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ABBREVIATIONS AND NOTATIONS

BO — Born-Oppenheimer (approximation)

u;j —electronic transition dipole moment from the electronic state
i to the electronic state j

FC — Franck-Condon (principle, factor)

S, — electronic ground state

S; — ith electronic excited state (i > 1)

VR — vibrational relaxation

IC — internal conversion

ISC — intersystem crossing

FL — fluorescence

k — rate constant

T — lifetime

QY — quantum yield

vdW — van der Waals (interaction, force)

R — separation distance between two species

ACQ - aggregation-caused quenching

AIE — aggregation-induced emission

EET — excitation energy transfer

D — donor

A — acceptor

DA - single donor, surrounded by infinite number of acceptors
(model)

FRET — Forster resonance energy transfer

Ry — FOrster radius

CQ — concentration guenching

TTBPc - 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine
(CasHs0Ns)

ZnTTBPc -  zinc  2,9,16,23-tetra-tert-butyl-29H,31H-
phthalocyanine (CagHasNsZn)

TS — trans-stilbene (C1sH12)

PS — polystyrene

hBN — hexagonal boron nitride

AFM — atomic force microscopy

CARS - coherent anti-Stokes Raman scattering

OD - optical density



IRF — instrument response function

NNMF — non-negative matrix factorization
DFT — density functional theory

TD-DFT - time-dependent density functional theory
UV — ultraviolet

UV/vis — ultraviolet/visible

2D — two-dimensional

3D — three-dimensional

0D — zero-dimensional

TA — transient absorption

TRFL — time-resolved fluorescence



TABLE OF CONTENTS

1. INTRODUCTION. ....ciiiiiiiiiieie e 13
1.1. Aim of the diSSErtation ..........c.coeverereieiiisesse e 14
1.2. Research objeCtiVES.......ccccvviiieiicece e 14
1.3. RESEAICH TaSKS ... 14
1.4. Statements for the defense..........cocovvviiiinciicic 15
1.5. SCIENITIC NOVEILY ..o 16
1.6. List of peer-reviewed Papers.........ccoceoeveerirerenenienieseeeeesene 17
1.7. List of conference presentations............ccccceeeveevienieseevesesnene. 17
1.8. Author’s CONtribULION .......ceevveeiiiee et 20

2. LITERATURE OVERVIEW. ......c.coiiiiiiiiie e 22
2.1. Basics of electronic SPECtrOSCOPY ......evevvrviriererrerienierieeeesieneens 22

2.1.1. Electronic abSorption ..........ccccocveveieiieie e 22
2.1.2. Excited-state relaxation processes and fluorescence........... 24
2.1.3. Excited-state relaxation dynamics and fluorescence decay

KINEBLICS ... 26

2.2. Interactions in molecular SyStems .........cccoceveveive i e 27
2.2.1. Van der Waals interactions ...........ccccceevvvneneneneneieinennns 27
2.2.2. Molecular aggregates ........ccccvvvveveieeiieseseese e 29
2.2.3. Excitonically-coupled aggregates: H- and J-aggregates ..... 30

2.3. Excitation energy transfer ... 32
2.3.1. Introduction to excitation energy transfer ...........cccccceevvenen. 32
2.3.2. Mechanisms of excitation energy transfer ............cccceoveenne. 33
2.3.3. Forster resonance energy transfer .........cccoccveenieeieeneennn, 35
2.3.4. Concentration quenching of fluorescence...........ccccocevveuenne. 37

3. MATERIALS AND METHODS. .......ccciiiiiiieee e 39
3.1 MALErIAlS. ... 39
3.2. Sample preparation.........ccceveeeeieie e 39

3.2.1. TTBPc and ZNTTBPC SOIUtIONS .........ccvviririiriicieeceie 39

9



3.2.2. TS spin-coated films ..o 39

3.2.3. TS + hBN van der Waals compleX..........ccccoeveviveienninennn, 40

3.3. Electronic absorption measurements...........ccceeeveveevveeeneseenenn 40
3.4. Steady-state fluorescence measurements .........ccccevveverveveeennenn 41
3.4.1. Insights into minimizing the influence of reabsorption effect

on ZnTTBPc and TTBPc fluorescence Spectra.........ccccevevvevvesennenne. 41
3.5. Fluorescence decay Kinetics measurements ...........ocecevereennne 44
3.6. Data processing and analysiS.........ccccecvevevieeveiesieseseene e 45
3.6.1. Data processing of steady-state SPeCtroSCopy ..........c.ceue.... 45
3.6.2. Target analysis of FL decay Kinetics.........c.ccccoevevvenninennnn 45
3.6.3. Global analysis of FL spectra and FL decay kinetics.......... 45

3.7. Supporting experimental and theoretical methods..................... 46
3.7.1. TTBPc and ZnTTBPc chloroform solutions........................ 46
3.7.2. TS spin-coated thin films ..., 46
3.7.3. TS + hBN van der Waals compleX..........ccccevevvviveniiinennn, 47

4. RESULTS AND DISCUSSION ....oociiiiiiiiiienineieeee e 49
4.1. Concentration quenching of fluorescence in phthalocyanine
Ch10roform SOIULIONS.........cciiiiiieeic e 49
4. 1.1, Initial remarks ..o 49
4.1.2. Short overview of phthalocyanine compounds applications
AN PIrOPEITIES ..ottt et s re s nas 49
4.1.3. Steady-state absorption and fluorescence of TTBPc and
ZNTTBPC ettt 50
4.1.4. Concentration-dependent FL decay kinetics of TTBPc and
INTTBPC ..o 53
4.15. CQ in ZnTTBPc and TTBPc due to excitation energy
MIgration t0 trap SPECIES......cvviiiririe et 55
4.1.6. Current limitations and unresolved questions...................... 58
4.1.7. SUMMArIZING reMArKS ......ccoveiiiieieee e 60

4.2. Morphology-induced changes in FL properties of trans-stilbene
ENIN FIIMS Lo s 60



4.2.1. INITIAL TEMATKS ..eviieeeiee et e e s enes 60

4.2.2. Short overview of stilbene compounds applications and

PIOPEITIES ...t 61
4.2.3. Structural transitions in TS thin films observed via CARS and
AFM e 62
4.2.4. Steady-state electronic spectroscopy of TS thin films ........ 65
4.2.5. FL decay kinetics of TS thin films..........cccccoviiiiiiiinns 67
4.2.6. Observation of structural transitions via global analysis of FL
SPectra and KiNELICS ......ccviii e e e 70
4.2.7. Current limitations and unresolved questions..................... 72
4.2.8. SUMMArIiZING reMArKS .......ccoiveiieiiiiiiise e 73

4.3. Manifestation of van der Waals interaction between trans-stilbene
and hexagonal boron NItFde ... 73
4.3.1. Initial remarks ... 73
4.3.2. Short overview of hexagonal boron nitride applications and
PIOPEITIES .ttt 75
4.3.3. Observation of vdW interaction between TS and hBN via
vibrational SPECIIOSCOPY .....c.veuvriiriiriiiierieiieieeee et 76
4.3.4. Electronic manifestation of vdW interaction between TS and

] =] N SRS 82
4.3.5. Current limitations and unresolved questions...................... 85
4.3.6. SUMMArIiZING rEMArKS .......ccoiveieiiiiiiiie e 85

5. CONCLUSIONS AND OUTLOOK .....ccociiiiiiieiieiie e 86
5.1, CONCIUSIONS ...t 86
5.2, OULIOOK.....cceiiieciiii et 87
6. Al STATEMENT ..ot 90
7. SANTRAUKA ... 91
T L IVAAAS oo 91
7.1.1. Disertacijos tikslas ........cccccevvviiieviiiiie i 92
7.1.2. Tyrimo UZAavinial ........cooveeineieeiinene e 92
7.1.3. Tyrimo UZAUOLYS ...vvevveeriiiiiiiiicie e 92



7.1.4. Ginamigji teigini@i.......ccccvevvivieiireiiiese e 93

7.1.5. MOKSIINIS NAUJUMAS ......cceeviiiiiieieciecie e 94
7.2. MEtOdOIOGI]A ..o 95
72,1 MEZINMIAL .ottt s 95
7.2.2. Elektroning spektroskopija.........c.ccuvvierinieeieninnieneneenen 95
7.2.3. Duomeny analiz€...........ccovvuvviuveieeiieesee e se e 96
7.3. Rezultatai ir aptarimas.........coceeererrerieieinesesese e 97

7.3.1. Ftalocianiny  chloroformo tirpaly fluorescencijos
KoncentraCinis geSINIMAS. ........cuoviiriirierreieieeeee s 97

7.3.2. Morfologijos sukelti trans-stilbeno plonyjy pléveliy
fluorescenciniy savybiy POKYCIAL ....ecvvevvreerierisieieseere e 101

7.3.3. Van der Waals sgveikos tarp trans-stilbeno ir heksagoninio

boro nitrido PasireiSKImMas .........covieeiierinieeiiniee e 106
T4 ISVAAOS .veiviiic 110
7.5, PUDIKACIOS ...t 111

7.5.1. SHrAIPSNIAI....cceeiiiiciciiie e 111
7.5.2. Pranesimai konferencijose..........coovvverereeneneneennnnnnennns 112
7.6. Autoriaus iNdELIS .....cooovvviiiiiicce e 115
7.7. Pareiskimas apie dirbtinio intelekto naudojimg ...........c.ccceeee. 115

8. BIBLIOGRAPHY ..ottt 116

About Author (In English) ... 130

Apie autoriy (lietuvig Kalba) .......cccooceeiiiiiiiiiie 131

12



1. INTRODUCTION

Light-matter interaction plays a fundamental role in many natural and
technological processes. For example, it governs photosynthesis — the natural
set of chemical reactions occurring within plants, algae or moss, where the
sunlight is absorbed and converted into chemical energy [1]. It plays an
important role in the development of sustainable energy technologies, such as
artificial photosynthesis [2] and photovoltaics [3]. The knowledge gained
from the light-matter interaction studies has inspired scientists to develop new
branches of chemical physics, for example quantum biology [4] or polaritonic
chemistry [5]. Additionally, light-matter interaction plays a central role in
disease theranostics, including such currently developing fields as biosensing
[6], bioimaging [7], and photodynamic cancer therapy [8].

Usually, light interacts not with isolated molecules, but rather with some
kind of a molecular system — the most common of them are molecular
aggregates, crystallites or molecules adsorbed on a surface — stabilized by
different intermolecular interactions. Usually, such interactions lead to
significant differences in the photophysical properties of such a compound
compared with an isolated molecule [9-12].

Optical spectroscopy is an effective tool for analyzing such
intermolecular interactions. Both steady-state electronic absorption and
fluorescence spectra can exhibit features attributed to the spectroscopic
signatures of aggregates or adsorption-related phenomena. Time-resolved
fluorescence decay kinetics is an additional useful tool for analyzing such
phenomena. In addition to exhibiting decay components which can be
possibly attributed to different fluorescent species, thus confirming presence
of them, it can reveal such intermolecular processes as excitation energy
migration between different species.

Understanding the intermolecular interactions in various molecular
systems is an essential task for a wide range of applications. On the one hand,
the manifestation of such interactions can be useful for applications: for
example sometimes they result in notable structural transitions [13] — thus
being promising for sensing applications [14] — or in the enhanced light
emission, being promising for applications whose efficiency is determined by
the efficient light emission or light-to-energy conversion. On the other hand,
sometimes they lead to the reduced emission efficiency, and, consequently,
losses in energy, which is detrimental for photovoltaics [15,16] and
optoelectronics [17].

Despite being crucial for practical applications, such molecular
interactions, as the formation of aggregates, including excitonically-coupled
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ones, and crystallites, as well as manifestation of van der Waals interaction,
and their photophysical responses under various conditions remain
underexplored to date.

1.1. Aim of the dissertation

This dissertation aims to reveal and analyze the spectroscopic changes
associated with different types of intermolecular interactions, namely
H-aggregate formation, morphology-dependent molecular organization, and
van der Waals interaction between two non-polar compounds.

1.2. Research objectives

To fulfill the formulated aim of the dissertation, the following objectives

were set:

1. To investigate concentration-induced fluorescence quenching in
phthalocyanine chloroform solutions and to relate the observed
guenching dynamics to a specific quenching mechanism.

2. To investigate the spectroscopic manifestations of the morphology-
induced changes in the optical spectra of trans-stilbene thin films.

3. To investigate the spectroscopic manifestations of van der Waals
interaction between bulk trans-stilbene and hexagonal boron nitride.

1.3. Research tasks

The first part of the study focused on concentration quenching of
fluorescence in free-base and zinc-phthalocyanine solutions in chloroform.
Steady-state absorption and fluorescence spectra were measured over a two-
order-of-magnitude concentration range to identify concentration-dependent
spectral changes, while fluorescence decay kinetics were recorded to
characterize the corresponding excited-state dynamics. The decay profiles
were analyzed using mono-exponential, bi-exponential, and stretched-
exponential models. By combining the steady-state and time-resolved data,
the observed fluorescence quenching behavior was related to a specific
guenching mechanism.

The second part addressed morphology-dependent optical properties of
trans-stilbene thin films. Steady-state absorption and fluorescence spectra,
together with time-resolved fluorescence decay kinetics, were measured for
films with different trans-stilbene concentrations and thicknesses. Target
analysis of the decay Kkinetics was used to determine characteristic
fluorescence lifetimes, while global analysis of the complete sets of steady-
state fluorescence spectra and decay kinetics was employed to separate the
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contributions of different structural forms of trans-stilbene. These
spectroscopic results were interpreted together with coherent anti-Stokes
Raman scattering microspectroscopy and atomic force microscopy data in
order to establish the relationship between film morphology and optical
properties.

The third part investigated the spectroscopic manifestations of van der
Waals interaction between trans-stilbene and hexagonal boron nitride. Steady-
state and time-resolved fluorescence measurements were performed for bulk
trans-stilbene, hBN, and their van der Waals complex, and the fluorescence
decay kinetics were analyzed using bi-exponential models to determine
average lifetimes. The interaction-induced changes in fluorescence were
considered  together with quantum-chemical calculations, Raman
spectroscopy, and THz spectroscopy. This combined analysis was used to
assess how van der Waals interaction between two non-polar materials
manifests itself across the THz, infrared, and visible spectral regions.

1.4. Statements for the defense

I) Phthalocyanine solutions in chloroform exhibit concentration
guenching of fluorescence, governed by Forster-type excitation
energy migration from monomeric species to H-dimers. It manifests
only in the time-resolved fluorescence decay kinetics through their
monotonic acceleration and a smooth transition from mono-
exponential to  non-exponential decay with increasing
concentration, making this technique the most efficient way to
observe and study such type of the phenomenon.

I1) Trans-stilbene in spin-coated films exhibit monomer — disordered
aggregates — highly ordered single crystallites structural
transitions with an increase in molecular concentration. Both the
steady-state fluorescence spectra and fluorescence decay kinetics
undergo smooth and monotonic changes governed by these
transitions, therefore fluorescent properties of trans-stilbene in thin
films can be fine-tuned by sample preparation conditions.

1) Van der Waals interaction between non-polar hexagonal boron
nitride and trans-stilbene results in an increased intensity of one
fluorescence band and a slight acceleration of fluorescence decay.
The combination of steady-state and time-resolved fluorescence
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might serve as a useful supporting technique for exploring extremely
weak intermolecular interactions.

1.5. Scientific novelty

The main novelty of this dissertation lies in the field of chemical physics,
namely it provides insights into the following questions that remained
unresolved:

1. Even though concentration quenching of fluorescence is observed in
various molecular systems, its molecular origin and the physical
processes governing this quenching are not completely understood.
Phthalocyanine compounds serve as a good model system for
studying such a phenomenon [18,19], however precise experimental
characterization of this phenomenon is rare due to significant
reabsorption effects at high molecular concentrations [20]. This
dissertation utilizes the thinnest possible commercially available
glasses to avoid/minimize reabsorption effects, which allows correct
interpretation of the concentration quenching behavior in highly
concentrated (up to 10 mmol/L) free-base and zinc phthalocyanine
solutions. Concentration quenching in highly concentrated solutions
is attributed to the trap-mediated mechanism originating from the
formation of H-dimers at high concentrations.

2. Changes in the optical properties of trans-stilbene thin films with an
increase in molecular concentration were observed previously by
Karpicz, et.al. [13]. This work provides deeper insights into this
topic, varying both molecular concentration of the films and their
thicknesses. The application of global analysis in combination with
microscopy techniques allows precise determination of the steady-
state and time-resolved fluorescence properties of different structural
forms of trans-stilbene. Additionally, this work shows that
fluorescence properties of trans-stilbene thin films can be controlled
by controlling sample preparation conditions (molecular
concentration and thickness of the film).

3. The spectroscopic manifestation of the van der Waals interaction is
studied rarely experimentally to date. In most cases, adsorption-
related phenomena and the corresponding spectral changes attract
more attention [10,21-23]. In contrast, this dissertation concentrates
on spectroscopic features of the van der Waals interaction itself
between non-polar compounds using trans-stilbene (TS) and two-
dimensional (2D) hexagonal boron nitride (hBN) complex as a model
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system. It is shown that the van-der-Waals-induced changes can be
observed in THz, infra-red and visible regions of the spectrum.
Additionally, it is stated that Raman spectroscopy is the most
effective tool for analyzing such a complex, while THz spectroscopy
as well as combination of the steady-state and time-resolved
fluorescence can provide complementary information. This complex
serves as a suitable model system for studying features of van der
Waals interactions between organic compounds and 2D materials.

1.6. List of peer-reviewed papers

The dissertation is based on three published peer-reviewed papers:
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[A2]

[A3]
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2. LITERATURE OVERVIEW

2.1. Basics of electronic spectroscopy
2.1.1. Electronic absorption

The total energy of a molecule is a sum of electronic, vibrational, and
rotational contributions. The Born-Oppenheimer (BO) approximation is based
on the fact, that the mass of an atomic nucleus is much bigger compared with
those of electrons, therefore their motion can be considered to be separated.
According to the BO approximation, each electronic state has corresponding
set of vibrational energy levels, whereas each vibrational level has a
corresponding rotational subsystem.

Electronic absorption of light occurs when the energy E = hv of the
incident light corresponds to the energy difference between a vibrational level
of a ground electronic state and a vibrational level of an electronic excited
state:

E=hv = Efy — Ejpi, (2.1)
where E is the energy of the incident light, h is the Planck constant, v is the
frequency of the incident light, Ef ,,, is the energy of v'-th vibrational level of
the f-th electronically excited state and E; ,,,, is the energy of v"’-th vibrational
energy level of a ground electronic state. Electronic absorption usually
corresponds to the ultraviolet (UV) or visible spectral regions.

However, the Eqg. 2.1 is not the only requirement for the electronic
absorption event to occur. The dipole approximation is based on the fact that
the wavelength of the incident light is much larger than the size of a molecule,
therefore the electric field of the light is considered to be spatially uniform
within the molecule. Within this approximation, light interaction with the
molecule is described by the interaction of molecular dipole moment u with
the electric field of the light. The transition probability P;s from the state i to
the state f is proportional to the squared magnitude of the corresponding
transition dipole moment ; ¢, which can be expressed as follows [24]:

wir = (Pelalwi) = (g uwida®) (§ xs, x,d4%) (§ of 0,d4°),

(2.2)

uis denotes the transition dipole moment from the state i to the state f, ¥; and

Vs denote the wave functions of the initial and finite states, respectively,

) of 0;dA° denote the overlap integral between spin contributions,

Xu. X, dAY the vibrational overlap integral, [ p&*u ¢ dA¢€ is the electronic
f i f i

transition integral, asterisk ‘*’ indicates the complex conjugate operation.
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For an electronic transition to be allowed in terms of dipole
approximation, the electronic transition dipole moment p;r must exhibit
non-zero value, i.e., all the parts in Eq. 2.2 must have non-zero values.
Therefore, the following selection rules are applied:

1. The electronic transition event must preserve the spin
multiplicity, because spin wave functions corresponding to
different spin multiplicities are orthogonal, resulting in zero
spin overlap integral value [24]. Usually, molecules have a
singlet ground state, therefore spin-allowed transitions are
usually singlet-singlet ones.

2. The spatial symmetries of the initial and finite states must result
in non-zero electronic dipole transition integral [25].

In addition to the mentioned rules, The Franck-Condon (FC) principle
states, that the electronic transition happens without changes in nuclear
coordinates. Therefore, the FC factor denoted as the squared vibrational
overlap integral plays an important role in the intensities of vibronic
transitions, i.e., transitions between different vibrational levels of different
electronic levels:

2
FC = ([ x5, x0,dA”) (2.3)
Figure 2.1 represents the intensities of different vibronic transitions in
terms of Franck-Condon principle, i.e., the band’s intensity is determined by
the overlap between wave functions of the corresponding vibrational levels.
Experimentally electronic absorption is characterized in terms of the
Beer-Lambert law [26]:

AQQ) = logj—‘i = g(A)lc, (2.4)

where A(A) denotes the absorbance at the specific wavelength A, Ié‘ and 1%
are the intensities of the incident and transmitted light at a wavelength A,
respectively, e(4) is the molar absorption coefficient, ¢ is the molar
concentration and [ is an absorption path length.

Usually, the electronic absorption spectrum is a starting point in studies
of different intermolecular processes and interactions [13,18,27-30], because
it provides information on the electronic structure of the studied system.
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Figure 2.1. The schematic illustration of the Franck-Condon principle. The
upper panel indicates potential energy surfaces of the electronic ground and
excited states, as well as the wave functions of the corresponding vibrational
states. The lower panel indicates the schematic electronic absorption spectra
corresponding to the overlap in the wave functions presented in the upper
panel. Adapted from Ref. [26] with the permission from Wiley-VCH.
Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

2.1.2. Excited-state relaxation processes and fluorescence

After absorption of light takes place, the following processes can occur.
Being excited to some vibrational level of some electronically excited state,
the two sets of events can take place: radiative and non-radiative relaxation.
Figure 2.2 represents Jablonski diagram showing both radiative and non-
radiative processes occurring within a molecular system after light absorption;
the middle and lower panels indicate schematic absorption, fluorescence and
phosphorescence spectra, as well as characteristic time scales of the radiative
and non-radiative relaxation processes, respectively.
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Figure. 2.2. The upper panel represents the Jablonski diagram illustrating
processes occurring within a molecular system after light absorption. Straight
upward arrows indicate absorption of light, straight downward arrows
indicate radiative relaxation processes (fluorescence and phosphorescence),
wavy arrows indicate non-radiative relaxation processes. The middle panel
represents  schematic spectra of absorption, fluorescence and
phosphorescence. The lower panel shows the characteristic timescales of the
processes indicated in the Jablonski diagram. Adapted from Ref. [26] with
the permission from Wiley-VCH. Copyright © 2012 Wiley-VCH Verlag GmbH
& Co. KGaA.

Usually, absorption to the high excited state (S, and further) is followed
by the fast (102 s — 10° s) non-radiative relaxation processes (vibrational
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relaxation (VR) and/or internal conversion (IC)) to the lowest vibrational level
of the first excited singlet state (S;). Fluorescence usually occurs from the
lowest vibrational state of the first singlet excited state. This empirical
principle is called Kasha’s rule [31]. However, it should be noted that some
molecules, such as metal-porphyrins or polyenes, exhibit fluorescence from
higher excited states [32]. Such type of fluorescence is called anti-Kasha
emission [33]. Fluorescence competes with non-radiative relaxation process,
such as intersystem crossing (ISC). ISC sometimes exhibits the timescales
comparable with those of fluorescence. ISC is a non-radiative transition
between electronic states of different spin multiplicities, typically from singlet
one to triplet one. Usually, excitation relaxes from the triplet state either with
the emission — phosphorescence — or non-radiatively by dissipating excitation
energy to the environment.

The Jablonski diagram presented in Figure 2.2 suggests the difference in
absorption and fluorescence band positions of a fluorophore. This difference
is usually called the Stokes shift [34]. The probability of absorption is
determined, among other factors, by the FC factor (see Section 2.1.1), whereas
fluorescence usually occurs from the lowest vibrational level of the first
electronically excited singlet state. This fact, as well as relaxation processes
prior to emission, explains the occurrence of the Stokes shifts. However, some
molecules, for example free-base porphyrins [35], exhibit ideally overlapping
absorption and fluorescence spectra.

Fluorescence (FL) spectroscopy is a useful tool for studying different
intermolecular interactions and processes [13,36,37], as well as a basis for
some sensing [38] and imaging [39,40] techniques.

2.1.3. Excited-state relaxation dynamics and fluorescence decay Kinetics

The previous section (Section 2.1.2) discussed steady-state properties,
i.e., FL spectrum represents emission integrated over time. Such a spectrum
does not provide information on temporal evolution of the excited-state
processes.

The temporal evolution of the population N(t) of the excited state can be
described by the following kinetic equation [34]:

N _
BPTEE kN(t), (25)

where % denotes the operation of differentiation with respect to time, whereas
k denotes the total relaxation rate constant, which is determined by both
radiative and non-radiative processes.

The integration of Eq. 2.5 gives an exponential decay of the population
of the state [34]:
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N(t) = Noexp[_t/-[], (2.6)
where N, denotes the initial population of the state, and 7 = 1/k denotes the
lifetime of the state. It should be noted that the FL spectroscopy detects not
the population of a state, but the intensity of the FL signal originating from
this population. However, the intensity of FL signal is proportional to the
population of the state [34], therefore it obeys the same exponential decay law
[34]. It should be noted that in complex molecular systems one can observe
multi-exponential decays originating either from several emitting species or
from different excited-state processes, such as excitation energy migration
[18].

The efficiency of FL, i.e., FL quantum yield (QY), is defined as ratio of
number of the emitted photons N,,, to the number of absorbed N,;¢. FL QY
depends on the parameters characterizing the temporal evolution of the excited
state as follows [12]:

Kk T

Qv =Jem _ & _ T 2.7)

Naps k 7’

where k, is the radiative rate constant, k is the total relaxation rate equal to
the sum of the radiative and all the non-radiative relaxation rate constants, ©
is FL lifetime, while 7,. = 1/k,. is the intrinsic radiative lifetime, i.e., lifetime
of FL in the absence of the non-radiative relaxation processes.

Since FL lifetime and QY depend on rates of non-radiative relaxation
processes, they provide useful information on intermolecular interactions and
processes, for example on excitation energy migration processes [18,41].

2.2. Interactions in molecular systems
2.2.1. Van der Waals interactions

Van der Waals (vdW) interaction is a relatively weak non-covalent
interaction between atoms, molecules or molecular systems arising from the
interactions between their charge distributions. The interactions between these
charge distributions can be described in terms of their electric dipole moments.
Three main types of such interactions can be distinguished. The first one is the
interaction between two permanent dipoles, which is referred to as the Keesom
force [42]. The second one is the interaction between a permanent dipole and
an induced one — Debye force [42]. London dispersion forces arise from the
interaction between two fluctuating dipoles [42]. In such a case, an
instantaneous dipole moment in one species induces a fluctuating dipole
moment in a neighboring species, and their correlated fluctuations result in a
mutual attraction. Therefore, London dispersion forces are present in all
species containing electrons, including non-polar ones [43].
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The dispersion energy Eg;,, between species A and B at the separation

distance R between them can be expressed using the following asymptotic
formula [44,45]:

Eqisp = _%1 (2.8)
where Cq denotes the system-specific dispersion coefficient, which is
determined by polarizabilities of A and B species, while the negative sign
(‘=) indicates mutual attraction between the species.

Figure 2.3 schematically represents the dependence of dispersion energy
on the distance between interacting species. According to Eq. 2.8, at relatively
long distances species A and B are attracted to each other. However, at
relatively short distances this equation is no longer valid due to significant
overlap of the electronic wave functions of the interacting species. In such a
case, with decreasing distance, the dispersion energy approaches a constant
value [45]. Additionally, at short distances, the electronic clouds of the
interacting species overlap, and, according to Pauli exclusion principle, the
species start to repel each other [42].

interatomic distance

dispersion/correlation energy

medium/short-range long-range
thermochemistry vdW-complexes
barriers condensed phase

Figure 2.3. The asymptotic behavior of the dispersion energy at relatively
short and relatively long separation distances between interacting species. Cg,
as well as k; and k, are system-specific constants [45]. Reprinted from Ref.
[46] with the permission from John Wiley and Sons. Copyright © 2014, John
Wiley and Sons.
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The vdW interactions in general, and dispersion forces in particular, play
an important role in molecular packing and aggregation, as well as in chemical
reactions and catalysis [43,47].

2.2.2. Molecular aggregates

A molecular aggregate is an assembly of identical or different molecular
species stabilized by vdW forces, hydrogen bonding, n- « stacking, and other
non-covalent interactions. Figure 2.4 (a) illustrates different geometries of 7-
© stacking using benzene dimer as an example, while Figure 2.4 (b) shows
several examples of hydrogen bonding using acetic acid dimer, aromatic ring
and cyclic water trimer.

The optical properties of molecular aggregates strongly depend on
molecular packing and can either differ from those of the corresponding
isolated molecule or remain unchanged [11]. Perhaps, one of the most
pronounced aggregation-induced effects is changes in FL efficiency. The so-
called aggregation-caused quenching (ACQ) [48] is observed in many
molecular systems. In some fluorophores increasing molecular concentration
leads to the formation of aggregate species that quench FL. The left panel of
Figure 2.5 represent this effect using perylene as an example of a compound
exhibiting such a phenomenon.

A) Modes of n-nt stacking:

o O ©
S © o o

parallel parallel offset perpendicular perpendicular
face-centered T-shaped Y-shaped
B) Examples of hydrogen bonding:
e H OH ’l*
QH-0 _oi_. 5
/ Xos H W0
HyC— /) Chs ? o7 M
O—H--0 " 0.
{ ) o’ Hs H H /O\ H
intermolecular bond intramolecular bond water cluster

Figure 2.4. a) Schematic illustration of the different modes of -7 stacking of
the benzene dimer. b) Intermolecular hydrogen bond forming the dimer of
acetic acid (left subpanel), intramolecular hydrogen bond in the aromatic ring
(the central subpanel), and the formation of a cyclic water trimer stabilized
by hydrogen bonds between water molecules (right subpanel). Both panels
(a,b) are reprinted from Ref. [42] under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) license.
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In contrast to ACQ, aggregation-induced emission (AIE) [49] is a
phenomenon resulting in an enhanced FL of the compound in an aggregated
form. It usually occurs due to restrictions in intramolecular motions — rotations
and/or vibrations — in an aggregated compound compared with monomeric
one [11]. The right panel in Figure 2.5 illustrates the AIE effect in
hexaphenylsilole THF/water solution.

Water fraction (vol %) HPS
0 10 20 30 40 50 60 70 80 90

“I

Aggregation-Caused Quenching (ACQ)  Aggregation-induced Emission (AIE)
Figure 2.5. The manifestation of aggregation-caused guenching of FL in
perylene solution (left panel), and the manifestation of aggregation-induced
emission effect in hexaphenylsilole THF/water solution (right panel) upon
increasing the water fraction. Reprinted from Ref. [11] with the permission
from American Chemical Society. Copyright © 2015 American Chemical
Society.
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AIE is a promising phenomenon for various optoelectronic applications,
for example photovoltaics or optical waveguides [11].

2.2.3. Excitonically-coupled aggregates: H- and J-aggregates

Close packing of molecules can result in significant intermolecular
electronic interactions, which can affect both ground- and excited-state
properties of an aggregate. This section describes such molecular systems in
terms of the Kasha model of molecular dimer (see, for example, Refs. [50—
52]).

The Coulomb coupling between two molecules in an aggregate using the
point-dipole approximation can be expressed as follows [53]:

pd _ B1H—31R) (2 R) (29)

c 4TeR3
where fi; and ji, denote the vectors of transition dipole moments from the

electronic ground state to the electronic excited state for the first and second
molecules, respectively, R denotes the unit vector directed along the
displacement vector with a magnitude R connecting the mass centers of two
interacting molecules, as well as € denotes the dielectric constant of a medium.

The Eq. 2.9 suggests the importance of the mutual orientation of transition
dipole moments. Figure 2.6 (a) schematically represents the mutual
orientation of transition dipole moments for a molecular homodimer. It should
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be noted that the ]é’d is equal to zero when the transition dipoles oriented
relative to each other at the magic angel 6,, equal to 54.7 degrees [53]. The
aggregates exhibiting so-called ‘head-to-tail’ (68 < 8,,) relative orientation of
the transition dipoles are referred to as J-aggregates [53]. Such an orientation
results in negative Coulomb coupling ]gd [53]. On the contrary, aggregates
exhibiting ‘side-by-side’ orientation, i.e., 6, <8 < m/2, exhibit positive
Coulomb coupling ]gd and are called H-aggregates [53].

a) b)
J-Aggregate [1-Aggregate
+ Je <0 Je>0
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1 ’ [ : 1 ’ ‘
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¢ 4mteR 3 lgs 92} lg192}

Figure 2.6. a) The schematic representation of the relative orientation of
transition dipole moments in a molecular dimer. b) The schematic
representation of the electronic transitions in J- and H-aggregates. Both
panels are reprinted from Ref. [53] with the permission from American
Chemical Society. Copyright © 2018 American Chemical Society.

The intermolecular electronic coupling results in the formation of two
excitonic states, which can be expressed as follows [24,53]:
|#2) = % (le1ga) + (grez). (2.10)
In Eqg. 2.10 |%_r) denotes two (|¥,) and |¥_)) excitonic states of a molecular
dimer. The splitting of the excited state in a molecular aggregate is called
Davydov splitting [9,24,53]. |e; g,) and (g, e, | are the states corresponding to
the excitation being localized on the first and second molecule, respectively.
Therefore, Eq. 2.10 suggests the delocalization of the electronic excitation
within a dimer. Such aggregates are referred to as excitonically-coupled
aggregates.
The sign of Coulomb coupling significantly affects the photophysical
properties of aggregates [53]: H- and J-aggregates exhibit different optical
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properties. Figure 2.6 (b) represents the electronic transitions in J- and H-
aggregates. The in-phase state (|¥,)) is characterized by the enhanced
transition dipole moment value by a factor of v2 compared with that of
monomer, whereas the electronic transition to the out-of-phase state (|¥_)) is
forbidden, because transition dipole moments mutually cancel each other. The
difference in optical properties of J- and H-aggregates is the following: the in-
phase state of J-aggregate has lower energy than the energy of monomeric
excited state, whereas that of H-aggregates exhibits higher energy. Therefore,
J-aggregates usually exhibit red-shifted electronic absorption bands compared
with monomers, while H-aggregates demonstrate blue-shifted absorption
spectrum. Additionally, J- and H-aggregates exhibit different FL properties.
H-aggregates usually exhibit significant decrease in FL intensities compared
with that of monomers, therefore solutions and films containing big amount
of them usually exhibit pronounced FL quenching [18]. In contrast, J-
aggregates are usually emissive exhibiting accelerated intrinsic radiative
decay by a factor of 2 [53].

2.3. Excitation energy transfer
2.3.1. Introduction to excitation energy transfer

Excitation energy transfer (EET) is either a radiative or a non-radiative
process in which excitation energy is transferred from one molecular species
(energy donor; D) to another (energy acceptor; A) [54]. EET occurs without
net charge transfer and does not require significant spatial reorganization,
whereas the total energy of the donor-acceptor system is conserved during the
EET event [55]. The simple EET event can be expressed using the following
equation [56]:

D*+A - D+ A%, (2.11)
where the asterisk sign ‘*’ denotes the excited species.

According to Eq. 2.11, following the initial excitation of donor species,
the emission of light by the donor species [57] or interaction between donor
and acceptor species — Coulombic and/or electron exchange interactions [55]
— leads to the EET event, and donor species relaxes to the ground state, while
acceptor species appears in an electronically excited one [56]. Figure 2.7
schematically represents EET event described with Eqg. 2.11. It should be
noted that EET processes can provide an additional non-radiative relaxation
channel for an excited donor species, and the kinetic equation (Eqg. 2.5) should
therefore contain EET rate constant.
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Figure 2.7. The schematic representation of excitation energy transfer event
denoted using Eq. 2.11. The blue horizontal lines represent the highest
occupied molecular orbital (HOMO), while yellow horizontal lines represent
the lowest unoccupied molecular orbital (LUMO) of both donor (D) and
acceptor (A) species. Black vertical arrows indicate electron spin projections,
while black dashed upwards and downwards arrows represent HOMO—
LUMO and LUMO-HOMO electronic transitions, respectively. Reprinted
from Ref. [56] with the permission from Wiley-VCH. Copyright © 2023 Wiley-
VCH GmbH.

EET processes play an important role in natural and artificial
photosynthesis [1,58-60], as well as in some organic photovoltaic systems
[15]. Additionally, systems exhibiting EET are considered to be suitable
model systems for probing an efficiency of quantum computations with
bosonic quantum devices [61].

2.3.2. Mechanisms of excitation energy transfer

This section concentrates mainly on non-radiative EET processes.
However, firstly radiative EET process should be briefly introduced.

Radiative EET occurs through the following sequence of events: initially
excited donor species emit photon, which is reabsorbed by acceptor species.
The efficiency of this process depends on the intrinsic FL QY of donor
species, molecular concentration of acceptor species, spectral overlap and
geometrical sizes of a sample [57]. Such an effect results in a decrease in FL
intensities exhibiting by donor species [57].

The non-radiative EET occurs through electronic interaction between
donor and acceptor species without net photon emission. The non-radiative
EET events can occur in coherent and incoherent regimes. In the incoherent
regime, EET is usually referred to as a sequence of energy-hopping events
[15]. This process can be described [15] in terms of Markov-type random walk
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model [62]. In contrast, coherent EET process exhibits wave-like dynamics,
in which excitation cannot be attributed to a particular species; it is considered
to be delocalized within the interacting species [63]. Further we concentrate
on incoherent EET processes.

Figure 2.8 schematically represents the sequence of events involved in
Dexter-type EET. This EET mechanism involves electron exchange between
the donor and acceptor species and therefore requires significant overlap of
their electronic wave functions. Dexter EET occurs at low separation distances
between donor and acceptor species: the distance at which this process is
effective is usually not higher than 1 nm [24]. This process can be represented

by the following sequence of events [56]:
|D*A4) >|D*A™) >|DA%)
|D*A) >|D~A%Y) -|DA*) ’ (2.12)

where the upper equation corresponds to the first EET pathway with the
formation of molecular cation D* and molecular anion A~, whereas the lower
equation corresponds to the second EET pathway with the formation of
molecular anion D~ and molecular cation A*.

D* A~
@°
_____ JESAN.
o @“ @®
Pl D~ At
o oo e o —e
D* A o D A*
N 9@ A4
o —o

Figure 2.8. The schematic representation of the excitation energy transfer
process via Dexter mechanism. The pathway ‘a’ corresponds to the upper
formula in Eq. 2.12, whereas the pathways ‘b’ corresponds to the lower
formula in Eq. 2.12. Reprinted from Ref. [56] with the permission from Wiley-
VCH. Copyright © 2023 Wiley-VCH GmbH.
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The rate of the EET event via a Dexter mechanism exponentially depends
on the separation distance between donor and acceptor species [15,24,64], and
can be expressed using the following equation [15]:

kger = KJexp [— %], (2.13)

where k2, denotes the rate of EET event via Dexter mechanism, K is a
parameter describing an orbital interaction, J is the spectral overlap integral
between FL spectrum of donor species and absorption spectrum of acceptor
species [15,24], whereas R is a separation distance between interacting
species, and L,,4y is a van der Waals radius.

It should be noted that Dexter mechanism can involve non-emissive states
and, consequently, not only singlet, but also triplet excitons [15,24].

2.3.3. Forster resonance energy transfer

Forster resonance energy transfer (FRET) [65] is a non-radiative EET
mechanism arising from Coulombic interactions between donor and acceptor
species. In contrast to the Dexter mechanism, FRET does not require overlap
of wave functions and does not involve electron exchange. The typical FRET
operation distances are up to approximately 20 nm [24,66].

In the simplest case — in the ideal dipole approximation — the donor and
acceptor species are approximated as point transition dipoles interacting via
Coulombic forces [67]. Figure 2.9 (upper panel) schematically represents the
interaction between transition dipole moment of donor and acceptor species
in an ideal point-dipole approximation. In such a case the coupling between
interacting species can be denoted by the same equation used to express
coupling in an excitonically-coupled dimer (see Eqg. 2.9, Section 2.2.3) [12].
The FRET event requires energetic resonance between donor and acceptor
species, which is reflected in a significant overlap between the emission
spectrum of donor species and the absorption spectrum of acceptor species
[67]. The middle panel in Figure 2.9 represents such a case. Additionally, it
should be noted that since the donor-acceptor system is approximated as point
transition dipoles, FRET rate strongly depends on the mutual orientation of
the donor and acceptor transition dipole moments.

The rate of the FRET can be expressed as follows [12,24,55,67]:

6
KERET = 2 (%), (2.14)
where kFRET denotes energy transfer rate via FRET mechanism, 7, is an
intrinsic fluorescence lifetime of a donor (as was defined in Eg. 2.7), R is a
separation distance between donor and acceptor species, while Ry is Forster
radius. This equation does not include the mutual orientation parameter 2,
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which is omitted in this notation, corresponding to the orientationally-
averaged approximation [12]. Eqg. 2.14 shows that the rate constant of the
FRET event depends on the separation distance R as R™°, in contrast to the
Dexter mechanism, which exhibits exponential dependence of the rate
constant on the distance between donor and acceptor species.

Forster radius Ry is a system-specific parameter which is defined as the
distance at which the FRET efficiency is equal to 0.5 (50%) [24]. The lower
panel in Figure 2.9 represents the efficiency of FRET process: it strongly
depends on the separation distance between donor and acceptor species and
can be expressed as the ratio of donor FL lifetimes in and without the presence
of acceptor species.

Ideal dipole approximation
Energetic resonance

3
c [+]
3 D\VA 2
2 g
5 2
3 &

3

Wavelength —
FRET efficiency
g R® L lba_ T
FRET ™ R,% + RS Ip ™

Figure 2.9. The upper panel schematically represents the interaction between
transition dipole moments of donor and acceptor species, and shows
characteristic distances of the FRET process. The middle panel schematically
represents the spectral overlap between FL spectrum of donor and absorption
spectrum of acceptor. The lower panel indicates the dependence of FRET
efficiency on different parameters of the system. In this scheme R, denotes
Forster radius, whereas 1,4 denotes the donor FL lifetime in the presence of
acceptors. Reprinted from Ref. [66] with the permission from Wiley-VCH.
Copyright © 2025 Wiley-VCH GmbH.
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2.3.4. Concentration quenching of fluorescence

This section is dedicated to the discussion of mechanisms of
concentration quenching of FL arising from EET from emissive species to
non-emissive ones acting as excitation traps. In these traps excitation is lost
and this results in a decrease in FL QY of a system. However, firstly static
and dynamic FL quenching mechanisms should be briefly introduced [34].
According to Lakowicz [34], the difference between these FL quenching
mechanisms is as follows. Dynamic guenching occurs, when a fluorophore
being in an electronically excited state collides with some quenching species
and, hence, non-radiatively loses some energy. In contrast, static quenching is
a ground-state processes occurring when a fluorophore forms a stable
molecular complex with some quenching species, resulting in the formation
of molecular structures suppressing FL.

FL quenching arising from excitation energy migration from one species
to another species is an alternative mechanism of the FL quenching. When the
formation of the excitation trap species and, consequently, FL quenching
efficiency is increased with the increasing molecular concentration of a
fluorophore, such a phenomenon is referred to as concentration quenching
(CQ) of FL.

Figure 2.10 represents two common models of the spatial distribution of
the excitation trap species. The panels (a) and (c) represent so-called random
trap model in a two- and three-dimensional geometries, respectively. The
random trap model describes a case when any species can act as a trap. Figure
2.10 (b, d) represent the statistical trap model. In terms of this model any of
the species separated from each other by the critical distance act as excitation
traps. One should note, that none of these models specify the exact molecular
origin of the trap species. In a general case, the molecular origin of the traps
is not known, however most common of them are H-aggregates [68] and the
species exhibiting charge transfer state [69].

The excitation reaches a trap via EET events [70,71]. Considering EET
as a sequence of hopping events, one can model this process using a random
walk model. Additionally, a simple model accounting for EET from a single
donor species surrounded by an infinite number of acceptors (hereafter
denoted as ‘DA’ model) can be applied to some molecular systems. This model
is based on the following assumptions: the acceptor species is considered to
be infinitely energetically deep, i.e., the excitation cannot escape them, and
additionally spatial and orientational distribution of the acceptor species are
assumed to be uniform. In such a case, considering FRET as the EET
mechanism, the kinetic Eq. 2.5 should be modified to include the FRET rate

37



constant. The following expression defines the probability P(t) that the donor
remains electronically excited [12,70]:
P(t) = exp [—i - (i)b], (2.15)
(9)) Ty
where Tt denotes the intrinsic FL lifetime of donor species without acceptor
species, 1, represents the characteristic quenching time due to acceptor
species, and b parameter depends on the system’s dimensionality. Eq. 2.15
can be applied when the relative concentration of donor and acceptor species
within the system is known [72-74], however its explanatory power is
somewhat limited in case of solutions and films consisting of the only
molecular species, because in such a case it is difficult to define the exact

concentration of the acceptor species.

a) b)
IO(} ’Uo D:;t‘]:cyé%go%“ ]00 g."‘.‘;‘g’?:on
b, 0P, f0°. o 9e 8% e
$ a8 oon 8 ®gg "o % d
b= 5, & .04 g ¥ S T
S 50" ey 2 iO?é’!’DZ.: m{ 2
= & 020980 ;-b: BN 28§ Gy o o
gt ¥ ANCEL
0 AR 0 &30 ®
0 50 100 0 50 100 0 0
x, nm X, nm ¥, nm X, nm Y, nm ¥, nm

Figure 2.10. The graphical representation of the random trap model (a,c) for
the two- and three-dimensional geometries, respectively. The graphical
representation of the statistical trap model (b,d) for the two- and three-
dimensional geometries, respectively. Green dots indicate emissive species,
while red dots indicate trap species. Reprinted from Ref. [12] under the terms
of the Creative Commons Attribution 4.0 International (CC BY 4.0) license.

CQ is observed in many natural and synthetic compounds, including, but
not limited to chlorophylls [68,75,76], phthalocyanines [18], perylenes [77] ,
and other compounds. From a practical perspective, CQ is detrimental for the
light-to-energy applications, including photovoltaics [15,16], optoelectronics
[17,78], and artificial photosynthesis [58,60]. Nowadays researchers try to
suppress FL quenching in the light-to-energy conversion architectures using
so-called ‘size-matching’ principle [58,60,79]. However, it should be
mentioned that CQ phenomenon can be useful for bioimaging [80] and
biosensing [81] applications. This inspires the desire to deeply understand the
molecular mechanisms governing this phenomenon.
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3. MATERIALS AND METHODS

3.1. Materials

All the materials used in this research work, namely chloroform,
2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (TTBPc; CasHsoNs), zinc
2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (ZnTTBPc; CasHasNsZn),
trans-stilbene (TS, CisHi2), polystyrene (PS), and hexagonal boron nitride
(hBN) were purchased from Sigma-Aldrich and were used as received without
any purification.

3.2. Sample preparation
3.2.1. TTBPc and ZnTTBPc solutions

In this study firstly the stock 10 mmol/l (mM) chloroform solutions of
both TTBPc and ZnTTBPc were prepared. The stock solutions were diluted
with chloroform to obtain the solutions of 3 mM, 1 mM, 0.3 mM and 0.1 mM
molecular concentrations.

For low concentrated solutions (up to 1 mM) electronic absorption spectra
were measured via placing the solutions in circular quartz cuvettes with an
optical path length of 0.1 mm (QS 124-0.1). However, high concentrated
solutions (3 mM and 10 mM) exhibited too high intensities, therefore they
were measured between two thin glass coverslips.

To minimize the influence of reabsorption effect [20] (see Section 3.4.1
for details) fluorescence spectra as well as decay kinetics of all the solutions
were measured between two circular glass cover slips (0.13-0.17 mm thick,
22 mm in diameter) sealed with nail polish. Although such a method
effectively suppresses reabsorption, the optical path length cannot be
determined somewhat precisely, because the thickness of the sample depends
on the spacing between two coverslips and cannot be controlled. However,
this limitation does not affect the fluorescence-decay analysis.

3.2.2. TS spin-coated films

The stock 30 mg/ml solution of PS in chloroform was prepared, after that
this solution was diluted to obtain PS solutions with mass concentration of
15 mg/ml, 10 mg/ml, 5 mg/ml and 3 mg/ml. TS was dissolved in these
solutions with the following TS:PS mass ratio in percent: 0.5%, 10%, 20%,
60% and 80%.

For electronic spectroscopy and atomic force microscopy (AFM), thin
films were prepared on pre-cleaned with chloroform quartz substrates using
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the KW-4A spin-coater in the following mode: 70 revolutions per minute
(r/m) for 3 s and 1200 r/m for 30 s [Paper A2].

The same spin-coater and the same operating mode was used to prepare
samples for coherent anti-Stokes Raman Scattering (CARS) microscopy,
however thin circular glass cover slip, i.e., the same one which was used to
measure fluorescence of phthalocyanine solutions, was used as a substrate.

3.2.3. TS + hBN van der Waals complex

Purchased TS as well as hBN were ground in a mortar to obtain fine
powder. This was done do reduce particle sizes to minimize possible scattering
of light during optical spectroscopy measurements. To make TS + hBN van
der Waals (vdW) complex the TS and hBN mixture (1:1 mass ratio,
approximately 400 mg of each) was firstly put in chloroform. TS dissolved
immediately, while hBN is not dissolved in chloroform in general. This
suspension was left in a fume hood for 12 hours until chloroform evaporated.
It was assumed that during the evaporation process TS was adsorbed on hBN
surface.

TS and TS + hBN powders were pressed into 0.8 mme-thick tablets. It was
impossible to obtain hBN tablet, therefore for FL measurements its powder
was used. It should be noted, that 1:1 mass ratio of TS and hBN was selected,
because i) it allowed the preparation of a mechanically stable TS + hBN tablet,
ii) and it enabled the spectroscopic investigation of vdW interaction using
equal masses of bulk materials.

Additionally, samples, which were used for supporting experimental
methods, should be briefly discussed. For THz spectroscopy the same tablets
as for FL measurements were used. However, it was decided not to measure
THz spectrum of hBN in powder, therefore hBN was mixed with polyethylene
(1:1 mass ratio) and pressed in a tablet. Polyethylene was chosen due to i) its
ability to be pressed in a tablet and ii) because it has only one weak intensity
band in THz region (see [Paper A3] and Ref. [82]). For Raman scattering
powders of all the compounds were used as samples.

3.3. Electronic absorption measurements

All the electronic absorption spectra of all the samples were measured
with Jasco V-670 spectrophotometer in a transmission mode, i.e., transmitted
through a sample light was detected. For ZnTTBPc and TTBPc samples the
absorption spectrum of chloroform was pre-measured and considered as a
baseline, which was automatically removed by the device from the measured
spectrum of the sample. For TS spin-coated films the absorbance of the PS
film was considered as a baseline. The absorption spectrum of none of the
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samples from [Paper A3] was recorded, since these bulk samples do not
transmit light.

3.4. Steady-state fluorescence measurements

FL spectra of all the studied samples were measured with Edinburgh F920
spectrometer. TS thin films, bulk TS tablet, hBN and TS + hBN samples were
excited with 300 nm picosecond pulsed diode, 2-nm spectral slit and 850 ps
pulse duration. All the measured spectra were automatically corrected to the
instrument sensitivity. ZnTTBPc and TTBPc chloroform solutions were
excited with 375 nm pulsed diode laser having 70 ps pulse duration and the 4
nm spectral slit was chosen to obtain higher signal.

In addition to steady-state FL spectra, FL excitation spectra for TS thin
films [Paper A2] were measured with Edinburgh FS5 spectrofluorometer. The
samples were excited with a xenon lamp with emission spectral slit set as 0.15
nm, while excitation one was opened to 2 nm. FL excitation spectrum
indicates how FL intensity at a specific emission wavelength depends on
excitation wavelength and for some FL species it is the same as absorption
one. Deviations of the excitation spectrum from the absorption one can
indicate, e.g., the presence of optically dark states or the migration of
excitation between species in the system [34].

3.4.1. Insights into minimizing the influence of reabsorption effect on
ZnTTBPc and TTBPc fluorescence spectra

Reabsorption of the emitted light usually occurs when a fluorophore has
i) high optical density (OD), i.e., OD > 0.1, and ii) when steady-state
absorption and fluorescence spectra overlap. Reabsorption usually manifests
in red shifted fluorescence peak compared to a sample with reasonably small
OD. This effect can lead to the misinterpretation of the observed fluorescence
spectrum and, for example, incorrect assumption of the presence of J-
aggregates in the system, because they usually exhibit red shifted fluorescence
peak compared with a monomeric compound [53].

Even though spin-coated films of TS can exhibit relatively high ODs (see,
e.g., Karpicz, et.al. [13] or [Paper A2]), high Stokes shifts suggest the absence
or, at least, negligible manifestation of the reabsorption effect in these
compounds. However, absorption and fluorescence spectra of both free-base
and metal phthalocyanines significantly overlap [[18,27,37,83], [Paper A1]].
Therefore, for correct interpretation of the results of fluorescence
measurements, minimizing the manifestation of reabsorption effect, i.e.,
reducing the ODs of high concentrated samples, is of critical importance.
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To achieve this goal samples for both steady-state fluorescence
measurements as well as FL decay kinetics were prepared between two
thinnest commercially available glass coverslips (diameter of this coverslip
was 22 mm, while thickness was 0.13-0.17 mm according to the manufacturer
VWR International). The sample preparation itself was simple: An Eppendorf
pipette was used to place 10 ul of a solution on a glass, then second glass was
pressed against the first one and sealed with a nail polish [Paper Al]. This
sample preparation method allowed to minimize the manifestation of
reabsorption effect on the one hand, and obtain reasonable FL intensities on
the other hand. However, for low concentration samples ODs were very small
to detect steady-state absorption spectrum, therefore it was measured in
circular quartz cuvettes (QS 124-0.1). To demonstrate the manifestation of
reabsorption effect, we also measured steady-state FL in this cuvette. In Figure
3.1 raw and normalized to unity steady-state FL spectra of both TTBPc and
ZnTTBPc chloroform solutions measured in QS 124-0.1 quartz cuvette across
the entire set of concentrations covering two orders of magnitude are
presented. These measurements showed significant red shifts in FL spectra
with the increase in molecular concentration of both phthalocyanines at high
ODs. In Table 3.1. comparison between results obtained for samples measured
in QS 124-0.1 cuvette and in glass cover slips (GCs) are presented. Samples
measured in QS 124-01 cuvette exhibit artificially increased Stokes shifts
compared with those measured in GC. These shifts are the result of the
reabsorption effect. Dhami, et.al. [20] observed the same manifestation of the
effect for different phthalocyanine compounds.

42



(a)

1.4x10°

1.2x10°%7

A
o
%
o
=)

&

FL intensit

4.0x10%*4

2.0x10%4

—
1)
—

Norm FL intensity, arb.un.

8.0x10%1

6.0x10%7

(b)

0.0+

2

1

1

5

0.8

0.6+

0.4+

0.2

0.0+

660 680 700 720 740 760 780 800
Wavelength, nm
TTBPc — (0.1 mM
e 0.3 MM
—_—1 mM

—3 mM

660 680 700 720 740 760 780 800
Wavelength, nm

0%10°1

5x10° 4

0%10%4

0x10% 4

004 ———— ; v
660 680 700 720 740 780 780 800
(d) Wavelength, nm
,0JZnTTBPc 0.1 mM
) — 0.3 MM
08 —_—1 mM
) —3 mM
—10 mM
0.6
0.44
0.2

0.0

660 680 700 720 740 760 780 800
Wavelength, nm

Figure 3.1. Raw steady-state FL spectra of TTBPc (a) and ZnTTBPc (b)
chloroform solutions measured in QS 124-0.1 quartz cuvette. For clarity
spectrum of 0.1 mM ZnTTBPc solution was multiplied by the factor of 5.
Normalized to unity steady-state FL spectra of TTBPc (¢) and ZnTTBPc (d)
chloroform solutions measured in QS 124-0.1 quartz cuvette. All the samples
were excited at 375 nm. Adapted from [Paper Al], with the permission of AIP
Publishing.
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Table 3.1. Main characteristics of fluorescence measurements in quartz
cuvette (QC) of TTBPc and ZnTTBPc chloroform solutions. For comparison
in this table results obtained for samples measured in glass cover slips (GC)
are presented. Adapted from [Paper Al], with the permission of AIP
Publishing.

TTBPc ZnTTBPc
Conc, Abs. OD at FL FL Abs OD FL FL
mM peaks, 701 peak, peak, peaks, at peak, peak,
nm nm in  nm nm nm 701 nm nm
QC (Stokes  (Stokes nm  (Stokes (Stokes
shift, shift, in shift, shift,
nm) in nm) in QC nm) in nm) in
GC QC GC QC
0.1 640, 0.16 704 708 613, 0.10 684 687
664, (3) (7 648, 4) @
701 680
0.3 637, 0.31 704 711 613, 041 684 688
664, (3) (10) 648, 4) (8)
701 680
1 637, 1.03 704 711 613, 1.15 685 694
664, (3) (10) 647, (6) (15)
701 679
3 704 710 685 694
@) 9) (6) (15)
10 705 687 695
(4) (8) (16)

3.5. Fluorescence decay kinetics measurements

Fluorescence decay kinetics of all the samples were measured with the
Edinburgh F920 spectrometer using time correlated single photon counting
technique [34]. All the kinetics were recorded using the same parameters and
conditions, as were used for the measurements of the steady-state FL spectrum
of the corresponding sample.

All the kinetics were fitted with a convolution of different model
functions, which were chosen according to the specific task, with the pre-
measured instrument response function (IRF). To obtain better fit quality, IRF
was fitted as a convolution of a Gaussian function with a single exponential
decay:

IRF (£) = exp (- (t;g)z) s exp (-2, (3.1)
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where ¢ is a width of Gaussian, T represents characteristic decay time of IRF,
to defines the difference between initial IRF and kinetics profiles, while
asterisk symbol ‘*’ denotes convolution operation. All the mentioned
parameters had to be optimized during the fit of IRF.

3.6. Data processing and analysis
3.6.1. Data processing of steady-state spectroscopy

The obtained steady-state absorption and fluorescence data did not
require difficult data processing, except horizontal background removal
and/or smoothing in case they were noisy. These procedures were performed
using Python packages Pandas [84], NumPy [85] and SciPy [86].

3.6.2. Target analysis of FL decay kinetics

The decay kinetics fittings with convolution of different model functions,
namely, mono-, multi- and stretched-exponential decay functions, with IRF’s
approximation using Eq. 3.1. were performed with Python package Imfit [87]
using the differential evolution algorithm [88].

It should be noted, that instead of applying Poisson weighting [34] to the
time correlated single photon counting data and including horizontal
background in the fits, the background was simply subtracted from the
experimental spectra.

3.6.3. Global analysis of FL spectra and FL decay kinetics

In contrast to target analysis, global analysis is used when one needs not
to obtain lifetimes or decompose each particular spectrum, but when common
features and/or differences have to be found in the whole set of measurements
[89]. Mathematically this task can be formulated in terms of multivariate curve
resolution problem [90]. In a matrix form it can be written the following way
[[89,91], Paper A2]:

F(,n) =X, 5D - G;(n), (3.2)
where in general case F(4,n) represents matrix containing experimental
results, S;(4) is a basis matrix and C;(n) is a matrix of weights.

Usually so-called model-based methods are applied for global analysis.
These models are used, for example, when one fits time-resolved fluorescence
or transient absorption data and the time-resolved behavior, i.e., the form of
C;(n) matrix, can be a priori assumed somewhat reasonably. The most widely
used method is the decay-associated spectrum (DAS) [89,92] technique, when
it is assumed that the spectra of the components exhibit single-exponential
decay. For example, Mascoli, et.al. [93] applied this method to fit time-
resolved fluorescence data of minor light-harvesting complexes of plants.
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However, sometimes it may be more useful not to impose restrictions on
the behavior of components. In such a case no parts in Eq. 3.2. are a priori
known. In principle, in such a case infinite number of the solutions of Eq. 3.2.
can be found. However, when one deals with fluorescence spectrum and/or
decay kinetics it can be stated, that each element in Eg. 3.2. has non-negative
value. In such a case non-negative matrix factorization (NNMF) [91] can be
performed, assuming that the components are spectroscopically independent.
This method, e.g., was successfully applied to fit time-resolved fluorescence
of aggregates of light harvesting complex 11 [94] and fucoxanthin—chlorophyll
protein complexes [95].

In [Paper A2] we applied multiplicative update algorithm [96] for NNMF
to both the entire sets of steady-state FL spectra and FL decay Kinetics to
reveal the features of morphology-induced changes in optical properties of TS
films.

3.7. Supporting experimental and theoretical methods

As stated in the Section 1.8, several additional experiments and
theoretical calculations supporting the conclusions of this thesis were
performed by the co-authors of the publications. This section briefly
introduces the supporting techniques presented in the thesis.

3.7.1. TTBPc and ZnTTBPc chloroform solutions

To support conclusions based on [Paper Al], quantum chemical
calculations were performed for ZnTTBPc and TTBPc monomers and H-
dimer structures. The structures themselves were optimized using density
functional theory (DFT) on the LC-BLYP/6-31G(d) level. The calculations of
transition dipole moments and excited-state energies of the corresponding
molecules were performed using time-dependent density functional theory
(TD-DFT) using LC-BLYP functional. All the details of the calculations can
be found in [Paper A1]. All the calculations were performed by Dr. Andrius
Gelzinis and Darius Likandrovas at the High-Performance Computing
Center “HPC Saulétekis”, Vilnius University.

3.7.2. TS spin-coated thin films

In the [Paper A2] trans- and cis-stilbene structures were optimized using
DFT applying B3LYP and CAM-B3LYP functionals. All the details can be
found in the [Paper AZ2]. These calculations were performed by
Dr. Mindaugas Macernis at the High-Performance Computing Center
“HPC Saulétekis”, Vilnius University.

The results of the coherent anti-Stokes Raman Scattering (CARS)
microspectroscopy and of the atomic force microscopy (AFM) of the TS spin-
coated films are discussed in the section 4.2.3. AFM-based characterization of
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the films was performed using Dimensionlcon system (Bruker). The image
resolution for all the samples was not less than 128 pixels. The thicknesses of
the films were evaluated by scratching some small area of the film until the
substrate was reached, and the microscope image analysis was performed with
the Nanoscope Analysis software (Bruker). AFM measurements were
performed by Dr. Marija Jankunec at the Life Sciences Center of Vilnius
University.

Polarization-resolved CARS characterization using single-wavelength
CARS system (see, for example, Ref. [97]). The CARS signal was obtained
using laser pulses at the constant 1064 nm wavelength and tunable one at the
900 nm — 935 nm. Polarization-resolved measurements were performed by
the rotating the placed in front of the studied sample AHWP05M-980 half-
wave-plate (Thorlabs) in the range from -180° to +180°. The CARS images
were recorded using IX microscope (Olympus) and P-517.3CL scanning
system (Physik Instrumente). CARS measurements were performed by
Dr. Andrej Dementjev using custom-built CARS microspectroscopy system
at the Department of the Molecular Compound Physics (MDFS), State
Research Institute Center for Physical Sciences and Technology (FTMC),
Vilnius, Lithuania.

3.7.3. TS + hBN van der Waals complex

DFT-based quantum chemical calculations were performed in the [Paper
A3] to assign THz and Raman bands (see Section 4.3.3). All the structures in
terms of Model | (see Section 4.3.1 for details) were optimized and their THz
and Raman spectra were calculated using cc-pVDZ basis set and B3LYP as
well as BPW9L1 functionals. All the structures and spectra in terms of Model
Il (see Section 4.3.1 for details) were calculated using PBE functional with
ultrasoft pseudopotentials. All the details of the calculations can be found in
the [Paper A3]. All the calculations were performed by Dr. Maksim
Shundalau using supercomputer cluster at the University of Salerno, Italy.

Raman spectroscopy measurements were performed using an inVia
Raman microscope (Renishaw) using a green laser emitting at 532 nm with
the laser power equal to 0.5 mW. To collect the spectra, an objective lens (50
x/0.75 NA,; Leica) was used, and the integration time was set to 500 s. The
spectra were collected from a spot of approximately 1 um in diameter. All the
Raman spectroscopy measurements were performed by Dr. Martynas
Talaikis from the Department of Organic Chemistry, FTMC.

THz absorption spectra were measured using Terahertz time domain
spectroscopy system T-SPEC 800 (Teravil). The obtained THz signals were
averaged 256 times to obtain the final signal. All the THz spectroscopy
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measurements were performed by Dr. Daniil Pashnev together with
Dr. Irmantas Kasalynas and Dr. Andzej Urbanovi¢ from the Department of
Optoelectronics, FTMC.
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4. RESULTS AND DISCUSSION

4.1. Concentration quenching of fluorescence in phthalocyanine
chloroform solutions

4.1.1. Initial remarks

This section is dedicated to the analysis of concentration-induced changes
in the electronic properties of free-base and zinc-substituted phthalocyanine
solutions. Varying molecular concentration of both 2,9,16,23-tetra-tert-
butyl-29H,31H-phthalocyanine [TTBPc; Molecular Formula is CagHsoNs;
Figure 4.1 (a)] and zinc 2,9,16,23-tetra-tert-butyl-29H,31H-
phthalocyanine [ZnTTBPc; Molecular Formula is CssHagNsZn; Figure 4.1
(b)] by two orders of magnitude from 0.1 mmol/L (mM) to 10 mM we
investigated steady-state properties, i.e., absorption and fluorescence (FL), as
well as FL decay kinetics, and examined changes with the increase in
concentration.

CugHsoN; CysHagNgZn

@BP@ 5 (ZnTTBPc)
,é A\ %7( .

Figure 4.1. Molecular structures of (a) TTBPc and (b) ZnTTBPc
phthalocyanines. Adapted from [Paper Al], with the permission of AIP
Publishing.

4.1.2. Short overview of phthalocyanine compounds applications and
properties

Phthalocyanines are structural relatives of chlorophylls — natural plant
pigments responsible for light harvesting in photosynthesis [1]. Therefore, one
of the most straightforward fields of applications of phthalocyanine
compounds is light-to-energy conversion systems, namely mimicking natural
photosynthesis [59,98,99] and/or as components of artificial photosynthetic
architectures [2,100], as well as organic photovoltaics devices [101]. In
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addition, phthalocyanines nowadays have shown potential in optoelectronics
[102-105], ecology due to their ability to purify water via generating singlet
oxygen species [106], as well as in biomedical applications, for example, as
photosensitizers in photodynamic cancer therapy [107] and in cardiology
[108]. All these applications result in the growing interest and detailed study
of the photophysical properties of different phthalocyanine compounds under
different conditions [18,27,37,109-112].

Additionally, both free-base and metal phthalocyanines are known to
exhibit aggregates formation with molecular concentration increase and,
hence, aggregation-induced changes in electronic spectra [27,112,113].
Therefore, nowadays phthalocyanine compounds are widely used as model
systems for observing and studying different photophysical effects, such as
guenching of fluorescence and/or excitation energy migration
[18,19,100,114]. Tamosiunaité, etal. [18] described concentration
guenching (CQ) of fluorescence for ZnTTBPc spin-coated thin films,
however concentration-dependent fluorescence dynamics in phthalocyanine
solutions as well as photophysical processes governing CQ remain
undescribed, which is crucial for present and possible future applications.

4.1.3. Steady-state absorption and fluorescence of TTBPc and ZnTTBPc

Phthalocyanine monomeric compounds demonstrate two intense
absorption bands, namely Soret or By and B, bands (S, — S;and S, = S,
electronic transitions) in the blue region of the spectrum, and two intense Qx
and @, bands (S, — S;andS, — S, electronic transitions) in the red region
of the spectrum. This splitting happens due to different x- and y-polarizations
of transition dipole moments. However, in the case of metal phthalocyanines
an increase in symmetry from Day point group to Dan point group leads to
electronic bands degeneracy and, consequently, for metal phthalocyanines one
can observe two (single B-and single @-bands) intense electronic bands with
low intense vibronic features [109,113].

Figure 4.2 (a, b) illustrates normalized to unity steady-state absorption
spectrum of zinc  2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine
(ZnTTBPC) and 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine
(TTBPc) at different molecular concentrations. Since the core part of this part
of the work is the analysis of concentration dependent fluorescence properties
of phthalocyanine compounds, we present absorption spectra only at the Q-
band region of the spectrum, which is usually the only electronic excited state
responsible for fluorescence, according to Kasha'’s rule [31]. ZnTTBPc
exhibits ~680 nm @-band absorption over the entire range of the studied
concentrations. It is worth noting that with the increase in molecular
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concentration a subtle increase in bandwidth as well as in low intense vibronic
bands are observed. Absorption spectra of TTBPc samples at the same set of
molecular concentrations exhibit two non-degenerate peaks at approximately
664 nm (@,-band) and 701 nm ( Q«-band). In addition to two intense electronic
peaks, free-base TTBPc has a strong vibronic band at 640 nm. Interestingly,
the relative intensities of both the 640 nm and 664 nm absorption peaks
monotonically increase upon increase in molecular concentration. Tolbin,
et.al. [115] attributed the similar relative increase in intensities of clamshell-
type phthalocyanine ligands to the formation of H-aggregates. Since
ZnTTBPc exhibits similar dynamics, but in a weaker manner, the observed
changes in its spectra might also be explained by the formation of H-
aggregates, albeit to a lesser extent than in a free-base TTBPc case.

(@) |znTTBPC —o1mM (B)  [r7BPC —0imM
] 0.3 mM 1 0.3 mM
8 — 1 mM 8 w— 1 mM
C10— —3 mM C10— —3 mM
8 —_—10 mM g 10 mM
[ [
o I}
(73] (0]
O 0
© ©
= 0.5 s 0.5+
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Figure 4.2. The normalized @-band electronic absorption spectra of (a) ZnTTBPc
and (b) TTBPc. Normalized to the maximum steady-state fluorescence spectra of (c)
ZnTTBPc and (d) TTBPc. For all the FL spectra A,,. =375 nm. The set of molecular
concentrations is [0.1 mM, 0.3 mM, 1 mM, 3 mM, 10 mM]. Adapted from [Paper A1],
with the permission of AIP Publishing.

51



In Figure 4.2 (c, d) normalized to unity FL spectra of ZnTTBPc and
TTBPc chloroform solutions measured across all the set of concentrations are
presented. ZnTTBPc FL spectrum exhibits single dominating peak which is
shifted from 684 nm (4 nm Stokes shift, see Table 4.1.) for the lowest
concentrations (0.1 mM and 0.3 mM) to 687 nm (8 nm Stokes shift, Table
4.1.) for the highest 10 mM concentration. It is difficult to assign precisely the
origin of the observed shift of FL band: on the one hand it can be caused by
subtle manifestation of reabsorption effect [20], on the other hand the
formation of some FL species leading to red shifted FL spectrum (such as
small amount of J-type aggregates [53] present within the system) cannot be
completely excluded based on only steady-state spectra evolution. It is worth
mentioning that Tamosiunaite, et.al. [18] detected similar 3 nm shift of FL
band of ZnTTBPc spin-coated films with the increase in molecular
concentration, while ODs were relatively small. Similarly to ZnTTBPc,
TTBPc also exhibits single-peak dominating FL spectrum centered at 704 nm
(3 nm Stokes shift, Table 4.1.) for all the concentrations except 10 mM having
single peak at 705 nm and, consequently, 4 nm Stokes shift. Relative
intensities of vibronic features in TTBPc FL spectrum, as well as in ZnTTBPc
spectrum, remain unchanged with the increase in concentrations.

Table 4.1. Q-bands absorption peak positions, optical densities at the maximum and
fluorescence peak positions of TTBPc and ZnTTBPc solutions in chloroform across
0.1-10 mM concentrations range. Adapted from [Paper A1], with the permission of

AIP Publishing.
Conc, TTBPc ZnTTBPc
mM
Abs OD at FL peak, Abs OD at FL peak,
peaks, 701 nm  nm peaks, 680 nm  nm
nm (Stokes nm (Stokes
shift, nm) shift, nm)
0.1 640, 664, <0.01 704(3) 613, 648, <0.01 684(4)
701 680
0.3 637,664, 0.04 704(3) 613,648, 0.01 684(4)
701 680
1 637,664, <0.01 704(3) 613, 647, <0.01 685(6)
701 679
3 637,664, 0.04 704(3) 613, 648, 0.09 685(6)
701 679
10 637,664, 0.06 705(4) 613, 647, 0.13 687(8)
701 679
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4.1.4. Concentration-dependent FL decay kinetics of TTBPc and
ZnTTBPc

Figure 4.3. illustrates normalized FL decays of TTBPc and ZnTTBPc
chloroform solutions at 0.1 — 10 mM concentrations range. Both compounds
exhibit similar behavior with the increase in concentration, i.e., monotonic
decrease in the average FL lifetimes (see Table 4.2). Firstly, at low
concentrations (0.1 mM and 0.3 mM) both compounds have mono-
exponential decays with the FL average lifetimes equal to 5.68 ns and 5.43 ns
for TTBPc, respectively, as well as 3.20 ns and 3.06 ns for ZnTTBPc,
respectively (average lifetimes obtained from exponential fits can be found in
Table 4.2.). With further increase in concertation decays exhibit faster bi-
exponential profiles (1 mM TTBPc solution exhibits FL decay with the
average lifetime equal to 3.10 ns, while 1 mM ZnTTBPc has 1.25 ns decay).
High concentrated solutions, i.e., 3mM and 10 mM, exhibit even faster decays
with 1.64 ns and 0.20 ns for TTBPc, respectively, as well as 0.58 ns and 0.27
ns for ZnTTBPc, respectively. The kinetics of 3 mM TTBPc solution is
somewhat well described by bi-exponential decay, while three exponents are
required to fit ZnTTBPc FL decay Kinetics at the same concentration.
However, this monotonic increase in the number of required exponents is
broken when it comes to 10 mM samples. In case of TTBPc¢ second
exponential component has an amplitude equal to 8%, almost approaching
mono-exponential profile, while 10 mM ZnTTBPc kinetics requires two
exponents, in contrast to triple-exponential decay for 3 mM sample. This
probably can be explained by the fact that these 10 mM Kkinetics almost
approach IRF profile and, possibly, real decay components are faster than the
detection limit of the setup.

However, the observed decay behavior can be described using stretched-
exponential decay:

K(¢t) = a-exp[-(t/D"], (4.1)
with average FL lifetime 7, evaluated as follows:
tw=1-T(1+1), (42)

In these formulas  is an optimized lifetime, b is a stretching parameter and
I'(+) is a gamma-function.
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Figure 4.3. Experimental FL decay kinetics (dots) of TTBPc and ZnTTBPc solutions
in chloroform, measured across 0.1 mM — 10 mM range of concentrations at 703 nm
and 685 nm, respectively. All the samples were excited using 375-nm laser. Black and
light grey lines represent the fits using the stretched-exponential function (Eq. 4.1)
and the single donor, surrounded by infinite number of acceptors model (DA model,
Eq. 4.3), respectively. All the kinetics are shifted by the factor of 102. For clarity, at
the bottom of each graph the laser IRF as well as its approximation with Eq. 3.1 are
presented. Adapted from [Paper Al], with the permission of AIP Publishing.

10+

The obtained fits are presented as black lines in Figure 4.3, while Table
4.2 contains fitting parameters. The evolution of stretching parameter b from
1 for low-concentrated samples to 0.5 for the highest concentrations (see Table
4.2) represents monotonic changes from mono-exponentiality to multi-
exponentiality in time-resolved behavior of the system. It is worth mentioning
that the similar b-parameter evolution with the increase in molecular
concentration of the ZnTTBPc spin-coated thin films was obtained by
Tamosiunaite, et.al. [18]. However, this evolution does not provide any
physical insights into the origin of the CQ phenomenon in phthalocyanine
compounds. Therefore, in the following section deeper analysis of the
observed changes in FL decay kinetics is provided.

54



Table 4.2. Lifetimes, relative amplitudes and average lifetimes of FL decay kinetics
of TTBPc and ZnTTBPc chloroform solutions obtained from multi-exponential fits as
well as the parameters of the stretched-exponential fits with Eq. 4.1 and their average
lifetimes computed with Eq. 4.2. Adapted from [Paper Al], with the permission of AIP
Publishing.

Conc, Exponential decay Stretched exponential decay
mM 71, NS T, NS 73,NS  Tay, NS T b T NS
TTBPC
0.1 5.68
(100%) 5.68 5.59 0.97 5.66
0.3 5.43
(100%) 5.43 5.29 0.95 5.40
1 3.76 1.61
(69%) (31%) 3.10 2.86 0.89 3.03
3 201 0.51
(75%)  (25%) 1.64 150 085 1.63
10 0.70 0.15

(8%) (92%) 020 005 050 010

ZnTTBPc
0.1 ?if)?)%) 320 326  1.02 322
03 ?igg%) 306 305 099  3.06
1 , 61;2) ?39;@ | 125 111 077 129
10 0.64 0.13

(25%) (75%) 0.27 0.09 0.50 0.17

4.1.5. CQ in ZnTTBPc and TTBPc due to excitation energy migration to
trap species

The observed concentration-dependent picture, i.e., no significant
changes in both steady-state absorption and FL spectra, and decrease in FL
lifetimes as well as monotonic transition from mono-exponential decay to
multi-exponential one, is less likely to occur due to the presence of multiple
emissive species, such as monomers exhibiting long-lived FL and aggregates
having short one. In such a case one would observe constant bi-exponential
decay with the same decay components and different amplitudes over the
entire concentration range. In our case lifetime components, as well as
amplitudes, exhibit chaotic values across all the concentrations, making bi-
exponential decay suitable mathematical model to describe the detected
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Kinetics, but not physical one. Such bimolecular reactions, as either excimer
formation or collisional quenching, cannot somewhat reasonably describe the
observed CQ picture. Usually, these quenching mechanisms can be detected
at nanosecond timescales [116,117], but in our case FL lifetimes of high
concentrated samples are 0.1 — 0.3 ns (see Table 4.2).

Therefore, most likely these phthalocyanine solutions have the only
dominant FL species at all the concentrations and CQ happen due to excitation
energy migration from monomeric species to excitation traps.

To verify this assumption the simplest possible model of the Forster-like
energy transfer between two species can be applied, i.e., single donor
surrounded by infinite number of acceptors (DA) model:

¢ £\1/2
P(t) = exp [— L-(3) ] 4.3)
This formula represents the probability P(t) of a donor species being excited
after time t, while t, is an intrinsic FL lifetime of a donor species, as well as
15 = 9/(16m3Cn3) represents characteristic decay time due to excitation
traps; ny here is a mean acceptor concentration. This equation is adapted from
the Eq. 2.15 for the three-dimensional geometry.

The fits of the experimental kinetics with the DA model are presented in
a Figure 4.3 with light grey lines. Table 4.3 represents Tz parameter values. It
was assumed that the solutions of the lowest concentration of both compounds
are pure monomeric, hence do not contain any trap species. Therefore, FL
lifetime of donor species 7,4 can be fixed for both compounds as a FL lifetime
obtained from mono-exponential fits of the 0.1 mM samples. The ‘o’ values
at 0.1 mM, i.e., lowest concentrations, indicate the absence of quenching. At
the same time, at the highest concentrations t being equal to approximately
0.1 ns indicate the prevalence of the excitation migration processes via FRET
to non-emitting traps. The intermediate concentrations exhibit monotonic
decrease in tz values with the increase in concentrations indicating sequential
enhancement of the quenching.

The provided analysis allows to explain the observed concentration-
dependent changes in FL decay kinetics in terms of excitation migration from
monomeric phthalocyanine species to excitation traps. However, the
molecular origin of these traps remains unclear. In principle, phthalocyanine
compounds due to their planar structure are known to form H-aggregates [27].
As discussed previously (see Section 2.2.3), H-aggregates can serve as
excitation trap species usually being almost non-fluorescent [53]. To verify
this assumption Dr. Andrius Gelzinis and Darius Likandrovas in the [Paper
A1] performed quantum chemical calculations of the structures and electronic
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transition dipole moments of both monomeric and dimeric structures of
TTBPc and ZnTTBPc compounds (see Figure 4.4 and Table 4.4).

Table 4.3. 7 values, obtained by fitting FL decay kinetics of TTBPc and
ZnTTBPc chloroform solutions with DA model using Eqg. 4.3. Reprinted from
[Paper Al], with the permission of AIP Publishing.

Concentration, Tg, NS

mM TTBPc ZnTTBPc

0.1 00 o0

0.3 1189 691
1 6.35 1.66
3 1.28 0.50

10 0.05 0.11

TTBPc D1 TTBPc D2 ZnTTBPc D1 ZnTTBPc D2  ZnTTBPc D3

Ax =2.339 Ax =-0.185 Ax =2.5%4 Ax = 0.080 Ax = 1.411
Ay =2.591 Ay = 0.063 Ay =2.467 Ay =0.247 Ay = 1.532
Az =3.298 Az =3.356 Az =3.428 Az =3.409 Az =3.023

Figure 4.4. The upper panel presents top views of the molecular structures of
TTBPc and ZnTTBPc H-dimers. The middle panel presents side views of the
corresponding structures. The lower panel shows the relative displacements
of the corresponding monomers along the x, y and z axes. The initial H-dimer
structures — prior to optimization — were generated by placing the two
monomers on top of each other with a relative orientation of 0° or 45° about
the z axis. All the structures were optimized at the LC-BLYP/6-31G(d) level of
theory using the GaussView program. Reprinted from [Paper Al], with the
permission of AIP Publishing. / Computations were performed by Dr. Andrius
Gelzinis and Darius Likandrovas (both FTMC).
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And indeed, the calculations show that both compounds can form stable
H-type dimers, namely there are three stable H-type dimer geometries for
ZnTTBPc and two stable H-type geometries for TTBPc (see Figure 4.4). The
details of quantum chemical calculations can be found in the [Paper Al] and
its supplementary material, while here the main trends are provided. Firstly,
both TTBPc and ZnTTBPc exhibit similar transition energies E; — Eo (see
Table 4.4) at monomeric and dimeric configurations, which supports the
assumption of possible monomer — H-dimer Forster energy transfer. Secondly,
monomers of both compounds exhibit higher (from approximately 3 to
approximately 10 times) transition dipole moments to the first electronic
excited states than H-dimers (see Table 4.4). This probably does not make the
obtained dimeric structures to be ideal optically dark, but suggests significant
decrease in FL quantum yield (QY) of these species compared with
monomers.

Table 4.4. The transition energy to the first electronic excited state E; — Eo,
and the corresponding electronic transition dipole moment p,_,; for each of
the monomeric (M) species as well as the obtained stable dimers (D1, D2, D3)
structures. All the computations were performed using Time-Dependent
Density Functional Theory with LC-BLYP functional. Adapted from [Paper
A1], with the permission of AIP Publishing. / Computations were made by Dr.
Andrius Gelzinis and Darius Likandrovas (both FTMC).

Compound E; — Ey,cm™ Uo—1, D
TTBPc
M 17087 9.4
D1 16455 1.8
D2 14066 2.5
ZnTTBPc
M 14065 10.5
D1 13986 3.7
D2 11984 0.6
D3 14595 1.0

4.1.6. Current limitations and unresolved questions

Although the provided analysis enables complete description of CQ
picture in phthalocyanine solutions, it has several limitations and leaves
unresolved questions.
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Firstly, it does not allow to evaluate Forster radius R of monomer — H-
dimer system. In such a case for precise Ry computation exact concentration
of acceptor species is required, but in our case, it is impossible to estimate it
somewhat precisely. In principle, dependence of the concentration of acceptor

1/2
/Oan.

species ny on quenching parameter tp is known, namely being 7,
Therefore, it might still be useful to analyze dependence of 7z quenching
parameter (see Table 4.3) on the molecular concentration of the solution (see
Figure 4.5). The obtained dependence is almost linear for the lowest
concentrations, while exhibit significant deviations from linearity for 10 mM
samples. This observation supports the proposed CQ mechanism, i.e., energy
migration to H-dimers, but additionally suggests some additional
intermolecular processes happening at high concentrations, such as formation
of higher aggregates. It should be noted, that the evaluated R would indicate
the efficiency of excitation energy migration in this system and, consequently,
the efficient FL quenching distance, making this knowledge crucial for
practical purposes.
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Figure 4.5. Dependence between the parameter T;”Z and molecular

concentration of the ZnTTBPc and TTBPc chloroform solutions. Adapted
from [Paper A1], with the permission of AIP Publishing.

Additionally, it would be interesting to compare the observed CQ pictures
in solutions and spin-coated thin films [18]. Interestingly, in Ref. [18] simple
DA model (Eg. 2.15) did not describe FL decay kinetics of ZnTTBPc thin
films somewhat precisely, therefore more complicated model taking into
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account back transfer from traps to donor species had to be applied. It
obviously states the difference in intermolecular processes in solutions and
films, and, consequently, possible different efficiency in aggregates
formation, however it is impossible to state this clearly at the current level of
knowledge.

4.1.7. Summarizing remarks

i) The present section explores concentration quenching of fluorescence
in the chloroform solutions of ZnTTBPc and TTBPc. Both compounds exhibit
the same CQ dynamics. Steady-state spectra, i.e., absorption and fluorescence,
of both compounds remain unchanged, while monotonic acceleration of decay
Kinetics as well as change from mono-exponential decay to multi-exponential
one is observed. To explain these dynamics the simple model of excitation
migration from donor to acceptor species was employed, while quantum
chemical calculations suggested that the acceptor species, i.e., excitation traps,
are H-aggregates of the compounds.

ii) The results of this study were published in [Paper Al] and presented
at the following conferences: [Conferences C1, C2, C4, C7, C11, C13, C14].

iii) The provided findings led to the first statement of the thesis:

Phthalocyanine solutions in chloroform exhibit concentration
guenching of fluorescence, governed by FoOrster-type excitation energy
migration from monomeric species to H-dimers. It manifests only in the
time-resolved fluorescence decay kinetics through their monotonic
acceleration and a smooth transition from mono-exponential to non-
exponential decay with increasing concentration, making this technique the
most efficient way to observe and study such type of the phenomenon.

4.2. Morphology-induced changes in FL properties of trans-
stilbene thin films

4.2.1. Initial remarks

This section explores morphology-induced spectroscopic changes in
trans-stilbene [TS; C14H12; Figure 4.6 (a)] spin-coated thin films. Varying both
mass concentration of TS with respect to polystyrene (PS) matrix from 0.5%
to 80%, as well as the thickness of the film from 45 nm to 670 nm, we explored
the spectroscopic features of TS disordered aggregates as well as highly
structured mono-crystallites (single crystals), applying atomic force
microscopy (AFM), coherent anti-Stokes Raman scattering (CARS)
microspectroscopy, as well as such electronic spectroscopy techniques, as
steady-state Uv/vis absorption, FL excitation spectroscopy, steady-state FL
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and FL decay kinetics. To get deeper insight into morphology-induced
changes in optical properties, global analysis via non-negative matrix
factorization (NNMF; Eq. 3.2) was applied to both steady-state FL and FL
decay kinetics.

4.2.2. Short overview of stilbene compounds applications and properties

Stiloene is an organic compound with structural formula
CsHsCH=CHCsHs (C14H12). The most well-known feature of this compound
is photochemical trans-cis photoisomerization (Figure 4.6) [118-120], which
occurs under ultraviolet light in gas and liquid phases. Cis-stilbene (CS)
nowadays serves as a useful model system to study ultrafast dynamics of
photoisomerization, e.g., Wang, et.al. [121] observed vibrational coherences
during photoisomerization of both gas and liquid CS. At the same time, such
isomerization is less likely to occur in a solid state due to steric constraints
[13,36,122], with trans-sterecisomer being more stable. TS can be applied in
sensing and screening [14], for UV-irradiation detection[123,124] or for
neutron irradiation detection [125-127].

TS has been widely characterized across infra-red [128,129] and
Uv/visible [13,36,130] regions of spectrum. It should be noted, that the
findings creating basis of this thesis increased the characterization range of TS
molecules to THz [Paper A3] spectral region. It is worth mentioning that
[Paper A3] showed that TS, being non-polar molecule, is an ideal candidate
to be a model system for studying pure non-covalent, i.e., van der Waals,
interactions between two-dimensional materials and organic compounds
adsorbed on them (see Section 4.3 for details).

C14H12
(a) trans-stilbene (b) cis-stilbene
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Figure 4.6. Chemical structures of a) trans- and b) cis-stilbene compounds.
Adapted from [Paper A2] under the CC BY 4.0 license. /Chemical structures

were drawn using GaussView program by Dr. Mindaugas Macernis (Vilnius
University).
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TS stable thin films has been recently characterized by the means of SEM
[13] and XRD [131]. Karpicz, et.al. [13] observed that increasing of TS
concentration relative to the polymer matrix in a thin film leads to TS
molecules clusterization and significant changes in FL spectra. However
precise three-dimensional morphology of such films as well as dynamics of
optical properties governed by the changes in morphology with concentration
and thickness increase remain underexplored, while this knowledge might
help to manipulate the structure and properties of TS films, which might be
useful for various applications.

4.2.3. Structural transitions in TS thin films observed via CARS and
AFM

Before analyzing possible morphology-induced changes in optical
properties of TS thin films, it is necessary to explore films’ morphology itself.
Figure 4.7 presents CARS microscopy images in false colors,
corresponding spectra at several points and polarization-resolved spectra. For
comparison, films of the same thickness, namely 670 nm, were examined by
CARS [Figure 4.7 (a—c)], and additionally for the highest concentration of
80% an intermediate thickness [Figure 4.7 (d)] was measured with CARS
microspectroscopy. All the films exhibit similar CARS spectra with two
intense vibrational bands centered at approximately 1600 cm™ — 1605 cm™®
and 1645 cm™* — 1650 cmt, predominantly associated with C-H bending and
C=C double-bond stretching, respectively [Paper A2]. CARS microscopy
revealed formation of the um-sized TS clusters for 60% and 80% films (see
Figure 4.7). However, CARS microscopy of 20% TS film exhibits just
constant background, either due to low signal or due to very small for being
resolved size of TS clusters. To get deeper insight into the structure of the
films, polarization-resolved measurements were applied. These measurements
may help reveal the molecular ordering of a sample. A highly ordered
molecular system would exhibit the following dependence between the
intensity of CARS signal 1(¢ARS) and polarization angle 8 [132]:
[(CARS) o c0s© 6. (4.4)
All the detected polarization-resolved curves were fitted using Eq. 4.4.
The signal from 20% TS sample cannot be fitted with this equation, indicating
that this film most-likely consist of unstructured TS species: TS monomers,
aggregates or their combination; while highly concentrated films — both 60%
and 80% — exhibit spectra which can be well approximated with cos® 8 and,
consequently, contain highly ordered structures — most likely pum-sized TS
single crystals. Taking into account both microscopy images and the quality
of the fits with the Eq. 4.4, it can be stated that TS film of 80% concentration
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and 670 nm thickness [Figure 4.7 (c)] consist mainly of TS single crystals,
while films of both lower TS concentration [60%; Figure 4.7 (b)] and
thickness [TS 80% 175-nm film; Figure 4.7 (d)] contain both highly-ordered
single crystals and disordered aggregates and/or TS polycrystals which are
partially disordered.
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Figure 4.7. The left panel presents CARS microscopy images (false colors) of
TS thin films with different concentrations and thicknesses, recorded at 1600
cm™. The middle panel presents CARS spectra measured at the selected points.
The spectra contain two Raman-active vibrational bands: one centered at
1600 cm™— 1605 cm™ (dominated by C—H bending vibrations), and the other
at approximately 1645 cm® — 1650 cm™ (dominated by C=C stretching
vibrations). The right panel shows polarization-resolved CARS spectra of
different TS films measured at the corresponding points. Reprinted from
[Paper A2] under the CC BY 4.0 license. / CARS measurements were
performed by Dr. Andrej Dementjev (FTMC).
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Atomic force microscopy (AFM) was applied i) to measure the
thicknesses of the studied films and ii) to probe the films’ surface. Figure 4.8
(a) demonstrates surface topography of TS films of different concentrations
and thicknesses. AFM reveals the following feature of TS self-organization,
i.e., aggregates (TS 80% 45-nm film) and highly-ordered crystals (TS 80%
670-nm film) are formed on the films’ surface. Comparison of CARS and
AFM images of 0.5% TS sample suggests absence of (dis-) ordered structures
both at the film’s surface and throughout its volume.
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Figure 4.8. a) 30 um x 30 um AFM surface scan of TS thin films. b) The
height of the TS clusters, i.e., the distance from the film surface in the vertical
direction along the red line shown in a). ¢) 30 um x 30 um CARS images of
the same films. Reprinted from [Paper A2] under the CC BY 4.0 license. /
AFM measurements were performed by Dr. Marija Jankunec (Vilnius
University), while CARS measurements were performed by Dr. Andrej
Dementjev (FTMC).
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Altogether, these findings suggest smooth transition from monomeric
(pure molecular) morphology of TS films for the lowest concentration to the
films consisting predominantly of disordered TS aggregates at the
intermediate concentrations, and, finally, to the morphology which is
dominated by the highly ordered TS monocrystals at the highest
concentration. Additionally, it can be stated that the films’ thickness regulates
the amount and the size of these crystals (see Figure 4.7).

4.2.4. Steady-state electronic spectroscopy of TS thin films

Karpicz, et.al. [13,36] described electronic properties of TS compounds
for both spin-coated thin films and bulk samples. It was stated, that trans-cis
photoisomerization might still play an important role in photophysics of low
concentrated — predominantly molecular — TS thin films, while with an
increase in molecular concentration of TS thin films bulky species are formed
and photoisomerization does not happen due to steric constraints. It was
reported [13], that steady-state FL spectra of TS thin films exhibit red shifts
with an increase in molecular concentration, while (normalized) electronic
absorption spectra remain unchanged.

Figure 4.9 shows optical spectra, namely Uv/vis absorption, FL excitation
and FL emission, varying both molecular concentration of TS at the fixed
thickness of the films [see Figure 4.9 (a)], as well as the thickness of the film
at the fixed molecular concentration of TS with respect to polystyrene (PS)
matrix [see Figure 4.9 (b)]. Similarly to previous studies [13], normalized
absorption, i.e., absorption bands positions, remain almost unchanged with the
increase in concentration (see Figure 4.9 and Table 4.5). Increase in films’
thickness also does not influence absorption shapes; increase in both
concentration and thickness lead only to increases in ODs (see Table 4.5).

Increase in molecular concentration from 0.5% to 80% at a fixed 175 nm
film thickness also does not influence FL excitation spectra [orange lines in
the Figure 4.9 (a)], however FL excitation spectra corresponding to the highest
thickness sample [TS 80% 670-nm film; see Figure 4.9 (b)] exhibit significant
deviations from the electronic absorption spectrum. Most probably, the
intense peak at the reddest region of the FL excitation spectrum (344 nm; see
Table 4.5) of this sample originates from TS single crystal phase. This
assumption can be supported by the structural analysis provided in the
previous section (CARS and AFM images in the Figures 4.7 and 4.8).
Therefore, the deviations from the corresponding electronic absorption
spectrum might mean that this crystal-attributed band is optically dark.
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Figure 4.9. a) Uv/vis absorption spectra (blue lines), FL excitation spectra
(orange lines) and FL spectra (dark teal lines) of 175-nm thick TS thin films
at different TS concentrations. b) Uv/vis absorption spectra (blue lines), FL
excitation spectra (orange lines) and FL spectra (dark teal lines) of 80% TS
thin films at different film thicknesses. For all the FL measurements 300 hm
diode was used as an excitation source. Reprinted from [Paper A2] under the
CC BY 4.0 license.
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In contrast to steady-state absorption, FL spectra exhibit pronounced
changes with both increase in concentration and thickness of the film. When
TS concentrations are relatively small (0.5%, 10% and 20%) FL spectrum
exhibit 3 bands with the most intense one centered at 353 — 355 nm (see Figure
4.9 (a) and Table 4.5). At high concentrations (60% and 80%) the dominating
peak is shifted to 360 — 361 nm and, additionally, one can observe
redistribution in relative intensities of the two remaining peaks [see Figure 4.9
(a)]. At the lowest concentration bluest peak (336 nm) is more intense than the
reddish one (372 nm), while at the intermediate concentrations the intensities
of these peaks (340 nm and 374 — 375 nm, respectively) become almost equal,
and with the further increase in concentration up to 80% the reddish FL peak
(380 nm) becomes more intense. These features, supported by the microscopy
results, may indicate that at the lowest (0.5%) and highest (60% and 80%)
concentrations FL spectra are dominated by different TS species —most likely
TS monomers and crystallites, respectively. Similar shifts from 359 nm to 361
nm of the dominating FL band can also be observed when increasing a
thickness of the film at the fixed 80% concentration. However, relative
intensities of bluest and reddish bands remain the same, while their positions
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are shifted to the blue direction with an increase in a thickness. This most
likely suggests, that these films have the same dominating FL species — TS
crystallites — while films of lower thicknesses might also contain some amount
of TS aggregates.

Table 4.5. Characteristics of steady-state absorption and FL emission
spectra, as well as FL excitation spectra of TS at different concentrations and
films’ thicknesses. Adapted from [Paper A2] under the CC BY 4.0 license.

TSconc. Film Absorption OD at FL FL

in PS, thickness, bands,nm 300 nm Excitation bands,

9% wit. nm bands, nm nm

0.5% 175 300, 0.02 299, 313, 336, 353,
313,328 327 372

10% 175 289, 299, 0.17 290, 299, 340, 354,
313, 328 313, 327 374

20% 175 289, 300, 0.30 299, 313, 340, 355,
313, 328 327 375

60% 175 290, 300, 0.38 299, 313, 341, 360,
313, 329 327 380

80% 45 288, 300, 0.11 288, 300, 339, 359,
314, 328 314, 327 376

80% 75 290, 300, 0.29 290, 299, 341, 360,
314, 328 313, 327 376

80% 175 291, 300, 0.68 290, 300, 342, 360,
315, 329 315, 328 380

80% 300 291, 301, 0.76 299, 313, 347, 360,
315, 329 328 380, 404

80% 670 290, 300, 1.53 300, 314, 347, 361,
314, 329 330, 344 380, 405

4.2.5. FL decay kinetics of TS thin films

Figure 4.10 (a) and (b) represents FL decay kinetics of TS spin-coated
films, while Table 4.6 contains the main characteristics of these decays. The
film of the lowest concentration exhibits mono-exponential decay with FL
lifetime being equal to 0.71 ns (see Table 4.6). Mono-exponential origin of
the kinetics remains at the intermediate concentrations (10% and 20%),
however the lifetimes are significantly shorter (approximately 0.30 ns)
compared with that of the 0.5% sample. Similarly to our results, Karpicz, et.al.
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[13] observed CQ of FL for low concentrated TS thin films. However, CQ
picture in the case of TS thin films differs from the one exhibited by
phthalocyanine solutions (see section 4.1 and [Paper Al]): in contrast to
phthalocyanine case, all the discussed kinetics of TS exhibit mono-
exponential decay. Therefore, most likely FL decay kinetics of 0.5% TS and of
10% as well as 20% are dominated by different species. Taking into account
the results of the steady-state FL and CARS as well as AFM microscopies,
these species most likely are pure TS molecules and disordered aggregates,
respectively. These assumptions suggest that the static quenching mechanism
is predominant in this case. However, it should be noted, that kinetics of 10%
and 20% samples almost approach IRF profile, therefore they might exhibit in
reality even faster decay components, than the detection limit of the setup.

The subsequent increase in a molecular concentration (60% and 80% 175-
nm TS films) of TS results in a slower (average lifetimes are 0.48 ns and 0.90
ns, respectively) bi-exponential FL decay. Interestingly, both kinetics have a
fast component (0.19 ns and 0.51 ns, respectively) with relatively high
amplitudes (80% and 61%, respectively; see Table 4.6) and almost the same
slow component with a ~1.6 ns lifetime (see Table 4.6). These results are
consistent with the steady-state FL spectroscopy and AFM and CARS
microscopies, suggesting presence of the disordered aggregates within the
films and highly-ordered TS crystals exhibiting longer FL.
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Figure 4.10. FL decay kinetics of TS spin-coated thin films at the fixed a)
thickness (175 nm) and b) concentration of the film (80%). 4., = 300 nm.

The thinnest sample (45 nm) at the 80% of TS concentration exhibit bi-
exponential decay with an average FL lifetime equal to 0.48 ns. The consistent
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increase in the film’s thickness from 75 nm to 670 nm results in monotonic
increase in the average FL lifetime values from 0.69 ns for 75-nm film to 1.60
ns for 670-nm film. Additionally, the thickest 670-nm film exhibit pure mono-
exponential FL decay, while all the rest samples, i.e., thinner films, at 80% of
concentration exhibit bi-exponential FL decay with faster (from 0.19 ns to
0.51 ns) to slower (1.48 ns — 1.65 ns) components, and at the same time with
an increase in thickness of the film an amplitude of the faster component
decreases, while that of slower one increases. This decay dynamics suggests
the presence of two FL species, namely these two components in the FL decays
can be attributed to the disordered TS aggregates and TS single crystals. It is
hard to explain differences in the values of the fast components, which varies
from 0.19 ns to 0.51 ns (see Table 4.6). It might be the case, that the thickness
of the film affects size of the formed aggregates and, consequently, larger
aggregates might exhibit longer fluorescence lifetimes.

Table 4.6. Characteristics of the mono- and bi-exponential FL decays of TS
thin films. Adapted from [Paper A2] under the CC BY 4.0 license.

TS conc. Film e, MM 71,NS$(%) 72, NS (%) 7av, NS

in PS, % thickness,

wt. nm

0.5% 175 353 0.71 0.71
(100%)

10% 175 355 0.26 0.26
(100%)

20% 175 357 0.28 0.28
(100%)

60% 175 361 0.19 1.65 0.48
(80%) (20%)

80% 45 360 0.30 1.68 0.48
(87%) (13%)

80% 75 361 0.38 1.62 0.69
(75%) (25%)

80% 175 361 0.51 1.50 0.90
(61%) (39%)

80% 300 361 0.51 1.48 1.12
(36%) (63%)

80% 670 361 1.60 1.60

(100%)
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4.2.6. Observation of structural transitions via global analysis of FL
spectra and kinetics

The observed monotonic changes in both steady-state FL and FL decay
kinetics, as well as target analysis of FL decay kinetics provided in the
previous section suggest the presence of the several FL species in the TS thin
films: TS monomers, TS disordered aggregates and TS mono-crystals.

The Figure 4.11 represents the results of two-component global analysis
using the non-negative matrix factorization (NNMF; Eq. 3.2) method. Figure
4.11 (a) shows the results obtained for the steady-state FL. To make this global
decomposition algorithm more physically meaningful, it was assumed that the
0.5% 175-nm TS film does not contain either disordered aggregates or highly-
structured crystallites, but rather consists predominantly of pure molecular TS
species, therefore the FL spectrum of this film was fixed and kept unchanged
during the entire algorithm. Table 4.7 shows the weights of the obtained
spectral components presented in Figure 4.11 (a). This analysis allows to
distinguish between only two components, i.e., two FL species. The first one
[golden line in Figure 4.11 (a)], as was stated before, belongs to pure
molecular species and its influence decreases with an increase in TS
concentration. Regarding analysis of the thickness dependent spectra at the
fixed concentration of 80%, the picture is similar. The FL spectrum of the
thinnest film contain 60% of monomers according to the decomposition, and
this amount decreases with an increase in thickness. The second component
[green line in Figure 4.11 (a)] might be attributed to the FL spectrum of TS
crystallites. Interestingly, according to this NNMF decomposition, no spectra
—even 80% 300-nm (87%) and 670-nm (89%) — consist only of crystallite TS
species.

Figure 4.11 (b) shows the results of the decomposition of FL decay
kinetics applying the same technique as was applied for the steady-state FL.
However, in this case two-component decomposition is not so
straightforward. Two components are not enough to adequately fit the entire
set of the kinetics. However, if mono-exponential kinetics of the lowest
concentrated sample (0.5% 175-nm TS film) is excluded from the fit, it
becomes possible to decompose all the remaining Kkinetics into two
components. The first of them is the fast one with the average lifetime equal
approximately to 0.27 ns [blue curve in Figure 4.11 (b)]. This kinetic
component can be attributed to the fast FL of disordered TS aggregates. This
component dominates the kinetics of 10% and 20% 175-nm films as well as
80% 45-nm film. The second — long-lived (1.60 ns) — component [green curve
in Figure 4.11 (b)] may be attributed to the mono-exponential kinetics of TS
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single crystals. Interestingly, none of the kinetics can be completely described
by this component.
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Figure 4.11. Results of the global analysis of a) steady-state FL spectra and
b) FL decay kinetics using multivariate curve resolution via non-negative
matrix factorization (Eq. 3.2). Adapted from [Paper A2] under the CC BY 4.0
license.

Altogether, the presented global analysis via NNMF suggests the
following: steady-state FL spectra has two components — pure monomers and
single crystals — and all the rest spectra contain both features; while time-
resolved FL decay kinetics, in principle, contain three components: pure
molecular, and the components originating from disordered aggregates and
single crystals.
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Table 4.7. Characteristics of the global analysis of the steady-state FL spectra
and FL decay kinetics using multivariate curve resolution via non-negative
matrix factorization (Eq. 3.2).

Steady-state FL FL decay kinetics

TS Film Relative Relative Relative Relative

conc,  thickness, weight of weight of weight of weight of

Yowt. nm monomers, crystallites, aggregates, crystallites,
% % % %

05% 175 100 0

10% 175 73 27 100 0

20% 175 71 29 99 1

60% 175 21 79 39 61

80% 45 60 40 75 25

80% 75 38 62 60 40

80% 175 17 83 50 50

80% 300 13 87 24 76

80% 670 11 89 38 62

4.2.7. Current limitations and unresolved questions

Although the presented results provide deep insights into structural,
surface and optical properties of TS spin-coated thin films, i.e., steady-state
and time-resolved FL properties are governed by monomer — aggregates —
crystallites structural transitions, some questions, especially regarding TS
aggregates, still remain unresolved.

For example, in spite of the fact, that NNMF clearly stated presence of
aggregates-attributed FL components, therefore stating that TS disordered
aggregates are FL species, minor changes in spectra with the increase in
molecular concentration of a compound accompanied by a notable
acceleration in FL decay Kinetics is a classical picture of CQ due to excitation
energy migration to non-fluorescent/weakly-fluorescent traps. Such an
analysis using different energy transfer models could be performed for low
concentrated films exhibiting CQ, however explanatory power of such an
analysis in this case is limited, because the kinetics of 10% and 20% samples
are very fast, almost approaching the IRF profile and it is impossible to extract
the needed temporal components responsible for quenching using simple FL
spectrometer.

In addition, the present analysis does not provide enough information
about the structural properties of low and intermediate concentration, as well
low thickness films — films, which most likely contain TS aggregates of
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different sizes and, probably, shapes. As was shown in Table 4.6, these films
exhibit a fast FL component, whose FL lifetime differs by a factor of
approximately 2.5 between the samples. This difference might be caused by
sizes and/or shapes of different TS aggregates.

4.2.8. Summarizing remarks

i) The present section explores morphology-induced changes in the
optical properties, mainly FL, of trans-stilbene (TS) polystyrene thin films by
varying both TS concentration with respect to the matrix and the thickness of
the film. CARS showed that disordered TS aggregates are formed at low and
intermediate TS concentrations, while highly ordered single crystals are
formed at high concentrations. Via varying thickness of the film, one can
somewhat precisely regulate the relative amount of the formed crystals as well
as their sizes. Global analysis of steady-state FL showed that steady-state
properties are dominated by two components, where the first one originates
from TS molecules and the second can be attributed to TS single crystals.
Time-resolved properties are also mainly determined by two compounds, i.e.,
fast FL of disordered aggregates and the slow FL of TS single crystals. FL
decay of the lowest concentrated sample is fully determined by pure molecular
properties, making molecular-attributed decay the third component.

ii) The results of this study were published in [Paper A2] and presented
at the following conferences: [Conferences C2, C4, C5, C6, C8, C9, C10,
C14, C15].

iii) The provided findings led to the second statement of the thesis:

Trans-stilbene in spin-coated films exhibit monomer — disordered
aggregates — highly ordered single crystallites structural transitions with
an increase in molecular concentration. Both the steady-state fluorescence
spectra and fluorescence decay kinetics undergo smooth and monotonic
changes governed by these transitions, therefore fluorescent properties of
trans-stiloene in thin films can be fine-tuned by sample preparation
conditions.

4.3. Manifestation of van der Waals interaction between trans-
stilbene and hexagonal boron nitride

4.3.1. Initial remarks

This section explores spectroscopic manifestation of the van der Waals
(vdW) interaction between trans-stilbene (TS) and hexagonal boron nitride
(hBN). The selected TS + hBN model system is a suitable one for studying
such type of interactions, because both TS and hBN are non-polar compounds,
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thus suggesting the London dispersion forces being the governing mechanism
of vdW binding between TS and hBN surface. TS and hBN separately, as well
as their mixture with 1:1 mass ratio (see Chapter 3 for sample preparation
details) were studied via THz and Raman spectroscopies to obtain insights
into the manifestation of the interaction at the vibrational level and confirm
the formation of the complex itself. Steady-state FL as well as time-resolved
FL decay kinetics were used to probe the manifestation of vdW interaction at
the electronic level.

To support experimental results Dr. Maksim Shundalau (University of
Salerno) performed DFT-based quantum chemical calculations using two
structural models. The first model (Model 1) describes a single isolated TS
molecule, a Ba7N27His quantum dot (BNQD) and the TS + BNQD vdwW
complex as isolated molecular systems. Empirical dispersion correction [133]
was used for the TS + hBN vdW complex to take into account London
dispersion forces between TS molecule and BNQD. The optimized structures
based on Model | can be found in Figure 4.12. The second structural model
(Model 1) uses periodic boundary conditions to calculate the structure and
properties of an isolated TS molecule, a two-dimensional (2D) hBN
monolayer, a three-dimensional (3D) TS single crystal and isolated TS
molecules adsorbed on a 2D hBN layer. The structures of the latter three
systems optimized based on Model Il can be found in Figure 4.12. The
distance between TS molecules and hBN was predicted in terms of both
models, being equal to 2.9 A and 4.2 A, respectively. It should be noted that
in this dissertation these calculations are used to support the experimental
results. A detailed explanation of these calculations can be found in the [Paper
A3] and its supplementary material.
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Figure 4.12. Scheme of the two structural models, namely Model | and Model
I, which were applied to compute THz and Raman spectra of TS isolated
molecule, BNQD, TS + BNQD vdW complex (all Model 1) and TS isolated
molecule, TS single crystal, 2D hBN mono-layer and isolated TS molecules
adsorbed on hBN surface (all Model I1). Adapted from [Paper A3]. Copyright

2025 American Chemical Society.

4.3.2. Short overview of hexagonal boron nitride applications and

properties

It should be noted that the main reason of choosing hexagonal boron
nitride (hBN) for this study is its non-polarity and planar 2D structure.
Therefore, hBN can serve as a good model system to explore vdW interaction

between an organic compound and 2D material.
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Nevertheless, it would be remiss not to mention wide range of hBN
applications. Two-dimensional (2D) hexagonal boron nitride (hBN)
nanosheet is a material of high chemical stability and of high thermal stability
and conductivity [134-136]. 2D hBN nanosheet is a structural relative of
graphene. However, in contrast to graphene, it is an insulator [134,135], and
it has already been successfully applied as a dielectric layer in a field effect
transistor [135,137], as well as a protective cover layer in various devices
[135]. Additionally, it is worth mentioning that hBN showed potential for
photonics applications, for example for ultraviolet detectors and emitters
[137].

Although in the present study (see [Paper A3] for details) BNQD is used
only as a model system for quantum chemical computations (Model 1), it is
still useful to briefly discuss some of their applications. Zero-dimensional
(0D) BNQDs are nanoscale substrates [136,138-140]. Being biocompatible,
they are promising compounds for a variety of biomedical tasks, such as
bioimaging [141,142], biosensing [142] and target drug delivery [143].

Consequently, understanding the mechanisms and magnitudes of
interactions between various organic compounds and different forms of boron
nitride is an important for the mentioned applications. Recently, the
spectroscopic manifestations of vdW interaction and adsorption-related
phenomena have been investigated both theoretically and experimentally for
doxorubicin adsorbed on 2D hBN nanoflakes [144], as well as for
thiacarbocyanine dyes [21], and various porphyrin or phthalocyanine
compounds [10,22,102,103,145] adsorbed on hBN. However, the insights into
vibrational and electronic properties of the adsorbed compounds as well as
manifestation of vdW interaction between organic compounds and hBN
surface still remains poorly described.

4.3.3. Observation of vdW interaction between TS and hBN via
vibrational spectroscopy

Usually, the first step in describing some kind of molecular complex with
spectroscopic methods is to measure Raman or infra-red spectrum. However,
THz absorption spectrum can provide additional information about weak
interactions in molecular complexes, such as intermolecular H-bond
formation or weak vdW interaction between parts of a complex [146-149].
While infra-red region of the spectrum contains information about vibrational
properties of each particular molecule (part of molecular complex), THz one
may contain low-frequency vibrations of one part of a complex relative to
another — so-called libration bands.
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Figure 4.13. Experimental and calculated (Model I and Model I1) THz spectra
of TS and TS + hBN complex. Peak positions are labeled in all the spectra.
‘RT’ denotes ‘Room Temperature’, while ‘LNT’ denotes ‘Liquid Nitrogen
Temperature’. The assignment of THz bands is presented in Table 4.8.
Adapted from [Paper A3]. Copyright 2025 American Chemical Society. / THz
experiments were conducted by Dr. Daniil Pashnev (FTMC), while all the
computations were performed by Dr. Maksim Shundalau (University of
Salerno).

Figure 4.13 represents experimental and theoretical THz spectra of TS
and TS + hBN complex. The measurements were performed both at the room
and the liquid nitrogen temperatures. Table 4.8 presents frequencies and
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assignment of the experimental THz absorption bands of both TS and TS +
hBN compounds. At the room temperature, experimental THz absorption
spectrum contains eight bands at the region from 1.29 THz to 2.75 THz (see
Figure 4.13 and Table 4.8), while decreasing temperature to the liquid nitrogen
one results in approximately 0.15 THz blue shifts in vibrational frequencies
of high frequency vibrations (1.8 THz — 3 THz) and in the appearance of ninth
THz band centered at 1.30 THz (Figure 4.13). Most likely, the corresponding
band presents also at the room temperature spectrum, but its intensity is lower
than the level of noise. Interaction between TS and hBN does not lead to the
changes in TS-belonged THz frequencies at both room and liquid nitrogen
temperature, but two additional bands at the low frequency region (0.71 THz
and 1.10 THz for the room temperature spectrum and 0.80 THz and 1.10 THz
for the liquid nitrogen spectrum) appear in the spectrum. These two bands
belong to librations, i.e., low frequency motion of TS relative to hBN surface,
thus confirming the formation of the complex. Calculations of THz spectrum
of both TS and TS + hBN complex were made to confirm experimental trends
and to assign the bands. While deep analysis of the calculations results is
presented in [Paper A3], here we concentrate on the main trends. Firstly, the
bands are assigned to the skeleton in-plane (i.p.) and out-of-plane (0.0.p.)
vibrations, as well as intermolecular (i.m.) vibrations. Secondly, DFT-based
guantum chemical calculations support experimental data, as two weak
intensity bands at 0.88 THz and 1.14 THz (Model I) and 0.77 THz and 1.50
THz (Model 1) appear in the TS + hBN vdW complex compared with pure
TS (see Figure 4.13). It should be noted that hBN has a single low intense THz
band centered at approximately 1.5 THz, but its intensity is negligible
compared with the intensities of TS and TS + hBN samples, therefore it is not
shown and does not participate in the analysis. Discussion of the hBN THz
spectra can be found in the [Paper A3] and the supplementary material for it,
as well as in the Ref. [150].

78



Table 4.8. Assignment of the experimental THz bands of TS and TS + hBN
complex, measured at the room and the liquid nitrogen temperatures.

Frequency, THz Band assignment®
Room Temperature Liquid Nitrogen
Temperature
0.71* 0.80* Libration*
1.10* 1.10* Libration*
1.15* 1.30 i.m.
1.29 1.45 0.0.p.
1.47 1.61 i.m.
1.65 1.78 i.m.
181 1.95 0.0.p.
2.13 2.28 i.m.
2.36 2.52 0.0.p.
2.55 2.65 i.p.
2.75 2.80 i.p.
$i.m. — intermolecular vibration; 0.0.p. — out-of-plane deformation

vibration; i.p. — in-plane deformation vibration. “Libration bands correspond
only to TS + hBN sample. *This band is not observed in the experimental
spectrum, however is assumed to present in the spectrum based on the noise
level and DFT calculations.
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Figure 4.14. Experimental and calculated (Model I) Raman spectra of TS and
TS + hBN complex. For comparison, experimental Raman spectrum of hBN
is presented. For clarity, difference spectra between TS and TS + hBN vdwW
complex is shown for both experimental and calculated Raman spectra. Peak
positions are labeled in all the spectra. The assignment of Raman bands is
presented in Table 4.9. Adapted from [Paper A3]. Copyright 2025 American
Chemical Society. / Raman measurements were performed by Dr. Martynas
Talaikis (FTMC), while all the computations were performed by Dr. Maksim
Shundalau (University of Salerno).

After examining the features of vdW interaction between TS and hBN at
the inter-compound level, it is useful to observe changes in the vibrational
properties of each particular part of the complex — TS and hBN compounds.
Therefore, the infra-red region of the spectrum needs to be analyzed. It is
worth mentioning, that infra-red (IR) absorption spectrum cannot be used for
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this analysis, since the measured spectra of TS + hBN complex contain broad
and intense hBN band, that overlaps with all the other bands (see [Paper A3]
and also Refs. [151,152]). Figure 4.14 presents experimental and calculated
(Model I') Raman spectra of hBN, TS and TS + hBN. Similarly to calculations
of THz spectra, the deep analysis of the calculation results of Raman spectra
can be found in [Paper A3] and the supplementary material for it, while here
the main trends are provided. The experimental manifestation of vdwW
interaction between TS and hBN results in in 0.5 — 1 cm™ blue shifts of some
of the TS-attributed Raman bands, while hBN band exhibits 4 cm red shift,
thus confirming the formation of the complex. Table 4.9 presents the Raman
frequencies and attribution of the selected shifted vibrational bands of hBN,
TS and TS + hBN complex. This trend is completely confirmed by the results
of computations based on both Model I.

Table 4.9. Assignment of the shifted due to vdW interaction experimental
Raman bands of hBN, TS and TS + hBN complex. Adapted from the [Paper
A3]. Copyright 2025 American Chemical Society.

Raman frequency, cm? Band

TS hBN TS + hBN assignment

994.5 995.5 Ring in-plane
trigonal
deformation
1190.5 1191.0 C-ring stretching

1367.5 1363.5 E2g hBN mode
(BN stretching)
1590.5 1591.0 Ring stretching
1635.5 1636.0 C=C stretching

Summing up the results of THz and Raman spectroscopies it can be
stated, that the formation of vdW complex is confirmed by the changing in
Raman frequencies and appearance of low frequency libration bands in the
THz spectra. Furthermore, in the case of this particular complex the vdwW
interaction results in an increase in stretching and in-plane deformation
vibrational modes, while the frequencies of out-of-plane deformation modes
decrease.
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4.3.4. Electronic manifestation of vdW interaction between TS and hBN

Figure 4.15 (a) represents steady-state FL of the hBN powder, pressed TS
and TS + hBN complex. Due to its high bandgap hBN exhibits intrinsic FL at
the deep UV region, therefore with exciting it at 300 nm, one can observe only
defects-caused FL [153,154]. The studied hBN powder exhibit broad FL
spectrum with two overlapping bands centered at 352 nm and 364 nm (see
Table 4.10). Bulk TS exhibits broad FL spectrum centered at 380 nm with
minor features at 345 nm, 365 — 367 nm, 404 nm (see Table 4.10). It should
be noted, that FL bands approximately at the positions corresponding to these
minor features are present as (more) intense peaks in the spectra of TS spin-
coated thin films (see Figure 4.9 and Table 4.5); the most intense FL band of
bulk TS [Figure 4.15 (a)] is red shifted with respect to the one of TS spin-
coated films (Figure 4.9). This difference can be explained by the different
dominating FL species, i.e., this spectrum is dominated by TS polycrystals and
governed by the bulk properties of TS, while the spectrum of spin-coated films
originates from the pure TS molecules, molecular aggregates and/or pum-sized
single crystals. The experimentally observed spectrum is in a good agreement
with the previous reports of bulk TS FL [36,130]. The vdW interaction
between TS and hBN does not result in any notable blue or red shifts of the
FL bands of TS + hBN sample, however it manifests in quenching of FL
intensities compared with pure TS (see Table 4.10). In addition, 365-nm band
—the one, that, in principle, can be assigned to FL of both hBN and TS species
— exhibits relative increase in intensity compared with pure TS. On the one
hand, this increase can be caused by the FL of hBN, however it is less likely
to be the case, because FL intensity of pure hBN (see Table 4.10) is much
weaker than the one of pure TS. On the other hand, this increase in the
intensity can be caused by the subtle deformation of the TS crystals’ surface
or their reorientation and, consequently, subtle changes in electronic cloud of
TS, thus subtle changes in FL spectrum.
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Figure 4.15. a) steady-state FL spectra and b) FL decay kinetics of hBN, TS
and TS + hBN vdW complex. In all the measurements A,,. = 300 nm. Adapted
from [Paper A3]. Copyright 2025 American Chemical Society.

Figure 4.15 (b) represents normalized-to-unity and averaged across all the
listed in Table 4.10 FL emission wavelengths time-resolved FL decay kinetics
of hBN, TS and TS + hBN complex. Pure hBN exhibits fast bi-exponential
decay with the average lifetime t,,, increasing from 0.35 ns (4., = 345 nm)
to 0.70 ns (A, = 420 nm). This difference in lifetimes by a factor of two
might probably be explained by the influence of different hBN defects. hBN
decay is dominated by the fast (0.29 ns — 0.42 ns) component. Similarly to
hBN, bulk TS also exhibits b-exponential decay with the average lifetime z,
equal to 1.18 ns at the FL maximum (380 nm; see Table 4.10). This result
differs from the one observed for hot-pressed and sublimated bulk TS samples,
when they exhibited mono-exponential decay with the FL lifetime equal to 2.8
ns — 2.9 ns [36]. Most likely, this FL quenching can be explained in terms of
different sample preparation procedure, i.e., in our case TS tablet most likely
contain TS polycrystals of different sizes which might exhibit different FL
properties. This assumption is somewhat well confirmed by the examining of
decay components at different emission wavelengths (see Table 4.10): for the
high emission wavelengths (starting from 380 nm) domination of the shorter
component decreases with the increasing the emission wavelength, being in
agreement with red shifted FL of bigger TS crystallites. TS + hBN vdW
complex also exhibits bi-exponential decays (z,, = 0.92 ns) at the maximum
of the emission (380 nm; Table 4.10). The vdW interaction between TS and
hBN results in subtle quenching of FL at both 365 nm (from 1.14 ns to 0.94
ns) and 380 nm (from 1.18 ns to 0.92 ns) emission wavelengths. Interestingly,
FL decay of the complex is dominated by the fast component which is faster
than the corresponding one of pure TS, and its amplitude does not decrease
notably with an increase in the emission wavelength, compared with the case
of pure TS. This probably partly, i.e., not completely, can be attributed to the
fast FL of pure hBN, since the fast component observed in TS + hBN sample
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is almost equal (up to 405 nm emission) to t,,, of pure hBN (see Table 4.10).
The longer component in TS + hBN kinetics is attributed to FL of TS species.
This longer component i) increases in lifetime with an increase in emission
wavelength (except emission at 365 nm) and ii) is faster than the
corresponding slow component of pure TS. It might indicate, that hBN
prevents formations of bigger TS crystallites if compare with pure TS sample.
Additionally, all the observed changes in time-resolved FL decay kinetics can
be explained — as in the case of steady-state FL spectra — by the subtle change
in electronic clouds of TS when it interacts with hBN.

Table 4.10. Characteristics of the steady-state FL and time-resolved FL decay
kinetics properties of hBN, TS and TS + hBN compounds. Adapted from the
[Paper A3]. Copyright 2025 American Chemical Society.

hBN TS TS + hBN complex
Steady-state FL
FL 352, 364 345, 367, 380, 404 364, 380, 405
bands,
nm
FL 17920 245700 85950
intensity
at 365
nm
FL decay Kinetics
Band, Tav, Tav, Tav,
T1, NS T2, NS T1, NS T2, NS T1, NS T2, NS
nm ns ns ns
345 0.29 245 035 0.63 1.67 080 0.35 1.51  0.54
(97%)  (3%) (84%)  (16%) (83%) (17%)
352 035 270 042 0.8 1.81 107 041 1.90 0.82
(97%)  (3%) (65%)  (35%) (73%) (27%)
364 0.33 231 044 0.53 1.88  0.94
(94%)  (6%) (70%)  (30%)
367 0.70 210 114

(68%)  (32%)
380 033 224 047 070 223 118 047 194 092

93%)  (7%) (70%)  (30%) (70%)  (30%)

405 0.40 241 0.60 0.68 2.23 129 044 209 0.9
(90%)  (10%) (61%)  (39%) (72%)  (28%)

420 0.42 283 0.70 1.02 2.48 1.65 0.60 2.69 1.14
(88%) (12%) (57%) (43%) (74%)  (26%)
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4.3.5. Current limitations and unresolved questions

Although this section provides deep insights into the changes in
vibrational and electronic properties of non-polar TS and hBN caused by van
der Waals interaction between them, some questions remain unresolved.

Even though the successful formation of the complex is confirmed by the
means of vibrational (THz and Raman) spectroscopy and it is assumed that
the complex is uniformly formed within the sample, the origin of the blue
shifts of TS Raman bands remains unexplained.

Additionally, present study does not allow to attribute the observed
qguenching of FL to the specific mechanism. Most likely, it is a static
guenching due to TS interaction with boron nitride (changes in TS electronic
cloud) and less active formation of bigger TS crystals (faster FL), however
possible quenching mechanism mediated by excitation energy migration
processes (both Dexter and Férster mechanisms) cannot be explored based on
the results obtained in this study: either faster techniques or more
concentrations (varying amount of TS relatively to hBN) are required.

4.3.6. Summarizing remarks

i) The present section explores the manifestation of vdW interaction
between TS and 2D hBN surface using THz, Raman and FL spectroscopies.
The interaction results in appearance of two additional low frequency bands
in the THz spectrum of the complex compared with the spectrum of pure TS.
These two bands are assigned to the librations of TS relative to hBN surface.
In Raman spectra one can observe blue shifts of some of the TS-assigned and
red shift of the hBN-assigned Raman bands. The vdW interaction results in a
relative increase in intensity of one (365 nm) band in the TS + hBN FL
spectrum compared with pure TS spectrum, and subtle quenching of FL decay
kinetics. These changes might be attributed to the changes in electronic cloud
of TS and less effective formation of TS crystals.

ii) The results of this study were published in [Paper A3] and presented
at the following conferences: [Conferences C3, C4, C6, C12, C14, C16, C17].

iii) The provided findings led to the third statement of the thesis:

Van der Waals interaction between non-polar hexagonal boron nitride
and trans-stilbene results in an increased intensity of one fluorescence band
and a slight acceleration of fluorescence decay. The combination of steady-
state and time-resolved fluorescence might serve as a useful supporting
technique for exploring extremely weak intermolecular interactions.
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5. CONCLUSIONS AND OUTLOOK

5.1. Conclusions

This dissertation explores changes in optical spectra associated with
different types of intermolecular interactions.

Both free-base and zinc-phthalocyanine exhibit concentration quenching
(CQ) of fluorescence. Neither compound shows notable changes in the steady-
state fluorescence spectra with increasing molecular concentration of the
solution, whereas the fluorescence decay kinetics exhibit significant
acceleration and a monotonic transition from mono-exponential decay at low
concentrations to multi-exponential decay at higher concentrations. This
behavior was attributed to the fluorescence quenching governed by Forster-
type excitation energy migration to non-emissive or weakly emissive
excitation traps. DFT-based quantum chemical calculations further suggested
that these trap species are H-dimers.

Trans-stilbene (TS) thin films also exhibit CQ at relatively low
concentrations (from 0.5 % TS films to 20 % TS films). However, in contrast
to the phthalocyanine solutions, their fluorescence decays remain mono-
exponential. Most likely, this quenching originates from the formation of
weakly emissive TS aggregates, which are the main emissive species in the
films. This behavior differs from that of phthalocyanines, where even at
highest concentrations the observed emission originated from monomeric
species.

In general, TS thin films exhibit more complex behavior with increasing
molecular concentration. CQ at relatively low concentrations is followed by
slower bi-exponential decay kinetics at higher concentrations. Increasing
thickness of the films leads to slowing of the decays, and the thickest film (TS
80% 670 nm) exhibits slow mono-exponential decay with the lifetime of 1.60
ns. The steady-state fluorescence spectra exhibit smooth changes with
increasing molecular concentration. This behavior is explained by structural
transitions in the TS thin films, which were observed by the means of CARS
and AFM microscopies. In general, the three structural forms are detected:
pure TS molecules, TS disordered aggregates and TS single crystals. The
relative amount of each TS structural form can be controlled by molecular
concentration, whereas the size of TS aggregates and crystals can be
controlled by film thickness. All three TS structural forms exhibit different
steady-state and time-resolved fluorescent properties. Therefore, fine control
of sample preparation conditions enables the fine control of the fluorescent
properties, making both steady-state fluorescence and time-resolved decay
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Kinetics suitable and effective techniques for analyzing such morphology-
dependent phenomena.

Fluorescence quenching is also observed in the van der Waals complex
of bulk TS and two-dimensional (2D) hexagonal boron nitride (hBN)
compared with a pure TS tablet. This quenching may be attributed to the subtle
interaction-induced deformation of TS crystal structure upon interaction with
hBN. The steady-state fluorescence spectra also exhibit changes, namely a
relative increase in the intensity of one band, which most likely has the same
origin as the quenching of fluorescence.

In general, the van der Waals (vdW) interaction between non-polar TS
and hBN manifests itself in the THz, infra-red and visible spectral regions,
thus making TS + hBN complex a suitable model system for exploring the
features of vdW interaction between organic compounds and 2D non-polar
material. In such a case Raman spectra exhibit adsorption-related shifts and,
consequently, serves as the most efficient technique to detect and characterize
such type of interactions.

Overall, the obtained results reveal distinct spectroscopic signatures of
different types of intermolecular interactions, including H-aggregate
formation, morphology-dependent molecular organization, and van der Waals
interaction between two non-polar compounds. Although FL quenching is
observed in all the investigated systems, its origin differs depending on the
nature of intermolecular interactions and molecular organization, reflecting
differences in the ground- and excited-state processes governing the
photophysical response of the studied systems.

5.2. Outlook

The obtained results (Chapter 4) and the formulated conclusions (Section
5.1) provide valuable insights into the photophysical properties of the
molecular aggregates, including excitonically coupled ones, crystallites and
van der Waals complexes composed of non-polar compounds. Additionally,
they demonstrate the applicability of several useful data-analysis techniques
for extracting information about such systems: target analysis of fluorescence
(FL) decays with stretched-exponential functions, which may indicate, for
example, quenching arising from excitation energy migration to non-FL
species, as well as global analysis of both steady-state FL and time-resolved
FL decay kinetics, when the system is assumed to contain multiple FL species.
Based on these findings, several directions for the future research can be
proposed.
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The most straightforward continuation of the present research is to shed
light on the remaining unresolved questions:

i)

i)

Although excited-state properties of zinc phthalocyanine have
already been explicitly studied using transient absorption (TA)
spectroscopy [27], such properties of highly concentrated solutions
remain underexplored. Since quantum chemical calculations (see
Figure 4.4 and Table 4.4) suggest presence of non-ideal H-
aggregates, it is important to apply ultra-fast techniques — streak-
camera-based ultra-fast time-resolved FL (TRFL) and TA —to detect
possible low-emissive species and charge transfer processes —
especially for highly concentrated solutions, which might contain
higher order aggregates. Such an analysis can possibly provide
additional insights into excitation energy migration dynamics and,
consequently, on the origin of energy losses within these systems,
which is crucial for applications.

Even though the changes in both steady-state and time-resolved
photophysical properties of TS thin films are well-described by the
morphological changes with increasing concentration, some
additional knowledge on the photophysical behavior of TS
disordered aggregates can be obtained applying the same
techniques — TRFL and TA — to the low (0.5%) and intermediate
(10% — 20%) concentrated TS thin films. At this set of the
concentrations the films exhibit CQ effect, which cannot be
explicitly studied using simple FL spectrometer, since FL decay
kinetics of the samples almost approach IRF profile (see Figure
4.10). This knowledge can possibly provide additional insights into
the excited-state dynamics of TS aggregates.

Changes in both steady-state and time-resolved FL properties of
bulk TS when it interacts with hBN were explained by subtle
deformation of TS crystal. Additional insights into excited-state
processes occurring in such a system, such as possible excitation
energy migration between TS and hBN, might be studied using
TRFL technique.

TS + hBN complex is a suitable model system for exploring the
features of van der Waals (vdW) interaction between non-polar 2D
materials and organic molecules. However, functional groups used
in preparation of 0D boron nitride quantum dots (BNQDs) may
change the spectroscopic manifestation of the interaction, therefore
it would be reasonable to experimentally study vdwW complex of
BNQDs and some organic compound. To come closer to biomedical

88



applications, instead of TS, its derivatives exhibiting anti-cancer
activities [155] — resveratrol and pterostilbene — can be used. Such a
complex would be an interesting model system, where a drug
delivery platform (BNQD) exhibits vdW interaction with the anti-
cancer agent, potentially being a valuable insight for biomedicine.

Additionally, it would be interesting to analyze the manifestation of
aggregation-induced phenomena and vdW interaction at the same time. For
example, vdW complex of 2D hBN and porphyrin- or phthalocyanine-like
compound can be chosen as a model system. On the one hand, porphyrins and
phthalocyanines are promising compounds for energy and biomedical
applications; on the other hand, they exhibit well-studied aggregation-induced
behavior, including quenching of FL, resulting in undesirable energy losses.
However, the formation of vdW complex might result in a suppressed
formation of aggregates and, thus, changes in both ground- and excited-state
properties, which might be beneficial for photophysics and photochemistry
applications, including artificial  photosynthesis,  photocatalysis,
optoelectronics and bioimaging [33,156]. Firstly, steady-state FL and FL
decay kinetics should be measured and FL decay dynamics should be
analyzed. Then faster processes, such as excitation energy migration and other
excited-state relaxation pathways, could be investigated using TA and TRFL
by comparing the compounds in the presence and absence of hBN.
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7. SANTRAUKA

7.1. Ivadas

Sviesos ir medziagos sqveika atlicka esminj vaidmenj daugelyje gamtos
ir technologiniy procesy. Pavyzdziui, ji yra svarbi fotosintezéje — natiraliame
vyksme augaluose, dumbliuose ir samanose, kurio metu saulés Sviesa yra
sugeriama ir paverc¢iama chemine energija. Ji taip pat atlieka svarby vaidmenj
kuriant tvarios energetikos technologijas, tokias kaip dirbtiné fotosinteze [2]
ir fotovoltika [3]. Sviesos ir medziagos saveika nagrinéjamuose tyrimuose
sukauptos zinios paskatino naujy cheminés fizikos krypciy, tokiy kaip
kvantiné biologija [4] ar poliaritoniné chemija [5], plétra. Be to, §viesos ir
medziagos saveika atlieka svarby vaidmen;j ligy diagnostikoje, jskaitant tokias
Siuo metu sparciai besivystancias sritis kaip biojutikliai [6], biovaizdinimas
[7] bei fotodinaminé vézio terapija [8].

Paprastai Sviesa sgveikauja ne su izoliuotomis molekulémis, bet su tam
tikromis molekulinémis sistemomis — dazniausiai tai yra molekuliniai
agregatai, kristalitai arba ant pavirsiaus adsorbuotos molekulés,
stabilizuojamos dél jvairiy tarpmolekuliniy sgveiky. Tokios saveikos paprastai
lemia reikSmingus $iy sistemy fotofizikiniy savybiy skirtumus, palyginti su
izoliuotomis molekulémis [9-12].

Optiné  spektroskopija  yra  veiksmingas metodas  tokioms
tarpmolekulinéms sgveikoms tirti. Tiek sugerties, tiek fluorescencijos
stacionariuosiuose spektruose gali biti stebimi pozymiai, siejami su agregaty
formavimusi arba molekuliy adsorbcija. Fluorescencijos gesimo Kinetiky
matavimai yra dar vienas naudingas metodas tokiems reiSkiniams analizuoti.
Be gesimo komponenciy, kurios gali bati priskirtos skirtingoms
fluorescuojancioms rasims ir taip patvirtinti jy buvimg, §is metodas gali
atskleisti tokius tarpmolekulinius procesus kaip suzadinimo energijos pernasa
tarp skirtingy rtasiy molekuliy.

Tarpmolekuliniy sgveiky supratimas jvairiose molekulinése sistemose
yra svarbus daugeliui taikymo sri¢iy. Viena vertus, tokiy saveiky
pasireiSkimas gali biiti naudingas praktiniams taikymams: pavyzdziui, jos
kartais lemia ryskius struktrinius virsmus [13], todél tokios sistemos yra
perspektyvios jutikliy technologijoms [14], arba sustiprina $viesos emisija,
kas yra naudinga taikymams, kai svarbi intensyvi §viesos emisija ar efektyvi
Sviesos energijos konversija. Kita vertus, tokios sgveikos kartais sumazina
emisijos efektyvumg ir dél to padidina energijos nuostolius, o tai yra
nepalanku fotovoltiniy technologijy [15,16] ir optoelektronikos [17]
taikymames.
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Nepaisant jy svarbos praktiniams taikymams, tokios molekulinés
saveikos ir reiskiniai kaip agregaty, jskaitant eksitoniskai susietus agregatus,
bei kristality susidarymas, taip pat van der Waalso sgveikos pasireiSkimas ir
ju lemiami fotofizikiniai poky¢iai jvairiomis sglygomis iki Siol iSlieka
nepakankamai istirti.

7.1.1. Disertacijos tikslas

Sios disertacijos tikslas — atskleisti ir iSanalizuoti spektroskopinius
pokycius, susijusius su skirtingy tipy tarpmolekulinémis sqveikomis: H tipo
agregaty susidarymu, nuo morfologijos priklausoma molekuline organizacija
ir van der Waalso sqveika tarp dviejy nepoliniy junginiy.

7.1.2. Tyrimo uzdaviniai

Siekiant jgyvendinti iSsikelta disertacijos tiksla, buvo suformuluoti S$ie
uzdaviniai:

1. Istirti koncentracijos sukeltg fluorescencijos gesinimg ftalocianiny
molekuliy chloroformo tirpaluose ir susieti stebimg gesinimo
dinamikg su konkreciu gesinimo mechanizmu.

2. Istirti morfologijos sukelty poky¢iy trans-stilbeno molekuliy plonyjy
pléveliy optiniuose spektruose spektroskopinius pozymius.

3. [Istirti van der Waalso sgveikos tarp trans-stilbeno molekuliy ir
heksagoninio boro nitrido spektroskopinius pozymius.

7.1.3. Tyrimo uzduotys

Pirmoji tyrimo dalis buvo skirta fluorescencijos koncentraciniam
gesinimui bemetalio ir cinko ftalocianino molekuliy chloroformo tirpaluose.
Sugerties ir fluorescencijos spektrai buvo matuojami molekuliy koncentracija
kei¢iant per dvi eiles, siekiant nustatyti nuo koncentracijos priklausomus
spektrinius poky¢ius, o fluorescencijos gesimo Kinetikos buvo registruojamos
atitinkamai suzadintosios buisenos dinamikai apibudinti. Gesimo profiliai
buvo analizuojami taikant monoeksponentinius, bieksponentinius ir
iStemptosios eksponentés modelius. Apjungus stacionariyjy ir laikinés skyros
matavimy duomenis, stebéta fluorescencijos gesinimo elgsena buvo susieta su
konkreciu gesinimo mechanizmu.

Antroji tyrimo dalis buvo skirta nuo morfologijos priklausomoms trans-
stilbeno molekuliy plonyjy pléveliy optinéms savybéms apibiidinti. Sugerties
ir fluorescencijos spektrai kartu su fluorescencijos gesimo kinetikomis buvo
iSmatuoti  pléveléms, pasizymindioms  skirtingomis  trans-stilbeno
koncentracijomis ir storiais. Tiksliné slopimo kinetiky analizé buvo taikoma
charakteringoms fluorescencijos gyvavimo trukméms nustatyti, o visy
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stacionariosios fluorescencijos spektry ir gesimo kinetiky rinkiniy globalioji
analizé — skirtingy trans-stilbeno struktiiriniy formy indéliams atskirti. Sie
spektroskopiniai rezultatai buvo interpretuojami kartu su koherentinés anti-
Stokso Ramano sklaidos mikrospektroskopijos ir atominés jégos
mikroskopijos duomenimis, siekiant nustatyti rysj tarp pléveliy morfologijos
ir optiniy savybiy.

Treciojoje tyrimo dalyje buvo nagriné¢jamos van der Waalso sgveikos tarp
trans-stilbeno ir heksagoninio boro nitrido spektroskopinés apraiskos.
Stacionariosios ir laiko skyros fluorescencijos matavimai buvo atlikti tiriniam
trans-stilbenui, hBN ir jy van der Waalso kompleksui, o fluorescencijos
gesimo kinetikos buvo analizuojamos taikant bieksponentinius modelius,
siekiant nustatyti vidutines fluorescencijos gyvavimo trukmes. Saveikos
sukelti fluorescencijos poky¢iai buvo nagrinéjami kartu su kvantinés chemijos
skai¢iavimais, Ramano spektroskopijos ir THz spektroskopijos duomenimis.
Si kompleksiné analizé buvo naudojama jvertinti, kaip van der Waalso saveika
tarp dviejy nepoliniy medziagy pasireiSkia THz, infraraudonojoje ir
regimojoje spektro srityse.

7.1.4. Ginamieji teiginiai

) Ftalocianiny molekuliy chloroformo tirpaluose yra stebimas
koncentracinis fluorescencijos gesinimas, kurj lemia Férsterio tipo
suzadinimo energijos pernasa is pavieniy molekuliy j molekulinius H-
dimerus. Ismatuotose fluorescencijos gesimo kinetikose sis reiskinys
pasireiskia per monotoniskq gesimo spartéjimg ir tolygy peréjimg
nuo vieneksponentinio prie neeksponentinio gesimo didéjant
koncentracijai, todél Sis metodas yra ypac veiksmingas tokiam
reiskiniui stebéti ir tirti.

I1) Sukimo biudu suformuotose trans-stiloeno molekuliy plévelése
didéjant molekulinei koncentracijai vyksta struktiriniai pokyciai: nuo
pavieniy molekuliy per netvarkingus agregatus iki labai tvarkingy
monokristaly formavimosi. Tiek stacionariosios fluorescencijos
spektrai, tiek fluorescencijos gesimo kinetika kinta tolygiai ir
monotonisSkai, priklausomai nuo Siy virsmy. Todél trans-stilbeno
plonyjy pléveliy fluorescencines savybes galima tiksliai valdyti
keiciant méginiy paruosimo sqlygas.

I11) Van der Waalso sgveika tarp nepolinio heksagoninio boro nitrido
ir trans-stilbeno lemia vienos fluorescencijos juostos intensyvumo
padidéjimg ir nezymy fluorescencijos Qesimo  pagreitéjimq.
Stacionariosios ir laikinés skyros fluorescencijos derinys gali biiti
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naudingas papildomas metodas itin silpnoms tarpmolekulinéms
sqveikoms tirti.

7.1.5. Mokslinis naujumas

Pagrindinis Sios disertacijos mokslinis naujumas yra susijes su chemine
fizika, nes joje pateikiama naujy jzvalgy apie Siuos iki Siol neiSsprestus
klausimus:

1. Nors fluorescencijos koncentracinis gesinimas stebimas jvairiose
molekulinése sistemose, jo molekuliné kilmé ir §j gesinimg lemiantys
fizikiniai procesai dar néra iki galo suprasti. Ftalocianiny junginiai
yra tinkama modeliné sistema $iam reiSkiniui tirti [18,19], taciau
tikslis eksperimentiniai §io reiskinio tyrimai atliekami retai dél
reikSmingy pakartotinés sugerties efekty esant dideléms molekuliy
koncentracijoms [20]. Sioje disertacijoje naudojamos ploniausios
komerciskai prieinamos stiklo kiuvetés, siekiant iSvengti pakartotinés
sugerties efekty arba juos kiek jmanoma sumazinti. Tai leidzia
teisingai interpretuoti fluorescencijos koncentracinio gesinimo
reiskinj didelés koncentracijos (iki 10 mmol/l) bemetaliy ir cinko
ftalocianiny  tirpaluose. = Koncentracinis  gesinimas  didelés
koncentracijos tirpaluose siejamas su suzadinimo energijos
gaudykliy nulemtu mechanizmu, atsirandanc¢iu dél H-dimery
susidarymo esant dideléms koncentracijoms.

2. Didéjant molekulinei koncentracijai, trans-stilbeno plonyjy pléveliy
optiniy savybiy pokyciai anks¢iau buvo stebéti Karpicz ir kt.
darbuose [13]. Siame darbe §i tema nagrinéjama i§samiau, keigiant
tiek pléveliy molekuling koncentracija, tiek jy storj. Globaliosios
analizés taikymas kartu su mikroskopijos metodais leidzia tiksliai
nustatyti skirtingy trans-stilbeno struktiiriniy formy stacionariosios
laikinés skyros fluorescencijos savybes. Be to, Siame darbe parodyta,
kad trans-stilbeno plonyjy pléveliy fluorescencines savybes galima
valdyti keiCiant méginiy paruoSimo salygas, t.y. molekuling
koncentracija ir plévelés storj.

3. Van der Waalso sgveikos spektroskopinés apraiS$kos iki Siol
eksperimentiSkai tiriamos palyginti retai. Daugeliu atvejy daugiau
démesio skiriama su adsorbcija susijusiems reiSkiniams ir
atitinkamiems spektriniams pokyc¢iams [10,21-23]. Tuo tarpu Sioje
disertacijoje daugiausia démesio skiriama pacios van der Waalso
sgveikos tarp nepoliniy junginiy spektroskopinéms ypatybéms, kaip
modeline sistemg naudojant trans-stilbeno (TS) ir dvimacio (2D)
heksagoninio boro nitrido (hBN) kompleksg. Parodoma, kad van der
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Waalso sgveikos sukelti pokyciai gali buti stebimi terahercinéje
(THz), infraraudonojoje ir regimojoje spektro srityse. Taip pat
pademonstruojama, kad Ramano spektroskopija yra
veiksmingiausias metodas tokiam kompleksui tirti, o THz
spektroskopija ir stacionariosios bei laikinés skyros fluorescencijos
matavimy derinimas gali suteikti papildomos informacijos. Sis
kompleksas yra tinkama modeliné sistema van der Waalso sgveiky
tarp organiniy junginiy ir dvimaciy medziagy ypatybémes tirti.

7.2. Metodologija
7.2.1. Méginiai

Visos Siame tyrime naudotos medziagos, biitent chloroformas, 2,9,16,23-
tetra-tert-butil-29H,31H-ftalocianinas (TTBPc; CasHsoNs), cinko 2,9,16,23-
tetra-tert-butil-29H,31H-ftalocianinas  (ZnTTBPc; CasHasNsZn), trans-
stilbenas (TS, Ci4H12), polistirenas (PS) ir heksagoninis boro nitridas (hBN)
buvo jsigytos i$ ,,Sigma-Aldrich® ir naudotos tokios, kokios buvo gautos, be
papildomo gryninimo.

[Paper Al] buvo tiriami ZnTTBPc ir TTBPc chloroformo tirpalai,
kei¢iant molekulinge koncentracijg dviem dydzio eilémis — nuo 0.1 mmol/L
(mM) iki 10 mM.

[Paper A2] buvo tiriamos sukimo biidu suformuotos plonosios TS
pléeveles, keiciant tiek TS koncentracija PS matricoje (nuo 0.5 % iki 80 %),
tiek pléveliy storj (nuo 45 nm iki 670 nm).

[Paper A3] buvo tiriami tiirinés formos TS, hBN ir TS + hBN méginiai.
Fluorescencijos ir THz matavimams buvo naudojamos presuotos TS ir TS +
hBN tabletés. Ramano eksperimentams buvo naudojami junginiy milteliai.
hBN THz spektrui gauti buvo naudojamas hBN ir polietileno miSinys, kurio
masiy santykis buvo 1:1. hBN fluorescencijos spektrui gauti buvo naudojami
gryni hBN milteliai.

7.2.2. Elektroniné spektroskopija

Elektroninés sugerties spektrai buvo iSmatuoti naudojant Jasco V-670
spektrofotometra. Tirpiklio [Paper Al] arba polimero [Paper A2] sugerties
spektrai buvo naudojami kaip baziné linija, kuri buvo atimta i§ méginiy
spektry.

Visy tirty méginiy fluorescencijos (FL) spektrai buvo iSmatuoti naudojant
Edinburgh F920 spektrometrg. TS plonosios plévelés, tiiriné TS tableté, hBN
ir TS + hBN méginiai buvo zadinami 300 nm pikosekundiniu impulsiniu
diodu, naudojant 2 nm spektrinj plys;j ir 850 ps impulso trukme. Visi iSmatuoti
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spektrai buvo automatiS$kai pakoreguoti atsizvelgiant j prietaiso jautrj.
ZnTTBPc ir TTBPc chloroformo tirpalai buvo Zadinami 375 nm impulsiniu
diodiniu lazeriu, kurio impulso trukmé buvo 70 ps, o didesniam signalui gauti
buvo pasirinktas 4 nm spektrinis plysys.

Visy méginiy fluorescencijos slopimo kinetika buvo iSmatuota naudojant
Edinburgh F920 spektrometra ir laike koreliuoto pavieniy fotony skaiciavimo
metoda [34]. Visos kinetikos buvo registruojamos naudojant tuos pacius
parametrus ir matavimo salygas, kurie buvo taikomi atitinkamo meéginio
stacionariosios fluorescencijos spektrui matuoti. I§ visy iSmatuoty kinetiky
buvo pasalintas horizontalus foninis signalas. Visos Kkinetikos buvo
aproksimuotos skirtingy modeliniy funkcijy, parinkty pagal konkrecia
uzduotj, sgsiika su i$ anksto iSmatuota prietaiso atsako funkcija (IRF). Siekiant
pagerinti aproksimacijos kokybe, IRF buvo aproksimuota Gauso funkcijos ir
vieno eksponentinio slopimo sgsiika:

2
IRF (t) = exp (— “;;g) ) * exp (—g) (7.1)
¢ia o yra Gauso funkcijos ploti apibudinantis parametras, T zymi
charakteringg IRF slopimo laika, t, apibrézia laiko poslinkj tarp pradinio IRF
ir kinetikos profilio, o zvaigzdutés simbolis ‘*’ Zymi sasiikos operacija.

7.2.3. Duomenuy analizé

Gautiems stacionariosios sugerties ir fluorescencijos duomenims
nereikéjo sudétingo duomeny apdorojimo, iSskyrus horizontalaus foninio
signalo paSalinimg ir (arba) glodinimg tais atvejais, kai duomenys buvo
triuk§mingi. Sios procediiros buvo atliekamos naudojant Python paketus
Pandas [84], NumPy [85] ir SciPy [86].

Slopimo kinetiky aproksimavimas, naudojant skirtingy modeliniy
funkcijy sastika su IRF aproksimacija pagal (7.1) lygti, buvo atliktas
naudojant Python paketg Imfit [87] ir diferencialinés evoliucijos algoritma
[88].

Straipsnyje [Paper A2] globalioji analizé, taikant multiplikatyvaus
atnaujinimo algoritma [96] neneigiamos matricos faktorizacijai [91], buvo
pritaikyta tiek visam stacionariyjy fluorescencijos spektry rinkiniui, tiek
visam fluorescencijos slopimo kinetiky rinkiniui, siekiant atskleisti
morfologijos sukelty TS pléveliy optiniy savybiy poky¢iy ypatumus:

F(,n) = Xiz, Si(A) - G;(n), (7.2)
¢ia F(A,n) zymi matrica, kurioje pateikti eksperimentiniai rezultatai, S;(4)
yra baziné matrica, o C;(n) — svoriy matrica.
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7.3. Rezultatai ir aptarimas

7.3.1. Ftalocianiny chloroformo tirpaly fluorescencijos koncentracinis
gesinimas

Fluorescencijos koncentracinis gesinimas — tai reiskinys, kai didéjant
molekulinei koncentracijai mazéja fluorescencijos kvantiné iSeiga. Paprastai
dél Sio reiskinio didéja energijos nuostoliai, todél praktiniuose taikymuose ji
butina kontroliuoti ir riboti.

Koncentracinis fluorescencijos gesinimas paprastai vyksta dél
suzadinimo energijos migracijos i§ emituojanciy rii§iy j optiskai tamsius
spastus. Anks¢iau buvo parodyta, kad ftalocianiny junginiai yra tinkama

7.1 pav. a ir b dalyse atitinkamai parodyti ZnTTBPc ir TTBPc sugerties
(istisinés linijos) ir fluorescencijos (taSkai) spektry pokyciai, molekulinei
koncentracijai padidéjus dviem dydZzio eilémis. ZnTTBPc atveju nei
stacionariosios sugerties, nei fluorescencijos spektruose reikSmingy poky¢iy
nepastebéta. Tuo tarpu TTBPc sugerties spektruose, didéjant koncentracijai,
santykinai didéja ties 640 nm ir 664 nm esanciy sugerties juosty intensyvumas.
Labiausiai tikétina, kad tokj elgesi galima sieti su H agregaty susidarymu
[115].

7.1 pav. c ir d dalyse atitinkamai pateiktos ZnTTBPc ir TTBPc
fluorescencijos slopimo kinetikos, iSmatuotos esant toms pacioms
koncentracijoms. Abiem junginiams budinga panasi dinamika: esant mazoms
koncentracijoms (0.1 mM ir 0.3 mM), slopimo kinetikos gerai apraSomos
viena eksponentine komponente (Zr. 7.1 lentele). Taciau didéjant molekulinei
koncentracijai  abiejy  junginiy  fluorescencijos  slopimas tampa
neeksponentinis.

Siekiant paaiSkinti tokj sudétingg elgesj, visoms slopimo kinetikoms
aproksimuoti buvo taikyta iStemptosios eksponentés slopimo funkcija:

K(t) = a-exp[—(t/1)P], (7.3)
o vidutiné fluorescencijos gyvavimo t,, trukmé buvo apskaiciuota taip:
T =7-T(1+ 7). (7.4)

Siose formulése T yra optimizuojama fluorescencijos gyvavimo trukmé, b —
iStempimo parametras, o I'(-) — gama funkcija.

Gautos aproksimacijos 7.1 pav. pateiktos juodomis linijomis, o
aproksimavimo parametrai pateikti 7.1 lenteléje. IsStempimo parametro f\beta
kitimas nuo 1 mazos koncentracijos méginiams iki 0,5 didZiausios
koncentracijos méginiams atspindi monotoniska sistemos laiko skyros
elgsenos kitimg nuo mono-eksponentinio prie daugia-eksponentinio slopimo.
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Taciau toks kitimas nesuteikia fizikinés informacijos apie ftalocianiny
junginiuose stebimo koncentracinio fluorescencijos gesinimo kilmg.

Tokia nuo koncentracijos priklausoma dinamika leidzia manyti, kad
fluorescencijos gesinima lemia spasty salygotas mechanizmas. Siam procesui
apraSyti taikomas paprastas Forsterio teorija pagristas suzadinimo energijos
migracijos modelis, kuriame viena donoro risis yra apsupta begalinio
skai¢iaus akceptoriy (DA modelis) [12,70]:

¢ £\1/2
P(t) = exp [— L-(4) ] (7.5)
Si formulé aprago tikimybe P(t), kad donoro rasis isliks suzadinta pra¢jus
laikui t, kur 74 yra donoro risies fluorescencijos gyvavimo trukmé, o T —
charakteringas slopimo laikas, susijes su suzadinimo spastais.

Darant prielaida, kad maziausios koncentracijos (0.1 mM) abiejy junginiy
méginiuose néra spasty rusiy, eksperimentines kinetikas galima aproksimuoti
nustatant 7, reikSme lygia atitinkamo maziausios koncentracijos méginio
fluorescencijos gyvavimo trukmei. Aproksimacijos, gautos taikant DA
modelj, 7.1 pav. pateiktos Sviesiai pilkomis linijomis, o optimizuotos tg
reikSmes pateiktos 7.1 lenteléje. ‘o0’ reikSmeés esant 0.1 mM, t. y. maZziausiai
koncentracijai, rodo, kad gesinimas nevyksta. Tuo tarpu esant didziausioms
koncentracijoms tp reik§meés, siekian¢ios mazdaug 0.1 ns, rodo, kad vyrauja
suzadinimo energijos migracijos j neemituojanCius spastus per FRET
procesai. Tarpiniy koncentracijy atveju, didéjant koncentracijai, T reikSmeés
monotoniSkai mazéja, o tai rodo nuosekly fluorescencijos gesinimo
stipréjima.
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7.1 pav. a-b) ZnTTBPc ir TTBPc chloroformo tirpaly sugerties (spalvotos
istisinés linijos) ir fluorescencijos (punktyrinés linijos) spektrai, iSmatuoti
atitinkamai 0,1-10 mM koncentracijy intervale. Aiskumo délei abiejuose
grafikuose pateiktos atitinkamos molekulinés struktiros. ¢c—d) ZnTTBPc ir
TTBPc chloroformo tirpaly fluorescencijos gesimo kinetikos (spalvoti taskai).
Juodos linijos Zymi aproksimacijas, gautas taikant istemptosios eksponentés
funkcijg ((7.3) lygtis), o $viesiai pilkos linijos — aproksimacijas, gautas taikant
DA modelj ((71.5) lygtis). Aiskumo délei kinetikos paslinktos vertikaliai jas
padauginant is 100. Abiejuose grafikuose taip pat pateikta ismatuota IRF
(pilki taSkai) ir jos aproksimacija pagal (7.1) lygti. Visi méginiai buvo
Zadinami ties A, = 375 nm. Adaptuota pagal [Paper Al], gavus ,,AIP
Publishing “ leidimg.

Pazymétina, kad §i analizé neleidzia nustatyti spasty riisiy molekulinés
kilmés. Siam tikslui buvo atlikti kvantiniai cheminiai skai¢iavimai. Jie parodé,
kad tiek ZnTTBPc, tiek TTBPc chloroforme gali sudaryti stabilias H-dimery
strukttras, kurios, labiausiai tikétina, veikia kaip suzadinimo energijos
spastai.
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7.1 lentelé. Fluorescencijos gesimo kinetiky aproksimavimo charakteristikos
taikant mono-eksponentinio arba iStemptosios eksponentés aprasymq
((7.3) lygtis) ir DA modelj ((7.5) lygtis). Vidutinés fluorescencijos gyvavimo
trukmeés apskaiciuotos is iStemptosios eksponentés aproksimacijy pagal
(7.4) lygtj. Adaptuota pagal [Paper Al], gavus ,, AIP Publishing* leidimg.

Koncentracija, Mono- IStemptosios eksponentés DA
mM eksponentinis gesimas modelis
gesimas
T4, NS T b Tav, NS Tg, NS
ZnTTBPc
0.1 3.20 3.26 1.02 3.22 o0
0.3 3.06 3.05 0.99 3.06 691
1 111 0.77 1.29 1.66
3 0.39 0.59 0.61 0.50
10 0.09 0.50 0.17 0.11
TTBPc
0.1 5.68 5.59 0.97 5.66 s}
0.3 5.43 5.29 0.95 5.40 1189
1 2.86 0.89 3.03 6.35
3 1.50 0.85 1.63 1.28
10 0.05 0.50 0.10 0.05
TTBPc D1 TTBPc D2 ZnTTBPc D1 ZnTTBPc D2  ZnTTBPc D3

Ax =2.339 Ax =-0.185 Ax =2.594 Ax = 0.080 Ax = 1411
Ay =2.591 Ay =0.063 Ay =2.467 Ay =0.247 Ay =1.532
Az =3.298 Az =3.356 Az =3.428 Az = 3.409 Az =3.023

7.2 pav. Virsutinéje dalyje pateikti TTBPc ir ZnTTBPc dimery molekuliniy
struktiiry vaizdai is virSaus. Vidurinéje dalyje pateikti atitinkamy struktiry
vaizdai is Sono. Apatinéje dalyje parodyti atitinkamy monomery santykiniai
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poslinkiai x, y ir z asiy kryptimis. Pradinés H-dimery struktiiros pries
optimizavimg buvo sudarytos uzdedant du monomerus vieng ant kito, kai jy
tarpusavio orientacija z aSies atzvilgiu buvo 0° arba 45°. Visos struktiiros
buvo optimizuotos LC-BLYP/6-31G(d) teorijos lygmeniu, naudojant
programq ,, GaussView . Perspausdinta is [Paper Al], gavus AIP Publishing
leidimq. | Skaiciavimus atliko dr. Andrius Gelzinis ir Darius Likandrovas (abu
is FTMC).

7.3.2. Morfologijos sukelti trans-stilbeno plonyju pléveliy
fluorescenciniy savybiy pokyciai

Stilbenas (C1sH12) yra organinis junginys, kurio geriausiai zinoma savybé
yra trans—cis fotoizomerizacija [118-120]. Fotoizomerizacija vyksta veikiant
ultravioletinei spinduliuotei tick skystojoje, tiek dujinéje fazéje. 7.3 pav. a ir
b dalyse atitinkamai pavaizduotos stilbeno trans ir cis stereoizomery
strukttiros. Taciau kietojoje stilbeno bilisenoje izomerizacija nevyksta dél
steriniy apribojimy [13,36,122].

Kietasis trans-stilbenas (TS) gali bati taikomas jutikliy ir atrankos
sistemose [14], UV spinduliuotei aptikti [123,124] arba neutroninei
spinduliuotei registruoti [125-127]. Stabilios TS plonosios plévelés
pastaruoju metu buvo charakterizuotos naudojant SEM [13] ir XRD [131].
Karpicz ir kt. [13] parodé, kad didéjant TS koncentracijai polimeringje
matricoje, TS molekulés pradeda telktis j klasterius, o fluorescencijos
spektruose atsiranda reikSmingy pokyc¢iy. Taciau tiksli tokiy pléveliy trimaté
morfologija, taip pat optiniy savybiy kitimo dinamika, susijusi su
morfologijos poky¢iais keiCiant koncentracijg ir plévelés storj, vis dar néra
pakankamai iStirta. Tokios Zinios galéty padéti valdyti TS pléveliy struktiirg
ir savybes, o tai gali biiti naudinga jvairiems praktiniams taikymams.

CI4H12

(a) 2 trans-stilbenas (b) czs stllbenas

» )
po2y A

9 J
7.3 pav. Cheminés a) trans- ir b) cis-stilbeno junginiy struktiiros. Adaptuota
pagal [Paper A2], laikantis CC BY 4.0 licencijos sqlygy. [/Chemines
struktiiras, naudodamas ,,GaussView* programgq, nubraizé dr. Mindaugas
Macernis (Vilniaus universitetas).
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7.4 pav. pateikti trijy TS plonyjy pléveliy, pasizyminciy skirtingomis TS
koncentracijomis ir plévelés storiais, AFM (7.4 pav. a) ir CARS (7.4 pav. c)
vaizdai. Remiantis ankstesniais tyrimais [13], mikroskopijos rezultatai rodo,
kad didéjant koncentracijai vyksta TS Kklasterizacija. Esant maziausiai
koncentracijai (0.5 %), stebima monomering, t. y. grynai molekuliné, TS
plévelés morfologija. 80 % koncentracijos ir 670 nm storio TS plévelése yra
labai tvarkingy TS monokristaly, o 80 % koncentracijos ir 45 nm storio
méginj, labiausiai tikétina, sudaro tiek netvarkingi TS agregatai, tiek TS
monokristalai. AFM tyrimai parodé, kad TS kristalai susidaro plévelés
pavirsiuje.

7.5 pav. a dalyje pateikti TS plonyjy pléveliy stacionariosios
fluorescencijos spektrai, iSmatuoti esant skirtingoms TS koncentracijoms ir
pléveliy storiams. Karpicz ir kt. [13] arodé, kad TS Kklasterizacija lemia
subtilius TS plonyjy pléveliy fluorescenciniy savybiy pokycius. I§ tiesy,
keic¢iant tiek TS koncentracijg, tiek plévelés storj, stebimi laipsniski
fluorescencijos spektry pokyciai (zr. 7.5 pav. air 7.2 lentelg).

Siekiant i§samiau suprasti Siuos pokyc¢ius, visam fluorescencijos spektry
rinkiniui buvo atlikta globalioji analizé, taikant NNMF metoda (7.2 lygtis).
Dviejy komponenciy skaidymo rezultatai 7.5 pav. a dalyje pateikti
raudonomis linijomis. Buvo daroma prielaida, kad 0.5 % koncentracijos ir 175
nm storio TS plével¢je néra nei netvarkingy agregaty, nei labai tvarkingy
kristality ir kad ja daugiausia sudaro grynai molekulinés TS raiSys. Todél Sios
plévelés fluorescencijos spektras viso algoritmo metu buvo fiksuotas ir
nekei¢iamas. Si analizé leidzia iSskirti dvi fluorescencines riisis. Pirmoji
komponenté¢ (auksiné linija 7.5 pav. a dalyje) priskiriama grynai
molekulinéms TS riiSims, o jos indélis mazéja didéjant TS koncentracijai.
Analizuojant nuo plévelés storio priklausancius spektrus, kai TS koncentracija
buvo pastovi ir lygi 80 %, stebima panasi tendencija. Pagal skaidymo
rezultatus ploniausios plévelés fluorescencijos spektre monomeriniy risiy
indélis siekia apie 60 %, o didéjant plévelés storiui Sis indélis mazéja. Antroji
komponent¢ (zalia linija 7.5 pav. a dalyje) gali buti priskirta TS
monokristalams. 7.5 pav. b dalis rodo, kad didéjant tick TS koncentracijai,
tiek plévelés storiui, kristalams priskiriamos komponentés santykinis svoris
fluorescencijos spektruose didéja.

102



Molekuliné fazé Molekuliné fazé / agregatai Kristalitai
0.5% TS, 175 nm plévelé 80% TS, 45 nm plévelé 80% TS, 670 nm plévelé

6.0 um

———
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7.4 pav. @) 30 um x 30 um TS plonyjy pléveliy pavirsiaus AFM vaizdai. b) TS
klasteriy aukstis, t. y. atstumas nuo plévelés pavirsiaus vertikalia kryptimi
isilgai raudonos linijos, parodytos a dalyje. ¢) Ty paciy pléveliy 30 um x 30
pum CARS vaizdai. Adaptuota pagal [Paper A2], laikantis CC BY 4.0 licencijos
sqlygy. | AFM matavimus atliko dr. Marija Jankunec (Vilniaus universitetas),
0 CARS matavimus — dr. Andrej Dementjev (FTMC).

Didéjant TS koncentracijai, fluorescencijos slopimo kinetikose i§ pradziy
(iki 10 % ir 20 %) stebimas fluorescencijos gesinimas (zr. 7.5 pav. ¢ ir 7.2
lentelg). Taciau toliau did¢jant koncentracijai, monotoniskai ilgéja
fluorescencijos gyvavimo trukmés ir didéja komponenciy, reikalingy
kinetikoms tinkamai aproksimuoti, skaicius. Keiciant plévelés storj esant
pastoviai TS koncentracijai, taip pat stebimas gyvavimo trukmiy ilgéjimas.
Didziausios TS koncentracijos ir didziausio storio plévelé (80 % TS, 670 nm)
pasizymi létu mono-eksponentiniu slopimu, kurio gyvavimo trukmé yra 1,60
ns, o tai rodo, kad Siame méginyje vyrauja TS monokristalai.
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7.2 lentelé. Skirtingos koncentracijos ir storio TS plonyjy pléveliy
stacionariosios fluorescencijos ir fluorescencijos slopimo kinetiky
charakteristikos, jskaitant fluorescencijos juosty padétis ir fluorescencijos
slopimo kinetiky bieksponentinio aproksimavimo parametrus. Adaptuota
pagal [Paper A2], laikantis CC BY 4.0 licencijos sqlygy.

TS Plévelés  Stacionariosios Fluorescencijos slopimo
koncentracija  storis, nm  fluorescencijos kinetikos savybés
PS matricoje, savybes
mas., %.
FL juostos, AFL,  T1,NS  T9, NS Tgy,
nm nm (%) (%) ns
0.5% 175 336, 353, 372 353 0.71 --- 0.71
(100%)
10% 175 340, 354, 374 355 0.26 --- 0.26
(100%)
20% 175 340, 355, 375 357 0.28 --- 0.28
(100%)
60% 175 341, 360, 380 361 0.19 1.65 0.48
(80%)  (20%)
80% 45 339, 359, 376 360 0.30 1.68 0.48
(87%)  (13%)
80% 75 341, 360, 376 361 0.38 1.62 0.69
(75%)  (25%)
80% 175 342, 360, 380 361 0.51 1.50 0.90
(61%)  (39%)
80% 300 347, 360, 380, 361 0.51 1.48 1.12
404 (36%)  (63%)
80% 670 347, 361, 380, 361 --- 1.60 1.60
405 (100%)

Visas fluorescencijos slopimo kinetiky rinkinys buvo globaliai
iSanalizuotas taikant tg patj metodg, kuris buvo naudotas stacionariosios
fluorescencijos spektrams. Skaidymo rezultatai 7.5 pav. ¢ dalyje pateikti
raudonomis linijomis. Siuo atveju dviejy komponenéiy skaidymas néra toks
vienareikSmis: dviejy komponenciy nepakanka visam kinetiky rinkiniui
tinkamai aproksimuoti. Taciau i§ aproksimavimo pasalinus maZziausios
koncentracijos méginio (0.5 % TS, 175 nm) monoeksponenting kinetikg, visas
likusias kinetikas tampa jmanoma iSskaidyti i dvi komponentes. Pirmoji yra
greitoji komponenté, kurios vidutiné gyvavimo trukmé yra mazdaug 0.27 ns
(mélyna kreivé 7.5 pav. ¢ dalyje). Si kinetiné komponenté gali bati priskirta
greitai netvarkingy TS agregaty fluorescencijai. Ji vyrauja 10 % ir 20 %
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koncentracijos 175 nm storio pléveliy, taip pat 80 % koncentracijos 45 nm
storio plévelés kinetikose. Santykinis Sios komponentés svoris kiekvienoje
fluorescencijos slopimo kinetikoje 7.5 pav. d dalyje parodytas mélynu
stulpeliu. Antroji, ilgaamz¢, 1.60 ns gyvavimo trukmés komponenté (zalia
kreivé 7.5 pav. c dalyje) gali biti priskirta TS monokristaly
monoeksponentinei slopimo kinetikai. Santykinis Sios komponentés svoris
kiekvienoje fluorescencijos slopimo kinetikoje 7.5 pav. d dalyje parodytas
zaliu stulpeliu. Jdomu tai, kad né viena i$ kinetiky negali biiti visiskai aprasyta
vien §ia komponente.

(a) o Eksperimentas 2 komponenty (C) < Eksperimentas 2 komp. :Ia\zn:mksimacu?
) aproksimacija Aonomtear_a\
Monomerai ir agregatal Kﬁ:?gl?tall
_ — Kristalitai
) g, 80 %, 670 nm
80 %, 670 nm i
= = 1, " ,so%,ﬁsﬁkﬁ‘
@ s Y ? >
g ©
5 E ) :
2 s 7 e, 80 %, 45 nm
0 17 g s
3 it tsml 2 ey
£ ) £
3 S
TR __60%, 175nm i
_ 20%,175nm
10 %, 175 nm
0.5 %, 175 nm
340 360 380 400 420 440 460 0 2 4 6 8 10 12 14 16
Bangos ilgis, nm Laikas, ns
(b) 100 (d) [ Kristalitai [] Agregatai
" 80%, 670 nm — JPad e
= 9 2 ] 80%, 300 nm T |
o @ 80%, 175 nm . |
£ T 60 . i ' - ‘
23 £ 80%, 75 nm = 1
€2 ] B o o, T ]
& = 40 o 80%, 45 nm ]
n 8 =
k] 60%, 175 nm T |
=~ 20+ 1 20%, 175 nm | ]
0 175 nm plévelés 80% TS 10%, 175 nm |
T T T T T T T T T T T 1
0 20 40 60 80 0 200 400 600 0 20 40 60 80 100
TS koncentracija, % Plévelés storis, nm Santyking dalis, %

7.5 pav. Globaliosios analizés rezultatai: a) stacionariosios fluorescencijos
spektry ir c¢) fluorescencijos slopimo kinetiky analizé, taikant daugiamatés
kreiviy skiriamosios analizés metodq, pagristq neneigiamos matricos
faktorizacija ((7.2) lygtis). b) ir d) dalyse atitinkamai parodytas santykinis TS
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monokristaly indélis pléveliy stacionariosios fluorescencijos spektruose bei
santykiniai TS agregaty ir monokristaly indéliai pléveliy fluorescencijos
slopimo kinetikose. Adaptuota pagal [Paper A2], laikantis CC BY 4.0
licencijos sqlygy.

7.3.3. Van der Waals sgveikos tarp trans-stilbeno ir heksagoninio boro
nitrido pasireiSkimas

Dvimacio (2D) heksagoninio boro nitrido (hBN) nanosluoksnis yra
medziaga, pasizyminti dideliu cheminiu ir Siluminiu stabilumu bei dideliu
Siluminiu laidumu [134-136]. 2D hBN yra izoliatorius [134,135] ir jau buvo
sékmingai pritaikytas kaip dielektrinis sluoksnis lauko tranzistoriuose
[135,137], aip pat kaip apsauginis dengiamasis sluoksnis jvairiuose
jrenginiuose [135]. Be to, verta paminéti, kad hBN yra perspektyvus fotonikos
taikymams, pavyzdziui, ultravioletinés spinduliuotés detektoriams ir
emiteriams [137]. Ivairiy organiniy junginiy saveikos su skirtingomis boro
nitrido formomis mechanizmy ir stiprumo supratimas yra svarbus minétiems
taikymams. Pastaruoju metu van der Waals saveikos spektroskopinés
apraiskos ir su adsorbcija susij¢ reiSkiniai buvo tiriami tiek teoriskai, tiek
eksperimentiskai doksorubicino, adsorbuoto ant 2D hBN nanodribsniy [144],
atveju, taip pat tiakarbocianino dazikliams [21] ir jvairiems porfiriny bei
ftalocianiny junginiams [10,22,102,103,145], adsorbuotiems ant hBN. Taciau
zinios apie adsorbuoty junginiy vibracines ir elektronines savybes, taip pat
apie grynos van der Waals sgveikos tarp organiniy junginiy ir hBN pavirSiaus
pasireiskimg vis dar yra nepakankamos.

Siame skyriuje nagrinéjama van der Waals saveika tarp tiirinio nepolinio
TS ir hBN. Atsizvelgiant  abiejy medziagy nepolinj pobiidj, galima manyti,
kad pagrindinis jy tarpusavio saveikos mechanizmas yra Londono dispersinés
jégos. 7.6 pav. a ir b dalyse atitinkamai pateiktos DFT metodu optimizuotos
TS kristalo strukttiros ir atskiry TS molekuliy, adsorbuoty ant 2D hBN
sluoksnio, struktiiros.

7.6 pav. c dalyje pateikti tiek eksperimentiniai TS ir TS + hBN van der
Waals komplekso THz-TD spektrai, iSmatuoti kambario temperattroje ir
skysto azoto temperatiiroje, tiek apskaiCiuoti spektrai (iSsamiau zr. [Paper
A3)]). Galima teigti, kad vdW saveika tarp TS ir hBN lemia dviejy papildomy
juosty atsiradimg TS + hBN spektre, palyginti su gryno TS spektru. Sios
juostos yra zemy daZniy srityje: 0,71 THz kambario temperatiiroje ir 0,80 THz
skysto azoto temperatiiroje, taip pat ties 1,10 THz abiem temperatiiroms. Jos
priskiriamos libraciniams virpesiams, t. y. TS virpesiams hBN pavir§iaus
atzvilgiu, ir taip patvirtina komplekso susidaryma. Sia tendencija patvirtina ir
DFT skaiciavimy rezultatai.
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7.6 pav. a-b) Atitinkamai optimizuota TS kristalo struktira ir atskiros TS
molekulés, adsorbuotos ant hBN. ¢) Eksperimentiniai ir apskaiciuoti TS bei
TS + hBN komplekso THz spektrai. Visuose spektruose pazymétos smailiy
padeétys. ,,KT* reiskia kambario temperatirg, o , SAT* — skysto azoto
temperatirq. d) Eksperimentiniai ir apskaiciuoti TS bei TS + hBN komplekso
Ramano spektrai. Palyginimui pateiktas eksperimentinis hBN Ramano
spektras. Aiskumo délei tiek eksperimentiniams, tiek apskaiciuotiems Ramano
spektrams taip pat pateikti skirtuminiai TS ir TS + hBN vdW komplekso
spektrai. Visuose spektruose pazymétos smailiy padétys. Adaptuota pagal
[Paper A3]. Autoriy teisés 2025 m. ,, American Chemical Society*. / THz
eksperimentus atliko dr. Daniil Pashnev (FTMC), Ramano matavimus — dr.
Martynas Talaikis (FTMC), o visus skaiciavimus atliko dr. Maksim Shundalau
(Salerno universitetas).

7.6 pav. d dalyje pateikti tiek eksperimentiniai, tiek apskai¢iuoti
(iSsamiau zr. [Paper A3]) TS, hBN ir TS + hBN van der Waals komplekso
Ramano spektrai. Tiek eksperimentiniai duomenys, tiek skaiciavimy
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rezultatai rodo tg pacig tendencija: TS + hBN komplekse kai kurios TS
priskiriamos juostos, palyginti su grynu TS, pasislenka j didesniy dazniy srit],
o hBN priskiriama juosta, palyginti su grynu hBN, pasislenka | mazesniy
dazniy sritj. 7.3 lenteléje pateikti eksperimentiniy Ramano dazniy pokyciai,
kuriuos lemia vdW saveika tarp TS ir hBN.

7.3 lentelé. Dél sqveikos pasislinkusiy eksperimentiniy hBN, TS ir TS + hBN
komplekso Ramano juosty priskyrimas. Adaptuota pagal [Paper A3]. Autoriy
teisés 2025 m. ,, American Chemical Society “.

Ramano daznis, cm™? Juostos
TS hBN TS + hBN priskyrimas

994.5 995.5 Ziedo
plokstuminé
trigonaliné
deformacija
1190.5 1191.0 C- ziedo
tempimo
virpesiai
1367.5 1363.5 E2q hBN moda
(BN rysio
tempimo
virpesiai)
1590.5 1591.0 Ziedo tempimo
virpesiai
1635.5 1636.0 C=C tempimo
virpesiai

7.7 pav. a ir b dalyse atitinkamai pateikti TS, hBN ir TS + hBN vdW
komplekso stacionariosios fluorescencijos spektrai bei fluorescencijos
slopimo kinetikos. TS + hBN komplekse, palyginti su grynu TS, stebimas
santykinis ties 365 nm esancios juostos intensyvumo padidéjimas. Mazai
tikétina, kad §j padidéjima lemia hBN, nes jo fluorescencijos intensyvumas
yra gerokai mazesnis nei TS (Zr. 7.4 lentelg). Labiausiai tikétina, kad Sis
santykinis intensyvumo padidéjimas susijes su subtiliu TS elektrony debesies
persiskirstymu sgveikaujant su hBN. Be to, TS + hBN komplekse, palyginti
su grynu TS, stebimas nezymus fluorescencijos gesinimas (zr. 7.4 lentele).
Tikétina, kad §] pokytj taip pat lemia subtilis TS elektroninés struktiiros
poky¢iai, atsirandantys dél sagveikos su hBN.
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7.7 pav. a) hBN, TS ir TS + hBN vdW komplekso stacionariosios fluorescencijos
spektrai; b) ty paciy méginiy fluorescencijos slopimo kinetikos. Visuose matavimuose
Zadinimo bangos ilgis A... = 300 nm. Adaptuota pagal [Paper A3]. Autoriy teisés
2025 m. ,,American Chemical Society “.

7.4 lentelé. hBN, TS ir TS + hBN junginiy stacionariosios fluorescencijos ir
fluorescencijos gesimo kinetikos charakteristikos. Adaptuota pagal [Paper A3].
Autoriy teisés 2025 m. ,,American Chemical Society .

hBN TS TS + hBN
kompleksas
Stacionarioji FL
FL 352, 364 345, 367, 380, 404 364, 380, 405
juostos,
nm
FL 17920 245700 85950
intens.
ties 365
nm
Laiko skyros FL
Juosta, 14, Toy  Taus  T1s T2,  Tavy  T1 T2, Tav
nm ns ns ns ns ns ns ns ns ns
345 0.29 2.45 0.35 0.63 1.67 0.80 0.35 151 0.54
(97%)  (3%) (84%)  (16%) (83%)  (17%)
352 0.35 2.70 0.42 0.68 181 1.07 0.41 1.90 0.82
(97%)  (3%) (65%)  (35%) (73%)  (27%)
364 0.33 2.31 0.44 0.53 1.88 0.94
(94%)  (6%) (70%)  (30%)
367 0.70 2.10 1.14
(68%)  (32%)
380 0.33 2.24 0.47 0.70 2.23 1.18 0.47 1.94 0.92
(93%)  (7%) (70%)  (30%) (70%)  (30%)
405 0.40 241 0.60 0.68 2.23 1.29 0.44 2.09 0.90
(90%)  (10%) (61%)  (39%) (72%)  (28%)
420 0.42 283 070 1.02 248 165 0.60 269 114
(88%)  (12%) (57%)  (43%) (74%)  (26%)
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7.4, ISvados

Sioje disertacijoje nagrinéjami optiniy spektry pokyéiai, susije su
skirtingy tipy tarpmolekulinémis sgveikomis.

Tiek bemetalis, tiek cinko ftalocianinas pasizymi fluorescencijos
koncentraciniu gesinimu (KG). Didéjant molekulinei tirpalo koncentracijai,
né vieno junginio stacionariosios fluorescencijos spektruose nepastebima
ryskiy pokyéiy, tafiau fluorescencijos gesimo kinetikos reikSmingai
paspartéja, taip pat yra stebimas nuoseklus peréjimas nuo monoeksponentinio
gesimo esant mazoms koncentracijoms prie multicksponentinio gesimo esant
didesnéms koncentracijoms. Toks elgesys buvo priskirtas fluorescencijos
gesinimui, kurj lemia Forsterio tipo suzadinimo energijos migracija i
nefluorescuojanéias arba silpnai fluorescuojanéias suzadinimo gaudykles.
DFT pagrijsti kvantinés chemijos skai¢iavimai taip pat parodé, kad Sios
gaudyklés yra besiformuojantys H dimerai.

Trans-stilbeno (TS) plonosios plévelés taip pat pasizymi KG esant
santykinai mazoms koncentracijoms (nuo 0,5 % iki 20 % TS). Tacliau,
prieSingai nei ftalocianiny tirpaluose, jy fluorescencijos gesimo kinetikos
monoeksponentinés. Labiausiai tikétina, kad $is gesinimas kyla dél silpnai
fluorescuojan¢iy TS agregaty susidarymo, kurie plévelése tampa
pagrindinémis emituojan¢iomis rii§imis. Toks elgesys skiriasi nuo
ftalocianiny atvejo, kai net ir esant didziausioms koncentracijoms stebima
emisija kilo i§ monomeriniy rusiy.

Apskritai, did¢jant molekulinei koncentracijai, TS plonosios plévelés
pasizymi sudétingesniu elgesiu. Esant santykinai mazoms koncentracijoms
stebimg KG dar padidinus koncentracijg pakei¢ia létesnés bieksponentinés
fluorescencijos gesimo kinetikos. Didéjant plévelés storiui, fluorescencijos
gesimas létéja, o storiausioje plévelgje (80 % TS, 670 nm) stebimas létas
monoeksponentinis  gesimos, kurio gyvavimo trukmé yra 1,60 ns.
Stacionariosios fluorescencijos spektrai, didéjant molekulinei koncentracijai,
kinta tolygiai. Toks elgesys aiSkinamas struktiiriniais pokyciais TS plonosiose
pleveleése, kurie buvo stebéti taikant CARS mikroskopija ir AFM. Apskritai
nustatytos trys struktiirinés formos: atskiros TS molekulés, netvarkingi TS
agregatai ir TS monokristalai. Santykinj kiekvienos TS struktiirinés formos
kiekj galima kontroliuoti kei¢iant molekuling koncentracija, o TS agregaty ir
kristaly dydj — keiciant plévelés storj. Visos trys TS struktiirinés formos
pasizymi skirtingomis stacionariosios ir laikinés skyros fluorescencijos
savybémis. Todél tiksliai kontroliuojant méginiy paruo$imo sglygas galima
tiksliai valdyti fluorescencines savybes, o tiek stacionarioji fluorescencija,
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tiek fluorescencijos gesimo kinetikos yra tinkami ir veiksmingi metodai
tokiems nuo morfologijos priklausomiems reiskiniams analizuoti.

Fluorescencijos gesinimas taip pat stebimas TS molekuliy ir dvimacio
(2D) heksagoninio boro nitrido (hBN) van der Waalso komplekse, palyginti
su gryno TS tablete. Sis gesinimas gali biiti sicjamas su subtilia, saveikos
sukelta TS kristalinés struktiiros deformacija saveikaujant su hBN.
Stacionariosios fluorescencijos spektruose taip pat stebimas vienos juostos
santykinis intensyvumo padidéjimas, kuris, tikétina, turi tg pacig kilmg kaip ir
fluorescencijos gesinimas.

Apskritai van der Waalso (vdW) saveika tarp nepolinio TS ir hBN
pasireiSkia THz, infraraudonojoje ir regimojoje spektro srityse, todél
TS + hBN kompleksas yra tinkama modeliné sistema vdW saveikos tarp
organiniy junginiy ir dvimatés nepolinés medziagos ypatybéms tirti. Tokiu
atveju Ramano spektruose stebimi su adsorbcija susij¢ poslinkiai, todél
Ramano spektroskopija yra veiksmingiausias metodas tokio tipo sgveikoms
aptikti ir apibudinti.

Apibendrinant, gauti rezultatai atskleidzia aiskius skirtingy tipy
tarpmolekuliniy saveiky spektroskopinius pozymius, jskaitant H agregaty
susidaryma, nuo morfologijos priklausoma molekuling organizacijg ir van der
Waalso saveika tarp dviejy nepoliniy junginiy. Nors fluorescencijos gesinimas
stebimas visose tirtose sistemose, jo kilmé skiriasi priklausomai nuo
tarpmolekuliniy sgveiky pobtidzio ir molekulinés organizacijos, atspindédama
pagrindinés ir suzadintosios biiseny procesy, lemianciy tirty sistemy
fotofizikinj atsaka, skirtumus.
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Conference (LNFK), October 2025, Kaunas, Lithuania.

[C24] J. Fedotova, M. Talaikis, P. Lamberti, J. Chmeliov, M. Shundalau. R.
Karpicz, I. Halimski. Investigation of spectroscopic properties of free-
base tetraphenylporphyrin and hexagonal boron nitride van der Waals
complex. FizTeCh conference, October 2025, Vilnius, Lithuania

7.6. Autoriaus indélis

Disertacijos autorius paruos$¢ visus meginius visiems matavimams. Jis
atliko visus stacionariosios sugerties matavimus, taip pat stacionariosios
fluorescencijos, fluorescencijos suzadinimo ir fluorescencijos slopimo
kinetikos matavimus. Jis apdorojo, analizavo ir interpretavo gautus duomenis,
dalyvavo analizuojant papildomy eksperimenty rezultatus, prisidéjo prie visy
straipsniy rengimo, jskaitant tiek pirminio rankra$€io parengima, tiek
perziiiros ir redagavimo etapus, taip pat prie atsakymy j recenzenty pastabas
rengimo.

Zemiau nurodomas §iame darbe panaudotas bendraautoriy indélis:

Paper Al: Darius Likandrovas ir dr. Andrius Gelzinis atliko kvantinés
chemijos skaic¢iavimus, kurie pagrindzia disertacijos i§vadas.

Paper A2: Dr. Marija Jankunec atliko AFM mikroskopijos tyrimus, o
dr. Andrej Dementjev atliko CARS mikrospektroskopijos eksperimentus.
Dr. Mindaugas Macernis atliko kvantinius cheminius skaiciavimus.
Stacionariosios fluorescencijos spektry ir fluorescencijos slopimo kinetiky
globalia analize, taikant neneigiamos matricos faktorizacijos metoda,
disertacijos autorius atliko kartu su savo moksliniu vadovu dr. Jevgenij
Chmeliov. Visos minétos jzvalgos buvo bitinos formuluojant $iuo straipsniu
pagristas iS§vadas.

Paper A3: Dr. Martynas Talaikis atliko Ramano sklaidos matavimus.
Dr. Daniil Pashnev kartu su dr. Maksim Shundalau, dr. Andzej Urbanovi¢ ir
dr. Irmantas KaSalynas atliko THz spektroskopijos matavimus. Be to,
dr. Maksim Shundalau atliko kvantinius cheminius skai¢iavimus. Visi §ie
rezultatai buvo panaudoti formuluojant disertacijos iSvadas.

7.7. PareiSkimas apie dirbtinio intelekto naudojima

Disertacijos autorius deklaruoja, kad rengiant $ig disertacija buvo
naudojamas generatyvinis dirbtinis intelektas. GPT-5.6 Sol modelis
(ChatGPT, OpenAl) buvo naudojamas angly kalbos gramatikai taisyti ir
teksto skaitomumui gerinti, taip pat padéti verciant disertacijos santraukg i
lietuviy kalbg. Moksliniam turiniui kurti dirbtinio intelekto priemonés nebuvo
naudojamos. Visus mokslinius teiginius, interpretacijas ir iSvadas
suformulavo disertacijos autorius.
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