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ABSTRACT 

A study of the proton transfer procews from the hydrouy substituted bcnzo~c acrds IO bcnzolc rlLld in 

uatcr-CMSO mlrtures m comparison wtth the same proceases m the gawous phax 14 prcwntcd 

A thcrmodqnamlc cycle \&as used to calculate m wlvcnt X a proton transfer proces\ xxhlch rcferc to an 

mlt*al gaseous thcrmodynamlc state, I e &L P,gdx 

By usmg these values. it IS possible to calculate the “e\tcmal” mtcractmnb of the aboxc cltcd 

processes 

As the o- and p-hydrouybenzolc acids bchabc, m the gas phase, a\ phenols. an mtramolcculx proton 

transfer process hmdcrs the solvatlon process 

Solvatton In the o&o-amens IS made much more dlfflcult bq the mtcmal hldrogcn bond 

INTRODUCTION 

The proton transfer processes from chloro- and nitrobenzolc acids to benzoic acid 
in water-dimethylsulfoxide (DMSO) mixtures in comparison with the same processes 
in the gaseous phase have recently been examined [ 1,2]. 

A thermodynamic cycle allows the calculation of a proton transfer process in a 
solvent X, referring to a gaseous initial state [ 1,2] 1.e. SAPF’x. These thermody- 
namic quantities have been assumed as a measure of “external” solute-solvent 
interactions. 

A comparison between the chloro and mtro isomers shows that the proton 
transfer process is easier for the nitro isomers in the gaseous phase while the 
opposite is true in solution. 

The different effect of the two groups can be related to the resonance, the greater 
size and the different inducive effect of the nitro group. 

The equations used to illustrate the substituent effect in solvent X were the 
followkg 

(R-PhCOOH),+ (PhCOO-),= (R-PhCOO-),+ (PhCOOH),V (1) 
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the symbols R and X representing, respectively, the substituent group and the mole 
iractron of the solvent. 

In the present paper we intend to study the behaviour of the proton transfer 
process of the hydroxybenzoic acids in both the liquid and gaseous phase. 

It is noteworthy that m the gaseous phase the o- and p-hydroxybenzorc acids 
behave as phenols [3]. 

In the hqutd phase a strong Influence on the transfer process was shown by 
intermolecular and intramolecular hydrogen bonds [4-61. 

The latter are so important in the orrtlo isomers that an additional term ud -up 
for the field effect is included in the general equation [6] of the ortho compounds 

SAG” - 
2.303 RT 

= p,,u; + fF+ u; - czp + 8E,o (6) 

ESPERIMEXTAL PROCEDURE 

The calorumetric apparattls. the preparation of the DMSO-water mixtures and 
the technique for obtaining the thermodynamic values for the hydroxybenzoic [4] 
2nd benzoic [7] acids have been described previously. 

RESULTS AND DISCLJSSIOi*; 

The aim of this paper IS to calculate the “external” interactions of the proton 
transfer process for the hydroxybenzoic acrd derivatives and to examine the sub- 
stituent effects mostly in terms of hydrogen bonding. 

This involves the assembly of various types of data as shown by the following 
thermodynamic cycle 

8AP,(,, 
OH-PhCOOH(,, + PhCOO,,, 4 OH- PhCOO,,, -t- PhCOOH(,, 

JJP, J AP, \1 AP, .L AP, 

(OH- PhCOOH), -+ (PhCOO - )x 
SAP,, Y) 

--i) (OH- PhCOO - )* + (PhCOOH), 
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Following previous conventions [ 1,2], SAP,,,, is the gas-phase change of some 
thermodynamic properties (P, = G, N,S) for the proton transfer process. while 

&A+,, is the corresponding value in a solvent X. 
So one can write 

SAP,,,, - SAP,(,, = SAP,p’x (7) 
the right-hand term of eqn. (7) being assumed as the proton transfer, m solvent X, 
which refers to the initial gaseous thermodynamic state, i.e. 

SAP: 4x = SAPF’x 

Again, accordrng to Hepler [8- lo], we can separate in eqn. (7) the solvent effects 
(external) from the intrinsic molecular effect (internal). We assume the 8APl(,, as the 
“overall” interactions, 6AP,(,, as the “mtemal” interactions and SAP,s-” as the 
“external” ones. 

It is well-known [ 11,121 that for these reactions tt is possible to assume &AS,,,, N 0, 
so that 

6AG I(s) 600 K = 6AG,(,, 300 K = 6AH,(,, 

By mcludmg SAG,,,, values (available in the hterature) and 6AG,;,, values (by 
means of Ionization values previously calculated [4.7]) in eqn. (7) it is possible to 
calculate 6AGF’X. In the same way 6A Hlg--rx values may be calculated. Fmally, by 
means of SAH,gdX and 8AGfdX terms, the TSAS,P” term can be calculated. 

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

As previously shown [3], in the gas phase the o- and p-hydroxy isomers behave as 
phenols. The greater acidity of the hydroxyl group can be Justified by the stabrliza- 
tion of the phenoxlde ion [l] while no equivalent form IS available for the p- 

hydroxybenzoate ion. 

TABLE I 

Free energy. enthalpy and cntrop) for the proton transfer proccb\ of o-h>drogbcnzotc aua tn \\awr- 

DMSO mixtures calculated bq assuming a gaseous mltml thermodynamic state‘ 

xDMSO 
my” &A fry TS.LS,=-x 

(kcal mole - ’ - ) (kcal molt ’ ) (heal molt - ’ 1 

00 II 67 13 93 2 26 

01 1523 1361 -I 61 
02 15 71 1401 - 1 68 
0.3 1048 14 68 4 20 
04 9 99 19.02 9 03 
05 9 62 18 17 8 55 
0.6 9 62 18 17 8 55 
07 891 20 59 II 68 
08 871 17 19 X48 



TABLE 3 

Free cncrs cnthalpk and entropy for the proton transfer proccw of p-h>drouybrnzolc acid In natcr- 
DXfSO nuxturc~ calcularcd b> atiummg a grueou\ nut~al thcrmod~namx atatc 

SAGy-’ &A q- T8A Slg---x 

(hcnl mole - ’ 1 (hd rllO1~ - ’ ) (hcnl mole - ’ ) 

0 0 4 51 4 17 -0 3 
01 4 5s 46s 0 10 

0 2 4 67 7 71 3 03 
0 3 4 Y3 Iy 26 3 33 
0 4 J 73 10 15 541 
0 5 5 C-l-5 I i 56 5 91 
0 h 4 97 1075 5 77 
0’ j t_Ij 8 26 3 ‘7 
0 s 5 IS 9 x2 4 h4 

!’ 1 I 9 

0 02 04 06 O8 ‘DMSO 

F:g 1. Thermodynamx quanktxes for Ihe proton transfer process of o-hydroxybenzovz acid 1x1 DMSO- 
Ntatcr solutions. obtzuned bq aswmmg a gaseous state as a reference. 
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TABLE 3 

Free energy. cnthalpy and entropy for the proton transfer ProcesS of p-hydroxybenzorc acid In uatcr- 

DMSO.mtxtures calculated by assummg a gaseous imttal thcrmodynamtc state 

Xnuso SAGf-X 6J H,p--X T6AS,+ 

(kcal nole - ’ ) (kcal mole - ’ ) (kcal mole - ’ ) 

00 4 52 4 27 -025 
01 4 58 468 0 IO 

02 467 771 3 03 
03 4 93 8 26 3 33 
04 4 74 IO 15 541 
0.5 5 65 Il.56 591 
06 497 IO 74 5 77 
07 5 05 8 26 3 27 
08 5 18 9 82 4 64 

ddHQ--’ I 

T&lS~-’ 

dAGg-’ I 

0’ , t # 1 I I I 

0 0.2 04 06 O-8 XOMSO 

Frg. 2 Thcrmodynamrc quanuties for the proton transfer process of the m-hydroxybenzotc actd in 

DMSO-water soluttons, obtained by assuming a gaseous state as a reference. 
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0 02 04 06 O8 ‘DMSO 

Fig 3 Thernwdynam~c quantltres for the proton transfer process of p-hydroxybenzolc acid III DMSO- 

uater .solutrons, obtvned by assum*pg a gaseous state as a reference 

The orr&hydroxy isomer behaves as the para-isomer. This can be related to a 
stabilization of the o&o-anion by an internal hydrogen bond between the -COOH 
group and the -0 - .This is confirmed 

ortho 8AG, = - 13.3 kcal mole” 

mera 6AG, = - 1.3 kcal mole - ’ 

para &iG, = - 4.0 kcal mole” 

by the SAG,,, of the three isomers 
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In the liquid phase, the ehydroxybenzoic acid, from the enthalpic point of view, 
undergoes solvation from the gas phase with more difficulty than the m- and 
p-hydroxybenzoic acids. Indeed, in the gas phase the o-hydroxy isomer behaves like 
phenol. This allows a strong internal hydrogen bond between the -COOH group 
and the-O-. 

Thus, in the 6APSgdx = SAPF’x term the intramolecular proton transfer process 
must be included. 

COO-P-, coo-‘---, 

&2-&p” >&ii2 

Both the intramolecular transfer process and the strong intramolecular hydrogen 
bond make the SAH,S+x change unfavourable in the whole mole fraction. 

The same intramolecular proton transfer process can be assumed for the p- 

hydroxybenzoic acid. 

$;;,;I; - 6 -+- 

on (gl OH 1x1 

The less unfavourable GAH,B’x values showed by the p-hydroxy compound can be 
related to the weak electron withdrawing effect of the hydroxyl group in the para 
position. Moreover, the resonance effect (R+) in the para position decreases the 
inductive effect. For these reasons, in the water-rich mixtures, the p-hydroxy anion is 
strongly solvated by the water molecules. 

It is also interesting to compare the entropic reaction constants of the proton 
transfer process with the entropic T6AS,P’x term. 

It is noteworthy that the shape of the Tc?AS,‘~+~ curve, for the p-hydroxy isomer, 
IS very close (but symmetrical) to that [5] of the entropic reaction constants p,. 

This can be related to the negative values of p-u,, which, in turn, make negative 
the pS values too, by increasing and thus localizing the negative charge on the 
carboxylate group. 

It can be observed that in the 0.3-0.4 mole fraction range where the p-a,, values 
are greatly affected [S) by the solvent composition, the Ti3AS,P’x values are very 
different from the pS ones. This means that the a,-0.91a-0.07 equation gives bad 
approximate values. 

The most favourable SAHF’x term for the m-hydroxy isomer can be explained 
with the absence of the intramolecular transfer process, of the intramolecular 
hydrogen bond and of the resonance. All this contributes to a great localization [9] 
of the charge on the carboxylate group, so that an easier solvation of the anions from 
the gas phase is possible. Comparing the nitro-, chloro- and hydroxybenzoic acids 
the ease of salvation from the gas phase for the o&o isomers is as follows: 
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o-C1 > G-NO, > o-OH, while for the meta, the sequence is m-Cl > m-OH > m-NO,. 
Finally, for the para isomers one has p-Cl >p-OH >p-NO,. It is apparent that with 
the exception of the o-hydroxy isomer the nitro isomers experience the greatest 
difftculty in undergoing solvation from the gas phase. 

T’h~s fact can be further explained. by taking into account the “volume” of the 
nitro group which would show the greatest difficulty in creating a cavity in the 
medmm. Indeed. it has to be noted [13] that the radtus of the cavity in a solvent is 
given as a function of the sum of the solvent and solute dtameters. 

Furthermore. while the variation [13] of the free energy of the cavity with the 
diameter of solvent. for the same molecule of the solute, is very close in water and 
DMSO. the vat-ration m the enthalpy of the cavity IS much greater in DMSO. This is 
in keeping with our results. 
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