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ABSTRACT: The synthesis and characterization of the thieno[3,2-b]thiophene and dithieno|3,2-b:2",3'-d]thiophene
containing platinum(II) poly-ynes and their molecular precursors is described and the electronic structure is
established by absorption, luminescence and photoinduced absorption measurements. A comparison of the electronic
structure of the fused and the nonfused oligothiophenes, thieno[3,2-b]thiophene, dithieno[3,2-b:2',3'-d]thiophene,
2,2'-bithiophene, and 2,2":5",2" -terthiophene incorporated in platinum(II) poly-ynes is reported. We find the singlet
S, and triplet T; and T, excited states to be at higher energy in thin films made from the fused systems than from
the nonfused systems. For ligands with the same number of rings, we attribute this to the decreased number of
double bonds in the fused system and to the presence of an additional sulfur atom in spacers with the same

number of double bonds.
I. Introduction

Oligothiophenes and polythiophenes have sparked particular
interest within the area of optoelectronic materials because of
their applications in organic thin film transistors and photovoltaic
cells.' > Though thiophenes are known for their excellent charge
transport properties, the possible disruption of conjugation
caused by torsion about the single bonds and unfavorable
molecular packing can be limiting factors of charge carrier
mobility. It has been suggested by Zhang et al. that oligothi-
openes with fully fused thiophene rings could circumvent this
problem.® The rigid structure and planarization of the backbone
are expected to facilitate molecular ordering through 7-stacking,
resulting in improved carrier mobilities.®” Recently, McCulloch
et al.® demonstrated organic field effect transistors based on
liquid-crystalline regioregular polythiophenes with a pair of
fused rings at regular intervals along the polymer backbone,
which exhibited charge carrier mobility [0.6 cm?/(V s)] close
to that of amorphous silicon transistors. The rings “locked the
arms” into a flatter shape and made it energetically even easier
for neighboring molecules to stack side by side.” According to
McCulloch and co-workers,® the fused rings also are harder for
oxygen atoms to break apart, making it more resistant to
degradation when exposed to air or water, a common problem
with conjugated molecules. This gives fused oligothiophenes a
competitive edge over other fused conjugated oligomers such
as pentacene, which show outstanding charge carrier mobility,'°
but are not environmentally stable, raising concerns over the
device lifetime.'"'? Thus, fused thiophenes with extended
conjugation owing to their planar structures and improved
molecular ordering can find potential applications in the field
of organic electronics. In fact, Li et al. have reported high charge
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carrier mobility and high on/off ratio in thin film transistors
based on a material with fused thiophene derivative as building
block.'? The improved mobility is attributed to 7z-stacking and
macroscopic ordering.'?

In this paper, we present a systematic spectroscopic study,
which compares the electronic structure of nonfused and fused
oligothiophene systems incorporated as spacers into platinum
containing poly-ynes (Figure 1). The evolution of both the
singlet and triplet manifolds with increasing number of fused
thiophene units is studied. In order to access the triplet manifold,
the oligothiophenes with number of thiophene units, n = 1, 2
and 3 are incorporated as bridging ligands (spacers or linker
groups) in “rigid-rod” platinum poly-ynes and corresponding
monomers, which are commonly used as model compounds to
study triplet excited states.'* >’ The presence of the heavy metal
leads to strong spin—orbit coupling and efficient phosphores-
cence, so that the lowest energy triplet excited-state Ty becomes
spectroscopically accessible.'>™'” Thus, by combining the
platinum poly-yne systems with oligothiophenes (Figure 1), it
is possible to probe both the singlet and triplet manifolds of
both fused and nonfused oligothiophenes, and draw comparisons
between the two classes of materials. The study of triplet
excitons is important as they play a significant role in organic
photovoltaic cells,?®*° in addition to their well-established role
in organic light emitting diodes (OLEDs).?°~** Triplet excitons
in polythiophenes deserve particular attention as they are widely
being used in both bulk heterojunction and hybrid solar
cells.*>3* Furthermore, triplet materials (organometallic poly-
mers) have recently been proposed by Wong et al. as a new
path toward high-efficiency solar cells.>* 7 The present study
on the effect of chemical modification on singlet and triplet
excited states gives an insight into design principles of organic
materials for device applications.

By comparing systems with fused and nonfused rings it is
possible to asses the effect of planarity on the electronic energy
levels of the singlet and triplet excited states. In related studies
with polyphenylenes the conjugation length increases when
polyphenylenes are linked in a ladder-type structure to give a
planar backbone, and consequently, the optical transitions are
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Figure 1. Chemical structures of the monomers (left) and polymers (right) with fused and nonfused oligothiophene spacers. The structures of the

fused ligands are also shown.

lowered.*®>° For fused thiophene rings, a similar trend could
be expected. However, past reports show that the optical gaps
in fused polythiophenes are higher than in nonfused poly-
thiophenes with a comparable number of rings.*

In order to elucidate the electronic structure of fused
oligothiophenes and to compare it against the nonfused coun-
terparts, we investigate a series of platinum containing mono-
mers and polymers containing the linker groups fused thieno[3,2-
b]thiophene and dithieno[3,2-b:2",3'-d]thiophene and the nonfused
2,2'-bithiophene and 2,2":5",2”-terthiophene (Figure 1). Mono-
mers with one, two and three fused thiophene rings are named
1, 2 and 3 respectively and the corresponding polymers are
named 4, 5, and 6. The polymers with nonfused thiophene rings
are named 7 and 8. The ligands of the fused thiophene rings
are named L2 and L3 respectively. The platinum poly-ynes with
nonfused bridging ligands have previously been investigated
by Chawdhury et al.*' and some of those previous results are
included here for ease of comparison between the two systems.

I1. Experimental Section

A. Synthesis. The synthesis of the platinum(II) poly-ynes and
diynes with nonfused thiophene rings was reported previously.*'*?
We here report the synthesis of the systems with the fused thiophene
rings. All reactions were performed under a dry argon atmosphere
using standard Schlenk or glovebox techniques. Solvents were
predried and distilled before use by standard procedures.** All
chemicals and reagents, except where stated otherwise, were
obtained from commercial sources and used without further
purification. The compounds trans-[(Ph)(PEt;),PtC1]** and trans-

[(P"Bus),PtCL,]* were prepared by literature procedures. The
protected oligothienyl dialkynes, 2,5-bis(trimethylsilylethynyl)th-
ieno[3,2-b]thiophene and 5,5'-bis(trimethylsilylethynyl)dithieno[3,2-
b:2',3'-d]thiophene were synthesized and purified as described
elsewhere.*®*” The terminal oligothienyl dialkynes, 2,5-bis(ethy-
nyl)thieno[3,2-b]thiophene and 5,5'-bis(ethynyl)dithieno[3,2-b:2",3'-
d]thiophene were freshly prepared by proto-desilylation reaction
of the protected precursors prior to complexation with the plati-
num(II) salts.** The NMR spectra were recorded on a Bruker WM-
250 or AM-400 spectrometer in CDCly. The 'H and *C{'H} NMR
spectra were referenced to solvent resonances and 3'P{'"H}NMR
spectra were referenced to external trimethylphosphite. IR spectra
were recorded as CH,Cl, solutions, in a NaCl cell, on a Perkin-
Elmer 1710 FT-IR spectrometer, mass spectra on a Kratos MS 890
spectrometer by the electron impact (EI) and fast atom bombard-
ment (FAB) techniques. Microanalyses were performed in the
Department of Chemistry, University of Bath. Preparative TLC was
carried out on commercial Merck plates with a 0.25 mm layer of
silica. Column chromatography was performed either on silica gel
60 (230 — 400 mesh) or alumina (Brockman grade II—III). Molar
masses were determined by GPC method*® using two PL Gel 30
cm, 5 um mixed C columns at 30 C running in THF at 1 cm® min™!
with a Roth Mocel 200 high precision pump. A DAWN DSP (Wyatt
Technology) multi-angle laser light scattering (MALLS) apparatus
with 18 detectors and auxiliary Viscotek model 200 differential
refractometer/viscometer detectors was used to calculate the mo-
lecular weights (referred to as GPC LS). Thermal analysis (dif-
ferential thermal analysis, DTA, and thermogravimetry, TG) was
performed simultaneously in a Stanton-Redcroft model STA-780
simultaneous thermal analyzer under flowing N,. Sample masses
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were ~1 mg packed with ~1 mg of Al,O; in open Inconel crucibles.
The reference crucible contained Al,O;. Samples were heated at
10 °C/min to 485 °C. The thermocouple readings were calibrated
using a series of DTA standard materials: KNOs;, In, Sn, Ag,SO,,
and K,SO, as well as Pb and Al as secondary standards, using the
same heating rates as the samples.

Preparation of trans-[(Ph)(Et;P),Pt—C=C—R—C=C—Pt-
(PEt;)2(Ph)] (R = Thieno[3,2-b]thiophene-2,5-diyl), 2. To a stirred
solution of trans-[(Ph)(PEt;),PtCl] (0.543 g, 1.0 mmol) and 2,5-
bisethynylthieno[3,2-b]thiophene (0.094 g, 0.5 mmol) in Pr,NH-
CH,CI, (50 ¢cm?, 1:1 v/v) under nitrogen was added Cul (5 mg).
The yellow solution was stirred at room temperature for 15 h., after
which all volatile components were removed under reduced
pressure. The residue was dissolved in CH,Cl, and passed through
a silica column eluting with hexane-CH,Cl, (1:1, v/v). Removal of
the solvents in vacuo gave the title complex as a pale yellow solid
in 70% yield (0.42 g). IR (CH,Cl): v/em™' 2085 (—C=C—). 'H
NMR (250 MHz, CDCl3): 6 7.53 (s, 2H, =CH), 7.34 (d, 4H, H,s,
of Ph), 6.92(t, 4H, H,..., of Ph), 6.77 (t, 2H, H,,,,, of Ph), 1.87—1.80
(m, 24H, P—CH,), 1.10 (m, 36H, P—CH,CHj3). *C{'H} NMR (100
MHz, CDCl;): 6 7.82 (P—CH,CHj3), 13.18 (P—CH,), 105.94, 106.76
(C=0C), 119.28, 124.48, 126.93, 127.45, 130.85, 132.54, 135.99,
143.52, 150.08 (aromatic and heteroaromatic). 3'P{'H} NMR (101.3
MHz, CDCl;): 6 —131.17, ({Jp—p = 2628 Hz). FABMS: m/z 1203
(M™). Anal. Calcd for C4sH7,P4S,Pt,: C, 45.92; H, 6.03. Found: C,
46.12; H, 5.98.

Preparation  of trans-[(Ph)(Et;P),Pt—C=C—R—C=C—Pt-
(PEt;)(Ph)] (R = Dithieno[3,2-b:2',3'-d]thiophene-5,5'-diyl), 3.
This compound was synthesized employing reaction conditions
similar to those of 2 but using 5,5'-bis(ethynyl)dithieno[3,2-b:2",3'-
d]thiophene  instead  of  2,5-bisethynylthieno[3,2-b]thio-
phene. The product was purified on preparative TLC plates with
hexane—CH,Cl, (3:7, v/v) as eluent giving the title compound as
a yellow solid in an isolated yield of 65%. IR (CH,Cl,): v/cm™!
2083 (—C=C—). 'H NMR (250 MHz, CDCls): 6 7.38 (s, 2H,
=CH), 7.32 (d, 4H, H,s, of Ph), 6.95 (d, 4H, H,., of Ph), 6.80 (t,
2H, H,yq of Ph), 1.75 (m, 24H, P—CH,), 1.07 (m, 36H,
P—CH,CHj3). '*C NMR (100 MHz, CDCl;): 6 7.90 (P—CH,CH3),
15.22, (P—CH,), 108.85, 111.01, (C=C), 119.28, 124.48, 126.93,
127.45, 130.85, 132.54, 135.99, 143.52, 150.08, 156.21 (aromatic
and heteroaromatic). *'P{'H} NMR (101.3 MHz, CDCL): 6
—131.17, ({Jp—p = 2653 Hz). FABMS: m/z 1259 (M™"). Anal. Caled
for C4H7,P4S5Pt: C, 50.41; H, 6.43. Found: C, 50.69; H, 6.58.

Preparation of trans-[—("Bu;P),Pt—C=C—R—C=C—],, (R =
Thieno[3,2-b]thiophene-2,5-diyl), 5. Cul (5 mg) was added to a
mixture of trans-[Pt(PBu;),Cl,] (0.670 g, 1.0 mmol) and 2,5-
bisethynylthieno[3,2-b]thiophene (0.188 g, 1.0 mmol) in
Pro,NH—CH,Cl, (50 cm?, 1:1 v/v). The solution was stirred at room
temperature for 15 h, after which all volatile components were
removed under reduced pressure. The residue was dissolved in
CH,Cl, and passed through a short alumina column. After removal
of the solvents by a rotary evaporator, an orange film was obtained
readily which was then washed with methanol to give the polymer
5 in 85% isolated yield (0.67 g). Further purification can be
accomplished by precipitating the polymer solution in methanol
from dichloromethane. IR (CH,Cl,): v/em™' 2082 (—C=C—). 'H
NMR (250 MHz, CDCl;): ¢ 7.21 (s, 1H, thienothiophene), 6.94
(s, 1H, thienothiophene), 2.17 (m, 12H, P-CH,), 1.60 (br, 12H,
CHy), 1.41 (sextet, 12H, CHy), 1.08 (t, 18H, CH3). *C{'H} NMR
(100 MHz, CDCl;): 6 13.84 (PCH,CH,CH,CHj3), 23.76—26.35
(PCH,CH,CH,). 111.16, 112.23 (C=C), 119.48, 132.89, 136.76
(thienothiophene). 3'P{'H} NMR (101.3 MHz, CDCls): 6 —138.03,
("Jp—p = 2363 Hz). Anal. Calcd for (C34HssP2S,Pt),: C, 51.96; H,
7.18. Found: C, 52.09; H, 7.23. GPC (THF): M,, = 223 200 gmol !
(n = 284), M,, = 401 800 gmol !, PDI = 1.8.

Preparation of trans-[—(Bu";P),Pt—C=C—R—C=C—], (R=
dithieno[3,2-b:2',3'-d[thiophene-5,5'-diyl), 6. This compound was
synthesized adopting similar reaction conditions to those of 5 but
using 5,5'-bis(ethynyl)dithieno[3,2-b:2',3'-d]thiophene instead of
2,5-bisethynylthieno[3,2-b]thiophene. A brown red solid was
obtained in 90% yield. IR (CH,Cl,): v/cm™! 2081 (—C=C—). 'H
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NMR (250 MHz, CDCl;): 6 7.26 (s, 1H, dithienothiophene), 6.96
(s, 1H, dithienothiophene), 2.12 (t, 12H, PCH,), 1.54 (m, 12H, CH,),
1.48 (br, 12H,CH,), 1.25 (t, 18H, CH3). 3C{'H} NMR (100 MHz,
CDCly): o 13.84  (PCH,CH,CH,CH;),  23.76—26.35
(PCH,CH,CH,). 108.39, 110.28 (C=C), 120.34, 128.52, 129.40,
139.86 (dithienothiophene). *'P{'H} NMR (101.3 MHz, CDCls):
0 —138.03, (Jp—p = 2373 Hz). Anal. Calcd for (C3sHssP,S3Pt),:
C, 51.35; H, 6.70. Found: C, 51.69; H, 6.78. GPC (THF): M, =
222300 gmol ! (n = 264), M,, = 422 400 gmol !, PDI = 1.9.

B. Crystallography. Data for compounds 2 and 3 were collected
using a Bruker AXS SMART CCD area detector on Station 9.8 of
the STFC Daresbury Laboratory, equipped with an Oxford Cry-
ostream crystal cooling apparatus. Semiempirical absorption cor-
rections based on interframe scaling were applied. The structures
were solved by heavy atom methods and subsequent Fourier
difference syntheses and refined by full-matrix least-squares on F>
(SHELXL 97*°). Hydrogen atoms were placed in geometrically
idealized positions and refined using a riding model. Disorder was
observed in both structures. In 2, there are two molecules in the
asymmetric unit, and the terminal phenyl group in one molecule
displays positional disorder. The occupancies of these two com-
ponents were summed to unity. The ethyl phosphine ligands also
displayed positional disorder, so where two sites could be distin-
guished for individual atoms, these were also assigned partial
occupancies that were constrained to sum to unity. In the final cycles
of refinement a weighting scheme was introduced which produced
a relatively flat analysis of variance and refinement was continued
until convergence was reached.

Crystal data: 2 CyH7,P,Pt,S,, M = 1203.22, triclinic, PT (No.
2), a = 9.0911(6), b = 21.0960(13), ¢ = 27.6621(7) A, o =
107.392(1), B = 90.613(1), y = 101.546(1)°, V = 4946.1(5) A3, T
= 150(2) K, Z = 4, specimen: 0.08 x 0.04 x 0.02 mm, A = 0.6904
A, "= 5.894 mm719 Tmin/max = 0489, Ntotal = 402149 Nindependent =
25401 [R(int) = 0.0327], wR, = 0.0910 (all data), R, = 0.0371
(19771 reflections with I > 20(1)); 3 CygH7oP4Pt,S3, M = 1259.30,
Monoclinic, P2,/c (No. 14), a = 9.3534(12), b = 12.4022(16), ¢
= 44.475(6) A, p = 92.129(2)°, V = 5155.7(12) A3, T = 150(2)
K, Z = 4, specimen: 0.16 x 0.10 x 0.01 mm, A = 0.6904 A, u=
5.697 mm™", Triymax = 0.489, Niowat = 40213, Ningependent = 13808
[R(int) = 0.0376], wR, = 0.1660 (all data), R, = 0.0788 (12453
reflections with I > 20(1))

Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre under
the numbers CCDC-xxxxxx-xxxxxx. Copies may be obtained
without charge from: CCDC, Union Road, Cambridge CB2 1EZ,
U K. [Fax:internat. +44—1223/336—033; E-mail: deposit@ccdc.cam.ac.uk].

C. Optical Measurements. Films for absorption and lumines-
cence measurements were spin coated from dichloromethane
solutions onto quartz substrates by using a conventional photoresist
spin-coater. Films were typically 100—150 nm in thickness as
measured using a Dektak profilometer. The absorption spectra were
taken using Hewlett-Packard ultraviolet—visible (UV—vis) absorp-
tion spectrometer.

The photoluminescence (PL) and photoinduced absorption (PIA)
spectra were taken with the samples mounted in a continuous flow
helium cryostat. The temperature was controlled with an Oxford
Intelligent temperature controller-4 (ITC-4). The excitation was
provided by the UV lines of a continuous wave (cw) argon ion
laser (355—364 nm) with typical intensities of a few mW/mm?.
The PL spectra were recorded using a spectrograph with an optical
fiber input coupled to a cooled charge coupled device (CCD) parallel
detection system (Oriel IntraspeclV).

For the PIA spectra, monochromated light from a 150 W
tungsten-halogen lamp was used as probe beam. The transmitted
probe beam was dispersed through a second monochromator and
recorded with a Si-photodiode connected to a SR830 lock-in
amplifier. The pump beam provided by the UV lines of a continuous
wave (cw) argon ion laser (355—364 nm) was chopped at 125 Hz
and the fractional change of transmission in the probe beam was
recorded as AT/T. To record the dependence of AT /T on the
chopping frequency, this was varied from 4 Hz to 3.5 kHz.
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Scheme 1. Synthesis Scheme of Platinum(II) Diynes 2 and 3 and Poly-ynes 5 and 6
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II1. Results

A. Synthesis and Chemical Characterization. The dehy-
drohalogenation reactions between trans-[(Ph)(Et;P),PtCl] and
bis(ethynyl) oligothiophenes (2:1 stoichiometry) in Pr,NH—
CH,Cl,, in the presence of Cul at room temperature gave the
dinuclear platinum(II) diynes 2 and 3 while the polycondensation
reactions between trans-[(P"Bus),PtCl,] and the dialkynes (1:1
equivalent) under similar conditions readily afforded the plati-
num(Il) poly-ynes 5 and 6 (Scheme 1). The poly-ynes were
obtained in yields of 85—90%, pointing at a very high
conversion. Purification of the platinum(Il) diynes was ac-
complished by column chromatography or preparative TLC on
silica while the poly-ynes were purified by chromatography on
an alumina column.

Initial, systematic characterization of the platinum(II) diynes
and poly-ynes was achieved by spectroscopic methods. The IR
spectra of the platinum(Il) diynes and poly-ynes show a single
sharp vc—c absorption at around 2085 cm™! consistent with a
trans-configuration of the ethynylenic units around the plati-
num(Il) center. 3'P NMR analyses indicate a well-defined
structure for the platinum(II) diynes and poly-ynes. In all cases,
'H resonances arising from the protons of the organic moieties
were clearly observed and two distinct *C NMR peaks for the
individual ethynylenic carbons were observed. The aromatic/
heteroaromatic region of the '3C NMR spectra reveals a high
degree of structural regularity for the main-chain skeleton in
the diynes and poly-ynes. For example, only 9 well-defined
peaks appear in the aromatic and heteroaromatic region, related
to the 18 carbon atoms of the symmetric dinuclear platinum(II)
diyne compound 2. Similarly, the '3C NMR spectral features
of the platinum(II) poly-ynes agree with the proposed polymer
structures. The resonances due to the ethyl and butyl groups
are clearly identified. The single resonance in the 3'P NMR
spectra of the platinum(II) diynes and poly-ynes confirms the
trans arrangement of the phosphine ligands. The !Jp_p values
range from 2628 to 2653 Hz for the diynes and 2363—2373 Hz
for the poly-ynes; the spectral features are similar to other
platinum(IT) diynes and poly-ynes previously reported*'** and
confirm the all-frans configuration of the compounds.

The mass spectrometric results confirm the molecular as-
signments for the platinum(Il) diynes, 2 and 3. Gel permeation
chromatography (GPC), using a polystyrene (PS) standard shows
that the number-average molecular weights of the poly-ynes 5§
and 6 are in the range of 222300 to 223200 g mol™',

'©\_ \\ \‘I

i
P',
§ 5,6

S

corresponding to degrees of polymerization between 264 and
284. The value of poly dispersity index (PDI) varied between
1.8 and 1.9. The narrow poly dispersity (PDI < 2) in molecular
weights is consistent with the proposed linear structure® from
the condensation polymerization. GPC data indicate that the
number of repeat unit per chain for the thienothiophene-based
platinum(II) poly-yne 5 is higher than that for the dithienothiophene-
based poly-yne 6 and the degree of polymerization is signifi-
cantly reduced in both cases as compared to that found for the
parent thienylene-based poly-yne 4. This result reflects signifi-
cant increase in steric interaction between adjacent repeat units
with the number of thienyl rings in Pt(II) poly-ynes. The
molecular weight values should be viewed with caution in view
of the difficulties associated with utilizing GPC for rigid-rod
polymers. GPC does not give absolute values of molecular
weights but provides a measure of hydrodynamic volume. Rod-
like polymers in solution possess very different hydrodynamic
properties than flexible polymers. Therefore, calibration of the
GPC with PS standards could inflate the values of the molecular
weights of the poly-ynes to some extent. However, the lack of
discernible resonances that could be attributed to end groups in
the NMR spectra provides support for the view that high degree
of polymerization has been achieved in these organometallic
polycondensation reactions.

All samples exhibit an exotherm coincident with mass loss
due to decomposition. Decomposition onset was defined as a
mass loss of 2%. The peak decomposition temperature was
defined as the first inflection point in the thermogravimetric
curve, corresponding to a peak in the derivative of the TG data.
The decomposition exotherms are broad with multiple peaks,
and the TG curves suggest a stepwise process. The first
decomposition step corresponds to the removal of trialkylphos-
phine groups from the Pt(I) diynes and the poly-ynes. TG traces
show that the Pt(IT) diynes and poly-ynes have decomposition
temperatures of over 380 °C, indicative of excellent thermal
stability. These results are quite encouraging as they allow for
the use of high temperature sealing procedures in device
fabrication. The DTA peaks show exotherms at these temper-
atures, indicating that decomposition rather than vaporization
is being observed. Poly-yne 6 exhibits higher decomposition
onset and peak temperatures than 5, which in turn, exhibits
higher thermal stability than the thiophene-containing poly-yne
4. Similar trend in thermal stability was also observed for the
platinum(II) diynes where 3 showed the highest and 1 the lowest
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Table 1. Thermal Analysis Results for Decomposition
Temperatures of Pt(II) Poly-ynes®

compound Tdccomp (Onset) Tdccomp (Peak)
1 329 365
2 352 379
3 379 422
4 322 355
5 348 372
6 370 414

< All temperatures in °C. Uncertainties are approximately £8 °C.

onset and peak decomposition temperatures. The diynes exhib-
ited slightly higher onset and peak decomposition temperatures
than the corresponding platinum(Il) poly-ynes. The results are
shown in Table 1.

B. Crystallography. In order to establish the exact geometry
of the platinum complexes, the crystal and molecular structures
of the two complexes, 2 and 3, were determined. Complex 2
crystallizes in the triclinic space group P1 with two independent
molecules in the asymmetric unit. The two molecules of
complex 2 are structurally similar, but one shows disorder of
one of the terminal phenyl rings and both show disorder in the
ethyl groups. The molecular structure of one of these molecules
is illustrated in Figure 2a, but with only one orientation of the
disordered unit shown for clarity. The bithiophene group is
essentially planar, with an average deviation from the plane of
0.023 A, and the bond parameters are within the expected range.
The two platinum(II) centers within each molecule are square
planar, and the PtCPPC square planes make angles of ap-
proximately 60° with the central ring system. The bond
parameters within the ethynylenic metal phosphine fragments
are similar to those in other crystallographically characterized
diplatinum diyne complexes.’'>?

Complex 3 crystallizes in the monoclinic space group P2,/c
with one molecule in the asymmetric unit. The central ter-
thiophene is essentially planar, with a mean deviation from the
plane of 0.020 A, and this group makes dihedral angles of
approximately 50° with the planes of the two square planar
platinum centers as shown in Figure 2b. The bond parameters
within the terthiophene unit do not differ significantly from those
in the free ligand,*’ and the parameters within the two platinum
phosphine acetylide units are similar to those in related
structures.*>>! 733

What is of interest in both structures when considering the
electronic properties of these two materials is the absence of
7r+++7 stacking between thiophene rings in adjacent molecules
in the crystal which contrasts the situation in related organic
materials. '* The shortest intermolecular contacts involving the
thiophene groups in both structures are between the sulfur atoms
and methyl groups on the phosphine ligands of adjacent groups
and in the case of 3 an S+++S contact of 3.47 A. The absence
of s+« stacking has also been noted in the structures of the
related nonfused bithiophene and terthiophene platinum com-
plexes.** Thus, in both the fused and nonfused platinum
complexes the thiophene groups can be considered as being
isolated from adjacent thiophenes by the crystal environment
and electronic factors that relate to sr+++st stacking have been
eliminated. Also, while the fused bi- and terthiophene units in
2 and 3 are planar because intramolecular repulsions are already
built into the structure the nonfused bithiophene in
[PhPt(PEt3)2_CEC_(C4st)_(C4st)_CEC_Pt(P Et3)2Ph] was
also found to be planar in the crystalline environment, with a
mean deviation from the bithiophene plane of 0.016 A.*> With
the trans orientation of the two adjacent nonfused thiophene
rings there are no short contacts between hydrogen atoms on
adjacent ring systems that would prevent planarity, and this
conformation is observed in the metal-containing complexes
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even when there are no intermolecular 5+ stacking require-
ments that would favor planarity.

In terms of the conjugation along the molecular backbone, it
is of interest to compare the conformations between the platinum
centers and the thiophene linker groups. As indicated above the
PtP,C, units are square planar and make angles of 60° and 50°
with the bi- and terthiophene units in 2 and 3, respectively. A
similar conformation is found in [PhPt(PEt;),—C=C—
(C4H,S)—(C4H,S)—C=C—Pt(PEt;),Ph] where the angles be-
tween the PtP,C, square planes and the nonfused bithophene
units for the two independent molecules in the asymmetric unit
are 48° and 67°. Thus, in the solid state the crystal packing is
probably heavily influenced by the presence of the bulky triethyl-
and tributylphosphine ligands, and it would be of interest to
compare the conformations with those of the less bulky
trimethylphosphine derivatives when these are prepared. In
solution, the cylindrical symmetry of, and potential free rotation
about the acetylenic units will support conjugation between the
thiophene and platinum-containing units that will extend into
neighboring repeat units. In consequence, in solution of in a
solution-spun amorphous thin film, the lowest-energy conforma-
tion is likely to be that with the central thiophene moieties of
neighboring repeat units in a planar arrangement, as outlined
in ref 20 for similar Pt—Oligomers with a phenyl ring in the
bridging ligand, as this gives the highest degree of conjugation
along the backbone.

C. Optical Spectroscopy. The thin film absorption spectra of
the ligands (L2 and L3), monomers (2 and 3) and poly-ynes (5
and 6) with two and three fused thiophene rings respectively at
room temperature are shown in Figure 3. The absorption spectra
of the poly-ynes with nonfused bithiophene and terthiophene
spacers (7 and 8 respectively) are also shown. The energies for
the onset of absorption and energy of the 0—0 peak of the singlet
emission in solid state for compounds 1 to 8 are summarized
in Table 2 to allow comparison between the platinum poly-
ynes with fused and nonfused thiophene spacers. The optical
gap (i.e., the onset of absorption) decreases with the increasing
number of thiophene units in both systems. We attribute this to
the increased delocalization of the sr-electrons as the number
of thiophene units in the bridging ligand (spacer) increases.

The spectral shapes of the ligands L2 and L3 are similar to
that of monomers 2 and 3 and polymers 5 and 6, yet the vibronic
structure disappears gradually and the onset of absorption shifts
to the red from the ligand over the monomer to the polymer.
We take this to indicate that the conjugation extends through
the platinum atom as observed for the compounds with the
nonfused thiophene rings,*' and that the excited-state has a
predominant 7—s* character.'” The fact that the energy shifts
from ligand to monomer and from monomer to polymer are
comparable in the fused thiophene systems and the nonfused
systems suggests similar donor—acceptor interaction strength
and degree of conjugation in both cases. We note that the
absorption band in the compounds based on two or three fused
thiophene rings is at higher energy than in the analogous ligands,
monomers and polymers with nonfused thiophene spacers.*!

The photoluminescence (PL) spectra of the monomers 2 and
3 and polymers 5 and 6 at 10 K are shown in Figure 4a. The
PL spectra of polymers 7 and 8 (with nonfused spacers with
two and three thiophene units respectively) are also plotted from
ref 33 for the ease of comparison. All spectra show two emission
bands. The emission bands at higher energies (above 2.0 eV)
are attributed to the same singlet state that gives rise to the main
absorption band in Figure 3. The lower energy emission peaks,
indicated in the figure by arrows, are assigned to a triplet excited
state (phosphorescence); its well-resolved vibronic structure in
polymers 5 and 6 is similar to the singlet emission and excludes
an excimer origin.
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Figure 2. Molecular structures of (a) complex 2 and (b) complex 3. Both diagrams show the atom numbering scheme used but only one orientation
of the disordered component in 2 is shown for clarity. Also for 2 only one of the two independent but structurally similar molecules is shown.

Normalised absorption
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Figure 3. Optical absorption spectra taken from thin films of the ligands
(referred to as L2 and L3), monomers 2 and 3 and the polymers 5 and
6 with fused thiophene spacers at room temperature are shown. For
the ease of comparison, the spectra of polymers 7 and 8 with nonfused
spacers are also plotted from ref 41. The dotted lines denote the systems
with two thiophene rings and solid lines denote the systems with three
thiophene rings as spacer.

Table 2. Energies of the Onset of Absorption and the 0—0
Vibrational Peak of Emission for the Pt(II) Poly-yne with Fused

Thiophenes
energy of the 0—0
onset of peak in the emission
compound absorption (eV) spectra (eV)
198 3.14 3.10
2 3.02 2.99
3 2.89 2.86
44 2.86 2.85
5 2.78 2.76
6 2.68 2.67

There is little energy difference between the 0—0 peak of
the phosphorescence between the monomer and corresponding
polymer, i.e. between 2 and 5 or between 3 and 6. As observed

for related compounds, this suggests the triplet excited-state to
be confined to one repeat unit, i.e. the two or three thiophene
rings between the ethynylenic units. From Figure 4, both singlet
and triplet emission red shift in paralell in monomeric and
polymeric systems as the number of thiophene rings within the
bridging ligand increases such that a constant singlet—triplet
energy gap (exchange energy) is maintained. The triplet emission
is shifted by about 0.8 eV from the singlet excited-state as
observed for the analogous polymers 7 and 8*' with nonfused
spacers and a large number of other Pt-containing polymers.'®
Another important observation from Figure 4 is that the
polymers based on fused thiophene spacers are blue-shifted
compared to the nonfused counterparts. The origin of this will
be discussed later.

Figure 4b shows the room temperature emission spectra of
the monomers 2 and 3 and polymers 5 and 6. The spectra are
inhomogeneously broadened so that the vibrational structure is
reduced. For the polymers, the phosphorescence can no longer
be observed. We attribute this to diffusion of the triplet exciton
to dissociation states along the polymer chain. '* It is interesting
to note that the 0—0 peaks of the phosphorescence at 10 K and
at 300 K coincides for the fused monomer 2. In Pt—acetylide
compounds, in particular for short oligomers, the conjugated
moieties on the bridging ligands that form neighboring repeat
units may arrange in a planar or a perpendicular fashion. In the
planar arrangement, conjugation is largest and so this is the
lowest energy state. Under certain preparation conditions,
emission from the higher-energy perpendicular conformation
can be observed at low temperatures yet disappears at temper-
atures above 100 K due to energy transfer to a lower energy
planar conformation.?® The coincidence of the 10 K and 300 K
phosphorescence maxima here suggests the emission to origin
from the lowest energy conformation, probably with the phenyl
end groups and the fused thiophene moiety in one plane such
as to maximize conjugation. We note that this may be different
from the conformation one obtains in a crystal structure, where
the interaction with neighboring molecules plays a larger
contribution. For compounds 1 and 4, temperature dependent
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Figure 4. Photoluminescence spectra taken from thin films of monomers
2 and 3 and the polymers 5 and 6 (a) at 10 K and (b) at 300 K. The 10
K spectra of polymers 7 and 8 are also plotted (dotted lines) from ref
41 for comparison. In the 300 K spectra, some stray laser light from
the 2nd order transimission of the grating around 1.7 eV has been cut
out from the spectra.

phosphorescence measurement did not show any sign of a higher
energy conformation.*'*® For the polymers 5, 6, 7, and 8, the
intensity of the phosphorescence signal is too low to allow for
a detailed temperature-dependent study. The shape of the 10 K
spectra does not show any discernible high energy shoulder.
We therefore consider that in the compounds studied here,
phosporescence is most likely from the lowest energy confor-
mation.

The intensity of the triplet emission decreases with increasing
number of thiophene rings, i.e., there are either less triplets
generated when going from the bithiophene to the terthiophene
ligand, or more of them decay nonradiatively. In purely organic
oligothiophenes, the triplet generation by intersystem crossing
reduces from bithiophene to terthiophene.>*> This is because
in a purely organic bithiophene, the energy of the S, singlet is
just slightly above the energy of a T, triplet state. This result in
an intersystem crossing rate due to vibrational spin—orbit
coupling that is relatively large for an organic compound. In
contrast, for terthiophene, the S; energy level falls below that
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of the Ty triplet energy so intersystem crossing is reduced.’*
In our organometallic compounds, the intersystem crossing is
dominated by heavy-atom induced spin orbit coupling, and so
the ideal energy match for vibrational spin—orbit coupling is
unlikely to play a significant role. The other factor that can
reduce the triplet state population, the nonradiative decay via
internal conversion, follows the “energy gap law” which states
that the nonradiative decay rate increases with decreasing energy
of the triplet state.'> When considering the 0—0 energies of the
phosphorescence in polymers 5 and 6 shown in Figure 4, the
relative intensities agree well with the trend that was established
for a number of closely related Pt—polymers and that is based
on the energy gap law. '°> Furthermore, the phosphorescence
intensity is weaker for the monomers than for the polymers, as
observed earlier for related complexes.'”

We now draw attention to the vibronic structure in the singlet
emission band of the polymers 5 and 6 and monomers 2 and 3
(see Figure 4). The vibronic structure changes significantly when
going from the two fused ring system to the three fused ring
system. For two fused rings, the 0—0 peak is dominant, while
for three fused rings, the higher vibronic peaks gain weight.
This suggests a much more profound geometric distortion to
occur upon excitation for three fused thiophene rings than for
two. (According to Beljonne et al.,”® the ethylenic units are rigid
with respect to photoexcitations, so that most of the relaxations
must occur on the aromatic ring between the ethynylenic units).
There is also more weight in the vibronic side-peaks in the
monomers 2 and 3 than in the polymers 5 and 6. The stronger
geometric distortion of the excited-state in the monomer than
in the polymer suggests the singlet excited-state extends over
several repeat units in the polymer. This is in agreement with
the bathochromic shift of the absorption and emission from
monomer to polymer. It should be noted that in 3, the peak at
2.86 eV is assigned to the 0—0 peak, as this is consistent with
the small energy gap between the 0—0 peak of emission and
the onset of absorption observed for 5, 6, and 2 (see Table 2).
We note that in 3, the intensity of the 0—0 peak is extremely
low compared to other compounds.

The vibronic structure of polymers with nonfused*' and fused
thiophene spacers are compared in parts a and b of Figure 5,
respectively by aligning the 0—0 peak of emission on the energy
axis. From Figure 4, we can see that for compound 7, the 0—0
peak and the vibronic side peak have almost the same intensity
while for compound 8, the intensity of the 0—0 peak is less
and the vibronic peak gains weight. On the other hand, for the
fused polymers 5 and 6, the intensity of the vibronic side peaks
are always less compared to the 0—0 peak (Figure 5b). This
indicates that they are less distorted compared to the nonfused
ones due to their more rigid structure.

The photoinduced absorption spectra of the monomers with
two and three fused thiophene units (2 and 3) are shown in
Figure 6a. At 10 K, we observe only one peak for monomer 2
(at energy 2.16 eV) while there are two peaks for 3 (at energies
1.6 and 2.05 eV). The low energy peak at 1.6 eV disappears at
room temperature, whereas the high-energy peak at 2.05 eV is
reduced to approximately a third of the intensity at 10 K. In
order to unambiguously assign the T,—T, transition, we
measured the dependence of the signal intensity on the chopping
frequency of the pump beam and the data is displayed in Figure
6¢. A theoretical fit corresponding to monomolecular decay
equation, S(w,7) = AT/(1 + @?’t»)"? (where S(w,7)is the
magnitude of the PIA signal, A is a constant and 7 is the lifetime
of a single species)”’ is also shown in Figure 6¢c. A good fit
can be obtained for the peak at 2.05 eV with a lifetime of 55 £+
5 us for 3 at 10 K. According to the energy-gap law, the lifetime
of phosphorescence depends strongly on the internal conversion
rate'® and thus on the energy of the triplet state. In other words,
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Figure 5. Singlet emission with the intensity of 0—0 peak normalized to unity on the ordinate and the energy of the 0—0 peak set to 0 eV on the
abscissa at 10 K (a) for polymers 7 and 8 with nonfused spacers with two and three thiophene units respectively (taken from ref 33) and (b) for

polymers 5 and 6 with fused thiophene spacers.
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Figure 6. Steady state photoinduced absorption spectra from thin solid films (a) for the monomers 2 (at 10 K) and 3 (at 10 and 300 K) and (b) for
the polymers 5 (at 10 K) and 6 (at 10 and 300 K) as indicated in the figure (The spectrum of 5 was divided by 5 for ease of comparison). (c) and
(d) The frequency dependence of the photoinduced absorption for monomer 3 at 2.05 eV (circles) and at 1.60 eV (diamonds) and polymer S at 2.14
eV (circles) and at 1.61 eV (diamonds) measured at 10 K, respectively. The solid lines indicate the fits as described in the text.

as the energy of the triplet excited-state decreases the phos-
phorescence lifetime also decreases. A lifetime of 55 us for the
triplet state at 2.05 eV in 3 is consistent with the lifetime of 41
us found in a related platinum poly-yne polymer with a T, —
T, energy of 1.85 eV.'” In contrast, the peak at 1.6 eV
corresponds to a lifetime of 140 + 10 us, which is too long
considering the low energy of the triplet state. Furthermore, the
T, — T, transition in a related platinum monomer with one
phenyl, thiophene or pyridine spacers was found between 2.0
and 2.2 eV.”® We therefore attribute the 2.05 eV peak to the

T,—T, transition. Similarly, the monomolecular decay equation
gives a lifetime of 53 + 5 us for the peak at 2.16 eV for
monomer 2 (not shown). The origin of the peak at 1.6 eV in 3
is unclear. We speculate that it might be of some polaronic
origin.

Figure 6b shows the photoinduced absorption spectra of
polymer 5 at 10 K and 6 at 10 K and at room temperature.
Both compounds show a peak around 1.6 eV with a very broad
shoulder extending to 2.0 eV. This shoulder remains at room
temperature, while the feature around 1.6 eV disappears. For
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Figure 7. (a) Singlet (S,) and triplet (T}, T,) excited-state energies in
the monomers (dotted lines) and polymers (solid lines) with fused
thiophene spacers plotted against the inverse number of thiophene units
within the bridging ligand. (b) Singlet and triplet energies against the
inverse length of repeat unit for the polymers with fused (solid line)
and nonfused (dashed line) thiophene spacers. (The energy levels in
nonfused systems are taken from ref 41).

an analogous platinum poly-yne polymer with a single thiophene
unit as spacer (compound 4 in Figure 1),°® a similar temperature
dependence has been observed for PIA signal peak at 1.7 eV.
In a related Pt—polymer with a phenyl spacer, a photoinduced
absorption feature at 1.5 eV was attributed to the T, — T,
transition on the basis of lifetime measurements.’**° We
therefore consider the feature at 1.6 eV to be the Ty — T,
transition, while the broad shoulder may be of a different origin
such as a polaron. Moreover, for 5, the monomolecular fit of
the frequency dependence of PIA signal intensity gives a lifetime
of 39 & 5 us for the peak at 1.61 eV while it gives a value of
48 £ 6 us for the shoulder at 2.14 eV (Figure 6d). For a triplet
state in platinum containing poly-yne at this particular triplet
energy (1.6 eV), a lifetime of 33 & 5 us is previously reported,"
so the peak around 1.6 eV is more likely to be the T, — T,
absorption in polymers 5 and 6. It should be noted that the
intensity of the photoinduced absorption is stronger for the
polymers and monomers with two thiophene rings than with
three thiophene rings. This is due to the higher energy and
therefore increased lifetime of the T, triplet state from which
the absorption occurs.'?

IV. Discussion

The photoluminescence and photoinduced absorption mea-
surements allow us to determine the energy levels of singlet
(S)) and triplet (T, and T,) excited states in monomers 2 and 3
and polymers 5 and 6 with fused thiophene rings. A comparison
between the energy levels in the monomers and polymers in
the fused systems is plotted in Figure 7a as inverse function of
the number of thiophene units within the bridging ligand. The
energy levels of polymer with a single thiophene spacer
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(compound 4) is also included in Figure 7a for comparison. It
can be seen that the lowest triplet excited state, T, is localized
on one repeat unit, while the S; and T, states extend over a few
repeat units. As mentioned before, the singlet—triplet exchange
energy (S;—T;) remains constant in polymers 5 and 6 irrespec-
tive of the number of thiophene units within the spacer.

A constant exchange energy in platinum poly-ynes with
oligothiophene spacers is in contrast to the reduction of
singlet—triplet energy gap (S;—T;) in purely organic oligoth-
iophenes with increasing number of thiophene units as reported
by Beljonne et al.>**>%%6! The difference is due to a “spatial
confinement effect” that occurs for oligothiophenes, yet not for
the platinum polymers. In conjugated polymers, a singlet (triplet)
excited-state consists of one electron in the 7r and another one
with opposite (same) spin in the st* frontier orbitals. In the triplet
state, the motion of the two electrons are better correlated and
so the overall extent of the triplet exciton is smaller than that
of the singlet exciton.®> A decreasing oligomer length thus
confines the singlet more strongly than the triplet and so the
singlet energy rises more strongly than the triplet energy with
decreasing oligomer size. Consequently, the exchange energy
increases. This is well-known and also applies for oligoth-
iophenes.>*>>°*¢! In contrast, in the platinum polymers con-
sidered here, the thiophene oligomers are embedded between
two ethynylenic units followed by a platinum atom. While the
bond between the heavy metal and the organic ligand may not
be as conjugated as a carbon—carbon bond, it still allows for
some degree of conjugation between neighboring units, as is
evident from the red shift in S; and T, energies from monomer
to polymer (Figure 7a). Changing the number of thiophene rings
alters the electron density of the ligand and therefore the overall
transition energy, yet it does not spatially confine the excited
singlet or triplet state wave functions. In consequence, singlet
and triplet evolve in paralell.

In order to make a comparison between the fused and
nonfused thiophene systems, the energy levels of singlet (S;)
and triplet (T, and T,) excited states are plotted against the
inverse length of repeat unit (obtained from X-ray diffraction
measurements) in Figure 7b. We observe that the energies of
the first singlet (S;) and triplet (T;) excited states are higher in
the fused systems than in the nonfused systems. This is in
contrast to the evolution observed for poly(p-phenylene) type
systems. Poly(p-phenylene)s are characterized by some torsion
between adjacent phenyl rings due to steric hindrance between
the hydrogen atoms on adjacent phenyl rings. Connecting
phenylene rings as in the ladder-type MeLPPP enforces planarity
on the poly(p-phenylene) backbone and the associated the
m-conjugated system and so reduces the Sy — S; and Sp — T,
transition energies.*® Between adjacent thiophene units, such a
steric hindrance does not occur. In fact, in a crystalline
environment, the thiophene rings may even adopt a planar
conformation. This was observed by X-ray measurements for
the nonfused Pt—monomers 9 and 10 and for polythiophene
and oligothiophene crystallites.'**%*%* Nevertheless, in amor-
phous thin films this energetically favorable state is not reached,
and polythiophenes are well-known to adopt a coiled conforma-
tion with torsions between adjacent rings."®> %" In a similar
way, in the amorphous films that result from spin-coating out
of a dichloromethane solution with a boiling point around 40
°C, there is likely be some torsion between the rings in the
nonfused platinum systems. On the basis of a planarity argument
of the 7z-conjugated system, the excited states in Pt compounds
with the fused thiophenes should therefore be at lower energy,
contrary to what is observed.

In order to understand why excited states in the fused systems
are at higher energy than in the nonfused analogues, it is
instructive to take a close look at the chemical structure of the
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Figure 8. Schematic showing the number of double bonds within the
fused and nonfused oligothiophene spacers.

conjugated ligand, as illustrated in Figure 8. The energy shift
in the absorption band from the monomers to the polymers (see
Table 2) clearly demonstrates that conjugation extends through
the platinum group, yet the main contribution to the delocal-
ization in the sr-conjugated system arises from the oligothio-
phene spacer. Most of the conjugation occurs via the alternating
carbon—carbon bonds, with little involvement from the sulfur
atom. When two thiophene rings are fused, this reduces the
number of double bonds from four to three (or from six to four
when fusing three rings) and therefore reduces the conjugation
of the system significantly. We consider this to be the main
cause for the increase in the excited-state transition energies.
We note that the higher energy in the fused systems is not just
caused by a shorter spacer length as is evident from Figure 7b.
To exclude possible confinement effects, we displayed the
excited-state energies as a function of inverse spacer length and
fitted them to straight lines with good agreement. For a given
spacer length, the measured and any extrapolated transition
energies for the fused systems are always at higher energies. In
addition to the number of double bonds, the sulfur atom seems
to contribute a secondary effect. When comparing polymers 6
(with three fused rings) and 7 (with two nonfused rings), which
have the same number of double bonds, we still find a higher
energy of the optical transitions in the fused polymer than in
the nonfused polymer (see Figure 7b). The difference could be
caused by the presence of the additional sulfur atom that affords
additional electron density to the bonding molecular orbitals
(HOMO). We therefore speculate, a lowered HOMO level may
result in an increased energy of the optical transitions in fused
systems. However, quantum chemical calculations would be
required to resolve this.

V. Summary

We compared the properties of singlet (S;) and triplet (T;)
excited states in fused and nonfused oligothiophenes by
incorporating them into platinum poly-ynes. We find that the
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energies of the optical transitions for the singlet and triplet
excited states shift to higher energies when going from the
nonfused to the fused systems, despite the planarity of the fused
system. The shift in electronic energies to higher values in fused
system compared to nonfused system with same number of
thiophene rings is attributed to the level of conjugation within
the oligothiophene spacers. The greater the number of conju-
gated double bonds, the lower is the energy gap. Secondary
effects can be attributed to the presence of the additional sulfur
atoms in the fused thiophene systems compared to their nonfused
counterparts, which further widens the HOMO—LUMO energy
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