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Introduction

In the natural world we can witness many different photo-chemical or photo-
catalytic reactions governing photosynthesis, radiation damage, gene mutation
and many other biological processes. The understanding and artificial replication
of these processes can help humankind in the development of new chemical syn-
thesis techniques and in the generation of clear energy. All these processes are
mainly dependent on the quantum chemical dynamics of electrons and nuclei.
This dependence is due to the overlaps between the atomic orbitals, which deter-
mine the formation of molecular bonds that control the mobility of charge and
hence the chemical reactions. Therefore, investigation of the relation between the
migration of charge and the rearrangement of nuclei is of fundamental interest.
Energy absorption by a molecule during such photo-induced processes results in
physical and chemical changes; to foresee them it is also essential to thoroughly
understand the molecular properties in the ground, excited and ionic states. In
addition to photons, molecular orbitals excitation can be further influenced by the
different external factors such as solvent, temperature, or intermolecular interac-
tions. Depending on these influences, the excitation process can lead to different
chemical reactions, charge transfer, fluorescence, or fragmentation dynamics. Un-
derstanding the molecular response under different conditions will also foster effi-
cient molecular designing, which will boost the integration of organic molecules in
optoelectronic devices, organic or hybrid solar cells; in drug delivery, tumour cell
detection; to name a few. The biggest question researchers now face is how to trig-
ger, trace and control these responses? It is also important to note the timescales
involved in studying each of these processes, which can vary from the attosecond
(as, 10718 s) to the femtosecond (fs, 10~'°s) domains.

The timescale involved in the various responses is important as, initially, within
a few fs, before the onset of nuclear motion, one can observe only pure charge mi-
gration dynamics. Due to their light mass, electrons move faster in comparison to
nuclei. Hence, from the as to the sub-fs timescales one can safely ignore the mo-
tion of the nuclei. Beyond the sub-fs timescale, the motion of the electrons starts
to couple with the nuclei and this coupled electron-nuclear dynamics eventually
leads to the rearrangement of nuclear positions within the molecule. To study the
above mentioned motions, one needs to understand various electronic structures,
vibrational modes, and electron-nuclei coupled interactions for a given system.
Additionally, to measure these motions one needs extremely advanced, higher res-
olution techniques capable of capturing such ultrafast dynamics. Note that tracing
such ultrafast processes both theoretically and through experimental techniques is

2



not trivial.

Over the years, with the advancements in laser sources, it is possible to achieve
temporal resolution as well as spatial resolution at the atomic scales. Lasers can
be used not only to explore the fundamental properties of charge dynamics, but
also to control them. Lasers can also be used for freezing an atomic or molecular
system far from its equilibrium and for observing the real-time vibrational mo-
tion[1]]. Using a laser pulse to steer a chemical reaction in the desired channel is
today called “femtosecond chemistry”, which has become a very well established
field of research. The persistent efforts by researchers to understand and visualize
the motion of charge in real time gave birth to something we today call “attosec-
ond science”. A new paradigm in the field of attosecond science or chemistry is
to use charge dynamics and quantum interference to influence chemical reactions.
The investigation of such dynamics experimentally is an extremely challenging
task. Until now, several different schemes were employed to study charge migra-
tion dynamics for molecular systems both in gaseous and liquid phases[2]. These
experiments demonstrated that charge migration dynamics can be captured and
reconstructed indirectly by measuring the yield of fragments[3]] for doubly posi-
tively charged molecular ions at different delays between XUV and IR pulses, or
directly via high harmonic generation using intense ultrashort laser pulses [4, 5].
To access and control the electron motions at such an ultrafast timescale can pos-
sibly be central for the optimization of the charge transfer routes in a molecule
in a pre-determined, tailored manner. Dedicated research efforts — resulting in
sophisticated models which can then trace the charge dynamics based on the ob-
servation of fragmentation channels — were initially reported by R. Weinkauf et
al.[3]]. Incorporation of the aligned molecules to measure the high harmonic sig-
nal was reported by P. Kraus et. al. to reconstruct charge migration dynamics[6].
In this report they measured the high harmonic spectra for the same molecule with
different angles between the aligned molecules and laser pulse polarization. Cur-
rent state-of-the-art HHG-driven as setups for XUV-pump-XUV-probe experiments
are yet to overcome certain bottlenecks for full implementation. There are a few
facilities around the world, including ELI ALPS[7], and XFEL[S8] that have the po-
tential to host such experiments in the near future. Such experiments can help
understand the correlated charge migration dynamics and electron-nuclei coupled
non-adiabatic charge dynamics in real time.

Theoretical developments have played an important role in the advancement
of attosecond and femtosecond science. With theoretical advancements in density
functional theory (DFT) and time-dependent density functional theory (TDDFT),
it is now possible to study the intramolecular or intermolecular charge transfer



for larger systems (>100 atoms) in the static regime[9]. Further developments
are in progress to study the charge transfer dynamics by investigating the cross-
ing between the potential energy curves[10]. Such methods were very useful,
and showed promising results. A huge advantage of using the DFT method is the
possibility to handle larger systems in a realistic environment. This is particu-
larly important when the basic electronic, or vibrational properties of the system
are to be explored. For example, using DFT based calculations one can create
databases for electronic and structural properties for a large number of molecules.
These databases can be further evaluated to select effective systems for photo-
induced charge transfer processes[[11]. These databases can also be used for ma-
chine learning and for further molecular modelling[12]. However, it is important
to note that the usual DFT approach, and the resulting databases are based on
ground state electronic properties, and do not shed light on the temporal evolution
of the electronic cloud during different chemical processes, and lack information
on real-time charge migration dynamics.

The pioneering work by Cederbaum and Zobeley paved the way for studying
real-time ultrafast charge migration[[13]]. Their results showed that the removal of
charge from a molecular orbital can lead to the creation of an electron wavepacket.
This electron wavepacket (in static nuclei approximation) is created by the excita-
tion of several cationic states simultaneously. Furthermore, this wavepacket can be
evolved in time. Using this method, several bio-relevant and astronomically impor-
tant molecules were studied over the past few years. In a report by A. Marciniak
et al., polycyclic aromatic hydrocarbons (PAHs) were studied using experimental
and theoretical methods[14]]. They measured ultrafast relaxation in a few tens of
femtoseconds[14], and showed the transfer of energy from the electronic to vibra-
tional degrees of freedom. This ultrafast charge migration method has also been
used in the development of molecular modelling by V. Despre et. al., who studied
the effect of carbon chain on the charge migration time[15].

In this thesis, I aim to understand and correlate the variation in charge migra-
tion dynamics with the change in molecular structure. For this study I investigated
the dynamics in different timescales with appropriate quantum mechanical simu-
lation methods. The analysis of these results is important for the development of
molecular modelling. I examined how certain structural engineering of molecules
can prominently impact charge reorganization over different parts of the molecu-
lar backbone, resulting in the ultrafast spatial rearrangement of electron density.
I elucidated how charge transfer and charge migration critically depend on the
factors such as the extent of w-conjugation, the strength of the electron correla-
tion, arrangement of nuclei and the symmetry for the excited molecular orbitals.



My analysis revealed the differences in the ultrafast charge transfer, redistribution
of the electronic cloud and charge migration processes in the context of chemi-
cal and structural variations in multi-nuclear systems. In this thesis I identify the
exact time when the onset of the correlation effect in the attosecond timescale is
observed. Furthermore, I present the calculations for prototype systems to study
the ultrafast charge migration dynamics, which can be used by the experimen-
tal groups. To capture charge dynamics with experimental techniques, molecular
alignment is an important factor to improve the signal to noise ratio. I included the
quantum mechanical analysis to improve the alignment and orientation of poly-
atomic molecules — particularly for laboratory conditions and laser parameters as
available in state-of-the-art laser facilities like ELI ALPS.

Methodology

I present a brief description and insights into different quantum mechanical ap-
proaches I used in the simulation of intramolecular charge transfer triggered by
photo-excitation. I first calculated the photo-absorption spectra and the transi-
tion charge densities with the linear response TDDFT method. I then identified
the excited states, where the charge transfers from the donor to the acceptor
group in a large molecule. The calculated absorption spectra includes the solvent
effect, which was applied with the conductor like polarizable continuum model
(CPCM) [16]. I also used the semi-classical theory to evaluate the charge transfer
rate equations. This theory was developed by Marcus [17]], whereas the quantum
mechanical treatment was given by Jorther et al. [18]. Assuming a maximum
transfer rate, Gibbs free energy is taken approximately equal to the reorganization
energy (A = A, + \y), where \; = (Ef - E1) + (EY - E,). Energies of the neu-
tral and the ionic (cation or anion) species are given by Fy and F., respectively,
whereas the energies of the ionic and the neutral species with geometries of the
neutral and ionic species are £9 and E7, respectively. To study the intramolecular
charge transfer I analyzed changes in the structural parameters of the molecule in
its excited state with respect to the molecule in its ground state. The large struc-
tural variations show which groups in the large molecule actively participated in
the charge transfer, which is done by indirectly correlating and assuming that the
structural changes are due to the charge transfer. A similar analysis was performed
by comparing the change in the structural parameters of a molecule in the cationic
state with respect to the ground state. Investigating the changes in the cationic
state is important as in a solar cell the organic molecule remains in this state for a
few picoseconds before it undergoes regeneration. Using this method I presented



the results from our publication [T1] and summarized here as Thesis point 1 and
as Chapter 3 in the main thesis.

Then for small systems I investigated the photo-ionization induced charge mi-
gration dynamics with the non-Dyson algebraic diagrammatic construction with
the third order permutation, also known as ADC(3) method. In the non-Dyson
ADC(3) method the electron affinity and ionization part of the propagator are de-
coupled and each part is allowed to propagate independently. In this approach the
Green’s function has the following non-diagonal representation

Gw)=fllw—L-=D)'f . (1)

The latter is obtained through the representation of the Green’s function in the
complete set of so-called intermediate states, |¥¥~!), where ‘0’ in the subscript
runs over the excitation classes: 1h, 2h1p; 3h2p and the ionization energy w. In
the Intermediate States Representations (ISR) the secular matrix is then given by

(L+ D)y = (W7 B — H[W™) (2)
The effective transition moments “f;,” is given by
Jrg = (07 g TG 3)

The ISR and the effective transition moments are constructed in the ADC proce-
dure through the perturbation theory of the ground-state ¥}’

To trace the charge transfer within the molecule and associated electron dy-
namics, it is convenient to construct and analyze the time-dependent hole density
Q(7, t) created by sudden ionization, and then solely driven by electron cor-
relation [[13]. Q(?, t) describes the hole density at position r and time t, and
during the construction it is normalized at every time step (see Eq/4). The second-
quantization representation of the density operator within a one-particle basis is
given by

QT 1) = (Wolp(7, )| Wo) — (@,](7, )] ;) @

- PO(?) - pi<7>>t) )

where operator a creates an electron in orbital ¢, and a, destroys an electron to
create a hole in orbital ¢,. Within this representation, hole density takes the form

Q7 ,1) =Y 65 (T) g (T )Ny (t) (5)



where N,,(t) represents the hole density matrix. The hole density is given as a
difference between the electronic density of neutral and single positively charged
cation in Eq[4 Here p is the density operator, |¥) is the ground state of the
neutral, and |®;) is the initially prepared cationic state. p;(7,t) in EqM4]is a time-
dependent density operator. The ultrashort laser field has a broad bandwidth and
this can excite more than one electronic state. To address this problem we used an
incoherent sum of the correlated charge density at each time step. This includes
the effect from all the excited molecular orbitals by a broadband laser pulse. Using
this method I presented the results from our publication [T2 and T3] and summa-
rized them here as Thesis points 2 and 3, respectively, and as Chapters 4 and 5 in
the main thesis. Furthermore, I constructed the vibronic coupling Hamiltonian to
study the electron-nuclei coupled non-adiabatic dynamics. The results for this are
presented as Chapter 6 in the main thesis.

To study the laser-induced alignment of molecules I solved the time-dependent
Schrédinger equation (TDSE) given below, using the LIMAO code[19]

ihd,|® (1)) = H(t)|®(t)) = (Hy + Hexe (t))| (1)) (6)

In the above equation the Hj part is the molecular field-free Hamiltonian. This
Hamiltonian is constructed under the rigid rotor approximation, where no ro-
vibrational coupling terms are considered. The laser-matter interactions are con-
sidered via the H.(t) term in Eq@, this is the time-dependent part of the Hamil-
tonian. Depending on the pulse duration of the laser pulse, one can include or
exclude the dipole moment interaction. For example, a short optical pulse oscil-
lates faster compared to the rotational period of the molecule, as a result of which
the dipole interaction can be neglected using the cycle-averaging method[20].
After solving the appropriate TDSE, we calculate the time-dependent degree of
alignment for a symmetric top molecule using

(cos(6)) (t) = (®(t)]cos(0)| (1)) . 7)

The angle between the lab-fixed z-axis and the molecular symmetry axis is
given by ¢. Using this method I presented the results as Thesis point 4 and as
Chapter 7 in main thesis. The results are published as article [T4].



Summary

Recently organic structures have started to be used in several highly efficient and
flexible opto-electronic solar cell and sensors devices, and they have also found
application in tumour detection and radiation therapy. The organic compounds
mainly play a role in charge and energy transfer in these devices. These molecules
are typically large extended systems with a push-pull structure, where the photo-
induced charge is transferred from the donor group to the acceptor group. For
the efficient modelling of these large molecules it is crucial to understand charge
dynamics in small groups used in molecular design. This understanding will aid in
selecting, or modifying the groups, and in finding efficient ways to assemble dif-
ferent groups for effective charge transfer. In this thesis I have tried to answer the
following questions to help molecular modelling: How can linear response calcu-
lations be used to study the charge transfer process in large molecules? Does the
correlation effect play an important role in charge migration dynamics (CMD)?
How long does a molecule take to respond to the triggered dynamics and can this
be tuned by the tautomerism or isomerization of molecules? Does the incoherent
CMD mask the dynamics in different tautomers? How long is it before the non-
adiabatic dynamic processes start and can they vary with the vibrational degrees
of freedom involved in electron-nuclei coupling? What are the important things
to consider before measuring these dynamics experimentally? I summarize below
the key points of this thesis answering the above questions.

Thesis point 1

Typically, in a large extended molecule the charge transfer process occurs through
the 7-conjugated structure. When designing these molecules, it is important to
make sure that the charge is indeed transferred from the donor to the acceptor
group and is not trapped by a w-spacer. It can be computationally and experimen-
tally expensive to determine such a charge transfer. Hence, I proposed a novel
way to analyze the charge transfer efficiency using static linear response method.
I interpreted the charge transfer in the molecule by studying the modification in a
molecular structure after photo-excitation and ionization to the cationic state, with
respect to its ground state. This method is useful to perform cost-effective calcu-
lations for analyzing the molecules before their experimental synthesis. The use
of structural modifications has been reported in literature to interpret the charge
transfer in molecules, however only in one of the above mentioned states. I studied
the modified structure for a molecule in both states. This approach was reported
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for the first time (to the best of our knowledge) in the paper we published in [T1].

Thesis point 2

As mentioned earlier, the above method facilitates our understanding of the push-
pull systems already used for photovoltaic or optoelectronic applications. How-
ever, studying the charge migration dynamics in the building blocks will help ex-
tensively in designing molecules. In Chapter 4 I studied the charge migration dy-
namics triggered by the sudden ionization of molecules like uracil. The response
of the different molecular orbitals to such ionization is evaluated and investigated
with the correlation effect. For a molecule with C; symmetry, I found that the
symmetric orbitals have similar response times, while the asymmetric molecular
orbitals take longer to respond to sudden ionization. The response time of the
asymmetric orbitals increases with the strength of the correlation effect. The re-
sponse times by different orbitals in keto-uracil can be reduced by conversion to
the enol-form via tautomerization. In enol-uracil the reduced response time is re-
lated to the greater delocalization of charge over the entire system in comparison
to the keto-uracil molecule. The results for the as response were reported in [T2].

Thesis point 3

The visualization of charge migration dynamics will help massively not only in
molecular modelling, but also in understanding the radiation damage in biologi-
cal systems. When studying such dynamics experimentally, an ultrashort attosec-
ond pulse is used, which can ionize a broadband of cationic states. I studied the
femtosecond charge migration dynamics in the keto and enol forms of uracil af-
ter ionizing the outer valence orbitals separately and incoherently considering the
broadband of an ultrashort pulse. During this investigation, we observed strong
correlation effects in the asymmetric orbitals. The charge density is more delo-
calized in the symmetric orbitals. The difference in charge migration between the
keto-enol tautomers and the two types of orbitals of uracil remains even after inco-
herent ionization. The results for the fs charge migration dynamics were reported
in [T3].



Thesis point 4

The study of charge migration dynamics using advanced experimental methods
requires highly aligned molecules. To study and control the alignment of the
molecules under a laser field we need to understand the role of the rotational
states in laser-induced molecular alignment and orientation dynamics. In Chap-
ter 7, using a prototype system, C'H3F, I studied the population variation of the
rotational states by tuning experimentally feasible laser pulse parameters. In this
work I observed two different types of alignment behaviours which were termed
as conventional and unconventional revivals. These two types of behaviour are
correlated with the nature of the rotational states excited by the selected laser pa-
rameters. Hence, I reported the importance and ways to tune the rotational states
to enhance the laser-induced alignment of the molecules in our published article
[T4][21].

The main emphasis of this doctoral thesis is to gain atomistic level understand-
ing of the photo-induced charge migration and charge transfer processes in ex-
tended molecular systems. Such ultrafast responses govern the photophysical and
photochemical processes of the molecules and solid-state materials. Hence, the
overall results of this thesis can be used by chemists in molecular designing, and
by biologists in understanding the effect of radiation therapy on the nucleobases.
Several interesting works have already been published in related topics, however
there still remain a few gaps that need to be addressed. Using suitable and op-
timized computation and analysis methods presented in this thesis, it is possible
to explain charge hopping, isomerization or fragmentation of nucleobases in DNA
by comparing pre- and post-ionization conditions, or why and how the efficiency
of the dye molecules vary upon shuffling the position of the n-spacer group[22].
I explain how the microscopic features obtained by the atomic-level simulations
can be correlated to the macroscopic level responses of the molecules captured ex-
perimentally. The calculation of the exact time and direction of charge migration
as presented in this thesis can be used to tailor and design extended molecules
with improved and desired features. One can further utilize this study for evaluat-
ing the molecules to increase the interfacial charge dynamics, stability, efficiency
and lifetime of perovskite materials[23], 24} [25]. This study can be extended to
understand the influence of solvent or intermolecular interactions[26, 27]] on the
charge migration dynamics and the nonlinear optical properties such as high har-
monic spectra[28]. Hence, we hope our results will encourage and inspire further
research in the direction of molecular modelling.
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Magyar nyelvii 6sszefoglalé

Az utébbi id6kben szerves molekulak felhasznaldsaval nagy hatasfoku és flexibilis
optoelektronikai napelem celldk és szenzorok valtak elérhetévé. Ilyen molekuldk
a tumordetektalashoz és sugarkezeléshez hasznalt eszkozokben is alkalmazhatdk,
ahol leginkdbb a toltés- és energiadtaddsban jatszanak szerepet. E molekuldk 4l-
taldaban nagyméret(i, push-pull szerkezettel rendelkez6 rendszerek, ahol a foton
altal el6idézett toltés a donor csoportrél az akceptor (fogadd) csoportra adédik at.
Hatékony modellezésiik érdekében elengedhetetlen a t6ltésdinamika megértése
a molekuldk tervezése sordn haszndlt kisebb csoportokndl. E tulajdonsdgok is-
merete segit a csoportok kivalasztdsaban, mddositdsdban, és a legjobb toltésa-
taddst biztosité csoportok hatékony kialakitdsaban. Disszertdcidémban igyekszem
valaszt adni a molekulamodellezésnél felmeriil6 szdmos kérdésre: Hogyan lehet
statikus szamitdsokkal tanulmanyozni a toltésatadasi folyamatot nagy molekuldk-
ban? Fontos szerepet jatszik-e a toltésmigracios dinamikdban (CMD) a korreldcids
effektus? Mennyi idét vesz igénybe a molekula vélasza egy kivalt6 folyamatra és
lehet-e ezt tautomériaval vagy izomériaval hangolni? Elfedi-e ez az inkoherens
CMD a kiilonb6z6 tautomerek dinamikajat? Mennyi id6be telik a nem-adiabatikus
dinamikai folyamat elindulésa, és befolyasolhat6-e ez az id6 az elektron-atommag
csatoldsban részt vevo rezgési szabadsdgi fokokkal? E dinamikai folyamatok kisér-
leti mérése el6tt mely fontos paramétereket sziikséges figyelembe venni? A kérdések
megvalaszolasahoz doktori munkamat az alabbi tézispontokban foglaltam Ossze:

1. tézispont

A Kkiterjedt nagy molekuldkban a toltésatadasi folyamat altaldban a w-konjugalt
struktiran keresztiil jatszédik le. Ilyen molekuldk tervezése esetén fontos megbi-
zonyosodni arrél, hogy a toltés valéban a donortdl az akceptor csoportba adddik
at, és nem csapdazodik egy w-tdvolsagtartd (spacer) csoportban. E toltésatadasi
folyamat megallapitdsa mind kisérleti, mind szimulécios tuton rendkiviil er6for-
rasigényes feladat.A molekuldn beliili toltésatadds értelmezéséhez foton altal ger-
jesztett és kationos dllapotba helyezett molekulaszerkezet valtozasat tanulmany-
oztam az alapallapothoz viszonyitva. E mddszer alkalmas a kevésbé er6forrasigényes
szamitasok elvégzésére, igy a molekulak kisérleti szintetizalds el6tti elemzéséhez.
A molekuldkban torténd toltésatadas értelmezése céljabol eldidézett, molekulaszinti
strukturdlis valtozdsokrél mar tobb cikk is megjelent, de a korabbi kézlemények
csak az egyik fent emlitett dllapotra koncentraltak. Dolgozatomban mindkét 4l-
lapotban tanulmanyoztam a molekulaszerkezetet. Ez a megkozelités (legjobb tu-
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domasunk szerint) el6szor keriilt kozlésre cikkiinkben[T1] és e dolgozat 3. fe-
jezetében.

2. tézispont

Ahogyan mar kordbban emlitettem, a fenti médszer megkonnyiti a fotovoltaikus
és optoelektronikus teriileteken mar alkalmazott push-pull rendszerek megértését,
am a rendszertervezés soran kiilonosen fontos a részegységek toltésmigracids di-
namikdjanak tanulmanyozasa. A 4. fejezetben az azonnali ionizacio altal kivaltott
toltésmigraciés dinamikat vizsgaltam molekuldkban, példaul uracilban. Az ilyen
ionizacios folyamatra a kiilonb6z6 molekulapdlydk &ltal adott vdlasz elemzése
és vizsgalata korreldcids effektus segitségével torténik. A C, szimmetridval ren-
delkezé molekuldkra azt dllapitottam meg, hogy a szimmetrikus molekulapalydk
hasonlé vdlaszid6vel rendelkeznek, de az aszimmetrikus palydk esetén az azonnali
ionizaciora adott valasz hosszabb idot vesz igénybe. Az aszimmetrikus palyak es-
etén a valaszid6 a korreldcids effektus er6sségével n6. A valaszidok csokkentheték
a keto-uracil molekula enol-uracil molekuldvd valé moddositdsdval tautomeriza-
ciés folyamaton keresztiil. Enol-uracil esetén a vdlaszid6 rovidebb, hiszen a toltés
nagyobb delokalizaciéval rendelkezik az ionizdcidt kovetéen. Az eredmények
erre az attoszekundumos idétartamu valasszal kapcsolatos eredmények a [T2]-
ben keriiltek kozlésre.

3. tézispont

A toltésmigracio dinamikdjanak vizualizacidja nemcsak a molekulatervezést, hanem
bioldgiai rendszerek sugarzdsi karosoddsainak megértését is segiti. Ezen effektu-
sok kisérleti uton valé megfigyelése a sziikséges idobeli felbontds miatt csak ultra-
rovid, attoszekundumos hosszusdgu fényimpulzusok alkalmazdsdval lehetséges,
amelyek kationikus allapotok széles tartomanyat képes ionizalni. Femtoszekun-
dumos toltésmigracios dinamikat vizsgaltam az uracil keto és enol valtozatdban
azutan, hogy a kiilsé vezetési elektronpdlydkrodl egyesével és inkoherens modon
ionizacio tortént szélessavu, ultrarévid pulzussal. A vizsgdlat soran azt talaltuk,
hogy a toltés erds korreldcids hatdst gyakorol az aszimmetrikus molekulapdalydkra.
A toOltésstliriség jobban delokalizalt a szimmetrikus palyakon. A toltésmigracio
kiilonbsége a keto-enol tautomerek és az uracil két kiilonb6zé molekulapalyéja
kozott még inkoherens ionizécio utdn is fenndll. A fs-os toltésmigracios dinamika-
val kapcsolatos eredményeket a [T3]-ben publikaltuk.
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4. tézispont

A toltésmigracio osszetett kisérleti modszerekkel valé tanulmanyozasahoz elenged-
hetetlen a molekuldk irdnyitottsdganak nagyfoku bedllitdsa. molekula 1ézertér al-
tali irdnyitottsdganak tanulmanyozasa és szabalyozasa érdekében nélkiilozhetetlen
a folyamat és a molekuldris forgdsi dllapotok kozotti 6sszefiiggés megértése. A
7. fejezetben prototipus rendszeren (CH3F) tanulmédnyoztam a forgdsi allapotok
populdciéjanak valtozasat a 1ézer paramétereinek kisérleti valtoztatdsa nyoman.
Kétféle molekulabedllitasi viselkedést, gy nevezett konvenciondlis és nemkonven-
ciondlis revivalt figyeltem meg. E két viselkedés Osszefliggésben all a kivalasztott
1ézerparaméterekkel torténd gerjesztés nyomdn kialakuld forgasi dllapotokkal. Tu-
domdnyos publikdcidban [T4] ismertettiik a forgasi dllapotok finomhangolasanak
sziikségességét a lézertér altal el6idézett molekula-iranyitottsag javitasa érdekében.

Doktori értekezésem f6 célja a nagy molekuldkban foton altal kivaltott toltés-
migracids és toltésataddsos folyamatok atomi szintli megértése. Ezek az ultragy-
ors valaszidok befolyasoljak a molekuldakban és szilard anyagokban lejatszodo
fotofizikai és fotokémiai folyamatokat. Igy a jelen dolgozatban bemutatott ered-
mények foként a molekulatervezéssel foglalkozd vegyészeknek lehetnek hasznosak,
valamint segithetnek a bioldgusoknak megérteni, hogyan hat a sugarterdpia a nuk-
leobazisokra. A témaban mar tobb érdekes folydiratcikk is megjelent, de még
vannak tisztdzanddé kérdések. A disszertacidmban bemutatott optimalizalt sz-
imuldcids mddszerek és elemzések felhaszndldsaval megérthetjiik a toltésugrast,
az izomerizacidt vagy a nukleobazisok fragmentaciéjat a DNS-ben az ionizacio
el6tti és utdni dllapotok dsszehasonlitdsdval, valamint azt, hogy miért és hogyan
valtozik a festékmolekulak fontonkonverzids hatasfoka a w-tdvolsagtartd (spacer)
csoport athelyezése miatt. Ismertetem, hogy az atomi szintli szimuldcioval kapott
mikroszkopikus tulajdonsdgok milyen Osszefiiggésben allnak a makroszkopikus
szint(, kisérletileg is mérhet6 molekuldris valaszokkal. Ahogy a dolgozatban kife-
jtem, a toltésmigracid pontos id6- és iranybeli fliggésének kiszdmitasa felhaszndl-
haté arra, hogy a molekulatervezés sordan fokozottan elétérbe keriiljenek a nagy
molekulak kivanatos tulajdonsagai. A tanulmany segitségével értékelhetok a molek-
ulak annak érdekében, hogy noveljiik a perovszkit anyagok hatdrfeliileti toltés-
dimanikajat, stabilitasat, hatasfokat és élettartamat. [23] 24, 25] A dolgozat
tovabb bévithetd, hogy megértsiik a kiilonb6z6 kozegek vagy molekuldk kozotti
kolesonhatdsok hatdsat a toltésmigracios dinamikdra[26, 27] és olyan nemlinedris
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optikai tulajdonsdgokra, mint magasharmonikus-keltés spektruma.[28] Reméljiik,
hogy az eredményeink tovabbi kutatdsokra 6sztonoznek és tijabb utakat nyitnak a
molekulamodellezés iranyaban.
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