PHYSICAL REVIEW APPLIED 20, 044076 (2023)

Polaron-induced upconversion from triplets to singlets: Fluorescence- and
phosphorescence-resolved optically detected magnetic resonance of OLEDs

F. Braun®, T. Scharff, T. Griinbaum®, E. Schmid®, S. Bange, V.V. Mkhitaryan®,” and J.M. Lupton
Institut fiir Experimentelle und Angewandte Physik, Universitit Regensburg, Universitdtsstrafie 31, 93053
Regensburg, Germany

™ (Received 1 November 2022; revised 2 October 2023; accepted 4 October 2023; published 30 October 2023)

The modest spin-orbit coupling arising from the n-7* transitions of phenazine complexes offers the
unique means to activate the dual emission of singlets and triplets, i.e., fluorescence and phosphorescence,
in organic light-emitting diodes (OLEDs) at room temperature. By spectrally resolving OLED electro-
luminescence, we investigate the optically detected magnetic resonance (ODMR) of such a metal-free
dual-emitting host-guest OLED in separate fluorescence and phosphorescence channels. The phospho-
rescence component of ODMR exhibits two distinctive resonance lineshapes, which differ between the
in-phase and quadrature channels. To rationalize these features, we devise a comprehensive quantum
stochastic model relating the phase-sensitive components of the lock-in-detected ODMR signal to the
forward and reverse transfer of triplets between the host molecules of the OLED, where they are dark,
and the guest molecules, from which phosphorescence occurs. Within the model proposed, the observed
resonance lines result from the interplay of spin-dependent electron-hole polaron-pair (PP) recombination
and triplet-exciton—polaron (TEP) reaction processes. The analytical description of the model is based
on the stochastic Liouville equation treatment of the PP and TEP spin dynamics. Quantitative analysis is
performed by means of numerical simulations exploiting solutions of the corresponding Liouville equa-
tions based on Floquet theory. The resulting accurate match to experiments allows us to draw plausible
conclusions with regards to the numerical values of parameters that characterize the system, including the
phosphorescence lifetime and the polaron hyperfine interaction strengths. Based on the theoretical frame-
work used to describe the phosphorescence ODMR lineshape, we compute the resonance line recorded in
the conjugated detection channel, i.e., in the fluorescence. Surprisingly, this analysis reveals a substantial
contribution of the TEP mechanism to the singlet fluorescence channel, implying that fluorescent species
are generated from triplets in the course of the TEP reaction. We argue that the TEP process occurring in
our device is a spin-allowed polaron-assisted upconversion of triplets to singlets, in which free polarons

scatter off trapped triplets, losing their energy to transfer triplets to singlets of higher energy.

DOI: 10.1103/PhysRevApplied.20.044076

I. INTRODUCTION

Unraveling the mechanisms of the generation of lumi-
nescent species controlling the optoelectronic properties
of organic light-emitting diodes (OLEDs) aids both fun-
damental research and technology. An ideal spectroscopic
tool for the investigation of these mechanisms and their
interrelation with device resistance is offered by opti-
cally and electrically detected magnetic resonance (ODMR
and EDMR), with a sensitivity exceeding that of tradi-
tional electron paramagnetic resonance (EPR) by many
orders of magnitude [1]. In combination with rigor-
ous theoretical lineshape analysis, ODMR and EDMR
can provide insights into the carrier-interaction mech-
anisms responsible for the generation of light that are
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inaccessible by any other spectroscopic means. Here, we
report on a room-temperature ODMR study of a metal-free
dual fluorescence- and phosphorescence-emitting OLED,
advancing the prior limitations of ODMR by spectro-
scopically dispersing the luminescence. The ability to
separate fluorescence and phosphorescence opens up pos-
sibilities for the investigation of interconversion processes
of singlet- and triplet-exciton species coexisting in a
single device. Separating fluorescence and phosphores-
cence in a dual singlet-triplet emitter device may provide
direct spectroscopic access to the singlet-triplet intersys-
tem crossing, singlet fission, triplet-triplet annihilation,
and other fundamental processes governing the optoelec-
tronic properties. Dual emitters offer a window to spin
correlations and spin-relaxation channels, which, in turn,
can be highly sensitive to magnetic fields [1-4]. For
the best use of dual emitters as local probes of spin-
dependent processes, it is crucial to achieve fluorescence
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and phosphorescence from one and the same molecule at
comparable emission intensities and with minimal spectral
overlap between the two species. In general, the observa-
tion of phosphorescence in organic materials is challenging
because the triplet-exciton recombination responsible for
such an emission violates spin conservation. The spin-
forbidden phosphorescence is possible in the presence of
a spin-orbit interaction (SOI), which is generally small
in organic materials due to the light constituent elements.
In organometallic emitters, a sufficient SOI for the long-
lived triplet state is realized by incorporating heavy atoms
[5-7]. However, in these systems, intersystem crossing is
enhanced to such an extent that the singlet state is depleted,
and phosphorescence dominates over fluorescence. Incor-
porating trace amounts of covalently bound heavy atoms
into polymeric materials offers another route to achieving
phosphorescence but results in a triplet-diffusion-limited
inhomogeneous system that cannot probe fluorescence and
phosphorescence yields directly [8]. A compromise in
the strength of the SOI and the magnitude of transition
dipole moments has been found by invoking all-organic
phenazine-based emitters [9,10], where the SOI is weaker
than in organometallic complexes due to the low atomic
order number of the constituent elements. By embedding
the 11,12-dimethyldibenzo[a,c]phenazine (DMDB) emit-
ter in a typical OLED host, a balanced dual emission arises
from a single chromophore with well-separated fluores-
cence and phosphorescence spectral components [10].

We fabricated metal-free dual-emitting OLEDs based
on an emitting layer consisting of 4,4'-bis(N-carbazolyl)-
1,1’-biphenyl (CBP) and DMDB, with a ratio of 97:3
by weight, and performed ODMR measurements. In our
experiment, the changes in the device fluorescence and
phosphorescence induced by magnetic resonance were
separated and measured via a lock-in technique. We uti-
lized a radio-frequency (rf) drive with a carrier frequency
of 280 MHz, inducing spin-1/2 electron-spin resonance
in a static magnetic field of roughly 10 mT. In this
domain, electron- and hole-polaron-spin hyperfine cou-
plings with the local hydrogen nuclear spins, which are
typically in the order of 1 mT in strength, are not com-
pletely screened out by the external field. As a result of an
improved device structure compared to our earlier attempts
at such a dual-emitter ODMR [3], high-quality ODMR
lines are recorded, allowing us to assess the different
effects of magnetic resonance on the charge-carrier spins
in the fluorescence and phosphorescence channels. More-
over, both the in-phase (i.e., instantaneous) and quadra-
ture (i.e., delayed) components of the phosphorescence
ODMR are of high resolution and amenable to theoreti-
cal lineshape analysis. The unusual shapes of the phos-
phorescence ODMR lines recorded are correctly repro-
duced theoretically, by involving three distinct processes:
polaron-pair (PP) [8,11-16] recombination in the host
matrix, PP recombination situated around a guest emitter

molecule, and a triplet-exciton—polaron (TEP) reaction
[1,2,11,1720] of phosphorescent (guest) triplet exci-
tations with hole polarons on guest molecules. These
three processes are interrelated within a bigger model of
the host-guest triplet-exciton transfer, some characteristic
parameters of which are found by combining the line-
shape analysis with the analytical treatment of the lock-in
response. The model allows us to elucidate the follow-
ing key observations: (i) the in-phase and out-of-phase
components of phosphorescence ODMR apparently have
different lineshapes; and (ii) despite the reported long
phosphorescence lifetime [10] of about 97 ms, the in-
phase component of the lock-in-detected phosphorescence
signal is dominant over the out-of-phase one, at a reference
modulation period of 10.8 ms. This observation is surpris-
ing as, in general, one would expect the in-phase signal to
contain the components of the response to rf excitation that
are faster than the modulation period, whereas slower pro-
cesses would contribute predominantly to the out-of-phase
channel.

Even more intriguing is the result that the fluores-
cence resonance line cannot be reproduced theoretically
by merely combining the guest and host PP processes,
which are the prime channels of singlet-exciton gener-
ation from electrically injected electron-hole pairs, but
instead it is fitted very closely with a combination of the
PP and TEP resonance lines of the guest molecules. This
result clearly indicates that, besides the guest PP recom-
bination process, fluorescent species are generated in the
TEP process. A feasible scenario of TEP-induced singlet
generation is triplet upconversion, where free polarons
scatter off trapped triplet excitons, losing their energy to
triplets and causing the triplets to cross to the singlet mani-
fold [2,17—19,21]. The absence of delayed fluorescence by
triplet-triplet annihilation in our OLEDs offers further sup-
port for TEP-induced triplet upconversion, which requires
a high-energy polaron, and therefore, cannot contribute to
delayed fluorescence.

The polaron-assisted triplet-exciton upconversion pro-
cess is spin selective and occurs from the doublet state
of the triplet-polaron complex. A somewhat different spin-
selective TEP process is the quenching of triplet excitons
by trapped polarons with the subsequent detrapping of the
polaron, which has also been discussed extensively in the
literature [1,11,20]. The TEP-induced upconversion and
quenching processes are illustrated in Fig. 1. Although
they involve microscopically different electronic transi-
tions, they both constitute triplet-deactivation processes
with equivalent spin dynamics and induce an identical
magnetic field dependence in the triplet-exciton popu-
lation. Therefore, these processes are indistinguishable
when merely considering the phosphorescence channel of
ODMR. By scrutinizing the fluorescence ODMR spec-
trum in addition to the phosphorescence, the TEP pro-
cess found in our devices through the analysis of the
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FIG. 1. Tllustration of possible spin-dependent pathways of

exciton generation in OLEDs. Left, PP mechanism of exciton
generation on the host and guest molecules. Spin multiplicity
of weakly coupled electron-hole spin-pair states (dashed ovals)
is altered between singlet (blue) and triplet (red) either inter-
nally, by a hyperfine interaction (HFI) of polaron spins with
surrounding nuclear spins, or externally, by EPR. Triplet exci-
ton yields per unit time on the host and guest molecules, Gt and
Go, constitute the triplet-generation rates that define the model
described by Eq. (3). Right, two different TEP mechanisms of
triplet quenching and triplet upconversion share the same scheme
of spin dynamics. Total spin of the TEP precursor states (dashed
ovals) is mixed between quartet (orange) and doublet (green) by
either the HFI or EPR. Apart from this mixing, the quartet state
can dissociate back into a separate triplet exciton and polaron,
while the doublet can also recombine into a polaron and a singlet.
In the case of TEP upconversion, the recombination product is a
singlet exciton (blue) and a lower-energy polaron, whereas it is
a ground state (g.s.) and a higher-energy polaron in the case of
TEP quenching.

phosphorescence ODMR spectra is confirmed to arise due
to upconversion.

This observation of the TEP process provides additional
insight into the mechanism, besides previous reports on a
triplet half-field resonance in the EDMR at X-band fre-
quencies (~10 GHz) and low temperatures [1], and a direct
measurement of the spin quantum number of the interact-
ing species by quantification of the Rabi frequency under
coherent drive [22]. In fact, time-resolved pulsed EDMR
experiments under these conditions allow a direct dis-
tinction between the PP mechanism and the TEP process
through the Rabi frequency [22]. In conventional OLEDs,
the triplet half-field signal, and hence, direct signature of
the TEP mechanism, is generally lost at room temperature,
where the triplets are quenched. This limitation should not
apply to the dual-emitter OLEDs employed here, since
they clearly show phosphorescence, but, as discussed in
detail here, we do not expect to be able to resolve a half-
field resonance at the extremely low resonance frequencies
employed in the present study.

II. METHODS AND EXPERIMENTAL RESULTS

At the heart of the measurement technique utilized in
this study is the simultaneous detection of fluorescence

and phosphorescence from an OLED. Details of the struc-
ture of the OLED, which is optimized for the best ODMR
signal quality, are given in the Supplemental Material [23].

The experiment is illustrated in Fig. 2. Simultaneous
optical detection is achieved by feeding the luminescence
signal into a dichroic mirror, splitting the spectrum at
552 nm. Additionally, a set of optical filters are used to
reduce leakage from fluorescence into the phosphores-
cence channel and to filter out the residual emission from
the OLED matrix material. Although the spectra are quite
broad, we have previously demonstrated that they do not
overlap sufficiently to obscure quantitative measurements
of the changes of singlet and triplet yields—in fact, spin-
polarization experiments on OLEDs reveal a perfect 3:1
ratio of triplets to singlets, just by quantifying the spectral
amplitudes [24]. EL is recorded under magnetic resonance
conditions, where the device is operated in a static mag-
netic field, By, created by a set of Helmholtz coils, and
under an rf excitation, B¢(¢), oriented perpendicular to By,
created by a stripline connected to an rf source. A standard
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FIG. 2. Schematic of the experiment. OLED is driven at a con-
stant current of 500 LA by a source-measure unit (SMU). Set of
Helmbholtz coils and a stripline connected to an rf source create
the static and oscillating magnetic fields needed for the mag-
netic resonance measurement. Luminescence from the device is
captured and fed through a set of optical filters to achieve the
separation of singlet (fluorescence) and triplet (phosphorescence)
contributions and is ultimately measured by two separate photo-
diodes connected to two lock-in amplifiers. Electroluminescence
(EL) spectrum with distinct fluorescence (blue) and phospho-
rescence (red) regions is shown on the upper right (white areas
are blocked out by the filters). Recorded fluorescence (blue) and
phosphorescence (red) in-phase ODMR signals are presented on
the lower right. Rectangular rf amplitude modulation is shown on
the lower left. Note the extremely low resonance field of 10 mT
and the correspondingly low resonance frequency. Measurement
is only sensitive to spin-1/2, i.e., polaron, resonances.
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lock-in measurement scheme involving a modulated rf
excitation,

B(1) = F()B sin(wo?), )

is implemented, where F'(¢) is the rectangular modulation,
which is time periodic with a period 27,

Foy=1,0<t<T,

2
F()=0,T<t<?2T,

extended periodically over time ¢ > 27. In this study, the
modulation half-period was chosen to be 7~ 5.4 ms. The
fluorescence and phosphorescence signals are then demod-
ulated by two separate lock-in amplifiers, yielding the in-
phase and out-of-phase components of the rf-induced sig-
nals. With an rf carrier frequency of wy/2m ~ 280 MHz,
the ODMR lines are detected around static field values of
By ~ 10 mT.

The ODMR spectra recorded are shown in Fig. 3 (see
also the lower right of Fig. 2). The in-phase triplet ODMR
spectrum has a rather peculiar lineshape. The shoulder-
like features around the central peak appear to contradict
the conventional observation from previous OLED ODMR
studies that the ODMR signals can be modeled by a super-
position of two Gaussians with different linewidths [1,25],
arising from the two hyperfine distributions experienced by
the electron and hole. This peculiar lineshape, as well as
the apparent lack of a quantitative anticorrelation between

Singlet Triplet
0.0
@ 0.15}
2
= 3
o 2
S 3 So10F 2
Eon} ° g E =} :
- : A
3 3
O O 0.05F
g I 3
@ g
5-02t &4 § = 2
oyl 0.00 s
c
- =]
V 3
-0.05F
_03 - 1 L L
6 10 14 6 8 10 12 14
Magnetlc field (mT) Magnetic field (mT)
FIG. 3. Experimental ODMR spectra in the fluorescence (left)

and phosphorescence (right) channels. Different shapes are
observed for the in-phase and out-of-phase phosphorescence
lines. Because of the short lifetime of singlet excitons, the out-
of-phase fluorescence component has a poor signal-to-noise ratio
and is not suitable for theoretical analysis. Under the given
experimental conditions, the resonances correspond to spin-1/2
species.

the singlet and triplet channels, which is in contrast to prior
observations made for different materials [8], are addressed
within the following theoretical treatment.

III. MODELING OF ODMR
A. Global model

The recorded resonance lines are correctly reproduced
within a model implying exciton formation in both the host
matrix and the emitter molecules, with subsequent triplet-
energy transfer between host and guest molecules. These
energy-transfer processes are illustrated in Fig. 4. By com-
paring analytical results with experiments, we conclude
that the majority of dark triplet excitons generated in the
host matrix transfer onto the guest molecules, where they
recombine by emitting phosphorescence. This conclusion
is valid when the host-to-guest triplet-energy transfer is the
dominant channel of decay of the host triplet population.
Triplet transfer from host to guest molecules may occur via
the Dexter mechanism [26]. Depending on the change in
free energy during this process, the opposite transfer may
not be very efficient [6].

The rate equation describing the time evolution of the
average density of dark (host) triplets, T(#), and phospho-
rescent (guest) triplets, ® (), can be written as

dT

— =Gr+op® — I't7T,

dt

iP 3)
E=G¢+0FT—F¢.CD,

where Gp and G¢ are the respective triplet-generation
rates, 't and "¢ are their overall decay constants, and ox
and oy are the forward and reverse host-to-guest triplet-
transfer rate constants. As this energy transfer constitutes a
decay channel of triplets, one has I't > ar and 'y > g
(see Fig. 4). Rate Eq. (3) ignores the coordinate depen-
dence of the densities and is meant to hold locally. The
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FIG. 4. Triplet dynamics in the host-guest system described
by Eq. (3). Rates of forward and reverse transfer, ar and og,
respectively, and rates of decay from the guest and host triplet
states, I'g, and I'}, respectively, are related to the guest and host
triplet- decay constants entering into Eq. (3) as 'y = ' +-a and
't = I'f+ar, respectively.
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rate of phosphorescence is proportional to the guest triplet-
exciton density, so ®(#) is the observable quantity.

B. Transient electrophosphorescence

Before turning to the analysis of the magnetic reso-
nance experiment illustrated in Fig. 2, we apply the model,
Eq. (3), to the transient phosphorescence decay after the
device is switched off; this is reported in Ref. [10] for an
equivalent device structure. In general, power-law dynam-
ics may occur in the phosphorescence decay at short times
when the phosphorescence rate is limited by triplet diffu-
sion to the emitting site [27,28]. However, the phosphores-
cence transient measured in Ref. [10] is essentially expo-
nential, indicating the nondispersive character of underly-
ing processes. This measurement corresponds to Eq. (3),
with generation rates disappearing after # = 0, which is the
time the device is switched off; Grl=0 =0, Gol=0 = 0.
The resulting solution for the triplet population has the
following biexponential form:

(1) = Adye ™" 4 Ay, (4)

with decay rates

k1o =

Fe +T Fe — I'7)?
® ’Jl‘j:\/( ® T) + apap. (5)

2 4

The amplitudes in Eq. (4) are expressed in terms of gener-
ation rates before the device is switched off. The measured
transient shows a steep drop followed by a monoexponen-
tial decay. This behavior is captured by Eq. (4), where
[y > T'r, entailing k; & 'y > k,. With such an arrange-
ment of rates, the last term in Eq. (4) is responsible for the
measured monoexponential decay with rate k,, which is
estimated at 10.3 s~!, whereas the first exponent in Eq. (4)
contributes to the initial much faster decay of the transient
showing up as an unresolved drop in triplet population, and
therefore, in phosphorescence intensity.

More useful relationships are found by noting that the
natural triplet lifetime in the CBP host is longer than 1 s
[6]. This long lifetime indicates that triplet transfer from
the CBP matrix to the DMDB emitter is the rate-limiting
step in CBP triplet decay, so that the forward transfer rate,
ar, is very close to (although still smaller than) I't; ap =
['r. Furthermore, judging from the peak positions of the
photoluminescence spectra [10], the triplet-energy level of
the host is higher than that of the emitter, entailing oy >
ag. This conclusion is in agreement with the determination
of the host’s triplet-energy level by Baldo and Forrest [6].
Thus, we find that, in this regime, the actual value of ag
has a negligible impact on the phosphorescence dynamics,

and we have
ki ~To >k ~Tp~ap~103s! (6)

To summarize the discussion of the phosphorescence tran-
sient reported in Ref. [10], we note that it does not show
any sign of diffusion-limited delayed phosphorescence [6],
thus supporting the validity of our model, Eq. (3), and
hence, excluding the possibility of substantial spatial inho-
mogeneity of the triplet densities within the OLED active
layer. Regarding the homogeneity of triplet emitters, we
also note that the guest material’s concentration in our
device is more than 100 times greater than that in ear-
lier work on triplet diffusion [27,28], reinforcing the point
that diffusion is unlikely to be very significant in the
phosphorescent transients.

C. Phase-sensitive measurements

The sensitivity of @ (¢) to the magnetic field stems from
Go, GT, and I'g, whereas I't, af, and ap are treated as
field independent. The field dependence of G¢, Gt, and
'y is the direct consequence of the field dependence of
the PP-recombination and the TEP reaction processes, as
discussed in Sec. III D. In the field regime under consid-
eration, the rf carrier frequency, wy, is large, so that the
magnetic field dependence of G¢, G, and I'y is the aver-
age of these quantities over many rf periods. Thus, G,
Gr, and 'y are time dependent due to modulation of the
driving-field amplitude. The frequency of the rf field is
also larger than the largest decay rate involved in Eq. (3),
wp > I'e. Furthermore, the processes governing the mag-
netic field dependence of rates are much faster (typically
z 1 MHz) than that of rf modulation, so any deviation in
the time dependence of the rates from the rectangular shape
of rf modulation is negligible. This time dependence can
then be written as

Go(t) = Go(By) + 8Go(By, B1)F (),
I'o(t) = T'e(Bo) + 8o (By, B1)F (1), (7
Gr(t) = Gr(By) + 8Gr(By, B1)F(?).

This way of writing the relationship naturally separates
the rf-induced variations of the rates, §Gg, 8", and G,
from their bulk values. It is reasonable to expect that the
rf-induced variations of the rates constitute small correc-
tions to their absolute values, i.e., §G¢/Go, §'¢ /T, and
8Gr/Gr K 1.

Phase-sensitive detection provides two related quan-
tities: the in-phase and out-of-phase components, U =
Im(Z) and V = Re(Z), respectively, where

2 [ .
7=" / dt ®(1)e, (8)
T Jo
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where T is the integration time and f is the angular
frequency modulation, which is related to the modula-
tion period, 27, by f = 7/T. Depending on the specific
experimental conditions, the response of a system to the
square-wave-modulated rf excitation can be quite different
[29-31]. In the Supplemental Material [23], we show that,
under the conditions relevant to our experiment, Egs. (3),
(7), and (8) lead to the following relationships for the
(renormalized) signals:

_ ar(Tol'r — f2)
(f2+TH(2+T3)

T

+ 1% 156G — dysTe]
U d — 0 (o} P}
AREY
_agf Te+Tp)
2T 2+T2)
f

- WBG@ — $péle], )
®

where &) = (GoI'r + apGr)/(Ce'r — apag) is the
steady-state population of phosphorescent triplets.
Equation (9) details the magnetic field dependence of the
signals in terms of rf-dependent 6Gr, §Gg¢, and 6,
which, in turn, are found from the microscopic modeling of
the spin dynamics of PP recombination in the host matrix,
PP recombination in the guest emitter molecule, and the
TEP reaction in the emitter, respectively.

D. Magnetic field dependence of rates

Since excitons are recombination products of electron-
hole pairs, the triplet-generation rates, Gy and Gg, are
governed by the PP mechanism in the host matrix and the
guest emitter [cf. Fig. 1(a)]. The decay of triplet excitons,
on the other hand, may occur through various more- or
less-efficient pathways. Among these pathways, we sin-
gle out the TEP process between phosphorescent triplets
and hole polarons at guest-molecule sites, as the most
plausible mechanism controlling the field dependence of
I'e, and neglect the field dependence of other pathways,
including TEP processes involving other polaron species.
This choice is motivated by the fact that the host matrix
is primarily a hole conductor. The PP and TEP mecha-
nisms relevant to our system are illustrated in Fig. 1. PP
recombination is one of the standard mechanisms leading
to relatively large magnetic field effects on millitesla (mT)
scales [32,33]. It is closely related to the radical-pair mech-
anism, which accounts for a range of magnetic field effects
in biochemical systems [12,13]. The key ingredient of PP
recombination is the weakly coulombically coupled bound
state of electrically injected electron and hole polarons.
The PP state may recombine into an exciton or dissociate
back to separate polarons. The recombination process is

spin conserving, so that the resulting exciton is triplet (sin-
glet) if the total spin of the PP is triplet (singlet). The PP is
subject to local hyperfine magnetic fields, which differ at
individual polaron sites, and therefore, the total spin multi-
plicity of a PP may change over time. The spin multiplicity
of a PP may also be affected by an external magnetic field.
Hence, PP recombination, as well as exciton generation, is
sensitive to the external magnetic field.

Generation rates of triplets are determined by the triplet
contents of PP ensembles in the host (h) material and guest
(g) emitters. The two cases should be thought of as PPs
recombining either on host- or guest-molecule sites, i.e.,
the guest PP is not necessarily limited in extension to a
single guest molecule within the host. Introducing the spin-
density matrices of the corresponding PP ensembles, op
and p,, triplet-generation rates can be written as

Gr = rrptr(onllty), Go = rrgtr(pgllty), (10)

where It are projection operators onto the triplet man-
ifolds and rr, are the material-specific field-independent
coefficients of triplet generation, « = h, g. Thus, the field
dependence of Gt and G¢ comes from that of p, and p,.

The third field-dependent mechanism considered here is
the reaction of phosphorescent guest triplets with the hole
polarons on guest molecules. The total spin of a TEP com-
plex is either 1/2 (doublet, D) or 3/2 (quartet, Q). The
TEP reaction is assumed to be spin conserving, so that dou-
blet states may recombine into a separate molecular singlet
state and a polaron, whereas recombination from quartet
states is forbidden. The recombination process occurs with
the rate rptr(oIlp), where o is the spin-density matrix of
the ensemble of guest TEPs, I1p is the projection opera-
tor onto the doublet manifold of the ensemble, and rp is
the recombination rate of doublet states. As this recombi-
nation contributes to the total population decay of triplet
excitons by phosphorescence, we have

Fe® = rptr(ollp) + Ve @, (11
where I'y, is the magnetic-field-independent part of I'g.

The time evolution of the density matrices p, (1t = h, g)
and o is described by the stochastic Liouville equations

dp .
T: = A/L Laxa + l[pu,HPP, ;1] + Rdr{pu} + Rsl{pu}a
(12)
do .
i Ateplexe + ilo, Hrer] + Rarfo} + Ralo},
(13)

where the first terms, with 14,4 and 1« representing the
4 x 4 and 6 x 6 identity operators, describe PP and TEP-
complex generation with the rates A, (u = h, g) and Argp.
The second terms capture the coherent spin dynamics
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due to the magnetic interactions governed by the (time-
dependent) spin Hamiltonians, Hpp, , (4 = h, g) and Hrgp,
with Rq, representing dissociation and recombination and
R representing spin-lattice relaxation. Note that Eq. (12)
is a 4 x 4 matrix differential equation and Eq. (13) is a
6 x 6 one.

The Supplemental Material [23] contains an in-depth
analysis of Egs. (10)~(13), yielding the field dependence
of §Gr, §Gg, and 6T"y. We find the respective resonance
lines utilizing solutions to the stochastic Liouville equa-
tions based on the Floquet theorem, a framework that has
proved to be very convenient for numerical simulations
[14,23]. We find that in the low-magnetic-field regime,
this approach is more reliable, although theoretically some-
what more demanding than the conventional rotating-wave
approximation [14]. The following general characteriza-
tion can be given regarding the numerically established
resonance lines. Quite intuitively, the PP-induced reso-
nance lines can be closely approximated by double Gaus-
sians, with the individual Gaussians arising from the con-
stituent polaron species. This approximation is in accor-
dance with the semiclassical picture of electron-nuclear-
spin coupling in organic semiconductors [34] observed
in many experiments (see, e.g., Refs. [35,36]). The indi-
vidual Gaussians retain clear fingerprints of the under-
lying polaron spin states, featuring linewidths close to
the strengths of the polaron-spin hyperfine coupling and
resonance-peak centers roughly following the slightly dif-
ferent g factors of the two polaron spins (see the Supple-
mental Material [23] for more details). One subtlety in the
intuitive picture of this double-Gaussian approximation is
that the relative weight of the two Gaussian lines devi-
ates from unity. This deviation cannot be rationalized from
considerations regarding the individual polaron spins but
can be attributed to spin-spin coupling within the PPs. Our
numerical simulations confirm that the deviation is due to
the polaron-spin dipolar and exchange couplings, show-
ing that the double-Gaussian approximation is asymptot-
ically exact at the limit of vanishing spin-spin coupling.
In the regime under consideration, the TEP-induced line
is closely approximated by a single Gaussian, resulting
from the polaron-spin resonance, whereas the resonance
features of the triplet exciton are completely washed out.
This obscuring arises because of the powder averaging of
triplet states, which are characterized by the so-called zero-
field interaction [see Eq. (S24) within the Supplemental
Material [23]]. More specifically, the zero-field splitting
(ZFS) parameters D and E of guest (DMDB) triplets are
expected to be a few tens of mT in strength. In our calcu-
lations, we utilized Dzrs = 75 mT and Ezgs = 0.13Dzgs
(these values were established experimentally, by electron-
spin-resonance spectroscopy, for a phenazine-based phos-
phorescent emitter structurally similar to DMDB [37]).
With the unusually large ratios of zero-field parameters and
the rf (Dzps/hwy =~ 7.5 and Ezgs/hwy ~ 1), the half-field

triplet resonance is absent and the full-field triplet reso-
nance is smeared out [38], and therefore, not discernible in
comparison to the sharp spin-1/2 polaron resonance.

IV. FITTING OF SIMULATIONS TO ODMR
SPECTRA

A. Phosphorescence channel

The best agreement between the model and experimen-
tally measured phosphorescence ODMR lines is shown
in Fig. 5. The specific parameters used in the simula-
tions of the PP and TEP components are listed in Table
S1 within the Supplemental Material [23]. We work in
the regime where the effective spin-lattice relaxation is
slow (with relaxation times of a few microseconds), so
that the spin dynamics is predominantly governed by
coherent recombination-dissociation processes. Further-
more, the best fit is achieved by invoking slightly different
g factors for electron and hole polarons in the PP processes
(see Table S1 within the Supplemental Material [23]). The
g factor of the hole polarons involved in the PP process
is also different from that of the hole polarons in the TEP
mechanism (recall that the TEP process considered here
involves only hole polarons). These slight differences in
g factor are attributed to the different electronic structures
of the three polaronic states, entailing different corrections
from the weak but finite spin-orbital coupling, as supported

40.8
0.15F loa
s
8, 0.0
= .
s odop 2 = {-0.4
£ [OR0)
m (2]
= 23 14
() L —
3 0.05
3 3%
o
2 % E 40.1
0.00 sl 3
5§ © 0.0
O E 2
5 = {-0.1
—0.05} LA
1 1 Ojl 1 1 L _02
6 8 10 12 14 6 8 10 12 14
Magnetic field (mT) Magnetic field (mT)
FIG. 5. Left, experimentally measured in-phase and out-of-

phase phosphorescence ODMR lines are plotted together with
best-fit simulations (green). Right, host (h) and guest (g) PP-
induced components, PP, ~ §Gt and PP, ~ §Go, and the TEP
component, TEP, ~ 61", of the simulated lines are shown. Indi-
vidual lines are different between the upper and lower right pan-
els only because of the different multiplicative factors given in
Eq. (9). In spite of the apparently small weight, the PP ;, compo-
nent is responsible for the deviation of in-phase and out-of-phase
lineshapes.
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by prior density-functional-theory calculations and high-
field magnetic resonance spectroscopy [39]. It is important
to mention that the specific shape of the resonance lines
recorded appears to be highly restrictive with respect to
the internal parameters defining the components of the PP
and TEP mechanisms, rendering the fitting procedure quite
unambiguous. The relative weights of the PP and TEP
components in the signals detected, analytically described
by Eq. (9), are numerically found in the course of fitting.
The fact that the TEP component enters only into the 6"
factors of Eq. (9) allows us to extract the as-yet-unknown
decay constant, ', without resorting to I'r,

My =24x10%s71, (14)

This rate is essentially the inverse phosphorescence life-
time of the guest triplet exciton. The result in Eq. (14) is in
full agreement with Eq. (6), verifying I'g > I'r.

B. Fluorescence channel

The signal detected in the out-of-phase channel of fluo-
rescence is 2 orders of magnitude smaller than the in-phase
fluorescence signal, with a poor signal-to-noise ratio. This
is expected, as the fluorescence is much faster than the
rf modulation. Therefore, our analysis of the fluorescence
line, summarized in Fig. 6, focuses only on the in-phase
component. Singlet-exciton generation from a PP process
is complementary to triplet generation from the same PP
process, so it is natural to expect that the PP constituents
of the fluorescence resonance line are the same as those
of the phosphorescence, §Gr and §G¢. However, we are
unable to fit the measured fluorescence line with just §Gr
and 6Ge. Instead, a very close fit is obtained by combining
the 6G¢ and 6" lines, as shown in Fig. 6. Moreover, as
seen in Fig. 6, the contribution of the TEP-induced 6T"¢ to
the fluorescence ODMR line is quite significant.

S 00 PP only
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FIG. 6. Fit of the in-phase fluorescence resonance line (left

panel). Agreement between measurement (blue) and theory
(green) is very good when the guest PP- and TEP-induced lines
are both involved, whereas the guest PP line on its own (gray)
is nowhere close to the measurement. Guest PP, ~ 6Go and
TEP, ~ 6I'¢ resonances, comprising the fit, are shown in the
right-hand panel. These lines differ from those in the right-hand
panels of Fig. 5 only by normalization.

The procedure of finding the best-fitting simulation
demonstrates that, in addition to singlet generation from
guest PP recombination, fluorescent singlets are produced
in the course of the TEP reaction on the guest molecule.
This process of singlet generation is illustrated schemat-
ically in Fig. 1. Two different TEP reactions are shown,
triplet upconversion and triplet quenching, which share the
same spin dynamics but yield different reaction products.
In the upconversion process induced by the TEP mecha-
nism, the triplet is converted into a higher-energy singlet
at the expense of polaron energy. In contrast, the triplet is
destroyed, and its energy is transferred to the polaron in
the quenching process induced by the TEP mechanism. As
the spin dynamics of the two reactions are basically iden-
tical, with both reactions resulting in the reduction of the
triplet population, the 8" line initially found in the phos-
phorescence ODMR spectrum can be attributed to either of
the two processes, and it is the fluorescence channel of the
ODMR that probes the difference between the two mecha-
nisms. The fit in Fig. 6 implies the presence of a component
due to the TEP interaction in the fluorescence channel, thus
supporting the scenario of upconversion.

V. DISCUSSION

OLEDs comprising an emitting layer of CBP:DMDB
enable the detection of both fluorescence and phospho-
rescence with comparable brightness and sufficient spec-
tral separation. In our earlier study [10], different device
structures were tested and it was noted that additional
hole- and electron-blocking layers might increase the
external quantum efficiency, allowing for a higher signal-
to-noise ratio. Compared to the best device reported in
Ref. [10], here, we used a stack layout with an addi-
tional poly(3,4-ethylenedioxythiophene)/polystyrene sul-
fonate (PEDOT:PSS) layer, improving charge-carrier
injection. Furthermore, layer thicknesses were optimized
to achieve the best ODMR signal quality. OLEDs opti-
mized in this way show improved data quality, allowing
us to observe phosphorescence ODMR spectra at a high
resolution unattainable with the previously reported device
structures [3,10].

Our best-fitting numerical simulations of the phospho-
rescence ODMR lines involve three different components:
two PP-induced lines from the host and guest materials and
one TEP-induced line resulting from triplet excitons on the
guest molecules and hole polarons in the host. The differ-
ent lineshapes of in-phase and quadrature signals observed
in the phosphorescence channel are found to be caused by
triplet excitons formed in the host matrix and subsequently
transferred to guest chromophores. At the same time,
triplet excitons are also formed directly on guest chro-
mophores, as follows from our theoretical analysis. This
model contrasts with that of Ref. [5], where the very high
internal quantum efficiency of an Ir-based phosphorescent
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OLED was attributed to direct exciton formation at the
guest phosphor embedded in an electron-transporting host
layer.

Ascribing the polaron constituent of the TEP mecha-
nism to the host’s hole polaron is motivated by the high
concentration of host molecules and by the fact that the
host is a good hole conductor. One way to distinguish
between guest and host polarons conclusively would be
to selectively deuterate both materials and, crucially, per-
form frequency-dependent measurements to discriminate
any inherent difference in the underlying lineshape due to,
e.g., spin-orbit coupling. This is, however, far beyond the
scope of the present work.

We differentiate TEP-induced triplet quenching from
TEP-induced triplet upconversion. These triplet deactiva-
tion processes have indistinguishable spin dynamics but
are microscopically very different. In particular, in an over-
simplified picture, the precursor triplet-exciton—polaron
state in the quenching process is thought to involve a
trapped polaron and a triplet, which may also be local-
ized. The precursor state in the upconversion process, on
the other hand, must involve a free polaron of higher
energy, which is transferred to the triplet to convert it into a
higher-energy singlet. Thus, the precursor state of quench-
ing is more likely to have a lifetime long enough (at least
a few hundred nanoseconds) to render the process sensi-
tive to millitesla magnetic fields. The precursor state of
the upconversion process, which is implied to be the scat-
tering of a free polaron by a trapped triplet, in contrast,
is expected to be very short lived. Despite the issue of
requiring a precursor state, the TEP-induced upconversion
mechanism has been subject to extensive consideration in
the context of organic semiconductors [2,17—19,21]. Our
theoretical analysis of fluorescence ODMR lines reveals
a sizable TEP component in singlet generation, which
we assign to upconversion. The absence of delayed flu-
orescence from our OLEDs, which would be a signa-
ture of triplet-triplet annihilation, also provides support in
favor of the upconversion mechanism. This experimental
observation narrows down the possible sources of singlet-
exciton generation substantially, excluding processes like
(reverse) intersystem crossing from triplet to singlet (i.e.,
by thermally activated delayed fluorescence [40,41]) and
triplet-triplet annihilation into a singlet [20,42]. As for
TEP-induced upconversion, this mechanism cannot con-
tribute to any kind of delayed response, as it relies on the
availability of high-energy polarons, which are necessarily
short lived.

VI. CONCLUSIONS

ODMR s an exceptionally powerful technique to track
spin-dependent processes in OLEDs. In combination with
a dual singlet—triplet-emitting material, the conversion
between singlet and triplet states can be tracked directly

by monitoring fluorescence and phosphorescence yields.
Although many of the magnetic field effects of OLEDs can
be rationalized by the mixing between singlet- and triplet-
carrier pair-precursor states in local hyperfine fields [8,11],
i.e., the PP mechanism, in these DMDB OLEDs, the PP
mechanism on its own is clearly not sufficient to describe
spin interconversion. The TEP mechanism occurs in addi-
tion to the PP mechanism, leading to both the suppression
of phosphorescence on resonance and the concomitant
increase in fluorescence. Clearly, this triplet upconversion
to singlets must depend on the energy of the polaron,
which, in turn, must be derived from the electric field
applied to the OLED. We anticipate that the upconversion
process will exhibit a quantitative dependence on both the
OLED bias and temperature, since the number of trapped
charges available for the quenching TEP reaction should
increase with decreasing temperature. Such studies will be
important in the future, since there is, as yet, no complete
quantum chemical picture of the transient exciton-polaron
state formed during the scattering process [2,17—19,21].
Finally, it is intriguing to note the conceptual parallel of
the TEP process, giving rise to light emission here, to
the electrofluorescent trions observed in single-molecule
scanning-tunneling-microscopy experiments [43]. While
the latter are clearly strongly bound and confined to one
molecule, the transient exciton-polaron state can perhaps
be thought of as a weakly bound trion, albeit of triplet
excitons. Since charging can alter the transition energies
of the molecule [44], it may be possible to uncover fea-
tures in the actual electrophosphorescence spectrum that
are associated with this transiently bound trionlike feature.
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