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Abstract

Lanthanide-based upconversion is a well-known process in solids, but for a wide
variety of applications small size, preferentially molecular size upconversion emitters are
required. Using inorganic upconversion nanoparticles solves some of the problems,
however, the luminescence is severely quenched for smaller particle sizes. On the other
hand, organic lanthanide complexes provide better overall luminosities and can be easily
modified for medical applications, but rarely provide adequate quantum yield of NIR

emission to enable upconversion processes.

This work was aimed to realize conventional for inorganic systems Yb-Tb/Er
upconversion in the perfluorinated organic complex and study its mechanism in order to

explore the limits of the system and evaluate the perspective pathway.

Green Yb-Tb upconversion by cooperative energy transfer (CET) mechanism was
realized in vacuum, and green/red Yb-Er upconversion by energy transfer (ETU)
mechanism was shown to be possible in ambient conditions for organic complex powder.
Energy transfer pathways were studied in detail to explain features of the mechanisms, such

as three-photon red upconversion for the latter case.

Based on this data the conclusion about the perspectives is drawn and the outlook of

the future work in the field is provided.



1. Introduction

During the last century rare earth elements, most of which are lanthanides, were not
only the matter of interest for scientists, but also gained an important role in our everyday
life due to the variety of their newly emerged practical applications. In particular, these
unique chemical elements became the essence of many advanced materials which are used
in basically every piece of our common technology: electronics, optic communication,

lighting, and display— all of them contain lanthanides in one or another form.[1]

All magnificent properties of lanthanides are due to their partially filled f-sublevel
(4f) in electronic structure. f-orbitals in lanthanides are shielded by 5s and S5p electrons
which make them chemically inactive and this explains very similar chemical properties of
the whole row. The main difference between them is in the electronic configuration of 4f
sublevel, which gives rise to the differences in energy spectra, and that is the reason why

lanthanides attract so much attention.

Energy states of lanthanides possess several very important properties. First of all,
due to the inner character of 4f orbitals, these energy states are virtually unaffected by the
chemical environment of the ion, which makes energy spectrum a characteristic property
of the lanthanide. Secondly, f-f transitions are partially forbidden due to the Laporte’s
parity selection rule in dipole approximation. From the practical viewpoint, it leads to long
lifetimes of the excited states (in micro- and millisecond range) and low absorption and
emission cross-sections. While the first one is the advantage which gives rise to the one of
the most important properties of lanthanide-based systems — upconversion, the second one
is a problem which is dealt with by introducing lanthanide ions into the proper organic

matrix, forming lanthanide organic complexes.



Upconversion studies and lanthanide coordination chemistry are the two big fields
with different advantages and challenges. For the efficient NIR to visible upconversion the
basic requirement is a high quantum yield of lanthanide luminescence which is achieved
by using inorganic crystals, nowadays mostly NaYF,, as a host matrix.[2] In such systems
one lanthanide element, usually Yb, is used as a sensitizer, which absorbs NIR light and
transfers it to another lanthanide, called activator, which in its turn releases energy as
visible irradiation. The major drawback of such systems is relatively low absorption cross-
section of Yb®" (compared to, for example, organic materials) which limits the overall

luminosity, especially considering the typical doping concentrations of 2-5%.[2]

On the other hand, organic complexes work as an effective antenna for lanthanide
ions, transferring energy from the ligand’s triplet state to the lanthanide, thus, through the
process of singlet ligand excitation — intersystem crossing — lanthanide sensitization, by
several orders of magnitude increasing the overall luminosity of the system. Another
advantage of organic complexes is the ability to engineer the organic surrounding via

chemical synthesis to the suit the desired application.[3]

But the main problem in designing the efficient NIR-emitting organic complex is the
vibrational quenching effect of the ligand due to the possibility of energy transfer from
lanthanide excited state to the overtones of CH and OH vibrations with later non-radiative
vibrational relaxation. Reasonably high luminescent quantum yields for Er'" (~7%) and
Yb*"  (~50%) were achieved for the fully fluorinated complex with
N-{P,P-di(pentafluorophinoyl)}-P,P-dipentafluorophenylphosphinimidate (HF-TPIP, Fig.
1) as a ligand [4], [5], while other works, even that claim the synthesis of “highly
luminescent” complexes, report the luminescent lifetimes of Yb>" only of 10-20 us which
corresponds to <2% QY. [6], [7] Recently published research provides another perspective

ligand for Yb*" NIR emission, however, its structure is more complicated compared to



F-TPIP and the improvement in the internal quantum yield (63%) is achievable in the

environment of hydrogen-free solvent, which is not seriously significant. [8]
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Fig. 1 Structure of HF-TPIP

Up to now there was virtually no connection between these two fields, despite the
attempts to apply sensitization effect to solid state upconverters, namely upconversion
nanoparticles (UCNP). In particular, there is a successful attempt to introduce dye-based
sensitizer on the surface of the nanoparticles [9], but for the above stated reasons, there has
never been reported an all-metalorganic upconversion system, potentially exploiting all the

advantages of the coordination chemistry.

In this work the possibility of such systems is discussed, the evidence of
upconversion processes in all-metallorganic material in solid state is presented, and the

pathways of future work on the topic are considered.



2. Literature review

2.1 Intrinsic energy transitions in lanthanides

Energy transitions in lanthanide ions can be divided to two groups:
interconfigurational 4f"-4f"'5d' and intraconfigurational f-f ones. Interconfigurational
dipole transitions are parity allowed, but the typical energy of them lies in the (30-80)-10°

cm’ range, which makes most of them typically non observable. [10]

Meanwhile the effect of ligand-field on the energies of spectroscopic levels is quite
weak, for the f-f transitions its influence is determinant. In the absence of ligand-field
dipole transitions between f-orbitals are parity forbidden, but the perturbation of the field
leads to the parity mixing and, therefore, allowance of so-called induced electric dipole
transitions. Mathematically this effect is usually treated by means of Judd-Ofelt theory.

According to it, the dipole strength (in esu’cm?) of the induced transition between ¥ and

Y’ states is given by:

Dip=e?- > 0 |(@]uHw) W
A=2,4,6

Where e is the electric charge of the electron, 2, (in cm?) are phenomenological
Judd-Ofelt parameters obtained from the absorption spectrum, and U* are irreducible
tensor forms of the ED operator. Bracketed values in this formula are tabulated matrix

elements and independent of chemical environment of the ion. [11]

Apart from induced ED transitions, magnetic dipole (MD) and electric quadrupole
(EQ) transitions are also allowed for the f-f transitions, but their strengths are 2 and 6 orders
of magnitude less than induced ED ones, so in practice EQ transitions can be neglected.

Dipole strengths of the MD transitions are given by:



e h AT
Dyp = <4n—mec) (P[IL + 2S|[w")] 2

Selection rules for the above stated transitions, including the ones based on Judd-

Ofelt theory, are listed in Tab. 1

Transition AS |AL| |AJ| | P

ED, 4f-5d 0 <1 <1 0.01-1
<6 <6

Induced ED, f-f 0 10

(2,46 if L or L"=0) (2,46 if L or L"=0)
MD, f-f 0 0 <1 10

EQ 0 <2 <2 101°

Tab. 1 Selection rules for lanthanide-based transitions [12]

Experimentally, the dipole strength (in esu’cm?) of the transition is calculated from

the absorption spectrum using the formula [13]:

b _ 3hc 1000 - In10 2+ 1) 9n fe(v)d~ 3)
exp = gp3 N, / (2 + 2)? v ¢

Where (2J + 1) represents the degeneracy of the initial state and the expression
involving n, refractive index of the environment, is a Lorentz’s local field correction for

absorption.

Lanthanide absorption and emission happen accordingly to the above stated
principles. Focusing on the lanthanide luminescence in particular, in the ideal case it
happens as a spontaneous emission. Rate constant of such emission and the corresponding
lifetime are conventionally called radiative. Quantitative description of the process can be
obtained by considering Einstein’s A coefficient, which represents the rate of spontaneous

emission and is related to the dipole strength by the equation:

10
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(4)

Which, in case of theoretical evaluation of the radiative lifetime through Dgp and

DMDZ

1 P 64m*93 n(n2+2)2D D )
Trad rad = 3h(2) + 1) 9 Ep TN Ump

And from the experimental data for absorption:

53

b —grozos Y1 1000xIn10 fe(ﬂ)d~
Trag T4 T TR TTTON, v

(6)

7

In the presence of other, non-radiative decay processes, the observed decay rate

would be:
kops = Kraa + Z krilr (7)
i

Where k,, represent non-radiative decay rates. Consequently, the quantum yield for

the excited state, expressed through decay rates is:

Q — krad — krad i — Tobs (8)
kobs krad + Zi knr Trad

This quantum yield of the lanthanide emission under direct excitation is often called
intrinsic and denoted as QL. [14] Therefore, experimental estimation of this quantity is
available through time-resolved spectroscopy by measuring t,;;, if the radiative lifetime

1s known.

11



2.2 Organic lanthanide complexes: sensitization and challenges

Since the f-f transitions of lanthanides, the ones which attract the most interest, are
forbidden by symmetry, typical absorption coefficients are in the range 0.1-10 M'lcm'1[14],
which is significantly lower than for organic luminophores with absorption coefficients
~10*-10° M'em™, which leads to poor overall luminosities (L = £xQ) of the materials
under direct excitation of f-f transitions. However, in 1942 it was discovered, that ligand
excitation of organic lanthanide complexes leads to the lanthanide excitation through the
energy transfer and, hence, the emission from f-orbitals-based excited states. [15] The
effect was called antenna effect for luminescence sensitization and gave rise to the broad

field of lanthanide coordination chemistry.

The general pathway of luminescence

Ligand Ln"
sensitization of given on Fig. 2. The %

D —— A
efficiency of this process is highly E
knr ﬁ\L:g:“:”:I
dependent on the relative energies of WA) nlA) B .

rad

: . : I.(E) =% -
ligand’s triplet state and lanthanide wf€) i

excited states. In particular for Eu Fig. 2 Luminescence sensitization

scheme. [14]  Ngens represents

.. 5 .
emission from °D term the best result is sensitization efficiency

achieved when triplet state of the ligand is

1200 cm™ higher than D, level, while sensitization is sufficiently hampered for triplet
states resonant to *Dy level due to back energy transfer and, finally disappears completely
if the triplet level is lower than *Dy. [16] Although to achieve full understanding of the
sensitization process, roles of other states, namely ligand singlet state and ligand to metal
charge transfer state, have to be considered, in this work we would not focus on it since for
NIR-emitting lanthanides the biggest role in the overall quantum yield QF, = 7gpns XQE?

is played by the intrinsic quantum yield and not by sensitization efficiency.[14]

12



Considering various radiationless deactivation processes, the most important role

among organic lanthanide complexes is played by vibrational quenching. This quenching

occurs through energy transfer from lanthanide excited states to the phonons of different

bound molecules and/or overtones of high-energy vibrations, namely CH and OH stretch

vibrations. The involvement of phonons, consequently, leads to temperature dependence

of such deactivation. [17] There is clear evidence, that non-radiative decay constants

strongly depend on the energy gap of the transition: the quenching effect is significantly

reduced when more than six phonons are required to fill the gap or the distance to the

quencher is increased (Tab. 2). [18]

Ne of phonons kOH &1 kSH, s
Ln AEg cm™

OH CH 2.2-25A 3.6-39A  5.0-53A
To *Ds) 14800 4 5 100200 12 -~
Eu(’Dy) 12200 3-4 4 400-500 40 -
Yb (*Fsp) 10300 3 3-4 3.5x10° 3.6x10* 1.7x10°
Dy (*Fon) 7850 2-3 3 2x10* 9x10° 4.3x10°
Sm (*Gsp) 7400 2 2-3 1.8x10* 9x10° 6.0x10°
Er (*I1n) 6600 2 2 (3-5)x10° - 3.3x10°

Tab. 2 Luminescence quenching by high-energy vibrations [19]

From the theoretical viewpoint, considering Forster’s mechanism (through dipole-

dipole interaction) of non-radiative decay [20], the rate constant of the process can be

expressed as [21]:

knr

9k, K2

1000 - In10

= 128n%ntr6

Ny

J

Inorm (17) =) (17) ~
) dv
vV

9
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Where 7 is the distance between lanthanide and quencher, k is a factor depending on
relative orientations of f-f and vibrational transition dipole moments, n is the refractive
index of the medium, I,,,,,, is the emission spectrum normalized per unit area and &,,;;, is
the vibration absorption coefficient. However, obtaining the data for such calculation is

challenging, even though the reported results are well consistent with the experiment.[21]

According to the above stated, eliminating the vibrational quenching is conceptually

simple and can be illustrated by the data from [22], summed up in Tab. 3 and Fig. 3

Complex-solvate ,ms Q, % oH HO)
DBM =
o o

Yb(DBM-H);-2H,0 1 0.023

Yb(DBM-H);-DMSO-d¢ 174  0.73

/ \ (D)H H(D)
TTA=
Yb(DBM-D);DMSO-ds  30.1 126 M

(0] o

Yb(TTA-H);-DMSO-ds 273  2.16 Fig. 3 Structures and abbreviations of

ligands used in [22]
Yb(TTA-D);:DMSO-ds  71.8 6.1

Tab. 3 Lifetimes and QY of different Yb

complexes [22]

According to this work, replacement of coordinated solvent with the one without OH
or CH bonds increases the lifetime for at least an order of magnitude, further replacement
of close CH bonds (¥4 =~ 2800-3000 cm™) with CD ones (¥.p = 2100-2200 cm™)
increases the lifetime another two times, while replacement of one of the moieties with the
CF; group (V¢p = 2100-2200 cm™) leads to one of the best reported results. Therefore,
usage of halogenated ligands, that preferably prevent solvent coordination is crucial for the

effective NIR emission.
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2.3 Upconversion processes

Upconversion — converting of low-energy photons, e.g. IR ones, to high-energy,
namely in visible and UV regions — is a well-known process in lanthanide co-doped solids,
acknowledged at least in the 1960°s. [23] Nowadays the scope of upconversion studies
switched from the bulk solids, useful for purely optical applications, like lasers, to
nanoparticles — the ones, receiving a significant interest due to their applications in mostly
bioimaging, but not narrowed down to it. [24] From the fundamental viewpoint, looking
deep into the origins of the process, several mechanisms of lanthanide upconversion are

known and, therefore, discussed in this chapter.

2.3.1 Energy transfer upconversion (ETU)

This mechanism is, by far, the most effective and the most

A T

studied one among all. Schematic representation of such process ]
is given in Fig. 4. There are two lanthanide ions involved in the
process: sensitizer, which absorbs IR light, and activator, 1 A i
emitting light in visible range. The crucial parameter, required
for this mechanism, is the presence of the intermediate state of 5 ‘

!
the activator. Thus, in a typical ETU process, the first step is ETU

Fig. 4 Schematic
representation of ETU
mechanism [26]

usually direct sensitizer excitation. Yb>" is most commonly used
as a sensitizer due to its relatively large (in comparison to other
lanthanides) absorption cross-section and the simplicity of the spectrum. [25] Then the
intermediate state of the activator is populated both by direct laser excitation and non-
radiative energy transfer from sensitizer. From the intermediate state, excitation to the
higher emissive state occurs by dipole-dipole resonant energy transfer from the sensitizer

— therefore the name of the process.

15



Since the crucial requirement is the presence of intermediate states, and considering
Yb as the most common sensitizer, only several lanthanides, the ones with energy levels
somewhat resonant with 2F s level of Yb, are suitable for such a process. Usually only
there are used as activators in nanoparticles — Ho’*, Er’* (for green/red emission) and Tm®"

(for blue/UV emission).

For the upconversion process to occur, significant lifetime of the excited states of
sensitizer and activator is essential. Therefore, the majority of works consider UC processes
in various kinds of solids, due to the absence of vibrational quenching by OH and CH
bonds. Instead the factors, that contribute most to the quenching are defects (in bulk
crystals) [25] and surface effects (in nanoparticles) [26]. Also, an important role in
luminescence quenching in solids is played by inter-ion energy transfer processes between
sensitizers/activators. Such energy hopping from one ion to another leads to bigger
probability of non-radiative deexcitation and, consequently, luminescence quenching,

therefore, doping concentrations for inorganic materials are usually kept low. [26]

Despite the overwhelming number of works dealing with inorganic upconversion
systems, there surprisingly exist some dealing with upconversion processes in organic-
based matrices. The article [27] can be used to illustrate the possibility of ETU
upconversion process in the organic complex, where Er ion is sandwiched between two
Cr’" ones. Cr ions are used as sensitizers for UC luminescence, absorbing light close to the
edge of visible spectrum, at 750 nm. Then typical Er emission with wavelengths of 540-
560 nm occurs. The emission is possible due to the mechanical protection of Er ion from
surrounding quenchers. It is significant to note, that, according to this work, the UC
intensity is significantly better in solution than in solid state, presumably due to strong

inter-ion quenching effect of sensitizers.

16



Another interesting work about Er’" ETU upconversion is [28], where UC process is
observed in a 2-center complex, linked by F~ ion. Without any other lanthanides, Er serves
both as sensitizer and activator for itself. Therefore, close proximity of Er ions plays the
major role in the process. Upconversion unit is, again, shielding Er ion from CH and OH

quenchers — which is also essential.

2.3.2 Excited state absorption (ESA)

This upconversion mechanism is much less efficient, than

ETU one, but in many cases, they behave similar. As evident

from the scheme on Fig. 5, the lanthanide subjected to ESA

should also have an intermediate state. The difference is that, in A

contrast with ETU mechanism, this process is single-centered

and, therefore, doesn’t require any sensitizer, either external, or {

ESA

of the same kind, which makes it possible to occur with very low

Fig. 5 Schematic
representation of ESA
mechanism [26]

concentrations. However, the requirements for this process are
large absorption cross-section for both ground and excited states
(which is absolutely uncommon in lanthanides), and, obviously, long lifetime of the excited
state — which is impossible to achieve for high doping concentrations for the above
discussed reasons. As a result, in practice this process is observed only in Er-doped

systems, where for one reason or another ETU process is not available. [25]

17



2.3.3 Cooperative energy transfer (CET)

This mechanism, depicted in Fig. 6, usually occurs when ndn T —
activators are absent of intermediate states, resonant with the

excited state of the sensitizer (Yb>). According to this

mechanism, energy transfer to the activator happens from the

virtual cooperative state of two sensitizers. Activators, that are

suitable for such process, should bear the emissive state close \/

CET

Fig. 6 Schematic
representation of CET
mechanism [26]

to the two times of sensitizer gap frequency. Any energy
mismatch leads to the requirement of photon assistance for
bridging two gaps, which reduces the total efficiency of the
process. [29] Therefore, from the practical viewpoint, only Tb>" and Eu’* show CET

upconversion — or at least their UC processes are the most widely studied.

While in most cases CET upconversion is shown for the lanthanide-doped inorganic
substances [30], [31], there is one particular work where the possibility of lanthanide
upconversion in polymer system was investigated. [29] In it, authors showed, that
embedding lanthanide pairs, namely Yb/Er and Yb/Tb, into perfluorinated polymer matrix
(using perfluorobutanesulfonate as a ligand) leads to a bright red and green UC
respectively. Interesting observation, that deviate this work from the ones performed on

inorganic systems, is the unusual power dependence of UC emission.

In most cases, upconversion intensity is proportional to the radiation power to the
power of n (I « P™), where n represents the number of photons, involved in the process.
[32] For green and red UC emission when excitation is to the ’F 5 level of Yb* it gives
n = 2 for any mechanism. [30], [33], [34], while n = 3 in the similar conditions for blue
UC emission.[35] In the case of organic matrix, however, n turned out to be 4.7 for green

light and 6.9 for red light. [29] Such effect was attributed to laser heating with respective

18



increase of Yb>" absorption cross-section [36] — and laser heating is not something unusual

in organic systems with an abundant vibrational modes.

To sum up, upconversion processes have received a great attention since the very
first discovery. Different mechanisms of the process have been investigated and accepted
for lanthanide-doped inorganic materials. However, only a few UC studies have been done
on organic-based system due to the presence of vibrational quenching which significantly
limits the UC efficiency. In particular, there is no known attempts to design the
conventional UC system with Yb'" as a sensitizer, and the limits of the field are yet to

explore.
2.4 HF-TPIP — ultimate ligand for NIR emission

As it was previously discussed, obtaining NIR emission from lanthanide ions in
organic complexes is a challenging task, that demands the development of the ligand which
will be as absent of high energy vibrations as possible and at the same time would prevent
coordination of the solvent. Luckily, the synthesis of such a ligand -
N-{P,P-di(pentafluorophinoyl)}-P,P-dipentafluorophenylphosphinimide (HF-TPIP) was
reported [37] together with the increase of the Er’" IR luminescence (4[ 15/2—41 132 transition)
lifetime from previous record of several microseconds to at least 224 us as a major (92%)

component of biexponential decay in thermal evaporated film.

More detailed study on F-TPIP complexes of lanthanides were presented two years
later, together with Nd** and Yb*" IR luminescent lifetimes (44 ps and 1111pus in CD3;CN
solutions respectively), and also even better Er** one (741 ps in CD3;CN solution). [5] Apart
from spectral analysis on those complexes, this work also gave a hindsight on the reason of
such outstanding result. Crystal structures of the complexes have been obtained, and,
according to them, there is indeed no solvent coordinated to NIR-emitting lanthanides.

Fig. 7 represents crystal structure of Yb(F-TPIP)s.

19



Fig. 7 Crystal structure of
Yb(F-TPIP);[5]
The advancements didn’t pass unnoticed, and later on two works were published by
H.Q. Ye et.al. [38][4], with both of them featuring Er(F- TPIP);. The first one dealt with
thoughtful analysis of fundamental effects of fluorination on the radiative properties of
Er’’. In this work Judd-Ofelt parameters for a variety of Er’" complexes, including
Er(F- TPIP); were determined and the results were compared to the experimentally
determined line strength. According to these results, radiative lifetime of 4115/2 state in

Er(F- TPIP); is 12.6 ms [38], and this parameter is a crucial etalon for luminescence

efficiency determination.

The other work was more applied, where authors reported a smart design of a
waveguide and an IR OLED, based on mixed Zn(F-BTZ),/Er(F- TPIP); system. Er
luminescence lifetime in such conditions was showed to be 860 ps which gives ~7%
intrinsic QY — by far, the highest reported result. More important, this result was obtained
in solid state, which is more than 2 times bigger than previous one in the similar conditions
for this complex. [5] With such result for NIR-emitting ions, the development of an

upconversion system is a logical step forward.

20



3. Experimental details

3.1 Equipment and methods

3.1.1 VIS/NIR spectroscopy

Absorption spectra in solutions were registered using Perkin-Elmer Lamda 950

UV/Vis/NIR spectrometer.

Photoluminescence spectra, including upconversion fluorescence ones, were
registered using home-made system which consists an iHR320 (Horiba Scientific)
spectrometer equipped with 1200 and 600 lines/mm gratings and detected using
photomultiplier tubes 1911FPMT (Horiba Scientific) for the 190 — 860 nm wavelength
region and H10330B NIR-PMT (Hamamatsu) for the infrared (920 — 1700 nm) region.
Luminescence data was extracted using an SR830 DSP lock-in amplifier (Stanford
Research Systems) with the SR540 optical chopper (Stanford Research Systems) on the
optical path providing a reference frequency. All emission spectra were corrected for the

spectrometer response.

975 nm diode laser (MDL-III-975R-500mW, CNI Optoelectronics Tech. Co.) was
used as the light source for photoluminescence and upconversion photoluminescence
measurements. The light was focused on the sample using either the lens system or 50X
infinity corrected objective (Mitutoyo Plan Apo NIR) yielding a minimum available spot
of 0.2 mm?® which corresponds to ~110 W/cm? power density. For power-dependent
measurements laser power was measured using Newport 843-R power meter equipped with

919P series detector.

3.1.2 Time-resolved measurements

The light source for nanosecond pulse pumped photoluminescence experiments was

an Optical Parametric Oscillator (MagicPrism™, OPOTEK) laser pumped by a Q-
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Switched Nd:YAG (Quantel’s BrilliantB-20Hz). The duration of laser pulse is ~ 5 ns. For
the upconversion-related time-resolved measurements, an above mentioned 975 nm diode
laser (MDL-III-975R-500mW, CNI Optoelectronics Tech. Co.) was modulated with a TTL
signal from a pulse generator (TTi, TGP110, 10MHz) to give long (~40 ms) pulses with a
rise/decay time of < 30 us. Time-resolved photoluminescence traces were extracted from
a 300MHz oscilloscope (Aglient InfiniiVision 6000 series). The traces were fitted using

exponential functions with R* > 0.998.

3.1.3 NMR spectroscopy

PE{'H} and *'P{'"H} NMR spectra were recorded using Bruker AV300 spectrometer.
Acetone-dg was used as a solvent for all registered spectra. Orthophosphoric acid was used

as an external reference for °>'P shifts, and CcHsCF5 was the internal reference for 19F shifts.
3.2 Materials synthesis and characterization

White HF-TPIP acid powder (200 mg, 0.26 mmol, > 98% Changzhou Jiade
Pharmtech Co. Ltd, China was dissolved in boiling solvent mixture (1:1 volume ratio) of
ethanol (absolute, analytical grade, Fischer Scientific) and methanol (HPLC/ACS grade,
Anhui Fulltime Specialized Solvent & Reagent Co., Ltd). 0.09 mmol of lanthanide salts
mixture (YbCl; (anhydrous, 99.998% trace metals basis, Sigma-Aldrich Ltd.), YCls .
(anhydrous, 99.99% trace metals basis, Sigma-Aldrich Ltd.), ErCl; (anhydrous, 99.99%
trace metals basis, Sigma-Aldrich Ltd.) or TbCl; (anhydrous, 99.99% trace metals basis,
Sigma-Aldrich Ltd.)) with the desired lanthanides ratio was weighted, dissolved in 2 ml of
the same mixture of solvents and added to the stirring solution of HF-TPIP. The solution
was heated under reflux for 20 minutes and allowed to cool to room temperature. White
precipitate was then separated using a centrifuge and washed with the ethanol/methanol
solvent mixture to remove the unreacted starting materials. The precipitate was then dried

under 70°C for over 10 hours. Some portions of the powders were purified by vacuum
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sublimation at 10 mbar pressure and the temperature between 250°C to 300°C. Typical

yield is 80-98%.

Yb(F-TPIP):: *'P{'H} NMR (121 MHz, [DeJacetone): § = —1.2 (s) "F{'H} NMR
(282MHz, [DgJacetone): 5 =—136.0 (d, *J(F,F)=18 Hz, 24F, 0-ArCF), -149.0 (t, *J(F,F)=19

Hz, 12F, p-ArCF), —163.4 (br, 24F, m-ArCF);

Tb(F-TPIP);: *'P{'H} NMR (121 MHz, [Ds]acetone): & = —24.1 (br) ’F{'H} NMR
(282MHz, [DgJacetone): 8 =—134.0 (br, 24F, 0-ArCF), —150.8 (br, 12F, p-ArCF), —164.4

(br, 24F, m-ArCF);

Er(F-TPIP);: *'P{'H} NMR (121 MHz, [D¢]acetone): 8 = —47.0 (s) "F{'H} NMR
(282MHz, [Dg]acetone): §=—134.5 (br, 24F, 0-ArCF), —149.5 (br, 12F, p-ArCF), —163.4
(br, 24F, m-ArCF);

Y(F-TPIP);: "’F{'H} NMR (282MHz, [DgJacetone): 6= —135.1 (d, *J(F,F)=20 Hz,
24F, 0-ArCF), —149.9 (t, *J(F,F)=18 Hz, 12F, p-ArCF), —163.7 (br, 24F, m-ArCF);

This result mostly agrees with the literature data for various Ln(F-TPIP)3 complexes.
[5] ~13 ppm difference in *'P shift for Tb(F-TPIP); can be attributed to the differences in

solvent coordination to lanthanide which is known to happen for Tb(F-TPIP)s. [5]

For all of the complexes the signal of p-ArCF can be used as an analytical signal for

confirming the ratio between lanthanide complexes in mixed materials. The ratio of the

signals was found to be consistent (10 %) with the ratio of the lanthanide chlorides used

in the synthesis thus confirming the proportions of the lanthanide ions in the studied

materials.
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4. Results and discussion

4.1 Yb — Tb upconversion luminescence

All results, discussed in this subchapter, was obtained in collaboration with Huanqing
Ye, a postdoctoral fellow in the group of Prof. Xiong Qihua, who played a leading role in
experimental work, while I participated by material synthesis and characterization,
discussions, while simultaneously learning experimental techniques. The results, presented
in other subchapters of the section, are experimentally obtained by myself and thoroughly

discussed with the above-mentioned persons.

The advancement in NIR luminescence of

lanthanides in complexes gave rise to the particular
interest in the ability to obtain effective Yb>"

luminescence. To acquire a radiative lifetime,

Absorption (a.u.)

absorption measurement of Yb(F- TPIP); in

DMSO:CH;3CN 1:1 was performed (Fig. 8) and the

) 500 600 700 800 900 1000
parameter was estimated from the formula (6). Wavelength (nm)

Fig. 8 Absorption spectrum of
Yb(F- TPIP); in DMSO:CH;CN
1:1

Traa = 1.1 £0.1ms, which is consistent with
literature, where the radiative lifetime of Yb*2F. 5

in complexes is in the range 0.7 — 2.0 ms. [39]

Experimental evaluation of Yb* 2F5/2 excited state lifetime was performed on
YbyYx(F- TPIP); mixed complexes in two forms: powder purified by vacuum
sublimation, and thermally evaporated 200 nm thin film. Y*", being optically transparent
in NIR region, is conventionally used as dilutant to achieve desired lanthanide ion density.
Air pressure was varied to eliminate moisture, absorbed by the material. The results are

given in Fig. 9.
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Fig. 9 (a) 1050 nm emission (°F7 line) decay curves in various complexes and
various conditions. (b) Vacuum dependence of 1050 nm emission lifetimes in

Yby 7Yo3(F-TPIP)3

The lifetime of Yb>" 2F5/2 in ambient conditions (0.56 ms) is consistent with the
literature data for Yb(F-TPIP); emission lifetime in powder form (0.58 ms). [5] However,
putting the sample in vacuum significantly increases this parameter, pushing it up to the
the theoretical limit of 1.1 ms, which gives Qf" ~ 100%. The most probable reason for
such behaviour is vacuum desorption of moisture, that resuces the amoint of quenchers in
the material. The lifetime in vacuum is then independent of the form (powder or thin film),

part of Yb*" in Yb,Y .<(F- TPIP); mixed complex (from 0.1 to 1), and the exact level of

vacuun (from 1.2:107 to 0.6- 10™ mbar). The result is also independent of the purification

level of the material: Yb*" lifetime in non-purified by vacuum sublimation Yb(F-TPIP);

turned out to be the same.

To test the upconversion properties, mixed complex Ybg;Tbgs(F-TPIP); was
synthesized. Tb in this system has been chosen as an activator due to radiative character of
its °Dy level: once it is excited, all transitions are radiative in visible region, in contrast with

3+ . . .. 4 .
Er’", where deactivation processes can non-radiatively occur to "/;3» level on which the
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role of vibrationcal quenching is significantly higher. The proportion between Yb** and

Tb*" is chosed according to [29] to maximize upconversion intensity.

Expected Yb-Tb bright green upconversion was indeed observed in the material,
placed in 107 mbar vacuum. (Fig. 10) Unusual power dependende of the Tb emission,
previously reported for co-doped fluorinated polymers, [29] indicate the presence of laser

heating of the sample.
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Fig. 10 (a) UC emission intensity of Yby ;Thy3(F-TPIP); in 107 mbar vacuum at
975 nm excitation. (b) Power dependence of Thb upconversion emission line
intensities

More interesting effect appears upon placing the material in the higher vacuum,
10” mbar. Even brighter, red upconversion emission appears and easily overcomes Tb

emission. (Fig. 11)

The spectrum doesn’t show any characteristic features in visible region and was
assumed to be blackbody radiation spectrum. Planck’s law fitting of spectra converges with
R2 > 0.999, which supports the assumption. Interestingly, in the NIR region Yb*
luminescence is much more intense than blackbody radiation, however, careful
consideration of the NIR region shows the same expected thermal radiation pattern together

with the presence of trace amounts of Er impurities.
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Fig. 11 UC emission intensity of Yby ;Th3(F-TPIP); in 107 mbar vacuum at 975 nm
excitation. The visible region (450 to 800 nm) primarily exhibits the visible fraction of
the thermal radiation with the Th emission peaks (Tb>* °D;>'Fy5) buried (zoom in, left
inset). The NIR region (1010 to 1300 nm) primarily exhibits the ytterbium emission.
Magnified NIR region in different pressure conditions is plotted with in the right inset

together with Planck’s law fitting.

To explore the limits and estimate the role of
Tb in blackbody radiation upconversion, power
dependence measurements were performed on

Ybo7Tbos(F-TPIP);  and  Ybo7Yo3(F-TPIP);.
Emission spectra were registered and fitted with the
Planck’s law, yielding blackbody temperatures,
plotted in Fig. 12. According to it, presence of Tb>"
reduces the power threshold, required for thermal
UC to occur. Maximum blackbody temperature was
found to be approximately 1300 K, after reaching

which the material turned out to decompose with

respective loss is UC efficiency.
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Fig. 12 Planck’s law estimated
blackbody temperatures of
Yb0_7Tb0_3(F-TPIP)3 and

Ybo 7Yy 3(F-TPIP);
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Enegry transfer pathways were further clarified by time-dependence measurements.
Yb*" and Tb*" were directly excited by 5ns pulse laser to their respective spectroscopic
levels (2F 52, 975 nm and 5D4, 487 nm) to determine their lifetimes (Fig. 13a), and for the
same in UC process 38 ms square pulse 975 nm laser excitation was employed (Fig. 13b

and Fig. 13a inset).

a b A,y = 700 Nm
2 Ly =975 nm
4.1 Wicm

3 z
& s
2 2
2 2
£ ,‘E 2.8 Wiem?
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[} (]
2 @
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., =1010 nm

A, =975 nm ~1.2ms

t=~0.79ms
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Fig. 13 (a) Ytterbium emission (grey dots) for 975 nm excitation using a 5.0 ns pulse;
Tb°*°D,-"Fs emission (green dots) when directly excited to ’Dy level using a 5 ns pulse
at 487 nm excitation; T b3+:5D4-7F s emission (green dots, the inset) when excited using a
square 38.0 ms pulse at 975 nm excitation, Fitting curves (black lines) are using single
exponential functions. (b) UC through thermal radiation recorded at 700 nm wavelength
when excited using a square 38.0 ms pulse at 975 nm excitation with varied excitation
power

In Ybg7Tbg3(F-TPIP); system the lifetime of Yb* is quenched to ~ 0.79 ms which
indicates the presence of energy transfer, which is not surprising considering the presence
of Yb-Tb UC process in the system. From this data the rate of the Yb-Tb enerty transfer
rate can be estimated ky,_7, = (T95) ™! — (15%%)~1 =~ 340 51, which is slightly more
efficient than in Yb-Tb doped polymer [29]. Tb®" emission lifetime in UC is not
significantly different from the luminescent one, which means that the role of *D, state in
thermal UC is negligible. However, this lifetime is lower than the one reported for Tb in

this complex is solution, which might indicate the concentration quench of Tb*"

luminescence.
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Thermal UC emission on 700 nm features a build up time, which redues with the
increase of laser. Interestingly, the rise time is ~ 10 times longer than the decay time over
the explored excitation power. This difference could be due to the presence of thermal
convection between the high-temperature Tb(F-TPIP); and the low-temperature
Yb(F-TPIP);, hence longer time is needed to build up the heat due to the thermal

dissipation.

Combining everything about this case, the phenomenon can be explained as follows:
Yb* gets excited to its ’F s level by incident irradiation at 975 nm, then energy is
transferred to °Dy level of Tb>* by CET upconversion mechanism. Both radiative and non-
radiative energy transfer from this level populate lower 'F3.s levels of Tb*>". These levels
have relative energy in 2000-4000 cm™' range and, therefore, undergo vibrtional relaxation,
transferring energy to F-TPIP ligand, where the vibrational modes span the range from 600

to 1650 cm™. This mechanism in schematically illustrated by Fig. 14.
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Fig. 14 Mechanism of upconversion processes in Yby ;Tby3(F-TPIP);
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4.2Yb — Er upconversion luminescence

Upconversion by ETU mechanism is known to be much more efficient, than by CET
[2], however, for it to occur non-radiative processes should be minimized for both
sensitizer and activator, which is a challenging task since lowest energy levels for all

. . . . 2 3+
common activators, such as erbium ions, lie lower, than “Fs, level of Yb™".

4.2.1 Er* ‘I, lifetimes in ambient conditions

The lifetime of the lowest excited state of the ion limits the energy transfer efficiency
and, therefore, ultimately influences upconversion. [2] Hence, determination of the
emission lifetime and its dependency from the concentration of the ion in the material is a

relevant starting point.

For Yb3* emission the work is already discussed in the previous subchapter, showing
the absence of concentration quench in YbxY1-x(F-TPIP)3 for x in range from 0.1 to 1. In
ambient conditions Yb3* 25/, emission, excited by 975 nm 4 ns laser pulse, exhibits
biexponential decay with average lifetime 7y, = 560 + 20 ps, or, in terms of rate
constants ky, = 1/7¢, = (1.8 + 0.1) - 10® s~ which corresponds to the internal

quantum yield of Q}2 = 17,/15%% ~ 50%.

The same idea was employed to investigate the concentration quench of Er3* 4/13,;
emission. A set of ErxY 1-x(F-TPIP)3 complexes was prepared, excited by 975 nm 4 ns laser
pulse, and the time-resolved 1540 nm emission traces were registered for each one.

Single-exponentially fitted lifetime data is presented in Fig. 15.

According to this data, concentration quench in the complex is inconspicuous on the
detectable level regardless the concentration of the Er'™ ion. The lifetime of 4/13/2 level
70, = 120 + 10 pus, which in terms of rate constants is k2. = (8.3 + 0.7)- 103571

and corresponds to the internal quantum yield of QE7 ~ 1% taking 7524 = 12 ms. [38]
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4.2.2 Yb3*to Er3*energy transfer
High quantum yield of Yb3* emission due to the reduced quenching effect of the

environment facilitates useful non-radiative energy transfer such as Yb-sensitized

upconversion. For earlier discussed Ybo.7Tbo3(F-TPIP)3 complex Yb3* to Tb3* energy

: , -1 -1
transfer constant was estimated to be ky,_rp = (TP"T?) — (77¢%)  ~340s7%,

which means that in atmosphere this process (and, hence, upconversion) is overwhelmed

. . . -1
by the quenching with effective constant kquench = (t¢£™)7* — (77¢4)  ~ 900 s~ ™.

In contrast with unresonant Yb3*to Tb3* CET process, close energies of Yb3*2Fs, and
Er3+ 41112 levels conventionally give rise to the resonant energy transfer process and,

consequently Yb3*to Er3* energy transfer upconversion (ETU).

Since ETU upconversion occurs mostly due to the interaction between Yb3+*2Fs; and
Er3+4[11,; excited stated, with, in the best case, both of them pumped simultaneously by the
same light source, theoretically the most efficient molar ratio of the ions should be 1:1.
Thus, Ybo.sEros(F-TPIP)3 complex was synthesized and for the purpose of energy transfer
investigation time-resolved emission from Yb3* 2F5,, (1050 nm) and Er3+* 41132 (1540 nm)
levels was registered under 975 nm 4 ns laser pulse excitation (Fig. 16).
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This picture clearly indicates the
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The trace of Er3* #/13,,, on the other
Fig. 16 Er3* 41132 and Yb3* 2Fs/2 emission

hand, indicates the competition of excitation
traces in Er(F-TPIP)3, Yb(F-TPIP)3 and

and deexcitation processes, with rate
ErosYbos(F-TPIP)s. Solid lines represent

constants of Kkgrrise ® 9000 s1 and
single- (for two bottom traces) and double-

KEr-decay= 5300 s~1accordingly derived from
(for two top ones) exponential fittings.

the biexponential fitting of the trace. kgr-rise

is bigger than ky»-gr,which indicates the presence of the Er3*4/13,, pumping process apart
from Yb3*2Fs,, = Er3* 41112 = Er3* 41132 energy transfer. However, only the presence of
such process cannot explain the reduced decay constant of Er3*4/13,2 in comparison to non-
Yb3+-containing sample. To gain insight on the nature of energy transfer processes in the
material, two sets of samples, containing Y** as dilutant were prepared. In the first set,

YbyEro5Yos-«x(F-TPIP)s;, Er3* share was fixed to 0.5 therefore, making Er3* concentration

in the material constant.

Fig. 17 and Tab. 4 show no significant difference in Yb3*2Fs; emission from the
Yb3+ concentration, which was expected, taking into account previously shown absence of
concentration quench in the material. Variation of Yb3* concentration also shows no effect

on the rate constants of Er3*4/13/, emission.
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Fig. 17 Yb3* 2F s> (left) and Er3**113/2 (vight) emission traces in YbxErosYo.5-x(F-TPIP)3.
Solid lines represent single- (for Yb3* 2Fs,; luminescence and Er3* #1132 luminescence in
Ybo.1Ero.5Yo4(F-TPIP)3) and double- (for other Er3* #l13/2 luminescence) exponential

fittings.

Rate constant, -103s-1

3+
Yb 1050 nm 1540 nm
content
Decay Decay Rise
0.1 6.0 5.0 -
0.3 6.1 5.2 9.2
0.5 6.3 5.3 9.1

Tab. 4 Rate constants for Fig. 17

In the second set of samples, Ybo.sErxYos5-x(F-TPIP)3, Yb3* share was fixed to 0.5
and Er3+ share was varied. The results of time-resolved PL measurements are presented in

Fig. 18 and Tab. 5.
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Fig. 18 Yb3*2F5/; (left) and Er3* #1132 (right) emission traces in YbosErxYo.s-x(F-TPIP)s.
Solid lines represent single- (for Yb3* 2Fs;2 luminescence) and double- (for Er3* *113/2

luminescence) exponential fittings.

Rate constant, -103s-1

3+
Er 1050 nm 1540 nm
content
Decay Decay Rise
0.1 3.1 2.7 8.3
0.3 4.4 39 8.2
0.5 6.3 53 9.1

Tab. 5 Rate constants for Fig. 18

With the increase of Er3* concentration in the material both Yb3*2Fs, and Er3*4/13,,
decay constants increase. For Yb3*2F5 ; the data for both sample sets is consistent with the
presence of Yb3* 2F5,, = Er3* 4111, energy transfer. Together with the invariance of Yb3*
2Fs  lifetime from Yb3+* concentration we can conclude the negligible role of all Yb3+2F5,,
population processes but absorption in the material under nanosecond pulse excitation. In

particular, we can rule out Er3* 4112 = Yb3* 2F5,; back energy transfer. The absence of
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such energy transfer is also supported by the downconversion studies: excitation of all of
the above-mentioned materials to the Er3*4F7; level by 488 nm 4 ns laser pulse produces
negligible luminescence at 1050 nm and the lifetime of Er3*4/13 2 luminescence in all cases

lies within the error of T2, - the lifetime of Er3+4/13,; in the absence of Yb3+.

The dependence of Er3*4/13 2 decay constants on Er3* concentration in the material is
also explainable by the presence of Yb3* 2Fs5,, = Er3* 4/11,; energy transfer. Decay rate
constant for this level in two-exponential treatment is lower, than k2,., which implies, that
the limiting stage is not the decay from the #/13/2 level itself, but the population of this
level. The scheme of the relevant processes in the proposed mechanism is presented
in Fig. 19. All of the processes have been previously reported for different Yb/Er

systems, mostly inorganic lanthanide-doped nanoparticles. [2]

4
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Fig. 19 Some of the processes, characteristic for the system, and their kinetic scheme.
Energy transfers (ET) are highlighted in red, cross-relaxations (CR) are green and non-
radiative decays are dashed. Blue is absorption and black is effective decay with k2, or
kY,. both radiative and non-radiative.

In the absence of Yb*" in the system the kinetic scheme of 4 132 (Ery) 1s simply:

knp1 kg
Er, — Ery — Ery

Where Er; level is populated by direct absorption and kyp; > k2., therefore, the
decay with the rate of k2, is observed.
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In the presence of Yb**, however, repopulation of Er2 level by ET1 process exists,
and in case of kyp; > k2, > kgr, will limit the rate of luminescence, which is observed

in the experiment.

In all of the processes due to the low absorption coefficients of lanthanides the
population of the excited states is negligible in comparison with the amount of ions in the
ground state, therefore, the concentration of Ery in the material can be treated as constant
equal to the concentration of Er*" ions. Thus, all second-order processes involving erbium
ground state can be treated as quasi-first-order ones with the rate constant linearly
depending on the Er’* concentration (or, considering roughly the same density of all F-TPIP

complexes, Er* content).

Therefore, if ET1 is the dominating deexcitation process for Yb; and
sumiltaneously dominating process of generation Er; limiting its decay, then both Yb;-Yby
(1050 nm) and Er;-Erp (1540 nm) luminescence should exhibit linear dependence on the
Er’* content. However, it has to be noticed, that the slope of such dependence might not be
the same for the luminescences due to the presence of cross-relaxation processes which
also depend on the Er*" content, and rigorous quantitative analysis of the energy transfer

kinetics is hampered by the complexity of the system.

Experimental data for content- 80001 ¢ 1050nm
¢ 1540 nm
7000 A
dependent luminescence (Fig. 20) agrees with +
6000 I s A
g 2 I A N
the mechanism described above. Both 1050 nm ] 5000 +
c s
‘2 /' A
. qe, 1 S 4000 e #
and 1540 nm luminescence exhibit linear S
5 3000{ %
3+ . . & .
dependence on Er’ " content with the intercepts 2000 {
on the limits of it equal to the ky, and k2, 10001
g . . 0 01 0.3 05 0 01 0.3 0.5
within the experimental error. Er3* content Yb3* content

Fig. 20 Dependence of luminescence rate
constants from lanthanide content
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Thus, several important conclusions can be drawn from this time-resolved analysis:

e Population of lowest Er’" excited states at any time is limited by the energy
transfer from the 2F. 5 level of Yb? ", which, in turn is limited by Er’" content.
Therefore, for the purpose of upconversion Er’* content should be kept low.

¢ Due to the high decay rate constant from the 4 132 level the role of it in the UC
process is expected to be negligible.

e No effect on the energy transfer was observed by variation of Yb*" content,
therefore, to increase the overall luminosity it can be maximised without

compromising the UC efficiency.

4.2.3 Upconversion by ETU mechanism

For the reasons described in the previous subsection, Ybg oErg ;(F-TPIP); was chosen
as the material of primary investigation. Upconversion in green (515-575 nm) and red (640-

685 nm) regions was observed for the material (Fig. 21).

4 1 nm resolution —220 mW ’; ¢ 515-539 nm (2H )
] . —— 204 mW ) o
2Hr 188 mW %, 539-576 nm (483,2)
- s —— 168 MW < * 642-685nm (°F,,)
o ] —— 146 mW k=
2 556 — 121 mW 5
@ - — 94 mW 2
g 63 mW = slope = 1.840.1
< ——22mW o 1
) Q
3 g
LIEJ i g slope =2.2+0.1 -«
S slope = 3.1x£0.1
[e)] .
O
|
450 500 550 600 650 700 5Io 1(I)0 1éo 2(I)0
Wavelength (nm) Power (mW)

Fig. 21 Upconversion spectra and power dependence for Yby oEry ;(F-TPIP);

Green upconversion luminescence from 2H11/2 and 4S3/2 levels behaves as a two-
photon process, which is generally accepted due to the nature of the level population by the

ET2 process (refer to Fig. 19). [2]
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Red upconversion from the ‘F 9,2 level, on the other hand, exhibits unusual 3-photon

character. The same pattern in power-dependent luminescence is also observed in the

Yby 7Er 3(F-TPIP); and YbgsErs(F-TPIP); complexes (Fig. 22), but with the lower UC

emission intensity, which makes it characteristic for the material.

* 515-539 nm (*H
539-576 nm (*S
+ 642-685 nm (‘F

11/2)
3/2)

9/2)

{ slope = 1.91£0.1

slope = 2.2+0.1

Log of integrated emission intensity (a.u.)

slope = 3.1£0.1
Yb, Er, ,(F-TPIP),

/

Log of integrated emission intensity (a.u.)

* 515-539 nm (*H
539-576 nm (*S
* 642-685nm (°F,,)

slope =

sfope =2.3+0.2

11/2)

3/2 )

2.0+0.2

slope = 3.0+0.2

Yb, Er, (F-TPIP),

50 100

Power (mW)

150

50

AL LA L AL L L LA
100 150 200
Power (mW)

Fig. 22 Power dependence of UC luminescence for Yby ;Ero 3(F-TPIP); and

Yb0_5El"0_5(F-TPIP)3

Usual 2-photon mechanism of red upconversion is described by ETU process from

the *I;3» level of Er’* [2], [40], [41], and 3-photon mechanism was observed in some works

for Yb/Er doped B-NaYF,4 at high laser powers and explained as change in dominant

process of *I;3,, population from ND1 (1-photon) to CR1 (2-photon) [2] (Fig. 19). Here,

however, due to the low lifetime of the 4113/2 level 3-photon red upconversion have to be

described by a different process, and we suggest another CR process (CR2), involving

2 4 . .
Hi1p and "111» levels instead since

such process was also previously

reported for Er-doped Y,0;. [42]

Overall, based on the
experimental data, described in
this section and section 4.2.2 and
comparison to the literature, main
processes responsible for the
upconversion in the material are

suggested in Fig. 23.
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Fig. 23 Suggested energy transfer processes

responsible  for

YbEr(F-TPIP);

the

upconversion  in
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5. Further plans

5.1 Lanthanide variation

Both upconversion mechanisms, CET and ETU, were shown to be operational in
F-TPIP based lanthanide materials. Moreover, Yb — Er upconversion has been achieved
even in ambient conditions. These results inspire further research in this area and exploring
the limits. In particular, two other lanthanides are interesting to try: holmium and thulium.
The first one usually gives red UC emission, while the second one is capable of blue and
even UV emission. [2] These three lanthanides, combined together, might be employed in
NIR-white light upconversion, and organic matrix make these materials versatile for many

potential applications.
5.2 Chemical modification of HF-TPIP

In an attempt to modify the ligand, nucleophilic substitution of para-fluorine by an
azide group was proposed and tried, yielding HF-TPIP-Nj3, even though details are leaved
beyond the scope of this thesis. Such modification opens the way to further functionally
modify the ligand in two ways. The first one is Cu'-catalyzed “click” reaction with

substituted alkyne to afford substituted 1,2,3-triazole ring [43] according to the scheme:

R F F F
R—— N<py
(ligand) N3 —— = (ligand) N
: Cu () \%\R
F F catalyst F F

Enhanced solubility
The choice of R is, in fact, limited only by the availability of the corresponding

alkyne. For example, it’s reasonable to try modifying the ligand this way with R = C¢Hs,

since phenylacetylene is a simple and commercially available compound.
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The other way is to obtain an azo-ligand, which is slightly more elaborate, two-stage

process. The overall scheme of the process is:

1. Ph3
2 H, O (ligand)
Staudinger

reaction

I NH,
(ligand) NaN02 (ligand) N N ——— (ligand) N\\
Azo coupling NONHZ
F F

Enhanced optical properties

The first step of the process is N3 — NH, conversion of the azide group known as

(ligand)

Staudinger reaction. [44] The second step is known as azo-coupling and conventionally
used in dye synthesis. [45] Practically this reaction includes in situ generation of diazonium
ion by sodium nitrite oxidation followed by the azo-coupling with aromatic amine. The
tunability of the reaction is provided by the choice of this amine. The simplest amine that
can be used in this reaction to produce conjugated p-electron system is aniline
(phenylamine). Therefore, due to the commercial availability of the aniline, it remains the

primary target for such modification.
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6. Conclusion

Lanthanide-based materials are being actively used in a variety of high-technological
applications, and the demand of those applications fuel the intense search for new
materials. Lanthanide organic complexes and upconversion nanoparticles are one of the
most popular fields with their own challenges. Nowadays there is a little connection
between them, even though several works have been published considering UC processes

in organic complexes.

In this work, we have shown the possibility of UC processes in the organic-based
material via two different mechanisms — CET and ETU — and explained the features of
these mechanisms in detail. Remarkably, bright green Yb — Er upconversion by ETU
mechanism has been observed in air, which inspire further research in this area designing
new UC systems with various activators and experimentally probing these systems in the

most perspective applications.

Together with Yb — Tb CET upconversion, another phenomenon — thermal
upconversion — has been observed in this material at high vacuum. Thermal UC has been
shown to be more intense than Tb** emission at the same power density, which makes it

perspective to the certain extent.

The way to overcome drawbacks such as low solubility and high singlet state energy
of HF-TPIP based materials has been proposed and justified. The first experimental step in
such chemical synthesis has been probed, yielding regioselectively modified HF-TPIP-Nj;
with azide groups substituting all 4 para-fluorines, as designed. Thus, the basis for further

research has been provided.
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