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The photochemistry of many transition metal complexes is governed by a multitude of electronically excited
states, coupled by various mechanisms. For the transition metal complex HMn(CO)3(dab) (dab) 1,4-diaza-
1,3-butadiene) the photoreactivity (cleavage of the Mn-H bond) and electronic absorption spectra are
characterized on the basis of quantum mechanical first-principles calculations. In a first step, the A′ ground
(singlet) and the three lowest electronically excited (triplet) potential curves along the Mn-H bond distance
are computed using the CASSCF/CCI method. Two of the excited states are found to be bound and are of
the metal-to-ligand charge transfer type, whereas the third, ligand-to-ligand charge transfer state is repulsive.
In the relevant energy region, two avoided crossings are observed, indicative for strong nonadiabatic couplings.
In a second step, the UV/vis photochemistry of the complex is investigated by means of nuclear wave packet
dynamics. We solve the nonadiabatically coupled, time-dependent Schro¨dinger equation in a diabatic
representation for different initial conditions to determine both photodissociation yields and electronic absorption
spectra. In particular, the effect of the nonadiabatic couplings on the electronic absorption spectrum and on
the photoreactivity is investigated.

I. Introduction

The photochemistry and photophysics of many organometallic
compounds with low-lying, long-lived metal-to-ligand charge
transfer (MLCT) states have found considerable interest, mostly
because these molecules appear to be good photosensitizers for
photoenergy and photoelectron transfer.1-9 In particular, Ru-
(bpy)32+ (bpy) 2,2′-bipyridine), with favorable oxidation and
reduction potentials and a long lifetime of its lowest MLCT
state, was extensively studied as a sensitizer for the photolysis
of water.1

Until recently, the nonreactivity and the long lifetime of the
MLCT states of these compounds were considered as charac-
teristics for all transition organometallics. Meanwhile, however,
for a family ofR-diimine mono- and dinuclear transition metal
carbonyls,10-14 two different kinds of response after irradiation
into the MLCT band were experimentally observed. Depending
on the metal, on the diimine ligand, and on other experimental
conditions (temperature, solvent), the diimines either show
stimulated emission or undergo ligand dissociation. These
different, “spectroscopic” or “reactive”, channels may be useful
to promote various applications, such as energy transfer
processes or the formation of reactive intermediates used in
substitution reactions and catalytic processes. A fundamental
question concerns the microscopic functioning of the MLCT
states and its dependence on the metal center, the ligands, and
the external experimental conditions.
From a theoretical point of view, one way for getting insight

into the nature of the photoexcited states involved in the
photochemistry of these molecules is to calculate the electronic
excitation energies and to determine the corresponding potential
energy surfaces for the observed primary reactions.15-18 In a
second step, time-dependent quantum wave packet propagation
methods can be used to characterize the photodissociation

dynamics.19-22 Additionally, the time-dependent wave packet
approach may also be employed to calculate electronic emission
or absorption spectra.23,24

For the model diimine complex HMn(CO)3(dab) (dab) 1,4-
diaza-1,3-butadiene), we have speculated in a recent work25 on
the basis of the potential energy curves (PECs) computed for
the metal-hydrogen bond cleavage reaction that an unbound
3LLCT (ligand-to-ligand charge transfer) (σ f π*) excited state
might be responsible for the metal-hydrogen bond homolysis.
(σ andπ stand for Mn-H bonding and diimine ligand bonding
orbitals, respectively.σ* and π* are the corresponding anti-
bonding orbitals.) This dissociative state exhibits two avoided
crossings with two low-lying, bound MLCT states ofd f π*
character. (d denotes a Mn 3d atomic orbital.) Therefore, the
MLCT states are expected to be strongly nonadiabatically
coupled to the repulsive state, this way giving a possible
explanation for the observed photoreactivity of the MLCT
excited educts.
There is a growing industry focusing on the role played by

nonadiabatic effects for (different) molecular dynamics prob-
lems. On the quantum chemistry side, nonadiabatic couplings
have found much attention.26-32 There are not as many studies
concerning the nuclear motion on nonadiabatically coupled
surfaces and the influence of the coupling on the general
dynamics,33,34-36 on electronic spectra,27,37,38or on the photo-
reactivity.39

The aim of this work is to contributes on a first-principles
basiss to the microscopic understanding of the photoreactivity
and the spectroscopy of transition metal diimine complexes. In
particular, for the model system HMn(CO)3(dab) the influence
of the nonadiabatic couplings between various excited states
on the UV/vis-induced photoreactivity (homolysis of the Mn-H
bond) and electronic spectroscopy (here, absorption spectra) is
considered in some detail.
The complete treatment of the photochemistry and photo-

physics of HMn(CO)3(dab) based on first principles is an
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extremely formidable task. To simplify the problem, we first
restrict ourselves to the one-dimensional model referred to earlier
(with the Mn-H distancez being the only degree of freedom
considered). The second simplification concerns the excited
state dynamics. The electronic ground state of HMn(CO)3(dab)
is known to be a singlet, whereas the (low-energy) photolysis
products of similar diimine complexes form triplets. A working
hypothesis, based on earlier work on similar complexes,21

explains these findings on the photoreactivity with (i) an initial
UV excitation of the complex to the singlet manifold of MLCT
states, (ii) subsequent fast intersystem crossing (ISC) to the
triplet MLCT manifold due to spin-orbit coupling, and (iii)
finally “reaction”, i.e. Mn-H bond cleavage due to nonadiabatic
coupling of the3MLCT states to the repulsive3LLCT state.
Since here we are mostly interested in non-adiabatic, and not
in spin-orbit coupling, effects and since the calculation of the
excited singlets is still under work, we further restrict the study
to excited triplet states (of A′ symmetry) and take solely non-
adiabatic couplings into account. Also, the exciting continuous
wave laser is never explicitly included. Rather, the singlet
ground state is employed to compute initial states for the excited
triplet state dynamics, taken as a crude model for the “distorted”
initial wave packets resulting from the initial excitation, and
the subsequent ISC. Electronic spectroscopy is handled in a
similarly simplified manner. Accordingly, absorption spectra
are computed by projecting the singlet ground state wave
function in Condon approximation on the excited triplet
manifold. The subsequent time evolution leads to a wave packet
autocorrelation function, which can be used to generate the
absorption spectrum.23 The real (spin-allowed) absorption
spectrum, of course, is a result of the complicated three-step
scenario just described. However, (i) if the spin-orbit coupling
is rapid, as compared to the subsequent dynamics on the triplet
states, and (ii) if the initial singletf singlet absorption is
resonant at an energy similar to that of the hypothetical singlet
f triplet transition, then our approximate spectrum should be
a good representative for the real spectrum. The latter, however,
should show a broad structureless background due to the
preceding rapid intersystem crossing. The hypothesis of fast
intersystem crossing for complexes similar to the one studied
here has in fact been supported theoretically in ref 21 and
experimentally in ref 40.
This paper is organized as follows. In section II we

summarize the general aspects of the time-dependent nuclear
dynamics approach used here. In particular, the notion of
diabatic and adiabatic representations for the time-dependent
Schrödinger equation and the transformation between both
“pictures” is recapitulated. In section III.A the model compound
HMn(CO)3(dab) is introduced, and details on theab initio
calculation of the (adiabatic) potentials are given. The excited
state nuclear dynamics calculations will be performed in the
more convenient diabatic representation. Therefore, in section
III.B a diabatization procedure for HMn(CO)3(dab) is described.
In section III.C details of the excited state wave packet
propagation are summarized. In section IV several results are
presented. In section IV.A we roughly characterize the photo-
induced dynamics in HMn(CO)3(dab) by means of wave packet
“snapshots” for two different initial conditions, corresponding
to two different excitation energies (33 000 and 20 000 cm-1,
respectively). The dynamics is further classified as “diabatic”
or “adiabatic”, respectively. In section IV.B electronic absorp-
tion spectra are computed as described above. By artificially
leaving several of the excited state couplings out, the influence
of non-adiabatic corrections on the spectra is systematically
addressed. The same proceedings serve to study the effects of

non-adiabatic couplings on the photoreactivity of HMn(CO)3-
(dab) in section IV.C. Here, also the possibility to increase
photodissociation yields by applying the concept of “vibra-
tionally mediated photochemistry” is investigated. Section V
concludes our work.

II. Theory: Adiabatic and Diabatic Dynamics

The investigation of the time evolution of our model requires
the solution of the time-dependent Schro¨dinger equation, which
can be written either in the diabatic or in the adiabatic
representation.
The time-dependent Schro¨dinger equation in theadiabatic

representation is

øa is a vector containing the individual adiabatic nuclear wave
functions øi

a, moving under the influence of the adiabatic
Hamiltonian matrix operatorĤa. Explicitly, the time-de-
pendence oføi

a is given by

Here, Va is a diagonal matrix containing the adiabatic po-
tentialsVii

a, F is the number of electronic states, andT̂n is the
nuclear kinetic energy operator.

with µ being the reduced mass andz the bond distance in a
one-dimensional model.
Further, theK̂ij are given by

and are called thenon-Born-Oppenheimer(i ) j) or nonadia-
batic kinetic couplingterms (i * j), respectively. φi

a is the
adiabatic electronic wave function corresponding toVii

a, and
the〈 〉 in (2.4) denote integrations over all electronic coordinates.
The kinetic couplings in the adiabatic representation are

typically sharply peaked around so-called avoided crossings and
are, additionally, momentum-dependent. This can cause an
instability problem during the numerical solution of the time-
dependent Schro¨dinger equation (2.1). However, by a unitary
transformation the kinetic couplings can be forced to vanish.41

Instead, in thisdiabatic representation the coupling becomes
potential-like, varies usually only smoothly withz, and allows
therefore for a stable numerical solution of the Schro¨dinger
equation.
It can be shown that the unitary transformation matrixU has

to obey the differential equation41

subject to the boundary conditions

In (2.5), theT(1) matrix contains the first derivative part of the

ip∂

∂t
øa ) Ĥaøa (2.1)

ip
∂

∂t
øi
a ) [Vii

a + T̂n + K̂ii]øi
a + ∑

j*i

F

K̂ijøj
a (2.2)

T̂n ) - p2

2µ
∂
2

∂z2
(2.3)

K̂ij ) -p2

2µ[〈φi
a| ∂

2

∂z2
φj
a〉 + 2〈φi

a| ∂∂zφj
a〉 ∂

∂z] (2.4)

∂

∂z
U + T(1)U ) 0 (2.5)

U(z)∞) ) 1 (2.6)
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kinetic coupling (2.4) between potentiali andj in the adiabatic
representation:

If the Tij
(1) are known,e.g. from ab initio calculations, (2.5) can

be numerically solved to giveU (see below). The diagonal,
adiabatic potential matrixVa is then transformed to the diabatic
potential matrixVd according to

Similarly, adiabatic and diabatic nuclear wave functionsøa and
ød are interconnected by

The transformation leads to the mentioned diabatic repre-
sentation of the time-dependent Schro¨dinger equation

with

describing the time evolution of the diabatic nuclear wave
functionøi

d on the diabatic potential surfaceVii
d, coupled to all

Vjj
d(j * i) through the potential coupling termsVij

d.

III. Model and Methods

A. Ab Initio Potentials. The adiabatic potential energy
curvesVii

a(z) for the electronic singlet ground state, and the
lowest three triplet excited states of3A′ symmetry of the
HMn(CO)3(dab) complex, have previously been calculatedab
initio along the Mn-H distancez, using the molecular geometry
reported in Figure 1.25 It was assumed thatCs symmetry is
retained along the reaction path corresponding to the homolysis
of the metal-hydrogen bond.
Gaussian basis sets roughly of triple-ú plus polarization

functions quality were employed.25 Complete active space self-
consistent-field (CASSCF) calculations42 were carried out to
obtain wave functions, which were then used as references in
multireference contracted configuration interaction (CCI) cal-
culations.43 For each electronic state a separate CASSCF
calculation followed by a multireference CI calculation was
performed. Eight electrons were correlated (the 3d electrons
and the two electrons involved in the Mn-H bond) in 10 active
orbitals, corresponding to the 3d and the 4d atomic orbitals of

Mn, and theσ, σ*, and the lowestπ* orbitals (see above). More
computational details are reported in ref 25.

The adiabatic potential energy curves corresponding to the
a1A′ ground state and the a-, b-, and c3A′ excited states along
the Mn-H distancezof the HMn(CO)3(dab) complex are shown
in Figure 2a. The singlet ground state is a bound Morse-type
PEC, with the minimum at a Mn-H distance of ca. 1.7 Å and
a well depth of ca. 21 000 cm-1. Similarly, two of the three
excited triplet potentials are bound, with minima at ap-
proximately the same Mn-H distance and ca. 20 000 cm-1

above the ground state. These excited PECs are of metal-to-
ligand charge transfer (MLCT) character and exhibit two
avoided crossings aroundz≈ 2.0 Å with a third, dissociative
potential with ligand-to-ligand charge transfer character. The
lower MLCT state arises, in one-particle language, from adxz
f π* excitation, whereas the upper MLCT state is a result of
a dx2-y2 f π* and the LLCT state is a result of aσ f π*
transition. (Strictly, the characterization of the excited states
as “bound” or “dissociative”, or as MLCT or LLCT type, and
the corresponding assignment of one-particle excitations are
valid only for the diabatic potentials, since the character of the
adiabatic electronic states changes abruptly around the avoided
crossings.) The adiabatic curves shown are generated from the
ab initio points by interpolation with a cubic spline fit. For
the sake of simplicity they are labeled as follows: a1A′ ≡
V11
a , a3A′ ≡ V22

a , b3A′ ≡ V33
a , and c3A′ ≡ V44

a .

Figure 1. Diimine model molecule HMn(CO)3(dab) in the Cs

conformation. Idealized geometries were deduced from the structures
of Mn(CO)3(dab)Cl54 and HMn(CO)555 with θ ) 96° andR ) 117.5°.

Tij
(1) ) 〈φi

a| ∂∂zφj
a〉 (2.7)

Vd ) U+VaU (2.8)

ød ) U+øa (2.9)

ip∂

∂t
ød ) Ĥdød (2.10)

ip
∂

∂t
øi
d ) [Vii

d + T̂n]øi
d + ∑

j*i

F

Vij
døj

d (2.11)

Figure 2. (a) Adiabaticab initio curves for the ground state and the
three lowest excited triplet states of A′ symmetry of HMn(CO)3(dab)
along the Mn-H bond distancez, obtained by CASSCF/CCI calcula-
tions:25 a1A′ ) V11

a (solid curve), a3A′ ) V22
a (dot-dashed curve), b3A′

) V33
a (long-dashed curve), and c3A′ ) V44

a (dashed line). The
energetically nonaccessible parts of b3A′ and c3A′ beyond 2.5 Å were
extrapolated. (b) Diabatic curves obtained from adiabaticab initio
potentials:V11

d ground state (solid line),V22
d 3LLCT state withσ f π*

character (dot-dashed line),V33
d 3MLCT state withdxz f π* character

(long-dashed line), andV44
d 3MLCT state withdx2-y2 f π* character

(dashed line). (c) Excited state potential coupling curves obtained after
diabatization of the adiabatic curves:V23

d (dot-dashed curve),V24
d

(solid line), andV34
d (dashed line). The potential couplings vary

smoothly overz, reaching maxima in the ground state equilibrium
region.
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B. Diabatization Procedure. The diabatic curves are
obtained from the adiabatic ones by calculating the transforma-
tion matrix U and thenVd according to (2.5)-(2.8). The
algorithm used to solve (2.5) numerically is described in ref
44. Due to the fact that only the three excited potentials are
expected to be strongly nonadiabatically coupled, the diabati-
zation procedure is restricted to the excited manifold, leaving
the ground state unaltered. In fact, the simulation of the
subsequent dynamics is performed only on the three excited
states, with the ground state merely serving to provide (ap-
proximate) initial wave functions.
TheTij

(1) needed in (2.5) can in principle be evaluated byab
initio calculations. This involves the tedious numerical dif-
ferentiation of the electronic CASSCF wave functions. On the
other hand, the kinetic couplings are known to be large only
around the avoided crossings, where they can safely be
approximated by Lorentzians.45 In the present work, we use
asymmetric Lorentzians

which are normalized to yield an integral ofπ/2. Here,Γij
l and

Γij
r are parameters governing the half-width at half-maximum

(hwhm) for a bond distance smaller and larger than the location
zij
c of the avoided crossing between statei and j, respectively.
In the following for the excited state kinetic coupling

parametersΓij and zij
c we usedΓ23

l ) Γ34
l ) 0.037 Å,Γ23

r )
Γ34
r ) 0.053 Å,z23

c ) 2.105 Å, andz34
c ) 2.020 Å. Since the

adiabatic potentialsV22
a andV44

a do not avoid a crossing with
each other, the kinetic couplingT24

(1) was assumed to be zero.
The zij

c were directly taken from theab initio curves, and the
criterion for the choice of theΓij was the accurate matching of
the diabates with the adiabates outside the region of the avoided
crossing.
The diabatic curves obtained for HMn(CO)3(dab) are shown

in Figure 2b, with the labeling being as follows: a1A′ ≡ V11
d ,

dzz f π* ≡ V33
d , dx2-y2 f π* ≡ V44

d , andσ f π* ≡ V22
d . Note

that V11
d is of course identical toV11

a over the whole range,
whereas for the other curvesVii

d ) Vii
a only holds forz f ∞.

Additionally, in Figure 2c the off-diagonal elements of the
excited state diabatic potential matrix,i.e. the potential cou-
plings, are shown. In contrast to the sharp, Lorentzian kinetic
coupling elementsTij

(1), the numerically determinedVij
d are

found to vary only smoothly withz, showing maxima around
the equilibrium region and vanishing forz f ∞ andz f 0.
C. Wave Packet Propagation. The photoabsorption and

the Mn-H bond-breaking processes in HMn(CO)3(dab) are
simulated here by the propagation of selected wave packets on
the excited triplet states according to (2.11). For the excited
state dynamics, we use vibrational eigenstatesø1,V of the singlet
ground state as initial states, which are then transferred to the
excited triplet states in a Franck-Condon-like manner. As
mentioned above, this serves as a crude model for the initial
state resulting from photoexcitation plus subsequent, fast
intersystem crossing.
The eigenstates of the electronic ground state are obtained

by the Fourier grid Hamiltonian method.47 To systematically
study the influence of individual excited potentials and their
couplings on the reaction (i.e., the Mn-H bond breaking) or

the optical absorption spectrum, we perform propagations on
different subsets of excited potentials and with different initial
conditions. For instance, occassionally we follow the dynamics
using two rather than three coupled excited PECs; that is, one
diabatic curve and the corresponding couplings are simply left
out (see below).
The time-dependent Schro¨dinger equation in the diabatic

picture is solved on a gridzl ) z0 + (l - 1)∆z, with z0 ) 1.0
Å, ∆z ) 0.053 Å, andl ) 1, 2, ..., 512. The kinetic energy
operator is evaluated locally, using the fast fourier transform
(FFT) technique.48 The time propagation is done by the
Chebychev method for long time propagations to obtain well-
resolved spectra49 or by fourth-order differencing (FOD)33a to
produce snapshots for the wave packet evolution. The discreti-
zation in time,tj ) j∆t, is done with∆t ) 0.007 26 fs andj )
1, 2, ..., 28 000 for FOD and with∆t ) 7.26 fs andj ) 1, 2, ...,
1320 for the Chebychev propagation, respectively. To avoid
numerical artifacts due to a finite grid, absorbing boundary
conditions are used for long time propagations.50

IV. Results and Discussion

In our systematic theoretical study of the photoabsorption and
Mn-H bond-breaking processes in HMn(CO)3(dab), the time-
dependent, diabatically coupled 3× 3 Schrödinger equation
(2.10) is solved subject to the following initial conditions and
situations (see Figure 3a-h for illustration):

Further, to study the influence of the initial vibrational
excitation on the dissociation probability we also consider

Note that cases a, c, e, and h correspond tos at least in
principles experimentally realizable situations, whereas the other
cases serve as computer experiments, where certain couplings
are selectively turned off.
A. Time Evolution of the Wave Packet: Snapshots.To

gain a first insight into the time evolution of HMn(CO)3(dab)
after photoexcitation, two representative cases are investigated.

Tij
(1) ) { Γij

l

4[z- zij
c]2 + (Γij

l )2
Γij
l

1
2
(Γij

l + Γij
r )

for z e zij
c

Γij
r

4[z- zij
c]2 + (Γij

r )2
Γij
r

1
2
(Γij

l + Γij
r )

for z> zij
c

(3.1)

(a)ø3
d(z,t)0)) ø1,0(z), propagation on three coupled

excited potentialsVii
d (i ) 2, 3, 4)

(b) ø3
d(z,t)0)) ø1,0(z), propagation on two coupled

potentialsVii
d (i ) 2, 3)

(c) ø4
d(z,t)0)) ø1,0(z), propagation on three coupled

potentialsVii
d (i ) 2, 3, 4)

(d) ø4
d(z,t)0)) ø1,0(z), propagation on two coupled

potentialsVii
d (i ) 2, 4)

(e)ø2
d(z,t)0)) ø1,0(z), propagation on three coupled

potentialsVii
d (i ) 2, 3, 4)

(f) ø2
d(z,t)0)) ø1,0(z), propagation on two coupled

potentialsVii
d (i ) 2, 3)

(g) ø2
d(z,t)0)) ø1,0(z), propagation on two coupled

potentialsVii
d (i ) 2, 4)

(h) ø3
d(z,t)0)) ø1,V(z), propagation on three coupled

potentialsVii
d (i ) 2, 3, 4) withV ) 1, ..., 6
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In the first case, we consider the initial excitation into the lower
bound MLCT state around 20 000 cm-1 (case a), whereas in
the second case we excite into the LLCT state around 33 000
(case e). Both cases represent typical features in the experi-
mental optical spectra (see below) and are characterized by very
distinct dynamics.
The propagation is done in the diabatic picture. For

interpretative reasons, however, the diabatic wave packetød is
transformed to the adiabatic one at selected times according to

Time Evolution on the Lower Bound 3MLCT State (dxz
f π*, V33

d ). First, the diabatic time evolution of HMn(CO)3-
(dab) following absorption to the lowest1MLCT excited state
and 1MLCT f 3MLCT intersystem crossing is simulated
according to (2.10), with the initial conditionsø3

d(z,0)) ø1,0(z)
and ø2

d(z,0) ) ø4
d(z,0) ) 0, taking all three coupled excited

states into account (case a). Snapshots of the absolute value of
the wave function|øid(z,t)| for i ) 2, 3, 4 at various timest are
given in Figure 4a. On an ultrafast time scale (within ca. 5 fs)
about 20% of the wave packet is transferred from potential
V33
d to the upper bound3MLCT (dx2-y2 f π*) stateV44

d and
about 1% to the dissociative3LLCT state V22

d . This is a
consequence of the potential couplings shown in Figure 2c. The
wave packet on the repulsive PECV22

d can dissociate, whereas
the main part remains trapped and oscillates in the bound
potentials V44

d and V33
d , periodically exchanging amplitude

between them.
The latter effect is demonstrated in Figure 5a, showing the

diabatic populationsP3
d(t) andP4

d(t), where

Similarly, the configuration space expectation value

is given in Figure 5b. A clear oscillation in configuration space
on the lower bound potentialV33

d with a period of ca. 18 fs is
found, while amplitude amongV33

d andV44
d is exchanged with a

period of 9 fs. This is explained as follows. Amplitude is
transferred to the upper bound potentialV44

d at every time the
wave packet onV33

d enters the region of minimum potential
energy, and hence of maximum potential coupling (see Figure

Figure 3. Different excitation and coupling schemes employed in this
work to investigate the influence of single potential couplings on the
electronic absorption spectrum and the dissociation probability.

øa ) U ød (4.1)

Pi
d(t) ) ∫z0zmaxøid(z,t)* øi

d(z,t) dz (4.2)

〈z3
d(t)〉 ) ∫z0zmaxø3d(z,t)* zø3d(z,t) dz (4.3)

Figure 4. (a) Diabatic time evolution of the wave packets|øid| (i ) 2,
3, 4) for the initial condition corresponding to scheme a: a part of the
wave packet is transferred to the dissociative state by potential coupling,
from where it dissociates. The wave packets are placed at the energies
Ei(t) ) 〈øi

d(z,t)|Viid + T̂n|øid(z,t)〉/〈øid(z,t)|øid(z,t)〉. The numbering is
used to assign the individual wave packets to potentialsV22

d , V33
d , and

V44
d , respectively. (b) Adiabatic time evolution of the wave packets

|øia| (i ) 2, 3, 4) after initial excitation into potentialV33
d (scheme a)):

At t ) 0 the wave packet is distributed on all three excited adiabatic
potentials. The part onV44

a dissociates, subsequently changing to
V33
a andV22

a .

Figure 5. (a) Time evolution of the population for scheme a:P3
d(t)

(solid line) andP4
d(t) (dot-dashed line). (b) Time evolution of the

expectation value (z3
d(t)〉 for the wave function on potentialV33

d .
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2c). Conversely, amplitude is lost from the upper bound to the
lower bound potential when the wave packet leaves the region
of large potential coupling and proceeds to the turning point in
configuration space. The pronounced exchange of amplitude
between the bound potentials in the diabatic representation
shows that the motion of the trapped wave packet can be
classified asadiabatic.
The corresponding time development of the wave packet

øa(z,t) in the adiabatic representation (eq 4.1) is shown in
Figure 4b. Already att ) 0 amplitude is found on the repulsive
side of the adiabatic potentialV44

a . This part moves downhill
and subsequently hops over to potentialsV33

a and V22
a , as it

passes the regions of the avoided crossings, where the kinetic
couplings are large. The main part, however, stays trapped in
the bound potentials. In the adiabatic representation, almost
no amplitude is exchanged between the two lowest potentials,
V22
a andV33

a . This supports once more the classification of the
trapped dynamics as being adiabatic.
Time Evolution on the 3LLCT State (σ f π*, V22

d ). As a
second characteristic case, the diabatic time evolution of
HMn(CO)3(dab) following absorption to the lowest1LLCT
excited state, and subsequent1LLCT f 3LLCT intersystem
crossing, is simulated according to (2.10), with the initial
conditionsø2

d(z,0) ) ø1,0(z) andø3
d(z,0) ) ø4

d(z,0) ) 0 (case e).
The behavior of the wave packet (not shown here) is similar to
that found in case a. Now, however, the main part dissociates.
In the adiabatic representation the main part, starting on the

repulsive side ofV44
a , moves downhill and subsequently hops

over to potentialsV33
a andV22

a , as it passes the regions of the
avoided crossings. This distinct “adiabatic surface hopping”
during dissociation is characteristic for predominantlydiabatic
behavior and is demonstrated in Figure 6, where the adiabatic
populations

are depicted. It is also indicated how a small fraction of the
total wave function is trapped.
In summary we have seen that, depending on the initial

excitation into an MLCT (case a) or an LLCT state (case e),
quite different dynamical results may emerge. In the former
case, the excited state dynamics is predominantly adiabatic and
leads to low photodissociation yields, whereas in the latter the
dynamics is diabatic and the photodissociation yield is high.
The question arises whether these differences have consequences
also, for example, for the optical absorption spectra.

B. Electronic Absorption Spectra. As mentioned in the
Introduction, we determine approximate optical absorption
spectra for HMn(CO)3(dab) by simply projecting the singlet
electronic ground state wave function on the triplet excited state
manifold, neglecting, this way, the rapid intersystem crossing
and the expected resulting spectral broadening.
The absorption spectrumI(ω) for continuous wave (CW)

excitation is then obtained from the Fourier transform of an
autocorrelation functionS(t),23

whereE1,0 is the energy of the vibrational ground state of the
electronic ground state. Further,

and

Note that in (4.5) and (4.7) the (diabatic) Condon approximation
has been employed, which is, in view of the neglect of spin-
orbit coupling, only a moderate additional assumption. It is
further assumed that all triplet states are accessible by the initial
excitation with equal probability. Theøi

d(z,t) are obtained by
solving the fully coupled 3× 3 diabatic Schro¨dinger equation
(2.10), with (equal) initial wave functionsøi

d(z,0).
The computed electronic absorption spectrum shown in Figure

7a has the following features. There are several narrow peaks
in the region between 15 000 and 22 000 cm-1, a broad band
with a maximum at above 31 000 cm-1, and a fine structure
superimposed to it. All peaks (including the structure on the
band) occur at energies equal to the differences between the
electronic ground state’s vibrational ground state and the
eigenenergies of the coupled bound MLCT curves and cor-
respond to “bound-bound” transitions. The broad background
in the high-energy region is caused by rapid dissociation of the
wave packet on the repulsive potential,i.e. a “bound-free”
transition. The structure superimposed to it is caused by the
coupling of the free state’s continuum to the bound potential
and shows therefore Fano line shapes.51

Besides theFano resonances, a second effect associated with
the non-adiabatic couplings is a shift observed for the individual
peaks and the broad, high-energy band. With the full 3× 3
excited state coupling included, relative to the uncoupled case,
the eigenvalues of the lowest MLCT state appear to be slightly
shifted (about 400 cm-1) to lower energies (“red-shift”), whereas
the maximum of the broad peak originating from the dissociative
state is shifted (about 400 cm-1) to higher energies (“blue-shift”).
Incidently, both red- and blue-shifts are operative in the case
of the higher MLCT stateV44

d , leading, in effect, to an almost
unshifted corresponding line spectrum.
The two mentioned coupling effectss resonance structures and

line shiftss have been verified through computer experiments,
in which the couplings were artificially turned off; that is, the
Vij
d in (2.11) were set to zero fori * j. The result is shown in

Figure 7b, according to which the spectrum shows unshifted
peaks and an unshifted continuum, with no structure super-
imposed to the latter.
Despite the simplicity of our approach, the calculated

spectrum reproduces the main features of the experimental ones,
recorded for the same family of complexes.10 Accordingly, in
the low-energy region (around 20 000 cm-1) a strong absorption

Figure 6. Time evolution of the adiabatic state populations for scheme
e: P4

a(t) (dot-dashed line),P3
a(t) (dashed line), andP2

d(t) (solid line).

Pi
a(t) ) ∫z0zmaxøia(z,t)* øi

a(z,t) dz (4.4)

I(ω) ∝ ω∫-∞

∞
dtei(pω+E1,0)t/pS(t) (4.5)

S(t) ) ∑
i)2

4

〈øi
d(z,0)|øid(z,t)〉 (4.6)

øi
d(z,0)) ø1,0 (i ) 2, 3, 4) (4.7)
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feature is observed, corresponding to different MLCT transitions.
Separated from this feature, at higher energies (around 25 000
cm-1) the LLCT transition sets in, resulting in a broad absorption
with a low-resolution structure on top. The main difference of
our theoretical spectrum from the measured ones is that the latter
are broadened, particularly so in their low-energy region. This
is mostly because in our treatment the fast ISC processes are
not included (see above) and further (i) because other, so far
undetected, MLCT states are expected in the relevant energy
region, (ii) because of solvent effects, and (iii) because of other
vibrational modes neglected here.
C. Photoreactivity: Cleavage of the Mn-H Bond. In this

section, the photoreactivity of HMn(CO)3(dab) is investigated
in some detail. For this purpose, as a measure for the efficiency
of the Mn-H bond-breaking reaction, the time-dependent
dissociation probabilitypdiss(t) is computed for the different
propagation schemes a-h alluded to earlier. These different
schemes serve to systematically study the influence of the
excitation wavelength, and initial vibrational excitation on the
product yield, and to contribute to the understanding of the role
of various excited states and the coupling between them.
The dissociation probability indicates which fraction of the

wave packet has passed a certain bond distancezdiss at time t,

where the point separating bound from dissociated species is
chosen aszdiss ) 4.022 Å.

In Figure 8 the dissociation probabilities for the cases a-e
are compared. This shows first that the dissociation probability
is higher for initial excitation into the dissociative LLCT state
(cases e-g) than for initial excitation to an MLCT state (cases
a-d). Further, it can be seen that for excitation into the MLCT
band (Figure 8a) the dissociation probability is increased if there
are two MLCT states instead of only one (c> d and a> b),
whereas for initial excitation to the dissociative state the
dissociation probability decreases if there are two MLCT states
instead of one (e< f < g).
These findings are easily interpreted. An increased number

of coupled states increases the number of channels connecting
the bound MLCT with the unbound LLCT PEC. Therefore,
the amplitude of the wave packet will be more evenly distributed
on all potentials, which leads to an increase in the dissociation
probability for initial excitation to a bound MLCT state and to
a decrease for initial excitation to the dissociative state. The
effect is not very pronounced in the present model study, but
may be more important in real complexes.
This shows that not only neglected degrees of freedom but

also the coupling to many excited states lower the product yield,
and hence the efficiency of various photoreaction control
parameters. Nevertheless, it seems possible to achieve high
dissociative product yields by using, beyond simple wavelength
variation, more subtle photoreaction control strategies. One of
them is vibrationally mediated chemistry (VMC),53where a first
IR laser pulse is used to vibrationally excite a certain molecular
bond, before a second, UV/vis laser beam drives the desired
photoreaction.
In the present context, VMC is used to increase the dissocia-

tion probability after irradiation into the MLCT band. For this
purpose, an IR photon serves to initially excite a vibrational
eigenstateø1,V of the electronic ground state. Then the UV
photon induces the transition to the lower bound MLCT state
V33
d (case h). (Again, the real excitation/ISC cascade is

neglected.)
The resulting time-dependence of the dissociation probability

as a function of the vibrational levelV is shown in Figure 9. If
we start from a vibrationally excited stateø1,V with V > 1 and

Figure 7. Simplified, theoretical electronic absorption spectra for
HMn(CO)3(dab): (a) with all non-adiabatic couplings included; (b)
without any couplings. Note the red-shift in the low-energy part and
the blue-shift in the high-energy part if the coupling is turned on. The
labels at the peaks in the low-energy region indicate transitions from
V11
d to the bound MLCT statesV33

d andV44
d , respectively.

pdiss(t) ) 1- ∑
i
∫z0zdissø*i(z,t) øi(z,t) dz (4.8)

Figure 8. (a) Dissociation probabilities for excitation into an MLCT
state, comparison for propagations including one or two MLCT states.
(b) Dissociation probabilities for excitation into the dissociative state,
comparison for propagations including one or two MLCT states. The
labels at the side refer to the different schemes in Figure 3.
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excite to the lower MLCT stateV33
d , the dissociation prob-

abilities do not reach their saturation levels after 25 fs, but rather
keep increasing stepwise over time. This is because the
vibrationally excited molecules keep vibrating also in the bound
excited state potentials and lose intensity to the unbound
potential each time they pass through the regions of large
potential coupling. Therefore, in Figure 9 the dissociation
probabilities are terminated after 200 fs, and the effects of
vibrational excitation are recorded at this time. It is found that
the dissociation probability at 200 fs increases for the vibrational
ground state levelsV ) 1 to V ) 4 and then decreases forV )
5. Hence, vibrational excitation serves indeed to increase the
product yield, but not so in a monotonic way. This can be
explained by the fact that for very highV the wave packet
behaves more classically,i.e. becomes localized closer to the
classical turning points in the bound, diabatic potential. In these
regions, however, the coupling between the bound and the
dissociative surfaces is small, as seen in Figure 2c. Thus, less
amplitude is transferred from the bound to the dissociative PEC.

V. Summary and Conclusions

In this work we have studied, using quantum mechanical first
principles methods, the photochemistry and optical spectroscopy
of HMn(CO)3(dab), serving as a model compound for a class
of diimine complexes with novel properties. We have shown
that the numerical diabatization of the three lowest electronically
excited3A′ potentials along the Mn-H bond direction yields
“smooth” potential couplings with maxima in the ground state
equilibrium region. The nuclear wave packet dynamics, per-
formed for practical reasons in the diabatic representation of
the time-dependent Schro¨dinger equation, can be classified as
predominantly adiabatic if the initial excitation populates the
MLCT band, but predominantly diabatic if the LLCT state is
populated. Further, the dissociation probability is low in the
first case and high in the latter. The fact that the MLCT states
are found to be partially reactive is a consequence of the non-
adiabatic couplings. The two excitation domains show up as
two distinct absorption features in both the theoretical and
experimental optical spectra. The theoretical spectrum, in which
the exact nature of the excitation and ISC is neglected, appears
to be more structured. It is found that non-adiabatic couplings
lead to Fano resonances in the continuum part of the spectra
and to red- or blue-shifts of their low- and high-energy parts,
respectively. In view of the possible practical applications of
the diimine complexes, we also tried to selectively control

dissociation yields. It was found that the irradiation wavelength
is an efficient control parameter. On the other hand, non-
adiabatic couplings were found to decrease the selectivity. By
using the concept of vibrationally mediated chemistry, the
selectivity can be increased again, but not beyond a certain
degree, which is once more determined by non-adiabatic
couplings. The increase of reactivity of the MLCT by vibra-
tional preparation is a consequence of the fact thats in the
adiabatic pictures the effective barriers separating bound from
unbound regions are lowered if the educts are vibrationally
excited.
The results for the photoreactivity of the Mn-H bond point

therefore also to the importance of the relative energetic position
of the bound MLCT states to the high dissociative LLCT state
for this class of transition metal complexes. The latter depends
on external experimental parameters, but also on the metal
center, on the diimine ligand, or on ligands R other than H.
The variation of these parameters can easily lead to a modifica-
tion of the adiabatic energy barriers, and hence of the photo-
reactivity of the MLCT states.
We have also shown that it is important not only to take care

of the various excited states but also to take their couplings
into account. Here we have solely focused on the role of non-
adiabatic couplings. However, future work should include also
the excited singlet states and their spin-orbit coupling to the
triplet states. This is not an easy task, but appears to be
necessary to arrive at a more complete microscopic understand-
ing of the functioning of diimine complexes. Work along these
lines is in progress and has in fact also been done for other
transition metal compounds.21 Further, excited states of A′′
symmetry should be included. Finally, in view of possible
applications offered by the concept of the “bond selective
chemistry”, the inclusion of two competing reaction channels,
namely, the homolytic breaking of the Mn-H bond and the
heterolytic loss of CO, will be an interesting line of future
research.
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