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Abstract

We apply quantum-chemical techniques to investigate the structural, electronic, and optical properties of some platinum-containing fluo-
renyleneethynylenegermylene-derived monomers and oligomers. The aim of our quantum-chemical calculations is to investigate 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 monomer and oligomers. The results indicate that there is a weak electronic interaction between the metal-based fragment and
the m-conjugated organic segments, and consequently the photophysical properties are mainly based on the fluorenyleneethynylene (TFT)
T-conjugated fragment with little contribution from the metal center. The role of metal center can be described as weak delocalization coupled
with strong localization characteristic along the organometallic backbone. The introduction of platinum ions into the T-conjugated structure

leads to bathochromic shifts in the absorption features as compared to those for the free ligands.

© 2007 Published by Elsevier Ltd.
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1. Introduction

Conjugated organometallic systems represent an interesting
and active area of research in the materials industry because
of their potential applications in optoelectronic devices, such
as light-emitting diodes (LEDs) [1], lasers [2], and photocells
[3]. One of the most promising systems is represented by
the rigid-rod polyyne complexes and polymers of the type
trans-[Pt(PBu;),—C=C—R—C=C-—],, (R =phenyl, pyridyl,
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alkynyl, oligothienyl, fluorene, etc.) [4] where the optical
and electronic properties of the materials can be adjusted
by varying the spacer units. One of the merits in the present
system is that incorporation of a heavy platinum center in
the polymer chain induces strong spin—orbit coupling to allow
light emission from the triplet excited state of the conjugated
ligand and higher quantum efficiencies may be achieved in the
light-emitting devices by harvesting the energy of the non-
emissive triplet excitons [5].

On the other hand, organosilicon polymers are becoming
important in many aspects of device technology since they
can act as functional materials such as semiconductors, hole-
transporting and heat-resistant materials and ceramic precur-
sors. In light of the findings in some conjugated polymers
(e.g. poly(fluorenes)) [6] that the light-emitting performance
can be improved by the deliberate inclusion of conjugation-
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interrupting units and introduction of disorder to the conjugated
system, the sp> silicon unit is introduced as a good spacer
group in metal polyynes, which can also efficiently depress
chain aggregation and increase quantum efficiency. However,
little is understood about related systems with the heavier
group 14 element germanium. Recently, Wong et al. [7] re-
ported the unprecedented synthesis and photophysics of stable
blue-light-emitting oligomers of (fluorenyleneethynyleneger-
mylene)s with alternating Ge and diethynylfluorene units.
These spectroscopic and structural features are a big challenge
to the interplay between theory and experiment and have im-
portant implications for the spectroscopy and photochemistry
of the broad and important class of rigid-rod transition metal
polymers containing conjugation-interrupting sp>-Ge linker.
Moreover, their photochemistry and photophysics represent
a challenge to the understanding of excited-state dynamics.
In contrast to the overwhelming experimental studies, so far
there are only a few theoretical investigations on the type of
rigid-rod transition metal polymers, in spite of the fact that
theoretical methods can be extremely useful to better under-
stand the nature of both the ground and the excited states.
For commercial exploitation of these materials and for direct
application-aimed synthesis, a thorough understanding of the
structure—property relationship is necessary. In this paper,
the first examples of Ge-bridged Pt(II) metallooligomers
and polymers (Pt—Ge—TFT), (n=1-3) as well as their
free ligand precursors (Ge—TFT), (n=1-3) (see Fig. 1) are
investigated employing density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations. We performed
quantum-chemical studies pursuing a three-fold objective: (i)
the determination of the structural features and the nature of
the bonding between the metal center and diethynylfluorene,

monomer

(Ge-TFT)4

Z X

oligomers n=23 (Ge-TFT),

(Ge-TFT)3
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(ii) the understanding of the role of sp>-Ge linker in limiting
the effective conjugation length (ELC), (iii) the exploration
of the role of the transition metal center in the organometallic
system in terms of electronic structure and the estimation
of the influence of metal on the optical properties of the Pt
polyyne polymers.

2. Computational details

Ground-state electronic structure calculations on all oligo-
mers studied in this work have been performed with the
density functional theory (DFT) on the SGI origin 2000 server
employing Gaussian 03 program package [8]. The functional
used throughout this study is the B3LYP, consisting of non-
local hybrid exchange functional as defined by Becke’s
three-parameter equation and the non-local Lee—Yang—Parr
correlation functional. Since it is very difficult to use high-
level basis sets to treat these systems with the growing molec-
ular size from monomer to oligomers, the second and the third
row elements (H, C, P) were described with the split valence
6-31G* basis set of atomic orbitals, while on the germanium
atoms we used the 6-314+G* basis set containing a diffuse
sp shell, due to the highly polarizable nature of this atom.
Owing to the large number of electrons and to account for
relativistic effects, basis sets with inner electrons substituted
by effective core potentials (ECP) were employed for Pt. In
this paper, platinum has been described using ECP60MWB
pseudopotential of the Stuttgart/Bonn group (where M
indicates that the neutral atom is used in the derivation of
the ECP and WB implies the use of the quasirelativistic
approach described by Wood and Boring). This yields
ECP60MWB(8s7p6d)/[(6s5p3d)]//6-31+G*(Ge)/6-31G*(H,C,P)

Me3R
Pt 19 H
H ~ PMe3
monomer n=1 (Pt-Ge-TFT)4
Me,
Ge o
R = \\
Mesp\ Z X
Pt\
/ PMes
- —n
oligomers n=23 (Pt-Ge-TFT),

(Pt-Ge-TFT);

Fig. 1. Structures of the monomer and oligomers investigated in this study: (Ge—TFT), (n = 1-3) and (Pt—Ge—TFT),, (n =1-3).
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basis set for (Ge—TFT), (n=1-3) and (Pt—Ge—TFT),
(n = 1-3) systems, respectively, denoted as E60.

The TDDFT, which has been used to study systems of
increasing complexity due to its relatively low computational
cost and also to include in its formalism the electron cor-
relation effects, is also employed to calculate the vertical
electronic excitation spectra [9]. Furthermore, applications of
TDDFT approaches have recently been reported on transition
metal complexes which gave a considerably good result
[10]. Transition energies will be calculated at the ground-state
and excited-state geometries by TDDFT at B3LYP level.

3. Results and discussion
3.1. Ground-state structures

In Fig. 1 the molecular structures of the investigated mono-
mer and oligomers (Ge—TFT),, (n = 1—3) and (Pt—Ge—TFT),,
(n=1-3) are shown. The triple bonds are abbreviated by T
and the dimethylfluorene ring is denoted as F. It should be
pointed out that the dihexyl substitution at C-9 in the fluorene
ring, which can improve the solubility and processability of
polymers without significantly increasing the steric interac-
tions in the polymer backbone, was replaced by dimethyl
groups for the sake of reducing the time of calculation. In
fact, it has been proved that the presence of alkyl groups at
9-positions does not significantly affect the equilibrium geo-
metries and thus the electronic and optical properties [11].

The selected pertinent bond lengths and angles of (Ge—
TFT), optimized by B3LYP/E60 DFT calculations are com-
pared with crystallographic data and summarized in Table 1.
Meanwhile, the structural parameters for (Pt—Ge—TFT); by
B3LYP/E60 are also listed in Table 1 for the sake of com-
parison of the structure variation upon the introduction of

Table 1
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platinum metal. The optimized isocontours of (Ge—TFT),
and (Pt—Ge—TFT); are also appended to Table 1. The dif-
ferences of bond lengths and angles between calculated and
experimental structures are within 0.08 A and 3° as shown
in Table 1. In spite of the discrepancies, the calculated results
can still reflect the significant trend, for example the C=C
bond lengths closer to the Ge atom are longer than those
farther away.

In general, the platinum Ge-linked diethynylfluorene mono-
mer and its free ligand have similar structural characters as de-
picted (Fig. 2). To our knowledge, this is the first structurally
characterized example of a Ge-bridged Pt(II) metallopolymer.
There are two structurally independent but similar molecules
per asymmetric unit with the —C=C—(9,9-dimethylfluo-
rene)—C=C— units alternately connected by the GeMe,
unit in a linear fashion. The linearity of the acetylene units
is evident from the bond angles of Ge—C(sp)—C(sp) with
the average value of 179°. The C=C bond lengths lying
around 1219 A are typical of metal—acetylide o bonding
and the C=CH bond shows a slight shortening of bond length
(1.210 A) due to the libration effect. The sp>-hybridized Ge
atom was shown to adopt a tetrahedral geometry, which limits
the conjugation length.

In the case of (Pt—Ge—TFT);, the coordination geometry at
the Pt center is square-planar and the two PMe; groups are po-
sitioned trans to each other and the capping groups are con-
nected by the Ge linker. From Table 1, we can still detect
the structural variation by the introduction of Pt metal. The
Ge—C(sp) single bond lengths are equal (1.896 1&) in (Ge—
TFT),, but are different (1.909 and 1.914 A, respectively) in
(Pt—Ge—TFT), in the presence of Pt metal. In addition, the
C=C bond length closest to Pt lengthens by about 0.02 A.

Table 2 presents the variation of calculated bond length
with the number of repeating units » in the series of oligomers

Comparison of calculated and experimental structural data for (Ge—TFT); and the calculated parameters for (Pt—Ge—TFT),; (bond length: 1&; bond angles: deg)

Ge—C(2) Ge—C(19) C(2)—C(3) C(17)—C(18) C(19)—C(20) C(21)—C(22) Pt—C(18) Ge—C(2)—C(@3) Ge—C(19)—C(20)
Calc® 1.896 1.896 1.219 1.210 1.219 1.210 179.15 179.17
Expt® 1.90(1) 1.87(1) 1.20(2) 1.16(2) 1.21(2) 1.13(2) 175.6(8) 176.(1)
Calc® 1.909 1914 1.220 1.231 1.219 1.211 2.059 178.94 178.87

? The optimized parameters for (Ge—TFT); by B3LYP/E60.
® The experimental parameters for (Ge—TFT); in Ref. [7].
¢ The optimized structure for (Pt—Ge—TFT), by B3LYP/E60.

Fig. 2. The optimized structures of (Ge—TFT); (left) and (Pt—Ge—TFT); (right) calculated by B3LYP/E6O.
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Table 2
Selected optimized bond lengths (A) of (Ge—TFT),, and (Pt—Ge—TFT),, (n =1-3) calculated by B3LYP/E60
(Ge—TFT), (Ge—TFT), (Ge—TFT); (Pt—Ge—TFT), (Pt—Ge—TFT), (Pt—Ge—TFT);

Ge(1)—C(2) 1.896 1.900 1.896 1.909 1.910 1.911
C(2)=C(3) 1.219 1.220 1.219 1.220 1.220 1.220
C(3)—C4) 1.426 1.426 1.426 1.426 1.426 1.426
C(13)—C(17) 1.429 1.430 1.429 1.427 1.428 1.427
C(17)=C(18) 1.210 1.210 1.211 1.231 1.230 1.229
Pt—C=C 2.059 2.023 2.014

Pt—H 1.631 1.632 1.631

(Pt—Ge—TFT),, and their conjugated segments (Ge—TFT),
(n = 1-3), because the bond angles and dihedrals do not suffer
appreciable variation with the oligomer size in both series. It
can be seen that the geometries change little with increasing
chain length (within 0.01 A). It suggests that the polymeriza-
tion has little effect on the geometrical structures of repeating
unit Ge—TFT or Pt—Ge—TFT.

3.2. Electronic structure

Since the observed differences in the chemical and physical
properties of the complexes rely primarily on the changes in
the ground-state electronic structure, we will discuss in detail
the ground-state electronic structure of these complexes with
a special emphasis on the frontier orbital components and
HOMO—-LUMO energy gaps. Table 3 only shows the most
important occupied and virtual (unoccupied) orbitals of (Pt—
Ge—TFT), as an example. Each molecule is divided into eight
parts: the Pt metal, two ethynyl units on the left of the Ge
atom (the one close to Pt labeled as C=C; the one close to
the Ge atom labeled as C=Cg.), 9,9-dimethylfluorenes on
the left of the Ge atom (F), GeMe, group, two ethynyl units
on the right of the Ge atom (the one close to Ge atom labeled
as C=Cg,.; the one far away from the Ge atom labeled as
C=C’) and 9,9-dimethylfluorenes on the right of the Ge
atom (F'). The electron density contours of the characteristic
occupied and virtual orbitals for (Pt—Ge—TFT);, as well as
(Pt—Ge—TFT), are depicted in Fig. 3 in order to compare
and investigate the role of Ge linker and the effects of the Pt
metal incorporation on the whole molecule.

In (Ge—TFT),, as shown in Fig. 3, all the orbitals spread
over the whole m-conjugated backbone and the characters be-
tween the HOMO and HOMO — 1 and that between the
LUMO and LUMO + 1 are very similar. There is antibonding
between the bridge atoms of inter-ring and there is bonding
between the bridge carbon atom and its adjacent atoms of
intra-ring in the HOMO. On the contrary, there are bonding

in the bridge single bond of inter-ring and antibonding be-
tween the bridge atom and its neighbour of intra-ring in the
LUMO. Apparently, the triple bond and fluorene units are
able to extend -conjugation effectively while the GeMe,
group exhibits a partial conjugation effect along the molecular
backbone since the two organic segments are separated by
Ge—C single bonds.

However, the presence of Pt metal center changes the over-
all charge distributions. It can be seen that unlike the electron
distribution in (Ge—TFT),, the frontier occupied MOs (nHO-
MOs) in (Pt—Ge—TFT); concentrate mainly on the fluorene
ring or alkynyl fragment on only one side of the Ge atom,
admixed with some contributions from the metal center. In
(Ge—TFT),, the interaction between the p, orbital of Ge and
the two acetylene p, orbital on both sides of Ge forming two
stable Ge—C o bonds was found, and thus the electron cloud
can transfer from one side to another across the Ge atom. On
the contrary, only one Ge—C o bond was found on the left side
of Ge atom, whereas the right acetylene is mainly delocalized
on p, and p, orbitals. So, from here the conjugation was bro-
ken. We can find the reasons from the analysis of the frontier
orbitals. The weak prt—drr interactions between the ligand (p,)
and the metal (d,._) result in weak delocalization along the
molecular chain. The first occupied orbital in (Pt—Ge—TFT),
consists mainly of 7 orbitals of the conjugate organic struc-
tural unit —[C=C—F—C=C]— (~94%) and also mix slightly
with the metal d orbitals (~6%), followed by one orbital con-
taining completely —[C=C—F—C=C]— ligand fragment. On
the contrary, improved contribution from the metal d._
orbital in an antibonding fashion can be found in HOMO — 2.
But it will not participate in the low-lying optical excita-
tion due to their relatively low-energy level. In contrast, the
two lowest unoccupied orbitals LUMO and LUMO + 1 in
each complex are essentially 7* orbitals localized on the
—[C=C—F—C=C]— moieties (over 98%) and LUMO + 1 is
calculated to have less contribution from Ge atom (~2%).
From such analysis, intra-ligand excitation (IL) accompanied

Table 3

B3LYP/E6Q calculated one electron energy and percentage composition of selected frontier MOs of (Pt—Ge—TFT),, expressed in terms of composing fragments
MO Composition (%)

L+1 *p; (C=C) (5%) + *p; (F) (82%) + *p; (C=Cqe) (10%) + p: (Ge) (2%)
L ¥p, (C=Cq¢") (8%) + *p. (F') (82%) + #p, (C=C") (10%) +

H d +2(Hg) (6%) + mp, (C=C) (24%) + 7p, (F) (62%) + mp, (C=Cq.) (7%) +

H-1 7p. (C=Cq:") (15%) + wp. (F') (74%) + mp. (C=C') (11%) +

H-2 d + 2(Hg) (40%) + mp (C=C) (49%) + py (F) (11%) + +
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Fig. 3. Energy level diagram of frontier molecular orbitals together with the representative three-dimensional MOs plots calculated at the B3LYP/E60 level for

(Ge—TFT); (on the left) and (Pt—Ge—TFT); (on the right).

by little metal-to-ligand charge transfer (MLCT) was expected
during photoexcitation.

To gain a greater insight into this weak delocalization and
the evolution from monomer to oligomers, it is worthwhile
to compare the energy levels of (Ge—TFT), and (Pt—Ge—
TFT), (n=1-3). The energy levels of HOMO and LUMO
of the oligomers in (Ge—TFT), and (Pt—Ge—TFT), (n=1—
3) calculated by B3LYP/E60 are tabulated in Table 4. From
Table 4 it can be seen that as is usual in 7t-conjugated systems,
the energy level of the frontier electronic orbitals evolves lin-
early with inverse chain length in the sp*-Ge-linked Pt(II) sys-
tem, as well as in their free ligand system, and with increasing
conjugation lengths, the HOMO energies increase, whereas
the LUMO energies decrease in both series. The introduction
of Pt(Il) center lowers significantly the HOMO of the longest
oligomer of (Pt—Ge—TFT), system by some 0.7 eV, which
should thus ensure the efficient hole injection and low charge
trapping in optoelectronic devices. Turning to the evolution
of the LUMO levels, we find that the LUMOs of the longest
oligomer of (Pt—Ge—TFT),, are destabilized by about 0.1 eV

Table 4
The negative of HOMO and LUMO energies (—egomo. —€Lumo) (€V) of
(Ge—TFT),, and (Pt—Ge—TFT),, obtained by B3LYP/E60

Oligomers —épomo  —¢fLumo  Oligomers —&HOMO  —ELUMO
(Ge—TFT), (Pt—Ge—TFT),,

n=1 5.59 1.57 n=1 4.85 1.49
n=2 5.58 1.56 n=2 4.82 1.53
n=3 5.55 1.61 n=3 4.84 1.51

with respect to its free ligand. This slight increase of the
LUMO levels would not worsen the electron injection ability.

The results of Table 4 can be easily rationalized by analyzing
how the nature of the frontier electronic levels of the free ligand
chains is affected by the incorporation of transition metal (see
Fig. 4). In Pt—Ge—TFT, the HOMO remains localized along
the left TFT conjugated backbone and Pt(II) metal; the shapes
of the LUMOs become drastically different, being localized
on the right TFT conjugated backbone and none on Pt.

This is rationalized by the fact that the energy separation
between the LUMO of Pt(PMe3), and TFT moieties is large
(1.37eV) and leads to weak interactions between the two
building blocks; in contrast, the separation between the corre-
sponding HOMO 1level is smaller (0.14 eV) and promotes
stronger interactions between the two units. It is also the rea-
son why the LUMO levels of Pt—Ge—TFT are close to that of
Ge—TFT. The strong localization of the HOMO and LUMO
levels in Ge-linked Pt(II)-containing copolymer is expected
to reduce significantly the interachain mobilities for electrons.

Another important characteristic of the electronic structure
induced by the presence of Pt center that we are interested in is
the energy gap. Density functional theory (DFT) calculations
are employed to obtain HOMO—LUMO gaps of oligomers.
The TDDFT is also employed to get the energy gap from
the calculated first dipole-allowed excitation energy of their
oligomers (as shown in Table 5). The calculated energy gap
decreases by about 0.6 eV from the free ligand (Ge—TFT),
relative to the complex (Pt—Ge—TFT),, and metal fragment
affects the HOMO more than the LUMO. This can be ex-
plained by weak delocalization through the metal center and
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Fig. 4. Energies and shapes of the HOMO (top) and LUMO (bottom) orbitals of PtH,(PMes),, TFT and Pt—Ge—TFT, as calculated at B3LYP/E60 level.

ligand Ge—TFT. The reduction in the HOMO—LUMO gap
observed when going from the free ligand to Pt-containing
oligomers will influence the optical properties of the chains.

3.3. Absorption spectra

The TDDFT/B3LYP/E60 has been used on the basis of the
optimized geometry to obtain the nature and the energy of the
singlet—singlet electronic transitions of all the oligomers in all
series under study as reported in Table 6.

Table 5
The HOMO—LUMO gaps (Ag—_1) (eV) by B3LYP and the lowest excitation
energies (Ey) (€V) by TDDFT of (Ge—FTF), and (Pt—Ge—FTF), (n=1-3)

Oligomer ApL  E, Expt"  Oligomer Ap_1. E

2
(Ge—FTF),, (TD) (Pt—Ge—FTF), (TD)
n=1 4.02 3.81 3.57 n=1 3.36 3.14
n=2 4.02 3.77 3.51 n=2 3.29 321
n=3 3.94 3.74 3.49 n=3 333 3.18

# Optical band gap derived from the absorption edge of a polymer thin film
in Ref. [7].

For (Ge—TFT),, (n =1-3), the low-energy and maximum
absorption peaks correspond to Tt—mt* excitation. On the other
hand, for (Pt—Ge—TFT), (n=1-3), the low-energy absorp-
tion band is assigned to t—7t* excitation and the maximum
absorption peak arises from MLCT excitation. The absorption
wavelength increases progressively with increasing conjuga-
tion length. The maximum absorption peaks in (Pt—Ge—
TFT), exhibit bathochromic shifts compared to (Ge—TFT),
due to the introduction of Pt metal.

4. Conclusions

In this work, the geometrical and electronic structures of
(Pt—Ge—TFT),, and (Ge—TFT), (n=1-3) are investigated
by DFT and TDDFT methods. m-Conjugation was prevented
through the Pt metal atom due to weak hybridization between
the pr-orbital of the conjugated ligand and the Pt dr-orbital.
Further electronic spectrum calculations confirm that the intro-
duction of metal center into the conjugated segments contri-
butes more to confine the electrons than to delocalization of
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Table 6
Electronic transition data obtained by the TDDFT/B3LYP/E60 for (Ge—FTF), and (Pt—Ge—FTF),, (n=1-3)
Oligomers State Composition (%) AFE (eV)/A (nm) f Expt (nm) Character
(Ge—TFT), S H—L 60 3.81/325.67 0.2351 339 IL
S; H-1-L+1 56 3.95/313.54 2.2799 IL
H—-L 28
S4 H-1-L 47 4.12/300.88 0.5956 IL
H—-L+1 39
(Ge—TFT), Sy H—-L 45 3.77/328.86 0.4946 343 IL
H—-L+2 34
S; H-1-L 59 3.79/326.64 0.0350 L
H-2—-L 32
S4 H-2-L 45 3.85/321.91 2.2629 IL
H—-L 30
(Ge—TFT); Sy H-L+1 60 3.74/331.88 0.2375 345 IL
S; H-1-L 54 3.76/329.72 0.4474 IL
H-2-L+1 27
S H-3—-L 41 3.83/323.52 1.3279 1L
H-2-L+1 30
(Pt—Ge—TFT), Sy H—-L 71 3.14/395.10 0.0008 IL
S, H-1-L 64 3.50/354.05 1.6967 IL
Se H-2-L 62 3.91/316.77 1.2417 MLCT
(Pt—Ge—TFT), Si H—-L 62 3.21/386.10 0.0005 L
S; H—-L+1 59 3.41/362.86 0.2094 IL
H—-L+2 45
Ss H-1-L+1 64 3.44/360.47 1.3972 1L
(Pt—Ge—TFT); Sy H-2-L 68 3.18/389.73 0.0014 MLCT
S4 H—-L+2 66 3.40/364.82 0.1266 IL
Ss H-1-L+2 46 3.41/363.77 1.7064 L
H-2-L+1 46 MLCT

the 7 electrons. The heavy metal atom forms some barrier to
delocalization, so that the singlet excited states of oligomers
have the character of molecular excited states and mainly
the 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 in achieving full color
emission through modifying the electronic structure of the
conjugated ligand segment.
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