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Electronic structure of the trimethylenemethane diradical in its ground
and electronically excited states: Bonding, equilibrium geometries,
and vibrational frequencies

Lyudmila V. Slipchenko and Anna I. Krylov®
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482

(Received 10 December 2002; accepted 24 January)2003

Accurate equilibrium properties of the ground and the three lowest excited states of the
trimethylenemethanédTMM) diradical are calculated by using the novel spin—flip electronic
structure method. Changes in structures and vibrational frequencies upon excitation are analyzed.
The bonding picture in different states of TMM is derived from wave function analysis and
comparison of equilibrium structures with typical values of coupled-cly§&€) bond lengths, e.g.,

a double CC bond in ethylene, a single CC bond in twisted ethylene, and a bond in the allyl
radical. © 2003 American Institute of Physic§DOI: 10.1063/1.1561052

I. INTRODUCTION frequencies of the triplet TMM were reported in Refs. 31
and 37.
Trimethylenemethan€TMM) is an example of a non- The goal of this work is to quantitatively analyze the

Kekule system(see Fig. L The 7 system of TMM consists bonding in different electronic states of TMM, and to deter-
of four 7 electrons which can be distributed over four mo- mine spectroscopic signatures of changes in bonding upon
lecular 7-type orbitals in a number of different wayBigs. 2  electronic excitation. Qualitatively, the electronic structure of
and 3. The unusual electronic structure of TMM was recog- TMM can be described by using a simple molecular orbital
nized by Moffit and Coulson more than 50 years agavo picture as has been done in earlier studiesater, these
years later, in 1950, Longuet-Higgins analyzed the electroni€lualitative conclusions have been confirmedabyinitio cal-
structure of several non-Kekufeolecules, TMM included. ~ culations of optimized geometries of the triplet and the two
Since then, TMM has attracted avid attention of lowest singlets? the observed changes in bond lengths were
theoretician® 3 and experimentalis®2-2°In addition to its ~ consistent with earlier predictions. However, due to the

fascinating electronic structure, there are other reasons fgpethodological difficultiessee Sec. 114, it was not pos-

such a persistent interest. For example, TMM is an intermesible to calculate equilibrium geometries and harmonic fre-

diate in the formation and rearrangements of methyl_quencies with quantitative accuracy. Moreover, the cumber-
enecyclopropane€:#! Other practical applications of TMM SOM€  nhature of the available methods discouraged
derivatives include organic ferromagn&é® synthetic researchers from studying higher excited states. Recently, a
reagenté and DNA cleaving agents ’ new electronic structure approach, the spin—flighH
TMM, was first isolated in a matr.ix in 1966 by Dowd method?®* has been developed. The SF approach allows

: : . one to describe multireference wave functions within a
th recorded its ESR spectrum. In 1976, thg triplet mUItI'single-reference formalism. By using the SF method, we cal-
plicity of the ground state of TMM was confirmed by the

EPR i er® Dowd had al d 1o d .~ culated accurate equilibrium structures and vibrational fre-
experimertt. Dowd had aiso a;ttSeSmpt.e to determine quencies of the ground and the three lowest excited states of
the singlet—triplet splitting in TMM*3® which was mea-

i TMM, and characterized higher excited states.
sured later by photoelectron spectroscdpiRecently, the in- The structure of the paper is as follows: Section Il de-

frared spectrum of the triplet ground state was repo?‘ié’fa. scribes methodological issues relevant to diradicars*and
Additional information about TMM'’s vibrational frequencies g tlines the SF approach. In Sec. Ill, the results are pre-

was derived from the photoelectron spectrum of the corresented: the analysis of TMM's excited stat3ec. Il A),

sponding aniori? their geometrie$Sec. |1l B) and frequenciegSec. 11l O. Our
Previous theoretical studies of TMM included investiga- concluding remarks are given in Sec. IV.

tion of the potential energy surfac@2ES$ of the two lowest
singlet states by Borden and DavidsdnEnergy profiles
along the reaction coordinate of the methylenecyclopropan
rearrangement which proceeds through the TMM intermedi-

ate, were also studi¢d:** Numerous attempts were made to A. Electronic structure of diradicals

accuratellyg_goetermme .the smg-let.—trlplet spllttln.gs in the  galeni! defines diradicals as molecules with two elec-
molecule. Theoretical predictions of the vibrational ong occupying two(neaj-degenerate molecular orbitals.
For such system, three singldty$}3 |, and three triplet,

3Electronic mail: krylov@usc.edu {¥h3 ., wave functions can be composed as follots:

. THEORETICAL METHODS AND COMPUTATIONAL
ETAILS
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H..-H . lengths in TMM against reference systefesy., ethylene or
JJ\ 1 benzeng one would have to calculate MCSCF geometries
H.. 4.0-\~.C,H . . D )\. « ./J\ for both TMM and the reference molecules, assuming that
T | the MCSCF errors are systematic and that changes in bond

H H lengths will be reproduced correctly.
FIG. 1. TMM (left) and its Kekulestructures(right): the 7 system of the To summarize, the theoretical description of singlet
molecule is fully conjugated, but each of its Kekgeuctures has at least diradica|5[Eq3_ (1)_(3)] is difficult due to their multirefer-
two non-r-bonded atoms. ence character. The triplet diradicals’ wave functions, how-
ever, are much simpler. While thé ;=0 triplet wave func-

s 1 > 3 2 tion (4) is also two-configurational, the corresponding high-
Vi=2[M@) = VI=A (b)) (@B~ o), @ spin components(5) and (6) are single-determinantal.
WS=1[V1-N%() 2+ N(h,)?]- (aB— Ba), (2)  Therefore, these states can be described by any single-

reference method, the accuracy being systematically im-
V3=3(d1¢2t ¢2dp1)-(aB— Ba), (3)  proved as one proceeds from the Hartree—Fock model to-

t 1 ward correlated approaches. With respect to these high-spin
Vi=2(brdo= d2y)-(afp+ Ba), @) triplet stategEgs. (5) and (6)], all singlet state$Eqgs. (1)—

1 (3)] as well as theVi;=0 component of the tripldtEq. (4)]
\szﬁ(@(ﬁz—qﬁzcﬁl)-(aa), (5) are formallysingle electron excitations involving spifiip.

This immediately suggests that these states can be described

1 by the appropriate single-reference based excited state
V=" (p1ps— bab1)- (BB). (6)  theory, e.g., by configuration interaction S|ng(e§8),68 70

V2 perturbatively corrected CIS, CIB),"* or equation-of-
motion coupled-clustefEOM-CC) models, e.g., EOM-CC
with singles and doubles EOM-CCSD’?"® or EOM
optimized-orbitals coupled-cluster doublésf density func-
tional theory (DFT) is employed to describe the
reference>'Sthe target states can be treated within the time-
dependent DFT formalisf{=’® Thus, in the spin—flip
approacf’~***closed and open shell singlet states are de-
scribed within a single reference formalism as spin—flipping,
e.g., a— B3, excitations from a triplet Mis;=1) reference

Here ¢; ¢; is a shorthand notation for thé;(1)¢;(2), and
a stands for thex(1)3(2). The coefficieni depends on the
energy gap betweed; and¢,: \~1 for large energy sepa-
rations (closed-shell limit, whereas for exactly degenerate
orbitals\ = 1V2.

From a methodological point of view, it is important that
all three singlet wave functions are two-determinantal a
shown in Fig. 3(see Ref. 49 for a more detailed analysis

The open-shell singlet¥3, always requires two determi- . . : .
nants pwhereas thegcht::;cter of )t/he cﬂnsed—shell singlts state for which both dynamical and nondynamical correlation
: *effects are much smaller than for the corresponding singlet

and W35, depends on the energy gap between the orbitals: . i . .
when ¢, and ¢, are exactly degenerate, both cIosed-sheIIState_' By employing theoretical mpdels of increasing com-
singlets consist of two equally important determinants.plex'tyfor the reference wave function, the description of the

Therefore, the Hartree—Fock wave function, i.e., the singléinal states can be systematically improved. It has been

Slater determinant, is a qualitatively incorrect approximationShOWn that the SF models describe the equilibrium properties

: : ; of all three diradical state§l)—(3) and the correspondin
for. W35 (and q,tl) Only a mu!tlconflgurat|onal mode! energy separations with agl )ac(caracy comparablg to thSt of
which treats the important determinants on an equal footing; ditional thod h lied t I-behaved
such as multiconfigurational self-consistent field raditional - methods —when — applie 0 well-behave

(MCSCB,>~%" provides an appropriate zero-order Wavemolecules“.7’49'5°
function for a diradicaf®

Moreover, to achieve quantitative accuracy, an appropri- -
ate zero-order wave function should be augmented by dy*-3' The spin—flip method
namical correlation, e.g., by configuration interactfbor In traditional (non-SH single reference excited states
perturbation theoff~%? (see Ref. 63 for a comprehensive models, the excited state wave functions are parametrized as
review of multireference methodsThe inclusion of dynami-  follows:
cal correlation is crucial for a correct quantitatiiged some- ot A o
times even qualitativedescription of the electronic structure i =0=Ru-0¥m=o: @)
of diradicals®*~%" Bare MCSCF wave functions are known oo .

. S . ; . whereW¥y, _, is a closed-shell reference wave function, and

to overemphasize contributions of antibonding configura- s=)
tions, and therefore they systematically overestimate bonth€ operatoR is an excitation operator truncated at a certain
|engths and underestimate frequencies_ Moreover, the stéeve| of excitation(which should be consistent with the the-
tionary points of the PES corresponding to diradicals caroretical model employed to describe the refereWc. Note
disappear at higher level of thed¥yThat is why the com- that only excitation operators which do not change the total
mon practice of optimizing geometries at the MCSCF levelnumber ofa and 8 electrons, i.e.M¢ =0, need to be consid-
provides, at its best, only qualitatively correct geometriesered in Eq.(7).
and frequencies which cannot be directly compared with ex- This scheme breaks down for diradicals, when the
perimental data. For example, in order to compare bondlosed-shell singlet wave functions, e.§/; from Eq. (1),
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become multiconfigurational. To overcome this problem, the g
SF model employs a high-spin triplet reference state which is
accurately described by a single-reference wave function
The target states, closed and open shell singlets and triplet:

are described as spin—flipping excitations: — 3bj/a,"
\I’ﬁts:():f?,\,,sz_qufwszﬂ. ®) | |
la,/e" 2b fe"

where\Tf}\,IS=+1 is the aa component of the triplet reference

state[Eq. (5)], \I’ﬁ,’fszo stands for the final (1=0) singlet —H b /a,"
and triplet stateg§Eqgs. (3) and (4)], respectively, and the
operatorIfQMS:_l is an excitation operator that flips the spin

of an electron. In the DFT-based variant, SF-DfThe tar-
get states are described as single electron excitations fror

the reference high-spin Kohn—Sham determinant.
FIG. 2. Ther system of TMM at theD 5, geometry C,, symmetry labels

are also used Due to the exact degeneracy between the &vaorbitals at
C. Computational details the Dy, structure (B, and 2o, in C,, symmetry, Hund's rule predicts that
the ground state of the molecule is the triplé, state £B, in C,,).
TMM's equilibrium geometrie® and vibrational fre-

quencies were obtained by using the SF-Bf*f method

with a 6-31G basis sef! Additional calculations were per- by excitations of otherr electrons within the four orbital
formed by using the SF-C(®) and the SF-CCSD subspace are relatively low in energy. To distinguish between
methods!”#2For the ground triplet state, which can be accu-different types of electronic states, we will refer to the states
rately described by single-reference methods, we also presetiéscribed by Eq91)—(6) as diradical-type states.

results calculated by the CC$D method® in a cc-pvVTZ The electronic states of TMM derived from distributing
basis sef? 6-31G" and cc-pVTZ bases were used with pure four electrons on fourr orbitals are shown in Fig. 3. The
angular momentum polarization functions. vertical excitation energies used in Fig. 3 are calculated at

The SF optimized geometries, frequencies, and total enthe SF-CCSD method in a mixed bagis-pVTZ on carbons
ergies for the triplet state have been calculated by using thend cc-pVDZ on hydrogensThe first three singlet states are
M¢=0 SF state rather than tié;=1 reference state. In all of a diradical type, i.e.V']_; from Egs.(1) to (3). The first
the SF calculations, spin-unrestricted triplet references werelosed-shell £A; and the open-shell 4B, singlets are ex-
used. All electrons were active unless specified otherwise. actly degenerate D5, symmetry. In accordance with the

All the SF calculations have been performed by usinglahn—Teller theorefff, the degeneracy between these sin-
the Q-cHEM® ab initio package. The CCSD) results have glets can be lifted at lower symmetry. The closed-shell sin-
been obtained with theAcEs 1l electronic structure glet is stabilized at the plan&,, geometry, with one short
program®® CC bond. The open-shell singlet prefers an equilibrium

To streamline the discussio;,, symmetry labels are
used for all the states including those whose equilibrium

structures are of different symmetries, e@g;, or C,. The oV
correct symmetry labels are given when needed. | + -
- 717 la, 4+ 2b, 1°By/ A,
1b,
— 3b, — 3b, 13A

I1l. RESULTS AND DISCUSSION W 4_1b+n,l + i it !
A. Low-lying excited states of TMM 4ot _3::, _3;1 degeg,}er];:

The 7 system of TMM is presented in Fig. 2. It consists o i w* i‘l:ﬁb’ 23B,
of four 7 electrons distributed over four moleculartype o — NN
orbitals, two of which are exactly degenerate atBhg sym- | o -H.f- w B 2ASA
metry [these arep; and ¢, from Egs.(1) to (6)]. Therefore, —, — 3, 1A
in accordance with Hund’s rule, the ground state of the mol- uf N T %I:h"' degenerate
ecule should be théA, (°B,) triplet state. By rearranging [ V7 —, — =, g@Dn
two unpaired electrons in two degenerate orbitals, three dif- - 4;,1:'2"' - WY %lfz"' 1B
ferent singlet states can be generat#q. ; from Egs.(1)— — :
(3), two of which ('3 and V') being exactly degenerate at [ 0% wt 4%?2‘" XB,/X3A,' ground state

Dj,. These states are traditional diradical states derived
from the two-electrons-in-two-orbitals model. However, FIG. 3. Low-lying electronic states of TMM calculated at KEA, (°B,)
the electronic structure of TMM is more complicated be-eauilibrium geometry by the SF-CCSD methoG,( labels. The degen-

cause all four of itsz orbitals are close in energy. Thus, a eracy between the iB,/1'A; and the 2B,/1°%A, states can be lifted by
) " < lower symmetry distortions. The high-spin component of X#B, state is

more appropriate description should include four electrongged as the reference in the SF calculations. The vertical excitation energies
and four orbitals. Indeed, as we will see later, states deriveebr the 13A,; and 2°B, states are obtained using théB, reference.
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structure with one long CC bond and a twisted methylene b @000
group (planarC,, structure with one long CC bond corre- H H o H
sponds to a transition state between two equivalent H\ C/ 10766 C<_ s
minima'l). These two states have been characterized in sev T s s YT g DB
eral previous studies:?#?°**The second closed-shell sin- W@ a2t N 1"‘8:73743
In, 1 i C. H &
gllet, 2°A, .|s_compo§ed of the same det_ermmapts as the H\ / N HQ‘ 4,C<5750/1()|;|9
1-A, state[this is theW? state from Eq(2)]. Since this state c oos & C: fyias
. . . . 1.0773 - 1ot |\ :
prefers structures at which the diradical orbitals are exactly |1.0755 | 10771 | 1208 |
degenerate, its equilibrium geometry is Df, symmetry. H H H
This is similar to the 2A, state of methylene and nitrenium: E._=105.9232 E._=105.6942
as explained in footnote 99 in Ref. 49, this state favors a 106.2361 105.6722
nearly linear (CH) or linear (Nl—g) structures when thea&3 X *B,/*A,’ state, D,, symmetry 'B, / 'B state
and 1b, diradical orbitals becoménearly) degenerate. The CCSD(T/cc-pVIZ C,, wisied
SF-DFT/6-31G* C,twisted

next two states, $A; and 2°B,, are degenerate triplets de-
rived from excitations of one electron from the doubly occu-FIG. 4. (a) Geometries of the grourth) state optimized at the CCSD)/
pied 1b, orbital to either thea, or the 2, degenerate orbit- cc-pVTZ (upper numbejsand SF-DFT/6-316 (lower numberslevels. (b)
als. These states can also undergo different Jahn_Te”ésreometries of the open-shell singlet optimized by the SF-DFT/6*31G
di t i Th intetB. state h Il th bitals sinal method. Upper number€,, twisted structure; lower numbere€;, twisted

Istor _'0n5' equin 2 State has a @ orbnals singly gyrycture. Bond lengths are in angstroms, angles in degrees, and nuclear
occupied and prefer® 3, geometry. repulsion energies in hartrees.

Note that only theX ®B, and 1°B, states can be de-

scribed by a single Slater determinant. All other states from

Fig. 3 are two-configurational. The traditional recipe for cal-mol) at the SF-DFT/6-316 level of theory!® Both geom-
culating these states would be to employ the MCSCF modedtries are given in Fig. #). The vibrational analysis dis-
(two-configurational SCF being a minimal level of thebry cussed in Sec. IlIC confirms that the properties of both
with the subsequent inclusion of dynamical correlation. Sucttonformers are very similar.

calculations are usually performed in a state-by-state fashion.  Figure 5 compares the equilibrium structures of the mol-
Moreover, even large active space MCSCF calculationgcule calculated by the SF, MCSCF, and CCBD(triplet
would fail to reproduce the exact 'B;/1'B, and  only) methods. The most interesting structural parameters are
13A,/2°B, degeneracies @3, unless state averaging is the lengths of the CC bonds since they reflect changes in
performed. The SF method employs tK€B, state(which  poding upon electron rearrangement. Figure 5 shows the
also happens to be the true ground state of TV the  equilibrium CC bond lengths in the ground triplet and the
reference, and treats all other states as spin—flipping excitawo lowest singlet states. At thB,, symmetry, all the CC

tions. Note that the determinants employed in all the singletgonds are equivalentXGA%/°B, and 2'A;/*A; states. In
and the quintet statéFig. 3) are formally single electron

excitations(with a spin—flip from the reference high-spin

triplet determinan® That is why the SF approach provides a 'B 352/ 3A2' ground state 1A,
1 )

balanced description of all the singlet states of Fig. 3. For 154 twisted. C D | c
example, the exact degeneracies mentioned earlier are co 152_' TN sn planar, L,,
rectly described by any SF model. Moreover, all the states ol -
Fig. 3 are obtained in a single SF calculation. 1.50 4
c 1.48

B. Equilibrium geometries of the ~ X3A,, 11B,, 1A, <
and 2 1A, states of TMM "g ]

Equilibrium geometries of the four lowest states of G 144+
TMM are given in Ref. 49. Th& °A; and 2'A, states have & {45 ]
D, equilibrium geometries. The YA, state has planat,, & ]
structure with one short CC bond and two long CC bonds, ® 1.40
whereas the'B; state has a nonplanar structure with two < 1
short and one long CC bonds, and a twisted methylene8 1'38'_
group. At the SF-DFT/6-31G level, theC,, 90° twisted 1.36 4
structure is a local minimum on tH&, surface, i.e., it does ] - = CCS(T)/ec-pVIZ
not have imaginary frequencies. However, the energy of the  1.34 7 jiilg/gs)gfgig)icopvm +
C, structure with the dihedral angle of 79.0° is slightly lower T o)
. L . 1.32 4 —O— SF-CIS(D)/6-31G*
in energy. We have not found ai@g minima (corresponding ]

to the 90° twisted and pyramidazed ggroup. Overall, the
potential surface along the twisting coordinate is rather flat
e.g., the energy difference between @ (90° twisted and
theC, (79.0° twisted structures is only 0.001 e{0.03 kcal/

FIG. 5. The CC bond lengths in the ground triplet and the two lowest singlet
States. The SF-CI®) and SF-DFT triplet bond lengths are very close to the
CCSDOT) ones. MCSCF consistently overestimates bond lengths. State-to-
state structural changes are similar in all methods.
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%4 In all four lowest states of TMM, the carbons as@’
1.52_' ethane —5— upper C-C bond hybridizgd and the CCC valence angles are close to 120°.
] —e— lower C-C bonds The choice of the reference double CC bond betwees phe
1.50 - hybridized carbons is straightforward: ethylene in its ground
: state has a full double bond and satisfies both of the above-
g 1484 A twistedethylene ~ Mentioned criteria. Thus, we accept 1.33% As the refer-
% 146 ence value for a full double bondhe #-bond order is L
o ) Choosing a typical single bond is more complicated. Ethane
2. 1.44 - is not an appropriate candidate, because its carbons are
*g, y sp°-hybridized and, therefore, its CC bond is longer than the
o 1'42'_ single bond between twsp? hybridized carbong2 A more
2 1404 relevant example is twisted ethylene where both carbons are
A 1 sp? hybridized, while therr bond is broken due to the zero
1.38 4 overlap between thp orbitals at the 90° twisted geometry.
136.] We accept the corresponding bond length of 1.470ds a
] typical single bond valuér-bond order is p°° Butadiene is
1.34 - another molecule with single and double bonds betwsg®n
15 1 hybridized carbons. However, due to conjugation, its single

T T T bond is slightly shorter whereas the double bond is longer
X3A2' 11A1 11B1 21A1 than in ethylene(the corresponding values are 1.467 and
1.343 A, respectiveff). Benzene and the allyl radical are
FIG. 6. The CC bond lengths in the ground and the three lowest excitegxamples OfSp2 systems withz-bond orders of} and 2,

states of TMM. Solid horizontal lines correspond to the values of a single . .
(twisted ethylengand double(ethyleng bond lengths. Dashed horizontal respectively. The corresponding bond lengths are 1.391
A998 and 1.387 A°

lines show ther-bond ordergBO) of % % and %. Ethane(dash-dot-dot ) . .
line), benzenedotted ling, and allyl (dash-dot ling bonds are also shown. To analyze the bonding, we consider a simple model

which assumes that the length of a bond with a partial
character is inversely proportional to thebond order. Once

the 1'B, state there are one long and two short bondsreference values for single and double CC bonds are agreed
whereas the 1A, state has one short and two long bonds. upon, the above-mentioned assumption enables one to calcu-

As shown in Fig. 5, the SF-C(®) and SF-DFT triplet’s late am-bond order for a given bond length, or, alternatively,
geometries are much closer to théiighly accurate to estimate an expected bond length for any intermediate
CCSOT) values than the MCSCF structure with bonds thatbond order. As can be seen from Fig. 6, the bond lengths in
are 0.04 A too long. The SF-DFT structures are very close t®enzene(m-bond order of) are slightly shorter than pre-
the SF-CI$D) ones. The relative structural changes betweerdlicted by the model. Conversely, the allyl radical bonds are
the states are well reproduced by all the methods. longer than the value obtained by assuming that all three

In order to understand the bonding in different electronicelectrons participate in twar bonds(i.e., a7-bond order of
states of TMM, we compare the corresponding bond lengths). The latter discrepancy can be explained by the nearly
with the typical values for single and double bonds, as inhonbonding character of the singly occupied allyl orbital.
other studies establishing correlation between “bond order”-  Assuming that the ii;, 2b,, and la, orbitals of TMM
like quantities and bond lengttisee, for example, Refs. 89 are of a bonding character, thebond order in thé/A} and
and 90, and references thergiffhis is presented in Fig. 6. 2'A; states is5 (four 7 electrons equally distributed be-
We employ the Lewis definitioh of bond order, i.e., a num- tween three CC bongisFigure 6 shows that the bond lengths
ber of electron pairs shared between two atoms, rather than these states are slightly longer than estimated by the
bond orders calculated from electron densifgr a brief  model. This is probably due to the nearly nonbonding char-
summary of different definitions, see Ref.)89 acter of the ®; and la, orbitals atD 5, (see Fig. 2 Another

Our choice of reference systems has been guided by thateresting observation is that the bond lengths in the singlet
following considerations(i) the hybridization of the partici- are shorter than in the triplet. This is because electrons with
pating carbons should be the same as in TRfMnd(ii) the  parallel spins form weaker bonds due to the Pauli exclusion
valence angles should be not strairied., should be close to principle.
an optimal value for a given hybridizatipnMoreover, we In the 1A, state, twor electrons participate in the short
prefer to use geometries obtained by accurate electroni@gipped bond (thus, thew character of this bond equals. 1
structure calculations, unless anharmonicity corrections aréwo other 7 electrons contribute to the two longéower)
available for the experimentally determined structures. Thdoonds, however, the resulting bonding is very weak, because
ro versusr difference can be much larger than the intrinsicof the small overlap between the twe centers. As Fig. 6
errors of an electronic structure method. For example, irdemonstrates, this picture agrees well with the actual struc-
benzene, the anharmonicity corrections change the value tdfires: the length of the shorter bond is close to the bond
the CC bond from 1.391 to 1.399 R whereas the in ethylene, while the longer bonds are only slightly
CCSOT)/cc-pVQZ mean absolute errors of in bond lengthsshorter than the bond with the zerocharacter(e.g., twisted
are about 0.002 A? ethylena.
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TABLE I. Vibrational frequencies, cmt, of the groundX 3A§ state of TMM.

Symm Type Expt Expt® CCSDT)/cc-pVTZ SF-DFT/6-31G¢

w1/ wy e’ CC scissors/rock 425 420.01) 440
w3 a) H wag (OPLA) 473 485
w4l wg e’ H wag (OPLA) 485 503
wg aj CC torsion(OPLA)  499.0(0.36) 518(0.34 531
w7/ wg e’ H torsion (OPLA) 732 728
wg aj H torsion (OPLA) 755.5(1.00 727.5 777(1.00° 794
w1 a; CC s-stretch 915 950 989
w11 a; H rock 961 1002
wplog € H-rock 1030 «0.01) 1064
wylos € CC a-stretch 1310 1371<0.01) 1416
wglwy; € H scissors 1418.40.15 1518(0.06 1569
w1g a; H scissors 1533 1593
wiolwyy € H s-stretch 3019-30310.05 3178(0.10 3283
Wy a; H s-stretch 3186 3293
w5 aj H a-stretch 3261 3384
wyslway € H a-stretch 3100-31180.04 3266(0.09 3387

“References 36 and 37. Intensities relative to the strongest band are given in parentheses. Additional band at
1455.6 cm'* (0.05 has not been assigned.

PReference 39.

‘Calculated at the CC3D)/cc-pVTZ optimized geometrisee Fig. 4a)]. IR intensities relative to the strongest

band are given in parentheses.

dCalculated at the SF-DFT/6-3%Goptimized geometrysee Fig. 4a)].

€The absolute intensity is 94.30 km/mol.

The bonding in thé'B; state is more complicated. As- C. Harmonic vibrational frequencies of the ~ X3A},
suming that threer electrons participate in the two shorter 1 1B, 1'A,, and 2 1A, states of TMM
(lowen bonds, and oner electron contributes to the longer g4 species with an unusual electronic structure, vibra-
(uppey pond, the corresponding-bond orQers arg and 0, tional analysis is of particular importance, because vibra-
respectivelythe order of the longer bond is zero because th%ional frequencies reflect bond strengths, e.g., higher stretch-

p orbitals of the upper and central carbons do not overlap gfq frequencies correspond to stronger bonds, an increase in
the twisted structune Thus, this state is similar to the allyl out-of-plane(OPLA) or torsional frequencies may be due to
radical with a twisted methylene group attached to it. HOW-2 increase inr-bonds’ orders, etc. Thus, by comparing fre-

ever, as Fig. 6 shows, the upper bond is longer than the bongl,encies in different electronic states of TMM, we can learn
length in twisted ethylene, and the lower bonds are shortef,gre about bonding in these states.

than those in the allyl radical. This can be explained by an 1,0 independent experimental studies of the TMM vi-
electron transfer from the upper to the lower part of the moly,ational spectrum were reportd&£73° Maier and co-
ecule. Indeed, according to the Mulliken and Lowdin popu-orkers recorded gas phase IR spectra of the ground state
lation analysis of the electron density iB;, the upper and TMM and its deuterated isotopoméfs” From the vibra-
central carbons are positively charged, while the lower caryignal structure of the photoelectron spectrum of the TMM
bons host negative charges. The degree of the charge sepgsgative ion measured by Wenthaitial,>® some vibrational
ration can be characterized by the the permanent dipole M@requencies for the groun 3A} triplet and the excited
ment which is equal 0.12 the dipole is directed from the 1 1A, singlet states were determined. Therefore, for the
upper to the lower part of the moleclulérhe driving force  groundXx A} state of TMM, an almost complete set of the
for the charge transfer is additional stabilization achieved byexperimental vibrational frequencies is available. For the
moving nonbonding electrons into the weakly bonding mo-1 1A, state, however, only one vibrational frequency,
lecular orbitals of allyl. This charge transfer results in a con-325 cm 2, is known®® No frequencies for other singlets
traction of the shorteflower) bonds and an elongation of the have been reported so far. Although théBl, state is adia-
longer (uppey bond. batically the lowest singlet state, it has not been observed in
We also performed a natural bond analy§i®o 4.0  the Wenthold’s experiment because of unfavorable Franck—
packagé®) to determine the bond orders in different statesCondon factors.
of TMM. However, the strongly delocalized structures with A comparison of the calculated and experimental fre-
three- or four-center bonds are not well described by thejuencies is not straightforward due to anharmonicifiés.
NBO procedure. In a future study, we will employ an exten-Fortunately, the harmonic frequencies of the triplet state can
sion of NBO, natural resonance thed?y;!°?which has been be calculated by the highly reliable CCSD method, which
developed to describe bonding in molecules with severaallows us to calibrate the SF method against CCSD
resonance structures. Table | compares the vibrational frequencies for the
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TABLE Il. Vibrational frequencies of th& ®A;, 1!B,, 1A, and 2!A, states of TMM, cm*.2

Symm Type X3A; 1'B, 1A 2'A;
w, a;(e’) CC scissors 440 477 337 510
w, b,(e’) CC rock 440 301 504 510
w3 a(aj) All-H wag (OPLA) 485 649 146 112
w, a,(e") Up-H wag (OPLA) 503 330 713 454
ws bi(e") Down-H wag(OPLA) 503 601 290 454
wg b,(a3) CC torsion(OPLA) 531 420 460 516
w7 bi(e") Up-H torsion(OPLA) 728 490 951 805
wg a,(e") Down-H torsion(OPLA) 728 887 530 805
wg b,(a3) All-H torsion (OPLA) 794 871 628 868
10 ai(a)) CC s-stretch 989 945 921 1019
w11 b,(a}) All-H rock 1002 1033 994 1010
w1 a(e’) Down-H-rock 1064 1128 1082 1111
w3 b,(e’) Up-H-rock 1064 1079 1207 1111
W1a a;(e’) CC als-stretch 1416 1474 1717 1496
w15 b,(e") CC a/a-stretch 1416 1236 346 1496
w1 a,(e’) Up-H scissors 1569 1639 1496 1642
w17 b,(e") Down-H scissors 1569 1570 1521 1642
w1g ai(a;) All-H scissors 1593 1549 1571 1602
w19 a,(e’) Up-H s-stretch 3283 3287 3275 3300
o0 b,(e") Down-H s-stretch 3283 3286 3288 3300
Wy a(a;) All-H s-stretch 3293 3297 3299 3308
w2 b,(ay) All-H a-stretch 3384 3391 3361 3400
w53 a(e’) H a-stretch 3387 3393 3404 3403
Wy b,(e") H a-stretch 3387 3388 3402 3403

2All frequencies are calculated at the SF-DFT/6-316vel at the SF-DFT optimized geometrieee Ref. 49
and Fig. 4. Symmetry labels are not applicable for théB state which has twiste@, equilibrium structure.

ground3A) state calculated by the SF-DFT and CQ$p Four vibrational frequencies of ths3A, ground state
methods with the experimental valu¥s’3° The SF-DFT  were determined from the photoelectron experintéithey
frequencies are systematically higher than the CAO3D were assigned as the skeleton scissoring/rocking mode
ones, the average relative differefebeing 3.1% with a  (w,/w,), the hydrogens OPLA torsion motiow§), and the
standard deviation=1.1%, and a maximum difference of symmetric and asymmetric carbon skeleton stretchesg, (
4.3% for thew,; mode. and w4/ w5). These vibrations are active in the photoelec-
At the D3, symmetry, TMM has eight IR active vibra- tron spectrum, because they correspond to coordinates that

tions (six of e’ symmetry and two of; symmetry. The  connect theC,, geometry of the anion with th g, structure
experimental and calculated values of the IR intensities opf the X 3A} state of the neutral TMM.

the active modes are also given in Table(Malues in

05 : H
parenthesé§ The measured IR spectrum consists of siXot 7M. The frequencies for the 1B, state are calculated at
bands(four single lines and two doubletdn Ref. 37, five of o |owest minimum of this stateCl, structure, therefore,

these bands are assigned as the skeleton and the hydroggn symmetry labels for the vibrational modes are only

roups OPLA motions dg,wg), the CH, scissoring mode . - .
?wljwﬂ) and the syn(w()r%e(;)r?)c and as:bmmetric s'?retches inapproxmate“‘.06 Significant changes in the skeleton frequen-

the CH, Groups 10/ @ and wys/w,s). This assignment is cies and in the OPLA hydrogen group vibrations reflect
consistent both W|1tgh tﬁg 0035)3 anzé SE-DET results. The structural differences between the ground state and the first

1455.6 cm* band with a relative intensity of 0.05 is inter- two excited singlets, 1A, and 1'B, (see Sec. IliB. The

preted as a combination vibratidhThe normal mode analy- rest of this sectiqn egplains the observed changes in the cal-
sis reveals that the following vibrations are strongly mixed:CUlated frequencies in terms of structural charigés.

(i) the CC scissors/rock(; / w,) and the hydrogens’ rocking The frequencies of the CC rockwg), the wag, and
vibrations (»/w;9) (their sum is 1457 cm® at the OPL_A torsmn_al motions of the upper Ql-grqup (w4 and
CCSDT)/cc-pVTZ leve); and (i) the skeleton asymmetric ®7) increase in the 1A, state and decrease in _tIHBl state
stretches 14/wq5) and the CH scissors {q5/w;7). The (as compared with th& 3A; triplet stat¢. This is because
calculated frequencies of the latter vibrations are 1371 anéhese modes involve vibration of the upper CC bond, which
1518 cm L, respectively. Both pairs of mixed modes are IR becomes stronger and shorter in the closed-shell singlet, and
active and can yield a band at 1455.6 cimMoreover, the is weaker in the open-shell singlet. Conversely, vibrations
doubled frequency of the most intense line in the spectruminvolving the lower carbongi.e., the CC scissoring mode
the OPLA hydrogens’ deformationsg), equals 1511 cm*  (w;), the wagging, and OPLA motions of the lower €H
(experimentgl which is close to the frequency of the ob- groups @s, ws, wg, andwg)], have higher frequencies in
served line. Thus, at this level of theory it is not possible tothe 1B, state and lower frequencies in théA, state.
determine the nature of this band. Analysis of the vibrational modes that involve both the

Table Il presents the frequencies of the four lowest states



J. Chem. Phys., Vol. 118, No. 15, 15 April 2003 Trimethylenemethane diradical 6881

upper and the lower parts of the molecule is more complipVTZ results. For example, the difference in the CC bond
cated. The molecule becomes softer with respect to thkengths is about 0.005 A, and the average relative differences
OPLA distortions, because the system is disturbed at the in the harmonic frequencies are about 3%. Since the SF
C,, structures(as compared with th®5, structure of the model treats all diradical states in a uniform fashion, we
ground statg This results in decrease of the OPLA carbonexpect that the SF-DFT equilibrium structures and vibra-
frequency @g) in both the open- and closed-shell singlets.tional frequencies of all four lowest states of TMM to be of
The decrease iwg is larger for the open-shel, structure  the similar accuracy. Using these structures and frequencies,
with one p orbital having zero overlap with the othpror-  we also analyze the bonding in the TMM ground and the
bitals. The frequency of the symmetric skeleton stretchindowest excited states. We find that théA, state has a full
mode (1) is lower in both singlet states because the mo-double bond between the central and one of the peripheral
lecular skeleton is less rigid in these states with respect to thearbons, while there is only very little interaction between
triplet state. This is consistent with the following structural two other carbons that host unpaired electrons. Although the
changes(see also Sec. llIB The sum of the CC bond 1B, state is similar to the allyl radical with a twisted me-
lengths increases in the following sequenseA,, 1'B,, thylene group, the corresponding CC bonds in TMM are
and 1A, state(the values are 4.206, 4.231, and 4.244 A, shorter than those in allyl because of electron transfer from
respectively. Degeneracy between two asymmetric skeletorthe twisted methylene to the allyl moiety. The excitetiA3
stretches at th® 5, symmetry is lifted at equilibrium geom- state has stronger bonds relative to the groMrid\, state.
etries of both lowest singlets. The frequency of #hevibra-  Otherwise, these two states are very similar, i.e., both have
tion (w14), Which is dominated by the out-of-phase vibration D 5, equilibrium structures. Overall, our results demonstrate
of the upper and two lower CC bonds, increases. bhe that the SF method is a useful tool for studying diradicals.
vibration (wq5) (the out-of-phase vibration of the lower CC
bonds, with the upper CC bond being frozéecomes softer.
In both cases, the difference is larger for th&A}, state for

which the b, asymmetric stretch frequency equals  sypport from the National Science Foundation CAREER
346 cm 1. We find that these modes are strongly mixed with award (Grant No. CHE-0094116 the Camille and Henry

the _carbon lscissoring and rocking vibrations and with thepreyfus New Faculty Awards Program, the WISE Research
rocking motions of the Chigroups. Fund (USQ), and the Donors of the Petroleum Research

. l e ; . . . .
~ The second closed-shell singlet;R,, hasDg;, equilib-  Fund administered by the American Chemical Society
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