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Ab Initio Prediction of the Gas- and Solution-Phase Acidities of Strong Brgnsted Acids:
The Calculation of pK, Values Less Than—10
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The intrinsic gas-phase acidities of a series of 21 Brgnsted acids have been predicted with G3(MP2) theory.

The G3(MP2) results agree with high level CCSD(T)/CBS acidities 8®, FSQH, CH;SO;H, and Ck-
SGO;H to within 1 kcal/mol. The G3(MP2) results are in excellent agreement with experimental gas-phase
acidities in the range 342302 kcal/mol to within<1 kcal/mol for 14 out of 15 acids. Five of the six acids

in the range of 302289 kcal/mol had an average deviation of 5.5 kcal/mol and the strongest acid, (CF

SO,)sCH, deviated by 15.0 kcal/mol. These high-level calculations strongly suggest that the experimental
acidities in this very acidic part of the scale need to be remeasured. The CCSD(T)/CBS (mixed exponential

Gaussian) additive approach for gEO,H, HNO;s, H,SO,, CH;SO;H, FSQH, and CESO;H gives excellent
agreement=£1 kcal/mol) with experiment for thaH;”s of non-sulfur containing species, and supports the
low end of the experimental values for$, and FS@H. Use of a larger basis set (aug-cc-pV5Z) in the
CBS extrapolation improves the agreement with experiment for beiOHand FSQH. The G3(MP2) heats

of formation for RSGQH molecules tend to be underestimated as compared to the CCSD(T)/CBS approach by

2.5-7.0 kcal/mol. COSMO solvation calculations were used to predict solution free energiek avalyes
with pKy's up to —17.4. Including the solvation of the proton gives good agreement with experiméqtal p
values in the very acidic regime, whereas it is less reliable for weaker acids. The use@D&EHand HNQ

as reference acids in the less acidic and more acidic regions of the scale, respectively, provided improved

results to within+2 pKj units in nearly all casesH3 kcal/mol accuracy).

Introduction polymers which comprise these membranes characteristically

contain very strong acid sites, mainly sulfonic acids, which are

_ The concept of Bransted acids and bases was first introduced,o s, ngipje for the proton transfer needed for the fuel cells to
in 1923 to describe species that can donate or accept a proto unction

in chemical reactions (generally referred to as the Bragnsted

Lowry concept) In 1927, Conant extended the concept by Developing the new materials needed to form the next
coining the term superacids, or acid systems that are more acidicgeneration of PEMs requires not only more durable, active, and
than conventional mineral Brgnsted actfds. the 1960s, Olah temperature resistant materials, but also a more fundamental
advanced the use of superacids in studies of stable carbocationsinderstanding of the chemistry involved in the proton-transfer
in highly acidic medig Gillespie, in 1972, explicitly defined  process? Measurement of the dissociation constant of very
superacids as acid systems that are stronger than 100% sulfurigtrong molecular acids which form the basis for PEM acid sites

acid, or systems with a Hammett acidity functicfp) < —124 in a solvent environment, particularly water, is difficult for
Bransted acids that exceed this requirement include fluorosul- several reasons. First, the high dielectric constant of water and
furic acid and trifluoromethanesulfonic acid, with values of its ability to hydrogen bond leads to very strong solvation of
—15.1and-14.1, respectively, as well as carborane atitlse the ionic components, thus interfering with the measurement

modern study of superacids has significant importance in a
variety of fields of research, including organic synthésisd
electrochemical technologies including fuels tatid batterie8.

In addition, within the field of ionic liquids, studies involving
strong acids have led to useful insights into speciation and -
acidity in these nonconventional media as well as their potential STeNgths such as those of sulfonic actisAs a result,

for synthesizing new ionic liquids:12 Proton-transfer reactions ~ dissociation constants of very strong or very weak acids have
form the foundation for research aimed at developing alternative been measured in alternative solvents of low dielectric constant
methods for energy productidﬁproton exchange membranes which are not plagued by the difficulties of water as a solvent
(PEMSs) are critical parts of fuel cells, in which oxygen and to develop relative acidity scales. However, simple extrapolation
hydrogen combine to form water, driven by the diffusion of to predict acidities in different solvents is not possible, thus
H* ions across the membrane. Current research thrusts argesulting in no simple way to develop a single acidity scale on
focused on developing advanced PEM materials, which are which to gauge the properties of all acids. As a result, different
typically composed of perfluorinated polyméfsThe fluorinated acidity orders exist for families of acids in different media (and
sometimes in the same medium), making comparisons difficult
* Corresponding author. E-mail: dadixon@bama.ua.edu in the condensed phaseé.

of fundamental properties. Second, the solubility of fluorinated
or organic materials in water is somewhat limited. Third, the
autoprotolysis constant of water, although small, is not nearly
small enough to allow for the measurement of very strong acid
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The gas-phase acidityAG) of a neutral acid, HA, defined  with known values, they scaled the size of the cavity for the
asineql anion and estimated that th&pof H,SOy is likely to be in the
range of—6 to —8.
HA < H"+ A~ Q) We have performed gas-phase electronic structure calculations
at the B3LYP/DZVP2, MP2/CBS, CCSD(T)/CBS (for four
provides valuable information about the intrinsic, solvent- compounds), and G3(MP2) levels on 18 of the Brgnsted acids
independent properties of the acid. The gas-phase acidity of areported by Koppel et al’ as well as HSO,, HNOs, and CH-
neutral acid HA is equivalent to the gas-phase basicity of the CO,H to understand the origin of the discrepancy discovered
conjugate base, A The solvent-independent nature of the gas- in our ionic liquid study? and to evaluate the reported acidity
phase acidity measurement allows for the development of anscale at several points over the entire range of acidities. Based
acidity scale that can range over orders of magnitude in acidity on the results for C&S0O;H, the potential exists for other
strength and can provide details regarding fundamental reactiv-discrepancies, particularly at the low end (most acidic) of the
ity.*® Experimental gas-phase acidities are usually measured byscale where the measurements are most difficult. We report the
using mass spectrometric approaches, for example Fouriergas-phase acidities of GEOCHs, (CN),CH,, (CF3)sCOH,
transform ion cyclotron resonance (FT-ICR) spectrosc8py. (CFs).NH, (CHsCO)XCH, CRSO:NH,, CRCOH, (CRCO),CHs,
General principles have also been proposed for designing neutralCH;SOsH, CRCOSH, (FSQ)2CHy, (CRCORNH, (CRSOy)2-
superstrong Brgnsted acids based on functional group additivi-CH,, FSQH, CRSO:H, (CRCO)XCH, (CRSO,),NH, and (Ck-
ties?? The measurement of equilibrium constants from proton- SO,)sCH. G3(MP2) heats of formation are reported for the gas-

transfer reactions (eq 2) phase acids (HA) and their conjugate bases)@nd compared
to experiment where available. In addition, for a number of HA
AH+B < BH+ A" (2) and A-, heats of formation were calculated at the CCSD(T)/
CBS with additive corrections level. A self-consistent reaction
allows for a direct determination of relatid\G. AbsoluteAG field approach based on the COSMO (conductor-like screening

values are then obtained from several measurements of overlapmodel) model has been used to model the aqueous solvation
ping independent paths connecting a range of different acids acidities so that we can predict the aqueolfs palues and
which are then related to an absolute value. Absolute valuescompare them to the available experimental (estimatéd) p
can be obtained from other thermochemical properties. For theyalues.

acidity scale, the acidities of HX (X is a halogen) are well

established using the heats of formation of B{~ from electron Computational Details

affinities determined by photoelectron spectroscopy, and HX
and the % bond energy. Reliable experimental measurement
of gas-phase acidity, particularly with very strong Brgnsted
acids, can be complicated by a variety of factors, including
volatile decomposition products, competing proton-transfer
reactions, difficulties in measuring pressures, and too few
independent path measuremefits.

Viggiano et al. have measured the intrinsic superacidities of
several strong sulfonic acids using the ion flow tube mefifod.
Koppel et alt” measured equilibrium constants in an FT-ICR
spectrometer to obtain the intrinsic gas-phase acidities of over
90 Brgnsted acids. Several of theG values measured by
Koppel et al. are<300 kcal/mol, making them very strong acids
in the gas-phase. They reported\& value of 299.5 kcal/mol
for trifluoromethanesulfonic acid or triflic acid, GEO;H. On 5
the basis of MP2/aug-cc-piZ (n = D, T, Q) calculations E(n) = Ecgs + Aexp[—(n — 1)] + Bexp[-(n — 1)7] (3)
extrapolated to the complete basis set (CBS) limit fosSBH,
we predicted a value which differed from the measured value with n = 2 (DZ), 3 (TZ), and 4 (QZ), as first proposed by
by about 9 kcal/mot2 We can predict the acidity of triflic acid ~ Peterson et &’ The 1s core orbitals for the first row atoms
to be 290.2 kcal/mol on the basis of our previous calculated and the 1s, 2s, and 2p core orbitals on sulfur were frozen in the
value of 297.3 kcal/mol foAH»gg at this level. MP2 calculations. The acids-,B0Os,, FSGH, CH3;SO;H, and

A large discrepancy was also calculated by Koppel et al. (6.3 CRSOsH and their conjugate bases were also optimized and
kcal/mol) at the G2(MP2) levett who applied a scaling factor  frequencies calculated at the MP2/aug-caag\{n = D, T) level
to this and other results to achieve agreement with their including tight d functions on sulfui® For these acids, single
measured value®.Burk et al. performed semiempirical PM3  point calculations were done at the MP2/aug-cc-pVQZ level
calculations and obtained similar res@f®ixon and co-workers  with tight d functions on sulfur using the MP2/aug-cc-pVTZ
used a composite approach at the CCSD(T) level with values optimized geometry, and the energies were extrapolated to the
extrapolated to the complete basis set limit to predict the acidity CBS limit (labeled MP2/CBS(d)). This was done to observe
of the strong acids pBOy, HzPOQy, and HNQ.2728 They found the effect of tight d functions on sulfur on the calculated
good agreement with the ion flow tube valéeand lowered acidities, as well as geometry effects. The former effect was
the error bars for these gas-phase quantities. In addition, theyobserved to be negligible, so tight d functions were not included
used a self-consistent field reaction field madéd include the on sulfur for the remaining compounds.

The structures of the acids (HA) and conjugate base3 (A
were optimized at the density functional theory (DFT) level with
the B3LYP exchange correlation functioffaind the DZVP2
DFT-optimized basis se#.Vibrational frequencies were also
calculated at this level to ensure that the structures corresponded
to local minima on the potential energy surfaces and for
thermochemical corrections. We broadly searched conformer
space for all of the acids and anions to obtain the lowest energy
structures. The coordinates from the B3LYP/DZVP2 optimized
geometries were used for single point MP2 calculafidnsth
aug-cc-p\Z (n =D, T, Z) basis set and the MP2 energies
were extrapolated to the complete basis set (CBS) limit with a
mixed Gaussian/exponential of the form in eq 3

effects of solvent and predicted th&pof H,SO, in aqueous We have been involved in developing an approach to the
solution to be very negative, finding a value ef3.4 as prediction of thermodynamic properties to chemical accuracy
compared to experimental values-68.03° and—1031 On the based on CCSD(T) valence electron calculafidastrapolated

basis of comparing other calculated acidities of strong acids to the CBS limit with additional correctiorf§. Single-point
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frozen-core CCSD(T) calculations using the MP2/aug-cc-pVTZ TABLE 1: G3(MP2) Reaction Enthalpies (AH2gs, kcal/mol)

optimized geometries were also performed onsCE&;H, H,- éLmd Refagnon frgeAEgergl_?rS]%ng& k(_:aI/mtoI)Efor P(otont I
. oss of Bransted Acids with Comparison to’ Experimenta

SQ, FSQH, CHsSO;H, and CRSOsH and thelr conjugate_ bases Reaction Free Energies

using the aug-cc-pWZ (n = D, T, Q) basis sets with tight d

functions on sulfur, and the energies were extrapolated to the__Molecule  AEzs AHzs AGzs AGzod€Xpf OAGexp-theory

CBS limit (labeled CCSD(T)/CBS{d)). Single point CCSD- CRCOCH; 349.0 349.6 3433 342.1 -1.2
(T) calculations using aug-cc-pV4E)Z basis sets were run for ~ CHCOH 347.8 3434 3403 341.1 0.8
H.SOy, HSOy, FSGH and FS@™ and the energiesn(= Q, Egg);%"gH 33%‘(1)'% 3;?5512 ?5221'% ?ézzi% %‘%
5) were extrapolated to the CBS limit using an expression (eq (CFa)zNH 3298 3304 323.2 3243 11
4) suggested by Helgaker and co-workérs; (CH,COECH 327.4 3280 3229 3289 6.0
CRSO:NH; 327.3 3279 320.8 321.3 0.5
HNO 324.3 3249 3175 317.8 0.3
E(n) = Eces + B/(ImaX)s (4) CF3C3OZH 3242 3248 316.9 316.3 —0.6
CRCOSH 319.2 319.7 3127 312.5 -0.2
eq 4 works well if at least results with the aug-cc-pV5Z basis CHsSOsH 317.7 3183 3122 315.0 2.8
set are available. Although eq 4 was originally proposed for gg:ﬁzgg)ﬁﬁﬂz gigg gig'g ggg'g gégg 1 8'5
describing only the correlation component of the energy, we (FSO),CHs 313.6 3142 3060 307.3 13
have used it to fit the total CCSD(T) energy because the p,sQ, 3114 312.0 303.8 302.3 ~15
Hartree-Fock component of the CCSD(T) energy was found (CRSQ,).CH, 304.1 304.7 297.4 301.5 4.1
to be converged for such large basis sets. CCSD(T) calculations(CRCOECH  299.7  300.3  295.1 300.6 5.5
on CRSOsH without tight d functions on sulfur were also done, EIS%%&H ggé-g 283481 ggg-z ggg-g gi
and the effects of including tight d functions were once again (CRSO»)NH 202.6 2932 286.0 291.8 58
observed to be negligible for the acidities. For the heats of (crs0),cH 2802 2807 274.0 289.0 15.0
formation of CHCO,H, HaSOy, FSGQH, CH;SOsH, and Ck- .
SO;H and their conjugate bases at the CCSD(T)/CB(level, Reference 17.

core-valence correctiong®\Ecy, were obtained at the CCSD-
(T)/cc-pwCVTZ level of theory®42 Scalar relativistic correc-
tions, AEsg, which account for the changes in the relativistic
contributions to the total energies of the molecule and constituent
atoms, were included at the MP2 level with the cc-pVTZ DK
basis set and the spin-free, one-electron Doughasll —Hess
(DKH) Hamiltonian#34445 Relativistic corrections were also , j ;
obtained at the CtSD (configuration interaction singles and following the procedures outlined by Curtiss etal.

doubles) level of theory using the aug-cc-pVTZ basis sets for GB(MPZ) calculat_iorﬁé were also perf_ormed on the entire_
comparison. This relativistic correction is taken as the sum of set of acids and conjugate bases to obtain the heats of formation

. ; : f the acids and conjugate bases and the acidities. Except for
the mass-velocity and 1-electron Darwin (MVD) terms in the 0 . .
Breit—Pauli Hamiltoniarf® Most electronic structure computer (CF3802)3C|_: a?d_(CECOkCH rz;md thglr c_onjur?ate bases,(;he
codes do not correctly describe the lowest energy spin multiplet $3(MP2) calculations were performed using the automated G3-

; ; ; MP2) protocol in Gaussian03. Due to hardware limitations, the
of an atomic state. Instead, the energy is a weighted average of ) '
the available multiplets. Corrections are needed for C (0.08 kcal/ G3(MP2) calculations on (GBC,)sCH and (CECO)CH and

mol), O (0.22 kcal/mol), F (0.38 kcal/mol), and S (0.56 kcal/ €l conjugate bases had to be performed stepwise, with
mol) and were taken from the excitation energies of Mddre. 2PPropriate corrections applied based on the G3(MP2) proce-

The calculated MP2/aug-cc-pVTZ vibrational frequencies of '

- Solvation effects were included at the SCRF level through
FSQH, CHsSO:H, gnd CRBSCsH (anq conjugate b_ases) WETe " ihe use of the COSM®model as implemented in Gaussian03.
scaled to the experimental frequencies of BS©btained from

IR measurement$4°The OH stretching frequency was scaled A dielectric constant of 78.39 corresponding to that of bulk water

to the average of the experimental and calculated frequencieswaS applied to the gas-phase reaction energies to obtain solution
for FSQH, resulting in a scale factor of 0.979 following the energetics. The B3LYP/DZVP2 optimized geometries were used

recommendations of Grev et ®.A scale factor for the for the single point B3LYP/DZVP2 COSMO calculations.

remaining frequencies was obtained from an average of the All calculations were performed with the GaussiaffOslite

ning ireq . verag of programs on the SGI Altix 350 and Cray XD1 at the Alabama
experimental and calculated frequencies, resulting in a ValueSupercomputer Center and the MOLPRO suite of progfams
o_f0.995. The calculated MPg/aug-cc-pVTZ vibrational frequen- and NWChem suite of prografffson the massively parallel
ﬁﬁ:ﬁiﬁg%@gggﬁ%ﬁ%ngﬁﬁ;Cﬁplgeg]g;tsr:,ereenﬁgeﬁ;gﬁgtal 1980 processor HP Linux cluster in the Molecular Science
CHq and OH stretching and bending vibrational modes were Computing Facility in the William R. Wiley Environmental

9 . 9 -~ Molecular Sciences laboratory at the Pacific Northwest National

scaled to the average of experimental and calculated frequenc'eiaborator
for CH3CO,H, resulting in a scale factor of 0.978. The=O Y.
stretch scale factor of 0.994 was also derived using the same
approach. Vibrational frequencies below 1100 “énwere
unscaled for both species based on the comparison of the Gas-Phase AciditiesThe gas-phase acidities of the 18 neutral
experimental and calculated values. The calculated MP2/aug-Brgnsted acids calculated at the G3(MP2) level are listed in
cc-pVTZ O—H stretch vibrational frequencies of,80, and Table 1, including the reference acids §€H,H, HNOs;, and
HSQO,~ were scaled to the average of the experiméhtahd H,SOy. Table 2 has heats of formation of @EIOH, HSOy,
calculated values. The remaining frequencies were in good HNOs, FSQH, CH;SO;H, and CESOsH (and conjugate bases)
agreement with experiment and were unscaled. at the composite CCSD(T)/CB$&(l) level as well as at the G3-

By combining our computeBDg values with the known heats
of formation & 0 K for the elementsAH{°(H) = 51.634- 0.001
kcal/mol, AH{%(C) = 169.98+ 0.1 kcal/mol, AH;%(O) = 58.99
+ 0.02 kcal/mol,AH{%(F) = 18.47 £ 0.07 kcal/mol,AH{%(S)
= 65.66+ 0.06 kcal/mol);® we can derive thé\H® values at
0 K in the gas phase. We obtain heats of formation at 298 K by

Results and Discussion
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TABLE 2: Heats of Formation of CH3CO,H, HNO3, H,SO4, CH3SOsH, FSOsH, and CF;SOzH (and Conjugate Bases) at
CCSD(T)/CBSHd)? and G3(MP2) Levels

CCSD(T)/CBSf+-d) G3(MP2) experiment
acid/conjugate base AHs (0 K) AHP (298 K) AHs (0 K) AHP (298 K) AHs (0 K) AHP (298 K)
HA
CH;COH —99.3 —102.5 -99.3 —102.4 —99.94 0.6 —103.44+ 0.6%¢
HNOZ® —29.9 —32.2 —27.4 —29.8 —29.8+ 0.1 —-32.1+ 0.1
H.SO, —169.0 -170.9F  —172.5(174.3} —-162.4 —165.8 —172.4+ 2.0 —175.7+ 2.0
CH3SO:H —127.5 —131.9 —123.1 —127.3 - -
FSQH —175.0-176.8f  —177.7 (-179.5} —168.0 -170.7 - —180+ 2.d
CRSG:H —265.7 —268.9 —262.1 —265.3 - -
A-
CH;CO,~ -117.7 —119.9 —118.8 —121.0 - —121.0+ 2.8
NO;= P —70.8 —72.4 —70.3 —-71.9 —71.7£ 0.3 —-73.3+0.3
HSO,~ —223.4 (-225.4% —225.9 (-227.9% —218.2 —220.8 - —231.8+ 4.6
CH3SOs- —175.2 —179.0 -172.3 —176.0 - -
FSGs- —239.2 (-241.1¥ —241.2 (-243.1% —233.9 —235.9 - -
CRSOs —332.7 —335.2 —330.4 —332.9 - -

2 (+d) means tight d functions were used on the S basis® &eference 28 Values in parentheses correspond to heats of formation obtained
from thelmax extrapolation (eq 4) of CCSD(T)/aug-cc-pV(Q,5)Z total energies for molecules and &t&maference 5% Reference 60.Reference
53. 9 Reference 61" Reference 62.Reference 63.Heat of formation at 298 K derived from the deprotonation reaction enthalpy (ref 22), experimental
heat of formation of H (ref 53), and experimental 230, heat of formation (ref 53).

TABLE 3: Components for CCSD(T) Atomization Energies

acid/conjugate base CBS AEZPE AECV AESR (C'-SD) AESR(DKH) AESQ ZDO (0 K)a
HA
CH;COH 801.17 —38.31 2.66 —0.93 —-1.14 —0.60 763.78
H,SO 601.75 (603.59)  —24.46 1.53 -2.99 —3.49 —1.44  573.89 (575.74)
CHsSGH 787.98 —39.25 2.41 —2.66 —-3.19 —1.30 746.65
FSQH 508.62 (510.41)  —17.17 1.26 —2.92 ~3.38 160  487.73 (489.52)
CRSGH 814.28 —24.70 2.32 —3.59 —4.15 —2.44 785.31
A-
CH3CO,™ 759.65 —29.92 2.49 —0.95 —-1.12 —0.60 730.49
HSO,~ 596.94 (598.94) —16.85 1.44 —3.02 —3.47 —1.44 576.63 (578.62)
CH3SGs™ 776.89 —31.88 2.31 —2.79 —3.30 —1.30 742.73
FSG~ 513.75 (515.70) —9.76 1.22 —2.94 —3.36 —1.60 500.25 (502.20)
CRSOs™ 822.57 —17.40 2.26 —-3.73 —4.29 —2.44 800.69

a ContainsAEsg (DKH) correction.? Values in parentheses correspond to quantities derived froithextrapolation (eq 4) of CCSD(T)/aug-
cc-pV(Q,5)Z total energies for molecules and atoms.

(MP2) level for comparison. Details of the atomization energy As shown in Table 1, the acidities for Fg®and CRSO;H
calculations are given as in Table 3. Table 4 contains the heatspreviously calculated at the G2(MP2) level are in agreement
of formation for the remaining acids and conjugate bases with those obtained at the G3(MP2) level and both are much
calculated at the G3(MP2) lev&Previously, G2 and G2(MP2)  lower than the experimental values. We find differences from
calculations were performed by Koppel efabn several strong  the reported experimental values of 5.1 and 7.1 kcal/mol,
Brgnsted acids, including FSB and CESO;H, and these are  respectively, slightly larger than the differences reported by
included in our set of acids. At the G2(MP2) level, the acidities Koppel et ak®> Experimentally, FSgH and CRSO;H are
for these two compounds were 295.4 and 293.3 kcal/mol, equally strong acids in the gas phase, as indicated by both FT-
respectively. These two results differ from the experimentally ICR and ion flow tube measurement£2However, at the G3-
determined values by 4.4 and 6.2 kcal/mol, respectively. Koppel (MP2) level, CESOsH is 2.3 kcal/mol more acidic than FSB
et al. found a nearly linear scaling equation between their G2-  To benchmark the G3(MP2) method, higher-level CCSD(T)/
(MP2) results and their experimental results over a wide range CBS(-d) (derived from the full atomization approach) calcula-
of different Brgnsted acids with close to unity slope and tions were also performed for the gas-phase acidities,8(4
practically zero intercept. Thus, scaling the results for F5O  CH3SO;H, FSGQH, and CRSO;H and are the same to within 1
and CRSGOsH lowered the G2(MP2) results by onty0.4 kcal/ kcal/mol in all cases, as shown in Table 6. The excellent
mol and, in fact, led to worse agreement with experiment. agreement between the G3(MP2) and CCSD(T) results strongly
However, they found excellent agreement with experiment for suggests that the G3(MP2) method is providing an accurate
the predicted G2(MP2) acidities of,BO;, HNO3, and HPQ, estimate of the gas-phase acidities. The calculated results at the
although we note that the experimental values have large errorG3(MP2) and CCSD(T)/CBS{d) levels for methylsulfonic
bars. The G2(MP2) results for,HO, and HNQ also agree with acid, CHSO;H, are in good agreement with the lower end of
the higher level values at the corrected CCSD(T)/CBS level by the experimental range of 315#2.0 kcal/mol. The calculated
Dixon and co-worke&-28t0 0.7 and 0.9 kcal/mol, respectively. results at the G3(MP2) and CCSD(T)/CBS) levels for H-
The deviations observed for Fg® and CESO;H at the G2- SOy are in good agreement with the upper range of the
(MP2) level fall well outside the~2 kcal/mol accuracy which  experimentally reported value of 302£32.6 kcal/mol. In fact,
is reported for G2(MP2) proton affinitie’4.54 all of the calculated results essentially fall within the error bars
We used G3(MP2) theory to calculate the gas-phase aciditiesfor the acidity of HSOy. This suggests that the 5.1 and 7.1
of the Brgnsted acids originally reported by Koppel etahs kcal/mol differences predicted for Fgi@and CRBSO;H are real
well as those reported by others using alternative metfods. and originate from the difficulties in the experimental measure-
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TABLE 4: Heats of Formation of HA Acids and A~
Conjugate Bases at G3(MP2) Level (kcal/mol)

acid/conjugate base AHg (0 K) AH{P (298 K)

HA

CRCOCH; —196.7 —199.6
(CN),CH, 62.6 61.5
(CF3)sCOH —520.6 —524.5
(CFs),NH -322.3 —325.6
(CHs;CO)CH —115.5 —122.2
CRSO:NH; —216.7 —220.7
CRCOH —243.2 —245.4
CRCOSH —185.8 —187.6
(CRCO)CH; —375.1 —378.4
(CRCO)XNH —379.2 —382.6
(FSQ).CH, —235.8 —240.3
(CF:S0:):CH; —416.4 —421.8
(CFsCOXCH —553.4 —556.8
(CRSOy)NH —415.0 —420.3
(CFsSOy)sCH —607.4 —614.1
A

CRCOCH,~ —214.6 —217.0
(CN),CH" 30.2 30.0
(CFs)sCO™ —556.9 -560.0
(CFs)N- —-359.8 -362.3
(CHsCO)C~ -154.8 -161.2
CRSONH™ —256.5 —259.8
CRCO, —286.4 —287.7
CRCOS —233.7 —234.9
(CFsCOYCH- —426.8 —429.4
(CRCO)XN~ —431.0 —433.5
(FSQy).CH- —289.6 —293.1
(CRSQO,),CH- —479.6 —484.2
(CRCO)XC™ —620.6 —623.6
(CFSOy)oN- —489.5 —494.1
(CF:SO)sC™ —694.5 ~700.4

a2The experimentaAH° at 298 K is 63.64+ 0.24 kcal/mol (ref
65). 2 Two reported experimentalH"s at 298 K are—243.2+ 1.1
kcal/mol (ref 66a) and-246.52+ 0.41 kcal/mol (ref 66b).
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TABLE 5: MP2/CBS Reaction Enthalpies (AH,gg kcal/mol)
and Reaction Free Energies AG,gg kcal/mol) for Proton
Loss of Brgnsted Acids with Comparison to Experimental
Reaction Free Energies

molecule  AEzef® AHz9s AGgg OAGexp-theory SAGaavp2y-mp2ices
CRCOCH; 3455 346.1 339.4 2.7 3.9
CH3COH 344.7 345.3 337.2 3.9 3.1
(CN),CH; 331.9 3325 325.0 3.3 2.9
(CFRs)3COH 328.3 328.9 321.2 2.8 2.8
(CF),NH 3260 326.6 318.8 5.5 44
CRSO:NH>2 325.1 325.7 318.4 2.9 2.4
(CHsCO)RCH 3229 3235 317.5 11.4 5.4
HNO;3 322.2 322.8 316.5 1.3 1.0
CRCOH 321.0 321.6 313.6 2.7 3.3
CH3SGsH 315.6 316.2 309.6 5.4 2.6
CRCOSH 316.0 316.6 309.5 3.0 3.2
(CRCOMNH 312.7 3133 305.4 21 31
(FSQ)2CH; 3115 312.1 304.0 3.3 2.0
(CRCO)CH, 309.2 309.8 303.6 6.7 6.2
HoSOy 312.9 313.5 301.6 0.7 2.2
(CRSOy).CH; 300.8 301.4 293.8 7.7 3.6
FSGH 299.4 300.0 292.8 7.0 1.9
CRSO:H 296.7 297.3 290.2 9.3 2.2
(CRCO)XCH 2945 295.1 290.1 10.5 5.0
(CRSO):NH  291.0 291.6 284.7 7.1 1.3
(CRSO)CH  277.1 277.7 270.1 18.9 3.9

aaug-cc-p\iZ (n = D, T, Q) contributions and zero-point energy
differences provided in Supporting Information Table S¥MAverage
+standard deviation from average is 3:21.3 kcal/mol.

B3LYP results for HSO, and FSQH are far too low relative

to the G3(MP2) result. The B3LYP/DZVP2 results for the
remaining acids are included in the Supporting Information. The
B3LYP/DZVP2 calculations were simply used to optimize the
structures and obtain thermochemical corrections for the MP2/
CBS approach. The resulting acidities are not expected to be
highly reliable as diffuse functions are not included in the basis
sets but such functions will have little impact on the geometries
or frequencies. Previous studies by Koppel ealsing DFT

ments of gas-phase acidities of very strong acids. Koppel et o acidity calculations found that scaling equations were needed

all” noted that the experimental value for F0“may be

in order to obtain agreement with the available experimental

significantly in error because the experimentally measured gross e its. However. as shown by our work, there may be
partial pressure for fluorosulfonic acid probably includes some gjgnificant errors in the experimental values which makes this

unknown contributions from its highly volatile decomposition
products, HF and S£J The discrepancy for CfSO;H may in

scaling approach less reliable.
The G3(MP2) acidities for the remaining acids are listed in

fact be due to the use of only a single equilibrium measurementtgpje 1 (based on increasing gas-phase acidity which corre-

for its determination, with a-0AG value of 2.0 kcal/mot?

The MP2/CBS#-d) results for the four acids in Table 6 with
geometries obtained at the MP2 level with the aug-cc-pV-
(D+d)Z and aug-cc-pV(Fd)Z basis sets are consistently lower
than the G3(MP2) and CCSD(T)/CBS&{) results by 2 to 3
kcal/ mol. The MP2/CBS calculations with the B3LYP/DZVP2
geometries resulted in differences of only-6@5 kcal/mol for
H,SOy, FSGQH, CRSOsH, and CHSO;H. We also reoptimized

sponds to decreasinyGyog values) and are compared with the
experimentally determined values. The experimental values have
error bars estimated to b&2 kcal/mol!” The experimental
acidity range of the acids under study is 289.AAG,gs < 342.1
kcal/mol. The majority of the acids chosen were taken from
the set measured by Koppel et Hl.excluding CRCOCH,
(CN),CHz, and FSGH, which were provided by Koppel et al.

for comparison, yet determined by other work&r&Based on

the geometries at the aug-cc-pVDZ and aug-cc-pVTZ levels and the analysis of the CCSD(T)/CBS() values for the acidities

with these geometries, the MP2/CBS and MP2/CB§(
acidities are the same to within 0.2 kcal/mol.

The MP2/CBS results (Table 5) over all of the acids studied

are consistently lower than the G3(MP2) results in all cases.
Tight d functions in the basis set were not used for the sulfur-

containing compounds in Table 5. TRAG(G3(MP2)-MP2/
CBS) differences fall in the range af1.3 to +6.2 kcal/mol,
with an average and standard deviation of 3.2.3 kcal/mol.

of H,SOy, FSGH, CH3SOsH, andCRESOsH, the acidities listed

in Table 1 show a distinct trend. Over the range of 302.3 to
342.1 kcal/mol, the calculated acidities are in excellent agree-
ment with experiment, except for (GEO);CH. Deviations from
experiment in this acidity range are betweeh.0 and 2.8 kcal/
mol, within the error bars of the experiment as well as the
accuracy of the G3(MP2) method. The 6.0 kcal/mMalG(exp-
theory) observed for (C¥CO)CH is indicative of an obvious

The MP2/CBS results were therefore not used to analyze theoutlier. Interestingly, the acidity of 328.9 kcal/mol reported by
experimental gas-phase acidity results due to this systematicKoppel et alt” was not included in the original set of 90 acids,

deviation or for predicting solution equilibria. The B3LYP/
DZVP2 results for HSQy, FSGQH, CRSO:H, and CHSO;H
are also shown in Table 6. The B3LYP results for;86;H
and CHSGO;H are consistent with the G3(MP2) results, but the

but was included as an additional ne\,.q value obtained
for comparison purposes frodAG values for proton-transfer
equilibria between (CNICH, and CESH, two acids which were
not included in the original study. As a result, the origin of this
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TABLE 6: Reaction Enthalpies and Free Energies for Proton Loss of HSO,, FSO;H, CF;SO3H, and CH3SO;:H at Various
Levels of Theory (kcal/mol) Compared to Experimental Values AAG)?2

H.SOy FSGH CRSG:H CH3SGH
method AHz9s AGes OAGexp-theory AH20s AGogs OAGexp-theory AHzes AGagg OAGexptheory AHzos AGzes OAGexp-theory
B3LYP/DZVP2 309.2 300.9 1.4 297.5 290.3 9.5 299.1 292.0 7.5 319.8 313.2 1.8
MP2/CBS 309.9 301.6 0.7 300.0 292.8 7.0 297.3 290.2 9.3 316.2 309.6 5.4
MP2/CBS-d)° 309.9 301.6 0.7 300.0 292.8 7.0 297.1 290.0 9.5 316.3 309.7 5.3
CCSD(T)/CBS{rd)e 312.3 304.0 —-1.7 302.4 295.6 4.2 299.5 298.0 6.5 318.8 3124 2.6
G3(MP2) 312.0 303.8 =15 301.8 294.7 51 299.4 292.4 7.1 318.3 312.2 2.8

aH,SOs AGexp = 302.3+ 2.6 (ref 53); FSGH: AGexy = 299.8+ 2.0 (ref 17); CESOsH: AGex, = 299.5+ 2.0 (ref 17); CHSO:H: AGeyp
= 315.04 2.0 (ref 17).P Single points at B3LYP/DZVP2 opt geom (no tight d functions onc®)ptimized at MP2/aB-d and MP2/a¥-d. Single
point at MP2/a@-d (with MP2/aT+d opt geom.+ d means additional tight d function on $Omission of tight d functions from S basis set
results in negligible acidity difference-0Q.1 kcal/mol).® Derived from dissociation energie§ Do) in Table 3 4 0 K and MP2/aug-cc-pVTZ
thermochemistry! With no tight d functions on SAG = 292.9 kcal/mol.

6.0 kcal error difference is likely due to issues with different values are generally much smaller. These results provide further
experimental scales. The G3(MP2) acidities for the remaining support for the G3(MP2) results in the very acidic regime of
14 acids in this range strongly support the experimental acidities the acidity scale. The B3LYP/DZVP2 acidities also indicate a
and provide an excellent benchmark of the computational break in the agreement with experiment in the acidities at around
method, with an average deviation of 0.9 kcal/mol from 310 kcal/mol, although the trend is less defined and less
experiments. conclusive due to limitations in the basis set.

Over the experimental range of 289.0 to 301.5 kcal/mol  Gas-Phase Heats of FormationThe gas-phase heats of
(Table 1) the calculated acidities exhibit a distinctly opposing formation of the Brgnsted acids (HA) and their conjugate bases
trend ind AG(exp-theory) compared to acidities302 kcal/mol. (A7) at 0 K (AHy) and 298 K AH:®) have been calculated at
In this lower range of the acidity scale, the calculated acidities the G3(MP2) level (and CCSD(T)/CBStd for several) and
differ from experiment by 4.1, 5.5, 5.1, 7.1, and 5.8 kcal/mol are listed in Tables 2 and 4. Components for the CCSD(T)
for (CRSO,)2CH,, (CRCO)XCH, FSQH, CRSOsH, and (Ck- atomization energies are listed in Table 3. Table 2 contains a
SO,),NH, respectively, and a much larger difference of 15.0 comparison between the CCSD(T)/CB%{) and G3(MP2) heats
kcal/mol for (CRSO,)sCH. The acidity of the latter molecule  of formation for CHCO,H, HNO;, H,SOy, CH3;SOsH, FSGH,
is predicted to be substantially greater than that for the most and CESOs;H and their conjugate bases. The experimental heats
acidic gas-phase molecule measured by 10.1 kcal/mol. Basedof formation at 0 and 298 K for C#£O,H,5%80 CH;CO;, ™, 61
on the excellent agreement of the G3(MP2) acidities with HNOj3,5% and NG %263 differ from CCSD(T)/CBS{¢-d) values
experiment for weaker acids and with the even more accurateby only 0.1 to 1.1 kcal/mol. CCSD(T)/CB%(l) values at 298
CCSD(T)/CBS#-d) values, these differences in the very acidic K for H,SO% and FSQH® are both less negative than
part of the scale suggest that there are significant issues withexperiment by 3.3 and 2.3 kcal/mol, respectively. The respective
the experimental values. We note that the measdudd values experimental error bars are given-2 kcal/mol but could be
below 301.5 kcal/mol are almost all tied to proton-transfer larger.
equilibria involving (CESG,),CH,. Based on our calculated Previously, Alexeev et & reported the CCSD(T) heats of
values, the measured acidity of (§§,),CH, (301.5+ 2.0) is formation for SO, of —171.3 kcal/mol at 298 K which is 1.1
too high by 4.1 kcal/mol. The issues with the experimental kcal/mol higher than our current value obtained using eq 3 for
measurements for FSB and CESO;H were discussed above.  the extrapolation. The difference between the two values is due
The experimentabAG values used for the assignment of the to using different geometries and treatments of the scalar
acidities for (CECO)%CH, (CRSO,),NH, and (CESO,)sCH and relativistic effect. The values in ref 27 were obtained using MP2/
other acids in the this range are, on average, larger in magnitudeaug-cc-pVTZ optimized geometries, without tight d functions,
than those outside this range (laigevalues which are harder  and Douglas-Kroll —Hess (DKH) relativistic calculations were
to measure), and the number of independent equilibria measuredone with the aug-cc-pVTZ basis sets. These calculations do
ment paths is fewer. Thus, it is likely that the inherent not change the acidity result but do impact the heat of formation.
experimental errors are large in this region of the acidity scale. On the basis of comparing the valence electronic energy
In addition, the “superacidic” characteristics of these molecules component at the CBS levels, we note a strong geometry
make the acidity determination intrinsically difficult, due to dependence with an increase in the currently calculated com-
multiple and competing equilibria and difficulties in making ponent of 3.1 kcal/mol simply by inclusion of tight d functions
absolute pressure measurements. The G3(MP2) results show thah the MP2 geometry optimization. The use of the aug-cc-pVTZ
the measured acidities for these very strong Brgnsted acids needbasis set for the DKH calculation results in too small a correction
to be remeasured. On the basis of our values, we suggest thais compared to use of cc-pVTZ DK basis sets. The lower DKH
the CCSD(T)/CBStd) values are the best available values. result in ref 27 almost cancels the effect of using the smaller
Where the CCSD(T)/CBS{d) values are not available, we valence electronic energy component at the CBS level so that
recommend using the G3(MP2) values for the acidities of these these small errors approximately cancel as compared to the more
strong acids. rigorous calculations in the current work.

The trends observed in Table 1 for the G3(MP2) calculations  Single-point CCSD(T)/aug-cc-pV{sd)Z calculations using
are consistent with the MP2/CBS results listed in Table 5. the MP2/aug-cc-pV(Fd)Z geometries were performed fopH
Although the MP2/CBS acidities are consistently lower, a break SOy, HSQ,~, FSQH, and FS@ . The CCSD(T)/CBS total
in the acidity scale in terms of the agreement with experiment energy was obtained using the. extrapolation of eq 4. The
occurs at the same point observed in the G3(MP2) acidities atresults of the extrapolation are shown in parentheses in Tables
(CRsS0O,),CH,, and an anomaly is still apparent for (gH 2 and 3. Thémnaxextrapolation increases the CCSD(T)/CBS total
COXCH in the less acidic region where theG(exp-theory) energies by~1.8 to 2 kcal/ mol, resulting in predicted heats of
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formation that are more negative by the same amount. For bothTABLE 7: G3(MP2) Gas-Phase Reaction Energetics,
H,SQ, and FSGH, this has the effect of greatly improving the  COSMO Electostatic Solvation Contributions, and Solution
agreement with the experimental heat of formation, resulting (/ater) Energetics (Including pKa Values) for the Acidity

. . . Reaction HA— A~ + H

in a differences of only 1.4 and 0.5 kcal/mol, respectively, well

within 2 kcal/mol error bar of the experimental vaRkfeFor HA AGz05 AGsow AGsoiuion PKa PKa (exp)
these compounds, the second row sulfur atom is in a high CRCOCH; 343.3 —319.7 23.6 17.3—
oxidation state of+-6. In terms of the atomization energy, the (CN):CH: 3279 —-307.8 201 147 112

.. . . - (CHsCO)XCH 322.9 —307.7 15.2 11.2 5%
S atom is in oxidation state 0 and the difference between the N 3232 3107 125 99—

two oxidation states apparently requires going to a very large (CF3)§COH 324.0 —313.3 107 78 s5by
basis set to recover the valence correlation energy for the total CH,CO,H 340.3 —329.9 10.4 76 4.7
dissociation energy. These results suggest that a correction ofCRSO,NH, ~ 320.8 —311.6 9.2 6.8 63
1.8 to 2.0 kcal/mol making the heat of formation more negative (FSQ).CH,  306.0 —299.3 6.7 4.9 —

; ; (CRCOXRNH 308.5 —303.4 51 3.8 —
should be applied to GEOsH and CHSOsH, as the sulfur is (CRCOXCH, 309.8 —305.1 17 34 —

in a similar oxidation state. CRCOH 316.9 —316.9 0.0 0.0 ~0.6°0.310.5
The relativistic corrections for the RSB acids are high in (CRSQ),CH, 297.4 —299.2 -18 —13 —
comparison to those of many other compounds including other CF:sCOSH 312.7 —3138 -11 -08 -

small molecules containing sulféf¥. Table 3 also contains a HNOs 3175 -3218 -43 -32 -14
, L (CRCOXRCH 2951 —301.1 —-6.0 —44 —
comparison of the DKH and €ISD MVD scalar relativistic CH-SOH 3122 —3207 -85 -62 -26'-19

corrections. The DKH relativistic corrections are comparable H,sQ, 303.8 —315.8 —12.0 —8.8 —3k-10h

to those obtained at the €ED MVD level and they are larger  (CRSQ),NH 286.0 —302.6 —16.6 —12.2 —

than what is often observed. The large values Agisg are FSQH 2947 —3125 -17.8 -13.0 —6.4°f=<—12
consistent with the large change in the character of the sulfur CFSOH 2024 -3117 -193 -14.2 —5.9/714

atom going from the free atom to the nomine6 charge on ~ (CS@)CH 2740 —209.6 —256 —188 —
that atom in RS@H. The DKH corrections are in general 0.4 aReference 74° Reference 75¢Reference 719 Reference 69.
to 0.6 kcal/mol more negative than the-€3D MVD corrections ~ © Reference 70d Reference 70K Reference 70c:Reference 31.
for the RSQH acids and anions, an¢0.2 kcallmol more ~ Reference 72.Reference 76:Reference 30.
n_egative foz acetic acid, consistent with previously observed based on measurements in solvents with much lower autopro-
differences’ ) tolysis constants. Consequentlqvalues for very strong acids
The G3(MP2) results at 0 and 298 K agree with the CCSD- zre typically not well established and estimates can vary over
(T)/CBS results for CHCOH, CH;CO,™, and NQ™ and differ many K, units for the same acid. To estimate the effects of
from experiment by 0.6 to 1.4 kcal/ mol. The G3(MP2) values  sojvation, we have calculated the free energies of solvation using
for AH(HNO3) at 0 and 298 K differ by 2.4 and 2.3 kcal/ mol,  the COSMO approach. Table 7 contains electrostatic solvation
respectively. In addition, the G3(MP2) value faH;(FSQH) energy contributions to the solution free energy calculated using
at 298 K is too low by 9.3 kcal/mol. This is consistent with the the COSMO solvation model for reaction 1 in solution
CCSD(T)/CBSf-d) and G3(MP2) differences for the other incorporating the value for the free energy of solvation of the
sulfur-containing species in Table 2. The G3(MP2) method proton at 298 K of—264.3 kcal/mol (corrected for the proper
consistently underestimates these heats of formation by 2.3 tostandard staté}f Individual neutral and anion electrostatic and
7.0 kcal/mol as compared to CCSD(T)/CBSY), suggesting  nonelectrostatic solvation energies are included in Supporting
that the G3(MP2) treatment of molecules containing second row |nformation. Combined with the G3(MP2) gas-phase reaction
elements needs to be improved. This is further supported by free energies, the solution free energies for reaction 1 were

results in Table 4, particularly for (ChJH,*>and CRCOH.% obtained for each acid in aqueous solution. The corresponding
The G3(MP2) method predicts the heats of formation of these pk, values were calculated using eq 5

two acids to within 2.1 and 1.1 kcal/ mol, respectively, as

compared to experiment. This is consistent with the G3(MP2) Geotution

results from Table 2 for non-sulfur-containing species where PK(HA) = 230RT 5)
G3(MP2) is consistent with experiment to within 0.6 to 2.4 kcal/ '

mol. Thus, the results in Table 4 for €5O,NH,, CRSOH, As shown in Table 7, the solvation free energy contributions

(FSQ)2CHy, (CRSQ,)2CH,, (CRSO,)2NH, (CRSO,)sCH, and (AGson) are all substantially negative quantities, due in large
their conjugate bases are likely to be underestimated, and a 3yt to the very negative free energy of solvation of the proton.
to 7 keal/mol correction factor probably needs to be applied. The solution free energies for eq 5 are divided into two distinct
However, the heats of formation of the remaining acids and regions in Table 7. The first region, including EFOCH;
conjugate bases are predicted to be accurate to within 1 to 3through CRCO,H, contains positive\Gsoiuion Values with fKa
kcal/mol, consistent with benchmarks of the G3(MP2) meffiod. > (. Here, the gas-phase reaction free energy dominates the
Itis apparent from the above discussion that although the heatsgg|yation free energy. The second region, includings&),-
of formation of the acids are in error, most of this error cancels CH, through (CESO,)sCH, contains negativAGsoluion Values
when predicting the acidity due to the similarity in the structures ith pKa < 0. Here, the solvation free energy dominates the
of the neutral and the anion. gas-phase free energy. The prediction Kf palues using this
Solution pK, Values. Experimental measurements ok approach works well for GGSO,NH»,8 CRCOH,° FSQH,3171
values of very strong acids are difficult or impossible to make and CRSO;H,”>72with deviations of 0.5, 0.5;-1.0, and~0.2
in agueous solution. Acids withig values less than that of the  pKj, units, respectively, from the experimental values. For the
hydronium ion (HO™), with pK, = —1.74%" cannot be measured  very strong acids FS§ and CESOs;H, we prefer the experi-
in aqueous solvent and require alternative methods for their mental K, values of<—121 and—14,2 respectively, and not
estimation. Such methods typically involve some type of the more positive values of GuthrieAlthough FSGQH is known
extrapolation from experimental data or solvent discrimination to hydrolyze to HF and k8Q;,”2 we have included the results
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TABLE 8: Selected G3(MP2) Gas-phase Reaction TABLE 9: Selected G3(MP2) Gas-Phase Reaction
Energetics, COSMO Solvation Contributions, and Solution Energetics, COSMO Solvation Contributions? and Solution
(Water) Energetics (Including pK, Values) for the Proton (water) Energetics (including pK, Values) for the Proton
Exchange Reaction HA+ CH3CO,™ — A~ + CH3CO,H? exchange reaction HA+ NO3~ — A~ + HNO3#?

HA AGys AGso®  AGsolution pKE pKa (eXp)d HA AGos AGson®  AGsoltion pKSE pKa (eXp)’
CRCOCH; 3.0 10.1 13.1 14.4 — CRCOH —0.6 4.9 4.3 1.8 —0.6,0.3,0.5
(CN).CH; —12.3 22.0 9.7 11.8 11.2 (CRSOy).CH, —20.1 236 3.5 1.2 —

(CHsCOXCH —17.4 21.0 3.6 7.4 5.9 CRCOSH —-4.8 8.0 3.2 1.0 —
(CFRs).NH —-17.1 19.4 2.3 6.4 — (CRCOXCH —224 19.1 -3.3 -38 —
(CFR3)sCOH —16.3 16.9 0.6 5.2 51 CH3SGH —-5.3 1.0 —-4.3 —-46 —26,-19
CRSO:NH; —19.5 18.4 -1.1 4.0 6.3 HoSOy —13.6 6.0 —7.6 —-7.0 —3,-10
(FSO).CH, —34.2 3009 -3.3 23 - (CRSO),NH —315 19.0 —125 -10.6 —
(CRCOYNH —31.7 271 —4.6 14 - FSGH —22.9 9.2 —-13.7 -114 —-6.4,=<-12
(CRCO)XCH, —-30.5 24.0 —6.5 00 - CRSGOH —-25.1 10.0 —-15.1 -125 -5.9,-14
CRCOH —23.3 13.0 -103 —-28 -0.6,0.3,05 (CRSO)sCH —435 216 —-219 -174 -

@ An all-inclusive list of solution energies is included in Supporting 2 An all-inclusive list of solution energies is included in Supporting
Information Tables SM4 and SM3.ncludes electrostatic and non-  Information Tables SM4 and SM8.Includes electrostatic and non-
electrostatic contribution$.pKo(HA) = pK4CH3;COH) + AGsor! electrostatic contribution§ pKo(HA) = pK{(HNO3) + AGsoin/(2.303RT);
(2.303RT); K, (CHsCOH) = 4.76.9 See Table 7 for references. pKa (HNO3) = —1.4.9 See Table 7 for references.
to provide insight into the initial 53'4““()” acidity duﬁ to F$O reaction 6 for the HA acids are all positive values and range in
However, for the acids (CMEH,,™ (CHsCO)CH,™ (CR)s- magnitude from 10.1 kcal/mol to 30.9 kcal/mol. These positive

COH,’ and CHSO:H, " °this approach generates differences free energies indicate that the solution contribution to the
with experiment of 3.5, 5.3, 2.7, and 4.Bqunits, respectively.  yeaction free energy is unfavorable, primarily due to better
~ Because the consistency obtained with the simple approachgifferential solvation of the small C}£0O,~ anion. This is
just described varies considerably over the entire acid range, particularly evident in reactions with large bulky anions which
we prefer to use an approach which predicts thg palues  haye greater charge delocalization and larger volumes consistent
relative to known standards in order to provide a better estimate.yith |arger positive electrostatic contributions to the solution
Reaction 1 involves the formation of charged species starting free energy. The nonelectrostatic solvation contributions to the
from neutral molecules and can pose a challenge for solvationseution free energy for reaction 6 for different HA acids are
models, especially as we are not including any waters of 5| yery small and close to zero and may be neglected without
solvation about the anion. For example, it has been shown thataffecting the results in a significant way (see Supporting
such an approach can be used to calculate the solvation freqnformation). The improvement in thekg values using acetic
energy of F, and hence its acidity, but that a large number of aciqg as a reference is significant in the less acidic part of the
water molecules (12 to 16) are needed for convergence of thescale as compared to the directly calculated values reported in
free energy of solvatioft. HF is a relatively weak acid in the Table 7. With this reference, small differences iK,pare

gas phase/AG,gs = 365.50+ 0.20 kcal/molj® and is a modest  gptained for (CN)CH,, (CHsCO)CH, (CFs),COH, of 0.6, 1.5,

acid in aqueous solution K = 3.2) 3! Reactions that conserve g4 0.1, respectively. For GEO,NH, and CRCOH the

the number of charged species as reactants and products mayifferences from experiment are now larger at 2.3, and E2 p
be more suitable for accurate calculations of changes in solvationpjts, respectively, but the approach of using a reference acid
free energies as differences will tend to cancel. Following the (eguits in an overall improvement. This suggests that the
work of Pliego and Riverd$ and HouR® as well as our own  sqlyation energy differences for these acids involving heterolytic
work on HNO 2 we reference our solution phase values to a cleavage of CH, NH, and OH bonds, and their conjugate bases
molecule with a well-establishedKp using reaction 2. The  4re similar to those between GEIO;H and CHCO, .

reference acid was chosen such that tgwas comparable to Table 9 contains differential solvation energy contributions

the expected Ig, of t.he Brgnsted acids determined in Table 7. {5 the solution free energy calculated using the COSMO
Thus, for strong acids, withi, values near or less than zero, gglyation model for the reference reaction

we chose the strong acid HN@s the reference kg = —1.4)3!
For the acids with positivek, values, we chose GJE@0O;H as — e A

the reference (. = 4.76)7* Values for the acid standards gH HA +NO; = A"+ HNG, (8)
CO,H and HNGQ; using the simple approach given above show
pKa errors of 2.8 and 1.8, Ky units, respectively. Table 8
contains differential solvation energy contributions to the
solution free energy calculated using the COSMO solvation
model for the reference reaction 6

on the basis of the proton-transfer equilibrium with nitric acid

for 10 of the acids. The resultant solution free energies were

obtained using the approach used for reaction 6. Fae/plues

in aqueous solution were calculated using the eq 7 withref

HNOz and AGsoution IS taken from Table 9. Just as found with

HA + CH,CO, <A™ + CH,COH (6) acetic acid as the standard, the solvation contributions to the
solution free energy for reaction 8 for the HA acids are all

based on the proton-transfer equilibrium with acetic acid for POsitive values and range in magnitude from 1.0 kcal/mol to
10 of the acids. The K values in aqueous solution were 23.6 kcal/mol. Again, use of a reference (Hi@esults in Ky

calculated using the following relationship values that are in agreement with the available experimental
values to within 2 K, units in all cases. In particular, the
AGgyti0n predicted value for theky, of CH3SOsH is improved by nearly
PKAHA) = pK (rel) + 53o=T @) 2 pKa units, whereas the results for the remaining acids for which
experimental data is available are comparable to those obtained
where theAGgoluiionis taken from Table 8 and ref is GHOH. with reaction 1. Previously, Alexeev et &lcalculated the i,

The solvation contributions to the solution free energy for using the fully polarizable continuum moéehnd varied the
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isodensity contour. With an isodensity contour of 0.001 au for
the neutral and anion, they found Egof —3.4 for H,SO,. By
comparing the calculatedp values with experiment for 4
POy, HNOs, and HCO;s, they found that the calculatedKp

Gutowski and Dixon

FSQH, CRSOsH, (CRSO,).NH, and (CESO,)sCH. This trend

is supported by MP2/CBS results, which exhibit an analogous
break in the acidity scale in terms of the agreement with the
experimental values. Our computational results suggest that the

values were in agreement with experiment when a contour valueexperimental values for the gas phase acidities of the strong
of 0.0022 au was used for the anion and the value of 0.001 auacids are substantially in error and need to be remeasured.

for the neutral. This gave a value 8.5 for K4(H>SOy), and
they estimated that the actudfpvalue would fall in the range
of —6 to —8. Our COSMO value for they(H>SOy) is —8.7
using eq 1. Using eq 2 with the HN®@eference givesk,(Ho-
SOy = —7.0, in the middle of the previously predicted range

The heats of formation of these acids have also been
calculated using the G3(MP2) approach, as well as with the
more accurate CCSD(T) additive approach for ;CB.H,
HNOj3, HSOy, CH3SOsH, FSQH, and CRBSO;H. The CCSD-

(T) additive method gives excellent agreemett (kcal/mol)

and essentially in the middle of the estimated experimental with experiment for the non-sulfur-containing species. This

values of—3%% and—103! The HNG; reference works well for
these OH acids, again suggesting that HA&Md HNQ/NO3~

method predicts heats of formation in agreement with the low
end of the experimental values for$0, and FSG@H. Use of

solvation energy differences are comparable. The experimentala larger basis set (aug-cc-p\#)Z) in the CBS extrapolation

pKa values for CESO,NH, (see Supporting Information) and

improves the agreement with experiment for botf88, and

CRCO.H are bracketed by the calculated values obtained from FSGQ;H. Compounds with a second row atom where there is a

both CHRCO,H and HNQ as references. These two acids fall

large change in oxidation state from the atom in the molecules

in the middle of the acidity range shown in Table 1, suggesting to the bare atom may require use of very large basis sets to

that either reference is suitable for this portion of the scale.

recover the valence correlation energy for the total dissociation

The strongest acids, those with negative solution free energyenergy. The G3(MP2) heats of formation for R§Onolecules

changes, are predicted (using Hh@&s the reference) to have
the following K, ordering in solution: (CE50,)3CH < CFs-
SOH < FSOH < (CRSOy),NH < CH3SOH < (CRCO)CH.

(and anions) tend to be underestimated as compared to the
CCSD(T) additive approach by 2.3 to 7.0 kcal/mol. The G3-
(MP2) heats of formation are within the error bars of the method

Due to the simple model we are using for the solvation of anions for the remaining types of species. This suggests that additional

without the inclusion of solvating water molecul@s$2 our

corrections for RSgH type molecules may be needed at the

calculated free energies when calculated relative to a standardG3(MP2) level.

are good tat3 kcal/mol which corresponds ta2 pK, units at
298 K. Overall, the predictedi values are in relatively good
agreement with experiment, even with the very acidic com-
pounds for which only K, estimates are available, and all of
the signs are predicted to be in the right direction.

A number of other methods have been used to predigsp
For example, the COSMORS approach which includes ad-
ditional empirical term$&# has been applied to a set of 64 acids,
mostly with K5 > 2 and a good correlation is found between

Solution acidities and i, values were computed by using
the COSMO approach either directly using a previously
calculated value for the free energy of solvation of the proton
or with respect to a reference acid. The direct approach
successfully predictediy values to within a few K, units,
particularly in the very acidic region of the scale. However, in
the less acidic region, the approach was not as reliable. The
use of CHCO,H and HNQ as reference acids in the less acidic
and more acidic regions of the scale, respectively, provided more

the calculated and experimental values. On the basis of theirconsistent results, typically to withit2 pKa units in nearly all

results, Klamt et & concluded that theky, scale has a different

cases, suggestive of better than 3 kcal/mol accuracy in the

dependence on the free energy of dissociation than is usua"ySOlUtion aCIdlty prediCtion. Our results are consistent with the
assumed, stating that eq 5 should be modified by including a literature K, values of<—12 for FSQH and CESO;H, which
constant times the right-hand side term which is less than oneare notoriously difficult to measure. These results suggest that
and with an additional constant representing the intercept. high-level calculations of gas-phase acidities in conjunction with
Whether this is the reason or that additional energy terms arecontinuum solvation models can be used to predict tke p
needed for dealing with short-range interactions such as Values of very strong acids in aqueous solution. TKegrale

hydrogen bonding has not been establisfted.

Conclusions

outlined above provides for the first time a reliable estimate of
pKa values of very strong acids for which very little experimental
data exists. These results will aid in the unification of the acidity
scale in aqueous solution for both strong and weak acids, thus

A computational approach based on G3(MP2) theory was minimizing the reliance on extrapolation methods based on

used to predict the gas-phase acidities of@BCH;, (CN).-
CHjy, (CF3)3COH, (CF)2NH, (CHsCO)%CH, CRSO,NH,, CRs-
COH, (CRCO)CH,, CHsSOsH, CRCOSH, (FSG)2CHy,
(CRCORNH, (CRSO,)2CH,, (CRCO)CH, FSQH, CRSOsH,
(CRSOy)2NH, (CRSO,)sCH, HSOy, HNO;, and CHCO,H.
High-level calculations at the CCSD(T) level using aug-capV

solvent differentiation and related techniques.
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