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The cyclometalated complex [Re(CO)4(ppy)], where ppy- ) 2-phenylpyridine, was synthesized. Its crystal
and molecular structure was determined by X-ray diffraction. The lowest energy electronic excitations were
studied by high-resolution optical spectroscopy at cryogenic temperature. The first excited state in
[Re(CO)4(ppy)] is nominally a triplet ligand-centered state, with 1.8% metal-to-ligand charge transfer character
mixed in through spin-orbit coupling. This induces a shortened lifetime (89µs at 10 K) and the occurrence
of metal-ligand vibrations in both absorption and luminescence spectra. The transition moment of the first
electronic excitation lies in the molecular plane with a tilt toward the pyridine part of the ppy- ligand. This
is derived from the polarized absorption measurements and confirmed by an extended Hu¨ckel calculation.
Splittings in the IR absorption bands are resulting from the presence of two crystallographically equivalent
complexes in the unit cell which are tilted with respect to each other.

1. Introduction

Hundreds of (4d)6 and (5d)6 complexes with chelating
π-accepting ligands have been synthesized. The main scientific
interest is in their photophysical and photochemical properties.1

These are being studied by a variety of physical and chemical
techniques. We have concentrated on high-resolution optical
absorption and luminescence spectroscopy on single crystals at
cryogenic temperatures.2-4 We have also used the technique
of luminescence line narrowing (LLN) on crystalline or glassy
matrices at cryogenic temperatures. These techniques often
provide significantly more information about energy splittings
and vibronic coupling than low-resolution spectra of solutions
and glasses. In addition, when the optical measurements on
single crystals are combined with the results from X-ray
diffraction experiments, we are able to determine the principal
directions of the transition moments. This information turns
out to be of high value for a proper characterisation of the
excited states and an elucidation of the optical transition
mechanisms.
More work has been reported on Ru2+ complexes than any

of the other d6 ions. The first excited state in [Ru(bpy)3]2+ (bpy
) 2,2′-bipyridine) and its many relatives has been classified as
metal-to-ligand charge transfer (MLCT).1a There is some
indirect evidence for a d-d state at slightly higher energy which
is assumed to play a role in the photochemistry of these
complexes.5 In [Os(bpy)3]2+ the situation is usually considered
to be similar. Due to the higher oscillator strength of the
nominally spin-forbidden3MLCT excitations, there is a stronger
tendency toward excitation delocalization than in [Ru(bpy)3]2+.6

The first excited state in most of the Rh3+, Ir3+, and Re+

complexes reported so far has been classified as a ligand-
centered (LC) triplet state.2-4,7 Usually the reduced lumines-
cence lifetime and the higher intensity of the singlet-triplet
excitation with respect to the free ligand are taken as a result
of some MLCT character which is mixed into the first excited
state. In our previous work on mixed-ligand complexes such
as [Rh(bpy)(ppy)2]+ (ppy ) 2-phenylpyridine),2a we were
mainly interested in how the electronic structure and thus the
excited state properties are affected when 2,2′-bipyridine is
replaced by the 2-phenylpyridine anion. It was possible to
identify both the lowest energy3LC and3MLCT excitations in
the crystal absorption spectrum, and the3LC absorptions could
be assigned to the two ligand types. However, there remained
the problem of localization/delocalization of the equivalent
transitions on the two ppy- ligands.
We therefore simplified the situation by studying [Re(CO)4L]

complexes with only one chelatingπ-accepting ligand. In refs
4a and 4b we reported our results on the [Re(CO)4(bpy)]+ and
[Re(CO)4(phen)]+ complexes (phen) 1,10-phenanthroline). The
first excited state is classified as3LC with a MLCT admixture
of approximately 3%. The first transition is polarized along
the short ligand axis, i.e. the axis of predominant MLCT
intensity. In the present work the effect of cyclometalation on
the transition energy, the transition moment, and the degree of
LC-MLCT mixing is investigated. To this end we determine
the crystal structure, measure polarized single-crystal absorption
spectra, and determine the direction of the transition moment.
From relative absorption energies and intensities as well as the
luminescence lifetime, we obtain an estimate of the LC-MLCT
mixing coefficient. LLN spectra provide additional information
on the vibronic coupling, in particular the involvement of
metal-ligand vibrations in the LC transitions. Extended Hu¨ckel
(EH) calculations are used to obtain a rough idea about the
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nature of the relevant orbitals and a prediction of the direction
for the transition moment within the molecule.

2. Experimental Section

2.1. Synthesis and Characterization.A synthetic route to
[Re(CO)4(ppy)] is described in the literature, but with a rather
low yield of 7%.8 The route described here has a better yield
of 27%. The reported calculated percentages for the C and N
content in ref 8 are incorrect.
[Re(CO)4(ppy)] was prepared from [Re(CO)5Cl] (Aldrich, 3

mmol), 2-phenylpyridine (Aldrich, vacuum distilled, 3 mmol),
and proton sponge (Aldrich, 3 mmol). These starting materials
were heated in heptane (Merck, 30 mL) under Ar at 80°C for
20 h. The yellow solution was filtered and washed several times
with a 0.35 M HCl solution and finally with H2O. The heptane
was removed by distillation. The yellow powder thus obtained
was dissolved in diisopropyl ether (Fluka). Block and needlelike
crystals grew overnight from this solution. From their X-ray
powder patterns and elemental analysis, they were identified
as two structural modifications of [Re(CO)4(ppy)]. In this paper
we report the properties of the blocklike crystals. The whole
synthesis was performed under exclusion of light to prevent
the formation of possible photoproducts.
Elemental analysis. Calculated: C, 39.82%; H, 1.78%; N,

3.10%; O, 14.14%. Found: C, 40.35%; H, 2.09%; N, 3.17%;
O, 14.49% (Ciba-Geigy).
2.2. Crystal Structure Determination. A single crystal

with dimensions 0.45× 0.50 × 0.60 mm was used for the
crystal structure determination. Data were collected using an
Enraf-Nonius CAD-4 diffractometer. Three standard reflections
were measured every 3 h, and three standards were remeasured
every 400 reflections to control the orientation of the crystal
and the intensity of the reflections. No decay of the intensities
was observed during the measuring period. A numerical
absorption correction was applied with the MolEN9a program
system using seven indexed crystal faces. The structure was
solved with the Patterson interpretation routine of SHELXS-
86.9b All non-hydrogen atoms were refined anisotropically. The
refinement was performed with all independentF2 data with
the program SHELXL-93.9c The H atoms were found by a
difference electron density map and refined with isotropic
displacement parameters.
2.3. Optical and IR Absorption Spectra. Infrared spectra

of a 10-4 M solution of [Re(CO)4(ppy)] in CH2Cl2 and of
crystalline [Re(CO)4(ppy)] in a KBr matrix were measured on
a Perkin-Elmer 1720X FTIR spectrophotometer.
The polarized optical absorption spectra of a 10-5 M heptane

solution and of a single crystal were measured on a Cary 5E
spectrophotometer with fixed spectral bandwidths of 1 and 0.07
nm, respectively. The light propagation was perpendicular to
the largest crystal face (110). The crystal was cooled in a closed
cycle helium cryostat which has been described before.4

2.4. Luminescence Spectra.Luminescence experiments
were carried out on polycrystalline samples sealed under He in
a quartz capillary, on a 10-3 M poly(methyl methacrylate)
(PMMA) sample or a 10-3 M octane solution. The samples
were cooled in a double-wall helium gas flow tube as described
previously.9 The samples were excited with an 150 W Oriel
Xe lamp, equipped with a Schott UG11 filter to cut off all visible
light from the excitation source, with the 457.9 nm line from a
Spectra Physics 2045 argon ion laser for the luminescence line
narrowed spectra or with a PRA LN250 nitrogen laser for the
measurement of the luminescence lifetime. The experimental
setup has been described in ref 4.

3. Results

3.1. Crystal Structure. The largest crystal face of the
blocklike crystals of [Re(CO)4(ppy)] has an elongated hexagonal
shape, in which the longest edge is thec axis. This crystal
face is the (110) plane. The space group isP2(1)/c. The
monoclinic unit cell has the cell constantsa ) 10.559(3) Å,b
) 11.571(3) Å,c ) 12.449(4) Å,â ) 104.11(3)°, andZ ) 4.
Crystallographic data are given in Table 1 (Supporting Informa-
tion). The unit cell viewed along thea axis is shown in Figure
1.
The four molecules lie on general equivalent positions in the

unit cell. They can be interconverted into each other by an
inversion center, a screw axis, or a glide plane. It has been
very useful for the interpretation of the infrared absorption
spectrum and the determination of the transition moment to
consider the unit cell as consisting of two dimers. The members
of each dimer are two complexes which are not interconverted
by the inversion center (for example, the two molecules with
the labels D1 and D2 in Figure 1). They are tilted with respect
to each other.
The molecular structure is depicted in Figure 2, with the atom

numbering scheme used in the tables. The atomic positional
parameters, bond distances, and bond angles are given in Tables

Figure 1. SCHAKAL29 view of the unit cell of [Re(CO)4(ppy)] along
thea axis. The molecules labeled D1 and D2 are considered to form a
dimer.

Figure 2. ORTEP plot of [Re(CO)4(ppy)] with the atomic numbering
scheme.
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2 and 3 of the Supporting Information. In Table 4 of the
Supporting Information the positions of the hydrogen atoms with
their isotropic displacement parameters are given. The aniso-
tropic displacement parameters for all non-hydrogen atoms are
given in the Supporting Information Table 5. The Re-N
distance is 0.024 Å longer than the Re-C distance. This
difference is smaller than in other ppy--containing complexes.2a

The bite angle of ppy- is 76.2°. The aromatic rings are almost
planar: the torsion angle N1-C2-C2A-C1 is 1.1(9)°. The
CO ligands have C-Re-C angles ranging from 88.4° to 94.7°.
The out-of-plane CO ligands have longer Re-C distances than
the in-plane CO ligands (1.914 and 1.941 Å for the in-plane,
1.976 and 1.981 Å for the out-of-plane CO, respectively). All
these results are comparable with values found for [Re(CO)4-
(bpy)]+ 4a and [Re(CO)4(bpm)]+ 7b (bpm) 2,2′-bipyrimidine).
3.2. Infrared and Optical Absorption Spectra. IR spectra

of both a solution and a KBr pellet in the region of the CO
stretch vibrations are shown in Figure 3. Four peaks are
observed in solution with maxima at 2088, 1988, 1971, and
1925 cm-1. All the bands are split in the spectrum of the
crystalline material.
The optical absorption spectrum of a 10-5 M heptane solution

of [Re(CO)4(ppy)] is depicted in Figure 4 together with the
unpolarized absorption spectrum of crystalline [Re(CO)4(ppy)].
Note that the crystal spectrum is scaled by a factor 1000. The
lowest-energy transition could not be seen in solution since it
is too weak and inhomogeneously broadened. The higher-
energy transitions (above 26 000 cm-1) could not be seen in

the crystal spectrum since they are too intense (ε > 2500 L
mol-1 cm-1).
Polarized single crystal absorption spectra are presented in

Figure 5. A and B are the optical extinction directions of the
crystal in the (110) plane. The angle between A and thec axis
is 75°. All the absorption bands are more intense for E||A,
and the polarization ratioI(A)/I(B) is about six throughout the
spectrum. The fine structure is due to vibrational sidebands,
overtones, and combination bands of the electronic origin at
about 21 940 cm-1. The fundamental vibrations (R-φ) together
with the combination bands with theφ mode are indicated as
well in Figure 5. Similar vibrational energies are measured for
theâ to φ modes in [Re(CO)4(ppy)] and in [Re(CO)4(bpy)]+.4

TheR mode on the other hand is found at 99 cm-1 here and at
185 cm-1 in [Re(CO)4(bpy)]+.
3.3. Luminescence Spectra.The spectrum of a polycrys-

talline sample at 10 K is shown at the bottom of Figure 6, with
the single crystal absorption origin region included for com-
parison. The luminescence is red-shifted with respect to the
absorption origin, and the spectrum at 10 K exhibits a rich fine
structure. At higher temperature the structure fades out, the

Figure 3. IR spectra of a 10-4 M solution of [Re(CO)4(ppy)] in CH2Cl2
and of crystalline [Re(CO)4(ppy)] in a KBr matrix.

Figure 4. Vis/UV absorption spectrum of a 10-5 M solution of
[Re(CO)4(ppy)] in heptane at 295 K supplemented by the unpolarized
single-crystal absorption spectrum at 7 K (1000 times enlarged).

Figure 5. Polarized single-crystal absorption spectra of [Re(CO)4(ppy)]
at 7 K. The light propagation vector is perpendicular to the largest
crystal face (110). A and B refer to the extinction directions of the
crystal. Fundamental vibrational sidebands and their combination bands
for theφ ) 1563 cm-1 mode are indicated.

Figure 6. Luminescence spectra of crystalline [Re(CO)4(ppy)] (bottom)
and dissolved in octane and in a PMMA glass (10-3 M, middle). The
luminescence line narrowed spectra of the same glasses are shown at
the top. The arrow indicates the position of the exciting laser. All the
spectra were registered at 10 K.
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band shape changes, and the intensity decreases. This lumi-
nescence is obviously dominated by traps. The following two
traces in Figure 6 show the [Re(CO)4(ppy)] luminescence at
10 K in PMMA and octane matrices after broad-band excitation
with a xenon lamp. They show the structure typically found in
ligand-centered transitions but with considerable inhomogeneous
broadening. Their relative displacement by about 300 cm-1

reflects the different environments in the two matrices. Excita-
tion with a laser in the spectral region of the first electronic
origin (arrow in Figure 6) leads to a sharpening of the features
and the occurrence of some very sharp lines on the high-energy
side of the vibrational sidebands (see the upper two traces of
Figure 6). The sharp lines between 18 800 and 18 900 cm-1

in the uppermost trace are C-H stretch Raman lines of octane.
The luminescence decay is single exponential for [Re(CO)4-

(ppy)] dissolved in PMMA and octane but not for the crystalline
sample. In PMMA the decay time is temperature independent
between 10 and 150 K with a valueτ ) 89( 5 µs. Between
150 and 250 K it drops to 1.2µs, and above 250 K the
luminescence is too weak to be detected. The luminescence
intensity drop between 150 and 250 K is similar to the lifetime
drop, indicating that nonradiative processes become efficient
in this temperature range.
3.4. Extended Hu1ckel Calculations. Fenske-Hall calcula-

tions on bpy, ppy-, and complexes containing these ligands have
been published before.11 However, the authors did not show
the spectroscopically relevant orbitals. For this reason we
carried out extended Hu¨ckel calculations for the free ligand
anion ppy- and for the complex [Re(CO)4(ppy)] using the
CACAO program by Mealli and Proserpio.12 The positions of
the atoms were chosen according to the crystallographic results
of [Re(CO)4(ppy)] (see section 3.1), both for ppy- and for the
complex. The ppy- rings were considered to be completely
planar, thus assuringCsmolecular symmetry, and all the C-H
distances were taken as 0.95 Å. The energy level schemes for
the free ligand and the complex and a pictorial representation
of some relevant orbitals are presented in Figure 7. For the
free ligand ppy- the LUMO is aπ*-orbital, whereas the HOMO
is an essentially nonbondingσ-orbital. In [Re(CO)4(ppy)] the
LUMO is the same as in the ligand. The HOMO, however, is
a π-orbital in the complex. The HOMO in ppy- drops
dramatically in energy between the free ligand and the complex.
It forms the Re+-C- bond in the complex, and another orbital
becomes the HOMO in [Re(CO)4(ppy)].
All the orbitals of the complex can be related to orbitals of

the ligand except the ones indicated with a, b, and c. These
are orbitals with a metal d-character of 45, 51, and 48%,
respectively. They make up the t2g set of metal orbitals if one
considers the complex to have approximateOh symmetry. The
metal d-character in the LUMO is 0% and in the HOMO 2%.

4. Discussion

4.1. Nature of the Lowest Excited State.The bands found
in the absorption spectrum of the 10-5 M solution of [Re(CO)4-
(ppy)] (Figure 4) can be classified in the following way: by
comparison with other ppy--containing complexes2a,3b,13and the
absorption spectrum of the free ppy,13 the bands between 30 000
and 40 000 cm-1 can be assigned to1LC transitions. The band
between 25 000 and 30 000 cm-1 lies in the region where
1MLCT transitions are expected, and we make this assignment.
The shoulder in the E||B crystal absorption spectrum around
25 700 cm-1 (Figure 5) is assigned to a3MLCT transition on
the basis of its energy and band shape.
The lowest-energy transition found in the single crystal

absorption spectrum has a very rich fine structure. It consists

of an electronic origin and a series of sidebands, which can be
related to vibrations of the ppy- ligand (Figure 5). By
comparison with the single crystal absorption spectrum of
[Re(CO)4(bpy)]+ 4aand its interpretation, the following tentative
assignment of theâ to φ modes can be made: theâ mode is a
ring bending mode;γ, δ, ε, andφ are ring deformation and
ligand breathing modes as shown in ref 14. The band shape
with the well-resolved and rich vibrational fine structure in the
crystal absorption spectrum is strongly indicative of an electronic
excitation which is essentially ligand-centered. Similar low-
temperature crystal spectra have been measured for [Rh(bpy)-
(ppy)2]PF6,2a [Rh(bpy)(thpy)2]PF62b (thpy ) 2-(2-thienyl)-
pyridine), [Ir(bpy)(ppy)2]PF6,3b [Ir(bpy)(thpy)2]PF6,3a and
[Re(CO)4(bpy)]PF6.4a In all these cases the transition was
assigned to a3LC excitation. This assignment is in good
accordance with the total absorption intensity. We estimate an
oscillator strengthf ) 4.2 × 10-5 for the lowest-energy
transition. In [Os(bpy)3]2+, which also exhibits a great deal of
fine structure in the low-temperature absorption spectrum, an
oscillator strength off ) 4× 10-4 is estimated,15 and a3MLCT
assignment has been made.
Using the formula3b,16

we can get an estimate of the radiative lifetime of the first
excited state from the measured absorption intensity. In eq 1f
is the oscillator strength,c is the velocity of light,ν is the
transition frequency,n is the refractive index, andge/gg are the
degeneracies of the excited and ground state, respectively. The
refractive index is not known. Choosing a valuen ) 1.5 and
taking f ) 4.2 × 10-5, we calculateτrad ) 74 µs. The
experimental lifetimeτ ) 89 ( 5 µs is therefore completely
radiative. In [Os(bpy)3]2+, on the other hand, the luminescence
lifetime at 4.2 K isτ ) 10.8µs,17 and in this case the emitting
state is considered to be a3MLCT state.
The phenomenon of luminescence line narrowing is well

established in the fluorescence spectroscopy at cryogenic
temperatures of aromatic organic molecules diluted into a host
crystal or glass matrix.18 In the complexes [Rh(bpy)(ppy)2]+,
[Rh(bpy)(thpy)2]+, [Ir(bpy)(ppy)2]+, [Ir(bpy)(thpy)2]+,2,3 we
found that the ligand-centered3LC luminescence could be
narrowed to a high degree. In [Re(CO)4(bpy)]+, on the other
hand, only a small fraction of the luminescence could be
narrowed,4b very similar to the results reported here for the title
compound (Figure 6). We do not fully understand all the factors
that determine the efficiency of the narrowing process. How-
ever, we can take the fact that narrowing does occur as an
indication that the transition is essentially ligand centered.
A further confirmation is found in the results of the extended

Hückel calculation (Figure 7). The transition from HOMO to
LUMO is essentially ligand-centered since the HOMO has only
2% metal character. MLCT transitions from the molecular
orbitals designated a, b, and c to the LUMO are also possible,
but they are expected at higher energy. Since an extended
Hückel calculation takes no account of electron-electron
interactions, it is impossible to calculate the energy splitting
between the corresponding1MLCT/3MLCT and 1LC/3LC ex-
citations. But it is well established from experiments that the
1LC/3LC splitting is considerably larger than the1MLCT/3MLCT
splitting. The former is typically larger than 10 000 cm-1,
whereas the latter is typically of the order of 2000-4000 cm-1.
We thus expect a3LC first excited state on the basis of the
energy level scheme in Figure 7.

τrad) 1.5× 104(1f )
(c/ν)2

n((n2 + 2)/3)2
ge
gg

(1)
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4.2. Mixing of LC and MLCT Character. There is ample
experimental evidence that the first excited state which we have
classified as triplet LC has some singlet character. Its oscillator
strength as determined from the absorption spectrum,f ) 4.2
× 10-5, is about 4 orders of magnitude bigger than in the free
ppy- ligand, where the lowest singlet-triplet absorption is too
weak to be detected.19,20 Conversely, the luminescence lifetime
τ ) 89 ( 5 µs of the title complex is at least 3 orders of
magnitude shorter than the lifetimeτ > 0.1 s of ppy-.20 In
[Ir(bpy)(ppy)2]+ the nominally ppy- centered ligand excitations
have radiative lifetimes of 4.5µs.3c The significantly longer
lifetime in the title complex is the result of a much larger energy
gap to the relevant MLCT states, resulting in a smaller admixture
of MLCT character.
The observation of theR modes in the vibrational sideband

structure of the crystal absorption spectrum in Figure 5 is further
evidence for the LC-MLCT mixing. The R mode has an
energy of 99 cm-1, and we assign it to Re-ligand vibrations.
Such modes have been observed in the sidebands of other
complexes [Ir(bpy)(ppy)2]+,3b [Re(CO)4(bpy)]+,4a [Pt(thpy)2],21

and [Pd(thpy)2].21 Their intensity can be taken as a measure of
the MLCT character mixed into the first excited state. Also
the shoulder about 100 cm-1 from the exciting laser line in the
LLN spectrum in octane is probably a metal-ligand vibration.
We adopt the model of Komada et al.22 for an estimate of

the LC-MLCT mixing. The authors of ref 22 use second-order
perturbation theory to calculate the MLCT character in the
lowest-energy3LC state. The lowest-energy1MLCT states are
considered as the sources of MLCT character, and spin-orbit
coupling provides the relevant perturbation. We have used this
formalism for estimating the LC-MLCT mixing in the first
excited state of other related complexes.4 Here we refer to refs
22 and 23 and give only a brief summary.
Second-order perturbation theory leads to the following

intensity f3LC which is mixed in by spin-orbit coupling with
the spin-allowed1MLCT excitation:

with the values off3LC, f1MLCT, ν1MLCT, andν3LC taken from the
crystal and solution spectra in Figure 4, we obtain a value of
117 cm-1 for the matrix element. From this we can calculate
the mixing coefficienta in the perturbed3LC wave function:

The coefficienta is given by

which, with the above numbers, is about 1.8%. A value of 3%
was estimated for [Re(CO)4(bpy)]+.4a

A result of this MLCT admixture to the3LC state is a zero-
field splitting (zfs) exceeding that of the free ligand. According
to ref 22 it can be expressed as follows:

The matrix element was evaluated above and the transition
energies can be taken from the absorption spectrum. Inserting

these values, we get a zfs of 1.5 cm-1. A value of 7.2 cm-1

was determined in the related [Re(CO)4(bpy)]+ complex.4a

Unfortunately, the zfs is not resolved in our spectra. From the
LLN spectra we can give an upper limit of 9 cm-1 for the ZFS,
which is compatible with the calculated 1.5 cm-1.
4.3. Solid State Effects. In the IR crystal absorption

spectrum (Figure 3) we observe energy splittings that are not
present in solution and that we ascribe to the particular packing
of the molecules in the present crystal structure. Four IR-active
C-O stretch vibrations are expected for an isolated [Re(CO)4-
(ppy)] molecule ofCs symmetry. This is what we observe in
solution; see Figure 3. In the crystal spectrum all the lines are
doubled. This is the result of an interaction between the
transition dipoles of nearest-neighbor molecules which are tilted
with respect to each other.24 The complexes designated D1 and
D2 in Figure 1 are two such molecules. We therefore have to
consider the dimer consisting of D1 and D2 as the spectroscopi-
cally relevant unit in our crystal. The dimer point symmetry is
C1 and since it contains eight CO groups we expect eight IR-
active C-O stretch vibrations as observed. Similar splittings
have been found in other crystals.25 This crystal effect is
expected to be biggest in crystals composed of neutral com-
plexes, in which the nearest-neighbor distance is smaller than
in a salt.
The presence of this dimer in the unit cell also has

consequences on the electronic excitations in the visible part
of the spectrum. The interaction of the electronic transition
moments of the two molecules leads to a so-called Davydov
splitting.26,27 Using the formulae of ref 26, we estimate an
energy splitting of 3 cm-1. This is smaller than the width of
the absorption bands and the splitting therefore remains
unresolved.
The experimental intensity ratio for the two polarizationsI(A)/

I(B) in Figure 5 is six. We can use this to determine the
molecular transition moment directionsMbD1 andMbD2. (MbD1

and MbD2 are the transition moment vectors of D1 and D2,
respectively.) Figure 8 shows a projection of D1 and D2 onto

1
3

f3LC
f1MLCT

)
ν3LC

ν1MLCT
(〈3LC|Hso|1MLCT〉
hν1MLCT - hν3LC

)2 (2)

3LCpert) x1- a2 3LCpure+ a 1MLCT (3)

a)
〈3LC|Hso|1MLCT〉
E1MLCT - E3LC

(4)

zfs)

〈3LC|Hso|1MLCT〉2( 1
(E3MLCT - E3LC)

- 1
(E1MLCT - E3LC))

(5)

Figure 7. Results of the extended Hu¨ckel energy calculations for ppy-

(left) and [Re(CO)4(ppy)] (middle). The wave functions of the relevant
complex orbitals are shown. The contribution of the out-of-plane CO’s
are not shown to prevent confusion with the contribution of the metal.
The orbitals a, b, and c are the nominal “metal orbitals”.
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the (110) plane, i.e. the crystal face used in the experiment.
We assumeMbD1 andMbD2 to lie within their respective molecular
planes, and by a simple trigonometric exercise using the
experimentalI(A)/I(B) ) 6, we obtain the transition moment
projections shown in Figure 8. In contrast to [Re(CO)4(bpy)]+

the transition moment is not completely short-axis-polarized.4a

It is tilted toward the pyridine end of the ppy- ligand, very
similar to the situation in [Rh(ppy)2(bpy)]+.2a

A confirmation and interpretation of this tilt is obtained from
a calculation of the transition moment using the wave functions
of the extended Hu¨ckel calculation. In section 4.2 we have
identified the lowest-energy MLCT excitations as the principal
source of intensity for our nominal3LC excitation. Possible
candidates of one-electron MLCT transitions are a, b, cf
LUMO transitions. af LUMO is the most likely because it
has the lowest energy. bf LUMO is ruled out because being
σ f π it is symmetry forbidden in first order, and cf LUMO
is neglected because it lies a few thousand wavenumbers higher
in energy. Using the formalism of ref 28 the so-called transition
charge densityFkl can be expressed as follows:

whereφk andφl are the functions of the initial and final orbital,
respectively. For the transition af LUMO the result is shown
in Figure 9, together with the resulting moment direction. This
direction is reasonably close to the experimental one. The tilt
toward the pyridine part is overestimated by the calculation.
4.4. Comparison with [Re(CO)4(bpy)]+. One of the main

aims of this work was to investigate the effect of cyclometalation
on the spectroscopic and excited state properties. The crystal
absorption spectrumof both [Re(CO)4(ppy)] and [Re(CO)4(bpy)]-
PF64a shows well-resolved fine structure at cryogenic temper-
atures. In both cases this can be used to derive considerable
information about the nature of the first electronic excitation.
In both complexes we obtain an admixture MLCT character to
the nominally ligand-centered first excited triplet state, brought

about by spin-orbit coupling. The relevant coupling matrix
element is 261 cm-1 in [Re(CO)4(bpy)]PF6 and 117 cm-1 in
[Re(CO)4(ppy)]. This difference is partially compensated by
the energy difference between the3LC and the1MLCT states
which is larger in [Re(CO)4(bpy)]PF6. The admixture drops
from 3% in [Re(CO)4(bpy)]+ to 1.8% in [Re(CO)4(ppy)]. Both
3LC and 1MLCT states are slightly red-shifted in [Re(CO)4-
(ppy)].
The transition moment of the first excitation is short-axis-

polarized in [Re(CO)4(bpy)]PF6, but in [Re(CO)4(ppy)] it has a
long-axis component, tilting toward the pyridine part of the ppy-

ligand. This is the result of an asymmetrical electron distribution
in the metal orbitals involved in the MLCT excitations. This,
in turn, is clearly a reflection of the different bonding charac-
teristics of the N and C- ends of the ppy- ligand. And it can
be understood in very simple electrostatic terms: the lowest-
energy one-electron excitation from the metal to the ligand
avoids the negatively charged phenyl C atom, it is therefore
directed toward the N end of the ligand.
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