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ABSTRACT: The thermally activated delayed fluorescence
(TADF) donor−acceptor (D−A) molecule, DMAC−TRZ, is
used as a TADF emitter “probe” to distinguish the environmental
effects of a range of solid-state host materials in guest−host
systems. Using the guest’s photophysical behavior in solution as a
benchmark, a comprehensive study using a variety of typical TADF
organic light-emitting diode hosts with different characteristics
provides a clearer understanding of guest−host interactions and
what affects emitter performance in solid state. We investigate
which are the key host characteristics that directly affect charge-
transfer (CT) state energy and singlet triplet energy gaps. Using
time-resolved photoluminescence measurements, we use the CT
state energy distribution obtained from the full width at half-
maximum (fwhm) of the emission band and correlate this with other photophysical properties such as the apparent dynamic red
shift of CT emission on-set to estimate the disorder-induced heterogeneity of D−A dihedral angles and singlet triplet gaps. Further,
the delayed emission stabilization energy value and time-dependent CT band fwhm are shown to be related to a combination of
host’s rigidity, emitter molecule packing, and the energy difference between guest and host lowest energy triplet states.
Concentration dependence studies show that emitter dimerization/aggregation can improve as well as reduce emission efficiency
depending on the characteristics of the host. Two similar host materials, mCPCN and mCBPCN, with optimum host characteristics
show completely different behaviors, and their hosting potential is extensively explored. We demonstrate that type I and type III
TADF emitters behave differently in the same host and that the materials with intrinsic small ΔEST have the smallest disorder-
induced CT energy and reverse intersystem crossing rate dispersion. We also present an optimized method to define the actual
triplet energy of a guest−host system, a crucial parameter in understanding the overall mechanism of the TADF efficiency of the
system.
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■ INTRODUCTION

Development of efficient organic light-emitting diode (OLED)
technology1,2 has been limited by electrical recombination in
the active layer, which due to spin statistics forms 25% of
singlet states and 75% of triplet states.3−5 As radiative
relaxation from triplet states is forbidden by Pauli’s principle,6

the internal quantum efficiency can achieve a maximum of
25%.7,8 To overcome this, ways of harvesting triplet states to
improve the efficiency of the emission layer of OLEDs have
been devised. Two classes of emitter materials, phosphorescent
and thermally activated delayed fluorescence (TADF)
materials, are playing an important role to harvest 100% of
triplet states.9,10 Phosphorescent materials containing heavy
metals, such as platinum11,12 and iridium,13 creating strong
spin−orbit coupling activate triplet state radiative decay.14 On
the other hand, TADF molecules convert triplet states into an
emissive singlet state through thermal activation of a
vibronically coupled spin−orbit mechanism given a small

energy gap between triplet and singlet states (ΔEST) and a
third state to mediate the exchange.15−17

TADF molecules containing donor (D) and acceptor (A)
units achieve this via charge-transfer (CT) excited states.18 If
the D−A structure leads to effective separation of highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), through near-orthogonal D−A
relative orientation (typically via a C−N bond or spiro
bridging bond) the electron-exchange energy is minimized to
achieve very small ΔEST.

2,19,20 ΔEST below 50 meV enables
efficient room-temperature reverse intersystem crossing (rISC)
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between singlet and triplet CT singlet states (1CT and 3CT),
given that a localized triplet state (3LE) mediates this process.
This requires the 3LE to lie within the same energy range ΔEST
of the 1CT state to vibrationally mix with 3CT, and owing to its
different spatial wave functions, the orbital angular momentum
can change during a spin flip transition; thus, the 3LE mediates
rISC by allowing spin−orbit coupling with the 1CT.10,21 Once
rISC is relatively fast,22 the process can compete with the
nonradiative decay rate,23 avoiding the energy losses and
achieving a high total fluorescence yield (prompt +
delayed).24,25

In the context of an OLED (emission layer), the emitter is
incorporated with one or more host molecules, which not only
control the electrical transport properties of the emission layer
but also provide a way to avoid self-quenching of the emitter.26

Emitters tend to aggregate and form dimers and so forth,
further sources of nonradiative losses.27−29 To choose a host
molecule for a specific guest emitter, several properties are
important, for example, higher energy host triplet state than
the emitter, to avoid quenching of the emitter triplet state,
which quenches TADF.30−32 The possibility of host energy
transfer to guest and also bipolar charge transport properties
must be taken into account in choosing a molecule to act as a
host.33,34

However, other relevant effects must be considered on the
introduction of a host matrix: polarizability and packing. While
LE states are not sensitive to the environment, the large dipole
moments of CT states readily interact with the host causing
changes in energy of this state.28 By increasing static dielectric
coefficient/polarizability of the host, a (static) lowering of the
CT state energy can be achieved without affecting the
(mediating) LE state energy.28,35 We note that in a rigid
host matrix there cannot be solvatochromism because this
requires the rearrangement of the solvent shell so that the
permanent dipole moments of the solvent molecules relax the
charge-separated state on the solute, increasing the Coulomb
attraction energy and therefore lowering the CT energy. As
mentioned before, ΔEST is directly affected by the dihedral
angles between the donor and acceptor units, that is, different
conformations.36 In this way, some host molecular structures
favor stacking between them, forming a compact matrix. Other
structures of the host with more free volume might allow slight

motion of the guest in the matrix, leading to the distribution of
D−A bridge dihedral angles, thus a distribution of energy CT
states.35,37 Consequently, all these aspects are parameters,
which can be optimized for each emitter host combination.
In this study, we investigate the detailed interactions

between the host and the guest for a range of different guests
to understand how these interactions affect photophysical
properties. From this new design, parameters which can further
optimize the efficiency of TADF and hence OLED perform-
ance are identified. DMAC−TRZ was chosen as the guest,
while different hosts were used to compose the matrix.
DMAC−TRZ is a well-known TADF emitter, which has 9,9-
dimethyl-9,10-dihydroacridine (DMAC) as the electron-donor
moiety and 2,4,6-triphenyl-1,3,5-triazine (TRZ) as the
electron-acceptor moiety. As the first report of this molecule,38

DMAC−TRZ presented an efficient TADF mechanism with
high photoluminescence quantum yield (PLQY) even in neat
films.

■ EXPERIMENTAL SECTION
Sample Preparation. Photophysical characterization of solutions

was performed in three different solvents: methylcyclohexane
(MCH), toluene, and dichloromethane. All solutions were prepared
at a concentration of 20 μM and degassed by five freeze−pump−thaw
cycles. Solid-state samples were fabricated by drop-casting and
evaporation method onto quartz and transparent sapphire substrates.
All host−guest drop-cast films were produced at 1% w/w DMAC−
TRZ in a host matrix [Zeonex, DPEPO (bis[2-(diphenylphosphino)-
phenyl]ether oxide)], UGH [m-bis(triphenylsilyl)benzene], mCPCN
[[9-(3-(9H-carbazol-9-yl)phenyl)-9Hcarbazole-3-carbonitrile]], and
mCBPCN [9-(30-(9H-carbazole-9-yl)-5-cyano[1,10-biphenyl]-3-yl)-
9H-carbazole-3-carbonitrile)]. For neat drop-cast films, a solution of
1 mg/mL was added dropwise onto the substrate. Host−guest
evaporated films were made by coevaporation deposition at an
evaporation rate of 0.9 Å/s for the host and 0.1 Å/s for DMAC−TRZ
materials. For neat evaporated films, the evaporation deposition was
performed at a rate of 0.5 Å/s. All evaporated films were prepared
using a Kurt J. Lesker Super-Spectros 200 deposition system under
vacuum, 10−7 mbar, and a final thickness of 100 nm was obtained.

Photophysical Characterization. Steady-state absorption and
emission spectra were measured using a double-beam Shimadzu UV-
3600 UV/VIS/NIR spectrophotometer and a HORIBA Jobin Yvon
Fluorolog-3 spectrofluorometer. Time-resolved measurements were
detected by a spectrograph and a gated intensified charge-coupled

Figure 1. (a) Materials structure and (b) triplet energy values of the different host molecules (red) compared to DMAC−TRZ guest molecules
(blue). Note that it is not possible to obtain the triplet energy of Zeonex with the equipment available to the authors, so a hypothetical value is
given. Triplet energy of mCPCN and mCBPCN was obtained experimentally in this work (Figure S16), while UGH and DPEPO were found in the
literature.35,42
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device (iCCD) camera (Stanford Computer Optics), where samples
were excited with a Nd:YAG laser (EKSPLA), 10 Hz, 355 nm or by
using a nitrogen laser, 10 Hz, 337 nm, for power dependence
measurement. PLQYs were measured using a calibrated integration
sphere (HORIBA Quanta-ϕ) coupled to a HORIBA Fluorolog-3
spectrofluorometer. The integration spheres were purged for 30 min
in dry nitrogen gas. PLQY values were obtained by exciting at two
different wavelengths: 370 and 400 nm.

■ RESULTS AND DISCUSSION

The DMAC−TRZ (Figure 1a) absorption spectra (Figure S1)
exhibit two low-energy bands, with peaks at 370 and 410 nm,
in MCH, wherein, with increasing solvent polarity, there is a
decrease in the oscillator strength and red shift of the 410 nm
band around 450 nm, indicative of a direct CT transition. The
370 nm band is unaffected by the solvent (but its intensity
decreases because of the loss of the underlying CT transition).
An isoemissive point may occur at ca. 430 nm. Both transitions
have low extinction coefficients (of order 2 × 103 M−1 cm−1),
from which we can conclude that the second band is from an
nπ* transition of the DMAC nitrogen lone pair electrons
which are weakly conjugated into the TRZ unit. Previously, we
have shown for a phenyl-substituted DMAC−TRZ where the
steric hindrance of the phenyl ring causes the DMAC to take a

pseudo axial configuration, this greatly increases the con-
jugation of the nitrogen lone pair into the TRZ unit.39 In
planar, quasi equatorial DMAC−TRZ, this conjugation is
much weaker; however, because the energy of the nπ*
transition is in close proximity to the direct CT transition,
mixing of these two states will increase the oscillator strength
of the direct CT transition.40,41 As polarity is increased and the
CT state energy relaxes and red-shifts the CT transition, the
mixing of these two states decreases, leading to the strong
decrease in the oscillator strength of the CT transition. This
local nπ* state could well play a critical role in increasing the
oscillator strength of the CT state decay as well, giving rise to
the fast radiative decay in weakly polar environments giving
rise to the high PLQY of DMAC−TRZ. Photoluminescence
(PL) spectra (Figure S1) show a large bathochromic shift in
emission with increasing solvent polarity even moderately. In
the lower polarity solvent, MCH, well-defined vibronically
structured spectra are observed. With increasing polarity,
emission spectra red shift and the band becomes structureless
and Gaussian band-shaped, a clear indication of a strong low-
energy intramolecular CT excited state.
In Figure S2a, we show the time-resolved PL decay of

DMAC−TRZ in toluene. There are clearly two decay regimes:
the prompt (0−100 ns) and the delayed (0.1−30 μs). The

Figure 2. Time-resolved PL spectra, at 298 K (RT), of 1% w/w DMAC−TRZ in (a) Zeonex, (b) UGH, (c) mCBPCN, (d) mCPCN, and (e)
DPEPO host. (f) Neat film of DMAC−TRZ. Times given on each plot are in nanoseconds, unless stated.
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fluorescence decay was fitted by two exponential terms
determining the decay lifetime at 27 ns and 5.50 μs for
prompt and delayed emissions, respectively. Using kinetic
modeling, according to Haase et al.,43 a radiative decay rate [kF
= (1.50 ± 0.08) × 107 s−1], intersystem crossing rate [kISC =
(2.50 ± 0.08) × 107 s−1], and rISC rate [krISC = (5.1 ± 0.2) ×
105 s−1] were calculated. Emission spectra at different delayed
times from these two regimes are also given (Figure S2b). The
same Gaussian band shape emission spectrum is observed
throughout from a single CT state, with an energy onset at
2.73 eV. In Figure S2c, we give a three-axis representation
showing the energy onset and full width at half-maximum
(fwhm) of the emission spectrum over time, giving an
indication of the evolution over time of the DMAC−TRZ
CT state distributions/contribution. The third trace, fwhm
over energy onset, acts as a homogeneity indicator (“finger-
print”) of the studied system. In this case, DMAC−TRZ in
toluene, the data points low scatter forming the “green dot”,
meaning that all molecules in the system have almost the same
conformation and as a result similar CT state emission energy
as expected in solution.
Moving from solution to solid-state samples, various hosts

were used to investigate emitter−host interactions. Five

commercially available hosts that satisfy the requirement of
having their singlet (S1) and triplet (T1) energies higher than
the S1 and T1 energies of the emitter (Figure 1) were chosen.
Thus, singlet and triplet energy transfer from the host to the
guest can be achieved, via Förster resonance and Dexter energy
transfer, while preventing quenching of delayed fluorescence
(DF) by the host.
Initial samples were fabricated by a solution-processed

method.44−46 A further goal of this work is to identify any
differences in the photophysical properties of DMAC−TRZ
between these films and evaporated ones. In order to compare
emissive behavior in solution and solid films, a neutral
polymer, Zeonex, was used as a host matrix with a large free
volume comparable to the MCH solution. Small-molecule rigid
hosts, UGH with considerably low dielectric/polarizability,
mCBPCN, mCPCN, and DPEPO with increasing dielectric/
polarizability, have a larger impact on emitter’s behavior
(Figure 1a).
Based on the absorption spectrum (Figure S3), the CT band

of the emitter is clearly observed in the Zeonex matrix, ranging
between 350 and 450 nm. In neat DMAC−TRZ films, the
spectrum is similar, but the onset red shifts are presumed to be
due to the enhanced intermolecular interactions. In all other

Figure 3. Time-resolved PL spectra, at 20 K (LT), of 1% w/w DMAC−TRZ in (a) Zeonex, (b) mCBPCN, and (c) DPEPO host. (d) Neat film of
DMAC−TRZ. Phosphorescence spectra of DMAC−TRZ in different hosts at (e) 20 and (f) 80 K, taken at 75 ms time delay. Times given on each
plot are in nanoseconds, unless stated.
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hosts, the ground-state band has a similar shape; however,
because of decreased concentration of emitters, these low-
energy bands have lower intensity compared to neat films. In
steady-state PL spectra, the effect of each host is more
apparent. In Zeonex, the spectrum is energetically similar to
that observed in nonpolar MCH solvents, onset at 427 nm,
while as the host polarizability increases, the CT emission is
observed at lower energy, with DPEPO having a maximum at
507 nm along with a highly broadened spectral band shape. In
order to understand how the TADF mechanism is affected by
each host matrix, time-resolved PL measurements were
measured. The main difference between the solid state and
solutions is that the DMAC−TRZ molecules (as well as the
solvent) have the freedom to reorganize and reach an
equilibrium dihedral angle between the donor and acceptor
units according to the polarity and reorganization of the
surrounding solvent molecules, while in the solid state, the
rigid host matrix which cannot move locks in the emitter−
neighboring the host molecule structure as a film forms. As a
result, instead of having a single “equilibrium” 1CT state energy
(Figure S2b,c), there is a distribution of different CT states
depending on emitter conformation and D−A dihedral angle,
dictated by host packing and guest−host interactions,
including polarizability effects. We always observe an apparent
time-dependent spectral red shift of the emission band (over
the first 50 ns or so, orders of magnitude slower than typical
solution-state solvatochromic shifts) during the prompt decay
period as well as on the early delayed emission. At later delay
times, a blue shift of emission can also be seen in most cases
(Figures 2 and S4). This distinct molecular behavior, in every
host, can also be clearly observed by the homogeneity
“fingerprint” in Figure S4 (fwhm vs onset). The smaller the
distribution of the points, the more homogeneous the system
is. Neat films have the most homogeneous environment
overall. DMAC−TRZ in the Zeonex host has the highest
homogeneity of prompt CT state distribution, while in
mCPCN and mCBPCN, hosts give the most stable DF
emission. Recent works by Dias et al. and Penfold et al. have
shown that the prompt CT emission of TADF molecules
undergoes an apparent dynamic red shift over the first few
hundred nanoseconds arising from the heterogeneity of
dihedral angles, leading to a dispersion in CT energy.1,2 The
most planar D−A molecules (reduced dihedral angle) have the
more LE character and strongest excited-state coupling to the
ground state, so emit to the blue at an energy close to the local
donor (or acceptor) state with a faster radiative rate. However,
the most orthogonal D−A molecules have the strongest CT
character and therefore emit to the red at lower energy with a
slower radiative rate (weak ground-state coupling). In the
delayed region, the opposite is observed if the rISC-mediating
local triplet state is lower in energy that the 3CT. The most
orthogonal D−A have the highest rISC rate, as a result they
decay faster, while the planar are slower and are assigned to the
late time blue shift of the emission. Introducing rigidity as a
parameter, the less rigid (higher free space) the host, that is,
Zeonex, the smaller the distribution of CT state energies, and
so the smaller the apparent red shift in time. Dispersion is
found to increase with increasing host rigidity, as shown in
Figure 2.
The same behavior appears in low-temperature measure-

ments at 80 K (Figure S5). Rigid hosts have similar CT
distributions as observed in room-temperature measurements,
whereas in Zeonex, the dispersion increases greatly, similar to a

rigid host at room temperature (Figure S6a). Here, low
temperature prevents the Zeonex chain motion, thus freezing
conformational heterogeneity in DMAC−TRZ. We point out
that even at low temperatures, phosphorescence emission only
becomes the dominant decay mechanism in 10 ms and is not
responsible for this μs blue shift.
Usually, 80 K time-resolved PL measurements are used to

define the phosphorescence energy of various systems.
Phosphorescence defines the lowest lying triplet state of any
system, typically the triplet state of the donor, and thus, it
should be the same/very similar regardless of the host. On the
contrary, we observe phosphorescence to be different in every
host (Figure 3f). At low temperatures, both nonradiative
processes are suppressed, and delayed emission is minimized
or quenched as there is less thermal energy to activate the
TADF mechanism. However, in DMAC−TRZ, the lowest
triplet state energy is so close to the 1CT energy that there is
enough thermal energy in the system, even at 80 K, to activate
rISC. Thus, DF is observed even at 80 K. Also, at low
temperature because of the dispersive rISC rates, DF is
observed even at ms times. Consequently, the observed
phosphorescence is not simple triplet state emission but a
combination of both DF and phosphorescence emission, and
errors are introduced into the estimate of the lowest triplet
state energy of the system.
Further measurement at 20 K demonstrates that the actual

lowest triplet energy of DMAC−TRZ is 2.75 eV (Figure 3e)
and is host independent. Time-resolved PL spectra analysis at
20 K reveals spectral shifts mainly confined within the prompt
time region, confirming this to be a combined effect of
inhomogeneity and local contribution (donor emission) in the
early times, as shown in Figure S7 (onset vs time). Based on
the magnitude of the singlet triplet energy gap (ΔEST), there is
a minor delayed CT contribution for a couple of 100 ns only
(Figure 3).
Another indication that we are observing the actual triplet

energy is the vibronic structure observed on the emission in
Zeonex and mCBPCN, which indicates that the emission
comes from a local excited triplet state. By comparing the two,
Zeonex has only a prompt emission and phosphorescence at
ms because of the highest ΔEST. mCBPCN on the other hand
has a small but observable delayed contribution for some μs
(even at 20 K) as the gap in this case is much lower.
Nevertheless, the phosphorescence emission onset energy
stabilizes at close to 1 ms, while at 80 K, the sample still shows
a constant spectral shift even close to 100 ms. Similar behavior
with the latter is observed in DPEPO; although the
phosphorescence spectrum is not structured, the onset
maintains the same value. On the contrary, neat DMAC−
TRZ films have constant delayed emission, similar to the 80 K
measurement, but different triplet energy onsets over longer
delays. Thus, at 20 K, the temperature is low enough to
minimize the rISC and prevent emission overlap between DF
and phosphorescence over longer delays with the exception of
neat films which must have other mechanisms contributing to
the delayed part, for example, dimer formation or triplet triplet
annihilation (TTA).
The above discussion clarifies the apparent host dependency

of the triplet energy, but the consistent spectral shift issue adds
an extra dimension to the problem. In low dielectric/
polarizability hosts, the singlet triplet gap is high; as a result,
the lowest lying singlet CT state is well above the local triplet.
Higher dielectric/polarizability hosts not only minimize the
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singlet triplet gap but can also cause the lowest lying CT states
to fall below the lowest local triplet state, as observed weakly in
the cases of mCPCN/mCBPCN but more pronounced in
DPEPO/neat films (Figures 2 and S4). At 80 K, the
distribution of CT states is larger than that at room
temperature, during the entire time region of analyses, as can
be seen in Figures S5 and S6 by an increased distribution of
onsets over time. In the delayed regime (t > 100 ns), the lower
temperature reduces krISC favoring rISC from the population of
CT states closer to LE once there is a little excess thermal
energy in the system, Figure 4. This effect was evidenced by
the smaller fwhm values in the 80 K measurements compared
to room temperature.

From the temperature-dependent decay kinetics, Figure 5,
we see a clear exponential dependence in DF intensity with the
magnitude of ΔEST.

47 In Zeonex, where the gap is 170 meV
(Table 1), the delayed contribution is minimized at 80 K
(observed by the huge drop of the delayed regime at t > 100
ns), while at 20 K, it is completely quenched and only
phosphorescence is observed at longer delays. In the case of
mCPCN and mCBPCN, with ΔEST at 12 and 24 meV,
respectively, the drop is much lower at 80 K, compared to
Zeonex, and is proportional to the gap. In 20 K, both have
similar behavior and the delayed contribution is negligible.
However, if there is a sizable population of CT states having a
negative gap, as in DPEPO, then the drop becomes even
smaller at both 80 and 20 K, not following an exponential
dependence on the ST gap, but the delayed contribution to the
overall emission minimizes as the temperature decreases. This
is type III rISC (Figure 4) where 1CT and 3CT are
energetically below the coupling 3LE state.17 Given that 3CT
must always be lower in energy than 1CT, then for type III
rISC, the 3LE−3CT gap is bigger than the 3LE−1CT gap and
so the nonadiabatic coupling (between 3CT and 3LE) will
become less efficient, but conversely, the 3LE−1CT gap is
smaller than that for type I systems (CT states above 3LE).17

In the case where |ΔEST| < 50 meV, then this can be a large
effective change because krISC depends exponentially on the
3LE−1CT gap and quadratically on the 3LE−3CT gap,21 so at
lower temperatures type III systems can display TADF,
whereas for type I, it is quenched as the 3LE−1CT gap
dominates (Figure 4). This is another reason why the type III
states decay more slowly, but as Gibson and Penfold have
calculated,48 even at absolute zero there is still nonadiabatic
coupling overcoming large 3LE−3CT gaps. Thus, for DPEPO,
the DF temperature dependency departs from the expected
exponential because the type III rISC has an important
contribution to the overall DF of this system.

At this point, it is worth mentioning that another way to
conclude if there is pure phosphorescence emission at longer
delays is by observing the slope of the decay in this region. As
seen in all cases, the slope after 1 ms gets closer to zero at 20
K, while in 80 K, the slope is still negative (Figures S6 and S7).
The only film that does not follow this trend is neat because of
possible contribution from dimers or TTA. The decay in both
temperatures is similar, but at 20 K, it tends to reach a plateau
at later times. In Figure 5, the room-temperature PL decays
show how the lifetimes of the prompt and delayed emissions
depend on the host and its characteristics. As expected, the
prompt lifetime is similar in all cases, close to 20 ns and
independent of the host. For the delayed emission, neat films
have a behavior similar to DMAC−TRZ in toluene (Figure
S2), again showing the low inhomogeneity of neat films
(Figure S4). In DPEPO where the CT lies below the lowest
triplet state, a minor decrease in the intensity of the delayed
component is observed (Table 1). mCPCN and mCBPCN
with minimal ΔEST are very similar, whereas Zeonex and UGH
with large ΔEST results in longer delayed lifetimes as well as
lower delayed contribution relative to the prompt. Further, in
rigid hosts with dispersive CT energy, the DF lifetime becomes
biexponential relative to DMAC−TRZ in solution and Zeonex
films. DF lifetimes decrease with increasing polarizability of the
rigid host, with an additional fast DF lifetime contribution
having largest contribution to the total DF, while the slower
DF lifetime component has a smaller contribution (Table 1).
Another phenomenon appears in all guest−host films,

related to the long-time tail of the decay. By introducing a
host, the long-time decay has increased lifetime (longer tail
lifetime) compared to solution and neat films. Using a diluted
emitter in toluene as a reference (Figure S2a), which has no
tail, and comparing with the neat film which has a relatively
stable and the smallest fwhm value of any solid and toluene
solution (Figure S4), thus as we have seen consistently, the
neat film has the smallest degree of inhomogeneous broad-
ening and in this case, the tail phenomenon is minor and
similar to toluene solution. In both cases, there is only one
molecular conformation contributing to the DF regime. In neat
films, we assume this to arise effectively through the
“aggregated” form of solid DMAC−TRZ, giving a homoge-
neous environment. The main extra parameters guest−host
films introduced are reduced freedom for the guest molecular
rearrangement and intermolecular interactions because of
smaller average distances between the DMAC−TRZ mole-
cules, polarizability, and structural rigidity of the host. In
guest−host systems, the slope of the tail tends to decrease with
increasing polarizability but not proportionally (Figure S8a).
As stated before in all these systems, there is a distribution of
CT states based on the variety of molecular conformations,
that is, dihedral angles, leading to a broad distribution of rISC
rates within the films. This distribution is obviously controlled
by the host environment.
In our measurements, for Zeonex, the tail slope value is

shallow (more inhomogeneous), whereas for higher polar-
izability hosts, the slope becomes steeper and is steepest for
neat films (most homogeneous). The high dielectric host
(DPEPO) has only a slightly larger slope than mCPCN. To
understand this, we propose a simple model based on a
distribution of dihedral angle values, that is, a variety of
molecular conformations (local environments) in each system
giving a distribution of ΔEST and thus, rISC rates and DF
lifetime values (Figure S9). In the case of mCBPCN having a

Figure 4. Schematic energy level diagrams of type I TADF (left side)
and type III TADF (right side). Type II TADF, not represented here,
has all the three energy levels effectively in resonance (ΔE′ = ΔE″ =
0).
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Figure 5. Time-resolved PL decays of 1% w/w DMAC−TRZ in (a) Zeonex, (b) UGH, (c) mCBPCN, (d) mCPCN, and (e) DPEPO host. (f)
Neat films of DMAC−TRZ, at room temperature (cyan), 80 K (red), and 20 K (gray). On the right side of each graph, the contour plots of PL are
indicated over time at 298, 80, and 20 K from top to bottom. Data points not plotted indicate signals measured, that is, below the noise floor of the
iCCD detector, there is no real measurable signal at these times.

Table 1. Kinetic Modeling Results, Time Constants, and Decay Rates for Solution-Processed DMAC−TRZ Films in Different
Hosts

DMAC−TRZ 1% w/w in host Zeonex UGH mCBPCN mCPCN DPEPO neat film tolueneb

spectral shift (nm)a RT 8 12 17 18 19 9 0
LT 21 26 28 24 21 14

ΔEST (meV)a 170 95 24 12 −42 −42 −20
ΔE[TH − TG] (eV)

c >0.50 0.75 0.10 0.14 0.35
τprompt (ns) 18.5 15.7 15.8 18.4 15.7 18.5 27.4
Adelayed (%) A1 100 71.4 70.4 66.6 72.3 61.9 100

A2 28.6 29.6 33.4 27.7 38.1
τdelayed (μs) τ1 6.27 1.59 0.86 0.61 0.6 0.69 5.51

τ2 9.19 5.62 4.42 3.56 5.71
kF 3.3 × 107 3.8 × 107 3.0 × 107 2.6 × 107 2.9 × 107 2.5 × 107 1.5 × 107

kISC 2.1 × 107 1.3 × 107 2.0 × 107 1.8 × 107 1.8 × 107 1.8 × 107 2.5 × 107

krISC 1.7 × 105 4.8 × 105 9.3 × 105 9.6 × 105 1.1 × 106 8.1 × 105 5.1 × 105

aData were extracted experimentally from the time-resolved spectra at room temperature (RT) and 80 K (LT). Spectral shift was measured by the
onsets of first frame (2.3 ns) and energetically lowest lying CT frame. ΔEST was measured using the onset of the stabilized CT emission at room
temperature and the onset of phosphorescence emission at 20 K. bDMAC−TRZ in toluene solution for comparison, concentration 20 μM. cTH,G:
triplet energy of host (H) and guest (G) measured at 80 and 20 K, respectively, at 80 ms time delay. UGH and Zeonex triplet energy were taken
from the literature.
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small ΔEST and faster rISC rate throughout the DF regime, the
tail decays quickly, Figure S9a. We fit the tail with an arbitrary
set of DF decay times (θ1−θ8) representing the distribution of
dihedral angles. We do the same for Zeonex, Figure S9b. In
this case, ΔEST is much higher and all krISC values are much
smaller. Assuming that the distribution of angles is roughly the
same in both hosts so that the change in ΔEST is similar, we see
that if we start from a large ΔEST, increasing ΔEST has a much
greater effect on ΔEST distribution than starting from a small
ΔEST. If the inhomogeneity is small, similarly it will have a
small effect on the distribution of ΔEST. Thus for Zeonex, each
DF decay component (θ1−θ8) is much longer than that for
mCBPCN. As shown in Figure S9d, the model approach is in
good agreement with the experimental results (Figure S8a). In
DPEPO, with type III TADF, the fastest krISC does not come
from the lowest energy CT state which is below the 3LE. As a
result, the effect of disorder is more complex on the
distribution of decay times.
A way to confirm that no other processes contribute to the

delayed component of the time-resolved PL is laser fluence
measurement. These measurements were performed over a
time range of 0.5−10 μs; in this regime, the fast DF
component is considered to be dominant. In all five hosts,
the gradient of the power dependence measurements was close
to one. Only neat films have a gradient of 1.3, at low excitation
doses, which indicates the coexistence of TADF and another
long-lived mechanism, such as TTA49 (Figure S8).

From kinetic modeling, the fluorescence decay rate and kISC
are similar in all cases (Table 1).43 krISC is purely dependent on
the host and how it affects the ΔEST; the higher the gap, the
slower the rate is. Starting from Zeonex with a rate of (1.7 ±
0.1) × 105 s−1, the rate increases proportionally to the gap,
while DPEPO with negative ΔEST is 1 order of magnitude
higher than Zeonex. According to Gibson and Penfold,48 by
casting a semiclassical (Marcus-like) approach on the second-
order perturbation theory, krISC is dependent of the non-
adiabatic coupling, second-order coupling connecting 3LE and
1CT via 3CT and exp(ΔEST)

2. Applying the calculated rates
and ΔEST in our results, an excellent fit with the theory was
found, Figure S10. DPEPO is the only host that does not
follow the trend because of its negative gap. In this type III
case, the second-order coupling is affected as the 1CT state is
closer to the 3LE state than the 3CT state, leading to ΔETT >
ΔEST (where T−T corresponds to 3LE−3CT), but the more
temperature-sensitive process of the rISC step, controlled by
the 1CT−3LE gap, is smaller in this case (Figure 4).
To investigate if the sample preparation method affects rISC,

guest−host films of 100 nm thickness were fabricated by
thermal vapor deposition and compared with solution-
processed films. As hosts, mCBPCN and mCPCN were
chosen because of the desirably small ΔEST, and various
concentrations of the emitter in the host were studied.
Initially, steady-state measurements were performed on

these films, as shown in Figure S11. PL excitation spectra

Figure 6. Time-resolved normalized PL spectra, at 298 K (RT), of DMAC−TRZ at (a) 10, (b) 25, and (c) 50% concentration in mCBPCN and at
(d) 10, (e) 25, and (f) 50% concentration in mCPCN. The curves were obtained with 355 nm excitation. Times given on each plot are in
nanoseconds, unless stated.
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(dashed line) show in both hosts a band increase around 400
nm, with increasing concentration. This effect is related to the
increasing amount of DMAC−TRZ in the blend, while the
band is also observed in the DMAC−TRZ neat film. A slight
red shift in emission spectra toward the energy of the neat
DMAC−TRZ film emission at high concentrations indicates
the existence of stronger intermolecular interactions with
increased concentration. As in solution, the mCPCN emission
spectra are slightly red-shifted compared to that of mCBPCN.
Intermolecular interactions, such as dimer/aggregate formation
in DMAC−TRZ neat films, can result in higher wavelength
emission compared to the host−guest blends.
Figure 6 shows the time-resolved emission spectra of the

host−guest evaporated films at different guest concentrations.
Similar to solution-processed films, all show a prompt emission
of the CT character with higher energy CT states decaying
faster, giving rise to an apparent red shift in time and
stabilization of the emission energy at around 100 ns. Further,
smaller shifts were observed, which are attributed to states at
the edges of the D−A dihedral angle distribution. These shifts
are only around 2 and 3 nm, indicating a far smaller
distribution compared to solution-processed films. For
DMAC−TRZ:mCBPCN films (after stabilization >100 ns),
the onset of CT emission is found to be the same at all
concentrations, around 455 nm. However, in mCPCN blends,
the onset energy of stabilized CT emission decreases with
increasing concentration (Figure 8), which suggests that
because of different packings of the two hosts, the
intermolecular interactions are limited in the mCBPCN
matrix, while mCPCN leads to more aggregation even in low
concentrations. On the contrary, at 80 K, both guest−host
systems have similar behavior (Figures S12 and S13), which

may indicate an activated triplet hopping to dimer/aggregate
sites.
In neat films, the intermolecular interactions are considered

the prevailing state. In Figure 7a,c, the time-resolved emission
spectra of DMAC−TRZ at room temperature reveal a red shift
of prompt CT during the first 100 ns. After that, a stable CT
state is observed until 100 μs with the onset at 461 nm, close
to that observed in the 50% DMAC−TRZ:mCPCN blend.
Thus, by increasing the concentration in mCPCN blends, we
approach the behavior of DMAC−TRZ neat films. At 80 K,
spectral shift trends are very similar to those at room
temperature, with slightly larger shifts, although the emission
has a longer lifetime, allowing us to see even later time
emission (Figure 7b). After 100 μs, the emission spectra evolve
a stable vibronic structure, which is an indication of
phosphorescence emission taking over. The phosphorescence
spectra of the neat film have an onset at 472 nm, similar to the
solution-processed films at 80 K, but much longer than that
observed at 20 K (onset 450 nm), again suggestive of thermally
activated triplet migration to the low-energy dimer/aggregate
sites.
Time-resolved decays at room and low temperature for the

emitter in mCPCN are shown in Figure S14. At 10%
concentration, the reduction of the delayed contribution at
80 K compared to room temperature is significant. As
concentration increases, the DF decreases and becomes
comparable to neat film levels. This is related to the stronger
intermolecular interaction; at higher concentrations leading to
increased excited-state quenching, both prompt and delayed
lifetimes shorten. Different behavior is observed in DMAC−
TRZ:mCBPCN films (Figure S15). At 10% concentration, the
drop in the delayed contribution is comparable to that seen in
the 1% solution-processed film, while increasing the concen-

Figure 7. Time-resolved normalized PL spectra of the DMAC−TRZ neat film at (a) room temperature and (b) 80 K. Time-resolved onset energy
and fwhm at (c) room temperature and (d) 80 K. The curves were obtained with 355 nm excitation. Times given on each plot are in nanoseconds,
unless stated.
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tration of the emitter yields a negligible change. This unique
behavior points to the peculiarity of mCBPCN as a host. Based
on our finding so far, increasing the concentration of DMAC−
TRZ in any host leads to aggregation/excimer formation,
which changes the system behavior and induces excited-state
quenching. On the other hand, in mCBPCN, this effect is
minimized, which implies the existence of an optimized
packing between DMAC−TRZ and mCBPCN even at higher
concentrations. This is seen as a stable fwhm and delayed
emission onset energy even at long times, indicating a singular
emitting species (Figure 8).
The packing effect can be further explored by comparing

room- and low-temperature decays in the two different systems
using neat films as a reference system (Figure 9). In mCPCN,
the prompt lifetime decreases with increasing DMAC−TRZ
concentration, an indication of increasing quenching, whereas
in mCBPCN, it remains constant at room temperature. The
delayed emission in mCPCN has a similar trend, decreasing
the time onset with increased concentration, that is, less DF
indicative of prompt excited-state quenching, whereas in
mCBPCN, the delayed emission onset increases with increased
concentration, indicating a higher delayed emission contribu-
tion because of an increased number of excitations in the
system. Comparing low-temperature time-resolved decays,
both systems show increased delayed emission contribution

with increased concentration, and at 50% emitter concen-
tration, the response is indistinguishable compared to neat
films.
The results of kinetic modeling of these data are shown in

Table 2. The prompt lifetime of mCBPCN is constant, while in
mCPCN, it decreases with increasing concentration. In the
delayed regime, the amplitude of both components increases
with increasing concentration for mCBPCN, whereas the
opposite occurs in the case of mCPCN. On the contrary, the
lifetimes for mCBPCN decrease with increasing concentration,
whereas in mCPCN, they remain constant. This we take to
imply that the quenching of prompt states in mCPCN is
controlled by excited-state migration to quenching sites.
The PLQY of all samples is given in Table 2. The integrating

sphere measurement is sensitive to sample absorption; for this
reason, two different excitation wavelengths were used: 370 nm
where the absorbance is high enough at all concentrations and
400 nm which excites the direct CT transition but has limited
absorbance at low concentration. In the case of mCBPCN with
increased concentration, a minor decrease in PLQY is observed
with 370 nm excitation. By directly exciting the CT band, at
400 nm, the optimum PLQY is found, whereas at 370 nm,
absorption from the host causes some extrinsic losses.
Subsequently, PLQY values close to unity at the 25%
concentration film are found, while at 50%, it is only slightly

Figure 8. Time-resolved onset energy and fwhm of (a) 10, (b) 25, and (c) 50% evaporated DMAC−TRZ in mCBPCN and (d) 10, (e) 25, and (f)
50% evaporated DMAC−TRZ in the mCPCN host.
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below 0.9. At 10% concentration, the absorption is limited and
the value is unreliable, but following the trend seen with 370

nm excitation the value should be similar to 25%, ca. unity. In
mCPCN, to measure the maximum PLQY values, only the

Figure 9. Time-resolved PL decays of various concentrations of DMAC−TRZ in mCPCN at (a) 298 and (b) 80 K and mCBPCN at (c) 298 and
(d) 80 K.

Table 2. Kinetic Modeling Results, Time Constants, and Decay Rates for Various Concentrations of Evaporated DMAC−TRZ
Films Diluted in mCBPCN, mCPCN Hosts, and Neat Film

host mCBPCN mCPCN none

DMAC−TRZ conc. (%) 10 25 50 10 25 50 100

spectral shift (nm)a RT 20 17 13 20 17 13 12
LT 24 24 27 25 24 25 14

ΔEST (meV)a −42 −42 −42 12 −42 −60 −60
PLQY (%)b 370 87 85 83

400 98 87 90 80 75
τprompt (ns) 19 18 18 25 23 19 29
Adelayed (%) A1 75 77 75 79 80 81 69

A2 25 23 25 21 20 19 31
τdelayed (μs) τ1 1.5 1.2 1.1 1.2 1.3 1.3 1.6

τ2 9.5 8.2 8.0 8.6 8.3 8.2 9.2
kF (s

−1) 2.2 × 107 2.1 × 107 1.8 × 107 1.2 × 107 1.7 × 107 1.8 × 107 1.2 × 107

kISC (s−1) 2.1 × 107 2.0 × 107 2.1 × 107 2.2 × 107 2.0 × 107 2.4 × 107 1.8 × 107

krISC (s−1) 7.3 × 105 8.3 × 105 9.0 × 105 9.0 × 105 8.8 × 105 8.6 × 105 5.8 × 105

aData were extracted experimentally from the time-resolved spectra at room temperature (RT) and 80 K (LT). Spectral shift was measured by the
onsets of first frame (2.3 ns) and energetically lowest lying CT frame. ΔEST was measured using the onset of the stabilized CT emission at room
temperature and the onset of phosphorescence emission at 20 K. bPLQY of films was measured in an intergraded sphere connected with Fluorolog-
3 under two excitations, 370 and 400 nm.
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direct CT excitation PLQYs, at 400 nm, were obtained.
Compared to mCBPCN, there is a reduction by around 10−
15% at all concentrations because of possible dimer/excimer
excitation. For comparison, in neat films, the PLQY is found to
be only 0.75.
PLQY values combined with calculated ΔEST and kinetic

rISC rates reveal the possible performance of the optimum
emitter concentration in a device. In the case of mCBPCN, the
ΔEST is constant, the PLQY decreases only at 50%
concentration, and the fluorescence rate follows the same
trend. rISC increases slightly with increased concentration,
whereas intersystem crossing is stable.43 On the other hand,
mCPCN has an increasingly negative ΔEST, a higher decrease
of PLQY accompanied with an increasing fluorescence rate but
also increasing kISC with increased concentration. krISC is
slightly decreasing and moving toward the neat film rate, while
intersystem crossing is constant. Therefore, mCBPCN
constantly shows higher performance, especially in higher
concentrations as the optimum host for DMAC−TRZ in
comparison to mCPCN and neat films. The biphenyl linking
group between the carbazole units makes mCBPCN more
sterically bulky and thus prevents DMAC−TRZ dimer/
aggregate formation.

■ CONCLUSIONS
An in-depth photophysical analysis of DMAC−TRZ behavior
in a variety of hosts, in both solution-processed and evaporated
films, has been presented. The good TADF performance of the
emitter is reflected in solution measurements with a high DF
contribution and strong krISC. From the solvatochromic
behavior of the low-energy absorption feature, we determine
that they are two close lying states, one with CT character and
the other a local nπ* state. The CT state undergoes red shift
with increasing polarity with a rapidly diminishing oscillator
strength. This indicates state mixing between these two lowest
energy states, which imparts oscillator strength to the CT
transition and is why in low polar environments DMAC−TRZ
has high PLQY. Similar behavior was observed in the solid
state with some extra parameters affecting the emitter’s
performance. In solution-processed films, host packing is the
main factor that leads to dispersion of CT energy, ΔEST, and
krISC. In the flexible Zeonex matrix, the packing effects are very
weak, while in both low and high dielectric small-molecule
hosts, it is dominant. In the rigid hosts, we also observed an
additional delayed lifetime component, which decreases with
increasing dielectric. At low temperature (80 K), the
inhomogeneity is more obvious because of the reduced
thermal energy required for rISC, so that states with large
ΔEST have far longer delayed emission lifetimes. The presence
of dimer/aggregate states is seen in most hosts, leading to
prompt emission quenching and concomitant reduction in DF.
However, in neat DMAC−TRZ films where intermolecular
interaction must dominate, we find the smallest degree of
inhomogeneity because of this. In addition, we demonstrate
that in the presence of these lower energy states, phosphor-
escence emission can become more difficult to measure
especially when ΔEST is very small, requiring very low-
temperature measurements to complete quenching of all DF
and prevent triplet migration to dimer/aggregates to reveal the
actual lowest lying triplet of the system. In this way, we prove
that the triplet energy of the emitter does not depend on the
host matrix. For neat films, we also find a contribution of DF
coming from TTA (Figure S8) highlighting the possible

migration of triplet states in these systems, especially at high
concentrations and neat films.
We give an explanation of the DF tail phenomenon, which is

shown to be related to the guest−host interactions. In
DMAC−TRZ solution and neat films, the phenomenon does
not exist, whereas in the guest−host systems, it is always
present. We find that the smaller the ΔEST is, the shorter the
lifetime of the tail, showing that the ΔEST inhomogeneity
introduced by packing to the D−A dihedral angle is small
when ΔEST is small so that the resultant distribution in krISC is
small and the tail decays quickly, whereas when ΔEST is large,
the disorder-induced energetic distribution is large, leading to a
wide distribution of krISC and subsequently a long slowly
decaying tail. Also, concentration dependence studies verify
that the smaller the concentration of the host in the system, the
shorter the lifetime of the tail. We also show how the type I
and type III TADF materials behave differently under the
influence of host packing.
The comparison between solution-processed and evaporated

films reveals the importance of the fabrication method on
packing as the evaporated film CT energy distribution is
minimized as seen in room-temperature time-resolved
measurements. Exploring two similar hosts, mCBPCN and
mCPCN in evaporated guest−host systems, a surprising
inconsistent behavior appears. Because of more optimal
packing, mCBPCN prevents aggregation, and thus, quenching
of prompt emission and the delayed emission contributions
increases with increasing concentration. On the other hand,
mCPCN has indications of intermolecular interactions even in
low concentrations; thus, the delayed emission contribution
decreases with increasing concentration. A combination of
delayed emission contribution and higher PLQY values
through its novel packing mechanism makes mCBPCN an
ideal host of the DMAC−TRZ system.
This study provides new insights and understanding into the

guest−host effects on TADF emitters and promotes a deeper
knowledge on how optimization on material design and proper
combination of guest−host characteristics can improve the
overall performance of a TADF molecule.
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