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In the present work, we have computed the energy and hardness profiles for a series of inter and
intramolecular conformational changes at several levels of calculation. All processes studied have in
common the fact that the choice of a weak methodology or a poor basis set results in the presence
of spurious stationary points in the energy profile. At variance with the energy profiles, the hardness
profiles calculated as the difference between the vertical ionization potential and electron affinity
always show the correct number of stationary points independently of the basis set and methodology
used. For this reason, we have concluded that hardness profiles can be used to check the reliability
of the energy profiles for those chemical systems that, because of their size, cannot be treated with
high levelab initio methods. ©2004 American Institute of Physic§DOI: 10.1063/1.1742793

I. INTRODUCTION chemical species to change its electronic configuration.
Within the framework of the conceptual density functional

The theoretical treatment of a chemical reaction requiregsheory (DFT) (Refs. 9 and 1pthe hardness is given by
detailed knowledge of the potential energy surfd@gS in

terms of all internal degrees of freedom. There are, however, P’E
too many degrees of freedom to map out the full PES. To ”:(W) @)
circumvent this problem, one attempts to locate the station- v
ary (or critical) points on the surface, those places inthe PES  HereN is the number of electrons, andr) the potential
that have zero gradiehtThese stationary points can be of of the nuclei and any external potential. On the basis of the
several types, depending on the nature of their second d@éfHP and the inverse relationship between the hardness and
rivatives, the most chemically significant being the minimapolarizability!! Chattaraj and Sengupfdormulate the mini-
and the first-order saddle points. Minima on the PES can bgnum polarizability principle(MPP). The MPP affirms that
identified with the classical picture of equilibrium structuresthe natural evolution of any system is towards a state of
of molecules, while first-order saddle points can be related tgninimum polarizability.
transition states. From the transition state down to the reac- According to the MHP(and the MPP, the variation of
tants and down to the products a reaction path is defined afe hardnesgand polarizability of a chemical species along
the steepest descent path. If mass-weighted Cartesian co@fe reaction path, the so-called hardnéssd polarizability
dinates are used, the path is called the intrinsic reaction pafrofiles, should go through a minimugmaximuny at the
(IRP).23 The determination of minima, transition states, andtransition state and through maxin@inima) for reactants
the reaction paths connecting them is an important task ofnd products. A formal proof of the MHP was given by Parr
theoretical chemistry that allows to find out the thermochemand Chattard} under the constraints that the electronic
istry and kinetics of the reactions and to discuss reactioghemical potential and the external potential must remain
mechanism$.The development of methods to locate the rel-constant upon distortion of the molecular structure. These are
evant stationary points on the PESs has brought in the lasvo severe constraints that are usually not fulfilled. However,
thirty years a complete revolution in the study of chemicalrelaxation of these constraints seems to be permissible and,
reactions’ in particular, it has been found that, for a number of chemical
However, equally important to the existence of method-reactions, the MHP and MPP holtfs:2*Although the results
ology that makes possible the location of stationary points ofthat support the validity of MHP in chemical processes have
the PES is the quest for principles, laws, theorems, postupeen accumulating, examples in which the MHP and MPP
lates, or rules that rationalize the large body of availablefail have been also reportéd:*2 The studies on hardness
scattered information on chemical reactivity. Among theprofiles carried out so fat~*2indicate that a stationary point
most fundamental chemical reactivity principles is the maxi-(maximum or minimum of the hardness profile close to the
mum hardness principléMHP),°~® which asserts that mo- transition state of the PES is usually found, although it does
lecular systems at equilibrium tend to the state of higheshot coincide exactly with the location of the transition state
hardness. The hardnéss a measure of the resistance of ain the reaction path. The same situation is also generally
found for minima. Thus, commonly the number of critical
aElectronic mail: josepm.luis@udg.es points in the hardness profile matches the number of station-
YElectronic mail: miquel.sola@udg.es ary points in the energy profile along the reaction path.
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Although in recent years there have been enormous imstrongly depend on the level of calculation employed appear-
provements in the computational techniques available for deing spurious stationary points when the methodology and/or
termining the stationary points on the PEBstill requires a  basis set used are not flexible enough. Figure 1 depicts the
great deal of effort to obtain the accuracy that is necessary toorrect stationary points of the chemical systems investigated
get PESs which fully agree with experimental observationsand the internal coordinates chosen to build the linear transit
It has been found for a number of systems that the locatiopaths. For each reaction, these paths have been obtained by
of minima and transition states in the PES is exposed tdreezing at different values the selected internal coordinates
dramatic changes depending on the methodology and bagigven in Fig. 1 and optimizing the rest of internal coordi-
set used>~*®This is particularly true in the case of reactions nates. At each point of the linear transit path, we have cal-
involving weak inter and/or intramolecular interactions. In culated theE and » values needed to depict the correspond-
these reactions, the number and/or the nature of stationaigg profiles.
points (minima or transition stateésnay change with the ba- The geometry optimizations and hardness calculations
sis set and/or the method of calculatiffor instance, by have been performed at the Hartree—FdE#),>® hybrid
including or not the basis set superposition e®8SB in  density functional B3LYP/ and second-order Mgller—
the calculation of the PE®Refs. 39, 40, 48. When this  Plesset(MP2) (Ref. 58 methods using a series of Pople
occurs, it is difficult to judge the reliability of the PES ob- and Dunning’s correlation-consistent basis $8tll these
tained without performing high levedb initio calculations calculations have been carried out with tBaussiaAN 98
that, on the other hand, are unaffordable for large size sypackage® The energy of the cationic and anionic doublet
tems. In this sense, there is a need for simple and computapecies, needed to obtdimndA, has been computed within
tionally cheap methods that bring to light the presence othe unrestricted methodology at the geometry of the neutral
spurious stationary points on the calculated PES. systems, while the neutral singlet molecules have been cal-

The aim of this work is to compute the energy and hard-culated using the restricted formalism.
ness profiles for several conformational changes to show that
for a given reaction the hardness profile along the reaction
path is less dependent on the method and basis set used tﬂgh
the energy profile. To this end, we have chosen a series of This section is organized as follows: first, we present
well-known chemical processes for which the use of a toahree examples of intramolecular conformational changes
much rigid basis set or a too simple method of calculation'H,0,, B,F,, and SjC) and second, we discuss the
leads to wrong PESE:% The results obtained will reveal energy and hardness profiles for conformational modifica-
that the hardness profile can be used as a good indicator @bns in two intermolecular complexes & --HCl and
the presence of spurious stationary points on the calculatedCCH - -Oj).

PES.

RESULTS AND DISCUSSION

A. Intramolecular conformational changes
Il. COMPUTATIONAL DETAILS

The evaluation of the exact hardnggs). (1)] is subject 1. H:0;
to the problem that the molecular or atomic energy is a dis-  In the literature there are excellent treatments of the tor-
crete function of the number of electroff$® Although ex-  sional rotation of hydrogen peroxid&:* The role of the ba-
haustive investigations have been conducted on the improvéis sets and correlation effects on the energy barriers for this
ment of alternative methods to obtain accurate hardconformational process was already investigated in detail by
nessed®51-%* the most used operational equation of theCremer in 1978 Whereas the polarization functions are
hardness is still based on the finite difference approximatio®ssential to obtain the correct torsional potential energy pro-
file, the inclusion of electronic correlation plays no major
n=1=A, @ role. Nevertheless, the electronic correlation is necessary to
wherel andA are the first vertical ionization potential and obtain accurate equilibrium geometries.
electron affinity of the neutral molecule, respectively. Equa- The E, »,, and », profiles for the linear transit path
tion (2) can be approximated in molecular orbital calcula-corresponding to the torsional rotation of hydrogen peroxide
tions by using the Koopmans' theoremi~{—¢, and A  defined by thez HOOH angle computed at the B3LYP level

~—¢g).%® For closed shell species one obtains using the 6-31G, 6-31 +G, 6-31+G(d), and 6-31%
o 3 +G(3df,3pd) basis sets are depicted in Fig. 2. The potential
T=ELTEH, energy profiles given by the 6-31G(d) and 6-31%

whereey and g are the energies of the highest occupied+ G(3df,3pd) basis sets have the correct shape, presenting a
molecular orbita(HOMO) and the lowest unoccupied mo- minimum for a ~HOOH angle of about 110fthe experi-
lecular orbital(LUMO), respectively. Throughout the paper mental valué? is 120(2)°] and twotransition states at 0°
we refer to the hardness calculated from E).as », and  and 180°, while the 6-31G and 6-31H G basis sets yield
the hardness obtained using the Koopmans’ theoremyas wrong potential energy profiles. The B3LYP/6-31% G

We have calculated the energy and hardné&ssuid 7) minimum is placed at about 150° and presents a negligible
profiles for conformational changes of three moleculesbarrier on the path to the 180° transition state. The 6-31G
(H,0,, B,F,, and S}C) and two molecular complexes PES has two stationary points instead of three, since the
(H,O- --HCl and HCCH:--0s). The PESs of these molecules minimum is situated at 180° and only the 0° transition state
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remains. Thus, the 6-31G basis set leads to a spurious planeiously observed by Mako¥ all symmetric-breaking dis-
trans structure for the equilibrium geometry of the HOOH placements about a symmetric configuration of the nuclei
species. will necessarily increase or decrease the energy and hardness
In contrast to the strong dependence of the energy profiland therefore the symmetric configurations must be station-
on the basis set, the shape of theand 7, profiles showed ary points of both potential energy and hardn@gbssoughout
in Fig. 2 is nearly independent on the basis set. Both hardthe paper, we refer to the points of a profile that accomplish
ness profiles present always two minima at 0° and 180°this condition as symmetric stationary pointsor this rea-
while the maximum is placed at about 90°. Although for son, the existence of the 0° and 180° symmetric stationary
HOOH the absolute values af, are about half of they, points of the energy and hardness profile HOQE!., thecis
values, their variations between the different stationaryandtransplanar structureésfor all methods and basis sets can
points are quite similar. be predicted without calculations. This is not the case for the
The rotation of hydrogen peroxide follows the MRfP. 110° stationary point. Indeed, this minimum is not found in
The minima and maximum of hardness indicate the presendbe B3LYP/6-31G energy profile. On the contrary, and be-
of two transition states and an equilibrium structure, respeceause hardness profiles are more stable to the change of
tively. Then, the number of the stationary points in the en-method and basis set than energy profiles, this stationary
ergy and hardness profiles is the same. This is true for afpoint is detected in the hardness profile. Therefore, the hard-
basis sets but for the 6-31G one. In this case, the hardnesgss profile can be useful to denote the existence of nonsym-
profile has the right number and type of stationary pointsmetric stationary points, which can not be predicted from
while the energy profile is wrong. Thus, divergence betweersymmetry arguments. Furthermore, the hardness profile also
the number of stationary points of the energy and hardnessdicates that the 0° and 180° symmetric stationary points
profiles can be use to detect spurious stationary points in thewust belong to the same typée., minima or transition
PES. It is well known that the location of the hardness stastates. Thus, for the 6-31G case, the hardness profile points
tionary points does not coincide with the location of the en-out that the nature of either the 0° or the 180° stationary
ergy stationary points. Nevertheless, it is worth noting thafoints in the energy profile is incorrect.
the 6-31% + G(3df,3pd) profile, which is the profile ob- TheE, 7., and 5, profiles for the torsional rotation of
tained with the largest basis set among those presented HOOH computed at the B3LYP level with the STO-3G,
Fig. 2, lead to the smallest difference between the position 08-21G, 6-311Gd,p), 6-311+ +G(d,p), and aug-cc-pVTZ
the hardness and energy stationary points. basis sets, and at the MP2 level with the 6-31G and 6-311
As it was pointed by Chandra and UchimdPiand pre-  + +G(d,p) basis sets are provided as supporting informa-
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FIG. 2. Profiles of the relative energiésolid line) and hardnesssf; dashed line and;, dot—dashed linecalculated for the internal rotation of,B,. The
hardness values and the relative energies are given in a.u.

tion. The hardness profile has the correct shape for all mettB3LYP method does not provide the right profile even when
ods and basis sets, albeit the energy profile presents spuriolagsge basis sets such as the cc-pVQZ are used.

stationary points for the STO-3G and 3-21G basis sets with  In Fig. 3, we present th&, 7,, and 5, profiles for the
the B3LYP method and for the 6-31G basis set at the MP2inear transit path corresponding to the rotation around the

level ®® B-B bond of the BF, species calculated at the B3LYP level
with the 6-31G, 6-311G{), cc-pVDZ, and cc-pVTZ basis
2. BoFy sets. The 0° and 180° symmetric points correspond to the

Recent calculations performed by Li and Fan highlightedeclipsed structure, whereas the staggered geometry is located
the great difficulty that different theoretical methods experi-at 90°. The energy profiles obtained with the 6-31G and
ence to determine the equilibrium structure of th&Bmol-  cc-pVDZ basis sets present these two stationary points, the
ecule in its ground stat¥. The comparison of experimental D, geometry being a minimum and tHe,4 structure a
vibrational spectroscopy and theoretical data shows that thgansition state. These two basis sets lead to the correct en-
ground state equilibrium geometry of thef molecule has ergy profile because the incorrect description of the chemical
the Dy, eclipsed structure, while the staggered geometrnysystem given by the B3LYP method is fortuitously compen-
with D,4 symmetry is a transition state. However, the energysated by the relative inflexibility of the basis set used. In-
profile around the rotation of the B—B bond is so flat that thedeed, the 6-311@) and cc-pVTZ basis sets give wrong
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FIG. 3. Profiles of the relative energiéslid line) and hardnesss; dashed line andy, dot—dashed linecalculated for the rotation of &, around the B—B
bond. The hardness values and the relative energies are given in a.u.

energy profiles despite their higher quality. For the cc-pVTZand energy profiles points out that the nonsymmetric transi-
basis set, the eclipsed geometry is a transition state and thien state found with the 6-311@] basis set is spurious.
staggered geometry is a minimum. Finally, for the Unfortunately, the hardness profile is unable to indicate the
6-311G(d) basis set, the two symmetric stationary pointsincorrect nature of the stationary points in the cc-pVTZ en-
corresponding to the eclipsed and staggered structures aeegy profile, since both the energy and hardness profiles have
minima and there is a nonsymmetric transition state betweethe same number of stationary points. This would be only
them. possible if we could knova priori whether the reaction fol-
Remarkably, the shape of the hardness profile is invaritows or not the MHP. However, it is worth to notice that
ant for the four basis sets studied, indicating only the preswhereas there is a drastic difference between the energy pro-
ence of the two symmetric stationary points. As can be seefiles obtained with the cc-pVDZ and cc-pVTZ basis set, the
in Fig. 3, the rotation around the B—B bond of thgFH8  hardness profiles calculated with both basis sets are nearly
molecule does not follow the MHP. This is not particularly identical.
surprising as we have mentioned in the Introduction? The E, 5, and 7, profiles for the rotation around the
However, the number of stationary points in the hardnes8-B bond of the BF, species calculated at the HF, B3LYP,
profile coincides with the number of stationary points in theand MP2 levels with the 6-31@] basis set are drawn in
correct energy profile. Thus, the comparison of the hardnedsig. 4. The HF energy profile presents a minimum inEhg
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FIG. 4. Profiles of the relative energiéslid line) and hardnesssf; dashed line andy, dot—dashed linecalculated for the rotation of &, around the B—B
bond. The hardness values and the relative energies are given in a.u.

structure and a transition state in tBg,, geometry. On the can be found in the supporting information. The energy pro-

contrary, the MP2 energy profile has just the opposite shapfiles calculated at the HF/6-31G, HF/6-3#)( and MP2/6-

(i.e., the correct shapeAt the B3LYP level, both structures 31G levels are wrong. The hardness profiles always present

are minima and then there is a nonsymmetric transition statthe same shape for all methods and basis sets checked.

between them. The hardness profiles obtained at the three

levels of theory have the same sh&p&hus, for BF,, the

number and type of the stationary points of the hardnesg, Si,C

profile is always the same irrespective of the basis sethnd

initio method used. Again, although the hardness profile can- Katafi et al.>®> determined experimentally that the,Si

not detect the incorrect nature of the symmetricground state structure has,, symmetry. This result was

HF/6-31G() stationary points, it is an excellent tool to confirmed later theoretically by Grev and Schaé®dn their

point out that the nonsymmetric transition states found in thealculations at the CISD/DZ2P level, the minimum for the

B3LYP/6-31G{) profile are spurious. ground state of the §C molecule occurs atRg_¢
The E, #,, and 7, profiles for the rotation around the =1.686 A and fg_c_s=120.4°. Nevertheless, at the

B-B bond of BF, computed at the HF and MP2 levels with HF/DZ+ P level theC,, structure of SiC collapses to the

the 6-31G, 6-311QG{), cc-pVDZ, and cc-pVTZ basis sets linear geometry.

|66
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FIG. 5. Profiles of the relative energiésolid line) and hardnesssf; dashed line andy, dot—dashed linecalculated for the linear transit path described by
the £ SiCSi angle. The hardness values and the relative energies are given in a.u.

Figure 5 depicts the energy and hardness profiles alongonic vibrational frequencies. The 6-3tG(d) energy
the linear transit path defined by theSiCSi angle computed  profile shows a unique stationary point, which is a spurious
at the B3LYP level using the STO-3G, 6-3t5G(d), symmetric minimum.

6-311+G(3df), and aug-cc-pVTZ basis sets. Only the * the jntramolecular conformational change due to varia-

6-311+ G(3df) basis set leads to the correct energy profile,[ion of the 2 SICSi angle follows the MHP. Then, the sym-

with a symmetric transition state at 180° and a nhonsymmet-___ . - . .
fic minimum at about 140°. The STO-3G and aug-cc-pVTZmemC transition state and the nonsymmetric energy mini

. i . .-mum are indicated, respectively, by a minimum and a
energy profiles, although presenting a nonsymmetric mini-

mum, have a symmetric spurious minimum instead of thénax.imum on the hardness profile. Once mo.re the hardness
symmetric transition state at 180°. Thus the energy prof"egroﬁles have_ the same shape for the four basis sets analyz_ed.
of these two basis sets have also a spurious nonsymmetrid’® comparison between the hardness and energy profiles
transition state between the nonsymmetric and symmetrigbtained with the STO-3G and aug-cc-pVTZ basis sets
minima. For the aug-cc-pVTZ basis set the energy differencélearly shows that their energy profiles are wrong since they
between the linear minimum and the spurious transition statbave three stationary points instead of two as indicated by
is very small (4. 10 ® a.u.), but we have checked that the the hardness profile, which also reveals the spuriousness of
symmetric structure is a minimum by computing the har-the 6-31% G(d) symmetric minimum. In this particular sys-
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FIG. 6. Profiles of the relative energiéslid line) and hardnesss; dashed line andy, dot—dashed linecalculated by changing the HOH; X angle of the
H20O --HCI dimer. The hardness values and the relative energies are given in a.u.

tem, we know that necessarily the energy must increasB. Intermolecular conformational changes

when starting from theC,, equilibrium geometry the
£ SICSi angle decreases. Therefore the hardness profile co

pletely determines the correct number and nature of the sta-

tionary points of the energy profile. It is worth noting that
this is at variance with what we have found for thgFB

. H,0---HCI

According to Kisiel et al,, the experimental rotational
constants of the sO---HCI complex imply a nonplanar ge-
ometry for this hydrogen bonded dimer with, symmetry?’

energy and hardness profiles at the B3LYP/cc-pVTZ level ofThis experimental result was confirmed from BSSE cor-

theory. In that case, it was not possible to define the nature

akcted ab initio results at the MP2/aug-cc-pVDZ levEl.

the stationary points from the hardness profile alone. FinallyHowever, if the theoretical calculations are performed with a

theE, »;, andn, profiles calculated with the 3-21G, 6-31G,
6-31+G(d), 6-311+G, and 6-311Gq) basis sets at the

B3LYP level are available in the supporting information. The

basis set without polarization functions the equilibrium ge-
ometry obtained is planar wit8,, symmetry*®
Figure 6 represents the energy and hardness profiles

hardness and energy profiles obtained with these five basmomputed at the B3LYP level using the 6-31G, 6-311
sets have the same shape than those obtained with theG, 6-314 +G(3df,3pd), and aug-cc-pVTZ basis sets

6-311+ G(d) basis set.

for the linear transit path obtained by changing the angle
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between the water plane and a perpendicular axis to the HGhors found that when the BSSE is corrected during the ge-
bond(the ~ HOH; X angle in Fig. 3. When the value of the ometry optimization process, both the 6-313{) and
£ HOH; X angle is 90° all the atoms of the complex are in D95+ +G basis sets predict the sanfes equilibrium
the same plane and the system kias symmetry, whereas geometry*®
for the other values of th& HOH,; X angle the symmetry of Figure 7 depicts thée and 7, profiles for the linear
the molecule is decreased@ . In concordance with previ- transit path defined by the angle between a line perpendicular
ous literature result, the two basis sets with polarization to the C, axis of the ozone molecule and the line that con-
functions present a symmetric transition state and twaects the H with the central oxygen of thg @olecule(the
equivalent nonsymmetric minima at about 55° and 125°. Orv HOX angle in Fig. 2 computed at the B3LYP level using
the contrary, the 6-31G and 6-3t4 G energy profiles the 6-31G, 6-31Gd,p), 6-311++G(d,p), and aug-cc-
show a unique spurious symmetric minimum at 90°. pVDZ basis sets. The dimer h& symmetry for allZ HOX

The shape of they, profiles in Fig. 6 for the four basis angles, except for the HOX angle of 90° where the com-
sets considered presents a minimum at the symmetric st@lex hasC,, symmetry. In complete agreement with previ-
tionary point at 90° and two maxima close to the nonsym-ous HF and MP2 resulf§;**the B3LYP/6-31G¢l,p) energy
metric energy minima, thus following the MHP and reinforc- profile has a spurious minimum wit@,, geometry. A simi-
ing the idea that the hardness profiles are less dependent tar energy profile with a unique symmetric stationary point is
the method and basis set than the energy profiles. Apparentlgptained using the 6-31G basis set. On the contrary, the two
the shape of they; profiles is identical to that of thep, largest basis sets yield energy profiles with two equivalent
profiles. However, when the hardness scale is augmented omensymmetric minima at about 70° and 110° and a symmet-
hundred times, it is possible to observe that the 6-311 ric transition state connecting them at 90°.
+G(3df,3pd) and aug-cc-pVTZy, profiles present a maxi- The HOMO and HOMO-1 orbitals of the HCCHO,
mum instead of a minimum at th€,, geometry and two complex are quasidegenerate. For such a system, it is diffi-
extra equivalent nonsymmetric minima very close to@e  cult to evaluate accurately with a single determinant based
geometry(i.e., five stationary poinjsAt this point we want method like B3LYP or HF the energy of the system with
to remind the reader that, as it was explained in the previousl—1 electrons that is needed to calculate. Actually, at
section,#n, is just an approximation t@, and, therefore, the the B3LYP level we have been unable to obtain a converged
n, profiles are, in principle, of better-quality than thg  wave function, and at the HF level we obtain hexpected
profiles. Thus, in case the shape of the two profiles does natalue of about 1.75, far from the correct value of 0.75, which
coincide, the#, profile should be regarded as the correctdenotes the deficiency of the computed wave function. This
one. Furthermore, if we use the IRP in place of the lineaproblem could be overcome using a multiconfiguration
transit path defined by the HOH;X angle to depict the method like MCSCF, but this is out of the scope of this
6-311+ +G(3df,3pd) and aug-cc-pVTZn, profiles, the paper. For this reason, we have calculated apjyprofiles
two nonsymmetric minima disappear. Thus, using the IRPfor this complex.

the shape of they; profile is analogous to that of the, The hardness and energy profiles along the linear transit
profile with a symmetric minimum and two nonsymmetric path defined by the HOX angle for the HCCH -O; system
maxima for the four basis sets. do not follow the MHP. For all cases studied, the profiles

The supporting information contains tlg #,, and», have the same shape with a symmetric maximum connecting
profiles obtained at the B3LYP level with the STO-3G, the two equivalent nonsymmetric minima. As before, the
3-21G, 6-31%G(d), 6-311G@d,p), and 6-31% +G(d,p) hardness profiles are more invariant with respect to the
basis sets. ThE and », profiles are always the corregtith change of the basis set than the energy profiles. The lack of
three stationary pointsbut the», profiles obtained with the correspondence between the number of stationary points in
STO-3G, 3-21G, and 6-311@(p) basis sets have five sta- the hardness and energy profiles calculated with the B3LYP/
tionary points instead of three. Nevertheless, like for the6-31G and B3LYP/6-311G,p) methods points out the
6-311+ +G(3df,3pd) and aug-cc-pVTZn, profiles, the shortcomings of the energy profiles at these levels of theory.
two nonsymmetric minima vanish when the IRP is used in-The energy and;, profiles obtained at the B3LYP level with
stead of the linear transit path defined by thdHOH;X the STO-3G, 3-21G, 6-31G(d), 6-311++G, and

angle. 6-311G(@,p) basis sets are given as supporting information.
While the 3-21G and 6-311@(p) basis sets yield wrong
2. HCCH---O4 energy profiles showing only the spurious symmetric mini-

um, then, profiles for all basis sets have always the cor-

The theoretical study of several complexes containing{“ ) ;
ect number of stationary points.

C—H --O performed by Turi and Dannenbéfghowed that
the optimized equilibrium geometry of the complexes in-
volving ozone differs significantly depending on the basis se{V' CONCLUSIONS

used. At the HF and MP2 levels, the equilibrium geometry of  In this work, we have studied the dependence of the
HCCH --O; hasC,, symmetry with the 6-31Gi{,p) basis energy and hardness profiles with respect to the level of cal-
set, whereas with the D95+ G basis set it has a low&;  culation for a representative set of inter and intramolecular
symmetry. Salvadoet al®° evidenced some years later that conformational changes. The chemical processes studied
the spuriousC,, equilibrium geometry obtained with the present energy profiles with spurious stationary points,
6-31G(d,p) basis set was due to the BSSE. Thus, these authe number and/or the type of the stationary points are
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FIG. 7. Profiles of the relative energiésolid line) and hardnessz; dashed lingcalculated by changing theHOX angle of the HCCH -O; complex. The
hardness values and the relative energies are given in a.u.

wrong) when the methodology used is not flexible enough totential energy surface in those chemical processes where the
describe the subtle energetic changes involved in these proumber of stationary points in the hardness and energy pro-
cesses. In all the examples investigated,Jhdnardness pro- files does not coincide. In this sense, we think that the rep-
files always show the correct number of stationary pointsresentation of the hardness profile could be a useful tool to
For n, hardness profile the only exception correspond to theheck the validity of the energy profile for those chemical
linear transit path that connects tikly and C,, stationary systems that because of their size can not be treated with
points in the HO---HCI dimer. However, even in this case, high levelab initio methods(polymers, organic crystals, or
the 5, profiles lead also to the right number of stationary biomolecules Calculations on larger systems are necessary
points when the linear transit path is replaced by the IRP. Omo further verify this new utility of the hardness profiles.
the contrary, the energy profiles of the processes studied Research in this direction is currently under way in our labo-
found to be quite dependent on the method and basis sedtory.

used. Although not discussed in the text, we have found that Supporting information availableThe E, #;, and »,

the polarizability profiles are even more sensitive to theprofiles are provided fofa) the torsional rotation of HOOH
change of the basis set than the energy profiles. The greateomputed at the B3LYP level with the STO-3G, 3-21G,
stability of the hardness profiles can be used to indicate th6-311G{,p), 6-311+ +G(d,p), and aug-cc-pVTZ basis
presence of spurious stationary points on the calculated psets, and at the MP2 level with the 6-31G and 6-811
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+G(d,p) basis sets(b) the rotation around the B—B bond of

B,F, calculated at the HF and MP2 levels with the 6-31G,

6-311G(d), cc-pVDZ, and cc-pVTZ basis setgp) the

£ SICSi angle variation computed with the 3-21G, 6-31G
6-31+G(d), 6-311+G, and 6-311Gq) basis sets at the
B3LYP level; (d) the ~HOH;X angle variation of the
H,O- --HCI calculated at the B3LYP level with the STO-3G,
3-21G, 6-3%+G(d), 6-311G@d,p), and 6-31% +G(d,p)
basis sets(e) the 2 HOX angle variation of the HCCH-O,
computed with the STO-3G, 3-21G, 6-8G(d), 6-311+
+G, and 6-311Gd,p) basis sets at the B3LYP level, in this
latter case onlfE and 7, profiles are depictetbee Ref. 6Y.
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