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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 HM(d&lf))(dab= 1,4-diaza-
1,3-butadiene) the photoreactivity (cleavage of the-Mhbond) and electronic absorption spectra are
characterized on the basis of quantum mechanical first-principles calculations. In a first stepgtban

(singlet) and the three lowest electronically excited (triplet) potential curves along thédNbond 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 dhohen 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 dynamics'®22 Additionally, the time-dependent wave packet

The photochemistry and photophysics of many organometallic approach may also be 2eilmployed to calculate electronic emission
compounds with low-lying, long-lived metal-to-ligand charge or absorption spe?trﬁz
transfer (MLCT) states have found considerable interest, mostly _For the model diimine complex HMn(Cefjiab) (dab= 1,4-
because these molecules appear to be good photosensitizers féfiaza-1,3-butadiene), we have speculated in a recent’ank
photoenergy and photoelectron trandfe. In particular, Ru- the basis of the potential energy curves (PECs) computed for
(bpy)s?* (bpy = 2,2-bipyridine), with favorable oxidation and ~ the metat-hydrogen bond cleavage reaction that an unbound
reduction potentials and a long lifetime of its lowest MLCT °LLCT (ligand-to-ligand charge transfery { *) excited state
state, was extensively studied as a sensitizer for the photolysismight be responsible for the metetydrogen bond homolysis.
of water?! (0 andsr stand for Mr-H bonding and diimine ligand bonding

Until recently, the nonreactivity and the long lifetime of the ~ Orbitals, respectively.o* and =~ are the corresponding anti-
MLCT states of these Compounds were considered as Characbonding Orbitals.) This dissociative state exhibits two avoided
teristics for all transition organometallics. Meanwhile, however, Crossings with two low-lying, bound MLCT states dff 7*
for a family of a-diimine mono- and dinuclear transition metal ~ character. ¢ denotes a Mn 3d atomic orbital.) Therefore, the
carbonylsi®-14 two different kinds of response after irradiation MLCT states are expected to be strongly nonadiabatically
into the MLCT band were experimentally observed. Depending coupled to the repulsive state, this way giving a possible
on the metal, on the diimine ligand, and on other experimental €xplanation for the observed photoreactivity of the MLCT
conditions (temperature, solvent), the diimines either show €xcited educts.
stimulated emission or undergo ligand dissociation. These There is a growing industry focusing on the role played by
different, “spectroscopic” or “reactive”, channels may be useful nonadiabatic effects for (different) molecular dynamics prob-
to promote various applications, such as energy transferlems. On the quantum chemistry side, nonadiabatic couplings
processes or the formation of reactive intermediates used inhave found much attenticii-32 There are not as many studies
substitution reactions and catalytic processes. A fundamentalconcerning the nuclear motion on nonadiabatically coupled
question concerns the microscopic functioning of the MLCT surfaces and the influence of the coupling on the general
states and its dependence on the metal center, the ligands, andynamics33:3436 on electronic spectré;®-*8or on the photo-
the external experimental conditions. reactivity 3°

From a theoretical point of view, one way for getting insight  The aim of this work is to contribugeon a first-principles
into the nature of the photoexcited states involved in the hasis to the microscopic understanding of the photoreactivity
phOtOChemiStry of these molecules is to calculate the eleCtroniCand the Spectroscopy of transition metal diimine Comp|exesl In
excitation energies and to determine the corresponding potentialparticular, for the model system HMn(C4jab) the influence
energy surfaces for the observed primary reactién. In a of the nonadiabatic couplings between various excited states
second step, time-dependent quantum wave packet propagatiogn the UV/vis-induced photoreactivity (homolysis of the ¥
methods can be used to characterize the photodissociationhond) and electronic spectroscopy (here, absorption spectra) is

- — - considered in some detail.
T Freie UniversitaBerlin.

t UniversifeLouis Pasteur. The complete treatment of the photochemistry and photo-
X Abstract published irAdvance ACS Abstract&ebruary 1, 1996. physics of HMn(CO)(dab) based on first principles is an
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extremely formidable task. To simplify the problem, we first non-adiabatic couplings on the photoreactivity of HMn(gO)
restrict ourselves to the one-dimensional model referred to earlier(dab) in section IV.C. Here, also the possibility to increase
(with the Mn—H distancez being the only degree of freedom photodissociation yields by applying the concept of “vibra-
considered). The second simplification concerns the excited tionally mediated photochemistry” is investigated. Section V
state dynamics. The electronic ground state of HMn Q@) concludes our work.

is known to be a singlet, whereas the (low-energy) photolysis
products of similar diimine complexes form triplets. Aworking |,
hypothesis, based on earlier work on similar complé%es,
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 thecan pe written either in the diabatic or in the adiabatic
triplet MLCT manifold due to spirrorbit coupling, and (iii) representation.

finally_ “reaction”,i.e. Mn—H bond cleavage du_e to nonadiabatic The time-dependent Schdinger equation in thadiabatic
coupling of the3MLCT states to the repulswé.!.CT state. representation is

Since here we are mostly interested in non-adiabatic, and not

in spin—orbit coupling, effects and since the calculation of the .0 a_ Naa
excited singlets is still under work, we further restrict the study 'pﬁx - 2 L
to excited triplet states (of Assymmetry) and take solely non-

adiabatic couplings into account. Also, the exciting continuous x*is a vector containing the individual adiabatic nuclear wave
wave laser is never explicitly included. Rather, the singlet functions x?, moving under the influence of the adiabatic
ground state is employed to compute initial states for the excited Hamiltonian matrix operatorH®. Explicitly, the time-de-
triplet state dynamics, taken as a crude model for the “distorted” pendence of is given by

initial wave packets resulting from the initial excitation, and

the subsequent ISC. Electronic spectroscopy is handled in a 0 N L F a

similarly simplified manner. Accordingly, absorption spectra P = [Vi + T, + Kil? + zKinj (2.2)
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 spectruf?. The real (spin-allowed) absorption

. Theory: Adiabatic and Diabatic Dynamics

The investigation of the time evolution of our model requires
the solution of the time-dependent Sallirger equation, which

2.1)

Here, V* is a diagonal matrix containing the adiabatic po-
tentialsVZ, F is the number of electronic states, afidis the
nuclear kinetic energy operator.

spectrum, of course, is a result of the complicated three-step . 2 42
scenario just described. However, (i) if the sporbit coupling T,=— p 7 (2.3)
is rapid, as compared to the subsequent dynamics on the triplet au o7

states, and (ii) if the initial singlef 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 R p?

Ky = _Z[ @Ia

with u being the reduced mass amdhe bond distance in a
one-dimensional model.
Further, theK; are given by

2
aa—zzqua@ 2 a%ﬂ%] (2.4)

and are called theaon-Born-Oppenheime(i = j) or nonadia-
batic kinetic couplingterms { = j), respectively. ¢? is the
adiabatic electronic wave function corresponding\fp and
fhe Tin (2.4) denote integrations over all electronic coordinates.
The kinetic couplings in the adiabatic representation are
ttypically 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-

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 Il we
summarize the general aspects of the time-dependent nuclea
dynamics approach used here. In particular, the notion of
diabatic and adiabatic representations for the time-dependen
Schradinger equation and the transformation between both
“pictures” is recapitulated. In section IIl.A the model compound

HMn(CO);(dab) is introduced, and details on tla initio de o . )
- . . . . . pendent Schidinger equation (2.1). However, by a unitary
calculation of the (adiabatic) potentials are given. The excited transformation the kinetic couplings can be forced to vafish.

state nuclear_ dy”?mics_ calculations .Wi" be performgd in the Instead, in thisdiabatic representation the coupling becomes
more convenient diabatic representation. Therefore, in SeCt'onpotentiaI-like, varies usually only smoothly withand allows

I11.B a diabatization procedure for HMn(Cegjlab) is described. therefore for a stable numerical solution of the Scimger
In section 1ll.C details of the excited state wave packet equation.

propagation are summarized. In section IV several results are |; .an be shown that the unitary transformation mattfikas
presented. In section IV.A we roughly characterize the photo- ; ; : =
induced dynamics in HMn(C@)dab) by means of wave packet to obey the differential equatiéh

“snapshots” for two different initial conditions, corresponding 9 Ty =

to two different excitation energies (33 000 and 20 000Em 3_22 + - 2 - 2 (2.5)
respectively). The dynamics is further classified as “diabatic”

or “adiabatic”, respectively. In section IV.B electronic absorp- subject to the boundary conditions

tion spectra are computed as described above. By artificially

leaving several of the excited state couplings out, the influence U(z=o) =1 (2.6)
of non-adiabatic corrections on the spectra is systematically

addressed. The same proceedings serve to study the effects dh (2.5), thefl) matrix contains the first derivative part of the




3370 J. Phys. Chem., Vol. 100, No. 9, 1996 Finger et al.

H 60000
NH 1.576 A -
HC Z4 E/ ////1/,,,"“‘ J—\e - s (0] ‘g 40000
I “Mri_ 1807 >
[Y)
HC / \CO £ 20000 F\
NH Z
1824 u
0
CO 60000
Figure 1. Diimine model molecule HMn(CQjdab) in the C
conformation. ldealized geometries were deduced from the structures 40000
of Mn(CO)(dab)CP* and HMn(CO}*® with 6 = 96° anda. = 117.5.
kinetic coupling (2.4) between potentiadndj in the adiabatic 20000
representation:
0
1) _ [lal0 4 2000 —
T =gl @7 5
If the Ti(jl) are knownge.g. from ab initio calculations, (2.5) can 1000 H /N
be numerically solved to give) (see below). The diagonal, 4 \
adiabatic potential matrix® is then transformed to the diabatic e ]
potential matrix\v according to 0 AR
= 1.0 2.0 3.0 4.0
Vd _ U+VaU (2 8) DISTANCE (Mn-H) [Angstrom]
= === ' Figure 2. (a) Adiabaticab initio curves for the ground state and the
o ) . ) . ) three lowest excited triplet states of symmetry of HMn(COydab)
Slmllar'ly, adiabatic and diabatic nuclear wave functighand along the Mr-H bond distance, obtained by CASSCF/CCI calcula-
%" are interconnected by tions?® atA’ = V5, (solid curve), 8" = V3, (dot-dashed curve) 3A'’
= Vj5; (long-dashed curve), and®A = V4, (dashed line). The
Xd = U+xa (2.9) energetically nonaccessible parts @\band GA’ beyond 2.5 A were

extrapolated. (b) Diabatic curves obtained from adiabakicinitio
potentials: V¢, ground state (solid line)/3, 3LLCT state witho f z*
character (dot-dashed lina)3, 3MLCT state withdy, f z* character
(long-dashed line), anlsi?'14 SMLCT state withde_2 f % character
(dashed line). (c) Excited state potential coupling curves obtained after
ip%xd = H%¢ (2.10) diabatization of the adiabatic curved/s, (dot-dashed curve)ys,
d = (solid line), and\/g4 (dashed line). The potential couplings vary
smoothly overz, reaching maxima in the ground state equilibrium
with region.

The transformation leads to the mentioned diabatic repre-
sentation of the time-dependent Salirgger equation

.0y A d F d Mn, and thes, o*, and the lowestr* orbitals (see above). More
'P&Xi =[Vit Tl + zVﬁXJ (2.11) computational details are reported in ref 25.
= The adiabatic potential energy curves corresponding to the
describing the time evolution of the diabatic nuclear wave @A’ ground state and the a-, b-, antAtexcited states along

functiony? on the diabatic potential surfasé, coupled to all  the Mn—H distancez of the HMn(CO)(dab) complex are shown
VY(j = i) through the potential coupling termé;. in Figure 2a. The singlet ground state is a bound Morse-type

g PEC, with the minimum at a MaH distance of ca. 1.7 A and
IIl. Model and Methods a well depth of ca. 21 000 crh. Similarly, two of the three

excited triplet potentials are bound, with minima at ap-
proximately the same MnH distance and ca. 20 000 cfn
above the ground state. These excited PECs are of metal-to-
ligand charge transfer (MLCT) character and exhibit two
avoided crossings arourmk 2.0 A with a third, dissociative
potential with ligand-to-ligand charge transfer character. The
lower MLCT state arises, in one-particle language, froaya

f m* excitation, whereas the upper MLCT state is a result of
ade-y f a* and the LLCT state is a result of a f n*

functions quality were employed. Complete active space self- transition. (Strictly, the characterization of the excited states
consistent-field (CASSCF) calculatidRswere carried out to @S “bound” or “dissociative”, or as MLCT or LLCT type, and
obtain wave functions, which were then used as references inthe corresponding assignment of one-particle excitations are
multireference contracted configuration interaction (CCI) cal- Valid only for the diabatic potentials, since the character of the
culations*® For each electronic state a separate CASSCF adiabatic electronic states changes abruptly around the avoided
calculation followed by a multireference CI calculation was C€rossings.) The adiabatic curves shown are generated from the
performed. Eight electrons were correlated (the 3d electronsab initio points by interpolation with a cubic spline fit. For
and the two electrons involved in the M bond) in 10 active  the sake of simplicity they are labeled as follows!Aa=
orbitals, corresponding to the 3d and the 4d atomic orbitals of Vi, A’ = Vj,, b®A’ = V5, and éA’ =V,

A. Ab Initio Potentials. The adiabatic potential energy
curvesVi(2) for the electronic singlet ground state, and the
lowest three triplet excited states 8 symmetry of the
HMn(CO)s(dab) complex, have previously been calculatéd
initio along the Mn-H distancez, using the molecular geometry
reported in Figure 25 It was assumed thafs symmetry is
retained along the reaction path corresponding to the homolysis
of the metal-hydrogen bond.

Gaussian basis sets roughly of trigleplus polarization
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B. Diabatization Procedure. The diabatic curves are the optical absorption spectrum, we perform propagations on
obtained from the adiabatic ones by calculating the transforma- different subsets of excited potentials and with different initial
tion matrix U and then\® according to (2.5}(2.8). The conditions. For instance, occassionally we follow the dynamics
algorithm used to solve {2.5) numerically is described in ref using two rather than three coupled excited PECs; that is, one
44. Due to the fact that only the three excited potentials are diabatic curve and the corresponding couplings are simply left
expected to be strongly nonadiabatically coupled, the diabati- out (see below).
zation procedure is restricted to the excited manifold, leaving  The time-dependent Schidimger equation in the diabatic
the ground state unaltered. In fact, the simulation of the picture is solved on a grid = z + (I — 1)Az with zp = 1.0
subsequent dynamics is performed only on the three excitedA, Az=0.053 A, andl = 1, 2, ..., 512. The kinetic energy
states, with the ground state merely serving to provide (ap- operator is evaluated locally, usmg the fast fourier transform
proximate) initial wave functions. (FFT) techniqué® The time propagation is done by the

The‘l*ijl) needed in (2.5) can in principle be evaluatedaty Chebychev method for long time propagatiops to obtain well-
initio calculations. This involves the tedious numerical dif- resolved spectfdor by fourth-order differencing (FOBj*to
ferentiation of the electronic CASSCF wave functions. On the Produce snapshots for the wave packet evolution. The discret-
other hand, the kinetic couplings are known to be large only Zation in time, = jAt, is done withAt = 0.007 26 fs and =
around the avoided crossings, where they can safely bel: 2, ..., 28 000 for FOD and witht=7.26fsand =1, 2, .

approximated by Lorentziar§. In the present work, we use 1320 for the Chebychev propagation, respectively. To av0|d
asymmetric Lorentzians numerical artifacts due to a finite grid, absorbing boundary

conditions are used for long time propagatiéfs.

r r!_ . .
;J | for ze Zﬁ IV. Results and Discussion
4z~ Z]* + (T}) —(r' +T7) In our systematic theoretical study of the photoabsorption and
Ti(jl) = ) . (3.1) Mn—H bond-breaking processes in HMn(GQ@Jgb), the time-
Ly T forz> 2 dependent, diabatically coupled>3 3 Schrainger equation
4z — £17 + F-’- | i (2.10) is solved subject to the following initial conditions and
[z—Z]° +( _(r + 1 - ; . ng ir
i situations (see Figure 3dn for illustration):
which Lre normalized to yield an integral@f2. Here F and

€) xg(z,t=0) = 102, propagation on three coupled

=2,3,4)

F’ are parameters governing the half-width at haIf-maximum
(hwhm) for a bond distance smaller and larger than the location
Z of the avoided crossing between statendj, respectively.

In the following for the excited state kinetic coupling
parametersl“IJ andZ we usedl}, = Iy, = 0.037 A, T, =

I, =0.053 A,Z,=2.105 A, andz, = 2.020 A. Since the
adiabatic potential®s, and V3, do not avoid a crossing with
each other, the kinetic couphn ) was assumed to be zero.
ThezC were directly taken from thab initio curves, and the
crlterlon for the choice of théj was the accurate matching of

excited potentialt/fij (i

(b) Xg(z,tZO) = x1.4(2), propagation on two coupled

potentialsVe (i = 2, 3

(© X?,(z,t=0) = %12, propagation on three coupled

potentials\V (i = 2, 3, 4)

the diabates with the adiabates outside the region of the avoidedd) x3(zt=0) =
crossing.

The diabatic curves obtained for HMn(Cfjab) are shown
in Figure 2b, with the labeling being as followsiAd = V4,
df 7 =V, deye f 7* =V5, ando f z2* = V5, Note
that V2, is of course identical to@l over the whole range,
whereas for the other curvag = V2 only holds forzf oo,
Additionally, in Figure 2c the off- dlagonal elements of the (f) Xz(Zt 0)=
excited state diabatic potential matrixe. the potential cou-
plings, are shown. In contrast to the sharp, Lorentzian kinetic
coupling eIementsT(l, the numerically determined/i? are
found to vary only smoothly wittz, showing maxima around
the equilibrium region and vanishing farf o andzf O.

C. Wave Packet Propagation. The photoabsorption and
the Mn—H bond-breaking processes in HMn(G@gab) are

(9) x5(zt=0)

(€) x5(zt=0) =

%1,0(2), propagation on two coupled
potentialsVé (i = 2, 4

X1,0(2), propagation on three coupled
potentials\/ﬁ i=2,3,4

%1.4(2), propagation on two coupled
potentialsVe (i = 2, 3)

= %142, propagation on two coupled

potentials\e (i = 2, 4)

Further, to study the influence of the initial vibrational

simulated here by the propagation of selected wave packets orXcitation on the dissociation probability we also consider

the excited triplet states according to (2.11). For the excited
state dynamics, we use vibrational eigenstgieof the singlet
ground state as initial states, which are then transferred to the
excited triplet states in a FranelCondon-like manner. As
mentioned above, this serves as a crude model for the initial

(h) x5(zt=0)

= x1.,(2), propagation on three coupled

potentialsV? (i = 2, 3, 4) withv =1, ..., 6

Note that cases a, ¢, e, and h corresporglatoleast in

state resulting from photoexcitation plus subsequent, fast principles experimentally realizable situations, whereas the other

intersystem crossing.

cases serve as computer experiments, where certain couplings

The eigenstates of the electronic ground state are obtainedare selectively turned off.

by the Fourier grid Hamiltonian methdd. To systematically

A. Time Evolution of the Wave Packet: Snapshots.To

study the influence of individual excited potentials and their gain a first insight into the time evolution of HMn(Cg¢jlab)

couplings on the reaction.¢., the Mn—H bond breaking) or

after photoexcitation, two representative cases are investigated.
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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.

In the first case, we consider the initial excitation into the lower
bound MLCT state around 20 000 cfn(case a), whereas in

Finger et al.
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the second case we excite into the LLCT state around 33 000Figure 4. (a) Diabatic time evolution of the wave packetd| (i = 2,
(case e). Both cases represent typical features in the experi->: 4) for ﬂl](e initial Cc}”d't'gn C?]"%S.ponqmg to SChet')“e a a_p?rt of tlhe

- . ave pac et is transferred to the dissociative state y potentla coupling,
mental optical spectra (see below) and are characterized by ve .

distinct dynamics.
The propagation is done in the diabatic picture.
interpretative reasons, however, the diabatic wave pag¢kist

For

rom where it dissociates. The wave packets are placed at the energies
EM) = 3ie)VE + Tx@)iz@zyxizhd The numbering is
used to assign the individual wave packets to poten\@sv‘;@ and

\/‘24, respectively. (b) Adiabatic time evolution of the wave packets

transformed to the adiabatic one at selected times according 10,2 (; — 2, 3, 4 after initial excitation into potentiall, (scheme a)):

£=u (4.1)
Time Evolution on the Lower Bound SMLCT State (dy,

f Vga). First, the diabatic time evolution of HMn(C®)

(dab) following absorption to the loweSYILCT excited state

and IMLCT f SMLCT intersystem crossing is simulated

according to (2.10), with the initial conditiorxg(Z,O) = y1,002

and y3(z0) = 7%(z0) = 0, taking all three coupled excited

states into account (case a). Snapshots of the absolute value of

the wave functionxf’(z,t)| fori = 2, 3, 4 at various timesare
given in Figure 4a. On an ultrafast time scale (within ca. 5 fs)
about 20% of the wave packet is transferred from potential
V4, to the upper boundMLCT (de—y2 f 7*) state V4, and
about 1% to the dissociativel LCT state Vi, This is a
consequence of the potential couplings shown in Figure 2c. The
wave packet on the repulsive PE\K;2 can dissociate, whereas
the main part remains trapped and oscillates in the bound
potentials \/f’14 and \/g3, periodically exchanging amplitude
between them.

The latter effect is demonstrated in Figure 5a, showing the
diabatic population§’g(t) and Pi(t), where

Pt = [zt xi(2t) dz (4.2)

Similarly, the configuration space expectation value

ZEOT= [

o Aa2 ) zy3(zt) dz

(4.3)

is given in Figure 5b. A clear oscillation in configuration space
on the lower bound potentialy, with a period of ca. 18 fs is
found, while amplitude amond3, andV4, is exchanged with a

At t = 0 the wave packet is distributed on all three excited adiabatic
potentials. The part ovy, dissociates, subsequently changing to
V3, and Vi,

1.0 T
0.8
a)

0.6

0.4

POPULATION

0.2

0.0

—
D
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b)

<z> [angstr.]

1.55

1.50 L
0 10

TIME [fs]

20

Figure 5. (a) Time evolution of the population for scheme Bg(t)
(solid line) andPﬂ(t) (dot-dashed line). (b) Time evolution of the
expectation valuez{(t)Ofor the wave function on potentiafs,,.

period of 9 fs. This is explained as follows. Amplitude is
transferred to the upper bound potentsiﬁl1 at every time the
wave packet orvg, enters the region of minimum potential
energy, and hence of maximum potential coupling (see Figure
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1.0

B. Electronic Absorption Spectra. As mentioned in the
Introduction, we determine approximate optical absorption
spectra for HMn(CQydab) 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 spectruri{w) for continuous wave (CW)
excitation is then obtained from the Fourier transform of an
autocorrelation functiorg(t),?®

0.8
0.6

0.4

0 () Do [~ die®EdPgy) (4.5)

whereE; o is the energy of the vibrational ground state of the
electronic ground state. Further,

0.0

TIME [fs] 4

Figure 6. Time evolution of the adiabatic state populations for scheme St) = Dtid(Z,O)md(Z,t)[l (4.6)
e: P(t) (dot-dashed line)Pi(t) (dashed line), antﬂ’g(t) (solid line). i=

2c). Conversely, amplitude is lost from the upper bound to the and

lower bound potential when the wave packet leaves the region g )

of large potential coupling and proceeds to the turning point in % (20)= 10 (1=2,3,4) (4.7)

configuration space. The pronounced exchange of amplitude

between the bound potentials in the diabatic representationNote thatin (4.5) and (4.7) the (diabatic) Condon approximation

shows that the motion of the trapped wave packet can behas been employed, which is, in view of the neglect of spin

classified asadiabatic orbit coupling, only a moderate additional assumption. It is
The corresponding time development of the wave packet further assumed that all triplet states are accessible by the initial

%*(zt) in the adiabatic representation (eq 4.1) is shown in excitation with equal probability. Thel(zt) are obtained by

Figure 4b. Already at= 0 amplitude is found on the repulsive ~ solving the fully coupled 3x 3 diabatic Schidinger equation

side of the adiabatic potentidf,. This part moves downhill  (2.10), with (equal) initial wave fur_lctiormd(z,O). o

and subsequently hops over to potentisfy and V3,, as it The computed electronic absorption spectrum shown in Figure

passes the regions of the avoided crossings, where the kinetic/a has the following features. There are several narrow peaks

couplings are large. The main part, however, stays trapped inin the region between 15 000 and 22 000 éna broad band

the bound potentials. In the adiabatic representation, almostWith @ maximum at above 31 000 c and a fine structure

no amplitude is exchanged between the two lowest potentials, SUPerimposed to it. All peaks (including the structure on the

V2, andV2, This supports once more the classification of the band) occur at energies equal to the differences between the

trapped dynamics as being adiabatic. electronic ground state’s vibrational ground state and the
Time Evolution on the 3LLCT State (o f #* de) As a eigenenergies of the coupled bound MLCT curves and cor-
’ 22+ “ » HY
second characteristic case, the diabatic time evolution of _respond to “bounetbound” transitions. The broad background

HMn(CO)(dab) following absorption to the lowestLCT in the high-energy region is c_aused by _r_apld d!§SOC|at|on ?,f the
excited state, and subsequéht.CT f SLLCT intersystem wave .packet on the repulswe.potentlab. a .bound-free

crossing, is simulated according to (2.10), with the initial transition. The structure §uper|mposed to it is caused by Fhe
conditionsxg(z,O) I andxg(z,O) _ xi(Z,O) = 0 (case e). coupling of the free state’s continuum to the bound potential

‘ SN and shows therefore Fano line shapes.
The behavior of the wave packet (not shown here) is similar to . . .

. . . . Besides thé&ano resonances second effect associated with
that found in case a. Now, however, the main part dissociates.

In the adiabatic representation the main part, starting on thethe non-adiabatic couplings is a shift observed for the individual

repulsive side of/, moves downhill and subsequently hops peaks and the broad, high-energy band. With the full 3

2182 Ve . . excited state coupling included, relative to the uncoupled case,
over to potentials/;; andV, as it passes the regions of the  he eigenvalues of the lowest MLCT state appear to be slightly

avqided.crosgin'gs.. This distin'ct.“adiabatic sgrfacg hopping” shifted (about 400 cr#) to lower energies fed-shift), whereas
during dissociation is characteristic for predominanlighatic 6 maximum of the broad peak originating from the dissociative
behavior and is demonstrated in Figure 6, where the adiabaticgiate is shifted (about 400 cA) to higher energies Blue-shift).
populations Incidently, both red- and blue-shifts are operative in the case
o Zmax a of the higher MLCT statd/y,, leading, in effect, to an almost
Pi(t) = fZO % (zt)* ¥ (zt) dz (4.4) unshifted corresponding line spectrum.

The two mentioned coupling effestsesonance structures and
are depicted. It is also indicated how a small fraction of the line shiftss have been verified through computer experiments,
total wave function is trapped. in which the couplings were artificially turned off; that is, the

In summary we have seen that, depending on the initial fo in (2.11) were set to zero far= j. The result is shown in
excitation into an MLCT (case a) or an LLCT state (case e), Figure 7b, according to which the spectrum shows unshifted
quite different dynamical results may emerge. In the former peaks and an unshifted continuum, with no structure super-
case, the excited state dynamics is predominantly adiabatic andmposed to the latter.
leads to low photodissociation yields, whereas in the latter the Despite the simplicity of our approach, the calculated
dynamics is diabatic and the photodissociation yield is high. spectrum reproduces the main features of the experimental ones,
The question arises whether these differences have consequencescorded for the same family of complex@sAccordingly, in
also, for example, for the optical absorption spectra. the low-energy region (around 20 000 thha strong absorption
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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.
3] 3|4
0.000 ] | /\ In Figure 8 the dissociation probabilities for the casega
15000 25000 » 35000 are compared. This shows first that the dissociation probability
ENERGY [cm ] is higher for initial excitation into the dissociative LLCT state

Figure 7. Simplified, theoretical electronic absorption spectra for (C2S€s €9) than for initial excitation to an MLCT state (cases
HMn(COX(dab): (a) with all non-adiabatic couplings included; (b) @—d). Further, it can be seen that for excitation into the MLCT

without any couplings. Note the red-shift in the low-energy part and band (Figure 8a) the dissociation probability is increased if there
the blue-shift in the high-energy part if the coupling is turned on. The are two MLCT states instead of only one ¥cd and a> b),
labels at the peaks in the low-energy region |nd!cate transitions from \yhereas for initial excitation to the dissociative state the
V&, to the bound MLCT state¥5, and V4, respectively. dissociation probability decreases if there are two MLCT states
) ) ) » instead of one (e< f < Q).
feature is observed, corresponding to different MLCT transitions.  Tpese findings are easily interpreted. An increased number
Separated from this feature, at higher energies (around 25 000 coupled states increases the number of channels connecting
cm1) the LLCT transition sets in, resulting in a broad absorption e bound MLCT with the unbound LLCT PEC. Therefore,
with & low-resolution structure on top. The main difference of the amplitude of the wave packet will be more evenly distributed
our theoretical spectrum from the measured ones is that the lattery, g potentials, which leads to an increase in the dissociation
are broadened, particularly so in their low-energy region. This propapility for initial excitation to a bound MLCT state and to
is mostly because in our treatment the fast ISC processes argy gecrease for initial excitation to the dissociative state. The
not included (see above) and further (i) because other, so fargfiect is not very pronounced in the present model study, but
undetected, MLCT states are expected in the relevant energy¥may be more important in real complexes.
region, (ii) because of solvent effects, and (iii) because of other  This shows that not only neglected degrees of freedom but
vibrational modes .ne.glected here. . also the coupling to many excited states lower the product yield,
C. Photoreactivity: Cleavage of the Mn-H Bond. In this and hence the efficiency of various photoreaction control
section, the photoreactivity of HMn(Celjlab) is investigated  parameters. Nevertheless, it seems possible to achieve high
in some detail. For this purpose, as a measure_for the efficiency gissociative product yields by using, beyond simple wavelength
of the Mn—H bond-breaking reaction, the time-dependent ariation, more subtle photoreaction control strategies. One of
dissociation probabilityis{t) is computed for the different  them is vibrationally mediated chemistry (VM&)where a first
propagation schemes-a alluded to earlier. These different |R |aser pulse is used to vibrationally excite a certain molecular
schemes serve to systematically study the influence of the hong, pefore a second, UVAvis laser beam drives the desired
excitation wavelength, and initial vibrational excitation on the photoreaction.

product yield, and to contribute to the understanding of the role * |, the present context, VMC is used to increase the dissocia-

of various excited states and the coupling between them. o probability after irradiation into the MLCT band. For this
The dissociation probability mdwates whlch fracthn of the purpose, an IR photon serves to initially excite a vibrational
wave packet has passed a certain bond distangeat timet, eigenstatey;, of the electronic ground state. Then the UV
_ photon induces the transition to the lower bound MLCT state
Pyed) =1 — z ‘/’Zcz)dlssx (zt) 7 (zt) dz (4.8) V§3 I(Casg)h). (Again, the real excitation/ISC cascade is
[ neglected.

The resulting time-dependence of the dissociation probability
where the point separating bound from dissociated species isas a function of the vibrational levelis shown in Figure 9. If
chosen aZiss = 4.022 A. we start from a vibrationally excited stage, with » > 1 and
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0.8 r dissociation yields. It was found that the irradiation wavelength
v= 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
6 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 factstiatthe
adiabatic picture the effective barriers separating bound from

Paiss

5 unbound regions are lowered if the educts are vibrationally
excited.
3 The results for the photoreactivity of the MiH bond point
], therefore also to the importance of the relative energetic position
1,0 of the bound MLCT states to the high dissociative LLCT state
0 100 200 for this class of transition metal complexes. The latter depends

TIME fs] on external experimental parameters, but also on the metal

Figure 9. Dissociation probabilities after initial vibrational exc_itatic_)n center, on the diimine ligand, or on ligands R other than H.

of the ground state_l(_ffhgme h). The “%mg_?_r_s refer to thefwbrauonal The variation of these parameters can easily lead to a modifica-

quantum number. The dissociation probabilities increase fram= - o : i

0to v = 4: the values fow = 5 and 6 are lower than far = 4. tion qf _the adiabatic energy barriers, and hence of the photo
reactivity of the MLCT states.

excite to the lower MLCT state/gs, the dissociation prob- we havg also sh_own that itis important not only o take care
abilities do not reach their saturation levels after 25 fs, but rather .Of the various excited states but also to take their couplings
keep increasing stepwise over time. This is because the/Nto account. Here we have solely focused on the role of non-

vibrationally excited molecules keep vibrating also in the bound ?hd|abat|_i: caou_phr;g;s. thoweveJ,tfr:Jtt_Jre Wogf[ShOUI? |nctluotlﬁ also
excited state potentials and lose intensity to the unbound € excited singlet states an €Ir sporoit coupling 1o the

potential each time they pass through the regions of large triplet states. This is not an easy task, but appears to be

potential coupling. Therefore, in Figure 9 the dissociation necessary to arrive at a more complete microscopic understand-

probabilities are terminated after 200 fs, and the effects of Ing Of.th? functioning ofdiimin(_a complexes. Work along these
vibrational excitation are recorded at this time. It is found that lines is in progress and has in fact also been done for other

the dissociation probability at 200 fs increases for the vibrational transm(in mﬁtallccj:ot;np_o u?d;é dFurlt:her,” exqte(_j stat(?s Of'Abl
ground state levels = 1 to v = 4 and then decreases for= Symmelry shou € included. Fnally, In view Of possible

5. Hence, vibrational excitation serves indeed to increase theappllqatlo?s offgred .by the concept O.f the bqnd selective
product yield, but not so in a monotonic way. This can be chemistry”, the inclusion of two competing reaction channels,

explained by the fact that for very high the wave packet namely, _the homolytic bre_akmg of _the Mm bor_1d and the
behaves more classicalliye. becomes localized closer to the heterolytic loss of CO, will be an interesting line of future
classical turning points in the bound, diabatic potential. In these research.

regions, however, the coupling between the bound and the .
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