Coordination Chemistry Reviews
171 {19981 4359459

Metal-to-ligand charge-transfer photochemistry: quantum
chemistry and dynamics of the systems RM(CQO);(DAB)
(M =Mn; R =H, methyl, ethyl; M=Re, R=H,
DAB =1,4-diaza-1,3-butadiene)

D. Guillaumont **, K. Finger ®, M. R. Hachey °, C. Daniel ®

* Laboratoire de Chimie Quantigue, UPR 139 du CNRS, Université Louis Pastenr,
4 Rue Blaise Pascal 67000 Strashourg, France
® Institut fiir Physikalische und Theoretische Chemie, Freie Universitit, 14195 Berlin, Germany
¢ University of Fredericton, Fredericton, N. B., Canada

Received 7 July 1997 received in revised form 14 August 1997, accepted 19 November 19%7

Contents
ABSITACL . . e e e e e 440
I Intreduction . .. .. .. ... e A4
2 Meodeland techniques . . . . . L 441
21 Modelsystemis . . ... L. 441
22 Excited states calculavions . . . . . .. L. 443
2.3, Siate correlation diagrams . . . . . .. ... L.l 443
24, Potemnial energy surfaces . . . ... L L L 443
2.5 Photodissociation dynamics . . . .. . L oL L L L 444
26, Properlies . . . . . . L 446
2 Results and disCUssion . . . . . . L L e 446
300 Excited stales . . . o L e e e e 446
311, Excited states of RMn{(COR(DAB} (R=H, metyl, ethyl} . . . ... .. ... .. 446
3.1.2. Excited states of HRe{COR(DABY . . ... ... . ... . ... ... ....... 448
3.2, Suate correlanion dI2@RAINS . . . . . . L L L e e . 48
3.3, Photodissocianion dynamics of HMna{COL(DABY .. . . ... ... ... . ... ... 452
3310 AbsoTption SPeciTum . . . L .. L. 452
332, Visibie photachemdstry . . . .. . L. oL 453
333 UV photochemistey © . . oo oo e 455
4, Conclusion . . . . . . . e e e e 48T
Acknowledgements . . . . . . ... L L. 45R
References . . . . . . e e e o A8

* Corresponding author.

O0H0-8545/98/532 .00 T 1998 Eisevier Science S.A. All rights reserved.
PIF SO010-8545(98)00024-1



440 D. Guiflaumont et al. : Coordination Chemistry Reviews 171 { 1998) 439 459

Abstract

The photedisseciation dynamics of the model system HMn(CO),(a-diimine}, representative
of a class of transition metal complexes characterized by low-lying metal-to-ligand charge-
transfer excited states, is reported for the following elementary processes: (i) absorption from
the singlet electronic ground state to the low-lying singlet excited states; (ii} dissociation on
nine kinetically coupled potentials corresponding to the low-lying singlet excited states and
to the upper triplet dissociative state; (ili} photodissociation under visible irradiation; (iv}
photodissociation under UV irradiation. By extension of the strategy applied with success to
small di- and tri-atomic molecules to multidimensional transition metal complexes, the
dynamics are simulated using a time-dependent wave packet propagation technique on ab
initio CASSCF/CCI potentials calculated along the Mn-H elongation for the singlet/triplet
excited states. The nature of the photoactive excited states is determined without ambiguity,
as well as the time scales and some important features of the absorption spectrum (either in
the UV region or in the visible region}. On the basis of this one-dimensional complete study
and on the calculation of the lowest excited states in RM{CQ),(DAB) (M =Mn and R=
methyl, ethyl; M = Re, R =H) a tentative rationalization of the photochemical and photophys-
ical properties of this class of molecules is proposed. © 1958 Elsevier Science S.A.

Keywords: MLCT Photochemistry; Quantum Chemistry; Excited state dynarmics

1. Introduction

According fo a number of experiments, the family of a-diimine mono- and
di-nuclear transition metal carbonyls show a dual deactivation process: they either
{1} photodissociate, leading to highly reactive intermediates, or {ii) manifest the
photophysics (including spectroscopy) of metal-te-ligand charge-transfer {MLCT)
complexes [1-6]. These two distinct behaviors may be used to promote selective
applications like catalytic activity or energy/electron transfers. Quite recently,
spectroscopy,  photophysics  and  photochemistry of a  series  of
M{L)(CO}s{a-diimine) complexes (M=Mn, Re), in which L represents a metal
fragment or alkyl groups bound to the metal by a high-lying o orbital. have been
studied in detail [7-9]. From these experimental studies, it was concluded that the
absorption spectra result mainly from the d {M)—n*{a-diimine) (MLCT) trans-
itiens. and that emission and homolysis reactions take place from a close low-lying
ol M-L}-o n*(e-diimine} (*LLCT } excited state.

In classical experiments, with long and monochromatic laser pulses, the UV-visible
spectra obtained are usually broad, featureless and without detailed assignments.
More sophisticated fast time-resolved infrared (TRIR} spectroscopy has been devel-
oped to follow the behavior of short lifetime intermediates [ 10]. However, according
1o recent pico-/femto-second experiments on [CpFe(CO),}, [11-15] there is consider-
able difficulty in distingunishing the early stage of the photodissociation (in the
femtosecond time scale) from the vibrational relaxation effects.

The exploration of the potential energy surfaces { PESs) associated with the excited
states contributing to the absorption/emission spectra and/or participating in the
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photodissociation process, by means of the time-dependent theory, offers promise
in helping to understand and analyze the sequence of events between the initial
excitation and the formation of the primary products.

In recent simulations, we extended the model proposed by Imre and coworkers
[16-20] for competitive bond breaking from simple linear triatomic ABC systems

AB+C—[ABCJ*>A +BC (H

to large transition metal compiexes. The photochemistry of organometallics is gov-
erned by intrameclecular vibrational energy redistribution {IVR )}, intersystem crossing
(ISC), internal conversion {I1C), direct dissociation (DD) on repulsive PESs in the
femtosecond time scale or indirect dissociation (ID). This complex network of
elementary processes has been considered under the time-dependent approach for a
series of model systems, each representative of a class of molecules [21-26]. The
aim of this contribution is to report recent advances, based on quantum chemical
calculations coupled with simulation of the photodissociation dynamics, in the field
of MLCT transition metal compounds. We have shown, in a preliminary theoretical
study of the photodissociation dynamics of HMn{CO);{ DAB), that the key to the
understanding of the photochemical behavior of the title complexes is the relative
position of the *LLCT {0,z —nd,,) state (responsible for the M-R bond homolysis)
with respect to the lowest *MLCT states corresponding to dn—nk,, excitations [27-
30]. This work reports a complete cne-dimensionat sirnulation of the photodissocia-
tion dynamics along the Mn-H bond elongation. [t was performed on the low-lying
non-adiabatically coupled singlet potentials (!LLCT and 'MLCT) which are also
coupled with low-lying triplet potentials (*LLCT and *MLCT) through spin--orbit
coupling. In order to rationalize the photochemical/photophysical behavior of this
class of molecules, state correlation diagrams connecting the low-lying singlet and
triplet excited states of RMn{CO);(DAB) (R =H, methy], ethy!) to the correspond-
ing states of Mn-R bond hemolysis primary products R +Mn{CO);(DAB) are
compared for the different fragments R. An analysis of spectroscopic properties of
this class of compounds is based on the state correlation diagrams and on the whole
dynamics simulation of the mode! system HMn(CO},(DAB}. A preliminary investi-
gation of the influence of the metal center is undertaken through the calculation of
the low-lying triplet and singlet excited states of HRe{CQ);(DAB).

2. Model and techniques
2.1. Model systems

The choice of the model systems has been motivated by experiments of the
Amsterdam group [1-9] and by our own preliminary studies based on the analysis
of the triplet potential energy curves calculated for the breaking of the metal-hydro-
gen bond and the departure of a carbonyl ligand in the model system
HM=n{CO);(DAB) [27-30].
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The photodissociation dynamics have been simulated for the fellowing primary
reaction:

HMn{CO}{ DAB) =~ H +Mn(CO),{DAB) (2)

The calculations have been performed under C; symmetry constraint for the 'A’
electronic ground state corresponding to the (¢)*(3dx?—p?y%(3d,,)%(3d,.)? electronic
configuration and for the low-lying !3A’ excited states corresponding to
(00(3d,- 22034, (3o (i)', (090340 0 (30,0430, P (meps)  and
(0)(3d,2_ 2)*(3d,,)*(3d,. (R4, )" clectronic configurations. The equilibrium con-
formations are depicted in Fig. 1.

Idealized geometries have been deduced from the ground state structures of
MnCI(CO)(DAB) [31] and of HMn{CO), [32]. The geometrical parameters details
are given elsewhere {33]. Geometrical relaxation effects in the lowest *MLCT state
and in the *LLCT state have been studied through gradient-CASSCF optimizations
for the hydride complex at the equilibrium (in the Franck-Condon region) and in
the asymptotic region of the Mn-H bond homolysis. The main structural deform-
ations consist of an elongation of the Mn-CO,, bond in the lowest a’A’
(3d,, >y, excited state (1.918 A in the ground state vs. 2.235 A in the excited
state} and in an elongation of the Mn- H bond in the d*A’ (oy.¢ — T,y ) excited state
(1.625 A in the ground state vs. 1.946 A in the excited state}. The main angular
deformations are less than 10° and other interatomic¢ distances change very little
[34,35]. Since we are interested by fast events {vertical transitions in the
Franck—Condon domain. direct dissocialions occurring m the femtosecond time
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Fig. |. ldealized geometry of RMn(CQ}{DAB) (R =H, Me. Ei).
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scale and ISCs occurring in the picosecond time scale) a systematic geometry optinti-
zation of the excited states has not been performed. In any cases, the geometrical
deformations on going from the equilibrium to the dissociated fragments
H +Mn{CO);(DAB) are not sufficiently significant to justify costly gradient calcula-
tions at a correlated level. Clearly, investigation of other photophysical properties
connected to excited states with long lifetimes {emission spectra) would need to take
relaxation effects into account, particularly in the low-lying triplet excited states.

2.2 Excited states calcilations

CASSCF {36] calculations, averaged over the low-lying states of a given symmetry
and spin, were performed in order to generate a set of molecular orbitals used in a
subsequent multireference CI [37]. Our interest centered mostly on the lowest excited
states corresponding to d—d, d—>n¥,, and o—-ak, excitations. Eight electrons were
correlated (the 3d electrons and the two electrons involved in the M~R bond) in
either ten (R =H, methyl) or nine {R = ethy!) orbitals corresponding to the 3d and
4d orbitals which correlate them, the oy 5 and o¥_; orbitals {o,, ; and o ; orbitals
respectively denote the molecular orbitals that are bonding and antibonding with
respect to the M~R bond) and the lowest n},,, orbital localized on the DAB group.
For each electronic state a monoreference CCI calculation was followed by a multi-
reference calculation, including all configurations with a coefficient larger than 0.08
in the monoereference CI. Single and double excitations to all virtual orbitals, except
the counterparts of the carbonyls and diimine 1s and the meta! s, 2s and 2p orbitals,
are included. The basis sets used are detailed elsewhere [33]. All electron calculations
have been performed for the manganese complexes, whereas relativistic effective
core potentials [38,39] {in the smail core approximation) have been used for the
rhenium complex.

2.3, State correlation diagrams

A step forward in understanding the mechanism of photochemical reactions of
organometallics was the use of state correlation diagrams [40-42], State correlation
diagrams are rather crude approximations to the PESs that connect the reactants
to the primary photochemical products. In this approach, one needs to identify first
the ground state and low-lying excited states of the reactants and of the primary
products. This can be done by either a qualitative energy level scheme or ab initio
calculations. State correlation diagrams for RMn(CO),(DAB} (R=H, methyl,
ethyl} and its primary products R + Mn(CO){ DAB) have been built on the basis
of spin and symmetry conservation rules [43). The relative CASSCF/CCI energies
of the different molecules in the ground state and in the low-lying singlet and triplet
states were used.

2.4. PESs

In its elementary form the photochemical behavior of the molecule under investiga-
tion can be modeled as a pseudotriatomic system with two coilinear dissociative
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bonds, g,=[Mn-H} and g,={Mn-CQ,,]. In the present work, however, caly the
simulation along the g, bond will be reported. A two-dimensional simulation is
reported elsewhere {44]. All other spectator modes are decoupled in this zero-order
approximation. This mode decoupling should be reasonable, at least for ultrafast
time scales {in the order of 100 fs) when initial energy remains stored in the dissocia-
tive bond(s). The photodissociation of HMn(CO).{x-diimine) (Eq. (2)} has been
studied under C, symmetry constraint (Scheme 1).

The potentials for the electronic ground states and the lowest excited states of
HMn(CO};(DAB} molecules are modeled by fitting analytical functions to
CASSCF/CCI ab initio points, with additional smoothing to aveid any obvious
artefacts, such as shaliow minima in the asymptotic domain. Details of the ab initio
calculations { basis sets, size of the CI, CASSCF reference wavefunctions) are detailed
elsewhere [44]. The choice of the electronic states selected for simulating the
dynamics is governed by the oscillator strengths associated to the low-lying singlet
states. The first step of the simulation is the construction of the theoretical absorption
spectrum. For this, one needs the potentials correspending to the electronic ground
state and to the lowest spin (singlet} and symmetry-allowed transitions. Photo-
dissociaticn dynamics investigation is based on potentials corresponding to bound
angd dissociative electronic states either coupled non-adiabatically (singlets} or cou-
pled by spin—orbit interaction (singlets—triplets).

2.5. Photodissociation dynamics

The photoabsorption and the subsequent bond breaking described in the reaction
given in Eq. (2) are simuiated by propagation of selected wavepackets ¥,(g,, f} on
the potentials corresponding to the e excited states. The time evolution of the
wavepackets is obtained by solving the time-dependent Schrédinger equation:

m(% ¥, (g,. ) =(Tou + VI¥.(q0. 1) 3)

with the initial conditions

?:(Qa' £=0):#e¢gs.0(qa) (4)

where 4, is the electronic transition moment between the ground state (gs) and the
excited state e. @y, o(4,) represents the one-dimensional vibrational ground wavefunc-
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tion of the electronic ground state evaluated through the Fourier grid Hamiltonian
method [45,46]. The solution of the time-dependent Schrodinger equation (Eq. (3))
is obrained by the second-order-differential propagation scheme with
Ar=7.0x= 1073 s [47].

The absorption spectrum o,,, is obtained by the Fourier transform of the total
autecorrelation function §,.{(¢f) summed over the individual autocorrelation func-
tions corresponding to each excited state e

Gron(0) L0 ( dr 51, (1) (5)
where
Seorl) =2, {F(MN¥ (1)) {6)

and E, represents the energy of the mitial wave packet on the electronic state e.
The kinetic part of the Hamiltonian of the system, expressed in bond coordinates,
is given by
# &t
Tpp=— — (7)
T 2, o4

where p, 18 the reduced mass corresponding to the bond g,. The propagations
are based on representations of ¥,{g,, ¢} on one-dimensionai grids corresponding to
the reaction coordinate with the following parameters: ¢, =g, +(—1}Aq,,
gay=1.021u, Ag,=0.1 a.u. with 1<ig 512

When the spin-orbit interaction between two electromic states k and k', defined
by the spin—orbit coupling diabatic matrx element

Vie =<(E0H )58 (8)

is included for the description of singlet to triplet radiationless transitions, the time
evolution of the wavepackets ¥, (qg,, !} in the diabatic representation is evaluated by
solving a set of coupled time-dependent Schrodinger equations [23,24]

¥ _
ifz‘«t;{—“{qa.. D=H P4, D+ T V% (9)

kK#Fks

with specific initial conditions and a constant value for the spin—orbit coupling
potential calculated, using the effective one-electron operator, on the basis of a
restricted full CI scheme as described in detail in Ref. [48].

When several potentials are coupled non-adiabatically {(symmetry-avoided cross-
ings), the time evolution of the wave packer ¥, {q,, ) in the diabatic representation
is obtamed by solving the set of coupled time-dependent Schrodinger equations
(Eq. (9)), where Vi, are the diabatic potential couplings obtained by a unitary
transformation which shifts the kinetic couplings of the adiabatic representation
into the potential matrix [29]. The kinetic couplings are expected to be sharply
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peaked around the aveided crossings regions and are approximated by asymmetric
Lorentzians.

2.6. Properties

Several techniques are used to analyze the resulting wavepackets and to derive
various properties useful for comparisons with experimental data and predictions
for future sophisticated experiments. Namely, it is possible to calculate; movies of
the densities, branching ratio for two competing product channels on a given
electronic state. autocorrelation functions, emission/absorbtion spectra. Descriptions
of the techniques used to calculate these properties are given elsewhere [21-26].

3. Results and discussion
3. 1. Excited states

311 Excited states of RMn{CO),/DAB) (R=H, methyl, ethyl)

The calculated vertical excitation energies of the lowest A’ states of
RMn{CO}{DAB) {R =H, methyl, ethyl} are reported in Table 1.

The lowest singlet excited states correspond to one-glectron excitations, either
from the metal-centered 3d orbitals or from the metal-radical o, ; bending orbital
to the low-lying vacant n},, orbital of the diimine group. The first three singlet
excited states range between 21060 and 37950cm ™! {R=H}, 20430 and
28 200 cm ™' (R =methy! } and 15 850 and 26 240 cm ™' {R =ethyl}. The correspond-
ing triplet excited states range between 15090 and 34390 cm™' (R=H}, 12730
and 22900 cm ™' (R =methyl) and 11 080 and 16 200 cm ™! (R =ethyl). The princi-
pal trend on going from the hydride, to the methyl, and the substituted ethyl
complexes is a lowering of the excited states energies. This general trend is more
proncunced on gomng from the hydride to the methyl than from the methyl to the
ethyl complex. This 1s mainly attributed to a stabilization of the vacant n%,, orbital
and, consequently, to the weakening of the Mn-R bond resulting from the replace-
ment of hydrogen by a methyl or an ethyl radical. The weakening of the Mn-R
bond with respect to the ligand R is further illustrated by an even more pronounced
lowering of the 'LLCT states Oy, p—nk, with respect to the MLCT states o
d-nl,. The second significant difference between the hydride complex and the
methyl- or ethyl-substituted molecules is a strong mixing between the low-lying
*MLCT (3d,, >®gp) and the *LLCT (Gp, g—7hy,) states and between the two
lowest "MLCT (3d,, »ng,,) and 'MLCT (3d,z . > =y, } states. The different beha-
viors exhibited by the singlet and triplet sets may be explained by the strong
interaction between the electronic ground state and the LLCT state in the three
molecules. Since closed shell configurations cannot give rise to triplet multiplicity,
the ground state cannot interact with the triplet states directly. The interaction of
the singlet ground state with the '"LLCT appears to inhibit mixing between !LLCT
and "MLCT. in contrast to the mixing behavior in their triplet counterparts. The
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mixing between the *MLCT (3d,,—»ny,) and SLLCT (Oy.g—nhs) states is
illustrated by the hybridization of the 3d,. and 3d.: orbitais which increases the
overlap between the metal center and the sp orbital of the radical R {methyl or ethyl).

In the molecular series, the ordering and nature of the low-lying singlet states are
similar and well defined: the two lowest excited states have an MLCT character, the
highest state has a 'LLCT character with a contribution from the ground state.
Therefore. the shape of the absorption spectrum should not differ drastically with
the R ligands substitutions. Indeed. this is supported by experimental data for this
family of molecules {1-9]. These experiments report an intense band in the visible
corresponding to the absorption from the elecironic ground state to one of the low-
lying quasi-bound "MLCT states, and a weak shoulder in the UV region correspond-
g to the population of the weakly bound *LLCT state. According to the oscillator
strengths calculated for the hydride (Table 1}. the first intense band should corre-
spond to a '"MLCT state described mainly by the 3d,, —»n),, excitation. For the
methyl complex, this state 1s calculated at 20 430 cm ™!, in excellent agreement with
the experimental maximum around 500 nm which is observed for a number of
a-diimine complexes.

Even if the spin-allowed absorption spectroscopy is not drastically affected by
changing the nature of the radical substituents, other properties—particularly the
photochemistry—may be considerably modified on going from the hydride. to the
methyl and to the ethyl complex. A comparison of the composition of the low-lying
triplet states in the R series ligands indicates a large change of character from the
hydride to the methyl and to the ethyl radical. In the hydride. the two lowest
*MLCT are nearly pure and well separated from the dissociative SLLCT state. In
contrast. the methyl and ethyl compounds show a mixed character. This mixed
HLLCT/MLCT ) nature for two of the three low-lying triplets may greatly influence
the photochemical behavior. Moreover, the energy domain covered by the set of the
three low-lying triplet excited states is considerably reduced on going from the
frydride (19300 cm ") to the methyl (10 200 cm ™'} and to the ethy! (5100 cm™ 1)
complex. This increase in the density of states may have a large influence on the
early stage of the Mn-R bond homolysis for which energy barriers have been found
for HMn{CG);(DAB) [27,28].

312 Excited states of HRe {CO) i DAB;}

The CASSCF/MRCI excitation energies to the lowest A’ states of
HRe(CO),(DAB) are reported in Table 2. These results show two interesting
features: {1} a lowering of the excitation energies on going from the manganese to
the rhenium compound; (ii) a strong mixing between the so-called '*MLCT
(5d,; »ng) and MPLLCT (oge y—nk,) excited states. The lowering of the excited
states is a direct consequence of the relativistic destabilization of the d shells, and
of the stabilizing interaction between the vacant =%, orbital and the 6p, of the
rhenium atom. The lowest singlet state is calculated at 15 256 cm ! and corresponds
to the nearly pure 5d 2_ 2 -7,y excitation. The next singlet state matches well with
an intense absorption band at around 20 006 em ™! in the visible encrgy domain for
this ¢lass of rhenium complexes. The mixed "(MLCT/LLCT} character of this
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Table 2
Calculated CASSCFCCT excitation energies {em™') to the lowest A’ excited states of HRe(COV,(DAB)

Transition One-electron excutation in the
principal configurations

a' A2t 5d,, + Ope g —n5, 10.71) 12 600
Gge w = 3, =0, (0.64)

'dli\r—'b'*.r\‘ Sdaz_?z—q-l'[:uh (090] 13710

alA —blA 50,5y —mfy (051) 15230

F=0.0003

alA gl A 5d,. + Oy 5 — 7 (0.68) 21 721
T v 5(].(: —"':;ah ‘044) f= 0.32

alA —cA T 1 — 3, A, (069} 27650
5d,. ~ Opeyy ~ Rk (059

alA —diar Oge 1 — 3d,. ~ KLy, (0.64) 11 340
5., + Gpeys 2 Thus (G.59) f=0.12

excited state could lead to a substantial distortions of the shape of the associated
potential energy curves. This may explain some quite surprising photochemical
behaviors of the rhenium complexes under irradiation in the visible. Indeed, accord-
ing to recent experiments [49] a very efficient formation of radicals {(supposing
dissociative potentials) coupled with the detection of a long lifetime {250 ns) “or*”
excited state (characteristic of a bound state) has been observed. The highest calcu-
lated singlet excited state at 31 350cm ™' shows a highly mixed LLCT/MLCT
character.

According to the oscillator strengths reported in Table 2, the a'A’—¢!A’ transition
should be the principal contributor to the intense visible absorption band characteriz-
ing this class of rhenium complexes [7-9]. The a’A’—=d!A’ transition should be
responsible for a less intense band in the UV,

In contrast to its manganese homologue, the rhenium complex follows the same
trends for the triplet states as for the singlet states. The lowest triplet excited state
at 12600 cm ™" is characterized by a strong MLCT/LLCT mixing. The next triplet
state calculated at 13710cm™' is nearly pure and corresponds to the
5d,z_,2—my,, excitation. The highest calculated triplet state has an LLCT/MLCT
character and lies at 27 650 cm™'. The dominant MLCT character of the two aA’
and A’ states {as in RMn{CQ),( DAB}; R = H, methyl) should generate a situation
resulting in avoided crossings with the “dissociative” ¢*A’ state, which has a large
Ogen— L contribution. Investigations of state correlation diagrams and potential
energy curves are necessary to corroborate this hypothesis, Further calculations are
needed to estimate the spin—orbit splitting and the singlet—triplet interaction. which
cannoet be neglected in this heavy atom complex [48].

"The spin—orbit interaction may account for a few thousand wavenumber units in the rhenium complex.
according to the atomic splitting, 1o be compared with the largest value, of 197 cm ™ calculated between
the a'A’ (d,. —ml,,) and d'A’ (G —rt,,,) states of HMa(COj{DAB).
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LLCT

et

MILCT
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HMn{CON(DAB) H + Mn(CO)»{DAB)

MLCT /LLCT

Gs
MeMn{COR{DAR) Me+MniCORDAB)
Fig. 2. State correlation diagrams based on CASSCF/CCI calculations connecting the electronic ground

and lowest excited states of RMn(CO)y(DAB) {a} R=H; {b) R =methyl: {c) R =ethyl (the same scales
are used in the three diagrams).
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EtMniCON(DAR) Et+Mn{COLDABR)

Fig. 2. {continued)

3.2. State correlation diagrams

The state correlation diagrams connecting the electronic ground state and the
low-lying triplet excited states of RMn{CO});{DAB) to the corresponding states of
the primary products R + Mn{CO},{DAB) are shown in Fig. 2{a) (R =H}, Fig. 2(b)
{R =methyl}, Fig. 2(c) (R =ethyl}. The same scale was used in the three figures.

The state correlation diagrams are based on the relative CASSCEF/CCI energies
of the electronic ground state and low-lying triplet states of HMn(CQO),{ DAB).
Fig. 2(a} shows an extreme situation where the *LLCT dissociative state is well
separated from the low-lying quasi-bound pure 3MLCT states. Consequently, the
expected energy barriers generated by the avoided crossings along the Mo-H bond
elongation [27-30] are too high to allow an efficient Mn—H homolysis under irradia-
tion in the visible. Alternatives to Mn-H homolysis are the photodissociation of a
carbonyl ligand, or emission to the electronic ground state from the low-lying, long
lifetimes, triplet MLCT states. The SLLCT dissociative state stands in the upper
part of the energy domain, well above the "MLCT (in bold letters in Fig. 2), which
is accessible through allowed transiticus from the electronic ground state {GS). An
intermediate situation is depicted in Fig. 2(b), which shows the state correlation
diagrams drawn for the methyl complex MeMn{CQO),(DAB)}. The shape of the
associated potentials should be smoother and may allow the system te overcome
the energy barriers generated by avoided crossings between the upper mixed
*LLCT/MLCT) state and the low-lying MLCT and 3 MLCT/LLCT) states. The
homolysis of the Mn—R bond may appear as concurrent primary reactions to the
carbonyl dissociation. The efficiency of both primary reactions will depend on factors
like solvent effects or the nature of the diimine group, which have not been considered
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in the present study. Finally, Fig. 2(c) shows the statd correlation diagrams corre-
sponding to the dissociation of the ethyl group in EtMn(CQ),(DAB}. It indicates
clearly that the ethyl dissociation reaction should be very efficient under irradiation
in the visible. Indeed, the presence of the two mixed triplet states *( LLCT/MLCT)
and 3 MLCT/LLCT) in the lowest part of the energy domain prevent the occurrence
of energy barriers generated by avoided crossings with the upper predominantly
*MLCT state along this reaction coordinate. In addition, the relative positions of
the '"MLCT excited state (accessible under visible irradiation) and of the dissociative
triplet state will play an important role in the photodissociation mechanism of the
ethyl compiex. The presence of an ultra fast {a few hundred femtoseconds} concurrent
carbonyl! dissociation is not verified, but the situation depicted in Fig. 2(c) is favor-
able to an extremely efficient radical formation after '"MLCT -3 LLCT/MLCT} ISC.

3.3. Photodissociation dynamics of HMn{CQ);(DARB)

3.3.1. Absorption spectrum

The theoretical abserption spectrum of HMn{CO),(DAB) has been cbtained
through propagation of the selected ¥iu.(g,.t) wavepacket on the ¥V1,.(q,),
Viadda) V1ad4a). Viadga) and Vi, {g,) potentials corresponding to the excited
states labelled in Table |, under €, symmetry constraint, The two lowest MLCT
states, a’A’ and b*A’ have been excluded from the simulation on the basis of
preliminary propagations performed on the whole set of potentials. This simulaticn
indicates a very low efficiency of the ISC process to these states. The evolution of
the initial wavepacket has been foliowed by solving the fully coupled 5 x 5 diabatic
Schrédinger equation ( Eq. (9)), including diabatic potential coupling terms { Eq. (8)}
coming either from singlet—triplet spin—orbit interaction or from kinetic coupling,
with the following initial conditions:

Y“.‘,A?(Qar {:O}ZMAz\!ﬂf,Ar(p:A‘.O(qa}
Pradg. 1=0)=t14,14,Pia.0(¢a) (10}
Piald g 1=0) =14, 14,P14.014,)

where y,_; are the calculated dipole transition moments between the states § and j
and

Wf,\\:(ng!=0):0 (11)

The computed electronic absorption spectrum of HMn(CQO);{DAB). shown in
Fig. 3, has been obtained with vibrational relaxation effects (dashed lines) and
without them {solid lines},

The fine structure (solid lines) shows an intense and sharp peak centered at
26 000 cm ™! corresponding to the a'A'—c'A’ absorption and several less intense
narrow peaks in the region between 35 000 and 45 000 cm ™!, Among them, the most
Intense corresponding to the a'A’—d’A’ transition is assigned to the 'LLCT state.
This series reflects the compiex structure of the potentials in this high energy domain
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Fig. 3. heoretical electromc absorption spectrum S, 4wt of HMn{COR{DAB). with vibrational relax-
ation effects included (dashed lines) and without the vibrational relaxation effects (solid fines).

{due to the mixing of the 'LLCT state with other singlet states}, A third peak of
low intensity is detected at 21800 cm ™' and corresponds to the weakly allowed
a'A’—b'A’ 'TMLCT transition. Inclusion of the vibrational relaxation effects in the
simulatior {by an exponential correction to the autocorrelation function} induces a
broadening of the bands and obscures the fine structure in the theoretical absorption
spectrum { Fig. 3: dashed line}.

3.3.2. Visible photochemistry

[n order to follow the photochemical behavior of HMn{CQ),{ DAB) under irradia-
tion in the visible, and to determine the role of the low-lying triplet states, we have
performed one-dimensional wavepacket propagations along the g, =Mn-H reaction
coordinate. Five excited states have been selected on the basis of preliminary propa-
gations performed on the whole set of electronically excited potentials: the low-
Iying b'A" and ¢!A’ (*"MLCT) states {m the visible absorpticn domain} and the
triplet a*A’, b*A” (*MLCT) and ¢*A’ (*LLCT) excited states. Note that the c®A’
state leads to the H + Mn{CO};( DAB} primary products [27-30]. The time evolution
of the ¥1,4.(q.. 1), Piald, 1) Pradda, 8}, Pialda, 1) and ¥s, (g, 1) wavepackets
has been followed by propagation on the corresponding peotentials by solving sets
of spin-orbit and nen-adiabatically coupled time-dependent Schridinger equations
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(Eq. (9)) (see Section 3.3.1} with the following initial conditions:

Fiadgas 1=0) =114, .14, Piarol4a) (12)
and
W%Af{f)?av I__‘O}z ?ré.»\f(‘?aa I=0)= yjaAr(qar !__"O) = Wg&:(Q&* t=0)
=¥‘3Ar(qasi=0)=0 (13)

The corresponding snapshots of densities are shown in Fig. 4 and the probability of
observing the primary reaction HMn{CO);(DAB}—H + Mn{CO),(DAB) is repre-

£0060 .! ¥ T T T T 62000 ' T T T T
55000 |3 : . 55000 H i
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50000 -Ii s Cls . 50000 H | 415 .
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Fig. 4. Timle evolgtion of the ¥, (g, .1V { - ) ¥y, ) {-- - ) and gy, - } wavepackets
on the spin-orbit and non-adiabatically coupled Fradgy - =) Fidg) (——— b and Fa,dg,)

(e ) potentials as a function of ¢, =[Mn-H].



D. Guiltaumont et al. ; Coordination Chemistry Reviews 17] ( 1998} 439 459 455

0.025

0.02

Q.015

0.01

Dissociation probability
o
&
(4]

0005 1 1 1 N3 H 1 1
0 200 400 600 800 100D 1200 1400 1600
time (fs}

Fig. 5. Probability for observing the reaction HMn{CO)y{ DAB)Y—H + Mn(CO),{ DAB) after irradiation
m the visible,

sented in Fig. 5. For the sake of clarity, the two low-lying ¥3,{g,) and Viadg,)are
not represented in the snaphots.

Under irradiation in the visible region the system does not have enough energy
to photodissociate in a short time scale. The major event is the trapping of the
wavepacket in the low-lying 'MILCT potential wells. In the picosecond time scale
only 2% of the system dissociates to the primary products of the reaction in Eq. (2)
{Fig. 5}. This dissociative process occurs after 'MLCT —=3LLCT ISC, which is the
rate-determining step. Immediately after the initial excitation, the >LLCT is weakly
populated (less than 1%) and the small fraction of wavepacket coming from the
singlet potential runs out toward the primary products H+Mn{CO)L{DAB)
(**A") leading to diradicals.

3.3.3. UV photochemistry

In order to {oliow the photochemical behavior of HMn(CO);{ DAB} under irradia-
tion in the UV energy domain, we have performed one-dimensional wavepacket
propagations along the ¢,=Mn-H reaction coordinate. Three excited states have
been selected in this simulation: the d'A’ (*LLCT) state, a second singlet state
e'A’ (not reported in Table 1, but nearly degenerate with the 'LLCT in the
Franck-Condon region and corresponding mainly to a 3d,,—3d,, excitation) and
the ¢*A’ (*LLCT) state. The time evolution of the Yiakga: 1), Pralg,. 1) and
¥21{¢., 1} wavepackets has been followed by propagation on the correspending
potentials by solving sets of spin-orbit and non-adiabatically coupled time-dependent
Schrédinger equations (Eq. (9)) (see Section 3.3.1) with the following initial condi-
tions:

gj(‘,Ar{(fTa, f=0) =#i.ﬁ\f—~éA—‘¢§Ar.0(Qa) (14}
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[ERTET } potentials as a lunction of g, =[Mn H].
and
P1a(ga. 1=0)= P20(g,, t=0)=0 (15)

The corresponding snapshots of densities are shown in Fig. 6.

Under irradiation in the UV region, the system evolves between the two potential
wells of the d'A’ and ¢’ A’ excited states on both sides of the energy barrier around
1.75 A, which is generated by avoided crossing between these states. In the first [0 fs
around 20% of the wavepacket overcomes the barrier and evolves in the Viadg,)
potential. The main part of the system remains on the initially populated 'LLCT
state, where it starts to dissociate towards H+Mn{CO),(DAB) (d'A’) primary
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products. The population of the dissociative *LLCT state through ISC is negligible,
since the crossing point between the singlet and triplet states is located at a rather
short Mn-H distance (1.5 A} where the amplitude of the initial wavepacket is too
small to induce efficient transfer to the triplet state (the singlet—triplet spin—orbit
coupling has a value of 10 ¢m ™! at the crossing point). However, in the limit of this
one-dimensional simulation, the evolution of the wavepacket after 20 fs indicates
that more favorable situations to ISC could occur in a longer time scale.

4, Conciusion

The photochemistry of a series of MLCT RM{CQO),{DAB) (M=Mn, R=H,
methyl, cthyl, M=Re, R=H} complexes has been studied through quantum
chemical calculations completed by simulation of the excited states dynamics in
HMn{CO);(DAB}.

The influence of the ligand R on the sequence of excited states from the hydride
to the ethyl complex is: (i) a significant lowering of the excited states, which is more
pronounced for the LLCT states than for the MLCT states; {ii) an increase in the
mixing between the low-lying 'MLCT states, on the one hand, and between the
*MLCTALLCT states on the other hand. The state correlation diagrams enabled
us to propose a qualitative mechanism of deactivation of RMn{CO);(DAB) (R=
H, methyl, ethyl)} under irradiation in the visible; after efficient allowed transition
to the higher "MLCT state, the system may either get trapped into the MLCT
potential wells (R =H, methyl} or photodissociate towards the primary products
R+Mn{CQO}),{DAB} (R =ethyl}. This mechanism accounts for the experimental
findings recently reported for this class of molecules, namely no breaking of the
Mn-methyl bond but an efficient Mn-benzyl bond homolysis in  the
RMn{CO}{e-diimine} [1-9]. A comparative study of the lowest excited states in
HMn{CO)(DAB} and HRe{CO),{DAB) has been undertaken. The low-lying
excited states of HMn(CO};{ DAB) are nearly pure and range between 15 000 and
37950 em ™', in contrast to its rhenium homologue in which the lowest part of the
spectrum is characterized by mixed LLCT/MLCT states between 12 600 and 31 34
Oem™l,

The main features of the absorption spectra of HMn{CO);(DAB) have been
reproduced, in the limit of the one-dimensional propagation of selected wavepackets
on spin-orbit and non-adiabatically coupled *LLCT and "*MLCT potentials. The
intense and sharp peak in the visible domain of energy has been assigned to the
second a'A’'—c'A’ (MLCT) transition, whereas several less intense narrow bands
i the UV region have been attributed to the weakly bound LLLCT state. The
simulation of the visible photochemistry, by propagation of selected wavepacket
initially placed on the low-lying singlet MLCT states, does not show any efficient
homolysis. In contrast, the major event is the trapping of the system into the
'MLCT potential wells. Surprisingly, propagation along the Mn—H bond elongation
after excitation in the appropriate domain of energy (30 900—38 000 cm ~ ') shows
that the UV photochermistry is not efficient, The wavepacket evolves between the
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two potential wells of the singlet states on both sides of the energy barrier located
around 1.75 A. The main part of the system gets trapped into the 'LLCT potential
well from which a negligible part begins to dissociate slowly to the
H+Mn{CO}(DAB} primary products. The singlet—triplet ISC processes seem to
play a minor role in the femtosecond dynamics of HMn{CQO):(DAB) excited states.
However, efficient singlet to triplet transitions should not be excluded at a longer
time scale.

Further work is oriented towards the two-dimensional simulation of the photodis-
sociation dynamics, including the Mn—-CO elongation, in order to study the cencur-
rent primary reaction leading to the CO dissociation observed in a few
MeMn{CO),(e-diimine) complexes [1-9]. A complete study of the spin—orbit inter-
actions in the excited states of HRe{CO),(DAB) is necessary to investigate the
influence of the metal center on the photochentical behavior in this class of molecules.
We hope to have shown that a step forward in the understanding of the photodissoci-
ation dynamics in the MLCT complexes 1s the development of sophisticated experi-
mental techniques able to provide information at the early stage of the
photodissociation.
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