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We present an ab initio procedure for accurately calculating aqueous-pasalpes and apply it to study

the acidity of nitrous acid (HN& or HONO). The aqueous-phas&of nitrous acid was obtained from
calculated gas-phase acidities and solvation free energies via a thermodynamic cycle and the solvation model
chemistry of Barone et alJ( Chem. Phys1997 107, 3210). Solvation free energies were calculated at the
HF/6-31G(d) level using the dielectric-polarizable continuum and the integral equation formalism-polarizable
continuum solvent models (D-PCM and IEF-PCM, respectively), with the D-PCM model yielding the most
accurate K, values. For HF free energies of solvation, significant improvements in accuracy could be made
by moving to the larger 6-3H+G(3df,3pd) and aug-cc-pVQZ basis sets. Solvation free energies were also
calculated using the density functional theory (DFT) methods B3LYP, TPSS, PBEO, B1B95, VSXC, B98
and O3LYP, with the most accurate methods being TPSS and VSXC, which provided average errors of less
than 0.11 g, units. Solvation free energies calculated with the different DFT methods were relatively insensitive
to the basis set used. Our theoretical calculations are compared with experimental results obtained using
stopped flow spectrophotometry. Th& of nitrous acid was measured as 3.16 at’€5 and the enthalpy

and entropy of nitrous acid dissociation were calculated from measurements as 6.7 kamaol-38.4 J

mol~! K1, respectively, between 25 and 46. The UV/visible absorption spectra of the nitrite ion and
nitrous acid were also examined, and molar extinction coefficients were obtained for each.

Introduction including gas-phaseifa values’ However, aqueousk, values
) L ) o are more difficult to calculate, due largely to errors associated
The protonation of the nitrite ion to form nitrous acid is a ith predicting solvation free energies. In this study we evaluate
reaction important to many fields of chemistry, and an accurate the accuracy with which a number of computational methods
measurement of theq value is therefore crlt_lcal._Nltrous_ acid  gp predict both the gas- and aqueous-phase acidity of nitrous
is found in the atmosphefend has been implicated in the  5:iq A wide range of computational techniques, including ab
formation of NG and hydroxyl radical$.Nitrous acid reacts jpjtio, density functional theory and high-accuracy composite
Wlth nucleophilic species to yield arange of n|trosat|ng agénts, methods are employed. For the aqueous-phase calculations,
which can subsequently react with amines and amino acids t0geyeral model chemistries for determining solvation free energies
produce carcinogenic nitrosamirfeslitrosation reactions are  4re evaluated. Calculated values for the aqueous-phésefp
also of varied industrial significanéeThe K, of nitrous acid nitrous acid are compared to an experimental measurement,

has been determined numerous times, and measurements plaqﬁhich we obtain using stopped-flow spectrophotometry.
it between 2.8 and 3.3;5with the general consensus being that

the correct value lies toward the upper limit of this range. There Experimental Section
is less information on the temperature dependence of nitrous
acid formation, with only two estimates of the enthalpy and
entropy of reactioff2P One possible explanation for the wide
range of X, values measured for nitrous acid is that nitrous
acid spontaneously decomposes to/u@der acidic conditions,
albeit relatively slowly. Furthermore, in acidic solutions nitrite
will be apportioned between the nitrite ion, nitrous acid and

N20s (with very small amounts of ON), further complicatin o ) -~ X X )
mzeazfjrementg. N P g acidified water. The solution acidity was adjusted with sulfuric
acid, and pH measurements were made by mixing equal volumes

Recent progress in co_mputatlon_al chemlsf[ry et of the acid and nitrite solutions outside of the stopped-flow cell.
development of composite theoretical techniques such as the

. . De-ionized water was used in the preparation of all solutions.
complete basis set (CBS) and Gaussian-typa) (@ethoqls, The use of a stopped-flow reaction cell, which is usually
which have allowed researchers to accurately predict the

thermodynamic properties of molecules of practical significance reserved for studying the kinetics of rapid chemical reactions,
y prop P g " allows us to mix the reagents and perform spectrophotometric

— measurements over very small time scales, thus helping to
* To whom correspondence should be addressed. E-mail: erlc.kennedy@minimize nitrite losses due to nitrous acid decomposition. Use
newcastle.edu.au.
T Currently at Department of Chemistry and Environmental Science, New Of the stopped-flow apparatus also offers the advantage that the
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Spectrophotometric measurements were made using a Phar-
macia Ultrospec Il UV/visible spectrophotometer. The reaction
between nitrite and acid was conducted in an Applied Photo-
physics RX-2000 stopped flow cell, with a 10 mm path length.
The stopped flow cell was temperature regulated to within
+0.05°C using a Grant water bath. The reaction was initiated
by mixing an equal volume of sodium nitrite solution with
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SCHEME 1: Thermodynamic Cycle to Calculate the energies were determined at the HF level of theory, with the
Agueous-Phase Acidity of HNQ 6-31G(d) basis set for neutral molecules and the 63(d)
AG°as . basis set for anions. Calculations were performed on gas-phase
HNOz(gas) ————> NOzgas) + H(gas) geometries, which were obtained using each of the 15 different
theoretical methods (for the compound theoretical techniques
—AG °so. (HNO2) AG s, (NO7) AG o (H) involving two levels of geometry optimization, such as CBS-Q
o and G3, the highest-level geometry is used). Variations on the

AG q. - + . .
HNO2(aq.) NO2aq) + Haq) model chemistry of Barone et #were also examined, where
calculations were performed using a number of larger basis sets,
. . . as well as using different DFT methods. The basis sets tested
Theoretical Methods and Computational Details are 6-31%#+G(3df,3pd) and the double-, triple- and quadrule-
Theoretical Calculation of pK,. The accurate calculation of ~ correlation consistent basis sets aug-cc-pVDZ, aug-cc-pVTZ
pKa values using computational techniques is difficult, as there and aug-cc-pVQZ. The DFT methods tested are B3EYP,
is no simple and precise way of theoretically evaluating the free TPSS2° PBE0?6 B1B9512227VSXC 28 B982° and O3LYP!2030
energy of a solvated proton. Recent approaches, following the Furthermore, a second solvent model chemistry was tested,
work of Liptak, Shields and co-workefdave made use of the ~ which featured the default Gaussian 03 PCM implementation,
thermodynamic cycle depicted in Schemé Here, the gas-  the integral equation formalism-polarizable continuum model
phase free energy of reaction is calculated using accurate(IEF-PCM)3! All other computational settings were kept the
theoretical techniques, and this value is then used with theoreti-same as in the above solvent calculations, though the redundant
cal free energies of solvation to determine the aqueous freelCOMP keyword was not used.

energy of reaction. Scheme 1 is formalized as eq 1. It should be noted that continuum solvent models of the type

used in this study do not account for individual hydrogen bonds

AG®, = AG°,,.+ AG®,,, (NO, ) + AG°,, (H+) _ that may form between solvent and solute molecules. For those
aq gas solv solv

instances where hydrogen bonding is important, discrete solvent
methods may be better suited, where solvent cages consisting
of discrete solvent molecules are constructed around the solute
Equation 1 can be used to calculai&’,q, and therefore  molecule. These methods have the advantage of implicitly

AGO:solv (H NOZ) (1)

PKa, using theoretical values afG°gas AG®son(HNO;), and describing solventsolute interactions, although the addition of
AG®so(NO27), with an experimental value foAG®son(H™). discrete solvent molecules means that calculations need to be
The free energy of solvation of thas recently been measured performed on relatively large molecular complexes, whereas the
as—1104.5 kJ mat'.2% A correction of —RTIn Vis also re-  construction of realistic solvent cages can be difficult and time-

quired in the calculations, to convert from a standard state of consuming. A further class of solvent model chemistries, which
1 atm to 1 M. Recent studies using similar thermodynamic employ a hybrid discrete-continuum approach, solve some of
cycles have resulted irkj predictions accurate to around 6.8 the problems encountered with the discrete approach to solva-

0.4 Ka unit89 tion. Here, a small number of solvent molecules are bound to
Computational Details. All calculations were performed  the solute molecule, with the entire solvesblute complex then
using Gaussian 08.The gas-phase acidities cis-HNO, and placed within a continuum solvent field. We do not expect either
transHNO, were calculated using the HartreBock (HF), nitrous acid or the nitrite ion to undergo significant hydrogen
MP2, QCISD(T) and B3LYF methods. The 6-3H+G(3df,- bonding, justifying our choice of continuum solvent models,

3pd) basis set was used with all theoretical methods, and thealthough it is important to consider the possible presence of
frozen core approximation was employed for the MP2 and solvent-solute hydrogen bonding when applying the techniques
QCISD(T) calculations, with the QCISD(T) calculations also described in this study to other molecules.

featuring MP4 triples substitutions. For the QCISD(T) results,

single point energy calculations were performed, using the Results and Discussion

B3LYP geometries and thermochemical corrections. In addition
to these ab initio and DFT methods, the compound methods
G118 G2 G2MP2}!5 G316 G3MP2}7 G3B3}8 G3MP2B3!8
CBS-4 (CBS-4M)%20 CBS-QI° CBS-QB3%?! and CBS-
APNO® were also used, giving a total of 15 theoretical methods.
These 15 methods were used to calculate the gas-phase free
energy of cisHNO,, transHNO, and NGQ~. All predicted
species had zero imaginary frequencies.

Free energies of solvation were calculated using the solven
model chemistry of Barone et & ,who developed a set of
optimized atomic radii for predicting accurate solvation free
energies using the polarizable continuum model (PCM). The
work of Barone et a#2 used the Gaussian 94 implementation
of the PCM, known as the dielectric polarizable continuum
model (D-PCM)?® To emulate these calculations in Gaussian
03, which has a dramatically different default PCM implementa- _
tion, the solvent keyword DPCM was us&dwith the setting A= 6Noz—[Noz 1+ GHNOZ[HNOZ] + E1\1203[’\‘203] 3)
ICOMP=4. The optimized atomic radii were invoked via the
solvent keyword RADH=UAHF. Solvation free energies were At low acidity, the only nitrite species present in appreciable
then obtained using the SCFVAC keyword. In our simulations, quantities are the nitrite ion and nitrous acid, thus allowing the
we adopt the method of Barone et &lin which solvation free following simplification:

Experimental Measurement of [K,. Nitrite lon Spectra.
According to Beer’s law, the following relationship can be
demonstrated between absorbarfe total nitrite concentration
[NO27]t, and molar extinction coefficienk).

A=¢€[NO, ¢ (2)

tHere, the total nitrite concentration includes the species NO
HNO,, and NOs. The molar extinction coefficient, with units
of M~t cm™1, takes into account the 1 cm path length of the
spectrophotometer cell. The following relationship denotes the
absorbance of a nitrite solution as a function of the concentra-
tions and extinction coefficients of the discrete nitrite compo-
nents.
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A= éNoz—[NO{] + GHNoz[HNOZ] 4) 24 | , . . . , .

At even lower acid concentrations, the nitrite ion becomes the
only significant species in solution, and the extinction coefficient
of the nitrite ion can therefore be readily determined. o
To measure the nitrite ion spectrum, standard sodium nitrite § !
solutions were prepared at neutral pH and then mixed in the§ 12
stopped-flow reaction cell. Figure 1 shows the absorption spectra§
obtained from these experiments at wavelengths of-241D
nm. No significant absorption was detected in any of the 0.6
experimental runs above 440 nm. From Figure 1 it can be seen
that the nitrite ion demonstrates a strong absorbance peak at
352 nm, with a lesser band of absorption between 265 and 310 =
nm. According to Beer’s law, nitrite ion extinction coefficients 240 260 340 390 440
were calculated at each wavelength from 240 to 440 nm for Wavelength, nm
each of the experimental runs shown in Figure 1. The average
results are presented in Figure 2. The molar extinction coefficient
at the peak wavelength of 352 nm is 2480.5 M1 cm™1,
where the uncertainty is taken to be the standard deviation of
the extinction coefficients measured at each of the different
nitrite ion concentrations. K
pKa MeasuremeniThe value oK, has been determined using
the technique of H&2 whereKj is obtained from a series of
measurements in solutions of varying acidity. From eq 5, which
is derived by HF2we find that a plot of ¢ — exo,-)/[H'] vs
€ provides a linear relationship with slope I§f and intercept
of €HNO,-

Figure 1. Aqueous absorption spectrum of the nitrite ion, from
concentrations of 0.01017 to 0.06455 M.
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The equilibrium constant for nitrous acid dissociation was %40 : 25')0 : 3"10 : 3;0 : w0
determined at the four peak wavelengths of nitrous acid, for
measurements in the pH range 43%0 at 25°C. Separate Wavelength, nm

experiments on the nitrous acid spectra identified these peaksrigure 2. Molar extinction coefficients for the nitrite ion between 240
at 346, 357, 369, and 383 nm. The nitrous acid absorption and 440 nm.

spectrum is presented in the Supporting Information.
Figure 3 shows the plot of(— enxo,-)/[H*] vs ¢, and we 60
find good linearity across all results for the four wavelengths.
From the average slope of the four plots, we evalkateo be
6.93 x 1074 M, or a K, value of 3.16. From the intercepts at
each of the wavelengths we can also calcukaigo, values.
We find extinction coefficients of 36.9, 47.8, 50.4, and 30.3

346 nm
357 nm

mOeoO0

M~1 cm™! at wavelengths of 346, 357, 369, and 383 nm, Tg
respectively. Comparatively, Markovits et®8Imeasured peak T
extinction coefficients of 32.8, 47.7, 49.4, and 28.6'\¢m™1 W

at wavelengths of 347, 358, 371, and 386 nm, respectively,
showing relatively good agreement with our results.

To determine the effect of temperature on the deprotonation
of nitrous acid, K, measurements were made at 46.
Calculations followed the same procedure as for the measure- . . . . ‘ . .
ment at 25°C, except absorbance readings were only made at % 5000 10000 15000 20000
357 and 369 nm, and for fewer pH values. From the plot of
(€ — eno,-)/[H*] vs € shown in Figure 4, the K of nitrous
acid at 45°C is found to be 3.08K, = 8.20 x 10°* M). Figure 3. Absorbance of 0.05 M nitrous acid solutions in the pH range
Comparing the 25 and 45C results, we discover that the 1.6-3.0, at 25°C for wavelengths 346, 357, 369, and 383 nm.
enthalpy of dissociation is 6.7 kJ mdland the entropy of
dissociation is—38.4 J mot® K—L. These values compare well  with the average acidity for the two conformations. A linear
with previous enthalpy measurements of 9.2 and 6.2 ki'nol average was used, as the two conformers are very close in

(&30, MIH'], M2 cm”

and entropy measurements €80 and—37 J mol® K-16ab energy; all 15 methods predicis- andtranssHNO, to be within
Theoretical Calculation of pK, Gas-Phase Acidity of  around 4 kJ mol! of each other. Table 1 also includes the error
Nitrous Acid.Gas-phase acidities were calculated ¢ and between the predicted acidities and the experimentally measured

transHNO, using the 15 computational methods described value of 1396.2 kJ mol-.33 From Table 1 we find that the HF,
above. The resultant acidities are reported in Table 1, along G1, MP2 and B3LYP methods show the largest discrepancies
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50 T . T TABLE 2: Calculated pK, Values and Relative Errors for
the D-PCM and IEF-PCM Solvent Models
) D-PCM IEF-PCM
pKa error Ka error
HF 7.37 4.21 9.23 6.07
e i MP2 2.61 —0.55 4.21 1.05
2 QCISD(T) 5.24 2.08 6.93 3.77
= B3LYP 2.86 —0.30 4.54 1.38
N ] G1 2.54 —0.62 4.41 1.25
G2 3.93 0.77 5.38 2.22
G2MP2 4.34 1.18 6.21 3.05
1 G3 4.33 1.17 5.81 2.65
] G3MP2 5.08 1.92 6.57 3.41
G3B3 4.42 1.26 5.97 2.81
o 2000 5000 5000 12000 G3MP2B3 5.17 2.01 6.71 3.55
CBS-4 3.68 0.52 5.21 2.05
(&80, )/H, MZ cm™? CBS-Q 3.99 0.83 5.51 2.35
Figure 4. Absorbance of 0.05 M nitrous acid solutions in the pH range CBS-QB3 3.58 0.42 5.13 1.97
1.2—2.6, at 45°C for wavelengths 357 and 369 nm. P d CBS-APNO 3.89 0.73 5.50 2.34
TABLE 1: Gas-Phase Free Energy AG°g.s kJ mol~?) of model over the Gaussian 03 IEF-PCM model is interesting,
Deprotonation for cis-HNO, and trans-HNO, and Error of considering the significant advances embodied in the 03 PCM
the Average Value Relative to the Experimental model. We believe that the success of the D-PCM model stems
Measurement . - . .
from the fact that the atomic radii used in our calculations are
cisHNO, transHNO, HNO;(av) error optimized for this model, and not the Gaussian 03 PCM model.
HF 1416.1 1415.3 1415.7 19.5 Accordingly, there could be much usefulness in a set of atomic
MP2 1383.8 1385.8 1384.8 —11.4 radii optimized for the current PCM solvent model. Determining
S:(é,:l_l\s(g(T) 11;'32-21 %ggé'sg 11;';’71-2 o g‘-B a new set of atomic radii for the IEF-PCM model is, however,
o1 13823 1385.6 13839 —123 tC)hu(atsF;(ie (t)r;eoizor[;%gct:g study, in which we are only examining
G2 1388.2 1390.8 1389.5 —6.7 a : . . .
G2MP2 1393.1 1395.4 13943 —1.9 A note about the B3LYP density functional results: With
G3 1390.5 1393.2 1391.8 —4.4 the D-PCM model, the B3LYP functional returns th€,walue
G3MP2 1394.7 1397.6 1396.2 0.0 in closest agreement with our own experimental value. However,
G3B3 1392.5 1395.3 13939  -23 when one considers the relatively large error observed for the
G3MP2B3 1396.6 1399.7 1398.1 1.9 gas-phase acidity of nitrous acid calculated at the B3LYP level
CBS-4 1387.4 1392.1 1389.8 —6.4 1 .
CBS-Q 13898 1392.1 13909 -53 (ca. _8_kJ mot?), the success of the_ B3LYF_’ functional at
CBS-OQB3 1389.4 1391.3 13904 -58 predicting the aqueousKp of nitrous acid may in part be due
CBS-APNO 1391.3 1393.4 13924 —3.8 to a fortuitous cancellation of errors. Furthermore, the B3LYP

functional is known to be especially poor at describing long-

compared with the experimental value, with errors of over 8 kJ range and nonbonded interactions, which are not present in
mol~%. These results highlight the importance of electron nitrous acid or the nitrite ion. For instance, we recently
correlation, which is not thoroughly accounted for in any of demonstrated that B3LYP calculations using double-, triple- and
these methods. The remaining computational techniques allquadruplet correlation consistent basis sets, extrapolated to the
adequately predict the experimental acidity, with errors of less complete basis set limit, systematically overpredicted the hetero-
than 7 kJ mot™. lytic bond energy of several aqueous nitroso compounds by more

Aqueous-Phase pKFree energies of solvation were calcu- than 30 kJ moi*.3* Although the computational efficiency and
lated for NG, cisHNO; and transHNO,, according to the generally good accuracy of the B3LYP method may make it
procedure described above, with both the D-PCM and IEF-PCM attractive to study the aqueou&gpof large organic and/or
solvent models. Consistent with the method of Barone €fal., biologically active molecules, it is important to keep the above
the gas-phase geometries obtained with each of the 14 compu<caveats in mind.
tational methods were used, as the relaxation energy upon We have investigated three variations on the D-PCM solvent
solvation is typically small. The free energies of solvation are model of Barone et & First, solvation free energies were
provided as Supporting Information. Table 2 lists the confor- calculated using the larger 6-3t%G(3df,3pd), aug-cc-pVDZ,
mationally averaged K, values obtained using each of the aug-ccpVTZ, and aug-cc-pVQZ basis sets. Second, solvation
solvation models with all 14 gas-phase acidities, along with the free energies were calculated with a variety of DFT methods,
error of the predicted values, relative to our experimental using each of the different basis sets. Calculatégvalues are
measurement of 3.16. reported here only for the accurate G2, CBS-Q, CBS-QB3, and

Table 2 illustrates that, in all instances, th&,pvalues CBS-APNO theoretical methods. The HF results are presented
predicted using the D-PCM model are more accurate than thosein Table 3, and the DFT results are given in Table 4.
obtained using the IEF-PCM model. With the D-PCM model, From Table 3 we observe that, with the HF method,
the best predictions are typically provided by the high-level increasing the size of the basis set offers a significant increase
composite methods, such as CBS-APNO, CBS-QB3 and G2.in accuracy (excluding the aug-cc-pVTZ basis set) over the
Overall, the smallest error is obtained with the B3LYP method, 6-31G(d) results; with solvation free energies calculated at the
although this is most likely due to error cancellation between HF/aug-cc-pVQZ level of theory, the average error is less than
the gas-phasel and the aqueous solvation free energies, as 0.4 K, units, whereas the HF/6-31G(d) calculations result in
discussed below. The superiority of the Gaussian 98 D-PCM an average error of almost 0. Kpunits. Table 4 reveals,



Aqueous-Phaselfy Calculation J. Phys. Chem. A, Vol. 110, No. 39, 20061375

TABLE 3: Nitrous Acid p K, Values Calculated Using HF Solvation Free Energies Calculated with Different Basis Sets in the
D-PCM Solvent Model Chemistry, with Gas-Phase K, Values and Geometries from Four Composite Theoretical Methods

HF/6-31G(d} HF/6-31H-+G(3df,3pd) HF/aug-cc-pVDZ HF/aug-cc-pVTZ HF/aug-cc-pvVQZ
G2 3.93 3.79 3.77 3.83 3.59
CBS-Q 3.99 3.84 3.82 3.87 3.68
CBS-QB3 3.58 3.42 3.39 3.45 3.29
CBS-APNO 3.89 3.72 3.70 3.75 3.64
erroP 0.69 0.53 0.51 0.57 0.39

26-31+G(d) for the NQ~ ion. P Absolute average error, relative to the experimental value of 3.16.

TABLE 4: Nitrous Acid p K, Values Calculated Using Free Energies Calculated with Different Basis Sets and DFT Methods in
the D-PCM Solvent Model Chemistry?

6-31G(d¥ 6-311++G(3df,3pd) aug-cc-pvDZ aug-cc-pVTZ aug-cc-pvVQZ efror
B3LYP 3.42 3.40 3.42 3.52 3.53 0.30
TPSS 3.13 3.02 3.08 3.18 3.45 0.11
PBEO 3.32 3.23 3.24 3.32 3.61 0.18
B1B95 3.32 3.25 3.21 3.32 3.40 0.14
VSXC 3.14 3.10 3.23 3.29 3.28 0.08
B98 3.33 3.24 3.23 3.37 3.22 0.12
O3LYP 3.24 2.73 3.36 3.45 3.64 0.30

a Average [K, values calculated using G2, CBS-Q, CBS-QB3 and CBS-APNO gas-pHKaselpes and geometrie$6-31+G(d) for the NQ~
ion. ¢ Absolute average error, relative to the experimental value of 3.16.

. ] : TABLE 5: Predicted Solvation Free Energies AG°sqy, kJ
however, that a more dramatic improvement is made with the mol-1) and pK, Values for Gas- and Aqueous-Phase

DFT methods. Each of the DFT methods reproduces e p  Geometries
of nitrous acid to within around 0.3 units, on average. The

most successful methods are VSXC, TPSS, B98, and B1B95, transHNO,  cisHNO. NO.- PKa
which all provide average errors of less than 0.1 pnits; Gas-Phase Geometry

- e CBS-QB3 —5.07 —4.70 —67.01 3.16
this average error of 0.19<q units is less than half that reported
. S 80 CBS-APNO —5.34 —4.55 —67.08 3.50
in many accurate ab initio Ky studies®® highlighting the Aqueous-Phase Geometry
accuracy of the proposed methodology. Furthermore, almost all cgs-QB3 —6.18 —5.42 —67.06 3.77
of the K, values calculated using the different DFT methods CBS-APNO —6.09 —5.15 —67.14 3.94

fall within the_range of experimentally measured values, and a Solvation free energies are calculated with the D-PCM B3LYP/
the average discrepancy between the experimeKtaapd the 6-311-+G(3df,3pd) solvent model.
average DFT values is probably within the experimental error
of our pKy measurement. In general, thEgvalues calculated  conclusion
using the DFT methods are greater than the experimental
measurement, being around 3.3 on average, although itis unclear The acidity of nitrous acid has been investigated using both
whether this discrepancy can be attributed to experimental error,experimental and computational techniques. Stopped-flow spec-
or computational errors in the gas-phas& palues and/or in trophotometry was used to determine the UV/visible absorption
the free energies of solvation. It is also interesting to note that spectra of the nitrite ion and nitrous acid. Thié,mf nitrous
the DFT results show no discernible benefit in using the larger acid was measured as 3.16 at Z5 Between 25 and 48C,
basis sets. Similar results were observed by Takano and #ouk, the enthalpy and entropy of nitrous acid dissociation were
in their study of aqueous solvation free energies with different measured as 6.7 kJ méland—38.4 J mol! K~1, respectively.
PCM solvent models. Here, smaller 6-31G-type basis sets were The aqueous-phasépof nitrous acid was predicted via a
found to provide the most accurate solvation free energies with thermodynamic cycle, utilizing calculated gas-phase acidities
both HF and DFT methods. and solvation free energies. The gas-phase acidity of nitrous
The above calculations made use of gas-phase geometries t@cid was calculated using 15 theoretical methods, of which
predict solvation free energies. In reality, the molecular geometry the high-level composite techniques were generally the most
will undergo relaxation upon solvation, and an aqueous-phaseaccurate. Solvation free energies were predicted using the model
geometry should therefore be used for the liquid-phase com-chemistry of Barone et a2 with both the D-PCM and IEF-
ponent of solvation free energy calculations. The effect of PCM solvent models. Thely values calculated using the
geometry relaxation has been studied for the accurate CBS-D-PCM model, for all 15 theoretical methods, were more
QB3 and CBS-APNO methods, with the D-PCM B3LYP/6- accurate than those obtained using the IEF-PCM model. This
311++G(3df,3pd) solvent model. Table 5 compares the sol- was attributed to the use of atomic radii optimized for the
vation free energies and averagi,pvalues calculated using  D-PCM model. Solvation free energies were calculated using a
the gas- and aqueous-phase geometries. We find thatkthe p series of larger basis sets, and significant improvements were
predictions are deleteriously affected by using the aqueous-phasenade using the 6-3#1G(3df,3pd) and aug-cc-pVQZ basis sets.
geometries. As with the IEF-PCM results, we believe that this Solvation free energies were also calculated using a selection
error arises from using atomic radii optimized under different of DFT methods, which saw large improvements over similar
conditions, in this case, using gas-phase geometries. For theHF results. The most successful DFT methods were TPSS and
estimation of high-accuracy solvation free energies, atomic radii VSXC, which reproduced thel of nitrous acid to within an
optimized for aqueous-phase geometries may be necessary. average error of 0.2, units.
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