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PRESENTATION OF THE SCIENTIFIC CYCLE?

Analysis of electronic excitation energy transfer, excitation energy trapping
and intermolecular aggregation in selected fluorescent systems

Introduction

Nonradiative electronic excitation energy transfer (NET) is a physical phenomenon that has numerous
crucial applications in optical materials, molecular biophysics, biochemistry and nanomedicine [1-8,
H2, H7]. It plays an important role in, among other things, the phenomenon of photosynthesis, pro-
vides fundamental information about polypeptide and protein conformations and intramolecular dis-
tances in a range of macromolecules, and can be a reliable indicator of their aggregation or breakdown
as a result, for example, of enzymes action [9-11].

NET phenomenon occurs both in systems with random arrangement of fluorophores (disordered sys-
tems, e.g. solutions) and in those that exhibit some kind of ordering (e.g. biological membranes, liquid
crystals, uniaxially oriented polymers) [12-15, H5]. Currently, research on nonradiative excitation en-
ergy transfer also concerns new challenges formulated in connection with the development of broadly
understood nanotechnology, optoelectronics and the design of broadband light sources on the nano
and microscale [16-18].

Nonradiative electronic excitation energy transfer in fluorescent systems can take place between ei-
ther the molecules of the same type or between the different ones. Particles that release excitation
energy are called donors (D) while the recipients are called acceptors (A). A prerequisite for energy

2 Further, references marked with letter H and a numbers, for example [H1] refer to works constituting the cycle
of publications on which the habilitation application is based on. Other references marked with numbers like
for example [1] do not constitute this cycle. In order to keep the natural flow of references in the presentation
of scientific cycle the numbers of these works are different than those in summary of accomplishments (at-
tachment 4A)
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transfer is partial overlap of the fluorescence spectrum of a donor and the absorption one of acceptor.
Nonradiative energy transfer occurs at sufficiently small distances between an excited donor D and
unexcited acceptor A, ensuring strong enough coupling of the interacting fluorophores. The discussed
phenomenon takes place at distances Rpa<<A, typically not exceeding 10 nm, where Rpa is the distance
between the interacting particles, considered as point dipoles, while A is the wavelength of the wave
emitted by a donor particle [19,20].

The intermolecular NET phenomenon between an excited donor and unexcited acceptor was already
attempted in the 1920s to be quantitatively described by J.B. Perrin. However, the author of the first
complete and positively verified experimentally theoretical works describing the nonradiative elec-
tronic excitation energy transfer, in a single step from the donor to the acceptor, by means of the
guantum mechanical calculus of perturbations was Theodor Férster in the 1940s [21]. Over the years,
it became apparent that of particular importance in the theory he developed was the finding describing
the rate constant of the energy transfer in one step from an excited donor to not unexcited acceptor,
under the assumption of a dipole-dipole nature of the coupling between the interacting molecules.
The expression describing the rate constant (probability of energy transfer per unit time) in this case
predicts its dependence on Rpa®, where Rpa is the distance between the interacting energy donor and
acceptor.

This relationship received by Forster describes very well the direct energy transfer from a donor to
acceptor not only in viscous and stiff solutions but also in a vast majority of dichromophoric systems
(labeled with two different appropriately selected fluorescent probes polymers, polypeptides, pro-
teins, DNA and other macromolecules).

It can be stated today that the formula obtained by Forster for the rate constant describing energy
transfer, in one step, from an excited donor to unexcited acceptor, in case of negligible material diffu-
sion, has stood the test of time and constitutes the foundations for numerous application studies as
well as the theory further developments. These developments are of a very diverse nature and are
determined by various needs both fundamental and application needs.

The assumption made in the Forster model of a one-step energy transfer from a donor to acceptor
implies that in solutions, for example, investigations are limited to low molar donor concentrations
with a sufficiently high molar concentration of the acceptor at the same time. When this strict condi-
tion is not met, the Forster's theory ceases to describe the experiments correctly, as the direct transfer
of energy from a donor to acceptor starts to compete with the phenomenon of multistage excitation
energy migration in a set of donors. The necessity to overcome the pointed out limitation (together
with some other ones) triggered the development of more general models, in which the Forster's find-
ings appear to be simply a special case.

These models include, among others, the study of the aforementioned multi-step excitation energy
transfer in a set of molecules of the same type (donors) before the excitation is transferred to a set of
acceptors, the effect of reverse energy transfer from acceptors to donors, the effects of intermolecular
correlations in the energy transport process, directional energy transfer in systems with a specific ge-
ometry or ordering of the directions of the transition moments of the interacting fluorophores [22-25].
And although these models represent themselves a methodologically diverse class, it turns out that



the dependence of the energy transfer rate constant on distance remains preserved in all of them,
regardless of whether the energy transfer is one or multi-step and whether it takes place occurs from
a donor to acceptor or vice versa. This common interesting feature indicates Forster's extremely good
intuition and the dominant role of dipole-dipole coupling

Of course, there exists also an important group of models describing energy transfer phenomena, for
which a different or modified constant rate appears appropriate. These models are exploited, for ex-
ample, in systems with significant or dominant material diffusion of fluorophores, in strongly coupled
donor-acceptor systems with overlapping molecular orbitals, in the photosynthesis phenomenon orin
studies of plasmonically enhanced energy transfer [26-30].

Significant advances have taken place in optical materials and nanotechnology in recent years. Func-
tional core-shell nanostructures or nanolayers on metallic substrates containing fluorophores can, for
example, serve as local emission amplifiers, elements of biosensors or broadband light sources at
a micro or submicroscale [31-33,34,35]. In such systems, the energy transfer between fluorophores
localized on fragments of nanostructures can play an important role in designing a particular material
with desired properties. However, as it turns out, the quantitative description of energy transfer in
such systems is clearly more difficult than in typical disordered ones. This is related the specific geom-
etry of such systems, which characteristics must be taken into account during modeling trials: e.g. the
spatial distribution of fluorophores transition moments in uniaxially oriented thin polymer films, finite
number of fluorophores, e.g. on the surface or in volume of a nanostructure, distribution the area of
nanoparticle surfaces, or, in the case of porous nanolayers, preferential filling with fluorophores of
small parts of nanostructures, e.g., surface or pore volume [H2-H5, H9]. The above-mentioned facts
often lead to serious difficulties in developing analytical models due to the greater complexity of the
examined systems. Although in some cases it is possible to develop and positively verify a model that
returns as a final result an analytical expression for emission intensity decay, emission anisotropy de-
cay or other luminescence observables, it is much easier to describe the characteristics of complex
systems using the Monte-Carlo simulation method [36, 37].

A considerable advantage of using the Monte Carlo simulation method is that it also allows finding of
some important parameters characterizing the energy transfer that unavailable directly through meas-
urements, such as: the average value of the orientation factor, the average number of excitation en-
ergy jumps in the system, the average squared displacement of excitation or the average time of en-
ergy localization on the excited molecules [37]. The analysis of the above quantities allows to accu-
rately assess the influence of various factors (e.g., molecules orientation, geometry of the system) on
the studied processes, often deciding about interpretation of the experimental data.

The papers H1-H9 presenting my experimental studies together with quantitative analysis of the ob-
tained results show, based on several examples, the necessity of using diverse approaches to describe
the properties of energy transport phenomena as well as the properties of the investigated systems
themselves, while preserving the mentioned common foundation of the discussed research, which is
the dipole-dipole mechanism of the electronic excitation energy transfer. The analyses performed in-
dicate a very important role of analytical models as well as the Monte-Carlo simulations in description
of fluorescent systems studies, with the Monte-Carlo method showing evident advantage in case of
higher complexity systems.



Outline of the development of the nonradiative electronic excitation energy transfer theory

NET theory has been particularly well formulated for three-dimensional disordered systems with infi-
nitely large number of fluorophores in a solution (thermodynamic limit). As it has been already men-
tioned in the introduction, the NET process from an excited donor to an unexcited acceptor takes place
in case of sufficiently strong energy coupling of these species and can, in standard cases, occur at dis-
tances much smaller than the donor fluorescence wavelength and, at the same time, not larger than
10 nm. Different electron states of the donor and acceptor molecules (mainly singlet and triplet) may
be involved in the process, and it may be the result of a Coulomb or exchange interactions
[19,21,38,39]. | will discuss the first situation only. Forster related the probability of energy transfer
between two molecules to, among other things, the relative position of the acceptor absorption and
donor emission spectra, with partial overlap of these spectra being a mandatory condition of nonradi-
ative energy transfer. He gave the following expression for the rate constant for energy transfer [21]:

6
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in which: 7y is the average donor fluorescence lifetime in case of acceptor absence, Rp,4 is the dis-
tance between the interacting donor and acceptor dipoles, while Ryp,4 is the so-called critical radius
(critical distance) for nonradiative energy transfer from an excited donor to unexcited acceptor. The
physical sense of this parameter is that it is the distance between the interacting molecules at which
the probability of excitation energy transfer equals %, and its value is determined on the basis of meas-
urements of absorption spectrum of an acceptor and fluorescence one of donor, and on the knowledge
of the quantum yield of a donor emission, using the following:
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Nop — denotes quantum yield of a donor fluorescence when energy transport is not present, Ip 4 is the
overlap integral of the fluorescence spectrum of a donor and the absorption spectrum of acceptor,
N ' — stands for the number of molecules in 1 mmol, while (KLZ)A)- represents the averaged over all
configurations value of the orientation factor, which describes the mutual position of the transition
dipole moments of an acceptor (in-absorption) and donor (in emission).

The value of the orientation factor of a single donor-acceptor pair is defined as:
Ky, = C0S@,, —3C0SQ, COSQ, (3)

where @, denotes the angle between the direction of the transition moment of donor ( &), ) and that

of acceptor (&,), ¢, —is the angle between the direction of £, and that of R, @, — the angle be-
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Fig 1. Geometrical configuration of transition dipole moments : acceptor absorption A and donor emission D.

For systems of random distribution of molecules the averaged orientation factor <k?> depends on
Tiok/ Trot, Where T;,; —is the mean localization time of excitation on a given molecule whereas t,,; is

. . . . . 2
the rotational relaxation time. The averaged value of the orientation factor changes from 3 [40] for

Tiok/Troe>> 1 (fast rotating dipoles) to 0,476 [41] for T;y,/Tror<<1 (static dipoles). Intermediate cases
and the methods to evaluate <i2> for macroscopically disordered systems have been discussed for
example in [42-44].

Natural generalizations of the Forster's model take into account a multi-stage energy migration in
a set of donors, which, at a sufficiently high donor concentrations, may precede the energy transfer
from a donor to acceptor. In this aspect, two major groups of models have emerged, been developed
and function: the so-called hopping model and the diagrammatic model. In the hopping mode, the
starting point is a specific system of kinetic differential equations in which fluorophores are divided
into groups based on configurations of the nearby unexcited molecules, and excited individuals are
categorized into orders, where the light-excited molecules are considered to be of the m-th order if
they became excited in the m acts of energy transfer [45].

In the original approach to the hopping model, energy transport processes are treated as the Markov
ones. Works based on this model use the formalism of a continuous-time random walk, which was
introduced by Montroll for the study of the dispersive nature of energy transport in disordered sys-
tems. As further experimental and theoretical work have shown, in many cases the probability of en-
ergy return from a certain excited donor molecule to the originally excited donor molecule, after av-
eraging over all configurations, is slightly higher than the probability of transferring this energy to any
other molecule from the vicinity of the excited donor.

Therefore, the so-called Huber's function has been introduced, which allows for approximate including
of memory effects in the energy transfer processes. This function is a measure of time changes of the
conditional probability that if a molecule was excited at a time t = 0, it will remain excited at any time
t > 0 [46]. The modified in this way excitation energy transport model can no longer be treated as the
Markovones, and the effect described above, called the intermolecular correlation effect, results in
a slight shortening of the effective energy migration range. Intermolecular correlations are usually
taken into account if the average time of localization of the excitation energy on a molecule is much
shorter than the molecule average rotational relaxation time in the excited state.

The second group of models for radiation-free excitation energy transport, called the Self Consistent
Diagramatic Method (SCDM) model [47, 48], describes a system containing N molecules of donor D
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and M traps of the acceptors A excitation energy traps A (acceptors), distributed randomly in an in-
active medium of a volume V. The donor molecules are numbered from 1 to N, while the trap mole-
cules are numbered from N +1 to N + M . The different configurations of the molecules are described
by the molecule position vector t R = (#,7,...,7y,,,) - The excitation energy transfer rate constant —

w™ - denotes the probability of an excitation transition per unit time from the j-th molecule of the

set X to the i-th molecule of the set Y, where X, Y represent the donor D and the acceptor A. Each of
the excited molecules of the donor D* can be deactivated by fluorescence emission, nonradiative tran-

sition, nonradiative energy transfer (BTE) from D* to D (“’ij ) and from D* to (wfiﬁj ).The dynamics of

electronic excitation in the studied system is described by a formula of master equation type on
Pxixj (t), where Pxixj(t) denotes the probability density of finding the excitation at time t on the mol-

ecule x; if at the initial time ¢ =0 the molecule xj was excited, with the initial condition Pxixj (0) = &;;.
The information about the system is obtained by averaging this probability over the distribution ‘R of
the molecules. The Green's function method is used to solve the master equation. The Fourier-Laplace
transform of the desired Green's function is a series of terms being products of n-elements transition
probabilities w,;’(l.%j. Summing up all these products (n — o) to obtain the relevant Green's function

requires a special computational technique. And the diagrammatic method proved to be the right one
here. For this purpose, the individual transition probabilities W,ﬁ% together with their products are
interpreted graphically. The complexity of the diagrammatic series is reduced by a topological reduc-
tion procedure. It involves examining the topological structures of diagrammatic series to identify
a smaller set of diagrams from which all other diagrams can be generated. Diagrammatic series are
renormalized using a procedure removing loops and nodes. To ensure that the behavior of normalizing
the total probability to unity is met, the self-consistency procedure is used. The relationship between
the theoretical results and the experimentally measured physical quantities is obtained, among others,
from the relationship between the fluorescence decay of the initially excited donor — G*”(t) — with the

parallel and perpendicular components of the donor fluorescence decay:

t
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As a result, an expression for the experimentally measurable decay of emission anisotropy is obtained:

B [||(t) -1,(1)
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which provides valuable information on the rotational dynamics and molecular interactions of fluoro-
phores. The SCDM model in the so-called three-body approximation leads to a decay function which
shape depends not only on the concentration, but also on the quotient of the critical radii for energy
transfer and migration, which is interpreted as a manifestation of a process that is not a stochastic
Markovian process (correlations are therefore also taken into account) [48].



An interesting practical aspect of the developed theories of energy transport in disordered systems is
that despite significant differences in the construction of systems of differential equations describing
these stochastic processes in both groups of models, as well as in different methods of solving them
and different approximations applied, the results characterize the time and concentration courses of
the luminescent characteristics of the system. two-compound donor-acceptor system appear to be
very similar in both cases and usually consistent with the results of numerous experiments.

Further improvement in both groups of models was taking into account an extra channel of excitation
energy migration, which may be the reverse energy transfer from an excited acceptor to the set of
donors[25]. First, an intuitively simple but not very accurate development of the hopping model
emerged in which expressions for the concentration waveforms of the quantum yield and emission
anisotropy were uncovered. In this model, the origin of delivering not very correct results, especially
with regard to emission anisotropy, was the assumption made that the excitation energy is not trans-
ferred from a set of acceptors to those donor molecules that were initially excited by the excitation
light beam, i.e. those ones that mostly contribute to the emission anisotropy. In a more accurate, dia-
grammatic model, this assumption was not introduced.

A necessary condition for this process to occur is an overlap of the fluorescence spectrum of an accep-
tor with the absorption one of donor, which is the case in donor-acceptor systems with spectrally close
excited singlet states of donors and acceptors, such as, for example, chlorophyll systems, range of ionic
forms of some dyes (e.g. rhodamine B ), fractions of luminescent molecules in systems with heteroge-
neous broadening, as well as monomers and fluorescent aggregates of flavomononucleotide, rhoda-
mines, carbocyanins, Nile Red, etc. The rate constant for this process is similar in nature to that for
a simple transfer or energy migration, the efficiency, however, of the process is lower, due to a smaller
overlap of the corresponding spectra.

Considering the reverse energy transfer in the diagrammatic model appeared to be much more com-
plicated, and the results themselves, however very accurate, difficult to exploit from a practical point
of view. Success in the description of experiments was achieved here only by introducing a theoretical
method of summing infinite series, containing configuration-averaged Green's functions and utilizing
the fractal structure of multigraphs [25].

It seems that further progress in building analytical models taking into account simple transfer, energy
migration and reverse energy transfer in systems with a larger number of components, partially or-
dered systems, low-dimensional structures and so on, is very doubtful due to the rapidly growing com-
plexity of such systems. Moreover, the results of even the most developed theories of energy transfer
in three-dimensional disordered systems cannot be applied to the above-mentioned cases.

For example, no expression for emission anisotropy has been derived in uniaxially oriented polymers
until now in the presence of excitation energy migration and transfer. In such systems the distribution
of dipole moments of fluorophores which participate in excitation energy is no longer random but
evident change in the angular distribution of transition dipole moments of interacting molecules takes
place which leads to mutual strong correlations. As a result the energy transfer between such fluoro-
phores exhibits often strongly preserved emission anisotropy even after several acts of transfer,
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whereas in disordered systems the contribution of acceptors to emission anisotropy is negligible. Sim-
ilarly, the analyses of excitation transport its trapping in limited volume systems and containg relatively
small number of fluorophores like nanoparticles labelled with donors and acceptors at the surface are
far from being completed.

Monte Carlo Simulations

The Monte Carlo simulation method has now become a recognized tool in many fields of science. The

reasons for using Monte Carlo simulations are numerous [49, 50], and the main ones are:

— it allows the study of systems for which there is no precise analytical description,

— it enables analysis of emergent behavior and properties of highly complex systems (e.g., molecular
models, biological systems, social networks and financial markets),

— it delivers data that can be used to verify approximate theories (comparing simulation results with
those obtained from simpler mathematical models allows one to assess the accuracy of these ap-
proximations),

— it allows comparison of the created models with the experimental data (this is an important veri-
fication tool that lets one to assess how well a theoretical model reflects the actual behavior of
the tested system),

— itenables the development of criteria for assessing the accuracy of model selection (this allows for
a more objective approach of justifying the effectiveness of various theories or models in describ-
ing considered physical systems).

Of course, the Monte Carlo simulations are an important research tool in physics. They bridge the gap
between theory, analytical description and experiment. For example, they make it possible to calculate
the values of those quantities characterizing complex physical systems that are difficult to obtain from
experiments. In the study of the excitation energy transport phenomena, there is a range of such im-
portant quantities that can be calculated using Monte Carlo simulations, which are not possible to be
measured directly. These quantities include, for example:
— Average excitation energy localization time on a molecule and the average number of excitation
energy jumps.
Localization time is the average time within which the excitation energy remains on a single donor
in the process of its travel in a system. This quantity is in a close relation to the average fluores-
cence lifetime: 7,, =7,,,/(n—1), where n is the number of the excitation energy jumps during its

migration in a set of donors in a given donor-acceptor molecular system, and 7, is the average

lifetime of fluorescence in the absence of acceptors
— Mean square shift of the excitation energy in the process of energy migration.
This quantity makes it possible to assess how far, on average, the excitation energy travels during
its transport from the site of original excitation. It can be particularly interesting to compare the
value of this quantity with the size of nanostructures on which energy donors and acceptors reside.
— Average orientation factor.
It determines the average orientation of molecules in the examined system. This quantity can af-
fect both the efficiency and the extent of the energy transfer.
— Emission intensity decay of the initially excited molecules.
This quantity can be directly related to the emission anisotropy of in disordered systems.
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— Contribution to the emission anisotropy of the molecules excited initially and excited secondarily
by energy transfer.
Much higher than zero, for example, value of the anisotropy of emission of the molecules excited
by energy transfer (secondarily excited) delivers useful information about certain average spatial
ordering of the transition moments of the interacting molecules.

Basic parameters used in the Monte—Carlo simulation to investigate excitation energy transfer are:
parameters characterizing the geometry of the tested system, concentrations of acceptors and donors,
C,,Cp, respectively, critical radii for the energy transfer for homotransfer (migration) between do-
nors, donor — acceptor transfer and homotransfer between acceptors:RY?, R4, R{'P, R§4, respec-
tively, and the number of fluorophores (N donors and M acceptors). Using a uniform pseudorandom
numbers generator the molecules are randomly distributed randomly or in accordance with the geom-
etry of the system and the spatial orientations of transition dipole moments in the absorption and

emission are generated (§J-A , €F). Let us denote by ?; the angle between the direction of transition

dipole moment in the absorption gh

i projected on the surface OXy and the axis X. Sj is the angle

between transition moment EJ-A and the chosen axis z, and £ denotes the angle between transition
dipole moments in the absorption and the emission. Both angles describe by the uniform distribution
of transition moments on a unit sphere, i.e., C0SY; € [-1 1] and @; is from the interval [0, 27]. The
angle S for different fluorophores can vary from 0 to 90 degrees. The described geometry of the

system is visualized in Fig. 2.

Figure 2. The geometry of the system.

The Forster rate constant for energy transfer between the j-th and i-th molecules is determined based
on formula (1):

XY
w =Si| R X,Y e{D, 4} )
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where: I;; is the distance between the i-th and j-th molecule, Kiz_ is the real orientation factor for

a given molecular pair. For the purpose of simulation the orientation factor, k2, is defined as:

ij’
x; =[-8 =3 )& )P

Including a real value of the orientation factor K‘i? into the transfer rate (eq. 7) allows for investigations

of the influence of a mutual orientation of transition moments on excitation energy transfer.

z. A
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Figure 3. The concept of k;; .

The dynamics of the simulated system, i.e. conditional probability that an excitation is found on i-th
molecule at time t, le.xj (t), while it was at time ¢ =0 on j-th molecule, for the fixed molecular con-

figuration, obeys the following master equation:

dP, , (1) 1 il il
#:__Pxx (t)+ Z wffc),.kax (t)_ Z wxD,Z Pxx (t)+
dt Top k=Lkei k=Lksi (8)
N+M o N+M »
_ z Wy, P (t)+ Z wx,»kaxij (t)
k=N+1 =N+1
N+1<:i:<N+M
—=——P (t)+zw” s, ()~ Zw“)P ()+
dt Toa b (9)
N+M " N+M "
+ z wxixk kaxl (t) - Z wx,‘v Px (t)
k=N+1,k+#i =N+1 k=i
N+1<i<N+M

with the initial condition P (0)= 0,, where 0, is the Kronecker delta.

The step-by-step Monte Carlo simulation method used in the publications is based on the use of
a pseudorandom number generator to cyclically formulate answers to two questions:
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—when one of the previously determined processes takes place in the simulated system,
— what type of a process it is.

Molecules originally excited are selected in accordance to the cos? Sj probability distribution, what
means, that with the largest probability those molecules become excited which have the transition
moments parallel to the direction of the electric vector of the excitation light. Hence, a random num-

ber r; from uniform distribution on interval [0, 1] is generated. If the following inequality is fulfilled:
cos’$ >, (11)

the j-th molecule becomes excited. The molecules breaking this inequality are rejected from the set of
originally excited molecules.

In the Monte—Carlo simulation the deactivation of j —th molecule may occur through the following

processes:

For donors:
P;: photon emission or nonradiative energy conversion, with the rate 1/ 7,
P,: energy migration with the transfer rate W,ZQJ. ,

P5: nonradiative energy transfer from the excited donor to an acceptor, with the transfer rate W,Z‘,‘}j.

For acceptors:
P{: photon emission or nonradiative energy conversion, with the rate 1/7g,4
P;: energy migration with the transfer rate W,‘C“ig‘}j ,

P;: reversible transfer from acceptor to donor with the transfer rate wy;%

Next, for the j-th excited donor molecule the values of the following total transfer rates are calculated:

1 N N+M
_ _ DD _ DA _
;= —— €25 = 2, Wo, ¢y = 2w = te e (12)
Top i=Li#] i=N+1
and for the i-th excited acceptor molecule:
1 N+M N
ro_ ro_ AA ro_ AD r__ 1 ' '
¢, = Co = zwxjx[ C3; = Zw%x ¢, =0 eyt (13)
04 J=N+1i#i =1

The time at which any of the investigated processes occurs is calculated by inverting the distribution

function of the probability, P, (t,Pk)dt , that if at time ¢ the j-th molecule is excited, then the process

P, appears in the time interval (t, L+ dt):

3
pj(t):Zp/‘(t!Pk):cjeXp(_cjt) (14)
k=1
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Generating a random number n; from the interval [0,1] the time at which any process takes place is

obtained by inverting the distribution function P, (t):

tl 1
[ (e =, t;=——In(1-n,) (15)
0 ¢

J

Next, itis determined which process took place at time t,. By generating next random number, r,, such

a value of index k can be found for which the following inequality is satisfied:
k-1 k
Zc[j <ryjc; < Zcij k=123 (16)
i=1 i=1

Depending on the value of the k index, the appropriate process takes place:

e for k = 1 the activated molecule is quenched by a photon emission or nonradiative excitation en-
ergy conversion. This process ends the current simulation run.

e for k = 2 ork = 3theenergy migration or energy transfer process takes place, and it is necessary
to determine which molecule is activated next. For this reason the third random number, r; is gen-

erated and the value of index n is found which fulfils one of the inequalities:

n-1 n
DD DD _
W <T3C; < W, k=2,n<N (17)
i=1 i=1
or
n—1 A n A
Z Wy <T3iC3; < Z Wi, k=3,n>N (18)
i=N+1 i=N+1

where n is the number of next activated donor or acceptor.

If the donor (k=2) has been excited, then knowing which donor molecule is currently excited, the total
values of the rate constants for it are calculated and it is again determined at what next moment the
appropriate physical process will occur (deactivating the excitation) and what this process will be.

When an acceptor molecule (k=3) is excited as a result of energy transfer from the donor, one of the
processes P (photon emission), P, (energy migration in acceptor ensemble) or P, (reversible energy
transfer to donor) occurs by generating another random number 7, ; and finding the value of the index
k', for which the following inequality is satisfied:

K1 ¥
ZC;- < r4jc£ < Zc;i k=123 (19)
=1 =1

If k=1, then the activated acceptor molecule is quenched by a photon emission or nonradiative excita-
tion energy conversion and it means that this pass of simulation is finished. If k=2 or k=3 it is necessary
to determine to which molecule: donor or acceptor the excitation energy was transferred. For this
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reason the third random number, Ts5jis generated and the value of index m is found which fulfils one

of the inequalities:

Zw < r5/czj < 3 wf:i m>N (20)
I=N+1 =N+1
or
m-1
[Z:l:wff: < rsjcsj < lzl“wm m<N (21)

Having known which molecule (donor or acceptor) is currently excited, total values of rate constants
are for it calculated. Next, it is established at what time moment a physical process of choice takes
place and what a process it is. This procedure is continued until emission of photon occurs, which
completes the simulation run. Next, described simulation run is repeated for a new special and angular
configuration. Having known angular coordinates and the time moment at which molecule emitted
a photon we calculate the decays of respective components of emitted light intensity:

1,(t)=1,c0s” 9,(z) (22)
1.(t)=1,sin* 9. (t)cos’ g, (23)
1,(t)=1,sin* 9,(1)sin’ o, (24)

In Monte Carlo simulations emission anisotropy as a function of time can be obtained by three inde-
pendent ways (in order to control the correctness of the algorithm). Subsequent random number 7;
from the interval [0, 1] is generated and if coszﬁj = 17, then it means that the emitted by excited
molecule photon has polarization along 0, axis ( I, component). In the opposite case photon has I
polarization (the algorithm resembles that of photon counting method). Next, the following formula is
applied:

() = ]||(t) —1,(2)
1(e)+21,(2)
To verify the results of Monte-Carlo simulation it is necessary to use the general definition of emission
anisotropy:

LO-1L0
O O L0+ L© (25)

as well as an equivalent formula for systems exhibiting axial symmetry (if we deal for example with
uniaxially oriented polymer film):

r(t) = gcos2 0] —% (26)

The results obtained based on these three formulas should be approximately the same evidencing the
correctness of the simulation algorithm and its implementation.

Relative donor fluorescence quantum yield can be obtained as a ratio of the numer of simulation cycles
terminated with photon emission to the number of all simulation cycles performed.
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Normalized decay in the form of a histogram is obtained from the formula:

k
Z n;

1(,)=1-—"— (27)

max
n.
J

j=1

k

where: t;, = (k ) t,k =1, ..., kpax Nk—denotes the number of photons in the k-th channel, kmax is

max

the total number of all photons.

To minimize the inaccuracies due to the finite number of molecules and boundary effects in studies
involving uniaxially oriented polymers, periodic boundary conditions combined with the principle of
closest image of a given molecule are incorporated into the Monte-Carlo simulation. The periodic
boundary conditions are obtained by duplicating the base cell in all directions. This minimizes the im-
pact of edge effects on the simulation result.

In order to obtain reliable statistics describing the investigated phenomena, it is necessary during the
simulations to follow a sufficiently large number of steps corresponding to specific processes. The con-
vergence and stability of the results can be assessed by observing how the subsequent trials affect the
average values. In the simulations performed, the results were averaged after a certain number of
trials in such a way that the variance of the simulated observations was small enough, for example
0.1%.

As | mentioned, the analysis of the multi-step energy migration process in some systems, for example,
in ordered PVA films containing fluorophores, is currently possible only through computer simulations.
Modeling certain quantities for such a system, such as: the decay of fluorescence emission anisotropy,
is very time-consuming, even on modern multicore computers, when the traditional step-by-step
Monte Carlo modelling algorithm is utilized. This problem has been solved by the development of a
new hybrid Monte Carlo simulation algorithm, which allows significantly faster, up to several hundred
times, calculations [51].

The starting point of the hybrid Monte Carlo simulations is a formula of the master equation type,
describing the dynamics of the simulated system. To solve it, the Green's function method is applied.
The Green's function is expressed using the eigenvalues and eigenvectors of the transition matrix W,
formed from the rate constants of the energy transfer between molecules. During a hybrid Monte
Carlo simulation, for a given set of parameters characterizing the geometry and energy transfer in the
system under study, the molecules are distributed either randomly or according to the assumed model.
For a given configuration of molecules, first the rate constants are calculated that are elements of the
W matrix are calculated, and subsequently also the eigenvectors and eigenvalues, by which the sim-
ulated observables, such as anisotropy decay, are expressed. The final results are obtained by averag-
ing over a sufficiently large number of spatial and angular configurations of the simulated molecules.
The convergence of this Monte Carlo algorithm is much faster than of the step-by-step algorithm, es-
pecially for longer times, e.g. of u 3 typ order.
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The starting point of the hybrid Monte Carlo simulation is a formula of the master equation type, de-
scribing the dynamics of the system under study:

dP(R,
M:Wo P(ER,t) (28)
dt
The formal solution to the above equation is:
P(R,t) = exp(Wre) o P(R,2 =0) (29)

And the Green's function describing the donor decay is of the following general form:

6" 0) = <i2/igl, 0P, (0>> (30
Top i=1 j=1 .

where the symbol { - )i means averaging over all possible spatial and angular configurations of mole-
cules. After using the initial condition and the explicit form of the matrix elements of the full Green's
function, one gets:

G (1) =

<2V:ZN: exp(Wt) > (31)

Top \i=1 j=1

The Green's function expressed by the eigenvalues and eigenvectors of the transition matrix W is
given by:

G’ () =

<iiwilzmzhj exp(—4 t)> (32)

Top =1 j=1 k=1

The emission anisotropy decay is calculated from definition formula (6):

L&) -1,.()

(0= 1)+ 21, (2)

where the components of light intensity emitted by the investigated object are as follows:

INOE: %<ZN: cos® 4 (t)i(exp(Wt))ij cos’ 9, (0)> (33)
1,(t) %<zw:sin 2. 9.(t)cos? . (t)i(exp(Wt))ij cos’ 9, (0)> (34)
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DISCUSSION OF WORKS CONSTITUTING THE HABILITATION CYCLE

Energy transport in a two-compound disordered system in the form of a polymer and a thin-film
hybrid matrix

As | have already shown in an earlier part of the Summary of Professional Accomplishments, the the-
oretical description of the excitation energy transport in two-compound disordered systems has
reached a high level of development. In general, it takes into account not only the transfer of energy
from a donor to acceptor or the multi-stage energy migrations in a set of donors, but also the effects
of the reverse energy transfer from an acceptor to donor, which may be preceded by energy migration
in the set of acceptors. However, the designing the experiments and analyzing experimental systems
in which such a wide range of processes takes place is a nontrivial task, yet it is worth the efforts as
they will result in the possibility of a correct description such quite complex system as well as the
obtaining valuable information about the properties of the energy transfer itself. | analyzed in this
context a disordered system in which | investigated the concentration dependence of the quantum
yield and the emission anisotropy of rhodamine S in thin films of polyvinyl alcohol (paper H1). It turned
out that with the increasing concentration, a common phenomenon occurs of aggregates formation
(dimers in the considered situation) in the ground state in the system, which is indicated by character-
istic changes in the absorption spectrum profile (Fig. 1ab in paper H1). Numerical analysis of the family
of absorption spectra revealed a dimer absorption spectrum consisting of the H band, located on the
short-wavelengths side of the monomer band maximum, and the J band, located on the long-wave-
lengths side of the monomer band. Because of a partial spectral overlap between the monomers fluo-
rescence and the dimers absorption spectra, as well as the absorption and fluorescence ones of the
monomers themselves, we deal in a good approximation with a two-compound system in which, al-
ready at a first glance, donors role is played by the rhodamine monomers, and the role of acceptors is
played by the rhodamine dimers, and the possible processes are energy transfers from monomers to
dimers, which may be preceded by energy migration in a set of monomers. The formation of higher
order aggregates could have been neglected in the studied concentrations range considering the con-
servation of the isozbestic points in the absorption spectra and the performed detailed numerical anal-
ysis of the whole family of the absorption spectra. It further comes out that the fluorescence spectra
profiles also show changes with increasing concentration, which manifest themselves in appearance
of a long-wavelength emission band, and taking into account the very low optical density of the sam-
ples (thin films), these changes do not originate from artifacts in the form of secondary effects, but are
related to the possibility of emission by aggregates of not very strong fluorescence from the J-band.
Spectral overlap of the aggregate fluorescence with the monomer absorption spectrum (Fig. 1 ab and
Table 2 in paper H1) uncovers also other channels of the excitation energy migration, in the form of
a reverse transfer from dimers to monomers, which may be preceded by energy migration in a set of
dimers. Such fluorescent aggregates with some ability to a reverse energy transfer to a set of mono-
mers are sometimes called imperfect excitation energy traps. The values of the critical radii listed in
Table 2 clearly show that the reverse energy transfer is indeed a distinctly weaker phenomenon than
the transfer from donors to acceptors, however, as indicated by the performed analysis, it cannot be
indiscriminately neglected.

The paper H1 (Fig. 2ab and 3ab) presents the results of a concentration quenching and concentration
depolarization of fluorescence. The analysis of the experimental results was carried out based on the

19



Monte-Carlo simulations and two models of energy transfer: the one that includes the reverse energy
transfer and a simpler one, that neglecting this effect. And the following conclusions could be drawn:

a) The model neglecting the reverse energy transfer does not describe correctly the experimental
data, especially in the high concentrations range. It predicts stronger concentration quenching of
fluorescence than it comes from experimental data and clearly underestimates the emission ani-
sotropy in the high concentrations range. In particular, Fig.3a (paper H1) does not show at all the
effect of fluorescence repolarization, characteristic for systems with perfect traps.

b) The hopping model, accounting for the reverse energy transfer, describes very well the phenome-
non of concentration quenching in the system over the entire concentrations range, and the de-
scription of fluorescence concentration depolarization can be considered qualitatively satisfactory
and much better than that provided by a simpler model that neglects the reverse energy transfer.

c) The Monte-Carlo simulations of both phenomena appear, in each case, to deliver good description
of the experimental data, and across the full range of concentrations (with a quality close to pre-
dictions of the theoretical model that takes into account the reverse energy transfer).

The performed analysis made it possible to estimate the quantum yield of dimers, which turned out to
be quite low, 0.03 at 293 K and 0.015 at 333 K, respectively. At higher temperatures, due to the tem-
perature quenching of fluorescence and lower concentration of dimers in the system, the reverse en-
ergy transfer process is less efficient, which is reflected in a smaller spread of theoretical curves ob-
tained for both models. The agreement between the predictions of the model taking into account the
reverse energy transfer and the results of the Monte-Carlo simulations as well as generally good de-
scription of the experimental data indicate that this effect cannot be neglected during analysis, even if
it is only a relatively weak one.

The executed analysis can constitute a kind of reference for evaluating the behavior of other specific
fluorinating systems, e.g., aggregating hybrid porous systems, uniaxially oriented polymers or biologi-
cal membranes containing fluorophores in high concentration. Further on, the paper H4 will be dis-
cussed, related, among other things, to energy transport processes in a hybrid thin-film porous matrix
doped with rhodamine 6G molecules.

Luminescent hybrid materials play an important role in the design and manufacturing of functional
materials, biosensors, nanomedicine, implantology, photocatalysis [52, 53]. They are promising carri-
ers of biologically and medically active substances. One of the modern hybrid materials type, pos-
sessing the desired optical and mechanical characteristics in a long timescale, are those obtained by
low-temperature sol-gel technology. The method is simple, allows to obtain reproducible, durable ma-
terials, enabling incorporation of numerous molecules of different application importance [54, 55].

In these heterogeneous, nanoscale and microscale, materials, fluorophores due to preferential solva-
tion can locate mainly in the pores of a given matrix. The porosity of the structure (density of pores
distribution) can be influenced by appropriate selection of sol-gel process components, reaction con-
ditions and choice of catalysts.
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Because of the microscopically heterogeneous structure of the matrix, there is a significant increase in
the local concentration of dye molecules in certain areas of the matrix and a decrease in others com-
paring to the predicted average concentration resulting from the number of molecules initially dis-
solved and the final volume of the sample.

Indeed, during my studies on the incorporation of various organic dyes into inorganic thin films based
on SiO,, TiO, and others, it appeared that despite the relatively low molar concentrations of dyes
| used, the spectroscopic characteristics of the studied systems did not correspond to the spectra of
relevant molecules in monomeric form, known from solutions, and showed the characteristics of par-
tially aggregated systems. | observed additional bands in the absorption or fluorescence excitation
spectra corresponding to the changes typical for aggregates, but visible in solutions or polymers at
much higher concentrations. Similarly, | observed also a shortening of the average fluorescence life-
time and a deviation of the fluorescence intensity decay curve from a uni-exponential function. The
sum of these preliminary observations and results in the context of the porosity of the investigated
structures led me to plan a range of experiments to assess what average local concentrations can be
expected in such materials under given experimental conditions, and how such locally increased con-
centrations translate into processes of energy transfer and energy trapping. Estimating the average
local concentrations of luminophores in such heterogeneous systems is, in my opinion, important in
describing the optical properties of such materials, together with the processes taking place in them
and their subsequent applications. As it turned out, the phenomenon of nonradiative energy transfer
is very well suited to carry out this kind of such estimation. A method to determine the average local
concentration of a dye is described in papers H3 and H4. In the paper H3, | proposed for the first time
and tested a method for determining the average local concentration of a dye in a donor-acceptor
binary system. The motivation for performing the study, at a first place in the donor-acceptor system,
and only then in the systems with present aggregation, was to obtain at the beginning a system as
simple a as possible for later analysis with the possibility of maintaining better control over the result-
ing donor and acceptor concentrations.

For the study, | chose a pair of rhodamines: rhodamine 110 as the donor of the electronic excitation
energy and rhodamine 101 as the acceptor, which were incorporated into two types of thin matrices
obtained on the basis of SiO,. Both of these dyes aggregate only at high molar concentrations in the
investigated environments. Basic studies of the absorption and fluorescence spectra have shown
(Fig. 1 in paper H3) a partial overlap of a donor emission and acceptor absorption spectra, thus in this
system the conditions necessary for the occurrence of a donor-acceptor energy transfer as well as
multistep donor-donor migration are fulfilled. At the same time, the reverse energy transfer can be
neglected because of negligible overlap of the emission spectrum of rhodamine 101 and the absorp-
tion one of rhodamine 110. The experiments were arranged in such a way that the molar concentration
of the donor Cp = 5:10 > mol/I was fixed and identical for all the samples, while the acceptor concen-
tration varied from Ca =5-10 > mol/l to Ca=2-103 mol/I.

Based on the spectroscopic measurements, | determined the values of the critical radii and concentra-

tions, necessary to describe the energy transfer and possibly also the energy migration in the examined
system (Roop = 46 A, Ropa = 56 A; Copp = 4.1 - 1073 mol/I i Copa = 3.1072 mol/l).
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The results of the time evolution measurements of the fluorescence spectra showed (Fig. 3ab. and
Table 1 in paper H3) that in case of a methylated SiO, matrix (Me-SiO,) the energy transfer is more
efficient compared to the SiO, matrix. Considering the same critical parameter values for both matrices
and the same donor and acceptor concentrations in both matrices, one would have to attribute this
effect to a higher local acceptor concentration in the Me-SiO,. The acceleration of the fluorescence
decay and shortening of the average donor lifetimes, observed based on the experimental results, is
indeed stronger for the Me-SiO, matrix. The proposed by me method for determining the average local
concentrations of dyes in porous sol-gel matrices exploits the Monte Carlo simulations of the excitation
energy transfer processes. This analysis involves looking for the best match between the results of the
Monte Carlo simulations of fluorescence intensity decays in the presence of energy transfer to the
experimental fluorescence intensity decays, with the matching parameter in each case being the con-
centration of the excitation energy donors and acceptor (Figure 4 in paper H3). So as to increase the
reliability of the fit, the donor concentration, which should be the same in each sample, was assumed
to be identical for each simulation run. With such imposed constraints, a good and formally and phys-
ically unambiguous description of the experimental results was obtained.

As a result of the analysis, the average local concentrations of the donor and acceptor in the matrices
studied were determined (Table 2 in paper H3), which appeared to be about one order of magnitude
higher than it would take place in case of a homogeneous distribution of the fluorophores in the matrix.
At the same time, in Fig.3 in the same paper, it can be seen how far with such an unjustified assumption
of a homogeneous distribution the results of the Monte-Carlo simulations would deviate from the ex-
perimental data.

As | described earlier, the excitation energy transfer accompanies also aggregation processes in con-
centrated systems, therefore | applied the method of determining the local concentrations of a dye,
described and tested in work H3, after relevant modifications, to determine the average local concen-
trations of fluorescent aggregates of rhodamine 6G (paper H4). In this case, the role of the energy
donor was played by the rhodamine 6G monomer, and the role of the energy acceptor was played by
aggregates of this molecule. Absorption and fluorescence spectra profiles obtained for low and high
concentrations of rhodamine 6G based on SiO, matrices with an acidic catalyst (as opposed to the
alkaline one used in paper H3) are significantly different (Fig.1ab in paper H4). For a high concentra-
tions of the molecule in silica nanolayers, | observed the appearance of a distinct band at the short-
wavelength side of the absorption spectrum (at about 500 nm), as well as a broadening of the fluores-
cence spectra and a shift of their maxima toward longer wavelengths. The occurrence of two absorp-
tion bands of rhodamine 6G aggregate with similar positions and band shapes as in other media sup-
ports the assumption that these are dimers.

After analyzing the family of absorption spectra using our own software, the absorption spectra of
dimers were obtained, consisting of the H band, located on the short wavelengths side of the maximum
of the monomer band, and the J band, respectively, located on the long wavelengths side. Fig. 1ab
(paper H4) shows common wavelength ranges for the monomer fluorescence and dimer absorption
spectra, as well as the dimer emission and monomer absorption spectra, which allows us to conclude
that in the considered systems both direct (from monomer to the aggregate) and reverse (from aggre-
gate to monomer) excitation energy transfer can take place.
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The results of the time-resolved spectroscopy studies also confirmed the deviations from the single-
component nature of system with increasing dye concentration in both matrices (Fig. 3 in work H4).

In order to determine concentrations of rhodamine 6G aggregates, in the paper H4, similarly to the
case of donor-acceptor systems, a comparison of the experimentally obtained fluorescence intensity
decays was made with the results of the results from relevant Monte Carlo simulations, in which the
algorithm was modify to include the process of a excitation energy reverse transfer. Presuming the
concentration of monomers and aggregates in a given matrix to be the best fit parameters, average
local values of the concentrations of aggregates and monomers were obtained.

Figure 4 from paper H4 shows the key results of this work, along with the concentration values for
which the best fit was obtained between the Monte Carlo simulation results and the experimental
data. As the concentration of the local dye in the matrix increases, a strong acceleration of the fluo-
rescence intensity decay of the monomer and a shortening of the average lifetime of its fluorescence
due to the stronger and stronger energy trapping by the dimers. It is worth paying attention to the
case of the most dynamically decaying fluorescence intensity curves. Of the visible pair of continuous
curves, only one correctly describes the experimental results. And the curves that rightly describe the
experimental results for both matrices were created taking into account in the simulation the reverse
energy transfer. Neglecting this effect results in too fast emission intensity decays when compared to
the experimental data.

The method | developed and experimentally verified, for determining the average local concentrations
in nanolayers (papers H3 and H4) showed, on the example of a donor-acceptor and monomer-fluores-
cent aggregate systems, that the concentrations of acceptor molecules or aggregates can be in porous
systems several times higher than in the case of a homogeneous distribution of molecules in a matrix.

In summary, the scientific achievement presented in the papers H1, H3 and H4 comprises creating a
coherent description of the nonradiative energy transport in thin-film hybrid systems (papers H3
and H4) and identifying the differences in this description while compared to a two-compound dis-
ordered system (paper H1). In particular, | developed and tested a method utilizing the Monte Carlo
simulations of the excitation energy transfer processes to analyze fluorescence intensity decays, al-
lowing the determination of the average local concentrations of fluorophores and aggregates in thin-
layer hybrid porous materials.

In addition to the research on nonradiative energy transport, | also co-worked in the study of aggrega-
tion processes in new highly luminescent hybrid materials formed on the basis of titanium dioxide,
zirconium dioxide, and silicon dioxide, containing efficient organic fluorophores [56, 57]. In these stud-
ies, among other things, the properties of the materials manufactured in the form of nanolayers were
compared with those of materials fabricated as bulk xerogels. Big differences in the structure and to-
pography of the tested materials in the form of nanolayers and bulk samples result in significant dif-
ferences in the observed spectroscopic characteristics. It was found that in case of bulk samples, the
aggregation of dye molecules is much stronger than in the case of nanolayer materials. Moreover, the
volume samples require special attention due to the possibility of secondary effects appearance, es-
pecially when photophysical processes dependent on the fluorophore concentration are studied. Fi-
nally, it was possible to explain the controversies appearing in the scientific literature regarding the
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role of aggregation and secondary effects in hybrid materials. These works, however, are not included
in my habilitation cycle.

As | have shown in the works discussed so far, the quantitative description of energy transfer in sys-
tems such as porous nanolayers is more difficult than in disordered systems.

Another example of an interesting and important system, in which | analyzed the phenomenon of non-
radiative energy transfer, are spherical inorganic nanoparticles with organic fluorophores on the sur-
face.

In the works discussed within the habilitation cycle, | presented the proposed by me model for a the-
oretical description of the Forster resonance energy transfer (FRET) phenomenon on spherical core-
shell nanostructures (paper H8) and the experimental verification of its selected aspects (paper H9).

Nonradiative energy transfer on spherical nanostructures

The paper H8 discusses a theoretical model describing the case of energy transfer in one step for
a two-compound donor-acceptor system placed on a spherical nanostructure. Spherical nanostruc-
tures with various types of fluorophores attached resemble artificial nanoscale antenna systems and
can also act as a broadband light sources. They also constitute a starting point for the research and
design of multifunctional spherical core-shell systems, with different properties of both the core and
the shell, for which the spectrum of applications is very wide [58, 59].

The model | propose in the paper H8 describes the nonradiative energy transfer on a spherical nano-
particle, to the surface to which two types of fluorophores are attached: donors (D) and acceptors (4),
which are much smaller in size than the nanoparticles. An example of such a system is a core-shell
nanoparticle. We assume that there is no energy migration between donors and acceptors and no
reverse energy transfer from acceptors to donors and that the fluorophores are randomly distributed
on the surface of the nanoparticle. In such a system, an excited donor transfers the excitation energy
to acceptor in one step. Furthermore, we assume that the concentration of nanoparticles is so low that
the excitation transfer between different nanoparticles can be neglected.

The theoretical quantity that is of interests is the probability density P(t), that a donor that was excited
by a §-pulse of light at time t = 0, will still remain in the excited state at some later time t. This
guantity is the solution of a differential equation that takes into account the deactivation processes of
the excited donor, such as photon emission and energy transfer to acceptors. Donor fluorescence de-
cay is calculated by averaging the function P(t) over the spatial distribution of acceptors, taking into
account the rate constant of energy transfer from an excited donor D to the unexcited acceptor A. The
resulting expression for the fluorescence intensity decay depends on the radius of the nanoparticle R
and the number of acceptors N (equation 17 at work H8).

In most experimental studies, it is difficult to prepare spherical nanoparticles with virtually identical

radii. Therefore, to make it possible to apply theoretical considerations to a wider range of experi-
mental data, | have taken into account the probabilistic nature of nanoparticle sizes. The previously
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obtained fluorescence decay of donors was additionally averaged, assuming a Gaussian distribution of
nanoparticle radii with mean (R) variance ¢ (equation 21 in paper H8).

Figure 4. A schematic diagram of a core-shell nanostructure with distributed donor (D) and acceptor (A) mole-
cules of the electronic excitation energy. The vectors 7o, 71 — denote the position of the donor and ac-
ceptor on the surface of the core-shell nanoparticle, respectively, the value of the vector 7o1— the dis-
tance between the donor and acceptor, while R — the radius of the nanostructure. The angle 0 is the
angle between the vectors 7o, and 71 and 8, — is the angle between the vector 71 and the vertical axis
of the coordinate system.

The correctness of the model was verified by comparing the predicted results with the results of the
Monte Carlo simulations, using the previously described step-by-step algorithm. In the simulation, one
donor and N acceptors were placed uniformly on the surface of a sphere of radius R. Molecules on the
surface of the nanoparticle are assumed to behave as point dipoles, and an averaged orientation factor
of 0.476 was assumed in the Forster rate constant, which corresponds to a static dipole system. Monte
Carlo simulations of fluorescence intensity decay were carried out for two example-nanostructures
with an average radius of (R) = 25 nm (smaller nanoparticles) and (R) = 50 nm (larger nanoparticles).
The value of the critical radius R4 was 5 nm and corresponded to a real R110 (donor)-R101 (acceptor)
system.

Figure 1 in paper H8 shows a comparison of theoretical results (described by equation 17 in paper H8)
with results obtained using the Monte Carlo simulations of fluorescence intensity decay in donor-ac-
ceptor systems with different numbers of acceptors (from 5 to 500), distributed on core-shell
nanostructures with two different radii: (a) R=25 nm and (b) R=50 nm. These results show excellent
agreement between the theoretical calculations and the Monte Carlo simulation results for both small
and large nanoparticles (in terms of the values of their average radii).

It is worth noting that for smaller nanoparticles with a radius of R=25 nm, even for a relatively small
number of acceptors, the decay of fluorescence intensity occurs very quickly, which is due to the effi-
cient energy transfer from the donor to closely located acceptors. For larger core-shell nanoparticles
(R=50 nm), the fluorescence intensity decay curves differ slightly for a small and moderate number of
acceptors, because the average distance between potentially interacting molecules is much larger in
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this case. This leads to a weaker energy transfer between R110 and R101 compared to smaller nano-
particles with the same number of acceptors.

Analyzing the results shown in Figures 1a and 1b (in paper H8) and also performing a number of further
detailed calculations not included in the cited paper, | could spot that the smaller the ratio of the na-
noparticle radius (R) to the critical radius for excitation energy transfer RJ4, the faster the decay of
the fluorescence intensity of the donor. This is related to the fact that the energy transfer to acceptors
mainly occurs in the local vicinity of the excited donor molecule.

In laboratory conditions, it is difficult to obtain nanostructures with nearly identical radii, so a study
was conducted to see if and to what extent the distribution of nanoparticle radii affects the energy
transfer.

Figures 2a and 2b (in paper H8) show the results of the Monte Carlo simulations of donor fluorescence
intensity decay in the presence of the excitation energy transfer between randomly distributed D and
A molecules on the surface of core-shell nanoparticles. The donor fluorescence decay is presented as
a function of the number of acceptors for selected values of the Gaussian distribution parameters of
the core-shell nanoparticle radii: (a) mean value (R) = 25 nm and variances 6 = 2.5 nm and 6 =5 nm,
respectively; (b) mean value (R) =50 nm and variances 6 =5 nm and ¢ = 10 nm, respectively (i.e. with
a constant relative standard deviation o of 10% and 20%). It follows from Figure 2a that the decay of
donor fluorescence becomes slightly slower as the standard deviation of the Gauss distribution of na-
noparticle radii increases in the Monte Carlo simulation, when compared to the results of the Monte
Carlo simulations with a fixed nanoparticle radius R equal to the mean value of (R). This effect becomes
more pronounced as the number of acceptors increases, and for N > 100 it cannot be neglected. While
for larger nanoparticles with an average radius of (R) = 50 nm with a standard deviation of 10% and
even 20% (Fig. 2b in paper H8), this effect is negligible small, even for a large number of acceptors.
Figures 2a and 2b also show how efficient tool are the Monte Carlo simulations in describing compli-
cated systems. The results of the Monte Carlo simulations for larger nanoparticles with an equal radius
of R = 50 nm differ little from those of the Monte Carlo simulations considering the Gaussian distribu-
tion of their radii with a mean value of (R) = 50 nm with a standard deviation of 10% and 20%. This
correspondence, however, decreases evidently while dealing with small nanoparticles with a large
number of acceptors connected to them. From Figure 3 (in paper H8), we found a strong nonlinear
dependence of donor fluorescence decay on the core-shell radius quotient to the critical Forster radius
R/RB4, for particular time instants, for example t/t,p = 1.

A comparison of the results of the Monte Carlo simulations and the general theoretical model (Equa-
tion 21 in paper H8) for selected numbers of acceptors and different parameters of the Gaussian dis-
tribution of core-shell nanoparticle radii with R = 25 nm and R = 50 nm is presented in Figures 4a-d
(paper H8). It can be clearly seen that the theoretical calculations based on Equation 21 correspond
perfectly with the results of the Monte Carlo simulations, which is particularly evident even with large
particle numbers and significant standard deviations This confirms the correctness of the adopted the-
oretical model.

In addition, the paper compares the results of the Monte-Carlo simulation and theory (equation 21 in
paper H8) for the average lifetimes values of donors randomly distributed on the surface of a sphere
with 25 nm and 50 nm radii (Fig. 5 in paper H8). The results are presented as a function of the number
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of acceptors for the selected Gaussian distribution parameters. Again, we observe a very good agree-
ment between the simulation results and the theory. Similarly, as it took place in case of the of the
fluorescence intensity decay of donors, also for the average donor lifetime values, taking into account
the size distribution of the nanoparticle radii leads to an increase of the average donor lifetimes. This
effect s, as expected, larger for small nanoparticles with radii R=25 nm radii (Fig. 5a in paper H8) where
we observe an almost twofold increase in the relative average donor lifetimes. For large R=50 nm na-
noparticles, the effect is more subtle, while in both cases it can be seen that for a fixed number of
acceptors, the lifetime increases as the variance of the Gaussian distribution increases.

The creation of this type of theoretical model was intended not only to fill the gap in the theories
describing nonradiative energy transfer, but also the possibility of its later applications to estimate, for
example, the average number of fluorophores populating nanoparticles or to obtain information on
the type of the size distribution of the synthesized nanoparticles (not necessarily always it is supposed
to be a Gaussian distribution). An example of spherical nanostructures are core-shell nanostructures.
These structures consist of at least two components, often chemically, physically or structurally differ-
ent from each other. These components possess properties of the materials that make them up, as
well as those that result from the interactions between them. The outer layer protects the core from
physical or chemical factors, related to contact with the environment, and improves its stability or
simply gives the material a new functionality (such as the ability to emit light) [33, 59, 60]. Besides,
coating the core with relevant layers can improve reactivity, thermal and oxidative stability, protect
against aggregation, and reduce the cytotoxicity of the synthesized systems. A properly selected shell
also creates the possibility of further modification of nanostructures depending on the area of their
planned applications, e.g. creating antenna-like systems. The process of a shell modification can take
place by attaching to it chemical compounds by creating permanent covalent bonds or electrostatic
interactions and Van der Waals forces (paper H9). Due to all these interesting properties of core-shell
nanostructures, allowing future continuation of research with interesting multi-component systems,
| chose them to verify the theoretical model of electronic excitation energy transfer on spherical
nanostructures described in paper H9. The results were described in paper H9 of the habilitation cycle.
In cooperation with the Faculty of Chemistry of the University of Gdansk, a system was built that
| designed, in which fluorophores of: rhodamine 110 as an excitation energy donor and rhodamine 101
as its acceptor, were connected to the specially modified for this purpose surface of TiO.@SiO;
nanostructures. The obtained nanocomposite is named in this work as TiO,@SiO,-(CH3)3-NH-D/A. As
the efficiency of the energy transfer depends on, among other things, the number of fluorophores and
the intermolecular distances, two types of samples were prepared, strongly differing in the ratio of the
number of donors to the number of acceptors, so as to investigate the two interesting cases: typical
energy transfer in one step or multi-step energy migration ending with energy transfer to acceptors.
The variant in which the molecules were covalently bound to the TiO,@SiO, nanoparticle in a ratio of
1 donor molecule to 350 acceptors was named DrrA, while the structure with 350 donors per 1 accep-
tor was denoted DwicA.

After describing the synthesis and properties of the obtained nanostructures, the fluorescence inten-
sity decays for these two antenna-like systems (DtrA, DmicA) was presented in the paper and then their
agreement was assessed with the theoretical model of a one-step energy transfer, including the nano-
particles size distribution, discussed in detail in paper H9 (Fig. 5ab of paper H9). Furthermore, the
consistency of the model was tested by the Monte-Carlo simulation method.
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In case of the DuicA system, we practically deal with emission by donors, so the decay observed in Fig.
5a (in paper H19) is almost monoexponential with a fluorescence decay time of 3.82 ns. The situation
is different, however, for the DrrA, system. Here the decay is non-exponential and the decrease in
donor fluorescence intensity is much faster than for the DmicA system. This is due to the trapping of
the excitation energy by closely located acceptors (without energy migration in the set of donors). Fig.
5b shows, in addition to the experimental results, also the data obtained based on a theoretical model
(equation 21 in paper H8) and the results of the Monte-Carlo simulations carried out presuming the
following energy transfer parameters: Ré’A = 5nm, n0D = 0.98, 70D = 3.82 ns, (k2) = 0,476. To verify
the experimental data | used a model that takes into account the probabilistic nature of the distribution
of nanostructure radii, applying the Gaussian distribution for the nanoparticle radii, because, as shown
in Fig. 1 (paper H9), in the tested system we are not dealing with identical nanoparticles but with
a certain statistical distribution of their radii, which was examined on the basis of photos of nanopar-
ticles obtained using transmission electron microscopy. As one can see, the distribution is almost sym-
metrical with a maximum for R =75 nm and a half-width of 13 nm.

Both in case of the theoretical model and the Monte-Carlo simulations, under the assumption the ra-
dius of spherical nanoparticles equals R = 75nm, the best fit to the experimental results was obtained
for the nanoparticle population in the ratio of 1 donor molecule to 335 acceptors.

This number turned out to be very close to the estimate of 1/350 obtained during the independent
experimental procedure described in the paper [60].

Additionally, in my work | presented the results of the Monte-Carlo simulations of the average number
of the excitation energy jumps in the set of donors, when we deal with strong energy migration (Fig. 6
in paper H9). It can be seen that under the experimental conditions ((R)=75 nm) energy migration is a
very intense process and the excitation energy can jump many times (the average number of jumps is
about 1325). At the same time, Fig. 7 (paper H9) it is clear that despite the large number of jumps
between donors, the excitation energy remains located relatively close to the place of initial excitation,
which as evidenced by the value of the relative mean square shift of the excitation energy in the energy
migration process for N = 335 donors. This is probably the result of strong excitation energy remigra-
tion on the spherical nanoparticle, indicating the non-Markovian character of this stochastic process.

To summarize, the scientific achievement presented in works H8 and H9 consists in the creation of
a theoretical model describing the case of energy transfer in one step for a two-compound donor-
acceptor system placed on a spherical nanoparticle, taking into account the distribution of the radii
of these nanoparticles and experimental confirmation of the model effectiveness in the description
of experimental results. Moreover, the Monte-Carlo simulations allowed to correctly describe the
experimental results of the system in which the energy transfer is preceded by its multi-stage migra-
tion.

| currently work on an analytical model describing multi-stage energy migration followed by the non-
radiative transfer of excitation energy, also on a spherical nanoparticle with chemically linked donors
and acceptors. In order to obtain an approximate expression for the decay of the donor fluorescence
intensity, | employed the three-body Padé approximation in a selfconsistent diagrammatic model. The
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results of this model are currently under verification using the Monte-Carlo simulations and experi-
mental data, on a representative donor-acceptor system placed on a spherical nanoparticle. The pre-
liminary results are very promising for a small and moderate number of fluorophores on the nanopar-
ticle surface (N<75).

Orientational factor and its effect on selected properties of nonradiative energy transfer

As arule, itis assumed that nonradiative energy transfer can occur at distances of up to 10 nm between
interacting molecules, with the transfer already generally very inefficient at such a large distance. In
recent years, the need to increase the useful range of donor-acceptor energy transfer has been noted,
not least because of the great importance of this process for conformational studies of biologically
active macromolecules. Some qualitative success in this regard has been achieved using the phenom-
enon of light-induced interaction of the dipole moments of the transition of fluorophores with surface
plasmons on metallic nanostructures. However, there are still many difficulties in a consistent analyt-
ical and numerical description of the mechanism of such energy transfer enhancement. In particular,
the derivation of a universal expression for the rate constant on energy transfer as a function of the
distance of interacting emitters in the presence of surface plasmons taking into account different ge-
ometrical configurations of interacting molecules is a very complicated task. Therefore, for the time
being, the research in this stream is mainly qualitative and it is difficult to extend the scope of the
“spectroscopic ruler" [20], which is often referred to as energy transfer at the nanoscale, with their
help.

Thus, an important task remains to try to create an alternative potential method by which to try to
increase the effective range of energy transfer. A satisfactory qualitative result was obtained by the
authors in the work (Koushik, S. V.; Blank, P. S.; Vogel, S. S. PloS One 2009, 4 (11), e8031.)[61] , where
one acceptor was replaced by two or three molecules, thus obtaining an average increase in the range
of energy transfer. In the H2 publication, we decided to design a model system, where ideally several
closely located and non-aggregating acceptors are arranged on a polypeptide or protein, acting as an
antenna system pulling excitation energy from a single donor. The distance between acceptors distrib-
uted on a single biomacromolecule is a small fraction of the average distance between the donor and
the set of acceptors, so we are dealing with a donor group of closely located acceptors system.

Then the dynamics of such a system may be described by equations 1 and 2 (paper H2), in which the
following processes are considered: nonradiative and radiative deactivation of the excited state od
donor with the rate constant 1/t,p and energy transfer from donor to acceptor with the rate constant
wDAi_

The solution to this set of equations leads in a simple way to the relations for donor fluorescence
intensity decay and its quantum yield in the presence of energy transfer to strong acceptor trap ( Eqgs.
6 and 7 in paper H2). Similarly to other previously described works the correctness of the obtained
formulas has been verified by Monte-Carlo method.

The obtained effect is visible in Fig.2 (paper H2) which presents an example of the course of relative
donor fluorescence quantum yield versus the distance between interacting donor and traps. Solid
curves correspond to relative donor fluorescence quantum yield for random and static orientations of
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acceptor transition moments. The set of solid curves indicates the possibility of distinct enhancement
of effective range of energy transfer. For example for the system donor- trap (consisting of 10 accep-
tors) at mean distance of interacting molecules R=11 nm the efficiency of transfer is very high and it
attains about %. Mention should be made that usually at such a large distance energy transfer to a
single acceptor is negligible.

An attractive idea, though significantly more demanding in practice, is to study energy transfer effi-
ciency from excited donor to the multiple acceptor trap but for parallel transition moment orientation
of all acceptors (and that of the the donor). This case is illustrated by the set of dotted curves in Fig.2
(H2). In this case it was difficult to provide analytical solution but it was possible perform Monte-Carlo
simulations for several traps containing different numbers od acceptors.

In this case energy transfer from donor to trap consisting of 10 acceptors has efficiency equal to about
% at significantly larger distance R=16 nm. At a distance R=20 nm this efficiency drops to about 0.2
which seems to be a sensible upper distance limit to get reliable information.

| am aware that during designing and production of real antenna systems we have to deal with several
problems like limited number of sites to which acceptors can be linked to the macromolecule , possible
aggregation or some problems with accurate orientation of transition moments. However, immense
progress in chemical and material technologies may make the idea realizable.

The idea itself has its roots in other studies | performed at first during my Ph.D. and next after com-
pleting Ph.D. These studies concerned energy migration in uniaxially oriented polymers (before Ph.D)
and energy transfer in similar but two-component donor -acceptor systems.

My early studies in one component systems have shown that introducing high degree of order of tran-
sition moments directions leads to extreme changes in concentration courses of emission anisotropy
compared to disordered systems. Further experimental studies in partly ordered two-component do-
nor-acceptor systems (paper H5) have shown that even moderate but different ordering of transition
moments of donors and acceptors transition moments directions leads to spectacular changes in the
courses of emission anisotropy spectra.

Polymeric film is a medium in which we can quite easily control the degree of order of transition mo-
ments of molecules participating in energy transfer. Therefore, the served in paper H5 to analyse the
effect of mutual orientation of transition moment directions of donor and acceptor on the properties

of energy transfer.

During the uniaxial stretching of polymer film transition moments of linear elongated molecules show
strong tendency to orientate towards this direction.

To describe the angular distribution of directions long axes of linear molecules at a given stretch-
ing degree Tanizaki function has been applied [62]:

3
£,(8) = R2sin 9.{1+ (R2 ~1)sin® g, | 2 (35)
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where: ¥; —angle formed by long axis of j-th molecule with the orientation direction of polimer matrix
and Rs — denotes the degree of stretching of the film.

In all theories of excitation energy transport in disordered systems the assumption is made that the
contribution to the observed emission anisotropy is given only by molecules initially excited by the
linearly polarized light beam. The geometrical change of the system induced by stretching leads to the
situation that this assumption is no longer fulfilled. In paper H5 experimental data and Monte-Carlo
simulations of emission anisotropy in three different donor-acceptor systems are provided.

Each of them behaved differently in view of specific orientation of transition moments of donor and
acceptor.

For the system of elongated linear fluorophores DOCI (donor) and DTCI (acceptor) transition moments
of both molecules are located along the long molecular axis (confirmed by linear dichroism studies)
and they oriented towards the axis of polymer stretching. DOCI (donor) R101 ( acceptor) system was
in turn characterized by high degree of orientation of donor transition moment and low orientation of
acceptor transition moment (as rhodamine 101 is not an elongated molecule). In the case of acridon
(donor) —DOCI (Acceptor) system the transition moment of donor is located perpendicular to its longer
molecular axis.

As shown in paper H5:

—  For elongated molecules (DOCI,DTCI) the preferential distribution of transition moments direc-
tions of donors and acceptors relative to the direction of film stretching leads to the preservation
of emission anisotropy in the acceptor band despite energy transfer from donor to acceptor
(Fig.1a in work H5). In disordered polymer film classical depolarization effect of acceptor fluores-
cence is visible.

—  For DOCI-R101 system (Fig.1b in paper H5) strong depolarization in acceptor fluorescence band
is observed as a result of energy transfer from donors moments oriented preferably towards the
direction of film stretching to acceptors which remain almost randomly oriented even after film
stretching. Consequently, increase in stretching degree leads to much more pronounced increase
of donor anisotropy than that of acceptor.

— Inthe case of the third system acridon-DOCI (Fig.1c, paper H5) after excitation in the donor band
and observation in the acceptor band for disordered system almost complete depolarization of
fluorescence is observed as a result of energy transfer from donors to randomly distributed ac-
ceptors.

However, with the film stretching we can see nontypical behavior of anisotropy in the donor fluores-
cence band. Emission anisotropy decreases in this band with the increasing stretching of the film,
which is due to the tendency of transition moment of donor to orientate perpendicularly to the axis of
stretching. Simultaneously we can observe significant repolarization effect in the acceptor fluores-
cence band. Additionally, emission anisotropy of DOCI (acceptor) even in the strongly stretched system
(Rs=5) does not attain in the acceptor fluorescence band so high values as in formerly discussed sys-
tems. The reason is the contribution of relatively weakly polarized donor fluorescence to the total flu-
orescence observed at longer wavelengths (acceptor fluorescence band).
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Based on the described emission anisotropy courses we can conclude about evident role of orienta-
tional factor (mutual orientation of transition moments of donors and acceptors) in preservation or
loss of emission anisotropy after the energy transfer.

Table 1 (paper H5) shows how pronounced are the changes in the averaged orientation factor induced
by stretching the films and ordering of transition moments.

Contrary to one component systems, where we deal with a single value of averaged orientation factor,
in two component partly ordered system more than one orientation factor must be introduced. They
can have quite different values for donor-donor interactions and donor-acceptor interactions depend-
ing on the orientation directions of transition moments of interacting species. As can be seen the av-
eraged values of orientational factor in uniaxially oriented matrix can differ strongly from well-known
values commonly assumed in disordered systems (0.476 the case of static and 2/3 the case of dynamic
randomly distributed dipoles). For example, for the first system DOCI-DTCI, for strongly stretched film
(Rs=5) the value for energy transfer < k3, >= 1.25 is much bigger, however, for third discussed
stretched system (acridon-DOCI, Rs=5) the averaged orientational factor for energy transfer is much
smaller < k3, >= 0.43 which obviously leads to respective increase or decrease of critical radius for
energy transfer. The values of averaged orientational factors have been obtained from Monte Carlo
simulations according to the procedure described. The same table contains the averaged values of
orientation factors calculated for donor-donor and acceptor-acceptor interactions evidencing its
strong dependence on the mutual orientations of interacting species.

The results of emission anisotropy intensity decays shown for donor and acceptor of excitation energy
(Figs. 2 and 3 in paper H5) are in agreement with those of steady-state emission anisotropy and indi-
cate qualitatively similar in character differences for ordered and disordered systems. They can be
shortly summarized as follows:

—  for disordered (DOCI-DTCI) system donor emission anisotropy decays much faster than in the
case of ordered systems (Fig.2, paper H5). In the ordered system acceptor emission anisotropy
does not decrease over the whole time window. This is again the result of strongly correlated
directions of transition dipole moments of donors and acceptors. The initial polarization of excited
molecules is preserved in the system over the time of experiment;

— the effect of energy transfer from donor to acceptor in the system acridon-DOCI (Fig.3 in paper
H5) is quite different as it occurs between the populations of molecules with completely different
orientations of transition moments of donors and acceptors. Fluorescence anisotropy decay in
the donor fluorescence band in the ordered system is quite nontypical as its course starts from
lower initial values compared to the anisotropy decay in the acceptor fluorescence band. This
corresponds again to steady-state anisotropy spectra in Fig. 1c.

The achievement presented in the two above works consists of showing that in systems with partial
organization of fluorophore transition moments, there exist significant reserves related to the con-
trol of the efficiency and directionality of the energy transfer by analyzing the value of the orienta-
tion factor. | proposed a method of increasing the effective range of energy transfer in macromole-
cules by connecting linking several closely located identical acceptors with the same orientation of
transition moments. The Monte-Carlo simulation studies showed that the effective range of the en-
ergy transfer could be increased 2-3 times, even to a dozen or so nanometers. On the other hand, in
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polymer systems with partial ordering of the transition moments of donors and acceptors, it is pos-
sible to control the degree of anisotropy of the acceptor emission (i.e. a certain type of optical infor-
mation) after energy transfer, by changing the value of the orientation factor. Two elements are
decisive here: the mutual location of the appropriate directions of the donor and acceptor transition
moments and the degree of order of the system. Appropriate choice of the donor and acceptor mol-
ecules and of the changes in the polymer stretching factor can, in principle, allow to obtain a very
diverse and well-controlled emission anisotropy after energy transfer. This may be useful in the de-
sign of optical materials with polarization tuning.

Energy transfer as a tool for detecting and testing MMP-9 metalloproteinase activity.

The Forster model of energy transfer can be used to determine intra-molecular distances and deter-
mine the conformation of macromolecules in biological systems. This method used classically, is effec-
tive at distances not exceeding several nanometers, which is associated with the effective range of non-
radiative energy transfer in typical donor-acceptor systems.

In the publication H6 | examined the photophysical properties of peptide labeled at its ends with
a donor and acceptor of energy, which serves as part of a biosensor allowing the detection and assess-
ment of the activity of the enzyme matrix metalloproteinase 9 (MMP-9). MMP-9 appears in excessive
concentration in the human body in the course of various diseases, including oncological basis. There-
fore, the detection and determination of the concentration of this enzyme is important because it fa-
cilitates making an appropriate diagnosis [63, 64]. An attempt to respond to the indicated need is to
develop the idea of a sensitive detection method based on the preparation of a dedicated peptide that
is cleaved exclusively by the MMP-9 metalloproteinase. The figure below shows this peptide, which
consists of appropriately selected molecules acting as a donor (7-amino-4-methyl-3-coumarinyla-
ceticacid, AMCA) and an acceptor (5-carboxytetramethylrhodamine, TAMRA) of electronic excitation
energy and a peptide chain connecting them (hereinafter | use the designation AMCA -PEP-TAMRA). In
the absence of MMP-9 metalloproteinase, efficient energy transfer from the excited donor to the un-
excited acceptor is observed upon donor excitation. The presence of metalloproteinase causes it to cut
the peptide chain and, consequently, separate the donor and acceptor over much longer distances on
average, preventing energy transfer from occurring.

HiGoy -

Lys-Gly-Pro-Arg-Ser-Leu-Ser-Gly-Lys-NH,
Figure 5. Schematic of the tested system AMCA-PEP-TAMRA (D-PEP-A).

The publication H6 describes the selected spectroscopic properties of this peptide in glycerol. The most
important part of this work is the analysis of the nonradiative energy transfer from the AMCA fluoro-
phore to the TAMRA fluorophore to assess the conformational distribution of this peptide. This is very
important to verify its suitability for testing the activity of the MMP-9 enzyme.
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The maximum distance between the donor and the acceptor that can be attributed to the linear con-
formation of this peptide is 4.6 nm and is larger than the value of the critical radius for nonradiative
excitation energy transfer in this system Ropa = 3.9 nm, which | determined based on equation (2) based
on spectroscopic measurements (AMCA and TAMRA absorption and fluorescence spectra and average
donor fluorescence lifetime).

Fluorescence spectra measurements for the peptide with the donor, the peptide with the acceptor, and
the AMCA-PEP-TAMRA system in dehydrated glycerol are presented in Figure 2 (paper H6). They indi-
cate efficient transfer between the donor and acceptor connected to the peptide, through an obvious
decrease in the fluorescence intensity of the donor accompanied by an increase in the intensity in the
acceptor band.

This is also confirmed by emission anisotropy studies (Figure 3 in paper H6) where, with the shift of
the observation wavelength from the donor to the acceptor band, we observe a strong depolarization
of the acceptor fluorescence when the donor is excited. In disordered systems, only molecules initially
excited by light absorption contribute to the anisotropy of the observed fluorescence, in this case, the
AMCA donor molecule. TAMRA molecules are excited mainly as a result of energy transfer from AMCA,
therefore they emit highly depolarized light. Also, the results of fluorescence intensity decays (Figure
4abc in paper H6) leave no doubt that efficient energy transfer takes place between the molecules
connected to the peptide because we observe:
— shortening of the donor's lifetime in the presence of the acceptor on the AMCA-PEP-TAMRA pep-
tide (from 3.95 ns to 1.35 ns) and non-exponential decay of the donor's fluorescence intensity,
— in the range of short times after excitation, the acceptor fluorescence intensity curve increases
(Figure 4c in work H6), which suggests the so-called "pumping" of the excited state of the acceptor
as a result of energy transfer from the donor.

The efficiency of the electronic excitation energy transfer process can be easily determined from the
following correlations:

po1_Jw (36)

Io

where fp, fap —the fluorescence intensity of the donor linked to the peptide in the absence of acceptor
and the donor fluorescence intensity in the presence of acceptor which partly quenches donor fluo-
rescence, respectively, and
R®
Rops +R

Ropa —the critical distance for donor to acceptor energy transfer, R-single donor-acceptor distance.

If we assume that the peptide is rigid and has a linear single conformation, then the donor and acceptor
would be at the maximum possible distance from each other on the peptide. However, the efficiency
of the energy transfer process calculated by me based on both compounds was dramatically different
and amounted to E=78% (formula 36) and E=26% (formula 37), respectively. The reason for such a large
discrepancy is the fact that the peptide connecting AMCA and TAMRA is flexible and shows a certain
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donor-acceptor distance distribution, as a result of which their average distance is much smaller than
the maximum distance (R = 4.6 nm). A correct description of energy transfer in such a system requires
postulating a donor-acceptor distance distribution function and obtaining a correct description of the
non-exponential decay of the donor fluorescence intensity.

For reasons of simplicity, | proposed a function of the Gaussian distribution of the distance between
the donor and the acceptor on the tested peptide in the fluorescence decay law. In this case, it was

shown in paper H6 that the expected function describing the decay of the donor fluorescence intensity
for the AMCA-PEP-TAMRA system is given by (paper H6, formula 6):

2 PR B (Y PO MT
G(t)_mdoexp[ = Jexp[ - To( R dR (38)

where o is the standard deviation of the unmodified Gauss function. It is noteworthy that o is in

a straight way correlated with the half-width 6 of this distribution function by the relation:

The 6 value provides important information about the conformation and the flexibility of the peptide
upon the given experimental conditions. Equation 6 (paper H6) was used to describe the experimental
data, which are well described by it in Figure 4b (paper H6) for 6 =2.79 nm. The obtained value of the
half-width of this distribution is rather high, indicating considerable conformational freedom of the
peptide under study. In the detailed analysis, it was taken into account that the Gaussian distribution
function should be "truncated" for small and large argument values due to the physical limitations im-
posed on the allowed distances of the donor and acceptor.

In summary, the experimental studies and their analysis carried out in the H6 paper confirmed that
upon excitation of the donor in the AMCA-PEP-TAMRA system, efficient transfer of the excitation elec-
tronic energy occurs. In addition, | also showed that the use of a Gaussian distribution function to
model the distribution of distances between the donor and acceptor of a connected flexible peptide in
the equation describing the decay of fluorescence intensity yields results consistent with experience
and the peptide itself shows high conformational freedom.

The next step was to test the usefulness of the invited AMCA-PEP-TAMRA system for studying the ac-
tivity and concentration of the MMP-9 enzyme. In particular, the work consisted of studying the kinetics
of the enzymatic reaction, that is, cutting the peptide connecting the donor to the acceptor with the
MMP-9 enzyme (paper H7). The rate constant of the enzymatic reaction significantly increased as
a function of MMP-9 enzyme concentration, causing strong changes in fluorescence spectra. These
changes consisted of an increase in the fluorescence intensity of the donor as the enzyme's peptide-
cutting reaction progressed. The direction of these changes was due to the changing spatial separation
of the donor and acceptor as a result of peptide bond hydrolysis, leading to a decrease in the efficiency
of energy transfer from the donor to the acceptor.

In this work, in addition to the AMCA-PEP-TAMRA peptide system characterized in paper H6, we also
investigated its analog in the form of AMCA-PEP-3PRO-TAMRA elongated by the addition of three pro-
line groups during synthesis (denoted as Pro - system 2 in the figure below). The goal was to increase
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the freedom of access of the MMP-9 enzyme to the peptide chain and consequently increase the rate
constant of the enzymatic reaction.

Table 1. AMCA-PEP-TAMRA and AMCA-PEP-3PRO-TAMRA systems used to examine the activity of the MMP-9

enzyme.
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Indeed, it can be seen in Figure 2 and from Table 2 in paper H7 that the D-PEP-3Pro-A system is more
efficiently cut by the metalloproteinase MMP-9. Table 2 in paper H7 contains detailed kinetic parame-
ters of enzymatic hydrolysis for both systems, among others, the half-reaction time, that is, the time
after which half of the amount of substance present at a given time will have reacted:

N2 0693
L (39)
Yk ok

where k — the first-order reaction rate constant.

Its value decreases as the concentration of enzyme added to the system increases. It can also be seen
that for the system with the longer chain, the half-life is shorter at 11 minutes compared to that for the
D-PEP-A system, where its value is 23 minutes (at an MMP-9 concentration of c=133ng/ml). The ob-
served linear dependence of the reaction rate constant k on the enzyme concentration c for both
D- PEP-A and D-PEP-Pro-A systems presented in Figure 3 in paper H7 allows them to be used to deter-
mine the amount of MMP-9 enzyme in a given system (paper H7). As it seems, the minimum sensible
concentration of MMP-9 metalloproteinase that can be detected from a practical point of view, i.e.,
half-life, is 16 ng/ml for the shorter peptide system. The sensitivity of the longer peptide system for the
presence of MMP-9 appeared to be even slightly higher.

The achievement in works H6 and H7 is showing the applicability of nonradiative energy transfer to
evaluate the conformational properties of AMCA-PEP-TAMRA peptide a a part of a biosensor to detect
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metalloproteinase MMP-9. Making use of the Gauss distribution function to model the distance distri-
bution between donor and acceptor on a flexible peptide in a relation describing donor intensity decay
leads to a good description of experimental data and it proves high conformational mobility of the
synthesized peptide. AMCA-PEP-TAMRA system and its longer analogue AMCA-PEP-3PRO-TAMRA oc-
curred to be sensitive indicators of the presence of metalloproteinase MMP-9 and they may be used
to estimate the concentration of this enzyme in further studies .

Summary

In the described cycle | have shown that the description of energy transport phenomena and its trap-
ping in diversified systems may be described successfully by the set of analytical models in onte-Carlo
simulations as a main tool in systems of higher degree of complexity for which the construction of
analytical models leading to expressions for luminescence characteristics is either very difficult or even
impossible. The presented set of undertaken and described problems should not be treated as
a closed, completed catalogue. In contradiction | did my best to show that both in the undertaken
issues and related problems huge scientific resourses and needs remain . An example of such unreal-
ized need is for example derivation of a universal expression (for a variety of geometries) for the rate
constant for energy transfer in the presence of surface plasmons. This would enabbiological le to ex-
tend the useful range of energy transfer as a spectroscopic ruler distinctly beyond 10 nm. This is in
turne very important to study in more detail bigger macromolecules , designing novel biosensors and
optical nanomaterials. Simelaborate theorilarly, | consider very important to elaborate model of en-
ergy transfer suitable for other nanostructures , for example containg magnetic core. | would like to
focus on these and some other problems | participated in beside my habilitation tasks will be my main
points of interests.

For most important achievements presented in the habilitation cycle H1-H9 | consider:

— Analysis of the nonradiative electron excitation energy transfer in thin-film porous matrices,
demonstrating that it is crucial and necessary for a correct analysis to take into account the non-
uniform distribution of fluorophores in the matrices, and developing a method for determining
the local concentrations of fluorophores in such hybrid materials. The method is based on the
comparison of experimental results of fluorescence intensity decays with the results of the Monte
Carlo simulations of the excitation energy transfer processes. Analytical approaches previously
developed for disordered systems with a statistical distribution of fluorophores cannot be directly
applied here.

—  Development of the energy transfer model for the donor-acceptor system on spherical nanopar-
ticles, taking into account the radius distribution of the nanostructures, obtaining within this
model expressions describing fluorescence intensity decays for nanostructures of a specific radius
as well as for the Gaussian radii distribution, and, finally, experimental verification of the data
resulting from this approach.

—  Employment of the nonradiative energy transfer to assess the conformational properties of a spe-
cially designed peptide as part of a biosensor for detecting the MMP-9 metalloproteinase. The
analysis revealed significant conformational freedom of this peptide, manifesting itself with a rel-
atively high half-width of the donor-acceptor distances distribution. The considered peptide as
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well as its analogue appeared to be sensitive indicators of the MMP-9 metalloproteinase presence
and can potentially be used to estimate concentration of this enzyme.

— I showed on two examples that in partially organized systems there exist significant reserves re-
lated to controlling the efficiency and directionality of energy transfer by analyzing the values of
the orientation factor. | proposed an idea to extend the range of the energy transfer as a spectro-
scopic ruler based on linking several acceptors with the same orientation moments on the mac-
romolecule. The Monte-Carlo simulations showed that the effective range of energy transfer due
to the interaction of a donor with a set of such acceptor antennas could be increased to a dozen
or so nanometers. On the other hand, in polymer systems with partial ordering of the transition
moments of donors and acceptors, the degree of anisotropy of the acceptor emission (optical
information) after energy transfer can be controlled by changing the value of the orientation fac-
tor. Two things are decisive here: the mutual orientation of the appropriate directions of the do-
nor and acceptor transition moments and the degree of order of the system. Appropriate choice
of donor and acceptor molecules together with the above-mentioned parameters allows to con-
trol the level of acceptors emission anisotropy to large extent.
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5. Presentation of significant scientific or artistic activity carried out at more than one university,
scientific or cultural institution, especially at foreign institutions.

In 2008, | won a prestigious international competition for a research Maria Sktodowska-Curie scholar-
ship under the 7th EU Framework Program and spent 1.5 years in a world-class laboratory of Prof. A.
Douhal in Toledo. During this internship, | became familiar with, among others, modern experimental
methods of femtosecond fluorescence spectroscopy, while being involved in research on the interac-
tions of porphyrins with selected proteins (e.g. human serum albumin) or zeolite-like hanomaterials.
Such studies make it possible to track the intermolecular interactions of the mentioned objects in the
shortest time gaps currently reachable after the excitation of the system (starting from about 20
femtoseconds) and are vital, for example, for explaining molecular mechanisms important in transport
phenomena of biologically active substances to organisms. Within this project, two papers were pub-
lished [3 and 4 in attachment 4B (list of all publications after obtaining the PhD degree)], of which | am
the first author.

6. Presentation of teaching and organizational achievements as well as achievements in populari-
zation of science or art

Teaching achievements

| started my employment at the Institute of Experimental Physics, Faculty of Mathematics, Physics and
Informatics, University of Gdansk, at a research-teaching position, therefore, since the very beginning
| have had a range of teaching duties. These are classes covering a wide range of topics: from the so-
called fundamentals of physics (mechanics, electromagnetism, thermodynamics) to specialized sub-
jects (luminescence, molecular spectroscopy including biological systems, didactics of physics, mecha-
noscopy, environmental physics). And they have a variety of forms, as there are laboratory classes (9
different), auditory exercises (12 different), lectures (3 topics). To date, 6 students have written and
defended bachelor's theses and 8 students master's theses. | have also been an assistant supervisor of
3 doctoral students; all the dissertations have been recognized outstanding. Currently,
| am an assistant supervisor of still another doctoral student. Besides, | am also a subject matter and
methodological supervisor for students practicing teaching of physics in primary and secondary
schools.

All the classes that | taught had an original, authorial character, | created my own teaching materials
for students: course books, sets of tasks and exercises, guides for the exercises carried out by students
in a specialized didactic physics laboratory. The teaching materials that | made supported not only the
classes | taught myself, but were meant also as an extension of the educational offer of the Faculty of
Mathematics, Physics and Informatics aimed at the students of my home faculty, as well as other fac-
ulties of the University of Gdansk.

In an effort to improve the quality of education of students at my home faculty, | engaged myself in
projects financed, for example, by European Union funds. | can state here my participation in the Op-
erational Program "Program for implementing modern elements of education at the University of
Gdansk" and within this project | created a set of instructions for laboratory exercises for students at
the Laboratory of the Didactics of Physics (Physics Laboratory Il). Involvement in another project "We
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educate professionals — a comprehensive education program addressed to students, graduates and
disabled students of the University of Gdansk resulted in co-authorship of the course books "Funda-
mentals of physics 1, 11, lll for medical physics students — exercises and tasks" (this course book covered
aspects of material point and rigid body mechanics, thermodynamics and electromagnetism) and also
"Fundamentals of modern physics for medical physics students exercises and tasks". Still another pro-
ject in which | participated was a project under the Human Capital Operational Program "University of
Tomorrow: Internationalization of education at the University of Gdansk through collaboration with
the University of Houston-Downtown"; within this project | wrote a course book "Microscopy applica-
tions in biotechnology" for biotechnology students.

With regard to activities to improve the quality of education at the University of Gdansk, | can recog-
nize as my major contribution the development of didactic cooperation between the Institute of Ex-
perimental Physics of the Faculty of Mathematics, Physics and Informatics and the Faculty of Law and
Administration of the University of Gdansk. In 2016, | prepared conceptually, substantively and didac-
tically set of laboratory exercises for the Criminology field of studies, Criminalistics specialty, of the
general academic full-time and part-time studies realized at the above-mentioned Faculty of Law and
Administration. Introduction of these classes into the Criminology studies program enabled the stu-
dents to gain practical knowledge of modern methods and techniques used in forensic sciences, origi-
nating in physics. Thanks to my efforts, the Physical Forensics Laboratory is constantly being improved
and developed and to financially support these activities | managed to obtain two grants from the
Teaching Initiatives Fund of the University of Gdansk; | was also the Pl of both projects.

While trying to improve the quality of education at the University of Gdansk, | remember also about
development of my own professional competences. | participate in a variety of training courses aimed
at expanding both my knowledge of the subject matter of my teaching field, research topics, and teach-
ing methods of conducting classes (e.g., tutoring).

| also provided consultation and proofreading of experimental chapters of the book by renowned sci-
entists: Z. Gryczynski and |. Gryczynski "Practical Fluorescence Spectroscopy", CRC Press, Taylor&Fran-
cis Group, published in 2020, for which the authors honored me in the Introduction.

In 2019, in recognition of my teaching and educational achievements, | was awarded a Medal of the
Commission of National Education. In 2023, | received a second rank Award of the Rector of the Uni-
versity of Gdansk for the entirety of my teaching and scientific achievements.

Achievements in the field of popularization of science

An important part of my activity as a physicist is the popularization of physics. Every year, | give several
dozen hours of lectures and exercises at various levels, to primary and secondary school pupils. Since
2010 | have conducted about 300 hours of such classes. My classes appeared so popular that | was
invited by the Pavel Adamowicz University High School in Gdansk to cooperation as a physics teacher.

My contribution to the popularization of science also includes my annual participation in the events

such as the Baltic Science Festival, the Open Day of the Faculty of Mathematics, Physics and Informatics
of the University of Gdansk, the Open Day of the University of Gdansk, the Educational Fair.
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Another form of popularizing physics is my participation in projects aimed at creating opportunities for

physics teachers to improve their professional qualifications. An example here can be my participation

(as an expert in the physics group) in the project Pomeranian (Voivodeship) — a good course for educa-

tion. Supporting pupils with special predispositions in the field of mathematics, physics and computer
science" under the Priority IX of the Human Capital Operational Program 2007-2013. And the outcome
of this project were 8 extracurricular activities programs were developed, programs of academic meet-

ings, science camps for pupils and workshops for teachers.

Organizational activities

In 2013, 2015, 2017 and 2022 | was a member of the organizing committee of the international
conference International Workshop on Advanced Spectroscopy and Optical Materials, the origina-
tor and main organizer of which was Prof. M. Grinberg (the idea of the conference is currently con-
tinued by Prof. Sebastian Mahlik from the Department of Condensed Phase Spectroscopy); | served
as a secretary and co-secretary of the conference.

In the years 2013 - 2023 | was a reviewer of many bachelor's and master's theses by students of the
Faculty of Mathematics, Physics and Informatics and the Faculty of Chemistry of the University of
Gdansk, and a member of the committees for diploma exams (both bachelor's and master's).

In the years 2012 - 2019 | was, and since 2021 | am again, a member of the Council of the Faculty
of Mathematics, Physics and Informatics of the University of Gdansk and the Council of the Institute
of Experimental Physics, as a representative of assistant professor.

In the academic year 2019/2020 | was a member of the Dean's Council.

In the period 2014 - 2020, | was a member of the Team for tracking further activities and paths of
university graduates. During my membership, | participated, as a member of the organizing com-
mittee, in the preparation of the Alumni Meeting of the Faculty of Mathematics, Physics and Infor-
matics of the University of Gdansk (June 27, 2015).

Since 2020, | have been a member of the Faculty's Team for updating the educational offer.

In 2016 and 2017, | was an observer on behalf of the University of Gdansk during the A-level exam-
inations in physics.

| was a tutorr of first-year students of Medical Physics (2011, 2018, 2019).

| am a contributor to establishing and developing cooperation of the Faculty of Mathematics, Phys-
ics and Computer Science in the field of teaching with: the Faculty of Law and Administration and
the Faculty of Chemistry of the University of Gdansk as well as with the Medical University of
Gdansk.

List of conducted academic and science popularization activities:

Lectures given:

Biomolecules - Microscopy - application in biotechnology; Biotechnology, full-time undergraduate
studies

Mechanoscopy and physical methods of trace examination; Criminology, full-time and part-time
graduate studies
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Microscopic techniques - Physics; Medical Physics, full time graduate studies

Titles of the conducted auditorium exercises:

Physics; Geology, full time undergraduate studies

Fundamentals of physics (mechanics and thermodynamics); Medical Physics, full time undergrad-
uate studies

Mechanics of point particle, rigid body and particle; Nuclear Safety and Radiological Protection,
full time undergraduate studies

Elective lecture exercises: From molecular luminescence to nanocrystals and optical biomaterials;
Medical Physics, full time graduate studies

Elective lecture exercises: Principles of molecular spectroscopy; Physics, full time graduate studies
Monograph lecture exercises: Selected topics of modern physics applications in medicine; Medical
Physics, full time graduate studies

Monograph lecture exercises: Optical biospectroscopy; Physics, full time undergraduate studies
Monograph lecture exercises: spectroscopy of biological systems; Medical Physics, full time under-
graduate studies

Monograph lecture exercises: Selected physicochemical phenomena and characterization meth-
ods of biomaterials and biosensors; Medical Physics, full time graduate studies

Monograph lecture exercises: Atomic and molecular spectroscopy; Physics, full time graduate
studies

Monograph lecture exercises: Principles of molecular spectroscopy; Medical Physics, full time grad-
uate studies

Lecture exercises: Microscopic techniques; Physics, Medical Physics, full time graduate studies

Titles of conducted laboratory exercises

Information technology; Sociology, Logopedics, Nature, Philology (Scandinavian studies), full time
undergraduate studies

Physical laboratory 1; Oceanography, Medical PhysicsFizyka, Physics (mechanics, Thermodynam-
ics, electromagnetism, optics, spectroscopy), full time undergraduate studies

Specialist laboratory; Medical Physics, full time graduate studies

Physical laboratry 2 (quantum physics and biophysics); Physics, full time undergraduate and grad-
uate studies

Lecture exercises: Mechanoscopy and physical methods of trace examination; Criminology, full-
time undergraduate studies

Lecture exercises: Scientific techniques of examining traces of crimes using physical methods;
Criminology, full time undergraduate studies

Physics teaching practice; Physics and Medical Physics, full time graduate studies

Master's degree laboratory; Medical Physics, full time graduate studies

Environmental chemistry and physics - laboratory; Environmental Health, Gdansk Medical Univer-
sity, full time undergraduate studies
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List of scientific and popular science lectures and laboratory exercises conducted within a framework
of partner scientific meetings and teaching events popularizing science:

Molecular spectroscopy and its role in biotechnology and medicine; classes for high school pupils,
Meetings with Physics, Faculty of Mathematics, Physics and Informatics, University of Gdansk,
Lecture - 08.01.2015, laboratory exercises - 15.01.2015

Electrostatics and current; classes for children from the ,Bez rutyny” association, Faculty of Math-
ematics, Physics and Informatics, University of Gdansk, lecture - 18.04.2015

Luminescence around us; classes hor high school pupils, Meetings with Physics, Faculty of Mathe-
matics, Physics and Informatics, University of Gdansk, Lecture - 03.12.2015, laboratory exercises
-10.12.2015

What is luminescence?; classes for the Jozef Wybicki Junior High School no 1 in Lebork, lecture -
05.12.2015

Luminescence around us — can drinking tonic shine?; classes for high school pupils of the Panst-
wowye Szkoty Budownictwa, Grunwaldzka 238, Gdansk, ,Pi” number day, invited lecture -
04.03.2016

Scanning electron microscopy and fluorescence phenomena; youth classes related to the final of
,Pomeranian Mathematical Matches”, Faculty of Mathematics, Physics and Informatics, Univer-
sity of Gdansk, demonstrations - 28.04.2016

Molecular spectroscopy and its role in biotechnology and medicine; classes within the “Periodic
Scientific Seminars of the Pharm-Phys-Chem Group”, Faculty of Mathematics, Physics and Infor-
matics, University of Gdansk, invited lecture - 12.02.2016

World in a nanoscale seen through a microscope; youth classes, Meetings with Physics, Faculty of
Mathematics, Physics and Informatics, University of Gdansk, lecture - 27.04.2017

Fluorescence and methods of its enhancement and Applications of electron microscopy; classes
within the project ,New Competencies - New Perspectives” for the 1st and 2nd class pupils of the
Gen. Stefan Rowecki ,Grot” School Complex no 1 in Zambréw, Faculty of Mathematics, Physics
and Informatics, University of Gdansk, laboratory exercises - 13.06.2017

Can drinking tonic and candies shine?; lecture for Everyone at the Experiment Science Center,
Gdynia, Night of Scientists, invited lecture -3h - 29.09.2017

Fluorescence microscopy; classes for the pupils of the Jan Pawet Il High School no 5 in Torun, Fac-
ulty of Mathematics, Physics and Informatics, University of Gdansk, lecture - 26.10.2017
Fluorescence microscopy; classes the pupils from schools of the Sztum district, Faculty of Mathe-
matics, Physics and Informatics, University of Gdansk, laboratory exercises - 24.11.2017
Fluorescence microscope, Fluorescence phenomenon and methods of its enhancement; classes for
the pupils from the Wojsko Polskie Primary School no 39 in Gdansku, Faculty of Mathematics,
Physics and Informatics, University of Gdansk, lectures - 07.12.2017, 08.12.2017

Microscope for the Nobel Prize; classes for the pupils from the School Complex in Tujsk, Faculty of
Mathematics, Physics and Informatics, University of Gdansk, laboratory exercises with elements
of lecture - 08.02.2019

Principles of optical microscopy; Cathedral and Division of Applied Pharmacy, Medical University
of Gdansk, invited lecture - 27.03.2019

Miroscopy; classes for junior high school pupils, ,Talented from Pomerania”, Faculty of Mathe-
matics, Physics and Informatics, University of Gdansk, lectures and laboratory exercises -
25.05.2019
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Optical and electron microscopy and UV-Vis spectroscopy in a forensic laboratory — application
examples; Faculty of Mathematics, Physics and Informatics, University of Gdansk, lecture - 09-
13.09.2019

Application of microscopy in forensic science, Observation of luminescence of organic compounds;
,Talented from Pomerania”, Faculty of Mathematics, Physics and Informatics, University of
Gdansk, lecture exercises and workshop - 10-11.09.2019

Forensic traces and their disclosure; , Talented from Pomerania”, Faculty of Mathematics, Physics
and Informatics, University of Gdansk, forensic exercises in cooperation with the Faculty of Chem-
istry - 23.11.2019

Optical and electron microscope; classes for the pupils from the High School no V in Torun, Faculty
of Mathematics, Physics and Informatics, University of Gdansk, laboratory exercises - 13.02.2020
Luminescence at a crime scene; , Talented from Pomerania”, on-line lecture - 21-25.09.2020
What shines in a spectroscopic laboratory?; ,Talented from Pomerania”, on-line laboratory exer-
cises - 21-25.09.2020

A journey through the world at a nano scale; Faculty of Chemistry, University of Gdansk, invited
lecture - 01.2021

Physics Olympic Circle meetings for high school pupils within the , Talented from Pomerania” pro-
gram, Faculty of Mathematics, Physics and Informatics, University of Gdansk, IV-VI 2021, II-V 2022
Luminescence in forensic sciences; classes for the pupils from the High School of Individual Pro-
grams on the occasion of Teacher's Day, Faculty of Mathematics, Physics and Informatics, Univer-
sity of Gdansk, lecture, X 2021

Optical refractive index — laboratory exercises; classes for high school pupils, Faculty of Mathe-
matics, Physics and Informatics, University of Gdansk, laboratory exercises - 05.03.2022
Following the breadcrumbs: light for detectives; classes for high school pupils, Faculty of Mathe-
matics, Physics and Informatics, University of Gdansk, laboratory exercises - 26.03.2022

Trunk of physical miscellanea; classes for junior high school pupils, Faculty of Mathematics, Phys-
ics and Informatics, University of Gdansk, laboratory exercises - 02.04.2022

Microscopy, Hydrogen cells, photovoltaics; classes for the pupils from the Academic High School
no 1 in Gdynia, Faculty of Mathematics, Physics and Informatics, University of Gdansk, lecture -
23.05.2022, laboratory exercises - 27.05.2022

Riddles and puzzles in a spectroscopic laboratory and Microscopy and spectroscopy in forensic sci-
ences; classes for junior high school and high school pupils, ,Talented from Pomerania”, Faculty
of Mathematics, Physics and Informatics, University of Gdansk, lectures - 19-28.09.2022

Doctoral dissertations

Associate Promoter in the doctoral degree conferment procedure of Ms Aneta Lewkowicz
Thesis title: Spectroscopic properties of hybrid materials doped with organic dyes
Scientific degree: doctor of physical sciences in the field of physics

Defense date: 12.03.2015, distinction awarded to dissertation

Associate Promoter in the doctoral degree conferment procedure of Ms Michalina Walas

Thesis title: Fabrication, structure and luminescent properties of oxide glasses and tellurium glass-
ceramics doped with rare earth ions

Scientific degree: doctor of physical sciences in the field of physical sciences
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Defense date: 04.12.2020, distinction awarded to dissertation

—  Associate Promoter in the doctoral degree conferment procedure of Ms Elzbieta Adamska
Thesis title: Synthesis, study of the structure, and selected spectroscopic properties of new mod-
ified core-shell nanomaterials
Scientific degree: doctor of science and natural sciences in the field of chemical sciences
Defense date: 28.09.2022, distinction awarded to dissertation

— Associate Promoter in the doctoral degree conferment procedure of Ms Agnieszka Schlichtholz
Doctoral School, 2020

Master theses

—  Master thesis supervisor of Ms Ada Mendel
Thesis title: Spectroscopic properties of fluorescent dyes in hybrid materials doped with silver
nanoparticles; 2016

—  Master thesis supervisor of Ms Aleksandra Dziubek
Thesis title: Sensitive detection of biologically active individuals on plasmonic platforms; 2016

—  Master thesis supervisor of Ms Adrianna Kociriska
Thesis title: Valrubicin detection on plasmonic platforms; 2017

—  Master thesis supervisor of Ms Urszula tozowska
Thesis title: Fluorescence conformational study of proteins in systems with a controlled degree of
order; 2017

—  Master thesis supervisor of Ms Adrianna Jézefoska
Thesis title: Spectroscopic properties of Valrubicin; 2018

—  Master thesis supervisor of Ms Karolina Jankowska
Thesis title: Study of the aggregation process of Nile Red - a sensitive fluorescent probe in solu-
tions; 2018

—  Master thesis supervisor of Mr Jakub Kniter
Thesis title: Application of the nonradiative electron excitation energy transfer phenomenon to
activity studies of the MMP-9 enzyme; 2020

—  Master thesis supervisor of Ms Natalia Jankowska
Thesis title: Nonradiative electron excitation energy transfer in donor-acceptor systems diffusely
placed in MCM-41; 2020

Bachelor theses

—  Bachelor thesis supervisor of Ms Adrianna Jézefoska
Thesis title: Spectroscopic properties of medicines; 2016

—  Bachelor thesis supervisor of Mr Jakub Kniter
Thesis title: Detection of the MMP9 enzyme on platforms; 2018

—  Bachelor thesis supervisor of Ms Natalia Kulwikowska
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Thesis title: Application of the OLYMPUS IX73 fluorescence microscope to visualize selected sam-
ples; 2018

Bachelor thesis supervisor of Ms Natalia Jankowska
Thesis title: Activity determination of the MMP-9 enzyme in a donor — peptide — acceptor system;
2018

Bachelor thesis supervisor of Ms Patrycja Bielska
Thesis title: Absorption phenomenon investigation of molecules of biological and medical im-
portance, in thin layers; 2018

Bachelor thesis supervisor of Ms Katarzyna Zadrzyriska
Thesis title: Application of electron microscopy in studies of biological samples and medical prod-
ucts; 2020

List of implemented didactic projects:

Project of the Foundation for Didactic Initiatives of the University of Gdansk no 500/5200-S650-
17

Title: Introducing students of Forensic Science to modern research methods from the field of sci-
ence

Realization period: 2017, project completed

Function: Principal Investigator

Within this project | created a set of 14 instructions for laboratory exercises for Forensic Sciences
students at criminalistics specialization

Project of the Foundation for Didactic Initiatives of the University of Gdansk no 500-K204-5650-
20

Title: Modern acoustic methods in a didactic laboratory

Realization period 2020, project completed

Function: Principal Investigator

Within this project | created a set of 4 instructions to acoustics laboratory exercises for Medical
Physics and Forensic Sciences students

7. Apart from information set out in 1-6 above, the applicant may include other information about

his/her professional career, which he/she deems important.

In 2007, | defended my doctoral dissertation, written under the supervision of Prof. dr hab. Piotr Bojar-

ski, entitled "Migration of electron excitation energy in uniaxially oriented polymers". In my thesis, |

presented an accurate description of the phenomenon of energy transfer in a single-component sys-

tem in ordered polymers. Another key achievement that | presented in my thesis was a precise

method, developed by me, for determining the angle between the directions of the electron transition

moments of elongated fluorophores.
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In 2010 - after coming back from year and a half research internship in the laboratory of prof. A. Douhal
at the University of Castilla La Mancha - | won a competition for a scientific and teaching assistant
professor position at the Division of Molecular Spectroscopy (currently Division of Biomaterials and
Medical Physics) at the Institute of Experimental Physics of the University of Gdansk. And in this team,
led by prof. dr hab. Piotr Bojarski, | have been continuing my research dedicated to the excitation
energy transfer phenomena in a range of materials, such as polymer films or porous hybrid matrices.

Since 2010, | have expanded my research interests to include also phenomena such as molecular fluo-
rescence enhancement using plasmonic platforms, interactions of biologically active molecules and
medicines with nanomaterials or dyes aggregation in hybrid matrices.

Plasmonics, which is these days of a really extensive interest, is the field of considerable part of my
scientific achievements. Although | do not include my works on plasmonics in the scientific achieve-
ment constituting the base of my habilitation procedure, | still consider them very important from the
point of view of studies on amplification of signal emission from various fluorophores. Most of the
fluorophores of potential applications has, unfortunately. a moderate only or not very high quantum
emission efficiency. Because of this fact, the fluorescence background signal often causes severe prob-
lems during investigations of typical, naturally occurring systems. Still another difficulties to overcome
in studies related to fluorophores application are the photodegradation of fluorophores exposed to
excitation light (mainly the molecules in excited states undergo photodegradation) or measurements
of fluorescence emitted by very thin surface layers — that are vastly desirable in biosensing.

My research was mainly focused on fluorescence signals enhancements on plasmonic platforms, which
were manufactured by appropriate deposition of silver or gold nanoparticles, or core-shell nanostruc-
tures (Ag@Si02) on semitransparent silver or gold mirrors. One of the nanoparticles deposition tech-
niques here is direct application of a metal colloid solution on a mirror surface and evaporation of the
solvent (the so-called self-assembling), another method is the eutectic growth of nanostructures on
glass substrates.

Publications [14, 22, 23, 28, 29, 32, 35, 41 in attachment 4B] show the results of research dedicated to
the preparation of plasmonic platforms and the data obtained while exploiting the fabricated plat-
forms in sensitive fluorescence measurements. Enhancing the sensitivity of fluorescence measure-
ments enables increasing the sensitivity of detection of certain vitamins, oncological drugs, trace
amounts of chemical compounds, enzyme activities, examining intermolecular processes occurring in
the surface layers of substances/samples, boosting the emission efficiency of new inorganic materials
used for the production of light sources, improving photostability of samples with light-sensitive fluor-
ophores.

Some of the plasmonic platforms | designed enhanced the fluorescence signals from the examined
molecules up to 50 times, and additionally - thanks to the employment of Ag@SiO2 core-shell
nanostructures - the unfavorable phenomenon of oxidation of silver nanoparticles was eliminated,
which extended the applicability time of the plasmonic platforms.
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| plan to combine the discussed above investigations with the research on the use of excitation en-
ergy transfer in biosensing. Although the so far obtained by me qualitative results delivered by
merge of these two research streams are promising, yet developing a useful model of plasmon-en-

hanced energy transfer still requires overcoming of several difficulties.

Since the beginning of my employment at the University of Gdansk, | have been collaborating with

scientists from a range of other research centers in Poland and abroad:

prof. Ignacy Gryczynski, prof. Rafat Fudata,

Department of Microbiology, Immunology and Genetics,

University of North Texas Health Science Center, USA,

cooperation related to FRET phenomenon, enzyme activity investigations, plasmonics [ 1, 2, 9,
10,19, 20- 23, 26, 29, 33, 35, 36 in attachment 4B (list of all publications after obtaining the PhD
degree)]

prof. Sabato d’Auria,

Institute of Food Sciences, National Research Council, Italy,

cooperation on the detection of toxins based on the technique of fluorescence signals enhance-
ment on plasmonic surfaces and on increasing of the range of the FRET process [6,14 in attachment
4B (list of all publications after obtaining the PhD degree)]

prof. Leszek Kutak,

Faculty of Applied Physics and Mathematics, Gdansk University of Technology,

cooperation regarding exploitation of the Monte-Carlo simulations to studies of the electron exci-
tation energy transfer phenomena[1, 2,5, 6,9, 12, 17, 18, 20, 33, 39, 43, 45 in attachment 4B (list
of all publications after obtaining the PhD degree)]

dr hab. Barbara Koscielska, prof. PG, dr hab. inz. Jakub Karczewski, dr Marcin tapinski,

Faculty of Applied Physics and Mathematics, Gdansk University of Technology,

cooperation related to research on new materials for plasmonic studies and on properties of
glasses and ceramics doped with rare earth ions [21, 24, 25, 30, 31, 32, 37, 38, 42, 44, 46, 47 in
attachment 4b (list of all publications after obtaining the PhD degree)]

prof. dr hab. Tomasz Martynski,

Faculty of Materials Engineering and Technical Physics, Poznan University of Technology,
cooperation regarding the study of the properties of perylene derivatives in polymers and Lang-
muir-Blodgett layers [ 27, 34 in attachment 4B (list all publications after obtaining the PhD degree)]
prof. dr hab. Wiestaw Wiczk, dr hab. Beata Grobelna, prof. UG, prof. dr hab. inz. Tadeusz Ossowski,
dr hab. Pawet Niedziatkowski,

Faculty of Chemistry, University of Gdansk,

cooperation regarding the synthesis of materials for research on plasmonics, FRET phenomena and
porous matrices [5, 7-12, 15- 18, 20, 22, 23, 26, 29, 33, 35, 36, 39, 41, 45 in attachment 4B (list of
all publications after obtaining the PhD degree)]

Listed below are the completed research projects, other than those stated in point 11.9 of the attach-

ment 4A, awards and scholarships received, including those related to implementation of research and

teaching works and tasks, training courses in which | participated (some of this information has been

already mentioned in the sections above).

Projects
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Project NCN MINIATURA1 no 2017/01/X/ST4/00542

Title: Concentration characteristics of the anticancer drug — Valrubicin
Realization period: 04.10.2017-03.10.2018, project completed
Funding amount: 40 700 PLN

Function: Task Leader

Small Grant Scheme — UGrants realized at the University of Gdansk as part of the Research Uni-
versity Excellence Initiative program, competitionkonkurs UGrants-first no 533-K000-GF10-21
Title: New sources of white light at the nanoscale on core-shell structures

Realization period: 01.01.2021-15.12.2021, project completed

Function: Principal Investigator

University of Gdansk Research Grant no BW-538-5200-0634-11

Title: Luminescence spectroscopy of Ivabradine and products of its metabolism
Realization period: 01.01.2011-31.12.2011, project completed

Function: Principal Investigator

University of Gdansk Research Grant no BW-538-5200-0980-12

Title: Method for determining local concentrations in porous hybrid materials
Realization period: 01.01.2012-31.12.2012, project completed

Function: Principal Investigator

List of awards and scholarships received, including those related to implementation of research and

teaching works and tasks

Before obtaining the PhD degree (period: 2001-2006)

1.

First-rank Rector's Team Award for a series of publications on the photophysical properties of
di-methylaniline derivatives in solutions and polymers and the energy transport processes in
polymers, 2004

After obtaining the PhD degree (period: 2007-2023)

1.

Research Maria Sktodowska-Curie scholarship under the 7th European Union Framework,
Departamento de Quimica Fisica, Universidad de Castilla-La Mancha, Toledo, Spain, 2008 — 2009

Medal of the National Education Commission, card no 168727, 2019
Third rank Rector's Team Award for a series of papers in molecular physics, 2007

Second rank Individual Rector's Award for a series of six publications in renowned scientific jour-
nals with a high Impact Factor (IF), listed in the Journal Citation Reports (JCR) database, 2018

Indywidualna Nagroda Rektora stopnia drugiego za catoksztatt osiggnieé naukowych i dydaktycz-
nych, 2023

Scholarship for young doctors within the project ,,We educate the best - a comprehensive pro-
gram for the development of doctoral students, young doctors and academic teaching staff of
the University of Gdansk” implemented under the Human Capital Operational Program, co-fi-
nanced by the European Social Fund, 2011
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List of training courses:

1.
2.

10.

11.

Training on modern experimental methods in Raman spectroscopy, 2010
Training on fundamentals of LabView programming, 2010
Training on LabView image processing, 2010

Training on radiological protection and handling of ionizing sources in medicine, industry and
laboratory, 2013

Spectro-Lab Seminar: Molecular spectroscopy techniques: new ideas, advanced solutions, mod-
ern research equipment, experience exchange, Warsaw, 2017

Training of the Prof. Dr. Jan Sehn Institute of Forensic Expertise in Krakow: Forensic traces and
their significance in pre-trial proceedings, Krakow, 20.10.2017

Training on modern laboratory methods for physics teachers, County School Complex no 2 in
Wejherowo, 18.05.2019

IT training in creating e-learning content, 10-12.03.2021, 24-25.03.2021 (40 h), on-line,
MSTeams Platform

VIII National Tutoring Congress, Wrocltaw, Collegium Wratislaviense, 24-26.09.2021

Training on: Working with students with mental health difficulties as part of the project: , Acces-
sible UG - a comprehensive program to eliminate barriers to access to education for people with
disabilities”, on-line, 7-8.06.2021

Training course at the University of North Texas, Health Science Center, Fort Worth, whose su-
pervisor on the US side was Mr. Prof. Rafal Fudala, director of the Drug Research Laboratory.
The training covered an introduction to the latest techniques in the field of the synthesis and
applications of micellar systems for transporting anticancer drugs in living organisms -13-
21.06.2022r. (Erasmus +; KA107)

Signed by /
Podpisano przez:

Anna Marlena
Synak
Uniwersytet
Gdanski

Date / Data:
2023-09-29 15:34

(Applicant’s signature)
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