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Electron injection effect in In,Oz and SnO,
nanocrystals modified by ruthenium
heteroleptic complexes

Sergey Tokarev,*® Marina Rumyantseva,
Alexander Gaskov,” Anna Moiseeva,® Yuri Fedorov,

Gediminas Jonusauskas

® Abulkosim Nasriddinov,®

2 Olga Fedorova  *®

and

In this work, the optical characteristics and conductivity under photoactivation with visible light of hybrids based

on nanocrystalline SnO, or In,Oz semiconductor matrixes and heteroleptic Ru() complexes were studied. The

heteroleptic Ru(i) complexes were prepared based on 1H-imidazol[4,5-f](1,10]phenanthroline and 2,2’ -bipyridine

ligands. Nanocrystalline semiconductor oxides were obtained by chemical precipitation with subsequent
thermal annealing and characterized by XRD, SEM and single-point BET methods. The heteroleptic Ru(i)
complexes as well as hybrid materials were characterized by time-resolved luminescence and X-ray

photoelectron spectroscopy. The results showed that the surface modification of SnO, nanoparticles with

heteroleptic ruthenium complexes led to an increase in conductivity upon irradiation with light appropriate for

absorption by organometallic complexes. In the case of In,Os, the deposition of Ru(i) complexes resulted in a

decrease in conductivity, apparently due to the special structure of the surface layer of the semiconductor.

Introduction

Polypyridine complexes of Ru(u) are widely studied as photo-
sensitizers for photochemical and photoelectrochemical conver-
sion of solar energy." The favorable redox properties of the *MLCT
state in Ru(bpy);>" and its relatively long lifetime are the main
reasons behind its success as a photogalvanic converter,> ™ as well
as its involvement in the photoproduction of H, and O, from
water. The convenience of using mononuclear Ru(n) complexes
to achieve these goals is due to the possibility of adjusting their
optical and electrochemical properties in the ground and excited
states by a reasonable choice of heterocyclic chelating ligands (ring
size, substitution, and nature, number and position of the
heteroatoms) and their relatively easy synthesis compared to
multinuclear species. Even though considerable attention has
been focused on derivatives of 2,2’-bipyridine with various
peripheral substituents,” diazine ligands bearing two-ring
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N-heteroatoms have a lower energy of the lowest unoccupied
molecular orbitals (LUMOs) as compared to many substituted
bipyridines, which in turn gives rise to lower energy absorptions
and emissions. Thus, the replacement of one of the bipyridine
ligands by a diazine offers the possibility of tuning the redox
and photophysical properties of the complexes. Ruthenium(u)
complexes based on 3,3'-bipyridazine,® 2,2’-bipyrazine,” 2,2’
bipyrimidine,'® and 4,4’-bipyrimidine’* have been described
in connection with their incorporation into solar energy con-
version devices. Attention was also paid to complexes bearing
the 4,4"-bipyrimidine ligand (bpm).***?

Ligand modification and the use of different combinations
of ligands are currently being pursued, in order to further
investigate the potential of these complexes as photosensitizers,
as well as the potential of free ligands as luminescent sensors."*
One of the major objectives in the search for new photosensitizers
has been the development of complexes that absorb in the visible
spectrum, and maintain relatively long excited state lifetimes even if
they emit at low energy.'>'®

We suggest using imidazo[4,5-f][1,10]phenanthroline derivatives
as ligands. These are compounds with an extended planar
conjugated heteroaromatic system. The fragment of 1,10-phenan-
throline is a strong binder for the Ru(u) cation."” Position 2 of the
imidazole ring can be easily functionalized to configure electronic,
optical and structural properties of ligands and their complexes.
Ruthenium(n) complexes of imidazo[4,5f]1,10]phenanthroline
derivatives are usually chemically stable, absorb visible light and
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have high lifetimes of the excited state.'"®'® They have been

extensively studied in recent years as pH sensors and gas
sensors for oxygen.>®>' Such complexes are one of the most
studied compounds for photodynamic therapy (PDT).**** Clinical
trials of the polypyridine Ru(u) complex with the imidazo[4,5-f]-
[1,10]phenanthroline derivative as a drug for the photodynamic
therapy of human bladder cancer were started in 2017. This is the
first example of the real usage of transition metal organic com-
plexes in such a type of treatment.>

Investigations on photoinduced charge-transfer between dye
sensitizers and wide bandgap semiconductor films and particles
are of considerable interest in the context of visible-region solar
energy conversion (light-to-electricity conversion) via photoelectro-
chemical methods.**?® SnO, is a stable, wide band-gap semicon-
ductor (E, = 3.6 eV) that is widely used in many optoelectronic
devices.”” Numerous studies on dye injection into colloidal SnO,
have been published,***" and also significant works concerning
dye-sensitized solar cells based on SnO, photoanodes have been
presented.>>™*® Only a few works were devoted to In,0; nano-
wires, which have been used for organic-semiconductor hybrid
devices.*'™*?

In the present research, a series of Ru(u) complexes based on
1H-imidazo[4,5-f][1,10]phenanthroline derivatives (ImPh), and
new hybrid materials obtained by covering SnO, and In,O;
nanoparticles with the reported Ru(u) complexes were studied
using optical, photophysical, X-ray and electrochemical methods.

In the framework of the present research, the main goals
were: (a) to determine the effect of the substituent in the imidazo-
[4,5-[1,10]phenanthroline ligand on the optical, photophysical
and electrochemical characteristics of Ru(u) complexes as photo-
sensitizers for semiconductor oxides; (b) to analyze the optical
and photophysical characteristics of the organic-inorganic compo-
sites based on SnO, and In,0; and the effect of organic modification
on the conductivity of the semiconductor nanoparticles.

Synthesis of 1H-imidazol[4,5-f][1,10]-
phenanthroline ligands and
heteroleptic Ru(i) complexes

2-Substituted-1H-imidazo[4,5-f][1,10]phenanthrolines 1-4 and
heteroleptic complexes 5-8 were prepared as shown in Scheme 1.

85%

R=Ph, 1 (85%), 5 (620/0); QNMez 2 (76%}), 6 (58%), @\ 3 (89%), 7 (43%); \ S/
S

Scheme 1 Synthesis of ligands 1-4 and their Ru(i) complexes 5-8.

The synthesis started with the oxidation of 1,10-phenanthroline
with potassium bromate to give 1,10-phenathroline-5,6-dione as
described in the literature.”® Condensation reactions of the alde-
hydes with 1,10-phenathroline-5,6-dione gave ligands 1-4 as bright
crystalline compounds with good yields 2718 Next,
ligands were used to prepare the corresponding heteroleptic
complexes 5-8 with cis-bis(2,2'-bipyridine)-dichlororuthenium(u)
hydrate.** Accordingly, equimolar amounts of ligands 1-4 and
Ru(bpy),Cl, were kept in ethanol at 80 °C in a sealed ampoule
under argon for 8 h. After the reaction completed, the crude
complexes were purified by column chromatography. Complexes
5-7 were described earlier.>®> The novel heteroleptic ruthenium
complex 8 was unambiguously characterized by 'H and *C NMR,
MALDI-TOF mass spectrometry and elemental analysis

Optical and photophysical
characteristics of Ru(i) complexes 5-8
in solution

The absorption spectra of complexes 5-8 in methanol are
shown in Fig. 1.

The absorption bands located in the UV region are due to
ligand-centered n—-n* transitions. The 1H-imidazo-phenanthroline

Fig. 1 Electronic absorption spectra of 5—-8 in methanol, Cs_g = 1.5 x
107° M.

Ru(bpy),Cl,
R
EtOH

1-4

4(77%), 8 (41%).
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Table 1 Spectroscopic data for 1-8 in air saturated and deoxygenated solutions

7, ns (fraction, %), 7, ns (fraction, %),

Compound Jax, DM A ax, NM @, O,, % (P, degassed, %) air saturated methanol deoxygenated methanol
1 323 435 12.4 * *

2 347 551 10.3 * *

3 338 443 10.9 * *

4 390 454 18.6 * *

5 285, 322, 425, 457 608 1.36 (5.82) 201 (100) 939 (100)

6 286, 346, 425, 459 606 0.16 (0.43) 162 (100) 520 (35), 880 (65)

7 289, 327, 425, 460 605 0.64 (1.88) 120 (81), 231 (19) 462 (90), 1157 (10)

8 287, 380, 425, 462 614 0.02 (0.12) 198 (100) 957 (97), 15 400 (3)

*Not measured.

(ImPh) and pyridine n-n* transitions overlap at about 285 nm.>® In
addition, the m—-r* transitions of substituted ImPhen residues are
located in the region of 320-380 nm. This conclusion can be drawn
when the absorption spectra of complexes 5-8 are compared with
those of free ImPh ligands 1-4 (Table 1 ). An
increase in the donor ability of the substituent in ImPh in
complexes 5-8 leads to a long-wavelength shift of the band
corresponding to the m—m* transition in the ligand. In the visible
region, all complexes display wide absorption bands of the
complex structures, which have been assigned to metal-to-ligand
charge transfer ("MLCT) transitions.

Complexes 6 and 8 in which the ImPh ligands contain an
electron donating R group, namely dimethylamine or bithio-
phene residues, show a slight red-shift of the '"MLCT in the
region of 457-460 nm, compared to 5 and 7 respectively.

Previous studies have shown that electron-donating groups
introduced in the heterocyclic ligands of Ru-complexes increase
the o-donating capacity of the ligand, destabilizing the Ru(dn)
orbitals and causing a red shift of the "MLCT maximum.>

Complexes 5-8 are all luminescent at room temperature.
Luminescence spectra of 5-8 were obtained in methanol
solution and the emission maxima, lifetimes
and luminescence quantum yields are displayed in Table 1. The
emission spectra of all complexes show a broad band with the
emission maximum in the region of 608-614 nm. At room
temperature, the emission intensity of ruthenium complexes
decreases dramatically when going from 5 to 6 due to the
dimethylamino-group that enhances interactions with the solvent,
and especially from 7 to 8 due to an increase in the probability of
competitive fast intersystem crossing or nonradiative relaxation
with the addition of the thiophene unit.>* The emission of the
Ru() complexes can be attributed to the *MLCT transition.”>®
The emission quantum yields are low in air saturated solution but
increase substantially in deoxygenated methanol. It could be
suggested that the photosensitization of molecular oxygen by the
triplet excited states of Ru(u) complexes with the formation of
singlet oxygen (*0,) takes place in air saturated solutions.”” >’

For 5-8, the corresponding lifetimes of exited states measured
at the luminescence maximum in air saturated solution exceed
100 ns, while in deoxygenated methanol, the lifetimes increase
up to 460-960 ns, which indicates the triplet nature of the excited
state (Table 1 ). Complex 8 also has
a longer lifetime (15.4 ps), which is likely due to reversible

Fig. 2 Time-resolved emission decay of 8 (lexc = 450 nm), emission
range: 550-700 nm, (1) in degassed methanol and the best mono-
exponential fit of long-lived luminescence component decay (2) in log
scale. Inset: Time-resolved emission decay of 8 (the same solution and
parameters as for 1) in degassed methanol on the scale from 0 to 5 ps and
the best monoexponential fit of short-lived luminescence component
decay (2) in log scale. T1, T2 — luminescence lifetimes.

electronic energy transfer (REET) from the non-radiating *MLCT
state associated with the ImPh ligand (see Fig. 2).%°

Electrochemistry of ligands 1-4 and
their Ru(i) complexes 5-8

The redox potentials of ligands 1-4 and heteroleptic complexes
5-8 determined by cyclic voltammetry in acetonitrile solution

are summarized
in Table 2.

Free ligands 1-4 demonstrate one-electron oxidation leading
to the formation of imidazole cationic radicals that are easily
polymerized on the surface of the electrode. In the series 1 —
3 — 4 — 2, easier oxidation and more difficult reduction were
observed from left to right, which correlates with the increasing
donor character of substituents in the ImPh ligands (Table 2).

The voltammograms of complexes 5-8 contain three irrever-
sible oxidation waves and three or four reduction waves. All
observed electron reductions are ligand centered. The first two
one-electron reductions of heteroleptic complexes 5-8 are
reversible and relate to the reduction of ImPh, since ImPh is
more easily reduced than 2,2/-bipyridine. During two sequential
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Table 2 Electrochemical data and calculated values of HOMOs and
LUMOs of 1-8 in MeCN with 0.1 M TBAP as the supporting electrolyte;
potentials were measured relative to the Ag|AgClKCl ag. sat. reference
electrode

Compound  Ejp(red),” V E1,2(ox),b V  Eyomos €V Erymo, €V
1 —1.23 1.22 —5.95 —3.50
2 —1.63 0.81 —5.54 —-3.10
3 —1.30 1.04 —5.77 —3.43
4 —1.39 0.93 —5.66 —3.34
5 —1.26/—1.20 1.13 —5.86 —3.47
—1.48/—-1.40 1.37
—1.72 low 1.48
—1.96
6 —1.18/-1.12 1.01 —5.74 —3.55
—1.35/—1.30 1.34
—1.61 1.47
—1.94
7 —1.30/—1.24 1.10 —5.83 —3.43
—1.51/—1.45 1.37
—1.97/-1.87
8 —1.27/-1.21 1.23 —5.96 —3.46
—1.48/—-1.41 1.42
—1.96/—1.84 1.52

one-electron reductions, stable-in-time Ru®[(bpy),ImPh]* and
Ru*[(bpy),ImPh]*~ are formed. The third reduction potential for
complexes 5-8 is about —1.96 V, which is very close to that
obtained for [Ru(bpy);]** and is assigned to the reduction of the
bpy ligand.**

The oxidation waves for complexes 5-8 are irreversible. The
first oxidation potentials ranging from +1.01 to +1.23 V for the
heteroleptic complexes 5-8 could be attributed to the one-
electron oxidation of the metal-centered HOMO (Table 2). We
used the first oxidation potential for calculating the HOMO
energy from electrochemical data. The second and third oxida-
tion waves possibly correspond to the oxidation of two chloride
anions in the same way as was shown in the literature.®

An effective electron transfer from the exited dye molecule
can proceed only if its LUMO lies above the minimum of the
conduction band of the semiconductor and the HOMO is
located between the conduction and the valence bands. The
relative positions of the molecular orbitals of the complexes
and valence and conduction bands of semiconductor oxides
calculated from the electrochemical data according to the
literature®® are shown in Fig. 3. The difference between the
LUMO of the dye and the conduction band minimum (CBM) for
SnO, is 0.5 eV larger than that for In,0;, which is expected to
lead to more efficient electron transfer to tin oxide.

Interphase electron transfer in hybrid
samples

At the next stage, complexes 5-8 were deposited on the surface
of a semiconductor matrix to study the injection of electrons
from organometallic compounds into the conduction band of
the semiconductor metal oxides. Surface impregnation of tin
and indium oxides was achieved by adding a methanol solution
of the complex to the oxide powders, stirring the resulting
suspension and evaporating the solvent. The concentration of

Fig. 3 Mutual arrangement of HOMO-LUMO levels of 5-8 and valence
and conduction bands of semiconductor oxides.

the solution was adjusted so that the Ru content in the composites
was 5 wt%. It is noteworthy that a red color of the surface was
achieved immediately after adding the complex solution,
confirming the dye grafting on the semiconductor surface. A
detailed experimental procedure of SnO, and In,O; surface
modification has been described earlier.® According to the
results of X-ray fluorescence analysis (XRF) for hybrids of complex
8, the molecules of the heterocyclic ruthenium complexes were
distributed evenly on the surface of the semiconductor oxides

. The average content of ruthenium on SnO, and
In,0; surfaces in hybrid materials was [Ru]/([Ru] + [M]) = 1-5 at%
(M = Sn and In) (Table 3) obtained via energy-dispersive
X-ray spectroscopy (EDX). Then, the obtained hybrid materials
were used to prepare colloidal suspensions in n-butanol. The
resulting suspensions were placed on the surface of a glass plate
and the solvent was evaporated in air for two hours.

Absorption spectra of SnO,, In,03, SnO, modified with 6,
and In,0; modified with 6 are presented in Fig. 4. As one can
see from Fig. 4, SnO, and In,0; nanoparticles are transparent
to visible light, with a strong optical absorption under ultravio-
let light that has been interpreted as a direct band gap.®® Thus,
SnO, possesses an intensive band at Ay, 267 nm (E = 4.64 eV)
and In,0; demonstrates an intensive peak at Amax = 305 nm
(E = 4.06 eV). A weaker absorption of In,O; at a higher energy
(Amax = 267 nm, E = 4.64 eV) has been early interpreted as an
indirect band gap with the valence band maximum (VBM) away
from the I'-point.®® In hybrids 6-SnO, and 6-In,0; the absorption
bands of heterocyclic Ru(u) complexes at 288 nm and 350 nm
(Fig. 4) overlap with wide bands at 267 nm (6-SnO,) and at 305 nm
(6-In,03), respectively. The bands in the region of 455-462 nm

Table 3 Elemental composition of the surface of sensitized composites

5-Sn0O, 6-Sn0O, 7-Sn0, 8-Sn0,
[Ru]/([Ru] + [Sn]), at% 1.5+0.1 13+01 3.0+03 1.4+0.1

5-In,03 6-In,0;3 7-In,03 8-In,03
[Ru]/([Ru] + [In]), at% 2.2 4+0.2 2.2+0.2 4.6=+04 21+0.2
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Fig. 4 Absorption spectra of 6, SnO,, and In,Os free and modified with 6.

belong to the Ru(i) complex and indicate its presence in the hybrid
samples. The shoulder in the region of 600-710 nm may
indicate a chemical interaction of the Ru(u) complex with the
semiconductor oxide.

The prepared thick films of hybrid samples were studied by
means of time-resolved luminescence spectroscopy.

Fig. 5 (top) shows the luminescence decay of 7-SnO, film on
a 5 pus scale. Two luminescence decay components can be seen:

Fig. 5 (top) Luminescence decay map of 7-SnO, thick film on glass on
5 ps scale, exc. = 460 nm; (bottom) the normalized spectra obtained
from the luminescence decay map by integrating the intensity over wave-
lengths in periods of 0.4-0.9 ps (black), 0.9-1.4 ps (red), 1.4-1.9 ps (blue),
1.9-2.4 ps (green), and 2.4-2.9 ps (orange).

a short-lived component in the region of 560-620 nm and a
long-lived component with a maximum at about 670 nm. The
photon energy of the long-lived luminescence component is
1.85 eV.

Fig. 5 (bottom) shows how the shape of the spectra and the
position of the maximum change when moving an integration
period along the luminescence decay map of Fig. 5 (top). The
more time that passes from the beginning of the emission, the
more the short-lived “blue” component decays and the long-lived
“red” one appears. The intensity of the long-lived component is
much lower, so the spectra with high delay are noisier.

. The red-shifted
luminescence component is more intense for all In,0O5-based
hybrids than for those of tin oxide. It should be emphasized that
a temporal resolution on the scale of 5 s is not enough for the
spectrum of the blue-shifted component to be reliably recorded.

The blue components of the luminescence of 5-8 were
resolved at a time scale of 50 ns; the spectrum of this short-
wave emission component of the 7-SnO, composite is shown in
Fig. 6 (bottom). It is remarkable that the shape and the position
of the peak completely coincide with the luminescence spectrum of
complex 7 in methanol solution; therefore, we assign the blue

Fig. 6 (top) Luminescence decay map of 7-SnO, thick film on glass on
50 ns scale, exc. = 460 nm; (bottom) luminescence spectrum of 7 in
methanol (black) and spectrum of the blue-shifted component of 7-SnO,
obtained from the map by integrating the intensity over wavelengths in the
period of 50 ns (red).
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emission component of the 7-SnO, hybrid to the phosphorescence
from the *MLCT excited state of complex 7. A similar emission
pattern is observed for all hybrid materials.

According to the literature,®”®® in SnO, and In,0; nano-
particles, there are many defects causing the formation of
additional energy levels (donor or acceptor) in the band gap
of the semiconductor. Many theoretical studies emphasized the
presence of donor defects near the conduction band minimum
(CBM) of In,0s;.

However, different authors report various positions of such
defects relative to the CBM that are at 0.055 eV and 0.094 eV,*°
about 0.7 eV,”° etc. Acceptor defects were also described,”"”>
but their exact position in the band gap was not indicated. J. D.
Prades with colleagues” estimated the level of donor defects of
SnO, nanopatrticles as lying at 0.15-0.3 eV below the CBM, as well as
two surface acceptor levels at 2.2 and 2.7 eV below the CBM.

Irradiation of the Ru(u) complex deposited on the surface of
the semiconductor metal oxide causes first the CT singlet excited
state that subsequently transforms into the *MLCT-triplet state.
From the triplet state, two competitive processes are possible:
(1) phosphorescence and relaxation to the ground state and
(2) electron transfer to the conduction band of the semiconductor
matrix. We assumed the following scheme of the process that
occurs in hybrid materials upon the absorption of light (Fig. 7).

After the electron is transferred onto the surface of the
semiconductor, it consistently relaxes to the donor defect levels,
from which it is finally captured by surface acceptor defects with
the emission of a photon (Fig. 7). We attributed this emission to
“red” luminescence recorded in time-resolved experiments
(number 3 in Fig. 7). This assumption was made because in
SnO, nanoparticles, the difference between donor and acceptor
defects is about 2.05-1.90 €V, as was shown earlier in the above
cited references. Also, this assumption is in good agreement
with the experimentally obtained emission wavelength of 660-
680 nm. The proposed process suggests the oxidation of Ru(i) or
the formation of radical particles as a result of photosensitiza-
tion. It is possible that some close to the surface donor defects
may contribute to the reduction of organic dyes, but the
concentration of such defects should be low.

Fig. 7 Energy diagram illustrating processes occurring after excitation of
ruthenium(i) complexes 5—8 on the surface of SnO,.

Fig. 8 X-ray photoelectron spectra of the Ru 3d element for complex 5
and its hybrid materials.

Incomplete recovery of the complex charge is confirmed by
X-ray photoelectron spectroscopy (XPS). The high resolution
spectrum in Fig. 8 shows the characteristic XPS core levels of Ru
3d and C 1s lines of the organometallic dye 5. The intensive XPS
peak was deconvoluted into three components (marked by
orange, green and purple), which can be assigned to the different
chemical states of carbon and Ru in the dye molecule.”*”*

The low intensive and wide peaks observed at 280.5 eV and
284.7 €V belong to the Ru 3ds,, and Ru 3d;/, spin-orbit compo-
nents, respectively, confirming the Ru®" oxidation state.”®”® The
peak at 284.7 eV arises from the overlap of Ru 3d;/, and C 1s peaks
coming from molecule 5. This is why the spectrum is difficult to
calibrate and analyze accurately. The positions of Ru 3d peaks in
the XP-spectra of 5-SnO, and 5-In,0; samples are shifted to a
higher binding energy by 0.7 and 1.2 eV, respectively, compared to
that of the initial dye 5 (Fig. 8). This should be because the charge
transfer between the Ru®" complex and SnO, and In,Oj; causes the
partial oxidation of Ru*" to Ru*" or Ru**.7%8%83

As the electron transfer process is not radiative, it cannot be
directly detected by optical methods. Therefore, its efficiency
can be estimated by analysis of the blue-shifted luminescence
decay rate. The shorter the lifetime of the emission component,
the more effective the electron transfer to the conduction band
of the semiconductor. To assess the effectiveness of photo-
sensitization, we determined the shortest lifetime of the
emitting excited state of the obtained hybrid materials on a
scale of 50 ns, during which a rapidly decaying short-wavelength
component of radiation can be resolved (Table 4 B

). In order to cut off the long-wavelength component,
the integration over time was carried out at the wavelength of
560-620 nm.

Table 4 Lifetimes of short-lived components for hybrid materials in ns,
Aexe- = 460 nm

5 6 7 8
Sno, 3.1 1.3 1.8 0.7
In,O5 3.9 2.0 2.3 0.9
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To make sure that the blue emission component is not the
luminescence of surface defects or the light scattered from the
sample, we examined the luminescence decay of the unmodified
semiconductor samples. The results showed that their lumines-
cence differs markedly from the emission of the hybrid materials

. Thus, we can evaluate the electron transfer
efficiency from the emission of the hybrid samples.

The obtained phosphorescence lifetimes of the hybrid materials
are 50-100 times lower than the phosphorescence of 5-8 in air-
saturated solutions. Such very small values of emission lifetime
clearly indicate that the emission of Ru complexes from *MLCT
was inhibited with high efficiency by the competitive electron
transfer into the surface of the semiconductor. Complex 8
demonstrates the best photosensitizing ability. The donor
ability of the ImPhen ligand increases in the series 5 - 7 —
6 — 8, and so in the same sequence, the electron transfer
efficiency improves. Electron transfer to In,O; is more compli-
cated compared to SnO, for all organic dyes. Probably, the
reason is the higher electron density near the conduction band
of indium oxide. Indeed, according to the literature,®® the Fermi
level of In,0; is located 0.02 eV above the CBM, indicating a
downward bending of the conduction and valence bands at the
surface, leading to an increase in electron density in the near-
surface region. Evidently, electron transfer to a partially occupied
conduction band is more difficult than to a free one.

Studies on the conductivity of hybrid materials and unmodified
semiconductor nanoparticles proved the effectiveness of SnO,
photosensitization. The resistances of different samples under
irradiation with a blue 470 nm LED are listed in Table 5. All
hybrid materials with tin oxide exhibited a significant decrease
of resistance when irradiated with blue light. At the same time,
all organic dyes deposited on indium oxide surface caused a
conductivity reduction when irradiation was applied to the
surface of hybrid samples compared to unmodified one.

As pointed out by P. D. C. King with colleagues,”* indium
oxide is an n-type semiconductor with shallow impurity levels
that make possible the n-type conductivity already occurring at
room temperature. The band structure of In,0; and HOMO-
LUMO energetic positions of complexes with respect to the
Fermi level produce the bending of semiconductor bands to
lower energies at the contact point and, as a consequence, the
accumulation of electrons at the surface level. The tin oxide
possesses n-type conductivity also. Yet, the position of all
energetic levels in the hybrids produces the bending of SnO,
bands to higher energy with a depletion of the conduction band
electron population at the contact points with Ru complexes.®*

Table 5 Resistance (MOhm) of pure semiconductor matrices and hybrid
materials under irradiation with light at 470 nm at room temperature in
pure air

Sample In,03 In,03-5 In,03-6 In,05-7 In,03-8
R, MOhm 0.013 3.7 2.1 2.3 0.36
Sample SnO, Sn0O,-5 Sn0O,-6 Sn0O,-7 Sn0O,-8
R, MOhm 26.2 14.7 2.5 6.5 0.8

Fig. 9 X-ray photoelectron spectra of the O 1s element for complex 5
and its hybrid material.

Due to the characteristics mentioned above, the injection of
additional electrons into the In,O; surface layer from the
photosensitizer is difficult. When it occurs, the charge carriers
do not transfer into the bulk of the semiconductor but remain
in the surface layer due to the band bending. The electron
transferred from the dye to the In,O; surface is captured by
adsorbed oxygen, so it cannot contribute to the conductivity
increase. As was mentioned, there are a large number of donor
defects located close to the surface of In,O; nanoparticles. Their
energy level is slightly lower than the level of the conduction
band of the semiconductor oxide and higher than the HOMO
level of the dye, so defects easily donate electrons to the oxidized
organic molecule restoring its charge. Thus, the defects cease to
participate in the conductivity that leads to the increase of the
resistance of the hybrid sample compared to the unmodified
indium oxide.

Fig. 9 shows the O 1s XP-spectra of nanocrystalline In,03
and 5-In,0; hybrid samples.

The deconvolution of the O 1s peak exhibited two oxygen
components with binding energies at 530.4 and 532 eV. The
first one, at 530.4 eV, is attributed to the lattice oxygen ions in
the In,0; structure, and the second one belongs to the surface
chemisorbed oxygen and OH ™~ groups.*>®’

It was observed that modification of In,O; with complex 5
leads to an increase in the contribution of the higher energy
O 1s component from 31% to 48% suggesting that more surface
chemisorbed oxygen was formed in the hybrid sample. The
shift of the maximum of the high energy O 1s component to a
region with a lower binding energy can be explained by electron
transfer from the Ru(u) complex (Ru 3d orbitals).

Experimental
Synthesis of hybrid materials

The powders of nanocrystalline SnO, and In,0; were prepared,
from SnCl,-5H,0 and In(NOs);-4.5H,0, respectively, using a
chemical precipitation method.®® After the stages of washing
and drying, the products were annealed in air at 300 °C for 24 h.
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Hybrids based on the semiconductor oxides and complexes
5-8 were prepared in the form of powders. First, the Ru-complex
was dissolved in methanol; then, 10 pL of the obtained solution
was added dropwise to a weighed sample of the semiconductor
oxide and the paste was dried until the solvent was completely
evaporated. The concentration of the solution was selected so
that the Ru content in the hybrids was 1 wt%.

Material characterization

The composition of hybrid materials was investigated via EDX
using a Zeiss NVision 40 (Carl Zeiss) microscope equipped with
an X-Max detector (Oxford Instruments). The distribution of
elements (Sn, In, and Ru) in hybrid samples was studied by using
X-ray fluorescence (XRF) analysis using a high performance XRF
micro spectrometer (Tornado M4 plus, Bruker) with a Rh anode
(50 kv, 600 pA in mapping mode). The spot diameter was
18 microns. The distance between contact points was set to
20 microns. The results were obtained for the Ko lines of
ruthenium, indium, and tin.

Absorption and emission spectra

UV-vis spectra were recorded using Varian-Cary 300, Varian-
Cary 5G and Avantes AvaSpec-2048 spectrophotometers. Lumines-
cence spectra were measured at 20 + 1 °C with FluoroLog-3-221
(Horiba Scientific) and Agilent Cary Eclipse spectrofluorometers.

Luminescence quantum yield

All measured luminescence spectra were corrected for the non-
uniformity of detector spectral sensitivity. Tris(2,2’-bipyridyl)-
ruthenium(u) (¢f = 0.028) in ethanol was used as a reference for
the luminescence quantum yield measurements. The lumines-
cence quantum yields were calculated using the equation

(1 —1074) x S; x n?
(1 —10-4) x Sy x ng?’

d)[:(ﬁo

where ¢; and ¢, are the luminescence quantum yields of the
studied solution and the standard compound, respectively; A;
and A, are the absorptions of the studied solution and the
standard, respectively; S; and S, are the areas underneath the
curves of the luminescence spectra of the studied solution and
the standard, respectively; and n; and n, are the refractive indices
of the solvents for the substance under study and the standard
compound (n; = 1.3288, acetonitrile; n, = 1.361, ethanol).

Emission decay curves for solutions

The luminescence excitation light pulses for the time-resolved
measurements were obtained by frequency doubling and tri-
pling of a Ti:sapphire femtosecond laser system (Femtopower
Compact Pro) output. The depolarized excitation light was used
to excite the samples. The highest pulse energies used to excite
emission did not exceed 100 nJ and the average power of the
excitation beam was 0.1 mW at a pulse repetition rate of 1 kHz
focused into a spot with a diameter of 0.1 mm in the 10 mm
long fused silica cell. The luminescence emitted in the forward
direction was collected by reflective optics and focused with a
spherical mirror onto the input slit of a spectrograph (Chromex 250)

coupled to a streak camera (Hamamatsu 5680) equipped with a fast
single sweep unit, M5676, with a temporal resolution of 2 ps. The
convolution of a rectangular streak camera slit in the sweep range of
250 ps with an electronic jitter of the streak camera trigger pulse
provided a Gaussian (over 4 decades) temporal apparatus function
with a FWHM of 20 ps.

Emission decay curves for hybrid materials

To study processes of charge transport in hybrid materials,
films were formed on thin glass plates as follows: 1-2 mg of the
hybrid material was added to 200 pL of n-butanol in an
Eppendorf tube, the tube was placed in an ultrasonic bath for
1-2 minutes, then the suspension was applied on the glass and
dried on the tile surface preheated to 50 °C. The obtained films
were investigated via time resolved luminescence spectroscopy
in transmission mode (not in diffuse reflection mode).

Electrochemistry studies

Electrochemical measurements were carried out at 22 °C with
an IPC-ProM potentiostat. Cyclic voltammetry experiments
were performed in a 1.0 mL cell equipped with a glassy carbon
(GC) electrode (disk d = 2 mm), Ag/AgCI/KCl (aq. saturated;
reference electrode), and a platinum electrode (counter electrode).
Compounds were dissolved in degassed dry CH3CN or DMF
containing TBAP as the supporting electrolyte (0.1 M). Dry argon
gas was bubbled through the solutions for 30 min before cyclic

voltammetry experiments. The scan rate was 200 mV s~ .

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed
to understand the composition, chemical oxidation state of the
ruthenium and also to uncover the chemical environment
changes of the elements in the hybrid samples. The measure-
ments were carried out on an XPS system (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a hemispherical
analyzer and using monochromatic Al Ko radiation as an X-ray
source (1486.7 eV). Data analysis was performed using Unifit
software (v.2014, Leipzig, Germany), and background subtrac-
tion was done by the Shirley method. The core level signals
from the elements were fitted using asymmetric and symmetric
Gaussian-Lorentzian convolution functions. The positions of
the peaks in the binding energy scale were calibrated to the C 1s
peak corresponding to the carbon contamination of the surface
(285.0 eV) with an accuracy of 0.1 eV.

Conclusions

The obtained results show that the surface modification of
SnO, nanoparticles with polypyridine ruthenium complexes
with imidazophenanthroline-containing ligands leads to an
increase of conductivity upon the irradiation of organometallic
complexes placed on the surface of semiconductor oxides.
Conductivity arises as a result of the electron injection from
the *MLCT of the organometallic complex into the conduction
band of a semiconductor. More donor imidazophenanthroline
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ligand in the complex causes more efficient electron injection.
In the case of In,03, the deposition of Ru(i) complexes leads to
a decrease in conductivity, apparently due to the specific
structure of the surface layer of the semiconductor.

Interfacial electron transfer is expected to depend sensitively
on semiconductors because of the differences in conduction band
electronic structures and band edge positions, which affect the
electronic coupling strength to the adsorbate and the electron
accepting state density in the conduction band.*® Aside from TiO,,
electron injection dynamics to other metal oxide semiconductors
have also been examined, although much less extensively.

The injection of electrons from the Ru”* complex to the
conducting band of SnO, and In,0; has been proposed in some
reports, see ref. 90-93. The different aspects of the adsorbate/
semiconductor system have been explored in order to under-
stand the importance of various factors in determining injection
dynamics. Among them are the structure of Ru”>" complex itself** or
design of bridging units between the chromophore and the surface
of the semiconductor, as well as the nature of the semiconductor.®’
In article,”® another way was proposed for electron injection effi-
ciency modification, which consists in changing the energy gap
between the pseudo-Fermi level of SnO, and the oxidation potential
of the excited sensitizer by an externally applied electrochemical
bias. For SnO, and In,0;, it was found that the electron injection
rate depends on the total available accepting states in the semi-
conductor as well as electronic coupling and reorganization
energy.”>*> Several studies have shown that electron transfer from
ruthenium complexes to modified tin oxide electrodes can be used
to create pH sensors and molecular switches.’**”

Because of the high nanoparticle surface area, a large density of
defect states at the surface is expected, potentially affecting inter-
facial electron transfer. The important roles of trap states in the
carrier transport within nanoparticles and back ET processes to
adsorbates have been extensively studied for TiO,, in a less extended
form for Nb,O; and ZrO, (for instance, ref. 89, 98 and 99) and
increasingly for conductive nanoparticles.'* Effects of defect states
on electron injection have not been analyzed for modified samples
of SnO, and In,0;. Thus, we first presented the experimental
data on this matter.
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