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riven annihilation effects and
dispersive excited state dynamics in solid-state
films of a model sensitizer for photon energy up-
conversion applications†

Hossein Goudarzi,a Loukas Koutsokeras,b Ahmed H. Balawi,c Chen Sun,d

Giorgos K. Manolis,‡e Nicola Gasparini, cf Yuan Peisen,b Giannis Antoniou, b

Stavros Athanasopoulos, g Charalampos C. Tselios, h Polycarpos Falaras, e

Constantinos Varotsis,h Frédéric Laquai, c Juan Cabanillas-González d

and Panagiotis E. Keivanidis *b

Bimolecular processes involving exciton spin-state interactions gain attention for their deployment as

wavelength-shifting tools. Particularly triplet–triplet annihilation induced photon energy up-conversion (TTA-

UC) holds promise to enhance the performance of solar cell and photodetection technologies. Despite the

progress noted, a correlation between the solid-state microstructure of photoactuating TTA-UC organic

composites and their photophysical properties is missing. This lack of knowledge impedes the effective

integration of functional TTA-UC interlayers as ancillary components in operating devices. We here investigate

a solution-processed model green-to-blue TTA-UC binary composite. Solid-state films of a 9,10 diphenyl

anthracene (DPA) blue-emitting activator blended with a (2,3,7,8,12,13,17,18-octaethyl-porphyrinato) PtII

(PtOEP) green-absorbing sensitizer are prepared with a range of compositions and examined by a set of

complementary characterization techniques. Grazing incidence X-ray diffractometry (GIXRD) measurements

identify three PtOEP composition regions wherein the DPA:PtOEP composite microstructure varies due to

changes in the packing motifs of the DPA and PtOEP phases. In Region 1 (#2 wt%) DPA is semicrystalline and

PtOEP is amorphous, in Region 2 (between 2 and 10 wt%) both DPA and PtOEP phases are amorphous, and

in Region 3 ($10 wt%) DPA remains amorphous and PtOEP is semicrystalline. GIXRD further reveals the

metastable DPA-b polymorph species as the dominant DPA phase in Region 1. Composition dependent UV-

vis and FT-IR measurements identify physical PtOEP dimers, irrespective of the structural order in the PtOEP

phase. Time-gated photoluminescence (PL) spectroscopy and scanning electron microscopy imaging confirm

the presence of PtOEP aggregates, even after dispersing DPA:PtOEP in amorphous poly(styrene). When

arrested in Regions 1 and 2, DPA:PtOEP exhibits delayed PtOEP fluorescence at 580 nm that follows

a power-law decay on the ns time scale. The origin of PtOEP delayed fluorescence is unraveled by

temperature- and fluence-dependent PL experiments. Triplet PtOEP excitations undergo dispersive diffusion

and enable TTA reactions that activate the first singlet-excited (S1) PtOEP state. The effect is reproduced when

PtOEP is mixed with a poly(fluorene-2-octyl) (PFO) derivative. Transient absorption measurements on

PFO:PtOEP films find that selective PtOEP photoexcitation activates the S1 of PFO within ∼100 fs through an

up-converted 3(d, d*) PtII-centered state.
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Introduction

Next generation photon management strategies that can boost the
performance of optoelectronic and photonic devices continue to
surge in tandem with recent progress in the understanding of
organic semiconductor spin-physics.1–4 Smart wavelength-shiing
techniques could be potentially applied through triplet–triplet
annihilation induced photon energy up conversion (TTA-UC),
a photophysical process that facilitates a low-to-high photon
energy conversion under low photoexcitation intensities. From
early on (ref. 5) it became evident that TTA-UC shows potential to
support the development of articial photosynthetic platforms.6–13

Owing to their easily executable and inexpensive processing
protocols, solution processable TTA-UC solid-state mixtures
prepared by using small molecular and macromolecular p-conju-
gated systems are ideal candidate systems to be used as TTA-UC
interlayers for device applications.14–16 The solution processable
character of TTA-UC organic materials offers an attractive oppor-
tunity to complement the portfolio of other existing photon energy
up-converting systems17–21 and to avoid disruptions in the design of
currently employed device architectures. Although the realization
of TTA-UC layers as functional device components is lagging,
encouraging results were recently presented on a green-to-blue
model TTA-UC composite prepared by blending the green-
absorbing (2,3,7,8,12,13,17,18-octaethyl-porphyrinato) PtII

(PtOEP) square-planar sensitizer with the blue-light emitting 9,10
diphenyl anthracene (DPA) emitter, a polycyclic aromatic hydro-
carbon derivative. In particular, a striking TTA-UC PL quantum
yield (PLQYUC) of 8% (out of maximum 50%) was reported for
optimized large-area DPA:PtOEP lms22 that can be further
improved with the aid of ceramic-based nanocomposite
frameworks.23

Following the demonstration of TTA-UC in the solid state,24–26 it
was realized that several key challenges rst needed to be over-
come before employing TTA-UC in technologically important bio-
inspired light-harvesting devices. The immobilization of sensitizer
and emitter species in the spatially conned environment of
a solid composite system enhances the occurrence of parasitic re-
absorption of the emitter TTA-UC luminescence by the sensitizer
component.27–30 In addition, the physical blending of sensitizer
and emitter species via solution processing exhibits solid
lms27,31–34 with amicrostructure that is drastically different to that
found in the pigment–protein complexes of naturally occurring
photosynthetic organisms. In cyanobacteria, algae and plants,
exciton migration takes place uninterruptedly within multi-
chromophoric aggregate ensembles embedded in the complex
thylakoid membrane environment.35–37 In contrast, several detri-
mental exciton dissipative processes are operative in TTA-UC
solids that may funnel photoexcitations towards undesired
excited state pathways. The structurally disordered microstructure
of TTA-UC composites results in the diffusive trapping of the
absorbed photon energy in aggregate33,38 and excimer-like sites,39

thereby impacting negatively on the TTA-UC process. Disorder40

further affects the excited state manifolds of the emitter and
sensitizer components41 and increases the overall complexity in
the accurate description of their excited state dynamics.42
2010 | Chem. Sci., 2023, 14, 2009–2023
Owing to their disordered congurational and packing
motifs, synthetic organic semiconductors exhibit a broad
density of states (DOS) distribution wherein the optically
induced excitations migrate through a hopping process towards
progressively lower energy sites.43–45 According to the Gaussian
disorder model,46 when energetic disorder is comparable to
thermal energy, photoexcitations in the DOS relax towards
quasi-equilibrium in a dispersive manner. For emissive excita-
tions this relaxation manifests in a power-law function that
describes the photoluminescence (PL) kinetics of the photoex-
cited system.38,47,48 Energetic disorder leads to the complex
temperature dependent PL properties of the emissive species.
The balance between thermally activated exciton diffusion in
the DOS and radiative or non-radiative exciton deactivation49–51

results in a deviation from the conventional Arrhenius-like
trend. Abnormal temperature dependent TTA-UC PL intensity
patterns have been observed both for the benchmark TTA-UC
DPA:PtOEP system39,52,53 and the class of unconventional TTA-
UC composites where PtOEP is mixed with blue-light emitting
poly(para-phenylene) polymers, e.g. poly(uorene) (PF) deriva-
tives.54 Unlike DPA:PtOEP, TTA-UC in PF:PtOEP blends origi-
nates from TTA reactions in the PtOEP phase followed by energy
transfer to the PF matrix.55 Despite the different operational
TTA-UC mechanisms in the two solid-state systems, their
common temperature-dependent PL properties pinpoint that
energetic disorder in the PtOEP phase inuences similarly their
TTA-UC PL response.

TTA-UC composites promise a simple and low-cost solution
casting protocol that enables direct deposition of interlayers on
device electrodes. In this aspect, progress is noted with the devel-
opment of smart material processing strategies that allow for the
successful translation of the TTA-UC process in rubbery mate-
rials56,57 and alike so matter environments58–70 as well as in the
crystalline state.71,72 Meaningful guidelines are available for
achieving orientational order,73 suppressing the parasitic re-
absorption losses,28–30 and eliminating the TTA-UC energy
quenching sites.74 However, several issues remain elusive and
require elaboration.

Firstly, not all proposed material design strategies are
compatible with the fabrication protocols of devices able to
generate photocurrent.75 Power generating and light detecting
organic optoelectronic circuits are mainly developed by sand-
wiching an organic semiconductor photoactive layer within
a vertically stacked electrode conguration.12,76 To engineer such
a device geometry via TTA-UC, the integration of electrically
conductive TTA-UC interlayers within the electronic device struc-
ture is required. Another challenge to be addressed relates to the
different packing motifs that material components can adopt,77,99

i.e. three different polymorphs exist for the DPA emitter.78 Since
high DPA contents are recommended for elevating the PLQYUC of
DPA-based TTA-UC solid-state platforms,42,79 deciphering the
nature of the emitter polymorph species in the microstructure of
the TTA-UC lms is of high priority. Finally, a puzzling issue is the
actual role of sensitizer aggregates in the optimum composition
that allows formaximumTTA-UC efficiency. Early studies focusing
on pristine DPA:PtOEP composites have identied a 2 wt% PtOEP
content as most appropriate for optimum TTA-UC performance.31
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) The chemical structures of DPA, PtOEP and PFO used in
this study.
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Yet, recent reports on the same system propose the use of a much
lower PtOEP content.22 It remains unclear whether the use of
a nominal wt% content alone can exclude the possibility of
sensitizer aggregate formation, especially when the TTA-UC lms
are thermally processed.53 The detection of PtOEP delayed uo-
rescence in as-spun lms of the DPA:PtOEP composite system
shows that TTA bimolecular reactions are operative in the PtOEP
phase of the blend.52 More recently, bimolecular annihilation
reactions within triplet PtOEP physical dimers were shown to drive
photocurrent generation in high open-circuit organic photode-
tector devices with PtOEP-only photoactive layers.76 The correlation
of TTA reactivity in triplet-excited sensitizers with the microstruc-
ture of TTA-UC composite systems warrants further exploration.
Moreover, the role of the sensitizer aggregates requires special
attention and a reliablemetric to probe PtOEP aggregate formation
in the solid state is sought.

In this work we focus on the as-spun state of composite
DPA:PtOEP lms. By combining spectroscopic and structural
characterization in a systematic study, we set out to identify how
the lmmicrostructure of the composite inuences the occurrence
of TTA reactions in the PtOEP phase. This is a timely contribution
given the strong interest on the use of metallorganic complexes in
TTA-UC composites and organic light emitting diode
devices.80–84,100

A set of material characterization experiments is applied on
a range of composition dependent DPA:PtOEP composite lms
developed by solution processing. Grazing incidence X-ray
diffractometry (GIXRD) measurements identify the dominant DPA
polymorph in the DPA:PtOEP lms. Scanning electronmicroscopy
(SEM) imaging and UV-vis absorption spectroscopy reveal that the
use of a nominal PtOEP wt% content is not a reliable metric to
exclude PtOEP aggregate formation in the blends. Instead, FT-IR
spectroscopy is proposed as a suitable probing technique to
monitor the evolution of PtOEP aggregation in these systems.
Time-gated PL spectroscopy is employed to monitor the PtOEP
delayed uorescence of the DPA:PtOEP system on the ns time
scale. PtOEP delayed uorescence is studied at temperatures
between 100 and 290 K and it is found to be the product of
bimolecular annihilation reactions between triplet PtOEP excita-
tions in the aggregated PtOEP phase of the blend. The occurrence
of annihilation-induced PtOEP delayed uorescence is further
veried in lms where DPA is replaced by a poly(uorene-2-octyl)
(PFO) derivative.54 The common power-law decay patterns
observed in the PtOEP delayed uorescence kinetics of the
DPA:PtOEP and PFO:PtOEP lms conrm the key role of the
dispersive triplet PtOEP exciton relaxation within an energetically
disordered triplet PtOEP manifold. Based on the transient
absorption (TA) spectroscopic characterization of a doctor-bladed
PFO:PtOEP lm, the annihilation of triplet-excited PtOEP states
is found to generate TTA-UC luminescence via an ultrafast PFO
activation channel involving a PtII-centered 3(d, d*) state of the
square-planar metallorganic PtOEP complex.

Results

The chemical structures of the materials used in this study are
presented in Scheme 1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
UV-vis absorption spectroscopy

The tendency of PtOEP to form aggregates in solution-processed
blend lms was addressed by recording composition dependent
UV-vis spectra of three different types of PtOEP-based systems.
The local environment of PtOEP in these composites was varied
by mixing PtOEP with (i) the photophysically inert matrix of
atactic poly(styrene) (PS) and (ii) the DPA emitter. The PtOEP
content in both PS:PtOEP and DPA:PtOEP lms was increased
progressively between 0.3 and 30 wt%. Ternary PS:DPA:PtOEP
lms were also produced by dispersing the binary DPA:PtOEP
compositions in PS. For preparing all PS:DPA:PtOEP systems,
the PS content was kept three times higher than the content of
DPA and the wt% content of PtOEP was calculated with respect
to DPA. All PS:PtOEP, DPA:PtOEP, and PS:DPA:PtOEP composite
lms were studied in their as-spun state. For reference purposes
the UV-vis absorption spectrum of a dilute (1 mM) PtOEP solu-
tion in toluene was also recorded. Fig. 1 presents the overview of
the acquired UV-vis spectra by focusing on the spectral range of
490–570 nm where the Q-band of PtOEP is located.85

Fig. 1 nds no signicant differences in the absorption
spectra of the PS:PtOEP (black lines) and PS:DPA:PtOEP (green
lines) lms as the PtOEP content increases. In stark contrast,
gradual changes are observed in the spectra of the DPA:PtOEP
lms (red lines) at higher PtOEP loadings. The PtOEP Q-band at
536 nm red-shis while a low energy absorption feature appears
at 550 nm. Both observations are in good agreement with time-
dependent density functional theory (TD-DFT) calculations on
the formation of physical PtOEP dimer species by monomers
positioned at close proximity in a slip-stacked arrangement.76 The
electronic interaction of adjacent PtOEPmonomers results in the
splitting of the excited state PtOEP levels together with a red-shi
in the energy of the low energy electronic transitions.73,86

Solely based on the acquired UV-vis absorption spectra, one
would suggest that in the DPA:PtOEP composite, aggregate
species form only when the PtOEP content exceeds 0.3 wt%
whereas both PS:PtOEP and PS:DPA:PtOEP systems are
aggregate-free, owing to the benecial effect of the PS binder.
Aggregates however are clearly resolved in the SEM images (ESI
Fig. S.1†) of all three types of systems. In the PS:PtOEP lms,
SEM imaging resolves aggregates when the PtOEP content
surpasses 6 wt%. For the DPA:PtOEP lms, aggregated features
are observable already for PtOEP contents as low as 0.3 wt%.
Regarding PS:DPA:PtOEP, the formation of aggregated features
evolves progressively as the content of PtOEP increases from 0.3
to 30 wt%.
Chem. Sci., 2023, 14, 2009–2023 | 2011
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Fig. 1 Room-temperature composition dependent UV-vis absorption
spectra of PS:PtOEP (black-solid line), DPA:PtOEP (red-solid line) and
PS:DPA:PtOEP (green-solid line) films. For reference purposes the
absorption spectrum of a dilute PtOEP solution in toluene is also
presented (dashed black line).

Fig. 2 (a) GIXRD patterns of DPA-only (blue line) and PS:PtOEP 30wt%
(red line) films, (b) SEM image of the DPA-only film, and (c) GIXRD
patterns of PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP films with
a 2 wt% PtOEP content. All films were characterized in their as-spun
state after spin-coating from toluene solutions.
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Grazing incidence X-ray diffractometry

The degree of order in the studied PS:PtOEP, DPA:PtOEP and
PS:DPA:PtOEP lms was assessed by GIXRDmeasurements. For
reference purposes, the X-ray diffraction (XRD) patterns of DPA
powder and of a thermally evaporated DPA layer were also
recorded (ESI Section, Fig. S.2†).

Concerning DPA, according to Salzillo et al.78 three discrete
polymorphs exist, and their formation is dictated by the different
arrangements in the orientation and position of the pendant
phenyl groups with respect to the main molecular p conjugated
DPA core. All three DPA polymorphs crystallize in the monoclinic
system; polymorph DPA-a belongs to the C2/c (C6

2h) space group
whereas polymorphs DPA-b and DPA-g belong to the P21/
a(C2

2h) and P21/n (C2
2h) space groups, respectively. In terms of

stability, DPA-a is thermodynamically stable whereas DPA-b and
DPA-g are metastable with marginal differences in their energies.
DPA polymorphs-b and -g can be obtained by rapid growth and
their formation is facilitated by kinetically controlled processes
such as sublimation. Polymorph DPA-a exhibits diffraction peaks
at 2q angles higher than 12°, whereas DPA polymorphs-b and -g
2012 | Chem. Sci., 2023, 14, 2009–2023
are easily identied by their expected XRD diffraction peaks at
lower 2q angles.78 As for the PtOEP phase, PtOEP is known to
crystallize in the triclinic system with space group P1.87

No diffraction signal is detected below 12° in the XRD dif-
fractogram of DPA powder. In contrast, the thermally evapo-
rated DPA lm exhibits a diffraction signal at 8.45°, conrming
the presence of metastable DPA polymorph species (see Fig. S.2
in the ESI Section).† Spin-coating DPA from solution facilitates
the formation of DPA crystallites without the need to further
process the obtained lms, e.g., by thermal annealing. As dis-
played in Fig. 2a, the GIXRD pattern of the pristine spin-coated
DPA-only lm exhibits a reection at∼8.7°, resembling the XRD
pattern of the evaporated DPA lm. The SEM image presented
in Fig. 2b resolves well-ordered brillar features on the surface
of the DPA lm made by spin-coating. Turning attention to
PtOEP, a reection at 8.8° is found in the GIXRD pattern of spin-
coated PS:PtOEP 30 wt% from toluene solution (Fig. 2a), very
similar to the XRD pattern of the PtOEP powder.76 The different
positions of the GIXRD reections of DPA and PtOEP in the
solid state allow for the discrimination of the crystalline DPA
and PtOEP fractions that are present in DPA:PtOEP lms.

Fig. 2c presents the overview of the GIXRD results collected for
the PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP as-spun composites
with a PtOEP content of 2 wt%. No reections are found in the
GIXRD patterns of the PS:PtOEP and PS:DPA:PtOEP systems. The
absence of well-ordered DPA domains in the PS:DPA:PtOEP blend
conrms the benecial effect of using amorphous PS as amatrix to
prevent the creation of DPA excimer sites.39 Instead, the charac-
teristic diffraction peak of theDPA crystallite at∼8.7° in the GIXRD
diffractogram of the DPA:PtOEP composite veries the formation
of the kinetically entrapped DPA polymorph species.

In particular, polymorph-b of DPA is present in the DPA:P-
tOEP binary as proposed by the characteristic Raman signal at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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around 1300 cm−1 of complementary Raman spectra (ESI, Fig.
S.3).† 78 Owing to the molecular rearrangement required for the
interconversion of DPA polymorphs, we assume that under
ambient conditions the DPA crystallites of the as-spun DPA:P-
tOEP remain entrapped in their metastable-b form.

For the three types of lms, additional composition-
dependent GIXRD measurements were performed (ESI, Fig.
S.4)† for monitoring how the packing motifs of DPA and PtOEP
are affected by varying the PtOEP content between 0.3 and
30 wt%. It was found that for all three types of lms, the PtOEP
phase is amorphous when the PtOEP contents is kept lower
than 10 wt%. However, the structural order of the DPA phase in
the lms depends on the type of composite. In binary DPA:P-
tOEP, the characteristic DPA diffraction signal of polymorph-
b at ∼8.7° disappears when PtOEP loadings exceed 2 wt%. The
absence of the thermodynamically stable DPA polymorph-a is
conrmed by the GIXRD diffractogram of the DPA:PtOEP
30 wt% system that gave no evidence of diffraction peaks
associated with DPA-a at 2q angles higher than 12° (ESI, Fig.
S.5).† In ternary PS:DPA:PtOEP, no GIXRD evidence was found
for the presence of DPA crystalline domains across the whole
monitored composition range.
Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectroscopy was employed for
gaining deeper insight into the PtOEP aggregation in the studied
lms. Due to the sensitivity of the FT-IR technique to subtle
Fig. 3 (a) The FT-IR spectrum of PtOEP powder. (b) Composition depen
solutions. (c) Representation of a slip-stacked physical PtOEP dimer whe
Sphere color-code for atoms is C: grey, N: blue, Pt: light grey, and H: w

© 2023 The Author(s). Published by the Royal Society of Chemistry
variations of molecular vibrations, its use provides indirect infor-
mation about the presence of aggregate species.

For the PtOEP system, p-stacked dimers and higher order
aggregates are expected to affect the intensity of the ethyl CH2

scissors vibrational mode of PtOEP at 1458 cm−1.88,89 The FT-IR
spectrum of the PtOEP powder is shown in Fig. 3a. In addition,
Fig. 3b presents the composition dependent FT-IR spectra of the
DPA:PtOEP binary system as processed from toluene. The
acquired FT-IR spectra reveal that by increasing the PtOEP
loading, the intensity of the PtOEP vibrational mode at 1458 cm−1

reduces relative to the rocking mode rr of the PtOEP ethyl group
(C2H5) at 960 cm

−1.87,88,90 At high PtOEP loadings, e.g. when PtOEP
is 30 wt%, the amplitude ratio of the 1458 cm−1/960 cm−1 modes
becomes comparable to that of PtOEP in powder (100%).

Time-gated photoluminescence spectroscopy

The PL properties of the PtOEP-based lms with a 2 wt% PtOEP
content were studied in the time-integrated and time-gated
modes aer pulsed laser photoexcitation at 532 nm. Time-gated
PL acquisition was performed on the ns and the ms time-scale.
For each of the PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP lms,
the acquired PL spectra are displayed in Fig. 4a–c respectively. As
shown in these gures no differences are found between the time-
integrated PL and the ms time-gated PL properties of the three
lms. Common to all PL spectra displayed in Fig. 4 is the feature of
the PtOEP phosphorescence emission band centred at 644 nm.
The additional PL bands detected at 780 nm and at 420 nm in the
spectra of the DPA-based lms (DPA:PtOEP in Fig. 4b and
dent FT-IR spectra of binary DPA:PtOEP films as developed by toluene
rein the red arrows indicate the ethyl CH2 scissors vibrational modes.
hite.
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Fig. 4 Room temperature normalized PL spectra of spin-coated (a)
PS:PtOEP, (b) DPA:PtOEP and (c) PS:DPA:PtOEP films cast from
toluene solutions as registered in time-integrated (black-solid lines)
and time-gated acquisition modes: prompt ns, 10 ns gate window
(blue-dashed lines) and prompt ms, 10 ms gate window (red-solid lines).
Photoexcitation intensity dependent PL spectral integrals of the time-
integrated luminescence signal, as obtained at room temperature for
toluene spin-coated films of (d) PS:PtOEP (open symbols), (e)
DPA:PtOEP (filled symbols) and (f) PS:DPA:PtOEP (semi-filled symbols).
The PL spectral area under the 644 nm (triangles) and 780 nm (circles)
emission peaks is monitored, and for each dependence the obtained
slope m is reported (see the text).
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PS:DPA:PtOEP in Fig. 4c), are attributed to the PtOEP triplet dimer
PL emission and the up-converted DPA PL emission, respectively.39

Regarding the ternary PS:DPA:PtOEP lm, the spectral signatures
of both features are more pronounced in the DPA:PtOEP binary
system.

A different spectral overview is revealed on the ns time
scale. At shorter delays aer photoexcitation, PtOEP delayed
uorescence is detectable in all three PtOEP-based systems,
centred in the 560–605 nm spectral region.52 Strikingly, even in the
PS:PtOEP lm, the relative PL intensity of the 580 nm feature is
comparable to the PtOEP phosphorescence emission intensity at
644 nm.

Fluence dependent measurements were further performed in
time-integrated PL detection mode for the emissive PtOEP
species of monomer phosphorescence at 644 nm, and dimer
luminescence at 780 nm. Fig. 4d–f present the overview of the
results when the spectrally integrated intensity of the two PL
signals in each of the PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP
lms is plotted logarithmically as a function of laser pulse energy.

In the PS:PtOEP lm (Fig. 4d), the response of both emissive
species on uence exhibits a slight deviation from linearity
indicating that the triplet PtOEP excited states are prone to
bimolecular annihilation effects. In the binary DPA:PtOEP lm
(Fig. 4e), the uence dependent PL response is slightly different.
The dependence of the 644 nm PL signal on photoexcitation is
very close to unity, suggesting that Dexter energy transfer from
triplet-excited PtOEP to DPA lowers triplet PtOEP exciton
concentration and minimizes bimolecular effects. However,
a nearly square-root dependence on photoexcitation intensity is
found for the PL signal of the PtOEP triplet dimer at 780 nm,
suggesting that exciton annihilation effects on triplet PtOEP
dimer sites are severe. By dispersing the DPA:PtOEP 2 wt%
composite in PS (Fig. 4f), the annihilation of PtOEP triplet
photoexcitations is less intensive and the linear response of the
780 nm PL signal on photoexcitation intensity is restored.
Overall, in PS:DPA:PtOEP both PtOEP monomer phosphores-
cence and dimer luminescence exhibit a uence dependence
comparable to that in the PS:PtOEP lm.
Fig. 5 Time-gated PL transients on the ms timescale at 180 K of (a)
PtOEP monomer phosphorescence at 644 nm (squares), and (b)
PtOEP triplet dimer phosphorescence at 780 nm (circles) for toluene
spin-coated films of PS:PtOEP (open symbols), DPA:PtOEP (filled
symbols) and PS:DPA:PtOEP (semi-filled symbols). In all cases the PL
transients were acquired with a 10 ms gate window and a 10 ms gate
step. Solid lines are exponential fits on the data.
Time-gated photoluminescence kinetics

For the three types of PtOEP-based lms we further recorded
time-gated PL transients in a broad range of temperatures
between 100 and 290 K aer pulsed laser photoexcitation at
532 nm. For these measurements the excitation pulse energy
was kept at 40 mJ. Fig. 5 presents the ms timescale transients of
the triplet PtOEP monomer (Fig. 5a) and PtOEP dimer (Fig. 5b)
phosphorescence of the PS:PtOEP, DPA:PtOEP and PS:DPA:P-
tOEP lms at 180 K. The room temperature phosphorescence
transients of these systems are presented in the ESI (Fig. S.6).†
The effect of temperature on the processes responsible for the
quenching of PtOEP phosphorescence in these lm systems is
discussed in the next session.

Fig. 5a suggests that no drastic differences are found in the
kinetics the PtOEP monomer phosphorescence at 644 nm; the
average PtOEP phosphorescence lifetime is found to be
hsPS:PtOEPi Ph.= 100 ms, hsDPA:PtOEPi Ph.= 93 ms and hsPS:DPA:PtOEPi
2014 | Chem. Sci., 2023, 14, 2009–2023
Ph. = 75 ms (ESI Section, Table S.1).† Instead, under identical
photoexcitation conditions and with respect to the PS:PtOEP
and PS:DPA:PtOEP lms, the PL transient of the PtOEP triplet
dimer emission in DPA:PtOEP exhibits a signicantly shorter
lifetime. Based on the applied multiexponential ts, the average
PtOEP triplet dimer phosphorescence lifetime at 180 K is found
to be hsPS:PtOEPi Ph. = 97 ms, hsDPA:PtOEPi Ph. = 45 ms and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Time-gated PL transients of PtOEP monomer phosphores-
cence at 644 nm (red symbols) and PtOEP delayed fluorescence at
580 nm (green symbols) on the ns timescale at 180 K for (a) PS:PtOEP,
(b) DPA:PtOEP and (c) PS:DPA:PtOEP films spin-coated from toluene.
In all cases the PL transients were acquired with a 10 ns gate window
and a 10 ns gate step. Solid lines are fits on the data (see the text).
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hsPS:DPA:PtOEPi Ph. = 96 ms (ESI Section, Table S.2).† The two-fold
acceleration of the dimer phosphorescence kinetics in DPA:P-
tOEP is in good agreement with the observed square-root PL
uence dependence of this system. In combination with the
information derived from Fig. 4e, the PL kinetic data conrm
the involvement of triplet PtOEP dimer sites in bimolecular TTA
reactions.

Additional time-gated PL transients were recorded on the ns
time scale. For each of the three systems Fig. 6 presents the PL
transients of PtOEP delayed uorescence (580 nm) in compar-
ison with the corresponding kinetics of PtOEP monomer
phosphorescence (644 nm) at 180 K.

The ns phosphorescence kinetics of the PtOEP monomer are
in accordance with the integrated rate law of the PtOEP triplet
excited state when bothmonomolecular and bimolecular events
are considered.52,54 As expected for a spin-forbidden radiative
transition, at early times aer photoexcitation, the PtOEP
phosphorescence intensity remains virtually constant. Never-
theless, the PtOEP phosphorescence kinetics of the DPA:PtOEP
and PS:DPA:PtOEP systems are found accelerated in respect to
PS:PtOEP, due to the presence of the DPA component that
facilitates Dexter energy transfer from triplet excited PtOEP to
the triplet state of DPA. Focusing on the PtOEP delayed uo-
rescence, the intensity of the signal decays much faster in all
three lms. Moreover, the 580 nm PL decay of the PS:PtOEP lm
(Fig. 6a) is best described by a power-law function, thereby
indicating the occurrence of a hopping process between
progressively lower energy sites towards quasi-equilibrium.
Typically, power-law PL kinetics reect the dispersive relaxa-
tion of excitations within the DOS of an emissive ensemble of
chromophores.45,47,91 According to the Gaussian disorder model,
a change in the power-law exponent a takes place at a charac-
teristic transition time tc, by becoming a=−2. Considering that
tc0, s, and s stand for the upper limit of the hopping time in the
absence of energetic disorder, the standard deviation of the
DOS, and the absolute temperature, respectively, tc is given by
eqn (1),46,48 where k corresponds to the Boltzmann constant.

tc ¼ tc0 exp

�
2

3

s

kT

�2

(1)
© 2023 The Author(s). Published by the Royal Society of Chemistry
Overall, the characteristic power-law PL decay pattern that
governs the kinetics of PtOEP delayed uorescence in the three
lms is reminiscent of the dispersive relaxation pattern in the
DOS of energetically disordered materials. For the PS:PtOEP
lm (Fig. 6a), at early times aer photoexcitation the PL decay
ts to a power-law function with a = −1.3. However, at
t180KcPS:PtOEP = 60 ns aer photoexcitation it becomes steeper with
a = −2 thereby revealing the time where quasi-equilibrium is
reached. In the case of the DPA:PtOEP (Fig. 6b) and PS:DPA:P-
tOEP (Fig. 6c) lms, the 580 nm PL transients are best repro-
duced by the combination of a power-law decay at early times,
and a multiexponential decay function at longer delay times. In
these two lms, tc indicates the time where the PL decay func-
tion converts from a power-law to multiexponential and this
conversion is inuenced by the local environment of PtOEP. For
the DPA:PtOEP system a power-law exponent of a = −1.3 is
found and the transition time is identied at t180KcDPA:PtOEP = 30 ns.
Instead, for the PS:DPA:PtOEP system the power-law exponent is
a = −0.8 and the decay functional changes to multiexponential
at t180KcPS:DPA:PtOEP = 80 ns.

When focusing on the biexponential regime of the 580 nm
PL transients in DPA:PtOEP (Fig. 6b) and PS:DPA:PtOEP
(Fig. 6c), the contribution of PtOEP phosphorescence intensity
in this spectral region must also be considered. When one time
constant of each biexponential t is kept xed to the average
PtOEP phosphorescence lifetime of the blends, the second time
constant can be determined. In doing so the fast PL decaying
component of the 580 nm transients is found to be 55 ns and 70
ns, for DPA:PtOEP and PS:DPA:PtOEP respectively. The results
suggest that aer the transition time point tc, the process
responsible for the activation of PtOEP delayed uorescence in
the DPA:PtOEP and PS:DPA:PtOEP systems is still ongoing in
parallel to the energy transfer process from triplet-excited
PtOEP to DPA.

As a next step, the time-gated PtOEP delayed uorescence
transients of the PS:PtOEP lm were recorded on the ns-time
scale, at 140 K and 220 K. In Fig. 7, the overview of the regis-
tered PL decays informs that the quasi-equilibrium conditions
are met at increasingly longer times as temperature lowers from
220 K to 140 K.

This is better shown in Fig. 8 where the dependence of the
characteristic transition time tTcPS:PtOEP on 1/T2 is presented for
the PS:PtOEP lm.When tting the data of Fig. 8 with eqn (1), tc0
is found to be 31 ns and s = 20 meV.
Temperature dependent photoluminescence

For the PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP systems, the
temperature dependent PL intensity of the three different
PtOEP spectral features at 580 nm, 644 nm and 780 nm was
monitored in the temperature range between 100 and 290 K.
The PtOEP delayed uorescence at 580 nm was followed on the
ns time scale whereas the PtOEP phosphorescence at 644 nm
and the triplet PtOEP dimer luminescence at 780 nm were fol-
lowed on the ms time scale. In addition, the temperature
dependent TTA-UC delayed luminescence intensity of DPA in
the DPA:PtOEP and PS:DPA:PtOEP lms was monitored on the
Chem. Sci., 2023, 14, 2009–2023 | 2015

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06426j


Fig. 7 Time-gated PL transients of PtOEP delayed fluorescence at
580 nm of the PS:PtOEP 2 wt% film spin-coated from toluene as
measured at (a) 140 K, (b) 180 K and (c) 220 K. In all cases the PL
transients were acquired with a 10 ns gate window and a 10 ns gate
step. Solid lines are power-law fits on the data (see the text).

Fig. 9 Temperature-dependent PL intensity of PtOEP monomer
phosphorescence at 644 nm (red symbols), PtOEP delayed fluores-
cence at 580 nm (green symbols), PtOEP triplet dimer phosphores-
cence (orange symbols), and DPA TTA-UC delayed fluorescence (blue
symbols) in (a) PS:PtOEP, (b) DPA:PtOEP and (c) PS:DPA:PtOEP films
spin-coated from toluene. Solid lines are Arrhenius fits on the data.
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ms time scale. In all cases, the lms were photoexcited at 532 nm
with a pulse energy of 40 mJ. Fig. 9 displays the results for the
PS:PtOEP (Fig. 9a), DPA:PtOEP (Fig. 9b) and PS:DPA:PtOEP
(Fig. 9c) systems in an Arrhenius-type fashion.

The PtOEP phosphorescence intensity of each of the three
lms at 644 nm remains unchanged between 100 K and 180 K
but at higher temperatures it is thermally deactivated. The
deactivation energy within the 180–290 K range is determined to
be Ea = −46 meV, Ea = −100 meV and Ea = −72 meV, for the
PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP systems respectively.
Due to the high concentration of PtOEP dimer trap sites in the
DPA:PtOEP and PS:DPA:PtOEP systems the triplet excitons of
the PtOEP phase are depleted by two discrete energy transfer
channels: one towards the triplet DPA state and the second one
towards the triplet PtOEP dimer sites. In contrast, only the
channel associated with the energy transfer to the triplet PtOEP
dimer sites is operative in the PS:PtOEP lm. Both channels are
facilitated by thermally activated exciton diffusion, and
contribute to the reduction of the PtOEP phosphorescence
intensity as temperature increases. In parallel, non-radiative
relaxation losses of the triplet PtOEP exciton population are
enhanced in all three systems as temperature increases. The
signicantly higher deactivation energy found for the
Fig. 8 Transition time (tc) dependence on temperature, as determined
by the ns timescale transient kinetics of the 580 nm PL signal of the
PS:PtOEP 2 wt% film. Dashed line is the fit on the data according to eqn
(1).

2016 | Chem. Sci., 2023, 14, 2009–2023
DPA:PtOEP and PS:DPA:PtOEP lms in the 180–290 K range
reects the thermally activated migration of PtOEP triplets
towards the PtOEP/DPA interfaces where exergonic triplet
energy transfer occurs towards the DPA triplet state manifold by
quenching the PtOEP phosphorescence. The relatively stable
PtOEP phosphorescence intensity of the three lms at temper-
atures below 180 K indicates that both processes of non-
radiative relaxation and triplet exciton diffusion within the
PtOEP phase are kinetically hindered on the ms time scale. In
this low temperature regime, only the fraction of the PtOEP
triplet excitons formed in the vicinity of the interfaces with DPA
and triplet dimer PtOEP sites can undergo triplet energy
transfer, without the need for triplet exciton migration within
the PtOEP phase.

Focusing on the TTA-UC PL signal of the DPA:PtOEP and
PS:DPA:PtOEP lms, a severe PL quenching is observed in the
low temperature regime. As temperature increases from 100 K
to 220 K, the deactivation energy of the TTA-UC PL signal is
found to be Ea = −26 meV and Ea = −8.5 meV for the DPA:P-
tOEP and PS:DPA:PtOEP lms, respectively. Given the frustrated
triplet PtOEP exciton migration in this temperature range, the
registered TTA-UC delayed luminescence signal is attributed to
TTA reactions between triplet DPA excitons activated via Dexter
energy transfer in the vicinity of DPA/PtOEP interfaces.39 The
negative effect of temperature on the TTA-UC PL signal suggests
that following the formation of the TTA-induced singlet state in
DPA, non-radiative deactivation and PL quenching by exciton
trapping to lower energy DPA excimer-like sites dominate.39,52

Moreover, triplet excitons in the DPA phase are depleted by
thermally activated monomolecular relaxation to the ground
state instead of undergoing bimolecular TTA reactions in the
triplet DPA manifold. This loss channel is veried by the
temperature dependent response of the DPA phosphorescence
signal in the 680 nm PL spectral region of the DPA:PtOEP and
PS:DPA:PtOEP lms (see Fig. S.7 in the ESI Section).† For
DPA:PtOEP the deactivation energy of the DPA phosphores-
cence is Ea = −17 meV, whereas the corresponding deactivation
energy of the PS:DPA:PtOEP lm is less with Ea = −9 meV.

At temperatures above 180 K, the TTA-UC PL signal of the
DPA:PtOEP lm is enhanced in good agreement with the ex-
pected increase of DPA triplet concentration through triplet
© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy transfer from PtOEP. In line with reduced PtOEP phos-
phorescence intensity, an activation energy of 94 meV is found
for the TTA-UC PL intensity of DPA at temperatures higher than
220 K. In contrast, both of the TTA-UC and the phosphorescence
intensity of DPA spectral features in the PS:DPA:PtOEP system
are further quenched suggesting the dominance of non-
radiative losses in the DPA triplet state population of the
ternary PS:DPA:PtOEP lm at high temperatures.

Regarding the triplet dimer PtOEP phosphorescence inten-
sity in the 780 nm spectral region, all three lms display
a comparable response. For this emissive species no energy
transfer to lower energy sites is possible and the expected
thermally activated quenching channels are non-radiative
relaxation and diffusion-controlled annihilation. At tempera-
tures below 180 K, a common deactivation energy of Ea ∼ −7
meV is found for all three systems. This is attributed to the
thermally activated diffusion of triplet excitations in PtOEP
dimer sites that facilitate annihilation reactions on the ms time
scale. At higher temperatures, within the 180–290 K range, the
triplet dimer PtOEP phosphorescence exhibits a deactivation
energy of Ea = −32 meV, Ea = −35 meV, and Ea = −52 meV for
the PS:PtOEP, DPA:PtOEP and PS:DPA:PtOEP lms respectively.

Turning attention to the 580 nm PL signal on the ns time
scale, the involvement of triplet PtOEP dimer sites in bimolec-
ular TTA reactions is further veried. This becomes clearer
when the antagonistic relationship between excited-state
diffusion and non-radiative transitions is considered.92 Both
of the processes are thermally activated; however, temperature
affects their magnitude in an opposite manner. Non-radiative
transitions quench the PL intensity whereas diffusion-assisted
TTA reactions result in PL enhancement. In all cases, within
the 100–180 K range the PtOEP delayed uorescence is resilient
to temperature effects. Particularly for PS:PtOEP, an activation
energy of Ea = 10 meV is found that reects the positive effect of
heating on the enhancement of delayed uorescence via TTA. At
temperatures higher than 180 K, the PtOEP delayed uores-
cence intensity is quenched in all three systems. Within the
180–290 K range the determined deactivation energy of PtOEP
delayed uorescence is found to be Ea = −34 meV, Ea = −54
meV, and Ea = −20 meV, for the PS:PtOEP, DPA:PtOEP and
PS:DPA:PtOEP lms, respectively.
Dispersive excited state dynamics in unconventional solid-
state photon up-converting composites

The above-described spectroscopic results (Fig. 4, 6 and 8)
strongly suggest that the 580 nm delayed PtOEP uorescence
signal in the PL spectra of the DPA:PtOEP system relates to
annihilation reactions between PtOEP excitations that undergo
dispersive transport within the DOS of disordered PtOEP
aggregates. For exploring whether a similar process is operative
in other PtOEP-based composites, when DPA is not involved,
a solution processed lm prepared by PtOEP mixed with a blue-
light emitting PFO derivative was investigated. In the PFO:P-
tOEP system, selective photoexcitation of PtOEP results in the
generation of the TTA-UC PL of the PFO matrix,54 even when
photoexcitation of the lm remains lower than the threshold
© 2023 The Author(s). Published by the Royal Society of Chemistry
intensity for the two-photon excitation of PFO.93 According to
GIXRD, the PtOEP phase of the PFO:PtOEP remains amorphous
at a 6 wt% loading. However, the occurrence of PtOEP inter-
molecular interactions in the PFO matrix becomes evident from
the PtOEP phosphorescence spectra of the blend on the ms time
scale (ESI Section, Fig. S.8).†

Fig. 10a depicts the TA spectra of a 6 wt% blade-coated
PFO:PtOEP lm processed from toluene, aer photoexcitation at
540 nm with a pulse energy of 1.1 mJ. Care was taken so that the
repetition rate of the pump pulse (1 kHz) did not facilitate the
build-up of triplet-excited PtOEP population during the measure-
ment. Due to the superposition between the ground state
absorption of PFO and PtOEP in the spectral range below 395 nm,
the large optical density (>3.5) of the PFO:PtOEP lm did not allow
for the registration of the DT/T signal in this wavelength region.
Instead, in the absence of PFO when a blade-coated PS:PtOEP
6 wt% control lm was photoexcited in an identical manner (ESI
Section, Fig. S.9),† a positive peak at 381 nm could be clearly
resolved in the 0.1 ps delayDT/T spectrum. In good agreement with
the spectral position of the PtOEP Soret-band,85 the 381 nm feature
of the PS:PtOEP lm is attributed to the pump-induced change of
PtOEP ground state population (ground state bleach, GSB).

As shown in Fig. 10a, the 0.1 ps delay DT/T spectrum of the
PFO:PtOEP lm is characterized by two positive sharp peaks at
400 nm and 533 nm, the latter accompanied by a shoulder at
500 nm. Both 500 nm and 533 nm features are in agreement with
the DT/T spectra of the control PS:PtOEP 6 wt% lm, matching
spectrally with the Q-band of PtOEP. As such they are assigned to
the GSB of PtOEP that is surrounded by excited state absorption
(ESA). However, the positive peak at 400 nm cannot be attributed
to the GSB of PtOEP. Aer 2 ps time delay, the sharp positive peak
at 400 nm is overcome by the ESA signal of PtOEP, whereas the
GSB signal of the PtOEP Q-band becomes more pronounced. As
time evolves from 2 ps to 200 ps, the spectrum scarcely changes
except for a 2 nm hypsochromic shi.

In order to elucidate the origins of the positive sharp peak at
400 nm in the early DT/T spectra of the PFO:PtOEP lm, refer-
ence TA measurements were performed on a PFO-only lm
drop-casted from toluene. Fig. 10b presents the obtained DT/T
spectra as received aer photoexcitation of the PFO-only lm at
387 nm. The spectra exhibit the characteristic features of PFO
containing mixed phases of randomly coiled PFO (alpha-) and
planarized PFO (beta-) chains.94 At 1 ps delay, the DT/T spec-
trum consists of GSB (at 413 nm), SE (at 481 nm and 512 nm)
and ESA at wavelengths above 521 nm. At longer time delays,
fast decay of SE and broadening of ESA take place. This leads to
a gradual 20 nm hypsochromic shi of the isosbestic point
within 260 ps, thereby reecting the interplay of singlet excitons
and polaron pairs with different time decays.95 Concomitantly,
a negative DT/T dip at 439 nm develops tentatively ascribed to
Stark shi due to changes in the polarization induced by pho-
togeneration of charge pairs. In light of the acquired TA data of
the PFO-only lm, the sharp positive peak at 400 nm in the early
DT/T spectra of the PFO:PtOEP lm is attributed to the GSB of
PFO, aer selectively photoexciting the PtOEP blend component
at 540 nm.
Chem. Sci., 2023, 14, 2009–2023 | 2017
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Fig. 10 Transient absorption (DT/T) spectra of (a) PFO:PtOEP 6 wt% and (b) and PFO films processed from toluene at different pump delays.
Pump wavelength in (a) was 540 nm and in (b) was 387 nm. (c) Streak camera image displaying the time-evolution of the PL spectra of
a PFO:PtOEP film. (d) Room temperature TR-PL transients of the PFO:PtOEP film on the ns timescale, monitoring the PtOEP delayed fluores-
cence signal at 580 nm. Pump wavelength in (c) and (d) was 532 nmwith a fluence of 627 mJ cm−2. Solid line in (d) is a power-law fit on the data.
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Next, the TR-PL response of a PFO:PtOEP 6 wt% lm spin-
coated from toluene solution was monitored on the ns time
scale. The measurement was performed with a streak camera set-
up aer photoexcitation at 532 nm at room temperature. Fig. 10c
veries the detection of the up-converted PL signal by PFO in the
400–450 nm spectral region together with the PL signal of PtOEP at
wavelengths beyond 550 nm. Fig. 10d presents the PtOEP delayed
uorescence PL transient at 580 nm of the PFO:PtOEP lm. In
good agreement with the results of the DPA:PtOEP systems, the PL
transient exhibits a power-law decay pattern with a sharp transi-
tion at t290KcPFO:PtOEP= 3 ns aer photoexcitation, where the power-law
exponent becomes a = −2.
Discussion

The collected results contribute to the effort to establish
a robust correlation between the photophysical properties of the
model PtOEP sensitizer with the microstructure of its compos-
ites in the solid state. Insight is gained by a GIXRD study about
the effects of the PtOEP content on the microstructure of the
DPA:PtOEP system. Three major PtOEP composition regions are
identied wherein the packing motifs of the blend vary as the
content of PtOEP is progressively increased. Region 1
2018 | Chem. Sci., 2023, 14, 2009–2023
corresponds to PtOEP contents up to 2 wt% where the DPA
phase is semicrystalline, containing DPA-b polymorph species
and the PtOEP phase remains amorphous. Region 2 corre-
sponds to PtOEP contents between 2–10 wt%; here both DPA
and PtOEP phases are amorphous. Finally, Region 3 begins
from PtOEP contents of 10 wt% onwards wherein the PtOEP
phase starts to become semicrystalline while DPA remains
amorphous. SEM imaging veries that irrespective of the degree
of order in the studied lms, PtOEP aggregates are formed
across the whole monitored PtOEP composition range.

Three independent spectroscopic techniques probe the
evolution of PtOEP aggregate formation in the PtOEP phase of
the binary DPA:PtOEP blend. The UV-vis spectra of the DPA:P-
tOEP lms (Fig. 1) display an increase in the relative intensity of
the characteristic PtOEP dimer absorption band at 550 nm as
the PtOEP content is gradually increased. Particularly for the
DPA:PtOEP 2 wt% composition, the presence of PtOEP aggre-
gates in the blend is further inferred by the detection of the PL
spectral signature of the physical PtOEP dimer at 780 nm
(Fig. 4b). Notably, the characteristic PL band of the PtOEP dimer
is detectable even aer dispersing the DPA:PtOEP 2 wt% system
in PS (Fig. 4c). According to GIXRD (ESI Section, Fig. S.4)† both
DPA and PtOEP phases of the PS:DPA:PtOEP composite are
© 2023 The Author(s). Published by the Royal Society of Chemistry
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amorphous (Region 2). Nevertheless, the persistence of the
780 nm PtOEP dimer PL band suggests that PtOEP demixing in
PS:DPA:PtOEP is not entirely suppressed. Finally, the FT-IR
results (Fig. 3) corroborate the occurrence of PtOEP aggregate
formation in DPA:PtOEP. As the PtOEP content increases,
a clear reduction in the aggregation-sensitive intensity of the
PtOEP vibrational mode at 1458 cm−1 is observed with respect
to the rocking mode rr of the PtOEP ethyl group (C2H5) at 960
cm−1. The suitability of the FT-IR technique as a diagnostic tool
to monitor PtOEP aggregate formation in solid-state lms was
further tested by additional UV-vis and FT-IR spectroscopic
measurements. Identical DPA:PtOEP 2 wt% composites were
developed by using chloroform and chlorobenzene solutions. In
these lms, PtOEP aggregation is driven by the different rates of
solvent evaporation and the PtOEP solubility. The solvent
dependent UV-vis absorption spectra of the DPA:PtOEP lms
(ESI Section, Fig. S.10)† display a gradual increase in the
concentration of the PtOEP dimer species as the volatility and
the boiling point (Tb) of the solvent increase (chloroform Tb =

61.2 °C; toluene Tb = 110.6 °C; chlorobenzene Tb = 132 °C). In
the same time, the reduction of the 1458 cm−1/960 cm−1 mode
amplitude ratio of the obtained FT-IR spectra conrms the
increase in the PtOEP dimer species concentration in the
blends.

Our study reveals that the as-spun DPA:PtOEP 2 wt% lm
comprises an amorphous phase of PtOEP aggregates dispersed
within the semicrystalline DPA phase where DPA b-polymorph
species are formed (Region 1). With these packing motif char-
acteristics in the lm, DPA excimer sites are activated.39

However, the TTA-UC PL signal of the composite is mainly
limited by inefficient triplet energy transfer from PtOEP to DPA,
and by the thermally activated non-radiative relaxation of the
DPA triplet excited state. Losses of the triplet PtOEP photoex-
citations occur primarily due to triplet energy trapping in the
physical PtOEP dimer sites and to bimolecular TTA reactions in
the PtOEP phase. In agreement with the established Gaussian
disorder model applied in organic semiconductor systems,38,47,48

triplet PtOEP excitations undergo dispersive diffusion within
the DOS of the triplet PtOEP dimer state and enable TTA reac-
tions that activate the rst singlet excited state of PtOEP on the
ns time scale. As a result, the PtOEP delayed uorescence signal
is detected at 580 nm. The dispersive character of the bimo-
lecular TTA process in PtOEP manifests in the power-law PL
kinetics of the PtOEP delayed uorescence (Fig. 6 and 7). The
inhomogeneously broadened PL band of the PtOEP triplet
dimer at 100 K is about 20 meV, very similar to the DOS width s

that is determined by applying eqn (1) on the data (Fig. 8).
Moreover, the antagonistic relationship between non-radiative
relaxation and thermally activated exciton diffusion in the
DOS of PtOEP is revealed by the dependence of the TTA-induced
delayed uorescence of the PtOEP signal on temperature
(Fig. 9).

The onset of bimolecular annihilation effects between PtOEP
photoexcitation on dimer sites manifests in the ms timescale PL
transient of the PtOEP triplet dimer emission at 780 nm. The PL
lifetime of the PtOEP triplet dimer is substantially shorter with
respect to the PS:PtOEP and PS:DPA:PtOEP systems (Fig. 5b and
© 2023 The Author(s). Published by the Royal Society of Chemistry
ESI, Fig. S.6).† The occurrence of TTA reactions between triplet
PtOEP excitons in the PtOEP dimer ensemble is further
proposed by the dependence of the 780 nm PL band on the
photoexcitation intensity of the three composite systems. As the
dependence comes closer to linearity (Fig. 4d–f), the PtOEP
triplet dimer lifetime becomes longer.

The link between bimolecular TTA events on PtOEP triplet
dimer sites and PtOEP delayed uorescence generation is
conrmed by control time-gated PL measurements. Time-gated
PL spectra were acquired on the ns time scale for PS:PtOEP,
DPA:PtOEP and PS:DPA:PtOEP blend systems spun from chlo-
roform and chlorobenzene (ESI Section Fig. S.11).† For these
systems, the relative intensity of the 580 nm PL signal becomes
stronger as the dependence of the 780 nm triplet PtOEP dimer
PL signal on photoexcitation intensity approaches a square-root
functional form (ESI Section, Fig. S.12).†

The observation of dimer TTA-induced PtOEP delayed uo-
rescence in DPA:PtOEP is in line with a recent study on TTA-
induced photocurrent generation in organic photodetection
devices with thermally evaporated PtOEP photoactive layers.76

Both processes point to a higher lying PtOEP state that is acti-
vated by TTA events and serves as a precursor for feeding the
rst singlet excited (S1) and the charge transfer (CT) states of
PtOEP. Considering the stabilization of PtOEP excitons in the
triplet PtOEP dimer sites, the energy of the proposed TTA-
activated higher lying state should be at least equal to ∼3.18
eV, that is nearly isoenergetic with the second singlet excited
state (S2) of PtOEP. Previous TA results on neat PtOEP lms96

have shown how TTA reactions can activate the higher lying (d,
d*) 3B1g state, localized on the PtII metal centre97 and energeti-
cally close to the S2 and CT states of PtOEP. A question arises
whether delayed PtOEP uorescence originates from a charge
recombination process that is driven by the sensitization of the
3B1g state via the TTA route. An answer can be provided by the
spectroscopic results of the PFO:PtOEP 6 wt% blend lm.

In the PFO:PtOEP system, PtOEP/PFO adduct species can be
formed within co-aggregates in the blend,27 yet no Dexter-type
energy transfer is energetically favourable from triplet-excited
PtOEP to PFO.55 Since the S1 state of PFO and the 3B1g state of
PtOEP are isoenergetic, the TTA-UC luminescence of PFO in the
PFO:PtOEP system should correspond to an electronic energy
transfer process from triplet-excited PtOEP to PFO, based on
a radiationless heteroatomic reverse intersystem crossing (rISC)
transition.98 However, previous results of electric-eld induced
TTA-UC PL quenching experiments on similar TTA-UC blends
suggest that the rISC-pathway in PFO:PtOEP seems to be
unlikely. Instead, ultrafast coupling between the 3B1g and CT
states in PtOEP agree with the experimental data. In PFO:PtOEP
the TTA-UC luminescence of PFO involves the sequence of: (i)
TTA in PtOEP, (ii) activation of 3B1g, (iii) ultrafast transition to
CT and (iv) charge recombination to the S1 of PFO, from where
TTA-UC luminescence is produced.

At present, the spectroscopic study of the PFO:PtOEP system
is in support of the proposed process. The detection of PtOEP
delayed uorescence in PFO:PtOEP conrms the occurrence of
TTA in PtOEP. The power-law PL decay pattern of the PtOEP
delayed uorescence (Fig. 10d) is in good agreement with the
Chem. Sci., 2023, 14, 2009–2023 | 2019
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ndings of the DPA:PtOEP system (Fig. 6). Yet, the onset of
bimolecular TTA effects in PtOEP appears to take place on
a much faster time scale. When PFO:PtOEP is photoexcited at
540 nm, a sharp positive peak at 400 nm in the early DΤ/Τ
spectrum (Fig. 10a) is detected, implying that the S1 state of PFO
becomes activated within 100 fs aer PtOEP photoexcitation.
Therefore, intersystem crossing in PtOEP must occur on a time
scale comparable with the temporal evolution of our TA set-up
and the TTA-UC PL signal of PFO must be linked to the acti-
vation of the 3B1g state by bimolecular TTA reactions in the
aggregated PtOEP phase of the blend.
Conclusions

In conclusion, our study reveals in detail how the photophysical
properties of solid-state blends for TTA-UC applications are
immensely affected by their layer microstructure. The ndings
on the benchmark DPA:PtOEP TTA-UC system identify aggre-
gate formation of the PtOEP sensitizer that persists at low
PtOEP contents, even when the composite is dispersed in
a binder matrix. Further conrmation of PtOEP aggregate
formation is obtained when FT-IR spectroscopy is used as
a probing tool, in agreement with UV-vis spectroscopic charac-
terization. The aggregation of PtOEP introduces energetic
disorder in the DOS of the PtOEP component and it impacts the
process of triplet exciton migration in the PtOEP phase of the
DPA:PtOEP composite. Two key processes were monitored by
time-gated PL spectroscopy and associated with the presence of
the amorphous PtOEP aggregate species: (i) triplet exciton
stabilization in PtOEP physical dimer sites and (ii) bimolecular
TTA events in the aggregated PtOEP phase of the composite. As
both processes occur prior to the triplet energy transfer step
towards the triplet DPAmanifold, they both affect negatively the
TTA-UC efficiency and therefore have to be suppressed. The
success in eliminating both processes can be validated effi-
ciently when the PL spectral signature of PtOEP delayed uo-
rescence and the PL dynamics of the PtOEP dimer sites are
directly probed. However, the ndings on the PFO:PtOEP blend
system suggest that a high concentration of sensitizer physical
dimers may not be always detrimental to TTA-UC layers.
Bimolecular TTA reactions in the phase of the PtOEP sensitizer
facilitate photon management by alternative ultrafast excited
state pathways, e.g. by activating higher lying metal-centred
excited (d, d*) states that can serve as precursors for TTA-UC
PL and photocurrent generation.

For rationalizing the optimization of photophysical proper-
ties in TTA-UC layers, the formation of polymorph and aggre-
gate species must be probed with high specicity. The herein
proposed methodology has the capacity to establish rigorous
structure/property correlations and to identify processing
parameters that might be otherwise missed when a conven-
tional perspective of photophysical characterization is adapted.
The establishment of accurate probes aids the development of
predictive processing protocols that in turn can produce high-
performing TTA-UC composites with optimized
microstructures.
2020 | Chem. Sci., 2023, 14, 2009–2023
The effective coupling of solid-state TTA-UC interlayers
within the electronic structure of operational devices with
a vertically stacked geometry is a nuanced and complex task.
Our work wishes to encourage interdisciplinary collaborations
between optical spectroscopy, materials science, exciton spin-
state physics and device engineering. Based on this roadmap
a new wave of transformative nanotechnology integration is
anticipated.
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Chem. Phys., 1980, 52, 287–298.

47 S. C. J. Meskers, J. Hübner, M. Oestreich and H. Bassler, J.
Phys. Chem. B, 2001, 105, 9139–9149.
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