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CONSPECTUS: Ultrafast intersystem crossing (ISC) processes coupled to
nuclear relaxation and solvation dynamics play a central role in the
photophysics and photochemistry of a wide range of transition metal
complexes. These phenomena occurring within a few hundred femtoseconds
are investigated experimentally by ultrafast picosecond and femtosecond
transient absorption or luminescence spectroscopies, and optical laser pump−
X-ray probe techniques using picosecond and femtosecond X-ray pulses. The
interpretation of ultrafast structural changes, time-resolved spectra, quantum
yields, and time scales of elementary processes or transient lifetimes needs
robust theoretical tools combining state-of-the-art quantum chemistry and
developments in quantum dynamics for solving the electronic and nuclear
problems. Multimode molecular dynamics beyond the Born−Oppenheimer
approximation has been successfully applied to many small polyatomic
systems. Its application to large molecules containing a transition metal atom
is still a challenge because of the nuclear dimensionality of the problem, the high density of electronic excited states, and the
spin−orbit coupling effects.
Rhenium(I) α-diimine carbonyl complexes, [Re(L)(CO)3(N,N)]

n+ are thermally and photochemically robust and highly flexible
synthetically. Structural variations of the N,N and L ligands affect the spectroscopy, the photophysics, and the photochemistry of
these chromophores easily incorporated into a complex environment. Visible light absorption opens the route to a wide range of
applications such as sensors, probes, or emissive labels for imaging biomolecules. Halide complexes [Re(X)(CO)3(bpy)] (X = Cl,
Br, or I; bpy = 2,2′-bipyridine) exhibit complex electronic structure and large spin−orbit effects that do not correlate with the
heavy atom effects. Indeed, the 1MLCT → 3MLCT intersystem crossing (ISC) kinetics is slower than in [Ru(bpy)3]

2+ or
[Fe(bpy)3]

2+ despite the presence of a third-row transition metal. Counterintuitively, singlet excited-state lifetime increases on
going from Cl (85 fs) to Br (128 fs) and to I (152 fs). Moreover, correlation between the Re−X stretching mode and the rate of
ISC is observed.
In this Account, we emphasize on the role of spin-vibronic coupling on the mechanism of ultrafast ISC put in evidence in
[Re(Br)(CO)3(bpy)]. For this purpose, we have developed a model Hamiltonian for solving an 11 electronic excited states
multimode problem including vibronic and SO coupling within the linear vibronic coupling (LVC) approximation and the
assumption of harmonic potentials. The presence of a central metal atom coupled to rigid ligands, such as α-diimine, ensures
nuclear motion of small amplitudes and a priori justifies the use of the LVC model. The simulation of the ultrafast dynamics by
wavepacket propagations using the multiconfiguration time-dependent Hartree (MCTDH) method is based on density
functional theory (DFT), and its time-dependent extension to excited states (TD-DFT) electronic structure data. We believe that
the interplay between time-resolved experiments and these pioneering simulations covering the first picoseconds and including
spin-vibronic coupling will promote a number of quantum dynamical studies that will contribute to a better understanding of
ultrafast processes in a wide range of organic and inorganic chromophores easily incorporated in biosystems or supramolecular
devices for specific functions.

1. INTRODUCTION

Ultrafast excited state processes play a central role in the
photophysics and photochemistry of transition metal com-
plexes.1−7 Understanding and controlling the decay pathways
via the low-lying singlet and triplet states manifold within the
first 100 ps is key to their resourceful applications in photonics.

Most of the time very short-lived metal-to-ligand-charge-

transfer (MLCT) states control the kinetics of singlet−singlet

and triplet−triplet internal conversion (IC) and singlet−triplet
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intersystem crossing (ISC) occurring immediately after light
absorption within a few tens of femtseconds to a few tens of
picoseconds.8 Solvation dynamics and presence of low-lying
metal-centered (MC) or intraligand (IL) charge transfer states
may take part in the complicated mechanism of deactiva-
tion.9−14

Ultrafast picosecond and femtosecond transient absorption
or luminescence spectroscopies and optical laser pump-X-ray
probe techniques using picosecond and femtosecond X-ray
pulses are the experiments of choice for deciphering the
molecular electronic and conformational changes in real
time.15−18 Interpretation of time-resolved spectra and data
from these sophisticated techniques needs solid developments
in theory. Quantum chemistry has to handle high densities of
various close-lying electronic excited states in a limited domain
of energy (within 1.5 eV or 12 000 cm−1) including relativistic
effects, especially spin−orbit coupling (SOC).19−21 Quantum
dynamics has to treat dynamical processes that are not confined
to a single electronic potential energy surface and that violate
the Born−Oppenheimer separation of electronic and nuclear
motions, taking into account nonadiabatic coupling between
two or more electronic states via several vibrational modes.22

Various methods of electronic structure theory are able to
calculate electronic excited states and potential energy curves in
transition metal complexes. Time-dependent density functional
theory (TD-DFT)23−25 and complete-active-space self-consis-
tent-field (CASSCF)26 combined with CAS-perturbation
second order (CASPT2)27,28 are among the most popular
methods for computing electronic excited states and associated
nuclear forces in this class of molecules with reasonable
accuracy. The bottleneck is the computation of accurate
multidimensional potential energy surfaces, seat of the ultrafast
dynamics observed in time-resolved experiments. In order to
bypass these difficulties two strategies can be considered: (i) ab
initio molecular dynamics where efficient electronic structure
methods are coupled to classical trajectory-based approaches;29

(ii) quantum dynamics where both electronic and nuclear wave
functions are treated exactly within a given level of
approximation.22,30−32 Molecular dynamics, usually coupled to
DFT methods and extended recently to the nonadiabatic
regime,29,33,34 is adapted to large systems involving a restricted
number of active electronic excited states in the dynamical
process. The applicability of the full quantum approach is

limited by the nuclear dimensionality and requires very robust
electronic structure methods for excited states.35 An additional
difficulty in transition metal complexes is the simultaneous
treatment of nonadiabatic and spin−orbit coupling.36−39
A recent promising approach, applied5 to the spin crossover

complex [Fe(bpy)3]
2+,5 has been developed by C. M. Marian et

al.40,41 This method is based on time-dependent calculations of
ISC rates in the multimode harmonic oscillator and Condon
approximations and beyond, where the electronic spin−orbit
matrix elements depend linearly on the nuclear coordinates
within a spin-vibronic coupling scheme. The ISC rate can be
decomposed into three contributions, namely, direct, mixed
direct-vibronic, and vibronic.
The first simulation based on TD-DFT energies and forces

(gradient and Hessian) computed on-the-fly and introducing
both vibronic and SO coupling effects into the Tully’s trajectory
surface hopping algorithm has been able to reproduce
semiquantitatively the ultrafast relaxation of the photoexcited
1MLCT state of [Ru(bpy)3]

2+ (bpy = 2,2′-bipyridine) followed
by ISC to the lowest 3MLCT state.42

Combined effects of Jahn−Teller (JT) and SOC on the
adiabatic PES and electronic spectra of a series of first-row
transition metal halides MF3 (M = Mn, Co, Ti, Cr, and Ni)
have been recently investigated from first-principles methods
based on the derivation of a Hamiltonian expanded up to linear,
quadratic, and higher order in normal mode displacements
active for JT distorsions and including SO up to first order in
these modes.36,43 This original work has put in evidence SO
induced JT distorsions not detectable by the standard model in
which SOC is considered as a static property independent of
the nuclear motion.
These pioneering dynamical simulations performed on

transition metal complexes are far from being routine and
need specific developments to be applicable to a wide range of
systems and ultrafast phenomena circumscribed by spin-
vibronic coupling.
In order to decipher the photophysics of rhenium(I)

tricarbonyl complexes, [Re(X)(CO)3bpy)] (X = Cl, Br, or I;
bpy = 2,2′-bipyridine), recently investigated by means of
ultrafast luminescence spectroscopy,18 we have developed an
effective matrix Hamiltonian for solving an 11 electronic excited
states multimode problem including vibronic and SO coupling
within the simplified linear vibronic coupling (LVC) model and

Figure 1. (a) Luminescence spectrum of [Re(Br)(CO)3bpy] in CH3CN measured at selected time delays after 400 nm excitation. (b) Two-
dimensional plot of time-resolved luminescence spectrum of [Re(Br)(CO)3bpy] in CH3CN measured after 400 nm excitation. Adapted with
permission from ref 18. Copyright 2008 American Chemical Society.
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the assumption of harmonic diabatic potentials.22,30 Our aim is
to shed light on the following fundamental questions: (i) Why
does the singlet excited-state lifetime counterintuitively increase
on going from chloride (85 fs) to bromide (128 fs) and iodide
(152 fs), whereas SOC between the singlet and triplet states
increases within the series? (ii) How can we explain the
correlation observed between the ISC kinetics and vibrational
period of the Re−X stretching mode in similar complexes? (iii)
How can we interpret the time-resolved luminescence spectra
observed in CH3CN after absorption at 400 nm, namely, a band
between 500 and 550 nm (τ1 80−150 fs), an intermediate band
at about 600 nm (τ2 0.3−1.2 ps), and a long-lived signal at
600−610 nm (τ3 ≈ 10 μs) (Figure 1)?

2. QUANTUM CHEMISTRY OF [Re(Br)(CO)3bpy)]

The details about the electronic properties of the series
[Re(X)(CO)3bpy)] (X = Cl, Br, I) can be found in recent
articles by Zaĺis ̌ et al. and by us.18,19,44−46 By combining
spectroscopic measurements and CASSCF/MS-CASPT2 and
TD-DFT calculations, we have shown that whereas both spin-
free and spin−orbit quantum chemical calculations simulate
UV−vis electronic spectra of [Re(X)(CO)3bpy)] (X = Cl, Br,
or I) complexes in a reasonable agreement with experiment,
they give a very different interpretation of the absorption bands
and only the SO treatment can account for the observed
spectral features.44,46 Going further we computed the spin−
orbit coupled TD-DFT potential energy curves as a function of
the Re−X bond elongation, as well as of the Re−X bond
stretching modes, for the electronic ground state and the lowest
excited states of [Re(X)(CO)3(bpy)] (X = Cl, Br, or I) taking
into account solvent effects.19,46 When SOC is activated the five
lowest electronic excited states, S1, S2, T1, T2, and T3, the
electronic densities of which are depicted in Scheme 1 for
[Re(Br)(CO)3(bpy)], generate 11 “spin−orbit” states of mixed
metal-to-ligand-charge-transfer MLCT/halide-LCT character
within 0.5 eV, see Scheme 2 and Figure 2 further below.
According to the spin Cs double group symmetry rules, T1

and T3 (3A″) states generate two A′ and one A″ “spin−orbit”
states, T2 (3A′) generates two A″ and one A′ “spin−orbit”
states, S1 (1A″) generates one A″ state, and S2 (1A′) generates
one A′ state. The two lowest A′ and A″ states, E1 and E2, are
degenerate and composed of 66%T1 and 30%T2, whereas the
next states, E3 (A′) and E4 (A″), are composed of 85%T1/11%
S2 and 44%S1/50%T2, respectively. E5 and E6 of A″ and A′
symmetry, respectively, and counterparts of E1, E2, are
degenerate, and are composed of 67%T2 and 31%T1. E7
(A″) is the counterpart of E4 and is composed of 51%T2 and
48%S1. The upper state E8 of symmetry A′ is characterized by

an oscillator strength of 0.036 and is described by 70% of the
S2 (1A′) absorbing state, with a contribution of 10% from T3
(3A″). The E9 (A″) and E10 (A′) remain of quasi-pure triplet
character (95% T3), while E11 (A′) is the counterpart of E8
with 82%T3/16%S2.
From the lowest electronic excited state optimized geo-

metries, we can extract seven minima after perturbative SOC
treatment of each state in its optimized structure.46 From these
electronic structure calculations performed in CH3CN, we have

Scheme 1. Change of Electronic Density Induced by Excitation of the Electronic Ground State of [Re(Br)(CO)3(bpy)] in the
Lowest Singlet (S1 and S2) and Triplet (T1, T2, and T3) Excited Statesa

aIn red, loss; in green, gain.

Scheme 2. Representation of the Interplay of Intersystem
Crossing (ISC) and Internal Conversion (IC) Mechanisms
within the Singlet and Triplet Manifolds of
[Re(Br)(CO)3(bpy)]

Figure 2. (a) Diabatic potential energy curves along Q7. Each triplet
state is triply degenerate. (b) Corresponding adiabatic potential energy
curves. (c) Calculated absorption spectrum with its envelope after
excitation of the S2 state. S2 (E8) is the strongly absorbing A′ state.

Accounts of Chemical Research Article

DOI: 10.1021/ar500369r
Acc. Chem. Res. 2015, 48, 809−817

811

http://dx.doi.org/10.1021/ar500369r


proposed the following qualitative mechanism for the
deactivation pathway of [Re(Br)(CO)3(bpy)]. At very short
time-scale, the activation of the Re−Br normal mode in S2,
strongly correlated to the τ1 time-scale (128 fs), initiates the
decay to S2 minimum and S1/T2. The four upper “spin-orbit”
states of A′ and A″ symmetries are potentially luminescent in
the 510−550 nm energy domain. As soon as S1 and T1 are
populated within the τ2 time-scale (470 fs) correlated to SOC,
the two “spin-orbit” states A″ and A′ calculated at 572 and 582
nm can luminesce as well at about 580 nm. The only purely
phosphorescent state is the “spin-orbit” state calculated at 610
nm that contributes to the long time-scale decay observed at
600−620 nm. Exploratory wavepacket propagations on spin−
orbit coupled potential energy curves has been able to simulate
partly the ultrafast ISC process observed experimentally via the
A′ channels pointing to the importance of vibronic spin−orbit
coupling in transition metal complexes. This study46 proposed
a new picture for a comprehensive understanding of ultrafast
ISC processes in transition metal complexes. However, the one-
dimensional “spin-orbit” potential energy curves give a crude
approximation of the complicated set of potential energy
surfaces underlying the ultrafast decay mechanism after
irradiation to S2. Indeed conical intersections may be present
in the adiabatic multidimensional PES and vibronic coupling
should play a role in the decay mechanism.
In this Account, we report the first quantum dynamical

simulation of ultrafast nonradiative decay in the prototype
transition metal complex [Re(Br)(CO)3(bpy)], involving the
five low-lying singlet and triplet excited states. The multimode
dynamics of these five low-lying excited states are investigated
on the basis of DFT and TD-DFT electronic structure data
taking into account SOC in a spin-vibronic coupling model.

3. THEORETICAL BACKGROUND AND
METHODOLOGY

3.1. The Model Hamiltonian

Five low-lying “spin-free” singlet and triplet excited states of
[Re(Br)(CO)3bpy] are in the energy domain close to the
experimental 400 nm (3.10 eV) excitation energy, namely, S2
(a1A′) calculated at 3.13 eV (399 nm) with an oscillator
strength f = 5.1 × 10−2, S1 (a1A″) calculated at 2.96 eV ( f =
0.17 × 10−2), and the lowest triplets T3 (b3A″), T2 (a3A′), and
T1 (a3A″) calculated at 3.22, 2.93, and 2.84 eV, respec-
tively.44,46

In the Pauli approximation, the electronic Hamiltonian Hel is
expressed as the sum of the nonrelativistic (electrostatic), Hes,
and the “spin−orbit”, HSO, Hamiltonians:

= +H H Hel es SO

The Hes Hamiltonian contains the energy of the “spin-free”
states as diagonal elements (triply degenerate for the triplets),
while the HSO Hamiltonian is comprised of the SOC off-
diagonal terms. If one diagonalizes the Hel Hamiltonian, one
recovers the energy of the “spin-orbit” states.
The 11 × 11 (2 singlets + 3 × 3 triplet components) total

Hamiltonian is expressed as

= +TH 1 HN
el

where TN is the kinetic energy of the nuclei, 1 is the identity
matrix, and Hel depends on the nuclear coordinates. Within the
vibronic coupling approach,22 the effective matrix Hamiltonian
reads

= + +T VH 1 W( )N 0

where V0 is the ground state potential energy surface, here
taken to be harmonic with vibrational frequencies ωi along
dimensionless normal coordinates Qi determined from the
electronic structure calculations at the ground state equilibrium
geometry (Franck−Condon point, FC). The matrix Hamil-
tonian W contains the spin−orbit coupling terms plus the
vibronic coupling terms. The vibronic coupling terms are
obtained from a Taylor expansion of the “spin-free” potential
energy surfaces up to first order around FC.22

The multistate vibronic interactions within the set of the five
“spin-free” electronic excited states (n = 1−5) are deduced
from the diabatic electronic representation including all
pertinent coupling terms, namely, the intrastate κn and
interstate λn,m vibronic coupling constants between the n and
m electronic states and the (complex-valued) ηn,m SOC
constants deduced from the electronic structure calculations.
Within the LVC approach, the nonvanishing intrastate κn and
interstate λn,m coupling constants are those for which the
product of the irreducible representations of states n and m and
of the nuclear normal mode coordinate Qi contains the totally
symmetric representation ΓA (A′ in Cs):

Γ ⊗ Γ ⊗ Γ ⊂ Γn Q m Ai

In the Cs symmetry point group, only vibrational modes of a′
symmetry can have nonvanishing κn coupling constant while
only a″ vibrational modes will contribute to the off-diagonal
coupling λn,m. The coupling constants can be obtained from the
following expressions22 evaluated at Qi = 0:

κ =
∂
∂

V
Qi

n n

i

λ = ∂
∂

| − |
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟Q

V V
1
8

( )i
n m

i
m n

,
2

2
2

1/2

where Vn is the adiabatic potential energy surface of the “spin-
free” state n. That is, only the gradients and the Hessians at FC
are needed within this model. The SOC will generally also
depend on the nuclear displacements. However, they are kept
constant here, that is, the FC values are used. With those
ingredients, the unitary potential energy matrix, W, is

*

*

* *

* *

=

⎛

⎝

⎜⎜⎜⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟⎟⎟

W

W W W

W W W W

W W W

W W W W

W W W

0 0

0

0 0

0

0 0

T1,T1 T1,T2 T1,S2

T1,T2 T2,T2 T2,S1 T2,T3

T2,S1 S1,S1 S1,S2

T1,S2 S1,S2 S2,S2 S2,T3

T2,T3 S2,T3 T3,T3

where the asterisk stands for the conjugate transpose and with
the submatrices
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In each submatrix, the triplet components are ordered by
ascending ms values. En is the vertical excitation energy of the
“spin-free” state n. Note that some of the zeros inW come from
(Cs) symmetry constraint and others from the fact that the
corresponding computed coupling constants have very small
values and are thus disregarded in the present study. In
addition, coupling to higher lying states, in particular S3 and
T4, is not included in the study along with the T2/T3 vibronic
coupling neglected here (see WT2,T3 above). Note that T3 is of
ILbpy nature, in contrast to all other states of MLCT/XLCT
nature (see Scheme 1), and is included here mainly because it
contributes to the “spin-orbit” absorbing state E8.
The proposed model Hamiltonian is probably the simplest

one that can be constructed with only relatively few electronic
structure data (all obtained at FC), but still treating explicitly all
triplet components and thus accounting for the triplet’s
multiplicity.

3.2. Electronic Structure Data

The detailed data of the electronic structure calculations are
reported elsewhere.46 All the data used in the present work
have been determined by means of DFT and TD-DFT
methods including polarized continuum model (PCM)47,48

solvent corrections and using the functional B3LYP49 with all
electrons and triple-ζ basis sets.50 The scalar relativistic effects
have been taken into account within the zero-order regular
approximation (ZORA).51 The SOC effects have been
introduced according to a simplified relativistic perturbative
TD-DFT formalism.52 The TD-DFT calculations have been
validated by accurate CASSCF/multistate-CASPT2 methods.44

3.3. Wavepacket Propagation by MCTDH

The time-dependent Schrödinger equation for the nuclei is
solved by employing the MCTDH method.53−55 Here, the
multiconfiguration nuclear wave function is expressed as a
Hartree product of time-dependent basis functions, known as
single-particle functions. The wavepacket ansatz adapted to the
present nonadiabatic problem corresponds to the multiset
formulation.54 The Heidelberg MCTDH Package56 is used
(version 8.4.9).

4. RESULTS

4.1. Vibrational Modes Selection

The gradients and Hessians of the energy have been computed
analytically and numerically, respectively, at the FC geometry,
to evaluate the κn and λn,m coupling constants. The [Re(Br)-
(CO)3bpy]

+ complex possesses 78 internal degrees of freedom,
among which 41 are of a′ symmetry and 37 are of a″ symmetry.
All of the computed κn and λn,m values are small, order of 10−2

to 10−3 eV. This is not surprising because the molecule is quite
rigid, and moreover S1, S2, T1, and T2 are characterized by the
same electronic structure. Based on the κn and λn,m values, only
six nuclear degrees of freedom, four a′ and two a″ modes, are
included in the present dynamical study. The corresponding
values entering the model Hamiltonian are provided in Table 1.
The four a′ modes are divided in two groups. The first one
includes the two vibrational modes, ν11 and ν13, that involve
stretching of the Re−Br bond; the modes are labeled according
to increasing frequency. They are calculated to have frequencies

Table 1. List of the Parameters Entering the Model Hamiltoniana

mode ω κ

S1 S2 T1 T2 T3

7 (a′) 0.0116 −0.0172 0.0187 −0.0161 0.0190 0.0015
11 (a′) 0.0188 0.0090 0.0091 0.0002 −0.0006 0.0056
13 (a′) 0.0229 −0.0289 −0.0271 −0.0261 −0.0322 0.0133
30 (a′) 0.0792 −0.0187 0.0404 −0.0196 0.0433 0.0033

mode ω λS1S2 λT1T2

8 (a″) 0.0118 0.0114 0.0086
23 (a″) 0.0601 0.0237 0.0190

State E η

state calcd adjd

S1 (A″) 2.96 2.94 S1T2 0.0769 + 0.0186i
S2 (A′) 3.13 3.11 S2T1 −0.0719 − 0.0196i
T1 (A″) 2.84 2.81 S2T3 0.0274 + 0.0056i
T2 (A′) 2.93 2.93 T1T2 0.0719 + 0.0177i
T3 (A″) 3.22 3.22 T2T3 −0.0270 + 0.0046i

aValues are given in eV. E is the vertical excitation energy. Calcd indicates the calculated values from ref 46. Adjd indicates the adjusted values used
in this work.
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of ω11 = 152 cm−1 and ω13 = 185 cm−1. They both exhibit
contributions of motion of the bpy moiety. The largest Re−Br
stretch contribution is by far for the ν11 mode; it is relatively
small for ν13. These modes are included in the present
treatment because of the experimentally found correlation
between excited state lifetimes and the Re−Br vibrational
frequency.18 In fact, these two modes do have κn of the same
sign for S1, T1, S2, and T2, meaning that they shift all those
electronic states toward the same direction. This common sign
is again not surprising, since we are dealing with charge transfer
to the bpy (except T3): they all react the same if we stretch the
Re−Br bond. However, the strongest nonadiabatic effect is
obtained when the κn have opposite signs and largest absolute
values. This is achieved here for two other a′ modes, ν7 and ν30
of frequency ω7 = 94 cm−1 and ω30 = 638 cm−1. These modes
both involve motion of the carbonyl groups. These motions of
the CO groups have a different impact on the dxy (involved in
S0−S2/T2 transitions) and dyz (involved in S0−S1/T1
transitions) orbitals of the metal, leading to the opposite sign
in the coupling constants.
Among the a″ modes, a large number of them do not have a

λn,m coupling constant that leads to a coupling (the computed
values are purely imaginary, meaning that S1/S2 on the one
hand and T1/T2 on the other hand do not repel each other.)
Interestingly, some modes are found at this level of description
that couple at the same time S1 with S2 and T1 with T2. Large
coupling constants are found for ν8 (ω8 = 95 cm−1) and ν23
(ω23 = 485 cm−1). These are both modes that involve
symmetry breaking motions of the carbonyl groups. They are
the nontotally symmetric companions of the totally symmetric
ν7 and ν30.
These six modes are included for the study of the quantum

dynamics of the [Re(Br)(CO)3bpy] complex to gain access to
the absorption spectrum and short-time electronic population
dynamics.

4.2. Potential Energy Surfaces and Absorption Spectrum

The diabatic potential energy surfaces are used for the quantum
dynamics. They are shown in Figure 2a along a single
vibrational mode, Q7. In Figure 2b, the 11 corresponding
adiabatic potential energy curves are provided. These curves are
obtained from the diagonalization of the diabatic Hamiltonian
matrix. Figure 2c displays the associated absorption spectrum
that is evaluated as the Fourier transform of the autocorrelation
function obtained with MCTDH.54 A total propagation time of
1 ps is used, after excitation of the S2 state.
In our calculations, we have used slightly adjusted vertical

transition energies for S1, S2, and T1, see Table 1, variation of
0.03 eV at most. These values are adjusted in order to recover
the computed transition energies of the “spin-orbit” states at
FC. Indeed the state T4, excluded from the present study,
interacts by spin−orbit with these three states. Its static effect is
thus taken into account indirectly when using the adjusted
values.
The diabatic potential energy curves (Figure 2a) show the

intersections between S1/S2 and T1/T2. The vibronic off-
diagonal term allows population transfer between these states.
In contrast to the regular vibronic coupling Hamiltonian
without SOC, the adiabatic energies at FC are vertically shifted
by constant values here, values directly related to the SOC
constants. The E1/E2 and E9/E10 states remain degenerate,
and S2 contributes mainly to E8 (70%) at 3.13 eV and slightly

to E11 (16%) and E3 (10%). See section 2 and ref. 46 for the
description of the spin-adiabatic states.
The spectra computed after transition to the diabatic S2 state

are characterized by three bands, corresponding to E1−E3 at
∼2.76 eV, E7/E8 at ∼3.10 eV, and E9−E11 at ∼3.22 eV. E4−
E6 do not contribute to the absorption. Regarding the E7/E8
band, one can see that absorption occurs below the minimum
of E8(A′) along Q7. Indeed, the global minimum within our six
dimensional potential is lower in energy. Furthermore, some
intensity is borrowed from the A″ E7 state by vibronic
coupling. The vibrational progression, which can be seen in the
E1−E3 band, corresponds to the ν7 low frequency. In the E7/
E8 band, it is more intricate; ν11 and ν13 modes do contribute
to the absorption band.
4.3. Excited-State Population Dynamics

The evolution of the diabatic electronic populations as a
function of time is shown in Figure 3 after initial excitation of

S2. For convenience, the populations of the individual triplet
components are summed over. The S2 population decreases
very rapidly, within 10−20 fs, to reach a value of ∼50%. This is
purely due to the SOC to T1 and T3. The fast oscillations in
T1 and T3 are directly related to the strength of the SOC. After
this initial decay, the S2 population further decays until ∼320
fs, while the population of T1 remains rather constant. Indeed,
this S2 decay is due to SOC to T2 (A′ component) in addition
to vibronic coupling to S1. S1 in turn populates T2 (A″
components) due to strong S1/T2 SOC. The population of the
T3 state, which lies above S2, decreases slowly after 20 fs.
Around 350 fs, we do see a recurrence in the T1 (and S2)
population. In fact, this corresponds to the period associated
with ν7 and twice that of ν13. That is, after 350 fs our results can
no longer be exploited: additional nuclear degrees of freedom
would have killed those recurrences. This also goes in line with
the small value of vibronic coupling with respect to the SOC
(see Table 1). This strongly suggests that the population
dynamics at longer time is not governed by some particular
vibrational modes but rather by collective effects.
It is also very instructive to analyze the evolution of the

adiabatic populations (Figure 4). These are calculated from the
diabatic ones with MCTDH by using the Monte Carlo
integration scheme with default parameters.56 At time zero,
E8, E3, and E11, all of A′ symmetry, are initially populated

Figure 3. Diabatic electronic populations as a function of time. The
triplet components are summed over. The S2 population drops very
quickly due to SOC and then evolves further due to vibronic coupling.
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because they have contributions from the S2 state of 70%, 10%,
and 16%, respectively (see section 2).46 The first observation is
that these adiabatic populations do not oscillate as the diabatic
ones do. This is not surprising since the (constant) SOC acts in
the adiabatic picture as diagonal contributions to the
Hamiltonian: it does not induce population transfer anymore.
In Figure 4, we observe that only four “spin-orbit” states are

significantly populated. In particular, we see that the population
of E8 is mainly transferred to a single other “spin-orbit” state,
E7 (A″). This state is composed of 51%T2 and 48%S1 and is
populated because of the S1/S2 vibronic coupling and S2/T2
SOC. The E8 population drops up to 0.3 in ∼180 fs and then
stays constant up to 350 fs. The E8 and E7 adiabatic population
curves cross at about 130 fs. The population of E3, composed
of 85% T1, remains almost constant, as the diabatic population
of T1 does. In fact it increases very slowly, with a large time
constant. Finally, the population of E11 (82% T3) decreases
slowly to repopulate E8.
The E8 state has been calculated to emit (relaxed excited

state geometry) at 505 nm, the E3 state at 600 nm, the E11
state at 490 nm, and the E7 state at 580 nm.46 Upon absorption
at 400 nm used in experiment,18 the E8 state is populated. The
nuclear relaxation within this state, together with E11, will be
responsible for the ∼500 nm emission band. The population of
the vibronically coupled E7 state within the first 130 fs
correlates with the observed emission around 580 nm. The E3
state explains the long-lived 600−610 emission band. Of course
the phosphorescent E1 and E2 states will also contribute (95%
T1). They are however very weakly populated using the present
model because of the very small T1/T2 vibronic coupling
constant.
The time scales of the present study, for example, the ∼130−

180 fs decrease (rise) time of the E8 (E7) state population, are
in the same order as the τ1 = 128 fs deduced from the time-
resolved emission spectra,18 which is satisfactory given the
model used. The second measured decay time τ2 = 470 fs
cannot be studied here because of our reduced dimensionality
approach, which leads to recurrences in the population
dynamics. Other vibrational modes need to be included, in
particular for the T1/T2 coupling, and to avoid the recurrences.

5. CONCLUSIONS

In this Account, we have shown that it is possible to construct a
model Hamiltonian to study the quantum dynamics of
transition metal complexes involving several electronic states
and accounting for both spin−orbit and vibronic coupling. This
model Hamiltonian requires limited data from electronic
structure calculations. While we have applied it in its simplest
form, it is possible to systematically increase its complexity to
account for additional effects. The first application to the study
of the ultrafast relaxation in the [Re(Br)(CO)3(bpy)] complex
after excitation at 400 nm allows us to confirm that the fast
decay of the initially populated electronic state is mainly due to
vibronic coupling, with a time scale on the order of the
experimentally found one. This study shows that, rather than
important contributions of some few vibrational modes, it is
collective effects that play a key role in this class of complexes.
Inclusion of additional degrees of freedom and possibly higher
order terms in the Hamiltonian, and comparison with the study
of the [Re(X)(CO)3(bpy)], X = Cl or I, complexes will allow
us to analyze in more detail the interplay between spin−orbit
and vibronic coupling in transition metal complexes using a full
quantum treatment.

■ AUTHOR INFORMATION

Corresponding Authors

*E-mail: egindensperger@unistra.fr.
*E-mail: c.daniel@unistra.fr.

Notes

The authors declare no competing financial interest.

Biographies

Julien Eng graduated in Physical Chemistry from the University of
Strasbourg. Since 2012, he has been a Ph.D. student in the Laboratoire
de Chimie Quantique Strasbourg. Current interests are theoretical
studies of isomerization pathways in organic and inorganic systems
from both the quantum chemical and quantum dynamical
perspectives.

Christophe Gourlaouen received his Ph.D. (2006) from the
University Pierre & Marie Curie, Paris. In 2007, he joined ICQC,
Tarragona, Spain, where he performed post-doctoral research with
Feliu Maseras and then moved in 2008 to the CEA. Since 2010, he has
been CNRS-researcher at the Laboratoire de Chimie Quantique,
Strasbourg, as Charge ́ de Recherche. Current interests are electronic
structure in transition metal complexes, bonding in polymetallic
systems, and more recently luminescent properties.

Etienne Gindensperger received his Ph.D. in 2004 from the
Universite ́ Paul Sabatier, Toulouse, France. He then joined the
Theoretical Chemistry group of the University of Heidelberg,
Germany, as a Alexender von Humbold fellow. Since 2007, he has
been CNRS-researcher at the Laboratoire de Chimie Quantique,
Institut de Chimie, Universite ́ de Strasbourg. Current interests are
focused on the theoretical description of ultrafast photoinduced
processes in organic and inorganic systems.

Chantal Daniel received her Ph.D. in 1985 from the University of
Strasbourg. She joined the group of Keiji Morokuma at IMS, Okazaki,
Japan, in 1986 as JSPS fellow and then the IBM Department in
Kingston, NY, USA, as postdoctoral associate of Michel Dupuis in
1988. Since 1999, she has been CNRS-researcher at the Laboratoire de
Chimie Quantique as Directeur de Recherche. Current interests are
excited state properties in transition metal complexes and modeling

Figure 4. Adiabatic electronic populations as a function of time. The
E8 (A′) population decreases to populate E7 (A″) by vibronic
coupling. Only four adiatabic “spin-orbtit” states are significantly
populated in the first 350 fs.

Accounts of Chemical Research Article

DOI: 10.1021/ar500369r
Acc. Chem. Res. 2015, 48, 809−817

815

mailto:egindensperger@unistra.fr
mailto:c.daniel@unistra.fr
http://dx.doi.org/10.1021/ar500369r


and simulation of photochemical and photophysical properties of
molecules in complex environments.

■ ACKNOWLEDGMENTS
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challenges in the calculation of electronic excited states. ChemPhy-
sChem 2012, 13, 28−51.
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