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We have studied the evolution of tHg triplet excited state in an extensive series of phenylene
ethynylene polymers and monomers with platinum atoms in the polymer backbone and in an
analogous series of all-organic polymers with the platifimtributylphosphonium complex
replaced by phenylene. The inclusion of platinum increases spin—orbit couplingssate emission
(phosphorescentés easier to detect. For both, the platinum-containing polymer series and for the
all-organic polymers, we find th€, state to be at a constant separation o7l eV below the
singletS, state. It is not possible to change this singlet—triplet splitting by altering the size or the
charge-transfer character of the polymer repeat unit or by changing the electron delocalization along
the polymer backbone. TH& —T, gap can be increased by confining Bestate in oligomers and
monomers. ©2002 American Institute of Physic§DOI: 10.1063/1.1473194

I. INTRODUCTION there is little intersystem crossing fro8) to T, in organic
conjugated polymers. Intersystem crossing occurs by vibra-
Conjugated polymers are a class of materials that argonal coupling where suitable modes result in a change in
now well investigated due to their commercial potential.  iig) angular momentum that compensates the spiR%fp.
However, attention is mostly paid to the singlet excited staterpig process is known to be weak for aromatic mole@les

S, while little is known about the triplet excited stafg. In . .

. ) S and is probably even weaker for polymers with large delo-
organic conjugated polymers, tfig state is difficult to study lized m-electron tems sin ianificant amount of en
as it is usually nonemissive. Emission from a triplet excited”? ? e e,c N sysfe s since a sig | ca al ou c;] en-
state to the singlet ground state requires a spin flip whictfrdY iS required to deform an extendeelectron cloud. The

does not occur in an optical transition. Yet, knowledge of the€asurement of phosphorescence in organic conjugated

T, state is important for an understanding of the basic phoPolymers therefore requires a very sensitive time-resolved

tophysics of conjugated polyméré and for their techno- detection techniqué:®

logical applications such as organic light-emitting diotes. The amount of spin—orbit coupling in a molecule can be
Since triplet states are usually nonemissive, the mosgreatly increased by introducing heavy atoms such as plati-

common ways of investigating them include triplet—triplet num into the chemical structure, so that the radiative decay

absorption measuremerifs;'“energy transfer onto phospho- rate of theT; state is increased to become comparable with

rescent dye§;*~*%optically detected magnetic resonarife, the intrinsic nonradiative decay rattIn this case, emission

or delayed fluorescence measureméht§ However, these  from the T, state can be readily detected with conventional

methods cafn ‘?”I'y give partial |_nfor:mat|r(]3n while d'rec(;_lmea'steady—state spectroscopic techniqtfe&® Here, we used an
surement of triplet-state emissi¢phosphorescengeeadily extensive model system of platinum-containing conjugated

gives access to the energy, vibrational structure, and lifetime . . . ;
of the triplet state. polymers and monomers to investigate the relationship be-

Here, we use direct measurements of fluorescence ar%/een singlet.— and triplet-energy Ieve{lé?g. 1)..Platinum .is
phosphorescence to determine Bgand T, energies in a !ncorporated in a squarg pIanal(IIP)tcon-ﬁguratlpn and mix-
series of conjugated polymers. Phosphorescence can be méad of the & and 6o orbitals of the platinum with ther and
sured when thel; emission becomes partially allowed by 7* orbitals of the organic unit preserves conjugation along
spin—orbit coupling. In organic conjugated polymers, spin—the polymer chairf! We then compare our results with tBe
orbit coupling is extremely weak giving a low radiative de- andT, energy levels which we measure for some analogous
cay rate for emission from the triplet state in comparisonconjugated polymers and monomers without the Pt metal
with the much larger nonradiative decay rétdn addition,  inclusion by using time-resolved detection. We find excellent
agreement of th&,—T, energy gap measured for the organic
3Electronic mail: ak10007 @cam.ac.uk compounds with that of the metal-containing model system.
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s tions were excited by a tunable parametric oscillator pumped
by the tripled output of @-switched Nd:YAG laser with a
pulse duration of 7 ns and a repetition rate of 10 Hz. The

d emission was dispersed by a monochromator and recorded

: g — by an optical multichannel analyz8PAR model 146D with
o a gated intensified diode array detector. It was possible to
P vary the detection timégate width and the delay after ex-
. . - _citation. At a delay of 0 ns, a gate width of 100 ns was used

FIG. 1. General chemical s_tructu‘res of the platlnum-contam_lng and organl(fo record prompt fluorescence while for other delay times. a

polymers and monomers investigated and the spacer WRjtthat were ’

used. The spacers are labeled in order of decreaSingnergy for the ~ gate width of 10 ms was used to maximize the signal inten-

platinum-containing polymers. The structure of the organic polymer MEH-sity.
PPE is also shown.

Ill. RESULTS
Il. EXPERIMENT A. Pt-containing polymers

The Pt-containing polymers and monomers were synthe- The thin-film PL and absorption spectra of a typical Pt-
sized by adaptation of the dehydrohalogenation route devetontaining polymer and monomer are given in Fig. 2. The
oped originally by Hagihar&'~2622-31 Defect-free all- first absorption band and the high energy emission band
organic polymers and monomers were synthesized by a oneround 3 eV are associated with t8g singlet excited state,
pot reactior?? All of the polymers and monomers were while the low energy emission band arises froffi atriplet
readily dissolved in dichloromethane at room temperaturexcited state, as shown previously by time-resolved PL and
and thin films were produced on quartz substrates using photoinduced absorption spectroscdpylhese singlet and
conventional photoresist spincoater. Films were typicallytriplet excited states involver—#* transitions. In both ab-
100-150 nm in thickness as measured on a Dektak profilosorption and low-temperature emission, the maximum inten-
meter. The optical absorption was measured with a Hewlett-sity is seen in the 0-0 vibrational pe#k.

Packard ultraviolet-visible spectrometer. We observe theS; state to be at a significantly lower

Measurements of steady-state photoluminescd®te  energy in the polymer than in the monomer, as can be seen
were made with the sample in a continuous-flow helium cry-from the shift of the 0-0 peak in the first absorption band by
ostat. The temperature was controlled with an Oxford-0.4 eV from the monomer to the polymer. In contrast, The
Intelligent temperature controller-4 and measured with &state is located at very similar energies in the polymer and
calibrated silicon diode adjacent to the sample. Excitatiormonomer(since the excitation was at 3.4 eV, only the vi-
was provided by the UV line€834—-365 nmof a continuous  bronic sidebands of th&; emission can be seen in this
wave argon ion laser. Typical intensities used were a fewnonomey.
mW/mn?. The emission spectra were recorded using a spec- Taking a simple particle-in-a-box model, the energy of a
trograph with an optical fiber input coupled to a cooledstate decreases with increasing oligomer size since the asso-
charge coupled device arr&@riel Instaspec V. ciated delocalizedr-electron system extends until it reaches

For time-resolved PL measurements, the organic polyits maximum length after which a further increase of oligo-
mers were dissolved in anhydrous methyltetrahydrofuoramer size does not reduce the energy of the state any
(Me-THF) to give a 10°° M solution which forms a glassy more?°3* A monomer and a polymer obviously represent
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energy gap between tH§ states in the polymer and mono- 3 <% [ Ooq , ]
mer suggests th&; is delocalized in the polymer, while the % 15k ©,0 60 n
smaller energy difference for the; state points to a state G [
which is more localized in the polymer. These observations 1.0 F AES T 3
are in agreement with quantum chemical calculatfons. : ....6..‘..,..n.,....9.....3._.3....__.‘,__ 1
Similar results were obtained for the other Pt-containing 0.5 F e %o Ptpolymer ]
polymers and monomers containing the spacers shown i [ ‘
Fig. 124-%\We have labeled the different “spacer” groups 0.0 EEE— —
shown in Fig. 1 in order of decreasing singlet-exciton energy © 0 S 10 15 20
for the platinum-containing polymeas measured from the Spacer label

PL pea&, and we show the. variation of the thSE andTl FIG. 4. (a) The absorption spectra at 300 K of thin films of the organic
states and the correspondifg—T; energy gaps as a func- polymers with spacers 115 as labelén). The PL spectra at 300 K from
tion of “spacer label” in Fig. 3, both for the polymers and thin films of the organic polymertsolid lineg with spacers 1-15 and of the

for their corresponding monomers. A Iocalizé'q state is organic monomersdotted line$ with spacers 2, 3, 7, 11, 12, and 15 as
labeled.(c) The energy levels of th&, excited state for the organic poly-

suggested by the energet_lc proxmﬂ_y of this stqte in all themers (triangles with spacers 1-15 and of tH8, (open squarésand T,

polymer and monomer pairs. According to the differences inopen circles excited states and the energy differena&s _r, (solid

S, energy for corresponding polymer and monomer pairs, theircles for the platinum-containing polymers, plotted as a function of the

S, state is more extended than the monomer size for comrgpacer group label, as described in the caption to Fig. 3. The dotted line is a

pounds 1, 2, 3, and 5, while it can be accommodated on atralght line fit toAEsl_Tl. T.he energies plotted corresponq t.o the 0-0 peak.s
ingl it for compounds 7. 11. 12. 13. and 150f the 10 and 300 K thin-film PL spectra of the Pt-containing and organic

single monomer uni ) p. » T v G polymers, respectively.

There are two effects which might contribute to this. Firstly,

the lower energy of th8; state in compounds 7-15 suggests

a significant donor—acceptor interaction between theyolymers?* For the spacers 1-7, we find a larg®y—T,
electron-rich platinum and the organic spacers which maynergy gap for the monomers than in the polymers, which is

cause the singlet state to have a more localized, chargenostly due to the highe®, energy in the monomers.
transfer-type character. Secondly, compounds 1-5 only con-

tain a single ring in the spacer, while compounds 7—-15 con- ]
tain two or more rings to accommodate charge density. ~ B- Organic polymers

We now consider the energy differenceEs 1 be- We have investigated the analogous organic polymers
tween theS; and T, states. When spacer substitution lowersand monomers shown in Fig. 1 to establish whether the
the S; energy in the polymer, th&, energy reduces by the trends observed for the Pt-containing model system also oc-
same amount to give a constant energy gap of about 0.7 etUr in organic systems. Figuresatand 4b) show the room-
for all polymers, as shown earlier for a subset of thesdemperature absorption spectra of the polymers and PL spec-
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tra of the polymers and monomers. The onsets of thehifted by 0.55 eV. The spectra of the organic polymer and
polymer absorption and emission overlap so the emissiothe Pt-containing polymer are remarkably similar, suggesting
can be associated with ti# state. that the emission in the Pt-platinum containing polymer is

The difference in the energy of ti# emission between indeed associated with the organic spacer group. From the
polymer and monomer pairs reduces less along the seriédentical S;—T; energy splitting in both polymers, it is also
than for the platinum-containing pairs. A less localiz8d evident that for spacer 2 the admixture of platinum orbitals
state in these organic polymers than in the Pt-containingiffects the singlet- and triplet-energy levels to the same ex-
polymers is consistent with the weaker donor strength of théent, shifting both by 0.55 eV.
alkoxy-substituted phenyl ring and therefore a reduced Figure 6 shows the dependence of the phosphorescence
charge-transfer character of tBg state. and the delayed fluorescence signals on the intensity of the

The S, energy levels of organic polymers are comparedexciting laser pulse for the organic polymer 3. Both signals
to the S, and T, energy levels of the corresponding Pt- show a power-law dependence with exponents of 0.8 and
containing polymers in Fig.(4). For the spacers 11-15, the 1.6, respectively. We therefore consider the delayed fluores-
S, energies of the organic and the Pt-containing polymergence in the organic polymer 3 to be caused by triplet—triplet
coincide, while they differ by about 0.5 eV for compounds 1,annihilation. Since we used dilute solutions (2av1), the
2,3, and 5. triplet—triplet annihilation is likely to arise from triplet trans-

It is not obvious whether the admixture of platinum or- port within one polymer chain, rather then between different
bitals will affect theS; and T, states in the same way. In polymer chains. The small deviation from the expected ex-
particular, for the organic polymers with spacers 1-5, itponents of 1 and 2 might be caused by some singlet—singlet
is questionable whether tHE, state will be about 0.7 eV annihilation prior to intersystem crossing.
below theS, state, as is the case for the Pt-containing poly-  In Fig. 7, we finally compare th&; andT; energies of
mers. Since the energy of tig triplet excited state is more the Pt-containing polymers and the organic polymers 2, 3, 4,
difficult to determine in organic polymers than in Pt- and MEH-PPE. The energy levels of singBtand tripletT,
containing polymers, we concentrate on polymers with higtstates are lowered in the organic compounds compared to the
Sl energy, i_e_, po'ymers 2, 3, 4' and p(ﬂy‘nethoxy_5_ Pt'Containing CompoundS, but they are lowered by the same
(2-ethyl-hexyloxy-p-phenylene ethynylene (MEH-PPB.  amount, so that the energy gafEs v is the same for both
The reason for this choice is that our study of the nonradiaerganic and Pt-containing polymers.
tive decay from thel'; state in the Pt-containing compounds
has shown that the nonradiative decay rate increases expo-
nentially with decreasing’,~S, energy gap? Higher en- V. DISCUSSION
ergy T, states are therefore much easier to detect.

Emission spectra of organic polymers 2, 3, 4, and MEH-  \We have measured tH&—T; gap in Pt-containing and
PPE were taken in dilute frozen solutions of Me-THF at 77organic ethynylenic polymers and monomers. The spacers
K after pulsed excitation. Figures&®—5(c) show the spectra have been systematically varied to form three series. In one
taken from the phenylene ethynylene polymers with a delageries formed by pyridine, benzene, and thiophespacers
with respect to the pulse of 0 and 150 ns. After 0 ns delay], 2, and 5 in Fig. J, the electron density on the spacer ring
prompt fluorescence from tH# singlet excited state is seen, increases along the seri@sin a second series formed by
with an energy and spectral shape consistent with the thirthiophene, bithiophene, and terthiophene spat®&r®, and
film room-temperature emission spectra shown in Fi§).4 10), the physical length and conjugation length of the spacer
After a 150 ns delay, there are two emission bands witlincrease$® In a third series, we increased the acceptor
similar spectral shapes, one lower energy band with a 0-@trength of the spacer to shift th®, energy in the Pt-
peak centered around 1.9 eV, and one higher energy bargbntaining polymers from 3.0 to 1.7 eépacers 2, 3, 7, 11,
with a 0-0 peak congruent with the prompt fluorescence. Tha 2, and 1524 For each of these different series, we find a
low-energy band is long lived. After a delay of 10 ms, this constantS,—T, energy splitting of 0.7 eV. It is also not pos-
band in compound 3 has decayed to only one third of itsible to reduce this energy gap by using spacers that have a
initial value, while the high-energy band has decayed byplanarizedm-electron system alon@!) or orthogonal13) to
three orders of magnitude. We attribute the low-energy emisthe chain, strong internal donor—acceptor interacti@and
sion centered around 1.9 eV to phosphorescence frdm a 8) or the possibility of mixing withn orbitals (14).
triplet-excited state because of the similar spectral shapes of Our finding of a constar$;—T, energy separation of 0.7
the low- and high-energy emissions, the long lifetime of theeV for both the platinum-containing polymers and for the
low-energy emission, and the energy separation of aboudll-organic polymers is a very striking result. Its constancy
0.6-0.7 eV between the high- and low-energy band. We conean not therefore be due to a specific feature of the platinum
sider the high-energy emission to be delayed fluorescencelectronic structure. So this work shows that we can use
The same is observed for the fluorene-containing polymer 4esults and trends obtained from this extensive range of
[Fig. 5(d)]. platinum-containing materials as being representative of the

Figure 5e) compares the delayed emission from the or-corresponding all-organic analogues. We also note that the
ganic polymer with spacer 2 with the emission from thefew values reported for th&,—T, energy gap in other or-
analogous Pt-containing polymer. The emission bands havganic conjugated polymers are consistent with the value we
been normalized and for the Pt polymer the energy axis wareport heré>? It is surprising that such a range of conju-
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FIG. 5. (8—(d) PL spectra of frozen solutions of organic phenylene ethynylene polymers with spacer 2—4 and MEH-PPHEdattt@éne and at 150 ns
(solid line) after excitation. The chemical structures are shown as ing@tShe organic polymer with spacer 2 after a delay of 15Qdutted line together
with the thin-film steady-state emission spectrum of the Pt-containing polymer with spdselic® line). The emission spectra are normalized and the
spectrum of the Pt-containing polymer has been shifted by 0.55 eV to the red.

gated polymers have the same value for §3e T, separa- for all these compounds, the spatial overlap of thand 7*
tion while a large spread of values is found for other conju-orbitals, and the mean electron—hole separation, may be
gated materials such as 0.3 eV for porphyrenes apg®@  fairly similar. Yet the effective conjugation length of the re-
0.6 to 1.0 eV for the Pt-containing monomers as shown irsulting state, that is the distance which the electron—hole
Fig. 3, about 1.3 eV for polyacenedrom benzene to wave packet explores, may be larger for some polymers
pentaceng® and 1.75 eV for terthiopherfe. (spacers 1-pthan for othergspacers 11-15In polymers,

In many conjugated polymers, such as the fuihe- the S;—T, energy gap is controlled by the exchange energy,
nylene ethynylens that we have investigated, the first ex- which is determined by the spatial overlap of theand #*
cited state arises from transitions betweeand 7* orbitals  orbitals involved. A similarm—#* overlap would therefore
which are both delocalized along the polymer backbone. Sexplain the similar exchange energy that has been observed
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quantum chemical calculatioRS.This confinement effect
has also been reported for phenylene and thiophene
oligomers'?® The absence of such confinement effects in
polymers implies that theis, — T, splitting can be consider-
ably smaller than that of systems in which the singlet state
can not delocalize, such as acenes, and this may account for
the value of 0.7 eV that we have found.

ACKNOWLEDGMENTS

One of the authorqA.K.) thanks Peterhouse, Cam-
bridge, for a Fellowship and the Royal Society for a Univer-
sity Research Fellowship. This work was funded by the
EPSRC. Another authofM.S.K.) gratefully acknowledges
Sultan Qaboos University, Oman for a research grant and
M. R. A. Al-Mandhary for assistance with the polymer syn-

FIG. 6. The dependence of the delayed fluorescéopen circles and the . .
phosphorescend@olid circles on the pump laser intensity for the organic thesis. The authors thank S. Nahar and P. Raithby for the

polymer with spacer 3. Straight line fits on the double-logarithmic plot in- synthesis of the Pt-containing polymers 6 and 8, and M.
dicate a power-law dependency with exponents of 0.8 and 1.6. Younus for the synthesis of the Pt-containing polymer 13.

. . .1 H H :
for Conjugated polymers even though thelr degree Of COnJU' D. Beljonne, J. Corn", R. H. Fl’lend, R. A. J. Janssen, and J. Ld&ﬁ\]

gation may vary considerably as discussed herein. Detailed

Am. Chem. Soc118 6453(1996.
E. Peeters, A. M. Ramos, S. C. J. Meskers, and R. A. J. Janssen, J. Chem.

quantum chemical calculations may give more insight into phys.112 9445(2000.

this.

While in polymers the extended-conjugation allows

3A. L. Burin and M. A. Ratner, J. Chem. Phys09, 6092 (1998.
4P. K. H. Ho, J. S. Kim, J. H. Burroughes, H. Becker, S. F. Y. Li, T. M.
Brown, F. Cacialli, and R. H. Friend, Natuteondon 404, 481 (2000.

for different sizes of the singlet and triplet excited states, thesy -, | b parker. G. Yu. C. Zhang, and A. J. Heeger, Natloadon)

situation changes when monoméuos oligomers are consid-

397, 414(1999.

ered. Additional Coulombic effects due to the confinement of°Z. Shuai, D. Beljonne, R. J. Silbey, and J. L. Bas, Phys. Rev. Letg4,

the excitation by the size of the molecule need to be taken,

131 (2000.
M. N. Kobrak and E. R. Bittner, Phys. Rev. &, 11473(2000.

into account. As shown here, and as is evident from calculasy, cjeave, G. vahioglu, P. Lebarny, R. H. Friend, and N. Tessler, Adv.
tions, the triplet exciton is more spatially localized, whereas Mater. 11, 285(1999.

the singlet exciton tends to be more extendeelcause elec-
trons are better correlated via the exchange interaction in thg
triplet state than in the singlet stafe’” Consequently, thg,

9M. A. Baldo, M. E. Thompson, and S. R. Forrest, Nat(irendon 403
750 (2000.

N. F. Colaneri, D. D. C. Bradley, R. H. Friend, P. L. Burn, A. B. Holmes,
and C. W. Sprangler, Phys. Rev.42, 11670(1990.

energy is raised more than tiig energy when going from a *M. Wohigenannt, W. Graupner, G. Leising, and Z. V. Vardeny, Phys. Rev.
polymer to its corresponding monomer and as a result thgB 60, 5321(1999.

S,—T; gap is larger for the monomer than for its polymer.

2G. Lanzani, S. Stagira, G. Cerullo, S. D. Silvestri, D. Comoretto, |. Mog-
gio, C. Cuniberti, G. F. Musso, and G. Dellepiane, Chem. Phys. 8&8.

This is shown in Fig. 3 for spacers 1-5 and agrees with 5351999,

M. A. Baldo, D. F. Obrien, Y. You, A. Shoustikov, S. Sibley, M. E.
Thompson, and S. R. Forrest, Natyt®mndon 395 151(1998.

35 T y T ¥A. P. Monkman, H. D. Burrows, M. d. G. Miguel, I. Hamblett, and
[ v 8, Ptpolymer ] S. Navaratnam, Chem. Phys. L&207, 303 (1999.
3.0 :_vv o v O T, Ptpolymer A, P. Monkman, H. D. Burrows, L. J. Hartwell, L. E. Horsburgh, 1.
F oV v ® S, org. polymer ] Hamblett, and S. Navaratnam, Phys. Rev. L&&. 1358(2007).
25 L E] o Vv A T org. polymer p A, Lane, S. V. Frolov, and Z. V. Vardeny, Bemiconducting Polymers
< = wliw Vg 1 edited by G. Hadziioannou and P. F. v. Huti@¥iley, Weinheim, 200D
2 o0k ] Vv . 173, Partee, E. L. Frankevich, B. Uhlhorn, J. Shinar, Y. Ding, and T. J.
z f aa Hpog - Barton, Phys. Rev. LetB2, 3673(1999.
3 15E 00O 0o R 18y, V. Romanowski, V. I. Arkhipov, and H. Bssler, Phys. Rev. B4,
g U AES T, 033104(2002.
1ok ~®-- Pt Polymer ] 19J. . Wilson, N. Chawdhury, M. R. A. Al-Mandhary, M. Younus, M. S.
e o006 00 ¢ org. Polymer Khan, P. R. Raithby, A. Kler, and R. H. Friend, J. Am. Chem. Sd23,
R RN 50 9412(2001).
0.5 F E 20N, J. Turro, Modern Molecular PhotochemistryUniversity Science
| . L Books, Sausalito, CA, 1991
0.0 21D, Beljonne, Z. Shuai, G. Pourtois, and J. L. Bredas, J. Phys. Chem. A
0 5 10 15 20 105, 3899(2001).
Spacer label 22y V. Romanovskii, A. Gerhard, B. Schweitzer, U. Scherf, R. I. Personoyv,

and H. Basler, Phys. Rev. Let84, 1027(2000.

FIG. 7. The energy levels of th§, and T, excited states and the energy 2D, Hertel, S. Setayesh, H.-G. Nothofer, U. Scherf, K. I, and H.
differenceAEsl_T1 for the Pt-containing polymers with spacers 1-15 and Bassler, Adv. Mater13, 65 (2001).

the organic polymers with spacers 2, 3, 4, and MEH-PPE. The values fof*J. S. Wilson, A. Kdler, R. H. Friend, M. K. Al-Suti, M. R. A. Al-
MEH-PPE are listed between spacer labels 3 and 4. The energies plottedMandhary, M. S. Khan, and P. R. Raithby, J. Chem. PHJS8 7627

correspond to the 0-0 PL peaks at 10 K in thin films for the Pt-containing

polymer and at 77 K in frozen solution for the organic polymers.

(2000.
N. Chawdhury, A. Kaler, R. H. Friend, W.-Y. Wong, M. Younus, P. R.

Downloaded 06 Feb 2008 to 132.180.21.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 21, 1 June 2002 The singlet—triplet energy gap in polymers 9463

Raithby, J. Lewis, M. R. A. Al-Mandhury, Y. C. Coreoran, and M. S. 31J. Lewis, P. R. Raithby, and W. Y. Wong, J. Organomet. Che56, 219

Khan, J. Chem. Phy410, 4963(1999. (1998.
26N, Chauwdhury, A. Kaler, R. H. Friend, M. Younus, N. J. Long, P. R. %2H. Hager and W. Heitz, Chem. Phy$99, 1821(1998.

Raithby, and J. Lewis, Macromolecul84, 722 (1998. 33H. F. Wittmann, R. H. Friend, M. S. Khan, and J. Lewis, J. Chem. Phys.
27D, Beljonne, H. F. Wittmann, A. Kialer et al, J. Chem. Physl105, 3868 101, 2693(1994.

(1996. 34T, G. Pedersen, P. M. Johansen, and H. C. Pedersen, Phys. Rdy. B
28N, Hagihara, K. Sonogashira, and S. Takahashi, Adv. Polym 43cil51 10504(2000.

(1980. 35M. Pope and C. E. Swenberfectronic Processes in Organic Crystals
%M. Younus, A. Kdler, S. Cronet al, Angew. Chem. Int. Ed. EngB7, (Clarendon, Oxford, 1982

3036(1998. 367, B. Birks, Photophysics of Aromatic Moleculég/iley, London, 1970.
30p, R. Raithby, N. Feeder, S. Nahar, A’tider, R. H. Friend, M. R. A.  %'D. Beljonne, Z. Suhai, R. H. Friend, and J. L. Bredas, J. Chem. RIoys.

Al-Mandhary, M. Al-Suti, and M. S. Khan, Dalton Transactidins press. 2042(1995.

Downloaded 06 Feb 2008 to 132.180.21.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



