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ABSTRACT. We investigated the anti-Kasha photochemistry and anti-Kasha emission of a d®-
metal donor-acceptor dithiolene with femtosecond UV-Vis transient absorption spectroscopy and
molecular modeling. Experimentally, we found a lifetime of 1.4 ps for the higher excited states,
which is exceptionally long when compared to typical values for internal conversion (10s of fs or
less). Consequently, a substantial emission originates from the second excited state. Molecular
modeling suggests this to be a consequence of the spatially separated molecular orbitals of first
and second excited states, which gives a charge transfer character to the internal conversion. More
surprisingly, we found that the inherent flexibility of the molecule allows the metal complex to
access different configurations depending on the photo-excited state. We believe that this unique
manifestation of anti-Kasha conformational photo-isomerization is facilitated by the exceptionally

long lifetime of the second excited state.
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TEXT. Kasha’s rule is a fundamental empirical principle of photophysics and photochemistry,
connecting excitation and emission processes.!? Few cases of its violation are nowadays known,>
3 and they have proven to be extremely interesting for applications as multiresponsive photo-active
materials,’ dual-emission probes,®’ or to achieve a more efficient utilization of the photo-
absorbed energy.'®!! Moreover, the study of molecular systems showing an anti-Kasha behavior
can allow the study of the relaxation mechanisms and molecular processes on or from higher
excited-states, with an evident benefit in terms of comprehension of fundamental molecular

physics and improvement of computational quantum chemistry tools.!>"'4

Recently, novel platinum dithiolene complexes, both homo-and hetero-leptic, with Quinoxdt (=
[4°,5°:5,6][1,4]dithiino[2,3-b]quinoxaline-1°,3 dithiolato)'>"!7 have shown a peculiar anti-Kasha
behavior displaying photoluminescence only upon excitation of the higher electronic states, and
no emission when exciting in the lowest electronic absorption band.! In heteroleptic d®-metal
dithiolene complexes (Figure S1) fine modulation of ligands affords planar and low-energy-gap
chromophores consisting of a rw-acceptor (A) and a rw-donor (D) ligand connected in a square-
planar coordination by the metal, working as a suitable dr-bridge for the D-A charge transfer (CT)
transition. This unique system allows for remarkable linear and nonlinear optical properties'®!’

among which, with the choice of the suitable ligands, also a multiresponsive behavior due to an

anti-Kasha response. '®



Scheme 1. Structural formula of BusN[Pt(MBAdto)(Quinoxdt)]. The donor ligands and the

acceptor ligand are highlighted in red and blue, respectively.

In the case of the anionic complex [Pt(MBAdto)(Quinoxdt)] [(1), Scheme 1], where the acceptor
ligand is (R)-(+)-a-Methyl benzyl dithio-oxamidate [MBAdto], the observed anti-Kasha behavior
was tentatively attributed to a poor spatial overlap between the emissive state, mainly centered on
the quinoxaline moiety (LUMO+1), and the lower energy state, mainly related to the MBAdto
moiety (LUMO).!>!® The internal conversion (IC) between these two states is therefore
characterized by a strong ligand-to-ligand charge transfer (CT) character. This condition should
slow down the IC process to ~10 ps,'’ making the radiative decay detectable. This is exceptionally
long for a higher excited state and requires a direct validation. Therefore, ultrafast transient
absorption (TA) upon excitation of different excited states is employed to clarify the origin of the
anti-Kasha behavior in platinum-complexes bearing the Quinoxdt ligand. TA reveals the relevant
time scales of the involved processes and allows to establish the photocycle of (1) as a

representative example of this class of Pt-dithiolenes.

The electronic optical absorption (OA) of complex (1) (Figure 1a) shows a visible band at 595
nm in CH;CN with a shoulder at ~500 nm.'* Upon irradiation in the range 420-520 nm (1) it shows

photoluminescence at A = 720 nm at room temperature (®=6.4x107). Figure 1b displays the



molecular orbitals (MOs) involved in the absorption transition. According to density functional
theory (DFT) and time-dependent (TD)-DFT calculations (see Figure S2 and related discussion),
the lowest frequency absorption is assigned to a HOMO - LUMO transition into the lowest
singlet excited state (S1) corresponding to an electron transfer from the mixed Quinoxdt ligand and
metal moiety to the MBAdto ligand.!> The shoulder at 500 nm is dominated by two HOMO -
LUMO+1 and HOMO-1 - LUMO transitions to the second (S2) and third (S3) singlet excited
states, respectively, (Figure S2, Figure S3, Table S2). Emissions (Table S3 and related discussion)
from equilibrated S; and S> to the non-equilibrium ground state (GS) are centered at 872 nm and
673 nm, respectively, and originate from a LUMO - HOMO and LUMO+1 -> HOMO
transitions, respectively. The comparison of the optimized molecular geometries of the GS, S; and
S states (Figure S4) reveals that the system undergoes significant conformational changes upon

relaxation from S> to Sy and then to GS.
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Figure 1. a, Optical absorption spectra, excitation spectrum (PLE) monitoring 720 nm emission
and emission spectrum (PL) upon 450 nm excitation of (1) in CH3CN. b, Molecular orbitals

(MOs) involved in these optical transitions (see figure S3 for a more extended set of MOs).

The ultrafast dynamics in and from higher excited states upon 510 nm excitation, is investigated

in comparison to the excitation to Sy at 615 nm to unveil the origin of the anti-Kasha 720 nm



emission. Excitation at 615 nm allows an efficient population transfer to the lowest excited state
without inducing anti-Kasha emission (see excitation spectrum, PLE, in Figure 1a). Conversely,
the 510 nm excitation is the shortest wavelength that results in an anti-Kasha emission PLE

spectrum.

The observed dynamics of (1) upon excitation at 615 nm (Figure 2a and 2b) provides a simple
photophysical picture (see section S5 of the SI for a more detailed discussion). After
photoexcitation of the S; state, the system undergoes first vibrational relaxation (VR) in 220 fs and
later inter-system crossing (ISC) to low-lying triplet states (7;) in 7 ps, accompanied by non-
radiative relaxation to the GS. The relaxed 77 state is long lived and the only further dynamics
observed is ascribed to a rotational diffusion in 176 ps (see Table 1). The proposed photocycle is
corroborated by a previous ultrafast study on a closely related class of d®-metal D-M-A
heteroleptic-dithiolene complexes, where a S;—T; ISC process with the same rate was reported.?”

The left side of Figure 3 shows the photocycle upon GS—S; excitation (see also Figure S11a).

Table 1. Kinetic parameters determined by SVD analysis of TA spectra measured in acetonitrile

at different excitation wavelengths.

Excitation T'ic (e TVR TISC+VR TROT T
(nm) (ps) (ps) (ps) (ps) (ps) (ps)
0.22+ 7.0+ 174+
615 - - ©
0.03 0.1 13
0.15+ 14+ 5.7+ 196+
510 - ©
0.015 0.5 0.5 11

Notation for time constant labels: IC: internal conversion, VR: vibrational relaxation, ISC:
intersystem crossing, Rot: rotation, T: triplet state.



When tuning the excitation to 510 nm, the TA spectra are very similar to those at 615 nm
excitation (Figure 2c and 2a, respectively), revealing that, regardless of the excitation wavelength,
the TA spectra are mainly representative of the dynamics and population of S; first and T later.
Despite this strong similarity, their spectral evolution shows several important differences, which
can be better identified through the decay associated spectra (DAS) obtained via singular value
decomposition (SVD) (Figure 2d and Figure S10). We find that the dynamics is fully described by
five DASs with time constants 150 fs, 1.4 ps, 5.7 ps, 196 ps and o (Table 1). The first two DASs
have a similar shape and describe a rise of the ESA band at 435 nm and decay of a broad ESA
band at A>500 nm with 150 fs and 1.4 ps time constants. These are not observed upon direct
excitation of S; and at later times the TA spectrum and DASs become very similar to the ones upon
615 nm irradiation (Figure 2). Consequently, we can safely assign these contributions to a biphasic
IC from higher excited states towards S; population. Accordingly, the last three components (t3 =
5.7+ 0.5 ps, Ta= 196 £ 11 ps and 15=0) can be assigned to the respective last three components
upon 615 nm excitation: ISC from S; to the low-lying triplet states, rotational diffusion and long-
lived triplet state, respectively. These assignments are definitively validated by substantial

equivalence of the respective time constants (Table 1).
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Figure 2. Representative selection of TA spectra at different time delays in acetonitrile upon
615 nm (a) and 510 nm (c¢) excitation, extracted from 2D TA time-wavelength experiment
(Figure S5 and Figure S9). The black curve shows the inverted ground-state absorption
spectrum. DAS obtained by SVD analysis of the TA experimental matrix upon 615 nm (b) and
upon 510 nm (d) excitation, respectively. Each curve is labeled with the respective time
constant. T = oo describes a contribution with a dynamics much longer than the scanned interval

and is modeled with a step function.

An IC process in 1.4 ps is exceptionally long when compared to tens of fs, which are more typical
timescales for such a process.?! To rationalize such an exceptionally long IC process and multi-
exponential behavior, we consider first the involved electron spatial density distributions of the
different excited states. According to Figure 1b and Table S2 the IC process S;—Si corresponds

to a non-radiative LUMO+1—-LUMO transition, while S3—S; would be a non-radiative

[ Commentato [MG1]: Check picture resolution




HOMO—HOMO-1 transition. In the former, there is no spatial overlap between the involved MOs
and the IC process is de facto a long-range radiationless CT process. This condition could
dramatically slow down the IC process even to ps time scales. Conversely, HOMO-1 and HOMO
have a strong overlap and the S3—S; IC is not accompanied by an important reorganization of the
electrons around and in the molecule. However, this favorable condition could be partially
balanced by the wide S3-S; energy gap (energy gap law)??, and a timescale of a few 100s of fs
could be reasonable. Regarding the S$3—S> IC process, this is accompanied by charge
reorganization similar to S>—S, but speeded up by a smaller energy gap, suggesting a value of the
IC rate between the S3—S; and S>—S; IC rates. However, this line of reasoning should not be
pushed too much further and should be considered as a qualitative approach to estimate the
efficiency of a given IC relaxation path. Specifically, it allows us to rationalize the presence of an
unusually long IC process because of its CT character and therefore to assign the 1.4 ps DAS to
the S>—S; IC process and the fast 150 fs DAS to the competition between S3—S; and S;—S>. For
the sake of completeness, we compare in the SI these direct estimations of IC rates with the indirect

ones from literature (section S10).
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Figure 3. Photocycle of (1) upon 615 nm excitation into the lowest S; excited state and upon
510 nm excitation into higher excited states (S and S3). The anti-Kasha photo-isomerization is
explicitly depicted, as a function of a generalized isomerization coordinate. Arrows representing
individual relaxation steps are color-coded according to the respective DASs in Figure 6B and
D. See Table 1 for the time constant values and notation. Electronic states nomenclature: GS,
ground state; S, n singlet excited state; T, low-lying triplet states; S;', and T" electronic states

in the equilibrium configuration of the anti-Kasha conformer (Qak).

According to the previous discussion, after IC and after ISC (see photocycle in Figure S11b),
the system should be found in S; and T, respectively. We could initially observe small differences,
due to the different thermal state but, after few ps, we should observe the same TA spectra and
DAS:s, regardless of the excitation wavelength. This is only partially true as exemplified by Figure
4 where the long-lived components are compared. A major difference is observed in the range
480-600 nm (Figure 4), where an ESA band at 510 nm is missing or strongly reduced, as
highlighted by the differential spectrum. The lack of this band at any time (Figure S12), in any
relaxation process (Figure S13) and especially in the longest times spectra (Figure 4) strongly

points to a long-lived distortion dependent on the initial excited state. Its origin can be

10



conformational or electronic, however, since all the main spectral features are preserved, we are
in favor of a conformational distortion. The comparison of the optimized geometries of G, S; and
S> states (Figure S4) supports this, confirming that the molecule undergoes important and global
conformational changes upon inter-state transitions. It also suggests that the molecule is not rigid
but is prone to exploring different geometries during the relaxation. Interestingly, the molecular

geometry of GS is very similar to that of S> but it is significantly different from that of S;.
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Figure 4. Comparison between the sum of the last DASs from Figure 2b and d. For sake of
comparison, data are normalized to the maximum. Solid and dashed lines refer to 615 nm and
510 nm excitation, respectively. To isolate the ESA contribution dependent on the excitation
wavelength, the difference spectrum is also plotted (grey line). The differential signal shows at

615 nm and 510 nm a distortion due to the excitation pulses.

This allows us to hypothesize that the molecule can access more configurations upon excitation
of S> and S; than of S;. The reason lies in the increased excess vibrational energy and the possible
electronic relaxation pathways from S2 and S3, due to the coupling with even higher electronic
states. Among these new accessible configurations, one (or more) is significantly different and

rather stable (at least several ns). Accordingly, the photo-excited molecule can be considered a
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photo-isomer of the initial one. Reaching different geometries depending on the excitation
wavelength, could be referred to as anti-Kasha photochemistry,® and more specifically as anti-
Kasha photo-isomerization. Figure 3 provides a graphic summary of the photocycle of (1),

including, pictorially, the anti-Kasha photo-isomerization.

The anti-Kasha emission stems from a competition between the lifetimes of the radiative S:—>GS
relaxation channel (74q) and the total lifetime of S> (7o), which is determined by the non-radiative

S>—81 IC process. Accordingly, since

Trot
d):

Trad

the radiative lifetime should be 22 ns (=1.4ps/0.0064%), which is a reasonable value for a weakly

allowed transition (Table S2) and consistent with the observed values.

Following the introductory notes about the determining role of a Quinoxdt ligand in the anti-

Kasha emission'>!”

and the assignment of S> to a molecular orbital centered on the Quinoxdt
ligand (Figure 1), it is straightforward to assign the anti-Kasha emission to electronic transitions
mainly localized on this ligand. This is experimentally confirmed by the remarkable match of the
PLE of (1) with the ones of other metal-Quinoxdt complexes (Figure S14 and Figure S15). TD-
DFT calculations on the equilibrated second excited state corroborate the observed anti-Kasha
emission at 720 nm and explain the lack of any observed emission from S; (Table S3 and relative
discussion). The comparison of the optimized structures of GS and the first two excited states
(Figure S4) reveals major conformational changes involving the MBAdto counter-ligand, which
are not expected in the other complexes (see Figure S15 and relative discussion in SI). Indeed, due

to its open structure, MBAdto is much more flexible than ligands of the other complexes where

substituents at the dithiolene moiety (C2S2) are inserted in a ring (Figure S14). This higher
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flexibility on the one hand allows a deeper energy relaxation and therefore a greater Stokes shift;
on the other hand, it permits the exploration of many more different conformational configurations,

leading to long-lived conformers when relaxing from S: or S3.

In this respect, the observed anti-Kasha photochemistry originates from a synergetic
combination of Quinoxdt and MBAdto features. Indeed, the comparison of the PLE spectra with
the OA spectrum reveals that the anti-Kasha emission is induced only upon excitation of electronic
states localized on the Quinoxdt ligand. Excitation towards higher, but short-lived excited states,
does not induce any anti-Kasha activity. This agrees with the fact that the Quinoxdt ligand not only
provides emissive states, but also slows down the S>—S: IC process long enough to allow the

MBAdJto counter-ligand to explore and to find a different long-lived structural configuration.

In conclusion, the investigated sample shows a rich and complex anti-Kasha behavior where
both anti-Kasha-emission and anti-Kasha photochemistry are observed. The former stems from
the capability of Quinoxdt ligands to give a CT character to S;—S; internal conversion. This
general mechanism can explain the recurrent anti-Kasha emission observed in several other metal-
Quinoxdt complexes. The latter, conversely, seems to rely on the increased flexibility of the
MBAdto counter-ligand, which makes long-lived configurational isomers accessible, facilitated

by the exceptionally long S lifetime.

These results can inspire strategies to induce anti-Kasha behavior in donor-metal-acceptor
compounds and a way to control the lifetime of their higher excited states. On perspective, they
could suggest routes to synthesize and conceive novel (supra-)molecular complexes with a multi-

responsive behavior.
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