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ABSTRACT 

Lumichrome (LC) is the chromophore of the flavin family of photoactive biomolecules, where 

key biochemical activity involves interplay between redox and photophysical events.  

Questions remain about the relationship between the redox status of the ground and excited 

states, and demand an improved understanding of the intrinsic photochemistry. Using anion 

photodissociation spectroscopy, we have measured the intrinsic electronic spectroscopy (564-

220 nm) and accompanying photodegradation pathways of the deprotonated anionic form of 

LC.  Experiments were also performed on alloxazine (AL), which is equivalent to LC minus 

two methyl groups.  We observe a resonance state close to 3.8 eV for both anions for the first 

time, which we tentatively assign to dipole-bound excited states.  For AL this state is 

sufficiently long-lived to facilitate dissociative electron attachment.  Our results suggest that 

the presence of methyl group rotors at key positions along the molecular dipole may reduce the 

lifetime of the resonance state and hence provide a structural barrier to valence electron capture, 

and ensuing molecular dissociation. 

 

GRAPHICAL ABSTRACT 
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Flavin cofactors such as flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) 

are amongst the most important photoactive biological molecules.1  Despite the fact that there 

have been numerous investigations of the photochemistry and photophysics that underpin 

flavin photobiology,2 critical questions remain about the sequence of light and redox events 

that occur, as well as the role of the protein around the central chromophore.2-4  One approach 

to better understanding the photophysical properties of biomolecules is to study the 

chromophore as an isolated system in the gas-phase, an approach that has been productively 

applied to the green fluorescent protein chromophore.5-7  Despite the importance of flavins, 

studies of the electronic properties of isolated (i.e. gas-phase) flavins have been extremely 

sparse until very recently,8-10 particularly compared to the large number of studies where the 

chromophore is studied in solution.11-13 This is surprising as the gas-phase is an appropriate 

medium in which to study intrinsic properties of such chromophores,14 which typically sit 

entirely within a protein, since the vacuum dielectric constant (vacuum = 1) is more similar to 

the immediate environment of the interior of a protein (protein = 2-4) than for bulk water (water 

= 80).15 

 

Here, we present the first gas-phase study of the anionic (i.e. deprotonated) form of the smallest 

flavin chromophore lumichrome (LC), along with the simpler, related chromophore, alloxazine 

(AL).  The structures of LC and AL are shown in Scheme 1.  Our motivation for studying 

alloxazine is that it is often the subject of theoretical studies due to its modestly simpler 

structure that lacks the two aromatic methyl groups,16,17 and the work we perform here allows 

us to investigate the extent to which these methyl groups affect the intrinsic electronic 

properties.  Lumichrome is related to the biologically important FMN and FAD by loss of the 

ribose chain plus phosphate group, and the ribose chain plus adenosine diphosphate, 

respectively.   
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In choosing to focus on the simplest flavin chromophore, we deliberately adopt “bottom up” 

approach, where we begin by probing the properties of the simplest flavin chromophore, and 

will then sequentially reintroduce the molecular complexity in future experiments to build 

towards obtaining a complete understanding of intrinsic flavin chromophore electronic 

spectroscopy.  We employ the general approach of forming the flavin chromophore anions as 

gas-phase species via electrospray of suitable solutions, and then obtaining the electronic 

spectrum via laser photodissociation spectroscopy.18  Indeed, it is essential to begin a wider 

study of flavin chromophores by studying the smallest chromophore first, as larger flavin 

chromophores are known to fragment into smaller flavin chromophores following electronic 

excitation,9,19 which offers the potential to seriously hamper spectral interpretation of the larger 

biological flavins.  A complete knowledge of the properties of the smallest chromophore, will 

provide a firmer basis for both acquiring and interpreting experimental data for the larger 

systems. 

 

The gaseous ion photodepletion and photofragment spectra of deprotonated AL and LC, i.e. 

[AL-H]- and [LC-H]-, were recorded in vacuo using action spectroscopy in a laser-interfaced 

mass spectrometer which is described in detail elsewhere and in the Supporting Information 

(SI).20,21  The photodepletion spectrum can be considered to be equivalent to the gaseous 

absorption spectrum, in the limit where excited state fluorescence is negligible.22  

Computational calculations (DFT and TDDFT) were performed on [AL-H]- and [LC-H]- using 

Gaussian 09 to determine the lowest-energy deprotonation isomers, dipole moments, electron 

detachment energies, and excitation spectra.23  TDDFT has been used successfully in a number 

of recent experiments for interpreting the electronic spectra of similar anions, including in the 
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above threshold region e.g. for the luciferin anion,24,25 supporting their use here to provide a 

preliminary interpretation of the spectra.  The SI again includes further details. 

 

Prior to acquiring the gaseous absorption spectra of [AL-H]- and [LC-H]-, we obtained the 

aqueous alkaline (pH 10) absorption spectra of AL and LC (Figure S1).  The absorption profiles 

are similar for the two systems, with both showing a region of relatively low absorption in the 

visible region between 500-300 nm, and a dominant UV band which peaks close to 260 nm, 

followed by the onset of a further band towards the high-energy spectral edge.  Similar spectra 

have been published previously,12,13,26  

 

Electrospray ionization readily produces [AL-H]- and [LC-H]- as gas-phase ions, with m/z 213 

and 241, respectively.  (Section S2 of the SI.)  Figure 1a displays the photodepletion spectrum 

of [AL-H]-. Four absorption bands (labelled I – IV) are evident, with the absorption onset 

occurring around 2.3 eV (540 nm).  Band I is a relatively weak, broad band and is observed in 

the visible region, centred around 2.8 eV (443 nm).  This band decreases in intensity above 2.8 

eV and approaches a baseline level by 3.7 eV.  An extremely sharp-onset band (II) is observed 

above 3.8 eV with a maximum at 4.05 eV (306 nm).  Band III appears as another strong feature 

between 4.3-5.2 eV with a peak occurring at 4.81 eV (260 nm), while the rising edge of band 

IV is observed above 5.6 eV. An equivalent set of transitions are observed in the photodepletion 

spectrum of gaseous [LC-H]- (Figure 1b), with the λmax of bands I – IV appearing at 2.6, 4.03, 

4.74, and >5.6 eV respectively. 

  

Comparing the solution and gaseous absorption spectra, both spectra display relatively low- 

intensity absorptions across the visible range, and it seems clear that the dominant UV solution-

phase band, is related to the strong III feature in the gaseous spectrum.  However, it is striking 
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that there is no solution-phase band close to 4.0 eV, the location of the sharp-onset feature, II, 

in the gaseous spectra.  The very sharp onsets of the II features reveals that resonances are 

present for [AL-H] and [LC-H] at these energies, the first observation of such a feature for 

flavins.  We discuss the assignment of the absorption spectra and the nature of this resonance 

further below. 

 

We next turn to exploring the photofragment ions that are associated with the excited states 

evident in the Figure 1 spectra.  Photofragmentation of [AL-H]- following excitation at 4.77 

eV (260 nm – III) produces m/z 170 as the dominant ionic fragment which corresponds to the 

loss of 43 mass units (HNCO) from [AL-H]- (Section S4).  HNCO has been identified as a 

uracil photofragment in several previous experiments.27,28  A second, very minor fragment with 

m/z 142 is evident (at <1% intensity), corresponding to loss of HNCO and CO from the parent 

ion: 

[AL-H]- + h  →   m/z 170 + HNCO  [1a] 

  → m/z 142 + HNCO + CO [1b] 

Similarly, when [LC-H]- is photoexcited at 4.77 eV, the major photofragmentation channels 

corresponding to loss of 43 and 71 mass units to produce photofragments with m/z 198 and 

170, respectively:  

[LC-H]- + h  →   m/z 198 + HNCO  [2a] 

  → m/z 170 + HNCO + CO [2b] 

These photofragments appear with similar intensities to the corresponding photofragments of 

[AL-H]-.  A number of minor photofragments with m/z 168, 169, 172, 482 and 483 are also 

observed. We note that the 482 and 483 photofragments appear to be heavier than the starting 

ion (m/z 241), but the 482 fragment is straightforwardly explained by the m/z 241 being 

comprised of both the [LC-H]- singly-charged monomer, and also the ([LC-H]-)2 doubly-
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charged dimer. Due to limitations in our ion isolation width, we also select m/z 241.5 in our 

starting ion package, which includes the +1 isotope peak of ([LC-H]-)2 with a mass of 483 and 

a double negative charge. This is discussed more thoroughly in Section S5 of the SI, with the 

action spectrum for the m/z 482 photofragment being presented in Section S9 of the SI.  It is important 

to stress that all of the m/z 168, 169, 172, 482 and 483 photofragments are very minor.  

Therefore, the fact that a single, strong photofragment ion is predominantly produced by [AL-

H]- and [LC-H]- suggests that a single isomeric species of [AL-H]- and [LC-H]- is present in 

each the electrosprayed ion sample. This contrasts with other systems we have studied where 

multiple isomers are present.29,30  Low-energy collision induced dissociation (CID) of [AL-H]- 

and [LC-H]- results in fragmentation with loss of HNCO, i.e. thermal excitation versions of 

Equations [1a] and [2a], hence mirroring the photofragmentation results where loss of HNCO 

is the major channel (Section S6). 

 

Photofragment intensities are monitored in our experiment at each scanned wavelength to 

provide further insight into the nature of the excited states.29,30  The action spectrum for 

production of the major photofragment from [AL-H]- with m/z 170 is displayed in Figure 2a, 

showing that the fragment is produced across the entire spectral range, with peaks in production 

within the regions of the band maxima I – IV of the photodepletion spectrum of [AL-H]- 

(Figure 1a). However, band I appears relatively more strongly in the photofragment action 

spectrum, whereas production of the fragment is notably flat across bands II-IV when 

compared to the photodepletion spectrum.  The very sharp onset of photofragment production 

at ~3.8 eV, the onset of band II mirrors the photodepletion profile in this region. 

 

Figure 2b shows the production spectrum of the dominant m/z 198 photofragment from [LC-

H]-.  This spectrum is somewhat similar to the absorption spectrum of this species (Figure 1b) 
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but strikingly, production of m/z 198 does not peak across the region of band II.  In particular, 

the sharp onset in spectral intensity seen in the absorption spectrum at ~3.8 eV, is completely 

absent from the photofragment action spectrum, indicating that the absorption process 

occurring in band II of [LC-H]- does not result in production of m/z 198.   For anionic systems, 

any photodepletion that is not associated with photofragment production must be associated 

with electron loss processes. 

 

DFT and TDDFT calculations were performed to allow us to provide a first interpretation of 

the experimental spectra, with a number of deprotonated species being identified (Section S7). 

Two relatively low-energy isomers were identified for both anions, which we label 1a and 1b 

for [AL-H]-, and 2a and 2b for [LC-H]-.  Structures, relative energies and selected physical 

properties are given in Table 1.  As the relative energies of the other deprotomeric isomers (SI) 

are substantially higher, we are confident that they are not present in this experiment.  

Deprotonation at position N1 (1a and 2a) of the alloxazine ring is calculated to be more stable 

than deprotonation at position N3 (1b and 2b) by 21.7 and 21.2 kJ mol-1 for AL and LC 

respectively.  The vertical detachment energies (VDEs) of structures 1a and 2a are predicted 

to be 4.00 and 3.83 eV (310 and 324 nm) respectively, with the corresponding VDEs of 

structures 1b and 2b being significantly higher (4.64 and 4.71 eV respectively).  Both a and b 

structures are highly polar, with dipole moments oriented primarily across the long axis of the 

molecule, indicating that the negative charge largely resides within the fused uracil ring section 

of the pteridine. 

 

Figure 3 presents the TDDFT excitation spectra of structures 1a and 1b of [AL-H]- and 2a and 

2b of [LC-H]-, while the individual transitions that contribute to these spectra are included in 

the Supporting Information (Section S8).  Comparing the calculated and experimental (Figure 
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1) spectra, it is evident that the calculated spectra of isomers 1a and 2a agree extremely well 

with the experimental spectra of [AL-H]- and [LC-H]-, in terms of the agreement between the 

positions of bands I and III.  Since the a isomers are calculated to be the lowest-energy isomers, 

this leads to a straightforward assignment of the gas-phase spectra as being associated with the 

a structure deprotomers.  This situation is expected for a system where a single isomer has a 

significantly lower relative energy than the next highest isomer, both in solution and the gas-

phase, and electrospray occurs in a protic solvent.29,30 Inspection of the calculated spectra 

shows that there are no prominent electronic transitions in the II spectral region for either [AL-

H]- and [LC-H]-.  However, the calculated VDEs (arrows on Figure 3) appear very close to the 

II experimental onsets. 

 

We now return to considering the differences between the electronic spectra of [AL-H]- and 

[LC-H]-, and the nature of feature II resonances.  Having calculated the 1a/2a VDEs for [AL-

H]- to [LC-H]-, as 4.00 and 3.83 eV, respectively, it is now clear that the sharp onsets of the 

band II resonance features correspond to the electron detachment thresholds of the anions.  

This leads us to tentatively assign the II features, as dipole-bound excited states.31-34  We have 

found clear evidence for the formation of such states using our laser-interfaced mass 

spectrometry instrument following near-threshold excitation of anionic alkali halide salt 

clusters,35 and are therefore confident that these states can be observed using our experimental 

approach. While dipole-bound states are prominent features of the electronic spectra of some 

anionic species, these transitions frequently become lower intensity on going from the gas-

phase to solution,34,36 consistent with the absence of a strong II feature in the solution-phase 

spectra.  Since the negative ion resonances of LC/AL are currently entirely unknown, further 

theoretical studies are now warranted to further characterise assign the features observed here. 
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In support of our assignment of the near-threshold resonances as dipole-bound states, we note 

that the [AL-H]- photodepletion feature II displays a typical “peaked” profile of a dipole-bound 

excited state.34  In contrast, the [LC-H]-, band II displays a flatter top, a profile that has been 

associated with lower-magnitude dipoles (i.e. dipoles that are too small to critically bind an 

electron to form a stable dipole-bound state).34  The shapes of the band II features therefore 

suggest that the vertical dipole moment for [LC-H]-, is lower than that for [AL-H]-.  However, 

our calculations (Table 1) indicate that the vertical dipole moment of [LC-H]- is in fact 

modestly larger than that of [AL-H]-, and both have similar orientations (Figure 4), so further 

factors must be at play.   

 

One of the most intriguing results to emerge from our experiments is the observation that 

electron capture into the near-threshold resonance for alloxazine results in ionic fragmentation 

of [AL-H]- with production of the m/z 170 fragment along with neutral HNCO.  This is evident 

in the way in which the production profile of the m/z 170 fragment matches the photodepletion 

profile of feature II.  For lumichrome, electron occupation of this resonance state does not lead 

to molecular dissociation on a timescale that can compete with electron autodetachment.  Thus, 

it is more correct to modify equations [1a] and [2a] for the II region to acknowledge the role 

of the transient negative ion (TNI) at the resonance; 

[AL-H]- + h  → [AL-H]*-  (TNI) →   m/z 170 + HNCO [1c] 

[LC-H]- + h  → [LC-H]*-  (TNI) →   e-
autodetach +  [LC-H]  [2c] 

In the I and III regions, in contrast, HNCO must be produced through rapid excited state decay 

followed by thermal dissociation on the electronic ground state surface.  This leads to 

production of the m/z 170 and m/z 198 fragments as in collision induced dissociation (Section 

S6).21 
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Recent work from Neumark and co-workers using time-resolved anion photoelectron 

spectroscopy has provided a number of examples of dipole-bound states which can either 

autodetach or evolve into a valence anion, which subsequently dissociates. 37,38  Thus it is now 

well acknowledged that the formation of a dipole-bound state can act as a doorway to valence-

anion formation, and hence to molecular dissociation.37-40  This leads us to interpret that our 

spectroscopic observations as being consistent with [AL-H]- forming an above-critical 

threshold dipole-bound state in the region of the VDE, while [LC-H]- forms a sub-critical 

dipole-bound state.  The dipole-bound state for [AL-H]- then acts as a doorway state to a 

valence state which leads to dissociation with loss of a neutral HNCO unit [1c].  In contrast, 

the sub-critical dipole moment of [LC-H]- is not stable on a timescale necessary for valence 

anion formation and results only in electron detachment [2c].   

 

It is useful to reflect that the only structural difference between alloxazine and lumichrome, is 

the presence of lumichrome’s two methyl groups.  Brauman and co-workers investigated the 

effects of molecular rotation on the observation of dipole-bound states of anions via 

photodetachment studies of enolate anions in an ion cyclotron spectrometer over two decades 

ago.41  In this seminal work, it was concluded that the binding of the electron by a dipole is 

very sensitive to the motions of the dipole.  Of particular relevance to the current work were 

their results for pinacolone enolate, which was found to lack resonances associated with a 

dipole-bound state, due largely to the presence of internal rotors.  From their studies of the 

series of enolates, they concluded that any molecular rotations can lead to shortening of the 

lifetime of the dipole-bound state. If the molecule has internal rotors, the internal and external 

rotations can couple, thus perturbing the angular momentum of the dipole, so that for molecules 

such as pinacolone enolate, the dipole-bound state will be very short lived.  These 
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experimentally-driven interpretations were supported by a number of subsequent theoretical 

studies.42-45 

 

The deprotonated [LC-H]- versus [AL-H]- systems studied here appear to present a striking 

example of the effect of methyl rotors on the stability of a dipole-bound excited state for a 

medium sized biologically relevant anion.  Rotational constants and moments of inertia are 

included on Figure 4.  What is evident from the orientation of the vertical dipole moments 

pictured in Figure 4 is that the methyl rotors will lie directly within the area of a dipole-bound 

state orbital.31  As the lifetime of the dipole-bound excited state of [LC-H]- is shortened due to 

the presence of the internal rotors, there appears to be insufficient time for the dipole-bound 

state to evolve into a valence state which subsequently dissociates, compared to the timescale 

for autodetachment.37,38   

 

As discussed in the introductory paragraphs, LC is the key structural component of the flavin 

family of biomolecules.  Their activity as photoreceptors is closely linked to their redox 

properties, where a coupled two electron/two proton capture by the LC moiety leads to the 

reduced form.2  The results presented here are important in this context since they reveal the 

presence of transient negative ion resonances that appear close to 4.0 eV, and provide a route 

for electron capture into the flavin valence framework.  Intriguingly, the presence of the methyl 

groups which are present in LC compared to AL, appear to act to prevent single electron capture 

by LC resulting in dipole-bound state mediated molecular dissociation.  More generally, we 

have gained significant new insight into the role that can be played by methyl internal rotors in 

preventing single electron capture that results in molecular dissociation.  Further 

complementary studies using advanced imaging and time resolved techniques are desirable for 
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the important group of flavin molecules, as well as advanced theoretical studies to provide a 

deeper insight into the nature of their electron-capture properties. 
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SCHEMES AND FIGURE CAPTIONS 

Scheme 1:  Schematic diagram of the structures of AL (1) and LC (2).  Atom labels are 

included on AL. 

 

Figure 1: Photodepletion spectra of a) [AL-H]- and b) [LC-H]-, across the range 2.20 – 

5.64 eV (564 – 220 nm).  The solid red lines are 5-point adjacent averages of the 

data points.  

 

Figure 2: Photofragment production spectra of a) the m/z 170 photofragment from [AL-

H]- and b) the m/z 198 photofragment from [LC-H]-, across the range 2.20 – 5.64 

eV (564 – 220 nm).  The solid red lines are 5-point adjacent averages of the data 

points.  The break in the m/z 198 spectrum between 3.45-3.6 eV corresponds to 

a region where no fragment ion is produced. 

 

Figure 3: Calculated TDDFT absorption spectra of the (a) N1 deprotonated (1a) and (b) 

N3 deprotonated (1b) structures of [AL-H]-, and the (c) N1 deprotonated (2a) 

and (b) N3 deprotonated (2b) structures of [LC-H]-.  The arrows indicate the 

positions of the calculated VDEs (Table 1). Oscillator strengths for the 

excitations are listed in Section S8 of the SI. 

 

Figure 4:  Schematic diagram illustrating the vertical dipole moments of isomers a of [AL-

H]- (top) and [LC-H]- (bottom) calculated at the PBE0/6-311+G(d,p) level.  The 

calculated moments of inertia and rotational constants are also shown. 
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TABLES 

Table 1:  Calculated relative energies and physical properties of structures 1a, 1b, 2a and 2b 

of [AL-H]- and [LC-H]- calculated at the PBE0/6-311+G (d,p) level.a,b  Relative electronic 

energies (ZPE corrected), vertical detachment energies, adiabatic detachment energies and 

dipole moments are shown. 

 

a See Figure 1 for definitions of the atom labels. 
b The relative energies are zero-point energy corrected. 
c Values in parentheses are calculated in water. 
d The dipole moment of the vertical neutral molecule (i.e. neutral with the same geometry as 

the anion) formed when the excess electron is ionized from the anion. 

 

  

Structure 

 

Deprotonation 

Site 

Relative 

Energyb,c 

(kJ mol-1) 

  VDE 

(eV) 

ADE 

(eV) 

Dipole 

Moment 

(D) 

Vertical Dipole 

Momentd 

(D) 

1a 
N1 

0.0 (0.0) 4.00 3.87 7.8 7.0 

1b 
N3 

21.7 (6.01) 4.64 4.22 12.6 7.6 

2a 
N1 

0.0 (0.0) 3.83 3.71 11.7 9.0 

2b 
N3 

21.2 (5.25) 4.71 - 16.5 16.1 
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S1. Experimental and computational methods 

The gaseous ion absorption and photofragment spectra of [AL-H]- and [LC-H]- were recorded 

in vacuo using action spectroscopy. UV-Vis photodissociation experiments were conducted in 

an AmaZon ion-trap mass spectrometer, which was modified for the laser experiments as 

described in detail elsewhere.1,2  UV photons were produced by an Nd:YAG (10 Hz, Surelite) 

pumped OPO (Horizon) laser, giving ~1 mJ across the range 400 - 220 nm (3.10 – 5.64 eV) 

and ~0.5 mJ across the range 564 - 400 nm (2.20 – 3.10 eV). Scans were conducted using 1, 2 

and 4 nm step sizes in the wavelength regions of 220 - 292, 292 - 400 and 400 - 564 nm 

respectively, the average energy difference between the data points is 0.02 eV. 

Photofragmentation experiments were run with an ion accumulation time between 20 – 100 ms 

with a fragmentation time of 100 ms, ensuring an average of one laser pulse per ion packet. 

The ion isolation width used was 0.7 m/z units, which provided the optimum balance of signal versus 

resolution for the systems studied.  Total absorption is taken as the depletion in ion intensity of 

mass-selected ions, following irradiation, according to Equation 1:  

 

Photodepletion Intensity =  Ln (IntOFF
IntON

) (P × λ)⁄    (Equation 1) 

 

Where IntON and IntOFF are the intensities of the parent ion signals with and without irradiation 

respectively.  Photodepletion is corrected for the number of photons by dividing the logarithmic 

depletion by the power of the tuneable laser (P) and the wavelength (λ). Power studies were 

conducted at several excitation wavelengths to determine the relationship between laser power 

and photodepletion, with the ~0.5 mJ power used being well within the region for single photon 

absorption. The photodepletion intensities of mass selected [AL-H]- and [LC-H]- ions have 

been averaged at each wavelength across the range 564 - 220 nm and are plotted against the 

energy of the excitation photons. The production of photofragments that are associated with 

the depletion of parent ions is calculated using equation 2, where IntFrag is the ion intensity of 

each individual photofragment at a particular wavelength. 

  

Photofragmentation Production =  (IntFrag

IntOFF
) (P × λ)⁄     (Equation 2) 

 

A solution of AL and LC (1 x 10-5 mol L-1) in methanol was introduced to the mass 

spectrometer through electrospray ionisation (ESI) using a nebulising gas pressure of 2.0 psi, 
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an injection rate of 300 µL/hr, a drying gas flow rate of 4.0 L min-1, and a capillary temperature 

of 150oC. Once electrosprayed, [AL-H]- and [LC-H]- (m/z 213 and 241 respectively) were mass 

isolated using the multiple reaction monitoring (MRM) functionality of the mass spectrometer. 

MRM enables different ions to be isolated and fragmented in sequential mass spectra. Using 

MRM, the mass spectra of four ions were obtained sequentially: [AL-H]- with irradiation, [AL-

H]- without irradiation, [LC-H]- with irradiation and [LC-H]- without irradiation. 

Multiple deprotonated structures of [AL-H]- and [LC-H]-, were optimised using the PBE0/6-

311+G(d,p) functional and basis set, using Gaussian 09.  Frequency calculations were 

performed to ensure that all optimised structures correspond to true energy minima. All 

structures were also optimised using an implicit water solvent, with frequency calculations to 

show that the optimised structures were energy minima. Time-dependent density functional 

theory (TDDFT) calculations (30 states) were performed on the optimised gaseous structures 

of the two lowest energy structures of [AL-H]- and [LC-H]- (Figure 3 of the main text), at the 

PBE0/6-311+G(2d,2p) level. 

 

References 

1. E. Matthews, A. Sen, N. Yoshikawa, E. Bergstrom and C. E. H. Dessent, Phys. Chem. 

Chem. Phys. 18, 15143 (2016). 

2. A. Sen, T. F. M. Luxford, N. Yoshikawa, C. E. H. Dessent, Phys. Chem. Chem. Phys. 16, 

15490-15500 (2014).  
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S2. Solution-phase absorption spectra of the deprotonation isomers of AL and LC 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1: Aqueous absorption spectrum of a) [AL-H]- and b) [LC-H]- across the range 2.4 – 

5.64 eV (517 – 220 nm).  Bands are assigned in the table below. 

 

Table S1:  Assignment of features seen in the solution-phase absorption spectra of [AL-H]- 

and [LC-H]-.  The atom labels refer to Figure S2 below. 

 

  

Transition 

[AL-H]-  

Absorption Maximum  

/ eV (nm) 

[LC-H]-  

Absorption Maximum  

/ eV (nm) 

Isomer assignment 

λ1     2.80 (443) sh     2.76 (449) sh 1b (2b) 

λ2     3.17 (391)     3.11 (399) 1a (2a) 

λ3     3.78 (328)     3.56 (348) 1a, 1b (2a, 2b) 

λ4     4.46 (278) sh     4.45 (279) sh 1b (2b) 

λ5     4.90 (253)     4.81 (258) 1a (2a) 

λ6     >5.6     >5.6   
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S3. Electrospray ionization mass spectroscopy of AL and LC 

The electrospray ionization mass spectrum of a mixture of AL and LC, obtained in negative 

ion mode, is shown in Figure S2.  The assignment of the prominent [AL-H]- and [LC-H]- 

deprotonated species is discussed in the main text.  Here, we note that several intense 

contaminant peaks (m/z 255, 283, 297, 311, 325 and 339) are also evident.  The m/z 255 and 

m/z 283 peaks are assigned as deprotonated palmitic and stearic acid,19 which are known 

contaminants in mass spectrometry.  The other peaks have mass differences of 14 m/z, 

indicating that these species are hydrocarbon contaminants which differ by a CH2 group. 

 

Figure S2: a) Total ion mass spectrum of an electrosprayed solution (MeOH) of AL and 

LC.  Expanded spectra of the m/z region of b) [AL-H]- and c) [LC-H]- are 

included. The red lines are simulated isotope patterns for [AL-H]- 

(C10H5N4O2
-) and [LC-H]- (C12H9N4O2

-). * indicates a contaminant peak in 

the total ion spectrum. • indicates an ion with m/z 241.6. 
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 S4. Photofragment mass spectrum of [AL-H]- photoexcited at 4.77 eV 

 

 

S5. Photofragment mass spectrum of [LC-H]- photoexcited at 4.77 eV 

 

Figure S3: Photofragment mass spectra of [AL-H]- excited at 4.77 eV (260 nm). Neutral 

losses required to produce the photofragments are included. 

Figure S4: Photofragment mass spectra of [LC-H]- excited at 4.77 eV (260 nm). Insets 

show a zoomed mass spectrum between a) m/z 168 – 172 and b) m/z 482 – 

484, the red line is a simulated isotope distribution pattern of [LC-H]•· [LC-

H]- (C24H18N8O4). 
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Figure S4 displays the photofragment mass spectrum observed when of [LC-H]- excited at 4.77 

eV.  As discussed in the main text, the main photofragments observed when [LC-H]- is 

photoexcited at 4.77 eV correspond to loss of 43 and 71 mass units to produce photofragments 

with m/z 198 and 170, respectively.  Additional weak photofragments with m/z 168, 169, 172, 

482 and 483 are also observed, with the production of the m/z 482 and 483 photofragments 

being particularly striking since these photofragments appear to have masses greater than the 

mass of the starting ion.  This is straightforwardly explained since the mass spectral values 

quoted here are m/z values, not simple masses.  The observation of the m/z 482 photofragment 

is consistent with the presence of an ([LC-H]-)2 doubly charged-dimer in the isolated m/z 214 

ion packet that is unavoidably selected in the laser experiment.  The ([LC-H]-)2 species can 

lose an electron following photoexcitation to produce [([LC-H])2]
-, which has m/z = 482  The 

m/z = 483 photofragment is produced in an entirely analogous manner, from the ([LC-H]-)2 

starting ion  which has one unit of mass more than due to isotope contributions from C13 atoms.  

This is clearly demonstrated by the match of the experimental mass spectrum in Figure S4b, 

with the simulated isotope pattern.  The m/z = 483 photofragment has been produced from a 

m/z = 241.5 starting ion, which has amu of 483 and a double negative charge.  As noted in 

Section S1, the ion isolation width used in these experiments was 0.7 m/z units, so that 

photoexcitation has been conducted on m/z = 241 as well as m/z = 241.5, producing the m/z = 

482 and m/z = 483 photofragments.  Assignment of all photofragments is included in Table S2. 
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Table S2:  Photofragments and assignments for [AL-H]- and [LC-H]-. 

 

 

 

 

 

 

 

 

a The +1 mass isotope peak compound of the 482 species. 

[AL-H]- Fragments [LC-H]- Fragments 

m/z Assignment m/z Assignment 

170 [AL-H-HNCO]- 198 [LC-H-HNCO]- 

142 [AL-H-HNCO-CO]- 170 [LC-H-HNCO-CO]- 

  482 [LC-H]·[LC-H]•- 

  483a [LC-H]·[LC-H]•- 

  168 [LC-H-HNCO-C2H6]
- 

  169 [LC-H-HNCO-C2H5]
•- 

  172 [LC-H-HNCO-C2H2]
- 
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S6. Collision Induced Dissociation of deprotonated AL and LC 

 

 

 

 

 

  

Figure S5: CID mass spectra of a) [AL-H]- and b) [LC-H]- fragmented with a 

fragmentation amplitude of 0.47 V for [AL-H]- and 0.43 V for [LC-H]-. 

Neutral losses required to produce the photofragments are included. 
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S7. Calculated relative energies of the deprotonation isomers of AL and LC 

 

Table S3:  Relative energies (zero point energy corrected) of the deprotonation isomers 

of [AL-H]- and [LC-H]-.  The atom labels refer to Figure S6 below. 

 

 

Structure 

 

 

Protonated 

[AL-H]- Rel. Energy 

/ kJ mol-1 

[LC-H]- Rel. Energy 

/ kJ mol-1 

Gaseous Aqueous Gaseous Aqueous 

a N3 0.0 0.0 0.0 0.0 

b N1 21.7 6.01 21.2 5.25 

c CO2 52.0 45.5 51.9 45.1 

d CO4 76.9 64.6 77.0 64.1 

e N5 147.0 97.0 147.2 94.4 

f N10 115.2 60.6 115.6 59.9 

 

 

 

 

 

 

 

 

 

 

 

Figure S6: Schematic diagram to illustrate the lowest-energy isomers of deprotonated AL and 

LC.  Atom labels used in Table S1 are included on structure 1a. 
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S8.  Calculated Electronic Excitations for the TDDFT calculations of [AL-H]- and [LC-

H]- 

 

Table S4: TDDFT Calculated Electronic Excitations and Oscillator Strengths (PBE0/6-

311+G(2d,2p)) of Isomer 1a of [AL-H]- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transition Energy (eV) Oscillator Strength 

Alloxazine (1a) π    π* Transitions 

2.85 0.128 

4.17 0.043 

4.59 0.146 

4.70 0.087 

4.80 0.342 

5.07 0.455 

5.83 0.103 

5.91 0.014 

Alloxazine (1a) Lone Pair σ    σ* Transitions 

5.43 0.019 

5.71 0.013 

5.94 0.005 

5.97 0.036 
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Table S5: TDDFT Calculated Electronic Excitations and Oscillator Strengths (PBE0/6-

311+G(2d,2p) ) of Isomer 1b of [AL-H]- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transition Energy (eV) Oscillator Strength 

Alloxazine (1b) π    π* Transitions 

3.08 0.021 

3.63 0.226 

4.49 0.018 

5.13 0.398 

5.22 0.153 

5.45 0.023 

Alloxazine (1b) Lone Pair σ    σ* Transitions 

5.11 0.006 

5.78 0.011 

5.84 0.023 
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Table S6: TDDFT Calculated Electronic Excitations and Oscillator Strengths (PBE0/6-

311+G(2d,2p) ) of Isomer 1a of [LC-H]- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transition Energy (eV) Oscillator Strength 

Lumichrome (2a) π    π* Transitions 

2.84 0.143 

4.13 0.031 

4.50 0.107 

4.58 0.196 

4.77 0.271 

4.81 0.009 

4.95 0.584 

5.43 0.014 

5.79 0.154 

5.92 0.026 

5.94 0.133 

5.99 0.316 

Lumichrome (2a) Lone Pair σ    σ* Transitions 

4.62 0.005 

5.43 0.011 

5.74 0.123 

5.88 0.021 

5.95 0.021 

5.97 0.016 
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Table S7: TDDFT Calculated Electronic Excitations and Oscillator Strengths (PBE0/6-

311+G(2d,2p) ) of Isomer 1b of [LC-H]- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Transition Energy (eV) Oscillator Strength 

Lumichrome (2b) π    π* Transitions 

3.11 0.020 

3.59 0.262 

4.39 0.024 

4.51 0.031 

5.02 0.169 

5.11 0.386 

5.27 0.016 

5.30 0.009 

5.43 0.037 

5.90 0.059 

5.91 0.062 

5.99 0.743 

Lumichrome (2b) Lone Pair σ    σ* Transitions 

5.06 0.051 

5.36 0.010 

5.50 0.010 

5.60 0.007 

5.87 0.010 
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S9. Photofragment action spectrum of the m/z 482 photofragment from the [LC-H]- 

mass peak 

The photofragment production spectrum of m/z 482, produced from m/z 241, is shown in 

Figure S7. The identity of this fragment has been discussed in Section S5 and is likely to be a 

cluster of two [LC-H]- molecules with a single negative charge, originating from a dianionic 

dimer. The m/z 482 production spectrum shows that the threshold for ionising the dimer is ~3.7 

eV. m/z 482 is produced as a trace fragment up to 4.2 eV, whereupon the production increases 

strongly as the photon energy increases. The production spectrum does not peak within band 

III, or indeed in bands I and II, of the [LC-H]- photodepletion spectrum (Figure 2b). This 

indicates that electron detachment from the dimer occurs by directly absorbing a photon with 

energy greater than the electron binding energy, rather than auto-detachment from an excited 

state or via multiphoton ionisation. 

 

 

 

 

 

 

 

 

 

Figure S7: Photofragment action spectrum for [LC-H]∙[LC-H]- (m/z = 482) produced from 

m/z = 241 parent ion. 

 


