Coordination Chemistry Reviews, 132 (1994) 6372 [+%]

Electronic spectra of RMn(CO)q{a-diimine) (R=H, CH;): a
CASSCF/CCI comparative study of the lowest singlet excited

states

C. Da.nielt, T. Matsubara H, G. Stor§

Laboratoire de Chimie Quantique, E.R. 139 du CNRS Université Louis Pasteur, F-67000 Strasbourg,

France.

ABSTRACT AND CONTENTS

A theoretical study, based on CASSCE/CCI calculations of the lowest part
of the electronic spectra of RMn(CO)y{a- diimine) (R=H, CHj), is reported.
These systems are a model for a rather general class of transition metal complexes
with low-lying Metal-to-Ligand Charge Transfer {MLCT) states. The theoretical
electronic spectrum of HMn(CO)3(a- diimine) is characterized by a high density
of states below 35000 cm_l (285 nm). The lowest 1A’ and lA” singlet states,
directly accessible through allowed transitions from the Lo ground state, corres-
pond to d —» = * excitations, between 17110 and 22300 cm ™~ L. These values are in
excellent agreement with the vis-UV absorption spectra usually obtained for this
family of molecules with a MLCT band at around 500 nm { 20000 cm_l). The
next lA’ and lA" states { above 27800 cm_l) comrespond to d -+ d excitations
and should contribute to a shoulder on the absormption spectra at around 350 nm.
The first excited 1A’ o —» 7+ state, susceptible to play a role in the homolysis of
the Metal-R bond, is calculated at 32150 cm ™. This state is not directly acces-
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stble upon irradiation at 500 nm, but may interact with the lowest IMLCT states
early on the reaction path corresponding to the homolysis of the Metal-R bond.
In the light of these results, the photochemical behavior of other transition metal
{ «- diimine) complexes with low-lying MLCT excited states is discussed. The
excitation encrgies for the lowest 1A’ states only slightly differ when going from
the hydride to the alkyl complex.

A_ INTRODUCTICN

In later years many photochemists working on transition metal complexes
changed thew investigations from Ligand Field (LF) photochemistry to the
photophysics and photochemistry of molecules with low-lying Metal-to-Ligand
Charge Transfer (MLCT) states. Usually the MLCT states are poorly reactive
and their long lifetime makes them very well suited for energy and electron transfer
processes [ 1-6].

If the photochemistry of transition metal carbonyls is well documented
experimentally {7-11] and theoretically [12-18], the density and the diversity of
states which characterize the electronic spectrum of complexes with low-lying
MLCT states, the position of which depends on the experimental conditions, is
responsible for the ncomplete understanding of their photochemical and
photorhysical behavior. Most of the time the futur of the molecule after irra-
diation is followed up either by emission measurement or by wavelength
dependence of the quantum yield of the primary reactions [19]. A fundamental
question does concern the role of the MLCT states in the observed photoreactivity
of the molecule which does depend strongly on the metal center, the ligand
providing the low = - acceptor orbital and the other ligands.

The MLCT states were mostly assumed to be unreactive [2-3,20-21] until recent
experiments  reported on  M(CO)y(a-diimine} (M=Cr, Mo, W),
RM(CO)3(x-diimine} (R= Me, Et, Benzyl, M=Mn, Re) and
XM(CO)5(x-diimine) (X =halide, M=Mn, Re} [22-26]. According to these

experimnents, these complexes seem to indicate distinct MLCT and LF reactivities.
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Indeed, excitations into the MLCT bands { between 380 and 500 nm) lead to ra-
dical formation whereas LF photochemistry is characterized by the dissociation
of a carbonyl ligand. From recemt experimental investigations reported for a-
diimine Rhenium tricarbonyl complexes [27], # was concluded that mainly
MULCT states are involved in absorption and emission of these compiexes and that

"

homolysis reactions take place from " close-lying” Ligand-to-Ligand Charge
Transfer (LLCT) states ( & - =*). The relative position mn the electronic spectra
of the photodissociative states corresponding to d - d, 6 - ¢*, 5 —» x* with res-
pect to the MLCT states is probably the key of the photochernical behavior of this

family of complexes.

Current understanding of excited states properties of transition metal coordination
compounds is generally based on molecular orbital diagrams, coupled with an
analysis in terms bonding and antibonding character [7]). This analysis, although
conceptually appealing and certainly wseful, has a number of drawbacks and may
tummn partly erroneous in some cases [18]. One way for getting insights in the na-
ture of the photoexcited states mvolved in the photoreactivity of these molecules
is to calculate the excitation energies to the lowest electronic states and to draw
the state comrelation diagrams which connect them to the ground and excited states
of the primary products [28-29]. This approach constitutes the first step of a more
complete study based on the calculation of the potential energy surfaces, folowed
by an investigation of the photodissociation dynamics. This method has been
applied recently with success to mononuclear transition metal hydride carbonyls
[36-32].

The amm of the present study is to analyze the remarkable complexity of the
electronic spectrum of this family of molecules by investigating the nature of the
lowest excited states and their comresponding excitation energies obtained from
CASSCF/CCI calculations for RMn(CQO)z{a- diimine) (R=H, CHj). These
systems will serve as a model for a rather general class of transition metal coordi-

nation compounds with low-lying MLCT states.



66

B. COMPUTATIONAL DETAILS

The calculations were carried out for RMn(CO)3(«- dumine) (R =H, CHy;
a- diimine = 1,4-Diaza- 1,3-butadiene)} with the conformations 1 (R=H) and 2
{R = CHjy) n the C symmetry.

N CHy
N
.| _m=co Na co
M o
ce co
1 2

Idealized geometries were deduced from the structures of Mn(CO)z(dab)Ci [33]
and of HMn(CO)g [34] with the following bond lengths:
- for both molecules: Mn-Cpy = 1.82 A ( for the carbonyl ligand trans
to the R group) or 1807 A( for the other carbonyls ligands),
Mn-N = 2032 A, N-C = 1284 CC = 149 A, CH = 1.08 A,
N-H = 101 A,C-0 = 1.142 A

- for HMn(CO)3(a- diimine): Mn-H =1.576 A, for CH3Mn(CO)3(a-
diimine) Mn-C = 2.19 A, C-H = 109 A
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and the angles§ = 96° and & = 117.5°.

The following Gaussian basis sets were used: for the manganese atom a (15,11,6)
set contracted to [ 9,6,3 ] [35], for the first row atoms a (10,6) set contracted to
[ 4,27 [38], for hydrogen either a (6,1) set contracted to [ 3,1 ] [39] (for the atom
directly linked to the metal center), or a (4) set contracted [2] [38] for the other
hydrogen atoms.

A detailed description of the method used to reproduce comrectly the sequence and
energetics of electronic states is reported elsewhere [40]. Complete Active Space
SCF (CASSCF) calculations [41] were carried out to obtain wave functions which
are used as references in the Contracted Configuration Interaction (CCI) calcu-
lations [42]. Owur interest will center mostly on the lowest excited states
corresponding to d > d, d —» z*, o — n* and ¢ — o* excitations. The rigorous
way to calculate the excitation energies consists of carrying out for each electronic
state a CASSCE calculation followed by a Multireference Cl calculation.
However, this procedure is too expensive for transition metal complexes, due to
the size of the sysiem and to the large number of low-lying states. In this apph-
cation we use a more economical approach that consists in two steps i) we
perform a CASSCEF calculation for which the energy is averaged on the lowest
states of same symmetry and same spin 1) this CASSCF wave function is used
as reference in subsequent CI calculations of all the states of interest. In the
CASSCF calculation, eight electrons are correlated (the 3d electrons and the two
electrons involved in the Mn-R bond) in ten active orbitals corresponding to the
3d orbitals and the 4d orbitals which correlate them, the ¢ and o* orbitals { & and
o* denote the molecular orbitals that are respectively, bonding and antibonding
with respect to the Mn-R bond) and the lowest =* molecular orbital.

For each electronic state a multireference CCl calculation is performed including
ali the configurations which appear with a coeflicient larger than 0.08 in the
CASSCEF calculation ( the number of references may vary from 4 to 10 states in
these CCl calculations depending on the state of interest). Single and double ex-
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ranged from 250000 to 950000, but this number is reduced to at most a few
thousands by the contraction. The integral calculations were carried out either

with the system of programs ARGOS [43] or with the system of programs

ASTERIX [44].

B. RESULTS

HMn(CO)4(a- diimine) electronic spectrum. The calculated excitation
energies to the lowest lA’ and lA” excited states of HMn(CO)3(x- diimine} are

reported 1n Table 1.

TABLE 1

Calculated CASSCF/CCI excitation energies { in cm_l) for the lowest singlet
states of HMn(CO)3(«- diimine).

_one-electron excitation
in the main configuration

3dyz_"‘*
3dx2_y2—m*
3dxz—nr*

3dx2y2—v3dKy
3dy,—3dy

*
g

3dy,~3d,,

3dyz—>a“‘

Y

17110
17330
22280
27800
30760
32150
34850

47500
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The lowest part of the electronic spectrum ( below 35000 cm™ l) is particularly
1 L 1 Fa
A" = A

and correspond to

crowded. The lowest states, accessible through allowed transitions
and 1A° A" range between 17110 and 22280 em .
d — z* excitations, in excellent agreement with the main feature of the UV-vis
absorption spectra obtained for this family of molecules, namely a large band
around 500 nm assigned to MLCT states [22-27,45}. The corresponding triplet
states lye between 16600 and 17000 cm_1 [40], being nearly degenerate with the
corresponding singlet states, excepted for the lA' (dy; — =* ) which 1s calculated
at a rather high energy ( 22280 cm_l). Interestingly, the allowed transitions

lancl

corresponding to d — d excitations are calculated at 27800 and 30700 em
cannot be populated upon excitation at 530 nm. They should appear on the ab-
sorption spectrum as a shoulder at around 350 nim in agreement with experimental
data reposted for CH3Mn(CO)3 (iPr-DAB) [45]. These excited states could be
photoactive for the dissociation of a carbonyl ligand, primary reaction currently
observed for this family of manganese complexes [22-27]. The first so-called
LLCT lA’ o — * excited state is situated at 32150 cm_l.

experiments reported on different molecules [27], this excited state could be

From recent

responsible  for the metal-R bond homeolysis which characterizes  the
photochemical behavior of a series of complexes L,R M" (CO);(a- diimine)
(R=Alkyt,M). From a preliminary calculation, the corresponding triplet state
should range between 28000 and 31000 em™ ! f46]. The excited state
corresponding to a d — o* excitation is calculated at 47500 cm™ {Table 1). The
excitation energy for corresponding triplet which has been found to be photoactive
for the carbonyl loss in transition metal hydrides [14,17,31], is estimated at 32000
cm ! [40]. The results reported in Table 1 are in excellent agreement with the
values obtained for the lowest excited states of HMn{CO)s [17]. We may
conclude that the perturbanion induced by the MLCT states on the lowest part
of the electronic spectrum of transition metal hydrides is very small. The presence
of these MLCT states will more probably operate on the early stage of the
photodissociation. Indeed, avoided crossing between the usually dissociative states,
corresponding to d — e* or o — o* excitations [14-17], and the .non dissociative

MLCT states will modify the potential energy surfaces which connect the excited
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states of the reactant to the ground states of the primary products (R
+ Mn{CQO)z(«- diirnine) or RMn{CO){a- diamine) + CO). Consequently, the
dynamics of the corresponding primary reactions will be dramatically affected.

CHsMn{CO)z{a- diimine) lowest 1o+ excited states. in order to follow the
effect of the radical on the relative order of the lowest singlet states in this family
of maolecules, we did compare in Table 2 the excitation energies for the 1A’
excited states of HMn(CO)y{a- diimine } and CH3Mn(CO)3(«- diimine).

TABLE 2

Calculated CASSCF/CCI excitation energies ( in cm_l) for the lowest 1A” states
of RMn{CO)3(a- dimine): comparison for R=H (a) and R= CH; (b).

_one-electron excitation
in the mam configuration

A kP 1733 17570
ala s el 3, 22280 21540
alasdala oo 32150 34470
ala o ela 3y, 3dyy 34850 33600

Apparently, the replacement of hydrogen by an alkyl group slightly affects the
lowest part of the electronic spectrum. The detailed analysis of the CI coefficients
in the final wavefunctions of the excited states docs not show any significant
difference between the two systems, apart from a little stronger interaction between
the A’ ground state and the LLCT 1A’ & n* excited state in the methyl
complex than in the hydride. The results reported in Table 2 validate the use of
HMn(CO)1{«- diimine) as a model in futur investigations based on potential

energy surfaces.
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D. CONCLUSION

From the results reported above, it may be concluded that the presence of
MLCT states affects only slightly the lowest part of the electronic spectrum of
transition metal hydrides. These MLCT states will play an indirect role in the
photoreactivity of these molecules through their interaction with dissociative states
at the early stage of the photodissociation. Consequently the mechanism of
photodissociation will be extremely complicated leading to a quite confusing
photochemical behavior. The replacement of hydrogen by an alkyl group does
not modify quantitatively the excitation encrgies calculated for the lowest singlet

excited states corresponding to d »d, d —» n* and ¢ — =* excitations.

The theoretical results, based on CASSCF/CCI calculations, agree with the main
features of the absorption spectra usually produced for this family of molecules i)
an intense band at around 500 nm corresponding to MLCT states i) a shoulder
around 350 nm which could be assigned to excited states correspondingtod —» d

and ¢ — =* excitations.

Mapping of potential energy surfaces for selected electronic states will constitute
the next step of the present study. Indeed, on the basis of the calculated excitation
energies any conclusion about the photoactive states responsible for the primary
reactions currently observed n this family of molecules (loss of a carbonyl ligand
vs. homolysis of a bond originating at the metal center) would be speculative.

| present address: The Cherry L. Emerson Center for Scientific Computation,
Emory University, Atlanta Go.

§ present address: Untversity of Amsterdam, Anorganisch Chemische
Laboratorium, Amsterdam, The Netherlands.
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