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Oxidation of uracil (U) and thymine (5-Me-U) are believed to play a role in genetic instability because of the
changes these oxidations cause in the ionization constants (pKa values), which in turn affects the base pairing
and hence coding. However, interpretation of the experimental evidence for the changes of pKa with substitution
at U has been complicated by the presence of two sites (N1 and N3) for ionization. We show that a procedure
using first principles quantum mechanics (density functional theory with generalized gradient approximation,
B3LYP, in combination with the Poisson-Boltzmann continuum-solvation model) predicts such pKa values
for a series of 5-substituted uracil derivatives in excellent correlation with experiment. In particular, this
successfully resolves which cases prefer ionization at N1 and N3. Such first principles predictions of ionization
constant should be useful for predicting and interpreting pKa for other systems.

1. Introduction

The 5-substituted pyrimidines (see Figure 1) comprise a
biologically important class of base analogues. In particular,
uracil and thymine (with a hydrogen atom or a methyl group in
the 5-position, respectively) are major constituents of RNA and
DNA, respectively. The thymine 5-methyl group in DNA is a
frequent site of oxidation,1-4 generating the 5-hydroxymethyl,
formyl, and carboxyl derivatives. The oxidation of DNA is an
established source of genomic instability,5-7 possibly because
of oxidation of the thymine. Indeed, the 5-halo uracil derivatives
have demonstrated antitumor and antiviral properties.8-11

Substitution at the 5-position of uracil can substantially alter
the electronic properties of the pyrimidine as indicated experi-
mentally by changes in the UV spectra and ionization constants
(pKa’s).12-16 In aqueous solution this can induce significant
changes in the physical and biological properties of the pyrimi-
dine. In particular, ionization of the pyrimidine moiety in DNA
could change the coding properties of the base during poly-
merase-mediated replication, resulting in a base substitution
mutation.3

Previously,3 it was demonstrated that electron-withdrawing
substituents in the 5-position of uracil reduces measured pKa

values while electron-donating substituents have the opposite
effect. Within the uracil series, a good correlation was ob-
tained between the inductive properties of the 5-substituent
(Hammett constant) and the pKa value measured in aqueous
solution.3 However, interpretation of this correlation is ambigu-
ous because ionization could occur at either the N1 or N3 sites,
but only the lower value can be observed experimentally. The
5-substituent can influence the N1 and N3 positions differently,
obviating simple correlations between inductive properties and
pKa values.

In order to interpret the experimentally measured changes in
pKa for a series of 5-substituent uracil derivatives and to develop

a methodology for predicting the changes in pKa for other
possible oxidation products, we initiated a project to calculate
the pKa values for pyrimidine derivatives from first principles
quantum mechanics using the methodology discussed in section
2. As established in section 3, there is a strong correlation
between the calculated first pKa value and the measured one,
validating the computational method. We are now using this
method to predict other systems for which experimental data
are not available.

2. Calculation Details

2.1. pKa Calculations. The pKa is estimated theoretically as
follows.17,18 In Figure 2,∆Gdeprot,g

0 and∆Gdeprot,aq
0 are the gas-

phase and solution-phase standard free energy of deprotona-
tion, respectively.∆Gsolv

0 (HA), ∆Gsolv
0 (A-) and ∆Gsolv

0 (H+)
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Figure 1. 5-Substituted uracils. (a) thymine, (b) uracil, (c) 5-fluoro-
uracil, (d)trans-5-formyluracil, (e)cis-5-formyluracil, and (f) 5-nitro-
uracil.

Figure 2. Thermodynamic cycle used in the calculation of pKa.17,18
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are the standard free energies of solvation of HA, A-, and
H+, respectively. The pKa of HA(aq) is given by

where

2.2. Free Energies.The standard Gibbs free energy of each
state in gas phase (∆G0[HA](g)], ∆G0[A-(g)], and∆G0[H+]-
(g)]) is obtained by

The total energy of the molecule at 0 K (E0K) is calculated at
the optimum geometry from quantum mechanics (QM). The
zero-point energy (ZPE) and the Gibbs free energy change
from 0 to 298 K (∆∆G0f298K) are calculated from the vibra-
tional frequencies calculated using QM. The translational and
rotational free energy contribution is also calculated in the
ideal gas approximation. We used∆G0[H+(g)] ) 2.5RT -
T∆S° ) 1.48 - 7.76 ) -6.28 kcal/mol from the litera-
ture.17,18

2.3. QM Calculations.All QM calculations used the Jaguar
v3.5 quantum chemistry software.19,20 To calculate the geom-
etries and energies of the various molecules, we used the B3LYP
flavor of density functional theory (DFT) which includes the
generalized gradient approximation and a component of the
exact Hartree-Fock (HF) exchange.21-25 These calculations
used the cc-pVTZ(-f)++ basis set and started from the geom-
etries optimized using the HF method with the 6-31G* basis
set. The “cc-pVTZ(-f)++” basis set used in this paper (and
included in Jaguar) [also denoted as “aug-cc-pVTZ” (aug-
mented correlation-consistent basis set with polarized valence
triple-ú)] is the cc-pVTZ++ basis set of Dunning et al.,26,27

but with the outmost polarization and diffuse functions (d-
functions of H and f-functions of other first-shell elements)
deleted. Thus this basis set uses the Huzinaga (6s3p)/[4s3p] for
H (instead of (6s3p2d)/[4s3p2d]) and the Huzinaga (11s6p3d)/
[5s4p3d] for other first-row elements (instead of (11s6p3d2f)/
[5s4p3d2f]).

To determine whether it is sufficient to use HF frequencies
for the ZPE and free energy, we calculated frequencies at both
HF/6-31G* and B3LYP/cc-pVTZ(-f) for two cases (Uracil and
Thymine, neutral and anionic) and multiplied them by the
appropriate scaling factors.28 As shown in Table 1, the HF/
6-31G* values are in excellent agreement with the B3LYP/cc-
pVTZ(-f) values. Thus, for the other cases, we calculated
frequencies at HF/6-31G*, starting from the geometries opti-
mized at this level. The calculated ZPE’s were scaled down by
0.9135, and the enthalpy and entropy contributions to the
thermodynamic corrections (∆∆G0f298K) were scaled down by
0.8905 and 0.8978, respectively.28

2.4. Solvation Energies.The standard free energy of solva-
tion in water [∆Gsolv

0 (HA) and ∆Gsolv
0 (A-)] was calculated

using the continuum-solvation approach29-31 by solving the
Poisson-Boltzmann (PB) equation numerically.32 In this ap-
proach, the solute is described as a low-dielectric cavity (εQM

) 1) immersed in a high-dielectric continuum of solvent (εH2O

) 80 for water33). The solute/solvent boundary is described by
the surface of closest approach as a sphere of radius 1.4 Å (probe
radius for water) is rolled over the van der Waals (vdW)
envelope of the solute. The charge distribution of the solute is
represented by a set of atom-centered point charges, which are
determined by fitting to the electrostatic potential calculated
from the wave function.

The procedure is as follows. A gas-phase calculation is carried
out first to obtain the electrostatic-potential fitted (ESP) charges
by the CHELPG method.34-36 On the basis of these charges,
the PB equation is solved to obtain the reaction field of the
solvent (as a set of polarization charges located on the solute/
solvent boundary surface). The Fock Hamiltonian for the HF
calculation is then modified to include the solute-solvent
interaction due to the reaction field. This is solved to obtain a
new wave function and a new set of atom-centered ESP charges.
This process is repeated self-consistently until convergence is
reached (to 0.1 kcal/mol in the solvation energy). This consti-
tutes the electrostatic or “polar” contribution to the solvation
energy.

An additional “nonpolar” contribution due to creation of a
solute cavity in the solvent is accounted for by a term
proportional to the solvent-accessible surface area of the solute.31

The solvation free energy calculation was done at the B3LYP/
cc-pVTZ(-f) level, and the geometry was relaxed (i.e., reopti-
mized) in solution.

Based on earlier studies,31 the following atomic radii were
used to build the vdW envelope of the solute: 2.0 Å for
sp2-hybridized carbon, 1.9 Å for sp3-hybridized carbon, 1.55 Å
for sp2-hybridized oxygen, 1.5 Å for sp2-hybridized nitrogen,
2.0 Å for nitrogen and oxygen in-NO2 group, 1.25 Å for
hydrogen attached to sp2-hybridized carbon, and 1.15 Å for
hydrogen attached to sp3-hybridized carbon. For oxygen and
nitrogen, we used the same radii corresponding to sp2-hybridiza-
tion before and after deprotonation, because even after depro-
tonation there is strong resonance and electron-delocalization
and thus the nitrogen and oxygen still have sp2-hybridized
characteristics.

2.5. ∆Gsolv
0 (H+). Calculating the pKa also requires the

experimental standard free energy of solvation of a proton in
water [∆Gsolv

0 (H+)]. Unfortunately, this value remains uncer-
tain.17,37,38“The precision of∆Gsolv

0 (H+) is limited by the fact
that the standard hydrogen potential cannot be obtained by
measurement alone; some independent quantity is needed to
determine an absolute half-cell potential.”17,37 The ∆Gsolv

0 (H+)
from the measurements of the standard hydrogen potential range
from -254 to -261 kcal/mol.17,37 From a set of cluster-ion
solvation data,∆Gsolv

0 (H+) has been estimated to be-263.98
( 0.07 kcal/mol.39

Because of these uncertainties, we chose∆Gsolv
0 (H+) to

minimize the rms deviation between the calculated and experi-
mental pKa values for the 5-substituted uracils. This leads to a
final value of 258.32 kcal/mol (vide infra, section 2.6), which
falls in the middle of the range of experimental∆Gsolv

0 (H+).
The combination with-6.28 kcal/mol of∆G0[H+(g)] leads to
-264.60 kcal/mol of∆G0[H+(aq)]. [For an alternative approach
to determine∆G0[H+(aq)], see Appendix.]

pKa ) 1
2.303RT

∆Gdeprot,aq
0 (1)

∆Gdeprot,aq
0 ) ∆G0(A-(aq))+ ∆G0(H+(aq))- ∆G0(HA(aq))

) {∆G0(A-(g)) + ∆Gsolv
0 (A-)} +

{∆G0(H+(q)) + ∆Gsolv
0 (H+)} -

{∆G0(HA(g)) + ∆Gsolv
0 (HA)}

) ∆Gdeprot,g
0 + {∆Gsolv

0 (A-) + ∆Gsolv
0 (H+) -

∆Gsolv
0 (HA)} (2)

∆G0 ) E0K + ZPE+ ∆∆G0f298K (3)
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2.6. Dielectric Constant.For the dielectric constant of water,
we used the experimental value ofεH2O ) 80 (based onT ∼
300 K).33

In principle we could takeεQM ) 1 for the dielectric constant
of the region being described in the QM. However, in this
solvation model there are several limitations: (1) The setting
εQM ) 1 assumes that the polarizability of the QM part is exact,
but with the level of wave function and basis set considered
here it is likely that this is not the case. (2) The experimental
pKa was determined at a constant ionic strength of 0.1 M NaCl
at room temperature.14 The dielectric constant of this solution,
especially at the interface with solute, might be different from
that of pure water. (3) It might be appropriate to use different
radii for each atom after deprotonation due to the change of
electron distribution, but we used the same radii for each atom
before and after deprotonation.

Consequently, we variedεQM to find the value that gives the
same range of pKa values as the experimental one (Figure A1).
We decided to use the slightly lower value ofεQM ) 0.92. With
this choice, the∆Gsolv

0 (H+) was determined to be-258.32
kcal/mol, as mentioned in section 2.5.

We also considered the effect of makingεH2O larger than 80.
However, as indicated in Table A2, the range of pKa is
insensitive to this parameter.

The solvation model is sensitive to the atomic vdW radii used
to estimate the boundary between QM and continuum space.
KeepingεQM ) 1.0 but scaling down the atomic radii uniformly
by 11% from the initial values, we also obtained the same range
of pKa values as experiment [Figure A1(d)].

3. Results

The detailed energy values used to calculate pKa are listed
in Table 1.

For 5-formyluracil there are two conformational isomers
shown in Figure 1(d) and 1(e). The calculations found that the
trans conformation (Figure 1(d)) is preferred by 4.5 kcal/mol
in gas-phase but has a 4.6 kcal/mol lower solvation energy,
leading to similar energies for both conformers in solution (the
difference is less than 0.1 kcal/mol). Thus, to calculate the pKa

value for 5-formyluracil we include both conformers with the
appropriate Boltzmann-average.

3.1. Site of Protonation.For 5-substituted uracils, there are
two possible deprotonation sites: N1H and N3H (Figure 3).

TABLE 1: Calculated Energies Used To Estimate the PKa’s of 5-R-Uracil’sa

R energy termsb
neutral

(kcal/mol)
anion N3(-)
(kcal/mol) pKa

anion N1(-)
(kcal/mol) pKa

CH3 E0K(g)c -285077.96 -284723.65 -284735.20
ZPE(g) 71.33 62.53 62.91
∆∆G0f298K(g) -20.37 -20.42 -20.24
total ∆G0(g) -285027.00 -284681.54 -284692.53
∆G0

solv -19.32 -86.51 -73.89
total ∆G0(aq) -285046.33 -284768.04 10.04 -284766.42 11.23

H ZPE(g) -260396.85 -260043.00 -260055.80
E0K(g)c 54.23 45.45 45.90
∆∆G0f298K(g) -19.09 -19.17 -18.90
total ∆G0(g) -260361.71 -260016.72 -260028.81
∆G0

solv -20.29 -87.94 9.34 -74.31
total ∆G0(aq) -260382.00 -260104.67 -260103.12 10.47

F E0K(g)c -322684.07 -322337.03 -322348.30
ZPE(g) 49.26 40.52 40.97
∆∆G0f298K(g) -19.95 -20.15 -19.75
total ∆G0(g) -322654.76 -322316.65 -322327.08
∆G0

solv -20.51 -84.12 -71.25
total ∆G0(aq) -322675.27 -322400.78 7.26 -322398.34 9.05

CHO E0K(g)c -331533.21 -331191.30 -331206.41
transd ZPE(g) 60.42 51.88 52.30

∆∆G0f298K(g) -20.95 -20.88 -20.76
total ∆G0(g) -331493.74 -331160.30 -331174.86
∆G0

solv -22.74 -80.72 7.96 -67.58
total ∆G0(aq) -331516.48 -331241.03 -331242.44 6.93

CHO E0K(g)c -331528.27 -331184.85 -331202.33
cise ZPE(g) 60.24 51.53 52.13

∆∆G0f298K(g) -21.22 -21.22 -20.90
total ∆G0(g) -331489.26 -331154.54 -331171.10
∆G0

solv -27.38 -87.57 -71.46
total ∆G0(aq) -331516.63 -331242.11 7.28 -331242.56 6.95

NO2 E0K(g)c -388759.07 -388422.55 -388439.33
ZPE(g) 56.35 47.74 48.18
∆∆G0f298K(g) -22.06 -21.80 -21.68
total ∆G0(g) -388724.79 -388396.62 -388412.83
∆G0

solv -23.24 -77.40 -62.88
total ∆G0(aq) -388748.03 -388474.01 6.91 -388475.71 5.66

a ∆G0(H+(g)) ) -6.28 kcal/mol,∆Gsolv
0 ) -258.32 kcal/mol,εQM ) 0.92. b Total ∆G0(g) ) E0K(g) + ZPE(g)+ ∆∆G0f298K(g), total∆G0(aq)

) total ∆G0(g) + ∆Gsolv
0 . c Converted from hartree using 1 hartree) 627.5095 kcal/mol.d Figure 1d.e Figure 1e.

Figure 3. Two possible deprotonation sites of 5-substituted uracils:
N1 and N3.
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For thymine, uracil, and 5-fluorouracil, the pKa values of the
N3 site are lower than for the N1 site. In the gas phase,
deprotonation from N1H of these species is 10 to 12 kcal/mol
more favorable than from N3H (calculated from gas-phase
energy components in Table 1), as pointed out in earlier
calculations.40,41 However, the solvation of the N1(-) species
is 13 to 14 kcal/mollessfavorable than for the N3(-) species
(Table l). This is because N1(-) has greater charge delocaliza-
tion than N3(-). For example (see Table 2), the gas-phase dipole
moment of the N1(-) species of uracil is 2.15 D, whereas it is
7.36 D for the N3(-) species. Thus, the experimental pKa values
of thymine, uracil, and 5-fluorouracil correspond to the depro-
tonation from N3H.

However, for 5-formyluracil and 5-nitrouracil, the solution-
phase deprotonation from N1H is more favorable than from N3H.
The solvation of the N1(-) species is still 13-16 kcal/molless
favorable than for the N3(-) species. However, in these cases
the gas-phase deprotonation from N1H is 15 to 17 kcal/molmore
favorable than from N3H. This is plausible since these 5-formyl
and 5-nitro substituents can stabilize the N1(-) species by
delocalizing negative charge more extensively3 as indicated in
Figure 4. This effect can be seen from the dipole moment and
geometry change. [In Table 2, the dipole moments of more
charge-delocalized N1(-) species are much less than those of
more charge-localized N3(-) species, and this is especially
prominent for 5-formyluracil and 5-nitrouracil. In Figure 5b,
the torsion angle of C4-C5-N-O of N1(-) of 5-nitrouracil

(0.5°) is much less than that of its N3(-) counterpart (23.9°),
that is, N1(-) is more planar than N3(-), and the C5-N distance
of N1(-) (1.423 Å) is shorter than that of N3(-) (1.437 Å).
This shows the enhanced resonance of N1(-) species of
5-formyluracil and 5-nitrouracil as described in Figure 4. This
difference is not significant in other 5-substituted Uracils as
shown in Figure 5a.] Thus, the experimental pKa values of
5-formyluracil and 5-nitrouracil correspond to deprotonation
from N1H.

This result is consistent with the experimental observation
made on deoxyuridine where the N1 is bonded to sugar ring so
that deprotonation can occur only from the N3 site.3 The pKa

values of thymine, uracil, and 5-fluorouracil are very similar to
those of the corresponding deoxyuridines (9.75 vs 9.69, 9.42
vs 9.26, and 7.93 vs 7.67), but the pKa of 5-formyluracil is
significantly lower than that of 5-formyldeoxyuridine (6.84 vs
8.12). (There is no experimental observation on 5-nitrodeoxy-
uridine.)

3.2. Comparison with Experiment. Table 1 reports the
calculated pKa values for the N1 and N3 position for this series

TABLE 2: Dipole Moments (in debyesa) of 5-R-Uracil’s and
Their Anions in (a) Gas-Phase [B3LYP/aug-cc-pVTZ(-f)] and
(b) Aqueous-Phase [B3LYP/cc-pVTZ(-f)]

(a) gas phase:µ(calc;g) (b) aqueous phase:µ(calc;aq)

5-R neutral
anion
N3(-)

anion
N1(-) neutral

anion
N3(-)

anion
N1(-)

CH3 4.47d 7.95 3.78 6.68 13.02 6.25
H 4.49d,e 7.36 2.15 6.78 12.18 3.84
F 4.12d 7.52 2.59 6.37 12.15 3.95
trans-CHOb 2.85 5.64 1.39 5.10 9.61 2.67
cis-CHOc 5.85 8.01 1.29 9.62 13.88 2.25
NO2 5.01d 6.68 0.10 7.76 11.59 1.19

a 1 D ) 3.336 × 10-30 C m ) 0.393 au (the dipole moment of
two charges(e that are 0.2082 Å apart)b Figure 1d.c Figure 1e.
d µ(exptl; dioxane solution)43 ) 4.13 ( 0.03 (thymine), 4.16( 0.04
(uracil), 4.11 ( 0.05 (5-fluorouracil), 5.47( 0.02 (5-nitrouracil).
e µ(exptl; gas-phase)) 3.87 ( 0.4.44 µ(calc; g) ) 4.12 (MP2/6-
311G*),45 4.37 (MP2/aug-cc-pVDZ),45 4.21 (MP2/6-31G*),46 4.43
(DFT(Perdew86)/DZP),47 4.44 (DFT(Becke88-Perdew86)/DZP).47 The
dipole moment vectors of neutral 5-R-uracil’s in gas-phase are shown
in Chart 1.

CHART 1

Figure 4. Comparison of delocalization upon ionization at N1 and
N3.

Figure 5. Geometry change during deprotonation of 5-R-uracil’s
(solution-phase; B3LYP/cc-pVTZ(-f); top) from N1H (middle) and from
N3H (bottom): (a) thymine and (b) 5-nitrouracil. Bond lengths are in
Å and torsion angles given with arrows are in degrees.
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of uracil derivatives. Here we see that the preferred site of
ionization (lower pKa value) is N3 for thymine, uracil, and
5-fluorouracil, whereas the 5-formyl and 5-nitro substituents
prefer N1 ionization. In aqueous solution, the experimental pKa

corresponds to this preferred site of ionization.
Table 3 and Figure 6 compare the calculated pKa values with

experiment. We see a strong correlation between the experi-
mental pKa and that calculated for the preferred site of ionization.

Thus, eq 4 leads to predicted pKa values in good agreement
with experiment.

3.3. Dipole Moment Orientation.Table 2 shows the dipole
moment vectors superimposed with the structures of neutral 5-R-
uracils. The orientation of dipole moments changes little when
the 5-CH3 (thymine) or 5-H (uracil) were substituted with 5-F,
but it changes substantially when substituted with 5-CHO or
5-NO2. This change in the dipole moment orientation might
change the proper orientation for the best electrostatic interaction
between base pairs, which might in turn alter the base-base
interactions in a DNA helix and the coding properties of those
substituted uracils. This issue would be interesting to pursue in
the future.

4. Conclusions

We used first principles density functional theory with the
Poisson-Boltzmann continuum-solvation model to calculate the
pKa for both the N1 and N3 positions of a series of 5-substituted
uracil derivatives. This series of 5-substituted uracil derivatives
was chosen to have a wide range of pKa values, extending both
above and below physiological pH. This provides a good test
of the theory since the 5-substituent can change the preference
for ionization of the N1 and N3 positions. In aqueous solution,
the more acidic proton will be lost first with increasing solution

pH, so that the experimental pKa value corresponds to the
preferred ionization site. Thus, the experimental pKa values must
be compared with the pKa value calculated to be the preferred
site of ionization. This validates the computational method for
predicting both the preferred site of ionization and the pKa. We
can now use this methodology to examine the effects of
additional modifications and derivatives including deoxynucleo-
sides, deoxynucleotides, and oligodeoxynucleotides.
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Appendix

The thermodynamic cycle used in the pKa calculation can
also be written as follows:42

The equilibrium constant for the proton-transfer process in
aqueous phase is given by

whereK is the equilibrium constant for the deprotonation process
AH(aq) f A-(aq) + H+(aq). From the relationship

the pKa of HA(aq) is given by

Figure 6. pKa values of 5-R-uracils (R) CH3, H, F, CHO, and NO2): (a) calculated and experimental pKa’s plotted as a function of Hammett
constantσm, and (b) calculated pKa versus experimental pKa.

TABLE 3: Calculated and Experimental pKa’s and
Hammett Meta Constants (σm) of 5-Substituted Uracil
Derivativesa

5-R óm
b pKa(calc;N3) pKa(calc;N1) pKa(exptl)c

CH3 -0.07 10.04 11.23 9.75
H 0.00 9.34 10.47 9.42
F 0.34 7.26 9.05 7.93
CHO 0.35 7.58 6.94 6.84
NO2 0.71 6.91 5.66 5.30

a The lower value of two calculated pKa’s for each compound (shown
in boldface) should be compared with the experimental one.b Refer-
ences 3 and 48.c Reference 3.

pKa
expr ) 1.00pKa

calc + 0.02; r2 ) 0.95 (4)

K′ )
[A-]aq[H3O

+]aq

[AH] aq[H2O]aq

)
[A-]aq[H

+]aq

[AH] aq[H2O]aq

) K
[H2O]aq

∆Gtransfer,aq
0 ) -2.303RT log K′ )

-2.303RT log
K

[H2O]aq

) 2.303RTpKa + 2.36

pKa () 1
2.303RT

∆Gdeprot,aq
0 ) ) 1

2.303RT
[∆Gtransfer,aq

0 - 2.36]
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Since

and

∆G0(H+(aq)) is expected to be equal to [∆G0(H3O+(aq))- ∆G0-
(H2O(aq)) - 2.36]. From the standard free energies of H2O-
(aq) and H3O+(aq) calculated in the same way as done for 5-R-
uracil’s and their anions,∆G0(H+(aq)) is determined to be
-265.66 kcal/mol. This alternative approach gives a very similar
value to the one (-264.60 kcal/mol) determined from the best
match between the experimental pKa’s and the calculated ones
in sections 2.5 and 2.6.
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