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substituents lowering the pKa and electron releasing groups increasing it.
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1. Introduction

Arsonic acids have the general formula of RAs(O)(OH)z in which R could be alkyl or aryl group.
Organo arsenic compounds despite their toxicity gets revived attention due to pharmaceutical use.*
For example Carbarsone is an organoarsenic compound with antiprotozoal activity which is used
against of the amebiasis.>’ They also are under consideration from the biological activity point of view
yet.8'1°

Organo arsenic compounds are very useful starting materials with important application in various
fields of chemistry. For example Lloyd et al used the aryl arsonic acids as precursors to As(l11) and
As(l) species as part of their studies into the chemistry and biological activity of Salvarsan which is the
historically-important arsenical drug for treatment of syphilis.*2
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In addition some of the aryl arsonic acids have own application, for example 3-nitro-4-hydroxyphenyl
arsonic acid (Roxarsone), 3-nitrophenyl arsonic acid (Nitarsone) and 4-aminophenyl arsonic acid
(Arsanilic acid) are aryl arsonic acid derivatives which are produced commercially on a large scale.
Roxarsone, Nitarsone and Arsanilic acid are growth promoter for poultry, and were used as a feed
additive to increase weight gain and improve feed efficiency in poultry production.*® They also used as
an animal drug in poultry. For example controlling of Histomoniasis is possible only by Nitarsone!*
and Arsanilic acid used to prevent or treat dysentery in poultry and swine.?

Finally aryl arsonic acids can be used as an indicator for determining metal ions among other uses.
For instance Miller®® reports use of arsanilic acid for detection of cerium. Due to importance and wide
range application of arsenic compounds it seems that we need for more research work about them. The
goal of this work is determining of the pKa value as a criterion for acidity power of aryl arsonic acids.
We hope that our reported results in this work could be helpful for other researchers who try to
understand more about arsenic compounds behavior in biological systems and etc.

The pKa value for a compound, defined as the negative logarithm of the dissociation constant of
the acid (-logKa), plays an important role in understanding a number of phenomena in different
scientific domains including life sciences, chemistry and material sciences. The pKa is the most
important characteristic for comparing the acidity of a series of compounds.t®-%° The pKa value also
indicates the ratio of neutral and anionic forms of a molecule at a given pH.?° The large number of
papers describing computational research on the prediction of the acidity of various compounds in the
recently published chemical literature indicates that the pKa is one of the important properties in many
scientific domains such as chemistry and biology.'® ?! For example, determining the acidity of some
ionizable groups could be helpful in understanding its role at the molecular level in some biologically
active molecules.?

The experimental determination of pKa values in reaction intermediates, specific parts of large
biological building blocks, and molecules with dissolution limitations is very difficult to obtain.® 1923
In addition, providing standard conditions for the experimental determination of pKa value is essential
for allowing comparison of different results. Accordingly, many researchers are tending to calculation
of pKa values using theoretical and computational approaches.?® 2441

Recently quantum chemical calculations, using thermodynamical parameters such as Gibbs free
energy, have reported good correlations between calculated and experimental acidities of a wide range
of organic and inorganic acids.'® #>°° For example, gas phase and solution phase acidities of some
organic compounds investigated by Namazian et al. and Kheirjou et al. reported good correlation
between ab initio calculations of pKa values with the experimental data.'® 2% 5152 However, to the best
of our knowledge, there is no data on pKa calculations of arsonic acids by quantum chemical methods,
and experimentally determined pKa values are limited to a small group of arsonic acid derivatives.
Accordingly, we have calculated the relative pKa values of some of aryl arsonic acids using using the
DFT/B3LYP approach in conjunction with some selected basis sets such as (6-31G(d), 6-31+G(d), 6-
311++G(d,p) and 6-311++G(2d,2p)). Our results showed good agreement between theoretical values
and experimental results, especially using the B3LYP/6-311++G(2d,2p) method for calculation; the
average error was less than 0.8 when using B3LYP/6-311++G(d,p), and 0.3 when using B3LYP/6-
311++G(2d,2p) level of theory.

2. Methods and theoretical calculations

First of all for choosing the best basis set with the minimum average of error we calculate pka
values of three of arsonic acids (phenyl arsenic acid, 2-methoxyphenyl arsenic acid and 3-nitrophenyl
arsenic acids ) using various selected basis sets. The results collected on Table 1.
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As appears from the results of Table 1 the best basis set for our goal is the 6-311++G(2d,2p) which
is resulted pKa values with lower difference from the experimental values. In the case of 6-31G(d)
basis set in some cases we have approximately more than one unit(1.72) difference between
experimental and calculated pKa values whereas with 6-311++G(2d,2p) basis set we can reduce this
differences below 0.25 unit. Therefor the 6-311++G(2d,2p) basis set gives more accurate and reliable
results than 6-31G(d) one. In continue we applied both of the B3LYP/6-311++G(d,p) and B3LYP/6-
311++G(2d,2p) levels for pKa calculation.

Table 1. Results of pKa calculation using various basis sets.

Calculated pKa (ApKa)

Basis Set 6-311++G 6-311++G 6-31G 6-31+G Exp.

(d,p) (2d,2p) (d) (d) pKa

Phenyl 2.91(0.56) 3.34(0.13) 2.27(1.19) 2.55(0.92) 3.47
arsonic acid

2-methoxyphenyl 3.11(0.97) 3.89(0.19) 2.33(1.75) 3.29(0.78) 4.08
arsonic acid

3-nitrophenyl 1.60(1.26) 2.63(0.23) 2.86(1.61) 1.14(1.72) 2.86
arsonic acid

Initially the calculations for the arsonic acids and their conjugate anions were fully optimized at
B3LYP/6-311++G(d,p) level of theory. Vibrational frequency calculations were done at the same level
to verify that each stationary point was a real minimum. All calculations were performed using the
GAMESS program package.>®
The polarized continuum model (PCM) was used for acquiring data in the solution phase. The solution
phase optimization of both neutral and anionic species was performed at the B3LYP/6-311++G(d,p)
level on the structures obtained from gas phase optimizations. Natural bond orbital (NBO) analysis was
also used to reveal the charge distribution in neutral and deprotonated structures.

The calculation of the pKa value for an acid undergoing dissociation can be carried out using the change
of Gibbs free energy for the dissociation reaction as shown below, where HA represents the arsonic
acid.

HA(aq) + HZO(aq) = 3 A_(aq) + H30+(aq) (1)

AG® =—2.303RT log(Ka/[H,O]) (2)
or

AG°(kcal / mol) =1.36 pKa + 2.36 3)

Eq. (3) simply relates the equilibrium constant and changes of Gibbs free energy of dissociation
process to each other. In this equation AGP is the standard change in the Gibbs free energy related to
the dissociation process taking place at 298.15 K.

AGP can be obtained by using a thermodynamic cycle which includes one isodesmic reaction (4) and
one dissociation process (5). In this thermodynamic cycle methyl arsonic acid was used as a reference
molecule?:

HA, + MeAsO(OH)O" ., —% 5 A”  + MeASO(OH), ., 4)
H,0) + MeASO(OH ), ., —E= 5 H,0" . + MeAsO(OH)O" (5)



10

In aqueous solution the Gibbs free energy of dissociation of acid HA , AG®, can be written as a sum
of Gibbs free energy changes of Eq. (4) and Eq. (5):

AG’ = AG] ,,, +AG; (6)

5 (aq)
Using the experimental pKa value, 4.1, for the reference molecule, ¢ AG,,
calculated using Eq. (3) as follow:
AGC . =1.36(4.1) +2.36 = 7.94(kcal / mol)

5(aq)

y can be easily

AG?

4(aqy CaN be calculated using the proposed thermodynamic cycle which is shown in Fig. 1:

B AC"‘z?(gas) )
HA(g) + MeASO(OH)O () = A () + MEASO(O H)Z(g)
AGot AG ) werso(or)o ) AG a1 Ao mensoory,)
] AGY (aq) ]
HA(aq) + MeASO(OH)O (aq) > A (aq) + MEASO(OH)z(aq)

Fig. 1. Proposed thermodynamic cycle for calculation of AGf(aq)

From the thermodynamic cycle shown in Fig. 1, AGf(aq) can be written as the sum of AGj’(gas) and

AAG’ ., ,inwhich AG, ,and AAG® ., are the gas-phase Gibbs free energy of reaction (4) and the
net solvation energy of reaction (4), respectively:

0o _ 0 0
AG, o) = AGy (o) TAAG ), (7)
0 _ 10 0 10 0
AG4(g'c15) - [G (gas,A”) +G (gas,MeAsO(OH)z] [G (gas,HA) +G (gas,MeAsO(OH)O’)] (8)
0 _ 0 0 _ 0 0
AAG (sol) ™ [AG (sol,A") +AG (SOLMeAsO(OH)z)] [AG (sol ,HA) +AG (soI,MeAsO(OH)O’)] (9)

Finally, using the above thermodynamic cycle and equations, the pKa values were calculated using
Eq. (10):
pKa= pKa[MeAsO(OH)2] + AG?,. ,/1.36 (10)

4(aq)

3. Results and Discussion

The structure and nomenclature of the arsonic acids (1-25) selected for calculation are shown in
Fig. 2. There is little data on pKa values of arsonic acids in the literature: those reported are in the range
of 2.86-4.43.54-°6

In this study, we used the B3LYP method in combination with two different basis sets, 6-
311++G(d,p)and 6-311++G(2d,2p). Gibbs free energy changes of acid dissociation in the gas phase
and computed pKa values with both selected basis sets are summarized in Table 2. From these results
it is concluded that the 6-311++G(2d,2p) basis set gives reliable pka values with less error than that of
those obtained when 6-311++G(d,p) is used. Compound 4 (4-nitronaphthyl-1-arsonic acid) is the
strongest acid among those studied. Compound 2 (benzylarsonic acid) shows the weakest acidity with
pKa = 4.27 because it is a non aromatic arsonic acid. Electron withdrawing groups such as halogen and
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nitro on the aromatic ring, especially in the ortho position, increase the acidity of the arsonic acid. In
contrast, electron releasing groups on the aromatic ring, such as methyl, decrease the acidity.

Table 2. Changes in Gibbs free energy and pKa values of selected arsonic acids.

Comp- AG s (kcal/mol) AG3 e (kcal/mol) PKa(calc) PKa
Basis set Basis set Basis set Basis set Basis set Basis set (&xp.)
a b a b a b
1 325.4 327.1 -1.62 -1.03 291 3.34 3.47
2 326.7 328.2 -0.19 0.23 3.96 4.27 4.43
3 324.1 325.5 -2.89 -1.70 1.98 2.85 =
4 314.2 315.8 -3.95 -3.21 1.19 1.74 -
5 327.2 328.5 -1.60 -0.55 2.92 3.70 -
6 326.5 327.9 -0.71 -0.99 3.58 3.38 3.82
7 325.9 327.8 -1.66 -0.86 2.88 3.47 3.82
8 324.6 325.9 -3.74 -3.07 1.35 1.84 -
9 320.8 322.6 -2.93 -1.87 1.95 2.72 -
10 322.5 323.8 -3.46 -2.40 1.55 2.33 -
11 315.3 317.3 -3.40 -2.00 1.60 2.63 2.86
12 330.0 330.9 -2.63 -1.32 217 3.13 -
13 325.3 327.4 -2.64 -1.70 2.16 2.85 -
14 329.4 330.4 -1.35 -0.29 3.11 3.89 4.08
15 326.3 328.1 -1.75 -1.2 2.82 3.22 -
16 322.9 323.9 -2.33 -2.12 2.39 2.54 -
17 320.4 322.1 -3.87 -3.06 1.25 1.85 -
18 323.7 325.2 -2.03 -1.39 2.61 3.08 -
19 327.2 328.7 -2.12 -0.85 2.54 3.48 -
20 326.0 327.2 -1.75 -1.93 281 2.68 -
21 320.7 324.4 -2.99 -141 1.90 3.06 =
22 326.4 327.9 -1.91 -0.37 2.69 3.83 -
23 316.0 317.9 -1.99 -1.66 2.63 2.88 3.46
24 330.0 330.8 -2.60 -0.91 2.19 3.43 -
25 3215 323.6 -3.22 -2.14 1.73 2.52 -

*B3LYP level with two different basis sets a and b: 6-311++G(d,p) and 6-311++G(2d,2p), respectively.
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Fig. 2 Structures of investigated arsonic acids
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Fig. 3 Correlation between calculated and experimental pKa values of studied arsonic acids at
(B3LYP/6-311++G(d,p)) level (plot A), and (B3LYP/6-311++G(2d,2p)) level (plot B).
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Comparison of our quantum mechanical computed pKa values with experimentally obtained
literature values showed good correlation (Fig. 3): those using the 6-311++G(2d,2p) basis sets gave
better results (R?=0.91) than that using the 6-311++G(d,p) sets (R?>=0.85). It is concluded that the
computational level (B3LYP/6-311++G(2d,2p)) is appropriate to compute the relative pKa values of
arsonic acid derivatives.

4. Atomic Charges

Charges on atoms in a molecule are not a quantum chemical observable property, but the atomic
charge concept is a useful tool for the illustration of a variety of chemical phenomena. Determination
of atomic charge in a molecule is accessible via several empirical and quantum mechanical methods.
For each of the unionized arsonic acids, atomic polar tensor (APT) derived charges were calculated at
B3LYP level of theory using 6-311++G(d,p) and 6-311++G(2d,2p) basis sets. For the acidic hydrogen
(H) and the entire arsonic acid group (AsO(OH)z). Charges on the ionized oxygen (O°) and the charge
on the whole corresponding conjugate anion, (AsO(OH)O"), were also determined and are shown in
Table 3.2157-°8 Good correlation between calculated pKa and the APT charges can be observed.

Table 3. Calculated APT charges for the studied arsonic acids.

Comp. QM (H) QM (As(OH)2) QM (O) QM (AsO(OH)O)
Basis set Basisset Basisset  Basisset  Basis set Basis set Basis set Basis set
a’ b* a b a b a b
1 0.399 0.389 0.267 0.278 -1.491 -1.490 -0.608 -0.599
2 0.398 0.387 0.017 0.040 -1.458 -1.453 -0.792 -0.779
3 0.397 0.387 0.232 0.241 -1.493 -1.499 -0.599 -0.565
4 0.412 0.401 0.293 0.305 -1.500 -1.502 -0.530 -0.525
5 0.392 0.382 0.281 0.285 -1.527 -1.525 -0.566 -0.561
6 0.397 0.387 0.237 0.245 -1.466 -1.467 -0.612 -0.606
7 0.396 0.384 0.285 0.291 -1.485 -1.482 -0.606 -0.597
8 0.408 0.391 0.299 0.326 -1.440 -1.441 -0.527 -0.525
9 0.398 0.388 0.315 0.326 -1.481 -1.480 -0.575 -0.568
10 0.432 0.438 0.454 0.493 -1.440 -1.442 -0.440 -0.442
11 0.399 0.391 0.342 0.342 -1.475 -1.474 -0.545 -0.550
12 0.402 0.393 0.398 0.321 -1.489 -1.488 -0.533 -0.525
13 0.408 0.394 0.270 0.282 -1.475 -1.473 -0.587 -0.581
14 0.411 0.394 0.301 0.322 -1.463 -1.464 -0.549 -0.543
15 0.408 0.395 0.270 0.283 -1.474 -1.439 -0.589 -0.561
16 0.414 0.407 0.292 0.323 -1.458 -1.457 -0.555 -0.554
17 0.412 0.401 0.281 0.291 -1.472 -1.471 -0.575 -0.566
18 0.406 0.396 0.237 0.253 -1.465 -1.492 -0.616 -0.612
19 0.398 0.384 0.288 0.297 -1.484 -1.482 -0.601 -0.594
20 0.412 0.387 0.252 0.287 -1.497 -1.493 -0.639 -0.636
21 0.390 0.396 0.469 0.520 -1.482 -1.483 -0.421 -0.419
22 0.404 0.387 0.253 0.277 -1.497 -1.502 -0.606 -0.612
23 0.394 0.396 0.353 0.338 -1.475 -1.476 -0.529 -0.524
24 0.388 0.380 0.354 0.362 -1.494 -1.495 -0.536 -0.528
25 0.409 0.396 0.282 0.294 -1.465 -1.464 -0.574 -0.569

“B3LYP level with two different basis sets a and b: 6-311++G(d,p) and 6-311++G(2d,2p), respectively.

The results in Table 3 demonstrate that the delocalization of the negative charge of the
deprotonated anion by the arsenic atom leads to an increase in the acidity of the corresponding arsonic
acid. For example with the focus on data on Table 2 and Table 3 it could be concluded that as the
delocalization of negative charge on (AsO(OH)O") increased as a result an increase in acidity power
observed. For example compounds 1, 2, 3 and 4 with respectively -0.599, -0.799, -0.656 and -0.525
negative charge on (AsO(OH)O") and calculated pKa values of 3.34, 4.27, 2.85 and 1.74 verifies the
direct relationship between acidity power and the amount of delocalization of negative charge on
corresponding structure. Within four above mentioned structures, the more acidic compound 4 has the
more delocalization value (lower negative charge on (AsO(OH)O"). It should be note that this
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relationship between delocalized charge and pKa value dose not completely linear in all cases, because
the delocalization value is not the only factor which could be affect the pKa value.

In this study, we also carried out quantitative analysis of the charge transfer from the O atom to the
adjacent As atom using the NBO method. Fig. 4 shows the selected charges on selected arsonic acids.
As shown in Fig. 4, in the neutral molecule the charge on the arsenic atom is more positive than that in
the corresponding anion. For instance, the positive charge on the arsenic atom for the neutral molecules
and (corresponding anions) of compounds 8 and 24 are 2.377 (2.356), and 2.380 (2.356), respectively.
These data indicate that charge transfer occurs from the oxygen atom to arsenic during the
deprotonation process.

-1.011 ‘
-1.008‘\ v

24a 24b

Fig. 4 Natural Bond Orbital (NBO) charges on oxygen and arsenic in the neutral structures (8a and
24a) and corresponding deprotonated structures (8b and 24b).
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5. Conclusions

This work reports the calculation of the pka value of 25 arsonic acids in agueous media using two
different levels of theory. The results show a good linear relationship between experimental pKa values
and the calculations, the average error being less than 0.8 and 0.3 pKa units when the (B3LYP/6-
311++G(d,p)) and (B3LYP/6-311++G(2d,2p)) levels were used for calculations, respectively. The
results confirm that the acid strength depends on the type of the substituent. Electron withdrawing
groups attached to the arsonic acid lead to greater acidity than electron releasing groups because of
their anion stabilizing capability. We also showed that the relative pKa values of arsonic acids can be
calculated using (B3LYP/6-311++G(2d,2p)) level of theory with an acceptable accuracy.
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