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ABSTRACT: Solid-state solvation (SSS) is analogous to liquid-phase solvation but occurs within
glassy matrices. Organic solutes with singlet charge transfer (1CT) excited states are especially
susceptible to solvatochromism. Their 1CT states and photon emission energies decrease when
surrounding molecules with sterically unhindered polar moieties reorient to stabilize them.
Thermally activated delayed fluorescence (TADF) organic light-emitting diodes feature such
solutes as emitters in the solid state, employing efficient reverse intersystem crossing to harvest
the majority of electrogenerated triplets. Here we explore the potential of SSS to manipulate not
only these emitters’ 1CT states but also, concurrently, their singlet−triplet energy gaps (ΔEST)
that control TADF. By solvating the TADF emitter 2PXZ-OXD with progressively increasing
concentrations of camphoric anhydride (CA) in a polystyrene film, we find that it is possible to
finely tune the emitter’s photophysics. We observe a maximum increase in prompt lifetime and
corresponding decrease in delayed lifetime of ∼60%. By contrast, the photoluminescence
quantum yield peaks at an intermediate CA concentration, reflecting competition between
increasing reverse intersystem crossing yield and decreasing singlet oscillator strength. Our
findings demonstrate technologically relevant fine control of emitter photophysical properties, as varying the extent of SSS
reveals the convolved evolution of different kinetic rates as a function of the 1CT state energy and ΔEST.

The solvatochromism effect in the solution phase is well-
known.1−3 An organic solute with a polar excited
singlet state displays a red shift of its emission when

placed in a polar solvent. After excitation to the polar excited
state, the solvent molecules reorganize, moving in space to
stabilize the composite system. This response lowers the
emitter state’s energy and results in the observed red shift of the
emission (Figure 1c inset). The magnitude of this red shift is
directly proportional to the solvent polarizability.1

It is less widely known that under certain conditions
solvatochromism can also take place in the solid state, albeit
with smaller magnitude. This phenomenon can occur in solid
glassy matrices and is referred to as solid-state solvation (SSS).
SSS was first formally observed and categorized by Bulovic ́ and
co-workers,4,5 who studied the shift in emission of a laser dye
(DCM2) as a function of matrix polarizability. This effect is
directly analogous to solvatochromism. After excitation of an
organic solute to a polar excited state, other polar small
molecules within a glassy matrix rotate in space to locally orient
their dipole moments and stabilize the solute excited state.

Increasing the polarizability of the matrix can increase the
magnitude of the stabilization and hence the magnitude of the
red shift of the emission. This effect will be especially
pronounced for solutes with charge-transfer (CT) excited
states, which intrinsically have a dipole moment in the excited
state that is much larger than that in the ground state.1,2 SSS,
however, has not been utilized frequently,5−8 nor to its full
potential. Here we use SSS to both systematically study and
control the photophysical properties of emitters with CT
excited states.
Thermally activated delayed fluorescence (TADF) organic

light-emitting diode (OLED) emitters are a promising new
class of OLED emitters9−17 that have particularly interesting
photophysics to study using SSS. TADF OLED emitters feature
a CT singlet excited state that minimizes the exchange
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interaction to produce an electronic structure with a small
singlet−triplet energy gap (ΔEST).

9−11,13−19 The lowest-energy
1CT state is generally achieved through a molecular design that
incorporates donor−acceptor complexes that, as a byproduct of
their structure, can also feature a locally excited singlet (1LE)
localized on the donor unit that can couple with the 1CT
state.11,18,20,21 The small ΔEST enables efficient harvesting of
electrogenerated triplets through thermally activated reverse
intersystem crossing (RISC), allowing full TADF OLED
devices to reach internal quantum efficiencies of up to
100%10,11,18,20 (Scheme 1).
By combining SSS-tuning with TADF OLED emitters, we

modulate the small ΔEST in order to untangle the complex
photophysics of these emitters. The ΔEST energy gap of TADF

OLED emitters (∼0−150 meV) and the practical tuning range
of SSS (∼100 meV) are on the same order of magnitude,
making for a potent pairing. Nevertheless, care must be taken
to closely follow the coupled changes to the singlet radiative
rate and RISC rate. Because the two rates are both affected by
stabilizing the CT singlet excited state, it is important to ensure
that the effect of increasing RISC from the triplet state is not
negated by decreased oscillator strength of the singlet state.
The fine-tuning of the 1CT state energy, and hence of ΔEST,
that we achieve with SSS elucidates the intricate details of
TADF photophysics and reveals the balance of effects that must
be struck to optimize and control the performance of TADF
emitters.
Here we demonstrate that the pairing of SSS and TADF

yields an experimental platform to, for the first time, show
directly how host codoping can change the emitter excited state
to drastically alter its photophysics. This manipulation is
achieved by simultaneously altering the emitter’s RISC and
radiative rates. To employ SSS to study the effect of modulating
the amount of singlet excited-state stabilization on TADF
photophysics we use a ternary system and vary the ratio of a
polar small molecule codopant and a nonpolar host. When
incrementing the codopant concentration to increase host
matrix polarizability, we observe monotonic changes in the
photoluminescence (PL) spectral peak, the prompt lifetime,
and the delayed lifetime. Additionally, over this range, we
observe a rise and a subsequent fall in PL quantum yield (QY).
This approach reveals the ideal magnitude of SSS-stabilization
that optimizes the yield. It results from competition between
the improved efficiency of returning the triplet population to
the emissive singlet state and the concurrent decrease in
oscillator strength of this singlet state with increasing

Figure 1. (a) Cartoon of ternary blend samples; (b) molecular structures of host polymer polystyrene, polar small molecule codopant
camphoric anhydride, and emitter molecule 2PXZ-OXD; (c) PL spectra of 0, 10, 20, and 40 wt % CA in PS with 6 wt % 2PXZ-OXD.
Increasing the concentration of CA leads to growing red shifts of the emission energy as the magnitude of SSS increases. Inset in the upper
right is a diagram showing the solvation mechanism of the system. Upon photoexciation to the 1CT excited state of 2PXZ-OXD, the CA
molecules rearrange their dipole moments to stabilize the polarized state and lower its energy. This causes the observed red shift.

Scheme 1. TADF Energy Level Diagram with Kinetic System
of Ratesa

aLabeled rates are the radiative rate of the singlet state to ground state
(kr), nonradiative rate of the singlet to ground state (knr

S ), intersystem
crossing rate from singlet to triplet (kisc), reverse intersystem crossing
rate from triplet to singlet (krisc), and nonradiative rate of the triplet to
ground state (knr

T ). The energy gap between the first singlet state and
triplet state is also labeled (ΔEST).
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polarization of the singlet excited state. This first systematic
study of TADF using 1CT excited-state solvation to control
ΔEST reveals a pathway to optimize emissive yields, derived
from better understanding the interplay of the various rate
constants within a TADF kinetic system.
To elucidate the progressive effect of SSS on TADF emitter

photophysics, we measured the PL emission peak shift, the
prompt and delayed PL lifetime changes, and the PL QY
variation in a series of ternary blend samples. Modeled after the
work done by Madigan and Bulovic ́5 studying laser dyes, each
film consisted of a fixed concentration (6 wt %) of the TADF
emitter 2,5-bis(4-(10H-phenoxazin-10-yl)phenyl)-1,3,4-oxadia-
zole (2PXZ-OXD) doped within a polystyrene (PS) host
matrix, to which varying amounts of the small molecule polar
codopant, camphoric anhydride (CA), were added (Figure 1).
The magnitude of the SSS effect was then varied within a series
by making each film with a different ratio of CA to PS. 2PXZ-
OXD was selected as a good model TADF emitter. Lee et al.
achieved 14.9% external quantum efficiency in a device using 6
wt % 2PXZ-OXD doped into a bis[2-(diphenylphosphino)-
phenyl] ether oxide (DPEPO) host,12 an efficiency high
enough to require TADF collection of triplet excitations. As
such, 2PXZ-OXD is known to have a 1CT state, which is
confirmed by observing strong solvatochromism in the liquid
phase (Figure S1).20,22 Although not optimized for device
performance, we used PS as an optically transparent and
solution-processable model host with a high triplet energy.23

Finally, CA was selected to be the SSS-active codopant because
it is small, relatively sterically unhindered, and has a strong
ground-state dipole.5 Neither evidence of exciplex formation
nor a dramatic change in spectral shape, apart from peak shift,
was observed in optical absorption (Figure S2) or emission
spectra (Figure 1c). We measured these model samples with PL
techniques to isolate the influence of SSS on emitter
performance from any device optimization considerations
such as charge injection. First, steady-state spectra were
measured (Figures 1 and 2a). Next, prompt and delayed
lifetimes were measured separately. The time-correlated single-
photon counting (TCSPC) method was used to measure the
prompt lifetime (Figure 2b, Table S1), and multichannel
scaling (MCS) was used to measure the delayed lifetime
(Figure 2c, Table S2). Last, PL QY was measured in an
integrating sphere following a published method24 (Figure 2d).
Variation in the amount of CA in the PS:CA:2PXZ-OXD

system leads to a monotonic red shift of the PL emission peak
(Figure 2a). Increasing the wt % CA from 0 to 20% red-shifts
2PXZ-OXD peak emission from 494.25 to 525 nm, a change of
147 meV (Figure S3). The trend of PL peak emission versus
[CA] is relatively linear at lower concentrations but begins to
level off at higher concentrations. This potential saturation may
occur as the ability to more densely pack CA molecules around
each emitter diminishes at high [CA].
The prompt and delayed lifetime also display monotonic

dependencies on [CA]. The full time-resolved PL traces for the
prompt lifetime (Figure S4) are fit to a biexponential α1e

(−t/τ1)

+ α2e
(−t/τ2), and the average lifetime τ ̅ =

α τ α τ
α τ α τ

+
+

1 1
2

2 2
2

1 1 2 2
is reported

in Figure 2b. Figure 2b1 shows that increasing [CA] increases
the average prompt lifetime from ∼9 to 14.5 ns over the range
of 0−20 wt % CA. This effect follows approximately the same
trend as the PL peak shift in Figure 2a, beginning roughly
linearly with slight saturation at higher [CA] (Figure 2b).
Conversely, increasing [CA] correspondingly decreases average

delayed lifetime from ∼617 to ∼256 μs over 0−20 wt % CA.
Full traces for delayed lifetime (Figure S5) are fit to a
triexponential decay, and the average lifetime is reported in
Figure 2c. Nonmonoexponential decays of both lifetimes likely
arise from heterogeneity in the local environment of the 2PXZ-
OXD emitter molecules in these films caused by the variable
number of CA molecules around each emitter.25 Finally,
increasing [CA] initially increases the PL QY at low
concentrations over the range of ∼2.5−10 wt % but then
proceeds to decrease the PL QY at higher CA concentrations
(Figure 2d). This variation is a complex convolution of the
trends in Figure 2a−c and will be discussed later in the text.
Overall, the data in Figure 2 illustrate marked effects of

progressive increases in [CA] on the photophysical properties
of the TADF OLED emitter in PS. We observe monotonic
changes in PL peak wavelength, prompt lifetime, and delayed
lifetime, with all of these trends slightly saturating at higher

Figure 2. Comparison of the SSS-enabled change to the photo-
physical observables of 2PXZ-OXD as a function of [CA]. (a) The
change in PL peak, (b) average prompt lifetime, (c) average
delayed lifetime, and (d) PL QY as a function of [CA] are shown.
For reference, the corresponding number of CA per emitter is also
indicated along the top horizontal axis. Monotonic trends are
observed for PL peak, average prompt lifetime, and delayed
lifetime. A more complex relationship exists between PL QY and
[CA]. The data suggest that an optimal ΔEST is reached around 5
wt % CA, where the TADF rate is increased without diminishing
the oscillator strength of the S1 → S0 transition too much.
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[CA]. This saturation is probably due to the limited volume
available to pack more CA around the emitter molecules at high
codoping levels. The PL QY, however, does not monotonically
change. There is an optimal range of [CA] that maximizes the
PL QY and therefore an optimal range for ΔEST around 5−7 wt
% CA.
Having described the multiple observations of the PL of

2PXZ-OXD as a function of codopant concentration, we now
discuss the possible kinetic origin of the observed trend in PL
QY as the amount of SSS stabilization is increased. Tuning the
kinetics of TADF emitters through SSS to maximize the
emissive yield is not straightforward. The rates underlying the
prompt and delayed fluorescence are highly interdependent,
changing simultaneously with increased SSS-stabilization of the
excited singlet state (Scheme 1). There are five relevant rates in
the kinetic scheme that describes TADF: the radiative rate of
the singlet (kr

S), the nonradiative rate of the singlet (knr
S ), the

intersystem crossing (ISC) rate to the triplet state (kisc), the
RISC rate from the triplet to the singlet (krisc), and the
nonradiative rate of the triplet (knr

T ). Both prompt and delayed
fluorescence are phenomenological combinations of these more
fundamental rates. Prompt fluorescence lifetime is dependent
on the radiative rate of the singlet (kr

S), nonradiative rate of the
singlet (knr

S ), and ISC to the triplet state (kisc). It can be
approximated as17,26,27

= + +k k k kprompt r
S

nr
S

isc

while the delayed fluorescence rate is mainly determined by the
RISC rate, because it is a relatively slow thermally activated
process. It is, however, also codependent on the emissive
properties of the singlet state. The delayed fluorescence rate
can be expressed as17,26,27

= + −
+ +

⎛
⎝⎜

⎞
⎠⎟k k

k
k k k

k1TADF nr
T isc

r
S

nr
S

isc
risc

which is directly proportional to krisc. Therefore, as krisc is
thermally activated, both krisc and kTADF will increase as the
barrier to activation (ΔEST) decreases. Using the kinetic

scheme described above and in Scheme 1, we now discuss how
the three monotonic trends observed in Figure 2a−c give rise
to the nonmonotonic behavior of the PL QY (Figure 2d) as a
function of the increasing CA-enabled SSS.
The SSS stabilization of the 1CT excited state causes the

redshift in the PL spectra as a function of matrix polarizability
as shown in Figure 1. The mechanism of the SSS stabilization is
analogous to solvatochromism.5 The electron density of the
2PXZ-OXD molecule instantaneously redistributes upon
photoexcitation to its 1CT excited state. The CA molecules
then respond to the increased local polarizability by rotating in
space to align their permanent dipole moments to stabilize the
polarized charge distribution on the 2PXZ-OXD molecule
(Figure 1 inset). This lowers the energy of the 1CT state and
causes the observed red shift in emission. Further evidence that
supports SSS as the underlying mechanism for the observed red
shift is provided by the observation of red-edge effects.1,28 We
prepared a series of films at codoping concentrations of 0, 2.5,
5, and 10 wt % CA with a lower 2PXZ-OXD doping level (0.25
wt %) to minimize emitter self-interaction and to clearly
demonstrate CA’s active role in SSS. This set of films was then
excited at both 400 nm (center of absorption band) and at 371
nm (blue edge of 1CT absorption band), and the resulting PL
spectra were recorded. As can be seen in Figure S6, the PL
spectra for the two excitation wavelengths are identical for all
films in which CA is present, whereas in the 0.25 wt % 2PXZ-
OXD film that has no CA codopant a blue shoulder appears for
the 371 nm excitation. This shoulder could arise from either
emission from the 1LE state or emission from an upper
vibrational energy state before relaxation down to the band
edge of the 1CT state. In either case, the fact that the 2PXZ-
OXD molecule does not relax to the band edge before emission
without the presence of CA molecules confirms their active role
in solvation, as well as their potential to modify the electronic
structure and performance of TADF emitters.
In addition to the clear spectral redshifts observed, SSS also

has a significant impact on the time-resolved PL of 2PXZ-OXD.
Coincident with the lowering of the energy of the 1CT excited
state caused by SSS we observed an increase in the prompt

Scheme 2. TADF Energy Level Diagrams and Change in PL QY as a Function of [CA] along with Projected Associated Changes
in Singlet Yield (ΦS), Prompt Yield (Φprompt), and EL QYa

aTADF energy level diagram and relevant rates on the left-hand side depict a situation where there is no SSS stabilization of the 1CT singlet state,
whereas for the energy level diagram on the right-hand side, the 1CT state energy has been lowered from the addition of a SSS stabilization
interaction, modifying some of the rate constants’ magnitudes. In particular, as the strength of the SSS interaction increases and lowers the 1CT state
energy, we expect krisc to increase and kr

S to decrease, affecting the overall radiative efficiency (PL QY) of the emitter. In the center a sketch of the
change in PL QY as a function of [CA] is pictured along with projected associated changes in singlet yield (ΦS), prompt yield (Φprompt), and EL QY.
The sketched ΦS and Φprompt curves illustrate that the krisc change dominates at low [CA] to increase PL QY before saturating at higher [CA],
causing further increases in [CA] to lower the PL QY. Finally, the projected EL QY curve reflects that any increases to PL efficiency from these
factors will only be accentuated for electroluminescence efficiency.
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lifetime (Figure 2a,b). We hypothesize that SSS stabilization
potentially also further increases the polarized CT character of
the state. This further polarization of the state should also
decrease the oscillator strength of the radiative transition for
the 1CT state, thereby lowering its radiative rate (kr

S), resulting
in the observed increase in prompt fluorescence lifetime
(Scheme 2). In addition, any mixing of the 1LE and 1CT states
would decrease with the lowering of the 1CT energy similarly
increasing the prompt lifetime by decreasing the oscillator
strength of the radiative transition.29−33 As such, increased
[CA] and increased SSS stabilization of the 1CT state lead to
longer prompt PL lifetimes.
Furthermore, we hypothesize that ΔEST decreases with

increasing local host polarizability, as indicated by the decrease
in delayed lifetime and increase in prompt lifetime as a function
of increasing CA concentration, presumably because the triplet
state is less stabilized by CA-enabled SSS than the 1CT state.
Density functional theory (DFT) calculations of natural
transition orbitals (NTOs) (Figure S7) show that the T1
state has much more localized π−π* character than the S1
state. [Note that DFT calculations refer to generic first excited
singlet (S1) and triplet (T1). The S1 state corresponds mostly to
1CT, though it could also include mixing with a small amount
of a 1LE, and the T1 state corresponds to a mixture of 3LE and
3CT.] Further calculations confirm that the excited-state
polarity of the S1 state (20.6 D) is considerably higher than
that of the T1 state (9.3 D). This would cause the more polar S1
state to be stabilized more by CA than the T1 state, thereby
causing a decrease in ΔEST with increased [CA]. Geometric
constraints imposed by the host matrix could change the singlet
and triplet energies or polarities so that they might differ from
the results of our DFT calculations, but we do not anticipate
that they would alter our overall conclusions because the
experimental data is consistent with a decrease in ΔEST.
Additionally, the literature suggests that the 3LE state could
play the dominant role in RISC, and a 3LE state would be even
less affected by the presence of CA than a pure 3CT
state.11,18,34,35 Therefore, as ΔEST decreases with increasing
[CA], the delayed lifetime decreases because the equilibrium
population distribution between triplet and singlet excited
states shifts, increasing the net singlet excited-state population
(Scheme 2). Viewed from a kinetic perspective, the delayed
lifetime decreases as the rate of ISC/RISC cycling increases. A
more rapid thermally activated RISC leads to more exposure of
the excited-state population to the emissive singlet states, which
decreases the delayed lifetime.
Stabilization of the excited singlet state leads to competing

contributions to the efficiency of the fluorescent emission,
namely, reduced emission efficiency of the singlet state and the
increase in efficiency of transferring population from the excited
triplet to the excited singlet state. Although the PL emission
peak shift, the prompt lifetime, and the delayed lifetime all
monotonically vary as a function of [CA], the PL QY does not.
This difference suggests a complex (nonlinear) competition
between different effects on the TADF kinetics that
concurrently occur upon modulation of the magnitude of
SSS. To explain how the PL QY can increase at low [CA] and
then decrease at higher [CA] we must next consider the
different contributions to PL QY and their dependencies on
[CA].
In order to understand the underpinnings of PL QY in

TADF emitters it is useful to define the equations that state the
efficiencies of the various pathways available to the excited-state

population in a TADF emitter, both nonradiative and
radiative.17,26,27 This specificity allows us to parse out how
the observed variations in the delayed fluorescence and prompt
fluorescence manifest in the variation in PL QY as a function of
[CA]. For a TADF emitter the major contribution to PL QY
comes from the prompt fluorescence due to the population that
radiatively decays from the singlet state without ever crossing
into the triplet state. The efficiency of this pathway is

Φ =
+ +

k
k k kprompt

r
S

r
S

nr
S

isc

The PL QY that we measure, however, does not solely depend
on the prompt PL QY. The portion of the population that
undergoes ISC can be recovered via TADF. The total radiative
efficiency, ΦPLQY, can be quantified through a consideration of
the ISC/RISC cycling efficiency.26 The amount of excited
singlet population that crosses over to the triplet state can be
described by

Φ =
+ +

k
k k kT

isc

r
S

nr
S

isc

Similarly, the efficiency of the reverse process of triplet
population returning to the excited singlet state is

Φ =
+
k

k kS
risc

nr
T

risc

The portion of population that crosses over to the triplet state
and then back to the singlet is then, again, subject to the same
set of rates as the original singlet state population and can cycle
back and forth repeatedly. Nevertheless, we can express the
overall PL QY in a closed form:26

Φ = Φ + Φ Φ + Φ Φ +

=
Φ
− Φ Φ

[1 ( ) ...]

1

PLQY prompt T S T S
2

prompt

T S

In this closed form expression, ΦS, ΦT, and Φprompt all vary as a
function of [CA]. We expect Φprompt to decrease with increased
[CA] as kr

S decreases, as indicated by the prompt lifetime
increase. Conversely, the delayed lifetime data indicate that the
ΦS should increase with increasing [CA] as krisc increases with
the drop in ΔEST. Finally, we note that in the limit of krisc ≫ knr

T ,
the singlet yield ΦS will approach unity, and any further
increase in [CA] will not significantly improve the harvesting of
triplet states. This nonlinear saturation in the relationship
between ΦS and [CA] helps to explain the nonmonotonic
variation in PL QY versus [CA]. At low [CA], ΦS is far from
saturating and its increase with increasing [CA] dominates the
trend in PL QY versus [CA]. However, at high [CA], the ΦS
has saturated and there is no longer significant additional triplet
harvesting from increased SSS. The variation in PL QY as a
function of [CA] will then be dominated by the decrease in the
oscillator strength of the singlet reflected in Φprompt. This
competition leads to the local maximum at ∼5−10 wt % CA in
Figure 2d.
This argument is also sketched visually in Scheme 2, where

we explore the effects on the TADF kinetic scheme at low and
high degrees of SSS. The sketch of the monotonically
decreasing prompt yield (blue) and increasing, but saturating,
singlet yield (red) illustrates the competing effects that control
the relationship between overall PL QY and [CA] (green). For
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lower [CA] (left scheme), the ΔEST and kr
S are relatively large,

while RISC efficiency is relatively low. By contrast, at high
[CA] (right scheme), where the ΔEST is reduced and ISC/
RISC cycling favors increased singlet population, the oscillator
strength and kr

S will decrease because of the increased polarity
of the solvated emitter 1CT state, thereby decreasing PL QY as
well. This effect is present at all levels of [CA] but dominates
only at high [CA] when singlet yield has saturated near unity.
At intermediate [CA], around 5−10% [CA], the singlet yield
has increased without significantly decreasing the prompt yield;
thus, the highest possible PL QY is achieved.
We have assumed above that the variation in PL QY can be

explained by focusing on the dominant changes to krisc and kr
S

after stabilization of the 1CT state by SSS without invoking any
change to the other rates. As justification of this assumption, we
do not expect there to be dramatic changes to the nonradiative
rates as a function of [CA]. Any slight variation of the matrix
morphology with the PS:CA ratio would likely affect knr

S and knr
T

similarly. This would lead to similar changes to the prompt and
delayed lifetime rather than the opposing changes that we
observe. Furthermore, we do not expect that there is significant
quenching at high CA from aggregation because prompt
lifetime would then be expected to decrease at high CA, and it
does not.
From all of the above measurements and analysis, we have

found that SSS is able to substantially change the photophysics
of TADF emitters with very fine control. For example, we
observe both an increase in prompt lifetime and a decrease in
delayed lifetime of ∼60% using a codoping level between 0 and
20 wt % CA, as well as a peak increase of 20% for the PL QY
over the range of 0−6.25 wt % CA. Additionally, for each
weight percent of CA added between 0 and 20% CA, the PL
emission peak shifts by ∼1.55 nm, which should allow for color
coordinate tuning with nanometer wavelength precision over a
30 nm range in devices. The peak emission is potentially easier
to tune using small reproducible increments of [CA] rather
than by resynthesizing the molecular host or emitter material
differently.34,36 From the standpoint of solvation at the
molecular level, note that the range of codopant concentrations
that we explored corresponds to average separation distances of
∼1−2 nm in the polystyrene matrix or to codopant-to-emitter
ratios ranging between 0 and 11 (Figure 2), with the PL QY
peaking at ∼2.7. It is interesting that marked variations in
photophysical properties are observed as the number of CA
molecules per emitter molecule is incremented by a single CA.
This observation illustrates the fine control achieved by the
mere addition of a very small, countable number of solid-state
solvent molecules.
We have demonstrated an ability to fine-tune the

concentration of a polar codopant capable of SSS in order to
tease out the intricacies of TADF kinetics and efficiencies.
Moreover, this new capability and the accompanying under-
standing enables an opportunity to finely control TADF in
light-emitting devices such as OLEDs. We first consider
desirable properties of the ternary system that would be most
suited to fine-tuning photophysics with SSS. We project that
SSS will be most potent for optimization of the performance of
TADF OLED emitters in such blends when a relatively
nonpolar but conductive host material and a small, sterically
unhindered, conductive, polar small molecule codopant are
used. We hypothesize that introducing this codoping platform
into a conductive host would produce qualitatively similar
results beyond some reduction of the effective range of

solvation due to screening of the codopant molecule. Emitter
molecules most suited to SSS-tuning might have singlet−triplet
energy gaps that are small but nonzero, as an ideal starting
point for finding the optimal degree of SSS. Even in devices
without codopants, where SSS is not deliberately employed, it
might still be at play because of host choice or residual solvent,
so it should not be overlooked in order to optimally control
performance.
Second, we relate our PL findings back to electroluminescent

devices. Changes observed in PL QY as a function of SSS will
be translated into accentuated changes in the EL QY. For a
given system, EL QY is always smaller than PL QY. Although
both are governed by the same overall kinetics, in the EL
picture the initial population of the nonemissive triplet state is 3
times greater than that of singlet state and leads to additional
losses due to increased exposure to the nonradiative pathway
(knr

T ) (Figure S8). The increase in PL QY at low [CA] in Figure
2d will translate into a steeper increase in the EL QY case, as
there is more triplet state population spared from nonradiative
loss to knr

T when krisc is increased (Scheme 2). Then at higher
[CA], where the ΦS saturates with low ΔEST, the EL and PL
QY converge to the same value. Therefore, the positive impact
of SSS on efficiency in an EL device will be even greater than
the value observed in our model system with PL. Furthermore,
in an EL device, the brightness of the TADF OLED could also
be increased without a loss of performance due to the use of
SSS. At high current, the amount of triplet−triplet annihilation
(TTA) increases as more charges interact with each other. This
leads to a decrease in efficiency at high current, which is
referred to as rollover. Decreasing delayed lifetime through SSS
should increase the refresh rate of each emitter on average and
lead to less TTA for a given current. This adjustment should
allow for stable operation at higher current and therefore
should improve brightness.
In sum, we have demonstrated the powerful effect that small

changes in SSS can have on the photophysics of TADF OLED
emitters, which have CT excited states. We discovered that
perturbing the photophysics to control luminescence yield
requires a careful balance between minimization of the singlet−
triplet energy gap and maximization of the singlet radiative rate.
From a fundamental perspective, employing SSS provides a way
to systematically modify an emitter’s electronic structure in
order to elucidate the kinetic mechanisms behind TADF and
could be used to study many other CT-based emitters in the
solid state. It grants experimental control to tune the electronic
structure of one emitter to study its ability to conduct TADF
without coarsely changing its overall molecular design. It is also
more precise and tunable than the fullscale redesign of an
emitter molecule. Furthermore, SSS offers a compelling new
pathway to tune TADF device design. It could be implemented
by including codopant molecules with proper charge
conduction properties or by including polar side chains on
polymer hosts. Nevertheless, an increase in the dielectric
constant of the host without the freedom for permanent dipole
moments to reorient is unlikely to have as potent an effect as
SSS. More generally, besides implementing SSS as an
optimization strategy for TADF OLEDs, our work suggests
that TADF device design should account for the effect of host−
guest interactions on emitter photophysics in order to
optimally control device efficiency, color purity, and refresh
time.
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et al., Nanoscale Res. Lett. 2017, 12, 268, was published (April
11, 2017) that included a similar codoping concept targeting
manipulation of the singlet−triplet energy gap of a TADF
OLED emitter.
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