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trans–cis Photoisomerization of the Styrylpyridine Ligand in
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+ : Role of the Metal-to-Ligand
ACHTUNGTRENNUNGCharge-Transfer Excited States
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Introduction

Third-row transition-metal complexes substituted by accept-
or ligands are widely studied for their fascinating photophys-
ical properties. After irradiation under visible light several
routes are opened towards various processes, such as elec-
tron/energy transfer, luminescence, ultrafast dissociation,
and isomerization.[1,2] Photochromic molecules and their
photoisomerization reactions have been the subject of a
number of experimental studies.[3,4] A series of rhenium(i)
diimine complexes with photoisomerizable pyridyl-azo, -eth-
enyl, or -ethyl ligands have been investigated for their pho-

tochemical, electrochemical, and photophysical properties.[5]

The trans!cis photoisomerization of [Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]
+

was observed for the first time in the course of these experi-
ments. The photoizomerisation quantum yield determined
for similar complexes with a NO2-substituted styrylpyridine
ligand ranges between 0.47 and 0.66.[5] The ultrafast excited-
state dynamics of fac-[Re(Cl)(CO)3(t-4-styrylpyridine)2] and
fac-[Re(t-4-styrylpyridine)(CO)3(2,2’-bipyridine)]

+ have
been investigated in recent picosecond/femtosecond time-re-
solved spectroscopy experiments (Resonance Raman, emis-
sion, absorption) in the condensed phase.[6] It has been
shown that the trans–cis isomerization mechanism is charac-
terized by a switch from a spin singlet to a triplet pp* excit-
ed state4s potential energy surface. The rhenium(i) center
acts as an intramolecular triplet sensitizer, facilitating the
1pp*!3pp* intersystem crossing within the femtosecond
range. An indirect population of the reactive 3IL (pp*) state
by a picosecond 3MLCT (dRe!p*bpy) internal conversion is
proposed in the case of fac-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ .
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Whereas the trans–cis photoisomerization of an olefinic
C=C bond is well documented for organic stilbene-like mol-
ecules, both in terms of experimental and theoretical stud-
ies,[7–9] the mechanism governing this process in ligands coor-
dinated to transition metals is not known.

The aim of the present work based on accurate quantum-
chemical calculations is twofold: 1) the theoretical descrip-
tion of the trans!cis photoisomerization mechanism of the
title molecule and 2) comparison with the photoisomeriza-
tion mechanism that occurs under UV irradiation in organic
molecules.

Computational Methods

The geometric structures of the conformers of each trans and cis isomer
of [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]

+ have been optimized by means of density func-
tional theory (DFT)[10] with no symmetry constraints with the B3LYP
functional.[11]

The electronic configuration of [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ in its 1A ground

state is given by (5dyz)
2
ACHTUNGTRENNUNG(5dxz)

2
ACHTUNGTRENNUNG(5dxy)

2 with 284 electrons. The electronic
structure of the ground and excited states of the lowest conformers of
each trans and cis isomer were calculated at the complete active space
self-consistent field/multi state-CAS perturbation theory second order
(CASSCF/MS-CASPT2) level of theory[12, 13] and by means of time-de-
pendent DFT calculations.[14] Eight electrons (the six 5d electrons and
the two pstpy electrons) were correlated into nine active orbitals: the four
doubly occupied orbitals in the electronic ground state, the 5d’ orbitals of
correlation, and the two lowest p*bpy and p*stpy vacant orbitals. The
vacant 5d orbitals of the rhenium are too high in energy to play a role in
the spectroscopy and do not contribute to the active space represented in
Figure 1.

The level-shift technique was applied to the MS-CASPT2 calculations to
avoid intruder-state problems and the stability of the perturbative treat-
ment was tested with values in the 0.0–0.4 hartree range.[15]

To choose appropriate basis sets adapted to the correlated methods, the
theoretical problem, and the size of the molecule, various basis sets were
tested at the CASSCF/MS-CASPT2 level on the model system [Re(CO)3-
ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(NHCH2)]

+ .[16] For this model system eight electrons were correlat-
ed in fourteen active orbitals and the CASSCF was averaged over the
ten lowest 1A’ states. MS-CASPT2 calculations were performed on the
basis of this CASSCF wave function with a level shift of 0.2 hartree. The
following basis sets were tested: the relativistic pseudopotentials of Stutt-
gart and associated valence basis sets[17] on all atoms (without and with
polarized d functions on the second row atoms) and the pseudopotentials
of Stuttgart with associated valence basis sets on the metal centre com-
bined either with the Dunning double-x polarized (DZP) basis func-
tions[18] or with the atomic natural orbitals small (ANO-S)[19] on the
second-row atoms. A last test was performed with the Dunning4s correla-
tion consistent double-x polarized (cc-pVDZ) basis sets[20] on the second-
row atoms. ANO-S and DZP basis sets on the second-row atoms com-
bined with the ECP of Stuttgart on the rhenium atom gave nearly identi-
cal descriptions of the excited states of the model complex and mean de-
viations on MS-CASPT2 transition energies on the order of 150 cm�1.
The use of pseudopotentials on all atoms, even with polarized d functions
on the second-row atoms, led to large qualitative and quantitative differ-
ences in the electronic spectroscopy assignment of [Re(CO)3 ACHTUNGTRENNUNG(bpy)-
ACHTUNGTRENNUNG(NHCH2)]

+ .[16]

For the geometric optimizations of the real complex [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ , relativistic pseudopotentials of Stuttgart were used with the fol-
lowing valence basis sets: a (8 s7p6d) set contracted to [6s5p3d] for the
rhenium atom (Zeff = 15.0), a (4 s4p) set contracted to [2s2p] for the
carbon (Zeff = 4.0) and nitrogen (Zeff = 5.0) atoms, and a (4 s5p) set
contracted to [2s3p] for the oxygen atom (Zeff = 6.0).

The excited state calculations of [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ were performed

with the following basis sets for the second row atoms: the Dunning
double-x polarized sets (9 s5p1d) contracted to [4s2p1d] at the TD-DFT
level and the ANO-S sets (10 s6p3d) contracted to (3 s2p1d) at the
CASSCF/MS-CASPT2 level.

The potential energy curves (PECs) corresponding to the low-lying sin-
glet and triplet states correlating the trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]

+ isomer
to the cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]

+ isomer were calculated as a function of
the double-bond torsion angle, which is the driving coordinate of the iso-
merization process as shown for the stilbene, for instance in Figure 2.[7]

Figure 1. The six active orbitals most relevant for the electronic spectros-
copy for the most symmetric isomer of trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ .

Figure 2. The PECs corresponding to the low-lying singlet and triplet
states correlating the trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ isomer to the cis-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]

+ isomer calculated as a function of the double-bond
torsion angle, as shown for the stilbene.
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According to the size of the molecu-
lar system, the low symmetry of the
process, and the high density of elec-
tronic states in the UV/Vis domain of
energy, other methods such as a sys-
tematic search for minimum energy
paths or critical geometries from the
Franck–Condon point are definitely
impracticable. The present ab initio
calculations are at the limit of what
can currently be done on these large
molecules. The TD-DFT calculations
were performed with Gaussian 98[21]

and the ab initio calculations with
MOLCAS 5.0 Quantum Chemistry
software.[22]

Results and Discussion

Structures of the various con-
formers of trans-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ and cis-
[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ : The
DFT-optimized geometries of
the two isomers of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ for the dif-
ferent conformers are repre-
sented in Figure 3 with the rel-
ative energies in kJmol�1 and
eV. The geometry optimiza-
tions produce three rotational
conformers for the trans
isomer within 2.3 kJmol�1 (or
0.024 eV) and four rotational
conformers for the cis isomer
within 3.3 kJmol�1 (0.034 eV).
The energy difference be-
tween the two isomers is
27.0 kJmol�1 (0.28 eV).

The rotamer with the most
stable calculated structure cor-
responds to that established by
means of NMR studies of simi-
lar complexes in solution.[23]

Characteristic bond lengths and bond angles of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ are given in Table 1 for the trans and cis
isomers and are compared with the values for the X-ray
structure of a photoisomerizable derivative of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ represented in Figure 4.[24] The
CASSCF-optimized bond lengths and bond angles of the
cis-stilbene are also reported for comparison.

The trans-styrylpyridine is planar in the complex, like in
the uncoordinated 2-trans-styrylpyridine or the 2,6-di-trans-
styrylpyridine.[25] The central double bond is identical in
both isomers (calcd: 1.358–1.359 P). It can be compared
with the X-ray data (1.320 P)[26] or to the CASSCF-opti-
mized value in the stilbene (1.352 P).[27] When going from
the trans to the cis isomer the distances between the aromat-

ic groups and the ethylenic bond increase by 0.01 P, which
leads to a small decrease in the conjugation relative to the
trans form. The bond length with the pyridinic cycle (C16–
C19) is shorter than the one with the benzenic cycle (C20–
C21), which is close to the typical value of 1.470 P. The de-
formations of the cis-styrylpyridine are due to the steric in-
teractions between the two rings. The main consequence is a
destabilization of the cis isomers with respect to the trans
isomers, owing to a decrease of the conjugation between the
aromatic rings and the ethylenic bond.

Otherwise, the DFT-optimized structures of the two iso-
mers are very similar and agree rather well with the experi-
mental data available for the surfactant derivative of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ .

Figure 3. Optimized structures of the cis-and trans-[Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]
+ isomers. The relative energies are in

kJmol�1 (and eV) with respect to the most stable conformer A.
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Qualitative analysis of the absorption spectra of trans-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ and cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ by TD-

DFT: The UV/Vis absorption spectrum of [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ recorded in acetonitrile[6,28] exhibits one broad band
between 400 and 300 nm centered at about 332 nm, which is
assigned to a stpy-localized intraligand (1IL) transition
(pstpy!p*stpy), with a spike at 320 nm attributed to a bpy-lo-
calized IL transition (Figure 5).

The unusually high molar absorptivity of this band and
resonance Raman spectra indicate that this IL band contains
contributions from metal-to-ligand charge-transfer (MLCT)
states. A weak tail extending to about 420 nm is attributed
to an MLCT transition corresponding to a dRe!p*bpy excita-
tion. The upper part of the spectrum is not assigned.

The low-lying singlet and triplet states of [ReACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ obtained by TD-DFT calculations are reported in
Table 2 for the trans (conformers A and B, Figure 3) and cis
(conformer C, Figure 3) isomers.

The electronic spectra of the trans and cis isomers are
qualitatively similar and contain a series of low-lying

1,3MLCT transitions corre-
sponding to dRe!p*bpy excita-
tions (calcd between
20000 cm�1 and 25000 cm�1;
400–500 nm). The two highest
states are nearly degenerate at
about 23500 cm�1 (425 nm)
with significant oscillator
strengths, the values of which
depend on the conformer. The
next absorbing states, which
are very close in energy, corre-
spond to ligand-to-ligand
charge transfer (LLCT)
(pstpy!p*bpy) and IL (pstpy!
p*stpy) transitions calculated
between 25880 and 26730 cm�1

(at about 385 nm), depending
on the isomers with a strong
oscillator strength for the IL
state (nearly 1.0 in the trans

isomer). This state is characterized by an excitation localized
at the level of the C=C bond of the stpy ligand, seat of the

Table 1. Bond lengths [P] and bond angles [8] of [Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(stpy)]
+ . The numbering of the atoms corre-

sponds to Figure 4.

trans cis X-ray[a] cis-Stilbene[b]

Re�N1 2.202–2.205 2.202–2.206 2.177 (4)
Re�N2 2.202–2.205 2.202–2.206 2.176 (6)
Re�N3 2.245–2.249 2.246–2.251 2.219 (4)
Re�C1 1.943–1.945 1.943–1.945 1.928 (7)
Re�C2 1.951 1.951 1.927 (9)
Re�C3 1.951 1.951 1.927 (9)
N1-Re-N2 74.4–74.6 74.4–74.6 75.0 (2)
N1-Re-C3 97.5–97.8 97.4–97.9 99.4 (2)
N1-Re-C4 97.5–97.8 97.4–97.9 98.6 (2)
C1-Re-C3 90.6–89.8 90.7–89.7 86.9 (3)
C19�C20 1.358–1.359 1.358–1.359 1.320 (8) 1.352
C20�C21 1.459 1.471–1.472 1.488
C16�C19 1.453 1.464–1.465 1.488
C16-C19-C20 126 131
C19-C20-C21 127 131–132
C16-C19-C20-C21 9–10 9–10
C17-C16-C19-C20 0 35–37 43.5
C19-C20-C21-C22 0 25–27 43.5

[a] From ref. [23]. [b] From ref. [26]

Figure 4. The [Re(CO)3 ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]
+ derivative for which the photoisomerization has been observed in the visible.[23]

Figure 5. UV/Vis absorption spectrum of stpy (a) and [Re(CO)3ACHTUNGTRENNUNG(bpy)-
ACHTUNGTRENNUNG(stpy)]+ (c) in acetonitrile.[27]

www.chemeurj.org G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 4835 – 48434838

C. Daniel and J. Bossert

www.chemeurj.org


isomerization process. The corresponding 3IL state, which
may play an important role in the mechanism, is the lowest
triplet state, with a transition energy of about 16500 cm�1. A
low-lying LLCT state is calcu-
lated at 18520 (trans isomer
A) or 17940 cm�1 (cis isomer
C) (at about 550 nm) with a
significant oscillator strength.
The TD-DFT transition ener-
gies are shifted to the red rela-
tive to the experimental bands
(by 4000 cm�1 or 0.5 eV) for
the 1IL state localized on the
stpy ligand. The theoretical
spectrum disagrees with the
proposed assignment through
the presence of a low-lying
LLCT state that is not ob-
served in the experimental
spectrum. The presence of this
state in the lowest part of the
theoretical spectrum could be
an artefact of TD-DFT, which tends to underestimate the
transition energies to the long-range CT[29–31] such as the one
in this case which corresponds to a stpy to bpy excitation.
Moreover there is no evidence from the calculations of an
IL bpy-localized state which was anticipated at 320 nm.
Rather good agreement is obtained for the MLCT states. To
explore the electronic spectroscopy of [ReACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ in more detail, CASSCF/MS-CASPT2 calculations
were performed.

Theoretical analysis of the absorption spectrum of trans-
[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ by CASSCF/MS-CASPT2 calcula-
tions : Ab initio calculations were performed on the most
symmetric isomer of trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ , namely
the conformer B (Figure 3). Eight electrons (six dRe elec-
trons and two pstpy electrons) were correlated in nine active
orbitals, the six active orbitals most relevant for the elec-
tronic spectroscopy are depicted in Figure 1. The choice of

the CASSCF characteristics
was based on the knowledge of
the experimental spectrum and
on the preliminary TD-DFT
results. The CASSCF and MS-
CASPT2 transition energies
are reported in Table 3.

The CASSCF absorption
spectrum is qualitatively simi-
lar to the TD-DFT spectrum
with the 3IL (pstpy!p*stpy) state
as the lowest triplet state fol-
lowed by a series of 1,3MLCT
states corresponding to dRe!
p*bpy excitations. The upper
part of the spectrum is charac-
terized by two nearly degener-

ate singlets, namely the 1IL (pstpy!p*stpy) state and the
1LLCT state corresponding to the pstpy!p*bpy excitation. In
contrast to the TD-DFT results and in agreement with the

experimental data, the CASSCF spectrum does not indicate
the presence of low-lying LLCT states. CASSCF calcula-
tions are only qualitative and lead to overestimated transi-
tion energies, by nearly 1.0 eV for the 1IL (pstpy!p*stpy) and
the 1MLCT states. The large singlet–triplet energy gap of
12000 cm�1 found for the 1IL state is characteristic of the
transitions corresponding to pstpy!p*stpy excitations in or-
ganic free ligands. The calculated oscillator strengths follow
the experimental and TD-DFT trends and correctly repro-
duce the relative intensities of the 1IL and 1MLCT states.
The 1MLCT states are correctly described at the MS-
CASPT2 level, the transition energies were calculated to be
23550 (425 nm), 25840 (387 nm), and 26800 cm�1 (373 nm),
the two highest states having significant oscillator strengths.
These MLCT states definitively contribute to the experi-
mental band observed between 400 and 300 nm. The 3IL
(pstpy!p*stpy) state was calculated to be at 20990 cm�1 and
remains the lowest triplet state at the MS-CASPT2 level.

Table 2. TD-DFT transition energies [cm�1] of [Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(stpy)]
+ and associated oscillator strengths.

States trans trans cis
conformer A conformer B conformer C

3IL (stpy) 16470 16450 17940
3LLCT (stpy!bpy) 18070 17610 18850
1LLCT (stpy!bpy) 18520 0.0126 17900 0.0008 19320 0.0147
3MLCT (Re!bpy) 20240 21000 20350
3MLCT (Re!bpy) 21680 21300 21750
1MLCT (Re!bpy) 21690 0.0025 22020 0.0019 21830 0.0024
3MLCT (Re!bpy) 22980 22970 23110
1MLCT (Re!bpy) 23160 0.0088 23090 0.0134 23290 0.0156
1MLCT (Re!bpy) 23620 0.0655 23850 0.0989 23610 0.0577
3IL (bpy) 24790 24590 24800
3LLCT (stpy!bpy) 25180 25000 24870
1LLCT (stpy!bpy) 25210 0.0003 25000 0.0 24880 0.0
1LLCT (stpy!bpy) 26030 0.1765 25880 0.0009 27030 0.0307
1IL (stpy) 26730 0.9663 26270 1.1095 25740 0.3779

Table 3. CASSCF and MS-CASPT2 transition energies [cm�1], associated wavelengths [nm] and oscillator
strengths [f] of trans-[Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(stpy)]

+ conformer B of Cs symmetry (see Figure 3).

State One-electron excitation
in the main configuration

CASSCF[a] l f MS-CASPT2 l

3IL a3A’ pstpy!p*stpy (92%) 25550 (24530) 20990
a3MLCT b3A’ 5dyz !p*bpy (81%) 26470 (25280) 24190
b3MLCT c3A’ 5dx2�y2!p*bpy (81%) 28000 (25840) 25990
c3MLCT a3A’’ 5dxz!p*bpy (90%) 28790 (28060) 23170
a1MLCT a1A’’ 5dxz!p*bpy (91%) 29140 (29860) 343 0.011 23550 425
b1MLCT b1A’ 5dx2�y2!p*bpy (60%) 32830 (29870) 305 0.140 25840 387

5dyz!p*bpy (33%)
c1MLCT c1A’ 5dyz!p*bpy (59%) 33700 (31650) 297 0.209 26800 373

5dx2�y2!p*bpy (34%)
3LLCT b3A’’ pstpy!p*bpy (88%) 36 670 28190
1LLCT b1A’’ pstpy!p*bpy (89%) 36810 272 0.003 28400
1IL d1A’ pstpy!p*stpy (91%) 37950 (38350) 264 1.512 23130

[a] In parenthesis CASSCF transition energies of the conformer A of C1 symmetry for which the PEC have
been computed.
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The perturbational treatment has some difficulties in cor-
rectly describing the corresponding 1IL. This failure is due
to the limitation of the CASSCF active space, which should
include the totality of the p system of the stpy ligand (four-
teen electrons p-correlated in fourteen bonding and anti-
bonding orbitals). This feature has been well documented
by previous theoretical studies on stilbene-like mole-
cules.[27, 32] A huge active space would be needed to describe
this part of the electronic correlation at the zero-order in
the CASSCF wavefunction.

Potential energy curves describing the trans-[Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ to cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]
+ isomeriza-

tion, a CASSCF analysis: According to the previous sec-
tions, the electronic absorption spectrum of [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ is qualitatively well described at the CASSCF level
with a systematic overestimation of the transition energies
by about 1.0 eV (8000 cm�1). To follow the evolution of the
1MLCT and 1IL absorbing states and of the corresponding
3IL and 3MLCT states as a function of the angular torsion of
the C=C bond (q) in the stpy ligand, PECs have been com-
puted at the CASSCF level (eight electrons correlated in
nine orbitals, state average over five to six roots). Other sec-
ondary modes such as the rotation of the benzenic and pyri-
dinic rings, the elongation of
the double bond, or the carbon
pyramidalization are neglected
in this qualitative study, which
focuses on the electronic di-
mensionality. Moreover this
approximation is justified by
the presence of a heavy atom,
which may reduce the nuclear
flexibility of the molecule rela-
tive to the organic free ligands
such as stilbene or azobenzene.
The initial geometry (q = 08)
corresponds to the structure of
the trans-[ReACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ conformer A
(Figure 3), and the C1 symme-
try has been retained along the
reaction pathway. The corre-
sponding CASSCF transition
energies are reported in Table 3. They do not differ drasti-
cally from the transition energies obtained for the confor-
mer B with two nearly degenerate 1MLCT absorbing states
at about 29860 and 29870 cm�1, one strongly absorbing
MLCT state at 31650 cm�1, and the 1IL state calculated at
38350 cm�1. The corresponding triplet states are at
24530 cm�1 (3IL), and range between 25280 and 28060 cm�1

(3MLCT). The calculated PEC corresponding to the elec-
tronic ground state 1A, the three low-lying a1MLCT,
b1MLCT, and c1MLCT states, the 1IL state, the three low-
lying 3MLCT states, and the 3IL state, for values of q varying
between 08 and 908, are depicted in Figure 6. The corre-
sponding energy values are reported in Table 4.

The energy of the a1A electronic ground state increases as
a function of the torsion angle to reach a maximum at the
perpendicular geometry (q = 908). At the same time the
weight varies from 91% for the (pC=C)

2
ACHTUNGTRENNUNG(5dyz)

2
ACHTUNGTRENNUNG(5dxz)

2
ACHTUNGTRENNUNG(5dxy)

2-
ACHTUNGTRENNUNG(p*C=C)

0 electronic configuration at the equilibrium geome-
try, to 90% for the (pC=C)

1
ACHTUNGTRENNUNG(5dyz)

2
ACHTUNGTRENNUNG(5dxz)

2
ACHTUNGTRENNUNG(5dxy)

2
ACHTUNGTRENNUNG(p*C=C)

1 elec-
tronic configuration at the perpendicular geometry, in which
the p bonding does not exist anymore. The pC=C orbital is
purely localized on one carbon atom of the C=C bond of
the styrylpyridine and the p*C=C orbital on the other one.

At this point, corresponding to the diradical formation at
the level of the C=C bond, the 3IL state characterized by a
nearly flat PEC is quasi-degenerate with the a1A state. The

Figure 6. CASSCF PECs corresponding to the low-lying singlet and trip-
let (dashed lines) excited states of [Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]

+ as a function
of the torsion angle q of the carbon–carbon double bond of the styrylpyr-
idine ligand.

Table 4. CASSCF energies [a.u. �1461] of the electronic ground state a1A, the low-lying 1,3MLCT states, and
1,3IL states of [Re(CO)3 ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]

+ as a function of q. The values in italic correspond to the CASSCF calcu-
lations limited to three electronic states, namely the a1A ground state and the 1,3IL states (the weights on the
a1A electronic ground state and on the 1IL state are given in parenthesis).

State q 08 308 608 808 908 1008 1208

a1A 0.23312 0.21576 0.17244 0.13447 0.12553
0.23480 0.18888 0.14854 0.13664 0.14355 0.17296
ACHTUNGTRENNUNG(93%) ACHTUNGTRENNUNG(59%) ACHTUNGTRENNUNG(23%) ACHTUNGTRENNUNG(<5%) ACHTUNGTRENNUNG(20%) ACHTUNGTRENNUNG(59%)

3IL 0.12133 0.11906 0.12035 0.12170 0.12500
0.15876 0.16080 0.16171 0.15954 0.15812 0.15643 –

a3MLCT 0.11792 0.10779 0.05885 0.01929 –
b3MLCT 0.11537 0.10465 0.05553 0.01752 –
c3MLCT 0.10526 0.09452 0.04543 0.01400 –
a1MLCT 0.09707 0.08065 0.04391 0.00869 0.00726
b1MLCT 0.09704 0.08028 0.04271 0.00723 0.00349
c1MLCT 0.08893 0.07223 0.03574 0.00422 0.00178
1IL 0.05837 0.04796 0.02502 0.04017 0.04235

0.07930 0.07575 0.09532 0.10204 0.09350 0.06616
ACHTUNGTRENNUNG(93%) ACHTUNGTRENNUNG(59%) ACHTUNGTRENNUNG(23%) ACHTUNGTRENNUNG(<5%) 20% ACHTUNGTRENNUNG(59%)
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energy profile of the corresponding 1IL state affords an
energy barrier of about 0.62 eV at q = 608 and an energy
gap of 2.19 eV with the a1A state at q = 908. At the equilib-
rium geometry the 1IL is characterized by a weight of 91%
for the (pC=C)

1
ACHTUNGTRENNUNG(5dyz)

2
ACHTUNGTRENNUNG(5dxz)

2
ACHTUNGTRENNUNG(5dxy)

2
ACHTUNGTRENNUNG(p*C=C)

1 electronic configu-
ration. This weight decreases to 66% (at the barrier), at
which point the state gains some character from the double
excited state corresponding to the (pC=C)

0 (5dyz)
2
ACHTUNGTRENNUNG(5dxz)

2-
ACHTUNGTRENNUNG(5dxy)

2
ACHTUNGTRENNUNG(p*C=C)

2 configuration. The interaction between these
two states generates an avoided crossing responsible for the
observed energy barrier. At q = 908 the 1IL state becomes
nearly pure with 91% for the (pC=C)

2
ACHTUNGTRENNUNG(5dyz)

2
ACHTUNGTRENNUNG(5dxz)

2
ACHTUNGTRENNUNG(5dxy)

2-
ACHTUNGTRENNUNG(p*C=C)

0 electronic configuration in which pC=C is purely lo-
calized on one carbon atom of the C=C bond of the styryl-
pyridine and p*C=C on the other one. The three low-lying
1MLCT states as well as the corresponding 3MLCT states
are strongly bound with respect to the angular torsion of the
C=C bond of the styrylpyridine ligand within the limit of
the one-dimensional model. For the sake of clarity allowed
crossings are represented between the 1IL state and the
MLCT states. If this picture is correct for the 3MLCT states,
avoided crossings should occur between the 1MLCT and 1IL
adiabatic PEC. However this simplified representation
should not modify our analysis of the mechanism of trans–
cis photoisomerization represented in Figure 7.

After excitation to the c1MLCT state corresponding to a
dRe!p*bpy excitation, the system could populate the lowest
1MLCT and 3MLCT state by means of internal conversion
and intersystem crossing, respectively. During these elemen-
tary processes, which should occur within the picosecond
(ps) time scale, there is no deactivation channel towards the
perpendicular intermediate, owing to the bound character of
the MLCT states. The role of the rhenium center is to
switch the mechanism from the 1IL state in the free organic
ligands (stilbene, azobenzene) to the 3IL state by a fast
3MLCT!3IL internal conversion (~3.5 ps according to the
experiments).[6] From this state the system may progress
along the 3IL PEC towards the perpendicular intermediate
in the 3ILp state degenerate with the a1A state and evolve

either back to the trans-[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]
+ complex or

to the cis-[Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]
+ isomer. The flat shape of

the 3IL PEC may explain the rather slow, experimentally de-
termined rotation of 908 around the C=C bond of the styryl-
pyridine (~12 ps).[6] The coordination to the metal center
acts as a triplet photosensitization and the rate-determining
step to reach the 3IL is the 1MLCT!3MLCT intersystem
crossing. The presence of the low-lying MLCT states enables
the photoisomerization process to occur after visible irradia-
tion instead of UV irradiation in the free organic com-
pounds. The isomerization quantum yield of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ was reported to be very low.[5] Accord-
ing to the mechanism depicted in Figure 7 this could be due
to the presence of concurrent deactivation channels from
the low-lying MLCT states to the electronic ground states.
However there is no experimental evidence of such lumines-
cent processes.[6] Another aspect concerns vibrational relaxa-
tion effects in the low-lying MLCT states, which may be
active for the isomerization process. Indeed other nuclear
deformations that are not taken into account in this simpli-
fied one-dimensional model may support the isomerization
process.

To compare the mechanism of photoisomerization of [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ with that of free organic ligands,[7–9,33–35]

PECs corresponding to the a1A ground state and to the 1,3IL
state of [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]

+ have been computed by
means of state-specific CASSCF (3IL) and of two states
average CASSCF (a1A, 1IL) with the same active space
characteristics but without the low-lying MLCT states.
These PECs calculated as a function of q between 08 (trans
isomer) and 1208 are represented in Figure 8 and the corre-
sponding energies values are reported in Table 4. The a1A

Figure 7. Simplified representation of the mechanism of the trans–cis
photoisomerization.

Figure 8. CASSCF PECs corresponding to the electronic ground state
and the 1,3IL excited states of [Re(CO)3 ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]

+ as a function of the
torsion angle q of the carbon–carbon double bond of the styrylpyridine
ligand.
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electronic ground state, called the S0 state in the stilbene-
like molecules, presents an energy barrier with a maximum
at the perpendicular geometry corresponding to an angle of
908 and to a diradical with the electronic configurations de-
scribed above. The 3IL PEC is nearly flat with a crossing
with the a1A ground state PEC before 808 earlier than the
one observed in Figure 6 on the whole set of PECs. The 1IL
PEC corresponding to the S1 state in the free organic ligand
presents an energy barrier before 608 and an avoided cross-
ing with the electronic ground state PEC. A careful analysis
of the CASSCF weights (see Table 4) points to a clear
change of electronic configuration between 608 and 1208
with a completely symmetric exchange between the a1A and
1IL states. The 3IL state remains nearly pure along the pho-
toisomerization pathway with a weight of 93%.

According to this qualitative picture the position of the
crossing point between the 3IL and the electronic ground
state PEC could control the quantum yield of the photoiso-
merization process leading to an asymmetric mechanism. In
the less favorable case such as the one depicted in Figure 8
this crossing occurs too early along the torsion coordinate to
reach the maximum of the energy barrier and to lead to the
cis isomer. Again the limitation of the one-dimensional
model restricted to the torsion angle around the C=C bond
of the styrylpyridine ligand does not allow any conclusions,
but according to experimental data steric constraints in the
low-symmetry [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]

+ complex investigated
in the present work could be responsible for such inefficient
photoisomerizations.

Conclusion

On the basis of a careful theoretical analysis of the struc-
tures, electronic spectroscopy, and evolution of the potential
energy of the low-lying IL and MLCT excited states of
[Re(CO)3ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(stpy)]

+ as a function of the carbon–carbon
double bond torsion angle of the styrylpyridine, it has been
shown that the photoisomerization of the ligand under visi-
ble light operates by a triplet intraligand mechanism via the
3IL (pstpy!p*stpy) state. This state is populated by intramo-
lecular energy transfer from the ReI(CO)3ACHTUNGTRENNUNG(bpy) chromo-
phore to the styrylpyridine ligand. The early photoisomeri-
zation dynamics (within a few ps) is governed by the evolu-
tion of the system from the 1MLCT absorbing state to the
3IL via the set of low-lying 3MLCT states in the Franck–
Condon region. The trans–cis isomerization of the styrylpyri-
dine ligand is preceded by a rotation of about 908 around
the carbon–carbon double bond in the 3IL state. At about
the perpendicular conformation the 3IL state potential
crosses the ground state potential. The isomerization process
occurs after intersystem crossing on the electronic ground
state potential energy surface from the perpendicular con-
formation of the ligand, according to the mechanism pro-
posed for the free ligand. The role of the rhenium is to
switch the mechanism from the 1IL state accessible through
UV irradiation in the free organic ligand to the 3IL state

easily reached after visible excitation to the low-lying
MLCT states. The metal-to-styrylpyridine charge-transfer
states do not participate in the mechanism of photoisomeri-
zation. The calculated theoretical picture of the photochemi-
cal mechanism agrees remarkably well with the experimen-
tal mechanism proposed by Busby et al.[6]

Acknowledgements

This work was undertaken as a part of the European collaborative COST
projects (D14/0001/99 and COST D35). The calculations were carried out
in part at the Centre Universitaire et RCgional de Ressources Informa-
tiques (CURRI, UniversitC Louis Pasteur, Strasbourg), in part at the
IDRIS and CINES computer centers (CNRS, Orsay, Montpellier)
through a grant of computer time from the Conseil Scientifique and at
the LCQS (Strasbourg).
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