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We model the frequency responses of the photoinduced absorptionsPAd and the spin-1/2
photoluminescence-detected magnetic resonancesPLDMRd in the archetypalp-conjugated polymer polyf2-
methoxy-5-s2-ethylhexyloxyd-1,4-phenylenevinyleneg. 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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I. INTRODUCTION

Studies of optically detected magnetic resonances
sODMRd offer a unique probe of spin-dependent phenomena
in organic semiconductors.1 The technique is particularly
useful for studying dark excitations—species that are nor-
mally incapable of photoluminescence, such as spin-1/2 po-
larons and spin-1 triplet excitons, large populations of which
may be generated under sustained illumination. Recent inter-
pretations of spin-1/2 ODMR experiments have been used to
predict the relative formation rates of singletsSEd and triplet
sTEd excitons under electrical excitation,2,3 a subject of great
significance for optoelectronic applications of organic semi-
conductors. These and other interpretations of ODMR data,
however, rely on a physical model of the origins of the spin-
1/2 resonance that continues to be debated.4 In this paper,
we propose that interactions between TEs and polarons un-
derlie the spin-1/2 ODMR, and that two types of polarons
are present: short-lived paired polarons that may recombine
after spin-dependent collisions with TEs, and long-lived un-
paired polarons that are re-trapped before they can recom-
bine. As a result, paired polarons are affected by magnetic
resonance, and unpaired polarons are not. We are able to
construct a full quantitative model of the ODMR on this
basis that successfully models the measured frequency re-
sponses of resonant and photoinduced absorption data of the
archetypal p-conjugated polymer polyf2-methoxy-5-s2-
ethylhexyloxyd-1,4-phenylenevinyleneg sMEH-PPVd.

Resonance in the magnetic sublevel populations of po-
larons and TEs is induced when the frequency of an applied
microwave field is tuned to the Zeeman splitting energy as-
sociated with an applied magnetic field. ODMR experiments
measure spectroscopic changes caused by that resonance, for

example, changes in photoinduced absorption detected mag-
netic resonancessPADMRd or in photoluminescence de-
tected magnetic resonancesPLDMRd. Although TE reso-
nances are also commonly observed, the sharp, PL enhancing
and PA quenching, spin-1/2 polaron resonance withg-factor
g=2.0025±0.0006sRefs. 1 and 5d has been studied most
intensively and is the focus of this work. The increase in
fluorescencesDPL.0d and the decrease in polaron and TE
densities sDPA,0d under spin-1/2 resonance conditions
have been well established in numerous prototypical
polymers.1,2,6–11

Two types of models for the resonance have been pro-
posed, based on recombination and quenching, respectively.
Recombination models considerDPL.0 to be a form of
delayed fluorescence resulting from the recombination of
slow slong-livedd polarons, and have been used to argue that
SE formation is favored over TE formation in organic light
emitting devicessOLEDsd.2,3 The recent observation of
DPL.0 under optical modulation frequencies orders of
magnitude greater than the inverse polaron lifetime is, how-
ever, inconsistent with recombination.4 Qualitatively, it is in-
stead possible to explain the resonance with quenching mod-
els, under whichDPL.0 is due to reduced SE annihilation
under resonance conditions. The SE population readily fol-
lows fast modulation since the singlet exciton lifetime is on
the order of 1 ns. But the identity of the quenchers and the
reason for their population change under resonance remain
open questions. In this paper, we address these questions and
build a quenching model of PLDMR experiments on MEH-
PPV at low temperature. TE and polaron populations in
MEH-PPV at 80 K are known experimentally to decrease
under resonance.12 Here we take into account SE quenching
by both TE and polarons. In view of the limited charge mo-

PHYSICAL REVIEW B 71, 245201s2005d

1098-0121/2005/71s24d/245201s11d/$23.00 ©2005 The American Physical Society245201-1



bility at low temperature, we also distinguish between po-
larons trapped in pairs and isolated trapped polarons. We
further identify the origin of the reduction of TE and polaron
populations under resonance as TE-polaron quenching
sTPQd. Spin-dependent processes involving TEs and elec-
trons or holes are well known in organic molecular
crystals.13 The greater rate of TPQ under resonance is the
basis for decreased quenching of SEs and is also consistent
with DPA,0.

We focus in this paper on using the TPQ model to explain
the dynamics of multiple quenching species,X, as measured
by three experimental probes:sid PLDMR, sii d photoinduced
absorptionsPAd, and siii d double modulated PLDMRsDM-
PLDMRd. To briefly summarize the detailed analysis that
follows this introduction, we note that in a quenching model,
each SE quencher satisfies the steady-state relation

dS

dt
= GS−

S

tS
− gSXXS= 0, s1d

whereGS is the rate of generating SEs,S is the SE density,
tS<1 ns, andgSX is the SE quenching rate. SinceDPL.0 is
a smalls,0.1%d correction toS=GStS, the magnitude of the
PLDMR under a quenching model is approximately

DPL = S* − S= StSgSXsX − X*d, s2d

where the star indicates resonance conditions. The lifetime of
SEs is much shorter than that of the long-lived quenching
species. Thus, the frequency response of the PLDMR signal
DPL provides a direct measurement of the dynamics of the
quenching species,X, under microwave modulation. Alter-
nately, we may measure the frequency response ofX under
optical modulation using PA. For the discussion that follows
we defineFXL and FXM as the frequency responses ofX to
light and microwave modulation respectively, normalized to
unity at zero frequency.

Further insight is gained by studying polaron and exciton
dynamics in a double modulated PLDMRsDM-PLDMRd
experiment,4 in which both the microwave field and the op-
tical pump are modulated. Under a quenching model, DM-
PLDMR has

Xstd = X̄f1 + aLFXLsvLdcossvLtdg

3f1 + aXMFXMsvMdcossvMtdg, s3d

Sstd = S̄f1 + aL cossvLtdg, s4d

where bars indicate average values,a indicates modulation
depth, and the zero-frequency light modulation depth is as-
sumed to be the same forS andX. Detecting only that com-
ponent that is modulated by both the optical pump and the
microwave field, the DM-PLDMR signal under a quenching
model is

uDPLu fM,fL
= gSXaLaMX̄S̄FXMs1 + FXLd. s5d

Significantly, the DM-PLDMR frequency response of MEH-
PPV has been observed4 to be independent of the optical
modulation frequencyfL for 1 kHz, fL,100 kHz, invali-
dating spin-dependent recombination models of PLDMR.

Equations5d demonstrates that a quenching model success-
fully explains this flat response ifFXL is much less than unity
over this frequency range, sinceFXL is the only variable in
Eq. s5d that depends onfL. Direct measurements ofFXL show
that this condition is satisfied,4 and also thatFXL differs sub-
stantially fromFXM. In this work, we build a complete model
of FXL and FXM, calculate the contributions to these re-
sponses of the various excited states in MEH-PPV, and dem-
onstrate thatFXL and FXM differ both because of the exis-
tence of distinct populations of paired and unpaired polarons,
and also because of interactions among quenchers. This
analysis considers a coupled system of three quenching spe-
cies: TEs, paired polarons, and unpaired polarons—the popu-
lations of which all turn out to be interdependent and much
larger than the SE population.

We construct a complete quantitative model of PLDMR
below, and demonstrate that PLDMR frequency response
data can be used to predict the dynamics of TEs, as well as
that of paired and unpaired polarons. In Sec. II we describe
theoretically the frequency dependencies expected under the
TPQ model. In Sec. III, we review the experimental fre-
quency dependence of MEH-PPV,4 and 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
extract parameter values from a quenching fit to the data. We
discuss the results in Sec. V, and in the conclusion, Sec. VI,
we summarize the physics of the resonance and the proper-
ties of the various excited states of MEH-PPV. The linearized
parameters used in the TPQ model are derived in Appendix
A, and the frequency response of the spin-dependent recom-
bination model is presented for completeness in Appendix B.

II. TE-POLARON QUENCHING MODEL

The generation of polarons and TEs is mediated by SEs,
which are the primary excitations produced by an optical
pump. Although only geminate pairs of polarons are formed
by the dissociation of SEs, polaron spins are dephased and
uncorrelated within 10–100 ns by hyperfine fields.13 At low
temperatures, polarons are localized by the disordered ener-
getic environment of the amorphous polymeric film. Thus,
even if the separation distance between oppositely charged
polarons is short, the lifetime of the pair can exceed 100ms.
We distinguish here between polarons which are localized
near an oppositely charged neighborspaired polaronsd, and
polarons which are notsunpaired polaronsd. Evidence for the
existence of paired and unpaired polarons has been found in
studies of the intensity dependence of the resonance14 and in
resonance line shapes.15

TEs are generated either from SEs by intersystem cross-
ing or by the recombination of spin-randomized polarons.
Since the radiative decay of TEs is retarded by spin conser-
vation, TEs, like localized polarons, have long lifetimes. In-
deed, the populations of polarons and TEs can easily exceed
that of SEs under continuous illumination due to their long
lifetimes, even though mostly SEs are generated directly by
the optical pump.

Quenching of SEs by polarons and TEs has been invoked
in several studies,1,14–20 and the involvement of quenching
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processes has been suggested previously in interpretations of
ODMR experiments.1,14–16,19,20But quenching interactions
between SEs, and polarons or TEs, are not spin dependent
and will therefore not be affected by resonance. Thus,
quenching-dependent resonances must be due to spin-
dependent interactions among the quenching species them-
selves. We propose here that the positive spin-1/2 and the
spin-1 TE ODMR originate in the spin dependence of TE-
polaron collisions. TE collisions with an unpaired and a
paired polaron are shown schematically in Figs. 1sad and
1sbd, respectively. In both cases a TE gives up its energy to a
polaron and the TE is quenched. The polaron is excited and
is more likely to recombine if there is a nearby oppositely
charged polaron. Thus, the collision leads to a decrease in the
densities of TEs andpaired polarons. The unpaired polaron
density is unaffected: the excited polaron simply relaxes to
its electronic ground state. In organic crystals13 and
OLEDs,21 injected electrons or holes annihilate TEs by this
mechanism.

The spin dependence of TE-polaron annihilation is a re-
sult of spin conservation. The system comprised of the col-
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
is quenched, a single excited polaron with spin-1/2 remains.
Spin conservation therefore disallows 2/3 of TE-polaron col-
lisions. Spin-1/2 resonance conditions induce rapid transi-
tions between the spin-1/2 sublevels, so that all collisions
become allowed. This increases the TE-polaron annihilation
rate, drives down the paired polaron and TE densities, and
reduces the rate of singlet quenching by those species.13

Similarly, spin-1 resonance conditions also increase the TE-
polaron annihilation rate and will reduce the rate of singlet
quenching.

We now proceed to consider the dependence of the single-
modulation PLDMR signalDPLuvM

on the microwave modu-
lation frequencyvM under the TPQ model. We assume
throughout this paper that all polaron decay events produce
singlet and TEs in the ratioxS: s1−xSd, wherexS is some
constant; see Fig. 1sbd. The SE densityS under the TPQ
model is

dS

dt
= −

S

tS
− gSPSsP + Ud − gSTST+ GS

+ xSSGP −
dP

dt
+ GU −

dU

dt
D , s6d

wheretS is the SE lifetime,P is the density of paired po-
larons,U is the density of unpaired polarons,T is the TE
density,GS is the singlet formation rate,GP is the rate of
generation of paired polarons,gSP is the interaction rate of
SEs with paired and unpaired polarons,gST is the interaction
rate of SEs and TEs, and the recombination rates of paired
and unpaired polarons are given generally byGP−dP/dt and
GU−dU/dt, respectively. SettingdS/dt=0, Eq.s6d gives

S= GStSf1 − tSgSPsP + Ud − tSgSTTg

+ xSSGP −
dP

dt
+ GU −

dU

dt
DtS, s7d

where we have assumed that quenching will produce only a
small perturbation onS, so that tSgSPsP+Ud+tSgSTT!1,
and second-order delayed fluorescence has been ignored.

To determine the frequency dependence, we defineX,,m

as the Fourier coefficient for a given modulated rate or spe-
cies,Xstd, so that

Xstd = ReHo
,,m

X,,mei,vLt+imvMtJ , s8d

where a bold variable is complex and the superscripts, and
m refer to harmonics ofvL andvM, respectively. Under the
TPQ model, resonance leavesgSP, gST, xS, and U un-
changed but causesP andT to decrease through an enhanced
TE-polaron interaction rate. Then from Eqs.s7d ands8d, with
s= ivM,

uDPLuvM
= uS0,1u = GStSU− tSgSTT

0,1

− P0,1StSgSP+
s

GS
xSDU . s9d

We can obtain the forms ofT0,1svMd andP0,1svMd by con-
sidering the rate equations for TEs and polarons under the
TPQ model

dP

dt
= −

P

tP
− gTPTP+ GP, s10d

dT

dt
= −

T

tT
+ s1 − xSdS P

tP
+

U

tU
D − xSgTPTP− gTPTU + GT,

s11d

FIG. 1. Models for collision between a triplet excitonsTEd and
sad unpaired andsbd paired polarons at low temperature. Insad, a TE
is annihilated by a solitary polaron. The polaron is excited by the
collision but relaxes before it encounters an oppositely charged po-
laron, and is therefore unaffected by TE-polaron collisions or mag-
netic resonance. Insbd, a pair of oppositely charged polarons are
trapped in nearby energy wells. After collision with a TE, the TE is
annihilated, and one of the polarons is excited, increasing its prob-
ability of crossing the energy barrier separating it from its oppo-
sitely charged partner. Assuming that the polarons are spin random-
ized, recombination creates a singlet excitonsSEd or a TE in the
ratio xS: s1−xSd, otherwise only SEs are generated by polaron
recombination.
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dU

dt
= −

U

tU
+ GU. s12d

Here,gTP is the collision rate of TEs with both paired and
unpaired polarons, where we assume that TEs will be anni-
hilated and paired polarons will recombine with 100% prob-
ability; tP, tU, and tT are the paired polaron, unpaired po-
laron, and TE lifetimes respectively; andGT is the rate of
generation of TEs by intersystem crossing.

Since the changes in the polaron and TE populations un-
der resonance are small, Eqs.s10d–s12d can be linearized to
give the frequency response under microwave modulation
predicted by the TPQ model. Sinceest swheres is complexd
is an eigenfunction for all linear systems, the frequency re-
sponses of the linearized Eqs.s10d–s12d are the eigenvalues
corresponding to the eigenfunctionest with s= ivM. We note
that at high densities Eqs.s10d–s12d may not predict the cor-
rect steady-state valuesP0, T0, and U0 due to the implicit
linearization in the parameterstP, tT, andtU of any polaron-
polaron or TE-TE bimolecular interactions. The equations
are, however, valid for small-signal dynamics.

The TPQ model describes the quantitiesP, T,gTP, and
gTU as changing under resonance. TakinggTU to be linearly
proportional togTP,P andT are linearized as

d

dt
SP − P0

T − T0
D = SPP PT Pg

TP TT Tg
D1 P − P0

T − T0

gTP − gTP0
2 . s13d

Here, a “0” subscript indicates a steady-state value,PP is the
derivative with respect toP of the right hand side of Eq.s10d
at steady state,Tg is the derivative with respect togTP of the
right hand side of Eq.s11d at steady state, and so on. The
matrix elements in Eq.s13d are listed in Appendix A. Defin-
ing Pstd−P0=RehP0,1eivMtj and similarly forT0,1,g0,1, and
then solving Eq.s13d with s= ivM gives

P0,1

g0,1 =
sPg − TTPg + TgPT

s2 + ss− TT − PPd + sPPTT − TPPTd
, s14d

T0,1

g0,1 =
sTg − PPTg + PgTP

s2 + ss− TT − PPd + sPPTT − TPPTd
. s15d

From Eqs.s9d, s14d, and s15d, then, under the TPQ model,
the single-modulation signalDPLuvM

will exhibit a two-pole
frequency response.

We now consider the double-modulated signalDPLuvL,vM
.

From Eq.s7d, we obtain

uDPLuvL,vM
= RehS1,1j

= − tS
2Re5

gSTT
0,1GS

0,0SGS
1,0

GS
0,0 +

T1,0

T0,0D
+ gSPP

0,1GS
0,0SGS

1,0

GS
0,0 +

P1,0

P0,0D
+

xSisvL + vMdP1,1

tS

6 .

s16d

The real part is taken because in the double lock-in experi-
ment, the quenching contribution is small compared to the
average PL, which is in phase with the optical modulation.
An expression forP1,1 can be obtained by expanding Eqs.
s10d and s11d in Fourier series, and substituting Eqs.s14d,
s15d, s18d, ands19d. P1,1 falls to zero at high frequency. We
obtain P1,0svLd and T1,0svLd, and henceDPLuvL,vM

, by re-
peating the linearization of Eqs.s10d ands11d in the case that
only the optical power is modulated. In that case, only the
quantitiesP, T, U , GP, GT, andGU vary, so that

d

dt1P − P0

U − U0

T − T0
2 = 1PP 0 PT

0 UU 0

TP TU TT
21P − P0

U − U0

T − T0
2 + 1GP − GP0

GU − GU0

GT − GT0
2 .

s17d

Here,UU is the derivative with respect toU of the right hand
side of Eq.s12d, and so on. Analogous to the microwave-
modulation case, we definePstd−P0=RehP1,0eivLtj, and
similarly for U1,0,T1,0,GP

1,0,GU
1,0,GT

1,0. The matrix elements
in Eq. s17d are listed in Appendix A, and its solution with
s= ivL is

P1,0

GP
1,0 =

s2 + sFPT
GT

GP
− sTT + UUdG −

GT

GP
UUPT +

GU

GP
TUPT + TTUU

ss− UUdfs2 + ss− TT − PPd + sPPTT − TPPTdg
, s18d

T1,0

GP
1,0 =

s2GT

GP
+ sFTU

GU

GP
+ TP −

GT

GP
sUU + PPdG +

GT

GP
UUPP −

GU

GP
TUPP − TPUU

ss− UUdfs2 + ss− TT − PPd + sPPTT − TPPTdg
. s19d
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Comparing Eqs.s18d and s19d to Eqs.s14d and s15d, we see
that the three poles ofP1,0 andT1,0 include the two poles of
P0,1 andT0,1, along with a pole ats=UU. The simple form of
this extra pole results from the fact thatU is affected by the
optical pump modulation but not by resonance.

Equation s16d shows that under the TPQ model, the
double-modulation signal includes a contribution from
quenching of singlet excitons by the steady-state oraverage
populations of the quenching speciessP0,1 andT0,1d. This is
a unique feature of the TPQ model, and is not found, for
example, in the equivalent expression under the recombina-
tion modelssee Appendix Bd, since in that model an average
polaron population cannot contribute to the double-
modulated signal. We find below thatDPLuvL,vM

in MEH-
PPV is dominated by the interaction between light-
modulated SEs and the steady-state TE population, i.e.,
DPLuvL,vM

~T0,1GS
1,0, and is independent of the optical

modulation frequencyvL for this reason.

III. EXPERIMENTAL DESIGN AND RESULTS

Figure 2 shows the experimental setups, described in Ref.
4, for measuring the dependence of the single-modulated sig-
nal DPLuvM

on the microwave angular frequencyvM, and the
dependence of the double-modulated signalDPLuvL,vM

on the
optical angular frequencyvL. The sample was prepared by
evaporating MEH-PPV films from a 3:7 THF:toluene solvent
onto the inner walls of a glass capillary that was then evacu-
ated and sealed. The MEH-PPV was illuminated by thel
=488 nm line of an Ar+ laser with an intensity of
500 mW/cm2 and subjected to spin-1/2 resonance condi-
tions atX bands<9.35 GHzd at T=20 K. In the first experi-
ment, the microwave field was square-wave modulated atvM
and thevM component of the PL from the sample was mea-
sured by a lock-in amplifier. In the second experiment, in
addition to this microwave modulation, the Ar+ laser was

sinusoidally modulated with amplitude ±8.8%. Two lock-in
amplifiers were used in series, the first referenced to the
modulation frequencyvL of the laser and the second tovM.
The time constant of the first lock in was set to 1 ms, small
enough to allow through thevM sidebands on thevL “car-
rier” signal, although some sideband attenuation is intro-
duced, and is corrected for in the data presented here. The
frequencyvM was varied in the first experiment, but held
constant atvM =2p3200 Hz in the second experiment.

Figures 3 and 4 show the data reported previously in Ref.
4 for the single-modulation and double-modulation experi-
ments, respectively. In both experiments the resonance was
centered at 3.3 kG with a full width at half maximum of 13
G, indicating the same resonance was observed. The single-
modulation data for MEH-PPV in Fig. 3 is fit poorly by a
single polesdotted line, Fig. 3d. Much better fits are obtained
using two polessnot shownd, corresponding to lifetimes of
24±3 and 244±66ms, suggesting that at least two species
participate in the resonance together with SEs. The presence
of two lifetimes is consistent with Eqs.s9d, s14d, and s15d.
These lifetimes may be directly assigned to TEs and polarons
if these species are independent, however, in a coupled sys-
tem such as the TPQ model of Eqs.s14d ands15d, extraction
of the TE and polaron lifetimes requires knowledge of the
strength of the coupling betweenT andP; see Sec. IV below.

The contrast between the band-limited frequency response
of the single-modulation case and the frequency-independent
double-modulation data in Fig. 4 is a clear demonstration
that spin-dependent polaron recombinationsSDRd cannot be
the origin of the PLDMR.4 The expected response under the
SDR model is shown in Fig. 4, normalized to the first data
point ssee Appendix Bd and using the lifetime of the single-
quencher fit in Fig. 3.

Both TEs and polarons are expected to quench singlet
excitons. Under the TPQ model, we tentatively identify the

FIG. 2. The experimental setup for measuring the frequency
response of the photoluminescence-detected magnetic resonance.
The single-modulation resultDPLuvM

is measured with a single
lock-in amplifier and microwave power modulation only, using the
dashed signal path. The double-modulation resultDPLuvL,vM

is
measured with two lock-in amplifiers and both laser power and
microwave power modulation, using the dotted signal path. Repro-
duced from Ref. 4.

FIG. 3. Single modulation dataDPLuvM
/PL for MEH-PPV as a

function of microwave modulation frequencyfM =vM /2p. PL is
average photoluminescence. The unlabeled solid line is the TPQ
model fit to the data, given by Eqs.s9d, s14d, ands15d, with triplet
exciton sTEd, paired and unpaired polaron lifetimes of
25±3 ms, 325±40ms, and 8.6±1.8 ms, respectively. The dashed
lines break out contributions to the fit: T, P, and R are the contribu-
tions of TE quenching of singlet excitonssSEsd, paired polaron
quenching of SEs, and SE generation due to TE-induced recombi-
nation of paired polarons, respectively. The dotted line shows a
single-pole fit. Frequency response data from Ref. 4.
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dominant quencher in MEH-PPV to be TEs based on a mea-
surement by Weiet al.12 showing that the spectral overlap of
the microwave-induced TE photoabsorption with the photo-
luminescent spectrum of MEH-PPV is much greater than the
corresponding polaron overlap. Thus, from Eq.s16d the flat
response in Fig. 4 in the frequency range 1 kHz, fL
,100 kHz requires that over this range

ReHT1,0

T0,0J !
GS

1,0

GS
0,0, s20d

i.e., the in-phase optical modulation depth of the dominant
quenchersTEsd at fL.1 kHz must be much less than the
modulation depth of the optical pumps8.8%d. The model
parameters calculated in Sec. IV satisfy this condition.

Optical modulation of the quenching species in the ab-
sence of microwave modulation is examined in Fig. 5, which
shows the results of a PA measurement of a drop-cast MEH-
PPV film at T=20 K. The change in absorption by the
sample of a probe laser on application of al=405 nm pump
laser was measured as a function of the pump chop fre-
quency. The probe wavelength,l=808 nm, was selected to
be as close as practical to the PL spectrum of MEH-PPV,
thereby detecting quenchers with the best overlap with SEs,
while also minimizing cross talk from optically modulated
MEH-PPV PL.4 The pump and probe lasers had intensities of
5 and 150 mW/cm2, respectively.

The PA data measure the summed frequency responses of
the absorption ofU , P, andT at l=808 nm. A good fit to the
frequency response of the PA requires two poles. Least
square fits yield lifetimes of 325±40ms and 8.6±1.8 ms,

where the error bars indicate a least squares error 10%
greater than optimum. Comparing Eqs.s14d ands15d to Eqs.
s18d and s19d, the PA and single-modulation microwave re-
sponse are expected to share two poles in common. This is
indeed observed in the data: the pole corresponding to the
325±40ms lifetime measured from the PA data is consistent
with the 244±66ms lifetime extracted from the microwave
data. The highest frequency pole corresponding to the
24±3 ms lifetime in the single-modulated microwave reso-
nance data is also expected to be present in the PA datafsee
Eqs.s18d and s19dg, but the PA data lack sufficient signal to
noise to resolve this high frequency pole. In contrast, the low
frequency pole corresponding to the 8.6±1.8 ms lifetime is
definitively not observed in the single-modulated microwave
resonance data of Fig. 3. Under the TPQ model, the long
8.6±1.8 ms lifetime results from the interaction of TE and
SEs with unpaired polarons, the population of which is not
affected by magnetic resonance. Figures 3 and 5 thus confirm
the appearance of the three distinct speciesP, T, andU de-
scribed in Sec. II above. These species are quantitatively
analyzed in Sec. V below. Note that PA results consistent
with those shown in Fig. 5 were also obtained by Smilowitz
and Heeger, who measured the same absorption trend as in
Fig. 5 at low frequencies in neat films of MEH-PPV, but
measured a one-pole PA response when unpaired polaron
formation was frustrated in a low density mixture of MEH-
PPV in a polyethylene matrix.22

Slow dynamics of unpaired polarons within MEH-PPV
are further examined in Fig. 6, which shows the slow tran-
sient PL response of a drop-cast MEH-PPV film atT
=20 K in response to laser excitation atl=408 nm. The
steady-state quenching magnitude of the transient data in
Fig. 6 defines the steady-state population of unpaired po-
larons,U0, i.e.

FIG. 4. Double modulation dataDPLuvL,vM
/PLuvL

for the same
MEH-PPV sample as in Fig. 3 as a function of laser modulation
frequency fL=vL /2p, with fM =vM /2p held constant at 200 Hz.
The solid and dotted lines are the predictions of the TPQ and SDR
models, respectively. The SDR model prediction has been scaled to
fit the data, and uses the single-lifetime fit of Fig. 3. The TPQ
model prediction has been scaled down in magnitude by 16% to fit
the data, and uses Eqs.s16d, s18d, and s19d, with triplet exciton
sTEd, paired, and unpaired polaron lifetimes of
25±3 ms, 325±40ms, and 8.6±1.8 ms, respectively. Inset:
DPLuvL,vM

/PLuvL
line shapes as a function of magnetic field for

fL=1, 10, and 100 kHz are similar. Frequency response data from
Ref. 4.

FIG. 5. Normalized photoinduced absorptionsPAd magnitude
measurement as predicted by the TPQ modelsunlabeled solid lined
and measuredspointsd. The dashed lines break out contributions to
the fit: T, P and U are the triplet excitonsTEd, paired polaron, and
unpaired polaron contributions, respectively. The T, P and U life-
times as fit by the TPQ model are 25±3ms,325±40ms, and
8.6±1.8 ms, respectively. PA data from Ref. 4. The data has been
normalized to the model prediction atfL=1660 Hz. The small-
signal approximation for the modulation ofU breaks down at low
frequencies.
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U0 = 0.6 % /sgSPtSd. s21d

The transient lifetime in Fig. 6s<11 sd is three orders of
magnitude longer than the linearized steady-state small sig-
nal lifetime 8.6±1.8 ms, extracted from the low frequency
pole in the PA data. This discrepancy is likely due to the
presence of fast bimolecular decay processes in steady state.

Finally, Fig. 7 shows the double-modulation resonance
line shape detected at the second light harmonic atfL
=10 kHz, i.e.,DPLu2vL,vM

normalized toDPLu2vL
. A second

harmonic signal is expected if bimolecular processes are in-
volved in the resonance, as is the case for both SDR and
TPQ models. Under the TPQ model, if polaron quenching of
SEs and SE generation by TE-induced recombination of po-
laron pairs are small relative to singlet-TE interactions, then
DPLu2vL,vM

/DPLu2vL
gives the modulation depth of the TE

population under microwave drive.

IV. ANALYSIS

We now evaluate the parameters in the TPQ model for
consistent fits to the data in Figs. 3–6. Beginning with the PA

data, we require two poles,pA1 andpA2, a zerozA, and some
scaling factor,cA, for a good fit

PA = cA
ss+ zAd

ss+ pA1dss+ pA2d
. s22d

A least squares fit returns the valuespA1=3079 rads/s ,pA2
=117 rads/s, andzA=433 rads/s. TEs and paired and un-
paired polarons will contribute to the PA data so that PA
~gSTT

1,0+gSPsU1,0+P1,0d, where the triplet absorption of the
pump probe relative to the polaron absorption has been taken
to be gST/gSP. This expression is used to calculate the pre-
dicted PA in Fig. 5. For the purposes of obtaining fit param-
eters, however, we assume that the TEs dominate the PA.
This is a reasonable assumption since overlap between TEs
and the edge of the MEH-PPV PL spectrum atl=808 nm is
greater than the corresponding overlap with polarons.12 In
addition, the slow response ofU minimizes its contribution
at high frequencies. We find the assumption that the PA is
proportional toT1,0 produces fit parameters that change little
whenU1,0 andP1,0 are also considered. We also note that the
three poles of the PA frequency response are not changed by
the relative absorption strengths ofT, P, and U under the
TPQ model.

The PA measurement is performed at low frequencies
sfL,4 kHzd. Because we expect the TE lifetimetT

,100 ms, and we see only two poles in the PA, we set
dT/dt<0 for the purposes of determining fit parameters
from the PA data. Then Eqs.s10d–s12d can be solved to give
a two-pole expression forT1,0

T1,0 <
− TUGUss+ 1/tPd − TPGPss+ 1/tUd

TTss+ 1/tUdss+ 1/tPd
, s23d

where it has been assumed that TE-polaron quenching is
negligible compared to the TE and polaron decay rates
1/tT,1 /tP, respectively. Then, by comparing Eqs.s22d and
s23d, we identify

tP = 1/pA1, s24d

tU = 1/pA2. s25d

The single-modulation dataDPLuvM
/PL of Fig. 3 requires

two poles,pM1 andpM2, a zero,zM, and some scaling factor,
cM for a good fit

uDPLuvM
/PL = cM

ss+ zMd
ss+ pM1dss+ pM2d

. s26d

A least squares fit returns the valuespM1
=4101 rads/s ,pM2=41393 rads/s, andzM =5148 rads/s.
While under the TPQ model,pM1 andpA1 are the same pole
ssee Sec. IId and are measured to be within error of each
otherssee Sec. IIId, superior fits are obtained using their dis-
tinct fit values.

Assuming that TEs dominate the quenching and by com-
paring Eqs.s15d and s26d, we obtain a set of simultaneous
equations that can be solved forP0, T0, andtT

TT + PP = pM1 + pM2, s27d

FIG. 6. Long-lived unpaired polarons are responsible for the
slow transient response of the photoluminescence of a drop-cast
MEH-PPV film atT=20 K. The solid line is a guide to the eye.

FIG. 7. Double-modulated resonance line shape detected at the
second light harmonic frequency withfL=vL /2p810 kHz. A sec-
ond harmonic signal is expected under the TPQ model. If polaron
quenching of singlet excitonssSEsd and SE generation by triplet
excitonsTEd-induced recombination of polaron pairs are small rela-
tive to SE-TE interactions, thenDPLu2vL,vM

/DPLu2vL
gives the

modulation depth of the TE population under microwave drive.
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PPTT − TPPT = pM1pM2, s28d

PPTg − PgTP

Tg

= zM . s29d

The left hand sides of Eqs.s27d–s29d are related toP0, T0,
andtT in Appendix A. Finally, by equating the zeros of Eqs.
s22d and s23d, we can solve forGU

GU =
GPTPtPs1 − tUzAd

TUtUstPzA − 1d
. s30d

The parameterstP, tU , tT, P0, T0, andGU are therefore
set directly by the four poles and two zeros of the single-
modulation and PA data. The singlet generation rate is cal-
culated to beGS=631022 cm−3/s based on an absorption
length in MEH-PPV of 20mm sRefs. 23 and 24d and an
optical intensity of 500 mW/cm2 measured at the sample. In
fitting the data here, we use literature values for the follow-
ing parameters:xS=0.25,25 gST<1310−9 cm−3/s sRef. 16d
at T=10 K, tS=500 ps,26 and the intersystem crossing
GT/GS=1%.27 This leaves three free parameters to match the
shape of the measured frequency responses:gSP, gTP, and
GP. Fitting yielded a polaron generation rateGP/GS=2.3%,
a singlet-polaron quenching rategSP=gST/22, and a TE-
polaron annihilation rategTP=3310−15 cm−3/s. The lowgSP
value is consistent with the relatively small spectral overlap
of polarons with the PL spectrum of MEH-PPV.12 The fitted
gTP value is smaller than the TE-polaron interaction rate
measured by Greenhamet al., which was 3310−14 cm−3/s at
T=10 K in polys2-methoxy-5-s38,78-dimethyld-octyloxy-
p-phenylenevinylened sOC1C10-PPVd.28 The TE-polaron in-
teraction rate is expected to be material dependent; the pres-
ence of defect or traps reduces TE and polaron diffusion
rates, loweringgTP. The change ingTP under resonance,g0,1,
required to match the magnitude ofDPLuvM

/PL was found to
be 19%.

From Eqs.s24d and s25d, we calculatetP=325±40ms
and tU=8.6±1.8 ms, where the error bars indicate a least
squares error 10% greater than optimum. From Eq.s21d, we
calculateU0=s2.6±0.2d31017 cm−3. From Eqs.s27d–s29d,
we calculatetT=25±3 ms and findT0=3.331017 cm−3 and
P0=1.631017 cm−3. Finally, from Eq.s30d, we find GU /GS
=0.8%. The resulting fits using Eqs.s9d, s14d–s16d, s18d, and
s19d are shown as solid lines in Figs. 3–5, and are in good
agreement with the data. We note that large changes in the
unpaired polaron populationU occur under low frequency
optical modulation, and the small-signal approximation used
in the analysis in Sec. II breaks down.

The reason for the flat DM-PLDMR signal can now be
understood using the TPQ theory. In the fit presented above,
triplets are the dominant quencher in MEH-PPV due to their
large populationstwice the population of paired polaronsd,
and their strong overlap with SE emission, both as indicated
by the fit value of singlet-triplet interactionssgST/gSP=22d
and by literature.12 Triplets are, however, very weakly modu-
lated by changes in light power: with the model parameters
listed above, an 8.8% modulation in the light power produces
only a 1.6% modulation in the triplet population at low

modulation frequency. This weak modulation results from
the fact that increased light power also produces more po-
larons, which quench triplets. The weak response of the trip-
lets to light modulation ensures that the dominant quenching
interaction under double-modulation conditions is the anni-
hilation of light-modulated SEs by the steady-state popula-
tion of TEs, which is independent ofvL. The requirement for
a flat DM-PLDMR, Eq.s20d, is satisfied. The resulting pre-
dicted DPLuvL,vM

/DPLuvL
magnitude under the TPQ model

matches the measured data to within 16% across the entire
measured frequency range.

V. DISCUSSION

As noted in Ref. 4, the observation of almost constant
DPL.0 in the double-modulation experimentssFig. 4d up to
fL=100 kHz rules out spin-dependent recombination models,
since the lifetimes of both polarons and TEs are too long to
follow the optical modulation. In quenching models, by con-
trast, DPL depends on SEs. Our quantitative application of
the TPQ model is, however, limited by familiar difficulties
such as the wealth of possible bimolecular excitonic pro-
cesses and the limited knowledge of rate parameters. We
have taken rates from previous work whenever possible, and
since charges are probably trapped atT=20 K, we have ne-
glected P-U interactions, leaving three free parameters to
match the shape of the measured responsessgST, gTP, and
GPd and a single parametersg0,1d to scale the predicted
DPLuvM

/PL magnitude. Below, we first summarize other ob-
servations that are consistent with the TPQ model. We then
comment on the novel aspects of TE-paired-polaron colli-
sions in Fig. 1 and on the important parameterxS for the
fraction of polarons that recombine as singlets.

In further support of the TPQ model, we note that:sid
Resonances originating in TE-polaron collisions have been
previously observed in fullerenes.29–31sii d The TPQ model is
consistent with the trends in the densities of SEs, TEs, and
polarons observed in PADMR.2,3,6,7,32siii d The TPQ model is
consistent with electroluminescence detected magnetic reso-
nance signals that are anomalously small under the spin-
dependent polaron recombination model.25,33–36 sivd Since
TE-polaron interactions are independent of molecular
weight, the TPQ model is also consistent with the PL- and
electroluminescence-enhancing resonances in small molecu-
lar weight materials such as triss8-hydroxyquinolined alumi-
num sAlq3d.34 svd The TPQ model is consistent with a mea-
sured singlet ratio ofs20±4d% in MEH-PPV.25 svid Because
a spin-1 resonance mixes TE spin sublevels, it will also in-
crease the rate of TE-polaron collisions. The observation of
both spin-1/2 and spin-1 resonances in ODMR is therefore
consistent with the TPQ model.svii d Other published mea-
surements of the frequency response of the spin-1/2
PLDMR also exhibit a two-lifetime behavior consistent with
the TPQ modelfsee Eqs.s9d, s14d, and s15dg, including
MEH-PPV,8 2,5-dioctoxy PPV,9 PPV,10 methyl-bridged
ladder-type polysp-phenylened,15,2 and 2,5-dibutoxy poly
sp-phenylene ethynylened.11 Finally, sviii d the TPQ mecha-
nism is, to our knowledge, the only mechanism that can ac-
count for the positive spin-1/2 electrically detected magnetic
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resonancesEDMRd observed in current flow through poly-
meric and small-molecular OLEDs under bias.34,35 We
speculate that the increase in current under resonance is due
to polarons that are excited or detrapped by interactions with
TEs.

Although there are numerous precedents for spin-
dependent TE-polaron annihilation, no special role has been
proposed for the excited polaron that is generated. Rapid
vibronic relaxation to the electronic ground state is expected.
For a TE collision with a paired polaron at lowT, as
sketched in Fig. 1sbd, excitation can also promote recombi-
nation. The contribution of this recombination process to
DPLuvM

/PL with the present parameters is labeled “R” in
Fig. 3. This novelgTP process in Eq.s10d is an additional
mechanism coupling the TE and polaron populations. The
steady-state populations are thus strongly coupled in our
analysis.

The steady-state values forP, T, andU listed in Sec. V
above are calculated from Eqs.s24d–s29d, rather than from
the rate equations for those species, Eqs.s10d–s12d, which
may not produce accurate steady-state values because they
do not include bimolecular interactions that are important at
high densities. Solving for the steady-state values from
the rate equations givesP0=4.431017 cm−3,T0=3.7
31016 cm−3, and U0=4.331018 cm−3, as compared to the
linearized fit values P0=1.631017 cm−3,T0=3.3
31017 cm−3, andU0=s2.6±0.2d31017 cm−3. In our experi-
ments, we haveS=331013 cm−3 and since SE-SE annihila-
tion is less than 1% ofGS for a typicalgSS=10−8 cm−3/s,13

we have not included this term in Eq.s6d.
We have usedxS=0.25, the statistical value for recombi-

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, sincexS.0.25 has been in-
ferred fromDPL measurements on conjugated polymers at
low temperature, including MEH-PPV, that were analyzed in
terms of faster polaron recombination under resonance con-
ditions. Theoretical arguments forxS.0.25 have been ad-
vanced for such recombination,2,3,6 motivated by these data.
Quenching models that include spin-dependent TE-polaron
processes account forDPL.0 without so far having to in-
voke xS.0.25.

VI. CONCLUSION

The TE-polaron quenchingsTPQd model ascribes the
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
can fully account for the measured photoinduced absorption,
single-modulation PLDMR, and double-modulation PLDMR
frequency responses of the archetypalp-conjugated polymer
MEH-PPV. With just four free parameters, the TPQ model
successfully reproduces the shapes of these three indepen-
dent frequency responses over decades of frequency, as well
as the magnitudes of the two PLDMR frequency responses.
A frequency analysis of the spin-dependent polaron recom-
bination model confirms that it cannot account for these
measurements.4 The flat double-modulation PLDMR fre-

quency response is explained by the TPQ model as resulting
from singlet quenching by an average quencher population.

The existence of unpaired polarons is clearly indicated by
a low frequency pole in the photoabsorptionsPAd data,
which is not present in the PLDMR frequency response. Us-
ing the TPQ model, we thus find three SE quenching species
and their lifetimes: paired polarons withtP=325±40ms, un-
paired polarons withtU=8.6±1.8 ms, and TEs withtT
=25±3 ms. Paired polarons may recombine after being ex-
cited by collisions with TEs. Unpaired polarons are similarly
excited by collisions with TE excitons, but are retrapped be-
fore they are able to recombine, and so are unaffected by
resonance, although they may be the source of the positive
spin-1/2 EDMR observed in polymeric and small-molecular
weight OLEDs at low temperatures.34,35 Photoinduced ab-
sorption measurements modulate all three quenchers, and
therefore exhibit three lifetimes, while magnetic resonance
measurements do not modulate unpaired polarons and there-
fore exhibit only two lifetimes. Parameter values such as
lifetimes and populations can be extracted from these mea-
sured frequency responses using the TPQ model.
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APPENDIX A: LINEARIZED PARAMETERS IN TH TE-
POLARON QUENCHING MODEL

The constants used in the linearized Eqs.s13d and s17d
have the formXY and are the derivatives ofX with respect to
Y for Y at steady state. They are obtained from the expres-
sions forP, T, andU in Eqs.s10d–s12d

PP = −
1

tP
− gTP0T0, sA1d

PT = − gTP0P0, sA2d

Pg = − T0P0, sA3d

TP = − xSgTP0T0 + s1 − xsd
1

tP
, sA4d

TT = −
1

tT
− xSgTP0P0 − gTP0U0, sA5d

TU =
s1 − xSd

tU
− gTP0T0, sA6d

Tg = − xST0P0 − T0U0 and sA7d
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UU = −
1

tU
. sA8d

APPENDIX B: SPIN-DEPENDENT RECOMBINATION
MODEL

We consider below the dependence under the spin-
dependent recombinationsSDRd model of the single-
modulated PLDMR signalDPLuvM

on microwave modula-
tion frequency vM, and the double-modulated signal
DPLuvL,vM

on optical modulation frequencyvL.2 Following
Ref. 32, we consider only unpaired polaronsU and treat
unpaired polaron recombination as a bimolecular process, so
that the SE densityS is

dS

dt
= −

S

tS
+ xSgUUU2 + GS, sB1d

wheregUU is the interaction rate of unpaired polarons. When
all modulation frequencies are much smaller than 1/tS, we
may setdS/dt=0 so that Eq.sB1d gives

S= xSgUUU2tS+ GStS. sB2d

Under the SDR model, resonance causes the SE fractionxS
and the unpaired polaron recombination rategUU to increase.
Then from Eqs.sB2d and s8d the single-modulated PLDMR
signal will be

DPLvM
= uS0,1u = tSuxS

0,1gUU
0,0sU0,0d2 + xS

0,0gUU
0,1sU0,0d2

+ 2xS
0,0gUU

0,0U0,0U0,1u . sB3d

The quantitiesxS
0,1 and gUU

0,1 are independent of the micro-
wave modulation frequency and so the first and second terms

of Eq. sB3d produce only a constant offset, and the depen-
dence ofDPLuvM

on vM comes entirely from the last term.
We can obtain the form ofU0,1svMd by considering the rate
equation for polarons under the SDR model6

dU

dt
= − gUUU2 + GU, sB4d

where GU is the rate of generation of unpaired polarons.
Since the variation inU will be small, Eq.sB4d can be lin-
earized to give

U0,1

gUU
0,1 =

− sU0,0d2

s+ 2gUU
0,0U0,0. sB5d

Equation sB5d shows that under the SDR model, the fre-
quency response of the single-modulated signalDPLuvM

is
described by a single pole equal to 2gUU

0,0U0,0.
We turn now to the double-modulated signalDPLuvL,vM

.
By expanding Eq.sB2d in a Fourier series, it can be shown
that DPLuvL,vM

= uS1,1u falls at least as fast withvL as does
U1,0. By linearizing Eq.sB4d under double modulation, we
obtain

U1,0

GU
1,0 =

1

s+ 2gUU
0,0U0,0, sB6d

wheres= ivL. Comparing Eq.sB6d to Eq. sB5d then shows
that under the SDR model, the double-modulated signal
DPLuvL,vM

must fall at least as fast withvL as the single-
modulated signalDPLuvM

does withvM. In contrast, the TPQ
model predicts a double-modulated signal that is a constant
independent ofvL for high vL. The SDR model prediction
shown in Fig. 4 is a conservative estimate, whereDPLuvL,vM
is described by the same single pole that describesDPLuvM

.
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