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2. SCIENTIFIC ACHIEVEMENTS BEING THE BASIS OF THE HABILTATION
PROCEDURE

TITLE OF SCIENTIFIC ACHIEVMENT

Theoretical optimization of properties of the molecular proton photoswitch steered by
optical or electrical field stimuli.

2.1. List of publications being the subject of habilitation, * - indicates corresponding author

H1. M. F. Rode and A. L. Sobolewski*, Chem. Phys., 347 (2008) 413-421, “Photophysics of
inter- and intra- molecularly hydrogen bonded systems: Computational studies on the
pyrrole-pyridine complex and 2(2’-pyridyl)pyrrole”. (IF2008 = 1.961, times cited: 25)

H2. M. F. Rode*, A. L. Sobolewski, J. Phys. Chem. A, 114 (2010) 11879-11889, “Effect of
chemical substituents on energetical landscape of a molecular switch: an ab initio study”.
(IF2010 = 2.732, times cited: 51)

H3. M. F. Rode*, A. L. Sobolewski, Chem. Phys., 409 (2012) 41-48, ,,Ab initio study on the
excited state proton transfer mediated photophysics of 3-hydroxy-picolinic acid”.
(IF2012=1.957, times cited: 12)

H4. M. F. Rode*, A. L. Sobolewski, J. Chem. Phys.,140 (2014) 084301-084314, ,,Effect of
chemical substitutions on photo-switching properties of 3-hydroxy-picolinic acid studied
by ab initio methods”. (IF2014=2.952, times cited: 13)

H5. M. F. Rode*, J. Jankowska, A. L. Sobolewski, J. Chem. Phys., 144 (2016) 134303-
134315, ,,Ferroelectric molecular field-switch based on double proton transfer process:
Static and dynamical simulations”. (IF2016=2.965, times cited: 2)

2.2. Introduction

2.2.1. Search for functional molecules. From nano-cars to molecular photoswitches.

The Search for new functional materials, characterized with specific photophysical
properties, is a hot research topic nowadays.™™ In 2016, Sauvage, Stoddart and Fering
received the Nobel Prize in Chemistry for “the design and synthesis of molecular machines”.
As the Nobel Prize committee announced, the molecular machines, i.e. the nano-devices
based on a single molecule, will be used in the near future in the development of modern
materials, sensors and energy storage systems. Except for the nano-car driven and controlled
by means of electrical pulses caused by the nano-needle of the scanning tunneling
microscope, the molecular machines include also molecular elevators, rotors, photostabilizers
or artificial muscles.

Search for functional materials is motivated by the need of designing and construction of

modern devices, such as efficient light-emitting diodes (0-LED) or fast-excess memory chips



characterized by denser writing-capacity. The theoretical memory-writing capacity limits for
silicon, as the material capable to store given memory size in the volume unit, will soon be
reached out.”®! A new material, which could better serve as a memory cell than silicon, is then
needed. The bottom-size-limit of the unit-memory-cell (1 bit) might be given by the size of
the single photoswitchable molecule (the surface area of ~100 A%) which could replace the
semiconducting silicon layer, in the future. The search for the molecular models characterized
by nano-switchable properties can help in the implementation of these devices. Those
switchable models are the bistable molecules having at least two (the best, if exactly two)
stable forms™. The reversible switching of the two forms of the molecule may be triggered by
any physical or chemical stimulus, such as applied external field (field switches),”! electron
transfer, chemical reaction, [ ™! change of the reaction environment (e.g. pH),®® ¥ or optical
excitation®*? (photoswitches). Such molecular photoswitches are present in the living
organisms!*® ! in which biological processes or reactions such as paralysis or vision process,
may reversibly be induced when two different wavelengths of light: A; and A,, are used to
toggle the molecular switch between its two stable forms. Thus, a number of molecules —

switches — is of importance to biochemistry'! and medicine. [ %!

It occurs that the ligands
based on azobenzene — the photoswitchable molecule that change its shape upon UV light

exposure (see Table 1) — were found to inhibit their adhesion to the surfaces when attached to

Table 1. Groups of compounds investigated in context of molecular photoswitches.
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the bacterial organelles.™® This photophysical property of the azobenzene molecule is
brought into play e.g. in Alzheimer disease therapy when the photoswitchable molecule is
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used as a transporter of the medicine toward the damaged amyloid peptide in the brain. ™

2.2.2. Switches based on the proton transfer process.

Among the mechanisms of optical switching investigated so far dominated the ones which
were based on the UV-light induced conformational changes and ring-closing/opening
process in the molecules (Table 1). In the first group of mechanisms there is in particular a
cis-trans isomerization in azobenzene and its derivatives that are called with generic name,
foldamers.???) In the second group we may mention the ring-opening processes observed in
e.g. fulgides*®#* and diarylethenes™ in which the covalent bond was being broken (Table 1).

The switchable molecule, working as a memory cell, should be characterized by a relatively
short time of the switching process between its two switching states which at the molecular
level are denoted as the “stable forms”. In this context, one of the drawbacks of the
azobenzene- and stilbene-based” photoswitches is that the switching process, which
involves rotation of the two moieties about the linking N=N or C=C double covalent bond in
the excited state (S;), is slow. Our attention was focused by the fact that there was limited
number of studies devoted to switching mechanisms based on the process of transfer of
proton — the least massive particle (except for an electron) — which process is one of the
fastest in nature. An undesirable effect in azobenzenes is also the possibility of the thermal
back-conversion of the cis form toward trans due to low-energy barrier between the forms in
the ground electronic state (So).

It was shown lately that the proton transfer process may be induced by an electric field®" in
so-called field-switching systems [M13, see Appendix 5]. Those are the systems which are
bistable when the field is not applied — the both forms of the system are separated with the
low-energy barrier in the ground Sy state. It occurred that in some molecules an electric field
of large enough amplitude and applied in an appropriate direction may cause the barrierless
proton transfer process along the intramolecular hydrogen bond and the population of one of
the two forms of the system (while the second form of the system becomes completely
depopulated). While applying the electric field in opposed direction causes the reverse process
— the depopulation of the formerly populated form in favor of the population of the second
one. In publication [H5], the ferroelectric field-switch molecule that could serve as an electric
field sensor based on the phenomenon of the proton transfer in the Sy state, was presented. In
this case, the proton transfer process is induced by applying an electric field to the molecule in

an appropriate direction.



The proton transfer process may also be triggered by light absorption, and take place in the
excited electronic state, S;, in the ESIPT process (Excited Intramolecular Proton Transfer)
along the intramolecular hydrogen bond. This process is responsible for photostability of the
system due to the fact that the proton transfer undergoing in the S; state in a barrierless
manner leads toward the conical intersection region CI(S1/Sp) between the excited S; and the
ground Sy electronic states. In the CI(S1/Sp) geometry the nonadiabatic transfer process takes
place between the two states thanks two which the excitation energy is dissipated into heat
and the system returns to its nominal form in the ground state. This mechanism is responsible
for photostability of the hydrogen-bonded molecules preventing them from photogeneration
of undesired reaction photoproducts and thus it is widely used in commercial
photostabilizers.*!

Such features of the ESIPT process, ensuring photostability of the molecules and fast time
of the process, were decisive to use by us in the modeling of the molecular photoswitches (the
switching molecules for which the switching mechanism is based on the electron excitation).
Those ideas were presented in publications [H2, H3, and H4, App. 5]. The molecular models
of the photoswitches investigated by me for which the photoswitching mechanism is based on

the ESIPT phenomenon are gathered in Table 5 in the summary section.

2.2.3.What is the optical molecular switch? The characteristic of the photoswitch at the

molecular level.

The optical molecular switch is a molecule which when excited by light with the

s (corresponding to the electronic excitation energy AE;"F) can permanently

wavelength 4,
change its isomeric/tautomeric form. Further, this photogenerated form can also absorb the
light quantum of different wavelength 1,°® (4E,'F) and drive the photophysical reverse
process — recreating the nominal tautomeric form of the system. The process undergoes in the
excited electronic state, S;. Crucial for the process is here phenomenon of the light absorption
that is manifested by an electron excitation of the molecule from its ground electronic Sy state
to one of the higher-energy electronic excited states, S,. Such an electron transition, So — Sp,
is characterized by a large absorption coefficient (oscillator strength f) that describes the
probability of absorption of the light quanta. The electron excitation in the photoswitch
molecule should be characterized by selectivity what requires the large enough difference
between A:* and A, ® (photochromism) to ensure the lack of overlapping of the respective

electronic absorption bands of both the molecular forms. To characterize an ideal photoswitch



molecule one can impose additional conditions: (i) permanent switching demands that both
forms of the molecule are separated by large energy-barrier in the ground Sy state so that the
only possible process leading to switching would undergo in the excited S; state. (ii) The S;-
state deactivation process should follow a barrierless pathway toward the conical intersection
region CI(S1/Sp) where the nonadiabatic transition, a radiationless excitation energy transfer
should take place from the S; state to the nearby lying S, state. In this context, the ESIPT
systems were very promising. (iii) The switching process should be reversible, i.e. the
mechanism of the switching forth and back should be identical or be based on the same
physical phenomenon. Additionally, it should be (iv) efficient and (v) fast. (vi) The
photoswitching molecule should not undergo photodegradation processes so that it should be
photostable. From the point of view of a potential application one form of the photoswitchable
molecule should be characterized by kind of “action” and the other one by “ the lack of
action” — as in case of the memory cell — or by the presence or absence of a given property —
e.g. possibility of the transport through membrane, or ability to surface adhesion, as in case of
bacterial organelles.

2.2.4. Description of the scientific achievement.

In this report, | present the history of my scientific inquiries regarding the molecular
modeling of various devices based on a single molecule. Among them, the most important
position is occupied by the molecular optical switch, the mechanism of which is based on the
proton (hydrogen atom) transfer in the excited state. The scientific achievement described in
the series of publications [H1 — H5] is related to innovative use of theoretical quantum-
chemical calculations in the search for molecules with the specific photophysical properties.
Nowadays, quantum-mechanical calculations are a relatively cheap tool for pre-selection of
molecules with specific properties in comparison to the cost of chemical synthesis and
purification of these molecules. Such a methodology of research work can significantly
accelerate the synthesis of the proper molecule.

Quantum-chemical calculations allow us today not only to calculate the potential energy
surface (PES) in the electronic ground state, Sp, but also in the excited state, Sy, as well as to
estimate the energetic barriers in both states. And this allows one to predict whether a given
modification of the pattern molecule has a chance to speed up the process — when in a result
of its application the energy barrier disappears — or even to slow it down — when the barrier
grows. The series of publications is opened by publication [H1] in which, by means of the

guantum-mechanical calculations, the phenomenon of double emission experimentally



observed for the 2 (2'-pyridyl) pyrrole (PIPy) molecule has been explained. The study of the
photophysics of this molecule and the mechanism of the excited-state deactivation, which
resembles the features of known molecular photostabilizers, resulted in the idea of such
structure modification of the PIPy molecule so that the photophysical properties of the newly
formed molecule would allow for its use as an optical molecular switch.

Motivation to carry out this type of research was from the very beginning the conviction
that testing various types of chemical modification of a given molecule of potential properties
— e.g. photoswitching — may be important in an optimization of its functionality. Innovation is
based on a consequent modification of the structure of a given molecule aimed at obtaining
the desired landscape of the potential energy surface (PES) of the electronic singlet states: So
and S; to improve the photophysical mechanism of switching. In this search, | proposed a
number of molecular systems as well as various modifications in their structure [H2, H3, and
H4]. For the first time in the literature the effect of substitutions™®® 2! was studied on the
electronic excited states. Then, | used the results of these explorations and gained experience
to modify the structure, which resulted in the improvement of the photophysical
photoswitching mechanism based on the reaction energetics.

I will present here the basic assumptions of the operation of the optical molecular switch
based in particular on the ESIPT process and describe the possible molecular mechanisms of
optical switching that | have studied in a series of my publications: [H2], [H3] and [H4], as
well as in several publications that | co-authored ([P1]... [P8], see Appendix 5). Next, I will
present my own ideas and achievements in the use of the substituent effect to improve the
functionality of some molecules in order to obtain optimal switching properties. Other
methods of modification of the molecular structure that could generally be called molecular
modeling directed to the functionality of the molecule or molecular system will also be
discussed. One of such functionalities, studied in the past by prof. Andrzej Sobolewski, is
photostability of molecules. This feature is fundamental for the optical molecular switching
systems studied by me.

In the last publication [H5] from the series, a model of a molecular electric field sensor
sensitive to the change of the field’s magnitude and direction was presented. In this
publication, the mechanism of the double proton transfer process steered by applied an
electric field is described. Examining this issue, | used both the stationary ab initio
calculations and the “on the fly” molecular dynamics simulations. What publications [H3]

and [H5] have in common is the discussion of changes in the mechanism of double transfer of



the proton caused be the electronic excitation or the magnitude and direction of the applied

electric field in the molecule.

2.2.5. Theoretical methods used in the calculations.

In the performed quantum-chemical calculations we tried to reproduce or predict the
photophysical properties of the multi-atom and multi-electron molecules, which are the
subject of our research, as best as possible. For this reason in quantum-chemical calculations,
we could not use the most sophisticated methods that are usually used for small systems in
their electronic ground state. The methods that were used first of all, ensure good agreement
with experiment and allowed to get results in a reasonable time and. In addition, it should be
said that calculations for the excited state are definitely more demanding in terms of the
computing time and the memory used compared to the calculations for the ground state.
Therefore in my research, | had to accept a compromise between the use of a sophisticated
calculation method and the time devoted to calculations in both electronic states of the

investigated molecule.

Ab initio methods used in the calculations. In the case of the calculations for the ground
state (So) the Moller—Plesset perturbation theory of the second order (MP21®) was used. In
the MP method, the solution of the Schrédinger equation in the approximation of the Hartree-
Fock method (HF) is used as a reference single-determinant wave-function. The same wave-
function obtained in the HF method is used in the coupled cluster method (CC). Its limited
version for single and double excitations (CCSD,”® S-singles, D-doubles) was used in
publication [H5] as a kind of pattern to justify the correctness of choosing the electron density
functional method (DFT, B Density Functional Theory) for the studied system. The CCSD
method is very demanding and time-consuming (is scaling like N® with the number of the
basis functions, N). Therefore, in the calculation of the excited states (S,) of multi-electron
and multi-atom systems its simplified version, the second order approximate coupled cluster
model with simplified amplitudes for single and double excitations (CC2)%" *¥ is commonly
used. The CC2 method, like CCSD, limits the energy calculations to the double excitations

from the HF references, but it is much faster and scales like N°.B

The weakness of the CC2 method (as well as of any single-reference method) is the problem
in a description of the geometry of the systems with the near-lying energy levels, such as the
geometry of conical intersection CI(S;/Sp) for which the wave function, by definition,

becomes multi-reference. In order to more accurately describe such intersections of the two
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states, we need to go beyond the single-electron approximation and use the multi-
configurational method of the self-consistent field for complete active space (CASSCF,™!
Complete Active Space Self-Consistent Field). While both the post-HF methods: MP2 and
CC2, take into account the dynamic correlation of electrons in the description of the
considered electronic state of the system, the CASSCF method does not include it. However,
it better describes the biradical geometries. The dynamic correlation, however, is important in
the description of electronic excitations, when the proper description of the absorption or
emission spectra of molecules is needed. Therefore, the CC2 method was used in an
optimization of the geometry of the systems in the excited states.

Recently another method, ADC(2)R* *! (algebraic diagrammatic construction method of the
second order) was implemented that enables calculations for the electronic excited states. It
gives better convergence near the conical intersection regions CI(S1/Sp). This method was
used in the last few publications of my co-authorship.

An alternative method for multi-atom systems is the Time-Dependent DFT method (TD-
DFT). This method in combination with standard electron density functionals fails, however,
in the case of the excited states with a strong CT (charge-transfer) character, especially when
correlation-exchange functionals (xc) are used.!*®! The energies of excitations are significantly
underestimated, over 1 eV, and the energy profiles of the CT states are defective,® as a result
of improper 1/R dependence along the coordinate describing the separation of charge R.

In the last publication [H5] from the series, we wanted to compare the results of static
calculations with the results of molecular dynamics simulations. We also wanted to get
information about the time of the double proton transfer process as a function of the applied
electric field. The adiabatic “on-the-fly” molecular dynamics was used either for the molecule
placed in the electric field or for the molecule in the absence of electric field. In this dynamic
calculations, the wave function calculated at the DFT level was used with the B3LYPE’!
correlation-exchange potential because calculations at this level of theory allowed for the
influence of the electric field to be taken into account.

atomic basis sets used in the ab initio calculations. The predicted energy of the electron
excitations in the CC2 method is usually overestimated by approx. 0.3-0.5 eV.B¥ This
estimation error can be reduced when using a larger atomic basis set, also one that contains
diffuse functions. For example, the use of the aug-cc-pVDZ basis set is important in the
correct description of the Rydberg excited states. In practice, to keep a reasonable calculation

time, | often used a smaller atomic basis set, e.g. Dunning's cc-pVDZP¥ basis set (a
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correlation consistent basis set with a double-split valence shell containing polarization
functions), to optimize the geometry of the ground state, and then a larger basis set, aug-cc-
pVDZ,**! containing also diffuse functions, for calculating the absorption spectrum for these
geometries. The same procedure is used to calculate the emission spectrum when we use the

geometry of the molecule optimized in the excited electronic state.

Program packages used in calculations. To perform calculations for the purpose of
publications described here, various packages of calculation programs were used. Most
calculations were done using the TURBOMOL program package,*” which offers an
implemented CC2 method used by me to calculate properties of the excited states, such as
absorption and emission spectra as well as the excited-state energy profiles in [H1 — H5] and
the ADC(2) method, which was also used by me for this purpose in many other publications.
In order to determine the correct geometry of conical intersections CI(S1/Sp), the CASSCF

[l was used. On the other hand, in

method implemented in the Gaussian 03 and 09 package
publication [H5] the molecular dynamics simulations for the description of the double proton
transfer process in a molecule placed in an electric field was carried out using the Newton-X

program.[* %1 The program was compatible with the TURBOMOL program package.
2.3. Photoswitches based on a single molecule controlled by optical excitation.

2.3.1. Comparison of photophysics of the photostable systems with inter- and intra-
molecular hydrogen bond on the example of pyrrole - pyridine complex and the 2
(2'-pyridyl)pyrrole molecule (publication H1).

Research motivation: The motivation to undertake research in publication [H1] was the
willingness to compare the two mechanisms of the excited-state proton transfer: in the van der
Waals complex — EDPT (Electron-Driven Proton Transfer) — and in the molecule — ESIPT
(Excited-State Intramolecular Proton Transfer). This was done for the two systems composed
of the same subunits: pyrrole (PI), as the proton donor, and pyridine (Py), as the proton
acceptor. One system, the complex (PI-Py), was connected with the intermolecular hydrogen
bond, and the second one, the 2(2'-pyridyl)pyrrole molecule (PIPy), with the intramolecular
hydrogen bond. Both the proton transfer mechanisms in the S; state are responsible for the
photostability of commercially available molecular photostabilizers, such as TINUVIN®! and

nucleobases in DNA.
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The proton transfer mechanisms: ESIPT (in the molecule) and EDPT (in the complex).

Absorption of light by the system results in an electron excitation from the electronic
ground Sy state to one of the higher excited states, S, (where the transition So — S, is
characterized by high oscillator strength, f). This process causes a change in the electron
density distribution in the absorbing system. In terms of description of the electronic structure
methods, the electron excitation is the transfer of an electron from the orbital occupied in the
ground state (e.g. HOMO, Highest-Occupied Molecular Orbital) to the virtual, unoccupied
higher-in-energy orbital (e.g. LUMO, Lowest-Unoccupied Molecular Orbital). Those two
orbitals, however, look a bit different in the molecule and in the molecular complex. In the
PIPy molecule, the n(HOMO) and =*(LUMO) orbitals are delocalized on the whole
molecule. In the PI-Py complex, however, in which the subsystems are separated, both the
n(HOMO) and n*(LUMO) molecular orbitals are localized on one of the two molecules:
pyrrole or pyridine that are separated. Thus, the valence electrons in the PI-Py complex are
localized on the pyrrole or pyridine molecules. In the PI-Py complex, the absorption can
induce an electron locally — within one molecule unit, e.g. pyrrole (PI). Then we talk about
the locally excited state, S;"5(PI,Pl). In case of the electron excitation from pyrrole (PI) to
pyridine (Py), we talk about the excited state with the charge transfer character, S;°T(PI,Py).
In this ;7 state, the m(HOMO) orbital is localized on the pyrrole and the * orbital (LUMO)
on the pyridine molecule. The S;"F state (PI, PI) is an associative state — it pulls the proton
back to the pyrrole nitrogen atom. While the S,T state is a dissociative state — it allows the
proton to move in a barrierless manner toward the pyridine nitrogen atom following the
electron that already is occupying the LUMO =+ orbital on pyridine. The EDPT process
occurs when the non-adiabatic transition from S;"5(PI,PI) to S;°" (PI,Py) takes place. This
demands overpassing the excited-state energy barrier for the proton transfer reaction.

In order to better understand the ESIPT mechanism in the PIPy molecule, the analysis of the
electronic configuration of the S;-state tautomeric forms of the molecules involved in the PT
process was performed. This analysis shows that during the evolution of the PT process, the
electron is transferred from the = (HOMO) orbital, being delocalized on the whole PIPy
molecule, toward the m+ (LUMO) orbital, which is only initially delocalized on the entire
molecule, and as the PT reaction progresses, it becomes more and more localized on the
pyridine moiety. The ESIPT process has, therefore, a diabatic character — the transfer of a
proton along the hydrogen bond is coupled with the flow of electron density along the
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molecule from the side of pyrrole (acting as a photoacid) toward the pyridine side (acting as a

photobase).

Barrierless access to the conical intersection geometry CI(S:/Sg) from the Franck-
Condon region as a guarantee of the photostability of the system. Both mechanisms,
EDPT and ESIPT, may be the reason for the photostability of the complex and molecule. A
common feature of both photostability mechanisms is that the system in the S; state along the
coordinate describing the transfer of the proton follows toward the area of the conical
intersection CI1(S1/So). In the CI geometry, the non-adiabatic transfer of the excitation energy
from the S; state toward the Sy state takes place that is followed by the return to the original
form of the system. What differentiates the two mechanisms are the geometrical parameters
that define the reaction coordinate. In the case of the PIPy molecule, the ESIPT reaction
coordinate involves first, the stretching of the N;H bond (dissociation of the proton from the
pyrrole nitrogen atom and associating it by the pyridine nitrogen atom) and next, the rotation
of the protonated pyridine with respect to the pyrrole moiety around the main axis of the
molecule given by the C;-C, bond (see Table 2).

Table 2. Tautomeric forms of the PIPy molecule and the forms of the van der Waals
Pl-Py complex that are built from the pyrrole and pyridine molecules.

PIPy molecule

H.. H
Nl/ th N/ 1 10
@Cl Zc\ / / 2 \N / H 2 H g "

a) syn(ea) b) anti(ea-r)  c¢) tautomer anti(kb) d) min®~ CI (S1/So)
PI-Py compleks

SO D O

pyrrole pyridine pyrrole pyridine
global minimum CI(S1/Sp)

In order for the PI-Py complex to reach the CI(S1/Sp) geometry, except for the elongation of
the N1-H bond distance that approaches the proton toward the pyridine nitrogen atom, the
pyrrole and pyridine molecules must additionally elongate for a considerable distance Rni-n2
~4 A. Separation of the pyrrole and pyridine molecules allows for the occupation of the
strongly polar S;°7 state which in a barrierless manner brings the system closer to the ClI
region. Both in the case of the PIPy molecule and PI-Py complex, the CI(S1/Sy) geometry is
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the global minimum of the S; open-shell singlet state, as both unpaired electrons occupy two
orbitals that are orthogonal (are not overlapping) — the HOMO orbital is localized on the
pyrrole, while the LUMO orbital on the pyridine molecule indicating biradical structure of CI.
Instead, the CI geometry is extremely unstable in the Sy state, because both electrons in this
state are trying to occupy the lower-energy HOMO orbital which is located on the pyrrole
molecule and therefore when the system is in the S, state the proton is pulled back by the
pyrrole Ni nitrogen atom.

Scientific achievements of publication H1:

a) Double fluorescence as a consequence of the presence of the S;-state energy
barrier for the proton transfer in the PIPy molecule.

In a typical ESIPT system, the proton transfer process is exoenergetic and barrierless in the
S; state. However, in the PIPy molecule, we have identified the presence of a low-energy
barrier (~ +0.2 eV) for the transfer of the proton in the S; state from the syn>!(ea) form toward
syn>(eb). From the point of view of the shape of the potential energy landscape of the S,
state, it is an important observation that in the PIPy molecule the intramolecular hydrogen
bond closes the 5-membered pseudo-ring. Today's knowledge, gained also from the
subsequent publications: [H2], [H3], [H4], indicates that similar systems — the ones that have
the imidazole moiety instead of pyrrole in their structure — also have a barrier to the transfer
of a proton, and it is associated with a fairly long hydrogen bond (Hec°Y) in the systems with
a 5-membered ring. This binding is longer than in case of the systems with a 6-membered ring
in which the ESIPT process occurs most often in a barrierless manner from the proton donor —
a photoacid (e.g. the —OH group in 7-hydroxyquinoline [H2], 3-hydroxypyridine [H3], [H4],
or 2-phenol [P3, P7, App. 5]) toward the photobase, i.e. the part accepting the proton in the S;
state. The atoms which most often attract the proton in the S; state are nitrogen atoms —
present in the 6-membered heterocyclic rings, such as pyridine, oxazine and similar [H3],*! -
or oxygen atoms — present in the aldehyde group [H3], [P2], [P5], [P6] and its derivatives,*>
1 or the carboxylic group [H3, H4]. This information was crucial for me in modeling the
compounds with the properties of the ESIPT photoswitches mentioned above and tested in the
publications: [H2], [H3], [H4], [P1-P3, P5-P7]. The systems with the 5-membered ring,
therefore, have an energy barrier to transfer the proton in the S; state due to the occurrence of
higher steric strain compared to systems with the 6-membered ring in which the process is

usually barrierless. The question about the existence of a barrier is of great importance when
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interpreting fluorescence spectra. Thanks to the estimation of the energy-barrier in the S; state
we were able to assign experimentally measured dual emission values for the PIPy molecule:
the blue: Fl; — from the syn®'(ea) form and the red: Fl, — from the syn®'(eb) tautomer.!*” %!
Both the emitting forms and emission transitions: Fl; and Fl,, observed from these forms are

marked with colored vertical arrows in Fig. 1.
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b) Prediction of the shape of the energetic profiles in the excited S; state depending on

the number of covalent bonds around which the molecule is rotated.

From the point of view of scientific achievement, the most important conclusion from
publication [H1] is knowledge about the variation of the energy profiles of the excited S; state
as a function of the corresponding coordinate describing the reaction. In particular, it is a
coordinate describing the rotation of subsystems (or a functional group) in a molecule around
a bond of a given bond-order. The conclusions of this analysis are as follows: (i) When two
rotamers are connected with the rotation around a single bond (rotamers: syn(ea) and anti(ea-
r) of the PIPy molecule, Fig. 1.a — left panel), one can expect a certain energy barrier in the S;
state for the geometry twisted by ~ 90° around the C;-C, bond. Similarly, one can expect a
low barrier in the ground S, state (~ 0.2 eV) for rotation around this bond. As a consequence,
the photogeneration of the anti(ea-r) form by excitation of the syn(ea) form in the S; state is
rather difficult (Fig 1a). (ii) When two stereoisomers are connected with the rotation around a
double bond (isomers syn(eb) and anti(kb) of the PIPy molecule, Fig. 1.c — right panel), one
can expect a high energy barrier in the Sy state for the geometry twisted at ~ 90° (~ 1 eV),
thanks to which the anti (kb) form is stable. In the S; state, however, both the syn(eb) and

anti(kb) stereoisomers are unstable because the optimization of their geometry relaxes toward
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the S;-state minimum with the twisted geometry around the C,;=C, double bond at an angle of
~ 90°. This effect is called ethylenic behavior because in the ethylene molecule rotation
around the double bond is possible only after electron excitation. It turns out, that as a result
of light absorption the C;=C, bond is getting longer in the S; state, i.e. it becomes de facto
single and the rotation around it becomes also easier, which we have examined in the
publication on photoswitches based on the 7-hydroxyquinoline molecule (7HQ) [H2], [P5].
Let us finally note that the double bond between the C; and C, atoms in the PIPy molecule is
formed not sooner the transfer of the proton occurs from the pyrrole N; to the pyridine N,
atom to form the tautomeric syn(eb) form (Fig. 1. b). That’s why the carried out observations

could have been made for this molecule.

Conclusions from publication [H1]. The most important conclusion from publication [H1] is
that we can predict the shape of the excited state potential energy profile with the order of the
bond around which the rotation takes place. In the case of a double bond in the S, state, one
can expect a shallow profile of the potential energy in the S; state or even an appearance of a
minimum in this state. However, in the case of the rotation about a single bond, the

appearance of the energy-barrier can be expected in both states.

This observation was used in many subsequent publications for modeling the photo-
switches based on the ESIPT process [H2, H3, H4, P7], gathered in Table 5 [P1-P3, P5-P7,
App. 5]. Knowledge about the rotation around single or double bonds in the S; state was used
to study the mechanism of the process of nonradiative deactivation of the excited state in
natural dyes, betaxanthins [M14, App. 5], what is also the subject of my current scientific
investigations, as well as in the study on extremely interesting photophysics of the 3H-
naphthopyran molecule (publication in preparation).

The mechanism of nonradiative deactivation of the excited state in the PIPy molecule and in
the PI-Py complex differs in two main aspects. The most important difference is the character
of the PT process. In the case of a molecule, the proton transfer process in the S; state is
adiabatic; The proton follows the electron along the intramolecular hydrogen bond, while the
electron, in turn, moves along the valence bonds within the molecule. However, in the PI-Py
van der Waals complex, this process is nonadiabatic because it requires a nonadiabatic
transition between the S;'F and S,°" states which means a sudden change in the electron
density or sudden jump of an electron between the molecules. In the case of the PIPy
molecule, it was possible to attribute experimentally observed double fluorescence to the two
emitting excited-state forms of the molecule and explain this phenomenon by the energy-
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barrier separating these forms in the excited state. The proficiency in predicting the shape of
the energy profiles of the ground and excited states based on the order of bonds around which
the rotation of the molecule takes place is very important. The shape of the potential-energy
profiles and the height of the energy barriers have a tremendous impact on the competition of
light-induced processes.

Finally, it should be added that the PIPy molecule, as having a deeper Sp-state minimum in
the anti(kb) form in comparison to previously tested systems like TINUVIN, has become a
prototype of an optical molecular switch based on the systems with a single hydrogen bond —
in the salicylidenemethylamine (SMA) molecule [P3] and its derivatives [P7, App. 5]. Those
molecular photoswitches were developed by a PhD student of Prof. Andrzej Sobolewski, MSc
Joanna Jankowska, for whom 1 also provided scientific guidance from 2011 to 2014. Those

studies resulted in several publications.

2.3.2. Photoswitching mechanism based on the ESIPT process assisted by the twist of the
proton crane (publication H2).

The shape of the energy profile of the PIPy molecule suggested that after applying some
modifications to its structure there is a chance to obtain a new molecule with the
photoswitching functionality (as defined in Section 2.2.3). In this context, the anti(kb) form of
the PIPy molecule (Fig. 1.c) has too high relative energy which does not allow this form to be
permanently kept in thermodynamic equilibrium with the nominal form, syn(ea). This high
relative energy, ~ 1 eV, results from the lack of an atom or functional group in the pyrrole
ring capable to attract the proton by forming a hydrogen bond with it on the opposite side of
the PIPy molecule. In addition, the results of publication [H1] indicated that one should strive
for modeling a molecule in which the hydrogen bond would be engaged in the 6-membered
ring, which would provide barrierless access to the CI(S1/So) area in the S; state. Based on
this knowledge, the theoretical model of the 7-hydroxy-8-oxazine-quinoline**! molecule
(7THQ_ox), proposed by Prof. Andrzej Sobolewski, became the prototype of a new class of
photoswitches, TPT (TWIST-assisted ESIPT), which | managed to design. The general model
of the molecule acting as the molecular photoswitch belonging to the TPT class is shown in
Fig. 2. The molecule of the TPT-class photoswitch, as in the case of the photostabilizer,!*®
consists of the two subunits: a molecular frame (F), acting as a proton donor, and the proton
crane® (C). The frame F and the crane C are connected by a single covalent bond. Let us
note, that in comparison with the photostabilizer molecule, such as PIPy, an additional Z atom
is built in the frame F which together with the X atom are the two proton donor-acceptor
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centers located on the two opposite sides of the photoswitch in order to ensure the stability of
its two tautomeric forms, so-called “states of the switch™: S¢® and So® (Fig. 2). The TPT-type
photoswitching mechanism between the two tautomeric forms of the molecule is based on the
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Fig. 2. The TPT-class photoswitching mechanism | Fig. 3. The 7-hydroksy-8-aldehydo-chinoliny molecule
based on the ESIPT proces assisted by the twist of | (7THQ-CHO) as an example of realziation of the TPT-class
the proton crane leading toward the geometry of | photoswitch. Tautomeric forms of the molecule in different
the conical intersection CI(S,/S). electronic states: Sq, S;(n7t*) and Sy(mm*).

long-range transfer of the proton H between the two distant atoms, X and Z (where X, Z =0
or N). The photoswitching is carried out via a twist motion of the proton crane C, acting as a
proton transmitter between the two "states” of the photoswitch: Se* and So°. For this purpose,
the proton crane C has only one proton acceptor-donor center, the Y atom, which after the
photoexcitation is able to attract the proton associated with one of the two tautomeric forms.
Next, the crane is able to rotate with this proton (TWIST motion) and return it to the X or Z
atom of the molecular frame F by switching to the second state of the system. The
photoswitching process is initiated by light absorption which induces the transfer of the
proton in the S; state, ESIPT, from the molecular frame F to the proton crane C. Because the
photoswitching of one form to another takes place with the assistance of the rotation of the
two parts of the system (TWIST) — the crane C vs. the frame F — we classify this mechanism
as TPT. Twisting of the molecule is necessary to reach the geometry of the conical
intersection CI(S1/So) (Figs 2 and 3). In this way, we create a class of the TPT proton
photoswitches, shown in Fig. 2. The main example of this photoswitch type is the 7-hydroxy-
8-carbaldehyde-quinoline molecule (7THQ-CHO) proposed by me (Fig. 3). In this molecule,
the 7-hydroxyquinoline molecule (7HQ) acts as the molecular frame, while the aldehyde
group, —CHO, acts as the proton crane. The 7HQ frame has the two spots able to accept the

proton: the 7-OH group (the enol switch form) and the quinoline nitrogen atom, N (the keto
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form). As a result of light absorption, the proton H is transferred from the oxygen atom of the
7-OH hydroxyl group or from the quinoline nitrogen to the oxygen atom of the aldehyde
group, —CHO, of the crane to create the S;° excited-state form in the PT*® process (left panel
Fig. 3) or the S;° form in the PT% process, respectively (right panel, Fig. 3). As a result of this
process, a significant rearrangement of the single and double valence bonds occurs in the
structure of the 7THQ-CHO molecule; The single bond connecting the —CHO crane with the
7HQ frame becomes the double bond in the S, state. As a result of this rearrangement high
So-state energy barrier occurs that separates both "states” of the photoswitch. In the S; state,
however, the connecting bond is elongated resembling a single bond. Thus, the rotation about
this bond becomes easier, enabling barrierless access to the CI(S1/So) region in the S; state
(center Fig. 3). In this geometry a nonadiabatic transition to the Sy state takes place. As soon
as the system is in the Sy state, the crane dissociates the proton H which can next be attracted
back by the C=O group, recreating the initial S, form, or by the nitrogen atom
photogenerating the tautomeric So® form. The reaction coordinates that can describe the PT?
and PT® processes are therefore the respective O-H and N-H distances. The PT® reaction
connects two tautomeric forms: "a" with "b"; similarly, PT% connects the tautomeric forms:
"d" with "c". The rotameric forms "b" and "c" are related to each other by the rotation of the
protonated crane C with respect to the molecular frame F (central panel). In order to measure
and compare the energetic effect for the given PT process, we defined the enthalpy of the
respective reaction, AH,*® and AH,%, as the energy difference in the excited state between the
respective forms S;® and S:° (for AH,®), S,% and S;° (for AH,%). The exemplary AH;, values for

the chosen investigated TPT-class photoswitches are given in Table 3. It is worth paying

Table 3. Molecular models of the TPT-class photoswitches discussed in this work.

7THQ-CHO | 4AM-7THQ- 2,4,6-tri-NH, pyridine 2,4,6-tri-NH;
[H2] CHO [P2, HZ] [H2] [H2] + pyridine [H2]
O.__H b O M H O S
0/\48 Ny O/\fa Nl\\2 6\7&8 Nl\\z/NHz HN Pz
ng&z 2\5 | v ; HZN/G‘\S | 4/3‘ 0 Ny
o CH, NH, L

AHP =-038 | AH*®=-0.37 AH?®=-066 | AH®=-0.75 AH =-0.93
AH® >+04 | AH® >+04 | AHY =-0.74 | AH®™ =-008 | AH% =-0.96

attention particularly to the change in the sign of the AH,% enthalpy for the series of

compounds presented. The AH,% enthalpy is positive, signaling the endoenergetic reaction,
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for the unsubstituted compound, 7THQ-CHO, and negative, indicating exoenergetic reaction,
for the 2,4,6-triamino-substituted compound as well as with the pyridine in function of the

crane.

Requirements for the molecular structure for an effective TPT photoswitching
mechanism. The switch molecule, schematically shown in Fig. 3, can generally have four
stable tautomeric forms in the Sy state and four stable forms in the S; state. In addition, the
characteristic feature of typical hetero-aromatic systems is the presence of low-lying excited
states: S;(nm*) and S;(rm*). These states can be easily distinguished by symmetry when the
system is planar. Such an assumption is justified when we consider the process of transferring
a small particle — a proton whose motion is very fast compared to the other vibrational
movements of the system. Therefore, to study and describe the photophysics of the TPT-type
molecular optical switch, 12 photophysically relevant forms of such molecule should be
examined; four in each state: So, Si(nm*) and Sy(nr*), see Fig. 3.

The transfer of the proton from the molecular frame toward the crane should cause a corresponding
rearrangement of valence bonds in the molecule so that the protonated crane can rotate along the
barrierless S;-state energy profile. In addition, the experience gained from [H1] showed that the
system in which the intramolecular hydrogen bond forms a five-membered ring with the heterocyclic
system indicates a certain barrier to the transfer of the proton in the excited state. To make the
lack of such a barrier more probable, it is necessary to model the molecule that forms an
intramolecular hydrogen bond within a 6-membered ring. These considerations led to the
conclusion that the 7-hydroxyquinoline molecule, 7HQ, having two donor centers - oxygen
(X) and quinoline nitrogen (Z), would be an ideal candidate for the molecular frame F of the
switch (Fig. 3). On the other hand, the proton crane C should also form the 6-membered ring
together with the frame F. Therefore, in the prototype switch, 7HQ ox,[*! the oxazine
molecule was used as the proton crane. Unfortunately, the synthesis of the 7HQ_ox molecule
has not been successful so far, despite the attempts of synthesis of this molecule by the
chemist from our research group. It is a great pity because the 7HQ_ox molecule is
characterized by an ideal landscape of the excited-state potential energy surface, S;-PES,
mainly due to the barrierless path leading toward the CI(S1/Sy) area along the S;-state profile

from both the excited-state forms of the 7HQ_ox photoswitch molecule.

Argon-matrix isolation Experiment [P2]. What is my own idea in modeling the TPT-
photoswitch, is the use of the carbaldehyde group, —-CHO, as the proton crane [H2] in the
THQ-CHO molecule. The 7HQ-CHO molecule is presented in Fig. 3. The idea was based on
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the fact that the -CHO group, being lighter than oxazine, should result in a shorter time of
twisting with respect to the molecular frame. The idea occurred to be good also due to that the
derivatives of the 7HQ-CHO molecules occurred to be relatively easy to be synthesized. The
synthesis was done by the chemist from our scientific group, Dr. Jacek Nowacki. Thanks to
his success in synthesis of the methyl derivative of 7HQ, the 7-hydroxy-4-methyl-8-
carbaldehyde-quinoline molecule (4M-7HQ-CHO) [P2, App. 5] (see Table 3) was the first
photoswitching molecule studied experimentally. This molecule was used in the low-
temperature argon-matrix isolation experiment in which the sample was irradiated with UV
light. Exposure products were identified using infrared spectroscopy (IR). The system, being
in its nominal form, S¢®, was irradiated with light with a wavelength corresponding to the
maximum of its absorption. As a result of this process, the photoproduct S, was created
which has been identified. Then, the photoproduct So® was irradiated with its characteristic
wavelength corresponding to its absorption maximum. As a result of the second UV-light
exposure, part of the nominal Sy* form population was repopulated. An important result of
this study [P2] was that for the first time the reversibility of the photo-switching process based
on the TPT mechanism, i.e. the long-range proton transfer within a single molecule, was
confirmed experimentally.

This experiment was inspired by my theoretical studies on the 7HQ derivatives as potential
molecular photoswitches [H2]. My contribution to the publication [P2] was to perform ab
initio calculations and determination of the energy profiles for the 4M-7HQ-CHO molecule
(see Fig. 5 in publication [P2]). It was the shape of these energy profiles that explained why
full reversibility of the photoswitching process was not possible in the matrix isolation
experiment. Especially important occurred to be the presence of the substantial energy-barrier
in the Sy(nr *) state for the PT® process of the transfer of the proton from the quinoline
nitrogen to the oxygen atom in the —CHO crane that was found to be the reason for
incomplete reproduction of the So® form during the back-photoswitching process. It was due
to the fact that there was found the large energy-barrier in the PT process separating the S
form from the CI(S1/So) region (Fig. 3). It should be noted, that there is no such barrier for the
analogous PT? process — the transfer of the proton from the oxygen atom of the 7-OH group
(at the position C;) toward the oxygen atom of the —CHO group. This reaction turned out to
be exoenergetic for the vast majority of the 7HQ-CHO derivatives in later studies [H2]. Some
of those were also experimental studies [P5 and P6] which were inspired by the suggestions
contained in theoretical publication [H2]. The analysis of the shape of the potential energy

profiles of the H4-7MQ-CHO molecule determined by me allowed to identify two main
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drawbacks related to the landscape of the PES surface of the PT reaction for this molecule

of the potential photoswitch nature:

1) The main drawback that turned out in the study was that the PT reaction in the Sy(rr*)
state is endoenergetic (AH,% > 0) towards the "c" form, and has an energy barrier toward
the CI(S1/Sp) geometry (see right side Fig. 3).

2) The second disadvantage was that the S;(nm+) state was lying below the S;(nn*) state
along the entire potential energy profile as a function of the N1H coordinate describing the
PT® reaction. The Sy(nm*) state was lying below the S;(rr*) state also for both forms: S;°

and S,¢.

Modeling of the TPT-class photoswitch molecule based on the 7HQ molecular frame.
What is needed to be improved in the mechanism of the H4-7MQ-CHO molecule?
(publication H2).

The main goal of publication [H2] was to find such modifications of the chemical structure
of the 7THQ-CHO molecule (Fig. 3, Table 3) that could induce the desired changes in the
potential-energy profiles of the 7HQ-CHO derivatives; (i) They would increase the
exoenergeticity of both the PT® and PT% proton transfer processes in the S; state in the
direction of the CI(S1/Sy) geometry, and (ii) they would reduce or get rid of the S;-state
energy barrier in the PT process, if possible. I would like to point out, that while | expected that
by means of appropriate structure modifications it would be possible to change the potential energy
profile of the ESIPT processes, | did not know whether it would be possible to cause that the process
would take place in a barrierless fashion in the S; state. Especially, that the energy-barrier for the PT*
reaction in the 7HQ-CHO molecule was high, AH* > 0.4 eV (Table 3). | decided to choose the
already known 7HQ molecule as the molecular frame of the photoswitch. The 7HQ molecule was
very convenient due to many possible substitution positions: C,, Cs, C4, Cs, and Cg. These
positions could be used for substitutions with chemical groups of various electron-
donating/accepting character. The position 1 was occupied by the quinoline nitrogen atom,
N;, which could attract the proton; the C; position was substituted with the proton donating
hydroxyl group; while the Cg position was used to substitute the proton crane C that was the —
CHO group, at the first stage of the study. To analyze the results, | used the pEDA scale (-
electron donor-acceptor parameter) for different substitutions presented by Oziminski and
Dobrowolski.””®! The scale allows distinguishing the 7— and c—electron-donor (EDG) or

acceptor (EWG) character of the substituent. This gave me an additional information about
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the substituent effect depending on the nature of the excited state | have studied: Si(nm*) or
Si(nm+). An additional motivation was the fact that this scale was created for the ground state,
while my original idea was to check, firstly, whether the scale allows predicting the properties
of the excited state and how it affects the stabilization of the appropriate minima. Secondly,
whether the effect exerted by a substituent with certain n— or c— EWG / EDG properties is
different for the S;(nr*) and S;(nm*) states. It seems to me that no one so far has put the issue
of the ordering of the S;(nm*) vs. Si(nm*) states as the result of the substituents used. It is
important in such a context, that in addition to the orbital nature the So — Si(nn*) electron
transitions are usually strongly allowed, while the Sp — S;(nn*) transitions are forbidden or
poorly allowed (they have a low f value). Therefore, the molecules being in the S;(nn*) state
usually do not emit radiation and thus are spectroscopically invisible. However, in studying
the photophysics of aromatic molecules it is important whether the S;(nr*) state is lower or
higher than the respective S;(nm*) state. For example, the S;(nn*) state can quench the
emission® (as it was demonstrated in [M14]) as well as inhibit the process, e.g. ESIPT,
which could occur in the reactive S;(nr*) state, but it does not, because of the energy-barrier

existing in the lowest S;(nm+) excited state in the system. !

Conclusions from publication [H2]. | have shown that by using the substituent effect one
can modulate the PES surface of the excited S; state for the optical TPT molecular switch.
This finding can be successfully extended to other functionalities of the molecules. | have
shown that the excited state is susceptible to the substitution of the n—/c—electron-
donating/accepting groups and that this effect is analogous to the effect known and studied so
far for the ground electronic state. In particular, it was shown that a methyl group has only a
negligible effect on the energetics of the excited state (the methyl group, —CHs, is a very weak
electron donor in the Sy state). On the other hand, an amino group with a strong n-electron-
donating and a strong o-electron-accepting character is able to stabilize the S;(nn*) excited
states with respect to the S;(nn*) excited states when this group is substituted to the 7THQ
frame in the so-called "hot positions™: C,, C4 or Ce. In addition, it was stated the qualitatively
additive character of multiple substitutions to the 7HQ frame in relation to the enthalpy of
both the ESIPT processes. When all three amino groups were substituted at the C,, C4, and Cg
positions, thus obtained the 2,4,6-triamine-7-hydroxy-8-carbaldehydequinoline molecule
occurred to be the first derivative to show a barrierless ESIPT process aimed at the conical

intersection CI(S1/Sy) area from the region of Franck-Condon simultaneously for both forms:
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enol "a" and keto "d" (Table 3). Either this system or the 2,6-diamino-substituted derivative
are recommended for synthesis as molecules with potential photoswitching properties due to
the exoenergetic ESIPT processes and with an additional feature of destabilization of the
Si(nm*) state with respect to Si(nm*). A similar effect can be reached by systems substituted
by other groups with a strong n-electron-donating character: e.g. dimethylamine (-DMA) or
hydroxyl (-OH).

In order to obtain the correct landscape of the PES surface of the S; state and therefore the
correct functioning of the photoswitch, it is also important to choose an appropriate proton
crane unit. The 6-membered heterocyclic rings should work better as the proton crane than the
aldehyde group, —CHO. This conclusion can be drawn from the analysis of the shape of the
excited-state potential energy profile. The reason for this is that such rings are better electron
acceptors. Therefore, the perfect photoswitch should be made of the 7HQ molecular frame to
which one substitutes the nt-electron-donating groups in the “hot positions” and use the proton
crane unit that is able to withdraw electrons from the molecular frame.

Quantum-mechanical calculations of the reaction profiles along the relevant internal
coordinates of the TPT type switches suggest that the photoswitching process should be
reversible for a series of molecules containing 7-hydroxyquinoline (7HQ), as the frame of the
switch, and oxazine!*"! [H2], pyridine [P1], [H2 ] or other 6-membered heterocyclic rings
[H2] (Y = nitrogen), as well as an aldehyde group, —-CHO [H2], [P2], [P5], [P6] or the
aldehyde group substituted with a dihydroborane, —CO-BH,[*®! (Y = oxygen), as the proton
craning functional group.

The studied substituent effect on the shape of the potential-energy profiles of the nm* and
nnx excited states and elaborated methodology of the structure modification developed in
publication [H2] were both used in the dissertation of MSc Joanna Jankowska investigating an
analogous group of photoswitches based on the SMA molecule and its derivatives and the
TPT mechanism by means of theoretical methods. In this research area, except for the
doctoral dissertation, two publications were published which | co-authored [P3, P7]. I have
also used this methodology in publication [H4] devoted to the new photoswitching
mechanism. MSc Jankowska continued research on the SMA molecule for which she
performed molecular dynamics simulations. The results of her work allowed her to estimate
the time-scale of the total photoswitching process from the substrate to the product at ~ 145
fs. Time of ~ 30 fs was devoted for the ESIPT process and ~ 115 fs for the twist around the
C=C double bond (TWIST).F
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The results of publication [H2] found a considerable response in the publications citing it in
various contexts, first of all, (i) the optical switch*> “® %% >4 and second,(ii) the substituent
effect.’” *> %% The work was a motivation for attempts to synthesize new compounds —
derivatives of 7-hydroxy-8-carbaldehydequinoline (with the -CHO group as the crane). The
derivatives of the 7THQ-CHO molecule substituted at the 2-methyl, 2,4-dimethyl, 2-phenyl,
and 2-methoxy positions were synthesized and their photoswitching properties described in
publications [P5] and [P6]. While the 4-methyl derivative was studied in publication [P2].

In publication [P5], the differences in photophysics of the derivatives of the 7HQ-CHO
molecule substituted at the C, position by the neutral (methyl) and the strong w-electron-
donating (methoxy) group were confirmed using the spectroscopic methods in the context of
the height of the S;-state energy barrier on the transfer of the proton from the form S,% to S;°.
The results of the substituent effect could have been correlated with the scale of electron-
donating/accepting, pEDA parameter. The pEDA scale was predicted also by means of the

quantum chemistry methods just before publishing [H2].1%!

2.3.3. Photoswitching mechanism based on the double proton transfer in the excited
state mediated by the proton transmitter unit (publications H3, H4).

Genesis of the idea of the photoswitch based on the double proton transfer in the excited
state (DPT). In the TPT type photoswitching mechanism discussed above, the single proton
was transported within the molecule using the twisting movement of the proton crane.
Rotation of the two heavier subunits with respect to each other usually takes more time than
the movement of the proton particle itself. The time-scale of the entire photoswitching process
for the 7-Hydroxy-8-morpholinomethyl-quinoline TPT-type switch molecule, was estimated
experimentally for hundreds ps (using the transient absorption spectroscopy with
subpicosecond resolution time (300 fs) using UV pulses (340 nm)™3. For this molecule, the
dynamics of the proton transfer from the enol to the keto form was studied. However, one
should remember that morpholinomethyl unit, used here as the proton crane, is a cyclic
saturated hydrocarbon, i.e. it is unconjugated with the 7HQ frame. Even if the time-scale of
the photoswitching process in the system with the conjugated crane would be below 1 ps, it is
quite long compared to the anticipated time for the ESIPT process (<50 fs).’? That is why a
new photoswitching mechanism was proposed by me in which the twisting motion of the
crane was replaced by the process of the double proton transfer (DPT) in the S; state (Fig. 4).
The mechanism based on the transfer of the two protons toward the two different sites along

the two hydrogen bridges was denoted here as DPT. In the DPT photoswitch, the proton
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crane moiety was replaced with the chemical group acting as a proton transmitter unit. The

proton transmitter moiety, like the proton crane, is connected with the molecular frame of the

Fig. 4. DPT-class Photoswitching Mechanism

I 1 1 .
PARN YW YW based on the double proton transfer process in
H. I e H, I S i, I H the excited state mediated by the proton
{x z° SX zZ7 2 “X z7 2 . . . .
LF | L] L] transmitter unit (T). The phott_)swnchlng
el EA OA process follows the path leading toward the
ESIPT, ESIPT, conical intersection area CI(S1/Sy).

photoswitch with a single covalent bond. The proton transmitter has two additional atoms: Y
and W (and not one - as in the twisting proton crane), that both can accept or give away the
proton. These atoms form two hydrogen bridges in the molecule: XHjecoY and WHyeeoZ,
with the X and Z atoms built in the molecular frame of the photoswitch. Such a model allows
direct double ESIPT process in the S; state along these two hydrogen bridges by sequential
transfer of the two protons. My attention was focused to the 7-hydroxyquinol-8-carboxylic
acid molecule (7THQ-CA) for which the DPT process was confirmed experimentally to take
place in the S; state.*”) The 7HQ-CA molecular structure (Table 4) differs from 7HQ-CHO
(Table 3) only by the presence of the carboxyl group, -COOH, substituted at the Cg position
of the 7HQ frame.

(@) H O O. O O.
H H H H H
/ Ot N PN
(6] N ~ 8 INS 2 . - . .
e | S 7‘/ |3 3‘/ Wl Table 4. The molecules discussed in publication
l;\ 43‘, N e [H3]. Enumeration of atoms in a given molecular
e model. The protons invoked in the hydrogen bonds
7HQ-CHO 7THQ-CA 3HPA are indicated with color.

The —COOH group is able both to accept the proton (present in the 7-OH group) by the
oxygen atom of the carbonyl group and to dissociate the proton present in the COOH group to
give it away to the quinoline N; nitrogen atom. Therefore, this molecule seemed to fit
perfectly into our model of the DPT-class photoswitch, because the carboxyl group is well
suited as the proton transmitter unit. Unfortunately, the analysis of the potential energy
surface of the ground state of the 7THQ-CA molecule (as well as its excited state — data not yet

published) showed that the double-proton-transferred minimum, OA, (Fig. 4) is highly
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energetic and shallow in the Sy state and is separated by a very low energy-barrier from the
most stable EI form. Therefore, | decided that the 7HQ-CA molecule is not promising as an
optical switch in which we should have two stable forms separated by a relatively high energy
barrier in the ground state. Therefore, we decided to reduce the aromatic system from the two
rings to one and examine the photophysics of the 3-hydroxy-picolinic acid molecule (3HPA)
(Table 4). The advantage of the 3HPA molecule over 7THQ-CA is based on the longer lengths
of hydrogen bonds spanned between the proton-donating/accepting atoms: XecoY and WeeeZ,
thanks to which the two stable forms of the potential switch were more likely to be separated

by a higher energy-barrier in the Sy state.

Photophysics of the 3HPA molecule (publication H3).

The landscape of the potential energy surface of the ground state of the 3HPA molecule.
Therefore, the 3HPA molecule occurred to be a good model to start a detailed study on its
photophysics in terms of potential photoswitching properties of the DPT class. The results are

discussed in [H3]. The 3HPA molecule (Fig. 5) possesses two stable tautomeric forms: EI1(So)
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and OA(Sy), stabilized by two intramolecular hydrogen bonds: O1-H;°0cO, and Oz-Hjoo°Njy,
which enforce the planar geometry of the system. Both tautomers differ in their position of the
two protons distinguished by color: H; and H,. The EI(Sp) tautomer is the most stable form of
the 3HPA molecule. The less stable form, OA (Sy), with the two transferred protons lies
+0.44 eV above the global EI(Sp) minimum (MP2/cc-pVDZ) and is separated from it by a

relatively high energy-barrier, +0.34 eV. The double proton transfer reaction path is separated
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by the transition-state geometry, TS(Sy), corresponding to the EA(So) saddle point (see Fig. 5
and Fig. 1 in [H1]) in which the carboxylic group is deprotonated and both the H; and H,
protons are attached to the pyridine molecular frame of the switch. This means that the
process of double transfer of the protons in the S, state between the two forms of the 3HPA
molecule does not occur synchronously (then the transfer of both protons would be
simultaneous) but can be classified as an asynchronous 1-step process (with one energy-
barrier in the TS(Sy) geometry) — corresponding to the reaction in which one proton is
transferred at a time and then it is followed by the transfer of the second proton.® The UV-
absorption spectrum is different for both forms of the molecule; It indicates on
photochromism of both the stable forms. The difference in the lowest vertical excitation
energies, AE', is of ~ 1eV. In the context of photoswitching, this gives a very good excitation
selectivity for both forms of a potential photoswitch. Another desirable parameter was high
energy-barrier separating both forms in the S, state. What was an undesired parameter was the
value of the relative energy of the less stable OA(Sy) form. I focused my attention on
improving this parameter in publication [H4] in which | proposed a modification of the
system aimed at stabilizing the OA form in relation to the EI form in the Sy state. The desired
effect of improving this parameter was reached by the substitution of the 3HPA molecule by
the amino group, -NH,, at the C4 position as well as the insertion of the additional nitrogen

atom into the pyridine ring at the Cg position.

The landscape of the potential energy surface of the znn* and nm* excited states for
different forms of the 3HPA molecule. The landscape of the S;-state PES of the 3HPA
molecule is much more diverse than that of the Sg state. There are two tautomeric forms in
play: OI(S;) and EA(S:) (Fig. 5), which both mediate the process of the double proton
transfer according to two different scenarios caused by the excitation of one of the
photoswitching states: EI(Sp) or OA(Sp). Each of the two scenarios (Fig. 5) involves a
sequential transfer of the two protons running through one of the two intermediate forms: the
Ol form (scenario 1) or the EA form (scenario 2). Both scenarios differ in the sequence of
single proton transfer events (PT). Scenario 1 is initiated by the PT step in which the pyridine
skeleton is deprotonated and the H; proton is transferred to the carboxylic group — the proton
transmitter unit. It is followed by the transfer of the second H, proton from the transmitter to
pyridine. Scenario 2 describes a different sequence of these events: first, the transmitter is
deprotonated and the H; proton is transferred to the frame; In the second PT step, the second
H, proton is transferred toward the transmitter. The reader of publication [H3] can also follow
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the evolution of the system separately in the S;(nn*) state and in the Sy(nn*) state visualized
by means of the minimum PES for the corresponding excited state.

The analysis of these PES surfaces shows firstly, that in the photophysics of the 3HPA
molecule the reactive state is the excited nr+ state — an energetically lower state than the
corresponding mr+ state. It is quite an unusual situation because usually, it is the nn* state
that is postulated as a reactive state of the ESIPT process in organic molecules. Secondly, we
find out that the global minimum of the excited S; state is the EA(nn*) form — the same
tautomeric form as of the saddle point associated with the energy barrier in the Sy state. For
the EA(nmt+) excited-state geometry, i.e. the global minimum of the excited state, the ground
state is lying very close to the S; state; The energy difference between these states is of ~ 0.37
eV (CC2/cc-pVDZ). Such a result indicates on the presence of a low-lying CI1(S1/Sp) near the
EA(nm+) minimum, which was confirmed by calculations done with the multi-reference
CASSCF method. Because the EA(nm*) form lies near the CI1(S1/So) region, the population of
this form is crucial (i) for the process of nonradiative energy dissipation to the Sy state — the
low-lying nm* reacting state in combination with easy access to the low-energy CI point is the
reason for the lack of fluorescence of the 3HPA molecule — as well as (ii) for the
photoswitching process between the EI(Sy) and OA(Sy) forms of the DPT photoswitch. The
CI(S1/Sp) geometry is a bifurcation point of this process lying nearby the TS(So) geometry.

Photophysical parameters of the DPT optical switch based on the 3HPA derivatives
describing its ground Sy state and the excited S;(nm*) state. On one hand, the DPT process
in the 3HPA molecule described in publication [H3] showed the potential photoswitching
properties of the molecule. On the other hand, it showed the mechanistic problems resulting
from the energetics of the PT steps describing the transfer of individual protons to achieve this
functionality. The experience and knowledge gained from publication [H2] give us hope for
success also in the case of modeling of the DPT-class photoswitches based on the 3HPA
molecule.

Therefore, the goal set in the next publication [H4] in the series on photoswitches was to
search for such modifications applied to the structure of the model 3HPA molecule which
would induce such change of the PES surfaces, both in the Sy and S; state, so that their shape
would be suitable for the functionality of the new system as an optical molecular switch. This

task was, therefore, a continuation of the issue undertaken in the publication [H2], but at the
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same time a bit more difficult due to the fact that in [H2] the analysis of modifications
focused mainly on the excited state.

Discussion on the functionality and properties of the photoswitching molecules led us to
formulate a general conclusion that while the both forms of the photoswitch should be
energetically isolated in the Sy state, the easy and preferably barrierless access of the conical
intersection CI(S1/Sp) geometry should be ensured after photoexcitation in the area of Franck-
Condon of each form of the molecule. In the case of 3HPA, the CI(S1/Sp) geometry is
reached in the S;(nm*) excited state (Fig. 5). The CI geometry resembles the geometry of the
EA(n7x) minimum and this form is responsible for the process of rapid internal conversion
from the S; to Sy state due to the small difference in energy between the S;(nm*) and Sy states.
This process may happen under the condition of the lack or existence of a low-energy barrier
in the S;(nm*) state separating the EA(nz+) form from both light-induced tautomeric forms.
Scenario 2 was proven to be the dominant process in the photoswitching mechanism of the
3HPA molecule (Fig. 5).

Summary. Desired photophysical parameters for the S, state. In the context of the
molecular switch, the both forms of the molecule should have similar relative energies and a
high energy-barrier separating them. Therefore, my efforts related to the modeling of the DPT
photoswitch were aimed at stabilizing the both forms relative to each other while maintaining
a sufficiently high energy barrier in the Sy state. An additional difficulty was to maintain
photochromism of the system, i.e. a sufficiently large difference between the vertical
excitation energies (A for EI(So) and A, for OA(So)) to the strongly absorbing mr* states in
the absorption spectrum of the both forms. All the photophysical parameters of the optical

switch based on the DPT process are presented in Fig. 5.

Requirements for the S; state are different than for the Sy state. The main goal here for the
system is to reach the CI(S1/Sp) region as easy as possible, the best in a barrierless manner. In
this context, the access of the EA(nn*) form after photoexcitation of both the EI(Sy) and
OA(So) forms is crucial for ensuring the reversibility of the photoswitching process. Thus,
one of the main goals set in publication [H4] on modeling the PES surface of the S; state was
to model a photoswitch molecule in which the energy barrier in the S;(nz=) state would be
significantly reduced for the OA — EA photoswitching process in comparison to the barrier
for the parent 3HPA molecule (+ ~0.43 eV).
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Search for suitable structural modifications of the 3HPA molecule in order to achieve
photo-switching functionality. The purpose of this search was to model a new molecule with
photoswitching features for which the photoswitching process would be based on the
described DPT mechanism. | wanted to show that appropriate modifications of the 3HPA
structure will enable the reversible DPT process in the S; state and inhibit the thermal back
reaction in the Sp state. Changes in the photophysical parameters induced by (a) the
substituent effect applied to the 3HPA frame, (b) insertion of additional nitrogen atom into
the 3HPA frame (the idea for this molecular modification type resulted from the recent
publication®”, and (c) increase in the frame size by fusing an additional benzene ring to the
pyridine ring are discussed.

One of the most important observations is the lack of influence of the methyl, —CHs, group
on the potential energy landscape of the Sp and S; states which coincides with the same
conclusion in publication [H2]. However, in the case of the -NH, group — a strong electron
donating one — we noticed a strong dependence of the substitution effect on the substitution
position of this group. The substitution of the —NH, group at the C4 position results in the
reduction of the energy barrier ¢in the Sy(nm*) state as well as in the fact that the reaction in
the Si(nm*) state becomes more exoenergetic and thus the Cl geometry becomes more easily
populated. The additivity of various types of structural modifications was also tested
including the effect of simultaneous substitution of electron-donating and electron-accepting
groups — the so-called the push-and-pull effect.

An important conclusion of this publication is the observation that while it was much easier
to improve the photophysical energetic parameters of the Sy state, at the same time it was
much more difficult to maintain the excitation selectivity condition. It is important for the
photoswitch that each tautomeric form, here EI(Sp) and OA(Sy), has its own spectral
absorption window that could transform one form into another upon the influence of light.
What was also investigated was the influence of these modifications on the defined
photoswitching parameters of the given molecule as well as on the size of the energy gap
between the different types of excited states: S;(nm*) and Si(mm+), and therefore, on the
ordering of these states.

Finally, it was shown in publication [H4] that the various methods of structure modification
applied together give a qualitatively additive effect. This observation was consistent with the
conclusion of Nenov and Vivie-Riedle based on the study of polyene photoreactivity in the

context of access of the CI(Si/Sg) region in the photoprocess.’® Each modeling step
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improving the switching behavior of the new structure was illustrated by a corresponding
energy diagram showing Scenario 2 of the DPT mechanism in which the photophysical
parameters requiring correction were diagnosed (see Figs. 2, 3 and 4 in publication [H4] and
compare with the diagram for 3HPA — Fig. 1 in [H4]). In addition, energy diagrams according
to the both scenarios for selected modifications have been included in the Supplementary

Information (SI) in publication [H4].

Summary of publications H3 and H4. The search for appropriate types of structural
modifications in the DPT-based switching mechanism occurred to be more demanding compared to
the TPT mechanism because they required improving the PES surface landscape of both ground and
the excited states at the same time, and additionally required fulfilling the excitation selectivity
condition. Regarding tuning of the shape of the PES landscape of the excited state by means of
the substituent effect, in both the photoswitching mechanisms: TPT and DPT, | noticed some
common features: e.g. (i) n-electron-donating substitution can have a very large impact on the
shape of this landscape. Moreover, this effect can be varied depending on the position of the
substitution. (if) The methyl groups practically do not change the excited state potential
energy landscape, unless they constitute a steric blockade. An important phenomenological
difference is a fact that in the TPT mechanism the reactive state was S;(nr*), while it was the
Si(nmt*) state dominating in the DPT mechanism. Additionally, it should be noted, that the
system in which the ESIPT process takes place in the S;(nn*) state is rare among the ESIPT

systems, in literature.

2.4. Model of a ferroelectric field switch functioning as an electric field sensor
(publication H5).

Motivation to undertake research. In publication [H3] the mechanism of double proton
transfer (DPT) in the ground S, state of the 3HPA molecule and in its two excited states:
Si'(nm*) and S;"(nm*) was studied. The shown differences in the PES surface landscape of
these states indicate significant differences in the mechanism of the DPT process in the
3HPA molecule occurring in the Sy state and after electron excitation. Similarly in publication
[H5], we decided to examine the changes of the DPT mechanism which could be induced by
an electric field applied to the molecule as a function of the fields amplitude and direction.
Additionally, taking advantage of the fact that the studied process takes place in the Sy state,
we decided to support the results of the static calculations by using the "on the fly" molecular

dynamics simulations. Apart from giving the illustration of the DPT mechanism in the
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presence of an electric field, it allowed us to estimate the time-scale of the studied DPT

process.

Discussion (publication H5). In publication [H5] a model of a ferroelectric molecular switch
is presented which reversible switching mechanism is controlled by the magnitude and
direction of the applied external electric field. The studied (22)-1-(6-((Z)-2-hydroxy-2-
phenylvinyl)pyridin-3-yl)-2-(pyridin-2(1H)-ylidene)ethanone molecule (DSA) (Fig. 6), a

derivative of the aromatic Schiff base, has two intramolecular hydrogen bonds spanned

ee ke

Fig. 6. Four tautomeric forms of the DSA molecule. Enumeration of atoms

between the oxygen and nitrogen atoms: O;-HeeeN; and O,-Hee°N,. The static calculations
using the DFT method for the ground Sy state for the DSA molecule showed that the system
has four stable tautomeric forms: ee, ek, ke, and kk, which in conditions without an applied
electric field should coexist in thermal equilibrium, because these forms are separated by low-
energy barriers ~+0.1 eV. The shape of the Sp-state potential energy surface (PES) shows that
the process of transfer of two protons along the main axis of the molecule should be an
asynchronous process, comprising of the two separate, consecutive transfer processes of a
single proton, because energy barriers separating the single proton transfer processes occurred
to be lower than the barrier to the synchronous transfer of the two protons — along the So-PES
diagonal (ee — kk). When the electric field is switched on and applied along the main axis of
the molecule defined by the C;1-C, bond (see Figs. 3, S2, S3 in Sl [H5]), both protons are

transferred along the hydrogen bond bridges from the ee form to the kk form at the positive
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field values (E > 0.107 a.u.). With this value of the field, the kk form is the only stable form
of the system. However, when the direction of the applied field is changed and its magnitude
is decreased down to negative values (E < -0.105 a.u.), the kk form becomes completely
destabilized and the both protons are transferred back to the ee form — the only stable form of
the system at this direction and the magnitude of the applied electric field.

This process is possible because the DSA molecule is ferroelectric — its two tautomeric
forms: ee and kk, are characterized by the opposite sign of the electric dipole moment, x4 (-
2.8 Debye, for the ee form and +7.8 Debye for the kk form, determined using the B3LYP/cc-
pVDZ method). The applied electric field interacts with the dipole moment of the molecule.
Except for determining the critical values of the electric field at which the barrierless transfer
of both protons takes place, the main aim of publication [H5] was to study the mechanism of
the double proton transfer in the Sy state (So-DPT) in the DSA molecule as a function of the
magnitude of the applied electric field and afterwards, to propose an appropriate functionality
for this molecule. The results of static calculations, illustrated by properly constructed PES
surfaces as a function of the magnitude of an applied electric field, showed that the DPT
mechanism changes its character from a two-step reaction, in a situation with no field applied,
to a single-step, when higher magnitude electric field is applied. Whereas in conditions
without an applied field, E = 0, the molecule is in the thermodynamic equilibrium of the four
coexisting energetically equivalent tautomeric forms, shown in Fig. 6. The energy-barrier
visible along the ee-kk diagonal on the So-PES surface (seen in Fig. 6) is gradually
disappearing when the magnitude of the electric field applied is systematically increased (see
Figs in SI [H5]). Thanks to this, the synchronous transfer of the two protons becomes
possible.

Additionally, the “on-the-fly” molecular dynamics simulations for the DSA molecule
performed in the presence of the electric field and without the field confirmed the conclusions
drawn from the static calculations. They showed that the mechanism of the double proton
transfer is changed from the asynchronous reaction, with the field switched off, to mixed —
synchronous/asynchronous process — with the electric field switched on. The effect depends
both on (i) the magnitude of the electric field applied and on (ii) its polarization. The critical
field values at which both protons are transferred in a barrierless manner from the ee to kk
form (with positive field values, E> 0.107 a.u.) and when both protons are transferred back
from the kk to ee form (at negative field values, E <-0.105 a.u.) were determined using static

calculations.
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Another achievement of publication [H5] was to propose molecular functionality for the
DSA molecule which should be related to the studied DPT mechanism. While the tautomeric
forms of the DSA molecule absorb strongly in the energy range 3.5 - 4.5 eV, and their
absorption bands overlap, the situation changes when we apply a strong electric field to the
molecule. Depending on the amplitude and direction of the electric field, the absorption
spectrum changes when the ee form dominates (E < -0.105 a.u.) and when dominates the kk
form (E> +0.107 a.u.), see Fig. S11, publication [H5].

2.5. Summary.

In summary, publications [H1-H5] constitute a monothematic series of studies devoted to
theoretical optimization of the properties of the molecular proton switch, which can be
controlled by two types of stimuli — optically — by UV-irradiation of the molecule, or by
appropriately applied to the molecule an external electric field. In my research, | focused on
searching for new mechanisms and maybe even more on designing appropriate molecules that
could meet the appropriate requirements set by a given type of photoswitching mechanism.
The photoswitching systems studied by me, which photophysics is based on the transfer of the
proton in the excited state, S, are gathered in Table 5. The main trend of studies on molecular
photoswitches was related to the TPT mechanism to which the most publications were
devoted: [H2, P2, P5, P6]. A similar mechanism, also based on the ESIPT process assisted by
the proton crane rotation was undertaken by Joanna Jankowska as part of her PhD thesis [P3,
P7]. Finally, in addition to the TPT and DPT mechanisms described in this Summary, we
should mention an interesting Hula-Twist mechanism which we used in conjunction with the

ESIPT process as one of the types of photoswitching mechanisms described in [P8, O1, N1].
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Table 5. The photoswitching mechanisms based on ESIPT phenomenon studied by me.

The transfer of the proton between the two remote oxygen
and nitrogen atoms switches the two forms of the conducting
polimer: ,,enol” and ,.keto” differing by voltaic characteristic,

publication [P1]

The TPT-type photoswitch based on the ESIPT process

o bl
O/HO\T N hv,  "° # assisted by the twist of the proton crane (proton-craning
;4 S:E S by " Twist-assisted ESIPT),
N )sl\ i =y
e ¢n,  publications: [H2, P2, P5, P6]

The DPT-type photoswitch based on the double ESIPT

(0] N . . .
H O\H hv, © process mediated by the proton transmitter unit.
O~z 1 O~ " (proton-transmitter mediated double ESIPT),
|\ 1V, -
%??x publications: [H3, H4]
G oy~ The TPT-type photoswitch based on the ESIPT process
) ,‘q; y hvy HO N, * assisted by the TWIST of the proton crane
H
0/\241\6 hv, o | publications: [P3, P7]
i%é;qsLx X |
The Hula-Twist-type photoswitch transferring the proton
| - % between the two oxygen and nitrogen atoms assisted by the
| —i E “bicycle pedal” motion of the molecule,
S hv, "“ 0
| N ' ‘ i publications: [P8, O1, N1]
_N S N

The photoswitch molecule in which the excess proton is

Y hv, 1 ., transferred between the two neighboring carbon atoms in the
OO * H protonated naphthalene molecule,

publication [P4]

2.6. My plans for scientific future.

During one of the international conferences | attended, | established a scientific cooperation
with Dr. Gotard Burdzinski from the University of Adam Mickiewicz in Poznan. Dr.
Burdzinski's scientific interests are connected with the photophysics of natural dyes present in
plants. His experimental techniques include time-resolved infrared and electron spectroscopy.
In combination with my experience in the field of studying the processes undergoing in the

excited-states by means of ab initio methods, we try to explain the fast excited-state
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deactivation processes in the betaxanthin molecules: miraxanthin V [M14, App. 5] and
miraxanthin | (publication in preparation stage). The process is important from the point of
view of protection of plants against the excessive exposure on sunlight. Additionally, our joint
research focuses on the photophysics of photochromic molecules, such as 3H-naphthopyran.
Currently, we are jointly implementing a scientific project on this subject, whose Leader is
Dr. Burdzinski, and I am responsible for performing ab initio calculations.

Experience and knowledge gained from the publications included in the habilitation thesis:
[H2] and [H4], in particular concerning the methodology in structural modification aimed at
searching for the compounds with desirable photophysical properties, | hope to use in future
research and searching for new molecules with different photophysical properties and new
functionalities.

The quantum chemistry methods available today make it possible to carry out calculations
in both the ground and in the electronically excited states. Thanks to this, we can predict
photophysical properties of molecules, such as absorption from the S, state and emission from
the S; state. So far, the calculations for molecules placed in an external electric field are
limited to the ground state. The programs enabling the calculations of the excited state
properties of the molecules placed in the electric field will be available soon. Such a tool will
make it possible to design, by means of ab initio methods, new devices — molecular machines
— using the optical excitation and electric field stimulation simultaneously, or alternatively.
This will allow us to design additional devices, such as phototransistors or electric filed
assisted photoswitches.

One could say: “unite the switches”. Recently, a four-stable photoswitch was presented
which combine several different switching mechanisms: two induced by light — one based on
the ESIPT process and the other one on the ring opening reaction®” — and one based on
chemical complexation with metal. The operation of this photoswitch was confirmed
experimentally.®” Thus, it seems that the research on photoswitches based on the ESIPT
process still have a future and will be continued by me, while there appear more and more

m[*® %®l that have been discussed

new photoswitch molecules, e.g. based on the TPT mechanis
here. In contrast, there appear also completely new photoswitching systems and new or
related ESIPT-type mechanisms, which are in a way a continuation of my research in the field
of the molecular photoswitches. In another perspective, one may study the substituent effect

used to model the processes in the excited state — for example, absorption or emission. [ ¢
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3. DISCUSSION OF OTHER SCIENTIFIC ACHIEVEMENTS
3.1. Description of the research not contributing directly to the habilitation theses
3.1.1. Research conducted prior to obtaining PhD in chemistry

During my master's and doctoral studies at the Faculty of Chemistry at the University of
Warsaw, | specialized in quantum-chemical calculations of the weakly bound molecular
clusters. As part of my master's thesis, | investigated the nature of interactions in the carbon
monoxide dimer. The results of these studies were published as the first two publications of
my co-authorship [D1 and D2, App. 5]. It wasn’t an easy task since it is difficult to correctly
reproduce the size and sign of the dipole moment of the carbon monoxide molecule. Both my
master's and doctoral thesis were done under the supervision of Prof. Joanna Sadlej at the
Faculty of Chemistry at the University of Warsaw. During my doctorate studies, in the same
Laboratory, | continued research on weak interactions in molecular clusters. | dealt with the
study of three-body non-additive interactions in the intermolecular trimers consisting of the
water dimer complex interacting with a diatomic molecule, such as CO, N, or hydrogen
halides, HX. An exceptionally interesting conclusion from these studies was the fact that
obtaining a stabilizing energy effect, manifested by a negative value of non-additive
contribution in the interaction energy, AEin, na, depends on the most stable, cyclic
arrangement of the three molecules in the figure resembling an equilateral triangle in which
all three dimers forming the trimer interact effectively (see Fig. 7). The linear arrangement of

' cykliczna liniowa ) . .
Fig. 7. Stable forms of the studied trimers:

(H,0), °> XY, XY=N,, BF, CO, H,, HCI, HF, HBr, CIF.

Ein < 0.0 Eine < 0.0 Even though, the interaction energy of the trimer, Ejy, is
negative, its trhree-body non-additive contribution - E; ,

Eint’ NA < OO Eint, NA > 00 magy be either y int, NA

the molecules is not the most favorable for the whole trimer, which is reflected by the positive
value of AEjq;, na. Such observation made on molecules is an example of a synergistic effect
known from various fields of science, including humanities. The results of studies on the
trimers were published in three publications: [D3-D5, App. 5]. In the series of these
publications, | showed that boththe structure, the shift of appropriate bands in the IR spectrum
and the height of proton tunneling barriers depend on the electrical properties of the XY

diatomic molecule interacting with the water dimer.
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During my doctoral studies, I completed a three-month pre-doctoral internship at the
Jackson State University, in Jackson, USA. The results obtained during this internship were

presented in publication [M1].
3.1.2. Research conducted after obtaining PhD in chemistry

After defending my doctoral thesis, | took a postdoctoral internship at the Department of
Chemistry at the Oakland University in Rochester, USA. The research concerned the weak
interactions of the transition metal atoms, or their cations, with the helium atom. The results
of these studies have been published in two publications: [M2, M3 (M3a)], including one in
Phys. Rev. Lett. After returning from the USA, | went to Germany to take a postdoctoral
position at the Faculty of Chemistry at the Stuttgart University, where | studied, by means of
the theoretical methods, the model of the active center of the hemocyanin protein, the
molecule responsible for oxygen transport in invertebrates animals. The research was
published [M4]. Both postdoctoral positions allowed me to broaden my knowledge of

theoretical methods and learn how to use the MOLPRO calculation software package.

So far my research was focused solely on the weakly interacting molecular complexes
bound by van der Waals forces, such as dimers - composed of the two atoms, e.g. a transition
metal, or its cation, interacting with the helium atom [M2, M3, M3a] or a chlorine anion (or
atom) interacting with the acetonitrile molecule (or its dimer) [M1] - in the electronic ground-
state of these complexes.

A definite change of my research topics awaited me in my new workplace. After foreign
internships, |1 was employed as a post-dock at the Institute of Physics of the Polish Academy
of Sciences, where | work until today. Thanks to many years of cooperation with Prof.
Andrzej Sobolewski, who introduced me to the theoretical studies of molecular photophysics,
| learned theoretical methods of quantum chemistry that are dedicated to describe the

properties of molecules in their excited states.

Mechanisms of the fluorescence quenching

The experience and scientific achievement derived from the publications described in this
Summary, allowed me to build up tools which I use today to study other molecular systems.
As an example of such work is the study of the photophysics of miraxanthin V [M14].
Together with Dr. Gotard Burdzinski we indicated the reasons for the short fluorescence
decay time for this molecule (Fig. 8) using quantum mechanical calculations for the excited

state and time-resolved electron spectroscopy.
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Fig. 8. Photophysics of miraxanthin V, a
natural dye existing in yellow Mirabilis
jalapa [M14]. The shape of the potential
energy profiles in the miraxanthin V
molecule in its ground electronic state, Sy,
and in the electronically-excited states:
'+ and nrx, determined at the MP2(Sy)
; and ADC(2)/def-SV(P) (S;) level indicates
. on fast deactivation pathway leading

| 1 | | |
200 180 160 140 120 100 80 60 40 20 0 through the CI(S,/Sq) region.
8 (Cg-Ng=C;-Cyy )1 ©

Energia/ eV

0.0

The key to indicating these reasons was the analysis of the geometrical parameters changes
which undergo in the dye molecule upon the electron excitation. This analysis is an example
of applying the knowledge drawn from the publications covered by the habilitation
achievement [H1]. A publication on the photophysics of this dye derivative — miraxanthin | —
is being prepared. Another example of a system that does not emit light is a protonated
benzene. The mechanism of the excited-state deactivation process for this system was
examined by me together with an experimental research group and described in publication
[M6]. The theoretical achievement of this publication is to propose a stair-case mechanism of
the excited-state deactivation process. It is based on numerous conical intersections between
the above-lying excited-state potential energy surfaces (PES) with the PESes of lower lying
electronic states. In the theoretical analysis, it was much helpful that each of the four lowest
excited states belonged to a different irreducible representation of the C,, symmetry group,
thanks to which the geometry of each state could be optimized independently of the others.

Modeling the molecules to modulate their different physical properties.

Another example of the application of knowledge derived from publications [H1-H4] is a
skillful modification of the structure of a given molecule in order to obtain its proper (photo-)

physical properties such as:
- emissive properties of the molecules.

In publication [M9], the molecules differing in the number of triple bonds in the polyyne
chain, which acted as a separator between the two benzene rings in the molecule, were studied
by means of the spectroscopic and theoretical methods. The achievement of this work was to

explain, on the basis of theoretical calculations, the lack of emission for a molecule with four
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triple bonds, in which the dark state was the lowest excited state. On the other hand, the
molecule with a single triple bond in the chain emitted fluorescence, because the lowest
excited state in this molecule was the state with an allowed radial transition to the S, state.

In turn, the main purpose of publication [M15] was to synthesize and study the emission
properties of the dipyrrolonaphthyridinediones (DPND) molecule. The effect of substitution
with an electron donating diethylamine group, —MEt,, was demonstrated in this study to
reduce the emission energy of the molecule. New molecules with interesting emission

properties for further synthesis have also been proposed.
- current-voltage characteristic of the molecules.

In publications [M12] and [M13], the 2PPy molecule (Fig. 9) was studied. Its chemical
structure is built of two subunit molecules: phenol and pyridine, that are bound with each
other with a covalent bond. In its structure there is also an intra-molecular hydrogen bond —
indicated in Fig. 9 — which allows the coexistence of the molecule in two tautomeric forms:
enol and keto. These two forms differ in their voltage-current characteristics. Applying an
external electric field with large enough magnitude and direction results in the populations of
a given form of the molecule. In publication [M13], various chemical groups have been

proposed acting as molecular contacts of the molecule with the gold electrodes applied to it.

Fig. 9. Two tautomeric forms of the 2PPy

O-H, O-H_

N— N molecule with the intramolecular hydrogen bond
m G:Q indicated by a dashed line. Publications
— [M12,M13].

enol keto

Photoisomerization processes

Most of the publications from the period after obtaining the doctoral degree in the field of
chemistry concerned various mechanisms of photoisomerization processes, among which one
should distinguish cis/trans photoisomerization [M14, M8]. The sub-class of the studied
photoisomerization processes is the enol/keto [P1-P3, P5-P8, M5, M10 and H2-H4] and
imine/amine phototautomerism [H1, H3, H4]. The mechanism of the transferring the proton
between the neighboring carbon atoms in the protonated naphthalene molecule was also
investigated [P4], see Table 5. A very interesting mechanism of the enol/keto
phototautomerism is shown in publication [M5], namely the photoinduced transfer of the
proton of the dissociative-associative type, PIDA (Photo-Induced Dissociation-Association,

Fig. 10). The essential role of the excited nc™ state has been here demonstrated, on the
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Fig.10. Photo-Induced Dissociation-Association mechanism of the proton transfer, PIDA (publication [M5]).
Potential energy surfaces in the S, state (black), in the locally-excited state, *mr* (blue) and dissociative mo*
(red) for the 4-hydroxy-pirymidine molecule. View along the proton transfer (x) and its dissociation (y)
coordinate.

example of the 4-hydroxy-pyrimidine molecule, which mediates in the initial light-induced
proton departure from the molecule (photodissociation) to the distance of ~2A where the
system reaches the conical intersection CI(S1/Sp) seam. There, the strong non-adiabatic
interactions cause the transition of the system to the ground state which initiates the proton
return process. Already in the Sy state, the proton returns toward the molecule and associates
with it (association) with a covalent bond. Association of a proton may occur in a different

(than initial) place, hence it is tautomerization.

Publications made in cooperation with the experimental research groups.

In my scientific output apart from purely theoretical publications, there are many such that
were published in a collaboration with experimental research groups. Theoretical calculations
in these studies have often been helpful in determination of the proper form of the
experimentally observed molecule, either by means of absorption or light emission, or
simultaneously by means of both methods: [M10, M11, M14, M15, P4, P5, P6, P8]. Quite
often, calculations required the determination of an energy-barrier in the excited state in order
to determine the correct molecular form emitting fluorescence. In this context, I would
distinguish publication [M10] in which, on the example of the 2-carboxy-inodole molecule,
the process of the proton transfer in the excited state from the carboxyl group to the indole
nitrogen was investigated directly through the intramolecular hydrogen bond and with the

assistance of the water molecule in the so-called relay fashion.
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Hirsh index according to the Web of Science: 13

Literature

[1] A. A. Beharry and G. A. Woolley, Chem. Soc. Rev., 40 (2011) 4422-4437, “Azobenzene
photoswitches for biomolecules”.

[2] M. Natali and S. Giordani, Chem. Soc. Rev., 41 (2012) 4010-4029, “Molecular switches
as photocontrollable "smart" receptors”.

[3] M.-M. Russew and S. Hecht, Adv. Mater., 22 (2010) 3348-3360, “Photoswitches: From
Molecules to Materials”

[4] M. Ratner, Nature Nanotechnology, 8 (2013) 378-381, “A brief history of molecular
electronics”.

[5] V. V. Bermudez, N. Capron, T. Gase, F. G. Gatti, F. Kajzar, D. A. Leigh, F. Zerbetto, S.
Zhang, Nature, 406 (2000) 608-611, “Influencing intramolecular motion with an
alternating electric field .

44



[6] J. D. Badji¢, V. Balzani, A. Credi, S. Silvi, and J. F. Stoddart, Science, 303 (2004) 1845
1849, “A molecular elevator ™.

[7] J.-L. Fillaut, M. Price, A. L. Johnson, and J. Perruchon, Chem. Commun., 0 (2001) 739-
740, “Synthesis of a double-activated switchable molecule via ruthenium-—acetylide
barbituric derivatives .

[8] C. Tepper and G. Haberhauer, Beilstein J. Org. Chem., 8 (2012) 977-985, “Toward
unidirectional switches: 2-(2-Hydroxyphenyl)pyridine and 2-(2-methoxyphenyl)pyridine
derivatives as pH-triggered pivots .

[9] X. Su, T. Lessing, and I. Aprahamian, Beilstein J. Org. Chem., 8 (2012) 872-876, “The
importance of the rotor in hydrazine-based molecular switches .

[10] R. H. EI Halabieh, O. Mermut, and C. J. Barrett, Pure Appl. Chem., 76 (2004) 1445,
“Using light to control physical properties of polymers and surfaces with azobenzene
chromophores ™.

[11] T. Cordes, D.Weinrich, S. Kempa, K. Resselmann, S. Herre, C. Hoppmann, K. Riick-
Braun, and W. Zinth, Chem. Phys. Lett., 428 (2006) 167-173, “Hemithioindigo-based
photoswitches as ultrafast light trigger in chromopeptides .

[12] M. Bockmann, N. L. Doltsinis, and D. Marx, Phys. Rev. E, 78 (2008) 036101,
“Azobenzene photoswitches in bulk materials ™.

[13] P. Gorostiza and E. Y. lIsacoff, Science, 322 (2008) 395-399, “Optical switches for
remote and noninvasive control of cell signaling .

[14] U. Al-Atar, R. Fernandes, B. Johnsen, D. Baillie, and N. R. Branda, J. Am. Chem. Soc.,
131 (2009) 15966-15967, ““A Photocontrolled Molecular Switch Regulates Paralysis in a
Living Organism ”.

[15] C. Barucker, D. Lorenz, G. Multhaup, M. Beyermann, ChemBioChem, 13 (2012) 2657—
2660, “Light-Controlled Toxicity of Engineered Amyloid S-Peptides ”

[16] V. Chandrasekaran, K. Kolbe, F. Beiroth, and T. K. Lindhorst, Beilstein J. Org. Chem., 9
(2013) 223-233, “Synthesis and testing of the first azobenzene mannobioside as
photoswitchable ligand for the bacterial lectin FimH .

[17] D. Martinez-Lopez, M. L. Yu, C. Garcia-Iriepa, P. J. Campos, L. M. Frutos, J. A. Golen,
S. Rasapalli, and D. Sampedro, J. Org. Chem., 80 (2015) 3929-3939, ““Hydantoin-Based
Molecular Photoswitches ™.

[18] G. Tomasello, M. J. Bearpark, M. A. Robb, G. Orlandi, and M. Garavelli, Angewandte
Chemie Int. Ed., 49 (2010) 2913-2916, “Significance of a Zwitterionic State for Fulgide
Photochromism: Implications for the Design of Mimics .

[19] T. Fukaminato, T. Sasaki, T. Kawai, N. Tamai, and M. Irie, J. Am. Chem. Soc., 126
(2004) 14843-14849, “Digital Photoswitching of Fluorescence Based on the
Photochromism of Diarylethene Derivatives at Single-Molecule Level ™.

[20] D. J. Hill, M. J. Mio, R. B. Prince, T. S. Hughes, J. S. Moore, Chem. Rev., 101 (2001)
3893-4012, “A Field Guide to Foldamers .

[21] A. Khan, C. Kaiser, and S. Hecht, Angew. Chem. Int. Ed., 45 (2006) 1878-1881,
“Prototype of a Photoswitchable Foldamer .

[22] S. R. Domingos, S. J. Roeters, S. Amirjalayer, Z. Yu, S. Hecht, and S. Woutersen,
Phys.Chem.Chem.Phys., 15 (2013) 17263-17267, “Elucidating the backbone
conformation of photoswitchable foldamers using vibrational circular dichroism .

[23] H. Port, P. Gértner, M. Hennrich, I. Ramsteiner, & T. Schock, Mol. Crystals and Liquid
Crystals, 430 (2006) 15-21, “Ultrafast Photochromic Reactions of Fulgide
Photoswitches .

[24] H. Liu, P. Li, J. Zhao, X. Yin, and H. Zhang, J. Chem. Phys., 129 (2008) 224704-
224709, “Theoretical investigation on molecular rectification on the basis of asymmetric
substitution and proton transfer reaction .

45


https://www.sciencedirect.com/science/article/pii/S0009261406010487
https://www.sciencedirect.com/science/article/pii/S0009261406010487
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Barucker%2C+Christian
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lorenz%2C+Dorothea
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Multhaup%2C+Gerd
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Beyermann%2C+Michael
https://pubs.acs.org/author/Mart%C3%ADnez-L%C3%B3pez%2C+David
https://pubs.acs.org/author/Yu%2C+Meng-Long
https://pubs.acs.org/author/Garc%C3%ADa-Iriepa%2C+Cristina
https://pubs.acs.org/author/Campos%2C+Pedro+J
https://pubs.acs.org/author/Frutos%2C+Luis+Manuel
https://pubs.acs.org/author/Golen%2C+James+A
https://pubs.acs.org/author/Rasapalli%2C+Sivappa
https://pubs.acs.org/author/Sampedro%2C+Diego

[25] A. L. Sobolewski, W. Domcke, C. Hittig, J. Phys. Chem. A, 110 (2006) 6301-6306,
“Photophysics of Organic Photostabilizers. Ab Initio Study of the Excited-State
Deactivation Mechanisms of 2-(2 -Hydroxyphenyl)benzotriazole .

[26] W. P. Oziminski, J. Cz. Dobrowolski, J. Phys. Org. Chem., 22 (2009) 769-778, “o- and
z-electron contributions to the substituent effect: natural population analysis .

[27] A. Mazurek, J. Cz. Dobrowolski, J. Org. Chem., 77 (2012) 2608-2618, “Heteroatom
incorporation Effect in o~ and = Electron Systems: The sEDA(Il) and pEDA(II)
Descriptors”.

[28] C. Moller, M. S. Plesset, Phys. Rev., 46 (1934) 618.

[29] G. D. Purvis and R. J. Bartlett, J. Chem. Phys., 76 (1982) 7918.

[30] K. Burke, J. P. Perdew and Y. Wang, “in Electronic Density Functional Theory: Recent
Progress and New Directions”, ed. J. F. Dobson, G. Vignale and M. P. Das, Plenum,
1998.

[31] O. Christiansen, H. Koch, P. J@rgensen, Chem. Phys. Lett. 243 (1995) 409-418.

[32] C. Hattig, F. Weigend, J. Chem. Phys. 113 (2000) 5154.

[33] B. Roos, Adv. Chem. Phys., 6 (1987) 399.

[34] J. Schirmer, Phys. Rev. A, 26 (1981) 2395.

[35] A. B. Trofimov and J. Schirmer, J. Phys. B: At., Mol. Opt. Phys., 28 (1995) 2299.

[36] A. Dreuw and M. Head-Gordon, J. Am. Chem. Soc., 126 (2004) 4007-4016.

[37] a) A. D. Becke, J. Chem. Phys., 98 (1993) 5648-5652; b) C. Lee, W. Yang, and R. G.
Parr, Phys. Rev. B, 37 (1988) 785-789.

[38] C. Hittig and K. Hald, Phys. Chem. Chem. Phys., 4 (2002), 2111.

[39] H. Dunning, J. Chem. Phys. 90 (1989) 1007.

[40] R. Ahlrichs, M. Béar, M. Haser, M.H. Horn, C. Kélmel, Chem. Phys. Lett., 162 (1989)
165.

[41] a) M. J. Frisch, et al. Gaussian 03, Revision C.02., Gaussian, Inc.: Pittsburgh, PA, 2004,
b) M.J. Frisch, et al. Gaussian 09, Revision B.01, Gaussian, Inc., Wallingford, CT, 2004.

[42] M. Barbatti, G. Granucci, M. Persico, M. Ruckenbauer, M. Vazdar, M. Eckert-Maksic,
and H. Lischka, J. Photochem. Photobiol. A, 190 (2007) 228.

[43] M. Barbatti, M. Ruckenbauer, F. Plasser, J. Pittner, G. Granucci, M. Persico, and H.
Lischka, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 4 (2014) 26.

[44] A. L. Sobolewski, Phys. Chem. Chem. Phys., 10 (2008) 1243-1247, “Reversible
molecular switch driven by excited-state hydrogen transfer ™.

[45] A. Csehi, G. J. Halasz and A. Vibok, International Journal of Quantum Chemistry, 114
(2014) 1135-1145, “Molecular Switch Properties of 7-Hydroxyquinoline Compounds .

[46] A. Csehi, Lajos Illés, G. J. Halasz and A. Vibok, Phys. Chem. Chem. Phys., 15 (2013)
18048—18054, “The effect of chemical substituents on the functionality of a molecular
switch system: a theoretical study of several quinoline compounds ”.

[47] M. Kijak, Y. Nosenko, A. Singh, R. P. Thummel, J. Waluk, J. Am. Chem. Soc., 129
(2007) 2738. “Mole-Selective Excited-State Proton Transfer in 2-(2’-Pyridyl)pyrrole
Isolated in a Supersonic Jet .

[48] M. Kijak, A. Zielinska, C. Chamchoumis, J. Herbich, R. P. Thummel, J. Waluk, Chem.
Phys. Lett., 400 (2004) 279-285, “Conformational equilibria and photoinduced
tautomerization in 2-(2 -pyridyl)pyrrole .

[49] C. J. Jalink, W. M. van Ingen, A. H. Huizer, C. A. G. O. Varma, J. Chem. Soc. Faraday
Trans., 87 (1991) 11031109, “Prospects for Using Photoinduced Intramolecular Proton
Transfer to Study the Dynamics of Conformational Changes in Flexible Molecular
Chains .

46



[50] P. M. Hare, C. E. Crespo-Hernandez, and B. Kohler, Proc. Natl. Acad. Sci. U.S.A., 104
(2007) 435440, “Internal conversion to the electronic ground state occurs via two
distinct pathways for pyrimidine bases in aqueous solution”.

[51] A. L. Sobolewski, W. Domcke, J. Phys. Chem. A 103 (1999) 4494-4504, “Photophysics
of Malonaldehyde: An ab Initio Study .

[52] L. Sporkel, J. Jankowska and W. Thiel, J. Phys. Chem. B, 119 (2015) 2702-2710,
“Photoswitching of Salicylidene Methylamine: A Theoretical Photodynamnics Study”.
[53] T. H. van der Loop, F. Ruesink, S. Amirjalayer, H. J. Sanders, W. J. Buma, and S.
Woutersen, J. Phys. Chem. A, 114 (2010) 11879-11889, “Unraveling the Mechanism of a

Reversible Photoactivated Molecular Proton Crane ™.

[54] M. Iravani, R. Omidyan, J. Phys. Chem. 4, 122 (2018) 3182-3189, “Photochromism of
2-(2-Hydroxyphenyl) Benzothiazole (HBT) and Its Derivatives: A Theoretical Study .
[55] K. Hegclik, J. Cz. Dobrowolski, J. Phys Org Chem., 30 (2017) e3656, “On the

nonadditivity of the substituent effect in homo-disubstituted pyridines .

[56] J. Cz. Dobrowolski, P. F. J. Lipifiski, G. Karpiriska, J. Phys. Chem. A, 122 (2018) 4609—
4621, “Substituent Effect in the First Excited Singlet State of Monosubstituted Benzenes”.

[57] K.-C. Tang, C.-L. Chen, H.-H. Chuang, J.-L. Chen, Y.-J. Chen, Y.-C. Lin, J.-Y. Shen,
W.-P. Hu, and P.-T. Chou., J. Phys. Chem. Lett., 2 (2011) 3063-3068, “4 Genuine
Intramolecular Proton Relay System Undergoing Excited-State Double Proton Transfer
Reaction .

[58] M. J. S. Dewar, J. Am. Chem. Soc., 106 (1984) 209.

[59] A. Nenov and R. de Vivie-Riedle, J. Chem. Phys. 135 (2011) 034304.

[60] J. Guerin, A. Leaustic, S. Delbaere, J. Berthet, R. Guillot, C. Ruckebusch, R. Metivier,
K. Nakatani, M. Orio, M. Sliwa, P. Yu, Chem. A Europ. J., 20 (2014) 12279-12288, “4
Multifunctional Photoswitch: 6 Electrocyclization versus ESIPT and Metalation”.

[61] H. Roohi, H. R. Sherkhani, H. Mahbob, Journal of Luminescence, 204 (2018) 230243,
“Fine-tuning the photophysical properties of the five quinolin based nanophotoswitches
in the gas phase, polar and nonpolar solvents: A TD-DFT approach”.

[62] S. Hristova, G. Dobrikov, F. S. Kamounah, S. Kawauchi, P. E. Hansen, V. Deneva, D.
Nedeltcheva, L. Antonov, RSC Adv., 5 (2015), 102495-102507, «10-
Hydroxybenzo[h]quinoline: switching between single- and double-well proton transfer

through structural modifications”.
lidior e .

47



