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We present a theoretical study of the low-lying electronic excitations in the [Bi{R)(ethynylbenzeng)
molecule. Although the ground electronic state posseBgesymmetry, with both ethynylbenzene ligands

being equivalent, in the excited state the molecule breaks the symmetry deforming algrdiradbion and
localizing the excitation on a single ligand. This localized exciton i&maf* nature with the unpaired electron

and hole spread over one of the benzene rings and the ethyne linkage. The localization indicates an activated
hopping mechanism for transport. Our estimate of the barriefO$1 eV.

1. Introduction P(Bug)

The set of materials based on platinum-acetyfienjugated — Pt —— H
oligomers has prompted great interest in recent years for their |
potential applications in highly efficient organic electrolumi-
nescent device’s* In these compounds the-orbitals of the
ligands are conjugated with the d orbitals of the Pt, allowing
for charge migration along the oligomers. Electroluminescence
in these materials might also be expected to be reasonably
efficient, as the presence of the metal and the consequent spin  The electronic ground states of all the molecules presented
orbit coupling would allow both singlet and triplet electren in this work were calculated using B3LY# density functional
hole pairs to recombine emissively, an option not available to theory. The basis set used for the nonmetal atoms (H, C, O,
purely organic polymers due to the strong enforcement of spin and P) was a doublgbasis with polarization functions, 6-31G*.
selection rules in the light atoms. For the metal ions (Pt), the basis set was also dogble-
gLANL2DZ. This basis set was used in combination with a

relativistic effective core potential (RECPthat replaced the
inner core electrons leaving the 5s, 5p, 5d, and 6s valence
electrons in the calculation. The geometry of the molecules was
optimized without symmetry constraints. The excited states were
studied via density functional response theory (TDDETP

P(Bug)
Figure 1. Scheme of the Ptacetylide oligomers.

[I. Computational Methods

Recent experimental work has been dedicated to understan
ing the spatial extent of the excited statéd.iu et al® studied
the absorption and photoluminescence spectra of the Pt
acetylide oligomers shown in Figure 1 with= 1-5, 7. They
found evidence for localization of the triplet excitation But

dtelg_ca(\;lfsnon of thte lowest ?_xcnefdtﬁlnglelt Eme?rt et(?IY. tand DFTASCEF (difference in total energies between self-
studied the symmetry properties ot the ground state and Iowesl,, gjstent calculation of the ground state and the lowest triplet

excited triplet states of the [Pt(Bu)s)z(ethynylbenzene) state). In TDDFT typically the lowest 6 singlet and 6 triplet
(Figure 1 withn = 1) via time-resolved infrared (TRIR)  46t5 were obtained. All the calculations of the electronic
spectroscopy. They concluded that the symmetry of this basic srycture of the molecules under study and geometry optimiza-

monomer is reduced in the excited state fr@m 0 Cz,  tions were performed using the GaussiatiGBev. B.04 suite
implying that only one of the two ligands participates in the of codes for quantum chemistry.

electronic excitation. It was proposed that the reduction of
symmetry is due to a displacement along the antisymmefticb |||. Results
vibration involving the acetylenic unitWe reported preliminary
guantum chemistry calculations earffawhich corroborated this
localized excitonic model put forward by Emmert et al.

The ground state of the [Pt(Bu)s).(ethynylbenzeneg)
molecule is a singlet. The geometry of the molecule is almost
In this paper we report more fully on our computational study Sz symmetric at the Pt atom arithy, if the butyllllgands are

. . . . . " ignored. At the optimal geometry the benzene rings were found
The calculations confirm that in the Iowe_st triplet exc_lted state 1 pa coplanar and perpendicular to thefR—P axis (see Figure
the molecule deforms along abcoordinate, breaking the 2). The bond length of the ethyne linkage is 1.229 A. The
symmetry and localizing the excitation on one side. This (and oMo and LUMO orbitals have already been shown by
subsequent calculations not reported here) gives additionalgrmert et af to bex orbitals totally delocalized over the whole
evidence for localization of excitations in longer polymers and molecule with a small component of a platinumatbital. Due
suggests that the charge migration occurs via activated hopping o the symmetry of the molecule, the HOMQ@ and LUMO+1
The hopping barrier for the Pt monomer was calculated to be |ook very much like the HOMO and LUMO, respectively, but
0.61 eVv. differing in relative phase between the two sides of the molecule.
The vertical excitations from the ground state were calculated
* To whom correspondence should be addressed. E-mail: erb@lanl.gov. via TDDFT. The first excited state, at 3.06 eV, has the natural
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Figure 2. Geometry of the [Pt(PBu)s)2(ethynylbenzeng) molecule
at the ground state.

g0

Figure 3. First vertical excitation from the ground state of [P#R()s)--
(ethynylbenzene). Natural transition orbitals of the hole (left) and
electron (right) pair. This first excitation consists mainly of the two
excitations shown in this figure, with 59% probability ¢f — ¢;, and
32% probabilityg, — ¢5.

TABLE 1. TD-DFT Energies of the Lowest Excitations of
[Pt(P("Bu)s).(ethynylbenzene)] at the Optimal Geometry of
the Ground State

mult energy type
T 3.06 Sa*
T 3.10 Sa*
T 3.76 SLMCT
T 3.89 SLMCT
S 3.99 ILMCT
T 4.03
T 4.07 Sa*
S 4,12 Lga*
S 4.16 ILMCT
S 4.18
S 4.26
S 4.29

transition orbital (NTO$)!7 representation shown in Figure 3.
Notice that the two orbitals on the left (rbitals) are identical
except for the inversion parity about the Pt atom. The top orbital
(¢g) is thegeradeorbital and the lower oneg() is ungerade
The opposite is true for the orbitals on the right colums (
orbitals, ¢; and ¢g), indicating that the first excitation is
composed of two contributiongy — ¢; and ¢y — ¢4 with 59

Figure 5. First excited state of [Pt(FBu)s)-(ethynylbenzeng) at the
lowest triplet geometry. Natural transition orbitals of the hole (left)
and electron (right) pair.

ungerade and the second gerade. At this symmetric geometry,
the two cannot mix.

Although the triplet vertical excitations from the ground state
are delocalized over the whole molecule, a very different picture
is observed if one relaxes the geometry of the molecule in the
excited state. The lowest triplet electronic state of [PBR)s).-
(ethynylbenzeng) was calculated via unrestricted open shell
SCF and its geometry optimized. The optimal geometry is shown
in Figure 4. At its minimum the triplet state is stabilized by
0.61 eV relative to the vertical geometry. This decrease in energy
comes from two factors: rearrangement of the charge density
and a relaxation of the geometry. Figure 4 shows that at the
triplet state the benzene rings have rotated by rétative to
the ground state. Also, the=&C bond on the left has become
longer by 3.5% whereas on the opposite side teeC®ond is
almost unchanged. This change in conformation corresponds
to a deformation along agbpmode of theD,, symmetry group,
previously discovered by Emmert et’alhe localizaton causes
the G=C bond on the left to become weaker, a “double bond”,
and the one on the right remains a triple bond. This analysis is
supported by the natural transition orbitals for the lowest excited
state at the triplet minimum (see Figure 5), which show that
the excited electron came frommeorbital localized on the left,
leaving there a hole, and populates an antibondih@n the
same side. A Mulliken population analysis of these two orbitals
indicates that in ther orbital 37% of the hole is located at the
C=C bond, 47% is located on the benzene ring, 9% in the
conjugated Pt d orbital, and the remaining 7% is on the right
side of the molecule. In the* state the populations are similar,
23% in the G=C bond, 56% on the ring and 11% on the Pt, but
now predominantly in the appropriate p orbital.

To understand the origin of the localization, we performed

and 32% amplitude, respectively. The second excited triplet stateTDDFT calculations to generate the energy landscape shown
is nearly degenerate with the first one, 0.04 eV higher (see Tablein Figure 6. The energy curves are schematic and based on the

1), and involves the same NTOs but with single particle
excitations¢, — ¢, and ¢g — ¢4 Thus, the first state is

TDDFT excitation energies at the geometries of the ground
singlet and triplet state. At the symmetric geometry, there are
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Figure 6. TDDFT energy landscape of the ground state and lowest
triplets along the & direction, which connects the singlet and triplet
minima.

two nearly degenerate triplets, one ungerade and one gerade:

Under a b, symmetry distortion, they mix to produce two

localized states, one on each side of the moleule. At the

minimum geometry for the triplet, its partner lies some 0.70

eV higher and corresponds to the excitation localized on the

Batista and Matrtin

Figure 7. Natural transition orbitals of the lowest singlet excited state
of [Pt(P('Bu)s)(ethynylbenzeng) at the lowest triplet geometry. The
NTOs show that the singlet excitation is delocalized over the whole
molecule even at the optimal geometry of the triplet state, which has
broken symmetry.

small singlet-triplet gap. The singlet excitation was calculated
to be 1.09 eV above the energy of the lowest triplet, which is
in good agreement with the experimental data of ref 6 where
the singlet-triplet gap was estimated to be 1.36 eV on the basis
of an extrapolation of the phosphorescence energy. Using the
measurements of phosphorescence from ref 7, the siriglaet

gap is between 1.27 and 1.00 eV, in good agreement with the
calculated one.

In summary, we find that the lowest triplet state of [Pt-

opposite side of the molecule; that is, the state in which the (P('Bu)s)2(ethynylbenzene) localizes on one of the ethynyl-

electronic excitation is “out of phase” with the nuclear distortion.
The double well potential computed by TDDFT yields a barrier
for exciton hopping of 0.51 eV, with the barrier ocurring for

benzene linkages. This is in agreement with the TRIR spectro-
scopic results of Emmert et &ln contrast, a recent DFT study
of a similar complex, PE2, found the lowest triplet state to be

the symmetric geometry. This is slightly lower than the estimate delocalized over both ligand8.The primary difference in the

of 0.61 eV from unrestricted SC.The experimental emission

calculations, aside from a slightly different ligand, is our use

energies for phosphorescence shown in ref 6 indicate a broadof hybrid DFT (B3LYP) versus the generalized gradient
peak at 2.20 eV and a sharp feature at 2.40 eV. Measurementgpproximation (GGA,PW9%j-**used by Cooper et al. Recent

by Emmert et al.indicate a very structured phosphorescence

research has focused on the problems conventional functionals

spectrum with peaks between 2.53 and 2.80 eV. Our calculated(local-density approximation, LDA, and GGA) have in terms

emission energy compares very well with experiment. The
emission energy for th¢d0— |00was calculated at 2.55 eV

of overestimating delocalization effects. This manifests itself
in many ways; one being the well-known tendency of the LDA

(see Figure 6), which after zero point energy corrections is 2.45 to overbind molecule¥} and another the fact that they predict

eV. The vertical emission energy was obtained at 2.17 eV.
The vibrational frequencies for the [Pt(B()s)2(ethynyl-
benzene)] molecule calculated at the triplet minimum yield a
triple bond frequency (right side of Figure 4) of 215270
cm™1, which is in good agreement with the TRIR spectrum by
Emmert et al. The error bar in the calculated frequency

metallic behavior in the class of materials known as Mott
insulators??-24 Hybrid DFT largely remedies both these prob-
lems. Therefore, we suspect that the difference between the
present results and those of Cooper et al., lies in the behavior
of the GGA functional used by them. To test this, we repeated
our calculations with the PW91 GGA, and find that within this

corresponds to the root-mean-square error calculated for the@Pproximation the triplet state remains delocalized. This is in

T-82F set of diatomic molecules, using B3LYP and the 6-31G*
basis set® The vibrational frequency of the “double bond”

contrast to both hybrid DFT and experiment and constitutes one
more demonstration that pure functionals, LDA and GGA, lead

associated with the exciton (left side of Figure 4) is calculated t0 overestimates of delocalization in excited stéfes.

to be 158 cm? lower in frequency (1994- 70 cnTl) with an
intensity 12 times weaker than that of the triple bond. This is
in disagreement with the peak identified as the “double bond”
in ref 7, which lies at 1740 crit. We believe that the actual

IV. Conclusions

We have reported a theoretical study of the localization of

peak may be hidden in the background of the experimental €lectronic excitations in [Pt(Fu)s)z(ethynylbenzeng). At the

spectrum. Note that though the frequency (1994 Hnis

vertical geometry, the electrethole pair breaks the symmetry

considerably higher than expected for a double bond, only 37% of the molecule through a distortion along g, mode, in
of the hole resides there, according to the NTO analysis. A agreement with the original conclusions of Emmert et al. This

simple-minded calculation would indicate a shift of 427¢m
(158/0.37) if the entire hole were localized in the “double bond”,
which would place the peak at 1725 thiin the vibrational
range expected for a=€C double bond.

By way of contrast, the lowest singlet excitation is delocalized

deformation and localization is the result of two nearly
degenerate excited states, one symmetric and the other anti-
symmetric with respect to inversion. A small perturbation in
the molecular geometry along a mode gf symmetry, allows

the two to mix and results in a double well potential. This is a

at all geometries studied here (see Figure 7). Although the Particularly clean example of the second-order Jaheller

geometry of the lowest singlet excitation;{Sould not be
optimized, we found that the electrehole pair of § was

effect.
We will report our results on longer oligomers elsewhere,

delocalized over the whole molecule even at the geometry of but suffice it to say that, as one would expect, we find similar

the lowest triplet. This is also consistent with the conclusions
of Liu et al® of a delocalized singlet excitation based on the

localization behavior in the longer chains. We conclude that
transport in these systems will be dominated by an activated
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hopping. Our best estimate for the barrier in the monomer is
0.61 eVv?¢
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