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Triplet and singlet excited states of fulvene and-@itnethylfulvene were studied in the gas phase by electron-
energy-loss spectroscopy. Two valence triplet states were observed for each compound, with vertical transition
energies of 2.35 and 3.10 eV for fulvene and 2.35 and 3.00 eV fordéy@ethylfulvene. The states are
assigned as$B, and 3A;. The 'B, and 'A; valence singlet states and two Rydberg bands, known from
photoabsorption spectroscopy, were also observed. To support the assignments multiconfigurational second-
order perturbation calculations (CASSCF/CASPT2) were performed. The calculated energies of the first
two valence triplet and singlet transitions are within 0.19 eV of the experiment.

Introduction reviewed elsewher®! Vibronic structure of the valence singlet

, : - bands was calculated by Negri and Zgiefskiho concluded
Fulvene was first synthesized at the beginning of the century. that the vibrational strut):/turegof they &gnd S Eands can be

The fact that fulvene is a nonalternant cross-conjugated cyclic rationalized without invoking out-of-plane vibrations. Bearpark

hyd_rocarbon a_nd at the same time valence_lsomer of benzeneet al® calculated the Spotential surface and concluded that
motivated particular interest in its electronic structure. The

specific conjugation pattern of fulvene results in unusual and the methylene group is S@wisted in this state. There are only

interesting properties of its excited states and is manifested inilggg\ilnsgdlr‘:ieﬂil mp:gtseirt]g d Rs):adrgiirr% isrti?:gelséagr?ri/i(teig and
various types of spectra. 9 y p P

Singlet excited states of fulvene were studied by photoab- calculations of excitation energies and excited state geometries

. . ) . including triplet states. They predicted two low lying triplet
sorption spectroscopy;* which revealed four electronic transi- 3 .
tions in the region from 550 to 168 nm. The lowest, with an states’B, at 2.45 eV andA; at 3.04 eV. The higher of these

absorption maximum at 360 nm (3.44 eV), lies in the visible. states Is ca]culated to be strongly'stablllz.ed by tor§|on around
. . . ; the exocyclic double bond. Energies of singlet excited valence
It is responsible for the yellow color of fulvene and is assigned

as a valencéB; transition. It is weakf(< 0.01) and is generally and Rydberg states were f:alculated by Galasso. . .
o In the present contribution we present a combined experi-

reported to be structureless. Weak sharp vibrational structure : . X .

. . mental and theoretical study of the triplet and the singlet excited
with an origin at 19685 crri (2.44 eV) was observed, however, X
. . . . states of both the parent compound fulvene and of dimethyl-
in the gas phase absorption with a very long path length and in fulvene in the gas phase
the crystal absorption spectra of Domaieal® The vibrational The ex erirr?entgl stud emplovs a maanetically focused
structure has several unusual properties: (i) it shows blue-shadedelec,[ron irg act s ectromgter topre)(l:or d EELgs ectrayin the 0as
sequences, indicating an excited state potential “stiffer” than P P P 9

. L phase. In its standard continuous mode of operation this
the ground state, with respect to a vibration proposed to be a b instrument measures the sum of electrons scattered fraad
ring out-of-plane bend, and (ii) it is shifted toward the blue in 180° and i ble of detecting dinole-all dt ii t
the crystal spectra. The second band lies in the ultraviolet with hiah ?nr 'T‘ dca||oaneroi © ecvlvnglgl |podie-a| o_wer rﬁ{f' rllc)):jséj an
a maximum at 235 nm (5.28 eV), has vibrational structure, and gher residual energies as well as dipole- or spin-1o °

. . i - . transitions at low residual energies. To further enhance the
is assigned as a valenéa, fransition. Two transitions with visibility of triplet states in cases of overlapping transitions, we
sharp vibrational structure are further observedgap = 202 ty P pping ’

nm (6.14 eV) ando_o = 178 nm (6.97 eV). They were shown recorded selected spectra at a scattering angle of 4&be,

to be Rydberg by matrix isolation and high-pressure perturbation usllzgthaerlﬁ\ggeotliec \;Tlogidwflggféavaggrﬁ:e (tj-:i\(/‘,liiet'[.ion eneraies
spectrd, but ambiguity exists about their assignment. P g

Less information is available on the triplet states. The lowest of both fulvene and dlmgthylfulvene using the complete-active-
) ) e space self-consistent-field and multireference second-order
excited triplet state of 6;&imethylfulvene (a more stable

i 15
derivate of fulvene, hereafter referred to as dimethylfulvene) perturbation method (CASSCF/CASPT2):
was recently observed in the electron-energy-loss (EEL) spec-

. i . xperimental tion
trum in the condensed phase, with the sample deposited at low perimental Sectio

temperature on a thin film of argdn.Preliminary gas phase The trochoidal electron spectrometer used in this work has
EEL spectra of dimethylfulvene were recorded in our laboratory been described in detail previoush It collimates the electron
but remained unpublishéd. beam by an axial magnetic field and uses trochoidal mono-

The electronic structure of fulvene has been the subject of chromator¥’ both to prepare a quasimonoenergetic incident
various semiempirical andb initio studies which have been electron beam and to analyze the energies of the scattered
electrons. This spectrometer can be operated in a continuous
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. and a pulsed mode. In both modes of operation electrons
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frdartingd

Gy T,
H\Cs/ \CS/H b, 2b, la,  3b, 2a,  4b,
\\ // Figure 2. Numbering and symmetry specification of the valence
Cy—Cs m-orbitals of fulvene. Ther-orbitals of dimethylfulvene centered on
the fulvene moiety are qualitatively similar, and therefore the same
H H numbering is used. The pseudeorbitals of dimethylfulvene (EH

Figure 1. Atom numbering in fulvene (R= H) and dimethylfulvene bonding and antibonding orbitals) are labeleg; andc".

(R = CH3)

LI L AL LI NI DL LI L L

S, E,=20eV
scattered into 180are reflected by a potential barrier, re-enter é i '
the target chamber, and ultimately also reach the analyzer. In
the standard continuous mode of operation a superposition of
electrons scattered into® Gand 180 is measured. We have
recently developed a pulsed mode of operation, where electrons
scattered into Dand 180 are separated using the difference in
their arrival time at the detector. The details of this new
technique are described elsewh&ré® The pulsed mode of
operation is used here in some cases to enhance the visibility
of the triplet states by recording spectra where only electrons
scattered into 180 were detected. The energy resolution
employed in this work was about 50 meV, and the energy scale
is accurate to within 30 meV.

Fulvene was prepared by the technique of Jones and'Kent
involving the gas phase thermal rearrangement of hexa-1,5-diyne
and purified by preparative gas chromatography. The 96% pure
fulvene was stored at 200 K. Hexa-1,5-diyne was obtained from 1' % i
Aldrich Chemical. Dimethylfulvene was purchased from Al- Electron Energy Loss (eV)
drich Chemical at a stated purity of 98%. The purity of the Figure 3. Global energy-loss spectra of fulvene, recorded with a
samples was checked by gas chromatography coupled with massonstant residual energy of 20 and 3.5 eV. Singtaplet excitations
spectrometry (GEMS). The samples were degassed by are enhanced at low residual energies.
repeated freezethaw cycles under vacuum and measured at
room temperature, where they showed no signs of decomposi-Therefore the minimal active space for fulvene comprised six

Cross Section (arb. units)

vy =
[=))
2
o
N-3
=

tion. sr-orbitals (four of i and two of a symmetry) with six active
electrons. Due to the appearance of intruder stitibe active
Computational Methods space was enlarged by four orbitals (two gfémd two of a

symmetry). The basic CASSCF wave functions were thus
constructed by distributing the sixelectrons in all permissible
ways among 10r-orbitals.

In comparison to fulvene dimethylfulvene possesses additional
pseudar-orbitals (C-H bonding and antibonding orbitals). At
first all 10 7-electrons and the correspondingst-@rbitals were
kept active. We soon realized that the two lowest (pseudo)
m-orbitals remained almost doubly occupied, and they were

To calculate the electronic spectra we used atomic natural therefore moved to the inactive space. To avoid problems

orbital (ANO) type basis set%of triple-{ quality for the first- caused by intruder states, two orbitals (one pabd one of &
row atoms (C/4s3p2d, H/3slp). The CASSCF/CASPT2 symmetry) were added to the active space. This resulted in six
method?15 was used for all excited state calculations. This active electrons distributed among 10 active orbitals (six;of b
method is a two-step procedure to calculate state energiesanOI four of a symmetry).

corrected by second-order perturbation theory with a CASSCF The calculaktions ha?lsh/?(;eg/ggggrmei With the MOLC'?S'B
wave function constituting the reference function. In general, program package on workstations except for

the active space is chosen to include all strongly correlating the DFT geometry optimizations, which used the GAUSSIAN

orbitals, i.e., orbitals with occupation numbers appreciably 94 program packag¥.
different from 2 or 0. Thereby all static correlation and near-
degeneracy effects are included in the CASSCF reference
function, and consequently there will be no large terms in the  Valence States.Representative EEL spectra of fulvene are
perturbation expansion. The dipole transition moments are shown in Figure 3. The top spectrum, recorded at a high
computed using the CAS state interaction (CASSI) meffiod. residual energy of 20 eV when optically allowed transitions
Energy differences corrected by CASPT2 are used in the predominate, is in accord with the photoabsorption measure-

The structure and atom numbering of fulvene and dimeth-
ylfulvene are given in Figure 1. The ground state geometries
of fulvene and dimethylfulvene were optimized using the density
functional theory (DFT) B3LYP?2'method in combination with
a triple< plus double polarization (TZ2P)basis set. During
optimization, the molecules were forced to prese@yggesym-
metry, this assumption being justified by earlier experiméhtal
and theoretical”-?> studies.

EEL Spectra of Fulvene

oscillator strength formula. ments. The transition energies are summarized in Table 1. The
The strongly correlating orbitals in fulvene are the six valence two bands at 3.34 and 5.27 eV are due to the valence singlet
mr-orbitals (Figure 2), of which the three lowest in energy- singlet transitions Sand $. The bands above 6.0 eV with

mr3) are doubly occupied in the ground state SCF wave function. partly resolved vibrational structure are due to Rydberg states.
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TABLE 1: Experimental Vertical (Unless Otherwise Noted) R B L L B B
Excitation Energies (AEey,) of Fulvene (Oscillator Strengths _ ()
f Are Given in Parentheses £ '(%,,3p)
Ef —
AEey (eV) £
photoabsorption EEL =
band solutioh vapoP matrix vapof §
T 2.35 g ;
T 310 5 PES (shifted)
Sl 342 344 344 334 PN T W N Y Y T N T T U I T WO T N O T S |
(0.008) (0.0042) 6.0 6.5 7.0 75 8.0
S 5.12 5.28 5.30 5.27 Electron Energy Loss (eV)
(0.34) Figure 5. Electron-energy-loss spectra of fulvene recorded with a
Rydberg 6.18 6.16 constant residual energy of 20 eV compared with the profile of the
Ryggerg 6'755 first ionization band in the photoelectron (PE) spectrum. The adiabatic
Rydberg 6.97 71 ionization energy is 8.36 e%2.The PE band is shown shifted by2.20
aReferences 31 and 32References 2 and SReference 4¢ Present and—1.38 eV.

work. ¢ 0—0 excitation energy.0—0 excitation energy is 6.99 eV.
Rydberg States. The similarity of the band envelope of the

AR R LR LR R bands at 6.26 and 7.15 eV with the band envelope of the lowest
s, E =20eV UV-photoelectron banéf illustrated in Figure 5, suggests that
these bands are due to Rydberg states associated with the lowest
ionization energy. The two bands are well-known from the
photoabsorption spectra, but there is no generally accepted
assignment. Originally these two bands were attributed by
Harmanet al? to 3s-Rydberg states éB; symmetry, denoted
as(sp,3s) and'(m2,4s). Robid* proposed the assignments(-
3p) and {r3,4p). This assignment of the first Rydberg band is
now relatively undisputed and results in a quantum defeét of
= 0.51, conforming with a 3p assignment. It also agrees with
the calculated energies of Gala¥s(5.43 eV for 3, 6.59 eV
for 3py, both having about the same oscillator strength). It may
T TN T T T T T | Y . X X
0 4.0 be of interest to note that the highest occupied molecular orbital
Electron Energy Loss (eV) (HOMO) of fulvenesrs is predominantly localized on thas-
Figure 4. Energy-loss spectra of fulvene recorded in the range of the butadiene-like substructure and is reminiscent of the HOMO
lowest singlet and triplet transitions at a constant residual energy of of cyclopentadiene (IE= 8.58 eV)3 In fact, the EEL spectra
1.0 and 20 eV. Th&; = 1.0 eV spectrum was recorded at a scattering of cyclopentadieré-2® show a feature at 6.3 eV, reminescent
angle of 180, using the pulsed mode of operation. of the present band in fulvene, which has also been assigned to

The spectrum recorded at the lower residual energy of 3.5 tWO 3p-Rydberg type transitior#$=" Galass# pointed out that

eV shows the excitation of both the triplet and the singlet states, (€ @ssignment of the second Rydberg banduipdf) results

and the bands that are new with respect to Ehe= 20 eV in a quantum defect af = 0.86, too large for a p-type orbital.

spectrum may thus be assigned to triplet states. (The signa/AN alternative assignment iz3,3d). It is in agreement with
below 1.5 eV is due to excitation of high vibrational levels of the calculated transition enef@y7.22 eV for 3¢y, which carries

the electronic ground state and will not be further discussed.) the largest OSC"_l";tOL strelngtlh of all t_r|1|e 3d-orbitals), b.Ut in
The shoulder at 2.35 eV is due to the lowest triplet state T disagreement with the calculated oscillator strerigt{3d is

The maximum of the next band moved to lower energy by 0.18 calculated weaker than 4p). The assignment of the 7.15 eV
eV in comparison with théE; = 20 eV spectrum, indicating band thus remains uncertain. Note that no band of similar

the presence of the second triplet statepartially overlapping intensity is observed in th(_a appro_pnate energy region of the
with the § state. !EEL spectra of cyclopentadleng. Finally, a shoulder is observed
Angular distributions of scattered electrons are characteristic ! °4! spectra at 6.75 eV, the right energy for an assignment as
of the nature of the electronic states excited. Optically allowed (72:35), calculategl to be at 6.95 eV and to have a substantial
transitions are characterized by a forward peaked behavior, whileoscillator strengtht
spin-forbidden transitions show a more isotropic or even
backward peaked angular behavior, resulting in a relative
enhancement of triplet signal at high scattering angles. We Valence States. Representative EEL spectra are shown in
therefore used the capability of our spectrometer to record Figure 6, and the transition energies are summarized in Table
exclusively the backward signal in the pulsed mode of operation 2. The general features of the spectra are very similar to those
to enhance the triplet transition in the region of overlap. The of fulvene. The first two bands in the spectrum wigh= 20
result is shown in the bottom part of Figure 4. The shoulder eV, with maxima at 3.35 and 4.74 eV, are attributed to the two
with an onset at 1.8 eV and a vertical transition energy of 2.35 lowest valence singletsinglet transitions Sand $, known
+ 0.10 eV is attributed to the lowest triplet excited state T  already from optical measurements in solution (3.45 and 4.68
The subsequent band peaks at 3.10 eV, significantly below theeV)38 and from EEL spectra of condensed dimethylfulvene (3.35
peak of the $band at 3.34 eV in th&, = 20 eV spectrum, and 4.9 eVP In comparison to the fulvene spectrum, the S
confirming the presence of the $tate. The determination of  band has gained considerably in intensity especially with respect
the vertical transition energy of the, tate is complicated by  to the two Rydberg bands at 5.88 and 6.95 eV.
the overlap with the Sband; it could lie up to 0.2 eV below The shoulder at 2.35 eV in the spectrum wiih= 3.5 eV is
the maximum of the band. We put it at 3.1#00.2 eV. assigned to the iTstate. A shift of the maximum of the

DCS (arb. units)

EEL Spectra of Dimethylfulvene
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Figure 6. Survey electron-energy-loss spectra of dimethylfulvene.

TABLE 2: Experimental Vertical Excitation Energies
(AEeyp) for the Excited States of Dimethylfulvene

AEex, (eV)
photoabsorption EEL

band solution thin filmP vapof
T1 2.3 2.35
T 3.00
S 3.45 3.35 3.35
S 4.74 4.9 4.74
Rydberg 5.89
Rydberg 6.51
Rydberg 6.95

2 Reference 38 Reference 5¢ Present work® Further peaks at 5.76
(0—0) and 6.02 eV.

subsequent band by 0.15 eV to lower energies inghe 3.5
eV spectrum indicates the presence of thsfate. An attempt
to resolve the overlapping Bnd § bands has been made using

spectra (Figure 7) where electrons scattered into the forward

Asmis et al.
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Figure 7. Electron-energy-loss spectra of dimethylfulvene in the range
of the lowest singlet and triplet transitions, recorded at constant residual
energies of 1.0 and 3.5 eV. The spectra were recordetl ad 180,

using the pulsed mode of operation. The most complete suppression
of the S state, and thus the best visibility of the 3tate, is achieved

at 180 andE, = 1.0 eV.

TTTTITTTTTT T T T T TTI oI rTryoreTTT

(n,,4p) 6
SO

EELS
N (shifted)

TN T T I TN I
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Cross Section (arb. units)

Electron Energy Loss (eV)

Figure 8. Electron-energy-loss spectra of dimethylfulvene recorded
with a constant residual energy of 20 eV compared with the profile of

and the backward directions are separated. The spectra showhe first two ionization bands in the photoelectron (PE) spectrum. (The

the presence of the;Tand § bands very clearly, and the best
enhancement of the; band over the Sband is attained at 180
and a residual energy of 1 eV, placing a 3.0 eV.

Rydberg States. The similarity of the band profile of the
5.88 eV energy-loss band with the profile of the first photo-
electron band (Figure 8) identifies it as Rydberg converging to
the first IE (8.08 eV, vertical}® The quantum defect of =
0.48 indicates &(st3,3p) assignment. The vibrational structure
is surprisingly clear in view of the fact that two overlapping
allowed transitions @pand g) are expected. The Rydberg
assignment of this band is confirmed by its absence in the
condensed phase EEL spectra of Swidezekl® (Figure 9).

The vibrational structure of the more intense band peaking J[

at 6.95 eV is much less pronounced, a fact that can be explaine
by several overlapping Rydberg transitions, although a contribu-
tion from a valence transition cannot be excluded. Problems

encountered while attempting to assign this band are similar to,
those already discussed for fulvene. The possible assignment

include(s3,4p) andl(ms,3d), an unambiguous assignment not
being possible at this stage. Finally the peak at 6.51 eV could
be assigned aXm,,3p) or(;r3,3d).

Calculations
Geometries. The calculated bond distances and angles of
fulvene and dimethylfulvene are given in Table 3 and compared

adiabatic ionization energies are 7.89 and 8%E bands are shown
shifted by—2.19 and—1.12 eV.

to a selection of earlier theoreti€dP and experimentat24
structure determinations. A detailed discussion of the previous
theoretical studies on the geometry of fulvene can be found in
the paper of Dreyegt al.” For fulvene the B3LYP results agree
well with the experimental values. The comparison in Table 3
shows that the B3LYP results are of quality similar to the MP2
geometry, but they were attained at a fraction of the computa-
tional cost. For dimethylfulvene the differences between
calculation and experiment are larger but still reasonable. Both
AM1 and B3LYP predict the &-C, and G—C,4 bonds to be
onger than in fulvene, while the experiment determines them
o be shorter. Noticeable deviations between theory and
experiment are also found for the-€—H angles.
Transition Energies. This study concentrates on the low
ing valence excited singlet and triplet states and does not
ttempt to treat the Rydberg states correctly. The calculated
transition energies of fulvene and dimethylfulvene are given in
Table 4 and Table 5. The present results are compared to
previousab initio calculations in Table 6.

The weightw of the CASSCF reference function in the first-
order perturbed wave function is an indication of a balanced
treatment of electron correlation, and the valueswofvere
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TABLE 3: Optimized and Experimental Ground State Geometries (in A and deg) and Total Energie<E (in au) for Fulvene
and Dimethylfulvene (C,, Symmetry Assumed) (See Figure 1 for Atom Numbering)

fulvene dimethylfulvene
AM1a MP2 (6-31G*) B3LYP (TZ2P) expt AM12 B3LYP® (TZ2P) expt
CiC; 1.332 1.348 1.350 1.349 1.346 1.366 1.347
CiCs 1.483 1.466 1.479 1.470 1.482 1.478 1.476
CsCy 1.363 1.358 1.361 1.355 1.365 1.365 1.340
C4Cs 1.476 1.468 1.480 1.476 1.472 1.469 1.462
C.C; 1.484 1511 1.510
C3CiCs 105.2 106.6 106.3 106.6 104.8 105.6 106
Ci1CsCy 108.6 107.7 107.8 107.7 108.8 108.3 108
C3C4Cs 108.8 109.2 109.0 109.0 108.8 108.9 109.0
CiCR 122.0 122.0 122.0 122.9 122.0
C,CsH(3) 123.4 124.5 124.7 125.6 123
CsC4H(4) 127.3 126.5 126.4 126.2 120
E —231.3983 —232.1682 —310.7804
aReference 5P Reference 25¢ Present work? Reference 24¢ Reference 23.
T r T 1T 1 1T 1 17 TABLE 4: Calculated Excitation Energies AE (in eV) and
E =95eV Wave Functions of thexr — &* Excited States of Fulvene
g " (Ground State Energies (in au) Are—230.808 485 (CASSCF)
and —231.576 083 (CASPT2))
condensed phase E AE
= state CASSCF CASPT2 fa P wave functiofi
E ; § Singlet State’s
s - 5 ! 1A, 0.00 0.00 0.79 86%2mAms?
L3 ; 3 : 1'B;  4.07 329  0.005 0.77 72%;— 74
g i ; " 13%.1, 713 — 74*2
3 3 E ; 2TA 5.94 5.30 0.060 0.75 20%p — ms*
2 3 | E 17%.7'[32 e 77,’4*2
8 { i 13% 1, — 74*
gas phase ! 3 12% 3 — ms*
: 3'A; 6.78 5.75 0.248 0.76 52% — ms*
M X5 14% 71 — 74*
10%.7'[32 - JTA*Z
2'B, 7.77 6.46 0.020 0.73  52%p 13— 714*2
18%.7'[3 - .7'[4*
3'B, 7.16 6.88 0.150 0.76 87%;— 76"
b2 30 4 56 Triplet State$
Electron Energy Loss (eV)
1°B, 251 2.27 0.78 86%3— ms*
Figure 9. Comparison of the present gas phase EEL spectra of 13a, 3.09 297 0.78  84%, — ms*
dimethylfulvene with the EEL spectra obtained for less than a 237, 5.27 5.06 0.77 44%3— ms*
monolayer of dimethylfulvene deposited on frozen argon by Swiderek 28% 1 — ms*
et al® Both spectra were recorded with a constant incident energy of 238, 6.15 5.65 0.74  40%; — 76
9.5eV. 36%.7'[2 ‘7'[:34&7{4*2

therefore included in Tables 4 and 5. They should ideally be ~ *Oscillator strength in alk The weight of the CASSCF reference
the same for the ground and all excited electronic states underfm“grcé'?ﬁég t{‘;}'rg'fggeéxvgggl‘;ucv‘g%ﬁ%Eﬁiﬁit;logfet“‘;;é%g?tggé‘;e

. . . (1]
conS|d§rat|on. The present valueswofor valence excited states symmetry/spin group the loweststates were included in the state-
are satisfactory, although they are generally somewhat smallergyerage CASSCF calculatiom = 3 (A1), 3 (B2), 2 CA), and 2
than for the ground state, reflecting the larger importance of (3B,).
dynamic electron correlation effects.

Tables 4 and 5 also indicate the wave functions in terms of agreement in terms of transition energy, but a discrepancy in
molecular orbitals (MOs). Although the MOs are not identical terms of intensity (Table 6). The observed large intensity and
for states of different spin or symmetry in a CASSCF calcula- large calculated oscillator strength make an assignmeritp 3
tion, a qualitative comparison of the contributing configurations more preferable, but the discrepancy of calculated and observed
is still useful and legitimate, since the nodal properties of the transition energies (Table 6) is larger than is customary for the
MOs are preserved. CASPT2 model. Finally the relatively strong transition to the

Singlet States. In fulvene the lowest valence excited singlet 3B, state { = 0.150) is calculated at 6.88 eV, which is likely
state (1B,) is calculated at 3.29 eV, in excellent agreement with to be hidden underneath the Rydberg transitions in the crowded
the experimental value of 3.34 eV. It corresponds tosthe~ spectral region around 7 eV.

74* (HOMO — LUMO) excitation and is predicted to be the The situation in dimethylfulvene is very similar to that in
weakest { = 0.005) of the four dipole-allowed transitions, in  fulvene. Note that now both thé!&; and the 3A; states are
agreement with its low intensity in the spectrum. Two singlet calculated somewhat higher in energy than the observed intense
excited states (A; and 3A;) are calculated in the-56 eV singlet band, indicating that the present calculation neglecting
range, where the most intense singlet band is observed. Theythe Rydberg states provides only an approximate description
are a mixture of singly and doubly excited configurations. The of the higher lying singlet states.

assignment of the intense singlet band at 5.27 eV (labeled S  Note that the calculation correctly reproduces the fact that
in the spectrum of Figure 3) thus remains somewhat ambiguousthe 1B, state is at essentially the same energy in dimethylful-
at this stage. The assignment tdA2 results in a good vene and in fulvene. In contrast, the energies of Bathstates
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TABLE 5: Calculated Excitation Energies AE (in eV) and
Wave Functions of ther — &* Excited States of
Dimethylfulvene (Ground State Energies (in au) Are
—308.908 494 (CASSCF) and-309.994 187 (CASPT2))

Asmis et al.

of localizing the maximum of the broad experimental bands,
thus confirming that CASPT2 is a very precise method for
calculating excitation energies. The agreement is less satisfac-
tory for the second, intense singlet band. For both compounds,

AE the calculation predicts two excited state5A2and 3A, both
state CASSCF CASPT2 f@ P wave functiofi with substantial oscillator strength (Table 6), whereas only one
Singlet State’s band (labeled Sin Figures 3 and 6) is observed in the spectra.
1A, 0.00 0.00 0.73  86%:*m? s The present calculation thus does not entirely account for the
1B, 422 329 0006 071 78%~—m" observations; it either strongly exaggerates the oscillator strength
2A, 580 493 0134 069 103@%13;4*][4 of the 3A; transition or predicts both thé/&; and 3A, states
13%75 — 75* too high in energy (by different amounts) and theb8nd is in
11%m? — 4+ reality an overlap of both transitions. The same problem has
3'A; 6.61 5.40 0.243 0.69 37%— ms* already been encountered by Swidertkal® in their CAS
21%zy — " calculations, but does not appear in the RPA calculations of
18%z) — Galassd? Atthe i identifi
10% 7152 — 714+ { present time we have not identified the cause
21B, 6.60 6.52 0.046 0.72 87%— ment of the discrepancy between experiment and the results of our
3B, 7.33 7.22 0.081 0.71 85%;— mcy'* calculations. We confine ourselves to noting that it may be
Triplet State$ necessary to include the Rydberg orbitals more extensively in
1°B, 241 2.34 0.72  87%s— 7s* the calculation to obtain the energies of the higher lying singlet
A 2.94 2.93 0.72  88%;,— ns* states with better precision and that it may further be necessary

to optimize the MOs separately for each excited state in order
to obtain accurate oscillator strengtfis.

Comparison of the spectra of fulvene and dimethylfulvene
reveals that three of the valence bands,Tp, and S, experience
no shift upon methylation (within the-0.1 eV uncertainty of
localizing the maxima of the broad bands), whereaslt8fts
substantially, by 0.53 eV toward lower energy. The behavior
of the singlet bands has already been discussed and qualitatively
explained by Straubt al32 The lack of shift of the two triplet

a Oscillator strength in al The weight of the CASSCF reference
function in the first-order wave functiol.Excitations that contribute
more than 10% to the CASSCF wave function are listéebr each
symmetry/spin group the loweststates were included in the state-
average CASSCEF calculatiom = 3 (*Aj), 3 (By), 1 (A1), and 1
(®Bo).

TABLE 6: Excitation Energies (in eV) and Oscillator
Strengths (in au, in Parentheses) for the Low Lying Excited
States of Fulvene and Dimethylfulvene

state
(band) cIPSt CIPSE  CAS CAS' CASPTZ expf s.tates., glthough correctly reproduced py the CASPT? calcula-
= tions, is interesting and somewhat surprising when orbital energy
198, (T2) 276 262 245 227 235 dlfferencgs alone are regarded. Tables 4 anq 5 show that the
13A; (T) 3.44 326 3.04 2.97 3.10 electron is promoted from thes-ands,-orbitals in the T and

1B, (S;) 3.82(0.006) 4.15(0.023) 4.24 3.72 3.29(0.005) 3.34

T, states, respectively, and that both transitions have the same
21A1 (S)f 5.82(0.09) 5.82(0.721) 6.15 5.89 5.30(0.060) 5.27

final orbital 74*. The ionization energies from the- ands-

1
A0 , 748 693 575(0.248) orbitals experience substantially different shifts upon methyl
5 Dimethylfulvene substitution (0.79 and 0.47 e¥)so that, on the basis of orbital
1%B; (T1) 2.34 2.35 . .
1A, (T2) 203 3.00 energy differences alone; &nd T, would be expected to shift
11B, (Sy) 3.29 (0.006) 3.35 by different amounts.
21A1 (S 4.93(0.134) 4.74 ; o :
3A; (2 540 (0.243) Very interesting is the comparison of the present gas phase

spectrum with the frozen thin film spectrum of Swiderskal.>

aReference 40° Reference 10¢ Reference 59 Reference 7¢ Pre-

- J shown for dimethylfulvene in Figure 9. The spectra are very
sent work.f Assignment uncertain (see text).

similar in their general aspect, but differ in a number of

) o interesting details. Perhaps the most interesting is the consis-
are calculated to red-shift upon methyl-substitution by 0.37 and ety jarger width of the individual electronic bands in the thin
0.35 eV, respectively. This red shift compares favorably with £y, spectrum. This observation has already been made with
the 0.53 eV shift of the observed Band. Note also thatthe e maprix spectra of benzeffeand the thin film spectra of
calculated oscillator strength of théAl; — 2IA; transition has g)utadienéf’ and can be expected to occur generally. The

l?lcrtlaased upo?_g]et;hyl-ts)uliﬁtltuﬁm, Eossnc;_ly a ct(_)ns?qutﬁnce Olincreased width of théE,, state of benzene has been ascribed
212 ?,;gt\alr ?02 rtli l;'on y thez = z4” configuration to the to a drastic reduction of its lifetime due to autoionizatiéie
1 wave function. note that the increased width of, in particular, the low lying

Triplet States. The agreement of the experimental and yinjet hands could also be due to an increase of the Franck
calculated transition energies for the lowest two triplet states is ~;,40n width caused by the excitation of molecteatrix

excellent both in fulvene and in dimethylfulvene. The calcula- stretch vibrations in the thin film spectrum, induced by the

Pr?nt glstg tr(_aplr??uces_,t_corr%ctly tthehitom?_v\’haéluneXpeCte?hff‘Ctincreased size and thus larger fulvemeatrix equilibrium
at both triplet transitions do not shitt noticeably upon metyl- - yigiqn0a in the electronically excited state.

substitution. The calculation indicates that the doubly excited ) )
configurations contribute less to the triplet state wave functions ,Th(',:' Rydberg band at 57%6.0 eV is expectedly.absent. in the
than to the singlet state wave functions. thin fllm_ spectrum. The fact that th(_el'l_band is relatively
weaker in the present spectrum at an incident energy of 9.5 eV
could be caused by the different scattering angles employed in
the two experiments and is thus not further significant until more
The calculated excitation energies for the three lowest excited detailed measurements of angular distributions are made. The
states of both fulvene and dimethylfulvene agree with experi- present results indicate that a comparison of gas phase and
ment to within 0.13 eV, which is about equal to the uncertainty frozen thin film spectra for a wider range of compounds could

Discussion and Conclusions
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yield interesting information on hossubstrate interactions and

help to identify Rydberg character of electronic transitions in

the future.
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