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An experimental and theoretical investigation was carried out on a series of platinum-acetylide oligomers of
the general structure Ph-CtC-[PtL2-CtC-(1,4-Ph)-CtC-]n-PtL2-CtC-Ph (wheren ) 1, 2, 3, 4, 6;
Ph) phenyl, 1,4-Ph) 1,4-phenylene; L) P(n-Bu)3, and the geometry at Pt) trans). The objective of this
work is to understand the geometry and electronic structure of the ground and triplet excited states of Pt-
acetylide oligomers. The experiments carried out include temperature-dependent absorption and photolumi-
nescence spectroscopy (80-298 K range) and ambient temperature transient absorption spectroscopy. Density
functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations were carried
out on several of the oligomers using the hybrid Becke’s three-parameter functional with the B3LYP correlation
functional and the SDD basis set. The combined experimental and theoretical results provide very clear evidence
that the triplet excited state is localized on a chromophore consisting approximately of a single-[PtL2-Ct
C-(1,4-Ph)-CtC-PtL2]- repeat unit. DFT calculations indicate that in the ground state conformers that
differ in the (rotational) orientation of the 1,4-phenylenes with respect to the plane defined by the PtL2(C)2
units (twisted) t and planar) p) are very close in energy (difference of<1 kcal‚mol-1). By contrast, in the
triplet excited state, thep conformer is 3 kcal‚mol-1 lower in energy than thet conformer. The torsional
geometry change in the triplet state is reflected in the low-temperature phosphorescence spectra of the short
oligomers, where separate emission bands are seen from thet andp conformers.

Introduction

Conjugated polymers and oligomers represent an important
class of materials that show considerable promise for application
in advanced electronic and optoelectronic devices.1-6 Most
research and development efforts on conjugated materials have
focused on the properties and applications of organic polymers
and oligomers.5-8 However, the observation of very efficient
electroluminescence from devices based on phosphorescent
organometallic complexes has drawn attention to the importance
of heavy-metal-enhanced singletf triplet (S-T) intersystem
crossing and phosphorescence in the development of advanced
optoelectronic materials.9,10 In addition to their application in
electrophosphorescent devices,11 organometallic complexes and
polymers have also received attention as the active materials in
photovoltaic devices12,13 and as nonlinear absorbing chromo-
phores.14-17

Platinum-containing complexes, oligomers, and polymers
represent an important class of organometallic materials for
optical and optoelectronic applications.18,19Platinum has a large
spin-orbit coupling constant; consequently,π-conjugated ma-
terials that contain this element typically exhibit high triplet
yields and efficient phosphorescence. Platinum-acetylide-based
polymers and oligomers have received considerable attention
because of their ease of synthesis combined with their favorable
optical properties.20-23 Whereas some of the research on Pt-
acetylides is directed toward applications such as electrophores-
cence,24 photovoltaics,12,13and nonlinear absorption,14,15,20these

materials are particularly attractive for fundamental studies
focused on the properties of the triplet state inπ-conjugated
electron systems. In particular, incorporation of the Pt-acetylide
unit into an organicπ-conjugated electron system leads to
significant enhancement in the efficiency of S-T intersystem
crossing combined with efficient phosphorescence. These
properties allow one to apply spectroscopy easily to explore
the triplet state and how it is influenced by factors such as
conjugation length and energy.

Some of the most significant work in this area has been
reported in collaborative efforts by Raithby, Khan, Friend,
Köhler, and co-workers.22-41 Their work confirmed that the
excited states of Pt-acetylides are primarily localized on the
organic chromophore system and that absorption and emission
of light arise fromπ, π* transitions based on orbitals that are
mainly localized on the organic chromophores (pπ) but contain
contributions from Pt-based (dπ) orbitals. A comparison of the
photophysics of Pt-acetylide polymers with their monomer
analogs revealed that there is a higher level of electronic
delocalization present in the polymers.29 This observation
provides clear evidence for delocalization through the Pt-
acetylide unit, which is transmitted by dπ(Pt)-pπ(C) interac-
tions.29 This group also showed how the singlet-triplet splitting
evolves with conjugation length and that the energy gap law
holds for a diverse series of Pt-acetylide-based conjugated
oligomers and polymers.36,37

We recently reported the synthesis and spectroscopic char-
acterization of the series of monodisperse Pt-acetylide oligo-
mers, Pt-n, illustrated in Chart 1.42 These oligomers are of
interest because they allow the investigation of the effects of
conjugation length on the properties of the singlet and triplet

* Corresponding author. E-mail: kschanze@chem.ufl.edu. Phone: (352)
392-9133. Fax: (352) 392-2395. Web site: http://www.chem.ufl.edu/
∼kschanze.

† Present address: National Renewable Energy Laboratory, 1617 Cole
Boulevard, Golden, Colorado 80401.

929J. Phys. Chem. B2007,111,929-940

10.1021/jp065892p CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/18/2007



excited states. In our earlier communication, we reported the
effects of conjugation length on the absorption, fluorescence,
and phosphorescence spectra of the series.42 On the basis of
the effects of conjugation length on the energies of the various
spectroscopic transitions, we concluded that there is a substantial
degree of delocalization in the singlet excited state whereas the
triplet exciton is confined to a chromophore that encompasses
only a small portion of a moderately long oligomer chain. In
the present article, we describe the results of a more complete
spectroscopic and theoretical analysis of the Pt-n series of
oligomers. In particular, temperature-dependent absorption and
phosphorescence spectroscopy was carried out, and the results
provide clear evidence that the conformation of phenylene repeat
units in the Pt-acetylide chains has a strong influence on the
absorption and phosphorescence energies. Density functional
theory (DFT) calculations aid the interpretation of the spectro-
scopic data, and the results strongly suggest that at low
temperatures the all-planar conformation of the oligomers
predominates whereas at higher temperature a geometry in
which the square-planar Pt-acetylide units and the phenylene
units are oriented perpendicularly is populated. Transient
absorption spectroscopy is used to generate the absolute triplet-
triplet absorption spectra,εT(λ), and the results support the
notion of a triplet exciton that is confined to a chromophore
consisting of a single-[PtL2-CtC-Ph-CtC-PtL2]- repeat
unit. The DFT calculations support this model, suggesting that
localization is partially driven by a quinoidal geometric distor-
tion that is localized in the excited 1,4-diethynylphenylene unit.

Experimental

Materials. The synthesis and characterization of the series
of Pt-acetylide oligomers were reported previously.42 Low-
temperature spectroscopy was carried out with samples dissolved
in 2-methyltetrahydrofuran (2-MTHF) that was purified by
distillation from CaH2.

Variable-Temperature Spectroscopic Measurements.Ul-
traviolet-visible absorption spectra were obtained using a
Varian Cary 100 spectrophotometer. Corrected steady-state
emission spectra were recorded on a SPEX F112 fluorescence
spectrometer. The variable-temperature emission measurements
were carried out by cooling samples in an Oxford Instruments
DN-1704 optical cryostat. The optical density of the samples
for emission measurements was adjusted to approximately 0.2
at the excitation wavelength. The samples were degassed by
four repeated freeze-pump-thaw cycles on a high-vacuum line.

Transient Absorption Spectroscopy.Transient absorption
spectroscopy was carried out on an instrument that has been
described previously.43 Samples were contained in a cell that
holds a total volume of 10 mL, and the contents were
continuously recirculated through the pump-probe region of
the cell. Samples were degassed by argon purging for 30 min.
Excitation was provided by the third harmonic output of a Nd:
YAG laser (355 nm, Spectra Physics, GCR-14). Typical pulse
energies were 5 mJ‚pulse-1, which corresponds to an irradiance
in the pump-probe region of 20 mJ‚cm-2. Triplet-triplet molar
extinction coefficients (∆ε) were determined by an energy-

transfer method from the Pt-acetylide oligomers to pyrene.44

The Pt-acetylide solutions had an absorption of 0.6 at the
excitation wavelength (355 nm), and the concentration of pyrene
was 3× 10-4 M. The efficiency for the energy-transfer process
(ηEnT) was calculated using eq 1:

Here,kd represents the rate of decay of the triplet excited state
of Pt-acetylide in the absence of pyrene, and it was calculated
from the excited-state decay kinetics observed at 660 nm. The
decay obtained when pyrene is added to the oligomer solution
gavekEnT[Pyr] + kd as a pseudo-first-order rate constant. The
triplet-triplet molar extinction coefficient was obtained from
eq 2:

In this equation,∆APt is ∆A at 660 nm extrapolated to time
zero, whereas∆APyr is ∆A at 415 nm at a delay time when the
Pt-n triplet has fully decayed but the pyrene triplet has not
substantially decayed (ca. 5µs). The molar extinction coefficient
of the triplet-triplet absorption of pyrene was taken from the
literature (∆εPyr ) 36 400 M-1‚cm-1 at λ ) 415 nm).44

Computational Methods. All calculations were carried out
using DFT as implemented in Gaussian 03.45 Geometries were
optimized using the hybrid Becke’s three-parameter functional
with the Lee, Yang, and Parr correlation functional (B3LYP)46-48

along with the SDD basis set, which employs the Stuttgart-
Dresden relativistic effective core potential with explicit treat-
ment of platinum and the Dunning-Huzinaga valence double-ú
basis set for the other atoms. Initially the 6-31G+(d,p) basis
set was used for C, H, and P. However, an analysis of the
electronic structure results of the oligomers revealed no
significant differences between the results of the two approaches;
therefore, the SDD basis set was used throughout all of the
calculations, saving considerable computational time. For Pt-
2, calculations were carried out for both relaxed and symmetry-
restricted forms. Thet conformers were optimized withC2h

symmetry, whereas all other conformers were optimized under
D2h or Cs symmetry constraints. The optimized structures for
the conformational isomers of Pt-2 were characterized by
vibrational frequency calculations. Energy minima for each
stationary point were characterized either by the absence of
imaginary frequencies or by the very low imaginary frequencies
corresponding to phenyl rotation. Time-dependent DFT calcula-
tions were performed for all of the optimized structures at the
same level of theory with the same basis set. Simulation of the
phosphorescence spectrum of Pt-2 was carried out according
to the method described by Gierschner and co-workers.49

Results

Structure and Conformational Considerations.The plati-
num oligomers that are the focus of this investigation are
illustrated in Chart 1. The oligomers each contain a repeating
unit consisting of a square-planartrans-Pt(PBu3)2(C)2 unit
alternating with 1,4-diethynylphenylene. An important compo-
nent of this work concerns the conformation of the conjugated
backbone. To facilitate a discussion of this issue, we will define
two limiting conformations with respect to the rotation of the
phenylene groups around the long axis of the molecule.50 By
reference to Scheme 1, we define “twisted” (t) as the conforma-

CHART 1

ηEnT )
kEnT[Pyr]

kEnT[Pyr] + kd

(1)

∆εPt )
ηEnT∆εPyr∆APt

∆APyr
(2)
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tion in which the planes defined by the square-planartrans-Pt-
(PBu3)2(C)2 and phenylene units are perpendicular and “planar”
(p) as the conformation in which these two units are coplanar.
Scheme 1 also illustrates examples of this nomenclature as
applied to two important conformers of oligomeric Pt-2.
Specifically, Pt-2-ttt is the conformer of Pt-2 in which the
three phenyl rings are twisted 90° relative to the planes defined
by the twotrans-Pt(PBu3)2(C)2 units. In Pt-2-tpt , the central
phenylene ring is oriented coplanar relative to the planes defined
by the twotrans-Pt(PBu3)2(C)2 units, whereas the two terminal
phenylene units are twisted 90°.

Variable-Temperature Absorption Spectroscopy.Figure
1 shows the absorption spectra for the series Pt-2-Pt-5
obtained in 2-MTHF solution over a temperature range of 90-
298 K. The absorption spectrum of each oligomer is dominated
by a strong band with a maximum in the near-UV region arising
from the long-axis-polarizedπ, π* transition. The absorption
maximum red shifts with increasing oligomer length, consistent
with a degree ofπ delocalization in the ground and first singlet
excited states. Interestingly, for all of the oligomers, the
dominant absorption band red shifts, narrows in bandwidth, and
becomes more intense (increase inεmax) with decreasing
temperature. This behavior is similar to that seen in many
π-conjugated organic oligomers and polymers, where it has been
ascribed to changes in conformation of the repeating units in
the π-conjugated system.51-53 We believe that a similar effect
is operating in the Pt-acetylide oligomers; that is, as the
temperature is decreased, a single conformational state of the
oligomers predominates, giving rise to increasedπ conjugation
and a lowering of the HOMO-LUMO gap. The different
conformational states are believed to arise as a result of rotation
of the phenylene rings relative to the planes defined by the
square-planar PtP2C2 units. The origin of these effects is
explored more fully below, where the results of quantum
chemical calculations are presented.

Variable-Temperature Photoluminescence Spectroscopy.
Further insight into the effect of temperature on the spectroscopy
of the Pt-acetylide oligomers is provided from emission studies
carried out over temperatures ranging from 80-298 K. As
reported previously, each of the Pt-n oligomers (n ) 2-5,7)
exhibits a moderately intense phosphorescence band withλmax

≈ 520 nm (λmax corresponds to the 0-0 band).42 The position
of the 0-0 phosphorescence band is nearly independent of
oligomer length, consistent with the triplet exciton being
spatially confined to a segment of the oligomer. The emission
envelope also features a manifold of vibronic sub-bands at lower
energy from the 0-0 band. The origin of the vibronic progres-
sion is revealed by a Franck-Condon band analysis, which is
described in a later section. This analysis shows that the spectral
progression arises from the coupling of the excitation with at

least seven fundamental vibrational modes with frequencies
ranging from 93 to 2165 cm-1. The weaker vibronic bands that
appear at lower energy correspond to combinations of these
fundamental modes.

The temperature dependence of the phosphorescence of the
Pt-n oligomers was studied over the temperature range from
90 to 298 K in 2-MTHF, which forms an amorphous glass at
ca. 120 K. The phosphorescence of the oligomers changes
relatively little for temperatures above the solvent glass point
(130-298 K), and thus the spectra for this range are not shown.
However, as shown in Figure 2, upon cooling the samples
through and below the solvent glass point (130-90 K) interest-
ing changes are seen in the emission spectra. Focusing first on
Pt-2 at 120 K, the emission envelope appears as a single 0-0
band (λ ) 519 nm) with a broad vibronic progression at longer
wavelengths. However, at lower temperature the 0-0 band
broadens, and a shoulder is resolved at shorter wavelength. At
90 K, the intensity of the high-energy shoulder is ca. 60%
compared to that of the main 0-0 band. The shoulder is shifted
ca. 660 cm-1 (1.8 kcal‚mol-1) to higher energy compared to
the main 0-0 band. It is quite evident from this series of
temperature-dependent spectra that in the solvent glass Pt-2
exhibits luminescence from several states and as outlined below
these states are believed to be conformers that cannot intercon-
vert during the lifetime of the triplet state in the frozen glass.

Similar effects are observed in the phosphorescence spectra
of Pt-3 over the 130-90 K range. However, interestingly for
Pt-3 the high-energy shoulder that appears below 120 K in
the solvent glass has an intensity that is only 25% relative to
that of the main 0-0 band. An inspection of the variable-
temperature emission spectra for the longer oligomers (Pt-4
and Pt-7) shows that for these systems the high-energy emission
component is hardly visible at low temperature in the 2-MTHF
glass. For both of the longer oligomers in the low-temperature
solvent glass, there is only a slight broadening observed on the
high-energy side of the 0-0 band. The trend observed across
the series suggests that for the longer oligomers there is a
mechanism operating that allows the excitation to migrate away
from high-energy conformations, giving rise to the homogeneous
emission band shape characteristic of the low-energy conforma-
tion. As outlined in more detail below, we believe that this
process is intrachain triplet exciton transfer.

Emission excitation studies provide clear evidence that the
splitting of the 0-0 emission band that occurs in the emission
spectra of the Pt-n oligomers below 120 K arises as a result
of the existence of noninterconverting conformers in the frozen
solvent glass. Figure 3 shows the emission excitation spectra
of Pt-2 obtained while monitoring the emission at 497 nm (the
peak of the high-energy shoulder) and 517 nm (λmax for the
main 0-0 band). Two nearly identical, well-resolved excitation
profiles are obtained, each featuring a distinct 0-0 band with
a vibronic progression at higher energy. Interestingly, the
excitation band that is obtained withλem ) 497 nm (the high-
energy shoulder) is shifted ca. 1490 cm-1 (4.2 kcal‚mol-1) to
higher energy compared to the excitation band obtained with
λem ) 517 nm. The emission spectra that are also shown in
Figure 3 show that it is possible to selectively excite the different
Pt-2 conformers present in the low-temperature glass to produce
distinct emission spectra (i.e., photoselection).

In particular, withλex ) 340 nm, an emission profile with a
0-0 band at ca. 500 nm is observed, whereas withλex ) 385
nm, a similar emission profile is seen, but the 0-0 band is
shifted to 519 nm. Note also that the spectrum obtained with
the longer excitation wavelength is considerably better resolved

SCHEME 1
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(narrower vibronic band widths), suggesting that low-energy
excitation selectively excites a homogeneous population of
conformers. Principal component analysis of Pt-2 (80 K)
emission spectra obtained at a variety of excitation wavelengths
suggests that the excitation wavelength-dependent emission
spectra can be reconstructed by using just two principal emission
components with spectra similar to those shown in Figure 3.54,55

This observation suggests that the wavelength-dependent excita-
tion and emission profiles are determined by the existence of
two distinct conformers that are frozen in the glass. Very similar
observations were made in wavelength-dependent excitation and
emission spectra of the longer oligomers (Pt-3 and Pt-4, data
not shown).56

It is evident from the temperature-dependent absorption and
emission studies outlined above that in solution the Pt-n

oligomers exist in different conformational states and that the
population distribution of the conformers is influenced strongly
by temperature. A second point that is crucial to fully explaining
the observations made in the photoluminescence spectroscopy
is the notion that the triplet state is spatially confined in the
oligomers. In the next section, we present the results of ambient-
temperature transient absorption studies that provide clear
evidence that the triplet state in these Pt-acetylides is spatially
confined.

Transient Absorption Spectroscopy: Evidence for Triplet-
State Localization. Transient absorption spectroscopy was
carried out on the series of Pt-n oligomers with the objective
being to quantify the triplet-triplet absorption spectra and to
provide further information on the structure of the triplet exciton.
For each oligomer, excitation at 355 nm produces a strong

Figure 1. Variable-temperature absorption spectra of Pt-acetylide oligomers Pt-2 through Pt-5: (-) T ) 90 K, (‚‚‚) 120 K, (- - -) 190 K,
(- ‚‚ -) 250 K, (- ‚ -) 298 K.

Figure 2. Variable-temperature phosphorescence spectra for oligomers Pt-2 through Pt-4 and Pt-7: (-) T ) 90 K, (‚‚‚) 100 K, (- - -) 110
K, (- ‚‚ -) 120 K, (- ‚ -) 130 K.
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transient absorption signal due to the triplet state that decays
with a lifetime of ca. 10µs. The set of difference absorption
spectra shown in Figure 4a for Pt-3 is representative of the
entire series of oligomers. In particular, the difference spectrum
is characterized by a negative difference absorption band in near-
UV combined with a broad absorption band with a maximum
between 600 and 700 nm. The negative difference absorption
in the near-UV corresponds to bleaching of the ground-state
absorption band that is assigned to theπ, π* (S0-S1) transition.
The broad visible absorption band is due to T1-Tn absorption
by the triplet excited state. The difference spectrum shown for
Pt-3 in Figure 4a is very similar to that of the polymer with
the same repeat unit structure, [-PtL2-CtC-Ph-]n (L )
PBu3, Ph) 1,4-phenylene),57 which shows that the difference
spectrum is characteristic of the triplet exciton state in the Pt-
acetylide oligomers and polymers.

To generate absolute absorption spectra for the triplet excited
state oligomers, the energy-transfer method was used to
determine the concentration of the triplet excited state produced
by laser excitation.44 Given this information, it is possible to
determine the difference molar absorptivity spectrum∆ε(λ) )
εT(λ) - εgs(λ), whereεT(λ) is the absorption spectrum of the
triplet excited state oligomer andεgs(λ) is the absorption
spectrum of the ground state. Finally, addition of the ground-
state absorption spectrum to the difference molar absorptivity
spectrum allows one to recover the absolute absorption of the
triplet excited state, that is,εT(λ) ) ∆ε(λ) + εgs(λ).

The acceptor for the energy-transfer studies was pyrene,
which was chosen because it does not absorb appreciably at
355 nm, its triplet energy is below that of the oligomers (ET-
(pyrene)≈ 48 kcal‚mol-1 vs ET(Pt-n) ≈ 55 kcal‚mol-1), and
it has a strong triplet-triplet absorption atλ ) 415 nm (∆ε )
36 400 M-1‚cm-1).44 Figure S-1 in Supporting Information
illustrates transient absorption data for a solution that contains
Pt-3 and pyrene, and the method used to determine∆ε(λ) from
the data is described in the Experimental Section.

Figure 4b shows the absolute absorption spectra of the triplet
excited state (εT(λ)) for the series of Pt-n oligomers recovered
as described above. Each spectrum features the broad band in

the 600-700 nm region that is due to the T1-Tn absorption;
there is some variance across the series (which likely arises in
part because of experimental uncertainty in∆ε estimated at
(15%), but the absorptivity generally falls in the range of (60-

Figure 3. Emission and emission excitation spectra for Pt-acetylide oligomer Pt-2. Excitation spectra recorded withλem at 497 nm (-) and 517
nm (- - -). Emission spectra recorded withλex at 340 nm (-) and 385 nm (- - -).

Figure 4. (a) Transient absorption spectrum of Pt-3: (-) t ) 0 µs,
(‚‚‚) 3.2µs, (- - -) 6.4µs, (- ‚‚ -) 9.6µs, (- ‚ -) 12.8µs, (- - -
) 16.0µs. Solid black line: ground-state absorption spectrum of Pt-3.
(b) Absolute triplet-state absorption spectra for Pt-n oligomers
computed as described in the text: (‚‚‚) Pt-2, (- - -) Pt-3, (- ‚ -)
Pt-4, (- ‚‚ -) Pt-5, (--) Pt-7.
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80) × 103 M-1‚cm-1. These values are comparable to those
observed in a recent study of Pt-acetylide complexes of the
type aryl-CtC-Pt(PBu3)2-CtC-aryl.58 In addition to the
T1-Tn band, an absorption feature that becomes more intense
with oligomer length is observed withλmax ≈ 380 nm, which
closely corresponds to the S0-S1 absorption of the ground-state
oligomer. Careful inspection of the data shows that this transition
is nearly absent in Pt-2 and very weak in Pt-3 but that its
intensity rapidly increases for Pt-4, Pt-5, and Pt-7. We believe
that this transition arises in the longer excited-state oligomers
because the triplet state is confined to a short segment and the
remainder of the oligomer acts as a ground-state chromophore
that exhibits its characteristic S0-S1 transition atλ ≈ 380 nm.
Using the value of the ground-state molar absorptivity per repeat
unit (∼40 × 103 M-1‚cm-1),42 the intensity of the residual
absorption in the S0-S1 region for the excited-state oligomers
can be used to estimate the spatial extent of the triplet exciton.
This estimate leads us to the hypothesis that the triplet exciton
encompasses a chromophore that consists approximately of
-[PtL2-CtC-Ph-CtC-PtL2]-. For example, in Pt-4 we
envision the triplet exciton to be confined to a chromophore
segment, as highlighted in red in Scheme 2.

Density Functional Theory Calculations.Density functional
theory (DFT) calculations were applied to provide insight
concerning the energies of various conformers for the ground
and triplet excited states of the Pt-n oligomers. In addition,
time-dependent DFT (TD-DFT) calculations were used to
provide insight concerning the effect of conformation on the
S0-S1 transition. A large set of calculations were carried out
on Pt-2, Pt-3, and Pt-4 to explore the relative energies of
ground-state conformers; the results obtained on the different
oligomers were qualitatively similar; therefore, detailed results
are presented herein only for Pt-2. In all of the calculations
that are reported, the butyl chains on the PBu3 ligands were
truncated to methyls to facilitate the computations.

DFT was used to compute the energies of a variety of
conformers for Pt-2. The structures were obtained either
through geometry optimization without symmetry constraints
or via optimization with specific symmetry constraints imposed.
Energy minima for each stationary point were characterized
either by the absence of imaginary frequencies or by the
presence of a single imaginary low frequency corresponding to
phenylene rotation. Table 1 lists the relative energies of six
conformations of Pt-2 that differ with respect to the orientation
of the phenylene units. In general, the calculations demonstrate
that the barrier to rotation around the Csp2-Csp or Pt-Csp

(subscripts indicate atomic hybridization) bonds is quite low
(ca. 1 kcal‚mol-1). In this respect, the Pt-acetylides are very
similar to oligo(phenylene ethynylene)s, where the barrier to
rotation around the Csp2-Csp bonds is alsoe1 kcal‚mol-1.59-61

The lowest-energy conformation is Pt-2-ttt in which the
planes defined by the PtP2C2 units and the phenylenes are
perpendicular. This finding is consistent with the conformations
present in crystals of several Pt-acetylide oligomers.62,63In the
crystals, the arylene units are rotated 60° or more relative to
the planes defined by the PtP2C2 units. The DFT calculations
on Pt-2 indicate that the energy cost for rotating a terminal
phenylene into thep conformation is∼0.5 kcal‚mol-1 whereas
the energy cost for rotation of the central phenylene into thep
conformation is∼0.8 kcal‚mol-1. These effects are nearly
additive, suggesting that for Pt-2 there is a family of conformers
that lie e2 kcal‚mol-1above the lowest-energy conformer that
interconvert via rotation around the Csp2-Csp and Pt-Csp bonds.

The small rotational barrier is mostly due to steric factors,
but electronic interactions also play a role. In particular,
calculations carried out with PBu3 rather than PMe3 ligands
showed a slight increase in the energy ofp relative to t
conformers. An inspection of the plots of the HOMOs for Pt-
2-ttt and Pt-2-tpt (Supporting Information, Figure S-2)
supports the premise that orbital interactions may also play a
role in determining the lowest-energy conformation. In particu-
lar, for the ttt conformer there is a large extent of electronic
delocalization across the entire oligomer, and coupling between
the phenylene ethynylene units is mediated by the overlap of
the p orbitals on the Cspcarbons with the in-plane Pt 5dxy orbital.
By contrast, in thetpt conformation the HOMO is more
confined to the central phenylene unit, and there is overlap of
the p orbitals on the Csp carbons with the out-of-plane Pt 5dxz

and 6pz orbitals.
Regardless of the origin of the effect, the preference for the

twisted conformation extends to the other members of the Pt-n
series. Figure 5 illustrates the lowest-energy conformations
computed by DFT for Pt-2, Pt-3, and Pt-4. In each case the
“all- t” conformation is energetically preferred over conformers
in which terminal or internal phenylenes are rotated into thep
conformation.

DFT was also used to obtain the optimized geometry for the
lowest triplet (excited) state in Pt-2, Pt-3, and Pt-4. Similar
results were obtained for Pt-2 and the longer oligomers, as
outlined below. For each oligomer, the calculations strongly
support the premise that the triplet is spatially confined. Figure
6 shows two conformations of the lowest triplet state of Pt-2
along with calculated bond lengths. (The ground-state Pt-2-
ttt structure is included in the figure for comparison.)

Interestingly, in the triplet state thetpt conformer is the
energy minimum, whereas thettt conformation lies ca. 3.1
kcal‚mol-1 higher in energy (Table 1). Note that the relative
energetic ordering of the conformations in the triplet state is
inverted compared to that in the ground state. Moreover, the
energy difference between thep andt conformers is substantially
increased in the triplet state. Comparison of the bond lengths
for the triplet Pt-2-tpt and ground-state Pt-2-ttt structures
reveals that in the former there is a clear quinoidal geometric
distortion that is concentrated in the central 1,4-diethynylphe-
nylene unit.

SCHEME 2

TABLE 1. Relative Energies of Conformers of Pt-2

conformera symmetry
electronic

state
relative energy/

kcal‚mol-1 b

ttt C2h S0 0
ptt Cs S0 0.55
tpt D2h S0 0.77
ppt Cs S0 1.10
ptp D2h S0 1.15
ppp C2h S0 1.45
tpt D2h T1 0
ttt C2h T1 3.1

a See the text for a definition of conformer nomenclature.b Energy-
optimized structures using DFT with an SDD basis set.
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Geometry optimization for the lowest triplet state in Pt-4
results in a similar effect: the lowest-energy conformation is
ttptt , where the central phenylene ring is rotated planar. This
conformation is ca. 3 kcal‚mol-1 lower in energy compared to
that of thettttt conformer. More insight into the structure of
the triplet in Pt-4 comes by comparing the bond lengths for
the lowest-energy triplet- and ground-state conformations

(Figure 7). This analysis shows that the geometry of the triplet
differs from that of the ground state only in the core
-[PtL2-CtC-Ph-CtC-PtL2]- unit. In particular, as shown
by the structure and graph in the triplet state there is a quinoidal
geometric distortion that is localized within the central 1,4-
diethynylphenylene unit. It is important to note that the results
of the calculation are entirely consistent with the spectroscopic
studies of the triplet state, which led us to conclude that the
triplet state in the Pt-acetylides is confined to a chromophore
consisting of a single-[PtL2-CtC-Ph-CtC-PtL2]- unit.

Time Dependent DFT Calculations: Effects of Conforma-
tion on Transition Energies.TD-DFT calculations were carried
out on several conformers of Pt-2, Pt-3, and Pt-4 in order to
provide insight into the relationship between the conformation
of the conjugated chain and the energies of the S0-S1 and S0-
T1 transitions. At the outset, it was hoped that the TD-DFT
results would provide the basis with which to explain the
experimental temperature-dependent absorption and phospho-
rescence data. Table 2 summarizes the results of the TD-DFT
calculations. Before discussing these results in detail, it is
important to point out that in general the TD-DFT results are
in agreement with the experimental spectral data. For each of
the oligomers, the calculations provide transition energies that
are within 0.5 eV of the observed spectral bands.

The TD-DFT calculations show that in the all-t conformations
of Pt-2, Pt-3, and Pt-4 the S0-S1 transition is dominated by
the HOMO-LUMO transition. The calculated transitions shift
to lower energy with increasing oligomer length, and the
calculated shifts are in good agreement with the experimentally
observed red shift in the absorption bands. The results support
the notion that in the Pt-actylide oligomers there is a substantial
degree of delocalization in the singlet excited state.

To probe the effect of conformation on the S0-S1 transition
energies, TD-DFT calculations were carried out on oligomers

Figure 5. Geometry-optimized structures of Pt-2 through Pt-4 computed by DFT. Lowest-energy conformers are shown for each structure.

Figure 6. Geometry-optimized structures of Pt-2. (Bottom) Pt-2-
tpt , lowest-energy conformation of triplet excited state (T1). (Middle)
Pt-2-ttt , triplet state (T1), conformer lies 3 kcal‚mol-1 above thetpt
conformer. (Top) Pt-2-ttt , lowest-energy conformation of the ground
state (S0). Numbers show bond lengths in each structure.
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with one of the phenyl groups in thep conformation. In
particular, for Pt-2, Pt-3, and Pt-4 the S0-S1 transition energy
was computed for thetpt , tptt , and ttptt conformers, respec-
tively. Interestingly, the results show that in each case the
rotation of a single phenylene unit into thep conformer results
in a substantial lowering of the S0-S1 transition energy. For
Pt-2, Pt-3, and Pt-4, the S0-S1 transition is shifted to lower
energy by 0.53, 0.41, and 0.37 eV, respectively. An important
point is that the TD-DFT computed difference in the S0-S1

transition for the all-t conformers relative to those that contain
a phenylene unit in thep conformation is very similar to the
shift in the experimental absorption spectra of the oligomers as
the temperature is decreased from ambient to 80 K (Figure 1).

Two different TD-DFT methods were used to compute the
S0-T1 energy gap. Specifically, calculations were carried out
using the DFT-optimized ground-state geometry and the DFT-

optimized triplet-state geometry. In each case, calculations were
made for the all-t conformers and for structures in which one
phenylene unit is in thep conformation. The S0-T1 transition
energies computed using the ground-state geometry are in
remarkably good agreement with the experimentally observed
phosphorescence energies, whereas those computed using the
triplet geometry underestimate the experimental energy by ca.
0.5 eV. Regardless of which geometry is used, the TD-DFT
calculations indicate that the S0-T1 transition energy is affected
very little by oligomer length. This result is in agreement with
experiment and supports the notion that the triplet exciton is
strongly confined in the Pt-acetylide oligomers.

The TD-DFT calculations suggest that the conformation of
the phenylene units has a similar effect on the S0-T1 transitions
as described above for the S0-S1 transitions. In particular, for
Pt-2 computed S0-T1 transition shifts are from 474 nm for

Figure 7. Plot showing bond lengths for Pt-4 structures. X-axis labels indicate bond numbers starting from the para position of one of the
terminal phenylene rings. (b) Pt-4, lowest-energy conformer of the ground state (S0). (3) Pt-4, lowest-energy conformer of the triplet state (T1).
Structure shown at top shows bonds that differ in length by more than 0.01 Å in the singlet and triplet states. Red bonds are shorter and blue bonds
are longer in the triplet state.

TABLE 2. Results of TD-DFT Calculations on Pt-n Oligomers

Singlet absorption
Triplet absorption on
ground-state geometry

Triplet absorption on
triplet-state geometry

oligomer
orbital

transitions
%

contr.
calc.

S0-S1, nm
calc.

f in a.u.
exp.

S0-S1, nm
calc.

S0-T1, nm
calc.

f in a.u.
calc.

T1-S0, nm
exp.

T1-S0, nm

Pt-2-ttt H f L 100 319 2.1042 355 474 0 658 516

Pt-2-tpt H f L 98 370 1.8025 511 0 695
H-3 f L + 2 2 370 1.8025 511 0 695

Pt-3-tttt H f L 96 331 3.2337 363 477 0 553a 517
H-1 f L + 1 4 331 3.2337 363 477 0 553a 517

Pt-3-tptt H f L 98 372 2.3981 511 0 695
H-5 f L + 4 2 372 2.3981 511 0 695

Pt-4-ttttt H f L 90 336 4.5028 367 478 0 658 518
H-1 f L + 1 10 336 4.5028 367 478 0 658 518

Pt-4-ttptt H f L 98 373 3.0397 511 0 695
H-13 f L + 7 2 373 3.0397 511 0 695

a The C2h symmetry of this structure forces the triplet to delocalize on both of the inner 1,4-phenylenediyl segments of Pt-3-tttt.
Therefore, the calculated triplet emission wavelength is considerably different for this structure compared to those of other Pt-n oligomers in this
column.
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the ttt conformer to 511 nm for thetpt conformer. (For
calculations on ground-state geometry, the shift corresponds to
0.18 eV or 4.1 kcal‚mol-1.) Similar shifts of the S0-T1 transition
energy are seen for the other oligomers as one phenylene unit
is rotated into thep conformation. It is interesting that the
calculated shift in the S0-T1 transition energy corresponds very
closely to the difference in energy between the two emission
bands seen for Pt-2 and Pt-3 in the frozen 2-MTHF solvent
glass (∆E ≈ 4.2 kcal‚mol-1).

Discussion

Structure of the Triplet Exciton in Platinum -Acetylide
Oligomers. The experimental results presented above provide
compelling evidence that the triplet exciton in the Pt-n
oligomers is localized to a short segment length. First, as pointed
out in our previous communication,42 the phosophorescence
energy shifts very little across the entire series. Second, the
quantitative transient absorption spectroscopy data presented in
this study further supports the notion of triplet localization. In
particular, the absolute absorption spectrum of the triplet state
in Pt-2 features little absorptivity in the 350-400 nm region.
This shows that in the short oligomer the ground-state absorption
(S0-S1) is completely depleted in the excited state, which is
consistent with the idea that in the Pt-2 the triplet chromophore
encompasses the entire oligomer. However, as the oligomer
length increases, the triplet-state absorption spectrum shows
increasing absorptivity in the 350-400 nm region. This
demonstrates that in the longer oligomers the ground-state
absorption is incompletely bleached, which is consistent with
the notion that the triplet exciton is confined to a small segment
of the oligomer chain. In essence, the residual absorption that
appears in the 350-400 nm region for the longer oligomers is
the S0-S1 transition in the unexcited segment of the oligomer.
As noted above, on the basis of the spectroscopic results we
postulate that the triplet exciton encompasses the chromophore
illustrated in Scheme 2.

The DFT calculations are in complete accord with our model
of triplet exciton localization in the Pt-n oligomers. First, clear
evidence of triplet localization comes from the similarity
between the calculated vibronic progression in the phosphores-
cence spectrum and the experimental emission spectrum of Pt-2
(Figure 8). The simulated spectrum was obtained using the

triplet- Pt-2-tpt and ground-state Pt-2-tpt geometries.
Among the large number of normal modes for ground-state Pt-
2-tpt , only those modes with ag symmetry serve as coupling
modes for the T1 f S0 transition. In the calculated spectrum,
we used the seven vibrational modes that display relatively large
Huang-Rhys constants (Sg 0.08).49 These modes are located
at 93, 216, 533, 835, 1213, 1648, and 2165 cm-1, and they are
illustrated in Figure S-3 in the Supporting Information. As
shown in Figure 8, the position of the primary vibrational sub-
bands agrees very well with the experimental spectrum;
however, the calculation underestimates the intensity of the sub-
bands. This indicates that the calculated Huang-Rhys constants
are underestimated possibly as a result of the neglect of the
effect of the phenylene torsional modes on the Huang-Rhys
factors.64

The important point with respect to triplet-state structure is
that, as shown in Figure S-3, all of the vibrational modes above
533 cm-1 that are coupled to the T1 f S0 transition are localized
on the central 1,4-diethynylphenylene unit. This fact emphasizes
that the triplet chromophore can be represented by Scheme 2.

The calculations also provide insight into the difference in
geometry between the ground and triplet excited states. In
particular, the calculations indicate that in the ground state there
is a relatively low barrier for rotation of the phenylene units
around the oligomer axis. The calculations also suggest (but
do not prove) that in the ground state the all-t conformation is
most stable. By contrast, the DFT calculations suggest that in
the triplet state there is a significant quinoidal geometric
distortion in a single-[PtL2-CtC-Ph-CtC-PtL2]- unit
that comprises the triplet chromophore (Figures 6 and 7). In
addition, the phenylene unit in the triplet chromophore is in
the p conformation, and there is a substantially larger barrier
for rotation of this phenylene unit in the triplet state: thet
conformation of the triplet is 3 kcal‚mol-1 above thep
conformation.

This model of a localized triplet exciton brings with it the
possibility that in a longer oligomer (or in a polymer) the triplet
exciton may diffuse along a chain via hopping between adjacent
triplet chromophore segments. Triplet exciton hopping may be
accompanied by a small activation energy arising from a
reorganizational energy that is caused by the geometric differ-
ence between the triplet- and ground-state Pt-acetylide chro-
mophores.

The phenomenon of triplet exciton hopping was explored in
a recent investigation of a series of Pt-acetylide copolymers.57

The results of this study suggest that at ambient temperature
triplet exciton hopping among triplet chromophores along a
chain occurs very rapidly (τ < 1 ns); however, at cryogenic
temperatures in a rigid solvent glass, triplet exciton hopping is
slowed such that it is competitive with the exciton lifetime (τ
≈ µs).57 This slowing of triplet exciton hopping at low
temperature is consistent with the notion that the process has a
small to moderate activation energy (i.e., in the range of 3-5
kcal‚mol-1). Note that this is in accord with the DFT calculations
that suggest that in the triplet state the energy difference between
the t and p conformers is ca. 3 kcal‚mol-1. The concept of
hopping of a localized triplet exciton along an oligomer chain
will be used below as we explain some of the spectroscopic
results.

Model to Explain Temperature Dependence of Absorption
and Phosphorescence.At this point, we develop a model to
explain the most significant experimental observations of this
work: (1) with decreasing temperature, the absorption spectra
of the Pt-n oligomers red shift and narrow in bandwidth and

Figure 8. Comparison of experimental (black) and calculated phos-
phorescence spectra of Pt-2. Spectra are computed using the seven
vibronic modes shown in Figure S-3 (Supporting Information) according
to the procedure described in ref 49. Huang-Rhys factors are multiplied
by 2 in the simulated spectra to facilitate comparison of the computed
and experimental spectra.
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(2) at low temperatures in a solvent glass, the phosphorescence
of the short oligomers (Pt-2 and Pt-3) is split into two
components, whereas for the longer oligomers the splitting is
less evident. First, in a general sense it is clear that the changes
in the absorption and phosphorescence spectra arise as a result
of the effect of temperature on the conformation of the
oligomers. In the ground state, the barrier for interconversion
of thet andp conformers is very low; consequently, at ambient
temperature the oligomers exist in a large number of conforma-
tions that are able to interconvert rapidly. However, as the
temperature decreases the conformational equilibrium shifts so
that the more stable conformation predominates and conjugation
along the oligomer backbone increases. Finally, as the temper-
ature falls below the solvent glass point (ca. 120-130 K in the
present work), the oligomers are frozen in a state where some
conformational disorder may remain (i.e.,t-p interconversion
is prevented).

A shift in conformer equilibrium with decreasing temperature
explains the red shift that occurs in the absorption spectra with
decreasing temperature. On the basis of the ground-state DFT
calculations, one would predict that as the temperature decreases
the all-t conformation will begin to predominate (Table 1).
However, this prediction leads to a contradiction: The TD-DFT
calculations indicate thatt conformers absorb at higher energy
(blue shift) relative to thep conformers. In apparent conflict
with this is the fact that the experimental absorption spectra
red shift with decreasing temperature,oppositeto the direction
of the shift that is expected if the all-t conformers predominate
at low temperature. Given the very clear result from the TD-
DFT calculations, which show thatp conformers absorb at
considerably lower energy than dot conformers, we believe
that the experimental absorption results must be interpreted as
showing thatp conformers predominate at low temperature.

The apparent discrepancy between the theoretical and ex-
perimental results led us to carry out a more thorough DFT
investigation to determine whether the lowest-energy conformer
is t or p. Possible sources of error considered include (1) an
inadequate theoretical approach, (2) neglect of vibronic- and
thermal-energy corrections to the total energy, and (3) neglect
of solvent stabilization. First, several other theoretical methods
were employed to examine the effect of the method and basis
set used for determining the energy difference betweenp and
t conformers.65 All of these calculations indicate that thet
conformer is the lowest-energy structure witht-p energy
differences similar to those obtained from the B3LYP/SDD
calculations. Next, we incorporated zero-point energy (ZPE) and
thermal energy corrections to the enthalpy of each conformer
(Pt-2-ttt and Pt-2-tpt ) from frequency calculations. These
results show that by including the thermal energy and ZPE
correction to the enthalpy∆Htfp decreases to 0.04 kcal‚mol-1

indicating that there is almost no preference of one conformer
over another at room temperature. The calculated entropy
difference is∆Stfp ) -9 cal‚mol-1‚K-1, which slightly favors
the shift of equilibrium to the Pt-2-ttt conformer at room
temperature; however, with decreasing temperature the entropy
term becomes negligible, and thus the equilibrium may begin
to favor the Pt-2-tpt conformer.

Finally, we consider the solvent effect on the equilibrium of
t f p interconversion. Although there is little difference between
the energy of the two conformers in the gas phase, it is possible
that in solution thep conformer is stabilized more than thet
conformer. Polarized continuum model (PCM) calculations on
the gas-phase optimized structures of Pt-2-ttt and Pt-2-tpt
indicate that the latter is more stable in solution by ca. 3

kcal‚mol-1. Although the PCM results are not definitive
(because the structures were not optimized in the presence of
the solvent), they clearly show that solvent effects may be a
possible explanation for the apparent stabilization of thep
conformer in 2-MTHF.

We now explain the observed temperature-dependence effects
on the phosphorescence spectra of the oligomers. First, for all
of the oligomers at temperatures above the glass point of the
solvent the phosphorescence has a single 0-0 band with a clear
vibronic progression. Here, we use Pt-2 as an example to
explain this observation, but the effects are the same in the
longer oligomers. Vertical excitation of the all-t conformation,
Pt-2-ttt , affords the Franck-Condon excited state, *Pt-2-
ttt . This state rapidly undergoes conformational isomerization
to produce the relaxed triplet state, *Pt-2-tpt . On a longer
time scale, the relaxed triplet decays via radiative and nonra-
diative decay. In fluid solution, conformational relaxation is
rapid; consequently, phosphorescence is observed only from the
relaxed triplet state (i.e., thep conformation), which explains
why only a single phosphorescence origin is observed in the
spectra of all of the oligomers at ambient temperature.

As noted above, at low temperature the oligomers exist
preferentially in thep conformational state. However, there is
still likely to be some conformational heterogeneity present, that
is, some oligomer repeat will exist in thet conformation. When
the temperature falls below the solvent glass point, the confor-
mational distribution is frozen on the time scale of the triplet
lifetime. For Pt-2 in the frozen glass, there will essentially be
two distinct populations of molecules with conformations that
will phosphoresce at different energiessthose with the central
phenylene ring in thet and those with thep conformation. These
two conformers are the origin of the distinct emission and
excitation spectra that are shown in Figure 3. In particular, Pt-2
oligomers with the central phenylene in thet conformation
exhibit the blue-shifted phosphorescence and absorption (excita-
tion) spectra, whereas those with phenylene in thep conforma-
tion exhibit the red-shifted spectra. For the longer oligomers in
the frozen glass, there will still be some oligomer repeat units
that are frozen in thet conformation. However, the likelihood
that an oligomer will exist in the all-t conformation will decrease
with increasing oligomer length. Thus, when a longer oligomer
is photoexcited, if the triplet exciton happens to be initially
produced on a repeat unit in thet conformation, then it can
simply hop via intramolecular energy transfer to a nearby triplet
chromophore that is in thep conformation. The ability of the
triplet exciton to migrate in the longer oligomers explains why
at low temperature phosphorescence spectra show little evidence
for emission from the higher-energy state that is so prominent
in the low-temperature spectra of Pt-2 and Pt-3.

Summary and Conclusions

We have carried out a comprehensive experimental and
theoretical investigation that examined the properties of the
ground and excited states of the series of Pt-n oligomers. This
study was focused on exploring the electronic and geometric
structures of the ground and triplet excited states and how these
factors are affected by oligomer length.

The π, π* absorption band of the oligomers occurs in the
near-UV, and the band red shifts substantially with decreasing
temperature over the 298-80 K range. All of the oligomers
exhibit phosphorescence with a 0-0 band maximum near 520
nm. Temperature-dependence studies show that the phospho-
rescence energy and band shape do not change substantially
with temperature until the solvent glass point is reached. Below
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the solvent glass temperature, in the short oligomers (Pt-2 and
Pt-3) the 0-0 band splits, and a second band is observed that
is blue-shifted slightly compared to the main 0-0 band (i.e., at
higher energy). The splitting of the phosphorescence band in
the solvent glass is not seen in the longer oligomers.

Transient absorption spectroscopy was applied to obtain the
absolute triplet-triplet absorption spectra of the oligomers in
solution at ambient temperature. For all of the oligomers, the
triplet state exhibits a strong triplet-triplet absorption band with
λmax ≈ 650 nm andεmax ≈ (60-80) × 103 M-1‚cm-1. For the
longer oligomers, there is an additional band that appears in
the triplet absorption spectrum in the same region where the
ground-state absorption arises. These observations are consistent
with the triplet state being localized to a chromophore consisting
of -[PtL2-CtC-Ph-CtC-PtL2]-.

Quantum calculations were carried out on the Pt-n oligomers
using DFT and TD-DFT to provide insight concerning the origin
of the experimental observations. The DFT calculations indicate
that in the ground state there is a small energy difference (<1
kcal‚mol-1) between thep and t conformers. This finding
indicates that in fluid solution the oligomers exist as a
heterogeneous population consisting of different conformers that
differ with respect to rotation around the Pt-Csp and Csp-CAr

bonds. By contrast, in the triplet excited state thep conformer
is 3 kcal‚mol-1 lower in energy compared to thet conformer,
and the analysis of the triplet geometry and vibrational mode
structure strongly suggests that the triplet is localized on a single
-[PtL2-CtC-Ph-CtC-PtL2]- unit. TD-DFT calculations
clearly indicate that the S0-S1 absorption occurs at higher
energy int conformers relative top conformers. This theoretical
result leads us to conclude that the experimentally observed red
shift in the absorption bands with decreasing temperature means
that the p conformers are predominant in the conformer
population at low temperature (T < 150 K).

The splitting of the phosphorescence 0-0 band in the short
oligomers at low temperature in the solvent glass is ascribed to
emission fromt andp conformers that cannot interconvert in
the frozen matrix. This effect is not seen in the longer oligomers
(Pt-4 and longer); this effect is ascribed to intrachain energy
transfer that allows an exciton to relax by migrating to a repeat
unit in thep conformation.

The most significant result of this work is that it provides
unambiguous evidence for triplet localization in Pt-acetylide
oligomers. Although the concept of triplet localization in organic
and organometallic conjugated oligomers and polymers has been
explored in a number of investigations,29,37,66-68 the work
presented herein provides a very clear experimental and
theoretical description of the effect. Although this work
highlights the importance of localization in determining the
spectroscopic properties of the triplet state in Pt-acetylide
oligomers, a question that remains concerns the dynamics of
intrachain triplet exciton transport. This effect is the focus of
ongoing investigations in our laboratories and will be the subject
of future communications.
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