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CALORlhkRIC STUDY~OF IOKlZATION PROC’ESSES FOR NITRO- 
SUBSTITUTED PHENOLS IN WATER-DI.METHYLSULFOXIDE MiXtiRES 
AT 25°C . . 

The ionization and solution enthirlpies of the nitrophenol isomers were measured 

calorimetricaIly at 25°C in water-D-MS6 mixtures ranging from pure water up to 
0.8 DMSO moIe fraction. 

The dfierent s&ration values obtain& for orllro-nitrophenol with respect to 
the mera and para isomers, were txpaikd taking into account the clcctrostatic 
forces between the water molecules and the anions, as well as the intramolecular and 
intermolecular hydrogen bonds associatti with the undissociated mokculcs. 

The ionization of chloro-bcnzoic isorncrs in w&er-dimcthylsuifox.ide (D,MSOj 
mixtures and the related thermodynank quantities have been the subject of x recent 

research in our laboratory’. The difken: results obtained for the three acids were 
explained taking account of the &f&rent effects displayed on the solvation and 
ionization phenomena by the cbrine atom at the various positions in the aromatic 
ring 

In the present rcsearcb we examjnatt: the bchaviour of other simple disubstituted 
benzene derivatives, in which the position of tte substituent groups could possibly 
give inkrmolecuiar and intramolecukr hfdroisn bond: the nitrophcnol isomers. 

MPERl=7AL AND PROCEDURE 

The calorimetric apparatus hs bun ckcribed prrviously’, DMSO (Carlo 
Erba, RP grade) was purified according to Butler’s pro&dure*. 

D.MS&water mixtures were prepared & weight, from ~puriikd D-MS0 and 
C02-f&e twice-distilled water. The nrok Gaction of DMSQ in tkse n$xtures ranged 
from 0.1 to 0.8. 

Aqueous solutions of IN JriCi and O-EN NaOH were prepared from standard 
soIutions;.thk conadrations w-se c&tlrtd by potentiometxic titrations_ m-N&w 
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phenol (K & K) was distilled under reduced pressure, u-nitrophcnol was purified by 
steam distillation and p-nitrophenol was purified by crystallization from utter- 
alcohol mixtures The m-p- of the phenols were checked before use; subsequently, 
these compounds were stored in a vacuum desiccator on P205. The 4W,Na solutions 
(where subscript s indicates the substituted phenols) were prepared by adding an 
amount of NaOH soiution, containing approximately one equivalent of alkaii, to 
o-, m- and pnitrophenol dissolved in the mixed solvent. As a result of this addition, 
109 g of the DMSO-water solution at a known mole fraction X’, were obtained. The 
cona.ntntions of the sodium salts were always in the range from 2 - IO-’ to 4 - 10m3 F. 
An amount of phenol, about 4 or 5% of the original content, was not converted to 
salt and remained as free phenol, to avoid the presence of free alkali. 

The ionization process of 60,II in the various water-D&IS0 mixtures of X 
mole fraction can be reprzsentcd as 

(#O,H)x -+ (GO;), -i (H’), (1) 

The molar enthalpy of ionization of 4QH ai, was obtained, as previously 
described’, by the experimental measurement of: 

The molar enthalpy of reaction (&I,) of the sodium salts @O,Na, dissolved in 
rhe mixed solvent of X’ mole fraction, with IN HCI 

(4~0,)~. + @a’),. + (l-l’), i- (Cl-), --) (@O,H)= i @la’), + (Cl-), 
--_ 

(2) 

-i-he molar cnthalpy of dilution (Ali,) of the same amount of IN HCI, in the 
s3me solvent mixture at X’ moIe fraction: 

W +)a, + (Cl-), + (H’JX i (cl-), (3) 

Ir. processes (2) and (3), the symbols X’ and X refer to the DMSO mole fraction in 
the s&em mixture, rcspcctively, before and after the process- 

From the dissociation constant vaIucs of w&e* and the substituted phenols=, 
it can also be inferred that the salts undergo, in the most unfavourable case (m-#O,H 
at X,,, -I O-8), an hydrolysis /3 < 0.037 with an error of 0.26x, while the precision 
Mimi: of our measurements are at best 0.6%. 

The two values Aii, and bli, were algebraically subtracted so that bi1, = 
air, -- A%, is the thermal effect of the bypothetiul process represented as 

(cM),H), i (Na’), --, (QO;),. + (Na’)=e i (H+), (4) 

The molar enthalpy AM, of process (I) should be obtained by adding the xi& 
values to the molar transfer enthalpy of dO,Na (at infinite dilution) from solvent X’ 
to solvent X. The transfer process can be described as 

(SW;)=. + (Nai)x. --+ (@O& i @Jai), (5) 

process (I ) being the sum of processes (4) and (5). 
It has to be remarked that the difference (X’ - X) turns out to be very small for 
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each coc?!c: in the most urAvourablc cast it was 2 - lo”, when the DMSO final 
mole fraction was 0.8_ 

For the transfer enrhrrlpy of Nai and @Ol of the o-, nr- and pnitrophenol, an 
average variation of 1.X k#A mol- I, 3.56 kcai mol-’ and 4.46 kcal mol-’ are 
observed, when the mole _‘raction of the solvent mixture was varied by 0.1 unit These 
values were calculated by using the experimental measurcmc& published in this 
work. The error introduc& by neglecting the thermal effect of process (5) is, rcspcc- 
tively for e, m- and p-n I?rophcnol 0.014, 0.02 and 0.037 O/& Therefore, we take the 
A&i, of reaction (4) a~ the znn0la.r enthalpy of ionization (HI,) of substituted phenols 
dissolved in DIMSO-weter solutions at 25°C. We did not extend ogr measurements 
beyond X,,, = 0.8 mi;riy because the difference between A!’ and X would have been 
too large for the approti:nation mentioned above- 

For every one of the water-DMSO mixtures at XnMso mole fraction, thcsc -.- 
di?l, values refer to ti.e iani7atioo process of one mole of CpOJi, dissolved aL infinite . 

dilution in the mixed Avcnt, yielding one mole of protons and one mole of SO; 
ions solvated in the jamc solvent. 

In order to refer process (1) to one initial standard state only, we measured the 
solution enthalpy o!‘the crystalline nitrophenols (a&!,) in water-DMSO mixtum at 
various molt frirctioa; 

therefore the proc:ss 

@O,H,, + (Hi), + (@O,), 

(6) 

(7) 

is the sum of prorxsses (6) and (:). In process (7), only the final products vary their 
thermodynamic staze upon varialion of the solvent composition. 

In prouzz. (6) and (4), concentrations ranging from 2 - lo-’ to 4 - 10m3 F -.. -. 
were used. Therefke, the AH, and AH6 values cm be considered a~ infinitc dilutIon5. 

The enthalpy value, at A’“,, :=: 0, of process (6) for o-nitrophenol was not 
measurcci, but fo:rnd in the literature ‘, because the dissolution of this cornpouud is 
very slow and cur apparatus could not resord the enthalpic effect accurately. 

All measilrrments was carried out at 25 5 0.01 T, the average jump in the cell 
during the expctiments being about 0.1 ‘C. 

RESULTS 

Tables ;, 2 and 3 show the rfi values of pr ocesscs (I), (6) and (7) obtained with 

the three niuophcnols in DMSO-water solutions, as functions of the DMSO mole 
fractioK!_ 

Each Esure reported for process (1) is the difference between an alveragc of at 

least four E&KS relntive to process (2) and a similar average for process (3); the 
standard deviations arc indicated next to the tabulated values. 

In the literatu# the pK,,, values of prm (1) at 20°C arc reported for 0-, m- 



314 

TABLE1 

__ . ___ ._ . .- _...-_ .-._..-.. -.---- -.. --- 
_.-- _.-- _ . . . . 

Xl>L50 AH, .4 H. -4 If+ 
(kd mof-1) (kcal tnoI-‘) (&t-al m&-l) 

--- - ---._. _--s--m- --m--m.. . . . -._------ 

0 4-55 $. 0.02 6.31 10.86 
0.1 5.32 -+ 0.03 7.00 1: 0.02 12.32 10.04 
02 6.98 f: 0.04 7.10 * ORI 14.08 F 0.04 
0.3 9.33 15 0.05 5.10 - 0.02 14.43 5 0.05 
0.4 IO.29 fi 0.06 5.01 :_L 0.01 15.30 :i 0.06 
O-5 13-19 _+ 0.08 3.98 -5 0.02 17.17 & 0.08 
0.6 16.15 .i 0.09 3.81 5 0.01 19.97 5 0.09 
0.7 IS.64 fi 0.1 3.01 _& 0.01 21.67 2 0.1 
0.8 21.70 :i: 0.12 298 =: 0.01 24.68 IO.12 

mm.. .._ _-._. . _-mm___.__ _-.- -... _-- 

TABLE 2 

- _-- -- .--._ --.--_ .---.. . . - .-s-w .- 

XDU-X? Ahi, 
. . 

A He dH; 
(kcd md- ‘) (kcal mol-‘) (km1 mol-‘J 

-__ .-P.-P .- ---- -. --- - ._ -- --__-.__ .-.-._ -_.-- 

0 4.90 2 0.01 5.21 5 0.03 10.11 i: 0.01 

;_ 6.00 6.38 :fi +: 0.03 0.03 6.75 6.08 5 -" 0.02 0.02 13.13 12.08 -& + 0.04 0.04 
O-3 14.7i .h o_os 6.68 1% 0.02 21.39 * 0.08 
0.4 16.53 f: 0.09 ‘83 k 0.01 19.35 i 0.09 
0.5 24.62 L 0.13 2.06 ::: 0.01 26.69 & 0.13 
0.6 21.40 & 0.11 1.57 5 0.01 3997 i 0.11 
0.7 22.35 .: 0.12 1.19 :_L 0.02 23.54 & 0.12 
0-s 30.32 * 0.13 0.84 f OR1 31.16 10.13 
-- ---- -- 

TABLE 3 

XDYSO 

0 
0.1 
0.2 
0.3 
o-4 
0.5 
0.6 
0.7 
0.8 

__--. -. - ---- _. - _.__.- --- __._.____ ___ 

&ill, 
__. . 

A lib 
(kcal ad-'J (kcal nw!-1 J 

---- -__.-_--- --_ 

4.65 5 0.03 4-29 *O-O2 
5.61 & 0.03 5.48 & 0.02 
9.06 : 0.04 5-17 .+ 0.01 

II.44 * 0.06 4.3 -k 0.01 
22.22 i 0.12 213 & 0.02 
25.w .= 0.14 1.10 z 0.01 
18.17 1 0.09 0.62 5 0.009 
2x29 5 0.12 0.14 *o_ax 
24.03 + 0.13 --0.14 & 0-m 

-.-- 

_;137; 
(kuzl md-'J 

834-_10_04 
11.09 & 0_04 
1423 & O.(# 
15.79 i 0.06 
24.35 A 0.12 
26.14 i 0.14 
18.79 0.09 2 
25.47 0.12 5 
23-89 0.13 & 
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fig. 3. T!xrmodynamic q~nritia for the trader of the p-nitrophcnol from pure watcz to DMSO- 
wh’2m mixtures. 25 function 0C the moic fraclion 81 25’C. 

and pnitrophenol. From these data and from the diY, values reported in Tables I, 2 
and 3, we c~alculated the pKa,, values at 25”C, using ?he well-known equation 

PI&c = 
dH, AT 

Pk’WC - j’~rj=_-‘; q()j 
1 2 --’ 

From pk;!, at 25”C, we calculated the free energy 2G, relative 10 process (l), and 
the TU, values through the Gibbs-Helmholtz equation. 

For comparison, it is convenient to express the ionization cnthalpy &I, of the 
nitro-substituted phenols ;LS a difference between the values obtained in the mixed 
solvent of’ X mole iraction and in pure water so that: 

621 --- --. I = W,h - WdX=b 

In a similar way, the values of dd’i;, and T&8$, can be defined and ca!cula.ted. 
These three b-values are relative to the transfer OF the ionization process, while 

Srfij, and &a-l>; values represent the transfer enthalpy of the undissoeiated molecule 
and of the two ions Hi and @O,‘, respectively, from pure water to the mixed solvent. 
All the data are plotted against X,,, in Figs. 1, 2 and 3. 

DECLSSION 

From the curves of Fig- 1, it can be inferred that, from the enthalpic point of 
view, the desolvation of the MDO- anion plays a much more imporknt role than the 
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salvation of the undissoeiated molccuIe (Hi ions arc always better solvated in water- 
DMSO mixtures than in pure water)“‘. With respect to this point, enitrophenol 
and o-chlorobcnzoic acid’ behave in the same way. 

The values of 6x, show that the acid dissocktion is always hindered by an 
incnzase of DMSO in the solvent mixture, while the term T8xSs, turns out to be 
always favourzble to process (I). 

Tke Slilf , values are larger than the corrtswnding &d-c, and T&63, vaIues. 
Thus the enthalpic term can be reasonably identified with the driving force of the 
process. 

A comparison of Figs. I,2 and 3 suzggests that m- and knitrophenol, from the 
enthalpic point of view, undergo iokation with much -greater difficulty than o- 
nitrophenol, so that m- and pnitrophenols and m- and whlorobenznic acids’ 
display an opposite behaviour. This fact can be ascribed to the different salvation 
which the mokcules and the ions of the three nitrophenols undergo in the solvent 
mixture. 

It may be interesting therefore, to compare the salvation cnthalpies of the 
three anions o@O’, EW#O- and #O-, for each of the DMSO-water mixtures 
considered, using the transfer enthalpy values of the couples Hi/090- Hi/m40’ 

and li C/@O-. In the various solvent mixtures, the differences in the solvztion 
enthalpy between the solvated nitroanions were calculated as’ 

q**o-),-(&O-)X - ~~Ll-Hr - ~ATj’Woa + df~(.~-),,l,-(-~-)Il,, 
- -_ 
A&zW- )I -(p90 )r = ~A%&ow - ~~%r601( + =(&o-),,+-(@o- )#),O (8) 
_ _- _ 
AH (=*o -)x - (P*o - )I = 5dHT=@OII - ad7f 7p@OH + ~~~~n*O-)l._o-(l~-)r,:, _ 

On the other hand, the difkcnccs between the transier enthalpy of the un- 
dissociated molecules of e, m- and p-nitrophenol, represent the difierences of the 
solvation enthalpy between the molecules, in the various solvent mixtures, less the 
differences (which are constant) between the hydration cnthalpies of these molecules 
in pure water; 

A&m~)r -(peoii)x = ~z5wlMm - ~=6P+lMm + ~(ro”ll,‘r,o-(poo”~c,o 
By putting the last differences arbitrarily equal to zero, eqns (8) and (9) are 

plotted in Figs. Sa and 4b versus the solvent composition But it is possible to calculate 

the LI~~--~,~~_(~o-~,,~~ and I;f~~lQOlr)H20_t~HOnhl:o values uziag the scheme 
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FIN_ 4. DiffcreKxs in CL snktion cnthafpy bctw~ (a) rhc nitrtion uwplcs and (b) Betsy 0~ 
~n&socktn! nicr~~nolccuk coupla, in various DMSO-water mixtures. The difkruxcs in the 
hydration cnthalpy both bctwzcn the anion coupks and between the undkociatcd mokuk UWP~ 
arc arbitruily set equal co zero. 

where b-H,, Ahi, and hH, represent the enthalpies of sublimation“‘, solution (this 

work) and ionization (this work), respectively, for mefa- and pa-phenols. 
The enthalpies of hydration (b-H,) of mefu and pa molecules, as well as their 

difference, were u!cuIatcd from the corresponding sublimation and solution enthai- 
pi&: 2x1, + &fi, -_ &i,. The extent of the difference in the hydration enthalpies of 

the meta- and pora-phenol anions can be estimated by a combination of the cnthalpics 
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of hydration (ai?,) and ionization (xj?d) of the undissociated moltis: &!, t _.- 
AH3 = a-$ + ii’ii,. The contribution to LH, from the hydration of the proton is 
independent of @O, and dHr is probably fairly insensitive to the nature of the m~ta _._ _ 
and p~ra substituent. Thus, the difference between AH, + Afi& for mefa- and para- 
phenols will reflect the difference between the enthalpies of hydration of the phenol 

anions. The (very small) figures are 0.03 kcal mol-’ for ~j;i(-llh,20-~u,,,20 and 
0.31 kcai mol-’ for dtit--hiN_(+,-,,r._n. 

It seemed reasonable to assume similar values for the differences between the 

en*alpies of hydration A-Hta- hr20-(d - ),Izc)v ~&SO- )#,*- (,,MF),,,~~ ~&rb(~,~~~,~- 

(~W14m ax3 2 4@orr,l~,~> -wmwrl..o so that the values plotted in Figs_ 4a and 4h 
should approach very closely the true values. Figure 4a shows that the transfer of the 
nitro anions from pure water to DMSO-water mixtures decreases according to the 
scquc11ce0+0- 3 f&o- :> @JO- except in the nn3cs from 0.25 to 0.35 and from 
0.53 to 0.65, where pm- > m@O-. 

Owing to the resonance between the phenolate oxygen and the oxygens in the 
neighbouring nitro group in the orrho ion, the electrostatic force bctweeu the water 
molecules and the or&o anion is much greater than in para and meta anions. There- 
fore, the latter anions are much more affected by the drastic dLrrease in the 1120/ 
DMSO molar ratio from 9: I at X,,, -= 0.1 to X3:1 at X,,, = 0.3. 

In the ran~c from 0.0 to 0.15 the transfer of the undissociated molecules 
decreases according to the sequence o90H > n&OH > paOH while from 0.15 13 
0.38 the following order is observed o@OH > p#OH > J&OH. 

Beyond the 0.38 molar mtio, the sequence is p@OH z m@OH > &OH. 
It is possible to admit’ that the ortho form can be in resonance with the cyclic 

dipolar structure (I), which is stable mostly in waler-rich mixtures where dipole- 

dipole interactions 

+/“=_ _ 
0 ,/” 

I 0 \O (iI 

are allowed with the water rnolccules, so that the orlho r11okcu1c is more solvatcd than 
para and nzcru isomers. When the DMSO content in the solvent mixture is increased, 
DMSO cornpets with the nitro group for the phenolic proton, the chelate ring 
structure is broken and the nitro group is forced out of the ring plane; owing to this 
reason, the molecule interacts with DMSO by some weak specific interaction. There- 
fore, beyond 0.37 mole fraction, the orfho molecule is less solvated thzn para and 
meta isomers. 

. ‘- We think that the in- in AHI values observed, when water is progressively 
substituted by DMSO, can be related more to the anions desolvation rather than to 
the salvation of undissociated molecules. Therefore, unlike &Lhe orzho isomer, the AH, 
curves For both mefa and para molecules show a sharp rise beyond 0.2 mole fraction_ 
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