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To elucidate the nature of the pseudo-Jafieller (JT) effect, an energy component analysis has been carried
out for the ground and electronically excited states of the titled cyclic polyenes by using the MCSCF method
with 6-31G(d) basis set. Examination of the energy components comprised in the total energy reveals that
in the ground state of planar cyclobutadiene and cyclooctatetraene molecules, the stability of a bond-alternated
structure is largely attributable to a decrease in the internuclear repulsion energy and the interelectronic repulsion
energy due t@ electrons. These observations are consistent with a totally symmetric expansion of the carbon
skeleton brought about by the pseudo-JT distortion. Concomitantly, a contraction ofefeetron cloud

takes place by polarization of the bond charges, and the nuasstron attraction energy of electrons

also plays an important role in the pseudo-JT stabilization. Further, the stability of a nonplanar tub structure
in cyclooctatetraene results from a lowering of the nuctedectron attraction energy. In the excited states
examined, the situation differs from molecule to molecule. In the lowest excited singlet state of cyclobutadiene,
the stability of a rhombic structure originates from the energy lowerings of the nuastron attractive

term of o electrons and the kinetic term afelectrons. While in the lowest excited triplet state of benzene,

the stability of a quinoid structure arises from the energy lowerings of the internuclear repulsive term, the
interelectronic repulsive term oef electrons, and the nucleaelectron attractive term of electrons.

Introduction Tz " He
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The Jahr-Teller (JT) effect is the stabilization that arises ™ _ /" e e NN
from the geometric instability of degenerate electronic states | | | | i [
in nonlinear polyatomic moleculés? Boyd et al>® have made PAEN H/C'\cs/c\Ha N 2N
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an energy component analysis of the total energy to elucidate ™ M I A

the physical picture of the JT effect in the radical cations of
CH4 and BH;. In this connection, the pseudo-JT effect is the
stabilization which occurs when a certain asymmetric distortion Cyclobutadiene Benzene Cyclooctatetraene

mixes two electronic states which are nearly degenerate in theFigure 1. Cyclic conjugated hydrocarbons and numbering of atoms.
symmetric nuclear configuration of the ground state or of an
electronically excited state.To gain insight into the nature of
the pseudo-JT effect, we have carried out the energy componen
analysis for the typical nonalternant hydrocarbons considered
as weakly perturbed cyclic polyenes by using the ab initio RHF : .
method with 6-31G(d) basis SBLA characteristic feature electrons. This marked difference between the two systems has

inh tin th talenoid and heptalenoid " is that been accounted for in terms of an electrostatic interaction
inherent in the pentalenoid and heptaienoid systems 1S that a.,hineq with a charge relaxation attributed to migratior of
charge alternation inr electrons appears at the symmetric

| figuration. Th do-JT effect gives rise to two ©CoonS:
:luc earfcon E]ura |on.| te pseu tk?- I etec glve? rse OI WO |n connection with the above work, of fundamental interest
Ypes ofr charge relaxation in the 1ess symmewic nuclear .o g conjugated molecules that exhibit virtually no charge
configuration, one corresponding to a contraction of the electron

loud and the other t 4 f the elect loud relati polarization ins electrons at the ground state of the symmetric
cloud and the otherto an expansion of the electron Cloud relative , | 5 configuration. This is because the charge distribution
to the distribution ofz electrons in the symmetric nuclear

. . . seems to be profoundly related to the mechanism of the pseudo-
configuration. The energy component analysis reveals that theJT distortion”® In this paper, we thus carry out the energy
_pseudo_—JT effectin the mol_ecules leads common_ly toa d(z“cr(':“"?ls%omponent analysis of the pseudo-JT effect in the lower three
in the_ internuclear repulsion energy and '_[he_ mterele_ctronlc members of cyclic polyenes (Figure 1) by means of the ab initio
repulsion energy due to electrons. Of special interestis the 15 athod with 6-31G(d) basis s&t!® The electronic states
f'.nd'.n.g that anqther energy compongnt gxsts which p'aYS a4 under consideration are the ground and lowest excited singlet
significant role in the pseudo-JT stabilization. For the typical

inst the stability of K truct ¢ tal states for cyclobutadiene, the lowest excited triplet state for
instances, the stability of a ske@y structure for pentalene benzene, and the ground state for cyclooctatetraene. It will be

*To whom correspondence should be addressed. shown that the variations of individual energy components on
€ Abstract published ifAdvance ACS Abstractsuly 15, 1997. structural changes are explained qualitatively in terms of an
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arises from a decrease in the interelectronic repulsion energy
bue tox electrons, while that for heptalene results from a
lowering of the nuclearelectron attraction energy due io
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TABLE 1: Optimized Geometrical Parameters in the Ground and Electronically Excited States of the Cyclic Polyenes
Examined

molecule

structure geometrical parameters

(i) Ground State

cyclobutadiene

Dan (*B1g) C1-C2=1.4434,Ct+H1=1.0705, HEC1-C2=135.0
Don (*A1g)° C1-C2=1.5461, C+C4=1.3530, C+H1=1.0715, C2H2=1.0715, HE-C1-C2=134.7
cyclooctatetraene
Dan (*B1g) C1-C2=1.4084, C+H1=1.0768, HE-C1-C2=135.0
Dan (*A1g) C1-C2=1.4720,C+C8=1.3514, C+H1=1.0771, Cx+C2-C3=135.0, C8-C1-C2=135.0,
H1-C1-C2=111.4,C+C2-H2=111.4
Dag (*Aq)° C1-C2=1.4795,C+C8=1.3438, C+H1 = 1.0786, C+C2—-C3=127.0, C8-C1-C2=127.0,

H1-C1-C2=115.2, C8-C1-C2-C3=55.2, C:-C2-C3-C4= 0.0, HI-C1-C2-H2 = 47.7,
H2—C2-C3-H3=10.0

(i) Excited State
cyclobutadiene

Dan (*A19) C1-C2=1.4464, CtH1=1.0699, HE-C1-C2= 135.0

Dan (*A19)° C1-C2=1.4364, C+-H1 = 1.0640, C2H2 = 1.0782, C+C2—C3=84.8, C2-C3—C4 =952,
H1-C1-C2=137.6, C+-C2-H2=132.4

benzene

Den (*B1y) C1-C2=1.4303, C+H1=1.0736

Dzn (°B2u)° C1-C2=1.4679, C+C6=1.3610, CEH1 = 1.0748, C2H2 = 1.0719, C+C2—C3=119.0,
C6-C1-C2=120.5, CE-C2—H2 = 120.5, C2-C1-H1 = 118.8

Dan (°B2y)' C1-C2=1.3981, C+C6= 1.4989, CEH1 = 1.0729, C2H2 = 1.0756, C+C2—C3= 120.9,

C6-C1-C2=119.5, C+-C2—H2=119.5,C2-C1-H1=121.0

aNumbering of atoms is shown in Figure 1. Bond lengths and bond and dihedral angles are in angstroms and degremstangular structure.
¢ The tub structured The rhombic structuret. The quinoid structure. The antiquinoid structure.

expansion or contraction of the carbon skeleton, a contraction between purer electrons and betweenando electrons. All

of the & electron cloud, and an electrostatic interaction. calculations are carried out by means of the quantum chemistry
Moreover, the present analysis reveals clearly what are thecode GAMESS to which new subroutines for the energy
dominant factors that contribute to the energetic stability of a component analysis are added.

less symmetric nuclear configuration. It is remarked that the

structural and concomitant properties for such states of the aboveResults and Discussion

molecules have been studied extensively from both experi-

mentat*2! and theoreticaP—48 viewpoints, Atomic and Bond Populations. Table 1 presents the fully

optimized geometrical parameters for the symmetric and less
symmetric nuclear configurations of the cyclic polyenes exam-
ined. Atomic and bond populations are obtained at the
Since low-lying electronic states of the present molecules symmetric and less symmetric nuclear configurations by means
exhibit a situation of open-shell structure at the symmetric of Mulliken’s population analysi& which are summarized in
nuclear configuration, the traditional restricted Hartr€eck Table 2 together witlw- andz-electron components. For the
method is not adequate to describe such electronic statesground state of cyclobutadieneatomic charges on the C atoms
properly. We thus employ here full-optimized reaction space are unity in both the squai@s, and rectangulaD.y, structures.
(FORS) multiconfiguration self-consistent field (MCSCF) method However, the pseudo-JT effect brings about a significant
with 6-31G(d) basis sét:1® Itis noted that in our calculations increase and decrease in thebond populations for the CC
the MCSCF active space includes all inner valencerbitals double and single bonds, respectively. Taking thé&ond
and allzr electrons for the molecules examined. populations in théay structure as reference values, it is found
The energy components comprised in the total energy arethat the distribution ofr electrons in thd,, structure exhibits
important essentially for discussing the leading terms responsiblean appearance of the so-called bond charge alternation along
for the pseudo-JT effect in the present molecules, and accord-the CC molecular periphery. A similar phenomenon is also
ingly we give here a brief review of the energy partitioning observed in the planar bond-alternafgg structure of cyclooc-
scheme!® The total energy of a molecular system is expressed tatetraene. For the electronically excited states of cyclobuta-

Methods of Calculation

as the sum of the electronic enerds| and the internuclear
repulsion energydN). TheE® term comprises the kineti&{)

and potential energies, the latter being further partitioned into
the nuclear-electron attraction energyeY) and the interelec-
tronic repulsion energyE). In the case of a planar conjugated
molecule, theE® and its partitioned energies can be further
partitioned intoo-electron E;) and w-electron E;) energies.

diene and benzeng,atomic charges on the C atoms are unity
in the symmetric nuclear configuration. However, in the
rhombic Dy, structure of cyclobutadiene, a marked atomic
charge alternation is observed along the molecular periphery.
In the quinoidD2y, structure of benzene, a polarization of the
bond charges is observed.

An occurrence of such charge polarizations will be accounted

Within this framework, the total energy can be expressed as for by invoking the second-order perturbation theory by B&der

follows:

N T v J T v J
+w—E +tE,+E,+E,+E +E_+E,

It is remarked that th&’, term should comprise two interaction
energies arising from between pureslectrons and between
and 7 electrons and thé&’, term the energies arising from

as follows. Assuming the drastic approximation that the
electronic state of question interacts only with the nearest
neighbor excited state in the pseudo-JT distortion, it is readily
seen that the change of the electron density after a nuclear
deformation is proportional to the transition density between
the relevant two statéd755 In the electronically excited
cyclobutadiene molecule, for instance, the transition density
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TABLE 2: Atomic and Bond Populations in the Ground and Electronically Excited States of the Cyclic Polyenes Examined

symmetric structure distorted structure
molecule

position total o T total o T
(i) Ground State

cyclobutadiene

Dan Dan
C1 6.2031 5.2031 1.0000 6.2008 5.2008 1.0000
Cl-C2 0.9304 0.7928 0.1376 0.7076 0.8150 —0.1074
C2—-C3 1.2318 0.7720 0.4598
Cl1-C3 —0.4196 —0.3360 —0.0836 —0.3980 —0.3308 —0.0672
cyclooctatetraene
Degn Dan Dad?
C1 6.1815 5.1815 1.0000 6.1804 5.1804 1.0000 6.1822
Cl-C2 0.9770 0.7736 0.2034 0.7530 0.7388 0.1342 0.7654
C2—-C3 1.2358 0.8122 0.4236 1.2542

(i) Excited State
cyclobutadiene

Dan Dan
C1 6.2092 5.2092 1.0000 6.3849 5.0213 1.3636
C2 6.0284 5.3919 0.6365
Cl1-C2 0.8900 0.7888 0.1012 0.9204 0.7792 0.1412
C1-C3 —0.4266 —0.3390 —0.0874 —0.4836 —0.2572 —0.2264
C2-C4 —0.3780 —0.4588 0.0808

benzene

Den Don
C1l 6.1968 5.1968 1.0000 6.1858 (6.2055) 5.1832 (5.2078) 1.0025 (0.9978)
c2 6.1968 5.1968 1.0000 6.2168 (6.1779) 5.2218 (5.1734) 0.9950 (1.0045)
Cl-C2 0.8932 0.7840 0.1092 0.7600 (1.0252) 0.7712 (0.7945)-0.0112 (0.2307)
c1-C6 0.8932 0.7840 0.1092 1.2036 (0.6674) 0.8106 (0.7642) 0.3980968)

aValues refer to the total atomic and bond populatidigalues in parentheses refer to those for the antiquinoid structure.

between the lowest excited singlet stalt&,() and the second  basis of these results, we now discuss the dominant energy
excited singlet statéB,g) in the Dap Structure is given byg)>— components responsible for the pseudo-JT effect in the ground
(¢3)? in terms of relevant MOs. Herg, and ¢s represent a  and electronically excited states of the cyclic polyetfes.
pair of degenerate nonbonding MOs, the former being confined Energy Component Analysis of the Ground States.(a)
to the C1 and C3 atoms and the latter to the C2 and C4 atdms. Cyclobutadiene.This molecule undergoes the pseudo-JT distor-
Inspection of the transition density suggests that relative to the tion from the squar®an to the rectangulddy, structure?322-41
squareDy, structure,r charge densities in the rhombigy, and thereby the alternate bond-length changes due tosthe b
structure should increase on the &d G atoms while those nuclear deformation amount to 0.097 A in absolute value along
decrease on the ;Cand G atoms. Also in other cases, a the CC molecular periphery (Table 1). At the same time, all
direction of suchz charge polarizations on structural changes the CC and CH bonds are lengthened respectively by 0.006 and
can be accounted for from the above perturbational consider-0.001 A in a totally symmetric fashion. This indicates that when
ation. cyclobutadiene settles at ti¥, equilibrium structure the two
Total and Partitioned Energies. In Table 3 are listed the  CC stretching modes of gand hg symmetry take part in. Since
total and partitioned energies at the symmetric and less the carbon skeleton as well as the CH bonds is expanded in a
symmetric nuclear configurations for the molecules examined. totally symmetric fashion, the repulsive teri@¥, E%,, andE’;
It is seen that the difference in total energy between the two should be lowered in energy. As is listed in Table 3, this is
configurations of the molecule is smaller in comparison with actually true for the former two terms. Contrary to the
the changes of each energy component comprised in the totalexpectation, however, the other repulsive tell is raised
energy. For the ground state of cyclobutadiene, the stabilization slightly in energy. This energy change seems to be unusual,
energy associated with the pseudo-JT effect, i.e., the activationbut it will be explained qualitatively as follows. As noted in
energy of the isodynamicak-bond shift occurring in the  the preceding paragraph (Table 2), a bond charge alternation
interconversion between the two equivalent rectangular struc- occurs along the CC molecular periphery in the rectanddar
tures is calculated to be 6.3 kcal/mol within the MCSCF method structure. This phenomenon is equivalent to saying that the
including four s orbitals as the active space. For the ground m-electron cloud is contracted to the opposite CC double bonds
state of cyclooctatetraene, the stabilization energies due to theby polarization of the bond charges. In such a case, it is often
pseudo-JT effect fronDgn to D4y and from Dgn to Doy are observed that the interelectronic repulsive interactions between
calculated to be 6.3 and 10.4 kcal/mol, respectively. For the & electrons are enhancédHence, it will be presumed that the
electronically excited molecules, the energy lowering due to small energy raising of the repulsive tef, is a result of the
the pseudo-JT effect is in the range of caz32kcal/mol. A competitive behavior between the above two contributions.
closer inspection of Table 3 reveals that the individual energy Numerically, Table 3 reveals that an increase in the repulsion
components vary largely in energy, indicating that the above energy due to contraction of theelectron cloud is somewhat
stabilization energy is in competition between the two contribu- more than a decrease in the repulsion energy due to expansion
tions, one arising from energy components which favor the of the carbon skeleton. Concomitantly, with a contraction of
symmetric structure and the other from the ones which favor the z-electron cloud the nucleaelectron attractive terriV
the less symmetric structure. In other words, the energy termsshould be lowered in energy. Further, since the atomic and
are highly sensitive to changes in molecular geometry and havebond charges of electrons exhibit no essential changes, an
mutually opposite signs to the pseudo-JT stabilization. On the expansion of the carbon skeleton should raise the nutlear
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TABLE 3: Total and Partitioned Energies and Their Energy Differences between the Symmetric and Distorted Structures in
the Ground and Electronically Excited State$

molecule
component symmetric distorted differefce
(i) Ground State
cyclobutadiene Dan 2h
Etotal —153.699 226 —153.709 278 —0.010 052
EN 99.287 773 99.134 877 —0.152 896
E', 149.158 419 149.184 189 0.025 770
EY, —512.442 456 —512.061 952 0.380 504
E 130.969 007 130.780 737 —0.188 270
E", 4.459 693 4.436 127 —0.021 566
EV. —44.162 990 —44.273 115 —0.110 125
E, 19.031 328 19.087 845 0.056 517
cyclooctatetraene Dgn D
Etotal —307.609 039 —307.619 145 —0.010 106
EN 316.016 733 315.574 834 —0.441 899
E', 298.844 036 298.843 353 —0.000 683
EY, —1226.879 422 —1226.001 392 0.878 030
E’ 362.442 229 362.029 060 —0.413 169
E", 8.515 496 8.524 783 0.009 287
EV. —121.219 352 —121.269 731 —0.050 379
E 54.671 245 54.679 939 0.008 694
Dan Dog
Etotal —307.619 145 —307.635 686 —0.016 541
EN 315.574 834 323.351 614 7.776 780
ET 307.368 136 307.382 783 0.014 647
EY —1347.271123 —1363.100 163 —15.829 040
= 416.708 999 424,730 081 8.021 082
(ii) Excited State
cyclobutadiene Dan Don
Etotal —153.613 593 —153.622 689 —0.009 096
EN 99.129 847 99.741 068 0.611 221
E', 149.207 903 149.332 182 0.124 279
EY, —512.358 560 —513.542 286 —1.183 681
E’ 130.832 039 131.321 996 0.489 957
= 4.343 162 4.231 981 —0.111 181
EV. —43.690 095 —43.686 757 0.003 338
E, 18.922 153 18.979 128 0.056 975
benzene Deh Don
Etotal 230.640 822 —230.644 747230.643 768) —0.003 925 -0.002 946)
EN 199.494 214 199.360 269 (199.414 840) —0.133 945 (0.079 374)
E'y 223.854 040 223.862 275 (223.866 079) 0.008 235 (0.012 039)
EY, 855.711 496 —855.431 044{855.542 400) 0.280 452 (0.169 096)
B, 239.842 148 239.707 470 (239.757 135) —0.134 678 0.085 013)
E", 6.611 627 6.608 028 (6.603 534) —0.003 599 -0.008 093)
EV, —80.413 427 —80.447 546 80.437 811) —0.034 119 ¢0.024 384)
E’, 35.682 073 35.695 806 (35.694 855) 0.013 733 (0.012 782)

a Energies are in hartreesThe minus sign means that the energy term is lower in energy for the distorted structure than for the symmetric one.

¢Values in parentheses refer to those for the antiquinoid structure.

electron attraction energy of electrons. This is because a

raised in energy. The present energy changes are just the same

lengthening of the CC bonds corresponds to an expansion ofas those observed in cyclobutadiene. But an increase in the
the o-electron cloud. In addition, the energy changes of the repulsion energ¥’, is less for cyclooctatetraene by one-seventh

kinetic component&™, andE",, are quite small in comparison

of that observed for cyclobutadiene. This will be ascribed to

with those of the other energy terms. As a consequence, it isthe fact that the change in bond charge is smaller for cyclooc-
concluded for cyclobutadiene that the stability of the rectangular tatetraene in magnitude than for cyclobutadiene (Table 2). The
D2y structure should benefit from the energy lowerings of the contraction ofr-electron cloud to the CC double bonds should

termseN, EY, ET,, andEY,;, and all the other energy components

lead to a lowering of the nucleaelectron attraction energy

change in the opposite direction. The dominant energy com- EV,. Actually, the nuclearelectron attractive terntV, is

ponents to the stability come from the three terBvs, EN, and
EY,, in order of importance.

(b) CyclooctatetraeneUpon the pseudo-JT distortion from
the planaDg;, to the planaDg;, structure?22:32474&he alternate
bond-length changes due to thg buclear deformation amount

lowered in energy, but the magnitude is about one-half of the
energy lowering observed in cyclobutadiene. This will also be
ascribed to the small change@fbond charges in cyclooctatet-
raene. Moreover, since the atomic and bond charges of
electrons show no appreciable changes, an expansion of the

to 0.061 A in absolute value along the CC molecular periphery carbon skeleton should raise the nucleglectron attraction
(Table 1). At the same time, all the CC bonds are lengthened energy ofo electrons. It is therefore concluded for cyclooc-
by 0.004 A in a totally symmetric fashion. Hence, an expansion tatetraene that the preference of the bond-alterridigsitructure
of the carbon skeleton should be reflected in a decrease in thearises from the energy lowerings of the repulsive teEhMsnd
internuclear and interelectronic repulsion energies. Table 3 EY, the kinetic termE",, and the nuclearelectron attractive

shows clearly that the two repulsive terrBd and E, are
actually lowered while the other repulsive teffy, is slightly

term EV,. The leading terms to the stability come from the
three term<EN, E%,, andEY,, in order of importance.
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Experimentally, cyclooctatetraene is known to be nonpla- arising from thisz-electron population through the electrostatic
nar?%21 |t is usually considered that because of angle strain interaction is in the opposite direction toward stability. Because
and steric repulsion between vicinal hydrogen atoms, a planarof the above two opposing contributions, the nucteglectron
Dgn structure is less stable than a nonplanar tub form. We thus attraction energ\e" should be invariant during the structural
examine the origin for the energetic stability of the nonplanar changes. Noticeable is the following finding that the changes
structure below. in kinetic energy due to andzr electrons are considerably large

The planar bond-alternated structure of cyclooctatetranenein comparison with those observed in the ground state of
suffers the pseudo-JT distortion froBw, to Doy through the cyclobutadiene. More SpeCIflpally, thﬂ? kinetic energy is
out-of-plane nuclear deformation of Jsymmetry. The energy lowered and the kinetic energy is raised in energy, the absolut_e
components for théD,q structure are listed in Table 3. A value of t_he energy changes being almost the same. Aplaqsmle
structural analysis reveals that relative to B structure, the ~ €xplanation for such energy changes may be given qualitatively
double and single bonds in thyq structure are respectively by |nvok!ng thg free-electron orbital method for an electron in
shortened and lengthened by 0.008 A in a totally symmetric @ one-dimensional box of length.2%8:5% The Iyg nuclear
fashion. At the same time, the out-of-plane nuclear deformation deformation gives rise to such structural changes that relative
is operative such that the carbon atoms of the ethylenic groupst© the Dan structure, the atomic distance between the C1 and
deviate from the molecular plane by 0.387 A above or below C3 atoms is lengthened by 0.076 A while that between the C2
in an alternating fashion. This indicates that the two nuclear @nd C4 atoms is shortened by 0.109 A in g, structure.
deformations of g and h, symmetry take part in the present _Concomltantly, the atomic populations of electrons are
pseudo-JT distortion. A comparison of the respective energy ncréased on the C1 and C3 atoms by 0.3636 and those of
components between the two structures reveals that the nuclear €lECtrons are increased on the C2 and C4 atoms by 0.1827 (Table
electron attractive terr&" contributes to the energetic stability ~2)- These variations should be reflected in both the energy
of the nonplanar structur@5” But the other energy terms changes as follows. Since the so-called box lengths
contribute more or less to the opposite direction to the stability. increased along the long axig @f the rhombic cyclobutadiene
Namely, the internuclear and interelectronic repulsive terms are molecule, thex component of kinetic energy due celectrons

increased greatly in energy and the kinetic energy changes to ashould be lowered in energy. This energy change may be
small extent. An explanation may be given as to how the two interpreted as the effect due to a lowering (or release) of the

_ i i 4
repulsive interactions are enhanced to such extents. In theSO called kinetic energy presséite* of z electrons. On the

nonplanar tub structure, most nonbonded atomic distances areOthe; Qqand' tlhe blox Ierl%lll:l Its shortened atlor]lgk_thet_short axis
shortened relative to those in the plalay structure, and hence (¥) of the molecule, so that thecomponent of kinetic energy

the internuclear repulsive interactions are enhanced. Concomi-Olue tog electrons should pe raised in energy. !n this case, th_e
tantly, since the electrons involved in the CC and CH bonds energy change may be said to result from a raising of the kinetic

become spatially close together, the interelectronic repulsive energy pressure due éoelectrons. [t can k_)e concluded for the .
interactions should also be enhanced. As a result. the tWOIowest excited singlet state of cyclobutadiene that the energetic

repulsive termsEN and E° are largely raised in energy. stability of the rhombid,, structure results from the lowerings

Moreover, the distances between the nuclei and electrons areOf the nuclear-electron attraction energy af electrons and

shortened for the above reason, and the nuelekectron the kinetic energy ofr electrons, the other energy terms being

attractive terme¥ should be largely lowered in energy. In n tge Ec;pposne ;j'rfﬁt'clm to tthe Sti‘b(']:'tgi let staté th
conclusion, it can be said that the nonplaigy structure of (b) Benzene.In the lowest excited triplet stateRy), the

cyclooctatetraene owes its energetic stability to the energy ptseltjdhc_)-JT dls(,jtortl?n fr°®6htt32522j‘4gc_?ﬁrs thlroufgg_ thle cc
lowering of the nuclearelectron attractive terri’. stretching mode ofzg Symmetry- € pair ot displace-

. . . mentsS, and iven below is the two components of thg e
Energy Component Analysis of the Electronically Excited S = 9 P he,

g ; ) symmetry coordinate for the CC bond stretching:
States. (a) Cyclobutadiene In the lowest excited singlet state
(*A1g), the pseudo-JT distortion from the squddg, to the
rhombic Dy, structure takes place through they muclear
deformation®® Relative to theD4p, structure (Table 1), all the N
CH bonds in theD,, structure are lengthened in a totally S = Torip = Iaat Ty — ey
symmetric fashion by 0.001 A. Of special interest is the finding
that all the CC bonds are shortened in a totally symmetric Since the S, nuclear deformation is actually active, two
fashion by 0.010 A. At the same time, the changes of bond nonequivalentD, nuclear configurations are obtained in the
anglesdJC—C—C due to the k nuclear deformation amount lowest excited triplet state: one is a quinoid structure and the
to about 5.2 in absolute value, i.e[[]C,—C;—C, = 84.8 and other an antiquinoid structure (Table 1), the former being lower
0C;—C,—C3=95.2. Besides, the CH bonds are alternatively in energy than the latter by 0.7 kcal/mol.
lengthened and shortened by 0.007 A. Because the carbon A simple analysis of the CC and CH bond lengths between
skeleton is contracted symmetrically to such an extent, the the D¢, and quinoidDy, Structures reveals that a pair of the
repulsive interactions in thBy, structure should be enhanced opposite CC bonds is shortened by 0.071 A and the remaining
significantly. Table 3 shows clearly that all the repulsive terms four CC ones lengthened by 0.036 A along the positive direction
EN, E%, andE’; are actually raised in energy. In contrast, the of S;nuclear deformation. At the same time, a totally symmetric
attractive interactions between the nuclei and electrons shouldnuclear deformation is operative such that all the CC bonds are
be enhanced with a contraction of the carbon skeleton. As is lengthened by 0.002 A. Since the carbon skeleton is expanded
expected, the attractive ter®Y, is largely lowered in energy.  symmetrically, the internuclear and interelectronic repulsive
However, the other attractive ter, remains almost un-  terms should be lowered in energy. As is expected, the
changed in energy. This behavior may probably be ascribedinternuclear repulsive term and the interelectronic repulsive term
to the fact that the present pseudo-JT distortion gives rise to aof ¢ electrons are actually lowered in energy. But the
large negative two-center-electron population between the C1 interelectronic repulsive term of electrons is slightly raised
and C3 atoms (Table 2). Obviously, the energetic contribution in energy. This will be ascribed to the fact that the net change

S, =12 YArp, — 2rpg+ g+ g — 21 + 1gy)
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in interelectronic repulsion energy due#oelectrons exhibits distorted into the quinoid,;, structure, an expansion of the

a competitive behavior between the two contributions arising carbon skeleton and a contraction of thkelectron cloud take
from the expansion of carbon skeleton and the contraction of place. Accordingly, the dominant contributors to the stability
m-electron cloud by polarization of the bond charges. Numeri- arise from the lowerings of the internuclear repulsion energy,
cally, Table 3 reveals that the latter is slightly more than the the interelectronic repulsion energy of theelectrons, and the
former. On the contrary, a contraction of theeslectron cloud nuclear-electron attraction energy of electrons. It is thus
should lower the nuclearelectron attraction energy of confirmed that an expansion or contraction of the carbon
electrons. It is noticeable, however, that the nuctedectron skeleton and a charge polarization play a dominant role in the
attractive term ofo electrons is definitely raised in energy, stability of a less symmetric structure. In short, the present
reflecting the effect brought about by an expansion of the carbon pseudo-JT stabilization can be said to stem mostly from the
skeleton. It is concluded for the lowest excited triplet state of combined effects due to a structural change and a redistribution
benzene that the quinoldy, structure owes its stability to the  of the m-electron density through electrostatic interactions.
energy lowerings of the ternig', E%,, EV,,, andE",. The large
contributions to the stability come from the former two terms,
the contributions from the latter terms being rather small.

For the antiquinoidy, structure, a quite similar situation is
observed. The carbon skeleton is expanded in a totally
symmetric fashion such that all the CC bonds are lengthened
by 0.002 A (Table 1). At the same time, a pair of the opposite References and Notes
CC bonds is lengthened by 0.067 A and the remaining four CC (1) Jahn, H. A.; Teller, EProc. R. Soc. Londoft937, A161, 220.
ones shortened by 0.034 A along the negative directio8,of (2) salem, L. The Molecular Orbital Theory of Conjugated Systems;
nuclear deformation. The energy component analysis reveals®gy, New Yol 1956 g eicences ten,
that the dominant terms to the stability of the antiquinoid \yjiey: London, 1972.
structure are identical with those observed for the quinoid (4) Pearson, R. GSymmetry Rules for Chemical ReactipWéiley:
structure. It is noted, however, that according to the vibrational New York, 1976. )
analysis by Osamur®, the antiquinoid structure has one (5) Boyd, R. J.; Darvesh, K.; Fricker, P. D. Chem. Phys991, 94,
imaginary frequency and hence corresponds to a transition state  (6) wang, J.; Boyd, R. 1. Chem. Phys1992 96, 1232.

for the pseudorotation of the benzene ring. (7) Toyota, A.; Koseki, SJ. Phys. Chem1996 100, 2100.
(8) Zivkovic, T. P.Theor. Chim. Actdl983 62, 335.
. (9) Schmidt, M. W.; Baldrige, K. K.; Boats, J. A.; Elbert, S. T.; Gordon,
Conclusions M. S.: Jensen, J. H.: Koseki, S.; Matsunaga, N.; Nguyen, K. A,; Su, S;
o Windus, T. L.; Dupuis, M.; Montogomery Jr., J. &omput. Chem1993
The present study indicates that the energy componenti4, 1347.

analysis is informative to elucidate what happens inside the __(10) Ditchfield, E.; Hehre, W. J.; Pople, J. A. Chem. Physl971, 54,
molecule when it is subject_to the_ p_seudo-JT dlstprtlon._ _In the (11) Hehre, W. J.; Ditchfield, R.; Pople, J. & Chem. PhysL972 56,
ground state of cyclobutadiene, it is shown that in addition to 2257.
the hg nuclear deformation of bond-length alternation type, an Ch(12) Fﬁihueti%%ge;gl, El a%hnsﬁildtézﬂ-ﬁ\év_-;mDombek, M. M.; Elbert, S. T.
. . em. Phys! , 41-49, 51-64, .

expansion of the carbon skeleton ta_kes place in a totally (13) Thed exponent was 0.8 for carbon atoms.
symmetric fashion. Henc_e, a redUCt'_On of th_e internuclear  (14) Masamune, S.; Souto-Bachiller, F. A.; Machiguchi, T.; Beritie, J.
repulsion energy and the interelectronic repulsion energy duekE. J. Am. Chem. Sod.97§ 100, 4889.
to o electrons contributes to the stability of the rectangiay (15) Bally, T.; Masamune, STetrahedron198Q 36, 343.
structure. Concurrently, the nucleslectron attraction energy 425126.3) Whitman, D. W.; Carpenter, B. KI. Am. Chem. 504980 102
of & electrons plays a key role in the stability of tiey (17) Maier, GAngew. Chem., Int. Ed. Engl988 27, 309 and references
structure. This is ascribed to the behavior thatthelectron the(ffér)‘-d Groot. M. S der Waals, J. Mol. Phys.1963 6, 545

. : . . e Groot, M. S.; van aer Waals, J. Mol. yS. s .
cloud is contracted to the opposing C_:C b_ond_s by polarization (19) King, G. W.. Pinnington, E. HJ. Mol. SpectroscL965 15, 394.
of the bond charges. A quite similar situation is observed when  (20) oth, J. F. MPure Appl. Chem1971, 25, 573.
cyclooctatetraene suffers the bond distortion from the planar (21) Paquette, L. ATetrahedron1975 31, 2855;Pure Appl. Chem.

1982 54, 987.

Dgn to the planaDgy structure. Subsequently, vyhen the planar (22) Craig, D. PProc. R. Soc. Londof95Q A202 498.
Dap structure undergoes the qut-of-p_lz_ane distortion, the resu_ltlng (23) Snyder, L. CJ. Phys. Cheml962 66, 2299.
nonplanaiD,q structure owes its stability to the energy lowering (24) Buenker, R. J.; Peyerimhoff, S. D. Chem. Phys1968 48, 354.
of the nuclear-electron attractive term. This reasoning is given 19%5219’\“'1";%%6‘”1& M.; Nishihara, M.; 'Haya, Y. Bull. Chem. Soc. Jpn.
such that. relative to thBgy, structure, most distances between (26) kollma}, H.: Steammler, VJ. Am. Chem. Sod977 99, 3583:
the nuclei and electrons (or better electron clouds) become closerheor. Chim. Actal97§ 48, 223.
together in theDyq structure and, hence, the nucleatectron 88 IIi%)orderhl\)I/V-JT.S; D;Vldson_, E E]. PAm. %f;]em. 880%3;; gg, gi%.

: H : H ewar, M. J. S.; Komornicki, Al. Am. em. SO0 A A .
attrgctlve interactions are gnhanced. .As for the electronically (29) Borden, W. T.. Davidson, E. R.. Hart, P.Am. Chem. S0d978
excited state of cyclobutadiene, the situation differs from that 10q 38s.

in the ground state. The analysis reveals that in addition to the (30) Jafri, J. A.; Newton, M. DJ. Am. Chem. Sod.978 100, 5012.

Acknowledgment. Financial support from the Oka-san Kato
Foundation (to S.K.), a grant-in-aid for Scientific Research
(N0.08640645) from the Ministry of Education, Science and
Culture, Japan (to S.K.), and the Japan Association of Chemistry
(to A.T.) are gratefully acknowledged.

bond angle changes by thgjuclear deformation, a contraction 1053%)2851‘*3‘"“* L. J. Hess, B. A Bwig, C. 5.Am. Chem. S0d979
of the carbon skeleton takes place in a totally symmetric fashion. “~(35) Borden, w. TDiradicals; John Wiley & Sons: New York, 1982;
It thus follows that the energy lowering of the nucleatectron pp 1-66, and references therein.

attractive term ofr electrons contributes to the stability of the (gi) If{r«’altaV’BF-;A'\{lf)(r;ev,kv-; ;a}ngsrﬁheznytJGagedr%r%&?BZ %8,5859-
rhombicDoy, structure. The other contributor to the pseudo-JT 1oé 6235_9551 . A.; Carsky, P.; Schaad, L.JJ.Am. Chem. Sod.983
stabilization is the kinetic energy term af electrons. This (35) Argen, H.; Correia, A.; Flores-Riveros, A.; Jensen, H. JInA. J.
energy lowering is accounted for in terms of a release of the QU(a?’rg)urc CherRlSI):86619adZ3z. W. AJ. Am. Chem. So0.986 108 2830

i i i oter, A. F.; Goddard, . . AM. em. S0 .
kinetic energy pressure of electrons, because the region of_ (37) Carsky, P.. Bartlett, R. J.: Fitzgerald, G.: Noga. J.; SpirkoJ V.
7-electron movement is elongated along the long molecular axis. chem. Phys1988 89, 3008.

In the case where the lowest excited triplet state of benzene is (38) Nakamura, K.; Osamura, Y.; lwata,Shem. Phys1989 136, 67.



5718 J. Phys. Chem. A, Vol. 101, No. 31, 1997

(39) Shaik, S. S.; Hiberty, P. C.; Lefour, J. M.; Ohanessian].G\m.
Chem. Soc1987, 109, 363.

(40) Hiberty, P. CTop. Curr. Chem199Q 153 27.

(41) Hiberty, P. C.; Ohanessian, G.; Shaik, S. S.; Flament, PuRe
Appl. Chem1993 65, 35.

(42) Liehr, A. D.Z. Naturforsch.1958 133 311.

(43) van der Waals, J. H.; Berghuis, A. M. D.; de Groot, M.\N&I.
Phys.1967 13, 301.

(44) Fujimura, Y.; Yamaguchi, H.; Nakajima, Bull. Chem. Soc. Jpn.

1972 45, 384.

(45) Nakajima, T.; Toyota, A.; Kataoka, M. Am. Chem. Sod.982
104, 5610.

(46) Osamura, YChem. PhysLett. 1988 145 541.

(47) Wipff, G.; Wahlgren, U.; Kochanski, E.; Lehn, J. l@hem. Phys.
Lett. 1971 11, 350.

(48) Karadakov, P. B.; Gerrat, J.; Cooper, D. L.; RaimondiJMPhys.
Chem.1995 99, 10186.

(49) Ichikawa, H.; Ebisawa, YJ. Am. Chem. S0d.985 107, 1161.

(50) Mulliken, R. S.J. Chem. Physl955 23, 1833, 1841, 2338, 2343.

(51) Bader, R. F. WMol. Phys.I960, 3, 137;Can. J. Cheml962, 40,
1164.

Koseki and Toyota

(52) Murrell, J. N.; Pople, J. AProc. R. Soc. Londot956, A69, 245.

(53) Salem, LChem. Phys. Lett969, 3, 99.

(54) Bartell, L. S.J. Chem. Educl969, 45, 754.

(55) Nakajima, T.; Toyota, A.; Fujii, Bull. Chem. Soc. Jpit972, 45,
1022.

(56) From a slightly different viewpoint, Hiberty et al. examined the
changes ofr and o energies when th®,, cyclobutadiene molecule is
deformed toD3;, in the ground state. See refs-391.

(57) Lehn et al. first pointed out in ref 47 that the nucleatectron
attraction energy plays an essential role in stabilizing the tub structure of
cyclooctatetraene.

(58) Kuhn, R.Helv. Chim. Actal948 31, 1441.

(59) Murrell, J. N.The Theory of the Electronic Spectra of Organic
Molecules Chapman and Hall Ltd.: London, 1971.

(60) Feinberg, M. J.; Ruedenberg, K.; Mehler, E. Adv. Quantum
Chem.197Q 4, 27.

(61) Feinberg, M. J.; Ruedenberg, K. Chem. Physl971, 54, 1495.

(62) Ichikawa, H.; Sameshima, K. Phys. Org. Cheml99Q 3, 587.

(63) Tokiwa, H.; Ichikawa, Hint. J. Quantum Chenil994 50, 109.

(64) Tokiwa, H.; Osamura, Y.; Ichikawa, Lhem. Phys1994 181,
97.



