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Abstract Ourattempt is to develop an effective computational procedure for predicting the accurate pKa for some carbon
and alcoholic compounds within 5 to 50. The experimental determination of these values is an arduous and challenging for
the low water solubility compare to the inorganic molecules. As a result theoretical calculations may keep an important role
for determining pKa values. An excellent linear regression (R* = 0.99, SD=0.15) is obtained between experimental and
calculated pKa at the B3LYP/6-311+G(2d,2p) and MPW 1PW91/6-311+G(2d,2p) level of theory for gas phase Gibb’s free
energy combined with the solvation energy at B3LYP/6-311++G(2d,2p)-CPCM and HF/6-31G(d,p)-CPCM methods for

some carbon and oxygen acids respectively.
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1. Introduction

The important role played a part by proton transfer
reactions in chemistry, bioorganic chemistry, biology, and
material science[1,2] makes the assessment of reliable pKa
values, a topic of continuing connotation. The deprotonation
energies of organic compounds and the proton affinities of
the corresponding conjugate bases are widely used for the
prediction of gas-phase and aqueous phase Bronsted
acidities[3—10]. Strong acids have small values of
deprotonotion energy while strong bases have large values of
proton affinity. Several works on the prediction of the acidity
of organic compounds can be found in the literature. For
instance, Smith and Radom[11,12] have shown that the G2
and G2(MP2) methods provide excellent results for both
deprotonation enthalpies and proton affinities of small
mo lecules and Liton et al. have successfully calculated pKa
values of trimethylaminium ion using G2(MP2) gas phase
Gibb’s free energy together with B3LYP/6-311G(d)-CPCM
solvation energy[13]. Catalan and Palomar[14] have
investigated gas phase acidities of a number of species and
have shown that calculations at the B3LYP method with
6-311+G(d) and 6-311+G(3df,3pd) basis sets correlate well
with the experimental data. Good correlations have been
obtained between experimental pKa values of a wide range
of organic compounds and their calculated gas-phase
deprotonation enthalpies[15].
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Correlations between theoretical predictions and gas-phase
acid-base equilibrium constants of organic compounds have
been reported for amines, alcohols and thiols[16-18]. An
excellent correlation was obtained between the
aqueous-phase acidity calculated with the HF/3-21G(d)
method and experimental pKa values for a series of nitrogen
bases[19]. Recently, various theoretical descriptors were
used to investigate their correlation with the carbon acidity
of compounds. A reasonable correlation was obtained
between the deprotonation energies of the compounds
calculated at the HF/3-21G(d) and B3LYP/6-31G(d) levels
of'theory and their aqueous pKa values[20,21]. The ability to
predict acidity using a coherent, well-defined theoretical
approach, without external approximation or fitting to
experimental data would be very useful to chemists.
However, the current situation is less satisfactory in solution,
mostly due to the difficulty of calculating solvation energies
with adequate accuracy. The aim of this work is to establish
the theoretical calculation without any external
approximation or fitting for determining the pKa values of
some organic compounds that exhibit pKa values from 5 to
50.

2. Method and Theoretical Calculations

2.1. Thermodynamic Cycle

The gas-phase Gibb’s free energy change AG°g,s and
aqueous phase Gibb’s free energy change AG’,q in Figure 1
are calculated using Eq. (2) and Eq. (4)[23] respectively. The
equilibrium constant of reaction (1) is Ka and the pKa is
-logKa for this reaction.
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Table 1. The following compounds have been studied for theoretical pKa

calculations
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There is a relation between total change of Gibb’s free
energy in Figure 1, AG®,4 and pKa. Acidity constant (pKa)
was calculated using the thermodynamic cycle[24] shown in
Figure 1. In this cycle, AG®;,s and AG,q are respectively, the
gas-phase and aqueous-phase standard Gibb’s free energy
change. AG°(s, HA), AG°(s, A") and AG°(s, H") are also the
standard free energies of solvation for HA, A” and H
respectively.

HA=———— A + H' 1)
AGgs=G(g,A) + G(g, H) - G°(g, HA)  (2)
AAGS(s, HA) = AG°(s, A") + AG°(s, H' ) — AG°(s, HA) (3)

AG%q = AG,s + AAG®(s, HA) 4

pKa = -logKa 5

AG°q= -2.303RT logKa (6)

pKa = AG®4/2.303RT (7
Computationally calculating pKa constants are a

demanding and laborious process because an errors of 1.36
kecal/mol in the change of free energy in Eq. (1) results in an
error of 1 pKa unit. There are at least three sources of error in
pKa calculations[25]. The first is the model used to calculate
pKa, which generally involves a thermodynamic cycle

shown in Figure 1 and the second and third major errors stem
from the calculations of AG°,, and AG°(s). In this work,
gas-phase Gibb’s free energies and the change in free
energies of solvation (aqueous) of HA and A™ have been
calculated accurately to minimize errors.

A GO(gas)
(g HA) ————® (g, A7) + (g H)

(s, HA) (s, A)

\ Y Y

(aq HA) ———— = (ag, A") + (aq, H)
A G(aq)

(s, H")

Figure 1. Thermodynamic cycle used to calculate AG®.q using Eq. (4)
from its components: AG%.s is the Gibb’s free change in the gas-phase;
AG(s, HA), AG° (s, A) and AG%(s, H') arethe solvation energies of HA, A°
and H' respectively at 298.15°K

2.2. Computational Details

All the calculations were performed on Intel core-i5
Fujitsu Laptop Computer with 3-4 GB o f memory and 48 GB
of scratch disk space, using Gaussian98 Revision-A.9[26]
software. Every structure is initially optimized in the gas
phase at HF/6-31G(d.p) level of theory. The geometries of
the neutral and its anions are finally optimized at the
B3LYP/6-311+G(2d,2p) and MPW 1PW91/6-311+ G(2d,2p)
methods and frequency calculations are performed at the
same level of theory to compute the AG®,,s values (Gas phase
Gibb’s free energy change) as well as the stationary points
were characterized with no imaginary frequency. We also
used HF and B3LYP methods at 6-31G(d,p) and
6-311++G(2d,2p) basis sets respectively with the
conductor-like polarizable continuum model (CPCM)[27]
for the calculation of AG°(s) (Gibb’s free energy change of
solvation). Before the calculation of solvation energies all
the structure were finally optimized in the presence of
solvent (water) at HF/6-31+G(d) level of theory and the
optimized structures were confirmed to be energy minima by
vibrational frequency calculations with all real frequencies.
These levels of theory have been designed particularly for
the prediction of reliable energies of molecules in the
gas-phase and have been demonstrated to provide the
accuracy within 1-2 kcal/mol when assessed against large
testsets of thermo-chemical data[28, 29].
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Table 2. Gibb’s free energy of each molecule and its anion together with Gibb’s energy changes of reaction (1), AG%.s, inthe gas phase at 298.15°C

Com Unsigned
P Level of Theory G’ny(HA) cal G’gns (A7) cal AG° g5 (cal) AG s (exp) Errors
1D
(kcal/mol)
B3LYP/6-311+G(2d,2p) -40.511678 -39.849787 409.1 09
1 4100 B6[35] ————
MPW IPW91/6-311+G(2d,2p) -40.386749 -39.720142 4120 20
B3LYP/6-311+g(2d,2p) -338.270058 -337.667833 371.6 12
2 3704 +1.5[35] ——————
MPW 1PW91/6-311+g(2d,2p) -338.35831 -337.762089 3679 2.5
B3LYP/6-311+G(2d,2p) -79.809585 -79.143845 4115 0.5
3 4120 £2.1[35] —————
MPW 1PW91/6-311+G(2d,2p) -79.778250 -79.108505 414.0 20
B3LYP/6-311+G(2d,2p) -117.879302 -117.222915 405.6 1.5
4 404.1 42.1[35]
MPW IPW91/6-311+G(2d,2p) -117.69383 -117.035467 4069 28
B3LYP/6-311+G(2d,2p) -78.590811 -77.942917 400.3 09
5 4012 205[35] ————
MPW 1PW91/6-311+G(2d,2p) -78.556092 -77.901903 4042 30
B3LYP/6-311+G(2 -116.62673 -116.013891 378.3 0.5
6 G2d2p) 377.8 +1.1[35]
MPW 1PW91/6-311+G(2d,2p) -116.556432 -115.947067 376.1 1.7
B3LYP/6-311+G(2d,2p) -77.317027 -76.716452 370.6 0.6
7 3700 +1 §[35] ————————
MPW IPW91/6-311+G(2d,2p) -77.351379 -76.752965 3692 0.8
B3LYP/6-311+G(2d,2p) -115.607654 -115.005475 371.6 34
8 3750 £26[35] —0—0—MmM8M —
MPW 1PW91/6-311+G(2d,2p) -115.741618 -115.136963 3732 1.8
B3LYP/6-311+G(2 -154.993938 -154.396321 368.7 2.6
9 G2d2p) 3713 £1.1[35]
MPW 1PW91/6-311+G(2d,2p) -155.047369 -154.447864 3699 14
B3LYP/6-311+G(2d,2p) -194.140893 -193.537562 3723 29
10 3694 +1 4[35] ——0——M8M—
MPW IPW91/6-311+G(2d,2p) -194.347211 -193.748867 3692 02
B3LYP/6-311+G(2d,2p) -194.216578 -193.623829 365.7 31
11 368.8 £1.1[35] ———
MPW 1PW91/6-311+G(2d,2p) -194.352612 -193.756523 367.8 1.0
B3LYP/6-311+G(2d,2p) -233.465892 -232.865673 3704 2.5
12 367.9 +1.1[35]
MPW IPW91/6-311+G(2d,2p) -233.656084 -233.061600 366.8 1.1
B3LYP/6-311+G(2d,2p) -193.131597 -192.540331 364.7 19
13 366.6 2.8[36] ——————
MPW 1IPW91/6-311+G(2d,2p) -193.072605 -192.476103 368.0 14
B3LYP/6-311+G(2d,2p) -191.895911 -191.312175 360.0 12
14 3612 +1.5[35]
MPW 1PW91/6-311+G(2d,2p) -191.83451 -191.247375 3622 1.0
B3LYP/6-311+G(2d,2p) -254.321152 -253.736519 360.6 3.1
15 363.7 43 6[37]
MPW IPW91/6-311+G(2d,2p) -254.249537 -253.660185 363.6 0.1
B3LYP/6-311+G(2d,2p) -353.607006 -353.028542 356.7 2.7
16 3594 8£20[38] ————m
MPW 1PW91/6-311+G(2d,2p) -353.512663 -352.929592 359.6 02
B3LYP/6-311+G(2d,2p) -452.903211 -452.333173 3514 2.7
17 354.1 £2.0[35]
MPW 1PW91/6-311+G(2d,2p) -452.786775 -452.212410 354.1 0.0
B3LYP/6-311+G(2d,2p) -492.209756 -491.639014 3519 1.8
18 3537 420[39] —————
MPW IPW91/6-311+G(2d,2p) -492.083747 -491.508061 3550 13
B3LYP/6-311+G(2d,2p) -789.955603 -789.410994 3355 29
19 3384 20[35] ——————
MPW 1PW91/6-311+G(2d,2p) -789.855673 -789.30962 3364 20

HA represents a neutral molecule and A™ represents its anion and the unit of G°s is in Hartree/Particle (1 Hartree/Particle = 627.5095 kcal/mol).  Gibb’s fiee
energy changes, AG°.s in kcal/mol were calcul ated using Eq. (2) to the respective level of theory and optimized with the same level of theory in the gas phase

3. Results and Discussion

3.1. Selection and Validation of Experimental Data

First we re-examined some reported experimental and
theoretical values, which we use in this work for comparison

or as part of the calculations. The solvation energy of H' in
water is very important in the calculation of pKa values.
However, to date, several theoretical and experimental
values have been reported: -264.0[30], -264.6[3 1], -265.9[32,
33] and -266.1[32] kcal/mol. This resulting pKa value can
then be compared with the (directly-measured) experimental
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pKa value of the compounds. The value of -265.9 kcal/mol
was supported by Tissandier et al[34], on the basis of
experimental ion water clustering data and the aqueous
solvation free energies of neutral ion pairs, after the
correction of standard states for the gas-phase and aqueous
solution. Thus, they reported a value of -264.0[30] kcal/mol
for the absolute aqueous solvation free energy of the proton
and by the correction of 1.89 kcal/mol[34] for converting the
standard state of 1 atm to 1 mol/L, the value of -265.9
kcal/mol can be obtained[32]. In this article the recent
experimental gas phase Gibb’s free energy of -6.28
kcal/mol[22] and the change in free energy of solvation
(aqueous) of -264.0 kcal/mol[30] of H™ at standard state are
used to calculate the pKa values.

3.2. Calculation of the pKa

The procedure sketched above has been applied to the
calculation of the pKa values for a set of nineteen (19)
organic compounds shown in Table 1. The compounds 1-7
are designated as carbon compounds or carbon acids and the
rest 8-19 are alcoholic compounds or oxygen acids. Some of
these molecules have been successfully studied by
Mekelleche and his group[23]. In this paper numerous
methods have been attempted to compute the accurate gas
phase Gibb’s free energy changes for pKa values but the
most effective methods are B3LYP/6-311+G(2d,2p) and
MPW 1PW91/6-311+G(2d,2p) level of theory. Gibb’s free
energy of each molecule and its anion in the gas phase
together with Gibb’s free energy changes of reaction (1),
AG’g,s and the experimental values with unsigned errors are
shown in Table 2. It is observed that as oxygen is directly
attached to the compounds, the calculation of gas phase
Gibb’s free energy favours MPWIPW91/6-311+G(2d,2p)
level of theory. It may be due to the electrostatic effects
arising from unbalanced delocalized charges. Comparison

between calculated energies and experimental values as well
as unsigned errors show that the calculated AG’,,s values of
carbon acids (1-7) at B3LYP/6-311+G(2d,2p) and the values
for oxygen acids (8-19) at MPWI1PW91/6-311+G(2d,2p)
level of theory are very good agreement to the experimental
values.

Different types of methods have been employed in order
to calculate accurate solvation energies. Comparatively the
most successful methods are HF/6-31G(d,p) and
B3LYP/6-311++G(2d,2p) level of theory for the prediction
of solvation energies. Now both methods are employed to
compute the pKa values shown in Table 3 and 4. The pKa
values obtained from the solvation energy at
B3LYP/6-311++G(2d,2p)-CPCM method combined with
the gas phase energy at B3LYP/6-311+G(2d,2p) method for
carbon acids (1-7) are very close to the experimental values
shown in Table 3. On the other hand, the pKa calculated
from the solvation energy at HF/6-31G(d,p)-CPCM method
combined with the gas phase Gibb’s free energy at
MPWI1PW91/6-311+G(2d,2p) method for oxygen acids
(8-19) are also very close to the experimental values shown
in Table 4. Most of the calculated solvation energies are very
close to the experimental values for neutral mo lecules but for
anion species a small deviation exists. As expected, both
models provide comparable results for neutral molecules,
whereas larger differences are obtained for anionic species,
where escaped charge effects become more significant. It
may be due to the strongly solvated in solution and the strong
electrostatic effects arising from unbalanced delocalized
charges. Inspection of calculated pKa reveals that in most
cases the values are reasonably very close to the
experimental values. For example, the calculated pKa are
32.04, 16.07 and 14.40 for the compounds 2, 10 and 15
whereas the experimental pKa are 32.0, 16.10 and 14.42
respectively.

Table 3. Calculated gas and aqueous-phase AG® values of the acid dissociation together with solvation energy (in kcal/mol) as well as calculated and

experimental aqueous pKa values at 298.15 °K

Com o a Solvation Energy with CPCM method o b c Unsigned
le AG gu(cale) Level of Theory AG’ (s, HA) AG’ (s, A) AG w(cald) pia (cale) pKa (exp) Err%)[;s
| 409.1 HF/6-31G(d,p) 1.87 -90.87 52.36 38.38 48.0[214] 9.62

B3LYP/6-311++G(2d,2p) 1.82 -78.92 64.36 47.17 0.83

) 3716 HF/6-31G(d,p) -141 -65.96 43.05 31.55 32.040] 045
) B3LYP/6-311++G(2d,2p) -123 -65.12 43.71 32.04 ) 0.04

3 4115 HF/6-31G(d,p) 193 -81.70 63.87 46.81 50.0[214] 3.19
’ B3LYP/6-311++G(2d,2p) 190 -77.87 67.73 49.64 ) 036

4 405.6 HF/6-31G(d,p) 101 -7528 65.31 47.87 46.0[214] 1.87
B3LYP/6-311++G(2d,2p) 1.04 -77.17 63.39 46.46 0.54

HF/6-31G(d,p) 149 -72.28 62.53 45.83 1.83

3 4003 B3LYP/6-311++G(2d,2p) 143 -7447 60.4 44.27 4400213 027
6 3783 HF/6-31G(d,p) -1.19 -74.34 41.15 30.16 29.0[214] 1.16
B3LYP/6-311++G(2d,2p) -127 -75.54 40.03 29.34 0.34

7 1692 HF/6-31G(d,p) 0.03 -80.68 24.49 17.95 25.0[214] 705
B3LYP/6-311++G(2d2p) 031 -71.17 33.45 24.52 048

*Values calculated using the Eq. (2) at B3LYP/6-311+G(2d,2p) method optimized at the same level of theory which reflected in Table 3

® Values calculated using the Eq. (4) through Figure 1
Values calculated using the Eq. (7)
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In other cases, though small deviations are observed but it
is notunforeseen. Figure 2 shows the correlation between the
experimental and calculated pKa values with lower unsigned
errors shown in Table 3 and 4. The lower unsigned errors
indicate the accuracy of calculated pKa values. A useful way
to consider agreement between experiment and theory is to
calculate the linear regression between the theoretical and
experimental quantities. The degree of agreement between
the two is then reflected by the slope and intercept of the
correlation line, the standard deviation from the correlation
line and the correlation coefficient. The last two depend on
the scatter of the points about the correlation line. A slope
different from unity and a non-zero intercept imply
systematic deviation between experiment and theory and
means that the theoretical values of relative acidities will be
systematically either too high or too low. A non-zero mean
difference between theory and experiment reflects an overall
bias in the absolute values of the calculated acidity[7]. The
regression equation with the corresponding standard
deviation (SD) and square correlation coefficient (R?) values
are given in Eq. (8). The F- and P-value are 30890.46 and
0.000, respectively, which confirmthe validity of regression
results.

60.00 T
50.00 pKa {exp) = 1.002pKa(cal) + 0.02 —
R*=0.99 ,5D=0.15
40.00 ]
=
-
2
= 30.00 ]
X
=
20.00 ——
10.00 ——
0.00
0.00 1000 2000 3000 40.00 50.00 60.00
pKa (cal)

Figure 2. Correlation of the experimental pKa with the calculated pKa
values

pKa(exp) = 1.002pKa(cal)+ 0.02 (R’=0.99, SD=0.15) (8)

From the correlation equation and Figure 2 we observe
that the slope is very near to unity and the line passes through
the origin, the predicted pKa are in close proximity to the
experimental values.

Table 4. Calculated gas and aqueous-phase AG® values of the acid dissociation together with solvation energy (in kcal/mol) as well as calculated and

experimental aqueous pKa values at 298.15 °K

o Solvation Ene with CPCM method i
Com AG = gy AGs, (cale)’ pKa . pKa (exp) Unsigned
pID  (calc) Lewel of theory AG° (s, HA)  AG°(s, A) (calc) Errors
HF/6-31G(d,p) -5.14 -9341 20.93 15.34 0.66
8 3732 15.50[43]
B3LYP/6-311++G(2d,2p) -5.06 -91.02 23.24 17.03 1.53
HF/6-31 -5.55 -90.02 21.43 15.71 0.19
9 369.9 G(dp) 15.90[43]
B3LYP/6-311++G(2d,2p) -5.10 -8791 23.09 16.92 1.02
HF/6-31 -4.77 -88.04 21.93 16.07 0.03
10 36922 G(dp) 16.10[43]
B3LYP/6-311++G(2d,2p) -4.71 -86.22 23.69 17.36 126
HF/6-31G(d,p) -520 -8592 23.08 16.92 0.18
11 3678 17.10[43]
B3LYP/6-311++G(2d,.2p) -5.37 -8291 26.26 19.25 2.15
HF/6-31 -4.90 -81.66 26.04 19.09 001
12 366.8 S(@dp) 19.10[43]
B3LYP/6-311++G(2d,2p) -4.77 -79.53 28.04 20.55 145
HF/6-31G(d,p) -6.01 -8943 20.58 15.08 044
13 368.0 15.52[43]
B3LYP/6-311++G(2d,2p) -6.05 -82.85 27.20 19.94 442
HF/6-31G(d,p) -7.26 -87.29 18.17 13.32 023
14 3622 13.55[44]
B3LYP/6-311++G(2d,2p) -6.96 -84.06 21.10 15.47 192
HF/6-31 -7.89 -87.84 19.65 14.40 0.02
15 363.6 G(dp) 14.42[45]
B3LYP/6-311++G(2d,2p) -842 -84.22 23.80 17.44 302
HF/6-31 -9.19 -86.46 18.33 13.43 032
16 359.6 G(d.p) 13.11[45]
B3LYP/6-311++G(2d,2p) -9.84 -83.73 21.71 15.91 280
HF/6-31G(d,p) -8.15 -81.08 17.17 12.58 0.19
17 354.1 12.39[43]
B3LYP/6-311++G(2d,2p) -7.81 -76.68 21.23 15.56 3.17
HF/6-31G(d, -6.41 -81.12 16.29 11.94 0.14
18 355.0 G(dp) 11.80[46]
B3LYP/6-311++G(2d,.2p) -627 -76.79 20.48 15.01 321
HF/6-31G(d,p) -9.18 -68.99 12.59 923 0.07
19 3364 930[43] ——
B3LYP/6-311++G(2d,2p) -8.30 -64.07 16.63 12.19 2.89

*Values calculated using the Eq. (2) at MPW 1IPW91/6-311+G(2d,2p) method optimized at the same level of theory which reflected in Table 4.

® Values calculated using the Eq. (4) through Figure 1.
¢ Values calculated using the Eq. (7)
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4. Conclusions

In this paper we have employed HF and DFT (B3LYP,
MPWIPW91) methods combined with conductor like
polarized continuum dielectric (CPCM) aqueous solvation
calculations to designate acidities of 19 compounds. We
have successfully calculated accurate pKa for some carbon
acids and oxygen acids. The pKa calculated from the gas
phase energy at B3LYP/6-311+G(2d,2p) combined with the
solvation energy at B3LYP/6-311++G(2d,2p)-CPCM
methods forthe carbon acids and also the gas phase energy at
MPWIPW91/6-311+G(2d,2p) combined with solvation
energy at HF/6-31G(d,p)-CPCM methods for oxygen acids
showan excellent agree ment to the experimental pKa values.
The values obtained from these methods could sometimes
approximately match to the experimental values while in
some cases small deviations are found. Finally, we have
attempted to develop an effective method for determining
pKa with the highest degree of agreement with experimental
values using low cost methods with small basis sets instead
of high level of theory as well as without any external
approximation or fitting.
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