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1. INTRODUCTION

It seems that there is a never-ending race between technological progress
and constantly increasing energy demand. As a result, novel technologies aim
to be cheaper, more efficient, more potent yet less adverse to the environment.
Some technologies ultimately reach maturity and further progress requires
smart innovations. A case can be made for photovoltaic (PV) cells. Regardless
of the active material utilized in the PV, either conservative crystalline silicon
or enthusiastic and promising perovskite, the single junction PVs are bounded
by Shockley—Queisser (SQ) limit for solar conversion efficiency. This limit is
quantified to be ~30% for PV with a band gap of 1.1 eV.*? Evidently, the
single junction PV design has apparent flaws: the high-energy photons lose
part of their energy by thermalization, while the sub-bandgap photons lack the
energy to be absorbed, thus tend to be unnoticed by the PV. The described SQ
limit seems to be clear, however, attracts curiosity from the scientific
perspective. As for every ingenious scientist the set limits are a mere puzzle,
not an obstacle. Therefore, several solutions are suggested to overcome the
SQ limit: i) use multiple junctions and cover a wider part of the spectrum or
ii) utilize spectral conversion to be more suitable for the single PV cell. As the
first approach is expensive, and for the time being technologically rather
complicated, it will not be discussed further. The second approach, related to
spectral conversion, is well suited to be utilized together with organic
semiconductors. The PV problem with high-energy photons can be mitigated
through singlet fission (SF) where excitation created in the organic film is split
into two lower-energy excitons and transferred to the PV cell, thus omitting
thermalization effects. Likewise, sub-bandgap photons can also be utilized
through photon upconversion (UC), where two low-energy excitations in
organic film can combine to produce higher-energy photons, which
subsequently can be employed by the PV cell. Indeed, this dissertation is
devoted to exploring the process of TTA mediated photon upconversion
(TTA-UC) occurring in organic media and specifically targeting the
conversion of light from near infrared to visible (NIR-to-Vis) spectral range.

In fact, the utility of UC is not limited to PVs.>* The increasing demand
for organic systems capable of incoherent NIR-to-Vis UC is also stimulated
by a growing variety of other applications such as 3D printing,*
photocatalysis,>® bioimaging,” stress sensing,® night vision,® memory
devices,® targeted drug delivery!! and many more'?. The surge of interest for
NIR-to-Vis UC is highly motivated by applications in biomedicine related to
the superior penetration of NIR light through the biological tissue.> In these
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typically bicomponent systems, composed of sensitizer and emitter species,
the long-lived triplet-states of emitters are utilized to the energy and produce
delayed UC emission from the singlet state that is blue-shifted compared to
the absorbed light. The higher energy UC emission from an emitter emerges
through a process called triplet-triplet annihilation (TTA) sometimes also
referred to as triplet fusion. In the TTA-UC process sensitizer species serve as
light absorbers, which subsequently generate triplets via intersystem crossing
(I1SC) and transfer triplet energy (TET) to the emitter. Importantly, in contrast
to two-photon absorption (TPA) which requires high excitation densities
(~GW/cm?), or second-harmonic generation (SHG) that requires a coherent
light source, the TTA-UC can operate at incoherent low energy excitation
readily available from the sunlight (~mwW/cm?).>* Low power UC can also be
obtained from rare-earth elements such as lanthanoids. However, these
phosphors use the same electronic manifold to absorb, store and re-emit
photons, thus exhibit low absorptivity.!

Currently, the NIR-to-Vis TTA-UC suffers from low efficiency,
particularly in the solid-state, which in turn hinders practical applications.
While a great number of efficient UC systems with a quantum yield (®yc) of
up to ~30% was demonstrated in the Vis-to-Vis spectral region,**# only
several molecular systems were shown to produce NIR-to-Vis UC with &y
above 4%2, It seems that finding proper materials capable of operating with
high UC efficiencies under NIR excitation is a big challenge.

For optimal UC performance, it is important to utilize a proper emitter with
the triplet state sufficiently low in energy to accept triplet excitons from a NIR
sensitizer. The best-performing NIR-to-Vis UC systems demonstrated so far,
both in solution and solid state, rely on the rubrene (Rub) emitter.** From the
multiple UC studies it is evident that Rub is the most popular choice amongst
the emitters in the NIR-to-Vis range. Moreover, the Rub is almost exclusively
used in the solid-state UC systems. However, there are challenging unresolved
issues related to Rub. The highest UC efficiencies achieved so far are
substandard for practical applications and require systematic studies and
fundamental understanding to be improved.

1.1.  Aim and novelty

The aim of this dissertation is to investigate UC systems based on the
benchmark emitter rubrene both in solution and solid-state and identify the
limiting factors hindering the UC performance. The in-depth study presented
here is anticipated to uncover novel approaches capable of enhancing the
efficiency of NIR-to-Vis TTA-UC. It is evident from the literature that the
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limiting factors are not well understood and lack clear consensus or definitive
explanations. This knowledge would provide a solid foundation for improved
NIR-to-Vis TTA-based UC systems applicable in many desirable practical
applications such as photovoltaics, medical diagnostics etc. The following
tasks were formulated to achieve this aim:

1)

2)

3)

4)

5)

Utilize different combinations of sensitizer (PtPc/PdPc) and emitter
(Rub/tBRub) pairs as well as carry out delicate optimization steps
towards best UC efficiency in solution.

Produce and fully characterize a series of Rub and tBRub based UC
films by determining FL and UC quantum yields, the optimal doping
concentration in the polymer matrix, UC thresholds, triplet, and UC
lifetimes.

Reveal the impact of bulky side moieties on the TTA-UC performance
of Rub-based UC solutions and solid films.

Assess how different Rub deposition techniques influence Rub PL
properties and UC performance.

Quantify exciton diffusion properties in amorphous-like Rub-based UC
films utilizing bulk-quenching technique coupled with time-resolved
PL.

1.2. Statements to be defended

A key factor limiting upconversion efficiency in metallophthalocyanine
sensitized NIR-to-Vis UC system based on rubrene emitter is it’s low
statistical probability ( f) to obtain a singlet state from two triplets via
TTA.

Modifying rubrene with t-butyl groups suppresses the aggregation
induced quenching effects mainly due to singlet fission and enables to
achieve higher UC efficiency.

Although peripheral- and core-linking of rubrene emitters by the bulky
side-moieties reduce singlet fission and enhance FL quantum yield, the
former linking pattern is superior as it does not impede TTA.

Emissive properties of rubrene films are sensitive to rubrene deposition
mode, and thus can be tuned to deliver the features (highest FL quantum
yield and longest FL lifetime) most resembling those of amorphous
rubrene film desirable for improved UC performance.

TTA-UC performance of disordered rubrene films is limited by the
modest maximal triplet diffusion length resulting from the short
maximum triplet lifetime inherent to this emitter.

12



1.3. Layout of the dissertation

This dissertation is presented as a collection of articles. Essentially, a
summary of five publications is composed that complements as well as
highlights the key findings of the papers PI-PV. The papers are presented in
chronological order based on their publication date. This constitutes the core
of the dissertation that is enriched by the supplementary information.

The introductory part of the dissertation lays out the basic concepts of TTA
mediated photon upconversion (TTA-UC). The chapter briefly touches the
main ideas that help to grasp and follow the argumentations laid out in the
thesis. It is written with an aim to be useful for topic newcomers as well as to
serve as a recap for those who are well familiar with TTA-UC. Thus, the
introductory part covers the sensitizers used in TTA-UC, emphasizing the
metallophthalocyanines. The reader can also find details on triplet energy
transfer and TTA process, details on TTA statistical probability and a
summary of novel NIR TTA-UC systems, highlighting the influence of
rubrene.

The experimental details section is full of recipes on the characterization
of TTA-UC. Namely, the procedures are laid out on how to determine the UC
guantum vyield using comparative or absolute methods. Additionally, the
reader can find information on the UC intensity dependence vs. excitation
power followed by a description of the UC threshold. Finally, the section
provides the description of the time-evolution of the UC intensity and what
parameters can be extracted based on this information.

Next, the core of the dissertation is presented. It starts with chapter 4 where
Pl is reviewed. The later publication covers UC system in solution based on
Rub and tBRub emitters. By carrying out delicate optimization steps toward
higher UC efficiency we outline the main losses that are limiting the UC
performance. The following chapter 5 discusses the findings of P11, where we
characterize and optimize solid-state Rub- and tBRub-based UC system.
Then, the chapter 6 complements P11, where we introduce novel modified
Rub emitters and observe the changes to UC performance these modifications
induce. The PIV is reviewed in the chapter 7, where we test various Rub
deposition techniques trying to determine which one is the most suitable to
achieve maximal UC efficiency in the solid-state. The final publication PV is
reviewed in the chapter 8. Here, we study the set of Rub-based UC films
intentionally doped with singlet and triplet quenchers aiming to determine
both singlet and triplet diffusion parameters in these disordered films. The end
of the dissertation is summarized by laying out the conclusions.
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1.4. Contribution of the author
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2. INTRODUCTION TO INCOHERENT NIR-TO-VIS PHOTON
UPCONVERSION MEDIATED BY TTA

The current chapter focuses on the introduction to the basic concepts of
TTA-based photon upconversion (TTA-UC) operating in the NIR region
(A > 700 nm) and producing visible emission. A brief overview of this rapidly
developing field is provided by focusing on the main achievements, the
current developments, and still unresolved problems.

2.1. TTA mediated photon upconversion

S, S,
1 I
> 1 T\16\S‘C TET 4 TET y Ty 1
@ ; ©. : 7
|_|=J excitation e excitation
t Sy ¥ Sy *
“r Sensitizer Emitter Emitter Sensitizer o«

Fig. 2.1 The TTA-based upconversion (UC) energy scheme using a sensitizer
and an emitter. The main energy transfer steps are indicated: (1) low energy
photon absorption; (2) the intersystem crossing (ISC); (3) the triplet energy
transfer (TET); (4) the triplet-triplet annihilation (TTA); (5) higher energy UC
emission. S and T indicate singlet or triplet states, correspondingly, where
subscript indicate either ground (0) or excited (1) state.

The photon upconversion (UC) from lower to higher energies utilizing
organic semiconductors can be realized in bicomponent systems, composed
of sensitizer and emitter species. The long-lived emitter triplet states are
utilized to produce delayed UC emission from singlet state that is blue-shifted
as compared to the absorbed light. Schematically, the main energy conversion
steps are illustrated in the Fig. 2.1. Firstly, the sensitizer species serve as light
absorbers and generate triplets via intersystem crossing (ISC). Afterwards, the
triplet excitons undergo triplet energy transfer (TET) to an emitter species.
Finally, the higher energy UC emission from an emitter emerges through
triplet-triplet annihilation (TTA). To make this overall process efficient, each
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energy transfer step needs to be optimized, providing minimal energy losses.
Next, we will discuss the sensitizer part of the TTA-UC scheme.

2.2. NIR sensitizers based on metallophthalocyanines

A crucial part of the TTA-UC scheme is the generation of the triplet states.
A fragment that converts excitation to triplet states later supplied to an emitter
is called a sensitizer. An ideal sensitizer should fulfil these properties: i)
exhibit high absorption in the region of interest; ii) convert absorbed photons
to triplet excitons with high yield and low energy loss; iii) display long triplet
lifetime (ideally infinite); iv) have negligible absorption in the UC region.
Unsurprisingly, finding a suitable sensitizer satisfying all the listed
requirements is challenging. Also, the NIR region is well-known for its poor
library of worthy sensitizers.???®> However, standing out of the group, the
phthalocyanine-based molecules meet the majority of the set criteria.

Phthalocyanines (Pc) are widely known materials exhibiting high thermal
and chemical stability.?* Although many Pc derivatives exhibit rigid and
planar structure the chemist can functionalize these compounds to meet
specific applications. For instance, in the centre of the macrocycle, two
hydrogen atoms can be replaced by more than 70 metals, whereas at the
periphery, various substituents can be attached.?* The function of the metal in
the centre of the Pc is to shorten the singlet state lifetime by facilitating the
intersystem crossing (ISC) to the triplet state by means of heavy-metal atom
effect.?® The rate of ISC (kisc) is proportional to the atomic mass of the
incorporated metal. The sensitizer should exhibit rapid ISC to outcompete any
other existing deactivation pathways. This leads to an effective population of
triplet states with high triplet yield (®y5c). For this purpose, in the PI (to be
introduced bellow) the heavy metal palladium (Pd) or its congener platinum
(Pt) are incorporated into Pc core. Additionally, we modified
metallophthalocyanines (MPc) with phenoxy and butoxy groups in the
periphery, specifically to increase solubility and accordingly to reduce
molecular aggregation (see Fig. 2.2).

As alternatives to MPc, typical sensitizers utilized in TTA-UC scheme are
TADF molecules?®?’, perovskites?® or inorganic nanocrystals like PhS?*% or
CdSe®. However, in this vast array of sensitizers, the MPc have apparent
advantages. For example, other sensitizers have broadband absorption
spanning across the visible range inevitably overlapping with the emerging
UC emission. However, the MPc have absorption spectrum that is split into
short wavelength Soret band and long wavelength Q-band with a transparency
window in between (see Fig. 4.1). By strategically positioning the UC
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emission either by picking or tunning the emitter, the reabsorption losses
inflicted by the sensitizer are mitigated without directly compromising the UC
efficiency. Moreover, the Q-band absorption itself is intense, exhibiting molar
extinction coefficient €>1 x 10° M*.cm™. This partly enables to use of
relatively small amounts of MPc to generate high triplet concentrations
required for efficient TTA.

R4

Fig. 2.2 Schematic structure of two metallophthalocyanines studied in this
work and used as sensitizers for NIR-to-Vis upconversion. Both sensitizers
have peripheral modifications: R; —phenoxy and R, — octabutoxy groups.
M — central metal atom, either palladium or platinum.

However, the utilization of MPc can have notable disadvantages. Firstly,
the difference between the first singlet and triplet excited states (Si-Ti) is
significant, resulting in comparatively high energy losses inflicted by ISC.
These losses can be as high as ~ 0.6 eV automatically reducing the anti-Stokes
shift that could be potentially obtained from the UC system. For example,
using other sensitizers without these losses, such as osmium complexes which
exhibit direct singlet-triplet (S-T) state absorption, the UC operates from
NIR(700nm)-to-violet(450nm) resulting in 1.28 eV anti-Stokes shift.®* The
similar situation is for the perovskites or PbS nanocrystals where generated
excitons do not undergo ISC. The second problem with MPc is related to the
relatively short T, state lifetime (t7). The central heavy metal in MPc utilized
to facilitate the rate of S; — T, transition, also increases the rate of non-
radiative Ti1— Sp transition. The latter reason, in combination with
consequences of the energy gap law results in tr~1 s range for MPc
absorbing in the NIR region.
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Although not ideal, the MPc used as sensitizers in the UC scheme
demonstrate one of the highest UC quantum yields (see Table 2.3).

(@)
S T,
Excited Singlet state Excited Triplet state
M=0 M=3
e exchange TET
I '- I I I
(b)
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I [ | —" I . - L |
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Fig. 2.3 (a) Simplified representation of the excited singlet (S1) and the triplet
(T,) states. (b) The schematic representation of the triplet energy transfer
process (TET); (c) displays triplet-triplet annihilation (TTA) between two

emitters, leading to an excited singlet state.?>*

2.3. Triplet energy transfer and encounter of triplet states

As established earlier, the UC process is based on both singlet (S1) and
triplet (T1) excited states. It is useful to remind ourselves of the basic
properties of S; and T; to better understand the triplet energy transfer (TET)
and triplet-triplet annihilation (TTA) in the UC. The visual representation of
Si1 and Ti are illustrated in Fig. 2.3a. S: state is composed of two spin (s) %
particles with a total spin quantum number S = 0 (sum of all individual spins)
and multiplicity M =2S+1 =1 (thus the name singlet). Notably, the S; is
composed of one electron in the HOMO (highest occupied molecular orbital),
and one in the LUMO (lowest unoccupied molecular orbital). It is considered
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that in this state all electrons are paired. It is useful to represent this state with
two arrows, one pointing up and another down, indicating that these electrons
have completely anti-parallel spins. Conversely, in a similar manner, the T;
state is described by a total spin quantum number S = 1 and M =3 (thus name
triplet). This state is composed of two unpaired electrons one in HOMO, while
other in LUMO, and they exhibit parallel spins, represented with arrows
pointing in the same direction.

The process of TET is represented in the Fig. 2.3b. Under right conditions,
the excited sensitizer in T state can be quenched by the presence of the emitter
in the ground state (So), resulting in the transfer of the excitation (Fig. 2.3b).
The underlying mechanism is based on the Dexter type energy transfer
involving electron exchange between the sensitizer and the emitter.3* Namely,
the excited electron of the sensitizer is swapped with the ground-state electron
of the emitter. This non-radiative energy transfer becomes probable at short
distances (r < 1nm), since it requires wavefunction overlap between donor and
acceptor.® The rate of this process is exponentially dependent on the
separation between molecules.

2.4. TTA and probability to obtain a singlet state

As for TET the TTA process also requires electron exchange (Fig. 2.3c).
TTA can occur between two emitters in the T, state. Within their lifetime
triplets can encounter each other and undergo TTA. By considering that
singlet state is accessible (S1 <2xT1), TTA can lead to one exciton in the
singlet state with double the energy, while other is quenched to the ground
state. The process can be written as T1 + T1 — S1 + Sp. Experimentally, S;
produced by TTA can be distinguished by registering emission of singlet
spectra yet with triplet lifetime. This is commonly referred to as delayed
fluorescence and typically occurs in the ~ ps range. Originating from TTA the
delayed fluorescence has quadratic intensity dependence on pump fluence at
low excitation power (discussed in detail in experimental section 3.6).

Another critical parameter having a direct impact on the overall efficiency
of UC is the statistical probability factor f. The factor describes the probability
for the triplet pair in an emitter to form one singlet via TTA. The encounter
between two T states does not necessarily lead to S; state. In fact, based on
quantum statistics, the S; pathway is relatively improbable. The summary of
the viable outcomes of TTA are depicted in Table 2.1. Namely, the encounter
of T1+ Ty can result in 9 distinct arrangements (3 x 3 combinations) of
electron spin multiplicities. There is one way to get a complex of singlet (S)
multiplicity. However, there is 3 ways to yield a triplet (T), and 5 ways to
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Table 2.1 Outcomes of encounter of the two excited triplet states.?>*® S — spin
quantum number, M — state multiplicity, S —singlet state, T —triplet state,
Q - quintet state.

P_rli_cl)_rAto igcrgg::ir M Statistical weight *.I'f“.;:[:r
YTT) 0 1(S) 1/9 S1+ So
T+ T TT) 1 2 (T 3/9 T+ So
(TT) 2 3(Q) 5/9 T+ Ty

*Assuming 2 x Ty is insufficient to form a quintet state, while T is energetically
accessible.

yield a quintet state (Q). Consequently, the encounter of two triplets will form
a fluorescent S; state with a probability of f=1/9 or 11.1%.*%"% This
theoretical limit strongly discourages to envision TTA-UC for many practical
applications since it states that ideally, the UC yield (dy¢) can reach 5.5% (1
S1 per 9 pairs of Ty or &y =% x f =% x 1/9). However, many reports proved
this limit to be incorrect,'>3® and suggest alternative interpretations explaining
higher f values. The visual representation leading to different f values is shown
in Fig. 2.4b-c. Since normally molecular Q states are energetically
inaccessible, it is assumed that Q encounter complex dissociates back to T
having no effect to overall T1 population (Fig. 2.4b). Although omitting Q
states increases f to 25%, this value is far from ideal. The f limit can be pushed
further by considering that 3(TT) complex forms a T, state, which due to
internal conversion, relaxes back to T1 (Fig. 2.4c). After this, only one T, state
is quenched. Now, from 4 encounter complexes, 1 will yield a S; quenching 2
triplets, while additional 3 triplets will be quenched from 3(TT) yielding a
probability per quenched triplet 1/(2 + 3) = 20% or f = 40% (per triplet pair).

Ideally, emitter could potentially have energy level alignment where
2 x T1 < T,, meaning inaccessible both Q and T, states. Subsequently, only
Y(TT) depletes the T1 population as other complexes dissociate back to T. In
this way f = 100% since each quenched triplet pair produces a singlet state
(Fig. 2.4d). In summary, relative energy levels of the emitter excited states,
both of S and T character, are important and heavily influence the outcomes
of the TTA. Thus, the condition that 2T, > S; for TTA emitter is important,
yet not sufficient for high performance UC.
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Fig. 2.4 Schematic representation of the TTA event leading to Q - quintet,
T —triplet and S —singlet state. Here f is a statistical probability factor to
obtain a singlet state from two triplets in different scenarios: (a) TTA event
results according to spin statistics; (b) quintet states are energetically
inacessible; (¢) Q are inacessible and only one T state is quenched when T
complex is formed; (d) both Q and T, states are energetically inacessible, thus
all TTA events lead to S state.

It is challenging to determine the f parameter experimentally and most of
the time it is done indirectly. Yet there are several studies reporting f of
popular TTA emitters. Most notable are TTA emitters operating in the Vis-
Vis UC, namely exhibiting blue light emission. For example, the most popular
green-to-blue UC emitter DPA (diphenylanthracene) is extensively reported
to exhibit f of ~40%3% %, The overall highest f of ~100% is reported by
Monguzzi et al. using blue emitter perylene and deriving that in this molecule
T, is inaccessible.r®> Moving to lower Ti energies, the data on f becomes
ambiguous. There is a limited number of studies on f for emitters suitable for
the NIR-to-Vis UC. Almost exclusively the reports are on rubrene in solution.
Moreover, the reports on rubrene f are scattered in range from 33%?3’ to as high
as ~ 66%°>441, However, in our work we emphasize that relatively high f is
not supported by experimental &y measurements (see Table 2.2).
Conversely to the DPA UC systems (f of ~ 40%), where &y is reported to be
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as high as ~ 25%%%?, in the rubrene UC systems the @ < 8% (see chapter
below).

Hopefully, up to this point, the reader is convinced that f of TTA emitters
is an important parameter, projecting a potential limit to ®yc. There is an
apparent need and aspiration for qualitative reports on this parameter,
especially for TTA emitters with low T1 energies.

2.5. Modern NIR-to-Vis TTA-UC systems and the role of rubrene

There are an increasing number of reports attempting to design and
characterize a NIR-to-Vis UC system. This is mainly motivated by various
novel practical solutions projected to be solved by NIR-to-Vis UC. For
example of high interest is operation in biological transparency window
(650 - 950 nm) where light has a relatively high penetration depth.* In this
region TTA-UC can be utilized for targeted drug delivery!, or medical
diagnostics**°, In practice, it is important that the TTA-UC system exhibit
high performance in terms of high @y at relatively low operating power, or
threshold (lw). The summary of the current TTA-based NIR (A ~ 700nm) UC
systems are depicted in Table 2.3. The first part of the table depicts the
sensitizer and emitters pairs used in solutions. A clear distinction between
molecular (PdPc, PtTPTNP, PdTNP) and inorganic (PbSe, PbS, CdS)
sensitizers can be seen as typically the later operate at longer wavelengths
(> 780 nm) and exhibit a superior anti-Stokes shift of up to 0.95 eV. However,
most inorganic sensitizer-based systems suffer from high . This is mainly
related to low absorption at the region of interest as well as suboptimal triplet
energy transfer from the sensitizer to the emitter. Although there are three
outstanding studies in terms of highest ®y¢ (~5.6-7.0%) possessing Rub or
perylene derivative (Py5) as emitters, the @y significantly lower compared
to Vis-Vis UC systems. There are numerous demonstrations of green-to-blue
UC showing @y of 25-38%°*'542, Namely, the observed decrease of @y
when pushing the excitation of UC systems from Vis to NIR is not well
understood and requires more research.

The UC performance is further diminished in solid films (see the lower part
of Table 2.3), where additional problems arise from aggregation-induced
quenching effects in the emitter, that inhibit ®g;. As a result, most of the
works report minuscule ®yc. The highest &y of ~2% is reported by the
group of Kinoshita et. al. using osmium complex as a sensitizer and Rub
nanoparticles doped with DBP exciton sink and dispersed in PVA matrix,
composing a ternary UC system. Comparable result and the highest &y
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Table 2.3 Demonstrated NIR-to-Vis UC systems based on TTA with main UC
characteristics: * UC quantum yield (max. 50%), ® UC threshold (the
intersection of quadratic and linear dependence versus excitation power), ©
excitation wavelength, ¢ wavelength of the UC emission, ° anti-Stokes shift

energy.
UC in solutions
- . adyc blth Qexe  %Auc  ®AEuc

Sensitizer Emitter %)  (Wemd)  (m)  (nm) (eV) Ref.
PbSe NC Rub 0.01 60 980 560  0.95 4
PbS/CPT NC Rub 0.85 - 808 560 0.68 47
PbSe/CPT NC Rub 1.05 - 808 560  0.68 47
PbS/CdS/5-CT NC Rub 420 003 808 560  0.68 48
PbS-ZnS NC Rub 0.14 - 983 560 0.95 49
PbS/5-CT NC Rub 5.90 53.4 781 560 0.63 19
PbS NC TES-ADT 0.15 33 785 610 0.45 50
PdPc(OBU)s TIPS-Tc 020 445 730 540  0.60 51
PdPc(OBu)s TIPS-Tcdimer  0.26 4.3 730 540 0.60 51
PtTPTNP Rub 3.30 - 690 560 0.42 52
PtTPTNP PDI 3.00 - 690 550  0.46 52
PdTNP Py5 7.05 0.05 720 570 0.45 20
PdTNP Py4 3.20 0.05 720 560 0.49 20
TXP Rub 1.54 2 750 560  0.56 22
Os(peptpy)2 2* TTBP 295 066 724 462 097 45
PdPc Rub 5.60 1.9 730 560 0.52 Pl

PdPc tBRub 1.30 3.6 730 560 052 PI

UC in films
PbS NC Rub/DBP 0.5%  0.36 1.1 980 610 0.77 53
PbS NC Rub/DBP 0.5%  0.29 12 850 610 057 54
PbS NC Rub/DBP 0.5%  3.5% - 808 610 050 55
I\;eArng‘fg% Rub/DBP1% 022 006 785 610 045 %
Os(atpy)(tbbpy)Cl+ Rub 0.22 10 730 560 0.52 57
Os(atpy)(tbbpy)Cl+ R‘;?)’S DiEFF’,S-i% 205 10 730 610 033
PdTPTAP Rub nps 0.25 0.1 785 570 0.60 58
MAFAPbI Rub/DBP 1%  0.15 0.5 785 610 045 59
PbS NCs Rub/DBP 1% 005 001 980 610 077 30
PbS QD TES-ADT 0.21 25 975 660  0.61 60
Rub/DBP
PdPc 0 5%/PS 0.07 2.1 730 610 0.33 Pl
tBRub/DBP
PdPc 0 5%/PS 0.30 2.4 730 610 0.33 Pl
PdPc Rub/PS 1.20 1.4 730 560 052 PIV

Rub — rubrene, DBP — tetraphenyldibenzoperiflanthene, PS — polystryrene, PVA —

polyvinylalcohol,

PdTNP - palladium tetraaryltetranaphthoporphyrin, TXP -

texaphyrin, TIPS-Tc — triisopropylsilyl tetracene, PDI — perylenediimide, NC —
nanocrystals, QD — quantum dots, nps — nanoparticles. *Value is normalized to ®g;..
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overall, amongst binary UC systems, was achieved in PIV. This binary system
composed of Rub emitter and PdPc sensitizer demonstrated ®yc~1.2%.

If we focus on the emitters part in Table 2.3 we can see that Rub is the
dominant choice for most of the works. With only one exception, Rub is used
almost in all NIR-to-Vis UC solid systems. This is mainly related to the lack
of TTA emitters exhibiting low triplet energy suitable for NIR-to-Vis UC and
still emissive in the solid-state.®*%2 By being the most popular choice, Rub and
its modifications need further investigation to understand the limiting factors
that inhibit UC performance. Additionally, as the field of NIR-to-Vis UC
progresses, search for novel emitters could be of crucial importance.
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3. EXPERIMENTAL DETAILS
3.1. Quantum chemical simulations

As complementary information to experimental measurements, each
investigated molecule undergoes a quantum chemical simulation procedure.
Namely, to determine excited state energies, molecule’s ground-state
geometry optimization is required. This is done by setting up a force field
MMFF94% developed by Merck (Merc Molecular Force Field) in the
Avogadro software package® to initially guess the lowest energy conformer.
Then a more complex and time-consuming geometry optimization is carried
out by utilizing DFT. For this purpose, Orca software package is utilized.®®
Equilibrium geometry of the ground state was obtained at the B3LYP
functional level with the 6-31G(d) basis set in a vacuum. Finally, time-
dependent DFT (TDDFT) is employed to calculate vertical excitation energies
S and T,

3.2. Synthesis of the compounds

Most of the emitters and sensitizers used throughout the dissertation as well
as in publications P1-1V are synthesized by the brilliant matter manipulators
— the chemist group which is led by prof. Edvinas Orentas in the department
of organic chemistry, Vilnius University. The details on the synthesis of
palladium and platinum phthalocyanines (PdPc, and PtPc), together with
modified tBRub can be found in the Pl while the synthesis of structurally
complex rubrenes peri-tBRub and core-tBRub can be found in PII1I.

3.3.  Sample preparation

All liquid and rigid samples presented in this work were prepared in the
nitrogen-filled glovebox with O, and H2O concentrations below 0.1 ppm. At
first concentrated emitter and sensitizer solutions (10mg/mL) were prepared
separately. The UC solutions were prepared by mixing emitters (Rub, tBRub,
peri-tBRub, core-tBRub) and sensitizers (PdPc, PtPc) at appropriate ratios to
result in the final concentrations (i.e., 18mM of emitter and 15uM of
sensitizer). Prior to mixing each solution was stirred overnight at 50 °C.
Quartz cells having inner dimensions of 10x10 mm with UC solutions were
carefully sealed before removing from the glovebox for measurements. The
sealing was essential to protect from triplet quenching by oxygen as well as to
avoid photoinduced degradation of rubrene emitter through singlet oxygen
induced formation of rubrene endoperoxide®®.
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In the case of UC films, we prepared a stock solution (50 mg/mL) of
dissolved polymer (polystyrene — PS), which was then used at appropriate
ratios to produce a mixed solution of the emitter in PS indicated as wt%. Here
wt% is defined as a weight percentage relative to the total weight content of
the mixture. After mixing, the films were prepared by spin-coating at 4000
rpm for 1 min on 1-mm-thick 25x25 mm microscope glass slides. Low
concentration PS films (< 1 wt%) were drop-casted to produce thicker films.
Finally, before carrying out sample photophysical characterization at ambient
conditions, we covered each prepared film with an additional microscope slide
and encapsulated the film with 2-component epoxy resin.

3.4. Determination of upconversion quantum yield: the absolute method

In TTA-based upconversion, two triplet excitons recombine to form a one
higher energy singlet state. This is usually achieved in molecular systems that
undergo a cascade of energy transfer processes. The overall efficiency of
upconversion quantum yield (®y.) of the emitter-sensitizer system is
described by the yields of intermediate energy transfer/conversion steps (see
Fig. 3.1), namely, ISC, TET, TTA and FL quantum yields. Thus, @ can be
expressed as?:4267.68;

1
Gy = Efq)ISC(DTETq)TTAq)FL 3.1

here f is a statistical factor representing probability to obtain a singlet in an
emitter from two emitter triplets via TTA. In principle, all intermediate
processes can reach 100%, while the ¥ multiplier determines that, ideally,
d - can reach 50%. This is in accordance to standard IUPAC definition of
quantum yield (QY)?14267.69;

# of events # UC photos

= = 3.2
# absorbed photons  # absorbed photons

Py

Here | want to emphasize that in this dissertation and in the P1-V, all the @
values are reported based on this definition above. This is important since in
the community there is some vagueness and uncertainty on how to report the
@, values.’” Some groups normalize UC yield to 100% or even additionally
normalize the result to @, , which produces highly misleading results that are
difficult to compare.
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Energy

Sensitizer Emitter

Fig. 3.1 Main energy transfer steps in the sensitizer and emitter based TTA-
UC scheme with corresponding yields (@) indicated: ISC — intersystem-
crossing; TET — triplet energy transfer; TTA - triplet-triplet annihilation; FL —
fluorescence.

The measurement of &y is carried out by using an integrating sphere and
executing a standard procedure described by Mello et. al.”” Additionally, for
samples exhibiting poor @y a dichroic mirror (notch filter) is used to observe
both the UC emission and the excitation in the same spectra. However, for
most efficient samples filter was unnecessary since UC samples absorbed (A)
>95% of incident light allowing us to measure both NIR excitation (Nex) and
sample emission in the visible region (Nuc) during the same acquisition and
calculate the @y:

NUC

= 33
ve A" Neye

Due to high concentrations of the emitter and the presence of the sensitizer,
the UC spectrum in the integrated sphere is heavily reabsorbed (see Fig. 3.2).
Namely, the right shoulder of the UC spectrum is inhibited by the self-
absorption of the emitter, while the right shoulder (clearly visible at 640 nm
and 700 in Fig. 3.1) is inhibited due to the presence of the sensitizer. The
extent of this effect depends on the sample geometry and can be minimized or
altogether diminished for small/thin samples. Thus, to obtain true maximal
dyc of the system under investigation, the reabsorption correction is
executed, and UC spectra is reconstructed by fitting the tail of the UC spectra
to match the unperturbed spectra of the sensitizer (see Fig. 3.2). The
reconstructed UC spectra is then integrated in the visible region to yield the
corrected value of Nyc.
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Fig. 3.2 The UC spectra of UC sample taken in the integrating sphere (red
dashed line) and the same sample spectra measured outside the integrating
sphere without the influence of reabsorption (orange line). The reabsorbed UC
spectra can be reconstructed based on unaltered fluorescence of the sensitizer
peaking at 774 nm yielding a true UC spectrum.

3.5. Determination of upconversion quantum yield: the inner reference
method

One of the key parameters describing the performance of the UC system is
®yc. The correct evaluation of this parameter is crucial to i) on one hand
compare different UC systems; ii) on the other adjust and optimize the existing
system to get the best ®yc. Above mentioned absolute method using an
integrating sphere has its drawbacks. Firstly, absolute method is time
consuming. Before measurements, it requires time-consuming, delicate
calibration. The same sample needs to be measured more than several times,
at different configurations, while the final UC spectra needs to be additionally
reabsorption corrected by using the unabsorbed spectra taken outside of the
integrating sphere. Most importantly the absolute method losses its reliability
for samples exhibiting low @y (< 0.05%) due to the difficulty to discern the
UC signal from the background. Additionally, the absolute method is not
suitable for samples exhibiting low absorption (e.g. A <5%) since
instrumental fluctuations or sample instability can heavily influence the final
@y, and thus produce unreliable results.
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Compared to the absolute method, the internal reference method for
determining the &y is much more versatile, flexible, and adaptable. Usually,
only one UC measurement is enough to determine the sample ®y;c. Moreover,
there are no strict minimum @y or absorption requirements. The method is
viable as long as UC and the reference signal can be separated from the
background. The inner-reference method is essentially very similar to &gy,
determination by using comparative (relative) method®® described by:

I 0Dz n?

gy, = Pp I 0D 2 -
here | — the integrated FL intensity, OD — optical density (absorption) of the
sample and n is the refractive index of the respective medium. The label ‘R’
refers to a reference material with known quantum yield. Essentially, this
method is based on comparison of PL intensities emerging from two
environments (samples).
A slight variation of the comparative method can be applied to the UC
samples. As such, in the UC system, where sensitizer PdPc is used as NIR
light absorber and triplet exciton generator, after excitation there is always a
residual fluorescence arising from PdPc molecules. The latter statement is true
since some excited singlet states do not undergo ISC and rather decay
radiatively with small and constant ®;. Moreover, this residual ®g;, is not
affected by the presence of the emitter and does not overlap with UC. Thus,
the known PdPc fluorescence can be used as inner-reference, already existing
in the UC sample. Consequently, by knowing the @, of PdPc and considering
that both signals (UC and FL) emerge from the same environment (n = ng)
and both processes are initiated by NIR absorption of PdPc (OD = ODg) the
eqn 3.4 can be simplified to:

CDUC = CDFL_ 35

Here Nuc and Ng_ are the number of photos evaluated by integrating the
respective regions of UC and FL in the measured spectra. More broadly, the
inner-reference method can be used for any other sensitizer exhibiting
detectable and stable emission. The reliability of this method heavily relies on
the precision to which the reference @, can be measured (see Fig. 3.3a). The
dpy, of the reference can be determined by utilizing other methods such as
integrating sphere or relative to standard chromophore (e.g. in our case Nile
Blue).
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The example of @y determined using internal reference from the UC spectra
is illustrated in Fig. 3.3b. The &y determined in this way agrees with the
previous definition presented in section 3, being the ratio of registered UC
photons to absorbed ones with the maximal &y ideally reaching 50%, since
at least two NIR photons are required to produce one visible photon.
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Fig. 3.3 a - Distribution of absolute ®;, of PdPc-doped polystyrene films at
the concentration of 0.1 —1 wt%. The samples included in the histogram
represent various preparation conditions (thickness, concentration etc.) as well
as different sample excitation geometries in the integrating sphere. The
average &g, of PdPc was found to be 0.1% with the standard deviation of
0.03%. b —UC spectra of neat Rub film doped with 0.1 wt% PdPc. This
provides an example of the inner-reference method to determine ®y.

3.6.  Upconversion intensity dependence on excitation power

The UC signal in the sensitizer-emitter system emerges due to TTA
occurring between triplet excitations located at the emitter (annihilator)
molecules. Namely, for TTA to occur, two triplet excitons must encounter
each other to form a fluorescent singlet state. The probability of this encounter
is sensitive to the average distance between the generated triplet excitons and
increases quadratically with triplet exciton concentration [T]. A simple
example of this phenomenon can be illustrated by assuming a random walk of
two particles/triplet excitons (Fig. 3.4). We consider that each triplet exciton
can move one square at a time with equal probability. In the case of relatively
high excitation conditions (Fig. 3.4a) the triplet excitons are nearby and only
one hop is sufficient for TTA to occur. In detail, after one hop each particle
can take 4 separate paths, while the TTA event can occur only at 2 nodes
indicated in red. The final TTA probability (Prra) is calculated by taking a
product of each particle probability to take a path leading to TTA. However,
at lower excitation conditions (Fig. 3.4b), we get proportionally lower [T].
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Now, exhibiting larger separation triplet excitons require at least two hops to
meet and undergo TTA. Notably, only 4 separate paths (noted in green) lead
to 3 nodes where TTA is possible. Overall, 2 hops produce 16 different paths
for each particle, composing 256 different outcomes in total. If we compare
the two scenarios, although the excitation is two times lower, we end up with
4 times reduced Prra, and conclude that Prra oc lexc oc [T]?
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Fig. 3.4 Simplified illustration of the probability tree showing paths of a two
particles random walk (moving in 2D) at two excitation conditions. Each
particle/triplet exciton (yellow circle) can move (black arrow) one adjacent
square (left, right, up, down) at a time with equal probability. a) a case where
two particles are nearby requiring only 1 hop for them to meet (red circle; TTA
event); b) a case when excitation or triplet density is two times lower, requiring
at least 2 hops to meet. In both cases green numbers indicate the number of
paths the particle can take to arrive at the indicated node. Prra is the
probability for TTA event and I is the excitation intensity.

Experimentally, we observe this by measuring the UC intensity (luc)
dependence on excitation power density (lexc) Which is depicted in log-log
scale in Fig. 3.5a. First, at low excitation power the luc increases quadratically
(slope of 2). At this regime due to modest [T] the Prra is low, nevertheless
Prra increases quadratically as explained above. However, at high pump
intensity, the immensely increased [T] assures that each triplet exciton find its
counterpart within its lifetime and as a result Prra approaches unity. Now, luc
follows a linear dependence on le. The intersection point of these two
regimes i.e. square to linear (in double logarithmic scale) is often noted to be
the upconversion threshold intensity (Itn).% %72 The formal definition of Iy is
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the excitation conditions when the half of the triplets decay through TTA
process (®rra = 0.5). The TTA vyield can be described by:

krra _ _ vrralT] 36
kror  kr +vrrall]

here, y1ta - second order decay rate for TTA, kpra — rate of TTA, kpor — SUM
of total triplet decay rates, kt — first order triplet decay rate. It follows that I
can also be defined as excitation conditions when the @y reaches half of the
maximal theoretical value or ®y¢ =% x dyj.. Correspondingly, the equation
for I can be derived’:

Dprp =

_ 2(kr)? 3.7
yTTAa(E)CDTET
here, a(E) — absorption coefficient of the sensitizer at the excitation
wavelength, ®tgr — quantum yield of triplet energy transfer from the
sensitizer to the emitter. From eqgn 3.7 it is evident that for a given system the
emitter and sensitizer concentrations should be as high as possible to increase
absorption (o(E)) and thus to minimize the ln. However, high sensitizer
concentrations could be detrimental to the &y due to the back-FRET of UC
emission to the sensitizer. Thus, careful optimization needs to be performed
to get low Iy, without compromising the ®yc.
The Fig. 3.5b displays the &y dependence on pump intensity. The ®y¢
increases together with increasing lexc and asymptotically approaches plateau
representing maximal ® .. The behaviour of @y can be described by:

1—,/1+2b- 1m>

b- Iexc

th

P = i <1 + 3.8
here, b = 2/lin@s.2%) = 4/linsow). In the parentheses of Iy the subscript depicts
the percentage value of ®y-/® . This is important since, as pointed out by
Murakami et. al. and noted in Fig. 3.5, the conventional intersection of two
excitation regimes (slope 2 and slope 1), represents ®y¢c/®gc = 38.2%.%871
Here, in this dissertation the latter definition of I is used.

To surely reach TTA domination regime (lexc >> ltn) amounting to high &y
it is convenient to use a system with as low I, as possible. We can see this
from Table 3.1, which is based on eqn 3.8. For example, if the lex is 10 times
lower than Iy the system operates only at 8.4% of its capacity (®p.).
Evidently, when lex is 50 times greater than the lings.20) the @y reaches
86.8% of ®y.. The further increase of le leads to a relatively small
improvement.
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Experimentally, high le can cause a deviation from linear lyc dependence,
leading to reduced @y and never reaching the potential limit of &g (see
Fig. 5). This overwhelming excitation can be detrimental for various reasons.
For example, typically utilized small concentrations of the sensitizer could
lead to conditions where most of the sensitizer molecules are in the excited
state, thus causing an absorption bleaching. Additionally, at high excitations
exciton-exciton interactions such as singlet-triplet annihilation could occur
and thus reduce the lyc.?®
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Fig. 3.5 a) UC intensity (Iuc) and b) UC yield (Pyc) vs. excitation power
density (Iexc) of the same UC film. In the top graph a) Iyc exhibits typical
qudratic (slope = 2) to linear (slope = 1) dependence where the intersection
point corresponds to UC threshold (Iin3s2%)). In the bottom part (b) @y or
Tuc/lexc is fitted (be}tc) with eqn 3.8 and shows how @y asymptotically
approaches the theoretical maximal UC yield (®{j) of the system.
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Table 3.1 @y in relation to theoretical limit of @y at different excitation
conditions based on eqn 3.8. The L. is the excitation power while Iins.20) and
Linsov) are UC thresholds defined as 38.2% and 50% of @y correspondingly.

lexc/ lthzs.2) Puc/ Quc” lexc / ltn(s09%) Duc/ Guc”
[%] [%]
0.1 8.4 0.1 14.6
0.5 26.8 0.5 38.2
1 38.2 1 50.0
2 50.0 2 61.0
5 64.2 5 73.0
10 73.0 10 80.0
20 80.0 20 85.4
50 86.8 50 90.5
100 90.5 100 93.2
200 93.2 200 95.1
500 95.6 500 96.9
1000 96.9 1000 97.8

The measurement of Il was carried out using perpendicular geometry, by
exciting a UC sample (either solution in 1 cm thick cuvette or UC film) and
collecting the UC emission 90° to the excitation. This allowed to minimize the
influence of scattered NIR excitation. For excitation continuous wave laser
diode (PicoQuant) was utilized exhibiting Aexc = 730nm with a beam diameter
of 120 um. Additionally, to block NIR excitation before the detection, a notch
filter was utilized and thus diminished the signal at A = 730nm by three orders
of magnitude. The lyc was collected with CCD spectrometer (Hamamatsu,
PMA-12), while lexc Was determined with power meter (Ophir photonics, PD-
300).
3.7. Time-resolved spectroscopy

The emitter triplet exciton population, after excitation pulse can decay
radiatively, non-radiatively or through TTA. The corresponding rate equation

describing triplet exciton concentration [T] is:
d[T]
ar Gr — kr[T] — yrralT]? 3.9

where Gp describes the triplet generation (i.e. through TET from the
sensitizer), while ky is first order triplet decay rate and yrra is the bimolecular
annihilation constant. The latter parameter can be further expanded?:
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Yr1a = 8TfRD 3.10

where f is the probability for TTA event to result in spin 0 (singlet) state, R is
the reaction distance, while D is the triplet diffusion coefficient.

At longer times the Gt =0 and for low excitation conditions when TTA is
improbable and kr is the main deactivation pathway (kr [T] >> yra [T]?) the
solution for eqn 3.9 is:

[T](t) = [Tole *rt 3.11

here [To] is the initial triplet concentration. By considering that luc oc [T]? we
can obtain UC signal dependence over time:

Iyc(t) o e~2krt 3.12

From egn 3.12 it is evident that luc decays two times faster than the triplet
exciton of the emitter (tuc = % X 17).

The experimentally measured luc time dynamics are presented in Fig. 3.6.
Evidently there is a region when lyc rises (t<10us) and then decays
(t >10 ps). At initial times the term Gr is responsible for rise of lyc. Namely,
the [T] increases over time due to TET from the sensitizer to the emitter. We
can consider the Gt to be time-dependent:

Gr(£) o ekt 3.13

here ki is the decay rate of the sensitizer triplets. Now, if we take term Gt from
egn 3.13, under low excitation conditions (kt[T] >> yrra [T]?), the solution
to eqn 3.9 describes the whole lyc time dependence:

Iyc(t) « [T]? « (exp (— %) — exp (— %))2 3.14

here, T, triplet concentration rise time due to TET from the sensitizer and 7
is the time constant of the triplet decay. Since, 7, < 7, at longer times, we get
the egn. 3.12.

By returning to experimental results (Fig. 3.6), we observe that the sensitizer
triplet excitons decay exponentially and at t =10 s are depleted. At this point
emitter [T] reaches a maximum. After this, the luc decays exponentially (egn
3.12).
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Fig. 3.6 Experimental data of Iuc(t). Two distinct regions are visible: rise of
UC signal (z,) followed by and exponential decay (74). The data points are
fitted with eqn 3.14.

The measurement of luc(t) is carried out with time-gated iCCD camera New
iStar DH340T (Andor) after exciting the UC samples with emission of
tunable-wavelength optical amplifier (Ekspla) pumped by a nanosecond
Nd**:YAG laser (A = 730 nm, pulse duration — 5 ns, repetition rate — 1 kHz).
By changing iCCD gate width, delay and exposure the measured UC transients
span over three orders of magnitude in intensity and three orders of magnitude
in time. The obtained UC spectra are normalized to same measurement
conditions (gate and exposure), then integrated and fitted using eqn Error!
Reference source not found. to obtain 7., 74, Tt .

3.8. Determination of the exciton diffusion parameters

In disordered rigid films, molecules are chaotically distributed with fixed
positions. Excitation of these molecules leads to locally excited states (Frenkel
excitons) that are bound to one molecule. However, excitons can migrate
through the molecular manifold, in simplified terms, by means of hoping, from
one molecule to another. Generally, the net movement of excitons during their
lifetime can be well described by diffusion. In the materials with high triplet
diffusivity, the TTA is more probable since TTA event requires two triplet
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excitons in proximity to each other. This is especially true at low excitation
conditions (low [T]). Thus, the characterization of the triplet diffusion in the
emitter films is useful to understand when designing the UC systems.

The triplet exciton diffusion in the spin-coated UC films was evaluated by
using the time-resolved photoluminescence bulk-quenching technique
followed by Stern-Volmer analysis, which was previously demonstrated to be
the accurate tool for the determination of exciton diffusion parameters.”>’* A
series of emitter films with varying amounts of randomly distributed exciton
quenchers were fabricated. Chloranil, exhibiting strong electron accepting
properties and causing instant exciton dissociation in contact with excited Rub
species, was chosen as a triplet exciton quencher.” In the prepared films with
the dispersed quenchers, the excitons are free to diffuse during their lifetime
through the Rub network and decay non-radiatively if the quenching site is
reached. By measuring UC transients, the quenching efficiency can be
evaluated and used to determine Stern-Volmer constant (Ksy), and
subsequently, the diffusion coefficient (Dr).

The luc proportional to [T] which is described by egn 3.9. Thus, by measuring
UC transients, generally non-emissive triplet excitons in Rub can be probed
indirectly. Special care must be taken to ensure that the transients are
dominated by spontaneous triplet decay and not TTA (low excitation
conditions), as this will allow to probe triplet exciton lifetime, which in turn
is affected by the quenchers. Measuring UC transients at low triplet
concentrations also eliminates other unwanted possible deactivation channels,
such as singlet-triplet annihilation (STA).

Relative quenching efficiency of the triplets (Q) at a certain quencher
concentration ([Qc]) was evaluated by using the following equation:

| luc@@®dt

0=1-Y __— _, TMw_,; Tuc@ 3.15
[ Iyc(H)de TT Tuc

here luc(t) and luc(t) stand for UC transients of the films with chloranil

quenchers present and absent, respectively. t1(q) and Tuc(q) are corresponding

lifetimes with quenchers present.

Ksv was estimated by fitting experimental Q data utilizing “hindered access

model””4, by which only a fraction (f) of the quenchers were accessible to the

excitons in emitter molecules due to the possible quencher aggregation.

fa
_ ) 3.16
¢=ra 1+ Ksy[Qc]
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Exciton diffusion coefficient (D) for a given Ksy can be calculated from the
following expression:

Ksy

D=—72>— 3.17
4trPTNy

where r is reactive radius, which in this case is assumed to be a sum of the
radiuses of the spheres (volumes) occupied by emitter and quencher molecules
in the solid-state, Py is the quenching probability of the exciton upon reaching

the quencher (assumed to be =1), Na is Avogadro’s number. Dimensions of
the molecules were estimated by taking the cube root of the volume occupied

by one mole of that material:
, M 3.18
d= |— .
pNa

here M is a molar mass and p is a density of material.
All things considered the exciton diffusion length (Lp) calculated from:

L, =D 3.19
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4. NIR-TO-VIS UPCONVERSION IN SOLUTION: LIMITING
FACTORS OF RUBRENE-BASED SYSTEMS

In this chapter, the key aspects of the first publication P1 are outlined. After
introduction to modern NIR-to-Vis UC systems it becomes evident that even
the best performing systems lack appropriate efficiency required for practical
applications. To address the issue and provide more clarity, we focus on
rubrene, by far the most used emitter in the field. To complement Rub in UC
scheme, two novel metallophthalocyanines were synthesized, and by
absorbing NIR light, served as triplet sensitizers. Moreover, aiming to
improve and introduce an alternative TTA emitter, we modified rubrene with
solubility increasing tert-butyl groups (tBRub). Essentially, by utilizing
different combinations of sensitizer and emitter pairs as well as carrying out
delicate optimization steps toward best UC efficiency reaching record high
@y = 5.6%, we deduce that utmost ®{¢* = 8% can be obtained using Rub
as an emitter. The cause of the upper limit is attributed to low statistical
probability to obtain a singlet state under TTA event. This encourages to
actively seek for alternative TTA emitters to surpass the current efficiency
barrier.

Photophysical properties of metallophthalocyanines

At first, two metallophthalocyanines (MPc) were synthesized to serve as
NIR photon absorbers and triplet sensitizers. To ensure rapid ISC, the heavy
metal atom, either palladium (Pd) or platinum (Pt) were positioned in the MPc
core. The chemical structures of these MPc were already presented in the
introductory part of the dissertation (see Fig. 2.2). The MPc investigated in Pl
were assessed independently and their main photophysical properties are
summarized in Table 4.1. Notably, the lowest triplet state energy (T1) of PdPc
and PtPc were found to be 1.12 eV and 1.18 eV, respectively, as determined
from the phosphorescence (Ph) peak. Importantly, T1 of MPc is similar to T;
of Rub (1.04 — 1.14eV)’’® proving to be suitable to sensitize Rub.
Furthermore, Rub PL emission (see Fig. 4.1) peaking at ~560 nm is positioned
in the transparency window of MPc. The same is also valid for tBRub, since
added non-conjugated t-butyl moieties make an insignificant impact on the
absorption and FL properties of the unsubstituted Rub emitter.
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Table 4.1. Photophysical properties of PdPc and PtPc sensitizers in toluene
solution (¢ = 1.0 x 10 M).

g Aabs” AL’ Apn D3 © 7o
x10° nm, nm, nm, o
% us
M'em'! (eV) (eV) (eV)
PdPc 2.46 720, 750, 1110, 0.3 3.3-
(1.72) (165  (1.12) 43
PtPc 1.87 709, 785, 1055, 0.6 0.7

(1.75) (1.58) (1.18)
& Molar extinction coefficient. ® Absorption maximum of Q band. ¢ Peak
fluorescence and ¢ phosphorescence emission. ¢ FL quantum yield measured
in integrating sphere. f Triplet lifetime of sensitizers.
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Fig. 4.1. Absorption (solid lines), fluorescence (filled dashed lines) and
phosphorescence (circles) spectra of PdPc sensitizer in toluene
(¢ = 1.0 x 10 M). FL spectra of Rub in toluene (¢ = 1.0 x 10 M) is shown
for reference. Spectra of PtPc can be found in PIL.

Seeking for the optimal upconverting solution

Since the UC process requires two components (sensitizer and emitter), the
right ratio of the constituents is needed for the effective TTA to occur.
Therefore, it is useful to assess the UC using different sensitizer/emitter
mixtures (see Fig. 4.2a). Systematically, it is easier to carry out the
optimization by fixing the sensitizer concentration and gradually increasing
the emitter concentration. From TTA-UC energy scheme it is rational to
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assume that sensitizer concentration needs to be as low as possible for back-
FRET to be minimized, however triplet concentration needs to be high enough
for TTA to occur efficiently. The 15 uM of PdPc was selected to be optimal
since it ensured strong 730 nm NIR absorption with OD ~ 3.7. In Fig. 4.2a we
can see experimental results of emitters concentration optimization. Under
conditions, when emitter is absent the 730 nm excitation does not lead to any
signal in the visible range. However, noticeable UC emission emerged when
10“ M of Rub was added. The further increase of emitter concentration to
18mM lead to continuous increase of UC intensity. The accompanied FL of
PdPc remained constant and indicated persistently improving @y up to the
highest possible emitter concentrations. The same tendency was observed by
changing the emitter to tBRub. This observation can be rationalized by
considering that increase of emitter concentration decreases the average
distance between sensitizer and the emitter. This, in turn, leads to more
efficient dexter-type triplet energy transfer. Additionally, the average distance
between emitters is reduced leading to more probable triplet encounter and
thus TTA. At 18mM of Rub we reach the solubility limit. Further
concentration increase would lead to detrimental emitter aggregation.
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Fig. 4.2 a) UC emission spectra of Rub:PdPc solution at different Rub
concentrations (indicated) and fixed PdPc (15 uM) concentration. Inset
depicts UC peak intensity vs. Rub concentration. b) Comparing UC emission
of Rub and tBRub under identical conditions, using 18mM of emitter and
15 uM of PdPc sensitizer. All experiments were carried out under 730 nm CW
excitation.

The emerging UC from concentrated Rub was compared to tBRub at
otherwise identical conditions (see Fig. 4.2b). This allowed us to assess the
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differences between the emitters, since observed UC intensity is proportional
to ®yc. Interestingly, the Rub outperformed the tBRub and demonstrated
more than 4 times brighter UC emission. By taking the advantage of solubility
improving t-butyl groups, the tBRub concentration was increased to 40mM,
however, the measured UC still demonstrated lower performance. The further
analysis aims to investigate the discrepancies between these two emitters and
find the processes that hamper UC efficiency.

Evaluating triplet energy transfer in UC solutions

From eqn 3.1 it is evident that ideally &y could reach 50%. In detail, the
intermediate energy transfer steps, such ISC, TET, TTA followed by FL could
supress the ®yc. When optimizing UC samples, it is useful to deconstruct
each energy transfer step and identify the weakest link in the scheme. Firstly,
as discussed in this section, we aim to evaluate the yield of triplets that reaches
the emitter (Prgt).

The &g can be evaluated by performing triplet quenching experiments
(see Fig. 4.3). It is considered that sensitizer triplets are quenched by the
presence of the emitter.*%’”78 In turn, the ® gt can be estimated from the ratio
of quenched (t1) and non-quenched (to) triplet lifetimes of the sensitizer
according to:

T1
Gppr=1—— 4.1
To

Since triplet states are dark, their concentration over time can be evaluated
by using UC signal as a probe. Given the dominant triplet relaxation pathway
is spontaneous decay, the temporal dynamics of UC intensity, which is
proportional to the square of the triplet concentration of Rub, [T*?]?, can be
described by egn 3.14 (see experimental section on time-resolved
spectroscopy).

The UC transients along with their fits are depicted in Fig. 4.3a with an
emphasis on initial rise of UC intensity. The rise is steeper for concentrated
solutions indicating faster TET. After reaching peak intensity the UC
transients decay mono-exponentially (inset of Fig. 2.2a) with a lifetime
Tyc = 50us. This corresponds to Rub triplet lifetime of - = 2 X ty¢ = 100 ps.

Extrapolating the 7, to zero emitter concentration provides information on
unquenched triplet lifetime (to) of PdPc (see Fig. 4.3b). Therefore, the ®gt
can be calculated at any emitter concentration. Namely, the to of PdPc was
determined to be 3.3 ps, which is similar to PdPc reported elsewhere®® (Fig.
4.3b). By changing the Rub concentration from 1mM to 18mM the ®rpr
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increased from ~24% to ~82%. The additional ® g measurements for tBRub
as an emitter or using the PtPc as a sensitizer can be found in PI.
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Fig. 4.3 a) UC transients of Rub:PdPc at fixed sensitizer concentration
(15 uM) and different emitter concentrations (indicated) obtained using
nanosecond laser excitation at 730 nm. Insets depict the transients on a longer
time-frame. b) The inverse of UC transient rise time as function of emitter
concentration. Concentration of sensitizers PdPc was fixed at 15 pM. Triplet
lifetime of sensitizers () is indicated wich estimated as the inverse of the
intercept.

Upconversion yield and probability factor in rubrene-based systems

All intermediate energy transfer steps in UC scheme were evaluated
independently and are summarized in Table 4.2. Although used MPc exhibit
@ close to unity, the measured ®rgt and o, are relatively high whereas
®rra approaches unity at high excitation regime, the overall @y is low for
all studied UC samples (1.3 — 5.7 %). The remaining parameter having a direct
impact on &y is statistical probability factor (f). The factor describes
probability for the triplet pair in an emitter to form one singlet via TTA.
Relying purely on spin statistics and taking into account that triplet encounter
complex can be of singlet, triplet or quintet multiplicity with corresponding
statistically weighted formation probability of 1:3:5, f should not exceed 1/9
(or 11.1%).3® However, there are many reports surpassing this limit. This can
be rationalized by considering that triplet and quintet complexes may not
necessarily quench to the ground state, but instead, depending on the relative
position of energy levels, relax back into triplets.
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Table 4.2 Obtained quantities determining the performance of the investigated
UC systems under CW excitation at 730nm.

ucC Emitter (18 mM):Sensitizer (15 pM) in Toluene
system Solution
Orer® f° Op° Dy* Ip®
% % % % W/cm?
Rub:PdPc 82 15.6 90 5.7 1.9
Rub:PtPc 71 15.4 90 4.9 11.0
tBRub:PdPc 56 5.3 90 1.3 3.6

2 Triplet energy transfer yield. ® Statistical probability factor to obtain a singlet
from two emitter triplets via TTA. ¢ FL and ¢ UC quantum yields. ¢ UC
threshold.

A product [f x ®p1a] in the studied UC systems was estimated by directly
comparing delayed (luc) and prompt (Ir) FL intensities and considering that
both emissions emerge from the same emitter species in the same environment
(see Fig. 4.4).3%37 From eqgn. 3.1 we can derive that:

dye 1
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Importantly, drr, depends on triplet concentration and thus on excitation
power. In Rub:PdPc system when the condition lec> Iy, iS met, the luc
increases linearly (see Fig. 4.4a). This correspond to TTA saturation which is
reached when TTA outcompetes spontaneous triplet decay and becomes the
dominant triplet decay channel. As a result, &1 approaches unity permitting
to determine f from the saturated value (see Fig. 4.4b). In case, of Rub:PdPc
the f value of 15.6% was obtained. Additionally, the same result was obtained
using PtPc as a sensitizer, confirming that f is independent of the sensitizer
and is an intrinsic property of the emitter. The determined f imposes maximum
limit of % xf=~8% on &y of Rub UC systems provided all the energy
transfer/conversion steps are 100% efficient. This results partly explains why
out of numerous reports on rubrene-based UC systems, there was not a single
demonstration of @y exceeding this limit,319.29.37.48,78-80

By applying same investigation for tBRub it was revealed that the t-butyl
moieties produce a negative impact on the UC performance, namely by
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reducing f almost 3 times compared to Rub. Additionally, @y value was
confirmed by independent measurement with integrating sphere, providing
confidence in the obtained result. It is worth pointing out that the maximal
®yc (5.7%) obtained by optimizing emitter and sensitizer concentrations in
Rub:PdPc is among the largest reported for NIR-to-Vis UC system’s
absorbing at>730 nm.!9452787981 Qn the other hand for the next
breakthrough towards efficiencies reaching close to 50 % the search for novel
emitters are required.
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Fig. 4.4 a) FL and UC intensities under CW excitation at 485 nm and 730 nm,
respectively, as a function of excitation power density for Rub (18 mM):PdPc
(15 uM) system. b) Excitation dependences of the product [f'* @] of the
same systems calculated according to eqn 4.3. f'value is indicated. ¢ — Pictures
of UC emission in Rub:PdPc solution under NIR excitation (no filter used).
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5. ACHIEVING SOLID-STATE UPCONVERSION BY MEANS
OF MOLECULAR ENGINEERING AND SINGLET EXCITON
SINK APPROACH

The previous chapter discussed the main limitations of TTA-UC in
solution. However, there are many applications (e.g. photovoltaics) that
require TTA-UC to be efficient in the solid-state. The rigid systems with fixed
molecule positions are far more complex and introduce additional hurdles that
inhibit UC efficiency. P11 is written in attempt to tackle this problem and here,
in this chapter, the main insights are provided with a summary of the results.
Specifically, here investigated UC films were prepared by means of spin
coating using rubrene and PdPc as active molecules. It was identified that poor
TTA-UC performance is related to drastically reduced rubrene fluorescence
quantum yield in the solid-state. To improve UC efficiency rubrene was
modified with non-conjugated tert-butyl moieties (tBRub). Although
modification was anticipated to act as spacing groups and supress the
undesirable concentration quenching of emission, it could potentially induce
adverse effects, i.e. reduce triplet diffusion and diffusion assisted TTA, hence
hamper UC efficiency. Additionally, to improve emission yield
tetraphenyldibenzoperiflanthene (DBP) was mixed with UC components to
collect the UC singlets from the emitter and diminish any non-radiative
pathways. Moreover, polystyrene binder was utilized to control the average
distance between molecules thus further minimize the extent of aggregation.
The UC performance optimization against emitter concentration revealed 4-
fold higher &y (0.3%) in tBRub films as compared to that in rubrene films
(0.07%) at the optimal emitter doping of 80 wt%.

Introducing singlet exciton sink in UC scheme

Aiming to achieve NIR-to-Vis UC in the solid-state as well as improve
®yc, we used a TTA-UC scheme composed of a singlet exciton sink Fig. 5.1a.
Specifically, the structures of the materials used in PII are illustrated in
Fig. 5.1b. As a foundation for TTA-UC PdPc triplet sensitizer and Rub or
tBRub emitter was used, while DBP served as singlet exciton sink. The later
component is used to improve poor @, of the Rub in the solid-state, serving
as emissive dopant that via FRET (Fig. 5.1a) collects after TTA generated
singlet states that would otherwise decay non-radiatively. This approach,
firstly adapted for efficient red OLEDs®?, is also demonstrated to work in
solid-state UC. Namely, forming 80 nm thick film by the co-evaporation of
80 nm of Rub and 0.5 vol% of DBP was demonstrated to improve emission
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intensity by 19-fold in respect to Rub only films.> Similar result is also
reported for Rub nano particles were the &gy, is increased from ~3% in neat
Rub to ~60% doped with 0.5 mol% of DBP Although, in the literature the
exact cause for the efficiency increase is under the debate.®® Furthermore,
there are suggestions that DBP can be altogether omitted. In the works on
perovskite sensitized UC films, DBP unnecessarily complicated the UC
scheme with a cost of red-shift of the UC emission of 0.15 eV.8* Nevertheless,
we decided to investigate the influence of DBP in our UC films.
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Fig. 5.1 a) TTA-UC energy scheme for PdPc-sensitized rubrene (or tBRub)
systems with DBP as singlet sink (collector). Here, ISC — intersystem
crossing, TET — triplet energy transfer, TTA — triplet-triplet annihilation, SF —
singlet fission, FRET — Forster resonant energy transfer. B) Chemical
structures of PdPc sensitizer, singlet exciton sink DBP and rubrene-based
emitters (rub and tBRub).

Photophysical properties of UC active components

Firstly, the photophysical properties of UC components were investigated
separately. For isolated molecules the main results are displayed in Fig. 5.2.
From absorption and FL spectra (Fig. 5.2a) of Rub and t-butyl-functionalized
rubrene (tBRub) emitters were found to be similar. This indicates negligible
impact of t-butyl moieties on electronic structure of Rub core. Thus, unaltered
energetics allows to presume that TTA process for tBRub emitter is similarly
feasible as that for Rub. Additionally, in Fig. 5.2b emission spectrum of DBP
dispersed in PS film at 0.01 wt% concentration is displayed. Here, we can
expect FRET between emitter and exciton sink, due to overlap of Rub
emission and DBP absorption spectra. DBP is also suitable to serve as exciton
sink due to high @y, (Pgr, ~ 84%). Importantly, although emission of DBP is
redshifted by about 60 nm as compared to FL of rubrene (or tBRub) it is still
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within the transparency region of the sensitizer absorption (Fig. 5.2a).
Considering that the lowest triplet state of DBP is ~0.2 eV higher than that of
rubrene,® DBP is expected not to affect TTA process in the emitter.
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Fig. 5.2 a) Absorption spectra of rubrene, TBR emitters and singlet exciton
sink DBP in toluene (1-10°M). The absorption spectrum of PdPc sensitizer is
displayed for reference. b) PL emission spectra of rubrene, tBRub and DBP in
polystyrene (PS) films at 0.01 wt% concentration.

Concentration quenching of rubrene emitters

Typically, in most organic semiconductors, reduced molecular distance
between emissive species results in fluorescence quenching. Often, this can
be related to quenching site formation related to impurities or molecular
aggregates.?>® For Rub there is rapid non-radiative deactivation channel
related to excited state energy level alignment. In Rub singlet energy (Sa) is
two times higher the triplet energy (T1), i.e. S1 ~ 2xT1. This opens a possibility
for singlet splitting into two triplets, the so-called singlet fission (SF). This
Dexter-type process requires decent electron wavefunction overlap between
the neighbouring molecules making it sensitive to emitter concentration. Since
SF occurs at ~ps scale®® it is the dominant non-radiative singlet decay channel.
The t-butyl moieties were expected to increase the average distance between
emitters and thus minimize the impact of SF.

We prepared a series of spin-coated films with various emitter concentrations
in polymer matrix (PS) that represents a gradually changing distance between
emitter molecules. The measurements of corresponding spectra and ®gy,
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(Fig. 5.3) together with FL lifetime measurements (see PI1) were assessed to
investigate role of t-butyl groups in suppression of FL quenching.

In contrast to Rub, tBRub exhibits notably less FL spectral changes with
increasing emitter concentration (Fig. 5.3a-b) indicating that emission from
amorphous tBRub phase prevails almost up to 100 wt%. Moreover, the extent
of spectral change neatly correlates with the change of ®g; as well as FL
lifetimes of the same samples. Namely, the ®g;, of the films were estimated
using an integrating sphere and are compared in Fig. 5.3c. At low emitter
concentrations (up to 1 wt%) in PS, both emitters expressed ®g;, close to
100%, indicating negligible intermolecular interaction and FL gquenching.
However, further increase in concentration resulted in rather different dgy,
behaviors. Rub already suffered a steep ®p;, drop at concentrations above
1 wt%, whereas tBRub showed persistently high &g up to 30 wt% and
experienced only slight decrease above this concentration. Eventually, in the
neat Rub film (at 100 wt% of emitter) @, drastically decreased down to
1.5%, which is ascribed to the formation of crystalline aggregates facilitating
already mentioned SF. 762>-87 On the other hand, ®;, of the neat tBRub films
was found to be a factor of ~20 higher (®¢;, = 35%), thus confirming the
preventive role of t-butyl moieties in reducing SF promoted FL quenching.
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Fig. 5.3 Fluorescence spectra of emitter-doped PS films as a function of
emitter concentration, where emitter is a) rubrene and b) tBRub. c)
Fluorescence quantum yield of emitter-doped PS films as a function of emitter
concentration. Measurements were carried out in the integrating sphere. Lines
serve as guidelines to the eye.
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Induced changes by adding emissive dopant DBP

The next optimization step was related to the DBP singlet exciton sink and
its ability to enhance the emission of spin-coated Rub films. The Fig. 5.4
shows FL spectra and ®;, of DBP-doped Rub films as a function of doping
concentration in the range of 0—1wt%. The FL spectrum change with
increasing DBP concentration clearly demonstrates that even a small amount
of DBP noticeably changes the emission properties. At 0.5 wt% of DBP, the
emission spectrum resembled that of the pure DBP spectrum (see Fig. 5.2)
indicating efficient FRET from Rub to DBP. Moreover, DBP doped films
showed improved ®g;.. In the in sink-free Rub films the ®g;, = 1.5%, whereas
in DBP doped films, the yield has increased 10-fold, up to ®g;, = 15%. Still
the latter value is found to be roughly 7 times lower than that of Rub in isolated
form (®g ~100%). Evidently, the FL quenching is not completely
suppressed by addition of 0.5 wt% DBP, and unfortunately cannot be further
minimized due to DBP aggregation at higher concentrations. The optimal
0.5 wt% DBP concentration was further utilized in the fabrication of PdPc-
sensitized UC films, with Rub and tBRub emitters.

0.0 0.2 0.4 0.6 0.8 1.0
DBP conc. (wt%)

DBP conc. (wt%)
0
—0.01

Norm. FL Intensity (arb. units)

0 1 I 1 L 1 L 1 1 i <
550 600 650 700 750 800
Wavelength (nm)
Fig. 5.4 FL spectra of DBP-doped Rub films at various doping concentrations.

The inset shows the ®fp of the films as a function of sink concentration.
Excitation wavelength — 450 nm.

52



Influence of t-butyl groups to solid-state NIR-to-Vis upconversion

Motivated to find the optimal emitter concentration and realize the most
efficient TTA-UC, we manufactured PdPc-sensitized UC films with different
Rub and tBRub concentrations. During the fabrication, concentrations of the
sensitizer PdPc and singlet exciton sink DBP were kept constant, at their
optimal values of 0.1 wt% and 0.5 wt%, respectively. The UC and FL
performance were evaluated using integrating sphere. The &g of the
manufactured films was obtained by directly exciting emitter species
(Aexc = 450 nm) (Fig. 5.5a), while &y was obtained by exciting sensitizer
species with NIR light (Aexc = 730 nm) in the same sample. The results of such
comparison are displayed alongside in Fig. 5.5a-b, for both Rub and tBRub.
Notably, investigated UC films exhibited bright Vis emission under NIR
excitation, observable by the naked eye (Fig. 5.5¢).

We observed monotonous decrease of @, for rubrene UC films, when
emitter content changed from 30 to 100 wt% (Fig. 5.5a). We rationalize this
result by considering the adverse back-FRET to PdPc as well as increasing
influence of SF in emitter as discussed above. Although doped with DBP, at
the highest Rub emitter concentration, the UC films containing PdPc exhibited
low &g =2.5%, whereas the same films without sensitizer expressed
dp;, = 15% (see Fig. 5.5a). This implies a factor of 6 lower ®g;, due to back-
FRET to sensitizer. The decrease of &g with increasing emitter
concentration was also obtained for tBRub, although at a considerably smaller
extent.

Contrary to the ®g;, dynamics, the @y of the UC films showed non-
monotonous behaviour with increasing emitter contents (Fig. 5.5b). Initially,
dyc increased with increasing Rub and tBRub concentration up to 80 wt%,
where maximum &y were reached, and then began slightly declining above
this concentration. The maximum @y attained in these films was 0.07% and
0.3% for Rub and tBRub emitters, respectively. It was determined that the
observed initial increase of ®y could only be justified by the enhanced ®gt
since ®gt should exhibit exponential growth with decreasing the distance
between emitter and sensitizer. Eventually, the growth of TET will saturate at
some ®rpr value (not necessarily at 100%), which in the studied UC films
occurs at the emitter concentration of about 80 wt%. Further behaviour of &y
with increasing emitter concentration should follow that of ®;, as all the other
intermediate energy transfer steps have already reached maximum efficiency.
Indeed, 4-fold higher maximum &y obtained for tBRub film as compared to
that of Rub at 80 wt% concentration well corresponds to 4-fold higher ®g;, in
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tBRub film vs. Rub film at the same concentration. This infers similar ® g
in both emitter-type UC films and additionally clarifies the cause of improved
@y in tBRub films mainly due to the suppressed SF.
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Fig. 5.5 a) FL and b) UC quantum yields of PdPc-sensitized UC films doped
with singlet sink DBP as a function emitter Rub or tBRub concentration. All
samples contained 0.1 wt% of PdPc and 0.5 wt% DBP. FL and UC excitation
wavelengths were 450 nm and 730 nm, respectively. Excitation density at
730 nm — 100 W/cm?. ¢) Picture of NIR-to-Vis upconversion in the polymer
film with tBRub emitter excited at the edge of the film with 730 nm light.
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6. EMITTER OPTIMIZATION: INFLUENCE OF SIDE
GROUPS ON RUBRENE EMISSIVE PROPERTIES AND
IMPLICATIONS FOR TTA

As discussed in the previous chapter in the solid films Rub emission is
strongly hampered by singlet fission. This, in turn, negatively affects the
efficiency of UC. The extent of SF in Rub is reduced by adding t-butyl
moieties and therefore increasing the UC efficiency. Based on the later result
obtained in P11, we extend the main insight further in the publication PII1. In
P111 we modified Rub emitter with larger and more sterically demanding 3,5-
di-tert-butylphenyl side-moieties at the periphery (peri-tBRub) and the core
(core-tBRub) and achieved 40-fold enhancement of the emission quantum
yield in the solid films. Here, the main results of investigating and applying
these novel emitters for UC are briefly summarized. Unfortunately, highly
emissive emitters did not outperform Rub and tBRub in terms of UC yield due
to strongly inhibited triplet energy transfer. Nevertheless, we deduce from an
analysis of the prompt and delayed emission, that bulky side-moieties do not
necessarily impede TTA. Specifically, for the emitter with bulky groups
linked in the periphery, the TTA was as efficient as that of unsubstituted
rubrene, whereas these moieties linked directly to the core suppress TTA
dramatically. The PII unveils the advantage of the peripheral linking vs. core
linking pattern of rubrene emitters, thereby providing valuable insights for
their rational modification towards improved NIR-to-Vis UC efficiency in the
solid state.

Photophysical properties of sterically crowded rubrenes

At first, we decided to investigate the fluorescence properties of newly
synthesized rubrene-based emitters, aiming to understand what changes were
inflicted by introduced modification. This is reflected by comparison of
photophysical properties of modified rubrenes with conventional Rub emitter
(see Fig. 2.2). The strong similarity of the absorption and FL spectra of the
peri-tBRub with those of Rub and tBRub in the dilute solution pointed out that
the peripheral bulky groups have a negligible impact on the conjugation.
However, the spectra of core-tBRub were redshifted by more than 20 nm,
signifying extension of the conjugation attributed to the core-linked side-
moieties.

Since the rubrene structure was altered through chemical engineering, we
examined whether the emissive properties of the produced molecules were not
perturbed. This was assessed by taking measurements of ®; and PL lifetime.
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More details are provided in P111. Briefly, we note that ®,, of all the rubrenes
was estimated to be close to 100% in isolated from, both for diluted solutions
and in diluted polymer films.
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Fig. 6.1 Absorption (dashed lines) and fluorescence spectra (solid lines) of (a)
Rub, (b) tBRub, (c) peri-tBRub and (d) core-tBRub in dilute toluene solution
(10°M). Vertical dashed lines serve as guidelines for the eye. The inset
contains the molecular structure of corresponding emitter.

The next essential step was to show that newly synthesized rubrenes
exhibit suitable characteristics to serve as TTA emitters. Importantly, they
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should fulfil energetic requirements, to exhibit 2xT;, > S;. Since it is not
straightforward to measure Ti of highly emissive materials, we used
theoretical DFT calculations as a guideline to estimate the triplet energy levels
of rubrenes. As follows, the potential for peri-tBRub and core-tBRub to
undergo TTA is supported from the results of DFT calculations (see Table
6.1). The DFT allowed us to draw additional insights. The DFT predicted the
overall trend of the excited state energies. For example, in agreement with the
experimental results, the S; energy estimated for the core-tBRub is the lowest
among the rest rubrene emitters. Apart from inhibited SF from the anticipated
separation effect induced by sterical moieties, the downshifted S: energy in
core-tBRub also implies less favourable conditions for the SF in the solid film.
Namely, in this molecule the singlet energy could be insufficient to produce
two triplet states (S1 <2 xT;). The calculations also revealed that the triplet
energies (T1) of the peri-tBRub and core-tBRub are similar or slightly lower
as those of Rub and tBRub. By considering our previous studies (P1 and PI1I),
this implied unmitigated potential for TTA in all studied rubrenes, and viable
triplet sensitization using PdPc sensitizer.

Table 6.1 First singlet (S1) and triplet (T:) energies of rubrene-based emitters
obtained from DFT calculations using B3LYP/6-31G(d) in vacuum.

S1 T, 2T *-Sy
[eV] [eV] [eV]
Rub 241 1.26 0.11
tBRub 2.38 1.25 0.12
peri-tBRub 2.39 1.25 0.11
core-tBRub 2.28 1.22 0.16

Fluorescence properties in the solid-state

The impact of the bulky 3,5-di-tert-butylphenyl moieties on the singlet
fission was assessed by measuring @, of the films with varying the emitter
concentration in the PS polymer (Fig. 6.2a). The presented data indicates the
central role of the introduced side-moieties in the suppression of concentration
guenching. The bulky 3,5-di-tert-butylphenyl moieties in peri-tBRub and
core-tBRub allowed to retain more than 60 % of the initial ®;, in the neat
films as compared to the substantial quenching observed in the neat films of
Rub (®r. = 1.5 %) or tBRub (Dg. = 35 %). The 40 times higher ®g_obtained
in the neat films of structurally more complex rubrenes in respect to that of
conventional Rub is promising for TTA-UC applications, since UC efficiency
directly depends on @y, (see eqn 3.1).
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Fig. 6.2 (a) FL quantum yield of the emitter-doped PS films as a function of
emitter concentration. Lines serve as guidelines to the eye. (b) Transients of
the neat films (or 100 wt% doping) of rubrene-based emitters. Dashed lines
show single-exponential fits with the decay time constants indicated. All
experiments were carried out with excitation wavelength 485 nm.

The degree of concentration quenching, and correspondingly, the extent of
SF could also be determined from the shortening of zp;, taking the single-
exponential decay of the isolated rubrenes with 7~ 19 ns as a reference. This
approach takes into account that SF rate in Rub films is > 2.5-10%s? and is by
far the dominant singlet decay channel.”®8 For neat films the PL transients
consist of the initial fast and later slower components (see Fig. 5.5b),
associated with the rapid singlet fission in the aggregated domains and
intrinsic decay of isolated rubrene species, respectively. Note that core-tBRub
of the highest structural complexity features only the slow decay with
7= 16.5 ns, indicating the negligible aggregation in the neat film. Such decay
is one of the key criteria qualifying rubrene films as amorphous.® The reduced
structural complexity of the rubrenes causes shortening of the initial decay
component down to 2.2 ns (in Rub) implying accelerated SF due to the
enhanced aggregation. The slow decay component had a similar 7 for all the
rubrenes except tBRub, which exhibited an enlarged contribution from TTA
at a later decay stage. The extent of SF in neat films for all rubrenes, is also
complemented by utilizing pump-probe technique. The latter results are
presented and analysed more deeply in P111.

Employing rubrenes for photon upconversion in solution

The high &g, observed in the solid films of peri-tBRub and core-tBRub
motivated us to utilize these new emitters for TTA-UC. As a first step, their
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potential for UC was tested in solutions (see Fig. 6.3). For comparison, the
concentrations of the new emitters and PdPc sensitizer were set to 18 mM and

1L i
:(Zl)\ 10 é Q.
oL
8 " o
2101 L WA
2 peri-tBRub 2
() N~
£ 102} p
@) core-tBRub g™ '%
) Ak =
10-3 . V H v. 1 N N N N 1 |L>lj N N N 1 N N N N
500 600 700 800 900

Wavelength (nm)

Fig. 6.3 UC emission spectra of the studied emitter:sensitzer (Rub:PdPc,
tBRub:PdPc, peri-tBRub:PdPc and core-tBRub:PdPc) solutions in toluene
under CW excitation at 730 nm. Emitter and sensitizer concentrations were
18 mM and 15 puM, respectively. Spectra are normalized to FL of the
sensitizer.

15 uM, respectively. The concentrations were identical to those utilized
previously in PI. The UC measurements were carried out by exciting the PdPc
sensitizer at the Q band with NIR excitation (Aexc). The recorded UC emission
spectra were normalized to FL of the sensitizer (FLpgrc) for the correct
comparison of UC efficiencies. In this case the UC intensity at Vis range is
directly proportional to UC efficiency (see PI). Disappointingly, UC
efficiencies of the structurally complex rubrene emitters were found to be
inferior to those of conventional emitters Rub and tBRub. Peri-tBRub
expressed more than one order of magnitude lower (®yc =0.08%) as
compared to those of Rub (®g, =5.7%) and tBRub (®yc = 1.3%), whereas
UC signal of core-tBRub was barely detectable and too weak to be quantified.
We determined @, to be unchanged for all UC samples. Thus, we assume
that low @y obtained for the new rubrenes is most likely caused by the bulky
side-moieties impeding TET and/or TTA processes.

Hampered TET in core-tBRub and peri-tBRub was confirmed from UC
signal transients and from UC threshold measurements (more details in PI11).
Although efficient in the solid-state (see Fig. 6.2a) these emitters showed
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barely noticeable UC, indicating that supressed TET was the determining
factor of low UC. From these results, we could assume that peri-tBRub and
core-tBRub are unsuitable for TTA-UC. However, this view would be too
simplistic. The inability to efficiently sensitize new emitters could also be
related to sensitizer used (PdPc). Perhaps sensitizer with longer triplet
lifetime, or more suitable structure would facilitate more efficient ®gt. Thus,
we further aimed to evaluate the emitters ability to undergo TTA separately
from TET.

Evaluating TTA performance in emitter-only rubrene films

To assess the efficiency of TTA in the new rubrenes, we made use of a
rather distinct attribute of the rubrenes to exhibit simultaneously both singlet
fission and TTA in the aggregated state. By generating triplets in the rubrene
films directly through SF without a sensitizer, TTA could be discerned from
TET.

The neat films of rubrenes were investigated with a gated ICCD camera to
measure FL transients spanning over seven orders of magnitude in intensity
and five orders of magnitude in time (see Fig. 6.4). This allowed us to detect
extremely low delayed FL signals at tens of microseconds emerging from
TTA. Thereby integral of the delayed signal provides useful information about
the TTA efficiency.

The extent of SF (initial triplet population) was determined by comparing
the obtained signal with mono-exponential decay registered for dilute
solutions, where SF is absent. The explicit formula for the calculation of TTA
efficiency:

TTA

TTA eff. = —————nu 6.1
TR

where, NIT4 — number singlets created via TTA, N3 —number of triplets

generated due to SF, ®7°™P* _fluorescence quantum yield of the initial part
of the decay. More details are provided in the PIII.

The main results are depicted in Table 4.1. We can see that tBRub
demonstrates the highest TTA efficiency in agreement with the largest delayed
FL integral (Fig. 6.4), even though triplet concentration generated through SF
is 5 times lower compared to that of Rub, as deduced previously from the
transient absorption measurements. The result is also consistent with our
previous finding, inferring higher ®yc for tBRub-based solid UC films vs. Rub
films (PI1). Meanwhile, the most complex core-tBRub exhibits the lowest
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TTA efficiency, which is more than two orders of magnitude lower than that
of tBRub. Interestingly, peri-tBRub is found to feature comparable TTA
efficiency with that of Rub, thus suggesting that bulky 3,5-di-tert-butylphenyl
moieties in the periphery do not impede TTA significantly. This is in sharp
contrast to core-tBRub, possessing the bulky moieties linked directly to the
tetracene core and expressing severely suppressed TTA. Regretfully,
suppressed SF and enhanced ®¢. in core-tBRub films cannot counterbalance
considerably restricted TET and TTA efficiencies, thus making the core-
linking of rubrenes unfavourable for TTA-UC.

Table 6.2 The main parameters (related to Fig. 6.4) necessary for the
evaluation of TTA efficiency of the neat films of rubrenes. Here, NtSF
represents the number of triplets created via SF; Ns'™ — singlets created via
TTA; dbgzompt — FL quantum yield obtained from the corresponding integral
in the FL transient; TTA eff. —- TTA efficiency calculated according to the
eqn 6.1.

Rubrene S TTA prompt 1, 0
emitter Nt Ns ol (%) | TTA eff. (%)
Rub 18.8 0.03 1.0 18.5
tBRub 14.2 25 22.4 77.3
peri-tBRub 7.4 0.7 59.5 15.4
core-tBRub 7.0 0.02 62.0 0.6
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7. ENHANCING SOLID-STATE PHOTON UPCONVERSION
BY SIMPLYFIED THERMAL EVAPORATION

We already established that many practical TTA-UC applications demand
high NIR-to-Vis UC efficiency, preferably in a solid state. In the literature
related to solid-state NIR-to-Vis UC, most demonstrations involve rubrene as
emitter. However, even the very best UC systems operating in the NIR range
(>700 nm) usually express very low UC quantum yield, typically <1%.

In the previous chapters we showed that to improve solid-state UC
efficiency, it is important to combat the non-radiative decay of rubrene
singlets governed by singlet fission (SF). Generally, SF related losses can be
mitigated by using two approaches, i.e. i) molecular engineering, which relies
on modification of existing emitters or introduction of alternative ones; ii)
physical engineering based on altering UC film composition or morphology.
While the first approach is studied in P1-111, here are summarized the results
of publication PV which emphasize the second approach. Name, in PI1V we
investigate the potential of altering UC film morphology by employing
different preparation techniques to address the issue of low UC performance.
Hot-plate evaporation of rubrene under nitrogen ambient on Peltier-cooled
substrate pre-coated with sensitizer layer is demonstrated to significantly
improve FL quantum vyield (> 10-fold). The subsequent film annealing is
demonstrated to improve triplet energy transfer. Overall physical engineering
approach increased the UC quantum yield up to (1.2 £ 0.15)%. This is at least
twice as high as in any other binary NIR-UC films reported so far. Moreover,
in PIV we find that the statistical probability (f factor) to produce a singlet
from two triplets via TTA in amorphous rubrene films (f = 19.5%) is close to
that estimated previously for rubrene in a solution (see P1).

Fabrication of UC films under various physical conditions

In the study PIV, diverse deposition conditions of emitter Rub are
investigated to assess the impact of the emitter morphology on @, and
correspondingly to @y in the solid films. Fig. 7.1 a and b illustrate how we
performed the step-by-step fabrication of UC films. In the first step, the
sensitizer layer composed of an optically inert polymer matrix doped with low
concentration (0.1 wt%) of PdPc was formed by spin-coating (Fig. 7.1). Then,
Rub was deposited on top by using one of the four distinct thermal evaporation
modes to result in the UC film (Fig. 7.1b). In the ‘vacuum deposition’ mode,
controlled thermal evaporation in high vacuum (~107 Torr) was used. This
mode was previously reported to produce amorphous rubrene films and

63



therefore served as a reference deposition mode.® The rest three modes were
based on a simplified thermal evaporation of Rub (using the hot-plate) in a
nitrogen ambient. In the cold deposition mode, Rub molecules were deposited
on Peltier cooled (-10 °C) substrate (Fig. 7.1b). This mode is expected to
instantly freeze emitter molecules on the substrate, thus producing amorphous
films. Aiming to quantify the effect of substrate cooling, cold-deposited films
were annealed at 100 °C defining post-annealing mode. Lastly, Rub
evaporation on uncooled substrate (naturally heated due to the close proximity
of the evaporation source) was named hot deposition mode.

PdPc/PS

a) PdPc concentration c)
. == nps,0.1wit%

7 L 4
= v —

Spin-Coating J )

Rub V
b) =) Weak UC [y Bright UC
- > v ¥
/ - / - top cover 100 °C
160 °C Bottom 330 °C Annealing
N plate )
Dropcasting Thermal evaporation

Fig. 7.1 Preparation of UC films. a) formation of sensitizer (PdPc)-doped PS
layer by spin-coating; b) deposition of emitter (Rub) by drop-casting stock
solution (1mg/ml) on glass substrate followed by thermal evaporation of Rub
on actively cooled (previously prepared) sensitizer layer (depicted as top
glass). The final UC film is obtained by thermal annealing; c) photo of the
final UC film with the encapsulating epoxy visible on the edges; d) the UC
film excited with 730nm CW laser.

Photoluminescence lifetime as probe to determine the film morphology

To minimize SF, we must produce amorphous Rub films which exhibit
chaotic molecular orientation and large average intermolecular distance.
Biaggio et. al. successfully exploited molecular beam deposition in high
vacuum to obtain amorphous Rub films.® The films were virtually-free from
SF and showed mono-exponential fluorescence decay (t = 16.4 ns) close to
that of Rub in solution. In contrast, crystalline films suffer from rapid SF and
thus exhibit significantly reduced PL lifetime. Evidently, the fluorescence
dynamics could be used as a tool to determine the morphology of the produced
Rub films.
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Here, the measured FL transients and ®;, of UC films prepared at different
conditions are shown in Fig. 7.2. The FL transients consisted of the dominant
prompt decay (fractional contribution of 70 —90% to an overall decay)
affected by SF and the minor slower decay component resembling natural
decay of isolated Rub species. The varying fluorescence dynamics are clearly
sensitive to Rub deposition mode. The shorter FL lifetime suggested an
enhanced SF, and hence, a reduced ®g;. In the case of vacuum-deposited
films, rapid decay with t=2ns and low ®p; (1.6%) were obtained.
Interestingly, the prolonged decay (t=3.8 ns) as well as increased ®g;, up to
8.5% were obtained for the films fabricated using the cold deposition mode,
indicating more random molecular orientation, and suppressed SF. Post-
annealing of the UC films further extended FL lifetime to 8.5 ns and improved
®gp, almost 2-fold. Finally, the highest ®;, of 20.5% along with the longest
FL lifetime (t=12 ns) was determined for the films prepared in the hot
deposition mode.
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Fig. 7.2 FL transients of Rub films deposited on top of sensitizer layer using
different thermal evaporation modes (specified). Lines represent single-
exponential fits of the dominant prompt decay components. FL lifetimes and
guantum yields indicated.

At a first glance, the role of the heat treatment introduced during the film
annealing or hot deposition is counterintuitive, since this is anticipated to
facilitate Rub crystallization.®® However, we show that hot Rub molecules can
diffuse into polymer layer forming a more amorphous diluted Rub film (see
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below). Next, we tested the UC properties of manufactured films to investigate
whether an increase in @y, translates to an improvement of UC performance.

NIR-to-Vis upconversion in manufactured films

Further investigation involved studying UC properties of the films via NIR
excitation (730nm) of the sensitizer. The improvement of UC efficiency was
expected to be in correspondence with that of ®g;. Indeed, the films of the
lowest @, fabricated using vacuum deposition and cold deposition modes
exhibited barely detectable UC. On the other hand, annealed and hot-
deposited films displayed bright UC. This result can be rationalized by
considering the differences in the triplet energy transfer efficiency ®gt (see
eqn 3.1). The temperature difference during the cold deposition leads to
formation of bilayer UC film featuring a distinct boundary between sensitizer
and emitter. As a result, most of the sensitizer triplets are generated far from
the emitter species implying that short-range Dexter-type TET can only occur
in a narrow interface region. Meanwhile, the promoted molecular diffusion
during the film annealing causes mixing of the sensitizer and the emitter, thus
reducing intermolecular separation and enhancing TET{PdPc — Rub}. This
is supported with Scanning electron microscopy (SEM) cross section images
(see Fig. 7.3). The sensitizer-only (left-most, reference) image clearly shows
that the sensitizer is spin-coated uniformly. In the middle column, we can see
films produced by cold deposition where the sensitizer layer is also visible and
can be well distinguished from the cold-deposited rubrene, which takes a
spherical nano-droplet shape (300 — 1200 nm in size). Moreover, a clear
boundary between Rub and sensitizer layer confirms that these layers are not
intermixed. However, after the annealing, the symmetrical shape of rubrene
particles is lost and rubrene diffuses into the sensitizer layer. Subsequently,
the boundary between these two layers disappears. Additionally, the mixing
of Rub and sensitizer layer was also verified by evaluating ®gr. This was
done by comparing phosphorescence intensity from the sensitizer PdPc of the
cold-deposited UC films with the same films after annealing (for more details
see P1V).

Although the highest ®;, of Rub films was achieved using hot deposition
mode, the UC films prepared in this way had poor reproducibility. In contrast,
cold deposition followed by annealing allowed to manufacture films with high
repeatability due to more controllable, stable growth and lack of
crystallization centres.
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Fig. 7.3 Cross section SEM images of the sensitizer layer as a reference film
(left column), cold deposited (middle column) and annealed (right column)
UC films. The measurements were performed using 1 kV acceleration voltage
and no additional coating. The sensitizer layer thickness, 260nm.
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Fig. 7.4 UC emission spectra of PdPc/PS/Rub films with different PdPc
concentration. The spectra are normalized to PdPc fluorescence maximum at
774 nm. Rub deposition conditions and PdPc-doped PS layer thickness
(260nm) were maintained. Excitation, 730nm CW laser. Notch filter was used
to suppress scattered excitation.
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Sensitizer concentration for optimal UC performance

By selecting one, the most convenient Rub deposition technique (cold
deposition followed by annealing) we carried out UC optimization by
utilizing different sensitizer concentrations. The resulting UC emission from
different UC samples is depicted in Fig. 7.4. It is evident that the increasing
sensitizer concentration (from 0.1 wt% to 5 wt%) resulted in reduced UC
signal by 5-fold. Although higher sensitizer concentration is supposed to
improve NIR absorption and reduce UC threshold, densely packed sensitizer
molecules facilitate energy back-transfer diminishing overall ®yc. Aiming to
maximize UC efficiency, the lowest PdPc concentration (0.1 wt%) was
selected for further optimization. We note that lower PdPc concentration is
not utilized since it would result in an unreachable UC threshold, followed by
reliably undetectable UC signal.

Optimizing sensitizer layer thickness

Spectra of UC films with varying sensitizer layer thickness, prepared under
otherwise the same conditions, are shown in Fig. 7.5. The UC spectra were
normalized to PdPc FL peak intensity so that UC intensity would correspond
to dyc (see experimental section 3.5). Using this value as an internal
reference, we could roughly deduce @y to increase from 0.4% to 1% with
decreasing the sensitizer layer thickness from 500 to 110 nm (Fig. 7.5). The
obtained @y were confirmed by the measurements in the integrating sphere,
where the most efficient UC film exhibited & = (1.2 £ 0.15)%. The attained
high @y represents 17-fold improvement over our previous spin-coated
DBP-doped Rub films®® and at least 2-fold improvement in respect to the most
efficient binary rubrene-based solid-state systems (®y¢ ~ 0.3-0.5%)?>%"%° at
the time of the publication PIV. We also note that the obtained &y of the
binary film approaches the highest efficiency value (®yc = 2%) achieved for
the ternary UC film, additionally containing DBP exciton sink.>” This reduces
the gap in the performance of binary and ternary systems, minimizing the
demand for the third component (singlet exciton sink) and stressing the
importance of UC film morphology rather than energetics of individual
molecules.

Statistical probability in UC solid-state rubrene films

Since most of the energy transfer/conversion processes contributing to ®y¢
were determined (see eqn 3.1), the probability factor ( f) for rubrene in the
solid-state can be estimated. If we take the highest measured results for
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®pp = 20.5% (Fig. 7.2), ®rgr = 60%, @gc = 100%227991, dppa = 100% and
dyc = 1.2% the resulting statistical probability f to generate a singlet from
two triplets via TTA is 19.5 %. Interestingly, the obtained f factor is close to
that estimated for rubrene in a solution (15.5%)%.. This can be justified by the
similar energy level alignment of rubrene in the different environment
(solution or amorphous-like film). The obtained f value implies a maximum
dyc of %2 x f~10% for rubrene UC systems, which is reasonable, since no
higher @ was demonstrated so far.?%>359%
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Fig. 7.5 UC spectra of the optimized PS:PdPc/Rub films with different
sensitizer layer thickness (indicated). The spectra are normalized to PdPc FL

peak intensity (at 774 nm) so that UC intensity would correspond to @yc.
Excitation wavelength and density, 730 nm and 100 W/cm?, respectively.
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8. EVALUATING THE SINGLET AND TRIPLET EXCITON
DIFFUSION IN UPCONVERTING DISORDERED RUBRENE
FILMS

Dlsordered Rubrene film
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Fig. 8.1 Graphical overview of the PV together with the key parameters
describing singlet and triplet exciton diffusion in disorder Rub films. Diffusion
coefficient (D) and diffusion length (Lp) for singlet (left) and triplet excitons
(right).

In the solid-state where emitter molecules are fixed, triplet and singlet
exciton diffusion plays a decisive role both in triplet-triplet annihilation (TTA)
and singlet fission (SF) processes. In this way exciton diffusion has an
important consequence for TTA-mediated photon upconversion (UC). For
instance, high triplet exciton diffusion is required for TTA to occur efficiently
at low excitation power (~mW/cm?), while low diffusivity of singlets is
advantageous to prevent them from reaching SF-favored sites as well as to
suppress detrimental back-FRET to sensitizer.

Although triplet diffusion in crystalline Rub was studied before, there is no
guantitative data on the diffusion in disordered Rub films most widely
employed for NIR-to-Vis UC. The lack of this data hinders the progress of
TTA-UC applications relying on Rub annihilator (emitter). Here, a summary
of the PV is provided, where the disordered spin-coated Rub films are
investigated to determine exciton diffusion properties. The visual summary of
the main findings of PV is depicted in Fig. 8.1. Namely, PL bulk-quenching
technique followed by Stern-Volmer analysis was employed to estimate
exciton diffusion coefficient (D) and diffusion length (Lp). The procedure is
carried out both for singlet and triplet excitons. The influence of the singlet
sink (DBP) to exciton diffusion is also investigated due to common usage of
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DBP in tandem with Rub. From quenching experiments, we estimate the key
parameters describing exciton diffusivity (see below or in detail in PV).

Importantly in PV we conclude that triplet diffusion length (L) in
disordered Rub films can be improved only moderately (up to ~55 nm)
considering that the maximum possible triplet lifetime (z) as that for isolated
Rub species (t1 ~ 100 ps) is achieved. Hence, striving to prolong L], even
further for enhanced NIR-to-Vis TTA-UC performance, novel emitters with
similar or lower triplet energy as compared to Rub, yet longer triplet lifetime
in the solid state are required.

Utilizing NIR-to-Vis upconversion to determine triplet exciton diffusion

Cl Cl

Cl Cl

Chiloranil
Quencher

Fig. 8.2 Left - scheme for PL bulk-quenching technique to determine exciton
diffusion properties. S;and T represents singlet and triplet population. FL/UC
is the registered signal (fluorescence or upconversion) in the quenching
experiments, while Q is the presence of the quencher (Right). £ is the transition
rate of the respective process indicated as the subscript: TTA — triplet-triplet
annihilation; SF— singlet fission; T — triplet decay (radiative and
nonradiative); Sq and T4 singlet and triplet quenching, nr/r is the singlet
nonradiative/ radiative decay respectively.

To quantify triplet exciton diffusion in disordered Rub films, two sets of
films with the fixed amount of sensitizer PdPc (0.1wt%) and increasing
guencher concentration [Qc] were investigated. The first set contained 80 wt%
of Rub dispersed in PS matrix, whereas the second one was based on the neat
Rub films. Additionally, each set contained a series of films doped with
exciton sink DBP at 0.5 wt% concentration. PS served as an inert matrix for
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Rub, thereby increasing intermolecular distance between the emitter species.
Already mentioned 80wt% of Rub emitter was shown to be the optimal in PI1.
On the other hand, knowledge on exciton diffusion in the undiluted (neat) Rub
films is also important, as these are often utilized in various optoelectronic
devices. Thus, in total 2 sets of samples each containing 2 series of UC films
with increasing quencher (chloranil) concentration were investigated by
measuring UC transients. Simplified scheme to illustrate the effect of the
presence of the quencher on the exciton dynamics is shown in Fig. 8.2.
Evidently, the UC is used as a probe to monitor the lifetime of triplet
population (T1). Specifically, the 730nm excitation generates triplet states in
the emitter (T1). The T; can be depleted by dominating competing pathways:
natural triplet decay or quenched by the presence of chloranil. Due to low
excitation conditions (lexc < lin) the TTA route (Krra) is minute, however is
responsible for detectable signal. Thus, UC signal generated by means of TTA
provides unique opportunity to probe otherwise non-emissive triplet states and
evaluate their diffusion.

Rub(80wt%)/PS +PdPc Neat Rub +PdPc
1f —
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Fig. 8.3 UC transients of the Rub(80 wt%)/PS and neat Rub films with a) and
¢) 0.1 wt% PdPc; b) and d) 0.1 wt% PdPc and 0.5 wt% DBP, at different triplet
quencher concentrations from 0 to 0.24 wt%. Excitation wavelength —
730 nm.

The square root of UC intensity, which is proportional to the triplet
concentration, is depicted on Y axis of Fig. 8.3. The transients spanning over
us-time-scale were easily fitted using a single exponential decay profile
indicating that spontaneous triplet decay dominates over the TTA channel and
the Stern-Volmer model is applicable (see experimental details in page 38). In
all the film series, an increase of [Qc] resulted in the prominent reduction of
triplet lifetime from ca. 57 ps (in Rub(80 wt%)/PS series) and ca. 37 ps (in
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neat Rub series), down to less than one microsecond at the highest [Qc].
Quencher concentration as low as 0.24 wt% was sufficient to quench triplets
with nearly 100% efficiency, indicating that chloranil is indeed a suitable
quencher for Rub triplets.

The dependence of the calculated relative quenching efficiency on [Qc] (Fig.
8.4) was fitted using the Stern-Volmer relationship (eqn 3.16) thereby
permitting to estimate the triplet exciton diffusion coefficient (Dr). Dt as well
as the other main fitting parameters are summarized in Table 8.1. It was found
that DBP has no substantial impact neither on the diffusion coefficient or the
triplet lifetime. We note that the difference in tr obtained for the neat Rub
films with and without DBP can be attributed to DBP related changes in the
film morphology (see microscopy images in ESI of PV).
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Fig. 8.4 Relative quenching efficiency as a function of quencher concentration
for a) Rub(80 wt%)/PS films and b) neat Rub films with 0.1wt% PdPc only
and with additional 0.5wt% DBP. Solid lines show Stern-Volmer fits.

Table 8.1 Main results obtained from Stern-Volmer analysis for triplet
excitons: Dt —triplet exciton diffusion coefficient; Tt — triplet exciton lifetime,

LT~ triplet exciton diffusion length.

PdPc  DBP Dr L]

wt% wt% cm?-s?t us nm
Rub(80 wt%)/PS 0.1 0 1.13-107 57 25.4
Rub(80 wt%)/PS 0.1 05 121107 55 258
Neat Rub 0.1 0 3.38-107 28 30.7
Neat Rub 0.1 0.5 2.73-107 37 31.8
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Singlet exciton diffusion in disordered rubrene films

To evaluate singlet exciton diffusion, we used the same series of films (as
for the triplet diffusion measurements) and an additional one with neither
triplet sensitizer PdPc nor singlet sink DBP present. Conversely to triplet
diffusion measurements, 485 nm excitation wavelength was employed to
probe the singlet state of Rub. The transient curves for singlets are depicted in
PV. From the later PL transient results, the quenching efficiency curves were
derived and are depicted in Fig. 8.5. Only the main parameters extracted from
the Stern-Volmer analysis are summarized in Table 8.2, additional
information can be found in PV.

The singlet exciton diffusion length of the Rub(80 wt%)/PS and neat Rub
films was found to be 13.7 and 16.4 nm, respectively. The addition of PdPc
sensitizer noticeably shortened L}, by ca. 20-30%, meanwhile the
incorporation of singlet sink DBP reduced it even further down to 7.1 and
5.9 nm for Rub(80 wt%)/PS and neat Rub, respectively. Although short L3, is
common for disordered films, much longer diffusion lengths of 180-390 nm
can be obtained in highly ordered crystalline Rub.®? In the spin-coated neat
Rub films studied in this work, comparatively short 7g of ~1.2 ns was obtained
implying the presence of SF sites due to the emerged crystalline domains.
Since the long L3, is known to foster FRET of the upconverted singlets from
annihilator back to a sensitizer, it is detrimental for TTA-UC efficiency and
must be avoided.

The proof for the back-FRET occurring in the studied Rub UC films is the
apparent shortening of L3, in both neat Rub (L} =11.3nm) and
Rub(80 wt%)/PS films (L}, =8.6 nm) obtained upon introduction of 0.1 wt%
PdPc sensitizer (Table 8.2). The back-FRET is feasible because PdPc has non-
zero absorption in the spectral region of Rub emission® and L3, exceeds half
the distance between the sensitizer species (~7 nm) at the given concentration.
Moreover, the widely used emissive singlet sink (or trap) DBP introduced into
Rub to evade SF further reduces L3, in the UC films. It is reduced down to 8.5
and 7.6 nm for Rub(80 wt%)/PS and neat Rub films, respectively (Table 2).
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Fig. 8.5 Relative singlet quenching efficiency as a function of chloranil
quencher concentration for Rub(80 wt%)/PS and neat Rub films a) without
PdPc and DBP; b) with 0.1wt% PdPc; and c¢) with 0.1wt% PdPc and 0.5wt%
DBP. Solid lines show Stern-Volmer fits. The highest molar concentration of
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the quencher (2.25-107° mol-cm™) corresponds to 1 wt%.

Table 8.2 Main results obtained from Stern-Volmer analysis for singlet
excitons: Ds — triplet exciton diffusion coefficient; <tg>— average singlet
exciton lifetime, excluding long decay component, Ly— singlet exciton

diffusion length.

PdPc  DBP Ds Ts L5,

Wwt% wt% cm?-st ns nm
Rub(80 wt%)/PS 0 0 1.26-10° 1.50 13.7
Rub(80 wt%)/PS 0.1 0 7.05-10* 117 9.1
Rub(80 wt%)/PS 0.1 0.5 2.13-10% 237 7.1
Neat Rub 0 0 2.27-10° 1.18 16.4
Neat Rub 0.1 0 551-10* 127 84
Neat Rub 0.1 0.5 1.60-10* 2.17 5.9
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Brief comparison of diffusion parameters in various systems

The obtained diffusion parameters can be compared to those of other UC
systems or different Rub morphologies. For example, the Rub single crystals
can exhibit one of the longest LY, (2-8 um®**%). Here in Rub films obtained by
spin-coating LT, was estimated to be a couple orders of magnitude shorter, i.e.
25 nm and 30 nm for Rub(80 wt%)/PS and neat Rub films, respectively (Table
4.1). However, efficient SF in Rub crystals completely quenches &g
rendering them unsuitable for UC applications.

Interestingly, similar LT were previously reported for disordered
PMMA/DPA/PtOEP films at the optimal DPA concentration of 25 — 30 wt%
corresponding to the maximal UC quantum yield.”* Comparable LY of a few
tens of nanometers were also obtained for amorphous bisfluorene-
anthracene/PtOEP films.®® Even though the triplet diffusion constants in the
spin-coated Rub films (Dt ~107 cm?-s%, see Table 8.1) were found to be 1-2
orders of magnitude larger in respect to those based on the anthracene
films, 3939 significantly shorter triplet lifetimes of Rub films (73 ~30-60 ps)
restricted their L], to a nanometer range. Yet, low L} is still >4-fold longer
compared to the half the distance between sensitizer molecules at the PdPc
concentration of 0.1 wt% implying unrestricted encounter of the triplets from
the neighboring sensitizer molecules. This ensured that the TTA domination
regime (linear UC dependence vs. excitation power) can be easily reached
granting the optimal @y for disordered Rub films. It is worth mentioning that
still, inherently higher LT would permit using even lower sensitizer
concentrations, thus further suppressing singlet losses caused by the back-
FRET to the sensitizer. Likewise, lower Rub concentrations could be utilized
in UC films reducing the aggregation, and subsequently, the formation of SF
centres responsible for low ®g;, and TTA-UC efficiency.®®
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CONCLUSIONS

The benefit of doubling the emitter rubrene (Rub) concentration by
decorating it with solubility increasing t-butyl groups in anticipation of
enhanced triplet energy transfer, cannot outcompete the severely
reduced statistical probability factor (f) from 15.6% (in Rub) to 5.3%
(t-butyl-Rub).

4-fold higher UC quantum vyield (Dyc) achieved in the spin-coated t-
butyl-Rub UC films (dyc =0.3%) compared to that based on
unsubstituted Rub (®uc = 0.07%) is caused by the reduced fluorescence
concentration quenching mainly due to the suppressed singlet fission.

Even though fluorescence quantum yield (®r.) of the neat films of
sterically crowded Rub is enhanced up to 40 times in respect to
unsubstituted Rub films, they are found to exhibit no UC emission,
which is attributed to a hampered triplet energy transfer from a
Pd-phthalocyanine (PdPc) sensitizer.

Simplified hot-plate evaporation of Rub onto sensitizer-doped
polystyrene film in nitrogen ambient (as compared to conventional
spin-coating or vacuum evaporation) significantly improves ®g_and
triplet energy transfer, allowing to boost ®yc by a factor of ~20 (from
0.07% to 1.2 %).

Triplet exciton diffusion length (L) in disordered Rub films obtained
by spin-coating is estimated to be 25-30 nm. It cannot be significantly
enlarged due to inherently short triplet lifetime (100 ps) of Rub emitter.
To improve LT governing the UC performance of the current NIR-to-
Vis UC films, novel emitters with longer triplet lifetimes are required.
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SANTRAUKA LIETUVIU KALBA
Jvadas

Technologinis progresas ir nuolat didéjantys globallis energijos poreikiai
konkurencingai Zengia koja kojon. Siose lenktynése aiskaus lyderio néra.
Cikliskai kintancioje situacijoje naujos technologijos siekia issiverzti, taigi
bando buti pigesnés, efektyvesnés, universalesnés ir labiau suderinamos su
aplinka. Technologinis progresas suzadina naujus rinkos poreikius, o Sie -
naujas technologijas. Sioje besisukancioje karuseléje dalis technologijy
galiausiai pasiekia branda, 0 tolimesné pazanga reikalauja iSmaniy ir
sudétingy inovacijy. Saulés celiy (SC) technologija néra iSimtis. Ar tai bity
§iuo metu rinkoje dominuojancios SC paremtos konservatyviuoju siliciu, ar
entuziastingu ir daug zadanciu perovskitu, abu SC technologiniai sprendimai
turi aiSkig efektyvumo ribg. Dar 1961 m. aprasyta Shockley—Queisser (SQ)
riba diktuoja, kad SC turinéios tik viena pn sandiirg atitinkan¢iag 1,1 eV
draustinj juostos tarpa, idealiu atveju gali pasiekti ~30% efektyvuma.
Akivaizdu, jog minétas vienos pn sandiiros SC dizainas turi trikumy: aukstos
energijos fotonai §vaistomi $iluminiu badu, o Zemesnés energijos fotonai su
SC nesgveikauja. Visgi, apraSyta SQ riba néra nejveikiama klifitis. ISradingam
ir sumaniam mokslininkui tai - jmantrus galvostikis. Literatiiroje galime
sutikti keletg SQ ribos jveikimo biidy: i) panaudoti didesnj pn sandiiry kiekj ir
aprépti platesne saulés spektro dalj arba ii) paderinti saulés spektra, atlikti jo
konversija taip, kad jis buty labiau tinkamas turimai SC. Visgi, toliau pirmojo
biido neaptarinésiu, nes jis §iuo metu yra brangus ir technologiskai sudétingas.
Antrasis budas yra potencialiai pigus, palyginti paprastas, tinkamas dabartinei
SC technologijai. Sis metodas gali biti realizuojamas pasitelkiant organinius
puslaidininkius. Jau minéta SC efektyvumo problema dél aukstos energijos
fotony gali bati sprendziama naudojant singletiniy eksitony skilimo (angl. k.
singlet fission - SF) procesa. SF proceso metu suzadinimas padalinamas j du
eksitonus, kurie abu yra ,,darbingi ir panaudojami SC. Bitent taip gali buti
mazinami $iluminiai nuostoliai SC ir didinamas jos efektyvumas. Fotonali,
turintys zemesng energija, gali biti jdarbinami pasitelkiant fotony konversija
i§ zemesniy energijy j didesnes (angl. k. photon upconversio - UC). Sio
proceso metu du mazos energijos suzadinimai gali virsti vienu, dvigubai
didesnés energijos suzadinimu. Organiniuose junginiuose UC realizuojama
pasitelkiant tripletiniy eksitony anihiliacija (angl. k. triplet-triplet annihilation
- TTA). Taigi, galime sukurti organiniy junginiy sistemg galin¢ig panaudoti
nematoma artimajg infraraudonyjy spinduliy Sviesg (angl. k. near infrared -
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NIR) ir pakeisti jg j didesnés energijos regimaja Sviesa (angl. k. visible - Vis).
Bitent NIR-Vis TTA-UC tyrimui yra paskirta si disertacija.

Verta paminéti, kad TTA-UC taikymai neapsiriboja tik SC.** Organiniy
TTA-UC sistemy panaudojimai gali bati siejami su: 3D spausdinimu,?
fotokatalize,>® bio-vaizdinimu,” mechaniniais jutikliais,® naktinio matymo
prietaisais,’ atminties lustais® ir kt.*? Taip pat NIR spinduliuoté yra ypatingai
skvarbi biologinése terpése.” Tai motyvuoja NIR-Vis TTA-UC sistemas
panaudoti biomedicinoje?*.

Jprastai TTA-UC sistemos sudarytos i§ dviejy komponenéiy. Pirmoji
komponent¢ vadinama sensibilizatoriumi ir yra atsakinga uz §viesos sugertj ir
tripletiniy  suzadinimy gamyba. Véliau tripletiniai suzadinimai yra
perduodami antrajai komponentei, dar vadinamai emiteriu, spinduoliu arba
anihiliatoriumi. Emiteris kaupia ilgai gyvuojancias tripletines busenas ir esant
pakankamai jy koncentracijai, vykdo TTA, po kurios stebima uzdelstoji UC
emisija. Idomu tai, kad stebima emisijos energija yra didesné nei pirminés
spinduliuotés, kurig sensibilizatorius sugeéré.

Nors yra ir kity fizikiniy mechanizmy, kuriuose galimas fotony daznio
(energijos) didinimas, TTA-UC turi akivaizdziy privalumy. PrieSingai nei
dviejy fotony sugertis (TPA), kuriai reikalingas didelis suzadinimo tankis
(~GW/cm?) arba antros harmonikos generacija (SHG) vykstanti netiesiniuose
kristaluose, kuriai reikalingas koherentinis $viesos S$altinis, TTA-UC gali
veikti esant nekoherentiniam mazos energijos suzadinimui. Taigi, efektyvi
TTA-UC gali biti pasiekiama naudojant mazo galios tankio (~mW/cm?)
saulés $viesg."® Tiesa, panaSiomis sglygomis UC gali vykti ir lantaniduose
(Er, Eu, YD), taciau esminis retyjy Zemés elementy trikumas yra tai, kad jie
pasiZymi gan prasta §viesos sugertimi.

Dabartinés NIR-Vis TTA-UC sistemos toli grazu néra tobulos. Tiek
tirpaluose, tiek sluoksniuose minétos sistemos yra neefektyvios. Nors jau yra
pademonstruotos Vis-Vis (i§ zalios spektro dalies | mélyng) UC sistemos,
kuriy kvantiné iSeiga (®yc) siekia ~30%,7*8, vos kelios NIR-Vis UC
kyla ple¢iant UC sistemy veikima j ilgy bangy spektrinj ruoza. Sie issukiai
gali bti sprendziami tiek atliekant tinkamy medziagy paieska, tiek gilinantis
1 fizikinius procesus ir nasuma ribojancius veiksnius.

Siekiant optimalaus UC veikimo, svarbu naudoti tinkama emiterj, kurio
zema tripletinés biisenos energija bity suderinta su NIR sensibilizatoriumi.
Verta pastebéti, kad gautos nasiausios NIR-vis UC sistemos tiek tirpale, tiek
kietoje biisenoje naudoja rubreno (Rub) emiterj.** Zvelgiant j NIR-vis UC
sistemas bendrai, pastebima, kad Rub emiteris dominuoja, o kietuose
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sluoksniuose yra bene vienintelis pasirinkimas. Kaip jau minéta, NIR-vis UC
sistemy nasumas netenkina praktiniams taikymams keliamy likesciy, todél jy
efektyvumui pagerinti reikalingi sistemingi tyrimai ir pazangts sprendimai.

Darbo tikslas ir naujumas

Sios disertacijos tikslas buvo istirti UC sistemas, kuriy vienas is$
komponenty yra daznai naudojamas, Rub spinduolis ar jo modifikacija. UC
sistemas siekiama charakterizuoti tirpaluose ir sluoksniuose bei nustatyti jy
efektyvuma ribojancius veiksnius. Tikimasi, kad pateikti iSsamas tyrimai
atskleis naujus metodus, galin¢ius pagerinti NIR-Vis TTA-UC efektyvuma.
Remiantis literatiiriniais Saltiniais pastebima, kad UC ribojantys veiksniai néra
iki galo iSaiskinti ir suprantami, triiksta ai$kios ir vieningos duomeny ir
identifikuoty problemy interpretacijos. Tyrimo metu jgytos Zinios leisty
patobulinti NIR-Vis TTA-UC sistemas, pritaikomas tokiose srityse kaip SC,
biomedicinoje, 3D spausdinime ir daugelyje kity. Tikslui pasiekti buvo
suformuotos uzduotys:

1)  Panaudoti skirtingas sensibilizatoriaus (PdPc) ir emiterio (Rub/tBRub)
poras bei atlikti UC sistemos optimizacija, siekiant gauti auks¢iausig
UC naSuma tirpale.

2)  Paruosti ir nuodugniai istirti UC sluoksnius, kuriy sudétyje bty Rub ar
tBRub emiteriai. [vertinti FL ir UC kvantines iSeigas, nustatyti
optimalig sluoksniy sudétj (emiterio koncentracija polimere), jvertinti
UC slenkstinj suzadinimo galios tankj, tripletiniy eksitony ir UC
gyvavimo trukmes.

3)  Istirti naujus didelémis Soninémis grupémis modifikuotus Rub
emiterius ir panaudoti juos skystoje ir kietoje UC sistemoje. Atskleisti
modifikacijy jtaka pavieniy molekuliy spindulinéms savybéms,
jvertinti gauty junginiy pritaikomumag UC.

4)  [vertinti kaip skirtingos Rub sluoksnio paruosimo (nusodinimo) salygos
keicia Rub PL ir UC savybes.

5)  Naudojant laikinj PL gesinimo metodg iSmatuoti ir kiekybiskai
nustatyti singletiniy ir tripletiniy eksitony difuzija aprasancius
parametrus netvarkiuose Rub sluoksniuose.
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Ginamieji teiginiai

I Rubreno (Rub) emiteriu paremty ir metaloftalocianinu sensibilizuoty
NIR-Vis UC sistemy naSumag riboja maza statistiné tikimybé ( f )
apibudinanti TTA proceso metu gauti singleting biiseng i$ dviejy
tripletiniy btiseny.

I Rubreno modifikavimas t-butilo grupémis slopina agregacijos sukelta
fluorescencijos (FL) gesinimg daugiausia nulemtg nespindulinio
singleto skilimo ir leidzia pasiekti didesnj UC efektyvuma.

Il Rubreno modifikacija stambiomis Soninémis grupémis jungiant Rub
periferijoje arba prie Rub kamieno, leidzia sumazinti singlety skilimo
jtakg ir padidinti fluorescencijos kvanting iSeiga. Visgi, periferinis
jungimas yra pranasesnis UC proceso atzvilgiu, kadangi netrukdo vykti
TTA.

v Rub sluoksniy FL savybés priklauso nuo bandinio paruosimo salygy,
kurias keiciant, galime gauti sluoksnj, kurio savybés (didZiausias FL
kvantinis iSeiga ir FL gyvavimo trukme) labiausiai atitikty amorfinio
Rub savybes, pageidautinas siekiant pagerinti UC efektyvuma.

V Nasy TTA-UC veikimg netvarkiuose Rub sluoksniuose riboja
tripletiniy eksitony difuzijos nuotolis, apsprestas salyginai trumpa Rub
tripletiniy eksitony gyvavimo trukme.

Autoriaus indélis

Autorius atlikto didZiajg dalj disertacijoje pateikiamy eksperimenty. Ruosé
tyrimams skirtus bandinius, atliko jy spektroskopine ir mikroskopine analizg,
atliko riekiamus skai¢iavimus ir analizavo bei apdorojo duomenis. Autorius
taip pat zenkliai prisidéjo prie disertacijoje apraSomy publikacijy rengimo,
dalyvavo pirminiame eksperimenty konceptualizavime, diskusijose, rengé
rankra§¢ius ir buvo jsitraukes j recenzavimo process.

Svarbu paminéti, kad dideli ir svarbis darbai nuveikiami tik su puikia ir
kvalifikuota komanda. Naujy junginiy sintezg atliko organiniy chemiky grupé,
vadovaujama prof. Edvino Orento organinés chemijos katedroje (Vilniaus
universitetas). Medziagy sublimacija atliko dr. Gediminas Kreiza. Suzadintos
biisenos sugerties matavimus atliko dr. Paulius Baronas. Rub sluoksniy
termin] vakuuminj nusodinimg atliko dr. Dovydas Banevicius. Eksitony
difuzija charakterizavo Manvydas Dapkevicius ir dr. Steponas Raisys. Lukas
Naimovi¢ius gelbéjo ir prisidéjo jvairiuose UC charakterizavimo
eksperimentuose. Autorius labai vertina siy kolegy svary indélj ir yra labai
dékingas uz suteiktg galimybe dirbti su jais komandoje.
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Publikacijy santraukos

Pl NIR fotony konversija j regimajg sritj organiniuose tirpaluose:
procesa ribojantys veiksniai sistemose su Rubreno spinduoliu

Nors literatiiroje galime sutikti jau pademonstruoty nasiy fotony
konversijos sistemy veikianéiy regimojoje spektro dalyje (Vis-Vis UC), tadiau
NIR fotonus sugerian¢iy ir jy daznj didinanciy (NIR-Vis UC) organiniy
misiniy pasirinkimas yra itin mazas. Be to, minéty sistemy efektyvumas yra
nepakankamas praktiniams taikymams. Priezastys, lemiancios maz¢jantj
TTA-UC sistemy nasumag keliaujant j NIR sritj, néra iki galo suprastos.
Publikacija Pl parengta siekiant suprasti dabartiniy NIR-Vis UC sistemy
problematika. Sioje dalyje trumpai pateikiamos pirmosios publikacijos Pl
esmings jzvalgos.

Vienas pagrindiniy Pl tyrimo objekty yra Rubrenas (Rub), bene
dazniausiai naudojamas emiteris nasiausiose NIR-Vis UC sistemose. Tyrimo
metu susintetinti du nauji metaloftalocianinai (MPc) galintys sugerti NIR
spinduliuote. MPc UC schemoje panaudoti kaip sensibilizatoriai. Papildomai
susintetintas naujas emiteris, modifikuotas Rub tirpumg gerinanéiomis tert-
butil grupémis (tBRub). Paruosti skirtingi sensibilizatoriaus ir emiterio pory
deriniai tirpale, atlikta miSiniy koncentracijos optimizacija su tikslu pasiekti
auksciausig UC efektyvuma. Atlikta optimizuoty UC tirpaly eksperimentiné
analizé ir nustatyti pagrindiniai nuostoliai vykstantys UC sistemoje.

Visy pirma tirti nauji sunkiyjy metaly (Pd, Pt) ftalocianinai (PdPc ir PtPc).
Nustatyta, kad abiejy junginiy  Zemiausia tripletiné  biisena
(T:=1,12-1,18 V) dera su Rub spinduliu (T, =1,04-1,14 eV). Nustatyti
sensibilizatoriy sugerties, fluorescencijos ir fosforescencijos spektrai, bei
triplety gyvavimo trukmés (tr =0,7 - 4,3 us). Taip pat tirti emiteriai Rub ir
tBRub. Remiantis fotofizikiniais tyrimais nustatyta, kad t-butil modifikacijos
nesutrikdé molekulés konjugacijos. Abu spinduoliai rodé beveik identiskus
sugerties ir fluorescencijos spektrus ir pasizyméjo efektyvia spinduline
emisija (®r. ~ 100%).

Toliau seké UC tirpaly tyrimai. Pirmiausia panaudota optimali
sensibilizatoriaus PdPc koncentracija (15 uM), o §is tirpalas maiSytas su Rub
spinduoliu. Pastebéta, kad didéjanti Rub koncentracija lemia laipsniska UC
signalo augima. Pasirinkta Rub koncentracija buvo 18mM, kuri atitinka Rub
tirpumo ribg tolueno tirpiklyje. UC nasumo augimas, didéjant emiterio
koncentracijai, paaiskintas geréjancia ir efektyvesne tripletiniy eksitony
pernasa (TET) i$ sensibilizatoriaus j emiterj. Eksperimenti§kai TET jvertinta
matuojant uzdelstosios fluorescencijos gesimo kreives. NaSiausiame
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bandinyje nustatytas TET efektyvumas sieké ®rer = 82%. TET tyrimai atlikti
ir kitiems sensibilizatoriy ir emiteriy miSiniams. Nustatyta, kad tBRub atveju
tomis paciomis saglygomis TET yra ribojama t-butil skyrikliy (®rer = 56%).
Norint pasiekti efektyvesne TET, reikalinga aukStesné emiterio koncentracija.

Atlikti UC tirpaly fluorescencijos (FL) ir UC intensyvumo priklausomybés
nuo suzadinimo galios tyrimai. UC atveju prie mazy suzadinimy stebéta
iprasta kvadratiné UC priklausomybé. Virsijus tam tikrg suzadinimo galios
slenksting verte (I,), UC priklausomybé buvo tiesiné. Zemiausia slenkstiné
verté gauta Rub:PdPc sistemoje (I3, = 1,9 W/cm?), tuo tarpu tBRub atveju, dél
prastesnés TET, slenkstis 2 kart didesnis (I, = 3,6 W/cm?).

Galiausiai jvertinti miSiniy UC naSumai. Optimizuota Rub:PdPc sistema
demonstravo auks¢iausig nasuma ®yc = 5.6%. Siame UC tirpale jvertinti visi
tarpiniai UC energijos perdavimo procesai. Nustatyta, kad svarbiausias
veiksnys ribojantis UC procesa yra mazas Rub statistinis faktorius (f = 15,5 £
3%). Sis faktorius nusako tikimybe TTA proceso metu suformuoti singleting
busena. Deja, toks mazas Rub f faktorius riboja UC sistemy efektyvuma.
Nustatyta, kad maksimalus nagrinétos UC sistemos ®yc gali siekti tik
~8% (= 1/2xf), nejskaitant galimy papildomy nuostoliy. Taigi, siekiant
pasiekti ®yc > 8%, reikalinga naujy emiteriy paieska.

PII UC realizavimas sluoksniuose pasitelkiant molekuliy inZinerija ir
singletiniy eksitony gaudykles

Ankstesniame skyriuje aptarti pagrindiniai UC ribojantys veiksniai
skystoje terpéje (tirpale). Taciau praktiniams taikymams (pvz.: saulés celiy
nasumo didinimui), reikalingas aukstas UC efektyvumas kietojoje biisenoje.
Lyginant su tirpalu, kietakiinés UC sistemos, kuriose molekuliy padétys yra
fiksuotos, yra daug sudétingesnés, jose atsiranda papildomy kliaéiy, kurios
slopina UC efektyvumg. Publikacijoje PIl tiriami UC sluoksniai ir
identifikuojami bei sprendziami UC naguma ribojantys veiksniai juose. Siame
skyrelyje, pateikiamos tik pagrindinés P11 jzvalgos ir rezultaty santrauka.

Pirmiausia atliktas koncentracinio gesimo eksperimentas. Pastebéta, kad
nekonjuguotos t-butil grupés veiksmingai apsaugo emiterio molekules nuo jy
agregacijos ir sumazina koncentracinj fluorescencijos gesinimg daugiau kaip
20 karty. Tiksliau, tBRub atveju fluorescencijos kvantinis nasumas (®ri)
iSlieka artimas 100 % padidinus emiterio koncentracija polimere (PS) net iki
30 %, tuo tarpu rubreno sluoksniuose ®r_ pradeda mazéti jau virSijus 1 %
koncentracija. Galiausiai gryname sluoksnyje Rub @, nukrenta iki 1,5%, o
tBRub atveju ®gy, issilaiko aukstesnis, net 35%. Staigus naSumo mazé&jimas
Rub sluoksniuose yra priskiriamas nespinduliniam singletiniy eksitony

83



skylimui (SF). tBRub atveju, erdvinés t-butil grupés mazina SF dél
vidutiniskai didesnio vidutinio atstumo tarp emiterio molekuliy.

Tyrimuose taip pat panaudotas Kitas buidas pagerinti Rub sluoksniy
nasumg. Prie$ liejant sluoksnius, Rub legiruotas gerai fluorescuojanciu
junginiu DBP (singletiniy eksitonu gaudykle). ImaiSytos DBP molekulés,
pasiskirsciusios Rub sluoksnyje, konkuruoja su nespinduliniu SF reiskiniu.
Gaudykliy déka &g, buvo padidintas 10 karty ir sieké 15%, esant optimaliai
ju koncentracijai (0,5%).

Siekiant suprasti UC nasuma ribojancius veiksnius, buvo atlikti nuodugniis
UC sluoksniy tyrimai. UC sluoksniai paruosti legiruojant Rub ir tBRub su
PdPc sensibilizatoriumi ir DBP eksitony gaudykle. Rub UC sluoksniai, nors
ir su DBP, demonstravo zemg ®g;, = 2,5%. Sis 6-iy karty ®p;, sumazéjimas
priskirtas zalingai atgalinei FRET pernasai j PdPc. Emiterio koncentracijos
polimeriniuose sluoksniuose optimizavimo eksperimentai parodé, kad
didziausias UC naSumas buvo pasicktas esant 80% emiterio, 0,1%
sensibilizatoriaus ir 0,5% DBP koncentracijoms. tBRub emiterio sluoksniuose
pasiektas @y = 0,3%, kuris yra daugiau kaip 4 kartus didesnis, nei Rub atveju
(Pyc = 0,07%). Sio tyrimo rezultatai atskleide, kad nors nekonjunguoti t-butil
pakaitai potencialai sumazina tripletiniy eksitony difuzija kietuose
sluoksniuose, difuzija yra pakankama vykti TTA procesui, 0 gautas aukstesnis
fluorescencijos naSumas leidzia pasiekti efektyvesne UC.

Pl Soniniy pakaity jtaka Rubreno junginiy spindulinéms savybéms ir
taikymams NIR fotony konversijoje j regimaja sritj

Pragjusiame skyriuje aptarti publikacijos PII rezultatai parodé, kad
modifikavus Rub maZomis nekonjuguotomis t-butil grupémis, gaunamas
junginys tBRub yra pranasesnis uz Rub kietame sluoksnyje. Sluoksniuose
gautas aukstesnis fluorescencijos naSumas (®gp) ir, atitinkamai, aukstesnis
UC naSumas (®yc) dél sumazéjusio zalingo singlety skilimo (SF) efekto.
Siame skyriuje yra aptariami publikacijos P11, kurioje toliau plétota idéja
mazinti SF efektg, rezultatai. Tai buvo daroma jungiant didesnius Soninius
pakaitus prie Rub kamieno. Susintetinti du nauji Rub dariniai: pirmu atveju
jungtos 3,5-di-tert-butilphenil grupés periferijoje (peri-tBRub), o antru -
tiesiogiai prie tetraceno kamieno (core-tBRub). Tyrimo metu gauti junginiai
lyginami su anksciau tirtais Rub ir tBRub, atliekant FL ir UC eksperimentus.

Pirmiausia atlikta sugerties ir fluorescencijos spektry analizé parodé, kad
modifikacijos daro silpng jtaka molekulés konjugacijai. Tik core-tBRub
atveju, tiek sugerties, tiek emisijos spektrai kity junginiy atzvilgiu pasislinko
20 nm j ilgyjy bangy puse. Modifikacijos taip pat nepakeité pavieniy
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molekuliy spinduliniy savybiy, visi Rub dariniai demonstravo artima ~100%
®gp. Silpng modifikacijy jtaka pavieniy molekuliy suzadintos busenos
energijoms patvirtino ir teoriniai DFT skai¢iavimai. Pastebéta, kad tirti Rub
dariniai rodo panasy T: lygmenj, i§laiko salyga 2xT1 > Sy, todél gali vykdyti
TTA. Taigi, patvirtinta, kad kaip ir Rub, ir tBRub praéjusiuose tyrimuose (Pl
ir PI1), peri-tBRub ir core-tBRub gali biti panaudoti UC sistemoje kartu su
PdPc sensibilizatoriumi.

Véliau tirti pagaminti Rub dariniy sluoksniai. Fluorescencijos kvantinio
nasumo ir fluorescencijos gyvavimo trukmiy matavimai parodé stipriai
sumazintg SF jtaka peri-tBRub ir core-tBRub junginiuose. Nustatyta, kad 3,5-
di-tert-butilphenil modifikacijos gryname sluoksnyje leido islaikyti daugiau
nei 60 % pradinio @y, lyginant su nesaveikaujanc¢iomis molekulémis. Tai yra
net 40 karty nasesné fluorescencija, nei jprasto Rub atveju, kur ®g_siekia vos
1.5 %.

Toliau atlikti UC tyrimai, kuriuose Rub dariniai panaudoti kaip emiteriai
kartu su PdPc sensibilizatoriumi. Pirmiausia atlikti tyrimai panaudojant
medziagas tirpale. Pagaminti identiSky koncentracijy bandiniai (18mM
emiterio ir 15uM PdPc) ir palyginti tarpusavyje. Buvo nustatyta, kad
struktariskai sudétingy Rub emiteriy UC nasumas tirpale yra daugiau nei 10
karty mazesnis Rub ar tBRub atzvilgiu. Véliau atlikti UC sluokniy tyrimai
atskleidé, kad, nors sluoksniuose peri-tBRub ir core-tBRub rodé ypaé¢ auksta
@, UC signalas juose buvo silpnas (vos registruojamas). Atlikta prielaida,
kad skurdy @y lémé stambiis Soniniai pakaitai, trukdantys triplety energijos
pernasai (TET) ir (arba) TTA procesams. Teoriskai, TET procesas galéty biiti
pagerintas naudojant peri-tBRub ar core-tBRub su kitu sensibilizatoriumi,
pasizyminciu ilgesne triplety gyvavimo trukme. Taigi, i§ gauty rezultaty
vienareik§miSkai nustatyti, UC ribojantj veiksnj (TET ar TTA) néra lengva.

Siekiant istirti tik TTA procesa Rub dariniuose, tyrimuose panaudoti gryny
medziagy sluoksniai (be sensibilizatoriaus), matuojant ilgy laiky uzdelstosios
fluorescencijos signalg. Sis matavimas i$skirtinai tinkamas Rub dariniy
sluoksniams, nes juose, dél palankaus energiniy lygmeny iSsidéstymo
(2T1 ~ S1), vyksta tiek SF, tiek TTA. Tokiu btdu, sluoksniuose sukuriami
tripletiniai suzadinimai papildomai nenaudojant sensibilizatoriaus, o ilguose
laikuose po suzadinimo (>us), registruojamas signalas dél TTA. Kiekvienam
Rub dariniui buvo jvertinta skilusiy singlety dalis (t. y. per SF sugeneruoty
triplety skaicius), bei grizusiy per TTA ir i$siSvietusiy singlety dalis. Pastaryjy
dydziy santykis nusako TTA proceso efektyvumg. Gauti TTA efektyvumo
rezultatai parodé, kad naSiausias junginys buvo tBRub (77,3 %), o Rub
(18,5 %) gauta verté buvo ~ 4 kartus mazesné. Pastebéta, kad peri-tBRub
pasizyméjo panasSia ] Rub TTA efektyvumo verte — 15,4 %. PrieSingai core-
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tBRub junginio atveju, TTA efektyvumas smuko iki 0,6 %. PI11 atskleidé, kad
Rub modifikacijos periferijoje mazina SF jtaka ir nepablogina junginio TTA
savybiy.

PIV Rubreno UC sluoksniy nasumo didinimas panaudojant
supaprastinta terminj garinima

Siekiant isnaudoti NIR fotony konversijos ypatumus taikymuose,
reikalingas aukstas UC naSumas, ypac¢ kietame biuivyje. Didzioji dalis
literatiiroje pateikiamy kietos busenos NIR-vis UC sistemy, kaip spinduolj,
naudoja rubreng (Rub). Taciau, net ir pacios nasiausios sistemos, sugeriancios
NIR spinduliuote (>700 nm), pasizymi Zemu UC naSumu, daZniausiai < 1 %.

Norint Rub sluoksniuose pasiekti didesnj UC naSumg, svarbu kovoti su
nespinduliniu singlety skilimu (SF), kuris lemia itin zema Rub fluorescencijos
nasuma. Efektyviam SF reikalingos dvi, greta esancios, emiterio molekulés.
Taigi SF procesas yra jautrus vidutiniam atstumui tarp molekuliy. Siekiant
sumazinti SF jtakg, galima: modifikuoti emiterj nekonjuguotomis grupémis,
siekiant padidinti vidutinj tarpmolekulinj atstumg; keisti sluoksnio paruosimo
salygas, kurios lemia atsitiktinj molekuliy iSsidéstymg. PIV darbe tirti
skirtingais buidais paruosti Rub sluoksniai, atlikta $iy sluoksniy spinduliniy
savybiy analiz¢ ir jvertinta sluoksniy morfologijos jtaka UC naSumui.

Visi sluoksniai buvo suformuoti ant i§ anksto paruos§to padéklo su plonu
sensibilizatoriaus PdPc (0,1 wt%) sluoksniu. Darbe tirtos 4 skirtingos Rub
sluoksnio nusodinimo salygos. Pirmiausia Rub buvo kontroliuojamai
uzgarintas auk$to vakuumo sglygomis (~107 Torr). Pastarasis metodas
literattiroje pristatomas kaip biidas gauti netvarky (amorfinj) Rub sluoksnj.
Siuo biidu paruodti sluoksniai naudoti kaip atskaitos taskas. Like trys
nusodinimo btidai, buvo technologiSkai Zymiai paprastesni. Vietoj sudétingos
garinimo aparattiros, panaudotas paprastas kaitinimo elementas. Garinimai
atlikti azoto atmosferoje. Salto nusodinimo salygomis Rub buvo garinimas ant
Saldomo padéklo (-10 °C). Isskirtas treéiasis paruo$imo budas, atkaitinus salto
nusodinimo bidu paruostus sluoksnius (100 °C). Ketvirtuoju badu Rub buvo
garinamas ant padéklo nenaudojant $aldymo, padéklas natiiraliai jkaisdavo, 0
metodas pavadintas karstu nusodinimu.

Yra Zinoma, kad Rub sluoksniai, neturintys SF centry, rodo mono-
eksponentines fluorescencijos (FL) gesimo kinetikas (t = 16.4 ns). PrieSingai,
trumpas gyvavimo laikas yra stebimas kristaliniuose sluoksniuose, kur SF
dominuoja. Todél FL gesimo kreivés suteikia informacijos apie sluoksnio
amorfiskuma. Palyginus visais 4 buidais paruostus sluoksnius, pastebéta, kad
vakuuminio nusodinimo biidu pagaminti sluoksniai pasizyméjo trumpiausiu
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T =2 ns, stipriausiu SF ir, atitinkamai, maziausiu fluorescencijos kvantiniu
nasumu ®gp (1.6 %). Kitais biidais paruosti sluoksniai demonstravo ilgesng
FL gyvavimo trukme ir aukstesnj fluorescencijos nasuma. Karsto nusodinimo
btidu paruostas sluoksnis rodé 6 kartus ilgesne gyvavimo trukme ir daugiau
nei 10 karty aukstesnj nasuma (t = 12 ns, &g, = 20.5 %).

Toliau tirtos paruosty sluoksniy UC savybés. Pastebéta, kad Ssalto
nusodinimo budu paruostas sluoksnis demonstruoja pakankamai aukstg ®gp,
taCiau pasizymi prasta UC. Nustatyta, kad to priezastis yra skurdi triplety
perna$a i§ sensibilizatoriaus j emiterj, kuri gali vykti tik siaurame prietaiso
tiryje (sensibilizatoriaus ir emiterio sluoksniai yra grieztai atskirti).
PrieSingai, atkaitinus ta patj sluoksnj, emiteris ir sensibilizatoriaus persimaiso,
gaunama efektyvi tripletiniy eksitony pernasa, stebimas stiprus UC iSaugimas.

Tyrimo metu taip pat atlikta sensibilizatoriaus koncentracijos bei
sensibilizatoriaus sluoksnio storio optimizacija. Po sistemingos optimizacijos
gautas nasiausias sluoksnis, kuris pasizyméjo ®yc = (1.2 £ 0.15)%. Tai yra 17
karty geresnis rezultatas, nei misy grupés demonstruoti sluoksniai paruosti
liejimo biudu. Taip pat, gautas rekordinis @y yra bent 2 kartus aukstesnis uz
Kity, literatiroje publikuojamy UC sistemy, kurios sudarytos tik i§ dviejy
komponenciy (sensibilizatoriaus ir emiterio). Gauta naSumo verté yra artima
rekordinei ®yc =2 % trijy komponenciy sistemai, kurioje naudotas trecias
junginys DBP, kaip singletiniy eksitony gaudyklé. Toks rezultatas parodo, kad
paruosto sluoksnio morfologija yra itin svarbi, o auks$ta naSumg jmanoma
pasiekti ir nenaudojant tre¢io junginio UC sistemoje.

Kadangi darbe nuosekliai jvertinti Rub sluoksniuose vykstantys tarpiniai
energijos pernaSos procesai, kuriy visuma susideda j @y, galime jvertinti
TTA tikimybés faktoriy (f). Zinant, kad maksimaliai gauti ®g;, = 20.5%,
Orpr = 60%, Ogc = 100%, Prra = 100% ir Oy = 1.2%, apskaiciuojamas f
(sugeneruoti singleting biiseng per TTA vyksma) yra 19.5 %. Artima f verté
yra gauta Rub tirpale (f = 15.5%). Tai gali bati paaiskinta panasiu suzadinty
biiseny energijos lygmeny iSsidéstymu tiek tirpale, tiek netvarkiame
sluoksnyje. Svarbu tai, kad gauta f verté prognozuoja maksimalig @y riba,
UC sistemoms, naudojandioms Rub emiterj. Nustatyta riba atitinka
Dy = Y2 x f=10%.

PV Singletiniy ir tripletiniy eksitony difuzija netvarkiuose rubreno
sluoksniuose

Praktiniams taikymams reikSminga infraraudonosios (IR) S$viesos

konversija j regimaja sritj yra apribota zemo UC nasumo. Ypatingai Zemas
UC nasumas gaunamas sluoksniuose. Kietoje biisenoje, kai emiterio
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molekulés yra fiksuotos, tripletiniai ir singletiniai eksitonai gali migruoti dél
difuzijos. Batent difuzija lemia tiek tripletines-tripletines anihiliacijos (TTA),
tiek singlety skilimo (SF) procesus, kurie daro reik§mingg jtaka TTA sukeltos
fotony konversijos (UC) nasumui. Pavyzdziui, medziagose, pasizyminciose
didele tripletiniy eksitony difuzija, TTA gali efektyviai vykti esant mazai
suzadinimo galiai (~ mW/cm?). PrieSingai, maza singlety difuzija yra
naudinga, ji daznu atveju lemia auks$tesnj spindulinj nasuma. Taip yra dél to,
kad singletiniai eksitonai nepasiekia nespinduliniy SF centry arba yra
neprarandami, nuostolingai energija perduodant atgal j sensibilizatoriy.

Siame skyriuje pateikiami PV rezultatai. Publikacijoje tiriamos netvarkios
Rubreno (Rub) plevelés, siekiant jvertinti triplety ir singlety difuzija jose.
Nors literatiroje galima rasti triplety difuzijos tyrimy Rub kristaluose, difuzija
netvarkiuose Rub sluoksniuose iki $iol néra tyrinéta. PrieSingai nei Kristalai,
netvarkiis Rub sluoksniai yra naudojami daugumoje UC sistemy. Suzadinimo
difuzijos parametry nezinojimas stipriai riboja iy sistemy progresa.

Siekiant istirti difuzijos parametrus, pasirinktas eksitony gesinimo metodas
bei panaudota Sterno-Volmerio analizé. Tokiu budu nustatytas eksitony
difuzijos koeficientas (D) ir eksitony difuzijos nuotolis (Lp) tiek
singletiniams, tiek tripletiniams eksitonams. Kadangi daugumoje UC
tiriamyjy darby Rub yra naudojamas kartu su DBP (singletiniy eksitony
sugeriklis), siekta istirti Sio priedo jtaka suzadinimo difuzijai.

Singlety difuzijos nustatymo eksperimentas parodé, kad netvarkiose Rub
plévelese singlety difuzijos nuotolis (L) yra ~13,7 - 16,4 nm. Papildomai
pridéjus PdPc sensibilizatoriaus (0,1 wt%), stebétas ~35-50% trumpesnis L3.
Tai parodo, kad suzadinti singletai grjzta j PdPc sensibilizatoriy ir tokiu biidu
yra prarandami. Papildomai maza koncentracija (0,5wt%) DBP taip pat
sutrumpina L), tatiau $iuo atveju singletai yra gesinami spinduliniu badu.
Pastebéta, kad Rub kristaluose L$ yra bent ~10 ilgesnis, todél kristaluose
singletai gali pasiekti nespindulinius SF centrus.

Tripletiniy eksitony difuzijos parametrai buvo nustatyti tiriant netvarkius,
UC pasizyminéius Rub sluoksnius. Nustatyta, kad Rub triplety difuzijos
konstanta (Dt~ 3-107 cm?-s?) yra daugiau nei 10 karty didesn¢, nei gerai
zinomose antraceno sluoksniuose, kurie demonstruoja zymiai didesnj UC
nasuma, taCiau regimojoje srityje. Vis délto nustatyta, kad netvarkiis Rub
sluoksniai pasizymi palyginti trumpu tripletiniy eksitony difuzijos nuotoliu
(LY), kurj nulemia trumpas tripletiniy eksitony gyvavimo laikas
(t1 ~30 - 60 ps). Palyginimui, yra Zinoma, kad Rub kristaluose $is nuotolis
gali siekti 2-8 pm, taciau darbe liejimo budu paruostose Rub UC sluoksniuose
nustatytas LT yra ~100 karty trumpesnis (25 - 30 nm). Verta paminéti, jog
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kristalai UC procesui néra tinkami, dél didelio SF centry tankio ir Zemo
spindulinio na$umo. Tyrimo metu jvertinta, kad Rub sluoksniuose L}
maksimaliai galéty buti prailgintas ~2 kartus (iki 55 nm). Tai jmanoma
pasiekti tuo atveju, jeigu Rub triplety gyvavimo laikas (tt ~ 100 ps) atitikty
pavieniy, nesaveikaujan¢iy Rub molekuliy laika. Pastebima, kad L}
pagerinimui reikalingi nauji emiteriai, kurie pasizyméty Zzemos energijos
tripletine biisena ir ilgesne gyvavimo trukme nei Rub.
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ISVADOS

Tirpuma gerinanciy alkilo grupiy (t-butil) jungimas prie rubreno (Rub)
emiterio leido padvigubinti emiterio koncentracija UC tirpale ir
pagerinti tripletiniy suzadinimy pernasa (®ver). Visgi, modifikacija
neigiamai paveiké UC efektyvumg (®uc) dél sumazéjusios statistinés
tikimybés (f ), nuo 15.6% (Rub) iki 5.3% (t-butil-Rub) TTA proceso
metu suformuoti singleting biisena.

Pasiektas 4 kartus aukstesnis ®uyc naudojant t-butil grupémis
modifikuota Rub emiterj (®uc = 0,3%) lyginant su nemodifikuotu Rub
(®uc =0,07%). ISaugimg 1émé  sumazéjes  fluorescencijos
koncentracinis gesinimas, kurj didziaja dalimi apsprendé susilpnéjusi
singlety skilimo jtaka.

Dideliy steriniy grupiy jungimas prie Rub emiterio zenkliai pagerina
(iki 40 karty) sluoksnio fluorescencijos kvantinj nasumg (®r.), taiau
UC sistemoje kartu su Pd-ftalocianino (PdPc) sensibilizatoriumi, lemia
prastas UC savybes, kadangi sterinés grupés trukdo vykti efektyviai
tripletiniy suzadinimy pernasai i$ PdPc.

Pademonstruotas paprastas Rub terminio nusodinimo metodas, kuomet
termi$kai nusodinamas Rub emiteris ant sensibilizatoriumi legiruoto
polimero sluoksnio. Palyginus su Kitais paruos§imo metodais
(vakuuminio garinimo, liejimo ant besisukanc¢ios padéklo) paprastas
terminis nusodinimas inertinéje aplinkoje leido pasiekti aukstesnj ®g.
ir efektyvig ®ver ir dél to ~20 karty pagerinti ®yc (huo 0,07%
iki 1.2%).

Tripletiniy eksitony difuzijos nuotolis (LL) netvarkiuose Rub UC
sluoksniuose yra 25-30 nm. Nustatyta, kad galimas tik nezymus LT
pagerinimas (iki 55 nm), kurj riboja trumpa Rub tripletiniy suzadinimy
gyvavimo trukmé (100 ps). Siekiant padidinti L} ir taip pagerinti UC
procesa sluoksniuose, reikalingi nauji emiteriai, kurie pasizyméty
ilgesne tripletiniy suzadinimy gyvavimo trukme.
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Introduction

Understanding the limitations of NIR-to-visible
photon upconversion in phthalocyanine-sensitized
rubrene systemss

Edvinas Radiunas, (©? Steponas Raidys, (2 ® Saulius Jursénas,”
Augustina Jozelitinaité,” Tomas Javorskis,® Ugné Sinkevi¢iate,” Edvinas Orentas
and Karolis Kazlauskas (2 *®

b

Low-power near-infrared (NIR)-to-visible (vis) photon upconversion (UC) systems are in demand for
biomedical, photovoltaic and photocatalytic applications; however, the practical utilization is still hampered
by low UC efficiency. Aiming to identify efficiency-limiting factors, particularly in metallophthalocyanine-
sensitized rubrene systems operational in the NIR-vis range, we thoroughly assessed subsequent energy
transfer steps in the TTA-mediated UC scheme. A key limiting factor in the optimized UC systems was
found to be rubrene’s low statistical probability (f = 15.5 + 3%) to obtain a singlet from two triplets via TTA.
The f estimated under the dominance of TTA attained by continuous-wave excitation, ie. the regime
frequently encountered (or desired) in practical applications, was determined to be 4 times lower as
compared to that obtained under femtosecond pulsed-laser excitation conditions. The results also
demonstrate that the benefit of achieving larger emitter concentrations by introducing solubility increasing
alkyl groups into the emitter in anticipation of enhanced triplet energy transfer cannot outcompete the
severely reduced statistical probability factor (f = 5.3 + 1%) of t-butyl-substituted rubrene. The maximum
UC quantum yield (@yc = 5.6 + 1.2%) estimated and verified by two independent methods in the optimized
Pd-phthalocyanine—rubrene system is among the largest reported for NIR-to-vis UC systems absorbing at
>730 nm. @yc is defined here as the number of UC photons emitted per number of absorbed ones,
implying a theoretical limit of 50% for TTA-mediated UC.

triplets via intersystem crossing (ISC) and finally transfer triplet
energy (TET) to an emitter species. Importantly, TTA-UC can be

Increasing demand for organic systems capable of incoherent
photon upconversion (UC), i.e. conversion from lower to higher
energies at low excitation intensities, is stimulated by a growing
variety of applications such as photocatalysis,"” bioimaging,®
stress sensing,' night vision,” memory devices,’ photovoltaics,®
targeted drug delivery’ and others." In these typically bicomponent
systems, composed of sensitizer and emitter species, long-lived
triplet-states of emitters are utilized to produce delayed UC emission
from the singlet state that is blue-shifted as compared to the
absorbed light. The higher energy UC emission from an emitter
emerges through a process called triplet-triplet annihilation (TTA),
also referred to as triplet fusion. In the TTA-UC process sensitizer
species serve as light absorbers, which subsequently generate

“ Institute of Photonics and Nanotechnology, Vilnius University, Saulétekio av. 3,
LT-10257 Vilnius, Lithuania. E-mail: karolis.kazlauskas@ff.vu.lt

® Department of Organic Chemistry, Vilnius University, Naugarduko 24,
LT-03225 Vilnius, Lithuania

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c9tc06031f

This journal is © The Royal Society of Chemistry 2020

103

accomplished at low light conditions close to those of sunlight
(~mW cm?).”®

While a great number of efficient UC systems with a quantum
yield (@yc) of up to ~30% have been demonstrated in the visible
(vis) spectral region,"™® only several molecular systems have been
shown to produce near-infrared-(NIR)-to-vis UC with Py above
2%."7*" It seems that finding proper materials capable of operating
with high UC efficiencies under NIR excitation is a big challenge.
The surge of interest for NIR-tovis UC is highly motivated by
applications in biomedicine, photocatalysis and solar cells. While
the first two applications benefit from profound penetration of IR
light," utilization of the TTA-UC phenomenon in solar cells offers
the potential to overcome the Shockley-Queisser limit for solar
conversion efficiency.**> Since most photovoltaic devices suffer
from low efficiencies at NIR-IR wavelengths, conversion of NIR-IR
to the vis wavelengths that are well utilized by devices is foreseen to
enhance their performance.

Various classes of materials capable of NIR light absorption and
triplet sensitization were reported, among which perovskites,*
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supermolecular chromophores, BODIPY derivatives™ or inorganic
semiconductor quantum dots'>*® are of fundamental interest.
However, the lack of a transparency region for UC emission and
the consequent huge reabsorption losses in these sensitizers are
usually ignored. This severely limits the UC efficiency of such
systems and thus hampers their practical applications.”” To
minimize these losses, sensitizers bearing large conjugated
macrocycles such as porphyrins***° or phthalocyanines®**
providing a decent transparency window between the Soret and
Q absorption bands are frequently utilized. Moreover, metallo-
phthalocyanines have an advantage that their Q band expresses a
large molar extinction coefficient (¢ ~ 10> M~ cm™"), which can
be tuned in the region of 650-800 nm for efficient harvesting of
NIR photons.*

No less important is the correct choice of emitter with the
triplet state sufficiently low in energy to accept triplet excitons
from a NIR sensitizer. In this regard, one of the most widely used
emitters for NIR-to-vis upconversion is rubrene’'*>!28-30:32-37
featuring a low triplet energy (1.04-1.14 eV) and close to unity
fluorescence quantum yield (¥p) at yellow wavelengths.*®*°
Regrettably, the majority of porphyrin- or phthalocyanine-
sensitized rubrene UC systems reported in the literature so far are
limited to @ye < 4%, 307>333404 lthough generally regardless
of the emitter chosen the maximum limit of &y is 50%."

Another crucial parameter affecting the choice of an emitter
and having a direct impact on @y is the statistical probability
factor (f).*" The factor describes the probability for the triplet
pair in an emitter to form one singlet via TTA. Relying purely on
spin statistics and taking into account that the triplet encounter
complex can be of singlet, triplet or quintet multiplicity with a
corresponding statistically weighted formation probability of
1:3:5, f should not exceed 1/9 (or 11.1%) as there will be only
one complex dissociating to the S, state.*> However, many
reports proved this limit to be incorrect considering that triplet
and quintet complexes may not necessarily quench to the
ground state, but instead, depending on the relative position
of energy levels, relax back into triplets. Thus, fvalues exceeding
11.1%, e.g. 50% for diphenylanthracene®® or even 100% for
perylene,** were demonstrated. Rubrene was also reported to
exhibit a rather large f (= 33%)," although much smaller than
the previous two emitters, thereby implying greater efficiency
losses associated with the statistical probability factor.

Hence, aiming to complement this area of research with
more understanding of the performance limitations of NIR-to-
vis UC systems, particularly metallophthalocyanine-rubrene
systems, we thoroughly investigated the losses for each subsequent
energy transfer/conversion step in the TTA-mediated UC scheme.
To assess losses associated with the statistical probability to
generate a singlet via TTA, we utilized a continuous-wave (CW)
NIR excitation regime, which is particularly relevant for applica-
tions such as photocatalysis or photovoltaics. Although similar
studies on rubrene-based UC systems have been previously con-
ducted by the Schmidt group,’®*" the different excitation regime
(femtosecond pulses) employed therein could have some influence
on the TTA-UC properties evaluated. The UC systems studied in this
work consisted of structurally-modified Pd- and Pt-phthalocyanine
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sensitizers (PdPc and PtPc) and rubrene-based emitters designed to
express efficient NIRtovis (730 nm to 560 nm) upconversion.
Taking into account that most of the phthalocyanines are rigid,
planar, poorly soluble and therefore susceptible to aggregation,”
phenoxy and butoxy groups were intentionally introduced to
compensate for these shortcomings. Likewise, the investigated
rubrene emitter was modified with ¢-butyl side moieties to
alleviate solubility problems at high concentrations. Various
combinations of sensitizer-emitter pairs as a function of their
concentrations were explored to achieve optimized UC perfor-
mance and to determine the limiting factors. Two independent
methods were employed for evaluation of the UC quantum yield
(Puc) of the studied systems to ensure the reliability of the
obtained results. The obtained difference in the statistical factor
of obtaining a singlet via a TTA event of the unaltered and the
t-butyl-modified rubrene emitter was found to play a decisive
role in the performance of the studied NIR-to-vis UC systems.

Results and discussion

Photophysical properties

The structures of the studied metallophthalocyanine-based NIR
sensitizers and rubrene-based emitters are displayed in Chart 1.
Their synthesis and identification are provided in the ESLf
Aside from the different metal atom, the palladium(u) 1,4,8,11,
15,18,22,25-octabutoxy-2,3,9,10,16,17,23,24-octaphenoxyphthalo-
cyanine (PdPc) and platinum(n) 1,4,8,11,15,18,22,25-octabutoxy-
2,3,9,10,16,17,23,24-octaphenoxyphthalocyanine (PtPc) sensitizers
have an identical structure, thus enabling the determination of
the influence of the central heavy metal on the photosensitization
ability of the compounds. The introduced butoxy and phenoxy

Metallophthalocyanine sensitisers

OBuBuO
” OB\ ﬂm :
OBy BuO

Buti‘ ’ %iuo
AW}

Pch PtPc

(e}

Rubrene-based emitters

® 0
L0
0 Q »

Rub tBRub

Chart 1 Chemical structures of the Pd- and Pt-phthalocyanine sensitizers
(PdPc and PtPc) and the rubrene-based emitters (Rub and tBRub) investigated
in this work.
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twisted peripheral groups mainly served as solubility increasing
and steric hindrance groups for suppressing detrimental concen-
tration effects. Similarly, to prevent aggregation of the rubrene
emitter (Rub) at the highest concentrations, it was functionalized
with ¢-butyl moieties to result in the tBRub compound. The Rub
and tBRub emitters, possessing otherwise identical structures,
were compared in terms of energy transfer efficiencies and
probabilities of singlet generation via TTA.

Fig. 1 shows absorption, fluorescence and phosphorescence
spectra of the sensitizers PdPc and PtPc in dilute toluene solutions.
Their main photophysical properties are listed in Table 1. As
expected both sensitizers exhibited strong absorption in the
NIR range with a molar extinction coefficient ¢ ~ (1.9-2.5) X
10° M~ " em ™ of the Q bands at 720 nm and 709 nm for PdPc
and PtPc, respectively. Due to the smaller Stokes shift of PdPc,
its FL band was centered at 750 nm as compared to the more
redshifted FL of PtPc peaking at 785 nm. The metallophthalo-
cyanine-based sensitizers exhibited very low fluorescence quantum
yields (#§) <1% (Table 1). Taking into account 9 = 88%
measured by us for the metal-free but otherwise identical
phthalocyanine, the drastic quenching of ¢y, obtained with
the introduction of Pd and Pt was attributed to the rapid ISC to
the triplet manifold induced by the enhanced spin-orbit coupling
due to the heavy metal atom. Thus, the ISC yield deduced for our
sensitizers PdPc and PtPc as Prgc = 1 — @3,/P% was found to
exceed 99% in agreement with other reports on metallophthalo-
cyanines.”>* The triplet energies (T;) of PdPc and PtPc were

e (x10° M'em™)

Norm. emission (arb. u.)

g ™ ()
400 600 800 1000 1200

Wavelength (nm)
Fig.1 Absorption (solid lines), fluorescence (filled dashed lines) and
phosphorescence (circles) spectra of sensitizers (a) PdPc and (b) PtPc in

toluene (c = 1.0 x 107> M). The FL spectrum of emitter Rub in toluene (c =
1.0 x 107° M) is shown for reference.
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Scheme 1 TTA-UC energy scheme for the PdPc- and PtPc-sensitized Rub (or
tBRub) systems. /exc — excitation wavelength, ISC — intersystem crossing, TET —
triplet energy transfer, TTA - triplet-triplet annihilation, UC — upconversion.

found to be 1.12 eV and 1.18 eV, respectively, as determined from
the phosphorescence (Ph) maxima (Fig. 1 and Table 1). The
lower or at least similar T, of rubrene (1.04-1.14 eV)***° thereby
ensured proper energy level alignment with respect to PdPc and
PtPc for the triplet sensitization of the Rub and tBRub emitters.
Relying on the singlet and triplet energies determined, a TTA-
mediated UC scheme with the relevant energy transfer/conversion
processes for the Pd- and Pt-phthalocyanine-sensitized rubrene
systems was drawn (Scheme 1).

Importantly, the Rub fluorescence centered at ~560 nm, as
shown in Fig. 1, resides in the absorption window of both
phthalocyanine sensitizers, implying low reabsorption losses for
UC emission in the Rub:PdPc or Rub:PtPc systems. The same is
also valid for tBRub, since the added non-conjugated t-butyl
moieties have an insignificant impact on the absorption and FL
properties of the unsubstituted Rub emitter (ESLT Fig. S18).
Additionally, both emitters were determined to have nearly
100% @, in dilute solution.

t-Butyl-substituted rubrene tBRub was designed to increase
the solubility of the conventional Rub emitter for employing
higher emitter concentrations in the UC solution. Since TTA is
a bimolecular process, which requires an encounter of two
emitter triplets, a higher emitter concentration is anticipated to
facilitate TTA, thereby also improving the TTA-UC performance.
However, one must be aware of the self-absorption effect in the
concentrated emitter solutions as a result of the relatively small
Stokes shift (~ 120 meV) observed for the rubrene-based emitters
(ESL Fig. 518).

UC efficiency measurements

To optimize the UC performance of the investigated phthalo-
cyanine-rubrene systems, their UC properties were assessed by

Table 1 Photophysical properties of PdPc and PtPc sensitizers in toluene solution (¢ = 1.0 x 107> M)

& x10° M em ™) Jabs” N, (€V) e’ nm, (V) ey N, (eV) D51° (%) d (us)
PdPe 2.46 720, (1.72) 750, (1.65) 1110, (1.12) 0.3 33-4.3
PtPc 1.87 709, (1.75) 785, (1.58) 1055, (1.18) 0.6 0.7

“ Molar extinction coefficient. ” Absorption maximum of the Q band. ¢ Peak fluorescence emission. ¢ Peak phosphorescence emission. ¢ FL
quantum yield measured using an integrating sphere./ Triplet lifetime of the sensitizers.
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Fig. 2 (a) UC emission spectra of Rub:PdPc solution in toluene at different
Rub concentrations (indicated) and fixed PdPc (15 uM) concentration under
CW excitation at 730 nm. The inset depicts UC peak intensity vs. Rub
concentration. (b) Pictures of UC emission in Rub:PdPc solution under NIR
excitation (no filter used).

varying the concentrations of the constituting species. Fig. 2a
shows UC emission spectra of one of the studied couples,
Rub:PdPc, on a semi-log scale measured at different Rub
concentrations and a fixed PdPec concentration. The measurements
were accomplished by selectively exciting the PdPe sensitizer at the
Q band. Bright yellow UC emission occurring in the Rub:PdPc
solution under CW excitation with a NIR laser diode (730 nm) was
nicely seen by the naked eye (Fig. 2b). Similar vivid UC emission was
also observed under NIR LED excitation. The emitter concentration
was varied over two orders of magnitude from the lowest 0.1 mM up
to the highest 18 mM, which corresponded to the solubility limit of
Rub at room temperature. The UC emission peaking at ~560 nm
corresponded to the FL spectrum of Rub (ESL7 Fig. S18), whereas
the fluorescence at ~760 nm emanated from PdPc. Note that the
reference spectrum obtained at 0 mM of Rub evidences no UC while
only PdPc associated fluorescence, proving that both species, i.e. the
sensitizer and the emitter, are necessary for observation of UC.
The constant intensity of the PdPe band despite the significantly
changing UC signal can be explained by the fixed concentration
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of sensitizer used in the Rub:PdPc solutions and also by the fact
that Rub has no absorption in the NIR range.

Although a wide range of employed concentrations of
phthalocyanine-based sensitizers (10-800 pM) was reported to
produce UC,*****>% in the current systems it was fixed in the
low concentration range at 15 uM. Such a low concentration
was found to result in reduced energy back-transfer from the
emitter to the sensitizer and deliver optimal UC performance
(ESL Fig. S19). Note that because of the detrimental energy
back-transfer, a low sensitizer concentration was also favoured
in solid UC systems.”’”

As it is evident from Fig. 2a and the inset, increasing the Rub
concentration from 0.1 mM to 18 mM boosted the UC emission
by more than three orders of magnitude. The continuously
increasing UC intensity accompanied by the unchanged FL of
the sensitizer indicated a persistently improving UC yield up to the
highest possible emitter concentrations. The similar behavior also
observed for the other of the two UC systems studied, Rub:PtPc
and tBRub:PdPc, can be rationalized in terms of enhanced TET as
well as increased probability for the triplet encounter and TTA. On
the other hand, the increasing Rub concentration also caused an
undesirable redshift of the UC band due to the self-absorption
effect (discussed below), which could in turn adversely affect the
UC efficiency.

To highlight the importance of emitter self-absorption in the
concentrated UC solution we employed an excitation-detection
configuration in which the excitation region was moved away
from the detector so as to continuously increase the optical
path length, Ax, for the escaping photons (the inset of Fig. 3).
Obviously, the short-wavelength slope of the UC spectra experienced
enhanced distortion with increasing Ax as compared to the spectra
at Ax = 0, resulting in reduced UC intensity (Fig. 3). Meanwhile, the
spectrum at Ax = 0 resembled that of the non-reabsorbed FL
spectrum of isolated Rub (ESL Fig. S18). The demonstrated issue
of the self-absorption clearly indicated that special care must be
taken in quantifying @y of the concentrated emitter solutions.
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Fig. 3 UC emission spectra of Rub (18 mM):PdPc (15 pM) in toluene
solution measured at different distances (Ax) between the excitation
region and detector under CW excitation at 730 nm. The excitation—
detection configuration is shown in the inset.
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Since generally @y of a particular emitter-sensitizer system
is described by the yields of the intermediate energy transfer/
conversion steps, namely the ISC yield of the sensitizer, the TET
yield from the sensitizer to the emitter, and the TTA and FL
yields of the emitter, it thus can be expressed as

1.
dyc = 5/‘ D1sc PTET PTTA PEL (1)

where f is a statistical factor representing the probability to
obtain a singlet in an emitter from two emitter triplets via TTA.
fdepends on the relative alignment of S,, T, and T, as well as
other energy levels lying in the vicinity of 2T; and thus accessible
through TTA."* In this representation ®ry, is determined by
the competition of the second- and first-order decay rates, i.e. the
TTA rate and the spontaneous or impurity related decay rate,
respectively. As the TTA process starts prevailing, @rr, approaches
unity. We note that in this work @y is defined as the number of
photons emitted per number absorbed, and since in TTA at most
one UC photon can be produced per two absorbed ones, it cannot
exceed 50%. Therefore, the factor 1 here imposes a theoretical limit
of 50% for @y in the case that all other quantities in eqn (1) are
equal to unity. To determine Pyc of the studied UC systems
Rub:PdPc, Rub:PtPc and tBRub:PdPc, the efficiency of each sub-
sequent step has been assessed. Considering ®i5c > 99%
previously deduced for our sensitizers PdPc and PtPc, and
Ppr, & 90% estimated for the Rub and tBRub emitters at high
concentrations (18 mM), determination of @y inferred finding
the rest of the quantities, namely, Prgr and @rry from eqn (1).
Orer from the phthalocyanine sensitizer to rubrene emitter was
elucidated from the triplet quenching experiments, where the
change in the triplet lifetime of the sensitizer due to the TET
induced quenching was assessed.”"***” @rg; was estimated
from the ratio of the quenched (r;) and non-quenched (,)
triplet lifetimes of the sensitizer according to
Prer =1 - (2)
T

Obtaining 7, implied measuring the triplet decay dynamics
as a function of emitter concentration and linearly extrapolating
the inverse of the quenched lifetime 1/t; to zero emitter
concentration. Since triplet states are dark, their concentration
was monitored by using the UC signal as a probe. Given that the
dominant triplet relaxation pathway is spontaneous decay, the
temporal dynamics of the UC intensity, which is proportional to
the square of the triplet concentration of Rub, [TX""F, can be
described by

wone oo 2) e 2)

where 7, represents the rise time of I¢ due to the TET from the
sensitizer to the emitter, while 7, corresponds to the triplet
lifetime of the emitter; @, and a, are freely adjustable parameters.
UC transients along with their fits (eqn (3)) for the Rub:PdPc and for
Rub:PtPc and tBRub:PdPc systems at different emitter concentra-
tions are presented in Fig. 4. Clearly 7, estimated from the fits
exhibits shortening with increasing emitter concentration for all the
studied UC systems, which occurs because of the facilitated TET.
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Fig. 4 UC transients of the (a) Rub:PdPc, (b) Rub:PtPc and (c) tBRub:PdPc
systems at a fixed sensitizer concentration (15 uM) and different emitter
concentrations (indicated) obtained using nanosecond laser excitation at
730 nm. The insets depict the transients in a longer time-frame.

Conversely, 7, remains roughly similar (~100 ps) at different
concentrations of Rub or tBRub, indicating the same spontaneous
triplet lifetime in the rubrene-based emitters (the insets of Fig. 4).
The obtained triplet lifetime of rubrene due to first-order decay was
in agreement with other reports.®®

The triplet exciton lifetimes (zo) of the phthalocyanine
sensitizers were estimated by linearly extrapolating the inverse
of the rise time 1/1 to zero emitter concentration as shown in
Fig. 5. 7, was found to be on the order of several microseconds
(3.3-4.3 ps) for PdPc, while on the sub-microsecond scale
(0.7 ps) for PtPc (Table 1). The calculated @y (from eqn (2))
at the largest emitter concentration yielded 82%, 71% and 56%
for the Rub:PdPc, Rub:PtPc and tBRub:PdPc systems, respec-
tively. Although a rather high TET efficiency was achieved for
Rub:PdPc, the somewhat reduced @y obtained for the similar
system with only the palladium in the sensitizer replaced by
platinum could be explained by the shorter triplet lifetime of
PtPc. The fast intrinsic decay of triplets in PtPc implies an
alternative deactivation channel hence competing with TET to
the Rub emitter and reducing ®rgr. This makes PdPc more
favourable as a sensitizer with respect to PtPc for UC systems.
The least efficient TET from PdPc to tBRub is attributed to
t-butyl moieties in rubrene, which evidently act as spacers,
hindering short-range Dexter energy transfer. A similar reduction
of TET with introduction of alkyl groups was also reported for
perylene derivatives.*®

The product of the statistical probability and TTA quantum
yield [f@rr,] in the studied UC systems was estimated by
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directly comparing the delayed (Iyc) and prompt (Ig,) FL
intensities and considering that both emissions originate from
the same emitter species in the same environment.**** For this
experiment we used a perpendicular excitation-detection configu-
ration like that shown in the inset of Fig. 3 with Ax = 0, except
that the detector was moved by 2 cm away from the cell to make
the photon collection efficiency less sensitive to the excitation
penetration depth (see the ESIt for details). The comparison of
Iyc and Iy, cancelled any possible FL quenching including that
due to emitter self-absorption, thus enabling us to obtain
[f®rra] from eqn (4) and (5) where the ratio of the UC and FL
quantum yields, each representing the number of photons
emitted per absorbed ones, is simply expressed through the
ratio of Iyc and Iy,

1
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TucI* s 1
[f.q;TTA]:zM.i (5)

IrL I %930 PrerPisc

To warrant the validity of the expression, the number of
absorbed photons was substituted by the excitation intensity
(Iexc), ensuring that all incident excitation (at 485 nm and
730 nm) is absorbed during the experiment, giving rise to the
corresponding Iyc and Iy, values irrespective of the excitation
penetration depth in the UC solution (see the ESIt for details).
Z485 and Ayzg, the excitation wavelengths for Iy and Iyc,
respectively, were introduced into the formula to correct the
excitation intensities for the photon number. Since @rgr and
Py5c have been already determined for the Rub:PdPc, Rub:PtPc
and tBRub:PdPc systems, evaluation of their [ f@rr,] essentially
implied measuring their Iyc and Iy.. These quantities as a
function of I, for the three systems are displayed in Fig. 6a-c.
While Iy, exhibited typical linear behavior in the whole range of
pump densities, Iy expressed quadratic behaviour at lower Iy,
which changed to linear at a threshold UC intensity (/) with
increasing Ie... The deviation of Iy, from linear behavior at the
highest CW excitation (>20 W cm ™) was caused by emitter
degradation. The obtained I;, was found to vary from the lowest
in Rub:PdPc (I, = 1.9 W ecm ) to the highest in Rub:PtPe
(I = 11 W em ™). Taking into account that I, is expressed as®

2kr)?

Ip=—"1T
T rra(E)Prer

©)

where k; and yrr, are the spontaneous triplet decay and TTA
rate, respectively, both depending on the emitter properties
only, whereas «(E) is the absorption coefficient of the sensitizer,
the obtained differences in I, could be explained as follows.
The five times higher UC threshold in the Rub:PtPc system

. [
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Rub:PdPc could be understood by taking into account the
4-fold smaller absorbance of the PtPc sensitizer as compared
to that of PdPc at the UC excitation wavelength (Fig. 1) and by
the 10% lower @rgr. Meanwhile the roughly twice as high Iy, in
the tBRub:PdPc system (I, = 3.6 W cm™?) as compared to that
in Rub:PdPc could be explained by both ®@rpr and yppa being
reduced (to be discussed below). In fact, I, can be reduced
significantly for all the studied systems by increasing the sensitizer
concentration and thereby improving o(E) and ®gr,*® however,
at the cost of diminished @y due to the enhanced energy back-
transfer from the emitter to the sensitizer (ESI,T Fig. $19).

The product [ f®rra] estimated in accordance with eqn (5)
for the investigated UC systems is plotted in Fig. 6d-f as a
function of the excitation intensity. To avoid artefacts in this
estimation at the highest CW excitations due to the emitter
degradation, the I, data were assumed to behave linearly at
>20Wem 2, similarly to the Iy, behavior below this excitation.
[f ®rra] was found to increase with increasing Iy up to the Iy,
point of the corresponding UC system and then saturate
beyond this point. According to the definition of ®pps

VTTA [T1 ] @)

[.f"pTT/\] :f.”/i'TTA[Tl] iy

saturation is reached when TTA outcompetes spontaneous
triplet decay with increasing triplet concentration [T,]. In the
saturation regime ®rry= 1, permitting the determination of f
from the saturated value. So, an fvalue of 15.6% was obtained
for the Rub:PdPc system. Although the different sensitizer
employed in the Rub:PtPc system shifted the saturation of @y,
to much higher excitation intensities, the statistical factor
determined at saturation yielded f = 15.4%. As expected the
attained value was very similar to that of the Rub:PdPc system,
possessing an identical emitter species. A similar value (~13%)
for the rubrene emitter in the TTA saturation regime was also
reported in texaphyrin-sensitized photon UC.*" In stark contrast,
a 3-fold smaller fvalue (5.3%) was estimated in the tBRub:PdPc
system featuring additional t-butyl moieties in the rubrene
emitter. Given the negligibly small differences in the singlet
and triplet state energies of both emitters, the reason for the
reduced f factor in tBRub is unclear and still under investigation.

The statistical probability factor obtained for Rub exceeded
the 11.1% statistical limit, which assumes involvement of both
the triplet and quintet states as well as complete quenching of
encounter complexes in these states to the singlet ground
state.* On the other hand, the deduced f was below the 20%
limit, which is reached in the case that the triplet and quintet
encounter complexes decay back into the triplet state."**° Thus,
most likely the fof 15.6% (as complying with 11.1% < f < 20%)
can be explained by a portion of the triplet and quintet
encounter complexes decaying to the ground state while the
rest relax back to the triplet manifold.

Interestingly, the statistical probability factor obtained for
the unmodified Rub emitter in UC solution was found to be 4
times lower as compared to that estimated in ref. 41. However,
we need to emphasize that the difference in the estimation of f
could arise due to the very different excitation regimes used in
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these experiments. As detailed in ref. 40 and 41, the femto-
second pulsed-laser excitation employed was likely causing
saturation of sensitizer excitation and absorption bleaching,
resulting in a larger excitation penetration depth without
increasing the local triplet concentration. This caused saturation
of @ even when TTA was not dominant. Therefore, to estimate
f, additional kinetic analysis of decaying triplets was performed to
separate the proportion decaying via a first-order process and via
TTA. Meanwhile, in our CW excitation experiments no sensitizer
saturation and consequently bleaching were observed except
probably at the highest I (~100 W cm™?) used. This enabled
us to attain saturation of @, explicitly due to the governance of
TTA and thus deduce fin a straightforward manner from eqn (7)
(Fig. 6d-f). The slight decrease of [f®rr,] from the saturated
value at the highest I, in Rub:PdPc and tBRub:PdPc was caused
by analogous deviation of Iyc from the linear relationship.
Taking into account that an I, of 100 W cm ™2 excites ~4 uM
of PdPe (given ;%™ ~ 1 ps and excitation penetration depth
dpapc = 0.15 cm), which is on the same order as that used in our
experiments (15 uM), the Iy deviation at the highest I.,. could
indeed be affected by the sensitizer saturation. To verify that the
significantly lower f found in this work as compared to that
estimated in ref. 41 is not due to the different excitation-
detection configuration employed, we additionally evaluated
the ratio of Iyc and Ig;, (in accordance with eqn (5)) in a front-
face geometry. The evaluation under the TTA saturation conditions
yielded the same statistical probability f= 15 + 3% for rubrene as in
the case of the previously exploited perpendicular excitation-
detection geometry (ESI, Fig. S20). This fimposes a maximum
limit of 1/2.f ~ 8% on the @y of rubrene UC systems provided
all the energy transfer/conversion steps in TTA-UC are 100%
efficient. Since out of numerous reports on rubrene-based UC
systems there was not a single demonstration of @y exceeding
this limit,”*9?13233374041 we gtrongly believe that the obtained
statistical probability value is reasonable.

The determined efficiencies for all intermediate energy transfer
steps (ISC, TET, TTA and FL) and the statistical probability factor f
of the studied UC systems (see Table 2) allowed us to calculate
their @y by using eqn (1). The highest @y values of 5.7% and
4.9% were achieved in the Rub:PdPc and Rub:PtPc systems,
respectively, whereas the lowest one (1.3%) in tBRub:PdPc. This
remarkable factor-of-5 difference in fin Rub and tBRub was
much less affected by the variance in the TET yields of the
UC systems. The result revealed the negative impact of the

Table 2 Obtained quantities determining the performance of the investigated
UC systems under CW excitation at 730 nm

Emitter (18 mM):sensitizer (15 M) in toluene solution

UC system Dy (%) 2 (%) Pl (%) Puc? (%) I (W em™2)
Rub:PdPc 82 156 90 5.7 1.9
Rub:PtPe 71 154 90 4.9 11.0
tBRub:PdPc 56 53 90 13 3.6

“ Triplet energy transfer yield. ? Statistical probability factor to obtain a
singlet from two emitter triplets via TTA.° FL and ¢ UC quantum
yields. ¢ UC threshold.
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t-butyl moieties in the emitter on the UC performance, which
mainly resulted from the significantly reduced probability for a
pair of triplet ¢-butyl-rubrene molecules to yield one singlet
emitter state.

To confirm the @y obtained above, we carried out an indepen-
dent evaluation by utilizing the integrating sphere method. However,
as discussed previously, the strong self-absorption in the highly
concentrated emitter solution induced a self-quenching effect, which
resulted in severely underestimated ®yc in the UC systems. As
an example, the reabsorbed UC spectrum obtained in the sphere
for the Rub (18 mM):PdPc (15 uM) system is displayed in Fig. 7
on a semi-log scale as the dashed line.

The spectrum peak position was found to be similar to that
obtained at the largest Ax as shown in Fig. 3 and hence the
deduced @y value from this reabsorbed UC spectrum integral
has barely reached 1.2%. To be able to compare @y obtained
by the integrating sphere with that estimated previously with
self-quenching effects canceled out, a correction for the emitter
self-absorption needed to be carried out. For this we employed
the non-reabsorbed FL of the sensitizer PdPc (FLpgp.) as an
internal reference. Recently, a similar method to correct for the
UC reabsorption utilizing the undistorted phosphorescence
signal of a sensitizer was reported.”’ Taking into account that
the FLpgp, intensity remains constant irrespective of the Rub
concentration (Fig. 2a), the reabsorbed FL spectrum of Rub
could be restored by taking the reabsorption-free UC spectrum
obtained at Ax = 0 (Fig. 3) and matching its sensitizer FL part
(FLpape) with the analogous part in the distorted spectrum
(Fig. 7). The corrected UC spectrum denoted by the solid line
exhibited a 4.6 times larger integral than the uncorrected one,
resulting in corrected ®yc = 5.5% for the Rub (18 mM):PdPc
(15 uM) system. Alternatively, Py could be also deduced
by comparing the integral of FLpgp. corresponding to the pre-
viously estimated @y, value of 0.3% (Table 1) with that of the
corrected UC spectrum. The corrected @y values found in an
analogous manner for the other two systems Rub (18 mM):PtPc

T T T
102 N .
uc exc
v Il
S 10°%k | E
3 ~ |
a8 /’ \ | | Flpged
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el [l A O
2 [\\Uncorrected »/
| Buc12%
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500 600 700 800
Wavelength (nm)
Fig. 7 Uncorrected (dashed line) and corrected for reabsorption (solid
line) UC emission spectrum of Rub (18 mM):PdPc (15 uM) in toluene
solution under CW excitation at 730 nm. The area under the curves is
proportional to the number of photons registered.
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(15 uM) and tBRub (18 mM):PdPc (15 pM) were 5.4% and 1.3%,
respectively. Importantly, the corrected for emitter self-absorption
Py values estimated by the two independent methods, i.e. by the
integrating sphere and by evaluating the efficiencies of each
subsequent energy transfer step according to eqn (1), yielded very
similar values for all three UC systems, proving the reliability of
our results, including f estimates.

Taking advantage of the solubility improving ¢-butyl moieties
in tBRub, we further increased the concentration of the emitter
from 18 mM, which is the solubility limit of Rub, to 40 mM (the
solubility limit of tBRub). Even though this enhanced ®yc of
tBRub (40 mM):PdPc (15 uM) from 1.3% to 2.2%, the attained
value was still significantly lower as compared to that obtained
in the unsubstituted rubrene system Rub (18 mM):PdPc (15 uM).
This result clearly demonstrates that the benefit of attaining
larger tBRub emitter concentrations by introducing alkyl groups
to rubrene in anticipation of enhanced Dexter energy transfer
cannot outcompete the big disadvantage related to the severely
reduced statistical probability to obtain a singlet from two triplets
in the emitter via TTA. It is worth pointing out that the maximal
®yc (5.7%) obtained by optimizing the emitter and sensitizer
concentrations in Rub:PdPc is among the largest reported for
NIR-to-vis UC systems absorbing at >730 nm.'9>"?%%2% we
stress that differently from us the vast majority of reports use a
multiplication factor of 2 in the evaluation of @y so as to
normalize the UC yield to 100%. Such normalization in our case
will translate to a maximum @y of 11.2%.

Conclusions

In summary, we studied phthalocyanine-sensitized NIR-to-vis
photon upconversion in rubrene in an effort to determine the
factors limiting the UC efficiency. This study is of crucial importance
from the application point of view, since typical @y values achieved
in UC systems under NIR excitation (>730 nm) are below 4%. By
thoroughly assessing subsequent energy transfer/conversion
steps in the TTA-mediated UC scheme, we determined rubrene’s
statistical probability (f = 15.5 £+ 3%) to obtain a singlet from
two triplets via TTA to be the prime efficiency-limiting factor in
the optimized UC systems. We emphasize that unlike previous
reports exploiting femtosecond pulsed-laser excitation, in this
work a 4-fold lower value of the f factor was estimated in the
TTA saturation regime achieved under CW excitation, i.e. the
expected working conditions of UC systems utilized for practical
applications. The obtained low f sets a maximum limit of ~8%
(~ 1/2:f) for @y in rubrene UC systems provided there are no
losses in the ISC, TET, TTA and FL quantum yields.

The optimized Rub (18 mM):PdPc (15 uM) system in toluene
solution was shown to express a maximum ®yc of 5.6 £ 1.2%,
which was verified by two independent methods including an
integrating sphere, for which the non-reabsorbed FL of the
sensitizer was used as an internal reference to correct the UC
for emitter self-absorption. The attained maximum @y is among
the largest reported for NIR-to-vis UC systems capable of operating
under excitation >730 nm. The further increase of the emitter
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concentration from 18 mM to 40 mM achieved via introduction of
solubility improving t-butyl groups in an attempt to enhance
Dexter energy transfer failed to surpass the @yc of the Rub
(18 mM):PdPc (15 M) system mainly because of the signifi-
cantly reduced statistical probability factor (f = 5.3 &+ 1%) of
t-butyl-substituted rubrene. Regrettably, on one hand, the
obtained low statistical probability is expected to demotivate
researchers and engineers, thereby preventing them from utilizing
rubrene-based UC systems in applications. However, on the
other hand, this should encourage the community to search
for alternative emitters operational in the NIR-vis range.

Experimental section
Materials and synthesis

All reagents and starting materials were obtained from commercial
sources and used as received. Rubrene (Rub) was purchased in
sublimed grade, whereas the synthesized ¢-butyl-rubrene (tBRub)
was purified by vacuum sublimation prior to experiments. The
synthesis and identification of the new Pd- and Pt-phthalocyanine
(PdPc and PtPc) sensitizers and new tBRub emitter are provided
in the ESL{

Preparation of the upconverting solutions

The upconverting solutions composed of a mixture of sensitizer
and emitter as well as the solutions of each constituent including
metal-free phthalocyanine were prepared in a nitrogen-filled
glovebox with O, and H,O concentrations below 0.1 ppm. The
toluene solutions of each sensitizer PdPc and PtPc and emitter
Rub used in the mixtures were prepared at an initial concen-
tration of 10 mg mL ", whereas a concentration of 30 mg mL ™
was used for the tBRub emitter. The UC solutions (Rub:PdPc,
Rub:PtPc and tBRub:PdPc) were prepared by mixing the emitters
and sensitizers at appropriate ratios to result in final concentrations
of Rub (0 mM, 0.1 mM, 0.5 mM, 2.5 mM, 18 mM):PdPc (15 uM),
Rub (0 mM, 1 mM, 4.5 mM, 18 mM):PtPc (15 uM, 56 M) and tBRub
(0 mM, 4.5 mM, 7.5 mM, 18 mM, 40 mM):PdPc (15 uM). Prior to
mixing the emitters and sensitizers, each solution was stirred
overnight at 50 °C. Quartz cells having inner dimensions of 10 x
10 mm with UC solutions were carefully sealed before removing
from the glovebox for measurements. The sealing was essential to
protect them from triplet quenching by oxygen as well as to avoid
photoinduced degradation of the rubrene emitters.**

Optical techniques

The absorption spectra of the dilute solutions of the compounds
were recorded using a UV-vis-NIR spectrophotometer Lambda 950
(PerkinElmer). Direct fluorescence (FL) excitation of the rubrene-
based emitters was accomplished by using a continuous-wave
(CW) 485 nm-wavelength semiconductor laser diode (Picoquant).
UC emission was induced by exciting at the Q band of the PdPc
and PtPc sensitizers by using a CW 730 nm-wavelength semi-
conductor laser diode (Picoquant). FL and UC emission were
measured utilizing an excitation-detection geometry where the
emission signal was detected in a direction perpendicular to the
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excitation beam. Phosphorescence and UC transients were
measured by employing a tunable-wavelength optical amplifier
(Ekspla) pumped by a nanosecond Nd**:YAG laser (wavelength -
730 nm, pulse duration - 5 ns, repetition rate - 1 kHz). Steady
state FL and UC emission spectra were measured using a back-
thinned CCD spectrometer PMA-12 (Hamamatsu). The phos-
phorescence of the sensitizers was recorded with an infrared
CCD iDus (Andor), whereas UC transients were measured with a
time-gated iCCD camera New iStar DH340T (Andor). FL and UC
emission quantum yields (@, and @yc) were estimated by
utilizing an integrating sphere (Sphere Optics) coupled to the
CCD PMA-12 spectrometer via an optical fiber. The estimations
were carried out according to the method described in ref. 52.
No filter was used in these measurements, since the UC samples
absorbed >95% of the incident light, allowing us to measure
both excitation and sample emission signals during the same
acquisition. Prior to the measurements the spectral sensitivity
of the system was calibrated using halogen and deuterium
calibration lamps (Bentham). Some of the @, estimations were
also conducted by using a relative method, where ®g;, was
determined by comparing its spectrally integrated emission
with that of a standard with known @g;. A dilute solution of
fluorescein (10 pM) in 0.1 M NaOH with ®g;, = 92% was used a
¢y, standard in these measurements.”> To minimize self-
absorption in these measurements a specific excitation-detection
geometry was employed, where the exciting beam was directed
near the very edge of the cell, while the emission signal was
detected in a perpendicular direction. All the experiments were
performed at room temperature.
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Solid state NIR-to-visible photon upconversion (UC) mediated by triplet-triplet annihilation (TTA) is
necessitated by numerous practical applications. Yet, efficient TTA-UC remains a highly challenging task.
In this work palladium phthalocyanine-sensitized NIR-to-vis solid UC films based on a popular rubrene
emitter are thoroughly studied with the primary focus on revealing the impact of t-butyl substitution in
rubrene on the TTA-UC performance. The solution-processed UC films were additionally doped with a
small amount of emissive singlet sink tetraphenyldibenzoperiflanthene (DBP) for collecting upconverted
singlets from rubrene and in this way diminishing detrimental singlet fission. Irrespective of the
excitation conditions used, t-butyl-substituted rubrene (TBR) was found to exhibit enhanced TTA-UC
performance as compared to that of rubrene at an optimal emitter doping of 80 wt% in polystyrene
films. Explicitly, in the TTA dominated regime attained at high excitation densities, 4-fold higher UC
quantum vyield (@yc) achieved in TBR-based films was caused by the reduced fluorescence

Received 9th January 2020,
Accepted 5th March 2020

concentration quenching mainly due to suppressed singlet fission. Under low light conditions, i.e. in the
regime governed by spontaneous triplet decay, even though triplet exciton diffusion was obstructed in
DOI: 10.1039/d0cp00144a TBR films by t-butyl moieties, the subsequently reduced TTA rate was counterbalanced by both

suppressed singlet fission and non-radiative triplet quenching, still ensuring higher @y of these films as
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Introduction

Photon energy conversion from lower to higher energies pro-
ceeding through triplet-triplet annihilation (TTA), commonly
referred to as TTA-mediated upconversion (UC) is appealing for
various applications such as photocatalysis,' bioimaging,
stress sensing,’ night vision, memory devices,’ targeted drug
delivery® and others.” Low excitation power density (such as
that available from the sun) sufficient to drive the incoherent
UC process makes TTA-UC especially attractive in photo-
voltaics, where the weakly absorbed near-infrared (NIR) portion
of solar energy (>700 nm), particularly in organic solar cells,
could be converted into visible light hence enabling more
efficient photon harvesting.®’

Briefly, in a typical step like TTA-UC process, low energy
photons absorbed by the singlet states of sensitizer species are
converted into triplet excitons via intersystem crossing (ISC),
which then undergo energy transfer (TET) to triplet manifold of
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compared to those of unsubstituted rubrene films.

emitter species. Long-lived triplet-states of emitters are utilized
to generate singlets from triplets through incoherent TTA
events, which subsequently result in emission of higher
energy photons as compared to the absorbed ones. Since
during the TTA at most one UC photon can be produced per
two absorbed ones, the quantum yield of the net process cannot
exceed 50%.

Although the studies on red/green-to-blue (vis-to-vis) photon
UC in solution dominates the TTA-UC field,*"® there is a high
demand for efficient NIR-to-vis UC systems operative in the
solid state as best suited for practical applications."'™** Regrettably,
UC quantum yields (@) of such solid systems capable of utilizing
NIR photons (>700 nm) are still very low (typically <1%)"™*® and
improving @y was found to be a challenging task.

Presently, the majority of the NIR-to-vis UC systems utilize
rubrene as an emitter®'*2° due to its low lying triplet energy
(Ty ~ 1.14 eV) and close to unity fluorescence (FL) quantum
yield (®g) in the isolated form.***' However, since singlet
energy (S;) of rubrene is roughly twice that of the triplet
manifold, Z.e. S; = 2 X Ty, this also causes a reverse process —
singlets splitting into two triplets, the so-called singlet fission (SF),
given the two rubrene molecules are in close proximity to each
other.*>* Taking into account that in the rigid environment
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molecule positions are fixed, TTA must rely on efficient energy
transfer and exciton diffusion, which in the case of triplet
excitons are governed by a Dexter-type mechanism.'>?734737
Since Dexter transfer requires electron wavefunction overlap
between the neighboring molecules and thus is a short-
range process, high emitter concentrations in the solid state
are required for TTA-UC to occur. High rubrene content in
the solid films is known to cause detrimental concen-
tration quenching mainly due to efficient SF, which
lowers @y, of rubrene neat films down to a few percent.”'38
Strongly reduced @g, of the neat films was reported to be
one of the key-limiting factors in achieving efficient UC
in the systems based on rubrene emitter.>' Therefore, the
suppression of concentration quenching and maintenance of high
@py, at high emitter concentration in the solid films are of crucial
importance.

Nagata et al. have recently demonstrated that decorating
rubrene with t-butyl moieties can significantly lower SF in the
solid films resulting in the enhancement of @, by a factor of
9 (from 5% to 46%).*® Diminished SF is obtained as a result
of enlarged intermolecular separation and thus effectively
reduced interaction between the neighboring rubrene molecules.
Note that this is expected to also cause a side effect, namely,
a slowdown of triplet diffusion. The observed reduction of charge
carrier mobility in ¢-butyl-substituted rubrene as compared to that
of unsubstituted rubrene serves as indirect evidence for this.”’
Since the same Dexter mechanism is involved in the transfer of
charges and transfer/diffusion of triplet excitons in the films,
lowered triplet exciton diffusion in t-butyl-substituted rubrene
films is indeed highly probable.

The TTA-UC process is known to heavily depend on triplet
transfer/diffusion, which can be impeded by the ¢-butyl spacers.
Hence, even though the utilization of ¢-butyl moieties can
sustain high @, in high-rubrene-content films due to sup-
pressed SF, it may also adversely affect @yc because of the
reduced triplet migration. Considering that t-butyl-substituted
rubrene was not investigated as an emitter for TTA-UC before,
the net effect of ¢-butyl groups on the UC performance of
rubrene solid films needs to be clarified.

To this end, TTA-assisted photon upconversion in solid
rubrene and t-butyl-rubrene (TBR) films was studied and com-
pared. The studied solution-processed UC films contained a
small amount of triplet sensitizer palladium phthalocyanine
and singlet sink DBP for reducing undesirable energy back-
transfer from emitter to sensitizer and for diminishing SF in
rubrene, respectively. TTA-UC performance, and in particular,
the importance of ¢-butyl substituents on the performance was
revealed by assessing SF, diffusion-facilitated non-radiative
triplet quenching and TTA as a function of emitter concen-
tration in UC films. Having virtually no impact on electronic
properties of rubrene, t-butyl groups were found to significantly
affect TTA-UC performance of the films resulting in 4-fold
enhanced NIR-to-vis ®yc. Better UC efficiency in optimized
TBR films as compared to optimized rubrene films was attri-
buted to reduced SF of upconverted singlets and diminished
non-radiative triplet quenching.
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Experimental
Materials

Sublimation grade rubrene was purchased from TCI; meanwhile
DBP was purchased from Merck. The synthesis of TBR and
palladium phthalocyanine (PdPc) was published elsewhere.*’
TBR was purified by vacuum sublimation prior to use in the
experiments.

Preparation of the upconverting films

Materials were dissolved in toluene at concentrations of rubrene
(10 mg mL™"), TBR (10 mg mL™"), PdPc (1 mg mL™"), DBP
(1 mg mL™"), and PS (50 mg mL ") and mixed at appropriate
ratios to result in the following final concentrations of emitter in
PS (in wt%): 0.01, 0.05, 0.2, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90
and 100; DBP in rubrene (in wt%): 0.01, 0.05, 0.1, 0.5, and 1;
emitter in PS/PAPc[0.1 wt%]/DBP[0.5 wt%] (in wt%): 30, 60, 70, 80,
90, 95, and 100. Here wt% is defined as a weight percentage
relative to the total weight content of the mixture. Films were
prepared by spincoating at 4000 rpm for 1 min on 1 mm-thick
25 x 25 mm microscope glass slides. Low concentration PS films
(<1 wt%) were drop-cast to produce thicker films. The film
preparation of all the films and solutions were performed in a
nitrogen-filled glovebox with O, and H,O concentrations below
0.1 ppm.

The prepared films were covered with additional microscope
slides and encapsulated inside the glovebox by using a
2-component epoxy resin prior to conducting different types
of photophysical measurements at ambient conditions. The
sealing was essential to protect films from triplet quenching by
oxygen and to avoid photoinduced degradation of rubrene
emitters.”?

Optical techniques

Absorption spectra of the dilute solutions of compounds were
recorded using a UV-vis-NIR spectrophotometer, Lambda 950
(PerkinElmer). Fluorescence (FL) of the samples was excited at
450 nm by using a xenon arc lamp coupled to a monochroma-
tor, whereas photon upconversion (UC) was induced by exciting
at 730 nm using a 12 mW power continuous-wave semiconductor
laser diode (Picoquant). Steady state FL and UC emission spectra
were measured using a back-thinned CCD spectrometer, PMA-12
(Hamamatsu). Fluorescence transients of the samples were mea-
sured by using a time-correlated single photon counting system,
PicoHarp 300 (Picoquant), which utilized a pulsed semiconductor
laser diode (repetition rate - 1 MHz, pulse duration - 70 ps, and
emission wavelength - 450 nm) as an excitation source. High
excitation FL and UC transients were measured using a time-gated
iCCD camera, New iStar DH340T (Andor), after exciting samples
with emission of a tunable-wavelength optical amplifier (Ekspla)
pumped by a nanosecond Nd**:YAG laser (wavelength - 450 nm or
730 nm, pulse duration - 5 ns, and repetition rate - 1 kHz). FL and
UC emission quantum yields (@, and &) were estimated by
utilizing an integrating sphere (Sphere Optics) coupled to a CCD
PMA-12 spectrometer via an optical fiber. All the experiments were
performed at room temperature.
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Results and discussions

Chemical structures of compounds used in the current work,
namely, the structures of emitters rubrene and TBR, sensitizer
palladium phthalocyanine (PdPc) and singlet exciton sink tetra-
phenyldibenzoperiflanthene (DBP) are illustrated in Chart 1.

In contrast to a report of Nagata et al.*® where t-butyl groups
were appended to a rubrene scaffold at the para-position, we
devised a new bulky rubrene derivative (TBR) with meta-t-butyl-
disubstituted phenyl rings on the periphery of the tetracene
core. Such bifurcated molecular architecture featuring t-butyl
groups on both sides of the tetracene unit is expected to have a
more pronounced steric effect on the packing of TBR in the
solid phase as opposed to t-butyl groups in the para-positions
where the effect of the bulkiness of these groups is somewhat
offset by the size of the phenyl ring itself.

Absorption and FL spectra of rubrene and ¢-butyl-
functionalized rubrene (TBR) emitters were found to be very
similar indicating negligible impact of ¢-butyl moieties on the
electronic structure of rubrene (Fig. 1). This finding suggested
that the TTA process for the TBR emitter is similarly feasible as
that for rubrene. Molar extinction of TBR at the lowest energy
vibronic peak was somewhat smaller as compared to that
of rubrene, 3390 M~' ecm ™" and 4120 M™' em ™, respectively;
nevertheless, the estimated @y, of both emitters in the diluted
form (either in toluene or PS film) were the same and close to
100%. To reduce SF of the upconverted photons and thereby
improve @y of the rubrene-based solid films, DBP as the third
component was introduced in small amounts. The emission
spectrum of DBP dispersed in PS film at 0.01 wt% concen-
tration is displayed in Fig. 1b. Featuring a large overlap integral
with rubrene emission spectrum and high @y, (Pg;, = 84% in
toluene) DBP served as a singlet exciton sink (emissive trap) for
the upconverted singlets in rubrene.” Although emission of
DBP is redshifted by about 60 nm as compared to FL of rubrene
(or TBR) it is still within the transparency region of the
sensitizer absorption (Fig. 1a). Taking into account that the
lowest triplet state of DBP is ~0.2 eV higher than that of
rubrene,”" DBP is expected to not affect the TTA process in
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Fig. 1 (a) Absorption spectra of rubrene, and TBR emitters and singlet
exciton sink DBP in toluene (1 x 10> M). Absorption spectrum of the PdPc
sensitizer is displayed for reference. (b) FL spectra of rubrene, TBR and DBP
in polystyrene (PS) films at 0.01 wt% concentration. (c) TTA-UC energy
scheme for PdPc-sensitized rubrene (or TBR) systems with DBP as a singlet
sink. Here, ISC - intersystem crossing, TET - triplet energy transfer, TTA —
triplet-triplet annihilation, SF - singlet fission, FRET — Forster resonant
energy transfer.

the emitter. Palladium phthalocyanine (PdPc) was used as a
sensitizer in this study. Weak absorption of the sensitizer in the
UC emission spectral range is essential to ensure reduced
energy back-transfer from the emitter to the sensitizer, which

Chart1 Chemical structures of emitters rubrene and TBR (together with molecular models), sensitizer PdPc and singlet exciton sink DBP.
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was demonstrated to cause significant energy losses in UC
systems.">*

The role of t-butyl groups in the suppression of FL quenching
at high emitter concentrations was elucidated by evaluating
@y, of the PS films with increasing rubrene and TBR con-
centrations. @, of the rubrene- and TBR-doped PS films
estimated using an integrating sphere are compared in Fig. 2.
At low emitter concentrations (up to 1 wt%) in PS, both
emitters expressed @, close to 100% indicating negligible
intermolecular interaction and FL quenching; however,
further increasing the concentration resulted in rather different
@, behaviors. In the case of rubrene, ®g;, experienced a rapid
drop with increasing emitter concentration already above
1 wt%, whereas TBR showed persistently high &g, up to
30 wt% and only above this concentration a slight decrease
of @, was observed. In the neat rubrene film (at 100 wt% of
emitter) ®gy, decreased down to tiny 1.5%, which is ascribed
to the formation of crystalline aggregates facilitating
SF314716 @, of the neat TBR films was found to be a factor
of ~20 higher (@, = 35%) as compared to that of rubrene
films, thus in turn confirming the preventive role of t-butyl
moieties in reducing SF-promoted FL quenching.

The discussed @y, behaviors with increasing emitter concen-
tration are well supported by the corresponding dynamics
observed in the FL spectra (Fig. 3). With up to 1 wt% of rubrene
in the PS films, no changes in FL spectral shape are observed.
Above this concentration the relative intensity of vibronic peaks
begin to change finally resulting in a domination of the second
vibronic replica at 610 nm for an emitter concentration of 70 wt%
and above. These changes are also accompanied by the
pronounced FL redshift and band broadening, which all together
signifies onset of rubrene aggregation with the emission band
(at ~610 nm) corresponding to rubrene in the crystalline
enviroment."” In contrast, TBR exhibits considerably smaller FL
spectral changes with increasing emitter concentration indicating
that emission from the amorphous TBR phase prevails almost up
to 100 wt% (Fig. 3).
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Fig. 2 Fluorescence quantum yield of emitter-doped PS films as a
function of emitter concentration. Lines serve as guidelines to the eye.
Excitation wavelength — 450 nm.
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Fig. 3 Fluorescence spectra of emitter-doped PS films as a function of
emitter concentration, where the emitter is (a) rubrene and (b) TBR.
Excitation wavelength — 450 nm.

More detailed understanding on the role of t-butyl groups in
suppressing FL concentration quenching can be obtained from
the FL transients. FL transients of rubrene- and TBR-doped PS
films at different doping concentrations are compared in Fig. 4.

At a low doping concentration (~1 wt%), both rubrene and
TBR transients followed a single exponential decay law
with similar FL lifetimes of ~19 ns indicating the absence
of concentration quenching. The increasing rubrene concentration
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Fig. 4 FL transients of emitter-doped PS films as a function of emitter
concentration, where the emitter is (a) rubrene and (b) TBR. Measurements
carried out at FL maximum. Excitation energy density per pulse -

2.3 nJ cm™?; excitation wavelength — 450 nm; repetition rate — 1 MHz.
FL lifetimes of 1 wt% doped PS films are indicated.
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in PS films rapidly accelerated FL decay eventually transforming it
to bi-exponential. The average FL lifetime at the 100 wt% doping
level (neat film) was shortened dramatically, down to 0.58 ns. Such
an abrupt shortening of the FL lifetime nicely correlates with @,
quenching dynamics observed with increasing rubrene concen-
tration (Fig. 2).

Compared to rubrene, the TBR emitter also demonstrated
shortening of FL lifetime, yet at a much smaller degree
(Fig. 4b). This again hints at a decrease of concentration
quenching likely due to diminished SF in TBR films. Never-
theless, increase of TBR concentration causes an emergence of
a delayed FL component (>100 ns), which was absent in
rubrene films. We attribute the delayed component to annihi-
lation of triplet excitons generated via the SF process. Surpris-
ingly, the delayed FL is not visible in the rubrene-doped PS film,
even though SF is much stronger. The reason for this intricate
behavior is discussed below.

The role of SF was further disclosed in FL transients measured
at a significantly higher excitation density (300 pJ cm™ per pulse)
(Fig. 5). PS films with low emitter concentration (1 wt%) expressed
the same mono-exponential FL decay profile independently of the
pump level used, whereas an increased doping level (up to 70 wt%)
resulted in the appearance of well-pronounced delayed FL compo-
nents for both emitters, rubrene and TBR. Since no significant FL
spectral changes have been observed at several nanosecond and
hundreds of nanosecond delays, prompt and delayed FL compo-
nents were associated with the same emitting species, thereby
signifying that the delayed FL originates from TTA. From this, it
became obvious that there must be a mechanism responsible for
triplet generation, which apparently is SF in agreement with other
reports on rubrene.*"** Undoubtedly, a large excitation density
plays a crucial role here, because TTA is a bimolecular process and
large triplet concentration is required for the TTA-caused delayed
FL component to be substantial. In contrast, low excitation density
conditions imply much lower triplet concentration generated via
SF, which efficiently spread in the bulk of rubrene films because of
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Fig.5 FL transients of emitter-doped PS films at different emitter
concentrations, where the emitter is (a) rubrene and (b) TBR. Excitation
energy density per pulse — 300 pJ cm™2, excitation wavelength — 450 nm;
repetition rate — 1 kHz.
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the greater triplet diffusion. This concomitantly facilitates triplet
quenching and thus justifies the absence of a delayed FL compo-
nent in rubrene transients at a given registration dynamic range
(Fig. 4a).

Having realized from our previous experiments that TTA
indeed occurs in TBR-doped PS films, we attempted to use TBR
as an emitter in sensitized NIR-to-vis photon upconversion.
To reveal the net effect of t-butyl groups on the UC performance
of rubrene films, a triplet sensitizer, palladium phthalocyanine
(see Chart 1), was additionally introduced. The choice of the
current sensitizer was based on the rapid intersystem crossing
delivered, which enabled virtually perfect conversion of singlet
excitations to triplets (@sc = 1), and moreover, featured
well-matched triplet and singlet energy levels with those of
rubrene.”>* Sensitizer concentrations in the UC films was kept
low (0.1 wt%) to avoid undesirable aggregation and to lessen
detrimental singlet energy back-transfer from emitter to
sensitizer."*>*® Yet this concentration was not set too low to
have sufficient absorption of excitation light, and consequently,
the detectable UC signal for conducting reliable measurements.

To diminish SF of the upconverted singlets in the studied
solution-processed rubrene films, singlet exciton sink DBP'>'*2%4>
with high @y, was also introduced. By collecting upconverted
singlets from rubrene via a Forster resonant energy transfer (FRET)
mechanism DBP was anticipated to prevent undesirable SF. Indeed,
as previously demonstrated it served well for this purpose enabling
&gy, to be improved, and consequently, external quantum efficiency
of rubrene-based OLEDs by a few tens of times.* To ensure efficient
energy transfer from rubrene to DBP, the optimal concentration
of DBP has to be found. Although, intuitively, larger amount of
DBP should yield larger FRET efficiency, a planar structure
possessing DBP will likely aggregate at larger concentrations
unavoidably causing emission quenching. Therefore, optimiza-
tion of DBP concentration in the rubrene film with respect to
&g, was performed. Fig. 6 shows the FL spectra as well as the
@y, of the DBP-doped rubrene films as a function of doping
concentration in the range of 0-1 wt%. FL spectrum evolution
with increasing DBP concentration clearly demonstrates that
even a small amount of sink noticeably changes the emission
properties. Explicitly, already at 0.5 wt% of DBP, the emission
spectrum resembled that of the pure DBP spectrum (see
Fig. 1b) indicating efficient FRET from rubrene to DBP.
Maximum @, of 15% attained at this doping concentration
signifies a factor of 10 enhancement of &gy, in respect to that
obtained in the sink-free rubrene film (@, = 1.5%). Still the
achieved maximum @y, in the DBP-doped films is found to be
roughly 7 times less than that (~100%) attained by pure
rubrene in the isolated form. This indicates that FL quenching
due to SF is not completely suppressed by addition of 0.5 wt%
DBP, and unfortunately cannot be further suppressed because
of DBP aggregation at higher concentrations. Nevertheless, the
determined optimal DBP concentration (0.5 wt%) in solution-
processed rubrene films is found to be very similar to those
reported by others for thermally evaporated films.'*'” This DBP
concentration was further utilized in the fabrication of PdPc-
sensitized UC films with rubrene and TBR emitters.
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Fig. 6 FL spectra of DBP-doped rubrene films at various doping con-
centrations. @¢_of the films as a function of sink concentration is shown in
the inset. Excitation wavelength — 450 nm.

Aiming to find the optimal emitter concentration for the
most efficient TTA-UC, we fabricated PdPc-sensitized UC films
with different rubrene and TBR concentrations. During the
fabrication, concentrations of the sensitizer PdPc and singlet
sink DBP were kept constant at their optimal values of 0.1 wt%
and 0.5 wt%, respectively, as determined previously. Bright
yellow UC emission was observed from the upconverting films
even by the naked eye under excitation of a NIR laser diode at
730 nm (Fig. 7e). Py evaluated using an integrating sphere and
expressed as a ratio of the emitted UC photons to the absorbed
ones for the fabricated UC films are shown in Fig. 7b. Note that
such a definition of @yc implies a maximum theoretical UC
yield of 50%. ®g;, of the same films obtained by directly exciting
emitter species are displayed in Fig. 7a.

First of all, it is worth noting that even though the rubrene
UC films contain singlet sink DBP, their @y, is several times
lower, particularly at higher emitter concentrations, as com-
pared to a g, of 15% obtained in Fig. 6 at the same optimal
DBP doping. This is explained by the presence of a sensitizer in
the UC films, which causes detrimental back-FRET from DBP to
PdPc. The FRET is feasible due to a small yet existing spectral
overlap between DBP emission and PdPc absorption (Fig. 1).
In close analogy, the detrimental energy back-transfer induced
by the introduction of 0.1 wt% of the sensitizer (platinum
octaethylporphyrin) was previously demonstrated to be respon-
sible for ~20-fold reduction in @y, of 9,10-diphenylanthracene
solid films.*? Thus, the decrease of ®g; observed for rubrene
UC films with increasing emitter content from 30 to 100 wt%
(Fig. 7a) results from the adverse back-FRET to PdPc and
persisting SF in the emitter as discussed above. For instance,
at the highest rubrene emitter concentration (close to 100 wt%)
UC films containing PdPc exhibited ®g;, = 2.5%, whereas the
same films without sensitizer expressed @, = 15% (see Fig. 6)
implying a factor of 6 lower @y, due to back-FRET to sensitizer.
On the other hand, similar (a factor of 7) reduction in @y, was
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Fig.7 (a) FL and (b) UC quantum yields of PdPc-sensitized UC films
doped with singlet sink DBP as a function emitter rubrene or TBR
concentration. UC emission spectra of the same films containing different
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DBP concentrations in the UC films were fixed at 0.1 wt% and 0.5 wt%,
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respectively. Excitation density at 730 nm-100 W cm~2. (e) Picture of the
NIR-to-visible upconversion in the polymer film with the TBR emitter
excited at the edge of the film with 730 nm light.
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also experienced by the rubrene films due to SF effects resulting
in the net decrease of @, from 100% to 2.5%. The decrease of
¢p, with increasing emitter concentration was also obtained
for TBR although at a considerably smaller extent due to
suppressed SF.

Contrary to the &g, dynamics, @y of the UC films showed
non-monotonous behavior with increasing emitter contents
(Fig. 7b). Initially, $yc increased with increasing rubrene and
TBR concentrations up to 80 wt%, where maximum @y values
were reached, and then began slightly declining above this
concentration. The maximum @y values attained in these
films were 0.07% and 0.3% for rubrene and TBR emitters,
respectively. Note that for all emitter concentration ranges the
studied UC was dominated by the emission from DBP (Fig. 7c
and d) signifying the essential role of the singlet sink in
alleviating SF. The excitation density chosen for @y measure-
ments was sufficiently high (~100 W em ™) for TTA to dom-
inate over spontaneous triplet decay. This is confirmed by the
data presented in Fig. 9, where UC intensity dependence on
excitation power density is displayed (see discussion below).
The chosen excitation regime allowed us to disregard non-
radiative triplet quenching (k;) as being negligibly small as
compared to the TTA rate (kyra > ky), hence rendering @ypy =
krral(krra + kr) = 1. Taking into consideration that @yc is
determined by the yields of intermediate energy transfer steps
(shown in Fig. 1c), explicitly, by ISC yield of a sensitizer, TET
yield from a sensitizer to an emitter and TTA and FL yields of an
emitter, i.e.

Dyc = 0.5 P15 PrerPrraPry, (1)

the observed initial increase of @y could only be justified by
the enhanced @rpr. Note that @y, here also includes efficiency
of FRET from emitter to DBP as depicted in Fig. 7a and f'is a
constant representing statistical probability to obtain a singlet
from two emitter triplets via TTA. Since TET is a short-range
Dexter-type process necessitating molecular orbital overlap,
gy should exhibit exponential growth with decreasing dis-
tance between emitter and sensitizer. Eventually, the growth of
TET will saturate at some gy value (not necessarily at 100%),
which in the studied UC films occurs at the emitter concen-
tration of about 80 wt%. Further behavior of @y with increas-
ing emitter concentration should follow that of @y, as all the
other intermediate energy transfer steps have already reached
maximum efficiency. Indeed, 4-fold higher maximum @yc
obtained for the TBR film as compared to that of rubrene at
80 wt% concentration well corresponds to 4-fold higher @
in the TBR film vs rubrene film at the same concentration.
This infers similar @1y in both emitter-type UC films at this
particular emitter concentration and also clarifies the improve-
ment of ®yc in TBR films under the TTA domination condi-
tions to be caused by the suppressed SF.

We point out that UC films containing an emitter in excess
of 80 wt% are rather inhomogeneous. This can contribute to
more substantial reduction of ¢y with increasing emitter
concentration (Fig. 7b) above 80 wt% as that expected from
@y, dependence. The spatial inhomogeneity in the films infers
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local fluctuations in composition, which likely cause FL and UC
to emerge from different spatial regions. The most intense
FL (unlike UC) is expected from the less aggregated regions
with smaller emitter concentrations and thus diminished SF;
meanwhile stronger UC is anticipated from the regions with
larger emitter concentration as this facilitates triplet diffusion
and TTA. Yet, the latter regions are more prone to detrimental SF,
which adversely affects ®yc. Additionally, the emitter aggregation
may also induce spatial fluctuations, e.g. in sensitizer concen-
tration. Obviously, sensitizer-poor regions will contribute most to
the overall FL signal due to lowered back-FRET. Conversely,
UC will be predominantly observed from sensitizer-rich regions;
however these will suffer from enhanced back-FRET and thus
reduced ®y. The reproducibility of the measurements in the case
of spatially inhomogeneous films was ensured by probing large
excitation volumes. The sample edge excitation configuration used
(Fig. 7e) resulted in a long excitation stripe allowing an ensemble-
averaged signal to be collected, which was independent of the
excitation spot position.

In practice there might be frequent situations when opera-
tional conditions for TTA-assisted photon upconversion in
solid UC films are not optimal, e.g. due to low sunlight.
To find out how TTA-UC performance is affected by the change
in the regime, i.e. from that governed by TTA (discussed above)
to that dominated by spontaneous triplet decay (ky > krra), UC
properties of the rubrene and TBR films were investigated at
low excitation conditions. UC transients of the films in these
conditions at different emitter concentrations (60-100 wt%) are
depicted in Fig. 8a. Emitter concentrations lower than 60 wt%
precluded us from obtaining reliable UC transients because of
too weak UC signals in the microsecond-time-domain.

The transients of rubrene and TBR films expressed mainly
single-exponential decay confirming the dominance of sponta-
neous triplet decay against non-linear TTA, and thus enabling
easy deduction of triplet exciton lifetime () from UC lifetime
(tuc) by using the following expression tp =2 x 7y¢.*’ Composi-
tional inhomogeneities of UC films at high emitter concentrations
(>80 wt%), particularly in rubrene films, conditioned dispersive
triplet diffusion and appearance of multi-exponential UC decay
profiles,” which nonetheless did not obscure the clear tenden-
cies observed. 1yc and 7r values estimated at different emitter
concentrations are summarized in Table 1. The lifetime data
evidence that increasing emitter contents from 60 wt% to
100 wt% accelerates UC decay resulting in 7 shortening from
51 us to ~28 ps and from 91 ps to 63 ps for rubrene and TBR
films, respectively. The monotonous shortening of triplet life-
time in the UC films with increasing emitter concentration is a
signature of triplet exciton diffusion facilitated triplet quenching
at non-radiative decay sites. We emphasize that 2-fold longer oy
obtained in TBR films highlights the essential role of ¢-butyl
moieties in effectively reducing triplet exciton diffusion and
quenching as compared to those in rubrene films. Note, however,
that diffusion in TBR films is still sufficient for TTA-UC to
occur. The reduced triplet diffusion and thus prolonged tr
(91 ps) obtained in TBR films at the lowest measured emitter
concentration (60 wt%) is close to the intrinsic triplet lifetime
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Fig. 8 (a) UC transients of rubrene and TBR films for different emitter
concentrations (indicated) excited at 730 nm and measured at UC maxima.
PdPc and DBP concentrations in the UC films were fixed at 0.1 wt% and
0.5 wt%, respectively. Excitation energy density per pulse - 7 mJ cm™2.
(b) FL transients of the emitter-doped PS films at 70 wt% doping excited at
450 nm and measured at FL maxima. Excitation energy density per pulse —
300 wJ cm~2. Dashed lines indicate exponential fits

Table 1 UC and triplet exciton lifetimes of PdPc-sensitized UC films
doped with singlet sink DBP at various emitter (rubrene or TBR)
concentrations

Conc.inPS  60wt%  70wt% 80 wt% 100 Wt%

Rubrene

Tuc (ps) 25.6 222 16.1[74%] 109 [52%)°
25.9 [36%) 17.7 [48%)

7 (s) 51.2 44.4 (37.2)° (28.4)°

TBR

e (1) 455 441 38.2 315

o (s) 91.0 88.2 76.4 63.0

“ 1y = 2 X 1y considering that UC decay follows an exponential model.
? Fractional contribution of each decay component to the overall UC
decay is indicated in brackets. © Average lifetime estimated by taking
into account fractional contributions of each decay component.

of rubrene or TBR emitters measured in dilute solution
(er = 100 ps).*

Fig. 8b illustrates FL transients of the emitter-doped PS
films at 70 wt% doping. They are similar to those shown in
Fig. 5 just depicted on a longer (microsecond) time-frame.
Delayed FL occurring as a result of subsequent SF and TTA
events follows a single-exponential decay profile for the delay of
>50 ps as indicated by the linear fits in the semi-log plot.
Single-exponential decay designates spontaneous triplet relaxa-
tion as a major deactivation pathway with decay lifetimes of

This journal is © the Owner Societies 2020

View Article Online

PCCP

~38 pus and ~26 ps for TBR and rubrene emitter, respectively.
These delayed FL lifetimes are found to be similar to tyc
obtained in UC films containing identical emitter species at
70 wt% doping (see Table 1), and therefore serve as an addi-
tional proof that the delayed FL in sensitizer-free rubrene and
TBR films originates from subsequently occurring SF and TTA
processes.

Fig. 9 displays excitation density dependences of UC inten-
sity for rubrene and TBR UC films measured at emitter doping
concentrations of 80 wt% (at which maximum @yc was
obtained) and 30 wt%. At low excitation the UC intensities
exhibit quadratic behavior (indicated by slope 2 in Fig. 9),
which switches to linear (slope 1) at a certain threshold density
(In) with increasing excitation. The observed quadratic and
linear behaviors in the TTA-UC systems are well-known to
correspond to two different regimes, ie. the one dominated
by spontaneous triplet decay and the second one governed by
TTA, respectively.’® It is worth noting that irrespective of the
emitter type used, the UC films featured similar Iy, (3.7 W cm™?)
for an emitter doping concentration of 30 wt%. At higher 80 wt%
doping Iy, was found to be slightly larger for TBR (2.4 W cm™2) as
compared to that for rubrene (2.1 W cm™2). The obtained Iy,
values are consistent with those reported by other groups for solid
NIR-to-vis UC systems."*™'*?' Generally, the higher I, observed
for lower emitter doping concentrations with respect to that
of higher doping can be mainly explained by reduced triplet
diffusion because of the larger emitter interspacing, and thus
reduced )7 and diminished sensitizer-to-emitter TET efficiency.
Note that the reduced @y was found to be also responsible
for significantly lowered @yc at 30 wt% doping as discussed

10° T T
(@) Rubrene

80 wt%;
104 L

2.1 Wiem? i
108 ‘ slope 1 30 wtd%;

102 f: E
10" 3.7 Wiem? E
ope

10° } } }
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103 L
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Fig. 9 UC intensity vs. excitation power density of (a) rubrene- and
(b) TBR-based UC films containing 30 wt% and 80 wt% of emitters. PdPc
and DBP concentrations in the UC films were fixed at 0.1 wt% and 0.5 wt%,
respectively. Excitation wavelength — 730 nm
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previously (see Fig. 7b). Meanwhile similar I;, obtained for
rubrene and TBR UC films at 30 wt% doping can be understood
by considering threshold expression for TTA®>

2kr)®
Tr1a%(E)Prer’

th = [2)
where yrpa (Skppa/ny) is the second-order TTA rate constant
independent of the triplet concentration in the emitter (ny), and
o(E) is the absorption coefficient of the sensitizer. Eqn (2) is valid
if @i5c = 1, which is exactly the case for the PdPc sensitizer. Since
the same sensitizer (PdPc) and its concentration (0.1 wt%) was
used in all the studied UC films, «(E) is considered to be the same.
Previously we showed that ¢-butyl moieties in TBR reduce triplet
diffusion, and consequently, diffusion facilitated triplet quench-
ing resulting in a smaller kr (=1/zr) as compared to that in rubrene
(see Table 1). Taking into account that TTA and TET are also
governed by triplet diffusion described by the same Dexter
transfer mechanism, the reduced diffusion is expected to similarly
reduce yrra and @per in TBR films. Conversely, enhanced triplet
diffusion in rubrene UC films will correspondingly enlarge all
three quantities &y, yrra and @rgr. In accordance with eqn (2), the
obtained similar Iy, for rubrene and TBR UC films suggest that the
enlargement of (k;)* quantity in rubrene is compensated by the
same increase of the product of [yrra@rgr]. In other words,
reduction of UC threshold, which could be attained through
diffusion-enhanced TET and TTA processes in sensitized rubrene
films is countervailed by diffusion-facilitated non-radiative triplet
quenching, and vice versa, reduced triplet quenching and thus
remaining larger triplet population in TBR films are counter-
balanced by the diminished TET and TTA.

The smaller yyr, in TBR films can be confirmed by using the
following expression

)

kr 2(kr) k)

A N

(@)

at Iy, excitation when spontaneous triplet decay rate is equal to
that of TTA.’> Here G is the triplet generation rate in the
emitter. Given the identical «(E) and ®ys for the same sensi-
tizer used and considering equal ®@rgr for TBR and rubrene
films at the emitter concentration of 80 wt% as discussed
previously, G values evaluated at the threshold density could
also be considered to be the same. Owing to 2-fold smaller kr
obtained in TBR films, 4 times smaller 1y, in these films
is expected with respect to rubrene films at 80 wt% emitter
concentration.

UC quantum yield evaluated at optimal 80 wt% emitter
doping as a function of excitation density is shown in Fig. 10.
Obviously, at high excitations in TTA dominated regime @y is
saturated at 0.07% and 0.3% for rubrene and TBR films,
respectively, in agreement with the maximum ®yc values
obtained in Fig. 7b. Decreasing excitation density apparently
causes reduction of ®yc below 10 W em ™ indicating change of
the regime from that governed by TTA to that dominated by
spontaneous triplet decay. Similar Iy, values found for rubrene
and TBR UC films imply similar excitation density at which @y
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saturation values.

starts decreasing. This in fact determines that @yc of TBR films
will remain higher as compared to that of rubrene films even at
low light conditions (kr > kpra) as it is shown in Fig. 10. Taking
into account that in such conditions expression for ®rpy
simplifies into the following

krta ITTA T
Dyc x ¢ = ="
e N R n
~ JTTA
T ™

the larger @y in TBR films will also be afforded by lowered kp
(in addition to larger g, due to reduced SF). The latter result
demonstrates that even though triplet exciton diffusion is
impeded in TBR films due to the presence of t-butyl substitu-
ents, the subsequently reduced jyrra is counterbalanced by
suppressed non-radiative triplet quenching ky and SF resulting
in better overall TTA-UC performance of these films as com-
pared to the performance of unsubstituted rubrene films.
Despite the fact that the unsubstituted rubrene as an emitter
performs better in UC solutions,"’ the obtained results indicate
that the TBR emitter is more efficient in the optimized solid
UC films.

Conclusions

To summarize, we evaluated and compared TTA-UC performance
of solution-processed films based on the popular rubrene emitter
with those based on a tbutyl-substituted rubrene (TBR) emitter.
Although t-butyl moieties were anticipated to act as spacing
groups suppressing undesirable concentration quenching of
emission, they could also induce adverse effects, ie. reduced
triplet diffusion and diffusion-assisted TTA, hence hampering
UC efficiency. A small amount (0.1 wt%) of triplet sensitizer PdPc
was used in the studied UC films to diminish detrimental energy
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transfer of upconverted singlets back to the sensitizer. All the UC
films were additionally doped with 0.5 wt% of DBP, which served
as an emissive singlet sink collecting upconverted singlet excitons
and in this way reducing SF, particularly at high emitter contents.
UC performance optimization carried out against emitter concen-
tration revealed 4 times higher maximum @y (0.3%) in TBR films
as compared to that in rubrene films (@ = 0.07%) at the optimal
emitter doping of 80 wt%. Note that @y defined in this work
cannot exceed 50%, since during the TTA at most one UC photon
can be produced per two absorbed ones. Importantly, TBR films
outperformed rubrene films in terms of @y irrespective of
excitation conditions applied. Enhanced UC performance in the
case of TBR in the TTA dominated regime was determined by the
reduced fluorescence concentration quenching mainly due to
suppressed SF. In the regime dominated by spontaneous triplet
decay typically attained at low excitation densities, the impeded
triplet diffusion and thus TTA in TBR films were counterbalanced
by reduced non-radiative triplet quenching and SF rendering
higher @y of these films as compared to unsubstituted rubrene
films. The obtained results imply peripheral spacing groups
(e.g. tbutyl) in the emitters are beneficial for UC performance
of the solid films, which are desired in practical TTA-UC
applications.
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Rubrene is the most widely used triplet-triplet annihilation (TTA) emitter for NIR-to-vis photon upconversion
(UC), however, strong singlet fission (SF) in the solid films quenches its emission and hampers practical TTA-
UC applications. Herein, the issue was addressed by decorating the rubrene with sterically demanding 3,5-
di-tert-butylphenyl side-moieties at the periphery and the core to result in 40-fold enhancement of the
emission quantum yield. Nevertheless, the sterically crowded rubrenes were found to exhibit lower
sensitized UC performance compared to the conventional rubrene, which was ascribed to inefficient triplet
energy transfer from a sensitizer and poor TTA (for the core-modified rubrene only). By exploiting the
distinct feature of rubrenes to simultaneously express both SF and TTA in the solid films, their TTA efficiency
was assessed independently from TET in the sensitizer-free films. The results implied a trade-off between
suppressed SF and enhanced TTA in the rubrene emitters, which could be addressed via careful selection of
the degree of sterical hindrance and linking position of the side-moieties. Thorough analysis of the prompt
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NIR-to-vis UC efficiency in the solid state.

Received 21st January 2021,
Accepted 4th March 2021

DOI: 10.1039/d1tc00296a

rsc.li/materials-c

triplet generation by way of intersystem crossing (ISC) and triplet
energy transfer (TET) to the emitter, whereas the emitter is
Photon energy upconversion (UC) accomplished in organic —accountable for TTA process, which mediates energy UC ultimately
compounds through triplet-triplet annihilation (TTA) gained resulting in high energy photon emission.

significant interest over the past decade due to the important
5-15

Introduction

applications in photocatalysis,' bioimaging," photovoltaics,
targeted drug delivery,"®™*® etc.'> > TTA-UC was demonstrated to

operate at milliwatt power of incoherent excitation (such as the N 1 b
sunlight),>”** thus implying the attractive possibility for photo- 1 bms
voltaics to harvest weakly absorbed near-infrared (NIR) photons

via their conversion to visible light.>” General scheme of the

energy level alignment along with the corresponding energy

transfer processes occurring in the typical UC system composed s
of a sensitizer and emitter (annihilator) are depicted in Fig. 1. g

The sensitizer is responsible for low energy photon absorption, TET
T, ) o |

Emitter

UC emission

<
Sensitizer E “n
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Fig. 1 TTA-UC energy scheme with corresponding energy transfer processes.
ISC - intersystem crossing, TET - triplet energy transfer, TTA - triplet-
triplet annihilation, SF - singlet fission, UC — upconversion.
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Essentially, practical TTA-UC applications in photovoltaics
demand high NIR-to-vis UC efficiency, preferably in a solid
state.*** This, however, creates a big challenge, because the
vast majority of solid-state UC systems operating in NIR range
(>700 nm) usually express very low UC quantum yield (Pyc),
<1%.'*2° We note that the maximum Py is limited to 50%,
because during the TTA, at most one UC photon can be produced
per two absorbed ones.**!

Among the suitable emitters exploited for NIR spectral range
are tetracenes,”* rubrenes,”’****** perylenes,”*"** and diketo-
pyrrolopyrroles.” Yet, the best-performing NIR-to-vis UC systems
demonstrated so far, both in solution and solid state, rely on the
rubrene emitter.'> In fact, currently there is no alternative TTA
emitter to rubrene for the solid state UC."® Recently, our group
showed that even though unsubstituted rubrene (Rub) yields the
highest ®y¢ in solution,* tbutyl-substituted rubrene (tBRub)
exhibits 4-fold higher @y in the solid films." The enhanced UC
performance of tBRub was found to be caused by (i) the reduced
concentration quenching due to suppressed singlet fission and
(ii) suppressed non-radiative triplet quenching.

Considering that the peripheral spacing groups in the
emitter can be beneficial for UC performance of the solid films,
we extended the current series of rubrene emitters (Rub and
tBRub)*** by designing a couple of new ones (peri-tBRub and
core-tBRub) decorated with more bulky 3,5-di-tert-butylphenyl
moieties (see Fig. 2). peri-tBRub featured the bulky moieties
only in the periphery, whereas core-tBRub additionally had
these moieties linked directly to the core. The imposed modi-
fications were anticipated to further suppress singlet fission,
thereby improving FL (and UC) emission efficiency. However, it
is unclear, whether the bulky side-moieties will not reduce triplet
migration to the degree that TTA-UC is no longer possible.
Additionally, what is the effect of the linking position, ie.,
peripheral- or core-linking, of the side-groups on the singlet
fission and TTA. Motivated to clarify the impact of the sterically
demanding groups on the processes behind the TTA-UC, including
the overall UC performance in the solid state, singlet, and triplet
exciton dynamics in rubrene-based solid films was studied. In the
study, palladium phthalocyanine (PdPc) was employed as a triplet
sensitizer.** Previously reported Rub and tBRub emitters"** were

View Article Online
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also investigated under the same conditions as peri-tBRub and
core-tBRub for comparison.

Principally, both peripheral and core-linked side-moieties
were found to alleviate detrimental SF, meanwhile the former
ones performed substantially better in terms of TTA efficiency,
which was found to be equivalent to that of conventional rubrene
emitter. The weak sensitized UC emission of the peri-tBRub and
core-tBRub emphasized the need to enhance triplet energy transfer,
reduced due to the sterically demanding side-moieties.

Results and discussions
Photophysical properties

The chemical structures of the studied rubrene emitters in the
order of increasing complexity are displayed in Fig. 2. Firstly,
singlet and triplet energies of the rubrene emitters were estimated
by quantum chemical calculations to verify their feasibility for
TTA and the ability to accept triplets from PdPe sensitizer (Table
S1 in the ESIT). Note that previously, we confirmed PdPc to be a
suitable triplet sensitizer for the Rub and BRub.** The calcula-
tions revealed T; of the peri-tBRub and core-tBRub to be close or
slightly lower as those of Rub and ¢BRub implying unmitigated
potential for the triplet sensitization using PdPc. Furthermore, the
energy gap between the reorganized energies 2T;* and S;* was
found to be lower for the peri-tBRub and core-tBRub compared to
that for the Rub confirming TTA to be energetically viable (see
Table S1, ESTf and the explanation therein).***®

The strong similarity of the absorption and FL spectra of the
peri-tBRub with those of Rub and tBRub in the dilute solution
pointed out that the peripheral bulky groups have negligible
impact on the conjugation (Fig. S1 in the ESIt). Conversely, the
spectra of core-tBRub were redshifted by more than 20 nm,
signifying extension of the conjugation attributed to the core-
linked side-moieties. This result was also supported by the DFT
calculations indicating S; energy in the core-tBRub to be the
lowest among the rest rubrene emitters (see Table S1 in the
ESIt). Apart from the anticipated effect of the sterical moieties
on SF, the downshifted S; energy in core-tBRub also implies
less favorable conditions for the SF in the solid film.

core-tBRub

Fig. 2 Chemical structures of the studied rubrene-based emitters in the order of increasing complexity.
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Fig. 3 FL quantum yield of the emitter-doped PS films as a function of
emitter concentration. Lines serve as guidelines to the eye. Excitation
wavelength, 485 nm. Rub and tBRub data taken from ref. 45.

We note that @, of all the rubrenes was estimated to be close
to 100% in both dilute solutions and low-doping-concentration
polymer films (Fig. 3). Moreover, polystyrene (PS) films doped
with the rubrenes at low concentration (0.01 wt%) exhibited
similar single-exponential FL transients with the decay time
constant (t) of ~19 ns (see Fig. S2 in the ESIY), irrespective of
the side-moieties attached.

The impact of the bulky 3,5-di-tert-butylphenyl moieties on
the singlet fission was assessed by measuring @, quenching
with increasing the emitter concentration in the PS films (Fig. 3).
The presented data evidences the central role of the introduced
side-moieties in the suppression of concentration quenching
due to SF. The bulky 3,5-di-tert-butylphenyl moieties in peri-
tBRub and core-tBRub allowed to retain more than 60% of the
initial @g;, in the neat films as compared to the substantial
quenching observed in the neat films of Rub (@, = 1.5%) and
even tBRub (P, = 35%). 40 times higher @y, obtained in the
neat films of structurally more complex rubrenes in respect to
that of conventional Rub is promising for TTA-UC applications,
because UC efficiency directly depends on @y, In contrast, low
solid-state @y, is one of the prime causes of poor Dy

The reduced concentration quenching in peri-tBRub and
core-tBRub films is accompanied by the insignificant shift of
their PL peak (6-16 nm) compared to the PL peak of the
isolated compounds (compare Fig. 4a and Fig. S1 in the ESI¥).
Meanwhile, in the case of tBRub, and particularly Rub films,
the spectral changes are more pronounced resulting in the PL
peak redshift of ~50 nm, which is attributed to the enhanced
intermolecular interaction. The emergence of an additional PL
band above 600 nm due to aggregates is clearly observed for the
Rub neat film."”

The degree of concentration quenching, and correspondingly,
the extent of SF could be also determined from the shortening of
p1, taking the single-exponential decay of the isolated rubrenes
with T & 19 ns as a reference (Fig. S2 in the ESI{). Generally, the
PL transients in Fig. 4b consist of the initial fast and later slower

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Photoluminescence spectra and (b) transients of the neat films of
rubrene-based emitters (indicated). Dashed lines show single-exponential

fits with the decay time constants indicated. Excitation wavelength, 485 nm.
Rub and tBRub data taken from ref. 45.

components, associated with the rapid singlet fission in the
aggregated domains and intrinsic decay of isolated rubrene
species, respectively. Note that core-tBRub of the highest struc-
tural complexity features only the slow decay with t = 16.5 ns,
indicating the negligible aggregation in the neat film. Such decay
is one of the key criteria qualifying rubrene films as amorphous.*®
The reduced structural complexity of the rubrenes causes short-
ening of the initial decay component down to 2.2 ns (in Rub)
implying accelerated SF due to the enhanced aggregation. The
slow decay component had a similar 7 for all the rubrenes except
tBRub, which exhibited an enlarged contribution from TTA at a
later decay stage.*

UC efficiency measurements

The high @5, observed in the solid films of peri-tBRub and core-
tBRub motivated us to utilize these new emitters for TTA-UC. At
first, their potential for UC was tested in solutions (see Fig. 5).
For comparison, the concentrations of the new emitters and
PdPc sensitizer were set to 18 mM and 15 uM, respectively,
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identical to those utilized previously for Rub and tBRub.** The
UC measurements were accomplished by selectively exciting the
PdPc sensitizer at the Q band. The recorded UC emission spectra
were normalized to FL of the sensitizer (FLpgpc) for the correct
comparison of UC efficiencies.”* The latter correspond to the
area under UC spectra between 500 and 700 nm. Disappointingly,
UC efficiencies of the structurally complex rubrene emitters were
found to be inferior to those of conventional emitters Rub and
tBRub. peri-tBRub expressed more than one order of magnitude
lower ®yc (= 0.08%) as compared to those of Rub (Pyc = 5.7%)
and tBRub (@yc = 1.3%), whereas UC signal of core-tBRub was
barely detectable and too weak to be quantified. Taking into
account that (i) @, of the studied rubrene:PdPc based UC systems
in the solution was determined to be the same (90%), irrespective
of the rubrene emitter employed, and (ii) @5 is identical for the
UC systems with the same PdPc sensitizer, the low @y obtained
for the new rubrenes is most likely caused by the bulky side-
moieties impeding TET and/or TTA processes.

The knowledge about TET efficiency (®rgr) in the liquid UC
systems can be gained by analyzing UC transients. While the
UC intensity decay (tyc) reflects a lifetime of the triplet excitons
(Tr =2 X 1y¢) in an emitter, the rise of UC intensity immediately
upon excitation corresponds to ®rgr.*’ 7p in peri-tBRub was
found to be similar to that of Rub and ¢BRub (~100 ps),**
whereas the rise time (t,i5) differed significantly (Fig. S4 in the
ESIT). Generally, the steeper rise or the shorter 7, is a
signature of the faster TET from a sensitizer to an emitter. In
the case of impeded TET, 1,5 should approach intrinsic triplet
lifetime (7o) of a sensitizer, which for PdPc is 3.3-4.3 ps.**
Indeed, 1 very close to 7, was obtained for peri-tBRub:PdPc
based UC system (= 4.2 ps), confirming significantly suppressed

10'E Rub J
v
. FLPch
S 100k A 4
g A
8 N W
2107k || /) |
[ | E
GC) | peritBRub g
S 1%y | & 1
4 core-tBRub %
L WY
10° ]
500 600 700 800 900
Wavelength (nm)

Fig. 5 UC emission spectra of the studied emitter:sensitzer (Rub:PdPc,
tBRub:PdPc, peri-tBRub:PdPc and core-tBRub:PdPc) solutions in toluene
under CW excitation at 730 nm. Emitter and sensitizer concentrations
were 18 mM and 15 pM, respectively. Spectra are normalized to FL of the
sensitizer. Rub and tBRub data taken from ref. 44.

4362 | J Mater. Chem. C, 2021,9, 4359-4366

View Article Online

Journal of Materials Chemistry C

TET due to the sterically demanding side moieties. Moreover,
as an additional confirmation for the diminished ®qgp, we
observed increased UC threshold (I4). Note that I, is inversely
proportional to G15r.”° A few times higher I, was determined
for the peri-tBRub:PdPc system (11.8 W cm 2, see Fig. S3a in
the ESTt), as opposed to that for Rub:PdPc (1.9 W cm2) and
tBRub:PdPc (3.6 W cm ™ 2).*

The ineffective TET revealed in the structurally complex
rubrenes likely also contributed to their poor TTA-UC performance
in the solid state, regardless of their high @, therein (Fig. 3).
UC emission measurements of the peri-tBRub:PdPc and core-
tBRub:PdPc solid films carried out under identical conditions as
those previously used for Rub:PdPc and tBRub:PdPc films,*
(80 wt% and 0.1 wt% of emitter and sensitizer in PS matrix, respec-
tively) resulted in barely noticeable UC for peri-tBRub:PdPc and no
UC signal for core-tBRub:PdPc. Naturally, poor TET in the peri-
tBRub:PdPc and core-tBRub:PdPc solid films can be attributed to
an increased TET distance, because of the sterically demanding
side-groups. However, the molecular orientation factor can be also
important, since the certain orientations of sensitizer and emitter
may reduce intermolecular distance locally, thus facilitating TET.
Unfortunately, it is impossible to discern the orientation factor
originating from the different molecular packing, because the
studied films are amorphous with random molecular orientation.
In addition to the poor TET, the reduced triplet diffusion due to
the bulky side-moieties can be critical as well, thereby impeding
TTA. The verification of the later hypothesis is of high importance,
as this might preclude further utilization of the similar sterically
demanding groups in rubrene for TTA-UC. To assess the efficiency
of TTA in the new rubrenes, we made use of a rather distinct
attribute of the rubrenes to exhibit simultaneously both singlet
fission and TTA in the aggregated state. By generating triplets in
the rubrene films directly through SF without a sensitizer, TTA
could be discerned from TET. To this end, we prepared sensitizer-
free neat films and investigated SF as well as delayed FL caused by
TTA for each rubrene emitter separately.

Transient absorption spectroscopy

Since TTA depends on the concentration of triplets, created
through SF on a picosecond time-scale, this concentration in
the different rubrene films was probed using femtosecond
transient absorption spectroscopy. The transient absorption
spectra of Rub neat film (Fig. 6a) showed typical SF dynamics,
where a rise of the triplet excited state absorption (ESA) signal
at 510 nm corresponding to T1-T3 transition coincided with a
rapid decay of singlet ESA signal at 440 nm corresponding to
$1-S3 transition.”®*! In contrast, a significantly weaker triplet
ESA signal at 505 nm was observed for ¢BRub neat film (Fig. 6b)
suggesting significantly suppressed SF. At least 5-fold lower
initial triplet density was estimated in ¢BRub film compared to
Rub film from a direct comparison of absolute triplet ESA
intensity. Unfortunately, the limited sensitivity of transient
absorption setup not permitted to detect weak triplet ESA signal
in the neat films of peri-tBRub and core-tBRub (see Fig. S5 in
the ESIT), which implied strongly suppressed SF. This was
confirmed by the different evolution of transient absorption

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Transient absorption spectra of (a) Rub and (b) tBRub neat films at
different delay times. Signal around excitation region of 485 nm was
corrected due to the strong scattering of the samples. Arrows indicate
the trend of signal intensity. Inset shows the magnified area of the triplet
excited state absorption signal.

signal observed for the studied rubrene films (Fig. 7). Singlet
excited state absorption (ESA) decay evidenced more pronounced
slowdown of SF rate for the more complex rubrenes.

TTA efficiency measurements

Remarkably, the triplet concentration in the films of sterically
crowded rubrenes could be assessed by monitoring UC signal
generated via TTA. The UC signal in the sensitizer-free films of
peri-tBRub and core-tBRub was detected by measuring delayed
FL on the time-gated iCCD setup (Fig. 8). Gate widths increasing
dynamically with the time delay®** enabled us to measure FL
transients spanning over seven orders of magnitude in inten-
sity and five orders of magnitude in time. This allowed to detect
extremely low delayed FL signals at tens of microseconds,
thereby providing useful information about TTA efficiency.
‘To display the high dynamic range FL data in Fig. 8 without

Rub @440nm — peri-tBRub @430nm
tBRub @425nm  —— core-tBRub @530nm

AA normalized
-

I P

|
1 10 100
Time (ps)

Fig. 7 Evolution of transient absorption signal intensity recorded at the
maximum of singlet excited state absorption of the corresponding rubrene
emitter in the neat film.
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Fig. 8 Normalized FL transients (symbols) of the sensitizer-free neat films of
the rubrene emitters measured at 300 pJ cm 2 per pulse. Single-exponential
decay curve (solid line) with = = 19 ns serves as a reference for prompt-only
SF-free transient. Inset shows TTA efficiency of the different rubrene films.

losing the information in the prompt and delayed FL time
domains, we used log-log scale.

Essentially, the shown FL transients consist of the prompt
and delayed FL parts delineated by single-exponential FL decay
curve (solid line) with = = 19 ns. We remind that such curve is
obtained for isolated rubrene molecules with SF absent, and
therefore, represent prompt-only FL signal. The acceleration of
fast-decaying prompt FL, also shown in Fig. 4b (in log-linear
scale), reflects the number of triplets created via SF (N3"). On
the other hand, the amount of slow-declining delayed FL
corresponds to the number of singlets created via TTA (N§™),
otherwise no delayed FL could be observed. Assuming the only
non-radiative deactivation pathway for the singlets is SF, we can
roughly judge TTA efficiency for each rubrene film from the
ratio of Ng™ to N5, For the estimation of N3" and N§'*, the FL
transients are scaled so that their integrals correspond to their
@y, estimated previously (Fig. 3). Ny is evaluated by subtracting
two integrals, i.e., the reference one obtained from the prompt-only
SF-free transient (with t = 19 ns) and the second one obtained from
the prompt part of the particular FL transient. Finding N§ ™ implies
calculating the integral of the delayed part of the particular FL
transient and scaling it by prompt ®g, (PE°™) to take into
account non-unity emission quantum yield of the created singlets.
The explicit formula for the calculation of TTA efficiency is as
follows

TTA
NS

TTA eff. = ————
V- o

@

The scaled FL transients along with the integrals representing
N;' and N§™ for each rubrene film are shown in Fig. S6 in the
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ESI, whereas the main parameters necessary for the evaluation
of TTA efficiency according to eqn (1) are provided in Table S2 in
the ESLT We note that the obtained number representing TTA
efficiency should be considered not as an absolute quantity,
describing the particular rubrene film, but rather as a relative
parameter intended for comparing TTA probability among the
series of rubrene films. This is because of the difficulties in
correct estimation of the prompt and delayed FL, which arise
from the undefined contribution of geminate triplet pair
annihilation.***"*>* Depending on the triplet diffusivity in
each rubrene film, the geminate triplet pair annihilation may
add up to UC signal at the early prompt FL stage, distorting the
correct integral values. Nevertheless, we believe a comparison of
TTA efficiency among the different rubrene films can be made.
The data provided in the inset of Fig. 8 and Table S2 in the ESI{
evidences the changes in the propensity for TTA with increasing
the structural complexity (sterical crowding) of the rubrene
emitters. tBRub demonstrates the highest TTA efficiency in
agreement with the largest delayed FL integral, even though
triplet concentration generated through SF is 5 times lower
compared to that of Rub, as deduced from the transient absorp-
tion measurements. The result is also consistent with our
previous finding, inferring higher @y for tBRub based solid
UC films vs. Rub films.*> Meanwhile, the most complex core-
tBRub exhibits the lowest TTA efficiency, which is more than two
orders of magnitude lower than that of tBRub. This is in
accordance with the smallest delayed FL and the least efficient
SF, evidenced by the prompt FL of the core-tBRub film being very
similar to the SF-free reference decay curve (Fig. 8). Interestingly,
peri-tBRub is found to feature comparable TTA efficiency with
that of Rub, thus suggesting that bulky 3,5-di-tert-butylphenyl
moieties in the periphery do not impede TTA significantly. This
is in sharp contrast to core-tBRub, possessing the bulky moieties
linked directly to the tetracene core and expressing severely
suppressed TTA. Regretfully, suppressed SF and enhanced P,
in core-tBRub films cannot counterbalance considerably
restricted TET and TTA efficiencies, thus making the core-
linking of rubrenes unfavorable for TTA-UC. Although the TTA
efficiency in peri-tBRub films is almost as good as that of Rub
films, the poor TET from the PdPc sensitizer, and subsequently
low @y, leaves room for improvement. Possibly, the improve-
ment in TET could be achieved by combining peri-tBRub with
some another sensitizer featuring a longer triplet lifetime compared
to PdPc. This should enable TET channel to compete with the triplet
ground state relaxation.”” Another possibility could be substituting
butoxy and/or phenoxy peripheral groups in PdPc sensitizer with
less bulky groups, as this should reduce its steric crowding (and
intermolecular distance), thereby also enhancing TET.

Conclusions

In this work, structurally modified rubrene emitters possessing
3,5-di-tert-butylphenyl side-moieties were investigated as potential
TTA emitters and an alternative to conventional rubrene for
sensitized UC. Transient absorption spectroscopy and delayed
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FL analysis revealed significant differences in the SF-induced
triplet production as well as TTA-promoted singlet generation
throughout the series of emitters. The sterically demanding side-
moieties at the periphery (peri-tBRub) and the core (core-tBRub)
enabled to suppress detrimental SF and considerably enhance the
emission efficiency (by a factor of 40) in the solid films compared
to that in conventional rubrene films. The linking position of the
bulky side groups was found to be pivotal for the TTA efficiency of
these emitters, inferring huge advantage of the peripheral linking
vs. core linking. Remarkably, the side-moieties at the periphery
almost did not impede TTA, which was as efficient as that of
unsubstituted rubrene, meanwhile the core-linked side-groups
reduced TTA dramatically. The bottleneck for the low UC effi-
ciency in the PdPc-sensitized peri-tBRub and core-tBRub systems,
both in solution and solid state, was mainly determined to be the
poor TET from the sensitizer. The obtained results imply the core-
linking of rubrenes with sterically demanding moieties to be
unfavorable for TTA-UC, whereas peripheral linking (as in tBRub
and peri-tBRub) much more promising. The results also suggest a
clear trade-off between suppressed SF and enhanced TTA in the
rubrene emitters, which needs to be addressed via careful selec-
tion of the degree of sterical hindrance and linking position of the
side-moieties. We believe this study will stimulate further research
and design optimization of the rubrene TTA emitters towards
improved NIR-to-vis UC performance in the solid state.

Experimental section

Materials

Rubrene (Rub) was purchased from TCI Polystyrene (PS) was
purchased from Sigma-Aldrich. The synthesis of tBRub and palla-
dium phthalocyanine (PdPc) was published elsewhere.** Synthesis
of peri-tBRub and core-tBRub can be found in the ESL}

Preparation of the upconverting films

All samples were prepared using toluene solvent. The rubrenes
(Rub, tBRub, peri-tBRub, core-tBRub) were dissolved to produce
concentrated stock solutions (10 mg mL™"), while in the case of
the sensitizer PdPe and polystyrene, concentrations of 1 mg mL ™"
and 50 mg mL ™" were used, respectively. The corresponding stock
solutions were used to prepare: dilute emitter solutions (10> M),
upconverting peri-tBRub and core-tBRub solutions with 18 mM of
emitter and 15 uM of PdPc sensitizer, PS films doped with peri-
tBRub and core-tBRub at concentrations ranging from 0.01 wt%
to 100 wt% (neat films), upconverting neat films doped with
0.1 wt% of PdPc sensitizer. Here, wt% is defined as a weight
percentage relative to the total weight content of the mixture.
Films were formed by spin-coating at 2500 rpm for 1 min on
1 mm-thick 25 x 25 mm microscope glass slides. PS films
containing low emitter concentration (<1 wt%) were drop-
casted to produce thicker layers. All the samples were prepared
in the glovebox under nitrogen atmosphere with O, and H,O
concentrations below 0.1 ppm.

The prepared films were encapsulated inside the glovebox
using 2-component epoxy resin and an additional glass cover
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on top. The encapsulation was essential to protect the films
from triplet quenching by oxygen as well as to avoid photo-
induced degradation of the rubrenes in ambient conditions.*®
The photostability data of the studied rubrene neat films is
provided in Fig. S7 in the ESL+

Optical techniques

Absorption spectra of the dilute solutions of the rubrene com-
pounds were recorded using a UV-vis-NIR spectrophotometer
Lambda 950 (PerkinElmer). Fluorescence (FL) of the samples
was excited at 485 nm either by using a 150 W xenon arc lamp
(Oriel) coupled to a monochromator (Sciencetech), or by utilizing
continuous-wave semiconductor laser diode (Picoquant). Photon
upconversion (UC) was induced by exciting at 730 nm using a
12 mW power continuous-wave semiconductor laser diode (Pico-
quant). Steady state FL and UC emission spectra were measured
using a back-thinned CCD spectrometer PMA-12 (Hamamatsu).
Fluorescence transients of the samples were measured by using
a time-correlated single photon counting system PicoHarp 300
(Picoquant), which utilized a pulsed semiconductor laser diode
(wavelength - 485 nm, pulse duration - 70 ps, repetition rate -
1 MHz) as an excitation source. Additionally, long-lasting FL and
UC transients were measured with time-gated iCCD camera New
iStar DH340T (Andor) after exciting the samples with emission of
tunable-wavelength optical amplifier (Ekspla) pumped by a nano-
second Nd*":YAG laser (wavelength - 485 nm or 730 nm, pulse
duration - 5 ns, repetition rate - 1 kHz). FL quantum yields (@)
were estimated by utilizing an integrating sphere”® (Sphere Optics)
coupled to the CCD spectrometer PMA-12 via an optical fiber; the
xenon arc lamp was used as an excitation source. Pyc was
estimated by comparing the integral of UC spectrum (Iyc) with
that of FL spectrum of PdPc sensitizer (f,) serving as an internal
reference.”” Since @, of the sensitizer is known, @yc was simply
obtained from the following relation
dyc = E(pFL»
IrL

For strong UC signals both integrating sphere and comparative
methods were used to ensure the reliability of the obtained values.

Femtosecond transient absorption measurements were carried
out using spectrometer Harpia pumped with a pulsed femtose-
cond laser Pharos and parametric amplifier system Orpheus
(Light Conversion). Excitation wavelength was set to 385 nm.
Probe source was white light continuum (WLC) pulses generated
by focusing the fundamental harmonic 1030 nm into the water-
filled quartz cuvette, which resulted in the broad WLC ranging
from 380 nm to 1200 nm. The probe pulses were recorded using
the linear CCD sensor (Hamamatsu). All the experiments were
performed at room temperature.
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Low-power NIR-to-vis upconversion (UC) of incoherent excitation mediated by triplet-triplet annihila-
tion (TTA) has a variety of promising applications, e.g. in photovoltaics; however, these are strongly ham-
pered by low UC efficiency in the solid state. The issue is mainly related to the most efficient rubrene
annihilator (emitter) utilized for this spectral range, which experiences severe concentration quenching
in films due to singlet fission (SF). Herein, a simplified thermal evaporation technique is introduced to
alter the morphology of binary rubrene films without involving a singlet sink aiming to suppress SF and
boost UC efficiency. Hot-plate evaporation of rubrene under ambient nitrogen on a Peltier-cooled
substrate pre-coated with a sensitizer layer is demonstrated to significantly improve the FL quantum
yield and triplet energy transfer after annealing, subsequently ramping UC quantum yield up to
(1.2 + 0.15)% (out of maximum 50%). This is at least twice as high as that found in any other binary NIR-
UC film reported so far. Moreover, we find that the statistical probability (f factor) of producing a singlet
from two triplets via TTA in amorphous rubrene films (f = 19.5%) is close to that estimated for rubrene in
a solution. This finding infers a maximum UC yield of 1/2 x f ~ 10% and explains why there are no
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Introduction

Growing research interest in photon energy upconversion (UC)
attainable in organic materials via triplet-triplet annihilation
(TTA) is stimulated by promising applications in photo-
catalysis,' bioimaging,* photovoltaics,”™* targeted drug
delivery,"'® etc.'" The inherent ability of TTA-UC to be
driven by incoherent irradiation and at low power densities
(~mW cm™?)>”*® implies great opportunities for solar energy
harvesting, since poorly utilized near-infrared (NIR) photons in
solar cells can be readily converted into the visible radiation
and reused thereafter for photocurrent generation.™” The gen-
eral energy scheme depicting energy transfer processes in a
typical TTA-UC system is shown in Fig. 1. Usually, TTA-UC is
realized in binary systems composed of a sensitizer and an
annihilator (emitter). The sensitizer is responsible for low
energy photon absorption into the singlet state, conversion of
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reports on rubrene UC systems exceeding this value.

the singlet excitation to triplet via intersystem crossing (ISC)
and triplet energy transfer (TET) to the emitter. Meanwhile, the
emitter ensures triplet migration until the two of them meet,
promoting one of the triplets to a higher-energy singlet state via
TTA. The whole process is finalized by the UC emission from
the singlet state. Considering that each intermediate energy
transfer step contributes to the UC quantum yield (¢yc), it can
be expressed as'**"*?

1
¢UC = §f¢ISC¢TET¢TTA¢FL . (1]

Here f is a statistical factor representing the probability of
obtaining a singlet from two triplets via TTA."***?* ¢y is a
fluorescence quantum yield of an emitter. We note that the
maximum ¢y is limited to 50%, because during the TTA, at
most one UC photon can be produced per two absorbed
ones.*"??

Challenging practical TTA-UC applications, such as in
photovoltaics, demand high NIR-to-vis UC efficiency, preferably
in the solid state.**® A fulfilment of the latter requirement
remains an important issue that many research groups aim to
overcome. It is evident that the vast majority of demonstrated
solid-state UC systems operating in the NIR range (>700 nm)
usually express very low ¢yc, typically <1%.'**¢2

This journal is © The Royal Society of Chemistry 2022
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Fig.1 TTA-UC energy scheme of Rub/PdPc with the corresponding
energy transfer processes. ISC - intersystem crossing, TET - triplet energy
transfer, TTA - triplet-triplet annihilation, SF - singlet fission, UC -
upconversion

Commonly exploited TTA emitters for the NIR spectral range
are tetracenes,” ™ rubrenes,***"*3%%  perylenes®*' or
diketopyrrolopyrroles.** Most of these emitters are efficient in
the liquid environment. Meanwhile, there is a lack of emitters
with a low lying triplet-state that are fluorescent in the solid
state.'* The best-performing NIR-to-vis UC systems demon-
strated so far, both in solution and the solid state, rely on the
rubrene (Rub) emitter.'*

Previously, we demonstrated that in the Rub-based UC
solutions ¢yc is limited to ~7.8% due to the relatively low f
factor (~15.6%).>” In the solid-state, however, Rub additionally
suffers from severe concentration quenching mainly attributed
to singlet fission (SF), which results in a more than 60-fold drop
in the fluorescence quantum yield (¢ ). Thus, even the most
efficient Rub-based UC films typically demonstrate one or two
orders of magnitude lower ¢yc compared to those of UC
solutions, where ¢y, of Rub is almost unity.

Generally, SF related losses can be mitigated by using two
approaches, ie. (i) molecular engineering, which relies on the
chemical modification of the existing emitters or the introduc-
tion of alternative ones; and (ii) physical engineering based on
altering the UC film composition or morphology.

Previously, we utilized a molecular engineering approach to
introduce t-butyl substituents into Rub and improve the NIR-to-
vis ¢y in the solid films.*® It was also revealed that Rub
modifications at the periphery do not inhibit TTA step; how-
ever, substituents linked directly to the tetracene core suppress
TTA dramatically.”* The standard physical engineering
approach to combat low ¢, in Rub films and mitigate SF is
to introduce the third component, ie. a singlet exciton sink
(collector), dibenzotetraphenylperiflanthene (DBP). Doping
Rub films with a low concentration of DBP was reported to
boost ¢, by a factor of 20 due to the efficient FRET of

This journal is © The Royal Society of Chemistry 2022
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upconverted singlets from Rub to DBP.?** Yet, the potential
for altering the UC film morphology by employing different
preparation techniques to address low ¢yc issues was not
exploited to the fullest extent.

In this work, we demonstrate the potential of the physical
engineering approach to boost the UC efficiency in the binary
emitter/sensitizer films without involving an exciton sink. To
prepare UC films, we introduce a simplified thermal evapora-
tion technique (using a hot plate) in an inert atmosphere. The
highly concentrated Rub films obtained in this way display an
order of magnitude higher fluorescence quantum yield (¢g)
compared to the films produced by solution-processing or
sophisticated thermal deposition in a vacuum. Furthermore,
we show that in these films the sensitizer and emitter are well
dispersed and intermixed to result in an efficient triplet energy
transfer (¢rgr). The improved ¢y, along with the efficient ¢rer
results in a record-high ¢y of the Rub-based binary solid-state
systems, which is at least twice as high as that obtained in any
other binary NIR-UC film reported so far.'"*>*¢

Experimental
Materials

Rubrene (Rub) was purchased from TCI. Polystyrene (PS) was
purchased from Sigma-Aldrich. The synthesis of palladium
phthalocyanine (PdPc) was published elsewhere.””

Optical techniques

The absorption spectra of the investigated samples were
recorded using a UV-vis-NIR spectrophotometer Lambda 950
(PerkinElmer). Fluorescence (FL) of the samples was excited at
485 nm either by using a 150 W xenon arc lamp (Oriel) coupled
to a monochromator (Sciencetech), or by utilizing a continuous-
wave semiconductor laser diode (Picoquant). Photon upconver-
sion (UC) was induced by exciting at 730 nm using a 12 mW
power continuous-wave semiconductor laser diode (Picoquant).
Steady state FL and UC emission spectra were measured using a
back-thinned CCD spectrometer PMA-12 (Hamamatsu).
Fluorescence transients of the samples were measured by using
a time-correlated single photon counting system PicoHarp 300
(Picoquant), which utilized a pulsed semiconductor laser diode
(wavelength - 485 nm, pulse duration - 70 ps, repetition rate - 1
MHz) as an excitation source. Phosphorescence spectra in the
NIR range were measured using a water-cooled iDus InGaAs 1.7
array detector (Andor). FL quantum yields (¢g;) were estimated
by utilizing an integrating sphere (Sphere Optics) coupled to
the CCD spectrometer PMA-12 via an optical fiber; the xenon
arc lamp was used as an excitation source. ¢yc was estimated
by comparing the integral of the UC spectrum with that of the
FL spectrum of the PdPc sensitizer with known quantum yield,
as described previously.* For strong UC signals both integrat-
ing sphere and comparative methods were used to ensure the
reliability of the obtained values.
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Results and discussion

Due to the low-lying triplet state (T;) in the NIR region and
2 x Ty close to the singlet energy (S;) in the visible range, Rub
became the standard emitter for NIR-to-vis photon
upconversion, 72831324748 1y fact, by far there are almost
no alternative emitters capable of delivering comparable per-
formance in the solid-state."* Even though solution-processed
Rub neat films have low ¢gy, (~1%), other similar TTA emitters
with low triplet energy (T; < 1.2 eV) are almost non-emissive,
because of aggregation-caused quenching. Low ¢g, is disas-
trous, as it subsequently reduces ¢yc (eqn (1)). One of the main
causes of low ¢, in Rub films is singlet fission (SF), which is
feasible due to the favorable energetics (S; &~ 2 x Ty) of Rub.
Lasting on a time-scale of picoseconds SF outcompetes radia-
tive decay by opening the alternative deactivation channel for
the singlets, ie. splitting into two triplets. Depending on the
local molecular environment, the emerged triplet pairs can
rapidly undergo geminate triplet fusion or dissociate and
either (i) decay non-radiatively, or (ii) diffuse and form encoun-
ter complexes at a much slower rate for non-geminate
TI‘A.ZSASAQYSO

1t is well known that SF-associated losses are strongly related
to the degree of crystallinity of the Rub films. The crystallinity
can be altered by varying film preparation conditions and
probed by monitoring their optical properties.

To minimize SF, amorphous Rub films with a chaotic
molecular orientation and large average intermolecular dis-
tance must be produced. Biaggio et al. successfully exploited
molecular beam deposition in a high vacuum to obtain amor-
phous Rub films.*® The films were virtually free from SF and
showed mono-exponential fluorescence decay (z = 16.4 ns) close
to that of Rub in solution.”

PdPc/PS

inPS, 0.1 wt%

PdPc concentration

View Article Online
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In the current study, diverse deposition conditions of emit-
ter Rub are investigated to assess the impact of emitter mor-
phology on ¢y, and correspondingly ¢yc in the solid films.
Featuring an appropriate energy level alighment, palladium
phthalocyanine (PdPc) was chosen as a triplet sensitizer for
the Rub.* Fig. 2a and b illustrates the step-by-step fabrication
of UC films under investigation. In the first step, the sensitizer
layer composed of an optically inert polymer matrix doped with
low concentration (0.1 wt%) of PdPc was formed by spin-
coating (Fig. 2a). Then Rub was deposited on top by using
one of the four distinct thermal evaporation modes to result in
the formation of the UC film (Fig. 2b). In the vacuum deposi-
tion mode, controlled thermal evaporation in a high vacuum
(~1077 Torr) was used. This mode was previously reported to
produce amorphous rubrene films and therefore served as a
reference deposition mode.*® The remaining three modes were
based on a simplified thermal evaporation of Rub (using the
hot-plate) in ambient nitrogen. In the cold deposition mode,
rubrene molecules were deposited on a Peltier cooled (—10 °C)
substrate (Fig. 2b). This mode is expected to instantly freeze
emitter molecules on the substrate, thus producing amorphous
films. Aiming to quantify the effect of substrate cooling, cold-
deposited films were annealed at 100 °C defining the post-
annealing mode. Lastly, Rub evaporation on an uncooled
substrate (naturally heated due to the close proximity of the
evaporation source) was named the hot deposition mode.

The UC films prepared at different conditions were initially
evaluated by measuring FL transients and ¢g, (Fig. 3). The
results clearly show high sensitivity to the Rub deposition
mode. The FL transients consisted of the dominant prompt
decay (fractional contribution of 70-90% to an overall decay)
affected by SF and the minor slower decay component resem-
bling natural decay of the isolated Rub species. The prompt

Spin-Coating I i

i I

Rub y +

b) i | Pl .
-.: Lo v Weak UC =) Bright UC
é : D% __lu -— J - J
/ - / / K top cover 100 °C
160 °C Bottom 330 °C Annealing
plate

Dropcasting Thermal evaporation

Fig. 2 Preparation of UC films. (a) Formation of sensitizer (PdPc)-doped PS layer by spin-coating; (b) deposition of emitter (Rub) by drop-casting stock
solution (1 mg ml™%) on a glass substrate followed by thermal evaporation of Rub on actively cooled (previously prepared) sensitizer layer (depicted as top
glass). The final UC film is obtained by thermal annealing; (c) photo of the final UC film with the encapsulating epoxy visible on the edges; and (d) the UC

film excited with a 730 nm CW laser.
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Fig. 3 FL transients of Rub films deposited on top of the sensitizer layer
using different thermal evaporation modes (specified). Lines represent
single-exponential fits of the dominant prompt decay components. FL
lifetimes and quantum yields indicated.

component was described by a single-exponential decay profile
to determine excited state lifetime. The shorter FL lifetime
suggested an enhanced SF, and hence, a reduced ¢gr.

In the case of vacuum-deposited films, rapid decay with 7 =2
ns and low ¢y, (1.6%) was obtained. This was unexpected, since
a vacuum-deposition previously was reported to result in amor-
phous films™ free from SF and with the FL lifetime similar to
that of Rub in solution (r = 16.4 ns).

Interestingly, prolonged decay (r = 3.8 ns) as well as
increased ¢y, up to 8.5% was obtained for the films fabricated
using the cold deposition mode, indicating a more random
molecular orientation and suppressed SF. Post-annealing of the
UC films further extended the FL lifetime to 8.5 ns and
improved ¢p;, by almost 2-fold. Finally, the highest ¢p, of
20.5% along with the longest FL lifetime (r = 12 ns) was
determined for the films prepared in the hot deposition mode.

At first glance, the role of the heat treatment introduced
during the film annealing or hot deposition is counterintuitive,
since this is anticipated to facilitate Rub crystallization.”®
Excess energy supplied in the form of heat may suffice to
rearrange and crystallize Rub causing the formation of non-
radiative SF centers. We note that the annealing temperature
was set to correspond to the glass transition temperature (Tg) of
the PS polymer employed. However, excess heat during the
annealing can also promote Rub diffusion into the bottom
sensitizer layer thereby diluting it and suppressing aggregation-
caused FL quenching (see the inset of Fig. 4). Likewise, the hot
deposition mode may result in a deeper Rub diffusion and thus
stronger dilution more resembling the behavior of isolated Rub
species or that of the purely amorphous film.

Further investigation in support of molecular diffusion
involved studying the UC properties of the films via NIR
excitation (730 nm) of the sensitizer. The improvement of UC
efficiency was expected to be in correspondence with that of

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 PdPc phosphorescence spectra of the cold-deposited UC film
before (circles) and after (triangles) annealing, and of the reference
emitter-free film (solid line). TET{PdPc — Rub} efficiency of the untreated
as well as annealed film is indicated. The inset schematically illustrates the
UC film before and after annealing.

Phosphorescence intensity (arb. u.)

¢p. Indeed, the films of the lowest ¢ fabricated using
vacuum deposition and cold deposition modes exhibited barely
detectable UC. On the other hand, annealed and hot-deposited
films displayed bright UC. This result can be rationalized by
considering the differences in the triplet energy transfer efficiency
¢rer (eqn (1)). The big temperature contrast during the cold
deposition implies the formation of a bilayer UC film featuring a
distinct boundary between the sensitizer and the emitter. As a
result, most of the sensitizer triplets are generated far from the
emitter species implying that short-range Dexter-type TET can only
occur in a narrow interface region. Meanwhile, the promoted
molecular diffusion during the film annealing causes mixing of
the sensitizer and the emitter, thus reducing intermolecular separa-
tion and enhancing TET{PdPc — Rub}. Scanning electron micro-
scopy (SEM) images supporting the mixing of the sensitizer and the
emitter after annealing are provided in ESIT (see Fig. S1 and S2 and
explanation therein). The mixing was also verified by evaluating
¢rer, where we compared phosphorescence intensity from the
sensitizer PdPc of the cold deposited UC films with the same films
after annealing (Fig. 4). For reference, we also measured phosphor-
escence of the emitter-free film containing only the sensitizer layer
(polymer doped with PdPc). The experimental conditions ensured
identical concentrations of PdPc and the sensitizer layer thickness
of the tested films, thus enabling the intermixing effect of Rub and
PdPc on TET to be addressed explicitly. The most intense PdPc
phosphorescence peaked at 1106 nm was observed for the emitter-
free film, since no TET{PdPc — Rub} was possible. Cold-deposited
films expressed just a slightly reduced phosphorescence intensity
due to inefficient ¢y, whereas this intensity for the annealed films
was severely decreased as a result of enhanced TET{PdPc — Rub}.
Considering that

drer=1- é: (2
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where I and I, are the phosphorescence intensities of the studied
and the reference (emitter-free) films, respectively,”>** we estimated
that ¢rgr in the cold deposited UC films is up to 11%, whereas it
reaches 60% in the annealed films. The obtained ¢rgr in the
annealed films was verified by performing phosphorescence mea-
surements in the integrating sphere (see Fig. S3, ESIt). In this way,
the light scattering effects of the films impacting the light out-
coupling could be taken into account.

Spatial variations of PdPc phosphorescence intensity and
¢rer in the annealed films are presented in the ESIT (see Fig. S4
and explanation therein). Taking into account the simplified
thermal evaporation technique employed for the fabrication of
the UC films, the reproducible ¢y values could be obtained
within the central area of ~4 mm in size.

Even though the most efficient ¢y, was achieved using the
hot deposition mode of Rub, the UC films prepared in this way
had poor reproducibility. Specifically, Rub films were deter-
mined to be very sensitive to growth time and exhibited rapid
crystallization already in the first growth stages (Fig. S5, ESI{).
The morphological changes were accompanied by drastic spec-
tral and FL decay time variations, i.e., additional aggregate-
related FL band started emerging at 740 nm and t reduced from
5.3 ns to 0.27 ns indicating increasing domination of SF.

Taking into account the reproducibility issues in the hot-
deposition mode, further UC performance optimization was
carried out for the films prepared by cold deposition followed
by annealing. This deposition mode permitted control of the
Rub thickness avoiding crystallization and allowed for consis-
tent results (Fig. S6a, ESIT). Unlike neat Rub films obtained by
the same method and showing increasing crystallization within
a few weeks after fabrication, UC films fabricated by depositing
Rub on top of the sensitizer-doped polymer layer followed by
annealing were found to be stable. No signs of crystallization
were detected several months after fabrication (see Fig. S7,
ESI}) where FL lifetimes of the films are shown to remain
constant at least within 240 days after film deposition). We
attribute this to the dilution of Rub within the polymer layer,
and thus suppression of rubrene aggregation.

Rub film thickness of approximately 600 nm, which corre-
sponded to 3 min evaporation time was found to be optimal
based on the UC intensity measurements (Fig. S6b, ESIT). Post-
annealing of the films performed at 100 °C for ~5 min yielded
good film uniformity and bright UC emission, whereas longer
annealing durations as well as higher temperatures induced
strong crystallization (see Fig. S8, ESIt), and thus, were unac-
ceptable for the UC film fabrication.

In the following UC optimization step, different sensitizer
concentrations were tested while maintaining identical Rub
deposition conditions (Fig. 5). Clearly, the increasing sensitizer
concentration from 0.1 wt% to 5 wt% reduced the UC signal by
5 times suggesting enhanced upconverted energy back-transfer
from Rub to PdPc. Although a higher sensitizer concentration is
supposed to improve NIR absorption and reduce UC threshold,
densely packed sensitizer molecules facilitate energy back-
transfer diminishing the overall ¢yc.** Aiming to maximize
UC efficiency, the lowest PdPc concentration (0.1 wt%) was
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Fig.5 UC emission spectra of PdPc/PS/Rub films with different PdPc
concentrations. The spectra are normalized to the PdPc fluorescence
maximum at 774 nm. Rub deposition conditions and PdPc-doped PS layer
thickness (260 nm) were maintained the same. Excitation, 730 nm CW
laser. A notch filter was used to suppress scattered excitation.

selected for further optimization. In fact, even lower concen-
tration should potentially lead to a higher ¢yc; however, the
subsequently decreased sensitizer absorption and thereby
significantly weakened UC signal would compromise reliability
of the results.

In the next step, the uniformity of the rubrene film depos-
ited on top of PdPc-doped PS (sensitizer layer) was investigated.
The measurements were carried out for different sensitizer
layer thicknesses enabling the optimal one for maximal UC
performance to be revealed. As discussed above, well mixed
sensitizer and emitter films are required to have efficient ¢rpr
as well as high ¢, of Rub. By assuming limited Rub diffusion
into the sensitizer layer during the annealing, the too thick
sensitizer layers could cause high absorption, yet likely reduced
¢uc due to lowered ¢rgr. To verify this, we prepared a series of
spin-coated sensitizer layers of different thickness, which was
varied by altering mixture viscosity and spin coater speed. The
film thickness was probed using AFM (see Fig. S9, ESIt). The
Rub was deposited on top of the sensitizer layer through a
circular metal spacer, forming a disk-shaped film (see the inset
of Fig. 6). The prepared UC films were investigated by scanning
across the surface in the x direction with the focused 730 nm
laser beam and collecting the emission spectra as illustrated in
Fig. 6.

The detailed scheme of this experiment is presented in
Fig. S10 (ESIt). The measured spectra were analysed by dis-
cerning UC and FLpgp, spectral components peaking at 560 nm
and 774 nm, respectively, and examining they relative intensi-
ties. Prior to FLpgp. analysis, the strong background signal due
to the scattered excitation light and UC emission tail was
subtracted.

The UC intensity was found to exhibit a steep increase by
almost 3 orders of magnitude with the excitation spot moving

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Semi-log plot of UC emission spectra of PS:PdPc/Rub film mea-
sured at different excitation spots along x direction (indicated). Excitation,
730 nm. PdPc concentration in PS, 0.1 wt%. Sensitizer layer thickness,
110 nm. A picture of UC film is shown in the inset.

from the film edge to the centre (Fig. 7a). The intensity profile
resembled Gaussian-like thickness distribution of the evapo-
rated Rub and suggested that some critical thickness of the
emitter is required to promote TTA in the Rub layer. Addition-
ally, the sensitizer layer thickness of 110 nm was determined to
be the optimal as giving rise to the highest UC intensity at these
deposition conditions. Spatial distribution of FL intensity
emanating from PdPc was found to be much more flat
(Fig. 7b) in agreement with rather homogeneous sensitizer
layers formed by spin-coating. These layers contained roughly
the same amount of PdPc across the scanned area implying
insignificant FL intensity variation vs the excitation coordinate.
Taking into account that FLpgp, is not affected by the presence
of Rub due to the energy level alignment, FLpgp, intensity
should be proportional to the sensitizer layer thickness and
PdPc concentration. Since the latter was fixed at 0.1 wt%, the
thicker sensitizer layers (as more absorbing 730 nm radiation)
resulted in the higher FLpgp, intensity. Importantly, consider-
ing that ¢y, of PdPc is constant across the film, this intensity
can be used as an internal reference for the UC signal, thereby
enabling the judgement of ¢yc from the UC and FLpgpc
intensity ratio (Fig. 7c). For instance, although 25 nm and
500 nm-thick films showed similar UC intensity, the thicker
films exhibited higher FLpgp, intensity correspondingly imply-
ing lower ¢yc. Unfortunately, the FLpgp signal of 25 nm films
was too weak to be measured; however, the data presented in
Fig. 7c clearly suggest that thin sensitizer layers are more
favorable for the realization of high ¢yc.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) UC intensity at 560 nm, (b) FL intensity of PdPc at 774 nm and
(c) UC/FL intensities ratio for different sensitizer layer thickness (indicated).
Excitation, 730 nm. PdPc concentration in PS, 0.1 wt?%. Each measurement
was performed under the same conditions.

We note that the UC films with thin sensitizer layers
(<100 nm) were difficult to measure as they were highly
scattering and featured weak absorption, and hence, a relatively
low UC intensity. These layers acted as a buffer for evaporated
Rub and had a significant influence on the final UC film
morphology. During the Rub deposition thin buffer experi-
enced partial melting thereby forming a rough surface with
enhanced scattering of the incident radiation. Taking this into
account, a sensitizer layer thickness of 110 nm delivering one of
the highest UC/FLpgp, ratios was selected to be optimal for UC
films. Measurement of UC intensity vs excitation power density
for these UC films enabled to determine the UC threshold of
1.4 W em 2 (Fig. S11, ESIY), which was found to be similar to
those of other rubrene-based solid-state UC systems.?”?%43:46
The optimized UC films were subjected to further evaluation of
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Fig. 8 UC spectra of the optimized PS:PdPc/Rub films with different
sensitizer layer thicknesses (indicated). The spectra are normalized to

FLpapc peak intensity (at 774 nm) so that UC intensity would correspond
to ¢uc. Excitation wavelength and density, 730 nm and 100 W cm™2,

respectively.

¢uc by using the FLpgp, signal as an internal quantum yield
reference (Fig. 8) as well as by means of an integrating sphere.
The methodological details for the determination of ¢y using
an internal reference are provided in the ESL{

Fig. 8 illustrates the UC spectrum of the optimized UC film
containing a 110 nm-thick sensitizer layer. Additional spectra
of UC films with varying sensitizer layer thickness, prepared
under otherwise the same conditions, are also shown for
comparison. The UC spectra were normalized to the FLpgpc
peak intensity so that UC intensity would correspond to ¢y, as
discussed earlier. Based on the independent measurements of
UC films with different sensitizer layer thicknesses, yet with a
fixed PdPc concentration of 0.1 wt%, the FL quantum yield of
PdPc was determined (¢her = 0.1%). The reproducibility data
of ¢peP tested for different films are included in the ESLT
Essentially, the data confirmed the average ¢re'® to be 0.1%
with a standard deviation of 0.03%.

Using this value as an internal reference, we could roughly
deduce ¢yc to increase from 0.4% to 1% with decreasing
sensitizer layer thickness from 500 to 110 nm (Fig. 8). The
obtained ¢y were confirmed by the measurements in the
integrating sphere, where the most efficient UC film exhibited
¢duc = (1.2 £ 0.15)% (out of maximum 50%).

A slight underestimation of ¢yc by using an internal reference
method can be explained by the strong background signal in the
spectral region of FLpgp. due to the intense long-wavelength tail of
UC emission. The accurate subtraction of such a strong background
is complicated, which results in artificially increased FLpgp, inten-
sity, and subsequently, somewhat reduced ¢yc. The calculated
relative error for ¢yc in the case of the internal reference method
was 32% (see the ESIT) implying that ¢y values obtained by both
methods agree well within these errors.
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¢uc of (1.2 £ 0.15)% attained in this work represents a
17-fold improvement over our previous spin-coated DBP-doped
rubrene films* and at least a 2-fold improvement in respect to
the most efficient binary rubrene-based solid-state systems
reported to date (pyc & 0.3-0.5%)."*>*"

We also note that the obtained ¢yc of the binary film
approaches the highest efficiency value (¢yc = 2%) achieved
for the ternary UC film, additionally containing the DBP exciton
sink.*® This reduces the gap in the performance of binary and
ternary systems, minimizing the demand for the third compo-
nent (singlet exciton sink) and stressing the importance of the
UC film morphology rather than energetics of individual
molecules.

Inserting the maximum efficiency values of the energy
transfer/conversion processes determined for our UC films in
eqn (1), the probability factor ffor rubrene in the solid state can
be estimated. Thus, taking into consideration that ¢y, = 20.5%
(Fig. 3), ¢rer = 60% (Fig. 4), and ¢ysc = 100% for palladium
phthalocyanine-based sensitizers,”****" ¢4 & 100% in the
TTA domination regime and that the maximal ¢yc = 1.2%, the
statistical probability fto generate a singlet from two triplets via
TTA is 19.5%. The confirmation for the deactivation occurring
totally through the second-order path (¢1ra & 100%) achieved
under excitation density of 100 W cm™?, i.e., well exceeding UC
threshold is provided in the ESL{

Interestingly, the obtained f factor is close to that estimated
for rubrene in a solution (15.5%).> This can be justified by the
similar energy level alignment of rubrene in the different
environment (solution or amorphous-like film) supporting
the finding that the statistical probability of creating a singlet
from two triplets via TTA should be in the range of 15-20%. We
note that f estimated by us in the TTA-dominating conditions
under continuous-wave excitation is 3-4 times lower as com-
pared to that obtained under femtosecond pulsed-laser excita-
tion conditions.*® The obtained fvalue implies a maximum ¢y
of 1/2 x f ~ 10% for rubrene UC systems, which is reasonable,

since no higher ¢yc has been demonstrated so far,'*?7-3246:53

Conclusions

In summary, this work addresses the low UC quantum yield
issue in binary emitter/sensitizer films with rubrene serving as
the annihilator (emitter). The issue is known to be related to
detrimental singlet fission (SF) in highly concentrated rubrene
films causing dramatic degradation of the FL quantum yield
and subsequent reduction of UC efficiency. To cope with this
problem, we offer an altering UC film morphology by exploiting
different rubrene deposition techniques so as to suppress SF-
promoting rubrene crystallization. From a variety of deposition
modes explored, the simplified thermal evaporation of rubrene
in ambient nitrogen using a hot plate delivered the features
(highest FL quantum yield and longest FL lifetime) that most
resemble those of an amorphous rubrene film. Explicitly,
rubrene evaporation on a Peltier-cooled substrate pre-coated
with a sensitizer layer and later annealing resulted in enhanced

This journal is © The Royal Society of Chemistry 2022
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FL quantum yield (¢p, =

15%) and triplet energy transfer

(¢prer = 60%), which enabled reaching a record-high NIR-to-
vis UC quantum yield of (1.2 & 0.15)% (out of a maximum of
50%). The attained UC yield is at least 2-fold higher than for
any other binary UC film reported so far that is capable of
upconverting NIR radiation (>700 nm). Furthermore, the f
factor describing the probability for a singlet to be created
from two triplets via TTA in rubrene films (f = 19.5%) was
found to be close to that estimated for rubrene in a solution.”
Assuming all the intermediate energy transfer processes are
100% efficient, the latter result implies a maximum UC quan-
tum yield of 1/2 x f ~ 10% thereby also explaining why there
are no reports on rubrene UC systems exceeding this value.
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Triplet and singlet exciton diffusion plays a decisive role in triplet-triplet annihilation (TTA) and singlet
fission (SF) processes of rubrene (Rub) films at low excitation power, and therefore has an important
implication for TTA-mediated photon upconversion (UC). Although triplet diffusion in crystalline Rub was
studied before, there is no quantitative data on diffusion in disordered Rub films most widely employed
for NIR-to-Vis UC. The lack of these data hinders the progress of TTA-UC applications relying on a Rub
annihilator (emitter). Herein, a time-resolved PL bulk-quenching technique was employed to estimate
the exciton diffusion coefficient (D) and diffusion length (Lp) in the neat Rub films as well as Rub-doped
PS films at 80 wt% doping concentration, previously reported to be optimal in terms of UC efficiency.
The impact of commonly utilized singlet energy collector (sink) DBP on exciton diffusion was also
assessed, highlighting its importance exclusively on the dynamics of singlets in Rub films. Our study
revealed that triplet diffusion lengths (LD) of 25-30 nm estimated for the disordered Rub films are suffi-
cient for encountering triplets from the neighboring sensitizer molecules at a low sensitizer PdPc
concentration (0.1 wt%), thereby enabling the desired TTA domination regime to be reached. Essentially,
the performance of Rub-based UC systems was found to be limited by the modest maximal L (up to
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Accepted 15th September 2022
DOI: 10.1039/d2cp02798d ~55 nm) in disordered films resulting from a short maximum triplet lifetime 7 (~100 ps) inherent to

this emitter. Thus, to enhance the NIR-to-Vis TTA-UC performance, new emitters with a longer triplet
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Introduction

Rubrene (Rub) has been studied for almost a century now.
It gained popularity mainly due to its high emission efficiency
(close to 100% in the isolated state) and high carrier mobility
(up to 40 em” V™" s7) in single crystals."”” The high fluores-
cence quantum yield (®p;) of Rub was extensively exploited in
organic light-emitting devices (OLEDs) for light emission, both
in the 1st generation fluorescent’ and the latest generation
hyperfluorescent™” OLEDs. Meanwhile, the high carrier mobi-
lity of crystalline Rub facilitated the development of important
devices® such as organic field-effect transistors,” organic diodes®
and organic solar cells.”"” Besides applications in organic electro-
nics, Rub has found niche uses in photoredox catalysis'' and
organic spintronics."> Moreover, Rub is frequently utilized as the

Institute of Photonics and Nanotechnology, Vilnius University, Saulétekio av. 3,
LT-10257 Vilnius, Lithuania. E-mail: karolis.kazlauskas@ff.vu. It

 Electronic supplementary information (ESI) available: Materials, film prepara-
tion techniques, experimental details on the determination of singlet and triplet
exciton diffusion, microscopy images, etc. See DOL https://doi.org/10.1039/
d2cp02798d
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lifetime in the solid state are required.

benchmark material for photon upconversion*® as well as

singlet fission,"”** demonstrating high efficiencies in both areas.

Rubrene is rather unique in that its triplet state energy (T,)
is roughly half the singlet energy (S;) implying S; ~ 2 x T;.2°*
This opens up the possibility for the singlet fission (SF) effect,
whereby the singlet exciton splits into two triplets.'”** The SF
effect leads to doubling of the quantum efficiency in opto-
electronic devices such as OLEDs and organic solar cells up to
the theoretical limit of 200%, and in this way it allows
the Shockley-Quiesser limit of organic photovoltaics to be
overcome.'®**** SF typically manifests in the crystalline
environment featuring small intermolecular separation and
favorable molecular orientation, thereby providing sufficient
electronic coupling between the neighboring molecules for SF
to occur on the picosecond time scale.'®*®

The intricate energy level arrangement in Rub also enables
the reverse process to SF, ie. the triplet exciton fusion also
known as triplet-triplet annihilation (TTA), whereby energy of
two triplet excitons is combined to form one singlet. The latter
process is utilized for TTA-mediated photon upconversion
(TTA-UC), which drew a lot of attention due to various practical

Phys. Chem. Chem. Phys., 2022, 24, 24345-24352 | 24345
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Fig.1 (a) TTA-UC energy scheme with corresponding energy transfer processes. ISC-intersystem crossing, TET-triplet energy transfer, TTA-triplet—
triplet annihilation, SF-singlet fission, and FRET-Forster resonance energy transfer. (b) Molecular structures of the PdPc sensitizer, Rub emitter/

annihilator, DBP singlet sink/collector, and chloranil quencher.

applications, e.g. in bioimaging and photovoltaics.”” > Conven-
tional TTA-UC is realized using a triplet exciton sensitizer and
an annihilator (often serving as an emitter). In such systems,
the sensitizer ensures absorption of incident light and rapid
generation of triplets via intersystem crossing, which is then
followed by triplet energy transfer from the sensitizer to emitter
species (Fig. 1a). These triplets diffuse through the network of
emitter species until they encounter each other and annihilate
resulting in the formation of a singlet exciton (S; state). The
final step in the cascade of TTA-UC events is the emission from
the S, state of an emitter.

Importantly, both the SF event and UC fluorescence can
occur simultaneously in Rub films; however, since SF is three
orders of magnitude faster (~10 ps)'® as compared to fluores-
cence (~16 ns),"” it dominates the deactivation pathway of ;.
This reduces ®p;, down to a few percent™ and is often regarded
as the main factor limiting the TTA-UC yield in Rub-based solid
films.*! Regardless of the low ®p;, Rub is the most widely used
emitter for NIR-to-VIS TTA-UC, demonstrating record-high
solid-state UC efficiencies in this spectral range (up to
29%).>13153233 The efficiencies, however, are still far below
the theoretical limit of 50% taking into account that two triplets
are needed for generation of one singlet via TTA. A possible
solution to the SF related problem could be the increase of
intermolecular separation via chemical engineering or the
dilution of emitter molecules in an optically inert polymer
matrix.**** However, this will inevitably impair the energy
transfer rate slowing down triplet diffusion till TTA-UC is no
longer feasible. An alternative way for circumventing SF is to
additionally introduce a singlet exciton collector (or sink) as an
extra radiative decay channel for singlets. Tetraphenyldibenzo-
periflanthene (DBP) featuring a high @p;, and suitable energy
level alignment is commonly employed as the singlet sink for

24346 | Phys. Chem. Chem. Phys., 2022, 24, 24345-24352

Rub. DBP is demonstrated to significantly enhance the emis-
sion efficiency of Rub in the solid-state.*****%3¢ Interest-
ingly, in some reports the role of DBP has been under debate'®
and in the case of a solution-processed perovskite-sensitized
system, it was found to have a negligible effect on the UC
enhancement.”” Since this singlet sink is widely used in tan-
dem with Rub, it is essential to investigate its impact on exciton
diffusion in Rub films. Considering that triplet generation via
SF can reach 100% in crystalline Rub,'® producing disordered
(ultimately purely amorphous) films should eliminate the
issue;'” however, fabrication of large area films is techno-
logically extremely challenging. The presence of a small amount
of SF-favoring aggregates in amorphous Rub films can neverthe-
less drastically quench Rub emission due to the efficient singlet
diffusion to SF sites.® Although singlet diffusion in the neat films
of Rub and its derivatives has been studied before,* it is in fact
greatly affected by the degree of disorder. Thus, assessing the
singlet diffusion of the particular film deposited under specific
conditions is nonetheless important, especially when aiming for
improved TTA-UC performance.

Likewise, the efficiency of the bimolecular TTA process at
low excitation power (~mW cm2) heavily relies on triplet
diffusion. Hence, materials with a long triplet lifetime and
high triplet diffusivity are desirable to attain efficient TTA.*®
Micron-range triplet exciton diffusion in Rub crystals has been
previously reported;®** however, there are no quantitative data on
triplet diffusion in disordered Rub films. Taking into account that
singlet and triplet diffusion are crucial for the design of high-
performance solid-state TTA-UC systems, the key parameters
determining exciton diffusivity, such as exciton lifetime, diffusion
coefficient and length, need to be thoroughly assessed.

To this end, herein, both singlet and triplet exciton diffu-
sion in disordered UC films based on a Rub emitter were

This journal is © the Owner Societies 2022
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investigated. Rub films were prepared by spin-coating in the
same way as described by us previously®® to achieve high UC
efficiencies in the solid state. The time-resolved photolumines-
cence bulk-quenching technique was employed to estimate the
exciton diffusion coefficient (D) and diffusion length (Lp) in the
neat Rub films as well as Rub-doped PS films at 80 wt% doping,
previously reported to be the optimal doping for TTA-UC.*
Palladium phthalocyanine (PdPc) served as a triplet exciton
sensitizer'” in this study; meanwhile chloranil was utilized as
an exciton quencher in PL quenching experiments. Exciton
diffusion was also assessed in the films additionally doped
with singlet exciton sink DBP to diminish SF-induced PL
quenching in Rub.

Results and discussion
Triplet exciton diffusion

To quantify triplet exciton diffusion in disordered Rub films,
two sets of films with a fixed amount of sensitizer PdPc
(0.1 wt%) and increasing quencher concentration [Q.] were
investigated. The first set contained 80 wt% of Rub dispersed
in a PS matrix, whereas the second one was based on the neat
Rub films.

Additionally, each set contained a series of films doped with
exciton sink DBP at 0.5 wt% concentration. DBP doping is
frequently used by the community to diminish notorious SF in
Rub films and improve ®p;. The overlap of Rub emission and
DBP absorption bands allowing for efficient FRET can be
visualized in Fig. S4 in the ESL PS served as an inert matrix
for Rub, thereby increasing the intermolecular distance
between the emitter species. This particular dilution of the
Rub emitter previously was shown to be the optimal in terms of
TTA-UC efficiency.*® On the other hand, knowledge on exciton
diffusion in the undiluted (neat) Rub films is also important, as
these are often utilized in various optoelectronic devices.

Thus, in total 2 sets of samples each containing 2 series of
UC films with increasing quencher (chloranil) concentrations
were investigated by measuring UC transients. The square root
of UC intensity, which is proportional to the triplet concen-
tration, is depicted on the Y axis of Fig. 2. The transients
spanning over the ps-time-scale were easily fitted using a single
exponential decay profile indicating that spontaneous triplet
decay dominates over the TTA channel and the Stern-Volmer
model is applicable.

In all the film series, an increase of [Q.] resulted in the
prominent reduction of the triplet lifetime from ca. 57 ps (in
Rub(80 wt%)/PS series) and ca. 37 ps (in neat Rub series) down
to less than one microsecond at the highest [Q.]. The quencher
concentration as low as 0.24 wt% was sufficient to quench
triplets with nearly 100% efficiency, indicating that chloranil is
indeed a suitable quencher for Rub triplets. The films with a
higher chloranil content (> 0.24 wt%) exhibited insufficient UC
intensity for reliable lifetime evaluation.

The dependence of the calculated relative quenching effi-
ciency on [Q.] (Fig. 3) was fitted using the Stern-Volmer

This journal is © the Owner Societies 2022
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different triplet quencher concentrations from 0 to 0.24 wt%. Excitation
wavelength - 730 nm.
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Fig. 3 Relative triplet quenching efficiency as a function of quencher
concentration for (a) Rub(80 wt%)/PS films and (b) neat Rub films with

0.1 wt% PdPc only and with additional 0.5 wt% DBP. Solid lines show
Stern-Volmer fits.

relationship (see eqn (S3) in the ESI{) thereby permitting the
triplet exciton diffusion coefficient (Dy) to be estimated. Dy and
the other main fitting parameters are summarized in Table 1.

The Stern-Volmer analysis revealed Dy of 1.1-1.2 x 10" em®s ™"
in Rub(80 wt%)/PS films, which gave rise to Lf, of 25-26 nm
(Table 1). As anticipated, the shorter intermolecular distance in
the denser neat Rub films significantly enhanced triplet diffu-
sivity resulting in the tripled Dy (up to 3.4 x 1077 em® s™') as
compared to that of Rub(80 wt%)/PS. However, Lf, was only
slightly increased (up to 31 nm) due to the shortened 7y (down
to 28 ps) in the neat Rub films. DBP was found to have no

Phys. Chem. Chem. Phys., 2022, 24, 24345-24352 | 24347

148



Published on 16 September 2022. Downloaded on 11/8/2022 11:53:58 AM.

View Article Online

Paper PCCP
Table 1 Stern-Volmer fitting parameters of Rub films

PdPc (Wt%) DBP (wt%) Ksy (em® mol ™) Dy (em*s™") fa r (nm) 7 (us) Lf) (nm)
Rub(80 wt%)/PS 0.1 0 3.84 x 10° 113 x 1077 0.99 0.79 57 25.4
Rub(80 wt%)/PS 0.1 0.5 3.97 x 10° 121 x 1077 0.97 0.79 55 25.8
Neat Rub 0.1 0 5.36 x 10° 3.38 x 1077 0.99 0.75 28 30.7
Neat Rub 0.1 0.5 5.73 x 10° 2.73 x 1077 0.96 0.75 37 31.8

Ksy - Stern-Volmer constant, Dy - triplet exciton diffusion coefficient, f, - fraction of quenchers accessible to excitons in the emitter, r - reactive
radius, oy - triplet exciton lifetime, and - triplet exciton diffusion length.

substantial impact neither on the diffusion coefficient nor on
the triplet lifetime.

We note that the difference in 71 obtained for the neat Rub
films with and without DBP can be attributed to DBP related
changes in the film morphology. This is also supported by the
optical microscopy images of the neat Rub films (see Fig. S1 in
the ESIY).

Singlet exciton diffusion

Unlike triplets, singlet excitons should preferably exhibit the
shortest possible diffusion length. This is to avoid Forster
resonant energy transfer (FRET) back to the sensitizer or other
exciton quenching sites.** To evaluate singlet exciton diffusion
we used the same series of films (as for the triplet diffusion
measurements) and an additional one with neither triplet
sensitizer PdPc nor singlet sink DBP present. Conversely to
triplet diffusion measurements, 485 nm excitation wavelength
was employed to probe the singlet state of Rub. The obtained D
and Ly, values for the singlets were compared to the literature
values.

Fig. S5 in the ESIT illustrates the full time-range PL transi-
ents of the Rub(80 wt%)/PS and neat Rub films measured with
the gradually increasing quencher concentration. The transi-
ents feature a multi-exponential decay profile, which can be
best described using a three-exponent decay function. The first
two decay components, which can be well discerned from
Fig. 4(a)-(f), expressed lifetimes on the order of a few and tens
of nanoseconds, ~2 ns and ~15 ns, respectively, while the
lifetime of the third (the longest) component was on the order
of several hundreds of nanoseconds (~200 ns). The lifetimes of
the first two decay components were found to be sensitive to
the introduced quenchers, whereas the lifetime of the third
component remained invariant with the quencher concen-
tration. Based on these findings, the first two decay compo-
nents were associated with the PL from the Rub singlet state,
whereas the third one was associated with the delayed emis-
sion. The delayed emission emerged from SF followed by rapid
TTA from geminate triplet pairs in the Rub."® Since the longest
PL decay component is of a different origin and does not
depend on the introduced singlet quencher concentration,
it was disregarded in the exciton diffusion calculations. The
1st decay component, which was the dominant one (fractional
intensity >70%) and strongly affected by the quencher, is ascribed
to the singlet diffusion in aggregate-rich regions, meanwhile the
2nd weakly quenched component is attributed to exciton migra-
tion in amorphous-like regions (see Table S1, ESIt). This is due to

24348 | Phys. Chem. Chem. Phys., 2022, 24, 24345-24352
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Fig. 4 PL transients of the Rub(80 wt%)/PS and neat Rub films (a and d)
undoped; (b and e) doped with 0.1 wt% PdPc; (c and f) doped with 0.1 wt%
PdPc and 0.5 wt% DBP, at different singlet quencher concentrations from
0 to 1 wt’%. IRF-instrument response function. Excitation wavelength -
485 nm. Black solid lines represent the exponential fits of the first two
decay components (lifetimes indicated)

the severely suppressed singlet diffusion in amorphous Rub
as compared to the faster diffusion in the aggregated areas.
Considering that the lifetime of the 2nd decay component was
only weakly affected by the quencher up to the highest concentra-
tions (<1 wt%) used, we utilized only the 1st component for the
estimation of singlet diffusion.

The PL lifetimes of the Rub(80 wt%)/PS as well as neat Rub
films without quenchers are summarized in Table 2. The life-
time of the singlet excitons (ts) in Rub(80 wt%)/PS films was
in the range of 1.5-2.4 ns, whereas it was somewhat shorter
(1.2-2.2 ns) in the neat Rub films. The introduction of singlet
sink DBP was found to prolong s (Fig. 4(c) and (f)) as well as
slightly increase the PL rise-time due to the FRET from Rub
to DBP.

Fig. 5 displays the quenching efficiency of each film calcu-
lated from the PL transient data provided in Fig. 4. Here the
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Table 2 Stern-Volmer fitting parameters for singlet excitons of Rub films

PdPc (wt%) DBP (wt%) Ksy (em® mol ™) D (em®s™") fa r (nm) 75 (ns) L} (nm)
Rub(80 wt%)/PS 0 0 1.13 x 10° 1.26 x 10°7° 0.92 0.79 1.50 13.7
Rub(80 wt%)/PS 0.1 0 4.93 x 10° 7.05 x 107" 0.91 0.79 117 9.1
Rub(80 wt%)/PS 0.1 0.5 3.02 x 10° 213 x 10°* 1.00 0.79 2.37 71
Neat Rub 0 0 1.52 x 10° 2.27 x 107 0.92 0.75 1.18 16.4
Neat Rub 0.1 0 3.97 x 10° 551 %107 0.95 0.75 127 8.4
Neat Rub 0.1 0.5 1.97 x 10° 1.60 x 107 0.90 0.75 217 5.9

Ksy - Stern-Volmer constant, Ds - singlet exciton diffusion coefficient, f, - fraction of quenchers accessible to excitons in the emitter, r - reactive
radius, 75 - singlet exciton lifetime (determined from the shortest decay component associated with the singlet diffusion in aggregate-rich regions),

and L3}, - singlet exciton diffusion length.

10t (a) Undoped
08|
06|
041
02L

0.0 ! L |

Q (arb. units)

108 107 10 10
1Q,] (mol-cm™3)
Fig. 5 Relative singlet quenching efficiency as a function of chloranil
quencher concentration for Rub(80 wt%)/PS and neat Rub films (a) without
PdPc and DBP; (b) with 0.1 wt% PdPc; (c) with 0.1 wt% PdPc and 0.5 wt%
DBP. Solid lines show the Stern-Volmer fits

quencher content in the X axis is expressed in molar concen-
tration. The highest molar concentration of the quencher
(2.25 x 10~° mol em ) corresponds to 1 wt%. Solid lines in
Fig. 5 represent the Stern-Volmer fits (see eqn (S3) in the ESI¥).
Ksy constants as well as other important parameters extracted
from the Stern-Volmer analysis are summarized in Table 2. For
the best fits, factor f,, describing the fraction of quenchers
accessible to excitons, was close to 1.0 (within the accuracy of a
few percent), thereby inferring almost complete dissolution of
the quencher within the film. The determined singlet exciton
diffusion coefficient was on the order of 107*-10~* em* s™* for
both Rub(80 wt%)/PS and neat Rub films (Table 2). The singlet
exciton diffusion length of the Rub(80 wt%)/PS and neat Rub
films was found to be 13.7 and 16.4 nm, respectively. The
addition of the PdPc sensitizer noticeably shortened L7, by

This journal is © the Owner Societies 2022

ca. 30-50%; meanwhile the incorporation of singlet sink DBP
reduced it even further down to 7.1 and 5.9 nm for Rub(80
wt%)/PS and neat Rub, respectively.

Implications for photon upconversion

Crystalline Rub featuring an ordered molecular structure
exhibits efficient triplet exciton diffusion with diffusion lengths
in the micrometer range.*>** This is consistent with the high
carrier mobility obtained for Rub single crystals,” since both
triplet diffusion and carrier transport share the same Dexter
energy transfer mechanism due to the electron exchange.
However, the UC films desired for practical applications are
typically disordered (amorphous-like), hence with radically
different energy transport properties compared to those of
the crystalline films. We note that there is a lack of data on
triplet diffusion in disordered Rub films hampering the under-
standing of exciton migration in such systems, and therefore,
limiting the progress of TTA-UC applications relying on a Rub
annihilator. The UC signal generated by means of TTA provides
unique opportunity to probe otherwise non-emissive triplet
states and evaluate their diffusion.

A few reports investigating triplet generation in solid films
by SF suggested that UC quantum yields of 30% or higher are
possible in Rub.'*** The SF process is feasible in dimerized/
aggregated molecular species with the specific orientation,
which facilitates the creation of correlated triplet pairs that
later may dissociate into free triplets. However, in the case of
Rub, the reverse process of triplet fusion (or geminate TTA) is
also highly probable, and was reported to attain a similar high
rate to that of SF (~10 ps~")."® Thereby, even if the probability
of TTA is assumed to be high (60%°), repetitive triplet-singlet
recycling due to TTA < SF events will drastically deteriorate
Pyc. For instance, 5-fold recycling should limit @y to only 4%
(=1/2 x 0.6°). Note that this estimation does not take into
account @p;, and ey, which can be well below unity in the
solid state, thus further reducing ®yc.

Low @y in SF-dominated crystalline Rub films explains why
efficient TTA-UC is mostly observed in amorphous-like or at
least partly disordered Rub films."****” The improved morphology
of such films also benefits the reduced sensitizer segregation,
increased triplet sensitization (@rgr) and enhanced @p;. We note
that small morphological changes, e.g. formation of dimers,
trimers, etc., often cannot be distinguished even by atomic force
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microscopy due to the lack of proper resolution at a molecular
level (see Fig. S3, ESIt). In fact, the singlet state lifetime (ts) in Rub
films can serve as an indicator of the film morphology. Purely
amorphous Rub films has the longest ts, which is close to that
observed in dilute Rub solutions (~16 ns)."” Indeed, several
groups have succeeded in fabricating amorphous-ike films by
the thermal evaporation method with a 5 of 9-12 ns and a singlet
diffusion length of 6.4 nm.'®** Although such short L) is common
for disordered films, much longer diffusion lengths of 180-390 nm
can be obtained in highly ordered crystalline Rub films.* In the
spin-coated neat Rub films studied in this work, a comparatively
short 75 of ~1.2 ns was obtained implying the presence of SF sites
due to the emerged crystalline domains. Dispersion of Rub in the
PS matrix at 80 wt% concentration led to slight prolongation of 75
(up to ~1.5 ns) due to the suppressed Rub aggregation. Despite
the continuously increasing 75 along with the degree of amorphi-
city of Rub films, L}, gradually reduced, ie. from 16.4 nm in the
spin-coated neat films to 13.7 nm in Rub(80 wt%)/PS films and
6.4 nm in thermally deposited neat films. This evidenced the key
role of singlet exciton diffusion Ds whose fast decrease could not
be compensated by the increasing 75 (Table 2). In other words,
unlike the singlet exciton lifetime, singlet diffusion was found to
be much more sensitive to the variations of intermolecular spacing
(induced by morphological changes) and thus it governed the L3,
behavior (see eqn (S6) in the ESI+). Since long L3, is known to foster
FRET of the upconverted singlets from annihilator back to a
sensitizer, it is detrimental for TTA-UC efficiency and must be
avoided. Therefore, as far as it concerns the singlet excitons, the
most suitable Rub films for efficient photon upconversion are
those with a high degree of amorphicity, and subsequently a short
L3, as these suppress both unfavorable back-FRET and SF.

The proof for the occurrence of back-FRET in the studied
Rub UC films is the apparent shortening of L{, in both neat Rub
(L} = 8.4 nm) and Rub(80 wt%)/PS films (L}, = 9.1 nm) obtained
upon the introduction of the 0.1 wt% PdPc sensitizer (Table 2).
The back-FRET is feasible because PdPc has non-zero absorp-
tion in the spectral region of Rub emission (see Fig. S4 in the
ESI) and L}, exceeds half the distance between the sensitizer
species (~7 nm) at the given concentration. Moreover, the
widely used emissive singlet sink (or trap) DBP introduced into
Rub to evade SF further reduces L} in the UC films. It is
reduced down to 7.1 and 5.9 nm for Rub(80 wt%)/PS and neat
Rub films, respectively (Table 2). Note, that due to the fast
singlet capture rate by DPB (50 ps )" in the DBP-doped films,
diffusion of singlet excitons is associated with DBP rather than
Rub itself.

From the viewpoint of triplet exciton diffusion, it is pre-
ferred to be large for TTA-assisted UC to be efficient at low
excitation power. Rub single crystals exhibit superior triplet
diffusion leading to their long L (2-8 pum****); however effi-
cient SF in such crystals completely quenches ®p;, rendering
them unsuitable for UC applications. In contrast, Lf, in the
disordered Rub films obtained by spin-coating was estimated
to be a couple of orders of magnitude shorter, i.e. 25 nm and
30 nm for Rub(80 wt%)/PS and neat Rub films, respectively
(Table 1). Interestingly, similar L, values were previously
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reported for disordered PMMA/DPA/PtOEP films at the optimal
DPA concentrations of 25-30 wt% corresponding to the maxi-
mal UC quantum yield."* Comparable Lj, values of a few tens of
nanometers were also obtained for amorphous bisfluorene-
anthracene/PtOEP films.*® Even though the triplet diffusion
constants in the spin-coated Rub films (Dy ~1077 em® s™", see
Table 1) were found to be 1-2 orders of magnitude larger with
respect to those based on anthracene films,**™*® significantly
shorter triplet lifetimes of Rub films (ty ~ 30-60 ps) restricted
their L} to a nanometer range. Nonetheless, such LY as being
>4-fold longer compared to the half the distance between
sensitizer molecules at the PdPc concentration of 0.1 wt%
implied unrestricted encounter of the triplets from the neigh-
boring sensitizer molecules. This ensured that the TTA domi-
nation regime (linear UC dependence vs excitation power) can
be easily reached granting the optimal @y for disordered Rub
films. It is worth mentioning that still, inherently higher L
would permit using even lower sensitizer concentrations, thus
further suppressing singlet losses caused by the back-FRET to
the sensitizer. Likewise, lower Rub concentrations could be
utilized in UC films reducing the aggregation, and subse-
quently, the formation of SF centers responsible for low ®p,
and TTA-UC efficiency.”® Aggregation related issues, on the
other hand, can be also addressed via chemical engineering
of the Rub backbone by steric side-moieties.’*** However,
despite benefits of the suppressed SF, steric groups were found
to adversely affect TET from the sensitizer as well as triplet
diffusion-assisted TTA depending on the degree of steric hin-
drance and linking position of the side-moieties.

Considering that long Lf, is preferred for TTA-UC and may
aid in reducing the excitation threshold of TTA dominating
regime, ways to enlarge it must be sought out. Theoretically,
this can be accomplished by enlarging either Dy or 71 (eqn (S6)
in the ESIT)). Yet, practically increasing Dy beyond the values
estimated for the neat Rub films (Dy ~ 3 x 1077 em® 57", see
Table 1) is rather complicated, since a further decrease of the
intermolecular distances is hardly possible. Meanwhile, 71 can
still be somewhat prolonged, e.g. by eliminating triplet exciton
traps or increasing the degree of amorphicity of the neat Rub
films. By assuming the maximum possible 7y as that for Rub-
based UC systems in dilute solution (7 ~ 100 ps), L, could be
improved up to ~55 nm. A further increase of L, demands for
the search of novel non-tetracene based emitters with 7+ > 100 ps
in the solid state, which is a very challenging task due to the
enhanced nonradiative decay rates in low-triplet-energy emitters
(energy bandgap law).

Conclusions

In summary, both singlet and triplet exciton diffusion in dis-
ordered Rub films was thoroughly investigated to determine its
important implications for the performance of NIR-to-Vis
TTA-UC. The time-resolved PL bulk-quenching technique fol-
lowed by Stern-Volmer analysis was employed to estimate the
exciton diffusion coefficient (D) and diffusion length (Lp) in the
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spin-coated neat Rub films as well as Rub-doped PS films at
80 wt% doping, previously reported to be optimal for UC
performance. Although efficient triplet diffusion (easily attain-
able in crystalline Rub) is highly desired to ensure bimolecular
TTA at low excitation powers, low diffusivity inherent to
amorphous-like Rub is required by the singlets to prevent them
from reaching SF-favored (aggregated Rub) sites as well as to
suppress the detrimental back-FRET to the sensitizer. Notably,
25-30 nm triplet diffusion lengths (Lf) estimated for the
disordered Rub films under study were found to be sufficient
for encountering the triplets from the neighboring sensitizer
molecules at low PdPc concentration (0.1 wt%), thereby
enabling the desired TTA domination regime to be achieved.

Increasing the degree of disorder or intermolecular spacing
was found to significantly reduce the singlet exciton diffusion
coefficient (Ds), which in turn shortened L3, down to 13.7 nm as
it could not be compensated by the increased singlet lifetime
(ts). Introduction of 0.1 wt% sensitizer PdPc and 0.5% singlet
sink DBP in Rub films was found to have a similar effect,
i.e. it further decreased L3 by several nm due to FRET.

Our study shows that Lf, in disordered Rub films can be
improved only moderately (up to ~55 nm) considering that the
maximum possible t; as that for isolated Rub species (tp %
100 ps) is achieved. Hence, to prolong Lf, even further for
enhanced NIR-to-Vis TTA-UC performance, novel emitters with
similar or lower triplet energy as compared to Rub, yet longer
triplet lifetime in the solid state, are required.
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