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We model the frequency responses of the photoinduced absorgf#y and the spin-1/2
photoluminescence-detected magnetic resondRt®MR) in the archetypakr-conjugated polymer pof@2-
methoxy-5¢2-ethylhexyloxy-1,4-phenylenevinylerie We show that the frequency response of the resonance
is consistent with a quenching model mediated by spin-dependent interactions between triplet excitons and
polarons. Two polaron populations are identified: short-lived paired polarons that may recombine after spin-
dependent collisions with triplet excitons, and long-lived unpaired polarons that are unaffected by microwave
resonance. The large density of unpaired polarons dominates the frequency response of PA measurements, but
does not influence the frequency response of the PLDMR, which instead probes the dynamics of triplet
excitons and paired polarons.
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[. INTRODUCTION example, changes in photoinduced absorption detected mag-
netic resonancesPADMR) or in photoluminescence de-
Studies of optically detected magnetic resonancesected magnetic resonand®LDMR). Although TE reso-
(ODMR) offer a unique probe of spin-dependent phenomenaances are also commonly observed, the sharp, PL enhancing
in organic semiconductofsThe technique is particularly and PA quenching, spin-1/2 polaron resonance witactor
useful for studying dark excitations—species that are norg=2.0025+0.0006(Refs. 1 and b has been studied most
mally incapable of photoluminescence, such as spin-1/2 paatensively and is the focus of this work. The increase in
larons and spin-1 triplet excitons, large populations of whichfluorescencé APL>0) and the decrease in polaron and TE
may be generated under sustained illumination. Recent intedensities (APA<0) under spin-1/2 resonance conditions
pretations of spin-1/2 ODMR experiments have been used thave been well established in numerous prototypical
predict the relative formation rates of sing(&F) and triplet  polymers!2:6-11
(TE) excitons under electrical excitatidi,a subject of great Two types of models for the resonance have been pro-
significance for optoelectronic applications of organic semi-posed, based on recombination and quenching, respectively.
conductors. These and other interpretations of ODMR dataRecombination models consid&PL>0 to be a form of
however, rely on a physical model of the origins of the spin-delayed fluorescence resulting from the recombination of
1/2 resonance that continues to be debtkdthis paper, slow (long-lived polarons, and have been used to argue that
we propose that interactions between TEs and polarons uiSE formation is favored over TE formation in organic light
derlie the spin-1/2 ODMR, and that two types of polaronsemitting devices(OLEDS).2® The recent observation of
are present: short-lived paired polarons that may recombinAPL>0 under optical modulation frequencies orders of
after spin-dependent collisions with TES, and long-lived un-magnitude greater than the inverse polaron lifetime is, how-
paired polarons that are re-trapped before they can reconever, inconsistent with recombinatiérQualitatively, it is in-
bine. As a result, paired polarons are affected by magnetistead possible to explain the resonance with quenching mod-
resonance, and unpaired polarons are not. We are able &bs, under whiclAPL>0 is due to reduced SE annihilation
construct a full quantitative model of the ODMR on this under resonance conditions. The SE population readily fol-
basis that successfully models the measured frequency résws fast modulation since the singlet exciton lifetime is on
sponses of resonant and photoinduced absorption data of titee order of 1 ns. But the identity of the quenchers and the
archetypal m-conjugated polymer pol2-methoxy-5¢2-  reason for their population change under resonance remain
ethylhexyloxy-1,4-phenylenevinyledqg MEH-PPV). open questions. In this paper, we address these questions and
Resonance in the magnetic sublevel populations of pobuild a quenching model of PLDMR experiments on MEH-
larons and TEs is induced when the frequency of an applie®PV at low temperature. TE and polaron populations in
microwave field is tuned to the Zeeman splitting energy asMEH-PPV at 80 K are known experimentally to decrease
sociated with an applied magnetic field. ODMR experimentsunder resonance.Here we take into account SE quenching
measure spectroscopic changes caused by that resonance,bfgrboth TE and polarons. In view of the limited charge mo-
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bility at low temperature, we also distinguish between po-Equation(5) demonstrates that a quenching model success-
larons trapped in pairs and isolated trapped polarons. Whilly explains this flat response Ky, is much less than unity
further identify the origin of the reduction of TE and polaron over this frequency range, sinég, is the only variable in
populations under resonance as TE-polaron quenchingg.(5) that depends ofy . Direct measurements &, show
(TPQ. Spin-dependent processes involving TEs and electhat this condition is satisfietland also thaFy, differs sub-
trons or holes are well known in organic molecular stantially fromFyy,. In this work, we build a complete model
crystals!® The greater rate of TPQ under resonance is thef Fy, and Fy,, calculate the contributions to these re-
basis for decreased quenching of SEs and is also consistespionses of the various excited states in MEH-PPV, and dem-
with APA<O. onstrate thaty, and Fy), differ both because of the exis-

We focus in this paper on using the TPQ model to explainence of distinct populations of paired and unpaired polarons,
the dynamics of multiple quenching speci¥s,as measured and also because of interactions among quenchers. This
by three experimental probe@) PLDMR, (i) photoinduced analysis considers a coupled system of three quenching spe-
absorption(PA), and (iii) double modulated PLDMRDM- cies: TEs, paired polarons, and unpaired polarons—the popu-
PLDMR). To briefly summarize the detailed analysis thatlations of which all turn out to be interdependent and much
follows this introduction, we note that in a quenching model,larger than the SE population.

each SE quencher satisfies the steady-state relation We construct a complete quantitative model of PLDMR
ds S below, and demonstrate that PLDMR frequency response
— =Gg— — — y5XS=0, (1)  data can be used to predict the dynamics of TEs, as well as
dt S that of paired and unpaired polarons. In Sec. Il we describe

theoretically the frequency dependencies expected under the
TPQ model. In Sec. Ill, we review the experimental fre-
quency dependence of MEH-PP\4nd in Sec. IV we com-
pare it to the responses expected from the TPQ model. We
show that this model can account for the measured data, and
APL =S - S=SrgysX-X'), (2)  extract parameter values from a quenching fit to the data. We
qiscuss the results in Sec. V, and in the conclusion, Sec. VI,

where the star indicates resonance conditions. The lifetime qf . "<\ -0 the physics of the resonance and the proper-

SEs IS much shorter than that of the long-lived quenchlnqies of the various excited states of MEH-PPV. The linearized
species. Thus, the frequency response of the PLDMR sign Iarameters used in the TPQ model are derived in Appendix

APL provides a direct measurement of the dynamics of th - and the frequency response of the spin-dependent recom-

quenching speciest, under microwave modulation. Alter- bination model is presented for completeness in Appendix B.
nately, we may measure the frequency respons¥ ohder

optical modulation using PA. For the discussion that follows

whereGg is the rate of generating SES,is the SE density,
7s=1 ns, andysyis the SE quenching rate. Sina®L>0 is
a small(<0.1%) correction toS=Ggrs, the magnitude of the
PLDMR under a quenching model is approximately

we defineFy, and Fyxy as the frequency responsesXto Il. TE-POLARON QUENCHING MODEL
light and microwave modulation respectively, normalized to ) _ )
unity at zero frequency. The generation of polarons and TEs is mediated by SEs,

Further insight is gained by studying polaron and excitonwhich are the primary excitations produced by an optical
dynamics in a double modulated PLDM@M-PLDMR)  Pump. Although only geminate pairs of polarons are formed
experiment in which both the microwave field and the op- by the dissociation of SEs, polaron spins are dephased and

tical pump are modulated. Under a quenching model, DMUncorrelated within 10-100 ns by hyperfine fieldt low
PLDMR has temperatures, polarons are localized by the disordered ener-

o getic environment of the amorphous polymeric film. Thus,
X(t) = X[1 + a Fx (w )codw )] even if the separation distance between oppositely charged
<1+ F ¢ 3 polarons is short, the lifetime of the pair can exceed 480
[1+ axuFxm(wm)codoyt)], G we distinguish here between polarons which are localized
_ near an oppositely charged neighlipeired polarons and
St) =91 +a_codw t)], (4)  polarons which are ngunpaired polarons Evidence for the
existence of paired and unpaired polarons has been found in

where bars indicate average valuasindicates modulation . . . X
depth, and the zero-frequency light modulation depth is as§tUd'eS of the intensity dependence of the resorféroel in

sumed to be the same fSrandX. Detecting only that com- res_?ggn;rz Ilr;enzrgatgi%.either from SEs by intersystem cross-
ponent that is modulated by both the optical pump and the 9 y Y

. ) i . . ing or by the recombination of spin-randomized polarons.
ml(;:criz\l/vizve field, the DM-PLDMR signal under a quenching Since the radiative decay of TEs is retarded by spin conser-

vation, TEs, like localized polarons, have long lifetimes. In-
- XS + deed, the populations of polarons and TEs can easily exceed
APLlfM'fL roaaXFru(l +Fr)- ©) that of SEs under continuous illumination due to their long
Significantly, the DM-PLDMR frequency response of MEH- lifetimes, even though mostly SEs are generated directly by
PPV has been obsenfetb be independent of the optical the optical pump.
modulation frequencyf, for 1 kHz<f <100 kHz, invali- Quenching of SEs by polarons and TEs has been invoked
dating spin-dependent recombination models of PLDMRin several studies!*2%and the involvement of quenching
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{a) Trpletexctanannihilation by Unpaired pol s We now proceed to consider the dependence of the single-
E4 T ; . modulation PLDMR signalAPL|,, on the microwave modu-
(U4 (Cy) . M
r I lation frequencywy, under the TPQ model. We assume
\J/ \/ throughout this paper that all polaron decay events produce
singlet and TEs in the ratiqs: (1-xs), where s is some
(b) Triplet exciton-induced recombination of a polaron pair constant; see Fig.(lt). The SE densityS under the TPQ
model is
E TLA
ds S
—=-—- P+U) - yST+G
W » W at Ts YspS( )~ ¥sT 5
A dP du
T/\S +XS(GP_E+GU_E>1 (6)

FIG. 1 Models for_ collision between a triplet excit¢fiE) and where 75 is the SE lifetime,P is the density of paired po-
(a) unpaired andb) paired polarons at low temperature.(&), a TE larons, U is the density of unpaired polaror,is the TE
is annihilated by a solitary polaron. The polaron is excited by thedensit;/ Gs is the singlet formation rateGp is t,he rate of
collision but relaxes before it encounters an oppositely charged po- 1S P

laron, and is therefore unaffected by TE-polaron collisions or mag-generatlon of paired polarongep is the interaction rate of

netic resonance. Ifb), a pair of oppositely charged polarons are SEs with paired and unpaired pOIarO%TIS _the Interactlon_
trapped in nearby energy wells. After collision with a TE, the TE is rate of SES and TEs, and the recombination rates of paired
annihilated, and one of the polarons is excited, increasing its prot@Nd unpaired polarons are given generallydgy-dP/dt and
ability of crossing the energy barrier separating it from its oppo-Gu~dU/dt, respectively. SettingS/dt=0, Eq.(6) gives
sitely charged partner. Assuming that the polarons are spin random- _

ized, recombination creates a singlet excit®®) or a TE in the S=Gsrd 1 ~ 75¥seP + U) ~ 75¥s1T]

ratio ys:(1-xg), otherwise only SEs are generated by polaron dpP du
recombination. + XS<GP Tt +Gy- E) Ts) (7)
processes has been suggested previously in interpretations\ghere we have assumed that quenching will produce only a
ODMR experiments:**~101920But quenching interactions small perturbation orS, so that 7qyss(P+U)+ rsysT <1,
between SEs, and polarons or TEs, are not spin dependegq second-order delayed fluorescence has been ignored.
and will therefore not be affected by resonance. Thus, Tg determine the frequency dependence, we defih@

quenching-dependent resonances must be due to spigs the Fourier coefficient for a given modulated rate or spe-
dependent interactions among the quenching species themss X(t), so that

selves. We propose here that the positive spin-1/2 and the

spin-1 TE O_D_MR originate. in the s.pin dependgnce of TE- X(t) = Rel D) X tmgite trimoyt | (8)
polaron collisions. TE collisions with an unpaired and a ¢m

paired polaron are shown schematically in Fig&) Jand , )

1(b), respectively. In both cases a TE gives up its energy to 4/here a bold variable is complex and the supersciipisd
polaron and the TE is quenched. The polaron is excited anfl! €fer to harmonics ofy_and wy, respectively. Under the
is more likely to recombine if there is a nearby oppositely | PQ Model, resonance leavegp, yst xs and U un-
charged polaron. Thus, the collision leads to a decrease in tfg'anged but causé#sandT to decrease through an enhanced
densities of TEs angaired polarons. The unpaired polaron TlE.-poIaron interaction rate. Then from Eq) and(8), with
density is unaffected: the excited polaron simply relaxes to>— '™

its electronic ground state. In organic crystélsand
OLEDs? injected electrons or holes annihilate TEs by this APL|wM =|8%Y = Ggrg| - Toys7T Ot
mechanism.
The spin dependence of TE-polaron annihilation is a re- o1 s
sult of spin conservation. The system comprised of the col- - P 7syspt G_SXS . 9

liding spin-1 TE and spin-1/2 polaron has six spin states of
equal probability, two of which have spin 1/2. After the TE We can obtain the forms 6f%Ywy,) and P>Ywy,) by con-

is quenched, a single excited polaron with spin-1/2 remainssidering the rate equations for TEs and polarons under the
Spin conservation therefore disallows 2/3 of TE-polaron col-TPQ model

lisions. Spin-1/2 resonance conditions induce rapid transi-

tions between the spin-1/2 sublevels, so that all collisions d_P__E TP+ G (10)
become allowed. This increases the TE-polaron annihilation dt o TP P

rate, drives down the paired polaron and TE densities, and

reduces the rate of singlet quenching by those spéties. T P U

Similarly, spin-1 resonance conditions also increase the TE-— =—-—+(1 —Xs)<— + —) = xs¥1pT P— y1pTU + Gy,
polaron annihilation rate and will reduce the rate of singlet T T

quenching. (11
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du_ U TO! ST, - PpT,+P.T,
—=-—+Gy. (12 —5i= 1P F . (19
dt uv Y1 4= Tr—Pp) + (PpTr—TpPy)

From Egs.(9), (14), and (15), then, under the TPQ model,
Here, yrp is the collision rate of TEs with both paired and the single-modulation signalPL|,, will exhibit a two-pole
unpaired polarons, where we assume that TEs will be annirequency response. M
hilated and paired polarons will recombine with 100% prob- \We now consider the double-modulated sigh®IL],, o
ability; 7p, 7y, and 7 are the paired polaron, unpaired po- From Eq.(7), we obtain LM
laron, and TE lifetimes respectively; arel is the rate of _ 11
generation of TEs by intersystem crossing. APL|‘”L"°M B Re{S ’ }

Since the changes in the polaron and TE populations un- ( Glo T10 )
der resonance are small, Eq$0)—(12) can be linearized to YSTTO’1G2’0<—§,0 + T,O)
give the frequency response under microwave modulation Gs™ T
predicted by the TPQ model. Sine& (wheres is compley ~ 0100 Gs° PO
is an eigenfunction for all linear systems, the frequency re- =- réRe< + y5pP?1GS @*’ po.0 (-
sponses of the linearized Eq4.0)—(12) are the eigenvalues . s 11
corresponding to the eigenfunctief with s=iw),. We note n xd (@ + oy)P™
that at high densities Eq&€10)—(12) may not predict the cor- L TS J
rect steady-state valudy,, Ty, and Uy due to the implicit (16)

linearization in the parametets, 7, andr, of any polaron-

polaron or TE-TE bimolecular interactions. The equationsThe real part is taken because in the double lock-in experi-

are, however, valid for small-signal dynamics.

The TPQ model describes the quantitRsT, yrp, and
y1u @s changing under resonance. Taking to be linearly
proportional toy;p, P andT are linearized as

d(P—PO)_(PP Pr Py)
di\T-T,/ \Tp Tp T,

Here, a “0” subscript indicates a steady-state vaRyeis the
derivative with respect t® of the right hand side of Eq10)
at steady stat€l, is the derivative with respect tgrp of the

P - PO
T_TO (13)

YTP~ YTPO

right hand side of Eq(11) at steady state, and so on. The

matrix elements in Eq13) are listed in Appendix A. Defin-
ing P(t)-Py=ReP%*&“mt and similarly for T 421 and
then solving Eq(13) with s=iwy gives

pot sP, - TP, + T Pr
Y1 S+8(=Tr=Pp) + (PpTr—TpPy)’

(14)

Gr
pLO s+ 3[ PTG_p = (Tr+Uy)

}—%UP+@TP+TU
GPUT GPUT TYU

ment, the quenching contribution is small compared to the
average PL, which is in phase with the optical modulation.
An expression forP1! can be obtained by expanding Egs.
(10) and (11) in Fourier series, and substituting Ed44),
(15), (18), and(19). PY! falls to zero at high frequency. We
obtain P4%w ) and T*%w,), and henceAPL|, . by re-
peating the linearization of Eq&L0) and(11) in the case that
only the optical power is modulated. In that case, only the
quantitiesP, T, U, Gp, Gy, andGy vary, so that

P-Po\ (Po 0 Pr\[P-Py\ [Gp-Gpo
O%u—uO =l 0 Uy 0 |[U-Uq|+|Gy-Guyo
T-To) \Tp Tu To/\T-To/ \Gr=-Gpo
(17

Here,Uy, is the derivative with respect 9 of the right hand
side of Eq.(12), and so on. Analogous to the microwave-
modulation case, we defin®(t)-Py,=ReP*%L}, and
similarly for U*°, T30, G£°,G{;%,G}°. The matrix elements
in Eq. (17) are listed in Appendix A, and its solution with
S=lw IS

0= : (18
Gp° (5= Uy)[§* +8(= Ty = Pp) + (PpTr — TpPy)]
G G G G G
1.0 T+ S[TU_U +Tp— —H(Uy + PP)1| + —TUyPp— —TyPp—Tply
T G, Gp Go Gp Gp 19
Gp° (5= Uy)[s®+ (= Ty = Pp) + (PpTy = TpPy)]
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FIG. 2. The experimental setup for measuring the frequency FIG. 3. Single modulation datAPL|wM/PL for MEH-PPV as a
response of the photoluminescence-detected magnetic resonan@gnction of microwave modulation frequendy,=wy/27. PL is
The single-modulation resulAPL|, is measured with a single average photoluminescence. The unlabeled solid line is the TPQ
lock-in amplifier and microwave power modulation only, using the model fit to the data, given by Eg), (14), and(15), with triplet
dashed signal path. The double-modulation rem:RLLuwM is exciton (TE), paired and unpaired polaron lifetimes of
measured with two lock-in amplifiers and both laser power and25+3 us, 325+40us, and 8.6+1.8 ms, respectively. The dashed
microwave power modulation, using the dotted signal path. Reprolines break out contributions to the fit: T, P, and R are the contribu-
duced from Ref. 4. tions of TE quenching of singlet excitoSE9, paired polaron
quenching of SEs, and SE generation due to TE-induced recombi-

Comparing Eqs(18) and (19) to Egs.(14) and (15), we see nation of paired polarons, respectively. The dotted line shows a
that the three poles #10 andT1Cinclude the two poles of single-pole fit. Frequency response data from Ref. 4.

P%and T, along with a pole as=Uy. The simple form of sinusoidally modulated with amplitude +8.8%. Two lock-in
this extra pole results from the fact thatis affected by the  gmpiifiers were used in series, the first referenced to the
optical pump modulation but not by resonance. modulation frequency, of the laser and the second dg,.
Equation (16) shows that under the TPQ model, the The time constant of the first lock in was set to 1 ms, small
double-modulation signal includes a contribution fromenough to allow through they, sidebands on they “car-
quenching of singlet excitons by the steady-statexmrage rier” signal, although some sideband attenuation is intro-
populations of the quenching speci@®* andT%?%. Thisis  duced, and is corrected for in the data presented here. The
a unique feature of the TPQ model, and is not found, forfrequencywy was varied in the first experiment, but held
example, in the equivalent expression under the recombinasonstant atwy, =27 X 200 Hz in the second experiment.
tion model(see Appendix B since in that model an average  Figures 3 and 4 show the data reported previously in Ref.
polaron population cannot contribute to the double-4 for the single-modulation and double-modulation experi-
modulated signal. We find below thatPL|, , in MEH- ments, respectively. In both experiments the resonance was
PPV is dominated by the interaction Y between light-centered at 3.3 kG with a full width at half maximum of 13
modulated SEs and the steady-state TE population, i eG, indicating the same resonance was observed. The single-

APL| MTO’lGé’O and is independent of the optical modulation data for MEH-PPV in Fig. 3 is fit poorly by a
moduILétihil)n frequencyy, for this reason.

single pole(dotted line, Fig. 3 Much better fits are obtained
using two polegnot shown, corresponding to lifetimes of
24+3 and 244+66us, suggesting that at least two species
lll. EXPERIMENTAL DESIGN AND RESULTS participate in the resonance together with SEs. The presence
. ) ) . of two lifetimes is consistent with Eq$9), (14), and (15).
Figure 2 shows the experimental setups, described in Refhese |ifetimes may be directly assigned to TEs and polarons
4, for measuring the.dependence of the single-modulated sigf hese species are independent, however, in a coupled sys-
nal APL|,, on the microwave angular frequenay;, and the  tem such as the TPQ model of Eq$4) and(15), extraction
dependence of the double-modulated sigiL|,, ,,, onthe  of the TE and polaron lifetimes requires knowledge of the
optical angular frequency,. The sample was prepared by strength of the coupling betwednandP; see Sec. IV below.
evaporating MEH-PPV films from a 3:7 THF:toluene solvent  The contrast between the band-limited frequency response
onto the inner walls of a glass capillary that was then evacuef the single-modulation case and the frequency-independent
ated and sealed. The MEH-PPV was illuminated by xhe double-modulation data in Fig. 4 is a clear demonstration
=488 nm line of an Ar laser with an intensity of that spin-dependent polaron recombinati®&DR) cannot be
500 mW/cnt and subjected to spin-1/2 resonance condithe origin of the PLDMR: The expected response under the
tions atX band(=9.35 GH2 at T=20 K. In the first experi- SDR model is shown in Fig. 4, normalized to the first data
ment, the microwave field was square-wave modulategat point (see Appendix Band using the lifetime of the single-
and thewy component of the PL from the sample was mea-quencher fit in Fig. 3.
sured by a lock-in amplifier. In the second experiment, in Both TEs and polarons are expected to quench singlet
addition to this microwave modulation, the Ataser was excitons. Under the TPQ model, we tentatively identify the
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FIG. 4. Double modulation dataPL|, , /PL|,, for the same

MEH-PPV sample as in Fig. 3 as a function of laser modulation . . ) .
frequencyf, =w, /2, With fy=wy/2m held constant at 200 Hz. FIG. 5. Normalized photoinduced absorptiGRA) magnitude

The solid and dotted lines are the predictions of the TPQ and SDReasurement as predicted by the TPQ medelabeled solid ling

models, respectively. The SDR model prediction has been scaled ﬁﬁd _n‘.leasure(boints). The dgshed Iin_es break QUt contributions to
fit the data, and uses the single-lifetime fit of Fig. 3. The TPQhe fit: T, P-and U are the triplet excitdiTE), paired polaron, and

model prediction has been scaled down in magnitude by 16% to fiynPaired polaron contributions, respectively. The T, P -and U life-

the data, and uses Egdl6), (18), and (19), with triplet exciton times as fit by the_TPQ model are 25%3,325+40us, and
(TE) paired and unpaired polaron lifetimes  of 8.6+1.8 ms, respectively. PA data from Ref. 4. The data has been

25+3 us, 325+40us, and 8.6+1.8ms, respectively. Inset: normalized to the model prediction d=1660 Hz. The small-
APL /PL|, line shapes as a function of magnetic field for signal approximation for the modulation of breaks down at low
IRV W

f =1, 10, and 100 kHz are similar. Frequency response data frorﬁequencies.

Ref. 4. where the error bars indicate a least squares error 10%
greater than optimum. Comparing E4$4) and(15) to Egs.
dominant quencher in MEH-PPV to be TEs based on a med8) and (19), the PA and single-modulation microwave re-
surement by Weet al'? showing that the spectral overlap of sponse are expected to share two poles in common. This is
the microwave-induced TE photoabsorption with the photoindeed observed in the data: the pole corresponding to the
luminescent spectrum of MEH-PPV is much greater than thé25+40us lifetime measured from the PA data is consistent
corresponding polaron overlap. Thus, from Etf) the flat ~ With the 244+66us lifetime extracted from the microwave
response in Fig. 4 in the frequency range 1kiHz  data. The highest frequency pole corresponding to the
<100 kHz requires that over this range 24+3 ps lifetime in the single-modulated microwave reso-
nance data is also expected to be present in the PA sa¢a

T10 GLO Egs.(18) and(19)], but the PA data lack sufficient signal to
Re) 55 < —30, (20) noise to resolve this high frequency pole. In contrast, the low
™ Gs frequency pole corresponding to the 8.6+1.8 ms lifetime is

. . . . . ___definitively not observed in the single-modulated microwave
i.e., the in-phase optical modulation depth of the dominantoqonance data of Fig. 3. Under the TPQ model, the long
quencher(TEs) at f, >1 kHz must be much less than the g g+1 8 ms lifetime results from the interaction of TE and
modulation depth of the optical pum(8.899. The model  SEs with unpaired polarons, the population of which is not
parameters calculated in Sec. IV satisfy this condition. affected by magnetic resonance. Figures 3 and 5 thus confirm
Optical modulation of the quenching species in the abthe appearance of the three distinct spe@led, andU de-
sence of microwave modulation is examined in Fig. 5, whichscribed in Sec. Il above. These species are quantitatively
shows the results of a PA measurement of a drop-cast MEHanalyzed in Sec. V below. Note that PA results consistent
PPV film at T=20 K. The change in absorption by the with those shown in Fig. 5 were also obtained by Smilowitz
sample of a probe laser on application afa405 nm pump  and Heeger, who measured the same absorption trend as in
laser was measured as a function of the pump chop freFig. 5 at low frequencies in neat films of MEH-PPV, but
quency. The probe wavelength=808 nm, was selected to measured a one-pole PA response when unpaired polaron
be as close as practical to the PL spectrum of MEH-PPVformation was frustrated in a low density mixture of MEH-
thereby detecting quenchers with the best overlap with SE®RPV in a polyethylene matri®
while also minimizing cross talk from optically modulated  Slow dynamics of unpaired polarons within MEH-PPV
MEH-PPV PL# The pump and probe lasers had intensities ofare further examined in Fig. 6, which shows the slow tran-
5 and 150 mW/crh respectively. sient PL response of a drop-cast MEH-PPV film &t
The PA data measure the summed frequency responses®p0 K in response to laser excitation a=408 nm. The
the absorption o, P, andT atA=808 nm. Agood fitto the steady-state quenching magnitude of the transient data in
frequency response of the PA requires two poles. Leasfig. 6 defines the steady-state population of unpaired po-
square fits yield lifetimes of 325+4fds and 8.6+1.8 ms, larons,U,, i.e.
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1.001} ' ' ' ' "] data, we require two polepa; andpa,, a zeroz,, and some
1.000 N scaling factorc,, for a good fit

1 0.999} ] (s+2)

5 0.998] ] PA=Cy—— . (22)

N 0997} ] (S+par)(s+ pa)

[ L 4

£ g'gig } A least squares fit returns the valugg =3079 rads/s pa,

2 0'994' ! ] =117 rads/s, and,=433 rads/s. TEs and paired and un-
0‘993' 1 paired polarons will contribute to the PA data so that PA
0.992 b 1 % YT 10+ y5g(UL0+ PLO) where the triplet absorption of the

pump probe relative to the polaron absorption has been taken
_ to be ys1/ ysp This expression is used to calculate the pre-
time (s) dicted PAin Fig. 5. For the purposes of obtaining fit param-
) ) ] eters, however, we assume that the TEs dominate the PA.
FIG. 6. Long-lived unpaired polarons are responsible for theThis is a reasonable assumption since overlap between TEs
slow transient response of the photoluminescence of a drop-caatnd the ed :
. ~ o ; ge of the MEH-PPV PL spectrum\a808 nm is
MEH-PPV film atT=20 K. The solid line is a guide to the eye. greater than the corresponding overlap with polafdris.
addition, the slow response &f minimizes its contribution
U= 0.6 % [ yspro). (21)  at high frequencies. We find the assumption that the PA is
, I R - , proportional toT*° produces fit parameters that change little
The transient lifetime in Fig. &=~119 is three orders of whenUY? andP*C are also considered. We also note that the

magnitude longer than the linearized steady-state small siqhr

e ee poles of the PA frequency response are not changed b
nal lifetime 8.6+1.8 ms, extracted from the low frequencythe re?ative absorption sqtrengt)rlws To'lPP andU under thge y
pole in the PA data. This discrepancy is likely due to theTPQ model '

presence of fast bimolecular decay processes in steady state..l.he PA measurement is performed at low frequencies

Finally, Fig. 7 shows the double-modulation resonance(f <4 KkHz). Because we expect the TE lifetime:
L . T

line shape detected at the second light harmonicf at <100 us. and we see onlv two poles in the PA. we set
=10 kHz, i.e.,APL],, .. normalized toAPL|,, . A second K, y poles 1n the :
L'“M L dT/dt=0 for the purposes of determining fit parameters

harmonic signal is expected if bimolecular processes are ing :
. . rom the PA . Then Eq§10)—<12) can Iv iv
volved in the resonance, as is the case for both SDR an ciwot-pile eiSEZssio?n fOT?’O 0~(12) can be solved to give

TPQ models. Under the TPQ model, if polaron quenching o
SEs and SE generation by TE-induced recombination of po-

60 80 100

0 - TuGu(S+ 1/7'p) - TpGp(S+ 1/Tu)

laron pairs are smalllrelative to singIeF-TE interactions, then L To(s+ L) (s+ L/7p) ) (23
APL|2,,)L’0,M/APL|2,UL gives the modulation depth of the TE
population under microwave drive. where it has been assumed that TE-polaron quenching is
negligible compared to the TE and polaron decay rates
IV. ANALYSIS 1/77,1/7p, respectively. Then, by comparing Eq82) and

We now evaluate the parameters in the TPQ model fof23), we identify
consistent fits to the data in Figs. 3—6. Beginning with the PA

7p = 1pas, (24)
) 0.14 b U= 1/pA2' (25)
3 o012} .
— The single-modulation da'rAPL|wM/PL of Fig. 3 requires
% o101 1 two poles,py; andpy», a zero,zy,, and some scaling factor,
\ 0.08 - - cy for a good fit
€ 006 - (s+2)
& o004} ] APL|, /PL=cy, il . (26)
gy M (S+ Pw(S+ Pu2)
o 002t .
< .
0.00 : . LM g A least squares fit returns the valuespy;
3.26 3.28 3.30 3.32 3.34 3.36 3.38 3.40 =4101 rads/spy,=41393 rads/s, andz,=5148 rads/s.
magnetic field (kGauss) While under the TPQ modeh,,; andp,; are the same pole

(see Sec. )l and are measured to be within error of each

FIG. 7. Double-modulated resonance line shape detected at ttather (see Sec. Il), superior fits are obtained using their dis-
second light harmonic frequency wifp=w /27=10 kHz. A sec-  tinct fit values.
ond harmonic signal is expected under the TPQ model. If polaron  Assuming that TEs dominate the quenching and by com-
quenching of singlet exciton€SE9 and SE generation by triplet paring Egs.(15) and (26), we obtain a set of simultaneous
exciton(TE)-induced recombination of polaron pairs are small rela-equations that can be solved 8§, To, and 7
tive to SE-TE interactions, thedPL|,,, ., /APL|, gives the
modulation depth of the TE population under microwave drive. T+ Pp=pu1* Pm2s (27)
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PpTr = TpP1= PmiPum2s (28) modulation fr_equency. This weak modulation results from
the fact that increased light power also produces more po-

P.T -P.T larons, which quench triplets. The weak response of the trip-
Py r P (29) lets to light modulation ensures that the dominant quenching
T, interaction under double-modulation conditions is the anni-

The left hand sides of Eq$27)—(29) are related tPy, T, hilation of light-modulated SEs by the steady-state popula-

: : . : tion of TEs, which is independent af, . The requirement for
and 71 in Appendix A. Finally, by equating the zeros of Egs. . ha .
(22) and(23), we can solve foGy a flat DM-PLDMR, EQq.(20), is satisfied. The resulting pre-

dicted APL,, ,,,/APL|, magnitude under the TPQ model
GpTp7p(1 = 7y2Za) matches the measured data to within 16% across the entire
Gy= (300 measured frequency range.

Tutu(mpza—1)

Thfa parametersp, 7y, 71, Py, To, andGy are therefo_re V. DISCUSSION
set directly by the four poles and two zeros of the single-
modulation and PA data. The singlet generation rate is cal- As noted in Ref. 4, the observation of almost constant
culated to beGgs=6Xx 10?2 cm3/s based on an absorption APL>0 in the double-modulation experimertt&g. 4) up to
length in MEH-PPV of 20um (Refs. 23 and 2dand an  f =100 kHz rules out spin-dependent recombination models,
optical intensity of 500 mW/chmeasured at the sample. In since the lifetimes of both polarons and TEs are too long to
fitting the data here, we use literature values for the follow-follow the optical modulation. In quenching models, by con-
ing parametersys=0.252° ysr=~1x10°cm3/s (Ref. 16§  trast, APL depends on SEs. Our quantitative application of
at T=10 K, 7s=500 ps?® and the intersystem crossing the TPQ model is, however, limited by familiar difficulties
G1/Gg=1%2" This leaves three free parameters to match thesuch as the wealth of possible bimolecular excitonic pro-
shape of the measured frequency responsgs; vrp, and  cesses and the limited knowledge of rate parameters. We
Gp. Fitting yielded a polaron generation raBg/Gs=2.3%, have taken rates from previous work whenever possible, and
a singlet-polaron quenching ratgsp=vs71/22, and a TE- since charges are probably trappedrat20 K, we have ne-
polaron annihilation rateyp=3x 1015 cm3/s. The lowysp  glected P-U interactions, leaving three free parameters to
value is consistent with the relatively small spectral overlapmatch the shape of the measured respoligses yrp, and
of polarons with the PL spectrum of MEH-PP¥The fited Gp) and a single parametdn®?) to scale the predicted
vrp value is smaller than the TE-polaron interaction rateAPL|wM/PL magnitude. Below, we first summarize other ob-
measured by Greenhagtal, which was 3x 107 cm™/s at  servations that are consistent with the TPQ model. We then
T=10K in poly2-methoxy-5¢3’,7'-dimethy)-octyloxy- ~ comment on the novel aspects of TE-paired-polaron colli-
p-phenylenevinylene(OC1C10-PPY.28 The TE-polaron in-  sions in Fig. 1 and on the important parametgrfor the
teraction rate is expected to be material dependent; the prefiaction of polarons that recombine as singlets.
ence of defect or traps reduces TE and polaron diffusion In further support of the TPQ model, we note thé:
rates, loweringyp. The change inyp under resonance?’,  Resonances originating in TE-polaron collisions have been
required to match the magnitudeszLla,M/PL was found to  previously observed in fullerené%:31(ii) The TPQ model is
be 19%. consistent with the trends in the densities of SEs, TEs, and

From Egs.(24) and (25), we calculaterp=325+40us  polarons observed in PADMRE6.7:32(jii ) The TPQ model is
and 7y,=8.6+1.8 ms, where the error bars indicate a leastonsistent with electroluminescence detected magnetic reso-
squares error 10% greater than optimum. From(E#), we  nance signals that are anomalously small under the spin-
calculateUy=(2.6+0.2 X 10" cm 3. From EQs.(27)—29),  dependent polaron recombination mo#ei3-3¢ (iv) Since
we calculater;=25+3 us and findT,=3.3x 10" cm3 and  TE-polaron interactions are independent of molecular
Py=1.6x 107 cm™3. Finally, from Eq.(30), we findG,/Gg  weight, the TPQ model is also consistent with the PL- and
=0.8%. The resulting fits using Eq®), (14—(16), (18), and  electroluminescence-enhancing resonances in small molecu-
(19) are shown as solid lines in Figs. 3-5, and are in goodar weight materials such as tf&shydroxyquinoling alumi-
agreement with the data. We note that large changes in theum (Alg3).34 (v) The TPQ model is consistent with a mea-
unpaired polaron populatio occur under low frequency sured singlet ratio 0f20+4)% in MEH-PPV?® (vi) Because
optical modulation, and the small-signal approximation used spin-1 resonance mixes TE spin sublevels, it will also in-
in the analysis in Sec. Il breaks down. crease the rate of TE-polaron collisions. The observation of

The reason for the flat DM-PLDMR signal can now be both spin-1/2 and spin-1 resonances in ODMR is therefore
understood using the TPQ theory. In the fit presented aboveonsistent with the TPQ modelvii) Other published mea-
triplets are the dominant quencher in MEH-PPV due to theisurements of the frequency response of the spin-1/2
large population(twice the population of paired polarons PLDMR also exhibit a two-lifetime behavior consistent with
and their strong overlap with SE emission, both as indicatethe TPQ model[see Egs.(9), (14), and (15)], including
by the fit value of singlet-triplet interactionst/ ysp=22)0  MEH-PPV8 25-dioctoxy PPV, PPVI® methyl-bridged
and by literaturé? Triplets are, however, very weakly modu- ladder-type polyp-phenyleng!®2 and 2,5-dibutoxy poly
lated by changes in light power: with the model parametergp-phenylene ethynylend! Finally, (viii) the TPQ mecha-
listed above, an 8.8% modulation in the light power producesism is, to our knowledge, the only mechanism that can ac-
only a 1.6% modulation in the triplet population at low count for the positive spin-1/2 electrically detected magnetic
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resonancé EDMR) observed in current flow through poly- quency response is explained by the TPQ model as resulting
meric and small-molecular OLEDs under b¥s® We  from singlet quenching by an average quencher population.
speculate that the increase in current under resonance is due The existence of unpaired polarons is clearly indicated by
to polarons that are excited or detrapped by interactions witla low frequency pole in the photoabsorptigRA) data,
TEs. which is not present in the PLDMR frequency response. Us-
Although there are numerous precedents for spiningthe TPQ model, we thus find three SE quenching species
dependent TE-polaron annihilation, no special role has beeand their lifetimes: paired polarons witlg=325+40us, un-
proposed for the excited polaron that is generated. Rapigaired polarons with7y;=8.6+1.8 ms, and TEs withr;
vibronic relaxation to the electronic ground state is expected=25+3 us. Paired polarons may recombine after being ex-
For a TE collision with a paired polaron at loW, as cited by collisions with TEs. Unpaired polarons are similarly
sketched in Fig. (b), excitation can also promote recombi- excited by collisions with TE excitons, but are retrapped be-
nation. The contribution of this recombination process tofore they are able to recombine, and so are unaffected by
APL|wM/PL with the present parameters is labeled “R” in resonance, although they may be the source of the positive
Fig. 3. This novely;p process in Eq(10) is an additional spin-1/2 EDMR observed in polymeric and small-molecular
mechanism coupling the TE and polaron populations. Thaveight OLEDs at low temperaturé$3S Photoinduced ab-

steady-state populations are thus strongly coupled in ougorption measurements modulate all three quenchers, and
analysis. therefore exhibit three lifetimes, while magnetic resonance

The steady-state values fé, T, andU listed in Sec. V= measurements do not modulate unpaired polarons and there-
above are calculated from Eq®4)—(29), rather than from fore exhibit only two lifetimes. Parameter values such as
the rate equations for those species, H49)—(12), which lifetimes and populations can be extracted from these mea-
may not produce accurate steady-state values because thgiyred frequency responses using the TPQ model.
do not include bimolecular interactions that are important at
high densities. Solving for the steady-state values from
the rate equations givesPy=4.4x 10 cm3,Ty=3.7
X 10" cm3, and Uy=4.3x 10" cm™, as compared to the  The work at MIT was supported primarily by the MRSEC
linearized  fit  values Py=1.6x10"cm3T,=3.3 Program of the National Science Foundation under Award
X 107 cm 3, andUy=(2.6+0.2 X 10" cm™3. In our experi- No. DMR 02-13282. Ames Laboratory is operated by lowa
ments, we hav&=3x 10* cm™ and since SE-SE annihila- State University for the U.S. Department of Energy under
tion is less than 1% ofg for a typical ys<=108 cm™/s!®  Contract No. W-7405-Eng-82. The work at the Ames Labo-
we have not included this term in E(f). ratory was supported by the Director for Energy Research,

We have usegs=0.25, the statistical value for recombi- Office of Basic Energy Sciences, DOE.
nation of spin-1/2 polarons into SEs, but the present data do
not constrain this interesting parameter directly. There is an
indirect connection, however, singg>0.25 has been in-
ferred from APL measurements on conjugated polymers at
low temperature, including MEH-PPV, that were analyzed in  The constants used in the linearized E6l3) and (17)
terms of faster polaron recombination under resonance Cofkaye the fornX, and are the derivatives of with respect to

ditions. Theoretical arguments fais>0.25 have been ad- v for Y at steady state. They are obtained from the expres-
vanced for such recombinatiér;® motivated by these data. sjons forP, T, andU in Egs.(10)<(12)

Quenching models that include spin-dependent TE-polaron
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APPENDIX A: LINEARIZED PARAMETERS IN TH TE-
POLARON QUENCHING MODEL

processes account fdrPL>0 without so far having to in- __ 1
voke ys>0.25. Pe o YreoTo, (A1)
VI. CONCLUSION Pr == vrroPo, (A2)
The TE-polaron quenchingTPQ model ascribes the P,=-ToPo, (A3)

photoluminescence-detected magnetic resonance to a reduc-
tion in the singlet quenching rate caused by an increased rate
of TE-polaron collisions under resonance. The TPQ model Tp=- xsyreoTo+ (1 _Xs)la
can fully account for the measured photoinduced absorption, Tp
single-modulation PLDMR, and double-modulation PLDMR

frequency responses of the archetypatonjugated polymer 1

MEH-PPV. With just four free parameters, the TPQ model Tr=- . ~ Xs¥reoPo ~ yreolo, (A5)
successfully reproduces the shapes of these three indepen- T
dent frequency responses over decades of frequency, as well

(A4)

as the magnitudes of the two PLDMR frequency responses. Ty= A-xd = yreoTos (AB)
A frequency analysis of the spin-dependent polaron recom- Tu

bination model confirms that it cannot account for these

measurements.The flat double-modulation PLDMR fre- T,==xsToPo—ToUp and (A7)
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1 of Eqg. (B3) produce only a constant offset, and the depen-
Uy= : (A8)  dence ofAPL],, on wy comes entirely from the last term.
We can obtain the form of)%Yw,) by considering the rate
equation for polarons under the SDR md&del
APPENDIX B: SPIN-DEPENDENT RECOMBINATION du

MODEL Fia youU?+ Gy, (B4)

We consider below the dependence under the spin-h G is th te of i ¢ ired Dol
dependent recombinatiofSDR) model of the single- where Loy IS the rate of generation of unpaired polarons.

modulated PLDMR signal\PL|, on microwave modula- Since the variation iJ will be small, Eq.(B4) can be lin-
. M . earized to give
tion frequency wy, and the double-modulated signal

APL], ,, on optical modulation frequency, .2 Following uot o - (U092 (85)
Ref. 32, we consider only unpaired polarodsand treat Y06 B s+ 2950U°°
unpaired polaron recombination as a bimolecular process, so .
that the SE densit{ is Equation (B5) shows that under the SDR model, the fre-
quency response of the single-modulated sigﬂnBL|wM is
as__s + yeyuuU2+ G (B1) described by a single pole equal tgZU°®.
dt Tg S/uU s We turn now to the double-modulated sigrmPL|wL,wM.

By expanding Eq(B2) in a Fourier series, it can be shown
that APL,, ,,,=|S"| falls at least as fast witln_ as does
ULl By linearizing Eq.(B4) under double modulation, we
obtain

S= xsyuuU?7s+ Ggrs. (B2) ULo 1

whereyy is the interaction rate of unpaired polarons. When
all modulation frequencies are much smaller thanglive
may setdS/dt=0 so that Eq(B1) gives

Under the SDR model, resonance causes the SE fragtjon G M - s+ 2955u%% (B6)

and the unpaired polaron recombination rggg to increase. ) )
Then from Egs(B2) and (8) the single-modulated PLDMR Wheres=iw . Comparing Eq(B6) to Eq. (B5) then shows

signal will be that under the SDR model, the double-modulated signal
APL|CUL,,1,M must fall at least as fast witw, as the single-
APL,, =8> = 7ol X2 Y0(U00)% + x5 (U20)2 modulated signaAPL|,, does withwy. In contrast, the TPQ

n 2)(%078'8U0'°U0'1|. (B3) model predicts a double-modulated signal that is a constant

independent ofv; for high . The SDR model prediction
The quantitiesy2® and 3} are independent of the micro- shown in Fig. 4 is a conservative estimate, whaRL|,, .,
wave modulation frequency and so the first and second termis described by the same single pole that descrﬁﬁbtuM.
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