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Firefly bioluminescence is exploited widely in imaging in the biochemical and biomedical sciences;
however, our fundamental understanding of the electronic structure and relaxation processes of the
oxyluciferin that emits the light is still rudimentary. Here, we employ photoelectron spectroscopy and
quantum chemistry calculations to investigate the electronic structure and relaxation of a series of
model oxyluciferin anions. We find that changing the deprotonation site has a dramatic influence on the
relaxation pathway following photoexcitation of higher lying electronically excited states. The keto form
of the oxyluciferin anion is found to undergo internal conversion to the fluorescent S; state, whereas we

Received 18th June 2020, find evidence to suggest that the enol and enolate forms undergo internal conversion to a dipole bound

Accepted 12th August 2020 state, possibly via the fluorescent S; state. Partially resolved vibrational structure points towards the
DOI: 10.1039/d0cp03276; involvement of out-of-plane torsional motions in internal conversion to the dipole bound state,

emphasising the combined electronic and structural role that the microenvironment plays in controlling
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1 Introduction

Bioluminescence is the production and emission of light by
a living organism. It is one of the most spectacular processes
in nature and is observed widely in terrestrial and marine
organisms.? The light is produced by catalytic oxidation of a
small molecule (luciferin) by an enzyme (luciferase). The most
studied bioluminescence reactions are those of jellyfish® and
fireflies,* of which the brightest is the bioluminescence of
the North American Photinus pyralis firefly (quantum yield,
® = 0.41).% In fireflies, luciferase (Luc) catalyses adenylation
and oxidation of p-luciferin (p-LH,) by O, in the presence of
adenosine triphosphate (ATP) and Mg”* co-factors, to form
the deprotonated keto-oxyluciferin anion (phenolate-keto) in
its first electronically excited singlet state, S; (Fig. 1). Subse-
quent relaxation to the ground electronic state, Sy, results in the
emission of yellow-green light (. = 558 nm).” Despite the fact
that all bioluminescent beetle species use the same small
molecule and the same reaction to produce light, the colour
of the emission varies from green to red depending on the
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the electronic relaxation pathway in the enzyme.
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Fig. 1 Reaction mechanism of firefly bioluminescence.

species,”” or in the case of the Pyrophorus plagiophthalamus
click beetle, even between individuals.*® Wavelength shifts are
also observed when changing Luc in vitro and have been
attributed to different amino acid residues.® Thus, it is clear
that the microenvironment of the luciferin plays a key role in
defining its electronic properties.

Bioluminescence imaging has revolutionised the bio-
chemical and biomedical sciences.”'%™* Since it relies on the
expression of Luc to catalyse the bioluminescence of a luciferin
substrate, it does not require an external light source, unlike
fluorescence imaging, so there are no background photons.
Consequently, bioluminescence imaging has a higher signal/
noise ratio than fluorescence imaging,'* which is particularly
attractive for bioanalytical methods that require enhanced
sensitivity, such as visualising tumour growth, gene expression,
protein—protein interactions, cell proliferation, migration,
differentiation and total cell distribution in small animals."®
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Fig. 2 Chemical equilibria of firefly OL.

Advances in bioluminescence imaging require brighter and multi-
coloured near-infrared emitting luciferins for improved in vivo
tissue penetration'® and new multiparametric techniques.’
To date, modifications to luciferins have successfully red-shifted
the light emission; however, this has come at the cost of reducing
the bioluminescence quantum yield.'® One of the research aims
of our groups is to improve the fundamental understanding of
bioluminescence for the rational design of new bioluminescence
tools.”>* The focus of the work described in this paper is to
improve our understanding of the electronic structure of the light-
emitting oxyluciferin (OL).

The solution chemistry of firefly OL is very complex. In
physiologically relevant pH conditions, OL exists as a triple
equilibrium of six chemical forms as a result of keto-enol
tautomerism of the 4-thiazolone moiety and deprotonation of
the two hydroxyl groups (Fig. 2).>*° Using a chemical oriented
multivariate data analysis procedure, Rebarz et al. were able to
unravel the absorption spectra of the individual components,
their pH dependent profiles and distributions, and accurate
values for the phenol-phenolate, enol-enolate and keto-enol
equilibrium constants.”® Ghose et al. used a similar procedure
to determine the steady-state and time-resolved emission
profiles of the individual components and accurate values for
the excited-state phenol-phenolate, enol-enolate and keto—enol
equilibrium constants,” confirming the importance of
excited-state keto-enol tautomerism reported in earlier work.”®
Recently, Gosset et al. used femtosecond transient absorption
spectroscopy and nanosecond fluorescence decay measurements
to investigate the picosecond dynamics of the excited-state proton
transfer reactions and excited state keto-enol conversion in
aqueous buffer as a function of pH.>® A global and target state
analysis of steady-state and time-resolved emission spectra of
firefly OL complexed with Luc from the Japanese firefly Luciola
cruciata revealed that the light-emission process of luciferin/Luc
in vitro is complex and pH-dependent.*® The fluorescence spectra
of the neutral forms of OL have been shown to be too blue-shifted
to be responsible for the light emission process,”®>® which is
consistent with the anionic form of luciferin being required to
trigger electron transfer from the benzothiazole building block to
lower the activation energy for collapse of the strained peroxide
intermediate.>* However, the chemical identity of the firefly
bioluminescence emitter remains uncertain.

Studying the intrinsic electronic structure and dynamics
of the different chemical forms of firefly OL in the gas phase,
free from perturbations from solvent or enzyme environments,
is the perfect starting point for a bottom-up approach to
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Fig. 3 Model analogues of firefly OL studied in this work.

unravelling the role of the microenvironment in controlling
the bioluminescence wavelengths and quantum yields. To the
best of our knowledge, there are only three reported experi-
mental studies of firefly luciferin and OL in the gas phase.
Action absorption spectra of firefly luciferin and OL have been
recorded by monitoring the formation of charged and neutral
fragments as a function of photon energy.>**® The study of the
OL anion showed that solvation by a single water molecule
produced a blueshift in the absorption spectrum, suggesting
that water molecules in the enzyme binding site could con-
tribute to the wavelength shift observed in pH-sensitive Lucs.?*
We reported a combined photoelectron spectroscopy and com-
putational study of the deprotonated luciferin and its red-
shifted analogue, infraluciferin.’” This study showed that the
microenvironment of the luciferin controlled its conformation
in the enzyme. Competing light-induced internal conversion,
electron emission and decarboxylation processes were also
observed. Here, we present the first combined photoelectron
spectroscopy and computational study of the singly deproto-
nated anionic chemical forms of the OL emitter. Photoelectron
spectra of a series of model OL analogues with well-defined
deprotonation sites (Fig. 3), allow us to unravel the contribu-
tions of the three chemical forms.

2 Methods

2.1 Anion photoelectron spectroscopy

OL, 2-(6-hydroxybenzo[d]thiazol-2-yl)-5,5-dimethylthiazol-4(5H)-
one (1), 2-(4-methoxythiazol-2-yl)benzo[d]thiazol-6-0l (2) and
2-(6-methoxybenzo[d]thiazol-2-yl)thiazol-4-0l (3) (Section S1,
ESIt) were synthesised according to synthetic procedures in the
literature.>****® Anions (Fig. 2 and 3) were generated by addi-
tion of a drop of 28% ammonia solution to 1 mM solutions
(5 mL) of OL, prepared in either dry MeCN or dry MeOH, and 1,
2 and 3, prepared in dry MeOH.

Photoelectron spectra were recorded using our anion photo-
electron imaging spectrometer which combines electrospray
ionisation (ESI), a quadrupole mass filter, hexapole ion trap
and velocity map imaging. The design of our spectrometer has
been described in detail in an earlier publication®® and sub-
sequent improvements to the operating procedures have been
detailed in more recent publications.*®*! Briefly, negative ion
ESI produced deprotonated anions of the chromophore of
interest which were mass-selected using a quadrupole mass
filter. These ions were then accumulated in a hexapole ion trap
and thermalised using He gas before being focussed into the
source region of the photoelectron imaging spectrometer where
they interacted perpendicularly with a collimated ultraviolet
(UV) laser beam with diameter around 3 mm. Wavelengths for
photoionisation in the range 294-359 nm were generated by
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frequency-doubling the output of a dye laser, pumped by the
second harmonic of a nanosecond Nd:YAG laser (532 nm). The
power at the exit of the chamber was 1-5 mW. Photoelectrons
generated from the interaction between the ions and the laser
light were velocity-mapped onto a two-dimensional charge-
coupled device camera coupled to a phosphor screen. Laser-
only images were recorded and subtracted from the total signal.
The resulting photoelectron images were inverted using the
PBASEX method®” and the electron kinetic energy was cali-
brated using the photodetachment spectrum of I™.** The
kinetic energy resolution of the spectrometer is AE/E < 5%.

2.2 Quantum chemistry calculations

The minima of all OL™ and model analogue anions, and their
corresponding neutral radicals, were optimised using density
functional theory** (DFT) with the B3LYP**™*® hybrid functional
and the 6-311++G(2df,2pd)**~" basis set. Vibrational analysis
was performed using the same level of theory to ensure true
minima were reached and for use in photoelectron spectrum
(PES) simulations (see below). These calculations were per-
formed with the Gaussian09°> program. Vertical detachment
energies (VDEs) were calculated using the equation-of-motion
coupled-cluster method with single and double excitations for
the calculation of ionisation potentials®® (EOM-IP-CCSD) as
implemented in the Q-Chem program package,”* with the
aug-cc-pVDZ’? basis set; in earlier work, this method was found
to agree well with experimental VDEs of luciferin and infra-
luciferin.®” Vertical excitation energies (VEEs) were obtained
using the algebraic diagrammatic construction method to
second order’®®” (ADC(2)) with the aug-cc-pVDZ basis set.
These calculations were performed using the Turbomole com-
putational chemistry software package with the resolution of
the identity approximation.’® The excited states above the
detachment threshold contain continuum states. To account
for the interaction of resonance states with the continuum, a
basis set with diffuse functions is necessary. The size of the
basis set determines the number of continuum states that are
calculated. Moreover, the continuum states obtained will
change depending on the number of states calculated, but
the lower lying continuum states converge with increasing
number of excited states.>® For this reason, we used the aug-
cc-pVDZ basis set and calculated up to 25-35 excited states of A’
and A” symmetry to ensure the convergence of the lower energy
states.

Stick photoelectron spectra of M-phenolate-keto were calcu-
lated using ezSpectrum (version 3.0).°° This required the equi-
librium geometries, harmonic frequencies, and normal mode
vectors of the (initial) ground electronic and (target) neutral
radical states of M-phenolate-keto for calculating the overlaps
between the initial and target vibrational wavefunctions using
the parallel normal mode approximation. The vibrational tem-
perature of the anions was assumed to be 300 K and the
minimum intensity threshold was set to 0.001. The maximum
numbers of vibrational quanta in the anion and neutral radical
were limited to 2 and 4, respectively. The resulting stick spectra
were convoluted with Gaussian instrumental profiles with

19024 | Phys. Chem. Chem. Phys., 2020, 22,19022-19032

View Article Online

Paper

full-width at half maxima (FWHM) equivalent to the instru-
mental resolution of the experimental spectrum, AE/E = 3.4% at
0.8 eV eKE.

3 Results

3.1 Photoelectron spectra

359 nm (3.45 eV) photoelectron spectra of M-phenolate-keto,
M-phenolate-enol and M-phenol-enolate model analogues are
presented in the top panel of Fig. 4; corresponding photo-
electron spectra of OL™ generated by ESI from MeOH and
MeCN are presented in the bottom panel. The spectra are
recorded as a function of electron kinetic energy, eKE,
and are presented as a function of electron binding energy,
eBE = hv — eKE. The corresponding photoelectron images are
presented in Fig. S1 and S2 (ESIf).

The M-phenolate-keto photoelectron spectrum is charac-
terised by a single, structured peak which rises to a maximum
around 3.3 £ 0.1 eV. The M-phenolate-enol and M-phenol-
enolate photoelectron spectra are red-shifted with respect to
the M-phenolate-keto photoelectron spectrum and have broad,
unresolved peaks with maxima around 2.8 &+ 0.1 eV and 2.7 &+
0.1 eV, respectively. They both also have features at high eBE
(low eKE). The baseline of the 359 nm photoelectron spectrum
for M-phenolate-keto is non-zero from 1.3-2.8 eV. We attribute
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Fig. 4 359 nm (3.45 eV) photoelectron spectra of M-phenolate-keto
(red), M-phenolate-enol (purple) and M-phenol-enolate (light blue)
generated by ESI of 1 mM MeOH solutions, plotted as a function of eBE
(top). Photoelectron spectra of OL™ generated by ESI from 1 mM dry
MeOH (blue) and MeCN (green) solutions, plotted as a function of eBE
(bottom). Combs mark EOM-IP-CCSD/aug-cc-pVDZ calculated VDEs of
the trans conformers.

This journal is © the Owner Societies 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp03276j

Open Access Article. Published on 12 August 2020. Downloaded on 12/11/2025 6:53:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

Table 1 Deprotonated OL™ and model anions and their relative B3LYP/6-311++G(2df,2pd) energies, AE. For OL™ anions, energies are relative to trans-
phenolate-keto; for the model anions, energies are relative to “trans-M-phenolate-keto or btrans-M-phenolate-enol. All structures are planar apart from
the cis-phenol-enolate and cis-M-phenol-enolate that are twisted ~13° around the central C—C bond. EOM-IP-CCSD/aug-cc-pVDZ VDEs are given in
eV together with the leading molecular orbitals (>0.9) from which detachment occurs. Experimental (Exp.) peak maxima are listed alongside the trans
forms of the OL™ and model anions although they are likely a mixture of trans and cis structures. All values are in eV

Do D, D,

Anion AE Geometry VDE Hole VDE Hole VDE Hole Exp.
trans-phenolate-keto 0.00 m—q 3.30 Ty 5.07 No(ph) 5.39 M1 3.30 +£ 0.14
trans-phenolate-enol 0.68 M 2.66 T 4.38 No(ph) 4.81 M1 2.82 £+ 0.11
trans-phenol-enolate 0.79 W 2.49 T 4.18 No(en) 5.07 Tt 2.63 + 0.20
cis-phenolate-keto 0.23 mq 3.31 Ty 5.12 No(ph) 5.46 -1
cis-phenolate-enol 0.88 mq 2.69 T 4.42 No(ph) 4.83 M1
cis-phenol-enolate 1.05 mq 2.50 T 417 Nogen) 5.11 Tha
trans-M-phenolate-keto 0.00¢ M 3.26 Ty 5.04 No(ph) 5.35 TH_1 3.26 + 0.12
trans-M-phenolate-enol 0.00? M 2.65 Ty 4.38 No(ph) 4.80 M1 2.78 £ 0.11
trans-M-phenol-enolate 0.25” W 2.45 Ty 4.15 No(en) 4.99 TH_1 2.69 + 0.10
cis-M-phenolate-keto 0.23¢ W 3.27 Ty 5.09 No(ph) 5.41 TH_1
cis-M-phenolate-enol 0.19” mq 2.68 Ty 4.41 No(ph) 4.79 M1
cis-M-phenol-enolate 0.51% m 2.46 i 4.14 No(en) 5.04 Om_1

this to two-photon detachment, which is consistent with calcu-
lated detachment energies (Table 1). There is also a tail on the
low eBE edge of the main detachment peak that we attribute to
detachment from a fragment anion (Fig. S4, ESIt).

The photoelectron spectrum of OL™ generated by ESI from
MeOH has three features that, from comparison with the
spectra of the M-phenolate-keto, M-phenolate-enol and M-phenol-
enolate analogues, can be attributed to contributions from all three
deprotomers of the singly deprotonated ion. Similarly, it can
be deduced that the photoelectron spectrum of OL™ generated
by ESI from MeCN can be attributed to contributions solely
from phenolate-keto and phenolate-enol OL™. The spectra of
M-phenolate-keto, M-phenolate-enol and M-phenol-enolate are
red-shifted by around 0.05 eV with respect to those of the
phenolate-keto, phenolate-enol and phenol-enolate forms of OL™;

This journal is © the Owner Societies 2020

this can be understood in terms of the model anions being slightly
destabilised by the weak electron-donating inductive effect of the
methyl groups. By fitting shifted photoelectron spectra of the model
analogues (Fig. S7, ESIT), the ratio of contributions to the spectra
from the phenolate-keto, phenolate-enol and phenol-enolate forms
of OL™ is found to be approximately 5:4:1 following ESI from
MeOH solution and the ratio of contributions to the spectra from
phenolate-keto and phenolate-enol forms of OL™ is approximately
4:1 following ESI from MeCN solution.

Photoelectron spectra of model analogues recorded in the
range 359 nm (3.45 eV) to 294 nm (4.22 eV) are presented in
Fig. 5, along with corresponding photoelectron spectra of OL™
electrosprayed from MeOH and MeCN solutions. The overall
profiles are different for the three analogues, so we discuss
them separately. For M-phenolate-keto, the feature with a

Phys. Chem. Chem. Phys., 2020, 22,19022-19032 | 19025
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Fig. 5 Photoelectron spectra recorded at 294 nm (4.22 eV), 298 nm
(4.16 eV), 310 nm (4.00 eV), 320 nm (3.87 eV), 346 nm (3.58 eV)
and 359 nm (3.45 eV) for M-phenolate-keto, M-phenolate-enol,
M-phenol-enolate and OL™ sprayed from MeOH and MeCN. The spectra
of the model analogues are normalised to their rising edges and the
OL™ spectra are normalised to the peaks around 2.6 eV (MeOH) and
3.3 eV (MeCN).
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maximum around 3.3 £ 0.1 eV is independent of wavelength
and thus attributed to direct detachment to the ground electro-
nic state of the corresponding neutral radical, D,. The rising
edge of the 359 nm spectrum is broader and this broadening
decreases with increasing photon energy. As discussed above,
we attribute this to photodetachment of a fragment anion.
Apart from in the vicinity of this broadening, the photoelectron
angular distributions (PADs) are characterised by slightly nega-
tive 3, values across the whole spectrum for all photon energies
(Fig. S3, ESIt). There is evidence of some unresolved vibrational
structure (3.3-4.0 eV), suggesting that the anion and corres-
ponding neutral radical are reasonably rigid. As the photon
energy is increased, a continuum of photoelectron Kkinetic
energies is observed from eBE = D, towards eBE ~ hv. The
photoelectron counts decrease over the highest 0.5 eV to zero
when eBE = hv.

For M-phenolate-enol, the feature with a maximum around
2.8 £ 0.1 eV is independent of wavelength and attributed to
direct detachment to the ground electronic state of the corres-
ponding neutral radical, D,. This feature is completely
unresolved in most of the spectra although there is clear
evidence of oscillatory structure across the 346 nm spectrum.
In the 310-294 nm photoelectron spectra, there is a feature
around 3.9 eV that remains constant with increasing photon
energy. This could be attributed to direct detachment to D;.
There is an additional feature at high eBE that shifts linearly
with photon energy. It does not have the characteristic expo-
nential profile associated with thermionic emission (Fig. S8,
ESIT),°""® so must be attributed to autodetachment from a
resonance, or resonances, lying in the detachment continuum.
As with M-phenolate-keto, the PADs are characterised by
slightly negative f8, values across the whole spectrum for all
photon energies (Fig. S5, ESIT).

For M-phenol-enolate, the feature with a maximum around
2.7 £ 0.1 eV is independent of wavelength and attributed to
direct detachment to the ground electronic state of the corres-
ponding neutral radical, D,. This feature is completely
unresolved in all the photoelectron spectra. There is a tail on
the low eBE edge of this peak in the 310 nm spectrum that
we believe is detachment from a fragment anion, similar to
M-phenolate-keto. Similar to M-phenolate-enol, there is an
additional feature at high eBE that shifts linearly with photon
energy and does not have the characteristic exponential profile
associated with thermionic emission (Fig. S9, ESIT), so it is also
attributed to autodetachment from a resonance, or resonances,
lying above the detachment threshold. Unlike the M-phenolate-
keto and M-phenolate-enol spectra, there is significant broad-
ening on the high eBE side of the peak associated with direct
detachment to Dy; this changes shape and shifts to higher eBE
with increasing photon energy. In the 346-294 nm photo-
electron spectra plotted as a function of eKE (Fig. S10, ESIY),
it can be seen that this broadening is attributed to a feature
at constant eKE ~ 0.9 eV. As a result of the propensity for
conserving vibrational energy during autodetachment, indirect
detachment following photoexcitation of an excited state S,
with excess vibrational energy, E, = Av — E(S,), where E(S,) is the
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Fig. 6 Schematic energy level diagram illustrating the possible excited-
state pathways for the OL™ anions. Thin horizontal black lines represent
the vibrational levels of the electronic states of the anion and the pale
orange shaded area represents the electron detachment continuum.
Vertical orange arrows represent the eKE of direct and indirect electron
detachment processes and the thin horizontal orange lines represent the
vibrational energy left in the neutral radical following electron detachment
(determined by the propensity for conservation of vibrational energy). The
horizontal black arrows represent some of the possible internal conversion
(IC) processes and thermionic emission (TE). (a) Direct photodetachment
from Sp to the D continuum gives electrons with eKE, & ~ hv — VDE; in
this particular example, VDE = ADE. (b) Indirect detachment following
photoexcitation of S, with excess vibrational energy, gives electrons with
eKE, ¢; ~ E(S,) — E(Do). Indirect detachment following photoexcitation of
S, and subsequent IC to S; gives electrons with eKE, ¢z ~ 0. TE from Sq
following photoexcitation of S, and subsequent IC back to So gives
electrons with an eKE Boltzmann distribution profile.

adiabatic excitation energy (AEE) of S,, will result in the
emission of photoelectrons with eKE ~ hv — E(D,) — E,, where
E(D,) is the ADE. This last expression can be rewritten as,
eKE ~ E(S,) — E(Dy); i.e. the photoelectrons are emitted with
eKE corresponding to the S, — D, energy difference (Fig. 6).
Thus, the additional feature at 0.9 eV eKE can be attributed to
detachment from a resonance with an onset around 3.5 eV
(~355 nm). Broadening of photoelectron spectra, following
photoexcitation of resonances above the detachment threshold,
was observed in our study of deprotonated luciferin and infra-
luciferin ions and has been observed in photoelectron spectra
of a range of other similar sized molecular anions recorded by
various groups®®®® including our own.®® The PADs support
our interpretation of a resonance: fi, ~ 0 across the whole
spectrum at all photon energies apart from the feature with
eKE ~ 0.9 eV where f§, < 0 (Fig. S6, ESIY).

3.2 Computational results

Table 1 lists the structures of the optimised OL™ anions and the
model analogues, together with the first three vertical detach-
ment energies (VDEs) and the leading molecular orbitals from
which the electrons are detached. For the phenolate-keto,
phenolate-enol and phenol-enolate forms of the trans and cis
conformers of OL ™, the relative energies are around 0.0, 0.7 and
0.8 eV; this can be attributed to the degree of conjugation,
reflected in the increasing length of the central C-C bond:
1.407, 1.424 and 1.434 A.
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Fig. 7 Relaxed potential energy scans of the OL™ anions (bottom) and
corresponding OL neutral radicals (top) as a function of twisting around
the central C-C bond, starting from the trans-conformer at 0°, using the
B3LYP/6-311++G(2df,2pd) method. The inset shows an expanded region
of the potential energy scan for the phenol-enolate showing the minimum
around 167°.

Potential energy scans of the OL™ anions, and their corres-
ponding neutral radicals, along the trans—cis coordinate (Fig. 7)
show that for the phenolate-keto and phenolate-enol forms, the
two minima correspond to planar ¢rans and cis conformers. For
the phenol-enolate, the two minima correspond to a planar
trans conformer and a cis conformer in which the planes of the
benzothiazole and thiazole moieties are twisted ~13° with
respect to one another. The same is true for the cis-M-phenol-
enolate analogue. This can be explained by considering the
resonance structures of the anions. For the phenolate-keto and
phenolate-enol forms, the two resonance structures effectively
delocalise the negative charge throughout the molecule;
however, for the phenol-enolate form, the charge is localised
on the thiazole moiety and the increased repulsion between the
two sulphur atoms in the cis conformation forces the molecule
to twist around the central C-C bond.

As can be seen from Table 1, the D, states correspond to
electron holes in the highest occupied molecular orbitals (HOMOs),
which have r character, nyy. For phenolate-keto and phenolate-enol,
the HOMOs are delocalised across the molecules, but for phenol-
enolate, it is localised on the thiazole moiety. The D, states
correspond to electron holes in non-bonding orbitals on O
atoms (ng). For phenolate-keto and phenolate-enol, the ng
orbitals are localised on the phenolate O atoms, nogpn), but
for phenol-enolate, it is localised on the enolate O atom, noen)-
The D, states correspond to electron holes in the HOMO—1
orbitals, which have m character, ny;_;. For the phenolate-keto
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Table 2 ADC(2)/aug-cc-pVDZ calculated VEEs of the bound S; states and
S, resonances in the 3.45-4.22 eV photon energy range of the trans-OL™
anions

VEE .
Oscillator

State Character ev nm strength
Phenolate-keto S: Ty — T 2.20 564 0.80
S, Ty, — T*  3.68 337  0.18
Phenolate-enol S: Ty — T 2.18 569 0.65
Si1 Tuo, — m*  3.87 320  0.12
Phenol-enolate S; Ty — T * 1.64 756 0.15
Si3 Ty — Taig™ 3.73 332 0.02
Sas a1 — m* 434 286 0.25

and phenolate-enol, these orbitals are localised on the ben-
zothiazole rings, but for the phenol-enolate, it is delocalised
across the molecules. The molecular orbitals of the model
analogues are very similar to those of the corresponding OL™
molecules. The HOMO, HOMO—1, ngpn) and nogen) orbitals for
both the cis and trans forms of phenolate-keto, phenolate-enol
and phenol-enolate OL™ and corresponding model analogues
are shown in Tables S1 and S2 (ESIt); it is worth noting that the
orbitals are almost identical for the cis and trans forms.

The VEEs for the trans forms of phenolate-keto, phenolate-
enol and phenol-enolate are listed in Table 2 and Tables S3-S5
(ESIT). We assume that the corresponding VEEs for the cis
forms and model analogues will be similar since the VDEs and
leading molecular orbitals from which detachment occurs are
so similar. Our calculated VEEs for the S, states of the trans-
phenolate-keto, trans-phenolate-enol and trans-phenol-enolate
OL~ molecules are 2.20 eV (564 nm), 2.18 eV (569 nm) and
1.64 eV (756 nm), respectively. The values for the phenolate-
keto and phenolate-enol OL™ molecules are in good agreement
with the maximum of an action absorption measurement of
OL~ sprayed from methanol solution (548 + 10 nm).*® In the
3.45-4.22 eV photon energy range employed in our measure-
ments, for trans-phenolate-keto and trans-phenolate-enol OL™,
the electronically excited states with most significant oscillator
strengths (f) are Feshbach resonances in the D, continuum,
lying at 3.68 eV (f=0.18) and 3.87 eV (f= 0.12), respectively. For
trans-phenol-enolate OL™, the only electronic transition with
significant oscillator strength lying within this range is an
excited shape resonance at 3.73 eV (f = 0.02), although there
is a Feshbach resonance lying slightly higher at 4.34 eV

(f=0.25).

4 Discussion

From the EOM-IP-CCSD calculated values of VDEs of OL™ and
the model anions (Table 1), we assign the peaks in the experi-
mental photoelectron spectra around 3.3 €V, 2.8 eV and 2.6 eV
(Fig. 4 and 5) to direct detachment to the ground electronic
states of the neutral radicals, D,, of the phenolate-keto,
phenolate-enol and phenol-enolate forms. The differences
between the calculated values for the cis and trans forms is
0.01 eV, which is below the resolution of our measurements
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and means that we are unable to distinguish between the
conformational isomers. The calculated VDEs are all within
0.15 eV of the experimental measurements, which is within the
expected error of the method.”

Similar to other studies of deprotonated anions formed by
ESI, we find that the ratio of the contributions of the OL™
deprotomers to the photoelectron spectra is dependent on
the solvent used for the electrospray. The spectra recorded
following ESI from MeCN are almost exclusively of phenolate-
keto, the most stable species in vacuo, whereas the spectra
recorded following ESI from MeOH have contributions from all
three deprotomers. Interestingly, these observations contrast
with conclusions drawn from the action absorption spectra of
OL~ sprayed from MeOH that were reported by Steckel et al.*
They observed a broad band (95 nm FWHM) centred around
548 £+ 10 nm. Although they attributed this entirely to the
action absorption spectrum of phenolate-keto, our calculations
of the VEEs for the S; state of phenolate-keto and phenolate-
enol (564 nm and 569 nm, Tables S3 and S4, ESIt) suggest that
it would be difficult to rule out a contribution from the
phenolate-enol form to the action absorption spectrum. There
is no evidence in the action absorption spectrum to suggest
that the phenol-enolate form (VEE 756 nm, Table S5, ESIT)
makes a significant contribution; this could be because the
contribution is small (it only contributes 10% to the 359 nm
photoelectron spectrum presented in Fig. 4) or that differences
in the electrospray conditions’”” result in an insignificant
contribution from the phenol-enolate form.

In the 4.16 eV (298 nm) and 4.22 eV (294 nm) photoelectron
spectra of M-phenolate-enol, a peak was observed around 3.9 eV
which remains constant with increasing photon energy. This
could be attributed to direct detachment to an electronically
excited state of the neutral radical, D;. However, the calculated
D, VDE is 4.38 eV. This detachment threshold corresponds to
detachment from a non-bonding orbital on the phenolate O
atom and it is possible that the error in this calculation is larger
than that for detachment from a r orbital (D,). Nonetheless, we
do not see any evidence for detachment to the lower-energy D4
state (EOM-IP-CCSD VDE = 4.15 eV) in M-phenol-enolate (from
a non-bonding orbital on the enolate O atom) and therefore
we cannot assign the 3.9 eV peak in the M-phenolate-enol
photoelectron spectrum to detachment to D, with certainty.

The photoelectron spectra of M-phenol-enolate broaden on
the high eBE side of the direct detachment peak and give rise to
a feature at 0.9 eV eKE that is attributed to detachment from a
resonance with an onset around 3.5 eV. Our ADC(2) calcula-
tions for trans-phenol-enolate show that the only transition
with significant oscillator strength in this wavelength range is
to a mr* state at 3.73 eV, 1.24 eV above the S;-D, VDE (Table 2).
This nrn* state has excited shape resonance character with
respect to D, and is, therefore, strongly coupled to the D,
continuum. As a result, this nn* state is expected to undergo
rapid autodetachment to the D, continuum.

We now turn our attention to the high eBE (low eKE)
regions of the photoelectron spectra of the model analogues.
In the M-phenolate-keto photoelectron spectra, a continuum of
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photoelectrons is observed from around eBE = D, towards
eBE ~ hv, whereas in the M-phenolate-enol and M-phenol-
enolate photelectron spectra, there are relatively narrow features
(~0.14 eV) at high eBE that are centred around 0.1 eV eKE
(Fig. S8 and S9, ESIt).

The continuum of photoelectrons extending all the way
to zero Kkinetic energy in the photoelectron spectra of
M-phenolate-keto suggests that there is significant transfer of
electronic energy into nuclear degrees of freedom. Our ADC(2)
calculations for ¢trans-phenolate-keto show that the only transi-
tion with significant oscillator strength in this wavelength
range is to a mn* state at 3.68 eV, 0.38 eV above the S,-D,
VDE (Table 2). This nn* state has Feshbach resonance character
with respect to D, and is, therefore, only weakly coupled to the
D, continuum. As a result, it is expected to have a reasonably
long autodetachment lifetime and internal conversion to lower
lying electronically excited states will be able to compete with
autodetachment. The S; state has nt* character and lies 1.1 eV
below the D, VDE; however, the vibrational levels of S; that lie
above the D, detachment threshold have shape resonance
character with respect to D, and may, therefore, couple strongly
to the detachment continuum. The continuum of low eKE
photoelectrons is indicative of internal conversion from the
photoexcited Feshbach resonance followed by internal conver-
sion to S; and subsequent vibrational autodetachment from S;.
This would require the S, state to be long-lived with respect to
internal conversion to the ground-state in the gas phase, which
would be consistent with solution phase measurements where
the fluorescence lifetime of M-phenolate-keto has been found
to be 1.9 ns (@ = 0.26) in MeCN.>* Similar observations of low
eKE photoelectrons attributed to autodetachment from lower
lying electronically excited states populated by internal conver-
sion from higher lying photoexcited states have been observed
in photoelectron spectra of deprotonated luciferin and infra-
luciferin anions®” and the red Kaede protein.”® The fact that
there is an efficient electronic relaxation pathway from a higher
lying electronically excited state to the S; state is significant
because it suggests that isolated M-phenolate-keto could func-
tion as a UV activated fluorophore for bioimaging applications.

The low eKE peaks in the photoelectron spectra of
M-phenolate-enol and M-phenol-enolate remain at constant
eKE as photon energy increases across the range 3.45-4.22 €V,
so they must arise from indirect electron detachment. They do
not have the characteristic exponential profiles associated with
thermionic emission from the ground electronic state. The fact
that they are almost identical in all the photoelectron spectra
recorded over this reasonably wide range of photon energies
suggests that they must arise from detachment from an electro-
nically excited state whose potential energy surface is parallel to
that of the neutral, such as a weakly bound non-valence state.”*”°
This is likely to be a dipole-bound state (DBS) due to the high
dipole moments of the M-phenolate-enol and M-phenol-enolate
neutral radicals (5.4 D and 6.0 D, respectively, for the ¢trans forms)
which are large enough to bind electrons.

For M-phenolate-enol, our ADC(2) calculations show that
the only transition with significant oscillator strength in the
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359-294 nm wavelength range is to a nm* state at 3.87 eV,
1.21 eV above the Sy-D, VDE (Table 2). This nn* state has
Feshbach resonance character with respect to D,, similar to
M-phenolate-keto. Consequently, internal conversion from this
n* state to lower lying electronically excited states is expected
to be able to compete efficiently with autodetachment. Therefore,
we propose that the photoexcited Feshbach resonance undergoes
internal conversion to a DBS, either directly or via S; (Fig. 8).
Subsequently, the DBS can autodetach to D, and the reasonably
narrow low eKE signal arises as a result of the similarity between
the potential energy curves of the DBS and D,. Similar to
M-phenolate-keto, if the S; state of M-phenolate-enol is involved,
its relatively long lifetime with respect to internal conversion back
to the electronic ground-state would be consistent with solution
phase measurements where the fluorescence lifetime has been
found to be 4.88 ns (¥ = 0.47) in aqueous solution.>” Internal
conversion from a high lying electronic state to a non-valence
state has also been observed in a model photoactive yellow protein
(PYP) chromophore.”’

In addition to the peak centered around 0.1 eV, the 346 nm
photoelectron spectrum of M-phenolate-enol has four sharp
(~0.01 eV) equally spaced peaks (~0.024 eV) (Fig. 5 and
Fig. S8, ESIf), characteristic of a vibrational progression.”®
These peaks could be attributed to vs (167 em™'), v,
(184 em™), vg (192 em™") or v, (222 em™') progressions
(Fig. S16, ESIT). Although the observation of a vibrational
progression may, at first, seem inconsistent with the Av = —1
propensity for pure vibrational autodetachment from a DBS,”®
in M-phenolate-enol, vibrational autodetachment could take
place from high-lying vibrational states of various vibrational

n

IC (S,/DBS)

Energy

Vibrational coordinate 4

Fig. 8 Schematic potential energy diagram illustrating possible auto-
detachment (AD) and internal conversion (IC) processes, following
photoexcitation of a resonance in the Dy continuum, S,. AD from S; is
responsible for the continuum of low eKE electrons observed in
phenolate-keto photoelectron spectra, AD from S, is responsible for the
broadening observed on the high eBE edge of the peak associated with
direct detachment in phenolate-enol photoelectron spectra and S;/DBS IC
followed by AD from the DBS is responsible for the low eKE peaks in the
phenolate-enol and phenolate-enolate photoelectron spectra.
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modes of the DBS populated following internal conversion
from the Feshbach resonance. Interestingly, an oscillatory
structure is observed across the entire photoelectron spectrum
(Fig. 5). This could be attributed to photoexcitation of low
frequency vibrations in the Feshbach resonance that undergo
competing autodetachment; however, time-resolved photo-
electron spectroscopy measurements and quantum dynamics
calculations would be required to confirm this.

For M-phenol-enolate, our observation of a low eKE feature
attributed to autodetachment from a DBS, in addition to
autodetachment from the photoexcited excited shape reso-
nance described above, implies a bifurcation on the excited
shape resonance potential energy surface with rapid internal
conversion to the DBS competing with autodetachment.

Since the resonances excited in both M-phenolate-keto and
M-phenolate-enol are Feshbach resonances, the molecular
orbitals involved are very similar and the dipole moment of
the M-phenolate-keto neutral radical is also large enough to
bind an electron in a DBS (~4.0 D), it is curious that the
relaxation pathways are so different. A hint may lie in the
observation of unresolved vibrational structure in the spectra
of M-phenolate-keto. Our simulations of M-phenolate-keto
photoelectron spectra (Fig. 9 and Fig. S14, ESIt) are dominated
by in-plane vibrational modes (Fig. S15, ESIt). This can be
explained by the relatively high barrier to rotation around the
central C-C bond: ~ 0.8 eV for phenolate-keto OL™ compared to
~ 0.5 eV for phenolate-enol OL™ (Fig. 7). If out-of-plane torsions
are also required for S;/DBS internal conversion, it is possible
that this relaxation pathway is inhibited in M-phenolate-keto.
This would also be consistent with the observation of out-of-
plane torsional motions in the low eKE component of the
346 nm M-phenolate-enol photoelectron spectrum.

5 Conclusion

We have used photoelectron spectroscopy and quantum chemistry
calculations to probe the electronic structure and relaxation
dynamics of the higher lying electronically excited states of
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oxyluciferin bioluminescence emitters in the gas phase, free
from perturbations with a solvent or enzyme environment, for
the first time. We have shown that changing the deprotonation
site has a dramatic influence on the relaxation dynamics
following UV photoexcitation. We find that the phenolate-
keto form undergoes internal conversion to the fluorescent S,
state, followed by vibrational autodetachment. In contrast, we
find evidence to suggest that the phenolate-enol and phenol-
enolate forms undergo internal conversion to a dipole bound
state, possibly via the fluorescent S, state, followed by vibra-
tional autodetachment. Partially resolved vibrational structure
in both the phenolate-keto and phenolate-enol forms leads us
to propose that out-of-plane torsional motions around the
central C-C bond are required for internal conversion to the
DBS and that it is the restriction of these out-of-plane torsional
motions in the phenolate-keto form that effectively turns off
this relaxation pathway. This is significant because it highlights
the value of photoelectron spectroscopy studies of isolated
biochromophores in improving our understanding of the
electronic and structural roles that complex biological environ-
ments play in controlling electronic relaxation pathways.

The involvement of DBSs in the relaxation pathway from
higher lying electronic states is also significant. Recent time-
resolved photoelectron spectra revealing the involvement of
DBSs in the electronic relaxation of analogues of the photo-
active yellow protein chromophore”” have led to the suggestion
that non-valence states may play an important role in the
electronic relaxation mechanisms of other biochromophore
anions in the gas phase.”® This work supports this idea and
shows how the involvement of non-valence states can be
identified from frequency-resolved photoelectron spectroscopy
measurements following photoexcitation of higher lying electronic
states. To determine the timescales of the relaxation process and
the key vibrational modes will require time-resolved photoelectron
spectroscopy measurements and quantum dynamics calculations,
which we plan to do.
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