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Abstract

PHOTOISOMERIZATION and PHOTOINDUCED NO* RELEASE in
RUTHENIUM NITROSYL COMPOUNDS

by Liya KHADEEVA

This Ph. D. thesis is focused on the experimental study of two photoinduced processes observed
in various [M LsNO] complexes, where M = Fe, Ru,..., L = CN,ClI,.... (i) photoisomeriza-
tion, where the system goes from N-bound state (M — NO, stable GS state) to O-bound state
(M — ON, metastable MSI state) and a second metastable state, ‘side-on” MSIL (M <3) is ob-
served during the inverse phototransformation, MSI — ‘side-on’ MSII — GS; (ii) photoinduced

release of NO® radical.

The photoisomerization is investigated in single crystals of [Ru(py)sCI(NO)](PFg)2 - 1/2H50
compound by means of X-Ray diffraction, steady state visible and time-resolved UV-visible ab-
sorption spectroscopies. During these experiments we observed the evidence of a two-step photon
absorption process (A = 473 nm), we followed the dynamics of direct and inverse photoswitching
by the evolution of lattice parameters and absorption in the visible range and we characterized
the structure of ‘side-on” MSII state. The nature of MSII in the direct photoswitching, GS —
MSI, seems to be different from the ‘side-on’ configuration, however, we do not have a direct

access to this state due to its low population.

The role of water molecule in the unit cell of [Ru(py)4CI(NO)]|(PFg)2 - 1/2H20 complex was
tested by X-Ray diffraction studies on hydrated, dehydrated and rehydrated samples. The effect
of sample dehydration on the unit cell parameters evolution and MSII species generation during

the MSI — MSII — GS inverse photoswitching is presented.

The photoinduced NO® release in trans—(Cl, Cl)[Ru!! (FT)Cly(NO)]PFg system in acetonitrile
solution is studied by the UV-visible and mid-IR absorption spectroscopies, both steady state
and time-resolved. By observing the ultra-fast dynamics of phototransformation we evidenced a
secondary photochemistry. The nature of photoproduct is discussed within the recent theoretical

calculations and the photoisomerization process.
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Résumé

PHOTOISOMERISATION et LIBERATION PHOTOINDUITE de NO*
RADICAL dans les COMPLEXES de RUTHENIUM a LIGAND NITROSYLE

par Liya KHADEEVA

Ce travail de thése est centré sur I’étude expérimentale de deux types de transformations pho-
toinduites observées dans différents complexes métalliques (Fe, Ru,...) a ligand nitrosyle:(i) la
photoisomérisation au cours de laquelle le ligand NO passe d'un état lié par 'azote (M — NO,
état stable GS) a un état lié par Poxygéne (M — ON, état métastable MSI). C’est un pro-
cessus réversible et un second état métastable, ‘side-on’ MSII (M <2X) est observable au cours

du processus inverse, MST — ‘side-on” MSII — GS; (ii) la libération photoinduite du radical NO®.

La photoisomeérisation a été étudiée dans le systéme [Ru(py)sCI(NO)|(PFg)2 - 1/2H20 (sur
monocristal) par la diffraction des RX, I’absorption visible statique et ’absorption UV-Vis résolue
en temps. Nous avons pu mettre en évidence un processus d’absorption de photons (A = 473 nm)
en deux étapes, suivre la dynamique des transformations directes et inverses par 1’évolution des
parameétres de maille et des ’absorption optique visible, caractériser structuralement 1’état ‘side-
on’ MSII. La nature de I’état intermédiaire, MSII, lors du processus direct semble étre différente
de I'état ‘side-on’ mais la trés faible population de cet intermédiaire n’a pas permis de trancher

définitivement.

Le role de la molécule d’eau dans la maille du complexe [Ru(py)4sCUl(NO)|(PFs)2-1/2H20 a été
testé par diffraction des RX sur les échantillons hydratées, déshydratées et réhydratées. L’effet
de déshydratation sur I’évolution des parameétres de maille et sur la génération d’espéces MSII

au cours de la photocommutation inverse, MSI — MSII — GS, est présenté.

La libération photoinduite du radical NO*® a été étudiée dans une solution d’acétonitrile du
complexe trans — (Cl, Cl)[Ru!! (FT)Cly(NO)|PFs par spectroscopies d’absorption UV-Vis et
Mi-IR, statiques et résolues en temps. En observant la dynamique ultra-rapide de la phototrans-
formation, nous avons mis en évidence une photochimie secondaire. La nature de photoproduit

est discuté par rapport a de récents calculs théoriques et au processus de photoisomerisation.
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GENERAL INTRODUCTION

Thanks to constant development and improvement of scientific methods we got to the point
where we can control the properties of materials by light, temperature, pressure on molecular
level. This progress in materials is focused on many challenges of modern life and among those
are high-capacity information storage devices and medical applications (heart diseases, cancer,
sexual health etc.). The photosensitive metallic nitrosyl, nitro or sulfoxide systems have drawn
a particular attention as they can adress both of these challenges due to their unique proper-
ties directly controlled by the light [1]. These metallic complexes undergo the photoswitching
from one state (ground state or metastable) to another under the light irradiation of a certain

wavelength.

Perhaps one of the most studied complexes of metallic nitrosyl family is sodium nitroprusside
dehydrate compound (SNP), Nas[Fe(CN)5(NO)|-2H20, this system became a prototype com-
plex for the whole family of analogous [M L; NO] compounds. The first long-lived metastable
state, MSI, was observed in SNP in the series of studies performed by Hauser et al. in 1977
[2, 3, 4] and the second long-lived state, ‘side-on’” MSII, was evidenced twelve years later in
works |5, 6, 7]. The structures of light-induced isomers of SNP compound were first probed by
Riidlinger and co-workers in neutron diffraction experiments [8, 9] and were solved later on by
group of Coppens in low temperature X-Ray diffraction experiment [10, 11]. It was found that
the photoexcitation initiates the metal-to-ligand charge transfer (MLCT), from Fe atom to its
NO-ligand, and rearrangement of molecular structure: the nitrosyl ligand rotates from initial
ground state, M — NO either by 180° to form isonitrosyl M —ON species called MSI metastable
state [6, 10, 12, 13] or by 90° to generate the ‘side-on’ configuration, M <g, so-called MSII state
as shown in Figure 1 [14, 15, 16].

The spectral range of photon energy for the isomerization process has been reported in several
works [6, 10, 12, 17] and it was shown that by exposure of SNP to light in the blue-green spectral
range [350 — 580 nm| we observe the photoisomerization either to MSI or MSII states. Moreover,
the complete reverse photoswitching is possible under the red and NIR spectral range [8] as
presented in Figure 1. Remarkably, the theoretical calculation using density functional theory

(DFT) have confirmed the experimental results obtained in SNP [17, 18].

If early studies were mostly focused on first row transition metals, the last 30 years brought more

interest in metals of 2nd and 3rd rows [19], particularly, the research on ruthenium complexes

1
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FIGURE 1: The spectral rangers used for photoswitching between GS (M — NO), metastable
MSI (M — NO) and ‘side-on’ MSII (M <Q) states in [Fe(CN); NOJ?>~ at low temperatures [15].

was largely launched when the application of ruthenium polypyridyl in dye-sensitised solar cells
was reported [20, 21]|. Since then, multiple studies were performed on various ruthenium com-
pounds and their photophysical properties [22, 23, 24, 25, 26|, moreover these advances have also
triggered a wider research on systems with Mn metallic center [27, 28, 29]. The research of metal
complexes resulted in such potential applications as oxygen sensors [30, 31], OLEDS [32, 33|,
holographic recording [34]. Through various experiments it was shown that such properties as
lifetime of metastable states can be tuned by ligand substitution [1, 5, 35|, while preserving its

photosensitivity [15].

Other valuable photophysical properties are shown in ruthenium sulfoxide systems. In 2002 the
group of Coppens demonstrated the linkage photoisomerization from n' to n2 —SO5 in ruthenium
sulfoxide, [Ru(SO2)(N H3)4Cl]C1, under the 355 nm at 100 K [36]. Another ruthenium sulfoxide,
[Ru(bpy)2(0SO)|T, was also reported to be highly photosensitive with S — O isomerization
quantum yield of up to 0.8 [37, 38]. Ruthenium sulfoxide compounds were demonstrated to
be promising complexes for high-density storage devices [39, 40|, the research was performed in

solution as well as in solid state in range of works [38, 41, 42, 43|.

A complicated ‘double’ photoisomerization in [Ru(bpy)2(NO)(NO2)|(PFs)2, where the nitrosyl
(NO) and nitro (NO3) groups transform into isonitrosyl and nitrito ligands, respectively was re-
ported in work [44]. The same type of ‘double’ linkage isomerization was detected by IR measure-
ments and density functional theory (DFT) in (tetraphenylporphyrinatodianion)Fe(NO)(N O3)
in work of Novozhilova et al. [45]. Photoisomerization in complexes containing n*> — No, NO—
and SOy—based ligands is thoughly described in the review of 2002 by Coppens group [1], where
the mechanisms of photoisomerization are similar to the SNP case. The complexes with dou-
ble NO—based ligand were reported in work [46], where authors show multiple light-induced
metastable NO linkage isomers in dinitrosyl compound [RuCl(NO)2(PPhg)2|BFy by means
of X-Ray diffraction and IR spectroscopy, specifically a peculiar geometry with 130° angle of



Ru — N — O observed in GS and its bending to 109° in one of the metastable states, see Figure
2.

01 0Ol
1.164(1)
R,

(- N1

1.881(1)

ground state metastable state

133.88(9)

FIGURE 2: Structural model of ground state of [RuCl(NO)2(PPhs)s] BF, and one of metastable
states. The basal planes are depicted in red and blue [46].

In spite of all this progress on the photosensitive materials there are still a lot of drawbakcs
and challenges to overcome, and probably one of the most difficult one is the efficiency of the
photoisomerization. Most of the discussed compounds show a limited photoconversion rate,
which is strong limitation for the practical applications in devices [34, 47, 48]. Therefore, a lot
of efforts are focused on the search for the high photoreactivity which is essential for the storage
devices. Such systems are proposed, for example, in work of Warren et al. on nickel(II) nitro
compounds with a 100% reversible transformation from nitro to nitrito complex under the 400 nm
at 100 K, Ni— NOy — Ni—ONO [49, 50]. But those are not the only complexes found to have
complete photoconversion, another example is the [Ru(py)4CI(NO)](PFg)2.1/2H20 with a 100%
of Ru— NO — Ru— ON which is nowadays a unique complex in the family of M L5 NO systems,
where the typical conversion rate does not exceed 50% (SNP case) [15]. From experimental point
of view this system gives a great opportunity of photocrystallographic analysis as well as direct

comparison of X-ray structural determinations and ab-initio calculations.

What is more important, a lot of research is concentrated on the metallic nitrosyl complexes
due to crucial biological functions of nitric oxide [51, 52], such as immune and blood pressure
regulation 53], neurotransmission [54|, anti-tumor activity [55|. It has led to the development
of NO-releasing drugs, based on the NO liberation process in the nitrosyl compounds under the
light irradiation. The iron nitrosyl complexes release large amounts of NO when irradiated with
low energy light, however, due its lack of stability and toxicity in physiological conditions a search
for suitable M — NOS alternatives using Ru or Mn, for example, is required. The ruthenium
complexes were found to be very stable over a long time in physiological conditions, which makes
them great candidates for anticancer drugs [56, 57]. However, there is still an on-going fight for
a higher quantum yield in these complexes. Meyer and co-workers observed that the NO release
process can be strongly dependent on the solvent used [58]. Nevertheless, the NO—releasing
drugs are succesfully developing and not only as cancer treatement, but also in cardiovascular
therapy [59], as multifunctional agents for photodynamic therapy |60] and at present a possible
role of NO molecule in AIDS is discussed [61].

Surely, to make potential applications work efficiently we have to understand the underlying

mechanisms of photoisomerization and of NO® release processes. In this Thesis the ruthenium
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nitrosyl complexes are studied as they are offering high photoconversion rates, which makes it
possible to have a direct access to the metastable states through the experiments. The goal of
this Thesis is to observe and study the mechanisms of photoreactions as well as to probe and

analyse the metastable states experimentally. The two investigated photoprocesses were:

e the photoisomerization in the solid state at the molecular level as well as the complete
photoconversion in [Ru(py)sCI(NO)|(PFs)2.1/2H50 in single crystals (Chapters 1, 2, 3);

e the NO® release in trans(Cl, Cl) — [Ru'! (FT)Cly(NO)]PF; in acetonitrile solution under
the light irradiation (Chapter 4).

In this Thesis several different methods are employed to understand the light-induced changes in
ruthenium nitrosyl compounds: the X-Ray diffraction for structural studies, the static UV-visible
and IR spectroscopy to access the absorption spectra, the time-resolved optical experiments to
detect the intermediate states during the photoswitching and the X-Ray absorption spectroscopy

to access the nature of the photoproduct.

In Chapter 1 the two-step photon absorption process during the photoswitching in
[Ru(py)4aCl(NO)|(PFg)2.1/2H20 complex is proposed as a result of the visible absorption mea-
surements under the continuous light irradiation. The structural studies are also presented in

this Chapter following the change of lattice parameters during the photoisomerization.

The dehydrated form of [Ru(py)4sCl(NO)|(PFg)2.1/2H-0 single crystals are investigated in com-
parison with their hydrated and rehydrated forms, the significant changes in structural rearrange-

ment and the role of crystal water during the photoswitching are discussed in Chapter 2.

Direct structural and optical characterization of the transient MSII state is needed during the
Ru — NO to Ru— ON process. Several attempts to catch this transient state by time-resolved
optical studies, the asssociate experimental challenges and main results are discussed in Chapter
3.

In Chapter 4 the mechanisms of NO® release are studied in trans(Cl, Cl)—[Ru!! (FT)Cly(NO)|PFg
isomer in acetonitrile solution by time-resolved and steady state measurements in IR and UV-

visible regions perfomed in Poznan and Rennes.

The Appendices include all the experimental details of performed experiments.



Chapter 1

Photoisomerization in a single crystal
of ruthenium nitrosyl compound:

two-step photon absorption process

Photoisomerization is the conversion of one isomer into another under the light irradiation. Vari-
ous systems containing [M Ls NO] molecule, where M=Fe, Ru... and L=F, Cl, Br, CN.... exhibit
photoswitching under continuous light (CW) irradiation between the ground state N-bound nitro-
syl (GS, M — NO), isonitrosyl (MSI, M —ON) and side-on (MSII, M <X) configurations [1, 62].
Identification of MSI and MSII as linkage isomers occurred in the 1990s on the prototype SNP
compound (see General Introduction) thanks to accurate diffraction studies: in MSI, the NO lig-
and is rotated by 180° to an O-bound configuration of the NO ligand, while the MSII state adopts
a side-on configuration of the NO ligand [10, 14]. Metastable populations vary from one com-
pound to another and are often limited to a few percent. The [Ru(py)sCI(NO)|(PFs)2-1/2H20
system is at present unique compound in that the GS to MSI transformation is nearly complete in
a single crystal, as observed in previous structural studies combined with solid-state calculations

based on density functional theory (DFT) [62].

The [Ru(py)sCI(NO)|(PFg)2-1/2H50 compound is presently the model system for the study of
photoswitching between Ru — NO and Ru — ON which is associated with a clear colour change

(see Figure 1.1).

During my PhD I have continued this work by:

e quantifying the colour change in the visible range by optical density (OD) measurements
e focussing on the photoswitching dynamics, measuring changes during the light irradiation

— Bragg peak and lattice parameters changes

— OD changes
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FIGURE 1.1: colour change of [Ru(py)sCl(NO)](PFg)2 - 1/2H50 single crystal at low temper-
atures under the blue and IR light irradiation (taken from [62, 63|, Figure 1).

e testing various pumping wavelengths, in particular red and green (see Figure 1.2)

782nm
1064nm
473nm
532nm
* 473nm
o \.782nm 532nm
4?3nm‘ 532nm
532nm 782nm
1064nm

GS (nitrosyl)

FIGURE 1.2: Probed wavelengths for the photoswitching between GS, MSI and MSII states
(schematic molecular views, see ref. [62] and [15]); here the MSII state view is the side-on
configuration of the [Ru(py)4sCI(NO)|(PFs)s - 1/2H50 single crystal at low temperatures.

1.1 Structural studies by X-Ray diffraction

A hydrated form of [Ru(py)sCl(NO)](PFs)2-1/2H20 single crystal was studied. The monoclinic
unit cell of a single crystal consists of two independent sites, shown in blue and orange colours in
Figure 1.3, the counter anions (PFg)~ are presented in grey and water molecule in red colours.
The space group is P2;/c, Z = 8. At 100 K values of the lattice parameters in the ground
state (GS) are a= 15.748(2), b= 13.43(2), c= 26.794(4), 5 = 92.504(12) (see Table 1.1). The
independent sites form layers along a-axis, however, there are no 7 - - - 7 interactions between
pyridine cycles as distances are quite large: 7.249 A and 7.770 A, while the typical distance
of 7 - - - 7 interaction is around 3 A. It is interesting to note as well that the water molecule is
located not far from the NO ligand of molecule Rul, the distance is around 3.07 A, and this
close location of water gives a disorder on one of the pyridine cycles of the molecule (see the

structure of GS state in Chapter 2).



Crystal data

GS MSI MSII™®
Chemical formula 2(Co0HooCIN5ORu) - 4PFg - HoO
M, 1563.8
Cell setting, space group Monoclinic, P2y /¢
Z 8
Temperature, K 100
Radiation type Mo K,
Crystal colour orange green black
a, A 15.748(2)  15.781(2)  15.777(2)
b, A 13.43(2) 13.419(2)  13.444(2)
c, A 26.794(4)  26.810(4)  26.817(4)
B,° 92.504(12) 92.640(12) 92.081(12)
v, A? 5661(2)  5671(2)  5684(2)

TABLE 1.1: Experimental details of studied system [64].

Fi1cURE 1.3: The packing of single crystal in ac plane in its hydrated form: two independent

sites of [Ru(py)sCl(NO)]?** cation (blue and orange), anions (PFg)~ (grey) and water molecule

(red). The hydrogen atoms are omitted for clarity. The plot is based on the refinement with GS
model at 100 K. The distances between pyridine cycles are indicated, 7.249 A and 7.770 A.

Single crystals of [Ru(py)sCI(NO)|(PFs)2-1/2H20 compound undergo the photoisomerization
process with formation of two metastable states, MSI under the blue light irradiation and MSII
under the IR light irradiation (see Figures 1.1 and 1.2 [62]). The monoclinic space group (P2;/c)
of studied system does not change during the photoconversion. The isostructural nature of
photochemical reaction is presented in Figure 1.4 through the plane reconstruction for GS, MSI
and MSII'® (the mixture of GS and MSII species): in all three cases we evidence the screw axis

21 (parallel to b) and a glide plane ¢ (perpendicular to b), which gives us reflections like (0KO0),
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K=2n, n=0,1,2..., (HOL) with only L=2n, n=0,1,2... presented. The experimental details are

summarized in Appendix A and B.
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FIGURE 1.4: Plane reconstruction from data collections during the photoisomerization of the

[Ru(py)4sCI(NO)|(PFgs)s - 1/2H50 single crystal by irradiation with 473 nm, 280 mW - cm =2

and then 1064 nm, 130 mW - em~2 at 100 K. The same space group is observed in all three

cases, i.e. P2;/c with typical reflections (0K0), K=2n, n=0,1,2..., (HOL) L=2n, n=0,1,2... The
plane (H1L) is given for comparison.

1.1.1 Unit-cell parameters as a tool to probe linkage isomers

The Ru — NO to Ru — ON photoswitching and the reverse process in hydrated form of single
crystals of [Ru(py)sCl(NO)]|(PFg)2 - 1/2H20 compound were followed through the change of
structural signatures, such as unit cell parameters and Bragg peaks intensities [64]. At 100 K
with 473 nm a saturation of the signal happens after around one hundred minutes of laser
exposure with around 280 mW/em?, i.e. around 2000 .J - em~2. Note that for the X-Ray studies
polarization of the laser beam is not important as the crystal is rotated along different axes

during the data collection.

The complete or quasi-complete Ru — NO to Ru— ON photoisomerization under blue light irra-
diation has been investigated by single-crystal X-Ray diffraction (see MSI structural refinement
later in this Chapter and the following Chapter, as well as refinement details in Appendix B
and C): it shows no clear difference between a model with total conversion (100% of MSI) and
a mixed GS-MSI model refining the MSI conversion rate. The latter shows a mixing of 93(2)%
of MSI and 7(2)% of GS states, but average atomic positions and thermal parameters obtained
from two models are identical within error bars. In other words, the GS to MSI photochemical
reaction is either complete or quasi-complete since the presence of a few % of GS species cannot

be excluded.

Following the evolution of lattice parameters under the blue light irradiation, the structural
changes between GS and MSI show the highest change on evolution of a crystallographic axis
(Aa = +0.032(2)A, Figure 1.5 (a)). They are greater than those measured in the SNP compound
[10], most likely due to the higher photoconversion rates in [Ru(py)sCl(NO)|(PFs)2 - 1/2H50.
Observed structural evolution during the Ru — NO to Ru — ON photoswitching with 473 nm
is continuous, i.e. does not show any signature of an intermediate state. Differently, evidence
of MSII state as an intermediate was obtained under IR irradiation of MSI [10, 14, 62]. The

long lifetime of MSII species allows the recording of specific structural signatures on both unit



cell parameters and Bragg peak intensities. The side-on configuration of MSII species is seen
through additional electronic densities on both sides of the Ru — N — O axis (see [62] and MSII
structure refinement presented later in this Chapter). Population of MSII species (few tens %)
is the highest when the monoclinic unit cell volume is maximum and S angle is minimum during

MSTI to GS transition (Figure 1.5 (b,c)).
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FIGURE 1.5: Time evolution of (a) lattice parameter a (A), (b) the 8 angle (), (c)

unit cell volume (AS) and (d) Bragg peak intensities during the light irradiation of the
[Ru(py)sCl(NO)](PFs)2-1/2H50 single crystal with 473 nm, 280 mW -cm ™2 and then 1064 nm,
130 mW -em~2 at 100 K.

The evolution of unit cell parameters thus offers a precise way to follow the MSI to GS pho-
tochemical reaction under IR light. At 100 K, the maximum of MSII population is observed
here after 120 minutes of irradiation with a fluence of about 130 mW/cm?2, i.e. Q ~ 900.J/cm?,
while the crystal turns dark. As pure MSII state cannot be reached, this mixed GS-MSII state
is hereafter referred to as MSII'R state. The evolution of lattice parameters during Ru — ON to
Ru— NO photoswitching (Figure 1.5) differs from that during Ru— NO to Ru— ON phototrans-
formation under the blue light. Moreover, evolution of some Bragg peaks intensities (Figure 1.5
(d)) also show significant dissimilarities between blue and IR light excitation, implying that the
average atomic positions in the crystal evolve differently during these two photoprocesses. Very
different molecular geometries between GS, MSI and MSII can explain the important structural
rearrangements (lattice and Bragg peak intensities) resolved during the solid state photochemi-
cal reactions (see [62], structural refinements of MSI and MSII presented later in this Chapter,

experimental and the structure refinement details in Appendix B).
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Following the few tens of minutes of relative stability of the MSII™® state (minimum of 3 angle and
maximum of unit cell volume, see Figure 1.5), a slow evolution towards the GS state is observed.
Nonetheless, at 100 K the GS state is not reached even after 15 hours of CW irradiation, which
might be caused either by a very slow thermal relaxation or by a low population (a few %) of
MSTI state, as seen in the SNP compound [18].

1.1.2 Temperature dependence of photoisomerization kinetics

The structural studies of Ruthenium nitrosyl system were performed at three different tempera-
tures: 140 K, 100 K and 10 K. First of all, we found out that the complete transformation back
to GS under IR irradiation is possible at higher temperatures, 140 K in our case (see Figure 1.6
(a, b)). Second of all, one can notice that the lower the temperature is the stronger change in
structural signatures is observed (higher growth of unit cell volume, stronger decrease in  angle
value, Figure 1.6 and Table 1.2). This implies that the lifetime and population of MSII'R species
grow with the decrease of temperature. The most sudden and unexpected change is observed in
unit cell parameter ¢, while at 100 K and 140 K it shows no specific behaviour, at 10 K one can
notice a significant growth of ¢ under IR light. The maximum of ¢ is associated with minimum

of 8 angle and therefore with the maximum of MSII'® population.

GS — MSI
Temperature Aa, A Ab, A Ac, A AB, ° AV, A®
140 K +0.035(2) —0.016(2) +0.012(4) +0.117(12) +8(2)
100 K +0.033(2) —0.011(2) +0.016(4) +0.136(12) +10(2)
10 K +0.020(2) —0.016(2) +0.026(4) +0.141(12) +5(1)

MSI — MSIIR

Temperature Aa, A Ab, A Ac, A AB, ° AV, A?
140 K —0.008(2) +0.011(2) —0.007(4) —0.288(12) +1(2)
100 K —0.004(2) +40.026(2) +0.007(4) —0.559(12) +13(2)
10 K —0.016(2) +40.047(2) +0.064(4) —0.648(12) +30(1)

TaBLE 1.2: Comparative table of the changes in the unit cell parameters during the photoiso-
merization at 140 K, 100 K and 10 K.

The pronounced temperature dependence of the reaction kinetics during IR irradiation demon-
strates that thermal decay of the MSII population drives the relaxation back to GS just as
previously shown in the prototype SNP compound. The total conversion of the metastable MSI
species back to GS state occurs rapidly by heating the sample above 260 K. Moreover, the
single crystal preserves its switching yield after several photoswitching cycles. On the contrary,

the repetition of photoswitching in the powder results into the sample ‘fatigue’ (decrease of
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[Ru(py)sCIl(NO)|(PFgs)2-1/2H50 single crystal during the irradiation of 473 nm, 280 mW -cm =2

and then of 1064 nm, 130 mW - em~2 (a)-(b) at 140 K, (c)-(d) at 100 K, (e)-(f) at 10 K.

the metastable species populations) [15], which might be explained by defects, such as grain

boundaries or impurities.
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1.1.3 Structure of MSI state under 473 nm irradiation at 8 X and 100 K

The full data collection was taken at 8 K during the photoisomerization process from GS to
MSTI under the CW irradiation of 473 nm (Figure 1.7). For more experimental and the structure

refinement details see Appendix B.

Previously, the structure of MSI state was reported at 100 K in work [62]. The data collection
at 8 K was refined with MSI model with no restraints on geometry for non-hydrogen atoms and

compared to the structure at 100 K in Table 1.3.

MSI at 8K (b)

cis

C17

FIGURE 1.7: Structure of two independent sites of [Ru(py)4sCl(NO)]** cation and water
molecule under the 473 nm irradiation at 8 K. The hydrogen atoms and anions (PFg)~ are
omitted for clarity. The plot is based on the refinement with MSI model.

As expected, the R1 — factor is improving with temperature decrease, as we deal with less of
thermal disorder. There is also a predictable reduction in unit-cell volume Vigox = 5629.5(3) A?
and Vyx = 5605.94(14) A® Moreover, a very small elongation of Rul —O05 and Ru2— 010 bonds
is detected, while the distances of N5 — 05 and N10 — 010 stay close to 1.14 A during the
temperature decline. The angles presented in Table 1.3 do not change much either, and overall

structure keeps its geometry at 8 K.
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Distance/angle, X-Ray

A/ 8 K 100 K¥
Rul - 05 1.8720(15) 1.8630(13)
N5 - 05 1.138(2)  1.140(2)
Rul - O5 - N5 178.26(15) 178.12(12)
Rul - 2.0995(17) 2.0949(13)
Rul - 2.0955(17) 2.0958(14)
Rul - 2.0984(18)  2.0932(14)
Rul - 2.1055(18) 2.1023(14)
Cll — Rul - O5 178.83(5)  178.93(4)
Rul - Cl1 2.2795(5)  2.2782(5)
Ru2 - 010 1.8664(15) 1.8619(12)
N10 - O10 1.141(2) 1.142(2)
Ru2 - 010 - N10 171.58(15)  171.43(13)
Ru2 — N6 2.0978(18) 2.1061(13)
Ru2 - N7 2.0946(17) 2.0954(15)
Ru2 — N8 2.0955(17) 2.0900(13)
Ru2 — N9 2.1114(17)  2.0930(15)
Cl2 - Ru2 - O10 175.70(5)  175.73(4)
Ru2 - CI2 2.2825(5)  2.2798(5)
Cell setting, space group — Monoclinic, P 1 21/c 1
a, 15.6738(2) 15.7224(4)
b, A 13.3899(2) 13.3917(4)
c, A 26.7423(4)  26.7648(7)
B, ° 92.7474(13)  92.603(2)
Vv, A? 5605.94(14)  5629.5(3)
R1-factor 3.35% 4.2%
GooF 1.021 1.10
No. of reflections 12217 18723
No. of parameters 828 775

Apmaz, Dpmin, eA° 0.886, -0.889  0.66, -0.76

TABLE 1.3: MSI structure at 8 K and 100 K: selected bond distances (A) and angles (°).
For more experimental and the structure refinement details see Appendix B. * Selected bond
distances and angles from X-Ray refinement published in work [62].

1.1.4 Structural determination of MSII state under IR irradiation at 8 K and
at 100 K

The full data collections were taken at 8 K and 100 K during the photoisomerization process
from MSI to GS through MSII'® under the CW irradiation of 1064 nm. The refinement in
case of MSII'® state (90° isomerization) is challenging as it is impossible to have 100% of pure
transient state within the present experimental setup. All non-hydrogen atoms were refined
anisotropically, while all hydrogen atoms were constrained by geometry. For more experimental

and the structure refinement details see Appendix B.
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We have followed the evolution of unit-cell parameters at 8 K and 100 K, in particular the g
angle, to verify when we reach its minimum, which is associated with the maximum of MSII'R
population [64]. At 100 K the three consequent data collections (~ 4 hours each) did not give
any strong variation in MSII population, around 40%, therefore all three data collections were

merged and refined together to have one averaged structure, see Figure 1.9.
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FIGURE 1.8: (a) Time evolution of 8 angle (°) of the [Ru(py)sCI(NO)|(PFs)2 - 1/2H20 single

crystal during the irradiation of 473 nm, 280 mW - ecm ™2 and then of 1064 nm, 130 mW - cm ™2

at 100 K; (b) population conversion from MSI to MSII by 1064 nm irradiation at 120 K. The

population of MSI decreases quite fast with exposure ), while MSII population passes through
a maximum first and then decreases slowly [15].

owW2
(@ O;OWI MSII at 100K (b)

FIGURE 1.9: Structure of two independent sites of [Ru(py)4sCI(NO)]*T cation and water
molecule under the IR irradiation at 100 K. The hydrogen atoms and anions (PFg)~ are
omitted for clarity. The plot is based on the refinement with GS/MSII'® model.

From Figure 1.8 (b) from IR experiment on powder sample published in work [15] we expect to
see a very fast depopulation of MSI, while the MSII population passes through maximum and
then decreases slowly. Therefore, at the maximum population of MSII we would have a negligible
population of MSI, and due to this argument we chose the mixture of GS/MSII'F to refine our
data collection. The unique restraint of the N — O distance to be equal to value of 1.14 A was
applied during the refinement and the Rul — N5 and Ru2 — N10 refined distances were found
to be of 1.775(8) A and 1.768(5) A, respectively (Figure 1.9), which is close to the Ru — N
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bond length, 1.755(2) A, of pure GS state [62] (see Table 1.4 last column). Thus our refinement
confirms that GS/MSII'R model is the suitable one at 100 K.

For the 8 K data collection the mix model GS/MSII'® does not fit well. As both N and O are
light atoms with a very close number of electrons, to choose the suitable model we check the
distance between Ru and its closest neighbour. From previous experimental work on GS and MSI
states (this PhD thesis, and work [62]) we know that in case of N atom as a closest neighbour
we have Ru — N bond length close to 1.76 A and in case of O we deal with Ru — O distance
close to 1.86 A (see Table 1.4 data collections at 8 K). For the first data collection taken at 8 K
we observe the distances from Ru atoms to their first neighbours being close to Ru — O bond
length, therefore, we consider the mix model MSI/MSII'® to be an appropriate one in this case
(see Figure 1.10 (a)-(b)), with ~ 40% of MSII™® species.

(a) OW2 MSII at 8K (b)
C&“l 1st data collection

(c) OW2 MSII at 8K (d)
0'°"1 2nd data collection

FIGURE 1.10: Structure of two independent sites of [Ru(py)sCI(NO)]*T cation and water

molecule under the IR irradiation at 8 K: (a)-(b) the first data collection after around 150 min

of IR irradiation, (c)-(d) the second data collection after around 400 min of IR irradiation (see

Figure 1.6 (e)-(f)). The hydrogen atoms and anions (PFg)~ are omitted for clarity. The plot is
based on the refinement with MSI/MSIT'® and GS/MSIT'® model.

For the second data collection at 8 K we have a different picture, one of the independent sites
shows the distance close to Ru — N bond length, while the other one is clearly a mixture of
MSI/MSIT'® (see Figure 1.10 (c)-(d)). Therefore, we use in here MSI/MSIT'™® model for one
independent site and GS/MSII™® for another one. In agreement with the decreased value of 3
angle during the second data collection, the population of MSII™ increses to reach ~ 50% as

indicated in Table 1.4.
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With these structural refinements we can see that the temperature decrease to 8 K slows down
the dynamics of phototransformation and it is possible to detect the MSI state, while at 100 K
the MSI state conversion to MSII is very fast (see Figure 1.8 (b) [15]). We detect with the first
data collection at 8 K that both independent sites in unit-cell started to convert to MSII'R,
while some molecules are still in MSI state. Then with the second data collection at 8 K we
observe the coexistence of three states, GS, MSI and ‘side-on” MSII, while at 100 K we see the
conventional model with GS/MSII'® reported in [15].

The short contacts were also checked and they are presented in Table 1.5. The distance between
atoms is considered a short contact if it is smaller than the sum of the Van der Waals radii
of these two atoms. As the determination of Van der Waals radius for different elements is an
on-going research, there are several values proposed by various physical methods, see Table 1 in
[65]. We will work with the default values adopted in structure visualization tool, Mercury [66],
i.e. the values proposed by Bondi [67]. In Table 1.5 the short contacts are listed for MSI state at
8 K, two consequent data collections of MSII'R at 8 K and data collection of MSII'R at 100 K.
From Table 1.5 it is obvious that short contacts depend neither on the photoisomerization nor
on the temperature. Such stability in short contacts values explains the significant change in

lattice parameters during the photoswitching or temperature variation.
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Distance/angle, 100 K 8 K 100 K
Aye dat col 1 dat col 2

Gst MSIF  MSI/MSII'™R  GS/MSIT'™R  GS/MSII'R
N5’ - 05’ - - 1.076(5) 1.052(5) 1.090(16)
Rul - N5’ - - 2.001(5) 2.012(4) 1.948(9)
Rul — O5’ - - 2.093(9) 2.042(7) 2.119(13)
N5’ — Rul - O%’ - - 30.38(16) 30.06(15) 30.7(5)
Cl1 — Rul — N5’ - - 165.9(3) 160.8(2) 157.6(4)
Cll - Rul - O¥ - - 163.6(3) 168.45(17) 171.1(4)
Rul - N5 1.7550(17) - - 1.786(6) 1.775(8)
Rul - N5 - 05 178.30(16) - - 169.0(8) 179.1(9)
Cl1 - Rul - N5 178.96(6) - - 176.7(3) 178.7(3)
Rul - O5 - 1.8630(13) 1.853(5) - -
Rul — O5 - N5 - 178.12(12) 178.5(7) - -
Cll - Rul - O5 - 178.93(4) 178.01(17) - -
N5 - 05 1.146(2)  1.140(2) 1.091(4) 1.115(5) 1.124(10)
Rul - Cl1 2.3206(6)  2.2782(5 2.2940(7) 2.3007(6) 2.3007(7)
Population of MSII'E - - 39% 53.9% 37.6%

Gst MSIF  MSI/MSII'™R  MSI/MSIT'R  GS/MSII'R
N10’ - O10’ - - 1.052(5) 1.024(5) 1.072(5)
Ru2 — N10’ - - 1.992(4) 1.990(4) 1.988(8)
Ru2 - 010’ - - 2.139(8) 2.125(5) 2.160(7)
N10’ — Ru2 - O10’ - ~29.24(16) 28.57(14) 29.58(15)
Cl2 - Ru2 - N1¢’ - - 159.8(2) 159.41(17) 159.00(18)
Cl2 - Ru2 - O10° - - 170.11(19) 170.73(14) 170.86(16)
Ru2