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Photoluminescence Quenching Probes Spin Conversion
and Exciton Dynamics in Thermally Activated Delayed

Fluorescence Materials

Brett Yurash, Hajime Nakanotani, Yoann Olivier, David Beljonne, Chihaya Adachi,

and Thuc-Quyen Nguyen*

Fluorescent materials that efficiently convert triplet excitons into singlets
through reverse intersystem crossing (RISC) rival the efficiencies of phos-
phorescent state-of-the-art organic light-emitting diodes. This upconversion
process, a phenomenon known as thermally activated delayed fluorescence
(TADF), is dictated by the rate of RISC, a material-dependent property that is
challenging to determine experimentally. In this work, a new analytical model
is developed which unambiguously determines the magnitude of RISC, as
well as several other important photophysical parameters such as exciton
diffusion coefficients and lengths, all from straightforward time-resolved
photoluminescence measurements. From a detailed investigation of five
TADF materials, important structure—property relationships are derived and
a brominated derivative of 2,4,5,6-tetrakis (carbazol-9-yl)isophthalonitrile that
has an exciton diffusion length of over 40 nm and whose excitons intercon-

harvesting triplet excitons via reverse
intersystem crossing (RISC), which is
enabled in molecules with small singlet-
triplet splitting energy (AFEgr).l! The
photoemission observed when a triplet
exciton upconverts into a singlet exciton
and then emits from the singlet state is
known as thermally activated delayed
fluorescence (TADF). Whereas com-
mercially available OLEDs that currently
rely on phosphorescence (PhOLEDs)
require expensive heavy metals with a
limited global supply, OLEDs based on
TADF (TADF-OLEDs) are amenable to
facile, scalable, and inexpensive synthetic
routes.>™ Already some TADF-OLEDs

vert between the singlet and triplet states =36 times during one lifetime is

identified.

In organic light-emitting diodes (OLEDs), due to the spin
statistics of injected charges, roughly 75% of all molecular
excitations in the emissive layer have triplet character with
the remaining 25% being singlet. Thus, in order to achieve
the ultimate device efficiency, emitter molecules must be
able to transform both singlet excitons and triplet excitons
into emitted photons. In 2009, OLEDs based on a new class
of materials were demonstrated to be capable of efficiently
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have been shown to have an external
quantum efficiency of over 20%, which
is comparable to the best PhOLEDs and
implies an internal quantum efficiency
(IQE) of nearly 100%.>¢]

Although there has been a significant theoretical and compu-
tational effort addressing the mechanistic aspects of RISC, the
experimental determination of RISC has not been thoroughly
revisited since the pioneering work of Berberan-Santos and
co-workers.”"1% The Berberan-Santos (B.-S.) method, which is
the most frequently drawn upon model in the TADF literature,
relies on two key assumptions: i) that the rate of intersystem
crossing (ksc) is significantly larger than the rate of RISC (kgjsc)
and ii) that the material of interest exhibits “strong” delayed
fluorescence (see the Supporting Information for more details).
As shown in this work, however, not all TADF materials meet
these criteria. Furthermore, this method heavily depends on
the accurate determination of kigc, which is not trivial. One of
the commonly used methods to determine k;sc, which involves
triplet exciton quenching via oxygen, depends on criterion
(ii) mentioned above.’!l Another commonly used method is
predicated on the assumption that nonradiative decay from the
singlet state is negligible, which is certainly not the case for
all TADF materials, as shown in this work.'>13 Although this
condition is commonly satisfied at cryogenic temperatures, the
subsequent value of kigc that is determined at these low tem-
peratures will only apply to room temperature conditions if ksc
and the rate of radiative decay from the singlet state are inde-
pendent of temperature, which we find not to be true at least for
the series of compounds investigated herein.
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Figure 1. a) Chemical structure and names of the TADF materials studied herein and the exciton quencher, PCBM. b) Simplified Jablonski diagram
showing the relevant excited-state transitions for a TADF material in the presence of an exciton quencher, i.e., PCBM.

In light of all of these considerations, a more robust and
widely applicable method of determining kpisc in TADF
materials is highly desirable. In this work, we develop an ana-
Iytical model that describes the time-dependent photolumi-
nescence (PL) decay of TADF materials in the presence of an
exciton quencher, i.e., [6,6]-phenyl Cq; butyric acid methyl ester
(PCBM). From just time-resolved data our analytical model is
able to accurately determine not only the rate of RISC in TADF
materials, but also the rate of ISC, AEgy, and the diffusivity
of both singlet and triplet excitons. With this new analytical
approach combined with complementary quantum-chemical
calculations, we have managed to unravel the complex photo-
physical properties of five TADF molecules in pristine films and
in solution, namely, 3-(10H-spiro[acridine-9,9’-fluoren]-10-yl)-
9H-xanthen-9-one (FSA-XT), 2,4,5,6-tetrakis(carbazol-9-yl)iso-
phthalonitrile (4CzIPN), 2,4,5,6-tetrakis(3,6-di-tert-butylcarbazol-
9-yl)isophthalonitrile (4CzIPN-tBu), 2,4,5,6-tetrakis(3,6-
dibromocarbazol-9-yl)isophthalonitrile (4CzIPN-Br), and

Table 1. Summary of results.

2,4,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)isophthalonitrile
(4CzIPN-ph), which differ either in molecular architecture
(FSA-XT vs 4CzIPN) or by the nature of their substituting moie-
ties (4CzIPN and its derivatives) (Figure 1a).l>!4

The molar absorptivity and photoluminescence of thin films
of these materials are shown in Figure S1 in the Supporting
Information. The 4CzIPN-related molecules are characterized
by moderate molar absorptivities in the 400 nm region, which
is attributed to a donor-acceptor (carbazole-dicyanobenzene)
m — m* transition. The extremely weak molar absorptivity
around 400 nm for FSA-XT is a direct consequence of the
high degree of charge-transfer character in this optical transi-
tion. Density functional theory (DFT) calculations suggest this
optical transition is the result of a donor-acceptor (acridine-
xanthenone) © — 7% transition with very little wavefunction
overlap between the electron and hole. The overlaps between
electron and hole densities computed in the attachment/detach-
ment formalism, ¢, are listed in Table 1. The calculated

FSA-XT 4CzIPN 4CzIPN-tBu 4CzIPN-Br 4CzIPN-ph
koo [s7'] 3.2x107 4.5x107 5.1x107 4.2x10% 6.7 x 107
kisc [s7™] 7.5x 108 2.6 x10° 1.4 %108 2.5x10% 1.7 x 107
kpisc [s7] 1.4%x10° 5.9x10° 6.5x10° 4.4x10° 1.1%x10°
kyo [s7] 1.0x10° 5.7x10° 6.3x10° 1.7x10° 8.3x10°
Experimental AEgt [meV] 21 43 57 18 39
Theoretical AEst [meV] 12 80 79 53 21
Vsoc [meV] ISC/RISC 0.004/0.004 0.016/0.024 0.015/0.020 0.089/0.142 0.003/0.006
0s(S1)/9s(T) 0.16/0.18 0.40/0.46 0.35/0.41 0.33/0.39 0.33/0.43
Dginglet [cm? 7] 23x10° 3.9%10° 5.5x10°° 1.9%x10°° 4.2%10°°
Dyiplet [cm? s7'] 3.3%x1078 7.3%x107° 1.2x10°% 1.2x1077 4.8%107°
E, singlet diffusion [meV] 34 32 52 8 37
E, triplet diffusion [meV] 144 92 17 128 134
Solid-state PLQY 0.72 0.30 0.23 0.22 0.19
Wigner—Seitz radius, r [nm] 0.52 0.65 0.75 0.73 0.78
n 0.27 0.53 0.89 36.12 0.22
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Figure 2. a) PL decay of 4CzIPN in the presence of various amounts of PCBM. b) Dependence of k, and kg on [PCBM] for 4CzIPN with fitting to the
analytical model described in the text. c) Dependence of kg on [PCBM] for 4CzIPN where arbitrary input values of kisc are fixed, resulting in k] as the

only fitting parameter.

equilibrium geometries (gas phase) of the materials corrobo-
rate these differences in molar absorptivity: the donor-acceptor
dihedral angle in FSA-XT is =90°, whereas for the 4CzIPN-
related molecules it resides closer to 80°.

Because the photoluminescence quantum yield (PLQY) of
the emitter in any type of OLED is an extremely important
parameter for maximizing luminance and external quantum
efficiency, the solid-state PLQY was investigated for each mate-
rial. Interestingly, we found that the total solid-state PLQY
is inversely proportional to the size of the molecule and its
Wigner—Seitz radius, r, a parameter that is commonly used
to estimate average intermolecular distances (Figure S3, Sup-
porting Information). Therefore, when designing new TADF
materials it may be worthwhile to keep the size of the molecule
as small as possible while also enabling them to pack densely
in the solid state. Although a low molar absorptivity is often
associated with a low PLQY, through our subsequent analysis
of rate constants, we found that the high PLQY of FSA-XT
can be mostly attributed to its small rate of nonradiative decay
from the singlet state (Figure S12, Supporting Information).

kyo + ki [PCBM] +(

kdzl

ko — Kyokao
kisc +kao — pr

equation.l'% k5, and k,, are the nonradiative rates of decay for sin-
glets and triplets, respectively. kS and k! are the radiative rates of
decay for singlets and triplets, respectively. kisc and kgisc are the
rates of intersystem crossing and reverse intersystem crossing,
respectively. As shown in Figure 2a, the incorporation of small
amounts of the exciton quencher, PCBM, into thin films results
in a faster rate of decay for both the prompt (k,) and delayed (k)
components of the fluorescence decay of 4CzIPN.

As shown, numerical values obtained from fitting the PL
decays of pristine (no quencher present) and blend (small
amount of quencher) films can be fitted to an analytical model,
resulting in the determination of kigc. The detailed kinetic
model is presented in the Supporting Information, including
the derivation for Equations (1)—(3), which are entirely original.
Solution to the model yields i) the dependence of k, on PCBM
concentration, [PCBM] (Figure 2b, left axis)

k, =k,o +ki [PCBM] (1)

where ky is the rate of prompt fluorescence in a pristine film,
and (ii) the rate of delayed fluorescence, ky, as a function of
PCBM concentration

J+k§ [PCBM]-

2 ko —kpokao
kisc +kao — pr

All of the possible excited-state transitions that can occur in
a thin-film of a TADF material while in the presence of a small
amount of exciton quencher (PCBM) are shown in the simpli-
fied energy diagram of Figure 1b. S; and T, represent the lowest
energy singlet and triplet excited states, respectively. The charge-
separated (CS) state to PCBM is included to reflect the possi-
bility of singlet and triplet excitons quenching via photoinduced
electron transfer, which is expected to be favorable due to
PCBM’s strong electron affinity. k§ and k, are the bimolecular
quenching constants for singlets and triplets, respectively,
and are related to diffusion coefficients via the Smoluchowski
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ko —kpokao
kisc +kao — kp()

) )

where kg is the rate of delayed fluorescence in a pristine film.
k, and kg are readily obtained from a biexponential fit to the
fluorescence decay. First, ki is obtained from a fit to Equa-
tion (1) as shown in Figure 2b (red line, left axis) for 4CzIPN.
Then, Equation (2) is fitted to a plot of k4 versus [PCBM] as also
shown in Figure 2b (blue line, right axis), where the only fit-
ting parameters are kisc and k;. Good agreement between the
analytical model and experimental data cannot be achieved for
other values of kisc (Figure 2c). When pyrene was used as an
exciton quencher, instead of PCBM, nearly identical values were
obtained (Figure S7, Supporting Information), demonstrating

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Results of the analytical model at room temperature. b) Arrhenius plot of kgsc for 4CzIPN. The orange squares represent the results
obtained from PL quenching and the analytical model described in this work. The green triangles and purple circles were calculated using the Berberan-
Santos (B.-S.) method where different values of k;sc were chosen for reasons described in the main text. c) Plotted values of kgsc (at room temperature)
and AEgy for each of the five TADF materials as determined by temperature-dependent PL quenching experiments.

the versatility of this analytical model. Once a value of kisc is
obtained, the following equation is used to determine kg for
that material

ko — kpokao
kisc + kao — kp()

3)

kRISC =

After implementing this technique for each of the five
TADF materials, it becomes quite clear that there is a posi-
tive correlation between the rate of ISC and the rate of RISC
(Figure 3a). This makes sense, because ISC and RISC likely
proceed through the same mechanism, such that the main dif-
ference is simply the direction of the process and whether that
means the initial state is higher or lower in energy than the
final state. Thus, RISC is expected to be slower than ISC and
a chemical modification that is designed to increase either of
them will most likely end up increasing both. Although slow
ISC may be incommensurable with fast RISC (a combination
which would be ideal for TADF-OLEDs), the efficiency of ISC
can be reduced if k; is comparatively high. The design strategy
for an ideal TADF material that emerges from this picture is to
obtain a high kgisc and high k. In terms of structure—property
relationships, it is apparent that the inclusion of the heavy bro-
mine atoms results in a large increase of both kjsc and kgjsc.
This is clearly associated with the much larger S,-T; spin—orbit
coupling (Vsoc) calculated for 4CzIPN-Br in comparison to the
other compounds, an obvious result of the heavy atom effect
(see Table 1). The addition of t-butyl groups to the 4CzIPN
structure had a minimal impact on the rates of ISC and RISC,
but phenyl substituents resulted in significantly increased
spin conversion rates. It was found that FSA-XT, most likely
on account of its very small AEgy (vide infra), undergoes faster
spin conversion than 4CzIPN.

Next, we have also estimated the impact of molecular archi-
tecture and substitution on the spin-orbit coupling, Vsoc,
mediating spin conversion; these calculations were performed
on the basis of the S; and T; geometries, relevant for ISC and
RISC, respectively (Table 1). In line with our previous findings,
Vsoc is larger for compounds with greater differences between
their S; and T; ¢s values.”) However, the calculated Vgoc
values alone are not enough to understand the experimentally
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determined trend in spin interconversion magnitudes, which
leads us to believe that there may be a significant dynamic com-
ponent (rotations, vibrations, torsions, etc.) that contributes to
kisc and kgjsc.

To test this hypothesis, we employed our analytical model
to 50 X 107 m solutions of each TADF material in benzene at
room temperature using pyrene as an exciton quencher (see the
Supporting Information for more details). We found that kg¢
and kgysc were significantly higher in solution for the 4CzIPN
derivatives (Figure S19, Supporting Information). This is most
likely attributable to the extent of donor—acceptor rotational
freedom available to the molecules. Whereas in the solid-state
these rotations may have prohibitively high energy barriers, in
solution these rotations are expected to happen quickly and effi-
ciently. Previous work has shown that these rotations allow a
molecule to explore its configurational space until a geometry
is reached which favors (R)ISC.B*17] We suspect that the addi-
tional rotations afforded by the phenyl groups of 4CzIPN-ph
are responsible for its relative increase in spin conversion rates
compared to 4CzIPN. For FSA-XT in solution kisc was margin-
ally higher than in the solid-state and kgysc was actually found
to be smaller. We believe that this is a consequence of FSA-XT’s
molecular geometry, such that (R)ISC would not benefit from
additional rotational freedom and, in fact, suffers most prob-
ably due to the change in dielectric constant of the surrounding
medium.'® The enhancement of spin interconversion rates
in solution and suppression of nonradiative decay pathways
leads to a large increase in the average number of spin cycles,
n, each molecule experiences in the excited state, with n=1
being defined as an S; — T; — S; cycle. A value of # less than
1 means that most of the generated excitons emit directly from
the singlet state after absorption of light without ever under-
going ISC. For 4CzIPN-Br, we calculated  to be 275 in benzene
solution and 36 in the solid state. To the best of our knowledge,
these are the largest values of # reported in the literature for
any TADF material (the highest values of n that we could find
ranged between 10 and 15).110-11.19]

After performing photoluminescence quenching experi-
ments at various temperatures, our analytical model was used
to determine the temperature dependence of RISC, and, hence,
AEgt. The orange squares in Figure 3b show the data obtained

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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for 4CzIPN after using our analytical model, where the slope
of the solid gray line is proportional to the activation energy
for RISC (AEgy) in 4CzIPN. Note how at low temperatures
krisc becomes much less temperature dependent, indicating
a transition to a regime dominated by quantum mechanical
tunneling.20]

Figure 3b also shows the results for 4CzIPN when the Ber-
beran-Santos method is used.'”) In that method, the magnitude
of kgysc is inversely proportional to the magnitude of kig¢, and,
therefore, an accurate determination of kyjsc is predicated on
the accurate determination of kjsc. Additionally, it is assumed
that kjs¢ is independent of temperature. As shown in Figure S10
(Supporting Information), we find kjsc to be mildly tempera-
ture dependent. It is also worth mentioning that the Berberan-
Santos method is only valid for materials that exhibit strong
delayed fluorescence (i >4) and that 4CzIPN does not meet
this requirement (n=0.53). Two vastly different values of k;sc
were chosen for the Berberan-Santos method of analysis:
2.6 x 10° s7* (purple circles) which is the value determined in
this work at room temperature, and 4.0 x 107 s7! (green trian-
gles) which is the value reported elsewhere in the literature for
4CzIPN.B>1 In the first case, we find that kg;sc at room temper-
ature (5.3 x 10° s71) is larger than kigc, which is thermodynami-
cally unreasonable. In the second case, the calculated value of
krisc at room temperature (3.4 x 10° s7!) is within reasonable
agreement to our value (5.9 x 10° s7!), but the ratio kigc/kgisc
is far off from what is obtained with our refined model (and
also supported by recent computational efforts).’! This high-
lights how the Berberan-Santos method can be less accurate for
some TADF materials in regard to the magnitudes of kjsc and
krisc. For several of the materials we encountered difficulties
extracting AEsr using the Berberan-Santos method (e.g., non-
linear Arrhenius plots around room temperature), but never
had issues using our model (Figure S17, Supporting Informa-
tion). As shown in Figure 3¢, we find that the rate of RISC is
inversely proportional to AEgr, just as expected.

Reasonable agreement is found between measured and
calculated singlet-triplet exchange energies. Both experiment
and theory yield the largest AEgr values for 4CzIPN and
4CzIPN-tBu, in line with the largest ¢g in their T; and S,
excited-state wavefunctions suggesting an increased admixture
of localized excitations in comparison to the other compounds.

www.advmat.de

For 4CzIPN-Br, the decrease in AEgt compared to 4CzIPN is
induced by the presence of the electroactive bromine groups
at the periphery of the carbazole units, which further separate
away the hole from the electron density resulting in a more
pronounced charge-transfer character. As expected, FSA-XT
exhibits the lowest computed AEgr due to the =90° dihedral
angle between donor and acceptor moieties, which also con-
fers a high degree of CT character (small ¢s). In contrast to
experiments, however, our calculations predict a surprisingly
low AEgy value for 4CzIPN-Ph. Close inspection of the wave-
functions shows a partial delocalization of the hole electronic
density into the outer phenyl rings, which enhances its CT
character and thus reduces AEgr. The fact that comparable
values are, instead, measured for 4CzIPN and 4CzIPN-Ph sug-
gests that, likely because of steric conformational effects in the
solid state, the phenyl rings are relatively decoupled from the
core of the molecule in 4CzIPN-Ph.

Because singlet and triplet exciton diffusion appear as fitting
parameters of our analytical model, we independently evaluated
these parameters using a Monte Carlo simulation of exciton
diffusion (see the Supporting Information for more details).l?2
We were also motivated to study exciton diffusion, because very
little is known about exciton diffusion in TADF materials. To
the best of our knowledge, there has been only one other report
concerning the measurement of exciton diffusion in a TADF
material.?! Very good agreement is found between the Monte
Carlo simulation and results from the analytical model—within
17% for 4CzIPN.

The 3D singlet and triplet exciton diffusion lengths obtained
for the five molecules are shown in Figure 4a. These values
reflect how far a singlet or triplet exciton travels during its
lifetime, excluding the possibility of RISC. Singlet exciton dif-
fusion lengths seem to correlate inversely with molecular
size, ranging from 7.9 nm (4CzIPN) to as short as 2.4 nm
(4CzIPN-ph). Despite triplet excitons having a much longer
lifetime than singlet excitons, they tend to diffuse over smaller
distances owing to their relatively small diffusion coefficients
(around 2 orders of magnitude less than singlet exciton diffu-
sion coefficients). This is not surprising, given that nonlumi-
nescent triplet excitons are limited to Dexter energy transfer,
whereas singlet excitons are expected to diffuse primarily via
a Forster resonant energy transfer mechanism. Aside from

T T
Cumulative Singlet ||
Cumulative Triplet

Cumulative Total |7

50 | 4CzIPN-Br

riplet Contribution ;
inglet Contribution |

40t

30

20

Cumulative Diffusion Length (nm)

a b
10~ - 100 T T
e Triplet 9| Intersystem Crossing (K.sc)
9k A {2 N ” P T
+ b‘d’ Q Singlet = 80F !
8fF & & - O
= < = 70 ' .
g 7 %, Reverse Intersystem
£ 5 § 60 Crossing (gisc)
%’ S 50
§ 5 g
3 :g 40
= 4 2 &0
E 3 g 2
£ 2 410
1 % 0 '
0

20

30 40

Average Number of Spin Cycles (i)

Figure 4. a) Singlet and triplet exciton diffusion lengths for one occurrence

of the singlet or triplet excited state, respectively, at room temperature. b)

Theoretical demonstration of how the extent of spin cycling affects the cumulative exciton diffusion length. c) Cumulative exciton diffusion lengths at
room temperature where the effect of spin cycling has been taken into account.
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4CzIPN-Br, the triplet exciton diffusion coefficients also scale
inversely with the size of the molecule. A notable exception
to the trend is 4CzIPN-Br, whose peripheral bromine atoms
pulls the hole density toward the outer region of the mole-
cule, likely improving intermolecular electronic interactions
allowing for potential energy transfer via the Dexter (i.e., orbital
overlap-driven) mechanism. A close examination of the experi-
mentally determined rates of exciton diffusion indicates that,
for singlet diffusion, the short-range Dexter mechanism of
exciton transport is actually competitive with the longer-range
Forster mechanism (Figure S16, Supporting Information). The
observed correlation between exciton diffusion properties and
molecular size can be simply understood by considering that
larger molecules require longer hop sizes for exciton diffusion
to occur (from a center-of-mass perspective), and both Forster
and Dexter energy transfer efficiencies rapidly decline with
increasing hop distances.

In order to grasp how far an exciton may diffuse during its
entire lifetime (which we call the cumulative exciton diffusion
length), the interconversion between the singlet and triplet
states, i.e., spin cycling (#), must be accounted for. Figure 4b
shows how exciton diffusion is expected to change with
increasing spin cycling. (The diffusion coefficients and lifetimes
of 4CzIPN are used in Figure 4b for purely demonstrative pur-
poses.) Spin cycling has a rather small effect on the cumula-
tive exciton diffusion length for most of the materials studied
herein (Figure 4c) due to the low extent of spin cycling (Table 1).
However, a notable exception is 4CzIPN-Br, whose high degree
of spin cycling results in a dramatically increased cumulative
exciton diffusion length (48.2 nm). This number appears to be
exceptionally high in comparison to other materials exhibiting
disordered thin film morphologies, such as certain n-conjugated
polymers and small molecules, for which exciton diffusion
lengths up to maximum 15 nm are usually reported.?’]

The temperature-dependent results of the analytical model
conveniently enabled us to investigate the temperature depend-
ence of exciton diffusion. Both triplet and singlet exciton dif-
fusion appear to be thermally activated processes, although
the activation energy tends to be higher for triplets (92 meV,
4CzIPN) than for singlets (32 meV, 4CzIPN). For the 4CzIPN
derivatives, the activation energy for triplet diffusion again scales
approximately with molecular size. At lower temperatures,
exciton diffusion becomes weakly temperature dependent, an
indication that transport has switched from a thermally activated
hopping regime to a quantum mechanical tunneling regime.
The temperature at which this transition occurs was found to
be =225-250K for both singlet and triplet diffusion. This transi-
tion temperature has been shown to be strongly influenced by
the relative degree of energetic disorder, where more ordered
systems require less thermal energy to achieve thermally acti-
vated hopping transport. Small molecule and polymer organic
semiconductors typically have a transition temperature below
150K.1227] This would suggest that the TADF materials inves-
tigated in this work have a relatively large amount of disorder.
Alternatively, the measured activation energy could, at least
partly, stem from the intra- and inter-molecular structural reor-
ganization as the excitons hop between molecules.*!] We are
currently pursuing quantum-chemical modeling studies to dis-
entangle these two contributions.
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In this work, we develop an analytical model based on photo-
luminescence quenching, which is capable of unambiguously
determining many of the crucial excited-state rate constants
in TADF materials, both in solution and solid films. The
assumptions upon which this model rests are far less restric-
tive than other methods used in the community, representing
significant progress toward the accurate determination of kigc
and kgsc. Additionally, this experimental method enables the
simultaneous measurement of the diffusion length for both
singlet and triplet excitons, presenting a unique opportunity
to investigate the different mechanisms of exciton diffusion
without having to prepare separate samples or use more than
one experimental technique. Using this method on five dif
ferent TADF materials, we have gathered important insight on
structure-function relationships. We have found that: i) heavy
atoms (i.e., bromine) dramatically increase kisc and kgysc while
also reducing AEgry, ii) rotations about the donor and acceptor
moieties heavily influence the dynamics of TADF, iii) the
extent of spin cycling, 7, substantially impacts exciton diffusion
length, and iv) molecular size is strongly correlated with exciton
diffusion properties as well as solid-state PLQY. It is worth
remarking on the exceptional properties of 4CzIPN-Br (fast ki
and kg;sc, small AEgy, large 7, long exciton diffusion length, and
reasonable oscillator strength), which, besides making it a really
promising emitter for TADF OLEDs, also make it a potential
candidate for: i) triplet sensitizing in triplet-triplet annihilation
photon upconversion,?>3% ii) the 3.5 generation/hyperfluo-
rescent OLED devices where TADF materials act as assistant
dopants from where singlet excitons upconverted from the tri-
plet excited-state manifold follow a fast energy transfer toward
narrow emission fluorescent dyes,*1*% and iii) bilayer organic
photovoltaics whose thicknesses (and consequently their ability
to harvest photons) are typically limited by rather short exciton
diffusion lengths.[3334

Experimental Section

Materials: ~ 2,4,5,6-Tetrakis (carbazol-9-yl)isophthalonitrile, ~ 2,4,5,6-
tetrakis (3,6-di-tert-butylcarbazol-9-yl)isophthalonitrile, ~ 2,4,5,6-tetrakis
(3,6-diphenylcarbazol-9-yl)isophthalonitrile, 2,4,5,6-tetrakis(3,6-
dibromocarbazol-9-yl)isophthalonitrile,  and  3-(10H-spiro[acridine-
9,9"-fluoren]-10-yl)-9H-xanthen-9-one were synthesized and purified
according to the general procedures described in the literature.>43]
[6,6]-Phenyl Cg; butyric acid methyl ester was purchased from Solenne in
99.9% purity. Pyrene was purchased from Sigma-Aldrich in 98% purity.

Sample Preparation: Pristine films of the TADF materials were
produced by dissolving the material in chloroform (=10 mg mL™") and
spin-casting onto a clean glass substrate. In order to produce blend
films with a specific concentration of PCBM, small quantities of PCBM
dissolved in chloroform (1 mg mL™") were added to a solution of the
TADF material (10 mg mL™), also in chloroform, in the desired ratio
and then spin-casted onto a clean glass substrate. All films prepared
were =100 nm thick as determined by a profilometer (Ambios) and X-ray
reflectivity (Rigaku SmartLab). Samples were prepared in an inert nitrogen
atmosphere and promptly encapsulated using epoxy and another
glass substrate to avoid exposure to oxygen during subsequent optical
measurements. Temperature-dependent measurements were taken
by mounting samples in a closed-cycle nitrogen cryostat, pumping to
vacuum (=107° Torr), and modulating the temperature with a LakeShore
autotuning temperature controller (model 321). For our solution-phase
studies all samples were prepared in an inert glovebox environment and
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transferred to air-tight quartz cuvettes before being removed for optical
measurements, thus excluding oxygen entirely.

Density Functional Theory: All of the ground state optimization has
been carried out at the density functional theory level with Gaussian 09
using the PBEO functional and the 6-31G(d,p) basis considering toluene
as solvent (€ = 2.3741) within the integral equation formalism model
polarizable continuum model (IEFPCM).B® Excited state calculations
have been performed at time-dependent DFT (TD-DFT) within the
Tamm-Dancoff approximation (TDA) using the same functional, basis
set and solvent model as for ground state geometry optimization.’l The
¢s values have been calculated using the NANCY_EX software based
on the hole and electron densities as computed in the attachment/
detachment formalism.®5] The spin-orbit coupling calculations have
been performed using the PBEO functional and the double zeta polarized
basis set (DZP) within the scalar approximation to zero-order regular
approximation (ZORA) to the full Breit-Dirac relativistic equation as
implemented in ADF 2016.101.33-42

Optical Characterization: Photoluminescence decay measurements
were carried out using a time-correlated single photon counting (TCSPC)
technique. Samples were excited with a Ti:sapphire laser (Coherent
Mira 900) that has an =200 fs pulse width. An excitation wavelength of
400 nm was obtained by using a commercial optical harmonic generator
(Inrad) that doubled the fundamental frequency of the Ti:sapphire laser.
The repetition rate of the laser was reduced by a home-made acousto-
optical pulse picker in order to prevent saturation of the chromophore.
The detector used was a single photon avalanche diode manufactured
by microphoton devices. For all measurements, the intensity of the
laser was attenuated such that each pulse produced fewer than
3 x 10" excitons cm™? (corresponding to an energy density of
500 pj cm~2). Steady-state PL spectra were obtained by using an Acton
Research SPC-500 monochromator and a charge-coupled device camera
(Princeton Instruments PIXIS: 400). For the steady-state temperature-
dependent photoluminescence measurements a 400 nm continuous
wave diode laser with constant power output was employed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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