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HIGHLIGHTS The luminescence decays of solid samples are often complex due in part to the
presence of defects. In the case of these TADF molecular solids, the analysis of the decays after

the addition of defects provides the quenching distance of the triplet and singlet states.

ABSTRACT Nowadays, Thermally Activated Delayed Fluorescence (TADF) compounds
have proven to be attractive for highly efficient optoelectronic devices as they can exploit both
singlet and triplet excited states generated by charge recombinations that occur in such devices.
However, quenching of excited states limits such benefits at high current densities. We have
studied the quenching in the case of cationic copper(I) complexes coordinated by both N-

heterolytic carbene (NHC) and 2,2’-dipyridylamine (dpa) ligands. Defects are created in their



crystals by a strong laser irradiation. Then we have investigated, by analysing their fluorescence
decay as a function of temperature, the quenching mechanism and the exciton mobility. Using
a time-resolved version of the Perrin’s quenching model, we show that the quenching volume
depends on temperature according to the singlet/triplet equilibrium. At room temperature, the
singlet states are responsible for 75% of the quenching although they contribute for 2% to the
excited states population. From the analysis of the decay curves, we show that the excitons are

not mobile in the crystals and are quenched through Forster Resonant Energy Transfer (FRET).

GRAPHICAL ABSTRACT

» » »

KEYWORDS Luminescence decay, solid state luminescence, FRET, TADF, Perrin, exciton

mobility, Copper complex luminescence.

INTRODUCTION

The luminescence decay in solids is always complex. This has been attributed to sample
heterogeneity! and to distance-dependent quenching of the excited state by the defects or
impurities?. Local environment heterogeneity is often dominated by the presence of a few
defects close to the excited state. The decay without quenchers is significantly different from
that with one quencher. To the opposite, in solution, the Brownian motion averages out

distances and numbers of quenchers before the emission of the photon. In solution, all emitters



can be considered to have the same environment and the same lifetime. Thus, it is often assumed
that the lifetimes are associated with species. In solid, even if crystallized samples are quite
clean and neat, the population of the excited states is a mixture of excitons with zero, one, two,

. a few defects with different quenching rates. This multiplicity of lifetimes explains why
nowadays, decays in solid are often overlooked. In solid, the description of the fluorescence
requires the calculation of the numbers of defects and their corresponding distribution. The
calculation of the number of defects that are within the quenching volumes around the excited
states is known as the Perrin model.>#> In particular, the fraction of the excitons that have no
quenchers in their surroundings (Fig. 1a), have an exponential decay with the longest lifetime

and was expressed by F. Perrin as:?

Fpur = exp (—[Q1Vo(D)), (1)

where [Q] is the density of the quenching defects and V,(T) is the quenching volume. In this
contribution, we shall measure the number of defects within the quenching volume (Fig. 1b)
and determine the quenching process from the analysis of the shape of the fluorescence decay

curves. For that we create defects by burning the sample at high laser fluences.

> » >
> » >

Figure 1. Perrin’s quenching model. (a) An exciton with no defect in the quenching volume. The
non-quenched excitons have an exponential decay. (b) When a defect is created by light within

the quenching volume of an exciton, the exciton will be quenched. The lighter grey sphere



around the exciton represents the Forster volume for the singlet state and the darker grey

sphere for the triplet state.

Electroluminescence, used in OLED (Organic Light Emitting Diode) or LEC (Light-Emitting
Electrochemical Cell) technologies, is an emission of light resulting from the excited state,
generated by the recombination of an electron and a hole in the emitting layer, of the emissive
compound. However, spin statistics implies that 75% of the electrically generated pairs are
triplets, which have most of the time a low luminescence yield for the majority of organic
compounds. Compounds that exhibit a delayed fluorescence after thermal activation of the
triplets (TADF) can also convert efficiently triplet states into light.* Among the known TADF
emitters, copper(I) complexes are one of the most attractive.”® It is noteworthy that the highest
yields in OLEDs, although reaching ~100%, are achieved at low current densities only, whereas
above 100 mA/cm?, this yield is reduced and a roll-off of the luminescence is observed because
of the quenching of excited states by charges or by their mutual annihilations.!® The operation

of OLEDs at high luminescence thus requires the control of these losses.

In this paper, we study the quenching of [Cu(IPr)(dpa)][PFs] — J —®0
PFg
(IPr: 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene; dpa: 2,2’- L @N”i

DS
. . . . . . . / Cu-_ N
dipyridylamine), shown on Fig. 2, in its crystalline form!'' (see @‘< VN

experimental section and the paragraph a of the Supplementary \_/

Information (SIa)). Indeed, we have reported a family of Fig. 2 [Cu(Pr)(dpa)] [PF4].
[Cu(NHC)(NAN)]* complexes (NHC = N-Heterocyclic Carbene, and NAN = bridged bis-pyridyl
derivatives) that exhibit a TADF behavior and some of them have been successfully applied in
LEC devices.!>!314 Even if the [Cu(IPr)(dpa)][PFs] complex was not the best candidate in such
technology, due to relatively low photo-stability, its photophysics is representative of this

family (see paragraph b of the Supplementary Information (SIb) on equivalent results on a

second member of the family [Cu(IPr)( *Me¢dpa)][PF;]). We have made profit of this photo-



degradation to investigate the mobility of the excitons and the quenching mechanism in this
solid.
In TADF materials, the excited states equilibrate between the singlets and triplets according

to equation (2):1°

_ [51] _ disc _ AEst
R(T) = 1,] ~ 3 exp( KT )(2)

where [S;] and [7}] are the concentrations of singlets and triplets, AEsy is the energy difference
between singlet and triplet states per luminescence site, k is the Boltzmann constant, 7 is the

kisc
kisctkf+knr+krreT

temperature. @;s. = is the yield of the intersystem conversion to the triplet

state compared to the other desactivation rates of the singlet. ¢;5. is 1 when the intersystem
conversion is fast compared to the decay rate of singlet state.!®

This temperature dependence of the singlet/triplet equilibrium allows the observation of the
impact of the nature of the excited states on the quenching, in the same TADF sample, with the
same concentration and distribution of defects. From equation (1) a measure and an analysis of
the quenching volume as a function of temperature is possible. We show that the Forster energy
transfer is the path of the quenching of both triplet and singlet states but with a larger quenching
volume in the case of singlets (2.4 times larger for [Cu(IPr)(dpa)][PFs] crystals). The dynamics
of the quenching in [Cu(IPr)(dpa)][PF;] crystals show that excitons are trapped, which prevent
the triplet-triplet and singlet-singlet annihilations and limit the quenching by charge carriers.

MATERIAL AND METHODS

Crystals of [Cu(IPr)(dpa)][PFs] were obtained from a slow gas diffusion of hexane into a
chloroform solution of the copper complex. Crystals were then crunched to prepare crystals
with thickness smaller than the extinction length of the laser into individual particle.!” They
were then dispersed into a KBr powder at a dispersion of 5% by weight to form a homogeneous
sample that fits with the laser beam diameter. The mixture was inserted into an Oxford

Instrument cryostat and the temperature was controlled by a nitrogen gas flow between 77 K



and 310 K. The sample was excited with the third harmonic of a NdYAG laser Surelite from
Continuum. The energy was 2 mJ per pulse over an area of 0.25 cm?. The pulse duration was
5 ns and the repetition rate was 10 Hz. The luminescence was collected at 90° and analyzed
with a transient absorption setup, LP920 from Edinburgh Instrument at 500+2.5 nm. The setup
was previously described.!8
RESULTS AND DISCUSSION

Generation of defects

We think that the photo-transformation of luminescent molecules in solids (burning) is a
suitable way to probe the mobility and the quenching volume of the excitons. In the excited
state, molecules have an excess of energy that can lead to their destruction and thus the
formation of photoproducts that will quench the Iluminescence. Consequently, a
[Cu(IPr)(dpa)][PFs] sample was bleached by strong laser irradiations (80 pulses of 8 mJ/cm? of
the third harmonic of a NdY AG laser for each measurement) to create quenchers in the crystals.

This is ten times more than the power typically used to study such samples.'!
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Figure 3. Luminescence decay curves recorded during the bleaching of [Cu(IPr)(dpa)][PFs]
crystals at room temperature. From red to blue, the number of laser shots was 240 between
each curved displayed. The drop of the time zero intensities reflects the destruction of the
luminescent sites. The increase of the initial decay rates reflects the creation of quenchers as
photoproducts of the bleaching. The long-lived population corresponds to excitons far away
from any quencher. Their number decreases as the number of quenchers increases. The average
number of quenchers per luminescent site, given by Perrin’s model, is displayed on the inset as

a function of the loss of the initial intensity.

The bleaching of the sample is seen in Figure 3 from the drop of the fluorescence at time
0 us. The delayed fluorescence starts after this initial fluorescence. The creation of defects can

be observed from the increase of the initial decay rate coefficient dIn(/(¢))/dt of the



luminescence. The presence of the non-quenched excitons is seen in the persistence of the
excitons with a constant long lifetime of 19 £ 0.2 us. The decays have been analyzed according
to the model of quenching by a few quenchers.*#!° The Principal Component Analysis test of
the proportionality of the decay rate coefficient dIn(/(#))/dt with the quencher concentration and
the quality of the description based on the data obtained by Perrin’s model are shown in Fig.
S.3, Fig. S.4 and Fig. S.10 in the SI. The proportionality of the decay rate with the quencher
concentration is a very general property.’ More significant is the observation of a safe
population with a constant lifetime during the “burning process”. From the fraction of the safe
population, the number of quenchers in the quenching volume around the excitons is extracted
using equation (1). The number of quenchers ALn(l,ne) versus the loss of the initial intensity
was plotted on the inset of Figure 3. The proportionality shows a constant yield for the photo-
production of quenchers at the expense of the original molecules. The complex decay observed
before bleaching can be ascribed to the presence of some quenchers in the neat sample with the
same quenching rate as the photoproducts (see SI(g)). In some cases, a cautious recrystallization
leads to crystals without fast initial decay (see Fig. S8).

Below 240 K, the burning of the sample by the laser is not efficient (see SI(0)). Therefore,
the “burning process” cannot be operated at cryogenic temperatures. But still the effect of
temperature can be studied on partially burned samples.

The singlet—triplet equilibrium

Figure 4 shows the luminescence decays recorded as a function of temperature. 20 Laser shots
were used to record the decays in order to limit the bleaching.

The common lifetime of the excited states depends on temperature and is given by:?

1 1/1'1+R(T)/‘rs

=, 3

T 1+R(T)
where 77 is the triplet decay time, 75 is the singlet decay time, R(7) is the ratio of singlets to

triplets as a function of temperature in equation (2).
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Figure 4. The fluorescence decays of [Cu(IPr)(dpa)][ PFs] crystals as a function of temperature.
The decays were fitted as bi-exponentials. The long-lived decay is from the unquenched
population. The fluorescence lifetime decreases with temperature because of the thermal
activation of triplets into singlets. The fast decay at short time comes from the quenched
population. From the amplitude of the fluorescence drop due to this fast component, we can

measure the number of quenchers in the quenching volume around the excited states using

equation (1).

The decays at all temperatures are complex and multi-exponentially shaped. However, the
long-lived population gives a well-defined exponential contribution to the luminescence decay.
A biexponential fit allows us to extract safely the lifetime and the fraction of the long
component. The long-lived population is the fraction of the excitons that are safe from
quenching ( a b

Figure 1).



The decay rates of the long component at different temperatures are represented in Figure 5,
as well as the number of quenchers derived from the long component’s relative contributions

(equation (1)).

Temperature in °K
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Figure 5. The decay rates of the long component at different temperatures and the numbers of
quenchers derived from the long component’s relative contributions. The decay rate of the
unquenched population depends on temperature because of the Boltzmann equilibrium between
the singlet and triplet states. From that, the energy difference between the two states is
measured to be 10 kJ/mol. The average number of the quenchers in the quenching volume per
exciton rises between room temperature and 240 K. We hypothesize that the burning process
was still present at these temperatures. Below 240 K, there is no more burning; the average

quenching volume decreases with the singlet state population.

[Cu(IPr)(dpa)][PF]’s lifetime dependence with temperature in crystals was fitted by equation

(3), from which three values were extracted: the singlet lifetime, the triplet lifetime at low

10



temperature and AFEs;, the energy gap between the singlet and triplet states of
[Cu(IPr)(dpa)][PFs]. These values are :
7s=13 + 1 ns;
7=52.8+0.2 us;
AEs/k =1210 + 10 K; NyAEsr = 10.0 £ 0.1 kJ/mol.
piscwas set equal to 1. The singlet/triplet splitting agrees with the calculations according to
the time-dependent density functional theory.!? At 77 K, the probability for the luminescent site
to be a singlet exciton is only 10® whereas at room temperature [Cu(IPr)(dpa)][PFs] spends 2%
of its time as a singlet. The singlet will induce an increased quenching through a faster FRET.
The size of the quenching volume
Figure 5 shows the relationship between the quenching volume and the temperature. In this
experiment, only the number of quenchers n, in the quenching volume V,, (ny, = [Q]V,, where
[Q] is the density of quenchers) were measured and not directly V. The quencher concentration
is constant, thus the higher number of quenchers involved in the quenching reflects the increase
of the quenching volume. At low temperature, the excited TADF unit spends most of its time
as a triplet. At room temperature, the singlet state contributes as well. We shall assume a FRET
for both the triplet state and the singlet state.>?° Whatever the quenching mechanism, we want
to express the presence of a characteristic distance for that mechanism. To assume a FRET for
both the singlet and triplet state makes the equation easier to handle. Let’s define the quenching
volume V, of a TADF compound by the distance at which the transfer rate coefficient to the
quencher equals the decay rate coefficient of the non-quenched population.?! The quenching
rate is the sum of the rates by the two forms of the excited state weighted by their respective
probabilities. If Vyr and Vs are respectively the quenching volumes of the triplet and singlet,

Vo will verify equation (4):

11



v z % z
1/rT( er VQ) 1/15( es VQ) R(T) 1 1/TT+R(T)/TS

1+R(T) 1+R(T) Tt 14R()

: (4)

which leads to express V as:

V3 v2
‘”/TT+R(T) Q‘/rs

Vs =
Q 1/TT+R(T)/‘[S

(5)

The experimental values and the fit according to equation (5) are presented on Figure 5. The
factors AEsr/k, 75, 7r are in common in equation (4) and (5) and have been obtained by a global
fit of the two sets of data of Figure 5. The intersystem crossing yield ¢;;. was set to 1 for the
analysis of the non-quenched population (equation 3) and found to be 0.15 for the quenched
population (equation 5) (See SI(1)). This might be because the quenching competes with the
intersystem crossing and reduces the ¢;,. yield for the quenched population. From the fit by
equation (5), two extra values can be extracted, namely the number of quenchers in the triplet
quenching volume at low temperature (0.46) and the number of quenchers in the singlet
quenching volume (1.1). These two values can be read on Figure 5 from the values of the
plateau at low and room temperatures. Due to the difference in the weighting factors of equation
(3) and (5), a minority of singlet states (2%) at room temperature are responsible for most of
the quenching (75%). On Figure 5 an increase of the number of quenchers between room
temperature and 240 K is seen that is not described by our model. It could be due to the burning
of the sample during the measurement process. It cannot be due to a quenching of the triplets
through a Dexter electron exchange (See SI(m)).

The quenching dynamics

Equation (6) was proposed by Millar et al. for the fluorescence decay of a quenched

population and it has been tested for solutions:*

In (’I“)) = —kyt — [Q] (41rDrft + Gm2R3[kpt ) , (6)

o

12



Importantly, the RS\/E is due to the distance dependence of the FRET quenching in three
dimensions.?-* This term is obtained as an approximation for short times of the more complex
equation using the Perrin model and neglects the existence of a non-quenched population.?’ The
term linear with time, 4D7y, describes the diffusion of the excitons and quenchers. In solids,
the diffusion can be due to a hopping of the excitation from site to site. As a diffusion rate, it

must be positive.

Residuals
equation (6)

n
|

Residuals
equation (7)
o
|
x10®

-15 - o,

Diffusion rate 4rDr[Q] in s’
o
|
L]

®eee LT
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Figure 6. A global fit of the decays during the bleaching has been performed with Millar et al.’s
equation (6) and our equation (7). Record number 11 is shown as an example. The residuals
are displayed on the top plot for equation (6) and on lower plot for equation (7). The diffusion

term is plotted on the inset.
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Equation (6) including an offset term for the adjustment of the baseline can be used to fit the
data. A global fit of the family of decays produced during the bleaching experiment of Figure
3, where kp and the ratio GR3/ 4Drf\/7r_kF are the common parameters. The results are
presented in Table 1. The diffusion rate 47D1¢[Q] is free to change among successive curves.
The result is shown on Figure 6 for the eleventh measurement. Residuals are on the top plot
and all residuals can be found in SI(k). The fit is numerically satisfying, but with a negative
value of -14650 + 37 s! for the diffusion rate. This negative diffusion rate becomes more
pronounced as the concentration of quenchers is increased as shown on the inset of Figure 6.
Table 1 Results of the global fit, by Millar’s model and by Perrin’s model, of the decays

collected during the burning.

Millar eq. (6) | Perrin eq. (7)
3
~kpt — [Q] (4mDrst + Gm2RE\Tert ) —kpt —V,[Q] {1 _ exp (— /nth)}
krp st Fix 46760.4 krp s1 Common 25500 + 92
GR}/4Dr;/mky | Common | 171 103 kg s!' | Common | 13200 +400
4nDr;[Q] Free VolQ] Free

From the non-positive values of the diffusion coefficient, we assume the absence of diffusion
for the excitons and the quenchers in [Cu(IPr)(dpa)][PFs] crystals at low temperatures. Trapped
excitons will be less sensitive to singlet-singlet and triplet-triplet annihilations, which is
attractive for lightening applications. However, the strictly negative value of the diffusion
coefficient obtained from the fit is disturbing. uch specific time dependence of the quenching
rate may come from some specific quencher/exciton distribution curve in the case of
[Cu(IPr)(dpa)][PFs] crystals. But Equation (6) neglects the presence of an unquenched
population. From the presence of an unquenched population, both at room temperature and at
liquid nitrogen temperature, we know that we have only a few quenchers per exciton: less than

1.4 quenchers per exciton are seen in Figure 3.

14



Thus, different populations of luminescent sites with no, one, two, ..., a few quenchers can

be envisaged, leading to express the total decay as:

In (52) = ket - Vol[QI{1 - exp(—/mkqt)}, 7)

where V) [Q] is the number of quenchers in the Perrin volume. {1 — exp (f(¢))} term comes
from the distribution of the number of quenchers.*? exp(—\/WQt) is the decay of an ensemble
of luminescent sites with only one FRET quencher. The decay with equation (7) was fitted as
shown on Figure 6 and residuals are on the lower plot. The residuals are better than those of
equation (6) (see Sl(e) for the global residues), but more importantly now the presence of
quenchers increases the decay rate as expected. The success of the two models confirms that
the complexity of the luminescence decay of such TADF copper complexes is due to the
presence of a few defects per luminescent center. The contribution of the population without
quencher to the late fluorescence is clearly seen from the data. The presence of this population
is often overlooked in solid-state luminescence studies where the short time validity of
approximate equations is favored over the late time validity.>> Both models conclude to the
immobility of the luminescent centers in the solid which support that this [Cu(IPr)(dpa)][PFs]
complex family is of interest for lightning applications.

CONCLUSION

The decay of the fluorescence of solids is always complex, but important pieces of
information were extracted from the burning of TADF [Cu(IPr)(dpa)][PF] crystals. In addition
to the short component corresponding to the direct fluorescence and the long component
ascribed to the thermally activated delayed fluorescence, we have observed and studied an
intermediate component that we attribute to the presence of defects in the solids. Burning the
sample at high laser fluence amplifies that intermediate component. We successfully analyze
the decays observed as due to the presence of a few quenchers per exciton, using an extension

to the time-resolved luminescence of the statistical analysis done by Perrin. At room

15



temperature, the quenching rate coefficient is a square root of time. This is that of a FRET from
the fixed exciton to a fixed trap. From the analysis of the fraction of non-quenched excitons,
the number of quenchers within the FRET distance has been extracted. This fraction that
exponentially depends on the quencher concentration can only be measured using spectroscopic
technics with a dynamic range of a few orders of magnitude. The same analysis could be
performed using light pulses or electrical pulses in OLEDs for the determination of the local
number of defects.

With TADF compounds, by changing the temperature we can change the nature of the
excitons. We have assumed a FRET for the triplet state quenching. This enables us to define a
quenching volume and compare its values with our model. The analysis of the quenching extant
offers a second way to measure AEgr, the energy gap between the singlet and the triplet states.
In the case of [Cu(IPr)(dpa)][PFs] complex, since the critical temperature at which the
quenching shifts (160 K) is more accessible than the critical temperature at which the lifetime
shifts, a better measurement of the energy gap between singlet and triplet can be obtained.
Because of the difference between the two critical temperatures, it appears that, at room
temperature, even if the singlet states have a very short lifetime and contribute only to 2% the
excited states, they dominate the quenching and the quenching dynamics.

As a conclusion, this study shows that a few defects in an almost perfect sample complicate
the photo-physics of solids, but they can be used to gain a better knowledge of the excitons
behavior. Adding defects by a laser treatment is a useful way to interrogate the photophysics of
a solid sample.

Supporting Information
Content:

a) Materials
b) Burning [Cu(IPr)(*™edpa)][PFs]at high laser fluence

¢) The binomial distribution of the number of quenchers around emitters
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d) Principle Component Analysis

e) Building of the decay rates

f) The quencher free decay

g) Temperature dependence of a defect-less sample

h) The production yield of the quenchers

1) The shape of the quenching rates

J) The global fit of the luminescence decays

k) Equation for the temperature dependence of the quenching volume
1) The global fit

m) Temperature dependence of the bleaching
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