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Abstract: The classical problem of acid strength of the hydrogen halides in aqueous solution is revisited by
means of the RISM-SCF/MCSCF theory, an ab initio electronic structure theory combined with the statistical
mechanics of molecular liquids. Free energy changes associated with the chemical equilibriuid,BX=

X~+ H3O™ are studied for a series of hydrogen halides (X: F, Cl, Br, I). The free energy differences between
hydrogen halides and the dissociated anions are mainly governed by the subtle balance of the two energetic
components-formation energies of hydrogen halides and solvation energies of the anions. It is shown that
hydration structure around hydrogen fluoride is qualitatively different from the other three hydrogen halides.
The well-known specificity of the hydrogen fluoride with respect to the acidity in aqueous solution is explained

in terms of the characteristic hydration structure. Molecular geometries and electronic structures of the solute
molecule as well as the solvation structure and free energy components are also discussed in detail. The old
concept of electronegativity proposed by Pauling is reexamined on the basis of the modern theoretical approach.

1. Introduction concept interpreted in terms of the ab initio electronic structure
- . theory? Are those dependencies of the formation energy and
The acidity of hydrogen halides (HX, where=XF, Cl, Br, y P oy

N fh h hich h b tintensivel the solvation free energy on the electronegativity correct? If
)is one ot those phenomena which have béen most intensive ythey are, what is the microscopic process to produce such
studied by means of the quantum chemistry in its earlier history.

Th " hemist Id h ful dicted th dependencies? Answering such questions based on modern
€ quantum chemistry could have successlully predicted the y,q 5 etical methods is of fundamental importance in general
order of acidity in the gas phase, namely<FCl < Br < I,

¢ the bond the f . fHX.H chemistry, because the classical concepts are still used in a broad
trhom € bon enerlgy ?r et' orma |0rt1_ener_gyt(r)] : however, field of chemistry, and have been taught in high-school text

ere were several Interesting questions In these phenomenay, ¢ 45 5 pedagogical tool for explaining quantum processes
that could not have been solved just by the quantum chemlstry.in a molecule

First, the formation energies are largely negative in all of the The oh d ied ab . wpical .
hydrogen halides and they cannot dissociate in the gas phase € phenomenon described above IS a typical process in

under normal conditions. which of course is not the case in which the electronic structure of molecules and solvation
aqueous solutions. Seco,nd, while hydrogen chloride, bromide, Processes is closely coupled. A theoretical treatment of such

and iodide completely dissociate in aqueous solutions, hydrogenIorocesses |r_1eV|tany requires a meth_od that IS able to de_sqnbe
fluoride shows a small dissociation constant. Using the experi- the electronic structure of molecules in question and statistical

mental data for the solvation free energies of the solutes in solvent effects on the electronic structure. This is a nontrivial
aqueous solution, Linus Pauling gave a heuristic explanation theoretical problem by any standard, and that may be the reason

of the phenomena in terms of the electronegativity. According thedproblemst haveh not ?eeg chilletrr\]g_ed_ for a: Iong_tmg by
to the explanation by McCoubrégnd Pauling,the dissociation _mto (Sarn quantum chemistry despite their importance in chem-
constants are determined not only by the formation energy but IStry.

also by the solvation free energy. Moreover, the dissociation Recently, we have developed a powerful method to treat the
constant of the hydrogen halide is determined by a different €l€ctronic structure of a molecule in solution based on the ab
gativity x of the halogens, the formation energy that depends Molecular liquidsi™" The method referred to as RISM-SCF/
linearly onx.2 The explanation, however, is phenomenological, s Well as the geometry of a solute molecule and the statistical
to be resolved. Does the classical concept proposed by Pauling;

“ s . . (3) (a) Balbuena, P. B.; Johnston, K. P.; Rossky, Rl. Phys. Chem.
electronegativity”, still make sense after all the theoretical 1996 100, 2716. (b) Johnston, K. P.; Bennett, G. E.; Balbuena, P. B.:
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Scheme 1. Thermodynamic Cycle for Chemical Processes main conclusion does not depend on the assumption regarding the state

of Hydrogen Halides of an excess proton.
. AG(IIl) and AG(IV) concern the solvation process and can be
Xytvac )+ ;Hz(mc.>+H20(mc.) J decoupled into two contributions as

1
I / \H AG= A/"HNC + AEreorg (3)
A\

N . . . .
HXwae)tHOwac)  |=———r|  HO0ac i+ Xiae) where Aunnc is the excess chemical potential or the solvation free
— - o energy and\EorgiS the electronic reorganization energy. It is assumed

that the kinetic contributions do not change upon transferring solute
I v from in vacuo to aqueous solution.

Aunnc can be computed from the SingeChandler equatidf
HX(aq.H—HzO(aq.) ‘

expressed in the total and direct sit@te correlation functions in
. . . . 0 1 1
All other physicochemical properties such as the solvation free Aty = Ez Z fdr [Ehu,sz(r) — ) - Eha,s(r)cu,s(r) )
a S

\\ HOlag 1+ X W molecular liquid theory,
energy are readily derived from the primary quantities. The
theory has been successful in exploring a variety of physico-
chemical processes in solutién° It is noted that these correlation functions are obtained by solving the
In the present study, we revisit the classical problem of the RISM-SCF/MCSCF equation, which optimizes both the solute elec-
acidity of a series of hydrogen halides in aqueous solutions usingtronic structure and the solvation structure simultaneously.
the new theoretical approach. In the following section, we  AEeaqgis defined as the difference of the electronic energies in
describe briefly the model and methodologies employed in the aqueous solutiorEgl, and in vacuoEg,
study. Section 3 is devoted to the detailed analysis of the free
energy change associated with the dissociation reaction as well AE oy = Edite — Ediee (5)
as the solvation structure of the relevant species in the solutions.

Pauling’s electronegativity concept and his analysis regarding this energy includes not only contributions from the distortion of
the acidity of hydrogen halides is examined in light of the new gjectronic structure but also those due to the relaxation of molecular

theoretical results. geometry upon transferring solute from the gas phase to the aqueous
solutions.
2. Methods 2.2. Polarization Energy.Solving the RISM-SCF equations can

determine the solute wave function in solution as well as the
microscopic solvent distribution around the solute molecule described
in terms of a set of total correlation functions. The polarization (or
distortion) effects on the solute electronic structure are automatically
treated in a framework of the mean field approximation. However, in
the present study, polarization of atomic anions)¥annot be taken

To facilitate the calculation of the free energy change associated into account because of the spherical symmetry of the field around the
with the reaction of eq 1 in aqueous solution, a thermodynamic cycle anions. In this section, we discuss a procedure to estimate the
is employed which is shown in Scheme 1. Both “ag.” and “vac.” are contribution of electronic polarization of the halide anions to the
used to distinguish aqueous and vacuum environments. A systemsolvation free energies.
containing homonuclear halide and hydrogen dimers was chosen as Consider the components of the average electric field exerted on an
the standard state. In the study of aqueous solutions, we regard theanjon in one direction along the each affs[) [H?yD and(F,] Due to
species concerning the reaction, HX, X4, O, H; O, as “"solutes” in the symmetry of the field around the anions, all the contributions from
the infinitely dilute solution. Then the free energy difference in aqueous such induced polarization effects are exactly canceled,
solution, AG(VI), can be written in terms of the energy differences
associated with the reaction in vacuaG(l), AG(ll)) and the free
energy change due to the solvation as

2.1. Computational Procedure.In the present study, we assume
the following dissociation process for hydrogen halides in water,

HX + H,0=X" +H,0" 1)

[F,0= [F,(H 0F,0= 0 (6)

AG(VI) = {AG(Il) + AG(IV)} — {AG(l) + AG(II)}  (2) wherei stands forx, y, or z. We approximate the stabilization energy

AEsan by an interaction between simple induced dipole moments and

where all free energy differences corresponding to the reaction processthe electric fields as

are shown in the scheme. The free energy differents€xl), AG(ll),

and AG(V), are concerned with the reaction in vacuo, and can be

decomposed into electronic energy chanfyBeie, and kinetic (trans-

lational, rotational and vibrational) contribution&Gyin. These com-

ponents can be readily calculated from the elementary statistical =_ l(mxuﬁxm mymﬁ:y[H- (&, IF 1)

mechanics for ideal gas. 2

There is a controversy concerning which state of an excess proton o, = - —

in liquid water is most stable, 40", HsO,*, or others:* However, since == E(Eﬁ:xﬁ + EB:yﬁ + [H:zﬁ) )

our present interests are mainly in relative acidity of a series of hydrogen

halides in water, in light of the thermodynamic cycle (Scheme 1), our

1 —
AEstab% - EmindE[H:D

wherea, uing are the polarizability and the induced electronic dipole

(8) Kawata, M.; Ten-no, S.; Kato, S.; Hirata,F.Am. Chem. Sod995 moment of an anion, respectively. The component of the electric field
117, 1638. Kawata, M.; Ten-no, S.; Kato, S.; Hirata,Ghem. Phys. Lett. in each direction can be calculated by the following equation;
1995 199, 240.

(9) Ishida, T.; Hirata, F.; Sato, H.; Kato, $.Phys. Chem. B998 102 (11) (a) Tuckerman, M.; Laasonen, K.; Sprik, M.; Parrinello,MPhys.
2045. Chem.1995 99, 5749. (b) Lobaugh, J.; Voth, G. A. Chem. Phys1996

(10) Naka, K.; Sato, H.; Morita, A.; Hirata, F.; Kato, S. Submitted for 104, 2056. (c) Vuilleumier, R.; Borgis, DJ. Phys. Chem. B998 102
publication. 4261.
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_ 9 _ Os Table 1. Lennard-Jones Potential Parameters for Sel\taiter
[H:i['= fone diremiondr - _z_ gs(r) Interaction
0 &=|r| _
HX X
s ("0 (“d s o2 sing . o (A) € (kcal/mol) o (A) € (kcal/mol)
= ry —gr)r resin
Jo @)y dof, Zrags( )r cosorsi ® F 2.72 1.364 2.72 0.348
Cl 3.62 0.364 3.62 0.448
In the present method, the whole solvation eneff¥soivaion Of the Fr z’gg 82%3 i’gg 8&‘;’2
system is described as follows. : : : :
AEqation= (Eae+ Attyne) — B Table 2. Optimized Geometry of the Homonuclear Halogen
Dimers and Hydrogen Halides
= Aty T AEeorg ©) in vacuo aq solution
The latterAu can be further decomposed into two components: the RHF MP2 exp RHF Mp2
first-order interactionAuo, representing the interaction energy of bond length (in A)
unpolarized solute with solvent molecules, and a setstdvent F> 1.336 1.419 1.435
stabilization energy arising from the polarization of solute electronic  Cl 2.005 2.027 1.988
structure AEsap = Aunne — Auo). As discussed by Gao, a simple Brz 2.294 2.322 2.284
re|a’[ionship7 P 2.675 2.700 2.667
HF 0.898 0.918 0.917 0.920 0.941
ABgiap= ~2AE 0 (10) HCl 1.272 1.276 1.274 1.280 1.284
_ ' o N ' HBr 1.406 1.413 1.415 1.411 1.418
|ts obtallnetc;;rgm a.cla?smal Ilnea[)retshpo?sl(le th_é%ﬁﬁhus |tt_|s possible HI 1594 1.597 1.609 1.595 1.599
o evalua solvaiion Of @n anion by the following equation. H,O 0.941 0.958 0.957 0.965 0.982
HsO* 0.960 0.976 0.982 1.000
AEsoIvation: A/"O + AEstab+ AEreorg ’ .
bond angle (in deg)
- 1 H,0O 107.1 105.1 104.5 105.5 103.8
~ Ao + 5AEgap 11) HO" 1155  113.4 1087  106.7

2 -
Note Auo in the above equation is equivalent to thexnc only in the Experimental value taken from ref 20.

case of an atomic anion since the RISM-SCF procedure does not affect . .
the electronic structure in an atomic solute molecllEqqy can be of electrons by using the MavroynnriStephen theor§? The resultant

computed from eqgs 7 and 8 by using the pair correlation function around _parame_ters for halide atoms are summarized in Table 1. All the
the anions interactions between the atoms in solute and solvent molecules are

2.3. Computational Detail.Since details of the RISMSCF/MCSCF determl_ned by means of the standard comblnatlor_l TUML. the
procedure have been reported previodsh, we shall make brief calculations were performed at 298.15 K and a density of 1.0g/cm
comments concerning the approximation and models used in the presen% Results and Discussion
study. The standard triple-plus polarization basis sets with diffuse :
functions ((F) = 0.0740,a,(Cl) = 0.0490,05Br) = 0.0376, and 3.1. Molecular Structure and Electronic Properties. In
osF) = 0.03687) were employed in the Hartred=ock (RHF) method  Taple 2, the optimized geometry both in vacuo and in agueous
and second-order MglleiPlesset (MP2) method. Note that second- o ytion is reported. It is worth noting that the geometries
order correlation energy is different from the usual one in the gas phasedetermined by RHF and MP2 in vacuo are in good agreement
since the orbital energy is defined from the solvation Fock opetétor. . . . . )

with the experimental resufsand with the previous theoretical

It is well-known that the relativistic effects become serious problems . A . 23
in the MO calculation for heavy elements with many electrons. To €Stimates by ab initio MO calculatiors, Except for the bond

take account of such effects, we have used the effective core potentiall€Ngth of B, the present RHF reproduced the experimental data
(ECP) parameters suggested by Stevens*®tfat.bromine and iodine for HX and X, within 2% of accuracy. Inclusion of the electron
atoms. correlation effect in the MP2 level makes the description of

The RISM equations are solved by using the hypernetted chain F—F and H-X bond lengths better, while it worsens the results
(HNC) approximation. The solvent water model used in the present for the other X-X bond lengths.
study is the SPC-liké model? which has been successful in liquid- Solvent effects due to surrounding water molecules slightly
pha_tse ca]culatnons. A set of_Lenn_ard—Jones potential parameters forjncrease the bond lengths. The most significant change was
T s DO b KIS o, s DA oUNd 1 e HF molec {0.02 A, and t becomes smaler

Y, e b yerog going from HCI ¢-0.008 A) to HI (¢-0.002 A). Chipot et al.

literature, we therefore determined these parameters in the following h S, ies f i
manner. The same values as for halide ions are used for halogen '€POrted the optimized geometries for HF and HCl in aqueous

atoms in hydrogen halides. Thezalues are then calculated from those ~ Solution, which were obtained by using the dielectric continuum
o values, experimental values of polarizabifify® and total number ~ model for solvent* The trend of increasing bond lengths is

very similar to our results, but the solvent effect found in their

8%; giggeg,._sxii.;Xcggréilceé,lggl.zggygélfs(gsais, J%:lc'. Chem. Res,  Calculations is rather small (0.005 A for HF and 0.6@8004
1996 29, 298. ' A for HCI) compared to ours. The difference between their

(14) Pairier, R.; Kari, R.; Csizmadia, |. Glandbook of Gaussian Basis  calculations and ours lies in the treatment of solvent effect and
Set Elsevier: New York, 1985; Physical Science Data 24.

(15) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, FC&h. J. Chem. (19) Mavroyannis, C.; Stephen, M. Nlol. Phys.1962 5, 629.
1992 70, 612. (20) CRC Handbook of Chemisty and Physig8th ed.; CRC Press Inc:
(16) Berendsen, H. J. C.; Postma, J. P. M.; van Gunstern, W. F.; Hermans,Boca Raton, FL, 1987.
J. InIntermolecular ForcesPullmann, B., Ed.; Reidel: Dordrecht, 1981. (21) Ikuta, S.; Nomura, Q). Chem. Phys1987, 87, 3701.
(17) Kinoshita, M.; Hirata, FJ. Chem. Phys1997 106, 5202. (22) Dolg, M. Mol. Phys.1996 88, 1645.
(18) Masterton, W. L.; Lee, P. J. Phys. Cheml97Q 74, 1776. Conway, (23) Visscher, L.; Dyall, K. GJ. Chem. Physl996 104, 9040. Visscher,

B. E. Electrochemical DataAmerican Elsevier Publishing Co.: New York, L.; Styszyrski, J.; Nieuwpoort, W. CJ. Chem. Phys1996 105 1987.
1952. (24) Chipot, C.; Gorb, L. G.; Rivail, J. L1. Phys. Cheni994 98, 1601.
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Table 3. Dipole Moment and Effective Charge on Heavy Atédms

dipole moment/D Mulliken charge ESP charge

gas exp aq gas aq gas aq
HF 2.08 182 251 —0.376 —0.460 —0.484 -—0.569
HClI 147 111 210 —-0.211 -0.293 -0.246 —0.345
HBr 103 0.83 1.66 —0.181 -0.249 -0.158 —0.248
HI 0.66 0.45 1.18 —0.078 —-0.128 —0.089 —0.156
HO 2.27 299 -0.616 —0.788 —0.850 —1.067
H;O" 1.39 254 —-0.406 —0.470 —0.607 —0.725

a Calculated by the RHF method at each optimzed geometry.

take account of the hydrogen bond.

a

PCF X(HX) - H (H O)

PCF H(XH) - H (H 0)

1.5

._.
(=]

0.5

—— HF(X-H)

- — -HCI(X-I)

— - “HBK(X-H)
~ HI(X-H)

R/A

6 8

—— HF(H-H)
- — “HCI(H-H)
— - “HBr(H-H)
- HI(H-H)

R/A

known that the agreement of dipole moments calculated by the
RHF method with experimental values is not generally good,
but the method reproduces the qualitative trend of dipole
moments in the series of hydrogen halides. HF has the largest
dipole moment in both the gas and agueous phases, suggesting
that it has the most conspicuous ionic character in the electronic
structure among the hydrogen halides. Dipole moments decrease
in going from light to heavy halogen atoms. The enhancement
of dipole moments on transferring from the gas phase to aqueous
solution becomes greater as the ion size increases. The dipole
moment of HF increases by 21% upon the transfer, while that

the basis set employed for the MO calculation. As we discuss Of HI increases by 79%. This can be explained in terms of
later, we found very strong hydrogen bonding between the HX po_IanzablIlty of the mol_ecules: the polarizabilities increase in
and surrounding water molecules in the present system, whichg0ing from HF to HI. Chipot et al. reported that the enhancement
has significant effects on the bond length of HX. Itis very likely Of the dipole moment on transferring is about 10% in HF and
that the results by Chipot et al. might have underestimated the 20% in HCl in the dielectric continuum approximation, showing
change of bond lengths, because the continuum model cannoflualitative agreement with our present calculations.
3.2. Solvation Structure. In Figure 1, we show the pair
The results for dipole moments and effective charges both correlation functions (PCF) for all the combinations of atom
in vacuo and in aqueous solution are listed in Table 3. It is pairs between solute and solvent: (a) halogen and solvent

b

PCF X(HX) - O (H 0)

35

3.0

g
in

2.0 -

—_

—_
<
O

I
n
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R/A

—— HF(X-0)
- - “HCI(X-0)
— - -HBr(X-0)
rrrrr HI(X-0)

—— HF(H-O)
- - “HCI(H-0)
— - -HBr(H-0)

—————— HI(H-0)

R/A
Figure 1. Pair correlation functions of hydrogen halides: (a) X-water[H], (b) X-water[O], (c) H-water[H] and (d) H-water[O].




3464 J. Am. Chem. Soc., Vol. 121, No. 14, 1999 Sato and Hirata

metrical consideration, a “direct” hydrogen bond is expected
to form aroundr = 1.86 A. Undoubtedly, the distinct peak is
assigned to this hydrogen bonding. Thus, we can conclude that
hydrogen bonds between the solute hydrogen and the solvent
oxygen are strong and found in all hydrogen halides, and only
hydrogen fluoride forms a distinct Fwater[H] hydrogen

HF + HyO HI + H,O bonding. The hydrogen bond will cause the large change in the
Figure 2. lllustrations of hydration structure of HF and HI. Note that geometry of hydrogen fluoride, Wh'.Ch IS ml.JCh greater compared
the structure corresponding to the second water (B) does not appear inf© that of the other hydrogen halides. It is also expected that

the calculated PCFE of HI. the liquid structure around HF is markedly different from those
around the other hydrogen halides.

hydrogen (X%-water[H]), (b) halogen and solvent oxygen-X In Figure 3, PCFs between the halide anions and solvent

water[Q]), (c) solute hydrogen and solvent hydrogen-(rhter- hydrogen (a) as well as those between the halide anions and

[H]), and (d) solute hydrogen and solvent oxygen-{iater[O]). solvent oxygen (b) are shown. Hydrogen sites of solvent water

One can find the sharp peaks in PCF between all the hydrogenare acutely attracted due to the negative charge on the anion,
halides and solvent water, of which height becomes lower on giving rise to much sharper and higher peaks than those in the
going from the fluoride to the iodide. These peaks can be series of hydrogen halides. Among the four anions, the first
assigned to the hydrogen bond between solute and solventpeak of the fluoride ion is more than three times higher than
molecules by simple geometrical considerations. In these the others. Positions of the first peaks in (a) indicate that all
hydrogen halides, two types of hydrogen bonding can be the halide anions form hydrogen bonds, which is in striking
considered: one is between the halogen atom and the solventontrast to the case of hydrogen halides.
hydrogen, the other is between the solute hydrogen and solvent 3.3. Polarization Energy.Before proceeding to the discus-
oxygen. Some of the plausible configurations for HF and HI sion of the whole solvation free energy, we make a brief
are shown in Figure 2. (Here we assume that all the atoms incomment on the accuracy of relation 10 for the energies due to
the molecules are in the same plane, and the interatomicelectronic polarization)EsapandAEeorq The accuracy of the
distances are estimated from the Lennard-Jorgigen in Table relation is checked within the framework of the RISM-SCF/
1.) Since the absolute values of effective charges in solute MCSCF procedure for the molecular solutes in the present study,
hydrogen are greater than those in the halogen atoms, it isfor which direct calculations oAEqrgare possible. The zeroth
expected that the hydrogen bond between solute hydrogen andrder interactionAuo, can be evaluated by solving the RISM
solvent oxygen is stronger than that between halogen atom andequation with fixed solute charges which are determined from
solvent hydrogen. the gas-phase electronic structure. By definition, the difference
The calculated distances offwater[O] and +water[O] in betweemAunnc and Auo gives the solutesolvent stabilization
Figure 2 are 3.00 and 3.68 A, respectively. These values areenergy AEqan due to the solute polarization. According to Gao,
very close to the first peaks of-fvater[O] in PCF (3.04 A) the relationAEsian = —2AEreorg Should hold within the linear
and of O (3.76 A). Consistent results can be obtained from response theory. The estimated valuesftiEsad2 andAEreorg
the second peak position offwater[H] PCF (3.58 A) and the  are compared in Table 4. The results clearly demonstrate the
first peak position of +water[H] (4.26 A): these are close to reliability of relation 10 to estimate the polarization energies.

the estimated values in the Figure 2 (3.70 A fortf, and 4.36 It should be noted that values given in Table 4 were computed
A for |—Ha, respectively). at optimized geometry in the gas phase. The valuesyqt
The fluoride shows a distinct peak at 1.82 A in the-N calculated at optimized geometry in agueous solution are larger

correlation functions in Figure la. There is no corresponding negatives. Therefore, the descriptions based on the linear
peak in the other XH correlation functions. From the geo- response theory are expected to become worse. However, in

a 14.0 ] b 50 |
L | 4
]
12.0 b ] )
1 40
10.0 b .
5, 8,
T 80t = I A
jas) - ———r- 1 @]
. L - - -Cl-H | .
b ‘ S
% 6.0 - % % 20l
4 } o [ /
40 - 4 J
r’ ]
: 1.0 b
2.0 |
L f I
' : [y
0.0 0.0 * Ll ‘
0 0 2 4 6 8 10
R/A R/A

Figure 3. Pair correlation functions of halide anions: (a) X H and (b) X — O.
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Table 4. Computed Polarization Energies and Comporfents

sof . . M
Aprine Auo —(Attrine — Auo)2 AEreorg P - p

HF —8.6 —-5.8 1.4 15 Loo L rocess ]
HCI 1.9 4.2 1.2 1.4
HBr 4.3 5.8 0.8 1.0
HI 6.9 7.6 0.4 05 50 b 1
H20 —9.4 —2.6 3.0 35 »
H;O* —70.1 —67.8 1.2 0.9 0 Process 111 . ;

a All the values were computed at the optimized geometry in the

gas phase by the RHF method and are given in kcal/mol. Process [

Table 5. Calculated Energy Componenty){-Gas Phase
process | process Il process V process V

AEelec -150 + N
F  —70.3(72.3) 130.8(132.6) 201.1(204.9) 375.5(381.6)
Cl —24.1(-26.1) 138.6(129.6) 162.7 (155.7) 337.0(332.3) 200l Process IV ]
Br —12.3(-14.6) 136.9(129.7) 149.2(144.3) 323.6(320.9)

| —22(-43) 138.3(129.8) 140.5(134.1) 314.9 (310.8)

AG = AEaec+ AGyn 230
F —68.7(70.7) 136.0(137.8) 204.7(208.5) 364.2(370.3) F ol Br [
Cl —-242(-26.2) 144.4(135.4) 168.6(161.6) 328.1(323.4) Figure 4. Free energy components of chemical processes in the
Br —12.8(-15.1) 143.0(135.8) 155.8(150.9) 315.3(312.7) thermodynamic cycle represented in Scheme 1: (I) Formation of HX,
' —3.2(-5.3) 144.5(136.0) 147.6(141.3) 307.2(303.0) (1) formation of X~, (Ill) solvation of HX, and (IV) solvation of X.
a All the energies were computed by the MP2 method and are given Solid lines are computed by the RHF and dashed lines by the MP2
in kcal/mol. Values in parentheses are by the RHF method. methods.

Energy / kcal mol *!
n
S
T

-100 -

the present case, such consideration for the internal degrees oghow such dependence on the halogen atoms. Thus the variation
freedom is not necessary, because we are concerned with thén AG(V) associated with reaction V is mainly attributed to that
polarization energies for atomic anions. in AG(l), the energy associated with reaction I.

3.4. Free Energiesln this section, we discuss the calculated The dependence akG(IV) concerns the characteristics of
free energy changes and their components corresponding to eackhe halide ions, especially the size of the anions. According to
chemical process in Scheme 1. our previous calculation based on the RISM equation, the

Reaction energies in the gas phase are collected in Table 5solvation free energy for anions is roughly proportional to the
To check the accuracy of the electronic structure description, inverse of the ionic radius, which is qualitatively consistent with
we computed the following reaction (Proces$ With the same the behavior of the Born energy for ion hydrat®nThe
level of calculations; hydration free energy of the fluoride ion deviates slightly in

the negative direction from the regular behavior due to the extra
HX =X +H" (12) hydrogen bond that was described in the previous section.

. ) . Contributions from the polarization effectAsip on atomic
The experimental values of free energy change associated withypiong were rather small and similar in all halide ions. But,

this ;(;Jaction are 365.6 (HF), 328.1 (HCI), and 318.5 (HBr) keall 5king account of this correction seems to be important to
mol,_ respectively. Our prese_nt results = AEe'eC+ AGkin) describe the difference in the solvation free energy between the
are in excellent agreement with these experiments. dissociated and nondissociated hydrogen halides.

In Table 6, the energies related to the solvation process are Very large contributions, fromhG(l), AG(Il), AG(IIl), and
listed. As is expected, the solvation energies of the ions (ProcessAG(lv) compensate each’other givi'ng riseA'tG(VI) o’n the
V) are much_greater than those of hydrpge_n halides (Processbasis o,f the thermodynamic cycie (Scheme 1). The results are
I). The solvation energy of hydrogen fluoride is more than three shown in Figure 5 with the earlier results by McCoubrey and
times larger than that of the other three hydrogen halides, bein?fauling In the case of chloride. bromide and iodide. the

ponsistent \.Nith the splvation structure analysis based on the PC dissociated forms are more stable than the nondissociated forms,

in the previous section. . . . while fluoride is more stable in the nondissociated form of
The free_ energy changes associated W'Fh the Che’.“'ca' ydrogen halide. It should be noted that the behavior is primarily

processes in the Scheme 1 are plotted against the series ogetermined by the subtle balance of the two contributiG(s,

Zleaol?entstoms in Figure 4 tOr(;e c_?hn Sﬁe that lcontrltk_)utloI?s fr(zim andG(1V), indicating the importance of an accurate description
() (the energy associated with chemical reaction I1) an for both the electronic structure in a chemical reactiG(l))

AG.(N) (solvation free energy of halogen anion and hydronium and the solvation proces&(lV)). It is also important to note
cation) areI;/.eryllarge cot%alred LOAtgci\S/e faom the .(f).thert WO that the enhanced stability of the nondissociated form in
processes. ILis also seen () an ) (IV) show significan hydrogen fluoride due to the hydrogen bond between the fluorine
dependence on the halide atoms, widilg(ll) and AG(Ill) are atom and water oxygen makes the substance a weak acid
nearly constant. The dependenceg¥(l) can be explained in L . - . '
terms of the electronic character of bonding between hydrogen reg:r?e%eE?VImééngreg;lagr{Jhg:Smg Wlﬁgvt\/le\/e??rl\l/s{e rﬁﬁlstts

and halogen atoms. It is known that the bonding of hydrogen emphasize that the earlier results were those estimated, based

fluoride contains much more ionic character than that of the ; X h
other hydrogen halide®s.On the other handAG(ll) does not on the various ad hoc assumptions, from the experimental data
' for the free energy changes associated with the chemical

(25) Gas-Phase lon ChemistrBowers, M. T., Ed.; Academic Press:
New York, 1979; Vol. 2. (27) Hirata, F.; Redfern, P.; Levy, R. Nht. J. Quantum Chem., Quantum
(26) Sato, H.; Nakano, H. In preparation. Biol. Symp.1988 15, 179.
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Table 6. Calculated Energy Componen®){Solvatior?

process lll process IV GHG(I) G(II) +G(1V) process VI
Annca
F —19.6 (-18.5) —210.1 (-208.7)
Cl —8.2(-7.6) —169.2 (-167.9)
Br —5.8(-5.2) —160.6 (-159.2)
| —3.1(-2.5) —150.6 (-149.2)
AEreorgb
F 8.0 (6.6) 4.4 (3.6)
Cl 6.9 (6.0) 4.4 (3.6)
Br 6.3 (5.6) 4.4 (3.6)
[ 5.7 (5.1) 4.4 (3.6)
1/ZAES'(ab
F -7.0(7.0)
Cl —5.5(5.5)
Br —5.5 (-5.5)
I —5.2(-5.2)
AG = A,uHNC + AEreorg (+1/2AEstat)
F —11.6 -12.0) —212.7 (—212.0) —80.2 (-82.7) —76.7 74.2) 3.6 (8.44)
Cl —1.4(-1.6) —170.4 (—169.7) —25.6 (—27.8) —25.9 (—-34.3) —0.4 (-6.5)
Br 0.5 (0.4) —161.7 (—161.1) —12.3(14.7) —18.8 (-25.3) —6.5 (—10.6)
2.6 (2.5) —151.5 (—150.8) -0.6 (—2.7) —7.0(-14.8) —6.4 (-12.1)

a All the values are in kcal/mdl.Aupnc(H20) = —10.0 kcal/mol (MP2),—9.4 kcal/mol (RHF) and\upnc(HsO') = —74.9 kcal/mol (MP2),
—73.5 kcal/mol (RHF)? AEeordH20) = 5.2 kcal/mol (MP2), 4.6 kcal/mol (RHF) antiEeorH3O™) = 4.4 kcal/mol (MP2), 3.6 kcal/mol (RHF).
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Figure 5. Free energy differences between hydrogen halide (HX) and

. . . . Electronegativit
its dissociated anion (X. gavity

Figure 6. Computed effective charges against Pauling’s electronega-

processes illustrated in Scheme 1. Therefore the quantitativetV'y-
comparison between the present theoretical results and the earliehave a good correlation, indicating that the concept has some
results does not make much sense. What is important is thattheoretical basis as an intuitive measure of the electronic
both RHF and MP2 results show a qualitative agreement in the distortion in a molecule at least for such simple systems. Then,
energetics with the earlier results. All the results unambiguously the other important question is if the simple relations proposed
show the specific character of hydrogen fluoride in the electronic by Pauling between the electronegativity and the free energy
structure of the hydrogen halide and in the solvation free energy. changes associated with the chemical processes are correct or
3.5. On Pauling’s Electronegativity. It will be instructive not. Pauling has assumed that the solvation free energy depends
to bring the present results into closer contact with Pauling’s linearly on the electronegativity, while the bond energy is a
earlier prediction. As is well regarded, Pauling proposed the quadratic function of the parameter. The total free energy change
“electronegativity” to explain the character of a chemical bond, obtained by the RISM-SCF/MCSCEF calculation is plotted in
and used the concept to describe the acid strength of hydrogerfFigure 7 against Pauling’s electronegativity. Depicted in the
halide in agueous solutiodsSince the “electronegativity” isa  same figure by the solid lines are Pauling’s prediction based
measure of distortion in a chemical bond, it is expected that on the intuitive relations for the solvation free energies and the
the electronegativity can be related to the partial charge on thebond energies. The figure indicates that Pauling’s heuristic
atoms (hydrogen or halogen) in the present diatomic system.relation between the electronegativity and the free energy
The partial charges of hydrogen halides in the gas phase andchanges associated with the chemical reactions, as well as the
agueous solutions are plotted against Pauling’s electronegativitysolvation processes, does have some theoretical foundation at
in Figure 6. As can be readily seen, these two quantities in fact least in the qualitative sense. However, the plot of the bond



Acid—Base Equilibrium in Solutions of Hydrogen Halides

AG / kecal mol™

-60.0 -

i --@--HX( RHF )
~-®--X" (RHF)
& HX(MP2)
-80.0 4 X (MP2)

L %

L — ] L \\ ‘
2.0 2.5 3.0 3.5 4.0 4.5
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Figure 7. Computed formation energies of hydrogen halides and
solvation free energies of halide anions plotted against Pauling’s
electronegativity. Solid lines are Pauling’s predictions and dashed lines
are best fit by linear functions.

energy against electronegativity also can be well fit by a straight
line. So, the peculiar behavior of hydrogen fluoride can be
explained as well in terms of crossing of the two free energy
components, both of which depend linearly on the electroneg-
ativity.

4. Conclusion

We have revisited the acidity of a series of hydrogen halides
in aqueous solution, one of the oldest problems in physical
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chemistry, with a modern theoretical approach combining the
ab initio MO theory and statistical mechanics of molecular
liquids.

The well-known order of the acid strength for a series of
hydrogen halides is reproduced by the theory as an interplay
between the two free energy components: the formation energy
or bond energy of hydrogen halides and the solvation free
energy. The characteristic behavior of hydrogen fluoride as a
weak acid was explained in terms of the enhanced stability of
the nondissociated form of the molecule in agueous solution
due to hydrogen bonding. Hydrogen fluoride shows a distinct
peak characteristic of a hydrogen bond in the pair correlation
function between the fluorine atom and water oxygen, while
the other hydrogen halides do not show such a peak.

The old concept of electronegativity proposed by Pauling was
reexamined by the modern approach. It is found that there is a
good correlation between the electronegativity of halogen atoms
and effective charges on hydrogen in hydrogen halides. Regard-
ing the functional dependency of the free energy components
on the electronegativity, Pauling’s heuristic argument seems to
be correct in a qualitative sense. However, there remains some
ambiguity, because the plot of the formation energy against the
electronegativity can be well fit by a straight line as opposed
to Pauling, who predicted the quadratic dependency. It is of
great interest for a theoretical study to find detailed functional
dependency of the bond energy upon the electronegativity.
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