobenzoic acids to benzoic acid.

Comparnng Fig. | with Fig. 4 and with Fig. 1 of ref. 2 (related to the transfer
proton process of the nitrobenzoic acid) the minimum at Xppee =0.5 can be
ascnibed to the greater difficulty of solvation, at the same mole fraction, shown by
the undissociated molecule of the o- nitrobenzoic compared with the benzoic acid.

Conversely, the term unfavourable to solvation A H8~X increases linearly for the
nitrophenol /benzoic acid coupie.

The comparison between Fig, 5 and Fig. 2 of ref. 2 (nitrobenzoic acid) shows that
the curves of the nitrophenol/benzoic acid and nitrobenzoic/benzoic acid for the
meta derivatives are similar.

In the mole fraction range 0.1-0.3 the solvation from gas phase is easier for the
phenol curve, whereas in the remaining mole fraction the contrary is true.

Finally, a comparison of the curves of the para isomers (Fig. 6 and Fig. 3 of ref. 2)
shows that for the couple nitrophenol /benzoic acid the SAHE™X values are very
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Fig 6 Thermodynamic quantities for the proton transfer process of p-mtrophenol to benzoic acid 1n
water— DMSO solutions, obtained by assuming a gaseous state as a reference

unfavourable and they greatly influence the shape of the nitrophenol /nitrobenzoic
acid curve.
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