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Interpretation of Brgnsted Acidity by Triadic Paradigm: A G3 Study of Mineral Acids
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Deprotonation enthalpies and the gas-phase acidities of 24 inorganic acids are calculated by using composite
G3 and G2 methodologies. The computed values are in very good accordance with available measured data.
It is found that the experimentalH,.q values of the FSH and CRBSO;H are too high by some 6 and 7 kcal

mol~, respectively. Furthermore, a netiH,q value for HCIQ, of 300 kcal mol? is recommended and
suggested as a threshold of superacidicity in the gas phase. The calculated deprotonation enthalpies are
interpreted by employing the trichotomy paradigm. Taking into account that the deprotonation enthalpy is a
measure of acidity, it can be safely stated that the pronounced acidities of mineral acids are to a very large
extent determined by Koopmans’ term with very few exceptions, one of them befigld put it in another

way, acidities are predominantly a consequence of the ability of the conjugate bases to accommodate the
excess electron charge, since Koopmans' term in trichotomy analysis is related to conjugate base anion. The
final state is decisive in particular for superacids like CiBOCRSO;H, HCIO,, HBF,;, HPR;, HAICI,4, and

HAIBr 4. However, in the latter two molecules the bond dissociation energy of the hatétleond substantially
contributes to their high acidity too. Therefore, acidity of these two most powerful superacids studied here is
determined by cooperative influence of both initial and final state effects. It should be emphasized that acidity
of hydrogen halides HCl and HBr is a result of concerted action of all three terms included in triadic analysis.

A byproduct of the triadic analysis are the first adiabatic ionization energies of the anionic conjugate bases.
They are in fair to good agreement with the experimental data, which are unfortunately sparse. A fairly good
qualitative correlation is found between the gas-phase deprotonation enthalpies of six minerac@s

and available HammetiTaft o,~ constants of the corresponding substituent groups.

The early efforts of rationalization of the acidity of hydro-
carbons were based on the simple hybridization model. Cram
found that acidity of the €H acids increased linearly with the

Introduction

Acidity is one of the pillars of chemistry and biochemistry.

Bronsted acidity is a measure of the propensity of a molecule
to donate a proton and ability to accommodate the negative
charge in the resulting conjugate Brgnsted base. This qualitative
description of acidity is intuitively appealing being in accordance
with common sense. However, intuitive notions developed by
experimental work should be put on more rigorous basis and
interpreted by sound physical models. In order to achieve that,
we need in the first place theoretical tools capable of quantitative
description of the molecular structure and energetics. Compu-
tational chemistry has developed such methods in the last two
decades, which offer results comparable in accuracy to those
obtained by various experimental techniques. This development
is a consequence of the pioneering work of Pdlayhich
enabled ab initio calculations of stationary points on the potential
energy surfaces (PES) in an analytic way. Moreover, the
gradients made possible calculations of many properties defined
by the higher order derivatives of the total molecular enérgy.
Provided reasonably accurate molecular wavefunctions and
energies are available, one can address the next fundament
question related to interpretation and rationalization of the
measured and/or computed molecular feat8iteis exactly this

link which makes possible understanding of natural phenomena
on the molecular scale.
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s-character of the hybrid orbital describing the localizedHC
bond? The argument was that the lone pair of electrons formed
upon deprotonation were more stable, if placed in the hybrid
orbitals possessing higher s-content. Cram’s qualitative con-
jecture based on canonicaPspp?, and sp hybridizations were
confirmed later by the variable hybridization model obtained
by the maximum overlapand NBO calculation§.

Hammett examined deprotonation of para-substituted benzoic
acids in water and established the famous equation based on
the empirical substituent-constants, which are proportional
to the logks/ko). Hereks denotes either a rate or equilibrium
constant of a substituted reactant, wherkastands for the
corresponding value of the unsubstituted parent compound. This
work triggered a cascade of papers, which laid down the basis
of physical organic chemistry. At the beginning Hammétaft
o-constants were empirical in naturehut availability of
computer codes for the gradient ab initio methods enabled their

eoretical estimates.12 A lot of insight into acidity of organic

cids has been gained by controversial discussion over the origin
of the higher acidity of carboxylic acids relative to the
corresponding alcohol$:24 The heart of the problem was the
qguestion whether the higher acidity of the formic acid over the
methanol was a consequence of the increased stability of the
anions (conjugate base HCOYor the decreased stability of
the initial HCOOH molecule due to unfavorable electrostatic
interactions. The mainstream discussion was summarized by
Exner and @rsky? by stating that the acidity of carboxylic acids
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TABLE 1: G3 Deprotonation Enthalpies, Their Resolution into Triadic Components, and the Gas-Phase Acidities of Selected
Mineral Acids (in kcal mol ~1)

molecule (|E)K°°p (|E)1ad (IE)f“’exp’ E(ei)(”),ex (BAE)' AHacid AHacid,expia AGacid AGacid,ex;?
H,O (66.5) 41.0 42.1 25.5 118.6 391.2 390.3 384.7 388.0.3
HF (111.3) 78.4 78.4 329 137.0 372.2 371.3 366.6 3656.8.2
HCIO (89.6) 53.4 52.5+ 0.03 36.2 96.0 356.2 35561.1 349.7 349.2 1.2
H.S (59.3) 53.5 53.4+ 0.05 5.8 90.9 351.0 351380.1 344.8 344.4 3.0
HNO; (105.0) 52.6 52.4 78.2 339.2 34020.2 332.3 333.40.3
H.COs (138.6) 89.1 49.5 114.1 338.6 331.2

HCIO, (87.1) 51.8 49.6+ 0.7 35.3 73.2 335.0 328.3

HCI (94.1) 83.2 83.3 10.9 103.6 334.2 3334 328.7 328.0.1
H3POs (152.4) 104.5 47.9 119.7 328.8 323.7

HsPOy (154.5) 104.1 50.4 118.7 328.2 330465.0 321.6 323.55.0
H,SOs (114.9) 77.1 37.8 87.8 324.3 316.8

HNO; (146.5) 95.4 51.1 105.8 324.0 32450.2 317.8 317.8& 0.2
HBr? (87.5) 80.2 77.6 7.3 90.4 323.8 323450.1 318.7 318.3% 0.2
HCIO; (133.2) 97.2 98.0+ 2.3 36.0 99.0 315.4 309.0

HoSO4 (159.9) 116.1 109.5+ 2.3 43.8 113.9 311.4 3096 2.6 303.8 302.%& 2.5
HPG; (156.7) 118.7 1141414 38.0 115.8 310.7 31082.6 303.5 303.5%: 25
FSGH (169.0) 127.4 41.6 114.8 301.0 30742.6 293.9 303.%¢ 0.3
HCIO, (176.5) 127.0 121. 1+ 2.3 49.5 112.6 299.2 288014 292.5 281.6t 14.0
CRSGsH (172.4) 143.9 28.5 128.7 298.4 305#42.2 291.5 299.5: 2.0
CISGH (173.0) 136.7 36.3 120.9 297.8 290.5

HBF,4 (240.3) 159.0 81.3 137.2 291.8 287.6

HPFR; (262.1) 170.2 91.9 136.5 279.9 276.8

HAICI, (178.1) 142.6 355 94.0 265.0 258.9

HAIBr ,° (159.8) 130.9 28.9 79.7 262.4 256.7

a Experimental data for adiabatic ionization energies and acidities are taken from the NIST database {R&é&dljs for HBr and HAIBrare
obtained with G2 methodology.

originates in the low energy of their anions. This conclusion where APA denotes the absolute proton affinity akB is
was corroborated by triadic analysis of the acidity of carboxylic given by
acids X-COOH and alcohols XCH,OH (X = H, CHs, F,
CR). It was unequivocally demonstrated that the increased AE,=[E,B) + Emt(H+) — E(BH)] 3)
acidity of carboxylic acids relative to alcohols can be traced
down to considerably larger Koopmans’ ionization energies of
carboxyl anions X COO™.28 In other words, the excess electron
is stabilized in the conjugate base and the amplified acidity is
a result of the predominant influence of the final state effect. It
should be mentioned that triadic analysis proved useful in
discussing gas-phase acidity of para-substituted benzoic#cids,
phenols?® substituted cyclopentadiengsazoles’® some sub-
stituted benzened, and cyclopropa-fused quinon&s.The
comparative merits of different modes of interpretation of the
acidity were assessed and discussed in extenso by De&kyne
Unlike numerous studies of the acidity of organic neutral
acids, in particular with the €H bond as a proton donéf; 45
systematic analyses of their inorganic counterparts are s€atee.
In order to fill the gap we report here on the attempt to interpret
acidity of the most common inorganic acids and superacids by
using triadic paradigri®

Here Ei(B™) and Eio(BH) stand for the total energies of the
conjugate base in question and its protonated form BH,
respectively. A(ZPVE) is the difference in the zero-point
vibrational energy of the reactants and products. The term
absolute proton affinity refers to the fact that it is calculated
from the first principles without reference to a standard gauge
acid/base as is usual in the experimental work. FurthEg, +
AE; + AE; are the changes in the vibrational, translational, and
rotational energy differences of the reactants and products,
" respectively, at 298 K. Tha(pV) term is the change in the
pressure-volume work contribution. FinallyA(pV) = RT, AE;
= —(3/2)RT, andAE; = (AN)(1/2)RT, whereAN is a gain in
the number of rotational degrees of freedom upon protonation.
A brief comment on the terminology is in place here. Brgnsted
acidity is by definition given by the negative Gibbs free energy
changeAGg.igin eq 1 as already pointed out earlier. However,
the standard enthalpy chang&l..i{BH) = APA(B™) defined
_ o o via eq 4 (vide infra) is a very good measure of acidity. We
Protonation of a neutral and anionic base is given by eq 1: sha||, therefore, use APA(B in the forthcoming discussion as
an equivalent of acidity, unless it is explicitly stated th&%,iq
B"Y(g) + H'(g) — BH"(g) (1) values are considered. In an attempt to work out a general
procedure for prediction of accurate molecular energies, which
wheren assumes values 1 or 0 and (g) stands for the gas phasecan reproduce known experimental data with accuracy higher
If protonation of the negatively charged conjugate base is than=2 kcal mol?, including acidity, Pople and co-workers
considered, then = 0. The negative of the standard free energy developed GZ and G32 composite methods. They were used
change in reaction 1 yields the gas-phase basicity of thein the present work as implemented in GAUSSIAN 03 suite of
conjugate base Hg), whereas the negative of the standard computer code%}
enthalpy change for the same reaction gives the proton affinity
of B=(g). The latter is calculated at room temperature (298 K) Results and Discussion
via eqgs 2 and 3:

Computation Method

The calculated gas-phase absolute proton affinffidgqand

the corresponding gas-phase aciditieS,q of OH™ and 23
APA=AE, + A(ZPVE)+AE + AE + AE, + A(pV) (2) other conjugate bases of inorganic acids are given in Table 1.
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The G3 composite scheme is employed in all molecules but in 4, which describes relaxation of the nuclei and electrons during
HBr and HAIBI, since the Br atom is not parametrized in that the ionization process. It is given by

particular method. The G2 approach is, therefore, used instead.
Computed values are in very good agreement with NIST
experimental data as a rdieIn fact, theoretical estimates are
within the measured error margin in most cases, but there are
exceptions. Rare cases are given by;®BH and FSGH, where IE(B"),24is the first adiabatic ionization energy. Finally,
where the calculated value seems to be too low by 7 and 6 kcalthe bond association energy (BAE)gives the amount of
mol~1, respectively. We believe that the theoretical results are stapilization released by the formation of a new—- bond
closer to the true proton affinity. In this connection it should y attachment of the hydrogen atom to the atom. It absorbs
pe mentioned that our resqlt for FSﬂ)(30.1.0 kcal mot?) is the A(ZPVE) and the smalAE; + AE; + AE, + A(pV) terms

in very good accordance with G2 calculation of Koppel éfal. - ;e in eq 2. Finally, it should be mentioned that protonation

— = - 1 - : o

(AlHaCI'dt__ 301'? Satn%de?md_d 209%4?}0(7A||r_1| k;al_rrgltc))To)Zandd(i%S _Q of the conjugate base,B can be visualized by the three-step

(ia culations o eule ang LA acid = < andAtacid process: (1) instantaneous pruning of an electron from the

= 292.3 in kcal mot?t). Thus, it is likely that the experimental - . o .

value for AHaeg = 307.14 2.6 kcal mot is too high by at conjugate base (anion), (2) reorganization of the electron density

least 3-4 kcal molL. The earlier experimentalHaciq value® and relaxation of the nuclei during ionization in the real time,

. acl " .

of 311.0 kcal mot? is definitively wrong. Further, the error ~ @nd (3) homolytic creation of @ neweX H bond between neutral

radical B and hydrogen atom H It represents a slight

bars for the experimental acidity of HCl@re extremely high b« -
being=14 kcal mofL. Hence, a theoretical value for its acidity ~9eneralization of the customary thermodynamic cycle, where a

of 300 kcal mot is recommended by the present calculations. Single 1E(B");*’ term, yielding the first adiabatic ionization
We note in passing that this value can be conveniently used asenergy, is replaced by a sum of IE(B*°°P andE(ei)Vrex. This
a threshold of superacidity in the gas phase. Finally, it should elementary operation is, however, conceptually extremely

E(ei)” e = IE(B7), P — IE(B™),* (5)

rex

be mentioned that CBS-Q results fop$0; (AHacia = 325.3
and AGgig = 316.9 in kcal mot1)%® are in good accordance
with our computations (Table 1). The same holdsAbtcifHo-

important. Since deprotonation is considered here as reversed
protonation, Koopmans' term mirrors properties of the final state
of the acid, which donates the proton. It corresponds to an

CO,) = 337.8 kcal mot* obtained by RemKg using the CBS-Q instantaneous snapshot picture of the electron distribution in
method. ThUS, acidities of other mineral acids Computed herethe anion. On the other hand, the bond association energy
and not submitted to measurements as yet, can be used as fairlygAg),* describes the first step in the deprotonation process,
reliable data instead of the experimental values. New experi- s reflecting properties of the initial state. The relaxation term

mental measurements of the acidity of HGI@FRSOH, and provides description of the intermediate stage.

FSQH are strongly recommended.

As to the agreement of the calculated first adiabatic ionization
energies with the experimental,f®values, it is good for kD,
H.S, HF, HCI, HBr, HCIO, HCIQ, and HCIQ but the computed ~ Orbital that is most closely related to the, dtom in anion B
first adiabatic ionization energies are by far too large for H  to be protonated. For example, in the case of a lone pair localized
SQ,, HPQ;, and HCIQ. The reasons for these discrepancies on the atom X, it is the very MO accommodating this lone
are not known. However, since the theoretical values for HCIO, pair. Identification of such MOs, termed principal molecular
HCIO,, and HCIQ are in good agreement with experiment, it orbitals (PRIMOs)? is usually unambiguous and poses no
is likely that the measured value for HGY® too low. It would problem. It should be noticed that the PRIMO is not necessarily
be very useful to have'more experimental data for this important HOMO but could be placed lower on the orbital energy scale.
mole_cular property, since avallable_values are sparse. The G3 Finally, it should be stressed that formula 4 is exact in its
(G2 in the case of Br atom(s)-containing molecules) estimated L .

complete form and the errors occurring in the results arise due

first adiabatic ionization energies can be used in the meantime, . . .
g to the approximate nature of the theoretical and computational

if a due care is exercised. . ) i .
Before the computed APA values are interpreted, some methods applied. Dissection of the total APA into three

preliminaries are necessary. Adopting the trichotomy parafigm contributions is not exact, but only rough instead. For instance,
one obtains the one-particle picture underlying Koopmans’ term is more

realistic for higher occupied principal MOs than for the lower
ones. In this context, it is interesting to point out that the HOMO
orbitals can be even visualized by modern experimental
technique$%4 In conclusion, it is noteworthy that triadic
analysis proved useful in interpreting absolute proton affinities
of neutral organic bases and superbases as welhuastis
mutandishydride affinities as reviewed recenfl§.

The nth MO energy occurring in Koopmans' term deserves
a few words of a comment. It corresponds to the molecular

AH, i BH) = APA(B, ) = —IE(B),, P + E(ei)” e, +
(BAE)," + 313.6 kcal mal* (4)

wherea denotes the site of protonation, while 313.6 kcal Mol

is the electron affinity of proton (1 kcal mol = 4.184 kJ
mol~1). Here the first term represents Koopmans' ionization
energy of the conjugate base Balculated from thenth
molecular orbital in the clamped nuclei and frozen electron
density approximation. It is obtained by the Hartréeck
model [HF/GTLarge//MP2(full)/6-31G(d)]. The accuracy and ;
limitations of Koopmans’ approximation were discussed 5 us ~ stands for the gauge compound. In our case the latter will be
and by Pradie and Linne¥. It should be pointed out that the water molecule, or to put it more precisely, its deprotonated
ionization of the B’ conjugate base is considered to be a sudden form hydroxyl anion OH. The differenceA[APA(B )] can
event at the Koopmans level. However, it actually occurs in a be resolved into three contributions according to the trichotomy
real time. This is taken into account by the second term in eq formula:

In order to interpret the trend of changes along a family of
acids, it is convenient to select a standard molecule serving as
a reference. Then the variations in APAs, denoted by
A[APA(B, )] are measured relative to APA(st), where “st”
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A[APA(B, )] = APA(B, ") —

APA(OH") = [~A(IE), "  AE(ei)"

a,rex

J. Phys. Chem. A, Vol. 111, No. 45, 2001711721

TABLE 2: Relative Contributions to Deprotonation
Enthalpies of Selected Mineral Acids via Triadic Formulas
7a—7c in kcal mol—'2

A(BAE),] (6) molecule  A[(IE)a*°7]  A[E(ei)"ed A(BAE)  A(AHacid)
o
H.0O 0.0 0.0 0.0 0.0
where the square parentheses imply summation of the three E(FZIO :‘2‘3-513 1(7)-‘; —2128[54 :%g'g
bordered terms, which in turn explicitly read: H.S 75 197 577 _202
Koop ~\ Koop ~\ Koop HNO; —38.5 26.9 —40.4 —52.0
A(IE)y, " "=IEMB )y, " — IE(OH), (7a) H.CO; -72.1 24.0 —45 -52.6
HCIO; —20.6 9.8 —45.4 —56.2
N Ny~ HCl -276 -14.6 -15.0 -57.0
AE(ei)”; e = E(e)(B )"y ex — E(€N(OH )™, (7D) HaPOs ~85.9 22.4 11 —624
HsPOy —88.0 24.9 0.1 —63.0
A(BAE) * = BAE(B) — BAE(OH' 7 H,SO; —48.4 12.3 —-30.8 —66.9
( Ja ol (OH) (7c) HNO; —80.0 25.6 -12.8 —67.2
N . . HBr —21.0 —18.2 —28.2 —67.4
It should be noted that indicesandm are different in general. HCIO, —66.7 10.5 ~19.6 —75.8
The changes in triadic components relative tgDHnolecule H.SO, -93.4 18.3 -4.7 —-79.8
are summarized in Table 2. Water is considered in the liquid HPO; —90.2 12,5 —2.8 —80.5
state to be neither acidic nor basic within the Bransted definition, FSQH —102.5 16.1 —3.8 —90.2
although it can act as a proton donor (Brgnsted acid) or a proton gggégH :1(1)(5)'8 2;"8 _fbol :gg'g
acceptor (Brgnsted base). It is, therefore, convenient to use it cigoH ~1065 108 23 —93.4
as a standard in the gas state as well, particularly since it is an HBF, —173.8 55.8 18.6 —99.4
inorganic compound. Theoretical APA of the Olnion is very HPFs —195.6 66.4 179 -111.3
high being 391.2 kcal mot, which is in very good accordance ~ HAICI, —111.6 10.0 —24.6 —126.2
HAIBr 4 —93.3 34 —38.9 —128.8

with the experimental value of 390.3 kcal mél It comes,

therefore, as no surprise that APAs of all other conjugate bases

of mineral acids lie below this gauge value. It is important to
notice that very significant contribution to the increased acidity
of all mineral acids is provided by the stabilization of the

a\Water molecule is taken as a reference.

TABLE 3: Acidities of Selected Mineral Acids (in kcal
mol~1) and Their Relation to Hammett—Taft o, and op,~
Parameters

principal MOs, which offer residence to the excess electron,
H.S being a notable exception. Let us consider first superacids
CISOsH, CRSOsH, HCIO,, HBF,, HPF, HAICI 4, and HAIBI,.

The corresponding\(IE),<°°P contributions are-106.5,—105.9,
—110.0, —173.8, —195.6, —111.6, and—93.3 kcal mot?,
respectively. It follows that Koopmans’ term decreases APAs

of the conjugate bases (i.e., increases acidity) by more than 100

kcal mol1, except in the case of HAIBrwhere this decrease
is “only” 93.3 kcal mof™. The latter is peculiar, because HAIBr

is the strongest acid considered here (see later). The highest

enhancements of acidity by the Koopmans’ term are found in
HBF, and HPF being 173.8 and 195.6 kcal md)| respectively,
which is remarkable indeed. Perusal of other data presented in
the first column of Table 2 provides conclusive evidence that
Koopmans' term exerts a decisive influence on the acidity of
mineral acids in general with very few exceptions. It is,
therefore, safe to conclude that acidity of mineral acids is
predominantly determined by the properties of the final state,
or in other words by the ability to distribute the excess electron
density in deprotonated forms in an advantageous way. A few

substituent AHacig
(X—0H) acid (X—0H) op(X) 05 (X)
H H,O 391.2 0.00 0.00
Cl HCIO 356.2 0.23 0.19
NO HNO, 339.2 0.91
COH H.COs 338.6 0.45 0.77
Clo HCIO, 335.0
H.PO, HaPOs 328.8
H.PO; H:PO, 328.2
SOH H.S0; 324.3 —-0.07
NO, HNO3 324.0 0.78 1.27
ClO, HCIOs 315.4
SO;H H,SO, 311.4
PG, HPG; 310.7
SOF FSQH 301.0 0.91 1.54
ClOs HCIO, 299.2
SOCR CRSO:H 298.4 0.96 1.63
SOCI CISGH 297.8 1.11

HCIO,, H,S, and HBr, implying that in the latter two-8H and
Br—H bond scission energies are much lower than theHO
bond energy in BKO. In these four molecules the initial state is

words on PRIMOs are in place here. They are the highestthe crucial factor, but it should be noted that in HN{@s

occupied molecular orbitals (HOMOS) in all but two caseg (H
COs and HPGOs). The HOMO of OH is one of two degenerate
MOs describing lone pair electrons (Figure 1). In HCGhe
PRIMO orbital is HOMG-1 in-plane combination of two local
atomic AOs belonging to planar lone pairs. Since the proton
attacks one of two oxygen atoms in the HOCOGDbnjugate
base in the molecular plane, HOMQ is the principal
molecular orbital instead of HOMO. Analogously, inPO;~
anion the HOMG-1 orbital has the lone pair MOs on oxygen
atoms in the direction of the proton attack. Hence, it represents
the PRIMO orbital for this anion (Figure 1). It is interesting to
observe that it has a significant fraction of the hydrogen AO,
which is directly bonded to phosphorus atom.

In a couple of molecules the bond association energy plays
a more important role than Koopmans’ term, such as in INO

contribution is equivalent to the Koopmans’ term. In this
connection it is fitting to say that superacidity of HAKCind
HAIBr, is a result of a combined effect of the final and initial
state effects, which both act in harmony. A decrease in their
Cl—H and Br—H bond energies relative to those of the water
molecule is—24.6 and—38.9 kcal mof?, respectively. This
explains the fact that HAIGland HAIBr, are more potent
superacids than HBFand HPF in spite of a lesser contribution
of Koopmans’ term, together with less favorable contribution
of the relaxation energy in the latter two molecules (Table 2).
Substantial influence of the (BAE)erm is also found in b

SO; and HCIO. Finally, it should be emphasized that concerted
influence of all three triadic terms, leading to enhanced acidity,
is found only in halides HCI and HBr. Acidity of HF is, on the
other hand, exclusively determined by Koopmans’ term. The
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anion o try HOMO HOMO-1
7 |
OH™ | |
H
(—0.10594) —0.10594
| -
gl l’ I
HCO;5™ | < T
oo
-0.21331 (—0.22088)
H S Y
\0 < B/
HPO; Ou, I
- J s .T_H |
0 —0.23589 (—0.24288)

Figure 1. Schematic representation of highest two occupied molecul
energies (in au) obtained by HF/GTLarge//MP2(full)/6-31G(d) level of
of anions the most are given within parentheses.

410,0

390,0 -

w
N
o
°

350,0 -

APA(B") / kcal morl™'
w
S
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310,0 -
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ar orbitals for some characteristic conjugated bases, together with their orbital
theory. The orbital energies of the principal MOs participating in protonati

-0,20 0,00 0,20 0,40 0,60

0,80 1,00 1,20 1,40 1,60

Op

Figure 2. Approximate linear relationship between APA(Band Hammett Taft o,~ constants [APA(B) = —49.2%,~ + 379.2 kcal mot?).

relaxation energy contributes toward increase in acidity £8 H
relative to BO by 19.7 kcal moit (Table 2). In all other

terms in triadic analysis are not additive, but their sum, i.e.,
their interplay, leads to a constant increment in acidity. The

molecules the intermediate relaxation step diminishes acidity. relaxation energy contribution is very small for HGI@olecule
Itis interesting to examine a homologous series of compounds and, being of the opposite sign, practically cancels out Koop-

HCIO, HCIO,, HCIOs, and HCIQ. Their acidity increases

mans’ term. It turns out that the bond association energy term

(absolute proton affinity of conjugate bases decreases) along(—22.8 kcal mot?t) exerts the final and decisive effect in this
the series, implying that it is enhanced by each oxygen atom molecule making it more acidic than HCIO by almost the same
added to the central chlorine atom. Taking the least acidic amount -21.1 kcal mot?'). The situation in the other two
molecule HCIO as a new reference system for this set of acids,molecules is, however, quite different. In HGl@nd HCIQ

this increase in acidity is regular and practically additive being the relaxation energy decreases, whereasA(RRAE) term

—21.2, —40.8, and—57.0 kcal mof™. In other words, each
oxygen atom amplifies the acidity by roughly 20 kcal mol
The reasons behind this are intriguing. Applying triadic formula
6 one obtains the following: APA(HCI§) — APA(HCIO) =
—21.2=[2.5; —0.9; —22.8], APA(HCIG;) — APA(HCIO) =
—40.8=[—43.6;—0.2; 3.0], and APA(HCIQ) — APA(HCIO)
57.0=[—86.9; 13.3; 16.6]. In all four systems the PRIMO

becomes higher acting against the decrease in the APA values.
It can be concluded that consecutive additions of an oxygen
atom to the HCIO molecule leading to HGI@n = 2, 3, 4)
series result in a linear increase of acidity, which in the case of
HCIO; is clearly a consequence of the initial state effect, whereas
in the case of HCI@and HCIQ acids it is a pure final state
effect. There is a distinct difference, however, since in HCIO

orbital corresponds to the HOMO orbital, since these orbitals the influence of the relaxation and bond association terms is
have electron densities at oxygen atoms in the plane of almost negligible. On the contrary, in HCJ@hese two terms
protonation. However, in hypochlorous and chlorous acids the jointly act to diminish acidity by 30 kcal mol, which is
energies of PRIMO orbitals are practically the same. In the other overcome by the overwhelming Koopmans’ effee86.9 kcal

two molecules Koopmans' ionization energy term substantially mol=?), yielding a net increase in acidity by 57 kcal mhbl
contributes toward enhancement of acidity, meaning that the Interestingly, attachment of the oxygen atom to the central atom
final state effect is overwhelming. It appears that upon sequentialin HNO, and HSGO; leads to increase in acidity too, but for

attachment of the oxygen atoms to HCIO, the principal
molecular orbital of the anion (describing the lone pair to be

different reasons. Specifically, APA(HND— APA(HNO,) =
—15.2=[-41.5; -1.3; 27.6] and APA(HSOy) — APA(H-

protonated) becomes gradually more and more stabilized, whichSG;) = —12.9= [—45.0; 6.0; 26.1], in kcal mot. In HNOs

leads to higher acidities. It should be noticed that individual

and HNQ the relaxation energies are practically identical,
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whereas in HSQy it is higher than in HSO; by 6 kcal mot™.
In both cases the BAE term diminishes acidity by roughly 27
kcal moll. However, a predominant effect is exerted by
Koopmans’ term leading to amplified acidity of HN@nd H-
SO, relative to their HNQ and HSO; counterparts by-15.2
and—12.9 kcal mof?, respectively, which is consequently the
final state effect.

It is of some importance to relate the APA values to
Hammett-Taft o, ando,~ constants. Unfortunately, they are

J. Phys. Chem. A, Vol. 111, No. 45, 2001711723

initial state effects. A concerted interplay of all three triadic
terms leads to enhanced acidity of HCI and HBr, which in turn
are quite acidic, but they are not superacidic species.

Finally, a linear, albeit very approximate relation is found
between absolute proton affinities of deprotonated conjugate
bases (APAs) and Hammeftaft o, constants, where the latter
are available.
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