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Abstract 

The photodissociation dynamics of the model system HMn(CO)3(a-diimine), representative 
of a class of transition metal complexes characterized by low-lying meta!-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; (iii) 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(CO)a(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. ~,~ !998 Elsevier Science S.A. 

t~2eywords." MLCT Photochemistry; Quantum Chemistry; Excited state dynamics 

1. h~troduction 

According to a number of experiments, the family of  a-diimine mono- and 
di-nuclear transition metal carbonyls show a dual deactivation process: they either 
(i) photodissociate, leading to highly reactive intermediates, or (ii) manifest the 
photophysics (including spectroscopy) of metal-to-ligand charge-transfer (MLCT)  
complexes [1-6]. These two distinct behaviors may be used to promote selective 
applications like cata!ytic activity or energy/electron transfers. Quite recently, 
spectroscopy, photophysics and photochemistry of a series of 
M(L)(CO)3(a-diimine) complexes ( M = M n ,  Re), in which L represents a metal 
fragment on" alkyl groups bound to the metal by a high-lying cs 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*(~-dii~:~ne) (MLCT)  trans- 
itions, and that emission and homolysis reactions take place from a close low-lying 
c~(M-L)--~n*(a-diimine) (3LLCT) 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 infi'ared (TRIR)  spectroscopy has been devel- 
oped to follow the behavior of short lifetime intermediates [ 10]. However, according 
to recent pico-/femto-second experiments on [CpFe(CO)2]2 [1 I-15] there is consider- 
able difficulty in distinguishing the early stage of the photodissociation (m 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 he!ping 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 tmre and coworkers 
[t6-20] Ibr competitive bond breaking from simple linear triatomic ABC systems 

AB + C,-[ABCI*--*A +BC (1) 

to large transition metal complexes. The photochemistry of organometallics is gov- 
erned by intramolecular vibrational energy redistribution (IVR), intersystem crossing 
(ISC), internal conversion (IC), direct dissociation (DD) on repulsive PESs in the 
femtosecond time scale or indirect dissociation (ID). This complex network of 
elementary processes ha: been considered under the time-dependent approach for a 
series of model systems, each representative of aclas? 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)3(DAB), that the key to the 
understanding of the photochemical behavior of the title complexes is the relative 
position of the 3LLCT (CYM_R'--~TC~ab) state (responsible for the M-R bond homolysis) 
with respect to the lowest 3MLCT states correspor_ding to  dE--*/r~a b excitations [27- 
30]. This work reports a complete one-dimensional simulation of the photodissocia- 
tion dynamics along the Mn-H bond elongation. It was perlbrmed on the low-lying 
non-adiabatically coupled singiet potentials (1LLCT and IMLCT) which are also 
coupled with low-lying triplet potentials (3LLCT and 3MLCT) 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)3(DAB) (R = H, methyl, ethyl ) to the correspond- 
ing states of Mn-R bond homolysis primary products R+Mn(CO)3(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 model system HMn(CO)3(DAB). A preliminary investi- 
gation of the influence of the metal center is undertaken through the calculation of 
the low-lying triplet and sing]ct excited states of HRe(CO)3(DAB). 

2. Model and techniques 

2.1. Model ~vstems 

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 
HMn(CO)3(DAB) [27-301. 
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The photodissociadon dy~amics have bee~ simulated f})r the following primary 
reaction: 

HM-~COh( D~-~ ~..,,~ - - - ~  H + Mn {COb(DAB) (2} 

Tl~.e caiculations have been performed under (~. symmetry cnnstraim for the ~'A' 
electronic ground s, ate correspor~ding to ~he (~)2( 3dx2_,..,~2.)2( 3dyz)2f3dxz)Z electronic 
configuration and fl~r ~he ~ow-l?'ing ~"~A; excited sta~es corresponding to  

(c;)~(°O:~2--::e,r2~3d~.a!"{°Ox:) ("~dab ¢..,~k.[.O,,~v: cord ig t i~ 'a t  or.~s. T h e  equ{!ibrium c o n -  

lk~rmatior~s ere depicted in Fig. 1. 
Idealized geometries have been deduced Dora the ground state structures of 

MnCI{CO)~(DAB) [31 ] and of HMn(COIs [32} The geometrical parameters details 
are given elsewhere [33~. Geometrical relaxation effects in the lowest 3MLCT state 
arid in the 3 L L C T  state b, ave been studied through gradient-CASSCF optimizations 
tbr the hydride complex at the equilibrium (in the Franck-Condon region) and in 
ti~e asympto,Jc region of tiie Mn-H bo~_d homolysis. The main structural deform- 
ations consist of  an elongation of the Mn-CQ.~ bond in the lowest a3A ' 
(3d~:-,rr~, b) excited state ~ i.918 .~, in the ground state vs. 2.235 ]~ in the excited 
sta~e) and m an el.ongatio~a of ti~e Mn-H bond in the d3A ' (~:~.~ - ~ a ~ )  excited state 
(1.625 ,.~ in the ground state vs. 1.946 ]4t in the excited stateL The main angular 
de%,rmations are less than t0 and other ip, temtomic distances change very little 
[3.4,3~]. Since we are interested by fas{ evevds (ver{ica~ transitions in the 
Fra~'~ck (.7,mdo~ domain, direct dissociatiotx~ occnrring in the fen~tosecond ~.ime 
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scale and ISCs occurring in the picosecond time scale) a systematic geometry optimi- 
zation of  the excited states has not been perfbrmed. In any cases, the geometrical 
deformations on going tkom the equilibrium to the dissociated fragments 
H + Mn(CO).~(DAB) are not sufficiently significant to justiG' costly gradient calcula- 
tions at a correlated level. Clearly. investigation of other photophys{cal properties 
connected to excited states with long lifetimes (emission spectra) would need to take 
relaxation eifects into acconnt, particularly in the low-lying triplet excited states. 

2.2. Excited states .calcuh~lion.~" 

CASSCF [36] calculations, averaged over the low-tying states of  a given symmetry 
and spin, were performed in order to generate a set of  molecu!ar orbffals used in a 
subsequent multireference CI [37]. Our interest centered moslly on the lowest excited 
states correspondina to d ~ d .  d-'~g~'~ b and --, * ~ " "~ ° C f  " ~dab exc~tat~c ns 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 = ethyl ~ orbitals corresponding to the 3d and 
4d orbitals which correlate them. the c~vR and G~_R orbitals (c%.~ and %:3-R orbitals 
respectively denote the molecular orbitals that are bonding and antibonding with 
respect to the M-R bond) and the lowest r~.~b orbital ~ocaAz~d on the DAB group. 
For each electronic state a monoreference CCI calculation was tbllowed by a multi- 
reference calculation, including all configurations with a coefficient larger Ihan 0.08 
in the monoreference Ci. Single and double excitations to att virtual orbitals, except 
the counterparts of  the carbonyls and diimine Is and the metal t s 2s and 2p orbitals, 
are included. The basis sets used are detailed elsewhere [33]. All electron calculations 
have been pert~mned fl~r the manganese complexes, whereas relativistic e,~active 
core potentials [38,391 (in the smalI core approximation) Eave been used for the 
rhenium complex. 

Z3. State corrdazion diagrams 

A step forward in understar~ding the mechanism of photochemical reactions of  
organometallics was the use of st~te correlation diagrams [40-42]. State corretatic, n 
diagrams are rather crude approximations to lhe PFSs that c(mnect the reactants 
te the primary photochemical produc!s, hi this approach~ one r~ceds ~o idenlilk tirst 
~he ground slate and tow-lying exciled slates of  the reactams and of  the primary 
prod~.tcts. This can be done by eiit~er a qualitative energy level scheme or :~b initio 
calcuiations. State correlation diagrams %r RMn(CO?<~(DAB,) ( R , - H ,  methyl, 
ethyl) and its primary products R + Mn(CO)3(DAB) h~ve been buitt on lhe basis 
of  spin and symmetry conservatio~-~ rules {43]. i h e  rehtive CASSCK/CCt energies 
of  the diflkrent molecules h~ the ground stale and in ~5e l,'~.@ing single~ and triplet 
slates were used. 

2~ 4. P E'Ss 

In its elementary fi~i"m the photocBemicai beha vior of the molecule under investiga- 
lion can be modeled as a pseudotriawmic syslem with two co]]inear dissociative 
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Scheme I. 

bonds, q~=[Mn-H] and qb=[Mn-CO~.@ In the present work, however, only the 
simulation along the q~ 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)3(~-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)3(DAB) molecules are modeled by fitting analytical functions to 
CASSCF/CCI ab initio points, with additional smoothing to avoid any obvious 
~rtefacts, such as shallow 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 
spectrmn. For this, one needs the potentials corresponding to the electronic ground 
state and to the lowest spin (singlet) and symmetry-allowed transitions. Photo- 
dissociation dynamics investigation is based on potentials corresponding to bound 
and dissociative electronic states either coupled non-adiabatically (singlets) or cou- 
pled by spin-orbit interaction (singlets-triplets). 

2.5. Photodiss'ociation dynamics 

The photoabsorption and the subsequent bond breaking described in the reaction 
given in Eq. (2) are simulated by propagation of selected wavepackets 7%(q,, t) on 
the potentials corresponding to the e excited states. The time evolution of the 
wavepackets is obtained by solving the time-dependent Schr6dinger equation: 

ih --  7~o(q,, t )=[T, ,  + V~lTU~(q~, t) (3) 
0t 

with the initial conditions 

~(qa ,  t = 0) =/~ qSgs.o(qa ) (4) 

where/x~ is the electronic transition moment between the ground state (gs) and the 
excited state e. qSg~,o(q, ) 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 obtained by the second-order-differential propagation scheme with 
At =7.0 x 10 -3 fs [47]. 

The absorption spectrum grto t is obtained by the Fourier translbrm of the total 
autocorrelation function S~ot(t) summed over the individual autocorrelation func- 
tk ns corresponding to each excited state e 

f 
+ c o  

crto,(co) ~ o9 dt ei~E~ +'°~'S, ot (t) (5) 
• / -gx3  

where 

S,o,(r~=~ (~o(0)1 ~(t)) (6) 

and Ei represents the energy of the initial wave packet on the electronic state e. 
The kinetic part of the Hamiltonian of the system, expressed in bond coordinates, 

is given by 

h 2 02 
T.u - (7) 

2Fh 0q 2 

where ~a is the reduced mass corresponding to the bond qa- The propagations 
are based on representations of ~u (q,, t) on one-dimensional grids corresponding to 
the reaction coordinate with the following parameters: q,=qao+(i-1)Aq~, 
q~o =1.0 a.u., Aqa=0.1 a.u. with 1 ~i~<512. 

When the spin-orbit interaction between two electronic states k and k', defined 
by the spin-orbit coupling diabatic matrix element 

= \=k IH~ol~k,/ (8) 

is included lbr the description of singlet to triplet radiationless transitions, the time 
evolution of the wavepackets 7Uk(q~, t) in the diabatic representation is evaluated by 
solving a set of" coupled time-dependent Schr6dinger equations [23,24] 

if76~k-(q,, t)=t-Ik ~I~(ct,'t) + Z ~d ,z/ " k k '  " t k '  (9) 
~ k # k P  

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 packet ~k(qa, t) in the diabatic representation 
is obtained by solving the set of  coupled time-dependent Schr6dinger equations 
(Eq~ (9)), where Fakk, 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 avoided 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. I~esu]ts and discussion 

3.1. Excited states 

3.1,1. Excited states o f  RMn (C0)3 (DAB) (R = H, methyl, ethyl) 
The calculated vertical excitation energies of the lowest ~'3A' states of 

RMn(CO)3(DAB) ( R = H ,  methyl, ethyl) are reported in Table 1. 
The lowest singlet excited states correspond to one-electron excitations, either 

from the metal-centered 3d orbitals or from the metal-radical o~l,-R bonding orbital 
* orbital of  the diimine group. The first three singlet to the low-lying vacant ~aab 

excited s*:~tes range between 21060 and 37950cm -~ ( R = H ) ,  20430 and 
28 200 cm- t (R =methyl)  and 15 850 and 26 2,40 cm - i  (R = ethyl ). The correspond- 
ing triplet excited states range between 15090 and 34390cm -1 ( R = H ) ,  12 730 
and 22 900 cm - 1 ~ 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 
pronounced on going from the hydride to the methyl than from the methyl to the 
ethyl complex. This is mainly attributed to a stabilization of the vacant n~ab Ol bital 
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 ~{it-R 
bond with Iespect to the ligand R is fl~rther illustrated by an even more pronounced 
lowering of the ~LLCT states I~Mr,_R-'e~d~ab with respect to the MLCT states to 
d- ~Za,b- The second significant difference between the hydride complex and the 
methyl- or ethyl-substituted molecules is a strong mixing between the low-lying 
3MLCT (3d:c:--*~da b) and the ~LLCT (O'Mn_R--->g~'ab) states and between the two 
lowest ~MLCT (3dx~--~rCd~b) and ~MLCT (3dx~-r-" ~nd,  b) 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 singiet ground state with the ~LLCT appears to inhibit mixing between 1LLCT 
and IMLCT, in cor,':cast to the mixing behavior in their triplet counterparts. The 
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mixing between the 3MLCT (3dx.-*rCdab)* and 3LLCT ((3"Mn_R--,g*dab) states is 
illustrated by the hybridization of the 3dx~ and 3d_.z orbitals which increases tile 
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 1LLCT 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 electronic grouted state to one of the low- 
lying quasi-bound 1MLCT states, and a weak shoulder in the UV regien correspond- 
ing to the population of the weakly bound 1LLCT 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~.--*r~b excitation. For the 
methyl complex, this state is calculated at 20 430 cm- ~, in excellent agreement with 
the experimental maximum around 500 nm which is observed for a number of 
~-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 tow-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 
3MLCT are nearly pure and well separated from the dissociative 3LLCT state. In 
contrast, the methyl and ethyl compounds show a mixed character. This mixed 
3(LLCT/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 
hydride (19 300 cm-~) to the methyl (10 200 cm-i )  and to the ethyl (5100 cm-~) 
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 
lbr HMn(CO)3(DAB) [27,28]. 

3.1.2. Excited states' of  HRe (CO)a(DAB) 
The CASSCF'/MRCI excitation energies to the lowest 1'3A' states of 

HRe(CO)3(DAB) are reported in Table2. These results show two interesting 
features: (i) a lowering of the excitation energies on going from the manganese to 
the rhenium compound; (ii) a strong mixing between the so-called ~'3MLCT 
(5dx.--~II:dab) and I'3LLCT ~ * • (CrR~-n na.~) 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 n~ab orbital and the 6p~ of the 
rhenium atom. The lowest singtet state is calculated at 15 250 cm-~ and corresponds 
to the nearly pure 5dd_~,2 ~n~ab excitation. The next singlet state matches well with 
an intense absorption band at around 20 000 cm- 1 in the visible energy domain for 
this class of rhenium complexes. The mixed X(MLCT/LLCT) character of this 
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Table 2 
Calculamd CASSCF, CCI excitation energies (cm q) to the lowest t'3A" excited states of  HRe(CO)3(DAB) 

Transition One-electron excitation in the 
principal configurations 

a lA' -*a3A ' 5d=  +cyR~ m ~d~b (0.71) 12 600 

a;A'--+b3A ' 5dx~-r~ =,~b (0.90) t3 710 
a~A'_~b~A ' , • 5d~,_s.---,~d~ b (0.91) 15 250 

./'----0.0003 
aIA'-oc~A ' 5d~: + c;R~. --,r~$.,b (068 t 21 721 

- 5 d  -~r~* ~ " f = 0 . 3 2  %~e-H x= dab ~0.44 ) 
a : A ' ~ c 3 A  ' ore_. - 5d.,.: --* ~ ' ,b  ( 0.69 ) 27 650 

5d~. ~- ~R~.  ',a~u (0-~9) 
aIA' - - ,d lA ' c~a~_ H - 5d~: - * ~ , b  (0.64l 3 i 340 

5d= ~ * + % ~ - ,  Glib (0.59) f = 0 . 1 2  

excited state could lead to a substantial distortions of the shape of the associated 
potential energy curves. This may explain some quite surprisil~g 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) "~r~*" 
excited state (characteristic of  a bound state) has been observed. The highest calcu- 
lated ~singlet excited state at 31 350cm -I  shows a highly mixed LLCT/MLCT 
character. 

According to the oscillator strengths reported in Table 2, the a~A'--,c~A ' transition 
should be the principal contributor to the intense visible absorption band characteriz- 
ing this class of rhenium complexes [7--9]. Tile a~A'--.dlA" transition should be 
responsible for a less intense band in the UV. 

In contrast to its manganese homologue, the rheniunl complex follows the same 
trends for the triplet states as for the singlet states. The lowest triplet excited state 
at 12 600 cm-~ is characterized by a strong MLCT/LLCT mixing. The next triplet 
state calculated at 13710cm -x is nearly pure and corresponds to the 
5d,.,~_y2--~rg~a b excitation. The highest calculated triplet state has an LLCT/MLCT 
character and lies at 27 650 cm-  ~. The dominant MLCT character of  the two a3A ' 
and b a n  states (as in RMn(CO)3(DAB); R = H, methyl) should generate a situation 
resulting in avoided crossings with the "dissociative" c 3 A  ' state, which has a large 

- ,  * contribution. Investigations of state correlation diagrams and potential (~Re-H ~dab 
energy curves are necessary to corroborate this hypothesis. Further calculations are 
needed to estimate the spin-orbit splitting and the singlet--triplet interaction, which 
cannot be neglected in this heavy atom complex [48]? 

Whe spin-orbi t  i~teraction may account for a few thousand wavenumber  units in the rhenium complex, 
according to the atomic splitting, to be compared  with the largest value, o f  107 e ra - t  calculated between 
the a3A ' (dx.-~n,],b) and d lA ' (~--*n~',b) states o f  HMn(CO)3(DAB).  
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ILLCT 

3LLCT 

3MLCT 

GS 

HMn(CO}3(DAB) H + Mn(CO)a(DAB) 

JMLCT 

3LLCT/MLCT~-~. .... 
I~LC T ...... i/"~ 

3MLCT/LLCT 

GS 

MeMn(CO}3(DAB) ble+Mn(CO)3(DAB ) 

Fig. 2. State correlation diagrams based on CASSCFCCI  catcuzafions connecting the electronic ground 
and lowest excited states of RMr~(CO)3(DAB) (a) R = H :  (b)  R=methyl ;  (c) R=ethy i  (the same scales 
are used i~ the three diagram,'~). 
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1LLCT 

45t 

t M [~'T, 

3MLCT ..................... 

"~LLCT / MLCT 

GS 

EtMn(CO}z(DAB) Et+Mn{COI3(DAB) 

Fig. 2. (coniir'ued) 

3.2. State correlation diagrams 

The state correlation diagrams connecting the electronic ground state and the 
low-lying triplet excited states of RMn(CO)3(DAB) to *.he corresponding states of 
the primary products R ~ Mn(CO)3(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 CASSCF/CCI energies 
of the electronic ground state and low-lying triplet states of HMn(CO)3(DAB). 
Fig. 2(a) shows an extreme situation where the 3LLCT 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 Mn-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 tigand, or emission to the electronic ground state from the low-lying, long 
lifetimes, triplet MLCT states. The 3LLCT dissociative state stands in the upper 
part of tlae energy domain, well above the ~MLCT (in bold letters in Fig. 2), which 
is accessible through allowed transitions from the electronic ground state (GS). An 
intermediate situation is depicted i~ Fig. 2(b), which shows the state cmrelation 
diagrams drawn for the methyl complex MeMn(COh(DAB). The shape of the 
associated potentials should be smoother and may allow the system to overcome 
the energy barriers generated by avoided crossings between the upper mixed 
3(LLCT/MLCT) state and the low-lying 3MLCT 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 state correlation diagra~as corre- 
sponding to the dissociation of the ethyl group in EtMn (CO)3(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 3(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 
3MLCT state along this reaction coordinate. In addition, the relative positions of 
the 1MLCT excited state (accessible under visible irradiation) and of the dissociafi,-5 
triplet state will play an important role in the photodissociation mechanism of the 
ethyl complex. 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. Pho todissociation clynamics of  I tMn (CO) 3 (DA B) 

3.3. L Absorption spectrum 
The theoretical absorption spectrum of HI~,(CO)3(DAB) has been obtained 

through propagation of the selected gJ~A,(q~, t) wavepacket on the ~'~A,(q,), 
~,A,(q~), V~A,(q~), V~A,(q,) and V2A,(q,) potentials corresponding to the excited 
states labelled in Table i, under C~ symmetry constraint. The two lowest 3MLCT 
states, a3A ' and b3A ' have been excluded from the simu!ation on the basis of 
preliminary propagations performed on the whole set of potentials. This simulation 
indicates a very low efficiency of the ISC process to these states. The evolution of 
the initial wavepacket has been followed by solving the fully coupled 5 x 5 diabatic 
Schr6dinger equatto;~ (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: 

~r"~A,(qa, t -~ O ) =- p~ ,,_~A,C#{A,,o( q~ ) 

k~i.A,( qa, t = ~) ) ~- ,:: 5~,~ ~A, qbL,,,,o( q~) (10) 

where tt~j are the calculated dipole transition moments between the states i and j 
and 

~2A,(q.,t=O)=O (11) 

The computed electronic absorption spectrum of HMn(CO)3(DAB), shown in 
Fig. 3, has been obtained with vibrational relaxation efl?cts (dashed lines) and 
without them (solid lines). 

The fine structure (solid lines) shows an intense and sharp peak centered at 
26 000 cm -1 corresponding to the a iA'- ,c lA ' absorption and several less intense 
narrow peaks in the region between 35 000 and 45 000 cm-  1. Among them, the most 
intense corresponding to the a lA' - ,d lA ' transition is assigned to the 1LLCT state. 
This series reflects the complex structure of the potentials in this high energy domain 
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Fig. 3. Theoretical electronic absorption spectrum S,o,({,)) of HMn(COL(DAB). with viLrational relax- 
ation effects included (dashed lines) and without the vibrational relaxation effects lsoiid lines). 

(due to the mixing of the ~LLCT state with other singlet states). A third peak of 
low intensity is detected at 21 000cm -~ and corresponds to the weakly allowed 
a~A'~baA ' ~MLCT transition. Inclusion of the vibrational relaxation effects in the 
simulation (by an exponential correction to the autocorrelation function) induces a 
broadening of the bands and obscures the fine structure in the theoretical absorption 
spectrum t Fig. 3: dashed line). 

3.3.2. Visib!e photochemistry 
In order to follow the photoche~iczl behavior of HMn(COh(DAB) under irradia- 

tion in the visible, and to determine the role of the low-lying triplet states, we have 
perlbrmed one-dimensional wavepacket propagations along the q, = 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- 
lying blA ' and clA ' (~MLCT) states (in the visible absorption domain) and the 
triplet a3A ', b3A ' (3MLCT) and c~A ' (-~LI,CT) excited states. Note that the c3A ' 
state leads to the H + Mn(CO)3(DAB) primary products [27-30]. The time evolution 
of the gt~A,(qa, t), gt~A,(q,, tL ~A,(q, ,  t), ~r~.;A,(q,, t) and ~3A,(q,, t) wavepackets 
has been followed by propagation on the corresponding potentials by solving sets 
of spin-orbit and non-adiabatically coupled time-dependent Schr6dinger equations 
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( Eq. ( 9 )) (see Section 3.3.1 ) with the followi~g initial conditions: 

~//~a,(qa,  t -= 0 )  = p~,a,+~A,q~a, o(q, ) ( 12 > 

and 

~/'/~A,{qa, f----(}) == ~J&A,(qa, t - - 0 ) - ' =  t / /~A,(qa.  / ' = O )  = lfZ~A,(q a, l - ~ -0 )  

= F~, , (q. ,  t = 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- 
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Fig. 4. Time evolution of  the 'P~A,(q.. t) ( -  - -) .  ~ , . , ( q . .  t) ( . . . .  ) and g-'~,~,(q~, t) ( . . . . . .  ) ~vavepackets 
on the sp in-orb i t  and non-adiabat ical ly coupled V~A,(q,) ( - - - ) .  F~a,(q.) (-  . . . . . . .  ) and Vb.,(q,~) 
( ...... ) potentials as a functio,l of  q. = [ M n - H  ]. 
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Fig. 5. ProbabiiiLv for observing the reaction l tMn(COh( DAB)~H + MntCO)3( DA6} after irradiation 
in the visible. 

sented in Fig. 5. For the sake of ctarity, the two lo~v-lying ~2a,(q~) and P~a,(q~) are 
not represented in the snaphots. 

Ur der 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 ~MLCT 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 3LLCT is weakly 
populated (less than 1%) and the small fraction of wavepacket coming fi'om the 
singlet potential runs out toward the primary products H+Mn(CO)3(DAB) 
(~':~A') leading to diradicals. 

3.d.3. UV photochemistm., 
in order to follow the photochemical behavior of HMn (CO)3(DAB) under irradia- 

tion in the UV energy domain, we have performed o~e.-.dimer~si(ma! wavcpacket 
propagations along the G = M n - H  reaction coordinate. Three excited states have 
been selected in this simulation: the d~A ' (~LLCT) state, a second singlet state 
etA ' (not reported in Table l, but nearly degenerate with the ~LLCT in the 
/ ranck-Condon region and corresponding mainly to a 3d,,=-,3d v excitation) and 
ti~e c3A ' (3LLCT) state. The time evolution of the t/t~A,(q a, t ) ,  t//~A,(qa, t )  and 
F'2Adq,, t) wavepackets has been followed by propagation on the corresponding 
potentials by solving sets of spin-orbit and non-adiabatically coupled time-dependent 
Schr6dinger equations (Eq. (9)) (see Section 3.3.1 ) with the following initial condi- 
VOiVC 

7~! ,ff q., t = 0) =/qA,_~A,(/)~A,.O( G ) (14) 
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and 

Y'~>(q,~, t=O}= 71~A,(q.~ 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 

weiis of  the dlA ' and elA ~ excited states on both sides of  the energy barrier around 
1.75 ~ .  which is generated by avoided crossing between these states, In the first l0 fs 
around 20% of  the wavepaeket overcomes the barrier and evolves in the FL~Aqa ) 
potential. The main part of the system remains on the initially populated qloLCT 
state, where it starts to dissociate towmJs H+Mn(CO)3(DAB)  (d~A ') primary 
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products. The population of the dissociative 3LLCT state through ISC is negli~ble, 
since the crossing point between the singtet 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 efticie~t transfer to the triplet state (the singlet-triplet spin-orbit 
coupling has a value of 10 cm- :  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. Conclusion 

The photochemistry of a series of MLCT RM(CO)3(DAB) ( M = M n ,  R = H ,  
methyl, ethyl; M=Re ,  R = H )  complexes has been studied through quantum 
chemical calculations completed by simulation of the excited states dynamics in 
HMn (CO)a(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 1MLCT states, on the one hand, and between the 
3MLCT/3LLCT states on the other hand. The state correlation diagrams enabled 
us to propose a qualitative mechanism of deactivation of R Mn(CO)3(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(CO)3(DAB) (R=ethyl) .  This mechanism accounts for the experimental 
findings recently reported for this class of molecules° namely i1o breaking of the 
Mn-methyl bond but an efficient Mn-benzyl bond homolysis in the 
RMn(CO)3(~-diimine) [1-9]. A comparative study of the lowest excited states in 
HMn(CO)3(DAq ) and HRe(CO)3(DAB) has been undertaken. The low-lying 
excited states of HMn(CO)3(DAB) are nearly pure and ral~,e i~etween 15 000 and 
37 950 c m  1 in contrast to its rhenium homologue in which the lowest part of the 
spectrum is characterized by mixed LLCT/MLCT states between t2 600 and 3l 34 

- I  0 cm 
The main features of the absorption spectra of HMn(CO!a(DAB) have been 

reproduced, in the limit of the one-dimensional propagation of selected wavepackets 
on spin-~orbi~ and non-adiabatically coupled :'3LLCT and L~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 
in the UV region have been attributed to the weakly bound ~LLCT state. The 
simulation of the visible photochemistry, by propagation of setected wavepacket 
initially placed on the low-lying singtet 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 (30 000-.38 000era -~) shows 
that the UV photochemistry 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)3(DAB) primary products. The singlet-triplet ISC processes seem to 
play a minor role in the femtosecond dynamics of HMn(CO)3(DAB) excited states. 
However, efficient singtet 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 concur- 
rent primary reaction leading to the CO dissociation observed in a few 
MeMn(CO)3(~-diimine) complexes [ 1-9]. A complete study of the spin-orbit inter- 
actions in the excited states of HRe(CO)3(DAB) is necessary to investigate the 
influence of the metal center on the photochemical 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 is the development of sophisticated experi- 
mental techniques able to provide information at the early stage of the 
photodissociation, 
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