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The electronic structure, hardnesg, (@and chemical potentiak] for the'A’ and3A" states of HNG-HON

and the®A"” state of HSG-HOS have been calculated using HF/6-3HG** and B3LYP/6-31H-+G**
methods. The; andu profiles of the!A’ state of HNG-HON and those of HSOHOS are obtained in
agreement with the salient features of the maximum hardness principle (MHP). However, a quitejerratic
profile is predicted for théA" state of HNG-HON. This can be attributed to the nature of the variation in

the energy difference of the two states along the reaction path. The relative energies, ionization potentials
(1), and electron affinitiesA) are calculated at the stationary points of the B3LYP surface using B3LYP and
MPn (Full) methods. Most of these values are obtained in very good agreement with the available experimental
data. They values based on theseand A identify the most stable species correctly but do not follow the
expected trend with regard to the relative stability of the transition state. The reason for this anomaly is

discussed.

1. Introduction

The concept of hardness was first introduced by Mulliken
and Pearsod. It has now been established as a very useful
concept in the theory of electronic structure and reactivity of
molecules. In the framework of the density functional theory
(DFT)2 hardnessy) is related to the slope of the vs N curve
(« is the chemical potentiabndN is the number of electrons)

by anincrease in. (3) The computed hardness profiles (change
of  along a reaction path) pass through a minimum at or near
the transition state (TS) for internal rotation, inversion, exchange,
and isomerization types of reactions.

We are concerned here with the isomerization reactions of
the type HAB — ABH, which are brought about by a
1,2-hydrogen shift. The first reaction of this kind for which

at constant external potential and temperature. The chemicalthe 7 andu profiles were calculatédlis the isomerization of

potential was defined earliér.It is equal to the slope of thE

vs N curve, wherekE is the total energy. Thug; is related to
the curvature of thee vs N curve. Using three-point finite
difference approximation for the energy derivatives, Pedrson
derived the following working expressions fgrand u.

n=(0—-A)2
w=—(1+A)2

1)
()

where | and A are respectively the ionization potential and
electron affinity of theN-electron system. For closed-shell
systems eqs 1 and 2 can be further simplified by using
Koopmans' approximation (KA) fol andA.

On the basis of empirical observations, Peafspoposed a
very important principle of molecular electronic structure, which
is now known as the maximum hardness principle (MHP). It

HCP to HPC. Kar and Scheirftércalculated they andu profiles

of a number of 10-valence electron closed-shell HABBA
systems derived from first- and second-row elements. They
used KA to evaluaté and A and observed that hardness is a
good indicator of the more stable isomer. An important finding
of this study is that while the total energy does not exhibit the
same behavior ag andu, the individual electronicHe)) and
nuclear repulsion\(,,) energies are in close parallel with them
in most cases. This is in agreement with the propositioade

on the basis of theoretical arguments.

Density functional calculations of hardness, electronegativity
(¢, the negative oft), and polarizability for a number of similar
systems have recently been reported by Ghanty and Gfiosh.
Some of the molecules chosen by them contain third-row
elements as well. Following KA, the energies of the highest
occupied and lowest unoccupied Keh@ham (KS) orbital®

has evoked considerable research activity in this area, culminat-Were used to calculateandA. They did not calculate thg

ing in a large number of papérd® published in quick
succession. In these studigsndu have been calculated for
a variety of individual molecules, for structural changes in

molecules caused by inversion, deformation, internal rotation,

etc., and for various types of simple reactions. The main

andu profiles, and the geometries of HAB, HBA, and BHA
(TS) were taken from the literature. The TS in most cases was
found to be associated with a minimum value »pfand a
maximum value ofu. There are, however, a number of
exceptions in the ordering of and u vis-avis that of total

conclusions of these studies are as follows: (1) A more stable €Nergy.

structure is usually associated with a higher valugy @ind a
lower value ofu. (2) Exothermic reactions are accompanied

In the present investigation we have extended the works of
Kar and Scheinéf and of Ghanty and Ghohto open-shell
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systems for which only a few calculations have so far been TABLE 1. Optimized Geometries (Bond Length in A and
reported!® The specific systems we have chosen here are Bond Angle in deg) of the HNO-HON System and lIts lons

HNO—HON and HSG-HOS. These molecules play a very system distance angle
important role in atmospheric chemistry. For the former we XYZ XY Yz XYZ method
have consideredA'’ and3j " states, and for the latter tRa" _ THNOEA) 1032 1167 109.4 A
state has been taken into account. Hardness and chemical 1.064 1.200 108.9 B
potential have been calculated using HF (UHF for open-shell 1.053 1.220 107.6 c
species) and the B3LYP (BecKethree-parameter nonlocal 1.053 1.217 107.8 D
exchange functional with the nonlocal correlation functional of 1.064 1.212 108.8 exptl
Lee, Yang, and Pa) method. Although somewhat semiem- HNOCA") 1.013 1219 113.7 A
A 1.021 1.224 119.8 B
pirical in nature, the B3LYP method has been fotfnid be 1.024 1.200 127.4 c
quite reliable in the study of electronic structure and energetics 1.011 1.238 117.0 D
of a wide variety of molecules. The present study is probably 1.021 1.238 114.6 exptl
the first application of B3LYP or any other version of the density =~ HON('A") 0.967 1.240 111.4 A
functional method in the calculation gfandu profiles of open- 1.001 1.254 112.7 B
shell systems. Since Koopmans’ approximation cannot be used g'ggg i%?g ﬂgg g
unambiguously for a UHF wave function, we have calculdted 0.984 1.286 111.0 exptl
and A for the open-shell molecules by the energy difference  HONEA™) 0.948 1.310 109.1 A
(AE) method, where separate calculations are carried out for 0.970 1.324 109.5 B
the neutral species and its ions. Finally, single-point MP2 0.967 1.322 106.5 C
and MP4SDTQ calculations are performed at the stationary 8'8?2 13421431 iég'g
. . . . . exptl
points of the B3LYP potential energy (PE) surface. Trend OHN(A) 1.004 1.200 66.4 A
u values obtained thereby are then compared with the B3LYP 1.109 1.266 67.6 B
values. 1.017 1.287 67.6 C
1.090 1.275 68.4 D
2. Method of Computation OHNCA") 1:%32 iggg gg:é g
All calculations have been carried out using the Gaussion- ﬂ;? %%\Z}g g;:i g
94 progran?® The 6-31H-+G** basis set has been used in HNO*(2A") 1.079 1.223 124.2 B
both HF and DF (this shorter acronym denoting density = HON'(?A") 1.026 1.173 118.8 B
functional has often been used here for B3LYP) methods. All  HNO™(’A") 1.060 1.328 106.5 B
electrons are correlated in the single-point MPn calculations ~HON"(A") 0.965 1.465 104.9 B

which are of RMPn type for the closed-shell and of UMPn type  2Entries against A (HF/6-3H-+G**) and B (B3LYP/6-31H+G**)

for the open-shell systems. Since the energies in the UMPnrefer to this work. Methods C (ref 24) and D (ref 25) stand for
calculations are generally overestimated due to spin contamina-MP2(Full)/6-311G** and CASSCF, respectively. Experimental values
tion in the reference UHF wave function, we have used projected &€ quoted in ref 25.

UMPnN or PUMPN method. . . . . . .
derived here using a slightly higher basis set. For the ions the

geometries have been optimized only by the B3LYP method.

Unfortunately, no experimental values are available for com-
Although our primary objective is to study the naturezof ~ Pparison.

andu profiles, we have given due emphasis to the equilibrium  The optimized geometries of HSESOH and its ions are

structure and energetics in order to assess the overall perforcompared in Table 2 with the results of some earlier calcu-

mance of the B3LYP method. In what follows geometries, lations?’—3! The experimental geomefdis available only for

3. Results and Discussion

relative energies of the neutral species, thand u profiles, HSO. As in the HNOG-HON system, the HF bond lengths are
and the values ofy andu at the stationary points in the PE  appreciably underestimated. For the HSO radical the closest
surface are presented in separate subsections. correspondence with experiméhts obtained by the MP2

A. Geometries. The HF and B3LYP optimized geometries method. The B3LYP and MP2 geometries of HSBOS differ

for HNO—HON and their ions are summarized in Table 1. by a somewhat greater margin than in HNBON. This
Available experimental values and results of some previous difference is most pronounced in the TS (OHS) for which the
calculation?425 carried out at different levels of electron MRDCI (multireference double excitation configuration interac-
correlation treatment (MP2/Full/6-311G** and CASSCF) are tion) result$® fall well outside the range of the present values.
also included in this table for the sake of comparison. As is This discrepancy is possibly due to the inefficient (curve fitting
well-known, the HF method fails to predict the correct ground Using insufficient number of points) optimization procedére
state for HNO. For the present systems the NO bond length isused for OHS in the MRDCI calculations. The HF method
underestimated by this method. The best overall agreement withpredicts a wrong ground state for the HS@n which is
experiment is achieved by the CASSCF calculat®nsThe isoelectronic with HNO. Comparable geometries are predicted
performance of MP2 and B3LYP methods is comparable; in for the ions by the B3LYP and MRDCI methods.

most cases they yield results in good agreement with experiment. B. Relative Energies of the Neutral SpeciesThe relative
Barring the bond angle in tH&" state of HNO which is highly energies ) of the neutral species as obtained by PUMP2-
exaggerated by the MP2 method and by ab&ubh%he B3LYP (Full), PUMP4SDTQ(Full), and B3LYP methods at the station-
method, the geometries predicted by the correlated methods varyary points of the B3LYP PE surface are given in Table 3 along
within a small range. The geometries for some of the systemswith the results of some earlier high-level ab initio calcula-
obtained by Mebel et & using the B3LYP/6-311 g(d,p) method tions242530 The ZPE (zero point energy) corrections are
are found to be virtually identical to the corresponding values included in the relative energies. In this work (A, B, and C,
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TABLE 2: Optimized Geometries (Bond Length in A and
Bond Angle in deg) of the HSG-HOS System and Its lons

system distance angle
XYz state XY YZ XYz methodt
HSOGA™) 1.341 1.535 101.5 A
1.380 1.533 103.9 B
1.368 1.490 106.6 C
1.367 1.557 101.3 D
1.392 1.519 104.1 E
1.389 1.494 106.6 exptl
HOSPA") 0.944 1.619 111.2 A
0.968 1.662 109.1 B
0.977 1.654 107.7 C
0.950 1.625 109.8 D
0.952 1.646 109.5 E
OHSEA'") 1.301 1.422 72.7 A
1.355 1.438 74.1 B
1.402 1.397 67.8 C
1.135 1.514 80.8 E
HSOM(*A") 1.362  1.409  103.8 A
1.397 1.455 103.8 B
1.371 1.482 104.5 C
1.365 1.466 104.8 E
HSOH(3A") 1.353 1550 94.6 A
1.392 1.554 95.2 B
1.364 1.568 92.7 C
1.365 1.561 97.8 E
HOS"(*A") 0.964 1501  118.2 A
0.974 1.550 116.3 B
0.977 1.579 118.3 E
HOSM(PA") 0.961 1.579 123.4 A
0.965 1.554 124.3 B
0.979 1.529 124.4 E
HSO (*A") 1.355 1.585 105.1 A
1.393 1.616 106.4 B
1.349 1.593 105.9 E
HOS (*A") 0938 1756  105.4 A
0.960 1.831 102.1 B
0.953 1.773 104.3 E

aEntries against A (HF/6-3H#1+G**) and B (B3LYP/6-31H+G**)

refer to this work. Methods C (ref. 30), D (ref. 27) and E (ref. 29)

stand for MP2(Full)/6-311G** MCSCF, and MRDCI, respectively.

TABLE 3: Relative Energies (Er, kcal/mol) of HNO—HON
and HSO—HOS Systems

Erela

system state A B C D E F G
HNO A’ 0.0 0.0 00 00 00

SA" 207 209 11.0 211 184
HON A’ 485 453 40.7 459 426

SA" 2511 249 204 254 232
OHN 3A" 737 700 729 705 725

SA" 579 56.8 532 57.1 588
HSO  2A" 0.0 0.0 0.0 0.0 0.0
HOS *2A" -7.6 —-43 -14 —-48 34
OHS 2A" 538 53.7 44.0 47.0 46.0

aValues under A (PUMP2(Full)/X//Y/X), B (PUMP4SDTQ(Full)/

XIIYIX), and C (Y/XI/IYIX) are from this work, where X= 6-311H+G**

and Y= B3LYP. Values under D (ref 24), E (ref 25), F (ref 30), and
G (ref 30) correspond respectively to PUMP4SDTQ(Full)/6-3111G**//

MP2(Full)/6-311G**,
6-31G(d), and G-2//MP2(Full)/6-31G(d) calculations.

CASSCF, MP4/6-311G(d, p)//MP2 (Full)/

see Table 3), ZPE’s of ref 24 are used for HNBON and

those of ref 30 are used for HS(HOS. For the singlet states,
RMPn calculations have been performed throughout.
relative energy of théA" state of HNO and the barrier height
in the A" surface of HNG-HON seem to be somewhat

J. Phys. Chem. A, Vol. 102, No. 29, 1998069

employed in the two sets of PUMP4 calculation, they predict
practically identical values for relative energies.

Ab initio calculations for the HSO and SOH radicals were
first reported by Sannigrahi et &. They predicted HOS to be
more stable than HSO. Several ab initio calculafibreported
thereafter made an identical prediction although the magnitude
of the energy difference was found to decrease with the
improvement in the quality of calculations. It was pointed out
by Xantheas and Dunnifgthat failure to account for dynamic
correlation, inadequacy of the basis sets, and poor geometries
were the main reasons why earlier calculations failed to correctly
predict the relative stability of HSO and HOS. It has now been
firmly establisheé that HSO is more stable than HOS. As
can be seen from Table 3, the B3LYP method fails to predict
the correct sign of [, although the magnitude & is quite
small. The best estimate for this quantity has been obt&ined
using the Gaussian-2 theot§. The G-2 and B3LYP barrier
heights are virtually identical. This agreement is likely fortu-
itous: the errors in energies seem to have been canceled out
due to the use of somewhat different geometries.

C. Hardness and Chemical Potential Profiles. In the
preceding subsections we have seen that the B3LYP method
yields equilibrium structures for the neutral as well as ionic
species and the energetics of the neutral species in good
agreement with the results of earlier calculations and experi-
mental data, where available. We will now comparesjtend
u profiles obtained by B3LYP and HF methods.

The reaction path for the isomerization of HAB to HBA is
conveniently’ described by the variation of the HAB angt®) (
Along this reaction patly andu values are calculated by the
AE method using the vertical values bandA. For thelA'
state of HNG-HON Koopmans’ approximation has also been
used. They profiles thus calculated using B3LYP method are
displayed along with the energy values in Figure 1a, and the
corresponding HF results are given in Figure 1b.

As can be seen from Figure 1a, the' state of HON (where
0 = 30°) is lower in energy than th&’ state of HON, and in
the case of HNO (wher@ ~ 11(°) the order is reversed. The
transition state { = 55°) of the A" surface, is found to be
lower than the!A’ surface, and the two surfaces cros®at
73°. These findings are in accordance with the previously
reported result3*2> It may be noted that these trends in energy
profiles are not correctly predicted by the HF method (see Figure
1b). The3A" state of HON is found (Figure 1b) to be the global
minimum in the surfacewhich is certainly not the case.

We first discuss the nature of thygprofiles of the!A’ surface
of HNO—HON drawn in Figure la. The KAy profile is
characterized by two maximaf (= 30° and 108) and a
minimum @ = 45°). They refer to HON, HNO, and OHN
(transition state), respectively, and occur at or near the corre-
sponding points in th& profile. The behavior of thg profile
(*A" surface) calculated by thAE method follows the same
trend and contains extrema at the same HNO angles. The only
difference between these twaprofiles is the magnitude of the
n values, i.e.;7(KA) (1-2 eV) < 5n(AE) (5—6 eV). This is
due to the fact that energies of the occupied (unoccupied) KS
orbitals are markedly higher (lower) than the corresponding HF
orbital energies. Because of the orbital energy difference, the

The Koopmans’| values are underestimated awdvalues are

overestimated in the B3LYP method. The nature ofitlpeofile
(not shown) of the'A’ surface closely follows that of the

underestimated in the B3LYP calculations, which otherwise hardness, only in reverse: the minimawdccur at points which
yield results in good agreement with the CASSCF values. are maxima forn. These trends also hold for the HF
Although slightly different basis sets and geometries have beenapproximation except the KA method where the maximum at
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Figure 1. (a) Plots of relative energie&g, left scale) and hardness
(n) obtained by DFT method of HNO against HNO ang#. (b) Plots
of relative energiesHe, left scale) and hardness)(obtained by HF
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method of HNO against HNO anglé)

6 = 80° does not refer to any stationary point in therofile.
At the stationary points of thg andu profiles the following
relations hold: (HNO) > n(HON) > »(TS) andu(HNO) <
u(HON) < u(TS). Thisis in conformity with MHP and earlier

observationg’

According to Parr and Gazquéz, should reach an extremum
at a point where both electroni&d) and nuclear repulsion
energy Vnn) are extrema. It was further shown that wheis
constanty is a maximum at a point whergg is a minimum,
and vice versa. The same conclusion is valid wheis not
constant, but it has an extremum at the same point wkgre

140
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Figure 2. Variation of nuclear repulsion energyy, left scale) and
electronic energyHe) obtained by DFT method of HNO with HNO
angle Q).

to be coincident in most case¥,, is a maximum at a point
whereEg is a minimum, and vice versa. In fact, they are nearly
perfect mirrors of one another. Kar and Schelhebserved
that the extrema in the or u profile are more tightly connected
to the Vihn and Eg profiles than to their sum. Although there
are slight differences in the position of the extrema, there
remains a strong similarity in shape of the profilesAd state

of HNO—HON. In the case ol profiles (not shown) this
coincidence is rather poor.

Let us now turn our attention to the nature of therofiles
presented in parts a (B3LYP method) and b (HF method) of
Figure 1 for the3A"” surface of HNG-HON. The energy
difference AE) method is used to calculateandu. As can
be seen from Figure la,b, the nature of the profiles is quite
erratic (the same is true for theprofiles’” which are not shown
here). Some of the extrema match with the corresponding
energy profiles; however, the nature of each stationary point is
just the opposite to what is expecteldardness is minimum for
the minimum-energy structures and maximum for the TS. This
anomalous behavior can be qualitatively explained as follows.
The hardness values of the two states bear the following relation.

ns=mntE —E=mn 1+ AE, ©)]

where 1 and 3 refer tdA’ and 3A"" states, respectively, and
AEgy is the excitation energy of th&\" state. It can be seen
from Figure la tha; is a slowly varying function o(HNO),
while AEx (not explicitly shown) changes much faster. Thus,
it is the latter variation which determines the shape ofiihe
profile. The presence of a maximum near the TS of e
state is due to the very high value ~E at that point. Beyond
the crossing point af = 73°, the status of the two states is
interchanged andE.x < 0. This causes a decreasenmnand
one gets a minimum in thes profile atf ~ 110° (here AEey

is minimum) which corresponds to the bond angle of HNO in
the 3A" state. A qualitative correlation betweeyy; and the
barrier to internal rotation has been reportedA linear
relationship between these two quantities has also been found

does. For the discussion of the nature of these profiles it is in the present investigation.
thus necessary to have knowledge of the positions of extrema We turn now to the energy angprofiles of the?A" state of

in the Vi, andEg profiles also. Figure 2 illustrates the behavior

HSO-HOS system exhibited in Figure 3. Only the energy

of these two components of the total energy calculated using difference AE) method is used to calculaieandu. For the
the B3LYP method, again as a function of HNO angle. The sake of clarity, each point in the(HF) curve is lowered by 1

extrema @ = 35°, 55°, and 120) in these profiles were found

au. Both B3LYP and HF energy curves show fairly good



Ab Initio and Density Functional Study J. Phys. Chem. A, Vol. 102, No. 29, 1998971

-473.8 et - ' 1 6.0 TABLE 4: Vertical (v) and Adiabatic (a) lonization
[ ) Energies (, eV) and Electron Affinities (A, eV) of
HNO—-HON and HSO—HOS Systems
::_3: -473.9': EHF) j‘ 5.5 System I A
Eu“ L E XYZ  state v a v a methcd
- - HNO A 10.631 9.983 —0.392 0.082 A
-474.07 750 10.426  9.926 —0.481 0.180 B
[ E@B3LYP) ] 10.645 10.264 0.234 0355 C
) 1 10.100 0.338 exptl
474 .1+ N®BILYP) 4.5 HNO SA" 9.757 9.077 0.464 0.938 A
[ ] = 9.563 9.063 0.382 0.881 B
— 10.203 9.821 0.679 1.098 C
: : & HON A’ 8862 8567 —0951 0468 A
-474.27 740~ 8871 8631 —1.120 0362 B
TIHE) ] 9.414 9188 0554 0811 C
I HOS ] HON SA 9.872 9.577 —1.961 -—0.542 A
a0y B80T 9751 9510 —-1.999 -0516 B
0.00 20.0 40.0 60.0 80.0 100 120 140 10.292 10.066 —0.323 —0.066 C
SO anele in degree OHN A" 10.117 —0.347 A
_ o & ) gree) 9.989 —0.561 B
Figure 3. Dependence of total energiek, (eft scale) and hardness 10.053 0.940 C
() obtained by DFT and HF methods of HSO upon HSO an@)e ( OHN 3A"  10.145 —-0.797 A
9.899 —0.730 B
correspondence with regard to the stationary points: minima 11029 0.443 c
at 25 and~100° and a maximum at S0correspond to HOS, HSO" A 9382 9.302 1025 1112 A
HSO, and OHS (transition state). Some of these points are 9.402  9.353 0.886 1.003 B
! ‘ : p_ . 10.456 10.303 1.149 1.265 C
common to#n profiles. The nature of these profiles is 9.340 2.590 D
qualitatively similar for the HF and DF methods. In both cases 9.918 exptl
the 5 profile is characterized by two maxima and a minimum HOS  ?A"  9.324  9.092 1.084 1286 A
(while they profiles, not shown here, exhibit some additional 1%%% 1%16%2 g-g% 11-%3% %
extrema). At the respective stationary points the following : 9.670 ' 1970 D
relations are satisfied by andu: 7(HSO) > 5(HOS) > 7- OHS 2A" 9225 2.007 ' A
(OHS) andu(HSO < u(HOS) < u(OHS). Interestingly, on the 9.129 1.844 B
basis ofy values HSO is predicted to be more stable than HOS 10.149 1.667 Cc
in agreement with the prediction from the G-2 the#tyThe aThe calculated values shown against methods A, B, C, and D

HF method predicts théA" state of HSO to be more stable  correspond respectively to PUMP2(Full)/X, PUMP4STQ (Fully/X,
than the!A’ state over the entire PE surface, which is not cor- B3LYP/X, and MRDCI calculation® where X = 6-311++G**.

rect. Despite this gross deficiency, the HF method yields results ” With respect to HSO(A”) B3LYP, MRDCI, and experimental

in agreement with MHP, which is rather theoretically incon- valqe§1 of | (adiabatic) are 11.034, 10.44, and 11.15 eV, respectively.
sistent ¢With respect to HOS (*A’) B3LYP and MRDCI value¥ of |

. . . (adiabatic) are 10.43 and 9.18 eV, respectivéMith respect to
Using a model diatomic molecule, Pal et®&have recently OHS' (3A™).

shown that at constant chemical potential the finite difference

approximation of hardness gives a maximum where the vertical potential in the®A” state of HON is 9.71 eV, which is in good
ionization potential is maximum. This conclusion is found to agreement with the DF as well as MPn values. For the HSO
be valid in the present systems also even though the chemicakadical MPnl values differ from experiment by a greater margin
potential is not constant over the PE surface. Thend » (~0.6 eV) than the B3LYP value (the difference is about 0.4
profiles (both HF and DFT) of HSGHOS and the correspond-  eV). The ionization energy for the process H¥D() — HSO*-

ing profiles (HF) of thelA’' state of HNO-HON exhibit (®A") has been estimatédo be 11.15 eV. The B3LYP value
remarkable correspondence with regard to the position of is in very good accord with this experimental estimate. For
extrema. The DFT andy profiles of the latter show reasonable  poth HSO and HOS the MRDCI valiiof adiabatic ionization
agreement wherl and A are calculated using Koopmans’ potential are underestimated by a margin of about 1.0 eV with
approximation. respect to their DFT counterparts.

D. Accurate Estimates ofy and g at the Stationary Points The MPn and B3LYP electron affinity values are in satisfac-
of the Energy Surfaces. Since the stationary points in the tory agreement for HNO and HSO. However, for HON and
andu profiles are obtained only in qualitative correspondence HOS, they differ by about 0.5 eV. It is difficult to offer a
with those in the respective PE curves, we have calculated theseplausible explanation for this discrepancy. Tschumper and
quantities at the B3LYP geometries. For this purpose the Schaefe¥ made an exhaustive comparative study of the
ionization potential and electron affinity are computed using performance of various versions of DFT in the calculation of
PUMP2 (Full), PUMP4SDTQ (Full), and B3LYP methods. electron affinity of small molecules. We could not identify any
These computed values are given in Table 4. The ionization specific trend in the magnitude of errors in their calculated
potential of HSO is calculated with respect to HF&\') and values. Sometimes they are obtained in very good accord with
that of HOS refers to HOS2A""). The few experimental data  experiment, and in many cases they are overestimated by as
that are available for comparison refer to the adiabatic values.much as 1.0 eV. For the HN&') molecule the present
In the case of théA’ state of HNO all three methods predfct calculations (B3LYP/6-311+G**) predict EA in excellent
laqin good accord with experiment. The G-2 theory predicts a agreement with experiment, whereas the value obtained by
value of 10.27 eV, which is the same as the B3LYP adiabatic Tschumper and Schaef@using a better basis set differs from
ionization potential. The G-2 estimatefor the ionization experiment by 0.4 eV. For the HSO radical the MRDCI value
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TABLE 5: Hardness (n, eV) and Chemical Potential f, eV) n profile of the!A’ state in qualitative agreement with MHP,

of HNO—HON and HSO—HOS Systems at the Stationary fails to do so in the case of th#\” state. This anomalous

Points in the Respective B3LYP PE Surface situation arises due to curve crossing and due to the nature of
U —ul the variation of the difference in energies of the two states along

system state A B c A B c the reaction path.

HNO A’ 5503 5545 5206 5111 4973 5.441 Finally, a few comments are necessary on the relative stability
HON 1A’ 4:907 4:99 4:430 3..956 3:876 4:984 of the TS on the basis of values. According to Pearson and
OHN A’ 5232 5275 4556 4.88 4.714 5497 Palke!lthe TS in a reaction will have minimum hardness if it
HNO  *A" 4.647 4591 4762 5111 4.973 5441 belongs to a different point group than both the reactant and
HON ~ °A" 5917 5875 5308 3956 3876 4.984 the product. Such a situation occt¥ in inversion, asym-
Sgg 22,, 451:‘11% ig%g i:égi ‘51:2(7)2 g:igi g:ggg metrip deformation, interngl rota}tior), and many isomerization
HOS 2A" 4120 4110 4168 5204 5171 5678 reactions. Inthe presentinvestigation HAB, HBA, and TS all
OHS 2A" 3.608 3.643 4241 5616 5487 5908 belong tothe same point grou@d. Also, the extrema in the
aValues under columns A, B, and C correspond respectively to u and Eg profiles do not coincide at the TS. 'So there is no

PUMP2(Full), PUMP4SDTQ (Full), and B3LYP calculations. rigorous reason for to be minimum at the TS geometry.
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is overestimated by about 1.3 eV with respect to B3LYP value

while for HOS the two methods yield comparable result.
Then andu values obtained using the vertidadndA values

of Table 4 are summarized in Table 5. On the basigddlues,

the HNO radical in théA' state is predicted to be more stable

than HON in the same state by both MPn and B3LYP cal-

culations. InthéA” state the MPm values are in accord with

the relative stability of HON and HNO. For the HSGOH

system all three methods correctly predict HSO to be more stable (1) Mulliken, R. S.J. Am. Chem. S0d.953 74, 811.

: : : (2) Pearson, R. GI. Am. Chem. S0d.963 85, 3533. Pearson, R. G.
than HOS on the basis gf The ideal orderingy(more stable Sciencel966 151 172.
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