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We present a first-principles study of the structural, electronic, and optical properties on
mercury-containing diethynylfluorene monomer, oligomer, and polymer. The aim of our
quantum-chemical calculations is to shed light on the role of the transition metal centers in
the organometallic system in terms of electronic structure and to estimate the influence of
metal on the optical properties of the mercury polyyne polymer as well as the nature of
luminescence in the polymer. The results indicate that there is a weak electronic interaction
between the metal-based fragment and the π-conjugated organic segments, and consequently
the photophysical properties are mainly based on the diethynylfluorene π-conjugated
fragment (TFT) with little contribution from the metal center. The role of the metal center
can be described as weak delocalization coupled with strong localization characteristics along
the organometallic polymer backbone. The lowest singlet and triplet excited state have been
studied by the singles configuration interaction (CIS) method and time-dependent density
functional method (TDDFT). Comparison of the CIS optimized excited state structure and
the Hartree-Fock ground state structure indicates that the geometric shift is mainly confined
within one repeat unit in polymer. This strongly localized character of the excited state is
illustrated by a frontier orbital contour plot and explained as the effect of the heavy metal,
which forms some barrier to delocalization along the conjugated chain. Both singlet and
triplet excited states of the polymer are localized mainly on the conjugated ligand segment.
Through the chain length dependence of emission energies, we extrapolated an emission
peak at 384.9 nm in the polymer, which is comparable to 382 nm observed experimentally
for solution phase photoluminescence.

Introduction

There is rapidly growing interest in the study and
design of conjugated organometallic complexes and
polymers due to their potential applications in electronic
and optoelectronic devices such as lasers, photocells, and
light-emitting diodes (LEDs).1 In this respect, rigid-rod
metal acetylide materials have attracted the attention
of a number of research groups.2 In earlier work on
metal polyynes, a vast range of platinum(II) and gold-
(II)-containing monomers and polymers have been
prepared where alkynyl units are separated by a variety
of aromatic ring systems (phenyl, pyridyl, oligothienyl

etc.) with different electronic properties.3 Recently much
effort has been devoted by Wong and others in employ-
ing fluorene-based spacers to making luminescent bi-
metallic and organometallic polyyne materials,4 where
the fluorene moiety provides a rigidly planarized biphe-
nyl structure within the polymer backbone as well as
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(3) (a) Chawdhury, N.; Köhler, A.; Friend, R. H.; Wong, W. Y.; Lewis,
J.; Younus, M.; Raithby, P. R.; Corcoran, T. V.; Al-Mandhary, M. R.
A.; Khan, M. S. J. Chem. Phys. 1999, 110, 4963. (b) Chawdhury, N.;
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the possibility of remote functionalization at the C-9
position. Wong and Liu report first examples of well-
defined rigid-rod mercury(II) polyynes with a 9,9-
dialkylfluorene spacer (Hg-TFT)∞,5 which are highly
soluble in common organic solvents such as chloroform
and dichloromethane. This is a prerequisite to fabricate
organic light-emitting diodes (OLEDs) by the spin-
coating method.

To our knowledge, few experimental investigations
have been performed on the structure-property rela-
tionship of mercury-based polyynes.6 Experimental
measurement, in conjunction with molecular orbital
theory, is a valuable tool in analyzing the electronic
structure of polymers because it allows an estimate not
only of the relative energies of the electronic levels but
also of their detailed distribution over the molecule. In
recent years, the theoretical methods of quantum-
chemistry have provided significant insight into the
electronic and optical properties of conjugated poly-
mers.7 We can reveal the molecular electronic structure
of the ground and lowest excited state as well as the
nature of absorption and photoluminescence through
quantum calculation. For commercial exploitation of this
kind of rigid-rod metal polyyne and for direct applica-
tion-aimed synthesis, a thorough understanding of the
relationship between electronic structure and optical
property is necessary. It seemed an attractive goal for
us to perform detailed theoretical investigation on d10

mercury polyynes with fluorenyl linkers.
The majority of the studies on polymers using quan-

tum-chemistry methods consider, in fact, oligomers. The
general strategy is the simulation of a number of
oligomers of increasing length such that the properties
of the polymers can be inferred by extrapolating the
results.8 In this paper we have performed Hartree-Fock
(HF) and density functional theory (DFT) calculations
on a series of ground-state mercury diethynylfluorene
oligomers (Hg-TFT)n (n ) 1-3) as well as their free
ligand (TFT)n (n ) 1-3). Given the intrinsic role that
excited-state formation plays in the basic photophysics
of conjugated polymers and further in their technolog-

ical applications such as organic light-emitting diodes,
the excited state properties may be as significant as or
of greater significance than the ground state properties
of these systems. Thus, it is of considerable significance
to characterize the excited states of model systems.
Comparison of the results obtained from these calcula-
tions should allow us to obtain useful information
concerning the influence on the electronic structure and
lowest excitations of incorporating metal atoms along
the conjugated path. Moreover, the chain length depen-
dence of the transition energies was also taken into
consideration to estimate the spatial conjugation of the
lowest singlet and triplet excited state.

Computational Methods

Calculations on electronic ground states described in this
paper were performed at the ab initio HF and DFT levels of
theory as implemented within the Gaussian 03 software
package.9 Recent studies show that density functional theory
calculations are remarkably successful in predicting a wide
variety of problems in organometallic chemistry.10 Becke’s
three-parameter hybrid method11 using the Lee-Yang-Parr
correlation functional12 was employed (denoted as B3LYP)
here. Gradient optimizations were carried out using the 6-31G*
basis set13 for C and H atoms. Owing to the large number of
electrons and to account for relativistic effects, two basis sets
with inner electrons substituted by effective core potentials
(ECP) were employed for Hg. The first basis set was LanL2DZ,
which uses an ECP for inner electrons and double-ú quality
valence functions for the heavier elements.14 The second basis
set employs the ECP60MWB pseudopotential of the Stuttgart/
Bonn group.15 This yields two suites of basis sets used in
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calculation, denoted as L2 (LanL2DZ (3s3p3d)/[2s2p2d] basis
sets for Hg and 6-31G* for C, H) and E60 (ECP60MWB
(8s7p6d)/[6s5p3d] basis sets for Hg and 6-31G* for C, H),
respectively.

The structures of the model systems were optimized in the
first singlet excited state (S1) and triplet excited state (T1)
using configuration interaction with all singly excited deter-
minants (CIS).16 In a few cases the geometry of the T1 was
examined by optimizing the structure at the unrestricted
B3LYP level.

On the basis of ground and excited state optimization, a
time-dependent density functional theory (TD-DFT) approach17

was applied to investigate the excited state electronic proper-
ties of oligomers (Hg-TFT)n (n ) 1-3) at the B3LYP/E60 level.
For comparison and calibration, the free ligand TFT has also
been examined at the same level. Applications of TDDFT have
become reliable approaches for the theoretical treatment of
electronic excitation processes,18 and recent works demonstrate
the good accuracy for a wide range of organometallic systems.19

TD-B3LYP was utilized by Rillema et al. to interpret the
spectroscopic behavior of the monomer, dimer, and trimer of
[Pt(bph)(CO)2] in solution.19a Charmant and co-workers19b

successfully applied TD-DFT for studying the first excited state
features of platinum-thallium alkynyl complexes, from which
the luminescence is attributed to charge transfer from Tl-Pt
unit to the platinum metal fragments. M. D. Halls19c and R.
L. Martin19d have studied the lowest singlet excited states of
tris(8-hydroxyquinolate)aluminum (Alq3) with the TD-B3LYP
approach, and the calculated excitation and emission energies
were in excellent agreement with the experimental values.
Han and Lee19e also reported from their systematic calculations
on methyl-substituted tris(8-hydroxyquinolate)aluminum
(Almq3) that the TD-B3LYP method provided the most reliable
results for the transition energies. All the calculations de-
scribed here were performed at the SGI Origin 2000 server.

Results and Discussion

The properties of the polymer depend greatly on their
constituent monomer and oligomers. Here, we choose
mercury monomer (that will form the repeated unit of
the polymer under consideration) and oligomer
(Hg-TFT)n (n ) 1-3) as model systems (shown in Figure
1). To reveal the nature of bonding between the metal
center and diethynylflurene, oligo(2,7-diethynylflurene)
(TFT)n (n ) 1-3) were also taken into consideration (see
Figure 1). It should be pointed out that the dioctal

substitution at C-9 in the fluorine ring existing in
polymer (Hg-TFT)∞ offers the prospect of improved
polymer processing and mediating potential interchain
interactions in films.20 While this remote substitution
at C-9 produces less impact on the electronic structure
of the conjugated backbone, as confirmed by comparison
of frontier molecular orbitals between Hg-TFT and its
9,9-dioctal-substituted derivative (see Supporting In-
formation). Considering the trivial influence of the side
chain on the electronic structure of the polymer, we
replace it with an H atom for simple calculation. In fact,
it is common in theoretical calculations to use hydrogen
to substitute the alkyl side chain far from the polymer
backbone for simplicity.

Ground State Geometry. In Table 1 crystallo-
graphic data are compared to selected optimized struc-
tures of (Hg-TFT)1 at B3LYP/L2 and B3LYP/E60 levels
of theory. Table 1 shows that in our calculation with
the small Lanl2dz basis set for mercury the bond
lengths of Hg-CC and Hg-CH3 are overestimated by
0.11 and 0.12 Å, respectively. Employing a larger basis
set, ECP60MWB, for mercury results in significantly
more accurate bond lengths, whose mean structural
deviations fall well within 0.014 Å. Therefore, treating
5s and 5p electrons in addition to traditional 5d, 6s
electrons explicitly in the calculations is significant in
description bonding of Hg acetylide, and we adopt this
basis set for Hg in oligomer (Hg-TFT)n calculations
hereafter.

The optimized structure of (Hg-TFT)1 exhibits nearly
planar geometry (the angles C-Hg-C, CtC-Hg, and
C-CtC are close to 180°), which is in agreement with
the X-ray measurement, where the bimercury centers
adopt a two-coordinate linear geometry in a rigid-rod
manner. However, there are no experimental values for
the conformation of mercury polyyne or oligomers. In
the absence of structural information, we have assumed
the oligomers to be planar because of two reasons: (i)
interchain interactions (packing force) tend to signifi-
cantly reduce the torsion angles between adjacent units
in the solid state (as is the case of oligophenylenes21a

and neutral hexapyrrole21b) (ii) electronic and optical
properties are weakly affected by small changes in
torsional angels.22 To determine the minimum energy
configuration as well as energy differences between the
cis- and trans-conformation, we perform fully geo-
metrical optimizations on (Hg-TFT)n (n ) 2-4) with
B3LYP/E60. The results show both trans- and cis-
conformations are local minima and the trans-confor-
mation is only slightly more stable than the cis one, by
about 0.02-0.04 kcal/mol. In view of the steric hin-
drance from the 9,9-dioctal substituent on the polymer
backbone, cis- and trans-alkyl-substituted (Hg-TFT)4 are
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investigated with the ONIOM method23 using B3LYP/
Genecp (ECP60MWB for Hg; 3-21G* for C and H) for
the core and HF/Genecp (ECP60MWB for Hg; sto-3G
for C and H) for the alkyl-substituted sections of the
molecule. This time the energy difference between trans-
and cis-conformations increases apparently by up to 0.56
kcal/mol. Both structures have similar bond lengths,
whereas the topology is quite different, as is illustrated
in Figure 2. It can be noted that only the chain of the
trans-configuration extends along the z axis, while the
chain of the cis-configuration exhibits a curvature due
to the steric effects. Recently, several oligo(fluorene)s’
derivatives with trans-conformation were synthesized
and characterized.24 Among these trans-oligomers, the

alkyl-substituted fluorene polyyne reported by Bunz et
al.24c most resembles our title system. In fact, many
polymers and oligomers were considered as anti-
conformation in quantum-chemical calculations.25 On
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Figure 1. Structures of the polymer and monomers that have been investigated, together with the abbreviations that are
used for them. The triple bonds are abbreviated by T, and fluorene rings by F. Monomers and polymers are differentiated
by use of the subscripts 1 and ∞, respectively.

Table 1. Comparison of Calculated and Experimental Structural Data for (Hg-TFT)1

CtC (Å) Hg-CC (Å) Hg-CH3 (Å) C-Hg-C (deg) CtC-Hg (deg) C-CtC (deg)

calc L2 1.225 2.158 2.205 179.96 179.74 179.97
E60 1.224 2.046 2.096 179.93 179.94 179.93

expta 1.209(13) 2.045(8) 2.080(11) 177.75 176.87 178.78
a Experimental data from ref 5.

Figure 2. Interaction diagram showing the main contri-
butions to the LUMO, HOMO, nHOMO, and nLUMO in
Hg-TFT.
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the basis of the above analyses we choose the energeti-
cally favorable trans-configuration in the following
calculations. Meanwhile, work is in progress to inves-
tigate the optoelectronic properties of mercury polyyne
with cis-conformation and subsequently compare them
with corresponding trans isomer.

The stable structures of oligomers (Hg-TFT)n are
calculated and compared with their conjugated seg-
ments (TFT)n (n ) 1-3). Table 2 presents only the
variation of calculated bond length with the number of
repeat units n in the series of conjugated (Hg-TFT)n and
(TFT)n (n ) 1-3) because the bond angles and dihedrals
are nearly invariable.

It can be seen that the geometries change little with
increasing chain length in (Hg-TFT)n and (TFT)n. The
average bond length deviation is less than 0.003 Å in
both series, especially for series (Hg-TFT)n. All the
parameters remained nearly unchanged (<0.001 Å) on
going from (Hg-TFT)1, to (Hg-TFT)2, to (Hg-TFT)3. This
suggests that polymerization has little effect on the
geometrical structure of repeat unit Hg-TFT, and we
can describe the basic structures of the polymers as
their monomers. The only discrepancy between mono-
mer and polymer is that there exists a new kind of
bridging segment linking two adjacent fluorene seg-
ments in the polymers. For example, in (TFT)2 we have
inter-ring CtC (1.218 Å) labeled with superscript b
slightly larger than CtC (1.211 Å) in the terminal chain
labeled with superscript a; in (Hg-TFT)2 and (Hg-TFT)3,
the inter-ring bond length, 2.010 Å, between Hg and the
alkynyl carbon is smaller than the average 2.046 Å Hg-

C(acetylene) bond lying in the chain end. This is
probably to be expected since the inter-ring atom Hg
connected by two alkynyl carbons would accumulate
more positive charge than that in the chain end, which
results in a more polarized Hg-CC bond.

Comparing geometrical data between (TFT)n and (Hg-
TFT)n, one may find that coordination of the metal Hg
exerts little effect on the structure of the fluorene ring,
where the mean deviation is lowers less than 0.002 Å
and change mainly occurs on the alkynyl bridge. For
instance, the CtC bond length increases from 1.218 Å
in (TFT)3 to 1.223 Å in (Hg-TFT)3. This is the result of
coordination between the metal center and the alkynyl
carbon and may be indicative of a possible weak
elongation in conjugation through the metal center.

Electronic Structure. Rationalizing the nature of
the metal-carbon bond in mercury acetylide is crucial
for interpreting their photophysical properties and is a
logical prerequisite for the design of electronic materials
composed of metal-alkynyl building blocks.

A fragment calculation shows the main interactions
between the diethynylfluorene-based fragment -[CtC-
F-CtC]- (-[TFT]-) and the methyl mercury center
[MeHg]- in Hg-TFT with the conjugated structure lying
in the xz plane and the chain-axis oriented along z (see
Figure 2). For clarity, the contribution of each compo-
nent to a MO is also calculated besides assignment of
the composition of the MO on the basis of fragment
calculation. Table 3 shows frontier molecular orbital
components of Hg-TFT.

It can be seen that in Hg-TFT frontier occupied MOs
(nHOMOs) concentrate mainly on the fluorene ring or
alkynyl fragment or both of them, with little contribu-
tion from the d orbital of metal center. For example,
the first two orbitals in Hg-TFT consist mainly of π

(25) (a) Ehrendorfer Ch.; Karpfen, A. J. Phys. Chem. 1994, 98, 7492.
(b) Stafström, S.; Brédas, J. L. Phys. Rev. B 1988, 38, 4180. (c) Bakhshi,
A. K.; Ladik, J. Int. J. Quantum Chem. 1992, 42, 997. (d) Zojer, E.;
Pogantsch, A.; Hennebicq, E.; Beljonne, D.; Brédas, J. L.; de Freitas,
P. S.; Scherf, U.; List, E. J. W. J. Chem. Phys. 2002, 117, 6794-6802.

Table 2. Optimized Bond Lengths (Å) of (TFT)n and (Hg-TFT)n (n ) 1-3) with B3LYP/E60
(TFT)1 (TFT)2 (TFT)3 (Hg-TFT)1 (Hg-TFT)2 (Hg-TFT)3

C1-C2 1.411 1.414 1.414 1.413 1.413 1.413
C3-C4 1.391 1.391 1.390 1.392 1.391 1.391
C4-C11 1.398 1.398 1.398 1.399 1.399 1.399
C10-C11 1.412 1.412 1.413 1.413 1.413 1.413
C11-C12 1.465 1.464 1.463 1.465 1.464 1.464
C9-C10 1.516 1.516 1.516 1.516 1.516 1.516
C7-C14 1.428 1.428a 1.428a 1.427 1.427a 1.427a

1.422b 1.422b 1.426b 1.426b

CtC 1.210 1.211a 1.211a 1.224 1.224a 1.224a

1.218b 1.218b 1.223b 1.223b

Hg-CC 2.046 2.046a 2.046a

2.010b 2.010b

Hg-CH3 2.098 2.097 2.097
a Bond lies in the terminal chain. b Inter-ring bond between neighboring repeat fluorene rings.

Table 3. Molecular Orbital Components of Hg-TFT (%) at the B3LYP/E60 Level
orbital no. composition of MO

89 π*py (fluorene) (92%)
88 px (CtC) (14%) + px (Hg) (74%)
87 px (CtC) (14%) + px (Hg) (73%)
86 π*py (fluorene) (21%) + πpy (CtC) (15%) + py (Hg) (60%)
85(LUMO) π*py (fluorene) (67%) + πpy (CtC) (15%) + py (Hg) (17%)
84(HOMO) πpy (fluorene) (70%) + πpy (CtC) (26%) + dyz (Hg) (4%)
83 πpy (fluorene) (41%) + πpy (CtC) (54%) + dyz (Hg) (5%)
82 πpy (fluorene) (100%)
81 πpy (fluorene) (100%)
80 σ(fluorene) (17%) + πpx (CtC) (77%) + dxz (Hg) (6.4%)
79 σ(fluorene) (14%) + πpx (CtC) (79%) + dxz (Hg) (6.5%)
78 σpz (CtC) (24%) + S, pz (Hg) (32%) + pz (CH3) (39%)
77 σpz (CtC) (24%) + S, pz (Hg) (32%) + pz (CH3) (39%)
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orbitals of the ligand -[CtC-F-CtC]- (∼95%) and a
few metal dyz orbital components (∼5%), followed by two
orbitals containing completely π(py) of the fluorene ring
in the ligand fragment. On the contrary, improved
contribution from the metal p orbital can be found in
frontier virtual MOs (nLUMOs). For instance, the
lowest unoccupied orbital (LUMO) is a π* orbital with
atomic orbital contributions of 67% from the fluorene
ring, 15% from acetylene, and 17% from the py compo-
nent from mercury; as for the LUMO+1, Hg py composi-
tion increases to 60%. From these analyses, intraligand
excitation (IL) accompanied by little ligand-metal
charge transfer (LMCT) was expected during excitation.

The main bonding of an acetylide ligand to a transi-
tion metal center is well established and best described
in terms of overlap of the sp-hybridized σ orbital of the
[CtCR]- fragment with a metal fragment orbital of
similar symmetry. Here interaction between the s,pz-
hybridized orbital of Hg and the acetylene pz orbital
forming a stable Hg-C σ bond was found in lower
orbitals 77 and 78. These orbitals are localized in nature
and construct a molecule framework. They will not
participate in low-lying optical excitation due to their
low energy level, while the π-type interaction provides
a pathway for delocalization of electron density between
the metal and ligand and, hence, is crucial for optoelec-
tronic process. In this system, weak pπ-dπ interactions
between the ligand and the metal result in weak
delocalization along the molecule chain. This picture is
consistent with previous analysis that the HOMO
contained considerable ligand π character and little
metal π component. This metal dπ manifold is closer in
energy to the filled ligand π orbitals than to their
antibonding counterparts. Therefore, the acetylide acts
as a π donor ligand rather than as a π acceptor.

Another important characteristic of the electronic
structure that we are interested in is the energy gap
between the HOMO and LUMO. The MO calculation
and fragment analysis showed that the energy gap
decreased by 0.31 eV from the free ligand TFT to the
complex Hg-TFT, and metal fragment affects the HOMO
more than the LUMO. This can be explained as weak
delocalization through the metal center and ligand TFT.
As a consequence, the first optically allowed excitation,
corresponding essentially to a HOMO-LUMO transi-
tion (see next section), is red shifted with respect to the
corresponding transition in the free ligand TFT.

To gain greater insight into this weak delocalization,
it is worthwhile to compare the energy levels of (TFT)n
and (Hg-TFT)n (n ) 1-3) (shown in Figure 3).

From the schematic representation of the energy
levels in Figure 3, we can find that with an increase in
chain length both series show decreasing energy gap,
as illustrated by the convergent red line. The energy
difference between the HOMO and LUMO is 4.16, 3.46,
and 3.21 eV on going from TFT to (TFT)2 and to (TFT)3,
which can be attributed to the extension in conjugation.
In the case of oligomer (Hg-TFT)n, the energy gap
decreases by 0.21 eV when going from (Hg-TFT) (3.85
eV) to (Hg-TFT)2 (3.64 eV) and then to a lesser extent
of 0.08 eV upon further increasing the chain length to
(Hg-TFT)3 (3.56 eV). It is clear that the energy gap
decreases at a higher rate in (TFT)n than in (Hg-TFT)n,
which can be explained as larger conjugation and

π-electron delocalization along the (TFT)n chain and
relatively weaker conjugation along the corresponding
(Hg-TFT)n chain.

Photoexcited and Photoluminescent Processes.
In the present study, time-dependent density functional
theory is employed to study the characters and vertical
excitation energies of low-lying excited states of oligo-
mers (Hg-TFT)n.

1. Excitation Energy. Table 4 presents calculated
excitation energies and excitation characteristics of
selected excited states with greater oscillator strengths
(above 0.5). Compared with the available experimental
excitation wavelength (ca. 358 nm) for Hg-TFT in thin
solid films (11 K),5 the deviation of the calculated values
is merely 7 nm, confirming that TDDFT with the B3LYP
functional can give relatively accurate predictions on
vertical excitation energies for this series of systems.

The linearity between the calculated excitation ener-
gies and the reciprocal chain length is excellent for
oligomer (Hg-TFT)n (see Table 4). By extrapolating the
resultant linear relationship to infinite chain length, the
excitation energy of the corresponding polymer can be
predicted. Moreover, the effective conjugated length
(ECL) can also be evaluated. The ECL may be defined
as the minimum number of repeat units to produce
saturation of the optoelectronic properties; thus the
information on the ELC of the polymers is very useful
for determining such important electronic properties as
band gaps, absorption coefficients, etc. It is often pos-
sible to determine the limiting conjugation length of
oligomeric materials by examination of the plot of
maximum absorption energy versus reciprocal number
of chain length 1/n, as long as soluble high molecular
weight materials are available for comparison.26 With
the limiting absorption maximum of 375 nm determined
for high molecular weight mercury polyyne (DP ) 24),5
linear extrapolation of the plot in Figure 4 would
suggest an effective conjugation length of approximately
four repeat units in mercury polyyne. This extended
length is markedly lower than the average ECL of 10
repeat units for the polyfluorene ethynylene derivatives
reported by Lee et al.27 It can be explained in that the

(26) (a) Schenk, R.; Ehrenfreund, M.; Huber, W.; Müllen, K. J. Chem.
Soc., Chem. Commun. 1990, 1673. (b) Kohler, B. K. Springer Ser. Solid
State Sci. 1985, 63, 101. (c) Tolbert, L. M. Acc. Chem. Res. 1992, 25,
561.

(27) Lee, S. H.; Nakamura, T.; Tsutsui, T. Org. Lett. 2001, 3, 2005.

Figure 3. Schematic drawing of the energies of NHOMO
(NH), HOMO (H), LUMO (L), and NLUMO (NL) orbitals
for (TFT)n and Hg(TFT)n (n ) 1-3).
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heavy metal forms some barrier to delocalization along
the conjugated chain, though weak π conjugation was
found to be preserved through the metal atom due to
weak interaction between the metal fragment and the
dialkynylfluorene fragment.

As can be seen from Figure 4, the plot using the data
points obtained for the oligomers is reasonably linear
(correlation coefficient ) 0.998 for mercury series).
However, linear extrapolation to 1/n ) 0 yields a value
of 379 nm for mercury polyyne excitation energy and
462 nm for alkynyl polyfluorene. As one can see, this
prediction underestimates the excitation energy of
polymer (Hg-TFT)∞ by 15 nm. Three factors may be
responsible for the error. One is that calculations on a
few longer oligomers may be required so that more data
could be used in the linear regression. Another is that
the predicted excitation energy is for the isolated gas
phase chain, while the experimental one is measured
in the condensed phase, where interchain interactions
may be contributing. Additionally, simple calculation
models were adopted, which differ from real polymers.

We can also see from Figure 4 that the slope of
mercury oligomers is apparently lower than that of
purely organic ligands. This suggests a less pronounced
red-shift absorption in (Hg-TFT)n than in (TFT)n as the
chain length increases, which points again to the weaker
conjugation of (Hg-TFT)n than (TFT)n as stated above.

Photophysiscal investigations of the excited state
properties of Hg-TFT and its analogues have been
undertaken experimentally.6b Inspection of the absorp-
tion and emission spectra from metal alkynyl (M-TRT,
M ) Au, Pt, Hg) in solvated and condensed phase

systems shows that they all display similar spectral
shape. These similar spectral patterns are suggestive
of the ligand-dominating excited state. The same trend
can be observed in our theoretical calculation. In Table
4, The lowest energy singlet transition (S0 f S1) for
oligomers (Hg-TFT)n at the DFT level of theory has the
greatest oscillator strength (f) and is mainly transition
HOMO f LUMO in character. As shown in Figure 5,
the HOMOs are all π orbitals of the diethynylfluorene
ligand with little contribution from the metal center and
LUMOs are π* orbitals localized mainly on the dialky-
nylfluorene lignd with improving metal fragment com-
ponent. For each oligomer, their corresponding orbitals
are very similar in terms of appearance and resemble
those of free ligand TFT. This lowest energy transition
(S0 f S1) is assigned as the 0-0 absorption peak in UV
spectra and mainly intraligand (IL) ππ* transition
mixing with little ligand-to-metal charge transfer
(LMCT). In UV spectra for polymer (Hg-TFT)∞, we can
also observe a shoulder peak at around 345 nm. We
assign this weak absorption as S0 f S5, that is,
HOMO-1 f LUMO+1 transition, due to its relative
transition energy and oscillator strength.

The lowest energy absorption peak with S0 f S1

transition is found red-shifted in Hg-TFT, as compared
to that of the free ligand (TFT). This reveals that the
extent of π conjugation is increased when incorporating
the metal center in the conjugated fragment. The red
shift of the absorption energy can be rationalized by the
bonding interaction between metal center and diethy-
nylfluorene fragment, which causes a narrowing of the
band gap and thus an extension in π-conjugation. TD-
DFT calculations also predict a decreasing red shift of
S0 f S1 transition in oligomer (Hg-TFT)n as n increases
and converges to 379 nm at n ) 4. This indicates that
the first optical absorption transition in the polymer
(Hg-TFT)∞ arising from the promotion of one electron
from the HOMO to the LUMO is delocalized over about
four repeat units. Examination of the absorption energy
on going from (Hg-TFT) to (Hg-TFT)n and to (Hg-TFT)∞
corroborates that the effect of the metal center is weak
delocalization and strong localization.

2. Excited State Structure. Studies of the excited
state properties for a number of molecules using the CIS
method have found that, despite the tendency of CIS to
overestimate electronic transition energies, the excited
state potential energy surface can often be quite ac-

Table 4. Selected Calculated Excitation Energies (E), Wavelengths (λ), Oscillator Strenghs (×c4), and
Dominant Excitation Character for Low-Lying Singlet (Sn) States of Oligomers (Hg-TFT)n

a

oligomers state composition ∆E (eV)/λ (nm) expt ×a6 character

TFT 1 HfL 64% 3.96/313 1.04 IL
(Hg-TFT)1 1 HfL 65% 3.53/351 358 1.61 IL + LMCT
(Hg-TFT)2 1 HfL 67% 3.40/365 2.57 IL + LMCT

5 H-1fL+1 67% 3.90/318 1.22 IL + LMCT
(Hg-TFT)3 1 HfL 64% 3.35/371 3.69 IL + LMCT

H-1fL+1 17%
5 H-1fL+1 62% 3.71/335 345 0.72 IL + LMCT

HfL 16%

(Hg-TFT)∞ 3.27/379 364
a For comparison TFT is also listed. H denotes the HOMO and L the LUMO. Experimental data from ref 5.

Figure 4. Excitation energy calculated with TD-B3LYP
as a function of 1/n in oligomers (Hg-TFT)n and (TFT)n.
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curate, as evidenced by comparison of equilibrium
excited state structure with experiment.19c,28

The S1 and T1 geometries of (Hg-TFT)n (n ) 1, 2) were
optimized at the CIS/E60 level of theory to investigate
the geometry relaxation associated with electronic
excitation to the lowest energy singlet excited state (S0
f S1) and lowest triplet excited state (S0 f T1). For
comparison, the HF/E60 ground state bond lengths are
also listed in Table 5 with the bond lengths of (Hg-TFT)n

(n ) 1, 2) in the S1 and T1 states. Note that positive
and negative values in the S1-S0 and T1-S0 columns
indicate bond elongation and contraction in the excited
state, respectively. Two repeat units of (Hg-TFT)2 in the
excited states lost their uniform structures exhibited in
the ground state and were labeled as I and II for
differentiation.

a. S1 and T1 States of Hg-TFT. With respect to the
S1 and T1 states of Hg-TFT, the geometry structures
have the following two major changes compared with
its corresponding HF/E60 ground state (see Table 5).
First, pronounced geometrical change is calculated in
the diethynylfluorene fragment than in the metal frag-
ment, which appears to be extremely rigid with respect
to excitation. Furthermore, more prominent modifica-

(28) (a) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M.
J. J. Phys. Chem. 1992, 96, 135. (b) Foresman, J. B.; Schlegel, H. B.
In Recent Experimental and Computational Advances in Molecular
Spectroscopy; Gausto, R., Hollas, J. M., Eds.; Kluwer Academic:
Dordrecht, The Netherlands, 1993; Vol. 406, p 11. (c) Tirapattur, S.;
Belletête, M.; Leclerc, M.; Durocher, G. J. Mol. Struct. (THEOCHEM)
2003, 625, 141.

Figure 5. Contour plots of frontier occupied and virtual orbitals involved in low-lying singlet excitation in oligomers
(Hg-TFT)n (n ) 1-3). (For comparison TFT is also listed.)

Table 5. HF/E60 Ground State and CIS/E60 Excited State Bond Lengths (Å) for Unit I in (Hg-TFT)1 and
Units I and II in (Hg-TFT)2 (molecule labeling shown in Figure 1)

(Hg-TFT)2

(Hg-TFT)1 S0 S1 T1

bond length S0 S1 S1-S0 T1 T1-S0 I (II) I II I II

r(1,2) 1.397 1.421 0.024 1.429 0.032 1.397 1.397 1.421 1.397 1.428
r(2,3) 1.396 1.425 0.029 1.427 0.031 1.396 1.397 1.426 1.396 1.427
r(3,4) 1.383 1.361 -0.022 1.363 -0.020 1.383 1.382 1.361 1.383 1.362
r(4,11) 1.386 1.422 0.036 1.427 0.041 1.386 1.387 1.422 1.386 1.426
r(1,10) 1.378 1.359 -0.019 1.358 -0.020 1.378 1.377 1.359 1.378 1.358
r(10,11) 1.396 1.434 0.038 1.438 0.042 1.396 1.397 1.434 1.396 1.438
r(11,12) 1.471 1.404 -0.067 1.406 -0.065 1.471 1.470 1.405 1.471 1.406
r(9,10) 1.514 1.516 0.002 1.517 0.003 1.514 1.514 1.515 1.514 1.517
r(7,14) 1.440 1.408 -0.032 1.417 -0.023 1.440a 1.440a 1.410a 1.440a 1.416a

1.438b 1.438b 1.407b 1.438b 1.414b

r(14,15) 1.202 1.214 0.012 1.209 0.007 1.202a 1.202a 1.213a 1.202a 1.209a

1.201b 1.201b 1.213b 1.201b 1.208b

r(15,16) 2.066 2.066 0.000 2.066 0.000 2.067a 2.066a 2.067a 2.067a 2.066a

2.036b 2.034b 2.033b 2.036b 2.034b

r(16,17) 2.111 2.112 0.001 2.111 0.000 2.111 2.111 2.111 2.111 2.112
a Bond lies in the terminal chain. b Inter-ring bond between neighboring repeat fluorene rings.
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tions are centralized on the fluorene ring of the diethy-
nylfluorene ligand than in the ethynyl part. Second,
enhancement in bond-length alternation leads to the
appearance of a quinoid geometric character on the
excited states of the fluorene ring. For example, ∆r
(defined as the difference between the lengths of the
C-C bonds orientated obliquely to the chain axis and
those oriented along the chain axis, that is [r(1,2) +
r(2,3) + r(4,11) + r(10,11) + r(9,10)]/5 - [r(3,4) +
r(1,10) + r(11,12)]/3) increased from ∼0.007 Å in the
ground state to ∼0.068 Å in the singlet excited state
and ∼0.073 Å in triplet state. This larger bond length
alternation in T1 relative to S1 is in accordance with
larger relaxation energies in T1 (0.33 eV) than S1 (0.29
eV) upon vertical excitation.

The relaxation of the structures during the excitation
can also be determined from the character of the nodal
patterns of the frontier molecule orbital involved in the
excited transition. For example, the lowest energy
singlet excitation (S0 f S1) is mainly HOMO f LUMO
in character (see Table 4 and Figure 5). The LUMO has
nodes across the C1-C2, C2-C3, C4-C11, C10-C11, C9-
C10, and C14-C15 bonds, but the HOMO is bonding in
these regions. Therefore one would expect elongation
of these bonds. Table 5 shows that these bonds are in
fact considerably longer in the excited state and present
quinoid character. The HOMO has a node across the
C3-C4, C1-C10, C11-C12, and C7-C14 bond, while the
LUMO is bonding. The data in Table 5 confirm the
anticipated contraction of these bonds.

b. S1 and T1 States of (Hg-TFT)2. On comparison
of the ground and excited state geometries for I and II
in (Hg-TFT)2, we can point out the following observa-
tions.

(i) The structural shift is predominantly localized on
unit II. Unit I in (Hg-TFT)2 is practically unaffected,
especially in the T1 state.

(ii) The S1 geometry of unit II in (Hg-TFT)2 resembles
that of (Hg-TFT)1 in the S1 state. Accordingly, The T1
geometry of unit II in (Hg-TFT)2 preserves geometrical
characteristics from (Hg-TFT)1 in the T1 state.

These results suggest that the S1 and T1 excited states
in (Hg-TFT)2 are strongly localized after relaxation and
present particular properties of corresponding monomer

excited state through the S0 f S1 excitation delocalized
over four repeat units. This is not surprising in view of
the rigid character of the metal-alkynyl bond during
the relaxation (see Table 5, ∆r(15,16) ≈ 0 Å from S0 to
S1 and T1 state), which may confine the excitons to be
more localized but not completely within one repeat
unit. Given the close dependence of emission on the
nature of the excited state, we may conjecture that the
spectral shift of the emission peak from the monomer
to polymer is small and the emission process is more
localized than the absorption process after relaxation.

3. Emission Energy

At this stage, we would like to discuss the fluorescence
(S1 f S0) and phosphoresce (T1 f S0) emission energies
of (Hg-TFT)n employing TDDFT calculation on the basis
of CIS optimized excited states. Table 6 presents
calculated maximal emission wavelengths in the S1 and
T1 state for oligomers (Hg-TFT)n (n ) 1-3). For clarity,
the frontier orbitals of (Hg-TFT)2 involved in the S1 f
S0 transition are depicted as examples in Figure 6. The
T1 f S0 transition process is illustrated by frontier
orbitals and spin density of (Hg-TFT)3 in the Supporting
Information.

As shown in Table 6, the lowest energy emissions of
(Hg-TFT)n (n ) 1-3), which are the same as the
corresponding absorption, consist mainly of HOMO-
LUMO electron promotion. The HOMOs and LUMOs
are all π-type orbitals dominated by orbitals originating
from the diethynylfluorene fragment in all cases with
little contribution from the metal center. Thus the
maximal wavelength emission in S1 and T1 for
(Hg-TFT)n is 1(ππ*) and 3(ππ*) in nature, respectively.
The calculated S1 emission wavelength (381 nm) of
(Hg-TFT)1 is in good agreement with the experimental
emission peak around 374 nm in dichloromethane. Out
results in Table 6 indicate that both singlet and triplet
emission energies are nearly unchanged on going from
monomer to dimer and to trimer. That is, there is no
size dependence of emission energies and the emission
process may exhibit localized characteristics in
(Hg-TFT)∞. When the singlet emission energies of (Hg-
TFT)n and (TFT)n are plotted as a function of the

Table 6. Calculated Fluorescence (S1 f S0) and Phosphorescence (T1 f S0) Wavelengths (λ) and Their
Transition Nature of Oligomers (Hg-TFT)n (n ) 1-3) with Available Experimental Data from Ref 5

S1 f S0 T1 f S0

oligomers composition ∆E/λ (nm) expt ×a6 composition ∆E/λ (nm) expt

TFT HfL 62% 3.63/342 1.10 HfL 79% 2.12/586
(Hg-TFT)1 HfL 64% 3.25/381 374b 1.74 HfL 65% 1.94/640 591*
(Hg-TFT)2 HfL 62% 3.24/383 2.53 HfL 74% 1.93/641
(Hg-TFT)3 HfL 64% 3.23/384 3.61 HfL 71% 1.93/643

(Hg-TFT)∞ 3.23/384 382b 1.93/643 630*c

583c

a For comparison TFT is also listed. H denotes the HOMO and L the LUMO. Asterisks indicate that emission peaks appear as shoulders.
All experimental data are from ref 5. b Emission spectra measurement in CH2Cl2. c Emission spectra (11 K) measured in thin solid films.

Figure 6. Contour plots of highest occupied and lowest virtual orbitals of (Hg-TFT)2 in the S1 state.
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reciprocal number of repeat units, 1/n (shown in Figure
7), a significant deviating behavior is found between
them as expected. The pronounced red shift of emission
energies for (TFT)n from monomer to dimer and to
trimer is clearly caused by the strong π conjugation, as
is often the case for conjugated organic polymers, while
the emission of (Hg-TFT)∞ is almost localized. Therefore,
by chemical modification of the monomer (Hg-TFT)’s
framework, the luminescent properties of the corre-
sponding polymer can be fine-tuned and reasonably
predicted on the molecule level. This is an important
guideline in experimental synthesis of photovoltaic
devices with this kind of material.

In our calculation, the S1 and T1 emission energies
display insignificant red shift (within 4 nm) from
monomer to polymer, unlike the absorption energies.
This is consistent with essentially localized singlet and
triplet excitons after relaxation discussed above. Gener-
ally, the extent or confinement of the excitation depends
on the nature of the particular orbitals involved in the
respective electronic transition. As illustrated in Figure
6 and Figure 10 (in Supporting Information), the HOMO
and LUMO involved in S1 or T1 emission are mainly
concentrated on one repeat unit, different from the
delocalized frontier obitals exhibited in the singlet
absorption process in Figure 5. The spin density map
for the lowest triplet states of (Hg-TFT)3 plotted in
Figure 10 also presents electrons mainly localized
within one repeat unit. All these calculations suggest
strongly localized S1 and T1 emission states.

The prediction on fluorescence is in excellent agree-
ment with the results of optical emission measurements
of polymer in CH2Cl2, which show an intense 1(ππ*)
emission peak at 382 nm.5 However, a discrepancy was
found between theoretical calculation and experimental
measurement where a greater degree of delocalization
in the polymer T1 state was inferred from the red shift
of experimental phosphorescent spectra from monomer
to polymer. Without exclusion of the limit of the
quantum approach, one possible reason for this differ-
ence is that in contrast to gas phase calculations our
phosphorescent spectra were measured in the condensed
phase, which may result in strong interchain interac-

tions due to aggregate formation,29 just as Wong pointed
out that they cannot rule out the possibility that the
red shifts are related to the number and/or strength of
the Hg‚‚‚Hg interactions in the polymers.5 Through our
elaborate excited state calculation, we infer that the red
shift from monomer to polymer may be the result of
interchain interaction and the excited states should be
of a more localized character.

Conclusion

In this work, a first-principles density functional
method was employed to study the geometrical and
electronic structures of (Hg-TFT)n and (TFT)n (n ) 1-3).
π-Conjugation was preserved through the metal atom
due to weak hybridization between the pπ orbital of the
conjugated ligand and the Hg dπ orbital. A stronger
localized Hg-C σ bond was found between the metal
and conjugated ligand. Further electronic spectrum
calculations confirm that the introduction of a metal
center into the conjugated segments contributes more
to confine the excitons than to delocalize the π electrons.
TDDFT calculations predict π-conjugation extended over
about four repeat units in the polymer (Hg-TFT)∞ singlet
absorption process and localized mainly on one unit in
S1 and T1 emission after relaxation. The geometrical
change in the polymer singlet and triplet excited states
was almost confined within one unit relative to the
ground state. The heavy metal atom forms some barrier
to delocalization, so that the first singlet and triplet
excited states of the polymer have the character of
molecular excited states and mainly ligand-dominating
excited state. Thus this kind of rigid-rod organometallic
polymer can be used as a good emitter layer in displays
due to their potential of achieving full color emission
through modifying the electronic structure of the con-
jugated ligand segment. Through our elaborate theo-
retical investigation, we not only well reproduce the
experimental spectra but also reveal the nature and
mechanism in luminescence, which provide useful refer-
ence to the functional molecular designs based on the
transition metal polyyne.
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Figure 7. Emission energy of the singlet state calculated
with TD-B3LYP as a function of 1/n in oligomers (Hg-TFT)n
and (TFT)n.
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