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ABSTRACT 

A study of the proton transfer processes from the mtrophenols to mtrobenzoic acids m water-DMSO 
mrxtures compared with the processes m the gaseous phase is presented 

Ry means of two thermodynamic cycles whtch refer to a gaseous nutial thermodynamic state. it has 
been possible to calculate the “external” mtcracttons of the cited proccsscs 

The internal hydrogen bond plays a very important role. m the gas and m the hquid phase. for the 
ortho Isomers 

In the purer derivatives the resonance effect prcvzuls m the solvauon of the phenols over the whole 

mole fraction. whtlc m the nwtu denvattvcs the mducttvc effect mfluenccs the solvatton of the phenols 

only tn mater-nch solutlons 

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 [l-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 6APF’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 or&o 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 141, some linear free energy relationships between the dissocia- 
tion 01 nitrophenols and nitrobenzoic acids in various water-DMSO mixtlures have 
been studied. 

The following equations have been considered. 

(NO,-PhOF),+ (PhO-),Y =(NO,-PhO-)X+(PhOH), (1) 

(NO,-PhCOOH),+(PhCOO-),=(NO,-PhCOO-),+(PhCOOH), (2) 

- SAG” = 2.303 RTpa (3) 

-8AG=2.303 RTp(a+RAapB) (4) 

- 6AG = p,a, + fF + 6E, + rR (5) 

where X (ran&g 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 
negati-de charge on the phenate ion reduces the number of intermolecular hydrogen 
bonds among the anions of the phencl Isomers 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 Isomers of the nitrobenzoic acid as reference compounds. 

NO2 -PhC)H,,, + NO, -PhCOO,; 
6Jpe,, 

- NO, -PhO,,, + NO, -PhCOOH,,, 

J j p, 1 APh, JAP, LAPS (6) 
8J cc I-) 

(NOz-PhOH),+(NO,-PhCOO-1, 4 (NO,-PhO-),+(N02-PhCOOH), 

where UP,,,, is, following previous conventions [l-3], the gas phase change of some 
thermod!ynamic properties (P, = G, H,S), for the proton transfer process, while 
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SAP,,, is the corresponding value in solvent X. Thus one can write 

&API,,, - 6AP,,,, = SAP5p-- (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. 6APs~‘X = 
6A PF-C Again we assume the SA Ptpdx term as a measure of the “external” 
interactions, so that it is reasonable to suppose that the 6AP,(,, term represents the 
“overall” interactions and 8A P,(s) the “mternal” ones. By usrng the values [S] of 
McMahon and Kebarle, it is possible to calculate SAG,,,, values for the o-, m- and 
p-nitro isomers of the phenols with respect to the nitrobenzorc acrds. 

The bAG,(X) values can be calculated by means of the ronization values previously 
calculated [5,6]. So, by using eqn. (7). it is possible to calculate SAGFdX values. 

As previously shown [l-3], for such reactions as those considered here, the 
symmetry numbers are small and almost cancel out. So SAG,(,, can be put N 0 and 
then SAG,(,,, K = ~W,,,,, K = ~A.N,(,,. 

From this, it is also possible to calculate the SAHFdx values. The TSASf+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 6AGlg+ x term for the ortk 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 derivatrves, 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 stab&es 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 GAH,B’x term for the orrho 
derivatives is unfavourable mostly beyond X,,,, > 0.6, again because of the 

I I t I 

0 02 04 06 08 XDMSO 

Fig. 1. Thermodynamic quantihes for the proton transfer process of o-nitrophenol to o-nitrobenzoic acid 
111 water-DMSO solutions, obtained by assuming a gaseous state as a reference 
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TABLE I 

Free encrgv. enthrdpy and entropy >aIues for the proton transfer process from o-tutrophcnol to 

o-mtrobenzotc and in water-DMSO mixtures calculated by assuming a gaseous mlttal thermodynamtc 

state 

21,,SO SAGy SA l-p 
(kca1 mole - ’ ) (kcal mole - ’ ) 

TSAS,B-X 
(kcal mole - ’ ) 

00 I 7x 

01 1 67 

02 I31 

03 1 09 

04 0 94 

05 0 54 

06 0 13 

07 0 28 

08 057 

0 23 - I.55 
-002 - I 69 

IO1 -030 

0.19 -090 

-029 - I 33 

- 2.40 -294 

3 48 3 35 
602 5 74 
7 II 6 54 

TABLE Z 

Free energy. enthalpy and entropy values for the proton transfer process from m-rtitrophenol to 

w-nttrobenzotc actd in water-DAMS0 rmxtures calculated by assummg a gaseous nuttal thermodynarmc 

stiltc 

Y d DMSO SAG,8"' 
(kcal mole - ‘) 

8AH,B-X 

(kcal mole - ’ ) 
T8A S,k-X 

(kcal mole-‘) 

00 3 19 0 96 -223 

01 3 12 040 -272 

02 3 40 -379 -7 19 

03 3 13 0 78 -235 
04 3 14 -I 58 -472 

05 2 63 500 2 37 

06 2 58 1 37 --I 21 

07 2 73 691 4 18 

08 3 37 14 32 1095 

TABLE 3 

Free energy, enthalpy and entropy values for the proton transfer process from p-nitrophenol to 
p-rutroberzoic acid HI water-DMSO mixtures calculated by assumtng a gaseous uxtlal thermodynamic 
state 

X D--so aAG,BdX 
(kcal mole - ‘) 

sa HP-X 
(kcal mole-‘) 

T63S,k-x 
(kcal mole - ’ ) 

00 9 56 8 72 - 0.84 

0.1 5 39 9.76 407 

02 994 1206 2 12 
03 961 9 18 -043 
04 920 19 57 IO 37 
05 871 21.96 13 26 
06 8 58 14.73 6 15 
07 8.5 1 19.61 11 IO 
08 9.04 1263 3 59 
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0 02 04 06 08 XOMSO 

Fig 2 Thermodynarmc quantities for the proton transfer process of nz-mtrophcnol 
acid in water-DMSO solutions, obtaned by assummg a gaseous state as a reference 

21 

l! 

0 
= 

$ 

Y 
1c 

E 

C ) 
1 
a 

k 
I I I 1 I I I I 

02 04 06 08 XOMSO 

Ftg 3 Thermodynamic quantities for the proton transfer process of p-tutrophcnol top-mtrobenzoic aad 
m water-E%%0 solutions, obizuned by assunung a gaseous state as a reference 

to nl-mtrobenzolc 



stronger internal hydrogen bond of the phenol. In the 0.4-0.5 mole range this term 
is favourable. This wili be explained later. 

For the para derivatives, the SAH~‘x terrn is very unfavourable. This is due to 
the dras:ic delocalization of the negattve charge on the oxygen atom of the phenate 
ion. 

Finally, for the meta 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 SAHFds values. 

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

NO, - PhOH,,, + PhCOO,,, 
f=l,,) 

+ NO2 - FhO,, + PKOOH,,, 

-lAP, 1 AP, .laq, 1 JP, 

(NO, - PhOH)_Y + (PhCOO - )x 
BJP,(A, 

-_) (NO, - PhO - )X + (PKOOH), 

Then, we can caIculate. as previously shown, the “internal”, “external” and 
“overall” mteractrons SAP, which are related to each other by the relation 

SAP,o, - SA P,fe, = SAP!-” (8) 

These values are reported in Tables 4-6 and are plotted against DMSO mole 
fraction m Figs. 4-6 Equation (7) can be considered as the difference of eqn. (8) 

Fig 4 Thcrmociynamic quantities for the proton transfer process of o-nitrophenol to benzolc aad in 
water-DMSO solutions, obtained by assummg a gaseous state as a reference 
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TABLE 4 

Free energy, enthalpy and entropy values for the proton transfer process from o-rutrophenol to benzolc 
acid in water-DMSO mixtures calculated by assummg a gaseous mltlal thermodynamic state 

XDM,, 

00 
01 

02 
03 
04 
05 
06 
07 

08 

SAGf+ aLI f?y T8AS,B-x 

(kcal mole - ’ ) (kcal mole - ’ ) (kcal mole-‘) 

7.81 8 15 0 34 
8.01 8 54 0 53 

7 79 947 1 68 
7 55 II 15 3 60 
7 28 11 56 4 28 
671 13 51 6 80 
6 14 16 55 1041 
6 11 1805 1194 

625 19 33 1308 

TABLE 5 

Free energy, enthalpy and entropy values for the proton transfer process from rn-mtrophcnol to bcnzolc 
acid In water-DMSO mixtures calculated by assuming a gaseous uutlal thcmmodynamlc state 

xDMSO c?AG,B-~ 6A H,p-x TSAS,p-x 
(kcal mole - ’ ) (kcal mole - ’ ) (kcal mole - ’ ) 

00 1120 1030 -090 
01 10.90 1102 0 12 
02 1097 1067 -030 
03 10 50 1833 7 83 
04 1034 1960 9 26 
05 967 26 74 1707 
06 948 23 60 14 12 
07 948 23 60 1408 
08 1OW 29 75 19 71 

TABLE 6 

Free energy, enthalpy and entropy values for the proton transfer process from p-mtrophenol to bcnzolc 
acid in water-DMSO nuxtures calculated by assummg a gaseous mitral thermodynamic state 

xDMSO 

00 

01 
02 
03 
04 
0.5 
0.6 
07 
08 

6AGy-x 6A Hlg*x TGAS,p--’ 
(kcal mole-‘) (kcal mole-‘) (kcal mole -I ) 

1963 20 15 -052 

1972 20 73 1.01 
1960 23 45 3 85 
22 10 25.15 3 06 
1857 35 39 16 82 
1800 36 84 1884 
17.72 30.47 127-c 
17.48 3660 19 12 
17.85 33 56 15 71 
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Fig 5. ThemuAynanuc quantltxs for the proton transfer process of m-nitrophcnol tc bcnzox acid III 

water-DMSO solutions. obtained by assuming a gaseous state as a reference 

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

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

Conversely, the term unfavourable to solvation SAH,sjx increases linearly for the 
nitrophenol/benzoic acid couple. 

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

In the mole fraction range O-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 iSAHxgWx values are very 
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Fig 6 Thermodynannc quantities for the proton transfer process of p-rntrophenol to bcnzorc acid m 
water-DMSO solutions, obtruned by assuming a gaseous state as a reference 

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