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Abstract

The detailed description of equilibria of N-phenylanthranilic acid in the aqueous solutions and in the two-phase systems: aromatic solvent—aqueous
solution were obtained. The isoelectric point, pHy, the dissociation constants of the protonated form, K,, and the neutral form, K, in the aqueous
solutions were determined from the apparent ionization constant in methanol-water solutions of various proportions by extrapolation to zero
co-solvent using Yasuda—Shedlovsky procedure. On the basis of the spectrophotometric investigations, the values of the distribution ratio, D, of
N-phenylanthranilic acid in the two-phase systems: aromatic solvent (benzene, ethylbenzene, toluene, chlorobenzene, bromobenzene)—aqueous
solution were obtained. Employing the results of the potentiometric titration in the two-phase systems: aromatic solvent—aqueous solution, and
using models of singular and multistep equilibria the values of the distribution constants, Kp, dimerization constants, K4, were calculated. The
significant influence of the polarity of the applied aromatic solvents and pH of the aqueous phase on the percentage of the particular forms of

N-phenylanthranilic acid in the two-phase systems was proved.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

N-Phenylanthranilic acid (2-[N-phenylamino]benzoic acid)
is an amino acid widely applied in medicine, pharmacy and
analytical chemistry as starting material for synthesis of biolog-
ically active compounds [1-3], comparative medical research
[4-6] and for metal ion determination [7-9]. Despite the
numerous applications of N-phenylanthranilic acid, its physic-
ochemical properties in aqueous solutions and in two-phase
systems: aromatic solvent—aqueous solution, have not been
determined in details yet. Lack of the fundamental parame-
ters characterizing the chemical and physicochemical prop-
erties of this compound makes a prediction and description
of its reaction in two-phase systems impossible. Because
the water solubility of N-phenylanthranilic acid is very low
(3.3x 107 mol/dm3) [1] the classical method recommended
for determination of the physicochemical parameters of chemi-
cal compounds can hardly be used. That is probably why the

* Corresponding author. Tel.: +48 17 8651781.
E-mail address: 1zapala@prz.rzeszow.pl (L. Zapata).

0039-9140/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2005.10.030

properties of this acid in the aqueous solutions and in two-
phase systems: organic solvent—aqueous solutions, were not
studied yet. In case the compounds are virtually insoluble in
water, potentiometric titrations in a mixture of organic solvent
(methanol [10-15], ethanol, dimethylsulphoxide, dimethylfor-
mamide, dioxane [12], propanol [13], acetone [12,13] izopropyl
alkohol [16])—water can be applied for determination of the dis-
sociation constant.

Fundamental parameters for amino acids in water solution
are as follows: an isoelectric point (pHj), dissociation constants
of cationic form K,j(H,RT = H* 4+ HR) and neutral form
K. (HR 2 HY + R™). The proper description of amino acid
in two-phase systems requires an additional determination of
acid distribution constant, Kp, which participates in extraction
equilibrium in molecular form (HRy = HR,) or extraction
constant, K., involved in the extraction equilibrium when
ion-pair form with inorganic anion X~ undergoes an extraction
(H2R{, + X, & (HoRTX7),).

The detailed description of N-phenylanthranilic acid equi-
librium in water solution and in two-phase systems: aromatic
solvent—aqueous solution, characterized by appropriate con-
stants (dissociation, K,; and K, zwitterionic, K,, distribution,
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Fig. 1. Reaction scheme for amino acid in the two-phase system: organic solvent—aqueous solution.

Kp, dimerization, Kgiy,) was the purpose of this study and the
results are summarized in Fig. 1.

1.1. Theory

1.1.1. N-Phenylanthranilic acid in water solutions
N-Phenylanthranilic acid belongs to the group of neutral

amino acids and consists of one carboxyl group and one amino

group in its molecule. Depending on pH of the water solutions

CHR,0

[HoR*X ], + [HR], + 2[(HR)z], + 2[(H2RTX )],

I. If only form capable of entering the organic phase is a neutral
form of amino acid, HR, the experimental distribution ratio
is described by Eq. (3):

caro _ [HR]o + 2[(HR),],
[HoR™], + [HR],, + [R7 ],

II. If the investigated system contains a neutral form, HR, and

ion-pair, HR*X ™, the distribution ratio is described by Eq.
4

D= 3

CHR,w

D= =
CHR,w

this compound can exist as a protonated form, HyR™, as a neutral
form, HR (as unionized form HR® or as a zwitterion HR¥) or as
an anionic form, R™ (Fig. 1).

The dissociation constants, K1 and Kj», are equal to Egs. (1)
and (2):

Ka1 = [HR][H'][H,R*] ™ )
Kap = [RTIHT]HR]™! 2)

Quantitative proportions of the different forms of an amino
acid in an aqueous solution at a given temperature mainly depend
on pH of the solution and on the initial concentration of amino
acid. A special case of equilibrium in the aqueous solution takes
place for isoelectric point, pHj. In this point concentrations of the
protonated form, H,R*, and anionic form, R, are equal. More-
over, for pK,; < pKa2 amino acid exists mainly in un-ionized
form, HR®, or as zwitterion, HR*.

1.1.2. N-Phenylanthranilic acid in two-phase systems

Amino acid in the liquid two-phase systems organic
solvent—aqueous solution can undergo distribution between
organic and aqueous phase in two ways.

— = “)

[H2R™ ]y + [HR]y, + [R7 ]
where [HR], and [H,R*X™], are the concentrations of
the neutral form of amino acid and the ion-pair, respec-
tively; [HoR*]w, [HR]w and [R™]y the concentrations of the
cationic, neutral and anionic form, respectively; [(HR)2],
and [(H,R*X),], are the concentrations of the dimer of
the neutral form and the ion-pair, respectively.

Taking into account equilibrium constants, the distribution of
amino acid can be described by Eq. (5) obtained on the basis of
the models of the singular and multistep equilibria [17,18]:

CHR,0 _. HF
— =K Ko [X
[HR]W D+ ex[ ]w Kal
s s o [HTF
+ 2(Kp Kdim + Kdim,s Kex [ X 1w e JHR],, (5)
al

where Kp is the distribution constant of the neutral form of
amino acid (Kp = [HR], [HR];1 ); Kex the extraction constant of
the ion-pair (Kex = KoK s = [HoRTX1,[X "1, [H2RTID):
K the formation constant of the ion association com-
plex (K = [(HRT)X~ ]W[H2R+] [X lw 1); Kps the dis-
tribution constant of the ion association complex (Kp s =
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[HoRTX ], [HaRTX ], 1Y, [X~1 the concentration of the inor-
ganic anion; Kgm the dimerization constant of the neutral
form in the organic phase (Kgim = [(HR),],[HR]S 2y, Kdims 18
the dimerization constant of the ion-pair in the organic phase
(Kdims = [(H2RTX ), ] [H2RTX 1) 2).

Depending on the pH of the aqueous phase Eq. (5) can take
one of two limiting forms:

I. For pH « pHy (amino acid is mainly in cationic form) the
extraction is possible as the ion-pair with inorganic anion
and Eq. (5) has the following form:

CHR.o . [HIT 2 2 [H]
Ry, = Kol K KX MR =
©)

After some mathematical transformations, a linear depen-
dence (Eq. (7)) can be obtained:

CHR,0 Kex

= + 2K2 Kgim s[HR], [HT1[X 1y,
[HR]y, [X1y[H'] ~ Ka oxKaim,s[HR ]y [HT][X™]

@)

Therefore, for the given ionic strength and the known value
of the dissociation constant, K1, the determination of the
extraction constant, K¢y, and the dimerization constant of
the ion-pair, Kgim s in organic phase is possible.

II. For pH value near to pHy, amino acid in the aqueous phase
occurs mainly in the neutral form and it is the only form able
to perform extraction. Under these conditions the extraction
of amino acid is described by Eq. (8):

CHR,o0
[HR]y,

= Kp + 2K3 Kgim[HR],, ®)

On the basis of the fact that Eq. (8) is a linear dependence
the distribution constant, Kp, and dimerization constant, Kgjm,
of the neutral form of amino acid can also be calculated.

2. Experimental
2.1. Materials

N-Phenylanthranilic acid was purchased from ALDRICH.
Methanol, benzene, toluene, chlorobenzene, carbon tetrachlo-
ride (from POCh, Gliwice, Poland), bromobenzene and ethyl-
benzene (from Fluka, Switzerland) were used without further
purification. All reagents were of analytical grade.

2.2. Detrmination of the values of isoelectric point, pHj,
and the dissociation constants, K,; and K

Due to poor water solubility of N-phenylanthranilic acid the
dissociation constant, pK;; and pKy», were determined by a
mixed-solvent method. Potentiometric titrations were made at
25+ 0.1 °C. Eight separate semi-aqueous solutions containing
28-65% (w/w) of methanol, 0.7-1.2 mM N-phenylanthranilic

acid and 0.1 M NacCl (to adjust ionic strength) were prepared.
The solutions were preliminary acidified by standardized HCI
to pH 2.0 and titrated with standardized aqueous NaOH to pH
10.5 with parallel addition of methanol (in the appropriate vol-
ume, dependent on the content of methanol in the investigated
system) to maintain the methanol-water composition constant
[11]. After each titrant addition the stirrer was turned on and
solution was vigorously stirred. Then the stirrer was turned off
and pH was measured. The pH values were corrected for the
presence of the non-aqueous part of the solvent. For this pur-
pose, the combined glass electrode was calibrated using 0.05 M
potassium hydrogen phthalate buffer solution made in 28-65%
(w/w) methanol-water mixture [19,20]. The apparent ionization
constants in the mixed-solvent were obtained from the differ-
ence curve (also called the formation curve or Bjerrum plots)
and extrapolated to zero co-solvent by the Yasuda—Shedlovsky
procedure [10,14].

2.3. Detrmination of the values of the distribution constant,
Kp, and dimerization constant, K j;,,

Potentiometric titrations of N-phenylanthranilic acid in the
two-phase systems organic solvent—aqueous solution (K;SO4,
I1=0.1) were performed using benzene, ethylbenzene, toluene,
chlorobenzene, bromobenzene and nitrobenzene. Solutions of
N-phenylanthranilic acid of 0.01 M concentration in the inves-
tigated organic solvents saturated with aqueous phase were
prepared (30 cm?). The aqueous phase (K2SOy, =0.1) was ini-
tially acidified to pH 2.5 with the sulphuric acid. Titration was
carried out with a standardized KOH solution in a thermostated
extraction vessel at 25 0.1 °C. pH was measured continuously
with pH-meter supplied with a Metron combined electrode OSH
10-00.

2.4. Shake-flask determination of the distribution ratio, D

The investigations on the distribution of N-phenylanthranilic
acid were performed at the pH range 1-13, at 254+0.1°C.
Organic and aqueous phases were mutually saturated. The com-
pound was dissolved in the organic phase (benzene, ethyl-
benzene, toluene, chlorobenzene, bromobenzene). A sample
(5.0cm?) of the organic solvent containing N-phenylanthranilic
acid (0.01 mol/dm?®) and an equal volume of the aqueous phase
(pH 1-13 obtained using the solutions of HCI or NaOH accord-
ingly) were agitated vigorously in a stoppered glass tube for
0.5 h to reach the equilibrium and then allowed to stay for 2h in
order to phase separation. After then pH of the aqueous phase
was measured. The UV absorbance of N-phenylanthranilic acid
in the organic phase, both initial and at equilibrium was mea-
sured by Beckman DU-640 spectrophotometer at 358 nm. The
precision of this method in terms of standard deviation (S.D.)
was 1.20 x 1072 (n=5). The concentration of amino acid in the
organic phase was determined from the calibration graph. The
experimentally obtained calibration parameters with the associ-
ated standard deviations are presented in Table 1. On the basis
of mass balance of amino acid in the two-phase system the con-
centration of amino acid in the aqueous phase was calculated.
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Table 1

Parameters of the calibration curve (A = acyr + b) for spectrophotometric determination of N-phenylanthranilic acid

Solvent a b Regression coefficient, R Standard deviation, S.D. n
Ethylbenzene 4.4845 x 103 —5.4668 x 1072 0.9964 0.03571 6
Benzene 8.0417 x 103 —3.0349 x 104 0.9999 0.00298 6
Toluene 7.7455 x 103 2.5856 x 1073 0.9999 0.00532 6
Chlorobenzene 43147 x 10° —7.7381 x 1073 0.9999 0.00424 6
Bromobenzene 7.5516 x 10 8.0104 x 1073 0.9993 0.01327 6

A is the absorbance value, cyr the concentration of N-phenylanthranilic acid, @ and b the slope and the intercept of the plot, respectively, and #n is the number of the

experimental points.

Besides the UV—vis spectra of the aqueous phase at pH values
about 1, 4, 8 were performed for each investigated systems in
order to identify of the form of N-phenylanthranilic acid that
undergo the extraction.

3. Results and discussion

One of the most popular and widespread methods for determi-
nation of the dissociation constants of the different compounds
is the spectroscopic method. However, the applicability of this
method for determination of the value of the dissociation con-
stants of a bifunctional compound, such as amino acids, is
limited to the value of the dissociation constant of the carboxylic
group only. The protonation of the nitrogen atom does not result
in measurable shifts of the UV spectrum [10]. For determining
the value of the dissociation constants of amino acids, the best
results give, recommended by many authors, the potentiometric
method [10,21]. However, for some low water solubility com-
pounds, the applicability of the potentiometric method is difficult
because determining the searched constants directly is impossi-
ble. In this case, because it is generally accepted that methanol
shows a solvation effect close to water, the mixed-solvent
(methanol-water systems) method should be taken into consid-
eration [10,13—15]. On the basis of the potentiometric titration,
series of N-phenylanthranilic acid in the methanol-water sys-
tems conducted with methanol weight fraction from 28 to 62%,
the values of apparent ionization constant, psKy», and isoelectric
point, pHy, were obtained from difference Bjerrum plots using
Eq. 9) [22,23]:

nH = {[HCI] — [KOH] + nL — [HT] + (Kw/[HTD}/L  (9)

where 7 is the number of dissociable protons introduced into the
solution by the substance L, L the total weak acid concentration,
[HCI], [KOH] the concentrations of added strong acid and base
and Ky, is the ionization constant of water.

The values of psK,1, were obtained from relationships (10)
and (11) valid for a neutral amino acid:

pKa1 + pKa2 = 2pH; (10)
pKar = 2pH; — pKa2 (11)

To determine the aqueous pK,; and pK, values the
Yasuda—Shedlovsky extrapolation procedure (recommended by
many authors to obtain precision value of pK, [10-15]) was
used. The Yasuda—Shedlovsky method was in detail described
in [10]. The values of psK and psK +log [H>O], obtained for
N-phenylanthranilic acid are presented in Table 2. The aque-
ous pK,1 and pK,» values were obtained by extrapolation to
zero co-solvent (for the dielectric constant of the pure water

(% = % = 1.28)) using the following linear Eqs. (12) and
(13):
120.24
psKa1 + log[H20] = 6.375 — - 12)
13.81
psKa2 + log[H,O] = 7.083 — — (13)

Fig. 2 shows Yasuda—Shedlovsky plot in methanol-water for N-
phenylanthranilic acid. The pKj,; and pK,, values obtained by
this method are 3.10 & 0.02 and 5.18 £ 0.03, respectively. The
isoelectric point, pHj, was identified at pH 4.14 = 0.02.

Based on determined values of K,; and K, as well as pHj,
the distribution diagram of the species of N-phenylanthranilic

Table 2
Values of psK and psK +log [H,O] for N-phenylanthranilic acid in methanol-water mixtures
Methanol, % w/w psKar? psKa2® psKa1 +log [Hy0] psKa2 +log [H,0]
64.8 2.68 + 0.02 5.60 + 0.04 3.90 6.82
54.2 2.79 + 0.01 549 + 0.04 4.13 6.83
44.1 2.88 £+ 0.01 5.40 + 0.02 4.32 6.84
39.6 291 £ 0.03 5.37 £ 0.05 4.39 6.85
36.0 2.92 4+ 0.02 5.36 + 0.04 4.43 6.87
344 2.93 £ 0.01 5.35 £ 0.03 4.45 6.87
33.0 2.94 + 0.03 5.34 £ 0.04 4.47 6.87
28.3 2.96 + 0.02 5.32 +£0.02 4.52 6.88
0.0° 3.10 & 0.03° 5.18 & 0.04°

% Mean of three determinations.
b Extrapolated by the Yasuda—Shedlovsky procedure.
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Fig. 2. Yasuda—Shedlovsky plot for N-phenylanthranilic acid in methanol-water
mixture for determination of the values of pKj,; (A) and pKy» (B).

acid in aqueous solutions (K»SO4, /=0.1) depending on pH
was prepared (Fig. 3). It was found that the protonated form of
amino acid, HoR*, significantly dominates at pH < 3.0 whereas
at pH 3.0-5.0 the major form is the neutral species, HR, and the
anionic form, R™, is the dominant at pH>5.0.

On the basis of spectrophotometric investigations of the
organic phase the values of the distribution ratio, D, of N-
phenylanthranilic acid for all the solvents studied were calcu-

<
<

23
<

(o)
<

o
<

[
<

Percentage of N-phenylanthranilic acid form, %

<

pH

Fig. 3. The percentage of particular forms of N-phenylanthranilic acid in the
aqueous solution as a function of pH.
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Fig. 4. The values of the distribution ratio, D, for N-phenylanthranilic acid in
the two-phase system: organic solvent—aqueous solution as a function of pH of
the aqueous phase.

lated and presented in Fig. 4 as a function of pH of the aqueous
phase. Depending on the organic solvent used, the values of the
distribution ratio, D, increase from about 70.0 for ethylbenzene
to about 145.0 for bromobenzene at pH about 3-5 in the follow-
ing order:

Dethylbenzene < Dioluene < Dbenzene
< Dchlorobenzene < Dbromobenzene

The obtained partitioning profiles for all studied solvents have
approximately parabolic shape with maximum at the isoelectric
point. The obtained results show that maximum of the extrac-
tion efficiency of N-phenylanthranilic acid occurs at pH 3.0-5.0
and the pH range of the extraction of N-phenylanthranilic acid
corresponds to the pH range at which the neutral form of this
acid, HR, is the dominant.

On the other hand, analyses of the UV-vis spectra in the
aqueous (at pH about 1, 4, 8) and organic phases showed sig-
nificantly different spectra for the cation, zwitterion and anion,
while identical spectra were obtained in organic phases at any
pH. Moreover, the spectra obtained in organic phase are identi-
cal with the spectra of N-phenylanthranilic acid in pure solvent
(identified as that of the neutral form) for each investigated sys-
tems. This method was recommended by Takacs-Novak et al. as
very simple but exact experimental evidence for the partitioning
of the neutral form even when it is the minor component [24].
Moreover, the literature data indicate that ion-pair formation as
sulphate or hydrogen sulphate ammonium salts does not occur
in that pH range between 2 and 8 [25]. These findings show that
not the ion-pair but only the neutral form of the acid, HR, is
transferred from aqueous to organic phase.

Taking advantage of the results of the potentiometric titra-
tion in two-phase systems: organic solvent—aqueous solution
and using models of singular and multistep equilibria [17,18],
the graphs presented dependence of cHR,,/[HR]y, as a function
of [HR]y, for N-phenylanthranilic acid in the two-phase systems
organic solvent—aqueous solution were prepared and presented
in Fig. 5. These were a linear dependence (the values of the
regression coefficients, R, were in the range of 0.9899-0.9993)
so determination of the values of the distribution constants, Kp,
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Table 3

The values of the distribution constant Kp and dimerization constant Kgin, in the two-phase system: organic solvent—aqueous solution

Solvent Hildebrand solubility parameter § (kJ 12 =312y Distribution constant, Kp Dimerization constant, Kgim
Ethylbenzene 17.84 58.79 £ 0.69 14.49 £ 0.78
Toluene 18.23 64.35 + 0.34 12.05 + 0.45
Benzene 18.72 75.12 + 0.46 9.41 + 0.54
Chlorobenzene 19.44 100.58 £+ 0.77 6.34 £+ 0.63
Bromobenzene 19.74 126.20 £+ 0.74 4.02 £ 045
Nitrobenzene 20.46 258.05 £ 0.52 1.33 £ 0.15

and dimerization constants, Kgim, was possible. The calculated
values of Kp and Kgin, are presented in Table 3. The values of
Kp and Kgjr, depend on the polarity of the organic solvent used.
It has also been found that the values of distribution constants,
Kp, increase while the values of dimerization constants, Kgim,
decrease along with increasing of Hildebrand solubility param-
eter § of the organic solvents studied.

The lowest value of Kp was found for the system with ethyl-
benzene (Kp =58.79, § = 17.84), while the highest was observed
for the system with nitrobenzene (Kp =258.05, §=20.46). At
the same time, the dimerization constant, K4ir,, decreases from
14.49 (ethylbenzene) to 1.33 (nitrobenzene).

Based on the determined values of dissociation constants,
K, and K,, distribution constants, Kp, dimerization con-
stants, Kgim, as well as the molar balance of amino acid in
the studied systems the content of the particular forms of N-
phenylanthranilic acid in both phases was calculated as a func-
tion of pH of the aqueous phase. The results obtained for
the systems with extremely different Kp and Kgiy, are pre-
sented in Fig. 6. The obtained results show that for pH< 1.5
N-phenylanthranilic acid exists in the aqueous phase mainly as
the protonated form, HoR™. The increase of pH causes that con-
centration of the acid in the organic phase increases too. For the
pHrange between 2.5 and 5.5 the percentage of monomeric form
of the acid, HR,, in organic phase is equal to about 97% for the
system with nitrobenzene and about 80% for the system with
ethylbenzene. The percentage of the dimeric form, HRy,, in

265
264 - B - ethylbenzene
F ® - toluene
A - benzene
¥ - chlorobenzene
4 - bromobenzene
2 O - nitrobenzene
2 260 L
= VORG24 oy
= L
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jan)
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Fig. 5. cur w/[HR]y vs. [HR]y, for N-phenylanthranilic acid in the two-phase
system: organic solvent (ethylbenzene, toluene, benzene, chlorobenzene, bro-
mobenzene, nitrobenzene)—aqueous solution; the solid lines are the calculated
curves based on the last squares method.

Contents of species, %

Fig. 6. The percentage of species of N-phenylanthranilic acid in the two-phase
systems: organic solvent (I ethylbenzene, II nitrobenzene)—aqueous solution as
a function of pH of the aqueous phase.

those systems is lower and equal to about 1.3% for nitrobenzene
and about 9.2% for ethylbenzene. Under the same conditions,
the percentage of monomeric form of the acid in aqueous phase,
HRy, is very low—0.4% for the system with nitrobenzene and
1.4% for the system with ethylbenzene. The increase of pH of the
aqueous phase (pH 5.5-8.0) results in decrease of the concentra-
tion of the neutral forms, HR,, HR> , iHRy,, and simultaneous
increase of the concentration of the anionic form, Rj,. At the
higher value of pH (pH > 8.0), N-phenylanthranilic acid occurs
only in the aqueous phase as the anionic form, Ry,.

4. Conclusions

Knowledge of physical and chemical properties of N-
phenylanthranilic acid is essential for the interpretation of
structure—activity relationships. For this reason in this paper
the detailed analysis of N-phenylanthranilic acid equilib-
ria in aqueous solution and in two-phase systems: aromatic
solvent—aqueous solution, characterized by appropriate con-
stants (dissociation, K, and K7, distribution, Kp, dimerization,
KdimKdim) were performed.

It was demonstrated that a suitable method to the characteri-
zation of N-phenylanthranilic acid in aqueous solutions was the
potentiometric titration in methanol-water system. The appli-
cation in our research of the Yasuda—Shedlovsky extrapolation
procedure permitted to determine the aqueous pK,; and pKy»
values.

Analyse of the UV-vis spectra in the aqueous and organic
phases showed that the partitioning profiles obtained for all
studied solvents have approximately parabolic shape with max-
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imum at the isoelectric point and only the neutral form of N-
phenylanthranilic acid undergo the extraction. The extraction of
N-phenylanthranilic acid as ion-pair does not occur.

The application of the models of singular and multistep
equilibria permitted to calculate the values of the distribution
constants, Kp, and dimerization constants, K4, . It was demon-
strate that the values of Kp and Ky, depend on the polarity of
the organic solvent used. It was found that the values of distri-
bution constants, Kp, increase while the values of dimerization
constants, Kgim, decrease along with increasing of Hildebrand
solubility parameter é of the organic solvents studied.
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