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ABSTRACT

The ionization and solution enthalpies of the nitrophenol isomers were measured
calorimetrically at 25°C in water-DMSG mixtures ranging from pure water up to
0.8 DMSO mole fraction.

The different solvation values obtained for ort/lo-nitrophenol with respect to
the mera and para isomers, were cxpiained taking ioto account the clectrostatic
forces between the water molecules and the anions, as well as the intramolecular and
intermolecular hydrogen bonds associared with the undissociated molecules.

INTRODUCTION

The ionization of chloro-benzoic isomers in water-dimethylsulfoxide (DMSO)
mixtures and the related thermodynanic guantities have been the subject of a recent
research in our laboratory!. The differen: results obtained for the three acids were
explained taking account of the diffsrent effects displayed on the solvation and
ionization phenomena by the clonne aiom at the various positions in the aromatic
ring.

In the present research, we examinate the behaviour of other simple disubstituted
benzene derivatives, in which the position of thte substituent groups could possibly
give intermolecular and intramolecvlar hydrojen bond: the nitrophenol isomers.

EXPERIMENTAL AND PROCEDURE

The calorimetric apparatus hzs been described previously'. DMSO (Carlo
Erba, RP grade) was purified according to Butler’s procedure?. '

DMSO-water mixtures were prepared bv weight, from purniied DMSO and
CO,-free twice-distilled water. The nrole fraction of DMSO in these mixtures ranged
from 0.1 to 0.8. '

Aqueous solutions of IN HCI and 0.2N NaOH were prepared from standard
solutions;  their concentrations were checked by potentiometric Litrations. m-Nitro-
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phenol (K & K) was distilled under reduced pressure, o-nitrophenol was purified by
steam distillation and p-nitrophenol was purified by crystallization from water-
alcohol mixtures. The m.p. of the phenols were checked before use; subsequently,
these compounds were stored in a vacuum desiccator on P,O 5. The #O,Na solutions
(where subscript s indicates the substituted phenols) were prepared by adding an
amount of NaOH solution, containing approximately one equivalent of alkali, to
o-, m- and p-nitrophenol dissolved in the mixed solvent. As a result of this addition,
100 g of the DMSO-water solution at a known mole fraction X”’, were obtained. The
concentrations of the sodium salts were always in the range from 2- 1073 to 4- 1073 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 alkaii.

The ionization process of ®O,H in the various water-DMSO mixtures of X
mole fraction can be represented as

(#O,H)x -+ (PO, )y -+ (H )y ¢))

The molar enthalpy of ionization of ®O,H AH, was obtained, as previously
described?, by the experimental measurement of-

The molar enthalpy of reaction (44,) of the sodium salts #O_,Na, dissolved in
the mixed solvent of X’ mole fraction, with IN HCI

(20,)x- + (Na7)g- + (H7),q + (C17),q = (PO, H)y + (Na*), + (C17)y (2

The molar enthalpy of dilution (4/;) of the same amount of 1IN HCI, in the
same solvent mixture at X’ mole fraction:

(H)yq + (C17)yq = (H™ )¢ + (C7)x &)

Ir. processes (2) and (3), the symbols X’ and X refer to the DMSO mole fraction in
the solvent mixture, respectively, before and after the process.

From the dissociation constant values of water® and the substituted phenols®,
it can also be inferred that the salts undergo, in the most unfavourable case (m-$O,H
at Xpyso == 0.8), an hydrolysis 8 < 0.037 with an error of 0.269, while the precision
limit of our measurements are at best 0.6%;.

'The iwo values AH, and AH, were algebraically subtracted so that AH, =
AH, — 4H, is the thermal effect of the hypothetical process represented as

(PO, H)y + (Na™)x = (9O, )y- + (N2*)y. + (H*)¢ @

The molar enthalpy AH, of process (1) should be obtained by adding the 4H,
values to the molar transfer enthalpy of $O,Na (at infinite dilution) from solvent X’
to solvent X. The transfer process can be described as

(PO )x- + (Na™)y. — (90, )y + (Na¥), (5)

process (1) 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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cach couple: in the most unfavourable case it was 2 - 1074, when the DMSO final
mole fraction was 0.8.

For the transfer enth:aipy of Na* and #O; of the o-, m- and p-nitrophenol, a2n
average variation of 1.57 x<al mol™!, 3.56 kcai mol™! and 4.46 kcal mol™! are
observed, when the mole fraction of the solvent mixture was varied by 0.1 unit. These
values were calculated Dy using the experimental measurements published in this
work. The error introducesi by neglecting the thermal effect of process (5) is, respec-
tively for o-, m- and p-nitrophenol 0.014, 0.02 and 0.037%,. Therefore, we take the
AH, of reaction (4) as the :nolar enthalpy of ionization (4#1,) of substituted phenols
dissolved in DMSO-water solutions at 25°C. We did not extend our measurements
beyond Xpyso == 0.8 maialy because the difference between X“ and X would have been
too large for the approai:mnation mentioned above.

For every onc of the water-DMSO mixtures at Xpuso mole fraction, these
4H , values refer to the ionization process of one mole of O, H, dissolved at infinite .
dilution in the mixed sclvent, yielding one mole of protons and one mole of $O_
ions solvated in the same solvent.

In order to refer process (1) to one initial standard state only, we measured the
solution enthalpy of the crystalline nitrophenols (4H,,) in water-DMSO mixtures at
various mole¢ fraction:

‘pOsH:r - (‘pOsH)x (6)
therefore the process
PO H,, = (H*)x + (20, ) )

is the sum of processes (6) and (1). In process (7), only the final products vary their
thermodynamic staze upon variation of the solvent composition.

In processes (6) and (4), concentrations ranging from2 - 10" to4- 1072 F
were used. Therefore, the AH ; and 4 H , values can be considered at infinite dilution®.

The enthalpy value, at Xp.0 = 0, of process (6) for o-nitrophenol was not
measured, but found in the literature®, because the dissolution of this compouud is
very slow and cur apparatus could not record the enthalpic effect accurately.

All measur=ments was carried out at 25 =X 0.01 °C, the average jump in the cell
during the experiments being about 0.1°C.

RESULTS

Tables i, 2 and 3 show the 4H values of processes (1), (6) and (7) obtained with
the three nitrophenols in DMSO-water solutions, as functions of the DMSO mole
fraction.

Each f.gure reported for process (1) is the difference between an average of at
least four values relative to process (2) and a similar average for process (3); the
standard deviations are indicated next to the tabulated values.

In the literature® the pK,,, values of process (1) at 20°C are reported for o-, m-
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TABLE 1

MOLAR ENTHALPY OF IONIZATION (C171,) AND SOLUTION (171 FOR O-NITROPHENOL IN DMSO-WATER

SOLUTIONS OF VARIOUS MOLE FRACTIONS AT 25°C

Xpuso A, A, AH-»

(kcal mol-t) (Ecal mol-1) (kcal mol-1}
0 455 + 002 6.31 10.86
01 5.52 = 0.03 7.00 - 0.02 12.32 = 0.04
02 698 = 0.04 7.10 = 001 14.08 = 0.04
0.3 9.33 = 0.05 5.10 = 0.02 14.43 = 0.05
04 10.29 = 006 501 = 001 15.30 ,-_ 0.06
05 13.19 = 0.08 3.98 = 0.02 17.17 = 0.08
0.6 16.15 = 0.09 381 = 0.01 19.97 = 0.09
0.7 18.63 = 0.1 301 = 001 21.67 = 0.1
0.8 21.70 = 0.12 298 -. 0.01 24.68 = 0.12
TABLE 2

MOLAR INTHALPY OF IONIZATION (4£7;) AND SOLUTION (({F1) FOR m-NITROPHFNOL IN DMSO-WATER
SOLUTIONS OF VARIOUS MOLE FRACTIONS AT 25'°C

AHg

Xpxso AH, AH

{lccal mel-1) (kcal mol-') (kcal mol-1)
0 450 - 002 5.21 = 003 10.11 35- 004
0.1 6.00 =- 0.05 6.08 = 0.02 12.08 = 0.04
02 6.38 - 0.03 6.75 = 00'7 13.13 = 0.04
03 1471 =008 6.68 - 002 21.39 = 0.08
04 16.53 :_: 0.09 283 -'001 19.35 - 009
0.5 24.62 = 0.13 2.06 - 001 26.69 X 0.13
06 21 -10 = 0.11 1.57 i_ 0.01 2297 = 0.11
0.7 2235 =0.12 1.19 = 0.02 23.54 = 0.12
03 3052 = 0.13 0.84 = 001 3116 = 0.13
TABLE 3

MOLAR ENTHALPY OF IONIZATION (dH;) AND SOLUTION
SOLUTIONS OF VARIOUS MOILL. FRACTION AT 15°C

(AH¢) FOR p-NTTROPHENOL IN DMSO-WATER

AHq

Xpaso AH, AHz
(kecal mol-!) {kcal mol-!) (kcal mol-1)
0 4.65 = 0.03 429 =~ 002 894 =004
0.1 561 003 548 =~ 002 11.09 = 0.04
02 906 = 0.04 5.17 =+ 0.01 1423 2 004
.3 11.54 = 0.06 4.34 -~ 001 15.79 = 0.06
043 222 = 0.12 213 =002 24.35 + 0.12
0.5 2504 - 0.14 1.10 =- 0.01 26.14 = 0.14
0.6 18.17 = 0.09 0.62 = 0.009 18.79 =+ 0.09
0.7 2529 = 0.12 0.14 = 0.006 2547 =0.12
038 2403 <+ 0.13 -0.14 -~ 0.009 2389 = 0.13
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Fig. 1. Thermodynamic quantities for the transfer of the o-nitrophenol from pure water to DMSQ-
waler mixtures, as function of the mole fraction at 25°C.
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Fig. 2. Thermodynamic quantitics for the transfer of the m-mn'ophmol £rom pure watcr to DMSO-
water mixtures, as function of the mole fraction at 25°C.
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Fig. 3. Thaermodynamic quantitics for the transfer of the p-nitrophenol from pure water to DMSO-
waler mixtures, as function of the moie fraction at 25°C.

and p-nitrophenol. From these data and from the 4H ; values reported in Tables 1, 2
and 3, we calculated the pK,, values at 25°C, using the well-known equation

, 4H, AT
PKasc = PKaoe ~ g7 T7; 75,308
From pK,,, at 25°C, we calculated the free energy 4G, relative to process (1), and
the T4S, values through the Gibbs-Helmholtz equation.
For comparison, it is convenient to express the ionization enthalpy 4H, of the
nitro-substituted phenols as a difference between the values obtained in the mixed
solvent of X mole iraction and in pure water so that:

84H, = (4H )y — (4H\)x-0

In 2 similar way, the values of §4G, and T34S, can be defined and calculated.

These three é-values are relative to the transfer of the ionization process, while
d4H and 64H ; values represent the transfer enthalpy of the undissociated molecule
and of the two ions H* and ¢O;, respectively, from pure water to the mixed solvent.
All these data are plott=d against X0 In Figs. I, 2 and 3.

DISCUSSION

From the curves of Fig. 1, it can be inferred that, from the enthalpic point of
view, the desolvation of the 0-¢O~ anion plays a much more important role than the
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solvation of the undissociated molecule (H* ions are always better solvated in water—
DMSO mixtures than in pure water)”~°. With respect to this point, o-nitrophenol
and o-chlorobenzoic acid! behave in the same way.

The values of 54G, show that the acid dissociation is always hindered by an
increase of DMSO in the solvent mixture, while the term T84S, turns out to be
always favourable to process (1).

The 341 values are larger than the corresponding 4G, and T84S, values.

Thus the enthalpic term can be reasonably identified with the driving force of the
process. :
A ccmparison of Figs. 1, 2 and 3 suggests that m- and p-nitrophenol, from the
enthalpic point of view, undergo ionization with much greater difficulty than o-
nitrophenol, so that m- and p-nitrophenols and m- and p-chlorobenzoic acids?
display an opposite behaviour. This fact can be ascribed to the different solvation
which the molecules and the ions of the three nitrophenols undergo in the solvent
mixture.

It may be interesting, therefore, to compare the solvation enthalpies of the
three anions o®0O~, m®0O~ and p#O~, for each of the DMSO-water mixtures
considered, using the transfer enthalpy values of the couples H Jo#O~ H¥ /ma®O~
and H*/p®O~. In the various solvent mixtures, the differences in the solvation
enthalpy between the solvated nitroanions were calculated as!

AH (10015 - (o0 -1x = 84H 1,001 ~ 38H 1u00n + 8H (000341 0- (200 1,0

"j(aoo-),—(,oo ¥ ¢sZH?M»OH - Jh_ﬁ'r,oou + 271‘(-00')"@—000')":0 (8)

S

(m®0 - )x —(p@O-)x — 5m7-wu - 521_117”0&! + ZI?(II¢°')H:0-(P°0')H=0

hl

On the other hand, the differences betwesn the transier enthalpy of the un-
dissociated molecules of o-, 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 hydraiion enthalpies of these molecules
in pure water:

ZF{(.OOH); - (moOH)zy = 6A—E6¢00ll - 6;1_1_1-6-60}'[ T z‘_I_i(..ocun..:.;,—(-oou)“:o
A_’?(UOO")I-(’.O")X = E-A_HGOQOH - 6XH6FGOH + Z_H(GOO")uzo"‘p‘O“)“zo (9)

Z_ﬁ(-QOH)x —{pO®OH)y — 627‘1—6-00“ - 6m6pOOH + -A—H_(-OOH 0= (pOOH)“zo

By putting the last differences arbitrarily equal to zero, eqns (8) and (9) are
plotted in Figs. 4a and 4b versus the solvent composition. But it is possible to calculate
the A-i-lt..o-)“,_,o-("o-)":o and ZII(IOO“)H:O'(P’OH)II:O values USi!'Ig the scheme

4an —
T/,“’"(ses) __2’1}0,(5“, + H?scs)
40&"( scld) 1 [ﬁs

&R
} 47

VY _ -
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Fig. 4. Differences in the solvation enthalpy between () the nitroanion couples and {b) between 1be
undissociated nitro-molecule couples, in various DMSO-water mixtures. The differences in the
hydration enthalpy both between the anion coupies and between ke undissociated molecule couples
are arbitrarily set equal to zero.

where 4H,, AH, and AH. represent the enthalpies of sublimation’®, solution (this
work) and ionization (this work), respectively, for meta- and para-phenols.

The enthalpies of hydration (4H s) of meta and para molecules, as well as their
difference, were calculated from the corresponding sublimation and solution enthal-
pies: AH, + 4H s = 4H . The extent of the difference in the hydration enthalpies of
the meta- and para-phenol anions can be estimated by a combination of the enthalpies
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of hydration (4H ) and ionization (4£1,) of the undissociated molecul's: 4H, +
AH, = AH + 4H,. The contribution to AH, from the hydration of the proton is
independent of $0, and AH , is probably fairly insensitive to the nature of the meta
and para substituent. Thus, the difference between AH. + AH, for meta- acd 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 AH weokty,0— (20HM0 214
0.31 kcal mol ™! for AH (meo- 0 - (560~ Jusze

It seemed reasonable to assume similar values for the differences between the
enthalpies ofhydmtlonAH‘,,o o~ (=0 "I o’AH(OOO hi:o ~ (P20 )00 AH(OOOH).(
(=®OH) 10 204 All(,,o“,"m - (po0iing o SO that the values plotted in Figs. 4a and 4b
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
sequence oPO~ > mPO~ > pdO~ except in the ranges from 0.25 to 0.35 and from
0.53 to 0.65, where pPO~ > mPO~.

Owing to the resonance between the phenolate oxygen and the oxygens in the
neighbouring nitro group in the ortho ion, the electrostatic force between the water
molecules and the orrho anion is much greater than in para and meta anions. There-
fore, the latter anions are much more affected by the drastic decrease in the H,O/f
DMSO molar ratio from 9: 1 at Xpyeo = 0.1 to 2.3:1 at Xpyueo = 0.3.

In the range from 0.0 to 0.15 the transfer of the undissociated molecules
decreases according to the sequence 0POH > mPOH > pPOH while from 0.15 to
0.38 the following order is observed 0¢#OH > p®OH > mPOH.

Beyond the 0.38 molar ratio, the sequence is pdOH =~ m@POH > oPOH.

It is possible to admit* that the ortho form can be in resonance with the cyclic
dipolar structurc (I), which is stable mostly in water-rich mixtures where dipole-
dipole interactions

H.
+ LI
&

are aflowed with the water molecules, so that the orrthe molecule is more solvated than
para and meta isomers. When the DMSO content in the solvent mixture is increased,
DMSO competes 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 orrito molecule is less solvated than para and
mefa isomers.

We think that the increase in A H, values observed, when water is progressively
substituted by DMSO, can be related more to the anions desolvation rather than to
the solvation of undissociated molecules. Therefoce, unlike the ortho isomer, the AH,
curves for both meza and para molecules show a sharp rise beyond 0.2 mole fraction.
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