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Recent developments in fluorescence spectroscopy have made it possible to measure both absorption and
dispersed fluorescence spectra of isolated molecular ions at liquid-nitrogen temperatures. Absorption is here
obtained from fluorescence-excitation experiments and does not rely on ion dissociation. One large advantage
of reduced temperature compared to room-temperature spectroscopy is that spectra are narrow, and they
provide information on vibronic features that can better be assigned from theoretical simulations. We report on
the intrinsic spectroscopic properties of oxazine dyes cooled to about 100 K. They include six cations (crystal
violet, darrow red, oxazine-1, oxazine-4, oxazine-170 and nile blue) and one anion (resorufin). Experiments were
done with a home-built setup (LUNA2) where ions are stored, mass-selected, cooled, and photoexcited in a
cylindrical ion trap. We find that the Stokes shifts are small (14-50 cm™), which is ascribed to rigid geometries,
that is, there are only small geometrical changes between the electronic ground and excited states. However,
both the absorption and the emission spectra of darrow-red cations are broader than those of the other ionic
dyes, which is likely associated with a less symmetric electronic structure and more non-zero Franck—Condon
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factors for the vibrational progressions. In the case of resorufin, the smallest ion under study, vibrational features
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Introduction

Cryogenic ion spectroscopy has gained significant attention in
recent years as it provides intrinsic information on the photo-
physics of isolated molecular ions." At low temperatures, spectra
exhibit reduced spectral congestion, which facilitates the assign-
ment of bands and vibrational features as well as geometric
structures. Experimental data on cold ions are better benchmarks
for theoretical calculations of electronically excited states, which
are still nontrivial and computational costly. The reduced flex-
ibility also affords a situation that mimics the one in a viscous
solvent where solvent molecules are more or less in fixed positions
during the excited-state lifetime.

Absorption by ions isolated in vacuo is most commonly
identified indirectly from dissociation or electron detachment,
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spectrum of R~ and Ox-170" at low laser power. Comparison of fluorescence

spectra obtained at 100 K and at room temperature of all cations in the study.

Comparison of fluorescence spectra obtained using different spectrometers.

Calculated frequencies of R™ in S, and S; and calculated vertical excitation

energies for all seven ions. See DOI: https://doi.org/10.1039/d3cp04615j
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are assigned based on calculated spectra.

known as action spectroscopy.’®'" In these experiments, the
yield of a specific fragment ion is sampled as a function of
excitation wavelength. A low temperature is beneficial for the
attachment of a noble-gas atom, e.g., helium or neon, that only
weakly perturbs the electronic structure in most cases and that,
importantly, is easily lost after photoexcitation.'” Hence tag-
ging spectroscopy not only guarantees low internal energies of
the complex but also avoids the issue of kinetic shifts where
more dissociation is obtained at high photon energies than at
low ones within the relevant time window determined by the
setup."* In the case of fluorescent species, another approach
can, however, also be taken as the yield of emitted photons as
a function of excitation wavelength indirectly represents the
absorption (a fluorescence-excitation spectrum).'®**** This
technique also benefits from cryogenic temperatures where
fluorescence quantum yields often are higher than at room
temperature. Finally, but not least, the combination of absorp-
tion and emission spectra provides valuable information
on excited-state dynamics and Stokes shifts, the latter defi-
ned as the energy difference between the absorption- and
fluorescence-band maxima."*'* In the case of isolated molecu-
lar ions, the Stokes shift is a proxy of the geometry change in
the excited state.

One important family of ionic dyes that has been studied in
gas-phase fluorescence experiments is oxazine dyes.”>™"”
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Oxazines are a class of organic heterocyclic compounds that are
valued for their fluorescence characteristics. They are widely
used as fluorescent probes in biological imaging and stain-
ing applications*®2° and have recently been proposed as nerve
biomarkers in guided surgery to avoid nerve-related injuries.*'
One large advantage is that their photophysical properties
depend on the microenvironment,*” e.g., nearby solvent mole-
cules and counter ions or the pH. To fully comprehend and
identify such perturbations, information on the intrinsic photo-
physics of the isolated ionic dye is useful. It is, however, often
nontrivial from solution-phase experiments to disentangle dif-
ferent effects. As an example, counter ions will bind to the
charge site of the dye in nonpolar solvents (ion-pair formation)
and affect the transition energy as discussed earlier in the case
of nile blue."” High dye concentrations can lead to dimer or
aggregate formation as seen for cresyl violet>® which is an
additional complication. Such issues are obviously avoided in
gas-phase experiments where single and isolated ions are
studied. The impact of substituents or other changes to the
molecular structure is directly revealed without the need to
consider how explicit solvent molecules are located differently
between different ionic dyes in a solvent.

Room-temperature fluorescence spectra of seven gaseous
oxazine cations showed similar features; however, darrow red,
exhibited a distinctively broader emission profile than the
others."'® and a shorter excited-state lifetime."® Kusinski
et al.'® also investigated the effect of deuteration of amine
groups on emission profiles, fluorescence lifetimes and bright-
ness. They reported that while gas-phase emission profiles
remained largely unchanged upon deuteration, fluorescence
lifetimes and brightness increased by 10-23%. Although sig-
nificant increases, they were considerably lower than those
observed in deuterated solution. In recent work, we examined
the resorufin anion and reported fluorescence spectra both at
room temperature and at 100 K.>**° As expected, vibronic
transitions became better resolved at lower temperatures, and
active vibrations were assigned based on a Franck-Condon
model. The observed vibronic bands were found to be domi-
nated by in-plane vibrational modes that preserve the mirror-
plane symmetry.>®

We focus on the intrinsic spectroscopic properties of the
oxazine dyes shown in Fig. 1; oxazine-1 (Ox-1"), oxazine-4
(Ox-4"), resorufin (R”), cresyl violet (CV'), oxazine-170
(0x-170"), nile blue (NB*) and darrow red (DR"). The substitu-
ents on the core benzene rings are symmetrically positioned in
the first three dyes and asymmetrically in the remaining four.
Taking advantage of the home-built LUminescence iNstrument
in Aarhus 2 (LUNA2), we have obtained gas-phase dispersed
fluorescence spectra and fluorescence-excitation spectra at
cryogenic temperatures, the latter limited to R™, Ox-170" and
DR". Our low-temperature experimental investigations provide
higher-quality spectra than previous room-temperature spectra
and well-resolved vibrational features. We calculated Franck-
Condon spectra of the smallest of the ions, namely R, to
examine the vibrations that couple with the electronic
transition.
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Fig. 1 Chemical structures of ionic oxazine dyes. Cations: vresyl violet
(CV*), oxazine-170 (Ox-170™), nile blue (NB*), darrow red (DR*), oxazine-1
(Ox-1*) and oxazine-4 (Ox-4%). Anion: resorufin (R7).

Results and discussion

Cryogenic fluorescence-excitation spectra and dispersed-fluore-
scence spectra were measured using two different detection options
at LUNA2. To obtain a fluorescence-excitation spectrum, emitted
photons were monitored vs. excitation wavelength with a sensitive
photomultiplier tube (PMT). Scattered laser light was blocked with
four long-pass filters (total optical density (OD) of 20-24). The
fluorescence-excitation spectra will be referred to as absorption
spectra in the following, and the two are equal if the dispersed-
fluorescence spectrum and the fluorescence-quantum yield are
independent of excitation wavelength. Dispersed-fluorescence spec-
tra were measured using a spectrometer with an iCCD camera, and
laser photons were blocked with a notch filter (OD 5-6).

First, we consider the absorption and fluorescence spectra of
R~ shown in Fig. 2(a). The former is comprised of measure-
ments using 550 nm long-pass filters (grey) and 600 nm long-
pass filters (black). The spectra overlap in the region between
535 and 540 nm and show excellent agreement even though two
quite different regions of the fluorescence spectrum are
probed. This implies that the assumption of dispersed fluores-
cence spectra not changing too much with excitation wave-
length is a good one in this case. The absorption spectrum
displays sharp vibrational progressions and a band maximum
at 563.9 + 0.1 nm. The fluorescence spectrum (blue) exhibits
maximum intensity at 565.5 + 0.5 nm, and the spectrum is
significantly broader but still shows appreciable vibrational
structure. In our previous work>'*?>?® on a range of similar
fused three-ring systems (pyronin Y, rhodamines, fluorones)
and dimethyl-oxyluciferin, the fluorescence spectra were also
broader and more congested than the fluorescence-excitation
spectra. We showed that it was caused by an increased effective
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Fig. 2 (a) Fluorescence-excitation (absorption) and dispersed-fluorescence
spectra of R~ measured at 100 K. The former was measured using two
different notch filters: the grey spectrum (535-570 nm) was obtained from
collecting emitted photons with wavelengths above 600 nm and the black
spectrum (485-540 nm) from photons with wavelengths above 550 nm. The
dispersed fluorescence spectrum is shown in blue. The excitation wavelength
was 531.3 nm, and the laser power was <0.3 mW. (b) Comparison of
experimental (black and grey) and simulated (red) absorption spectra at
100 K. The maximum of each spectrum is used as the zero point for the
energy axis. The simulated spectrum is shown with an offset to improve
readability. (c) All transitions (grey) contributing to the total simulated absorp-
tion spectrum (red). The black transitions are significant transitions from the
vibrational ground state (0”) to the final state indicated by the labels. Blue
transitions involve combinations of two or more of the black transitions.
Assignments of additional transitions are shown in Fig. S2 in the ESL¥

temperature of the ions due to excess energy deposited by the
absorbed laser photon. In the case of R, the excitation
wavelength was 531.3 nm, which is 1100 cm ™" more than the
energy of the most intense transition. At T = 100 K, this
corresponds to an effective temperature increase of about
90 K.*® Excitation wavelengths are chosen based on available
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notch filters and the size of the Stokes shift to avoid filtering
away emitted photons by the notch filter.

At the cost of saturating the main absorption band, an
elevated laser power (<0.1 mW) was used to enhance less
intense transitions. A spectrum obtained with lower laser power
(<0.01 mW) is shown in the ESI{ (Fig. S1). In that spectrum the
maximum of the second highest peak (at 546.8 nm) is approxi-
mately 30% of the main band maximum. This is in reasonable
agreement with the mirror image rule as the maximum of the
second band in the fluorescence spectrum is around 40%. The
mirror image rule states that the emission spectrum is a mirror
image of the Sy-S; absorption spectrum.

Previous work focused on the emission by R™, and how the
dispersed fluorescence spectrum changes upon cooling.?® It
was found that the spectrum narrows, and the maximum
blueshifts from 569 + 1 nm at room temperature>® to 565.5 +
0.5 nm at 100 K.>® The effects were attributed to lower vibra-
tional frequencies in S; compared to Sy, and that vibrational
excited levels in S; are populated. As the vibrational frequencies
are smaller in S; than in S, the average energy of emitted
photons from Av = 0 transitions decreases with increasing
temperature.”® Greisch et al.>” also observed the same effects
(narrower bands and blueshifted emission) upon cooling
rhodamine dyes.

A simulated Franck-Condon absorption spectrum obtained
using B3LYP/aug-cc-pVTZ time-dependent density functional
theory (TD-DFT) is shown in Fig. 2(b) together with the experi-
mentally obtained spectrum. Both spectra are shifted to have
band maximum at the origin for better comparison as the
calculations overestimate the absorption-band maximum by
~2700 cm ' (0.33 eV). The simulations capture several
features, especially in the lower energy regions (0-1000 cm ™ %).
Transitions giving rise to the simulated spectrum are shown in
Fig. 2(c), and some of the dominant transitions are assigned.
Additional assignments are shown in the ESI{ (Fig. S2). Three
important Franck-Condon active modes (4, 8, 16) are all in-
plane vibrations (Fig. 3) that preserve the mirror-plane symme-
try of the aromatic rings. Previously, in the fluorescence spectra
of R™, the Av = +1 transitions from these vibrations were also

Fig. 3 Important vibrational modes that couple with the electronic tran-
sition. Mode 1 is an out-of-plane vibration whereas modes 4, 8 and 16 are
in-plane vibrations.
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found to dominate.>® The largest discrepancy is observed for
the 00 — 2v] peak, which shows significantly less intensity
compared with the experimental spectrum. This indicates that
the frequency change of 1, between S, and S, is larger than
computationally predicted. It should be mentioned that as v, is
an out-of-plane mode (Fig. 3), the 0v/ — 1v| transition is
symmetry forbidden. Towards higher energies (from approxi-
mately 1000 cm™* and up) the calculations predict too small
intensities, which likely reflects a too small geometry change
between S, and S; optimized geometries.

A zoom in on the experimentally obtained main absorption
band reveals two additional peaks at lower energies with an
energy separation of around 15.0 cm ™" (Fig. 4(a)). At T =100 K,
excited states of the lowest frequency vibrational modes are
thermally populated. If the frequency of these modes do not
change between S, and S;, the thermal transition with Av =0
will coincide with the 0” — 0’ transition (main peak). Calcula-
tions establish that transitions involving v, and v, (both out-of-
plane modes) are the dominant modes to produce the observed
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Fig. 4 (a) Zoom in on the main absorption band in the fluorescence-
excitation spectrum of R™. The energy separations between the peaks are
approximately 15 cm™. (b). Simulated absorption spectrum of R~ at a
temperature of 100 K (red) from the transitions shown in grey (no labels)
and black. The vibrational quantum number is followed by the name of the
mode and ” refers to Sp and ' to Ss.
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structure in Fig. 4(b). Transitions involving both v; and v5 also
contribute to the structure. Based on the simulation, the
experimentally observed progression is assigned to three
Av = 0 transitions, that is, the 0 — 0’,1” —» 1’ and 2" — 2/
of the v, vibrational mode. The intensity pattern, which is
governed by the Boltzmann population, supports this. We
believe that the 1”7 — 1’ transition of the v, mode (14 — 17/}
label) is likely part of the peak observed for the 0" — 0’
transition. The energy separation of the three Av = 0 transitions
of the same mode is a direct observable of the difference in
vibrational frequencies between S; and S,. This difference also
accounts for the blueshift observed in fluorescence-band maxima
upon cooling as already mentioned. If the spectra were recorded
at 10 K, the above discussed progressions would not be visible,
and one would lose the information of the frequency change
between S, and S;. As predicted from the intensity discrepancy
between theory and experiment for the 21/ peak in Fig. 2, the
observed frequency change of v; between S, and S; is
indeed larger than computationally predicted (~15 cm™* vs.
~11 cm™).

In previous room-temperature measurements, we obtained a
photodissociation action spectrum of R™.>* Dissociation was a
result of three-photon absorption, which implies that the
spectral shape does not necessarily reflect the one-photon
absorption spectrum. Indeed, the spectrum is very broad with
significant absorption in the entire region 470-600 nm. How-
ever, the room-temperature band maximum at 563 nm coin-
cides with the present band maximum at 100 K.

Next, we turn our attention to the cations. Absorption
spectra of Ox-170" and DR are shown in blue in Fig. 5
together with their respective dispersed-fluorescence spectra.
To facilitate comparison, the same energy range (not wave-
length range) is used for both. The absorption-band maximum
of Ox-170" is at 583.2 + 0.1 nm and the fluorescence-band
maximum at 584.2 & 0.3 nm while in the case of DR", the band
maxima are 543.4 £ 0.3 nm and 543.8 £ 0.3 nm, respectively.
As seen for R™, the fluorescence spectra are more congested
than the absorption spectra. For example, for Ox-170", the
main fluorescence band has a shoulder separated by 274 cm™*
(at around 595 nm), whereas the absorption spectrum shows a
resolved band 254 cm ™" from the main band (at 575 nm). The
second most intense band in the fluorescence spectrum is
located 588 cm ™" from the main band, and the corresponding
band in the absorption spectrum consists of three peaks with
maximum intensity at an energy distance of 593 cm™'. To
resolve vibrational peaks in the absorption spectra, the laser
power was kept high at the cost of saturation of the main
absorption bands. When using less laser power to obtain the
Ox-170" spectrum, the intensity of the second most prominent
band is only 50% of the main band’s intensity, similar to what
we see in the fluorescence spectrum (see Fig. S3 in the ESIt).
Despite the slightly more congested fluorescence spectra and
saturation of the main absorption bands, it is evident for both
ions that the absorption and fluorescence spectra display
many of the same features.

This journal is © the Owner Societies 2023
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Fig. 5 100 K absorption spectra (blue) based on fluorescence-excitation
experiments and dispersed-fluorescence spectra of gaseous Ox-170*
(top) and DR* (bottom). The same energy range has been used for both
spectra to enable easy comparison of the widths of the spectra. Excitation
wavelengths to measure fluorescence spectra were 561 nm (Ox-170*) and
532 nm (DR*). The main absorption bands are saturated resulting in an
incorrect intensity relation between the main band and the rest of the
spectrum. The relatively high laser power (<0.1 mW) was used to enable
measurement of the vibrational structure.

The Stokes shifts of DR* and Ox-170" are very small
(<30 em™"), which indicates a rigid geometry that does not
change noteworthily between the electronic ground and excited
state. We note that small Stokes shifts are sensitive to excitation
energies. For example, the fluorescence spectrum of DR* has
been obtained after excitation with 532 nm light and 514 nm
light, which results in a small difference in the fluorescence
band maxima (0.7 nm) due to heating. This gives rise to more
than a doubling of the Stokes shift from 14 cm ™" to 37 cm™ .
The Stokes shifts measured for the oxazines are similar to those
for rhodamine cations (17-25 cm™")*® but smaller than those
for fluorone anions and that for the dimethyl-oxyluciferin
anion; in the latter case the shift is an order of magnitude
larger (360 cm™")"* Both absorption and fluorescence spectra of
rhodamine cations are, however, much less well-resolved than
those of oxazines, which is likely associated with differences in
the importance of low frequency modes.

DR" exhibits a broader profile in both absorption and
fluorescence compared to Ox-170°, which was also observed
in room-temperature fluorescence spectra.’>'® Jockusch and
co-workers'® found DR" to be an outlier in their (TD-)DFT
calculations on four oxazines as they had to use another
functional (B3LYP) than used for three other oxazines (TPSS)
to obtain optimized geometries. Their calculations found indica-
tions of increased triplet crossing yields for DR* compared to
other oxazines, which agrees with a lower fluorescence quantum

This journal is © the Owner Societies 2023
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yield in solution relative to the quantum yields of similar
oxazines. However, their computations could not account for
the broader emission profile.

Only one of the seven oxazines, DR', contains an amide
group, which implies that an important resonance form locates
positive charge on the amide nitrogen and negative charge on
the amide oxygen. The other nitrogen therefore carries most of
the excess positive charge. In other words, the charge distribu-
tion is more asymmetric than for the other ions, and the
transition is likely to be more charge transfer in character.
According to TD-DFT (B3LYP) calculations by Fleming et al.,”®
the transition-dipole moments of all the oxazines are consistent
with a charge-transfer nature of the excitation, but DR" exhibits
a significantly larger gas-phase ground-state dipole moment
(8.35 Debye) compared to the other dyes (2.27-3.72 Debye).

It is non-trivial to predict transition energies for this kind of
systems. Indeed, we predict the transition energy (adiabatic) of
R™ to be too high in energy by 0.33 eV. This is the smallest of
the studied oxazines, which emphasizes the problem. The use
of TD-DFT to predict charge-transfer states has been widely
discussed®** and is known to systematically overestimate the
lowest electronic singlet excitation energy for similar dyes
(cyanines, BODIPYs, rhodamines). This is often referred to as
the cyanine problem.**® Also, absorption- and fluorescence-
band maxima are highly dependent on the choice of DFT
functional as recently demonstrated by Kappes and co-
workers® in the case of the rhodamine-B cation. Despite these
known issues related to TD-DFT, the vibronic band structure of
R™ can be simulated well enough to interpret the experimental
spectrum due to its relatively rigid structure. In the lower-
energy region, the intensity of the vibronic bands is reproduced
reasonably well, but the accuracy decreases with increasing
energy.

Cryogenic gas-phase fluorescence spectra of all seven oxa-
zines are summarized in Fig. 6. Cold spectra of Ox-4" and R~
were measured previously with another spectrometer and
grating®?’ and are in accordance with the spectra presented
here (see Fig. S4, ESIt for comparison of spectra obtained with
the two spectrometers). Generally, the emission profiles are
very similar: all spectra show a main band with FWHM in the
range between 100 and 200 cm ' and a second band with an
intensity of approximately 20-50% compared to the main band.
The energy separations between the two bands are in the range
550-610 cm ™ '. They either exhibit a shoulder on the main band
(0x-1%, R, Ox-4" and DR") or a resolved peak (NB*, Ox-170") at
around 275 cm™" from the main fluorescence-band maximum.

Computational work by Jockusch and co-workers'® assigned
the most intense band to the 0’ — 0” transition. They also
concluded that the second most intense band results from the
sum of many vibronic modes rather than a simple vibronic
progression. The spectrum of DR" seems similar to the others
at first glance but has a broader profile and an additional broad
band further to the red.

The general resemblance between the fluorescence spec-
tra in Fig. 6 indicates that the fluorescence profile is not
significantly influenced by the specific substituents and their

Phys. Chem. Chem. Phys., 2023, 25, 32715-32722 | 32719
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Fig. 6 Dispersed-fluorescence spectra of seven oxazine ions isolated in
vacuo measured at cryogenic temperature (100 K). Excitation wavelengths

are indicated by vertical bars, and they were 514 (DR*), 531.3 nm (R7),
532 nm (CV*, Ox-4%), 561 nm (Ox-170%) and 594 nm (Ox-1*, NB*). The
spectrum of DR is obtained with a lower excitation wavelength than the
spectrum in Fig. 4(b) to avoid cutting off part of the main band by the notch
filter.

positions. But fluorescence-band maxima are not surprisingly
affected and vary between 544 nm (DR") and 615 nm (NB"). The
highest value observed for DR' is in accordance with the
reduced electron delocalization due to the partially positive
charge on the amide nitrogen, an effect that here seems more
important than redshifts typically experienced for charge-
transfer transitions. Band maxima are listed in Table 1.

We also did calculations of vertical S, — S; excitation
energies at the B3LYP/aug-cc-pVTZ level of theory (Table S2,
ESIt) for all ions under study. The values are blueshifted
0.4-0.5 eV from the fluorescence-band maxima (Fig. 6), which
is significant considering the minor Stokes shifts (<6 meV).
Maybe more importantly, the trend is not the same as the
experimental one; NBY < Ox-1" < Ox-170" < DR < CV' <
Ox-4" < R (theory) vs. NB" < Ox-1" < Ox-170" < Ox-4" <
R~ < CV' < DR (experiment). Calculated vertical excitation

Table 1 Absorption- and fluorescence-band maxima in nm and Stokes shifts in cm™
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energies with M06-2X and WB97XD for DR", CV', and NB" are
shifted an additional 0.2 eV to the blue and are thus even
further from the experimental values.

Compared to previous room-temperature
ments,'>'%* the cold-ion spectra are generally narrower, and
the maxima are blueshifted by 4-7 nm, corresponding to
125-215 cm™~'. As mentioned earlier, this temperature effect
was examined in detail in case of R~ and is caused by popula-
tion of vibrationally excited levels in S;, and that frequencies
are generally lower in S; than in S,.*> Room-temperature
fluorescence spectra obtained with LUNA®® are shown together
with cold-ion spectra in the ESIt (Fig. S5 and S6).

measure-

Experimental and computational
details

Samples of oxazines were purchased from Sigma-Aldrich (cresyl
violet, nile blue, oxazine 170, darrow red and resorufin),
NordicBioSite (oxazine 1) and TCI chemicals (oxazine 4). The
samples were dissolved in methanol and electrosprayed.

The instrument (LUNA2) for measuring fluorescence from
mass-selected ions isolated in vacuo has been described in
detail previously.'**” Ions are accumulated in an octopole ion
trap and guided to a cylindrical Paul trap every 50 ms (20 Hz).
The end-cap electrodes of the trap are in direct thermal contact
with a copper container filled with liquid nitrogen. The ions
cool in collisions with helium buffer gas at an estimated
pressure of 0.01-0.1 mbar inside the trap for at least 35 ms
before laser irradiation. A 20 Hz, frequency-tripled, Q-switched
Nd:YAG laser (EKSPLA) pumps an optical parametric oscillator
to produce visible light in the range 420-709 nm. The laser
beam is guided through a small hole in the cylindrical electrode
of the trap and overlapped with the ion cloud. The trap is
emptied after 500 cycles of laser irradiation, but mass selection
is done before every laser shot. However, it is worth to mention
that we are blind to photo-isomerization. Hence if photo-
isomers are produced, they will contribute to both absorption
and fluorescence spectra if they absorb at the excitation wave-
length and are fluorescent. In case of dispersed-fluorescence
spectra, the fluorescence is measured using a Kymera 328i
spectrometer with an intensified CCD (iCCD) camera. The
signal is intensified for 100 ns after laser irradiation. The laser
light is filtered using a notch filter (Thorlabs). In case of
fluorescence-excitation spectra, the fluorescence is monitored
using a photomultiplier tube (PMT), and laser light is filtered
away using four long-pass filters (Thorlabs). The signal is
corrected for changes in laser power by measuring the laser
power at every laser shot using a photodiode. The laser power is

1

NB* ox-1" 0x-170" ox-4* cv* DR" R
Absorption Apax 583.2 £ 1 543.4 + 3 563.9 £ 1
Fluorescence pax 615.4 + 3 608.5 + 4 584.2 £ 3 566.8 + 4 558.6 £ 5 543.8 + 3 565.5 £ 5
Stokes shift 29 14 50
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kept below 0.1 mW in case of fluorescence-excitation measure-
ments and 0.1-0.5 mW in case of dispersed fluorescence.

All presented calculations were performed with the Gaus-
sian16 program package.*® Electronic S, and S; optimizations
and frequency calculations of R~ were performed with B3LYP/
aug-cc-pVTZ,*>*" with the S; calculations based on time-
dependent density functional theory. The absorption spectrum
was calculated at 7= 100 K with the Franck-Condon-Herzberg-
Teller (FCHT) method described in ref. 42 and 43. This meth-
odology includes Duschinsky mixing of the normal coordinates
in Sy and S;.** The number of thermally populated states was
limited to states with a Boltzmann weight of more than 0.1%,
relative to that of the vibrational ground state in S, (keywords;
Temperature=(Value=100.0,MinPop=0.001) & MaxStatesI=300).
For R~ a temperature of 100 K is used; this corresponds to a
total of 117 populated states and a population that is converged
to better than 95%. In comparison, to calculate a spectrum at
300 K with a converge population to better than 95% requires
2.7 x 10°® states - clearly unfeasible with conventional state-to-
state calculations. The assigned transitions were limited to
transitions with at least 0.1% intensity of the strongest transi-
tion, 0" — 0’ (keyword, Print=(Spectra=All, Matrix=JK,Assign
Thresh=0.001)).

We have previously used a home-built Franck-Condon
model to calculate both cold and warm emission spectra of
R™.?? Using an effective sampling of the thermal population the
model could account for the high number of transitions at
elevated temperatures but did not include Duschinsky mixing.
The spectra presented in our earlier publication are similar to
the ones calculated here; however, the latter are more accurate
due to the inclusion of Duschinsky mixing.>>

Excited-state optimizations of the cations were attempted
with B3LYP, M06-2X and wB97XD, in conjunction with the aug-
cc-pVIZ basis set, but without successful converge for all
cations with the same DFT method.

Conclusions

In summary, we have reported on the intrinsic photophysical
properties of oxazine dyes at cryogenic temperatures. Based on
fluorescence-excitation measurements we have provided vibra-
tionally resolved electronic absorption spectra of three oxazines
and partially resolved dispersed-fluorescence spectra of seven
oxazines. The emission spectra are more congested as the ions
are heated by the excess energy of the absorbed laser photon.
Stokes shifts are small (less than or about 50 cm ') which
indicates minor differences between geometries in S, and S;.

Based on a calculated Franck-Condon spectrum of R, we
have assigned important vibrations that couple with the elec-
tronic excitation. These vibrational modes include in-plane and
out-of-plane vibrations and coincide with the modes relevant
for the S; — S, transition identified in previous work.

One of the oxazine cations, DR*, stands out from the others
with broader absorption and emission profiles. This peculiar-
ity, likely arising from a more asymmetric charge distribution

This journal is © the Owner Societies 2023
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compared to its counterparts, remains unaccounted for in
computational models. The spectra provided in this work are
valuable benchmarks for theoretical endeavours, addressing
the challenge of predicting excitation energies of oxazines and
other structurally similar dyes.
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