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Abstract: The results o&b initio calculations on 1,3,5-trimethylenebenzeheand its negative ionl(") are presented.
Geometries were optimized at the CASSCF/6-31G* and CASSCF@&=31evels. Single-point calculations were
performed using second-order perturbation and multireference configuration interaction (MR-CI) methods, in order
to include the effects of dynamic correlation betweendtend electrons. The ground state bfis predicted to

be the high spifA," state, which ha®s, symmetry. The lowest energy excited statég in Dz, symmetry and

is thus subject to first-order JahiTeller distortions to geometries of lower symmetry. T&g geometries of the

two Jahr-Teller distorted components 8", 2B; and2A,, have been optimized and are found to have nearly the
same energies. After correction for zero-point energy differences, the adiabatic energy separation between the lowest
C,, doublet and thé3, quartet ground state df is computed to be 14 1 kcal/mol. The ground state df is

predicted to béE' in D3, symmetry. Molecular distortion t@€,, symmetry stabilizes théB, component ofE’ via

not only first- but also second-order Jahfeller effects.

Consequently, tBB, component ofE, at its optimized

geometry, is calculated to be lower in energy by ca. 1.5 kcal/mol thafAtheomponent at its optimized geometry.
The lowest singlet excited state df is 1A, in D3, symmetry, which is predicted to undergo second-order Jahn
Teller distortions, at least at the CASSCF level of theory. The resulting $fatén C,, symmetry, is calculated to
be 4-6 kcal/mol above théB; ground state but slightly below®,' excited state oD, symmetry. In contrast to
CASSCF and MR-CI, UB3LYP/6-3tG* calculations predicBA; to be the ground state df, slightly below

either component of the JakiTeller distorted®E’ state.

The UB3LYP calculations afford an estimate of-22

kcal/mol for the electron affinity oflL and provide vibrational frequencies for tHa," state. On the basis of
computational results fat and1~, the most important features of the photoelectron spectrufir @fre predicted.

The qualitative understanding of the properties of molecules quartet that is stable indefinitely under ambient conditions and
that potentially have a large number of unpaired electrons in can even withstand heating to 28C in air* In contrast, a

the ground stafehas evolved from theoreticahnd experimen-

sterically congested trigt-butyl nitroxide) analog ol has been

tal'3 studies of diradicals. Extending these detailed studies to found to have a doublet ground staté&eplacing the peripheral
triradicals is an obvious next step, and 1,3,5-trimethylenebenzenemethylene groups it with amino radical cations, as B) may
(1) is a triradical of particular interest. Trimethylenebenzene allow redox switching of the magnetic propertfesncorpora-

is a non-Kekulelternant hydrocarbon in which three electrons
occupy three nonbonding molecular orbitals (NBMOs); tHus,
has both doublet and quartet spin states.
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tion of triradical building blocks, based of, into larger
molecular assemblies provides a possible strategy for achieving
bulk ferromagnetism.

A complete understanding of the electronic structurel of
requires a reliable knowledge of the relative energies of the low-
lying electronic states. Negative ion photoelectron spectros-
copy provides a means to obtain accurate state splittings in

(2) For reviews, see: (a) Borden, W. T. Diradicals; Borden, W. T.,
Ed.; Academic Press: New York, 1982; Chapter 1. (b) Borden, Widl.
Cryst. Lig. Cryst.1993 232, 195.

(3) For reviews, see: (a) Berson, J. A. Diradicals; Borden, W. T.,
Ed.; Academic Press: New York, 1982; Chapter 3. (b) Platz, M. S. In
Diradicals, Borden, W. T., Ed.; Academic Press: New York, 1982; Chapter
5. (c)Kinetics and Spectroscopy of Carbenes and Biradidalatz, M. S.,

Ed; Plenum Press, New York, 1990. (d) Borden, W. T.; lwamura, H.;
Berson, J. AAcc. Chem. Red.994 27, 109.
(4) Veciana, J; Rovira, C.; Ventosa, N.; Crespo, M. I.; Palacio).F.

A sterically hindered, perchlorinated trimethylenebenzene am. Chem. Sod993 115, 57.

derivative @) has been recently characterized as a ground state
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Res.1993 26, 346. (c) Iwamura, HAdv. Phys. Org. Chenil99Q 26, 179.
(d) Rajca, A.Chem. Re. 1994 94, 871.

S0002-7863(97)00195-9 CCC: $14.00

(5) Fuijita, J.; Tanaka, M.; Suemune, H.; Koga, N.; Matsuda, K.; lwamura,
H. J. Am. Chem. S0d.996 118 9347.

(6) (a) Stickley, K. R.; Blackstock, S. Q. Am. Chem. S0d.994 116,
11576. (b) Wienk, M. M.; Janssen, R. A.J.Am. Chem. S0d.997, 119,
4492,

(7) For areview of negative ion photoelectron spectroscopy, see: Ervin,
K. M.; Lineberger, W. C. IlAdvances in Gas Phase lon ChemistAdams,

N., Babcock, L. M., Eds.; JAl Press: London, England, 1992; Vol. 1, pp
121-166.

© 1997 American Chemical Society



Ab Initio Calculations on Trimethylenebenzene

open-shell molecules such &s provided the corresponding

.
§led !5

J. Am. Chem. Soc., Vol. 119, No. 28,65

gaseous negative ion is available. Hu and Squires have recently

reported the generation of trimethylenebenzene negative ion,
17, in the gas phas&.The observed reactivity of this “distonic
diradical anion” was suggestive of a triplet ground state. Triplet
carbanions are quite unusual, and therefore, a theoretical
understanding of the electronic structure bf is also of
considerable interest.

Herein, we present the results &l initio calculations orlL
and 1~ that have been carried out with multiconfigurational
methods and the inclusion of dynamic electron correlation, both

ey" (by)

of which are necessary to calculate reliably the energy separa-

tions between the different spin states of a triradical such as
1910 and of a diradical such ds. A primary impetus for this
work was to predict the major features of the photoelectron spec-
trum of diradicall™, prior to its measurement. The photoelec-
tron spectra of the radical anions of trimethylenemetHane,
m-benzoquinodimetharid,and cyclooctatetraerié which have
been obtained very recently, have shown that paibrinitio
calculations on the neutral diradicHs'® gave remarkably good
predictions of the singlettriplet energy differences that were

measured. Indeed, the calculated geometries and vibrational

frequencies of both the radical anions and the neutral diradi-
cals were essential aids for the final spectral assignments tha
were reported. Similarly, the computational results reported
here should facilitate the analysis of the photoelectron spectrum
of 1~.

Theoretical Considerations

The electronic structures df and 1~ can be qualitatively
understood in terms of their NBMOs. Longuet-Higgins showed
that in a neutral non-Kekulalternant hydrocarbon such as
the number of atoms which cannot be includedribonds is
equal to both the number of NBMOs and the number of
electrons that occupy the. Thus, in 1, a total of three
electrons occupy three NBMOs. Thé ¢kel NBMOs are easily
obtained from the zero-sum rutéand they are schematically
depicted in Figure 1. ID3, symmetry one NBMO is #;
together, the remaining pair belong to the degenerdte e
representation.

The three NBMOs ofl have atoms in common (i.e., they
are nondisjoint). Therefore, the Coulombic repulsion between
the three electrons that occupy the NBMOs will be minimized
when the electrons each occupy a different MO and all have

(8) Hu, J.; Squires, R. RI. Am. Chem. S0d.996 118 5816.

(9) Previousab initio calculation$® on 1 have been performed without
the use of multiconfigurational wave functions and/or without provision
for dynamic electron correlation.

(10) (a) Yoshizawa, K.; Hatanaka, M.; Ito, A.; Tanaka, K.; Yamabe, T.
Chem. Phys. Lettl993 202, 483. (b) Yoshizawa, K.; Hatanaka, M.; Ito,
A.; Tanaka, K.; Yamabe, TMol. Cryst. Lig. Cryst.1993 232 323. (c)
Yoshizawa, K.; Hatanaka, M.; Matsuzaki, Y.; Tanaka, K.; Yamabe].T.
Chem. Phys1994 100, 4453. (d) Raos, G.; Gerratt, J.; Cooper, D. L;
Raimondi, M.Chem. Phys1994 186, 251. (e) Li, S.; Ma, J.; Jiang, Y.
Phys. Chem1996 100 4775. (f) Zhang, J.; Baumgarten, K@hem. Phys.
Lett. 1997 269, 187.

(11) Wenthold, P. G.; Hu, J.; Squires, R. R.; Lineberger, WJ.CAm.
Chem. Soc1996 118 475.

(12) Wenthold, P. G.; Kim, J. B.; Lineberger, W. €.Am. Chem. Soc.
1997 119, 1354.

(13) Wenthold, P. G.; Hrovat, D. A.; Borden, W. T.; Lineberger, W. C.
Sciencel996 272, 1456.

(14) A complete list of calculations on trimethylenemethane is given in
ref 11.

(15) (a) Kato, S.; Morokuma, K.; Feller, D.; Davidson, E. R.; Borden,
W. T.J. Am. Chem. S0d.983 105 1791. (b) Fort, R. C., Jr.; Getty, S. J,;
Hrovat, D. A.; Lahti, P. M.; Borden, W. TJ. Am. Chem. S0d.992 114
2549.

(16) Hrovat, D. A.; Borden, W. TTHEOCHEM.In press.

(17) Longuet-Higgins, H. CJ. Chem. Phys195Q 18, 265.
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Figure 1. Schematic depiction of the NBMOs of 1. The orbital
energy of &' is 1.5 kcal/mol lower than that of"ein an ROHF/
6-31G* calculation orfA;".

parallel sping® The same prediction of a quarted € 3/,)

tground state can be made using valence-bond thé€ory.

The configurations witls, = 1/ that can be formed by placing
three electrons in the three NBMOs are shown in Figure 2. A
spin eigenvalue ot/, along one axis is possible not only for
the doublet statesS(= 1/, and S, = £1/,) but also the quartet
state 6 = 3, and §, = %, and £%,). The S, = +%,
components of the quartet (not shown in Figure 2) have one
electron in each NBMO with the same spin along the
axis.

When one or all three electrons occupy the degenerate pair
of €' NBMOs, each configuration belongs to one component,
either?E" or 2E,", of a degeneratéE” pair. However, when
two electrons occupy thé’éNBMOs, individual configurations
do not belong to an irreducible representatiolef;, only linear
combinations of configurations can be assigned a symmetry
designation. In fact, as shown in Figure 2, three different linear
combinations of configurations g, h, and i give rise t6£2",
2A.", and theS, = Y/, component of théA," state. Clearly,
multiconfigurational methods must be used to provide even a
minimally correct description of the low-lying states bf

The2E" states should be subject to first order Jafieller
distortions which lift theirDs, degeneracy® The pair of &
molecular distortions depicted in Figure 3 deform the carbon
skeleton ofl in the required manner. A salient feature of the
phase of theyemode shown in Figure 3 is that it lengthens the
exocyclic C-C bond that lies along th€, axis labeled 1 and
shortens the other two exocyclic+«C bonds. We will,
therefore, call this phase of th¢ eéistortion mode the “long-
short-short” (I-s-s) distortion. The opposite phase (s-I-I) of the
same ¢ mode produces a differef,, structure with a short
exocyclic bond along the sant® axis and long bonds to the
other two exocyclic carbons.

Since there are thre@; axes inl at aDs, geometry, there
are three equivalent I-s-s and three equivalent s-I-I distortions
of 1 to structures witlC,, symmetry (Figure 4). Pseudorotation
between each pair of the three equivalent I-s-s structures involves
passage through one of the equivalent s-I-I structures at the
midway point andvice versa The three equivalentCy,,
structures of one type are expected to be minima along the

(18) Borden, W. T.; Davidson, E. R. Am. Chem. Sod977, 99, 4587.

(19) Ovchinnikov, A. A.Theor. Chim. Actdl978 47, 297.

(20) Jahn, H. A,; Teller, EProc. R. Soc. London, Ser. 2937 161,
220.
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Figure 2. TheS, = %, configurations foD3, states ofl. C,, symmetries are given in parentheses. Bhes 3/, component ofA,", like the S, =
1/, component, shown here, has one electron in each NBMO; but i;the®, component, all three electrons hamespin.

0

In contrast, there is na priori reason to believe that either
the presumedA;" ground state ofl or the3A,' state of1~ is
likely to distort away from &3, geometry. Whether the ground
state ofl™ has the same or different molecular symmetry from
the ground state of will affect the vibrational structure that
appears in the lowest energy band of the photoelectron spec-
trum of 1.7 Therefore, predicting correctly which triplef’

or 2A;', is the ground state af~ is important for predicting

the type of vibrational structure that should appear in this
band.

Of the nineS, = 0 configurations in Figure 5, the first three
(d, e, and f) are obviously singlets. Configuration d'As’,
as is the linear combination with a positive sign of configura-
tions e and f. The combination of e and f with a negative sign
is 1Ey.

The remaining siXS, = 0 configurations in Figure 5 can be
0 grouped into three pairs in which the two configurations that
constitute each pair differ only by the exchangecofind 3
spin electrons between the two singly occupied NBMOs. The
positive linear combination of each pair is tBe= 0 compo-
Figure 3. The threeC; axes ofl, labeled 1, 2, and 3 (left), and a pair  nent of a triplet, eithefA,' or 3E’. In the former triplet state,
of Jahn-Teller active & vibrational modes (right). They/emode is &' is doubly occupied and the two’eNBMOs are each
responsible for distortion frords, to C,, Symmetry, maintaining the singly occupied (configurations ¢ h). In the latter triplet

C; axis labeled 1. Mixing of theewith the ' mode allows distortion . : :
to the equivalen€,, structures, where thg, axis labeled 2 or 3 is the i[ajtzhfjhrke-?— le;lectrons occupy thie MBMOs [configurations i

one that is maintained.
The negative combination of configurations g and h, in which

pseudorotation pathway, and the three equivabpstructures one electron resides in eacH BIBMO, is 1 E/. It is the
of the other type are expected to be the transition states thatcomplement to the 1E, state, comprised of configurations e
connect thend and f. In the seconéE’ pair of states, the;4 NBMO is singly

Anion 1~ has four electrons in the three NBMOs and is thus occupied and three remaining electrons occupy therbitals.
adiradical. As shown in Figure 5, there are three configurations These 2!’ states involve negative linear combinations of the
with S, = 1 and nine configurations wit§, = 0. The threes5, configurations, i— j for 2 *E, and k— | for 2 1Ey.
= 1 configurations give rise to three triplet states, oné/of Since, as shown in Figure 5, each singlet state involves at
symmetry and a pair that together h&f symmetry. Eachof oot 1o configurations, it is clear that fdr, as for 1,
these states also has an equivalent set of configurations for Whic%ulticonfigurational wave functions must be used. Like the
S% .:.0' §|nce, as noted above, the NBMOs bf are non- °E" states ofl, the two different'E’ states ofl~ should both
fj'slo'm' 1" should obey Hund's rulé;®and one of these triplets be unstable toward first-order Jahmeller distortions fronD3;,
is expected to be the ground state. symmetry, as should thi&' state. However, id~, as in other

H 2 3y —
fl."kf thde EJ zta}reslloﬂa_trle tI'E state Offl rfSOUId undetrgo diradicals? second-order JahtiTeller effects, involving distor-
a first-oraer Jans 1 eller distortion away ronbs, Symmetry. tions that mix states of differeiits, symmetrieg! are also likely

(21) Davidson, E. R.; Borden, W. T. Phys. Chem1983 87, 4783. to be important.
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Figure 4. Schematic depiction of th#B; and?A, states ofl that result from six possiblée distortions from theDz, geometry ofE"’. Pseudorotation
interconverts theC,, doublet states in a potential well around g, E"” mountain top.

Computational Methods unless precautions are taken to avoid artifactual symmetry breaking,

. ) . orbitals and electronic states dfand1~ should really be designated
CASSCEF calculations were performed on the low-lying electronic by their Cy,, rather tharDs, symmetry labels.

states oflL and1~. These calculations correlated the ninelectrons

in 1 and the tent electrons in1~ with wave functions that were
comprised of all possible symmetry-adapted configurations which result
from distributing thes electrons among the three bonding, three

It was possible to perform the CASSCF calculationsland1™ at
D3, geometries wittDs, symmetry imposed upon the MOs. Since
the A" state ofl belongs to the totally symmetric representation of
Dan, each of the CASSCF MOs for this state was expected to be of

nonbonding, and three antibondi Os oflandl-. The notation oo .
(9 9)CASS%F and (10 9)CASSCVI:ginI be used to express the number pureDz symmetry; this was, in fact, found to be the case. These MOs
’ ! were used to start CASSCF calculations on other electronic stafes of

of correlated electrons and orbitals in the active space. Calculationsin Day symmetry. In order to keep the'aand &" MOs from mixin
were performed with the 6-31G* and 6-BG* basis set$§? The s SY Y. P § g

. . - : in the course of the CASSCF calculations, the SUPSYM option in the
g?;isti%':p?:é?:ﬁtsgns were carried out with the MOLCAS v.3 suite of RASSCF module of MOLCAS v.3 was used. All of thBa,

In performing calculations aDs, geometries, MOLCAS v.3 does calculations orl were performed at the optimized geometry*af".

not make use of the fulDs, point group but instead, utilizes only the Similarly, calculations on the electronic stateslofin D, symmetry
C,, subgroup. The# and g" representations dbs, both belong to were performed at the optimized geometry '8f;’. The pureDa,

the a representation of th€,, subgroup, and4 and g of D both symmetry MQs of this state were usr_ed as an initial guess, and the
belong to h of C,. Artifactual symmetry breaking in the wave SUPSYM option was employed to maintain tbe, symmetry of the

functions forl and 1~ at Da, geometries can thus lead to MOs and 7% MOS during the CASSCF calculations.

states that are mixtures of two differddy, representatior®. Therefore, Cs, geometries were optimized at the (9,9)CASSCF/6-31G* level
for the low-lying electronic states df and at the (10,9)CASSCF/
(22) (a) Hariharan, P. C.; Pople, J. Rheor. Chim. Actd 973 28, 213. 6-31G* and (10,9)CASSCF/6-31G* levels for the low-lying electronic

(b) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. . R.  states ofl~. It was not possible to perform vibrational analyses at the
Coggfhgt‘g';‘égszrgoigg' Andersson, K. Blomberg, M. R. A'i§ther geometries optimized with these CASSCF wave functions, since
M. P. Kello, V.. f.indh, R.: 'Malmqvist, PA Noga, J O'Iseln, J Roc;s, MOLCAS v.3 does not have a module for obtaining analytical second
B. O.; Sadlej, A. J.; Siegbahn, P. E. M.; Urban, M.; Widmark, P.-O.; derivatives; these CASSCF calculations were too big to be handled by

University of Lund, Sweden 1994. Gaussian 94.
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Figure 5. S =1 (a—c) andS, = 0 (d—I) configurations for theD3n
states ofl~. C,, symmetries are given in parentheses.

Gaussian 9% was used to perform smaller calculations to investigate

Kemnitz et al.

The other method used multireference configuration interaction
(MR-CI) calculations to provide— correlation. Configurations were
generated by allowing simultaneous single excitations in bothothe
ands spaces, as well double excitations in thespace, from several
reference configurations. Energy corrections for neglected quadruple
excitations were made using the Davidson forntdlaThese CI
calculations are abbreviated MR-@SD o-SH-Q and were performed
with the MELDF-X suite of program¥.

Canonical CASSCF MOs were used for these CI calculations, and
the MOs were imported into MELDF-X from MOLCAS. The reference
space for each electronic state was comprised of the most important
configurations from the CASSCF calculations. The reference configu-
rations used for the MR-CI calculations are given in Tables 1 and 2.
The cumulative weights3c?) of these configurations accounted for
about 80% of the CASSCF wave functions, except in for the doublet
states ofl.

Configurations a and b in Figure 2 are by far the biggest contributors
to the 12E," CASSCF wave function fot, and ¢ and d are the most
important configurations in the CASSCF wave function foPEL".
However, for each component ofE", these two reference configura-
tions represent less than 70% of the total CASSCF wave function. In
order to make the weights of the reference configurations &1
comparable to those for the other stated,additional configurations
were added to the CI reference space for each componentf. le
and f for 12E,” and g and h for 2E,".3!

In some of our MR-Clg-SDg-S) calculations, files were created
that were too largeX2 GB) to handle. In those cases, second-order
perturbation theory was used to eliminate configurations that contributed
less than a fixed threshold energy, typically 1B8artree. The threshold
was chosen such that only 0.200.05% of the correlation energy,
predicted by perturbation theory, was discarded. The MR=SID o-

S) energy was corrected for the percentage of the correlation lost. Test
calculations showed that this procedure affects the relative energies of
different states by less than 0.1 kcal/mol.

the size of the zero-point correction to the energy difference between Results and Discussion

theA;", 12B;, and 1%A; states ofl. Since a single configuration is
dominant in the (9,9)CASSCF wave function féA;", the Dg,
equilibrium geometry of this state was reoptimized and a vibrational
analysis performed at the ROHF/3-21G level of theory. Since several
configurations with differing occupations of the three NBMOs (Figure
2) are important in the wave functions for’B, and 12A,, their C,,
optimized geometries were reoptimized and vibrational analyses
performed at the (3,3)CASSCF/3-21G level of theory.

Gaussian 94 was also used to carry out unrestricted (U)B3LYP/
6-31+G* calculations on the lowest states band1~. B3LYP is a

hybrid density functional method that uses three parameter exchange

functional of Beck& and the nonlocal correlation functional of Lee,
Yang, and Par#® The UB3LYP/6-33-G* calculations were used to
calculate the electron affinity and vibrational frequencie&af'. For
comparison, UB3LYP/6-3tG* geometry optimizations and frequency
calculations were also performed on benzyl radical and benzyl anion.

The effects of dynamic electron correlattérbetweeno and &
electrons inl and 1~ were taken into account by performing single-
point calculations at the CASSCF/6-31G*-optimized geometries. Two
different computational methods were employed. One method,
CASPT2N?8 used second-order perturbation theory to provide ad-
ditional correlation for the CASSCF wave function. The CASPT2N
calculations were performed with MOLCAS 23.

(24) Gaussian 94, revision B.3; Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A,;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(25) Becke, A. D.J. Chem. Phys1993 98, 5648.

(26) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(27) For a review, see: Borden, W. T.; Davidson, E.Ac. Chem.
Res.1996 29, 67.

(28) Andersson, K.; Malmgyist, P.-A.; Roos, B. 0.Chem. Phys1992
96, 1218.

Calculated CASSCF, CASPT2N, and MR-&ZI6D 0-S+Q
energies for the low-lying electronic stateslodit bothDg, and
C,, geometries are listed in Table 1 and shown schematically
in Figure 6. The same information far is provided in Table
2 and Figure 7. Table 3 provides the CASSCF/6-31G*-
optimized geometries of these states, using the atom-numbering
scheme in Figure 8.

Calculations on 1 atDg, Geometries. As expected, the
electronic state of lowest energy fbis “A;"". The first excited
state, 12E”, is computed to lie 18.3 kcal/mol higher in energy
than?A;" at the CASSCEF level of theory. Maintaining pure
Dan symmetry for the CASSCF MOs, using the method

(29) Davidson, E. R. IThe World of Quantum Chemistipaudel, R.,
Pullman, B., Eds.; D. Reidel: Dordrecht, The Netherlands, 1974.

(30) MELDF-X was originally written by L. McMurchie, S. Elbert, S.
Langhoff, and E. R. Davidson. It has been substantially modified by D.
Feller, R. Cave, D. Rawlings, R. Frey, R. Daasch, L. Nitchie, P. Phillips,
K. Iberle, C. Jackels, and E. R. Davidson.

(31) Because MELDF-X allows one to specify only the occupation
numbers of the MOs, but not the spin coupling in reference configura-
tions, addition of configurations g and h to the reference space 851
meant that configuration i was also added. Configuration i for the three
electrons in the NBMOs, when coupled to the lowest energy closed-shell
wave function for the rest of the electrons In contributes to &A;"
state and to th&, = %/, component of*A;". Therefore, configuration i
cannot contribute to the 2E" wave function. Thus, the presence of
configuration i in the reference space for this component &&'1might
appear to be without consequence. However, excitations of electrons from
doubly occupied to unoccupied MOs incan have E symmetry. These
excitations, when coupled to configuration i, give excited configurations
that are 2E,’ and which have no counterparts in the excité"
configurations, as generated from reference configurations e and f.
Consequently, because configuration i ha8 8ymmetry, the addition of
it to the reference space for’Ey"’ results in artifactual symmetry breaking
and leads to the expectation that the MRs£§D o-S) wave function for
1 2" will have lower energy than the MR-GHSD o-S) wave function
for 1 2E,".
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Table 1. Absolute (hartrees) and Relative (kcal/mol) Energiesifevith the 6-31G* Basis Set

absolute energiés

relative energieés

state geometry  confi§s CAS! CASPT2N  MCSCEF ref CIf Cl(pertf CAS CASPT2N CH#Q"
AL Dan g+h+i —-1043314 -2.11337 —-0.92822 -—1.381907 -—-1.38112 0.0 0.0 0.0
12B; Cyo a—b —1.018043 —2.09152 —0.88693 —1.350 37 15.9 13.7 16.5
12A, Co c—d —1.018284 —2.09138 —0.889 29 —1.352 58 15.7 13.8 14.7
1%E," (By) Dan a—b —1.014114 -2.09069 —0.87088 —1.342 07 18.3 14.2 19.2
12K (A2) Dan c—d —1.014115 -2.09069 —0.87139 —1.343 69 18.3 14.2 17.2
22B; Cy e—f —0.985873 —2.066 88 36.0 29.2
227, Ca g—h —0.987587 —2.063 14 35.0 315
2%E,)" (By) Dan e—f —0.982899 —2.066 44 37.9 29.4
22E" (A2) Dan g—h —0.982896 —2.066 42 37.9 29.5
2A1" (A2 Dan g+h—i —0.952205 -2.036 37 57.2 48.3
2A;" (By) Dan e+f —0.865403 —2.01328 111.6 62.8

Y

a Absolute energies-345 hartrees? Relative to*A," state.® Principle configurations and signs (as shown in Figure! 2,9)CASSCF ¢ Energy
of the zeroth-order reference space for MR+s£§D o-S) calculations! MR-Cl(z-SD o-S). 9 Using perturbational truncation of the MR-GH
SD-S) configuration list (see Computational MethodsRelative energies including the Davidson correction.

Table 2. Absolute (hartrees) and Relative (kcal/mol) Energiesifowith the 6-31G* Basis Set

absolute energiés

relative energiés

state geometry  configs CAS! CASPT2N  MCSCEF ref CIf Cl(pertp CAS CASPT2N C#Q"
3B, Co a —0.983820 —2.09798 —0.88486 —1.358466 —1.357 86 0.0 0.0 0.0
3A; Co b —0.981643 —2.09775 —0.87842 —1.354274 1.4 0.1 1.5
By (Aq) Dan b —0.977562 —2.09723 —0.86739 —1.348437 3.9 0.5 3.6
3B (By) D3 a(cy —0.978007 —2.09671 —0.85973 —1.345955 3.6 0.8 3.9
SEx (B2 av) Dan a —0.975459 —-2.09952 —0.86508 —1.347 805 52 —-1.0 3.7
3A, (B2 av) Dan c —0.967 872 —2.09835 —0.85020 —1.340499 10.0 —-0.2 6.4
AL Dan d—e—f —0.975909 -2.09829 -—0.85605 —1.342 50 5.0 —-0.2 6.1
1A (I-s-s) Co d—f —0.977568 —2.09407 —0.85944 —1.341512 -1.34088 3.9 24 7.8
1A (s-I-1) Co d—e —0.977839 —2.09391 —-0.86968 —1.347 236 3.8 2.6 5.9
1B, Ca g—h —0.958 224 —2.076 83 16.1 13.3
1A, Co e—f —0.956178 —2.082 21 17.3 9.9
11E, (By) Dww  g-—h —-0.951021 —2.08368 20.6 9.0
11E/ (A1) Dan e—f —0.950966 —2.083 89 20.6 8.8
21, (A1) Dan i—j -0.911115 —2.04779 45.6 315
2/ (By) Dan k—1 —0.911 281 —2.047 58 455 31.6

a Absolute energies-345 hartrees? Relative to0°B; state.® Principle configurations and signs (as shown in Figure' $)0,9)CASSCF¢ Energy
of the zeroth order reference space for MRs£§Do-S) calculations’ MR-Cl(z-SDo-S). 9 Using perturbational truncation of the MR-@GH
SDg-S) configuration list (see Computational MethodSRelative energies including the Davidson correctiddee text for discussion GA,'
contaminant! Using orbitals optimized for both the first and secongdr8ots ¢E' and3A;'). See text for details.

described in the preceding section, gives identical energies for SHQ calculation orfA;" constitutes 80% of the CASSCF wave

12E," and 12%E," at both the CASSCF and CASPT2N levels
of theory.

When CASSCF calculations were performed ol at the
sameD3z, geometry32 but without enforcingDs, symmetry on

the CASSCF wave functions, the energies obtained for the two

lowest doublet stategB; and2A, in C,, symmetry) were each
only 0.2 kcal/mol lower than those calculated for the piiEe
states. This shows that there is very little artifactual symmetry
breaking in theC,, CASSCFB; and?A, wave functions, since
their energies are nearly the same as the puf&'lwave
functions at the samB3, geometry.

At this geometry, CASPT2N calculations with tHes,
CASSCF MOs gave an energy forPE" that is 14.2 kcal/mol
higher than that fofA;"”. Using the CASSCF MOs on which
only C,, symmetry was imposed, the CASPT2N energies of
2B; and?A, were both 0.4 kcal/mdhigherthan that of 1°E",
calculated with CASSCF MOs of pui2s, symmetry.

Identical energies for each component GET were obtained
by the MR-Cl@-SD o-S)YQ calculations when a two-config-
uration reference space was used: a and b f&/1and c and
d for 1 2E,". However, as discussed in the previous section,

these two pairs of configurations constitute less than 70% of

the CASSCF wave function for each component ofEl’;
whereas, the reference configuration for the MRAED o-

(32) Geometry optimization of 2E" within the Da, point group gave
an energy 0.3 kcal/mol lower than that calculated fofEl at the Dsp
geometry of*A;".

function for this state. Having ca. 10% less of the CASSCF
wave function in the reference space foPR' leads to its
MR-CI(7-SD o-SHQ energy being calculated too high, relative
to that of4A;".

When configurations e and f are added to the reference space
for 1 2E," and configurations g and h are added to the reference
space for PE,", the reference configurations constitute a per-
centage of the CASSCF wave function for each of the two com-
ponents of E" that is more comparable to the percentage for
4A1". However, this increase in the percentage of the CASSCF
wave function in the reference space fot),’ and 1%E;" was
achieved only at the expense of contaminating the reference
space for 12E," with a configuration i, which hadA;" sym-
metry3! As expected, the presence of configuration i in the
reference space for2E," results in the MR-Cl-SD o-SH-Q
energy for this wave function being significantly lower than
that for 1°E,". The difference in the two MR-C#SD g-SHQ
energies, for what should be the two degenerate components
of 12E", amounts to 2 kcal/mol. Which MR-CtSD o-S}+Q
energy for 12E" should be compared with tifé&\ ;" energy?

The answer becomes clear when it is noted that the additional
reference configurations in the?E," calculation are the same
as those in théA," calculation3® Since 1%E," is treated in a
manner which is equivalent té" in the MR-Cl¢z-SDo-SH-Q
calculations, the relative energies of these two states should be
reliable.
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A Figure 7. Schematic depiction of the relative energies of electronic

states ofl~. The relative energies calculated at CASSCF and [MR-
Cl(z-SDo-S)+Q] levels in kcal/mol are also given. Tligy, states are
shown in the center and th®,, states are on the sides.

E=0

Figure 6. Schematic depiction of the relative energies of the electronic
states ofl. The relative energies, calculated at CASSCF and [MR-CI-
(m-SDo-S)Y+Q)] levels, in kcal/mol are also given. Thigs, states are o
shown in the center and th®,, states are on the sides. As noted in €' has coefficients only at carbons wherg' éhas small

the text, the MR-CI energy of 3E,”, which should be the same as  Coefficients but at two carbons wherg' &as large coefficients.
that of 12E,", is spuriously computed to be too high by 2.0 kcal/mol. Consequently, an electron ir'‘eand one of opposite spin in
This leads to the MR-CI energy of the JakiFeller distortedC,, e,/ have a lower probability of occupying the samesp AO
geometry of 1°E," (*Az) being computed to be too high by the same  simultaneously and, thus, have a lower Coulombic repulsion
amount. energy than electrons of opposite spin i and either of the

Calculations of energy separations between electronic statesé NBMOs.

2 : (] H
of different spin in other molecul&find that MR-Cl(z-SD o- In 2 %€, the electron in &' has the same spin as one of the
SH-Q energy differences usually fall in between those computed electrons in &, the Pauli p_r|nC|pIe prevents thes‘? two electrons
at the CASSCF and CASPT2N levéfs.The fact that this is  ©f the same spin from simultaneously appearing in the same

; AO. In contrast, in the?A," state the electrons in thée'e
the case for the MR-CK-SDgo-S ener separation ! - . .
betweer’A,” and 12E,", but not 12);? proviggs ad%itional NBMOs have the same spin as each other, but the opposite spin

H in2 "
evidence that it is the former energy difference which is likely from th? electron in thei NBMO. Thu_s, Ay the electrons_
to be accurate. in the ¢ NBMOs are prevented from simultaneously appearing
Another?E" state, ZE", whose dominant configurations are in the same AO, but neither of the electrons i prevented
e and f for the 22E,” component and g and h for the?g,” from appearing in the same AO as the electronjh a

component, is calculated to be the second excited state. It is AS noted above,€ and §" are more disjoint than areya
higher in energy than the first excited state, because in the 1@nd either of th? ‘e NBMOs. Consequently, preventing the
2E" state one of the two configurations (a irff,” and ¢ in 1 electrons in the '@eNBMOs from appearing in the same AO
2E,") has all three electrons in the degenerate paif HBMOs. has a smaller effect on reducing _the Coulombic repuI_S|on than
In contrast, both of the important configurations in each Preventing one of the electrons iff @nd the electron in24
component of ZE" have one electron in the nondegenerate fTom appearing in the same AO. Therefofé,," should lie
&’ NBMO. This difference between the WAE" states is ~ Well above 2°E", as is the case.
responsible for their energy ordering. Finally, in 2A;" two electrons occupy the samé BBMO;

The reason why this is the case can be seen by inspection ofout, in contrast to those in 2E,", they are anticorrelated.
the NBMOs in Figure 1. It shows thafeand §" are more  Therefore,?A2” has a highly ionicz wave function, which

disjoint than are & and either of the’eNBMOs. For example,  should give it a high energy but allow it to be strongly stabilized
— - - — by inclusion ofo— correlation. The results in Table 1 confirm
(33) Implicit inclusion of &’ configurations in théA," reference space,

where each NBMO is singly occupied (g, h, and i), can affect the wave both of thelse expectations. .
function in the same way as has been describedHgt3! Excitations of Calculations on 1 at C,, Geometries. The Jahn-Teller

electrons from doubly occupied to unoccupied MOslican have theorem predicts that the?lE” and 22E" states ofl will undergo

symmetry. These excitations, when coupled £ €onfigurations for the : : :
three electrons in the NBMOs, give excited configurations that*Agg. a geometrical distortion away frols symmetry and that the

(34) CASSCF calculations do not include any dynamic correlation €nergy lowering will, at least for small distortions, be linear in
betweeny andx electrons; CASPT2N, by using second-order perturbation the distortion coordinat®’. These molecular distortions occur

theory, exaggerates the effect of dynamic correlation. A ClI calculation in ; ; ikt
which the magnitude of the energy difference between two spin states is because, aDs, geometries, single excitations of the type' a

correctly computed should thus give an energy separation whose size is*” &' involving one NBMO a.nd either a bonding or antibond-
intermediate between that computed at the CASSCF and CASPT2N levels.ing MO, generate configurations that had&’ symmetry but
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Table 3. CASSCP/6-31G*-Optimized Geometries for Important Stateslaind 1~

1 1
4A1” ZBl 2A2 382 3A1 1A1' lA]_ (I-S-S) 1A1 (S-I-l)
Distance’
C5-C1 1.403 1.397 1.469 1.384 1.439 1.415 1.451 1.379
C6—-C3 1.403 1.446 1.410 1.424 1.394 1.415 1.396 1.437
Cc1-C2 1.424 1.430 1.399 1.442 1.407 1.422 1.403 1.447
C2-C3 1.424 1.396 1.432 1.410 1.434 1.422 1.441 1.403
C3-C4 1.424 1.419 1.413 1.418 1.435 1.422 1.428 1.418
H7-C5 1.074 1.074 1.072 1.078 1.076 1.076 1.075 1.078
H8—C6 1.074 1.073 1.073 1.076 1.077 1.076 1.077 1.075
H9—-C6 1.074 1.073 1.073 1.076 1.077 1.076 1.077 1.076
H10—-C2 1.075 1.076 1.076 1.080 1.079 1.079 1.079 1.080
H11-C4 1.075 1.075 1.076 1.077 1.079 1.079 1.080 1.078
Angles
C2-C1-C2 118.1 117.5 119.2 113.5 122.0 118.6 122.0 114.4
C1-C2-C3 121.9 121.8 121.6 123.9 120.5 121.4 120.4 123.0
C2-C3-C4 118.1 118.7 117.9 119.9 116.5 118.6 116.5 120.3
C3-C4-C3 121.9 121.4 122.0 119.0 124.1 121.4 124.2 119.0
C6—-C3-C4 121.0 120.4 121.2 119.2 119.0 120.7 119.3 121.8

a(9,9)CASSCEF forl and (10,9)CASSCF fot~. ? Bond distances are in angstrori®ond angles are in degrees.

2E," component, an energy lowering is found for distortions
that shorten one methylene-C bond and lengthen the other
two. The resultingB; structures and wave functions are similar
to those of benzyl radical, plus an electron largely localized in
each of the p orbitals on the two remaining methylene carbons,
as in the'A; state ofm-benzoquinodimethané.

The nearly equal stabilization of both components’6t
indicates that these energy lowerings are largely first-order and
do not involve appreciable second-order Jafieller effects.
The latter would have led to energetically significant local
minima and maxima (transition states) along the coordinate for
pseudorotation between distorted geometries ¥t (?A,) and
’E," (%By) wave function$:?! However, our calculations
indicate that pseudorotation in the lowest doublet stafedufes
not involve any significant energy barriers.

The CASPT2N calculations predict an energy lowering of
2E" upon Jahr Teller distortions of only ca. 0.5 kcal/mol, just
20% of that computed at the CASSCF and the MRACHD o-
SHQ levels. Since CASPT2N uses second-order perturbation

Figure 8. Atom numbering for geometries reported in Table 3. theory, it tends to overestimate the extent to which dynamic
correlation between the andzr electrons stabilizes ionic terms
which effectively allow orbitals of # and §" symmetry to mix. in &= wave functions. For example, this overestimation is

This mixing reduces the Coulombic repulsion between electrons responsible for the finding that the CASPTZ2Dg, energy
of opposite spin by increasing the degree to which the orbitals difference betweefA;"” and 1?E" is 3.0 kcal/mol smaller than
that these electrons occupy are disjditt. However, it also  this energy difference at the MR-GHSDo-SH+Q level of
has the effect of reducing the effective symmetry of the bonding theory.

MOs from pureDg, to Cyp,, and it is this distortion of the Because CASPT2N overemphasizes the effectoefr
symmetry of ther bonding MOs that is largely responsible for  correlation, the mixing between'aand §"' MOs, which reduces
the molecular distortion that is predicted by the Jameller ionic terms in theE" wave functions, is underestimated. Since
theoren?%:21 this mixing is largely responsible for the first-order Jatireller

Since the lowest energy doublet state?fl’) is subject to effectinl, CASPT2N underestimates the size of the stabilization
first-order Jahn-Teller distortions, the doublefuartet splitting of 2E" by a first-order JahnTeller distortion.

in 1 will be determined by the energy of ti@&, minima on the The overemphasis of the effect ef—x correlation on
potential surface for pseudorotation in the lowest doublet state, stabilizing 12E" is nearly balanced by the underestimation by
relative to that of theDs, equilibrium geometry of théA,"” CASPT2N of the energy lowering upon Jafifeller distortion
state (see Figure 6). The CASSCF and the MR#&30 o- of 1 2E". Thus, CASSCF, CASPT2N, and MR-GHSD o-

SHQ calculations both predict an energy lowering of about SHQ all predict values oAEpg = 14.7 £ 1.0 kcal/mol for

2.5 kcal/mol upon JahnTeller distortions of?E”, with both the adiabatic energy difference between tA¢' ground state

the 2E¢" (?A;) and?E," (°B;) components being stabilized to  and the JahnTeller-distorted 12E” first excited state oflL.

about the same extent. Vibrational analyses indicate that the zero-point energy of the
The 2E," component ofE" is stabilized by distortions that ~ “A;"" state is ca. 1.0 kcal/mol larger than that of the lower energy

lengthen the €C bond to one methylene group and shorten of the two C,, geometries of JahrTeller-distorted 12E".

the C-C bonds to the other two. The resultity, geometries Therefore, we predicAEpg = 14 £ 1 kcal/mol in1.

and wave functions are similar to those of triptebenzoquin- Calculations on 1 at TwistedC,, Geometries. Although

odimethané? plus an electron in an isolated p orbital. For the vibrational analyses otA;", 2B1, and?A, show real frequencies
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for all out-of-plane vibrations, we performed (9,9)CASSCF/ provides correlation between the pair of electrons that occupy
6-31G* calculations orl at geometries where one methylene one of the 8 NBMOs in configuration d.

is twisted perpendicular to the benzene ring. Twisting of a  Another factor which stabilizes\ ;' relative to3E’ is that, in
methylene group raises the energy of the quartet by 15.5 kcal/the triplet, the electron that occupies thg &iBMO and one
mol 3536 The twisted geometry and orbitals resemble those of of the electrons in the’eNBMOs have opposite spin. In the
triplet m-benzoquinodimethane, plus an electron of the same singlet, this pair of electrons with opposite spin occupy e e
spin in an isolated p orbital on the twisted methylene carbon. and "' NBMOs. As discussed in the previous section, the e

In contrast to the high barrier to rotation of a methylene group Pair of NBMOs is more disjoint thanya and either € NBMO.
in the quartet state of, the barrier to rotation in the “long-  Consequently, the Coulombic repulsion energy that is associated
short-short”, JahnTeller-distorted, PE" state tA,) is calcu-  With a pair of electrons of opposite spin in th¢'eand "
lated to be very small. The bond lengths in the twisted doublet NBMOs in configuration d ofA;' is smaller than that associated
are essentially the same as those in the pldéAacomponent ~ With the electrons of opposite spin in thg'and ¢ NBMOs
of 1 2E", because, as noted previously, the wave function for in configurations a or b ofE'".
planar2A; resembles that for triplem-benzoquinodimethane Finally, dynamic correlation between the fouelectrons in
plus an electron of opposite spin in an isolated p orbital. the NBMOs and the six electrons in the bondim@/1Os of 1~
Consequently, the twisted geometry of this doublet lies only also stabilizedAy', relative to3E'. This is evident from the
0.3 kcal/mol higher than the planar geometry at the CASSCF fact that (4,3)CASSCF placég' 12 kcal/mol lower thartA1',
level of theory3” but that (10,9)CASSCF reduces this energy difference to 1

The twisted doublet and the twisted quartet both resemble kcal/mol. .
triplet m-benzoquinodimethane plus an electron in an isolated !t should be noted that th#, CASSCF wave function for
p orbital on the twisted methylene carbon, and the wave function 1~ has a®Az' contaminant, even whem MOs of pure Ds
for the doublet differs from that for the quartet only by inversion Symmetry are used and orbitals of different symmetries are
of the spin of the electron in the twisted p orbital. Since, the Notallowed to mix. Although the most important configuration
twisted p orbital is disjoint from the orbitals, the total energies (¢ = 0.66) in the’E CASSCF wave function is a of Figure 5,
of the twisted doublet and twisted quartet states are nearly thethe second most important configuratias ¢ 0.15) is ¢. The
same, differing by only 0.5 kcal/mol at the CASSCF level of latter is a®Az', not a’E, configuration.
theory. The reason for this symmetry breaking is that in neither
Calculations on I~ at Dy, Geometries. As shown in Table component of a puréE' state of1~ does the distribution of

2 and Figure 7, at both the CASSCF and MRs6§Do-Sy+Q ~ negative charge in ther space haveDs symmetry (i.e.,
levels, the’E' state ofDs, 1- is calculated to lie below thE transform as the;arepresentation dDap). Coulombu; repulspn
state, but only by a little more than 1 kcal/mol at the CASSCF betweer_1 they andz electrons then produces a distribution of
level and 2 kcal/mol at the MR-CH#SD o-SHQ level. Atthe ch_ar_ge In thef_spasce'tha_lt also has Or.@é”?Ot,DSh symmetry;
CASPT2N level, the energy ordering is actually reversed, and this in turn mixes’e,’ with thellqw-lymg A state in ther
A1 is calculated to lie about 1 kcal/mol belGE'. Shace. In theory, the same mixing can occur bew\?Egrr?nd
The finding that®e’ and A, have very similar energies is A1, but this mixing is found to be negligible because’ is

2 ; i . ; a much higher-lying excited state thaii\,' .38 The 3A;
rather surprising. The dominant configuratiai? & 0.47) in ; BE for the sliahtly diff .
the CASSCF wave function for thi#\; state is d of Figure 5, contaminant ofE, accounts for the slightly different energies

r 3
in which the four electrons in the NBMOs @f all occupy the computed foPE, and*8,’ at both the CASSCF and CASPT2N

degenerate’eNBMOs. Removing one of these electrons from levels of theory:*
¢ and placing it in the & NBMO with opposite spin to form Attempts to perform CASSCF calculations on fide’ state

the dominant configurations (a and b) for each component of of 1" inifially met with failure. *A; is the secondB, state in
the 3E' state might have been expected to provide significant Co, symmetry, and CASSCF calculations on the sectibd

stabilization forPE’. On going from*A;’ to 3E’, the Coulombic state failed to converg. CASSCF wave functions for both

- . . : . . _states were obtained by first optimizing theandw CASSCF
repulsion associated with having two electrons of opposite spin MOs for an average state, containing b, states &y
in the _same’eNBMO_is replaced by the mych smaller repulsion and3A;) and then optimizin’g the CASSCF wave functio;s
?nsft? C'af??\lév&z%ha:én% twc;helrgicrt]rOﬁs wfltthhg’zg\lag('\a/ll Splns, O"€ for the individual states. The averageMOs that resulted
ca a ) €o ?_ ,O €o i i 5'3 ) were less distorted than when the CASSCF wave function for
Thr.ee factors provide stab|I.|zat|o.n féa /', relatlvg to3E'. just3E, was obtained. Consequently, the energy3&¢ from
One is the presence of configurations e and f in the wave the average CASSCF calculation was 1.6 kcal/mol higher
function for *A;'.  Each of these configurations®(= 0.15) than the energy obtained from a CASSCF calculatiorfgh

by itself.

(35) For comparison, twisting of one methylene group out of conjugation yTh ) iol 30 h fi . .
raises the energy of triplet-benzoquinodimethane (MBQDM) by 14.2 kcal/ 1e secondg, triplet state,”A2’, has configuration ¢ as its
moP®a and of benzyl radical by 11.9 kcal/n#ét at the (8,8)CASSCF/ dominant configuration. Configuration c differs from configu-
6-31G* and (7,7)CASSCF/6-316** levels of theory, respectlvely. The rations a and b, the dominant Configurations in f&wave

parallel spins in the planar geometries of t#g" state ofl and the®B; . - : :
state of MBQDM act cooperatively to reverse the order of the barrier heights functions, by having thg spin electron in the4 NBMO rather

for methylene rotation from that predicted by ¢kel theory: 1 (—0.703) than in one of the degenerate pair of &BMOs. This
< MBQDM (—0.738) < benzyl (-0.728). The same type of effect has  difference in orbital occupancy results in a Coulombic interac-

previously been noted in comparing barriers to methylene group rotation i~ i~ 3 ; i
in the 3A;’ state of trimethylenemethane and in allyl radical [Getty, S. J.; tion in*E’ between electrons of opposite spin in tHENBMOS

Hrovat, D. A.; Xu, J. D.; Barker, S. A.; Borden, W. 0. Chem. Soc., being replaced irfA;' by one between electrons of opposite

Faraday Trans.1994 90, 1689. See also, ref 11]. spin, one in the & NBMO and the other in the"eNBMO.
(36) (a) Hrovat, D. A.; Borden, W. T. Unpublished results. (b) Hrovat,

D. A,; Borden, W. T.J. Phys. Chem1994 98, 10460. (38) The lowesBA1’ excited state involves an excitation of an electron

(37) The twisted geometry is computed to lie higher in energy than the out of ax bonding orbital into a NBMO or out of a NBMO into an
planar structure by 2.5 kcal/mol at CASPT2N/6-31G* and 6.6 kcal/mol at antibondingz orbital.
UB3LYP/6-31G*. UB3LYP/6-31G* frequency calculations find the twisted (39) This may have been due to the distortedore for3Ey not being
geometry to be the transition state for methylene rotation. at all optimal for3A2', which should prefer @ core with Dz, symmetry.
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Since, as discussed above, the latter interaction is of higherTeller energy lowering of théA; state that results from this

energy than the formefA;' is calculated to lie abovéE', at
both the CASSCF and MR-Ct{SD, 0-S)+Q levels of theory.

The remaining pair of low-lying states are botf. The
lower energy of these twiE' states, LE', consists principally
of the out-of-phase combinations of configurations e and f for
11E/ and g and h for 2E/. The 1lE/ state is the singlet
complement ofA,'. The pair of electrons in the’eNBMOs,
which have the same spin #,', have opposite spins in the 1
IE state.

The higher energyE’ state, 2'E', consists principally of
configurations i— j and k— | and is the singlet complement of
SE'. The electrons in the singly occupieg’and ¢ NBMOs,
which have the same spin f#t', have opposite spin in ¥
The fact that the & and € NBMOs are less disjoint than the
e’ and §" NBMOs is responsible for the finding that ‘&
has a higher energy thanE', in which electrons in ¢ and
e/ have opposite spins.

The twolE' states ofL™ are both well above the three states
of lowest energy3E’, TA;’, and3A,’. The latter three states are
all within 6 kcal/mol of each other at the CASSCF letel.
Inclusion ofo—a correlation further compresses the CASSCF

mixing is about 1 kcal/mol for both I-s-s and s-I-I distortions to
C,, symmetry. However, as Table 2 shows, MRsGRD o-
SHQ calculations at the CASSCF-optimiz€, geometries
find either a very small second-order Jafireller stabilizatioAt

or an energy increase. At the MR-@SD, 0-S}+Q level of
theory, the3B, minima on the pseudorotation pathway for the
ground state are computed to be ca. 6 kcal/mol lower in energy
than the!A; (s-I-) and3A;’ excited states.

Since 17 is a carbanion, we investigated the effect of
including diffuse functions in the basis $8¢. CASSCF/6-
31+G* calculations foundB; still to be the ground state. The
energy separations betweé€B, and the3A; pseudorotation
transition states, thBs, A1’ state, and th€,, A; geometries
to which the latter distorts were all found to increase by ca. 0.5
kcal/mol. Thus, it does not appear that the presence of diffuse
functions in the basis set fdi~ causes any decrease in the
energies of the low-lying excited states of this carbanion, relative
to the ground state.

Calculations on I~ at Twisted Cy, Geometries. Calcula-
tions at (10,9)CASSCF/6-31G* level of theory indicate that there
are moderately high barriers to methylene rotation inBg

energy differences between the three lowest-lying states, since;nq 1a . states ofl~. Structures with one methylene group

their energies span only-22 kcal/mol at CASPT2N and 3 kcal/
mol at the MR-CI{-SD, 0-SHQ CI level of theory.

twisted perpendicular to the benzene ring lie higher than the
optimized planar geometries by 11.0 kcal/mol for the triplet and

_ Because CASPT2N uses second-order perturbation theory,7 1 kcal/mol for the singlet. At CASPT2N, these barriers to
it almost certainly overestimates the compression of the energy methylene rotation increase to 12.8 kcal/mol for the triplet and

differences. Unlike CASPT2N, MR-CiSD, o-SHQ is

variational, and Table 2 shows that MR-CI appears to give

energies aDz, geometries that show little dependence on the
set of MOs used. Therefore, the MR-CI calculations, which
find SE' to be the lowesDs, energy state butA,’ and A/

both to lie less than 3 kcal/mol higher, probably gives the most

accurate energy separations.

Calculations on I at C,, Geometries. With the three
lowest states of~ being so close in energy By, geometries,
Jahn-Teller effects play an important role in determining the

energy separations between the equilibrium geometries of these

states (see Figure 7). Only tRE' state is subject to a first-
order JahnTeller effect, and the JE component of this state
can be further stabilized by second-order Jalhaller mixing
with 3A;" upon an ¢ molecular distortion. As shown in Figure
3, this distortion preserves,, symmetry, and irC,, symmetry,
SEX and®A;' both becoméB, states.

The second-order JahkiTeller mixing of3E, with 3A," should
lead to the lowest energ@,, state being®B,. Since3®E/ is
stabilized by the first-order JahiTeller effect upon a s-I-I ¢
distortion, the three equivalent s-I-I structures wiy wave

12.7 for the singlet?

In both states, the lowest energy electronic configuration is
that of a mbenzoquinodimethane radical antdmplus one
electron in the p orbital on the twisted methylene group. The
energies, geometries, and orbitals of the twisted triplet and
twisted singlet are nearly identical. The singlet and triplet states
in which two electrons occupy the a NBMO and one electron
occupies the or NBMO are lower in energy by-34 kcal/mol
than the singlet and triplet states in which the NBMO occupa-
tions are reverset.

Electronic states df~ in which the twisted p orbital is doubly,
rather than singly, occupied are much higher in energy, due to
the Coulombic repulsion energy associated with confining two
electrons of opposite spin to the same region of space. States
in which the twisted p orbital is empty are higher still in energy,
due to the even higher Coulomb repulsion energy between the
10 & electrons in the dianion ahetabenzoquinodimethane.

Predicted Photoelectron Spectrum of I. Upon photode-
tachment ofL—, “A;" is the lowest energy state dfthat can be
formed. This state ofl has aDgs, equilibrium geometry;

functions should be the minima on the lowest energy pseudoro-Whereas, the equilibrium geometry af is predicted to be

tational pathway for the ground statedof, and three equivalent
I-s-s structures witBA; wave functions should be the transition
states that connect the minima.

distorted away fronD3, symmetry by first- and second-order
Jahn-Teller effects. Consequently, the band in the photoelec-
tron spectrum ofl~ that corresponds to formation of tha,"

Table 2 shows that, at all levels of theory, the energy decreasesState ofl should show vibrational progressions whose frequen-

upon s-I-l distortion ofEy to B, is nearly a factor of 2 larger

cies are those of the emodes of*A;" that alter significantly

in magnitude than the energy lowering upon I-s-s distortion of the C-C bond lengths and angles.

E, to A1. At both the CASSCF and MR-CH#SDo-SHQ
levels the3B, minima on the pseudorotation pathway for the
ground state of~ are ca 1.5 kcal/mol lower in energy than the
8A; transition states.

The A, state too can be stabilized upoy molecular dis-
tortions fromDg, symmetry by mixing with théE,’ components
of thelE' states. Atthe CASSCEF level, the second-order 3ahn

(40) If the triplet states o~ are conceptualized as each arising from
addition of one electron to th#\," state ofl, then there is only a small
energetic preference for adding the electron to one of thi¢BMOs, rather
than to the g’ NBMO.

An important pair of emodes in this regard is probably the
pair shown in Figure 3. However, there are a total of ®edes
in 1; so the vibrational structure in the first band in the
photoelectron spectrum @&f could be quite complex. UB3LYP/
6-314-G* calculations orfA," give unscaled frequencies of 296,
509, 944, 1063, 1229, 1422, 1511, and 1528 tfior the €

(41) The energy decrease occurs for@edistortion that provides first-
order JahrTeller stabilization of'E,/ and thus decreases the energy
separation between it artd,’ with which it mixes.

(42) UB3LYP/6-3HG* calculations place the twisted triplet state 15.4
kcal/mol above the planar geometry.
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modes®® The 1229 cm! frequency corresponds to the mode
shown in Figure 3.

Vibrational progressions in the totally symmetri¢ mmodes
might also be seen. However, the average lengths of thé C
bonds in the ground states bf and1 (Table 3) are calculated
to be almost the sanfé. Therefore, & skeletal modes ofA ;"
may not be visible in the band that corresponds to formation of
this state ofl.

We have calculated the adiabatic electron affinity (EALOf
corresponding to the energy of the (0,0) band of4hg’ state
of 1 in the photoelectron spectrum. The presence of diffuse
functions in the basis set is necessary to makeven bound
at the CASPT2N level of theory. For example, with the 6-31G*
basis set, loss of an electron fré, to form the?A;" ground
state ofl is computed to be exothermic by 37.3 kcal/mol at the
CASSCEF level and by 9.7 kcal/mol at CASPT2N. With the
6-314+G* basis setB, is still unbound by 26.8 kcal/mol at the
CASSCEF level but bound by 5.5 kcal/mol at CASPT2N.

Schaefer and co-workers have found that B3LYP/6-Gt
calculations give reasonably accurate electron affinftied’
We carried out full geometry optimizations at the UB3LYP/
6-31+G* level for the lowest states of~ and 1.8 These
UB3LYP calculations find théA,' state of1~ to lie 0.3 kcal/
mol below the®A; component of the JahtiTeller-distortecPE’
state. We were unable to obtain an energy for the Jdtefier-
distorted®B, component ofE', because irC,, symmetry the
Dsn A, state is alsd@B,. At all Cy, starting geometries that
we investigated, geometry optimization %> led back to the
Dz, geometry offA;'.

The UB3LYP energy ordering, which placés,’ below both
components of the JahiTeller-distorted®E’ state is different
from the ordering obtained from both the CASSCF and MR-CI

Kemnitz et al.

lie 6.4 kcal/mol above the lowest triplet state. However, it
should be noted tha# = 1.06 in the UB3LYP description of
1A;; so at the UB3LYP level, this state is halfway between a
singlet and triplet.

UB3LYP/6-31+G* predicts the’A,’ state ofl~ to be bound
by 19.6 kcal/mol, including a correction for zero-point energy
differences. With EAx 20 kcal/mol, all of the low-lying states
of 17—3A7, the3A; and3B, components ofE’, andA;—should
be bound.

In order to assess the reliability of our UB3LYP/6-BG*
results on the EA of, we calculated the EA of benzyl radical
at this level of theory. Although benzyl radical lacks two of
the exocyclic methylene groups presenijmenzyl radical and
1 are structurally related; and the EA of benzyl has been
measured? After corrections for ZPE differences between
benzyl anion and benzyl radical, UB3LYP/6-BG* gives EA
= 19.3 kcal/mol, which is ca. 2 kcal/mol lower than the
experimental value of 21.& 0.1 kcal/mol for benzyl. If a 2
kcal/mol correction is applied to the UB3LYP/6-8G* value
for the EA of1, a predicted value of 2122 kcal/mol is obtained.
This is in excellent agreement with a preliminary estimate of
the adiabatic EA fod of 21.94+ 1.0 kcal/mol, obtained by the
kinetic methocP®

The position of the first band in the photoelectron spectrum
of 1~ will show how accurate this predicted value for the EA
of 1 really is5! In addition, the vibrational structure in the first
band should reveal whether the ground statd ofs the D3,
SA, state, as predicted by UB3LYP/6-3G*, or the Jahm
Teller-distorted®E’ state, as predicted by both CASSCF and
MR-CI methods. The presence or absence of hot bands in the
spectrum will indicate whether UB3LYP/6-31G* is correct
in predicting the lowest excited state bf to be <1 kcal/mol

calculations. Nevertheless, in qualitative agreement with the above the ground state or whether, as predicted by both

CASSCF and MR-CI results, UB3LYP predics;' to distort
from D3y, to Cp, Ssymmetry and finds the resulting\; state to

(43) ROHF/3-21G calculations provide unscaled frequencies of 317, 580,
1028, 1132, 1272, 1590, 1625, and 1715 ¢rfor these modes. The ROHF

values may be subject to significant errors because the ROHF formalism

does not account for correlation between electrons of opposite’spin.

(44) Even after inclusion of diffuse functions in the basis set the average
C—C bond distances ifi~ remain very close to those calculated for

(45) (a) Schaefer, H. F., ITHEOCHEMIn press. (b) Galbraith, J. M.;
Schaefer, H. F., 1I0. Chem. Physl1996 105, 862. (c) Tschumper, G. S;
Fermann, J. T.; Schaefer, H. F., 0l Chem. Phys1996 104, 3676. (d)
King, R. A.; Galbraith, J. M.; Schaefer, H. F., Ill. Phys. Chem1996
100, 6061.

(46) Using B3LYP/6-3%+G*, the EA of cyclooctatetraene is overesti-
mated by 0.24 eV*72 compared to the experimental valtéein contrast,
the EA is underestimated by 0.52 eV at the CASPT2N/6-G¥/(8,8)-
CASSCF/6-31G* levet’™

(47) (a) Hrovat, D. A.; Hammons, J. A.; Stevenson, C. D.; Borden, W.
T. Submitted. (b) Hrovat, D. A.; Bartlett, K. L.; Borden, W. T. Unpublished
results.

(48) Using UB3LYP/6-3%G*, the 2A; state lies 10.7 kcal/mol higher
than“A;"". The UB3LYP zero-point energy correction is similar to that found
at the (3,3)CASSCF/3-21G level of theory and decreases the dogbiattet
splitting to 10.1 kcal/mol. This UB3LYP value is only about 70% as large

as the energy differences predicted by our CASSCF, CASPT2N, and MR-

Cl calculations. The origin of this discrepancy is probably that the UB3LYP
calculations orfA,, like the UHF calculations on this statéhave serious
spin contamination problem&( = 1.78). The spin contamination arises
because, as discussed in the text, a minimal descriptidA ofequires at
least two configurations [c and d in Figure 2].

CASSCF and MR-CI, the lowest excited statelofis >5 kcal/
mol above the ground state. Finally, the splitting between the
first band and the second band in the spectuwill show
which is more accurate for the energy separation between the
4A1" ground state of and the JahnTeller distortec?E" state:
the UB3LYP figure of 10 kcal/md# or the ab initio value of
14 + 1 kcal/mol.

We look forward to the measurement of the photoelectron
spectrum ofl~, so that the accuracy of these computational
predictions can be assessed by comparison with experiment.
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(51) If TA;" were the ground state df-, a very different apparent EA
might be inferred from the photoelectron spectrum, because formation of a
quartet by loss of one electron from a singlet is a spin-forbidden transition.
Therefore, the!A;' to “A;" band might be very weak or absent in the
photoelectron spectrum df .

(52) The vibrational structure in the band corresponding to loss of an
electron from the JahnTeller distortec®E' state of1l~ to form the Jahn
Teller distortecPE" state ofl could be very complex.




