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Abstract 

Ultrafast excited-state dynamics of planar Pt, Pd, and Ni dithione-dithiolato complexes were 

investigated using transient absorption spectroscopy on the femtosecond - picosecond 

timescale. All studied complexes show a common photobehaviour, although individual 

kinetics parameters and quantum yields vary with the metal, the dithione ligand and, namely, 

the solvent (DMF, MeCN). Laser pulse irradiation at 800 nm populates the lowest singlet 

excited state of a dithiolato→dithione charge transfer character, 1LL’CT. The optically 

excited state undergoes a solvation-driven sub-picosecond electronic relaxation that enhances 

the dithione/dithiolato charge separation. The 1LL’CT state decays with a 1.9 - 4.5 ps lifetime 

by two simultaneous pathways: intersystem crossing (ISC) to the lowest triplet state 3LL’CT, 

and nonradiative decay to the ground state. ISC occurs on a ~6 ps timescale, virtually 

independent of the metal, whereas the rate of the nonradiative decay to the ground state 

decreases on going from Ni (2 ps) to Pd (3 ps) and Pt (~10 ps). 3LL’CT is initially formed 
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 2

vibrationally excited. Its equilibration (cooling) takes place on a picosecond timescale and is 

accompanied by a competitive decay to the ground state. Equilibrated 3LL’CT is populated 

with a quantum yield of less than 50%, depending on the metal: Pt > Pd > Ni. 3LL’CT is long-

lived for Pt and Pd (>>500 ps) and short lived for Ni (~15 ps). Some of the investigated 

complexes also exhibit spectral changes due to vibrational cooling of the singlet (2-3 ps, 

depending on the solvent). Rotational diffusion occurs with lifetimes in the 120-200 ps range. 

Changing the dithione (Bz2pipdt/iPr2pipdt) as well as dithiolate/diselenolate (dmit/dsit) 

ligands has only small effects on the photobehavior. It is proposed that the investigated 

dithione-dithiolato complexes could act as photooxidants (*Eo ≈ +1.2 V vs. NHE) utilizing 

their lowest excited singlet (1LL’CT), provided that the excited-state state electron transfer is 

ultrafast, competitive with the picosecond decay. On the other hand, efficiency of any triplet-

based processes would be severely limited by the low quantum yield of triplet population. 

 

Introduction 

Since decades, metal complexes have been at the centre of intense research activity 

aimed at understanding their rich photophysics and developing their great potential for 

applications in molecular photonics, electronics, and solar energy harnessing.1 In the 

description of their physicochemical processes, it is conventionally supposed that ground- and 

excited-state processes are localized either at the metal atom or at the ligands. This is 

equivalent to assuming that the oxidation state of the central metal atom and the ligands are 

well defined. Although this is the most common case, in several classes of coordination 

complexes the oxidation states are impossible to be determined unambiguously, usually 

because of a strong metal-ligand electronic delocalization and/or the metal and ligand orbitals 

occurring in the same energy range. In these cases, ligands are commonly called "non-

innocent". This term should more correctly refer to a particular combination of the ligand and 
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the metal rather than to the ligand alone, since the same ligand can behave as innocent or 

non-innocent depending on the metal involved.2-6 In these compounds, redox changes as well 

as electronic excitations could be delocalized over the whole metal-ligand moiety. In fact, an 

increasing number of coordination compounds are now being recognized to show a non-

innocent behaviour, whose consequences and applications have been summarized in a special 

issue of Coordination Chemistry Reviews (2010, Vol. 254, Issue 13-14). 

Metal dithiolene complexes are a paradigmatic case of "noninnocent" species and their 

bonding, metal and ligand oxidation states, electron density distribution, as well as 

assignments of strong UV-vis-NIR absorption and multiple electrochemical redox steps are 

being debated since their discovery in the early 60's.2, 3, 7, 8  

A very interesting case is presented by d8 metal complexes which combine in their 

coordination spheres an electron-rich dianionic dithiolato (or diselenolato) ligand dmit/dsit2–

with an electron accepting dithione ligand R2pipdt, formally [M(II)(R2pipdt)(dmit/dsit2–)] (M 

= Pt, Pd, Ni; Figure 1).9-16 These complexes may be viewed as ligand-based intervalence 

compounds where the two dithiolene ligands occur in formally different oxidation states: a 

reducing dianionic dithiolate/diselenolate making a prevailing contribution to the HOMO; and 

an oxidizing neutral dithione making a prevailing contribution to the LUMO (Figure S1).12, 14, 

15 Metal contributions are relatively small: <20% in HOMO and <10% in LUMO, depending 

on the particular complex.12, 14, 15 These complexes show an intense solvatochromic NIR 

absorption band in the 750-900 nm range that originates from the HOMO→LUMO transition 

of a predominantly dithiolato→dithione ligand to ligand charge transfer (LL’CT) character 

(or, given a small change in metal participation, a mixed metal-ligand to ligand charge 

transfer term is also used, abbreviated MMLL’CT).9, 11, 12, 14 Such a transition results in a large 

electron density redistribution in the complex molecule and a large change of the molecular 

dipole moment, up to 11 D,9 and giving rise to prominent second-order nonlinear optical 
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properties, namely an exceptionally high quadratic hyperpolarizability.9, 12, 14, 15 

Electrochemical reduction of these complexes is localized predominantly at the dithione 

ligand and shifts the intense visible band to higher energies and reversibly switches the 

nonlinear optical activity.11, 13 The strong negative solvatochromism of dithione-dithiolato 

complexes9, 12 is another interesting feature that reflects the large change in solvation upon 

electronic excitation, due to changing the molecular polarity. Interestingly, solvent-dependent 

DFT and TDDFT calculations have revealed that the interaction with the solvent increases the 

HOMO and LUMO localization at the dithiolato and dithione ligand, respectively.12-14 One 

can thus argue that solvation and its changes upon excitation are important factors 

determining electronic (de)localization and, hence, the "non-innocence" of the metal-

dithiolene moieties. 

 

Figure 1. Structures of the investigated complexes [M(Bz2pipdt)(dmit)] and [M 
(iPr2pipdt)(dmit)]. M(II) = Ni, Pd, Pt. Left: a generic structure; Right: molecular structures of 
[Pt(Bz2pipdt)(dmit)] and [Pt(Bz2pipdt)(dsit)]. 
 

Strong absorption in the UV-vis-NIR range, solvatochromism, redox activity, and 

tuneable photonic properties make metal dithiolene complexes prime candidates for 

photophysical investigations. Characterizing their electronic excited states as well as 
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relaxation and deactivation pathways could enable new applications as photocatalysts and 

sensitizers of light-energy harvesting processes (indicated17-19 for similar Pt diimine-

dithiolates). Investigating time-dependent solvation triggered by laser pulse excitation will 

contribute to our understanding of the dynamics of solvent-solute interactions and solvation-

induced changes in the solute electronic structure. Despite these challenges, the photocycle of 

metal dithiolenes is virtually unknown. Most of these complexes are non-emissive, indicating 

short-lived excited states decaying by fast nonradiative pathways. Still, the lack of emission 

and short excited-state lifetimes do not preclude interesting photoreactivity and rich excited-

state dynamics. 

Herein, we have investigated the photocycle of a series of group 10 metal dithione-

dithiolato complexes, triggered by 800 nm femtosecond laser pulse excitation into the the 

lowest absorption band. The resulting excited-state dynamics were investigated using time-

resolved absorption spectroscopy (TA), whereby difference visible absorption spectra were 

measured at selected times after excitation and the spectral time evolution was analyzed by 

global fitting and singular value decomposition methods. In particular, we report on the 

excited-state dynamics of mixed-ligand Ni, Pd, and Pt complexes combining electron-

accepting dithiones Bz2pipdt (1,4-dibenzylpiperazine-2,3-dithione) or iPr2pipdt 

(1,4-diisopropylpiperazine-2,3-dithione) with an electron-donating dithiolate dmit (2-thioxo-

1,3-dithiole-4,5-dithiolato) or diselenolate dsit (2-thioxo-1,3-dithiole-4,5-diselenolato) (Figure 

1). In this research, we aim at understanding the nature and dynamics of non-radiative 

deactivation channels and the role of the electron withdrawing or donating character of the 

dithiolene ligands, the central metal atom, as well as of the solvent.  

 

Experimental 
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Materials. The investigated complexes were synthesized and characterized by published 

procedures.11, 13 The solvents acetonitrile (MeCN) and N,N-dimethylformamide (DMF) were 

of spectroscopic quality (Aldrich). 

Instrumentation. The setup for transient absorption (TA) studies was described before.20, 21 

The sample solutions were excited (pumped) at 800 nm with 100 fs pulses focused to a 

~200 µm diameter spot. Energy per pulse was typically 1 µJ. The probe consisted of a white-

light continuum generated by focusing a small part of the 800 nm Ti:Sapphire laser output 

onto a 1 mm thick CaF2 window. The probe spot at the sample position was ~70 µm in 

diameter. The probe beam was dispersed after the sample in a 0.3 m monochromator and 

detected by a 512 pixel photodiode array model Hamamatsu S11105 covering a spectral range 

from 400 to 800 nm. The cross-correlation time of the experimental setup was ∼130 fs, but a 

non-negligible cross-phase modulation affected measurements from -200 to 200 fs. A 

mechanical chopper placed along the pump beam path and synchronized at half the repetition 

rate of the laser was used for alternating between "pumped" and "unpumped" measurements 

of the transmission of the probe light through the sample. The polarizations of the pump and 

probe beams was set parallel. The group velocity dispersion (GVD) of the probe pulse was 

measured separately in pure solvents and used to correct the TA spectra for the time zero 

displacement at different wavelengths. Special care was taken to work in a linear regime, 

where the TA signal is proportional to the pump and probe beam energies. For few samples, 

we verified that the detected signals were linear with the solute concentration. To avoid 

photodegradation, sample solutions were flowed with a peristaltic pump through an UV-grade 

flow cell with an internal path of 500 µm. The concentration was adjusted to ∼0.3 OD at 

800 nm. Visible absorption spectra measured before and after TA measurements showed no 

changes, indicating a remarkable photostability of the investigated complexes. 
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Steady-state optical absorption spectra were measured on a Shimadzu UV-3600 

spectrometer. Scans covered the 250-1000 nm range with a 1 nm step. 

Data analysis. All data were corrected for GVD. To avoid possible artefacts due to 

cross-phase modulation, data points from -200 to 200 fs were neglected during the kinetics 

fitting. Data were analyzed in two different ways that are expected to converge to the same 

result: i) kinetic traces at relevant wavelengths (maxima, minima, half maxima and minima, 

and close to the zero signal axis) were extracted from the data and then simultaneously fitted 

with a suitable number of exponential decays. During the optimization procedure, the 

instrumental response function (irf) and time constants were considered as global parameters 

(i.e., the same for all the wavelengths), while amplitudes were treated as local parameters. A 

sum of 5 exponentials was found enough to fit all the traces; ii) a Singular Value 

Decomposition (SVD) analysis was carried out to decompose all the time-wavelength data 

( ( ),Abs tλ∆ , after irf deconvolution) into a minimal number of spectra (so-called Decay 

Associated Spectra or DAS), each undergoing an exponential decay with its own lifetime:22 

( ) ( ) ( ), expi iAbs t DAS tλ λ τ∆ = ⋅ −∑         (1) 

Since both methods provided consistent pictures, hereinafter we will show only the outcomes 

of SVD analyses. 

 

Results and Discussion 

Ground-state visible absorption spectra of all the samples show two bands around 

800 and 480 nm with comparable molar absorptivities and minor variations from sample to 

sample (Figure 2). Accordingly to DFT calculations,9, 12, 14, 15 the ~800 nm band corresponds 

to the HOMO→LUMO transition (Figure S1) into the lowest singlet excited state (S1) of a 

1LL’CT character. The electron density is transferred from the dithiolato/diselenolato ligand 

(dmit/dsit) to the electron withdrawing dithione (Bz2pipdt/ iPr2pipdt), plus a small 
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M→dithione MLCT contribution. The second absorption band is assigned to a highly mixed 

transition of a LL’CT/IL(R2pipdt) character, as was calculated for [Pt(Bz2pipdt)(dmit)].15 

Changing the solvent from DMF to MeCN has only a very small effect on the absorption 

spectra, as is demonstrated for [Pt(iPr2pipdt)(dmit)] in Figure S2, in accordance with 

comparable polarity of these two solvents. 

 

Figure 2. Steady-state absorption spectra of the investigated samples in DMF. Pr = iPr2pipdt; 
Bz = Bz2pipdt; Dm = dmit; Ds = Dsit. (For a [Pt(iPr2pipdt)(dmit)] spectrum in MeCN see 
Figure S2.)  

 

In terms of photoinduced behaviour, all the samples show common patterns of TA 

spectra and decay kinetics. Thus, we will first discuss in detail [Pt(iPr2pipdt)(dmit)] that 

represents the behaviour of all the other samples. Then, we will outline the structural effects 

of changing the Pr/Bz substituent on the pipdt dithione ligand, replacing the dithiolate (dmit) 

by a diselenolate (dsit), and changing the metal atom from Ni to Pd and Pt. 

 

Photocycle and relaxation mechanism of [Pt(
i
Pr2pipdt)(dmit)] 

Figure 3 shows a selection of TA spectra of [Pt(iPr2pipdt)(dmit)] in DMF at different 

pump-probe time delays and kinetic traces measured at selected probe wavelengths. The 

spectral evolution is also visualized in the form of a wavelength-time 2D plot in Figure S3. A 
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strong excited-state absorption (ESA) develops within the instrument time resolution, 

characterized by a broad band around 630 nm and absorption below 440 nm that increases 

into the UV region. After the initial period of the first few hundreds of femtoseconds where 

the signal stays nearly constant, most of the ESA decays in less than 10 ps, leaving a weak 

long-lasting (>>500 ps) component whose spectrum is different from the initial transient. The 

negative bands at 480 nm and ≥700 nm closely match the inverted steady-state absorption 

spectrum and are therefore attributed to the bleached ground-state absorption (GSB). Kinetic 

traces due to positive and negative signals differ during the first 10 ps but follow the same 

temporal evolution at later times. Using the SVD data analysis, the TA data were spectrally 

decomposed into five DASs (Figure 4), each decaying with its own lifetime: 760 fs, 3.42 ps, 

9.4 ps, 188 ps, and ∞. 
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Figure 3. Representative selection of transient absorption (TA) spectra at different time 
delays (top) and kinetic traces (bottom) of [Pt(iPr2pipdt)(dmit)] in DMF, obtained upon 
800 nm excitation. The black curve in the top panel shows an inverted ground-state absorption 
spectrum. The black arrows indicate the evolution of the different bands with time. Triangles 
on the horizontal axis denote the wavelengths of the kinetic traces shown in the bottom panel. 
(See Figure S2 for a complete wavelength time 2D plot.) 
 

 

Figure 4. Decay associated spectra (DAS) obtained by SVD analysis of TA spectra of 
[Pt(iPr2pipdt)(dmit)] in DMF (Figure 3 and S3). Each curve is labelled with the respective 
time constant. τ5 describes a contribution with dynamics much longer than the scanned 
interval and is modelled with a step function. *An SVD-analysis artefact. (See Figure S4 for 
successive DASs sums indicating spectral changes due to individual kinetics steps.) 
 

The 760 fs DAS shows nearly the same shape as the 3.4 ps DAS but with an inverted 

sign (Figure 4), indicating a signal rise occurring with a 700-800 fs lifetime. As will be shown 
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later, it is attributable to solvation-induced charge redistribution in the optically populated S1 

state. Combination of the 760 fs rise and 3.4 ps decay kinetics explains the lack of spectral 

evolution apparent in the sub-picosecond range (Figure 3). The 3.4 ps DAS describes the 

decay of the main transient band at ~640 nm and of the blue-most band, accompanied by a 

partial recovery of the negative bleach signals. The 3.4 ps decay lifetime is much faster than 

the ~5 ns radiative fluorescence lifetime (estimated from the ground-state absorption band 

area), allowing us to estimate the fluorescence quantum yield of about 5×10–4, in agreement 

with the lack of any appreciable steady-state fluorescence. The 3.4 ps component corresponds 

to the population decay of the S1 state. We also observe a ~40% recovery of the bleach signal 

with the same time constant (see kinetic traces at 410 nm and 767 nm in Figures 3 and S4), 

revealing that S1 decays by two parallel nonradiative pathways to the ground state and to a 

lower-lying excited state with a comparable branching ratio. The temporal evolution of the 

lower state is described by the remaining three DASs (τ3, τ4, τ5). The corresponding spectral 

patterns are weaker than the initial one (τ1, τ2) and the main ESA band is blue-shifted to about 

570 nm. Both patterns show a positive absorption below 450 nm. Since the 800 nm excitation 

populates the lowest singlet excited state, we attribute the later-time ESA features to the 

corresponding triplet T1 of a 3LL’CT character. This assignment is corroborated by the 

qualitative similarity with the S1 spectral pattern. Spectra of both excited states show 

absorption between 500 and 650 nm that is typical for a reduced dithione ligand11 present in 

the singlet as well as triplet LL’CT states (both formally viewed as *[Pt(iPr2pipdt•–)(dmit•–)]). 

Observation of a slow direct decay to the ground state (τ5 >>500 ps) confirms that the second 

excited state is the lowest excited state of the molecule, again in line with its T1 assignment 

(i.e., 3LL’CT). 

The τ3 component of 9.4 ps manifests narrowing and blue-shifting of the T1 ESA band 

(Figures 4, S4), indicative of a vibrational relaxation by energy transfer to the solvent. This 
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assignment is supported by measurements in MeCN, discussed below. It is accompanied by a 

partial decrease of the bleach (Figure 4 and Figures S4), suggesting a competitive ground-

state recovery from hot T1 levels. The 188 ps lifetime is typical of rotational diffusion and, 

accordingly, it is not accompanied by any change of the spectral pattern. (A pure rotational 

diffusion should decrease the signal by a factor of 3 rather than the observed ~2 (Figure S4). 

We tentatively assign this mismatch to a not perfect disentanglement of the two longest decay 

components.) The τ5 (∞) DAS corresponds to the difference absorption spectrum of a fully 

equilibrated T1 state. The long-time ESA decay mirrors the kinetics of the bleach recovery, 

demonstrating that the triplet state decays directly to the ground state. (Compare the positive 

decays at 410 and 564 nm with the negative traces at 485 and 767 nm in Figure 3, due to ESA 

and GSB, respectively.)  

The temporal evolution of the TA spectra described above shows several fast steps 

involving changes in the bleach signal intensity, which we attribute to relaxation processes (τ1 

rise) and to a nonradiative decay of S1 and hot T1 states to the ground state (τ2 and τ3 decays, 

respectively). Since we are probing at wavelengths shorter than the pump (800 nm), we can 

safely rule out any contributions due to stimulated emission to the bleach kinetics.  

In order to clarify which steps are related to solvation dynamics, we compared the 

behaviour of [Pt(iPr2pipdt)(dmit)] in DMF (Figures 3, 4, S3, S4) and MeCN (Figures 5, S5). 

These two solvents have comparable permanent dipole moments and static dielectric 

constants while MeCN shows faster solvation response (150 fs) than DMF (670 fs).23 Static 

(Figure S2) as well as transient absorption spectra show very similar spectral patterns in the 

two solvents, indicating the same characters of electronic transitions and excited states. 

However, the SVD analysis reveals important kinetics differences, in particular for the 

picosecond components. The 300 fs DAS in MeCN is spectrally similar to the 760 fs DAS in 

DMF (compare also the spectra at 200 fs and at 500 fs in Figures 3 and 5), whereas the 
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1.75 and 3.37 ps DASs in MeCN seem to describe a significantly different dynamical 

behaviour than the 3.42 and 9.4 ps DASs in DMF. In the case of MeCN, the 1.75 ps τ2 

component describes an ESA blue-shift and narrowing that is typical of a cooling process, 

followed by a population decay of 3.37 ps. (This is clearly demonstrated by the DAS sums 

shown in Figure S5.) No spectral evolution similar to the 9.4 ps DMF component was 

observed in MeCN. Moving to longer components, they describe a biphasic recovery of 2/3 of 

the GSB signal due to rotational diffusion (τ4, τ5), and the slow (>>500 ps) decay of the triplet 

state (τ6). 

 

 

Figure 5. Top: Representative selection of transient absorption (TA) spectra at different time 
delays (top) and kinetics traces (bottom) of [Pt(iPr2pipdt)(dmit)] in MeCN, obtained upon 
800 nm excitation. The black curve in the top panel shows the inverted ground-state 
absorption spectrum. The black arrows indicate the evolution of different bands with time. 
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Bottom: DAS spectra obtained by SVD analysis. (See Figure S5 for successive DASs sums 
indicating spectral changes due to individual kinetics steps.)  
 

To elucidate the difference between the picosecond components in the two solvents, we 

compare in Figure 6 the 3.42 ps DAS in DMF with the sum of the 1.75 and 3.37 ps DASs in 

MeCN, which represent the overall spectral changes due to these two kinetics components. 

The match between them is excellent and reveals that the 3.42 ps DAS in DMF is not a pure 

ESA decay but actually describes a complex behaviour whereby a population decay and 

solvent relaxation occur accidentally with comparable rates. The relaxation rate scales with 

the solvation response time, whereas the S1 decay lifetime is ~3.4 ps, regardless of the 

solvent. Hence, the two processes become kinetically separated in MeCN where the solvent 

relaxation is much faster. A similar dependence on the solvent response time is observed in 

the femtosecond time range (τ1), where the rise of the ESA signal and GSB deepening is twice 

faster in MeCN than in DMF. The τ1 values (760 and 300 fs in DMF and MeCN, respectively) 

scale with the solvation times (670 fs and 150 fs, resp.23), indicating a solvation-driven 

process. The ESA rise suggests that the excited-state electronic wave function changes in the 

course of the solvent relaxation that appears to drive the localization of the excited electron 

density on the dithione ligand. 
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Figure 6. Comparison of the femtosecond (τ1) and picosecond (τ2 and τ3) DASs of 
[Pt(iPr2pipdt)(dmit)] in DMF (dashed lines, right axis) and MeCN (solid lines, left axis), taken 
from Figures 4 and 5, respectively. For comparisons purposes, the sum of the two picosecond 
components in acetonitrile is shown, and the first DAS in acetonitrile is multiplied by a factor 
of 2. 
 

The temporal spectral evolution in MeCN does not contain any component similar to 

the 9.4 ps τ3 DAS that was observed in DMF and attributed to the T1 vibrational relaxation 

(cooling). This observation rules out an alternative hypothesis that the 9.4 ps τ3 process in 

DMF involves an intermediate electronic excited state (that would occur in both solvents). It 

appears that the T1 cooling in MeCN is faster than in DMF, its rate being comparable to or 

faster than that of the singlet-state decay, i.e. ~3.4 ps. 

This experimental behaviour suggests a rather simple photocycle, depicted in Figure 7: 

irradiation of the ground state (GS) into the lowest allowed transition produces the lowest 

singlet excited state S1 identified as dmit/dsit→R2pipdt 1LL’CT. The extent of the charge 

separation increases in the course of solvent dielectric reorganization (τSolv). Vibrational 

relaxation (cooling, τSVR) of the singlet excited state occurs on a 1–3 ps timescale by 

vibrational energy transfer to the solvent. The S1 population decays with a lifetime τS (~3.4 

ps) into hot levels of the lowest triplet state (#T1), by a ~55% efficient inter-system crossing 

(τISC) and simultaneously into the ground state (τnr). 
#T1 undergoes cooling (τTVR) producing 

an equilibrated T1 state that is established in less than 10 ps (depending on the solvent). The 

#T1 cooling is accompanied by a partial ground-state recovery, diminishing the final T1 yield 

to about 30%. Nonradiative decay of hot #T1 levels is much faster (≤10 ps) than of 

equilibrated T1 (>>500 ps). This mechanism is qualitatively valid for all the investigated 

complexes, although with quantitative differences in the kinetics and quantum yields. The 

experimental values obtained are summarized in Table 1. 
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Figure 7. Photocycle of the complexes [M(R2pipdt)(dmit/dsit)] upon 800 nm excitation into 
the lowest 1LL’CT excited state (dark red arrow). The colours of arrows representing 
individual relaxation steps match the colours of the corresponding DASs in Figures 4 and 5.   
 

Table 1. Summary of kinetics parameters determined by SVD analysis of TA spectra 
measured in DMF, unless stated otherwise. The different time constants are named 
accordingly to Figure 7. 

a: Not observed, presumably comparable with τS. 

 

Structural effects on the photodynamics: the dithione ligand. 

Replacing the iPr2pipdt dithione ligand with the more electron-withdrawing Bz2pipdt is 

expected to increase the localization of the excited electron density on the dithione part of the 

molecule, enhancing the charge separation upon excitation. The behaviour of 

Sample ττττSol ττττSVR ττττS ττττTVR ττττRot QYS→→→→#T QY#T→→→→T QYS→→→→T 

[Pt(Pr2pipdt)(dmit)] 0.76±0.06 ∼3.4 3.42±0.09 9.4±0.8 188±21 55% 50% 30% 
[Pt(Pr2pipdt)(dmit)] 

in MeCN 
0.30±0.08 1.75±0.25 3.37±0.06 a 

40±15 
190±50 

- - 20% 

[Ni(Pr2pipdt)(dmit)] 0.37±0.03 - 1.44±0.05 14.8±0.3. - 25% 0% 0% 
[Pt(Bz2pipdt)(dmit)] 0.75±0.03 2.75±0.03 4.53±0.02 a 125±4 - - 25% 
[Pt(Bz2pipdt)(dsit)] 0.57±0.06 - 4.3±0.1 7.1±0.5 182±6 75% 60% 50% 

[Pd(Bz2pipdt)(dmit)] 0.61±0.03 - 1.89±0.03 15.2±0.4 42±8 33% 25% 8% 
[Pd(Bz2pipdt)(dsit)] 0.80±0.04 - 1.96±0.05 18.3±0.3 142±9 33% 25% 8% 
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[Pt(Bz2pipdt)(dmit)] in DMF (Figures 8-left and S6) is similar to that of [Pt(iPr2pipdt)(dmit)]. 

Namely, the femtosecond solvation-induced signal rise of [Pt(Bz2pipdt)(dmit)] occurs with a 

nearly identical time constant of 750 fs. The S1 lifetime is somewhat longer, (τ3, 4.5 ps). The 

2.8 ps kinetics component τ2, manifested by the S1 ESA blue-shift and narrowing, is very 

similar to the 1.8 ps component observed for [Pt(iPr2pipdt)(dmit)] in MeCN. No component 

attributable to triplet-state relaxation has been observed. It follows that increasing the electron 

withdrawing character of the dithione ligand extends the singlet excited-state lifetime, 

presumably by slowing the nonradiative decay to the ground state. Vibrational relaxation of 

both the S1 and T1 states appears to be faster in the Bz2pipdt case, presumably due to stronger 

solvent-solute interactions involving the benzyl rings and larger charge separation in the 

excited-state. 

 

Structural effects on the photodynamics: dithiolato vs. diselenolato ligand. 

Replacing the sulfur-coordinated dmit ligands by selenium-coordinated dsit affects 

more the excited-state spectrum than the kinetics. Namely, the main S1 ESA band of 

[Pt(Bz2pipdt)(dsit)] is broader than in the case of [Pt(Bz2pipdt)(dmit)] and the intensity is 

redistributed from the main maximum at about ~630 nm toward the side-band that shifts from 

536 to 523 nm (Figures 8, S7). The near-UV ESA band at λ < 450 nm almost doubles in 

intensity upon replacing dmit with dsit. These effects are visualized and quantified in Figure 

S7 by Gaussian decomposition of the TA spectra. SVD analysis (Figure 8 bottom-right) 

reveals that the [Pt(Bz2pipdt)(dsit)] photodynamics are very similar to those of 

[Pt(iPr2pipdt)(dmit)] and [Pt(Bz2pipdt)(dmit)]: the femtosecond relaxation component is 

present but slightly faster (570 fs). The S1 decay is comparable to [Pt(Bz2pipdt)(dmit)], 4.3 ps. 

On the other hand, the picosecond relaxation resembles that of [Pt(iPr2pipdt)(dmit)] in DMF: 
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no component attributable to the S1 relaxation was found while the 7.1 ps component 

indicates a T1 relaxation, comparable to the 9.4 ps process of [Pt(iPr2pipdt)(dmit)]. 

 

 

Figure 8. Top: Representative selection of transient absorption (TA) spectra at different time 
delays (top) of [Pt(Bz2pipdt)(dmit)] (left) and [Pt(Bz2pipdt)(dsit)] (right) in DMF, obtained 
upon 800 nm excitation. The black curve in the top panels shows an inverted ground-state 
absorption spectrum. The black arrows indicate the evolution of the different bands with time. 
Bottom: Decay associated spectra (DAS) labelled according to the respective time constants, 
obtained by SVD analysis. τ5 corresponds to the long-lived (>>500 ps) component, modelled 
with a step function.  

 

Structural effects on the photodynamics: changing the metal atom Ni, Pd, Pt 

To clarify the role of the central metal atom in defining the photophysical properties, 

we compared the results on the following pairs of complexes: [Pt(Bz2pipdt)(dmit)] / 

[Pd(Bz2pipdt)(dmit)]; [Pt(iPr2pipdt)(dmit)] / [Ni(iPr2pipdt)(dmit)]; and [Pt(Bz2pipdt)(dsit)] / 

[Pd(Bz2pipdt)(dsit)], all in DMF. Experimental spectra and DASs of the Ni and Pd complexes 

are reported in Figure S8. The TA spectra of all the complexes are qualitatively similar, 

showing some differences in the relative amplitudes of the near-UV and visible S1 features at 
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early time delays. The most pronounced difference is shown by [Ni(iPr2pipdt)(dmit)] whose 

whole ESA spectrum is blue-shifted relative to the Pt analogue. This is manifested by a weak 

maximum at ~560 nm, shallow ~500 nm bleach and a relatively strong near-UV band with a 

maximum at ~440 nm. SVD analysis (Figure S8-right) shows that the S1 lifetime of the Ni 

and Pd complexes is shorter than of their Pt counterparts, 1.44 ps for Ni and ~1.9 ps for Pd. 

The T1 lifetime of [Ni(iPr2pipdt)(dmit)] is very short, ~15 ps, whereas >>500 ps lifetimes 

were found for the Pd and Pt complexes. The T1 state of the Pd complexes undergoes 19-20 

ps cooling, slower than in the case of Pt complexes.  

 

Intersystem crossing dynamics 

As was explained above (Figure 7), the optically populated S1 state undergoes parallel 

intersystem crossing to the lowest triplet state T1 and nonradiative transition to the ground 

state (GS). Kinetics of these two processes can be disentangled using the measured singlet-

state lifetime values τS and quantum yields of the hot triplet population (QYS→#T): 

τISC = τS/QYS→#T and τS
–1 = τISC

–1 + τnR
–1. The QYS→#T values (Table 1) were determined as the 

ratio of the GSB amplitude after the S1 depopulation to the initial amplitude after the 

femtosecond solvation-driven relaxation step τ1. (For instance, in case of [Pt(Pr2pipdt)(dmit)] 

in DMF, we calculated QYS→#T from Figure S4 as the ratio of the amplitude of the spectrum 

“τ2+τ3+τ4+τ5” to the spectrum “τ3+τ4+τ5” at 750 nm). In a similar way, we calculate the 

overall yield of the singlet-to-triplet conversion (QYS→T), while the yield of #T1 cooling 

(QY#T→→→→T) was determined by comparing the GSB amplitudes before and after the T1 

relaxation (the τTVR step). It follows that that the triplet yield increases in the order Ni < Pd < 

Pt (Table 1), which means that the efficiency of the nonradiative channel to the ground state 

decreases on going down the triad. 
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Table 2. Estimated time constants (ps) of the intersystem crossing from the singlet excited 
state to the triplet state (τISC) and internal conversion to the ground state (τnr).  

 

Estimated τISC and τnr values are reported in Table 2. It follows that the ISC rate is 

essentially independent of the central metal atom occurring with virtually the same time 

constant of ~6 ps despite the fact that the spin-orbit coupling constant increases in the order 

Ni < Pd < Pt. Replacing the S donor atoms by heavier Se has no effect either. ISC in the 

investigated complexes is one to two orders of magnitude slower than in octahedral 

complexes with low-lying metal-to-ligand CT excited states (30-150 fs).20, 22, 24-28 In this 

respect, the behaviour of planar dithione-dithiolato complexes support our previous notion 

that ISC rates in transition metal complexes do not scale with the strength of the spin-orbit 

interaction22 and that the excited state character and symmetry are more important factors than 

the heavy-metal participation.29-32 In the present case of LL’CT excited states, both the singlet 

and triplet have the same orbital origin, being derived from a HOMO→LUMO excitation (see 

Figure S1 for the orbital shapes). Hence, S1 and T1 are not related by orbital rotation and, 

therefore, not coupled by spin-orbit interaction, regardless of the heavy-metal involvement 

and spin-orbit coupling constant. Direct ISC is then symmetry forbidden and the spin 

conversion has to occur by second order mechanisms, involving either coupling with higher 

excited states or spin-vibronic interactions. ISC lifetimes found herein are comparable to or 

little shorter than those measured for other metal complexes where direct ISC is symmetry 

forbidden, for example, MLCT states of Cu(I) diimines: ~14 ps33 and Pt(0) phosphines: ~3 

ps,34 intraligand excited states of Re(I) complexes (~30 ps),30 and dσ*pσ states of 

[Pt2(pop)4]
4– (3-30 ps)32 and its perfluoroborated derivative (1.6 ns).31 

 [Pt(iPr2pipdt)(dmit)] [Pt(Bz2pipdt)(dsit)] [Pd(Bz2pipdt)(dmit)] [Pd(Bz2pipdt)(dsit)] [Ni(iPr2pipdt)(dmit)] 

ττττISC 6.2±0.4 5.7±0.3 5.7±0.3 5.9±0.3 5.8±0.4 

ττττnr
 7.6 17.5 2.8 2.9 1.9 
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On the other hand, the rate of the S1 nonradiative decay to the ground state increases in 

the order Pt < Pd < Ni. This trend can be tentatively attributed to a molecular distortion 

facilitating the vibronic coupling, since the angle between the two ligands increases in the 

same order: ~0°, ~5°, and ~8°, respectively.11  

 

Assignment of the excited-state absorption and origin of the femtosecond kinetics component.  

Based on the prevalent9, 14, 15 HOMO→LUMO character of the lowest allowed 

electronic transition and the predominant LUMO localization on the R2pipdt dithione ligand 

(Figure S1-right), it can be expected35 that absorption spectra of both singlet and triplet 

LL’CT states will resemble the spectrum of the one-electron reduced state, where the LUMO 

is singly occupied. Spectroelectrochemical reduction of [Pt(Bz2pipdt)(dmit)] in DMF indeed 

shows11 a disappearance of the 760 nm and 480 nm bands and formation of a strong band at 

560 nm and a shoulder at 380 nm, closely resembling the short-time ESA absorption pattern 

that, however, occurs more in the red: a strong band at 630 nm and a shoulder at 430 nm 

(Figure 8). The T1 spectrum, albeit weak, is even closer to that of the monoanion, showing a 

band at about 560 nm, and absorption increasing into the UV. The similarity between the 

early-time ESA and the absorption spectrum of the monoreduced [Pt(Bz2pipdt)(dmit)]– 

provides a good evidence for the predominant localization of the excited electron at Bz2pipdt 

in both S1 and T1. Accordingly, the intensity of the S1 ESA band at 630 nm is expected to 

increase with the fractional electron charge on the R2pipdt moiety. 

This is a good starting point to discuss the femtosecond rise of the ESA intensity and of 

the negative bleach signal that were found to occur for all investigated complexes with the 

time constant in the 300-760 fs range (Table 1). Above, it was shown for [Pt(iPr2pipdt)(dmit)] 

that the time constants measured in MeCN (300 fs) and DMF (760 fs) scale with the 

characteristic solvent relaxation time:23 150 and 670 fs, respectively. Hence, we attribute the 
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femtosecond dynamics to solvation-driven charge redistribution in the excited molecule. In 

particular, optical excitation by the femtosecond pump pulse occurs in the Franck-Condon 

regime, without any change in the molecular structure and solvation, but with a large change 

in the molecular dipole moment (as high as 11 D for the investigated complexes).9 However, 

at the moment of excitation, the solvent dipoles are oriented as in the ground state and exert 

an electric field ("reaction field") that hinders the excitation-induced charge transfer from 

dmit/dsit to R2pipdt. A fast solvent reorientation follows, which optimizes solvation according 

to the new molecular charge distribution and, via solute-solvent interactions, drives the charge 

separation in the excited molecule to completion by changing the excited-state wave function. 

Experimentally, this is manifested by the rise of the ESA bands that originate from transitions 

localized at the ligand reduced by excitation. It can thus be argued that the LL’CT excited-

state character (formally *1[M(II)(Rpipdt•–)(dmit/dsit•–)]) of S1 is fully developed only after 

this ultrafast solvent relaxation step. This conclusion is supported by the match between the 

inverted and scaled first DAS (τ1) with the DAS corresponding to the S1 population decay, see 

Figure S9. Alternatively, one may consider attributing the ultrafast relaxation τ1 to 

intramolecular vibrational redistribution (IVR). However, IVR is usually very fast (few tens 

of femtoseconds), as has been revealed by the "instantaneous" fluorescence Stokes shift 

observed for various metal diimine complexes22, 24, 25, 27, 36 as well as organic dyes.23 

The molecules investigated herein are planar, apparently not undergoing any specific 

solvation with MeCN or DMF. The solute-solvent interactions that lead both to 

solvatochromism9, 11, 12 and femtosecond solvation dynamics are primarily electrostatic in 

nature. In this respect, these complexes resemble the coumarin 153 dye that was originally 

used to determine dynamics of nonspecific solvation dynamics, mostly based on a dielectric 

solvent response.23 The common nonspecific/electrostatic nature of solvation explains the 

match between the solvation dynamics determined with coumarin 15323 and metal dithione-
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dithiolato complexes. An increase of the ESA intensity at short times after excitation also has 

been observed for 3MLCT states of rhenium and ruthenium 2,2'-bipyridine (bpy) complexes, 

occurring, however, on a much slower timescale, up to 20 ps.25, 26, 37, 38 In these complexes, 

the ESA rise concerns mostly the typical35 ~380 nm band of bpy•– and was attributed to a 

solvation-driven charge separation in the M→bpy 3MLCT state. The much slower lifetime 

compared with the dithiolene case is likely caused by the 3D structure of pseudooctahedral Re 

and Ru complexes that allows for solvent clustering around the molecule and solvational 

relaxation requiring more extensive restructuring of the solvent shell.39 

The increase (deepening) of the GSB signal was observed for the dithione-dithiolato 

complexes only. It is tentatively rationalized by assuming that the Franck-Condon excited 

state (i.e., before developing the LL’CT charge separation) possesses a weak ground-state like 

absorption bands whose intensities decrease in the course of solvation-driven charge 

separation, manifested by deepening of the GSB signal. 

 

Conclusions: 

 Pt, Pd, and Ni dithione-dithiolato/diselenolato complexes exhibit a common excited-

state behaviour upon irradiation into the lowest absorption band: excitation is followed by 

hundreds-of-femtoseconds solvation-driven relaxation, which drives the 

dihiolato/diselenolato→dithione charge separation, forming a 1LL’CT excited-state (S1), that 

can be formally described as *1[M(II)(dithione•–)(dithiolate/diselenolate•–)]. Its absorption 

spectrum resembles that of the reduced [M(II)(dithione•–)(dithiolate/diselenolate2–)]–species. 

The 1LL’CT state undergoes simultaneous decay to the ground state and intersystem crossing 

(ISC) to the 3LL’CT, that is populated with a <50% yield, depending on the metal: Pt > Pd > 

Ni. ISC occurs on a ~6 ps timescale, independent of the metal, whereas the rate of the 

nonradiative decay to the ground state decreases on going from Ni (2 ps) to Pd (3 ps) and Pt 
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(~10 ps). The triplet state is long-lived (>>500 ps) for Pt and Pd complexes and short lived for 

Ni (~15 ps). Some of the investigated complexes exhibit spectral changes due to vibrational 

cooling of the singlet (2-3 ps) as well as the triplet (7-18 ps). Both these relaxation processes 

are accompanied by partial GS recovery. Rotational diffusion occurs with lifetimes in the 

120-200 ps range, sometimes becoming biphasic (40, 190 ps), presumably due to anisotropic 

rotation of the planar molecule. Changing the dithione (Bz2pipdt/iPr2pipdt) as well as 

dithiolate/diselenolate (dmit/dsit) ligands has only very small effects on the photobehavior. 

 Because of their planarity, apparent lack of specific solvation, large dipole moment 

change upon excitation, and exceptional hyperpolarizability, dithione-dithiolato complexes  

are highly sensitive to the local electrostatics. Their 1LL’CT excited-state spectra show 

distinct temporal evolution on the femtosecond timescale, whose rates in DMF and MeCN 

scale with solvent relaxation rates determined with a coumarin 153 dye.23 After 3MLCT states 

of Re(I) and Ru(II) diimine complexes, 1LL’CT excited states of dithione-dithiolate 

complexes present another example of solvation-driven charge separation that is manifested 

by increasing intensity of the ESA band due to a transition localized on the photoreduced 

ligand, establishing this effect as more general: taking place in different excited states and 

different coordination geometries. It follows, that TA absorption spectra of CT states on a fs-

ps timescale can be used as reporters of solvation-related charge localization processes. 

 The independence of the ISC rate on the metal (Ni, Pd, Pt) and the donor atom (S, Se) 

underlies the notion22 that the strength of spin-orbit coupling is not the decisive factor 

determining ISC dynamics in series of structurally related metal complexes. Instead, ISC is 

governed by factors such as the excited-state character, molecular geometry, symmetry of the 

molecular orbitals being depopulated and populated in the singlet and triplet excited states, 

and vibronic couplings. In the present case, both the singlet and triplet LL’CT states are 

derived from the same one-electron excitations, involving the same MOs. Hence, the two 
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states are not related by rotation and direct ISC is therefore forbidden. In this respect, 

1,3LL’CT states resemble ππ* intraligand excited states, for which slow ISC has been 

observed even in complexes of heavy Re or Rh atoms.30, 40 

Possible photonic applications would likely be based on the presence of the lowest S1 

(1MMLCT) electronic transition and excited state, since the T1 transition is forbidden and the 

T1 (3MMLCT) state is populated with a low yield (<50%). Metal dithione-dithiolate 

complexes are potential candidates for redox switchability of their NLO response.11-13 

Transient NLO also has been considered.41 Strong and reversible S1 excited-state absorption 

observed herein indicates possible uses of these complexes as optical limiters and saturable 

dyes that were reported42-44 for homoleptic dithiolene complexes. Of a special interest are 

possible applications as photosensitizers of light-energy harvesting. Strong visible absorption 

extending into NIR, photostability, and reversible redox reactivity of metal dithione-

dithiolates are promising prerequisites. Estimating the S1 (1LL’CT) energy as 1.4 eV and 

taking the first reduction potential11-14 as –0.2 V (vs. NHE), we can estimate the S1 excited-

state reduction potential as ca. +1.2 V (vs. NHE), indicating that [M(R2dipdt)(dmit/dsit)] 

complexes could behave as strong photooxidants. The 1.4 – 4.5 ps 1LL’CT lifetimes are long 

enough to allow for ultrafast electron transfer, either when attached to p-type 

semiconductors,45 in supramolecular assemblies, or in dinuclear complexes, where a metal 

dithione-dithiolato sensitizers would be electronically well coupled to a photocatalyst. 
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LL'CT excited states of Pt, Pd, Ni dithione-dithiolates undergo subpicosecond solvation-driven charge 

redistribution and ≈6 ps metal-independent intersystem crossing. 
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