J. Phys. Chem. R002,106,11963-11972 11963
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A theoretical structureproperty relation betweerkp and Bader’s atoms in molecules (AIM) energy of the
dissociating proton was obtained by an approximation of the standard gas-phase expression for the equilibrium
constant expressed in terms of molecular partition functions. This relation was then tested by solvated density
functional computations on a series of aliphatic carboxylic acids, substituted benzoic acids, phenols, anilinium
ions, and pyridinium ions using the COSMO solvation model. Comparison with accurate experimental values
indicates that average unsigned errors of generally less tharkKQ njis can be achieved in the calculation

of relative K, values. The inclusion of specifically hydrogen-bonded water molecules in the vicinity of the
dissociating proton was found to improve the agreement between theory and experiment greatly. Computed
pK, values for some diprotic acids were also investigated.

1. Introduction by a gas-phase geometry optimization followed by a vibrational
analysis for each of the species involved in equilibrium 1. This
provides the structural data required for the computation of
AGPss Using standard expressions for the molecular partition
functions of an ideal ga&To compute [, values in solution,

the procedure is extended by using appropriate thermodynamic
cycles in which the computed gas-phag8°asvalues are used

Knowledge of the acid dissociation constants of the ionizable
protons in molecules is of fundamental importance in many areas
of chemistry and biochemistry as it allows the protonation states
of acids to be determined at any particular pH value. Conse-
quently, much effort has been devoted to the experimental
e e S . e fP9STEWICOTAEd el f 0 e Energs of soatn
are other situations where accurate measurements are difficult. Ao éoeack][hof ttr;el ?peues |nvol\r/]ed In .the th%glasr:\ljlrrlhto dglve
Hence, there is much interest in developing methodology for of insc(:)llrl;dine go?va:%i-irf]feergt}é Ea?/ggt?egnsfegentl. re?/ie(\jvesd b
predicting K, values in a variety of chemical systems by various c gd Truhlad si fonly 5 7):0 o i Y
quantum chemical techniques. In addition, theoretical methods ramer and fru - SInce an error ot only . N

0 .
are able to elucidate some of the important factors involved in the valge 0fAG"son produces an error qf 1K unit, these
the relationship between molecular structure akd palues. calculations need to be performed at a high level of theory and

The dssodton of an o n aqueous sobion may be 162 818 compulafonaly expense, parcul for e
represented in the form : , W

of less than 0.5 I§, units have been obtained by this method
HA + H,0 = H,0 AT 1) for several carboxylic acidsand phenolé.l_ _
A second approaéh 23 to the computation of Ig, values is
Here it is understood that4@ * represents a proton together 0 seek a quantitative structurproperty relation that is an
with the associated solvation shell. Combining the definition empirical relationship, usually in the form of a linear regression,

of pKa, between a chemical or biological property of interest{m
this case) and various structural properties of molecules. Values
pK, = —log K, for the structural properties or descriptors may be obtained either
from experiment or from quantum mechanical calculations
with the standard thermodynamic relation involving the HA species only. This requires much less

computational effort than does the first ab initio approach and
hence can be more easily used to treat larger, more complex
systems.
The work reported in this paper is in the spirit of this second
pK, = AGY2.30RT approach. However, instead of using a completely empirical
structure-property relation, a theoretically derived relationship
One approach to computing either absolute or relatikg p  between [, and a structural property is obtained by introducing
values is based upon ab initio quantum chemical calculations approximations into the standard expression #x @xpressed
of the free energy chang®GP of this process either in a gas or  in terms of the gas-phase molecular partition functions used in
solution. This methodology is well established for the gas phase the first ab initio method. This relation is then tested by

and in the special case of an ideal ge&%ascan be computed performing calculations of the relativeKp values of sets of
aliphatic carboxylic acids, substituted benzoic acids, phenols,

*E-mail: ken.adam@jcu.edu.au. anilinium ions, and pyridinium ions.

AG® = —RTInK,

gives
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2. Theoretical Basis Regrouping the terms in this equation and using the definition
] o ] of pKa gives
For an ideal gas system containing molecules behaving as a
system of independent particles with no intermolecular interac- 0 _ 0 0 Ul . —°
: ; o ; Un- HA Oa- HO* H,0
tions, an expression for the equilibrium constant in terms of pK, = — ool ——| + ——— =2
molecular partition functions can be obtained from standard 2.30RT qﬂA 2.30RT
textbooks? For the general gas-phase equilibrium qO
H O+
logl——| (3)

n
0= ZVJAJ qHZO

The last two terms of eq 3 involve only the speciefOH and
H,0 and hence will be constant when the equation is used for
a fixed temperature comparison of thi€values of a series of
acids. Also, since the species HA and Aiffer only by an
o\, additional hydrogen atom in HA, their partition functions can
—AE, q; be expected to have very similar values, giving a ratio close to
InK= RT +ln I_l N, @) unity in the second term. This second term will then be close
I A to zero and will be neglected, this approximation becoming more
accurate for large molecules. Equation 3 then reduces to

involving n speciesA; with stoichiometric coefficients;, the
equilibrium constanK is given by

whereR is the gas constant, is the absolute temperatumg,

is Avogadro’s number, andj is the standard molar partition W — UE'A
function of species\, PKa~ —S2am7r TC (4)
. a  230RT
AE,= ZVJU? where C' is a constant at any particular temperature. This
constitutes the second major approximation. It is convenient to

express this equation in terms of the molar energigsbtained
where US is the molar energy difference between the low- from standard quantum chemical codes, that is, the value of
est vibrational energy level of speciés and the state where  the energy per molecule as produced by the code multiplied by
it has been completely dissociated into its component Avogadro’s number. This molar enerdy, is the energy
atoms. In the special case of an ideal gas, relatively simple difference between the minimum in the potential surface and
expressions may be obtained for the molecular partition func- the state in which the molecule has been completely decomposed
tions2 into nuclei and electrons. The relation betwedgnand U] for

A corresponding treatment for solution equilibria would speciesh; is given by

be very complex, and so here a more approximate treatment ny
will be followed. A widely used method for treating the E.=U—EPE+ SE
effects of solvation in quantum chemistry is the polarized oA 4
continuum method (PCMj in which the solvent is treated

as a homogeneous continuum polarized by the solute placedwheren;is the number of atoms iA;, E; is the molar quantum

in a solvent cavity. The electrostatic interaction between chemical energy of ator and E,FE is the molar zero-point
solvent and solute is taken into account in an average mannervibrational energy ofA;, that is, the molar vibrational energy
by including additional terms describing the reaction potential of A; when in the lowest vibrational state. Note that this
due to the solvent in the one-electron Hamiltonian of the expression uses the usual sign conventions wheEbys,
solute. In this sense, this is also a pseudo-independent partandE; are negative quantities whereﬁg’E measured relative
icle model with no direct solutesolute interactions and to the minimum of the potential surface is positive. Then

the interaction of the solute with the solvent being treated in

an average manner. Hence, as a first approximation, it will be U —Upa=Es — Eqa + Eq+ Ea - — Ef

assumed that an equation of the same general form as eq 2

may also be applied to solution equilibria; however, in this The difference between the two zero-point energies should be
case, no simple expressions are available for the solution- small and will be assumed to be approximately constant for a
phase partition functions, and in order to develop this ap- series of acids of similar structures, which is a third major
proach further, some reasonable approximations will be approximation. Together with the constant energy of the free
made. Note that this lack of simple explicit expressions for hydrogen atomEy, these terms may then be incorporated into
the solution-phase partition functions makes it difficult to the constant term of eq 4 to give the expression

justify these approximations directly, and in this work, they

will be justified only a posteri by the ability (or inability) PK,, ~ En- — Eia ic
of the final expression to predict experimental results cor- a  230RT
rectly.

whereC is constant at any particular temperature. This equation
may be developed further using Bader’s theory of atoms in
molecules (AIM)?5 This theory provides a method of partition-
o 0 0 o 0 ing a molecule into atomic basins whose properties, including
(Uba T Upo — Up- — Upo0) Oh,or O energy, can be calculated using quantum mechanics. Further-
RT +1 0 0 more, according to this theory, any molecular property is the
Gua G0 sum of the values of the property for the individual partitioned

For the particular case of equilibrium 1, the general form of
eq 2 becomes

InK,=
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atoms, and it has been demonstrated that the properties of thesCHEME 1: Dissociation Equilibria for Diprotic Acids
atoms defined in this way are roughly transferable between
similar moleculeg%27 Assuming that this transferability of the

energies of the partitioned atoms applies to the species HA and AHH, 9 A ke A2
A7, 2 K ko

AH, 9!

\
/

/
\

AH, "

EA’ - EHA ~ — EH K1 Kz

whereEy is the AIM energy of the ionizable proton in the acid  4re then calculated by 3D volume integrations over the atomic
HA, the AIM energies of all the other atoms canceling. Thus aqjs. The kinetic energy of an atomic baSlis evaluated as
—E the integral
H

PR~ 5 30mT T © ®)

~

To obtain K, values in solution, thé&y values used in eq 5
are computed using wave functions obtained by the polarized
continuum method, that is,

0= gfgznilpivzlpi dr
I

wheren; is the occupation number of molecular orbitadith

_ =soln wave function®;. The total energyeq of the atomic basin is
pKzoIn% 5 30';?T+ csoin (6) obtained from the kinetic energy by using the virial theorem

This expression is the structurproperty relation to be tested. Eo = Ko(1 = Ve)

This is a linear relation betweergf" andES" with a slope of - o ,
— 1.0/(2.30RT), which has a value 0f-0.1752 mol/kJ at 25 where the virial ratiovi is defined as-V/r whereV andT are

°C. the total potential and kinetic energies, respectively, for the entire
system. The integrations over the atomic basins were performed
3. Computational Methods by the locally written program Dfaim that reads a wfn-type file

produced by Gaussian 98. The algorithm used for the integra-
tions in Dfaim is similar to the PROMEGA algorithm used in

X X -~ the program Proaimv, which is part of the Aimpac package from
COSMO variant of the PCM solvation mod€i®the PWIL o "Bader group* This algorithm is computationally very

density f“nCtiO”?j’; and the all-electron 6-31G(d,p) basis? expensive, although very robust, but is very suitable for
The computeds,;™ values depend on the basis set used and jjplementation as a parallel code. The accuracy of the Dfaim
were §t||| not completely converged even at t'he largest basis program was verified by comparison with results produced by
investigated, 6-31+G(3df,3pd); however, provided the same  the Proaimv and Morphy98 programs. The parameters used
basis level is ulsed for all members of a series of acids, for the integrations in Dfaim were such that the integration error
differences inE;’" values are converged satisfactorily. The in the energy of the ionizable hydrogen atom was alwag@sl
smaller 6-313G(d,p) basis that was finally used was chosen kJ mor2. All calculations were performed on an SGI Origin
as a compromise between accuracy and computational expenses400 system.
Likewise, different choices for the exchangeorrelation func- The acids used in this study were chosen to satisfy three
tional used in the density functional procedure also give slightly criteria. First, only high-quality experimentakpvalues taken
different values foiE;’", and hence the same functional Must from the NIST databadewere used. and these are at TG

. | . y
always be used when comparing 88" values for a series of  and extrapolated to zero ionic strength unless otherwise noted.
acids. The solutesolvent boundary surface in the PCM method  several additional values not found in the NIST database were
IS def'ned as a set of Inter|0CkIng Spheres with the surface of taken from the Compilation of Serjeant and Demp@@second
each sphere tessellated into a set of triangles. The number Ofcriterion used to select the acids was based upon the experi-
triangles used for the tessellation of the spheres was increasegnental AH and AS values reported in the NIST database. An
from the default value of 60 used by Gaussian 98 to 196 where gxamination of these values at 26 shows that, with a few
possible, giving a surface area for each triangle<@f2 Azl- _ exceptions, th&ASterm dominates in the standard expression
No symmetry constraints were used for the geometry optimiza- for AG for carboxylic acids, and for anilinium and pyridinium
tions, and the coordinates of the starting structures were takenjons theAH term dominates, whereas both terms are compa-
from X-ray data where available or constructed by model raple in magnitude for the phenols. Acids from each of these
building using the Spartdh software package. Although in  groups were therefore studied to explore the limits of the

many cases several low-energy conformation; were examined,method. Finally, within each group, examples were chosen to
no attempt was made to perform an exhaustive search of thespan a wide range ofia values.

potential surface to locate the global minimum. The optimized
coordinates of all species are available in the Supporting
Information.

The atomic basins in Bader’'s AIM theory are separated by

Ab initio geometry optimizations in water solution were
performed with the Gaussian 98 softw&rpackage using the

Complications arise when acids contain more than one
ionizable proton, the possible equilibria for the case of a diprotic
acid containing two ionizable protons being shown in Scheme

38
surfaces defined by the condition = S . . .
These equilibria involve four microscopic equilibrium con-
Vp(X)T'I’](X)=O stants Ka, ks, ke, and kp) and two overall macroscopic

equilibrium constantsk; andK5). The microscopic constants
for all points x in the surface wherg(x) is the molecular are the values obtained by computational methods based upon
electronic charge densityp(x) is the gradient vector g§(x), the molecular structure, whereas the macroscopic equilibrium
andn(x) is the vector normal to the surface. Atomic properties constants are the values obtained from experiment. Relationships
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between the macroscopic and microscopic constants are easilyrTABLE 1: Aliphatic Carboxylic Acids 2

obtainecf® pK.2 E, K.
K =k + 7 acid expt kJ/mol calc error
1=K T kg (7) malonic Kz 5398 —910.18 5379 —0.016
succinic Kaz 5.338  —908.76 5.255 —0.080
1_1 + 1 ®) trimethylacetic 5.032 —904.06  4.844 —0.188
K, - kc kD propanoic 4.874 —904.96 4.923 0.049
butanoic 4.818 —905.67 4.985 0.167
acetic 4.757 —902.94 4.747 —0.010
ka ko 9 SUCCINIC Ka1 4508 —899.79 4472 —0.036
kB - kc 9) acrylic 4.258 —898.50 4.359 0.101
fumaric Kaz 418  —898.71 4.377 0.197
. . 3-chloropropanoic 411 —894.56 4.015 —0.095
If the microscopic valueska and kg and also gc and kp glycolic prop 3832 —892.28 3816 -0016
differ by more than about 2Ky, units, formic 3.744 —892.04 3.795 0.051
fumaric ;Ka_l 3.32 —885.53 3.227 —0.093
pK ~ min(pk , p ) bromoacetic 2.902 —883.40 3.041 0.139
! ar Pl 2-chloropropanoic 290 -88571 3242  0.342
K, &~ max , chloroacetic 2.862 —883.11 3.016 0.154
P2 (Fee. Pho) fluoroacetip 2,586 —878.28 2.594 0.008
otherwise egs 7, 8, and 9 must be used to relate the two sets of g;g%agf:l'c 1.29"2172 :gg;:% iﬁg _092'84116
constants, and in this case, computations of the AIM energies .
of the ionizable protons for the speciékHy and eithelAH1 regress:gzn parameters: 0.983
or AH,9~1 are then required. An important special case arises m mol/kJ 0.0873
when the two ionizable protons are identical in, for example, c 74.080
dicarboxylic acids, wher&, = kg andkc = kp. Equations 7 mean unsigned error 0.103
and 8 then give I§; = pka — log 2 and (X, = pkc + log 2. max unsigned error 0.342

Although the size of this effect_ is at the limit of the accuracy  aRegression: K. = m x Ex + c. ® Values taken from ref 36 (25

of the method, these corrections have been applied to theec, zero ionic strengthy.Computed from the regression relation.

experimental macroscopic values used in this study beforedMacroscopic experimental value converted to microscopic value by

comparison with the computed microscopic values. subtraction of log 2; see textMacroscopic experimental value
The proposed structurgproperty relation, eq 6, was tested converted to microscopic value by addition of log 2; see text.

by pgrformlng standard Ieoc'ls}]st-squares !mear regressions OfCHART 1: Mono- and Dihydrates of Formic Acid

experimentally measuredk§*" values against computed val-

ues of EX°" for various series of acids. The quality of the fit of H—O 0-----H—0
O - /
the data to the proposed relation is judged by RAevalue of H
: ; . H-O -
the regression together with the average value of the unsigned \H / Ho / H
errors. g (:) — 8

4. Results and Discussion

4.1. Aliphatic Carboxylic Acids. The results for a linear  have also been investigated experimentally by means of
regression of K°" against EX’"™ for a series of aliphatic ~ microwave spectroscopy.The consensus of these investiga-
carboxylic acids is presented in Table 1. tions, both experimental and computational, is that in the gas

The R? value of 0.983 for the regression indicates that the phase the most stable form of the monohydrate has a planar
proposed structureproperty relation, eq 6, is obeyed very six-membered ring involving two hydrogen bonds whereas the
closely with an average error of only about OK,pinits. Hence, dihydrate adopts a planar eight-membered ring structure involv-
this relation can be used as a good predictor of relatikig p  ing three hydrogen bonds. These general structures for the
values for carboxylic acids. However, the slope of the regression, formic acid hydrates are shown in Chart 1.

—0.0873 mol/kJ, deviates considerably from the theoretical value  This indicates that structures involving water molecules
of —0.1752 mol/kJ, and it is fruitful to investigate possible hydrogen bonded to the carboxyl group may be particularly
causes of this discrepancy. One reason for this difference couldstable. In this work, the effect of including water molecules
be that the actual structures of the acids in solution differ from hydrogen bonded to the carboxyl group has been investigated
those obtained from a naa application of the PCM solvation by forming supermolecules involving the acid solute and either
model. This solvation model takes the effect of the solventinto one or two water molecules using the gas-phase structures
account only in an average manner and does not include specificdescribed in Chart 1. These structures were then used as the
solute-solvent interactions. It might be expected that such starting point for full solution-phase PCM geometry optimiza-
interactions, particularly those involving the ionizable proton, tions of the supermolecules. No attempt was made specifically
could cause changes in the calculated vaIueE,S_ﬂ'f. There is to include water molecules that may be interacting with other
theoretical and experimental evidence that, at least in the gasparts of the solute, and indeed Cramer and Truhlar in their
phase, carboxylic acids can form hydrogen bonds to water reviewt* have discussed some of the difficulties that may be
molecules through the hydrogen atom of the carboxyl group. encountered when attempts are made to include explicitly more
Gas-phase computational studies of the monohydrates ofweakly bound solvent molecules from the first solvation shell.
formic 2944 acetic?14> and benzoit® acids and also of the In all cases investigated, stable hydrogen-bonded hydrate
dihydrate and higher hydrates of formic a@d“**6have found structures were found in solution; however, the ring structure
stable hydrogen-bonded complexes involving the ionizable of the monohydrates is disrupted with only the hydrogen bond
proton in the bonding. The mono- and dihydrates of formic acid involving the ionizable proton remaining. In contrast, the ring
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TABLE 2: Aliphatic Carboxylic Acid Monohydrates 2 TABLE 3: Aliphatic Carboxylic Acid Dihydrates 2
pK2 En [ [y En PKa°
acid exptl kJ/mol calcd error acid exptl kJ/mol calcd error
malonic Kaz 5.398" —913.78 5.363 —0.032 malonic Ka, 5.395 —905.19 5.548 0.153
succinic Kaz 5.333 —911.63 5.050 -0.285 succinic Kaz 5.338 —902.73 5.112 -0.223
trimethylacetic 5.032 —910.02 4816 —0.216 trimethylacetic 5.032 —900.81 4772 —0.260
propanoic 4.874 —910.52 4.889 0.015 propanoic 4.874 —901.33 4.864 —0.010
butanoic 4818 —910.68 4912 0.094 butanoic 4818 —901.68 4.926 0.108
acetic 4.757 —909.63 4.759 0.002 acetic 4.757 —900.63 4741 -0.016
succinic Ka1 4508 —908.45 4.587 0.079 succinic a1 4508 —898.87 4429 —0.079
acrylic 4.258 —906.90 4.362 0.104 acrylic 4258 —898.45 4.355 0.097
fumaric Kaz 4.18  —904.59 4.025 -—0.155 fumaric Kaz 4,18  —897.29 4149 -0.031
3-chloropropanoic 411 -904.41 3.999 -0.111 3-chloropropanoic 411 —895.82 3.889 —-0.221
glycolic 3.832 —900.60 3.444 -0.388 glycolic 3.832 —894.93 3.732 —-0.100
formic 3.744 —904.04 3.945 0.201 formic 3.744 —896.92 4.084 0.340
fumaric Kaz 3.32  —898.37 3.120 -0.200 fumaric Ka 3.32 —890.78 2.997 -0.323
bromoacetic 2.902 —895.90 2,760 —0.142 bromoacetic 2.902 —890.31 2.914 0.012
2-chloropropanoic 290 —898.97 3.207 0.307 2-chloropropanoic 290 —892.78 3.351 0.451
chloroacetic 2.862 —895.90 2.760 —0.102 chloroacetic 2.862 —891.23 3.077 0.215
fluoroacetic 2.586 —893.43 2400 —0.186 fluoroacetic 2.586 —888.92 2.668 0.082
cyanoacetic 2.472 —894.64 2.577 0.105 cyanoacetic 2.472 —889.31 2.737 0.265
maleic Ka1 1.92 —890.54 1.980 0.060 maleic Kaz 1.92 —883.11 1.639 -0.281
regression parameters: regression parameters:
0.972 R? 0.957
m, mol/kJ —0.1456 m, mol/kJ —0.1770
c —127.683 c —154.671
mean unsigned error 0.146 mean unsigned error 0.172
max unsigned error 0.388 max unsigned error 0.451
aRegression g, = m * E4 + c. P Values taken from ref 36 (2%C, aRegression g, = m x Ey + ¢. ? Values taken from ref 36 (2%C,
zero ionic strength)c Computed from the regression relatidiMac- zero ionic strength): Computed from the regression relatidrMac-

roscopic experimental value converted to microscopic value by subtrac- roscopic experimental value converted to microscopic value by subtrac-
tion of log 2; see text® Macroscopic experimental value converted to tion of log 2; see text® Macroscopic experimental value converted to
microscopic value by addition of log 2; see text. microscopic value by addition of log 2; see text.

structure involving the two hydrogen-bonded water molecules TABLE 4: Aliphatic Carboxylic Acid Dihydrates

is retained in the dihydrates. The solution-phase optimized pKa? En pK?
structures of the hydrated supermolecules are included in the acid exptl kJ/mol calcd error
Supporting Information. Regression results for the monohydrate maleic (K., 6.27 —908.16 6.073 —0.197
and dihydrate acids are presented in Tables 2 and 3, respectively, oxalic pKa, 3.96%  —900.57  4.730 0.765
for the same set of compounds used previously. oxalic PKa 1.55F  —886.82  2.296 0.745
Again, it can be seen that the proposed struetpreperty phenylacetic 431 -901.23  4.847 0.537
relation is obeyed very well, as indicated by fRevalues and malonic fKax 3.148 —895.74 3.875 0727
average errors, with the slope of the regression for the dihydrate, glyoxylic 3.46
—0.1770 mol/kJ, approaching the theoretical value-6f1752 keto form —885.63  2.086 —1374
mol/kJ very closely, indicating that the dihydrate is probably pyruvic diol form 248 ~893.48 3.475 0.015
the predominant species involved in the proton dissociation keto form —888.65  2.620 0.14
process. The geometry optimization of some of the hydrated diol form —891.59 3.140 0.66

acids proved to be more difficult than for the corresponding 2 Values taken from ref 36 (25, zero ionic strength): Computed

unhydrated species, probably because of a flatter potentialfqm the regression relation of Table @acroscopic experimental
surface associated with the hydrogen-bonded structures. Thisyajue converted to microscopic value by subtraction of log 2; see text.

is a possible reason for slightly more scatter in the computed ¢ Macroscopic experimental value converted to microscopic value by
pKa values for the hydrated acids compared to those for the addition of log 2; see text.
unhydrated acids.

Calculated K, values for the dihydrates of several acids that well. When calculating Ka» for maleic acid, it was found that
were not included in the previous tables are given in Table 4. the internal hydrogen bond was maintained in the lowest-energy
These values, calculated using the structymeperty relation structure of the unhydrated hydrogen maleate ion. In contrast,
together with the regression parameters of Table 3, require somethe internal hydrogen bond is replaced by external hydrogen
further comment. bonds to water molecules in the lowest-energy structures of the

In contrast to the other diprotic acids investigated, the two hydrated forms. The calculateKg value for the externally
ionizable protons in maleic acid are not equivalent since one hydrogen-bonded dihydrated species is shown in Table 4 and
of them is involved in an internal hydrogen bond, and as a result, agrees reasonably well with the experimental value. A similar
the correction for statistical factors does not have to be applied effect arises with thelf.; and K42 values for oxalic acid. Here,
to the experimentall, values. The computations indicate that, both ionizable protons are equivalent and are involved in internal
as might be expected, the proton involved in the first dissociation hydrogen bonds in the most stable structure for unhydrated
is the one not involved in the internal hydrogen bonding, and oxalic acid, whereas in the hydrated structures, again it was
the calculated a1 values for maleic acid shown in Tables 1, found that the internal hydrogen bonds are replaced by external
2, and 3 for structures with zero, one, and two waters of hydrogen bonds to water molecules. However, in this case, both
hydration, respectively, fit the respective regression relations of the calculated ii,; and [Ka2 values deviate somewhat from
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TABLE 5: 3,4-Substituted Benzoic Acid Dihydratest TABLE 6: Substituted Benzoic Acid Dihydrates
pKa2 En pKL pKa2 En pKP
substituent exptl  kJ/mol calcd error substituent exptl kJ/mol calcd error
4-OCHy 4.475 -—898.21 4.520 0.045 3-CHO 3.84 —892.75 3.748 —0.092
4-CHs 4370 -896.21 4237 —0.133 4-CHO 3.75 —891.44 3.563 —0.187
3-CH; 4273 —896.03 4212 —0.061 2-OCH; 4.094 —900.00 4.773 0.679
H 4202 —896.08 4.219 0.017 2-CH; 3.903 —897.32 4.394 0.491
3-COO 420 —895.11 4.082 —0.118 2-F 3.469 —893.25 3.819 0.350
4-COO 418 —895.01 4.067 —0.113 2-Cl 2.925 —892.64 3.732 0.807
4-F 4.131 —894.06 3.933 —0.198 2-NG, 2.185 —891.15 3.522 1.337
4318ICH3 gggg :ggggg gSéZ —oodégg aValues taken from ref 36 (28C, zero ionic strength) unless
4-COOH2H,0 388 —892.62 3729 —0151 otherwise noted? Computed from the regression relation of Table 5.
3-F 3863 —89217 3666 _0197 ¢Values taken from ref 37 (2%C, ionic strength uncertain).
3 COOH2H0 So Soars At TOOBL - TABLE 7: 2-Substituted Benzoic Acid Dihydrates'
3-CN 3.506 —892.14 3.662 0.066 pKb = pK£
g(l\:lgz gi?g —gg(l)gg gggi _060%2 substituent exptl  kJ/mol calcd error
4-NO, 3442 -89128 3540 0098  2OCH 4.094 -90000 4188  0.094
2-CHs 3.903 —897.32 3.820 —0.083
regression parameters: 2-F 3.469 —893.25 3.261 —0.208
R? 0.886 2-Cl 2.925 -—892.64 3.177 0.252
m, molfkJ ~0.1414 regression parameters:
c —122.487 :
mean unsigned error 0.099 512 mol/kJ 8?‘3‘?3
igned 0.198 ' Y
max unsigned error c _119.382
aRegression g = m x Ey + ¢. ? Values taken from ref 36 (2%C, mean unsigned error 0.159
zero ionic strength): Computed from the regression relatidriviac- max unsigned error 0.252

roscopic experimental value converted to microscopic value by subtrac-
tion of log 2; see text® Macroscopic experimental value converted to
microscopic value by addition of log 2; see text.

aRegression g, = m x Ey4 + ¢. ? Values taken from ref 36 (2%C,
zero ionic strength): Computed from the regression relation.

the experimental values. Phenylacetic acid is another outlier, Although only four data points were used in the regression
as is the a1 value for malonic acid, and for this reason, these for the 2-substituted benzoic acids, giving a somewhat poorer

values were not included in the regression analyses. However fit than for previous regressions, it seems clear that the
the a2 value of malonic acid is satisfactory. regression parameters for the 2-substituted benzoic acids are

slightly different from those for the 3- and 4-substituted acids.
The K, of 2-nitrobenzoic acid is not predicted satisfactorily
by either one of these relations, with the calculated value having
an error of 0.788 using the 2-substituted regression and an error

Calculations for thex keto acids-glyoxylic and pyruvie-
illustrate another point. It is possible for both of these species
to add a water molecule to the carbonyl group to form a diol,

and hence both the keto and diol structures have been ; . .
investigated. The results in Table 4 show clearly that in the of 1.337 from the 3,4-substituted regression. In this compound,

case of glyoxylic acid the diol structure accounts for the POththe carboxyland nitro groups are rotated out of the plane
observed K value, whereas the keto structure is the preferred Of the aromatic ring presumably because of large steric
one for pyruvic acid. These conclusions are of course not new Interactions between the two bulky substituent groups, whereas
but serve to illustrate the potential of this technique for the N the other substituted benzoic acids, the carboxyl group is
investigation of the structures of acid species in solution. coplanar with the aromatic ring. It is also interesting that it has
4.2. Substituted Benzoic Acids.Calculations have been long been known that the 2-substituted benzoic acids do not
carried out for various substituted benzoic acids with zero, one, obey the Hammett relations obeyed by the 3- and 4-substituted

or two water molecules hydrogen bonded to the carboxyl group species'/
in the same manner as for the aliphatic carboxylic acids. Again, 4.3. Substituted Phenolsln the case of phenol, there is again
all three types of hydrated species obey the proposed structure theoretical and spectroscopic evidence for the formation of
property relationship closely, but only the slope of the regression hydrogen-bonded complexes between phenol and various-sized
for the dihydrates approaches the theoretical value. The resultsvater clusters in the gas phase. Complexes of phenol with
for the dihydrates are presented in Table 5, whereas the resultslusters of oné®two,**0three®! and moré&®>2water molecules
for the unhydrated and monohydrated benzoic acids are providedhave been studied, and these investigations indicate that one
in the Supporting Information. Table 6 shows the results for water molecule is closely bound to the phenol group with the
the dihydrates of some additional benzoic acids not included in other water molecules at a greater distance. These gas-phase
the regression analysis. geometries were used as starting points for preliminary solution-
The 4-CHO- and 3-CHO-substituted benzoic acids were not Phase investigations of phenols with zero, one, and two bound
included in the regression analysis because the ionic strengthwater molecules. These calculations indicated that while in-
at which the experimentakfa values were obtained is uncertain; ~ creasing the number of hydrogen-bonded water molecules from
however, despite this, the calculatell pralues appear to be  zero to one produced a significant change in the regression slope,
very satisfactory. The values calculated for the 2-substituted an increase from one to two bound waters produced little further
benzoic acids have larger errors appearing to be systematicallychange with many of the dihydrates in fact proving to be
overestimated, and Table 7 shows some of these values fittedunstable at the level of theory used, with the more weakly bound
to a regression equation independently of those for the 3- andwater leaving the complex. Only detailed results for some
4-substituted acids. monohydrated phenols are reported in EaBl, and the details
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TABLE 8: Substituted Phenol Monohydratest

J. Phys. Chem. A, Vol. 106, No. 49, 200P1969

TABLE 10: Substituted Anilinium lons (Unhydrated)

pK En pKe pK En pK
substituent exptl kJ/mol calcd error substituent exptl kJ/mol calcd error

2-CHg 10.31 —931.74 10.188 —0.122 4-NH, 5.764 —1110.74 6.274 0.514
4-CHs 10.269 —932.71 10.337 0.068 3-NH; 4,814 —1101.40 5.121 0.311
4-OCH; 10.21 —933.92 10.524 0.314 4-NHz" 3.17e —1082.55 2.793 -0.377
3-CH; 10.095 —931.24 10.111 0.016 3-NHz" 2.80% —1080.68 2.562 —0.238
H 9.997 —930.79 10.042 0.045 2-Cl 2.653 —1086.88 3.328 0.675
2-OCH; 9.98 —927.62 9.553 —0.427 2-CHs 4.447 —1099.80 4.923 0.476
4-F 9.908 —929.16 9.791 -0.117 2-NH, 4,364 —1076.43 2.037 —2.323
3-OCH; 9.652 —929.43 9.832 0.180 2-NHz*" 0.%f —1077.90 2.219 1.319
4-Cl 9.426 —927.51 9.537 0.111 2-NO, —-0.25 —1082.94 2.841 3.091
3-F 9.206 —924.33 9.047 —0.159 4-NO, 1.015 —1081.36 2.646 1.631
ggIHO %é@% :ggggg ggzg :8(1)22 aValues taken from ref 36 (28C, zero ionic strength) unless
2.F 8705 —918.22 8106 —0.599 otherwise noted? Computed from the regression relation of Table 9.
3-CN 857 —921.13 8554 —0.016 ¢ Macroscopic experimental value converted to microscopic value by
2.Cl 8531 —919.16 8251 —0.280 subtraction of log 2; see textlonic strength 0.1¢Macroscopic
2.CHO 8.374 —921.47 8.606 0.232 experimental value converted to microscopic value by addition of log
3-NO; 8.37 —918.56 8.158 —0.212 2; see text! lonic strength 0.5.
4-CN 7.97 —919.69 8.332 0.362
2-NG, 7.230 —91551 7.689 0.459 of the potential surface, it is not possible to be certain that the
4-NO, 7.149 —913.52 7.382 0233 global minimum was always found or whether in fact a
regression parameters: conformational average should be used. Another complication

R? 0.926 is the ambiguity as to which of the hydrogen atoms attached to

m, mol/kJ 71_3%-13%‘(‘)0 the nitrogen atom is to be selected for the evaluatiof:f.

. : In this work, the proton with the lowest electron density at the
mean unsigned error 0.208 . S . .
max unsigned error 0.599 bond critical point in the electron density between the nitrogen

2 Regression i, = m x Ey + c. ? Values taken from ref 36 (25C,
zero ionic strength): Computed from the regression relation.

TABLE 9: Substituted Anilinium lons (Unhydrated) 2

pK En [
substituent exptl kJ/mol calcd error

4-OCH 5.357 —1102.87 5.302 —0.055
4-CHs 5.080 —1100.06 4955 -0.125
3-CHs 4712 -1099.19 4.848 0.136
4-F 4.654 —1096.46 4511 -0.143
H 4.601 -1098.33 4.742 0.141
2-OCHg 4.526 —1098.06 4.708 0.182
3-OCH; 4204 -1096.17 4.475 0.271
4-Cl 3.979 -1093.00 4.084 0.105
3-F 3.588 —1088.93 3.581 -0.007
3-Cl 3.520 -—1087.64 3.422 —0.098
2-F 3.203 —1084.52 3.036 —0.167
3-NO, 2.460 —1082.02 2.727 0.267
regression parameters:

R? 0.963

m, mol/kJ —0.1235

c —130.902
mean unsigned error 0.141
max unsigned error 0.271

aRegression g, = m x Ey + ¢. ? Values taken from ref 36 (2%C,
zero ionic strength): Computed from the regression relation.

for the corresponding unhydrated species are included with the

Supporting Information.
The R? values show that the structurproperty relation is

fitted well with the regression slope for the monohydrates again
approaching the theoretical value. Eliminating the 2-substituted
phenols to fit them to a separate regression relation produced

only a marginal improvement, and so they are retained.

4.4, Substituted Anilinium lons. A regression analysis for

and hydrogen atoms was chosen on the basis of the assumption
that this corresponds to the weakest bond.

Some other data not included in the regression analysis is
shown in Table 10, with the calculated values obtained using
the regression parameters of Table 9. This Table includes data
for the species with substituents ZJR3NH,, 4NH,, 3NH;* and
4NHz*, which have experimental values reported at nonzero
ionic strengths, but nevertheless the agreement between these
experimental values and the calculated values is reasonable. The
results for the 2-substituted anilinium ions are somewhat
ambiguous. The 2-OCH and 2-F-substituted ions obey the
regression equation well, whereas the 2-Cl- and 2CH
substituted species show larger deviations. The calculdfgd p
values for the 2-Ni+ and 2-NQ-substituted ions are also
grossly in error; however, it was judged that an insufficient
number of accurate results are available for an investigation of
the possibility of a separate regression equation for the
2-substituted ions.

Some preliminary studies of the hydration behavior of
anilinium ions were made using complexes having one water
molecule hydrogen bonded to each proton of the anilinium
group. Although these complexes were found to be stable, the
optimization of the geometries proved to be difficult and time-
consuming. In addition, the regression relation appeared to have
a slope very similar to that for the unhydrated ions, and so a
more detailed investigation of the hydrated species was not
pursued.

4.5. Substituted Pyridinium lons. It has been shown both
experimentally and computationally that in the gas phase
pyridine forms a hydrogen-bonded monohydrate with the water
acting as the proton don®#.%% Accordingly, in this work,
similar monohydrates of substituted pyridinium ions, with the
pyridiniun acting as the proton donor, were examined in aqueous
solutions. The monohydrates were found to be stable, and eq 6

some substituted unhydrated anilinium ions is presented in Tablehas been tested for both unhydrated and monohydrated substi-

9, and the fit to the regression relation is reasonable.

tuted pyridinium ions. The regression for the 3- and 4-substituted

In general, the geometry optimizations for these species monohydrates is shown in Table 11, whereas the data for the
proved difficult, and in most cases, several local minima of very unhydrated species is provided in the Supporting Informa-
similar energies were found. Without a more systematic searchtion.
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TABLE 11: 3,4-Substituted Pyridinium Monohydrates?

TABLE 13: Aliphatic Carboxylic Acid Dihydrates,
3,4-Substituted Benzoic Acid Dihydrates, and Substituted

Adam

[y En PK
substituent exptl kJ/mol calcd error Phenol Monohydrates
4-OCHy 6.470 —1049.62 6.287 —0.183 P B PKe?
4-CHs 600 —104453 5561 —0439 acid exptl kJ/mol calcd error
3-CHg 5.68 —1048.47 6.122 0.442 2-CHs phenol 10.31 —931.74 10.239 -0.071
H 520 —1040.75 5.009 -0.191 4-CHs phenol 10.269 —932.71 10.406 0.137
4-Br 3.68 —1029.06 3.325 —0.355 4-OCH; phenol 10.21 —933.92 10.615 0.405
3-Br 287 —1026.65 2.977 0.107 3;-]C|'b Iphenol 10.095 —931.24 10.153 0.058
B _ pheno 9.997 -930.79 10.075 0.078
‘318\1 iig _igi;gg iézg gigg 2-OCH; phenol 9.98 —927.62 9.528 —0.452
4-NO, 123 —1011.50 0.794 —0.436 4-F phenol 9.908 —929.16 9.794 -0.114
3-CN 117 -1018.85 1.853 0.683 3-OCH3 phenol 9.652 —929.43 9.841 0.189
) ’ ' , 4-Cl phenol 9.426 —927.51 9.509 0.083
3-NO, 0.80 —1009.53 0.510 -0.290
3-F phenol 9.206 —924.33 8.961 —0.245
regression parameters: S‘CI phen0| 9125 792383 8875 70250
0.968 3-CHO phenol 8.988 —923.65 8.844 —0.144
m, mol/kJ —0.1441 3-CN phenol 8.57 —921.13 8.409 -0.161
c 144963 2-Cl phenol 8.531 —919.16 8.069 —0.462
mean unsigned error 0.327 2-CHO phenol 8.374 —921.47 8.468 0.094
max unsigned error 0.683 3-NO; phenol 8.37 —918.56 7.966 —0.404
4-NO;, phenol 7.149 -—913.52 7.096 —0.053
aRegression g, = m x Ey + ¢. ? Values taken from ref 36 (2%C, malonic Ka 5.398 —905.19 5.659 0.264
zero ionic strength): Computed from the regression relation. succinic Kaz 5.338 —902.73 5.235 —0.100
trimethylacetic 5.032 —900.81 4904 -0.128
TABLE 12: 2-Substituted Pyridinium Monohydrates? propanoic 4.874 —901.33 4,993 0.119
Kb = Ko butanoic 4.818 —901.68 5.054 0.236
. Pia H Pia acetic 4.757 —900.63 4873  0.116
substituent exptl kJ/mol calcd error SUCCINIC (Ka1 4508 —898.87 4.569 0.061
2-CHs 595 —1057.81 5.946 —0.004 4-OCH; benzoic 4,475 —898.21 4,455 —0.020
2-Br 0.70 —1018.48 0.730 0.030 4-CHz; benzoic 4,370 —896.21 4,110 -0.260
2-Cl 0.49 —1016.41 0.456 —0.034 3-CHs benzoic 4.273 —896.03 4.079 -0.194
acrylic 4.258 —898.45 4.497 0.239
regression parameters: benzoic 4,202 —896.08 4,088 -0.114
R2 0.999 3-COO- benzoic 426 —895.11 3.920 -0.280
m, mol/kJ —0.1326 fumaric Kaz 4.18 —897.29 4.297 0.117
C —134.320 4-COO- benzoic 418 —895.01 3.903 -—-0.277
mean unsigned error 0.023 4-F benzoic 4.131 —894.06 3.739 —0.392
max unsigned error 0.034 3-chloropropanoic 4.11 —895.82 4.043 -—0.067
a . _ b 3-OCH; benzoic 4.090 —896.08 4.088 —0.002
R_eg(essmn ﬁa— m x Ey + c. P Values taken f_rom ref 36 (2&, 4-Cl| benzoic 3.086 —894.22 3.767 —0.219
zero ionic strength): Computed from the regression relation. 4-COOH benzoic 3.88 —892.62 3.491 —0.389
. . . 3-F benzoic 3.863 —892.17 3.413 —0.450
The unhydrated species were found to give a poor fit to the glycolic 3.832 -894.93 3.889 0.057
proposed structureproperty relation R? value of 0.780), 3-Cl benzoic 3.825 —892.72 3.508 —0.317
whereas the monohydrates fit the proposed relation much better,3-COOH benzoic 3.80 —893.62 3.663 —0.137
with the regression slope 6f0.1441 mol/kJ approaching the gorcmrxllcbenzoic 3:%7;136 _ggg'ii g'igg Ooiggg
theoret|'cal value. .Here again it appears necessary to' fit the 3 N benzoic 355 89088 3191 —0.359
2-substituted species to a different regression, as shown in Tablez_No, benzoic 3.449 —891.36 3.274 —-0.175
12, although with only three values in the set it is premature to 4-NO, benzoic 3.442 —891.28 3.260 —0.182
draw firm conclusions. fumaric Kax 3.32 —890.78 3.174 —-0.146
4.6. Combined Regression Analysis of Aliphatic Carboxy- ~ Pbromoacetic 2.902 —890.31 3.002 0190
lic Acids, Substituted Benzoic Acids, and Substituted Phe-  2:chloropropanoic 290  —892.78 3519 0619
. ] chloroacetic 2.862 —891.23 3.251 0.389
nols. The regression parameters found for the dihydrated g,or0acetic 2586 —888.92 2853 0.267
carboxylic and benzoic acids and monohydrated phenols in cyanoacetic 2.472 —889.31 2.920 0.448
Tables 3, 5, and 8 are similar, and so the data from these Tablesmaleic a1 1.92 —883.11 1.850 —0.070
was used in a combined regression analysis, as shown in Tableregression parameters:
13. R 0.991
As indicated by the average error, there is slightly more scatter m, mol/kJ —0.1725
of the data points in the combined fit compared to that in the c —150.486
fits of the individual data sets; nevertheless, the fit is good, and M&a&n unsigned error 0.217
max unsigned error 0.619

the regression slope for the combined data is very close to the

theoretical value. By contrast, the combined fit for the unhy-  #Regression K. =m* E, +c. b Values taken from ref 36 (2%C,

drated species, included in the Supporting Information, is poorer. Z&ro ionic strength): Computed from the regression relatiérvac-

It was also found that the data for the substituted anilinium and "0SCOPIC experimental value converted to microscopic value by subtrac-
idini . Id not be included in th . f Tabl tion of log 2; see text® Macroscopic experimental value converted to

pyridinium 1ons couid not be included In the reégression ot fable microscopic value by addition of log 2; see text.

13. This is not surprising in view of the approximations made

in the “derivation” of eq 6 since all of the data in Table 13

refers to the breaking of ©H bonds whereas NH bonds are

broken in the dissociation of the anilinium and pyridinium

ions.

4.7. Computation of K5 Values for Some Diprotic Acids.
The possible dissociation pathways in diprotic acids are shown
in Scheme 1, with the relations between the macroscopic and
microscopic dissociation constants given by eqs 7 and 8. Some
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TABLE 14: Computed Microscopic pK, Values for Some Benzenes with Two Substituent Groups fand Ry

EHa EHb
parent acid R Rp kJ/mol kJ/mol Ka pks pkc pko

4-hydroxy benzoic COOH 40H —898.26 —922.50 4.46 8.69

COO 40H —927.75 9.55

COOH 40 —908.37 6.21
3-hydroxy benzoic COOH 30H —895.95 —927.27 4.07 9.47

COO 30H —930.82 10.08

COOH 30 —901.57 5.04
4-amino benzoic COOH ANH —891.33 —1090.24 3.2 3.7

COO ANHz* —1095.67 441

COOH 4ANH —901.10 4.9%
3-amino benzoic COOH 3NH —890.81 —1090.90 3.18 3.8Z

COO 3NHs* —1098.38 4.75

COOH 3NH —897.00 4.25%
4-pyridine carboxylic pyridinium 4COOH —1029.96 —882.19 3.48 1.69

pyridine 4COOH —891.54 3.31

pyridinium 4CO0O —1046.18 5.79
3-pyridine carboxylic pyridinium 3COOH —1033.50 —885.19 3.96 2.2P

pyridine 3COOH —893.72 3.68

pyridinium 3CO0O —1050.75 6.4%

2Value computed fronEn, and the regression relation of Table 23/alue computed fronky, and the regression relation of Table t3/alue
computed fromEy, and the regression relation of Tabled/alue computed fronk, and the regression relation of Table 11.

TABLE 15: Computed Macroscopic pK, Values for Some

larger basis sets than those used in the current work. The internal
Disubstituted Benzenes

consistency check provided by the requirement thatp pks

) pka  pko  pK2 pKP pKa2  pKye = pko — pkc is obeyed only to within about 1Ky unit for all
acid —pks —pkc exptl calcd error exptl calcd error of these acids.
4-hydroxybenzoic —4.19 —3.34 4581 4.46—0.12 9.46 9.55 0.09
3-hydroxybenzoic —5.40 —5.04 4.080 4.07—-0.01 9.90 10.08 0.18

5. Conclusions

4-aminobenzoic  —0.47 0.54 241 3.14 0.73 487 506 0.19

3-aminobenzoic  —0.64 —0.50 3.08 3.09 0.01 4.76 4.87 0.11 . . . soln

4-pyridinecarboxylic 1.76 2.48 1.72 1.680.04 488 579 091 A simple linear relation betweerkp and the energg,;," of
(5.07y (0.19) the dissociating proton, as calculated by Bader’'s atoms in

3-pyridinecarboxylic 1.75 2.77 2.03 220 0.17 482 6.45 1.63

molecules theory, has been obtained starting from a standard

4 61 . g ) .
(5.437 (0.6 expression for the equilibrium constant. This relation has been

2 Values taken from ref 36 (2%C, zero ionic strengthf. Computed
from pka and ks using eq 7°Computed from gc and ko using
eq 8.9 Computed from ka, pks, and ke using eqs 9 and 8, respec-
tively.

examples of diprotic acids with identical acid groups have

tested by solvated density functional calculations on a number
of different types of organic acids, and in all cases investigated,
a good linear relation has been found between reliable experi-
mental K, values andE;’". This allows for predictions of

relative K, values with average errors of usually less than about

already been presented in previous sections, and in this section0-2 Fa units. In all cases, apart from the anilinium ions, the
some results are presented for some diprotic acids with |nclu5|or) of specifically hydrogen-bonded water molecules
nonidentical acid groups. The details of the computation of the 9réatly improved the agreement between the slope of the
four microscopic Ba values (fa, pks, pke, and ko) of some regression and the theoretically derived valueaf0/2.30_$?'l',
3,4-disubstituted benzenes based upon the regression parameteffddicating that these hydrogen-bonded waters play an important
derived in Tables 9,11, and 13 are presented in Table 14. Note0!® in the mechanism of the dissociation process. This
that for the acids in this Table atCOOH groups are treated ~ OPServation together with the calculation oKzpvalues for
as dihydrates while al-OH and pyridinium groups are pos_smle alternatl\{e_ structures of glyoxylic and pyruvic ac!ds
monohydrates. indicates the possibility that this meth(_)d may be qleveloped into
It should be noted that because of eq 9 calculations are & Useful probe of the structure of acids in solution. It should
required only for the speciesK.Hy and eitherAHA1 or also be r_10ted_ that the dlssoglanon of the proton in the dlhyd_rated
AHL; however, calculations are reported here for all three carboxylic ac_lds leads to a dlsrl_Jpnon of the highly ordered el_ght-
species to allow for an additional consistency check. The Membered ring system involving the two waters of hydration.
macroscopic valuesiy and (K, computed using eqs 7 and 8 ThIS'IS consistent with the experimental 'observatlon mentioned
are presented in Table 15 together with the values of the Previously that the entropy term dominates the free-energy
differences (fa — pke) and (ko — pkc). which should be equal change for the dissociation process in these systems.
according to relation 9. However, an intriguing question still left unanswered by this
In genera]l the experimenta| macroscopKap/a|ues are work is Why a method that involves only the computation of
predicted accurately, the notable exceptions being kaevplues an energy quantit)Eff'”, is able to describe both the entropy-
for the pyridine carboxylic acids when the directly computed driven dissociations of the carboxylic and benzoic acids and
microscopic jip values are used. In both of these cases, the the enthalpy-driven dissociation of the anilinium and pyridinium
values of jip were derived directly from computations involving ~ ions.
a zwitterion structure, whereas values derived indirectly by the
use of eq 9 together with calculations dxp pks, and pkc for Acknowledgment. | thank Dr. lan Atkinson for many useful
non-zwitterion species are in much better agreement with discussions and James Cook University for internal research
experiment. This possibly indicates that the direct treatment of grants as well as the provision of high-performance computer
zwitterion species requires a more elaborate protocol involving time.
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Supporting Information Available: Cartesian coordinates
of the optimized solution structures of all acids appearing in
this study together with tables containing some additional
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