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Theoretical (time-dependent DFT and MS-CASPT2) calculations showed that the two lowest-energy excited
states of W(CO)5 complexes of 4-[(E)-2-carbomethoxy-2-cyanovinyl)]pyridine, 1 and 4-(2,2-
dicyanovinyl)pyridine, 2 have metal-to-ligand charge transfer (MLCT) character. They result from an
electron transfer from a tungsten-centered orbital (5dx2� y2 or 5dxy) to the p* orbital localized on the
ethylenic bridge. The calculated lowest excitation energy for 1 (537 nm) is close to the experimental value of
522 nm in cyclohexane. Laser flash photolysis at 532 nm in the nanosecond and picosecond domains showed
that for both complexes transient excited states are formed with a quantum yield close to 1. Their lifetimes
are about 10 times shorter than those observed previously for similar W(CO)5-pyridine complexes, with the
lifetime of the excited state of compound 1 being longer than that of compound 2. Increasing the solvent
polarity decreases the lifetimes in both cases. Complexes 1 and 2 are nonfluorescent, photostable, and do not
undergo photosolvation.

Introduction

Photochemistry and photophysics of complexes W(CO)5–L,
where L is a pyridine-type nitrogen ligand, have been thor-
oughly studied.1–8 It is generally admitted that electronic
excitation of such complexes leads to ligand field (LF or d-d)
or metal-to-ligand charge transfer (MLCT) excited states. The
latter becomes the lowest excited state when the pyridine ligand
bears in position 4 electron-withdrawing substituents such as
acyl or cyano groups. The LF states are believed to be involved
in photochemical ligand substitution reactions, which explains
the fact that compounds for which an MLCT state is the lowest
excited state undergo photosubstitution with much lower
quantum yields than compounds having the lowest LF state.1

It is also worth noting that a recent computational study on
W(CO)5–pyridine and W(CO)5–4-cyanopyridine complexes
suggest that LF states are much higher in energy than M -
CO* charge transfer (CT) transitions and are not accessible by
irradiation in the visible region.9 Therefore, the absorption
bands earlier assigned to LF transitions (B400–410 nm) may
correspond to the MLCT transitions. In the case of the
complex with the unsubstituted pyridine, the M - CO* CT
state is the lowest one and the M - pyridine* CT state is
higher in energy whereas the opposite is observed in the
4-cyanopyridine complex.

Complexes in which the M - pyridine* CT state is the
lowest excited state luminesce in fluid solutions1,3 with rela-
tively long lifetimes (in the hundreds of ns) and exhibit
enhanced second-order nonlinear optical properties.10

Recently, we described the synthesis of W(CO)5 complexes
of 4-[(E)-2-carbomethoxy-2-cyanovinyl)]pyridine, 1, and 4-
(2,2-dicyanovinyl)pyridine, 2 (Chart 1).11 Because of the strong

electron-accepting properties of the pyridine ligands in these
complexes, their electronic absorption spectra show extremely
low-energy charge transfer bands, which are well separated
from higher energy (LF or M - CO*) bands. It seemed to us
interesting to see if the character of the electronic transitions
could be predicted by computational methods used earlier for
complexes having weaker acceptor groups in the pyridine
ligands.9 On the other hand, we wanted to get insight into
the dynamic properties of the lowest excited states in these
compounds by using time-resolved laser flash spectroscopy.
Herein we report the results of this study.

Experimental

Compounds 1 and 2 were prepared and purified according to
earlier published procedures.11

Computational details

The geometries of complexes 1 and 2 have been optimized at
the DFT level of theory using the B3LYP functional within the
relativistic effective core potentials (ECP), in the small core
approximation, and with the following valence basis sets: for
the tungsten center (Z = 14), a (8s,7p,6d) set contracted to
[6s,5p,3d];12 for the carbon atoms (Z = 4) and nitrogen atoms
(Z = 5), a (4s,4p) set contracted to [2s,2p]; for the oxygen
atoms (Z= 6), a (4s,5p) set contracted to [2s, 3p];13 and for the
hydrogen atoms, a (4s) set contracted to [2s].14 The geometry
optimizations have been performed under the Cs symmetry
constraint. This is justified by the convergence of the initial C1

structure of 2 to a Cs equilibrium geometry in the gas phase.15

The subsequent calculations of excited states at different levels
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of theory (time-dependent DFT,16 complete active space SCF/
multistate CASPT217,18) have been performed with the same
basis sets using the Cs DFT optimized geometries.

The transition energies to the low-lying excited states of
complexes 1 and 2 (near the UV/Visible domain of energy)
have been calculated by means of the time-dependent DFT
(TD-DFT) approach. In order to validate the TD-DFT results
for this class of molecules the absorption spectrum of 1 has
been studied at the CASSCF level based on 10 electrons
correlated in 12 orbitals (the 5dW occupied orbitals and the
corresponding 5d0W, the pCC and p*CC orbitals localized on the
pyridine ligand and four p*CO). The CASSCF calculations
have been averaged over 10 roots for each symmetry (A0 and
A00). The remaining dynamical correlation effects on the transi-
tion energies have been obtained by means of the MS-CASPT2
approach. The calculations have been performed either with
GAUSSIAN19 (DFT, TD-DFT) or MOLCAS 5.020 quantum
chemistry software.

Laser photolysis

Transient absorption spectroscopy was carried out with nano-
second and picosecond Nd-YAG lasers. Both setups have been
described previously.21,22 The mode-locked picosecond
Nd:YAG laser was manufactured by BM Industries (model
BMI 502 DPS). The pulse generation consisted in an oscillator,
an actively-passively mode-locked cavity, an extra-cavity Pock-
els cell located between crossed polarizers and two single-pass
Nd:YAG amplifiers. At the output of the second amplifier, the
energy was about 30 mJ in a single pulse (35 ps pulse width,
8 Hz) at 1064 nm. After passing through one harmonics-
generating KDP crystal, the beam was composed of two
wavelengths (1064 nm and 532 nm) that were split into two
separated beams by appropriate dichroic mirrors. The second
harmonics (532 nm) beam was used as the pump beam and the
fundamental beam (1064 nm) was used to generate a probe
beam in the following way: using a procedure described by
Sumitani and Yoshihara,23 the fundamental flash of the laser
was focused on a tungsten electrode in a glass cell filled with
xenon at a pressure of 2 bars. The laser created a plasma whose
emission lifetime was ca. 50 ns with a rise time (o100 ps)
during the pulse width and an emission plateau after a 10 ns
delay. This light source did not need any electronic setup and
had a continuous emission spectrum between 300 and 800 nm
with a maximum near 400 nm, that is, very similar to the
emission of a xenon arc. Both probe and pump beams were
focused by separate lenses on the middle of a cell (1 mm optical
path) in a nearly colinear arrangement, with an angle of 201.
The probe beam volume was contained inside the larger
excitation beam volume. At the output of the cell, the pump
beam was blocked with an iris and the probe beam was focused
on the entrance slit of a monochromator. The output signal at

a selected wavelength was detected by a streak camera (ARP)
with a time resolution of 8 ps. The solution was circulated
through the cell in order to prevent multiple flashing on the
same volume, which must be avoided in photochromic systems.
The nanosecond laser was a Q-switched Nd:YAG laser

manufactured by BM Industries (model BMI 502 DNS 77/
10), delivering 7 ns pulses at 1064 nm. The output energy was
120 mJ at 532 nm. The excitation beam and the probe beam
generated by a pulsed xenon source were perpendicular to each
other inside the 1 cm � 1 cm cell. The analyzing beam was
spectrally dispersed by a monochromator and converted into
an electric signal by a Hamamatsu R928 PM tube. The electric
signal was recorded by a digital-memory oscilloscope (Tektro-
nix TDS 654C) connected to a PC. The transient signals were
analyzed by a custom routine using the Igor procedure (Igor
Pro Version 4, Wavemetrics Inc.). Each given rate constant is
the mean value of at least five different measurements.
Due to perturbation by the excitation wavelength (532 nm),

transient absorption measurements in a wavelength range
comprised between 500 and 550 nm was not possible.

Results

Theoretical calculations of the ground state geometries

The calculated DFT (B3LYP) equilibrium geometries of the
ground state of complexes 1 and 2 are depicted in Fig. 1
together with the observed geometries in the crystalline state.
The optimized structures are compared to those determined by
X-ray diffraction.11 Both molecules show energy minima cor-
responding to the Cs conformations in which the pyridine
plane bisects the Ceq–W–Ceq bond angle. Some optimized
relevant distances and bond angles are reported in Table 1
and compared with those determined by X-ray diffraction.
There is a good agreement between calculated and observed

bond lengths and angles with the exception of the (CO)axWN
and NC4C5C6 bond angles, which do not reflect the distortion
of the pyridine ligand observed in the X-ray structures as
shown in Fig. 1. These distortions are undoubtedly due to
crystal packing effects since an energy optimization starting
from the X-ray geometries leads also to the planar structures.

Theoretical calculations of the low energy electronic transitions

The TD-DFT and CASSCF/MS-CASPT2 calculations of the
electronic transitions to the low-lying excited states of com-
plexes 1 and 2 were based on the DFT optimized geometries.
The electronic configuration of the electronic ground states of 1
and 2, both having a d6 W(0) central atom, can be described as
follows: (pCQC)

2(dx2� y2)
2 (dxz)

2(dyz)
2(pCQC)

0(pCO)
0. Similarly

as for complexes of pyridine and 4-cyanopyridine, the empty
orbitals dxy and dz

2 in 1 and 2 are too high in energy to be
populated by an excitation in the visible region (Fig. 2).
According to the qualitative molecular orbital diagram

deduced from the CASSCF calculation of the electronic

Fig. 1 DFT optimized Cs geometries (leftmost structure of each pair)
and X-ray structures (rightmost structure of each pair) of complexes
1 and 2.

Chart 1 Compounds 1 and 2. Labelling of carbon atoms in the
pyridine ligands is arbitrary and is introduced only for clarity in the
discussion of the theoretical calculation results.
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ground state, the low-lying excited states will be generated by
excitations from the d orbitals of tungsten to the low-lying
p*CQC and p*CO orbitals localized on the pyridine and carbo-
nyl ligands.

The CASSCF/MS-CASPT2 and TD-DFT/B3LYP calcu-
lated electronic Franck–Condon transitions of complex 1 are
reported in Table 2. The electronic absorption spectrum of
complex 1 is essentially composed of MLCT transitions with a
high density of states between 18 600 and 30 800 cm�1. Two
intense absorptions are calculated at 18 620 cm�1 (or 537 nm)
and 24 190 cm�1 (or 413 nm), both corresponding to excita-
tions to the p*CQC orbitals localized on the pyridine group,
with significant oscillator strengths of 0.223 and 0.114, respec-

tively. The upper part of the spectrum (beyond 395 nm) is
composed of weakly absorbing MLCT states (5dW - p*CO).
The transition calculated at 18 620 cm�1 (537 nm) can be

assigned to the experimental band appearing at 490 nm in
benzene and at 522 nm in cyclohexane. Indeed, a value of the
oscillator strength equal to 0.25 was determined for the band at
490 nm in benzene (unfortunately 1 has a very low solubility in
the latter solvent and a saturated solution of unknown con-
centration was used for the measurements, making it impos-
sible to determine the oscillator strength of this transition). The
second state of 1 calculated at 24 190 cm�1 (413 nm) agrees
with the experimental spectrum with a band at 406 nm. The
upper part of the experimental spectrum between 325–440 nm
is characterized by a broad, featureless absorption composed
essentially of MLCT (5dw - p*CO) states. It is worth noting
that the orbital dyz involved in the lowest energy transition
in the MS-CASPT2 calculations has a contribution from the
pCQC orbital as illustrated in Fig. 3.
The interaction between these two orbitals is antibonding,

destabilizing the 5dyz orbital and promoting electron transfer
from this orbital. The agreement between MS-CASPT2 and
TD-DFT calculated excited states is qualitatively good and
results in the same assignment, namely the presence of MLCT
states in the visible domain of energy. However, the transition
energies are systematically underestimated by the TD-DFT
method for MLCT states corresponding to excitations to
p*CQC orbitals. This is due to the difficulty of the DFT
approach in describing charge transfers between highly delo-
calized centers.24 As a consequence, the energetic order is not
the same at the MS-CASPT2 and TD-DFT levels of theory,
the latter assigning the three lowest states to excitations to the
p*CQC orbitals localized on the pyridine ligand.

Table 1 DFT (B3LYP) optimized bond lengths (in Å) and bond angles (in 1) of compounds 1 and 2 compared to X-ray diffraction structural

data.11

1 2

Calculated X-ray Calculated X-ray

W–N 2.30 2.27 2.30 2.27

W–COeq 2.06 2.07 (2.07) 2.06 2.07 (2.03)

W–COeq 2.06 2.03 (2.04) 2.06 2.07 (2.00)

W–COax 2.01 1.98 2.01 1.99

C4–C5 1.46 1.46 1.46 1.46

C5–C6 1.36 1.33 1.34 1.31

C6–CN 1.42 1.43 1.43 1.42

C6–CN(COOCH3) 1.49 1.50 1.43 1.45

C4–C5–C6 131.1 127.9 130.7 130.5

COax–W–COeq 90.3 90.0 90.2 92.0

COax–W–COeq 90.2 90.2 90.1 89.9

COax–W–N 0.0 28.85 0.0 25.3

NC4–C5–C6 0.0 102.24 0.0 88.3

Fig. 2 Molecular orbital diagram showing the high-lying occupied
and low-lying vacant orbitals of complexes 1 and 2.

Table 2 CASSCF/MS-CASPT2 and TD-DFT transition energies (in

cm�1) to the low-lying singlet excited states of complex 1 and asso-

ciated oscillator strengths (in parenthesis).

Transition

One-electron

excitation in the

main configuration MS-CASPT2 TD-DFT

a1A0 - b1A0 5dyz - p*CQC 18 620 (0.223) 16 580

a1A0 - a1A00 5dxz - p*CQC 20 930 (o 10�4) 15 230

a1A0 - b1A00 5dyz - p*CO 22 710 (0.03) 23 960

a1A0 - c1A0 5dxz - p*CO 23 680 (0.012) 24 380

a1A0 - c1A00 5dx2�y2 - p*CQC 24 190 (0.114) 18 480

a1A0 - d1A0 5dx2�y2 - p*CO 25 160 (o 10�4) 25 410

a1A0 - d1A00 5dyz - p*CO(eq) 26 530 (10�3)

a1A0 - e1A0 5dxz - p*CO(eq) 27 540 (10�4 )

a1A0 - e1A00 5dxz - p*CO(eq) 29 880 (10�4)

a1A0 - f1A0 5dyz - p*CO(eq) 30 860 (0.04)

1516 N e w J . C h e m . , 2 0 0 4 , 2 8 , 1 5 1 4 – 1 5 1 9

D
ow

nl
oa

de
d 

on
 2

2 
D

ec
em

be
r 

20
10

Pu
bl

is
he

d 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

40
86

17
A

View Online

http://dx.doi.org/10.1039/B408617A


In order to compare the absorption spectra of complexes
1 and 2, low cost TD-DFT calculations were performed on
both complexes. The TD-DFT transition energies of complexes
1 and 2 are reported in Table 3 for comparison.

The Franck–Condon regions of both complexes are similar
and the only difference is that transitions toward p(CQC) are
600–900 cm�1 lower in energy for complex 2. According to the
similar results obtained at the TD-DFT level, it was not
necessary to carry out costly CASSCF/MS-CASPT2 calcula-
tions for this complex.

In conclusion, the computational study showed that com-
plexes 1 and 2 have two low-lying MLCT excited states
corresponding to electron transfer from the metal to the
antibonding pCQC orbital of the vinyl group in position 4 of
the pyridine ring. The three higher excited states are also
MLCT states, but here the electron is transferred to the CO
ligands. Similarly to complexes of pyridine and 4-cyanopyr-
idine, the d-d excitations are at higher energy and do not
appear in the visible region. A negative solvatochromism has
been observed for the low energy MLCT band, as described in
more details in a previous study.11

Nanosecond laser photolysis of compounds 1 and 2 in toluene

and dioxane

Compounds 1 and 2 in toluene and dioxane solutions have
been found to be nonfluorescent when excited at wavelengths
between 300 and 500 nm. After excitation of both compounds
by the 7 ns–532 nm pulse in either toluene or dioxane nitrogen-
saturated solutions, a transient absorption spectrum is ob-
served with a positive absorbance change DA from 350 to
850 nm (the limit of our detection setup). This transient
absorbance change in both solvents is depicted in Fig. 4 in
the case of compound 1.

It is worth noting that the dip in the measured absorbance
change DA observed around 500 nm corresponds approxi-
mately to the maximum of absorbance of the ground state:
490 nm in toluene and 460 nm in dioxane for compound 1. This
results from the depopulation of the ground state. In order to
obtain the true absorption spectrum of this nanosecond tran-
sient (henceforth called X), we added to the observed spectrum
a fraction of the initial absorbance adjusted so that the dip
around 500 nm disappears in the final spectrum. This method
has been previously used when ground state and excited state

absorption spectra overlap and when the transient extinction
coefficient is unknown.25 It is based on the hypothesis that the
final transient spectrum has neither a maximum nor a mini-
mum at the same wavelength as the ground state maximum.
This method, which is demonstrated on Fig. 5 for compound 1

in dioxane, although being approximate, allows one to deter-
mine an order of magnitude of both extinction coefficients and
quantum yields of transient species X.
With this method, we have found that transient X of

compound 1 has an absorption spectrum peaking at 420 nm
in both dioxane and toluene, a shoulder around 550 nm and a
wide band in the near infrared, with no clear maximum below
850 nm. The extinction coefficient at 420 nm has been deter-
mined and is (1.1 � 0.2) � 104 L mol�1 cm�1 in both dioxane
and toluene, and the quantum yield has been found to be equal
to unity. The nanosecond transient spectrum observed after
irradiation of compound 2 in toluene is shown in Fig. 6. This
spectrum has not been corrected for the negative contribution
of the ground state absorption because this absorption has a
maximum at 522 nm, which is located in a wavelength domain
where transient absorption measurements are experimentally
impossible (see Experimental). It is worth noting that as for
compound 1 (see Fig. 4) the observed absorption spectrum has
a minimum in the wavelength range of the ground state
absorption spectrum maximum.
The transient absorption spectrum attributed to species X

(Fig. 5) is closely similar to the transient excited state absorp-
tion spectrum observed after excitation of W(CO)5–pyridine
complexes having electron-withdrawing substituents (4-acetyl-
pyridine, 4-benzoylpyridine, 4-cyanopyridine and 4-formylpyr-
idine).3 This means that the same type of excited state is creat-
ed for all these compounds. However, in the case of the

Fig. 3 Interaction between 5dyz (W) and pCQC orbitals.

Table 3 TD-DFT transition energies (in cm�1) to the low-lying singlet

excited states of compounds 1 and 2

Transition

One-electron excitation

in the main configuration 1 2

a1A0 - a1A00 5dxz - p*CQC 15 230 14 320

a1A0 - b1A0 5dyz - p*CQC 16 580 15 960

a1A0 - c1A00 5dx2�y2 - p*CQC 18 480 17 530

a1A0 - b1A00 5dyz - p*co 23 960 24 000

a1A0 - c1A0 5dxz - p*co 24 380 24 410

a1A0 - d1A0 5dx2�y2 - p*co 25 410 25 420

Fig. 4 End-of-pulse nanosecond absorption spectra of solutions
of compound 1: 1.0 � 10�4 M in toluene (E) and 1.6 � 10�4 M in dio-
xane (B).

Fig. 5 Calculated absorption spectrum of transient X in dioxane after
taking into account the bleaching of the ground state (absorption
spectrum of a 10�4 M solution: dashed line). The calculated spectra
(continuous lines) are obtained by summing the observed transient
spectrum (triangles) and the ground state absorption spectrum (dashed
line), weighted by the coefficient shown on the curves. The curve with
the bold line (coefficient 0.4) is attributed to transient X (see text).
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compounds studied in ref. 3, this excited state, identified as the
M - pyridine CT state, is luminescent with a long lifetime
(several hundreds of nanoseconds in benzene at room tem-
perature) measured on both the transient absorption and the
luminescence decays, but, in contrast, our compounds are not
luminescent. This difference will be discussed below.

The decay of transient X for deaerated solutions of 1 and 2 in
toluene and dioxane was successfully fitted with a first-order
kinetics. An example is shown in Fig. 7 for compound 1 in
toluene. The decay times (tX) of transient X are presented
in Table 4.

Picosecond laser photolysis of compounds 1 and 2 in toluene

and in dioxane

In order to check whether transient X is the primary photo-
excited state, we performed laser photolysis of 1 and 2 with a
shorter time resolution, using a picosecond laser pulse.

Transient absorption spectra obtained at the end of the 30 ps
pulse for compounds 1 and 2 in toluene and dioxane are closely
similar to those described above for the nanosecond pulse. As
an example, Fig. 8 shows the end-of-pulse excited absorption
spectrum of compound 1 in dioxane, which is similar to that
shown in Fig. 4. This means that in both cases the observed
transient is either the primary excited state, or at least an
excited state formed from it in less than 100 ps, with a quantum
yield of unity, that is, with no nonradiative pathway to the
ground state on the time scale extending from 100 ps to 10 ns
(the end of the nanosecond pulse).

Discussion and conclusions

In comparison with W(CO)5 complexes of pyridine derivatives
studied previously, compounds 1 and 2 have a pyridine ligand
bearing a longer, conjugated substituent composed of the
ethylenic p-bridge with two strongly electron-withdrawing
substituents. Theoretical calculations confirm the planarity of
this ligand, indicating extensive p-conjugation. Some deforma-
tions observed in the crystalline state

11

may be due to crystal
packing forces. Theoretical calculations also show that the two
lowest excited states of 1 and 2 are the MLCT (W- pyridine*)

states. They correspond to transitions of electrons from tung-
sten dx2�y2 and dyz orbitals to the antibonding p*CQC orbital of
the ethylenic bridge in the pyridine ligand. The energy of the
lowest electronic transition calculated for 1 is equal to 2.31 eV
(537 nm). In the experimental spectrum, this transition appears
at 490 nm in benzene and at 522 nm in cyclohexane (as stated
above, it was not possible to determine the oscillator strength
of this transition in cyclohexane). On the other hand, for the
band at 490 nm in benzene a value of the oscillator strength
equal to 0.25 was determined (calculated value 0.223). The
energy of the lowest excited state of 1 is considerably lower
than the values observed or calculated for W(CO)5 complexes
of pyridine derivatives studied up to now [e.g., the energy of the
lowest MLCT transition of the previously studied W(CO)5–
(4-cyanopyridine) complex was calculated to be at 3.13 eV and
observed at 3.25 eV ].
The electronic absorption spectra of the transient species

formed upon photolysis of 1 and 2 resemble closely those
reported earlier for other W(CO)5–pyridine complexes and
assigned to M - pyridine* CT excited states.3 Due to a strong
spin–orbit coupling induced by the tungsten atom, the singlet
or triplet nature of these excited states will not be considered
here. For compounds 1 and 2, these states are formed with
quantum yields close to 1 after nanosecond excitation and
decay directly to the ground states. Their spectra are un-
changed when going from 0.1 to 10 ns resolution spectroscopy.
Therefore, we can conclude that these transient states are the
primary ones formed after visible light excitation and relaxa-
tion of the nuclei and the solvent from the initially populated
Franck–Condon states, as proposed before for other W(CO)5–
pyridine complexes.3 However, the lifetimes of the excited
states of 1 and 2 are about 10 times shorter than those observed
previously for similar complexes. For example, the excited
state of the 4-cyanopyridine complex has a lifetime of 219 ns
in benzene at 20 1C,3 compared to a lifetime of 25 ns for
compound 1 in toluene at the same temperature. Furthermore,
the transient absorption spectra following laser flash photolysis
of 4-cyanopyridine and related complexes display a residual
permanent absorption indicating that a chemical reaction
occurs in the irradiated system. This reaction is presumably
the formation of W(CO)5–solvent species. The residual perma-
nent absorption has not been observed in transient spectra
measured in experiments with 1 and 2 at any monitoring
wavelength. This means that dissociation of the pyridine ligand
is not an important relaxation pathway for the excited states of
these complexes. Otherwise, when compared to other W(CO)5–
pyridine complexes, 1 and 2 are rather photostable com-
pounds. No solution decomposition of these compounds was

Fig. 6 Differential absorption spectrum obtained at the end of the
nanosecond pulse for compound 2 (1.25 � 10�4 M in toluene).

Fig. 7 Decay of transient absorbance at 420 nm following nanose-
cond laser photolysis of compound 1 (5.5 � 10�5 M in toluene). The
calculated curve corresponds to a fit with an exponential function
(decay time: 24.8 ns).

Fig. 8 Differential absorption spectrum obtained at the end of the
picosecond pulse for compound 1 (4.1 � 10�4 M in dioxane).

Table 4 Decay times tX (in ns) of transient X for compounds 1 and 2

in toluene and dioxane

Dioxane Toluene

1 5 � 1 25 � 1

2 3 � 1 12 � 2
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observed, even after several hundreds of laser pulses. This
corroborates a generally accepted statement that ligand sub-
stitution reactions in W(CO)5–pyridine originate from the LF
(or M - CO* CT, according to recent theoretical calcula-
tions9) transitions. Although for the 4-cyanopyridine the M -
pyridine* CT state is the lowest excited state, the dissociative
state can be populated thermally and leads to ligand substitu-
tion in low quantum yields. The extremely low energy of M -
pyridine* CT states in complexes 1 and 2, together with their
short lifetimes, make thermal population of dissociative states
highly improbable, thus explaining the photostability of these
complexes. So our results corroborate that the low energy
transitions are MLCT ones.

Another striking difference between 1 and 2 and their 4-
cyanopyridine analog is that the latter exhibits luminescence
from the M - pyridine* CT state, whereas 1 and 2 are not
photoemissive. This may result from a very efficient nonradia-
tive deactivation of the M - pyridine* CT state for 1 and 2.
In fact, it has been found for the emissive complexes that the
luminescence quantum yields decrease with the lifetimes of the
M- pyridine* CT states.3 Consequently, for lifetimes as short
as B10�8 s, the intensity of luminescence may be below the
detection limit of our time resolved nanosecond laser photo-
lysis setup. However, with an oscillator strength of 0.25 for
compound 1 in benzene, one can estimate the radiative lifetime
to be as short as 10 ns. As no fluorescence is observed—which
means a fluorescence quantum yield lower than 10�4—a non-
radiative rate constant higher than 1012 s�1 can be inferred.
Such a very fast deactivation process is not consistent with the
observed lifetimes of transient X (several nanoseconds). As a
result, we formulate the hypothesis that transient X is not the
primary MLCT excited state, but a transient intermediate
issued from it on a very short time scale (shorter than 100 ps,
our fastest time resolution). The very fast relaxation process
may be a change in geometry of the substituted pyridine ligand
following the charge transfer, as for example a twisting around
the double bond. This excited state with a distorted geometry
of the nuclei would then relax on a nanosecond time scale to
the ground state. Femtosecond laser experiments would be
needed to clarify this process.

Finally, the lifetimes of the excited states of 1 and 2 follow
the previously observed dependence on the solvent polarity:
more polar solvents, shorter lifetimes. This can be considered
as a consequence of the energy gap law,26 that is, the smaller
the energy gap between the excited and the ground states, the
faster the nonradiative pathways leading to deactivation of the
excited state.
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L. Serrano-Andrés, P. E. M. Siegbahn, J. Stålring, T. Thorsteins-
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