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Electronic structure of para-benzoquinone radical anion revisited

Alexander A. Kunitsa® and Ksenia B. Bravaya®
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bInstitute of Problems of Chemical Physics, Chernogolovka, Russia, 142432

Photoinduced dynamics in para-benzoquinone anion features a subtle interplay
between autodetachment and non-adiabatic transitions involving a dense manifold
of resonances. We report the results of multistate multireference perturbation theory
study of the electronic structure of the para-benzoquinone anion in the ground, sev-
eral low-lying excited electronic states, and in the lowest electron-detached state (the
ground state of the neutral molecule). The electronic structure calculations revealed
non-planar equilibrium geometry of the 2A,, excited state of the anion, but the effects
of non-planarity on the shape of the absorption spectrum are found to be minor. De-
spite the large differences in the vertical excitation energies for the two lowest bright
excited states, 24, (2.55 eV) and ?Bs, (2.93 eV), the simulated absorption spectra
overlap significantly for the photon energies below 2.7 eV. Relevant minimum energy
conical intersection points have been located using the CASSCF method. Excited-
state deactivation channels are discussed in the context of the accurate energetics

and recent spectroscopic studies of the para-benzoquinone anion.

I. INTRODUCTION

Unique electron accepting properties of quinones make them integral components of molec-
ular assemblies involved in biological electron transfer [1-5]. Electron attachment to quinones
is a thermodynamically favorable process leading to stable charge separation at intermediate
steps of photosynthesis [3, 4] and cellular respiration [5]. Such highly exothermic reactions
often fall into the inverted Marcus region and proceed with low rate constants [6]. Yet, elec-
tron attachment to several quinones in non-polar solvents exhibits marked deviations from the
Marcus theory behavior [7, 8] and occurs on the time-scales of nearly barrierless reactions.
The reported high values of the apparent rate constants were initially attributed to the forma-
tion of the electronically excited anions [7]. The fundamental insights into the mechanisms of

electron capture by quinones were obtained from the experimental studies of p-benzoquinone
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(pBQ) [8-11], the simplest quinone model system. Temperature [8] and pressure dependence
[10] of the electron capture rates to pBQ in various non-polar solvents was rationalized by an
initial electron capture to the wn* excited state of the anion and subsequent relaxation to the
ground state via the manifold of the dark n7* states, which occurs on the nanosecond timescale
[9]. The detailed information on the nature of these states had been extracted from the gas
phase studies of pBQ*~ [13-19]. Although pBQ itself has a positive electron affinity, the lowest
bright excited states of the isolated molecular anion are metastable with respect to electron
detachment and have finite lifetimes [13, 14, 20].

The electronic structure of metastable anions in the gas phase can be probed in either
full-collision or half-collision experiments [21]. The former group of techniques relies on the
scattering characteristics of incident electrons by neutral molecules while the latter deals with
the autodetachment of transient anions initially prepared in metastable resonance states [22, 23].
The two groups provide complementary information as they allow one to probe autodetachment
at different molecular geometries - the equilibrium geometry of the neutral parent molecule
and the corresponding anion, respectively. Both approaches were applied to pBQ®*~. The key
processes initiated by photoexcitation of pBQ®*~ are illustrated in Fig. 1. Electron attachment
to neutral pBQ can, in turn, proceed either directly to the ground electronic state of the anion
or via excited metastable electronic states followed by the relaxation to the ground electronic
state.

Metastable states of isolated anionic pBQ were first observed by Christophorou et al. [18]
The resonance was located at 2.1 eV above the ground state of the neutral [17, 18]. Further
cesium collision ionization mass-spectrometry, electron transmission, and electron energy loss
spectroscopy studies revealed several low-lying resonances at 0.7, 1.4, and 1.9-2.1 eV [15, 16].
The resonances were assigned to the excited states of pBQ®~ [15]. Importantly, the decay
of the resonances at 1.4 eV [15] and 2.1 eV [16] exhibited a two-channel behavior, with the
slow components in the pico- to nanosecond range. The long lifetimes of the metastable anion
states have been rationalized by proposing the initial formation of the excited state of the anion
followed by fast relaxation to the long-lived ground electronic state, which can proceed either
directly or via intermediate excited electronic states.

Thorough photoelectron photodetachment spectroscopy studies of pBQ®*~ by Schiedt and
Weinkauf [20] indeed demonstrated the existence of multiple resonances at 2.1-2.5 eV above

the ground state of the anion. The resonance features were assigned to 2A4, shape resonance,
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FIG. 1: Possible photoinduced processes in the pBQ anion: direct photodetachment (1), resonant
excitation followed by autodetachment, AD, (2), and resonant excitation followed by radiationless
relaxation back to the ground electronic state via internal conversion, IC, (3). Potential energy
curves of the ground and bright excited states (solid), dark electronic states (dashed), and the ground

electronic state of the neutral molecule (dotted) are shown.

and one or two Feshbach resonances, presumably of the By, and Bs, symmetry. The shape and
Feshbach resonances in this case correspond to optically bright and dark states, respectively.
The assignment is supported by the results of the CASPT2 and SAC-CI calculations that place
the A, state at 2.82 [24] and 2.71 [25] eV, respectively. Electronic structure calculations also
consistently identify another bright excited state of the 2Bs, symmetry lying slightly higher
in energy (2.8 - 3.5 eV [14, 24, 25]). The energy range of 2.5 - 3.1 eV has been explored
recently by Verlet and co-authors [13, 14]. Photoinduced dynamics at 3.1 eV has been probed
by time-resolved photoelectron spectroscopy [14]. The results pointed to rapid interconversion
between the bright 2 Bs, and 24, states of pBQ®~ on the timescale of ~ 20 fs. Based on the time-
resolved photoelectron spectroscopy data and the proposed kinetic model the authors estimated
the lifetimes of the ?Bs, and %A, states to be less than 30 fs and 27 fs, respectively [14].

The interplay between electron detachment and relaxation processes inherent to pBQ*~,
had been further analyzed with frequency-resolved and angular-resolved photoelectron imaging
[13], which revealed the abrupt change of photoelectron angular distribution (PAD) in the 2.5-
3.1 excitation energy range. Specifically, PAD exhibited parallel polarization at 2.5 - 2.7 eV
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but became isotropic at 2.7-3.1 eV, which was explained by dominant population of the 24,
state at energies below 2.7 eV, and excitation into 2Bs, above 2.7 eV. Yet, there are multiple
examples where the PAD anisotropy parameter changes dramatically with excitation energy
when passing single resonance [26, 27]. Thus, the experimental studies of the photoinduced
processes in pBQ®*™ in the 2.1 - 3.1 energy range point to an entangled dynamics involving
multiple internal conversion and autodetachment pathways with the major players being the
two bright excited states, 24, and 2Bs,, several dark excited states of the n7* type, and the
ground state of the neutral. Recently, it was shown that photoinduced dynamics in coenzyme-
Qo, the chemical analogue of pBQ®*~, can be also rationalized taking into account two bright
states correlating with 24, and 2Bs,, which suggests a universal nature of relaxation processes
in pBQ*~ [28].

From the theoretical standpoint, the interpretation of the experimental data for pBQ®~
poses several challenges. First, the low-lying electronic states of pBQ®~ are vertically unbound
with respect to electron loss [13, 14, 24, 25] and, thus, are electronic resonances rather than
true stationary states. The rigorous account of their non-stationary character requires special
theoretical tools, e.g. complex scaling [21, 29, 30] or complex absorbing potential (CAP) [31—
34] methods, and is beyond the scope of the present work. Second, the experimental data
suggests that the non-adiabatic transitions play a role in the relaxation dynamics. Therefore,
it is essential to accurately describe the relative energies of the pBQ®™ electronic states in the
vicinity of their degeneracy manifolds where the static correlation effects can be strong. This
problem can be addressed, for example, with multi-reference electronic structure methods, and
in particular with different flavors of multistate multireference perturbation theory. The latter
approach was adopted in the most recent study by West et al. [13]. The manifold of low-
lying pBQ®*~ electronic states identified in their extended multiconfigurational quasidegenerate
perturbation theory (XMCQDPT2) calculations differs from the previous complete active space
second order perturbation theory (CASPT2, [35]) results [14, 24]. This discrepancy might be
due the appearance of additional mixed valence-diffuse state of 2Bs, symmetry, as mentioned
in Ref. [28].

Here we present the results of electronic structure calculations of energetics, geometries,
relevant conical intersection minimum energy points, and spectral features of the pBQ®~ anion.

Specifically, we address the following questions.

e What states of pBQ®™ are populated upon excitation at 2.4 - 3.1 eV?
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e What are the possible electron relaxation mechanisms for pBQ®~ excited within this

energy range?’

The manuscript is organized as follows. Section II summarizes the details of the compu-
tational approach. We report the computed vertical and adiabatic excitation energies of the
pBQ*~ anion in Section IITA. The equilibrium geometries of the two bright excited states (>4,
and ?Bs,) and the shape of the simulated absorption spectra are discussed in Sections ITIB
and IIIC, respectively. The energies and geometries of relevant minimum energy crossing
points (MECP) are summarized in Section IIID. Finally, we analyze the direct and resonant
photodetachment channels of pBQ®*™ as well as its electronic relaxation pathways in 2.4 - 3.1

eV energy interval in Section ITTE.

II. COMPUTATIONAL DETAILS

Geometries of pBQ®*™ in the ground and excited states were optimized with multireference
Méller-Plesset perturbation theory of second order (MRMP2) [36] using corresponding complete
active space self-consistent field (CASSCF) zero-order wave functions. Active space comprised
eight 7 and four lone pair orbitals on oxygen atoms (SI, Section I). To verify whether the
stationary points correspond the true minimuma, the harmonic frequencies were computed
with CASSCF for the equilibrium geometries obtained at the same level. Dy, or Dy symmetry
was imposed depending on the type of target electronic state. Vertical energy gaps (excitation
and detachment energies) were evaluated at each equilibrium geometry using XMCQDPT2 [37].
XMCQDPT?2 is a multi-state multireference second order perturbation approach, which utilizes
the construction and diagonalization of effective Hamiltonian on the multidimensional model
space. It is known to provide accurate energy gaps (SI, Section II) and is well-behaved in
the vicinity of quasi-degeneracy points of several electronic states [38, 39]. In our calculations
the model space included ten zero-order CASSCF solutions with state-averaging over the ten
states.

Transition dipole moments and oscillator strengths were computed using XMCQDPT2 wave
functions, which are linear combinations of the CASSCF reference states mixed by perturbation.
The corresponding Franck-Condon factors were evaluated in double-harmonic parallel normal
mode approximation using the ezSpectrum software [40], unless stated otherwise. The effect of

Duschinsky rotation on the simulated spectra was found to be negligible (SI, Section III).
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MECP for the low-lying states were located using penalty function algorithm [41]. MECP
search was performed at the CASSCF level with averaging over two target states. The resulting
energies of the states at MECP were calculated with MRMP2 based on the CASSCF functions
optimized separately for each of the degenerate states.

Intruder state avoidance technique [42] with level shift of 0.02 Hartree was used in all per-
turbation theory calculations throughout the work.

The cc-pVTZ basis was used for carbon and hydrogen atoms. In order to account for the dif-
fuse character of electron density in pBQ®~, the basis set on the oxygen atoms was augmented
by diffuse functions (d-aug-cc-pVTZ). The XMCQDPT2 and CASSCF calculations were car-
ried out with the Firefly package [43]. Frequency analysis was performed with GAMESS(US)
[44] with 6-3114++G(2d,p) basis. The Q-Chem [45] software was used for equation-of-motion
coupled-cluster electron attachment (EOM-EA-CCSD) calculations.

III. RESULTS AND DISCUSSION
A. Electronic structure of the p-benzoquinone radical anion

Photoinduced dynamics following pBQ®~ excitation at 2.5 - 3.1 eV is governed by the
metastable excited states of the anion and the lowest electron-detached state (Fig. 2). Sev-
eral excited resonance states can be populated in this energy range: two bright m7* states (2A,
and 2Bs,) and a set of optically forbidden n7* and 77* states. This ladder of electronic states
provides multiple radiationless relaxation pathways. Therefore, the information on relative
energies of the states involved is essential for understanding the photophysics of pBQ®~.

XMCQDPT?2 places the *A, and ?Bs, states at 2.55 and 2.93 eV vertically above the 2By,
ground state. The next bright state ((2)?Bs,) is located at 4.25 eV and is well separated in
energy. The oscillator strengths of the 2A, + ?By, and ?Bs, < 2By, transitions are close
(0.09 and 0.10, respectively). A set of the dark nm* states (*Ba,, ?Bs,) lying below 24, and
the optically forbidden 77* 2B, state at 0.2 eV above ?Bs,, (Table I) have been located. The
energetic proximity of the dark and bright states suggests that the former can play a role in
radiationless relaxation.

The vertical detachment energy (VDE) of pBQ*™ is 2.17 eV (Table I). Thus, all the states of

interest except 2B,,, which is weakly bound, are electronic resonances and can undergo decay
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FIG. 2: Relevant active space molecular orbitals (A) and leading electronic configurations of the low-
lying pBQ*~ states (B). The orientation of the coordinate system is shown in the left bottom corner

of panel A.

to the '4, + e autodetachment continuum of pBQ (Fig. 3). The states can be classified as
shape or Feshbach resonances based on the analysis of their wave functions (Fig. 2). The 24,
state is dominated by the by, — a, excitation. It can decay through a one-electron transition
to 1A, state of the neutral and can, therefore, be classified as a shape resonance[21]. Our
recent CAP/EOM-EA-CCSD calculation [34] showed that 24, lifetime is & 51 fs. In contrast,
the decay of other states is formally a two-particle process driven by electron correlation and
is expected to be slower. Indeed, the peaks in the photodetachment cross section associated
with the Feshbach resonances are much more narrow than the one attributed to the 24, shape
resonance [20)].

The electronic structure of electron-detached, ground, and excited states of pBQ®*~ has been
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FIG. 3: Vertical ordering of the ground, excited, and electron-detached states of pBQ®*~. Vertical
energy gaps a the two equilibrium geometries are shown: for the ground state of the anion (2ng) and
for the ground state of the neutral (}4,). Shaded areas indicate the photodetachment continuum at

the corresponding geometries.

extensively studied computationally [12, 14, 24, 25]. The SAC-CI SD-R method yields pBQ*~
excitation energies that tend to be higher [25] relative to our XMCQDPT2 values. Most notably,
the SAC-CI results in ?By, — 2B3,, and ?Bs, — 2By, vertical energy gaps that are overestimated
by 0.6 eV compared to the present results. CASPT2, which is conceptually similar to MRMP2,
results in vertical energy gaps [24] similar to those reported here. Interestingly, 2Bs, and 2A,
appear to be almost degenerate (the corresponding vertical excitation energies are 2.80 and
2.82 eV) at the CASPT2 level [24] compared with 0.38 eV energy difference obtained in our
calculation. This discrepancy can be possibly explained by imbalanced description of the 2Bs,
and 24, states due to the extra bs, orbital which was added to the active space to avoid
intruder states problems. Horke et al. [14] reported vertical excitation energies to the ?Bs, and
2 A, states of 3.13 eV and 2.58 eV, respectively. In this case, the active space was augmented
by the two lone pair orbitals (10 active orbitals in comparison to 8 = orbitals in CASPT2
calculations [24]) and the IPEA correction [46] was applied. The major differences between

the two CASPT2 studies could be due to the IPEA correction which is known to yield ~0.2
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TABLE I: Vertical energy gaps (eV) for pBQ®*~ computed at its ground state equilibrium geometry

(2Bs,) and at the equilibrium geometry of the neutral (1A4,).

XMCQDPT2/ XMCQDPT2/  Electron scattering
SA(10)-CASSCF(17,12) CASSCF(17,12) [14] resonances [16]

Geometry 2ng 1Ag 2ng 1Ag
State
2By, 0.00 -1.75 0.00 -1.63
14, 2.17 0.00 1.98 0.00
2By, 2.14 0.68 2.38 0.4 0.72
%Bs, 2.23 0.7 2.38 0.9
2A, 2.55 0.56 2.78 0.4
(1)2B3y, 2.93 1.43 2.98 0.7 1.43
2By 3.07 1.73 - -
(2)2Bsy, 4.25 2.14 3.18 1.9 2.15
(3)?Bs, —~ —~ 4.48 2.4

eV energy shifts [47], although the effects of the extra lone pair orbitals cannot be completely
ruled out. Recent electronic structure calculations of pBQ®*~ were performed by West et al.
[13] at the XMCQDPT2/aug-cc-pVTZ-f level of theory (Table I). We note several differences
between their estimates and the results reported here. West et al. identified the two 2Bs,
states in the interval of 2.9 - 3.2 eV. The first 12 Bs, state with energy 2.98 eV above 2By, was
reported to have negligible oscillator strength in their calculation. The second 2Bs, state is
optically allowed and has vertical excitation energy 3.18 eV. While the bright state has been
identified by previous computational studies [14, 24, 25], the existence of the dark state is only
supported by the SAC-CI results of Honda et al. [25]. It should be noted that at the SAC-CI
level this state appears at 2.48 eV and has a pronounced pseudocontinuum character. The
differences in the ordering and relative energies of pBQ®~ electronic states are also noticeable
at the equilibrium geometry of the neutral pBQ. In particular the authors assigned the first
excited state as ?Bs,, whereas our calculations predict it to be the 24, state. Overall, all
electronic structure calculations consistently put the two bright excited states, 2Bs, and 2A4,,

close in energy and reveal a manifold of dark excited states of anion within the 2.5-3.1 eV energy
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range. At the same time, as discussed in Secs. III B and III C, several important structural and
electronic aspects that affect interpretation of the experimental results have been overlooked.

Photoinduced electron detachment and electron capture by pBQ®~ have been subject to
several gas phase spectroscopic studies [15-18, 20]. The energy dependence of the photode-
tachment cross section obtained by Schiedt and Weinkauf [20] was rationalized by postulating
the existence of the one or two narrow nm* Feshbach resonances embedded in photodetach-
ment continuum at energies 2.2 - 2.43 eV and a broad shape resonance at 2.5 eV which was
assigned as the 24, state. Our calculations support this assignment. Computed adiabatic elec-
tron affinity of 1.97 eV is also in good agreement with the experimental value by Schiedt and
Weinkauf (1.860 £ 0.005 eV) [20] . Electron transmission experiments conducted by Allan [16]
revealed three short-lived states at 0.72, 1.43 and 2.15 eV above the ground state of neutral
pBQ. Our analysis suggests that the first state could be assigned as 2A,,, whereas the other two
are the 2Bs, states (Table I). As mentioned earlier, the first 2 Bs, state exhibits a Feshbach res-
onance character and can have relatively long lifetime. Note that this state acquires significant
shape character due to the increased contribution of the by, — 1b3, excited configuration to its
CASSCF wave function at the geometry of the neutral pBQ and, thus, might be responsible
for the broad band at 1.43 eV observed in scattering experiments.

Presented vertical excitation energy calculations place the 2Bs, excited state significantly
above the 24, state and are consistent with the results of previous theoretical studies. At the
same time, detailed understanding of the competing population of the 24, and 2Bs, states
requires information on the vibrationally-resolved cross-sections. Therefore, we start by dis-
cussing the equilibrium geometries of the bright excited states in Sec. III B and proceed to the

analyzing the shape of the simulated vibronic absorption spectra in Sec. I1I C.

B. Equilibrium geometries of the bright states of pBQ*~

The pBQ radical anion is planar and has Dy, symmetry in the ground state. Anticipated
geometry changes upon excitation can be deduced from the nodal structure of the molecular
orbitals involved. The following discussion focuses on the equilibrium structures of pBQ®*~ in
two lowest bright states, 24, and ?Bs,, which are accessible at energies 2.5 - 3.1 eV. The 24,
state can be described as the byy — a, excitation from the 2329 state. The a, orbital has nodes

on the double C-C bonds and is non-bonding over the C-(C=0)-C fragments of the carbon ring
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leading to a partial sp® character of the carbon atoms once populated. This may result in the
distortion of the ring driven by (a) pyramidalization and (b) weak bonding interaction of the
carbon atoms on its opposite sides. Indeed, the unconstrained MRMP2 geometry optimization
leads to a Dy non-planar equilibrium structure with a Dy, saddle point (Fig. 4). The deviation
from planarity measured by the CoCCCp dihedral angle, is 28.1° for the Dy geometry. The
corresponding relaxation energy is 0.17 eV (3.9 kcal/mol) at the MRMP2 level.

— CASSCF(17,12)
— MRMP2

. 1/2 3
Displacement, amu A

FIG. 4: Potential energy scans along the (2A4,(Ds,) — A(D3)) twisting reaction coordinate. The
CASSCF(17,12) IRC path is shown in black. CASSCF and MRMP2 (in parenthesis) transition-state
energies are given in kcal/mol with respect to the Ds equilibrium geometry of the A, state. The red
curve corresponds to the MRMP2 scan along the a, mode with imaginary frequency of 335i cm™!
at the planar TS Dsy; geometry. The ground-state vibrational wave function for the corresponding

one-dimensional potential is shown by the black dashed curve. The 24 state (Dy symmetry) SOMO

is shown in the inset.

The EOM-EA-CCSD calculations result in the relaxation energy of 0.15 eV, which is con-
sistent with the MRMP2 value of 0.17 eV. The CASSCF(17,12)/6-311++G(2d,p) intrinsic
reaction coordinate (IRC) path shows that the initial movement along the twisting coordinate
is associated with the a, normal mode with imaginary frequency 335¢ cm™! as shown in Fig. 4.
This imaginary frequency normal mode was previously mentioned by Pou-Amerigo et al. [24],
yet, the equilibrium geometry was not reported. Further relaxation occurs along the two a,

normal modes with frequencies 480 and 832 cm ™! suggesting that the twisting occurs in at least
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three-dimensional normal mode space. The participation of additional higher frequency normal
modes can account for relatively large Do, to Dy relaxation energy. Interestingly, this energy
is large enough to make A(Dy) state vertically bound by 0.05 eV although adiabatically it still
belongs to autodetachment continuum lying 0.3 eV above the ground states of neutral pBQ.
Overall geometry changes upon the 24, + 2By, excitation can be described as a combination
of twisting, carbon ring expansion, and C-O bond contraction (SI, Section IV). The character
of geometry changes for the second bright state 2Bs, is qualitatively different: the equilibrium
C-O bond length is longer compared to the ground 2By, state, while the changes in the carbon

ring are moderate. This is consistent with the shape of the 1b3, orbital shown in Fig. 2.

C. Absorption spectrum of pBQ*~

The qualitative difference between 2A,, and 2Bs,, geometries is reflected in the Franck-Condon
(FC) factors and the shape of the coresponding excitation bands. The complicated topogra-
phy of the 24, potential energy surface in the Franck-Condon region makes the calculation of
?A, + ?By, FC factors non-trivial due to the possible delocalization of the vibrational wave
functions over the two potential minima corresponding to the Dy structures. Moreover, several
normal modes are coupled along the twisting path meaning that the coordinates in the nuclear
vibrational problem cannot be separated. Here, we employ simple parallel normal mode ap-
proximation to gain an insight into the qualitative features of the gas-phase pBQ®*~ absorption
spectrum. The %A, <+ 2By, FC factors were calculated using two complementary approaches.
In the first, Dy, geometry (the 2A, state saddle point, Fig. 4) geometry was used and the FC
factors were evaluated within the harmonic approximation for all normal modes except the
twisting a, mode. The vibrational problem for the a, mode was solved numerically for the
double-well potential obtained as a rigid MRMP2 surface scan along the mode (SI, Section V).
This potential exhibits two shallow minima separated by the 0.4 kcal/mol barrier. The energy
of its first vibrational level is 6.7x10~* eV below the top of the barrier and the ground-state
wave function is delocalized over the two wells (Fig. 4).The second energy level is 0.06 eV above
the barrier. As the FC factors for the a, mode tend to decrease quickly with level number in
this approximation (0.886, 0.112 and 0.0026 for 0-0, 0-2 and 0-4 transitions), we neglected
excitations with more than two quanta on a, mode and used the 0-0 and 0-2 FC factors to

scale the total FC factors obtained with a, mode excluded. In the second approach, the con-
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ventional double harmonic approximation was employed using Dy geometry of the target state.
Likewise, the FC factors for the 2Bs, state were computed for its equilibrium geometry in the
double harmonic approximation. In all cases the FC intensities were convoluted with gaussian
functions (FWHM = 0.07 eV) and scaled with Boltzmann weights for T' = 298 K. The resulting
spectra are shown in Fig 5.

Although the 2A, and ?Bs, states are separated vertically by 0.38 eV, adiabatically they are
almost degenerate with the excitation energies of 2.33 eV and 2.39 eV, respectively. Relaxation
from the Doy, to Dy structure lowers the 2A « Qng adiabatic excitation energy to 2.22 eV.
The absorption profiles calculated assuming either the Dy, or Dy equilibrium geometry are
similar. The profiles have a broad structureless shape in the 2.2 - 3.2 eV energy range. The
vibrational structure dominated by the vs and v progressions (Figs. 5A,C) is smeared out
by a dense manifold of low frequency transitions associated with deformational out-of-plane
motions (Fig. 5B). The intensities of vibronic transitions for the D, structure are lower than
those at the Dy, geometry, which is consistent with the larger geometry changes. Importantly,
the shape of the intensity envelope is similar in both cases. We will refer to this bright excited
state as 24, unless the Dy 24 minimum is mentioned explicitly. The 2Bs, absorption band is
more intense compared to that of 24, and exhibits pronounced vibrational structure. Geometry
displacements in the 2Bs, state occur predominantly along the high-frequency normal modes
vy, v3, which give rise to long vibrational progressions. The 0-0 transition is intense for the
2Bs, state despite the large geometry relaxation. Possible reason is the frequency lowering of
active normal modes in ?Bs, which is in line with the C-O bond elongation upon excitation.
This leads to the frequency decrease by 101 and 313 cm™! for modes v, and v3, respectively.
The corresponding vibrational wave functions in the final 2Bs, state are delocalized and can
significantly overlap with the ground-state vibrational wave function of ?Bs,.

Although intensities of the ?Bs, < 2By, vibronic transitions are higher than those of 24, +
? By, the contribution of the latter to the absorption spectrum cannot be neglected because of
the high density of A, vibrational states in the interval from 2.2 to 3.2 eV. The 2Bj,, + 2By,
transition determines the shape of the total excitation envelope and 2A, < ?By, introduces
additional line smearing. This qualitative feature is independent on the approximation used to
evaluate FC of the ?A,  ?By, transition. In short, both states can be populated upon 2.3-3
eV excitation, with the absorption to 2Bs, dominating in the energy range above 2.7 eV.

Determination of a high-resolution gas-phase absorption profiles is problematic owing to
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FIG. 5: Vibronic transitions intensities (A) and Gaussian-dressed profiles (B) obtained using the
Franck-Condon factors computed within the parallel-normal mode approximation at T = 298 K. Active
normal modes along with vibrational frequencies for 2By, state are also shown (C). The numbering

follows Herzberg’s convention.

metastable character of the excited states. Yet, absorption spectra have been measured for
pBQ°*~ radiolytically generated in 2-methyltetrahydrofuran (T = 77 K) [48] and argon matrices
[12,49]. All the spectra exhibit a vibrationally resolved absorption band centered around 2.9 eV
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and an intense band at 3.8 eV. The vibrational features of the low-energy band were identified
at 2.7, 2.9 and 3.05 eV [48] with a shoulder at 2.6 eV. Our results indicate that they can
be tentatively assigned to the 2Bs, <« ZBQQ vibronic transitions which are red-shifted in our
calculation by 0.2-0.3 eV. The shoulder can be possibly explained by the contribution of the
lower energy edge of the 24 < 2By, or ?A,, < ?By,bands (Fig 5, panel B). The feature at 3.8 eV
could be due to (2)?Bs, <+ 2By, excitation. The computed vertical energy into (2)?Bs, state is
4.25 eV (SI, Section VII). The deviation of the vertical excitation energy from the experimental
peak position can be due to (i) matrix effects; and (ii) high relaxation energy of pBQ®*~ in the

(2)?Bs, state causing the red shift of the most intense vibronic transition.

D. Conical Intersections

TABLE II: The energies of minimum energy crossing points (MECP) between the low lying states of
pBQ°®~ and the two bright excited states (2A,, 2B3,). The energies of MECP, eV, are given relative
to the equilibrium geometries of the corresponding bright state (>4, or ?Bs,). CASPT2/CASSCF

MECPs energy values reported by Horke et al. [14] are given in parenthesis.

Reference state 2A, 2Ba,
MECP state
2By, —~ 0.13
2By, 0.41 (0.47) 0.76 (0.48)
B3, 0.13 0.65
24, — 0.11
2By, 0.10 1.27
2Bs, 0.20 —~

To analyze possible interconversions between bright and dark states we have located relevant
MECP points. Multiple low-lying conical intersections are found for both the 2?4, and 2Bj,
states (Table II). Specifically, the ?Bs, x 24, and ?Bs, x 2B;, MECPs lie 0.11 and 0.13 eV
above the 2Bs, minimum. A series of MECPs with other states was found within 0.65 - 1.27 eV
above the 2Bs, minimum. Similarly, the MECP points of 24, with the n7* states are located

at 0.1 (*Ba,) and 0.13 eV (?Bs,) relative to the Dy, geometry of the A, state (see discussion
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in Sec. III B). The located MECPs provide multiple radiationless relaxation channels for the
bright excited states of the pBQ®* anion. The 24, x? B3, MECP located just 0.11 eV above
the 2Bs, minimum can facilitate population transfer between the two bright excited states.
Multiple low-lying MECPs with the dark excited states of the Feshbach character (*Bi,, ?Bay,
and %Bj,) can lead to further relaxation to the ground electronic state followed by thermionic
emission.

A series of MECPs involving the 7+ (*Ay,2Bsy), nm* (2Bay, ?Bs,), and the ground 2By,
state was previously reported by Horke et al. [14]. Overall, the present results are in reasonable
agreement with the geometries and energies of Horke et al. [14]. The energy of ?Bs, X 2By,
MECP is found to be somewhat higher in our calculation (see Table II). We also located a
MECP between 2B, and 2By, states that has not been reported in previous computational
studies. This MECP lies close to ?Bs, minimum and can provide additional radiationless
relaxation channel along with 24, x 2Bs, crossing.

The role of the MECPs in the photoinduced conversions in pBQ®~ is discussed below in a

more detail.

E. Relaxation and electron detachment from the 24, and 2Bs, states

Below we discuss the computed energetics of the excited states in the context of recent spec-
troscopic studies by Verlet and co-workers [13, 14] with the focus on resonant photodetachment
channels that open up at ~ 2.2 eV (Table III). Direct photodetachment channel opens up
once the detachment threshold is reached (1.86 V). As follows from the simulated 2A4,, + 2By,
and 2Bs, < 2By, absorption profiles, initial excitation of pBQ®*~ at energies below 3.1 eV can
populate both bright electronic states (Fig. 5) with ?Bs, predominantly excited above 2.7 eV.
Further evolution of the system may occur via: (a) rapid interconversion between the bright
states; (b) autodetachment; (c¢) non-adiabatic transitions to the n7* states and eventually to the
vibrationally excited ? By, state giving rise to thermionic emission peak in the photodetachment
spectrum.

Major processes leading to electron emission that open up at particular values of photon
energy are listed in Table III. Photoinduced dynamics in pBQ®~ is dominated by the direct
photodetachment and autodetachment from the 24, state up to 2.39 eV photon energy. Our

calculations indicate that conical intersections with dark 2Bs, and QBlg lie 0.1 eV and 0.13 eV
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TABLE III: Main electron ejection channels that open up at different excitation energies. Only new
channels that open up at a given energy are listed. Electronic energy differences are presented, adia-

batic excitation and detachment energies with zero-point energy correction are given in parenthesis.

Energy, eV Threshold Initial absorption Photoelectron release Process
1.97 (1.97) ADE YA, + 2By, YA, + 2By, direct detachment
2.28 (2.22) 2A, < 2By, AEE 2A, + 2By, 1A, + 24, autodetachment
2A, Qng lAg — Qng «— 24, thermionic emission
2.51 (2.39) 2Bz, 2ng AEE 2Bjs, + Zng 1Ag + 2Bs, autodetachment
2 B3, Qng 1Ag — 2ng «— 2Bs, thermionic emission
2.64 2B, x 2A, MECP  2Bs, + 2ng 1Ag —2A, +%Bs, autodetachment (MECP)

2Bgy + 2329 lAg — QBQQ — 2Blg <+ 2By, thermionic emission
24, < 2B 1A, < 2By, « 2B 2 A, thermioni issi
u 2g g 2 39 < A, thermionic emission

2.86 2ng x2A, MECP 24, «+ Qng 1Ag — 2ng «— 24, thermionic emission

above the Dy, stationary point (Table IT). Therefore, they can facilitate population transfer
from the 2A, state with the following relaxation to the ground state of the anion contributing to
the thermionic emission peak. 2Bs, becomes accessible at excitation energies above 2.39 eV. The
?A, < 2By, and ?Bs, < ?Bs, absorption cross-sections are similar in magnitude in the energy
range of 2.4 - 2.7 eV (Sec. 111 C) suggesting that both states can participate in photoinduced
dynamics. Below we discuss a qualitative photoinduced processes scheme that accounts for the
population of both the 24, and 2Bs, states in the energy range 2.4- 2.7 eV and the observed
photoelectron spectrum kinetic energy peak shift from 0.4 to 0.2 eV at 2.7 eV photon energy.
Direct detachment at the photon energies of 2.7 eV results in photoelectrons with the kinetic
energies ~ 0.7 eV and, thus, does not significantly contribute to the aforementioned feature.
The proposed scheme (Fig. 6) is based on two assumptions. First, the major contribution
to the photoelectrons formed upon the resonant photodetachment comes from the 24, shape
resonance. Autodetachement contribution from 2?Bs,, a Feshbach type resonance, is considered
negligible as the lifetime of the Feshbach states is usually higher than that of shape resonances.
Second, based on the previous estimates of the lifetime of the 24, resonance ( 51 fs) we assume
that the emission occurs vertically once the 24, states is reached, i.e., nuclear relaxation occurs

on longer time-scale.
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282g

FIG. 6: Autodetachment channels and relevant vertical energy gaps in the case of initial excitation

into 2A, state (blue) and 2Bs, state (red).

Excitation within 2.4-2.7 eV range results in simultaneous population of both bright elec-
tronic states, 2A, and ?Bs,. Assuming instantaneous electron ejection and predominant au-
todetachment from the 24, state, the resulting kinetic energy of the ejected electrons is ~ 0.4
eV. The estimate is obtained as the vertical energy gap between the 24, and ' A, states at the
equilibrium geometry of the anion (Fig. 7).

Absorption into 2 B, dominates above 2.7 eV. 2 B3, relaxation can occur via electron ejection
or via non-adiabatic transitions to 2A4,, dark excited, or the ground states of the anion. The
former process is expected to be slow owing to Feshbach character of the 2Bs;, resonance.
Importantly, the dark states located below 2 Bs,, are also of Feshbach character. In contrast, non-
adiabatic transition to the 24, state via conical intersection located at 2.6 eV above the ground
state minimum (0.1 eV above the ? B3, minimum) can lead to fast electron ejection from the A,
state. Assuming the process occurs instantaneously once the system reaches the A, state, e.g.
vertical ejection from the MECP point, the resulting kinetic energy of the ejected electron is 0.3
eV, and, thus, is 0.1 eV red shifted w.r.t. direct emission from the 24, state. This red shift in the
photoelectron kinetic energies in consistent with the experimental shift of 0.2 eV once photon
energy reaches 2.7 eV. Our theoretical analysis of photodetachment is in qualitative agreement
with recent frequency-resolved photoelectron imaging data obtained for excitation energies 2.5

- 3.1 eV [13]. Interestingly, the change of photoelectron energy distribution at 2.7 eV correlates
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with abrupt change of PAD anisotropy parameter (s from +0.2 to 0.0. This was initially
attributed to the new photodetachment channel which opens up at this energy [13]. Note,
however, that this observation should be interpreted with caution. Anisotropy changes across
resonance states can be due to excitation energy dependent interference of partial waves arising
from a single resonant channel and are not necessarily related to additional photodetachment
channels [27]. The observed anisotropy disappearance cannot be elucidated based on the energy
considerations alone and requires estimates of the relative rates of non-adiabatic transitions as

well as more detailed description of autodetachment process.

A

Ba [ i I ! 51 13
Ao ssd B 07 A : 0.08 T orshEe— 029 ¢ dal0.22

.38 : 0.24 s Sacadlady Ao vA - — - 29 yiciy 0.
"Ag A R VRS o054 - = 4-0.09 M v

2.55 2.93 2.22 2.96 1.88 3.06 2.68 2.43 2.66 2.59

v  Z Y A
2By, 24, 2A(D2) ?Bsu 2A,X 2B3y

FIG. 7: Relative energies of the ground and the bright excited states of the pBQ®~ anion and ground
states of the neutral in several relevant geometries: equilibrium geometry of the ground state of the
anion (?Bag), planar 24, configuration (TS), true 24 minimum (D2 symmetry), the second bright

excited state equilibrium geometry (ZBgu), and the MECP point of the 2Bs, x? A, states.

IV. CONCLUSIONS

The results of multireference ab initio calculations of pBQ®~ highlight the role of two low-
lying bright states, 24, and 2 Bs,, in photoinduced dynamics of pBQ®*~. The computed Franck-
Condon factors of the ?A, <2 By, and 2Bj, < By, transitions over the energy range 2.4 -
2.7 eV are comparable indicating that the corresponding absorption bands strongly overlap.
The equilibrium geometry of the 24, state is found to be non-planar (24 state, Dy symmetry),
however, the implications of the geometry twisting on the resulting absorption profile are not
significant. The qualitative model accounting for the simultaneous population of the two bright
excited state and explaining the experimentally observed shift of the photoelectron kinetic

energies peak at 2.7 eV phonon energies is proposed. Overall, non-adiabatic transitions are
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expected to play a pivotal role in excited state dynamics of pBQ®*~ due to a series of conical
intersections involving bright excited states in the Franck-Condon region. Complete description
of the photodetachment process in pBQ®~ requires new theoretical tools capable of treatment

non-adiabatic events and electronic decay on equal footing.
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