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Abstract: Relativistic effects, especially spin—orbit coupling (SOC), play an essential role in
transition metal chemistry and SOC treatment is indispensable for a correct theoretical
description. To demonstrate the importance of SOC, the energies and oscillator strengths of
vertical transitions for a series of [ReX(CO)3(2,2"-bipyridine)] (X =CI, Br,I) and
[Re(imidazole)(CO);(1,10-phenanthroline)]” complexes were calculated in the spin-free (SF)
and spin—orbit (SO) conceptual frameworks. Two different computational approaches were
adopted: SO-MS-CASPT2 where SOC was added a posteriori using a configuration
interaction model (SO-RASSI), and the approximate perturbative SO-TD-DFT method.
Relativistic effects were included via the two-component Douglas—Kroll-Hess transformation
and the zeroth-order regular approximation in the former and the latter technique,
respectively. The SF (i.e. accounting only for the scalar relativistic effects) and SO results
from both methods were compared with each other and to available experiments. The
character of charge-transfer transitions was used to describe the SF states. The SO states were
characterized by their parentages in terms of the SF states and double-group symmetries. In
case of complexes with a halide ligand, several observed spectral trends, mainly on going
from CI to I, were studied. We have proven that the SO model is able to interpret absorption
spectra, emission characteristics and excited-state behaviour correctly and it improves
a quantitative agreement with the experiment. Moreover, only the inclusion of SOC can
explain some of spectroscopic features (temperature-dependent emission decay, various
picosecond relaxation times, enormous broadness of emission bands etc.) that cannot be
captured by the SF model. The photophysical SO excited-state model was developed in order
to elucidate ultrafast spectroscopic experimental data — the principal observations (emission,
the presence of an intermediate emissive state, electronic/vibrational relaxation, nonradiative
transitions, equilibration among the lowest SO states) and detected time constants can be
associated with particular processes and SO states.

Several generalizations can be extracted from the SO model, which are applicable to
many other closed-shell transition metal complexes, such as high excited-state density, highly
spin-mixed character of SO states, and multiple electronic and vibrational excitation and
relaxation pathways (occurring after optical excitation). When strong SOC is introduced, the
assignment of spin multiplicity is no longer appropriate and hence a unified point of view
should be adopted. To sum up, our calculations are capable of providing an insight into the
excited-state dynamics of rhenium(I) tricarbonyl complexes, which can be utilized in many
photonic applications, e.g. organic light-emitting diodes.

Keywords: rhenium, carbonyl, diimine, spin—orbit coupling, excited states, ultrafast
intersystem crossing, luminescence, spectroscopy, photophysics, CASSCF, MS-CASPT2,
TD-DFT
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Abstrakt: Piedkladana prace poukazuje na dulezitost relativistickych efektd, obzvlasté spin—
orbitalni interakce (SOI), jez hraji zasadni roli v chemii komplexii ptechodnych kovi.
Zahrnuti SOI je tak nezbytné pro jejich spravny teoreticky popis. Za ucelem prokazani
vyznamu SOI byly pro komplexy [ReX(CO);(2,2'-bipyridin)] (X=CI,Br,I) a
[Re(imidazol)(CO)3(1,10-fenantrolin)]” napo&itany energie a oscilatorové sily vertikalnich
piechodl v bez-spinovém (spin-free, SF) a spin—orbitalnim (SO) konceptualnim ramci. Byly
pouzity dva rizné vypocetni pfistupy: SO-MS-CASPT2, kde byla SOI ptidana a posteriori
pomoci konfigura¢niho stavového modelu (SO-RASSI), a piibliznd poruchova metoda SO-
TD-DFT. Relativistické efekty byly zohlednény prosttednictvim dvoukomponentni Douglas—
Kroll-Hessovy transformace a regularni aproximace nultého fadu (ZORA) v prvnim, resp.
druhém ptipadé. SF (tj. obsahujici pouze skalarni relativistické efekty) a SO vysledky z obou
metod byly porovnany navzajem a s dostupnymi experimenty. Charakter pfenosovych
(charge-transfer) ptfechodli byl pouZit k popisu SF stavli. SO stavy byly charakterizovany
svym sloZenim z plvodnich SF stavli a oznaceny podle dvojité grupy symetrie. V piipadé
komplexi s halogenidovym ligandem bylo studovdno nékolik trendd pozorovanych ve
spektru, zejména v zavislosti na aktudlnim halogenidu. Dokézali jsme, Ze spin—orbitalni
model umoziiuje spravné interpretovat absorpéni spektra, emisni charakteristiky a
problematiku excitovanych stavli a dosahuje lepsi kvantitativni shody s experimentem. Mimo
to nekteré spektroskopické jevy mohou byt objasnény pouze s uvazenim SOI, jako napf.
teplotni zavislost vyhasinani emise, rtizné pikosekundové relaxacni Casy, enormné Siroké
emisni pasy apod., které nemohou byt vysvétleny s pouzitim SF modelu. S cilem detailnéji
prozkoumat experimentalni data z ultrarychlych spektroskopii byl vyvinut fotofyzikalni
model SO excitovanych stavii — jednotliva pozorovani (emise, pfitomnost intermediarniho
emisivniho stavu, elektronickéd/vibra¢ni relaxace, nezativé prechody, ustanoveni rovnovahy
s konkrétnimi procesy a SO stavy.

Z SO modelu lze vyvodit nékolik zobecnéni, jez se daji aplikovat 1 na dal§i komplexy
piechodnych kovii s konfiguraci uzavienych slupek, jako je vysoka hustota excitovanych SO
stavll s vyrazn€ spinoveé smiSenym charakterem, a velké mnozstvi elektronickych a vibra¢nich
excitacnich a relaxacnich dé&jt (probihajicich po optické excitaci). V ptipadé silné SOI neni jiz
klasifikace stavli podle spinové multiplicity korektni a je tfeba pouzit obecné€jsi SO piistup.
Zavérem muZzeme konstatovat, ze naSe vypoCty umoziuji lépe porozumét dynamice
excitovanych stavll trikarbonyl rhennych komplexi, které mohou byt vyuZity v mnoha
fotonickych aplikacich, napf. v organickych luminiscen¢nich diodéch.

Klicova slova: rhenium, karbonyl, diimin, spin—orbitalni interakce, excitované stavy,
ultrarychly mezisystémovy piechod, luminiscence, spektroskopie, fotofyzika, CASSCF, MS-
CASPT2, TD-DFT
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1 Abstract in English

1.1 Introduction

Transition metal chemistry is not only colourful, but also quite challenging because of
many special characteristics that can be attributed to the presence of a heavy metal, e.g. strong
spin—orbit coupling (SOC), ultrafast intersystem crossing (ISC), a possibility of long-range
charge separation and a high density of electronic states. The size and complexity of these
molecules and especially the necessity to account properly for relativistic effects determine
that transition metal compounds require indeed an immensely complex and sophisticated
treatment. All that implies that transition metal complexes are very attractive systems both
from a computational and experimental perspective.'

Recently, the conjunction of different quantum chemical calculations and experimental
measurements has enabled a successful characterization of heavy-metal complexes and
related photophysical processes in many projects.' ® For instance, theory might help to
identify the origin of radiationless transitions not directly observable in an experiment or to
discover excited states which take part in emissive processes. On the other hand, as a result of
the ongoing improvements of experimental techniques, experimentalists are able to measure
on short time scales (ps—fs) and thus detect ultrafast elementary processes such as ISC or
emission. On the whole, the synergy of theory and experiment has turned out to be of great
benefit in gaining a deeper insight into electronic structures, molecular spectra and underlying
photophysics of heavy-metal complexes.

The effect of relativity can be observed to a different extent across the entire periodic
table, having many dramatic consequences for heavier elements such as 5d transition metals,
lanthanides and actinides.” The yellow colour of gold or the liquidity of mercury belong to the
well-known examples of relativity manifestation which have been the subject of many
publications.® The effects of relativity are conventionally divided into the scalar and spin—
orbit coupling parts and both have to be included for a reasonable description. The latter plays
a central role in this doctoral thesis — spin—orbit coupling denotes the interaction between the
magnetic moments associated with the electron spin and orbital angular momenta. The
significance of SOC was recognized in the scientific community almost 50 years ago.” The
SOC influence becomes stronger with the increasing atomic number. Nowadays SOC
treatment is considered important for high-precision quantum chemical calculations even of
light atoms and molecules, whereas for heavy-metal complexes it is indispensable for any
comprehensive theoretical study (including photophysics). In fact, the neglect of SOC may
often result in inadequate or completely wrong conclusions.

One of the fashionable SOC effects is the ultrafast population of the lowest triplet
state(s), mainly via ISC, followed by the strong emission to the singlet ground state (GS),
traditionally known as phosphorescence. From a formal point of view, these transitions are
strictly forbidden, as transitions between states with different spin multiplicity would violate
the selection rules. However, when SOC comes into play, the transitions become allowed and
display non-zero intensities and a number of complexes are thus able to exhibit intense
phosphorescence. Many practical inventions have taken advantage of these interesting
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features, for instance sensitizers of solar-energy conversion (photovoltaic cells’) or
phosphorescent biological probes and labels.'® Heavy-metal complexes can be efficiently used
in organic light-emitting diodes'' (OLEDs), which are found in modern types of displays.

1.2 Aims of the study

In this doctoral thesis a few representative complexes of a broad class of rhenium(I)
tricarbonyl complexes [Re(L)(CO)s(a-diimine)]””" (schematically depicted in Figure 1.1) have
been investigated by means of advanced quantum chemical methods.

OC//,,,’ \\\\\\N

OC/ \N

CcO

Figure 1.1. The schematic structure of [Re(L)(CO)s(a-diimine)]”" complexes.

There are several main reasons why we have decided for these complexes. Firstly, there
are available experimental data, e.g. absorption (UV—vis) and emission spectra, and data from
ultrafast spectroscopies.*'*"> Our goal is to explain these experiments on the basis of
theoretical results and to develop relativistic spin—orbit (SO) models which would interpret
spectroscopic measurements and the excited-state dynamics in a satisfactory way. Since
previous spin-free TD-DFT calculations™'? were not able to cover experimental observations
fully, the answer presumably lies exactly in spin—orbit coupling.

Secondly, ab initio calculations of heavy-metal compounds still pose a significant
challenge to scientists and especially SO computational studies are rare. The first SOC
models'* showed up in the 1980s and the first theoretical articles about ISC processes'” come
from the late 1990s. The SO treatment thus presents a fairly novel approach to these
molecules and offers a possibility of direct comparing with spin-free calculations. Our
systems have not been computed in the SO framework before the date of publishing our
articles in 2011 and 2012.

Thirdly, the rich diversity of photophysical behaviour observed in this family of rhenium
complexes depends profoundly on a particular structure. Therefore one of the aims of this
thesis is to analyze the influence of a ligand substitution in the coordination sphere of the
rhenium metal centre on physical and optical properties of a complex.'®'” To this end, four
different axial ligands (chloride, bromide, iodide and imidazole) and two a-diimine ligands
(bipyridine or phenanthroline derivatives) were varied. These findings might be helpful in
tailoring and tuning systems with the potential for OLED (and other) applications"
according to concrete requirements.

To demonstrate the importance of SOC, the energies of spin-free (SF) and SO ground and
several low-lying excited states and oscillator strengths of vertical (Franck—Condon)
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transitions for a series of [ReX(CO);(2,2"-bipyridine)] (X=CL Br,I) and
[Re(imidazole)(CO)3(1,10-phenanthroline)]” complexes were evaluated. Two completely
different computational approaches (SO-MS-CASPT2 and SO-TD-DFT) were adopted (see
Methods). The calculated values and the resulting SF and SO models and theoretical
absorption spectra were investigated in combination with the available experiments which
originated primarily from the laboratory of Professor Antonin VI¢ek Jr. and his co-workers.

1.3 Methods

The rigorous treatment of electronic excited states represents quite a difficult task in
quantum chemistry. To achieve a satisfactory accuracy one has to include both static and
dynamic electron correlation. The correct characterization of transition metal complexes must
also account for the scalar and spin—orbit relativistic effects caused mainly by the presence of
heavy atoms. In fact, the relativistic effects are introduced by the choice of Hamiltonian and
the exact description starts with the fully relativistic one-electron, four-component Dirac
equation. However, concerning transition metal compounds one has to resort to approximate
relativistic theories'® in order to keep the computational costs at a feasible level.

In this thesis we employed two distinct computational techniques, namely spin—orbit
multiconfigurational second-order perturbation theory (SO-MS-CASPT2) by means of the
Molcas'" software and spin—orbit time-dependent density functional theory (SO-TD-DFT)
using the ADF?**' program. First, spin-free states (i.e. accounting only for the scalar
relativistic (SR) effects) were computed and then the final spin—orbit states (i.e. with the
inclusion of SOC) were obtained. Relativistic effects were thus included in two steps via the
two-component Douglas—Kroll-Hess***’
approximation®* (ZORA) in the former and the latter technique, respectively.

Regarding structures, the GS geometries were optimized by density functional theory
(DFT)/PBEO (Perdew, Burke, Ernzerhof exchange and correlation functional®®) including

transformation and the zeroth-order regular

solvent corrections in Gaussian®® and used as the inputs for subsequent calculations. For the
purpose of studying photophysical characteristics (by SO-TD-DFT), also the geometry
optimization of the lowest excited spin-free singlet and triplet states was carried out.

1.3.1 SO-MS-CASPT2 (CASSCF/MS-CASPT2/SO-RASSI)

Regarding the CASSCF/MS-CASPT2/SO-RASSI calculations (referred to as SO-MS-
CASPT2), starting orbitals were generated by Kohn—Sham-DFT/B3LYP (Becke, Lee, Yang,
Perdew exchange and correlation”’). Then the complete active space self-consistent field
(CASSCF) method was utilized in order to include the static part of correlation energy.”® The
CASSCEF wave function contains all possible configuration state functions within the selected
active space described by a given number of electrons in the a-priori specified number of
orbitals. It is clear that a non-trivial part of the input preparation lies in the appropriate choice
of the active space, which is extremely complicated and limited in systems such as transition
metal complexes. We performed state-averaged calculations involving several low-lying
excited states.
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Subsequently we used multi-state CASPT2?’ (MS-CASPT2) which accounts for the
dynamic correlation. As the zeroth-order reference function, a multiconfigurational CASSCF
wave function is taken and a second-order correction to the CASSCF energy is computed. The
multi-state variant of CASPT2 is recommended for transition metal compounds for which the
high density of excited states is characteristic. The level shift technique®® was applied in
CASPT?2 to avoid intruder state problems. The SR effects were incorporated by the basis set
generation of ANO-RCC?' (atomic natural orbital relativistic consistent correlated) type via
the SR DKH Hamiltonian.”**

Finally, SOC and related characteristics were evaluated in the restricted active space state
interaction®> (SO-RASSI) procedure, which employs the two-component DKH
transformation. The spin—orbit interaction is added a posteriori by calculating the matrix
elements of the spin—orbit Hamiltonian over the set of SF states resulting from the preceding
spin-independent method.

The SO-MS-CASPT2 calculations were performed only in vacuo, since no fully
operational implicit solvent model was available in the Molcas package at that time.

1.3.2 SO-TD-DFT

TD-DFT represents the extension of conventional static DFT into the time-dependent
domain.® Tt enables efficient calculations of electronic excitation spectra and is relatively
easy to handle in comparison with standard post-Hartree—Fock methods. As in static DFT, the
wave function is associated with the time-dependent electronic density, which guarantees that
expectation value of any physical observable can be regarded as a unique functional of the
exact electronic density. The right choice of an exchange-correlation functional is crucial to
quality of TD-DFT results and requires considerable practical experience.' The widely used
implementation of the TD-DFT equations is based on the linear response theory.**

In our TD-DFT calculations, Slater type orbital basis sets (triple- type with two
polarization functions for Re and double-{ type with one polarization function for the other
atoms) and the PBE0* hybrid functional were used.

The SR effects were introduced by the SR ZORA.”> To incorporate SOC into our
calculations we utilized the approximate perturbative SO-TD-DFT technique®® for closed-
shell systems. The lowest SF excited states were computed at first and then the SO excited
states (within double-group symmetry) were determined by applying SOC as a perturbation.
For testing purposes, several lowest SO excited states were calculated also by a more rigorous
approach towards SOC treatment in closed-shell systems — TD-DFT in the relativistic two-
component ZORA formulation.”” In contrast to the approximate SO-TD-DFT method, the SO
effects are included from the outset and they are handled variationally. Since the results
turned out to be comparable, only the computationally less demanding (perturbative) SO-TD-
DFT method was followed.

Solvent corrections were taken into account by employing the conductor-like screening
model COSMO.**
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1.4 Results and discussion

The first and second projects are summarized in References 1 and 2 in Selected
publications, respectively.

1.4.1 Rhenium tricarbonyl complexes with halide ligands

Regarding [ReX(CO);(2,2 -bipyridine)] (X = Cl, Br, I) complexes with halide ligands,
both SF and SO theoretical spectra calculated by means of the MS-CASPT2 and TD-DFT
techniques are in qualitative agreement with the experimental UV-vis absorption spectra
depicted on the left side of Figure 1.2. Inspecting the lowest-energy band centred at ~380 nm,
the halide ligand influences its position in the energetic order: Cl > Br > 1. Next, the
decreasing polarity of solvent also shifts this peak towards lower energies. These
experimentally observed spectral trends were reasonably reproduced by theoretical spectra. In
contrast to MS-CASPT2, the TD-DFT low-lying transitions tend to be more delocalized with
a greater XLCT (X-ligand-to-ligand charge transfer) contribution.
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Figure 1.2. Left side: The experimental UV—vis absorption spectra of [ReX(CO);(bpy)]
(X =Cl, Br, I) in acetonitrile and dichloromethane. Right side: The comparison of calculated
low-lying SF (top) and SO (bottom) transitions of [Rel(CO);(bpy)] by means of TD-

DFT/toluene (left) and MS-CASPT2/vacuum (right). (note: 15000 cm™ = 670 nm,
30 000 cm™ = 330 nm)

Although the SF theoretical spectrum provides a good interpretation of majority of
experimental data, solely it is not capable of explaining all the experimental spectroscopic
features. Two shoulders on the low-energy side of the lowest-energy absorption band for all
the three complexes represent one of such examples. According to the SO calculations they
are attributed to transitions to spin-mixed SO states. The lowest-energy band maximum is
assigned to the pure singlet b'A’ state in the SF spectrum, whereas in the SO model it is only
partly of a singlet origin, namely 88% in the Cl, 81% in the Br and 58% in the I complex (SO-
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TD-DFT). The decreasing trend of singlet contributions corresponds well with the decreasing
band maximum intensity in the row Cl to I in accordance with the experiment.

Choosing [Rel(CO);(bpy)] as an example, the right side of Figure 1.2 offers a comparison
of the SO-TD-DFT and SO-MS-CASPT2 approaches and relates SF and SO transitions within
a particular method. SOC splits originally degenerate spin multiplets and induces a strong
mixing of SF excited states. Consequently, the SO states are comprised of various spin
contributions and their density considerably increases (i.e. in the same energy range more SO
states can be identified when compared to original SF states). In a spectrum, these features are
reflected by broadening spectral bands and lowering their intensities, as well as by the
increase of a total number of allowed transitions. This can be addressed to the fact that already
a small admixture of a spectroscopically strongly allowed SF singlet excited state into a SO
state with a prevailing SF triplet origin is sufficient for getting a non-zero oscillator strength
of a transition to that state. Comparing the top and bottom pictures on the right side of
Figure 1.2, we can clearly see that the difference between SF and SO excitations is
significantly greater in case of the TD-DFT technique. Here the energy range is more
broadened than in the MS-CASPT?2 figure and also magnitudes of oscillator strengths become
more equal, which matches better with the experimentally observed shoulders and large
widths of bands.
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Figure 1.3. The comparison of the MS-CASPT2/vacuum (left) and TD-DFT/PBE0/
COSMOt/toluene (right) correlation diagrams of [Rel(CO);(bpy)]. Spin-free singlet (left
column) and triplet (right column) states give rise to the spin—orbit states (in the middle). The
main spin-free contributions to a particular spin—orbit state are depicted by thin lines. Red,
blue and black arrows indicate transitions with oscillator strengths larger than 0.01, 0.001—
0.01 and 0.0005-0.001, respectively.

To illustrate the high density of SO states and their concrete compositions, the MS-
CASPT?2 (left) and TD-DFT (right) correlation diagrams of [Rel(CO);(bpy)] are presented in
Figure 1.3. They demonstrate how the lowest-lying SF singlet and triplet states mix together
to form the SO states when SOC is taken into account. Usually, SO-TD-DFT predicts seven
SO states between the optically populated excited state (~b'A") and the GS of
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[Rel(CO);(bpy)], compared to only three SF states. SO-MS-CASPT2 provides the same
results as can be seen in Figure 1.3.

The experimental discovery® of ultrafast ISCs from the lowest optically predominantly
populated '"MLCT (metal-to-ligand CT) state to the two emissive "MLCT states is viewed
from the SO standpoint. The long-lived phosphorescence comes mainly from the SO cA'
state. Moreover, the temperature dependence of phosphorescence decay parameters is
successfully described based on SOC considerations, revealing the occurrence of the
deactivating, thermally populated SO bA" state, whose prevailing singlet character enables a
nonradiative decay to the ground state. The singlet origin of the bA" state decreases in a row

Cl > Br > I, which explains the increasing trend of emission lifetimes from the Cl to the I
complex.

1.4.2 Rhenium tricarbonyl complex with imidazole

Another project concerning the [Re(imidazole)(CO)s(1,10-phenanthroline)]” complex
aims to look into the dynamics and evolution of excited states of this system and to interpret
the available experimental data."
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Figure 1.4. The comparison of the MS-CASPT2/vacuum (left) and TD-DFT/PBE0/
COSMO/dimethylformamide (right) correlation diagrams of [Re(imH)(CO);(phen)]”. SF
singlet (left column) and triplet (right column) states give rise to the SO states (in the middle).
The main spin-free contributions to a particular spin—orbit state are depicted by dashed lines.
Red, blue and black arrows indicate transitions with oscillator strengths larger than 0.01,
0.001-0.01 and 0.0005-0.001, respectively.

The experimental UV-vis absorption spectrum' is compared to its theoretical
counterparts yielding a reasonable agreement for the SO-TD-DFT and SO-MS-CASPT2
approaches. The SF and SO spectra resemble each other, however, when scrutinizing their
origin there is a marked difference between them. The SOC inclusion leads to the same
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spectral observations as in the first project and the SO spectrum reproduces well the broad and
asymmetric shape of the experimental lowest-energy band. The direct comparison of both
methods can be seen in Figure 1.4. The MS-CASPT2 (left) and TD-DFT (right) correlation
diagrams are qualitatively similar to each other for the first six SO states.

On the basis of spin-free TD-DFT calculations, the relatively simple SF model consisting
of the customary sets of singlet and triplet states was established, schematically shown on the
left side of Figure1.5. It assumes that optical excitation populates the lowest

spectroscopically allowed (i.e. singlet) b'A' MLCT state, which gives rise to “instantaneous”
fluorescence Stokes shift.
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Figure 1.5. The spin-free (left) and spin—orbit (right) model of [Re(imH)(CO)3(phen)]".

The SF model: Green arrow = fluorescence, black arrow = ISC, red arrow = phosphorescence,
blue dotted arrow = nonradiative decay. Calculated by means of spin-free TD-DFT (PBEO,
COSMO/DMF).

The SO model: Red filled circle I = optically populated states, blue filled circle II = emissive
states (prompt emission indicated by red thin arrows), black bold arrows = electronic and
vibrational redistribution/nonradiative transition, blue and black thin arrows = emission of the
four lowest SO states, red bold dotted arrow = nonradiative decay, double red bold dotted
arrow = equilibration of the three lowest SO states. Energies are related to the GS at its
relaxed geometry. Calculated by means of SO-TD-DFT (PBEO, COSMO/DMF).

Vibrational relaxation is not depicted for clarity.

The fluorescence decay corresponds to ISCs to the low-lying a’A" MLCT state and to an
intermediate triplet state, identified as the b’A" state. Both triplet states undergo
phosphorescence and at the same time they decay also nonradiatively. Vibrational and
solvational relaxations participate in this nonradiative energy dissipation and redistribution. It
ought to be emphasized that even the SF model would not have been able to cover the whole
mechanism if it had not included some of SO-based processes, e.g. ISC or phosphorescence.
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The spin-free considerations serve as a good starting point to understand the photophysical
behaviour in transition metal complexes. Nevertheless, there are experimental observations
which the SF model is not able to explain satisfactorily. For instance, it is not capable of
accounting for various measured ps time constants" associated with relaxation processes
during emission and absorption, or for the temperature-dependent emission decay.

On the other hand, the photophysical SO excited-state model characterized by manifold
spin-mixed states is developed, as depicted on the right side of Figure 1.5. Three sets of SO
states calculated at the optimized geometries of the ground state (a'A'"), lowest singlet (b'A")
and lowest triplet (a’A") excited states are examined, putting emphasis on investigating the
influence of structural changes on characters and emissivity of SO states.

For the situation just prior to and during irradiation, the GS geometry seems to be the
most adequate, since mainly the Franck—Condon gA' MLCT and the other close-lying
spectroscopically allowed states are populated (indicated by a pink filled circle I). The b'A'
geometry suits better the situation right after excitation when ongoing intramolecular
vibrational reorganization probably changes the molecular structure towards this geometry. In
addition, it is very likely that electronic energy redistribution within a group with high density
of SO states (a blue filled circle II) takes place at the same time. This ultrafast vibrational and
electronic relaxation is accompanied by “instantaneous” fluorescence Stokes shift. Finally, the
group of the four lowest SO excited states populated by a nonradiative transition from the
group II is best estimated by the a’A" geometry that corresponds with the main component of
these lowest SO states. It is the very presence of strong mixing of triplet and singlet
contributions in the SO states that allows for the efficient transitions between particular SO
states. The states II are not pure singlets in nature and thus their triplet content can be thought
of as a “channel” through which transitions between states are facilitated. The low-lying SO
states populated by the transition from the group II are in an unequilibrated solvent
arrangement and therefore the equilibrium distribution will establish. Based on these
relaxation and solvent restructuring processes, the ps relaxation times detected
experimentally’® can be explained, whereas the SF model fails at this point. The intermediate
emission (i.e. the phosphorescence occurring from the intermediate state in the SF model) is
assigned to the fourth bA" state, which could also decay nonradiatively to the four lower-lying
SO states including the GS when thermally populated and thus could play a role in the
temperature-dependent quenching of emission.

The SO approach is thus able to elucidate majority of ultrafast spectroscopic
experimental data, or at least to propose possible and plausible hypotheses. The principal
photophysical features (i.e. prompt/long-lived emission, electronic/vibrational relaxation,
nonradiative transitions, equilibration among the lowest SO states) and detected time
constants can be associated with particular processes and SO states.

1.5 Conclusion

Our theoretical studies on rhenium(I) tricarbonyl complexes have proven that the
relativistic SO treatment is crucial for the interpretation of spectroscopic and photophysical
data of transition metal complexes. The SO framework provides a physically more correct
description of electronic excited states and improves a quantitative agreement with the
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experiment. Moreover, the SO model has the power to explain some of the features
(temperature-dependent emission decay, various picosecond relaxation times, enormous
broadness of emission bands etc.) that cannot be captured by the SF model.

Several generalizations can be extracted from this SO model, which are applicable not
only to the broad class of Re' carbonyl-diimine complexes, but also to many other closed-shell
heavy-metal complexes, such as high excited-state density, highly spin-mixed character of SO
states, and multiple electronic and vibrational excitation and relaxation pathways (occurring
after optical excitation). SOC dramatically affects characters of individual excited states and
is thus responsible for a change in the overall appearance of electronic excitation spectra. The
SO states are characterized by their parentages in terms of the SF states and double-group
symmetries. When strong SOC is introduced, the assignment of spin multiplicity is no longer
appropriate and a unified point of view should be adopted. Our calculations are potentially
useful in gaining an insight and better control of excited-state dynamics of rhenium(I)
tricarbonyl complexes, which can be utilized in many photonic applications such as OLEDs."

Regarding the performances of the SO-MS-CASPT2 and SO-TD-DFT approaches
applied to our systems, we have found out that CASPT2 was not capable of describing
spectral properties of the studied complexes as quantitatively as TD-DFT and as was
originally expected. Indeed, the SO-TD-DFT method employing a solvent model and a
suitable XC functional usually yielded a better agreement with experimental data. By contrast,
the CASSCF/CASPT?2 level of theory was severely restricted by the limitations due to the
active space selection and owing to the neglect of solvent effects. This outcome is in line with
the general trend in computational chemistry, since nowadays TD-DFT predominates in
calculating excited states of medium-sized and large molecules such as transition metal
complexes. Despite a lack of expected accuracy, the SO-MS-CASPT?2 calculations were able
to interpret the experimental data in a qualitatively similar manner as SO-TD-DFT. To
conclude, it can be stated that both theoretical approaches used in this thesis confirm the
general SOC observations.
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2 Autoreferat v ¢eském jazyce

2.1 Uvod

Chemie komplexti pfechodnych kovii je nejen barevnd, ale také narocna vzhledem k
mnoha specidlnim charakteristikam, které plynou z piitomnosti t€zkého kovu, napt. silna
spin—orbitalni interakce (SOI), ultrarychly mezisystémovy pfechod (intersystem crossing,
ISC), moznost prostorové separace naboje a vysoka hustota elektronickych stavii. Diky
velikosti a komplexnosti, a pfedevSim v disledku nezbytnosti zahrnuti relativistickych efektt
je popis sloucenin ptfechodnych kovi velmi slozity a vyzaduje sofistikovany pfistup. Proto
jsou komplexy prechodnych kovi velmi atraktivni systémy jak z vypocetniho, tak
experimentélniho hlediska.'

V posledni dobé umoznila kombinace rGznych kvantové-chemickych vypocti a
experimentl v mnoha projektech UspéSnou charakterizaci komplext tézkych kovli a
souvisejicich fotofyzikalnich procesi.'® Teorie napiiklad pomaha v identifikaci pavodu
zativych prechodul, které neni mozné pfimo pozorovat v experimentu, nebo muze odhalit
excitované stavy, jez se ucastni emisnich procest. V disledku pokracujiciho rozvoje
experimentalnich technik Ize dnes méfit v kratkych ¢asovych skalach (ps—fs), a tak detekovat
ultrarychlé elementarni procesy, jako je ISC nebo emise. Souhra teorie a experimentu se
ukazala byt velkym piinosem pro ziskani hlubSiho vhledu do elektronickych struktur,
molekularnich spekter a zakladni fotofyziky komplext té€zkych kovi.

Vliv relativity se projevuje v rizné mife napfic celou periodickou tabulkou, coz mé fadu
Zlutd zbarvené zlato ¢&i tekuty stav rtuti patii k dobie znamym piikladim projevi relativity,
které byly pfedmétem mnoha publikaci.® Relativistické efekty se konvenén& d&li na skalarni a
spin—orbitalni a pro rozumny popis je nutné zahrnout obé zminéné slozky. V této dizertacni
praci hraje ustfedni roli spin—orbitalni vazba, kterd oznacuje interakci mezi magnetickymi
momenty spojenymi se spinem a orbitdlnim momentem hybnosti elektronli. Vyznam SOI byl
ve védecké komunité rozpoznan jiz témét pied padesati lety.” Sila SOI roste s atomovym
Cislem. V soucasné dobé je SOI povazovana za dulezitou i1 pro velice presné kvantové-
chemické vypocty lehkych atomli a molekul, zatimco u komplext tézkych kovl je jeji
zahrnuti pfimo nezbytné pro jakoukoliv teoretickou studii (véetné fotofyziky). Zanedbani SOI
muZe Casto vést k nepfesnym nebo zcela nespravnym zavérim.

Jednim z pusobivych U¢inkd SOI je ultrarychld populace nejnizsiho tripletniho stavu
(ptedevsim prostfednictvim ISC), nasledovand intenzivni emisi do singletniho zdkladniho
stavu, tradiéné znamou jako fosforescence. Z formalniho hlediska jsou tyto prechody striktné
zakédzany, jelikoZ prechody mezi stavy s rliznou spinovou multiplicitou jsou v rozporu s
vybérovymi pravidly. Nicméné, v pfitomnosti SOI se tyto pfechody stanou dovolenymi, maji
nenulovou intenzitu, a fada komplext je tak schopna siln¢ fosforeskovat. Tyto zajimavé
vlastnosti nalezly vyuziti v mnoha praktickych aplikacich, naptiklad pfi pfeméné slunecni
energie (fotovoltaické &lanky’) nebo jako fosforeskujici biologické sondy.'® Komplexy
t&zkych kovil se pouzivaji v organickych luminiscenénich diodach'' (OLED), které najdeme v
modernich typech displeja.
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2.2 Cile prace

V této dizertacni praci bylo pokrocilymi kvantové-chemickymi metodami zkoumano
neékolik vybranych komplext patiicich do obecné skupiny trikarbonyl-diimin rhennych
komplext [Re(L)(CO)g(a-diimin)]O/ " (schematicky znazornéno na Obrazku 2.1).

L _l 0/+
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Obrazek 2.1. Schematicky zndzornéna struktura komplext [Re(L)(CO)s(a-diimin)]”".

Pro tyto komplexy jsme se rozhodli hned z né€kolika divodi. V prvni fadé jsou k
dispozici experimentalni data, napf. absorpéni (UV-vis) a emisni spektra, a data z
ultrarychlych spektroskopii.*'*!"* Nagim cilem je vysvétlit tyto experimenty na zakladd
teoretickych vysledkidi a vyvinout relativistické spin—orbitalni (SO) modely, které by
uspokojivym zplsobem interpretovaly spektroskopicka méfeni a dynamiku excitovanych
stavil. Vzhledem k tomu, Ze predchozi bez-spinové (spin-free, SF) vypoéty™'’ s pouzitim
metody TD-DFT nebyly schopny plné zachytit podstatu experimentalnich pozorovani,
odpovéd’ se pravdépodobné skryva v SOL.

Za druhé, ab initio vypocty sloucenin tézkych kovi jsou i dnes velikou vyzvou a SO
studie jsou stale vzacné. Prvni SO modely'* se objevily v 80. letech minulého stoleti a prvni
teoretické ¢lanky o procesech ISC" pochazeji z konce 90. let. SO konceptualni ramec
ptedstavuje novy pfistup k t€émto molekuldm a nabizi moznost pfimého srovnani se SF
vypocty. Prezentované systémy nebyly timto pfistupem pocitany pied datem publikovani
naSich ¢lanki v letech 2011 a 2012.

Za tieti, Sirokd rozmanitost fotofyzikalniho chovani, pozorovana v této skupiné komplexti
rhenia, je Uzce spjata s konkrétni chemickou strukturou. Jednim ze zaméra této prace je tak
analyza vlivu substituce ligandu v koordinac¢ni sfétfe centralniho kovu (rhenia) na fyzikalni a
optické vlastnosti komplexu.'®'” Z toho diivodu byly porovnany komplexy se tyfmi riznymi
axidlnimi ligandy (chlorid, bromid, jodid a imidazol) a dvéma a-diiminovymi ligandy
(derivaty bipyridinu nebo fenantrolinu). Nase pozorovani mohou byt uzite¢na pti navrhovani
systémil s potencidlem v OLED a jinych aplikacich"' dle konkrétnich pozadavka.

Za Ucelem prokazani vyznamu SOI byly pro zdékladni stav a nékolik nejniZSich
excitovanych stavii.  komplexil [ReX(CO)3(2,2 -bipyridin)] (X=Cl,Br,1I) a
[Re(imidazol)(CO)s3(1,10-fenantrolin)]" napocitiny SF a SO energie a oscilatorové sily
vertikalnich (Franck—Condonovskych) piechodt. Byly pouzity dva rtizné vypocetni piistupy
(SO-MS-CASPT2 a SO-TD-DFT) (viz Metody). Napoctené hodnoty, vysledné SF a SO
modely a teoretickd absorpcni spektra byla studovana v kombinaci s dostupnymi experimenty,
které pochazi pfedevsim z laboratote profesora Antonina Vicka Jr. a jeho spolupracovniki.
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2.3 Metodika

Rigordzni piistup k vypoctim electronicky excitovanych stavii ptfedstavuje obtiznou
ulohu v kvantové chemii. Pro dosazeni uspokojivé piesnosti musi byt zahrnuta jak staticka,
tak dynamicka elektronova korelace. Spravna charakterizace komplexti pfechodnych kovt
musi také postihnout skalarni a spin—orbitalni relativistické efekty souvisejici predevsim s
pritomnosti tézkych atomil. Ve své podstaté zavadime relativistické korekce do vypoctu
volbou Hamiltonianu. Exaktni popis vychazi z plné relativistické jednoelektronové
ctytkomponentni Diracovy rovnice. U sloucenin pfechodnych kovi je nutné uchylit se k
nékteré z aproximativnich teorii,'® aby se vypodetni naroénost pohybovala na unosné Grovni.

V této praci jsme pouzili dvé odlisné vypocetni techniky, a sice multikonfiguracni
poruchovou teorii druhého fadu se zahrnutim SOI (SO-MS-CASPT2), implementovanou v
sadé program@i Molcas,” a Gasové zavislou teorii funkcionalu elektronové hustoty s
poruchovym zahrnutim SOI (SO-TD-DFT), pomoci softwaru ADF 2! Nejprve byly
napocteny spin-free stavy (tj. obsahujici pouze skalarni relativistické (SR) efekty) a posléze
na jejich zakladé spin—orbitalni stavy (tj. se zahrnutim SOI). Relativistické efekty byly tedy
zaClenény ve dvou krocich prostiednictvim dvoukomponentni Douglas—Kroll-Hessovy
transformace™* a regularni aproximace nultého fadu** (ZORA) v prvnim, resp. druhém
piipadé.

Co se tyCe geometrii, zékladni stavy komplext byly optimalizovany pomoci teorie
funkciondlu hustoty (DFT)/PBEO (Perdew, Burke, Ernzerhof vyménné-korelacni
funkcional®) véetn& korekei na rozpoustédlo v Gaussianu.*® Tyto struktury byly pouzity jako
vstupy pro nasledné vypocty. Pro Gcely studia fotofyzikélnich charakteristik (pomoci SO-TD-
DFT) byla provedena rovnéz optimalizace geometrii nejnizSiho excitovaného spin-free
singletniho a tripletniho stavu.

2.3.1 SO-MS-CASPT2 (CASSCEF/MS-CASPT2/SO-RASSI)

Pokud jde o vypocty CASSCF/MS-CASPT2/SO-RASSI (zde oznacované jako SO-MS-
CASPT?2), vstupni orbitaly byly generovany metodou Kohn-Sham-DFT/B3LYP (Becke, Lee,
Yang, Perdew vyménné-korelatni funkcional”’). Poté byla pouzita metoda CASSCF
(complete active space self-consistent field) s cilem zahrnout statickou c¢ast korelacni
energie.”® VIinova funkce CASSCF obsahuje viechny mozné konfiguraéni stavové funkce ve
zvoleném aktivnim prostoru, jenZ je popsan poctem elektronil v a-priori specifikovaném poctu
orbitall. Je ziejmé, Ze netrividlni Cast vypoctu spocivd pravé ve vhodné volbé aktivniho
prostoru, coz je Vv systémech, jako jsou komplexy pfechodnych kovi, extrémné
komplikované. Provedli jsme stavové zprimérované vypocty zahrnujici nékolik nejnizsich
excitovanych stavti.

Nasledn& jsme pouzili metodu multi-state CASPT2*’ (MS-CASPT2), ktera zohlediiuje
dynamickou korelaci. Jako referenéni funkce nultého fadu se uvazuje multikonfiguracni
vlnové funkce CASSCEF a je spoctena porucha druhého fadu k energiit CASSCF. Metoda MS-
CASPT2 je vhodna pro slouceniny ptfechodnych kovi, pro které je charakteristickd vysoka
hustota excitovanych stavil. Aby se zabranilo problémlm s tzv. ,,intruder* stavy, byla pouzita
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technika tzv. ,,level shiftu.’*® SR efekty byly zahrnuty volbou baze typu ANO-RCC?' (atomic
natural orbital relativistic consistent correlated) prostiednictvim SR DKH Hamiltonianu.***

Konecn¢, SOI a souvisejici charakteristiky byly napocitany konfiguraénim stavovym
modelem®® (SO-RASSI), ktery vyuziva dvoukomponentni DKH transformaci. SOI je ptidana
a posteriori na zaklad¢ vypoctu maticovych elementt spin—orbitalniho Hamiltonidnu pro sadu
SF stavii z ptedchoziho spin-free postupu.

Vypoclty SO-MS-CASPT2 byly provedeny pouze ve vakuu, protoze v t& dob¢ nebyl
v Molcasu implementovan zadny pIné funk¢ni implicitni model rozpoustédla.

2.3.2 SO-TD-DFT

TD-DFT piedstavuje rozifeni tradi¢ni statické metody DFT do &asové zavislé domény.”
Tato technika umoznuje efektivné pocitat elektronicka excitacni spektra a ve srovnani se
standardnimi post-Hartree—Fockovskymi metodami je uzivatelsky pomérné ptistupna. Stejné
jako u statické metody DFT koresponduje vinovéa funkce s Casové zavislou elektronovou
hustotou, coz zarucuje, ze stfedni hodnota jakékoliv fyzikalné¢ pozorovatelné veli¢iny muze
byt vyjadfena jednozna¢nym funkciondlem piesné elektronové hustoty. Pro kvalitu vysledk
TD-DFT je rozhodujici vhodna volba vyménné-korela¢niho funkcionalu, coz vyzaduje znacné
praktické zkugenosti.' Casta implementace metody TD-DFT je zaloZena na teorii linearni
odezvy.**

V naSich TD-DFT vypoctech byly pouzity baze Slaterova typu (triple-{ s dvéma
polariza¢nimi funkcemi pro Re a double-C s jednou polarizaéni funkci pro ostatni atomy) a
hybridni funkcional PBE0.

SR efekty byly zohlednény prostiednictvim SR ZORA.* Za tGtelem zahrnuti SOI do
nasich vypoéti jsme vyuzili pfibliznou poruchovou metodu SO-TD-DFT.*® Nejprve byly
napoCteny nejniz§i SF excitované stavy a poté byly ureny SO excitované stavy (v ramci
dvojité grupy symetrie) aplikovanim SOI ve formé poruchy. Pro testovaci ucely bylo nékolik
konfiguraci uzavienych slupek — TD-DFT v relativistické dvoukomponentni formulaci
ZORA.”" Na rozdil od ptiblizné metody SO-TD-DFT jsou SO efekty zahrnuty jiz od pocatku,
a to variatnim zpiisobem. Vzhledem k tomu, Ze vysledky se ukazaly byt srovnatelné, byl
pouzit pouze vypocetné méné naro¢ny (poruchovy) SO-TD-DFT pfistup.

Korekce na rozpoustédlo byly zohlednény pouzitim dielektrického modelu kontinua
COSMO.*

2.4 Vysledky a diskuse

Prvni a druhy projekt je shrnut v Referencich 1, resp. 2 v Seznamu publikaci.
2.4.1 Trikarbonyl rhenné komplexy s halogenidovymi ligandy

Teoreticka SF a SO spektra vypoctend pomoci metod MS-CASPT2 a TD-DFT jsou pro
komplexy s halogenidovymi ligandy [ReX(CO);(2,2'-bipyridin)] (X = Cl, Br, I) v kvalitativni
shodé¢ s experimentalnimi UV—vis absorpcnimi spektry vyobrazenymi na levé strané Obrazku
2.2. Bliz§im prozkoumanim energeticky nejnize poloZeného pasu se sttedem ~380 nm bylo
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zjisténo, ze halogenidovy ligand ovlivituje jeho polohu v energetickém potadi: Cl1 = Br > L
Rovnéz klesajici polarita rozpoustédla posouvd tento pds k nizSim energiim. Tyto
experimentalné pozorované spektralni trendy byly reprodukovany v teoretickych spektrech.
Na rozdil od MS-CASPT2 maji nejnizs§i TD-DFT piechody tendenci byt vice delokalizované
s vétSim podilem XLCT.
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Obrazek 2.2. Vlevo: Experimentalni UV—vis absorpcni spektra [ReX(CO)3(2,2'-bipyridin)]

(dole) ptechodi komplexu [Rel(CO)s(bpy)] vypoctenych pomoci metod TD-DFT/toluen
(vlevo) a MS-CASPT2/vakuum (vpravo). (pro orientaci: 15 000 cm™ ~ 670 nm, 30 000 cm™ ~
330 nm)

Prestoze teoretické SF spektrum interpretuje rozumné pievaznou cast experimentalnich
dat, samotné neni schopné vysvétlit vSechny experimentalni spektroskopické jevy. Jednim z
ptikladd je vyskyt dvou ramen nejnize poloZeného absorpéniho pésu u vSech tif komplexti. Na
zékladé SO vypocti jsou tato ramena pfisouzena prechodim do SO stavll se smiSenym

&istému singletnimu stavu b'A', zatimco v SO modelu ma pouze &asteény singletni charakter,
konkrétné 88% v komplexu s Cl, 81% s Br a 58% s I (SO-TD-DFT). Klesajici trend piispévkt
singleti dobfe koresponduje se sniZujici se intenzitou maxima pasu v fadé od CI k I v souladu
s experimentem.

Obrazek 2.2 (prava strana) srovnava SO-TD-DFT a SO-MS-CASPT2 pfiistupy a
znazoriuje rozdily mezi SF a SO ptechody v ramci jedné metody na piikladu
[Rel(CO);(bpy)]. SOI stépi piivodné degenerované spinové multiplety a zplsobuje silné
mixovani SF excitovanych stavii. SO stavy jsou tedy slozeny z riiznych spinovych ptispévka
a jejich hustota znacné vzroste (tj. ve stejném rozmezi energii se nachazi vice SO stavil ve
srovnani s puvodnimi SF stavy). Ve spektru se tyto jevy odrazeji rozSifenim spektralnich past
a snizovanim jejich intenzity, stejné jako nartistem celkového poc¢tu dovolenych prechodi. To
lze vysvétlit faktem, ze jiz mald pfimeés spektroskopicky siln¢ dovoleného singletniho SF
excitovaného stavu v SO stavu s pfevladajicim SF tripletnim charakterem dostacuje k tomu,
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aby m¢l piechod do tohoto SO stavu nenulovou oscilatorovou silu. Porovnanim hornich a
spodnich paneld na pravé stran¢ Obrazku 2.2 miizeme vidét, ze rozdil mezi SF a SO piechody
je vyrazné vétsi v pripadé techniky TD-DFT. Zde je rozsah napoctenych energii prechodii
vétsi nez u MS-CASPT2 a hodnoty oscilatorovych sil se vice vyrovnavaji, coz souhlasi s
experimentalné pozorovanymi rameny a velkymi Sitkami past.
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Obrazek 2.3. Srovnani korelacnich diagramii komplexu [Rel(CO)s;(bpy)] pro metody MS-
CASPT2/vakuum (vlevo) a TD-DFT/PBE0/COSMO/toluen (vpravo). Ze SF singletd (levy
sloupec) a triplet (pravy sloupec) vznikaji SO stavy (uprostied). Hlavni ptispévky SF stavli
pro konkrétni SO stav jsou znizornény tenkymi &arami. Cervené, modré a &erné Sipky
oznacuji ptfechody s oscilatorovou silou vétsi nez 0.01, 0.001-0.01, resp. 0.0005-0.001.

Pro ilustraci vysoké hustoty SO stavil a jejich konkrétnich sloZeni jsou na Obrazku 2.3
znazornény korelaéni diagramy komplexu [Rel(CO);(bpy)] napoctené metodami MS-
CASPT2 (vlevo) a TD-DFT (vpravo). Je z nich patrné, jak se pfi zohlednéni SOI misi SF
singletni a tripletni stavy dohromady za vzniku SO stavii. SO-TD-DFT obvykle ptedpovida
sedm SO stavil mezi opticky populovanym excitovanym stavem (~b'A") a zakladnim stavem
komplexu [Rel(CO)s(bpy)] oproti pouze ttem SF staviim. SO-MS-CASPT2 poskytuje stejné
vysledky, jak je vidét na Obrazku 2.3.

Experimentalng pozorované ultrarychlé ISC* =z nejnizsiho pievazng opticky
populovaného 'MLCT stavu do dvou emisnich "MLCT stavi jsou popsany z SO perspektivy.
Na zakladé SOI uvah pochazi dlouhozijici fosforescence prevazné ze SO stavu cA'. Dale byla
uspésné popsana teplotni zavislost parametrii vyhasinani fosforescence. V nasich vypoctech
byl identifikovan deaktivujici tepelné populovany stav bA", jehoZ pievladajici singletni
charakter umozZziuje nezafivy rozpad do zékladniho stavu. Singletni podil ve SO stavu bA" se
snizuje v fad¢ Cl > Br > 1, coz vysvétluje rostouci trend emisnich dob Zivota od Cl k 1.

2.4.2 Trikarbonyl rhenny komplex s imidazolem

Druhy projekt studuje dynamiku a vyvoj excitovanych stavi komplexu
[Re(imidazol)(CO)s(1,10-fenantrolin)]* a mé za cil interpretovat dostupna experimentalni
data.”
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Obriazek 2.4. Srovnani korela¢nich diagramii komplexu [Re(imH)(CO)s(phen)]” pro metody
MS-CASPT2/vakuum (vlevo) a TD-DFT/PBE0/COSMO/dimetylformamid (vpravo). Ze SF
singletli (levy sloupec) a tripletl (pravy sloupec) vznikaji SO stavy (uprostfed). Hlavni
prispévky SF stavii pro konkrétni SO stav jsou znazornény pierufovanou &arou. Cervené,
modré a ¢erné Sipky oznacuji pechody s oscilatorovou silou vétsi nez 0.01, 0.001-0.01, resp.
0.0005-0.001.

Experimentalni UV-vis absorpéni spektrum'® je porovnano se svymi teoretickymi
protéjsky z ptistupii SO-TD-DFT a SO-MS-CASPT2, pfi¢emz je dosazeno rozumné shody.
SF a SO spektra se navzajem podobaji, avsak pii bliz§im vysetfeni jejich ptivodu je mezi nimi
patrny zna¢ny rozdil. Zahrnuti SOI vede ke stejnym spektralnim pozorovanim jako u prvniho
projektu a SO spektrum dobfe reprodukuje Sitku a asymetricky tvar experimentalniho
Korelaéni diagramy pro metodu MS-CASPT2 (vlevo) a TD-DFT (vpravo) jsou kvalitativné
podobné pro prvnich Sest SO stavil.

Na zaklad¢ spin-free vypocti TD-DFT byl sestaven relativné jednoduchy SF model, jenz
vychazi ze sady obvykle pouzivanych singletti a tripletd (schematicky zndzornéno na levé
strané Obrazku 2.5). Model je zalozen na ptedpokladu, ze optickd excitace populuje nejniZsi
spektroskopicky dovoleny (tj. singletni) stav b'A" MLCT, ktery je zodpovédny za vznik
okamzitého fluorescencniho Stokesova posunu.

Fluorescenéni rozpad koresponduje s procesy ISC do niZe leZiciho stavu a’A" MLCT a
do intermediarniho tripletniho stavu, identifikovaného jako stav b’A". Oba tripletni stavy
vyzafuji fosforescenci a souCasné¢ se nezafiv€é rozpadaji. Natéto nezafivé disipaci a
redistribuci energie se podili 1 vibra¢ni a solvata¢ni relaxace. Je tieba zduraznit, ze SF model
by nebyl schopen popsat cely mechanismus, pokud by nezahrnoval nékteré procesy piimo
vyplyvajici z existence SOI, napt. ISC nebo fosforescence. V kazdém ptipad¢ slouzi spin-free
uvahy jako dobry vychozi bod k pochopeni fotofyzikalniho chovani v komplexech
pfechodnych kovi. Nicméné existuji experimentalni pozorovani, ktera jsou nad ramec SF
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modelu. Naptiklad neni schopen zd@ivodnit namé&fené ps Easové konstanty'> spojené s
relaxaCnimi procesy béhem emise a absorpce, nebo nedokaze objasnit teplotni zavislost
vyhasinani emise.
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Obrizek 2.5. SF (vlevo) a SO (vpravo) model [Re(imH)(CO);(phen)]".

SF model: Zelena Sipka = fluorescence, ¢erna Sipka = ISC, Cervena Sipka = fosforescence,
modra teckovana Sipka = nezafivy rozpad. Napocteno pomoci spin-free TD-DFT (PBEO,
COSMO/DMF).

SO model: razové vyplnény oval I = opticky populované stavy, modife vyplnény oval
IT = emisivni stavy (okamzita emise znazornéna ¢ervenymi tenkymi Sipkami), cerné tucéné
Sipky = elektronickd a vibra¢ni redistribuce/nezatfivy piechod, modré a cerné tenkeé
Sipky = emise nejnizsich ¢tyf SO stavl, Cervena tucnd teckovana Sipka = nezativy rozpad,
oboustranné ¢ervena tu¢nd teCkovana Sipka = ustanoveni rovnovahy nejnizsich tii SO stavi.
Energie jsou vztaZzeny k zakladnimu stavu v jeho relaxované geometrii. Napocteno pomoci
SO-TD-DFT (PBEO, COSMO/DMF).

Pro lepsi pfehlednost neni zobrazena vibracni relaxace.

Naproti tomu je vyvinut fotofyzikalni SO model excitovanych stavli charakterizovany
velkym mnoZstvim spinové smiSenych stavi, jak je zndzornéno na pravé strané¢ Obrazku 2.5.
Model zkouma vzajemné poméry tii sad SO stavii napoctenych pro optimalizované geometrie
zékladniho (a'A'"), nejnizsiho singletniho (b'A") a nejnizsiho tripletniho (a’A") stavu, pfi¢emz
se klade duraz na vysetfeni vlivu strukturalnich zmén na charaktery a emisivitu SO stavi.

Pro situaci tésné¢ pred a béhem optické excitace se jako nejvhodnéjsi jevi geometrie
zékladniho stavu, jelikoZ jsou populovany piedev§sim Franck—Condonovy gA' MLCT a blizké
spektroskopicky dovolené stavy (oznafené rizoveé vyplnénym ovalem I). Geometrie stavu
b'A' vyhovuje stavu ihned po excitaci, kdy probihajici intramolekularni vibraéni reorganizace
ziejmé& zméni molekuldrni strukturu pravé do této geometrie. Je velmi pravdépodobné, ze ve
skupin€é s vysokou hustotou SO stavii (modfe vyplnény oval IT) dochéazi téz soucasné k
pierozdelovani energie — tato ultrarychld vibra¢ni a elektronicka relaxace je doprovazena
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okamzitym fluorescenénim Stokesovym posunem. Nakonec, geometrie stavu a’A" odpovida

Cv v

cvwr

existence silného mixovani tripletnich a singletnich ptispévki umoznuje efektivni piechody
mezi jednotlivymi SO stavy. Stavy II nejsou Cisté singlety, a tak v nich obsazenou tripletni
piimés lze povazovat za jakysi "kanal", kterym jsou usnadnény prechody mezi jednotlivymi
stavy. Nizko lezici SO stavy, populované ptechodem ze skupiny II, jsou v nerovnovazném
uspotadani s okolim, coz ma za nésledek ustanoveni rovnovazné distribuce. Na zéklad¢ téchto
relaxatnich a restrukturalizaénich procest lze vysvétlit experimentalni relaxadni ps &asy,'’
zatimco SF model vtomto bod¢ selhava. Intermedidrni emise (tj. fosforescence z
intermediarniho stavu v SF modelu) je pfifazena ctvrtému SO stavu bA", ktery se miize
rozpadat rovnéz nezafivé do Ctyf nize polozenych SO stavi, véetné zékladniho stavu. Je-li
tento stav tepelné populovan, mtize hrat roli v teplotné zavislém vyhasinani emise.

SO pfistup je schopen osvétlit vétSinu ultrarychlych spektroskopickych dat nebo alespoii
navrhuje mozné a hodnovérné hypotézy. Hlavni fotofyzikalni jevy (tj. okamzitd/dlouhozijici
emise, elektronickd/vibracni relaxace, nezativé ptechody, ekvilibrace mezi nejniz§imi SO
stavy) a detekované Casové konstanty tak mohou byt spojeny s jednotlivymi procesy a SO
stavy.

2.5 Zavér

Nase teoretické studie trikarbonyl rhennych komplexii prokéazaly, Ze relativisticky SO
pfistup je zésadni pro interpretaci spektroskopickych a fotofyzikalnich dat komplext
prechodnych kovil. Spin—orbitalni rdmec poskytuje fyzikalné¢ spravnéjsi popis elektronicky
excitovanych stavii a dosahuje lepsi kvantitativni shody s experimentem. Mimo to nckteré
spektroskopické jevy mohou byt objasnény pouze s uvazenim SOI, jako napi. teplotni
zavislost vyhasinani emise, rizné pikosekundové relaxacni ¢asy, enormné Siroké emisni pasy
apod., které nemohou byt vysvétleny s pouZzitim SF modelu.

Ze SO modelu lze vyvodit n€kolik zobecnéni, jeZ se daji aplikovat nejen na Sirokou $kalu
karbonyl-diimin rhennych komplexi, ale také na mnohé dal§i komplexy pfechodnych kovi s
konfiguraci uzavienych slupek, jako je vysokd hustota excitovanych SO stavil s vyrazné
spinové smiSenym charakterem, a velké mnoZstvi elektronickych a vibracnich excita¢nich a
relaxacnich dé&ji (probihajicich po optické excitaci). SOI vyrazné¢ ovlivituje charaktery
jednotlivych excitovanych stavii, a je tak zodpovédnd za zménu celkového vzhledu
elektronickych excitacnich spekter. SO stavy jsou charakterizovany svym sloZzenim z
puvodnich SF stavii a oznaceny podle dvojité grupy symetrie. V piipadé silné SOI neni jiz
klasifikace stavli podle spinové multiplicity korektni a je tfeba pouzit obecné€jsi SO piistup.
NaSe vysledky poskytuji vhled do dynamiky excitovanych stavii trikarbonyl rhennych
komplexi, které maji potencialni vyuziti v mnoha fotonickych aplikacich, napf. v OLED."!

Pokud jde o vystupy metod SO-MS-CASPT2 a SO-TD-DFT aplikovanych na naSe
systémy, zjistili jsme, Ze technika CASPT2 nedokazala popsat spektralni vlastnosti
studovanych komplext tak kvantitativné jako TD-DFT, a jak se ptivodné oc¢ekavalo. V naSich
studiich pfistup SO-TD-DFT obvykle dosahoval lepsi shody s experimentem, zejména diky
vhodné zvolenému vyménné-korela¢nimu funkcionalu v kombinaci se zahrnutim korekci na



2.5 Zavér 24

rozpoustédlo. Naproti tomu na CASSCF/CASPT2 teoretické urovni jsme byli vazné
limitovani omezenimi vyplyvajicimi z nedostate¢nosti aktivniho prostoru a zanedbanim vlivu
rozpoustédla. Tento vysledek je v souladu s v§eobecnym trendem ve vypocetni chemii, nebot’
v soucasné dob¢ TD-DFT dominuje ve vypoctech excitovanych stavl stiedné velkych a
velkych molekul, jako jsou pravé komplexy ptechodnych kovi. Navzdory nedosazené
ocekavané piesnosti byly vypocty SO-MS-CASPT2 schopny interpretovat experimentalni
data kvalitativné podobnym zpisobem jako SO-TD-DFT. Zavérem muzeme konstatovat, ze
oba teoretické pristupy pouzité v této praci potvrzuji obecna pozorovani tykajici se SOI.
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Name, title: Radka HEYDOVA (born Bakova), RNDr.
Born: 8" March 1983 in Chlumec nad Cidlinou

Status: married, 2 children (Dominik *2012, Karolina *2015)
E-mail: radka.heydova@gmail.com

Phone number: +420 722 940 892

Address: Lipovska 436/8, Praha 5 - Zli¢in, 155 21

Work experience:

Since 7/2012 maternity leave

6/2012 —12/2012  Lesni projekty Ceské Budéjovice a. s.
Position: programmer

4/2008 — 5/2012  J. Heyrovsky Institute of Physical Chemistry AV CR, v.v.i.
Pozice: Ph.D. student

8/2010 - 10/2011 Raiffeisenbank a.s. (Hvézdova 1716/2b, 140 78 Praha 4)
Position: Portfolio Manager in Basel II & Scoring team led by RNDr.
Stanislav Keprta, Ph.D.
Job description: estimates of Basel II parameters and their validation,
stress testing, adjustments, ad-hoc analyses of credit portfolio

10/2007 — 2/2008 Institute of Organic Chemistry and Biochemistry AV CR, v.v.i.
Position: Ph.D. student in NMR spectroscopy Research-Service Group

Education:

Since 2008  Ph.D. study, Faculty of Science, Charles University
Study program: Physical Chemistry (part-time study since 3™ year)
Supervisor: Ing. Stanislav Zalis, CSc.

9/2009 State rigorous exam in Physical Chemistry (title: RNDr.)

2007 — 2008 Ph.D. study, Faculty of Science, Charles University
Study program: Organic Chemistry
Supervisor: RNDr. Milo$ Budésinsky, CSc.

2005 -2007 Faculty of Science, Charles University
Study program: Physical Chemistry (graduated with honors, title: Mgr.)
Diploma thesis: Theoretical study of molecular dication NO** (published
in JCP, 2008)
Supervisor: doc. RNDr. Jiti Fiser, CSec.

2002 — 2005 Faculty of Science, Charles University
Study program: Biochemistry

Odborné vycviky a kurzy:

2009 Two-week study stay at Université Louis Pasteur, Strasbourg, France

2008 4th MOLCAS Workshop, Bojnice, Slovakia (one week)

2004 — 2006 Study of psychology and graphology — Czech Chamber of Graphology, Prague

Language skills:
e English — Certificate of Advanced English (CAE) C1 (2012)
e German — Goethe-Zertifikat B2 (2014)
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Jméno a p¥ijmeni, titul: Radka HEYDOVA (rozena Bakova), RNDr.
Narozena: 8. bfezna 1983 v Chlumci nad Cidlinou

Stav: vdana, 2 déti (Dominik *2012, Karolina *2015)

E-mail: radka.heydova@gmail.com

Telefon: +420 722 940 892

Adresa: Lipovska 436/8, Praha 5 - Zli¢in, 155 21

Pracovni zkuSenosti:
7/2012 — mateiska/rodi¢ovska dovolena
6/2012 —12/2012  Lesni projekty Ceské Budéjovice a. s.
Pozice: programator
4/2008 —5/2012  Ustav fyzikalni chemie Jaroslava Heyrovského AV CR, v.v.i.
Pozice: doktorand — odborny pracovnik vyzkumu a vyvoje
8/2010 - 10/2011 Raiffeisenbank a.s. (Hvézdova 1716/2b, 140 78 Praha 4)
Pozice: Specialista kreditnich rizik (Portfolio ManaZer) v tymu
Basel II & Scoring pod vedenim RNDr. Stanislava Keprty, Ph.D.
Népln prace: odhady Basel II parametra a jejich validace, stress testing,
opravné polozky, ad-hoc analyzy kreditniho portfolia
10/2007 —2/2008  Ustav organické chemie a biochemie AV CR, v.v.i.
Pozice: doktorand ve védecko-servisnim tymu NMR spektroskopie

DosaZené vzdélani:
2008 — Doktorské studium, Prirodovédecka fakulta, Univerzita Karlova
Studijni program: fyzikalni chemie (kombinované forma studia - od 3. ro¢niku)
Skolitel: Ing. Stanislav Zali§, CSc.
9/2009 Statni rigor6ézni zkouska z fyzikéalni chemie na PfF UK (udélen titul RNDr.)
2007 — 2008 Doktorské studium, PiF UK
Studijni program: organickd chemie
Skolitel: RNDr. Milo§ Budésinsky, CSc.
2005 -2007 Prirodovédecka fakulta, Univerzita Karlova
Studijni program: fyzikalni chemie (studium fadn€ ukonceno SZZ s ¢ervenym
diplomem, ud¢len titul Mgr.)
Diplomova prace: Teoretické studium molekulového dikationtu NO**
(publikovéano v JCP, 2008)
Skolitel: doc. RNDr. Jiti Fiser, CSc.
2002 - 2005 Prirodovédecka fakulta, Univerzita Karlova
Studijni program: biochemie

Odborné vycviky a kurzy:

2009 2-tydenni staz na Université Louis Pasteur, Strasbourg, Francie

2008 4th MOLCAS Workshop, Bojnice, Slovensko (tydenni kurz)

2004 — 2006 Studium psychologie a grafologie — Ceska grafologicka komora, Praha

Jazykové znalosti:
e anglicky jazyk — Certificate of Advanced English (CAE) C1 (2012)
¢ némecky jazyk — mezindrodni zkouska Goethe-Zertifikat B2 (2014)




Selected publications / Seznam publikaci 30

Selected publications / Seznam publikaci

1.

R. Heydova, E. Gindensperger, R. Romano, J. Sykora, A. Vicek, Jr., S. Zali§, and C.
Daniel, “Spin—orbit Treatment of UV—vis Absorption Spectra and Photophysics of
Rhenium(I) Carbonyl-Bipyridine Complexes: MS-CASPT2 and TD-DFT Analysis”,
The Journal of Physical Chemistry A, 116(46), pp. 11319-11329 (2012). (WOS, 30"
April 2017, 40 citations)

R. Bakova, M. Chergui, C. Daniel, A. Vicek Jr., and S. Zalis, “Relativistic effects in
spectroscopy and photophysics of heavy-metal complexes illustrated by spin—orbit
calculations of [Re(imidazole)(CO)s(phen)]™, Coordination Chemistry Reviews,
255(7-8), pp. 975-989 (2011). (WOS, 30™ April 2017, 51 citations)

S. Chatterjee, P. Singh, J. Fiedler, R. Bakova, S. Zali§, W. Kaim, and S. Goswami,
“Effect of metal exchange (Os vs. Ru) and co-ligand variation (Cl" vs. acac’) on the
oxidation state distribution in complexes of an o-phenylenediamido(2(-))/o-
quinonediimine redox system”, Dalton Transactions, 37, pp. 7778-7785 (2009).
(WOS, 30™ April 2017, 13 citations)

R. Bakova, J. Figer, T. Sedivcova-Uhlikova, and V. Spirko, “Computed lifetimes of
metastable states of the NO*" dication”, The Journal of Chemical Physics, 128(14),
pp. 144301 (2008). (WOS, 30" April 2017, 10 citations)



