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The optoelectronic features of 3-hydroxyflavone (3HF) self-assembled on the surface of an n-type semi-
conducting metal oxide (TiO,) and an insulator (Al,Os) are herein investigated. 3HF molecules use the
coordinatively unsaturated metal ions present on the oxide surface to form metal complexes, which
exhibit different behaviors upon light irradiation, depending on the nature of the metal ion. Specifically,
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we show that the photoluminescence of the surface species can be modulated according to the chemical
properties of the complex (i.e. the binding metal ion), resulting in solid-state emitters in a high quantum
yield (about 15%). Furthermore, photoinduced charge injection can be promoted or inhibited, providing a
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Introduction

Flavonoids (FLAs) are organic molecules that find multifaceted
applications, including as antioxidant, neuroprotective® and
anti-cancer molecules,” and analytical reagents, among
others.? The FLA core consists of two aromatic rings connected
by a pyrane moiety (shown in Fig. 1); interestingly, such a skel-
eton can be functionalized with different groups, imparting
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specific photophysical characteristics to the molecules. In par-
ticular, flavonols contain an -OH group at the 3-position, and
the simplest molecule belonging to this class, 3-hydroxyflavone
(3HF), is used as a model in the investigation of the photophy-
sics of such derivatives. Indeed, the emission properties of
3HF strictly depend on the surrounding microenvironment,
which can favor different phenomena, including excited state
intramolecular proton transfer (ESIPT) and ground state
proton transfer, thus resulting in a double or even a triple
emission profile.>®

Whereas the photophysics of 3HF has been deeply investi-
gated in solution,’ little information is available about its be-
havior in solid matrices®® and its combination with inorganic,

Fig. 1 3-Hydroxyflavone (3HF) chemical structure, also showing the
binding site in the formation of metal complexes (the IUPAC numbering
is shown in blue).
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biocompatible, and nanosized materials, such as metal
oxides.”*°

Furthermore, the coordination chemistry in the solution of
FLAs with different metal ions, like AI**, Zn®*" and Pb**,** result-
ing in the formation of 3HF-metal complexes (Fig. 1 shows the
binding site of 3HF), is well known, but a complete characteriz-
ation of the structure-property relationship is still lacking.'*"®
It is noteworthy that the physics and chemistry of these species,
once self-assembled as molecular films on metal oxide, where
metal ions constitute thermodynamically favored sites for chela-
tion, have seldom been investigated with a specific focus on the
effect of chemisorption on the emission properties of FLAs.
Indeed, a literature search only results in a few studies on their
specific use as photosensitizers, especially in solar cells'* ™" and
photocatalysts,>® and it has been reported that morin (a 3HF
derivative) can bind TiO, nanoparticles (NPs).>**

Self-assembled monolayers (SAMs) are spontaneously
adsorbed and ordered monolayers of molecules on planar and
nonplanar substrates, generating just one molecule thick
films. The interest in SAMs emerged with the aim of creating a
hetero-interface, whose properties can be finely tuned and
whose utility has been demonstrated in a broad range of
fields.”® However, most research carried out focuses on the
adsorption of medium- to long-chain organic molecules
(especially alkanethiols, silanes and phosphonic acids) on
gold, while very little can be found concerning the use of
metal oxide surfaces, although they are known to be suitable
as anchoring sites for a variety of organic molecules, and given
that these latter possess proper functional groups enabling
physisorption or chemisorption.*

Deposition of thin layers of metal oxides via atomic layer
deposition (ALD) is a well-established strategy to impact the
charge transport between the underlying material and the
surroundings.>® It has been applied in dye-sensitized solar
cells to investigate its effect on charge injection and
recombination®®?” and dye photostability.>®?°

In the present study, we investigated the photophysics of
3HF chemisorbed on TiO, NPs, with and without a conformal
Al,O; layer of variable thickness (30 and 100 A). Fast uptake
kinetics, spurred by the chelation of the surface metal ions,
coordinatively unsaturated®®>' by an organic fluorophore,
result in the formation of a surface complex, whose photo-
luminescence is lowered or enhanced depending on the
specific metal ion (Ti" and AI™). The expected photoinduced
charge transfer from the excited 3HF to TiO, can be tuned
through the modulation of the thickness of the insulating
layer, thus supporting or quenching the emission process.

Experimental methods
Sample preparation

Anatase TiO, nanoparticle films were prepared via tape casting
of 18NR-T (20 nm) Dyesol paste on FTO glass (Pilkington TEC
15, 15 Q sq~'). The Al,O; layer was deposited using a
Cambridge NanoTech Savannah 200 atomic layer deposition
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system. Highly pure nitrogen (99.999%) was used as both the
carrier and purging gas. The tri-methyl aluminum (TMA) pre-
cursor was used as the aluminum source and ultra-pure H,O
as the oxidation agent. The pulse times for both precursors
were 0.015 seconds. Application of these parameters resulted
in a growth rate of 1 A per cycle (according to the Sigma
Aldrich ALD chemical suppliers). For 100 ALD cycles, nearly
10 nm thickness of Al,0; was obtained.*> The deposition
temperature was maintained at 150 °C without heating the pre-
cursors. The Al,O; thickness was controlled by adjusting the
number of ALD cycles.

The insulating Al,O3 layers on top of TiO, (samples labelled
as Al,0;-TiO,) featured nominal thicknesses of approximately
30 A and100 A, respectively.

The adsorption of 3HF onto the films was performed by
preparing a 10~ M solution of 3HF in ethanol (95%), then
soaking the films. The nominal pH of the solutions was modu-
lated by adding either hydrochloric acid or potassium acetate,
to force the 3HF molecules into their protonated or unproto-
nated forms (nominal pH: 4 and 8, respectively).

3-Hydroxyflavone (3HF) was purchased from TCI Chemicals
and re-crystallized using cyclohexane before use. Ti(nBuO),
and Al(iPrO); were used for the formation of the corres-
ponding 3HF-metal complexes. A 50 pM solution of 3HF in
MeOH was used in all the experiments. The formation of the
Al- and Ti-based complexes was achieved using Al(iPrO); and
Ti(nBuO),, respectively. An excess of metal ions (3 equiv. for Al
() and 5 equiv. for Ti(v)) was used in order to achieve the
quantitative formation of the complex.

Characterization

An Agilent Cary5000 spectrophotometer was used to record
transmittance/absorbance spectra. The emission spectra of
3HF anchored on the metal oxides were recorded on an
Edinburgh Instruments FLS980 spectrofluorometer on the
films after drying them in air. The absolute photo-
luminescence quantum yield (QY) of 3HF anchored on metal
oxide films was measured using an integrating sphere. The
fluorescence spectra of 3HF- and 3HF-metal complexes in
solution were recorded on a PerkinElmer LS55 spectrofluorom-
eter. IR absorption spectra were recorded on a Bruker
Hyperion 2000 microscope with an LN-cooled MCT detector
and an ATR objective. For obtaining the spectra of uncoordi-
nated 3HF, 3HF was mixed with KBr and measured in reflec-
tance mode with the Schwarzschild objective. The spectra were
recorded with a resolution of 4 cm™".

The photocurrent response and electrochemical impedance
spectroscopy (EIS) were performed in a common three-elec-
trode configuration using a ModuLab XM ECS Potentiostat
(Solartron Instrument). An Ag/AgCl electrode and a Pt plate
were used as the reference and counter electrodes, respectively.
The as-prepared samples on fluorine-doped tin oxide glass (0.8
x 0.8 cm” active area) were directly used as a working electrode.
All (photo)electrochemical measurements were performed in
an electrolyte solution of 0.1 M Na,SO, + 0.2 M LiI at different
values of pH. The working solutions were deoxygenated by

This journal is © The Royal Society of Chemistry 2022
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purging them with purified argon gas (99.999%) for 10 min
before electrochemical experiments. The samples were illumi-
nated in pulse mode (on/off) using a Thorlabs C2200
Touchscreen LED system under UV and white light illumina-
tion sources, separately. EIS spectra were measured at 0.3 V vs.
Ag/AgCl over the frequency spectrum range from 100 kHz to
50 mHz at an AC amplitude of 5 mV. EIS data were fitted using
commercial software (RelaxIS impedance analysis software).

X-ray photoelectron spectroscopy (XPS) analyses were
carried out using an electronic spectrometer Escalab 250Xi
(Thermo Fisher Scientific Ltd, UK). The oxide films before and
after the adsorption of 3HF were introduced into the analysis
chamber, where the base pressure was maintained at ~2 X
10~° mbar. The reference sample of 3HF powder was mounted
on grated pure Au foil (99.99%). The photoemission spectra
were excited with a monochromatized Al Ka source and regis-
tered using a 6-channeltron detection system at a constant
pass energy of 40 eV. The binding energy (BE) scale was cali-
brated by setting the aliphatic carbon peak C 1s at BE = 285.0
eV. The electromagnetic input lens was set to standard mode
with a diameter of about 1 mm of the analyzed area. To elimin-
ate the sample charging under X-rays, two low-energy (1 eV)
flood sources were used: an in-lens electron beam and an
external Ar' ion beam. All experimental data were acquired
and processed using the Avantage v.5 software (Thermo Fisher
Scientific Ltd, UK). The “smart” background and mixed
Lorentzian/Gaussian peak shape were used for the peak fitting
routine. Scofield’s relative sensitive factors with the energy
compensation coefficient of KE®® were applied for the elemen-
tal quantification.

The pump-probe setup was based on a commercial ampli-
fied Ti:Sapphire laser system (Coherent Libra-HE) delivering
about 100 fs pulses at a 2 kHz repetition rate with a central
wavelength of 800 nm. The pump beam at 400 nm was
obtained by frequency doubling in a 1 mm thick p-barium
borate crystal and was propagated through a mechanical
chopper running at 1 kHz. As a probe pulse, a white light con-
tinuum generated in a 3 mm-thick CaF, plate was employed.
An optical multichannel analyser then recorded the differen-
tial transmission of the probe beam both when the chopper
blocked the pump or not. The transient transmission was then
computed using AT/T = (Tox — Torr)/Torr for all wavelengths
of the white light continuum as a function of the pump-probe
time delay. As the pump fluence, for the sake of comparison,
the amount of energy impinging on the TiO, NP film was con-
sidered, after transmission through the 3HF film, so as to
directly access the contribution to the signal arising from TiO,
and 3HF. The measurements were performed at an ambient
temperature.

Results and discussion

Commercial TiO, nanoparticles (NPs) were used to deposit a
film (about 3 pm thick) on standard conductive glass, followed
by their coverage with an Al,O; layer, whose thickness was

This journal is © The Royal Society of Chemistry 2022
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tuned during the generation through atomic layer deposition
(ALD). The as-prepared oxides were characterized by X-ray diffr-
action (XRD) and energy dispersive X-ray spectroscopy (EDX)
(the analyses are shown in Fig. S1 and Fig. S2, respectively, in
the ESIt). The ALD deposition parameters were adjusted to
produce two sets of samples, featuring different Al,O; thick-
nesses (30 A and 100 A).** The absence of a crystalline pattern
in the alumina layer (Fig. S1 in the ESIY) is an indirect confir-
mation of the very small thickness of the insulating layer,
while its presence is confirmed by the EDX mapping, which
shows a conformal coverage of the underlying semiconductor
within a micrometric resolution (Fig. S2 in the ESIf) and
elemental analysis (Table S1 in the ESI}). Furthermore, the
presence of Al,O; on the TiO, surface was also shown by XPS
analysis, discussed in detail below.

After the film preparation, the samples were soaked in a
3HF ethanolic solution and the evolution of their optical
feature was characterized by means of spectrophotometry and
photoluminescence.

Fig. 2a shows the absorption spectra of 3HF in ethanol at
different nominal pH: while the overall spectrum was almost
unchanged upon pH variation, a new spectral feature emerged
as an unresolved band around 415 nm at basic pH and a low,
weak shoulder band in the case of neutral ethanol. In accord-
ance with the available literature,®® the absorption band at
415 nm was assigned to the anionic form of 3HF.*?

Before investigating the binding mode of 3HF on a metal
oxide surface, we analyzed the adsorption kinetics by means of
spectrophotometry. For this purpose, a TiO, nanoparticle (NP)
film was used as a model: the film was soaked in a 3HF etha-
nolic solution for increasing soaking times and the evolution
of the spectral feature was then analyzed. Fig. 2b reports the
absorption spectra of 3HF loaded onto the TiO, NPs, at
nominal pH 4 (black lines) and 8 (blue lines). The presence of
3HF on the NP surface induced the appearance of a shoulder
band at around 415 nm (irrespective of the pH of the soaking
solution), whose intensity steadily increased at increasing
soaking times (see Fig. S3a in the ESI{). The analysis over the
time of the absorption intensity at 415 nm (reported in
Fig. S3b in the ESI{) showed that the kinetics of adsorption
consists of two contributions, which are well fitted by an expo-
nential curve and a straight line, according to the model
reported in the ESI (eqn (1)-(5)). This 2-step kinetics was
expected and we have previously investigated the dynamics of
the uploading of a dye on the TiO, surface, to enable a rational
control of the amount of loaded organics,’ which plays a criti-
cal role in certain applications.

The present case, however, revealed a different behavior: on
the one hand, the system reached saturation in a very short
time (in about 15 min) compared to that observed in similar
studies, analyzing the kinetics of uptaking organic molecules
on metal oxide surfaces.>* Furthermore, the observed kinetics
was independent of the nominal pH of the original 3HF solu-
tion, which also showed no influence on the spectral features
of the 3HF-loaded metal oxide films (Fig. 2b). Moreover, the
amount of 3HF anchored on the metal oxide surface was quite

Dalton Trans., 2022, 51,18489-18501 | 18491
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Fig. 2 (a) Absorption spectra of 3-hydroxyflavone (3HF) in acidic (black line, nominal pH = 4), neutral (grey line), and basic (blue line, nominal pH =

8) solution in ethanol. The inset shows the detail of the 350—-550 nm region, highlighting the presence of a band ascribable to the 3HF anion in the
case of basic pH (slightly hinted also in neutral pH). (b) Absorption spectra of bare transparent TiO, before (dashed lines) and after 3HF uptake (solid
lines). Black line: soaking at nominal pH 4; blue line: soaking at nominal pH 8.

low, and we will better show a detailed analysis of the surface
composition through X-ray photoelectron spectroscopy. These
observations suggest the presence of a strong driving force
spurring 3HF anchoring on the TiO, surface and at the same
time indicate that: (i) the number of available sites for binding
is limited and (ii) there was no formation of 3HF multilayers
on the metal oxide surface, due to aggregation phenomena (as
previously reported for other molecules used as dyes).>

Dual emission bands (centered at 401 nm and 531 nm)
were observed for 3HF in several alcohols used as solvent®®
(see Fig. S4 in the ESIt). As broadly reported in the literature,
the absorption of UV light leads to the excitation of 3HF from
the enol ground state N to the singlet N* excited state.*”*® The
excitation is then followed by ESIPT from 3-OH to the C=0O
group, to give the tautomeric excited form T*, emitting in the
500-540 nm region.’®*” It should be remembered that, in
polar or protic media, the ESIPT is hindered, and the radiative
decay from N* to N states is more favored, compared to apolar
media. The spectral characteristics are thus strictly dependent
on the surrounding environments.

The emission spectrum of 3HF in ethanol (Fig. S4 in the
ESIf) is not dependent on the pH of the solution, thus
showing that the hydrogen of the 3-OH group is present in all
cases, and is still participating in the emission processes.
Anchoring on the surface of a metal oxide, both titanium
dioxide and alumina resulted instead in a change in the emis-
sion features (Fig. 3a and b). Fluorescence emission of 3HF

18492 | Dalton Trans., 2022, 51,18489-18501

bound to TiO, consists of a single peak, centered at about
460 nm (FWHM = 60 nm), featuring a weak intensity,
especially when the metal oxide is soaked in the lower pH solu-
tion. Furthermore, the observed emission wavelength does not
match the emission of the deprotonated molecule.?” The depo-
sition of the Al,O; layer on TiO, NPs and the subsequent
anchoring of 3HF resulted in an intense photoluminescence
emission, also centered at 460 nm (FWHM = 60 nm).
Quantification of the quantum yield (QY) in this latter case
showed a value as high as 15.3% =+ 0.8 for an Al,O; thickness
of 100 A, and 14.2% = 0.7 for an AL, O, thickness of 30 A. The
results point out that more physisorption is occurring in the
materials under investigation and that a process in compe-
tition with the decay through light emission takes place in all
the systems.

In order to understand these experimental observations, we
adopted a multi-technique analytical approach: we character-
ized the fluorophore-metal oxide samples by means of Fourier
transform infrared (FTIR) spectroscopy to investigate the
bonds formed between the 3HF and the metal oxides (results
are shown in Fig. 4), while at the same time analyzing
their surfaces by means of X-ray photoemission spectroscopy
(XPS) (shown in Fig. 5-7, Tables 1, 2, Fig. S5, S6 and Tables S2,
S3 in the ESI}), to determine the species present on the
surface.

TiO, NPs without and with a 100 A Al,O; layer before and
after 3HF uptake were thus analyzed by means of FTIR (Fig. 4)

This journal is © The Royal Society of Chemistry 2022
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not shown). Black line: soaking at nominal pH 4; blue line: soaking at nominal pH 8. Excitation wavelength: 380 nm.

x T » T by T
........ Bare TiO,
——3HF
—— 3HF on TiO,(pH4)
—— 3HF on TiO,(pH8)

(@)

1568
X

1417

Abs (a.u.)

—T T - - 1"
1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

I i Ba're AIZOIS-TiO2
—3HF

~ — 3HF on Al,0,-TiO, (pH4)

o "-.:—SHF on Al,0,-TiO, (pH8)

Abs (a.u.)

— T T T T T T T T T
1800 1700 1600 1500 1400 1300 1200
Wavenumber (cm™)

Fig. 4 FTIR spectra of TiO, NP film (a) and Al,Os—TiO, 100 A (b) before (dotted gray lines) and after (solid black and blue lines) the anchoring of
3HF. Solid blue and black lines refer to the uptake at pH 8 and pH 4, respectively. The FTIR spectrum of 3HF (pink line) is reported for comparison

purposes.

and the vibrational bands were compared with the IR spec-
trum of 3HF (similar results were obtained for the thinner
Al,O; layer, data not shown). The vibration centered at
1613 cm™" is associated with C=C and C=O stretching in
3HF”*° and disappears once the molecule is anchored on the
metal oxide. A peak centered at 1587 cm™"
pH 8) and at 1595 cm™" (prepared at pH = 4) appeared in the

(sample soaked at

This journal is © The Royal Society of Chemistry 2022

FTIR spectra of 3HF bound to Al,O; (Fig. 4b): this vibration is
ascribable to the asymmetric stretching of a C-O group, featur-
ing a partial character of the double bond, linked to the
surface of the metal oxide. The vibration centered at
1255 cm™, visible as a strong peak in the Al,05-TiO, sample
but partly hidden in the TiO, sample due to the signal of the
metal oxide, can be tentatively assigned to C-O stretching.

Dalton Trans., 2022, 51,18489-18501 | 18493
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Fig. 5 Comparison of C 1s (a) and O 1s (b) spectra for 3HF reference powder and metal oxides TiO, and Al,O3-TiO,.

Table 1 XPS quantification for the Al,Oz-TiO, samples before and after adsorption of 3HF at pH = 8 and pH = 4. The values of A are the changes in
elemental composition after adsorption; the characteristic fingerprints of 3HF are in bold

Peak BE, eV FWHM, eV at% Al,O4 A, at% 3HF@pHS A, at% 3HF@pH4 Bond

Al 2p 74.8 1.8 29.7 -1.8 -8.3 Al
Cl1ls-A 284.9 2.0 9.7 +3.4 +0.3 Aliphatic
C1ls-B 286.4 2.0 1.1 +0.2 +2.2 -C-0
C1s-C 287.9 2.0 — — +0.6 C=0
C1ls-F 290.0 2.0 0.9 +0.2 +1.0 Carbonate
O1s-A 531.0 1.9 — +16.3 — Al(OH),
O1s-E 532.0 1.9 40.2 -15.6 -19.5 Al,O5
O1s-B 533.1 1.9 12.9 —-3.6 +10.6 C=0
O1s-C 534.3 1.73 — — +3.0 -C-0
Si2zp-A 101.8 1.6 3.4 +0.4 -34 Al-Si oxide
Si2p-B 103.2 1.7 1.9 +0.1 -1.9 Sio,

Ti 2p32 459.3 1.2 0.2 +0.3 +0.3 TiO,

Table 2 XPS quantification for the TiO, samples before and after adsorption of 3HF at pH = 8 and pH = 4. The values of A are the changes in
elemental composition after adsorption; the characteristic fingerprints of 3HF are in bold

Peak BE, eV FWHM, eV at% TiO, A, at% 3HF@pHS8 A, at% 3HF@pH4 Bond
Cls-A 285.0 1.54 7.5 +1.5 +7.2 Aliphatic
C1s-B 286.5 1.54 1.8 —0.4 +1.2 -C-O0
C1ls-E 288.4 1.53 4.0 -1.1 -2.1 Carboxyl
O1s-D 529.7 1.39 57.7 -3.9 —-6.7 TiO,
O1s-A 531.2 1.39 4.0 +1.3 +1.3 OH™
O1s-B 532.0 1.39 — +2.6 0 C=0
Ti 2p 458.4 1.26 27.0 -2.1 -2.9 TiO,

The chemical composition of the surface of samples before
and after the adsorption of 3HF was investigated by XPS. To
identify the characteristic photoemission signals, the reference
powder of 3HF was also analyzed. As the photoemission
signals of 3HF are only those of carbon and oxygen, the
spectra of C 1s and O 1s registered for 3HF were compared
with the ones for bare films of TiO, and Al,0;-TiO, as shown
in Fig. 5.

18494 | Dalton Trans., 2022, 51,18489-18501

The elemental quantification of all chemical species of C
and O for 3HF reference powder and the quantification for
bare substrates are reported in Tables S2, S3 and S4 in the
ESIL.t The main three components of C 1s and O 1s spectra
correspond to the constituent species in the 3HF molecule,
and their atomic ratios are also almost stoichiometric: total
C:0 = 5 and the components of O 1s A:B:C ~ 1:1:1 (see
Fig. 5 and Table S2t). Therefore, for the identification of 3HF

This journal is © The Royal Society of Chemistry 2022
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molecules adsorbed on TiO, and Al,0;-TiO, films, the vari-
ation of these species in C 1s and O 1s spectra must be fol-
lowed. As the first two components (A and B) of C 1s and O 1s
in 3HF spectra were overlapping with the components of C 1s
and O 1s for the oxide substrates, the most indicative finger-
prints of 3HF were the third ones (marked C), attributed to the
C=0 bond in the C 1s spectra and the -C-O bond in O 1s. In
the case of the TiO, substrate, the presence of the second com-
ponent of O 1s (C=0 bond) can be monitored as well, as it
was absent in the spectrum of bare TiO, film.

The photoemission spectra of C 1s and O 1s acquired
before and after the treatment of Al,O5;-TiO, film with 3HF at
PH = 4 and 8 are presented in Fig. 6.

However, the visual comparison of C 1s and O 1s spectra is
hindered by the variation of initial intensity of the main com-
ponents (A in C 1s and E in O 1s) after treatment with 3HF.
For this reason, a more reliable comparison was done from the
results of XPS quantification listed in Table 1, in which the
changes in elemental composition 4, i.e., the differences in
the atomic concentration before and after the addition of 3HF
at nominal pH = 8 and 4, are reported. The highest amount of
adsorbed 3HF (the increase in -C-O and C=O components in
C 1s and O 1s spectra) was detected in Al,0;-TiO, film treated
at pH = 4.

An analogous comparison of the photoemission spectra of
C 1s and O 1s and the quantitative changes A for TiO, film

Al,O4 + 3HF
pH=4

Intensity (arb. units)

. ‘ Al,O4 + 3HF
pH=8

T T T T T T
282 284 286 288 290 292 294
BE (eV)

View Article Online
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after treatments with 3HF are presented in Fig. 7 and Table 2,
respectively. In TiO, film treated at pH = 4, the fingerprints of
3HF were very low: only a slight increase (about 1 at%) of -C-O
in the C 1s spectrum (component B) and OH™ in the O 1s spec-
trum (component A) was observed. From the comparison of
3HF fingerprint variations reported in Tables 1 and 2, it is
clear that the adsorption of 3HF on Al,0;-TiO, film is not
visible at pH = 8, whereas in TiO,, treated at the same pH, a
low amount of 3HF is indicated by increased OH™ and C=0O
(components A and B) in the O 1s spectrum. Therefore, the
highest amount of 3HF on Al,0;-TiO, film was detected at pH
= 4 and on TiO, film at pH = 8, even if it was significantly
lower than that on Al,05-TiO, at pH = 4.

The origin of the carbonate component F in Table 1 is due
to the initial contamination of bare Al,O5-TiO, film and 3HF
powder (see also Tables S2 and S3 in the ESIt). Therefore, its
content is increased after the adsorption of 3HF on the oxide
film. The carboxylic component E in Table 2 is already present
as the contaminant on the surface of TiO, film (see also
Table S4 in the ESIt) and decreases after surface coverage with
3HF.

The valence band spectra, acquired with ultraviolet He I
(21.2 eV) and II (40.8 eV) sources, did not reveal any noticeable
changes after the adsorption of 3HF (see Fig. S5 and S6 in the
ESIf). Probably the changes were not visible due to the
absence of any characteristic features in the valence band

A0,
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E

g E
c

> Al,O4 + 3HF
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£

Al,05 + 3HF
4 pH=8
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Fig. 6 Comparison of C 1s (a) and O 1s (b) spectra for Al,O3—TiO; film treated with 3HF at pH = 4 and 8.
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Fig. 7 Comparison of C 1s (a) and O 1s (b) spectra for TiO, film treated with 3HF at pH = 4 and 8.

spectra of the 3HF reference sample, whereas in the spectra of
both oxides the strong bands of convoluted Ti 3d-O 2p and Al
3p-O 2p levels are present.

Information retrieved from both FTIR and XPS analyses
suggests the formation of a surface complex 3HF-M"". For the
sake of comparison, the UV-vis absorption spectra of 3HF in
methanol and in the presence of Ti(OBu), were recorded, and
the results were compared with results available in the litera-
ture on the [AI(3HF),]" complex**' This experiment was based
on the hypothesis that 3HF can act as a chelating ligand also
for metal ions located on the metal oxide surface, as previously
suggested for other organic molecules.*” Fig. 8 shows the elec-
tronic absorption and emission spectra recorded in methanol
for free 3HF, [Al(3HF),]" complex and 3HF in the presence of a
Ti(v) source (Ti(n-OBu),). Analogously to what was observed
for [AI(3HF),]", the addition of a Ti(iv) source to a solution of
3HF results in a substantial modification of the UV-absorption
profile of the ligand, with a new absorption band located at
402-404 nm. Similar results were obtained by Galland and co-
workers, who prepared a [Ti(3HF),]Cl, complex using TiCl, as
a source of the Ti" core.*” The emission spectra of the exam-
ined species (Fig. 8c—e) further support the formation of the
metal-3HF complex. Indeed, when compared to the emission
spectra of 3HF in methanol, whose emission band is located
at 513 nm (FWHM = 78.3 nm), the photoluminescence features
of the Ti" complex and the AI"™ complex are very similar: they

18496 | Dalton Trans.,, 2022, 51,18489-18501

both show a single peak located at about 467 nm (FWHM =
58 nm), whose intensities are one third less and six orders of
magnitude bigger (respectively) than those of bare 3HF in the
same solvent, in excellent agreement, for the position and
FWHM, with what was observed for the photoluminescence of
the fluorophore anchored on the surfaces of TiO, and Al,O3-
TiO,, respectively (Fig. 3).

This further evidences the formation of surface complexes
where the 3HF molecules act as ligands towards the Ti" and
A" species located on the surface of the metal oxide. The
entropy-driven chelate effect was then the driving force spur-
ring the anchoring of 3HF,>***® also considering that a
5-membered ring is formed upon this bonding mode, which is
acknowledged as a particularly stable geometry for organic
molecules.*”

Furthermore, also in solution, a significantly (seven orders
of magnitude) weaker photoluminescence emission in the Ti"
complex can be observed, as compared with the high intensity
of the signal pertaining to the [AI(3HF),]" species.

In order to gain further information, we carried out two
sets of experiments: (i) photocurrent generation to investigate
the expected charge injection from the surface complexes in
the TiO, conduction band (as previously reported in dye-sensi-
tized solar cells using a natural chromophore as light harvest-
ers)'® and (ii) transient absorption spectroscopy measure-
ments to probe the dynamics of charges photogenerated in

This journal is © The Royal Society of Chemistry 2022
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comparison purposes.

3HF and verify the possibility of their injection into the semi-
conductor also when covered by a thin insulating layer at a
micrometric level.

Investigation of the photoelectrochemical properties was
performed in a three-electrode setup, similar to the procedures
reported elsewhere*®*>° and described in the experimental
part. The light sources used (whose spectra are shown in
Fig. S7 in the ESIf) permitted illumination of the electrodes
alternately with UV and visible light. Photoaction spectra could
not be recorded due to the lack of a monochromator and a
phase-sensitive detection system, but the effect of modifi-
cations in the spectrum of the incident light was checked
using filters.

Fig. S8 in the ESIt shows the photocurrent/potential curves
recorded on sweeping the potential from the negative limit in
a positive direction while illuminating the electrode with
chopped UV light. Both TiO, and Al,0;-TiO, photoelectrodes
exhibited anodic photocurrents, increasing progressively with
the applied potential. The lower response of Al,0;-TiO,, com-
pared with that of TiO,, was expected due to the insulation
properties of Al,O3.

Both TiO, and Al,0;-TiO, bare electrodes appeared almost
insensitive to illumination with visible light of wavelength
above 400 nm; however, after deposition of a 3HF layer, well-
defined and rather stable photocurrent transients were
recorded under chopped illumination over an extended poten-
tial range (the two recordings are compared in Fig. S9 in the
ESIt). This comparison showed that a substantial charge

This journal is © The Royal Society of Chemistry 2022

transfer from 3HF to TiO, sustains the photocurrent response.
According to the mechanism previously suggested,> the
photogenerated excited molecule injects an electron into the
conduction band of the semiconductor, due to favorable
energy matching. The resulting oxidized molecule’ is sub-
sequently reduced by a suitable donor in solution (I7) regener-
ating the molecule in its ground state.

The photocurrent responses measured at 0.3 V vs. Ag/AgCl
for 3HF-TiO, and 3HF-AlL,0;-TiO, photoelectrodes are
reported in Fig. 9. The sample illuminated under chopped
light shows a photocurrent overshoot at early times after the
light-on transient and then decays to a rather stable photo-
current (on enlarging the illumination window) due to the oxi-
dation of iodide to triiodide (I” to I;7). To investigate the spec-
tral dependence of the photo effect, long-pass filters of
455 nm and 495 nm were then applied. The photocurrent was
markedly decreased when the filters were inserted and recov-
ered their original value after the removal of the filters. Similar
effects were observed for the 3HF-TiO, system and the 3HF-
Al,05-TiO, system (Fig. 7), with lower photocurrents in the
latter case, as expected, due to the presence of the Al,O; layer,
which on the one hand physically hinders the charge injection
and on the other hand favors a radiative charge decay through
photoluminescence emission.

These results show that the photocurrent is sustained even
by photons of wavelengths in the visible light, confirming that:
(1) the photocurrent is due to injection from 3HF (the naked
TiO, substrate does not generate photocurrents at these wave-

Dalton Trans., 2022, 51,18489-18501 | 18497
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Fig. 9 Extended transient photocurrent responses of TiO,—-3HF and
Al,O3—TiO,—3HF (30 A), at an applied potential of 0.3 V vs. Ag/AgCL. The
photocurrent recorded under visible light illumination drops on inserting
the long-pass filters at 455 nm and 495 nm and is fully recovered after
their removal.

lengths, compared in Fig. S91); and (2) photosensitization
matches the spectrum of 3HF adsorbed on TiO, since the spec-
trum of the molecule in solution has no absorption for wave-
lengths higher than 400 nm in acidic medium (Fig. 2).

Electrochemical impedance spectroscopy (EIS) measure-
ments showed that the charge transport resistance between
the photoelectrode and the electrolyte is greatly affected by
illumination, as shown by a comparison of the Nyquist plots
recorded under different light conditions in Fig. S10 and S11
in the ESI}: (a) in the dark; (b) under full illumination by
visible light; and (c) under visible light filtered using a long
pass 455 nm filter. The EIS data were fitted using a simple
Randles circuit provided in the inset of Fig. S10 in the ESI}
and the fitting parameters are shown in Table S5 in the ESL¥
For both photoelectrodes, under dark conditions, the charge
transfer process was very difficult, as shown by the high values
of the resistance (R, in Fig. S10at), particularly in the case of
the 3HF-Al,05-TiO, system (Fig. S11 in the ESIf). However,
the resistance values were substantially reduced under illumi-
nation by light absorbed by 3HF, confirming that the charge
transfer across the interface is facilitated by a light-driven
injection process.

We eventually performed transient transmission measure-
ments through the pump-probe technique, tuning the pump
photon energy at 400 nm, probing on a wide spectral range
(~470-700 nm), detecting the differential transmission AT/T
(where AT is the difference between the probe transmitted
with and without pump excitation, see the Experimental
section for details) at varying pump-probe delays. The data
allowed us to access the dynamics of the generated charges
immediately after photoexcitation, revealing crucial photo-
physical mechanisms. Fig. 8 reports the data for the 3HF
loaded at nominal pH = 8, with and without the Al,O; layer.

The transient transmission spectrum (inset of Fig. 10a) of
TiO, NPs (red dashed line) was characterized by a broad nega-
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Fig. 10 Transient transmission AT/T data for 3HF (pH 8 uptake)
anchored to the TiO, NP film with (thin light blue line) and without the
30 A ALOs layer (thick dark blue line) and for the bare TiO, NP film
(dashed red line). (a) Dynamics at a 605 nm probe wavelength, for a
pump fluence of 70 pJ cm™2 (at the TiO, NP substrate); inset, corres-
ponding spectra at 40 fs time delay; (b) AT/T absolute values, measured
around 4 ps time delay, as a function of the pump fluence incident on
TiO,; dashed lines are linear and fits to experimental data.

tive signal, typical of this material,>"**> corresponding to
photoinduced absorption (PA) in the conduction band. It is
noteworthy that, when 3HF is anchored directly on the metal
oxide, the signal appears highly increased (thick dark blue
line), while it is almost unchanged when the Al,O; layer is
present (thin light blue line). The higher signal observed
clearly indicates that 3HF is injecting photogenerated charges
into the conduction band of TiO,, which is possible for direct
anchoring. In Fig. 10, the PA dynamics are shown; the 3HF-
TiO, sample (thick dark blue line) shows a very fast rise time
of the signal, denoting an efficient charge transfer that takes
place in less than 100 fs. Moreover, it is possible to observe
that the signal is long lived (it appears flat for all the time
delays that we could access, that is up to 1 ns), allowing us to
exclude any backward transfer. Interestingly, the presence of
the insulating layer (thin light blue line) led to a different scen-
ario: the dynamics of the sample with and without 3HF appear
very similar, with a small contribution due to charge injection.
We further investigated the phenomenon by changing the
pump fluence; the results are similar to the ones reported in
Fig. 10a. In Fig. 10b, the signal evaluated at late time delays
(around 4 ps) is plotted as a function of the pump fluence; this

This journal is © The Royal Society of Chemistry 2022
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signal accounts directly for the overall charges in TiO,, avail-
able e.g. for the photocurrent. It should also be noted that 3HF
directly anchored to TiO, resulted in a big increase, of about
90%, in available charges, compared to bare TiO,, whereas the
presence of the Al,O; layer clearly reduces the injection, acting
as a barrier. Similar results were found for the thicker insula-
tion layer (100 A Al,O; layer) and with 3HF loaded at pH = 4, as
reported in Fig. S12 in the ESL}

It is noteworthy that these results were consistent with pre-
vious ones, in particular with the data on PL and photocurrent
generation: as a matter of fact, charges photogenerated in the
Ti-3HF complex are extracted by TiO,, immediately after exci-
tation, if no insulating layers are present, preventing any sig-
nificant radiative decay in 3HF. In contrast, the presence of the
Al,O; layer, acting as a partial, but effective, barrier, allowed
part of the photogenerated charges to remain in [Al(3HF),]"
and undergo radiative recombination, resulting in the high PL
of the surface complex, and the other part to be injected in
TiO, and used for electrical current.

The results of photoelectrochemical and pump-probe
experiments were consistent among themselves as well as with
the outcomes obtained with the photoluminescent analyses
and fit in a general scheme (Fig. S13 in the ESIf): (i) once 3HF
is chemisorbed on the TiO, surface and irradiated, the surface
complex is excited by visible light and is able to inject charges
in the TiO, conduction band, generating a large anodic photo-
current; and (ii) the favorable energy alignment 3HF-TiO,, ie.
the driving force leading to charge injection, is perturbed by
the insertion of an insulating barrier (Al,0;), which lowers the
photogenerated current and favors the alternative radiative
decay of the metal complex, recorded as a large PL signal.

Conclusions

The present investigation reports a comprehensive, although
preliminary, study on the photophysics of a representative fla-
vonoid anchored on the surface of two metal oxides. This
study may pave the way for new competitive optoelectronic
materials characterized by easy fabrication and tunable pro-
perties, which can be used for a variety of applications, and
suggests further research on the properties and potentialities
of these materials.

3-Hydroxyflavone was successfully employed as a ligand to
bind metal ions on the surface of a semiconducting and an
insulating metal oxide, resulting in the formation of surface
complexes.

The synthesis has an advantage of a very simple and fast
procedure, producing a self-assembled monolayer of emitting
species, whose decay to the ground state is either radiative or
non-radiative depending on the nature of the metal oxide.

When 3HF is coordinated with aluminum ions on the Al,O;
surface, intense photoluminescence was observed, whose
quantum yield of around 15% was quite high. On the other
hand, the chelation of TiO, resulted in a system capable of
simultaneous charge injection and light emission.

This journal is © The Royal Society of Chemistry 2022
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The properties of these systems strongly depend on the
chemical nature of the coordinating metal ion, ie. on the
complex generated on the oxide surface, while the use of a
semiconducting or insulating species can tune the decay fate
of the photoexcited complexes, realizing a system preferably
acting on design as a light emitter and an electron transport
material.

The present investigation aimed at providing the proof of
concept of the possibility of easily fabricating a potential opto-
electronic material supporting two concomitant, competitive
processes, namely light emission and charge transport. The
possibilities enabled by this study are countless: indeed, by a
proper coupling of a flavonoid moiety (whose family counts a
huge amount of compounds featuring different and tunable
characteristics) with a metal oxide (n- or p-type semi-
conductors as well as insulators), it would be possible to tune
the optoelectronic properties, also accessing other phenomena
like resonant charge transfer. Furthermore, the recently pro-
posed theoretical possibility of engineering the band bending
of a semiconductor by depositing an organic SAM on its
surface® would represent an unexplored promising field of
research in solid-state physics.
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