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Ultrafast Excited State Dynamics Controlling Photochemical Isomerization
of N-Methyl-4-[trans-2-(4-pyridyl)ethenyl]pyridinium Coordinated to a
{ReI(CO)3(2,2’-bipyridine)} Chromophore
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Introduction

Rhenium(I) carbonyl complexes [ReI(X)(CO)3ACHTUNGTRENNUNG(N,N)]n

(N,N=chelating polypyridines, a-diimines, X=axial ligand,
n=0, 1+ , 2+ ) and [ReI(Cl)(CO)3(A)2]

n (A=N-coordinated
p-acceptor ligand) combine diverse and tunable photophy-
sics and photochemistry with chemical stability and synthet-
ic flexibility.[1] These chromophores can be attached to pro-
teins, incorporated into conductive polymers and molecular
wires, liquid crystals, DNA, or linked with specific substrate
binding units either through the axial ligand X or by a judi-
cious modification of the a-diimine ligand. This unique com-
bination of chemical and photonic properties makes ReI car-
bonyl diimines very promising as functional components of
molecular photonic devices.

Abstract: Two multifunctional photoac-
tive complexes [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ (MeDpe+ =

N-methyl-4-[trans-2-(4-pyridyl)ethe-
nyl]pyridinium, bpy=2,2’-bipyridine)
were synthesized, characterized, and
their redox and photonic properties
were investigated by cyclic voltamme-
try; ultraviolet–visible–infrared (UV/
Vis/IR) spectroelectrochemistry, sta-
tionary UV/Vis and resonance Raman
spectroscopy; photolysis; picosecond
time-resolved absorption spectroscopy
in the visible and infrared regions; and
time-resolved resonance Raman spec-
troscopy. The first reduction step of
either complex occurs at about �1.1 V
versus Fc/Fc+ and is localized at
MeDpe+ . Reduction alone does not

induce a trans!cis isomerization of
MeDpe+ . [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+

is photostable, while [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ and free
MeDpe+ isomerize under near-UV ir-
radiation. The lowest excited state of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ has been
identified as the Re(Cl)(CO)3!
MeDpe+ 3

MLCT (MLCT=metal-to-
ligand charge transfer), decaying di-
rectly to the ground state with lifetimes
of �42 (73%) and �430 ps (27%).
Optical excitation of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ leads to pop-
ulation of Re(CO)3!MeDpe+ and

Re(CO)3!bpy 3
MLCT states, from

which a MeDpe+ localized intraligand
3pp* excited state (3IL) is populated
with lifetimes of �0.6 and �10 ps, re-
spectively. The 3IL state undergoes a
�21 ps internal rotation, which eventu-
ally produces the cis isomer on a much
longer timescale. The different excited-
state behavior of the two complexes
and the absence of thermodynamically
favorable interligand electron transfer
in excited [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+

reflect the fine energetic balance be-
tween excited states of different orbital
origin, which can be tuned by subtle
structural variations. The complex [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ emerges as a
prototypical, multifunctional species
with complementary redox and photon-
ic behavior.
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The chemical nature and bonding properties of the axial
ligand X determine the character of the lowest excited
state(s) and, hence, the photochemical and photophysical
properties.[1] Usually, the lowest excited state contains a pre-
dominant contribution from a Re(CO)3!N,N metal-to-
ligand charge-transfer (MLCT) excitation. This is a typical
case of complexes containing an axial ligand X without pro-
nounced p-donating or -accepting properties, such as pyri-
dine derivatives.[1–4] The MLCT character can mix with a
X!N,N ligand-to-ligand charge transfer (XLCT, also called
LLCT), if X is a p donor (NCS�, halides).[1–3,5–7] Rhenium(I)
complexes with MLCT or MLCT/XLCT excited states are
photostable and luminescent. Highly delocalized, large poly-
pyridines N,N (some phenanthroline derivatives; dppz=di-
pyrido[3,2-a:2H,3H-c]phenazine) and/or strongly electron-ac-
cepting X (isonitriles), introduce low-lying intraligand, IL-
ACHTUNGTRENNUNG(N,N), excited states, which originate in ligand localized pp*
excitation.[1] ReI carbonyl diimine complexes are mostly
photostable and suitable as sensors or switches.[4,8–22] In rare
cases,[23,24] some of which will be discussed below, the lowest
excited state is localized on the ligand X and isomerization
may ensue after its population.

Mixing between excited-state characters, which defies
usual textbook classifications, is very common in ReI com-
plexes. Thus, in addition to the MLCT–XLCT mixing men-
tioned above, the IL (intraligand) and CT (charge transfer)
characters can mix as well.[1–4,25] As their detailed excited-
state characters are very sensitive to the medium, ReI com-
plexes can serve as probes of the character and dynamics of
the chromophore environment, which can be varied from
simple solvents to polymers or protein binding sites.[4,10]

Optical excitation of the {ReI(CO)3ACHTUNGTRENNUNG(N,N)} chromophore
into an MLCT excited state redistributes the electron densi-
ty to {ReII(CO)3ACHTUNGTRENNUNG(N,NC�)}. In response, the axial ligand X can
perform various chemical functions, depending on whether
it is an electron donor, electron acceptor, or an energy ac-
ceptor. Thus, for example, reducing ligands X (phenothia-
zine, tryptophane, tyrosine) can act as electron donors
toward the ReII center, effectively quenching the 3

MLCT ex-
cited state.[18,26–33] Recently, we have investigated the mecha-
nisms of two ultrafast optically induced processes involving
the axial ligand X: an interligand electron transfer
(ILET)[34,35] in [Re ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ and trans!cis iso-
merization in [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]+ and [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(stpy)2], as well as related complexes containing trans-
phenyl-azopyridine[23,24] (see Figure 1 for formulas and ab-
breviations of the ligands and complexes). ILET involves an
electron transfer from the bpyC� ligand in the 3

MLCT excited
state to the electron-accepting MQ+ ligand, which occurs
with a lifetime of about 8 ps. The trans!cis isomerization of
coordinated stpy has been shown to take place from a 3IL
excited state localized at the stpy ligand, which is populated
from a Re(CO)3!bpy 3MLCT state by ultrafast (3.5 ps),
intramolecular energy transfer. This kind of “intramolec-
ular sensitization” of intraligand photochemistry by MLCT
excitation,[13,36–41] the kinetics of which were first deter-
mined[23] for [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ , opens interesting possi-

bilities in designing new molecular photonic switches and
sensors.[11]

Herein, we introduce these photoreactive properties in
two new complexes [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)] (Figure 1) and investigate their redox
properties, photochemistry, and excited-state dynamics. The
excited complexes may undergo a trans!cis isomerization
of the C=C bond, ILET with the oxidizing methylpyridinium
ring, or just a simple radiative or nonradiative decay to the
ground state, raising important questions about the factors
controlling the photonic behavior of these multifunctional
chromophores.

Results

Redox properties: electrochemistry and spectroelectrochem-
istry : The cyclic voltammogram of free MeDpe+ in THF
shows a sharp (i.e. , electrochemically reversible) cathodic
peak at Ep,c=�1.31 V versus Fc/Fc+ . No anodic counter
peak was observed at a 100 mVs�1 scan rate. Reduction
is chemically irreversible due to fast inactivation of its pri-
mary product, MeDpeC, presumably by dimerization or oli-
gomerization. A weak, broad, anodic peak at �0.18 V is ob-
served on the reversed scan. A second reduction of

Figure 1. Schematic structures of the ligands and the complexes
[Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ . MQ+ =N-
methyl-4,4’-bipyridinium (MQ+), stpy= trans-4-styryl-pyridine, MeDpe+

=N-methyl-4-[trans-2-(4-pyridyl)ethenyl]pyridinium, bpy=2,2’-bipyri-
dine. The prefix “trans-” is hereinafter omitted for brevity. Metal-to-
ligand charge transfer directed to MeDpe+ or bpy will be denoted as
MLCT ACHTUNGTRENNUNG(MeDpe+) or MLCT ACHTUNGTRENNUNG(bpy), respectively.
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MeDpe+ occurs at �1.94 V as a weak, broad, chemically ir-
reversible peak.

The complex [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]
2+ in acetonitrile

(MeCN) has a single two-electron wave at E1/2 =�1.08 V
(DEp =80 mV) with a peak-current ratio Ip,a/Ip,c =0.67 at v=

100 mVs�1 at room temperature attributed to simultaneous
reduction of both MeDpe+ ligands to MeDpeC. Coordination
to Re partially stabilizes the MeDpeC radical. However, the
anodic counter-peak disappears on lowering the tempera-
ture or decreasing the scan rate to 2 mVs�1 when using a
thin-layer spectroelectrochemical cell.

The infrared (IR) spectrum of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ in butyronitrile (PrCN) at room temperature
exhibits three n(CO) bands at 2024, 1921, and 1892 cm�1.
Scanning the potential over the whole irreversible cathodic
wave shifts the n(CO) bands only slightly to 2021, 1915, and
1887 cm�1. Both MeDpe+ ligands are reduced in this step,
as revealed by the complete disappearance of the bands at
1647 and 1636 cm�1, some of which belong[42] to the n ACHTUNGTRENNUNG(C=C)/
d(CH) vibration. At the same time, a new unresolved band
grows in at 1666 cm�1. The small downward shift of n(CO)
indicates that the reduction is predominantly localized at
MeDpe+ , being largely electronically decoupled from the
Re(CO)3 moiety. Ultraviolet-visible (UV/Vis) spectra mea-
sured in THF during reduction show only very weak fea-
tures due to the pyridinyl radical unit at 506, 593, 693, and
765 nm, with an isosbestic point at 455 nm. The low intensity
of these bands suggests that most of the [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpeC)2] reduction product is converted to a species that
does not have a radical character.

[Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in THF at room temperature
exhibits three reversible cathodic waves at E1/2 =�1.15
(DEp =70 mV), �1.53 (DEp =70 mV) and �1.76 V (DEp =

80 mV), Figure 2 top. Similar results were obtained in aceto-
nitrile and in butyronitrile, in which the potentials of the
cathodic waves are slightly less negative: �1.08, �1.49 and
�1.69 V. The first reduction is assigned to the MeDpe+/
MeDpeC ligand localized couple, based on the similarity with
the potentials of the [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ and
MeDpe+ reductions. The second reduction is attributed to
the bpy ligand, because it occurs at a potential very close to
that of the bpy localized reduction in [ReACHTUNGTRENNUNG(MQ+)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ , �1.57 V.[43] This assignment was confirmed spec-
troelectrochemically, see below. The third, most negative,
step is attributed to the second MeDpe localized reduction,
based on comparison with the cyclic voltammetry (CV) of
the free ligand.

The first reduction step of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+

becomes chemically irreversible in THF on decreasing the
temperature to 208 K (Figure 2 bottom) or slowing the scan
rate in a thin-layer spectroelectrochemical cell to 2 mVs�1.
The sharp cathodic wave lies at Ep,c =�1.22 V (THF, 208 K)
and the reverse scan shows a very weak counter peak at a
slightly more positive potential. A more prominent, broad
anodic counter-peak occurs at Ep,a=�0.17 V, similar to the
free MeDpe+ . The second cathodic process, at E1/2 =

�1.60 V, remains electrochemically reversible (DEp =

80 mV), but becomes only partly reversible chemically (Ip,a/
Ip,c =0.76 at v=100 mVs�1). The reverse anodic scan trig-
gered beyond this wave reveals a new, small anodic wave at
Ep,a =�1.49 V. The potential and shape of the third cathodic
process remain unaffected by the temperature change:
E1/2 =�1.76 V (DEp =80 mV). However, the corresponding
peak current is much smaller than of the two preceding
steps. Qualitatively identical temperature dependence of the
cyclovoltammetric response of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+

was encountered in acetonitrile (233 K) and butyronitrile
(208 K).

IR spectroelectrochemistry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ in THF at room temperature shows that the first
one-electron reduction results only in a very small shift of
the two n(CO) bands from 2035 and 1929 (broad) to 2032.5
and 1926 cm�1 (broad), respectively. This negligible n(CO)
spectral change indicates that the Re!CO p back-donation
is essentially unaffected, providing evidence for localization
of the first reduction at the remote pyridinium part of
MeDpe+ . Reduction of MeDpe+ in [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)] also leads to the disappearance of weak absorption
bands at 1615, 1647, and 1636 cm�1, which is accompanied
by the growth of new bands at 1666 and 1600 cm�1. Reoxi-
dation of the one-electron-reduced complex at potentials
about 1 V less results in shifting n(CO) bands back to 2034
and 1929 cm�1. The original MeDpe+ bands at 1647 and
1636 are not recovered by reoxidation, although the bands
of the reduced species at 1666 and 1600 cm�1 disappear com-
pletely. These observations are in line with the irreversible
character of the MeDpe+ reduction and show that chemical
reactions of the electrochemically produced [Re-
ACHTUNGTRENNUNG(MeDpeC)(CO)3ACHTUNGTRENNUNG(bpy)]+ concern the MeDpe C=C bond.

Figure 2. Cyclic voltammetry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ in THF,
scan rate 100 mVs�1. Top: room temperature, bottom at 208 K. The
curves marked 1 and 2 show CVs with the potential scan reversed
beyond the first and second reduction peaks, respectively. Ferrocene was
added as an internal potential and reversibility standard, marked by an
asterisk.
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A. Vlček Jr. et al.

www.chemeurj.org


They cannot be attributed to trans!cis isomerization, for
which a recovery of stretching vibrations after reoxidation is
expected. Isomerization of MeDpeC can also be excluded
based on comparison with the chemistry of analogous radi-
cals.[44] Dimerization or oligomerization of the radical ligand
thus remains likely candidates for the secondary reactions of
the electrochemically produced radicals.

The second reduction of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is
accompanied by chemical decomposition, which leads to
three products characterized by A’(1) n(CO) bands at 2014,
2007.5, and 2002.5 cm�1. At later stages of the reduction, the
IR spectrum becomes dominated by bands at 2007.5, 1899,
and 1892 cm�1, which belong to a species in which the bpy
ligand is reduced to bpyC�, again in agreement with the
cyclic voltammetry. For comparison, n(CO) bands of [Re-
ACHTUNGTRENNUNG(MQC)(CO)3 ACHTUNGTRENNUNG(bpyC�)] occur[43] at 2003 and 1892 cm�1 (br). IR
spectroelectrochemistry of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in
MeCN at room temperature and in PrCN at 253 K gives es-
sentially the same results. The n(CO) bands shift upon the
first MeDpe+ localized reduction by 1–1.5 cm�1 at 253 K.

UV/Vis spectra recorded in situ during the first reduction
of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ in THF in the optically
transparent thin-layer electrochemical (OTTLE) cell at
room temperature show a strong absorbance decrease in the
ultraviolet (UV) region and growth of new bands character-
istic of the pyridinyl radical unit at 515, 596, 710, and
780 nm, with an isosbestic point at 402 nm (Figure 3). The
last two bands gradually shift to 697 and 767 nm, respective-
ly, in the course of the reduction, presumably reflecting a
secondary reaction of the reduced product. UV/Vis spectra
show no signs of the characteristic spectral features[45–48] of
bpyC�, in accord with the MeDpe localization of the first re-
duction.

The counterintuitive loss of chemical reversibility of the
first reduction wave at low temperatures, observed for both
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ (A), indicates that the
primary electrochemical prod-
ucts, [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpeC)2]
and [ReACHTUNGTRENNUNG(MeDpeC)(CO)3ACHTUNGTRENNUNG(bpy)]+

(B) are in a temperature-de-
pendent equilibrium
A $�e�

B 1

2
! C 3!D with another

species (C) that undergoes fur-
ther irreversible chemical reac-
tion to the product (D). The in-
termediate C is reoxidized at a
potential that is only a little
more positive than that of the
first reduction wave of A, while
reoxidation of D is shifted
much more positively to about
�0.17 V. Based on the spectroe-
lectrochemical results, we can
conclude that:

1) The chemical transformations 1, 2, and 3 concern the
MeDpeC ligand, in particular the C=C bond. However,
they cannot be attributed to trans!cis isomerization.

2) The pyridinyl radical chromophore is preserved in C but
not in D.

3) Reoxidation of neither C nor D regenerates the starting
complex A.

4) The irreversible transformation 3 is more prominent in
the case of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ , possibly due to
the presence of two MeDpeC radicals in B. Identification
of the products will be the subject of further research.

UV/Vis and resonance Raman spectra : A UV/Vis absorp-
tion spectrum (Figure 4a) of MeDpe+ in MeCN exhibits an
intense absorption band at 316 nm (emax=28400m

�1 cm�1)
with a weak shoulder at about 330 nm. Upon complexation
to [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ , the band shifts slightly to
307 nm (emax =47200m

�1 cm�1) and a pronounced shoulder
emerges at about 340 nm (e=31500m

�1 cm�1), with a “tail”

Figure 3. UV/Vis spectroelectrochemistry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+

in THF at room temperature. Spectra monitored during reduction be-
tween �1.10 and �1.35 V versus Fc/Fc+ evolve in the direction of the

arrows.

Figure 4. a) UV/Vis absorption spectra of MeDpe+ (dotted), [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]
2+ (dashed), and [Re-

ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ (solid). b) Photoisomerization of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ under 365 nm irradia-
tion. c) Photoisomerization of MeDpe+ under combined 313+334 nm irradiation. Irradiation intervals about
15 s. All measurements in MeCN.
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extending to �480 nm. [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ shows
spectral features similar to those of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ : an intense band at 307 nm (emax =

42900m
�1 cm�1) with a shoulder at 335 nm (emax =

30100m
�1 cm�1), and a sharp spike at 319 nm that is typical

for bpy. The large molar absorption of the main UV band of
MeDpe+ and its complexes is indicative of a p!p* IL char-
acter. The “tail” that extends in the spectra of the com-
plexes beyond 400 nm could originate in MLCT transi-
tion(s). Neither of the complexes is luminescent in MeCN
under 400 nm excitation.

Resonance Raman (rR) spectroscopy provides further in-
formation about the character of the electronic transitions
by identifying coupled molecular vibrations. The rR spectra
of both complexes (Figure 5 top) were recorded in acetoni-

trile and were excited at 457.9 nm, into the “tail” of the
lowest energy absorption band. The spectrum of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ shows a medium intensity band
due to the in-phase A’(1) n(CO) carbonyl mode at
2027 cm�1. The strongest band occurs at 1634 cm�1 with a
shoulder at 1619 cm�1. It is assigned to a coupled n ACHTUNGTRENNUNG(C=C)/d-
ACHTUNGTRENNUNG(C�H) vibration of the ethylenic group of the MeDpe+

ligand.[23,42] Less intense bands due to MeDpe+ vibrations
are observed at 1220, 1212, 1188, and 1027 cm�1. The band
at 1220/1212 cm�1 is absent in rR spectra of analogous stpy
complexes, while a similar band occurs in the spectrum of
[Re ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ and is assigned[49] to a n ACHTUNGTRENNUNG(N+�CH3)
vibration. Observation of enhanced bands due to MeDpe+

vibrations is compatible with both MLCT and IL characters
of the resonant electronic transitions, while enhancement of

the n(CO) band is diagnostic[7,42,50–53] of Re(CO)3!MeDpe+

MLCT. By combining information from UV/Vis and rR
spectroscopy, we may conclude that the lowest near-UV ab-
sorption band is primarily due to an IL transition while the
“tail” extending into the visible region originates in an
MLCT transition from Re(Cl)(CO)3 to MeDpe+ .

The rR spectrum of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+

(Figure 5) is qualitatively similar to that of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]. The most intense band, at 1637 cm�1 with a
shoulder at 1617 cm�1, is again attributed to the n ACHTUNGTRENNUNG(C=C)/
d(CH) vibration of the MeDpe+ ethylenic moiety.[42]

Weaker bands due to MeDpe+ vibrations are seen at 1347
(w), 1211 (m, probably n ACHTUNGTRENNUNG(N+�CH3)), 1187 (m), and
1030 cm�1 (m) . The band due to the n(CO) A’(1) mode is
found at 2037 cm�1. However, its intensity relative to the
strongest peak, 1637 cm�1, is almost three times lower than
in the case of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ . It follows that
the resonance enhancement originates mostly in an IL tran-
sition localized on MeDpe+ , with a smaller contribution
from a Re(CO)3!MeDpe+ MLCT transition. The only fea-
ture due to a bpy localized vibration was found at 1497 cm�1

(vw), which is too weak to indicate any resonant enhance-
ment originating in a MLCT ACHTUNGTRENNUNG(bpy) transition.

Photoisomerization : Irradiation of MeDpe+ in MeCN at
313+334 nm causes an isosbestic evolution (at 280 nm) of
the UV spectrum, in which the band at 316 nm decreases in
intensity and a new peak at 248 nm grows (Figure 4c). This
spectral change is characteristic of a trans!cis photoisome-
rization, as was demonstrated[54] for an analogous compound
trans-1,2-bis(1-methyl-4-pyridinium)ethylene (Me2Dpe2+). A
similar isosbestic conversion was observed upon irradiation
of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ at 365 nm: intensities of the
bands at 315 and 257 nm decreased and grew, respectively,
with an isosbestic point at 280 nm (Figure 4b). As with the
free ligand, we attribute this spectral change to the trans!
cis photoisomerization of the MeDpe+ ligand. Thermal re-
generation of the trans isomer was observed in the dark
within a few days for both the ligand and the complex. In
contrast, no photoreaction takes place upon irradiation of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ at 365 nm.

Transient absorption spectroscopy: The transient absorption
(TA) spectrum of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ measured
after excitation at 400 nm shows intense bands with maxima
at 505, 710–720, and beyond 790 nm, and shoulders at �660
and 740 nm (Figure 6). Comparison with the TA spectra of
the ion-pair CT state[54,55] of [Me2dpe2+][I�]2 allows us to
assign the TA bands to the reduced MeDpeC ligand in the
3MLCTACHTUNGTRENNUNG(MeDpe+) excited state, which can be formulated as
approximately [ReII(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpeC) ACHTUNGTRENNUNG(MeDpe+)]2+ . The
early time evolution of the TA spectra is complicated by re-
laxation, which is manifested by a dynamic blue shift of the
505 nm band within the first 1 ps from its initial position at
�522 nm.

Both excited state bands decay with biexponential kinet-
ics, which is, within the experimental accuracy, independent

Figure 5. Stationary resonance Raman (rR) and time-resolved resonance
Raman (TR3) spectra of [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ (left) and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)] (right) in MeCN. Top: rR spectra of
a) [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ and b) [Re ACHTUNGTRENNUNG(MeDpe)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ , excit-
ed at 457.9 nm. Bottom: Kerr-gate TR3 spectra of c) [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ , measured with a 510 nm probe at 0, 2, 6, 10, and 50 ps
after 400 nm excitation, and d) [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ measured
with a 525 nm probe at 0, 1, 2, 3, and 4 ps after 400 nm excitation. Base-
line corrected for residual emission. Asterisk indicates regions of solvent
subtraction.
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of the excitation wavelength. Lifetimes of 37.5�0.5 ps
(73%) and 433�20 ps (27%) were determined from the
decay of absorbance averaged over the range 499–511 nm.
Similar kinetics were found at 710–720 and 784–790 nm. The
presence of two parallel decay pathways can be explained
by the simultaneous population of two close lying excited
states of the same 3MLCT ACHTUNGTRENNUNG(MeDpe+) character, which differ
in the nature of the depopulated dp(Re) orbital or by two
conformations with different orientation of the MeDpe+ li-
gands. The TA spectra show that both 3MLCT ACHTUNGTRENNUNG(MeDpe+)
states decay directly to the ground state, without any accom-
panying chemical reaction, in agreement with the photosta-
bility of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ upon continuous irradi-
ation.

The picosecond TA spectra of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ point to a more complex excited state behavior
(Figure 6 bottom). Immediately after excitation, we see two
broad weak bands at �530 nm and between 700–800 nm. In
addition, a flat shoulder occurs between 450–475 nm and the
absorption extends into the NIR spectral region. Because of
their similarity with excited state absorption bands of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ , the 530 and 700–800 nm bands
are attributed to the 3MLCT ACHTUNGTRENNUNG(MeDpe+) state. A flat absorp-
tion between 450–475 nm was seen in the excited state spec-
tra[56–58] of [Re(Cl)(CO)3 ACHTUNGTRENNUNG(bpy)], [Re ACHTUNGTRENNUNG(Etpy)(CO)3(4,4’-Me2-
bpy)]+ (Etpy=4-ethylpyridine) and similar complexes and
is attributed to a 3MLCT ACHTUNGTRENNUNG(bpy) excited state. After 4 ps,
these bands disappear, leaving a broad absorption, which
stretches across the whole spectrum, monotonically increas-
ing into the UV region. The spectrum remains stationary
from �50 ps until the end of the investigated time interval
(1 ns). By analogy with the spectra[23] of long-lived photoin-
termediates of [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2] and [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ , this monotonic absorption is tentatively attributed
to an 3ILpACHTUNGTRENNUNG(MeDpe+) state, in which the MeDpe+ ligand is

twisted by about 908 around the C=C bond (the subscript
“p” denotes an approximately perpendicular orientation of
the pyridine and pyridinium rings). This assignment is sup-
ported by time-resolved infrared (TRIR) spectra (see
below). The 3ILpACHTUNGTRENNUNG(MeDpe+) state is the key isomerization in-
termediate, as in the case of the stpy complexes.[23] Its obser-
vation fully agrees with the photoisomerization of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ under stationary photolysis. The
decay kinetics were measured at 500 nm and the two life-
times estimated as 0.4–0.6 ps (90%) and 7–11 ps (10%)
were attributed to the population decay of the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) and 3MLCT ACHTUNGTRENNUNG(bpy) states, respectively. The much
faster decay kinetics of the 3MLCT excited states in [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ relative to [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ seems to be caused by the presence of a
lower-lying excited state, presumably 3ILACHTUNGTRENNUNG(MeDpe+), which is
rapidly populated from the MLCT states.

Time-resolved resonance Raman spectroscopy: Time-re-
solved resonance Raman (TR3) spectra of both complexes
(Figure 5c,d) were measured after excitation at 400 nm and
probed at wavelengths close to the short wavelength maxi-
mum of the excited state absorption spectrum, 510 and
525 nm for [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , respectively. The excited state of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ gives a very strong resonance
Raman signal with bands at 1630 (sh), 1560 (s), 1473 (sh),
1332 (m), 1253 (s), 1168 (sh), 1009 (m), and 876 cm�1 (m)
(peak positions measured at 50 ps). The bands can be corre-
lated with their ground state counterparts (Figure 5), al-
though the complexity of the molecules makes the assign-
ment difficult. The strongest n ACHTUNGTRENNUNG(C=C)/d(CH) Raman band at
1634 cm�1 shifts upon excitation downwards by �76 cm�1,
indicating weakening of the C=C bond in the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) state. At early times, the peak maxima undergo a
dynamic shift by about +5 cm�1 with lifetimes between 10–
20 ps, due to vibrational cooling.[56,59,60] The band areas
decay with kinetics commensurate with those of the TA
bands.

The TR3 spectrum of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ mea-
sured immediately after 400 nm excitation (Figure 5d) shows
two prominent bands at about 1581 and 1255 cm�1, which
are attributed to the MeDpeC ligand in the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) state by analogy with the TR3 spectrum of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ . However, the TR3 signal of
[Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is much weaker and decays
faster than that of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ . Both bands
disappear by 4 ps and no further Raman features are seen.
The short lifetime agrees with the initial fast (�0.6 ps)
decay component of the �500 nm TA band. The absence of
Raman bands belonging to the 3MLCT ACHTUNGTRENNUNG(bpy) state is under-
standable in view of their previously noticed weakness in pi-
cosecond TR3 spectra of Re–tricarbonyl–bipyridine com-
plexes.[34,56]

Time-resolved infrared spectroscopy : More detailed struc-
tural information on the excited states and photointermedi-

Figure 6. Transient absorption spectra of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]
2+

(top) and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ (bottom) measured at selected
time delays (ps) after 393 nm excitation in MeCN. Chirp distorts early
spectral timing between 0–2 ps. The spectra evolve in the direction of the
arrows.
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ates is provided by TRIR spectra in the region of the n(CO)
vibrations of the Re(CO)3 moiety (Figures 7 and 8). The
positive and negative spectral features correspond to the
photogenerated transient and the depleted ground state
population (bleach), respectively. Following excitation of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ in MeCN at 400 nm, the bleach
ground state bands appear at 1893, 1923, and 2028 cm�1 and
are attributed[50] to the A’(2), A’’, and A’(1) n(CO) modes,
respectively. The A’(1) n(CO) bleach intensity is smaller
than expected from the ground state FTIR spectrum be-
cause of a strong overlap with a positive transient IR ab-
sorption. Two broad excited state bands appear at
�2010 cm�1 with a shoulder at 1980 cm�1 (denoted K in
Figure 7) and 2080 cm�1 (L) which are attributed to A’(2)+

A’’ and A’(1) n(CO) excited state vibrations, respectively.
(Peak wavenumbers were measured at time delays �20 ps.)
In addition, a weak feature is seen at about 1870 cm�1 (M),
which is indicative of a very small population of a 3IL-
ACHTUNGTRENNUNG(MeDpe+) state. The spectrum measured in CH2Cl2 shows
identical behavior, the excited state bands occur at 1970,
2004, and 2070 cm�1 (Figure S1). The large upward shift of
the bands K and L from their respective ground state posi-
tions shows[2,50,56,61–66] that they belong to the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) excited state(s). Characteristic for a 3MLCT
state, the A’(1) band shift is larger in MeCN than in CH2Cl2,
52 and 45 cm�1, respectively. It is also larger than was ob-
served[50] for an analogous complex [Re(Cl)(CO)3(4,4’-bipyr-
idine)2]: +30 cm�1 in CH2Cl2. This shows that the electron
depopulation of the Re(CO)3 moiety upon MLCT excitation
is greater for [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ , supporting the
conclusion that the excited electron is predominantly locat-
ed on the distant �CH=CH�Py+Me unit, which is largely
electronically decoupled from the Re center. The TRIR
spectra also show that the initially formed 3MLCTACHTUNGTRENNUNG(MeDpe+)
state undergoes vibrational cooling between 2 and 20 ps,
which is manifested by a �10 cm�1 dynamic shift to higher
wavenumbers and small (�3 cm�1) narrowing. Although no
detailed TRIR kinetic study was performed, the decay ki-
netics at 2081 cm�1 occur with a principal lifetime of 40–
47 ps, and an unresolved slow component (200–500 ps), in a
qualitative agreement with the TA. The decay of the TRIR
signal is completed within 1 ns.

TRIR spectra of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in CH2Cl2
show bleached ground state bands at 1929 cm�1 (A’(2)+A’’)
and 2035 cm�1 (A’(1)), see Figures 7 and 8. Relative intensi-
ties of the bleaches do not correspond to the FTIR spec-
trum, indicating the presence of overlapping excited state
bands. At 2 ps, a broad transient band is seen at 2055 cm�1

(labeled B) and is blue-shifted from the A’(1) n(CO) bleach
by about +30 cm�1. This feature is characteristic[2,56,62–66] of a
MLCT ACHTUNGTRENNUNG(bpy) state. It occurs at similar energies in analogous
complexes[23,34] such as [ReACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ or [Re-
ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(dmb)]2+ . Another weak transient associated
with the A’(1) n(CO) bleach is found at 2085 cm�1 (A). Its
large upward shift is comparable with that found for
3
MLCT ACHTUNGTRENNUNG(MeDpe+) in [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ or 3
MLCT-

ACHTUNGTRENNUNG(MQ+)[34] in [Re ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ . Hence, the transient

Figure 7. Difference time-resolved infrared spectra of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ in MeCN (top) and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ in
CH2Cl2 (bottom) measured after 400 nm, �150 fs excitation. Experimen-
tal points are separated by about 5 cm�1. (Spectra in complementary sol-
vents: [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ in CH2Cl2 and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ in MeCN are shown in the Supporting Information, Figures S1
and S2, respectively.).

Figure 8. Difference time-resolved infrared spectra of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in CH2Cl2, showing the A’(1) n(CO) modes,
measured at 2, 5, 20, and 1000 ps after excitation at 400 nm. The peaks
are described using the labels from Figure 7 and assigned to individual
states.
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A is assigned to the 3MLCT ACHTUNGTRENNUNG(MeDpe+) excited state. Its
weak intensity results from the excited state having a very
short lifetime of �0.6 ps, which means that most of the
3MLCTACHTUNGTRENNUNG(MeDpe+) population have decayed by the time the
first TRIR spectrum was measured. At lower wavenumbers,
a broad feature occurs between 1980 and 2030 cm�1. It is
composed of several bands due to A’(2) vibrations[63,64] of
3
MLCT states (C) and A’(1) vibrations of IL states (D, E).
Another band due to A’’ vibration[63,64] of the 3MLCT states
is seen at about 1965 cm�1 (F). A very similar behavior was
observed in MeCN (see Figure S2). As expected, the A’(1)
bands of 3

MLCT ACHTUNGTRENNUNG(MeDpe+) and 3
MLCT ACHTUNGTRENNUNG(bpy) occur at

higher wavenumbers than in CH2Cl2, at �2105 and
2072 cm�1, respectively.

The temporal evolution of the TRIR spectra of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is shown in Figure 7, while
Figure 8 shows detailed snapshots of the high-energy region.
Between 2 and 4 ps, the features due to 3MLCT ACHTUNGTRENNUNG(MeDpe+)
vanish, shown by the disappearance of the band A at
2085 cm�1, fast narrowing in the region C, and rapidly de-
creasing intensity of F. This behavior agrees with the fast ini-
tial excited state decay observed by TA and TR3. The
3MLCTACHTUNGTRENNUNG(bpy) band B (2055 cm�1) and the residual absorp-
tions F and C decay with a lifetime of 5–10 ps.[67] The band
D at 2027 cm�1 increases in intensity by about 30% concom-
itantly with the decay of the 3MLCT spectral features, reach-
ing its maximum height by 5 ps. By analogy with [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ , we attribute[23] this band to a MeDpe+

localized pp* intraligand state 3ILt, in which the trans (t)
configuration of the pyridine and pyridinium rings is pre-
served. After �5 ps, the 3ILt band at 2027 cm�1 (D) starts to
decay, while another sharp band E grows in at 2032 cm�1.
This is exactly the behavior that we have described[23] for
the photoisomerizing complex [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ . This
analogy allows us to attribute the band E to the 3ILp state,
in which the pyridine and pyridinium units of MeDpe+ are
twisted perpendicularly around the C=C bond. (Hence, the
subscript “p” in 3ILp.) The presence of an isosbestic point at
�2030 cm�1 indicates that the 3ILt!3ILp conversion occurs
as a clean, direct process. Its time constant was estimated as
21.3�0.6 ps from the decay of the band D. Once formed,
the 3ILp band E stays static until the end of the time interval
investigated, 1 ns. Additional evidence for the population of
the 3ILt and 3ILp states is provided by the broad low-fre-
quency absorption which extends from about 1950 to
1895 cm�1. The growth of this band is responsible for the ap-
parent decrease of the overlapping broad bleach band at
�1935 cm�1, Figure 7. A very similar time evolution was ob-
served in MeCN (see Figure S2). The 3MLCT ACHTUNGTRENNUNG(bpy) lifetime
is a little longer in MeCN than in CH2Cl2, 12–18 ps. The rate
of the 3ILt!3ILp conversion cannot be determined because
of a large overlap of the corresponding IR bands.

Discussion

The experimental observations essential to understanding
the complex excited state behaviors of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ can be sum-
marized as follows:

1) The first reduction step of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]
2+

and [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is localized on the
MeDpe+ ligand, which is easily reducible at about
�1.1 V versus Fc/Fc+ . The bpy localized reduction in
[Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ is about 0.4 V more nega-
tive.

2) The free MeDpe+ ligand and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ undergo efficient trans!cis isomerization under
stationary near-UV irradiation, while [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ is photostable.
3) Irradiation at 400 nm, used in the time-resolved spectro-

scopic experiments, excites both [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ predomi-
nantly into the 1MLCTACHTUNGTRENNUNG(MeDpe+) state. Since intersystem
crossing (ISC) in these type of complexes occurs on a
femtosecond timescale,[3,23] all the picosecond dynamics
described herein can be attributed to the triplet excited-
state manifold.

4) Picosecond visible TA, TRIR, and TR3 measurements
identify the lowest excited state of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ as 3MLCT ACHTUNGTRENNUNG(MeDpe+), which can be for-
mally viewed as [ReII(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpeC) ACHTUNGTRENNUNG(MeDpe+)]2+ .
It decays directly to the ground state with lifetimes of
�40 ps (principal) and a 430 ps (minor). The photobe-
havior of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ is shown in
Scheme 1.

5) Irradiation of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ leads initially
to simultaneous population of two close lying excited

Scheme 1. Proposed mechanism of excited state deactivation in
[Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ . The subscripts a and b denote the two
3
MLCT states of a similar origin or conformations, the population of
which is indicated by the biexponential decay kinetics. ISC lifetime esti-
mate is based on data from ref.[3]
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states 3
MLCT ACHTUNGTRENNUNG(MeDpe+) and 3

MLCT ACHTUNGTRENNUNG(bpy), which decay
with lifetimes of �0.6 and �10 ps, respectively, into a
3ILt state, Scheme 2. 3ILt is a MeDpe+ localized 3pp* ex-

cited state, in which the trans configuration of the pyri-
dine and pyridinium rings is preserved. The 3MLCT!
3ILt conversion is clearly manifested by the change of the
n(CO) TRIR spectral pattern, whereby decay of the
broad, up-shifted A’(1) band is accompanied by increase
of a narrow, down-shifted band, Figures 7 and 8.

6) The 3ILt state undergoes conversion after �21 ps to an-
other 3IL state, in which the n(CO) A’(1) band lies only
4–5 cm�1 higher in energy. By analogy[23] with [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ and [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2], this pro-
cess is attributed to a half-rotation of the MeDpe+

ligand around the central C=C bond by about 908. The
pyridine and pyridinium rings are approximately perpen-
dicular in the final state, which is denoted 3ILp. This state
is the key intermediate of the trans!cis isomerization,
which follows on a much slower, presumably nanosec-
ond, timescale. Excited state behavior of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is shown in Scheme 2.

7) Excited state behavior of either complex is essentially
identical in MeCN and CH2Cl2.

The striking difference in the excited state behavior and
photochemistry of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is caused by the different order of
3
MLCT and 3ILt excited states, which themselves have differ-
ent reactivity. The 3MLCT ACHTUNGTRENNUNG(MeDpe+) state is unreactive, and
nonradiative decay to the ground state by back electron
transfer MeDpeC!ReII is its only deactivation pathway. The
lack of isomerization in 3

MLCT ACHTUNGTRENNUNG(MeDpe+) as well as in the
reduction products [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpeC)2] and [Re-
ACHTUNGTRENNUNG(MeDpeC)(CO)3ACHTUNGTRENNUNG(bpy)]+ , free Me2dpe+ C[44] or in a I�!

Me2dpe2+ CT excited state of an ion pair [Me2dpe2+]·
2I�[54,55] shows that one-electron reduction of the MeDpe+

ligand is not sufficient to activate the �CH=CH� unit
toward isomerization. The photochemical stability of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ is the direct consequence of
3
MLCT ACHTUNGTRENNUNG(MeDpe+) being the lowest excited state.

The situation is different for [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ .
Although optical excitation initially leads to population of
3
MLCT states, they are not the lowest excited states. The

3ILt state lies lower in energy and is populated by ultrafast
conversion from 3

MLCT ACHTUNGTRENNUNG(MeDpe+) and 3
MLCT ACHTUNGTRENNUNG(bpy), whose

lifetimes are thus shortened by several orders of magnitude,
to 0.6 and �10 ps for, respectively. (A typical lifetime of a
3
MLCT ACHTUNGTRENNUNG(bpy) decay to the ground state would be
�230 ns.[68]) Internal conversion from either 3

MLCT state to
3ILtACHTUNGTRENNUNG(MeDpe+) occurs over a small energy gap. The 3

MLCT-
ACHTUNGTRENNUNG(MeDpe+)!3ILtACHTUNGTRENNUNG(MeDpe+) conversion amounts to an elec-
tron transfer from a lower-lying doubly-occupied p ACHTUNGTRENNUNG(MeDpeC)
orbital to the singly-occupied dp(Re) orbital in 3

MLCT-
ACHTUNGTRENNUNG(MeDpe+). On the other hand, 3

MLCT ACHTUNGTRENNUNG(bpy)!3ILt-
ACHTUNGTRENNUNG(MeDpe+) requires a double electron exchange and can be
viewed as a Dexter-type intramolecular energy transfer
from the {Re(CO)3ACHTUNGTRENNUNG(bpy)} chromophore to the MeDpe+

ligand. It is only a little slower than the analogous 3
MLCT-

ACHTUNGTRENNUNG(bpy)!3ILt ACHTUNGTRENNUNG(stpy) conversion in [ReACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ ,
3.5 ps.[23] Depopulation of the p ACHTUNGTRENNUNG(C=C) orbital and partial
population of the p* orbital in 3ILt loosen the C=C bond, al-
lowing for rotation into a geometry, in which the pyridine
and pyridinium rings are approximately perpendicular, 3ILp-
ACHTUNGTRENNUNG(MeDpe+). This partial rotation is a common step in the
photoisomerization of �CH=CH� or �N=N� bonds from
triplet intraligand excited states. In addition to [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , this was observed for the 3pp*
state of stpy in [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2] and [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ [23] and the 3np* state of trans-4-phenyl-azopyridine
(papy) in [Re(Cl)(CO)3 ACHTUNGTRENNUNG(papy)2] and [Re ACHTUNGTRENNUNG(papy)(CO)3ACHTUNGTRENNUNG(bpy)]+

.[24] Its rate is almost two times slower for MeDpe+

(�21 ps) than stpy (11–12 ps),[23] presumably because of a
larger delocalization of the p* electron in MeDpe+ , result-
ing in a higher barrier. The fate of 3ILpACHTUNGTRENNUNG(MeDpe+) on a nano-
second timescale was not studied. We assume that 3ILp-
ACHTUNGTRENNUNG(MeDpe+) undergoes ISC to the twisted ground state, fol-
lowed either by further rotation around the central �CH�
CH� bond forward to the cis isomer or backwards to the
original trans geometry, similar to [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2],
[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ , and [Re(1,2-dipyridylethylene)-
(CO)3ACHTUNGTRENNUNG(bpy)]+ , in which this process occurs with a lifetime of
about 17 ns.[40,69] Stationary photolysis of [Re ACHTUNGTRENNUNG(MeDpe+)-
(CO)3ACHTUNGTRENNUNG(bpy)]2+ indicates that isomerization prevails, and the
corresponding quantum yield is rather high. It needs to be
emphasized that the long-lived twisted intermediate 3ILp is
involved only in isomerization from a triplet state, sensitized
by coordination to a heavy metal. Free stilbene, stpy, papy,
or azobenzene isomerize from their singlet states through a
conical intersection with the ground state, which occurs with
picosecond lifetimes, without observable twisted intermedi-
ates.[23,24,70–73]

Scheme 2. Proposed mechanism of excited state deactivation in [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ .
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The difference in the excited state dynamics and photo-
reactivity of [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ demonstrates how subtle structural
differences control excited state behavior. The
{Re(Cl)(CO)3} moiety in [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]

2+ is an
electron donor due to the presence of the Cl ligand, pushing
the unreactive 3

MLCT ACHTUNGTRENNUNG(MeDpe+) below the 3ILt. Decay to
the ground state is then the only possible deactivation path-
way. The energy balance is different in [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ , in which the two electron acceptor ligands (i.e.,
bpy and MeDpe+) pull the MLCT states to higher energies,
above the reactive 3ILt state. Another interesting compari-
son can be made between MeDpe+ and stpy complexes. Re-
placement of a phenyl ring in stpy with the strong electron-
acceptor methylpyridinium in MeDpe+ introduces MLCT-
ACHTUNGTRENNUNG(MeDpe+) states into its Re complexes. Lying below the 3IL
states in the case of Re ACHTUNGTRENNUNG(MeDpe+)2, the 3

MLCT ACHTUNGTRENNUNG(MeDpe+)
state prevents photoisomerization, whereas [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(stpy)2] is photoreactive. On the other hand, the excited
state behavior and photochemistry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ and [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]+ are very similar, since
3ILt is the lowest excited state in both complexes. The last
comparison to be discussed is between [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ and [Re ACHTUNGTRENNUNG(MQ+)(CO)3(4,4’-di-Me-bpy)]2+ . The latter
complex shows an ultrafast (8.3 ps in MeCN) interligand
electron transfer (ILET) bpyC�!MQ+ from its 3

MLCT ACHTUNGTRENNUNG(bpy)
state.[34, 35] There is no evidence for an analogous bpyC�!
MeDpe+ ILET in excited [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , al-
though it could occur with a comparable driving force,
�0.4 eV. However, the longer distance (through-bond and/
or through-space) between bpyC� and the pyridinium ring of
MeDpe+ will slow down the ILET in [ReACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ relative to [ReACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ . The lack of
ILET in [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ could simply be anoth-
er consequence of the presence of a low-lying 3ILt ACHTUNGTRENNUNG(MeDpe+)
state, which opens a faster deactivation channel 3

MLCT-
ACHTUNGTRENNUNG(bpy)!3ILt ACHTUNGTRENNUNG(MeDpe+), making ILET uncompetitive.

Conclusion

The multifunctional cationic ligand MeDpe+ (N-methyl-4-
[trans-2-(4-pyridyl)ethenyl]pyridinium) forms stable com-
plexes with ReI(CO)3, into which it introduces low-lying
MLCT and IL (pp*) excited states. Reduction to a coordi-
nated MeDpeC radical can be accomplished either electro-
chemically or, transiently, by MLCT electronic excitation.
Reduction does not activate the ligand toward trans!cis
isomerization. The Re!MeDpe+ 3

MLCT excited state is
short-lived (tens-to-hundreds ps), non-emissive, and unreac-
tive. In the absence of any lower-lying excited states,
3
MLCT ACHTUNGTRENNUNG(MeDpe+) decays nonradiatively to the ground state
by a p*!dp(Re) back electron transfer. This is the case in
the photostable complex [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]

2+ . Popu-
lation of an 3IL excited state results in efficient trans!cis
isomerization, which involves a �21 ps half-rotation around
the C=C bond to form a nanosecond-lived intermediate

with a perpendicular orientation of the aromatic rings. This
is the case of the complex [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , in
which 3IL is the lowest excited state. 3IL is efficiently popu-
lated by internal conversion from 3

MLCT ACHTUNGTRENNUNG(MeDpe+) and
3
MLCT ACHTUNGTRENNUNG(bpy) excited states by intramolecular electron and
energy transfer, respectively. The 3

MLCT!3IL conversion is
an example of ultrafast intramolecular sensitization of
ligand-based triplet state photochemistry, a process that
could find use in molecular devices. It is fast enough to pre-
vail over potentially competing, thermodynamically favora-
ble, interligand electron transfer from the 3

MLCT ACHTUNGTRENNUNG(bpy)
state.

Excited state dynamics in ReI complexes with the
MeDpe+ ligand are determined by the energetic balance be-
tween the low-lying 3

MLCT and 3IL excited states, which
can be fine-tuned by structural variations. [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]

2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ embody
multifunctional complexes which combine rich photonic and
redox behaviors and clearly show their structural control.

Experimental Section

Materials and preparations : Spectroscopic measurements were per-
formed in acetonitrile (MeCN) or CH2Cl2, as purchased from Aldrich,
spectrophotometric grade. Analytical grade tetrahydrofuran (THF),
MeCN, and butyronitrile (PrCN) for electrochemical experiments (Acros
Chimica), were dried by standard procedures[74] and freshly distilled prior
to use. The supporting electrolyte Bu4NPF6 (Bu=n-butyl; Aldrich) was
recrystallized twice from absolute ethanol and dried in vacuo at 80 8C for
3 days. Elemental analyses were conducted in H. Kolbe Mikroanalytisch-
es Laboratorium, MSlheim an der Ruhr, Germany.

trans-N-(Methyl)-4,4’-dipyridiniumethylene hexafluorophosphate ([MeD-
pe]PF6): A procedure based on methylating picoline with methyl iodide,
followed by a coupling reaction with 4-pyridinecarboxaldehyde was used
as described in the literature.[75] 1H NMR ([D3]acetonitrile, 270 MHz):
d=4.24 (s, 3H; methyl CH3), 7.58 (d, J=16.6 Hz, 1H; ethylenic CH),
7.67 (d, J=6.0 Hz, 2H; aromatic CH), 7.73(d, J=16.6 Hz, 1H; ethylenic
CH), 8.07 (d, J=6.9 Hz, 2H; aromatic CH), 8.53 (d, J=6.6 Hz, 2H; aro-
matic CH), 8.67 ppm (d, J=6.4 Hz, 2H; aromatic CH)

[Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe)2] ACHTUNGTRENNUNG[PF6]2 : [Re(Cl)(CO)5] (204 mg, 0.56 mmol) and
[MeDpe]PF6, (342 mg, 1.70 mmol) were heated at reflux in dry methanol
(50 mL) for 3.5 h. The reactants were initially insoluble, but produced a
clear solution after 20 min of reflux, followed by formation of a yellow
precipitate. The yellow solid was collected by filtering the hot suspension
and washed with hot methanol (2 mL). The product was repeatedly re-
crystallized from dry methanol until pure. Yield 87%; FTIR (acetoni-
trile): ñ=2025 (s), 1921 (s), 1893 cm�1 (s); 1H NMR ([D6]acetone,
270 MHz): d =4.57 (s, 6H; CH3), 7.84 (d, J=6.9 Hz, 4H; aromatic CH),
7.93 (d, J=16.3 Hz, 2H; ethylenic CH), 8.05 (d, J=16.6 Hz, 2H; ethylen-
ic CH), 8.41 (4H; d, J=6.4 Hz, aromatic CH), 8.89 (4H; d, J=6.5 Hz, ar-
omatic CH), 9.02 ppm (4H; d, J=6.3 Hz, aromatic CH); 13C NMR
([D6]acetone, 67.9 MHz): d=47.60, 123.97, 125.27, 130.24, 136.33, 145.38,
145.92, 151.92, 154.36 ppm; ES-MS: m/z : 845.3 [M+�PF6]; elemental
analysis calcd (%) for C26H21F12N4O3P2Re (990.1): C 35.18, H 2.65, N
5.66; found: C 34.92, H 2.72, N 5.60.

[Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(MeDpe)]ACHTUNGTRENNUNG[PF6]2 : [Re ACHTUNGTRENNUNG(OTf)(CO)3 ACHTUNGTRENNUNG(bpy)][68] (1.185 g,
2.06 mmol; OTf= trifluoromethanesulfonate) and [MeDpe]PF6 (1.057 g,
3.09 mmol) were heated at reflux in dry methanol (100 mL) for 12 h. The
hot reaction mixture was filtered and NH4PF6 (1 g) was added to the fil-
trate. The precipitate was collected by filtration and purified by repeated
recrystallization from methanol. Yield 68%; FTIR (CH2Cl2): ñ =2036 (s),
1933 cm�1 (br); 1H NMR ([D6]acetone, 270 MHz): d=4.52 (s, 3H; CH3),
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7.71 (d, J=6.6 Hz, 2H; aromatic CH), 7.78 (d, J=16.7 Hz, 1H; ethylenic
CH), 7.89(d, J=16.7 Hz, 1H; ethylenic CH), 8.00 (dd, J=7.2 Hz, 2H; ar-
omatic CH), 8.30 (d, J=6.9 Hz, 2H; aromatic CH), 8.45 dd, J=7.7 Hz,
(2H; aromatic CH), 8.61 (d, J=6.7 Hz, 2H; aromatic CH), 8.72 (d, J=

8.5 Hz, 2H; aromatic CH), 8.98 (d, J=7.1 Hz, 2H; aromatic CH),
9.48 ppm (d, J=4.8 Hz, 2H; aromatic CH); 13C NMR ([D6]acetone,
67.9 MHz): d =47.77 (CH3), 124.73, 124.98, 125.21, 129.24, 130.80, 135.57,
141.56, 145.90, 146.09, 151.60, 152.85, 154.24, 156.06, 191.50 (CO),
195.51 ppm (CO); ES-MS: m/z : 769.2 [M+�PF6]; elemental analysis
calcd (%) for C26H21F12N4O3P2Re (913.6): C 34.18, H 2.32, N 6.13; found:
C 33.98, H 2.27, N 6.11.

Instrumentation : Ground state resonance Raman spectra were obtained
on an instrument described previously,[23] by using a Coherent Innova 90–
5 UV argon-ion laser with a power output of about 50 mW at 457.9 nm.

Time-resolved UV/Vis absorption spectra (TA) were measured by using
the experimental setup at the VanHt Hoff Institute for Molecular Sciences,
University of Amsterdam.[76] A �130 fs, 390 nm pump pulse was generat-
ed by frequency doubling of the titanium sapphire laser output. White
light continuum probe pulses were generated by focusing the 780 nm fun-
damental in a sapphire plate.

Time-resolved IR (TRIR) and Kerr-gate resonance Raman (TR3) experi-
ments used the equipment and procedures described in detail previous-
ly.[34,66, 77–81] In short, the sample solution was excited (pumped) at 400 nm,
using frequency-doubled pulses from a titanium sapphire laser of �150 fs
duration (full width at half maximum, FWHM) TRIR, and pulses of 1–
2 ps duration were used for the Raman studies. TRIR spectra were
probed with IR (�150 fs) pulses obtained by difference frequency gener-
ation. The IR probe pulses cover a spectral range about 200 cm�1 wide
and are tunable from 1000 to 5000 cm�1 (i.e., 2–10 mm). Kerr-gate TR3

spectra were probed at 475 nm using one-photon absorption (OPA). A
Kerr-gate was employed to remove all long-lived emission from the
Raman signal. TR3 spectra were corrected for the Raman signal due to
the solvent and the solute ground state by subtracting the spectra ob-
tained at negative time delays (�50, �20 ps) and by subtracting any
weak residual fluorescence emission that passed through the Kerr-gate.
The sample solutions for picosecond TR3 and TRIR experiments flowed
as a 0.5 mm open jet and through a 0.5 mm CaF2 raster-scanned cell, re-
spectively. All spectral fitting procedures were performed using Microcal
Origin 7 software.

Cyclic voltammograms were recorded with EG&G PAR Model 283 po-
tentiostat using an air-tight single-compartment three-electrode cell
placed in a Faraday cage. The cell contained a platinum disk working
electrode (apparent surface area of 0.42 mm2, polished carefully with a
0.25 mm diamond paste, OberflUchentechnologien Ziesmer, Kempen,
Germany), a platinum wire auxiliary electrode, and a silver wire pseudor-
eference electrode. The standard[82] ferrocene/ferrocenium (Fc/Fc+)
redox couple served as an internal reference system. Cooling of the cell
was achieved with slurry of dry ice in acetone (208 K).

IR and UV/Vis spectral changes at various temperatures were monitored
spectroelectrochemically using optically transparent thin-layer electro-
chemical (OTTLE) cells[83–85] equipped with Pt minigrid working electro-
des and CaF2 windows. Thin-layer cyclic voltammograms were recorded
in the course of each spectroelectrochemical run for a precise potential
control and monitoring the progress of electrolysis by the decrease of the
Faradaic current. The spectroelectrochemical samples typically contained
10�3

m (UV/Vis) or 3W10�3
m (IR) rhenium complex and 3W10�1

m

Bu4NPF6 supporting electrolyte. The potential of the minigrid working
electrode was controlled by a PA4 (EKOM, PolnX, Czech Republic) po-
tentiostat. IR spectra of the electrolyzed solutions were recorded with a
Bruker Vertex 70 spectrometer (16 scans, resolution of 1 cm�1, a DTGS
detector). For low-temperature spectroelectrochemistry, the Bruker spec-
trometer was coupled to a sample compartment and a liquid N2 cooled
MCT (mercury–cadmium–telluride) detector taken from a Bio-Rad FTS
60. UV/Vis spectroelectrochemistry was conducted with a Hewlett Pack-
ard 8453 diode-array spectrophotometer.

Stationary photolysis was carried out using a LOT Oriel high-pressure
Hg lamp with the appropriate filters. Irradiated solutions in aerated

MeCN (absorbance between 0.5–1) were placed in 1 cm quartz cells and
stirred during irradiation.
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2005, 109, 3000.

[24] M. Busby, P. Matousek, M. Towrie, A. Vlček, Jr., Inorg. Chim. Acta
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