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Soluble, rigid-rod organometallic polymetrans| - Pt(PBY),— C=C-R-CG=C-].. (R=bithienyl

2, terthienyl 3) have been synthesized in good yields by the Cul-catalyzed dehydrohalogenation
reaction oftrans[Pt(PB4),Cl,] with one equivalent of the diterminal alkynyl oligothiophenes
H—C=C-R-C=C-H in CH,Cl,/Pr,NH at room temperature. We report the thermal properties,
and the optical absorption, photoluminescence, and photocurrent action spectrdtrahs
[-Pt(PBg),—C=C-R-CG=C-].., R=thienyl), 2 and3 as a function of the number of thiophene
rings within the bridging ligand. With increasing thiophene content, the optical gap is reduced and
the vibronic structure of the singlet emission changes toward that typical for oligothiophenes. We
also find the intersystem crossing from the singlet excited state to the triplet excited state to become
reduced, while the singlet—triplet energy gap remains unaltered. The latter implies that, in these
systems, thd; triplet excited state is extended over several thiophene rings. The photoconducting
properties do not depend on the size of the thiophene fragment. We discuss and compare our results
with studies on oligothiophenes and related organometallic polymersl999 American Institute

of Physics[S0021-960809)51210-3

I. INTRODUCTION fragment(Fig. 1), we expect to increase-conjugation in the
ligand without changing the nature of the aromatic ring, in
Conjugated polymers are attracting increasing attentiorontrast to some of our earlier wofk.
as low-cost ready-processed organic semiconductor materials
. . - L -~ . Il. EXPERIMENT
with possible applications in light-emitting diodes$asers?
and photocell$.For commercial exploitation of these mate- A. Synthesis and polymerization

rials and for direct application-aimed synthesis, a thorough Al reactions were performed under an inert nitrogen at-
understanding of the relationship between chemical and ele¢gnosphere using standard Schlenk techniques. Solvents were
tronic structure is necessary. In organometallic conjugateg@redried and distilled before use by standard proceddres.
polymers, mixing can occur between the metal and ligandll chemicals, except where stated otherwise, were obtained
orbitals. Thus, ther-conjugation of the ligand is preserved from commercial sources and used without further purifica-
through the metdl=® The presence of the heavy metal en-tion. The compound Mg&SIC=CH was obtained from the
hances spin-orbit coupling, so that emission from the triplePreparation laboratory in the Department of Chemistry,

excited state, i.e., phosphorescence, can be detected &asifyambridge. The platinum compleirans{ Pt(PBW),Cl,]

Another attractive feature of this class of materials is thal¥V@s Prepared by the literature metHi6cdNMR spectra were
d on a Bruker WM-250 spectrometer in appropriate

there is scope for chemical modification of the ligands. FOlreclzordte 31 NMR andH NMR X ; q
these two reasons organometallic conjugated polymers pr?s_o vents."5{ .} an . specira were reterence
o external trimethylphosphite and solvent resonances, re-

vide suitable model systems to investigate the relationshigpectively_ Infrared spectra were recorded as,Clbisolu-
between chemical structure and the evolution of singlet angOns in a NaCl cell. on a Perkin-Elmer 1710 Fourier Trans-
triplet excited state$®” The latter play significant roles in o m IR spectrometér. Microanalyses were performed in the
light emitting diode$ and photocell$:™ Here we have in-  pepartment of Chemistry. UV/VIS absorption spectra were
vestigated the dependence of the first excited singlet and trigsbtained with a Perkin-Elmer Lambda UV/NIR spectrom-
let electronic state on the number of thiophene units in thester. Column chromatography was performed on alumina
conjugated bridging ligand. By increasing the thiophene(Brockman Grade II-II).
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FIG. 1. Chemical structures of polymets2, and3.
The preparations of the ligand

5,5 -di(ethyny)-2,2’' -bithiophene(A) and 5,3-di(ethyny)-
2,2':5' 2"-terthiophene (B),1? and trans
[-Pt(PB§),—C=C-Th—-C=C-]..(1)" have been reported
recently(Scheme %

Brv@%—Br + MezSi—=—H Ui
S /n

Meﬁié@n%SiMea
1(“)

1\

A: n=2
B: n=3

(i) Pd(OAG),, PPhs, Cul, 'PryNH

(i) K,CO3, MeOH

Chawdhury et al.

IR (CH,CL): v/icm ! 2087 (G=C). H NMR (250
MHz, CDCL): 6§0.93(t, 18H, CHy), 1.47[m, 24H, (CH),],
2.08(m, 12H, PCH), 6.68[d, 2H,3%J3 43 4y=3.7, Hy y] and
6.84[d, 2H, 33, 34 3)=3.7Hz, H, 4. *'P{*H} NMR (101.3
MHz, CDCL): 6 —137.81, 1Jp,_p=2331Hz. Calcd. for
[CseHsgPoSPH], 0 C, 53.25; H, 7.20. Found: C, 54.00; H,
7.33%.M,,=181900,M ,=56 180 (1=3.238).

2. trans-[-Pt(PBuj),—C=C—(Th);—C=C-]1..(3)

Similar procedures as in2 were adopted using
H-C=C—(Th);—-C=C-H (B, 0.04 g, 0.15 mmglto pro-
duce an orange film of polyméin 61% yield(0.08 g.

IR (CH,CL): v/icm ! 2086 (G=C). H NMR (250
MHz, CDCL): 50.94(t, 18H, CH), 1.48[m, 24H, (CHy),],
2.09(m, 12H, PCH), 6.71[d, 2H,333 43 4= 3.5, My /] and
6.92[m, 4H, Hy 4, and H, . **P{*H} NMR (101.3 MHz,
CDClk): & —137.74, 1Jp_=2327Hz. Calcd. for
[CaoHePoSsPH] 0 C, 53.73; H, 6.76. Found: C, 53.64; H,

precursors, 7.04%.M,,= 82 860,M ,= 64 560 h=1.283).

B. Molecular weight measurements

Molar masses were determined by Gel Permeation Chro-
matography(GPQ using two PL Gel 30 cm, Am mixed C
columns at 30 °C running in THF at 1 éfmin with a Roth
Mocel 200 high precision pump. A DAWN DSPWyatt
Technology Multi-Angle Laser Light ScatteringMALLS)
apparatus with 18 detectors and auxiliary Viscotek model
200 differential refractometer/viscometer detectors was used
to calculate the absolute molecular weigteferred to GPC
LS).

A general synthetic rout¥;'® by dehydrohalogenation reac- C- Optical measurements

tion, to the polymeric species is shown in Scheme 2:
trans-Pt{(PBu"3),Cl,

A B
Cul, 'Pr;NH Cul, Pr,NH

1. trans-[-Pt(PBuj),— C=C—(Th),—~C=C-1..(2)

Cul (3 mg was added to a mixture ofrans
[Pt(PB4),Cl,] (0.10 g, 0.15 mmoland 1 equivalent of
H-C=C—(Th),~C=C-H (A, 0.03 g, 0.15 mmol in
CH,Cl,/'"Pr,NH (50 cn?, 1:1 v/V). The yellow solution was

The polymer films for optical measurements were spin-
coated from dichloromethane solutions onto quartz sub-
strates. The optical absorption was measured with a Perkin-
Elmer A-9 spectrometer. Excitation for the photo-
luminescence studies was provided by the 457 nm(fioe2
and3) and UV lines(353—364 nm (for 1) of an Ar' laser.

The emission spectra were recorded using a spectrograph
with an optical fiber input and a CCzharge coupled dif-
fraction) parallel detection systerfOriel Instaspec V. For

the low temperature luminescence measurements the
samples were mounted in a continuous flow helium cryostat.

D. Photocurrent measurements

Sandwich-type photocells in a layer structure of Bu/
Al, ITO/2/Al, and ITOR/AI (ITO=indium-tin oxide were
fabricated as reported elsewhéfelhe typical thickness of
the film was about 350 nrfl and2) and 150 nn1(3), and the

stirred at room temperature over a period of 15 h, after whiclactive area of the devices, defined by the overlap of the ITO
all volatile components were removed under reduced presr gold electrode with the aluminum electrode, was about 4
sure. The residue was redissolved in dichloromethane angin?. Measurements of the spectral response were made by
filtered through a short alumina column. After removal of illuminating the device through the ITO or gold side. Optical
solvent by rotary evaporator, a yellow film was obtainedexcitation was provided by a 100 W tungsten lamp, spec-
readily, and it was then washed with methanol to give therally resolved by a single grating Bentham M 300 mono-
polymer2 in 65% yield(0.08 9. Further purification can be chromator for2 and 3, and a 150 W xenon arc lamp dis-
accomplished by precipitating the polymer solution in tolu-persed by a Jobin Yvon H25 monochromator for A

ene from methanol. Keithley 237 source-measure unit was used to apply a dc
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TABLE |. GPC and some spectroscopic data for polynteesd3.

Polymer Yield (%) M,, M n ve—e (cm™Y 31p{H} NMR (ppm)? Amax iN CH,Cl, (nm)®
2 65 181 900 56 180 3.238 2087 —137.81 {Jp,_=2331 Hz) 457(53 000
3 61 82 860 64 560 1.283 2086 —137.74 ert_p= 2327 Hz) 470(62 000

aReferenced to @Me)s.
PExtinction coefficientin cm~* M™% molarity is based on the repeating rii given in parentheses.

bias voltage to the device and to monitor the current flowingpolymer structures shown above and are similar to other
through it. All measurements were taken at room temperaplatinum arylene-acetylide polymers previously re-
ture. To correct the photocurrent spectra for the spectral reported*’~° The IR spectra of the polymers display a single
sponse of the illuminating system, the device was replacedharprc—c absorption at ca. 2087 ¢m (2) and 2086 cri*
by a silicon photodiode. All of the measurements were taker3), which together with the singlet signal observed in each
in air at room temperature immediately after fabrication. 3P NMR spectrum reveal drans configuration of the
ligands around Bt—C=C-), moieties in these square-
E. Thermal analysis planar polymeric species. The_ stretching frequency for
the polymeric complexe2 and3 (av 2087 cm?) is 15 wave

X o / numbers lower than for the free ligand precursArend B
and thermogravimetry/derivative thermogravimetry, TG/(2102 cm 3,22 indicating a higher degree of conjugation in
DTG) of 2 and 3 was performed simultaneously in a the former.

Stanton—Redcroft model STA-780 Simultaneous Thermal
Analyzer under flowing Bl Sample sizes were 1-2 milli-

gram in open Inconel crucibles. Samples were redissolved i
CH,CI, that evaporated to form a film. Samples were then  Optical absorption spectra were taken in £ solu-

Thermal analysis(differential thermal analysis, DTA,

ﬁ. Absorption spectroscopy

immediately heated at 10 °C/min from 15 to 540 °C. tions (Table Il) and in thin films(Fig. 2). From Table I, the
following trends can be observed:
IIl. RESULTS AND DISCUSSION (i) The energy of the optical gafp.e., the onset of ab-

sorption of polymers decreases with increasing number of

thiophene unitdRow 1). We attribute this to an increased
The results of a systematic characterization of polyther delocalization of#-electrons along the polymer backbone.

and3 by analytical methodéR, *H, and3P NMR), molecu- ~ We note that as the number of thiophene units increases, the

lar weight determination, and UV/VIS spectroscopy areoverall effect on the band gap decreases, and there would

shown in Table I. The weight-average molecular weightsprobably be little benefit in increasing the number of

(M) indicate a high degree of polymerization. The number-thiophene units above three.

average molecular weighM,,) values of2 and3 correspond (i) Introducing a platinum fragment at each end of the

to 69 and 72 repeating units per chain, respectively. The IRigands lowers the energies of the transitisompare Row 3

and NMR spectral features @fand3 are consistent with the with Row 2). In the same way, the transition energies of the

A. Chemical characterization

TABLE Il. Optical absorption and optical gap of polymeis,2, and3 and other related compounds.

Abs. maxima Abs. maxima Optical gap

in solid state in solution in solid state
Row Compound (eV) (eV) (eV)
1: [-Pt(PBY),— C=C—(Th);—~C=C-].. 3.05 4.03, 2.80
4.69, 5.53
1 2: [-Pt(PBQ) ,— C=C—(Th),—C=C-].. 2.78 4.12, 271 2.55
4.62, 5.39
3: [-Pt(PBg),— C=C—(Th);-C=C-].. 2.56,2.71, 2.64 2.40
3.71, 4.56, 5.32
A: H-C=C—(Th),—C=C-H 3.51 2.88
2
B: H-C=C—(Th);—~C=C-H 3.14 2.42
(PHPt(PBY),— C=C—(Th),—C=C-Pt(PB®),(Ph) 3.05
3
(PHPt(PBW) ,— C=C—(Th);—C=C—-Pt(PB{),,(Ph) 2.86
Me;Si—G=C—(Th),~C=C-SiMe, 2.93
4
Me,Si—CG=C—(Th);—C=C—SiMe 2.53
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FIG. 2. Optical absorption spectra for polymdrs, and3 in the solid state. FIG. 4. Temperature dependence of the photoluminescence of polymer

polymersare lowered compared to the correspondiimers state (fluorescence due to the small energy shift between
(Row 1 and 3. This shows that ther-conjugation of the absorption and emission features. We note that the singlet
ligands extends into and through the metal center, consistefo< S; transition involves the mixed ligand-metal orbitals,
with our previous results on related syste?ﬂﬁ/_e note that, as shown above and discussed in more detail in Refs. 4—6.
in contrast, the optical gap increases when introducing trimWithout detailed calculations it is difficult to estimate
ethylsilyl at the end of the ligandRow 2 and 4. The latter Whether the character of this transition is dominated
is produced as an intermediate product during the synthesRy the intraligand HOMO-LUMO =7-7* transition, as
route. found for related polymers where the thiophene units

Figure 2 shows the solid state absorption spectra of polyare ~ replaced by a  benzene  rihg, namely
mers1-3 up to 6 eV. It is interesting to note that, in general, [~ P{PBW;),~C=C-p-C¢H,~C=C-],, or whether this
not only the optical gap shifts with thiophene fragment, buttransition has a predominant charge-transfer type character,
the whole spectrum shifts, including the higher-lying transi-as observed for the corresponding relat@donomer
tions. (PhPt(PBU),—~C=C—p—CsH,—~C=C—P{PBWy),(Ph° and
other platinum(ll) acetylide complexe¥-?°=22 The broad
feature between 1.6 eV and 2.2 eV in the emission spectrum
. ~of 1is due to emission from a triplet excited stépdospho-

Figure 3 shows the room temperature photoluminesyescence This assignment is discussed below on the basis of
cence spectra for polymets-3. The emission features are the temperature dependence of the emission data.2For
shifted to lower energy with the increasing length of thethere is a weak shoulder centered at about 1.67 eV, which we
thiophene segment, analogous to the absorption spectra. Wgso attribute to a triplet emission, i.e., an emission from the
attribute the features peaking at 2.85 eV, 2.44 eV, and 2.28ip|et excited state. There is no room temperature triplet
eV for polymersl, 2, and3 to emission from singlet excited gmission for3 over the measured rang.2—3.0 eV.

We identify the emission feature hpeaking at 2.05 eV
as a triplet emission for the following reasons: First, this

C. Photoluminescence spectroscopy

— 12 [ emission is strongly temperature dependent in contrast to the
z 1.0k 3 2 i1 singlet emission(Fig. 4). From 180 K to 16 K, the singlet
— i ,;E emission peak increases by a factor of 2.4, while the lower-
3 0.8k t H lying emission increases by a factor of 19.4. This increase of
S i § i emission intensity indicates a long-living excited state that is
b4 o6l 7o quenched by thermally activated diffusion to dissocia-
2 - f i tion sites. Second, for similar systems such as
'E 0.4l E [-P{PBu),—C=C-p-C;H,—~C=C-],,, we also found a

3 % higher-lying singlet emissiofat 3.2 e\j and a lower-lying,

o ; clearly identified triplet emissiofiat 2.4 e\l.* The latter is

_g .21 tﬁ also reduced by a factor of about 20 when going from 20 K
o 0.0 | k) to 180 K and was found to have a lifetime of 38 at 10 K*’

'1_0' ' 1_5' ' 2_0' ~ 2.5 3.0 3.5 Figure 5 shows the emission spectra at 18 K for poly-
mers1-3, together with the first absorption feature for com-
parison. In2 and 3, the origin of the features at 1.67 eV and

FIG. 3. Room temperature solid-state photoluminescence spectra for polyt-23 €V, respeCtiV_e|Yv is not immedia_tel_y obvidusg. 5(b)
mers1-3. and 5c)]. We consider that these emission features have the

Energy [eV]

Downloaded 28 Jan 2010 to 132.180.21.28. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 10, 8 March 1999 Chawdhury et al. 4967

S 1.0} Polymer 1, R=—{)— - Jio & 30
s, [y | < E
i 3 ] o -
§ ‘.“. —_0.8 g ;
Q % »
8 A T )
o0} Y, o >
§ Jo.4 g g
° c
.g -10.2 z w E AE
o ; 1 = 1.0F S1-T1
0.01 0 |...-..------.1..............1------" 1 | 0.0 - v X v
1.0 1.5 2.0 2.5 3.0 3.5 4.0 E
0.5...I...I...I...I...I...
@ Energy [eV] 0 0.2 0.4 0.6 08 1 1.2
3.0 Inverse no. of thiophene rings, 1/n
— 1.0 | Polymer 2 o, R=—HS ) o )
3 o {3y J25 F.IG. 6. E_volutlon of theS;— S and'Tlﬂso. excitation energies _and the
S oos > glnglet—trlp_let energy _gap&_ESl_Tl with the inverse number of thiophene
8 0.7 \‘ 120 % rings (1h) in the bridging ligand.
£ 0.6 1 =
§ 0.5 ‘ J1.5 %
o 3 center which is mainly responsible for the intersys-
£ 0.4 ‘\.___ Ji.0 g tem crossing.
% 0.3 ° (i) In oligothiophene systems themselves, intersystem
£ T, 05 2 crossing (and thus phosphorescence reduced
£ . . with increasing number of thiophene units, as the
0.2." 3.0 3.5 2.9° energy of the singlet excited state drops below the
(b) Energy [eV] corre§pond|ng resonance state for intersystem
crossing in those systerfis.
2.0 (2) The energy of the triplet emission shiftEig. 6) when
T o1of Polymer 3 Pl e adding more thiophene rings in the ligafftom 2.05 eV
8, ; "\_‘ 15 & to 1.5_3 _eV forl_—_?;, AE=0.52e\). This is in (_:ontrast_to
° \ 178 the similar position AE<0.03 eV) of the triplet emis-
e i = sion in polymers and corresponding monomers of
§ y 110 § [_—PT(PBL@)_z—CEC;R—CE_C—]n with R=phenyl, pyri-
@ \ 3 dine or thiophen&’ Thus in systems studied here, the
E A\ Iy triplet excited state must be extended over several
% 0.10 AN Jo.5 g- thiophene rings(i.e., 3 or morg¢ while in those
s R ] =2 system&’ the triplet excited state is confined to the aro-
£ matic ring only. When comparing these two systems, it
10 s 20 28 3'_0 3'_5 ' '4_8'0 ?s important to be aware that_here we i_ncre_ase the con-
© Energy [eV] jugation length within the ligand while in those
system$’ the effect of increasing the number &peat
FIG. 5. Absorption and photoluminescence(a¥ 1, (b) 2, and(c) 3. unit is studied. This raises the question of whether the
triplet excited state is confinednto the cyclic ring or
whether it is confinecbetweenthe two rigid ethylenic
same origin as the emission Inat 2.05 eV, namely a triplet units. If only one ring is considerétthese two cases are
state: They are energetically close—in fact, they all lie at identical. Follow-up experiments will investigate this in
0.80-0.88 eV below the singlet emissighig. 6—and a further detail.

sudden disappearance of the triplet emission when going
from 1 to 2 would be unlikely. Also, origins such as an
excimer state od-d transitions appear even more unlikely to
us.

This shift of triplet emission energy observed 1r3
agrees well with the calculations by Beljoneeal. on the
evolution of the triplet excitation energy in purely organic

There are two unusual features that need attention beforoeIIgothIOphene systems RTwhere PFoligothiophene and

assigning these emissions to triplet emissions: N=2-6)* We experimentally find energy shifts of 0.38
gning P ' eV (1—2) and 0.15 eV 2—3). They report a energy shift of

(1) The intensity of this suspected triplet emission decrease8.14 eV for PT, to PT; (bithiophene to terthiopheneEx-
rapidly with increasing number of thiophene units. We trapolating their dat@Fig. 4 of Ref. 23 gives a energy shift
rationalize this by the following factors: of 0.30 eV for PT, to PT, (monothiophene to bithiophehe

(i) Increasing the number of thiophene rings in theThus from both our and their resuft$?*it appears that the
ligand reduces the influence of the heavy metaltriplet excited states in thiophene systems spreads over sev-
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FIG. 7. Singlet emission for polymefis-3 with the peak emission normal- )
ized to unity on the ordinate and with the energy of the first peak set to 0 evFIG. 8. Temperature dependence of the photoluminescence of po§/mer
on the abscissa. Numbers are used to label different peaks rather than to
assign vibronic transitions.
iophene shap®. According to Beljonneet al.® the ethylenic
units are rigid with respect to photoexcitations, so that most
. : . . of the relaxations must occur on the aromatic ring between
eral rings. We note that Corndt al. discuss the triplet ex- . . ; . g

. ) . . . ’ . the ethylenic units. We consider that this is easier for a larger
cited states in oligothiophenes as being confiffe@his -

: X . o . number of aromatic rings.
arises because the evolution of triplet excitation energy in . .

In polymer 3, evidence emerges for another electronic

oligothiophenes is weak relative to the change in the singlef . i ocated at 2.12 eV for 17 K, i.e., at about 0.34 eV
excitation energy.

' . I he fi ition, f h luti f the vi [
We find an almost parallel development of singlet andbe ow the first transition, from the evolution of the vibronic

. " : o . §idepeaks with temperatu(Eig. 8). First, this peak shifts its
triplet transition energies here with increasing the number oL ergetic position by 0.05 eV to lower enerav with decreas-
thiophene unit in the ligand, which is in contrast to the re- 9 P Yo 9y

duction of the singlet—triplet energy gap in oligothiophenesmg temperature in contrast to the other peaks, which shift by

with increasing number of thiophene rings. In our thio hene-only 0.01 eV. Second, for temperatures of 160 K and higher,
o 9 . phene rings. P the vibronic substructurée.g., peaks 1, 2 and) 4lisappears
containing poly-ynes, theingletemission shifts by only 0.17 : . : . "
- . ; . .~~~ and the fluorescence is dominated by the vibronic transition
eV from 2 to 3, while in the oligothiophenes, this emission

shifts by 0.6 eV from PJ to PT, according to the at 2.26 eV and the transition at 2.12 é&t 17 K).

calculations’We consider thatin Pan P, the singlet gy e 3 ST (Y 8 BEEER T 0 S DT
is spatially confined by the length of the oligomer, so that the phosp g

— _C—C—p— _(—C_1 426
excitation is “squeezed in a box.” In contrast,2rand3, the fhoelymrirorgonfe(rp?I;brz)zpt(clzgc) E C:%(H:“_ Ciij_' %CECG—WI]DC:
singlet excitation can spread out over the ethylenic units int?PBug) (PH.2° in each Caslé*” ;bout 0 2p5 eV gelow the first
and through the metal centers so as to occupy its “favored’peak. 2In a’manner analogous to Figi. 8, this transition con-

length along the polymer chain. This explains why the sin- . o . i
glet excited state i is at only 2.55 eV while in PTit is tributes to 60% of the phosphorescence signal at room tem

calculated to be at 4.2 e¥;>*and also why increasing the
number of thiophenes within the ligand does not have such a

dramatic effect on the singlet excitation energy than increas-  °-8 ™ J1.0
ing the repeat unit in oligthiophenes from=2 ton=3. As . o0.07F i ] L
a result, the singlet—triplet energy gap remains nearly con-3% 0.06 los §
stant. s F 5
Figure 7 shows the singlet emission for polynier3 -&’ 0.05| 1os %
with the peak emission normalized to unity on the ordinate g 4 ¢4 3
and with the energy of first peak set to 0 eV on the abscissa.g ‘é
The vibronic sidepeaks display different intensities in poly- § °°°F 1%4 9
mer 1-3. For 1, the main intensity of the transition occurs © g¢.02F =
for the first vibronic peak; fog, the third vibronic peak has 9 001k N
already acquired a large contribution; and frthe third ' £
vibronic peak is the dominant transition. In other words, with 0.00 0.0
increasing number of thiophene units the excited state geom- 5020 25 3.0 35 40 48
etry differs more from the ground state geometry and the Energy [eV]

shape of the emission moves away 7fr0m th_e typicalrig, 9. Photocurrent spectra of the photocells 4, ITO/2/Al, and ITO/
[ - P{PBuW),~C=C—-R-CG=C-],, emissioft’ to an oligoth-  3/Al. Absorption spectra are also shown for comparison.
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the deviceg and increased charge separation at low energy
sites® All three materials show a short-circuit quantum ef-
ficiency of about 0.04% at the first photocurrent peak, which
is a common value for single layer devices. There is no dif-
ference in quantum efficiency with variation of the thiophene
content in the polymer. The quantum efficiency of the sec-
ond peak is different fol, 2, and3 and is very sensitive to
air exposure. In all three polymers the overall photocurrent
increases when exposed to air and is reduced after annealing
under vacuum. This process can be cycled reversibly, al-
100 : : ' + though the timescales for absorption and desorption of air
decrease with repetition. All three materials show a low en-

T(samplg) — T(reference)

% TG ergy tail which is enhanced by exposure to air in a different
80 manner to the photocurrent at and above the bandjafe
70 consider this tail might be due to subgap absorption of defect
60 — states’! The current—voltage characteristics taken under illu-
0] decpr mination at intensities of 9pW/cn?, 185 uW/cn?, and 440
, uWi/cn? at the first peak in the spectral response give open-
\L circuit voltages of 0.50, 0.75, and 0.47 and fill-factors of
DTG 0.32, 0.35, and 0.30 fdt—3, respectively. These are typical
i ; + ' ' values for single-layer polymeric photocells.
200 300 400 500
Temperature, degrees C E. Thermal analysis
FIG. 10. Simultaneous DTA/TG/DTG data f@r The glass transition and All samples exhibited mass loss due to decomposition
decomposition peaks are indicated. beginning slightly above their glass transitions. Figure 10

shows the simultaneous DTA/TG/DTG data f@ The
behavior is qualitatively different from trans
[Pt(PBY),—C=C-R-CG=C-].. (R=phenyl or substituted
pheny). The DTA peak which accompanies the mass loss is
endothermic in the thienyl polymers, not exothermic as in
the phenyl analogue®. It also occurs at somewhat higher
temperatures than the DTG peak, whereas the two peaks co-
Figure 9 shows the photocurrent quantum yields as dancided closely in the phenyl analogues. A minor endotherm
function of the photon energy in short-circuit mode for illu- was also present i2 at 227 °C; similar endotherms were
mination through the ITO or gold electrode for polyméss  observed in phenyl analogues. Decomposition onset was de-
2, and3. The photocurrent spectra of the ALAl, ITO/2/Al,  fined as a mass loss of 2%. The results are shown in Table
and ITOB/AI photocells show two peaks, one at the onset off||.
absorption[2.92 (1), 2.64(2), and 2.43 eV(3)] and one at
higher photon energid8.81 (1), 3.56(2), and 3.38 eM3)]. IV. SUMMARY
This is consistent with the UV photocurrent spectra reported

for poly(p-phenylenevinylené’ and for platinum poly-yne : . ) :
deri?/at?/vgsp con)t/aining é/\ thieno-pyrazirﬁe rijr?gBaE)se)é yon photoexcited Stat?s n organ.ome.talhc' conjugatgd 'poly-
comparison with those materials, which have been charactefTJerS as a function ofr-conjugation in the bridging

ized further into the UV region where they exhibit further igand, ~we synthesized =~ the platinum poly-ynes

photocurrent peaks, we tentatively interpret the second phcg__r;ti(eiilq)z_CE&\S(IR_CEC%;]Sare dW'th tﬁe:rr?lthleny\lls’/ith
k ion i he higher-lyi !
tocurrent peak as caused by absorption into the higher y”lEiPt(PB@)Z—CEC—R—CEC—]m where R-thienyl. We

absorption bands. Full discussion of these higher-lying pea . o i . .

is beyond the range of this pap@?” The position of the first assigned emission features to the first excited singlet and
photocurrent peak at the onset of absorption is determined brlplet_state _and discussed th?'r e;nergenc posmon and the
factors such as the internal filter eff&482%(i.e.. the trade- tensity of intersystem crossing in comparison to related

off between the amount and the position of light absorbed irplatlnum pon-yneg and oligothiophenes. We consider that
these results contribute to the understanding of the relation-

ship between chemical structure and electronic structure in

TABLE Ill. Results of thermal analysis; all temperatures in °C. Uncertain- both organic and organometallic conjugated polymers.
ties are standard deviations.

perature(but only 12% to the emission at 18) K% Graham,
Wittmann, and co-workers speculate on interchain interac
tions as source for this additional transition.

D. Photocurrent measurements

In order to extend our previous studies on the nature of

ACKNOWLEDGMENTS
Tglass Tdecomp(onSEI Tdecomp(peaa DTG Tdecomp(peah DTA

> o75is 278t 8 240t 4 371%5 We are grateful Fo S. Mang of the; Melville Laboratory
3 2816  290+15 349+ 7 389+ 3 for Polymer Synthesis for assistance in GPC measurements.
N.C. and M.Y. thank the Cambridge Commonwealth Trust

Downloaded 28 Jan 2010 to 132.180.21.28. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



4970 J. Chem. Phys., Vol. 110, No. 10, 8 March 1999 Chawdhury et al.

and the Overseas Research Scheme for financial support. Wes. Takahashi, H. Morimoto, E. Murata, S. Ktaoka, K. Sonogashihara, and
Y.W. is thankful for a postdoctoral fellowship administered N. Hagihara, J. Polym. Sci.,, Polym. Chem. &6, 565 (1982.
by the Croucher Foundation. A.K. thanks Peterhouse, Caml-eA' Kéhler, F. Wittmann, R. H. Friend, M. S. Khan, and J. Lewis, Synth.
bridge, for a research fellowship. We gratefully acknowledgeNMet' 67, 245-249(1999. . .
H. F. Wittmann, K. Fuhrmann, R. H. Friend, M. S. Khan, and J. Lewis,

the award of COS Reseqrch Grapt No. CH/01/98 to T.C.Q., Synth. Met55-57, 56 (1993.
MRAA, and MSK ThIS WOI’k IS Supported by the Eng|' lSA. E. Dray, R. Rachel, W. O. Saxton, J. LeWiS, M. S. Khan, A. M.
neering and Physical Sciences Research Co(ddi.). Donald, and R. H. Friend, Macromolecul@§, 3473—-34791992.

19M. S. Khan, A. K. Kakkar, N. J. Long, J. Lewis, P. Raithby, P. Nguyen, T.
13. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. B. Marder, F. Wittmann, and R. H. Friend, J. Mater. Chdn227-1232

Mackay, R. H. Friend, P. L. Burn, and A. B. Holmes, Natgt®ndor (1994.

347, 539-541(1990. 204, Masai, K. Sonogashira, and N. Hagihara, Bull. Chem. Soc. 4gn.
2N. Tessler, G. J. Denton, and R. H. Friend, Nat(lrendon) 382, 695— 2226-2230(1971).

697 (1996. 21, A. Sacksteder, E. Baralt, B. A. DeGraff, C. M. Lukehart, and J. N.

3J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H. Demas, Inorg. ChenB0, 2468—24761991).
Friend, S. C. Moratti, and A. B. Holmes, Natufleondon 376 498-500 221 _K_ Yip, H.-M. Lin, Y. Wang, and C.-M. Che, J. Chem. Soc. Dalton

,1995. _ , Trans. , 2939-29441993.
F. Wittmann, R. H. Friend, M. S. Khan, and J. Lewis, J. Chem. PI95. 235 oy . Beljonne, D. A. dos Santos, Z. Shuai, and J. L. Bredas,

2693-26981994. _
50. Lhost, J. M. Toussaint, J. L. Bredas, F. H. Wittmann, K. Fuhrmann, R.24Synth. Met. 78, 209-207(1996.

H. Friend, M. S. Khan, and J. Lewis, Synth. M&5-57, 4525—4530 D. Beljonne, J. Cornil, J. L. Bredas, and R. H. Friend, Synth. Méf.
(1993. 61-65(1996.

5D. Beljonne, F. Wittmann, A. Kioler, S. Graham, M. Younus, J. Lewis, P. #R. A. J. Janseen, L. Smilowitz, N. S. Sariciftci, and D. Moses, J. Chem.
R. Raithby, M. S. Khan, R. H. Friend, and J. L. Bredas, J. Chem. Phys, Phys.101, 1787-17981994.

105, 3868—3877(1996. %3, C. Graham, Ph.D. Univercity of Cambrid¢995.

’N. Chawdhury, A. Kdler, R. H. Friend, M. Younus, N. J. Long, P. R. %’A. Kéhler, D. A. dos Santos, D. Beljonne, Z. Shuai, J.-L. Bredas, R. H.
Raithby, and J. Lewis, Macromolecul8g, 722—727(1998. Friend, A. B. Holmes, A. Kraus, and K. Man, Nature(London 392

8A. R. Brown, K. Pichler, N. C. Greenham, D. D. C. Bradley, R. H. Friend, 903 (1998.

and A. B. Holmes, Chem. Phys. Le&10, 61-66(1993. 28C. W. Tang and A. C. Albrecht, J. Chem. Ph$g, 2139(1974.
9A. Kohler, F. Wittmann, R. H. Friend, M. S. Khan, and J. Lewis, Synth. 20R. N. Marks, J. J. M. Halls, D. D. C. Bradley, R. H. Friend, and A. B.
Met. 77, 147-150(1999. Holmes, J. Phys.: Condens. Mat@r1379—13941994).

10A. Kohler, Ph.D., University of Cambridg€ 997). 20 X
Mo g o ! : o . M. G. Harrison, J. Gruner, and G. C. W. Spencer, Phys. Reh5B
Purification of Laboratory ChemicalsAth edition, edited by W. L. F. 7831-7849(1997.

Armarego and D. D. PerritButterworth-Heinemann, Oxford, 1996

12)_ Chatt and R. G. Hayter, J. Chem. Soc. Dalton Tra861, 896. 3IN. Chawdhury, M. Younus, P. R. Raithby, J. Lewis, and R. H. Friend,
133, Lewis, N. J. Long, P. R. Raithby, G. P. Shields, W. Y. Wong, and M. _Opt. Mater.9, 498(1998.
Younus, J. Chem. Soc. Dalton Trans. , 428997. 32T, C. Corcoran, M. S. Khan, and M. R. A. Al-Mandhatypnlinear Op-
14N. Hagihara, K. Sonogashihara, and S. Takahashi, Adv. Polym4%ci. tical Properties of Organic Materials,xedited by M. G. Kuzyk Proceed-
149-179(1980. ings SPIE, Vol. 3147, pp. 196—-2Q8PIE, Bellingham, WA, 1997

Downloaded 28 Jan 2010 to 132.180.21.28. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



