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ABSTRACT

This study addresses the anomalous fluorescence of a rhodanine-based organic dye of interest for nonlinear optical applications.

At room temperature, the dye exhibits weak fluorescence, while spectra collected in glassy 2Me-THF at 77 K show a surprising
fluorescence intensity increase by several orders of magnitude with respect to room temperature. Moreover, a pronounced depen-
dence of the fluorescence quantum yield on the excitation wavelength is observed, indicating a breakdown of Vavilov’s rule, a

corollary of Kasha’s rule, which states that the fluorescence quantum yield is independent of the excitation energy. Quantum

chemical calculations demonstrate the presence of a bright nn* excited state that lies very close in energy to a dark nz* state. The

subtle interplay between these two excited states with different natures is responsible for the intriguing spectral behavior of the

dye. Specifically, experimental results are rationalized in terms of a population branching between the two excited states, which
can be tuned upon varying the temperature or the excitation energy.

1 | Introduction

The lowest electronically excited states, and more specifically the
lowest singlet excited state (S,) and the lowest triplet excited state
(T;), usually determine the photophysics and photochemistry of
molecular materials. Kasha’s rule establishes the connection
between excitation and emission processes, asserting that in
any condensed phase, significant photon emission (fluorescence
or phosphorescence) only occurs from the lowest excited state of
a given multiplicity (singlet or triplet), regardless of the initial
photoexcited state [1, 2]. A corollary to the Kasha’s rule, known
as Vavilov’s rule, posits that "the quantum yield of luminescence
remains constant regardless of the wavelength of the excitation
light” [3]. Kasha’s rule is an empirical principle relying on the
fast relaxation of an excited molecule toward the lowest excited
state in the same spin manifold. This internal conversion

typically occurs in a few hundreds of femtoseconds.
Consequently, emission (which typically occurs in the nanosec-
ond time window) is only observed from the lowest excited state,
the so-called Kasha state. Although not exact laws, the Kasha and
Vavilov rules are generally valid, with few noteworthy exceptions
that deserve attention to shed light on the mechanisms of excited-
state relaxations [4, 5]. Non-Kasha behavior was first observed in
the azulene molecule, which emits from the second excited state
S, [6-8]. Striking but rare deviations from Kasha’s rule are
observed with dual fluorescence, in systems where emissions
come from a high-energy singlet state with an unusually long
lifetime as well as from the conventional Kasha state [4, 8].
Some of us recently reported an intriguing case of a false viola-
tion of the Kasha’s rule in multibranched phenyleneethynylenes,
which was attributed to symmetry breaking in the excited state
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[9]. In the literature, only a few systems violating Vavilov rule are
reported, and there is great interest in these systems since their
photophysical properties are highly interesting from an applica-
tive perspective and are not easily predictable [10-13].
Specifically, anti-Kasha behavior is of special interest in photo-
chemistry, as it opens the possibility to affect the reaction path-
way by changing the excitation wavelength.

In this work, we report a joint experimental and theoretical
investigation of a rhodanine-based dye initially proposed by
Chandrasekharan et al. for applications in nonlinear optics, fur-
ther functionalized with a methacrylic residue to develop a poly-
merizable dye [14] (compound 7, Figure 1). The results obtained
by Chandrasekharan et al. are impressive and inspired us to use
this dye in organic photonic devices [15]. However, the electronic
properties and the role of the thioaxothiazolidine residue were
not investigated. A detailed spectroscopic analysis of the mole-
cule in different solvents and over a range of temperatures, sup-
ported by computational results, reveals a novel photophysical
process that implies a violation of Vavilov’s rule, arising from
the presence of two excited states that lie very close in energy
but are qualitatively different in nature, one being almost dark
and the other bright. The observed behavior is in line with results
obtained for completely different molecular systems, having nz*
and nn* states lying very close in energy [16-18]. These results
have been interpreted in terms of vibronic interaction between
close-lying nn* and nn*, a phenomenon that has been named
the “proximity effect” [19, 20].

2 | Results and Discussion

2.1 | Synthesis and Characterization of
Rhodanine-Based Dye

A multistep synthetic strategy was developed to prepare a novel
rhodanine-based dye, with the reaction pathway depicted in
Figure 1. The structure consists of an aromatic heterocyclic
acceptor system in which imidazole-thiadiazole groups are fused
together and substituted by phenyl and thiophene donor groups.
The imidazo[2,1-b][1,3,4]thiadiazole core was further functional-
ized with a rhodanine residue by Vilsmaier reaction to obtain the
compound 5. Although the synthetic route to prepare 5 was pre-
viously reported by Kakekochi et al. [15], an optimization process

S
AL N
A HNT N2 73 PhCOCH,Br
\a A
S7TNCO0H  poc §
3 S
2 b Y
1 NH,
'}
(0]
()Lon =
N_O N.__O
s;_j S=< (COClY, S=<
S S DMF S
e > .
E/\ /N;N/S\ - n\/\ 4
PR N\ / >—<
S S’LN W/ S
5
Kakekochi's work

FIGURE 1 | Reaction pathway for dye 7.
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was undertaken to improve the yield and reduce the complexity
of purification steps of each reaction. Subsequently, the metha-
crylic dye (7) was prepared via a substitution reaction using
hydroxyethyl methacrylate (HEMA) as the polymerizable double-
bond moiety. Each intermediate was characterized using a com-
bination of 1H-NMR, 13C-NMR, 2D-NMR experiments, and
Fourier transform infrared (FTIR) spectroscopy. The acquired
spectra are reported in the Supplementary Information (SI) (see
Figures S1-S6, Supporting Information).

2.2 | Room-Temperature Spectroscopy: Probing
the Presence of a Low-Energy Dark State

UV-vis absorbance and emission spectra of 7 in solvents of dif-
ferent polarity, toluene, dichloromethane (DCM) and dimethyl-
sulfoxide (DMSO) collected at room temperature are shown
in Figure 2a, with main features summarized in Table 1.
Absorbance spectra of 7 are insensitive to solvent polarity, while
a marginal positive solvatochromism is observed in emission,
indicating a negligible effect of the dielectric environment
(solvent polarity). Emission intensity is very weak, with a fluo-
rescence quantum yield of ~0.1% in toluene (Table 1). The life-
time (Table S1, Figure S7, Supporting Information) shows a
biexponential decay, with both components on the nanosecond
timescale, unambiguously excluding that the observed emission
process is related to phosphorescence and then to triplet states.
The observed weak emissivity suggests the presence of an
optically forbidden (dark) excited state. Two-photon absorption
(TPA) is a convenient nonlinear spectroscopic technique to
investigate dark states. Indeed, the intensities of the one-photon
absorption (OPA) and TPA bands are governed by different rules
that, in centrosymmetric systems, lead to the mutual exclusion
rule, and, in a nonsymmetric molecule like the investigated
dye, can make states hardly visible in OPA well evident in
TPA. The TPA spectrum was collected in DCM (Figure 2b)
exploiting the two-photon excitation fluorescence technique,
described in the Experimental Section. The TPA spectrum shows
a shoulder in the 475-525 nm spectral region that is not present
in the linear absorption spectrum. This shoulder is safely
ascribed to a low-energy dark state that, while poorly emissive,
contributes to the nonlinear optical responses of the system
[14, 15]. The noncoincidence of OPA and TPA spectra was also
clearly confirmed in EtOH (Figure S9, Supporting Information),
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FIGURE 2 | Spectroscopic characterization of 7 at room temperature.

(a) Absorbance and emission spectra of 7 in solvents of different polarity.
Emission spectra were collected exciting at the absorbance maximum.
Emission spectra were modified by subtracting Raman peaks (raw emis-
sion spectra are reported in Figure S8, Supporting Information); (b) one-
photon absorption (green line) and two-photon absorption spectra (dots)
of 7 in DCM.

supporting the conclusion that solvent polarity plays a negligi-
ble role.

2.3 | Computational Analysis

All quantum chemical calculations are run in gas phase. Indeed,
as observed in previous section, polar solvation has marginal
spectroscopic effects. On the other hand, the proper handling
of electronic solvation (as related to the solvent refractive index)
is delicate and hardly captured in available computational
approaches [21, 22].

MP2/cc-pVDZ optimization yields a minimum where the rhoda-
nine fragment is rotated by 40° relative to the imidazo[2,1-b][1,3,4]

calculated using the algebraic diagrammatic construction to sec-
ond order (ADC(2))-cc-pVDZ from the MP2 minimum. Table 2
and Figure 3 summarize key results. The first excited state (S;)
is bright (oscillator strength = 0.508) and corresponds to a delocal-
ized ® — = * transition (see natural transition orbitals (NTOs) in
Figure 3a). The second excited state, only 0.1 eV higher in energy,
has na* character and is localized on the rhodanine C=S group
(Figure 3b). The two states are in thermodynamic equilibrium,
and the ratio of their populations can be calculated using the
Boltzmann distribution. For an energy gap of 0.1 eV, the popula-
tion of the second excited state (the dark state) is negligible
at room temperature. Inclusion of diffuse functions at the
ADC(2)/aug-cc-pVDZ//MP2/cc-pVDZ level does not affect the
ordering of the states. The S;(nn*) state is found at 2.85eV and
the S,(nn*) state at 3.02 eV above the ground state. The energy

TABLE 2 | ADC(2)/cc-pVDZ vertical excitation energies (in eV) and
oscillator strengths (in parentheses) computed at the ground-state
minimum geometry (S;™") and at the S; minima of the zx” and nn” states.

State E(Se™™) ES,™ (%)  AE(S;™"(nxn*))
S 2.99 (0.508) 2.54 (0.499) 1.88 (0.010)
S, 3.09 (0.013) 2.87 (0.012) 2.39 (0.436)
S; 3.69 (0.262) 3.39 (0.161) 3.18 (0.065)
Sy 3.90 (0.125) 3.72 (0.150) 3.55 (0.081)
(a)

FIGURE 3 | Dominant NTO pairs of 7 for the (a) first transition and
(b) the second transition computed at the MP2 optimized ground state

thiadiazole core (Z stereoisomer). Vertical excitation energies were geometry.
TABLE 1 | Spectroscopic data of 7 in different solvents, collected at room temperature.
Molar extinction Stokes Emission
Refractive Dielectric Amax™® coefficient Ama- shift® quantum
Solvent index constant (nm) M'cm™ (nm) (cm™) yield (%)
Toluene 1.497 2.38 447 — 482 1624 0.1
2MeTHF 1.408 6.97 436 — 491 2569 —
DCM 1.424 8.93 443 — 491 2207 —
DMSO 1.478 46.7 444 2.26 x 10* 503 2642 —
*The Stokes shift is calculated as the energy difference between the maxima of absorption and emission spectra.
ChemPhotoChem, 2026 3 0of 9
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difference of 0.17 eV is slightly larger than the one at the ADC(2)/
cc-pVDZ level. Higher-energy states are too far away (Table 2) and
they are not relevant to the discussion. We have also investigated
the E stereoisomer obtained by rotating the imidazole-thiadiazole
unit around the C=C axis. The MP2/cc-pVDZ optimized mini-
mum energy structure of the E stereoisomer (for the Cartesian
coordinates see Supporting Inforamtion) is 1.13 kcal/mol higher
in energy than the Z stereoisomer, that we have investigated in
detail. At room temperature the Z:E ratio is 87:13. As for the Z
stereoisomer, the first excited state (S,) of the E stereoisomer
has nn* character and lies 2.93 eV above the ground state, and sec-
ond excited state (S,) has nn* character and is found at 3.09 eV.

The energy gap and the relative order of the two excited states of
interest are highly sensitive to dye geometry and to the adopted
computational method. Notably, TD-DFT predicts the opposite
state order (see Tables S2 and S3, Supporting Information).
Indeed, the small energy gap between the two states is compara-
ble to the accuracy of computational methods [23, 24]. Regardless
of the specific order of the two states and of the precise magni-
tude of the relevant energy gap, computational results are in line
with experimental data that confirm the presence of a dark state
lying close in energy to the bright state responsible for the strong
absorption band. The computed transition energy, calculated in
ADC(2) at 2.99eV (415nm), is slightly overestimated versus
experiment, as expected, since neither zero-point energy contri-
butions nor environmental effects are accounted for.

Fluorescence is a vertical process from the relaxed excited state. To
investigate emission, we optimized the geometries of the first
excited state at the ADC(2)/cc-pVDZ level of theoryand relevant
results are summarized in Table 2. Optimization of S;(nn*) yields a
bright minimum at 2.54 eV above the ground state. The dominant
NTO pairs are shown in the Supporting Information (see Figure
S10b). Optimization of S, (nx*) leads to a conical intersection (CI)
with S, (nn*). Extrapolation beyond the CI region results in a sec-
ond minimum on the adiabatic S, surface, denoted S, (nz*), which
is dark and located 1.88 eV above the ground state (for the corre-
sponding NTO see Figure S10a, Supporting Information).

The potential energy profile of the dye can be better understood by
examining the reaction pathways connecting the Franck-Condon
(FC) geometry to the relevant excited-state minima. Figure 4
presents two linearly interpolated reaction paths (LIP) connecting
the FC geometry (vertical line) with the S; (zx*) minimum (right)
and the S; (n7*) minimum (left). The diabatic nn* and nn* states
are shown in red and blue, respectively.

The path toward the S,(nn*) minimum is barrierless and involves
an increase in the C=S bond length from 1.64 to 1.67 A and the
C=C bond length from 1.37 to 1.42 A. The path from the S,(zn*)
state at the FC geometry toward the S;(nn*) minimum involves
crossing the S, (nn*)/S;(nn*) CI seam, with a small barrier of
0.04eV. Given the limitations of electronic structure methods,
the precise determination of the height of such a small barrier
is hardly possible. In summary, the weak emission observed at
room temperature is ascribed to the presence of a dark (nz*) state
lying energetically close to the bright (nz*) state, as confirmed by
TPA data and supported by high-quality computational results.
The nanosecond biexponential decay may originate from the pres-
ence of conformational disorder, due to the flexibility of the mole-
cule, and/or by a partial population of both excited the na* and
an* states, each contributing to the overall emission. The
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FIGURE 4 | Potential energy profiles of the ground state (black) and
of two lowest excited states S, (nn*) (red), S, (nn*) (blue). Circles represent
the oscillator strengths of the transition from the ground state. Blue, black
and red arrows on the bottom indicate the equilibrium geometry of S;
(nn*), Sp and S;(n7*) states, respectively. The energy gap between the
two states at the FC geometry and the energy barrier at the CI are indi-
cated with magenta and green double arrows, respectively. The energy of
the electronic ground state, evaluated at the minima of the S;(zn*) and
Si(nn*) states, is 0.36 and 0.94 eV, respectively, above the ground-state
energy at the Franck-Condon geometry.

quasidegeneracy of the two states makes the origin of the observed
weak fluorescence hardly ascribable to a single specific state. The
dark (n=n*) state, characterized by a very low oscillator strength,
could itself be responsible for the weak emission. Alternatively,
the bright (nn*) state may predominantly relax into the dark
(nr*) state at room temperature, but a small residual population
in the bright state could still give rise to weak fluorescence [6].
Finally, both states may contribute to the observed emission, a
hypothesis that could justify the biexponential decay observed
at room temperature. While a definite assignment remains chal-
lenging, the collected evidence points toward a complex interplay
between quasidegenerate states. In any case, the emission lifetime,
in the ns timescale, definitely excludes the involvement of triplet
states. Further temperature-dependent spectroscopy studies will
provide deeper insight into this behavior.

2.4 | Low-Temperature Spectroscopy:
Experimental Evidence of the Breakdown of
Vavilov’s Rule

To further investigate the excited state landscape of 7, low-
temperature spectroscopic measurements were conducted in
2Me-THF. When rapidly cooled, 2Me-THF undergoes a glass
transition at 103 K [25], enabling the measurement of optical
spectra in a solid matrix at low temperature with minimal detri-
mental light scattering effects. Absorbance spectra (Figure 5a)
show the emergence of well-resolved vibronic transitions, due
to reduced inhomogeneous broadening, that also induces an
increase of the peak absorbance as temperature decreases, due
to the narrower bandwidth. The most surprising effects are
observed in emission spectra (Figure 5b) with a huge increase
of the emission intensity below 195 K. This emission, with a life-
time of ~2 ns (Figure 2c and Table S1, Supporting Information),
is safely ascribed to a fluorescence process.
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FIGURES5 | (a)Absorbance spectra as a function of temperature of dye 7 in 2Me-THF; (b) emission spectra as a function of temperature of dye 7 in

2Me-THF; note that from 295 to 155 K for emission spectra slits were open at 2 nm, while at 77 K slits were set at 1 nm to avoid detector saturation;

(c) comparison between the excitation and absorbance spectra of the dye measured in 2Me-THF at 77 K; (d) excitation wavelength dependence of a

quantity proportional to the fluorescence quantum yield (ratio between the integrated fluorescence intensity and the absorbance at the excitation wave-

length). The ratio refers to experimental data collected at 77 K. Error bar: = 10%.

Interestingly, the fluorescence excitation spectrum measured at
77 K differs significantly from the absorption spectrum, as shown
in Figure 5c: upon normalization of both spectra at their maxima
(Amax)» the excitation spectrum is always weaker with respect to
the absorption spectrum for wavelength shorter than A,,,c. The
qualitatively different profile of the excitation spectrum versus
the absorption spectrum suggests that the fluorescence quantum
yield acquires a dependence on the excitation wavelength,
thereby violating Vavilov rule. Figure 5d shows the dependence
on the excitation wavelength of the integrated emission intensity
divided by the absorbance at the excitation wavelength. This
quantity, proportional to the fluorescence quantum yield, is
far from constant in the explored spectral region. Specifically,
the fluorescence quantum yield decreases at shorter wavelengths,
suggesting that at low temperatures, different decay pathways are
accessible upon excitation towards different excited states. For
comparison, the same experiments conducted on Nile red, a com-
mercial red emitter, fully confirm Vavilov’s rule. As expected, the
Nile red excitation spectrum is superimposable with the absorp-
tion spectrum at all temperatures, and the ratio between the inte-
grated fluorescence intensity and absorbance at the excitation
wavelength marginally varies with the excitation wavelengths
(results are shown in Figure S11, Supporting Information).

2.5 | Emission in Thin Films: Effects of Rigidity
and Temperature

The anomalous behavior of the investigated compound in glassy
2Me-THF could possibly be related to the rigidity of the medium.

To verify this hypothesis, we have collected emission spectra of 7
dispersed in a thin polystyrene film, a method suitable for the
preparation of high-quality optical films [26, 27]. The collected
emission (Figure S12, Supporting Information) remains very
weak at room temperature. The same film cooled down to 77 K
shows instead a sizeable increase of the emission intensity (up to
~10-fold). The temperature-dependent excitation spectra of 7 dis-
persed in a polystyrene film measured in Figure S13, Supporting
Information, show that upon decreasing temperature, the contri-
bution of high-energy states to the observed fluorescence
decreases, as observed in liquid solutions. These results unambig-
uously demonstrate that the amplification of the fluorescence
intensity observed at low temperature (Figure 5) is not related
to the matrix rigidity, but it is a genuine temperature effect
related to the dye properties.

3 | Discussion

The unusual very large increase of the fluorescence intensity
observed for 7 at low temperature is unambiguously assigned to
a purely thermal effect. Importantly, in our system the emission
lifetime remains constant with temperature, indicating that the
radiative rate does not change and that the intensity increase orig-
inates from the suppression of thermally activated nonradiative
decay. Analogous decoupling between intensity and lifetime has
been reported, for example, in systems where thermal trapping
processes control the emission efficiency [28]. Computational
results indicate the presence of two excited states of different
nature, that are very close in energy: the dark nz* state lies only
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0.1 eV above the bright first excited nz* state, while the energy bar-
rier is of the order of 0.04 eV. The thermal energy available at room
temperature is ~0.026 eV (0.6 kcal/mol) and decreases to 0.01 eV
(0.25 kcal/mol) at 77 K. Thus, even such a tiny barrier can hinder
population transfer from the initially excited bright ax* state to the
dark nr* state at low temperature. The presence of the dark, low-
energy excited state is supported by nonlinear experimental spec-
tra: TPA spectra in two solvents show a weak shoulder at longer
wavelengths compared to linear absorption spectra. The exact
location of this low-energy, almost dark state from available exper-
imental data is not possible, since only a shoulder is visible, and
the maximum of the band lies below the second transition.

Although the ADC(2) method is likely the most reliable elec-
tronic structure approach for systems with ~50 heavy atoms,
the associated uncertainties are of the same order of magnitude
as the estimated energy gap [23, 24], and a definite statement
about the actual ordering of the electronic states is impossible.
However, the ordering of states offered by ADC(2)/cc-pVDZ
allows for a plausible interpretation of the observed experimental
results. At room temperature, following excitation to the bright
state (top panel of Figure 6; vertical excitation is depicted with a
vertical black arrow), the system has sufficient energy to cross the
barrier to the S,(nn*)/S;(zn*) CI, allowing partial population
transfer to the nr* state. The remaining population stays in
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FIGURE 6 | Schematic representation of the spectroscopic behavior
of dye 7.

the bright state and decays toward the S;(zn*) minimum.
Branching the population between the two states makes the sys-
tem poorly emissive. When exciting at higher energy, the branch-
ing of population still occurs but possibly with different ratios, as
suggested by the absence of superposition between excitation and
absorbance spectra, as reported in Figure S14, Supporting
Information. However, the system remains poorly emissive, hin-
dering the possibility of measuring the wavelength dependence
of the fluorescence quantum yield.

At low temperature (central and bottom panel of Figure 6), a
strong increase of fluorescence intensity is observed. The change
in fluorescence intensity is also accompanied by a mismatch
between the excitation and the absorbance spectrum and an
impressive dependence of the fluorescence quantum yield on
the wavelength, a manifest breakdown of Vailov’s rule. After
excitation at low energy, the S,(nn*)/S;(zn*) CI is no longer
accessible, and the system remains in the bright state and radi-
atively relaxes to the ground state via fluorescence emission.
However, when the system is excited to higher excited states (bot-
tom panel of Figure 6), it has enough energy to overcome the
barrier, and the excited state population decays toward both
the dark state and the bright state, resulting in an overall suppres-
sion of the fluorescence quantum yield upon excitation at shorter
wavelengths.

4 | Conclusion

In this article, we present a comprehensive spectroscopic analysis
of a rhodanine-based dye (7), synthesized starting from the work
in Ref. [15]. We demonstrated that, by lowering temperature, the
fluorescence intensity of the system increases by approximately
two orders of magnitude. This behavior is ascribed to the tuning
of the relative populations of two quasidegenerate states charac-
terized by very different radiative rates. The relaxation pathway
and hence the complex photophysics of the investigated system
are determined by a subtle interplay between internal conversion
and vibronic coupling. Operative parameters, including tempera-
ture and excitation energy, then crucially affect the relative popu-
lation of the quasidegenerate states, therefore defining the
dominant emissive channel. Through detailed spectroscopic char-
acterization of the dye in different environments and at different
temperatures, we were able to unambiguously assign the unusu-
ally very large increase of the fluorescence intensity observed at
low temperature to a purely thermal effect. We have experimen-
tally demonstrated the breakdown of the Vavilov’s rule at low tem-
perature for the rhodanine-based dye (7), and we have proposed a
plausible mechanism to explain the observed results, based on
temperature-dependent relaxation paths. This mechanism could
virtually occur in other systems having low-energy excited states
that are very close in energy but with different oscillator strengths
(one of them being almost dark). The work also elucidates the
presence of multiple excited states in the investigated compound
that can potentially contribute to optical nonlinearities, as already
investigated in the work of Puthiya Purayil et al. [14]. Moreover,
this work also suggests that electronic properties of dyes should be
carefully checked when temperature-dependent measurements
are performed, since temperature could deeply affect de-excitation
paths.
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5 | Experimental

5.1 | Synthesis and Structural Characterization of
Rhodanine-Based Dye

Synthetic methodologies for the preparation of rhodanine-
based dye, along with their structural characterizations (NMR,
2D-NMR, FTIR), are reported in the Supporting Information (SI).
Each intermediate was characterized by a combination of
1H-NMR, 13C-NMR, and 2D-NMR spectroscopy by using a
Bruker Avance 600, operating at 600 MHz. Deuterated DMSO
(de-DMSO) was used as an NMR solvent and TMS as an internal
reference standard. The compounds were also characterized by
FTIR, the spectra were recorded through an ATR-IR Bruker
Alpha I spectrometer.

5.2 | Linear Spectroscopic Characterization

UV-vis absorbance spectra were recorded using a PerkinElmer
Lambda 650 spectrophotometer. Fluorescence spectra were mea-
sured employing a FLS1000 Edinburgh Fluorimeter, equipped with
a450 W Xenon Lamp and a PMT-900 Detector, exciting the sample
at the maximum of its absorbance. Excitation spectra were col-
lected, detecting the intensity on the maximum of the emission
spectrum. Excitation and emission spectra were corrected for exci-
tation intensity (monitored with a dedicated calibrated detector)
and detector sensitivity, respectively. These corrections ensure that
the spectral shapes obtained with different spectrometers can be
reliably compared. Toluene (Sigma-Aldrich, purity >99.5%),
DCM (Carlo Erba, purity >99.8%), DMSO (Sigma-Aldrich,
purity >99.7%), and 2-methyltetrahydrofuran (2Me-THF, Sigma-
Aldrich, purity >99.5%) were utilized to prepare the solutions.
In order to avoid inner filter effects in fluorescence spectra, solu-
tions were prepared with absorbance <0.1. Absorbance spectra
were acquired on solutions with absorbance between 0.5 and 1.
Absorbance and fluorescence spectra were acquired using a quartz
cuvette with an optical path length of 1 cm.

The fluorescence quantum yield was determined versus fluorescein
dissolved in a 0.1 M NaOH solution as reference (®; = 0.92 [29]).

Lifetime decay measurements of the dye in DCM and 2-Me-THF
were measured upon excitation of the sample with a picosecond
pulsed diode laser at 405 nm (pulse width < 100 ps) and collect-
ing emission at 500 nm. The fitting of the decay lifetimes col-
lected at room temperature was performed by accounting for
the instrument response function (IRF). For the fitting of the life-
time collected at low temperature, the IRF was neglected.

5.3 | Low-Temperature Spectroscopic
Characterization

Emission and absorbance spectra as a function of temperature
were measured using the FLS1000 Edinburgh Fluorimeter
described before and a silicon photodiode mounted within the
sample chamber to monitor the changes in the intensity of
the excitation beam due to absorption.

The solutions, prepared with 2-Me-THF (Sigma-Aldrich,
purity >99.5%, stored for one night under molecular sieves
and filtered), were cooled using an Oxford Instruments
OptistatDN cryostat, which provided a controlled low-temperature

exchange gas environment for the samples held in cryogenic
quartz cuvettes. The 2Me-THF solutions were rapidly cooled to
77 K to obtain a transparent glass. Under these conditions, the
motion of solute molecules during the excited-state lifetime can
be safely neglected. The temperature of the sample was then incre-
mentally raised to 155, 175, 195, 215, 235, 255, 275, and 295 K.

The samples for the absorption spectra measurements were pre-
pared with an absorbance of ~0.5 at room temperature. For
acquiring the emission spectra, the sample was diluted to have
an absorbance <0.1.

5.4 | Two-Photon Excited Fluorescence

Two-photon absorption (TPA) spectra were obtained by means of
the two-photon excited fluorescence technique. Two-photon
excitation spectra were collected with a Nikon A1R MP +
multiphoton upright microscope. A tunable femtosecond mode-
locked laser (Coherent Chameleon Discovery) spanning wave-
lengths from 660 to 1320 nm served as the radiation source. A
water-dipping objective (25x, NA =1.1) was utilized to focus
the excitation beam and collect the resulting TPEF signal.
Detection of the TPEF signal was achieved through three non-
descanned detectors (NDDs) covering blue (415-485 nm), green
(506-593 nm), and red (604-679 nm) ranges, along with a spec-
tral detector connected to the microscope via an optical fiber.
TPA spectra were recorded in DCM solution and ethanol
(Sigma-Aldrich, purity > 99.8%).

Liquid samples were examined in quartz cuvettes positioned hor-
izontally under the microscope objective. Each cuvette was
entirely filled with the liquid sample to eliminate air gaps
between the upper wall and the solution. Distilled water was
used to ensure proper contact between the objective and the
cuvette. During each measurement, the excitation beam was
focused as close as possible to the cuvette’s upper wall to mitigate
artifacts arising from differences in solvent refractive indices and
inner-filter effects.

5.5 | Computational Analysis

The geometry of the investigated dye was optimized using the
Turbomole 7.8 package [30] at the MP2/cc-pVDZ level of theory
[31], employing the resolution-of-identity (RI) approximation [32].

Vertical excitation energies and oscillator strengths were com-
puted using second-order algebraic-diagrammatic construction
(ADC(2)) method [33,34], as implemented in Turbomole 7.8
[30]. Calculations were performed with cc-pVDZ basis sets
and aug-cc-pVDZ basis sets.

Excited states were characterized using natural transition orbitals
(NTOs) [36, 37], computed by retaining only singly excited coef-
ficients of the ADC(2) wave functions [38] employing an in-
house software.

Two minima with distinct electronic characters were optimized
on the first excited state (S;) with ADC(2)/cc-pVDZ. These min-
ima and the FC geometry were connected in a linearly interpo-
lated reaction path (LIP). LIPs were computed by converting the
initial (FC) and final geometries (S;™"(xx*)) and (S,;™"(nx*)) to
internal coordinates, ensuring consistent atom ordering. The dif-
ference between the two sets of internal coordinates was then

ChemPhotoChem, 2026

7 of 9

85UL017 SUOWILLIOD BAIERID 3ot |dde ay) Aq peuienob a1e ss[ole O ‘8sn J0 Sa|n. Joj Akeid 18Ul UO A8 |1 LD (SUONIPUOD-PUE-SWSILIY A8 | 1M AReiq 1 pUtjuo//:Sdny) SuonpuoD pue swis 18U 89S *[9202/20/92] Uo Ariqiauiuo AB)im 20a 3 Vediq IuBISIS Ba1y AQ 552006202 21d0/200T OT/10p/Wwod A | im Ake.d 1 jput uoado.ns-Ans iwsyy//sdny Wwo. pepeojumoq 'z ‘9202 ‘28602962



calculated, and nine interpolation points were generated by lin-
early interpolating each internal coordinate. The resulting
geometries were subsequently transformed back to Cartesian
coordinates, and ADC(2) vertical excitation energies were com-
puted at these geometries to obtain the LIPs. In total, 17 geometry
points were used to connect the nn* and ax* minima via the FC
geometry. The Cartesian coordinates of all relevant structures are
provided in the Supporting Information. The energy difference
between the two lowest excited states at the FC geometry is below
the ADC(2) mean absolute error of 0.2-0.3 eV [35]. To assess the
robustness of these results, DFT and TD-DFT calculations were
carried out using the Coulomb-attenuated hybrid functional
CAM-B3LYP, as well as B3LYP and M06-2X, in combination
with the polarized split-valence 6-31G(d) basis set using
Gaussian software. Ground state optimized geometry at the
DFT level.

Excited state calculations were carried out using the same basis
set and functional applied for geometry optimization. DFT and
TD-DFT optimized geometries and vertical excitation energies
are given in the Supporting Information.

5.6 | Thin Film Preparation

Thin films of dye embedded in a polymeric matrix were solution-
processed via the spin-coating technique. A solution of polysty-
rene (Aldrich, M,, =192,000) in chloroform was prepared with
30mg ml™* concentration. The solution was used to dissolve
the dye with a concentration of 1 mg ml™". 150 pl of the final solu-
tion were then spin-cast at a rotational speed of 6000 rpm on an
air plasma cleaned, 1 mm-thick glass substrate sized 2.5 x 2.5 cm®
to form a thin film of good optical quality [39].
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. Supporting Fig. S1: 'H-NMR, *C-NMR, HSQC,
HMBC and FT-IR spectra of 2. Supporting Fig. S2: 'H-NMR, '*C-
NMR, COSY, HSQC, HMBC, and FT-IR spectra of 3. Supporting Fig.

$3: '"H-NMR and FT-IR spectra of 4. Supporting Fig. S4: 'H-NMR
and FT-IR spectra of 5. Supporting Fig. S5: "H-NMR and FT-IR spectra
of 6. Supporting Fig. S6: "H-NMR and FT-IR spectra of 7. Supporting
Fig. S7: Fluorescence decays and Instrument response function (IRF) in
DCM at r.T. and 2MeTHF at 77K. Supporting Fig. S8: Raw emission
spectra of 7. Supporting Fig. S9: One photon absorption and two photon
absorption spectra of 7 in ethanol. Supporting Fig. S10: a) Dominant
NTO of the dark optimized S1(nn*) b) Dominant NTO of the bright opti-
mized S1(zn*). Supporting Fig. S11: Top: comparison between the exci-
tation and absorbance spectra of 7 measured in 2Me-THF at 77K; Bottom:
excitation wavelength dependence of a quantity proportional to the fluo-
rescence quantum yield (ratio between the integrated fluorescence inten-
sity and the absorbance at the excitation wavelength). The ratio has been
calculated from experimental data collected at 77K. Error bar: + 10%.
Results are not shown in the 400-450nm region because the absorbance
signal is too low. Supporting Fig. S12: Emission spectra collected from 7
dispersed in a polystyrene thin film at different temperatures. All spectra
were collected opening the slits at 2 nm. Supporting Fig. S13: Excitation
spectra collected from 7 dispersed in polystyrene with a concentration of
1 mg ml™ collected at different temperatures. The opening of the slits for
the measurements carried out was 2 nm. Supporting Fig. S14: Left
panel: comparison between the excitation and absorbance spectra of 7
measured in toluene at 295K. Right panel: qualitative description of
the effect of the branching of population. Exciting at high energy, we
observe an increment of emission intensity, which is the result of the
branching of population, but possibly with different ratios compared
to that occurring when exciting at low energy. Supporting Table S1:
In DCM, the lifetimes were obtained from a reconvolution fit of the fluo-
rescence decays shown in Figure S7, taking into account the instrument
response function (IRF). The first ~2 nanoseconds of the decay were
excluded from the fitting procedure, as this portion overlaps significantly
with the IRF. Including it would result in artificially short lifetimes,
below the time resolution of the instrument. At 77 K, the IRF was not
measured under the same experimental conditions as the sample.
Nevertheless, a reasonable estimation of the lifetime can still be obtained
by excluding the initial nanoseconds of the decay, where the IRF contri-
bution is most significant. As in the case of DCM at room temperature,
the first ~2 nanoseconds were omitted from the fitting. Supporting
Table S2: Ground state optimized geometry at the DFT level.
Supporting Table S3: Computational results obtained from TD-DFT/
B3LYP/6-31g(d) and TD-DFT/M062X/6- 31g(d) calculations in gas phase.
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