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Abstract: Complete Basis Set and Gaussian-n methods were combined with CPCM continuum solvation
methods to calculate pKa values for six carboxylic acids. An experimental value of-264.61 kcal/mol for the
free energy of solvation of H+, ∆Gs(H+), was combined with a value forGgas(H+) of -6.28 kcal/mol to
calculate pKa values with Cycle 1. The Complete Basis Set gas-phase methods used to calculate gas-phase
free energies are very accurate, with mean unsigned errors of 0.3 kcal/mol and standard deviations of 0.4
kcal/mol. The CPCM solvation calculations used to calculate condensed-phase free energies are slightly less
accurate than the gas-phase models, and the best method has a mean unsigned error and standard deviation of
0.4 and 0.5 kcal/mol, respectively. The use of Cycle 1 and the Complete Basis Set models combined with the
CPCM solvation methods yielded pKa values accurate to less than half a pKa unit.

Introduction

The field of computational chemistry is reaching the point
where calculations at the level of chemical accuracy, within 1
kcal/mol, are now possible. Numerous attempts to accurately
calculate pKa values have been made, but none has achieved
chemical accuracy.1-28 The definition of pKa is

and since

Calculating accurate pKa values is demanding, as an error of
1.36 kcal/mol in∆G° gives an error of 1 pKa unit. There are at
least three sources of error in pKa calculations. The first is the
model used to calculate pKa, which generally involves a
thermodynamic cycle such as:

In these cycles∆Ggas is calculated with high level ab initio or
density functional methods, and the∆Gs values are calculated
using a solvation method, typically a continuum dielectric
approach. The pKa values can be determined from eq 3, where
∆G° ) ∆Gaq. The second and third major errors stem from the
accuracy of the calculations for∆Ggas and∆Gs. Relative pKa
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calculations allow one to calculate the unknown pKa of a
molecule BH from the known pKa of molecule AH. In these
relative calculations only the values forGAH, GA-, GBH, GB-,
∆Gs(AH), ∆Gs(A-), ∆Gs(BH), and∆Gs(B-) are required for
either thermodynamic cycle, as the values for the species
involving H+ in cycle 1, or H3O+ and H2O in cycle 2, cancel.
For this reason, accuracy in the calculation of relative pKa values
depends on the second and third main errors. We have recently
reported that relative pKa values accurate to within half a pKa

unit can be calculated for carboxylic acids.29 In this paper we
report accurate absolute pKa calculations using thermodynamic
cycle 1.

Methods

We used six simple carboxylic acids that ranged in size from 24 to
68 electrons: formic acid, acetic acid, cyanoacetic acid, chloroacetic
acid, oxalic acid, and pivalic acid.30 All calculations were performed
on Origin 200 SGI servers equipped with 1-2 GB of memory and 36
GB of scratch disk space, using Gaussian 98,31 Spartan 5.1,32 and
GAMESOL33 software. The acids and corresponding ions were initially
optimized in the gas phase at the Hartree-Fock (HF) level. We then
used the CBS-QB3,34 CBS-APNO,35,36G3,37 and G238 model chemistry

methods to calculateGgasvalues for various conformers of all six acids
and their corresponding anions. CBS-APNO calculations were not run
on chloroacetic acid and the chloroacetate anion as this method is not
yet available for chlorine.

The Complete Basis Set Methods34-36 were developed by Petersson
and co-workers as a model chemistry that makes use of a complete
basis set (CBS) extrapolation of the correlation energy based on the
asymptotic convergence of pair natural orbital expansions.39-43 The
philosophy of the method is based on the idea that the major source of
error in most ab initio calculations of molecular energies is the
truncation of the one-electron basis set. The CBS model chemistry is
defined to include corrections for basis set truncation errors. The
accurate calculation of molecular structures and energies requires
convergence in the expansion of the basis set and in the degree of
correlation, yet increases in the size of the basis set and in the degree
of correlation raise the computational cost significantly. However, the
main contribution to structure and energy is captured at the HF level,
with correlation providing smaller (but critical) corrections to both
structure and energy. CBS methods take advantage of the idea that at
higher and higher levels of correlation, the contribution of the correction
to the total energy can be determined to less accuracy than at lower
levels of theory. Thus, these methods use relatively large basis sets for
the structure calculation, medium sized basis sets for the second-order
correlation correction, and small sized basis sets for higher order
correlation corrections. Empirical corrections are also added as neces-
sary.35 The CBS-QB3 method uses density functional theory geometries
and SPCs are performed at the CCSD(T), MP4SDQ, and MP2 levels
with small basis sets. The CBS-APNO method uses HF/6-311G(d,p)
geometries for the frequency calculation and SPCs are carried out on
QCISD/6-311G(d,p) geometries. The SPCs are expensive, and use
QCISD(T) and MP2 theory for correlation corrections.

Pople and co-workers37,38,44-47 have developed the Gaussian methods
(G1, G2, G3, and MP2 variants), which are extrapolation schemes
similar to the CBS model chemistries. In the G2 model an initial
geometry is calculated at the HF/6-31G(d) level and then harmonic
frequencies are calculated and scaled by 0.8929 to give the zero-point
energy. The geometry is then refined at the MP2(full)/6-31G(d) level,
and this geometry is used for a series of single-point calculations (SPCs)
at the MP2/6-311G(d,p), MP4/6-311G(d,p), QCISD/6-311G(d,p), MP2/
6-311+G(d,p), MP4/6-311+G(d,p), and MP2/6-311+G(3df,2p) levels.
These values are used, along with empirical corrections, to arrive at a
final G2 energy. The G3 model chemistry uses the same geometries,
but smaller basis sets for most of the SPCs, except for the last
calculation, where the MP2/6-311+G(3df,2p) SPC is replaced by a
MP2/G3 large calculation. The G3 large basis set has been modified
to change the number of polarization functions used for first and second
row atoms.37 The G2, G3, CBS-QB3, and CBS-APNO model chem-
istries are state-of-the-art models for accurate thermochemistry.34,37,48,49

The absence of imaginary frequencies verified that all structures were
true minima at their respective levels of calculation. Higher energy
conformers were also computed using each method for five of the acids.
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The geometries of all the stationary points and absolute energies in
hartrees of each stationary point at each level of theory are available
as Supporting Information.

We computed∆Gs using Barone and Cossi’s implementation of the
polarizable conductor model (CPCM),50 which is based on the Polarized
Continuum model (PCM) of Tomasi and co-workers.51-57 In this method
the solute cavities are modeled on the optimized molecular shape, and
include both electrostatic and nonelectrostatic contributions to the
energies (see refs 29 and 50 for a more complete discussion of the
method). The CPCM calculations were performed as SPCs using the
6-31G(d) and 6-31+G(d) basis sets on the HF/6-31G(d) and HF/6-
31+G(d) geometries for each of the six systems. In all of the CPCM
calculations the area of the tesserae was set at 0.3 Å2. All CPCM
calculations were performed using Gaussian 98.31

Using different combinations ofGgas and∆Gs values, and thermo-
dynamic cycle 1, we calculated the absolute pKa for each acid in its
lowest energy gas-phase conformation. In addition, we calculated the
conformational average of the aqueous free energies of the acids,58 and
computed the absolute pKa values for each of the six acids.

In eqs 2 and 3, our∆G° is ∆Gaq from the thermodynamic cycles.
Therefore all of our pKa calculations use the formula

For thermodynamic cycle 1,

and

The values forG(H+
gas) and ∆Gs(H+) are derived from experiment.

We have used the valuesG(H+
gas) ) -6.28 kcal/mol and∆Gs(H+) )

-264.61 kcal/mol. The calculation of∆Ggas uses a reference state of
1 atm and the calculations of∆Gs use a reference state of 1 M.
Converting the∆Ggas reference state (24.46 L at 298.15 K) from 1
atm to 1 M isaccomplished using:

Using these values, the pKa values using the first thermodynamic cycle
are given by eq 8.

Results

The conformers of the carboxylic acids are displayed in Figure
1, along with the experimental pKa values of each acid.30 The
conformationally averaged∆Gs values for the six carboxylic
acids and their anions, obtained using the CBS-QB3 gas phase
and CPCM solvation methods, are given in Table 1. CPCM/6-
31G(d)//HF/6-31G(d), CPCM/6-31+G(d)//HF/6-31G(d), and
CPCM/6-31+G(d)//HF/6-31+G(d) are denotedS1, S2, andS3
respectively. Table 2 contains the calculated pKa values, and

mean unsigned errors are from thermodynamic cycle 1 and eq
8. To simplify the discussion of results we have focused on the
S3 method. The results for all methods are available in Table
2a (Tables 2a and 2b are available as Supporting Information).
Table 2b contains a pKa error analysis of each of five gas-phase
computational methods combined with three condensed-phase
methods. To better understand the errors in pKa we analyzed
the errors in the gas-phase and solvation calculations separately.
Table 3 shows the errors for the gas-phase calculation of∆Ggas

for cycle 1 using the Complete Basis Set and Gaussian-n
methods for the five carboxylic acids where experimental data
are available.59-64 Table 4 contains the errors for the calculation
of ∆∆Gsol for cycle 1 using the CPCM/HF/6-31G(d)//HF/6-
31G(d), CPCM/HF/6-31+G(d)//HF/6-31G(d), and CPCM/HF/
6-31+G(d)//HF/6-31+G(d) solvation procedures. The experi-
mental values for∆∆Gsol were obtained from the experimental
values30 for ∆Gaq (∆Gaq ) 2.303RTpKa) and ∆Ggas,59-64 as
∆∆Gsol ) ∆Gaq - ∆Ggas.

Discussion

Review of Errors in Gas Phase and Condensed-Phase
Calculations from Relative pKa Work. In our previous work
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pKa ) ∆Gaq/2.303RT (4)

∆Gaq ) ∆Ggas+ ∆∆Gsol (5)

∆∆Gsol ) ∆Gs(H
+) + ∆Gs(A

-) - ∆Gs(AH) (6)

∆Ggas(1M) ) ∆Ggas(1atm)+ RT ln(24.46) (7)

pKa ) [G(A-
gas) - G(AHgas) + ∆Gs(A

-) - ∆Gs(AH) -
269.0]/1.3644 (8)

Figure 1. Experimental pKa values and structures of the conformers
of acetic, chloroacetic, cyanoacetic, formic, oxalic, and pivalic acids.
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on relative pKa calculations of the same six carboxylic acids29

we analyzed the errors in the gas-phase and condensed-phase
calculations. We compared the relative gas-phase values (Table
9 of ref 29, where we have canceled the role of H+ by comparing
two acids, HA and HB, pairwise) against the NIST database,59-64

and we found that the mean unsigned errors and standard
deviations (MUE,STDEV) for the CBS-QB3, CBS-APNO, G2,
G2MP2, and G3 methods were (0.4,0.5), (0.5,0.7), (0.8,1.1),
(0.8,1.0), and (0.8,1.0), respectively. The relative∆∆Gsol

experimental and calculated values (Tables 10 and 11 of ref
29, again comparing two acids AH and BH pairwise, so that
the values for∆Gs(H+) canceled) were compared for CPCM/
6-31G(d)//HF/6-31G(d) (S1), CPCM/6-31+G(d)//HF/6-31G(d)
(S2), CPCM/6-31+G(d)//HF/6-31+G(d) (S3), CPCM/6-31G-
(d)//QCISD/6-311G(d,p), and CPCM/6-31+G(d)//QCISD/6-
311G(d,p). The MUEs and STDEVs (MUE,STDEV) were
(0.8,0.9), (0.5,0.6), (0.5,0.7), (0.5,0.7), and (0.4,0.6). These
results lead naturally to the prediction that the CBS-QB3 model
used for the calculation of∆Ggas, combined with solvation
methods that include diffuse functions, should give the most
accurate relative pKa values. In this study we have used the
previously reported29 gas-phase and condensed-phase values for
the six carboxylic acids and their anions, along with experi-
mental numbers forGgas(H+) and∆Gs(H+), and eq 8 for absolute
pKa calculations. An absolute error analysis of the present work
is reported in Tables 2b-4 and discussed later in this paper.

Thermodynamic Cycle 1.Table 1 contains the conforma-
tionally averaged values for∆Gs. The absolute pKa values are
presented in Table 2 for thermodynamic cycle 1 using the values
in Table 1 and the previously reported29 values forGgasfor the
acids and the anions. The value of-6.28 comes from the
Sackur-Tetrode equation65 to evaluate the entropy combined
with inclusion of translational energy at 298 K.66 The value for
∆Gs(H+) was obtained using the average of three published
experimental values for the gas-phase dissociation of acetic acid
in thermodynamic cycle 1,60-62 the experimental∆Gs values
for acetic acid (-6.69 kcal/mol) and acetate ion (-77 kcal/
mol),67 and the experimental value for∆Gaq (2.303RTpKa )
6.48 kcal/mol).30

The CBS-QB3 gas-phase method and theS3 solvation
procedure predict absolute pKa values of 5.19, 3.53, 2.34, 3.36,
1.20, and 5.19 for acetic, formic, cyanoacetic, chloroacetic,
oxalic, and pivalic acids, respectively (Table 2). The largest
deviation is 0.51 pKa units, and the MUE for the six acids is
0.24 pKa units using this combination of gas-phase and
condensed-phase methods. Results for the other gas-phase

(65) McQuarrie, D. M.Statistical Mechanics; Harper and Row: New
York, 1970; p 86.
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Salle Verlag: Frankfurt, Germany, 1988; Vol. 1, p 419.

Table 1. Conformationally Averaged DGs Values for Six Carboxylic Acids and Their Anions Using CBS-QB3 (kcal/mol)

acetic formic cyanoacetic chloroacetic oxalic pivalic water

S1b -6.93 -7.39 -13.24 -9.67 -11.56 -5.97 -6.37
S2c -7.65 -8.38 -14.32 -10.56 -12.58 -6.70 -7.26
S3d -7.72 -8.43 -14.52 -10.65 -12.73 -6.78 -7.23

acetate formate cyanoacetate chloroacetate oxalate pivalate H+ a

S1b -76.58 -76.15 -68.72 -69.48 -74.92 -71.04 -264.61
S2c -77.18 -76.58 -69.51 -70.11 -75.35 -71.97 -264.61
S3d -77.58 -77.10 -69.99 -70.57 -75.72 -72.42 -264.61

a From experimental values for acetic acid, see text for details.b S1: CPCM/HF/6-31G(d)//HF/6-31G(d).c S2: CPCM/HF/6-31+G(d)//HF/6-
31G(d).d S3: CPCM/HF/6-31+G(d)//HF/6-31+G(d).

Table 2. pKa Values Using CBS and Gaussian-n Models, CPCM Solvation Calculations, and Cycle 1

acetic acid pKa ) 4.75 formic acid pKa) 3.75 cyanoacetic acid pKa ) 2.45

solvationa ∆∆Gsol pKa difference solvationa ∆∆Gsol pKa difference solvationa ∆∆Gsol pKa difference

CBS-QB3 CBS-QB3 CBS-QB3
S3 -334.47 5.19 0.44 S3 -333.28 3.53 -0.22 S3 -320.08 2.34 -0.11

CBS-APNO CBS-APNO CBS-APNO
S3 -334.47 4.91 0.16 S3 -333.28 3.93 0.18 S3 -320.08 2.31 -0.14

G2 G2 G2
S3 -334.47 4.43 -0.32 S3 -333.28 3.35 -0.40 S3 -320.08 1.97 -0.48

G2MP2 G2MP2 G2MP2
S3 -334.47 4.72 -0.03 S3 -333.28 3.70 -0.05 S3 -320.08 2.27 -0.18

G3 G3 G3
S3 -334.47 5.07 0.32 S3 -333.28 4.23 0.48 S3 -320.08 2.61 0.16

chloroacetic acid pKa ) 2.85 oxalic acid pKa) 1.23 pivalic acid pKa ) 5.03

solvation ∆∆Gsol pKa difference solvation ∆∆Gsol pKa difference solvation ∆∆Gsol pKa difference

CBS-QB3 CBS-QB3 CBS-QB3
S3 -324.53 3.36 0.51 S3 -327.60 1.20 -0.03 S3 -330.25 5.19 0.16

CBS-APNO CBS-APNO CBS-APNO
method not available for chlorine S3 -327.60 1.51 0.28 see ref 68

G2 G2 G2
S3 -324.53 3.13 0.28 S3 -327.60 1.42 0.19 S3 -330.25 6.10 1.07

G2MP2 G2MP2 G2MP2
S3 -324.53 3.41 0.56 S3 -327.60 1.79 0.56 S3 -330.25 6.34 1.31

G3 G3 G3
S3 -324.53 3.61 0.76 S3 -327.60 2.26 1.03 S3 -330.25 6.64 1.61

a S3: CPCM/HF/6-31+G(d)//HF/6-31+G(d).
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methods are similar. The CBS-APNO method is quite accurate,
although it failed for one conformer of pivalic acid.68 The G2
gas-phase methods and theS1, S2, andS3 solvation methods
were reliable for all but pivalic acid. The G3 method combined
with theS1, S2, andS3solvation methods were least accurate
for chloroacetic, oxalic, and pivalic acids. The pKa values

calculated using theS1andS2solvation methods can be found
in Table 2a in the Supporting Information.

Comparison with Previous Work and Comments on∆Gs-
(H+) and G(H+). The accuracy of cycle 1 and eq 8 for
calculations of pKa values by these methods allows for a
comparison of previous work that used cycle 1.3,9,14,15,19,25A
key problem for previous workers trying to make absolute pKa

predictions is the value to use for∆Gs(H+). Karplus and co-
workers outlined the problem in their work on models for
ionizable side chains of amino acids, pointing out that the range
of experimental∆Gs(H+) values based on the absolute potential
correction for the standard hydrogen standard electrode is from
-254 to-261 kcal/mol, and they used a value of-262.2 kcal/
mol in their own work.3 The average value for five separate
measurements of the standard hydrogen electrode is-259.5
kcal/mol, which is the value used by two other research groups
to determine the pKa values of various aliphatic, alicyclic, and
aromatic amines,15 and for hydroxybenzoic acids.19 Noodleman
and co-workers use a value of-260.5 kcal/mol for their pKa

studies of hydrated transition metal cations9 and organic acids.14

Topol et al. use a value of-262.5 kcal/mol for∆Gs(H+) in
their calculation of pKa values for pyrone and dihydropyrones,25

based on their calculated aqueous solvation energy of the
proton.69 Their calculation of∆Gs(H+) was determined by
adding explicit waters of hydration coupled to a continuum
dielectric, with the hydration free energy converging for four
to six waters of hydration at-262.23 kcal/mol.69 This led them
to conclude that the proton hydration free energy is at the lower
end of the range of values proposed in the literature.69 A recent
examination of the experimental data by Tissandier et al. leads
to an even lower value for∆Gs(H+).70 They used a cluster-
pair-based approximation to determine∆Gs(H+) to be-263.98
( 0.07 kcal/mol. The uncertainty in this value of(0.07 is
smaller than expected because the cluster data of 20 different
pairings of oppositely charged ions are folded into the deter-
mination.70 The difference between the recalculated value of
-264 kcal/mol of Tissandier et al. and the commonly used
values of-259.5 to-262.5 kcal/mol is in itself enough to make
the error in calculated absolute pKa calculations as large as one
to three pKa units! It is understandable that previous work on
pKa calculations using thermodynamic cycle 1 is not highly
accurate,3,9,14,15,19with the best results coming from calculations
by Topol et al., who state that their relative pKa calculations
are robust but their absolute pKa calculations may have fortuitous
agreement with experiment.25 A recent report used B3LYP in
combination with a Poisson-Boltzmann continuum solvation
method to calculate pKa values for 5-substituted uracil deriva-
tives.71 Excellent correlation was obtained by varying the
dielectric constant of the solute region (0.92) which led to a
value of∆Gs(H+) of -258.32 kcal/mol. The value of-258.32
minimizes the root-mean-square deviation between the calcu-
lated and experimental pKa values for the substituted 5-uracils.71

Because the method was scaled to obtain the best correlation,
other values of the dielectric constant and∆Gs yield similar
results (Appendix of ref 71). We derive a value of-264.61
kcal/mol from the experimental thermodynamic cycle of acetic
acid, where all quantities are known except for∆Gs(H+). As
Table 2 shows, the correct value for∆Gs(H+) must be in the
range of-264 kcal/mol.

(68) The high-energy conformer (Figure 1) ran successfully but the low-
energy conformer crashed repeatedly, with the following error message:
PickT4: no shell combinations can fit!The problem according to J.
Ochterski at Gaussian, Inc., is that the estimates of how much memory is
needed are off. We tried using many different values of MAXDISK, from
15GB to 24GB in increments of 0.5 GB, but could not get the low-energy
conformer to run with CBS-APNO.

(69) Tawa, G. J.; Topol, I. A.; Burt, S. K.; Caldwell, R. A.; Rashin, A.
A. J. Chem. Phys.1998, 109, 4852-4863.

(70) Tissandier, M. D.; Cowen, K. A.; Feng, W. Y.; Gundlach, E.; Cohen,
M. H.; Earhart, A. D.; Coe, J. V.; Tuttle, T. R.J. Phys. Chem. A1998,
102, 7787-7794.

(71) Jang, Y. H.; Sowers, L. C.; Cagin, T.; Goddard, W. A.J. Phys.
Chem. A2001, 105, 274-280.

Table 3. Analysis of Errors in Gas-Phase Calculations Using
Thermodynamic Cycle 1

Gas-Phase Calculations, in kcal/mol: AHf A- + H+

CBS-QB3 CBS-APNO G2 G2MP2 G3

acetic acid 341.6 341.2 340.5 340.9 341.4
formic acid 338.1 338.6 337.9 338.3 339.1
cyanoacetic acid 323.3 323.2 322.8 323.2 323.6
chloroacetic acid 329.1 328.8 329.2 329.5
pivalic acid 337.3 338.6 338.9 339.3

Experimental Values, in kcal/mol:a AH f A- + H+

exp. 1b exp. 2c exp. 3d exp. 4e exp. 5f av. exp.

acetic acid 341.1 341.5 341.7 341.4
formic acid 338.2 338.4 338.3 338.4
cyanoacetic acid 323.7 323.7
chloroacetic acid 328.8 328.8 329.0 328.9
pivalic acid 337.6 338.0 337.8

Error Evaluation, in kcal/mol: AHf A- + H+

CBS-QB3 CBS-APNO G2 G2MP2 G3

acetic acid 0.1 -0.3 -0.9 -0.5 -0.0
formic acid -0.2 0.3 -0.5 -0.0 0.7
cyanoacetic acid -0.4 -0.5 -0.9 -0.5 -0.1
chloroacetic acid 0.2 -0.1 0.3 0.6
pivalic acid -0.5 0.8 1.1 1.5

MSE -0.2 -0.1 -0.3 0.1 0.5
MUE 0.3 0.3 0.6 0.5 0.6
STDEV 0.4 0.4 0.8 0.7 0.9

a Reference 59, all values corrected toT ) 298 K. b Reference 60.
c Reference 61.d Reference 62.e Reference 63.f Reference 64.

Table 4. Analysis of Errors in Solvation Calculations for
Thermodynamic Cycle 1

∆∆Gsol Calculations Using CBS-QB3 Conformational
Averaging, in kcal/mol

S1a S2b S3c exptl

acetic -334.26 -334.14 -334.47 -334.92
formic -333.37 -332.81 -333.28 -333.28
cyanoacetic -320.09 -319.8 -320.08 -320.36
chloroacetic -324.42 -324.16 -324.53 -325.01
pivalic -329.68 -329.88 -330.25 -330.94

Error Evaluation, in kcal/mol

S1a S2b S3c

acetic 0.7 0.8 0.4
formic -0.1 0.5 0.0
cyanoacetic 0.3 0.6 0.3
chloroacetic 0.6 0.9 0.5
pivalic 1.3 1.1 0.7

MSE 0.5 0.7 0.4
MUE 0.6 0.7 0.4
STDEV 0.8 0.9 0.5

a S1: CPCM/HF/6-31G(d)//HF/6-31G(d).b S2: CPCM/HF/6-31+G-
(d)//HF/6-31G(d).c S3: CPCM/HF/6-31+G(d)//HF/6-31+G(d).
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There is less uncertainty in the value ofG(H+). The Sackur-
Tetrode equation65 was used to evaluate the entropy, which
yields a value of-7.76 kcal/mol for TS(H+) at 298 K and 1
atm of pressure. Including translational energy, the total gas-
phase free energy of the proton is-6.28 kcal/mol at 298 K.66

To check this number we also evaluatedGgas(H+) from data
available on the NIST web site combined with the high-level
CBS-QB3 calculations (which have a MUE and STDEV of 0.3
and 0.4 kcal/mol, respectively, Table 3) of the acids and their
anions. The gas-phase values for∆G for the reaction AHf
H+ + A- for five of the six carboxylic acids we have studied
are known,59-64 and the CBS-QB3 values forGgas(AH) and
Ggas(A-) for the same five carboxylic acids have been tabu-
lated.29 Five separate determinations ofGgas(H+) yielded the
final value of-6.09( 0.5 kcal/mol. Using either value ofGgas-
(H+) works well for pKa calculations on these carboxylic acids.

Error Analysis. Table 2b (Supporting Information) contains
a summary of the errors obtained using thermodynamic cycle
1 combined with the CBS and Gaussian-n gas phase andS1,
S2, andS3solvation procedures, for the five acids where∆Ggas

is known experimentally. This analysis reveals that the most
accurate results for the absolute calculation of pKa values for
formic, acetic, cyanoacetic, chloroacetic, oxalic, and pivalic acids
are obtained using CBS methods. Combining CBS-QB3 and
CBS-APNO with the CPCM solvation methodsS1, S2, andS3
yields MUEs less than 0.42 pKa units and STDEVs less than
0.52 pKa units.

To better understand the pKa results using thermodynamic
cycle 1, we analyzed the gas-phase and solvation calculations
separately. In Table 3 we have the calculated gas-phase values
for each acid dissociating into its anion and H+, where we have
used the value forG(H+) of -6.28 kcal/mol, as discussed
previously. The calculated values are compared with the
experimental values available from the NIST database.59-64 The
MUEs are 0.3 kcal/mol for the CBS-QB3 and CBS-APNO (only
3 data points) methods, 0.6 kcal/mol for the G2 and G3 methods,
and 0.5 kcal/mol for the G2MP2 method. The STDEVs are 0.4,
0.4, 0.8, 0.7, and 0.9 kcal/mol for the CBS-QB3, CBS-APNO,
G2, G2MP2, and G3 model chemistries, respectively.

The solvation results are displayed in Table 4. Here we have
tabulated the experimental values for∆∆Gsol along with the
calculated values, where we have used the CBS-QB3 method
in the conformational analysis procedure.29,58These results are
the same when the other gas-phase methods are used in the
conformational analysis procedure. Here we find that theS3
procedure (CPCM/HF/6-31+G(d)//HF/6-31+G(d)) is slightly
better than theS1procedure (CPCM/HF/6-31G(d)//HF/6-31G-
(d)), which is slightly better than theS2 procedure (CPCM/
HF/6-31+G(d)//HF/6-31G(d)). TheS3 procedure has a MUE
of 0.4 kcal/mol and a STDEV of 0.5 kcal/mol. We would expect,
based on simple propagation of errors, that the error in∆Gaq

for combining the CBS-QB3 method with theS3method would
be 0.5 kcal/mol, which would produce an error in pKa of

approximately 0.4 pKa units. For the G2 method the same
analysis predicts an error in∆Gaqof 0.73 kcal/mol, which would
produce an error of approximately half a pKa unit. Table 3 shows
that the G3 method predicts the most positive gas-phase energies
(MSE ) 0.5 kcal/mol), which contributes to making the
calculated pKa too large. Overall the error analysis gives
confidence that these methods can predict accurate pKa values,
with the CBS-QB3 and CBS-APNO methods accurate to less
than half a pKa unit when using thermodynamic cycle 1. We
have also used cycle 2 to calculate pKa values, and our
experiments with other thermodynamic cycles show that the
classic cycle is the best for pKa calculations for carboxylic
acids.72

Conclusion

The CBS-QB334 and CBS-APNO35,36 methods can be com-
bined with CPCM50 continuum solvation methods to calculate
pKa values for carboxylic acids accurate to within half a pKa

unit. These calculations use a classic thermodynamic cycle for
proton dissociation, with values of-6.28 kcal/mol forGgas-
(H+) and-264.61 kcal/mol for∆Gs(H+). The value forGgas-
(H+) from the Sackur-Tetrode equation65,66is within 0.19 kcal/
mol of the value obtained from the gas-phase deprotonation data
available from NIST.59-64 The value of-264.61 kcal/mol for
∆Gs(H+) is an experimental number that comes from the acetic
acid system.30,60-62,67This value is more negative than previous
values used for pKa calculations, but is only 0.63 kcal/mol lower
than a recently redetermined value from a cluster-pair-based
approximation method.70 The accuracy of our calculations
suggests that the actual value for∆Gs(H+) is between-264
and-265 kcal/mol. The CBS gas-phase methods34-36 are very
accurate, with mean unsigned errors of 0.3 kcal/mol and standard
deviations of 0.4 kcal/mol. The CPCM solvation calculations
are slightly less accurate, with the largest basis sets leading to
a mean unsigned error and standard deviation of 0.4 and 0.5
kcal/mol, respectively.
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