Acriflavine Is More than It Seems: Resolving Optical Properties of
Multiple Isomeric Constituents at 5 K
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ABSTRACT: Ion mobility spectrometry at room temperature was combined with
vibrationally resolved electronic spectroscopy of mass-selected ions at 5 K to study the well-
known cationic fluorophore a criflavine. On e- an d tw o-color ph otodepletion ac tion spectra
recorded in gas-phase (by helium tagging) as well as dispersed fluorescence spectra obtained in
neon matrix (after soft-landing deposition) indicate that the primary cation mass
electrosprayed from solution comprises two isomers with different optical properties. Theory
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at the TD-DFT level allowed full spectral assignment. The results have implications for the b:mw
preparation of novel thin film photonic materials by low-energy ion beam deposition. f’%

Molecular fluorophores whose optical properties are
expected to change significantly with charge state are
presently being explored for various applications ranging from
photoredox catalysis," chemical sensing, through LED devices
to quantum optics.” " A prerequisite for this is that the
environmental interactions of the chromophore are well
understood and can be controlled—ideally on molecular length
scales. One promising recent approach toward this is light
emission STM under cryogenic conditions to probe electro-
luminescence as a function of charge states down to the single
molecule level.”® For these and related charge state dependent
studies, environmental control is realized by depositing the
fluorophores from the gas phase onto clean (insulating)
surfaces under ultrahigh vacuum conditions.” Many of the
most interesting fluorophores are photochemically robust in
the condensed phase but are too labile to be transferred to
clean surfaces by sublimation. Electrospray ionization (ESI)
followed by mass selective low energy ion beam deposition
(soft-landing) offers an alternative approach, particularly for
fluorophores which readily form ions in solution.®™""

We have recently used mass-selective ESI deposition to soft-
land samples of both Rhodamine B'' and Pyronin Y'? dye
cations into a (codeposited) neon cryomatrix. Laser-induced
visible region dispersed photoluminescence (PL) spectra of
these matrix isolated species were compared to the absorption
spectra of the corresponding cations in gas-phase as measured
via helium tagging photodepletion spectroscopy (He-TAG
PD). This approach of recording vibronically resolved
absorption and emission spectra at S K in combination with
theoretical predictions allows to establish the exact nature and
charge state of the emitting species as well as to assign the
associated transitions to high spectroscopic accuracy.
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Organic dyes obtained from commercial sources are
oftentimes contaminated by side products that are generated
during their multistep synthesis. While mass-selective deposi-
tion eliminates those side products having different mass, (equi
m/z) isomers of the ions of interest can still present problems.
On the other hand, strongly fluorescent but spectrally
distinguishable isomers offer additional application perspec-
tives if their on-surface ratios can be quantified and ultimately
controlled. In this contribution, we present a study of such a
case: acriflavine, an antibacterial chromophore well studied in
condensed phase (see overview in next paragraph). Specifically,
we use a combination of ESI mass spectrometry, ion mobility
spectrometry (IMS), one- and two-color He-TAG PD
(allowing for isomer hole burning), PL of mass-selected ions
deposited into neon as well as TD-DFT calculations of the
corresponding S-S, electronic transitions to deconvolute and
definitively assign the vibrationally resolved electronic spectra
to two coexisting isomers with distinctly different optical
properties.

Acriflavinium chloride (3,6-diamino-10-methylacridin-10-
ium chloride; see Scheme 1) also commonly known as
acriflavine, was first introduced in 1912 as an antiseptic by the
German scientist Paul Ehrlich."”'* Since then samples of
acriflavine have been extensively used mainly in biological and
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Scheme 1. Structures of the Fluorescent Isomeric Cations of
Interest in This Study: 3,6-Diamino-10-methylacridin-10-
ium ([ACF]*; “Acriflavinium”) and Its Isomer (protonated)
3-Amino-6-(methylamino) Acridin-10-ium ([mpf]*,
“Methylproflavinium”)
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“In a protic solvent [mpf]* can be in equilibrium with its neutral
deprotonated form: 3-amino-6-(methylamino)-acridine ([mpf-H]).

biomedical applications,'>~"” among others - typically in the

form of aqueous solutions.'*™* Acriflavine is in fact one of the
most commonly studied cationic acridine dyes. Nevertheless,
despite numerous applications related to its strong visible
region absorption and fluorescence, the spectroscopic
description of this dye in the condensed/solution phase is
still surprisingly incomplete and even inconsistent among
different studies. For example, the position and intensity of
absorption and emission features, differ significantly in the
published room temperature spectra of acriflavine recorded in
aqueous solution.”'~>* Manivannan et al.*> reported ..
and “™1_at 449 and 510 nm, whereas, Sharma et al.””
measured them to be at 416 and 514 nm, respectively. Part of
the problem lies in the fact that the commercially available
material has long been known to contain not only 3,6-diamino-
10-methylacridin-10-ium chloride but also a spectroscopically
distinct proflavine (acridine-3,6-diamine) impurity in varying
amounts depending on supplier and batch. While exploring the
use of acriflavine as a fluorescent dye for cell sorting (it is
reported to intercalate into DNA), Tiffe et al.”* used NMR and
LC-MS to show that commercial samples typically also contain

some unspecified bimethylated derivatives in addition to the
proflavine impurity. Subsequently, while analyzing veterinary
drug residues in fish aquacultures Turnipseed et al.”* observed
two chromatographically separable isomers detectable by mass
spectrometry at the mass-to-charge ratio corresponding to the
acriflavinium ion (m/z = 224.12). No further structural
assignment of these isomers was however carried out. Very
recently, Napolitano et al.'” studied the potential of acriflavine
(which is a clinically approved drug in some countries), as an
effective inhibitor of SARS-CoV-2 papain-like protease
(PLpro). As part of their study which used a commercial
acriflavine sample, they performed HPLC-MS-based analytics
(presumably with ESI), and inferred that their solutions
comprised at least four different cationic molecular species,
including two isomers at “m/z= 224.29”. These were assigned
as 3,6-diamino-10-methylacridin-10-ijum and 3-amino-6-
(methylamino)-acridin-10-ium based on 'H NMR. These
two isomeric structures are shown in Scheme 1. 3,6-diamino-
10-methylacridin-10-ium, is the molecule commonly thought
to be the cationic constituent of acriflavine. It is characterized
by a methyl group attached to the central endocyclic ‘N’ of the
acridine ring. In the following we will abbreviate it as [ACF]".
By contrast, in 3-amino-6-(methylamino)-acridin-10-ium, the
methyl group is substituted at the side amine moiety. Below we
will call it [mpf]* to distinguish it from the main acriflavine
isomer [ACF]". Scheme 1 additionally shows that in protic
solution [mpf]* can also exist in equilibrium with its
deprotonated and thereby neutralized form, 3-amino-6-
(methylamino)-acridine, [mpf-H]. This will also become
relevant in the following.

There are as of yet no in-depth gas-phase studies of the
acriflavine cation family apart from a collision cross section
(CCS) value determined for the m/z = 224.12 ion ("WCCSy,
= 1463 A?) electrosprayed from polar solution using a
traveling wave instrument with comparatively low ion mobility
resolution.”®”” Furthermore, Dobbie et al.”® have shown that
the cationic m/z = 224 component of ESI-sprayed commercial
acriflavine is a strong fluorophore also in gas-phase and have
reported its fluorescence excitation and emission spectrum
upon electrodynamic trapping at room temperature in ~1073
mbar of helium bath gas.

To explore this system, we first analyzed a commercial
acriflavine sample (Sigma-Aldrich, see SI for details) by both
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Figure 1. a) Mass spectrum of a commercial acriflavine sample (107° M) electrosprayed from ethanol solution. Note the presence of major signals
at m/z = 210.10, 224.12, and 238.13 corresponding to distinct cationic chromophores present in solution (see text and SI). We focus on m/z =
224.12 species in this study. b) Arrival time distributions of m/z = 224.12 measured by cyclic ion mobility as a function of the number of separation
cycles. Note the clear ion mobility separation of two isomers, labeled A and B. These correspond to 3,6-diamino-10-methylacridin-10-ium, [ACF]",
and its isomer (protonated) 3-amino-6-(methylamino)-acridin-10-ium, [mpf]* (Scheme 1).
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mass spectrometry and high-resolution cyclic ion mobility
spectrometry - for details of this room temperature measure-
ment see SI. In line with ref 17, the mass spectrum plotted in
Figure la shows the presence of three major cationic
constituents with mass-to-charge (m/z) ratios of 210.10,
224.12, and 238.13. We checked each of them for coexisting
isomers and tautomers by recording m/z-resolved arrival time
distributions following procedures described in detail else-
where™ (see also its SI). Figure 1b shows the results for the m/
z = 224.12 ion packet corresponding to the mass of interest
here. This contains two resolvable isomers with collision cross
sections (TWCCSy,) of 147.7 A> (peak A) and 148.4 A* (peak
B). Simulated collision cross sections ("°°CCSy,) of 148.9 A?
for [ACF]* and 149.2 A’ for [mpf]* are in very good
agreement (<1% difference) with the experimental values. This
suggests, that the more abundant (and slightly more compact)
isomer (peak A) has the “classical” acriflavine structure with a
methylated endocyclic N atom (see Scheme 1; [ACF]*). The
slightly larger, lower intensity isomer (peak B), has a singly
methylated amino group and is protonated on its central
endocyclic N (see Scheme 1; [mpf]*). (For completeness we
note that the two impurity masses seen in Figure la
correspond respectively to proflavine protonated at its
endocyclic nitrogen (m/z 210.10) and bimethylated proflavine
(m/z 238.13) — as also assigned in ref 17 by 'H NMR.
Corresponding arrival time distributions and experimental
TWCCSy, values as well as schematic molecular structures can
be found in Figure S1).

It is important to note at this point, that the relative
intensities of the peaks in the respective ion arrival time
distributions shown in Figure 1b correspond to the gas phase
isomer compositions—in this case, of [ACF]* versus [mpf]*.
These may differ considerably from the ratios in solution due
for example to the availability of excess protons or hydroxyl
groups in the respective solvents and/or due to electro-
chemical reactions associated with the ESI process.’® Never-
theless, various studies have shown that ESI ionization
efficiency by protonation correlates with basicity of the
protonation site and solution pH, e.g. ref 31. To test this,
arrival time distributions for the m/z 224.12 feature were
measured by electrospraying acriflavine samples from different
solvents. A notable increase in relative intensity of [mpf]*:
[ACF]* is observed upon using protic solvents (H,O and
EtOH) over an aprotic solvent (acetonitrile), see Table S1.
Moreover, when excess NaOH was added to the solution in
protic solvent, only one peak (isomer A) was observed in the
mass resolved arrival time distribution, ie. the protonated
[mpf]* species effectively disappears (see Figure S4). This
provides strong support for the assignment of peaks A and B in
Figure 1b to [ACF]* and [mpf]* isomers, respectively.

Next, we will move on to the electronic spectroscopy of
[ACF]" and [mpf]* which we typically studied using an isomer
mixture (commercial acriflavine sample). First, we attempted
to reproduce the solution phase spectra of acridinium
hydrochloride by measuring UV—vis spectra of a 3 X 107°
M aqueous solution at room temperature. This yielded an
5] o Of 449 nm (see Figure S5) in agreement with
Manivannan et al.”> but in contradiction to Sharma et al.** -
highlighting the compositional variability of the material as
obtained from different commercial sources. To acquire better-
defined insights into the vibronic features of the absorption
spectra we then recorded vibrationally resolved PD spectra
over the 410—465 nm spectral range at 5 K using the He-TAG

PD method (see Figure S6). Specifically, we prepared and
probed [ACFeHe]" and [mpfeHe]" each with a single helium
atom tag as ascertained by mass spectrometry, i.e. m/z = 224 +
4 = 228. Strong depletions were observed in the 410—445 nm
region as shown in the panel (a) of Figure 2 (in blue). SI
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Figure 2. Vibrationally resolved gas-phase PD spectra of [ACFeHe]"
and [mpfeHe]", i.e. each isomer tagged with a single He atom and
probed at ca. S K. (a) 1-color PD spectrum showing a superposition
of both isomers (blue); (b) 2-color PD spectrum (red) - acquired by
setting one laser to 443.1 nm (and thus depleting [mpfeHe]") while
scanning the second laser to record the spectrum of [ACFeHe]"
selectively. (c) Difference spectrum (green), (b)-(a), showing the
intrinsic PD spectrum of [mpfeHe]*, i.e. the isomer with “v at 443.1
nm (see SI for details).

provides further details (including a measurement extending to
465 nm showing no measurable depletion above the noise limit
beyond 443.1 nm). Note that two distinct sets of spectral
features can be seen in Figure 2 which we assign to a
superposition of [ACF]* and [mpf]* absorptions—assuming to
first order that (i) depletion cross sections correspond to
absorption cross sections and (ii) He-atom induced spectral
shifts are negligible.u’12 Starting from the red, an intense and
sharp absorption peak appears at 443.1 nm (22571 cm™),
followed by multiple peaks with weaker depletions. Sub-
sequently, three significantly more intense absorptions
positioned at 434.8 nm (23000 cm™'), 433.9 nm (23048
cm™), and 433.0 nm (23094 cm™") can be seen, followed by a
weaker vibronic progression to shorter wavelength (Table S2
lists all the peak positions).


https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01517?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01517?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01517/suppl_file/jz4c01517_si_001.pdf

In Figure S8 our S K PD spectrum of [ACFeHe]* and
[mpfeHe]* is compared with the previously determined room
temperature fluorescence excitation spectrum of trapped
“acriflavine m/z = 224” ions as measured by Dobbie et al.”®
Whereas the PD spectrum shows sharp intense absorptions
(with fwhm’s ranging 9.7 cm™ to 12.8 cm™ for the most
intense peaks) associated with vibronic progression, the room
temperature fluorescence excitation spectrum appears broad
and unresolved. Furthermore, the highest intensity peak of the
PD spectrum (4,,,, = 433.9 nm) is ~11 nm blue-shifted w.r.t.
the fluorescence excitation spectrum (4,,,, = 445 nm). This is
as expected owing to the lower thermal energy of the ions in
the He-TAG experiment (and therefore reduced population of
vibrationally excited electronic ground state species'”).
Interestingly though, while the two distinctive sets of
absorption features in our PD spectrum are not resolved in
their fluorescence excitation spectrum, Dobbie et al. recorded a
DF spectrum showing two partially resolved emission bands
(discussed later).”®

To prove the attribution of the S K PD spectrum shown in
panel (a) of Figure 2 to a superposition of [ACF]* and [mpf]*
isomers and to distinguish between their spectroscopic
signatures, the instrumental setup of the He-TAG experiment
was next tailored to perform vis/vis-2-color excitation
spectroscopy (“isomer hole burning”). A detailed description
of this setup is given in the SI. In brief, the first laser was set to
443.1 nm, the longest wavelength feature in the PD spectrum,
so as to untag the corresponding isomer. Under these
conditions the other isomer which constituted roughly 62%
of the total ion signal does not absorb and remains tagged with
He. The second laser was then scanned to record the
absorption spectrum of the remaining tagged isomer (via its
depletion) while continuing to completely burn away the other
isomer absorbing at 443.1 nm. Thereby, a pure PD spectrum of
a second isomer with a band origin (“v) at 434.8 nm is
obtained without any contribution from the first isomer—as
shown in the panel (b) of Figure 2 (in red). A clear
background in the 445—435 nm range (missing absorption
signatures) of Figure 2b confirms the complete dissociation of
the first isomer by irradiation at 443.1 nm. The spectral
signature of the isomer with “v at 443.1 nm can then be
simply obtained by subtracting the panel (b) spectrum from
that in panel (a) — to yield panel (c) of Figure 2. Note that the
two isomers display different absorption profiles with stronger
vibronic bands for ACF* than for mpf" which we attribute to
the somewhat larger geometry change for excitation to S, in
the case of ACF* (see also Figure S$10). In summary, vis/vis-2-
color excitation spectroscopy confirms the presence of two
isomers at m/z = 224 and clearly identifies their associated
vibronic transitions.

Vibronic information complementary to that shown in the
PD spectrum was obtained by measuring DF spectra (using
At 405 nm) of electrosprayed and then mass-selected
([ACF]* + [mpf]*) ions deposited onto a 5 K Ne matrix as
shown in Figure 3 (in black; see Table S3 for peak positions).
In line with the S K PD spectrum, two distinct sets of emission
peaks separated by 9.7 nm (vs 8.3 nm in the PD spectrum) are
obtained as plausible contributions from the two isomers. The
Ne-matrix DF spectrum (A, 405 nm, in black) is compared
with the He-tagged PD spectrum (in blue) in Figure S9. The
PD spectrum shows significantly narrower peaks compared to
the DF spectrum. This is due to the minimized environmental
perturbation achieved under He-TAG experimental conditions.
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Figure 3. Vibrationally resolved DF spectrum of a mixture of [ACF]*
and [mpf]* obtained upon depositing m/z = 224 ions onto/into a
codeposited Ne matrix at ~S K, using A 405 nm (black). The
spectrum is compared with the previously reported gas-phase DF
spectrum of the same cationic species probed in a room temperature
ion trap, using A.: 401 nm (green), adapted from Dobbie et al,”™®
using parts of the data in Figure 2.3. Copyright [2023] [H. Dobbie].

Moreover, although the emission and absorption spectra do
not form perfect mirror images, they show strong similarities.
Considering the position and width of the peaks in the PD and
DF spectrum, 22309 cm™' (448.2 nm; DF) and 22571 cm™
(443.1 nm; PD), and 22804 cm™ (438.5 nm; DF) and 23000
cm™' (434.8 nm; PD) transitions are likely to be arising from
the same isomers. Therefore, the resulting blueshift of the PD
spectrum w.r.t the DF spectrum, i.e. the combined effect of
Stokes shifts and different experimental environments, is
calculated to be 262 cm™ (5.1 nm) and 196 cm™ (3.7 nm),
respectively. Comparing this blue shift with other matrix-
isolated cationic dye systems reported by our group,'"'”
suggests that there is very little to almost no structural change
upon excitation of each of the isomers to their respective
higher electronic state (prior to fluorescence).

Figure 3 also compares our 5 K Ne matrix DF spectrum with
the previously reported room temperature DF spectrum
obtained for electrodynamically trapped gas-phase [ACF]* (+
[mpf]* ?) using A: 401 nm (in green) by Dobbie et al.”®
Compared to the gas-phase spectrum, the matrix spectrum
shows sharper and vibrationally better-resolved emission peaks
extending up to ~2000 cm™' unveiling further vibrational
information. Interestingly, both of the emission spectra (5 K
and room temperature) show a dual emission feature with the
peak in the red having higher intensity than the one in the blue
(missing in the room temperature fluorescence excitation
spectrum as already noted above (see blue curve in Figure
S8)). The emission band maxima in the matrix spectrum
appear at 4482 nm (22309 cm™') and 438.5 nm (22804
ecm™), ~ 37 nm and ~16 nm blue-shifted, respectively,
compared to that of the gas-phase measurement. Note that the
two emission bands of the room temperature DF spectrum had
previously been tentatively assigned to arise from two close-
lying electronic states (S; and S,) of [ACE]*.*® By contrast, in
our Ne-matrix spectrum we believe them to arise from the two
different isomers [ACF]* and [mpf]* in correlation with our
cyclic IMS and 2-color He-TAG PD experiments.
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Figure 4. (a) Comparison of experimental 5 K neon matrix DF (top, in black) obtained with A.: 405 nm and simulated emission spectrum of
[ACF]" and [mpf]* broadened with a hwhm of S0 cm™ (bottom). (b) Comparison of the experimental PD spectrum of [ACFeHe]" and
[mpfeHe]* at ca. 5 K (top, in black) and simulated absorption spectrum broadened with a hwhm of 5 cm™ (bottom). Simulated spectra are
calculated at the (TD)-wB97X-D/cc-pVDZ level of theory using the adiabatic Hessian AH-FCHT model. The relative intensities of the simulated
spectra have been scaled to match the experimental findings due to different relative isomeric abundancies in the gas-phase and matrix samples.
Different hwhm values chosen for the predicted DF and PD spectra are considered to match the corresponding broadening in the experimental

spectra.

Optimized geometries (including bond lengths and angles)
of both the [ACF]* and [mpf]* isomers in their ground (S,)
and first excited electronic state (S;) are calculated at (TD)-
@B97X-D/cc-pVDZ level and presented in Figure S10a, b.
Calculated vertical excitation energies at the same level of
theory predicted the first excited singlet state (S;) at 362.56
nm (f = 0.67) and 365.70 nm (f = 0.72) for [ACF]* and
[mpf]*, respectively (see Table S4 and SS). The dual
absorption feature of the He-TAG PD spectrum with band
origins (*v) located at 434.8 and 443.1 nm satisfactorily agrees
with this prediction (given the known error range of the
computational method as applied to similar cationic
chromophores), indicating both absorption features arise
from the Sy-S; transition of the respective isomer. To further
interpret the spectra and to facilitate the isomer-specific
assignment of vibrational features, vibrationally resolved
electronic absorption and emission spectra were calculated
by applying the adiabatic Hessian (AH) model using the
Franck—Condon-Herzberg—Teller (FCHT)> approximation.
FCHT was chosen over FC as the former predicted slightly
better agreement with our experimental spectra - in line with
our previous studies of rigid cationic dyes.' "' The SI contains
a detailed discussion of the theoretical approach. In brief
among the tested density functional and basis set combina-
tions, only @wB97X-D/cc-pVDZ and CAM-B3LYP/cc-pVDZ
yielded very good agreement with the experimental band
origins (“°v) and vibronic progressions for both the isomers
(see Figure S11—14). Figure 4a and b compares the isomer-
specific experimental (top panels) and predicted (bottom
panels) vibronic spectra (see Table S2 and S3 for band
positions and assignments). The 0—0 band origin (*v) is
predicted at 26180 cm™ (382 nm) and 25977 cm™" (385 nm)
for [ACF]* and [mpf]*, respectively, ~ 15% blue-shifted from
the Ne matrix DF and He-tagged PD spectra. Despite the
shifted band origin, the vibrational progressions of the
predicted spectra are, in very good agreement with the DF

and PD spectra. Note that the predicted spectra plotted in
Figure 4 are unscaled regarding the wavenumber and only
(uniformly) shifted w.r.t. their band origins. Looking at the
comparison in Figure 4, the set of absorption (PD) peaks with
%y at 434.8 nm (438.5 nm in matrix DF) followed by a
progression of two sharp intense and several less-intense
vibrational features can unambiguously be assigned to arise
from [ACF]". These intense peaks in the PD spectrum involve
a symmetric out-of-plane vibrational mode at +47 cm™' (peak
‘d’) and its first overtone peak ‘e’ at +94 cm™' (see Figure
S15). The other set of absorption peaks with v at 443.1 nm
in the PD spectrum (448.2 nm in matrix DF) can be assigned
to [mpf]*.

Note that in addition to the cis conformational isomer of
[mpf]* discussed so far there is a less stable trans rotamer
having the same bond connectivity but with its in-plane N—
CH,; bond rotated by 180 deg (see Scheme 1 and Figure S16).
The calculated barrier for cis—trans interconversion is on the
order of 0.7 eV so that both forms might be present in
equilibrium in room temperature solution. However, the
vibronic structure predicted for the trans rotamer is in much
poorer agreement with the He-TAG spectrum and it therefore
does not significantly contribute to the gas-phase measurement
(at 5 K).

To date, the broad room temperature optical absorption/
emission features of acriflavine (as studied in solution and
more recently also in gas-phase) have generally been assigned
only to 3,6-diamino-10-methylacridin-10-ium [ACF]*.*>*>**
In line with the recent (HP)LC-MS studies of Turnipseed et
al.”® and Napolitano et al.'” we demonstrate that ESI of
solvated acriflavine (from a commercial supplier) yields two
spectroscopically distinct structural isomers at the primary
cation mass m/z = 224.12. Upon isolation (for PD in gas-
phase, for DF in neon) and cooling to S K, both isomers show
vibrationally well-resolved PD and DF spectra which allow us
to clearly assign their 0—0 band origins (*’v). While easily
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distinguishable in our experiments they are close enough
spectrally (A = 429 and 495 cm™' for PD and DF,
respectively) such that their associated upper state vibrational
progressions are partially interleaved/overlapped. In a modified
He-TAG experiment involving vis-vis 2-color irradiation of the
[ACFeHe]" and [mpfeHe]* mixture with separately tunable
pulsed lasers we therefore selectively depleted one of the two
isomers which allowed us to explicitly determine the full PD
spectrum of the other isomer. Comparison with TD-DFT
predictions of Sy-S; respectively S;—S, transitions using the
FCHT method yields satisfactory agreement, allowing the
assignment of all experimentally distinguishable vibronic
transitions (S/N ratios >2) to a specific isomer.

As reported by us for other fluorophores,"”'>**** we have
observed that both [ACF]* and [mpf]* can also undergo some
charge changing during soft-landing deposition into neon,
resulting in strongly fluorescent neutrals which emit signifi-
cantly to the red of their charged precursors when excited in
the UV. We will report details in a future study.’”
Consequently, ESI soft-landing of “acriflavinium ion m/z=
224" can generate at least four distinct fluorophores (two
charged and two neutral isomers—possibly also with
contributions from both [mpf]" rotamers). Furthermore,
their relative amounts can be varied by adjusting neutralization
efficiencies (via codoping of the matrix with electron getters to
enhance cations) as well the cationic isomer ratios incident
from the gas phase. Above we have shown that [mpf]* can be
removed from the incident ion beam (and therefore selectively
blocked from depositing onto the surface) by spraying from
basic solution. By contrast pure beams of [ACF]* could be
generated by bulk scale chromatographic separation along the
lines of ref 17 - prior to ESI In combination with a dual needle
ESI-MS deposition setup,® it should therefore be possible, e.g,,
to structure adjacent stripes of the two charged isomers on a
surface (via ion beam focusing and masking) or to generate
vertically alternating layers of them in codeposited neon. This
would allow to probe photophysical interactions between at
least four well-defined fluorophores on length scales of less
than 100 nm. Interestingly, the proton attached to the
endocyclic nitrogen of [mpf]" is retained upon soft-landing.
Thus, photoinduced proton transfer processes could also be
studied.

An alternative approach to sequentially depositing prepuri-
fied isomers by dual needle ESI-MS would be to mobility select
them after ESI-MS but prior to deposition. While ESI-MS-IMS
is well established for isomer-selective electronic or vibrational
spectroscopy,”’ """ mass and isomer-selective soft-landing
remains to be demonstrated. In the present case of acriflavine
([ACF]* + [mpf]*), a CCS resolution (CCS/ACCS) of
significantly greater than 200 would be required to baseline
separate isomers by ion mobility filtering. This is doable with
present technology but requires optimization to ensure
sufficient ion dose. Finally, the approach outlined here is also
applicable to fragment ions. For example, the primary CID
fragmentation channel of [ACF]* is CH; loss—presumably
from the endocyclic N to form the proflavine radical cation. It
would be interesting to probe the structure and electronic
spectroscopy of this and related species both in the gas phase
and in the cryomatrix.

In conclusion, we have probed the electronic spectroscopy
of the cationic fluorophore acriflavine at SK in isolation. One-
and two-color photodepletion action spectra as well as
dispersed fluorescence spectra indicate that the primary cation

mass comprises two isomers with different optical properties.
Theory at the TD-DFT level allows full spectral assignment.
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