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Introduction

The continuously increasing energy demand for human activities is making the necessity of

new energy sources more and more imperative and essential. At the same time the environ-

mental preservation requires an urgent shift towards greener energy sources, possibly aban-

doning fossil fuels, that are the main responsible for the greenhouse gas emissions. Among

the technologies developed in the last decades to overcome our dependency on fossil fuels

there is the direct exploitation of solar light by means of photovoltaic (PV) devices, that allow

to convert the solar radiation in electricity. The sun in just one and a half hours provides in-

deed enough energy to cover our energy need of an entire year, therefore it is an inestimable

energy source that can be extensively exploited in a sustainable way. The most common PV

devices that can be now easily found worldwide in many houses due to their commercial avail-

ability are the first generation silicon-based PV devices. According to the Shockley-Quisser

limit, the maximum conversion efficiency in single-junction PV devices based on silicon is

∼ 31% (34% for a band-gap of 1.3 eV).1, 2 The research is still massively thriving in this field

with the development of the third generation PV devices towards alternative architectures

(e.g. organic and dye-sensitized solar cells) as well as towards higher conversion efficiencies.3

A promising means to increase the conversion efficiency beyond the Shockley-Quisser limit

is to employ multijunction devices. De Vos calculated that by employing three junctions with

energy bandgap of 2.3 eV, 1.4 eV, and 0.8 eV respectively, the theoretical conversion limit in-

creases to 49%.4 A different approach in this regard is to use low-energy photons as well,

i.e. those photons with energy lower than the active material’s energy bandgap, that other-

wise would be lost. Photon upconversion, a photophysical process that allows to covert low

energy photons into high energy ones, has caught great attention as a possible approach to

increase the storage ability of PV devices. It can take place thanks to non-linear properties

of peculiar non-linear crystals (second-harmonic generation),5 two-photon absorption,6 or a

multistep excitation of lanthanides ions embedded in proper hosts.7 These techniques usually
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require coherent light sources and high excitation intensities, much greater than solar irra-

diance. Conversely, the so-called photon upconversion assisted by triplet-triplet annihilation

(sTTA-UC) is particularly suited for solar applications as its intrinsic features allow to work

efficiently also under solar light. Here, the high energy radiation, that can be absorbed by

the PV device, is emitted from the fluorescent recombination of the excited singlet state of an

emitter molecule, previously populated via annihilation of the metastable triplet states of two

emitters. This is a sensitized process since a sensitizer is necessary to harvest the low energy

incident light and to transfer the stored energy to the emitters via energy transfer. Because

its functioning relies on long-lived metastable triplets, this process can be highly efficient also

under low power, noncoherent light. As such, sTTA-UC is considered one of the most promis-

ing photon management techniques, as it potentially allows to adapt the solar spectrum to

match the absorption profile of a PV device’s active material.8 As rough indication, Trupke et

al. demonstrated that by coupling a 2 eV bandgap solar cell with an upconverter with 0.94 eV

energy gap, the maximum conversion efficiency achievable can be as high as 47.6% under non

concentrated sunlight.9

Despite this process was firstly unveiled by Parker and Hatchard in the 1960s,10–15 the research

in this field rapidly developed only starting from the last two decades, mainly owing to the

independent studies of Castellano and Baluschev,16, 17 because the advancement in the syn-

thesis of heavy metal–organic complexes with long-lived triplet states working as efficient

sensitizers and energy donors allowed to drastically increase the upconversion performances.

Since then, outstanding improvements were achieved on many different levels, from the opti-

mization of sensitizers and annihilators/emitters,18, 19 to the development of proof-of-concept

devices for solar applications, such as solar cells, devices for hydrogen production, photocat-

alytic cells, whose functioning is based on sTTA-UC.20–25

Nevertheless, the actual application of sTTA-UC in real-world devices is still hindered by two

main limitations. The first is related to the sensitizer moiety. The availability of molecular

sensitizers able to absorb near-infrared photons and work efficiently as energy donors is ex-

tremely limited and the complications to be faced in the design and synthesis of this kind of

molecules are typically hard to handle and circumvent. Moreover, organic sensitizers show

narrow absorption features, meaning that their storage ability is highly restricted. In this re-

gard, in 2015 the new class of hybrid sensitizers composed of semiconductor nanostructures

functionalized with conjugated organic ligands has been introduced. The advantages afforded,
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such as broadband absorption spectrum and size-tunable optical properties, make hybrid sen-

sitizers a promising alternative to organic sensitizers in solar technologies based on sTTA-UC.

On the other hand, while the sTTA-UC performances in liquid environments are well-assessed,

the research is still ongoing to translate the same performances in the solid-state, where the

diffusion-limited nature of the photophysical processes involved often hinders the exploita-

tion of sTTA-UC at low excitation intensities. This is a crucial limitation because solid-state

upconverters are better suited for technological applications with respect to liquid systems,

thereby many different approaches are being investigated to address this issue, but the best

results achieved so far in the solid-state are still too poor for actual implementation.

In this Thesis I report the results that I collected throughout my PhD studies aimed at the

investigation of the two aforementioned limitations still affecting sTTA upconverters.

After a brief overview of the sTTA-UC process and state of the art, in Chapter 4 I introduce

a novel design of hybrid sensitizers, composed of CdSe nanocrystals doped with gold cations

and functionalized with 9-anthracene carboxylic acid. I show that the exciton manipulation

offered by the nanocrystal electronic doping allows to improve the triplet sensitization effi-

ciency with respect to the undoped counterpart, because the photogenerated hole is provided

with an alternative, more favored pathway compared to hole transfer from the nanocrystal

valence band to the ligand HOMO level affecting undoped nanocrystals. Owing to this hole

re-routing strategy I achieved an upconversion efficiency of 12%, which is the record efficiency

for hybrid upconverting systems and comparable to the efficiencies commonly obtained in or-

ganic upconverting systems.

In Chapter 5, I consider a different example of hybrid sensitizers, where the doped CdSe

nanocrystals are substituted with CdSe nanoplatelets, because their surface and photophys-

ical properties make nanoplatelets potential desirable sensitizers. I show that the ligand ex-

change process necessary to functionalize the nanoplatelets surfaces with the conjugated or-

ganic ligands employed proceeds in an island-like way rather than homogeneously and this

leads to the formation of molecular aggregates bound to the nanoplatelets surfaces. This has

the paramount effect of changing the ligand triplet energy, with potential crucial repercus-

sions on the emitter choice, since the thermodynamic driving force for the ligand-to-emitter
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energy transfer can be negatively altered.

I then move to the study of two solid-state upconverters characterized by a nanostruc-

tured morphology, where liquid nanodomains with size< 50 nm containing the upconverting

dyes are embedded in a rigid polymer matrix, discussed in Chapter 6 and 7 respectively. Im-

portantly, to relieve the sTTA-UC efficiency dependence on the triplet excitons diffusivity,

I demonstrate how an approach based on the controlled confinement of upconverting dyes

in volumes smaller than those explored by the triplets during their diffusion is a successful

method towards technological applications. This technique allows to handle upconverters

with macroscopic performances comparable to those observed in the best upconverting solu-

tions, but in the solid-state, with the further advantage to lower the threshold excitation inten-

sity required to reach the maximum upconversion yield. These results directly arise from the

locally enhanced triplet exciton density accomplished through the artificial dyes confinement

that allows to maximize the TTA probability regardless of the molecular/exciton diffusion.

In Chapter 8, I introduce a new annihilator composed of two perylene units linked by a

proper spacer and spatial orientation, specifically designed to prevent the limitations in the

upconversion efficiency related to the fluorescence quantum yield losses often observed when

employing annihilators that show the tendency to aggregate and form excimers under high

dye concentrations. Thanks to the optimization of the fluorescence efficiency that directly re-

sults from the designed molecular structure, I obtained the excellent upconversion quantum

yield of 42%, which is the record efficiency achieved so far in organic systems.

In the last Chapter, I draw a perspective of the upconversion performances that can be

achieved by developing proper solid-state upconverters. I compare the sTTA-UC performances

of three different ideal systems, i.e. a homogeneous bulk UC system, a confined single-sized

UC system and a confined UC system with log-normal size distribution, to point out how the

performances are affected by structural parameters (e.g. the nanostructures mean radius or the

size distribution), and composition parameters (such as the system absorption bandwidth or

the emitter triplet lifetime). I show that by reaching the best trade-off between nanostructure

size and energy distribution, the threshold excitation intensity can be lowered orders of mag-

nitude below the solar irradiance. Therefore, the important information gained through the
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theoretical calculations presented can be used as guidelines to design solid-state upconverters

towards future implementation in solar technologies.
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State of the art

1.1 Brief overview of optical transitions

When a molecule interacts with light, the absorption of a photon of proper energy can pro-

mote a molecular transition from the initial state i to a final state f. The incident photon can

be absorbed if the electromagnetic field can interact with the molecular charge through the

transition dipole moment Mi,f given by26

Mi,f = ⟨Ψf |µ |Ψi⟩ (1.1)

where in the first approximation µ is the electric dipole moment operator, depending on the

charge and positions of both electrons (µe) and nuclei (µN ) as

µ = µe + µN = −e
∑
i

ri + e
∑
j

ZjRj

and Ψi and Ψf are the wavefunctions describing the molecular initial and final state, respec-

tively. From Fermi’s golden rule, the transition probability from an initial to a final state is

given by the square of the absolute value of the corresponding transition dipole moment,

thereby a transition will be much more intense the more probable it is.

A simplistic but effective treatment of molecular wavefunctions is afforded by the Born- Op-

penheimer approximation.27 In this framework, the molecular wavefunction Ψ can be written

as the product of an electronic, a vibrational and a rotational wavefunction Ψ = ψeψvψr and

the energy of the corresponding state can be written as the sum of an electronic, vibrational

and rotational energy:26

E = Ee + Ev + Er

9



CHAPTER 1. STATE OF THE ART

Given the energies involved, the rotational terms can be generally neglected, therefore the

wavefunction of a given molecular state can be approximated to Ψ = ψeψv. However, the

spin configuration χ must also be taken into account, therefore the complete approximated

molecular wavefunction can be expressed as Ψ = ψeψvχ. A transition that simultaneously

involves electronic and vibrational levels is called a vibronic transition and the probability,

and thus the intensity, of vibronic transitions can be expressed in the framework of the Franck-

Condon principle, that allows to get important information about the selection rules governing

optical transitions.26 In this picture, one can consider a transition dipole moment M from

an initial vibrational state of the electronic ground state Ψ to a final vibronic state Ψ
′ . The

transition probability is proportional to |M |2 = |
〈
Ψ

′∣∣µ |Ψ⟩|2 with

M = ⟨Ψ′|µ |Ψ⟩ =
∫

Ψ
′∗µΨdτ

where the wavefunctions are the product of the vibrational, electronic and spin wavefunctions

Ψ = ψeψvχ:

M =

∫
ψ

′∗
e ψ

′∗
v χ

′∗µeψeψvχdτ +

∫
ψ

′∗
e ψ

′∗
v χ

′∗µNψeψvχdτ

resulting, in the first approximation, in:

M =

∫
ψ

′∗
v ψvdτn

∫
ψ

′∗
e µeψedτe

∫
χ

′∗χdτs +

∫
ψ

′∗
e ψedτe

∫
ψ

′∗
v µNψvdτv

∫
χ

′∗χdτs (1.2)

The first term is the vibrational overlap integral also referred to as Franck-Condon factor, the

second accounts for the orbital selection rule and the third for the spin selection rule. The

second addend is null because of the orthogonality of electronic wavefunctions relative to dif-

ferent electronic states. As a whole, the resulting selection rules lead to the vibronic replicas,

with an intensity distribution mirroring the probability of each transition. Here, the electronic

transition dipole moment
∫
ψ

′
eµeψedτe determines the overall intensity of the transition, and it

is strictly related to the oscillator strength, while the Franck-Condon factors set the intensity

of each vibrational component. Only transitions with non-vanishing transition dipole mo-

ments are allowed, so in principle the intensity of a forbidden transition is zero. For example,

a transition with
∫
ψ

′
eµeψedτe = 0 is said to be dipole forbidden. Analogously, from the spin

selection rule it is clear that only transitions between states with the same spin multiplicity

are allowed.

The processes that can take place once a molecule is promoted to an excited state after photon

absorption are depicted in the so-called Jablonski diagram.28 Referring to Figure 1.1, almost

10
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all molecules in their ground state are in singlet configuration, denoted as S0, therefore upon

photon absorption the spin selection rule allows only transitions to an excited singlet state,

and given the energies typically employed the molecule is promoted to the first (S1) or second

(S2) excited singlet state. Each electronic state is characterized by its own set of vibrational

levels (depicted by the light blue solid lines in the figure). After excitation, the molecule relaxes

via internal conversion (IC) and/or vibrational relaxation (VR) to the lowest excited state S1

(Kasha’s rule) on a picosecond timescale. The relaxation from S1 to the ground state can then

Figure 1.1: Jablonski diagram representing the possible photophysical processes occurring in a molecule

after photon absorption: fluorescence, phosphorescence, intersystem crossing (ISC), internal conver-

sion (IC), and vibrational relaxation (VR). The horizontal black and light blue lines mark the electronic

and vibrational energy levels of the singlet (S) and triplet (T ) states, respectively. The radiative tran-

sitions are represented by solid arrows, while the nonradiative transitions are represented by dashed

arrows.

take place radiatively or nonradiatively. In the first case, the absorption of the incident photon

is followed by the emission of a redshifted photon owing to energy losses due to vibrational

relaxation and, if it occurs, to internal conversion. This process is called fluorescence and is

fully allowed in the quantum mechanical picture. In the second case, the molecular relax-

ation is mediated by internal conversion and vibrational relaxation without photon emission.

Along with fluorescence, a second radiative process can take place if specific conditions are

met. The molecule from its S1 excited state can undergo intersystem crossing (ISC) to an excited

triplet state Tn. Intersystem crossing is a nonradiative transition, in principle forbidden as it

involves initial and final states with different spin multiplicity. But if the spin-orbit coupling

is sufficiently strong to mix the spin angular momentum and the orbital angular momentum,

11
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the transition can take place.26 If the subsequent T1 → S0 transition is radiative, the process

is called phosphorescence, which is only partially allowed in the quantum mechanical picture.

Since the intensity of the spin-orbit coupling increases in the presence of heavy atoms (as

it scales as Z4, with Z the atomic number), phosphorescent molecules can be easily found

among metalated complexes such as metalated porphyrins containing heavy metal atoms, as

Pt or Pd.29–31 The allowed nature of fluorescence results in recombination lifetimes on the

nanosecond timescale, whereas phosphorescent molecules show typical lifetimes on the mil-

lisecond timescale and beyond. The emissive recombination is always in competition with all

the possible nonradiative recombination pathways, therefore the fluorescence (phosphores-

cence) quantum yield Φfl (Φph) of a fluorophore (phosphore) is set by the ratio between the

radiative rate and the sum of the rates over all the possible recombination pathways, according

to:26, 28

Φfl,ph =
krad

krad + knonrad
(1.3)

and it can be highly influenced by external factors such as dye concentration and environment.

1.2 Photophysical processes in sTTA-UC

A generic sTTA-UC system is composed of two components: a sensitizer/light harvester and

an annihilator/emitter, also called energy donor (D) and energy acceptor (A).32, 33, 35–39 In this

process the upconverted light comes from the encounter and annihilation of two emitter

molecules in their triplet states. It is a ”sensitized” process because, given that the S0 →

T1 transition is optically forbidden,40 it is not possible to directly populate the acceptor triplet

states, but the sensitizer absorbs the incident photons and then transfers the excitation to the

emitter triplet states.

The photophysical steps involved in sTTA-UC are sketched in Figure 1.2. In this first general

treatment I assume that both sensitizer and emitter are organic molecules, which constitute

the most thoroughly investigated upconverting system so far.41, 42

Dexter energy transfer. With the absorption of an incident photon, the sensitizer is pro-

moted from its ground state S0 to the first excited singlet state S1, rapidly relaxing to the

triplet state T1 via fast intersystem crossing. The sensitizer triplet exciton can then recombine

radiatively with rate kTD, emitting red-shifted photons (via phosphorescence), or the sensitizer

triplet exciton is transferred to the emitter through a Dexter-type triplet-triplet energy trans-

12
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Figure 1.2: Jablonski diagram describing the photophysics of photon upconversion sensitized by triplet-

triplet annihilation (sTTA-UC). Upon photon absorption, a sensitizer with absorption coefficient α is

excited into its singlet state (S1) that efficiently undergoes intersystem crossing (ISC) to its triplet state

(T1). The triplet exciton is then transferred via Dexter energy transfer (ET) towards the triplet state

T1 of an emitter molecule. The as-populated emitter triplets can either spontaneously decay (with rate

constant kTE) or undergo triplet-triplet annihilation (TTA). As a result one emitter molecule is promoted

to its excited singlet state S1, that recombines emitting the high energy photon, while the other returns

to its ground state S0. The dashed arrows mark nonradiative transitions.

fer (ET), if during the triplet lifetime it encounters an unexcited emitter, populating the emitter

triplet state. Dexter ET is a short range interaction that requires collision between donor and

acceptor with an interaction distance on a nanometer scale, as it occurs owing to the exchange

interaction. Dexter ET can intrinsically populate energy levels that are not optically accessi-

ble, such as the triplets themselves. In fact, the probability that the excitation is transferred

from the donor to the acceptor is:43

Pet =
2π

ℏ

∣∣∣∣∫ Ψ∗
iHΨfdτ

∣∣∣∣2ρE (1.4)

where Ψi (Ψf ) is the initial (final) state with the acceptor (donor) in the ground state and the

donor (acceptor) is excited, H is the perturbation Hamiltonian H ≃ e2

r12
, where r12 is related

to the distance between the electrons of the two molecules, and ρE is the density of states.

Expressing the donor/acceptor wavefunction as ψ(r,σ) = ϕ(r)χ(σ), with ϕ(r) and χ(σ) the

spatial and spin wavefunction respectively, the matrix element< H > between the initial and

final states is:

< H >=

∫
ϕ

′∗
d (r1)ϕ

∗
a(r2)Hϕd(r1)ϕ

′

a(r2) χ
′∗
d (σ1)χ

∗
a(σ2)χd(σ1)χ

′

a(σ2)

−
∫
ϕ

′∗
d (r1)ϕ

∗
a(r2)Hϕ

′

a(r1)ϕd(r2) χ
′∗
d (σ1)χ

∗
a(σ2)χ

′

a(σ1)χd(σ2)

(1.5)

13
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where the terms ϕ′ and χ′ indicate the excited states wavefunctions, while the terms ϕ and χ

are relative to the ground state configurations. The first term in Eq. 1.5 is the Coulomb term

and, as the hamiltonian does not operate on the spin wavefunction, it is null unless χ′

d = χd

and χ′
a = χa (spin selection rule). The second integral is the exchange term, that goes to zero

unless χ′

d = χ
′
a and χd = χa, but importantly χ′ can differ from χ. The selection rules over

the spatial variables forbid only specific transitions so, even if the Coulomb term goes to zero,

the exchange interaction can lead to the excitation of the acceptor triplets.

The probability of energy transfer between a donor and an acceptor at distance R by means of

the exchange interaction, can be also written as:43–45

PET ∼ kET =
2πζ2

ℏ

∫
fd(E)Fa(E)dE (1.6)

with ζ2 ∼ e−
2r/L , where L is the effective Bohr radius, that measures the ϕd and ϕa spa-

tial extension, and fd (Fa) is the donor (acceptor) normalized emission (absorption) spectrum.

Therefore, the ET rate kET depends exponentially on the intermolecular distance R and the

overlap between donor and acceptor wavefunctions is crucial: because it does not depend on

the product of the transitions oscillator strengths, Dexter ET can involve forbidden transitions

too. From Eq. 1.6 it is also clear that to maximize the transfer efficiency, it is essential for

fd(E) and Fa(E) to be resonant.

Triplet-triplet annihilation. Once populated, the emitter triplets can either recombine non-

radiatively with rate kTE or they can annihilate if two triplet excitons interact before their

spontaneous decay. The TTA rate kTTA is defined as41

kTTA = γTTTE (1.7)

where γTT is the second order rate constant characterizing the TTA process46 and TE is the

emitter triplet density. Importantly, TTA is another Dexter ET which requires the direct in-

teraction of two emitter triplets (homo-molecular energy transfer) and is mediated by the

formation of a collisional complex, following the dimerization of two identical species in their

triplet state.47–50 It is worth discussing about the collisional complex as it gives information

about the probability to obtain an emitter in its excited singlet state from a single TTA event.

The discussion about the spin statistics in sTTA-UC has been usually carried out assuming

the intertriplet exchange interaction to be negligible (strongly exchange-coupled triplet-pair

states limit).51 In this limit, when two molecules in their triplet state 3M∗ interact, they can

form a collisional complex with pure spin character that can be of singlet, triplet and quintet

14
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multiplicity, according to:47

3M∗ + 3M∗


⇌ 1|M · · ·M |∗ ⇌ 1M + 1M

⇌ 3|M · · ·M |∗ ⇌ 1M + 3M∗∗

⇌ 5|M · · ·M |∗ ⇌ 1M + 5M∗

(1.8)

From the degeneracy of the spin states the probability ratio to form one of these complexes is

1:3:5.42, 52 From the fission of a complex one molecule returns to the ground state (1M ), while

the other can be promoted to its excited singlet (1M∗), triplet (3M∗∗) or quintet state (5M∗).

The only excited state able to emit photons is the singlet state, as the triplets and quintets

cannot decay radiatively because of spin selection rules, thereby the nonradiative recombina-

tion from these states translates into undesired energy losses, while if the fission results in an

excited singlet state, this can relax to the ground state by emitting the upconverted photon

via fluorescence. Thus in principle since the first channel is the only bimolecular pathway

that allows to populate the molecule’s excited singlet state, the probability to populate an ex-

cited singlet state from a TTA event - hereafter referred to as f factor - should be as low as

0.11 (i.e. 1
9
). Nevertheless, the quintet complex usually dissociates into the initial 3M∗ + 3M∗

states because the promotion of a molecule into its quintet state would require too much en-

ergy, much higher than the energy typically available. Therefore the quintet complex channel

is usually inaccessible, and this contributes in increasing the f factor to 0.25.33, 53 Moreover,

the triplet complex can dissociate into a molecule in its ground state 1M and the other in an

excited triplet state 3M∗∗, if the energy of the n-th excited triplet state is less than twice the

energy of the initially interacting triplet state 3M∗. In common annihilators only the first and

second excited triplets states (T1 and T2) can be populated via TTA. If the energetic condition

E(T2) < 2× E(T1) + kBT is fulfilled, then T2 usually relaxes to T1 through internal conver-

sion and becomes available again for TTA. In this case the effective fraction of singlet states

created is ∼ 0.4. But if E(T2) > 2× E(T1) + kBT , the T2 cannot be populated, and only the

T1 is accessible and remains available for the next TTA event.54 This is the ideal condition,

because there are no energy losses and the f factor can be 1. This is the case of annihilators

such as perylene and rubrene, widely employed because sinceE(T2) > 2×E(T1) they feature

a f factor greater than 0.5, up to ∼ 0.6 for rubrene33, 51, 55 and ∼ 1 for perylene.33, 34

Conventionally, for the sake of simplicity, it has been usually assumed that all the encounter

complexes created through TTA are strongly exchanged-coupled. Nevertheless, it has been

recently and thoroughly shown how not only intertriplet coupling but also molecular orien-
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tation play a crucial role in setting the f factor.51 It has been shown that in the limit of weak

coupling the nine possible triplet-pair states have no longer pure spin, but have a mixed char-

acter which is determined by the intertriplet exchange energy. The kind of mixing (singlet-

triplet, triplet-quintet, singlet-quintet) also depends on the intermolecular orientation. Thus,

it has been shown that the f factor goes from 2/5 for orthogonal molecules to 2/3 for parallel

molecules, as a consequence of the variations of the spin mixing of the triplet-pairs wave-

functions. Moreover, the f factor can be affected by internal conversion from the triplet pair

to single triplet states and by high-level reverse intersystem crossing (RISC).51 As a matter of

fact, internal conversion is a loss channel for one triplet in the pair. If its rate is slower than

triplet-pair fusion and separation, its effects on f can be neglected, and if the level position

is such to funnel the triplet-pair states to S1 through T2, RISC can occur efficiently resulting

in f ∼ 1. The combination of proper alignment among triplet-pair states, T1, T2 and S1 with

RISC explains the f ∼ 0.6 observed in rubrene in solution.51 These observations also highlight

that the spin statistics of a TTA event does not depend only on the molecular intrinsic ex-

cited states properties, but it can also be manipulated by the local environment and molecular

arrangement.

Interestingly, the fact that in the sTTA-UC process the emitters promotion to the high-

energy excited singlets relies on the encounter of long-lived triplet states has as major con-

sequence that this process does not require coherent light and if the system’s composition

is optimized good performances can be achieved under excitation intensities on the order of

hundreds of mW cm−2,19, 32, 56, 57 comparable with the solar irradiance, i.e. 100 mW cm−2 un-

der AM1.5 when integrated over the entire solar spectrum.58 On the contrary, upconverting

processes such as two-photon absorption observed with lanthanide ions typically require co-

herent light and excitation intensities on the order of MW cm−2.6, 7, 24, 32, 59–64 As such, sTTA-UC

is the best candidate technique for photon management, as it allows to adapt the solar spec-

trum to better match the absorption spectrum of the solar device’s active material. Other

photon management techniques are photon down-conversion and singlet fission.65–68 While

these latter focus on the reduction of thermalization losses, sTTA-UC aims at improving the

performances of photovoltaic or photocatalytic devices, also for water-splitting, by exploiting

the sub-bandgap portion of solar spectrum.20–24, 32, 61, 69–78 Moreover, some proof-of-concept so-

lar devices functioning on sTTA-UC have already been developed, where charges are extracted

from the upconverted states populated via TTA.59, 73, 74, 79–83 It is worth emphasizing that photon
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upconversion is extremely versatile as it finds applicability in a variety of technological fields,

deeply different from each other, that exploit the intrinsic properties of this process, such

as bio-imaging,84–90 photodynamic therapy,91, 92 optogenetics,93, 94 anti-counterfeit,95–99 oxygen

detection,100–103 sensoristic applications,104–108 or optoelectronics.109–113

1.3 Sensitizers and annihilators/emitters requisites

The two bimolecular interactions underpinning the sTTA-UC process are the Dexter energy

transfer from the sensitizer’s triplet state to the annihilator’s triplet state and the triplet-triplet

annihilation between two annihilators in their triplet state. From this starting point it is pos-

sible to highlight what are the key requisites that sensitizers and annihilators must feature to

optimize the sTTA-UC performances.

The sensitizer should have high absorption coefficient at the excitation wavelength to absorb

the incident photons at the maximum extent,42 and because high sensitizer concentrations can

be necessary to increase the incident light absorption, the sensitizer should show a limited

tendency to form aggregates, that usually introduce efficient nonradiative excitonic recombi-

nation channels.35, 114 To avoid the reabsorption of the emitted upconverted light, the sensitizer

should also feature a limited spectral overlap between its absorption spectrum and the emit-

ter photoluminescence spectrum.76, 77 Since the annihilator triplets are populated by means

of a triplet-triplet energy transfer, the sensitizer should exhibit a unit intersystem crossing

efficiency, meaning that all the energy absorbed can in principle be transferred to the annihi-

lators and then upconverted,76 and to minimize the energy losses between the absorbed and

upconverted emitted light towards a maximized anti-Stokes shift the splitting between sen-

sitizer’s singlet and triplet states should be as small as possible.115, 116 For a high probability

that a sensitizer in its triplet state encounters within its lifetime an annihilator available to

receive energy, it should feature a long-lived triplet state (lifetime on the timescale of µs-ms),

with a T1 → S0 transition highly unfavorable.36 In the framework of solar applications, an

optimal sensitizer should also exhibit a broadband absorption spectrum to increase the ability

to harvest the incident solar light.

Large conjugated compounds have been extensively studied over the past decades as suitable

triplet sensitizers as they show many beneficial features for efficient sensitization of the emit-

ters triplet states. The most common organic sensitizers are found among aromatic conjugated
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compounds: organometallic compounds, compounds showing metal-to-ligand charge transi-

tions (MLCT)117–122 such as Ru(II) complexes, phtalocyanines,123–126 but the most common are

metalated porphyrins, such as platinum (II) octaethylporphyrin or palladium (II) octaethyl-

porphyrin.31, 41, 115, 127–130 The conjugated nature of these compounds affords high optical den-

sities, also approaching the near-infrared spectral range,88, 131, 132 while the heavy atoms in the

molecular structure increase the spin-orbit coupling, yielding ultrafast intersystem crossing

that outcompetes the S1 → S0 fluorescent transition, and thereby almost all the energy har-

vested on the sensitizers can be efficiently transferred to the annihilators. These compounds

also typically feature triplet states with characteristic lifetimes > µs, which guarantee effi-

cient energy transfer. Metalated porphyrins show a peculiar absorption profile, with the Soret

band and Q-band, which is usually exploited to excite the system, well separated by a wide

transparency window with low absorption with the great benefit of limiting the reabsorption

of upconverted light.31 To push the absorption further towards the near-infrared, new sensi-

tizers with direct singlet-to-triplet (S0 - T1) absorption have been recently designed.133–135 This

spin-forbidden transition becomes partially allowed because of strong spin-orbit coupling and

allows to avoid the energy loss of typically hundreds of meV observed in the intersystem cross-

ing step, affording large anti-Stokes shift from the near-infrared to the visible range, which is

an optimal result for solar applications. The performances of upconverters based on this class

of sensitizers are still limited by the short phosphorescence lifetime and by the relatively low

extinction coefficient ϵ of the S0 - T1 transition (ϵ ∼ 1000 M−1 cm−1), but since these factors

can be tuned via molecular design, metal and ligand selection, and ligand functionalization,

these materials are promising candidates for efficient upconversion of the near-infrared.136

As far as the annihilators/emitters are concerned, it is worth noting that two possible systems

can be developed, one where the annihilators and emitters are the same molecule, the other

where they are two different molecules. The second option is typically employed when the

fluorescence properties of the annihilator are deficient, therefore the excitation resulting from

the TTA event is transferred via Förster energy transfer to the emitter excited singlet state.137

Nevertheless, in this discussion, I will consider only the scenario where annihilator and emit-

ter are the same species for simplicity without loss of generality.

For efficient TTA, the annihilator triplet lifetime should be as long as possible to increase the

probability that two annihilators in their triplet state encounter, similarly to the sensitizer-to-

annihilator ET.36 This is usually achieved with highly symmetrical molecules, since molecular
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symmetry contributes to reduce the intersystem crossing efficiency. It should also have a unit

fluorescence efficiency QYfl to maximize the ability to emit upconverted photons.36 The QYfl
generally depends on the emitter concentration, as the molecules can aggregate at high con-

centrations, as observed for perylene,116 and on external factors such as the local environment

experienced by the emitter as it influences the nonradiative recombination channels.28 The

energy of the excited singlet state S1 should be lower than twice the energy of the triplet state

T1, in order to reach S1 via TTA, but also with the energy of T1 such that higher-energy triplet

states or quintet states cannot be populated to avoid populating deleterious states that ulti-

mately would lower the conversion efficiency.34, 42, 88 The electronic properties of the sensitizer-

annihilator ensemble should also favor exothermic energy transfer, and maximize the anti-

Stokes shift. The ET should be exothermic, with the energy difference between the sensitizer

and annihilator triplet states bigger than the thermal energy at temperature T (∆E > kBT ,

where kB is the Boltzmann constant), otherwise back-energy transfer, i.e. re-population of

the sensitizer from the annihilator by means of thermal energy, can occur reducing the over-

all ET efficiency and ultimately reducing the population of emitter triplets that can undergo

TTA.138, 139 The most common annihilators/emitters are found among polycyclic aromatic hy-

drocarbons, such as conjugated molecules derivative of acenes, that are fluorophores usually

showing almost unit fluorescence efficiencies and high f factors. Examples of efficient annihi-

lators/emitters can be found in 9,10-diphenylanthracene, 9,10-bis(phenylethynyl)anthracene

(BPEA) and perylene, or in other classes of fluorophores such as boron dipyrromethene (BOD-

IPY).33, 34, 41, 107, 135, 140–142

1.4 sTTA-UC in organic bulk systems

To understand the dynamics of sTTA-UC and to predict the behavior of an upconverting sys-

tem it is essential to introduce a kinetic model, a useful tool that allows to follow the dynamics

of the excitons created in the system and the transitions they can undergo by means of coupled

rate equations:41

∂TD/∂t = α(λexc)Iexc − kTDTD − kETTD (1.9a)

∂TE/∂t = kETTD − kTETE − kTTATE = kETTD − kTETE + γTTT
2
E (1.9b)

∂SE/∂t =
1

2
fγTTT

2
E − kSESE (1.9c)
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The equations describe the rate of variation of the sensitizer excited triplets (donors) TD, an-

nihilator/emitter triplets TE and annihilator/emitter singlets SE population by means of the

pumping and deactivation terms previously sketched in Figure 1.2. The sensitizer triplets in

Eq. 1.9a are populated by the photons absorbed α(λexc)Iexc (where α(λexc) is the absorption

coefficient at the excitation wavelength and Iexc is the incident excitation intensity setting the

photon flux). Since in the typical organic upconversion systems the sensitizers are chosen to

have an ISC efficiency ∼100%, in Eq. 1.9a I am assuming that all the sensitizer excited singlets,

i.e. α(λexc)Iexc, populate the sensitizer triplets TD. These can either decay spontaneously or

undergo ET towards the emitter triplets with the corresponding rates kTD and kET . The emitter

triplets TE can then decay spontaneously with rate kTE or alternatively TTA can occur, as ex-

pressed in Eq. 1.9b. The last equation highlights that the emitter singlets are populated through

TTA, which results in molecules in their singlet state with a probability f, and then deactivate

via radiative recombination (kTESE). The upconverted emission intensity Iuc is therefore pro-

portional to kTESE . Because the differential equations introduced cannot be solved analytically,

proper approximations must be employed to obtain useful information. In the first approxima-

tion, a simple assumption is to treat the system under a continuous excitation in steady-state

conditions, so the excited populations do not change during time:

α(λexc)Iexc − kTDTD − kETTD = 0 (1.10a)

kETTD − kTETE + γTTT
2
E = 0 (1.10b)

1

2
fγTTT

2
E − kSESE = 0 (1.10c)

It is crucial to stress that the terms kTETE and γTTAT
2
E in Eq. 1.10b represent the possible de-

activation channels for the emitter triplets and that the sTTA-UC is effective only when the

TTA becomes the dominant channel, making the emitter spontaneous recombination negligi-

ble (kTTA = γTTTE ≫ kTE).41 This observation infers that the sTTA-UC is a power-dependent

process, since the Iexc sets the emitter triplet density TE , and that the TTA rate kTTA increases

under higher excitation intensities. To gain insight into the dependency of the upconverted

emission intensity Iuc on Iexc I consider two limit situations, i.e. the low-power regime and

the high-power regime. In the low-power regime the TE density is so low that kTTA ≪ kTE ,

thereby the majority of TE decays spontaneously as collisions between two TE are unlikely.

The term γTTT
2
E in Eq. 1.10b can be neglected and with few simple substitutions it results that

Iuc ∝ I2exc. At this point it is essential to introduce the sTTA-UC quantum yield Φuc, which is
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an important figure of merit of the sTTA-UC process and gives helpful indications about the

upconversion performance of the system considered. The Φuc, defined as the ratio between the

number of upconverted photons and the number of the absorbed ones, is given by the product

of the efficiencies of all the processes leading to the emission of the high-energy photons:143

Φuc = ΦISCΦETΦTTAΦfl. (1.11)

Here, ΦISC and ΦET are the efficiencies of ISC (assumed equal to 100 % from here onward) and

ET respectively, Φfl is the emitter fluorescence quantum yield and ΦTTA is the TTA efficiency,

which is the only power-dependent term in Eq. 1.11. In fact, the TTA efficiency can be defined

as:

ΦTTA(Iexc) =
1

2
f

kTTA(Iexc)

kTTA(Iexc) + kTE
(1.12)

where the 1
2

factor accounts for energy conservation, as one high-energy photon results from

two low-energy photons, therefore the maximum Φuc achievable is 50%.143, 144 Thereby in the

low-power regime ΦTTA - and consequently Φuc - depends linearly on Iexc as expected for

bimolecular processes, and even small changes in the excitation power determine substantial

variations in the process efficiency. On the contrary, in the high-power regime kTTA ≫ kTE ,

the spontaneous recombination term in Eq. 1.10b becomes negligible and Iuc ∝ Iexc. The

TTA reaches a 100% efficiency and the Φuc becomes independent of the excitation intensity,

reaching its maximum value determined by the parameters in Eq. 1.11, which are characteristic

of the system considered. This behavior leads to the introduction of a second figure of merit

for the sTTA-UC, the so-called threshold excitation intensity Ith. It is defined as the excitation

intensity where Φuc is half of its maximum value and it is reached when kTTA = kTE , meaning

that an upconverting system enters the regime of high TTA efficiency only when Iexc > Ith.

A straightforward expression for Ith can be derived by equating the expressions for Iuc in the

two regimes:41

Ith =
(kTE)

2

α(λexc)ΦETγTT

. (1.13)

An optimal upconverter should exhibit high Φuc and low Ith, because it means that lower ex-

citation intensities are necessary to enter the regime of high efficiency and this is especially

true for solar applications as the upconverter is meant to work under the solar irradiance. In

oxygen-free solutions with optimized organic emitter/sensitizer dye pairs upconversion quan-

tum efficiencies of about 30%, not far from the energy-conservation limit, have been achieved

under excitation intensities that are comparable to solar irradiance.32, 34
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The behavior of the sTTA-UC intensity that shows a quadratic-to-linear dependency on the ex-

citation power, or analogously linear-to-constant dependency for the upconversion efficiency,

is usually referred to as classical sTTA-UC regime. It is observed in all those bulk systems where

the volume accessible to the triplet excitons is much greater that the volume actually explored

by the triplet excitons themselves via diffusion, such as common upconverting solutions, but

also nanomaterials characterized by slow triplet diffusion and short lifetimes.41, 145

The sTTA-UC emission is an example of delayed fluorescence14, 15 as it occurs on a µs-ms

timescale instead of the typical nanosecond timescale of prompt fluorescence, because it stems

from bimolecular interactions between metastable triplet states and it is characterized by a

peculiar dynamics, that can be probed through time-resolved photoluminescence spectroscopy

techniques. Because the upconverted emission only originates from the emitter excited singlet

states, the Iuc intensity is proportional to the square of the emitter triplets density as:42, 50, 116

d
√
Iuc(t)

dt
∝ dTE

dt
= −k1TE − k2T

2
E (1.14)

where k1 is the first order decay rate constant (k1 ∼ kTE), mainly due to the spontaneous TE

decay, but also to pseudo first order processes such as triplet quenching from oxygen, while

k2 is the second-order decay rate constant (k2 = γTT ), associated to the triplet quenching

through TTA.47 The solution to this equation is:
TE(t)

TE,0

=
1− ΦTTA

ek
T
Et − ΦTTA

(1.15)

where TE,0 is the initial emitter triplet population.50 Therefore, after an excitation pulse, the

emitter triplets immediately start to annihilate generating the upconverted light, whose in-

tensity progressively decreases until the residual triplet density TE is such that the average

intermolecular distance between two triplets is so large that collisional events become improb-

able, preventing the annihilation. Therefore, the time evolution of the upconverted intensity

Iuc is described by

Iuc ∝ (
1− ΦTTA

ek
T
Et − ΦTTA

)2 (1.16)

It is worth noting that in the low-power regime the initial triplet density TE,0 is so small that

kTTA is negligible with respect to kTE , meaning that ΦTTA is close to zero and the UC emission

intensity results

Iuc ∝ e−2kTEt (1.17)

with a decay rate kuc = 2 × kTE since the emitter triplets tend to decay spontaneously. On

the other hand, under higher Iexc the initial availability of triplets is greater, and consequently
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kTTA and ΦTTA increase as well.

The initial triplet population and the TTA rate also influence how fast the system can reach the

maximum ΦTTA according to a trend ∼ 1− e−kriset, where τrise = k−1
rise is the rise time of the

upconverted emission signal, which depends on the excitation pump, because by increasing

the Iexc, TE,0 increases too, and if the triplets can move fast in the system, the TTA occurs

rapidly and efficiently.

The investigation of the sTTA-UC dynamics by means of time-resolved photoluminescence

experiments is therefore central to thoroughly model the sTTA-UC process and to obtain key

parameters such as kTE which are specific of the system analyzed and that are necessary to

estimate the sTTA-UC figures of merit.

1.5 Broadband hybrid sensitizers

In the perspective of solar technologies, despite the positive features afforded by organic sen-

sitizers previously discussed, their application in sTTA-UC is still hindered given the lack of

efficient sensitizers able to absorb the NIR photons. Absorbing the NIR requires a red-shift

of the absorption spectrum, achievable developing larger conjugated systems, which is not

straightforward from a synthetic point of view.146–148 Moreover, when the S0 - S1 and there-

fore the S0 - T1 energy difference decreases, the nonradiative recombination rate increases,

potentially outcompeting the energy transfer step.149–151 It should also be noted that the good

performances of molecular sensitizers generally stem from the heavy metal atoms, which are

typically rare, costly and toxic, thus this is a crucial aspect to take into account in the per-

spective of large-scale production.118 Moreover, sensitizers like porphyrins usually show the

tendency to aggregate and low solubility in solution,152 meaning that low sensitizer concen-

trations must be typically employed (10−4 − 10−5 M), reducing the system’s optical density.

Also, they show narrow absorption bandwidths, that if on one hand it allows to reduce reab-

sorption of upconverted light, on the other it results in a too limited ability to store the solar

light. This issue has been partially overcome by employing multicomponent sensitizers or

multilayer systems with complementary absorption profiles,34, 60, 73, 74, 153–157 but it is desirable

to deal with a single broadband harvester/sensitizer to avoid possible deleterious interactions

between different moieties and to simplify the system’s architecture.

Colloidal semiconductor nanostructures decorated with conjugated organic molecules have
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been recently proposed as alternative sensitizers,141, 158–165 because they exhibit unique prop-

erties appealing for solar applications and potentially able to outcompete molecular sensitiz-

ers. In bulk semiconductors the energy bandgap Eg(bulk) is set by the crystal structure and

by the material atomic composition and this is a fixed, well-defined quantity characteristic

of the semiconductor itself. They can absorb photons with energy equal or larger than their

energy bandgap. In this case, an electron is promoted to the semiconductor conduction band

and it binds through Coulomb interaction to a hole in the valence band, forming an exciton.

When the exciton recombines, it can emit a photon of fixed energy determined by the material

Eg(bulk). However, when the size of semiconductor particles becomes comparable to the bulk

exciton Bohr radius, which typically ranges from 2.1 nm in II-VI to 60 nm in III-V group semi-

conductors,166 the energy bandgap and therefore the photophysical properties of these systems

become dependent on the particle size itself. Because of the strong spatial confinement and

localization of the charge carries, they not only experience the Coulomb interactions as in the

bulk counterpart, but they also sense the particle boundaries.161, 167 This condition is referred

to as quantum confinement effect and it results in discrete atomic-like energy levels because

of the bulk energy bands quantization in 1, 2 or 3 dimensions. Semiconductor nanostructures

are the nanosized entities that exhibit quantum confinement properties, and they are called

nanoplatelets, nanowires, and nanocrystals when the carriers motion is confined in 1, 2 or

3 directions, respectively. To highlight the main quantum confinement effects on the nanos-

tructure photophysics I now consider the case of nanocrystals, but similar conclusions can be

drawn also for nanoplatelets and nanowires, with proper modifications due to the different

number of confined dimensions.

In the first approximation, a semiconductor nanocrystal, assumed spherical for simplicity, can

be treated through the spherical quantum box model in which the charge carriers’s wave-

functions are isotropically confined by an infinite potential barrier.167 In this framework, the

continuous bulk energy bands are replaced with the discrete electronic state structure charac-

teristic of 3D nanostructures and the corresponding energies are:168, 169

Eeh(neLenhLh) = Eg(bulk) +
ℏ2

2R2
(
α2
ne,Le

me

+
α2
nh,Lh

mh

)− Ec (1.18)

labelled by the electron (e) and hole (h) principal quantum number n (1, 2, 3,…) and the orbital

angular momentum quantum number L (S, P, D,… for L = 1, 2, 3 etc); me and mh are the

electron and hole effective mass in conduction and valence band, respectively, and α are the

zeros of the Bessel functions. Ec is the Coulomb interaction, that in the first approximation can
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be neglected with respect to the confinement energy, because under the strong confinement

condition, the e-h pair is mainly bound because the carriers are forced in the same spatial

region. Thereby, the energy bandgap in nanocrystals is:

Eg(NC) = Eg(bulk) +
ℏ2π2

2R2
(

1

me +mh

) (1.19)

This is an approximated approach, but nevertheless it allows to highlight the main features

and energetic dependencies, and it also generally affords quite reliable theoretical predictions

not far from the experimental results. The key information to stress is that the excitonic en-

ergies depend on the semiconductor material through the bulk energy gap, the electron and

hole effective mass in the material and they quadratically depend on the nanocrystal size R.

Colloidal semiconductor nanocrystals, and nanostructures in general, gained increasing at-

tention in the last decades because they are highly tunable and their photophysical properties

can be manipulated on diverse conceptual levels.161 For instance, as Eq. 1.19 suggests, the

nanocrystals optical and electronic properties can be tailored through size, shape and com-

position control. But the exciton photophysics can be manipulated also through the so-called

wavefunction engineering, achieved heterostructuring the nanocrystals with proper core-shell

structures.170–172 The idea underpinning heterostructuring is to control the localization of one

or both charge carries in the core and shell regions, made of semiconductors with energy gap,

composition and thickness specifically selected to achieve the desired goal. Heterostructuring

allows for example to increase the nanocrystals photoluminescence quantum yield, to engi-

neer the emission Stokes shift or to change the exciton recombination dynamics.173–176

Colloidal nanocrystals are also characterized by a surface-to-volume ratio much greater than

the bulk counterpart, and this property has two important implications.177–180 The first is that

the excitons must be properly protected from the surface dangling bonds that are easily cre-

ated and that represent deleterious trapping centers for the photoexcited carriers, reducing the

nanocrystal photoluminescence efficiency. For colloidal nanocrystals the exciton protection

can be achieved by capping the surfaces with proper ligands that passivate the dangling bonds,

where common passivating ligands are carboxylic acids and amines,36, 141, 181 or by growing a

thin shell of proper semiconductors.182, 183 The second important implication is that new prop-

erties can be assigned to the nanocrystals by decorating their surfaces with specific ligands

that allow, for instance, to extract the energy harvested, or conversely to inject an external ex-

citation into the nanocrystals.184–187 In this regard, it was recently demonstrated that it is possi-

ble to manage spin-flip processes,184, 188–190 allowing semiconductor nanocrystals to inject into
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and accept triplet excitons from organic molecules, typically derivatives of conjugated organic

dyes.141, 185, 191, 192 Therefore we can employ semiconductor nanocrystals as light harvesters in

hybrid sensitizers, conceptually composed of a nanostructure decorated with molecular lig-

ands anchored on the nanostructure surface.158, 159 As a whole, colloidal semiconductor nanos-

tructures offer a variety of advantages as light harvesters with respect to the organic com-

pounds investigated so far. Along with the aforementioned benefits, they afford high photo-

stability and large molar extinction coefficients; also, since their photophysical properties can

be tailored through size and composition control, it is possible to have sensitizers able to ab-

sorb in the ultra-violet, visible, and importantly, near-infrared spectral range just by acting on

these two parameters.20, 158, 178, 180, 191, 193–196 Important developments of hybrid systems allowed

to achieve broad anti-Stokes shift from near-infrared excitation to visible emission.197–199 They

also offer the advantage of being easily synthesized according to well-established, scalable

colloidal procedures.160, 178, 179, 200, 201 Importantly, they feature a broadband optical absorption

spectrum, meaning that the energy storage ability can be extensively increased with respect to

organic sensitizers. All these advantages make semiconductor nanostructures an optimal plat-

form towards the development of efficient hybrid sensitizers.202, 203 Still, the typical nanocrys-

tals absorption has a critical drawback. Since they absorb over a wide spectral range, an open

challenge is to circumvent the reabsorption of the upconverted light by the sensitizers, which

intrinsically lowers the overall upconversion performances. It should also be noted that the

semiconductor nanocrystals that have been extensively studied so far as light-harvesters are

based on group VI elements, such as CdSe, CdS, PbS, or PbSe, because their underlying pho-

tophysics is well-known and this affords a useful benchmark when studying complex hybrid

systems for sTTA-UC. Unfortunately, elements such as cadmium and lead are extremely toxic,

therefore for sustainable technologies it is mandatory to find alternative compositions.204 In

this regard, good candidates are CuInS2 (CIS) nanocrystals, based on non-toxic components,

which have been recently proposed as light-harvesters in efficient hybrid sensitizers, that also

offer the advantage to push the absorption towards the red, near-infrared spectral range.163, 205

Transmitter surface ligands. It is worth stressing that to have efficient hybrid sensitiz-

ers able to transfer the harvested energy to the emitters, the presence of proper surface lig-

ands is mandatory.206 The exciton lifetime in nanostructures is usually on the nanosecond

timescale,161 making the spontaneous exciton recombination competitive with energy trans-

fer, when it is not the dominant decay channel. Therefore, transmitter surface ligands acting
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as bridges to transfer the triplet excitons from the nanostructures to the emitters play a crucial

role. This moiety should exhibit a mixture of the sensitizer and emitter properties discussed

in Sec. 1.3, as two Dexter-type energy transfer processes are now involved. The first, ET′ , is

from the nanostructure to the transmitter ligand, that acts as energy acceptor, whereas the

second, ET′′ , is from the transmitter ligand, acting as energy donor, to the emitter. Therefore

the overall ET process in hybrid systems is more delicate and requires more efforts to be con-

trolled than in organic systems as it is composed of two successive processes, and thus the

probability to introduce competitive recombination pathways increases. This picture implies

that the surface ligand should have a triplet state resonant with the nanostructure exciton to

maximize the ET′ efficiency, and resonant with the emitter triplet state to optimize the ET′′

efficiency.207 Importantly, its HOMO and LUMO levels should be such to avoid charge transfer

from the light harvester to the ligand, which would disrupt the exciton and hinder the emitter

triplets sensitization. Also, to increase the probability of interaction with the emitters, the

ligands should show long-lived triplet states. The most employed ligands belong to the same

molecular class of the emitter species, typically acenes, that provide long-lived triplet states,

with prohibited T1 → S0 transition. These organic molecules are properly functionalized with

an anchoring group, such as the carboxylic acid, to decorate the light harvester surface.162, 177

The transmitter ligands are attached to the nanocrystals surfaces through a ligand exchange

procedure aimed at replacing the native capping ligands that afford colloidal stability. This

is usually a delicate and critical process because it is extremely easy to introduce deleterious

surface defects, which hinder the triplet sensitization ability, because the transmitter ligands

are typically bulkier than the capping ligands, so the surfaces hardly are perfectly passivated.

Another important consideration about the ligand selection is because ET′ is a Dexter pro-

cess, as discussed in Sec. 1.2, the rate kET strongly depends on the spatial overlap between the

donor (nanostructure) and acceptor (ligand) wavefunctions, with a ∼ e−
R/L dependence on

the donor-acceptor distance R. It straightforwardly follows that the ligand choice is crucial in

optimizing the distance R, also considering the typical ligands bulkiness. In the work in Ref.,208

Li et al. thoroughly demonstrated that by increasing the distance R between the nanocrystal

and the anthracene ligand through variable-length rigid oligo-p-phenylene bridges, the ET′

rate rapidly decreases as the ligand length increases, with a ∼ e−d dependence, where d is the

overall ligand length.
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Figure 1.3: Energy flux in sTTA-UC in a green-to-blue hybrid upconverting system. Upon absorption

of a green photon by the nanocrystal (NC), the exciton energy is transferred through energy transfer

(ET′ ) to the triplet acceptor ligand that then populates the triplet state of the emitter via ET′′ . The

annihilation of two emitter triplets (TTA) results in the formation of a high-energy fluorescent singlet

state responsible for the upconverted blue luminescence.

1.5.1 Hybrid sTTA-UC system

In Sec. 1.4 I discussed the main features and figures of merit of sTTA-UC in bulk organic sys-

tems. It is possible to derive how these results change when considering hybrid upconverting

systems, where the organic sensitizer is replaced with an inorganic semiconductor nanos-

tructure decorated with conjugated organic ligands. The main concepts and considerations

previously described are still valid, but some additional processes must be accounted for. In

this discussion, I consider as guideline a hybrid sensitizer where the harvester is a nanocrys-

tal.209 Here, upon absorption of an incident photon, an exciton labelled as Nc is created in the

nanocrystal, and it can recombine with rate kNc or it can be transferred via Dexter energy

transfer with rate kET ′ to the ligands, resulting in the population of the ligand triplet states

TL. These triplets can decay spontaneously with rate kTL or a second Dexter energy transfer

can occur during the TL lifetime with rate kET ′′ , populating the emitter triplets TE .
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Figure 1.4: Chronological evolution of the sTTA-UC quantum yield QYuc in hybrid systems since their

appearance in 2015. White circle, Ref.;191 black circle, Ref.;211 white diamond, Ref.;208 black diamond,

Ref.;212 white triangle, Ref.;196 black reversed triangle, Ref.;213 white reversed triangle, Ref.;187 black

triangle, Ref.;182 black hexagon, Ref.;214 white square, Ref.;215 black square, Ref.;137 white hexagon,

Ref.;163 horizontal black hexagon, Ref.210); gray square, Ref.,204 gray triangle Ref.216 The QYuc values

are reported according to the standard convention, i.e. out of 50%.

The differential equations system thus becomes:

∂Nc/∂t = α(λexc)Iexc − kET ′Nc− kNcNc (1.20a)

∂TL/∂t = kET ′Nc− kET ′′TL − kTLTL (1.20b)

∂TE/∂t = kET ′′TL − kTETE − γTTT
2
E (1.20c)

∂SE/∂t = 0.5fγTTT
2
E − kSESE (1.20d)

Therefore, the crucial difference lies in the presence of two successive energy transfer pro-

cesses. The system of rate equations can be treated in steady-state conditions, following the

same approach adopted previously, allowing to assess the theoretical behavior in the two

power regimes.

In the high-power limit, kTE ≪ γTTTE , so:

SE =
0.5f

kSE
ϕET ′ϕET ′′α(λexc)Iexc ∝ Iexc (1.21)

while in the low-power limit kTE ≫ γTTTE :

SE =
0.5fγTT

kSE
(
ϕET ′ϕET ′′α(λexc)Iexc

kTE
)2 ∝ I2exc (1.22)
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finding the very same quadratic-to-linear trend of the organic counterpart.

The threshold intensity becomes:

Ith =
(kTE)

2

α(λexc)ϕET ′ϕET ′′γTT

(1.23)

where

ΦET ′ =
kET ′

kET ′ + kNc

(1.24a)

ΦET ′′ =
kET ′′

kET ′′ + kTL
(1.24b)

are the efficiencies of the NC-to-ligand and ligand-to-emitter energy transfer, respectively, and

the UC efficiency can be expressed as:

Φuc = ΦET ′ΦET ′′ΦTTAΦfl (1.25)

Since their first appearance in 2015, many efforts have been devoted to the optimization of hy-

brid sensitizers, based on semiconductor nanocrystals decorated with organic molecules. In

this regard, Fig. 1.4 reports the time evolution of the main improvements achieved in maximiz-

ing the upconversion efficiency in hybrid systems over the years. Importantly, the continuous

understanding of the energy transfer process at the inorganic/organic interface led to notable

enhancement of the upconversion performances in hybrid systems in just few years.165

Consistently with the great versatility of hybrid sensitizers, the first solar cell based on sTTA-

UC sensitized by functionalized CdSe nanocrystals has been recently proposed,217 where the

charge is extracted from the excited singlet state populated via TTA. Specifically, Hansson et

al. developed a device where 4,4′- (anthracene-9,10-diyl)bis(4,1-phenylene)diphosphonic acid

is the annihilator molecule (A) bound to a nanocrystalline TiO2 substrate, and CdSe nanocrys-

tals are the sensitizers bound to the annihilator in a layered architecture TiO2-A-NC. Even

though there is still plenty of room for improvements and optimization, this is a crucial first

proof-of-concept design towards the development of real-world devices based on broadband

absorbing sensitizers highlighting the great potential and flexibility of hybrid sensitizers.

1.6 Dependence of bimolecular processes on diffusivity

The equations for the sTTA-UC figures of merit derived in the previous Sections are highly

instructive, as they stress that the environment and structural properties of the upconverting
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systems play a significant role in determining the process efficiency. For instance, the triplets

recombination rate can be written as26, 27

kT = kradT + knon rad
T (1.26)

which accounts for both radiative and nonradiative recombination pathways. Considering that

the triplet state is optically dark due to the spin selection rule,40 kradT ∼ 0, thereby the triplet

decay rate is heavily affected by nonradiative recombination mechanisms that include colli-

sions with inert moieties, such as solvent molecules, and the coupling with the environment

vibrational bath.105 The local interactions with the surrounding environment can therefore in-

troduce additional decay pathways competing with the spontaneous decay of the long-living

triplets, and also small local variations in the environment and/or material structure can result

in substantial variations of the triplets lifetime and since Ith has a quadratic dependency on kTE
the ultimate effects can be extensive. Also, importantly, the sensitizer-to-emitter ET and the

TTA steps commonly depend on external factors, such as molecular mobility, or intermolec-

ular distance, which is typically a function of the chromophore concentration.218 These pro-

cesses are highly sensitive to the environment and structural properties of the upconverting

system, and this dependency stems from their diffusion-limited nature.219, 220 They are short-

range bimolecular interactions between an energy donor D and an energy acceptor A that

require spatial overlap between the D and A wavefunctions, according to the decay in space

of the orbital wavefunctions.43 The typical interaction distances are of the order of 1-2 nm,

meaning that these interactions can be effective only if the molecules/excitons collide.221, 222

Consequently, since the local properties of the medium where the sTTA-UC takes place may

favor or hinder the molecular/exciton mobility, it is crucial to understand how the upconverter

structural features influence the short-range interactions in order to maximize their - and ul-

timately the sTTA-UC - efficiency.223

To get insight into the dependency of the sTTA-UC performances on the environment and

on the upconverting material structure I first discuss the general properties of bimolecular

interactions. The analytical treatment of these processes is not trivial, so it is typically sim-

plified by means of approximations, one of the most employed is the Perrin model.224 In this

picture, given an energy donor D and an energy acceptor A with intermolecular distance s,
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the interaction rate constant kD,A between D and A is such that225

kD,A(s) =

∞ s < r0

0 s > s0

(1.27)

where r0 is the effective interaction distance, where the interaction efficiency is 50%. For in-

stance, in Dexter-type ET, r0 is the Dexter radius where the ET rate kET equals the donor

triplet spontaneous decay rate kTD. The condition expressed in Eq. 1.27 can also be interpreted

as follows: it is possible to define an effective sphere of radius r0 centred on a donor so that

the D-A collisional probability is negligible when the acceptors are outside the sphere.225 This

means that the interaction probability is set by the D-A distance s and by the number of accep-

tors inside the effective sphere. As a consequence, any energy diffusion process via molecular

translation, for instance in liquid environments, or exciton diffusion, as in solid-state systems,

can play an important role in determining the ET and TTA efficiencies. Both molecular and

exciton diffusion can be described as the motion of a particle by random Brownian walk, so in

this description a key parameter is the particle diffusion length Ldiff

Ldiff =
√
2ZDτ (1.28)

calculated as the particle mean square displacement in any isotropic direction, where D [cm2

s−1] and τ are the diffusivity coefficient of the system and the lifetime of the excited stated of

interest, respectively.27 The parameter Z is 1, 2 or 3 for 1D, 2D or 3D isotropic diffusion envi-

ronments.226 Notably, in the 3D case, Eq. 1.28 enables to calculate the diameter of the sphere

explored by the excited donor molecule/exciton within its spontaneous recombination. An ex-

cited donor can reach the fraction of acceptors included in the volume of the diffusion sphere,

and for all the acceptors outside the spheres the collisional rate kD,A is negligible. Therefore,

the D-A collisional rate kD,A depends on the acceptor concentrationCA in the effective volume

explored by the donor in its lifetime, and kD,A increases with increasingCA. Fig. 1.5 illustrates

these two possible scenarios. The relationship between kD,A and CA is not trivial to establish,

especially at lowCA, but a simple approach can be used when the so called rapid-diffusion limit

is reached.227, 228 This regime is valid when the donor diffusion length Ldiff is much greater

than the average D-A intermolecular distance s, so for the isotropic 3D framework

Ldiff ≫ s or 6Dτ

s2
≫ 1. (1.29)

This major condition implies that each D–A pair within the diffusion volume has the same col-

lisional probability and that the donor molecule/exciton encounters all the acceptors available
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Figure 1.5: Illustration of the diffusion spheres drawn by the energy donors (D) through random walk,

according to different diffusion lengths L. (a) For all the acceptors (A) within the spheres of diameter L,

i.e., for D–A distances s < L, the collisional probability between excited D and A molecules is 100%.

Conversely, for those acceptors outside the spheres s′
> L and the D–A interaction rate is zero. (b) If

s < L
′ for any acceptor molecule in the unit volume, all acceptors are accessible to the excited donor

during its lifetime.

before recombination, i.e. kTE ≪ kD,A. When the rapid-diffusion condition is fulfilled, kD,A

becomes proportional to CA according to225, 229

kD,A = 4πDtotr0CA, (1.30)

where Dtot is the total diffusivity of the system, calculated as Dtot = DD +DA. Therefore the

Dexter ET and TTA rates can be expressed as

kET = 4πDtotrETCem, (1.31)

kTTA = 8πDT rTTTE = γTTTE. (1.32)

In Eq. 1.31 Dtot is the sum of the sensitizer and emitter diffusivities, rET ∼ 1 nm is the

Dexter radius between sensitizer and emitter and Cem is the emitter concentration. Similarly,

in Eq. 1.32 DT is the emitter triplet diffusivity, rTT ∼ 1 nm is the effective TTA interaction

distance between two emitter triplets, and TE is the emitter triplet density. The second order

rate constants γET = 4πDtotrET and γTT = 8πDT rTT [cm3 s−1] characterize the ET and TTA

processes.
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1.7 Landscape of solid-state upconverters design

It is straightforward from Eqs. 1.31 and 1.32 that for diffusion-limited bimolecular processes

a sufficiently high D can balance very low values of Cem and SE , and this is a key considera-

tion when designing a system for applications where the energy density available is intrinsi-

cally limited. For instance, in bio-imaging, the number of excitons generated in the system is

severely limited by the maximum excitation intensity exploitable before damaging the tissues.

The situation is even more critical in solar applications, where the maximum triplet density

is set by the solar irradiance. Therefore, when the exciton densities are intrinsically limited,

kTTA can be maximized by choosing an environment that favors short-range interactions.

The environments where the short-range interactions are most favorite are low viscosity or-

ganic solvents, where energy diffusion is boosted by molecular translational diffusion.41, 220, 227

Here, the diffusivity of a given species, treated as a sphere of radius r, is usually estimated by

the Stokes-Einstein equation230

D =
kBT

6πηr
(1.33)

where η is the solvent viscosity at temperature T. This dependence on η emphasizes the depen-

dency of bimolecular processes on the environment, as it influences the molecular diffusion,

besides setting the molecular excited state lifetime.231 In low viscosity solutions molecular

diffusivities greater than 10−6 cm2 s−1 are typically obtained,19, 230, 232 and the emitter triplet

lifetimes are generally on the hundreds of microseconds - milliseconds timescale, therefore

the rapid-diffusion condition is easily reached,233 contributing to excellent sTTA -UC perfor-

mances, also at excitation intensities comparable to the solar irradiance.19, 234, 235

Despite the excellent upconversion performances recorded in liquid environments, these sys-

tems are not suited for practical applications. Therefore, several approaches have been pro-

posed to develop solid systems that are more suitable for real-world devices. A key condition to

preserve optimal sTTA-UC performances is to design the upconverter to guarantee the rapid-

diffusion condition. As already pointed out, to maximize the efficiency of the bimolecular

interactions involved two main requisites need to be fulfilled: large energy diffusivity, typical

of low viscosity solvents, and/or low decay rate of the involved excited states, which is typi-

cally ensured by hosts with large local rigidity to suppress vibrational-assisted quenching of

the triplet excitons. In this regard, Fig. 1.6 reports the theoretical Ith, calculated with Eq. 1.13,

for ideal systems in three different environments, to highlight the influence of the triplet dif-
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Figure 1.6: Excitation intensity threshold Ith calculated with Eq. 1.13 as a function of the triplet diffusiv-

ity DT considering α = 10 cm−1 at the excitation wavelength of 532 nm, kET = 1 kHz, and intersystem

crossing and energy transfer yield ΦISC ,ΦET = 1. I considered three model systems with deeply dif-

ferent DT values, elastomers (red), organic solvents (yellow) and organic crystals (green).

fusivity in determining the sTTA-UC performances. I adopted α = 10 cm−1 at 532 nm, emitter

kT = 1 kHz, and intersystem crossing and energy transfer yield ΦISC ,ΦET = 1. I considered

three model systems with deeply differentDT values, i.e. elastomers (red), which are an exam-

ple of low-viscosity rubber polymers, organic solvents (yellow) and molecular crystals (green).

A first strategy to fabricate solid sTTA-UC systems is to embed the upconverting chromophores

into materials that provide residual translational molecular mobility to favor short-range in-

teractions.236 Ideal matrices are low-viscosity rubber polymers like polyacrylates and

polyurethanes,237, 238 which afford viscoelastic properties.239 Even though molecular diffusion

is lower than in common low viscosity organic solvents (DT ∼ 10−10 − 10−9 cm2 s−1, Figure

1.6),240 the advantage offered by these polymers is the reduction of the triplets decay rate, as

they are less perturbed by the rubbery matrix, being a more rigid environment. Therefore,

in rubber polymers the optimized trade-off between residual molecular diffusivity and triplet

recombination rate allows to easily achieve the rapid-diffusion limit. Nevertheless, the use

of solid matrices still suffers from difficulties in managing high dye concentrations that can

easily result in aggregation and phase segregation, with deleterious effects on the sTTA-UC
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performances.

The sTTA-UC can also take place among close-packed chromophores, exploiting exciton dif-

fusion instead of molecular motions.111, 145, 241–243 Solid-state upconverters have been devel-

oped by embedding large dyes amounts in amorphous polymers79, 244 or by exploiting ordered

self-assembled structures in liquids,245, 246 gels,247, 248 and films.249 Among assembled systems,

molecular crystals with ordered chromophore arrangements show the most interesting prop-

erties for sTTA-UC. Here, the molecular excitons are strongly localized of Frenckel type, mean-

ing that they can only diffuse by hopping among nearest-neighbour resonant energy centers

along any allowed crystalline direction n = x, y, z with diffusivity27, 250

Dn = (khopR
2)n (1.34)

where khop is the hopping rate between two molecules separated by a centre-to-centre distance

R along the n direction. The exciton hopping rate between an initial i and final f molecule,

according to the Fermi’s golden rule, is251

khop = kif ∝ |Jif |2 (1.35)

where Jif is the excitonic coupling term related to the interaction considered (ET or TTA). The

major advantage afforded by molecular crystals is that thanks to the inherent close molecular

packing (R < 1 nm) the triplet diffusion is fast, withDT values that can exceed those typically

available in low-viscosity organic solvents (DT ∼ 10−6 − 10−3 cm2 s−1, Figure 1.6).27, 252–254

A possible approach to fabricate solid upconverters consists in using organic crystals made of

emitter molecules, which receive energy from sensitizer molecules incorporated in the crystals

as dopants, or from the sensitizer portion in sensitizer/emitter co-crystals. This arrangement

enables fast ET, due to the close proximity between sensitizers and emitters, and the emit-

ter triplets can rapidly diffuse within the crystal and undergo TTA.89, 255, 256 However, emitting

crystals often feature larger triplet decay rates and lower fluorescence quantum yield with re-

spect to the constituent chromophores, because the exciton recombination - and this is true

especially for triplet excitons, being extremely sensitive to the environment - can be signifi-

cantly affected by the presence of defect states, typical of crystalline environments, which act

as nonradiative recombination centers.257 It is thus mandatory to fabricate defect free, high

purity organic crystals, but this is still an arduous task to handle. Also, generally solid-state

systems suffer from critical drawbacks mainly related to the management of high dyes con-

centrations often required to maximize the light harvesting. In fact, the commonly employed
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sensitizers tend to aggregate and segregate from the emitters, introducing additional energy

loss channels and limiting the interaction with emitters, partially hindering the ET.33, 258

As proposed by Oldenburg and co-authors, feasible candidates as emitters are metal-organic

frameworks (MOFs),57, 256 that are ordered networks of molecules linked by metal ions and

this is proved to be a good strategy to avoid phase segregation issues. Since the constituent

molecules of a MOF do not interact with each other, they retain the photophysical properties of

the emitter molecules, as well as the high exciton diffusivity typical of molecular assemblies.89

MOF nanocrystals can be fabricated with excellent dimensional control, resulting in monodis-

persed nanocrystal populations, with dimensions as low as tens of nanometers. Moreover,

MOF nanocrystals are versatile, easy-to-handle and can be extensively tailored. Specifically,

they are suited to host a secondary functionality, e.g. the sensitizer, which can be included into

the MOF structure, or alternatively linked to the MOFs surfaces. In these systems, the sTTA-

UC is successfully achieved thanks to high triplet excitons diffusivity and MOFs high purity.255

It is worth pointing out that since the diffusion length of triplet excitons in crystalline systems

ranges from few nanometers to several micrometers and because MOF nanocrystals of tens

of nanometers can be fabricated, the rapid-diffusion condition can be easily verified and the

triplet excitons can explore all the nanocrystal before recombination.259 The authors of the

aforementioned work successfully fabricated an upconverting heterostructure by coupling a

sensitizer-based MOF with an emitter-based MOF, in order to fully exploit the fast triplet dif-

fusion in crystals. Indeed, despite the low emission efficiency, a threshold value as low as 1

mW cm−2 was achieved. Yet, MOF nanocrystals still have some drawbacks, like poor stability

and low fluorescence yield that ultimately limit the UC outcome.136

Another striking strategy to maximize the use of sTTA-UC is the one developed by Hanson and

co-workers, which consists in the realization of self-assembled upconverting molecular mul-

tilayers on inorganic scaffolds to facilitate sTTA-UC and obtain also direct charge separation

from the upconverted state.82 They further developed this architecture realizing an integrated

sTTA-UC solar cell83 and, notably, this strategy has been recently demonstrated to work also

by harvesting near-infrared light.243 Direct charge separation of the upconverted singlets can

be therefore a straightforward strategy to avoid parasitic quenching of the upconverted emis-

sion in solids, but it does not allow to overcome the issues related to low triplet diffusivity in

disordered systems, sensitizers aggregation that induces nonradiative recombination before

ET, and annihilator-to-sensitizer triplet back transfer that can compete with the upconverted
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excitons radiative recombination.138, 242

1.8 sTTA-UC in nanostructured systems

A captivating category of solid-state upconverters is that of nanosized/nanostructured mate-

rials.75, 260, 261 Among these, nanostructured glassy polymers are recently proposed appealing

materials composed of a polymer matrix and a dispersed liquid phase in the form of nano-

sized droplets which contain the upconverting dyes.262 As the solid and liquid phases are well

separated this peculiar structure enables to combine in a single material the optimal sTTA-UC

performances typical of solutions with the benefits offered by the polymeric matrix. The liquid

droplets have mean diameter of tens of nanometers, with considerable implications. Because

the molecules are forced in small volumes, the intermolecular distances are on the nanometer

scale. Moreover, the volume of the domains in which the dyes accumulate is a small fraction

of the host volume (5-10%), implying that the triplet excitons generated in different domains

do not interact with each other, and each droplet represents a self-standing independent up-

converting unity, referred to as UC-center in the following discussion.

I will examine thoroughly the main features and the structural implications of this class of

materials discussing two nanostructured polymeric systems in Chapter 6 and 7, where I high-

light the innovations introduced by this peculiar structure not only for upconversion purposes,

but also for more general technological optical applications. In this section I discuss how the

sTTA-UC dynamics behave in nanosized and nanostructured upconverting systems in com-

parison with the common homogeneous bulk sTTA-UC systems presented in the earlier text.

Specifically, I expand the already existing theoretical model describing UC-centers all exhibit-

ing the same size,259 and develop the analogous model that describes the sTTA-UC behavior

of an ensemble of UC-centers characterized by a size distribution.

1.8.1 Single-sized nanostructures

The design of nanostructured solid-state upconverters relies on the forced confinement of the

excitation energy, i.e. the annihilating triplets TE , in UC-centers smaller than the exciton dif-

fusion sphere drawn by the triplets random walk. Assuming for simplicity the UC-centers

to be spheres of radius r, whenever the condition LT ≫ r is fulfilled the so called confined

sTTA-UC regime can be observed. This regime was observed for the first time in the work at
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Figure 1.7: (a,b) Sketches of the different sTTA-UC kinetics in a classical bulk upconverter (a) and in

a nanostructured upconverter (b) considering the same excitation volume and chromophore density.

In the classical upconverter, the dyes are distributed homogeneously and the volume accessible to the

triplet excitons is much larger than their diffusion sphere. Conversely, if the dyes are artificially con-

fined in UC-centers, those that contain simultaneously two emitter triplets are UC-bright, while those

containing unpaired triplets are UC-dark, i.e., inactive for the upconversion process.

Ref.259 in MOFs based on Zn2+ ions and 4,4′-(anthracene-9,10-diyl)dibenzoate as organic lig-

and, with average size of ∼26 nm. In this picture, the maximum distance between two triplet

excitons that coexist in a UC-center is 2r, intrinsically shorter than LT , and thereby the colli-

sional probability for the triplet pair by diffusion is 100%. This implies that in a UC-center only

two outcomes are possible. If at least a triplet pair is generated in the same UC-center, each

pair annihilates making the UC-center a bright upconverting unit, whereas those centers that

contain one triplet are dark and the unpaired triplet decays spontaneously (Fig. 1.7). There-

fore, the global intensity of the upconverted light emitted from a collection of UC-centers is

the sum of the upconverted photons emitted by the fraction of bright centers. The UC-centers

can be considered as a sort of threshold-less upconverters because if they contain at least two

triplets no other condition influences the sTTA-UC outcome. Importantly, the population of

bright centers is determined by the statistical distribution of the triplet excitons among the

UC-centers which is set by the Iexc.

Since the triplets diffusion lengths LT are typically of the order of hundreds of nanometers

up to micrometers, nanosized or nanostructured materials are the ideal platform to observe

the confined sTTA-UC regime.259, 263, 264 Systems where the UC-centers are entities such as

MOF nanocrystals or upconverting nanoparticles, with dimensions ranging from tens to hun-

dreds of nanometers, are excellent examples of the condition where all the UC-centers have

the same size because they can be synthesized with good dimensional control.89, 256, 259, 265 Con-
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sidering identical upconverting nanoparticles embedded homogeneously in a transparent and

rigid host that does not take part in the upconversion process, the dye loading level in the

nanoparticles that determines the system optical density allows to estimate the average chro-

mophore density in the system. Under cw homogeneous excitation, the emitter triplet exciton

density TE created in the UC-centers ensemble is

TE =
αIexcΦET

ρkTE
(1.36)

where ρ, defined as the ratio between the total volume of the excited nanoparticles containing

the absorbing dyes and the total excitation volume, marks the effective energy localization

achieved in comparison to the corresponding bulk system containing the same chromophore

amount. The mean number of triplet excitons TE created in each UC-center of volume V is

TE = TE × V (1.37)

and since the upconverted luminescence is generated only from those UC-centers where TE ≥

2, the upconversion quantum yield in a monodispersed confined system is

QYuc(Iexc) ≈
1

2
fΦETΦflPn≥2(Iexc) (1.38)

where Pn≥2 (Iexc) is the cumulative probability to have n ≥ 2 triplet excitons per UC-center

for a given TE (i.e. the fraction of UC-centers containing n ≥ 2 triplet excitons) and it is cal-

culated by means of the Poisson binomial distribution.259 Importantly, Eq. 1.38 points out the

independence of the upconversion process of the triplets diffusivity. The excitation threshold

intensity for confined systems is defined as the minimum excitation intensity to get Pn≥2 =

0.5, i.e. when 50% of the UC-centers ensemble contain at least two excitons, becoming active

for the conversion process. This condition is satisfied for TE = 1.7, so the threshold intensity

for the confined sTTA-UC can be written as

Ith = 1.7
ρkTE

αΦETV
(1.39)

As for the classical case, this figure of merit highlights the role of the intrinsic characteristics

of the system’s components and affords straightforwardly the guidelines to design efficient

nanostructured upconverters. The sTTA-UC behavior results in a linear dependency of the

upconverted emission intensity Iuc on Iexc when the UC-centers are bright, while at low pow-

ers, when most nanostructures are still dark, this dependency is superlinear, as the Iuc depends

40



CHAPTER 1. STATE OF THE ART

only on the excitation energy distribution and not on the triplet excitons collisional probabil-

ity.

At this point, an observation is mandatory. Eq. 1.38 gives an overestimation of the global effi-

ciency, because the annihilation probability PTTA is not exactly 100% in UC-centers where an

odd number of triplets is generated. Therefore, at a given excitation intensity the exact QYuc
should be calculated considering also the presence of the unpaired exciton that does not con-

tribute to the upconverted emission. Considering an excitation intensity equal to Ith, which

sets an average number of triplet excitons TE = 1.7 in each UC-center, I calculated the frac-

tion of UC-centers Pn that contain n triplet excitons and the contribution to the QYuc of each

Pn through the corresponding PTTA,n and the results are reported in Tab. 1.1. For instance,

n < 2 n ≥ 2, even n = 3 n = 5 n = 7 n = 9 …

Pn 0.5 0.33 0.15 0.02 0.002 < 0.0001 …

PTTA,n 0 1 0.66 0.80 0.85 0.9 …

Table 1.1: Distribution of the excitation energy in the UC-centers ensemble calculated considering that

for Iexc = Ith the average exciton number per UC-center is 1.7. The UC-centers fraction Pn containing

n excitons was calculated using the Poisson binomial distribution.

when each UC-center contains n = 3 excitons, only two of them can interact, thus the PTTA

is 2
3
= 0.66. Referring to Tab. 1.1, the fraction of UC-centers that contain n ≥ 2, with n

even, is (0.5− 0.15− 0.02− 0.002− ... ≈ 0.33) and for these centers the probability to have

annihilation is PTTA = 1.

Therefore, the QYuc at Iexc = Ith calculated as the limit of the series

QYuc(Ith) = lim
n→∞

1

2
fΦETΦfl

∑
n

Pn × PTTA,n =
1

2
fΦETΦfl × 0.45 (1.40)

overestimates of less than 10% the approximated efficiency calculated considering all the UC-

centers containing n ≥ 2 UC-bright with PTTA = 1.

Importantly, from Eq. 1.38 it is also clear that the TTA rate and efficiency lose their dependency

on the excitation intensity in confined systems, because if the excitation energy distribution

is such to allow the TTA, it always takes place. Moreover, Eq. 1.16 cannot be employed to

describe confined systems, because, by changing the excitation power, the same upconverted

emission dynamics is expected, given the achieved TTA rate independence of the excitation

power.
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1.8.2 Nanostructures featuring a size distribution

Considering single-sized nanostructures is instructive, but this modelling applies to a restricted

number of systems that grant high dimensional control. For a more general perspective UC-

centers showing a size distribution should be considered. The aforementioned nanostructured

glassy polymers constitute a possible system where the UC-centers, considered as spheres of

radius r, are the liquid nanodomains, containing the upconverting dyes, embedded in the rigid

polymeric matrix. Given the nature of the polymer synthesis and nanostructuring, it is not

reasonable to expect and assume that all the liquid nanodomains show the same size. In this

regard, it has been demonstrated that homogeneous growth or structuring processes usually

result in an ensemble of structures with size r well described by a log-normal distribution

L(r)266, 267

L(r) =
1√
2πσr

e−
(ln(r)−µ)2

2σ2 (1.41)

where µ and σ are the mean value and the standard deviation of ln(r), respectively.

The upconversion activity of such a system is still determined by the excitation intensity that

sets the average exciton density in the ensemble but, importantly, the difference with the

single-size case is that now the UC-centers in the ensemble become active for the upconver-

sion process at different powers according to their size. To model the UC performances of this

system, I approximate the ensemble to a discrete set of UC-centers with different r to which

apply Eq. 1.37, and I calculate the cumulative probability Pn≥2 as a function of Iexc by means of

a size-specific binomial distribution, multiplied by L(r). Larger structures host indeed a larger

amount of sensitizers that increase their absorption ability if compared to smaller structures,

and this effect must be taken into account to evaluate correctly the Pn≥2 (Iexc) value, because

the weight of larger centers is greater in determining the system’s UC performances. Consid-

ering that the sensitizers concentration is proportional to the UC-center volume, I assume a

linear relationship between absorption and UC-center radius r. The overall sTTA-UC perfor-

mances are thus determined by an ”effective” log-normal distribution L′
(r) that accounts for

the greater absorbing ability of the bigger UC-centers

L(r)
′
=

1√
2πσr

e−
(ln(r)−µ)2

2σ2 × r (1.42)

Thereby, Eq. 1.38 evolves to the more general expression

QY confined
uc (Iexc) ≈

1

2
fΦETΦfl

∑
r

Pn≥2(Iexc)L
′
(r) (1.43)
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This equation is a powerful tool to obtain information about the nanostructure size distribution

in nanostructured polymers and allows to determine the mean size of the UC nanostructures

by fitting the QYuc vs Iexc experimental data. From the µ and σ parameters one can get the

mean nanostructure radius r by:268

r = eµ+
σ2

2 (1.44)

It is worth stressing that in this description, L(r) describes the real UC-center size distribu-

tion, while L(r)′ is the ”effective” log-normal distribution that describes the UC performances

of the ensemble, as if the UC-centers were distributed according to L(r)′ .

From Eq. 1.43 it is also clear that the only effect on the UC performances of varying the

nanostructure size is to change the excitation energy distribution, i.e. the Iexc at which each

nanostructure becomes UC-bright, and ultimately the excitation threshold intensity, without

affecting the maximum yield achievable. It is worth pointing out also that the single-size re-

sults can be retrieved as a special case of the more general discussion, where the cumulative

probability Pn is neglected, as all the UC-centers behave in the same exact way.

The proposed model allows to reproduce experimental results on nanostructured upconvert-

ers, as highlighted in Chapters 6 and 7, and, importantly, in Chapter 9 I show how it can be

employed to investigate the effects of the exciton confinement on the QYuc dependency on

Iexc especially in relation to different size distributions, and most importantly to obtain useful

guidelines for the future development of upconverting photonic devices operating at subsolar

irradiances suitable for technological implementation.
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In this Chapter, I describe the methods and experimental setups I employed to investigate the

photophysical properties of the systems discussed in this Thesis, probed by means of contin-

uous wave (cw) and time-resolved photoluminescence (PL) measurements.

2.1 Absorption spectra

The Lambert-Beer law gives information about the ability of a species to absorb light at a

given energy, expressed by the molar extinction coefficient ϵ (measured in M−1 cm−1), and

it quantifies the reduction of the initial intensity I0 of the incident light as it propagates into

the sample after a certain path length d. The fraction of light at the excitation wavelength

absorbed by the species is given by its absorbance (A), or optical density (OD). The absorbance

at a specific wavelength depends on the absorbing species concentration M and on the optical

path d covered by the light beam. Specifically, the transmitted intensity after a path length d

is:

I = I0 × 10−ϵMd. (2.1)

The ratio between the transmitted and incident intensity is the transmittance T:

T =
I

I0

and the absorbance is given by:

A = −logT = −log I
I0

therefore,

A = ϵMd. (2.2)
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I recorded the absorption spectra of the samples investigated with a dual beam Varian Cary

50 UV-Vis spectrophotometer in normal incidence conditions. It operates in Czerny-Turner

configuration with a Xe pump lamp and bandpass 1.5 nm and it allows to measure the optical

density for every wavelength in the spectral range of interest. To isolate only the sample’s

contribution to the optical density, I corrected the signals with a baseline, recorded with the

cuvette and solvent for the samples in solutions, and recorded with a blank sample composed of

the polymeric matrix without the upconverting dyes for the solid-state nanostructured glassy

polymers.

2.2 Excitation sources

According to the kind of measurement performed, I adopted continuous wave (cw) or pulsed

lasers as excitation sources, with the energy and pulse width (for time-resolved measurements)

adequate to the sample and kind of measurement to perform. I carried out the steady-state

upconversion photoluminescence (PL) investigations with a cw Coherent Verdi 532 nm laser,

except for Chapter 8 where I employed a DPSS 635 nm laser (model MRL III635).

To perform the time-resolved PL measurements I employed different pulsed excitation sources,

such as a 532 nm Nd:YAG pulsed laser (Laser-Export Co. LSC-DTL-374QT, pulse width 5 ns),

with tunable repetition rate between 0 and 10 kHz, or pulsed lasers of the EPL series from

Edinburgh Instruments, with emission wavelength of 405 nm and 510 nm and typical pulse

width of 60 ps, with repetition rate tunable from 2.5 kHz to 20 MHz, and the 380 nm laser of the

EPLED series, with repetition rate tunable from 20 kHz to 10 MHz. The short pulse width al-

lows to correctly measure fast recombination lifetimes without artifacts from the instrumental

response.

2.3 Power-dependent photoluminescence measurements

The excitation intensity plays a crucial role when studying an upconverting system, since it

sets the density of excited states available and therefore it influences the efficiency of the an-

nihilation process. As such, power-dependent measurements are a key tool to investigate the

properties of upconverting systems, allowing to extract information like the excitation thresh-

old intensity or to determine what trend the upconverted emission follows upon changing the

population of triplet states in the system. I performed all the cw power-dependent measure-
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ments reported in the next Chapters adopting the following procedure. I employed a Coherent

Verdi cw laser at 532 nm as excitation source, provided with TTL modulation. To remove the

fundamental harmonic of Nd:YAG and the 808 nm emission of the pumping diode, I added a

line filter (FL532-10, Thorlabs) right after the laser output. I modulated the excitation intensity

by means of neutral filters with varying optical density (Thorlabs and Edmund Optics), from

0.1 to 4 OD. I focused the excitation beam on the sample using a focusing lens, and the sample

emission was collimated and focused on a optical fiber taking the signal to the detector. I also

used a notch filter (NF533-17, Thorlabs) in emission to remove the laser stray light. I employed

a nitrogen-cooled charge-coupled device (CCD Spex 2000) coupled to a polychromator (Triax

190 from J-Horiba) with a spectral resolution of 0.5 nm for signal detection. With this de-

tector it is crucial to focus the signal from the optical fiber on the spectrometer entrance slit

with a collimating lens and a focusing lens. It is possible to choose among three diffraction

gratings with different groove density, according to the needed dispersion. For the aim of this

work I did not need high resolutions, but I was interested in a wide spectral range, so I al-

ways worked with the 150 grooves/mm diffraction grating (Jobin-Yvon). The laser irradiance

was measured with a Thorlabs S120VC photodiode power sensor. Moreover, when performing

power-dependent measurements comparing different samples it is mandatory to compare the

performances taking into account the power densities, calculated from the incident power and

spot size. To measure the spot size I adopted the knife-edge method: I sequentially measured

the incident power by gradually blocking the laser beam. Since the laser profile I used was

gaussian, the intensity profile obtained followed a sigmoid curve. By fitting the first derivative

of the sigmoid profile with a gaussian function, I extracted the full width at half-maximum of

the gaussian beam. For convention, I assumed as laser spot the area accounting for 95% of the

signal. Importantly, I corrected the spectra for the instrumental response, procedure especially

critical when comparing the PL intensities and spectra in different spectral ranges.

For the power-dependent measurements reported in Chapter 8 I followed the same procedure

but using the 635 nm laser as excitation source, provided with TTL modulation. In this case, I

employed a 635 nm notch filter (FLH635-10, Thorlabs) to reduce the stray light.
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2.4 Steady-state photoluminescence measurements

The second setup I employed to record photoluminescence spectra is a fluorescence spec-

trophotometer (Varian - Cary Eclipse) that allows to record the photoluminescence spectra by

selecting with a monochromator the desired excitation wavelength over a wide wavelength

range from the emission spectrum of a Xe lamp. The sample photoluminescence spectra can

be acquired over a wavelength range between 190 nm and 1100 nm and the signal from each

wavelength in the emission spectra is recorded by a photomultiplier tube. To reduce the stray

light I carried out the measurements in anti-reflection configuration.

Regardless of the experimental setup employed, for quantitative comparisons, such as to cal-

culate the energy transfer efficiency, I performed the comparative measurements in the same

experimental conditions (excitation fluence, accumulation time, and geometry) and samples

optical density at the excitation wavelength. When the samples optical density was not the

same, I corrected the spectra for the fraction of photons absorbed to have comparable results.

2.5 Time-resolved measurements

Time-resolved experiments allow to determine the lifetime of the excited states generated af-

ter photoexcitation, but also to get meaningful information about the photophysical processes

occurring in the systems such as energy transfer or annihilation rates. These measurements

require a pulsed excitation source, in order to analyze the time decay of the emission under

consideration after a laser pulse of given repetition rate. The repetition rate fixes the time be-

tween two successive pulses and it has to be chosen properly as it has to be slower than the rate

of the photophysical processes governing the emission. I selected the emission wavelength by

a 74 100 Cornerstone 2601/4 (ORIEL) monochromator (15 nm band pass) and I recorded the

signal intensity using a nitrogen cooled Hamamatsu R5509-73 photomultiplier coupled with a

high-speed amplifier (Hamamatsu C5594), and a PCI plug-in multichannel scaler ORTEC 9353

time digitizer/MCS in a photon counting acquisition mode, with a temporal resolution of 100

ps. This instrument allows to acquire a maximum time span of 6.7 ms.

To investigate the delayed upconverted emission on a µs-ms timescale, I modulated the cw

532 nm laser (or the cw 635 nm laser in Chapter 8) with a TTi TG5011 wavefunction generator

producing square signals, affording a time resolution better than 0.1 µs. Also for these stud-
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ies, the excitation intensity was adjusted and tuned using neutral filters with varying optical

density.

I performed the fluorescence and phosphorescence time-resolved measurements as a function

of temperature reported in Chapters 6 and 7 by using the II harmonic of Nd:YAG Continuum

Minilite laser (10 ns pulse width), detecting the luminescence decay with an Edinburgh LP90

flash photolysis setup.

Finally, I performed the time-resolved measurements to determine the phosphorescence life-

time and decay behavior of the sensitizer reference samples in Chapters 6 and 7 employing the

Varian - Cary Eclipse fluorescence spectrophotometer, as the pulsed Xe lamp allows to record

the emission kinetics over several hundreds of milliseconds.

As for the steady-state measurements, for quantitative comparisons, I performed the com-

parative measurements in the same experimental conditions (excitation fluence, accumulation

time, and geometry) and samples optical density at the excitation wavelength. When the sam-

ples optical density was different, I rescaled the intensities accordingly to have comparable

results.

2.6 Ultrafast time-resolved measurements

For the ultrafast time-resolved measurements discussed in Chapter 5, I employed a mode-

locked ultrafast Coherent Mira 900 source that uses a Ti:Al2O3 crystal as gain medium. This

crystal is pumped with a cw Coherent Verdi V-10 diode-pumped laser, which provides a 10 W

532 nm emission. The Ti:Al2O3 crystal amplifies any wavelength from 710 and 1000 nm with

peak width of 200 fs. The pulse repetition rate is fixed at 76 MHz and the emission energy can

be doubled by a nonlinear optical crystal of beta barium boride (BBO). To detect the ultrafast

decays on a ps timescale, I used a Hamamatsu C5680 streak tube coupled to a Hamamatsu

digital CCD camera C4742-95. The temporal resolution of the whole system is less than 2 ps.

2.7 Fluorescence and upconversion quantum yield

An important parameter that characterizes a luminescent species is its emission quantum yield

(Sec. 1.1), that gives the fraction of the absorbed photons that are emitted, i.e.

QY =
number of photons emitted
number of photons absorbed

(2.3)

48



CHAPTER 2. METHODS

Analogously, one of the parameters used to quantify the performance of an upconverting

system is the upconversion quantum yield, defined as the fraction of absorbed photons that

are emitted at higher energy:

QYuc =
number of photons upconverted
number of photons absorbed

(2.4)

In this work, I performed the measurements of fluorescence QY and QYuc following a relative

method, i.e. using a fluorophore or an upconverting solution with known quantum yieldQYref
as reference, according to the following equation:28

QYsample = QYref ×
1− 10−A

ref

1− 10−A
sample

× Isample

Iref
×
n2
sample

n2
ref

(2.5)

where A is the absorbance at the excitation wavelength, so 1−10−A is the fraction of photons

absorbed; I is the PL intensity and n is the refractive index of the sample’s medium. I pre-

pared the samples and reference solutions with optical densities at the excitation wavelength

as similar as possible and, importantly, with A < 0.1, to limit concentration-related issues,

such as inner filter effects or self-absorption, that lead to misleading results. Importantly, to

draw meaningful information, I performed the measurements on the sample and the relative

reference under the same experimental conditions. It is worth noting that the photolumines-

cence quantum yield is usually quantified by using an integrating sphere. However, in this

context, this method can easily give wrong results because of the typical partial sensitizer re-

absorption of the upconverted light and the power-dependent nature of the sTTA-UC. For a

reliable evaluation of the sTTA-UC quantum yield using an integrating sphere, it is essential

to carry out the experiment so that the excitation power density is above the threshold in

the entire excited volume. This condition is barely achievable in an integrating sphere, where

the upconverted emission is scattered and it is partially reabsorbed by the sample itself. This

reabsorbed light, however, has not an irradiance comparable to the threshold level and there-

fore re-generates upconverted photons with an unpredictable efficiency, but typically rather

low. In the last years, some researchers thoroughly investigated this issue,269 and at least for

scattering-free and high-absorption samples, relative measurements are more reliable than the

absolute evaluation of theQYuc, which usually overestimates the residual donor emission and

underestimates the upconverted intensity. The relative experiment allows indeed to accurately

measure the intensity of the upconverted emission in a limited and controlled volume where
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the process shows its maximum efficiency. Moreover, the use of a front geometry for the emis-

sion detection allows to limit reabsorption effects. Therefore, I measured all the QYuc values

reported in this Thesis following the relative method.
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Broadband hybrid sensitizers

3.1 CdSe and Au:CdSe Nanocrystals

3.1.1 Chemicals

Gold(III) chloride hydrate, (99.99%), L-glutathione (≥98%), tetrabutylammonium bromide

(≥98%), 1-dodecanethiol (≥98%), ultrapure water (Chromasolv Plus, for HPLC), sodium myris-

tate (≥99%), selenium powder-100 mesh (99.99%), oleic acid (≥90%), cadmium nitrate tetrahy-

drate (≥98%), 2-propanol (≥99.8%), ethanol (≥99.8%), methanol (≥99.8%), toluene (≥99.5%),

1-octadecene (≥90%), 9-anthracene carboxylic acid and 9,10-diphenylanthracene were pur-

chased from Sigma-Aldrich.

3.1.2 Synthesis of CdSe nanocystals

CdSe nanocrystals (NCs) were synthesized following a well-established procedure270 according

to a heat-up method, starting from a Cd-myristate precursor following an ex-situ method,

where 0.05 M of cadmium nitrate dispersed in 40 mL methanol were loaded in 0.025 M of

sodium myristate dispersed in 240 mL of methanol. The white precipitate obtained was then

washed twice with methanol and to remove the solvent it was dried under vacuum. A reaction

mixture was then prepared by adding 0.1 mmol of Cd-myristate to 0.05 mmol of Se powder

in a 25 mL flask containing 6.38 mL of 1-octadecene (ODE) and 1 mL of oleic acid (OA) and

put under vacuum for 15 minutes. This mixture was then heated to 210 °C for 1 hour and
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kept under nitrogen flux. To remove the OA in excess and unreacted precursors, the resulting

NCs were purified via centrifugation (4500 rpm, 10 minutes) twice using hexane/ethanol as

co-solvents.

3.1.3 Synthesis of gold clusters and doped CdSe nanocrystals

Doped NCs can be obtained according to different methods, such as growth doping271, 272 or

cation exchange.273–275 In this work, a nucleation doping route was followed, where metal

quantum clusters, consisting of a core of metal atoms held together by stable metal-metal

bonds were employed as seeds for the NCs nucleation.276–278 Metal quantum clusters are

monodispersed particles inherently composed of a precise number of atoms (the so-called

”magic numbers”), depending on the nature of the atom itself. The advantage afforded by this

method is that the resulting NCs have a ”quantized” doping, as each NC contains the same

amount of impurities and therefore has the same photophysical properties resulting from dop-

ing. This is a fundamental novelty with respect to conventional doping approaches that lead

to the incorporation of the dopants in variable number, yielding a statistic distribution of the

doping level across the ensemble. Monometallic clusters composed of seven gold atoms (Au7)

were employed as nucleation seeds for cadmium selenide (CdSe) NCs, with glutathione (GHS)

as capping ligands.278

Au7-GSH clusters were synthesized according to a published procedure,279 where 2 mL of

gold(III) chloride hydrate HAuCl4 (0.02 M) were mixed with 0.6 mL of L-glutathione (0.1 M)

together with 17.4 mL of ultrapure water. This mixture was vigorously stirred for 24 hours

at 70 °C, and the resulting clusters were purified adding isopropanol to the solution with a

1:2 volume ratio and centrifuged at 6500 rpm for 20 minutes. This purification process was re-

peated three times and the final purified clusters were dispersed in ultrapure water. To transfer

the clusters in an organic environment, a ligand exchange procedure was carried out. To this

aim, ∼0.3 mL of NaOH 1 M were loaded in 5 mL of the Au7-GSH solution (76 µM) until a

pH ∼9.0 was reached, along with 5 mL of tetrabutylammonium bromide 0.02 M in ethanol.

This mixture was vigorously stirred for 2 minutes and then 0.15 M of 1-dodecanethiol (DDT)

dispersed in 5 mL of toluene were added. After heating the mixture to 70 °C under vigorously

stirring for 1 hour, the organic phase was separated, washed three times with ultrapure water

to eliminate the water-soluble impurities and the resulting Au7-DDT clusters were dispersed

in ODE.
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The gold clusters were then employed as nucleation seeds for the doped NCs (Au:CdSe), fol-

lowing a procedure similar to the one adopted for undoped NCs. The only difference is that

2.5 mL of Au7-DDT clusters 76 µM were added to the reaction mixture. This synthesis yielded

NCs with diameter 2.5 nm.

For comparative analyses also NCs with different diameter, 2.3 nm and 2.85 nm, were synthe-

sized. To obtain NCs with diameter 2.85 nm the reaction mixture was heated for 2 hours, while

to obtain NCs with diameter 2.3 nm the synthesis was carried out with an excess of OA, with

2 mL of OA instead of 1 mL added to the reaction mixture.

3.1.4 Ligand exchange

The undoped and doped NCs so produced were covered with a shell of OA ligands to stabi-

lize the NCs. A ligand exchange process was mandatory to decorate the NCs surfaces with

9-anthracene carboxylic acid (9-ACA), which was employed as bridge to transfer the excitons

harvested on the NCs to the emitters via a Dexter energy transfer. To do so, 1 mL of 9-ACA

dispersed in toluene (2.5 mg/mL) was added to 0.5 mL of NCs (both for the doped and un-

doped NCs) dispersed in toluene and the mixture was stirred overnight at 50 °C. According

to literature, this procedure yields about three 9-ACA molecules per nanocrystal bound to the

surfaces.208

Since oxygen is an effective quencher of the triplet states,42, 280 this procedure was carried out

in a glovebox under nitrogen atmosphere (with oxygen concentration below 1 ppm and water

concentration below 0.5 ppm). All the samples were prepared in the glove box, loaded in 1

mm quartz cuvettes, and sealed with hot glue and parafilm to prevent oxygen contamination.

3.1.5 Material characterization

The elemental analysis of clusters and doped NCs, thoroughly reported in Ref.,278 performed by

electrospray ionization mass spectrometry (ESI-MS), X-ray fluorescence and inductively cou-

pled plasma atomic emission spectroscopy (ICP-AES), along with optical spectroscopy mea-

surements, indicates that each Au:CdSe NC in the ensemble contains seven gold atoms and

confirms that the growth of the doped NCs is triggered by single Au7 clusters, which act as

a ”quantized” source of dopant impurities. ICP mass spectroscopy indicates that the doping

level is ∼0.4 at%, corresponding to 7±2 Au atoms per NC.278

Structural characterization of nanocrystals. High-Resolution Transmission Electron Mi-
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Figure 3.1: Au:CdSe nanocrystals (NCs) characterization. (a) TEM imaging and (b) size distribution of

Au:CdSe NCs with a mean particle diameter of 2.3 ± 0.4 nm. The black line is the Gaussian fit to the

experimental data. (c), XRD pattern of Au:CdSe NCs indicating a zincblende crystal structure.

croscopy (HR-TEM) imaging was performed on a JEOL JEM-2200FS microscope equipped with

a field emission gun working at an accelerating voltage of 200 kV, a CEOS spherical aberration

corrector of the objective lens, allowing to reach a spatial resolution of 0.9 Å, and an in-column

Omega filter. Powder X-ray Diffraction (XRD) patterns were acquired in Bragg-Brentano ge-

ometry with CuKα radiation (Panalytical X’Pert Pro powder diffractometer).

In Figure 3.1 a representative characterization of Au:CdSe NCs with diameter 2.3 nm is re-

ported.

I estimated the NCs size R from the 1S peak wavelength λ, according to an established empir-

ical formula:281

R = (1.6122× 10−9)λ4− (2.6575× 10−6)λ3+(1.6242× 10−3)λ2− (0.4277)λ+41.57 (3.1)

From the size R I also estimated the nanocrystals’ VB and CB energies in the effective mass

approximation,161 for a direct comparison with the 9-ACA highest occupied molecular orbital

(HOMO) level and with the dopant energy level, according to:

V BNC = V Bbulk −
ℏ2π2

2mhR2
(3.2)

CBNC = CBbulk +
ℏ2π2

2meR2
(3.3)

where VBbulk = -6 eV and CBbulk = -4.3 eV are the corresponding VB and CB energies in bulk

CdSe,282 mh = 0.45m0 and me = 0.13m0 are the hole and electron effective mass in CdSe,

respectively. Considering NCs with R=2.3 nm, the resulting VB and CB are ∼-6.16 eV and

∼-3.75 eV.
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3.2 CdSe Nanoplatelets

3.2.1 Chemicals

1-Octadecene (technical grade 90%, O806-1L), oleic acid (90%, 364525-1L), Cadmium acetate

dihydrate (Cd(OAc)2(H2O)2, 98%, 317131000) were purchased from Acros Organics. Selenium

powder -200 mesh (Se, 99.999%, 36208) was purchased from Alfa Aesar. Hexane (95% n-

hexane, analytical reagent grade, H/0355/21), toluene (analytical reagent grade ≥ 99.8%,

T/2300/17) and tetrahydrofuran (THF, analytical reagent grade 99.99%, T/0701/17) were pur-

chased from Fisher Chemical. 9-anthracene carboxylic acid (99% A8,940-5) (9-ACA), perylene

(≥99%) and 9,10-diphenylanthracene (DPA) were purchased from Aldrich. Absolute ethanol

(20821.330) was purchased from VWR chemicals. All molecules were used as received.

3.2.2 Synthesis of 5-monolayer thick CdSe nanoplatelets

Preparation of cadmium myristate [Cd(myristate)2]. Cadmium myristate was synthe-

sized following a modified protocol by Hendricks et al.,283 where 5.75 g CdO and 20 ml ace-

tonitrile were combined in a 100-ml round-bottom flask and the mixture was stirred and cooled

in an ice bath. Then, 0.7 ml trifluoroacetic acid and 6.2 ml of trifluoroacetic anhydride were

added. After 10 min, the ice bath was removed and the flask heated at 50 °C until the solution

turned white. In a 500-ml Erlenmeyer flask, 20.6 g myristic acid, 180 ml 2-propanol, and 14.0

ml of triethylamine were mixed and stirred. The cadmium trifluoroacetate solution was then

slowly added to the myristic acid solution while stirring. The resulting white precipitate was

vacuum filtered through a fritted glass funnel and rinsed thoroughly with methanol. The final

product was dried in a vacuum oven at 40 °C and stored under ambient conditions.

Synthesis of 5-monolayer-thick (5ML)CdSenanoplateletsThe CdSe nanoplatelets (NPLs)

synthesis adopted was slightly modified from a protocol by Tessier et al.,284 where 170 mg

Cd(myristate)2, 12 mg Se powder, and 15 ml ODE were added to a 100-ml round-bottom flask

and degassed under vacuum for 30 min. Then, the mixture was heated up to 240 °C under

nitrogen. At 200 °C, 80 mg Cd(acetate)2 dihydrate was added. The mixture was kept at 240 °C

for 8 min. Afterwards, the reaction flask was cooled using an air gun to 150 °C. During this

cooling step, 0.5 ml OA was added when the temperature reached 180 °C. Once at 150 °C, the

flask was placed in a water bath and cooled to room temperature, and then 5 ml hexane was
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added. The mixture was centrifuged at 7500 rpm (5849 g) at 25 °C for 10 min. The precipitate

was re-dispersed in 5 ml hexane and centrifuged at 7000 rpm (5095 g) for 8 min. Unwanted

3-monolayer NPLs were removed through precipitation. The 5-monolayer NPLs in the super-

natant were then stored in the dark under ambient conditions. Centrifugation was performed

using a Sigma spin control 3-30k centrifuge, with the 19776 rotor (6 x 50 mL tubes, fixed angle).

3.2.3 Samples preparation for photophysical studies and ITC

To maximize the solubility of NPLs, a solvent mixture of hexane, THF and toluene (ratio

80:15:70) was employed to disperse the samples. Stock solutions of each component were

prepared in a glove box (NPLs in hexane, 9-ACA, DPA and perylene in the solvent mixture).

Specifically, two stock solutions of 9-ACA in the solvent mixture were prepared. The high con-

centration solution was prepared dissolving 1.2 mg of 9-ACA in 3.5 mL of the solvent mixture,

while the second was prepared by diluting the high concentration solution by a factor of 10.

Then, the NPLs, 9-ACA and perylene/DPA were mixed to the desired ratio right before each

measurement. For instance, to obtain a surface ligand density of 0.45 nm−2, the procedure is

the following. 274 µL of nanoplatelets in hexane (with optical density 0.12 at the 1S transi-

tion in 1 mm cuvette) were evaporated and re-dispersed in 185 µL of solvent mixture. Then,

20 µL of the dilute stock solution were added. The maximum surface coverage of 24 ligands

per nm−2 was achieved by adding 80 µL of the dilute stock solution and 100 µL of the con-

centrated stock solution. For the titration experiments, each component was dispersed in the

mixed solvent to avoid changing the ratio of the solvent mixture during the titration process.

All the samples were prepared in the glove box with oxygen concentration below 1 ppm and

water concentration below 0.5 ppm, loaded in 1 mm quartz cuvettes, and sealed with hot glue

and parafilm to prevent oxygen contamination.

3.2.4 Material characterization

Transmission Electron Microscope. The samples were prepared by drop casting a hexane

dispersion of NPLs onto a carbon coated copper Transmission Electron Microscope (TEM)

grid. The grid sat on filter paper during the drop casting to assist the solvent drying. TEM

imaging was carried out using JEOL1400 TEM with an acceleration voltage of 120 kV. The

TEM analysis estimated a NPLs surface area of ∼127 nm2 (Fig. 3.2a).

Isothermal Titration Calorimetry. Isothermal Titration Calorimetry (ITC) experiments
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Figure 3.2: (a) TEM image of CdSe nanoplatelets (NPLs). The average lateral size is 15.5 nm x 8.2 nm

(127.1 nm2). b) ITC of NPLs decorated with 9-ACA ligands measured in three different runs. The average

inflection point occurs at 1.4 ACA nm−2. The calculated average binding constant (Ka) of 9-ACA to the

NPLs surface is 3.7× 108 M−1.

were performed with a Nano ITC Low Volume from TA Instruments (Eschborn, Germany).

The temperature was set to 25°C during all measurements. The effective cell volume was 300

µL, and a stirring rate of 350 rpm was chosen for all experiments. The data of heat vs. molar

ratio were analyzed with an independent binding model using NanoAnalyze software, version

3.5.0 by TA Instruments. The ITC measurements were performed to estimate the amount

of 9-ACA molecules per NPL and whether the native ligands removal and 9-ACA binding

is favored. This technique provides information not only about the maximum ligand density

achievable, but also about the binding constant of the ligands to the NPLs surfaces. Specifically,

the concentrated 9-ACA solution was titrated into a dispersion of NPLs while stirring and the

heat released from the ligand binding events was measured. Because the heat release stops

when the NPL surface is saturated, this allows to estimate the maximum ligand density (Fig.

3.2b, top). Interestingly, 9-ACA exhibits a high binding constant to the NPLs surfaces (Ka = 3.7

× 108 M−1), which indicates that the equilibrium strongly favours the exchange of 9-ACA over

the native ligands. Therefore, it is safe to assume that each 9-ACA introduced in the mixture

binds to the NPLs until surface saturation. As shown in Fig. 3.2b, the maximum ligand density

achievable by considering a homogeneous coverage of the NPL surfaces is 1.4 nm−2.
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Nanostructured systems

3.3 Nanophase-separated polymers

3.3.1 Synthesis of dye-free nanophase-separated polymers

The chemical structure of the components employed in the synthesis are reported in Fig. 3.3.

The chemicals were purchased from Sigma-Aldrich, ABCR, Acros Organics, TCI (Tokyo Chem-

ical Industry Co., Ltd.) or Inochem, Ltd. (Frontier Scientific, Inc) and were used as received. A

20 mL vial equipped with a stir bar was charged under ambient conditions with cetyltrimethy-

lammonium chloride (9, CTAC, 250 mg), 2-hydroxyethyl methacrylate (2, HEMA, 2.66 g),

methacrylic acid (665 mg), triethylene glycol dimethacrylate (4, TEG-diMA, 175 mg), butyl

benzoate (8, BuBz, 500 mg) and triethylene glycol (750 mg). The mixture was heated in an

Figure 3.3: (a) Chemical structures of the green-to-blue upconverting polymer components: (1)

methacrylic acid, (2) 2-hydroxyethyl methacrylate, (3) triethylene glycol, (4) triethylene glycol

dimethacrylate, (5) 2-mercaptoethanol, (6) H2O2, (7) dimethylthiomethane, (8) butyl benzoate, (9)

cetyltrimethylammonium chloride, (10) Pd(II) octaethylporphyrin, (11) 9,10-diphenylanthracene. (b)

Proposed reaction scheme for the initiation process. A halide ion is first oxidized by reacting with

H2O2, producing a hypohalous acid which is subsequently attacked by a thiol to give a sulfenyl halide.

Finally, decomposition by homolytic cleavage of the sulfur/halogen (S-X) bond produces the radicals

needed to initiate the polymerization. X=Cl, Br.

oil bath to 80 °C and stirred for 20 min to appear clear and homogeneous. The mixture was

then removed from the oil bath and an aqueous solutions of H2O2 (6, 30%, 10 mg) and 2-
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mercaptoethanol (5, 2-ME, 10 mg) were subsequently added. The mixture was briefly shaken

and allowed to react for 1-2 min before dimethylthiomethane (7, DMTM, 27 mg) was added

and the mixture was shaken again. The final mixture was filtered warm through a 0.2 µm

PTFE-filter into either an optical glass cuvette or a 10 mL glass vial. The still clear mixture was

left overnight at room temperature to obtain a transparent, hard material, which was kept in

a sealed cuvette and used for quantitative optical measurements.

3.3.2 Synthesis of upconverting nanophase-separated polymers

Following the previous procedure, three upconverting systems were prepared, working in dif-

ferent spectral ranges. The green-to-blue upconverting material was prepared by substituting

the butyl benzoate with a solution of palladium(II) octaethylporphyrin (10 in Fig. 3.3, PdOEP,

either 2×10−4 M or 8×10−4 M) in butyl benzoate (500 mg) and adding 9,10-diphenylanthracene

(11, DPA, 25 mg). Assuming a final material density of 1 g cm−3, the chromophore concen-

trations were 2 × 10−5 M or 8 × 10−5 M for PdOEP and 1.5 × 10−2 M for DPA. The dyes

concentrations were also experimentally determined by means of absorption measurements

and using the Lambert-Beer law and the sensitizer and emitter extinction coefficients to cal-

culate the molar concentrations (Fig. 3.4a).

The red-to-blue upconverting material was prepared by substituting the butyl benzoate with

a solution of palladium(II) tetraphenyltetrabenzoporphyrin (PdTPBP, 2 × 10−4 M) in butyl

benzoate (500 mg) and adding 2,5,8,11-tetrakis(tert-butyl)perylene (TBPe, 4.8 mg). Assuming

again a final density of 1 g cm−3, the chromophore concentrations were 2×10−5 M for PdTPBP

and 2× 10−3 M for TBPe.

The near-infrared-to-yellow upconverting material was prepared by substituting the butyl

benzoate with a solution of palladium(II) octabutoxyphthalocyanine (Pd(OBu)8Pc, 10−5) in

butyl benzoate (500 mg) and adding rubrene (1 mg), corresponding to the final chromophore

concentrations 10−5 M for Pd(OBu)8Pc and 1.8×10−4 M for rubrene. The molecular structure

of these two dye pairs are reported in Fig. 3.4b,c.

3.3.3 Material characterization

Differential scanning calorimetry. To get preliminary information about the polymers’

composition, the materials’ glass transition temperature Tg was determined through differ-

ential scanning calorimetry measurements (DSC) on dye-free samples employing a Mettler-
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Figure 3.4: (a) Molar extinction coefficients of PdOEP (red line) and DPA (blue line) in BuBz. (b,c)

Molecular structure of the sensitizer/emitter dye pairs for the red-to-blue upconverting material (panel

b) and for the near-infrared-to-yellow upconverting material (panel c). The molecules are palladium(II)

tetraphenyltetrabenzoporphyrin (PdTPBP) and 2,5,8,11-tetrakis(tert-butyl)perylene (TBPe) for the first

composition, and palladium(II) octabutoxyphthalocyanine (Pd(OBu)8Pc) and rubrene for the second

composition.

Toledo DSC-1 equipped with a Huber TC100 cooling regulation system. To test the effects of

butyl benzoate on the Tg itself, two samples were prepared, with and without butyl benzoate,

following the procedure reported in Sec. 3.3.1 simply omitting the solvent in the second case.

The measurements consisted of three heating cycles and were repeated three times for each

sample. The first heating resulted in an endotherm assigned to water evaporation and was

omitted for clarity, while the second and third heating cycles were equivalent, as reported in

Fig. 3.5. The midpoint of the step change in the heat capacity is reported as the glass transition

temperature. Importantly, the Tg recorded for the polymer containing the solvent lies between

50 and 52 °C, consistently with the results obtained with nanostructured materials with a simi-

lar composition.262 Moreover, the polymer not containing the solvent has a Tg between 50 and

53 °C. This is an important result, because the Tg independence on the solvent suggests that the

polymers are biphasic, with the rigid matrix well separated from a liquid phase, rather than

having a mixed phase. The DSC measurements did not highlight other relevant transitions in

the probed temperature range.

Oxygen transmission rate. Since oxygen is an effective quencher of triplet states, it is

paramount for the polymeric matrix to afford efficient and long-lasting protection from it.
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Figure 3.5: Differential scanning calorimetry (DSC) curves of dye-free poly(HEMA-co-MAA-co-TEG

diMA)/CTAC polymers with (red and black curves) and without BuBz (pink and blue curves). All mea-

surements consisted of three heating cycles and were repeated three times per sample. The first heating

featured an endotherm attributed to water evaporation so the relative curves were omitted for clarity,

while the second and third heating yielded equivalent curves. Both materials were prepared using the

same procedure except for the addition of BuBz. The glass transition temperature (Tg) recorded for the

BuBz-containing material falls between 50-52 °C, whereas it is between 50-53 °C without BuBz, consis-

tent with a biphasic system. No other transitions were observed in the probed temperature range.

To probe this property, oxygen transmission rate (OTR) measurements were performed with

a Mocon OX-TRAN MH 2/20 and SH 2/20 following the standard ASTM F1927-14. For these

characterization, ∼ 0.2 mm thick polymer films, both dye-free and containing the green-to-

blue upconverting dyes, were prepared, according to the procedure in Sec. 3.3.1 and filtering

the final warm mixture into a petri dish acting as a mold with 0.2 mm stoppers and covered with

a second petri dish to homogenize the film thickness. The resulting films were then extracted

from the mold and cut into 4.5 × 4.5 cm2 pieces. The OTR measurements were performed

on triplicates of each film. Interestingly, the values found and reported in Tab. 3.1, expressed

in cm3 (m2 day atm)−1, are similar to those of poly(ethylene terephthalate) and polyamide

6, that are well-known polymers widely used for technological applications, as they afford a

significant protection from atmospheric oxygen.285, 286

Morphological studies

For the polymers morphological characterization different approaches were tested. In the first

place, the polymers’ structure was investigated through scanning electron microscopy, with a

MIRA 3 LMH field-emission electron microscope (Tescan, Brno, Czech Republic), and to pre-
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Sample Dye-free material Upconverting material

1 1.27 1.05

2 1.27 1.08

3 1.20 0.72

Average 1.24 ± 0.04 0.95 ± 0.19

Table 3.1: Oxygen transmission rate values obtained for triplicates of films of the dye-free nanophase-

separated polymer and the green-to-blue upconverting nanophase-separated polymer, respectively. All

values are given in cm3 (m2 day atm)−1.

vent charging, the polymers were sputter-coated with a 2 nm thin layer of Pt/Pd (80:20) alloy

prior to imaging. But this technique did not afford useful information about the coexistence of

multiple phases, possibly because the small features collapse under imaging conditions, when

the freshly fractured surfaces are exposed to ambient conditions.

Time-domain nuclear magnetic resonance. To circumvent this intrinsic limitation, a dif-

ferent approach was explored, and time-domain nuclear magnetic resonance (NMR) measure-

ments were carried out on a 0.5 T Bruker Minispec mq20 instrument with proton Larmor fre-

quency of 19.9 MHz, equipped with a static probe and a BVT3000 heater temperature control

unit working with nitrogen gas. The temperature was calibrated using an external thermome-

ter with an accuracy of 1 K. The precision is 0.1 K and the temperature is stable within that

range during the measurement. The samples were left for ten minutes in the magnet to ensure

thermal equilibration before starting the experiments.

Free-induction decay (FID) traces for rigid phase determination were acquired after a pulsed

mixed magic sandwich echo (MSE) was performed on each sample with 128 scans. Domain

size calculations were performed on FID traces collected after a MSE refocused Goldman-Shen

sequence, using the Initial Rate Approximation for the sink (rigid) region. The receiver dead

time was set to 12.7 µs, and phase switching time to 2.2 µs while the 90° pulse length was set

to 2.10 µs.

Magic Sandwich Echo. The Magic Sandwich Echo sequence was employed to measure the

rigid fraction fR of the system. This method resolves different populations of protons within

the sample by their mobility and is used to assess phase heterogeneity or to follow phase

transitions such as crystallization. It was also used to provide evidence of the presence of in-

terfaces, in terms of deviations between the amount of rigid and mobile fractions as compared
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Figure 3.6: (a) Time-domain NMR free-induction decay (FID) trace (dotted curve) of the DPA:PdOEP

upconverting nanophase-separated polymer, acquired with Magic Sandwich Echo (MSE) refocusing

block at 303 K. The fitting curve (red solid line) points out a fast Gaussian relaxation that characterizes

the rigid phase, accounting for ∼ 66% of the intensity and a slower exponential relaxation associated

with the mobile phase, accounting for the remaining ∼ 34% of the intensity. (b) Spin diffusion experi-

ment performed on the DPA:PdOEP upconverting nanophase-separated polymer. The raw total, rigid,

and mobile fractions determined by fitting separate experiments with different diffusion times are pre-

sented. To offset τ1 relaxation (τ1 spin-lattice relaxation time), the rigid fraction data were corrected

by pointwise normalization against the total signal intensity, and then fitted with Initial Rate Approx-

imation to extract
√
t0.

to the known proton amounts of the components associated to each phase. A 10 mm NMR tube

containing a small cylinder cut from the upconverting material was prepared. To stabilize the

sample, it was annealed at 353 K for several days directly in the tube before any measurement.

The FID delay of the annealed sample at 303 K reported in Fig. 3.6a is well represented by

a gaussian + exponential fitting, that assumes a system composed of two phases resolved by

molecular mobility. Following the treatment of Maus et al.,287 the FID traces were fitted with

the following equation, yielding the rigid fraction fR:

FID(t)

FID(0)
= fRe

−(t/τ2r )
2

+ (1− fR)e
−(t/τ2m ) (3.4)

The rigid fraction, associated to the gaussian component, is assessed at ∼66%.

SpinDiffusion data analysis. Following the treatment of Mauri et al.,288 it is possible to mea-

sure the time associated to the spin diffusion process by performing Initial Rate Approximation

of the sink phase buildup signal. In a mobile-phase selected experiment, with the dimension-
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ality k (k = 1 for lamellar systems, 2 for cylinders, 3 for spheres or cubes), the mobile phase

width dmob directly follows from
√
t0 according to the equation

dmob =
4k

π

ρrig
√
DmobDrig

ρmob

√
Dmob + ρrig

√
Drig

√
t0 (3.5)

In the nanostructured polymer considered, the proton content of the weighted average of the

mobile and rigid phases is 7.9% and 7.2%, respectively. Considering the mass density of BuBz,

close to unity, and being the density of the rigid fraction close to 1.2 g cm−3, typical of rigid

acrylate polymers, the values of 1 g cm−3 and 1.3 g cm−3 were employed for ρmob and ρrig
respectively. For the spin diffusion coefficient in the rigid phase, the established value Drig =

0.8 nm2 ms−1 was used, while a separate Hahn echo experiment performed on the material’s

mobile phase yielded a τ2 (spin-spin relaxation time) of 0.27 ms, corresponding to a Dmob =

0.42 nm2 ms−1, according to the treatment of Spiess et al.289 Spin diffusion data and analysis

are presented in Fig. 3.6b. Following the treatment in Ref.290 √t0 was estimated to be 13.3 s1/2 ,

and was inserted in Eq. 3.5, therefore, with the approximations adopted, the average liquid

domain diameter resulted 38 ± 6 nm.

3.4 Block copolymer stabilizednanostructured glassy poly-

mers

All chemicals were purchased from Sigma-Aldrich, ABCR, Acros Organics, TCI (Tokyo Chem-

ical Industry Co., Ltd.) or Inochem, Ltd. (Frontier Scientific, Inc) and were used as received.

3.4.1 Preparation of dye-free nanostructured polymers

A 20 mL vial equipped with a stir bar was charged under ambient conditions with

poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol) (PEG-PPG-PEG,

500 mg), 2-hydroxyethyl methacrylate (HEMA, 4.82 g, 4.5 mL), triethyleneglycol dimethacry-

late (TEG-diMA163.8 mg, 0.15 mL) and hexyl benzoate (HexBz, 294 mg, 0.3 mL). The mixture

was heated in an oil bath to 60 °C and stirred for 20 min until clear and homogeneous. The

mixture was then removed from the oil bath and a saturated solution of NaBr in 0.1% aq. HCl

(0.15 mL) was dropwise added under stirring. The stirrer was removed and 30% aq. H2O2 (10

mg) and 2-mercaptoethanol (2-ME, 10 mg) were added sequentially. The mixture was briefly

shaken and allowed to react for 1-2 min before dimethylthiomethane (DMTM, 24 mg) was
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Figure 3.7: Chemical structures of the green-to-blue upconverting polymer components: (1) 2-

hydroxyethyl methacrylate, (2) triethyleneglycol dimethacrylate, (3) poly(ethylene¬glycol)-block-

poly(propyleneglycol)-block-poly(ethyleneglycol), (4) hexyl benzoate, (5) 2-mercaptoethanol, (6) H2O2,

(7) dimethylthiomethane, (8) Pd(II) octaethylporphyrin, (9) 9,10-diphenylanthracene.

added and the mixture was shaken. The mixture was filtered warm through a 0.2 µm PTFE

filter into either an optical glass cuvette or a 10 mL glass vial sealed with a polymer film. The

clear mixture was left to cure for 24 h at room temperature to obtain a transparent, hard ma-

terial, which was kept in the cuvette and used for quantitative optical measurements or in a

glass vial.

For DSC characterization, also samples excluding either HexBz (”Dye-free w/o HexBz”), PEG-

PPG-PEG (”Dye-free w/o PEG-PPG-PEG”), or both (”Cross-linked PHEMA”), were prepared.

The quantities and stoichiometry of all remaining components were identical to that of the

dye-free material. Also, a PEG-PPG-PEG/HexBz mixture was prepared mixing PEG-PPG-PEG

(500 mg) and hexyl benzoate (294 mg, 0.3 mL) in a vial and subsequently heated with a heat gun

to obtain a transparent, homogeneous mixture, which was then cooled to room temperature

before performing DSC analysis.

3.4.2 Preparation of upconverting nanostructured polymers

Following the procedure for the dye-free polymers just presented, three different upconverting

systems were developed. A green-to-blue upconverting material was prepared by substitut-

ing the hexyl benzoate with a solution of palladium(II) octaethylporphyrin (PdOEP) in hexyl

benzoate (2×10−4 M, 294 mg, 0.3 mL). 9,10-diphenylanthracene (DPA, 25 mg, 7.6×10−5 mol)

was added to the PdOEP solution, and the resulting mixture was heated to 60 °C until the dyes

fully dissolved and it was added hot to the pre-polymerized mixture. Assuming a density of 1

g cm−3 for the final material, the chromophore concentrations were 1.9× 10−5 M for PdOEP

and 1.4× 10−2 M for DPA.
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Figure 3.8: DSC traces of the cross-linked (CL) PHEMA (CL-PolyHEMA, blue curve), the cross-linked

PHEMA containing only HexBz (CL-PolyHEMA + HexBz, green curve), the cross-linked PHEMA

containing only the PEG-PPG-PEG (CL-PolyHEMA + PEG-PPG-PEG, purple curve), the dye-free

nanophase-separated polymer (CL-PolyHEMA + PEG-PPG-PEG + HexBz, red curve), and the upcon-

verting nanophase-separated polymer (UC Material, black curve) containing also the upconverting

dyes.

Following this very same procedure, a red-to-blue upconverting system was obtained from

palladium(II) tetraphenyltetrabenzoporphyrin (PdTPBP) in hexyl benzoate (2 × 10−4 M, 294

mg, 0.3 mL) and 2,5,8,11-tetrakis(tert-butyl)perylene (TBPe, 4.8 mg, 10−5 mol) with final chro-

mophore concentrations of 1.9× 10−5 M for PdTPBP and 1.9× 10−3 M for TBPe, and a dark

red-to-yellow upconverting system was produced from palladium(II) octabutoxyphthalocya-

nine (Pd(OBu)8Pc) in hexyl benzoate (10−5 M, 294 mg, 0.3 mL) and rubrene (1 mg, 1.9× 10−6

mol), resulting in the final chromophore concentrations of 9.5 × 10−6 M for Pd(OBu)8Pc and

1.7 × 10−4 M for rubrene. The molecular structure of the two upconverting dye pairs is re-

ported in Fig. 3.4b.

3.4.3 Material characterization

The basic material characterization performed on this class of nanostructured polymers is the

same of that carried out for the nanophase-separated polymers presented in the previous sec-

tion, with the same instrumentation and techniques. The DSC characterization of the dye-free

material and the upconverting system (Figure 3.8) reveals a Tg of 80-84 °C, attributed to the

cross-linked poly(hydroxyethyl methacrylate) (PHEMA) matrix, which has a Tg = 86 °C. At
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Figure 3.9: Images taken during the preparation of the PEG-PPG-PEG/HexBz mixture. (a) Combination

of the two components at room temperature in a glass vial. No mixing is observed. (b) Heating the same

vial as in (a) with a heat gun liquefied the PEG-PPG-PEG and produced a homogeneous, transparent

mixture of the two components. (c) The mixture after being cooled to room temperature appeared

opaque and with a semi-solid consistency.

Figure 3.10: Bulk preparations of (a) the dye-free material, (b) the dye-free material without PEG-PPG-

PEG (b), without hexyl benzoate (c), or without either hexyl benzoate or PEG-PPG-PEG, i.e., cross-

linked PHEMA (d). The materials in (a), (c) and (d) are transparent, while the material in (b) is opaque.

The dye-free material in (a) was shattered with a hammer, revealing its glassy nature.

room temperature, only the glass transition is visible when heating the upconverting and dye-

free materials from 0 °C, and the exclusion of either PEG-PPG-PEG or hexyl benzoate from the

dye-free material does not provoke a significant variation of this value.

However, cooling to -80 °C induces crystallization of what appears to be PEG domains of the

block copolymer, and upon heating a melting event is observed at 40 °C, which is slightly

lower than the melting temperature of neat PEG-PPG-PEG (Tm = 60 °C). The reduction in Tm

appears to result from mixing the PEG-PPG-PEG and hexyl benzoate, given that a mixture of

only these two components starts melting at 40 °C. As expected, no crystallization or melting

events are observed when PEG-PPG-PEG is omitted from the dye-free material. However, if

only the hexyl benzoate solvent is omitted, a weak endotherm remains at 40 °C, indicative of

partial de-mixing of PEG-PPG-PEG and PHEMA.

The dye-free material without hexyl benzoate appears transparent, indicating good mixing
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Figure 3.11: Idealized sketch of the nanodroplet structure achieved with the present synthesis protocol,

drawn by combining the experimental results from DSC and time-domain NMR measurements.

between PEG-PPG-PEG and PHEMA at room temperature; on the other hand, the material

without PEG-PPG-PEG appears opaque, indicating that the hexyl benzoate and PHEMA tend

to phase-separate (Figures 3.9, 3.10).

Given the hydrophobicity of hexyl benzoate and the tendency of PEG-PPG-PEG to form mi-

cellar structures in hydrophilic environments,261, 291–294 it is reasonable to postulate that in the

upconverting and dye-free materials hexyl benzoate forms hydrophobic droplets that promote

the self-assembly of PEG-PPG-PEG into nanoscale structures. The resulting nanodroplets rea-

sonably consist of a liquid core in which the PPG and a portion of the PEG blocks reside, with

the remaining PEG blocks protruding out into the glassy PHEMA matrix to stabilize and limit

the size of the droplets. An idealized sketch of the liquid nanodomains structure is reported

in Fig. 3.11.

Furthermore, crystallization in the upconverting and dye-free materials occurs at -43 °C, i.e., at

a much lower temperature than the PEG-PPG-PEG/HexBz mixture. Thus, while at least some

of the PEG blocks reside in a sufficiently mobile environment to crystallize at low tempera-

tures in the dye-free material, this process appears to be frustrated by structural constraints

that stem from immobilization of a portion of the PEG-PPG-PEG chains in the surrounding

matrix.

Morphological studies

To get morphological information about the samples, time-domain NMR measurements were

carried out, similarly to the procedure in Sec. 3.3.3. The same general approach, techniques

and data analysis were followed. The Magic Sandwich Echo sequence was employed to de-
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Figure 3.12: (a) Free-induction decay trace (dotted curve) acquired on the upconverting DPA:PdOEP

glassy polymer after a MSE refocusing block at 303 K. The fitting curve with a gaussian + exponential

function (solid curve) results in a rigid fraction of ∼ 78%, and a mobile fraction of ∼ 22%. (b) FID traces

acquired on the upconverting DPA:PdOEP material after annealing at 303 K and 353 K, showing only a

4% increase of the mobile fraction over a 50 K temperature range.

termine the rigid fraction in the polymer.287 The FID delay of the annealed sample at 303 K is

relatively well represented by a gaussian + exponential fitting, as reported in Fig. 3.12a. The

rigid fraction, associated to the Gaussian component, is assessed at 78%, but the fitting curve

has also a small but non-negligible residual component in the region between 25 µs and 50

µs, possibly indicating the presence of significant amounts of interphase. As depicted in Fig.

3.12b, the same measurement was carried out also at 353 K, but in this temperature range the

mobile fraction only changes from 22% to 26%, which is a small variation for such a tem-

perature difference, indicating a clear separation between the rigid and mobile regions in the

polymer.295

A more thorough analysis of the mobile region was performed using the Hahn Echo technique,

often used to separate different components in heterogeneous systems.296 As in MSE, different

populations of protons and their carrier molecules give rise to different decays associated to

different motional regimes, but the difference here lies in the timescale: different relaxations

clumped together as “mobile fraction” can be distinguished and analyzed. The data, reported in

Fig. 3.13a, were fitted with a biexponential decay, meaning that the mobile regions are actually

composed of two components, one with τ2 = 0.70 ms, the other with τ2 = 7.3 ms. Combining

the relative weights from the fitting procedure with the evaluation of the rigid fraction from
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MSE and considering that a greater τ2 is associated to faster molecules,297 the overall mate-

rial can be divided into three components, one rigid and two mobile. Table 3.2 reports the

Expected protons Associated protons T2 [ms] Main Assignment

Comp. 1 84% 78% < 0.05 Cross-linked PHEMA matrix

Comp. 2 10% 12% 0.72 Interface and PEG-PPG-PEG

Comp. 3 6% 10% 7.3 Hexyl benzoate

Table 3.2: Decomposition of the green-to-blue upconverting nanophase-separated glassy polymer into

three components characterized by different TD-NMR relaxation parameters. The experimental relative

weights of each component are also presented, together with the expected values calculated following

a model that considers full phase separation of species that are chemically different.

three components, with the corresponding T2 parameter and the expected and experimentally

assigned relative weight of each component based on the proton amount associated to each

component. The assignment is based on the typical relaxation behaviour of rigid matrices,

and on the fact that a difference of one order of magnitude is a reasonable outcome when

comparing the relaxation time of soft polymers and small molecules. The expected proton

fractions associated with each phase were calculated considering the main chemical compo-

nents reported in Fig. 3.7, but this model overestimates the rigid fraction, because it does

not consider about 3% of mobile protons resulting from the minor components that, being

small molecules, should be added to the mobile fractions. Also, the deviation of the assigned

proton content from the expected values is more pronounced for the rigid phase, indicating

the significant presence of interfaces, as suggested by the microscopic phase separation dis-

cussed in Fig. 3.10. Considering the chemical nature of the components, and knowing that the

PEG and PPG blocks are hydrophilic and hydrophobic, respectively, the most likely structure

that is consistent with this interphase is a dispersion of spherical nanodroplets in a rigid ma-

trix. Within the droplets, the HexBz tends to concentrate in the core, while the amphiphilic

block copolymer provides the interface between HexBz and the rigid matrix. It is reasonable

to assume that HexBz is not fully segregated but it partially solvates the PEG-PPG-PEG, thus

increasing the amount of mobile protons from 6% to 10%. The block copolymer shell, while

contributing some protons to the inner mobile core, also mobilizes part of the glassy matrix,

thus slightly decreasing the observed fraction of the rigid phase with respect to the theoretical

expected value.
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Figure 3.13: (a) Intensity of Hahn Echo (circles) relative to the mobile phase performed on the upconvert-

ing DPA:PdOEP material, fitted with a bi-exponential decay (red solid line). The resulting relaxation

times τ2 of the two mobile phases are τ2 ∼ 7.3 ms and τ2 ∼ 0.7 ms. (b) Spin diffusion experiment

performed on the upconverting DPA:PdOEP material. The total normalized intensity (green curve) is

reported together with the contribution from the rigid component (red curve) that was determined by

fitting separate experiments with different diffusion times. To offset the τ1 relaxation, the rigid fraction

data were then corrected by pointwise normalization against the total signal intensity (blue curve),

basically obtaining the rigid fraction extracted from each FID trace, and then fitted with Initial Rate

Approximation to extract
√
t0.

Spin diffusion analysis. Spin-diffusion experiments were carried out to assess the size of

mobile nanodomains at 303 K, reported in Fig. 3.13b. The analysis of spin diffusion is based

on fitting the MSE refocused FIDs, and thus does not consider the presence of two different

relaxation regimes in the mobile phase. Since the analysis is based on the Initial Rate Approx-

imation, which follows the onset of spin diffusion from the mobile to the rigid domain, and

since the diffusion coefficient is inversely proportional to the τ2 relaxation time, the value of

0.70 ms associated to the outer shell (block copolymer) was used to calculate the domain size.

The estimation of the mobile domains diameter was carried out according to Eq. 3.5. Here,

given the mobile and rigid fraction mass densities close to 1 g cm−3 and 1.2 g cm−3 respec-

tively, and considering that the mobile phase is more proton rich, the values of ρmob = 1.17

g cm−3 and ρrig = 1.2 g cm−3 were employed. For the spin diffusion coefficient in the rigid

phase, the established value Drig = 0.8 nm2 ms−1 was used, while τ2 = 0.70 ms yielded a

Dmob = 0.32 nm2 ms−1.289 The
√
t0 was estimated to be 14.1 s1/2 .290 As a result of the chosen

approximations, 34 ± 6 nm is the average diameter of the liquid domains and this value de-
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scribes a complex domain, where two mobile components form a single mobile droplet able to

host the upconverting process.239

3.5 Bichromophoric emitters

All reagents and solvents were used as received, unless otherwise indicated.

4,12-dibromo[2.2]paracyclophane was purchased from Daicel Chiral Technologies (China) Co.,

Ltd. 4,4,5,5-tetramethyl-2-(3-perylenyl)-1,3,2-dioxaborolane was purchased from Inno-Chem

Science and Technology Co., Ltd.

3.5.1 Synthesis of 4,12-diperylene[2.2]paracyclophane

The synthesis of 4,12-diperylene[2.2]paracyclophane (PCP), a derivative of perylene, was car-

ried out following a method previously reported in literature.298 The scheme of the synthetic

route is illustrated in Fig. 3.14. The PCP was synthesized directly from the reaction of the cor-

responding 4,12-dibromo[2.2] paracyclophane and 4,4,5,5-tetramethyl-2-(3-perylenyl)-1,3,2-

dioxaborolane by palladium-catalysed coupling reactions as follows.

Figure 3.14: Synthetic route for the production of 4,12-diperylene[2.2]paracyclophane (PCP).

A mixture of 4,12-dibromo[2.2]paracyclophane (0.2 g, 0.54 mmol), 4,4,5,5-tetramethyl-2-(3-

perylenyl)-1,3,2-dioxaborolane (0.45 g, 1.24 mmol), tetrakis (triphenylphosphine)-palladium(0)

(0.05 g, 0.04 mmol) and toluene (10 mL) were put in a round-bottom flask equipped with a

magnetic stirring bar. 4 mL sodium carbonate (0.14 g) aqueous solution was then added to the

mixture. After degassing the reaction mixture several times by freezing and thawing cycles,

the reaction was heated at 100 ℃ for 12 h. After cooling to room temperature, the mixture was

dissolved in ethyl acetate. Then the reaction mixture was washed with water and the organic

layer was separated and dried over Na2SO3. After solvent evaporation, the residue obtained

was purified by column chromatography on SiO2 (dichloromethane/n-hexane from 1/100 to

1/10 v/v as an eluent). The PCP yellow powder was collected.
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Figure 3.15: (a) Molecular structure of perylene (left) and PCP (right). Highest occupied molecular

orbital (HOMO, the singlet S0 ground state) and the lowest unoccupied molecular orbital (LUMO, the

T1 triplet state) of perylene and PCP obtained via DFT calculations. All geometries were optimized by

Gaussian 09 using DFT with the PBE1PBE functional and the 6-311g* basis set. (b) Average distance

between two perylene units in a PCP molecule calculated via DFT.

3.5.2 Material characterization

The chemical structure of PCP was identified by means of 1H NMR, 13C NMR and high-

resolution mass spectrometry. The 1H and 13C NMR spectra recorded on a Bruker Fourier

400 (400 MHz) spectrometer. High-resolution mass spectral data were obtained using a So-

lariX maldi-P-100-3000 instrument.
1H NMR (400 MHz, CDCl3): δ 8.30 (d, J = 7.8 Hz, 2H), 8.28-8.17 (m, 6H), 7.96 (d, J = 7.8 Hz,

2H), 7.69 (d, J = 8.1 Hz, 4H), 7.51-7.46 (m, 4H), 7.37-7.28 (m, 4H), 6.93 (t, J = 6.6 Hz, 4H), 6.84

(d, J = 7.7 Hz, 2H), 3.18 (t, J = 20 Hz, 2H), 3.08 (t, J = 22.8 Hz, 2H), 2.95 (t, J = 8 Hz, 2H), 2.73

(t, J = 20 Hz, 2H).
13C NMR (101 MHz, CDCl3): δ 139.68, 139.33, 138.85, 136.47, 135.05, 134.70, 133.90, 132.98,

131.49, 131.24, 131.15, 131.02, 130.47, 127.73, 126.65, 126.41, 126.30, 125.95, 120.36, 120.28,

120.20, 119.79, 34.67, 34.51.

HR-MS (MALDI) for PCP (C56H36) m/z = 708.281153 (calculated), 708.28095 (observed).

Figure 3.15a reports the molecular structure of perylene and PCP. The comparison with pery-

lene allows to highlight the structural differences introduced with the molecular design devel-

oped and the consequent variations in the triplet state energy. The figure shows the electronic
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probability density of the highest occupied molecular orbital (HOMO, the S0 ground state

with singlet character) and the lowest unoccupied molecular orbital (LUMO, the T1 state with

triplet character) of PCP and perylene obtained via DFT calculations.299 All geometries were

optimized by Gaussian 09 using DFT with the PBE1PBE functional and the 6-311g* basis set.

The modelling results show that both the HOMO and LUMO orbitals are mainly condensed

on the perylene branch of the PCP, with a limited delocalization of the electronic cloud on the

phenyl ring. With this technique also the energies of PCP and perylene T1 and T2 states were

calculated: T1 = 0.7 eV (PCP) and 0.72 eV (perylene), T2 = 1.42 eV (PCP) and 2.65 eV (pery-

lene), and using DFT calculations on the optimized geometries the average distance between

two perylene units in a PCP molecule resulted 9.2 Å (Fig. 3.15b).
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Hybrid sensitizers based ondopednanocrys-

tals

Colloidal nanocrystals decorated with conjugated organic ligands have been recently proposed to

extend the limited light-harvesting capability of molecular absorbers. Key to their functioning

is efficient energy transfer from the nanocrystals to the triplet state of the ligands that sensi-

tize the emitters triplets. The nanocrystal-to-ligand energy transfer efficiency is typically limited

by parasitic processes, such as nonradiative hole-transfer to the ligand HOMO. A new exciton-

manipulation approach is proposed that enables a loss-free energy transfer by electronically dop-

ing CdSe nanocrystals with gold cations that introduce hole-accepting intragap states above the

HOMO energy of 9-anthracene carboxylic acid ligands. Upon photoexcitation, the nanocrystal

hole is rapidly routed to the gold-level producing a long-lived bound exciton resonant with the lig-

and triplet, outcompeting hole-transfer leading to∼100% efficient energy transfer that translates

in upconversion quantum yield ∼12%, which is the highest performance for nanocrystal-based

upconverters based on sTTA achieved so far and approaches the efficiencies of optimized organic

systems.

4.1 Electronic doping as strategy for exciton manipula-

tion

Over the past years, exceptional progress in the design of hybrid sensitizers has enabled a no-

table growth of the sTTA-UC performance since their first appearance in 2015 when cadmium

selenide (CdSe) nanocrystals (NCs) decorated with 9-anthracene carboxylic acid (9-ACA) were
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Figure 4.1: (a) Energy diagram and mechanistic picture of the hole-transfer process on the ligand HOMO

that outcompetes ET′ in cadmium selenide (CdSe) nanocrystals (NCs) functionalized with 9-anthracene

carboxylic acid (9-ACA).300 (b) In CdSe NCs doped with gold impurities, hole-transfer is outpaced by

the ultrafast localization of the photohole in the intragap states (1–2 ps vs ∼ 100 ps) associated with

the d-levels of Au+, leading to the formation of a bound exciton resonant with the 9-ACA triplet state.

As a result, the ET′ step reaches 100% efficiency.

proposed as first example of hybrid sensitizers (Fig. 1.4). However, despite such advancements,

the performances of hybrid sTTA-UC systems are still not as good as those of the best fully-

organic systems,191, 199, 208, 211, 212 because of deleterious processes that limit the efficiency of the

energy transfer ET′ . For example, trapping of band-edge (BE) carriers in defect states on the

NCs surfaces might become particularly relevant when the native ligands used for the NCs

synthesis are substituted with more bulky triplet acceptors, resulting in incomplete surface

coverage.301 Although this problem can be mitigated by shelling the NCs with wider energy

gap semiconductors,182, 215, 302 other loss phenomena are harder to circumvent, as they are in-

trinsically related to the NCs electronic structure and triplet acceptor molecules. For example,

the highest occupied molecular orbital (HOMO) of common triplet acceptors lies above the

valence band (VB) energy of most II-VI or IV-VI semiconductors, such as Zn, Cd or Pb chalco-

genides179, 300 which, in NCs, is further shifted to lower energies with respect to vacuum by

quantum confinement.161 As a result, as shown in Figure 4.1a, in hybrid sensitizers composed

of CdSe NCs functionalized with 9-ACA fast transfer (∼ hundreds of ps)301, 303 of the photo-

generated hole from the NC’s VB to the 9-ACA HOMO, that lies at ∼ -5.7 eV with respect to

vacuum,300 can efficiently dissociate the excitons, outcompeting ET′ and precluding the upcon-

version process.209, 302 It is worth noting that the VB is less sensitive to quantum confinement

than the conduction band (CB) since the hole effective mass is heavier than the electron effec-

tive mass in many chalcogenide semiconductors. Consequently, in these systems size control
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Figure 4.2: (a,b) The dashed lines represent the optical absorption spectra of native OA-capped undoped

(a) and Au-doped (b) CdSe NCs in toluene. The solid lines are the photoluminescence (PL) spectra of

OA-capped undoped (a) or Au-doped (b) CdSe NCs in toluene under a 460 nm cw excitation. The Au-

doped NCs have a diameter of 2.5 nm. (c) PL intensity decay of the same OA-capped undoped (green

line) and Au-doped (red line) CdSe NCs recorded at the respective PL maximum (530 and 730 nm,

respectively) under pulsed laser excitation at 532 nm. (d) Emission mechanisms in undoped (left) and

Au-doped (right) CdSe NCs.

is not sufficient to prevent hole-transfer, as by increasing the NC size the upward VB energy

shift is too limited to rise its energy above the triplet acceptor HOMO. Moreover, increasing

the size also lowers the CB energy, red-shifting the BE exciton emission and disrupting the

spectral resonance with the ligands triplet state. Also, heterostructuring with wide energy

gap shells would help to suppress the carrier transfer from NCs to surface ligands, but the

increased donor-acceptor distance between the NCs core and the triplet acceptor would lower

the ET′ rate in favour of radiative exciton recombination, as already reported for PbS/CdS and

CdS/ZnS NCs functionalized with (5-carboxylic acid tetracene)212, 302 or 2,5-diphenyloxazole

molecules.182

To solve these limitations, I propose a new strategy to suppress hole-transfer, by manipulation
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of the NCs photophysical properties introducing an alternative and more favourable pathway

available for the photogenerated hole. This scenario is realized employing NCs with an engi-

neered intragap hole-accepting state lying above the HOMO energy of the triplet acceptor and

characterized by a higher hole-capturing rate. As illustrated in Fig. 4.1b, the idea underpinning

this approach is that ultrafast re-routing of the photogenerated BE hole into the intragap state

should generate a bound exciton with a CB electron orbiting within the Coulomb potential of

the localized hole, with energy matching the ligand triplet state. To do so, I employed CdSe

Figure 4.3: Band-edge PL intensity decay at 535 nm for CdSe and gold doped Au:CdSe NCs in toluene

under a pulsed 405 nm laser excitation, acquired under the same experimental conditions.

NCs electronically doped with Au+ cations, as in these systems, similarly to Cu+- or Ag+-

doped NCs,278, 304, 305 the d-electrons of Au+ impurities in their 5d10 electronic configuration

introduce intragap hole acceptor states pinned at ∆EV B−Au ∼0.6 eV above the VB maximum

that capture the photohole in ∼1-2 ps, following the transient oxidation of Au+ to Au2+ ac-

cording to Au+ + hV B → Au2+.278 Being ∆EV B−Au > ∆EV B−HOMO (∼0.4 eV) and because

the hole-localization in the Au+ center is much faster than typical hole extraction processes,

the use of doped NCs should lead to complete suppression of hole-transfer losses in advantage

of the ET′ .

4.2 Effectiveness of the hole-routing strategy

The sensitizer design proposed is meant to provide multiple benefits for the upconversion pro-

cess: the intragap photohole would be unaffected by transfer to the triplet acceptor HOMO
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(or trapping) maximizing the 9-ACA triplets sensitization and, owing to the reduced spatial

overlap between the electron and hole wavefunctions, the exciton radiative recombination

rate would be significantly lowered with respect to the BE exciton, thus favouring Dexter

ET′ over radiative decay.163 Also crucially, by operating on the energetics of the hole-related

process, this scheme does not require heterostructuring with thick wide-bandgap shells, with-

out imposing limitations to ET′ due to an increased donor-acceptor distance. To assess the

effectiveness of this strategy, I performed side-by-side spectroscopic studies on toluene solu-

tions of undoped CdSe NCs and Au-doped CdSe NCs (referred to as Au:CdSe) of comparable

size before and after ligand exchange. To deal with results straightforwardly comparable, I

prepared the dispersions with the same optical density of 0.13 at 532 nm. Figure 4.2 reports

the optical absorption spectra, recorded following the method reported in Sec. 2.1, of CdSe

and Au:CdSe capped with native oleic acid (OA). The absorption profiles are almost identical

in shape, meaning that the doping strategy does not alter the electronic structure of the NC

host.278 They both show a well-defined 1S absorption peak at 520 nm, with a full width at

half-maximum ∼ 32 nm consistent with good size homogeneity of the ensembles. Looking at

the PL spectra and decay dynamics reported in Figure 4.2, some peculiar differences appear

that inherently stem from the introduction of Au+ impurities in the NC host. Upon cw exci-

tation at 532 nm, the undoped NCs show the typical narrow bang-edge (BE) emission peaked

at ∼530 nm, with a Stokes-shift of ∼ 80 meV from the 1S absorption peak (Fig. 4.2a). A weak

and broad low energy emission is also detected and is typically attributed to emissive surface

defects.306 On the contrary, the Au:CdSe NCs show a different PL spectrum, where the BE

emission is suppressed in favor of a broad, red-shifted emission peaked at ∼ 730 nm (1.70 eV),

referred to as Au-PL. Consistently with previous works on NCs doped with metals from the

11 group,278, 304, 305 this emission is ascribed to radiative recombination of the bound excitons

formed between the photoexcited CB electrons and the holes localized on the intragap gold

d-states. The notable Stokes-shift ∆EV B−Au ∼ 690 meV between the Au-PL peak and the 1S

absorption peak is the energy difference between the NCs VB and the t-states of gold impu-

rities that result from the d-manifold splitting by the crystal field. To get an estimate of the

excited states lifetime, I recorded the time decays of the BE and Au-PL emission peaks under a

pulsed laser excitation at 532 nm. In this analysis, to reproduce the experimental data, I fitted

the time decays with multiexponential functions and the effective lifetimes were calculated as
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Figure 4.4: (a,b) The dashed lines show the absorption spectra of undoped (a) and Au-doped (b) NCs

functionalized with 9-ACA, in toluene. The solid lines are the PL spectra of undoped (a) and Au-doped

(b) CdSe NCs with either OA (dark green and red curves) or 9-ACA (light green and orange curves)

ligands in toluene under a 460 nm cw excitation. The Au-doped NCs have a diameter of 2.5 nm. (c,d)

Time-resolved PL intensity of the same undoped (c) or Au-doped (d) CdSe NCs with either OA or 9-

ACA ligands recorded at the respective PL maximum (530 and 730 nm, respectively) under pulsed laser

excitation at 532 nm. The inset in panel d is a magnification of the first ∼ 100 ns to highlight the η factor

reduction. The excitation intensity was 0.5 mW cm−2, the absorbance 0.13 OD at 532 nm for all samples.

The measurement conditions were kept unchanged between pristine and 9-ACA functionalized samples

to enable quantitative comparison between the respective PL intensities and dynamics.
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weighted averages of the resulting components with weight Ai as

τ =

∑n
i=1Aiτi∑n
i=1Ai

. (4.1)

The undoped NCs BE emission decay at 530 nm has a multiexponential behavior as expected

for unshelled CdSe NCs, with an effective lifetime τOA
BE ∼ 40 ns, while τOA

Au−PL is ∼ 177 ns,

much longer than the BE emission of the undoped counterpart. The long-lived nature of this

intragap emission is consistent with the reduced spatial overlap between the wavefunctions

of the electron delocalized in CB and of the hole localized on the Au impurities if compared to

the BE exciton.278 Interestingly, Figure 4.3 reports the comparison between the BE emission

of undoped and doped NCs. Because the BE kinetics is unaffected by doping, the residual BE

emission observed in Au:CdSe NCs arises from a small fraction of undoped NCs. According

to the material characterization reported in Sec. 3.1.5 and Eq. 3.2, I estimated the NCs valence

band and the dopant intragap states energies. From the NCs diameter equal to 2.5 nm, the

approximated VB energy is ∼ -6.13 eV, thus the Au-level is at ∼ -5.44 eV, suggesting that hole-

transfer on the ligand HOMO should be suppressed. Therefore, to determine whether the

hole routing pathway is effective in suppressing the deleterious nonradiative losses affecting

undoped NCs, and estimate the ET′ efficiency, I investigated the variations in PL intensity

and dynamics upon substituting the native OA ligands with the triplet acceptor 9-ACA. As

reported in Figure 4.4a,b, the main effect of ligand exchange is a cw PL intensity reduction,

with no variations in the NCs 1S absorption profile. But the time decays highlight important

differences about the origin of the PL quenching. In undoped NCs, after functionalization I

noticed a relevant reduction of the zero-delay PL intensity (Fig. 4.4c). Defining the parameter η

as the ratio between the zero-delay intensity after (I9−ACA
0 ) and before (IOA

0 ) functionalization

η =
I9−ACA
0

IOA
0

, (4.2)

for the undoped NCs ensemble η ∼ 0.02. Consistently with previous studies,209 this dramatic

loss that mirrors a massive reduction of the ability to transfer the excitons to the triplet ac-

ceptors is due to ultrafast exciton dissociation by hole transfer from the NCs VB to the ligands

HOMO, with a minor contribution by hole trapping in surface defects introduced by ligand

exchange. The exciton dissociation occurs on a timescale much faster than the experimen-

tal resolution and affects almost the entire NCs population (>95%). The functionalization is

also followed by a reduction of the PL lifetime (τ 9−ACA
BE ∼ 5 ns), which reflects the ET′ occur-

ring in the subpopulation where the excitons are not affected by dissociation. I calculated the
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efficiency of the ET′ channel from the lifetime reduction according to28

ΦET ′ = 1− τ 9−ACA
BE

τOA
BE

(4.3)

with ΦET ′ ∼ 88%. Therefore, the ET′ channel itself is highly efficient, but the ultrafast hole

transfer dominates the exciton decay, and the global triplet acceptor sensitization yield in the

NCs ensemble is only ΦG
ET

′ = ηΦET
′ = 1.8%.

On the contrary, I observed a completely different scenario in the doped NCs ensemble. After

Figure 4.5: (a) Absorption spectrum (dashed line) of Au-doped NCs functionalized with 9-ACA, in

toluene. The solid lines are the PL spectra of the OA-capped (dark blue) and 9-ACA-capped (light

blue) Au-doped NCs, recorded under a cw 460 nm excitation. The doped NCs have a diameter of 2.3

nm. (b) PL intensity decay at 670 nm for the same NCs, recorded under a pulsed laser excitation at 532

nm. The excitation intensity was 0.5 mW cm−2, the absorbance 0.13 OD at 532 nm for all samples. The

measurement conditions were kept unchanged between pristine and 9-ACA functionalized samples so

as to enable quantitative comparison between the respective PL intensities and dynamics.

functionalization, not only the PL lifetime shortened from τOA
Au−PL ∼ 177 ns to τ 9−ACA

Au−PL ∼ 80

ns with a ΦET ′ = 55%, but more importantly the zero-delay intensity drop was only η ∼ 0.82,

resulting in a global ET′ efficiency ΦG
ET ′ = 45%. Since the intragap levels introduced by Au

impurities are higher in energy than the 9-ACA HOMO level and being the hole localization on

these levels more favorable than hole trapping, the probability to transfer the bound excitons

and the fraction of NCs active for the sensitization process increase.
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4.3 Optimization of energy resonance

Despite the notable enhancement of the global ET′ efficiency provided by the insertion of Au

impurities in the NCs host with respect to undoped NCs, the performance of ET′ was still

rather low. In fact, it is desirable to have an ET′ efficiency close to unity, especially for solar

applications where it is crucial to transfer each exciton stored in the NCs. The low ET′ ef-

ficiency observed is the result of the unmatched energy resonance between the NCs bound

excitons and the 9-ACA triplet excitons, that influences the Dexter energy transfer efficiency.

The energy transfer is therefore efficient only for those NCs where the bound excitons are

more energetic than the 9-ACA triplet state (1.83 eV),141 so the process is exothermic. Con-

versely, for those NCs that do not have the right energetics the dopant-mediated emission

dominates, resulting in the slow long-time tail in the decay in Figure 4.4d. Because the Au+

states are pinned to the host VB, a straightforward strategy to tune the energy of the bound

excitons to maximize the energy resonance consists in controlling the NCs size, taking care to

fulfill the condition ∆EV B−Au > ∆EV B−HOMO. To probe this scenario, I considered smaller

Au:CdSe NCs, with diameter of 2.3 nm, in toluene with optical density 0.13 at 532 nm. Since

Figure 4.6: Absorption spectrum (dashed line) of Au-doped NCs functionalized with 9-ACA, in toluene.

The solid lines are the PL spectra of the OA-capped (dark blue) and 9-ACA-capped (light blue) Au-

doped NCs, recorded under a cw 460 nm excitation. The doped NCs have a diameter of 2.85 nm. (b)

PL intensity decay at 770 nm for the same NCs, recorded under a pulsed laser excitation at 532 nm.

The excitation intensity was 0.5 mW cm−2, the absorbance 0.13 OD at 532 nm for all samples. The

measurement conditions were kept unchanged between pristine and 9-ACA functionalized samples so

as to enable quantitative comparison between the respective PL intensities and dynamics.
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the energy bandgap is now wider, the 1S absorption peak is shifted at higher energies, peaked

at ∼ 490 nm as shown in Fig. 4.5a, which also reports the PL spectrum of the NCs capped

with the native OA ligands (dark blue curve), peaked at ∼ 670 nm (∼ 1.91 eV). Looking at the

change in cw PL intensity upon functionalization with 9-ACA ligands (light blue curve), the

suppression of the residual Au-mediated PL is almost entirely complete. Consistently, because

of ET′ the Au-mediated PL lifetime is reduced as illustrated in Fig. 4.5b, from τOA
Au−PL ∼ 153

ns to τ 9−ACA
Au−PL ∼ 4 ns with a ΦET ′ ∼ 97%. Moreover, I did not observe any drop of the zero-

delay PL intensity (η ∼1), meaning that the entire NCs population undergoes efficient ET′

instead of hole transfer and that the efficiency of the triplet sensitization is maximized. For

this tailored system I obtained the notable global ET′ efficiency ΦG
ET ′ ∼ 100%, which is 50-fold

greater than in the undoped counterpart and it is the highest value reached for hybrid sensi-

tizers based on semiconductor NCs. It is worth stressing that these exceptional results stem

from the advantages and versatility offered by the inherent properties of NCs -photophysical

properties tunable through size control- in combination with the proposed doping strategy,

that allows to manipulate the NCs photophysics.

I obtained a last instructive proof of the validity of the strategy proposed from the investi-

gation of bigger NCs, with diameter ∼ 2.85 nm, to verify the effects of the minimization of

the spectral resonance between the bound excitons and the 9-ACA triplet excitons. Figure 4.6

reports the cw spectra under cw 532 nm excitation (panel a) and the Au-PL time decays at 770

nm recorded under pulsed 532 nm laser excitation for doped NCs with native OA ligands and

functionalized with 9-ACA. Importantly, the limited zero-delay intensity drop confirms that

the condition∆EV B−Au > ∆EV B−HOMO is still properly satisfied, being VB = -6.1 eV from Eq.

3.2. But NCs with these features are not good sensitizers of the ligands triplet states. In fact,

since both the cw spectra and kinetics remain almost unaffected by functionalization, only a

minor fraction of NCs with the proper energetics can transfer the excitons to the ligands, with

inefficient ET′ (Φ′
ET = 12%).

4.4 sTTA-UC efficiency with optimized hybrid doped sen-

sitizers

To probe more into detail the ability of hybrid sensitizers to sensitize the emitter triplets and

the effects of the new hole-routing strategy on the upconversion efficiency, I investigated the
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Figure 4.7: (a,b) PL spectra of the undoped CdSe (a) and Au:CdSe (b) NCs functionalized with 9-ACA

in toluene with DPA (10−2 M) under a cw excitation at 532 nm as a function of the absorbed excitation

intensity I
′
exc. The laser stray light (λexc) was removed with a notch filter. The doped NCs employed

have a diameter of 2.3 nm.

UC performances of a system composed of the optimized Au-doped NCs (i.e. with diameter 2.3

nm) decorated with 9-ACA, coupled with 9,10-diphenylanthracene (DPA, 10−2 M) in toluene.

DPA was chosen as emitter as it is one of the best molecular annihilators/emitters for green-

to-blue sTTA-UC,32, 33, 35 with almost unity fluorescence efficiency. Moreover, the DPA triplet

state is at 1.77 eV,141 meaning that the ET′′ process from 9-ACA to DPA is exothermic and

favorable. To highlight the effects of the hole-routing strategy, I compared side-by-side the

UC performances of an upconverting solution based on undoped NCs and of an upconverting

solution based on doped NCs, with the same composition. In such a way, the difference in

the global UC efficiency is only set by the efficiency of the sensitization process. To probe

the upconverted PL (UC-PL), I selectively excited only the sensitizers at 532 nm, well below

the DPA energy gap, therefore the DPA excited singlet states cannot be directly populated

through photon absorption. Figure 4.7 illustrates the UC-PL intensity under increasing cw

laser excitation intensity for the upconverting solutions with undoped (panel a) and doped

(panel b) sensitizers. The spectra feature the emission profile of DPA peaked at 433 nm, and

a residual emission from the NCs. The spectra were normalized to the residual intensity of

the excitation laser, removed with a notch filter, to emphasize the incremental growth of the

UC-PL over the residual NCs emission. A first important consideration directly arising from
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the spectra is the different relative weight between the UC-PL and the residual NCs PL in the

two samples. When I employed undoped NCs as harvesters, the NCs residual emission was

extensive, almost comparable with the UC-PL even under high excitation intensities. This be-

havior is a direct consequence of inefficient triplet sensitization, caused by the hole trapping

affecting undoped NCs as seen in Sec. 4.2, which lowers the UC efficiency. On the contrary,

in the doped counterpart under the same excitation conditions the UC-PL is drastically dom-

inant, as expected for the optimized sensitizers where almost the entire exciton population is

transferred to the 9-ACA. Since the TTA is a bimolecular process, its efficiency depends on the

competitiveness between the two emitter triplet decay channels, i.e. the spontaneous decay

and annihilation, which is determined by the density of triplet states TE available in the sys-

tem. Therefore, the absorbed excitation intensity (I ′
exc = α(λexc)Iexc) sets the ratio between

the triplet spontaneous decay rate kT and the TTA rate (kTTA = γTTTE) where I can express

the triplet density as

TE = I
′

excΦ
G
ET ′ΦET ′′ (4.4)

defining two excitation regimes. In the low excitation regime (kT ≫ kTTA), the probability

that two emitter triplet excitons collide within their lifetime is so low that they mainly decay

via nonradiative spontaneous recombination and the TTA efficiency

ΦTTA =
kTTA

kTTA + kT

is proportional to the excitation intensity. Conversely, in the high excitation regime (kT ≪

kTTA) the availability of triplet excitons is so large that their annihilation is highly probable

before spontaneous recombination. This different behavior can be easily seen when measuring

the time decay of the delayed UC emission in the two regimes. In this regard, Figure 4.8

shows the decay kinetics of the UC-PL (Iuc) under a modulated 532 nm laser excitation at high

(dark blue, 10 W cm−2) and low (light blue, 0.3 W cm−2) excitation intensity. The kinetics are

described by Eq. 1.16 and are orders of magnitude slower (on a µs timescale) than DPA prompt

fluorescence with a lifetime of ∼ 8 ns in toluene,307 and this behavior is a clear confirmation

of the DPA excited singlets sensitization via TTA. Moreover, in the low power regime where

ΦTTA ≪ 1, Eq. 1.16 can be approximated with Iuc ∝ e−2kT t, consistently with the single

exponential decay observed under 0.3 W cm−2, since the triplets populating the emissive DPA

excited singlets preferentially decay via the spontaneous recombination channel. Fitting the

experimental data with a single exponential function (red line in Fig. 4.8), I obtained kT = 6.8
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Figure 4.8: Upconverted PL intensity decay at 430 nm of the upconverting system based on doped NCs,

recorded under a modulated 532 nm laser excitation at two different excitation intensities, 0.3 W cm−2

(light blue) and 10 W cm−2 (dark blue). The red line is the fit with a single exponential function of the

long-time emission tail at low power, while the green line is the fit according to Eq. 1.16

kHz. By fitting the second decay with Eq. 1.16 (green curve) I obtained a TTA efficiency

ΦTTA = 90% as expected for the high excitation intensity employed, that allows to pump

efficiently the triplets population.

To have more accessible indications about the quality of the doped upconverting system I

introduce the two sTTA-UC figures of merit, UC efficiency QYuc and the threshold excitation

intensity Ith. The QYuc can be expressed as

QYuc(Iexc) =
1

2
fβηΦET ′ΦET ′′ΦTTA(Iexc)

=
1

2
fβΦG

ET ′ΦET ′′ΦTTA(Iexc)
(4.5)

which differs from the definition given in Sec. 1.5.1 in the terms β and η, because the NCs

considered here are not ideal. From the previous definition of the parameter η, (1 − η) is

the hole-transfer mechanism efficiency, while β is an empirical factor that gives the fraction

of bright NCs in the ensemble. In fact, in unpassivated, core-only NCs, ultrafast quenching

mechanisms can easily instantaneously switch off a fraction of NCs, most probably because of

electron trapping in surface defects.305 By using DPA as emitter the maximumQYuc achievable

is 50% as the statistical spin factor f is 0.5.53 It is also useful to highlight the dependence of Ith
on the parameters characteristic of the upconverting system. I adapted Eq. 1.13 to take into
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Figure 4.9: Upconversion quantum yield, QYuc, as a function of the absorbed excitation intensity I
′
exc

at 532 nm. The dashed line is the theoretical value of QYuc versus I ′
exc calculated according to Eq. 4.5.

The vertical arrows mark the excitation intensity threshold values using doped (blue arrow) or undoped

(gray arrow) CdSe NCs as light harvesters. The dash-dotted line represents the theoretical QYuc curve

assuming the emitter triplet lifetime equal to 2 ms. The red vertical line highlights the corresponding

theoretical threshold.

account the influence of the β and η factors in setting the triplets population, obtaining

Ith =
(kT )

2

α(λexc)βηγTTΦET ′ΦET ′′
(4.6a)

Ith ∝ 1

ΦG
ET ′

(4.6b)

Importantly, since both figures of merit inherently depend on ΦG
ET ′ -one linearly, the other

inversely-, a quantification of the beneficial effects of the doping strategy can also be drawn

from the comparison of the QYuc dependency on the absorbed excitation intensity I ′
exc for

the doped and undoped systems. It is worth stressing that the comparison between different

samples needs to be carried out considering the absorbed excitation intensity instead of the

excitation intensity itself, to determine what are the differences in the UC performance given

the same initial excited states density. For the same reason, when comparing the performance

of different systems, the meaningful information comes from the absorbed threshold intensi-

ties I ′

th = α(λexc)Ith.

The two trends are illustrated in Figure 4.9, and they both follow the typical behavior of a
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bimolecular process: the QYuc depends linearly on I ′
exc through the ΦTTA term under low ex-

citation intensities, while it loses its dependence on I ′
exc at high excitation intensities where it

reaches its maximum value achievable, that I measured following a relative method (see Sec.

2.7), using a solution of rhodamine 6G (10−5 M, in ethanol) as standard with known emission

efficiency (94%).308 Notably, when employing the optimized doped sensitizers I measured the

unprecedented value of QYuc = 12 ± 1%, which is almost 40 times higher than the value

measured with undoped sensitizers (QYuc = 0.3 ± 1%). This exceptional result not only is

the maximum upconversion efficiency reported so far for systems based on hybrid sensitizers,

but also straightforwardly validates the proposed exciton manipulation strategy to drive the

stored energy from NCs to triplet acceptor ligands, as the increment observed in the QYuc
aligns well with the enhancement of ΦG

ET ′ . Consistently, the effective suppression of the non-

radiative hole transfer channel also reflects on the excitation threshold, which decreases from

I
′

th = 1.8 W cm−2 in the undoped system to I ′

th = 0.2 W cm−2 when using the optimized

doped sensitizers, thanks to the boosted triplet sensitization ability. Also, the experimental

data acquired in the doped system (blue dots) are well reproduced by Eq. 4.5 (dashed blue

curve) with the emitter fluorescence quantum yield of 90% in toluene,309 Φ
′′
ET equal to unity

in the rapid diffusion limit for the employed emitter concentration227 and a β factor ∼ 0.63.

This result infers that about 2
3

of the NCs in the ensemble are bright and active for the overall

upconversion process, in agreement with previous results.278

Finally, to highlight the potential of the proposed hybrid sensitizers for future applications in

solar devices, I applied the model presented in Eq. 4.5 considering an ideal system, where the

sensitizers have the same properties of the optimized doped NCs discussed so far, but assum-

ing to employ an emitter with an ideal triplet lifetime of 2 ms. In fact, given the I ′

th dependence

on the square of kT (Eq. 4.6a), the emitter triplet lifetime strongly influences when the system

enters the regime of maximum efficiency, therefore it is instructive to estimate which perfor-

mances could be reached in an ideal system. Thereby, the theoretical behavior, reported in Fig.

4.9, is reproduced by the black dash-dotted curve. A triplet lifetime on this timescale could

be achieved by choosing a better solvent or inserting the upconverting moieties in a proper

polymer matrix able to protect the triplets from deleterious quenching channels. Interestingly,

in this way the theoretical threshold, marked by the vertical red line, would be lowered below

the AM1.5 solar irradiance.
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4.5 Conclusions

In summary, I demonstrated a novel strategy to boost the efficiency of hybrid sTTA upcon-

version systems by using electronic-doped semiconductor NCs as light harvesters to populate

the long-lived triplet states of surface-attached conjugated organic moieties. The key aspect

of this design is the controlled introduction of a hole-accepting state associated with the elec-

tronic dopant within the NC forbidden gap that rapidly routes the photohole to an energy

above the HOMO level of the organic ligand. This allows to completely suppress excitation

losses by nonradiative hole-transfer that is a detrimental parasitic process strongly limiting

the efficiency of conventional NC-based sensitizers for sTTA-UC. Owing to their nearly 100%

nanocrystal-to-ligand ET yield, the functionalized doped-NCs enabled to obtain an upcon-

version yield of 12%, representing the record performance for hybrid upconverters based on

sTTA. I highlight that the strategy proposed here is not limited to the discussed system, but

it can be applied to any hybrid sensitizer which requires tuning the band alignment between

its constituents. As such, this approach can be translated to engineer narrower bandgap NCs

and obtain upconverters from the near-infrared region that can be directly coupled to existing

devices to recover sub bandgap photons. Indeed, the nanocrystal size, composition, shape and

dopant species, as well as the energy-receiving moiety can in principle be adapted to ratio-

nally design multicomponent systems for upwards as well as for down-conversion photonic

applications that require efficient energy transport across any interface without incurring into

losses due to ultrafast carrier transfer, including photochemical synthesis, photoredox catal-

ysis, and singlet oxygen generation for photodynamic therapy. For instance, the observed

overall effect could be obtained by using different dopants, such as copper, in the same CdSe

host. The copper d-states are positioned only 350 meV above the VB maximum, which leads

to a smaller Stokes shift, enabling to employ larger NCs with a lower bandgap energy as light

harvesters.
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CdSe nanoplatelets as light harvesters

Quasi 2D semiconductor nanoplatelets (NPLs) functionalized with polycyclic aromatic hydrocar-

bons acting as triplet bridges have been recently proposed as triplet sensitizers in hybrid sTTA-UC

systems. Here, I investigate the behavior of 5-monolayer CdSe NPLs decorated with 9-anthracene

carboxylic acid (9-ACA) ligands and their potential as sensitizers for sTTA-UC. Unlike nanocrys-

tals, nanoplatelets feature a peculiar flat geometry yielding defined crystal facets with specific

terminating atoms and an increased number of binding sites available for the triplet acceptor

ligands. Therefore, thanks to the intrinsic surface properties, functionalized NPLs are extremely

less sensitive than nanocrystals to the zero-delay fluorescence quenching that stems from the lig-

and exchange procedure which typically introduces surface defects. Moreover, I investigated the

nanoplatelet-to-ligand energy transfer dependence on the surface coverage degree. As expected,

the transfer efficiency increases upon increasing the number of triplet acceptor ligands. The sec-

ond important information obtained from this investigation is that the 9-ACA molecules bound

to the NPLs flat surface tend to form some sort of ordered structure that results in a significant

redshift of the 9-ACA energy levels. According to the emitter employed, back energy transfer

from excited emitters to sensitizers can be promoted, with consequent reduction of the sTTA-UC

performance. This study ultimately highlights the importance of the optimization of the ligand

binding on the surface of colloidal semiconductor nanoplatelets and can serve as a guideline to

design more efficient hybrid upconversion systems.
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5.1 The rationale behind semiconductor nanoplatelets as

light harvesters

As discussed in the previous Chapters, the application of sTTA upconversion is still hin-

dered by the narrow absorption bandwidth of common organic sensitizers, which limits their

spectral-harvesting capability of solar light. Several strategies have been introduced to ad-

dress this issue, such as the use of multicomponent or multilayer systems exploiting sensi-

tizers with complementary absorption properties, whereas colloidal semiconductor nanocrys-

tals have been proposed as broadband-absorbing component of hybrid sTTA-UC sensitizers

to overcome the intrinsic limitations of molecular photosensitizers. A further development in

this direction has been recently introduced by VanOrman and coworkers, who employed as

light harvesters a different class of semiconductor nanostructures, the quasi 2D semiconduc-

tor nanoplatelets (NPLs).203 Interestingly, NPLs share the fundamental properties of nanocrys-

tals related to quantum confinement, but offer at the same time some critical advantages. In

NPLs, the charge carriers motion is confined in just one dimension along the NPLs thickness,

which results in the density of states changing from discrete levels, typical of nanocrystals,

to a step-like quasi-continuum in NPLs, with each step at an energy corresponding to the

n-th transition between the heavy hole and the electron.310–313 Because the quantum confine-

ment is along only one dimension, the NPLs spectral properties depend only on their thick-

ness, with thinner NPLs affording higher energy emission.314 This feature allows to inherently

avoid inhomogeneous broadening because NPLs can be synthesized with excellent monodis-

persity, with exceptional monolayer thickness purity (> 95%).315 Moreover, in semiconductor

nanostructures, the shape anisotropy is an important parameter that influences the nanos-

tructure photophysical properties. In fact, as a consequence of the low dielectric constant

of the surrounding media, the strength of electron-hole Coulomb coupling is a function of

the surface-to-volume ratio of the nanostructure, resulting in an increased exciton binding

energy in 2D NPLs compared to nanocrystals.310 The increased exciton binding energy re-

sults in an enhanced exciton oscillator strength, which in NPLs gives rise to the so-called

giant oscillator strength transitions (GOST).316–318 The GOST effect is related to the exciton

centre of mass coherent motion extended within the 2D NPLs, with their peculiar flat plate-

like geometry. Important consequences of the GOST effects are shorter radiative decay times

and enhanced absorption cross sections.310, 314 As such, NPLs show inherent features that po-
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Figure 5.1: Sketch of the CdSe nanoplatelets (NPLs) electronic energies shift due to 9-ACA molecules

attached to the surfaces, estimated from the results in Ref.326

tentially make them better light harvesters in comparison to the nanocrystals counterpart.

They usually show exceptional fluorescence quantum yields, also > 50%, in contrast with the

value assessed around ∼ 10% typical of the reference core-only nanocrystals used in hybrid

sTTA upconversion studies.211, 310, 319 Such high quantum yields help to circumvent energy loss

pathways in interfacial triplet energy transfer caused by surface trap states.165 Moreover, the

stronger absorption oscillator strengths can help to boost the upconversion performance at

low powers.318, 320

Interestingly, Spittel et al. measured the absolute energy level positions with respect to vacuum

for both 5 monolayers CdSe NPLs and 3.5 nm CdSe nanocrystals, detecting a great similarity

between the two.321 Therefore, by employing triplet acceptor ligands bound to the nanostruc-

ture surfaces, the ET efficiency from NPLs and nanocrystals to the triplet acceptors should be

comparable. Still comparing CdSe NPLs and NCs, it is worth noting that while nanocrystals

exhibit both (100) and (111) crystal facets on their surface, the NLPs surface raises mainly from

their basal planes which only have (100) facets, that terminate with Cd atoms that can interact

favourably with 9-ACA in the X-type fashion.322–324 However, the (111) facets are neutral and

are not able to bind directly to the 9-ACA COO- groups. These surfaces are typically passivated

by an excess of metal ions, in the form of Z-type ligands (M-X2),325 but this layer was shown to

be labile and can be easily displaced as a complex.323 The removal of this layer can disrupt the

passivation and reveal the midgap states associated to surface defects that act as fast recombi-

nation centers.324 Thus the massive losses that limit the fluorescence efficiency of nanocrystals

is also due to improper passivation of trap states, which can instead be inherently avoided with

NPLs. Interestingly, Weiss et al. demonstrated that different ligands can induce a shift of the
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NPLs absolute band energies without affecting the optical bandgap.326 This effect can be there-

fore exploited as a tuning tool to keep the resonance with the ligand triplets while avoiding

detrimental charge transfer processes due to improper alignment of the electronic levels. As

shown in Fig. 5.1, according to literature, the common triplet acceptor 9-anthracene carboxylic

acid (9-ACA) as ligands should induce a blue shift of the NPLs energies that should avoid hole

transfer from the NPLs VB to the 9-ACA HOMO level, preventing the exciton disruption and

maximizing the ET′ yield. The first example of hybrid sensitizers composed of CdSe NPLs

Figure 5.2: (a) Absorption (dashed line) and photoluminescence (PL, green line) spectra of pristine

NPLs in hexane. The PL spectrum was acquired under a cw 510 nm excitation. (b) Contour plot of the

spectrally resolved PL decay curves of NPLs in hexane recorded under pulsed 405 nm laser excitation

(repetition rate 2 MHz). The dashed white line indicates the spectral position of the PL maximum at

zero-delay time from the excitation pulse. (c) PL intensity decay at 555 nm of pristine NPLs in hexane

under a pulsed 405 nm laser excitation (repetition rate 2 MHz). (d) Absorption (dashed line) and PL

(blue line) spectra of 9-ACA in a solvent mixture of hexane, THF, toluene with ratio 80:15:70. The PL

spectrum was acquired under a cw 350 nm excitation.

decorated by 9-ACA was reported by VanOrman et al.,203 who demonstrated that their ability

to perform sTTA upconversion when combined with 9,10-diphenylanthracene (DPA). The au-
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thors obtained a good upconversion quantum yield QYuc of 3%, comparable to typical values

reported for nanocrystal-based sensitizers, but still far from the organic benchmark systems.

Therefore, in this Chapter I investigate possible mechanisms and bottlenecks that limit the

emitter triplet sensitization ability of hybrid sensitizers composed of CdSe nanoplatelets dec-

orated with 9-ACA.

5.2 Photophysical properties of CdSe nanoplatelets

The 5-monolayer (5 ML) CdSe NPLs studied in this Chapter were synthesized as detailed in

Sec. 3.2.2, with native myristic acid and oleic acid as stabilizing capping ligands. All the sam-

ples discussed in this Chapter were prepared in a glove box with oxygen concentration below

1 ppm and water concentration below 0.5 ppm, loaded in 1 mm quartz cuvettes, and sealed

with hot glue and parafilm to prevent oxygen contamination. Figure 5.2a shows the absorp-

tion and photoluminescence spectra of a NPLs dispersion (1.4 × 10−7 M) in hexane, where

the concentration was determined employing the well-established empirical relation between

NPL size and absorption cross section.327 The absorption profile, that I acquired according

Figure 5.3: (a) PL spectrum of CdSe NPLs in hexane (black curve) and in the solvent mixture hexane,

THF and toluene with ratio 80:15:70 (red curve), recorded under a cw 510 nm excitation. The two

samples have the same optical density of 0.1 at the excitation wavelength. (b) PL intensity decay at 555

nm recorded under a pulsed 510 nm laser excitation (repetition rate 2 MHz) of the same samples. The

parameter η highlights the zero-delay intensity loss appearing in the solvent mixture. Panel c reports

the same kinetics but normalized to emphasize the exciton lifetime shortening in the solvent mixture.

to the method in Sec. 2.1, features the first excitonic peak at 550 nm due to the heavy hole-

electron transition, in agreement with the NPLs thickness.310, 328 The PL spectrum, recorded

under a cw 510 nm excitation, shows a bright peak at 552 nm, with two characteristics typical
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of core-only NPLs.310 The Stokes-shift between the first exciton peak in the absorption profile

and the PL peak is almost null and the emission peak is extremely narrow, with a full width

at half-maximum < 10 nm, associated to the sample’s high monodispersity.315 Panel b reports

the contour plot of the spectrally resolved PL decay curves of NPLs recorded under pulsed 405

nm laser excitation, showing no spectral diffusion due to energy transfer or exciton migra-

tion, further validating the excellent NPLs monodispersity. The dashed white line indicates

the spectral position of the PL maximum at zero-delay time from the excitation pulse. Panel c

depicts the corresponding PL intensity decay at a single wavelength (555 nm), recorded under

a pulsed 510 nm laser excitation, with an effective lifetime of 4 ns.310 The native NPLs fluores-

cence quantum yield is 65%± 10% in hexane, that I measured following the relative method

in Sec. 2.7, employing a solution of rhodamine B in ethanol as reference (QYref = 70%).

Figure 5.4: (a) Absorption profiles of pristine and decorated NPLs, normalized at the first excitonic peak,

as a function of the nominal ligand density Σ. (b) Relative photoluminescence (PL) spectrum of CdSe

nanoplatelets dispersions in the solvent mixture recorded under a cw 510 nm excitation as a function

of Σ.

To decorate the NPLs with the triplet acceptor ligands 9-ACA, the native solvent was evapo-

rated and the NPLs were re-dispersed in a solvent mixture of hexane, THF and toluene, with

ratio 80:15:70, successively employed to dissolve 9-ACA for ligand exchange. The mixture

composition was optimized to easily remove the native ligands and to favor the ligand ex-

change. To evaluate the solvent mixture effects on the NPLs photophysics, I performed cw

and time-resolved photoluminescence measurements on pristine NPLs in hexane and in the

solvent mixture. Figure 5.3 highlights the NPLs PL spectrum recorded under a cw 510 nm exci-

tation (panel a) and PL intensity decay at 555 nm under a pulsed 510 nm laser excitation (panel
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b and c), for pristine NPLs in hexane (black curves) and in the solvent mixture (red curves).

Importantly, the pristine NPLs suffer from a strong reduction of the PL intensity, with an ex-

tensive drop (η) of the zero-delay intensity I0 of about one order of magnitude (panel b), as

well as an acceleration of the emission lifetime (panel c). This suggests the successful removal

of the native capping ligands, because the surfaces are left unpassivated, resulting in the exci-

ton quenching by ultrafast charge trapping.

The decoration of the NPLs surfaces was carried out following the procedure reported in Sec.

3.2.3, by varying the ratio between the NPLs and 9-ACA solutions to obtain the desired ligand

density per NPL (Σ). Since Σ plays a key role in setting the ET′ rate and yield,209 isothermal

titration calorimetry (ITC) measurements were performed to estimate the amount of 9-ACA

molecules per NPL, as previously discussed in Sec. 3.2.4. These measurements suggest that

each 9-ACA introduced in the mixture binds to the NPLs until surface saturation, and the

maximum ligand density achievable by considering a homogeneous surface coverage is Σ =

1.4 nm−2.

Figure 5.5: (a) Relative PL intensity decay at 555 nm recorded under pulsed excitation at 510 nm of the

NPLs dispersions in the solvent mixture as a function of the nominal ligand density Σ (repetition rate

10 MHz). The red dashed line marks the zero-delay loss of PL intensity when pristine NPLs are moved

in the solvent mixture employed for the ligands exchange. (b) Zero-delay intensity loss (η) and energy

transfer efficiency (Φ′
ET ) as a function of Σ derived from the experimental data in panel (a).
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Figure 5.6: (a,b) Transient absorption (TA) spectrum on the nanosecond (a) and millisecond (b) timescale

of pristine (top panel) and decorated (bottom panel) NPLs (NPLΣ, Σ = 24 nm−2) under pulsed excitation

at 510 nm (repetition rate 200 Hz).

5.3 Ligand density effects on the NPLs photophysics

To asses the effects of the ligand exchange procedure and of the ligand density Σ on the NPLs

photophysics and ET′ dynamics I employed cw and time-resolved photoluminescence spec-

troscopy techniques on functionalized NPLs. To investigate the effects of ligand exchange, I

prepared a series of NPLs samples with increasing 9-ACA density following the procedure in

Sec. 3.2.3. Figure 5.4a depicts the absorption profiles of the sample series, normalized at the

first exciton peak, to highlight the increasing 9-ACA contribution to the absorption spectrum.

Panel b reports how the NPLs photoluminescence intensity is affected by Σ, under a cw 510

nm excitation. The reference PL spectrum of pristine NPLs refers to NPLs in hexane. For quan-

titative comparisons I performed the measurements under the same experimental conditions

and I corrected the spectra for the different absorbance at the excitation wavelength. The PL

intensity exhibits a progressive reduction upon increasing Σ, suggesting an increasing ET′ ef-

ficiency Φ
′
ET , consistently with the increasing number of triplet acceptors.329, 330 Analogously,

Fig. 5.5a shows the PL intensity decay at 555 nm recorded under a pulsed 510 nm laser exci-

tation of the same sample series. The considerations about the measurements conditions and
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spectra analysis apply here as well. Importantly, the time-resolved measurements allow to

outline the processes involved in the emission quenching observed. With a nominal Σ = 0.45

nm−2, which is insufficient to fully cover the NPL surfaces, I observed that the zero-delay in-

tensity IΣ is partially recovered with respect to the I0 reduction observed for pristine NPLs in

the solvent mixture (this I0 reduction is represented as the horizontal dashed line in Fig. 5.5a).

Also, the emission lifetime is slightly accelerated with respect to pristine NPLs suggesting the

occurrence of ET′ towards the ligands.

By further increasing the amount of 9-ACA in the solution so to have Σ values beyond the

nominal full coverage achievable, I observed a progressive acceleration of the exciton recom-

bination dynamics, in agreement with an enhanced ET′ rate.331 Defining the effective lifetime

as when the PL intensity is reduced by a factor 1/e, and employing the relation

Φ
′

ET = 1− τΣ
τ0

(5.1)

where τΣ and τ0 are the effective lifetime of decorated NPLs with ligand coverage Σ and of

pristine NPLs, respectively, the ET′ efficiency increases with Σ, and reaches the maximum

value of 90% with Σ = 24 nm−2, as highlighted by the red curve in Fig. 5.5b. Along with the

Figure 5.7: (a) Kinetics recorded at 550 nm from TA measurements on pristine NPLs (black dots) and on

decorated NPLs with Σ = 24 nm−2 (NPLΣ, orange squares) in the solvent mixture. (b) Kinetics recorded

at 430 nm from TA measurements on the same samples. The solid line is the fit of experimental data

with a single exponential decay function with characteristic lifetime τ = 1.1 ms.

excitonic dynamics acceleration, the data also highlight a progressive reduction of IΣ upon

increasing Σ, which suggests the occurrence of ultrafast processes that reduce the fraction

of NPLs able to sensitize the ligands triplets. As previously mentioned, a small amount of
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9-ACA introduces a substantial recovery of the zero-delay loss affecting the pristine NPLs in

the mixture solvent. This behavior suggests that the surface defects introduced by the native

ligands removal promoted by the solvent mixture are partially passivated by 9-ACA. However,

this recovery is not complete possibly because of the 9-ACA morphology. This ligand exhibits

indeed a significantly larger steric hindrance in comparison to the native ligands, thereby, even

if the native ligands removal is highly efficient, it is not possible to realize the same surface

passivation with 9-ACA because of the larger size. Consequently, the surfaces are left partially

unpassivated. The zero-delay loss arising with a given Σ can be quantified, similarly to Eq.

4.2, as

η =
IΣ
I0

(5.2)

where IΣ is the zero-delay intensity for the Σ considered and I0 is the value in pristine NPLs.

The η values for the Σ considered are reported in Fig. 5.5b (black curve).

Figure 5.8: Time-resolved PL intensity of the NPLs dispersion series recorded at 555 nm under a pulsed

laser excitation at 410 nm (repetition rate 76 MHz), as a function of Σ.

The effective occurrence of ET′ is further demonstrated by transient absorption (TA) experi-

ments. Figure 5.6a shows the TA on a nanosecond timescale for a dispersion of pristine NPLs

(top panel) and decorated NPLs with Σ = 24 nm−2 (NPLΣ, bottom panel). No substantial dif-

ferences are detectable in the wavelength-resolved spectrum, which is dominated by the NPL

band-edge photoluminescence at 550 nm. Conversely, the NPLΣ kinetics at this wavelength

reported in Fig. 5.7a shows an emission lifetime acceleration in agreement with the dynamics

observed in the photoluminescence experiments previously discussed. On the other hand, in

the milliseconds timescale the NPLΣ show an absorption feature peaked at 430 nm (Fig. 5.6b),

absent in the pristine NPLs, which corresponds to the energy of the 9-ACA T1-Tn transition.141
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Moreover, the kinetics at 430 nm in Fig. 5.7b indicate an excited state lifetime of about 1 ms, in

good agreement with the lifetime of the 9-ACA triplet state T1.141 These results demonstrate

the occurrence of ET′ from the NPLs exciton to 9-ACA triplets essential for the sTTA upcon-

version process.

To assess if the zero-delay loss discussed in Fig. 5.5b can be ascribed to charge transfer pro-

cesses from the NPLs to the ligands, I performed ultra-fast time-resolved measurements on the

same sample series. The PL intensity decays at 555 nm recorded under a pulsed 410 nm ultra-

fast laser excitation are reported in Fig. 5.8. The hypothesis of charge transfer processes can

be excluded because over a timescale of hundreds of picoseconds, characteristic of these pro-

cesses in nanostructures, no significant quenching is observed.301, 303 This result is consistent

with the predicted energy level shift induced by 9-ACA, that effectively prevents hole transfer

from the NPLs VB to the 9-ACA HOMO level. However, because at the given Σ more than one

Figure 5.9: (a). Intermolecular distance R between ligands attached on the CdSe nanoplatelets as a

function of the nominal surface ligands density Σ. The dotted horizontal line indicates the distance R =

3.5 Å at which the π−π stacking interaction between two 9-ACA molecules is effective. (b) Absorption

spectrum of the 9-ACA ligand in a diluted 10−6 M solution in the solvent mixture (light blue curve)

and of the decorated NPLs dispersions as a function of Σ. The dotted vertical lines mark the energy of

the 0-0 vibronic transition at the lowest coverage level (Σ = 0.45 nm−2) and of the free molecule in

solution.

ligand is attached to each NPL, ET′ should be complete. Moreover, by further increasing Σ,

additional zero-delay losses appear, which lower η to 0.03 at Σ = 24 nm−2, as demonstrated by

the time-resolved data showed in Fig. 5.5b. These results suggest the appearance of additional

exciton quenching processes with increasing efficiency at larger Σ occurring on a timescale
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Figure 5.10: (a) Absorption spectra normalized to the low-energy replica of 9-ACA solutions in the

solvent mixture at different concentrations, reported in the label. (b) Normalized PL spectra of a series

of 9-ACA solutions in the solvent mixture at different concentrations, recorded under a cw 350 nm

excitation.

too fast to be efficiently probed (tens of picoseconds).

5.4 Ligand stacking on the nanoplatelets surfaces

To shed light on the unexpected quenching observed at ultrashort times, I performed a se-

ries of absorption measurements on decorated NPLs. Figure 5.9a shows indeed the average

intermolecular distance R between 9-ACA molecules bound to the NPLs surface estimated by

considering the ligand exchange as a homogeneous process. The calculation shows that for

Σ < 3 nm−2, the R value is much larger than the π− π stacking intermolecular distance ∼ 35

Å typically observed between two anthracene moieties,332 therefore the surface ligands should

not interact for these Σ values. Conversely, for Σ > 3 nm−2, the appearance of an interaction

between the close packed anthracene units should be expected. Nevertheless, the absorption

spectra of the decorated NPLs series reported in Fig. 5.9b suggest a different scenario. The

absorption spectrum of a 9-ACA diluted solution in the solvent mixture is also reported as

reference (light blue curve). Each spectrum features the vibronic replicas series typical of the

anthracene core, due to the coupling of the electronic transition with C-H stretching modes.

Importantly, the absorption peaks in decorated NPLs with Σ ≤ 1.4 nm−2 are red shifted with

respect to the free ligand of about 30 meV, which corresponds to the reorganization energy

measured for anthracene molecules condensation by means of π − π stacking.27 At larger Σ
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Figure 5.11: (a) Sketch of the decorated NPLs at low (top) and high (bottom) 9-ACA coverage level.

In the high-coverage configuration, the close-packed ligands allow for diffusion of triplets generated

by energy transfer (ET′ ), enabling TTA and the consequent delayed luminescence arising from back-

energy transfer to the NPL of the upconverted singlets created by TTA among the close-packed ligands.

(b) Kinetics at 550 nm of pristine NPLs, decorated NPLΣ (Σ = 1.3 nm−2) and decorated NPLs in solution

with emitters DPA (10−2 M) and perylene (2 ×10−3 M), respectively, under pulsed excitation at 532 nm

(repetition rate 200 Hz) in the solvent mixture.

values, the absorption peaks become broader owing to the convolution of the spectra of both

anchored and free ligands in solution, in agreement with the maximum coverage level achiev-

able discussed previously. Therefore, these results suggest that the ligand exchange evolves

in a island-like way, rather than being a homogeneous process. This leads to the formation

of aggregates of 9-ACA molecules bound to the NPLs surfaces, as sketched in Fig. 5.11a. This

finding allows to shed some light on the ET′ properties previously observed. At low Σ, the

9-ACA ligands are not uniformly distributed on the whole NPLs population, but rather bind

preferentially on those NPLs with already a partial 9-ACA coverage. Thus a fraction of NPLs

are not properly passivated and inefficiently sensitize the ligands triplets, as suggested by the

low ET′ yield and the zero-delay loss shown in Fig. 5.5. At higher Σ, the average ET′ rate and

yield on the decorated NPLs ensemble increase because more NPLs are effectively covered

by more aggregated 9-ACA ligands that at some point form a layer of stacked molecules, as

sketched in the bottom panel of Fig. 5.11a, while the ligands in excess remain in solution. To

verify that the observed behavior is not related to 9-ACA aggregation in solution, I measured

the absorption and PL spectra of a series of 9-ACA solutions in the solvent mixture at different

concentrations. Since no difference is detected in the spectra over a wide concentration range,
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it is safe to assume that the effects previously discussed are only due to the 9-ACA bound to

the NPLs surfaces.

Figure 5.12: (a,b) PL spectra acquired as a function of the absorbed excitation intensity I
′
exc of an upcon-

verting system with CdSe NPLs with 9-ACA (Σ = 24 nm−2) with optical density 0.1 at the excitation

wavelength 532 nm and perylene (panel a) or DPA (panel b) as emitters, in the solvent mixture. The

laser stray light was removed with a notch filter. Upconverted photoluminescence (UC PL) intensity as

a function of I ′
exc for the same systems (panel c for perylene, d for DPA). The dashed lines highlight the

quadratic and linear trends (slope 2 and 1, respectively), crossing at the absorbed excitation threshold

intensities I ′
th.

The effects of this peculiar surface coverage are demonstrated by TA experiments reported in

Fig. 5.11b, which shows the PL kinetics at 550 nm of decorated NPLs (orange curve) compared

to the corresponding kinetics of pristine NPLs (black curve). Interestingly, upon decoration

the NPLs exhibit a slow build-up of the emission followed by a slow and weak delayed fluores-

cence on the millisecond timescale. This delayed fluorescence suggests a slow diffusion of long
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living triplets within the layer of stacked ligands allowing in situ TTA on single NPLs. In fact,

the intermolecular distance between stacked anthracenes is small enough to allow the ligand

triplet exciton diffusion within the 9-ACA ensemble on the NPLs surface. Therefore, if two

triplet excitons are sensitized simultaneously on the same NPL, they can experience TTA and

generate an upconverted high energy singlet state, which is promptly quenched by the NPLs

through fast Förster ET given the ligand-to-NPL extreme vicinity and the complete energy

resonance between the 9-ACA singlet and the NPL absorption. Conversely, no delayed emis-

sion is detected from pristine NPLs, and, remarkably, no delayed emission can be detected by

coupling the decorated NPLs with two different emitters, DPA (dark blue curve) and perylene

(light blue curve), able to deplete the ligand triplet population by ET′′ . Remarkably, this result

demonstrates that the delayed fluorescence is directly related to the presence of unquenched

ligand triplets on the NPLs surfaces. On the other hand, the presence of aggregates on the

NPLs surface can also introduce quenching channels, which can be responsible of the addi-

tional ultrafast losses previously discussed. Further experiments are ongoing in this direction

to assess further effects of the 9-ACA aggregates on the NPLs excitons properties.

5.5 Importance of the emitter selection

The performance of decorated NPLs as sensitizers for sTTA upconversion was tested in so-

lution with two emitters, DPA and perylene. I employed two different emitters because the

redshift of the ligand triplet energy observed can have crucial consequences on the choice

of the emitter as it can affect the ET′′ thermodynamic driving force. To avoid back-energy

transfer and maximize the efficiency of the annihilating triplets sensitization, the ET′′ should

be exothermic, with the 9-ACA triplet slightly more energetic than the emitter.139 To max-

imize the ET′ efficiency the upconverting solutions were prepared with the highest surface

coverage (Σ = 24 nm−2) and optical density 0.1 at the excitation wavelength of 532 nm. The

emitter concentrations were chosen as high as possible compatibly with the molecular solu-

bility in the solvent mixture, so 10−2 M for DPA and 2 × 10−3 M for perylene. Figure 5.12

shows the PL spectra (panel a and b) and the integrated upconverted PL intensity (panel c and

d) that I recorded as a function of excitation intensity under a cw 532 nm laser excitation for

the two systems (panels a-c are relative to perylene, panels b-d are relative to DPA as emit-

ter respectively). The UC-PL vs absorbed excitation intensity I ′

th trends exhibit the peculiar
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quadratic-to-linear behavior expected for sTTA upconversion. But importantly, the absorbed

excitation threshold intensity I ′

th for the DPA-based system is 0.69 W cm−2, four times higher

than in the perylene-based system (0.16 W cm−2). This implies that when employing DPA as

emitter the system requires a greater amount of energy to efficiently start to upconvert. This

different behavior can be ascribed to the triplet energy of DPA and perylene. In fact, at room

temperature, the 9-ACA and DPA triplets are almost isoenergetic, considering the DPA triplet

energy (1.77 eV)141 and the energy difference of ∼ 30 meV that shifts the 9-ACA triplet energy

from 1.83 eV to 1.80 eV,141 and this has detrimental consequences on the net ET′′ .139 In fact,

because back-energy transfer from excited DPA molecules towards the ordered ligands can

easily occur, the number of emitter triplets that can annihilate decreases, resulting in an in-

creased threshold intensity. Conversely, the perylene triplet energy is sufficiently low (∼ 1.53

eV)116, 231 to prevent back energy transfer upon collision between excited perylene molecules

and sensitizers.

5.6 Conclusions

In this Chapter, I demonstrated how CdSe NPLs decorated with proper conjugated hydrocar-

bons are promising candidates to work as hybrid sensitizers, offering many beneficial advan-

tages over the more common semiconductor nanocrystals. These advantages are related to

the inherent 1D confinement and to the NPLs peculiar surface properties. Since the NPLs ex-

pose the same crystal facets, high ligand coverage can be achieved, with beneficial effects for

fast and efficient energy transfer. Isothermal titration calorimetry measurements allowed to

study in detail the binding of 9-ACA to the NPLs surfaces and the maximum coverage achiev-

able. Interestingly, I observed that NPLs surfaces are less sensitive to ligand exchange than

nanocrystals, since the (100) crystal facet exposed by NPLs favors the ligand attachment with-

out introducing surface defects that can act as deleterious nonradiative recombination centers.

The thorough investigation of the energy transfer dependence on the surface coverage degree

highlighted that, consistently with what already observed with nanocrystals, the transfer ef-

ficiency increases by increasing the number of ligands per NPL. But importantly, owing to

the NPLs flat surface and the 9-ACA planar structure, the 9-ACA molecules attached to the

NPLs surfaces can interact forming some ordered structure similar to anthracene crystals. The

formation of these structures induces a redshift of the 9-ACA energy levels with respect to the
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free ligands in solution, which can affect the energy resonance between ligand and emitter

triplets and thereby the ligand-to-emitter energy transfer efficiency. As a result, according

to the emitter employed, back-energy transfer from excited emitters to sensitizers can take

place, reducing the sTTA-UC performance. This problem can be mitigated by using emitters

with lower triplet energy, to preserve the thermodynamic driving force necessary for efficient

forward energy transfer, or by introducing some bulkiness in the ligands structure to prevent

their interaction. The results of this study highlight the importance of the optimization of

the ligand binding on the nanoplatelets surface and can serve as a guideline to design more

efficient hybrid upconversion systems based on semiconductor nanoplatelets.
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Nanophase-separated glassy polymers

Upconversion sensitized by triplet–triplet annihilation proved to be remarkably efficient at low

excitation intensities in solution, but becomes relatively ineffective in solid matrices since the

typically limitedmolecular diffusion hinders the bimolecular interactions underpinning sTTA-UC.

An open challenge for the translation of sTTA-UC to the solid-state, crucial for the development

of real-world solar devices, is the realization of efficient solid-state upconverters that not only

exhibit long-term stability but also are compatible with industrial fabrication processes. Here,

I report nanophase-separated polymers that contain upconverting dyes in liquid nanodomains

well-separated from the rigid phase, and that can be easily synthesized under ambient conditions.

The nanostructured polymers fabricated show excellent optical quality, the notable upconversion

efficiency of ∼ 23 %, and excellent stability in air, with only a limited performance reduction

over a time span of three months. Moreover, the ability to confine the upconverting dyes in liquid

domains of size < 50 nm translates in an increased effective local density of chromophores that

enables hopping-assisted energy transfer and TTA and allows to activate the peculiar confined

sTTA kinetics that enhances the material performance at low powers.

6.1 Design and fabrication of nanophase-separated glassy

polymers

It has been thoroughly demonstrated that sTTA-UC can be highly effective in environments

like low viscosity solvents, because the large molecular diffusivities make energy transfer (ET)

and triplet-triplet annihilation (TTA) extremely efficient, as discussed in Sec. 1.7. Neverthe-

less, solid materials are better suited for integration into technologically useful devices, but
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the realization of solid-state upconverting materials that display high efficiency, low excitation

threshold and good long-term stability, and which can be manufactured in a technologically

exploitable manner, is still an open challenge. One of the main problems typically faced when

the upconverting dyes are incorporated in solid matrices is that the bimolecular processes

are typically hindered because of low molecular mobility.236 To address this issue, several

approaches have been explored to develop efficient solid-state upconverters, such as upcon-

verting nanoparticles, macromolecular self-assemblies, dye doped polymers, organic glasses,

and gels.22, 75, 79, 89, 90, 144, 145, 247, 260, 261, 333–337 Each approach has its own advantages but also draw-

backs, and it is still challenging to combine all the features requisite for a system to be tech-

nologically appealing, i.e., high chromophore density, oxygen protection, high upconversion

efficiency, long-term stability, tunable mechanical properties, and easy and economical fab-

rication. Recently, nanophase-separated polymers composed of a glassy matrix and a liquid

upconverting phase were proposed as an attractive platform to create solid-state sTTA-UC ma-

terials,262 characterized by the in-situ formation of a phase-separated architecture featuring a

liquid upconverting phase within a solid, cross-linked polymeric matrix. The liquid phase,

stabilized by a surfactant, was based on a non-polar solvent in which the upconverting dyes

were dissolved, while the polymer matrix was formed by polar monomers and optionally a

cross-linker. This class of solid upconverters exhibited intriguing properties. The liquid nature

of the upconverting phase yielded indeed a high upconversion efficiency, whereas the poly-

mer matrix provided rather effective oxygen protection. However, they displayed a limited

stability in both the idle condition and under irradiation.

To circumvent these limitations, rational modifications were developed upon the speculation

that the upconversion efficiency decrease over time was at least partially related to dyes degra-

dation owing to reactions with trapped residues (such as oxygen, unreacted monomers and

initiators),338, 339 morphology instability, and/or slow evaporation of the somewhat volatile sol-

vent (1-tert-butyl-3,5-dimethyl benzene) that was used to form the liquid phase.262 There-

fore, following a systematic investigation to determine how the various components influ-

ence the material properties, the initiator system, surfactant, solvent and plasticizer were

replaced, and an oxygen scavenger was incorporated. Figure 3.3 illustrates the molecular

structures of the moieties employed to fabricate the new upconverting nanophase-separated

polymers, produced following the protocol in Sec. 3.3.1. The novel redox initiation system

employed was inspired by microbiocidal mechanisms observed in immune cells, which pro-
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Figure 6.1: (a) Transmission spectrum of a dye-free nanophase-separated polymer sample (solid black

line) superimposed to the absorption (dashed lines) and photoluminescence (PL, solid lines) spectra

of the upconverting dyes employed, Pd(II) octaethylporphyrin (PdOEP, red) as sensitizer and 9,10-

diphenylanthracene (DPA, blue) as annihilator/emitter in butyl benzoate. (b) Digital pictures of the

dye-free nanophase-separated polymer (left) and of the upconverting DPA:PdOEP nanophase-separated

polymer (right).

duce HOCl and HOBr by an enzyme-catalyzed reaction of the corresponding halides with

biosynthetic H2O2. The hypohalous acids then react with heteroatomic species present in the

biological medium, especially thiols, and generate unstable halogenated intermediates that

dissociate into radicals at room temperature.340, 341 Under the assumption that this frame-

work allows to carry out the polymerization under ambient conditions and that it affords

relatively inert residues, halides (the counter-ion of the cetyltrimethylammonium surfactant)

and methacrylic acid as proton source in the polymerization mixture were employed to gen-

erate radicals in-situ by sequentially adding H2O2 and a thiol to initiate the polymerization

reaction. 2-mercaptoethanol was chosen as reducing agent, as it afforded transparent glasses

when employing cetyltrimethylammonium bromide (CTAB) or chloride (CTAC) as surfac-

tant/halogen source. A mixture of the hydrophilic monomers methacrylic acid ( MAA, 13%

w/w), 2-hydroxyethyl methacrylate (HEMA, 53% w/w) and triethylene glycol dimethacrylate

(TEG-diMA, 3.5% w/w) was used to form the cross-linked, glassy polymer matrix upon free-

radical polymerization. Butyl benzoate (BuBz) was selected as hydrophobic solvent, since sol-

vents with higher boiling points occasionally provoked macrophase segregation. The system

that yielded the highest upconversion photoluminescence (UC-PL) intensity was established
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Figure 6.2: (a) Absorption (dashed lines) and photoluminescence spectra (solid lines) of the PdOEP

(2 ×10−5 M, top), DPA (1.5 ×10−2 M, middle) and DPA:PdOEP (1.5 ×10−2 M : 8 ×10−5 M, bottom)

nanophase-separated polymers. The PL spectra were recorded under cw excitation at 532 nm for the

PdOEP sample and 380 nm for the samples containing DPA. (b) Top: time-resolved phosphorescence

intensity at 670 nm of the reference PdOEP polymer under pulsed excitation at 532 nm, with charac-

teristic lifetime τph. Middle, bottom: fluorescence intensity decay at 435 nm under a pulsed 405 nm

excitation, with characteristic lifetime τfl of the reference DPA sample (middle) and of the upconvert-

ing DPA:PdOEP sample (bottom). The solid lines are the fitting curves of the experimental data with

single exponential decay functions.

empirically, using the well-known sTTA-UC sensitizer/emitter pair Pd(II) octaethylporphyrin

(PdOEP) and 9,10-diphenylanthracene (DPA), and a combination containing triethylene gly-

col (15% w/w), BuBz (10% w/w) and CTAC (5% w/w). The nominal dye concentrations were

2×10−5 or 8×10−5 M for PdOEP and 1.5×10−2 M for DPA considering the total volume of the

polymers composition and assuming a density of 1 g mL−1. Dimethylthiomethane (DMTM,

0.5% w/w) was also incorporated in the mixture to act as a sacrificial oxygen scavenger,342, 343

yielding a notable improvement of the UC-PL stability. Figure 6.1a demonstrates the excellent

optical quality of the proposed polymers by the transmission spectrum of a dye-free sample

(black line), superimposed to the absorption (dashed lines) and photoluminescence (PL, solid

lines) spectra of the upconverting dyes employed, PdOEP as sensitizer (red) and DPA as an-
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nihilator/emitter (blue), in BuBz. In the visible spectral region between 400 and 700 nm, the

dye-free sample with 1 cm optical path displays an average transmittance > 90%, suggesting

that the light scattering is negligible. The exceptional optical quality of the material is also

demonstrated by the digital pictures (panel b) of the dye-free glassy polymer (left) and of the

DPA:PdOEP upconverting glassy polymer (right).

As reported in Sec. 3.3.3 the polymers have a glass transition temperature (Tg) of 50-52 °C,

regardless of the presence of BuBz in the sample. This Tg independence of the introduction of

BuBz suggests the coexistence of a rigid matrix well-separated from the liquid phase contain-

ing the solvent, rather than being mixed together. A strong confirmation of the presence of

multiple phases was obtained by means of time-domain NMR experiments. The proton mag-

netization relaxation measurements reported in Figure 3.6a show a bi-component relaxation

dynamics indicative of the coexistence of a mobile and a rigid phase.287, 288, 344 The analysis of

spin diffusion experiments sets the average diameter of the mobile domains, assumed to be

spherical for simplicity, at ∼ 38 nm.345 Importantly, a rough estimation based on the liquid-

to-rigid feed ratio sets the liquid volume to 10% of the total volume.

6.2 Photophysical properties at room temperature

In this section, I illustrate the photophysical properties of the newly developed nanophase-

separated glassy polymers, that I investigated by means of cw and time-resolved spectroscopic

measurements. For comparative studies, I considered green-to-blue DPA:PdOEP upconvert-

ing nanophase-separated polymer (1.5 × 10−2 M : 8 × 10−5 M), the corresponding reference

polymers containing either DPA (1.5× 10−2 M) or PdOEP (both 2× 10−5 M and 8× 10−5 M),

as well as a reference solution of DPA:PdOEP (10−2 M : 8 × 10−5 M) in BuBz. All the sam-

ples considered were loaded in quartz Suprasil cuvettes with 1 cm optical path. Figure 6.2a

reports the absorption spectra, performed following the method in Sec. 2.1, and photolumi-

nescence spectra of the PdOEP, DPA and DPA:PdOEP nanophase-separated polymers. Panel

b illustrates the intensity decay of the photoluminescence emission acquired at the PL peak

for each sample. In the green spectral range, the samples containing the sensitizer feature the

porphyrin characteristic absorption Q-band peaked at 540 nm (top and bottom panels). In the

UV-blue region, the DPA molecules’ absorption saturates over 3 OD at wavelengths shorter

than 400 nm (middle and bottom panels). This confirms that in the DPA:PdOEP sample both
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Figure 6.3: (a) PL spectrum of the reference PdOEP nanophase-separated polymers with porphyrin

concentration 2×10−5 M (red curve) and 8×10−5 M (grey-dotted curve) PdOEP, acquired under cw

532 nm laser excitation. (b) Time-resolved PL intensity at 670 nm of the same two samples, acquired

under pulsed 532 nm excitation.

dyes are effectively included in the host. Upon excitation at 532 nm, the PdOEP reference

sample exhibits the typical red phosphorescence (red-PL) peaked at 670 nm, which decays

as a single exponential with characteristic lifetime τph = 1.47 ms (panel b, top). The single

exponential behavior suggests that these molecules experience a homogeneous environment

meaning that there is only negligible partitioning between the segregated phases.28 To assess

these features I tested a PdOEP sample containing a small amount of sensitizer (2 × 10−5 M)

to record the entire absorption spectrum without any saturation, whereas in the upconverting

material the amount of PdOEP was increased for adequate absorbance at the excitation wave-

length and to draw an accurate quantitative analysis of the upconversion performances. To

investigate whether the analyses performed on the upconverting sample could be affected by

possible contributions from sensitizer-sensitizer quenching or other concentration-dependent

quenching mechanisms, I also probed a reference PdOEP sample with the same porphyrin

concentration employed in the upconverting sample (8 × 10−5 M). As shown in Fig. 6.3, the

porphyrin emission and lifetime remain unchanged in the high concentration sample, there-

fore the presence of quenching pathways competitive with energy transfer can be excluded.

This is also confirmed by the average intermolecular distance between two porphyrins, that

can be calculated as the diameter d of the sphere centered on a PdOEP molecule:

d = 2× 3

√
1[cm3]3

Clocal4π
∼ 16nm (6.1)
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Figure 6.4: (a) Fluorescence emission spectrum of DPA in a reference dilute solution in BuBZ (DPA

concentration 10−4 M, light blue curve) and UC-PL spectrum in the DPA:PdOEP polymer (blue curve),

recorded under a cw 380 nm and 532 nm excitation, respectively. (b) DPA prompt fluorescence intensity

decay at 433 nm, recorded under a pulsed 405 nm laser excitation, in the same two systems.

where Clocal is the effective PdOEP concentration considering that the sensitizers accumulate

preferentially in the liquid domains (vide infra), i.e. in 10% of the total volume according to

the initial liquid-to-rigid feed ratio, thus Clocal =
CPdOEP

0.1
= 8 × 10−4 M. The intermolecular

distance between two PdOEP molecules is so large to exclude deleterious interactions between

excited sensitizers.

The DPA reference and the DPA:PdOEP upconverting polymer both exhibit a bright emission

(blue-PL) peaked at 433 nm upon excitation at 380 nm matching the DPA fluorescence,307 with

characteristic decay time τfl = 10 ns. Also this emission behaves as a single exponential func-

tion demonstrating the absence of partitioning for the emitter molecules as well. Figure 6.4a

reports the comparison between the DPA fluorescence emission spectrum in a dilute solu-

tion in BuBZ (DPA concentration 10−4 M, light blue curve) and the UC-PL in the DPA:PdOEP

polymer (blue curve), recorded under a cw 380 nm and 532 nm excitation, respectively. The

UC-PL spectrum is identical to that of DPA in BuBz solution, except for the change in shape

at high energies due to partial self-absorption. I also looked for possible variations in the DPA

excited state lifetime. In this regard, Fig. 6.4b shows the DPA prompt fluorescence intensity

decay at 433 nm, recorded under a pulsed 405 nm laser excitation, of the same two systems.

The corresponding lifetimes are comparable, just slightly longer in the polymer consistently

with self-absorption. Figure 6.5 illustrates the DPA prompt fluorescence decay in polymers

with different DPA and PdOEP concentrations. Regardless of the system’s composition, no
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Figure 6.5: Time-resolved PL intensity at 433 nm of a series of nanophase-separated polymers with

different sensitizer/emitter concentrations recorded under pulsed excitation at 405 nm (repetition rate

5 MHz). Independently of the sample composition, the DPA fluorescence intensity decays as a single

exponential function with characteristic lifetime τfl ∼ 10 ns.

significant variation in τfl can be detected, therefore it is safe to exclude efficient parasitic

deactivation channels due to the high amount of emitters employed or to the coexistence of

PdOEP and DPA molecules, such as back-energy transfer from DPA singlets to sensitizers, de-

spite the partial resonance between the DPA fluorescence and PdOEP absorption potentially

can allow a Förster-type ET. In fact, the low sensitizer concentration sets the average inter-

molecular distance between DPA and PdOEP molecules to ∼ 16 nm (Eq. 6.1), about 5 times the

Förster radius (3.1 nm) calculated on the basis of the PdOEP-DPA spectral overlap. Even con-

sidering the DPA singlet diffusion length of about 3.2 nm (calculated with Eqs. 1.28 and 1.33

from the BuBz viscosity of 2.7 cP at room temperature and from the DPA effective molecular

radius of 0.45 nm)41 back ET can be neglected. Importantly, as the PdOEP and DPA photo-

physical properties in the reference polymers do not significantly differ from those in BuBz,

the synthetic procedure enables to localize the upconverting dyes primarily only in the liquid

domains.

Figure 6.6a illustrates the behavior of the reference PdOEP sample and of the upconverting

DPA:PdOEP sample upon cw laser excitation at 532 nm. The reference sample exhibits an

intense red-PL (red curve), while the DPA:PdOEP upconverting polymer displays bright blue

upconverted photoluminescence (UC-PL) peaked at 433 nm (blue curve). I compared the in-

tegrated red-PL intensity from the PdOEP sample (I0) and the residual integrated red-PL (I)

in the upconverting DPA:POEP sample in the presence of emitters, corrected for the sample

absorbance at 532 nm (OD 0.25 and 0.08, respectively), obtaining an ET yield ΦET = 1− I
I0

=

96%.28 Also, Figure 6.6b reports the normalized kinetics of the red-PL emission at 670 nm in
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Figure 6.6: (a) Photoluminescence spectrum recorded under a cw 532 laser excitation of the DPA:PdOEP

upconverting polymer (blue curve) and of the reference PdOEP polymer (red curve), rescaled for the

different absorbance. The PdOEP curve was scaled for clarity. (b) Photoluminescence intensity decay

recorded at 670 nm under a pulsed 532 laser excitation of the DPA:PdOEP upconverting polymer (dark

red curve) and of the reference PdOEP polymer (red curve). The inset is a magnification of the first 300

µs to emphasize the recombination dynamics acceleration in the upconverting polymer owing to fast

ET.

the two samples, acquired under pulsed 532 nm laser excitation. The time decay of the residual

red-PL intensity in the upconverting polymer is bi-exponential, and about 95% of the emission

is quenched promptly on a time scale faster than 10 µs, due to fast ET to DPA triplets, confirm-

ing the high ET efficiency obtained from steady-state measurements. But more interestingly,

correlating the data acquired in cw experiments and the analysis of the time-resolved PL spec-

tra provides information about the upconverting molecules location in the host. The residual

red-PL kinetics shows indeed also a negligible secondary slow component with a lifetime of

1.55 ms, which suggests that a small fraction of sensitizers are incorporated in the rigid poly-

mer, where ET is suppressed.346 It is worth stressing that these results indicate that almost all

the PdOEP molecules are included and mixed with the emitters in the liquid domains, where

ET and TTA can take place.225

6.3 Temperature effects on bimolecular processes

I gained further interesting insights into the dyes arrangement within the polymer through

temperature-dependent photoluminescence experiments. As already pointed out in Fig. 6.6b,

at room temperature the cw PL spectrum of the DPA:PdOEP upconverting polymer recorded
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Figure 6.7: (a) PL spectra of the DPA:PdOEP upconverting polymer under cw laser excitation at 532

nm (3 W cm−2) as a function of temperature (20 °C, 5 °C, -20 °C, -100 °C). The dashed line is the PL

spectrum of the PdOEP reference polymer under the same excitation conditions at 20 °C. The spectra

were corrected to account for the different sample absorbance. (b) Time-resolved PL intensity at 670 nm

of the DPA:PdOEP upconverting polymer recorded under a pulsed laser excitation at 532 nm (repetition

rate 10 Hz) at 20 °C (red curve) and -100 °C (dark red). The solid lines are the fitting curves of the long-

time emission tails with a single exponential decay function. The inset highlights the first ∼ 400 µs of

the temporal window explored.

upon excitation at 532 nm is dominated by UC-PL with negligible residual red-PL. Upon cool-

ing the sample to -100 °C, well below the melting temperature of BuBz of -22 °C,347 I observed

a reduction of the UC-PL intensity by one order of magnitude, while the red-PL intensity ex-

perienced a 7-fold increase, indicating a reduction of the ET yield to ∼ 10%, as reported in Fig.

6.7a. On the contrary, in the upconverting BuBz reference solution, the UC-PL almost disap-

peared when cooled to -100 °C as reported in Fig. 6.8a, and the upconverted emission could

only be detected at extremely high excitation intensities. Conversely, the sensitizer phospho-

rescence intensity grew of almost two orders of magnitude as a consequence of the complete

ET inhibition upon solvent crystallization.

It is worth pointing out that the fact that the upconverting polymer is able to perform sTTA-

UC even at low temperatures is ascribed to the effective dyes confinement in nanosized do-

mains, because the intermolecular distance becomes as short as ∼ 2 nm at least for a fraction

of molecules, enabling both ET and TTA without contributions from molecular translational

diffusion. This description is in agreement with the estimated average intermolecular distance

between DPA molecules of ∼ 2.6 nm calculated considering the increased DPA concentra-

tion ∼ 1.5 × 10−1 M (Eq. 6.1) obtained through dyes confinement in liquid nanodomains.
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Figure 6.8: (a) Absorption (top) and PL (bottom) spectrum of the reference DPA:PdOEP solution in

BuBz ( 1.5×10−2 M : 8×10−5 M) at room temperature (20 °C, solid line) and at -100 °C (dashed line),

under cw laser excitation at 532 nm (150 W cm−2). (b) Time-resolved PL intensity at 670 nm of the

reference solution at 20 °C (red curve) and at -100 °C (dark red curve), under pulsed excitation at 532 nm

(repetition rate 10 Hz). Upon freezing the sample, the emission intensity decays as a single exponential

decay function with characteristic decay time τph = 1.62 ms.

Conversely, the strong phosphorescence enhancement and the UC-PL suppression seen in the

frozen solution stem from blocking the dyes at a reciprocal distance of ∼ 6.0 nm at the given

DPA concentration of 10−2 M, much larger than typical Dexter ET radii, with consequent sup-

pression of both ET and TTA.43, 218, 348

I further confirmed this picture about the dyes arrangement within the nanostructured host

by investigating the changes of UC-PL and red-PL kinetics upon freezing, especially in com-

parison with the BuBz reference solution behavior. In the frozen solution, the red-PL decay

time lengthens consistently with suppressed ET, as reported in Fig. 6.8. Yet, the fast red-

PL intensity drop that marks the efficient ET at room temperature is only partially slowed

down in the frozen polymer, as shown in Fig. 6.7b, meaning that hopping-mediated ET is

still viable. Moreover, for the upconverting polymer I observed the typical slow sTTA-UC re-

combination dynamics (Figure 6.9), that, at this temperature, can only occur through triplet

exciton diffusion by hopping within the ensemble of close-packed DPAs without the assis-

tance of translational molecular motions. Interestingly, the progressive deceleration of both

UC-PL intensity decay (Fig. 6.9a) and rise time (Fig. 6.9b) upon lowering the temperature

mirrors a decrease of the TTA rate. In fact, the UC-PL emission decay time reflects the anni-
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Figure 6.9: (a,b) Time-resolved UC-PL intensity decay (a) and rise (b) of the DPA:PdOEP upconverting

polymer at 435 nm recorded as a function of temperature (20 °C, 5 °C, -20 °C, -100 °C), under pulsed

laser excitation at 532 nm (repetition rate 10 Hz). The rise time deceleration to reach the emission

intensity maximum after the excitation pulse observed upon lowering the temperature mirrors a TTA

rate decrease due to hindered triplet diffusion.

hilating triplets lifetime, which are the energy reservoir to generate the upconverted singlets.

In the first approximation, the emitter triplet lifetime is set by the spontaneous triplet decay

rate kT and by the TTA rate kTTA. The kTTA = γTTA[T ] is set by the emitter triplets den-

sity [T ] and by their diffusivity46 which is strongly reduced by the low temperature effects

on the hopping-mediated diffusion within the disordered dyes ensemble.252 Accordingly, the

UC-PL intensity decay at -100 °C features a single exponential behavior, because kTTA is en-

tirely governed by the hopping mechanism and thus is negligible if compared to kT (kT =

135 Hz at -100 °C, Fig. 6.10a).47 Conversely, at room temperature the annihilation rate is large

enough to dominate the DPA triplets recombination dynamics, thereby maximizing the con-

version efficiency (vide infra). It is worth noting that the UC-PL in the frozen system decays

in the millisecond timescale, as expected for unquenched DPA triplets (kT = 844 Hz at 20 °C

in BuBz, Figure 6.10b).307 This demonstrates that the nanostructuring strategy mitigates the

τT reduction commonly observed when translating from solution to the solid-state and that

the nanodomains are a safe, defect-free environment for hopping triplets since the confined

excitons do not reach nonradiative recombination centers during their diffusion.
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Figure 6.10: (a) UC-PL intensity decay of the DPA:PdOEP upconverting polymer recorded at 435 nm at

-100 °C under pulsed 532 nm laser excitation (repetition rate 10 Hz). The solid line is the fit with a single

exponential function with characteristic lifetime τuc = 0.5τT = 3.7 ms. The triplet spontaneous decay

rate at -100 °C is given by kT = 1
τT

= 135 Hz. (b) UC-PL intensity decay of the reference upconverting

solution in BuBz recorded at 435 nm under modulated excitation at 532 nm (repetition rate 70 Hz) at

room temperature. The long-time tail of the curve is fitted (red line) with a single exponential decay

function with characteristic decay time τuc, thereby the DPA triplet lifetime is τT = 2τuc ∼ 1.18 ms

(kT = 844 Hz).

6.4 Confined sTTA regime

The peculiar behavior emerged from temperature-dependent measurements is a direct conse-

quence of the controlled dye-accumulation without segregation and aggregation achieved in

nanophase-separated polymers. This controlled dye-distribution has also crucial implications

on the sTTA-UC mechanism, since it inherently influences the triplet exciton diffusion in a

way profoundly different than in homogeneous materials. In this regard, Fig. 6.11 reports a

sketch representing the different chromophore distributions349 in an upconverting reference

solution – which is representative of typical systems in solution as well as homogeneous solid

materials – and in the nanophase-separated polymers. The hopping-assisted nature of triplet

diffusion in the liquid nanodomains allows for a localized and efficient sensitization of the

triplet excitons. Moreover, as already pointed out, the sensitizers confinement implies that

in the liquid nanodomains the average mean distance at which two triplets are generated is

much shorter than in materials that contain the same dyes concentration but homogeneously

distributed. As a result, the TTA rate is intrinsically enhanced at lower excitation intensities
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Figure 6.11: Sketch of the distribution of upconverting chromophores and triplet excitons upon ab-

sorption of green photons in a classical bulk upconverting material in which the dye molecules are

homogeneously distributed (a), and a nanophase-separated polymer with the same volume and num-

ber of chromophores but accumulated in liquid nanodomains of mean size of ∼ 40 nm (b).

with respect to the homogenous counterpart. Therefore, the nanophase-separated polymers

should be the ideal platform to observe the confined sTTA-UC regime discussed in Sec. 1.8.2

To provide evidence for this picture, I investigated the upconversion performance of the up-

converting nanostructured polymer side-by-side with a BuBz solution containing the same

global dyes amount. Figure 6.12a shows the upconversion quantum yield QYuc measured as a

function of the incident excitation intensity Iexc at 532 nm. In both cases, the QYuc increases

with Iexc and plateaus at the value of 23 ± 3%, matching the limit imposed by the spin sta-

tistical probability of singlet generation with DPA as annihilator.225 I measured the maximum

QYuc following the method reported in Sec. 2.7, employing as reference a solution of Pt(II) oc-

taethylporphyrin (PtOEP 10−4 M) and DPA (10−2 M) in THF with known quantum yield (25%).

Since the relative quantum yield measurement depends on the refractive index of the sample’s

medium (Eq. 2.4), for the nanostructured polymers I employed the value of 1.5 consistently

with previous studies.262 To verify that the absoluteQYuc value measured for the polymer was

not sample dependent nor dependent on the laser spot position on the sample itself, I repeated

the measurement on three different replicates and on three different spots for each sample,

and the value that I report here is the corresponding average and the error is calculated as

the standard deviation. The bright upconverted blue emission from the upconverting polymer

under 532 nm excitation can be easily seen by naked eye as reported in the digital picture in

Fig. 6.12c.
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TheQYuc dependence on Iexc reported in Fig. 6.12a shows an important and peculiar difference

of the sTTA-UC process between the bulk solution and the nanophase-separated polymer. In

the reference solution the phenomenology typical of homogeneous upconverting system is

clearly observed, with the QYuc that increases linearly at low powers and then plateaus to its

maximum value when TTA becomes the most efficient recombination channel for the emitter

triplets. In this case, the excitation threshold intensity Ith is 2.1 W cm−2 (dashed vertical line in

Fig. 6.12a).41 However, for the nanophase-separated polymer the saturation to the maximum

is super-linear, with the threshold set to 0.5 W cm−2 (solid vertical line), four times lower than

in the reference solution. This peculiar dependence of the upconversion efficiency on Iexc is

a fingerprint of the TTA process occurring in confined systems where the triplets are physi-

cally confined in discrete volumes smaller than the space potentially explored by the triplets

random diffusion. Moreover, the dyes confinement reduces their average intermolecular dis-

tance, therefore when two emitter triplets are simultaneously created in the same confined

space, they are so close that they decay by annihilation with unit TTA efficiency,350 with a

resulting QYuc increased at low powers, reducing the excitation threshold with respect to the

classical homogeneous bulk counterpart.259

A further demonstration of the occurrence of confined sTTA comes from the time-resolved

PL data shown in Figure 6.12b. In the bulk-TTA regime the kTTA and UC-PL kinetics are set

by the excitation intensity,47 thus the changes in the UC-PL kinetics induced by varying the

excitation intensity mirror the relative weight variation between the triplet spontaneous re-

combination channel and the TTA channel. Conversely, for the upconverting polymer the

UC-PL kinetics remain unchanged even varying the Iexc two orders of magnitude around Ith,

as expected for the confined regime. In this case, the UC-PL time decay, which mirrors the

triplet lifetime, shows an average lifetime τuc = 2× 10−2 ms, calculated as the time when the

zero-delay intensity decreases by a factor 1/e. The corresponding average decay rate is kuc =

(τ−1
uc ) ∼ 50 kHz, which is significantly larger than the triplet spontaneous decay rate kT = 844

Hz. Therefore, kuc ∼ kTTA and, provided that at least two triplets are generated in the same

confined volume, the TTA efficiency ΦTTA = kTTA

kTTA+kT
∼ 100% is power independent.

This behavior is in line with the confined sTTA process, because an increase of Iexc leads to a

growth of the nanodomains number that simultaneously contain at least one triplet pair. Also,

the behavior observed with time-resolved measurements proves that the bright nanodomains

are completely independent and isolated, with the triplet excitons that cannot interact with
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Figure 6.12: (a) sTTA upconversion quantum yield (QYuc) of the DPA:PdOEP upconverting nanophase-

separated polymer (1.5 ×10−2 M : 8 ×10−5 M, circles) and the reference DPA:PdOEP (1.5 ×10−2 M :

8 ×10−5 M) solution in BuBz (triangles) as a function of the incident excitation intensity Iexc at 532

nm. The short vertical lines mark the excitation intensity threshold Ith (solid line for the polymer,

dashed line for the solution). The green curve is the fit of the solution low-power data with a straight

line with slope m = 1, while the red curve is the fit of the polymer experimental data obtained by

calculating QYuc for an ensemble of nanodomains activated at different excitation intensities according

to a size-dependent binomial excitation energy distribution with Eq. 1.43. The size distribution was

assumed to be log-normal with a fitted mean diameter of 48 nm. The dashed orange curve reports the

upconversion dependency on Iexc calculated assuming a binomial distribution of the excitation energy

on a homogenous population of spherical UC nanodomains with a diameter of 40 nm. The inset depicts

the ”effective” log-normal size distribution that reproduces the experimental data (dashed curve) and

the log-normal size distribution that describes the real size distribution in the polymer. (b) UC-PL

intensity decay at 435 nm of the DPA:PdOEP upconverting nanophase-separated polymer recorded

under a modulated 532 nm laser excitation at different excitation intensities. (c) Digital image of the

DPA:PdOEP upconverting nanophase-separated polymer under laser excitation at 532 nm.
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the triplets in other nanodomains. In agreement with the spin-diffusion experiments, the cw

and time-resolved PL results confirm the presence of non-interacting upconverting nanostruc-

tures where confined sTTA occurs because their sizes are significantly smaller than the DPA

triplet diffusion length. I estimated the lower-limit of the triplet diffusivity according to

D =
kTTA

8πRTT [T ]
= 3× 10−7cm2s−1 (6.2)

where kTTA = 50 kHz, RTT = 0.91 nm is the effective triplet-triplet interaction distance for

DPA triplets41 and [T ] is the minimum density of annihilating triplets calculated considering

two triplets in the same nanodomain of radius 20 nm (approximated value obtained from NMR

measurements), resulting in the lower-limit diffusion length LT =
√

6D
kT

= 463 nm, which is

much greater than the nanodomain mean size.

This is the first observation of the confined sTTA in bulk materials. However, the QYuc vs.

Iexc behavior in the nanophase-separated polymers profoundly differs from that previously

reported for monodispersed ensembles of nano-upconverters (e.g. MOFs). As already stated in

Sec. 1.8.1, theQYuc dependence on the Iexc in this kind of nano-upconverters strictly follows a

binomial distribution of the excited states (Fig. 6.12a, orange dashed line).259 This discrepancy

is ascribed to the fact that the polymer nanostructuring results in a log-normal distribution

of the liquid domains size.266, 267 To validate the proposed theoretical model introduced in Sec.

1.8.2, and to extrapolate an independent value of the mean liquid nanodomains size, I fitted

the polymer power-dependent efficiency data with Eq. 1.43. As reported in Figure 6.12a, the

experimental data are perfectly reproduced by the red solid line, calculated by assuming that

the confined sTTA-UC occurs in an ensemble of spherical nanodomains characterized by an

”effective” log-normal size distribution L(r)′ (µ = 3.57 nm and σ = 0.88) corresponding to a

mean domain radius of ∼ 53 nm (Eq. 1.44), represented by the dashed curve in the inset of

Fig. 6.12a. Thereby the log-normal distribution L(r) (µ = 2.78 nm, σ = 0.88) that describes

the real size distribution (represented by the solid curve in the inset) has a mean radius of

∼ 24 nm (Eq. 1.42). This result is in excellent agreement with the data obtained from time-

resolved NMR measurements, further confirming the intrinsic nanostructured architecture

of the material and highlighting the crucial role of nanostructuring in setting the material

macroscopic upconversion properties. Moreover, this analysis validates the theoretical model

proposed to describe the overall sTTA-UC behavior in the confined regime.
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Figure 6.13: UC-PL integrated intensity measured under excitation with a Xe lamp over a prolonged

period for nanostructured polymers containing DPA:PdOEP (top, 1.5 ×10−2 M : 8 ×10−5 M, λexc =

543 nm), rubrene:Pd(OBu)8Pc (middle, λexc = 725 nm), and TBPe:PdTPBP (bottom, λexc = 615 nm) as

upconverting dye pairs, respectively. All measurements were performed on samples prepared under

ambient conditions and kept in glass cuvettes sealed with a polymer film. The insets show pictures

of the respective materials exhibiting upconversion. For comparison, the top panel reports the same

measurement for the DPA:PdOEP solution in BuBz (triangles).

6.5 Material stability and synthesis versatility

One of the crucial properties an upconverter must possess for real-world devices is long-term

stability afforded by efficient oxygen protection. As previously pointed out, one of the re-

markable innovations introduced in the nanophase-separated polymers is the oxygen scav-

enger moiety that not only allows to perform the synthesis under ambient conditions (greatly

simplifying the process since working in a glove box is no more necessary) but also should

provide excellent long-term protection from air. The oxygen transmission rate measurements

reported in Sec. 3.3.3 are a first confirmation of the oxygen shielding afforded by the polymer

matrix.285, 286 To further assess this property also on long timescales, stability check measure-
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ments were performed. Remarkably, the data reported in Figure 6.13 show that the nanophase-

separated polymer does not suffer from significant efficiency losses (<10%) after storing the

sample for more than 3 months, a striking result if compared to the previously observed loss of

∼ 50% during half of this time span.262 Conversely, the reference solution loses its upconver-

sion ability completely within ten days, thereby demonstrating the excellent oxygen shielding

effect of the polymer host.

To probe whether the developed synthetic route allows also to employ different upconvert-

ing dyes so that to work in different spectral regions, upconverting polymers containing two

different upconverting dye pairs were fabricated (see Sec. 3.3.2). Palladium(II) tetraphenylte-

trabenzoporphyrin (PdTPBP) and 2,5,8,11-tetrakis(tert-butyl)perylene (TBPe) were employed

as sensitizer and emitter for the red-to-blue upconverting system (middle panel), while palla-

dium(II) octabutoxyphthalocyanine (Pd(OBu)8Pc) and rubrene were the sensitizer and emitter

of the upconverting system from the near-infrared to the yellow spectral range (bottom panel).

Remarkably, not only the optical quality of these materials is optimal, but they also shown a

shelf-life similar to the DPA:PdOEP system. These results corroborate the designed synthetic

strategy versatility to fabricate in air industrially processable upconverters, that in principle

can be loaded with a given dye pair necessary to work in a specific spectral region according

to the application of interest.

6.6 Conclusions

In this Chapter I reported the successful development of upconverting nanostructured rigid

polymers. The modifications introduced changed the nanostructuring outcome with respect to

previously reported glassy polymers giving rise to important enhancement of the system per-

formances. The materials exhibit the excellent upconversion yield of ∼ 23%, which is compa-

rable to that of the best solution-based systems. The optimized synthetic route allows to carry

out the synthesis in a simple one-pot procedure in air and the materials show excellent op-

erational stability, with long-term oxygen protection. Efficient electronic interaction between

upconverting moieties is achieved by embedding the chromophores in isolated, nanosized liq-

uid domains within the rigid host polymer. The co-localization of sensitizers and emitters in-

creases their local density to extremely high values without partitioning or aggregation effects

that could affect the material optical quality. It also enables ET and TTA to occur by molecular
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diffusion supported by hopping-mediated energy migration. Moreover, the confinement of

triplet exciton pairs in non-communicating domains allows the upconversion process to work

in a protected defect-free environment, avoiding trivial energy losses, and to reach the con-

fined sTTA regime where the annihilation yield is maximized independently of the excitation

intensity. The effective local increase of the triplet exciton density leads to an enhanced upcon-

version performance at lower incident powers with respect to the corresponding liquid solu-

tion. Therefore, controlled nanostructuring is a powerful design concept to manipulate safely

the local dyes density in solid systems and, at the same time, to tune the sTTA-UC dynam-

ics to reach ultralow upconversion thresholds. The best trade-off between nanostructure size

and energy distribution probability, together with an enhanced absorption by including larger

sensitizers amounts, can enable indeed to achieve high-efficiency upconverting polymers at

excitation intensities well below the solar irradiance. Importantly, it is worth emphasizing

that the controlled confinement is not only useful to achieve chromophores concentrations

that cannot be managed by standard synthetic routes, but also as a general approach to en-

hance the upconversion yield independently of the composition. This can be of particular

interest in applications where the excitation intensities are intrinsically limited, as in the case

of solar technologies. Considering their striking stability and mechanical properties, the com-

patibility of the fabrication route with straightforward and readily scalable processes, and the

possibility to incorporate potentially any dye pair, these materials are appealing not only in

the upconversion framework, but also for those technological applications, such as molecu-

lar photonics, photon management or optoelectronics, that require high quality transparent

solid-state materials.
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The typically limited molecular mobility in solid-state upconverters implies that particular archi-

tectures must be developed to facilitate the short-range interactions underpinning the sTTA-UC.

A viable option towards efficient short-range bimolecular processes is to incorporate liquid up-

converting domains into solid polymeric matrices. Another possibility consists in reducing the

intermolecular distance between the dyes on a nanometer scale, allowing exciton migration to be

assisted by triplet-hopping. I report herein the effective development of nanostructured polymers

that combine both these features. The glassy nanostructured polymers proposed contain liquid up-

converting nanodroplets that are stabilized with a block copolymer surfactant and are fabricated

under ambient conditions in a one-step synthetic route thanks to the incorporation of an oxy-

gen scavenger. The dyes concentrate in nanoscale domains that offer high translational mobility

and are formed by block copolymer/solvent assemblies enabling hopping-mediated energy trans-

fer and triplet-triplet annihilation between the dyes which impart the polymer with a threshold

excitation intensity that is half of that of the corresponding bulk upconverting solutions contain-

ing the same dyes. The materials feature exceptional optical quality and stability, as well as the

excellent maximum upconversion efficiency of ∼20 %.

7.1 Development of the nanostructured glassy polymers

In the previous Chapters, I pointed out that the typically high molecular mobility in low viscos-

ity solvents make bimolecular interactions extremely effective in these environments, while
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peculiar architectures and morphologies must be developed to reach comparable performances

in solid-state materials.75, 79, 89, 90, 144, 145, 247, 259–262, 333, 334, 337, 351 I demonstrated how nanostructured

glassy materials, consisting of a continuous, rigid polymer matrix and a discontinuous liquid

phase, are an appealing platform towards solar technologies.262 In fact, the upconverting dyes

preferentially accumulate in the liquid phase, composed of independent domains of size <

50 nm making the upconversion process highly efficient. But if the upconverting domains

liquid nature affords overall performances comparable to those obtained in common upcon-

verting solutions, the ability to confine the upconverting dyes in these nanodomains results

in an essential surplus value. By reducing the intermolecular distance r down to the typical

values necessary for triplet-triplet interactions (r ∼ 1-2 nm),218, 348 the triplet propagation be-

comes partially independent of molecular translational motions by enabling hopping-assisted

exciton diffusion and relieving the strict necessity of high molecular mobility, which is not

so straightforward to achieve in the solid-state. Moreover, the effective confinement diffusing

triplets activates the confined sTTA regime, which, together with the corresponding localized

increment of the excitation energy density, enhances the upconversion efficiency at low exci-

tation intensities compared to the homogeneous upconverting counterparts.

In this Chapter, I introduce glassy nanostructured polymer systems conceptually similar to

those discussed in Chapter 6, but where the liquid upconverting nanodomains are stabilized

with a block copolymer surfactant. The optimal upconversion performances exhibited are pre-

served, but the number of components employed is reduced, making the synthetic procedure

simpler, and superior optical quality is achieved.

The idea to use amphiphilic poly(ethyleneglycol)-block-poly(propyleneglycol)-

block-poly(ethyleneglycol) (PEG-PPG-PEG) block copolymers stems from the fact that they

are well-known, commercial non-ionic surfactants able to form stable micelles in water352 and

have been notably used for nanoparticle size control,353, 354 templating of porous materials291, 292

and upconversion in aqueous medium,261 therefore they are good candidates to stabilize nan-

odroplets of a hydrophobic solvent containing upconverting dyes in a polar monomer mixture,

allowing the formation of nanostructured polymer glasses containing these micelles upon

monomer polymerization. This process is somewhat reminiscent of templating approaches

used to create porous polymeric materials,355, 356 although in the latter case the micelles merely

served to create the pores. Figure 3.7 in Sec. 3.4 reports the chemical structure of all the com-

ponents used for the materials fabrication, carried out under ambient conditions following
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Figure 7.1: Transmittance spectrum (path length 1 cm) and a digital picture of the nanostructured

polymer without dyes.

a simple one-step procedure that can be easily scaled up, and this represents an important

benefit for technological applications. A mixture containing 2-hydroxyethyl methacrylate

(HEMA, 80.9% w/w), triethylene glycol dimethacrylate (TEG-diMA, 2.7% w/w), the triblock

copolymer having a number-average molecular weight of 14,600 g mol−1 and a PEG content of

82.5% w/w (PEG-PPG-PEG, 8.4% w/w), and hexyl benzoate (HexBz, 5% w/w) as a hydropho-

bic solvent was polymerized by free-radical polymerization, initiated by a modified version of

a bio-mimetic initiation system known to produce relatively inert residues, as discussed in the

previous Chapter. A saturated solution of aqueous NaBr (2.5% w/w) in 0.1% HCl and H2O2

(30% in water, 0.16% w/w) was used to generate the hypohalous acids needed as electrophilic

halogen source, and 2-mercaptoethanol (2-ME, 0.16% w/w) was used as the reducing agent to

generate the radicals initiating the polymerization. Dimethylthiomethane (DMTM, 0.4% w/w)

was also incorporated in the reaction mixture as a sacrificial oxygen scavenger, to improve the

shelf-life and stability of the upconverting system through free-oxygen depletion.342

The transmittance spectrum of the dye-free nanostructured material is shown in Figure 7.1,

which I recorded employing the same method in Sec. 2.1, which shows a transmittance ≥ 90%

over the entire range between 450 nm and 850 nm, with 1 cm optical path. Given that ∼ 8%

of the transmittance is due to reflection at the quartz/air interfaces, the material exhibits the

remarkable transmittance ≥ 98% in this spectral range. This is a striking result since it sug-

gests that, despite the presence of nanosized liquid domains, the fraction of scattered light is

negligible, with an absorption coefficient of ∼ 1− 2× 10−2 cm−1, making the nanostructured
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material an ideal medium for light transport given the limited losses for scattering. The excel-

lent material quality is also emphasized by the digital picture reported in the same Figure.

A first upconverting material was fabricated by adding Pd(II) octaethylporphyrin (PdOEP) as

sensitizer and 9,10-diphenylanthracene (DPA) as emitter in HexBz to the reaction mixture, for

green-to-blue upconversion, as reported in Sec. 3.4.2. The nominal dye concentrations were

1.9 × 10−5 M for PdOEP and 1.4 × 10−2 M for DPA, according to the composition total vol-

ume and assuming the material’s density to be 1 g mL−1. Differential scanning calorimetry

(DSC, Fig. 3.8) characterization of the dye-free material and upconverting system reveals a

glass transition temperature (Tg) of 80-84 °C, attributed to the cross-linked poly(hydroxyethyl

methacrylate) (PHEMA) matrix, which has a Tg = 86 °C. At room temperature, only the glass

transition is visible when heating the upconverting and dye-free materials from 0 °C, and im-

portantly the exclusion of either PEG-PPG-PEG or hexyl benzoate from the dye-free material

does not significantly alter this value. As reported in Sec. 3.4, the material characterization

suggests that the resulting nanodroplets consist of a liquid core in which the PPG and a por-

tion of the PEG blocks reside, with the remaining PEG blocks protruding out into the glassy

PHEMA matrix to stabilize and limit the droplets size. Time-domain NMR experiments were

performed to confirm the presence of multiple phases and to obtain an estimate of the liq-

uid nanodomain size. The proton magnetization relaxation measurements reported in Figure

3.12a depict a bi-component relaxation dynamics compatible with the coexistence of a rigid

(PHEMA) and a presumably liquid phase in which the dye molecules are able to experience

high translational mobility.287 The relaxation dynamics of the high-mobility fraction can be fit-

ted with a bi-exponential decay function (Fig. 3.13a), meaning that the corresponding domains

have two components with different relaxation times of 0.7 and 7.3 ms. All these data strongly

suggest that the hydrophobic HexBz forms nanometer-sized liquid droplets that are stabilized

by the amphiphilic block copolymer as sketched in Figure 3.11. The spin diffusion experiments

provided an average diameter of the high-mobility domains, assumed to be spherical, of 34 ±

6 nm.345

7.2 Nanostructured polymers photophysics

To assess the photophysical properties of this new upconverting material and to find a further

validation of the material’s morphology, I investigated an upconverting sample containing
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Figure 7.2: (a) Absorption spectrum (dashed lines) of the reference polymers containing PdOEP (1.9×

10−5 M, top panel) or DPA (1.4× 10−2 M, middle panel), and of the upconverting DPA:PdOEP (1.4×

10−2 M : 1.9×10−5 M) polymer. The solid lines are the photoluminescence spectra of the same samples

recorded under a cw 532 nm for the PdOEP sample and under a cw 380 nm excitation for the samples

containing DPA. All the samples were prepared in quartz cuvettes with 1 cm optical path. (b) Time-

resolved phosphorescence intensity at 670 nm with characteristic lifetime τph recorded under a pulsed

532 nm excitation (top panel). Fluorescence intensity decay at 435 nm recorded under a pulsed 405 nm

excitation, with characteristic lifetimes τfl, for the reference DPA polymer (middle panel) and for the

upconverting DPA:PdOEP polymer (bottom panel). The red solid lines are the fit of the experimental

data with single exponential decay functions.

PdOEP and DPA (1.9× 10−5 M and 1.4× 10−2 M, respectively), the corresponding reference

samples containing either PdOEP (1.9 × 10−5 M) or DPA (1.4 × 10−2 M), and a reference

solution of DPA:PdOEP with the same dye concentration in HexBz, by means of continuous

wave (cw) and time-resolved photoluminescence spectroscopy techniques. All samples were

prepared in quartz Suprasil cuvettes with 1 cm optical path.

Figure 7.2a displays the absorption spectra of the above-mentioned polymers, acquired fol-

lowing the method reported in Sec. 2.1. In the visible range, the spectra of the samples that

contain PdOEP (top and bottom panels) exhibit the characteristic Q-band peaked at 540 nm.

The spectrum of the reference polymer containing only the porphyrin also shows the PdOEP’s

Soret band at 394 nm, while the absorbance of the samples containing DPA (middle and bottom

132



CHAPTER 7. BLOCK COPOLYMER STABILIZED NANOSTRUCTURED GLASSY POLYMERS

panels) saturates below 400 nm given the high DPA concentration. Upon excitation at 532 nm,

the PdOEP sample exhibits red phosphorescence (red-PL) peaked at 670 nm, whose intensity

decays as a single exponential function with a characteristic lifetime τph = 1.32 ms (top panel

of Fig. 7.2b), suggesting that these molecules are all embedded in the same environment.28

The samples containing DPA and DPA:PdOEP exhibit a bright blue luminescence peaked at

435 nm when excited at 380 nm, with decay time τfl = 9 ns, assigned to prompt DPA fluo-

rescence.307 In both cases, it decays as a single exponential function, which indicates that also

the emitter molecules sense one environment only. Importantly, the red-PL emission shows

Figure 7.3: (a) Photoluminescence spectrum recorded under a cw 532 nm laser excitation for the ref-

erence PdOEP polymer (1.9 × 10−5 M, red curve) and for the upconverting DPA:PdOEP (1.4 × 10−2

M : 1.9 × 10−5 M, dark red curve) polymer. For quantitative comparisons the spectra were recorded

under the same excitation conditions. Since the optical density at 532 nm of the two samples is the

same, it was not necessary to correct the spectra for the different samples absorbance. (b) Phosphores-

cence intensity decay at 670 nm recorded under pulsed 532 nm excitation for the same two samples.

The green line highlights the long-lived tail in the DPA:PdOEP emission with the same lifetime as the

reference PdOEP polymer. The inset is a magnification of the decays over the first 600 µs to emphasize

the change in the recombination dynamics due to efficient energy transfer that translates into the ac-

celerated dynamics.

a dramatic intensity reduction in the upconverting DPA:PdOEP polymer, as depicted in Fig.

7.3a, which illustrates the comparison between the PL spectrum of the PdOEP (red curve) and

the DPA:PdOEP (brown curve) samples upon cw excitation at 532 nm, that I recorded under

the same experimental and acquisition conditions. From the ratio between the integrated red-

PL intensity with (I ) and without (I0) emitters I calculated the ET yield ΦET = 1− I
I0

= 98%.
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Figure 7.4: (a) Emission spectra of the DPA:PdOEP upconverting polymer recorded under cw laser

excitation at 532 nm (3 W cm−2). (b) UC-PL intensity decay of the DPA:PdOEP upconverting polymer

recorded at 433 nm under 532 nm modulated laser excitation at 10 W cm−2 (repetition rate 70 Hz).

The analysis of the corresponding PL intensity decays (Fig. 7.3b) gives further information

about the environment that the chromophores sense within the host polymer. If the por-

phyrin emission in the reference sample shows a single exponential decay with τph = 1.32 ms,

in the upconverting sample it shows a bi-exponential behavior, with a fast component with

τfast ∼ 3 µs and a long component τlong = 1.32 ms, compatible with τph. The figure inset

highlights how the red-PL is quenched in the first hundreds of µs in the upconverting sample

as a result of efficient energy transfer. It is worth noting that the fast component has a relative

weight A = 96 ± 1% of the total decay intensity and mirrors the efficient emission quenching

provided by fast ET from PdOEP triplets to DPA triplets, because of dyes incorporation in the

high-mobility environment afforded by the HexBz-rich nanodroplets. I therefore calculated

the transfer efficiency as ΦET = 1− τfast
τph

∼ 96 ± 1%, which validates the steady-state result.

To exclude that this analysis could be dependent on the laser spot position on the sample,

the kinetics reported is an average from six different measurements each taken in a different

spot. Also, the negligible secondary slow component with characteristic lifetime τlong suggests

that ca. 4 % of sensitizers are incorporated in the rigid polymer phase, with no emitters close

enough to undergo ET. This finding supports the conclusion that almost all PdOEP molecules

are successfully mixed with DPA in the liquid phase, where collisional bimolecular interac-

tions can effectively take place.41 Figure 7.4a reports the entire PL spectrum recorded under

cw laser excitation at 532 nm of the DPA:PdOEP polymer. Besides a negligible red-PL due to

the small fraction of sensitizers that do not transfer the excitation to the emitters, the spectrum
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is characterized by an intense blue upconverted emission UC-PL. Panel b reports the UC-PL

intensity decay at 433 nm recorded under a modulated 532 nm laser excitation at 10 W cm−2

to highlight the slow dynamics on the millisecond timescale typical of sTTA-UC.

7.3 Temperature effects on the polymers photophysics

I gained more insights into the dyes incorporation in the materials investigating the photo-

physical properties as a function of temperature. I first cooled the upconverting sample down

Figure 7.5: (a) Emission spectra of the DPA:PdOEP upconverting polymer recorded as a function of

temperature (20 °C, 5 °C, -20 °C, and -100 °C), under cw laser excitation at 532 nm (3 W cm−2). The

red dashed curve is the phosphorescence spectrum of the PdOEP reference polymer recorded under

the same excitation conditions at 20 °C. (b) Phosphorescence intensity decay of the DPA:PdOEP upcon-

verting polymer, recorded at 670 nm under 532 nm pulsed laser excitation (repetition rate 10 Hz), at 20

°C (red curve) and -100 °C (dark red curve). The inset shows a magnification of the decays in the first

300 µs.

to -100 °C, so well below the melting temperature of HexBz (-20 °C), the crystallization tem-

perature (-43°C) of the PEG blocks and all thermal transitions seen in the DSC experiments.

As reported in Fig. 7.5a, the UC-PL intensity recorded under cw 532 nm excitation, decreases

upon freezing the sample, but without being completely suppressed. Interestingly, since in

this temperature range all translational motions are completely suppressed, the UC process

must take place through hopping-mediated bimolecular interactions, and the sensitizers and

emitters must be both localized in nanodomains to have intermolecular distances so short to

allow the triplet hopping. Because the upconverting dyes employed are hydrophobic they are

preferably or even exclusively incorporated in the hydrophobic nanodomains made of HexBz
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and the block copolymer, which constitute ca. 5% of the total volume according to the initial

feed ratio. Therefore, the local DPA concentration may be as high as 2.8 × 10−1 M, calcu-

lated as 1.4×10−2

0.05
M and corresponding to a Clocal = 1.69 × 1020 molecules cm−3. From this

local, effective concentration I calculated the average intermolecular distance between DPA

molecules as the diameter of the sphere centered on a DPA molecule: d = 2 × 3

√
1[cm3]3
Clocal4π

=

2.25 nm. Thus, the distance d is sufficiently small to enable TTA to some extent also without

molecular translational diffusion when the nanodomains are frozen.41 Similarly, the PdOEP

concentration may be as high as 3.8×10−4 M, which gives an average intermolecular distance

between the PdOEP molecules d′ ∼ 20 nm, suggesting that deleterious interactions between

the sensitizer molecules in the nanodomains should be avoided. It should also be noted that

Figure 7.6: (a,b) UC-PL intensity decay (a) and rise (b) of the DPA:PdOEP upconverting polymer

recorded at 435 nm as a function of temperature (20 °C, 5 °C, -20 °C, -100 °C) under pulsed laser ex-

citation at 532 nm (repetition rate 10 Hz).

the high DPA concentration implies that also the average PdOEP-DPA distance equals the d

value, with a single sensitizer molecule being surrounded by several annihilators. This means

that even upon freezing the system, the ET is efficient, as pointed out from the analysis of

the residual red-PL in the upconverting polymer (Fig. 7.5a). Despite a mild increase of the

red-PL intensity at -100 °C, which mirrors the reduction of the ET efficiency contribution as-

sociated to the translational diffusion, the ratio between the integrated residual red-PL with

and without DPA still yields a ΦET ∼ 85%. This result corroborates that the average PdOEP-

DPA intermolecular distance is of the order of one nanometer for most sensitizer/emitter pairs

in the nanodomains, and thereby the ET is mainly governed by intermolecular hopping, that

accounts for at least 0.85/0.97 = 87% of the total ET yield at 20 °C. I further confirmed the dyes

136



CHAPTER 7. BLOCK COPOLYMER STABILIZED NANOSTRUCTURED GLASSY POLYMERS

confinement in nanodomains through time-resolved photoluminescence investigations. As

reported in Fig. 7.5b, the efficient red-PL quenching that marks the fast ET at 20 °C is almost

unaffected upon cooling the upconverting polymer to -100 °C (highlighted in the inset), cor-

roborating the cw ET yield data at low temperature. Moreover, the data show that the relative

weight of the fast emission component decreases to A′
= 90 %, but its characteristic decay

time is unchanged. Consequently, the ΦET is still ∼ 90% and only a minor fraction of sensi-

tizers (A−A
′

A
= 6%) does not participate in the ET process in the frozen sample. Specifically,

the fraction of the PdOEP population de-activated upon freezing is 6% − 4% = 2% of the

total amount, considering the inactive 4% of sensitizers embedded in the matrix rigid phase as

discussed above. On the same line, it is still possible to observe the sTTA-UC recombination

dynamics even at -100 °C (Fig. 7.6). The correlated deceleration of both UC-PL intensity decay

Figure 7.7: (a) Time-resolved UC-PL emission of the DPA:PdOEP polymer at 435 nm recorded at -100

°C under pulsed laser excitation at 532 nm (repetition rate 10 Hz). The solid line is the fit of the signal

with a single exponential function (red line) with characteristic lifetime τuc = 0.5 × τT = 3.05 ms.

Therefore, the triplet spontaneous decay rate at -100 °C is kT = 1
τT

= 164 Hz. (b) Time-resolved UC-PL

emission of the reference DPA:PdOEP (1.5×10−2 M : 1.9×10−5 M) solution in hexyl benzoate recorded

at 435 nm under low power (200 mW cm−2) modulated laser excitation at 532 nm (repetition rate 70 Hz)

at room temperature. The experimental data are fitted with a single exponential decay function (green

line) with characteristic decay time τuc, from which the DPA triplet lifetime results τT = 2× τuc ∼ 2.5

ms (corresponding to a decay rate of 400 Hz).

(Fig. 7.6a) and rise time (Fig. 7.6b) upon lowering the temperature translates in the reduction

of the TTA rate kTTA, owing to the suppression of fast translational molecular motions in the

frozen matrix, resulting in a slower, hopping-mediated TTA process within the ensemble of
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close-packed DPAs.46, 252 Consistently, at -100 °C the UC-PL intensity decay exhibits a single

exponential behavior in the millisecond time range, as expected for unquenched DPA triplets

when the kTTA is negligible with respect to the spontaneous triplet decay rate kT = 164 Hz

(τT = 6 ms, Figure 7.7a).47 Despite the ET yield is almost preserved, the UC-PL intensity at

low temperature is reduced, because of the reduced TTA efficiency. Conversely, at room tem-

perature the UC-PL intensity globally decays in a time τuc = 55 µs that is much shorter than

the intrinsic triplet lifetime, meaning that the TTA (kTTA ∼ kuc =
1
τuc

= 18 kHz) outcompetes

the DPA triplets’ spontaneous recombination rate (kT = 400 Hz at 20°C as reported in Figure

7.7b).47

It is not trivial to carry out an accurate estimation of the pure hopping contribution to the

TTA at room temperature, because it is not feasible to decouple the temperature effect on the

hopping and translational mechanisms. Nevertheless, the steady-state measurements in Fig.

7.5a show that when the TTA is exclusively driven by triplet hopping at -100 °C, the UC-PL

corresponds to 7% of the emission intensity at room temperature. Therefore, this value can

be considered as the minimum contribution of pure hopping to the upconversion process,

estimated under the most unfavorable conditions for TTA.

7.4 Upconversion performances in nanostructured poly-

mers

To determine if the polymer morphology achieved in the proposed class of solid-state materials

can influence also the upconversion performances in terms of figures of merit and dependence

on the excitation intensity, I investigated these properties in the upconverting polymer as well

as in a reference solution in HexBz with the same dyes concentration, so the samples optical

density at 532 nm is the same (OD = 0.08). Figure 7.8 reports the sTTA-UC emission intensity

decay of the nanostructured upconverting material (panel a) and of the DPA:PdOEP refer-

ence solution in HexBz (panel b), which I recorded as a function of the excitation intensity

Iexc under a modulated 532 nm laser excitation. By varying the excitation intensity, I did not

observe any variation in the UC-PL kinetics from the nanostructured polymer, consistently

with the occurrence of the confined TTA-regime, where the kTTA relies only on the excita-

tion energy distribution within the upconverting nanodomains ensemble. This result is also

corroborated by the comparison between the DPA triplet diffusion length and the mobile nan-
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Figure 7.8: (a) UC-PL intensity decay at 435 nm of the DPA:PdOEP (1.4 × 10−2 M : 1.9 × 10−5 M)

upconverting nanostructured polymer and (b) of the reference solution of DPA:PdOEP (1.5× 10−2 M :

1.9×10−5 M) in hexyl benzoate as a function of the incident excitation intensity Iexc under a modulated

532 nm laser excitation (repetition rate 70 Hz).

odomain mean size obtained experimentally through time-domain NMR measurements. In

fact, following the same approach illustrated in Sec. 6.4, applying Eq. 6.2, and considering the

average nanodomain radius of 20 nm, the triplet diffusivity lower-limit is DT = 1.33 ×10−7

cm2 s−1, therefore the lower-limit triplet diffusion length LT is 447 nm, much greater than

the average nanodomain diameter. Therefore, two triplets created in the same domain within

their lifetime always annihilate before recombination. Conversely, the DPA:PdOEP reference

solution exhibits the typical dependence on the Iexc which sets the kTTA, consistently with

a bulk homogeneous system.138 The occurrence of the confined TTA kinetics also reflects on

the trend of the upconversion quantum yield QYuc as a function of Iexc in steady-state condi-

tions, as shown in Figure 7.9a. For the upconverting polymer (blue circles) and the reference

solution (orange triangles) the upconversion yield increases with increasing Iexc until the max-

imumQYuc is reached. I measured the maximumQYuc following the relative method reported

in Sec. 2.7, using a solution composed of Pt(II) octaethylporphyrin (10−4 M) and DPA (10−2

M) in THF with QYuc = 25 % as reference, and the polymer refractive index was assumed to

be 1.5, similarly to previous works.262 Importantly, I calculated the QYuc as an average of nine

measurements, performed on three independent samples, with three measurements per each

sample choosing different excitation spots, and I obtained QYuc = 20 ± 1 % (circles), which

matches the value of the reference solution (22 ± 1%, triangles). The power density was Iexc =

20 W cm−2, so in the regime of maximum efficiency.
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Figure 7.9: (a) sTTA upconversion quantum yield QYuc of the upconverting polymer (blue dots) and

the reference solution (orange triangles) under cw laser excitation at 532 nm as a function of Iexc. The

short vertical lines mark the threshold excitation intensities: dotted line for the polymer, Ith, dashed

line for the solution, Isolth . The dash-dotted vertical line marks the threshold intensity for the singlet-

singlet annihilation activation (ISSA) between DPA singlets populated by TTA. The solid line is the

fit of the polymer experimental low-power data with the theoretical efficiency calculated considering

an ensemble of upconverting nanodomains activated at different excitation intensities according to a

size-dependent binomial statistics of excitation energy distribution, according to Eq. 1.43. The size

distribution was assumed to be log-normal with an average diameter of 40 nm. The inset depicts the

log-normal size distribution that reproduces the experimental data (black curve) and the log-normal

size distribution that describes the real size distribution in the ensemble (red curve). (b) Normalized

relative photoluminescence yield of the upconverted (blue circles) and of the residual sensitizer (red

circles) emission in the DPA:PdOEP upconverting polymer.

Importantly, theQYuc vs. Iexc plots highlight that the UC properties in the polymer differ from

those observed in the corresponding solution at both low and high excitation intensities. At

low power, the upconverting polymer exhibits a larger UC efficiency than the solution, be-

cause the excitation energy localization in the liquid domains enhances the TTA probability

with respect to the homogeneous solution. Accordingly, the nanostructured polymer shows

an excitation intensity threshold Ith of 0.4 W cm−2, less than half the Ith of the reference so-

lution (1.0 W cm−2). It is worth noting that due to the considerable viscosity of HexBz (4.06

cP) and the low absorption at the excitation wavelength, the threshold value is higher than

what typically observed for the same chromophores in low viscosity solvents (e.g. the THF

viscosity is 0.48 cP at room temperature).333
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To obtain an estimation of the nanodomains mean size, I applied the theoretical model pro-

posed in Sec. 1.8.2, by fitting the experimental QYuc vs. Iexc data with Eq. 1.43. The red solid

line in Figure 7.9a is the fit of the QYuc experimental data according to an excitation energy

distribution in an ensemble of nanodomains characterized by a log-normal size distribution

with average radius of 40 nm.266 The inset of Fig. 7.9a shows the log-normal size distribution

involved: the black curve takes into account the greater absorbing ability of the bigger nan-

odomains and therefore was used to fit the experimental data (µ = 3.42 nm and σ = 0.89),

corresponding to a mean nanodomain radius of 45 nm, while the red curve is the log-normal

distribution that describes the real nanodomain size distribution in the system (µ = 2.62 nm,

σ = 0.89), resulting in a mean nanodomain radius of 20 nm, in excellent agreement with the

structural data obtained by spin diffusion experiments.

It is worth noting that the red curve perfectly reproduces the experimental data until the Iexc
of 100 W cm−2 is reached, where the discrepancy between expected and observed conversion

yield is significant. A further increase of Iexc induces an efficiency loss that is not observed in

the reference solution and that can be ascribed to the occurrence of singlet-singlet annihilation

(SSA) in the nanodomains. Due to the high number of upconverted singlets on one side and

the small size of the high-mobility domains on the other, the density of singlets created under

large Iexc is sufficiently high to promote SSA with a rate kSSA that is comparable to the singlet

radiative decay rate kS = 1
τfl

∼ 0.1 GHz. Therefore, a second threshold intensity ISSA can be

identified, which marks the beginning of an excitation regime where SSA quenches the emitter

fluorescence, reducing as a consequence theQYuc.33 To verify this hypothesis, I calculated the

kSSA between two DPA singlet excitons as kSSA = γSS[S], where γSS is the SSA second order

rate constant and [S] is the singlet exciton density, depending on the triplet exciton density [T ]

through [S] = 1
2
f [T ], where the factor 1

2
accounts for the fact that two triplets are requisite to

obtain one singlet and f is the usual spin-statistical factor. The second order rate constant γSS
can be calculated with the relation valid in the rapid diffusion limit γSS = 8πDSRSS , where

DS = 1.2 × 106 cm2 s−1 is the DPA diffusivity in HexBz at room temperature and RSS =

2.4 nm is the Förster radius, taken as effective interaction distance between two DPA singlets.

According to the modeling proposed, given the sample optical density of 0.08 at 532 nm, at the

excitation intensity of 100 W cm−2 the kSSA is ∼ 0.3 GHz, thereby competitive with the DPA

spontaneous singlet decay rate kS .

An important observation can be drawn from Fig. 7.9b, which depicts the relative PL yield of
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Figure 7.10: (a) Molecular structures of the different dye pairs incorporated in the glassy nanostructured

polymer matrix. The pictures show the corresponding upconverting polymers in quartz cuvettes with

1 cm path length under irradiation at 543, 615, or 725 nm respectively. The samples are shown under

ambient light and in the dark. (b) Evolution of the upconverted PL integrated intensity (UC-PL) of the

upconverting polymer containing PdOEP:DPA (1.9×10−5 M:1.4×10−2 M) upon continuous irradiation

at 543 nm (10 mW cm−2) over 15 hours. (c) Integrated intensity of the UC-PL measured under excita-

tion with a Xe lamp over 70 days for nanostructured polymers containing PdOEP:DPA, PdTPBP:TBPe

(2×10−5 M:2×10−3 M) and Pd(OBu)8Pc:rubrene (10−5 M:1.8×10−4 M) as upconverting dye pairs, re-

spectively.

the UC-PL compared to the residual PdOEP emission (red-PL) as a function of the excitation

intensity. The red-PL intensity starts to decrease under a relatively low Iexc suggesting the oc-

currence of interactions between the excited sensitizers. Nevertheless, this loss in the PdOEP

emission yield does not reflect on the corresponding UC-PL yield, which on the contrary fol-

lows the predicted model and it starts to decrease only above the ISSA. This means that the

residual PdOEP emission comes entirely from the negligible fraction of sensitizers in the rigid

polymer matrix, while deleterious interactions do not affect the sensitizers in the mobile nan-

odomains, otherwise a concomitant reduction of the UC-PL yield should have been observed

as well. This result is a further confirmation of the picture for the dye incorporation proposed.
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7.5 Material versatility and stability

To test the stability of the upconverting materials under continuous irradiation, a DPA:PdOEP

polymer, freshly prepared in-air, was exposed to continuous irradiation from a HeNe laser

(λexc = 543 nm) at a power density of 10 mW cm−2 without any further protection from am-

bient conditions. The data collected over 15 hours reflect an excellent stability, as no loss of

intensity was observed (Figure 7.10b).

To investigate the versatility of this new approach in the development of upconverting nanos-

tructured materials able to work in different spectral ranges, polymers containing two other

sensitizer/emitter pairs were fabricated, namely PtTPBP:TBPe and Pd(OBu)8Pc:Rubrene (see

Sec. 3.4.2).124, 357 The molecular structures of the upconverting dyes employed are reported in

Fig. 7.10a, along with digital pictures of the corresponding upconverting polymers in quartz

cuvettes under irradiation at 543, 615, or 725 nm, respectively, both under ambient light and

in the dark. All the systems display bright upconverted emission in different spectral ranges.

Importantly, all three samples exhibit a remarkable shelf-life, with only negligible losses of

the upconverted emission intensity over the time span of more than 2 months, as illustrated

in panel c of Fig. 7.10.

7.6 Conclusions

To summarize, I reported a new strategy to fabricate sTTA-based upconverting nanostructured

phase-segregated materials in which liquid nanodroplets that contain the upconverting dyes

are stabilized with a block copolymer surfactant. This approach allows to reduce the number

of components employed during fabrication with respect to other approaches, it affords final

materials with superior optical quality, while an excellent conversion efficiency, comparable

to that of the best solution-based systems, is achieved. The co-localization of sensitizers and

emitters in liquid nanosized domains increases their local density to extremely high values

≥ 10−1 M without partitioning or aggregation effects that could affect the material’s opti-

cal quality. This artificial confinement of triplet excitons in independent domains enables the

sTTA-UC upconversion process to take place under conditions that minimize the influence of

defects and to reach the confined sTTA regime, where the annihilation yield is maximized in-

dependently of the excitation intensity. Overall, this leads to a better sTTA-UC performance at
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lower excitation intensities with respect to the corresponding liquid reference solution. These

solid-state upconverters also show excellent stability and mechanical properties. These find-

ings, considering the simplified fabrication route developed, its compatibility with scalable

processes and the possibility to incorporate a priori any chromophore or luminescent nano-

material according to the application demands, make these materials appealing for optical and

photonic technological applications.
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Bichromophoric annihilators to optimize

the singlet generation efficiency

The still limited availability of emitters suitable to maximize the efficiency of singlet generation

through triplet-triplet annihilation hinders the enhancement of the upconversion quantum effi-

ciency beyond the values commonly achieved with standard sensitizer/emitter pairs. To address

this issue, I report here the design and development of a fluorescent bichromophoric perylene

derivative as annihilator that, when paired with a metallic porphyrin as sensitizer in a low vis-

cosity solution, allows to achieve a record red-to-green external upconversion yield of 42%. This

achievement directly stems from the annihilator’s optimized photophysical properties that allow

to reach a unit triplets-to-singlets conversion efficiency and from the annihilator structural fea-

tures that guarantee high fluorescence yield even at high dye concentrations.

8.1 Molecular design rationale

Since the rapid development of sTTA-UC systems commenced a few decades ago, many up-

converting systems have been proposed where optimized sensitizer/annihilator pairs afford

upconversion quantum yields QYuc greater than 20% also at excitation intensities compara-

ble to the solar irradiance.17–19 These encouraging results have been achieved mainly because

of the huge efforts spent to develop efficient light harvesters/sensitizers, covering moieties

from transition-metal complexes and metallic porphyrins to surface engineered semiconduc-

tor nanocrystals.130, 195, 358 Nevertheless, the application of sTTA-UC is still deficient because of

the typically challenging synthesis of efficient annihilators. Recently, Kimizuka and Yanai et al.
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developed an excellent UV emitter, 1,4-bis((triisopropylsilyl) ethynyl)naphthalene (TIPS-Nph),

reporting the highest visible-to-UV sTTA-UC efficiency of 10%, with the theoretical maximum

set to 50%.359 Also, some researchers designed a series of tetracene dimers, oligomers and den-

drimers based on 9,10-diphenylanthracene (DPA) as annihilators, suggesting the promotion of

the conversion efficiency through intramolecular TTA.360–362 However, due to the structural

planarity and rigidity of these annihilators, the process yield is still too limited.

Great attention has been dedicated to perylene, considered the ideal annihilator emitter for

sTTA-UC for it satisfies important requisites towards the optimization of the upconversion

performances. In fact, it shows almost unit fluorescence efficiency in diluted solutions and the

T1 → S0 transition is strictly forbidden yielding a T1 lifetime on the milliseconds timescale,

which favors the TTA over the triplet spontaneous recombination. Moreover, the substantial

T2 - T1 energy difference satisfies the condition E(T2) ≫ 2E(T1) + kBT (Sec. 1.3), and pre-

vents the formation of both a quintet and high-energy triplets, resulting in a statistical factor

f ∼ 1, with the excited singlet generation as the only possible TTA outcome.363–367 All these

factors allow to maximize the external upconversion quantum yield (QYout), defined as the ra-

tio between the number of the upconverted photons that are effectively emitted and collected

and the number of absorbed photons. The highest external upconversion yield reported so

far is 38%, achieved with perylene coupled to palladium(II) tetraphenyltetrabenzoporphyrin

(PdTPBP) in THF.34 However, due to its structural planarity, perylene suffers from fluores-

cence quenching and excimer formation at high concentrations.368 Excimers are formed as

evanescent collisional complexes between an excited and a ground state molecule, thus their

formation probability is usually enhanced by increasing the dye density.369 To overcome this

intrinsic issue, some perylene-derivative annihilators have been proposed, based on the addi-

tion of specific groups like alkyl, carbonitrile, or acetenyl groups meant to preclude aggrega-

tion.370–372 But among these systems, the highest upconversion efficiency achieved is 17%, so

still lower than with perylene and PdTPBP.

In this Chapter, I report the design of a new fluorescent bichromophoric perylene deriva-

tive, 4,12-diperylene[2.2]paracyclophane (PCP) working as triplet annihilator/emitter, with

two twisted perylene chromophores in spatial orientation (Fig. 3.15). The molecular design

includes a flexible spacer between two perylene units that should limit the π − π stacking of

perylene owing to the twisted structure, especially at high concentrations. By DFT calcula-

tion the average distance between the perylene chromophores was estimated to be 9.2 Å (see
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Figure 8.1: Molar extinction coefficient (dashed lines) and photoluminescence spectra of perylene (panel

a) and PCP (panel b) in THF diluted solution (10−7 M). The PL spectra were recorded under a cw 370 nm

excitation. The insets show the photoluminescence intensity decay recorded at the respective emission

maximum under pulsed laser excitation at 405 nm (repetition rate 10 MHz). The solid lines are the fit

of the experimental data with a single exponential decay function with characteristic lifetime τfl.

Sec. 3.5.2), large enough to avoid detrimental intermolecular interactions that could affect the

perylene electronic properties, but sufficiently short to promote future application in solid-

state upconverters, where the excitation energy can diffuse by intermolecular hopping.360

8.2 Photophysical properties of PCP

To assess if and how the structural modifications introduced by the PCP design can affect the

photophysical properties with respect to perylene, I investigated side-by-side diluted solutions

of PCP and perylene in THF by means of cw and time-resolved spectroscopy measurements,

and I also tested how these properties are affected by the chromophore concentration. All the

samples discussed in this Chapter were prepared in a glove box with oxygen concentration be-

low 1 ppm and water concentration below 0.5 ppm, loaded in 1 mm quartz cuvettes, and sealed

with hot glue and parafilm to prevent oxygen contamination. Figure 8.1 shows the main pho-

tophysical properties of a diluted (10−7 M) solution of perylene (panel a) and of PCP (panel

b) in THF. The absorption and fluorescence profiles of the two molecules are quite similar.

The PL spectra were recorded under a cw 370 nm excitation. The PCP first allowed electronic

transition S0 → S1 lies in the visible spectral range, with a maximum absorption peak at 445

nm, where the molar extinction coefficient ϵ is 6 × 104 M−1 cm−1, i.e. about 20 times larger

than for perylene. The absorption profile shows a series of vibronic replicas at 418 nm and 395
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Figure 8.2: (a) PCP (dots) and perylene (diamonds) photoluminescence quantum yield Φfl as a function

of the dye concentration in THF. (b) Photoluminescence spectra of the same PCP solution series as in

(a) recorded under cw excitation at 380 nm.

nm, due to the coupling with the C-H vibrational modes (∼ 160-180 meV) that are mirrored

in the photoluminescence spectrum peaked at 465 nm.373 The emission Stokes shift from the

absorption is 110 meV, much greater than in perylene where it is negligible, which suggests

a quite rigid structure with a limited molecular rearrangement in the excited state. The PCP

fluorescence quantum yield Φfl in this diluted solution is ∼1, measured following the method

in Sec. 2.7 with a diluted DPA solution in THF as reference. For this measurement I prepared

the two solutions with optical density of 0.1 at the excitation wavelength of 370 nm in quartz

cuvettes with 1 cm optical path. The insets of Fig. 8.1 report the fluorescence kinetics of the

two molecules recorded at the respective PL maximum upon pulsed laser excitation at 405 nm.

Both the decays are well fitted by a single exponential function, with a lifetime τfl = 4.8 ns

(corresponding to a decay rate kfl = 208 MHz) for perylene, and τfl = 3.5 ns (kfl = 285 MHz)

for PCP. The slight redshift of the PCP electronic energies and its excellent emission properties

suggest that, despite the different molecular structure, PCP and perylene share similar funda-

mental photophysical properties and therefore PCP likely shows the attractive properties of

perylene as annihilator. The computational analysis of the molecular system reported in the

material characterization section (Sec. 3.5.2) supports this picture. The fact that PCP shows

energies and emission properties very similar to those of perylene hints indeed that also the

triplet states energies should be comparable, and the DFT calculations result in an estimated
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T2 > 2× T1 for both perylene and PCP. Despite this is a strictly qualitative comparison, since

the calculated triplet energies can vary significantly according to the constraints imposed, this

finding suggests that also PCP should be an excellent annihilator.142

Figure 8.3: (a) Photoluminescence intensity decay recorded at 460 nm under a pulsed laser excitation

at 405 nm (repetition rate 10 MHz) of PCP solutions in THF as a function of the concentration (10−7

M, 5 × 10−7 M, 2 × 10−6 M, 2 × 10−5 M, 5 × 10−5 M, 2 × 10−4 M, 2 × 10−3 M, 5 × 10−3 M). (b)

Fluorescence decay rate kfl recorded at 460 nm under pulsed laser excitation at 340 nm (repetition rate

10 MHz) for the same PCP solution series as in Fig. 8.2. (c) Photoluminescence spectra of a series of

perylene solutions under cw excitation at 380 nm recorded as a function of perylene concentration,

reported in the label.

To verify whether the PCP design strategy is effective in preventing aggregation that ulti-

mately sets the molecular Φfl, I monitored the PCP emission yield as a function of concen-

tration, compared to the perylene counterpart. This analysis is crucial since a quite large an-

nihilator concentration is requisite to maximize the sensitizer-to-annihilator energy transfer

efficiency. The external upconversion quantum yield QYout can be limited because of partial

self-absorption of the upconverted light generated from emitters with a fluorescence yield

QYfl < 1.374 Moreover, in the specific case of perylene additional efficiency losses must be

considered because of the appearance of aggregated species at high concentrations that in-

troduce competitive energy dissipation channels.375 In this perspective, Fig. 8.2a reports the

experimental Φfl as a function of the PCP (circles) and perylene (diamonds) concentration,

ranging from 10−7 M to 5 × 10−3 M in THF solution. Interestingly, for PCP the Φfl remains

almost unaltered until above 10−4 M, then starts to decrease, reaching the value of 70% at the
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maximum concentration employed (5 × 10−3 M). Remarkably, the Φfl reduction observed at

high concentrations is less pronounced if compared to perylene over the same concentration

range. I investigated these samples series by cw and time-resolved PL experiments to identify

the origin of this efficiency loss. As shown in Fig. 8.2b, for PCP no variations in the emission

profile can be detected until 10−3 M, while for perylene the emission spectrum starts to be

affected at the concentration of 10−4 M (Fig. 8.3c). This effect can be ascribed to a less efficient

emission self-absorption because of the larger Stokes shift in PCP. No substantial changes are

Figure 8.4: Absorption (dashed line) and phosphorescence (solid line) spectrum of PtTPBP in THF so-

lution (10−4 M). The phosphorescence spectrum was recorded under a cw 635 nm laser excitation.

observed in the recombination rate of excited PCP molecules kfl, which remains well assessed

at around 300 MHz, as illustrated in Fig. 8.3a,b. This result suggests that the formation of

excimeric species,372 able to quench the dye photoluminescence,376, 377 is less effective in the

PCP samples. The excimer formation is well known for perylene, which tends to form dark ex-

cimers, that cannot be directly probed with photoluminescence spectroscopy techniques.376, 377

Nevertheless, it is not possible to exclude a priori the spontaneous or photoinduced formation

of stable PCP aggregates,369 which can partially reabsorb the fluorescence, lowering the global

yield without affecting the emission recombination kinetics. Despite the existence of excimers

and stable aggregates should be still verified, the absence of fluorescence quenching strongly

supports the conclusion that the peculiar PCP structure helps to reduce the excimer formation

with respect to monomeric perylene,368 allowing to employ higher dye concentrations without

introducing critical energy losses.
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8.3 sTTA-UC performances with PCP as annihilator

According to Eq. 1.11 and 1.12, it is well established that in sTTA-UC the external upconver-

sion quantum yield depends on two annihilator’s properties, the fluorescence efficiency and

the statistical spin factor f. Because the thermodynamic limit of 50%143 can only be reached

Figure 8.5: (a) Phosphorescence intensity decay recorded at 795 nm in a THF solution of PtTPBP (5

×10−4 M) with (orange) and without (red) PCP (10−5 M) under modulated laser excitation at 635 nm

(repetition rate 500 Hz). (b) Phosphorescence spectrum in a THF solution of PtTPBP (10−5 M), recorded

under a cw 635 nm laser excitation, as a function of the PCP concentration (reported in the label), from

which the ΦET values were calculated, reported in Table 8.1 (vide infra).

if each TTA event has one emissive singlet as outcome, its achievement depends on the anni-

hilator electronic properties. After the investigation about the PCP fluorescence yield and its

dependence on the chromophore concentration, I tested its ability as annihilator/emitter for

the sTTA-UC in combination with the metalated porphyrin platinum(II) tetraphenyltetraben-

zoporphyrin (PtTPBP) employed as triplet sensitizer in THF. The choice of PtTPBP as sensitizer

of PCP triplets was dictated by the beneficial features afforded.116 First, the central metal ion in

the molecular structure yields a unit ΦISC followed by phosphorescence emission. In Fig. 8.4

the absorption and PL spectrum of a reference PtTPBP solution (10−4 M in THF) are reported.

Upon cw 635 nm laser excitation a bright phosphorescence peaked at 785 nm can be observed

(red curve), resonant with the perylene triplet at 820 nm,16 with a phosphorescence yield of

22%, that I measured following the method in Sec. 2.7 using as reference AlexafluorTM 647 in

a PBS aqueous solution with known fluorescence quantum yield (33%),378 and characteristic

lifetime of 22 µs (Fig. 8.5a, red curve), long enough to grant efficient energy transfer towards
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the PCP triplets. Moreover, the PCP photoluminescence ranging from 450 nm to 600 nm falls

in the transparency window of PtTPBP delimited by the Soret and the Q-absorption bands29–31

peaked at 430 nm and 613 nm respectively, thereby limiting the reabsorption of upconverted

photons and back-energy transfer from the PCP upconverted singlets. In this regard, Fig.8.6b

reports the PCP emission intensity decay at 475 nm recorded under a pulsed 405 nm laser ex-

citation in the PCP:PtTPBP solution. Since the PCP fluorescence lifetime does not change in

the presence of sensitizers, it is safe to exclude the presence of back-energy transfer from the

PCP excited singlets to PtTPBP.

Figure 8.6: (a) Absorption spectrum of a solution of PCP:PtTPBP (5 × 10−4 M : 10−5 M) in THF. The

sample optical density at 635 nm is 0.006, corresponding to the absorption coefficient of 0.14 cm−1.

(b) Photoluminescence intensity decay recorded at 475 nm under a pulsed laser excitation at 405 nm

(repetition rate 10 MHz) of a PCP:PtTPBP (5×10−4 M : 10−5 M) solution. The PCP fluorescence lifetime

does not change with and without sensitizer, suggesting the absence of efficient back-energy transfer

from the PCP excited singlets to PtTPBP at this PCP concentration. (c) Phosphorescence spectrum of

PtTPBP (10−5 M) in THF solution without (solid line) and with perylene (10−4 M, dashed line), recorded

under a cw 635 nm laser excitation.

I then investigated the upconversion properties of a PtTPBP (10−5 M) and PCP (5 ×10−4 M)

solution in THF. The absorption spectrum of the upconverting solution is reported in Fig. 8.6a.

The sample optical density at 635 nm is 0.006, corresponding to the absorption coefficient of

0.14 cm−1. As depicted in Fig. 8.7a, under cw laser excitation at 635 nm the solution exhibits

a bright green upconverted emission, matching the PCP fluorescence spectrum. A digital pic-

ture of the bright upconverted emission upon 635 nm laser excitation is reported in Fig. 8.9a.

Fig. 8.5b highlights the efficient phosphorescence quenching in the presence of emitters, and

from the comparison between the integrated phosphorescence intensity without (I0) and with

(I ) PCP, I calculated the energy transfer yield ΦET = 1 − I
I0

= 98%, an excellent result also

confirmed by time-resolved experiments that show the effective quenching of the sensitizer
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emission because of energy transfer (Fig. 8.5a). A similar ET efficiency is also observed for

perylene at the same concentration (Fig. 8.6c), therefore it is reasonable to speculate that the

PCP and perylene triplet energies do not significantly differ. Importantly, Fig. 8.5b also high-

lights the increasing ET efficiency upon increasing the PCP concentration. From the reduction

of the PL intensity I calculated the ET efficiency for each PCP concentration and the results

are reported in Tab. 8.1.

The occurrence of sTTA-UC is further demonstrated by cw and time-resolved experiments car-

ried out as a function of the excitation intensity Iexc. As expected, the upconverted emission

intensity increases upon increasing Iexc as reported in Fig. 8.7a. Fig. 8.7b shows the upcon-

Figure 8.7: (a) Photoluminescence spectrum of a PCP:PtTPBP (5×10−4 M : 10−5 M) in THF as a function

of the excitation intensity (Iexc) at 635 nm (λexc). (b) Upconverted fluorescence intensity decay at 460

nm under modulated excitation at 635 nm (repetition rate 200 Hz) recorded as a function of Iexc. The

red lines are the fitting curves of the experimental data with Eq. 1.16. At the lowest excitation intensity

employed, the TTA yield ΦTTA = 0 and the upconverted fluorescence decays as a single exponential

function with characteristic lifetime τuc = 0.5 × τT = 0.225 ms. By increasing the Iexc, the fitting

procedure resulted in ΦTTA equal to 0, 0.55, 0.72, 0.80, 0.90 and 0.96, respectively.

verted emission intensity (Iuc) decay at 460 nm as a function of Iexc upon a modulated 635

nm laser excitation. At any employed excitation intensity, the kinetics are significantly slower

that the prompt PCP fluorescence, confirming the involvement of long living triplet states in

the generation of the emissive singlet states. Moreover, consistently with the expected power-

dependent TTA kinetics behaviour, the kinetics accelerate upon increasing the Iexc. At the

lowest Iexc employed, 0.1 W cm−2, the signal decays as a single exponential function with
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characteristic lifetime τuc = 0.225 ms, equal to twice the PCP triplet lifetime τT = 2τuc = 0.45

ms (kT = 1
τT

= 2.2 kHz). Eq. 1.16, knowing τT , allows to carefully analyze the upconverted

emission kinetics under increasing excitation intensities. The solid lines in Fig. 8.7b are the

fitting curves of the experimental data where the only free parameter is the TTA yield ΦTTA,

which grows from 0 at Iexc = 0.1 W cm−2 to 96% at Iexc = 50 W cm−2. This behavior mirrors

the intrinsic bimolecular nature of the TTA process, owing to the kTTA and ΦTTA dependence

on Iexc, that sets the triplet density available for annihilation.

Figure 8.8: (a) sTTA-UC upconversion external quantum yield QYout for a PCP:PtTPBP (5× 10−4 M :

10−5 M) solution in THF as a function of the incident excitation intensity Iexc under cw laser excitation

at 635 nm. (b) Comparison between the theoretical QYout values (squares, also reported in Tab. 8.1)

calculated using Eq. 1.11 from independently determined parameters and the experimental values (dots)

measured as a function of the PCP concentration under an Iexc = 20 W cm−2.

This strong dependence on Iexc also shows up in the behavior of QYout. Under cw 635 nm

laser excitation, as predicted by the model of TTA in homogeneous upconversion systems, at

low powers the TTA is negligible and QYout depends linearly on Iexc, while QYout plateaus to

a constant value at high excitation powers, where ΦTTA is equal to unity, consistently with

the time-resolved results. The threshold excitation intensity is Ith 1.3 W cm−2, which is larger

than the typical values observed in solution-based upconverters, because of the system’s low

absorption at the excitation wavelength and the relatively short lifetime of the annihilating

triplets. Importantly, I measured the QYout under an excitation intensity of 20 W cm−2, well

above the threshold intensity, and it resulted 42 ± 3%, which is the highest performance ob-

served for sTTA-UC to date. I performed this measurement following the method in Sec. 2.7,

using as reference the same solution employed for the determination of the PtTPBP phospho-
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Figure 8.9: (a) Digital picture of the upconverting solution (PCP:PtTPBP in THF, 5 × 10−4 M : 10−5

M) upon cw 635 nm laser excitation. (b) Phosphorescence intensity decay recorded under a 635 nm

modulated laser excitation (repetition rate 500 Hz) at 795 nm in a THF solution of PtTPBP (10−5 M, red

curve), and in an upconverting PCP:PtTPBP solution (10−4 M : 10−5 M, purple curve) in THF.

rescence quantum yield. The same result was also obtained in an independent measurement

employing methylene blue (QYref = 3%)379 as reference. As further confirmation, the max-

imum QYout was measured also using the solution with TTBP:PtTPBP in THF reported in

Ref.269 as reference (QYref = 27%), obtaining QYout = 41 ± 2%. Moreover, the measured

QYout value is in agreement with the expected value reported in Tab. 8.1, calculated according

to Eq. 1.11. Notably, these results infer that the statistical factor f = 1, which means that the

TTA cannot populate either the quintet states or the T2, and confirm that PCP preserves the

perylene electronic properties, which are an essential requisite to enhance theQYout owing to

the maximization of the singlet generation yield. Table 8.1 reports theQYout values calculated

using Eq. 1.11, with f and ΦISC = 1, and with the ET and fluorescence efficiencies measured

experimentally considering different PCP concentrations obtained from the measurements in

Figures 8.2a and 8.5b, compared with the corresponding QYout values measured experimen-

tally (QY ∗
out) for each PCP concentration. This comparison is also highlighted in Fig. 8.8b.

Interestingly, by decreasing the PCP concentration to 10−4 M, the gain in Φfl is balanced by a

reduction of ΦET resulting in a measuredQYout of 37±3%. If the PCP concentration is further

decreased below 10−4 M or increased above 10−3 M, the QYout undergoes a severe reduction,

even worse than what predicted. The discrepancy at low concentrations can be ascribed to the

involvement of back-energy transfer from PCP triplets to the sensitizers. In fact, as reported in

155



CHAPTER 8. BICHROMOPHORIC ANNIHILATORS TO OPTIMIZE THE SINGLET
GENERATION EFFICIENCY

PCP Concentration [M] Φ∗
ET Φ∗

fl QYout QY ∗
out

5× 10−3 1 0.7 0.35 0.25

10−3 0.99 0.77 0.38 0.32

5× 10−4 0.98 0.86 0.42 0.42

10−4 0.82 0.93 0.39 0.37

5× 10−5 0.53 0.98 0.26 0.21

Table 8.1: External upconversion quantum yield values calculated (QYout) using Eq. 1.11, with f and

ΦISC = 1, and with the ET and fluorescence efficiencies measured experimentally with different PCP

concentrations (Φ∗
ET ,Φ∗

fl), compared to the corresponding external upconversion quantum yield values

measured experimentally QY ∗
out for each PCP concentration.

Fig. 8.9b I recorded the phosphorescence intensity decay at 795 nm, under a modulated 635 nm

laser excitation, of the reference PtTPBP solution (red curve) and of an upconverting solution

with PCP concentration 10−4 M (purple curve). The slow component observed in the upcon-

verting solution has a lifetime longer than the spontaneous phosphorescence lifetime of 22

µs and it indicates the occurrence of back-energy transfer from the long-living PCP triplets to

the sensitizer triplets, which results in a delayed PtTPBP phosphorescence.138 On the contrary,

further studies are still required to assess the behavior at very high PCP concentrations.

8.4 Conclusions

The newly designed annihilator/emitter chromophore enabled to reach the exceptional exter-

nal quantum efficiency of 42% for photon upconversion based on sTTA, close to the theoretical

upper limit of 50%. The experimental results indicate that for the newly designed PCP dye the

energetic condition E(S1) ≪ 2E(T1) + kBT ≪ E(T2) is satisfied, therefore the generation

of emissive singlets by TTA is maximized and the output light intensity is only limited by the

emitter fluorescence efficiency, and/or by the sensitizer-to-emitter energy transfer yield. These

findings suggest that a derivation from known molecular systems with excellent upconversion

properties is a viable and promising strategy to develop new chromophores suitable to real-

ize efficient annihilators, especially for visible-to-UV or near-infrared-to-visible upconverters.

Achieving efficient TTA in these spectral ranges would significantly boost the application of

the sTTA-UC mechanism, allowing to enhance the efficiency of sTTA-UC devices, such as so-
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lar cells and OLEDs which already show technological appealing performances. Importantly,

the peculiar molecular bichromophoric structure designed is helpful in limiting aggregation

phenomena that usually affect conjugates systems at high dyes concentrations, and it can be

relevant especially in future development of solid-state upconverters.
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Perspective

In this last Chapter, I apply the theoretical models for the classical and confined sTTA-UC

regimes described in Secs. 1.8.1-1.8.2 to highlight the great potential of nanostructured ma-

terials, such as nanophase-separated glassy polymers, in solar applications. I compare the

sTTA-UC performances of an ideal homogeneous bulk UC system, of a confined single-sized

UC system and of a confined UC system with log-normal size distribution. The models al-

low to identify how the sTTA-UC performances change by changing structural parameters

(e.g. the nanostructures mean radius or the size distribution),259, 262 or composition parameters

(such as the system optical density or the emitter triplet lifetime). The aim of these compar-

isons is to point out the advantages introduced by the excitation energy confinement, which

influence the sTTA-UC performances, but also to emphasize the structural and composition

properties needed to optimize the conversion performances in each system considered. The

important information gained through the theoretical calculations sheds light on the design

requisites of solid-state upconverters to make future implementation of solid-state upconvert-

ers in solar technologies possible. Importantly, to give a general perspective of the potential

future achievements employing this class of materials, I report the theoretical sTTA-UC perfor-

mances that can be achieved in an ideal situation, i.e. by incorporating broadband sensitizers

in nanostructured polymers. Importantly, this composition represents the meeting point of the

two main topics discussed in this PhD thesis, since I investigated on one side hybrid systems

with the goal to increase the upconverter storage ability, while on the other I demonstrated the

numerous advantages introduced by the upconverting dye confinement in nanosized domains.

Therefore, as a whole this combined composition represents an ideal solid-state upconverter

that can potentially pave the way towards real-life solar devices. Importantly, I performed the
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theoretical calculations reported using the solar irradiance at 1.5AM as reference, in order to

visually point out the potential advantages afforded by the ideal upconverter.

Results

In applying the previously discussed classical and confined sTTA-UC models, I consider ideal

green-to-blue upconverting organic systems, where the theoretical results can be straight-

forwardly compared to experimental data. I assume a unity optical density at the excitation

Figure 9.1: (a) sTTA-upconversion quantum yield QYuc dependency on the excitation intensity Iexc

for a classical bulk system (solid curve, calculated with Eq. 1.11), for an identical single-sized UC-

centers ensemble (dashed curves, calculated with Eq. 1.38) and for a log-normally size-distributed UC-

centers ensemble (dotted curves, calculated with Eq. 1.43). I assumed optical density 1 at the excitation

wavelength of 532 nm, DT = 10−6 cm2 s−1 and τT = 1 ms, yielding LT = 775 nm. The parameter ρ

is set equal to 0.1, f, ΦET and Φfl equal to unity. Moreover, for both confined systems I considered a

set of four values of the UC-centers mean radius r = LT
4 , LT

6 , LT
10 and LT

20 (from right to left, according

to the arrow direction). (b) Dependency of ϵ = I
′
th
Ith

on r for a single-sized UC-centers ensemble (dots)

and for a log-normally distributed UC-centers ensemble (squares). The shaded area denotes the region

of effective gain in the threshold reduction, where ϵ < 0.1.

wavelength of 532 nm for all the systems discussed. I set the annihilating triplets diffusivity

to DT = 10−6 cm2 s−1 and their lifetime τT = 1 ms, which are typical values observed in the

most studied upconverters in solution,41 where the annihilator concentration can be as large

as 10−2 M, and according to Eq. 1.33, the diffusion length is LT = 775 nm, thus the rapid diffu-

sion condition is satisfied. When considering confined systems, the parameter ρ (i.e. the ratio
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between the total volume of the excited liquid nanodomains containing the absorbing dyes

and the total excitation volume,) is set equal to 0.1. This value allows to treat the system as a

model case where the dye confinement affords a significant increase of the excitation energy

density by one order of magnitude, therefore the confinement effects on the sTTA-UC kinetics

are expected to be relevant. For simplicity, the parameters f, ΦET and Φfl are considered equal

to unity, thus the maximum yield achievable is 0.5, according to energy conservation. Figure

9.1 illustrates the results of the calculation for the upconversion yield dependence on the ex-

citation intensity for a bulk solution (solid curve, calculated with Eq. 1.11), an ensemble of

identical single-sized UC-centers (dashed curves, calculated with Eq. 1.38) and a log-normally

size-distributed UC-centers ensemble (dotted curves, calculated with Eq. 1.43). To identify

Figure 9.2: Dependency of I ′
th on r for an ensemble of UC-centers log-normally distributed considering

four different emitter triplet lifetimes, τT = 0.1 ms (dots), τT = 0.5 ms (squares), τT = 1 ms (up-

triangles), and τT = 5 ms (down-triangles). The solid lines represent the Ith in the corresponding

reference bulk solutions. The shaded stripes show the photon density absorbed by a model sTTA-UC

system under solar irradiance in the AM1.5 condition assuming a 100 nm wide absorption band around

the 532 nm excitation wavelength.

the correlation between UC-center size and upconversion yield, I accounted for four different

values of the UC-centers mean radius r, ranging from LT

4
down to LT

20
, and I generated the
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four log-normal distributions considering each mean radius r and σ = 0.88. I employed this

σ value since it is the one I obtained experimentally in the model system discussed in Chapter

6, therefore it is a reasonable value that can be obtained experimentally and describes a real

system.

The advantage introduced by the confinement strategy is paramount. Except for r = LT

20
, in

both confined systems the threshold excitation intensity (denoted I ′

th) decreases significantly

with respect to the solution (denoted Ith). Moreover, the reduction of the threshold intensity is

clearly more extensive when considering UC-centers with larger r values, in agreement with

Eq. 1.43, because it is more probable for larger UC-centers to contain two excitons simulta-

neously. This effect is particularly evident in the log-normally distributed ensemble, because,

as discussed in the earlier text, in this configuration the larger UC-centers in the distribution

contain an increased number of light harvesters. Therefore, their excitation probability is fur-

Figure 9.3: Dependency of I ′
th on r for an ensemble of single-sized UC-centers considering four different

emitter triplet lifetimes, τT = 0.1 ms (dots), τT = 0.5 ms (squares), τT = 1 ms (up-triangles), and

τT = 5 ms (down-triangles). The solid lines represent the Ith in the corresponding reference bulk

solutions. The shaded stripes show the photon density absorbed by a model sTTA-UC system under

solar irradiance in the AM1.5 condition assuming a 100 nm wide absorption band around the 532 nm

excitation wavelength.
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ther enhanced by their higher absorption ability. This feature is easy to see in Fig. 9.1a, which

shows that, once fixed the r, the log-normally distributed ensemble is more efficient at low

excitation powers than the corresponding single-sized ensemble. This finding is confirmed by

the data in Fig. 9.1b, which reports the ratio

ϵ =
I

′

th

Ith
(9.1)

which provides an estimation of the effective gain in the low power sTTA-UC performance

afforded by nanostructuring, as a function of the UC-centers average size. Regardless of the

r value, a broad size distribution is always more beneficial than having monodispersed UC-

centers. This is a key result from the material fabrication perspective, because it means that

high control over the UC-centers size is not only unnecessary, but also disadvantageous, thus

allowing to relax some constraints in the material synthesis. The shaded area denotes the re-

gion where the threshold reduction becomes interesting for applications, i.e. when ϵ < 0.1.

Importantly, a strong confinement down to r = LT

20
is not so beneficial in the log-normal dis-

tribution ensemble (ϵ = 0.6) and, notably, it is deleterious in the single-size ensemble (ϵ = 1.8),

with a threshold higher than in the reference solution because the UC-centers are so small that

only at extremely high powers the Pn≥2 value becomes relevant. On the other hand, larger

r values allow to reduce extensively the system threshold, with expected ϵ values lower than

0.01 for r = LT

4
. This means that the global upconversion threshold can be reduced by more

than two orders of magnitude with respect to a bulk homogeneous system, without operating

on the chromophores properties or concentrations, but only by acting on their spatial arrange-

ment. This finding further demonstrates the validity of the nanostructured polymers design

strategy and, most importantly, that there is no need of a highly controlled dye confinement

to boost the upconversion performances at low powers. The optimal UC-center average size

must be properly tuned to find a trade-off between the achievement of the confined sTTA

kinetics, to lose the dependency on the triplets diffusivity, and the maximization of the UC-

center multiple excitation probability, with consequent further simplifications in the material

synthesis.

Relying on Eqs. 1.13 and 1.39, I investigated the role of the emitter triplet lifetime τT to probe

further advantages of the confinement concept, since it is a crucial parameter that affects the

sTTA-UC process. The τT role in determining the threshold and its extremely high sensitivity

to the environment make it often the most critical point to deal with when developing new

upconverters in the solid-state. Figure 9.2 reports the I ′

th calculated for a log-normally dis-
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Figure 9.4: Dependency of ϵ on r for a single-sized UC-centers ensemble (dots) and for a log-normally

distributed UC-centers ensemble (squares), when τT = 0.1 ms (a), τT = 0.5 ms (b) and τT = 5 ms (c).

The shaded areas denote the regions of effective gain in the threshold reduction, where ϵ < 0.1.

tributed UC-centers ensemble as a function of τT , in a range between 5 ms down to 0.1 ms,

and keeping fixed the triplet diffusivity coefficient DT . These results confirm that the opti-

mal UC-center mean size is r = LT

4
, which allows the nanostructured system (dots) to have

a threshold more than two orders of magnitude lower than the corresponding homogeneous

solution (solid lines), independently of the triplet diffusion length set by each τT value. I ob-

tained analogous results for a single-sized UC-centers ensemble, depicted in Figure 9.3.

Using the results in Fig. 9.2 I calculated and reported in Fig. 9.4, the ϵ values also for τT = 0.1

ms, τT = 0.5 ms and τT = 5 ms to highlight the effectiveness of the nanostructuring strategy

in boosting the UC performances.

The analysis performed so far allows to draw some important considerations regarding the

potential implementation of solid-state upconverters in solar technologies. The shaded green

stripes show the photon density absorbed by a typical sTTA-UC system under solar irradiance

in the AM1.5 condition (Isun). Specifically, it indicates the harvested photon flux considering a

100 nm wide absorption band around the 532 nm excitation wavelength, which can be obtained

in broadband absorption systems based on a multi-sensitizers composition74, 155, 156 or that ex-

ploit semiconductor nanostructures (e.g. nanocrystals)141, 193 as light harvesters. With τT as

large as 5 ms, even a classical upconverting solution system works below the solar irradiance,

thereby in this case the nanostructuring process is not strictly necessary from a performance

point of view, unless exceptionally low excitation intensities are involved. Nonetheless, the

confinement can be of course useful since illumination conditions are not always optimal dur-

ing daytime, and it would afford an effective irradiance lower than Isun. However, it is hard
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to achieve so large τT values even with the best annihilators that usually feature lifetimes ∼ 1

ms in organic solvents.380 As reported in Fig. 9.2b, in this condition the nanostructuring can

Figure 9.5: Dependency of I ′
th on r for an ensemble of UC-centers log-normally distributed, for the τT

lower-limit value τ limit
T = 0.05 ms (dots). The solid line refers to the Ith in the corresponding reference

bulk solution. The shaded stripe shows the photon density absorbed by a model sTTA-UC system under

solar irradiance in the AM1.5 condition considering a 100 nm wide absorption band around the 532 nm

excitation wavelength.

be really useful to develop technologically appealing upconverters that work at the extremely

low excitation intensity of ∼ 0.01Isun. Most importantly, the confinement enables the sTTA-

UC to work under solar illumination also in systems with τT ≪ 1 ms. The case of τT = 0.5

ms is rather instructive as it is clear that just by changing the nanostructures mean radius the

outcome is severely different. While the solution threshold is above the solar irradiance, by re-

alizing an UC-center ensemble with average size r = LT

10
the I ′

th shifts below Isun. Even using

emitters with τT = 0.1 ms an optimized confinement enables to have efficient upconversion

at subsolar excitation intensities.

I also identified τ limit
T = 0.05 ms as the lower-limit value for the emitter triplet lifetime, be-

cause, as reported in Fig. 9.5, for τT < τ limit
T the confinement strategy results ineffective in

reducing significantly the I ′

th, unless an extremely fast diffusion environment is employed to

compensate the short lifetime of the annihilating excitons and keep the LT reasonably large.

As last consideration, I discuss the rationale employed in the selection of the UC-centers mean
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radii r, from LT

20
to LT

4
, and the range of radii r chosen to generate the log-normal distribu-

tions to perform the theoretical calculations reported so far. The results reported in Fig. 9.1

point out that the relative weight of larger UC-centers in setting the excitation threshold is

higher than the smaller ones because of their enhanced absorption ability. Thereby dealing

with UC-centers with sizes distributed log-normally with mean size r is to be preferred to

monodispersed UC-centers with size r, because it allows to reduce the excitation threshold.

Nevertheless, considering a too large size distribution would result in losing the confinement

condition, retrieving the standard bulk sTTA-UC regime in larger UC-centers with a potential

reduction of the efficiency at low powers. Therefore it is essential to verify that the confined

DT [cm2 s−1] τT [s] LT [nm] r r/LT

10−6 10−4 245 LT/20 0.1

10−6 5× 10−4 548 LT/10 0.2

10−6 10−3 775 LT/6 0.34

10−6 5× 10−3 1732 LT/4 0.51

Table 9.1: Parameters employed for the calculation of triplet diffusion lengths and upconversion quan-

tum yields in the confined sTTA-UC condition.

condition is satisfied for any configuration analyzed. In this regard, for each triplet lifetime

and triplet diffusion length LT considered, I chose the mean radius r of the UC-center distri-

butions as LT

20
, LT

10
, LT

6
and LT

4
. Since the diffusion length LT is the mean displacement that

a randomly diffusing exciton reaches from its generation point, for isotropic diffusion LT is

the diameter of the sphere explored by the exciton during its lifetime, therefore the volume

accessible to the triplet excitons is, respectively, 1
1000

, 1
125

, 1
27

and 1
8

of the volume that can be

potentially explored by the triplets. This means that for each r considered, the condition to

have confined sTTA-UC is satisfied, even in the limit case of r = LT

4
.

Moreover, I generated the log-normal distributions with mean radius r and with σ = 0.88 as

parameters, and I adopted the rationale to employ distributions calculated over a range of r

values up to a reference value r′ > r, which is the size that marks the 90% of the integrated

log-normal distribution area, thus accounting for 90% of the UC-centers in the ensemble. As

reported in Table 9.1, r′ < LT for all the distributions employed, thus demonstrating that the

confinement condition is always satisfied in the ranges of sizes considered for the calculations.
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Radius r τT = 0.1 ms τT = 0.5 ms τT = 1 ms τT = 5 ms
LT/20 1.00 1.00 1.00 1.00
LT/10 1.00 1.00 0.97 0.93
LT/6 0.97 0.90 0.86 0.74
LT/4 0.89 0.73 0.66 0.55
LT/3 0.72 0.53 0.45 0.26
LT/2 0.43 0.25 0.20 0.10

Table 9.2: TTA yield ΦTTA as a function of the single-size nanostructure radius r and triplet lifetime

calculated with TE = 13. The ΦTTA is calculated as the ratio between the annihilation rate (kTTA)

and the total triplet decay rate (kTTA + kT ).

Table 9.2 reports the annihilation yield ΦTTA values calculated for a single-sized UC-centers

ensemble when the excitation intensity is the minimum required to have two triplet excitons

per UC-center, so that to have an annihilation event. With a binomial energy distribution this

happens when the average number of triplet excitons per UC-center TE is about 13. I calcu-

lated the ΦTTA according to ΦTTA = kTTA

kTTA+kT
, treating the UC-centers ensemble as a bulk

system in solution to have a direct comparison between the annihilation rate and the triplet

spontaneous decay rate. Specifically, I assumed the ensemble as monodispersed, because it

can be seen as a limit case of the log-normally distributed ensemble. As reported in Tab. 9.2,

I selected as upper limit of r the value LT

4
, because it is the largest r value that guarantees a

ΦTTA ≥ 0.5. For larger sizes, the density of annihilating triplets for each nanostructure is too

low to have an annihilation rate competitive with the spontaneous decay rate. Therefore, ac-

cording to these considerations, the confined-TTA regime is fulfilled in good approximation.

To conclude this last Chapter, I would like to stress that the findings obtained with the pro-

posed model to describe nanostructured materials, along with the observations derived from

the studies of the two solid-state polymeric upconverters presented in Chapters 6 and 7, are

of utmost importance for future real-life technologies. By emphasizing the role of structural

and composition parameters in setting the sTTA-UC performances, these results can be used

as valuable guidelines for the development and implementation of solid-state upconverters in

solar technologies. If the best trade-off between nanostructure size and energy distribution

is found the maximum upconversion efficiency can be achieved at excitation intensities or-

ders of magnitude lower that the solar irradiance. Notably, I shown that the beneficial dyes
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confinement effects are relevant especially when molecular species featuring relatively short

triplet lifetimes are involved, that are usually discarded since excessively high excitation inten-

sities would be necessary to work properly in bulk solutions, and that can be now exploited if

incorporated in a proper nanostructured system. This finding significantly broadens the fam-

ily of emitters that can be now considered for future developments and, most importantly, it

suggests a potential way to fully exploit the sTTA upconversion to recover near-infrared pho-

tons with energies below the silicon bandgap, as recently proposed.381 Indeed, in this energy

range the triplet excitons recombination rates are usually intrinsically faster, resulting in short

lifetimes that hinder their use under solar irradiance. The sTTA confinement concept can be

therefore a straightforward method to realize efficient upconverters from the near-infrared

to the visible spectral range working at subsolar irradiance and therefore fabricate photonic

devices suitable to be implemented in current photovoltaic technologies.
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During the three years of my PhD studies I had the opportunity to understand in detail the fas-

cinating photophysical process of photon upconversion assisted by triplet-triplet annihilation,

unveiling its features and properties thanks to the spectroscopy facilities in the laboratory of

Advanced photophysics of molecular semiconductors led by Prof. Francesco Meinardi, Prof.

Sergio Brovelli, and Prof. Angelo Monguzzi. By keeping this central topic as leading route of

my PhD project, I investigated photon upconversion in a variety of systems, profoundly dif-

ferent on many levels, revealing its captivating versatility. Thanks to paramount international

collaborations, my PhD studies focused on addressing two important issues that currently

limit the application of upconverters in solar technologies, i.e. the limited storage ability of

common organic sensitizers and the poor upconversion performances typically observed in

solid-state upconverters, which are intrinsically better suited for technological applications

than liquid upconverting solutions.

After an overview of photon upconversion assisted by triplet-triplet annihilation, a brief

description of the experimental methods employed in my studies and the materials character-

ization (Chapter 1, 2 and 3), in Chapter 4, I investigated CdSe nanocrystals doped with gold

impurities and decorated with 9-anthracene carboxylic acid as innovative broadband hybrid

sensitizers. The development of such sensitizers was fostered by the necessity to overcome the

deleterious hole transfer from the nanocrystal valence band to the ligand HOMO level affecting

undoped nanocrystals, that ultimately hinders the emitter triplet sensitization. The electronic

doping strategy allows to insert into the nanocrystals energy gap localized hole-accepting

states, characterized by a higher hole-capturing rate with respect to the ligand HOMO level.

Thereby, right after excitation the photogenerated hole localizes in 1-2 ps on the dopant state
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forming a bound exciton with the electron in conduction band that is effectively transferred

to the ligand triplet states. Crucially, by changing the host size one can optimize the energy

resonance between the bound exciton and the ligand triplet state, in order to maximize the

energy transfer efficiency. Owing to the accomplished optimization of the energy transfer

step, I achieved the upconversion efficiency of 12%, which is the record performance obtained

so far for hybrid sensitizers. The results of this work were published in the journal Advanced

Materials (DOI 10.1002/adma.202002953).

In Chapter 5, I discussed how CdSe nanoplatelets are desirable light harvesters moieties in

hybrid sensitizers. Their peculiar surface and photophysical properties make semiconductor

nanoplatelets decorated with proper conjugated organic molecules hybrid sensitizers with po-

tentially optimal sensitization performances. The analysis of the sensitizer-to-ligand energy

transfer efficiency assessed that the transfer step is not affected by detrimental hole transfer

to the ligands thanks to favorable energy level alignment induced by 9-anthracene carboxylic

acid bound to the nanoplatelets surfaces. Moreover, the study of the sensitizer-to-ligand en-

ergy transfer dependence on the surface ligand density revealed that the surface coverage via

ligand exchange is not homogeneous but proceeds in an island-like way promoted by π − π

stacking, resulting in the formation of aggregates of ligand molecules on the surface, which

causes a redshift of the ligand triplet energy. This phenomenon has important repercussions

on the emitter choice, since the thermodynamic driving force of the ligand-to-emitter energy

transfer can be deeply affected.

I then examined how the photophysics of sTTA-UC changes when moving from a bulk

homogeneous system like a solution to a confined system, where the triplet excitons are local-

ized in nanosized centers much smaller than the volume that they can potentially explore by

diffusion, limiting the dependence of the sTTA-UC efficiency on molecular diffusion. In Chap-

ters 6 and 7 I studied two different nanostructured polymers that show similar macroscopic

properties and upconversion performances but fabricated through different approaches. They

both feature liquid droplets of mean size less than 50 nm, where the upconverting dyes ac-

cumulate, embedded in a rigid polymer matrix. In the material discussed in Chapter 6 the

liquid nanodomains are composed almost entirely of hexyl benzoate, while in the material

discussed in Chapter 7 they consist of a liquid core containing the PPG and part of the PEG

blocks, with the remaining PEG blocks protruding out into the glassy matrix stabilizing the

droplets themselves. I shown how this class of materials offers many advantages; for instance,
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they can be easily fabricated in a one-step synthesis under air conditions and the synthetic

procedures developed enable to localize the upconverting dyes only in the liquid domains,

therefore the intermolecular distances allow the short-range interactions between triplet ex-

citons to occur mainly by hopping within the disordered close-packed dyes ensemble, with

only a secondary contribution from molecular translational diffusion. Moreover, I shown that

because the nanodomains volume is a small fraction of the host volume (5-10%), the effective

local triplet excitons density is enhanced with respect to the corresponding solution with equal

global dyes concentration, resulting in an enhanced upconversion efficiency at low excitation

intensities. More generally, I highlighted that the controlled dyes confinement is not only use-

ful to achieve chromophores concentrations that cannot be managed by standard synthetic

routes, but also as a general approach to enhance the upconversion yield independently of the

composition, especially when the excitation intensities are intrinsically limited.

I then pointed out how the peculiar structure underlies several beneficial advantages towards

technological applications. The polymeric matrix provides rigid bulk materials that can be

employed in real-world applications and it proved to confer striking long-term stability and

efficient oxygen protection. The synthetic routes allow to avoid molecular aggregation and

segregation even when employing extremely high dyes concentrations, yielding transparent,

high optical quality materials that can be easily employed in all those technological fields

such as molecular photonics, photon management or optoelectronics that require transpar-

ent materials. The results of the study in Chapter 6 were published in the journal Advanced

Functional Materials (DOI 10.1002/adfm.202004495), while those in Chapter 7 were published

in ACS Applied Materials & Interfaces (DOI 10.1021/acsami.1c09813).

In Chapter 8, I discussed how the achievement of excellent upconversion external quan-

tum yields is usually hindered by the lack of annihilators with optimized photophysical prop-

erties. I introduced a perylene derivative as new annihilator/emitter, which was designed with

the goal to prevent molecular aggregation especially at high dye concentrations to ultimately

maximize its fluorescence efficiency. Importantly, by employing PCP as annihilator/emitter, I

measured an external upconversion efficiency of 42%, which is the highest value recorded

so far and it is not far from the thermodynamic limit of 50%. This exceptional result di-

rectly stems from the PCP molecular structure, as it allows to limit the fluorescence efficiency

losses observed in perylene arising from aggregation and excimer formation along with par-

tial self-absorption of the emitted upconverted light, while keeping the optimal photophysical
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properties of monomeric perylene that guarantee a maximized singlet generation upon TTA.

The results of this study were published in the journal Journal of Materials Chemistry C (DOI

10.1039/D1TC01569A).

In the final Chapter, I applied the theoretical model that I developed to describe the sTTA-

UC process in confined systems, reported in Chapter 1 and validated by the studies in Chapters

6 and 7, to draw a perspective of the performances that can be achieved in the future by de-

veloping proper solid-state upconverters. I compared the sTTA-UC performances of an ideal

homogeneous bulk UC system, of a confined single-sized UC system and of a confined UC

system with log-normal size distribution, to point out how these performances are affected

by structural and composition parameters. If the best trade-off between nanostructure size

and energy distribution is met the maximum upconversion efficiency can be achieved at ex-

citation intensities orders of magnitude lower that the solar irradiance. Therefore, with this

approach I emphasized the paramount strengths afforded by the nanostructuring strategy and

the important information gained through the theoretical calculations can work as guidelines

for the design of solid-state upconverters to make their future implementation in solar tech-

nologies feasible. This work was published in the journal Journal of Applied Physics (DOI

10.1063/5.0034943).

As final consideration, I would like to emphasize that since sTTA-UC is extensively studied

not only in the solar field, but also in diverse fields such as cellular bio-imaging, photodynamic

therapy, optoelectronics, or anti-counterfeit, the results emerged from my PhD work can be

implemented in a variety of technological fields and devices, even not strictly related to solar

technologies.
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The results of my PhD project have been enriched by several collaborations with researchers

from international institutions and companies. Thanks to these collaborations, I had the chance

to not only work on interesting novel materials, but also to learn about new experimental tech-

niques along with broadening my background knowledge.

The results presented in Chapter 4 were fostered by the collaboration with Glass to Power

Spa. Dr. Chiara Capitani synthesized the undoped and Au-doped CdSe nanocrystals and per-

formed the ligand exchange procedure. The structural and elemental analysis of gold clusters

and nanocrystals was performed by Dr. Rosaria Brescia, Dr. Mirko Prato at Istituto Italiano

di Tecnologia in Genoa (Italy), and by Prof. Marcello Campione and Dr. Carlo Santambrogio

from the University of Milano-Bicocca.

The synthesis of CdSe nanoplatelets discussed in Chapter 5, along with the ligand exchang

protocol, was performed and optimized by Dr. Henry Halim from the research group led

by Prof. Andreas Reidinger from the Max-Planck Institute for Polymer Research in Mainz,

Germany. The group of Prof. Reidinger also performed the ITC and TEM characterization,

along with transient absorption measurements.

The nanostructured polymers discussed in Chapters 6 and 7 were developed, optimized

and synthesized by Dr. Felipe Saenz from the research group led by Prof. Christoph Weder

from Adolphe Merkle Institute at the University of Fribourg, Switzerland. Dr. Saenz also

performed the material characterization with TEM and DSC measurements. I also collaborated

with Dr. Michele Mauri from the University of Milano-Bicocca, who performed the TD-NMR

characterization of the materials and gave precious insights on the polymers properties and

morphology.
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Finally, the results from Chapter 8 stem from a collaboration with Prof. Pengfei Duan

from the National Center for Nanoscience and Technology in Beijing, China. Dr. Wenjing Sun

and Dr. Tonghan Zhao designed and synthesized the bichromophoric annihilator PCP. Prof.

Duan’s group also performed the material characterization with NMR and HR-MS measure-

ments along with DFT calculations. They also performed independent upconversion quantum

yield measurements.
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Mauri, M.; Simonutti, R.; Norris, D. J.; Meinardi, F., ACS Applied Materials & Interfaces,

2017, 9 (46), 40180-40186.

23 Khnayzer, R. S.; Blumhoff, J.; Harrington, J. A.; Haefele, A.; Deng, F.; Castellano, F. N.,

Chemical Communications, 2012, 48 (2), 209-211.

24 Ferreira, R. A. S.; Correia, S. F. H.; Monguzzi, A.; Liu, X.; Meinardi, F., Materials Today, 2020,

33, 105-121.

25 Cheng, Y. Y.; Fückel, B.; MacQueen, R. W.; Khoury, T.; Clady, R. G. C. R.; Schulze, T. F.;

Ekins-Daukes, N. J.; Crossley, M. J.; Stannowski, B.; Lips, K.; Schmidt, T. W., Energy &

Environmental Science, 2012, 5 (5), 6953-6959.

26 Klessinger, M.; Michl, J., Excited States and Photochemistry of Organic Molecules., Vch Pub,

1995.

27 Pope, M.; Swenberg, C. E.; Pope, M., Electronic processes in organic crystals and polymers.

Oxford University Press: New York, 1999.

28 Lakowicz, J. R., Principles of Fluorescence Spectroscopy., Springer Science: New York, 2013.

29 Borisova, S. M.; Papkovskyb, D. B.; Ponomarevc, G. V.; DeTomad, A. S.; Safe, R.; Klimanta,

I., Journal of Photochemistry and Photobiology A: Chemistry, 2009, 206, 87-92.

30 Bansal, A. K.; Holzer, W.; Penzkofer, A.; Tsuboi, T., Chemical Physics, 330, 118-129.

31 Papkovsky, D. B.; O’Riordan, T. C., Journal of Fluorescence, 2005, 15 (4), 569-584.

175



BIBLIOGRAPHY

32 Baluschev, S.; Miteva, T.; Yakutkin, V.; Nelles, G.; Yasuda, A.; Wegner, G., Physical Review

Letters, 2006, 97 (14), 143903.

33 Monguzzi, A.; Tubino, R.; Hoseinkhani, S.; Campione, M.; Meinardi, F., Physical Chemistry

Chemical Physics, 2012, 14 (13), 4322-4332.

34 Hoseinkhani, S.; Tubino, R.; Meinardi, F.; Monguzzi, Physical Chemistry Chemical Physics,

2015, 17 (6), 4020–4024.

35 Gray, V.; Moth-Poulsen, K.; Albinsson, B.; Abrahamsson, M., Coordination Chemistry Re-

views, 2018, 362, 54-71.

36 Schulze, T. F.; Schmidt, T. W., Energy & Environmental Science, 2015, 8 (1), 103-125.

37 Kitazawa, M.; Yabe, T.; Hirata, Y.; Okada, T., Journal of Molecular Liquids, 1995, 65 (6),

321-324.

38 Yang, P.; Wu, W.; Zhao, J.; Huang, D.; Yi, X., Journal of Materials Chemistry, 2012, 22 (38),

20273-20283.

39 Wang, Z.; Zhao, J.; Barbon, A.; Toffoletti, A.; Liu, Y.; An, Y.; Xu, L.; Karatay, A.; Yaglioglu,

H. G.; Yildiz, E. A.; Hayvali, M., Journal of the American Chemical Society, 2017, 139 (23),

7831-7842.

40 Turro, N. J., Journal of Chemical Education, 1969, 46 (1), 2-6.

41 Monguzzi, A.; Mezyk, J.; Scotognella, F.; Tubino, R.; Meinardi, F., Physical Review B, 2008,

78 (19), 195112.

42 Schmidt, T. W.; Castellano, F.N,The Journal of Physical Chemistry Letters, 2014, 5, 4062-4072.

43 Dexter, D. L., The Journal of Chemical Physics, 1953, 21 (5), 836-850.
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185 Tabachnyk, M.; Ehrler, B.; Gélinas, S.; Bohm, M. L.; Walker, B. J.; Musselman, K. P.; Green-

ham, N. C.; Friend, R. H.; Rao, A., Nature Materials, 2014, 13, 1033-1038.

186 He, S.; Lai, R.; Jiang, Q.; Han, Y.; Luo, X.; Tian, Y.; Liu, X.; Wu, K., Angewandte Chemie

International Edition, 2020, 59 (40), 17726-17731.

187 Nienhaus, L.; Wu, M.; Geva, N.; Shepherd, J. J.; Wilson, M. W. B.; Bulović, V.; Van Voorhis,
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277 Beatriz Santiago-González, B.; Monguzzi, A.; Pinchetti, V.; Casu, A.; Prato, M.; Lorenzi, R.;

Campione, M.; Chiodini, N.; Santambrogio, C.; Meinardi, F.; Manna, L.; Brovelli, S., ACS

Nano, 2017, 11 (6), 6233–6242.

278 Capitani, C.; Pinchetti, V.; Gariano, G.; Santiago-González, B.; Santambrogio, C.; Campione,
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287 Maus, A.; Hertlein, C.; Saalwächter, K., Macromolecular Chemistry and Physics, 2006, 207

(13), 1150-1158.

288 Mauri, M.; Mauri, L.; Causin, V.; Simonutti, R., Analytical methods, 2011, 3 (8), 1802-1809.

289 Mellinger, F.; Wilhelm, M.; Spiess, H. W. Macromolecules, 1999, 32 (14), 4686-4691.

290 Mauri, M.; Thomann, Y.; Schneider, H.; Saalwächter, K., Solid State Nuclear Magnetic Reso-
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Gearoid, M.; Irwin, B.; Angewandte Chemie International Edition, 2016, 55, 14688-14692.

359 Harada, N.; Sasaki, Y.; Hosoyamada, M.; Kimizuka, N.; Yanai, N., Angewandte Chemie Inter-

national Edition, 2021, 60 (1), 142-147.

360 Dzebo, D.; Borjesson, K.; Gray, V.; Moth-Poulsen, K.; Albinsson, B., Journal of Physical

Chemistry C, 2016, 120 (41), 23397-23406.

361 Yu, S.; Zeng, Y.; Chen, J.; Yu, T.; Zhang, X.; Yang, G.; Li, Y., RSC Advances, 2015, 5 (86),

70640-70648.
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senza di voi e l’unico neurone condiviso.

Grazie a Jack per tutte le volte che sei entrato in ufficio a staccarmi il mouse e farmi i dispetti,
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