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Abstract

According to a number of recent experiments reported for a class of a-diimine mono- and
di-nuclear transition metal carbonyls, these molecules may either photodissociate leading to
highly reactive intermediates or manifest the photophysics of metal-to-ligand-charge-transfer
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(MLCT) complexes. The duality between these two extremes of behavior may be used to
promote different applications like catalytic activity or energy/electrons transfers. The
potential energy surfaces (PESs) associated with the low-lying singlet and triplet excited
states of Mn(H)(CO);(DAB) (DAB = 1,4-diaza-1,3-butadiene) calculated for the Mn-H
bond homolysis and for the dissociation of an axial carbonyl ligand illustrate the com-
plexity and the richness of the photochemistry and photophysics of this class of
molecules. It is shown that the presence of significant energy barriers on the reaction path
corresponding to the homolysis of the Mn—-H bond are responsible for the low efficiency
of this process in related complexes. The simulation of the dynamics of the 'MLCT
excited state, calculated at 26000 cm ~' and contributing mainly to the visible absorption
spectrum, indicates that the most probable primary reaction is an ultrafast dissociation
( <200 fs) of the carbonyl ligand. The relative positions of the quasi-bound MLCT states
with respect to the sigma bond-to-ligand-charge-transfer (SBLCT) excited state corre-
sponding to the oy, — Thap excitation will govern the photoreactivity of the molecules.
A comparative study of the sequence, the nature of the low-lying excited states and of the
associated state correlation diagrams for the hydride complex and the ethyl analog
Mn(Et)(CO),(DAB) points to a better reactivity of the ethyl-substituted complex in agree-
ment with the experimental data. This is a consequence of a lowering of the excited
states, an increase in the density of states in the visible energy domain and a mixing of
the triplet SBLCT and MLCT states on going from the hydride to the ethyl complex.
The influence of the metal center on going from the manganese to the rhenium com-
pound is expressed by an important mixing of the MLCT and SBLCT states and a
lowering of the excited states due to a relativistic destabilization of the d shells of the
metal center and an indirect stabilization of the =¥} ,, orbital through its interaction with
the 6p of the rhenium. These heavy atom effects should induce a better photoreactivity
for the third-row transition metal complexes than for the first-row analogs. © 1998 El-
sevier Science S.A. All rights reserved.

Keywords: Photochemistry; Quantum chemical calculations; Metal-to-ligand-charge-transfer

1. Introduction

According to a number of experiments [1-6] reported for a class of x-diimine
mono- and di-nuclear transition metal carbonyls these molecules may either
photodissociate, leading to unsaturated intermediates, or display the photophysics
of metal-to-ligand-charge-transfer (MLCT) excited states. This dual behavior may
be used to advance different applications, such as catalytic activity or energy/elec-
trons transfer. Recent examples, reported for M(R)(CO);(«-diimine) complexes
(M =Mn, Re; R =methyl, ethyl, benzyl) [7-10], indicate that the Re-R bond
homolysis is the major primary reaction for R = ethyl, benzyl, whereas the Re—
methyl bond homolysis is a minor photodissociation process, 60% of irradiated
Re(Me)(CO),(bipyridine) leading to an efficient emission attributed to the low-lying
*MLCT excited states. For the first time a branching ratio between direct homolysis
of an alkyl-metal bond and deactivation through emission has been measured
indicating that only 40% of Re(Me)(CO),(bipyridine) dissociates toward the homol-
ysis primary products. When the rhenium center is replaced by a manganese atom,



D. Guillaumont, C. Daniel / Coordination Chemistry Reviews 177 (1998) 181-199 183

the only observed photodissociation channel is the loss of a carbonyl for R =
methyl, whereas the benzyl-substituted analog is characterized by the homolysis of
the Mn—R bond with a quantum yield of 0.4. Several other examples illustrate the
complexity and the richness of this family of molecules with a variety of sub-
stituents, metal centers and «-diimine ligands [11-14]. A tentative rationalization of
this fascinating photochemical behavior, based on detailed investigations of the
spectral properties (time-resolved absorption/emission spectra, resonance Raman,
UV-photoelectron spectroscopy), supplemented by a qualitative analysis in terms of
bonding/antibonding molecular orbitals has been proposed for a number of
molecules [15-18]. However, despite this intense activity, little is known regarding
the ordering of the low-lying excited states, their nature or their dissociative
character. The mechanism of photodissociation seems to be governed by the nature
of the so-called sigma-bond-to-ligand-charge-transfer (SBLCT) excited state which
can either present the characteristics of the long life time MLCT state or dissociate
towards radical formation in a sub-nanosecond time scale. The experimental
conditions, the metal center, the «-diimine ligands and the substituent R are many
factors which will largely influence the response of this class of molecules to visible
light.

In order to investigate the electronic spectrum of these molecules we have studied
the nature of the low-lying excited states in a series of M(R)(CO);(DAB) (M = Mn,
R = H, methyl, ethyl; M =Re, R = H; DAB = 1-4-diaza-1,3-butadiene) complexes
and calculated the relative excitation energies at the CASSCF (complete active
space SCF) MR/CCI (multireference contracted CI) level [19]. A mechanism of
photodissociation, based on the calculation of the potential energy surfaces (PESs)
as a function of the Mn-H and the Mn-CO,, bonds elongation in
Mn(H)(CO),(DAB) has been proposed [20,21]. The key to this mechanism is the
occurrence of energy barriers along the homolysis reaction path generated by
avoided crossings between the *SBLCT dissociative state, corresponding to an
excitation from the metal-hydrogen o, ,, bonding orbital to the n¥,p vacant
orbital of the DAB ligand, and the low-lying *MLCT excited states of the same
symmetry. More recently, simulation of the ultra-fast dynamics (in a femtosecond
time scale) of the Mn(H)(CO),(DAB) excited states has been undertaken.

The aim of the present contribution is to bring to the attention of experimental
spectroscopists and photochemists the latest theoretical developments in this field.
The first part of this work describes the simulation of the photodissociation
dynamics of the simple Mn(H)(CO);(DAB) molecule, based on wavepacket propa-
gation on two-dimensional (2D) PESs calculated as a function of the reaction
coordinates g, =Mn-H and g, =Mn-CO,,. The second part of this paper is
dedicated to a qualitative investigation of the influence of the metal center and of
the nature of the substituents on the observed photochemistry. This qualitative
analysis is based on the knowledge of the relative position and of the nature of the
low-lying excited states in several M(R)(CO);(DAB) complexes completed by an
interpretation in terms of state correlation diagrams.
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2. Computational methods
2.1. Quantum chemical calculations

The calculations have been carried out under the C, symmetry constraint for
idealized geometries of the M(R)(CO),(DAB) complexes (Fig. 1) with the bond
lengths and bond angles given in Ref. [22]. The following Gaussian basis sets were
used for the manganese compounds, for which all-electron calculations were
performed: for the manganese atom either a (15, 11, 6) set contracted to [9, 6, 3] (for
Mn(H)(CO),(DAB))! or a (14,9, 6) set contracted to [6,4, 3] (for R =methyl,
ethyl)’; for the first row atoms either a (10,6) set contracted to [4,2] (for
MnH(CO),(DAB)) [25] or a (9, 5) set contracted to [3, 2] (for R = methyl, ethyl)
[25]; for hydrogen atoms either a (6, 1) set contracted to [3, 1] (for the atom directly
linked to the metal center) [26] or a (4) set contracted to [2] for the other hydrogen
atoms [26]. The following Gaussian basis sets were used for the rhenium complex
studied in the relativistic effective core potential (ECP) (small core) approximation:
for the rhenium atom (Z = 15.0) a (8, 7, 6) set contracted to [6, 5, 3] [27]; for the
carbon (Z = 4.0) and nitrogen (Z = 5.0) atoms a (4, 4) set contracted to [2, 2] [28];
for the oxygen (Z = 6.0) atoms a (4, 5) set contracted to [2, 3] [28]. The same basis
sets were used for the hydrogen atoms in the manganese and rhenium complexes.
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Cco M=Mn, R=H, methyl, ethyl
M=Re, R=H

Fig. 1. Idealized geometry of M(R)(CO);(DAB) (M =Mn, R =H, Me, Et; M =Re, R = H).

' This basis set is made from the (14, 9, 5) basis of Wachters [23] by adding an additional s function
(exponent 0.3218), two diffuse p functions and one diffuse d function.

2 This basis set is made from the (13, 7, 5) basis set of Ref. [24] by adding an additional s function
(exponent 0.2732) and two p functions (exponents 0.2021 and 0.06516) and replacing the last d function
with two 4 functions (exponents 0.2584 and 0.08231).
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The ab initio calculations were performed at the correlated level (CASSCF, CCI)
[29,30] in order to describe properly the correlation effects which cannot be
neglected in transition metal complexes®. The choice of the correlated electrons and
the determination of the CASSCF active space, as well as the size of the CI
calculation and the number of reference configurations, is governed by our concern
for a balanced description of the different electronic states (ground and excited) in
the Franck—Condon (FC) region and at dissociation [20,21,34-36].

2.1.1. Excited states

Calculations have been performed for the a'A’ electronic ground states corre-
sponding to the (o z)*(3d . _,2)*(3d,.)*(3d,.)* electronic configuration and for the
low-lying A’ excited state corresponding to the (oy r)*(3d.._,»)*(3d,.)*(3d..)'-
(Than), (on 1Gds )34, PGd ) (mhap) and  (on 1)'(3d 2 ,)2(3d,.)™
(3d,. ) (n%Ap)’ electronic configurations with the conformation depicted in Fig. 1.
CASSCEF 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. Our interest centered mostly on the lowest excited
states corresponding to d »d, d—nf .5 and oy _g — 7HAp €xcitations. Eight elec-
trons were correlated (the 3d electrons and the two electrons involved in the M—R
bond) in either ten (R = H, methyl) or nine (R = ethyl) orbitals corresponding to
the 3d and 4d orbitals which correlate them, the o,,.x and o%,  orbitals (o g
and o%,_g orbitals denote the molecular orbitals that are bonding and antibonding
with respect to the M—R bond respectively) and the lowest 7%,y orbital localized
on the DAB group. For each electronic state monoreference CCI calculation was
followed by a multireference calculation, including all configurations with a coeffi-
cient larger than 0.08 in the monoreference CI. Single and double excitations to all
virtual orbitals, except the counterparts of the carbonyls and diimine 1s and the
metal s, 2s and 2p orbitals, are included. The same strategy was used for the
computation of the PESs.

2.1.2. Potential energy surfaces

A systematic geometry optimization, including all degrees of freedom, at a
correlated level for the different electronic states cannot be performed for such large
transition metal complexes. On the basis of the experimental Stokes shifts, which
are usually very small for this class of molecule [37], and of a limited evaluation of
the geometrical relaxation effects on going from the electronic ground state to the
low-lying excited states [38], the present study was restricted to the calculation of
2D PESs. The reaction coordinates are chosen on the basis of the experimental data
(observed primary reactions, structures of the primary products) and of the main
geometrical deformations between the electronic ground state and the low-lying
excited states and on going from the FC region to the formation of the primary
products. An illustration of the geometrical deformations on going from the

* The original program was interfaced for use in conjunction with the ASTERIX system of programs
[31-33] by C. Daniel, M. Spéri, M. M. Rohmer.
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electronic ground state (values in parentheses in Fig. 2) either to the *MLCT excited
state (top of Fig. 2) or to the *SBLCT excited state (bottom of Fig. 2) is given
in Fig. 2 for Mn(H)(CO),(DAB). The main deformations in the MLCT are
an elongation of the axial carbonyl ligand and a shortening of the Mn-H bond.
The metal equatorial carbonyls bond distances are less significantly modified.
In contrast, the geometry optimization indicates an elongation of the Mn-H
bond in the *SBLCT state and a shortening of the Mn—CO,, bond. The angular

SMLCT

-
H™ O\

2081 A 20724) | 1598 A (16254)

Ko it CO
----- M 19314 (18934)
— l'l\

N
CO
6&’ 2.235 A (1.918A)
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60

/\H

2.090 A (2.0724) | 1946 A (16254)

CO

\\. 2,040 A (1.9184)

CO

Fig. 2. Gradient/CASSCF optimized geometries of the lowest SMLCT and 3SBLCT excited states in
Mn(H)CO);(DAB) (the electronic ground state bond distances are given in parentheses).
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deformations are evaluated to be < 10° on going from the ground state to both
excited states.

In the present work, the highest possible symmetry is retained along the reac-
tion pathways. Consequently, the dissociation of an equatorial carbonyl is not
considered in the simulation. The photodissociation of Mn(H)CO)y(DAB) has
been studied under the C, symmetry constraint (Scheme 1) and modeled as a
pseudotriatomic system with two collinear dissociative bonds, g, = [Mn-H] and
4y = [Mn-coux}'

The potentials for the electronic ground states and the lowest excited states of
Mn(H)(CO),(DAB) molecules are modeled by fitting analytical functions to
CASSCF/MR-CCI ab initio points, with additional smoothing to avoid any
obvious artefact such as shallow minima in the asymptotic domain.

2.2. Excited states dynamics

The photoabsorption and the dynamics of the excited states are simulated 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:

.. 0
ih a_t Te(qa’ ) t) = [Tnu + Ve] 5Ue(qas 9o» t) (1)
with the initial conditions

Te(qaa U = O) = He ¢gs.O(qas qb) (2)

where . is the electronic transition moment between the ground state (gs) and
the excited state e. @, (q.,, ¢,) represents the 2D vibrational ground wavefunc-
tion of the electronic ground state evaluated through the Fourier grid Hamilto-
nian method [39,40]. The solution of the time-dependent Schrédinger Eq. (1) is
obtained by the second-order-differential propagation scheme with As=7.0 x
10 3 fs [41].

The kinetic part of the Hamiltonian of the system, expressed in bond coordi-
nates, is given by
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hz az hz 82 hz az

— 3
zlua aqi 2/113 aqi * m, aqath ( )

where m, is the mass of the central atom and u, and g, are the reduced masses
corresponding to the bonds ¢, and ¢,. The propagations are based on representa-
tions of ¥.(q.,, ¢, ¢} on 2D grids corresponding to the reaction coordinates with the
following parameters: ¢, =g, + (i —1)Aq,, g, = 1.0a.u., 4¢g,=0.1au. with 1<
i <32 and 9o, = Gv, T (i—DAgqy, g, =14au, Ag, =0.03 a.u. with 1 <i<256.

3. Photodissociation dynamics of Mn(H)(CO),(DAB)

3.1. Potential energy surfaces

A set of adiabatic PESs for the electronic ground and excited states of
Mn(H)CO),(DAB), selected from the 2D PESs calculated under the C, symmetry
constraint for the b'A’ and c'A’ singlet MLCT states, corresponding to the
3d., .- 7ahas and 3d,. -7,y excitations respectively, and the d'A’” SBLCT
state corresponding to the ¢y, y— Thap €xcitation are represented in Fig. 3. The
low-lying MLCT states, calculated at 21385 +325cm~' and 263154+ 315¢cm !
respectively [19,21], are quasi-bound for the Mn—H elongation, whereas they are
weakly dissociative with respect to the axial carbonyl dissociation.

E
d'A’
clA’
b!A'
d'A’
alA'
c'A
b'A’
Mn-H
alA’

Mn-CO,,

Fig. 3. Sets of CASSCF/MRCI potential energy curves calculated for the low-lying singlet states as a
function of the Mn-H and Mn-CO,, bonds elongations in Mn(H)(CO);(DAB).
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The 'SBLCT excited state, calculated at 37950 cm~' [19] or 37980 cm ' [21],
has a quasi-bound character in both directions (g, = Mn-H and ¢, = Mn-CO,,).
This state should not participate directly in the photodissociation of
Mn(H)(CO);(DAB). A set of the corresponding adiabatic triplet PESs is repre-
sented in Fig. 4. Owing to the presence of avoided crossings between the dissocia-
tive *SBLCT state and the low-lying *MLCT states, significant energy barriers are
generated along the Mn—H homolysis reactive channel, particularly on the lowest

a’A’ adiabatic PES which shows a potential well around the equilibrium distance

(g.=1.576 A) and a dissociative character at long distances (g, > 1.8 A)

In contrast, the low-lying *MLCT (a’A’ and b®A’) states are nearly dissociative
for the dissociation of an axial carbonyl ligand whereas the *SBLCT (c*A’) state is
attractive in this direction. The shape of the PESs represented in Figs. 3 and 4
accounts for a qualitative understanding of the mechanism of photodissociation of
Mn(H)(CO),(DAB):

1. under irradiation in the visible, the system gets trapped into the potential wells
of the low-lying b'A’ and ¢'A” MLCT states.

2. the system may dissociate towards the CO + Mn(H}CO),(DAB) primary prod-
ucts, either directly from these '"MLCT states in an ultra-fast direct scheme, or
from the low-lying *MLCT states through an indirect mechanism via '"MLCT —
*MLCT intersystem crossing (ISC).

The homolysis of the Mn—H bond should account for a minor primary reaction

with an extremely low quantum yield, owing to the presence of high energy barriers

along the corresponding channel of dissociation.

E
A
bA'
A’
al3A!
b3A!
alA’
Mn-H
alA’

Mn-CO,,

Fig. 4. Sets of CASSCF/MRCI potential energy curves calculated for the low-lying triplet states as a
function of the Mn-H and Mn-CO,, bonds elongations in Mn(H)(CO),(DAB).
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3.2. Excited states

According to our recent calculations [19], the two low-lying "MLCT states range
between 21000 and 26000 cm ~ ! and the calculated oscillator strengths indicate that
the c'A’ state corresponding mainly to the 3d,. — n}%,p excitation is more likely to
be populated under visible irradiation. The three low-lying singlet excited states are
well characterized in the FC region and remain nearly pure along both dissociative
channels (carbonyl loss and Mn-H homolysis).

The situation is much more complicated for the low-lying triplet states. In the FC
domain and along the CO dissociation pathway, the *MLCT and *SBLCT excited
states remain nearly pure. However, as soon as the system leaves the equilibrium
geometry towards the primary products of the homolysis an important mixing
between the *SBLCT and the two low-lying *MLCT states makes the analysis in
terms of molecular orbitals doubtful at this stage of the mechanism. Indeed, around
the avoided crossings region (between 1.8 and 2.5 A) the mixed character of the
wavefunctions illustrates an abrupt change of electronic configuration. In particu-
lar, the nature of the lowest adiabatic a’A’ PES is modified from pure bound
MLCT (around 1.576 A) to dissociative character (after 2.0 A) At the same time,
the nature of the acceptor orbital is modified, becoming a mixture of n%.e and 3d_,
metal localized orbital (Scheme 2). At dissociation (g, = 50.0 A) the unpalred
electron is totally delocalized over the 3d_, and =}, orbitals of the
Mn(CO);(DAB) fragment.

3.3. Dynamics of HMn(CO),(DAB)

3.3.1. Visible photochemistry

In order to follow the photochemical behavior of Mn(H)(CO),(DAB) under
irradiation in the visible we have performed 2D wavepacket propagations including
the g, = [Mn—-H] and ¢, = [Mn-CO,,] reaction coordinates. Preliminary 1D propa-
gations (along ¢, =[Mn-H]) performed on the whole set of spin—orbit and
non-adiabatically coupled electronically excited potentials: the low-lying b’A’ and
¢'A’” ('MLCT) states (in the visible absorption domain), the d'A’ ('SBLCT) state
and the triplet a’A’, b>’A’ *MLCT) and c*A’ (3SBLCT) excited states, indicate a

O

OM-r

Scheme 2.
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very inefficient singlet to triplet ISC process at the early stage of the simulation (below
500 fs) and a negligible contribution of the non-adiabatic coupling.

For these two reasons, the present 2D simulation has been achieved by propagation
of the ¥ a(q., gy, 1) wavepacket on the corresponding non-coupled potential
Viadqas o) (Fig. 5) by solving the time-dependent Schrddinger equations (Eq. (1))
with the following initial conditions:

¥ ialder o0 1=0) = sin = 14 P ixolds ) 4
and

'FLA’(qa’ dp, 1=0)= ‘FéA'(qa, G, 1=0)=0 (5)

¥3aldar 4or 1= 0) = ¥345(qus G 1 = 0) = ¥ 344> 41, 1 =0) 6)

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

After the initial a’A’ —c'A’ transition, on a short time scale ( < 75 fs) the wave-
packet evolves to the dissociation channel corresponding to the axial CO elimination.
The dissociation of the carbonyl ligand occurs on a time scale of the order of 200 fs.
A fraction of the system remains trapped in the V4(q., g») potential well situated
in the direction of the Mn—~H bond elongation (Fig. 3). The system has insufficient
energy to induce the breaking of the Mn—H bond. The only alternative of deactivation
on a longer time scale will be either the CO loss or the unproductive decay to the
electronic ground state from the low-lying triplet MLCT states.

0.25 -

\
i

‘ o

0.15

27
’I/,/”l/ G TSy
0.1 8 "l/,,’,'//,’;ll/;;'z,'
N S 72, 201, 177077
- 2y W‘W‘:
s
s 2y 0,
(e 555
0.05 e lts 7"

3.5
Mn-CO (Angs.) 4 4.5

4

_ 5 35
55 15 2 : Mn-H (Angs.)

Fig. 5. Two-dimensional PES V\,(q,, ¢,) associated with the c'A’” MLCT excited state used in the
simulation of the 2D photodissociation dynamics.
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Fig. 6. Time evolution of the ¥ 14(4us 4, £) (s0lid line) wavepacket on the V11(q.; 4) (dashed line)
potential as a function of ¢, = [Mn-H] and ¢, = [Mn-CO,,].

4. Influence of the radical R on the photoreactivity

4.1. Excited states

The main trends on going from the hydride Mn(H)CO);(DAB) to the ethyl
Mn(Et)(CO),(DAB) complex are a lowering of the excited states and a dramatic
change of the nature of the low-lying triplet states. This lowering, which is a
consequence of the stabilization of the n%,, orbital on the one hand and of the
weakening of the oy, x bond on the other hand is less important for the MLCT
states (< 1.0 eV) than for the SBLCT states (> 1.0 eV). According to the results
reported in Table 1, the excited states (singlets and triplets) of Mn(H)(CO),(DAB)
are nearly pure and correspond to excitations to the lowest nHap orbital of the
a-diimine ligand, either from the 3d shells of the metal center (MLCT states) or
from the metal-hydrogen o-bonding orbital (SBLCT states).
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Table 1

Calculated CASSCF/CCI excitation energies (cm~') to the lowest '3A’ excited states of
RM(CO),(DAB) (M = Mn, R =H, ethyl; M = Re, R = H) and one-electron excitation in the principal
configurations [19]

Transition M=Mn, R=H M = Mn, R =ethyl M=Re, R=H
a'A’'—a'Al 3d,. —»> nbap (0.90) Opmn-r > THap (0.66) 5d,+0Re.pn = Hag (0.71)
3d,. ~ nhap (0.61) ORets— 34, > hHap (0.64)
15090 11 080 12 600
alA’ = DbPA’ 3d,, ‘>J,:—+n’}‘)AB (0.88) 3d..—7n%ap (0.69) 5, )Az—’n?‘)AB (0.90)
Opn-g ~ THan (0.58)
19 200 12280 13710
a'A’>b'A’ 3d,, .= 7hap (0.90)  3d. —7hap (0.63) 5d, = ahap (0.91)
’ 3,1 = thap (061) ‘
21060 (f=0.03) 15 580 15250 { f'=0.0003)
a'lA'>c'A 3d,. = nhap (0.75) 3, 2 Thap (—0.64)  5d..+ 0. u—7Hap (0.68)
3d,. > nHap (—0.53) Oge n—3d. > hap (0.44)
26 000 (f=0.39) 17 560 21721 (f=0.32)
alA' - 3A’ Ot = Thap (0.89) 3d,, ..~ 7has (0.89) Ope.n— 3. = 7Hag (0.69)
54,1 Oren = hap (0.59)
34 390 16 200 27 650
a'A' - dA Tmnn— Thas (0.80) Opn-r > Thap (0.82) Ore 134 2 hHap (0.64)

5d, -+ Ore-n = Thas (0.59)

37950 (f=0.11) 26 240 31340 (f=0.12)

In contrast, the low-lying triplet states of Mn(Et)}(CO);(DAB) exhibit a mixed
character illustrated by the hybridization of the 3d,. and 3d_, orbitals of the metal
which increases the overlap between the metal center and the sp orbital of the ethyl.
This mixed *(SBLCT/MLCT) composition for two of the three low-lying triplet
states in the ethyl complex may greatly influence photochemical behavior. More-
over, the energy domain covered by the triplets is considerably reduced on going
from the hydride (15090-34390 cm ') to the ethyl complex (11080-16200 cm — ).
This increase in the density of states in the visible energy domain should signifi-
cantly affect the photoreactivity of the molecule.

On going from the hydride to the ethyl complex, the ordering and the nature of
the low-lying singlet excited states are similar and well defined. Therefore, the shape
of the absorption spectrum should not be dramatically modified inside the molecu-
lar series. Indeed, the experiments report common spectral features for different
molecules [37}: an intense band in the visible, corresponding to the absorption from
the electronic ground state to one of the low-lying 'MLCT states, and a weak
shoulder at higher energies, corresponding to the absorption of the 'SBLCT state
(with a significant contribution of a metal-centered '"MC state corresponding to the
3d,.—3d,, excitation), in agreement with the theoretical absorption spectrum
proposed for Mn(H)(CO),(DAB) [19]. Similar calculations performed for the
methyl analog Mn(Me)(CO),(DAB) point to an intermediate photochemical behav-
ior of the methyl complex that is closer to the hydride than to the ethyl compound.
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4.2. State correlation diagrams

The state correlation diagrams connecting the electronic ground state and the
lowest triplet excited states of the reactants Mn(R)(CO),(DAB) to those of the
homolysis primary products R + Mn(CO),(DAB) are reported in Fig. 7(a) (R = H)
and Fig. 7(b) (R = ethyl). The energy levels corresponding to the singlet excited
states are shown for the reactants in order to situate the triplet states with respect
to the absorption energy domain.

The state correlation diagrams are based on CASSCF/MR-CCI energies of the
corresponding electronic states. An extreme situation is illustrated in Fig. 7(a) for
Mn(H)(CO),(DAB), where the *SBLCT dissociative state is well separated from the
low-lying bound *MLCT states, well above the '"MLCT states. The presence of
energy barriers due to avoided crossings between the *SBLCT and *MLCT states
makes the homolysis reaction very improbable. The state correlation diagrams
corresponding to the breaking of the Mn-ethyl bond in Mn(Et)(CO);(DAB) are
represented in Fig. 7(b). The presence of the two largely mixed *(SBLCT/MLCT)
states in the low energy domain prevents the occurrence of energy barriers along
this reaction coordinate. Consequently, the ethyl dissociation reaction should be a
very efficient primary reaction. Without the knowledge of the corresponding PESs
it is untimely to propose a mechanism of deactivation of the ethyl complexes.

5. Influence of the metal center on the photoreactivity

The CASSCF/MR-CCI excitation energies to the lowest excited states of
Re(H)(CO);(DAB) are reported in Table 1. These results show two important
trends on going from the manganese to the rhenium complex: (i) a lowering of the
excitation energies; (ii) a strong mixing between the '*MLCT and '*SBLCT excited
states. The lowering of the excited states is a direct consequence of the relativistic
destabilization of the 5d shells and of the stabilizing interaction between the vacant
nHag orbital and the 6p. of the metal center. The lowest MLCT state, correspond-
ing to the 5d , ,— 7}, excitation remains pure in the rhenium analog, whereas
the MLCT state corresponding to the 5d..— %, excitation exhibits a large
mixture with the SBLCT state. This mixed state, calculated at 21721 cm ! with an
oscillator strength of 0.32 (to be compared with the low value close to 0.0 for the
lowest 'MLCT state) agrees with the intense absorption band, at around
20000 cm ', observed for this class of rhenium complexes [7-10]. The mixed
character of this initially populated '(MLCT/SBLCT) state is probably responsible
for the surprising photochemical behavior of the rhenium complex under visible
irradiation: a very efficient homolysis (supposing dissociative potentials) coupled
with the detection of a long life time triplet (250 ns) ‘on*’ excited state (character-
istic of a bound state). Indeed, owing to this important change in the nature of the
electronic state, the associated potential energy surface should differ substantially
from the surface calculated for Mn(H)(CO),(DAB) shown in Figs. 3 and 4. A
nearly dissociative shape may be expected with a low energy barrier at long Re~R
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ISBLCT (a)

3SBLCT

HMn(CO)3(DAB) H + Mn(CO)3(DAB)
ISBLCT (b)

e

EtMn(CO)3(DAB) Et+Mn(CO);(DAB)

Fig. 7. State correlation diagrams connecting the low-lying electronic states of (a) Mn(H)(CO),(DAB)
and (b) Mn(Et)(CO),(DAB).
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distances generated by late avoided crossing with the lowest pure 'MLCT state. An
efficient direct homolysis along the singlet potential initially populated under visible
irradiation could be possible, in contrast with the situation observed in the
manganese system where high energy barriers prevent this primary reaction. The
role of the triplet states should operate on a longer time scale and the long life time
excited state assigned to the so called ‘on*’ state could be attributed to the presence
of the two nearly degenerate *(SBLCT/MLCT) and *MLCT states calculated at
12600 and 13710 ¢cm ~ ', respectively. Further calculations are necessary to estimate
the spin—orbit splitting of these low-lying triplet states and a detailed analysis of the
PES calculated for the rhenium complex is needed to corroborate our hypothesis.

6. Summary

An attempt to rationalize the photochemical behavior of a series of
M(R)(CO),(«-diimine) complexes has been proposed, based on a quantum chemical
investigation of the excited states properties of M(H)(CO);(DAB) (M = Mn, Re)
and Mn(R)(CO),(DAB) (R =H, methyl, ethyl). A qualitative mechanism of
photodissociation supported by an analysis of the adiabatic PES calculated for the
electronic ground and excited states (singlets and triplets) of Mn(H)(CO),(DAB)
has been proposed:

1. under visible irradiation in the visible, the system gets trapped into the potential
wells of the low-lying quasi-bound 'MLCT excited states;

2. from there the system may dissociate towards the CO loss primary products,
either directly from the singlet states on an ultra-fast time scale, or through
intersystem crossing via the low-lying MLCT states.

The presence of energy barriers along the Mn-H bond homolysis channel in

Mn(H)(CO),(DAB) prevents this primary reaction, which will be characterized by

a low quantum yield under visible irradiation.

A detailed analysis of the evolution of the excited states along both dissociation
pathways (CO loss and Mn—H homolysis) indicates a dramatic change of electronic
configuration of the triplet states on going from the equilibrium geometry to the
Mn-H homolysis primary products, due to a large mixing between the *MLCT
states and the *SBLCT state. Indeed, the nature of the lowest a’A’ state is modified
from pure quasi-bound MLCT to dissociative SBLCT character. In contrast, these
triplet states remain pure along the axial CO dissociation pathway, keeping either
an MLCT character or an SBLCT character. The corresponding low-lying singlet
excited states are well characterized in the FC region and remain nearly pure along
both dissociation channels.

The simulation of the photodissociation dynamics of the ¢! A" MLCT state, more
likely populated under visible irradiation, by wavepacket propagation on the
associated potential has enabled us to extract preliminary conclusions concerning
the visible photochemistry.

After the initial a'A’—c'A’ transition, on a short time scale (<75fs) the
wavepacket evolves to the dissociation channel corresponding to axial CO elimina-
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tion. The system has insufficient energy to induce the breaking of the Mn—H bond.
The only alternative of deactivation on a longer time scale will be either the CO loss
or the emission to the electronic ground state from the low-lying triplet MLCT states.

A comparative study of the low-lying excited states in Mn(R)(CO),(DAB) (R = H,
methyl, ethyl) and M(H)(CO),(DAB) (M = Mn, Re) points to the following conclu-
sions as to how ligand R and the metal center influence the photoreactivity.

On going from the hydride to the ethyl complex, the ordering and the nature of
the low-lying singlet states remain similar and well defined. Therefore, the shape of
the absorption spectrum should not be drastically modified inside the molecular series.
However, a lowering of the '"MLCT and 'SBLCT states in the ethyl complex will shift
the absorption spectrum to the red. In contrast, the mixed *(SBLCT/MLCT)
composition of the two lowest triplet excited states in Mn(Et)(CO),(DAB) may largely
influence the photochemical behavior of this molecule. The state correlation diagrams
connecting the electronic ground and excited states of Mn(R)(CO);(DAB) (R =H,
ethyl) to those of the R + Mn(CO),(DAB) primary products indicate an efficient
Mn-R homolysis primary reaction in the ethyl complex. The influence of the metal
center is illustrated by the comparative study of the excited states on going from
Mn(H}CO);(DAB) to Re(H)(CO)s(DAB): (i) a lowering of the excitation energies
due to relativistic effects; (il) a strong mixing between the "*MLCT and '*SBLCT
excited states.

A more complete investigation of the photodissociation dynamics of
Mn(H)(CO);(DAB) should enable us to extract more quantitative information
(probabilities of dissociation, branching ratio, ISC time scale) concerning the
elementary processes participating in the mechanism in its early stage (below 500 fs).
On a longer time scale, other factors, like geometrical distortions in the low-lying
excited states or solvent effects, may largely influence the photochemical behavior
of this class of molecules. The numerical simulation of these effects is beyond the
scope of the present study.

A detailed analysis of the excited states and associated PESs of Mn(Et)(CO),(DAB)
has been undertaken. The main differences between the PESs of the hydride and the
ethyl analog are: (i) the vanishing of the potential energy barriers along the Mn—R
bond homolysis in Mn(Et)(CO),(DAB), as expected from the state correlation
diagrams, and (ii) a weaker bound character of the '"MLCT states with respect to
the Mn-R elongation in the ethyl complex. The consequences of these two important
features will be a more efficient Mn—R bond homolysis process in an ultra-fast time
scale (< 200 fs) directly from the singlet states with an opening to two concurrent
dissociative channels (CO loss and Mn-R bond homolysis) and a broader absorption
spectrum in Mn(Et)(CO),(DAB).
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