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lonization of Organic Acids in Dimethyl Sulfoxide Solution: A Theoretical Ab Initio
Calculation of the pK4 Using a New Parametrization of the Polarizable Continuum Model
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The K, values of over 41 organic acids in dimethyl sulfoxide (DMSO) solution were calculated using ab
initio electronic structure methods at MP2 and MP4 levels of electron correlation and including basis set of
6-31+G(d) and 6-31+G(2df,2p) quality. The solvation was included through the polarizable continuum
model (PCM), using the recent parametrization of Pliego and Riveros. The root-mean-square (RMS) error
over this set of molecules having different functional groups is only 2.2 units. A linear fit on this data set
decreases this error by only 0.2 units, indicating that this empirical correction is not necessary. The major
error in the calculatedk, value was—5.3 units for the CHSO;H solute. Halogenated carboxylic acids have

also presented a high deviation4 units). An explanation for these high deviations is the possibility of
strong hydrogen-bond formation involving the neutral acid molecule and DMSO. Khegtues were also
calculated using a combination of theoretical solvation data with experimental gas-phase data. In this case,
the RMS error increased to 2.3 units for a set of 36 acids. Our results show that the performance of the PCM
model with a fixed atomic radius in DMSO solution is very superior to its performance in aqueous solution,
which is a behavior that can be attributed to the presence of strong and specifie-solutnt interactions

of ionic solutes with water molecules. In addition, no extensive parametrization of the PCM model is needed
to describe the solvation of anions in DMSO solution.

I. Introduction than pure continuum models. For comparison, the standard

Many chemical reactions are initiated by the ionization of a QeV|at|on of the . value calculated by this hybrid method is

neutral organic molecule via proton abstraction. An important {zSt Szl.\isu:;;' vertiuz 7.3.un|ts fo; tr;elFF: cM ?”d 7F;2 ;nlts dfor
example is the ionization of a carbonyl compound, leading to € . method, using a set o species. Fraft and co-

an enolate, which has a central role in the aldol condensationWOrkers hav_e also _obtained good results in the calculation of
reactions. Incidentally, a reliable theoretical calculation of the the hydrolysis reactions of hydrated metals such as Faf"

. e : . : and the K, of Be(H,0),", using a hybrid discrete/continuum
ng?:lerﬁ(iaczlar; ?Qgcfi?)IX:?:] ltsh(érlltilélzalcljygwgsétant In the modeling model#23 which the authors have named “quasi-chemical

In the past fifteen years, there has been a considerable increasg1eory - Other authors have also calculated tha palue of

in the theoretical works on the calculation of thi€,pralue in y::%ted rrr:e:;‘;lal catlonls using hybrid app:o?cﬂi'eﬁ. ved
aqueous solutiofr;34 In early reports by Jorgensen et al., the ough the K, values In aqueous solution have recelve

authors have made use of Monte Carlo (MC) simulations, .mUCh attention, there ar% few reports on the cglculatiork%fp
coupled with free-energy perturbati&h?* The following works IN honaqueous solven‘ié. An early \_/vork by Wiberg et &

have concentrated mainly on the use of continuum solvation presente_d the.calculatlon Of. the Gibbs free energy of proton
models, with the exception of some reports that used hybrid transfer' in a dimethyl sulfoxide (DMSQ) solution .bUt not the
guantum mechanical/molecular mechanical metkoalsd in- respective Ka va!ues. In_the recent article by (_:hlpm%u:he .
tegral equation theo?. The performance of continuum models author used an isodensity surface-based continuum solvation

in aqueous solution has been limited, and these methods ar%l(\)/ldse(IJ to %alculflte.ttqekfrahvalue Olf tprgaéni:: acidfhin Wlatelr,t d
more adequate to predict differences in th€, palues of » and acetonitriie. The correlation between the caiculate

molecules with the same functional group. In fact, a recent work and e>_<per|mentallpa\_/vas_ poor in water but much better In the
by Pliego and Riveros has noted that the main deficiency of organic solvents. This different pgrformance can be attributed
continuum models to predictq is its inadequate treatment of to the lack of strong and specific (hydrogen bond) sclute

the specific solutesolvent interactions in the first solvation solvent interactions in the dipolar aprotic solvents. Indeed, the

shell5 These authors have proposed a hybrid method to describe 2K Of ability of these solvents to solvate anions is long

the solvation of iong?> which is based on the introduction of known?’f and_a recent work has providgd guantitative solvation
two or three explicit water molecules to the bare ion and dag:\ OI. lons 1n waételr and Dtl\t/I?O SOIUt'OW.S' | tati

considers the resulting cluster as a chemical species solvated ; thon |n|uumt modetrs] c_ort1s :ju et' a ve;ry SIMPIE represen at;]on
by a dielectric continuum. This cluster-continuum model predicts ortne solvent, and the introduction of Ssome empiricism in the

pKa values in much better agreement with experimental data modell is required to.obtain good accuracy in the qalculation of
solvation free energies. The empirical parameter is usually the

* Author to whom correspondence should be addressed. E-mail: Solute cavity, which is fitted to reproduce experimental solvation
josef@qgmec.ufsc.br. free energie¥4! and is dependent on the solvent. Another
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approach by Cramer and Truh&r*4 adds empirical terms to

the dielectric continuun\G},,, value to account for specific

and nonelectrostatic contribution to the solvation free energy.

However, their model uses the same atomic radius for the solute

in any solvent. Considering that the electrostatic contribution
to the AGZ,, value of anions is highly dependent on the cavity
size, this approach does not work for comparing the solvation
of anions in water and DMSO, because it predicts that these
solvents will have the same solvation abilify.

Until recently, extensive solvation data of organic ions in

organic solvent were unavailable, and, consequently, no con-
tinuum model was adequately parametrized to calculate the PACONHOH
solvation free energy in these solvents. The usual procedure off

only changing the dielectric constant but maintaining the cavities
that are optimized for aqueous solutions is unreliable and can

lead to serious errors in the calcula,,, value. However,

two recent papers by Pliego and Riveros have presented(CHs)sCOH

extensive solvation data of organic ions in DMSO soluifon
and made the first parametrization of the polarizable continuum
model (PCM) to describe the solvation of anions in this
important solvent> A next step in establishing a reliable
methodology to describe anions and neutral molecules in DMSO
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TABLE 1: Calculated Solvation Free Energy of Neutral and
Anionic Species of Oxygen, Sulfur, and HF Acids in
Dimethyl Sulfoxide Solutior?

HA AGY,, (kcal mol?) A AGY,, (kcal mol?)
H20 —5.04 OoH —82.30
CH3SOsH —8.68 CHSO;™ —61.57
CRCOOH —4.55 CRCOO —55.99
CHCI,COOH —4.86 CHC}COO —55.97
HONO —4.04 ONO —63.76
(CFs)sCOH —-2.79 (CR):CO —52.53
PhCOOH —4.97 PhCOO —60.22
CH3;COOH —4.83 CHCOO —64.74

—6.44 PhCONHO —67.92

H —4.37 PhO —57.27
CRCH.OH —5.57 CRCHO™ —61.45
CHz;OH —3.62 CHO~ —71.01
(CHs),CHOH -3.31 (CH3)CHO™ —65.72
CH3CH,OH —3.45 CHCH,O~ —68.15

-3.23 (CH3)CO™ —63.43
PhCOSH —4.02 PhCOS —55.78
PhSH —2.56 PhS —55.93
PhCHSH —3.54 PhCHS™ —59.45
HF —4.20 F —84.92

a Ab initio calculations made at the PCM/HF/6-8G(d) level.

using the PCM is to test the parametrization. Thus, the present

work is an extensive test of the performance of the Pliego and
Riveros parametrization to predicKpvalues of organic acids

in DMSO solution. We have studied th&pvalues of~41
organic acids with diverse functional groups.

Il. Calculation of p K,

The calculation of the I§; value in DMSO solution can be
undertaken through the use of the following proton-transfer
reaction:

HA +OH — A~ +H,0 (1)

Taking the negative logarithnilog) on each side of eq 4, we
can obtain

%
sol

PK(HA) = pK(H,0) + > 30RT

(8)

Equations 5-8 were used in the present work to calculate the
pKa value of organic acids. We have also used the experimental
pK, value of 31.2 for water reported by Bordwédl.

[1l. Ab Initio Calculations

The structure of neutral and ionic species was obtained by

This approach is more adequate than using the direct ionizationfull geometry optimization at the HF/6-315(d) level of theory,

of the HA acid, because it does not require the value of the
experimental solvation free energy of the ibn. Based on eq
1, we can write the general chemical equilibrium relationship:

u(A") + u(H0) — u(HA) — u(OH ) =0 2)
where uso(X) is the chemical potential of species X, namely
Hsol(X) = ug(X) + AGL(X) + RTIN[X] 3

In eq 3, the first term on the right-hand side is the gas-phase
chemical potential of X at a concentration of 1 motlLthe

and the nature of the stationary points was determined by
harmonic frequency calculations. To obtain accurate energies,
we have performed single-point calculation on the optimized
geometries at the MP2/6-311(2df,2p) and MP4/6-31G(d)
levels of theory. In addition, we have used the additivity
approximation of the correlation energy to obtain effective MP4/
6-311+G(2df,2p) energies. Cartesian Gaussian functions 10f and
6d was used instead of pure spherical 7f and 5d functions. The
final gas-phase thermodynamic properties were calculated using
standard statistical mechanics formulas.

The solvation free energy was calculated through the PC,
including correction for the charges lying outside of the cavity

second term is the solvation free energy, and the last term isSurface. The BEM routine was used in conjunction with the

related to the concentration of X in solution. Combining egs 1
and 2 leads to the following relationship:

[ATJH,0] K (HA)

~AGK/(RT) —
e = = 4
[HAJJOH ] K H0)
whereAG} is given by
AGy, = AGy+ AAG,, (5)

AG}= (A7) + wi(H,0) — ui(HA) — u5(OH)  (6)

AAG;

solv

AG:OI\XAi) + AG:OI\XHZO) - AG:ON(HA) -
AG¢,(OH") (7)

HF/6-31+G(d) wave function, as well as a dielectric constant
value of 46.7 for the DMSO solvent. Only electrostatic
interactions were included in the solvation free-energy calcula-
tion. The cavity sizes were taken from the Pliego and Riveros
work,*> namely 1.20 (H), 1.50 (O), 1.60 (N), 1.70 (C), 1.40
(F), 1.81 (ClI), and 1.85 (S), with a scale factor of 1.35 for every
atom. All theoretical calculations were performed using the PC
Games¥ version of the Gamess (US) quantum chemistry
package?

IV. Results and Discussion

The molecules studied in the present work have very different
functional groups, where the ionizable hydrogen is bonded to
oxygen, nitrogen, carbon, and sulfur. The hydrofluoric acid (HF)
was also included in the calculations. This large variety of
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TABLE 2: Calculated Solvation Free Energy of Neutral and
Anionic Species of Carbon and Nitrogen Acids in Dimethyl
Sulfoxide Solutior?

Almerindo et al.

(RMS) error over all studied species is only 2.2 units. However,
some species have an unexpected high error in their theoretical
pKa value. The major deviation occurs for the €30O;H acid

HA AGY,, (kcal molt) A~ AGY,,, (kcal mol) (—5.3 units). Other oxygen acids also present a high deviation,
CH2(CN), —8.05 CH(CN)™ —51.84 such as the halogenated carboxylic acids. For example, the CF
HCN —4.77 CN- . —64.23 COOH and the CHGCOOH species have a deviation-o#.7
(CCHH?\%J)zCHz 802 (Ccl'?’;\lCOOZZCH R and—4.1 units, respectively. On the other side, the theoretical
PhCOCHF 299 PhCOGHE 857 pKa value of the studied alcohols present a good agreement with
PhCOCH —4.93 PhCOCH" —57.89 the experimental data, with the exception of methanol, which
CH,COCH, —4.50 CHCOCH" —61.50 h viation of 3.1 units. A high error is al rved for
PhGCH 303 PheC “£597 as a deviation o 3 u ts high erro sasoobs_e ed fo
CH:CN 513 CHCN- 5912 the only hydroxamic acid studied, PhRCONHOH, which has a
CH;SOCH —8.53 CHSOCH:~ —60.33 deviation of 3.6 units. Carbon acids have some species with
PhCH —1.96 PhCH™ —51.91 high deviation; the major deviation occurs for the 45D, acid
HN3 —3.51 Ny~ —60.26 (4.9 units). Ketones have deviations=?2 units, with exception
NH.CN —7.89 NHCN- —62.50 i i i i
PhGSNH _785 PhCSNH 5016 of the (_CH;CO)ZCHZ species, wnh an error of ju_s_,t 1:3 units.
CF,CONH, ~6.39 CRCONH- —57.75 Interestingly, the trends in the deviations are positive in the case
CH3SONH —-8.77 CHSONH" —61.65 of carbon acids, which is a possible indication that the radius
PhGONH “79 PhCONH “2760 of the carbon is greater than the ideal value. A different situatio
HCONH, 763 HCONH —63.44 is found for the nitrogen acids. In this case, there is an excellent
CH;CONH, —-7.33 CHCONH- —66.68 correlation between the theoretical and experimeriKghalues;
(NH2).CO —8.71 NHCONH" —68.14 the major deviation is only-1.7 units, which is less than the
PhNH, —4.38 PhNH —55.98 o
NHs _354 NHy- _7739 overall standard deviation (RMS error). The results are yet better

for the three sulfur acids, where excellent agreement is found
between the theoretical and experimentl, palues and the
major error is 0.5 units.

To eliminate a possible error that originates from the ab initio
method, the gas-phase contribution to th&, palue must be

a Ab initio calculations made at the PCM/HF/6-8G(d) level.

functional groups is an important test of the present parametri-
zation, because it evaluates the accuracy of the method for
general situations. In fact, our intention is that this parametriza-
tion can be used for a reliable modeling of aniamolecule analyzed. Although the MP4/6-3115(2df,2p) level of theory
reactions in DMSO solution. used in this work is accurate to obtain electronic energies, it is

The solvation free energy for the studied acids and the possible that some molecules are more difﬁcult to describe,
respective anions are presented in Tables 1 and 2. The energy?hich could lead to unexpected high error in the gas-phase
and free energy for the proton-transfer reaction between the HA reaction free energy. Thus, we have used the experimental gas-
acid and the hydroxide ion (eq 1) in gas phase and in DMSO phase reactio!\G;, obtained from the NIST databa%ein
solution are given in Tables 3 and 4. Finally, Tables 5 and 6 conjunction with our theoretical solvation free energy (see
present the calculatekpvalues and the respective experimental Tables 1 and 2) to calculate theKp value. This mixed
values. A general overview of the performance of the present theoreticat-experimental K, value is shown in Table 7, as well
theoretical approach is shown in Figure 1, which shows the as the experimental basicity, gas-phase reaction free energy, and
correlation between the theoretical and the experimeral p the theoretical solvation contribution. Figure 2 shows the
values. They = x curve is also included, to evaluate the quality correlation between the calculated and the experimeri€al p
of the correlation. value. Some species (PhCONHOH, PhCOSH, P&

As can be observed, there is a good correlation between thePhCOCHF, PhCSNH) were not included, because of the lack
theoretical and experimentakpvalues. The root-mean-square of gas-phase data at NIST.

TABLE 3: Thermodynamic Properties for the HA + OH~ — A~ + H,0 Reaction Involving Oxygen, Sulfur, and HF Acids

HA HF/6-31:+G(d)  MP2/6-3%-G(d)  MP4/6-31-G(d)  MP2/ext  MP4/ext AG; AAGL,,  AGL,
CHsSOH ~78.64 ~72.29 ~72.20 ~-7324  -7315  —72.01 2434  —47.67
CRsCOOH -71.82 —69.49 —69.64 -67.88 ~ —68.04 —70.15 2578  —44.37
CHCLCOOH —67.08 -63.08 -63.42 —63.63  —63.97  —65.51 26.11  —39.40
HONO —57.21 —55.34 —54.86 —-5372  -5325  —53.93 1750  —36.43
(CFs)sCOH ~57.07 -53.14 ~53.67 -52.06  —5258  —53.26 27.47  —25.79
PhCOOH ~52.60 —50.70 -51.13 -51.81  -5224  —53.12 2197 -31.15
CHsCOOH —45.76 —43.10 -43.31 —-4382  —4403  —46.10 17.31 -28.78
PhCONHOH —31.65 —34.69 —33.05 3535  —3372  —34.78 15.74  —19.04
PhOH —42.87 —40.39 —41.52 —42.02  —4314  —44.08 2432 —19.76
CFsCH,OH —31.93 -31.12 -31.79 -30.18  —30.84  —32.01 2135 —10.66
CH:OH ~7.19 ~5.08 ~5.38 ~6.75 ~7.04 —8.66 9.83 1.17
(CHs);CHOH ~11.25 ~11.55 -12.63 -13.15  -1423  -16.31 1481  -151
CHsCH,OH -9.34 -8.86 -9.70 -10.44  -1128  —13.43 1252  -091
(CH3)sCOH ~12.52 -13.12 -14.23 -14.85  -1596  —17.34 17.03  -0.32
PhCOSH —65.51 —59.30 —58.77 —-62.18  —61.66  —60.27 25.46  —34.81
PhSH —57.54 —51.24 ~50.72 —-55.07  —5455  —52.29 2385  —28.44
PhCHSH —47.74 —40.05 —39.60 —4365 ~ —4320  —42.31 2131  —21.00
HF —28.26 —26.79 —29.14 -2051  -2287 —1979  -350  —23.28

a Units of kcal mot . Standard state of 1 molt, T = 298.15 K.? Values correspond to MP2/6-3+G(2df,2p) calculations® Values correspond
to MP4/6-311-G(2df,2p) calculations obtained by additivity approximation.
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TABLE 4: Thermodynamic Properties for the HA + OH~ — A~ + H,0 Reaction Involving Carbon and Nitrogen Acidst

HA HF/6-31+G(d)  MP2/6-34-G(d)  MP4/6-3%-G(d)  MP2/ext  MP4/ext AG, AAGY,,  AG,
CHo(CN), —56.37 —52.39 ~52.86 -5867  -59.13  —60.45 3343  —27.02
HCN —48.67 —38.19 —39.20 —4154  —4255  —44.17 17.76  —26.41
(CHsCO)CH; —47.06 —45.01 —44.13 -5167  -50.79  —51.21 28.60  —22.61
CHNO, —34.66 —28.36 —28.09 -32.78  -3251 —3231 19.92  —12.39
PhCOCHF —24.37 —26.82 —23.83 —-33.77  —30.79  —32.46 23.64 -8.82
PhCOCH —21.23 —21.94 —21.49 -29.16 ~ —28.71  —29.95 24.26 ~5.70
CHsCOCH; —16.69 ~14.95 ~14.37 -2238  -21.81  —21.99 20.22 ~1.77
PhCCH —22.76 ~16.54 -18.23 -20.89  -2257  —23.36 20.28 ~3.08
CHCN —13.80 —8.46 -8.25 -16.33  —16.13  —18.66 23.23 457
CHsSOCH, —-9.74 ~7.22 -7.11 -1452  -1441  —15.97 25.42 9.45
PhCHs 0.24 3.17 2.56 -6.92 ~7.54 -9.95 27.27 17.32
HNs —50.74 —56.53 —54.01 —57.19  —54.66  —52.32 20.47  —31.85
NH,CN —42.26 —-37.77 —-37.74 —4310  —43.07 —44.13 2261  —21.52
PhCSNH —44.70 —37.94 —38.53 4319  —43.77  —44.83 2592  —18.91
CF:CONH, —43.75 —42.13 —42.69 4474  —4529  —4556 2587  —19.70
CH:SONH; —43.95 —39.34 —39.34 4418  —44.18  —4528 2434  —20.94
CH:CSNH, —41.65 -33.11 —33.55 -3870  -39.14  -39.24 2354  —15.70
PhCONH —35.45 —33.69 -34.11 —37.26  —37.69 —3864 2691 —11.73
HCONH; —29.86 —27.66 —28.12 -30.44  -30.89  —31.30 21.41 —9.89
CHsCONH; —21.42 ~19.79 —20.33 —2474  -2528  —25.16 17.87 ~7.29
(NH,),.CO —20.82 -18.77 —19.40 —2341  -2403  —2539 17.79 ~7.60
PhNH, -19.21 ~16.77 -17.86 —2203  -2312  —24.95 25.62 0.67
NH; 18.89 21.11 21.08 14.80 14.77 12.07 3.37 15.44

aUnits of kcal moi L. Standard state of 1 molt, T= 298.15 K.? Values correspond to MP2/6-31G(2df,2p) calculations: Values correspond
to MP4/6-311G(2df,2p) calculations obtained by additivity approximation.

TABLE 5: Theoretical and Experimental pK, Values of
Oxygen, Sulfur, and HF Acids in Dimethyl Sulfoxide

TABLE 6: Theoretical and Experimental pK, Values of
Carbon and Nitrogen Acids in Dimethyl Sulfoxide Solution

Solution pKa Value
PKa Value HA experimenta theoretical ApKa
HA experimenté theoretical ApKa CHy(CN) 11.0 114 04
CHsSG:H 1.6 —-3.7 —53 HCN 12.9 11.8 -11
CRCOOH 3.4 -1.3 —4.7 (CHsCO)LCH, 13.3 14.6 1.3
CHCLCOOH 6.4 2.3 —4.1 CH3NO, 17.2 221 4.9
HONO 7.5 4.5 -3.0 PhCOCHF 21.7 24.7 3.0
(CR;)sCOH 10.7 12.3 1.6 PhCOCH 24.7 27.0 2.3
PhCOOH 11.0 8.4 —2.6 CH;COCH; 26.5 29.9 3.4
CHsCOOH 12.3 10.1 —2.2 PhCCH 28.7 29.0 0.3
PhCONHOH 13.6 17.2 3.6 CH:CN 31.3 34.6 3.3
PhOH 18.0 16.7 -13 CH;SOCH; 35.1 38.1 3.0
CFRCH,OH 23.4 234 0.0 PhCH; 43.0 43.9 0.9
CHsOH 29.0 321 3.1
(CHs);CHOH 29.8 30.1 0.3 Hﬂf*CN 12‘% 175'%1 _10'50
CHsCH,OH 30.2 30.5 0.3 PhéSNH 169 173 04
(CH3)s:COH 32.2 31.0 -1.2 CRCONH, 172 168 04
PhCOSH 5.2 5.7 0.5 CH3SONH; 17.5 15.8 -1.7
PhSH 10.3 104 0.1 CH;CSNH, 18.4 19.7 1.3
PhCHSH 154 15.8 0.4 PhCONH 23.4 22.6 —-0.8
_ HCONH, 23.4 23.9 0.5
HF 150 141 0.9 CH;CONH, 255 25.9 0.4
aValues taken from ref 46. (NH2).CO 26.9 25.6 -13
PhNH, 30.6 31.7 1.1
The overall performance of this mixed approach is similar ~ NH, 41.0 425 15

to the full theoretical approach. Indeed, the RMS error (2.3 units
for a set of 36 acids) is slightly greater than the error in our full
theoretically calculated Ky, value (2.2 units for this same set there is considerable error in the experimental gas-phase data
of 36 acids). However, although the average deviations are for this case. It is important to emphasize that many data from
similar, particular differences are originated from the gas-phase NIST are based on experiments that were conducted more than
data. One notable observation is the decrease of the RMS erroi20 years ago, and some values can be unreliable. More support
in the K, value for the carboxylic acids and the methanosulfonic to this argument is the calculatepvalue of the nitrogen acids.
acid. The error occurs in a systematic form, as a consequenceThe full theoretical values are similar to the experimental value,
of the theoreticalﬁGZ data, to be~3—4 kcal mot?! below of whereas the error in theKp values obtained by the mixed

the experimental value. In the case of alcohols, excellent approach are greater and present some high deviations, the most
agreement is observed between the gas-phase data, witihotable of which is that for the Hi\acid. For this species, the
exception of the (CE;COH species. In this case, the experi- ab initio AG, value is 6.5 kcal maoit more negative than the
mental value is 6.4 kcal mot below the theoretical value. The  NIST value. Furthermore, the full theoreticaKpvalue is in
calculated [, value is in error by—3.1 units, whereas for the  exact agreement with the experimental value, whereas the mixed
full theoretical approach, the error is 1.6 units. In our opinion, calculated £, value has a deviation of 4.7 units. Thus, it seems

2 Values taken from ref 46.
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TABLE 7: Calculation of p Ky Using Combined Theoretical (Solvation Contribution) and Experimental (Gas-Phase
Contribution) Data

AGgasa AGzh pKa Value

HA (kcal moft) (kcal mol?) AAGY,,, (kcal mol™) AG}, (kcal mol?) calculated experimertt ApKa
H,0 383.7
CHsSGH 315.0 —68.7 24.3 —44.4 -1.3 1.6 —-2.9
CRCOOH 317.4 —66.3 25.8 —40.5 1.5 34 -1.9
CHCI,COOH 3219 —61.8 26.1 —35.7 5.0 6.4 -1.4
HONO 333.7 —50.0 17.5 —32.5 7.4 7.5 —-0.1
(CFs)sCOH 324.0 —59.7 275 —32.2 7.6 10.7 —-3.1
PhCOOH 333.0 —50.7 22.0 —28.7 10.1 11.0 —-0.9
CH3;COOH 341.1 —42.6 17.3 —25.3 12.7 12.3 0.4
PhOH 342.3 —41.4 24.3 —-17.1 18.7 18.0 0.7
CRCH,OH 354.1 —29.6 21.4 —8.2 25.2 23.4 1.8
CH3OH 375.1 —8.6 9.8 1.2 32.1 29.0 3.1
(CHs;).CHOH 368.5 —15.2 14.8 —-0.4 30.9 29.8 1.1
CH3CH,OH 371.7 —12.0 12.5 0.5 31.6 30.2 1.4
(CHs;)sCOH 368.1 —15.6 17.0 1.4 32. 32.2 0.0
PhSH 333.8 —49.9 23.9 —26.1 12.1 10.3 1.8
HF 365.5 —18.2 —-3.5 —21.7 15.3 15.0 0.3
CHz(CN), 328.1 —55.6 334 —22.2 15.0 11.0 4.0
HCN 343.6 —40.1 17.8 —22.3 14.8 12.9 1.9
(CH3CO)CH; 336.7 —47.0 28.6 —18.4 17.7 13.3 4.4
CH3NO, 349.7 —34.0 19.9 —-14.1 20.9 17.2 3.7
PhCOCH 354.5 —29.2 24.3 —-4.9 27.6 24.7 2.9
CH3;COCH; 361.9 —-21.8 20.2 —-1.6 30.0 26.5 35
PhCCH 362.9 —-20.8 20.3 -0.5 30.8 28.7 2.1
CHsCN 365.2 —185 23.2 4.7 34.7 31.3 3.4
CH3;SOCH; 366.4 —-17.3 254 8.1 37.2 351 2.1
PhCH; 372.1 —11.6 27.3 15.7 42.7 43.0 —-0.3
HN3 337.9 —45.8 20.5 —25.3 12.6 7.9 4.7
NH.CN 344.1 —39.6 22.6 —-17.0 18.7 16.9 1.8
CRCONH, 336.7 —47.0 25.9 —21.1 15.7 17.2 =15
CH3SONH, 338.8 —44.9 24.3 —20.6 16.1 17.5 -1.4
CH3;CSNH, 3394 —44.3 235 —20.8 16.0 18.4 —-2.4
PhCONH 347.0 —36.7 26.9 —-9.8 24.0 23.4 0.6
HCONH, 352.8 —30.9 21.4 —-9.5 24.2 23.4 0.8
CH;CONH, 355.0 —28.7 17.9 -10.8 23.3 255 —2.2
(NH).CO 355.7 —28.0 17.8 —10.2 23.7 26.9 —3.2
PhNH, 359.1 —24.6 25.6 1.0 31.9 30.6 1.3
NH3 396.0 12.3 34 15.7 42.7 41.0 1.7

2 Gas-phase basicity obtained from the NIST tables (ref 5Bxperimental reaction free energy for the gas-phaseH@H~ — A~ + H,0
process. Based on data obtained from the NIST tables (ref pR), calculated using the experimental gas-phase reaction free energy and the
theoretical solvation contribution from data in Tables 1 andBxperimental data taken from ref 46.
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Figure 1. Theoretical versus experimentaKpvalues. Straight line ~ Figure 2. Calculated versus experimentaKpvalues. Straight line
corresponds to thg = x function. Data taken from Tables 5 and 6.  corresponds to thg = x function. Data taken from Table 7.

evident that some NIST values are in considerable error andthe DMSO molecule could occur, leading to error in the
we believe that our full theoretically calculated gas pha& solvation free energy. Not considering such strong hydrogen
value is more reliable on the average. Incidentally, more work bonding would lead to negative deviations in th&,palue, as
using the higher-level CCSD(T) method would be needed to was observed in our theoretical calculations.

provide more-accurate gas-phase data. In addition, it is possible In a recent report by Chipmanthe author determined that
that, for strong acids such as €50s;H, specific solute-solvent the SSC(V)PE continuum model works very well in the
(hydrogen bond) interactions that involve the neutral acid and prediction of the K, value of some species in DMSO solution.



lonization of Organic Acids in DMSO Solution J. Phys. Chem. A, Vol. 108, No. 1, 200471

However, he has performed a linear fit of the theoretical versus  (7) Kilicic, J. J.; Friesner, R. A;; Liu, S.; Guida, W. @. Phys. Chem.
; i A 2002 106, 1327.

experimental K, \ﬁalues,fto rtlepro:juce thhe expenmentalil data, (8) Chipman, D. M.J. Phys. Chem. 2002 106 7413,

and used a small set of molecules. T Ie present Work UsSes a (g) jang, Y. H.; Sowers, L. C.; Cagin, T.; Goddard, W. A., JiPhys.

much more extended set of molecules without including a linear Chem. A2001, 105, 274.

fit. Our objective is to establish a method with a minimum of ~ (10) L!ptat, M. D';'Sht;'elclijs' G. &J. Am. Chem. 80(20?‘1 123 7314.

empirism. Nevertheless, we have tested a linear fit and we have.,, (11) Liptak, M. D.; Shields, G. Cint. J. Quantum Chem2001, 85,

found that it does not lead to a great improvement in the standard  (12) Toth, A. M.; Liptak, M. D.; Phillips, D. L.; Shields, G. Q. Chem.

deviation, which reduces to 2.0 units. In our opinion, it is a Phys.2001, 114, 4595. _ _

further indication that the Pliego and Rivetdparametrization Chglrﬁ) Egoggvféa,c'zfd;zda Silva, E. C.; Nascimento, M. A. L.Phys.

of thg PCM model is VerY adequate to describe aﬁmle.CUIe (14) Wiberg, K.’B.; Clifford, S.; Jorgensen, W. L.; Frisch, MJJPhys.

reactions in DMSO solution, and the use of an empiricism such chem. A200Q 104, 7625.

as linear fit is not necessary. (15) Topol, I. A;; Burt, S. K.; Rashin, A. A.; Erickson; J. W. Phys.

; - Chem. A200Q 104, 866.
_ An important conclusion that emerges of_ the present study (16) Topol, I. A Tawa, G. J. Caldwell, R. A.; Eissenstat, M. A.; Burt,
is that continuum models work adequately in solvents that do s. k. J. Phys. Chem. 200Q 104, 9619.
not have strong and specific interactions with the solute. On _ (17) dacﬁ”\r/ﬁiggg (;Z izil75ilva, E. C.; Nascimento, M. A. I@t. J.

i uantum e s .

Lh%other hsndd so'Yintﬁ SUCT as water, which canlmzke St.LO':ng (18) da Silva, C. O; da Silva, E. C.; Nascimento, M. A. T.Phys.
ydrogen bonds with the solutes, is not accurately describedchem. a1999 103 11194.
by continuum models. This claim is also supported by a recent  (19) Schuurmann, GChem. Phys. Lettl999 302 471.
study? of the K values of 15 species in water solution, which ~ (20) Pe;']kylé, M. Phys. Chem. Chem. Phy99 1, 5643.h A
used continuum models as well as an hybrid discrete/continuum 1%;23 fgzug;rgg””' G.; Cossi, M.; Barone, V.; Tomasl, Bhys. Chem.
solvation model. In thgt study, the RMS error in the calculated = (22) shapley, W. A.; Bacskay, G. B.; Warr, G. G. Phys. Chem. B
pKa value by the continuum models PCM and SM5.42R were 1998 102, 1938.
~7 units, versus 2 units in the present study for DMSO as the __(23) Martin, R. L.; Hay, P. J.; Pratt, L. R. Phys. Chem. A998 102,
solvent. Thus, it seems reasonable to suggest that continuum™ 54y kallies, B.: Mitzner, RJ. Phys. Chem. B997 101, 2959.

models should not be used to describe solvation in solvents that (25) Richardson, W. H.; Peng, C.; Bashford, D.; Noodleman, L.; Case,

present specific interaction with the solute, because it would D. A. Int. J. Quantum Chenfl997 61, 207.

require the use of extensive parametrization of the atomic radius
to calculate reliable solvation free energies. This procedure is

(26) Topol, I. A.; Tawa, G. J.; Burt, S. K.; Rashin, A. A.Phys. Chem.
A 1997 101, 10075.
(27) Li, J.; Fisher, L.; Chen, J. L.; Bashford, D.; Noodleman|rarg.

not physically sound and should be of questionable performanceChem.1996 35, 4694.

in more-general situations. Rather, in these solvents where

(28) Gao, J.; Li, N.; Freindorf, MJ. Am. Chem. S0d.996 118 4912.
(29) Kawata, M.; Ten-no, S.; Kato, S.; Hirata,Ghem. Phys. Letl995

specific solvation occur, the use of a hybrid discrete/continuum 5,4 799,

model would be the physically correct approach and should lead

to more-reliable results.

V. Conclusion

The present study supports the reliability of the Pliego and
Riveros parametrization of the PCM model to describe the

solvation of anions in dimethyl sulfoxide (DMSO) solution and
to predict the K, values of neutral acids. In addition, note that

(30) Tunon, I.; Silla, E.; Pascual-Ahuir,J.Am. Chem. So4993 115
2226.

(31) Tunon, |; Silla, E.; Tomasi, J. Phys. Chem1992 96, 9043.

(32) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Cheml991, 95, 5610.

(33) Jorgensen, W. L.; Briggs, J. M. Am. Chem. So4989 111, 4190.

(34) Jorgensen, W. L.; Briggs, J. M.; Gao,JJAm. Chem. S0d.987,
109 6857.

(35) Pliego, J. R., Jr.; Riveros, J. Nl. Phys. Chem. 2001, 105, 7241.

(36) Wiberg, K. B.; Castejon, H.; Keith, T. Al. Comput. Chenil996

(37) Reichardt, CSobents and Sekent Effects in Organic Chemistry

this parametrization can be used for a quantitative study of vCH: Weinheim, Germany, 1988.

anion—molecule reactions in DMSO solution. Another point that

deserves attention is the fact that no extensive parametrizatio
of the atomic cavities was needed to obtain good results. A linear 5

fit of the theoretical i, value versus the experimentdpvalue

(38) Pliego, J. R., Jr.; Riveros, J. ®hys. Chem. Chem. PhyX)02 4,

nt622.

(39) Curutchet, C.; Orozco, M.; Luque, F.J.Comput. Chem2001,
1180.
(40) Luque, F. J.; Zhang, Y.; Aleman, C.; Bachs, M.; Gao, J.; Orozco,

does not lead to high improvement of the RMS error, which M. J. Phys. Cheml1996 100, 4269.

(41) Luque, F. J.; Bachs, M.; Aleman, C.; Orozco,MComput. Chem.

decreases by only 0.2 units. Future directions in the research 101996 17, 806.

obtain further improvements in the theoretical calculation of

(42) Li, J.; Zhu, T.; Hawkins, G. D.; Winget, P.; Liotard, D. A.; Cramer,

the Ka value in DMSO should make use of the more-accurate C. J.; Truhlar, D. GTheor. Chem. Accl999 103 9.

CCSD(T) method, decrease the cavity size of the C atom, and

include specific solutesolvent interactions in the case of strong
acids.
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