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The singlet— singlet and singlet= triplet electronic spectra of cycloocta-1,3,5,7-tetraene are studied using
multiconfigurational second-order perturbation theory (CASPT2) and extended atomic natural orbitals (ANOs)
basis sets. The observed dipole-allowed features at 4.43, 6.02, and 6.42 eV and the spin-forbiddert singlet
triplet bands with maxima at 3.05, 4.05, and 4.84 eV (Frueholz, R. P.; KuppermadnCAem. Physl978

69, 3614) are assigned as the transitioh&1— 1'A,, 1*A; — 2'B,(3p,), 1*A; — 3'E, and 1A; — 1°A,,

1'A; — 1%E, 1'A; — 1%B,, respectively. The lowest (3s) Rydberg singlet and triplet states are placed at 5.58
(2'A,) and 5.54 (3A;) eV. New assignments are tentatively suggested for the recorded higher-energy peaks
in the singlet manifold. The three lowest ionization potentials are also characterized. At the highest level of
theory, the computed adiabatic electron affinity is 0.56 eV, in agreement with experimental determinations.
As regards the role of cyclooctatetraene as an efficient triplet quencher of laser dye solutions, the computation
supports it could act as acceptor with donors having a triplet excited-state energy equal to or higher than 0.8
ev.

1. Introduction We report here a comprehensive theoretical research study of

Considerable effort has been devoted to understand thethe excited states of COT, of both valence and Rydberg nature.
thermal and photochemical reactivity of cyclooctatetraene (COT  The gas-phase optical absorption of COT can be described
hereafter) from both experimental and theoretical standpoints as a broad band of low intensity over the region-3260 nm
(for a recent review see Garavadliall). The electronic spectra  (4.00-4.77 eV) with a maximum at 4.39 eV and an intense
of COT have comparatively received less attention, and only a band with a shoulder at 6.05 eV and a maximum at 6.42 eV
few experimentd&4 and theoretical8 studies are available.  (limit of the experimental study)® These singlet— singlet
The ground state in the gas phase determined by electrontransitions were also observed by electron energy-loss spec-
diffraction (ED) techniques has a tub-shaped structure with troscopy (EELS) at 4.43, 6.02, and 6.42 eV. In addition,
alternating bond lengttsTheoretical calculatio$ have also Frueholz and Kupperma#rdentified three singlet— triplet
repetitively predicted a ground-state structure belongir@:to features with an intensity maximum at 3.05, 4.05, and 4.84 eV
symmetry consistent with the ED data. The COT molecule has and several singlet- singlet transitions at higher energies up
been considered along the years a classic prototype of a cyclicto 14 eV. No clear experimental identification of the lowest
nonaromatic hydrocarbon. Because of its nonplanar structure,Rydberg states was, however, possible, and the assignments
through-bond and through-space interactions between the doubleperformed by these authors were strongly biased by previous
bonds have to be taken into account in the theoretical descriptionsemiempirical results where only valence excited states could
of the excited states. The implied difficulties in the ab initio be calculated.As discussed below, the lowest Rydberg state
characterization of the electronic spectra of COT are more of COT is firmly predicted from our results around 5.6 eV, and
closely related to a strained, nonplanar diene like norbornadienethe transition from the ground to a 3p-Rydberg state computed
(bicyclo[2.2.1]hepta-2,5-dien¥)than to even polyenes such as at 6.17 eV is proposed as the most plausible candidate for the
all-trans-1,3,5,7-octatetraerié Apart from the intrinsic interest, ~ recorded shoulder at about 6 é%8 The latter was previously
characterization on theoretical grounds of the singtetinglet associated with a valence featdre.
and singlet— triplet spectra can give further insight to the The excited states of COT are characterized by using
understanding of the behavior of COT as a triplet quencher. multiconfigurational second-order perturbation theory through
The use of COT as an efficient triplet scavenger for several the CASPT2 methoéf:1® The successful performance of the
laser dye solutions is well-knowi;' and the detailed mech-  CASPT2 approach in computing spectroscopic properties is well
anism for the energy-transfer process has been recently anaestablished’ 1° We believe that the present results provide a
lyzed14 In this context, a high-level ab initio description of the more complete picture for a better understanding of the
electronic spectra of COT seems to be appropriate at presentspectroscopic behavior of the system and allow us to make
confident assignments. The present research includes analysis

lgmg:: glg?;‘jaéggggﬁ?@‘)‘ﬁghez-s of the vertical transitions related to the singtetsinglet and
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Figure 1. Orientation of the cycloocta-1,3,5,7-tetraene molecDig (
symmetry).

main features of the photoelectron (PE) spectrum of the
cyclooctatetraene radical anion (COTRAR*determination of

the adiabatic electron affinity (EA) for the neutral syst&and

an estimate for the band origin of the lowest singtetriplet
transition. The latter issue is particularly relevant to support the
nonvertical triplet energy transfer mechanism to COT, behaving
as acceptor, in a quenching procéssVe shall find that a
number of previous assignments are clearly confirmed, but the
situation is shown to be even more complex in certain cases
and new interpretations are then offered. The current results
serve both to complement earlier studies and to bring a firm
foundation for a theoretical elucidation of some aspects involved
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in the rich photochemistry of COT.

The paper is organized as follows. Computational details are Figure 2. Highest five occupied ang-valence unoccupied canonical
described in the next section. Results and analysis on themotﬁecoToFL”r;[gdst":tg t(?,i ;SNC('):'ZF’Eﬁ:t;:\i'l;%[‘lsggéoe']t/r"'[i?lf]ctl’gjgaset
computed singlet singlet spectrum, IPs, low-lying triplet 1,3,5,7-%etraene (see text). Orbita?energies (?Nithin pgrenthgses) are also
states, EA, and PE spectrum of COTRA are subsequentlyjqjuded.
considered, together with comparison to previous findings. In

light of_ the present results, the role of _COT in laser dye included. As illustrated in many previous applicatidfisio
qguenching is finally discussed. Our conclusions are summarized‘,inmysis of the nature and spacing of the canonical MOs is

in the last section. usually helpful and shall be employed later to rationalize the
most important spectroscopic features obtained from more
complex CASSCF wave functions.
Generally contracted basis states of atomic natural orbital The 3R, 4ly, 7e, 53, 3&, 9e, and 5bcanonical MOs D2q)
(ANO)-type obtained from the C(14s9p4d)/H(8s4p) primitive are computed irCp, symmetry as the 5a8a, 7bi(7by), 9a,
sets with the C[4s3p1d]/H[2s1p] contraction sché&mere used 62, 9i(9by), and 9a MOs, respectively. The equilibrium geo-
for the geometry optimization of the ground state at the CASSCF metry for the ground-state COTRA 48, of the D4y point
level2” Actual calculations were performed @, symmetry, group) and the lowest triplet state®fq of the Dg, symmetry)
imposing symmetry constraints of ti&y symmetry both in were also determined at the same level of calculation (
the variation of the geometric parameters and in the CASSCF CASSCF wave function employing the valence basis set
wave function. The orientation of the molecule is depicted in C[4s3p1d]/H[2s1p]). Using the mappii@pe/Dan/Dgn, ther-va-
Figure 1. lence MOs in increasing ordering of orbital energy transform
The closed-shell restricted HartreEock wave function has  as follows: b/ax/apy, e/gferg a + afllbay + bi/en, elgfesg,
28 occupied molecular orbitals (MOs) denoted by (5;7;4;3;2), and h/ay /b1, Actual calculations of planar CODg, andDgp,
where the entries indicate the number of occupied MOs point groups) were carried out i@; symmetry. To calculate
belonging to the irreducible representationsea by, by, and a energy differences (vertical and nonvertical excitation energies,
of the Doy point group. In the present case, with the mapping IPs, and EA), as well as for the computation of transition
Dog/Cy, & + bolay, e/by + by, by + &/a, the SCF wave function  properties, the basis set was supplemented with two s-, two p-,
can be represented by (9;7;7;5), corresponding to the numberand two d-type diffuse functions (see exponents elsevfere
of occupied MOs of theaby, by, and a symmetries of th&,, placed at the origin of the molecule. The extended basis set
point group. For the ground-state geometry optimization, the consists of 202 basis functions (666 primitives). The total SCF
m-valence space was employed. It comprises eight active energy for ground-state COT, employing the C[4s3p1d]/H[2s1p]
electrons distributed among the eightvalence MOs, (2;2;2;2)  + 2s2p2d basis set, was calculated to-+#07.619 000 au at
in Cy, symmetry, keeping the remaining MOs inactive (7;6;6;5) the D, optimized geometry (see below).
(hereafterr-CASSCEF). The canonical-valence MOs computed The molecular orbitals of the excited states have been
at the ground-state optimized geometry are depicted in Figure obtained from state average CASSCF calculations, where the
2, where the close-lying 3tD.q) MO of ¢ character is also  averaging included the states of interest for a given symmetry.

2. Theoretical Methods and Computational Details
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TABLE 1: CASSCF Wave Functions Employed To Compute the Vertical Electronic Excited States of COT at the
Ground-State Optimized Geometry D,y Symmetry)?

wave functiof Ne& state8 Neonfiguration§ Nstatet
Computed States itA1(C,) Symmetry (Inactive: 5;4;4;2)
CASSCF(6;2;2;3) 10 5a- 3s, 3p; 3de-y?, 3d2, an*; an*; wat; 4b,— 3s, 3p; 302, 302 3by — 3a&; wr* 108 001 14
Computed States itB1(Cy,) Symmetry (Inactive: 5;4;4;3)
CASSCF(3;4;2;3) 8 5a— 3pxy, 30y wr*; 7e — 3s, 3dy; 4b,— 3pyy; w*; 4b,— 3dy, 17 640 9
Computed States itA(Cy,) Symmetry (Inactive: 5;4;4;3)
CASSCF(2;2;2;3) 8 5~ 3a&; 5a — 3dy; 4b,— 3&; 4b,— 3d,y 1308 4

2 Actual calculations were carried out @y, symmetry.® The ANO-type basis set C[4s3p1d]/H[2s1p]2s2p2d Rydberg functions placed at the
origin were used (see text). Within parentheses are the number of orbitals of the symmebigh,aand a, respectively, of the point group,,.
Number of frozen orbitals: (2;2;2;2). Number of occupied SCF MOs: (9;7;7;5). The4Bh 7e, 53, and 3a MOs of D,y symmetry correspond
to the 5a, 8a, 7(7hy), 9a, and 6a MOs of theC,, symmetry, respectively. The character and ordering of the states are those obtained with the
CASSCF method¢ Number of active electroné.Nature of the computed states according to Eng point group (see Figure 2jNumber of
configurations in the CASSCF wave functidiStates included in the average CASSCF wave function.

; ; TABLE 2: Computed CASSCF and CASPT2 Excitation
The respective CA.SSC.F wave functions were subsgquently use nergies (eV) and Related Oscillator Strengthsfj for the
as reference function in a second-order perturbation treatmentyertical Singlet—Singlet Electronic Transitions of COT (Dzg
by means of the CASPT2 methéd'®In addition, the effect of ~ Symmetry) Employing the C,N,O[4s3p1d)/H[2s1p]+ 2s2p2d
weakly interacting intruder states was minimized by using the (Rydberg Functions) ANO-Type Basis Sét

so-called imaginary level-shift technigé®.After a careful staté CASSCF CASPT2 f experimental
analysis on the influence of the shift value on the spectroscopic Singlet Excited States up to 7 eV
results, the shift of 0.2 au was selected to collect the results 1:A,(5a—3a) 6.70 3.79 forbidden 4.394.4394.3%
compiled in the next section. A detailed account of the active 1E(wr") 7.88 5.56 2-0g7d5d
spaces employed to compute the valence and Rydberg excitedglé%gzaiﬁpfs)) o tos  oabden
states can be found in Table 1. A (rt) 684  6.14 forbidden

In summary, ther-valence active space was extended to ggngl—'gaz)) 1g-g§’ g-%;‘ 8-8;31’% 6.056.07
. . . . 2(5a — 3py . . . . .
include _the Ry_d_berg orbitals of the different symmetries, as 1'B.(4b, — 3a) 802 636 forbidden
appropriate. Initially, we wanted to study the singtetsinglet 3E () 10.28 6.40 11096  6.42¢6.16
electronic spectra up to 7 eV, since within this energy the most 4'Ay(5a, — 3dz) 6.76 6.57  forbidden

3'By(5a, — 3dy) 7.22 6.71 f

important features of the spectrum can be expected. Neverthe- AE(Ba — 3da) 735 678  0.0014
less, because of the large differential correlation energy between 215 (54 — 3di¥,yz) 6.75 6.80 forbidden

some valence excited states with respect to the ground state, Additional Valence States

the number of CASSCF roots had to be increased considerably. A;(7z*) 8.72 7.41  forbidden

For instance, the valence st — Dy labelin !Ba(7r*) 838  7.68 0.0001
or instance, the valence stdf;(3h — 38) (D labeling) A3 (o) 1057  7.98 forbidden

corresponds to the thirteen root of the first set of calculations

1 i i i ; Additional Rydberg States
(YA1(Cy)) listed in Table 1. As we shall see next, this state is IE(7e— 35) 812 704 " 00409  6.99
placed at 10.09 eV at the CASSCF level but at 6.14 eV once 1g(7e— 3d,) 8.86 824  0.0002
dynamic correlation contributions are taken into account within 1Bf(tzbz—> 35)) 8.93 8.39 0.0250 841

E (4, — 3p;, 9.90 8.80  0.0390
the fl_ramework of t_he CASPT_Z method. As a byproduct of the 1A1(4b2__3pz) e 895  forbidden
required computation to consider all the excited states below 7 1g(4p, — 3, 10.50 9.26 0.1346  9.05
eV, a number of additional valence and Rydberg excited states 'A;(4b, — 3d,) 10.35 9.49  forbidden

i i ; in YAx(4b, — 3de-y?) 9.86 9.58  forbidden
were obtained. In*the second set (_)f calculations des_crlbed in 1B(4be— 3d3) 988 982 0ol87
Table 1, the Efn*) state responsible of the most intense N ) - )
transition appears as the seventh root of the CASSCF computa- thixggt'gse;‘:;"tﬂgtsae "jg gt:i'ﬁgd'”v‘;:?hdidghgigg;?ﬁ;gg d;’r;dte}{'eng
tion, above 'Rydb'er'g states converging to the §econd and thlrdoptical spectrun®:® ¢EELS daté ©From the absorption spectrum in
IPs. To avoid their influence as intruder states in the treatment jayanet  The state was computed in.AC»,) symmetry, and could
of the valencékE states, those Rydberg states had to be explicitly not be computed because the transition is dipole forbidden.
considered. Therefore, thevalence active space was conse- ) _
quently enlarged to include the 3s and,3Os belongingto 3. Results and Discussion
the a and a irreducible representations of k&, point group. 3.1. Vertical Singlet— Singlet Electronic Transitions. The
The vertical energy of each excited stated was referred to thevertical singlet— singlet electronic transitions were computed
ground-state energy computed with the same active space. Sinceit ther-CASSCF equilibrium geometry of COT. The optimized

vertical singlet— singlet and singlet- triplet electronic spectra  parameterst(C=C) = 1.341 A, r(C—C) = 1.477 A,r(C—H)
were computed i€z, symmetry and dynamic correlation effects = 1,078 A, 0(C=C—C) = 127.r, O(C=C—H) = 117.6,

have a tremendous influence to determine accurately several(C=C—C=C) = 55.1°, are close to those reported in the ED
important transitions, the computation turned out to be particu- study ¢(C=C) = 1.340 A,r(C—C) = 1.476 A,0(C=C—C) =
larly challenging from a technical standpoint. 126.7, 0(C=C—H) = 117.6).° The results obtained by means
The CASSCEF state interaction (CASSI) metffodwas used of the CASSCF/CASPT2 procedure are collected in Table 2.
to calculate the transition dipole moments. In the formula for The first column identifies the excited states of the COT
the oscillator strength the CASSCF transition moment and the molecule (labeling according to tii®y point group). The second
energy difference obtained in the CASPT2 computation were and third columns report the vertical excitation energy computed
used. at the CASSCF and CASPT2 levels, respectively. The difference
All calculations were performed with the MOLCAS-5 between those two energies is a measure of the contribution of
guantum chemistry softwaré. the differential dynamic correlation effects to the vertical
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excitation energy of the state. The computed oscillator strength TABLE 3: Computed CASSCF and CASPT2 Vertical

is listed in the fourth column. Finally, the available experimental lonization Potentials (IPs) for COT Employing the
data are compiled on the right-hand side of Table 2. C.N,O[4s3p1d}/H[2s1p]+ 2s2p2d (Rydberg Functions)

) ) ANO-Type Basis Set
The lowest singlet excited state of COT hgssymmetry. In

terms of the corresponding natural orbitals (NOs), the CASSCF IP > state CASSCF _ CASPT2 _ experimefital
wave function is dominated by a singly excited configuration. 'Pr LTAs(z-hole) 8.26 8.08 8.42

X . . IP,  12E(r-hole) 9.58 9.66 9.78
The NOs involved are homologous to the highest occupied MO |p;  128,(7-hole) 11.32 10.80 11.15
(HOMO) and the lowest unoccupied MO (LUMO): the one- 12By(o-hole) 12.46 10.95
electron promotion 5a— 3 (cf. Figure 2). That the lowest 1PAy(5a—3a) 11.60 11.10

singlet — singlet transition is electric-dipole forbidden was aThe character and ordering of the states are those obtained with
clearly established by Frueholz and Kupperntini978. The the CASPT2 method. Results in e¥/Data taken from the PE spectrum

computed vertical excitation energy at about 3.8 eV (CASPT2 of COT#
result) is somewhat too low compared to the maximum of the I . .
low-intensity band observed in the optit&l(4.39 eV) and thefongaLgeci/exc_lttﬁtlon entirtgytl;]or thbe trans(,jltldAll_ 3 E-G 42
EELS? (4.43 eV) studies. However, the previous ab initio MRCI (") (6.40 V) with respect to the observed maximum (6.

result reported by Palmépredicted the lowest-energy band to eV)3538is somewhat fortuitous. The computed vertical excitation
peak at 4.37 eV. The origin of the discrepancy between the energy for the % (z*) state is estimated to have an accuracy

MRCI result and the present finding can be attributed to the of £0.2 eV, somewhat larger than the usual error bars of the

- : - : thod in similar applications (molecules of relatively small
limited basis set (split-valence quality) employed for the MRCI me . . . 5
calculations’ In fact, employing the current ANO-type basis molecular size with extended ANO-type baS|s_sé7(sa. AS.

set with the contraction C[3s2p]/H[2s], the CASPT2 method stated above, the'B(zz*) state has large dynamic correlation
yields 4.45 eV, consistent with the earlier MRCI result. Adding C?gérelzldtrlgnséna:jpprizrr:ngvizskrlg?n;g?;égr:he;;fézggjgsescalzs
polarization functions on the carbon atoms, C[3s2p1d]/H[2s] b : y y -ting .
basis set, the excitation energy drops to 3.92 eV, consistent withmtrUderS' Most of them are removed with the employed active
ourprevi(,)us CASPT2/6-31G* result (4.00 IeWVitH the largest space beyond the-valence active space, together with the

. e imaginary level shift technique, but still some influence remains.
contraction tested from the same primitive S&t€[5s4p2d1f]/ D . ' .
H[3s2p1d], the vertical transition is computed to be 3.80 eV, The excitation energies for Rydberg states described in the same

nearly the same as that compiled in Table 2. Therefore- 3.8 calculation as the valend& states (see Table 1) are, however,
yu pried N ' =~ stable and expected to have the usual accuracy of the method
4.0 eV is so far the best theoretical estimate for the lowest

. RPN (£0.1 eV). Despite these technical problems, the most intense
vert|_cal feature of COT. This |mpl|es that_t_he observed band feature of the spectrum can be unambiguously assigned to the
maximum and the computed vertical transition have an energy

diff t about half lect it Possibl ¢ helectronic transition ¥A; — 3'E(zzz*), confirming the pioneer-
fiérence of about hall:an electronvolt. Fossible sources ot suc ing theoretical assignment performed by Van-Catledge in 1971
a deviation have been discussed elsewhere.

) ] on the basis of INDO resulfsApart from our preliminary results

As can be inferred from Table 2, states denotedhy, with reported recently, only this INDO stud§ characterizes the
no explicit mention of the configurations involved, have computed electronic transitions by both excitation energies and
CASSCF wave functions with a character remarkably multi- oscillator strengths. It is clear that both properties are equally
configurational. That is, two or more configurations have large relevant to perform spectroscopic assignments.
weights in the corresponding CASSCF wave function. Onthe  Between the ¥E(zz*) and 3E(z*) states, three valence
contrary, when the CASSCF wave function has only one states are found. At the CASPT2 level, tHA gzr*) and 1B,
configuration with a pronounced weight (larger than 70%), an (3p, — 3a,) states are computed to be degenerated at 6.14 eV.
explicit assignment is given. In particular, théErz*) and The 1'By(4b, — 3a) state lies at 6.36 eV above the ground
3'E(z*) states are described mainly by a linear combination state, close to thelB(z*) state. The 3A(n*) state has a
of two singly excited configurations related to the HOMOL doubly excited character, with a prominent weight (33.2%) of
— LUMO and HOMO— LUMO + 1 one-electron promotions.  the doubly excited configuration (HOM®- LUMO)2. The
According to the orbital energies given in Figure 2, the energy 11B,(3b, — 3a) state is described mainly by the one-electron
difference between the orbital energies of LUMO/HOMOL promotion from the highest orbital (3h) to the LUMO. The
and LUMO+ 1/HOMO is 12.52 and 12.39 eV. Therefore, those oscillator strength for the transitiotA; — 1B, is 0.011, and
two one-electron promotions are nearly degenerate and cantherefore, it can contribute to some extent to the shoulder
further interact, leading to minus and plus linear combinations, recorded in the spectrum at about 6 #8 Incidentally, the
which rationalizes the CASSCF findings. Energetically, as a transition $A; — 1E(zn*) was previously related to the
result of the interaction, the minus and plus states are pushedobserved shoulder, but this is not confirmed by the present
down and up, respectively. The electronic transition related to results. Instead, we propose the transition from the ground state
the former is predicted with low intensity (the respective to the Rydberg state'B,(5a — 3p,) computed at 6.17 eV, with
transition moments are subtracted), and the latter should carryoscillator strength 0.05, as the most plausible candidate respon-

most of the intensity. This is indeed the case. TRE(#&z*) sible for the recorded shoulder in the gas phase at 6.02 eV.
and 3E(z*) states are computed vertically at 5.56 and 6.40 Our assignment of Rydberg character for the shoulder is
eV, respectively. The transition from the ground to thg@x*) consistent with the fact that it is not observed in the absorption

state is predicted to be the most intense feature of the spectrumspectrum of COT in hexane (band maximum at 4.39 and 6.16
with a calculated oscillator strength of about 1.1. The oscillator eV)# As it is well-known Rydberg states as usually perturbed
strength for the transition 'A; — 1'E(nn*) is, however, in condensed phases and collapse in soluifon.

relatively small (0.008). The weights of the (HOM® LUMO To design the number of Rydberg series to consider in the
+ 1, HOMO — 1 — LUMO) one-electron promotions in the  study, the lowest ionization potentials were calculated. The
respective CASSCF wave function are (in percentage) (15, 29)results are listed in Table 3, together with the selected
(1'E) and (22, 40) (E). The apparent good agreement between experimental data taken from the PE spectfdm.
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As previously suggested by different authdfsaccording to TABLE 4: Computed CASSCF and CASPT2 Excitation
the Koopmans' theorem, the lowest four IPs, determined Energies (eV) for the Low-Lying Triplet Excited States of
experimentall§®-22 at 8.42, 9.78, 11.15, and 11.55 eV, could (CRongerr“p'Foa’rfé%gﬂg)%“g[f*’géﬂggzss;tp]+ 2s2p2d
be related to the2A,, 12E, 12B,, and B, states of the COT y g yp

radical cation (cf. Figure 2). From the CASPT2 results (see state transition ~ CASSCF CASPT2 _experimental
Table 3) one can easily conclude that the assignments based®*Ax(5a—3&) S—T vertical 3.66 282  3.052.89
on the Koopmans’ theorem are correct for the first(I&nd S-T0-0 1.42 0.78

R i emission max.  0.66 0.22
second (IR) ionization potentials. Three states are, however, qsg ;%) S—T vertical 431 384 405
found at about 11 eV (i: 1?Bx(w-hole), £B1(o-hole), and 13By () S—T vertical 5.18 469  4.84
12A5(5a — 3a&). The latter is a non-Koopmans state and, 1*Ai(5a—3s) S-Tvertical 6.04 5.54

therefore, is not visible in the PE spectrum. As pointed out by 2 Experimental data are also includédEELS date® ¢ From a kinetic
Palmer’ the most intense feature in this energy region of the analysig* employing the experimental donor triplet energies reported

PE spectrum can probably be related to tAB,({z-hole) state.  elsewherg?*3
Nevertheless, the results rule out the Koopmans-based assign-
ment for the fourth IP (IP because the2B; state is placed ~ Which is consistent with the average value obtained for the
around 11 eV, that is, 0.7 eV below the observegdP11.55  corresponding CASPT2 results (8.85 eV) (cf. Table 2). Employ-
eV. Therefore, IRcannot be assigned from the current results. iNg & similar reasoning, the 7e 3d members are predicted
The computed gaps between the second-first (1.58 eV) and third-around 8.2-8.3 eV.
second PE bands (1.14 eV) are consistent with previous Despite the fact that we have a number of missing states in
theoretical predictions at the CASPT2/6-31G* level, 1.42 and the computed spectrum between 7 and 8 eV, the additional
1.08 eV, respectivel§ In the recorded PE spectréfof COT, transitions observed by EEE®t 6.99, 8.41, and 9.05 eV may
the spacing between the first three bands is, however, equalPe tentatively assigned. The former can be related to the 1
(1.37 eV). Deviations between the theoretical and experimental — ‘E(7€— 3s) transition, computed at 7.04 eV with oscillator
vertical ionization potentials (especially forjBnd IR) seem strength 0.04. The two f{ilrly intense transitions observed at 8.41
to point out that the observed peaks might not correspond to and 9.05 eV are consistent with the results for the vertical
the vertical ejection of the electron or/and the cation does not transition from the ground to thiB,(4b, — 3s) and'E(4b, —
retain the COT structure (see discussion in ref 34). gdézgz) \s}t?(t)e(s)sv)wth éhg Sgc't\"’/‘t'(%”lzr)‘erg'es (?SC'I||at0r strengths)
The first and second vertical ionization potentials of COT ©-2? € +99) ang 9.2% € ~+3), FESPECHVEly.
lie within 1.58 eV of each other (CASP'IF')Z results). As a 3.2. Low-Lying Triplet States._The .CASSCF and CASPT_Z
consequence, corresponding members of the Rydberg serie§esuns computed for the low-lying triplet states are compiled

converging to these two ionization potentials are expected to g]rg?gdi:bzg\?veﬂ\::g“(:g S'E?'g;)trgt);?;Vterzgclzlv\t;irgsgzﬂz d
lie within 1.5-1.6 eV of each other. Consistently, the energy woa ’

difference between thiE(7e— 3s) and 2A;(5a — 3s) states state of Rydberg character, placed at 5.54 eV. Those valence

. . features lie at 2.82, 3.84, and 4.69 eV above the ground state
;33?(,:3 n;suﬁ]da:oisbellégﬁe?/végg\?é(ﬁ?é (7e32 Z:titaa egeiﬁa?t and can be related to the three transitions reported by Frueholz

. - and Kuppermanhat 3.05, 4.05, and 4.84 eV, which were
energy difference can be related to the energy differenge IP identified by these authors as singlet triplet transitions
IP; (1.14 eV). As 1-1.5 eV approximates the usual 3s and 3d y 9 P )

Rydberg-state separation, the early series members leading tJherefore, according to the current computation, those observed

. o » . 3p
the first ionization limit are not expected to overlap in energy singlet Iriplet transitions can be assigned as thél - 1°A

— 1 — 13 * 1 — 13 *
with the remaining members. Therefore, the main target of the (5a o 3%), T/ . PE(r )f anhd TAL | LBy(mm ). .
study was to characterize the 3s, 3p, and 3d members of thetrans_ltlons. Our assignments for the two _owesF transmons
Rydberg series converging to the first IP. As stated in the confirm those performed by Palnfean the basis of limited ClI

. 4 n
previous section, to gather the valence states below 7 eV, acalculatlons and small basis sets, although tfig(7ir) state

number of additional Rydberg states were also obtained becaus«;e\évaS placed higher by more than 1 eV. The CASPT2 results
" ) .
of the intrinsic difficulties of the COT system and available uggest, however, that théBi(zr") state is responsible for

o the third observed band. In the CI calculations of Palmer the
software3? (MOLCAS-5 does not offer the possibility to treat 5 - . .
the COT system withiaq symmetry, and actual calculations 23A, state is found as the third-energy triplet state, although a

L . 1B, state was also found to be energetically close. The CASPT2

were performed within thé&, point group). ) calculation places the*&, state (not shown in Table 4) about

The lowest Rydberg state, the!A(5a — 3s) state, iS 2.5 ev above the 3B; state, that is about 0.7 eV above the
predicted at 5.58 eV. Frueholz and Kupperniasaw no lowest Rydberg triplet state.
evidence of the 5a— 3s member in their electron impact A systematic deviation of the CASPT2 vertical singtet
spectra. They remarked, however, that the 3s feature should beip|et transitions with respect to the EELS data is noted (cf.
near 5.2 e\2. Transition to the 2E£(5a — 3pyy) state is computed  Taple 4). The CASPT2 method seems to underestimate those
somewhat above, at 5.93 eV, with an exceedingly small by ahout 0.2 eV. It can be partially related to the employed
oscillator strength. The'Bz(5a — 3p,) state can be clearly  zeroth-order Hamiltonian (MgllerPlesset type) that favors

related to the observed shoulder at 6.02%The 53 — 3d open-shell systems and leads to triplet states somewhat too low.
members are computed within the energy range-6630 eV It is a well-documented effect, and an interested reader can
(average value 6.73 eV). obtain further information about it elsewhere (see, for instance,

The average of the excitation energies corresponding to theref 18, where a pedagogic status of the issue is developed, as
5a — 3p is 6.01 eV. Adding to it the energy difference+P well as the original references therein). Since here there is no
IP; (1.58 eV) gives 7.59 eV, as an estimate for the—7e3p controversy in the assignments, additional checks employing
average excitation energies, which were not directly computed. more sophisticated zeroth-order Hamiltonians were not per-
Adding 1.14 eV (IR—IP,) to 7.59 eV is equal to 8.73 eV, the  formed. Moreover, from the available triptetriplet energy
expected average excitation energies of the members-4ap, transfer experiments contradictory results were suggested for
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the vertical singlettriplet excitation energy?'3 However,
applying our recently proposed theoretical métia the same
experimental dat&13we predict that the vertical singletriplet
transition energy is 2.89 eV, close to the computed value of
2.82 eV.

To a good approximation, the!A,(5a — 3a) state can be
described by the one-electron promotion HOM® LUMO.
The n-CASSCF wave function of the SE(zz*) state is
composed of a linear combination of two singly excited
configurations: HOMO— 1 — LUMO (49.6%) and HOMO
— LUMO + 1 (37.4%). The 3B;(nzr*) state really has a
multiconfigurational character with weights spread over many
different configurations equally important.

The 0-0 excitation energy and the phosphorescence maxi-
mum were also computed for the lowest singtet triplet
transition. We were motivated by the possible significance of
the lowest-lying triplet state of COT in the triplet quenching
process of laser dye solutions (for instance, rhodamine bG). The
equilibrium geometry of the lowest triplet excited state is
octogonal Dgn symmetry)3® The 7-CASSCF optimized param-
eters, employing the ANO-type C[4s3pld]/H[2s1p] basis set,
arer(C—C) = 1.404 A andr(C—H) = 1.077 A. The adiabatic
excitation or G-0 band origin is computed as the energy
difference between the triplet statéAby(Dsn)) and the ground
state (1A1(D2g)) at their respective equilibrium geometries. No
zero point energy (ZPE) corrections were included. In this
manner, the 60 excitation energy is computed to be 0.78 eV
at the CASPT2 level. ZPE could contribute at most 0.1 eV,
which is within the intrinsic error bars of the CASPT2 method.
Within this level of approximation, the energy difference
between the vertical and adiabatic excitation energy accounts
for the geometry relaxation of the triplet excited state. Therefore,
simultaneously to the electronic excitation of COT, a progressive
structural reorganization toward planarity takes place. Because
the energy difference between the vertical areD@xcitation
energies of the §— T, transition is large, about 2 eV, COT
has a pronounced nonvertical behavior and covers a wide ran
of triplet donorst?~14 Moreover, the origin of the §— T,
transition, about 0.8 eV, can be considered as an estimate o
the lower limit for the triplet energy of a donor that the acceptor
COT could still react with.

The phosphorescence maximum is predicted by computing
the ground (3By¢(Dsn)) and triplet (BA,¢(Dsn)) states at the
equilibrium geometry of the triplet state. The computed
phosphorescence maximum, 0.22 eV, lies in the infrared range.
The current estimate is consistent with previous ab initio results
for the singlet-triplet splitting of Dg, COT reported by Hrovat
and Border?® They found that the triplet state has a higher ZPE
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TABLE 5: Computed PE Spectrum of the Planar
Cyclooctatetraene Radical Anion (COTRA) and the Electron
Affinity (EA) of COT Employing the C,N,O[4s3p1d]/H[2s1p]
+ 2s2p2d (Rydberg Functions) ANO-Type Basis S&t

state CASSCF CASPT2 experimental
Ground State of COTRA €B1y) (Dan Symmetry)
1'Aqq —0.86 111 1.10
13A 54 0.16 1.47 1.62
vertical EA —2.79 —0.46
adiabatic EA —1.43 0.56 0.58

2 Energy differences in eV. Experimental data are also included.
bTaken from the PE spectrum of COTRA. ¢ Determined by the
kinetic method. See ref 25 and also references therein.

COT has been, and still is, a subject of great theoretical
attentiont-2337-40 |t is known that the ground state of neutral
COT has four equivaler,q local minima connected by two
independent reaction paths: ring inversi@ntransition state)
and bond shifting@g, transition state). The vertical PE spectrum
of planar COTRA and the EA of COT obtained at the
1-CASSCF and CASPT2 levels of theory are compiled, together
with available experimental data, in Table 5.

The ground-state #B,,) equilibrium geometry of the COTRA
system belongs to tHey, point group. Itst-CASSCF optimized
parameters arg([C=C) = 1.375 A,r(C—C) = 1.437 A, r(C—

H) = 1.081 A, andO(C=C—C) 135.0. Employing this
structure, the ground state of the neutral system is computed to
be vertically at 1.11 eV and the lowest triplet state to be at
1.47 eV, in agreement with the experimental f&tAs detailed

in Table 5, those are results obtained at the CASPT2 level. The
nondynamical correlation effects treated by the CASSCF method
are certainly not enough to predict accurately (within 0.2 eV)
the energy differences between the ground state of COTRA and
the considered states of the neutral system. It is amazing that
the tremendous differential dynamical correlation between the
two states can be handled just at a second-order level in a
balanced way. In this type of difficult case, involving large
differential dynamic correlation effects, the CASPT2 method

gecertainly plays an outstanding role. In other words, a minus sign

in the CASSCF energy difference means that COTRA is not
bound at that level of theory and the CASPT2 approach is
capable of recovering (qualitatively and quantitatively) the right

relative position between the respective states of the anionic
and neutral systems.

The vertical electron affinity is negative at both CASSCF
and CASPT?2 levels of theory. Therefore, we can confidently
conclude that COTRA is not bound at the ground-state equi-
librium geometry of COT, 3A;(D2q). In addition, the computed
CASPT?2 adiabatic electron affinity, 0.56 eV, is in agreement
with the most recent experimental determinatiénghe agree-

than the singlet by 2.1 kcal/mol at the planar geometry. That ment is entirely due to the inclusion of dynamic correlation
the ground state at thgg, symmetry is a singlet state @) because the ground-state radical anion is above the ground state
and therefore the molecule violates the Hund’s rule is by now of the neutral system by 1 eV at ther-CASSCF level £1.43

well established (see the elegant 1996 paper by Wenthold etey in Table 5). A question arises here: Does the geometry
al.?® which is a landmark contribution on this issue). An  gptimization of ground-state COTRA at the CASSCF level make
alternative and interesting view is, of course, that in antiaromatic any sense? Previous experience dealing with true temporary
molecules the Hund's rule is not expected to hold, as was clearly anjon states (for instance, in biphetyland p-semibenzo-

suggested two years later by Zilberg and H¥as.

Additional information about the lowest triplet state was
obtained from the PE spectrum of planar COTRA? where
photodetachment to two distinct electronic states of neutral COT
was observed. Wenthoket al 22 identified these electronic states
as the 1A4(Da4y) state, corresponding to the transition state of
COT ring inversion along thecypersurface, and the’A,4
(Dghn) state, recorded at 1.10 and 1.62 eV, respectively.
Incidentally, the ground-state potential energy hypersurface of

quinoné? radical anions) gives a clue to answer this question.
Yes, the CASSCF wave function represents in such a case a
localized solution, which can be regarded as a discrete repre-
sentation of the temporary anion states (see the discussion in
ref 41 and the different resonance types in ref 42).

Assuming that the geometry of ground-state COTRA is
similar to theDy, structure of the neutral system corresponding
to the transition state of COT for the ring inversion path, the
barrier height of that process can be easily estimated. From the
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computed PE spectrum one can obtain directly that the origin

of the triplet is 0.36 eV above the lowest energy plabay
singlet state. Combining this value with the computed00
excitation energy for the lowest singlet triplet transition (0.78
eV), we estimate that the transition state for ring inversion of

COT lies about 0.42 eV above the ground state, consistent with

previous experimental and theoretical determinaticiis.

4. Summary and Conclusions

The excited states of COT were studied using ab initio

Frutos et al.

(6) Van-Catledge, F. AJ. Am. Chem. S0d.971, 93, 4365.
(7) Palmer, M. HJ. Mol. Struct.1988 178 79.
(8) Hasserirck, K.; Martin, H.-D.; Walsh, RChem. Re. 1989 89,
1125 and references therein.
(9) Traetteberg, MActa Chem. Scand.966 20, 1724.
(10) Roos, B. O.; Mercha M.; McDiarmid, R.; Xing, X.J. Am. Chem.
Soc.1994 116, 5927.
(11) Serrano-Andg L.; Lindh, R.; Roos, B. O.; MercmaM. J. Phys.
Chem.1993 97, 9360.
(12) Forward, P. J.; Gorman, A. A.; HamblettJl. Chem. Soc., Chem.
Commun.1993 250.
(13) Das, T. N.; Priyadarsini, K. 0. Chem. Soc., Faraday Trank994
90, 963.
(14) Frutos, L. M.; Casfam O.; Andres, J. L.; Mercha, M.; Acuia, A.

quantum-chemical methods based on multiconfigurational wave y, Triplet energy transfer to cycloocta-1,3,5,7-tetraene: A theoretical
functions. Employing the optimized geometry of the ground state description of the anti-Arrheniusorvertical process in terms of accurate

at the CASSCF level, the vertical excitation energies were
computed with the CASPT2 method. The calculation comprised yy
both valence and Rydberg excited states in the singlet manifold.

In particular, the 3s, 3p, and 3d members of the Rydberg serie
converging to the first ionization potential were explicitly taken
into account. As a byproduct of the required computation to

potential energy surfaces. Submitted for publication.

(15) Andersson, K.; Malmqvist, P.-A.; Roos, B. O.; Sadlej, A. J.;

olinski, K. J. Phys. Chem199Q 94, 5483.

(16) Andersson, K.; Malmqvist, P.-A.; Roos, B. ©.Chem. Phys1992
1218.

(17) Roos, B. O.; Fischer, M. P.; Malmqvist, P.-A.; Meréina M.;

Serrano-Andrs, L. In Theoretical Studies of Electronic Spectra of Organic
Molecules Langhoff, S. R., Ed.; Kluwer Academic Publishers: Dordrecht,

96,

include all the excited states up to 7 eV, additional valence and The Netherlands, 1995; p 357.

Rydberg states were also characterized. The computed excite%e

states 1A, (3.79 eV), 2Bx(3p,) (6.17 eV), and & (6.40 eV)
are related to the main singlet singlet features observed

experimentally, that is, the low-energy, low-intensity band

(maximum at 4.43 eV), a shoulder at 6.02 eV, and an intense y,

band with a maximum at 6.42 eV, respectively. On the other
hand, the observed spin-forbidden singtetriplet bands with

maxima at 3.05, 4.05, and 4.84 eV are assigned as the transition]*s_,h

11A; — 13A,, 1'A; — 13E, and 1A, — 13By, respectively. The

(18) Roos, B. O.; Andersson, K.;"Beher, M. P.; Malmqvist, P.-A.;
rrano-Andrs, L.; Pierloot, K.; Mercha, M. In Multiconfigurational
Perturbation Theory: Applications in Electronic Spectroscapsigogine,
I, Rice, S. A., Eds.; J. Wiley & Sons: New York, 1996; p 22@}y. Chem.
Phys.1996 93, 219.

(19) Mercha, M.; Serrano-Andrg L.; Filscher, M. P.; Roos, B. O. In
ulticonfigurational Perturbation Theory Applied to Excited States of
Organic CompoundsHirao, K., Ed.; World Scientific Publishing Com-
pany: Amsterdam, 1999; Vol. 4, p 161.

(20) Batich, C.; Bischof, P.; Heilbronner, E.Electron Spectrosc. Relat.
enom.1972/73 1, 333.

(21) Bieri, G.; Burger, F.; Heilbronner, E.; Maier, J. Rely. Chim.

lowest (3s) Rydberg singlet and triplet states are placed at 5.58Acta 1977 60, 2213.

(2'A;) and 5.54 (3A,) eV. In addition, new assignments are

tentatively suggested for the recorded higher-energy peaks ingg;
the singlet manifold at 6.99, 8.41, and 9.05 eV. The three lowest

(22) Kobayashi, TPhys. Lett.1979 A70, 292.

(23) Wenthold, P. G.; Hrovat, D. A.; Borden, W. T.; Lineberger, W. C.
encel996 272 1456.

(24) Wenthold, P. G.; Lineberger, W. @cc. Chem. Resl999 32,

ionization potentials are also characterized. The computed 97

adiabatic electron affinity is 0.56 eV, in agreement with

experimental determinations. Nevertheless, the COT radical

anion is not bound at the equilibrium geometry of the neutral
molecule.
As regards the role of COT as an efficient triplet quencher

of laser dye solutions, the computation supports the nonvertical

process of triplet energy transfer. Within a nonvertical energy-

transfer scheme, it is predicted that COT could act as acceptor

with donors having a triplet excited-state energy equal to or
higher than 0.78 eV, which corresponds to the computeetS

T1 adiabatic excitation energy of the system. The experimenta
confirmation of this prediction would certainly be of great value.
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