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Abstract Luciferin molecules are common lu-
minophores found throughout the biological kingdoms.
Here, electrospray ionization and tandem ion mobility
spectrometry coupled with laser spectroscopy are
used to demonstrate that D-luciferin and oxyluciferin
deprotonated anions can be produced in two isomeric
forms, which can be separated by virtue of their
di↵erent collision cross-sections with a bu↵er gas. The
two isomers possess distinguishable but partially over-
lapping photodepletion action spectra over the visible
range, implying distinct intrinsic absorption profiles.
The site of deprotonation and tautomeric forms of the
electrosprayed isomers are assigned through compar-
isons between experimental and calculated collision
cross-sections and electronic excitation energies. The
study clearly shows that electrospray ionization of
biochromophore molecules can generate multiple
isomeric forms with distinct electronic spectra.
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1 Introduction

Bioluminescence is the generation of light by enzyme-
catalyzed chemiluminescent reactions in living organ-
isms. It is a common phenomenon throughout the
biological kingdoms,[1, 2] including in marine organisms
such as jellyfish, squid and deep sea fish, terrestrial
organisms such as luminescent fungi, the Photorhabdus
luminescens bacterium and arthropods including fire-
flies, glow worms and click beetles. Over the last decade,
there has been growing interest in developing luciferin-
based luminophores and luciferase enzymes as probes
for in vitro and in vivo imaging of tissue and cellular
processes, including assaying tumour cells in animals,
and for monitoring gene regulation and biomolecule
binding dynamics.[3, 4, 5] The ongoing need for a
diverse toolkit of fluorescent biomarkers requires a de-
tailed understanding of the fundamental photophysics
of luminophore molecules and how a solvent or protein
environment modifies these photophysics.[6, 7, 8]

In fireflies, bioluminescence involves a four step
mechanism in which a luciferin molecule is catalytically
oxidized with adenosine triphosphate (ATP) and O2 to
form oxyluciferin in its first singlet excited state (S1).
This then decays through radiative emission generating
bioluminescence. In turn, enzymes convert oxyluciferin
back to luciferin so that the cycle may repeat.[9] In-
triguingly, all species of firefly have a common luciferin
luminophore, although each species has a distinct bio-
luminescence spectrum due to species-dependent host
enzymes and concentrations of other biomolecules in
the vicinity of the luciferase enzyme.[1, 10, 11, 12, 13,
14] For example, the bioluminescence spectrum from
the Pennsylvania firefly Photuris pennsylvanica peaks
at 538 nm (aqua-green light), while the spectrum for
the eastern firefly Photinus pyralis peaks at 562 nm
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(yellow-green light), and the spectrum for the Japanese
firefly Luciola cruciata peaks at 550 nm (green light).
The bioluminescence spectrum from the railway worm
Phrixotrix hirtus, which has the same luminophore,
peaks at 623 nm.[15] Laboratory studies have shown
that the bioluminescence spectra from firefly luciferins
are pH-sensitive (red-shifted at low pH),[15, 16] whereas
the bioluminescence spectra of beetle luciferases are
insensitive to pH. The origin for the pH sensitivity of
firefly bioluminescence spectra is unclear, although a
current hypothesis is that there are species-dependent
enzyme binding pockets and specific protomeric and
tautomeric forms of the luciferin luminophore that are
favored over certain pH ranges [15, 17].

One of the ultimate goals in the investigation of
biochromophores and photoactive proteins is to un-
derstand how the structure of a host enzyme/protein
modifies the chromophore’s intrinsic photophysics. This
understanding may be developed in a ‘bottom-up’
approach, starting from benchmark measurements on
the transition energies and photochemical dynamics of
gas-phase luciferin molecules. Gas-phase measurements
are also readily compared with quantum chemical
calculations, which are usually straightforward to carry
out on isolated molecules.

In a step towards probing the intrinsic photophysics
of luciferin molecules (Fig. 1), Brøndsted Nielsen and
co-workers[18, 19] used photodissociation action spec-
troscopy to infer the electronic absorption spectra for
a series of deprotonated luciferin anions. The first
of these studies reported photodissociation spectra
spanning the 450–580 nm range for deprotonated D-
luciferin (LH�), which were recorded using two separate
instruments at Aarhus University (Sep1 and ELISA).
The photodissociation spectra were assigned to the
carboxylate deprotomer based on: (i) calculations at
the B3LYP/TZVPP level of theory suggesting it is
21 kJmol�1 lower in energy than the phenoxide depro-
tomer, and (ii) because TD-DFT calculations of the
excitation wavelengths at the B3LYP/TZVPP++ level
of theory for the carboxylate deprotomer agreed better
with the maximum response in the photodissociation
action spectra.[18] Interestingly, the peak wavelength
of the photodissociation action spectrum di↵ered in
the two experiments; measurements using the Sep1
instrument recorded anion fragments over a short acqui-
sition window (0-3µs after photoexcitation) and gave
maximum response at ⇡500 nm, whereas measurements
using the ELISA instrument recorded neutral fragments
formed by dissociation or electron detachment over a
longer acquisition window (33µs to 3ms after pho-
toexcitation) and gave maximum response at ⇡540 nm.
The di↵erence between the photodissociation spectra
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Fig. 1 Structures and naming for luciferin molecules consid-
ered in this study. Molecules are shown as their E isomers
with respect to the central bond connecting the two rings.

was attributed to the extent of statistical dissociation
that ensued within the respective detection windows. A
longer acquisition window allows detection of ions from
slower statistical dissociation processes that are likely
to occur following absorption of longer wavelength
photons.

A subsequent study recorded photodissociation
action spectra with visible light for deprotonated
oxyluciferin (OxyLH�) and deprotonated 5,5-
dimethyloxyluciferin (DMOxyL�) as well as
OxyLH�·H2O complexes using both Sep1 and
ELISA.[19] The purpose of using the 5,5-
dimethyloxyluciferin sample was to ensure that
deprotonation was on the phenolate group by locking
the five-membered ring in the keto tautomer. Both
OxyLH� and DMOxyL� exhibited a broad spectral
band over the 450–650 nm range with maximum
response at 550 nm. The maximum response for
OxyLH�·H2O complexes was blue shifted by ⇡50 nm.

In another study, Woodhouse et al.[20] investigated
LH� and the deprotonated anion of a synthetic deriva-
tive infraluciferin using photoelectron spectroscopy at
several wavelengths in the near-UV. The photoelec-
tron spectra for LH� were assigned to the phenolate
deprotomer based on B3LYP/6-311++G(3df,3pd) cal-
culations that suggested the carboxylate deprotomer
is 45 kJmol�1 less stable. However, single-color pho-
toelectron spectroscopy does not probe the biologically
relevant S1 state because this state is situated below the
detachment threshold. More recently, Patel et al.[21]
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used a similar photoelectron spectroscopy strategy to
study OxyLH� and several methylated derivatives de-
signed to have a single deprotomer. Comparison of the
photoelectron spectra for OxyLH� and the methylated
forms provided strong evidence for the existence of at
least two gas-phase forms, although determining the
relative abundances is di�cult because the photode-
tachment cross-sections for each deprotomer are not
known. Ultimately, these measurements highlight the
di�culty of performing gas-phase action spectroscopy
on OxyLH� (or other luciferin molecules with multiple
gas-phase isomers) without isomer-selective techniques.

The present study applies an emerging action spec-
troscopy technique based on coupling electrospray ion-
ization with tandem ion mobility spectrometry (IMS)
and laser spectroscopy to record isomer-selected action
spectra for LH�, OxyLH� and DMOxyL� (Fig. 1).
In IMS, charged isomers (e.g. deprotomers and tau-
tomers) drifting under the influence of an electric
field through a bu↵er gas are separated according to
their respective drift speeds, which depend on their
collision cross-section. Typically, the target isomer is
selected in a primary IMS stage and then exposed to
wavelength tunable light, with separation of photoiso-
mers or photofragments in a second IMS stage. This
isomer selectivity avoids complications associated with
overlapping spectra of coexisting isomers. The present
study demonstrates that gas-phase LH� and OxyLH�

can exist in several isomeric forms with distinct ac-
tion spectra and absorption profiles over the S1  S0
bands. There was no evidence for photoisomerization
or phototautomerization for any of the electrosprayed
isomers. This work clearly exemplifies the utility of
isomer-specific techniques when studying the photo-
chemistry of ionic biomolecules that possess several
(de)protonation sites.

2 Experimental methods

Experiments were performed using a tandem ion mo-
bility spectrometer coupled with an electrospray ioniza-
tion source and quadrupole mass filter.[22, 23] Luciferin
anions were produced through electrospray ionization of
a ⇡10µmol L�1 solution of either LH2 (Sigma-Aldrich,
>99% purity), OxyLH2, or DMOxyLH dissolved in
methanol (voltage -3 kV, flow rate ⇡10µLmin�1). Pu-
rities of the OxyLH2 and DMOxyLH samples, which
were synthesized as part of an earlier study,[19] were
confirmed with high-resolution mass spectrometry. In
the ion mobility experiments, electrosprayed ions were
transferred via a heated capillary into a radio-frequency
(RF) ion funnel (source ion funnel), which radially
gathered and confined the ions. An ion gate at the end

of the source ion funnel injected ⇡100µs packets of ions
at 40Hz into the drift region where they were propelled
by an electric field (44V cm�1) through either N2 bu↵er
gas, N2 seeded with ⇡1% propan-2-ol, or N2 seeded
with ⇡1% SF6 (total pressure of ⇡6Torr).[24, 25, 26]
Isomers were separated spatially and temporally due
to di↵erences in their collision cross-sections with the
bu↵er gas.[27] After traversing the drift region, a second
ion funnel collected the ions and introduced them
into a di↵erentially pumped octupole ion guide and
quadrupole mass filter that mass selected the ions
before they reached a Channeltron ion detector. The
detector was connected to a multichannel scaler that
produced a histogram of ion counts against arrival
time, t, corresponding to an arrival time distribution
(ATD). In all presented ATDs, t=0 corresponds to the
opening of the first ion gate. The mobility resolution,
t/�t, for singly-charged anions is typically 80–90 –
see Adamson et al.[22, 23] for further discussion on
instrument specifications and performance.

For the action spectroscopy measurements, pack-
ets of ions with similar collision cross-sections were
selected using a Bradbury-Nielsen ion gate (⇡100µs
opening time) situated midway along the drift region.
Immediately after gating, the mobility-selected ions
were excited with a transverse pulse of light from an
optical parametric oscillator (OPO, EKSPLA NT342B,
2mJ cm�2 pulse�1 ±20% over the action spectrum
wavelength range). The OPO was operated at 20Hz,
half the rate of ion injection, allowing accumulation of
light-on and light-o↵ ATDs. The di↵erence between the
light-on and light-o↵ ATDs reflected the photoresponse
(photoaction ATD). Action spectra were derived by in-
tegrating the photoaction ATD signal and normalizing
with respect to light pulse fluence and total laser-o↵
signal at each wavelength. For the major ATD peak
LH�, photodetachment action spectra were recorded
using N2 seeded with ⇡1% SF6 and monitoring the
formation of SF –

6 to infer electron detachment.[25, 26]
There was insu�cient laser power for wavelengths
longer than ⇡650 nm to record action spectra.

Action spectra were recorded with light fluences
that produced no more than a few percent photode-
pletion (⇡2mJ cm�2 pulse�1) – see photoaction ATDs
in the Electronic Supplementary Material. Under these
conditions, photodepletion was observed although there
was no appreciable photofragment signal when the
quadrupole mass filter was set to act as an ion guide
(i.e., no mass filtering). Note that the instrument
does not transmit ions with m/z<80 and has reduced
transmission e�ciency for ions with m/z 80–120.



4 Christina Kjær et al.

Fig. 2 (a) Arrival time distributions for LH� using N2
(black) and N2 + ⇡1% propan-2-ol (orange) bu↵er gas. The
feature denoted by * for the black trace originates from
LH�· CH3OH clusters that dissociate in the ion funnel at
the end of the drift region (the corresponding feature in the
orange trace has arrival time >15ms). (b) Photodepletion
and photodetachment action spectra for ATD peak 1 (as-
signed to the E -phenolate isomer). (c) Photodepletion action
spectrum for ATD peak 2 (assigned to the E -carboxylate-
enol isomer). (d) Photodissociation spectra (smoothed) for
LH� from Ref. 18. Red bars in (b) and (c) indicate STEOM-
DLPNO-CCSD/aug-cc-pVDZ vertical excitation wavelengths
from Table 1.

3 Computational methods

Electronic structure calculations were carried out us-
ing the Gaussian 16 A.03,[28] ORCA4.2.1,[29] and
MRCC (Febuary 2018 release)[30] software packages.
Optimized geometries, vibrational frequencies and iso-
merization transition states on the ground electronic
state were computed at the !B97X-D/aug-cc-pVDZ
level of theory followed by single-point energy calcu-
lations at the DLPNO-CCSD(T)/aug-cc-pVDZ level of
theory.[31, 32, 33] Vertical excited state energies were
computed at the df-CC2/aug-cc-pVTZ and STEOM-
DLPNO-CCSD/aug-cc-pVDZ levels of theory.[34, 35]

Collision cross-sections were calculated using MOB-
CAL with the trajectory method parametrised for N2

bu↵er gas.[36, 37] Input charge distributions were com-
puted at the !B97X-D/aug-cc-pVDZ level of theory
with the Merz-Singh-Kollman scheme constrained to
reproduce the electric dipole moment.[38] Typically,
20 to 30 trajectories were computed, su�cient to
give standard deviations of ±1 Å2 for the calculated
values. Note that the present version of MOBCAL was
parametrized for cations and its performance for anions
has not been benchmarked.

4 Results and discussion

4.1 LH�

Arrival time distributions (ATDs) for LH� in N2 bu↵er
gas and N2 bu↵er gas seeded with ⇡ 1% propan-2-ol are
shown in Fig. 2a. Anion-solvent clusters (LH�·CH3OH)
formed in the electrospray source are marked with
an asterisk; these cluster anions survive the ion mo-
bility drift region but dissociate to produce LH� in
the second ion funnel (ascertained by scanning the
quadrupole mass filter and by changing the RF drive
voltage applied to second ion funnel to promote cluster
dissociation). Both ATDs show evidence for two isomers
with distinct collision cross-sections.

LH2 has two obvious deprotonation sites, poten-
tially leading to phenolate and a carboxylate depro-
tomers (Fig. 3). The latter can have keto and enol
tautomers. Furthermore, since each form has E and Z
isomers about the central bond joining the two ring
systems, there is a total of six possible LH� isomers.
The major peak in the ATD for LH� was assigned to
the E -phenolate isomer since it is the most stable form
(Table 1), has the smallest calculated collision cross-
section (⌦c in Table 1), and, as detailed below, its action
spectrum is consistent with calculated vertical excita-
tion wavelengths for this isomer. The later peak in the
ATD for LH� was assigned to the E -carboxylate-enol
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Table 1 Calculated relative energies (E), collision cross-sections (⌦c), vertical detachment energies (VDE), S1  S0 vertical
excitation wavelengths (VE) and oscillator strength, f .

Species E (kJmol�1)a,b ⌦c (Å2) VDE (eV) VE (nm)c fd

LH–

E -phenolate 0 168 2.87 509/508 1.0
Z -phenolate 19 168 2.86 508/507 1.0

E -carboxylate-enol 8 175 4.59 —/488 1.0
Z -carboxylate-enol 30 175 4.63 —/488 1.0
E -carboxylate-keto 13 169 4.04 —/533 0.8
Z -carboxylate-keto 16 169 3.99 —/535 0.8

OxyLH–

E -phenolate-keto 0 157 3.16 516/567 1.3
Z -phenolate-keto 25 157 3.15 518/574 1.3
E -phenolate-enol 62 160 2.59 —/528 1.1
Z -phenolate-enol 83 160 2.61 —/529 1.1

E -enolate 71 163 2.41 —/623e 0.4
Z -enolate 93 163 2.44 —/623 0.4

DMOxyL–

E -phenolate-keto 0 165 3.12 522/571 1.4
Z -phenolate-keto 22 165 3.13 523/576 1.4

aRelative to the lowest energy isomer. bDLPNO-CCSD(T)/aug-cc-pVTZ level of theory. cThe first and second values are at
the df-CC2/aug-cc-pVTZ and STEOM-DLPNO-CCSD/aug-cc-pVDZ levels of theory, respectively. dOscillator strengths are

from CIS wavefunctions. VDE values are estimated to be within ±0.2 eV of experiment. VDE values were taken from
DLPNO-IP-EOM-CCSD calculations as part of the STEOM-DLPNO-CCSD calculations. The experimental VDE for LH�

from Ref. 20 is ⇡3.2 eV, which is ⇡0.3 eV higher than the calculated value for E -phenolate-LH�. eThe second excited state
has VE = 441 nm and f = 1⇥ 10�3.

isomer since it is the second lowest energy isomer, is
predicted to have a collision cross-section substantially
larger than the E -phenolate isomer and has an action
spectrum consistent with calculated vertical excitation
wavelengths for this isomer (see below). It is worth
noting that on the basis of the calculated collision
cross-sections (Table 1), the Z isomers are probably
not resolved from their respective E isomers in N2

bu↵er gas. Furthermore, calculated ground electronic
state E -Z isomerization barriers (transition states) for
the E -phenolate and E -carboxylate-enol isomers are
29 and 44 kJmol�1 at the DLPNO-CCSD(T)/aug-cc-
pVDZ level of theory. Because these barriers are similar
to the average thermal energy of the ions at 300K
(40 kJmol�1 assuming a harmonic oscillator vibrational

Fig. 3 Deprotomeric and tauotmeric forms of LH�.
Molecules are shown as their E isomers with respect to the
central bond connecting the two rings.

partition function), we expect that the E -Z isomers will
rapidly interconvert during their passage through the
drift region.[25, 39]

The photodepletion and photodetachment spectra
associated with ATD peak 1 (E -phenolate) are shown
in Fig. 2b. Both spectra have a maximum at ⇡505 nm,
with the photodepletion spectrum showing an addi-
tional maximum at ⇡530 nm, presumably arising from
photodissociation. There was no evidence for photoi-
somerization in the photoaction ATDs (see Electronic
Supplementary Material). These action spectra are
consistent with DLPNO-STEOM-CCSD/aug-cc-pVDZ
calculations on the E -phenolate isomer, which predict
an absorption maximum for the S1  S0 transition at
508 nm. The photodetachment band extends well below
the calculated vertical detachment energy (VDE) for
the assigned isomer at 2.87 eV (432 nm) presumably due
to multiphoton (sequential) absorption – see further
discussion in Section 5.

The photodepletion spectrum associated with ATD
peak 2 (E -carboxylate-enol) is shown in Fig. 2c. The
spectrum has maximum response at ⇡460 nm and
overlaps with a substantial portion of the action spec-
trum assigned to the E -phenolate isomer (Fig. 2b). The
spectrum is consistent with the calculated vertical ex-
citation wavelength for the E -carboxylate-enol isomer
at 488 nm, but not with the alternative E -carboxylate-
keto tautomer whose vertical excitation wavelength is
calculated at 533 nm. Nevertheless, the calculated colli-
sion cross-section for the E -carboxylate-keto tautomer
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in N2 bu↵er gas is within 1 Å2 of the value for the
E -phenolate isomer so that both species potentially
contribute to ATD peak 1. Furthermore, the calculated
vertical excitation wavelength for the E -carboxylate-
keto tautomer (533 nm) corresponds closely with the
additional photodepletion peak in Fig. 2b (see Table 1).
The VDE for this species is much larger than for
the E -phenolate isomer, suggesting that photodissoci-
ation would be favoured over electron detachment. We
therefore cannot rule out that the E -carboxylate-keto
tautomer accounts for some fraction of ATD peak 1.

Fig. 4 (a) Arrival time distributions for OxyLH� using N2
(black) and N2 + ⇡1% propan-2-ol (orange) bu↵er gas. The
feature denoted by * is from OxyLH�· CH3OH clusters that
dissociate in the ion funnel at the end of the drift region.
(b) Photodepletion action spectrum for ATD peak 1 (as-
signed to the E -phenolate-keto isomer) and photodissociation
spectra (smoothed) from Ref. 19. (c) Photodepletion action
spectrum for ATD peak 2 (assigned to the E -phenolate-enol
isomer). Red bars in (b) and (c) indicate STEOM-DLPNO-
CCSD/aug-cc-pVDZ vertical excitation wavelengths.

Photodissociation action spectra (smoothed) previ-
ously recorded using the Sep1 and ELISA instruments
at Aarhus University are shown in Fig. 2d.[18] The
Sep1 spectrum agrees closely with the present photode-
tachment spectrum assigned to the E -phenolate isomer
(ATD peak 1, Fig. 2b). In contrast, the maximum in
the ELISA photodissociation spectrum is shifted by
⇡40 nm to longer wavelength. As outlined in the in-
troduction, the di↵erence between the Sep1 and ELISA
spectra is attributable to the ELISA instrument record-
ing a larger fraction of ions generated through slower
statistical processes. For the experiments described
in this paper, slow decomposition and detachment
processes should be substantially suppressed in the drift
region environment (⇡6Torr) due to rapid collisional
deactivation. This issue is discussed further in Section
5.

4.2 OxyLH�

ATDs for OxyLH� are shown in Fig. 4a. In N2 bu↵er
gas, there is a dominant ATD peak, which has a slight
shoulder on the long arrival time edge and which is
slightly broader than expected. This hints that two
isomers contribute to the peak. In N2 bu↵er gas seeded
with ⇡1% propan-2-ol, two peaks (labelled as peak
1 and peak 2) are observed in the ATD with an
intensity ratio of approximately 5:1. ATD peaks 1
and 2 were assigned as the E -phenolate-keto and E -
phenolate-enol tautomers (Fig. 5), respectively, based
on their relative energies, calculated collision cross-
sections and agreement between action spectra and
calculated excitation wavelengths (see Table 1). The
calculated barrier for E -Z isomerization on the ground
electronic state for the E -phenolate-enol tautomer is
19 kJmol�1 (average vibrational energy of the ions at
⇡300K is 33 kJmol�1), suggesting the two geometric
isomers will rapidly interconvert in the drift region.
On the other hand, for the E -phenolate-keto isomer,

Fig. 5 Deprotomeric and tauotmeric forms of OxyLH�.
Molecules are shown in their E isomers with respect to the
central bond connecting the two rings.
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the central bond linking the two aromatic units has
substantial double bond character and consequently
has a higher calculated E -Z isomerization barrier of
62 kJmol�1. However, even if E and Z isomers of this
species survive passage through the drift region, they
are probably not resolved since they are calculated to
have very similar collision cross-sections in N2 (Table 1).

Photodepletion action spectra associated with the
two ATD peaks in N2 + ⇡1% propan-2-ol bu↵er gas
are shown in Fig. 4b and c, respectively. The spectra
have maxima at ⇡540 nm (ATD peak 1, E -phenolate-
keto) and ⇡475 nm (ATD peak 2, E -phenolate-enol),
which are consistent with calculated vertical excitation
wavelengths for the two isomers. There was no evidence
for photoisomerization in the photoaction ATDs (see
Electronic Supplementary Material).

The photodepletion spectrum assigned to the E -
phenolate-keto isomer (ATD peak 1, Fig. 4b) is similar
to the Sep1 and ELISA photodissociation spectra pre-
viously recorded at Aarhus University,[19] suggesting
that the E -phenolate-enol tautomer does not contribute
significantly to the earlier Sep1 and ELISA photodis-
sociation action spectra. The onset of a second pho-
todepletion feature in Fig. 4b for wavelengths shorter
than ⇡480 nm is presumably due to direct, single pho-
ton photodetachment (the photon energy exceeds the
electron detachment threshold) - see further discussion
in Section 5.

4.3 DMOxyL�

The ATD for DMOxyL�, which is shown in Fig. 6a,
exhibits one peak irrespective of the bu↵er gas compo-
sition. This was expected as the deprotonated molecule
has a single tautomer (phenolate-keto, shown inset in
Fig. 6a). The calculated E -Z isomerization barrier for
the ground electronic state is 62 kJmol�1 which is
larger than the average vibrational energy of the ions at
⇡300K (41 kJmol�1), so that E and Z isomers might
survive passage through the drift region. However, both
isomers have similar calculated collision cross-sections
(Table 1) and are unlikely to be resolved.

The photodepletion action spectrum for DMOxyL�,
shown in Fig. 6b, has a maximum at ⇡550 nm, consis-
tent with the calculated vertical excitation wavelength
at 571 nm (Table 1, STEOM-DLPNO-CCSD/aug-cc-
pVDZ level of theory). The photodepeletion spec-
trum resembles the previous Sep1 photodissociation
spectrum better than it does the ELISA spectrum.
The photodepletion spectrum for DMOxyL�, which
certainly has a E -phenolate-keto structure, is similar
to the photodepletion spectrum assigned to the E -

Fig. 6 (a) Arrival time distributions for DMOxyL� using
N2 (black) and N2 + ⇡1% propan-2-ol (orange) bu↵er
gas. (b) Photodepletion action spectrum associated with the
ATD peak and photodissociation spectra (smoothed) from
Ref. 19. The red bar in (b) indicates the STEOM-DLPNO-
CCSD/aug-cc-pVDZ vertical excitation wavelength.

phenolate-keto tautomer for OxyLH� (Fig. 4b), lending
support to the ATD peak assignments for OxyLH�.

5 General discussion

The ATDs and photodepletion action spectra recorded
in this study show that deprotonated D-luciferin and
oxyluciferin produced through electrospray ionization
can exist in several isomeric forms with distinct action
spectra. The occurrence of several isomers is com-
mon to a wide range of biochromophores in the gas
phase, including pHBDI� (green fluorescent protein
chromophore),[40] flavins,[41] para-hydroxycinnamates
(photoactive yellow protein chromophore models),[25,
42] and retinoids (photoreceptor in opsin proteins).[43,
44] In the present case, LH� and OxyLH� each exist
as at least two isomers that are resolvable using ion
mobility, and are assigned as deprotomers and tau-
tomers, respectively. Because the isomers have over-
lapping action spectra, it is di�cult to perform action
spectroscopy experiments on a single isomer using
techniques without isomer selection. Relative isomer
yields from electrospray ionization can depend upon
many experimental factors, including the solvent, pH,
electrospray geometry and needle voltage, desolvation
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conditions, and collisional treatment of ions as they
are introduced into vacuum.[45, 46, 47] Because most
gas-phase action spectroscopy instruments are custom
designed, it is di�cult to know if the isomer distribution
for one experiment is the same as for another.

The present action spectra for deprotonated lu-
ciferin molecules may deviate from the intrinsic ab-
sorption profiles and the earlier Sep1 and ELISA
photodissociation action spectra for two reasons: (i)
each instrument measures a di↵erent fraction of prompt
and delayed electron detachment and dissociation, and
(ii) the action spectrum for each species extends over
the electron detachment threshold, so the number of
photons necessary to induce electron detachment varies
over the action spectrum. The influence of these factors
is discussed below.

The action spectra recorded in the present study
have been compared with earlier photodissociation ac-
tion spectra recorded using the Sep1 and ELISA instru-
ments at Aarhus University. The similarity between the
earlier action spectra and those for the most abundant
isomer from the present measurements suggest that the
electrospray ionization sources at Aarhus University
mainly produced the most stable isomer. However, all
three experiments are sensitive to di↵erent degrees of
prompt and delayed photodecomposition. In particular,
Sep1 (⇡10�6 Torr background pressure) and ELISA
(⇡10�10 Torr background pressure) are high-vacuum
experiments and detect charged fragments (Sep1) or
neutrals (ELISA) formed over specific time windows
after irradiation, with the ELISA detection time win-
dow (e.g. 33µs to 3ms) considerably longer than the
Sep1 window (0 to 3µs). On the other hand, the
present tandem IMS measurements are performed in
a high-pressure environment (⇡6Torr), whereby photo-
activated ions thermalize over hundreds of nanoseconds
(the collision rate in the drift region is ⇡109 s�1).[39,
25] Under the drift region conditions, rapid excited
state processes occurring on sub-nanosecond timescales,
including autodetachment or photoisomerization by
passage through a conical intersection, will tend to
take place. In contrast, slow statistical dissociation or
electron ejection should be suppressed because of col-
lisional deactivation. Generally, the present drift tube
action spectra of all three target anions resemble the
Sep1 spectra more than the ELISA spectra, presumably
because the present experiment is sensitive to rapid
photo-induced processes that are also better captured
by the Sep1 experiment.

As noted above, the action spectra of the probed
luciferin anion species span the expected electron de-
tachment thresholds (see Table 1). Excitation to vi-
bronic levels of the S1 state below the detachment

threshold will require absorption of a second photon
to cause photodetachment. Therefore, one might expect
the photodetachment response will be diminished in the
sub-threshold region compared to the supra-threshold
region, possibly causing di↵erences between the pho-
todepletion action spectra reported in this study and
the intrinsic absorption profiles.

Last, we comment on our failure to observe
photofragmentation for any of the luciferin systems.
A photodissociation mass spectrometry study on
OxyLH� (and DMOxyL�), including with synthetic
isotopologues, found the dissociation threshold for the
dominant fragment to be ⇡1.86 eV,[48] substantially
lower than the VDE and presumably also the adi-
abatic detachment energy. The major ion fragment
at m/z=175 (compared with m/z=249 for parent
OxyLH�) should be detectable in our tandem IMS ex-
periment. Our failure to observe this ion in photoaction
ATDs when using the quadrupole mass filter as an ion
guide (i.e. no mass filtering) suggests that dissociation
is slow and is suppressed in our experiment.

6 Conclusions

This work demonstrates that negative-mode electro-
spray ionization of D-luciferin and oxyluciferin pro-
duces several isomeric forms with distinct photode-
pletion action spectra in the visible region. Electro-
spray of D-luciferin produces two isomers, assigned to
phenolate and carboxylate deprotomers. The depro-
tomers have overlapping action spectra in the 410–
530 nm range, with the 530–560 nm range providing a
window for photophysics studies targeting the pheno-
late form using, for example, pump-probe femtosecond
spectroscopy. Electrospray of deprotonated oxyluciferin
generates two gas-phase isomers assigned as tautomers,
with the assignments consistent with measurements
on a synthetic derivative of oxyluciferin which has a
single tautomeric form. The deprotonated oxyluciferin
tautomers have overlapping action spectra in the 410–
550 nm range, with the 550–610 nm range being a
window for photophysical studies of just the keto
tautomer. This study complements other tandem IMS
investigations of biochromophore ions in the gas phase,
which demonstrate that electrospray ionization often
generates multiple isomers.
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S1 Photoaction ATDs

Light-o↵ and photoaction (light-on – light-o↵) ATDs for LH�, OxyLH� and
DMOxyL� are shown in Fig. S1. In all cases the photoaction signal was less than
a few percent and there was no photoisomerization since there were no growth
features in the photoaction ATDs. It worth noting that each ATD peak could be
cleanly gated during the IMS-photo-IMS measurements, confirming that there is
no rapid interconversion between the isomers in the drift region.
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Fig. S1 Light-o↵ (black) and photoaction (grey) ATDs for: (a) LH� ATD peak 1 recorded in
N2 + SF6 [quadrupole mass filter set as an ion guide] at 520 nm, (b) LH� ATD peak 2 recorded
in pure N2 at 480 nm, (c) OxyLH� ATD peak 1 recorded in N2 + ⇡1% propan-1-ol at 550 nm,
(d) OxyLH� ATD peak 2 recorded in N2 + ⇡1% propan-1-ol at 500 nm, and (e) DMOxyL�

recorded in pure N2 at 550 nm. Note, ATD peaks in this figure may be shifted compared with
ATDs in the paper because of slight changes in bu↵er gas pressure and composition from day
to day.


