Downloaded viaVILNIUS UNIV on September 10, 2021 at 14:04:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY 0e®

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Triplet Exciton Diffusion and Quenching in Matrix-Free Solid Photon
Upconversion Films

Steponas Raisys, Ona Adomeénien¢, Povilas Adomeénas, Alexander Rudnick, Anna Kohler,
and Karolis Kazlauskas™

Cite This: J. Phys. Chem. C 2021, 125, 3764-3775 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Efficient triplet exciton hopping (diffusion) in amorphous solid films is
essential for triplet—triplet annihilation (TTA) and TTA-mediated photon upconversion
(UC) at low excitation power densities. However, enhanced triplet diffusion, particularly in
high-emitter-content UC films, also facilitates their trapping and quenching at nonradiative
decay sites, thus deteriorating UC efliciency. In this work, triplet exciton diffusion and
quenching are studied in matrix-free solid UC films based on two novel bisfluorene-
anthracene (BFA) emitters, i.e, one with methyl substitution (BFA-Me) and the other
with a phenyl substitution (BFA-Ph), and a standard platinum octaethylporphyrin . . . . . .
(PtOEP) sensitizer. By analyzing temperature-dependent TTA-UC dynamics and 100 150 200 250 300 350
accounting for various singlet exciton-related processes, we are able to discern triplet Temperature (K)

exciton quenching occurring explicitly in the emitter and show that it is one of the

dominating mechanisms impeding the UC performance of BFA/PtOEP films, particularly at elevated temperatures. Regardless of the
lower density of quenchers present in the BFA-Ph film, twice as large triplet diffusivity estimated in this film (D = (2.13 + 0.64) X
10~% cm*s™") at room temperature as compared to that in the BFA-Me film caused more rapid triplet quenching. This resulted in
the shifting of the optimal UC performance of BFA-Ph to lower temperatures (T = 160 K) with respect to that of BFA-Me (T = 220
K). To obtain a high UC quantum yield, which for these materials can be estimated to reach >5% at room temperature and above,
the excessive diffusion to the remaining quenching sites needs to be suppressed, e.g., by increasing the intermolecular distance
through side groups.

Reduced triplet diffusion

Norm. UC Intensity

B INTRODUCTION Scheme 1. TTA-UC Energy Scheme”

Triplet-mediated photon upconversion (UC) is a noncoherent Emitter Emitter

process that involves the conversion of two lower-energy S; S,

photons into a single photon of higher energy and has been . .
employed in a vast variety of important technological Sensitizer Sensitizer
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applications ran§ing from photocatalysis' to bioimaging” and
photovoltaics.” Consisting of several subsequent events,
sensitized UC is initiated in the sensitizer, where incident
photons are absorbed forming excited singlet states, which
then rapidly convert into triplets through an intersystem
crossing (ISC).”” The process is followed by the so-called
triplet sensitization, i.e., triplet energy transfer (TET) to the
emitter forming long-lived triplet states, where triplet exciton
concentration develops until triplet—triplet annihilation
(TTA) becomes probable. Eventually, TTA populates singlet So
excited states of the emitter, resulting in UC photon emission
(the detailed TTA-UC scheme is provided in Scheme 1). aI.SC: in.tersystem. .cro.ssing, TET: triplet energy transfer, TTA:
More energetic photons produced via the UC scheme were triplet—triplet annihilation, and UC: upconversion.
shown to be able, for example, to drive photocatalytic reactions
such as water splitting for hydrogen generation,®” trigger drug Received: December 10, 2020
delivery,'"” enhance photoconversion efficiency of solar Revised:  January 28, 2021
cells,""" etc."”~"* Undoubtedly, the big advantage of the UC Published: February 11, 2021
process, originating from the long-lived intermediate triplet
states involved, is the possibility to be driven by incoherent
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light and at low power densities on the order of ~mW-cm™

(~1 sun)."® Since the practical TTA-UC applications depend
crucially on the UC quantum yield (®yc), much effort is
currently being devoted toward optimization of ®y.

To obtain TTA-UC, two triplet excitons need to meet
during their lifetime. Therefore, the TTA-UC performance
relies heavily on the triplet energy transfer, which is a Dexter-
type process and requires sufficient wavefunction overlap of
the neighboring molecules.' In the liquid state, short-range
exchange interactions are accomplished through molecular
diffusion. Presently, the highest @y of up to 38% is achieved
in solutions/liquids."”~"* Note that one photon at most can be
produced per two absorbed ones durin% the TTA-UC process,
implying a maximum ®yc of 50%.'%* This definition was
used throughout our work. For the majority of practical UC
applications, however, solid systems are preferred. In rigid UC
films with molecule positions fixed, the encounter of two triplet
excitons can only occur via triplet exciton diffusion, e.g,
exciton hopping in disordered media. To avoid the formation
of poorly emissive excimers or aggregate species that may act
as nonradiative decay sites as well as to suppress exciton
transfer to other defect sites such as chemical defects and
oxygen- or water-related complexes,”" it is a common practice
to use a low concentration of sensitizers and dyes in an
electronically inert matrix.”>**> One finds that in many of the
rigid, yet amorphous solid systems, @y is about 1 order of
magpnitude lower than in liquid systems.”*~>" This is primarily
attributed to severely limited triplet diffusion in the rigid
films.”>** The most common approach to circumvent the issue
of insufficient triplet exciton diffusion is the so-called “soft”
matrix approach, which relies on using low glass transition
temperature (Tg) matrixes to accommodate sensitizer and
emitter pairs. The soft matrix is considered to allow for a high
degree of rotational and translational motion of excited
molecular species, thereby facilitating triplet diffusion and
TTA. Indeed, for soft “solid systems” such as elastomers,>>>*
gels,35’3'6 or nano/ microparticles,‘w_40 ® ¢ values of about 10
+ 5% are reported, which are greatly improved with respect to
the values obtained in rigid hosts. A nanofibrous crystalline
system was reported by Ogawa et al. to give @y = 4.5% (when
using 50% for the maximum value).*' While the glass transition
temperature T, is not reported for this system, its chemical
structure is akin to liquid crystals,”” so that an overall soft film
at room temperature can be expected.

The usage of soft, low T, (ie., T, near or below room
temperature) matrices is a problem for practical applications
such as solar cells. Such devices can be exposed to higher
operating temperatures where the device becomes liquid-like.
Materials with higher T, would be of advantage here. Previous
work using poly(methyl methacrylate) (PMMA) as a matrix
with a T, of around 100 °C is encouraging. Using heavily
doped PMMA films (15—40 wt % emitter content in the
PMMA host) for enhanced triplet diffusion, one of the highest
®yc values (2.7%) in rigid sensitized UC polymers was
achieved.””*” A promising approach to further facilitate triplet
diffusion seems to be to omit the matrix and focus on neat,
matrix-free films.>"*>** This approach, however, is anticipated
to face additional challenges related to diffusion-enhanced
triplet trapping and quenching at nonradiative decay
sites.””*>* Note that mostly the triplet quenching in sensitizer
aggregates is considered as these are encountered at
concentrations of 2—6 wt % typically used in solid UC
films.*>*”*® The quenching in the sensitizer can be relatively
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simply probed via phosphorescence signal, whereas probing
triplet quenching in the emitter is more difficult since TTA
emitters (anthracenes, tetracenes, and other acenes) usually
exhibit almost undetectable phosphorescence because of the
efficient TTA and/or nonradiative triplet decay in the neat
films. Hence, the impact of diffusion-facilitated triplet
quenching, particularly in the emitter species, is frequently
overlooked, although it can drastically reduce @y, primarily in
high-emitter-content UC films. The issue of triplet quenching,
however, was touched upon in the previous reports by Karpicz
et al.*® and Goudarzi et al,**® where temperature-dependent
photon upconversion in matrix-free solid 9,10-diphenylanthra-
cene (DPA)/platinum octaethylporphyrin (PtOEP) systems
was studied. We note that these systems exhibited poor UC
performance, as they suffered from immense DPA as well as
PtOEP aggregation and the associated exciton quenching,
resulting in 10—100 times stronger PtOEP phosphorescence as
compared to UC intensity. Moreover, we stress that in the
previous reports, the triplet-related processes in the temper-
ature dynamics of TTA-UC were not decoupled from those
associated with singlets and thus have not been explicitly
studied so far.

To this end, in the current contribution, we address triplet
exciton quenching in the emitter species by utilizing the
delayed UC signal as a probe of the triplet population. The
quenching is investigated in matrix-free (bicomponent)
amorphous UC systems based on carefully designed
bisfluorene-anthracene (BFA) emitters coupled with a stand-
ard platinum octaethylporphyrin (PtOEP) sensitizer. The
exceptionally low sensitizer concentrations employed (0.03
wt %) are intended to prevent, first, detrimental sensitizer
aggregation and associated triplet quenching and, second,
parasitic energy back transfer from the emitter to the sensitizer.
The BFA emitters were developed with an intention to
outperform the state-of-the-art 9,10-diphenylanthracene
(DPA) emitter in terms of (i) ease of processability into UC
films, (ii) reduced aggregation eliminating the need to use a
matrix, and (iii) increased overall UC performance. The new
BFA emitters feature a non-symmetrically substituted
anthracene core and twisted peripheral dihexyl-fluorenyl
moieties, which ensure rigid glassy UC films as well as low
concentration quenching of emission. By monitoring temper-
ature-dependent TTA-UC dynamics and accounting for
various temperature-induced processes such as triplet transfer
from PtOEP to BFA as well as the processes associated with
singlets, namely, changes in PtOEP absorption and FL
quenching in BFA, the triplet diffusion-facilitated processes,
ie, TTA and nonradiative triplet quenching in the BFA
emitters were discerned. The revealed differences in the triplet
quenching of BFA emitters causing maximal UC intensity of
BFA/PtOEP films to occur at different temperatures were
explained by the essential role of triplet exciton diffusion,
which was evaluated in these films using the time-resolved
emission bulk-quenching technique.*’

B EXPERIMENTAL METHODS

Materials and Synthesis. Chemicals including PtOEP,
PMMA, and phenyl-C¢;-butyric acid methyl ester (PCBM)
were purchased from Sigma-Aldrich and were used as received.
Synthesis and identification of the bisfluorene-anthracene
compounds BFA-Me and BFA-Ph (Figure la) are provided
in the Supporting Information (Schemes S1—S3, Figures S1

https://dx.doi.org/10.1021/acs.jpcc.0c11048
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BFA-Me BFA-Ph

Figure 1. Chemical structures of bisfluorene-anthracene compounds
BFA-Me and BFA-Ph.

and S2). The two compounds differ by the methyl or phenyl
side group that is attached to the anthracene core.

Preparation of the Upconverting Films. Upconverting
BFA/PtOEP films were prepared in a nitrogen-filled glovebox
with O, and H,O concentrations below 0.1 ppm. Chloroform
solutions of each BFA compound (20 mg:mL™") and PtOEP
(6 ugmL™") were drop-casted (in an amount of S0 uL) on
precleaned microscope glass slides at 70 °C and left to dry for
1S min to result in BFA films doped with PtOEP at a
concentration of 0.03 wt %. Later, the BFA/PtOEP samples
were annealed at 140 °C for 3 min and then rapidly cooled to
below T, with extra cover glass slides placed on top to form
smooth 8 + 1 ym thick films.

For evaluation of triplet exciton diffusion, varying amounts
of PCBM quencher were additionally introduced into the
chloroform solutions to give a final concentration of 0—0.7 wt
% of PCBM in the BFA/PtOEP films. The prepared films were
encapsulated inside a glovebox using epoxy resin prior to
conducting different types of photophysical measurements at
ambient conditions.

An additional set of samples, i.e., neat BFA films and PtOEP-
doped PMMA films (cpopp = 0.03 wt %) were prepared and
encapsulated inside the glovebox in a similar manner.

Photophysical Measurements. Absorption spectra of the
films were recorded using a UV—vis—NIR spectrophotometer
Lambda 950 (PerkinElmer). Fluorescence of the samples was
excited at 370 nm using a 150 W xenon arc lamp (LOT-Oriel)
coupled to a single monochromator 9030 (Sciencetech),
whereas UC emission was induced by exciting at 532 nm using
a 200 mW continuous-wave semiconductor laser diode (APT
lighting). Emission was measured employing a back-thinned
CCD spectrometer PMA-11 (Hamamatsu). The fluorescence
and UC emission quantum yield were estimated by utilizing a
6" integrating sphere (Sphere Optics) coupled to the same
CCD spectrometer via an optical fiber.

Delayed UC fluorescence and phosphorescence were
recorded utilizing a time-gated intensified CCD camera New
iStar DH334T (Andor) coupled to a spectrograph Oriel
MS257 (Newport). In these experiments, a frequency-doubled
pulsed Nd3+:YAG laser (Innolas) (wavelength: 532 nm, pulse
duration: 7 ns, and repetition rate: 20 Hz) served as an
excitation source. The temperature-dependent emission
measurements were performed with the samples mounted in
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a continuous flow helium cryostat OptistatCF (Oxford
Instruments) under a helium atmosphere, while the temper-
ature was controlled with an intelligent temperature controller
ITC-502 (Oxford). Differential scanning calorimetry (DSC)
measurements were carried out using a DSC 1 thermal
analyzer (Mettler Toledo) at a heating rate of 10 °C-min™"
under nitrogen flow. The film thickness was determined by
measuring the surface profile of the scratched area with a
Dimension Icon atomic force microscope (AFM, Bruker).
Glass transition temperatures of BFA neat and 0.03 wt %
PtOEP-doped BFA films were estimated using AFM-based
thermal analysis at the nanoscale level (Dimension Icon,
Bruker).

B RESULTS AND DISCUSSION

Photophysical Properties. The structures of rationally
designed bisfluorene-anthracene (BFA) compounds used as
emitters in solid UC films are displayed in Figure 1. Synthesis
and identification of the BFA compounds are provided in the
Supporting Information (Schemes S1—S3, Figures S1 and S2).
Both compounds are based on the anthracene core symmetri-
cally substituted with dihexyl-fluorenyl groups at the 9- and 10-
positions and non-symmetrically substituted with methyl
(BFA-Me) or phenyl (BFA-Ph) group at the 2-position. The
choice to use the anthracene core was based on its inherent
capability to express the efficient TTA required for the
emitters/annihilators employed in UC.*>***' Highly twisted
peripheral fluorenyl groups (dihedral angles with the core are
close to 90°) as well as long alkyl moieties ensured good
solubility in common organic solvents and prevented close
m—m stacking, thus rendering amorphous morphology of the
BFA films. Glassy state formation with T, values of about S5
and 65 °C for compounds BFA-Me and BFA-Ph, respectively,
was determined from DSC measurements (Figure S3 in the
Supporting Information). Similar T, values were obtained by
performing nanoscale thermal analysis of BFA films at different
spots using a dedicated AFM probe (Figure S4 in the
Supporting Information). PtOEP-doped BFA films identical to
those used for UC measurements exhibited slightly larger T,
values of up to 74 + 4 °C (Figure SS in the Supporting
Information), signifying that at room temperature, the studied
UC films are rigid and TTA can only occur via exciton hopping
(diffusion). Additionally, the twisted geometry of the BFA
along with the branchy alkyl chains benefited from low
concentration quenching of emission, resulting in high
fluorescence quantum yield (up to 71%) of the neat BFA
films. The high fluorescence yield of the emitters is a
prerequisite for high ®yc. A comparison of the solid-state
emission spectra, fluorescence quantum yields (®p; ), and
lifetimes with those in dilute solutions for the BFA compounds
is presented in Figure S7 in the Supporting Information.

Fluorescence spectra of the neat BFA films are shown in
Figure 2, where they are overlapped with the absorption
spectrum of the PtOEP sensitizer. BFA-Me has an emission
band peaked at a similar wavelength as that of the widely used
9,10-diphenylanthracene emitter (~440 nm),’® whereas the
emission of BFA-Ph featuring a phenyl-substituted anthracene
core is redshifted by ~20 nm (~0.12 eV) as a result of slightly
enhanced conjugation. It is also evident that the emission of
BFA falls between the higher-energy Soret band and the lower-
energy Q band of PtOEP, indicating relatively low
reabsorption, i.e., low energy back transfer to the sensitizer.

https://dx.doi.org/10.1021/acs.jpcc.0c11048
J. Phys. Chem. C 2021, 125, 3764—3775
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Figure 2. Normalized absorption and emission spectra of PtOEP in
PMMA (cpopp = 0.03 wt %), BFA-Me, and BFA-Ph neat films.
Emission excitation wavelength: 370 nm.

PtOEP concentration in the studied UC films based on the
BFA/PtOEP system was fixed at 0.03 wt %, which was found
to be close to optimal (Figure S8 in the Supporting
Information). ®p; values of these UC films (BFA-Me/
PtOEP and BFA-Ph/PtOEP) were determined to be 42 and
36%, respectively. An almost 2-fold lower @y value of the
BFA/PtOEP films as compared to that of the neat BFA films is
attributed to the energy transfer from BFA to PtOEP despite
the very low sensitizer concentration utilized. This occurs due
to some residual overlap of emitter fluorescence and sensitizer
absorption (Figure 2) and has been previously demonstrated
to be a serious issue in high-emitter-content UC systems.*

Triplet States of BFA Emitters. Triplet state energies of
BFA emitters employed in the UC scheme were identified by
measuring the low-temperature phosphorescence of PtOEP-
sensitized BFA films excited at 532 nm (Figure 3a). Figure 3a
also displays TTA-UC emission measured at S K. Typically, a
phosphorescence spectrum resembles a fluorescence spectrum;
however, in the case of thick BFA films, the intensity of the
zeroth vibronic peak of UC emission was diminished due to
the reabsorption effect. The use of the PtOEP sensitizer here
was essential since the population of triplet states via
intersystem crossing from excited singlet states in highly
fluorescent BFA compounds was unlikely. In fact, no
phosphorescence from the neat BFA films was detected
under excitation at 337 nm at 5 K

The sensitization enabled to create sufficient triplet
population in BFA-Me and BFA-Ph compounds for detecting
long-persisting phosphorescence at a 30 ms delay after the
excitation pulse (Figure 3a). Triplet state energies of BEA-Me
and BFA-Ph emitters, i.e, 1.71 eV (725 nm) and 1.69 eV (733
nm), respectively, were determined from the zeroth vibronic
peaks of the phosporescence spectra and confirmed to lie well
below that of the PtOEP sensitizer 1.92 eV (645 nm) (for
PtOEP phosphorescence, see Figure 4). Such triplet energy
order for the PtOEP-BFA pair ensured the sensitized TTA-UC
scheme to be fully operational and capable of producing bright
blue UC emission (Figure 3a,b).

Temperature Dynamics of TTA-UC. Temperature
dependence of UC emission spectra in BFA/PtOEP films
excited at the Q band of the sensitizer (532 nm) with a pulsed
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Figure 3. (a) UC emission (measured at a delay of 2 us) and
phosphorescence (measured at a delay of 30 ms) spectra of BFA/
PtOEP films at S K. Excitation wavelength: 532 nm. (b) Picture of
unfiltered green-to-blue upconversion in the BFA-Ph/PtOEP film
obtained at room temperature under CW excitation at 532 nm.

Nd**:YAG laser is illustrated in Figure 4. The measured spectra
were dominated by the UC emission peaking at ~460—480 nm
as well as much weaker residual phosphorescence from the
monodispersed PtOEP sensitizer at ~645 nm. We emphasize
that in sharp contrast to matrix-free solid DPA/PtOEP systems
reported previously,"**** UC intensity here is 10—100 times
stronger than PtOEP phosphorescence, demonstrating the
successful implementation of the structural modification of the
emitter and optimization of PtOEP concentration (0.03 wt %)
to attain amorphous BFA/PtOEP binary films with dramati-
cally reduced exciton quenching, enhanced triplet transfer, and
thus improved TTA-UC performance (as it will be shown
below). Additional emission at ~780 nm observed in BFA-
Me/PtOEP films was attributed to PtOEP aggregates (Figure
4a).>>>* Surprisingly, the aggregation occurred at a very low
sensitizer-to-emitter molar ratio of 1:3000, indicating limited
miscibility of PtOEP in the BFA-Me host. We note that the
spectral band due to PtOEP aggregates could not be discerned
in the absorption spectra of BFA/PtOEP films (see Figure S9
in the Supporting Information and explanation therein),
indicating that the number of aggregates is in turn very small
as compared to that of the single PtOEP molecules. The only
reason why PtOEP aggregates can be observed in the emission
spectrum of the BFA-Me/PtOEP film is that the aggregate
states are the lowest energy states. The triplet energy collection
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Figure 4. Emission spectra of (a) BFA-Me/PtOEP and (b) BFA-Ph/
PtOEP films as a function of temperature, measured at a 10 ys delay
after the excitation using 49 ms exposure. For clarity, the spectral
region in the vicinity of the excitation wavelength (532 nm) was
removed for BFA-Me/PtOEP films due to the residual signal of the
incident light. Excitation energy density per pulse : 600 yJ-cm ™2

to these states is driven by energy cascading down this
pathway: [single PtOEP molecules (1.92 eV)] — [BFA-Me
(1.71 eV)] — [PtOEP aggregates (1.59 eV)]. The emission
due to aggregates, likely also accompanied by quenching in
PtOEP dimers*>*° contributed to the UC losses in BFA-Me/
PtOEP films, as these were not utilized in the TTA-UC
process. Conversely, the negligible PtOEP aggregate emission
in the spectra of BFA-Ph/PtOEP films indicated that
substitution of the methyl group by a phenyl group in the
BFA emitter can resolve this issue, resulting in the
homogeneous dispersion of the sensitizer, and consequently,
virtually no associated UC losses (Figure 4b).

As a result, UC quantum yield values determined using the
integrating sphere method”* were found to be much higher for
BFA-Ph/PtOEP films (®yc = 3%) as compared to those for
BFA-Me/PtOEP films (®yc = 0.65%). We remind that the
definition implies a maximum ®yc value of 50%. Py
evaluation of the films was carried out at an excitation power
density of 2 W-cm™. Excitation at this level ensured a linear
response of UC intensity versus power density for both films
(Figure S), thereby warranting domination of the TTA process
over other possible decay pathways.*>*® The onset (Iy,) of the
linear regime was found to be at substantially higher densities
(I, = 1.5 W-cm™2) for BFA-Me/PtOEP films as compared to
that for BFA-Ph/PtOEP films (I, = 0.06 W-cm ™). The much
higher I, in BFA-Me/PtOEP could be explained by the shorter
triplet lifetime in BFA-Me (see Figure 7 and discussion below),
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Excitation power density (mW/cm?)

Figure 5. UC and PtOEP phosphorescence intensity as a function of
the excitation power density of (a) BFA-Me/PtOEP and (b) BFA-
Ph/PtOEP films. Excitation wavelength: 532 nm. The arrow indicates
the threshold density, where the UC intensity switches from quadratic
to linear regime.

a possibly smaller TTA rate, and additional energy losses due
to PtOEP aggregation.

As expected, increasing temperature from the lowest up to
the highest measured caused a decrease of PtOEP phosphor-
escence (Figure 4) in accordance with temperature-induced
triplet state deactivation®” and enhanced TET from PtOEP to
BFA (Figure S10a in the Supporting Information). Phosphor-
escence intensity decayed monotonously with increasing
temperature for both BFA/PtOEP films, as depicted in Figure
S11 in the Supporting Information. Conversely, the temper-
ature dependence of UC intensity varied in a non-monotonous
manner, ie, it increased up to its maximum value at
temperatures (T,.) of 220 K and 160 K for BFA-Me/
PtOEP and BFA-Ph/PtOEP films, respectively, and then
steadily decreased above these temperatures. This intricate
behavior of UC emission as a function of temperature is
explicitly illustrated in Figure 6a. Since TTA-UC combines
numerous processes of singlet and triplet origin, such UC
dynamics could result from their complex interplay.

To discern the impact of triplet diffusion-facilitated
processes on the UC temperature dynamics of BFA/PtOEP
films, UC intensity variations with temperature were corrected
for the influence of processes associated with singlets, namely,
the changes in sensitizer absorption (Figure 6b) as well as
changes in the FL intensity of the emitters BFA-Me and BFA-
Ph (Figure 6¢c). We note that no intensity changes of
absorption were observed for BFA-Me and BFA-Ph neat
films in the temperature range studied. The corrected UC
curves (Figure 6d) expressed a similar intensity increase with
temperature up to T, yet roughly 2 times flattened slope
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Figure 6. Normalized (a) UC intensity, (c) FL intensity of BFA/
PtOEP films, and (b) PtOEP absorption as a function of temperature.
(d) UC intensity of BEA/PtOEP films corrected for the temperature
variations of PtOEP absorption and FL intensity of BFA represented
in (b) and (c), respectively. The excitation wavelengths for UC and
FL were 532 and 355 nm, respectively. Arrows mark temperatures at
the maximal UC yields (Ty,,,). Solid lines are guides to the eye.
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above T, indicating a substantial portion of the singlet-
related processes contributing to the temperature-dependent
UC changes.

The initial UC intensity increase with temperature up to
Tnax could originate from the enhanced triplet transfer (TET)
from PtOEP to BFA and/or improved triplet diffusion in BFA.
Generally, the triplet diffusion, and thus TTA, is facilitated by
thermally activated incoherent hopping of triplet excitons in
disordered films. To determine whether the TET influences
UC intensity behavior, we compared PtOEP phosphorescence
intensity variations with temperature in the wide-band-gap
host PMMA and low-gap hosts BFA-Me and BFA-Ph (Figure
S$10 in the Supporting Information). Since the triplet energy of
PMMA (3.1 eV)*® is well above that of PtOEP, TET from
PtOEP is impossible and PtOEP phosphorescence decreases
only due to temperature-induced triplet state deactivation to
the ground state. Conversely, in the BFA films, TET from
PtOEP to BFA is highly probable (the inset of Figure S10a),
thereby giving rise to accelerated phosphorescence quenching
of the sensitizer in these hosts. In fact, the phosphorescence
was quenched by more than 3 orders of magnitude in both
BFA hosts in the whole temperature range measured (100—
350 K), implying TET efficiency in excess of (99.96 + 0.02)%
at all temperatures. The high TET efficiency at room
temperature was also confirmed by phosphorescence lifetime
quenching experiments of PtOEP in BFA films (Figure S12).
Lifetimes were shortened from 109 ps (unquenched in
PMMA) to 53—6S ns (quenched in BFA), indicating TET
efficiencies in excess of (99.94 + 0.05)% as evaluated from

The complete TET achieved already at

Tin BFA

Orpr =1 -

Tin PMMA
low temperatures allowed to disregard its influence on the
initial UC intensity rise with temperature and confirmed
diffusion-assisted TTA to be responsible for this behavior
(Figure 6d).

On the other hand, the continuous drop of UC intensity
above T, which is quite remarkable, particularly for BFA-
Ph/PtOEP (Figure 6d), is attributed to thermally activated
triplet exciton diffusion followed by diffusion-facilitated exciton
quenching at defect sites.*”*”°" This implies that the optimal
TTA-UC performance in the studied UC systems is achieved
at temperatures much lower than the room temperature.

The dynamics of triplets and its impact on UC temperature
behavior displayed in Figure 6d can be explained as follows. At
relatively low temperatures, quenching sites are hardly
accessible by the triplets due to their low diffusion lengths.
However, the diffusion can still be sufficient (at an
appropriately high triplet concentration) for promoting triplet
encounter and thereby TTA-UC. The occurrence of T,
signifies a change of the regime from that governed by TTA
to the one dominated by temperature-activated triplet
quenching. Since both regimes result from incoherent hopping
of excitons and are thermally activated, the T, value depends
on both the triplet diffusion and triplet quenching rate. Hence,
as it was demonstrated for poly(p-phenylene) derivatives in ref
59, the higher triplet quenching rates (or higher defect
concentration) will cause T, to appear at lower temperatures
provided the triplet diffusion of both films is similar. On the
other hand, faster triplet diffusion will also imply lower T,,,, (as
the triplets will be able to reach defect sites faster) given the
triplet quenching rates are the same. Thus, the lower T, in
the BFA-Ph film as compared to the BFA-Me film could result
from more profound triplet quenching or enhanced triplet
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exciton diffusion or both. To identify the dominant
mechanism, UC emission transients serving as a probe of the
triplet exciton lifetime were measured at different temper-
atures.

The transients obtained over the large temporal and
intensity ranges for both BFA/PtOEP films are depicted in a
log—log scale in Figure 7. We note that the excitation energy
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Figure 7. UC emission transients of (a) BFA-Me/PtOEP and (b)
BFA-Ph/PtOEP films at different temperatures. The dotted line
indicates the transition to the regime dominated by the spontaneous

triplet decay. Excitation energy density per pulse: 600 yJ-cm™

density (600 uJ-cm™> per pulse) employed for measuring the
UC transients implies that just after the excitation, the triplet
concentration is higher than that attained at I, (for both BFA
films), and thus at early times, the bimolecular recombination
dominates over spontaneous emission. The detailed estimation
of the triplet concentration is provided in the Supporting
Information. The intensity of the UC emission depends on the
product of the bimolecular rate constant for TTA—ypp,, with
the square of the triplet concentration—[T], ie., I(t) «
yrra(t)-[T(£)]2.°" Hence, initially, when the triplet concen-
tration is quasistationary, the UC intensity reflects the time
dependence of ypr,, while at later times, it reduces due to the
spontaneous decay of the triplet states. From Figure 7, it is
evident that this transition occurs at about 0.1 ms for BEA-Me,
yet at 1 ms for BFA-Ph. Consequently, at the early stage, we
observe a nearly constant intensity at high temperatures that
gradually approaches a decay with a power law (slope of —1 on
a log—log scale) as the temperature is reduced. Such decay
dynamics were previously observed in numerous disordered
films, like polyfluorenes, poly(para-phenylene vinylenes),
etc,”’ ™ and attributed to the dispersive triplet exciton
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hopping over the randomly distributed density of states toward
the energy minimum. The dynamics observed here in the
initial time range matches perfectly with the predictions for
yrra(t) obtained from Monte-Carlo simulations for a
disordered density of states as a function of temperature.**
As already mentioned, the decay at later times reflects the
lifetime of the triplet states. Evidently, the lifetimes of BEA-Me
are about 1 order of magnitude shorter than those of BFA-Ph.
The extinction coefficients of both materials differ only a little
(Figure S13 in the Supporting Information), hence the
radiative rate of emission is also comparable and the reduced
lifetime is a signature of a stronger nonradiative decay in BFA-
Me.

A shorter lifetime in BFA-Me can result from either a faster
intrinsic triplet decay or stronger triplet diffusivity and hence
faster trapping and quenching at defect sites or from an
increased concentration of triplet quenching sites. The intrinsic
triplet decay in different BFA emitters was addressed by
performing UC transient measurements of BFA-Me/PtOEP
and BFA-Ph/PtOEP in a chloroform solution (see Figure S14
in the Supporting Information). The experiment allowed us to
suppress the exciton diffusion-assisted quenching mechanism,
while essentially leaving the intrinsic one. The estimated rather
similar UC emission lifetimes (175 and 224 us) of BFA
emitters in solution could not account for the much larger
difference in the lifetimes obtained for BFA films (Figure 7),
thereby suggesting defect-related quenching to prevail. For a
deeper insight into diffusion-assisted quenching, triplet exciton
diffusion was quantitatively assessed in BFA-Me and BFA-Ph
emitters.

Triplet Exciton Diffusion and Quenching. Triplet
diffusivity in BFA/PtOEP films was determined using the
time-resolved photoluminescence bulk-quenching technique.*’
In this technique, PCBM molecules are randomly dispersed in
the BFA/PtOEP films at an increasing concentration to serve
as triplet exciton quenchers.”°® By analyzing triplet lifetime
quenching using a Stern—Volmer approach, we estimated the
diffusion-controlled quenching efficiency and consequently
evaluated the triplet diffusivity (D) and diffusion length (Lp).
Owing to the nonemissive nature of the triplet excitons, their
lifetime was probed by assessing the delayed UC signal from
the singlet manifold generated via TTA.”' Since the UC
intensity scales as a square of the triplet concentration in an
emitter, the triplet quenching efficiency (Q) can be expressed
as

01— [ \JUCocpy dt
[JUC,dt

(1)

where UCpcgy is UC transient (normalized at t = 0) with
PCBM quenchers present, whereas UC,, is an unquenched UC
transient (normalized at ¢ = 0). In fact, PCBM is known to
quench both singlet and triplet excitons. However, since the
singlets decay in the nanosecond time domain, while triplets
(and subsequently UC signal emerging via TTA) in the
millisecond time scale, PCBM-induced quenching will affect
these decays in completely different time domains. Thus, the
accelerated millisecond time-domain UC decay with increasing
PCBM concentration, which is used for the estimation of
triplet exciton diffusion, can occur only due to the triplet
quenching. Singlet quenching in the millisecond time domain
can manifest only through the lowered overall UC signal
intensity, yet in no way can impact triplet lifetime and triplet
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Figure 8. Relative quenching efficiency versus molar quencher concentration of BFA/PtOEP films at 5 and 295 K. Dashed gray line indicates zero
quenching.

Table 1. Main Stern—Volmer Fitting Parameters at 295 K

Kgy (cm®mol™) fi r (nm) D (ecm*s™') Tavg (HS) Lp (nm)
BFA-Me (4.1 £ 022) x 10° 0.94 + 0.06 1.1 + 0.04 (1.18 £ 0.13) x 107° 434 + 422 17.5 + 1.3
BFA-Ph (2.4 + 0.67) x 10° 0.94 + 0.06 1.1 + 0.04 (2.13 + 0.64) X 107 1374 + 153 419 + 68
diffusion. Therefore, for the calculation of quenching efficiency quencher (=1), N, is Avogadro’s number, and D is the
according to eq 1, the integrals of UC transients normalized at diffusion constant. The experimental data were best described
t = 0 were used. UC transients of BFA/PtOEP films as a with f, = 0.94; meanwhile, the slight deviation of the standard
function of PCBM concentration at room temperature are Stern—Volmer fits with f, = 1 from the experimental data at the
shown in Figure S15; meanwhile, these and phosphorescence highest PCBM concentrations (see Figure S17 in the
transients at 5 K are displayed in Figure S16 in the Supporting Supporting Information) suggested slight aggregation of
Information. The calculated triplet quenching efficiency (from PCBM.”® The D derived from the fitting of experimental
the UC transients using eq 1) versus quencher concentration data displayed in Figure 8 using eqs 2 and 3 was utilized in the
at 5 and 295 K is illustrated in Figure 8. The accelerated evaluation of Lp,
millisecond time-domain UC decay with increasing PCBM
concentration observed at room temperature for both BFA/ L, =+6Dr (4)
PtOEP films evidences thermally assisted triplet quenching.
Conversely, at 5 K, PCBM content-independent UC and where 6 is the dimensionality constant for three-dimensional
phosphorescence decay rates in the BEA/PtOEP films indicate (3D) diffusion.
suppression of triplet diffusion and diffusion-assisted quench- The main parameters obtained from Stern—Volmer
ing. This zero quenching eﬂiciency at low temperatures is quenching analysis including the average triplet lifetime
represented by the data points lying on the dashed gray line in (Tavg)) triplet diffusion constant, and diffusion length are listed
Figure 8. To model Q behavior with respect to the quencher in Table 1. The comparison of these parameters indicates an
concentration (Q_) at an elevated temperature, we exploited almost twice as large triplet diffusivity in BFA-Ph as compared
the “hindered access model” in combination with modified to that in BFA-Me, which accompanied by 3 times larger triplet
Stern—Volmer quenching analysis.* The model took into decay time yields 2.5-fold longer triplet Ly, in the amorphous
account the aggregation of the quencher at hlgh concen- BFA-Ph ﬁlm The larger triplet dlﬁ:uSIVIty at room temperature
trations, and in such a way enabled to quantitatively explain in the amorphous BFA-Ph films can be explained by a larger
experimental results. transfer integral due to the phenyl group at the 2-position of
the anthracene core.
Q=fl- /(1 + KeyQ ] @) It is interesting to note that the obtained diffusion
_ coefficients for the triplets in the matrix-free BFA films (D ~
Ksy = 4mrPtN,D (3) 1070 cm?s™!) are lporder of magnitude lower than those
Here, f, represents a fraction of emitter molecules accessible obtained for DPA-doped PMMA films (at an emitter DPA
to the quencher, Ky is the Stern—Volmer constant, r is the content of ~30 wt % in the PMMA host).”" We attribute lower
reactive radius (or the average distance between emitter D in the BFA films to the bulky peripheral dihexyl moieties of
molecules), P is the exciton quenching probability by the the BFA compounds, which act as certain intermolecular
3771 https://dx.doi.org/10.1021/acs.jpcc.0c11048
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spacers ensuring amorphous morphology of the films;
however, at a cost of a reduced triplet diffusion. The estimated
triplet L, in BFA films (18—42 nm) is consistent with the
values typically obtained for neat amorphous films.*®~%

In the context of Figure 7, we noted that the shorter lifetime
of BFA-Me is either due to a higher triplet diffusivity or
increased concentration of quenching sites. The obtained
lower diffusivity in BFA-Me derived from Stern—Volmer
analysis evidences a higher concentration of triplet quenching
sites in BFA-Me as compared to BFA-Ph. The observation of
emission related to PtOEP aggregates acting as additional
(intrinsic) triplet quenchers in BFA-Me/PtOEP films (Figure
4a) supports this evidence. Considering that at room
temperature, the quenching outcompetes TTA (see Figure
6d), the triplet Ly, can be assumed to be limited by the average
distance between the quenching sites. Taking into account that
the room temperature L, in BFA-Me and BFA-Ph differs by
~2.4 times (Table 1), the difference in quenching site densities
should amount to (2.4)> ~ 14 times.

Regardless of the 14 times lower density of quenching sites
in BFA-Ph, the considerably enhanced diftusivity enables
triplets to reach distant defect sites to cause UC quenching
already at lower temperatures as compared to that of BFA-Me.
The obtained results on high-emitter-content UC films are well
in line with our previous work’’ and the work by Ogawa et
al,®” which highlight the sensitivity of such films to impurities
or defect sites, as they readily quench triplets and thereby
severely deteriorates UC performance. Interestingly, suppres-
sion of defect-related quenching by confining triplets in UC
dyes-containing liquid nanodroplets embedded within rigid
polymers was recently demonstrated, which permitted to
achieve @ comparable to that obtained in the best solution-
based systems.”’

Based on the data in Figure 6d, we can easily estimate that at
room temperature, the quenchers reduce UC efficiency by a
factor of ~1.7 for the BFA-Ph/PtOEP film as compared to the
maximal efficiency of this film achieved at T, temperature.
Thus, ultimately, in the absence of any triplet quenchers, i.e., in
the hypothetical case of perfectly purified BFA-Ph material, we
could expect at least a 1.7-fold enhancement of UC efliciency
at room temperature, which would translate to room
temperature @y values of 5.1% for the amorphous BFA-Ph/
PtOEP film. Even though small-molecular-weight compounds
can be purified to a higher degree with more ease than
polymeric compounds, there will always be a remaining base
level of trap sites. For example, Blom and co-workers identified
a universal trap for electrons (and thus also excitons) at a trap
concentration of 3 X 10" ecm™.*""" As it is not possible to
remove all trap sites, a conceivable approach to shift the point
of optimal UC efficiency, T, close to room temperature may
also address tailoring the diffusivity. A reduced triplet
diffusivity will suppress the access of the triplets to the
quenching sites while still delivering sufficient TTA for UC.%
This could, for example, be obtained by increasing the
intermolecular distance through bulky non-conjugated side
chains in the emitters. We note that for the studied BFA/
PtOEP system, where triplet diffusion is rather moderate, the
steric groups need to be chosen deliberately, i.e., not too bulky
to avoid complete suppression of TTA at working temper-
atures, yet not very small as they will not prevent triplet
quenching. Although the necessity to employ sterically
demanding side groups to reduce exciton quenching was
suggested previously,”” an example of the solid BFA-Ph/
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PtOEP system points out that the triplet quenchers can be not
only of intrinsic (caused by the aggregated emitter or sensitizer
species) but also of extrinsic character (e.g., impurities).

B CONCLUSIONS

In this work, by analyzing TTA-UC temperature dynamics, we
were able to distinguish diffusion-facilitated triplet exciton
quenching in the emitter species from other quenching
processes in solid UC films and to show that it competes
with TTA by reducing the triplet population. Although
frequently overlooked, triplet quenching is demonstrated to
be particularly relevant to high-emitter content UC films
designed to promote triplet diffusivity. Herein, the issue was
tackled in bicomponent matrix-free UC systems based on neat
bisfluorene-anthracene (BFA) emitter films doped with a tiny
amount of the PtOEP sensitizer (0.03 wt %) intended to
prevent its aggregation as well as a singlet energy transfer from
emitter back to the sensitizer. While the BFA/PtOEP films
indeed expressed good triplet diffusivity in the range of 10~
cm*s ™! at room temperature, the UC efficiency was found to
be limited by the diffusion to the quenching sites. Although the
density of nonradiative quenching sites in BFA-Ph was found
to be lower (as evidenced by the prolonged UC lifetime) as
compared to that of BFA-Me, the considerably enhanced
diffusivity in BFA-Ph enabled triplets to reach distant defect
sites to cause UC quenching already at lower temperatures. As
a result, the maximum UC intensity was achieved well below
room temperature, ie., at 160 K for BFA-Ph and 220 K for
BFA-Me. Our results suggest that high UC efficiencies at room
temperature or above can be achieved not only by the obvious
insight that defect levels need to be kept to a minimum by
careful purification but, more importantly, by tailoring the
triplet diffusivity such as to shift the maximum in the
temperature-dependent UC efficiency to higher temperatures.
The required reduction of triplet diffusivity may, for example,
be obtained by increasing the intermolecular distance through
suitable sterically demanding side groups.
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