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The Gas-Phase Photophysics of Eosin Y and its

Maleimide Conjugate.
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and Philippe Dugourd®*.

a. Institut Lumieére Matiére, Universit¢é Lyon 1 — CNRS, Universit¢ de Lyon, 69622

Villeurbanne Cedex, France.

ABSRACT: The use of the xanthene family of dyes as fluorescent probes in a wide range of
applications has provided impetus for the studying of their photophysical properties. In
particular, recent advances in gas-phase techniques such as FRET that utilize such
chromophores have placed a greater importance on the characterization of these properties in
the gas-phase. Additionally, the use of synthetic linker chains to graft the chromophores in a
site-specific manner to their target system is ubiquitous. There is, however, often limited
information on how the addition of such a linker chain may affect the photophysical
properties of the chromophores, which is of fundamental importance for interpretation of
experimental data reliant on grafted chromophores. Here, we present data on the optical
spectroscopy of different protonation states of Eosin Y — a fluorescein derivative. We
compare the photophysics of Eosin Y to its maleimide conjugate, and to the thioether product
of the reaction of this conjugate with cysteamine. Comparison of the mass spectra following
laser irradiation shows that very different relaxation takes place upon addition of the
maleimide moiety, but that the photophysics of the bare chromophore are restored upon
addition of cysteamine. This radical change in the photophysics is interpreted in terms of

charge-transfer states, whose energy relative to the S; € Sy transition of the chromophore is



dependent on the conjugation of the maleimide moiety. We also show that the shape of the
absorption band is unchanged in the gas-phase as compared to the solution-phase, showing a
maximum with a shoulder towards the blue, and examination of isotope distributions of the
isolated ions show that this shoulder cannot be due to the presence of dimers. Consideration
of the fluorescence emission spectrum allows a tentative assignment of the shoulder to be due

to a vibrational progression with a high Frank-Condon factor.

Introduction

The xanthene-based dye family — which includes the rhodamines and fluorones — are almost
ubiquitous as fluorescent probes with a high quantum yield in a vast range of subject areas,
and as such there has been a wealth of studies probing their solution phase properties.' > Eosin
Y (EY), one such xanthene derivative, has been studied particularly intensively since it has
found a use as a probe for trace amounts of peptide, as a source of singlet molecular oxygen,

and as an absorber in dye-sensitized photo-cells.” "

The solution phase absorption
spectroscopy of Eosin Y has been studied in some detail as a function of the solvent or pH.'*"
'> Eosin Y can exist in a number of different protonation states in solutions, ranging from
singly protonated [EY+H]" to double deprotonated [EY-2H]* due to the presence of both
phenolic and carboxylic acid moieties, Figure 1.

Batistela et al. found second and third pK, values of 2.02 and 3.80 to yield [EY-H] and
[EY-2H]" respectively.'? By studying the absorption spectroscopy in H,O as a function of the
pH, they were able to extract values of the absorption maximum of 470 nm, 519 nm and 515
nm for [EY], [EY-H] and [EY-2H]" respectively. The profile of the absorption spectrum for
the negatively charged species shows a main peak with a shoulder at higher excitation
energies. The origin of this shoulder is most commonly posited to be due to the presence of

dimers."*'*"® They also found a pronounced change in the absorption band as the pH is

increased from 0.31 to 2.95, which they attributed to the coexistence of multiple charge states



in the solution. This coexistence of charge states makes the interpretation of solution phase
spectroscopy difficult; particularly since the absorption maxima are close - making their
deconvolution difficult.

Alternative to studying pH-dependent absorption in solution, the use of mass spectrometry
allows the isolation and subsequent measurement of absorption properties by action-
spectroscopy of different charge states independently. The gas-phase spectroscopy of
xanthene derivatives has become a common technique in the past decade, and in particular the
absorption and fluorescence properties as related to gas-phase Forster Resonance Energy
Transfer (FRET)."” ** Moreover, Eosin Y is potentially attractive as an acceptor chromophore
for studies of anion action-FRET since electron detachment has been shown to be an
important mechanism in related dyes.”>* Additionally, the characterization of any changes in
photophysical properties of chromophores following conjugation to a synthetic linker chain —
which is used for grafting onto specific sites in proteins or other systems — is vital for
interpretation of FRET data. The maleimide moiety is one such linker. It reacts specifically
with thiols to form a thioether product, and has been previously shown to influence the
photophysics of chromophores, acting as a fluorescence quencher.**

In this paper, we aim to unravel the mechanisms leading to the different charge-state
dependent photo-processes in conjugated chromophore-maleimide molecules prior to and
following the grafting reaction. We address this question by solution-phase absorption
measurements of Eosin Y, gas-phase action-spectroscopy measurements on the mono- and
dianions of Eosin Y (EY), its maleimide conjugate 5S-maleimido-Eosin Y (EYM), and the
product of the reaction of EYM with cysteamine (EYM-CA) and excited state computations.

Method

Experimental



2 mg of Eosin Y (EY) (Sigma Aldrich) and 5-maleimido-Eosin Y (EYM) (Sigma Aldrich)
were independently dissolved in 200 pL DMSO before subsequent dilution in 5 ml H,O to a
final concentration of 30 uM for use in the electrospray source. 8.2 mg of Cysteamine
hydrochloride was dissolved in 1 ml H,O at a concentration of 7.2 mM. For the reaction of
EYM with cysteamine, an equimolar solution of the two reactants was prepared in H,O at a
concentration of 30 pM and left to react at room temperature for 1 hour, after which it was
directly used in the electrospray source.

The experimental setup used to perform the experiments presented in this paper has been
described in detail previously'’. Briefly, a linear quadrupole ion trap mass spectrometer (LTQ
Velos, Thermo Fisher Scientific, San Jose, CA) was used to generate, mass select, and trap
ions in a first, high pressure trap for a controlled period during which time they may be
activated by laser irradiation (Laser Induced Dissociation, LID). Fragment ions are
subsequently transmitted to a second, lower pressure ion trap, and are mass analyzed. A fused
silica window (3 mm thick, 1 in. diameter) is positioned at the back end of the instrument, and
1-2 mm diameter circular openings in the trapping electrodes allow coupling of light source
and trapped 1ons. In order to optimize laser transmission, the central hole of the electrode
closest to the fused silica window was enlarged to 5 mm in diameter.

The light source used was a Horizon OPO pumped by the third harmonic of a Surelite II
Nd:YAG laser (Continuum, Santa Clara, CA). A repetition rate of 10 Hz and a pulse width of
5 ns were used. The beam was focused into the first ion trap using a 1000 mm focal length
convergent lens. A mechanical shutter, synchronized with the mass spectrometer, was used to
stop the beam at all times except the “ion activation window”, that is, the time after ion
accumulation and before the mass analysis. A single laser pulse was used for the irradiation of
the trapped ions, and when irradiating ions the normalized collision energy is kept at zero. To

record action spectra, the laser wavelength was scanned between 590 and 420nm, in 0.1 nm



steps and with a 1 s dwell time at each wavelength. During the scan, each data point is the
average of 9 mass spectra, which corresponded to on average one data point per second. Laser
power was recorded by performing a second scan under identical conditions immediately
following acquisition of the action spectrum. To analyze the data, each mass spectrum was
assigned a wavelength value given by Agiqrt — ((i —1) = (A%)) where Agiqrr = 590 nm is
the starting wavelength, i the mass spectrum number, AA = 170 nm is the total wavelength
change, and n the total number of mass spectra acquired during the acquisition. The same
procedure was used to provide a wavelength range for the laser power (P), and a linear
interpolation performed to give values of the laser power at the wavelengths assigned to each
mass spectrum. The action spectrum is defined as —log(Iparent/Itotal) /(A% P) where
Iparent and Ipopq; are the parent and total ion signal respectively at each point in the
acquisition.

Solution phase spectroscopy was performed on Eosin Y diluted to 5 uM in H,0, and the pH
was controlled by addition of either ammonium hydroxide or acetic acid. Absorption spectra
were performed using an Avantes AvaLight DHS light source and an AvaSpec 2048
spectrometer. The fluorescence excitation spectra were measured on a Fluoromax-4
spectrophotometer (Horiba) by monitoring the fluorescence at 555 nm. The fluorescence
emission spectra were measured on the same instrument following excitation at 520 nm.

Theoretical

Gas-phase optimizations and excited state calculations were performed using density
functional theory (DFT) and time-dependent DFT (TDDFT) as implemented in Gaussian09
Rev D.01.25 The hybrid CAM-B3LYP*** exchange-correlation functional that provides
long-range corrections with the Coulomb attenuation method was used. For all atoms,

Ahlrichs triple-C plus polarization atomic basis sets were used (def2-TZVP). Optimizations



included Grimme’s empirical dispersion correction including Becke-Johnson damping
D3(BI)23"

Results

Eosin Y (EY) and 5-maleimido-Eosin Y (EYM) — Figure 1 — both contain two possible
deprotonation sites; the phenolic acid and carboxylic acid moieties. Previous measurement of
EY in solution phase has shown the former as having the lower pK, value (2.02) compared to
the later (3.80)."% As noted above, given that EY likely exists in multiple charge states in
solution, it is difficult to measure the absorption spectrum of individual charge state.
However, it is possible in solution to produce predominantly monoanions or dianions of EY
by controlling the pH of the solution.'” As such, the solid blue curves in Figure 2 shows the
solution phase spectra of EY in H,O at pH 2.53 (a) and 11.87 (b), which have been shown to
produce predominantly [EY-H] and [EY-2H]* respectively. The absorption band shows a
similar profile under both conditions, with an absorption maximum at 520 nm for the pH 2.53
solution and 517 nm for the pH 11.87 solution, and a shoulder is observed for both solutions
at 492 nm, Table 1. The conventional explanation for the presence of this shoulder in
xanthene derivatives is the presence of dimers.'>'®'® These values are in good agreement
with the values of the absorption maximum determined by Batistela ef a/. of 519 and 515 nm
respectively for [EY-H] and [EY-2H]* respectively.'?

Upon electrospray ionization of EY and EYM in H,O, the resulting mass spectrum shows
both mono- and dianionic species. Figure 2 shows the gas phase action spectra of mass
selected (a) [EY-H] and [EYM-H] and (b) [EY-2H]* and [EYM-2H]" as black squares and
red circles respectively. There is a clear difference in the action spectrum measured for the
two species, with [EY-H] showing a broad absorption band with two features at 498 nm and
531 nm, whilst [EYM-H] shows a single peak at 532 nm with a shoulder at 507 mn (Table 1).

Similar absorption profiles to that of [EY-H] have been observed in previous action-



spectroscopy studies of fluorescent xanthene dyes, and can be interpreted in terms
fluorescence rather than fragmentation being the dominant relaxation mechanism following

photoexcitation.'*!

The fluorescence quantum yield may depend strongly on the excitation
energy; low excitation energies leading to ions with minimal vibrational excitation in the
excited state is where the fluorescence quantum yield tends to be highest. As the energy is
increased, the increased vibrational energy of the excited state can lead to an increased rate of
non-fluorescent relaxation pathways — such as direct photofragmentation or an increased rate
of internal conversion or intersystem crossing.

The fluorescence quantum yield of EY has been determined to be between 0.15 and 0.22 in
water, 0.44 and 0.63 in methanol and 0.4 and 0.72 in ethanol.’* Additionally, measurements of
the gas-phase fluorescence emission spectrum of various halogenated fluorescein derivatives
have shown that the monoanions possess a weak but measureable fluorescence quantum yield,
and indicated that increased halogenation of fluorescein leads to an increase in the gas-phase
fluorescence.”” We can thus assign the band at 531 nm in the action spectrum of [EY-H] to be
the true gas-phase absorption maximum, where the fluorescence quantum yield is high and
hence other relaxation channels which may lead to fragmentation are suppressed. Similarly,
we assign the band at 498 nm to be the shoulder observed in the solution-phase absorption
spectrum. This assignment is supported by the [EYM-H] action spectrum, where the addition
of the maleimide moiety is known to cause a fluorescence quenching effect. As such, the
shape of the absorption band closely resembles that seen in solution, and the absorption
maximum of 532 nm is very close in energy to the first band in [EY-H]".

This difference in photophysical behavior with addition of the maleimide moiety is even
starker when the dianions are considered. It has been previously observed that dianionic
fluorescein and its derivatives are non-fluorescent in the gas phase, and instead relax via

photodetachment.””** This is exactly what is observed in [EY-2H]* — Figure 3a — and the



action spectrum now resembles very closely the solution-phase spectrum for EY (solid blue
curve), with an absorption maximum of 509 nm and a shoulder at 482 nm observed. The
absorption band of [EYM-2H]" is very similar in appearance to [EY-2H]>, but with slightly
redshifted values of 515 nm and 494 nm for the absorption maximum and shoulder
respectively.

This shift already hints that the presence of the maleimide moiety is influencing the first
—> w* transition of the Eosin Y chromophore. Examination of the LID mass spectrum at the
absorption maximum shows that relaxation no longer takes place only via photo-detachment
but instead by a combination of photo-detachment and photofragmentation (Figure 3b) with
fragments at m/z 691, 614 (losses of 45 and 123 Da and corresponding to loss of a charge plus
CO,H and CO,Br respectively) and 79 (corresponding to Br’) being the dominant species
observed. This difference in behavior indicates that very different excited state dynamics are
occurring in the two systems. It is known that the maleimide moiety is able to act as a
fluorescence quencher of chromophores, and that upon reaction with a sulthydryl group to
form a thioalkyl succinimide this quenching effect is lost.* Guy et al. posited that the
quenching mechanism is a photo-induced electron transfer from the chromophore to the
maleimide, which is consistent with the relaxation mechanism observed here being in direct
competition with photo-detachment, a process that occurs on the femtosecond to picosecond
timescale.**

In order to determine that the observed quenching was quantitatively similar to that
observed by Guy ef al., EYM was reacted with cysteamine to give the thioether EYM-
cysteamine product [EYM+CA], Figure 1. The action spectra for the mono- and dianion is
shown in Figure 2, and the LID mass spectrum of the dianion at the absorption maximum are
shown in panel (¢) of Figure 3. The LID mass spectrum shows that photo-detachment is again

the dominant relaxation channel of [EYM+CA-2H]”, closely resembling the case of [EY-



2H]%, rather than [EYM-2H]”. This indicates that the quenching mechanism of the maleimide
group is significantly reduced upon reaction of the maleimide with a thiol — as observed by
Guy et al. — although some fragmentation pathways are still observed. Furthermore the
absorption maximum of [EYM+CA-2H]* is found at 513 nm, which is intermediate to the
values for [EY-2H]* and [EYM-2H]* and hence shows the thioalkyl succinimide perturbs the
Syp € S; transition less than the unreacted maleimide. Equally, the shape of the absorption
band of [EYM+CA-H] more closely resembles [EY-H], with a similar suppression of
fragmentation yield at low excitation energies being indicative of fluorescence.

What is the origin of the quenching mechanism of the maleimide moiety? As noted above,
the large reduction of the branching ratio of photo-detachment may indicative of an electron
transfer process in [EYM-2H]*, which is switched off by the reduction of maleimide to
succinimide by the addition of cysteamine to the maleimide. To better understand how this
chemical transformation quenches the electron transfer process, calculations on the electron
transfer characteristics were performed. The singlet excited states of [EYM-2H]* and
[EYM+CA-2H]* were calculated and the transitions with dominant charge transfer character
(CT) 1identified (long-range corrected hybrid functionals such as CAM-B3LYP have been
designed for accurately describing CT types of transitions).

The results of this analysis are given in Figure 4 (see also Table S1 in the SI). CT states can
be identified by inspection of the excitations between occupied Kohn-Sham orbitals ¢; and
unoccupied ones ¢,. Contrary to the local n-n* excitation (e.g. S; for [EY-2H]* in Figure 4),
CT excitations involve orbitals localized at different moieties. This locality can be quantified
using the spatial overlap O;, defined as the inner product of the moduli of the two orbitals ;
and ¢, (See SI, Table S1, used also in Tozer’s diagnostic test for charge transfer states).”> A
nonlocal CT excitation usually has little spatial overlap (Oj, < 0.1) as identified also in the

leading excitations in the CT states in [EYM-2H]* (S;) and [EYM+CA-2H]* (S4). Both CT



transitions involve excitation from the EY n-system to a n* orbital centered on the maleimide
moiety. In the case of EYM this orbital is of pure n* character, whilst for EYM+CA a partial
o* character induced by the reduction of the maleimide to succinimide due to the reaction
with cysteamine shifts the entire excited state higher in energy. Thus the CT state is found at
2.3 eV in [EYM-2H]* and at about 4.1 eV for the [EYM+CA-2H]*. The difference in the
energy of the CT states is driven by changes in the electron affinity of the maleimide (-0.725
eV) and succinimide (+1.000 eV) moieties.

The position of the CT state in relation to the initially excited EY n-n* governs the final
deactivation pathway (the system relaxes from the lowest excited state to the ground state in
analogy to Kasha’s rule). TDDFT calculations fail to accurately reproduce the transition
energy of the first singlet excitations of xanthene derivatives — although it is more successful
in the UV."”* The experimentally determined EY 7-m* transition energy of 2.44 eV is
therefore taken as a reference value for the energetic position of [EYM-2H]* and [EYM+CA-
2H]*. Despite of the apparent systematic shift, the trends of TDDFT are still valuable for a
comparison across the compounds and included into Figure 4.

This comparison reveals that the m-m* transition energy is unaffected by the
functionalization while the energy of the CT state significantly depend on the substitution at
the maleimide (see above). In particular, the CT state in [EYM-2H]* is found below the -m*
transition by ~ 0.1 eV. This renders the conversion to the CT state possible for [EYM-2H]*
but not for [EYM+CA-2H]* suggesting an electron-transfer enabled deactivation pathway for
[EYM-2H]".

It is thus possible to posit an explanation for differences in photophysical behavior of EY
attached to either maleimide or succinimide moieties. In [EYM+CA-2H]* the excitation is
localized on the xanthene moiety and photo-detachment is likely to occur from here,

producing a single radical center. In [EYM-2H]", the fast internal conversion to the CT state



followed by photo-detachment will lead to the radical center being in a different location,
which may give a more reactive monoanion radical species and hence lead to enhanced
unimolecular fragmentation of the resulting system.

Finally, it is interesting to consider the origin of the shoulder which is observed in both
solution- and gas-phase spectra. This shoulder is commonly attributed to the presence of
dimers in solution-phase absorption spectroscopy, but in the gas-phase it is possible to
unambiguously check for the presence of dimers. As the mass-to-charge ratio of, for example,
[EYM-nH]™ and [EYM-nH],*" will be the same, in order to discount the possibility of there
being any dimers present during our isolation step it is important to examine the isotopic
distribution we obtain when isolating both [EYM-H] and [EYM-2H]*. Figure 5 shows the
experimental and simulated isotopic distributions for [EYM-H] (a and b) and [EYM-2H]* (c
and d), where the broadening of the distribution is due to the isotopes of bromine.

There is no evidence for the presence of dimers during the isolation of either species, and
thus the origin of the shoulder in the gas-phase action spectra cannot be attributed to the
presence of dimers. This is consistent with previous gas phase measurements of rhodamine
derivatives, where similar profiles to those observed in solution are also found, and indeed
with other poly-aromatic dyes, indicating this may be a more general phenomenon.***2>->-%
Additionally, gas-phase action spectroscopy performed upon pseudo-dimers of rhodamine
575, where the dimerization is created by enforced proximity of the dyes following grafting
onto a tri-peptide, shows there is only a small shift in the position of the absorption maximum
relative to the monomeric species.”’ Moreover, recent solution phase measurements of
pyronin B dimers in solution found their absorption and fluorescence properties to differ only
very slightly from the monomer.”’

Where then does the origin of this shoulder then lie? The possibility of their being a second

singlet excitation close to the S; €S, transition, or that there be a second tautomer (for



example the lactone tautomer which is found in solution for xanthene dyes with underivatized
carboxylic acid moieties) can be discounted by examination of the fluorescence spectrum.
Following excitation at the absorption maximum of EY at pH 2.43 and 11.87, the
fluorescence emission spectrum possesses a red shoulder in both cases (Figures S1 and S2
respectively). Similar behavior is found in a range of different xanthene-based chromophores,
in both solution- and gas-phases, strongly indicating that the shoulder is an intrinsic property
of the S; € Sy transition.'>****° The fact that the mirror-image rule is obeyed by xanthene
derivatives and that the Stoke’s shift is small (21 nm for both mono- and di-anions of Eosin Y
measured here) indicates that the ground and excited states geometries are similar, and that
the shoulder may be ascribed to vibronic transitions in either absorption or emission spectra
with strong Franck-Condon factors, see Figure S3.

There are previous solution- and gas-phase measurements of the ground state vibrations of
fluorescein and some of its halogenated derivatives such as EY in solution by FTIR and
Raman spectroscopy, and in the gas-phase by IRMPD.*"* Narayaman et al. found that the
FTIR of EY in solution contains many intense absorption features between 1000 and 2000
cm™. Yao et al. measured gas-phase fluorescein and 2’°,7’-dichlorofluorescein by IRMPD
action spectroscopy and found a similar series of intense vibrational transitions in the same
energy range. They also performed vibrational calculations to assign the observed bands to
normal modes, and found that the most intense bands can be assigned to xanthene-based
vibrational modes.* That the shoulder may be due to a vibrational progression based on the
xanthene ring system is supported by the fact that the S; absorption profile of xanthene
derivatives generally exhibit similar profiles, which would indicate that the origin of the
shoulder lies in a common element of this dye family. Particularly, the presence of a shoulder
in the solution phase absorption spectrum of acridine red — which contains only the xanthene

moiety with no carboxyphenyl moiety — provides support for this assignment.’” Hence, it



seems that the shape of the S; absorption band of xanthene derivatives can be tentatively
assigned as being due to the vibrational profile of the S; < S, transition.

Conclusions

The gas phase action-spectra of the mono- and dianionic forms of Eosin Y and 5-
maleimido-Eosin Y, and the thioether product of the reaction of the latter with cysteamine
have been presented. A difference in the action-spectra of the anions of EY and EYM can be
interpreted in terms of fluorescence of the former being an important relaxation channel,
whilst the maleimide group of the latter acts as a fluorescence quencher. The presence of both
photo-fragmentation and photo-detachment in the dianion of EYM supports the idea of photo-
induced electron transfer posited by Guy et al. Excited state calculations further suggest a
low-lying charge-transfer singlet state in EYM, whose population transfers electron density
from the EY to the maleimide © systems and enables alternative deactivation channels to be
accessed. This situation is only present with the maleimide providing an exo-energetic
electron attachment energy, while reaction with cysteamine no longer allows this “pull”-effect
to take place, and thus quenches this electron-transfer. This correlates with the observation
that upon grafting of cysteamine to EYM, the photophysical properties of the resultant species
are very similar to those of the bare chromophore. These observations are of high importance
in all situations where such linker chains are used for specific grafting of chromophores,
where the photophysics of the chromophore is of paramount importance for interpretation of
data.

The solution-phase absorption spectrum and gas-phase action spectrum both show an
absorption maximum with a shoulder to higher energy. The isotope distribution for mass-
selected anion and dianion EY derivatives in the gas-phase showed no evidence of dimers, to
which this shoulder is commonly attributed, which in turn indicates that the presence of

dimers is equally unlikely to be the origin of the shoulder in the solution-phase. Analysis of



the fluorescence emission spectrum following excitation at the absorption maximum in
solution indicated that the shoulder is an intrinsic property of the S1 < SO0 transition, and thus
could be tentatively assigned to be due to a vibrational progression with a high Franck-
Condon factor, with xanthene based vibrational normal modes potentially implicated. This
enhanced understanding may be of importance in solution phase where xanthene derivatives

are ubiquitous in their use as fluorescent reporters.
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Figure 1. The structure of Eosin Y (EY), 5-maleimido-Eosin Y (EYM), and the product of

the addition of cysteamine to 5-maleimido-Eosin Y (EYM+CA).
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Figure 2. Gas phase action spectra of monoanions (a) and dianions (b) of EY (black squares),
EYM (red circles) and EYM+CA, alongside solution phase absorption spectra of EY (solid

blue curve) in H,O at pH 2.53 (a) and 11.87 (b)
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Figure 3. LID mass spectrum of mass selected [EY-2H]* (a), [EYM-2H]* (b) and

[EYM+CA-2H]* (c). In each case the asterisk denotes the parent ion, and the red square the

photo-detachment channel. All other peaks correspond to fragmentation of the parent ion. The

broadening of the peaks is caused by the isotope distribution of Bromine.
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Figure 4. Analysis of the theoretically obtained excited charge-transfer (CT) states of
[EYM-2H]* (green) and [EYM+CA-2H]* (purple). CT states were identified by a
dominant excitation between an occupied Eosin Y centered orbital (HOMO) and an
unoccupied maleimide centered orbital (LUMO), exhibiting a negligible special
overlap, see main text and details of TDDFT excited states given in SI. The TDDFT =-

n* energies (black, involved orbitals added for [EY-2H]*). The experimentally



obtained [EY-2H]* 7-n* transition energy (EXP) is added as (dashed) black line to

indicate the expected m-nt* transition energy for all compounds.
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Figure 5. Experimental and theoretical isotopic distribution for mass-selected [EYM-H] (a)

and (b) respectively and [EYM-2H]*(c) and (d) respectively

Tablel. Values for the absorption maximum and shoulder of anionic Eosin Y derivatives in

solution and gas phase.



Species Solution-phase absorption | Gas-phase absorption maximum
maximum / nm (shoulder in |/nm (shoulder in parentheses)
parentheses)

[EY-HT 520 (492)* 531 (498)

[EY-2H]" 517 (492)° 509 (482)

[EYM-H] - 532 (507)

[EYM-2H]" - 516 (496)

[EYM+CA-H] - 531 (503)

[EYM+CA-2H]* | - 513 (484)

® taken in H,O pH 2.53, ° taken in H,O pH 10.87.
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Competition between charge transfer or photodetachment occurs following photoexcitation of

Eosin Y maleimide depending upon the conjugation of the maleimide.
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Table S1. Details of the relevant TDDFT results (c.f. Figure 4).

Excited State KS-Orbital Excitation | TDDFT Spacial Overlap
Coefficient | O, =<|¢il||@a]>
Xia

[EY-2H]"

S1(3.1eV, £=0.8) HOMO — LUMO 0.7 0.64 (n- m*)

[EYM-2H]”

S1(2.3eV, £=0.0) HOMO — LUMO | 0.7 0.004 (CT)

S;(3.1eV, £=0.3) HOMO-3 — LUMO | 0.49 0.025 (CT)

HOMO — LUMO+1 | 0.42 0.64 (n- m*)
[EYM+CA-2H]*"




S| (3.1 eV, £=0.8) HOMO — LUMO+1 | 0.7 0.65 (n- )

S, (4.07 eV, £=0.0) HOMO — LUMO | 0.7 0.066 (CT)
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Figure S1. Fluorescence excitation (black) and emission (red) spectra of Eosin Y in H,0 at pH 2.53.
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Figure S2. Fluorescence excitation (black) and emission (red) spectra of Eosin Y in H,0 at pH 11.87.
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Figure S3. Schematic diagram of the absorption and emission processes leading to the observation of
a shoulder in both the absorption and fluorescence spectrum of Eosin Y. Here, Sy and S, refer to the
ground and first excited state of the system, and Sy* and S;* refer to a vibrational level within the
ground and first excited state respectively.

Table S2. Fitted values for the fluorescence excitation and emission spectra of Eosin Y in H,0 at
different values of the pH.

pH Excitation (shoulder) / nm Emission (shoulder) / nm

2.53 520 (492) 541 (567)

11.87 517 (492) 538 (362)




