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Abstract

The dissociation enthalpies of, m-, p-amino benzoic acid in water—ethanol mixtures ranging from pure water up to 0.477
molar fraction of ethanol have been determined at 298.15 K by the method of mixing-flowing microcalorimetry. Combined
with the available values of Gibbs free energy reported in the literature, the corresponding values of dissociation entropy
have been calculated. The enthalpic and entropic effects arising from solvent and substituent have been discussed in terms of
solute-solvent interaction and tautomeric equilibrium.
© 2002 Published by Elsevier Science B.V.
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1. Introduction free energy, the values of dissociation entropy have

been calculated. The dissociation thermodynamic be-
Investigations on the entropic and enthalpic prop- havior has been discussed from the point of view of

erties of dissociation processes of mono-substituted solvent and substituent effects.

benzoic acid isomers in water—organic solvent mix-

tures are very important for correct understanding

their acidic behaviof1-5]. Mono-substituted amino 2. Experimental

benzoic acids are similar to amino acids in molecular

structure, but it is not very clear whether they disso- 2.1. Instrument

ciate in the manner of typical zwitterion in aqueous

solutions especially in aqueous organic solvents or  The calorimetric instrument is the flow-mixing de-

not[6]. Therefore in this paper dissociation enthalpies termination system of LKB-2277 bioactivity monitor

of the two functional groups of mono-substituted (Sweden). The detection limit of thermal power is

m- and p-amino benzoic acids in water—ethanol mix- 0.5uW. The determination precision is 0.2% (range

tures have been determined by precise mixing-flow of 300W). The precision of electric corrector is

microcalorimetry. Combined with the values of Gibbs ~0.1% (100 W thermal power) and that of constant
temperature control is’5 x 10~4 K. The reaction so-

" Corresponding author. lutions were pumped through the mixing-flow vessel

E-mail address: kuzhou2277@163.com (X. Hu). of the calorimeter in uniformed speed using a pair
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of LKB-2132 microperpex peristaltic pumps. The
flow rates were corrected by weighing samples (The
stability of flow rates is~0.2%).

2.2. Reagents

Aniline (>99.5%, from Sigma) was used with-
out further purificationo-Amino benzoic acid (C.P.,
>99.0%, from Jiangsu Chemicals Factorg}amino
benzoic acid (C.P., >98.0%, from Beijing Chemical
Co.) andp-amino benzoic acid (A.R., >99.5%, from
Shanghai Wulian Chemical Plant) were recrystallized
from water—ethanol mixture and dried in infrared oven
for 48 h and then were stored oves® in a vacuum
desiccator. Their melting points were checked prior to
use (o-amino benzoic acid, 145.@ramino benzoic
acid, 173.4;p-amino benzoic acid: 189°%). NaOH
(G.R.), HCIQ, (A.R.), anhydrous ethanol (G.R.).
Water—ethanol mixtures were prepared using twice
distilled and deionized water by weight. The mole
fraction range of ethanol is 0-0.477.

The solutions of aniline and three amino benzoic
acids were prepared directly using mixing solvent by
weight. NaOH and HCI@ solutions were prepared
by weight using the aqueous solutions with known
molarities and densities and anhydrous ethanol.

2.3. Methods

In the water—ethanol mixture of mole fraction
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2.3.1. The determination method of AH?;

In the mixed solvent of a certain composition (x), the
reaction thermal powdP, of amino benzoic acid ¢)
and perchloric acid @) as well as their own dilution
thermal powers (W W,) were determined.

H2N®COH + HCIO,4
— [H3"N®COH][CIO4 ], Py (5)
Controlb, > by so that the reaction can proceed com-

pletely. Since reaction (5) turns out to be the reverse
reaction of reaction (1), we obtain

(P1— W1 — W2)((h1M1/1000 + 1)

i fib1(1— 61)

(6)
whereb; andf; are the molality and mass flow rate of
amino benzoic acid solution, respectivelly; is the
molar mass of amino benzoic adig is the dissocia-
tion degree of H™N group under the reaction condi-
tion, which can be evaluated from the corresponding
dissociation equilibrium constaff]. At a fixed con-
centration of HCIQ (by), reaction enthalpies (AH)
of amino benzoic acid of at least five different concen-
trations (k) from diluted to concentrated have been
determined, and for each concentratiox) @wice par-
allel determinations were required to obtain the aver-
age value. Then the reaction enthalpies (AHwere
extrapolated to infinite dilution of amino benzoic acid
to obtain an extrapolated value of reaction enthalpy.
With the change of concentration of HG@by), dif-

the two dissociation processes of amino benzoic acid ferent extrapolated values of enthalpy were gained.

cation sTN®CO,H can be expressed as

H3+NCI)COZH + H-0

— HoNOCOH 4+ H3tO,  AH;; (1)
HoN®COH + HoO
— HoN®CO,™ + HztO, AH; 2 (2

where AH; 1 and AH; 2 are the apparent enthalpies
of dissociation reactions (1) and (2), respectively. The
relations betweem\H; 1, AH; > and AH?,, AHY,
(standard enthalpies of dissociation) are

AHD = AH; (Y bi - 0)

AH = AH; 2 (Y bi = 0) 4

in which b; represents the molality of each reactant.

®3)

Therefore the second extrapolation was conducted
between the first extrapolated values of reaction en-
thalpy and the concentrations of HGQby). The
finally extrapolated value of enthalpy was regarded
as the first standard dissociation enthalpy (9})(1

2.3.2. The determination method of AH?,

The thermal powers (R P3) of neutralization re-
action for amino benzoic acid and perchloric acid
aqueous solutions of the same concentratigh\{ith
sodium hydroxide aqueous solution of certain con-
centration (B) as well as their own dilution thermal
powers (W, W4, Ws5) were determined in the mixed
solvent of a certain composition (X).

H2N® COH + NaOH

— HoN® COz:Na+ H20, P (7
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HCIO; + NaOH— NaClOs + H,0, Pz (8)

Control b3 > b1 so that the reactions can proceed
thoroughly. So we obtain

AH;»
[(P2 — W3 — Ws) — (P3 — Wa — Ws)]
x ((b1M1/1000 + 1)
f1b1(1—82)
_ (P2 — P3— W3+ Wa)((b1M1/1000 + 1)
B fib1(1~82)

©)

wheres is dissociation degree of GBI group under

the reaction condition, which can be calculated from
the corresponding dissociation equilibrium constant
[7]. Similarly, extrapolations have been made twice
for AH; 2 versus the concentration of amino benzoic
acid () and the concentration of NaOH gb The

extrapolated value of enthalpy obtained finally can be
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3. Results and discussions

The dissociation enthalpies (A%/of water, anilin-
ium and the first and the second dissociation enthalpies
(AH?,, AHY,) of o-, m andp-amino benzoic acids in
water—ethanol mixtures of different compositions are
shown inTables 1-5, along with the corresponding
values of Gibbs free energy under the work solvent
compositions calculated from the dissociation equi-
librium constants reported in the literatufg], and
the corresponding values of dissociation entropy cal-
culated. The dissociation enthalpies and entropies of
benzoic acid in the same mixed solvent have been al-
ready reported5]. The enthalpies of dissociation of
water in the mixed solvents obtained in this work are
in good agreement with those reported 9

3.1. Solvent effects

Solvent effects can be described by thermodynamic

considered to be the second standard dissociation enfunctions of transfer for dissociatida0]

thalpy (A HC).

In order to obtain enthalpies of dissociation of wa-
ter in water—ethanol mixtures, enthalpies of neutral-
ization (AH,) between HCIQ and NaOH (reaction

8sA X2 = AX? (in water—ethanol mixtupe

— AX? (inwaten 12)

(8)) have been derived from the same experimental in Which X represents thermodynamic functic@sH

run

(P3 — W4 — W5)((b1M2/1000 + 1)

AHn -
fib1

(10)

in which M» is the molar mass of HCI9 Twice ex-
trapolations have been made f8H, versus the con-
centration of HCIQ (b1) and the concentration of
NaOH (ks). Finally, standard dissociation enthalpies
of water can be obtained.
AH?, = —AH, (Z bi — 0) (12)
The determination method of dissociation enthalpy
of anilinium is similar to that of the first dissociation

process of amino benzoic acid.
It should be noticed that, HCl{Dand NaOH are

supposed to dissociate fully in the composition range ¢ 144

of mixed solvent, and the mixed heats of ion—ion and

ion—neutral molecule can be neglected. These are rea-0.281

sonable in dilute solutions with high dielectric con-
stantg[8].

andS

Figs. 1-6show the trends of thermodynamic func-
tions of transfer for the first and the second dissocia-
tions of the three isomers of amino benzoic acid, along
with those of benzoic acid and anilinium in the same
mixed solvents.

From the variations of Gibbs free energy of transfer
with the compositions of water—ethanol mixed solvent,

Table 1
Enthalpies of dissociation of water in water—ethanol mixtures at
298.15K

XEtoH AH?, (kImol?t)
This work Ref. [9]
0.000 55.65+ 0.23 55.59
0.042 56.53+ 0.17 56.42
0.089 56.72+ 0.21 56.89
55.67+ 0.31 55.70
0.207 51.79+ 0.15 51.87
48.33+ 0.19 48.29
43.16+ 0.11 43.21
0.477 37.53+ 0.08 37.46
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Table 2
Thermodynamic functions of dissociation of anilinium in water—
ethanol mixtures at 298.15K

xgron  AGY (kImort)  AHP (kImorl)  AS? (JK~Tmoll)
0.000 26.20 33.72+ 0.15 25.22

0.042 25.23 29.00+ 0.13 12.64

0.089 24.65 27.86+ 0.14 10.77

0.144 23.92 26.60+ 0.09 8.99

0.207 23.07 2466+ 0.11 5.33

0.281 22.04 22.38+ 0.08 1.14

0.370 21.65 20.72+ 0.12 -3.12

0.477 21.29 19.08 + 0.07 —7.41

Table 3
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it can be seen that the first dissociation behavior of
the three isomers of amino benzoic acid is similar
to that of anilinium (Fig. 1), while the second dis-
sociation behavior is similar to that of benzoic acid
(Fig. 4). The trends oaSSAGgl of the three isomers
decreasing monotonously with the increasing@bn
indicate that the decline of dielectric constants of the
mixed solvent is favorable to the dissociation of ;H
group. On the contrary, the trends ag‘Ang of the
three isomers increasing monotonously with the in-
crease ogion indicate that the decline of dielectric
constants of the mixed solvent is unfavorable to the
dissociation of C@H group.

Thermodynamic functions of dissociation efamino benzoic acid in water—ethanol mixtures at 298.15K

Xeon  AGYy (kImolt)  AHP (kImort)  AS? GKImol™l)  AGY, (kImorl)  AH?, (kImorl)  AS?, (JK~tmol?)
0.000 12.22 15.62+ 0.06 11.40 28.09 11.68+ 0.07 —55.04

0.042 11.70 12.70+ 0.11 3.35 28.71 11.22+ 0.06 —58.66

0.089 11.12 11.93+ 0.07 2.72 29.80 11.00+ 0.10 —63.06

0.144 10.39 11.05+ 0.04 2.21 31.00 10.85+ 0.09 —67.58

0.207 9.45 3.60+ 0.02 —19.62 33.10 7.47 £ 0.05 —85.96

0.281 8.16 —3.12+ 0.02 —37.83 35.11 4.12 + 0.03 —103.94

0.370 8.02 —4.10+ 0.01 —40.65 36.84 1.76 + 0.01 —117.66

0.477 7.82 —-5.24+ 0.05 —43.80 38.53 —0.68+ 0.00 —131.51

Table 4

Thermodynamic functions of dissociation mfamino benzoic acid in water—ethanol mixtures at 298.15K

Xeon  AGY; (kImoft)  AH? (kImor!)  ASP JK'mol™l)  AGY, (kImort)  AHD, (kImor?t)  AS?, (JK Pmol?)
0.000 17.75 10.66+ 0.06 —23.78 27.29 17.62+ 0.09 —-32.43

0.042 17.24 10.51+ 0.08 —22.57 27.86 16.44+ 0.06 —38.30

0.089 16.73 9.30+ 0.03 —24.92 28.55 13.47+ 0.07 —-50.58

0.144  16.27 8.34+ 0.05 —26.60 29.34 10.42+ 0.10 —63.46

0.207 15.88 6.08 + 0.04 —32.87 30.62 7.46 + 0.06 —77.68

0.281 15.53 4.02+ 0.04 —38.60 31.46 4.28 + 0.03 —91.16

0.370 15.48 2.00 + 0.02 —45.21 33.31 2.80+ 0.01 —-102.33

0.477 14.50 —0.48+ 0.00 —-50.24 35.28 2.02+ 0.02 —111.55

Table 5

Thermodynamic functions of dissociation pfamino benzoic acid in water—ethanol mixtures at 298.15K

Xeon  AGY (kImofl)  AH? (kImofl)  AS? (JKImoll)  AGY, (kImor?t)  AHD, (kImol?t)  AS?, (JK-Pmol?)
0.000 13.64 18.86+ 0.12 17.51 28.03 3.00+ 0.01 —83.95
0.042 12.62 10.52+ 0.05 —7.04 29.00 4.25+ 0.02 —-83.01
0.089 12.37 7.33+ 0.03 —16.90 30.83 8.40 + 0.06 —75.23
0.144 11.70 3.76 + 0.02 —26.63 32.20 11.72+ 0.07 —68.69
0.207 10.91 0.22+ 0.00 —35.85 34.34 8.72+ 0.07 —85.93
0.281 10.28 —2.64+ 0.01 —43.33 36.94 6.16 + 0.04 —103.24
0.370 10.30 —4.76 + 0.03 —50.51 38.49 4.66 + 0.05 —113.47
0.477 9.76 —6.46 + 0.04 —54.40 40.19 3.28 + 0.02 —123.80
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. mix Iven .2), the irregular varia-
However, the variations of enthalpy and entropy of . ed solvent (O< xeron < 0.2), the irregular varia
, . L tions of enthalpy and entropy are the most remarkable
transfer for the first and the second dissociation of the : . i :
three isomers in water—ethanol mixed solvent with and the discrepancies of enthalpic and entropic be-
N are far from simple compared to Gibbs free havior between the three isomers are also notable. On
eﬁgr of transfer becaSse the gxhibit irregular varia- the one hand, this bears relation to the largest struc-
tion t?é/nds (Figs. 2,3, 5, 6) Int>r/1e water-ricﬁ region of turedness of mixed solvent in the very composition
gs. £,2,9,0). 9 region[11]; on the other hand, this has a concern with
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the disturbance of the tautomeric equilibrium between
the zwitterion and neutral molecule of each isomer of
amino benzoic acid. Away from this region the varia-
tions of enthalpy and entropy of transfer tend towards
monotony. This indicates that the structure of mixed

solvent begins to break after crossing the largest struc-
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Transfer entropies of reaction (21)3(3522) plotted vs
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tural region, and the mixed solvent gradually turns
out to be a kind of continuous less structural medium.
Simultaneously, the differences of the dissociation
behavior of the three isomers diminish by degrees
and tend to be identical to each other in the end.
Frank and Evan$l2] have proposed that zwitte-
rion in aqueous solution has a smaller absolute value
of entropy of dissociation. According to a great deal
of data collected in the literatuif@3] about dissocia-
tion entropies of organic acids such as aliphatic acids,
aromatic acids and amino acids, it can be found that
the absolute values of dissociation entropy of neutral
acids without charges are always larger, while the ab-
solute values of the first dissociation entropy of typi-
cal a-amino acids are about half of the former. This
can be explained from the point of view that when
neutral acid is dissociated into two ions, more water
molecules are “frozen” in agueous solutions, leading
to a larger entropic loss, while the variation of the
number of frozen water molecules is not noticeable
before and after the dissociation of a zwitterion, and
consequently a smaller entropic loss can be found.
From Tables 3-5, it can be found that over the whole
composition range of the mixed solvent the values of
AS,.C”2 of o- and p-isomers are close to the values of
neutral acids, while in the water-rich region of the
mixed solvent the value QBSSZ of m-isomer is near

to the values ofAS,.c”1 of typical a-amino acids. It is
concluded that over the whole composition range of
the mixed solvent the zwitteric properties of and
p-isomers of amino benzoic acids are not very evi-
dent, that is to say, they exist mainly in the form of
neutral molecule; thenisomer behaves obviously as
zwitterion in the water-rich region of the mixed sol-
vent, but exists mainly in the form of neutral molecule
in ethanol-rich region.

3.2. SQubstituent effects

Substituent effects on thermodynamic properties of
dissociation can be expressed by the following equa-
tions

SRAX? = AX)(RONH3") — AXQ(®NH3™) (13)

SRAXP, = AX2(R'®COH) — AX(PCOH)
(14)
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in which X represents thermodynamic functioBsH,
andS; R and R represent substituents, m-, p- COZH
ando-, m-, p-NH> respectlvelyaRAX andSRAX
equal to the values of thermodynam|c functlons of the
following proton-transfer reactions

RO®NH3" + ®NH;

= RONHz + ®NHz,  SrAXY, (15)
R'®CO;H + ¢CO, ™~

=R®CO; + ®COH,  srAXY, (16)

The above reactions can also be regarded as the trans-

fer process of substituent R (of)etween RONH™
and ®NH; (or between RPCO,H and®CO, 7).
Because of the symmetry of reactions (15) and (16),
the internal entropic changes of them are approximate
to zero[14,15]. So the entropic changes of the re-
actions in solutions arise completely from the varia-
tion of reaction medium. As a result, the changes of
solute-solvent interaction caused by different positions
of substituent can be discusseddpn s?,;.

Figs. 7 and 8describe the trends (ﬁRAsol and

(SRAS Wwith XgtoH, respectlvelyzSRAS0 equals the
entroplc change of transfer reaction (15) of carboxyl
group (-CQH). The values OBRASO over the whole
mixed solvent composition range are all negative.
This indicates that entropic change is unfavorable to
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Fig. 7. Entropies of proton-transfer reaction (1@4(&531) plotted
VS. XEtOH-
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Fig. 8. Entropies of proton-transfer reaction (1@4502) plotted
VS. XEtOH-

the transfer of each carboxyl group in each substituted
position. When carboxyl group transfers from the
cation of each amino benzoic acid isomer to aniline to
produce amino benzoic acid neutral molecule, strong
electron-attracting conjugation and inductive effect of
carboxyl group (R, 1) make the positive and nega-
tive charges in the molecule separate highly from each
other. As it has a stronger structure-making ability of
solvation, the entropy of the system decreases. Thus,
the transfer reaction (15) is an entropy-declining
process.

When carboxyl group is in different opposition (o-,
m- and p-), the variations of(SRASO with the sol-
vent composition present dlfferent characters (Fig. 7).
When substituted in p- posmorﬁRASOl exhibits a
trend of monotonous decline. But when substituted in
O- or m-position, 8RAS°1 goes through a maximum
in the water-rich region of the mixed solvent. It has
been indicated that in aqueous solutipremino ben-
Zoic acid cation conducts the first dissociation mainly
in the way of forming neutral molecule (route B)

BNO CO, tH
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Ka, Kg, K¢, Kp-microscopic dissociation equilib-
rium constantsKz-tautomeric equilibrium constants
between zwitterion and neutral molecule.

So the first dissociation gb-amino benzoic acid
cation is similar to anilinium in nature. The first dis-
sociation ofo- or mrisomer cation goes on by route A
and there is poor comparison with anilinium. The dif-
ference ofaRASgl of the three isomers is very obvi-
ous in the water-rich region (Fig. 7). With the increase
of xgton Of the mixed solvent, the trends ﬁi&ASiOl

X. Hu et al./ Thermochimica Acta 398 (2003) 15-22

resulting in the negative value cﬁRASl?Z. In the
largest structural region of the mixed solvent, |
effect is dominant, which dislocates the negative
charge of aniorp-H2N®CO,~ and greatly weakens
its structure-making ability of solvation, resulting in
the positive value oaSRASi?Z in this region.

In the case 0b- or p-substitution, the maximum of
«SRASSZ appears in the water-rich region of the mixed
solvent. This relates obviously to the largest struc-
turedness of the mixed solvent occurring in the region

of the three isomers become smooth and identical to of this composition. Away from this poinaRAs?Z

each other gradually. This indicates that they go by of the three isomers present the declining trends
the same route of dissociation in this region (route B). with the increase okeion. This can be attributed to
SrRAS?, equals the entropic change of transfer re- the strengthened dispersion force in rich-ethanol re-

action (16) of amino group between neutral molecule
HoN®CO,H and aniondCO, .
When amino group transfers from neutral molecule

to anion, because of the balance between electron-

repulsing resonance and electron-drawing inductive
effects (R, 17), the variations ofSRAng of the
three isomers withxgion €xhibit different characters
(Fig. 8).

When amino group is im-position, the notable
effect dislocates the negative chargereH,N®CO, ™~
and weakens its structure-making ability of solvation,
resulting in the increase of entropic value of the sys-
tem. SOSRASSZ is positive over the whole composi-
tion range of the mixed solvent.

When amino group is iro-position, steric effect
makes anior-H,N®CO,~ can not be solvated fully
even in the water-rich region of mixed solvent, leading

to the increase of entropy of the system. However, the

effect of intramolecular hydrogen bonding éranion

gion between anion (0-fN®CO;~, mH2NPCO, ™,
p-HoN®CO, ™), whose negative charge is dislocated,
and the alkyl group of alcohol.
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