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Oligothiophenes incorporating MM quadruple bonds have been
prepared from the reactions between Mo2(TiPB)4 (TiPB ⴝ 2,4,6triisopropyl benzoate) and 3ⴕ,4ⴕ-dihexyl-2,2ⴕ-:5ⴕ,2ⴖ-terthiophene5,5ⴖ-dicarboxylic acid. The oligomers of empirical formula
Mo2(TiPB)2(O2C(Th)-C4(n-hexyl)2S-(Th)CO2) are soluble in THF and
form thin films with spin-coating (Th ⴝ thiophene). The reactions
between Mo2(TiPB)4 and 2-thienylcarboxylic acid (Th-H), 2,2ⴕbithiophene-5-carboxylic acid (BTh-H), and (2,2ⴕ:5ⴕ,2ⴖ-terthiophene)-5-carboxylic acid (TTh-H) yield compounds of formula
trans-Mo2(TiPB)2L2, where L ⴝ Th, BTh, and TTh (the corresponding
thienylcarboxylate), and these compounds are considered as models for the aforementioned oligomers. In all cases, the thienyl
groups are substituted or coupled at the 2,5 positions. Based on the
x-ray analysis, the molecular structure of trans-Mo2(TiPB)2(BTh)2
reveals an extended L-M2␦-L conjugation. Calculations of the
electronic structures on model compounds, in which the TiPB are
substituted by formate ligands, reveal that the HOMO is mainly
attributed to the M2␦ orbital, which is stabilized by back-bonding
to one of the thienylcarboxylate * combinations, and the LUMO
is an in-phase combination of the thienylcarboxylate * orbitals.
The compounds and the oligomers are intensely colored due to
M2␦–thienyl carboxylate * charge transfer transitions that fall in
the visible region of the spectrum. For the molybdenum complexes
and their oligomers, the photophysical properties have been studied by steady-state absorption spectroscopy and emission spectroscopy, together with time-resolved emission and transient absorption
for the determination of relaxation dynamics. Remarkably, THF solutions the molybdenum complexes show room-temperature dual
emission, fluorescence and phosphorescence, originating mainly
from 1MLCT and 3MM(␦␦*) states, respectively. With increasing number of thienyl rings from 1 to 3, the observed lifetimes of the 1MLCT
state increase from 4 to 12 ps, while the phosphorescence lifetimes
are ⬇80 s. The oligomers show similar photophysical properties as
the corresponding monomers in THF but have notably longer-lived
triplet states, ⬇200 s in thin films. These results, when compared
with metallated oligothiophenes of the later transition elements,
reveal that M2␦–thienyl  conjugation leads to a very small energy
gap between the 1MLCT and 3MLCT states of <0.6 eV.
photophysics 兩 dual emission

B

ecause of their potential applications in optoelectronic and
magnetic devices, conjugated organic polymers have received much attention (1–3), and oligothiophenes, which constitute one important subclass of these materials, have been
found to show excellent hole transport properties (3–7). We have
been interested for some time in incorporating MM quadruple
bonds into these oligomers by use of the carboxylate tether
(8–10), such that the M2␦ electrons can be brought into conjugation with an extended -framework of the thiophene moiety.
As shown in Scheme 1, the out-of-phase combination of the
carboxylate * orbitals mix strongly with the M2␦ orbital
whereas the in-phase combination has no symmetry match (11).
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0807411105

Scheme 1.

Mixing of trans-L * combinations with the M2 ␦.

Earlier studies in this laboratory have drawn a conclusion that
the orbital energy of the M2␦ lies between the filled thienyl
valence -band and its empty * band (8, 10). Moreover, the
M2␦ orbital energy can be tuned by selection of the metal, e.g.,
Mo vs. W, as well as the attendant ligands at the dinuclear center
(8). In this article, we report our studies of the photophysical
properties of oligothiophenes incorporating MM quadruple
bonds with attendant 2,4,6-triisopropylbenzoate ligands, TiPB.
By virtue of steric bulk and alkylation, we achieved transsubstitution at the dinuclear center and enhanced solubility. The
dicarboxylate linker used in the oligomer syntheses is depicted in
Scheme 2 Upper. To maximize -conjugation along the thienyl
chain, we have maintained the 2,5-substitution pattern at the
core C4S ring, while n-hexyl substituents are introduced at C(3)
and C(4) position to increase solubility (5, 12–20).
The oligomers derived from the dicarboxylate linkers are also
compared with the discrete molecular complexes of the type
trans-M2(TiPB)2L2 (L ⫽ thienyl carboxylates) shown in Scheme
2 Lower.
A preliminary communication on some relevant aspects of this
work was published (11) wherein we noted that the thin films of
the oligomers showed electroluminescence when fabricated into
an LED device (21, 22). We also note that other groups, in
particular Wolf and Raithby and their respective coworkers
(23–27), have incorporated certain metal ions into oligothiophenes, but their focus was mostly on elements of the later
transition metals.
Author contributions: M.H.C. designed research; G.T.B., Y.-H.C., F.F., Y.G., M.-L.H., Y.L., and
R.R. performed research; J.C.G. contributed new reagents/analytic tools; P.-T.C., T.L.G., and
C.T. analyzed data; and M.H.C., P.-T.C., Y.-H.C., Y.G., T.L.G., Y.L., and C.T. wrote the paper.
The authors declare no conflict of interest.
Data deposition: The atomic coordinates have been deposited in Cambridge Structural
Data Centre (CCDC).
‡To

whom correspondence should be addressed. E-mail: chisholm@chemistry.ohio-state.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0807411105/DCSupplemental.
© 2008 by The National Academy of Sciences of the USA

PNAS 兩 October 7, 2008 兩 vol. 105 兩 no. 40 兩 15247–15252

CHEMISTRY

Contributed by M. H. Chisholm, August 14, 2008 (sent for review May 1, 2008)

UV-visible absorption spectra, which reveal a bathochromic shift
of the 1MLCT transition with increasing number of thienyl rings
(vide infra). It should be noted that in low viscous solvents such
as THF the rotational barrier of the C–C bonds for both
carboxylate–thienyl and thienyl–thienyl rings is expected to be
low, compared with thermal energy. For the oligomers, the
introduction of the 3,4-hexyl substituents will impede the
ground-state planarity due to steric hindrance, and this leads to
a broadening of the 1MLCT absorptions (vide infra).
Electronic Structure Calculations. To gain insight into the correlaScheme 2.

Structures of the ligands.

Results and Discussion
Structure of Mo2(TiPB)2(BTh)2. To provide some structural insight

into the nature of the species under consideration, we undertook
a single-crystal x-ray structural determination of the compound
Mo2(TiPB)2(BTh)2. An ORTEP drawing of the molecular structure is shown in Fig. 1.
In the solid state, there are pairs of Mo2 units that are related
by a crystallographically imposed inversion center. The Mo2
units are linked via the agency of weak Mo䡠䡠䡠carboxylate oxygen
bonds, as is often seen in the laddered structures of Mo2(O2CR)4
compounds (8). The Mo2 unit is also ligated by a weakly bound
THF molecule. This long Mo䡠䡠䡠O bond distance is 2.554(4) Å.
Full structural details are given in supporting information (SI)
Tables S1–S5.
The trans-substitution at the dinuclear unit is anticipated
based on steric considerations and was previously observed in a
related bisazulenecarboxylate compound supported by two TiPB
ligands and in Mo2(TiPB)2(Th)2 (10). The orientation of the aryl
ring of one of the TiPB ligands is twisted by an angle of 73.9°
from the plane containing Mo-Mo and the associated carboxylate group to minimize steric repulsive interactions, resulting in
the loss of conjugation between the -orbitals of the phenyl ring
and the M2␦ orbital. The analogous dihedral angle for the
other TiPB ligand is 77.4°. In contrast, the trans-BTh ligands
are nearly planar and hence maximize the L–M2␦–L
conjugation. It is reasonable to anticipate that a similar structure
is adopted for the terthienyl carboxylate compound of formula
Mo2(TiPB)2(TTh)2 and also for the trans-substituted oligomers.
Evidence for this type of extended -conjugation is seen in the

Fig. 1.

tion between electronic structures and spectroscopic properties
(UV-visible absorption and emission) of the species under
consideration, we carried out electronic structure calculations on
the model compounds trans-Mo2(HCO2)2L2, where L ⫽ Th,
BTh, and TTh, by employing density functional theory (DFT)
(28–31) as implemented in the Gaussian 03 programs (32).
Geometry optimization was performed under Ci and C1 symmetry, and details are elaborated on in SI Materials and Methods.
In brief, the HOMO was calculated to be mainly the Mo2␦ orbital
that is further stabilized via -back-bonding to the out-of-phase
combination of the two thienyl carboxylate * orbitals. Such a
configuration is consistent with that depicted in Scheme 1. This
stabilization of the M2␦ is, however, offset by the filled 
interactions with the thienyl carboxylate ligands as seen in the
electrochemical data (vide infra).
The nature of the unoccupied lowest-energy orbitals depends
on the number of thienyl rings. For one thiophene ring, the
LUMO is calculated to be the Mo2␦* orbital, and the LUMO ⫹1
and LUMO ⫹2 are the in-phase and out-of-phase thienyl
carboxylate * orbitals, respectively, as anticipated from Scheme
1. With two thienyl rings, the M2␦* orbital lies between the
in-phase and out-of-phase ligand * orbitals, whereas for the
terthienyl carboxylate, the M2␦* orbital lies above both. Qualitatively, the energy separation between the in-phase and outof-phase thienyl carboxylate * orbitals is a measure of the
degree of M2␦ to ligand *-back-bonding. As the number of
thienyl rings increase, the orbital energies of the ligand *
orbitals fall. Conversely, -conjugation increases the relative
energies of the filled ligand based  orbitals. These frontier
orbitals are shown for the three model compounds in Fig. 2.
Time-dependent DFT calculations were also carried out, and
these predict that the lowest-energy electronic transitions of high

Crystal structure (Left) and packing diagram (Right) for Mo2(TiPB)2(BTh)2. A disordered solvent molecule of THF is omitted for clarity.
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intensity correspond to M2␦ 3 ligand * and that these move to
lower energy with increasing number of rings, n. The M2␦-to-␦*
singlet transitions are weak by comparison and are anticipated to
be masked by the 1MLCT. At higher energy, the calculations
predict intense absorptions due to ligand -to-* transitions,
1LLCT, and with increasing n these also move to lower energy.
Qualitatively, the time-dependent DFT predictions are consistent with expectations based on the molecular orbital energy
level diagram shown in Fig. 2.
Electrochemical Studies. The compounds Mo2(TiPB)2L2 were

studied by cyclic voltammetry. In THF solutions, they all show
one reversible oxidation wave close to the Cp2Fe0/⫹ couple. With
increasing number of rings, this oxidation becomes easier. The
complexes also show quasi-reversible reduction waves, which we
associate with thienyl ring reductions. With increasing number of
rings, these reduction waves also move to lower potentials, as
might be expected from both the electronic structure calculations and also simple considerations of charge delocalization.
The differential-pulse voltammogram (DPV) and cyclic voltammogram (CV) curves corresponding to the oxidation of the Mo2
centers and reduction of the thienyl ring, respectively, are shown in
Fig. S1, and the oxidation potentials are listed in Table 1.
Absorption Spectra. A comparison of the room-temperature electronic absorption spectra for the three compounds in THF and
the oligomer in THF and as a thin film are shown in Fig. 3. As

predicted by the time-dependent DFT calculations, both the
1MLCT and the 1LLCT move to lower energy with increasing
number of rings. The similarity between the model compound
Mo2(TiPB)2(TTh)2 and the oligomer is quite apparent. The
broadness—i.e., full width at half maximum (FWHM)—of the
1MLCT arises from the Boltzmann distribution of dihedral
angles between the O2C–ring–ring planes at room temperature.
In solution, the oligomer is only slightly broader in its spectral
features than the discrete complex Mo2(TiPB)2(TTh)2, but as a
thin film, it is notably broader. A comparison of the observed and
calculated spectral data is given in Table 1.
Emission Spectra. The compounds under consideration show
room-temperature dual emission: both fluorescence and phosphorescence. Because of instrumental limitations, a quantitative
comparison of fluorescence and phosphorescence was difficult.
The singlet and triplet emission spectra are shown in Fig. 4.
At low temperature, emissions assigned to the 1MLCT states
show vibronic features associated with the aromatic carboxylate
group (⬇1,150 cm⫺1) (see Fig. S2). The emission lifetimes are
estimated by up-conversion to be ⬇20 ps, which supports the
view that these are fluorescence.
Excitation spectra confirmed that the fluorescence originated
from the compounds and not impurities derived from degradation. The free thienyl carboxylic acids fluoresce with much
longer lifetimes, ⬎ 100 ps.
The triplet emission is also shown in Fig. 4 for all three

Table 1. Comparison of calculated and experimentally observed properties for the various carboxylate complexes
of MM quadruple bonds at 298 K in THF and as a film

Mo2(TiPB)2Th2
Mo2(TiPB)2BTh2
Mo2(TiPB)2TTh2
[Mo2(TiPB)2DHTT]x
[Mo2(TiPB)2DHTT]x (film)

abs, nm

em, nm

 (1MLCT), ps

 (3MM␦␦*), s

calc, nm

E1/2, V

443
500
527
519
520

574
668
707
730
700

4
7
12
10
—

77
83
72
37
200

441
515
559
—
—

0.50
0.48
0.48
—
—

The oxidation potentials are referenced with respect to the Cp*2Fe0/⫹ couple.
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Fig. 2. Energy level diagram of frontier molecular orbitals for Mo2(HCO2)2L2 model compounds, where L ⫽ Th, BTh, and TTh. Selected frontier molecular orbital
plots calculated for Mo2(HCO2)2(TTh)2. Note that the orbitals are drawn with an isosurface value of 0.02.

Fig. 5.
GaussView plots of the frontier orbitals of the T1 state of
Mo2(HCO2)2L2, where L ⫽ Th, BTh, and TTh.
Fig. 3. Absorption spectra of monomer complexes Mo2(TiPB)2L2, where L ⫽
Th (red), BTh (orange), TTh (dark yellow) (Left), and monomer complex
Mo2(TiPB)2(TTh)2 (dark yellow), oligomer [Mo2(TiPB)2DHTT]x (green) in THF,
and [Mo2(TiPB)2DHTT]x thin film (blue) (Right).

compounds and the oligomer in THF solution. Quite remarkably, the phosphorescence is virtually identical in all cases. Thus,
we see that the energy gap between S1 and T1 decreases with
increasing number of rings, which is in marked contrast to the
findings of Friend and Raithby (33) in their study of metallated
conjugated polymers involving platinum. These authors noted
that with increasing conjugation the S1 3 S0 and T1 3 S0
emissions both moved to lower energy and that the S1–T1 gap
remained relatively constant at ⬇0.7 eV.
The emission spectrum of the oligomer in THF is red-shifted
with respect to the Mo2(TiPB)2L2 compound, which is consistent
with greater M2␦–thienyl  conjugation in the oligomer. However, as a thin film, the oligomer is notably blue-shifted, once
again providing an indication of a change in ring–ring and
ring–carboxylate dihedral angles in going from solution to the
solid state. In the solid state, the extent of M2␦–ligand 
conjugation is reduced.
The estimated lifetimes by emission decay of the phosphorescence ranged from 50 s for the oligomer to 100 s for the
Mo2(TiPB)2L2 compounds in the THF at room temperature (see
Fig. S6).
Calculation of the T1 States and Solvent-Dependent Studies. Puzzled

pounds Mo2(O2CH)2L2 where L ⫽ Th, BTh, and TTh, the T1
state was the 3MM␦␦* as shown pictorially by the GaussView
plots in Fig. 5. The calculated MM distances for the T1 state of
the molecules were 2.18 Å, which is notably longer than those of
the ground state, 2.11 Å.
Prompted by these predictions, we examined the absorption
and emission spectra of the compound Mo2(TiPB)2(BTh)2 in the
solvents THF, CH2Cl2, Et2O, MeCN, and MeOH (see Fig. S3).
The 1MLCT absorption and emission showed the expected
solvatochromism, but the triplet emission did not. This supports
the view that the phosphorescence is from the 3MM␦␦* state.
Transient Absorption Spectroscopy. Excitation into the

1LLCT

absorption bands gives rise to a transient absorption spectrum
that corresponds to that for the 1MLCT state. This indicates that
internal conversion (IC) is very rapid and occurs in ⬍300 fs. The
transient absorption spectra for the [Mo2(TiPB)2DHTT]x are
shown in Fig. 6 with excitation at 347 nm (1LLCT) and 515 nm
( 1 MLCT). The spectra for a similar experiment on
Mo2(TiPB)2(TTh)2 are shown in Fig. S4. The striking feature in
comparing the spectra in these figures is their similarity. Estimates of the lifetimes (shown in Table 1) of the two systems are
also within experimental error the same, ⬇12 ps. This is a further
demonstration of the direct observation of a 1MLCT state for a
transition metal complex and complements our earlier report on
Mo2(O2C-9-anthracene)4 (34). We also note that the lifetimes of
these transient absorptions are comparable with the lifetimes of

by these findings, we again turned to electronic structure calculations, which predicted that for all three of the model com-

Fig. 4. Photoluminescence spectra of Mo2(TiPB)2L2 complexes. (Left) Fluorescence spectra of monomer complexes Mo2(TiPB)2L2, where L ⫽ Th (red), BTh
(orange), TTh (dark yellow), and oligomer [Mo2(TiPB)2DHTT]x (green) in THF
and [Mo2(TiPB)2DHTT]x thin film (blue). (Right) Phosphorescence spectra of
monomer complexes Mo2(TiPB)2L2, where L ⫽ Th (red), BTh (orange), TTh
(dark yellow), and oligomer [Mo2(TiPB)2DHTT]x (green) in THF.
15250 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0807411105

Fig. 6.
Femtosecond transient absorption spectra of [Mo2(TiPB)2DHTT]x
oligomer in THF excited at 347 nm (Left) and 515 nm (Right), respectively. The
red lines in Lower are the time delay spectra collected at 630 nm, whereas the
green, black, and blue lines are the time delay spectra collected at 470, 520,
and 370 nm, respectively.
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Concluding Remarks. The present work reveals several interesting

and surprising features concerning the photophysical properties
of these oligothiophenes incorporating MoMo quadruple bonds.
(i) The spectral features of the model compound
Mo2(TiPB)2(TTh)2 and the oligomer are extremely similar. (ii)
In comparison to most second- and third-row transition metal
complexes, these systems show relatively slow 1MLCT 3 triplet
intersystem crossing. The lifetimes of the 1MLCT states, obs ⬃
10 ps, can be contrasted with the Intersystem Crossing ⱕ 200 fs
(35–37). (iii) With increasing number of rings, the S1–T1 gap
decreases in contrast to previous observations of metallated
oligothiophenes (33). For the species with three thiophene rings,
the S1–T1 gap is ⬇5,000 cm⫺1 or ⬇0.6 eV. If we accept that the
T1 state is the 3MM␦␦*, this result implies that the 3MLCT state
is ⬍5,000 cm⫺1 from the 1MLCT state. Given that the typical
S1-to-T1 energy gap for a conjugated oligothiophene is ⬇1.25 eV
(38, 39), and that Friend and Raithby (33) determined an S1–T1
gap of ⬇0.7 eV for their metallated oligothiophenes, the
1MLCT–3MLCT gap is remarkably small in our molybdenum
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Acad Sci USA 104:2563–2570.
9. Byrnes MJ, et al. (2004) Thienyl carboxylate ligands bound to and bridging MM
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quadruple bonds. Inorg Chem 43:6334 – 6344.
10. Chisholm MH, Epstein AJ, Gallucci JC, Feil F, Pirkle W (2005) Oligothiophenes incorporating metal-metal quadruple bonds. Angew Chem Int Ed 44:6537– 6540.
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complexes. This indicates a great deal of mixing of the metal ␦
and organic  systems to affect such a significant spin-orbit
coupling in the MLCT states. Furthermore, Wong et al. (40), in
their studies of donor–acceptor oligothiophenes incorporating
Pt, observed only singlet emission in the range 500–700 nm, and
they surmised that triplet emission was not observed because of
nonradiative decay of the low-energy triplet state. The incorporation of Mo2 units into oligothiophenes is unique in generating
metal based triplet emission. (iv) Based on a knowledge of the
relative energies of the Mo2␦ and W2␦ orbitals, we anticipate that
the notably lower energies of the W2␦-to-thienyl * transitions
will lead to T1 states being 3MLCT for related tungsten complexes.
Further studies of these fascinating systems are clearly warranted.
Materials and Methods
Synthesis. The oligomeric material was prepared in dried toluene from the
reactions between Mo2(TiPB)4 and 1 eq of the respective dicarboxylic acid
(shown in Scheme 2 Upper). The discrete dinuclear compounds were prepared
similarly in dried toluene from the reactions between Mo2(TiPB)4 and 2 eq of
the monocarboxylic acids (shown in Scheme 2 Lower). Detailed synthetic
methodology was elaborated upon in ref. 10. It is worth noting that the lack
of the appearance of diastereotopic methyl groups in the 1H NMR spectra for
the compounds Mo 2 (TiPB) 2 L 2 is consistent with the expected transsubstitution at the dinuclear unit. A similar situation pertains to the oligomers
of empirical formula [Mo2(TiPB)2(O2C(Th)-C4(n-hexyl)2S-(Th)CO2)] henceforth
identified as [Mo2(TiPB)2DHTT]x. However, the propensity of these materials
to swell and form gels in THF undoubtedly reflects imperfections in polymer
structure such as cis- or tri-substitution by the dicarboxylate linker. The latter
would lead to cross-linking. According to 1H NMR spectroscopy, there is little
evidence of endgroups or tri-substitution. However, by means of MALDI-TOF
mass spectrometry, we do find evidence for shorter chains and molecular
loops. Given the facile ligand scrambling for Mo2(O2CR)4 compounds (41),
which can be brought about by adventitious carboxylic acid or carboxylate
anions, these oligomers can be viewed to exist as a dynamic equilibrium of
species.
Measurements. The measurements of electrochemistry, absorption, emission
and nanosecond time-resolved transient absorption were performed according to previously reported procedures (42) and described in detail in SI
Materials and Methods. Steady-state NIR emission spectroscopy has been
reported (43) and is described in detail in SI Materials and Methods. The details
of femtosecond time-resolved transient absorption and up-conversion experiments are described in SI Materials and Methods. The setup of the emission
decay was reported in previous works (44).
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the emissions determined by up-conversion. This supports the
view that the ultrafast transient absorptions are associated with
the emissive states, S1 (1MLCT).
When the complexes are excited into their 1MLCT states and
transient absorption spectra are recorded on the nanosecond
time scale, we observed the formation and decay of the T1 states,
now assigned as 3MM␦␦* states. The transient absorption spectra for the three discrete complexes in THF and the oligomer of
the terthiophenedicarboxylate, both in THF solution and as a
thin film, are shown in Fig. S5. The lifetimes (shown in Table 1)
of the 3MM␦␦* states for the discrete complexes Mo2(TiPB)2L2
fall in the range of 70–80 s (see Fig. S6). In contrast, the
3MM␦␦* lifetimes of the oligomers in THF solution are somewhat shorter (⬇40 s) but as a thin film are notably longer (⬇200
s). We attribute the different triplet lifetimes of the oligomers
from those of the discrete complexes to the relative rates of
triplet–triplet quenching. In solution these are greater for the
oligomers as a result of diffusion, whereas as a thin film these are
suppressed because of the lack of motion.
The lifetimes of the long-lived transient absorptions support
the view that these originate from the phosphorescent states.
A Jablonski diagram summarizing the photophysical properties of the terthienyl complex and its related oligomer is shown
in Fig. S7. This again reveals the striking similarities of the two
systems with the exception of the lifetimes of the 3MM␦␦* states for
the oligomers in solution and as thin films. For the thin films, we
were not able to determine the rate of intersystem crossing because
of the destruction of the thin films under laser irradiation.
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