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Abstract: The low-lying electronic states of thp-benzosemiquinone radical anion are studied using
multiconfigurational second-order perturbation theory (CASPT2) and extended atomic natural orbital (ANO)
basis sets. Vertical excitation energies at the optimized geometries of the anion and the neutral molecule are
computed. In light of the present theoretical results, the information provided by different spectroscopic
techniques, such as UV/vis absorption, excitation, fluorescence, electron photodetachment, and electron
scattering, is rationalized. CASSCF force fields are employed to compute vibronic intensities of the two lowest-
energyr—s* transitions in order to solve controversial assignments and to give an interpretation of the available
resonance Raman data.

1. Introduction study of the electronic excited states of PBQ led to a full
understanding of its electronic spectrdthe analysis of the
electronic structure of negative ions by using the CASPT2
method was successfully performed by Rubio et al. in a study
of the spectrum of the biphenyl radical aniBnThe ground

Quinone derivatives act as final electron acceptors in crucial
biological processes such as photosynthesis and respitation.
anionic electronic excited states of the chromophgpe,

benzoquinone (PBQ), form a dense ladder of states which IOIayand excited states of this system represent temporary anion

an important role as intermediate steps in electron-transfer tates. which means that thev are higher in eneray than the
processes and enhance electron acceptor dynamics in natural ' y 9 9y

systemé. A better understanding of the phenomena requires a ground state of the neutral system, that is, they are unstable
detailed.knowledge of the nature and properties of fie with respect to electron detachment. Conventional quantum

benzosemiquinone radical anion (PBQlow-lying excited chemical techniques cannot _be applled_ln _general to _the study
states. of these temporary states, since they lie in the continuum of
The complete active space (CAS)SCF approximation the neutral species plus the free electtdNevertheless, Rubio

1 . .
combination with a second-order perturbation approach, the et al_. showed that, at the. CASSC_F level, it was possible to

CASPT2 methoti has been shown to provide reliable predic- 2Ptain well-localized solutions, which can be regarded as a
tions and interpretations of the electronic spectra of organic discrete representation of the temporary anion states. Additional

molecules in numerous applicatiohs. In particular, a recent f[est calculations, in V.Vh'Ch the nuclear gharges were sllghtly
increased and the anion was computed in a solvent, confirmed

(1) Stryer, L.Biochemistry W. H. Freeman & Co., New York, 1995.  the stable nature of the CASSCF solutions. The low-lying

(2) Schiedt, J.; Weinkauf, RI. Chem. Phys1999 110 304. excited states of the biphenyl radical anion were thus calculated
(3) Roos, B. O. The complete active space self-consistent field method . . .
and its applications in electronic structure calculationsAthances in by using the CASSCF/CASPT2 procedure together with a basis

Chemical Physics; Ab Initio Methods in Quantum Chemistry Léwley, set of atomic natural orbital (ANO) type, which included diffuse

K. P., Ed.; John Wiley & Sons Ltd., Chichester, England, 1987; Chapter functions placed at the center of the molecule. The results

69’(4’3 i?%érsson K.; P.-A. Malmauist, Roos, B. O.; Sadlej, A. J.: Wolinski, ©btained correlated well with the available spectroscopic data
K. J. Phys. Chem199Q 94, 5483. and allowed an interpretation of the experimental findings.

(5) Andersson, K.; P.-A. Malmqvist, and B. O. Rods.Chem. Phys. In the present contribution, the same theoretical approach has

1992 96, 1218. . ! . CORh
(g') Andersson, K.. Roos, B. O. Multiconfigurational second-order been chosen for carrying out an in-depth investigation of the

perturbation theory. IModern electron structure theory, Agnced Series |0W'|yin9 e|e(?tr9nic statgs of PBQ DeSPite. the relevance Qf
in Physical ChemistryYarkony, R., Ed.; World Scientific Publishing Co.  quinone/semiquinone pairs for a wealth of important biological
Pte. Ltd.: Singapore, 1995; Vol. 2, Part |, p 55. redox reactions and the large amount of information about the

(7) Roos, B. O.; Flscher, M. P.; Malmqvist, P.-A.; Mer¢ha M.; . .
Serrano-Andrs, L. Theoretical studies of electronic spectra of organic electronic structure of PBQcurrently available, the character

molecules. IMQuantum Mechanical Electronic Structure Calculations with (9) Mercha, M.; Serrano-Andrg L.; Fuscher, M. P.; Roos, B. O.
Chemical AccuracyLanghoff, S. R.; Ed.; Kluwer Academic Publishers:  Multiconfigurational perturbation theory applied to excited states of organic
Dordrecht, The Netherlands, 1995; p 357. compounds. IrRecent Adances in Multireference Theariirao, K., Ed.;

(8) Roos, B. O.; Andersson, K.; Beher, M. P.; Malmqvist, P.-A.; World Scientific Publishing: Singapore, 1999; Vol. IV, p 161.
Serrano-Andrs, L.; Pierloot, K.; Mercha, M. Multiconfigurational per- (10) Pou-Amiego, R.; Mercha, M.; Orfi, E. J. Chem. Physl1999 110,
turbation theory: Applications in electronic spectroscopyAtlvances in 9536.

Chemical Physics: New Methods in Computational Quantum Mechanics (11) Rubio, M.; Mercha, M.; Ort, E.; Roos, B. OJ. Phys. Cheml995
Prigogine, I., Rice, S. A., Eds.; John Wiley & Sons: New York, 1996; 99, 14980.
Vol. XCIIl, p 219. (12) Simons, J.; Jordan, K. @Chem. Re. 1987, 87, 535.

10.1021/ja994402m CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/09/2000



6068 J. Am. Chem. Soc., Vol. 122, No. 25, 2000 Pougoeet al.

and position of the excited states of this radical anion have not including the 3k orbital, and the 44 one-electron function was added
been fully clarified. Two major open questions about the in the calculation of themz* 2Bsy excited states, computed with the
spectroscopic behavior of the system are under debate. Is theactive space (9/04010301). All excitations energies have been obtained
vibrational structure of an electronic transition responsible for USing the ground-state energy computed with the same active space
the two lowest-energy intense peaks detected in the e|ectror.licused in the calculation of the corresponding excited state. The carbon
spectrum or are two close-lying electronic states involved? As and oxygen 1s electrons were kept frozen in the form determined by

shall be discussed below, the computation of vibronic frequen- ¢ SCF wave function, and they were not included in the second-
. . L ' P . AUEN- 5 der correlation treatment. The CASSCF state interaction (CASSI)

cies qnd intensities is required to answer unambiguously thls_ methods2® has been employed to compute the transition dipole

question. On th(_:" other hand’ shou_ld the resonances deteCted_'%omentS. Energy differences corrected by CASPT2 correlation energies

electron-scattering studies be attributed to the same electronichaye peen used in the oscillator strength formula.

states that are responsible for the absorptions in the UV/vis Adiabatic electron affinities were estimated by calculating the

spectrum? The calculation of the excited states of the anion atyroyng-state energy difference between the neutral molecule and the
the geometry of the neutral system will give additional insights anjon at the corresponding CASSCF optimized geometries. The basis
into this problem, and new assignments will be proposed. The sets and procedures chosen for the computation of this property have
correct interpretation of the available spectroscopic data is of been identical to those employed in the study of the vertical excited
crucial importance for the understanding of fundamental charge- states. Besides the discrete valence temporary anion states, diffuse states
transfer processes involving quinones, like ubiquinone and described by a singly excited configuration involving a diffuse orbital

plastoquinone, which take place in living organisms. were also obtained in some cases. These solutions try to simulate the
neutral molecule plus a free electron by putting the extra electron into
2. Methods and Computational Details the most diffuse orbital available. Thus, the computed energy for these

states strongly depends on the diffuseness of the basis set employed.
The ground-state geometry of PB(as been optimized at the  Therefore, the so-computed unstable solutions have not been further
CASSCEF level by including the andz* valence molecular orbitals considered.

(eight MOs and nine electrons) in the active spac€€ASSCF). For A somewhat larger ANO-type basis set, with the contraction scheme
sake of comparison, the same basis set employed in the previous stud)C,O[ 4s3p2d J/H[ 3s2p }2 which has been shown to lead to accurate
on the molecular structure of PBZhas been used. Itis an ANO type  force fields for benzen®, has been used for the vibrational studies.
basis set contracted according to the scheme C,O[ 4s3p1d J/H[ 2s1pThe s-valence active space has been employed to obtain, at the
].7* Calculations have been carried out witlid, symmetry, with the CASSCF level, the optimized geometries and analytical second
molecule placed in thgzplane and the two oxygen atoms along e jerjyatives of the energy with respect to the nuclear coordinates needed
axis. As far as we know, no geometrical experlmen_tal_ data are av:?ulable.fOr the vibrational analysis of the three studied state38,l 12B4,
Nevertheless, the geometry of PB@as been optimized employing ;4 £a =~ The matrix elements describing the transition moment

very different approaches in numerous theoretical studiésA Dz, function are expressed in terms of Fran¢kondon factors, that is,

Iowestjenergy structure h_as been always obtained for the ground Stateoverlaps between two sets of harmonic oscillator functions representing
of the isolated radical anion.

h ) f th ical o . h the force fields of the participating states. As the transitions from the
F_or the computatlon of the vertical excitation energies, the same ground state of PBQto the two studied excited states are one-photon
basis set previously used for the study of the electronic spectrum O.f dipole allowed, it is possible to focus the analysis of the vibronic

th? Seutr%I rgolgcule has lbeen ten;plc.)t)r/]ed. Ittcc;nls'itslgfdt;‘fe A’\:‘O b?S'Stransition moment on the zeroth-order term of the Herzb@wgler
setdescribed above supplemented with a Set of 1S1p iuse func Ionsexpansion, that is, within the Condon approximation, and discard the
placed at the center of the molecié®el he electronic states have been

; contributions from high-order terms. Calibration calculations demon-
c_alculated by means .Of the CASPT2 appro&éhin this method, the strated that the intensity obtained from high-order terms is not relevant
first-order wave function and the second-order energy are calculated

using the CASSCF wave function as reference. Two active spaces Werefor the present analysis. The finally computed parameter is the oscillator

employed in the study. The valence active space, which comprises strength of the transition, obtained as:

eight active orbitals and nine electrons, was used for the calculation of

thesr — z* transitions. Following the notation previously introducéd, f= 2 AE M. 1)

it will be denoted by (9/03010301), where the first label gives the 3 ol

number of active electrons and the following labels indicate the number

of active orbitals in each of the eight irreducible representatioys (a where AE is the transition energy anlsflgiyfj the vibronic transition

Bsu, 2w, D1g, b1y, 2g, bz, and @) of the Don symmetry point group. For ~ moment, computed as:

those transitions which show predominantly ar-n7* character, the

two n valence orbitals were added to the active space. Thus, it will be = . .

denoted by (13/03110311). Extra orbitals had to be included in the Mai = Mgl Qo) [(Q) 1 #(Q)0 @)

active space for the computation of tiy, and?Bs, states, to minimize

the effect of intruder states in the CASPT2 treatment. In the case of Wheregi andfj are the initial and final vibronic states, respectively

the 2B, state, the active space was enlarged to (15/03110321) by and¢(Q) represent the vibrational functionély(Qo) is the electronic

transition dipole moment function, evaluated at the initial state geometry
(13) Widmark, P.-O.; Malmqvist, P.-A.; Roos, B. Dheor. Chim. Acta by means of the CAS state-interaction (CASSI) mettdd.The

199Q 77, 291. vibrational wave functions use force fields taken directly from the
(14) Chipman, D. M.; Prebenda, M. B. Phys. Cheml1986 90, 5557. second derivatives, with no adjustment for anharmonicities. A full

15) Wheeler, R. AJ. Phys. Chem1993 97, 1533. . . . L .
Eleg Raymond, K. S.: Wr):eeler R. A %hem. Soc., Faraday Trans. 2 explanation of the procedure followed to obtain the vibronic intensities

1993 89, 665. can be found in ref 27. While geometries, force fields, and electronic
(17) Liu, R.; Zhou, X.J. Phys. Chem1993 97, 9613. transition dipole moments have been calculated at the CASSCF level,
(18) Nonella, M.J._ Phys. Chem. B997, 101, 1235. the band origins (80 transitions) have been obtained by computing

11(%3)51.\/|anam, Y. H.; Chantranupong, 0. Comput.-Aided Mol. De997 CASPT?2 energies at the CASSCF geometry minima of the correspond-
(20) Mohandas, P.; Umapathy, &.Phys. Chem. A997 101, 4449. ing states (including the zero-point vibrational correction). The Herzberg
(21) Boesch, S. E.; Wheeler, R. A. Phys. Chem. A997, 101, 8351.

(22) Eriksson, L. A. Himo, F.; Siegbahn, P. E. M.; Babcock, GJT. (25) Malmqvist, P.-AlInt. J. Quantum Chenl986 30, 479.

Phys. Chem. A997 101, 9496. (26) Malmqvist, P.-A.; Roos, B. OChem. Phys. Lettl989 155 189.

(23) Zhan, C.-G.; lwata, SChem. Phys1998,230, 45. (27) Bernhardsson, A. Forsberg, N.; Malmgqvist, P.-A.; Roos, B. O

(24) Zhan, C.-G.; Chipman, D. Ml. Phys. Chem. A998 102, 1230. Serrano-Andre. L. J. Chem. Phys200Q 112 2798.
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Table 1. Geometrical Parameters for the Ground States of Table 2. Computed Vertical Excitation Energies and Oscillator
p-Benzoquinone (PBQ),'A, andp-Benzosemiquinone Radical Strengths for the Electronic States of {denzosemiquinone
Anion (PBQ"), 1?B,y, Optimized at ther-CASSCF LevePR and Radical Anion; Experimental Data Are also Included
Adiabatic Electron Affinity (EA) ofp-Benzoquinone — -
excitation energies (eV)
parameter PBQ PBQ state  CASSCF  CASPT2 exp 0sC. st®
r(CiO) 1.210 1.246 Ground State: Byg
r(C=C) 1.343 1.369 2 .
- 12Byy 2.92 2.23 2.2 forbidden
r(C—C) 1.479 1.443 ; !
r(C—H) 1074 1078 1°B3q 2.88 2.25 2.41 forbidden
0(C~Co—C) 117.4 114.7 1?Bg, 3.83 2.80 2.77(2.94) 0.0532(0.15,0.06)
IZI(C=CO—H) 1222 1204 12A, 2.89 2.82 ~3.26¢ 0.1044(0.17,0.03)
: : 1?Byg 3.60 3.25 forbidden
EA (CASSCF)= —0.33 eV 2%B3, 5.26 3.56 3.84(3.91) 0.3203(0.50,0.35)
EA (CASPT2)=2.01 eV - - - -
EA (exp)= 1.91+ 0.06 eV, 1.860+ 0.005 eV a Absorption maxima in acetonitrile taken from ref 30, unless

otherwise stated. Additional absorptions attributed to the vibrational
aANO C,0[ 4s3pld J/H[ 2s1p ] basis sétBond distances in A structure within parenthesesExperimental values (in ethanol, in water)
and angles in degreeso@enotes a carbon atom bound to an oxygen within parentheses. Taken from refs 33,35, respectivdipsition of
atom.¢ Determined from gas-phase electron-transfer equilibria measure-the resonances in the photodetachment spectrum, feft#& position
ments, refs 54,55! Determined from resonant photodetachment pho- of the main peak ranges from 2.73 to 2.92 eV (vibrational peak from
toelectron spectra, ref 2. 2.94 to 3.08 eV) depending on the solvent, refs 30, 33;35 40, 42,
56. The lowest-energy values correspond to less polar solvents.
e Shoulder detected between 3.22 and 3.40 eV, depending on the solvent,

conventiod® of numbering the normal modes has been employed
o . refs 30, 33, 35, 36, 42. The lowest-energy values correspond to less
throughout. The vibrational spectra computed in the present study werepolar solvents! The position of the main peak ranges from 3.80 to

convoluted with a Lorentzian function of full width at half-maximum 3 g4 oy (vibrational peak from 3.91 to 4.03 eV) depending on the
I'= (47T corresponding to a fictitious lifetim& = 130 fs to account  splvent, refs 30, 33, 3537. The lowest-energy values correspond to
for the finite experimental resolution and for degrees of freedom not |ess polar solvents.

considered here, such as rotation. The effect of the temperature has
been considered by in_clugling_ a population of the vibrational states \,gges mainly involving €C stretching increase upon reduc-
through a Bo!tzmann distribution at 300 K tion, while those involving €0 and G=C stretching decrease.
A|I(I Caégu'atlons have been performed with the MOLCAS-4 program The adiabatic electron affinity of PBQ computed at different
package: levels of theory is shown in Table 1. Experimental data are also
3. Results and Discussion included in Table 1 for comparison. The measured electron
o o affinity is positive and rather high, consistent with the well-
3.1. Geometry and Electron Affinity. The equilibrium  ynown ability of PBQ to act as electron acceptor both in charge-
geometrical parameters computed atthe CASSCF level for  transfer complexes and in biological redox reactions. Inciden-
the ground state of PBQ 1°B;g, together with those obtained  taly, the ground state of the anion is predicted to lie above the
for the ground state of the neutral moleculéid, at the same  ground state of the neutral molecule at the CASSCF level, and
level of calculatior” are collected in Table 1. therefore, a negative adiabatic electron affinity is obtained.
Addition of an electron to PBQ yields significant changes in - addition of the dynamic correlation energy corrects such a
the structural parameters. The=O and G=C bonds are  \rong behavior and leads to the computed value of 2.01 eV, in
elongated by 0.036 and 0.026 A, respectively, whereas t€ C  agreement with the available experimental data (cf. Table 1).
bonds are shortened by 0.036 A. These modifications revealThis significant change reflects the importance of a balanced
that the quinonoid character of the neutral molecule is partially treatment of the different correlation energy effects for the
lost upon reduction. The ring becomes more benzenoid, with gccurate computation of the electron affinity, which is, for this
smaller differences between the single and double carbon reason, a usually difficult property to be determined accurately
carbon bonds, and the carbeoxygen bond length increases. on theoretical grounds.
The changes can be rationalized on the basis of a simple MO 3 5 v/ertical Excited States. 3.2.1. Spectrum Region: 2:2
model. The ground state of the radical anion is mainly described 5 5 a\/ The results obtained at the CASSCE/CASPT?2 level for
by a configuration which can be built by considering the - he electronic states of PBQre collected in Table 2, together
principal configuration of the ground state of the neutral \yith the available experimental data. The optimized geometry
molecule and adding the extra electron to the lowest unoccupiedy the radical anion, listed in Table 1, has been employed for
MO (LUMO). The LUMO belongs to the fy symmetry and  these calculations. Figure 1 contains the most important
exhibits bonding character over the-C bonds and antibonding  gjectronic configurations and their weights in the CASSCF wave
character over the €C and G=O bonds. Consequently, the  fnctions describing the ground and excited states of PBQ
electron attachment is expected to shorten the single bonds angqy the sake of clarity, the same notation that was used in the
lengthen the double ones. Similar geometrical changes were alsqyrevious study of PBE will be employed. Therefore, terms

obtained in recent theoretical treatmet#3>2° These changes  gych as HOMO (H) or LUMO (L) refer to the corresponding
are consistent with those concerning the vibrational frequencies ypitals in the neutral molecule.

reported in a resonance Raman stétiyhe frequencies of the

The ground state of PBQbelongs to the’B,g symmetry.

(28) Herzberg, G.Molecular Spectra and Molecular Structure ;llI The wave function is dominated by a single configuration with
Electronic Spectra and Electronic Structure of Polyatomic Moleciles the following occupation: (149)? (1byg)? (5bay)? (4bsg)? (2bsy)?
Nostrand: New York, 1966. (1big)? (2bpg)* It corresponds to the principal configuration of

29) Andersson, K. Blomberg, M. R. A.;"BBecher, M. P.; Karlstm, G.; .
Lin(dh,)R_; Malmquist, P.-A.; Negogd% P.; Olsen, J.; Roos, B. O.: Sadlej, the ground state of PBQ and the extra electron placed in the

A. J.; Sctitz, M.; Seijo, L.; Serrano-Ande L.; Siegbahn, P. E. M.; 2lpg m*-orbital, that is, the LUMO.
?’S\i'r‘i/mgrhke'nﬁ’i-ég-“ég#t(éﬁsd’r‘;zsé?g;-gf' E:ﬁ;rg‘vfe”éeorf] Tlhgé’;?“ca' Chem- The lowest-lying doublet excited states of the ion are
(30) Zhao, X.; Imahori, H.. Zhan, C.-G.; Sakata, Y. lwata, S.; Kitagawa, Predicted to be the?B,, and the B4 electronic states. At the

T. J. Phys. Chem. A997 101, 622. CASPT2 level, they are located between 2.2 and 2.3 eV above
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of the surplus electron to the LUMO of PBQ in itsAL excited
states. Therefore, they represent core-excited resonances. The
n — L states of the neutral molecule'By and *A,) were
also computed to be the lowest-lying excited st&éi@hey were
predicted to be degenerate at the CASPT2 level, with an
excitation energy of 2.50 eV with respect to the ground state
of the neutral molecule. Thus, the resonances lie below the
corresponding excited states of the neutral molecule, and
therefore, they can be labeled as Feshbach resonances.

Even though the occurrence of these low-lying excited states

was early predicted by theoretical calculati§hthis region of

the spectrum has not received much attention from the experi-
mental point of view. The most complete information has been
obtained recently from the excitation and fluorescence spectra
reported by Cook et. & and from the photodetachment spectra
measured by Schiedt and Weinkauf.

[ In the excitation spectrum of PBQn a rigid matrix, Cook

et al. observed a weak tail in the energy range 225 eV3?

The authors proposed that this feature might represent an
absorption band with an origin near 2.1 eV, corresponding to a
forbidden transition which borrows intensity from the strong
band located around 2-2.8 eV. The fluorescence spectrum
after optical excitation at 2.71 eV produced an emission with
an apparent origin at 2.09 eV and an initial peak at 2.04 eV.
These values agree with those estimated from the excitation
L spectrum. They concluded that the emission and the strong
absorption bands did not arise from the same state. A mechanism
was instead suggested in which the process starts with an intense
absorption around 2:72.8 eV, involving a higher-energy state,
followed by a rapid internal conversion to the final fluorescent
Figure 1. The most important electronic configurations in the CASSCF  State.

wave function for the low-lying states of the-benzosemiquinone Schiedt and Weinkauf analyzed the photodetachment spec-
radical anion. The orbital occupation and the weight in the wave trum of PBQ at energies slightly above the photodetachment
function are given. The weights obtained at the optimized geometry of thresholc? In the photon energy range of 2.20.45 eV, they
neutralp-benzoquinone are indicated within parentheses. found six sharp peaks. The three lowest-energy features (located
at 2.21, 2.23, and 2.27 eV) were attributed to a first state and
the three remaining peaks (placed at 2.40, 2.41, and 2.43 eV)
1?Boy and ¥Bpq — 1°Bgg are dipole forbidden. Taking as  to a second state. The energetic spacing within each group was
reference the main configuration of tAB,g ground state, the  adscribed to vibrational effects. On the basis of the spectral
CASSCF wave functions of these excited states are dominatEdbehavior, the recorded features were assigned to two Feshbach
by n— L one-electron excitations, that is, the promotion of an resonances.

electron from a doubly occupied n orbital to the half occupied  The theoretical results obtained at the CASPT2 level confirm
7* LUMO, closing the LUMO shell (see Figure 1). Itis worth  the assignments proposed by Schiedt and Weinkauf, providing
mentioning that, at the optimized geometry of the anion, the an interpretation of the experimental data. Two forbidden
vertical detachment energy is computed to be 2.10 eV at thetransitions are computed to be the lowest-energy excitations,
CASPT2 level. The lowest-lying excited states lie, therefore, 12g,, — 12B,, and £B,y — 12B3,, which are found to lie in
slightly above the detachment threshold. Consequently, thesethe same energy range where the weak tail in the excitation
states, as well as the higher-lying excited states, represenispectrum is detected. Moreover, the absorption aroune 2.7
temporary negative ion states, the so-called resonances, whictp g eV does not lead to these low-energy* states, but to an

will be unstable with respect to the ground state of the neutral ajlowedzz* higher-energy state (cf. Table 2). The theoretical
molecule and a free electron. The metastable states of aniongindings give support to the suggestion offered by Cook &t al.
can be classified as either shape or core-excited resonances (segepncerning the nature and position of the states responsible for
e.g., ref 12 and references thereln). From the electronic StrUCtUrethe intense absorption and for the weak fluorescence. The
standpoint, shape resonances originate in the attachment of theheoretical prediction of only two electronic states between 2.20
electron to a virtual orbital. _Alternanvely, th_ey can be viewed and 2.45 eV also supports the assignment of the six sharp peaks
as the result of the promotion of the unpaired electron of the of the photodetachment spectrum to two different states
LUMO to hlgher-lylng virtual 'O'Tblta|S. Core-excited resonances proposed by Schiedt and Weinkawven though the calculated
can be seen, however, as arising from the attachment of an extraseparation between the states (0.02 eV) is smaller than that
electron to an excited state of the neutral molecule. They can pptained between the maxima of the two groups of peaks (0.14
be divided into Feshbach and core-excited shape resonancesgv). According to the theoretical results, these states correspond

depending on their energetic position with respect to excited to Feshbach resonances, in agreement with the experimental
state of the neutral molecule involved. The former lie below

the parent state of the neutral, whereas the latter are Iocatedm(?ill)lgha”g' H. M.; Jaffed. H.; Masmanidis, C. AJ. Phys. Cheril975

above. In the case of theHp, and the B3 states of PBQ, (32) Cook, A. R.; Curtiss, L. A.; Miller, J. RI. Am. Chem. S0d.997
their main configurations can be interpreted as the attachment119 5729.
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conclusiong. This successful rationalization of the photode- stretching frequency in the excited st&e€These hypotheses
tachment spectrum could be, however, fortuitous. It should be were supported by the results of semiempirical calculations on
pointed out that the relative positions of &, and?Bsg states the non-substituted anidAwhich predicted only three allowed
with respect to the ground state of the neutral molecule and, electronic states in this region of the spectrum. The states
therefore, the Feshbach resonance character of these statemxhibited 7—=z* character and were of 8 Ay, and By
cannot be unambiguously established at present. The involvedsymmetries. The ground state was predicted to Bg,gstate.
states are within 0.15 eV, the error bar of the method. Moreover, The experimental determination of all these absorption bands
small modifications of the optimized geometric parameters might for the non-substituted PBQwas achieved in further studféss®,
yield a different ordering of the electronic states and, conse- According to the classification by Harada et al., the features
quently, a change in their nature. were distributed into three bands, which were attributeiBtg

From a theoretical point of view, the existence of two lowest- — ?Bg,, 2Bog — %A, and?B,g — ?Bg, transitions, in increasing
lying excited states ofB,, and?Bzg symmetries has been also  order of energy. On the other hand, Chang et'abn the basis
predicted by several authors, using both semiemp#iéaand of semiempirical CNDO/S calculations, proposed a different
ab initic>*>32approaches. Even though the ordering of the states assignment where the?Bs, and PA, states ordering was
is different depending on the method, the computed excitation reverted in order to match the intensity patterns.
energies do not deviate very much from the experimental values, Resonance Raman studie®:38.39.424have given important
except those obtained with the SCF-CI procedure, which are insights into the nature of the excited electronic states of PBQ
overestimated by 0-81.0 eV The remaining ab initio values ~ The Raman spectra obtained by excitation in resonance with
previously reported show deviations smaller than 0.35 eV, either the lowest-energy intense absorption showed the strongest
overestimations (at the CASSCF le\@lor underestimations  enhancement for the vibrational band located at 1620
(at the MP2 leveP). Schiedt and Weinkauf have recently cm136383943Thjs frequency was attributed to the mode
reported some unpublished results obtained by Sobolevski and(Herzberg's notation), which primarily involves in-phase expan-
Domcke at the CASPT2 level of calculati®The excitation sion of the double €C bonds and in-phase contraction of the
energies of théB,, and?B3q states were computed to be 2.26 single C-C bonds®3° As it is well-known, the greatest
and 2.37 eV, respectively. These values were, indeed, used byenhancements in the bands of the Raman spectrum correspond
Schiedt and Weinkauf for the assignment of the six sharp peaksto those vibrational modes which are most responsible for the
to both states. The relative position of the two states was changes in the equilibrium geometry in passing from the ground
identical to that obtained here, but the separation between themto the corresponding excited state, since the Frai@dndon
was larger. overlaps are, in these cases, large. Tripathi and Séfuler

3.2.2. Spectrum Region: 2.54.2 eV.The scarce experi-  estimated the geometric changes associated to the electronic
mental information concerning the lowest-lying excited states transitions by means of a semiempirical evaluation of the bond
of PBQ™ strongly contrasts with the numerous studies of the orders in the different states. Similar changes to those involved
states placed in the energy interval 2462 eV. The UV/vis in vz were found for the 2B,y — 12B3, excitation, whereas the
absorption spectra of PBQn different solvents exhibit, in this ~ 12B,; — 1A, transition was predicted to cause an expansion
region, the most intense bands. They consist of two closely of all the carbor-carbon bonds. The former was, therefore,
spaced peaks between 2.7 and 3.1 eV, a very broad band aroundssigned as responsible for the lowest-energy intense band of
3.3 eV, and a very intense band in the region-3L& eV30.33-37 the spectrum. The, vibrational mode was expected to form
The latter presents the largest oscillator stredg#However, progression in the electronic absorption spectrum. Consequently,
for the other peaks the values reported do not allow to reach athe splitting between the two peaks in the 2371 eV region
definitive conclusion about their relative intensities. The accurate was attributed to this €C stretching frequency in the excited
determination of the position of the broadest 3.3-eV band has state. This conclusion disagreed with that proposed by Harada
been a difficult task. In some cases, it is described just as aand Inokuchi, who suggested a—© stretching frequencsf.
shouldef® or as an unresolved should&@°In other cases, only ~ The broad band around 3.3 eV was assigned téBag— %A,
an approximate location is givéf36 transition363° The Raman spectrum of PBQexcited in

The first clues for the interpretation of these absorption bands resonance with this band showed an enhancement of the ring
were provided by Harada and Inokuéhi*! They recorded the  breathing modé&® which was consistent with the estimated
electronic spectrum of severag-benzosemiquinone radical geometric changes of the transition to #g state®® Moreover,
anions. Even though they were not able to observe all thesetwo vibrational modes of 44 symmetry were also enhanc&u.
features in the case of the non-substituted anion, they foundThey could gain intensity through vibronic coupling with a
them in several derivatives. On the basis of the magnitude of nearby intense electronic transition such as that observed-at 3.8
the intensities, they proposed thats* allowed transitions were 4.2 eV3% The requirements of symmetry impose this transition
responsible for these absorption bands. In addition, the two to be?B,; — ?Bsy. In a recent study of the resonance Raman
lowest-energy absorption maxima, located at 2.87 and 3.04 eV,spectra of PBQ obtained by exciting in resonance with the
were considered to be caused by the same electronic transitiorthree lowest-energy intense bands, identical assignments have
and the splitting £1400 cn?) was attributed to the €0 been proposetf.

(33) Kimura, K.; Yoshinaga, K.; Tsubomura, B. Phys. Chem1967, Recent theoretical studies give different interpretations for

71, 4485, the intense bands depending on the approach. On one hand,
44(()34) Kimura, K.; Yamada, H.; Tsubomura, Bl. Chem. Phys1968 48, SCF-CI and CASSCEF calculatioffsobtained the state ordering
. 2] 2 2] itati i

(35) Fukuzumi, S.; Ono, Y.; Keii, TBull. Chem. Soc. Jpril973 46, .B3“’ Au, and“Ba,. Neverth_el_ess, th.e excitation energies sh_owed,
3353 in some cases, large deviations with respect to the experimental

(36) Tripathi, G. N. R.; Schuler, R. KChem. Phys. LetLl989 156, 51. values. On the other hand, MP2 as well as semiempirical

(37) Zhao, X.; Kitagawa, TJ. Raman Spectros¢998 29, 773.

(38) Tripathi, G. N. RJ. Chem. Phys1981, 74, 6044. (42) Hester, R. E.; Williams, K. P. J. Chem. Soc., Faraday Trans. 2

(39) Tripathi, G. N. R.; Schuler, R. H. Chem. Phys1982 76, 2139. 1982 78, 573.

(40) Harada, Y.; Inokuchi, HVol. Phys.1964 8, 265. (43) Schuler, R. H.; Tripathi, G. N. R.; Prebenda, M. F.; Chipman, D.

(41) Harada, Y Mol. Phys.1964 8, 273. M. J. Phys. Cheml1983 87, 5357.
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calculations yielded?B,g— 1?A as the lowest-energy allowed  Table 3. Geometrical Parameters for théBlg (ground), 2Bs,,
transition32 Furthermore, unpublished CASPT2 calculations and FA, States of thep-Benzosemiquinone Radical Anion (PBR
placed the lowest-energyr* transition (lszg—' 12A,) at 2.78 Optimized at ther-CASSCF Level within theDz, Symmetry

eV.2 On the basis of this result, the broad peak at 2.50 eV found  parametér 1°Byg 1%Ba, 12A,

in the photodetachment spectrum of PBQittributed to the r(C=0) 1.244 1.301 1.227

origin of a shape resonance, was assigned to?hestate? r(C=C) 1.369 1.404 1.393

Therefore, the band assignment is still an open question. r(C-C) 1.443 1.418 1.466
. . r(C—H) 1.075 1.074 1.072

As can be seen in Table 2, the CASSCF/CASPT2 calculations
carried out in the present work place four electronic states in ~ U(C—Co—C) 114.8 116.5 119.6
the energy range 2-54.2 eV. They are the’B;, and £A, states, 0(C=C-H) 120.4 120.0 123.0

with excitation energies around 2.8 eV and computed to lie very  2ANO C,O[ 4s3p2d J/H[ 3s2p ] basis sétBond distances in A
close in energy, the2|]3lg state, located at 3.25 eV, and the and angles in degreeSCo denotes a carbon atom bound to an oxygen
22B4, state, placed 3.56 eV above the ground state. Transition 30

to the B4 state is dipole forbidden, whereas the remaining are
dipole allowed. The most important configurations of the
corresponding CASSCF wave functions, depicted in Figure 1,
involve promotions implying onlyr orbitals. The B, states have
significant multiconfigurational character. Three basic configu-
rations are involved: H-1> L, L — 3bs, and H— 1g,. The
12B3, is mainly described by the two first configurations (56
and 21%, respectively) and théB2, state by the second and
the third configurations (40 and 22%, respectively). PAg
and?B,q states are essentially singly excited configurations, a
shape resonance (& 1a,) and a core-excited resonance<H

L), respectively. The latter is computed to lie 3.25 eV above
the ground state of the radical anion, whereas the correspondin

however, far from being evident. Two electronic staté8s1
and BA,, are predicted to be quasi-degenerate at the CASPT2
level, and are computed to lie in the same energy region where
the two first intense peaks occur, that is, between 2.7 and 3.1
eV. These peaks have been adscribed to vibrational structure
of the same absorption band. The assignment is even more
difficult for the broad band located around 3.3 eV, since no
allowed state is predicted in this region. TH81,is computed
to lie at 3.25 eV, but the transition from the ground state is
forbidden.
Although both the 4B3, and the %A, states have been
uggested as responsible for the lowest-energy intense band of

excited state of the neutral moleculely) was found 4.19 he spectrum, the most conclusive experlmental results assign
the feature to the former, on the basis of resonance Raman

eV above the ground state of PBConsequently, the negative gata?°'38v39The Ba, state is also pointed out by the CASPT2

lon state corresponds to a Feshbach resonance. The OSCiIIatOcalculations as the most plausible candidate for such a feature
strengths for the 2Bog — 1?Bg,, 12Byg — 12A,, and $Byg — P '

2?B3, allowed transitions are computed to be 0.0532, 0.1044, 2 lrit ﬂ;ess'?nﬁ;?gn?'fjfgﬁﬂjcebgegﬁleeqésg tis\tgte;nlj ZO g’énﬁililtig;at
and 0.3203, respectively. y 9 y

. interpretation requires additional theoretical data. Likewise, it
To check that these states were the only candidates for the,

) ; ; ) . " " is not possible to elucidate whether the existence of two peaks
assignment of the optical absorption bands in this region, js que to the vibrational structure or to the occurrence of two
additional calculations were carried out. First, higher-lying n

° IHe . allowed electronic states close in energy.

andzr* excited states were computed. The excitation energies  \yith respect to the feature at 3.3 eV, it has been assigned to
obtained confirmed that these states were placed more than Yhe PB,, — 12A, excitation on the basis of Raman measure-
eV above the 2Bg, state. They were not located in the energy ,ants36.3° |f we assume such an assignment, the CASPT2
range considered and, therefore, they can be excluded. Secondyyitation energies would deviate 0.4 eV from the experimental
electronic states which represent excitations of the unpaired,,5),e. The error would be larger than expected for the method
electron to a valence* orbital (L — o*) were also analyzed.  (yjth the employed basis set). Nevertheless, it is worth noting
Oneo* orbital of specific symmetry (@ Dzu, bi, Or bsg) was that the shape of the feature observed in the UV/vis spectra
added to the active space to compute four new excited statesqpes not allow an accurate determination of its position. The
Therefore, 9e /9MOs active spaces were employed. PBg;  apsorption profile shows a shoulder, and it is difficult to locate
state was co_mp_uted to lie in a hlgher-ener_gy range, with a the maximum and to evaluate the oscillator strength. Indeed, in
predicted excitation energy of 5.63 eV. Regarding the other three some of the reported spectra, the shape of the shoulder suggests
L — o states, they were located between 3.7 and 4.1 eV aboVe that the maximum might be placed at lower energies, but masked
the ground state. Transitions to tPq and?Byy are optically by the adjacent band, and that the feature observed might
forbidden. Despite the dipole-allowed character of the transition correspond to the tail of a broad band.
to the ?By, state, its oscillator strength was computed to be @ The full interpretation of the electronic spectrum can only
hundred times smaller than that corresponding to fiiggt— be achieved by answering all of these open questions. The
2°B3, excitation. Therefore, the contribution of these states to analysis of the vertical excitation energies does not provide, in
the absorption spectrum can be confidently considered to bethis case, enough information to establish the nature of the
negligible. observed bands. An additional study of the vibronic transitions

The results obtained in the present work give important is, therefore, necessary for the understanding of the spectrum
insights into the interpretation of the experimental data. The in this energy region, as it is shown in the next section.
most intense band of the electronic spectrum has been detected 3.3. Vibrational Analysis of the B,y — 1°Bs, and 1°Bog
around 3.8 eV. According to the CASPT2 findings, only the — 12A, Absorption Bands. A recent study of the vibronic
1?B,y — 2°Bg, excitation can be responsible for that feature. It frequencies and intensities of the low-lying absorption bands
exhibits the largest oscillator strength and the excitation energy of the benzene molecule was successfully perfoffhadd led
is computed to be 3.56 eV. This gives further support to the to an accurate description of the main vibrational features. A
assignment proposed by Tripathi and Schéftepnfirming also similar study has been carried out here. Table 3 compiles the
previous theoretical predictiod®3141 The assignment of the = geometric parameters for théBbg, 1°Bs,, and PA, states of
lower-energy features found in the 2.3.4 eV interval is, PBQ optimized at ther-CASSCF level using the ANO C,O[
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Table 4. Harmonic Frequenciesog, cm ) for the £Byq (ground),
1?B3,, and PA, States of theg-Benzosemiquinone Radical Anion
(PBQ)
theoreticat experimental '
sym modes 1By 1Bz, 1%A, 12Byg 1?Byg
ay v1 (v) 3307 3317 3345
V2 (Va) 1798 1694 1737 1609 1620
v3 (v7a) 1608 1296 1605 1452 1435
V4 (Voa) 1239 1186 1202 1143 1161
vs (v1) 864 877 834 819

Ve (Ves) 499 492 482 470 481
a v (n) 995 916 505 v, va vg
ve(vie) 434 441 351
by ve(viy 808 786 409 748

’!/20(1!15) 1198 1202 1453
v21(V14) 1062 670 1103 1046

blu VlO(VZOa) 3278 3294 3319
vi(vi) 1688 1551 1727
viviey 1486 1212 1461 1347 1504
1/13(’1/13) 1022 1055 1009
V14(V133) 850 827 816 780
bzg 1/15(’1/5) 980 909 764
VlG(V4) 803 719 686
1/17(V10b) 351 351 287
b2u Vlg(Vzob) 3303 3311 3338
vio(vie) 1586 1382 1662 1506 1468
V3 VS

’!/22(1/13[3) 407 375 458 Ve
b3y v23(V7b) 3279 3291 3314 Figure 2. Computed normal modes of the’Bk, (top) and %A,
vod(vey) 1583 1570 1426 1453 1472 (bottom) excited states of thebenzosemiquinone radical anion.
vas(v3) 1366 1363 1146 1257 1291
Voe(Van) 680 686 641 638 The electronic transitions from the ground statéB;}, to
v2r(ver) 506 456 462 497 the excited B3, and PA, states are both dipole allowed for
bau Zzagmg ggg ggg ;71‘21 505 one-photon promotions. As can be expected, excitations into
vy 144 157 130 the symmetric modes lead to the most intense transitions of the

vibronic spectra. The vibronic intensities were thus calculated

— - . ! .
* 7-CASSCF results within th®, symmetry.® Resonance Raman o1y including the totally symmetric modes, and also the

spectra in acetonitrif® unless specifiec. Herzberg’'s conventicn

(Wilson's conventiof). ¢ Imaginary frequency found within thBa;, bsy modes, whiph are thermally accessib_le due to their low
symmetry.e Resonance Raman spectra in water, refs 36 and 43. frequency. Excitations up to 2 quanta in the ground-state
Reference 59. vibrational modes and 5 quanta in the excited-state modes were

4s3p2d J/H[ 3s2p P basis set within theDy, molecular considered. o _
symmetry. Deviations smaller than 0.003 A in the distances and Figure 3 displays the VIbI’OI’]I(23 structure of the electronic
0.1° in the angles are observed for théBl, (ground) state ~ absorption transition Bag — 1°Bau The spectrum is a
geometry when compared to the data in Table 1 using a smallercombination of fundamentals, overtones, combination, and hot
basis set. Different effects are observed on the relaxed geom-Pands, and exhibits a long progression of about 1 eV. Table 5
etries upon excitation into théBs, and A, states. The former compiles the energies and oscillator strengths of the vibrational
presents elongation of the double-C and G-O bonds and transitions. A conventional nomenclature has been introdticed
shortening of the single-€C bonds, modifying the system from where a mode is represented by its number and the number_of
a quinonoid structure toward a benzenoid type of ring (1.390 quanta in the I(_)wer and upper electronic states as a subscript
A is the C-C bond length in benze®. The 2A, state has an ~ @nd & superscript, respectively. _

expansion of all the EC bonds, which can be described as a The 0-0 transition corresponds to the most intense peak of

ring breathing, and a contraction of the-O bonds. the PB3, spectrum. The strongest progression carries one quanta
Table 4 lists the harmonic frequencies computed for the three ON thevz a '1“00'9: which has a computed harmonic frequency
mentioned states at thieCASSCF level using thBy, optimized of 1694 cn1. The main deformations caused by this mode can

geometries. Figure 2 displays some selected normal modedgde observed in Figure 2. The contri'butions to the composition
computed for the 2B, and 2A, excited states. The frequencies  ©f ghe mode are: 27% CCH benghng, 20%=C stretching,
obtained for the 2B,y ground state can be compared to the 20% C-C stretching, and only 14%=€0 stretching. The’,
experimental Raman and infrared (IR) determinati®nghe mode is t_ht=T most efficient in brlnglng intensity to the bands
CASSCF computed harmonic frequencies are overestimated byPecause it is related to the geometric changes undergone by
approximately 5-10%. The good performance of the CASSCF PBQ” in passing from the ground to théBy, state, that is,
force fields in previous studi&to obtain vibronic intensities ~ €nlargement of both the<€C and G=0 bonds and shortening
led us to directly use the computed frequencies and discard any°f the C-C boars‘gg’- These results confirm the resonance Raman
scaling procedure. It is relevant to note that the compé#ted  assignment8-*39which attributed to mode a, the splitting
force field has an imaginary frequency for the out-of-plage  Of the peaks in the 2:73.1 eV region of the absorption

a, mode. The molecule, therefore, seems to break the pIanaritySpeCtrum- The first peak mostly originates in theQdtransition,

in the excited state. As the, anodes will not carry much ~ and the second peak around 2.9 eV results fromitheg
intensity on absorption from the ground state, Bagforce field progression with a noticeable contribution of thgt@nsition

will be u§ed asan effective potential in an approximate treatment ™ 44y Callomon, J. H.; Dunn, T. M.; Mills, I. MPhilos. Trans. R. Soc.

of the vibrational structure of the stefe. London1966 A259 499.
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Table 5. Computed Frequencies (c#) and Oscillator Strengths

o0 (f) of the Main Vibronic Bands of the?B,y — 1?Bg, Transition in
1 the p-Benzosemiquinone Radical Anion (PB®
%
frequency /1072 assignment frequencyf/1072 assignment
| 20522 0.027 ¢ 23612 0115 32
20999 0.099 29} 23624 0.057 3530}
s 1 21014 0.076 ¢! 23698  0.040 l@2
g % 21021 1443 80 23901  0.031 24
£ 233 s 21033  0.715 3¢t 24010 0587 I3t
0
216150} & 21046  0.353 3@ 24023 0291 213l30!
. 23, 21506  0.059 ¢ 24036  0.144 pl3lze
. 21513 0408 ¢} 24104 0031 3¢
23
A Aﬁ,}(& ke? 21525 0.202 6(1)301 24409 0.499 25
an As 1 2
28000 27300A 26000 25000 24000 23000 22000 21000 20000 19000 21538 0.100 6y 305 24422 0.247 2% 30}
Freauency (i/cm) 21898  0.041 & 24434 0122 2232
22004  0.050 @2 24502  0.158 lalgl
0 0~0 ~0
22294 0.049 329 24515 0.078 2737 6;30;
22316 0708 3! 24901 0133 22¢
| 6 22329 0351 3!30 24913 0.066 226!30!
5361 00 22341 0173 3l 25196  0.033 plzlgl
22693  0.085 logl 25306  0.090 2!32
1
g | % 22708  0.062 2!t 25705 0225 223
£ o & 22715 1.246 3} 25717 0111 22330
0% 22727 0618 2130 25730 0.055 23l3¢
| 5565 22740 0305 2l3@? 26103 0123 23
h 22808  0.196 3¢ 26116  0.061 2230
lm“\ h p 22821 0097 3lel3pl 26196  0.059 223l
n MWULJ UM ' M | 23200 0.048 plg? 26595  0.031 22g
28000 27000 26000 25000 24000 23000 22000 21000 20000 19000 23207 0.342 2lel 27000 0.032 2(2) 3(2)
Frequency (1/cm)
23219 0.170 2tgt 27399 0.053 233t
Figure 3. Computed spectra for the electron absorpticiBs.t— 12B3, 2‘1)6(1’ 30; 22 %
(top) and 2B,y — 1%A, (bottom) for thep-benzosemiquinone radical 23502 0.042 K4 27797 0.021 2

anion. The most important transitions are indicated. See Tables 5 and modd”. See text for the nomenclature of bands.
6 for assignments. I
is based on the comparison to the ground-state frequency of
(see Figure 3). The proposal by Harada eahat moders & modews, 1435 cntt 3643 without taking into account that this
with larger contributions of €0 stretching (see Figure 2) is value largely decreases in the excited state. The present
responsible for the band splitting is then not supported by our assignments are made, however, on the basis of both vibrational
calculations, although modes & also forms an intense excited-state frequencies and transition intensities and seem less
progression in the spectrum. Another argument based on thequestionable.
deuterated spectrum can be added to support our interpretation. Figure 3 shows the vibronic structure of the electronic
On deuteration the peak at 2.9 eV becomes sharper in theabsorption transition 2B,y — 1°2A,. Table 6 compiles the
experimental spectrufif.The present CASSCF force field has energies and oscillator strengths of the vibronic transitions. The
been used to compute the vibronic band shapes of the corre-vibrational progressions are shorter(.6 eV globally) than
sponding transition for the deuterated compound (not included those in the transition to théB3, state. This result agrees with
here for the sake of brevity). The spectrum shows a decreasequalitative expectations when analyzing the changes on the
of intensity for the étransition but not for the @transition, relaxed geometries of the excited states with respect to the
which remains the main responsible of an obviously sharper ground state, much smaller for théAL state. The most intense
peak. Consequently, our calculations strongly support the peak of the computed transition corresponds to the excitation

interpretation of the two bands clearly observed in the-3.1 of 1 quanta into modes &g (68), computed at 482 crt above
eV region of the absorption spectrum of PB&s corresponding  the band origin. The strongest progressions involvemthey
to a vibrational progression of theByy — 1?Bg, transition, mode, although thes a; mode clearly participates in the second

and not related to the?A, state. The splitting observed between  strongest progression. The combination of modgsndvs (see

the peaks in acetonitrilesz 1400 cnt! would correspond to Figure 2) corresponds to the breathing movement suggested by
the computed frequency for thg mode in the 3B, state, 1694 the change in the geometry associated to thgygl— 1°A,

cm™%, a value which is overestimated in the CASSCEF force field absorption (see Table 3). The enhancement of the breathing
and is expected to decrease once the effects of anharmonicitiesnodes in the resonance Raman spectrum, which would indicate
and unaccuracies of the method are considered (the frequencythe presence of the?A, state, is not detected when excited in

of the v, mode is overestimated by 189 chin the ground resonance with the lowest-energy intense peak and is only
state, cf. Table 4). The assignment of the observed splitting to clearly observed for excitations higher than 3.23%\This is

the progression on modg can be ruled out. Such an assignment an argument to discard the presence of thg, ktate at energies
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Table 6. Computed Frequencies (c#) and Oscillator Strengths
() of the Main Vibronic Bands of the?B,y — 1?A, Transition in
the p-Benzosemiquinone Radical Anion (PB®

frequency /1072 assignment frequencyf/1072 assignment
20391 0.050 @?30; 22572 0.344 g2
20405 0.105 ¢ 22672 0.132 gl6f3c?
20875 0.234 302 22684 0.062 s5i¢g’
20889 0.494 30! 22686 0.279 56330
20893 0.063 29 22701 0.589 562
20904 1.042 60 22830 0.077 6]
21239 0091 56 22975  0.127 3630
21356 0.270 ¢} 3c2 22990 0.267 3! 6}
21371 0.571 ¢} 30; 23039 0.190 526} 30}
21374 0.072 ¢} 29 23053 0.400 s52¢}
21385 1.204 ¢ 23168 0.108 55 6] 30;
21709 0.197 513¢2 23183 0.227 5l63
21723 0.416 s5%30; 23342 0.187 3l
21727 0.053 5529 23406 0.083 53
21738 0.877 5% 23457 0.075 3% 6(2] 30%
21838 0.156 @23¢2 23471 0.158 3l¢?
21850 0.075 ¢ 23521 0.111 s526230;
21852 0.329 6230 23535 0.233 5262
21867 0.694 ¢2 23664 0.065 sl
22190 0.228 5}6;302 23795 0.050 3t5;6;302
22205 0.483 5} 6;30; 23809 0.106 3;5;6;30;
22208 0.061 s5t6f29gt 23824 0.223 3! 5l 6;
22219 1.017 s5lel 23887 0.097 53¢l
22320 0.060 &33a2 23953 0.062 363
22332 0.050 ¢! 24017 0.090 5263
22334 0.126 ¢330} 24176 0.073 352
22348 0.266 ¢} 24291 0.063 3t5;6230
22479 0.051 3l3¢2 24306 0.132 356
22494 0.107 3t30; 24369 0.057 53¢l
22508 0225 3l 24658 0.087 3526}
22543 0.077 52302 24787 0.052 3l5l6l
22557 0.163 5% 301 25140 0.052 3% 53 63

amodd". See text for the nomenclature of bands.

around 2.7-2.8 eV and to assign the broad band observed at
3.3 eV to the 1B,g— 1%A, transition. It is worth pointing out,
however, that a group of vibronic transitions corresponding to
the 2B, band lie in the same region of the spectrurf 82
and % see Figure 3) and may also contribute to the 3.3 eV
feature, which is more a shoulder than a clear peak.

The overall oscillator strength calculated for th84,— 1°A,
transition from its vibrational structure is 0.1930. This result
contrasts with a somewhat smaller value computed for #Bg,1
— 1?B3, transition, 0.1557, despite the more intense character
of some of the vibrational peaks involved in the transition to

the B3, state. These results are consistent with those obtained

for the corresponding states in the vertical calculations (see
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responsible of two clear features, and the other higher in energy
and broader (3A,).

The band origins for the transitions to théB3, and 2A,
states are difficult to establish because they are very close in
energy. Using the CASSCF-optimized ground- and excited-state
geometries, the adiabatic CASPT2 energies obtained for the
transitions from the ground to théHs, and 2A, states (ANO
C,O[ 4s3p2d J/H[ 3s2p ] basis set) were 2.61 and 2.59 eV,
respectively. These values have been used to place the spectra
displayed in Figure 3 and in Tables 5 and 6. The corresponding
vertical (ground-state geometry) transition energies using the
same method and basis set were 2.70 and 2.78 eV, respectively.
The larger relaxation observed for th&\], state (0.19 eV) than
for the B3, state (0.09 eV) goes against expectations. The
geometry changes on excitation are smaller for thig, ktate,
and also the computed progressions are shorter. As it has been,
however, observed in previous studfé4bthe use of CASSCF
optimized geometries in combination with CASPT2 electronic
energies leads to slight overestimations of the size of the
relaxation, in particular in states with small geometric changes
from the ground state. The accuracy of the present results does
not then allow to place unambiguously the two bands with
respect to each other. On the basis of the previous arguments
and the resonance Raman data, it is probable thatfhgstate
is placed at higher energies than tRB3), state, both diabatically
and adiabatically. The assignment of the observed bands seems,
however, clear: the 2:72.9 eV intense peaks correspond to
vibrational progressions of the transition to ti#84, state, and
the 3.3 eV feature is most probably a more complex combination
of bands in which the 2A, state is the most important
contributor.

3.4. Excited States at the Geometry of Neutrap-Benzo-
quinone. Electron-scattering studies have also provided interest-
ing information about the energy position and character of the
excited states of PBQ*"~3 To obtain theoretical results which
can be directly compared to the experimental data reported in
those studies, the low-lying excited states of PBQ@ere
recalculated at the optimized geometry of the ground state of
neutral PBQ. The attachment energies, that is, the energy
differences between the anion states and the ground state of
the neutral system, were further calculated. The CASPT2 results,
together with the values obtained experimentally using the
different techniques, are collected in Table 7. The weights of
the different configurations in the CASSCF wave functions are
indicated in Figure 1 within parentheses.
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Table 7. CASPT2 Attachment Energies (AE) pfBenzoquinon& According to the computed attachment energies, the tempo-
experimental (eV) relative rary anion states of PBQcan be classified into three groups:

state AE (eV) SESY ETS ETS vib.exc energy (eV) the first group comprises states with AE values in the range
0.8-1.0 eV. The B34 and 2B, na* states, as well as the

2 — . . .

12529 é'g‘; g‘gg 1?A, state (which is located between them), belong to this set.
leig 091 070 072 069 0.77 555 The second group is formed by theB}, state, with a predicted
12B,, 0.96 2.60 AE of 1.31 eV. Finally, the attachment energy interval-1.8
12Bg, 1.31 135 143 141 1.6 2.95 2.0 eV defines the third group, which contains tH#832 and
2By, 187  1.90 215 211 20 3.51 17B, states.

12B;;  1.99 3.63

As it is shown in Table 7, the experimental values obtained
aThe AE is the energy difference between the anion state and the by means of the different techniques are very similar. Three
ground state of the neutral molecule, both computed at the CASSCF |ow-energy resonances have been observed in such studies at
optimized geometry of the neutral systehata from SE scavenger — glectron energies around 0.7, 1.4, and 2.0 eV. Nevertheless, the
spectra, ref 49 Data from electron transmission spectroscopy, ref 51. assianments proposed differ substantially from one studv to
dData from electron transmission spectroscopy, refe&iata from 9 prop X y y
vibrational excitation by electron impact, ref 52. another. Cooper et &.interpreted the resonances observed in

their Sk scavenger spectra on the basis of a simple MO model.
The 2B, state is computed to be the lowest-energy state of They associated the three resonances with thesa and by
the radical anion at this geometry. It is located 1.64 eV below 7* orbitals, respectively, on the basis of the qualitative
the ground state of the neutral molecule. It has therefore agreement observed between the energy of the resonances and
undergone a destabilization of 0.37 eV with respect to the the semiempirical computed orbital energies. Nevertheless, the
equilibrium geometry. As regards the excited states, their POOr agreement obtained for the highest-energy resonance called
energetic ordering becomes completely altered upon modifica- this assignment into question and the authors did not rule out
tion of the structural parameters. This is due to the very different Other explanations like, for example, a Feshbach resonance
effect that the geometric variations have on the energy of the involving an nr* state of PBQ™ This possibility had been
states. All of them become destabilized in a total energy scale, Previously suggested by Christophorou et al. to justify the
but the energy increase goes from 0.11 eV, in the case of thefesonance which they observed at 2.1 eV in their electron
12A, state, to 0.76 eV for the 2B, To make easier the  collision experimentd’4® Cooper et af® later revised their
comparison, the relative energies of the excited states of the@ssignmentin the light of the optical absorption measurements.
ion with respect to the2B, ground state have been included 'twas observed that the energy of the three most intense bands
in the last column of Table 7. TheB,, and B3y nr* states of the absorption spectrum and the relative energies of the
undergo strong destabilizations. According to the CASPT2 resonances with respect to the ground state of the anion were
calculations, they are placed 2:3.6 eV above the ground state  Very similar. Consequently, identical assignments to those
of the anion, and théBs, state is computed to be more stable reported in the optical study were proposed for the resonances,
than the 2B, state. The corresponding excitation energies at that is, Bsu’Au, and Bsu. On the basis of the large signal
the geometry of the anion, shown in Table 2, were in the range Intensities, Allan attributed the three lowest-energy features of
2.2-2.3 eV, and the order of relative stability was the opposite. € electron-transmission and electron-energy-loss spectra to
The most significant changes occur for tH84, and A, sha.pe.resonancé‘sBy means of the analysis of the vibrational

states. They were computed to be quasi-degenerate at theexcnz_atlons by electron impact, he_concluded that the results were
optimized geometry of the anion. In contrast, at the geometry consistent with the previous assignment of these resonances to

2Bay, %Ay, and?B3, state? Modelli and Burrow? also recorded
of the ngutral system, they are separated by 0.40 eV, %hg 1 the electron-transmission spectrum of PBQ and proposed an
state being lower in energy. Whereas the total energy of the

5 . . interpretation of the resonances by performing a simple per-
florBBtuhsetatlgi trc;?gé/ '2?}:;?5;: (\S)éfz i::l)e tr(lg iirrgzgoﬂdg‘ng \t/r?'laueturbation analysis on the molecular orbital energies. The two
U 9 y A ) up lowest-energy resonances were adscribed to electron capture into
structural modifications. Thus, the relative energy increases for

the By, state (from 2.80 to 2.95 V), but decreases for the A the ky, and a 7* valence orbitals, respectively. However, the

A . highest-energy feature could not be assigned to* ashape
state (ffom 282 1o 2'5.5 eV). This dlffer(_ant beha\(mr can be resonance, and it was suggested that it might derive from a core-
rationalized on the basis of the geometries optimized for the

. ) . . excited resonance. The similarity between its relative ener
two states and discussed in the previous section. For?Bg 1 y 9y

tate. th timized structural ¢ h anifi tand the position of the most intense band of the absorption

Za 'elt' € fop 'Th'ze sb;uf: u(rje; ptart]rame erz S{ ?W filk?nl Ican spectrum in solution led these authors to propose the same
eviations from those obtained for the ground state o e‘?’m'on’assignment as was suggested in the studies of the optical
but the differences are much larger when compared to the

spectrum, that is, 8B3, state.
computed values for the ground state of the neutral molecule. According to the CASPT2 results, three electronic states are
However, for the A, state, some bond distances, such &s C

. . ; candidates for the assignment of the resonance detected around
O and C-C, are intermediate between those corresponding to 5 7 oy the B3, 1%A,, and PBy, states. The A state

PBQ and PBQ and the deviations are smaller. Cons?q“em'y’ corresponds to a shape resonance, whereas the other two
the change of the geometry when passing from the ion t0 the o resent core-excited resonances (cf. Figure 1). The three
neutral is expected to produce a strong destabilization on thelowest-energy signals recorded in the electron transmission
Bay state, but should not affect very much the energy of the A gpecira have been attributed to shape resonances on the basis
state, as it is corroborated by the theoretical results. of their spectral characteristiesTherefore, the feature observed
As far as the 1Biq and 2Bs, states are concerned, they around 0.7 eV is assigned to th#A state. With regard to the

interchange their positions upon geometric changes. The relativeresonance at 1.4 eV, only théBl, state has been computed to
energy of the B, state increases considerably, whereas it is have an attachment energy in this range. Therefore, this is the
nearly the same in the case of the,Btate (cf. Tables 2 and  assignment proposed. It is worth analyzing the corresponding
7). wave function sketched in Figure 1. The weights of the
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configurations calculated at the geometry of the anion and thoseThe geometry of the anion has been optimized at the CASSCF
obtained at the geometry of the neutral species do not level and, compared to the neutral molecule, a more benzenoid
significantly change for the states which are mainly single- structure has been obtained. The ground state of the anion is
configurational. However, for those states which exhibit strong found to be of?Byg symmetry, which corresponds to the
configuration mixings, such as thBj, states, the weights  attachment of an electron to the LUMO. The computed electron
become rather different. In the case of the first root gf B affinity is positive at the CASPT2 level and agrees with the
symmetry, the most important configuration is the—t 3bg, experimental data.
excitation (shape character), with a computed weight of 50%, The calculation of the vertical excited states enables the
instead of the H- 1 — L one-electron promotion (core-excited understanding of important features of the spectrum of the
character), which exhibited the largest contribution to the wave radical anion. Two Feshbach resonancéB4land By have
function at the optimized geometry of the anion. This is in been found in the energy range 223 eV and have been
agreement with the shape character predicted experimentallyproposed as responsible for the weak tail observed in the
for the resonance at 1.4 eV. Th#B3, and B4 electronic states  excitation spectrum in the same region and for the peaks detected
are candidates for the assignment of the resonance observethetween 2.2 and 2.5 eV in the photodetachment spectrum. The
around 2 eV. The latter corresponds to a Feshbach resonancemost intense band of the absorption spectrum, observed-at 3.8
Consequently, it was excluded and t#B2, state was assigned 4.1 eV, has been assigned to tH82, mx* state.
as responsible for such a feature. Its CASSCF wave function To provide an interpretation of the strong features detected
exhibits a strong multiconfigurational character, with three between 2.7 and 3.1 eV and the unresolved shoulder observed
important configurations of similar weights. around 3.3 eV, a calculation of the vibronic frequencies and
The occurrence of core-excited temporary anion states in theintensities of the two lowest-energy intense absorption bands
same regions where two resonances have been detected shoultas been carried out. The sharp peaks at3.7 eV have been
be also emphasized, since they could be involved in radiation- attributed to the vibrational structure of théBky — 1?Bay,
less transitions from the observed resonances and, therefore, irtransition, due to the, ay mode. This confirms the assignment
the dynamics of the anion. Indeed, the formation of a long- proposed on the basis of resonance Raman measurements.
lifetime negative ion has been explained considering fast Nevertheless, the’B,; — 12A, transition is found in the same
radiationless relaxation processes, which would be enhancedregion. It exhibits a larger computed oscillator strength, but it

by the occurrence of these electronic anion stafés! is less peaking and more broad than tRB3} band. Therefore,
The assignment of the resonances to tA&,112B3,, and it is expected to contribute to the features observed between

2%Bg, states (in the order of increasing energy) proposed here2.7 and 3.4 eV. Indeed, the 3.3 eV feature has been assigned to
does not support any of the previously reported assignments.a complex combination of bands in which th&\} state plays

Most of them were based on the comparison with the optical the major role.

absorption spectrum, which also exhibited three bands. However, The calculation of the excited states at the optimized geometry
the present results show the invalidity of such a procedure, sinceof neutralp-benzoquinone made possible the interpretation of
the position of the states strongly changes with the geometric the experimental data obtained with electron scattering tech-
modifications. Likewise, the fact that simple MO models cannot niques. The three resonances observed around 0.7, 1.4, and 2.0
provide a full interpretation of the experimental features can eV have been attributed to théAl, 1°Bs, and 2Bg, states,

be understood in the light of the strong configuration mixing respectively, ruling out previous assignments based on simple
observed for some relevant excited states. MO models or comparisons to optical absorption spectra.
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