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Hybrid material by anchoring a ruthenium(ii) imine
complex to SiO,: preparation, characterization and
DFT studiesti
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Ruthenium-silica hybrid material (RUCl(PR3),-2-PyCH-AMPTSIi/SiO,) was prepared and characterized by
various spectroscopic techniques. A deconvolution procedure was applied to the spectroscopic data to
deconstruct the overlapped bands. A density functional theoretical approach was applied to get insights
into the electronic structure of the ruthenium coordination site and the functional RI-PBE-D3/Def2TZVP
basis set was used for the optimization. Relativistic effects were considered using the zero-order regular
approximation (ZORA). The anchoring process, evinced for each step of the synthesis of the hybrid
material, was tracked by FT-IR analyses. The transitions observed in the FT-IR spectra were verified by
DFT analyses, which agree with the experimental data. In the DRS-UV-Vis spectra, three main bands
were detected by the deconvolution procedure that correspond to the charge transfer transitions, with
the main contributions from ruthenium-chlorine and imine—pyridine fragments. TD-DFT results reveal
that ruthenium-chlorine antibonding orbitals act as main charge donors, while pyridine—imine is the

rsc.li/rsc-advances main charge acceptor.

Introduction

Hybrid materials, formed from heterogeneous solids mixed with
homogeneous fractions, are generating considerable interest in
the pharmacology and catalysis fields. The main advantage of
hybrid materials is that they can combine the properties of a solid
and a homogeneous fraction in a novel material. Furthermore,
new properties may be generated; for instance, the interaction of
two components affects the electronic properties of the hybrid
material if electron transfer is enabled by the interaction."
Synthesis of these hybrid materials can be achieved via
covalent or non-covalent immobilization of either organic or
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inorganic compounds on the solid support by encapsulation
techniques, absorption, and covalent anchoring.>” In partic-
ular, in the covalent immobilization of a coordination/
organometallic complex, the reactivity of the material may be
influenced by the functional groups that anchor the compound
to the solid as reported by Silva et al.’>. Moreover, the anchored
compound provides solubility to the hybrid material, sus-
pending the solid in the solvent, whereas, the solid support
contributes to the heterogeneous properties.

Technological uses of hybrid materials are broad. For
instance, materials synthesized by non-covalent anchoring of
hydrophobic molecules contained in hydrophilic cages are
applied in catalysis, drug delivery as reported by Gibb-Bohne
et al.®. Likewise, covalent anchoring is applied to synthetase
catalytic materials. Later, Freire-Pires group* reported a modi-
fied Jacobson type catalytic material, with application in alkene
asymmetric epoxidation. The modified catalyst was anchored
on hexagonal meso-porous amine functionalized solid.

Hybrid materials syntheses by covalent anchoring are re-
ported by two methodologies.>” The first one involves the anchoring
of previously synthesized metal complex containing ligands with
functional groups that react with the functionalized support active
sites. The second methodology consists of constructing in situ the
metallic complex, by functionalizing the solid support by a ligand,
followed by the formation of the metallic complex.

A key aspect in hybrid materials is the difficulty in the correct
determination of appropriate anchoring of the guest with the
solid support through a covalent bond by spectroscopic
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techniques guest-solid signal overlap. An issue with those
experimental techniques is the guest-solid signal overlap. To
overcome this limitation, deconvolutions® are applied to the FT-
IR and UV-Vis spectrums.

To get an insight into the nature and properties of the new
hybrid material, knowledge of electronic and structural prop-
erties of the guest complexes is also desirable. Density Func-
tional Theory (DFT), including exchange and -correlation
energies, is a suitable approach to study the electronic structure
of medium size systems.”** The dispersion interactions become
crucial in molecules with stacking and CH---m interactions,
which in general were not accounted by DFT. A widely used
approach to alleviate this DFT flaw was proposed by Grimme
(DFT-D),® which consists of adding a dispersion term to the KS-
DFT total energy. DFT-D approach has an advantage because the
computation time to calculate the dispersion correction term is
negligible and thus geometry converges smoothly. The DFT-D can
be applied for the structural optimization and to calculate the
theoretical IR-spectra. Likewise, including dispersion corrections,
UV-Vis will be computed using TD-DFT approach. Non-negligible
ruthenium relativistic effects were considered by calculations
with the ZORA Hamiltonian. The resolution of identity (RI)
approximation was used in all the calculations.

In the present work, we are presenting the preparation and
characterization of covalently anchored ruthenium complexes
with triphenylphosphine to silica (SiO,) solid surface (RuCl,(-
PR;),-(L)/Si0O,). The anchoring process was tracked by applying
deconvolutions to the FT-IR and UV-Vis spectra. DFT calcula-
tion was applied to compute the structures of ruthenium
complexes, IR and UV-Vis spectra allowed to gain insight into
the experimental observations. With this, we focussed on the
purpose of showing experimental and computational tech-
niques for the identification of characteristic bands in
a Ruthenium complex, which is covalently anchored in situ on
the surface that generates overlaps between its signals and
those of the compound to be characterized.

Experimental
Solvents and reagents

(3-Aminopropyl)triethoxysilane, 2-pyridinecarboxaldehyde, tri-
phenylphosphine, triphenylphosphite, ruthenium(m) chloride
trihydrate, and the solvents used in the modification of silicas
(Degussa and MCM-41), and the anchoring of the ruthenium
complex were obtained from Sigma-Aldrich.

Functionalization of SiO, with 3-aminopropyltriethoxysilane
(AMPTSi)

Initially, the Degussa and MCM-41 silicas were functionalized with
3-aminopropyltriethoxysilane (AMPTSi) (separately); 3 g of silica
were suspended in toluene (50 mL) and AMPTS:i (8.83 mmol, 2.10
mL) was added, and the mixture was heated to refluxed for 24
hours. The final material (AMPTSi/SiO,) was filtered under vacuum
and washed with toluene (3 x 3 mL). Finally, the solid was dried at
85 °C overnight and the solids AMPTSi/Degussa 1a (4.85 g) and
AMPTSi/MCM-41 1b (4.92 g) were obtained.
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Activation of AMPTSi/SiO, with 2-pyridinecarboxaldehyde (2-
PyCHO)

AMPTSI/SiO, (1.0 g) was mixed with 2-PyCHO (0.3 mL,
3.12 mmol) in ethanol (10.0 mL), the mixture was refluxed
with vigorous agitation for 3 h. The active solid was filtered
under vacuum and washed with ethanol/diethyl ether (1:1)
(3 x 5 mL). The solid 2-PyCH-AMPTSi/SiO, was dried at 50 °C
for 1 h. Through this methodology the solids (2-PyCH)AMPTSi/
Degussa 2a (1.17 g) and (2-PyCH)-AMPTSi/MCM-41 2b (1.18 g)
were obtained.

Anchorage of RuCl,(PR;), to 2-PyCH-AMPTSi/SiO, solid

The complex [RuCl,(PR;);] can be obtained in situ by the addi-
tion of RuCl;-3H,0 and ligand PR; (PR; = triphenylphosphine
or triphenylphosphite) in the reaction mixture. To solution of
ligand PR; (triphenylphosphine 1.5 g, 5.7 mmol, or triphenyl-
phosphite 1.8 g, 5.7 mmol) in methanol (15.0 mL) in a Schlenk
flask under nitrogen atmosphere, the activated solid (300 mg,
2a or 2b) and RuCl;-3H,0 (80.0 mg, 0.3 mmol) were added, and
the mixture was refluxed for 4 h. A dark red-wine solid was
obtained (Scheme 1), which was filtered under vacuum, even
when the solvent was hot, subsequently, the solid was washed
with hot methanol (3 x 5 mL) and diethyl ether (3 x 5 mL).
Finally, the solid RuCl,(PR;),(2-PyCH)-AMPTSi/SiO, was dried
at 40 °C for 30 minutes. A red solid of the type RuCl,(PR;),(2-
PyCH)/SiO, red was obtained.”**” The solids RuCl,(PPhj3),(2-
PyCH)/Degussa 3a (302.7 mg), RuCl,{P(OPh);},(2-PyCH)/
Degussa 3b (305.5 mg), RuCl,{P(OPh);},(2-PyCH)/MCM-41 3c
(302.4 mg), and of RuCl,(PPhj;),(2-PyCH)/MCM-41 3d (301.4 mg)
were obtained respectively. In polar solvents, the solids present
a uniform dispersion, contrary to apolar solvents such as
heptane and toluene generate viscous agglomerates.

Preparation of the RuCl,(PPh;), (2-PyCH)-AMPTSi 3e

In a three-necked round-bottom flask 2-PyCHO (151.22 mg, 1.4 mmol)
and 3-AMPTSi (346 uL, 1.45 mmol) in ethanol (10.0 mL) were
added, the product (2-PyCH)-AMPTSi was concentrated and
washed with dry toluene. The product was dried and charac-
terized by FT-IR.

Subsequently, in a Schlenk flask under nitrogen atmo-
sphere was added RuCl;-3H,0 (12.0 mg, 0.04 mmol) in dry
methanol (15 mL). The mixture was heated to reflux for
10 min. Then, it added PPh; (51.0 mg, 0.19 mmol) and heated
to reflux for 2 h. After, on the hot mixture was added (2-
PyCH)-AMPTSi (15.0 mg, 0.04 mmol) and left in reflux for
another 3 h. Finally, the product was concentrated under
vacuum, was washed with diethyl ether (3 x 5 mL), toluene (2
x 3 mL) and ethanol/diethyl ether (3 x 3 mL) and was dried
under a nitrogen gas flux. The compound 3e (28.7 mg ob-
tained) was characterized for FT-IR.

Instrumentation

A FT-IR Nicolet IR-200 spectrophotometer was used to record
the spectra with 32 scans and a resolution of 16 cm™ " s~ '. The
RAMAN spectra were obtained using a Raman Perkin Elmer NIR

© 2021 The Author(s). Published by the Royal Society of Chemistry
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FT-Raman SpectRUm GX spectrophotometer, a small amount of
sample (a few milligrams) was deposited on a glass slide. The
analyses were carried out according to the determined oper-
ating conditions. XPS analyses were performed using VG S-
Probe XPS monochromatic spectrometer, with a mono-
chromatic aluminum AlKo (1486.6 eV) anode X-ray source,
using 45° take off angle (g = 45°) and the source voltage of 10 kv
with 200 W power. DRS-UV-Vis spectra were recorded on
a UV-Vis-NIR spectrophotometer (Varian-Cary 500). Ther-
mogravimetric analyses (TGA) were performed using the SDT
Q600 instrument. Brunauer-Emmett-Teller (BET) and Bar-
rett-Joyner-Halenda (BJH) analyses were obtained on the
TRISTAR 3000 instrument. The atomic absorption analysis
was performed using an Atomic Absorption Spectrophotom-
eter Solaar Brand 5. The deconvolution process was recorded
using Fityk 0.9.8. Software (A curve fitting and data analysis
program).

Theoretical methods

Ruthenium complexes were studied through all-electron DFT
calculations within the generalized gradient approximation
(GGA) of Perdew, Burke and Ernzerhof (PBE).” As the studied
compounds are large, the resolution of identity (RI)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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approximation was used in all the calculations.® Non-
negligible ruthenium relativistic effects were treated effi-
ciently with the ZORA Hamiltonian along with the ZORA-
Def2-TZVP basis set and SARC/J auxiliary basis set for the
RI approach.®*?

The structural and electronic relaxation procedures were
performed without imposing symmetry constraints. The located
optimized states were confirmed to be true local minima on the
Potential Energy Surface (PES) by estimating the normal vibra-
tions within the harmonic approximation with following the
computational protocol. Tight convergence was required for the
total energy minimization to 10~° a.u.; while the geometries
were optimized with 1077 a.u. and 3 x 10~ * a.u. the thresholds
for the root-mean square error of forces and distances, respec-
tively. The structures reported in this work are true minima on
the PES, because of the positive frequencies.

Dispersion interactions were included in the calculations for
the phenyl group's contribution. A widely used approach to
include dispersion on DFT was proposed by Grimme(DFT-D),” it
consists of adding a dispersion term to the KS-DFT energy. DFT-D
has the advantage that the computation time to calculate the
dispersion correction term is negligible and geometry converges
smoothly. DFT dispersion correction was applied to optimize the
structures and calculate the theoretical IR and UV-Vis spectra.

The ORCA 4.0.1.2 version electronic structure package were
used for the geometry optimization,” IR spectra and TD-DFT
calculations.

Results and discussion
Amine functionalization of the Degussa and MCM-41 silica

In the IR spectra of 3-aminopropyl triethoxysilane functional-
ized silica (Degussa and MCM-41), OH- and Si-O vibrations are
observed in 3500-3200 cm™' and 1200-1000 cm ™" regions,
respectively (Fig. 1a and b). In the functionalized silica, AMPTSi/
Degussa (1a), new vibrations appeared between 3000-
2800 cm ™' and 1750-1300 cm ™! regions (Fig. 1a, spectrum 2)
can be attributed to N-H and C-H stretching vibrations, which
are verified through a deconvolution process with a symmetrical
Gaussian shape centered on the respective FT-IR bands
(Fig. 1b), as reported earlier in the literature.?*® Fig. 1c displays
H-N-H and H-C-H bending vibrations, visualized as vibra-
tional components in the deconvolution plot at 1568.4 cm™*
and 1487.3 cm ™', respectively confirming the activation of
Degussa silica. Similar results are reported for the functional-
ized and activated MCM-41 silica 1b material (see ESI}).

The computed vibrational signal of propylamine is in very
good agreement with the experimental one, well reproducing
both the peak frequency position and the bandwidth. The IR
spectrum of propylamine was computed to model the observed
bands of the FT-IR data.

Covalent attachment of 2-pyridine carboxaldehyde (2-PyCHO)
onto the functionalized silica AMPTSi/SiO,

Functionalized silicas 1a and 1b were activated via covalent
attachment with 2-pyridine carboxaldehyde. The infrared

RSC Adv, 2021, 11, 6221-6233 | 6223
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Fig. 1 (a) FT-IR spectra of the (1) Degussa silica, and (2) 3-Amino-
propyltriethoxysilane functionalized Degussa silica (1la). (b and ¢)
Deconvolution FT-IR spectra plots of the material 1a in the regions
3700-2300 cm™* (b) and 1750-1300 cm ™ (c).

spectra of the 2-PyCH-AMPTSi/Degussa (2a) and 2-PyCH-
AMPTSi/MCM-41 (2b) materials show changes 3300-
2700 cm ™! (Fig. 2a), which correspond to the 2-PyCH- motif.
An expected imine -C=N- signal (1a and 1b) in the FT-IR
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region (1390 and 1650 cm ') is not visible because of the
overlapping of the signals of the complex matrix formed by
the silica. Nevertheless, vibrational bands at 1652.3 and
1653.9 cm ™' are present for 2a and 2b, respectively; this was
possible by the deconvolution process of the specific band
(Fig. 2b and c). These results verify the covalent attachment

|2)

-1 ~ A\ )
_ﬁ/\\/\‘,ﬂ—/ \\\/‘“‘ \\/\//
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

|P)

1 —1625¢cm™
—1652,3 cm
|
m
<
=
1500 1550 1600 1650 1700 1750
Wavenumber (cm™)
T C) //\\
/
—1609,4 cm™
/
1471,3cm™ A/
~1653,9 cm™] |
3
1450 1500 1550 1600 1650 1700 1750

Wavenumber (cm'1)

Fig.2 (a) FT-IR spectra of the (1) material 2a and (2) material 2b, (b and
c) deconvolution FT-IR spectra plots of the material 2a (b) and 2b (c) in
the 1750-1500 cm™* and 1750-1300 cm™* regions, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the Schiff base ligand to the functionalized silica. Vibra-
tional components, below 1650 cm ™', corresponding to the
-NH, group may be assigned to the non-reacting 2-PyCHO
fraction.

The computed vibrational signal of the pyridyl imine ligand
is in very good agreement with the experimental one, well
reproducing both the peak frequency position and the band-
width. The theoretical frequency obtained for the imine bond
vibration agrees with the experimental result (1664.1 cm™ ).
Four C-H stretching vibrations were found for the pyridine
group at 3064.6 cm ', 3095.3 cm !, 3110.0 cm ', and
3124.0 cm ™. The lowest energy C-H stretching vibrations were
asymmetric, while the last one is symmetric C-H stretching.

In situ coordinate covalent anchoring of Ru complex
(RuCl,(PR3),-2-PyCH-AMPTSi/SiO,) onto functionalized silica

The complex [RuCl,(PR;),(2-PyCH-AMPTSIi)] was formed in situ
on activated silica 2-PyCH-AMPTSi/SiO, (2). Table 1 shows the
percentage of ruthenium anchored to the solids, which is low
in concentration, and this correlates to the low increase in
weight within the covalent anchoring process seen in the
experimental section (302.7 mg of 3a, 305.5 mg 3b, 302.4 mg
of 3¢, and 301.4 mg of 3d from 300 mg of the respective solid
precursors 2a or 2b derivated from mesoporous solids),
however, these solid products were evaluated to verify if the
physical properties were modified when they were trans-
formed into a hybrid solid.

Then, synthesized materials (3a-3d) are of type IV with H1
hysteresis, the surface area, pore volume, pore size, and
isotherm (see ESI}) are typical of mesoporous materials with
cylindrical geometry opened at the ends of cylinders'’*°
(Table 1). Furthermore, these materials show initial decom-
position between 155.6-223.4 °C temperature range, and the
TGA analysis show weight losses corresponding to Cl,, HCI,
N, and NO,, which indicates the thermal degradation of the
covalently anchored complex and the organic compound 2-
PyCH-AMPTSi anchored on the silica. Due to these decom-
position temperatures, despite its low content of ruthenium,
this solid could be promising for use in different catalytic
processes.

Table 1 Physical characterization of RuCly(PR3),-(2-PyCH)AMPTSIi/
Silica (R = OPh, Ph) hybrid materials®®

AA Ru%

Material P/P BET* (cm® g7') BJH® (cm® g~') BJH' (A) TGA‘ (°C)

3a 0.35 63 0.225 240 223
3b 0.18 45 0.155 288 177
3c 0.16 34 0.078 233 155
3d 0.18 47 0.139 140 198

“ The BET and BJH analysis are presented in the ESI (see ESI). > The TGA
plots are shown in the ESI (see ESI). ¢ The BET (cm® g™ "), BJH (cm® g7 1),

BJH (A), and TGA (°C) corresponds to the surface area, pore-volume,
pore size, and the initial decomposition temperature respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) FT-IR spectra of the (1) material 3a and (2) material 3d, and
deconvolution FT-IR spectra plots of the materials (b) 3a and (c) 3d in
the 1700-1400 cm™* region (d) modeling of the structure of the Schiff
base ligand and (e) modeling of RuCly(PRs),—2-PyCH-AMPTSI/SiO»
complex.
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On the other hand, spectroscopic studies were carried out
to verify and study the complex anchored to silica, and due to
the difficulty in scrutinizing various spectroscopic signals of
the silica and the ruthenium complex (especially in DRS-UV-
Vis and FT-IR), because of their overlapping, UV-Vis and IR
spectra were studied by employing DFT calculations.

These spectral studies can define key features of the metal-
ligand interactions of these hybrid synthesized materials. Other
reported studies have also addressed the study of UV-Vis and IR
for similar compounds.****

The infrared spectra display slight changes in the 1750-
1300 cm™ ' region (Fig. 3a) for RuCl,(PPhs),(2-PyCH-AMPTS;i)/
Degussa and RuCl,(PPh;),(2-PyCH-AMPTSi)/MCM-41, 3a
and 3d materials that correspond to solids, respectively.
These changes are most evident through the deconvolution
process (Fig. 3b-c), as mentioned earlier by Georgieva et al.>®
a shift in the FT-IR spectra of the coordinate imine. The
coordinate imine bond -C=N- vibrations appeared at
1633.5 cm ™' and 1635.5 cm™ " for 3a and 3d materials (Fig. 3b
and c), respectively. Whereas, the equivalent deconvolution
plot for 2-PyCH-AMPTSi determined an imine vibrational
component in 1650.2 cm™ ' (see in ESIf), which makes
evident the shift in the FT-IR from 1650 cm™* to 1635 cm™*,
in the free and coordinated ligand. These results are similar
for 3b and 3c materials (see ESI}).

These results are comparable to those for the free compound
RuCl,(PPh;),(2-PyCH-AMPTSI) 3e. Fig. 4 displays the FT-IR
spectrum (the deconvolution plot between 1850-1550 cm ™" is
presented in the ESIf), where the vibrational band at
1636.8 cm ™' corresponds to the coordinated imine vibration, as
reported by M. Yanez et al.*

To calculate appropriately the IR shifts originated by imine-
ruthenium bond formation, the IR spectra of imine displayed in
Fig. 3d was compared to the ruthenium coordination
compound (Fig. 3e). Two imine vibrational modes were found
in the 1600-1500 cm ™" region (1551.8 cm™ ' and 1504.1 cm ™"
for PR; = PPh;, 1577.1 cm™ ' and 1530.5 cm™ ' for PR; =
P(OPh);). The vibrations at 1560-1600 cm ™' are due to PPhs,

ABS

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 4 FT-IR spectrum of the material 3e.

6226 | RSC Adv, 2021, N, 6221-6233

View Article Online

Paper

—— Spectrum
Fit sum
——328.3cm”
———371.7cm’
——436.9cm’’
483.8 cm™
——532.8cm”

Intensity (u.a)

T — Vl T — 7177
300 400 500 600 700
Raman Shift (cm™ )

T T
100 200

Fig. 5 Raman spectrum deconvolution plot of the material 3a of the
broadband between the 500-300 cm™! regions.

Table 2 Component for bond Ru—N through Raman spectroscopy

Component v

Sample Ru-N (cm™*
3a 371.7
3b 371.9
3c 375.4
3d 373.1

P(OPh); or pyridine in-plane ring distortions. The calculated
imine vibration frequency in the modeled imine is
1670.1 ecm ' (Fig. 3d). The IR red shifts in vibration
frequencies 118.3-166.0 cm™ ' and 93-139.6 cm ' are
observed for PPh; and P(OPh); respectively while the left
shoulder of 3b and 3c appears because of imine and the
highest intensity vibration (=1635 cm ') originates from in-
plane aromatic ring distortions.

In addition, Raman spectroscopy shows bands at 1520-
1540 cm™' (see ESIf) and 371.7 cm™ ' that correspond to
coordinate imine bond and Ru-N vibrations respectively,
a similar observation was presented by Chavez-Gil et al.*" In
the solids 3a-3d, the Ru-N band overlapped with the other
bands of the solid matrix, so the deconvolution process over

Table 3 Atomic percent by XPS analysis on the surface of the mate-
rials 3b—3d“

Atomic (%)

C Cl N O P Ru Si
3a 55.37 1.80 3.33 23.48 2.26 0.93 15.10
3b 36.84 0.72 4.22 34.98 2.87 0.31 20.05
3c 46.19 0.87 4.85 27.02 1.72 0.39 18.97
3d 46.15 1.04 4.65 27.52 0.89 0.39 19.35

“ The XPS plots are in the ESI (see ESI).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Cl/Ru, N/Ru, P/Ru and C/Ru ratios from the results obtained
in XPS“

Cl/Ru N/Ru P/Ru C/Ru

Exp Cal Exp Cal Exp Cal Exp Cal
3a 1.9 2 3.6 2 2.4 2 59.6 45
3b 2.3 2 13.6 2 9.2 2 118.2 45
3c 2.2 2 12.6 2 4.4 2 120.1 45
3d 2.7 2 12.0 2 2.3 2 119.0 45

“ The XPS plots are in the ESI (see ESI).

the broadband was appropriate for this observation (Fig. 5
and Table 2).

A complementary analysis of surface composition of the
solids by the X-ray Photoelectron Spectroscopy (XPS) detected
0.93% of ruthenium on the surface of the solid 3a and around
0.35% for the solids 3b-3d (Table 3). The C/Ru ratio in 3a-3d
solids is above 59.6 (Table 4), the excess in the C/Ru ratio
agrees with the excess in the N/Ru ratio. Carbon and nitrogen
excess represent the non-coordinated anchoring ligand and
the inactive AMPTSi/SiO, (free amine groups on the func-
tionalized silica surface). The Cl/Ru and P/Ru ratios agree
with the expected values, except for 3b and 3c solids where
P(OPh); is used as a ligand. Unlike PPh; ligand, P(OPh);
ligand is expected to show higher retention on silica; because
of its excess during the preparation of the solids and the
oxygen present in its structure.

Regarding the Binding Energies (BE) of the metallic ruthe-
nium (Ru®), the states Ru 3ds/, and Ru 3d;, are 280 and 284 eV,
respectively.® For Ru(ir) complex with pyridine ligands, the BE
(Ru 3ds),) is between 279.5-282 eV; whereas for the Ru(m)
complex, the binding energy is 284 eV.**** The BE for the Ru 3d5,
» state, reported in Table 5, is 279 eV; we also observe the state
Ru 3d;,, is between 284.3-284.7 eV (Table 5), characteristic for
Ru(u1) compounds. Likewise, the states Ru 3ps,, and Ru 3p,,, are
visualized in Table 5, which are adjusted to ruthenium complex
with an oxidation state +2.%?

According to XPS analyses, a Ru(u) complex has been
anchored, so studying the solids through diffuse reflectance

View Article Online
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Table 6 DRS-UV-Vis absorption spectrum data®

Electronic spectra data

A A2 A3 A
3a <236 275 339 438 (480)
3b <236 275 330 511 (453)
3c <250 275 333 525 (439)
3d 236 278 361 494

¢ Values in parenthesis are the shoulders in the given band.

UV-Vis spectroscopy (DRS-UV-Vis), a band related to metal-
ligand charge transfer was identified for each solid. Table 6
presents the DRS-UV-Vis data (A,m). The band A; may arise
from the ® — w* transition of PPh; and P(OPh); aromatic
rings®*>3¢ as reported earlier in the literature for similar
complexes e.g. [RuCl,(PPhj3);] [(NH;3),Ru(Py),]** and
[RuCl,(PPh;),(2,6-dmpz),].**”** The band A, could be
assigned to the transition © — m* of the pyridine ring (2-
PyCH-AMPTSi) ligand; these bands are allowed by Laporte
and spin, elucidating their high intensities. The moderate
intensity UV band A; is attributed to an inter ligand tran-
sition n — 7 of the non-activated AMPTSi/SiO, excess with
2-PyCHO.

Regarding the visible region, the band A, with shoulder or
partially overlapped was detected (Fig. 6 and Table 6). These
band intensities are higher than the A; and A, bands. Thus,
we assumed visible region bands, allowed by Laporte, corre-
spond to metal-ligand charge transfer (MLCT). Bolafios et. al.
reported the transitions By(dy,) — By(pw’) and Ay(dyy) —
Ay(pr),"**>3° for a similar [RuCl,(PPh;),(2,6-dmpz),] coor-
dination compound,®*® which contains two 2,6-dimethyl
pyrazine ligands in a cis position arranged in octahedral
coordination. Indeed, the solids 3a-3d are coordinated, in
a similar fashion, by a Schiff base derived from pyridine
carboxaldehyde (Fig. 7).

Group theory analysis allowed us to give an insight into the
possible metal-ligand charge transfer of transitions. Ruthe-
nium coordination compound was assigned with C,,
symmetry and hence, considering the first neighbor atoms,

Table 5 Curving fitting data of the XPS spectra in the C 1s, O 1s, N 1s, Si 2p, P 2p, Cl 2p, Ru d and Ru 3p

C 154 O 1s N 1s Si 2p P 2p Cl 2p Ru 3d5,," Ru 3d3), Ru 3p;)» Ru 3py/,

3a 280.8 528.2 424.4 99.3 127.4 194.2 279.7 284.5 458.3 480.5
281.9

3b 281.9 529.9 397.3 101.1 130.5 195.3 279.41 284.3 458.8 482
283.1

3c 282.9 532.2 399.4 103.0 130.5 197.9 279.4 284.7 461.5 483.5
284.7

3d 281.8 529.4 396.4 100.2 128.2 194.8 279.6 284.6 458.8 481
282.1

% The C 1s and Ru 3ds, binding energies were differentiated because the intensity in C1's peaks is greater than for the 3d of the ruthenium because
of the low concentration of metal in comparison to the organic material present in the analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electronic spectra of 3a, 3b, 3c and 3d solids.

involving the 7 symmetry orbitals of 2-PyCH-AMPTSi ligand
were transformed into C,, point group. Applying these
simplifications, A, and B,; representations were assigned to
the pyridine ring and A, to the iminic nitrogen, the orbitals
dyy(A;) and d,,(B;) may be involved in the transitions,
because the Terminal Atom Symmetry Orbital pmt* (TASO
pr’) are with By(m) and A,(m) symmetries. Probably the
orbital d,, is not involved in the metal-ligand transition,
because d,, orbital is B,.

/O
Sigmmninio—A4

N

PR; N
Cl/,,' |’3/ QCH
R
o T\N X
PR, \
Y

Fig. 7 Covalently anchored Ru(i) coordination compound.
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Wavelength (nm)

The possible transitions for Ru-N,, bond are By(d.;) —
B,(pr’) and Ay(dyy) — Ay(pr’) The former is higher in energy
and intensity because TASO B, is located over the coordinated
nitrogen and the pyridine ring carbon atoms. Whereas TASO A,
is near to the pyridine carbons only and is relatively far from the
metal center; thus, less overlapping with the metal orbitals. A
transition A,(d,,) — Az(p'rc*) of Ru-N(sniff base) bond is also ex-
pected. This bond should be weaker and a larger bond length is
expected in comparison to the Ru-pyridine bond. Therefore, the
following three transitions, By(dy;) — By(pm*) > Ay(dy) —
Ay(pm’) > Ay(dyy) — As(pm). In descending order of energy, are
expected in the electronic spectrum of the studied materials

(Fig. 8).

P*i Ph
Ph Ph—p—Ph ph\é,/Ph
F'h\ll:,/f'ih CI% S R Cly, N’R
é % cl
c cl — N\
cl = {
PR Iy !
Ph” | “Ph PRy P\ PN
Ph Ph
Bj(dxz)—> By(pn*) Ay(dxy) —> Ay(pm*)  Ay(dxy)—> Ay(pn¥)

Fig. 8 Electronic transitions of metal to ligand charge transfer (MLCT)
in RUCly(PR3),(2-PyCH)-AMPTSI/SiO, (Ph and O-Ph ligands were
omitted for clarity).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Deconvolution plot of the solids 3a—3d of the spectra band in the visible region.

Nevertheless, the observed widespread band in the elec-
tronic spectra of 3a-3d materials suggests that these transitions
are overlapped. The components related to the expected
transitions were found by applying a deconvolution proce-
dure using the symmetric Gaussian function (Fig. 9). Such
components are displayed in Table 7 as 4,, 4, and A., which
correspond to the By(dy,) — By(pm*), Ax(dyy) — As(pm’) and
Ay(dy) — Ay(pr’) metal-ligand transitions respectively. The
transition A,(dy,) — A,(pr’) is less intense, which may be
due to the overlapping of metal ion orbitals on XY axis and
the ligand orbital A,(p*) (Fig. 8)° as suggested earlier by Day
and Sanders.®**** Meanwhile the interaction B,(d,;) —
B,(pm’) is of higher intensity and shorter wavelength because

Table 7
region

Individual components on the spectra band in the visible

A (nm)

Aa; Bl(dxz) - B1(P1T*) Ab7 AZ(dxy) - AZ(pW*) Acy AZ(dxy) - AZ(pW*)

3a 442 476-511 558
3b 450 515 554
3¢ 441-479 533 570
3d 490 536 568

© 2021 The Author(s). Published by the Royal Society of Chemistry

of main back donation, as expected.?® The pattern of the
intensities (4, > Ap > Aq) was observed in materials with PPh;
ligands (3a and 3d), whereas a different pattern in the
intensities was detected (Ap > X, > A4) in the materials with
P(OPh); ligands. This behaviour could be attributed to lesser
donor ability of the P(OPh); ligand in comparison to PPhj
ligand, which affects the back donation B,(dy;) — By(pw).
An appropriate orbital combination was allowed to build the
qualitative molecular orbital scheme, as illustrated in
Fig. 10.%®

For further insight into the qualitative analysis of the UV-Vis
spectra, the visible range theoretical spectra were also
computed by evaluating singlet excited states using TD-DFT at
the RI-PBE/Def2TZVP ZORA level of theory in the gas phase.
Forty excitations in each complex were evaluated to compare the
TD-DFT results with the experimental visible spectra and
Natural transition orbitals (NTO) were analyzed. The theoretical
visible spectra of [Ru(u)Cl,(PRj),(2-PyCH3)] (PR3 = PPh; and
P(OPh);) are displayed in Fig. 11. (see ESI}).

RuCL,(P(Ph);),(2-Py-CH)=N-CH;. The transition at
579.2 nm corresponds to the deconvoluted experimental peaks
at 558.7 nm (3a) and 567.6 nm (3d) (PR; = PPh;). This
excitation may be represented in terms of two NTO transi-
tions: HntoS5 — LntoS5 and HntoS5-LntoS5 — LntoS5+1.

RSC Adv, 2021, 11, 6221-6233 | 6229
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Fig. 10 Simplified molecular orbitals diagram for RuCly(PRz),(2-
PyCH)-AMPTSI/SiO, complex.

The former is a transition from ruthenium-phosphine
bonding orbital and chlorine atoms to metal-phosphine
and pyridine molecules. The second transition is from
metal-chlorine antibonding orbital to phosphine molecules
(MLLCT) and thus, this transition can be assigned as an
MLMLCT excitation. To a lesser extent, S6 state contributes
to the lower energy peak, which is attributed to an MLLCT
(ruthenium-chlorine to pyridine). The band located in
between the highest and lowest energies bands, at 509.8 nm
may be assigned to the experimental peak detected at 476~
511 (3a) and 536 (3d). Such transition is an MLMLCT from
ruthenium-chlorine antibonding orbital to ruthenium-
phosphine antibonding orbital. The main contribution to
the higher energy band is from state 15, which is composed
mainly of three NTOs; these transitions are MLMLCT, where
the strongest contribution is from ruthenium-chlorine
antibonding orbital to ruthenium-pyridine antibonding
orbital.

RuCl,(P(OPh);),(2-Py-CH)=N-CHj;. The lowest energy tran-
sition of the triphenyl-phosphite coordination compound is
MLMLCT between ruthenium-chlorine antibonding orbital and
the ruthenium-pyridine orbital. The next two transitions at
554.4 nm and 532.6 nm are from phosphite to ruthenium-
pyridine charge transfers (LMLCT). Higher energy bands may
be mainly attributed to 488.7 nm which is composed of three

6230 | RSC Adv, 2021, 11, 6221-6233
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CH)=N-CHs TD-DFT UV-Vis spectra, (b) HntoS5 — LntoS5, A =
579.2 nm, (c) RuCl(P(OPh)s),(2-Py-CH)=N-CHz TD-DFT UV-Vis
spectra, (d) HntoS5 — LntoS5, A = 585.1 nm.
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NTOs: a metal-chlorine to pyridine (MLLCT), metal-phos-
phine-chlorine to metal-pyridine (MLMLCT) and metal-chlo-
rine to metal-phosphine (MLMLCT) charge transfers.

Conclusions

The hybrid material RuCl,(PR;),-2-PyCH-AMPTSi/SiO, (PR; =
PPh; or P(OPh);) were synthesized in situ and characterized by
FT-IR, Raman, XPS, and DRS-UV-Vis spectroscopies. Density
functional theory, at the RI-PBE/Def2TZVP ZORA level, was used
to model the electronic properties at the ruthenium coordina-
tion site.

An oxidation state 2+ for the ruthenium was verified by solid
characterization. Natural transition orbital analyses provided by
TD-DFT calculations suggest that ruthenium 4d orbitals are
involved in almost all the transitions. Electrons are mostly
transferred to the ruthenium-pyridine-imine from the ruthe-
nium-chlorine antibonding orbitals (MLMLCT). To a lesser
extent, P(OPh); and PPh; ligands may also contribute to the
electronic transitions in the visible region. Notwithstanding the
theoretical deviation from the experimentally UV-Vis spectrum
determination, the visible region agrees with the intensities
hierarchy observed in the experiment. That is, the intensity of
the lowest energy is higher with the P(OPh); ligand in
comparison to PPh; ligand; while the intensity of the highest
energy band is lower for the PPh; ligand than for P(OPh),
ligand.

The changes in the IR spectra observed in the synthesis
pathway, allowed to track the anchorage process of the hybrid
material. A theoretical approach by DFT confirmed the observed
shifts in the FT-IR spectra.

Abbreviations

FT-IR Fourier-transform infrared spectroscopy
DRS-UV-Vis UV-Vis diffuse reflectance spectroscopy
XPS X-ray photoelectron spectroscopy

ZORA Zero-order regular approximation
AMPTSi Aminopropyltriethoxysilane

Ru-Npy bond Ru-N pyridinic

TASO Terminal atom symmetry orbital
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