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The new complexes [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]PF6 and [Re(CO)4(dmeob)][CF3SO3] [Hmeppy = 3-
methyl-2-phenylpyridine, dmdcb = 4,49-di(methoxycarbonyl)-2,29-bipyridine and dmeob = 4,49-dimethoxy-2,29-
bipyridine] have been synthesized. The crystal and molecular structure of [Re(CO)4(meppy)] was determined by
X-ray diffraction. High-resolution optical absorption, luminescence and Raman spectroscopy on single crystals
and glasses at cryogenic temperatures revealed the lowest excited state for all complexes as a nominally 3π–π*
ligand centered state with some 1MLCT character mixed in by spin–orbit coupling. This leads to the occurrence of
metal–ligand vibrational sidebands in the absorption and luminescence spectra. The lowest excited state has a
charge-transfer character of 1.7, 1.3 and 1.0% for [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]PF6 and [Re(CO)4(dmeob)]-
[CF3SO3], respectively. These results are compared with those for the unsubstituted complexes [Re(CO)4(ppy)] and
[Re(CO)4(bpy)]PF6 (Hppy = 2-phenylpyridine and bpy = 2,29-bipyridine). The influence of the σ-donor group on
the energy of the excited states and on the mixing of 1MLCT in the 3LC state is negligibly small. π-Electron
donor substituents increase the energy of the excited states and increase the singlet–triplet splittings; π-electron
withdrawing groups have the opposite effect and increase the 1MLCT character in the first excited state. The
luminescence decay of [Re(CO)4(meppy)] is not single exponential due to a large inhomogeneous distribution of
chromophores in the glass. This large distribution is due to the steric interaction of the methyl group with the
phenyl part of the ligand.

1 Introduction
The 4d6 and 5d6 complexes containing π-accepting ligands have
been synthesized and studied intensively by several physical
methods 1,2 and still remain of interest 3 due to their photo-
physical and photochemical properties: they are important
chromophores in photocatalysts and in solar energy conversion
devices.4,5 Studies on energy and electron transfer in dinuclear
systems of these complexes were performed recently 6 and the
charge separation in the excited state was determined.7

We concentrated on high-resolution optical spectroscopy of
crystals and glasses of cyclometallated and chelated complexes
of RhIII, IrIII and ReI at cryogenic temperatures.8–16 This is a
very powerful technique for the investigation of excited state
properties of these complexes. It provides information about
vibronic coupling and energy splittings not available from low-
resolution spectroscopy of glasses and solutions. The trend
within the metal ion series mentioned above, and the influence
of cyclometallation, was studied and interpreted.16 The lowest
excited state is a 3π–π* ligand centered (LC) state with some
metal to ligand charge transfer (1MLCT) character mixed in by
spin–orbit coupling in most of these complexes. The proximity
of the first MLCT excitations is essential in determining the
exact nature of the emitting state. It can be tuned by chemical
and structural variation. It is known that adding electron-
donating groups to the ligand increases the energy of the
MLCT transition and the MLCT character in the lowest
excited 3LC state should therefore decrease. Electron-with-
drawing groups should have the opposite effect.17,18 However
the influence of such substitutions on the nature of the emitting
state has not been experimentally studied in detail.

In this paper we investigate the influence of σ and π substitu-
ents on the position of the transitions and on the mixing of
1MLCT and 3LC states. To this end we synthesized the follow-

ing new complexes: [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]PF6

and [Re(CO)4(dmeob)][CF3SO3], where meppy2 = 3-methyl-
2-phenylpyridinate [2-(3-methyl-2-pyridyl)phenyl], dmdcb =
4,49-di(methoxycarbonyl)-2,29-bipyridine and dmeob = 4,49-
dimethoxy-2,29-bipyridine. The first complex contains the σ-
electron donor methyl group, the second contains two π-
electron withdrawing ester groups and the last two π-electron
donor methoxy groups. We measured high-resolution optical
spectra in order to investigate the excited state properties of the
molecules mentioned above. Extended Hückel calculations were
performed to identify the relevant one-electron excitations. The
crystal structure of [Re(CO)4(meppy)] was determined in order
to correlate the polarized single crystal absorption spectra with
the molecular orientation in the crystal.

2 Experimental
2.1 Synthesis and characterization

3-Methyl-2-phenylpyridine was purchased from Aldrich and
vacuum distilled prior to use; [Re(CO)4(meppy)] was prepared
by the same synthetic route as that of [Re(CO)4(ppy)].15

However an extra chromatography step with silica gel (CHCl3–
heptane 1 :1) was necessary. The total yield was 12%. The yel-
low, plate-like crystals were grown by evaporation of the solvent
from a diisopropyl ether solution of [Re(CO)4(meppy)]. The
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elemental analysis was performed by Novartis, Basel (Found: C,
42.19; H, 2.43; N, 3.00; O, 13.81. Calc.: C, 41.20; H, 2.16; N,
3.00; O, 13.72%). The IR spectrum of a 1024 M solution of
[Re(CO)4(meppy)] in CH2Cl2 showed maxima at 2088, 1985,
1967 and 1921 cm21 in the region of the CO stretch vibrations.

4,49-Di(methoxycarbonyl)-2,29-bipyridine and 4,49-dimeth-
oxy-2,29-bipyridine were synthesized according to literature
methods.19–21 The complex [Re(CO)4(dmdcb)]PF6 was prepared
by a method analogous to the synthesis and crystallization of
[Re(CO)4(bpy)]PF6

 13,22 with a small modification: the CH2Cl2

solution was refluxed for 18 h instead of stirred at room tem-
perature for 8 h. The complex [Re(CO)4(dmdcb)]PF6 diluted in
KBr showed maxima at 2126, 2027, 2008 and 1954 cm21 in the
CO stretch region; yellow-orange plate crystals (Found: C,
30.81; H, 1.97; F, 14.96; N, 4.04. Calc.: C, 30.22; H, 1.69; F,
15.93; N, 3.92%).

The complex [Re(CO)4(dmeob)][CF3SO3] was prepared by a
method analogous to the synthesis of [Re(CO)4(bpy)][CF3-
SO3].

22 The white precipitate was filtered off, washed with
CH2Cl2 and allowed to dry. The white powder was dissolved in
acetonitrile. By slow evaporation of the solvent at room tem-
perature very pale yellow diamond shaped crystals were
obtained. The CO stretch vibrations of [Re(CO)4(dmeob)]-
[CF3SO3] diluted in KBr were observed at 2118, 2020, 1997 and
1954 cm21 (Found: C, 30.91; H, 1.92; F, 8.53; N, 4.18. Calc.: C,
30.77; H, 1.82; F, 8.59; N, 4.22%).

2.2 Crystal structure for [Re(CO)4(meppy)]

Crystal data. C16H10NO4Re, M = 466.45, orthorhombic,
space group Pbca, a = 12.349(1), b = 12.966(1), c = 19.607(1) Å,
U = 3139.4(4) Å3, T = 293(2) K, Z = 8, µ(Mo-Kα) = 7.757
mm21, 14 759 reflections collected, 3072 unique (Rint = 0.0523).
Final R1 [I > 2σ(I)] = 0.0323 and wR2 [I > 2σ(I)] = 0.0569,
R1 (all data) = 0.0622 and wR2 (all data) = 0.0648, goodness of
fit on F2 = 1.308.

CCDC reference number 186/1078.
See http://www.rsc.org/suppdata/dt/1998/2893/ for crystallo-

graphic files in .cif format.

2.3 Optical spectroscopy

The same experimental set-ups were used as for the measure-
ments of [Re(CO)4(ppy)].15 The 488 nm line of an Ion Laser
Technology 5000 Ar1 laser was used for the Raman spectrum.
The 457.9 nm line of the same laser was used for the lumin-
escence line narrowing (LLN) spectrum.

3 Results
3.1 Crystal structure

The complex [Re(CO)4(meppy)] crystallizes in a layer-like struc-
ture: layers of Re and COs interchange with layers of meppy.
The largest crystal face is the (1̄03) plane and its longest edge
coincides with the b axis. This crystal packing is completely
different from that of [Re(CO)4(ppy)] and [Re(CO)4(thpy)]
[thpy2 = 2-(2-thienyl)pyridinate].15,16 They crystallize in the
monoclinic space group P21/c with four molecules per unit cell.

The molecular structure is shown in Fig. 1. The Re–N dis-
tance is 0.030 Å longer than the Re–C2 distance. This difference
is 0.024 Å in [Re(CO)4(ppy)].15 The bite angle of meppy2 is
75.08 as compared to 76.28 in [Re(CO)4(ppy)]. The trans CO
ligands show longer Re–C distances than the cis COs (1.989 and
1.997 vs 1.919 and 1.967 Å). Similar Re]C bond lengths are
found in [Re(CO)4(ppy)] (1.976 and 1.981 vs 1.914 and 1.941
Å). The molecular structure is therefore comparable with that
of [Re(CO)4(ppy)] except for the dihedral angle between the
phenyl and the pyridine ring, which is 4.6(10)8 in [Re(CO)4-
(meppy)] but only 1.18 in [Re(CO)4(ppy)]. This difference is
probably due to the steric repulsion of the methyl group and
H(12).

3.2 Absorption spectra

The UV/VIS solution absorption spectrum of 1025 M
[Re(CO)4(meppy)] in CH2Cl2 at room temperature is shown in
Fig. 2 (lower trace) together with the unpolarized absorption
spectrum of a single crystal at 10 K. The corresponding spectra
for [Re(CO)4(ppy)] are shown in the upper traces for com-
parison. Both crystal spectra are scaled up by a factor 1000.
The observed transitions in the crystal spectra and their highly
resolved fine structure were not observed in the solution
spectra, since they are too weak and inhomogeneously broad-
ened. The transitions above 25000 cm21 could not be seen in the
single crystal absorption spectrum due to their high intensity.
The solution spectra of the two complexes are very similar.

The solution absorption spectra of [Re(CO)4(dmeob)]1,
[Re(CO)4(bpy)]1 and [Re(CO)4(dmdcb)]1 are presented in
Fig. 3, together with the unpolarized single crystal absorption

Fig. 1 An ORTEP 23 plot of a [Re(CO)4(meppy)] molecule (20%
probability level for the thermal ellipsoids) with the atomic numbering
scheme used in the text.

Fig. 2 The UV/VIS absorption spectra of 1025 M solutions of
[Re(CO)4(ppy)] and [Re(CO)4(meppy)] in CH2Cl2 at room temperature
and single-crystal absorption spectra (scaled up by a factor 1000) of
[Re(CO)4(ppy)] and [Re(CO)4(meppy)]. Both crystal spectra were
measured at 10 K.
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spectra at 10 K (scaled up by a factor of 500, 50 and 250,
respectively). The transitions above 28000 cm21 were too
intense and inhomogeneously broadened to be observed in the
crystal spectra, whereas the transitions observed in the crystal
spectra were too weak to be detected in the solution spectra.
Both the intense transitions and the weak absorptions show a
blue-shift on increasing the electron donor strength of the
substituents.

The single crystal absorption spectra of [Re(CO)4(dmeob)]-
[CF3SO3] and [Re(CO)4(dmdcb)]PF6 are more inhomogene-
ously broadened than the spectrum of [Re(CO)4(bpy)]PF6 (Fig.
3). The fine structure is due to vibrational sidebands, overtones
and combination bands built on electronic origins at 21 823 and
23 250 cm21 for [Re(CO)4(dmdcb)]PF6 and [Re(CO)4(dmeob)]-
[CF3SO3], respectively. The vibrational sideband structure is
very similar to that of [Re(CO)4(bpy)]PF6 (Fig. 3 and ref. 13).

A comparison of the crystal absorption spectra of the two
cyclometallated complexes is presented on an expanded scale in
Fig. 4. These two spectra also show a resemblance, with the fine
structure better resolved for [Re(CO)4(meppy)] due to a smaller
inhomogeneous broadening. The observed fine structure is due
to vibrational sidebands, combination bands and overtones
built on the electronic origins at 21 938 and 22 000 cm21 for
[Re(CO)4(ppy)] and [Re(CO)4(meppy)], respectively. The fun-
damental vibrations are indicated in Fig. 4. Corresponding
vibrational sidebands are at slightly higher energy for [Re(CO)4-
(meppy)] than for [Re(CO)4(ppy)], except for the ring breathing
mode which is at 1551 vs. 1563 cm21, respectively. The metal–
ligand vibrations are observed at 181 and 259 cm21 for [Re(CO)4-
(meppy)], whereas a metal–ligand vibrational sideband is
found at 99 cm21 for [Re(CO)4(ppy)].15 Polarized single-crystal
absorption spectra [light propagation perpendicular to the
largest crystal face (1̄03)] of [Re(CO)4(meppy)] show an inten-
sity ratio of I⊥b : I||b = 8 :1 throughout the crystal spectrum.

3.3 Luminescence and Raman spectra

3.3.1 Cyclometallated complexes. The luminescence spectrum

Fig. 3 The UV/VIS absorption spectra of a 1025 M solution of [Re-
(CO)4(dmeob)][CF3SO3] in acetonitrile (top) and of 1025 M solutions
of [Re(CO)4(bpy)]PF6 (middle) and [Re(CO)4(dmdcb)]PF6 in CH2Cl2

at room temperature, supplemented by the unpolarized single-crystal
absorption spectra (scaled up by a factor of 500, 50 and 250, respect-
ively) at 10 K.

of polycrystalline [Re(CO)4(meppy)] at 10 K is shown at the
bottom of Fig. 5. The luminescence is red-shifted with respect
to the absorption origin which is included for comparison. The
fine structure is due to vibrational sidebands built on electronic
origins at 21 866, 21 728, 21 430 and 19 363 cm21. At higher
temperatures the features get broader and only the lumin-
escence built on the 19 363 cm21 origin persists. All these
luminescences are due to traps in the crystal. The origin at
21 430 cm21 and its sidebands are broader than the origins at
21 728 and 19 363 cm21. These differences are due to different
degrees of inhomogeneous broadening, reflecting the environ-
ment of the trap site in the crystal. The powder luminescence
spectrum of [Re(CO)4(ppy)] at 10 K is given for comparison in

Fig. 4 Single-crystal absorption spectra of [Re(CO)4(ppy)] and
[Re(CO)4(meppy)]. Both spectra were measured at 10 K. The funda-
mental vibrations of both complexes are indicated.

Fig. 5 Luminescence spectra of [Re(CO)4(meppy)] and [Re(CO)4-
(ppy)] in the crystalline state and dissolved in a poly(methylmetha-
crylate) (PMMA) glass (1024 M). The Raman spectrum of crystalline
[Re(CO)4(meppy)] is displayed relative to the origin of the major trap.
The luminescent trap at 19 363 cm21 and its sidebands (all indicated
by asterisks) are also excited in the Raman spectrum. All spectra were
measured at 10 K.
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Fig. 5. It is also a trap emission with a rich fine structure. It
mainly consists of vibrational sidebands built on the electronic
origin at 21 366 cm21. At higher energy some origins with very
low intensity are observed. At higher temperatures the fine
structure fades out and the intensity decreases. The lumi-
nescence spectra of both crystalline [Re(CO)4(ppy)] and
[Re(CO)4(meppy)] thus originate from shallow traps. A deeper
trap (19 363 cm21) dominates the luminescence of [Re(CO)4-
(meppy)] at higher temperatures.

The luminescence spectra of [Re(CO)4(ppy)] and [Re(CO)4-
(meppy)] diluted in a PMMA film are also presented in Fig. 5.
The fine structure is much less resolved than in the crystal
spectra, which is a result of inhomogeneous broadening. The
inhomogeneous broadening is larger for [Re(CO)4(meppy)]
than for [Re(CO)4(ppy)] dissolved in PMMA. In contrast to
[Re(CO)4(ppy)],15 we were unsuccessful in luminescence line
narrowing the spectrum of [Re(CO)4(meppy)] in PMMA.

The Raman spectrum of crystalline [Re(CO)4(meppy)] at 10
K is presented in Fig. 5 relative to the electronic origin of the
major trap. Most of the Raman intensity occurs within 1600
cm21, i.e. the region of fundamental vibrational sidebands in
the absorption and luminescence spectra. A one-to-one correl-
ation of the Raman lines with the vibrational sidebands was not
attempted because of the very large number of modes and their
very different relative intensities in the two processes. The prom-
inent Raman lines between 1900 and 2100 cm21 are conspicu-
ously absent in the vibrational sideband structure of the optical
transitions. They are due to CO stretch vibrations, and we
immediately conclude that their coupling to the electronic
transitions is negligible. The luminescent trap with origin at
19 363 cm21 is excited with the 488 nm line of the Ar1 laser.
This trap luminescence is marked by asterisks in Fig. 5.

The luminescence decay curves of [Re(CO)4(ppy)] and
[Re(CO)4(meppy)] display a deviation from single exponential
decay. However, for [Re(CO)4(ppy)] this deviation is small and
we can derive an average lifetime of 89 ± 5 µs. For [Re(CO)4-
(meppy)] we determined the slope of the data in two time
windows: between 0 and 30 µs and between 500 µs and 1 ms,
respectively. The lifetime increases from 53 to 123 µs between
these windows at 20 K. Above 100 K both the lifetime and the
intensity of the luminescence of [Re(CO)4(meppy)] in PMMA
drop as a result of non-radiative relaxation processes. The
luminescence decay curve of the major trap at 21 430 cm21 in
the crystal luminescence spectrum of [Re(CO)4(meppy)] at 10 K
deviates from single exponential decay too. Between 500 µs and
1 ms we derive a lifetime of 81 µs, well within the range of
lifetimes determined under the same conditions in the PMMA
glass.

3.3.2 Diimine complexes. The powder luminescence spectra
of [Re(CO)4(dmeob)][CF3SO3], [Re(CO)4(bpy)]PF6 and
[Re(CO)4(dmdcb)]PF6 at 10 K are presented in Fig. 6. The
luminescences are red-shifted with respect to the absorption
origins. The fine structure in the spectrum of [Re(CO)4-
(dmeob)][CF3SO3] is due to vibrational sidebands built on elec-
tronic origins at 23 128 and 22 900 cm21. The luminescence
spectrum of [Re(CO)4(bpy)]PF6 is discussed in ref. 13. At higher
temperatures the fine structure in the powder luminescence
spectrum of [Re(CO)4(dmeob)][CF3SO3] and [Re(CO)4(bpy)]-
PF6 fades out and the intensity decreases. The luminescence is
therefore due to luminescent traps in the crystalline material. In
contrast to [Re(CO)4(bpy)]1 and [Re(CO)4(dmeob)]1 com-
pounds, the luminescence spectrum of crystalline [Re(CO)4-
(dmdcb)]PF6 at 10 K shows a broad luminescence which is
strongly red-shifted with respect to the absorption origin. This
luminescence is discussed in section 4.1.

The luminescence spectra of [Re(CO)4(dmeob)][CF3SO3],
[Re(CO)4(bpy)]PF6 and [Re(CO)4(dmdcb)]PF6 in different
glasses at 10 K are presented in Fig. 6. They show inhomogen-
eously broadened luminescence with a similar structure to that

of the powder spectra. We were able to luminescence line
narrow the [Re(CO)4(dmdcb)]PF6 spectrum. The lumin-
escence of [Re(CO)4(dmdcb)]1 in EtOH–MeOH sharpens in
the region above 20 000 cm21. Below 20 000 cm21 a broad lumi-
nescence is observed, similar to the luminescence observed in
the powder.

The luminescence decay curves are single exponential at 10 K
with τ = 32, 32 and 52 µs for [Re(CO)4(dmdcb)]PF6, [Re(CO)4-
(bpy)]PF6

13 and [Re(CO)4(dmeob)][CF3SO3], respectively.
Above 150 K strong intensity and lifetime drops due to non-
radiative relaxation processes are observed.

3.4 Extended Hückel calcultions

We carried out extended Hückel calculations for all the pre-
sented complexes using the CACAO program by Mealli and
Proserpio.†,24 The atomic positions found in the crystal structure
determinations (see section 3.1 and ref. 13) and typical bond
distances and angles for the substituents were used for the
calculation. The cyclometallating and chelating ligands were
chosen to be completely planar, to ensure Cs or C2v molecular
symmetry.

The results of the calculation for [Re(CO)4(meppy)] are
shown on the right-hand side of Fig. 7. The LUMO, HOMO
and the three orbitals just below with substantial rhenium d
character (35, 45 and 46% with decreasing energy, respectively)
are shown with their relative energy. Both the HOMO and
LUMO are essentially meppy2 centered π orbitals (2 and 0%
metal character, respectively). Therefore the lowest energy
transition in this one-electron picture is expected to be a LC
transition, with the first MLCT transition about 6000 cm21

higher in energy, see Fig. 7.
A comparison with the left side of Fig. 7 shows that all the

orbitals are very similar in [Re(CO)4(ppy)] and [Re(CO)4-

Fig. 6 Luminescence spectra of crystalline [Re(CO)4(dmeob)]-
[CF3SO3], [Re(CO)4(bpy)]PF6 and [Re(CO)4(dmdcb)]PF6 and dissolved
in acetonitrile, PMMA and MeOH–EtOH, respectively. The lumin-
escence line narrowed (LLN) spectrum of [Re(CO)4(dmdcb)]PF6

in MeOH–EtOH is shown. The arrow indicates the position of the
exciting laser line. The absorption origins of the crystal spectra are
included for comparison. All spectra were registered at 10 K.

† The following valence orbital ionization energies (eV, ca 1.60 × 10219

J) were used in the calculation: C 2s 221.4, 2p 211.4; H 1s 213.6; N 2s
226.0, 2p 213.4; O 2s 232.3, 2p 214.8;25 Re 6s 29.36, 6p 25.96, 5d
212.66.26
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(meppy)], except for the σ-metal orbital in which an electron
density redistribution occurs. In [Re(CO)4(ppy)] the electron
density is distributed over Re, the COs and the whole ppy2

ligand, whereas in [Re(CO)4(meppy)] the phenyl ring loses elec-
tron density. The LC transition is expected to be about 1200
cm21 and the MLCT transition about 800 cm21 higher in energy
for [Re(CO)4(meppy)] in comparison with the non-methylated
[Re(CO)4(ppy)].

The results of the extended Hückel calculations for
[Re(CO)4(dmeob)]1, [Re(CO)4(bpy)]1 and [Re(CO)4(dmdcb)]1

are presented in Fig. 8. The LUMO, HOMO and the highest
lying filled π orbital with substantial metal character {48, 47
and 31% for [Re(CO)4(dmdcb)]1, [Re(CO)4(bpy)]1 and
[Re(CO)4(dmeob)]1, respectively} are given with their respect-
ive energies. Both the HOMO and LUMO are diimine centered
(0% metal character), whereas the metal orbital lies lower in
energy. Therefore the LC transitions are expected at lower
energies than the MLCT transitions. The LUMO contains a
substantial substituent contribution and therefore its energy
position is strongly influenced by the substitutions. Adding
π-electron withdrawing groups decreases the energy of the
LUMO and π-electron donating substituents have the opposite
effect. The same trend (although weaker) is found for the metal
orbitals, see Fig. 8. The π substituents have no influence on the
HOMO. This is in contrast with the σ-electron donor methyl
group. It decreases the energy of the HOMO slightly and influ-
ences the energies of the metal orbitals only to a minor extent,
see Fig. 7.

4 Discussion
4.1 Assignment of the excited states

By comparison with the corresponding spectra of [Re(CO)4-
(ppy)],15 [Re(CO)4(bpy)]1 13 and the free heterocycles,27 it is pos-
sible to assign the observed transitions in the absorption spectra

Fig. 7 Results of the extended Hückel calculations for [Re(CO)4(ppy)]
and [Re(CO)4(meppy)]. The HOMO, LUMO and nominal metal
orbitals are shown together with the relevant one-electron excitations.
The contribution of the out-of-plane COs is omitted to prevent confu-
sion with the rhenium contribution.

presented in Figs. 2, 3 and 4. The bands above 31 000 cm21 in
the spectra of the cyclometallated species and above 28 000
cm21 for the diimine complexes are assigned as 1LC transitions.
The band with maximum around 28 500 cm21 in the solution
absorption spectrum of [Re(CO)4(meppy)] and [Re(CO)4(ppy)]
is due to a 1MLCT transition. The corresponding transition is
masked by the more intense 1LC transition in the absorption
spectra of [Re(CO)4(bpy)]1 and [Re(CO)4(dmdcb)]1. The
1MLCT transition is observed in the spectrum of [Re(CO)4-
(dmeob)]1 as a shoulder around 31 500 cm21.

The highly structured absorption bands at low energy which
were only observed in the crystal spectra are due to 3LC
excitations in all the complexes studied here. They consist of
vibrational sidebands and their combination bands and over-
tones built on electronic origins at 22 000, 21 823 and 23 250
cm21 for [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]1 and [Re(CO)4-
(dmeob)]1, respectively. The fundamental vibrations of
[Re(CO)4(meppy)] are indicated in Fig. 4. The sidebands are all
due to ligand vibrations, except the bands at 181 and 259 cm21

in the [Re(CO)4(meppy)] spectrum, at 171 cm21 in the [Re(CO)4-
(dmdcb)]1 spectrum and at 187 cm21 in the [Re(CO)4(dmeob)]1

spectrum. These vibrations are discussed in the next section.
The apparent broad band around 24 000 cm21 in the absorption
spectrum of [Re(CO)4(dmdcb)]PF6 is probably the result of
inhomogeneous broadening of the vibrational sidepeaks. The
first 3MLCT transition is expected at higher energy.

The luminescence lifetimes, τ[Re(CO)4(meppy)] = 53–123,
τ[Re(CO)4(dmdcb)1] = 32 and τ[Re(CO)4(dmeob)1] = 52 µs
and the oscillator strengths f (3LC) = 4.3 × 1025, 1 × 1024

and 5 × 1025 for [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]1 and
[Re(CO)4(dmeob)]1, respectively, are in good accord with a
3LC assignment of the emitting state. The corresponding
values for [Os(bpy)3]

21, for which a 3MLCT assignment has
been made for the first excited state, are τ = 1.8 µs and
f (3MLCT) = 4 × 1024.28,29

The vibrational sideband structures of the major trap in the
luminescence spectrum of crystalline [Re(CO)4(meppy)] and
the single crystal absorption spectrum are very similar (see Figs.
4 and 5) and obviously due to meppy2 vibrational modes. The
absence of CO modes in the vibrational sideband structure

Fig. 8 Results of the extended Hückel calculations for [Re(CO)4-
(dmdcb)]1, [Re(CO)4(bpy)]1 and [Re(CO)4(dmeob)]1. The wave-
functions and their respective energies for the LUMO, HOMO and the
highest-energy nominal metal orbital are shown. The contribution of
the out-of-plane COs is omitted to prevent confusion with the rhenium
contribution.
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Table 1 Excited state quantities for the studied complexes

f (3LC)
f (1MLCT)
ν̃(3LC)(origin)/cm21

ν̃(1MLCT)(max.)/cm21

ν̃(1LC)(max.)/cm21

∆E(max.) c/cm21

〈3LC|Hso|1MLCT〉/cm21

τexp/µs
τrad

d/µs
α e

[Re(CO)4(ppy)] a

4.2 × 1025

5.7 × 1022

21 938
28 500
31 260
4 762
81
89
74
0.017

[Re(CO)4(meppy)]

4.3 × 1025

5.7 × 1022

22 000
28 500
31 240
4 700
82
53–123
72
0.017

[Re(CO)4(dmdcb)]1

1 × 1024

2.5 × 1021

21 823
31 000 b

30 110
6 490
85
32
31
0.013

[Re(CO)4(bpy)]1 a

7 × 1025

4 × 1021

22 510
31 700 b

31 570
7 260
63
32
42
0.009

[Re(CO)4(dmeob)]1

5 × 1025

2.2 × 1021

23 250
31 500
33 660
7 580
76
52
55
0.010

a The values for [Re(CO)4(ppy)] and [Re(CO)4(bpy)]1 are taken from ref. 16. b Estimated. c It is important to use the maxima of the overall absorption
bands for the calculation of ∆E. d As defined in formula (4). e As defined in formula (3).

confirms the essentially meppy2 centered character of the
lowest-energy excitation. The same is observed in the lumi-
nescence spectra of crystalline [Re(CO)4(bpy)]1 and [Re(CO)4-
(dmeob)]1 (Fig. 6). The crystal of [Re(CO)4(dmdcb)]1, on the
other hand, shows a broad unstructured luminescence band.
We tentatively assign it to a 3MLCT luminescence of a rhenium
tricarbonyl impurity which is being excited by energy transfer
from the bulk. The luminescence of this impurity is also
observed in the spectrum of a MeOH–EtOH glass at 10 K when
excited at 21 839 cm21. The 3LC luminescence of the main spe-
cies is partially narrowed under these conditions (see LLN trace
in Fig. 6).30 When the same sample is broad band excited in the
UV at 10 K, however, the inhomogeneously broadened 3LC
emission of the main species is observed. The sideband struc-
ture is due to diimine vibrations, typical of a 3π–π* transition.

Also the extended Hückel calculations predict a π–π* ligand
centered transition as lowest energy transition with the first
MLCT excitation about 6000, 4100 and 2600 cm21 higher
in energy for [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]1 and
[Re(CO)4(dmeob)]1, respectively. Extended Hückel calcula-
tions do not consider electron–electron repulsion and the
resulting singlet–triplet splittings; 1MLCT–3MLCT splittings
are typically of the order of 2000–4000 cm21, whereas 1LC–3LC
splittings are of the order of 10 000 cm21. We conclude that a
3LC state is expected to be the lowest excited state for all the
studied complexes.

4.2 MLCT Character in the first excited state

There are several indications of some charge transfer charac-
ter in this nominally 3LC state: Re]meppy and Re]diimine
vibrations are observed in the single-crystal absorption spectra
at 181 and 259 cm21 for [Re(CO)4(meppy)], at 171 cm21 for
[Re(CO)4(dmdcb)]1 and at 187 cm21 for [Re(CO)4(dmeob)]1

(Figs. 3 and 4). The Raman peak at 96 cm21 is also assigned as a
Re]meppy vibration (Fig. 5). This vibration is also present as a
shoulder in the luminescence spectrum of crystalline [Re(CO)4-
(meppy)]. The vibrations at 172 cm21 in the luminescence line
narrowed spectrum of [Re(CO)4(dmdcb)]1, and at 165 cm21 in
the powder luminescence spectrum of [Re(CO)4(dmdcb)]1, are
Re]diimine vibrations too (Fig. 6).

Metal–ligand vibrations are typical for transitions bearing
some MLCT character and their intensity is a measure for the
changes in the corresponding metal–ligand bonding induced by
the electronic excitation. However, there is no reliable technique
to determine a quantitative value of the charge-transfer char-
acter in the emitting state from the intensity of the metal–
ligand vibrations, and we use the luminescence lifetimes and the
oscillator strengths found in the absorption spectra for an
estimate.

It is possible to describe the mixing of the 1MLCT into the
3LC state quantitatively by second-order spin–orbit coupling
perturbation theory as suggested by Komada et al.31 We have
used this model before for other 4d6 and 5d6 complexes.9–11 The

spin–orbit coupling matrix element is given by eqn. (1) where

〈3LC|Hso|1MLCT〉 = !1

3

f (3LC)

f (1MLCT)

ν(1MLCT)

ν(3LC)
∆E (1)

f (3LC) and f (1MLCT) are the oscillator strengths of the 3LC
and 1MLCT transitions, respectively, and ν(3LC) and ν(1MLCT)
are the corresponding frequencies; ∆E is the energy difference
between the maxima of the corresponding absorption bands
and the factor 1/3 accounts for the different spin multiplicities.
Inserting the values derived from Figs. 2, 3 and 4 we obtain for
〈3LC|Hso|1MLCT〉 values of 82, 85 and 76 cm21 for [Re(CO)4-
(meppy)], [Re(CO)4(dmdcb)]1 and [Re(CO)4(dmeob)]1, respect-
ively.‡ The corresponding values are 81 cm21 for [Re(CO)4-
(ppy)] and 63 cm21 for [Re(CO)4(bpy)]1.16 The charge transfer
character in the first 3LC state is described by the quantity α;
eqns. (2) and (3). We obtain values for α of 0.017, 0.013 and

Ψexc = √1 2 α2|3LC〉 1 α|1MLCT〉 (2)

α = 〈3LC|Hso|1MLCT〉/∆E (3)

0.010 for [Re(CO)4(meppy)], [Re(CO)4(dmdcb)]1 and [Re(CO)4-
(dmeob)]1, respectively. The corresponding values for [Re(CO)4-
(ppy)] and [Re(CO)4(bpy)]1 are 0.017 and 0.009, respectively.16

All these values are listed in Table 1 for a comprehensive com-
parison. The admixture of the 1MLCT in the 3LC state should
lead to an increase of the zero field splitting of the triplet state.31

However it is too small to be resolvable with the techniques
used in this study. More advanced techniques, such as resonant
luminescence line narrowing and Zeeman experiments,32 could
possibly resolve the zero field splitting.

The luminescence lifetimes at 10 K are about three orders of
magnitude shorter than the lifetime of the free heterocycle,§
see Table 1. An estimate of the radiative lifetime of the first
excited state is obtained by using formula (4), where f is the

τrad = 1.5 × 104 1 1

f2
(c/ν)2

n[(n2 1 2)/3]2

ge

gg

(4)

oscillator strength, c the velocity of light, ν the transition fre-
quency, n the refractive index and ge and gg are the degeneracies
of the excited and ground state, respectively. Choosing n = 1.5
we calculate τrad = 72, 31 and 55 µs for [Re(CO)4(meppy)],
[Re(CO)4(dmdcb)]1 and [Re(CO)4(dmeob)]1, respectively.
These values are in excellent agreement with the experimentally

‡ For the [Re(CO)4(diimine)]1 complexes the 1MLCT and 1LC transi-
tions (almost) coincide. In formula (1) we have therefore taken for
f (1MLCT) the sum of the oscillator strengths of the two singlet transi-
tions and for the frequency we used an effective frequency. We have
made this assumption before for [Re(CO)4(bpy)]1, see ref. 16.
§ We expect the luminescence lifetime of meppy to be in the same order
of magnitude as that of ppy, namely τ > 0.1 s.33
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observed lifetimes, see Table 1, and we conclude that the
luminescence lifetimes are completely radiative at low
temperatures.

The polarized single-crystal absorption spectrum provides a
most elegant way to demonstrate that the intensity of the
lowest-energy electronic excitation has its origin in the MLCT
character mixed into the 3LC state. From the experimentally
determined absorption intensity ratios for different polariz-
ations and the known orientation of the molecules in the crystal
it is possible to derive the principal axes of the transition
moment within the molecule. This procedure has been applied
previously to other chelate complexes of d6 ions 8–10,13,15,16 and is
described in detail in ref. 8. The transition moment to the emit-
ting state was invariably found to lie in the plane of the chelate
ligand, and in the cyclometallated complexes to be tilted
towards the pyridine side of the ligand. In the present study we
employed this technique to the polarized absorption spectrum
of [Re(CO)4(meppy)] making use of the crystal structure
information. The measured dichroic ratio I⊥b : I||b = 8 :1 is con-
sistent with a transition moment polarized in the plane of the
meppy2 ligand and lying roughly parallel to the Re]C(2) direc-
tion, see Fig. 1. This result is significant. In free bpy, phen and,
by analogy, similar compounds with conjugated π systems, the
first 3π–π* excitation is polarized out-of-plane.34 The observed
in-plane polarization in the complex is a strong indication that
the 3π–π* excitation intensity has another source than in the
free heterocycle. The first MLCT transition is in-plane polar-
ized, and using the so-called transition charge density method 35

it can be calculated from the extended Hückel wavefunctions
Re(π) and LUMO connected by an arrow in Fig. 7. The direc-
tion thus obtained is approximately the Re]N direction, thus
slightly overestimating the tilt towards the pyridine side of the
ligand. Similar results were obtained for the cyclometallated 4d6

and 5d6 complexes [Re(CO)4(ppy)], [Re(CO)4(thpy)], [Rh(ppy)2-
(bpy)]1, [Rh(thpy)2(bpy)]1, [Ir(ppy)2(bpy)]1 and [Ir(thpy)2-
(bpy)]1.8–10,13,15,16

4.3 Influence of the substituents

4.3.1 ó-Donor substituent. Both the absorption and lumin-
escence spectra of [Re(CO)4(ppy)] and [Re(CO)4(meppy)] are
very similar (Figs. 2, 4 and 5). An analogous result was found
by Watts and co-workers 36 on going from [Ir(ppy)2(bpy)]1 to
[Ir(meppy)2(bpy)]1. The electronic origin of the 3LC state
moves from 21 938 to 22 000 cm21 under methylation. This
small blue-shift is qualitatively reproduced by the extended
Hückel calculation (Fig. 7). Corresponding vibrational side-
bands are at slightly higher energy for [Re(CO)4(meppy)] than
for [Re(CO)4(ppy)] except for the ring breathing mode which is
at 1551 vs 1563 cm21, respectively (see Fig. 4). The metal–ligand
vibrations at 181 and 259 cm21 in the single-crystal absorption
spectrum of [Re(CO)4(meppy)] are not observed in the corre-
sponding spectrum of [Re(CO)4(ppy)]. This might be due to the
higher inhomogeneous broadening in the [Re(CO)4(ppy)] spec-
trum or the peaks may be coinciding with the first and second
overtone of the 99 cm21 metal–ligand vibration of the non-
methylated species.15

The luminescence decay curves of [Re(CO)4(meppy)] at 20 K
show a significant deviation from single exponentials. We
ascribe this to a larger distribution of dihedral angles between
the two aromatic rings in the [Re(CO)4(meppy)] PMMA glass.
In contrast to the other complexes in which the distribution is
centered around a dihedral angle of zero, the steric effect of the
methyl group favors a distorted conformation in [Re(CO)4-
(meppy)] (see the crystal structure) and, as a result, an overall
broader inhomogeneous distribution. This is also reflected
in the larger bandwidth of the [Re(CO)4(meppy)] PMMA
luminescence spectrum in Fig. 5.

The luminescence spectra of the pure crystalline materials
are dominated by traps at all temperatures. This is not

unexpected for neutral molecular species with no shielding by
counter ions in the crystal lattice.16 For both [Re(CO)4(ppy)]
and [Re(CO)4(meppy)] the emissions originating between
21 000 and 22 000 cm21 are assigned to traps consisting of
[Re(CO)4(ppy)] and [Re(CO)4(meppy)] molecules in defect
crystal sites, respectively. For [Re(CO)4(meppy)] there is a
considerably deeper trap at 19 363 cm21 with a different side-
band structure, which must have a different origin. This sug-
gests a defect molecule rather than a lattice defect as the
origin of the trap. It is well known that tricarbonyl complexes
of Re1 are very stable luminescent species. Most of these are
3MLCT emitters, but 3π–π* emission originating at about
21 700 cm21 has been reported for [Re(CO)3(phen)(CH3-
CN)]1.37 The most probable contamination is a [Re(CO)3-
(meppy)Cl]2 species, since the [Re(CO)5Cl] complex is the
starting material for the synthesis of [Re(CO)4(meppy)]. An
extended Hückel calculation on [Re(CO)3(meppy)Cl]2 results in
a HOMO 2 LUMO gap which is 1000 cm21 smaller in energy
in comparison with the tetracarbonyl complex.38 We conclude
that a minute contamination by a tricarbonyl complex is most
likely responsible for the 19 363 cm21 trap emission in [Re(CO)4-
(meppy)].

The 1MLCT absorption band position is hardly influenced by
the methylation (see Fig. 2 and Table 1), although the extended
Hückel calculation predicts a slight increase of about 800 cm21

(Fig. 7). The MLCT character in the 3LC state is unchanged
(section 4.2 and Table 1). All orbitals and their respective ener-
gies are very similar in [Re(CO)4(ppy)] and [Re(CO)4(meppy)],
except the rhenium(σ) orbital (Fig. 7). In [Re(CO)4(meppy)]
there is a higher electron density in the pyridine ring than in the
equivalent orbital of [Re(CO)4(ppy)]. This is due to the σ-donor
character of the methyl group. However, this metal orbital is
not involved in the spectroscopically relevant transitions of the
present study, which are indicated with arrows in Fig. 7. The
Re(σ) → π* transition is symmetry forbidden in first order
and therefore the lowest energy 3π → π* transition cannot
steal intensity from this transition. The influence of methyl-
ation of the pyridine ring on the luminescence properties is
therefore very small.

4.3.2 ð-Donor and -acceptor substituents. π Donors and
acceptors influence the position of the bands to a larger extent
than the σ-donor methyl group. On going from π-electron
acceptor to π-electron donor substituents, the energy of the 1LC
increases from 30 110 to 33 660 cm21 for [Re(CO)4(dmdcb)]1

and [Re(CO)4(dmeob)]1, respectively (see Table 1). The same
trend is observed for the 3LC energy (from 21 823 to 23 250
cm21, respectively). This trend is reproduced by the extended
Hückel calculations (Fig. 8). The energy of the MLCT one-
electron excitation follows this trend, but to a smaller extent,
see Table 1.

The biggest influence of the substituents is on the π–π*
singlet–triplet splitting when going from π-electron acceptor to
π-electron donor substituents: from 6500 to 8600 cm21 for
[Re(CO)4(dmdcb)]1 and [Re(CO)4(dmeob)]1, respectively (see
Table 1). The excited electron can delocalize better onto the
substituent in a molecule containing an electron acceptor, as
can be seen from the considerable electron density which is
present on the substituents in the LUMO (Fig. 8). The change
in the singlet–triplet splitting for MLCT excitations, on the
other hand, is expected to be small.

The decrease in the π–π* singlet–triplet splitting on going
from [Re(CO)4(bpy)]1 to [Re(CO)4(dmdcb)]1, is responsible for
the decrease of ∆E from 7260 to 6490 cm21, respectively. This
leads to an increase of the mixing coefficient α on adding the
electron accepting dmdcb: 0.009 vs. 0.013, respectively (see
Table 1). The influence of the electron donating dmeob is much
smaller. This is due to a cancellation of effects which leaves ∆E
and, as a consequence, the mixing coefficient more or less
unchanged, see Table 1.
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5 Conclusion
From this investigation on substituted cyclometallated and
chelated rhenium() tetracarbonyl complexes and our earlier
studies 13–16 we conclude that it is possible to influence the
amount of MLCT character in the first excited 3π–π* state only
to a small extent. Cyclometallation has the largest effect,16

increasing the MLCT character by a factor of 2. The influence
of substitution with σ donors is negligible. π-Electron donors
shift all transitions to higher energy, but they do not influence
the 1MLCT character in the lowest excited state. π-Electron
acceptors decrease all transitions in energy and increase the
MLCT character in the lowest energy state, but this effect is
certainly smaller than the influence of cyclometallation.

The strong π-back bonding character of the CO ligands leads
to an overall decrease of the metal orbital energies. The first
3MLCT state therefore always lies above the first 3LC state in
tetracarbonylrhenium() complexes. Substituting a CO ligand
by a Cl2 lowers the energy of 3MLCT sufficiently for a 3MLCT
luminescence to be observed.17 Tuning of this spectator ligand,
as was done for a series of ruthenium() complexes,39 appears
to be the most efficient way to tune the excited state properties
of rhenium() complexes over a large range. In order to achieve
a competitive situation between 3LC and 3MLCT as emitting
states, the π-back bonding characteristics of the spectator
ligand must lie between those of CO and Cl2. Acetonitrile is
probably a good candidate for such a spectator ligand.
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