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The complex trans-[RuNO(NH;),F]SiFs was synthesized in quantitative yield
and the structure was characterized by X-ray diffraction and spectroscopic
methods. The complex crystallizes in the non-centrosymmetric space group Pn.

linkage isomers; nonlinear optical properties;
photocrystallography.

CCDC reference: 1910521 Hirshfeld surface analysis revealed that the dominant intermolecular inter-

actions are of types H- - -F and F- - -O, which are likely to be responsible for the
Supporting information: this article has packing of the molecules in a non-centrosymmetric structure. Irradiation with
supporting information at journals.iucr.org/b blue light leads to the formation of Ru-ON (metastable state MS1) and

Ru-7°-(NO) (metastable state MS2) bond isomers, as shown by IR and UV-Vis
spectroscopy. The structural features of the MS1 isomer were elucidated by
photocrystallography. The complex exhibits exceptionally good thermal stability
of the metastable state MS1, such that it can be populated by light at 290-300 K,
which is important for potential applications. The second harmonic (SH)
emission can be generated by femtosecond-pulsed irradiation of the complex.
The generated SH is rather efficient and stable under long-term exposure.
Finally, since both metastable states and harmonic generation can be generated
at room temperature, an attempt to drive the SH response by photoisomeriza-
tion of the nitrosyl ligand was made and is discussed.

1. Introduction

Molecular materials based on a ruthenium metal centre
exhibit a wide range of interesting optical properties. On the
one hand, the absorption properties and refractive index of
ruthenium nitrosyl complexes can be modified by the photo-
generation of metastable states (Schaniel, Cormary et al., 2007,
Schaniel, Imlau et al., 2007). These metastable states corre-
spond to different types of coordination of the nitrosyl ligand
to the Ru atom, i.e. nitrosyl linkage isomers (Coppens et al.,
2002). In the ground state (GS) the nitrosyl ligand is coordi-
nated through the N atom (Ru—NO), in metastable state 1
(MS1) through the O atom (Ru—ON) and in metastable state
2 (MS2) the coordination is of side-bond type [Ru-1*-(NO)].
An important feature is the possibility to switch reversibly
between these three states with light, ie. by using specific
photon energies one can drive GS to MS1 (Av;) and MS1 to
© 2019 International Union of Crystallography MS2 (hv,), while MS1 and MS2 can be transferred back to GS
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with a photon energy Av; (see Scheme 1 which shows photo-
switching between linkage isomers in ruthenium nitrosyl).

N=0
h R/ h
V3 u vy

/ MS2 \ N
hv, (“)
hvs Rlu

MS1
Scheme 1

On the other hand, ruthenium complexes exhibiting
nonlinear optical (NLO) properties have been reported,
allowing for e.g. second-harmonic (SH) generation (Assel-
berghs et al., 2004). In terms of even-order harmonic genera-
tion, the second-order polarizability S [and equivalently the
second-order susceptibility x® for solids] must be non-
vanishing, which requires a non-centrosymmetric structure for
solid bulk media (Clays & Persoons, 1991; Roke & Gonella,
2012). Third-harmonic (TH) generation, by contrast, is
present in any space group and medium. Therefore, the ratio
of the emission intensities of SH and TH can be exploited to
gauge the NLO properties of new materials with respect to a
standard (Kijatkin et al., 2017). Furthermore, a strong mol-
ecular dipole moment enhances the polarization effect and
leads to even higher SH and TH intensities.

A tailored material for efficient harmonic generation may
open up prospective applications, particularly in fields where
significant emission signals are required, e.g. nonlinear
imaging. Based on this, the design of potential molecular
materials exhibiting NLO properties comes down to the
creation of donor—acceptor interactions between the mol-
ecules within the material. Subsequently, a change in the
donor—acceptor interaction by reduction of the acceptor or by
oxidation of the donor may lead to a change in the NLO
response with respect to the conversion efficiency. Redox
switching can be triggered by chemical means, electro-
chemistry or light (Sakaguchi et al, 1989; Coe et al., 1999;
Powell et al., 2003). Another interesting idea to control the
NLO response was proposed in the work of Akl et al. (2013).
Based on DFT calculations, those authors showed that the
photoswitching of GS to MS1 in ruthenium nitrosyl complexes
can induce a significant change in the hyperpolarizability
parameter 8 and might therefore be useful for NLO applica-
tions based on the second harmonic, such as for bioimaging
(Urban et al., 2012; Su et al., 2017). However, there are certain
experimental conditions to be satisfied in order to show that
NLO properties can be controlled by photoswitching of
nitrosyl linkage isomers. First, the complex needs to be crys-
tallized in a non-centrosymmetric structure in order to
produce SH generation in the solid state in the GS. Second, a
sufficient amount of MS1 with a reasonable lifetime (ideally at
room temperature) is needed in order to measure the change
in NLO response upon generation of MS1.

In previous work we have shown that [RuNO-
(py)4F1(ClO,), exhibits the highest MS1 thermal stability and
that MS1 can be photogenerated by blue light up to 230 K

using a continuous-wave (CW) light source for irradiation, and
even at room temperature when using pulsed laser irradiation
(Kostin et al., 2018; Mikhailov et al, 2019). We also showed
that the thermal stability of MS2 is essential for the room-
temperature generation of MS1, as the GS to MS1 excitation
occurs via MS2 as an intermediate state (Mikhailov et al,
2019). Accordingly, the aim of the current study is to improve
the thermal stability of MS1 and MS2, using fluorine as a trans-
to-NO ligand, by the synthesis of trans-[RuNO(NH;3),F]SiFg,
which crystallizes in a non-centrosymmetric space group. The
structure of the complex is thoroughly analysed using X-ray
diffraction (XRD) and SH generation. The properties and
generation conditions of MS1 and MS2 are investigated by
XRD, IR and UV-Vis spectroscopy and calorimetry. The
NLO properties of GS are investigated in detail and an
attempt is made to measure the changes induced by photo-
generation of MS1 at room temperature.

2. Experimental
2.1. Synthesis of trans-[RUNO(NH;)4FISiF,

The synthesis of trans-[RuNO(NH;),F]** was performed in
an analogous manner to that of the trans-[RuNO(py)sF]**
complex from our previous work (Kostin et al., 2018). trans-
[RuNO(NH3;),OH]CI, (585 mg) was dissolved in concentrated
HF (10 ml, 40%) and heated in a closed polypropylene vessel
for 30 h at 363 K. The solution was then evaporated in air to
dryness, resulting in a yellow residue. A few portions (3-5 ml)
of diethyl ester were added to the solid in order to remove
possible residual hydrofluoric acid. A yellow powder (604 mg)
with presumed formula frans-[RuNO(NH;),F](H,F, 1), was
obtained. Single crystals of trans-[RuNO(NH;),F]SiFs were
obtained by dissolving this product, frans-[RuNO-
(NH3),F](H,F,.1), in water in a glass tube. The yield of trans-
[RuNO(NHj;)4F]SiFs is ~90%.

Spectroscopic analysis: IR bands at room temperature
(em™h): 3328, 3228 [V(C—H)], 1899 [W(NO)], 737, 698 [v(Si—
F)], 1668, 1608, 1566, 1324, 1302 and 870 (amine vibrations).
Elemental analysis for NsH;,OF,Si;Ru,, calculated/found
(%): H 3.4/3.6, N 19.4/19.7, F 36.9/37.2. The powder XRD
pattern of the bulk sample corresponds to the theoretical
pattern calculated from the crystal structure determined by
single-crystal XRD (Fig. S1 in the supporting information).

2.2. Single crystal X-ray diffraction

One single crystal of frans-[RuNO(NH;),F]|SiFs was
selected and measured on a Rigaku Oxford Diffraction
SuperNova four-circle diffractometer equipped with a
molybdenum microfocus source (Mo Ko, A = 0.71073 A) and
an Atlas CCD detector. An Oxford Cryosystems Cryostream
nitrogen blower was used to maintain the sample temperature
at 100 K. After measuring the ground state (GS), the same
single crystal was irradiated for 120 min by a 405 nm 360 mW
LED at 100 K in order to measure the photoinduced state. The
light of the LED was collimated using an anti-reflection-
coated aspheric condenser lens (COP1-A from Thorlabs),
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yielding a homogenous spot of about 20 mm diameter at a
distance of 150 mm. The crystal, of size 0.157 x 0.104 x
0.085 mm, was centred on this spot and homogenous illumi-
nation was ensured by rotating the crystal by 90° every 30 min.
The GS and photoinduced structures (corresponding to a
mixture of GS and MS1) were solved using OLEX2 (Dolo-
manov et al., 2009) with the olex2.solve (Bourhis et al., 2015)
structure solution program using charge flipping, and refined
with the olex2.refine (Bourhis et al., 2015) refinement package
using Gauss—Newton minimization. The GS structure of trans-
[RuNO(NH3),F]SiF¢ has been deposited with the CCDC with
refcode 1910521. Data-collection and refinement parameters
are given in Table S1.

2.3. Hirshfeld surface analysis

The Hirshfeld surfaces were calculated using Crystal
Explorer (Hirshfeld, 1977, Spackman & Jayatilaka, 2009;
Turner et al., 2017). This program allows the normalized
contact distance d,om to be mapped onto the generated
Hirshfeld surface. It is customary to map d,om using a red—
white-blue scheme, where red denotes close intermolecular
contacts (negative d,.m), blue denotes longer contacts (posi-
tive dyorm) and white denotes intermolecular contacts equal to
the van der Waals radii of atoms in contact (dyorm = 0). It is
possible to obtain two-dimensional plots (fingerprint plots)
from the surfaces mapped with d, ., values. Such plots are an
invaluable asset in intermolecular interaction analysis since
they serve as an executive summary of the quantity, nature and
type of all intermolecular interactions at the same time.

2.4. Powder X-ray diffraction

Powder X-ray diffraction patterns were recorded using a
PANalytical X’Pert PRO diffractometer equipped with a Cu
X-ray tube, a Ge(111) incident-beam monochromator (A =
1.5406 A) and an X’Celerator detector.

2.5. IR and UV-Vis spectroscopy

IR spectroscopy measurements with irradiation were
performed using a Nicolet 5700 FT-IR spectrometer with a
resolution of 2 cm ™' in the range 400-4000 cm™'. The sample
was ground, mixed with KBr and pressed into pellets. The KBr
pellets were bonded by silver paste onto the cold finger of a
closed-cycle cryostat (Oxford Optistat VO1) and irradiated by
an LED through KBr windows with light of different wave-
lengths in the range 300-940 nm and 10-400 mW optical
power (Thorlabs L and LP series). The cryostat allows control
of the temperature in the range 9-320 K.

UV-Vis spectra were recorded using transparent KBr
pellets with the complex by a Varian CARY 4000 spectro-
meter. Transparent pellets were prepared as for the IR
measurements. Low-temperature  measurements  were
performed using the same cryostat as for the IR measure-
ments, except that the KBr windows were exchanged for
standard borosilicate glass windows. The baseline was
measured using the same diaphragm with a KBr pellet, which
can be mounted on the cryostat sample holder.

2.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were
performed on a Mettler-Toledo DSC1 instrument equipped
with a high-sensitivity DSC HSS8 sensor. The sample (~5 mg
of the powder) was homogeneously spread in a standard
aluminium crucible (40 pl), such that it formed a thin layer
covering the whole surface of the crucible.

For MS1 generation, irradiation of GS was performed at
143 K for 40 min through a glass window, using LED light at
405 nm (Thorlabs M405LP1-C1) and with a light intensity of
360 mW. MS2 was generated under the same conditions by
first irradiating at 405 nm for 40 min using 360 mW, followed
by irradiation at 940 nm and 200 mW (Thorlabs M940L3-C2)
for 60 min. To detect the enthalpy release during thermal
relaxation of the metastable states, the sample was then
heated from 143 to 353 K at a heating rate of 9 K min™'. As a
reference measurement the sample was measured using the
same protocol but without light irradiation. The experimental
data were processed using the Netzsch Proteus analysis soft-
ware.

2.7. NLO properties

Single crystals of trans-[RuNO(NH;),F]SiFs were ground in
a mortar and pressed into a powder pellet as described by
Kijatkin ez al. (2017). For comparison, the same procedure was
performed using magnesium-doped lithium niobate
(LiNbO3:Mg) nanoparticles (mean particle size d >~ 90 nm).
Creating small-scale crystallites allows a loosening of the
phase-matching conditions typically required for observing
NLO signals. Spectrally tunable ultrashort laser pulses (7 =~
50 fs) at a pulse repetition rate of 1 kHz were obtained by a
regeneratively amplified femtosecond oscillator (Astrella
HE+ Coherent) equipped with an optical parametric amplifier
(TOPAS Prime, Light Conversion). The incident laser pulses
were directed onto the sample at a small angle of incidence
(~30°). Diffusely backscattered radiation was collected and
spectrally resolved using a glass fibre placed perpendicular to
the sample surface, which was attached to a combination of a
spectrograph and a CCD camera (IsoPlane SCT320 and
PIXIS:2KBUYV, Princeton Instruments). Parallel population of
the metastable states was achieved using a 405 nm CW laser as
a pump light source, irradiating the sample at a similar angle of
incidence, thereby forming a symmetric beam geometry with
respect to the sample surface. The intensity of both beams was
regulated via neutral density filters. Backscattered pump
radiation was attenuated before entering the spectrometer by
a longpass filter (ZUL0422, Asahi Spectra).

2.8. Pump—probe transient absorption spectroscopy

The optical pump system consists of a Surelite II-10 Nd-
YAG pulsed laser equipped with an optical parametric oscil-
lator (OPO, model SLOPO+). The system delivers laser pulses
of 3-5ns duration at a frequency of 10 Hz. The OPO was
tunable in the range 400-700 nm. The laser beam was directed
onto the sample position (the complex in a KBr pellet) using a
series of silver-coated mirrors and was precisely adjusted and
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focused through appropriate lenses (f = 100, 200 or 300 mm)
to illuminate the sample uniformly (i.e. the beam diameter was
larger than the sample). For the transient absorption
measurement, a CW laser at 532 nm wavelength was used to
probe the light-induced absorption. The probe beam was
focused by a lens (f = 300 mm) onto the sample position such
that the probe beam diameter was smaller than the pump
beam diameter. Its intensity could be adjusted by a A/2
waveplate and a polariser from a few microwatts to a few
milliwatts. The probe light was detected by a 200 MHz Si-Pin
diode from Femto Messtechnik GmbH. The voltage at the
output of the detector was sampled using a 1.5 GHz oscillo-
scope (LeCroy WavePro 715Zi). The trigger was obtained
directly from the laser (with a delay of 10 ns with respect to
the arrival of the pump beam on the sample position). In order
to block the pump light (410 nm), two interference filters at
532 nm (width of 5 nm) were mounted in front of the photo-
diode. The transient absorption signal was recorded in single-
shot mode and averaged over 20 pump—probe cycles.

2.9. Elemental analysis

The elemental content of trans-[RuNO(NH;),4F]SiF (C, H,
N) was determined using a Vario Microcube analyser. The
fluorine content was determined after sample combustion by
the Shoniger technique with an alkaline absorption liquid, by
the spectrophotometric method with a lanthanum/alizarin
complexone and by the potentiometric method with a
fluorine-selective electrode. The discrepancy between the
different methods did not exceed 0.1%.

3. Results and discussion
3.1. Synthesis and structural description

Heating trans-[RuNO(NH;),OH]Cl, with hydrofluoric acid
results in the substitution of the OH™ ligand by a fluoride
anion. Conversion of the reaction was monitored by taking IR
spectra of the resulting solid at different HF treatment times at

@FS

F2
F7

Fa

(a)

Figure 1

2.05(2)

2 27(1),.""7"_ ston

(b)

Table 1

Selected bond distances and angles (A, °) in trans-[RuNO(NH;),F]SiFj.
Distance Distance Angle

Rul—N5 1719(2) Sil—F2 1.678(2) Rul—N5-01 1759 (2)
N5—O1  1.144(2) Sil—F3 1713(2) Fl—Rul—N5 177.2(1)
Rul—F1 1938(1) Sil—F4 1.674(2) NI—Rul—Fl  852(1)
Rul—N1  2091(2) Sil—F5 1681(2) N2—Rul—F1  87.1(1)
Rul—N2 2098(2) Sil—F6 1.686(1) N3—Rul—FI 85.9 (1)
Rul—N3 2092(2) Sil—F7 1661(1) N4—Rul—F1  859(1)
Rul—N4  2.083 (2)

363 K. After heating for 30 h, the v(NO) stretching vibration
of the precursor complex (1847 cm™') disappeared completely
and a new v(NO) band at 1875 cm ™' arose in the IR spectrum.
In the next step, the resulting yellow crystalline powder with
presumed formula trans-[RuNO(NH;),F](H,F,,;), was
dissolved in water in a glass tube, leading to the formation of
trans-[RuNO(NH;),F]SiFg single crystals. In an earlier report
on the synthesis of trans-[RuUNO(NH;),F]** (Sinitsyn et al.,
1989), the precursor complexes trans-[RuNO(NH;),OH]-
(NO,), or K,[RuNOFs]-H,O were heated with molten
NH,HF, at 473 K for ~1 h in a platinum melting pot. The
treatment of the precursor in these aggressive conditions
indicates the high thermal stability of the trans-
[RuNO(NH,),F]** cation. The final yield of the product was
not mentioned in that report, but a few crystals of trans-
[RuNO(NH3),F]SiF¢ were obtained.

The complex trans-[RuNO(NH;)4F]SiFs crystallizes in the
non-centrosymmetric space group Pn. The cell parameters are
given in Table S1. The asymmetric unit contains two molecular
ions, the [RuNO(NH3)4F]2+ cation and the SiF*~ anion, both
in a distorted octahedral configuration [Fig. 1(a)]. The
distances in the F-Ru-N-O fragment are Ru—NO =
1719 (2) A, N—O = 1.144 (2) A and Ru—F = 1938 (1) A
(Table 1). The angles in the F-Ru-N-O fragment are close to
linear: Rul—N5—-01 1759 (2)° and F1—Rul—N5 =
177.2 (1)°. While the bond distances Ru—N1 and Ru—N3 of
the amine ligands trans to each other are equal [2.092 (2) A],

“F7

(a) The structure of the frans-[RuNO(NHS;),F|SiF, complex. (b) and (c) The intermolecular contacts (A) of F6 and F7. Ellipsoids in panel (a) represent
anisotropic displacement parameters at the 50% probability level. Spheres in panels (b) and (c) are of arbitrary radii. Most of the H atoms in panels ()

and (c¢) have been removed for clarity.
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the other two bond distances Ru—N2 and Ru—N#4 exhibit a
length difference of 0.015 (2) A. The difference is due to
packing effects as a consequence of the different involvement
of the amine ligands in hydrogen bonds with the F atoms of the
hexafluorosilicate anion. These hydrogen bonds, alongside the
halogen bonds, are also responsible for the almost-parallel
alignment of the molecular dipoles, resulting in a non-
centrosymmetric structure. In the following we discuss these
important intermolecular interactions in more detail using
Hirshfeld surface analysis.

The Hirshfeld surface analysis reveals an abundance of
hydrogen bonds between the amino groups of the cation and
the fluoride atoms of the SiFs>~ anion (Figs. 2 and S2). For the
most part, individual bonds are reasonably strong (average
H- - -F distance 2.170 ;\, range 2.024-2.364 A, sum of van der
Waals radii 2.66 A, average N—H---F angle 158.4°, range
145.3-173.4°). An average of two hydrogen bonds per F atom
and several weaker contacts distort both octahedra (Table 1).

Reciprocal contacts are found on the Hirshfeld surface of
the trans-[RuUNO(NH;)F]>" cation. One intense or two
moderate red spots are noticeable near almost every H atom,
indicating the existence of regular and bifurcated hydrogen
bonds. The remaining F ligand, which is bound to Ru, shows
similar patterns of intermolecular contacts [Figs. 2 and S2(b)].

The nitrosyl ligand has a potential for both hydrogen and
halogen bonds. There is a wealth of evidence for halogen
bonds between F6 and O1 [Figs. 1(b), 1(c), S2(c) and S2(f)].
The F6. - -O1 distance is 2.658 A (sum of van der Waals radii
2.96 A), while the Sil —F6. - -O1 and F6- - -O1—N5 angles are
170.33° and 171.50°, respectively. Furthermore, this halogen
bond has a profound impact on the trans (to F6) ligand F7,
which has the shortest Si—F7 bond length of all the fluoride
ligands. There is less evidence for hydrogen bonds between
the amine ligands and O1 [Fig. S2(d)]; these are weak
hydrogen bonds with shallow angles at best.

Rul-N5-01 *

of. R

Rul-N5-0O1

F6*

Figure 2

Three-dimensional Hirshfeld surface maps, coloured by d,,,, in the range
0.5-1.5 A. (Left) Front view and (right) back view. Regions coloured red
and marked with an asterisk (*) indicate F6- - -O1 halogen bonds. Other
red regions indicate N—H- - -F bonds.

3.2. Investigations of metastable states

3.2.1. Spectroscopic and structural studies. IR spectro-
scopy is an extremely sensitive technique for detecting a bond-
linkage change. The NO stretching vibration v(NO) is a
particularly useful fingerprint for the identification of nitrosyl
linkage isomers (Mikhailov er al, 2019). Concerning the
spectrum of GS, the v(NO) band has a maximum at 1902 cm™"
with a shoulder at 1910 cm™" at 10 K. Light irradiation of GS
in the range 300-500 nm generates MS1, characterized by its
p(ON) band with a maximum at 1769 cm™' (Fig. 3). The
V(ON) band of MS1 exhibits a shift of 133 cm™" to lower
energy compared with the v(NO) band of GS, which is typical
for ruthenium nitrosyl compounds (Schaniel, Cormary et al.,
2007; Kostin et al, 2015, 2017, 2018). The most efficient
wavelengths for inducing the GS-to-MS1 transfer are in the
range 405-420 nm (Fig. S3).

Further signatures of the MS1 isomer formation are the
bands appearing at 577, 532 and 466 cm ™', which we tenta-
tively assign to the v(Ru—Oy() stretching mode, the §(Ru—
O—N) deformation mode and the v(Ru—F) stretching
vibration, respectively. The appearance of these bands is
accompanied by a decrease in the corresponding GS bands at
544,503 and 473 cm ' (Fig. S4). The assignment is made based
on the literature data (Weidemann et al., 1998). Again, the
change in these low-energy vibrations upon MS1 formation is
expected, as was shown for ruthenium nitrosyl complexes with
trans-ligands X = F~, OH™ (Kostin et al., 2015, 2017, 2018).

Concerning the vibrations of the amine groups, the
appearance of new 8(NH;) bands of MS1 at 870 and 833 cm™*
and the corresponding decrease in the GS §(NH;) bands at
876, 854 and 848 cm™ !, as well as perturbations of the v(Ru—
Nxp,) bands in the 1550-1700 cm ™' range after irradiation, are
evidence again that the whole structure (axial and planar
ligands of the octahedral complex) adapts to the NO re-
arrangement.

0.60 4

0.55 4 GS
———MS1 (GS + 405 nm 10 min)
—— MS2 (MS1 + 940 nm 60 min)

0.50 4

0.45
0.40
0.35 4
0.30 4
0.25

Absorbance

0.20 4
0.15 4

0.10 4

0.05 -
T T T T T T T T T T T T T T T T T T T 1
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000
Wavenumber (cm™)

Figure 3
IR spectra at 10 K for the GS (orange line), GS+MS1 (green line) and
GS+MS1+MS2 (black line).
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By irradiation of MS1 with 940 nm light it is possible to
generate the MS2 isomer [Ru—(1>-NO)], i.e. irradiation in the
near-IR induces the transfer of MS1 to MS2. The appearance
of the MS2 isomer is characterized by the formation of the
V[n*-(NO)] band with a maximum at 1545 cm™'. Compared
with GS, the NO stretching vibration shifts to a significantly
lower wavenumber by 357 cm ™', which again is typical for the
MS?2 isomer (Schaniel, Cormary et al, 2007; Kostin et al.,
2015). Moreover, a new band with a maximum at 561 cm ™ is
detected, most probably corresponding to the §(Ru—N—O)
deformation mode of MS2.

The populations of both MS are determined from the
decrease in the area of the v(NO) GS band and amount to
~10% for MS1 and ~3% for MS2. Irradiation of both MS1
and MS2 in the range 505-810 nm leads to a transfer back to
GS. A summary of the wavelength dependence of the GS-MS
transformations under light exposure is given in Fig. S5. As
will be detailed below, the photogeneration of MS1 occurs
through a two-step process via the second metastable state
MS2, i.e. GS—MS2—MS1, where MS2 is generated by a one-
photon excitation. Any photon arriving within the lifetime of
MS2 then induces the second step, MS2—MSI, at the same
wavelength.

In order to gain a better understanding of the population
and depopulation processes of MS1 and MS2, the UV-Vis
absorption spectra of trans-[RuNO(NH;),F]SiFs in KBr
before and after light irradiation were measured at 100 K
(Fig. 4). GS exhibits a strong absorption from the UV up to
500 nm, whereas MS1 absorbs light over the whole measured
range of 350-900 nm and has its lowest lying absorption band
with a maximum around 550 nm (Fig. 4, inset). MS2, like MS1,
absorbs over the entire measured range and exhibits an
absorption maximum at 500 nm. Within the GS—MS2—MS1
generation scheme, GS can thus be excited to MS1 by irra-
diation in the range 405-420 nm, due to the strong absorption
bands of GS and MS2 and a comparable less efficient

2.00 4

GS
- -MS1
1754 |\ |—ws2

1.50

Absorbance

1.25

Absorbance

1.00

T T T T T T T T T ,
400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

0.75 4

350 4(I)0 4&0 S(I)O 5%0 B(IJO 650 7(I)0 750 8(!)0 8%0 960
Wavelength (nm)

Figure 4

UV-Vis spectra for GS (orange line, before irradiation), GS+MS1 (green

line, after 90 min of 405 nm irradiation of GS) and GS+MS1+MS2 (black

line, after 60 min of subsequent 940 nm irradiation of MS1) at 100 K.

(Inset) MS1 and MS2 spectra after GS and MS1 subtraction, respectively.

absorption of MS1 in this spectral range. Above 450 nm, the
MS1 absorption increases and, as a consequence, the cross
section of the MS1-to-GS reaction increases, which results in a
decrease in the population of MS1 in the case of excitation
wavelengths of 450 nm and above (Fig. S3). Furthermore,
since MS1 and MS2 exhibit significant absorption in the 450-
810 nm spectral range, light irradiation in that region might
lead to a transfer of MS1 and MS2 back to GS. IR exposure
(940 nm) of MS1 results in the formation of MS2, but also in a
slow back-transfer to GS, which indicates that the cross section
of the MS1—MS?2 reaction in this spectral region is higher
than for the MS1—GS, MS2—GS or MS2—MSI1 transfor-
mations.

While identification of the two linkage isomers MS1 and
MS2 in nitrosyl compounds using IR spectroscopy is well
established, a direct confirmation of the structural changes by
X-ray diffraction (XRD) is desirable. However, due to the
relatively low populations of MS1 (10%) and MS2 (3%) and
the significant spatial overlap of the different linkage-isomer
configurations (especially GS and MS1), the structural analysis
has to be performed with care. We restrict the photo-
crystallographic investigations to the case of MS1.

Initial model-independent evidence for NO isomerization is
obtained by analysis of photodifference maps, an adequate
tool for the study of structural changes even in the case of low
populations (Schaniel et al., 2018). The same single crystal
used for the GS structure determination was used for MS1
data collection after irradiation at 405 nm (360 mW LED for
120 min). The crystal colour changes from bright yellow to
pale yellow after light exposure (Fig. S6). The unit-cell para-
meters change from 6.7036 (4) to 6.7242 (4) A and from
10.1296 (7) to 10.1347 (7) A for a and c, respectively, while b
changes only slightly from 7.4260 (4) to 7.4249 (4) A
(Table S1). Note that the F-Ru-N-O axis is almost perpen-
dicular to the b axis, so the small increase in a and ¢ might be
expected from the lengthening of the Ru—O distance in the
Ru—ON (MS1) bond compared with the Ru—N distance in
Ru—NO (GS). The photodifference map is the Fourier
transform of the difference between the structure factors of
the photoexcited structure (GS+MS1) and the structure
before irradiation (GS) (Schaniel et al., 2018). For the present
case, the photodifference map (Fig. 5) is drawn in the Ru-N-O
plane and shows a significant lack of electron density around
atom O1. Near atom N5 some diffuse excess electron density
is observed, but it is at the same level as the noise. This
observation is typical for the case of a 180° NO isomerization,
since the ‘electron-rich’ O atom in MS1 occupies the position
of the N atom and vice versa. Therefore, in MS1 the electron
density at the O1 position of GS is reduced, while at the N5
position it is increased. We also observe a change in electron
density on the Ru position, which is due to a small displace-
ment of Ru in MS1 compared with GS.

Having unambiguously established the presence of the MS1
isomer, we discuss in the following an approach to refine a
structural model for MS1. In the first step, a structure refine-
ment of GS+MS1 is performed using a single structural
configuration to model the experimental data, one assuming a
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100% Ru-NO configuration as for GS, and one using a 100%
Ru-ON configuration as one might expect if the GS to MS1
conversion were complete. Atomic distances for the structures
obtained after these two refinements are shown in Table 2.
Regardless of the model used (Ru-NO or Ru-ON), the
distance between Ru and the nitrosyl ligand increases by 0.02—
0.03 A. Residual electron-density maps of both structure
refinements are shown in Fig. S7. For the model assuming the
GS Ru-NO configuration, no excess or lack of electron
density around the nitrosyl ligand is observed. In the case of
the model with an Ru—ON configuration, significant residuals
are observed. There is a lack of electron density near the N
atom and an excess of electron density around the O atom of
the nitrosyl ligand. The lack of electron density indicates that
the N atom should be substituted by a more electron-rich
atom, while the excess of electron density indicates that the O
atom should be substituted by a less electron-rich atom. Since
the model with Ru-NO yields a better fit of the GS+MS1
structure and the elongation of the Ru— (NO) distance is only
0.02-0.03 A, we can conclude that the population of the Ru—
ON isomer is significantly lower than that of the Ru-NO
isomer, in agreement with the spectroscopic results. For
comparison, in the K;[RuNO(NO,),OH], [RuNO(py),-
(NO,),0OH], [RuNO(py)4Cl](PF¢),-0.5H,O and [RuNO-
(py)4F](ClO4), ruthenium nitrosyl complexes, the elongation
of the Ru~(NO) bond distance from GS to MS1 was 0.1 (1) A
(Fomitchev & Coppens, 1996; Cormary et al, 2009; Kostin et
al., 2015; Mikhailov et al., 2019).

In the second step, the excited structure is modelled using a
split model for the NO group, i.e. a mixture of the two
configurations Ru—~ON and Ru-NO (Table 2). In the light of

)
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Figure 5
A two-dimensional photodifference map between the photoinduced state
(GS+MS1) and GS. Residual electron-density contours are 0.35 e A7 A
lack of electron density is shown by red contours and an excess by green
contours.

Table 2
Selected bond distances and angles (A, °) for GS and for the three models
of GS+MSI1.

GS+MS1
GS/MS1 (80/20%)
GS GS (100%) MS1 (100%) split model
Distance/angle Ru—NO Ru—NO Ru—ON Ru—NO/Ru—ON
Rul—N5 1719 (2) 1.740 (2) 1.731 (3)
Rul—-01 1.747 (2) 1.789 (5)
N5—-01 1.144 (2) 1.148(2) 1.141 (2) 1.157 (4)/1.13 (1)
Rul—F1 1.938 (1) 1.936(1) 1.939 (2) 1.936 (1)
Rul—N1 2.091 (2) 2.090 (3) 2.093 (3) 2.091 (2)
Rul—N2 2.098 (2) 2.103 (3) 2.099 (3) 2.102 (3)
Rul—N3 2.092 (2) 2.092(3) 2.088 (3) 2.092 (3)
Rul—N4 2.083(2) 2.082(3) 2.083 (3) 2.083 (3)
Sil—F2 1.678 (2) 1.684 (3) 1.686 (3) 1.684 (3)
Sil—F3 1713 (2) 1712 (2) 1.713 (2) 1.712 (2)
Sil—F4 1.674 (2) 1.677 (3) 1.676 (3) 1.677 (3)
Sil—F5 1.681 (2) 1.686 (2) 1.684 (2) 1.686 (2)
Sil—F6 1.686 (1) 1.690 (2) 1.687 (2) 1.690 (2)
Sil—F7 1.661 (1) 1.664 (2) 1.669 (2) 1.664 (2)
Rul—N5—-01 1759 (22) 175.7(2) 173.0 (4)
Rul—0O1—N5 1754 (2) 165 (1)
F1—Rul—N5 1772 (1) 1772(1) 177.9 (2)
F1—Rul—-01 176.8 (1) 173.9 (3)
N1—Rul—F1 852 (1) 854(1) 85.8 (1) 86.5 (1)
N2—Rul—F1 87.1(1) 875(1) 87.5(1) 87.5(1)
N3—Rul—F1 85.9(1) 86.6(1) 86.4 (1) 85.5(1)
N4—Rul—F1 85.9(1) 86.1(1) 86.1 (1) 86.1 (1)

our conclusions above and the fact that the population of MS1
is 10% from the IR measurements, we have constrained the
occupancy of MS1 to 20%. In the case of a refinement with less
than 20% of MSI1, the MS1 displacement parameters of the
nitrosyl atoms become non-positive definite even when using
an isotropic refinement. Using this constrained model, we
obtain an Ru—ON bond length of 1.789 (5) A, which is
0.07 (1) A longer than in the GS structure. The Ru—O—N
angle changes to 165 (1)°. All other bond distances in the
GS+MSI structure are the same as in GS to within the limit of
error. Since the population of the Ru-ON isomer is only 10—
20%, the accuracy of the structural parameters obtained from
the refinement of the structure of MS1 is limited, as discussed
in the literature (Cormary et al, 2009; Kostin et al., 2015;
Mikhailov et al, 2019). For example, the largest change in the
bond lengths after blue-light irradiation is the elongation of
the Ru—ON bond by 0.1 (1) A, which can be unambiguously
refined only in the case of high populations of the Ru—~ON
state. In case of an MS1 population of less than 50%, the
structural parameters of MS1 in the presence of GS should be
interpreted with care. Simulations showed that typical errors
on the Rul—O1 distance are of the order of 0.03 A. For an in-
depth discussion of the correlation between population and
structural and anisotropic displacement parameters we refer
the reader to the work of Cormary et al. (2009). All in all, we
can conclude that MS1 of trans-[RuNO(NH;),F]SiFg repre-
sents the typical structural behaviour of the isonitrosyl isomer
in the nitrosyl ruthenium family.

3.2.2. Thermal stability of metastable states. For potential
applications the thermal stability of MS1 and MS?2 is essential.
We determined the energy barriers of the MS1-to-GS and
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Table 3

Kinetic parameters for the MS1 — GS reaction.

Trans complex E, (eV) ko (s7h) Ta (K) Trnax of psct (K) Reference
[RuNO(en),Br]Cl, 0.53 52 x 10° 229 ~250% Ookubo et al. (1996)
[RuNO(en),Cl|Cl, 0.69 1.7 x 10" 246 ~270% Ookubo et al. (1996)
[RuNO(NH3;),OH]Cl, 0.91 6 x 10" 258 ~280 Schaniel et al. (2005)
[RuNO(NH;),F]SiF, 1.01 2.6 x 10" 292 ~310 Present work
[RuNO(py),Br](PF), ~210 Coppens et al. (2002)
[RuNO(py),OH](PFs), ~220 Coppens et al. (2002)
[RuNO(py),4Cl](PFq), 0.70 2 x 10" 231 ~250 Schaniel et al. (2007)
[RuNO(py)4F](ClO,), 1.02 7.9 x 10" 289 ~310 Kostin et al. (2018)

F Tmax of Dsc is the temperature on the maximum of the DSC curve. % Approximate values, since in the work of Ookubo et al. (1996) the IR technique was used to determine the
kinetics. The approximation was made based on the observation that the difference between T4 and T}, of psc is typically ~20 K. Note that Ty,.x of psc depends on the heating rate

(Kostin et al., 2015).

MS2-to-GS reactions using DSC. The kinetic parameters of
the exothermic reactions (activation energies FE, and
frequency factors k) were calculated using the first-order
kinetic equation

dH /dt = H,,(1 — &) ko exp[—E, /(RT)], ¢y

where dH/dt is the heat-flow rate, H,, is the total reaction
enthalpy, « is the conversion, R is the universal gas constant
and T'is the temperature. The DSC curves are shown in Fig. S8.
According to the fit, E, and logk, for the MS1—GS and
MS2—GS reactions are 97.4 (3) kJ mol™' and 14.42 (4), and
59.0 (5) kJ mol " and 12.0 (1), respectively.

A useful parameter to compare the thermal stability of MS
of different complexes is the so-called decay temperature Ty
(Morioka et al., 2000), which is the temperature calculated for
a value of the rate constant of k = 107> s™' from the Arrhenius
law,

k = ko exp[—E,/(RT)]. (@)

The T4 values for MS1 and MS2 are 292 and 206 K, respec-
tively. The Ty for MS1 in trans-[RuNO(NH;)4F]SiFs is the
highest decay temperature known up to now (see Table 3),
thereby confirming that the fluorine ligand frans to NO has a
positive effect on the thermal stability (Yamaletdinov &
Zilberberg, 2017; Kostin et al., 2018). In order to illustrate the
influence of the trans-to-NO ligand on the thermal stability of
MS1, Table 3 summarizes the kinetic parameters of the
MS1—GS reaction for a series of complexes with the same
ligand environment (NHj;, ethylenediamine and pyridine in
the equatorial position) and charge. Earlier, the influence of
the trans-to-NO ligand in trans-[RuUNO(NH;),X]** on the
activation energy of the MS1— GS reaction was investigated
by density functional theory (DFT) calculations (Yama-
letdinov & Zilberberg, 2017). According to that work, E,
increases in the sequence X = SH™, OH™, CI7, F~ and equals
0.66, 0.97, 1.04 and 1.24 eV, respectively. A discussion of the
difference between the calculations and the experimental data
is beyond the scope of the present study, but one can state that
the same trends are observed by both approaches and the
complexes with X = F~ show the highest E, and T, for the
MS1—GS transformation.

3.2.3. Generation of MS1 and MS2 at room temperature.
The temperature at which MS1 can be populated depends

strongly on the MS2 lifetime due to the two-step isomerization
mechanism GS—MS2—MSI, ie. increasing the lifetime of
MS?2 will lead to an increase in the temperature at which MS1
can be populated (Mikhailov et al, 2019). Since trans-
[RuNO(NHj;),F]SiFg and trans-[RuNO(py),F](ClO,), exhibit
almost the same Ty of MS1 (292 and 289 K, respectively) but
different T4 of MS2 (206 and 185 K, respectively; Kostin et al.,
2018), we expect to increase the temperature at which MS1
can be populated using CW light sources like LEDs (230 K for
trans-[RuNO(py)4F](ClO,),; Mikhailov et al., 2019).

The IR spectra of the trans-[RuNO(NH;),F]SiF4 complex
recorded after 15 min of 405 nm irradiation (LED, 360 mW) at
temperatures of 290, 295 and 300 K are shown in Fig. 6. After
irradiation of GS at these temperatures, a band with a
maximum at 1766 cm ™' is clearly visible in the spectrum,
corresponding to the v(ON) band characteristic of the MS1
isomer. The decay of this band at 300, 295 and 290 K occurs
over ~300, ~700 and ~1300 s, respectively, which correspond
to the lifetimes of MS1 calculated from the DSC measure-
ments (353, 684 and 1357 s at 300, 295 and 290 K, respec-
tively). The decay of the MS1 band is shown as an example for
the measurement at 290 K in Fig. S9, together with a mono-

0.084 Gs
= GS + 405 nm 15 min at 290 K
o =——GS + 405 nm 15 min at 295 K
= GS + 405 nm 15 min at 300 K

Absorbance

0.079

1750 1 7I55 1 7I60 1 7I65 1 7I70 17I75 17I80
Wavenumber (cm™)

Figure 6

The generation of the MSI1 isomer by 15min of 405nm 360 mW

irradiation at different temperatures: 290 K (blue line), 295 K (purple

line) and 300 K (red line). The populations of MS1 at these temperatures

are 0.5, 0.4 and 0.2%, respectively.

Acta Cryst. (2019). B75, 1152-1163

Mikhailov et al. -

1159

Photoinduced linkage isomerism and NLO properties



research papers

exponential fit of the relaxation. Thus, for trans-
[RuNO(NH3),F]SiFs, the photogeneration of MS1 using CW
light sources is possible even at 300 K, which is a necessary
prerequisite in view of potential applications, and an impor-
tant improvement with respect to trans-[RuNO(py).F]-
(Cl0,),, where MS1 photogeneration at 300 K was only
achieved by pulsed-laser irradiation (Mikhailov et al., 2019).
This improvement is due to the increase in the activation
energy of the MS2—GS reaction by 11.5 kJ mol ™" (0.1 eV)
from  trans-[RuNO(py)4F](ClO4), [E.MS2—GS) =
46.4 kJ mol™!; Kostin er al., 2018; Mikhailov et al, 2019] to
trans-[RuUNO(NH;),F]SiF, [E,(MS2—GS) = 59.0 kJ mol ']
The increase in activation energy leads to an increased MS2
lifetime, which results in a higher probability of the
MS2—MSI reaction via the GS—MS2—MS1 mechanism.

Further support for this two-step mechanism of isomeriza-
tion is obtained from transient nanosecond pump-CW probe
spectroscopy at room temperature. The temporal decay of the
light-induced absorption after pumping with a 410 nm laser
pulse is shown in Fig. S10. The absorption decay is fitted by
mono-exponential kinetics and characterized by a 13 (1) ms
lifetime, corresponding to the MS2 state and its thermal decay
process, which is in agreement with the calculated MS2 life-
time at ~300 K. These findings show, again, that after exci-
tation of the complex with a single laser pulse a small but
measurable amount of the MS2 state can be populated, while
long-term irradiation with a 405 nm LED allows the genera-
tion of MS1 by a sequential two-step photon absorption from
GS to MS2 to MSL1.

3.3. NLO properties — generation of the second and third
harmonics

Our structural investigations of trans-[RuNO(NH3),F]SiFg
confirmed that it crystallizes in a non-centrosymmetric space
group. The lack of an inversion centre should enable even-
order harmonic generation, in particular second-harmonic
(SH) generation. Using femtosecond pulses in the near-IR
with peak intensities of the order of 3 x 10'* W m™2 (a time-
averaged power of approximately 0.8 W cm™?) reveals a
remarkable harmonic emission, as shown in Fig. 7.

Because of the pronounced absorption in the blue spectral
range, the fundamental wavelength was tuned between A =
1400 and 1560 nm in order to shift both second and third
harmonics further into the transmission window (see Fig. 4)
for an unobstructed generation of harmonics, in particular of
the third harmonic. Regardless of the selected wavelength, the
observed SH emission intensity becomes of notable interest,
exceeding that of a standard NLO material such as lithium
niobate (LN) by a factor of approximately three. Simulta-
neously, the TH signal of trans-[RuNO(NH;),F]SiFy is up to
an order of magnitude weaker than for LN, which can be
explained by an absorption band in the range of 400-550 nm.
As a result, the harmonic ratio fz, describing the polarity of
the material and providing an accessible quantity for the
characterization of second-order nonlinearities (Kijatkin et al.,

2017; Athmani et al., 2019), is considerably higher for the
ruthenium complex compared with LN.

In this context, it is worth discussing the potential origins of
the remarkable nonlinear emission. The overall amplitude of
the signal may partially stem from the different crystallite size,
as it has been shown that the SH signal is sensitive to the
particle volume (Knabe et al., 2012; Kim et al., 2013). However,
this explanation does not fully suffice in elucidating the rela-
tive weakness of the TH peak, considering that, at the present
length scales, it should increase with the particle volume as
well. Because the second-order nonlinear susceptibility x® is
composed of the individual hyperpolarizabilities 8; of the
building blocks inside a volume element of the crystal (which
likewise can be applied to higher orders; Chemla, 1980), a
thorough look is required on the molecular level.

According to Akl et al. (2013), the molecular hyperpolar-
izabilities calculated from DFT for [Ru(NO)(R-terpyr-
idine)CL,](PFs) compounds are of the order of B =
+5 x 107 cm’ esu™", depending on the substituent R (NH,,
H or NO,). Sakaguchi et al. (1989) reported values of 8 =
70 x 10 cm® esu™!  for derivatives of [Ru(tris(2,2'-bi-
pyridine))] complexes. It is therefore reasonable to assume
values of the order of 10 x 10 cm’esu™' for trans-
[RuNO(NH;)4F]SiFs. Based on this assumption, we can
rationalize the observed SH response compared with LiNbOs.
LiNbO; exhibits a 8 value of 21 x 10™>* cm’ esu™" for particle
diameters of 120 nm (Staedler et al, 2012), which can be
related to an average bulk nonlinear coefficient (d) =
4.8 pm V™! where (d) = B/V, with V, the volume of the
(nano)particle (Le Dantec ef al., 2011). Despite the consider-
able difference of six orders of magnitude between these
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——LN: 1.1 x 101" 3
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Figure 7

Harmonic emission spectra normalized to the maximum signal of trans-
[RuNO(NH;),F|SiFs (RuSi) and LiNbO;:Mg (LN) at fundamental
central wavelengths of (top) A = 1400 nm and (bottom) A = 1560 nm.
The insets display the same spectra on a logarithmic scale for better
visibility of the third harmonic. Numerical values indicate the harmonic
ratio fg.
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hyperpolarizabilities, the differing particle sizes for both
materials may easily remedy the observed SH intensity
difference which scales with the sixth power of the particle
diameter (Kim et al., 2013; Hsieh et al, 2009). In fact,
inspection of the prepared trans-[RuNO(NH3)4F]SiFs powder
by optical microscopy shows particles with sizes between a few
hundred nanometres and a few micrometres in diameter,
thereby compensating for the lower 8 and improving the SH
emission over LN nanoparticles.

Because of MS1 formation at room temperature after blue-
light exposure, the possibility of changes in the harmonic
emission intensity was investigated next. Furthermore, a time-
resolved scan of the nonlinear emission for several minutes
allows an assessment in terms of the photostability of the
compound in the context of further applications. A selection
of such measurements at a fundamental wavelength A =
1560 nm is presented in Fig. 8.

Exposure at CW equivalent intensities of 1 W cm™? (blue-
light 405nm, CW pump) and 0.8 Wem > (IR 1560 nm,
femtosecond laser) yields a notable decrease in the SH
intensity after a few minutes (see Fig. 8, top). Visual inspection
after exposure reveals a considerable darkening of the sample
surface, correlating with the significant SH signal decrease,
especially during CW exposure, over time. Because of the
pronounced UV/blue absorption band of the complex, a
significant amount of energy is deposited in the sample, which
exceeds heat-dissipation rates, thereby leading to irreversible

1000

Lo A A ARARAAALN ™3
—+— SH-peak
800 o5t = cw-Exposure 3
600
0.0 LT e N L, L
0 10 20 30 0 10 20 30
1000 [ f G L Pt i P A
/g 800
& 0.5F E
~ 600 ]
0.0 L L
0 2 4
1000 Lo e ey
800 ]
0.5 ]
600
0.0 A r L
0 10 20

Figure 8

The evolution of (left) the emission spectrum and (right) the normalized
emission intensity of the SH peak as a function of time. Sections of CW
pump exposure in the right-hand plots have been marked. (Top) The
emission at the maximum intensity of both IR and blue-light sources.
(Middle) The medium intensity of the femtosecond laser source without
the pump laser. (Bottom) The emission at medium intensity of both
femtosecond and CW lasers. The sharp line visible in the top and bottom
spectrotemporal plots at 810 nm is an artefact originating from the
second-order diffraction signal of the pump laser. Similarly, the broad-
band signal appearing during the pumping process results from stray light
from the CW laser inside the spectrometer.

thermal damage. In fact, this behaviour is present even upon
femtosecond pulse illumination, as shown for times ¢ < 85s.
Potential causes include a non-negligible absorption at the
fundamental wavelength or considerable absorption at the
harmonics” wavelengths (i.e. 780 nm for the second harmonic
and 520 nm for the third harmonic, respectively), as evident in
Fig. 4.

As a consequence, the femtosecond IR pulse beam was
attenuated to a level where temporally stable, yet significant,
harmonic emission was observed for several minutes, as shown
in Fig. 8 (middle), resulting in a mean power of 0.5 W cm™*
(peak intensity 2 x 10" Wm™?). At this rate, harmonic
emission can easily be detected for a prolonged duration
without any notable decrease in the conversion efficiency that
would directly correlate with a darkening of the sample
surface. Outside of the present investigations, this finding
defines an upper limit in disparate areas of application, in
particular where the ruthenium complex may be used as a
contrast-enhancing agent. Naturally, providing there is suffi-
cient external heat dissipation, a higher CW-equivalent
intensity may be attained at no cost of material quality
degradation. Vice versa, lower CW-equivalent intensities
probably do not harm the sample at all; because of the (peak)
intensity dependence of NLO effects on the fundamental
wave, a reduction in the pulse repetition rate gives no decrease
in the signal intensity per pulse. Thus, NLO emission can be
further boosted by focusing, without increasing the radiant
exposure by increased pulse-to-pulse delays.

A temporal scan of the SH emission upon population of
MS1 by the CW laser at a lower intensity (0.1 W cm™?) reveals
a decrease in the nonlinear emission signal after pumping.
However, thermal degradation due to the double exposure
cannot be fully ruled out, as a slight darkening of the excita-
tion spot is visible at the end of the series. Therefore, a definite
answer with regard to a change in polarity upon switching
from the ground to the metastable state cannot yet be
provided using this method. The strength of such a signal
change is determined decisively by both the level of meta-
stable state population and the actual variation in the mol-
ecular hyperpolarizability g, which also depends on the non-
nitrosyl ligands of the ruthenium complex and especially their
donor—acceptor capability (AKl et al., 2013).

Nevertheless, due to its strong SH emission, trans-
[RuNO(NH;)4F]SiFs may be used in promising applications as
a nonlinear emitter. Due to its low water solubility in parti-
cular, it is a potential candidate for (biomedical) imaging or
detection.

4. Conclusions

Long-term treatment of the trans-[RuNO(NH;),OH]|Cl,
precursor by HF allows the quantitative substitution of a
hydroxyl ligand by a fluoride, indicating that the substitution
reaction is kinetically accessible at ~373 K. Subsequent
precipitation of the product by hexafluorosilicate yields the
trans-[RuNO(NH;)F]SiFs salt, crystallizing in the space
group Pn. Analysis of the non-centrosymmetric structure of
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trans-[RuNO(NH;)4F]SiF¢ by Hirshfeld surfaces reveals that
H---F and F---O are the prevalent intermolecular interac-
tions. These interactions result in an almost parallel alignment
of the dipole moments of the [RuNO(NH;)F]** cations,
responsible for the observed NLO properties of the bulk
material.

Thermal analysis of the metastable states shows that the
increase in the MS2 lifetime leads to a higher probability of
the MS2—MSI1 reaction, and hence to a higher efficiency of
the overall two-step photoisomerization GS—MS2—MSI1. As
a consequence, MS1 can be generated at 290-300 K using a
blue-light LED as the irradiation source, thereby opening the
possibility for CW-based optical applications at room
temperature. On the other hand, the complex shows signifi-
cant SH emission upon exposure to 1400-1560 nm femto-
second pulses.

According to the Cambridge Structural Database (Groom
et al., 2016), there are at least 100 known octahedral ruthe-
nium nitrosyl complexes which crystallize in a non-centro-
symmetric space group. Hence, there are a large number of
compounds with potentially interesting NLO properties, in
particular SH emission.

Finally, our attempts to modify the emission of the nitrosyl
ligand by photoisomerization (GS to MS1) at room
temperature were inconclusive. In order to prove SH modifi-
cation by nitrosyl photoisomerization, the MS1 population
needs to be increased, which might be achieved by using other
ruthenium nitrosyl compounds and/or working at low
temperature.
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