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Experimental

Experiments were performed using a photoelectron (PE)
imaging spectrometer that has been previously described in
detail.!** Briefly, a ~2 mM solution of >99% purity CQ,
(Sigma-Aldrich) dissolved in analytical grade methanol was
electrosprayed and transferred via a vacuum transfer
capillary into an RF ring-electrode ion trap. The abundance
of CQy~ to (CQg),” was roughly optimized by varying the
flow of compressed air over the electrospray needle, and
varying the separation between the electrospray needle and
transfer capillary. Ions are thermalized to ~300 K in the trap
(total vibrational internal energy is ~600 meV). The trapped
ions are unloaded into a co-linear time-of-flight optics
assembly in which the ion packet is accelerated along a 1.3 m
flight region towards a continuous-mode penetrating field
velocity-mapping (VMI) assembly.>¢ Laser pulses were
timed to interact with the mass-selected ion packet at the
centre of the VMI stack. Ejected electrons were velocity-
mapped onto a dual chevron multichannel plate (MCP)
detector followed by a P43 phosphor screen, which was
monitored by a CCD camera (~512x512 pixels). The
electron kinetic energy (eKFE) scale was calibrated from the
spectrum of I, and the velocity-mapping resolution is around
5%. All velocity-map image reconstructions used a polar
onion peeling (POP)” algorithm providing the PE spectrum
and electron ejection angular distributions.® Identification of
the dimer species in the time-of-flight mass spectrum was
achieved based on an accurate mass calibration using the
deprotonated isotopomer spectrum of 1,6-dibromo-2-
hydroxynaphthalene-3-carboxylic acid.

In the frequency-resolved experiments, PE velocity-map
images were collected at various wavelengths between hv =
4.77 eV (260 nm) and Av = 2.53 eV (490 nm), in 5 nm or 10
nm increments. PE signal rapidly disappeared below 490 nm.
The tuneable radiation was generated by a Nd:YAG
(Continuum Surelite II-10) pumped optical parametric
oscillator (Continuum Horizon I, ~6 cm™! resolution). Each
image accumulated sufficient counts to achieve a reasonable

and comparable signal-to-noise ratio. All images were
accumulated with a 500 ns MCP gate; it was observed by
systematically stepping the gate width and delay parameters
that all electron ejection occurs within 50 ns following the
laser pulse (i.e., no thermionic emission).2%-13 Below Av <2.8
eV, PE signal rapidly decreases, indicating insufficient 4v to
induce any detachment process.

The relative photodetachment yield (cross-section) as a
function of 4v was determined as the average of ten runs, and
was corrected for laser power from a similar measurement of
the photodetachment yield from I~ The relative error,
determined as twice the standard deviation of all runs, is
~6%.

In the (pump-probe)
femtosecond laser pulses were derived from a Spectra

time-resolved experiments,
Physics Ti:sapphire oscillator and regenerative amplifier.
Pump and probe pulses were delayed relative to each other,
At, using a motorized delay line. Two different pump-probe
schemes were studied: (i) 3.10 eV (400 nm, ~80 pJ) pump
and 1.55 eV (800 nm, ~300 pJ) probe; and (ii) 3.10 eV (400
nm, ~80 pJ) pump and 1.05 eV (1180 nm, ~100 pJ) probe.
Combined, the pump-probe cross-correlations are FWHM is
~60 fs. The ultimate time resolution is approximately half the
FWHM cross-correlation. The 3.10 eV photons were
produced by frequency doubling of the 1.55 eV (800 nm)
fundamental in a type I B-barium borate crystal (BBO). In a
given time-resolved experiment, pump and probe pulses were
combined collinearly using a dichroic mirror, and were
loosely focused into the interaction region using a curved
metal mirror.

Theoretical

All electronic structure calculations were performed using
the Gaussian 09 and GAMESS-US software packages.!®15
Possible dimer radical anion geometries were initially
explored using both the UPM6 semi-empirical Hamiltonian
and hand-oriented geometries using chemical sense.!®
Candidate geometrical minima were reoptimized using the



®B97XD//GEN1 and MP2//GENI1 levels of theory.!” The
®B97XD functional
performance in reproducing electron affinities, hydrogen-

was chosen due to reasonable
bonding and non-covalent interactions, as well as excited
states that involve considerable charge-transfer character.!7-2°
The GEN1 molecular basis set is the aug-cc-pVDZ basis set
excluding the most diffuse set of d functions on carbon
atoms.?! Similarly, the GEN2 molecular basis set is the aug-
cc-pVTZ basis set excluding the most diffuse set of f
functions on carbon and oxygen atoms, and the most diffuse
set of d functions on carbon atoms. All geometrical minima
were confirmed to represent true minima though calculation
of harmonic vibrational frequencies. Basis set superposition
errors were incorporated using Counterpoise (CP) method.??
Resonance energetics were calculated at the multistate
XMCQDPT2/GENT level of theory with a CASSCF(9,12)
wavefunction assuming the MP2//GEN1 or
stated geometry.??> Energetics at the CASSCF
geometry were nearly identical to those at the MP2
geometry. The CASSCF reference included six m* orbitals
and all bar the four lowest
computational tractability. TD-DFT calculations indicated
the m and n* orbitals excluded from the CASSCF active
space to have minimal contribution to the resonances
considered in this study. A complete & and ©* active space
was not computationally feasible. Our earlier combined

reference
otherwise

energy m orbitals for

experimental and theoretical studies on n* resonances of
para-quinone monomer anions support that multistate
XMCQDPT with a sufficiently large reference active space
and sufficiently compact valence-localized basis set can
account of resonance vertical

provide a reasonable

photoexcitation energetics.!> Oscillator strengths

computed within the CAS-CI framework. Approximate

were

conical intersection geometries were located using the
NACME method with state-averaged CASSCF
wavefunctions.?*

The dipole-bound state binding energy was approximated in
the TD-DFT framework at the optimized anion and neutral
geometries.?> Briefly, all atoms were treated with the 6-
31+G** set,26
uncontracted sp and d functions, whose orbital exponents

basis which was augmented with six
become increasingly smaller (i.e., more diffuse) following a
geometrical progression (factor 3.2). The computed binding
energies are in accord with correlations between dipole

moments and experimental DBS binding energies.??-?8

Results and analysis
Angle-resolved photoelectron imaging

PE angular anisotropy (f,) from the velocity-map images of
(CQg),~ are summarized in Fig. S1. Note that a five-point
moving-mean has been applied to all f, data in this Fig..
Positive and negative f, corresponds to electron ejection
the laser polarization,

parallel and perpendicular to

respectively.$2°

Frequency-resolved global fit

The global fit of all frequency-resolved spectra involved
several assumptions: (i) the VAD feature is described by the
(ii)) the delayed
assumes a Gaussian

shown
(DA)
distribution convoluted with a Wigner threshold expression
near zero eKE;3%3! (iii) prompt detachment (PD) is modelled
with a global function that takes shape similar to that for
other para-quinones; 1 and (iv) all spectral parameters such
as the eKE centers and spectral widths of the DA and PD
features are shared and constant across all PE spectra - with
the exception that the prompt detachment (PD) distribution
increases linearly in eKE with Av (i.e., fixed in electron

vibrational fit in Fig. 2c;

autodetachment feature

binding energy). The final fit, shown in Fig. S2, was that
requiring the minimum number of basis functions that
reproduces the experimental data in good accord without
significant and/or systematic unassigned residual, and

provides a physically-meaningful interpretation.

l\'il"u." v ¥ 7\‘ ‘.
I\ : - .
4A5—' | " A ' ! i
RN | ’ ' 1
_?'3 a0l |
> ' 4
= | |‘7 » :
5 ‘ [} * f
g 3.5—’ ve L
-— 03
§ -\ ‘:{Y 0.1
s ;
3o W B2 [lo
( 0.1
-4 ' 1"
A ;
i . o
0.0 0.5 1.0 1.5 2.0

Electron kinetic energy (eKE) / eV

Fig. S1 PE angular anisotropy, 8,, associated with the frequency-resolved

spectra of (CQy),~.
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Fig. S2 Global fit of all frequency-resolved spectra.

CASSCF natural orbitals




Predominant CASSCF wavefunction configurations (MP2//aug-cc-pVDZ (CQy),” geometry)

Key: superscript 2 = doubly occupied orbital; superscript +/- = singly occupied orbital with spin up/down; 0 = unoccupied
orbtial; P = planar monomer; N = non-planar monomer; and PN = delocalized across both monomers; subscript CC and CO
indicates C=C and C=0 bonds, respectively. Descriptions are in order of predominant configurations. Minor configurations have
been omitted.

State / resonance Predominant configurations Description and notes

X2A 122232425+607080901 00 Ground state, excess electron localized in the P(n* () orbital.

12A 12223242506+7080901(0 N(n*co) € P(n*co). This is the charge-resonance state,
corresponding to the ground anion state of the non-planar
monomer.

27[F] (38%):1222324%526079809°10° + N(n*co) € P(ncc), P(n*co) € PN(mec). Both predominant

(27%):122%3%4252607080901 (00 configurations involve core-excitations.
32[F] (29%):122232475-6*70899010° +  Multi-electron reconfigurations, N(m*co) € PN(mce). All

(20%):12223+425-67989901 00 + predominant configurations involve single occupancy of the
N(m*co) orbital implying a high charge-transfer character. This

+12922324+5+6-7020901 00
(12%):172°3°47576:7°8°9°10 state is close to threshold and able to couple to the dipole-bound

state.
4[F] (59%):122+32425260798090100 +  P(m*co) € PN(nce), P(n¥co) € P(m¥co). This is the delayed
(16%):1%2%32425060708+901 00 autodetachment (DA) resonance in the frequency-resolved

measurements, and is localized on the planar monomer.
Resonance is optically-accessible.

SZ[F] (27%)Z1222324250607+8090100+ P(ﬂ*cc) < P(T[*C()), N(ﬂ?*co) < PN(Tlicc), N(ﬂ:*co) < PN(Tlicc).
(27%):1222324+5+6-7980901 00 + The second configuration is in common with the 3?[F] resonance.
The latter two configurations involve single occupancy of the
.12923+425+6-7080001 ()0
(20%):17253*425*6:7°8°9°10 N(n*co) orbital implying a moderate charge-transfer character.
Resonance is optically-accessible, and is that initially
photoexcited in the time-resolved measurements.
62[F] (58%):12232425%6798°9°10° +  N(m*co) € PN(ncc), N(n*co) € PN(ncc). The last configuration
(10%):12223+425+6-7080901 00 is in common with the 5%[F] resonance. All configurations involve
single occupancy of the N(n*co) orbital implying a high charge-
transfer character.

7S] (53%):1222324250607+8090100 +  P(m*cc) € P(m*co), N(m*co) € P(rce), N(wkco) € P(mcc). The



87[S]

9°[F]

(17%):122%324+5+6798°9°10° +
(8%):12223%425%6-70899010°

(37%):122%3242506070890100 +

(15%):122%324+5-6°7+80901 0°
(14%):122%3425-6°7+80901 0°
(12%):1722324252607080901 00

(36%):1222324+5-6°7+809010°
(32%):122%34250627080901 00

+
+

latter two configurations involve single occupancy of the N(n*co)
orbital implying a moderate charge-transfer character. The first
configuration is in common with the 52[F] resonances and the
second is in common with the 52[F] and 32[S] resonances. The last
configuration is in common with the 62[F] resonance. Overall,
internal conversion with the 5%[F] resonance is anticipated
(supported in the frequency-resolved measurements). Resonance
is optically-accessible.

P(n*co) € P(n*co), multi-electron reconfiguration, P(n*co) €
P(ncp) + multi-electron reconfiguration. The first configuration is
in common with the 4%[F] resonance. Experimentally, internal
conversion to the 4%[F] resonance is observed following
photoexcitation of this resonance. Resonance is strongly optically-
accessible.

Multi-electron  reconfigurations with some charge-transfer
character. The first configuration is in common with the 82[S]
resonance. Resonance is optically-accessible, and may contribute
to the high /v baseline in the photodetachment yield spectrum
(Fig. 4).




Overall Shape and Feshbach character (in %) of each
resonance at the MP2//aug-cc-pVDZ (CQ,),” geometry

Resonance Shape Feshbach
27[F] 7 93
3%[F] 2 98
42[F] 19 81
52[F] 29 71
6°[F] 3 97
7S] 53 47
82[S] 38 62
9[F] 3 97

Conical intersection geometries

Possible conical intersection geometries between the
52[F1/3%[F], and 7?[S]/5%[F] resonances are summarized in
the Table S1. We acknowledge that these calculations do not
take into account interaction with the continuum,3? thus these
geometries should be taken as rough indications of
geometrical motion leading to internal conversion. Further,
such calculations are particularly difficult to compute in a
dimer system due to the intermolecular co-ordinate with a
shallow gradient. With these caveats, the conical intersection
geometries between either intramolecular resonances or
intermolecular resonances all predominantly involve changes
in the carbonyl tilt angle and C=0O and C=C bond lengths.
The 52[F]/32[F] conical intersection requires recoil of the
non-planar monomer to adopt a geometry close to that of the
planar monomer in the ground electronic state anion. In
particular, the carbonyl tilt angle of the original non-planar
monomer is now close to planar. These modes are those
expected to be FC-active. The large stretching of one P(C=C)
bond reflects that both 5%[F] and 32[F] resonances involve
migration of population from a P(n*cc) orbital. The
7?[S1/5%[F] conical intersection involves the original planar
monomer becoming non-planar and vice versa for the other
monomer, thus requiring carbonyl wagging excitation on
both monomers. A conical intersection between the
82[S]/4%[F] resonances would likely involve motion localized
on the planar monomer since there is little charge-transfer
character of either 82[S] or 42[F] resonances.

Anion S2[F)/37[F] 72[S]/52[F]
Tilt (P, N) ~3,~12 2,2 ~11,~2
P(C=0) 1.24,1.24 1.23,1.23 1.21,1.20
N(C=0) 1.20, 1.20 1.23,1.23 122,122
P(C=C) 1.37,1.37 1.36, 1.49 1.38, 1.36
N(C=C) 1.32,1.35 1.36, 1.37 1.36, 1.45

Table S1: Summary of conical intersection geometries. Geometrical parameters
for carbonyl tilt in units of degrees and bond lengths in A. P = planar monomer
and N = non-planar monomer in the X2A anion in Fig. 1b. In each column, the first

set of values corresponds to the less substituted end/side of the monomer.

Selected carbonyl wagging modes

Illustration of several of the wagging modes included in Fig. 2c.
The other wagging modes have similar displacements of the non-
planar carbonyl group. The combined wagging and breathing
vibration at 899 cm™ (and perhaps also 704 cm™) is the main
Franck-Condon active mode responsible for the vibrational
photoexcitation competition. In the illustrations, the left-hand
monomer has carbonyl groups in the para-quinone ring plane,
while the right-hand monomer has the carbonyl groups bent out
of the para-quinone ring plane.

573 cm1[0.07 eV]

704 cm [0.09]




899 cm™[0.11 eV]
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All frequency-resolved photoelectron spectra
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