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ABSTRACT: The visible and ultraviolet spectroscopy of gas phase rhodamine 575 cations
has been studied experimentally by action-spectroscopy in a modified linear ion trap between
220 and 590 nm and by time-dependent density functional theory (TDDFT) calculations.
Three bands are observed that can be assigned to the electronic transitions So—S1, So—S3 and
So—(Ss,Se) according to the theoretical prediction. Whilst the agreement between theory and
experiment is excellent for the S and Sg/Sq transitions, a large shift in the value of the
calculated S; transition energy is observed. A theoretical analysis of thermochromism,
potential vibronic effects and — qualitatively — electron correlation revealed it is mainly the
latter that is responsible for the failure of TDDFT to accurately reproduce the S; transition
energy, and that a significant thermochromic shift is also present. Finally, we investigated the
nature of the excited states by analyzing the excitations and discussed their different
fragmentation behavior. We hypothesize that different contributions of local versus charge
transfer excitations are responsible for 1-photon versus 2-photon fragmentation observed

experimentally.

Introduction.

The photo-physics of organic chromophores such as the rhodamine family of dyes is of
importance to a broad range of subject areas ranging from the behavior of dye lasers to the
labelling of biomolecules for structural assignment, and as such there have been a great many

1-11

studies of their solution phase properties. ~ There has also been considerable effort in recent

years devoted to the study of the properties of such chromophores in the solvent-free



1718 The recent transposition of Forster Resonance Energy

environment of the gas phase.
Transfer (FRET) to the gas phase has only increased interest in the gas phase properties of
these dyes, as they have been used as both donor and acceptor chromophores in many of the

124 In particular, the use of rhodamine 575 (R575) as the donor

systems studied thus far.
chromophore in several of these studies has made an understanding of its gas phase photo-
physical properties of high interest. Additionally, the study of the gas phase photo-physical

properties of rhodamine dyes provides a benchmark for electronic structure calculations,

which remain a challenging prospect.

R575 has been subject to several previous gas phase studies. Sassin et al. studied the
dependence of the photo-fragmentation and fluorescence of R575 cations on the laser power

2326 They observed

and buffer gas pressure using a continuous Ar ion laser at 515 and 488 nm.
that the photo-fragmentation and fluorescence were dependent on both the laser fluence and
gas pressure, which was interpreted as absorption of multiple photons following many
collisional deactivation cycles. Forbes ef al. measured the fluorescence excitation and
emission of R575 cations, giving maximum values of 495 nm and 506 nm respectively.”’
They also measured a quadratic dependence of the photo-fragmentation yield as a function of
the laser power, and invoked a two photon mechanism for fragmentation following either
internal conversion or intersystem crossing to explain this observation. Chingin et al. looked
at the influence of the position of the carboxyl moiety of the carboxyphenyl group of R575 in
solution and the gas phase, the influence of metal cation adducts on the position of the photo-
fragmentation maximum, and the influence of the charge state.** > They showed that both the
R575 cation and anion absorb at 488 nm, but that the neutral form is optically dark, and that
there is a significant blue-shift of the absorption maximum as the size of the metal adduct is

increased. Greisch et al. found the dispersed fluorescence maximum of 497 nm following

excitation at 458 nm and measured a triplet state lifetime of 3250 ms for R575 cations.™



Finally, Nagy et al. determined the fluorescence lifetime of R575 cations to be 5.65 ns

following absorption of 477 nm photons.*'

There are two common themes in each of these studies. Firstly, the absorption, emission and
fragmentation properties have only been studied in the visible portion of the spectrum. Given
that multi-photon processes are invoked in explaining the photo-fragmentation of R575,
examination of the photo-physical properties of the higher lying singlet states is of interest.
Secondly, each of the studies mentioned above have used either continuous or else high
repetition rate lasers, and as such have studied the photo-physical behavior over irradiation
times of the order of milliseconds to seconds. The use of low repetition rate lasers allows the
photo-physical properties to be studied over a much shorter time period; in this case that of a
single laser pulse of the order of a few nanoseconds. This would in effect eliminate the
influence of the gas pressure on the excited state dynamics since the time scale for gas

collisions would be much longer than the time scale for any photo-physical process to occur.

In this paper, the photo-physical properties of R575 cations when irradiated with a single
nanosecond laser pulse are examined via action-spectroscopy in both visible and ultra-violet.
The results are compared to the calculated transition energies from TDDFT and the nature of
the transitions are discussed. These results may help to clarify the large errors that are often
found in the calculation of the Sp—S; transition energy of rhodamine dyes. The origin of the
two photon dependence of the S; state and the failure of action spectroscopy to recover an
accurate value for the absorption maximum are explained in terms of a 1+1 photo-
fragmentation scheme where the second photon is absorbed from the S; to a higher lying
singlet state from which fragmentation can occur. A 1+1° photo-fragmentation scheme is also
presented in which the total energy of the two photons are maintained whilst the individual
photon energies are varied allowing a reproduction of the S; absorption maximum via action

spectroscopy.



2 Method.
2.1 Experimental.

5 mg of 5-carboxyrhodamine 575 Cs-maleimide (Setareh Biotech), shown in figure 1, was
dissolved in 500 ul DMSO, before being subsequently diluted to a concentration of 20 uM in

1:1 H,O:CH3O0H 0.1 % acetic acid for use 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 ion trap for a controlled duration. During ion trapping, ions can
be activated and fragmented by collisions (CID) or photons (LID). Fragment ions are
transmitted to a second ion trap, with a low pressure, where they are mass analyzed. A fused
silica window (3 mm thick, 1 inch diameter) is positioned at the back end of the instrument
and allows for the introduction of the lasers in the UV-Visible range along the axis of the
linear ion traps. 1-2 mm diameter circular openings in trapping-electrodes enable the
interaction of the trapped ions with an on axis laser beam. In order to optimize laser
transmission, the central hole of the electrode closest to the fused silica window was enlarged

to Smm in diameter.



Figure 1. The structure of carboxyrhodamine 575 Cs-maleimide.

For 1-colour experiments, the light source used is a Panther EX OPO pumped by the third
harmonic (355 nm) of a Surelite II Nd:YAG laser (Continuum, Santa Clara, CA). A repetition
rate of 10 Hz and pulse-widths of the order of 5 ns were used. For visible spectra, the visible
portion of the spectrum was used directly via the signal beam of the OPO (410 — 700 nm). For
UV spectra, the signal beam of the OPO was doubled to give wavelengths between 215 — 350
nm. Pulse energies of between 1.0 and 4.0 mJ/pulse were used, and the beam was focused into
the first ion trap by a 1000 mm focal length convergent lens in both cases. A mechanical
shutter, synchronized with the mass spectrometer, is 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. LID mass spectra were
recorded for a period of 1 minute at each wavelength. The power was monitored using a

power meter (Ophir-Spiricon GmbH, Ahrensburg, Germany), and was taken as the average



value measured for a duration of one minute directly after the mass spectrum accumulation

had taken place.

For two colour experiments, the pump laser was the Panther EX OPO as described above.
The probe laser was a Horizon OPO pumped by the third harmonic of a second Surelite I
Nd:YAG laser. The probe laser was triggered by the pump laser to ensure synchronous arrival
of the two laser pulses into the first ion trap. A mechanical shutter was placed in each beam,
and both were synchronized with the mass spectrometer so as to only allow light to pass into
the ion trap during the ion activation window as described above. The pump and probe beams
were combined using a 505 nm long pass dichroic mirror, and subsequently passed through a
1000 mm focal length lens into the ion trap. Wavelengths of between 460 — 505 nm for the
pump and 535 — 597 nm for the probe were used. The power of each laser was measured
individually using the power meter immediately after the dichroic mirror. At each pump and
probe wavelength, three mass spectra were recorded; pump only, probe only and pump +
probe. The former two were subtracted from the latter to give the fragmentation efficiency

due to the pump + probe only.
2.2 Computational

Geometry optimizations and the calculation of ground and excited state properties were
performed in the frame of density functional theory (DFT). The global hybrid functional

B3LYP with a 6-31+G** basis set was used, and Grimme's D3 dispersion correction with
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Becke-Johnson damping was included for the optimization of structures. For the time-

dependent DFT (TDDFT) calculation of excited states, the ®B97X functional was used, as it

has been benchmarked to be accurate for a broad range of organic molecules.*”>’

Here, a
bigger basis set (6-311++G**) was also used. All calculations employed the Gaussian09

Revision D.01 suite of programs.*’ Semi-empirical PM7 calculations were conducted using

the MOPAC2012 code.*'** Molecular Dynamics employed the Velocity-Verlet algorithm of a



local code with 1 fs time-step totalling to 1¢10° steps. Thermalization was achieved by

coupling to a heat-bath with the Berendsen scheme (200 steps lag time).

The thermal broadening is based on a canonical ensemble of structures which were obtained
using constant-temperature molecular dynamics with the semi-empirical PM7 Hamiltonian.
From the 100 ps trajectory, 99 structures (every 1000™ step) were extracted and their vertical
absorption spectrum computed at the wB97XD/6-31+G** level of theory. The resulting
simulated spectra for each structure were combined to obtain the final 300K absorption

spectrum.
3 Results and discussion

The gas phase absorption spectrum of R575 has been measured in the visible region
previously by both action spectroscopy and laser induced fluorescence. To the best of the
authors knowledge there have been no UV spectrum reported for any rhodamine dye in the
gas phase. The action-spectrum of R575 is shown in the top panel of figure 2 between 220 nm
and 590 nm, with 3 bands observed. The bottom panel of figure 2 contains the simulated
absorption spectrum obtained with TDDFT. There is an excellent agreement between
experimental and calculated spectra observed in the UV region of the spectrum (bands B and

C), but the agreement is noticeably worse in the visible region (band A).

It has been previously noted that the S; transition of R575 is not well recovered by action
spectroscopy, a fact that was attributed to the high fluorescence quantum yield of this
molecule — and hence a low quantum yield for non-radiative relaxation and hence
fragmentation following internal conversion.”> Previous studies of R575 using laser induced
fluorescence placed the absorption maximum at 495 nm, whilst a study of R575 doubly
grafted onto a small tripeptide to quench fluorescence by forced proximity of the dyes shows
a maximum at 505 nm.”** Figure 3(a), which gives the dependence of the fragmentation

yield as a function of laser power for the S; transition, shows there is a clear quadratic



dependence, implying a two-photon photo-fragmentation process must occur. This is in
agreement with previous measurements of the power dependence of fragmentation from the
S, state.”?” These studies have all used either continuous or high repetition-rate lasers. The
concurrent absorption of two photons — i.e. before any relaxation process could occur — was
considered unlikely as compared to the sequential absorption when using such lasers. This
conclusion was supported by the observation that photo-fragmentation was sensitive not only
to the laser fluence but also to the pressure of the buffer gas.”’ Thus the multi-photon
dependence was explained by either internal conversion or intersystem crossing followed by

absorption of a second photon which reached some dissociative state.

However, in this work only a single nanosecond pulse was used to induce photo-
fragmentation and thus any two-photon dependence can only be explained by the absorption
of two photons within the Sns width of the laser pulse. This timescale is much shorter than the
average time between collisions — which is approximately 50 us for the pressure of gas
present in our ion trap — and thus the influence of collision-induced internal-conversion or
intersystem crossing can be discounted. Thus, it seems reasonable that the absorption of the
second photon occurs directly from the S; state to a higher lying singlet state. This
supposition is in agreement with the measured fluorescence lifetime of 5.65 ns for gas phase
R575 cations, which is of the same order as the pulse width of the nanosecond lasers used
here.*! Tt can therefore be expected that during irradiation there is a significant population of

R575 in the S; electronic state at any given time available to absorb a second photon.
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Figure 2. Experimental action spectrum (top panel) and theoretical vertical absorption
spectrum (bottom panel, red sticks) convoluted with a Lorentzian line-shape functions of a
half-widths of 15 nm (bottom panel, blue curve) for R575. The red labels show the main

calculation transitions, whilst the black labels denote the experimentally observed bands.

The two-photon nature of the photo-fragmentation from the S; state can also explain why the
expected absorption maximum is not recovered using action spectroscopy. The measurement
being performed when the fragmentation efficiency of the S; absorption is monitored is a 1+1
photo-fragmentation and as such will depend not just on the absorption to the S; but also on

the properties of the higher lying singlet state from which the observed fragmentation occurs,



see the left hand side of figure 4. R575 is found to absorb between 520 and 415 nm, and thus
due to the 1+1 photo-fragmentation scheme in these experiments this is equivalent —
energetically — to absorption of a single photon between 260 and 207.5 nm respectively.
Comparison with the UV spectrum in figure 2 for this wavelength range shows that this in in
the region of the C band, found at ~240 nm. Thus, the increase in fragmentation efficiency
and observed maximum of 460 nm for the S; absorption can be explained, at least partially, by
there being the most efficient 1+1 absorption leading to photo-fragmentation between S; and

the higher lying singlet state rather than being the maximum of absorption in the S;.
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Figure 3. Dependence of the fragmentation yield as a function of power at (a) 495 nm, (b) 295
nm and (c¢) 240 nm. The red curve represents a fit to a second order polynomial for panels (a)
and (b), and a straight line for panel (c), with the associated R? value indicated. The errors in a
single measurement of the fragmentation yield, as calculated by Poisson statistics, is smaller

than the size of the data point and are thus omitted.
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Figure 4. Schematic representation of one-colour (left) and two-colour (right) schemes
employed in this work to study the fragmentation after absorption of a photon by the S; state

of R575 cations.

The nature of the photo-fragmentation suggests an alternative method for probing the
properties of the S; directly, using a 1+1° absorption scheme. In such an experiment, two
photons of different wavelengths are used — the first to pump R575 to the S; state and the
second to excite to the higher lying singlet state that leads to dissociation, see the right hand
side of figure 4. The total energy of the two photons — and thus the total energy added to the
system — is kept constant when the wavelengths of the pump and probe photon are changed
such that fragmentation happens after absorption to the same higher-lying singlet state. The
probe laser wavelengths were chosen such that the photon energy was smaller than the S;
transition energy, and thus absorption of a probe photon by ground state R575 was not
possible. In this scheme, the amount of two colour photo-fragmentation observed will depend
only on the population of R575 in the S; state since the probe photon has an energy below
that of the S, transition energy. Such a measurement can be obtained by measurement of the

fragmentation yield with both pump and probe laser, and subtracting the value of the



fragmentation yield of pump and probe lasers alone (see figure S1 in the supporting

information).
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Figure 5. 1+1’ fragmentation yield as a function of the pump wavelength for a fixed total
energy. The inset shows the dependence of the 1+1° corrected fragmentation yield on the

power of the probe laser for a fixed pump laser power of 1 mW.

Figure 5 shows the 2-colour fragmentation yield as a function of the probe photon
wavelength. For the measurements performed here, a total energy for the two laser pulses of
4.772 eV was used, with pump laser wavelengths ranging from 460 — 505 nm and probe laser
wavelengths from 535 — 596.86 nm. The fragmentation efficiencies for both pump and probe
laser alone were also monitored (see figure S2), confirming that it was not possible for the
probe laser to be absorbed from R575 in its Sy state. A peak centred at 490 nm is observed in
the two-colour spectrum of figure 5. The difference observed between the spectrum in figure
2 and figure 5 shows that the shoulder observed at ~ 440 nm is due to 2-photon absorption,

and that the true S; absorption of R575 corresponds to the band at 490 nm in figure 5.This



value is slightly lower than the 505 nm observed by action-spectroscopy of pseudo-dimers of
R575 and 495 nm measured by laser induced fluorescence (LIF).?*?" Such small differences
are expected when comparing LIF and action-spectroscopic methods for determining the real
maximum of absorption, and shifts in the transition energy are expected in dimeric systems.
The inset of figure 5 shows the 2-colour fragmentation as a function of the probe laser power,
which shows an initial linear increase (R? = 0.997) followed by a plateau corresponding to
saturation of the irradiated ions. This confirms that it is absorption of a single photon from
R575 cations electronically excited into the S; state that is causing the increased 2-colour
fragmentation yield. Since it is expected that such a 2-photon photo-fragmentation scheme
will be observed in other fluorescent rhodamine derivatives, this method provides a universal

way to accurately probe the S; state via photo-fragmentation spectroscopy.

The value of 490 nm for the S; transition of R575 is significantly different to the value of 409
nm predicted by TDDFT. This is a well-known problem for such xanthene based dyes, with
calculations of S; transition energies of various rhodamine derivatives showing a systematic
over-estimation of the transition energy by as much as 0.6 ¢V.* Although the use of a global
hybrid density functional with exact Hartree-Fock exchange and a long-range correction is
expected to alleviate poor charge-transfer descriptions in many molecules, the S; state seems
still to suffer from a strong (blue) shift as compared to experiment. Previously reported
calculations employing a variety of density functionals overestimate the rhodamine absorption
band peak of about 0.4 eV as a general trend to the TDDFT method for this type of dyes.*™*
The possible origins of the deviation between TDDFT and experiment may lie in negligence
of electron correlation or non-verticality of the absorption (due to strong vibronic coupling).*
Additionally, thermal effects may influence the position of the absorption maxima as

compared to the often used OK approximation when TDDEFT spectra are considered. In the

following, these three factors are disentangled by separately considering explicit thermal



broadening of the absorption spectrum, potential impact of vibronic coupling within the
TDDFT approach and — qualitatively — the impact of electron correlation using semi-

empirical multi-electron configurational calculations.

From the 0 K and 300 K spectrum, shown in figure S3, a shift of -0.1 eV in the 300K
spectrum with respect to 0 K is evident. Based on this analysis we propose a thermochromic

redshift for the S; of about 25 nm with regards to the 0 K prediction.

The calculation of excited state relaxation gave access to an estimate of the maximal possible
redshift of the transition due to non-verticality of the absorption. The adiabatic 0-0 transition
is calculated to occur at a wavelength of 411 nm. In accordance to the known small Stokes
shift of R575 in the gas-phase (11 nm as measured by Talbot et al.), this contribution is

considered to be less than 0.05 eV (about 10 nm in the region between 400 and 500 nm).*

Finally, in order to obtain a rough estimate of the importance of electron correlation, We
employ a systematic semi-empirical multi-electron configuration interaction calculation using
the PM7 Hamiltonian. The S; excitation energies using active spaces of 2 to 8 electrons in 2
to 9 levels (denoted as 2,2 to 8,9) are given in table S1 and figure S4 in the supporting
information. According to these calculations, the effect of correlating up to about 15,000
configurations can be as much as 0.8 eV within this model. Hence, it can be concluded that
electron correlation may be the most important influential factor for the observed deviation
between TDDFT and experiment. While we can quantify a thermochromic shift of about 25
nm to be present apart from the deficient electron correlation description, only a small
vibronic shift is held responsible for the deviation between TDDFT and experimental S;
absorption energies of R575 as reported in figure 2, and potentially in xanthene-based dyes in

general.



Considering now bands B and C, comparison to the simulated spectrum indicates that these
to be the S; and a combination of the Sg and Sy transitions respectively (see figure 2). In fact,
the agreement of the TDDFT and experimental spectra is much better than for the S, state and
motivates an attempt assign the nature of the excited states according to the analysis of the
excitations. It should also be noted that in the experimental spectrum, a shoulder is observed
at 330 nm. Indeed the TDDFT calculation predicts the S, state to lie at an energy of 3.68 eV

(337 nm) and to be optically dark (oscillator strength f. = 0.001).

The evolution of fragmentation yield as a function of laser power for band B and band C are
shown in figure 3 (b) and (c) respectively. Band C has an initially linear relationship, which
indicates fragmentation is via absorption of a single photon. Above 3 mW, a deviation from
this linear relationship is observed which indicates the onset of saturation. For band B, a
quadratic relationship is observed, which is indicative of a 2-photon absorption process
similar to that observed for the S; transition. To understand the physical reason behind the
fragmentation behaviour, it is instructive to consider the nature of the transitions found by
TDDFT. This analysis is detailed in figure 6 by visualizing the leading Kohn-Sham orbital
excitations for S; and Sz as well as excited-ground state electron density difference plots for
Ss, Sg and Sy; (see also supplementary material table S2 and Figure S5). The S; state is mainly
composed of the HOMO-LUMO excitation, while Sz mainly consists of two excitations with
n-m* character (occupied orbitals being the HOMO-1 and HOMO-2) and a (minor) charge
transfer type of excitation from the carboxyphenyl moiety to the xanthene = system. This

renders the S; and S; transitions “local” in character.

The higher-energy transitions are comprised of a more complicated character with a
significant number of one-electron excitations contributing. For this reason we depict the
overall electron charge redistribution upon the optical transition from the difference between

relaxed excited state density and ground state electronic density. Sg and Sg¢ are very similar



and consist of a mixture between xanthene n-n* and n-n* excitation within the carboxyphenyl
moiety. This “non-local” character is in contrast to the S; and S; transitions (notice that the
use of a hybrid long-range-corrected functional should not suffer from charge-transfer
“contamination” as do pure density functionals).*’ The intense transition S, is again almost
entirely due to a xanthene n-n* excitation with very little contribution of charge transfer or n-

m* excitation, giving it similar local character to the S; and S; transitions.

S3

&} 65%

% HOMO-2

Figure 6. The leading Kohn-Sham orbitals found from the TDDFT calculations for the S; and
S3 (top two panels) as well as the excited-ground state electron density difference plots for the

Sg, Sg and So1.

A further point to consider is that the primary fragmentation channels of R575 all involve
cleavage of a C — C bond, which requires an energy of ~ 3.6 eV. This is ~ 1 eV higher than

band A and thus a 1-photon fragmentation is not energetically possible. Bands B and C both



lie above this energy, and thus their different photo-fragmentation behaviour may lie within

the different nature of the transitions involved.

Thus, a tentative explanation for the observed photon dependences of the different bands
can be given. Band A possesses a 2-photon dependence as the transition energy for the S, state
is below the expected bond dissociation energy for the major fragmentation pathways. For
band B, the local nature of the S; excitation conveys a short radiative lifetime to the state.
Hence, non-radiative relaxation is less important and it is absorption of a second photon to a
higher lying state that gives most of the observed fragmentation. Finally, the Sg and So
excitations that comprise band C possesses significant non-local character, which has been
linked with higher non-radiative relaxation and hence a higher fragmentation efficiency. This
influence of charge-transfer like transitions on the relaxation properties of the excited states of
R575 1s consistent with the work of Savarese et al., who found radiative lifetime to be
dependent on the amount of phenyl to xanthene charge transfer in the Sy «— S; deactivation in

a closely related dye.*
4 Conclusion

The absorption of rhodamine 575 cations has been studied using action spectroscopy
between 220 and 590 nm and compared to calculated transition energies from TDDFT. In the
visible region, the failure to recover the expected absorption maximum was rationalised in
terms of the two photon dependence, leading to 1+1 photo-fragmentation via absorption of a
first photon taking R575 to the S; state followed by absorption of a second photon from the S,
state to a higher lying singlet state from which dissociation could occur. A 1+1° photo-
fragmentation scheme, where the total energy of the two photons was kept constant to ensure
excitation occurs from the same point on the excited singlet state, but where the energy of
each photon was changed allowed recovery of the S; absorption maximum at 490 nm, which

is in good agreement with previous measurements. Such a 1+1° fragmentation scheme would



be applicable to any highly fluorescent rhodamine derivative, which have similar properties to

R575 in the gas phase.

The difference in observed power dependence for the different bands observed
experimentally was tentatively explained in terms of the nature of the excitations that
contribute to them. The local nature of the S; and S; states leads to a short radiative lifetime
and thus absorption of a second-photon to a higher lying state was required to measure any
photo-fragmentation, resulting in a quadratic dependence of photo-fragmentation yield on
laser power. Additionally, the S; state has a transition energy below that of the expected bond
dissociation energy for the major fragmentation pathways. In contrast, the non-local nature of
the Sg and Sy transitions allows access to a more diverse range of deactivation pathways,
including direct photo-fragmentation. This competition between local and non-local character

of excitations is as theorized by Savarese et al.*

From our theoretical work complementing the 0 K vertical TDDFT absorption spectrum, we
have gained insight into the factors that lead to the significant overestimation of the S;
transition energy R575. We considered thermochromic and possible vibronic shifts and —
qualitatively - electron correlation effects. It was found that the main contribution to this
failure is due to the latter but a most probably smaller, but significant effect of as much as 25
nm arises from thermochromism at 300K. Vibronic effects were found to play only a minor
role. We would like to emphasize that in view of our focus on the UV part of the spectrum we
suggest that performing higher-level ab-initio calculations on the S; state in order to better

quantify electron correlation versus thermochromic and vibronic shifts.
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Figure S1. Mass spectra following irradiation with a single laser pulse of wavelength 552.93 nm
(probe), 490 nm (pump) and both 552.93 and 490 nm simultaneously (pump + probe).
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Figure S2. Fragmentation yield for pump only (black squares) and probe only (red circles)mass spectra
measured concurrently with the 2-colour experiments. The probe laser wavelengths lie in a range
where ground state R575 does not absorb, as evidenced by the flat profile for the fragmentation.
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Figure S3 : Thermochromic shift from explicitly calculated TDDFT absorption spectra (oscillator
strength f. versus wavelength A in nm) upon a 300K canonical ensemble obtained with semi-empirical
MD. TDDFT calculations employ ®B97XD/6-31+G** level of theory (slightly smaller basis set does
not significantly change transition energies and oscillator strengths, compare main text). Blue sticks
indicate OK transitions, black line is the normalized convoluted (Lorentzian line shape 15 nm half-
width) sum of 99 TDDFT spectra of the 300K structural ensemble (black sticks are the single
transition energies and oscillator strengths scaled by a factor of 10 to better guide the eye). The OK
transition energies and energies of the thermally broadened peak maxima are given also in eV.
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Figure S4 : S;«S, transition energy AE(S;«<—S,) calculated with the semi-empirical multi-electron
configuration interaction scheme based on the PM7 Hamiltonian (see table S1 for details) as a function
of the number N of correlated configurations ©.
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Figure S5 : Analysis of TDDFT calculations: Leading excitations of transition to the Sg, Sg and S»;
electronic states (compare table S2) by visualization of involved Kohn-Sham orbitals (iso-surface
value=0.03; red and blue parts indicate different sign of the orbital lobe)



Table S1: Details of the semi-empirical multi-electron configuration interaction scheme based on the
PM7 Hamiltonian. Active Space (m,n) with m electrons in n levels giving rise to N correlated

configurations ® and the calculated S;«S, transition energy AE(S;<—Sy).

(m,n) N(®) AE(S;€So) / eV
2,2 4 3.06
4,4 36 3.06
6,6 400 2.77
8,8 4900 2.42
8,9 15876 2.29




Table S2: Details of TDDFT calculation for excited singlet electronic states S; 3591 Transition
energy from S, electronic ground state (TE) / eV, corresponding wavelength A / nm as well as
oscillator strength f, Leading excitations indicate Kohn-Sham orbitals 1-electron excitations

contributing to more than 1%.

Excited State TE /eV
S; 3.073
S 4.475

A/ nm
403.5
277.0

0.90
0.25

Leading excitations
HOMO - LUMO : 95 %

HOMO-2 - LUMO : 65 %
HOMO-1 - LUMO : 10 %
HOMO-3 - LUMO : 9 %
HOMO -8 - LUMO : 3%
HOMO - LUMO+3 :2 %

Sg 4.935

Sq 4.946

Sn 5.907

251.3

250.7

209.8

0.19

0.17

1.30

HOMO - LUMO+3 : 25%
HOMO-8 - LUMO+1:22 %
HOMO-2 - LUMO+1:11 %
HOMO - LUMO+2 :10 %
HOMO-4 - LUMO+1:4 %
HOMO-3 - LUMO+1 : 4%
HOMO-8 - LUMO+17 :2 %

HOMO-8 - LUMO+1: 27 %
HOMO - LUMO+3:23 %
HOMO-2 - LUMO+1:13 %
HOMO - LUMO+2 :10 %
HOMO-8 - LUMO+17 :2 %
HOMO-2 - LUMO : 2%

HOMO-1 - LUMO+3 : 54%
HOMO-1 - LUMO+2 : 10 %
HOMO-9 - LUMO : 5%
HOMO - LUMO+6 : 4%
HOMO-2 - LUMO+3 :3 %
HOMO - LUMO+4 : 3%
HOMO - LUMO+5 : 3%
HOMO-2 - LUMO+2 3%




