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1. Introduction
Conventional descriptions of excited state relaxation involve three decay pathways locked in a rigid temporal 
hierarchy. Best summarized by Kasha’s rule, in which fluorescence always proceeds from the lowest energy 
excited state, this description states that molecules first undergo vibrational relaxation followed by internal 
conversion followed by intersystem crossing [1]. Ultrafast laser spectroscopy measurements conducted over the 
last three decades suggest that this hierarchy is far from accurate. Measurments on rhodopsin, for instance, 
revealed that conical intersections can lead to internal conversion rates that are on the same timescales as 
vibrational relaxation [2]. Subsequent computational work suggested that conical intersections can act as 
mediators during photochemical reactions and exist as important bottlenecks in far more systems than previously 
thought possible [3].

Although internal conversion mediated by conical intersections is now considered ubiquitous, intersystem 

crossing is still usually considered slower than other competing relaxation pathways. Nevertheless, early transient 

absorption measurements on [Ru(bpy)3]2+ demonstrated intersystem crossing as fast as 150 fs [4]. Similar 

experiments on the iron-containing variant, which is a spin-crossover system, also found an ultrafast intersystem 

crossing rate [5]. Detailed analysis concluded that the rate of intersystem crossing was independent of the 

magnitude of spin-orbit coupling, presumably the mechanism for ultrafast conversion between states of differing 

spin-multiplicity. Instead, a threshold value determines if intersystem crossing competes with other relaxation 

mechanisms, as demonstrated by the measurements of some Pt, Pd, Ni, Os, and Re containing compounds [6-8].  

Fig. 1. The 2D electronic spectra of [IrBr6]
2- at waiting times of 100 fs and 6 ps (left). A comparison reveals the rapid loss of ESA signal at 

high excitation frequencies concurrent with the conversion of stimulated emission signal into ESA signal in the 390 – 460 THz emission 
range. The schematic representation (right) was constructed using a simple group theory model in the total angular momentum basis. This 

figure has been adapted from ref. 13. 

Much like the early work on internal conversion and conical intersections, recent experiments on intersystem 

crossing suggest that transitions between two potential energy surfaces of differing spin multiplicity are highly 

nonadiabatic [9]. The fundamental question remains to what degree intersystem crossing is beyond the Born-

Oppenheimer approximation, and what specific combination of spin-orbit coupling, surface topology, and local 

geometry is likely to yield ultrafast decay [10]. The best molecular targets for resolving these questions involve 

transition-metal compounds, which easily exceed the spin-orbit coupling threshold established by earlier 

experiments. However, ultrabroadband absorption spectra and low molar absorptivities make transition-metal 

compounds exceptionally difficult to measure and study. To address these challenges, we used high-sensitivity 
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two-dimensional electronic spectroscopy (2D ES) to measure iridium and ruthenium molecules. These spectra 

reveal two different spin-orbit coupling effects in the ultrafast relaxation of transition-metal compounds. 

2. Results and Discussion
Our group has developed a robust ultrabroadband, high-sensitivity, passively phase stable two-dimensional 
electronic spectrometer with minimal directional-filter and phase-mismatch distortions [11,12]. The 2D spectra 
of [IrBr6]2- at 100 fs and 6 ps are presented in Fig. (1). The complete coupling of all LMCT bands in the 
chromophore produces several dozen individual peaks, and the stimulated emission signal in the low frequency, 
390 – 460 THz, range of the 100 fs spectrum rapidly converts to excited state absorption (ESA) signal. Indeed, 
the ultrafast dynamics of [IrBr6]2- are best explained as interactions between spin-orbit coupled, adiabatic 
potential energy surfaces resulting in nonradiative decay of all LMCT transitions into the lowest excited state

[13]. The observation of persistent vibrational coherence during this LMCT energy relaxation suggested conical 
intersection mediated nonradiative decay. This necessitated expanding the conical intersection definition to 
include a crossing between states of the same total angular momentum rather than merely the same spin-

multiplicity [14]. This more general definition of a conical intersection helps to understand other, unusual 
aspects of spin-orbit coupled systems, including the observation of ultrafast intersystem crossing among the 
LMCT bands of [IrBr6]2-, but not between its lowest-lying excited state and ground state. Indeed, original work 
with [IrBr6]2- even drew comparisons with the Jahn-Teller distortion present in [CuCl4]2-, itself a special conical 
intersection but in a system with spin-orbit coupling likely above the threshold needed for ultrafast intersystem 
crossing [15].

Fig. 2. The 2D electronic spectra of the ruthenium-based DSSC dye, N719, at waiting times of 3 ps and 800 ps. The dominant ESA feature at 

probe frequencies less than 500 THz shifts from the initially prepared state at 500 THz excitation to the excitation maximum of N719 as an 

approximately 20 ps transient species nonradiatively decays.  

Subsequent 2D ES measurements on the N719 dye molecule ([Ru(N-N)2(NCS)2]2+, where (N-N) is the 

bidentate, singly deprotonated 2,2′-bipyridyl-4,4′-dicarboxylato ligand) reveal more conventional spectral 

features and dynamics. At a waiting time of 3 ps, the 2D spectrum in Fig. (2) contains weak stimulated emission 

features relative to the dominant ESA and bleach peaks with vibronic progressions. Even at high excitation 

frequencies, where the ESA feature is weaker than the bleach signal, stimulated emission from the 1MLCT bands 

appears weak, which is consistent with prior reports of ultrafast nonradiative decay to a 3MLCT manifold 

through intersystem crossing [16]. The changes in the N719 spectra over time are significantly slower and subtler 

than the changes in the [IrBr6]2- spectra, with the most prominent change the shift in ESA excitation frequency 

from 500 THz at 3 ps to the excitation maximum of N719 (553 THz) at 800 ps. Analysis of the transient 

absorption data suggests that this spectral shift is the result of an approximately 20 ps disappearance of transient 

signal that suppresses bleach features and leads to excitation dependent growth in the ESA region. 

The relatively long- lived transient species is inconsistent with either solvation effects or relaxation into the 

triplet manifold, which is generally considered to be ultrafast [4]. Indeed, previous observations on a class of 

Ru(II) dyes suggest that local symmetry changes can affect the picosecond kinetics of the molecule, as 

intersystem crossing and internal conversion compete nonradiatively [17]. The analysis of the [IrBr6]2- data 

suggests that spin-orbit coupling has the potential to account for these local symmetry changes, especially if 

these nonradiative pathways are more metal-centered than the charge transfer states. A similar process, where the 

spatial symmetry of the d-orbitals is altered but the structural geometry of the system is preserved, could explain 

the coexistence of fast MLCT transitions with slow nonradiative decay. In that case, the 2D spectra of N719 at 
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early time reflects complete relaxation into the 3MLCT manifold but incomplete relaxation of the metal-centered 

excited states. At sufficiently long waiting times the metal-centered states have relaxed into the lowest lying state 

of complementary angular momentum and, without the overlapping transient signal, the ESA is prominently 

featured on the excitation line of N719.  

Spin-orbit coupling is clearly an important mediator of transition metal compound ultrafast dynamics. 

However, the divergent effects of this coupling on two dye molecules, and the vastly different kinetics of their 

relaxation processes, requires more experimental investigation. Determining how spin-orbit coupling produces 

and modifies the competing interactions of ultrafast internal conversion, intersystem crossing, and vibrational 

relaxation also requires the excitation specificity and temporal resolution of 2D ES. We expect that continued 

improvements of 2D ES will lead to better insights into the ultrafast dynamics of both transition-metal 

compounds and spin-orbit coupling. 
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