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Direct evidence for singlet-triplet exciton annihilation in r-conjugated polymers
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A blend of two conjugated polymers with different optical band gaps and different triplet ex@di®n
magnetic resonance features was studied by means of photoinduced abs@fitiand photoluminescence
detected magnetic resonance. From the latter we find that a reduction of TE’s on either of the two polymers
enhances the radiative singlet excit@E) decay on both polymers nearly identically. The PA results rule out
other possible mechanisms to yield this signal, except one: a long-range SE-TE annihilation due to a dipole-
dipole transfer mechanism. Based on this finding, we calculate the transfer radius and quantify the annihilation
process for this system and for other conjugated polymers.
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[. INTRODUCTION simultaneously monitor its effect on the decay of SE’s in
each of the polymers.

The last decade has witnessed the emergence of conju-
gated polymers as a major class of organic macromoletules
utilized for many possible applicatiods. Among others, Il. EXPERIMENT
polyfluorene(PFO), and the class of polp-phenylengtype )
ladder-polymers(LPPP* exhibit very distinct emission® H-grgMgpﬁswﬁrchpcigw;sSirl?etﬁgailntzgeratgge;in,(t)eg.re the
absorption and photoinduced absorpti®#) feature$®° " L C el magnetic fiehd, and thex-PLDMR, in
which have yielded a comprehensive picture of the Process&syi-h the PL emission spectrum is measured at thé field
determining the ongoing dynamics of the excited emitiescorresponding to the peak of the resonance. The measure-
such as singlet excitonSE's), triplet excitons(TE's), and OIments were performed in a He gas-flow cryostat inside an

polarons in conjugated polymers. While it is well establishe bptically accessible 9.35 GHzband microwave cavity; the
that in organic crystals TE's act as nonradiative quenching i

centers for SE'$! little is known on the SE-TE interaction in
conjugated polymers. The elucidation of this issue is highl
desirable since in polymer light emitting devic@3LED's)
injected carriers form TE's with a yield of up to 75%.

ncident microwave power was kept below 810 mW. The PL
was excited at 351/363 nm and 515 nm by a Pockels-cell
Ystabilized A¥ laser. TheH-PLDMR spectra were measured
using a Si-photodiode; the laser line was blocked by an ap-
fpropriate cutoff filter. The change i (Alp) induced by

Moreover:, as a rssult of tk? el(fjipole fofrbri1dden transition (l)the microwaves at the field-for-resonance was detected by
TE’s to the ground state, the lifetime of the TE is extremely : : : Iy o }
long relative to that of the SE’s. This results in a high steady—feedlng the photodiode output into a lock-in amplifier refer

1314 : I X enced to the microwave chopping frequeney. The
ztce:itr?g-rvliitﬂegtﬂg spaer(]:(ijegegt(jc?haars]I%Eepnrc?r?iizllg)l/zgj rinter- ) pLDMR spectra were recorded by replacing the photodi-

This paper provides the first direct evidence for nonradi-Ode by @ monochromator and & photomultiplier tube. The PA

ative quenching of SE's by TE's in conjugated polymers anO|;11easurements were described elsewhd?8. and PLDMR
an estimate of the strength of this interaction. We exclud data were recorded at; low enough compared to the life-

. ; . ; Simes of the involved recombination processes wgr=<1,
other possible mechanisms which may be invoked to explaui"h order to ensure steady-state conditions

the TE photoluminescenc¢®L) detected magnetic resonance
(PLDMR) at g~4, namely TE-TE annihilation to SE’,
also well known to be significant in smafr-conjugated
moleculest! and ground-state recovery from TE&This is
done by studying a guest-host polymer blend, which consists Figure 1 shows the absorption and emission spectra of
of the blueemitting methyl-substituted LPR#R-LPPP host  pristine m-LPPP and PPDB, discussed in detail previotfsly.
and the orangeemitting pdlyerylene-co-diethynylbenzene The emission spectrum of m-LPPP and the absorption spec-
(PPDB guest:’ The guest was chosen because both its Pltrum of PPDB show a strong overlap so that blending of
and its TE half field resonance g4 are distinct from m-LPPP with 0.05 wt% PPDB leads to a strong PL contri-
those of the host. Hence one can alter the population of thbution of PPDB(see bottom of Fig. )L Such efficient energy
TE spin sublevels of each of the two polymers separately anttansfer of SE’s from m-LPPP to PPDB sites is explained by

III. RESULTS AND DISCUSSION
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FIG. 3. PL spectrdsolid lineg and spectral dependence of the
Energy (eV) half field triplet PLDMR (\-PLDMR) of m-LPPP/PPDB blend
films, recorded at the peak of the resonatepen symbols (a)
Pristine m-LPPP film at 1605 &) m-LPPP/0.05 wt% PPDB at
1605 G andc) at 1657 G, andd) pristine PPDB film at 1659 G. PL
excitation atygxc=351/363 nm fora-c¢ and\ gxc=515 nm ford.

FIG. 1. Top: Chemical structure ofleft)y PPDB, with R
=phenoxyi-butyl, and(right) m-LPPP,R—CH; R'=C;H,; and
n~6. Middle: Photoluminescencgull line) and absorption spec-
trum (dashed ling of PPDB and m-LPPP. Bottom: Photolumines-
cence spectrum of a blend film of m-LPPP containing 0.05 wt %
PPDB. (300 K). 1655 G, the resonance position of pristine PPDB TE's. This

g~4 resonance results from the forbiddeymg|=2 transi-
direct Faster energy transfétand by excitation energy mi- tions, which enhance the TE recombination due to the differ-
gration in the m-LPPP matrix and subsequent transfer te@nt lifetimes of the triplef1l) and |—~1) states, as directly
PPDB® shown for anthracen®. Analysis of the zero-field splitting

Figure 2 shows the half field triplet PLDMR powder pat- parameters of m-LPPP and PPDB obtained from the full and
tern of an m-LPPP film, m-LPPP/PPDB blend films of dif- half field patterns yields the upper limit of the triplet wave
ferent concentrations, and a pure PPDB film. The insefunction extentr,~4.0A for PPDB and 3.4 A for
shows the full-field PLDMR powder pattern of the samem-LPPP.*° This difference in the triplet size is manifest in
films. As clearly observed, an increase of the PPDB conteripoth the different resonance fields #fL655 and~1615 G,
in m-LPPP leads to a more pronounced half field signal atespectively, and the different full widths at half maximum of

10 and 25 G, respectively.
: 10 Figure 3 shows the PUg;) and\-PLDMR (Alp,) spec-

6 4 PPDB tra for (@) pristine m-LPPP at-1615 G, (b) m-LPPP/0.05
é | Is wt % PPDB blend at-1615 G,(c) the same blend at 1655
B o4l G, and (d) pristine PPDB at~1655 G, Alp_ of pristine
S 1 B m-LPPP is weaker relative i, atE>2.4 eV but it follows
< 2f ;h the PL spectra at lower energies. For pristine PPDIB,
2:-: B essentially follows the entire PL spectrum. The two
0 : \-PLDMR spectra of the m-LPPP/PPDB blend, recorded at
2. the peaks of the m-LPPP and PPDB resonances 1815
= and ~1655 G respectively, both exhibit the same overall
weaker contribution from the high-energy m-LPPP emission
0 atE>2.4 eV and the more pronounced contribution from the

e
1605

E<2.3 eV emission due to PPDHhis clearly shows that
the TE’s on either polymer affect the radiative decaySi'’s
Magnetic Field (G) on both polymers identically

FIG. 2. The half field triplet powder pattern of m-LPPP/PPDB 10 €xPlain the striking fact, that the alteration of the TE
blend films recorded at 20 K pristine PPDB filtline with up populgnon on one polyme_r influences the SE decay rate on
triangles, m-LPPP film with 2.0 wt% PPDBline with down tri-  @n adjacent polymer, we first recall that the-4 resonance
angle$, m-LPPP film with 0.05 wt % PPDBline with circleg and ~ Was previously attributed to magnetic resonance-enhanced
pristine m-LPPP filmfline with squares The graphs are normalized TE-TE annihilation to SE’s, which enhances the ¥land
to the m-LPPP maximum at 1615 G. The inset shows the full-field(0r) to enhanced repopulation of the ground state which en-
triplet powder spectra of the same films. PL excitation\al.  hances the absorption and thereby the emis$idine latter
=515 nm for PPDB\gyc=351/363 nm for all other sample§the ~ mechanism is directly ruled out since a repopulation of the
symbols denote the same concentrations as in the half field spectrd®PDB ground state and a corresponding increased ab-

1620 1635 1650 1665
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- - T T TABLE I. Calculated critical radiiRsg1e [see Eq.(2)], the
C 1 SE-TE annihilation constantsg_rg and the effective quenching rate
constankse_te[see Eq(3)] for a SE on a donor molecule and a TE
on an acceptor molecule. For the calculation®=5
X104 cenfs™t, =02, 7 1x10°s! and ne=1
= X 101 cm™3,
>
"é SEDonor"TEAct:eptor Rsee (NM) yse1e (Cmisls) Kse-Te (571)
SEn..ppr— TEm-Lppp 1.8 5.7 1010 6x10°
SE,..rpr— TEpppB 1.9 6.2x10°1° 6x10°
SEPPDB_;I—EPPDB 39 18( 1079 1 X 109
SEoppg— TEnm.Lppp 5.4 2.99%10°° 3x10°
ote . . . . . . ... SEppy— TEppy 2.9 1.2¢10°° 1x10°
12 13 1.4 1.5 1.6 1.7 1.8 SEVIEH-PPV_)TEMEH—PPV 3.4 1.5 10—9 1X 109
Energy (eV) SEsro— TEpro 1.7 5.2<10 10 5% 108

FIG. 4. Photoinduced absorption spectrum of m-LPPP excited at
Nexc=351/363 nm(dotted ling, of pristine PPDB excited atexc  will be quenched by the TE via Eql). Following the Fo-
=514 nm (dashed ling and of an m-LPPP/7.0 wt% PPDB film ster and Agranovich models one can determifg ¢ from
excited athgxc=514 nm (full line). All spectra were recorded at the gverlap of the PL spectrum and tiig— T, absorption
77 K. spectrum:

sorption cannot lead to an increased PL from m-LPPP due to 6 9f2¢? o v
the lower optical band gap of PPDB compared to m-LPPP. RSE-TEZW ”PLJ’O orr(v)fse(v) w7 2

The former mechanism can account for the present results s
only if PPDB TE's are back transferred to m-LPPP TE’s towherec=2.99x 1% m/s, f2 is an orientation factor which is
undergo TE-TE annihilation on m-LPPP. Although such a2/3 for random molecular orientationrt is the triplet-
back transfer is unlikely, it was tested by measuring the PAriplet absorption cross sectiomp, the quantum yieldng
for a rather high-PPDB content of 7 wt%. Figure 4 shows=1.58 is the refractive index of the host polymer, dagd v)
the PA spectrum of m-LPPP, PPDB, and an m-LPPP/7 wt %s the normalized PL spectrupi= [fsg(»)dv]. To obtain
PPDB blend. When excited at an energy larger than the 2.the T,— T,, absorption spectra the PA spectra were corrected
eV optical band gap of m-LPPP, the m-LPPP film exhibits afor polaron absorption or were obtained directly from pulse
distinct sharp feature at 1.3 eV dueTo— T, transitions? If  radiolysis measurementsin addition, ot~ 4x 10~ 16 cn?
back-transfer occurs, this PA band should also appear whemas obtained from the molar absorption coefficient as given
only PPDB in the m-LPPP/PPDB blend is excited at an enin Ref. 9, and we assume that the coefficient is similar for all
ergy lower than the optical gap of m-LPPP. Yet despite thecalculations, in good agreement with Ref. 14. The values of
high concentration of PPDB molecules in m-LPPP, the PAR4. ¢ for several polymers are summarized in Table |I.
spectrum of the blend film is identical to that of pure PPDB, Comparing the values dRge.te given in Table |, long-
ruling out this back transfer process of TEWe therefore range SE-TE annihilation can well account for the more pro-
also rule out an enhanceBE-TE annihilation toSE'sas the  nounced influence of the TE’s located on PPDB on SE’s
mechanism for the half field triplLDMR and assign the (largerAlp /Ip,) than that of TE’'s on m-LPPP on SE’s on
resonance toSE-TE annihilation similar to that found in  m-LPPP(see Fig. 3. Yet comparing the calculateRgg g
molecular crystals* At the field-for-resonance aj~4 the  with the typical~0.5 nm intermolecular distances in conju-
number of TE's which act as SE quenching centers is regated polymers, one finds that SE-TE annihilation also quan-
duced, which in turn enhances the PL. We note that the posiitatively explains the observation that an alteration of the TE
tive spin-1/2 polaron resonancegt 2 has been found to be population on one polymer influences the SE decay rate on
due to a similar polaron-SE annihilation mechanff?>  an adjacent polymer, both for SE’s located on m-LPPP

To explain the long range of the SE-TE annihilation, we (PPDB and the TE's on PPDBm-LPPP. Furthermore the
invoke Agranovich’s theory? which describes the SE-TE dipole-dipole nature of the SE-TE annihilation mechanism
annihilation in molecular crystals by a nonradiative energyalso accounts for the observation thAip,  of pristine
transfer, similar to a Hster type transfer, of an excited SE m-LPPP is weaker relative tby, at E>2.4 eV. This is a

(Sp) to a TE (Ty): consequence of the weaker relative overlaplgf at E
>2.4 eV with the PA absorption at this position. Moreover,
T+ S} =Sy+T,+phonons, (1)  the calculated radii given in Table | demonstrate a clear

trend: a larger energy difference between emission and TE
whereS; is the singlet ground state arig, an excited state PA in wide band-gap polymers such as PFO and m-LPPP
of the TE manifolc?* The efficiency of the transfer of the SE yields a much weaker SE-TE annihilation probability than in
energy to photoinduced TE's is determined by the criticallower band-gap polymers such as pgphphenylene vinyl-
radiusRsg.te Which is the distance at which 50% of the SE’s ene (PPV),>®> MEH-PP\® or PPDB.
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To quantify the significance of SE-TE annihilation for the yield from photoexcitatiort? this loss mechanism may be
PL or electroluminescend&L) yield one needs to determine very significant, especially under conditions of electrically
the SE-TE annihilation rate constaptg_tgWhich, according  pumped lasing, which requires intense carrier injection.
to Yokota?® is

(Rse.19)® IV. CONCLUSION

TSe” In conclusion, we have unambiguously identified the
with 7 the SE lifetime, s the quantum yield of SE's ang ~ SE-TE annihilation process in conjugated polymers. We
the sum of the TE and SE diffusion coefficieridse and showed_that this process is established by a nanadlatlve
Dge, respectively. Given the well-established fact tBat dlpole_—dlpole transfer of Hster type gnd we determlngd the
<Dg,* D~Dge which has been experimentally magnitude of this process for_ a W|dg range of conju.ga.ted
determined? Typical values ofyse.1¢ are given in Table I. polymers, demonstrating th:_:\t it is a S|'gn|f|cant_ nonradlatlve
The effective quenching rate constakie.re= yse.1d1e, decay channel for SE’s at high excitation densities.
wheren+g the triplet exciton densities, are given in Table I.
For typical ntg~10' cm™2 obtained at high excitation
densitie$? kse.¢ is found to be of the order of the radiative
decay rate of SE’s. This is consistent with the observation of We acknowledge the financial support of the FWF-Project
nonlinear relaxation processes at higher excitation densitiedo. 12806 and we thank G. Leising and E. Zojer for fruitful
in both polymers and oligomefé,which were previously discussions. CDL-AFM is a key member of the AT&S R&D
assigned to the nonlinear SE-SE annihilation mechanismmetwork. Ames Laboratory is operated by lowa State Univer-
The present analysis shows that SE-TE annihilation must bsity for the U.S. Department of Energy under Contract No.
considered in future analyses of such nonlinear behavioiV-7405-Eng-82. The work in Ames was supported by the
Furthermore note that in the EL process, where the yield obirector for Energy Research, Office of Basic Energy Sci-
TE’s can be as high as 75%, i.e., much higher than-tti&€6  ences.
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yse.1e=0.676x 417 D34 (3)
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