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In previous works we have shown that certaitonjugated organic molecules possess nontotally symmetric
vibrations that break the maximum hardness (MHP) and minimum polarizability principles (MPP). We have
also derived a set of simple rules to determine a priori without calculations whether a particaajugated

organic molecule violates these two principles. In the present work, we generalize these results, and we show
that not onlysr-conjugated organic molecules but also other molecules withewtinjugated structure or
evens-bonds can exhibit nontotally symmetric molecular distortions that do not follow these two principles.
We have also found that the breakdowns of the MHP and the MPP are not necessarily connected, since the
polarizability is not always proportional to the softness. Finally, we also introduced a methodology based on
the diagonalization of the hardness Hessian matrix with respect to the vibrational normal coordinates to
determine the nontotally symmetric molecular displacements that do not follow the MHP.

I. Introduction following working definitions of these quantities:
During the past 15 years, the use of density functional theory _ l(l +A) 3)
(DFT)-% has been gradually increased for the prediction of H 2
molecular properties and for the study of chemical reactivity in
many areas of chemistry, especially in the field of organome- and
tallic and bioinorganic chemist/DFT methods incorporating p=1—A 4)

gradient corrected (nonlocal) exchange and correlation func-

tionals provide results that have accuracy comparable to andyhere| and A are the first vertical ionization potential and
frequently even higher than results from ab initio correlated ejectron affinity of the neutral molecule, respectively. Most
calculations, while using less computer time. In this sense, the response functions have been identified with quantities that
Computational side of the DFT must be considered as a Storycorrespond (or at least are related) to common chemical
of a great success with only few documented excepfions. concepts. Thus, for instance, the negative of the electronic

It is also well recognized that, apart from computational chemical potential in eq 3 is the electronegativity definition of
advantages, there is a very important conceptual side to®DFT. Mulliken,* while the derivative in eq 2, which is a measure of
In this branch of the theory, the central quantities are the the resistance of a chemical species to change its electronic
response functions. These functions are the response of theconfiguration, turns out to be the chemical hardriégsssoci-
chemical system to perturbations in its number of electrbins, ~ ated with this latter property there are two important chemical
and/or the external potential(f), which is the potential acting reactivity principles that have been rationalized. within the
on an electron &t due to the nuclear attraction plus such other framework of conceptual DFT: the hard and soft acids and bases

external forces as may be present. Assuming differentiability principlieo l('f;'SAB)w’lz and the maximum l?ardness principle
of the electronic energyE, with respect t\ andv(f), a series  (MHP).22*>2" First proposed by Pearséfi}>the MHP states
of response functions emerge, probably the most important beingthat’ at a given temperature and external potential, molecular

the electronic chemical potential, and the hardness, defined systems tend to a state of maximum hardness. On the basis of
ad.9-13 the MHP and the empirical inverse relationship between

hardness and polarizability),'81° Chattaraj and Sengugfa
have recently introduced the minimum polarizability principle
U= (a_E) (1) (MPP). This principle states that any system evolves naturally
INJw(r) toward a state of minimum polarizability. These two principles,
the MHP and the MPP, have been applied to a number of

and different chemical processes with several succé%3ed! but
also some reported failurdg33.36.40
PE u A formal proc_)f of _thg MI_—|P based on stati_stical mechanics
= (—2) = (m) ) (2) and the fluctuation-dissipation theorem was given by Parr and
IN/ () v(F) Chattaraj® under the constraints that the chemical and the

external potentials must remain constant upon distortion of
A three-points finite difference approximation leads to the molecular structure. There is no single chemical process that
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satisfies these two severe constraints. However, relaxation ofand LUMO () molecular orbitals of the reference spediés.
these constraints has been found to be permissible in someFor closed shell species one obtains
internal rotations, vibrations, or chemical reactiéhg: 4!
Henceforth, we will refer to the generalized MHP (GMHP) or u= 1(6 +€.) (5)
MPP (GMPP) as the maximum hardness or minimum polariz- 2yt H
ability principles that do not require the chemical and external
potentials to stay constant during a molecular change. Recently,
an alternative and simpler proof of the MHP has been given by —e —¢ ©6)
Ayers and Parf? =T e

A consequence of the GMHP/GMPP turns out to be that the | s worth noting that because of the particular definitioruof

hardness/polarizability should be maximal/minimal at the equi- andy given by egs 1 and 2, all operational equations that provide

symmetric vibrational mode. This kind of distortion is especially Fina|ly, the isotropic average static polarizabililities have been
interesting because positive and negative deviations from thegptained through eq 7:

equilibrium structure along nontotally symmetric vibrational

and

modes yield molecular configurations that have the same Ay, oyt 0y,

o, and average potential of the nuclei acting on the electrons o= - 3 (7)
(ven).2? Then, if Q represents a nontotally symmetric normal

mode coordinate, it follows thab(/oQ) = 0, (67/6Q) = 0, To search for the nuclear displacements exhibiting a marked

(00/0Q) = 0, and Pve/0Q) = 0 at the equilibrium geometry.  fulfillment or breakdown of the GMPP and GMHP, we have

Hence, for small distortions along nontotally symmetric normal diagonalized the second derivative matrix of the polarizabilility

modes,u andveq® are roughly constant, thus approximately (o'") and the hardnessy() with respect to the nontotally

following the two conditions of Parr and Chattat8j. symmetric normal coordinates. The components of these Hessian
Despite nontotally symmetric distortions being the most matrices are

favorable case for the fulfillment of the MHP and MPP, we ) 5

recently found that severat-conjugated organic molecules o =( a"a ) and 7" _( Rl ) )

Ui

having bond length alternation (BLA) nontotally symmetric 9Q, 9Q, N 9Q, 0Q,
vibrational modes break these two principles, irrespective of
the method of calculation uséti*> We established a set of  with k andl running over the nontotally symmetric vibrational
simple rules to predict a priori, without calculations, the modes. Theay elements have been obtained by the first
existence of vibrational modes for a given molecule that break numerical differentiation of the analytical first derivatives of
these principle$® Briefly, we showed that systems that disobey the polarizability with respect to the normal coordinai@s?
the GMPP must ber-conjugated molecules having nontotally " has to be calculated by numerical second differentiation of
symmetric BLA vibrational mode®. Finally, we show that the hardness with respect to the normal coordinates. The
exceptions to the GMHP in some nitrogen heterocycles are hardness has been evaluated using Koopmans’ approximation
caused by pseudo-Jahifieller coupling between the ground (eq 6). The magnitude of the displacement used for the
and the excited state along the nontotally symmetric modes thatnumerical derivatives with respect to vibrational coordinates was
break the principlé® 0.04 au. The stability of these derivatives was checked by

The main goal of the present work is to show the existence repeating the calculation with displacements of 0.02 and 0.08
of nonr-conjugated molecules exhibiting nontotally symmetric  au. The validity of the eigenvalues sign obtained after diago-
vibrations that disobey the GMHP and GMPP. One may nalization of thex” and»" Hessian matrices for those distortions
consider the BLA vibrational mode in benzene that distorts the that disobey the GMPP or the GMHP was verified by doing
molecule fromDg, to Dz, Symmetry. Because of the partial ~ Single-point isotropic polarizability and hardness calculations
localization of thes-electrons in the latter system, one could along postdiagonalization nuclear distortions.
envisage a decrease of the polarizability and an increase of the In a previous work?> we already carried out calculations of
hardness along this distortion, as we illustrated computation- & to establish the nuclear displacements that have a more
ally.#5 However, less expected is the generalization of this marked GMPP or anti-GMPP character. Here, we complite
breakdown to nome-conjugated or even nom-bonded organic ~ for the first time to determine the nontotally symmetric
and inorganic molecules, as we will show in this paper. The distortions that produce the largest hardness changes, which
result obtained is quite relevant since it is important to find out correspond to molecular distortions that have a more clear
the conditions at which the GMHP and GMPP hold. GMHP or anti-GMHP character than the original vibrational

modes.

II. Computational Details [ll. Results and Discussion

All geometry optimizations and hardness, polarizability, and  The whole set of molecules studied in this work are gathered
frequency calculations have been carried out with the GAUSS- iy Figure 1. Because of their interest, we will concentrate our
IAN 98 packagé’ at the Hartree Fock (HFY® levels using the  discussion in three selected systems: the hydrogen fluoride
cc-pVTZ basis set? except for the cyclohexane in its chair  tetramer ((HF)), diborane (BHg), and the anionic aluminum

conformation, for which the Pople’s 6-315* basis séf has  tetramer (A12") that will be thoroughly analyzed in sections
been used. To analyze the effect of electron correlation, B3LYP/ A—C. Other molecules considered in our Study will be discussed

cc-pVTZ calculation® have been carried out for three selected in section D.

systems. Table 1 collects the diagonal terms and eigenvalues of the
Koopmans' theoreml (& —ey andA ~ —¢ )52 allows one to polarizabilility (o) and hardnessy(') Hessian matrices with

write u and# in terms of the energy of frontier HOMQ:) respect to the nontotally symmetric modes, corresponding to
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Figure 1. A schematic representation of the molecules studied in this work.

TABLE 1: HF/cc-pVTZ and B3LYP/cc-pVTZ Diagonal Terms and Eigenvalues of the Hessian Matrices of the Polarizabilility
(o) and Hardness §'') with Respect to the Nontotally Symmetric Modes, Which Break the GMPP or GMHP for the Hydrogen
Fluoride Tetramer, Diborane, and Al;2~ (All Values Are Given in au)

molecules level diagonal” eigenvalues” diagonaly” eigenvalueg"
tetramer HF Can) HF E, —2.2x 1078 —7.8x 1073 By 3.9x 104 4.4x 104
By —6.6x 103 —7.4x 103
B3LYP E, —5.1x 1078 —3.5x 1072
By —7.4x 103 —3.8x 1072
diborane Dzn) HF Bsy —4.8x 1072 —49x 1072 Bau 9.8x 1078
Bog —3.0x 101 Bag 1.0x 102 1.0x 102
Biu 6.1x 1078 1.3x 1072
B3LYP Bag -12x 101 By 3.9x 103 1.7x 102
By 1.9x 1072 1.9x 1072
B1u 6.3x 1073 1.1x 1072
Al 2~ (Dap) HPF° E, —4.7x 101 —4.7x 101 Big 2.8x 10°° 2.8x 10°°
Bag 3.2x 104 3.2x 10
E, 8.9x 10 8.9x 10
B3LYP2b Eu —5.2x 1078 —5.2x 1073 Ey 8.9x 10°° 8.9x 10°°

@ The molecule in the equilibrium geometry presents degenerated HOMO orbital; therefore, the calculated hardness uses the average HOMO
energies? The molecule in the equilibrium geometry presents degenerated LUMO orbital; therefore, the calculated hardness uses the average
LUMO energies.

the nuclear displacements that before or/and after diagonalizationboth the HF and B3LYP levels two vibrational modes with E
disobey the GMPP or GMHP for the hydrogen fluoride tetramer, and B, symmetry (shown in Figure 2) that have negative
diborane, and AP~ evaluated at the HF and B3LYP levels. A diagonal terms ofx and, therefore, that disobey the GMPP.
schematic representation of selected vibrational normal coor- Makov* demonstrated from symmetry considerations that
dinates, the so-called prediagonalization displacement vectorsmolecular properties such as the hardness or the polarizability
and postdiagonalization nuclear distortions (eigenvectors), which at the equilibrium geometry are an extremum, which could be
break the GMPP or/and GMHP at the HF level, are given in either a minimum or a maximum, with respect to distortions
Figures 2 and 3. In particular, Figure 2 depicts the nuclear along nontotally symmetric normal coordinates. Therefore, the
distortions having negative diagonal terms or negative eigen- positive/negative sign of the diagonal terms of mattk tell
values ofa’ for the hydrogen fluoride tetramer and trimer, us whether a certain nontotally symmetric vibrational mode has
diborane, borazine, and A&~ species, while Figure 3 shows GMPP/anti-GMPP character. The eigenvectors obtained from
the nontotally symmetric distortions having positive diagonal diagonalization of the polarizability Hessian matrix give the
terms or positive eigenvalues gf for the hydrogen fluoride linear combinations of nontotally symmetric vibrational modes
tetramer, diborane, and cyclopropene species. (for a given eigenvector all implicated vibrational modes belong
A. The Hydrogen Fluoride Tetramer. With respect to the to the same symmetry species) that produce the largest polar-
hydrogen fluoride tetramer &4, symmetry, we have found at  izability changes. If an eigenvector has a negative eigenvalue,
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Figure 2. Schematic representation of the selected displacement vectorsFi9ure 3. Schematic representation of the selected displacement vectors

corresponding to the pre- and postdiagonalization nuclear distortions

corresponding to the pre- and postdiagonalization nuclear distortions

that break the MPP at the HF/cc-pVTZ level. In diborane, the depicted that break the MHP at the HF/cc-pVTZ level. In diborane and

displacement vectors of the boron atoms are 10 times bigger than thos

of the hydrogen atoms.

the equilibrium structure will represent a maximum of polar-
izability along this distortion, which consequently does not fulfill
the GMPP. Likewise, a positive/negative sign of the diagonal
terms of matrix %" tells us whether a certain nontotally
symmetric vibrational mode has anti-GMHP/GMHP character.
A positive eigenvalue in the diagonalization gf implies a
breakdown of the GMHP along this distortion.

Diagonalization of the matrixt’ for the hydrogen fluoride

tetramer does not lead to further distortions disobeying the
GMPP, and only small changes can be appreciated comparing

the E, and B, pre- and postdiagonalization nuclear distortions.
Interestingly, the B mode that breaks the GMPP has a kind of
BLA distortion that resembles that afconjugated molecules
studied in our previous wor However, the degenerate, E
mode does not possess this BLA movement.

At the HF level, calculation ofi"" for the hydrogen fluoride
tetramer shows that this molecule has a vibrational modg;of B
symmetry that disobeys the GMHP (see Figure 3). Diagonal-
ization of "' does not lead to significant changes. On the
contrary, at the B3LYP level all the nontotally symmetric modes

£yclopropene, the depicted displacement vectors of the boron and the

carbon atoms are 5 and 10, respectively, times bigger than those of the
hydrogen atoms.

follow the GMHP. The difference between the HF and B3LYP
results is due to a change in the order of the HOMO and
HOMO-1 orbitals when going form HF to B3LYP. The HOMO
at the HF level becomes the HOMO-1 with the B3LYP method,
and vice versa. Interestingly, this molecule has more anti-GMPP
than anti-MHP modes, thus being an exception to the usual
finding that the GMPP is more restrictive than the GM#P.

As mentioned above, the MPP was established from an
empirical linear relationship between the polarizabtftfor its
cubic root}® and the softnessS|, which is the inverse of the
hardness. Given this direct relation between the MPP and MHP,
one may wonder why the modes that break the GMPP and
GMHP in the hydrogen fluoride tetramer do not coincide. In
fact, Doerksen and ThakKéralready showed that the polariz-
ablility does not correlate well with the hardness evaluated using
the eq 6 for 70 azaboracycles. To get some insight into the origin
of the discrepancy, we have started our analysis from the exact
expression of the isotropic static electronic polarizability derived

before and after the diagonalization of the hardness Hessianfrom perturbation theor$?
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1 |Wpolitly 0P of a combination of vibrational modes with the same symmetry,
o=— S (9) which has a more marked anti-GMPP character than the
3h& w, previous nontotally symmetric distortion. This;Bnuclear

displacement has BLA character within the four bonds (or more
In this equationyp, andy, are the wave functions of the ground ~ Precisely, two 3e2e bonds) connecting the boron and the
andnth excited states, respectively, angl= (E, — Eo)/h, where bridge hydrogen atoms in the molecule.
Eo andE, are the energy of the ground anth excited states. As far as the fulfillment of the GMHP is concerned, at the
Considering now that the only nonnegligible excited state in HF level diborane has two vibrational modes of;Bnd By,
eq 9 corresponds to the HOMO to LUMO excitation, and symmetry that do not comply with this principle (see Figure
making the assumption that the energy difference between the3). At B3LYP level the same is true for the two modes with

ground and this excited state equals the HOM@MO gap, Bsgand By, symmetry and for a new mode withBsymmetry.
one finds that the static electronic polarizability is proportional After diagonalization of the hardness Hessian matrix both levels
to the softness, i.e. of calculation lead to three vibrational distortions withyB1,,
and B, symmetries that break the GMHP. Figures 2 and 3
__1 contain the selected displacement vectors corresponding to the
oadS= (10) . e . :
€ — €y pre- and postdiagonalization nuclear distortions that break the

MPP and MHP, respectively, at the HF level. The results
Since we have used eq 6 for the calculation of the hardness, ifobtained at the B3LYP level are very similar.
eq 10 were correct, then we should find the same anti-GMPP  As found above for the hydrogen fluoride tetramer, the anti-
and anti-GMHP modes. However, for the hydrogen fluoride tet- GMPP and the anti-GMHP vibrations are also inconsistent in
ramer (and also for other systems analyzed in a previous ffork) diborane. Here again, it is found that the sign of the change in
this is not the case, and therefore, at least for this example, thethe exact static isotropic electronic polarizability along a normal
proportionality between the polarizability and the softness given vibrational coordinate, which indicates the GMPP/anti-GMPP
by eq 10 does not hold. Less crude approximations are givencharacter of the vibrations, does not match with the sign of the
by the following proportionality relationshig$: change in softness for any of the vibrational modes having anti-
GMPP or anti-GMHP character (see Table 2). The sign of the
A change in the quantities derived from egs 11 and 12 agrees with
o [ _ Z ) Z . — ¢ (11) the sign for two out of the three vibrational modes analyzed.
i=F—1 =T € ~ €

C. The Anionic Aluminum Tetramer. Since its discovery
in 200158 the D4, molecule (Al)2~ has become the prototypical
inorganic aromatic systeff.At both HF and B3LYP levels a
HN g unigue vibratio_nal mode wi.thd:'symmetry (see Figure 2) preaks
a0 ZZ _ (12) the GMPP: This mode, \(vhlch .does not possess the typical 'shape
Gfre—« of a BLA displacement, is equivalent to the one found for triplet
cyclobutadiene wittD4, Ssymmetry in our previous study:58

In eq 11, one makes the hypothesis that all excited states thatOn the other hand, whereas at the HF level this molecule has,
do not include HOMO-1 and HOMO to LUMO and LUMEL both before and after diagonalization, three nontotally symmetric
orbitals excitations can be neglected and that|fig|i|y 0P vibrational modes that disobey the GMHP 0f;BB>;, and &
term is identical for all selected excitations. The latter assump- Symmetry, only this latter mode breaks the GMHP at the B3LYP
tion |S the on'y approximation Considered in eq 12. |eVe| As f0r the hydrogen f|u0|’|de .tetl’amel’, the dlffer(-?'nce
These considerations have been quantified in Table 2, which Petween the HF and B3LYP results is due to a change in the
lists the changes in the exact static isotropic electronic polar- Orbital frontier orbitals. While at the HF level only the LUMO
izability, softness, and the approximations to the polarizability iS degenerated, at the B3LYP level both the HOMO and LUMO
given by egs 11 and 12 fot0.04 au distortions along the  Orbitals are degenerated.
normal vibrational modes that break the GMHP and GMPP in  For this molecule at the HF level, the LUMO has E
hydrogen fluoride tetramer and diborane. The positive/negative symmetry, and therefore it is degenerated. This makes the
sign of the change in the exact static isotropic electronic calculation of the hardness a little bit more difficult. Positive
polarizability indicates the GMPP/anti-GMPP character of the and negative deviations from the equilibrium structure along
vibrations. The results show that neither the softness nor thenontotally symmetric vibrational modes destroy the degeneracy
approximation of eq 11 yields the correct sign to detect the by stabilizing the initial 1g or 2g, orbital depending on the
GMPP/anti-GMPP character of the nontotally symmetric vibra- sign of the distortion. Therefore, the use of just the LUMO
tions analyzed. The sign provided by the softness is always energy for positive and negative displacements results in an
wrong, as expected from the fact that the anti-GMPP and anti- erroneous value for the hardness because the nature of the
GMHP vibrational modes do not coincide for this molecule. LUMO orbital changes for the two different displacements.
However, eq 12 provides the correct signs for the hydrogen Moreover, when the normal mode is degenerate, for the same
fluoride tetramer. These results cast serious doubts about thepositive and negative displacement a different value of the
general validity of assuming the proportionality between po- hardness is obtained; therefore, the first derivative is not zero
larizability and softness, which is the main assumption made (as it should be). We devised two possibilities for correctly
in the formulation of the MPP. calculating the hardness in this case. First, it is possible to obtain
B. Diborane. At the HF level, diborane witlD,, symmetry the hardness following always the same orbital (eitherare
possesses agBnontotally symmetric vibrational mode (Figure 2q,), despite the fact that for a given sign of the displacement
2) that disobeys the GMPP. Besides, at both HF and B3LYP the orbital is not the LUMO but the LUMG- 1. Then one has
levels, diagonalization of the polarizability Hessian matrix leads to perform the average of the two hardness derivatives obtained
to a Byg nontotally symmetric distortion (Figure 2), as a result following each orbital. Second, one can use the average of the

L+1 1

and
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TABLE 2: HF/cc-pVTZ Changes in Static Isotropic Average Polarizabilities, Softness, and Two Crude Approximations of the
Polarizabilility for the Molecular Distortions along the Normal Vibrational Modes that Break the GMHP and GMPP of the
Hydrogen Fluoride Tetramer and Diborane (All Increments Are Given in au Relative to the Equilibrium Structure)

molecules a e — en) Sy Y g — €) YL UG~ €)

(HF), By + 0.04 5.3x 10°¢ —5.0x 107 1.8x 1074 1.3x 10
E.+0.04 ~7.3x10°® 1.6x 10°5 7.1x 10°5 -2.8x 105
By + 0.04 —2.1x 105 5.4x 1078 7.3x 1074 —1.6x 104

diborane By + 0.04 2.6x 1073 -25x10°° 46x 105 5.0x 103
Bau= 0.04 —1.6x 104 25x 1074 1.0x 1073 1.1x 1073
B, +0.04 2.8x 1078 -15x10°° 1.1x 103 1.1x 103

TABLE 3: HF/cc-pVTZ Diagonal Terms and Eigenvalues of the Hessian Matrices of the Polarizabilility ¢"') and Hardness ")
with Respect to the Nontotally Symmetric Modes, Which Break the GMPP or GMHP for the Hydrogen Fluoride Trimer,
Borazine, and LiAl,~ Species (All Values Are Given in au)

molecules diagonal" eigenvalues!'’ diagonaly" eigenvalueg"

trimer HF Cap)? E —4.3x 103

borazine D3p)2P A —7.3x 1072 A 14x 1073 19x 1073

1.8x 102 2.0x 102

E 2.3x 1078

22x10°3 25x 103

5.9x 1078 6.1x 1073

LiAl 4~ (Cz) B, —-4.8x 101t —6.4x 10t B, 1.4x 10 5.4x 10°°

5.1x 10 7.3x 10

LiAl 5~ (Cay) E —57x 1072 —4.6x 1072 E 6.0x 10°° 1.1x 10?2

—47x 101 —48x 101 B, 45x%x 10

2 The molecule in the equilibrium geometry presents degenerated HOMO orbital; therefore, the calculated hardness uses the average HOMO
energies® The molecule in the equilibrium geometry presents degenerated LUMO orbital; therefore, the calculated hardness uses the average
LUMO energies.

LUMO and LUMO + 1 energies to obtain more realistic ;LABI-ITES: HF/ﬁC'pVTZN?i?QOTé%')Te{E“%a“d Etigter}\r/]alues of
“ " . e Hardness Hessian Matrix with Respect to the
LUM_O energy. Even though we have used this latter Nontotally Symmetric Modes, Which Break the GMHP (All
technique, we have checked that both approaches lead to the/ajues Are Given in au)

same result. At the B3LYP level, as both HOMO and LUMO

orbitals are degenerated, the calculated hardness uses the average molecules diagona) eigenvalues,
of HOMO and the average of LUMO energies. cyclopropenez,) B. 9.2x10° 4.2x 102
.D. Other Interesting Moleculgs. In this section we will bicyclo[1.1.0]butaneCs)  B: %:gi ig3
briefly discuss the results obtained at the HF level for the A, 1.6x 10-3
hydrogen fluoride trimer, borazine, and two different geometries B 2.4x 1073
of the Li(Al)4~ complex. Finally, we will analyze the fulfillment cyclobutane Dzq)? B> 1.6x 1073
of the GMHP for cyclopropene, bicyclo[1.1.0]butane, cyclobu- _ .. E 5.0x 102
tane, and cyclohexane in its chair conformation. chair cyclohexanela)*® B 4112 X ig3
As can be seen in Table 3, the hydrogen fluoride trimer does 7:4§ 10°3
not possess vibrational modes that violate either the GMPP or E, 1.6x 1073 8.2x% 1073
the GMHP. Only after diagonalization it appears a molecular 3.4x 103
distortion of E symmetry, depicted in Figure 2, that disobeys A 13x 1073
Azg 45x 103

the GMPP, showing the utility of the diagonalizationddf to
detect molecular distortions that break the GMPP. Borazine 2The molecule in the equilibrium geometry presents degenerated
possesses pre- and postdiagonalization distortions that break thélOMO orbital; therefore, the calculated hardness uses the average
GMHP and only one postdiagonalization molecular displace- HOMO energies? HF/6-31+G*.

ment that disobeys the GMPP. Last, for two different isomers . o . . -
of the Li(Al)4~ complex withCy,, andCs, Symmetry, we have (see Figure 3) and cyclohexane in its chair conformation exhibit

found pre- and postdiagonalization distortions that break both Pr®- and pogtdiagonalization distortions that disobey the GMHP.
principles. Therefore, it is clear from these examples that electron delo-
Although they are notr-conjugated organic species, all calization is not a prerequisite for having nontotally symmetric

systems analyzed so far possess a certain degree of cyclidistortions that refuse to comply the GMHP. Indeed, our
electron delocalization, even in the case of hydrogen-bonded XPerence S,hOWS that.most molecules have nontotally sym-
species such as the hydrogen fluoride trimer and tetramer. TablgMetric distortions that violate the GMHP.

4 gathers the results obtained for a series of molecules having
basically localizeds and x bonds. All nontotally symmetric
pre- and postdiagonalization distortions in these molecules In this work we have shown that not only BLA nontotally
follow the GMPP. For this reason, we shall concentrate our symmetric vibrational distortions inr-conjugated organic
discussion in this latter group of molecules exclusively in the molecules break the GMHP and GMPP but also other organic
analysis of the GMHP. In the bicyclo[1.1.0]butane and cyclobu- and inorganic molecules withomtconjugated structure or even
tane, diagonalization of the hardness Hessian matrix is necessaryvithout 7z-bonds can exhibit nontotally symmetric molecular
to find molecular distortions that do not follow the GMHP, thus  distortions with BLA and nonBLA character that do not follow
displaying the usefulness of the diagonalizatiory'6fo discover these two principles. It is important to mention that the rules
this kind of molecular motions. In contrast, both cyclopropene derived in our previous wofR are still valid to predict whether

IV. Conclusions



Non-r-Conjugated Organic Molecules

a given s-conjugated organic system will have nontotally
symmetric vibrational modes that disobey the GMPP. However,
these rules apply only to organicconjugated species, while
in this work we have found that the collection of molecules
that violate the GMHP and GMPP is much larger. Indeed, we
have identified some molecules with an almost completely
localized electronic structure that do not follow the GMHP. This
is a relevant result since it is important to know the applicability
limits of the GMHP and GMPP. We have also found that the
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98, 9143.

(22) Pearson, R. G.; Palke, W. E. Phys. Chem1992 96, 3283.

(23) Pal, S.; Vaval, N.; Roy, Rl. Phys. Chem1993 97, 4404.

(24) Makov, G.J. Phys. Chem1995 99, 9337.
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Chem. A1999 103 9307.
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molecular distortions that disobey the GMPP are not necessary0ro-Labbe A. J. Phys. Chem. A997 101, 4621. (d) Cadenas-Jiro, G.
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the same as those that break the GMHP. This result has beery igrez-Oliva. S.: Letelier. J. R.- Toro-Labp#. Mol. Phys.1999 96

attributed to the fact that the proportionality between the
polarizability (or its cube root) and the softness (the inverse of

the hardness) does not always hold. We have also devised a,

method that allows to determine the nontotally symmetric
molecular displacements with more marked GMHP or anti-

GMHP character through diagonalization of the hardness
Hessian matrix. Finally, we have derived a procedure to calculate

the hardness derivatives when the HOMO and/or the LUMO
are degenerated.
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