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nanoparticles and the effect of titania fabrication
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A new synthesised triphenylamine-based dye having a branched structure with one OH-ending
branch able to interact with the surface hydroxyl moieties of mesoporous TiO; is reported. Optical
properties of the dye-titania hybrid material are presented and the higher efficiency of the dye
on pure anatase TiO2 compared to the commercial Degussa P25, which contains a rutile phase
component, is confirmed. The optical and chemical properties of the dye make it a promising
candidate as a metal-free dye for DSSCs or as a host for a variety of transition or main group metal

ions for different applications.
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Introduction

In recent years, many functional materials have
been obtained from covalent grafting of organic dyes
on inorganic surfaces for analytical applications (Pe-
sek, 1990; Gémez-Romero & Sanchez, 2004), the de-
velopment of optical devices, and functionalisation of
nanoparticles for medical diagnosis (Ganschow et al.,
2000; Zhao et al., 2005), since an organized inorganic
framework usually prevents dye molecules aggrega-
tion. On the other hand, the preparation of hybrid
systems by covalent grafting on an inorganic network
offers materials where the host imposes a specific and
organized orientation to the guest active molecules
(Gémez-Romero & Sanchez, 2004). Among the nu-
merous possible inorganic acceptors, layered inorganic
matrices, as clays and hydrotalicites, or metal oxides,
as silica and titania, have been investigated (Moretti

*Corresponding author, e-mail: elisa.morettiQunive.it

et al., 2012; Latterini et al., 2007; de Jesus Trindade
et al., 2011; Segal-Peretz et al., 2014). In particular,
TiO2 can be considered a promising host material due
to its low toxicity, good electron conductivity, and
electron-accepting character with respect to other ox-
idic materials.

Over the past years, dye organic sensitizers based
on triarylamine have been widely investigated as com-
ponents of electro-optical functional materials due
to their good electro-donating ability, hole-transport
properties and non-planarity of the triarylamine unit
that prevents aggregation. For instance, some triary-
lamine dyes have been employed as sensitizers in dye-
sensitized solar cells (DSSCs) giving overall DSSC ef-
ficiencies very close to that achievable by the Gratzel
N3 dye (Gu et al., 2012; Hagberg et al., 2008; Zhang
et al., 2009a).

While the first examples of photosensitizers devel-
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oped by Gritzel were based on ruthenium complexes
(Griitzel, 2009) on TiO2, and some authors (Urankar
et al., 2010; Amadio et al., 2011) studied two chelat-
ing pyridyl groups to host a variety of metal ions; over
the past two decades, considerable efforts have been
done to find metal-free organic sensitizers (Sharifi et
al., 2014).

By now, the best performing metal-free dyes show
efficiencies not far from those of the best Ru-dyes and
offer additional advantages, such as simpler synthetic
procedures, lower manufacturing costs, and the possi-
bility of uncomplicated tuning of their optical charac-
teristics (Hagfeldt et al., 2010).

While considerable synthetic effort has been done
in order to introduce a great variety of light adsorbing
moieties in sensitizer structures, no special attention
has been paid to structural variations of the anchoring
group that should assure adhesion of the dye on the
TiO; surface and allow charge injection. In fact, not so
many alternatives to the carboxylic acid moiety have
been employed as anchoring groups up to now (Ardo
& Meyer, 2009; Nazeeruddin et al., 2004; Wang et al.,
2000; Ooyama et al., 2011; Harima et al., 2013; Katono
et al., 2011; Mao et al., 2012; Michinobu et al., 2014).

As a part of a research program devoted to the
development of organic sensitizers with extended den-
dritic structures, a branched wedge based on triph-
enylamine was prepared. Some of the key features of
this dye sensitizer are the presence of a triarylamine
moiety, extended 7 systems of the triazole rings, and
a benzyl alcohol functionality at the focal point.

In the synthesis of the chromophore, a major role
is played by the copper-catalyzed azide-alkyne [3+2]
cycloaddition which allows a very efficient insertion of
the triazole rings into the structure (Bolje et al., 2014).
This reaction has gained an outstanding importance
among the synthetic tools employed in the preparation
of optoelectronic materials as it tolerates the presence
of a wide variety of functional groups (Duan et al.,
2012; Li et al., 2010; Parent et al., 2005). Moreover,
it proceeds under very mild conditions with high se-
lectivity and high overall yields so that it meets the
Sharpless’s requirements to be defined as a “click” re-
action (Rostovtsev et al., 2002; Kolb et al., 2001).

In this paper, the synthesis of a branched wedge
based on triphenylamine and a preliminary study of
its potential use as a sensitizer supported on TiOq
nanoparticles are presented. By comparing the results
obtained by employing two different titania matrices,
it seems that the TiO5 fabrication method has an im-
portant role in the determination of the optical prop-
erties of the DS-TiO3 hybrid material.

Experimental
Materials and methods

All organic syntheses were carried out under nitro-

gen atmosphere in Schlenk-type glassware.

All reagents were purchased from Aldrich (Mi-
lan, Italy) and used as received. Commercial solvents
(Aldrich) were purified as described in literature (Ar-
marego & Perrin, 1996). 2-(Azidomethyl)pyridine was
prepared according to a literature procedure (Broth-
erton et al., 2009). Commercially available titanium
dioxide, P25 (Degussa-Huls (Parsippany, NJ, USA),
70 % anatase, 30 % rutile), with a BET surface area
of 55 m? g~! and a nominal average particle size of
30 nm, was used for comparison with a freshly syn-
thesised anatase pure phase titania (see Paragraph
“Synthesis of mesoporous anatase titania nanoparti-
cles”.)

Elemental chemical analyses (C, H, N, S) were
performed on a LECO CHNS-932 analyzer (Madrid,
Spain).

'H and '3C NMR spectra were recorded on a
Bruker AVANCE 300 spectrometer (Milan, Italy) op-
erating at 300.1 MHz and 75.4 MHz, respectively. The
chemical shift values are reported in ¢ units with ref-
erence to the residual solvent signal. The '3C chemical
shift values were assigned through DEPT-135 and 2D-
heteronuclear correlation experiments (HMQC and
HMBC).

X-ray powder diffraction (XRPD) patterns were
obtained using a Philips X’Pert system (Eindhoven,
The Netherlands). Data were recorded with the step
size of 0.05°, in the 10-80° 26 range. Intensities were
collected in a pre-set time mode (10 s). A system
equipped with a focusing graphite monochromator on
the diffracted beam and with a proportional counter
with an electronic pulse height discriminator was used.
Moreover, a divergence slit of 0.5°, a receiving slit
of 0.2 mm, an anti-scatter slit of 0.5°, and Ni fil-
tered CuK,, radiation (20 mA, 40 kV) were employed.
Samples were disc shaped pressed powders and the
spectra were collected after their calcination. The av-
erage sizes of the crystallites were obtained by the
Fourier method applied to the analytical diffraction
peak profiles, which are constrained couples of pseudo-
Voigt functions (describing the K,1—Kyo doublets) as
described elsewhere (Enzo et al., 1985, 1988). The
volume-weighted average crystalline sizes <D >y,
measured perpendicularly to the (hkl) lattice planes,
were determined in correspondence with the most in-
tense (101) peak profiles of the TiO2 anatase phase.
The Fourier transforms of the measured peak pro-
files were corrected for instrumental broadening using
the very narrow lines of a reference standard sample
(a-quartz). The peak broadening was attributed to the
crystallite size effect only. The estimated errors on the
crystalline sizes obtained by this procedure were about
10 %.

Field Emission Gun-Scanning Electron Microscopy
(FEG-SEM) images were taken on a Zeiss SIGMA VP
(["Iberkochen, Germany) using the in-lens secondary
electron (Everhart—Thornley) detector.
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A JEOL JEM 3010 microscope (Tokyo, Japan) op-
erating at 300 kV with a high resolution pole-piece
(0.17 nm point-to-point resolution) and equipped with
a Gatan Multiscan CCD camera model 794 (Pleasan-
ton, CA, USA) was used for transmission electron mi-
croscopy (TEM). Samples both for SEM and for TEM
analyses were prepared by evaporation of one drop of
a suspension of the TiO5 powder in isopropyl alcohol
obtained by sonication on a copper grid coated with
an amorphous carbon holey film.

Nitrogen adsorption—desorption measurements
were performed at the liquid nitrogen temperature
of (-196°C) by a Micromeritics ASAP 2010 appara-
tus (Peschiera Borromeo, Italy). Before each measure-
ment, the samples (0.1 g) were outgassed first at 130°C
for 12 h at 0.67 Pa and then at room temperature for
2 hat 1 x 10~* Pa. The N, isotherms were used to
determine the specific surface areas through the BET
equation (Sggr), and the specific pore volume (V},)
calculated at P/P° = 0.98.

Infrared spectra in the diffuse reflectance mode
(DRIFT-IR) were acquired between 4000 cm~! and
400 cm~! on a FT-IR NICOLET Magna-IR™ in-
strument by Thermo Fisher Scientific (Rodano, Italy),
with an AVATAR 360 FT-IR E.S.P accessory. The res-
olution was kept at 4 cm™! and the spectra were mea-
sured using the KBr technique (5 mass % of sample
in KBr).

X-Ray photoelectron spectra (XPS) were collected
using a Physical Electronics PHI 5700 spectrometer
(Madrid, Spain) with non-monochromatic Mgk, ra-
diation (300 W, 15 kV, 1253.6 eV) for the analysis of
the core level signals of C 1s, O 1s, N 1s, Cu 2p, and
Ti 2p and with a multi-channel detector. Spectra of
the powdered samples were recorded at the constant
pass energy values of 29.35 eV, using a 720 pm diam-
eter analysis area. During data processing of the XPS
spectra, binding energy values were referenced to the
C 1s peak (284.8 V) from the adventitious contami-
nation layer.

The PHI ACCESS ESCA-V6.0 F software pack-
age was used for data acquisition and analysis. A
Shirley-type background was subtracted from the sig-
nals. Recorded spectra were always fitted using the
Gauss—Lorentz curves in order to determine the bind-
ing energy of the different element core levels more
accurately. The error in BE was estimated to be of ca.
0.1 eV.

Photoluminescence excitation (PLE) and emission
(PL) measurements were carried out using a Jobin
Yvon Fluorolog-3 spectrofluorimeter by HORIBA
Jobin Yvon (Milan, Italy). A xenon arc lamp was
used as the continuous-spectrum source selecting the
excitation wavelength by a double Czerny-Turner
monochromator, while the detection system was con-
stituted by a single grating monochromator coupled
to a PMT for measurements in the visible spectra
range.

Preparation of dye sensitizer (DS), meso-
porous anatase titania nanoparticles, and DS-
titania hybrid material

Synthesis of 4-(diphenylamino)benzaldehyde (2)
was adapted from Park et al. (2000) with slight modifi-
cations. Dry N,N-dimethylformamide (DMF) (6.0 mL,
77.6 mmol) was, under nitrogen atmosphere, added to
a 100 mL two-necked flask equipped with a nitrogen
inlet, a magnetic stirrer and a condenser. After cool-
ing the reaction flask to 0°C, 2.0 mL of phosphorus
oxychloride (3.13 g, 20.4 mmol) were added dropwise
under stirring. The mixture was allowed to reach room
temperature then triphenylamine (TPA, 1) (5.0 g,
20.4 mmol) and dry DMF (15.0 mL) were added. The
mixture was heated at 80°C for 6 h under stirring,
cooled and poured into chilly water containing 6.0 g
of sodium acetate under vigorous stirring. The precip-
itated yellow solid was washed with water and purified
by flash chromatography (silica gel/toluene). The de-
sired product was obtained as a yellow powder (4.87 g,
17.8 mmol, 87 % yield) and its 'H NMR spectrum was
found in accordance with literature data (Park et al.,
2000).

4-(Bis(4-iodophenyl)amino)benzaldehyde (3) was
synthesized by contacting 4-(diphenylamino)benzalde-
hyde (2) (3.8 g, 13.9 mmol), potassium iodide (3.0 g,
18.1 mmol), acetic acid (45.0 mL) and deionized wa-
ter (5.0 mL) in a 100 mL two-neck flask equipped with
a nitrogen inlet, a magnetic stirrer, and a condenser.
After heating the reaction mixture to 80°C, potassium
iodate (2.98 g, 13.9 mmol) was added in one portion
and the resulting mixture was kept at 80°C under
stirring for 5 h. The solution was allowed to cool to
room temperature and it was poured into ice-water
under stirring. Yellow precipitate was collected by fil-
tration and treated with a 5 mass % NaHSO3 solution
(40.0 mL). Upon filtration, the desired aldehyde was
obtained as a yellow solid (3) (7.0 g, 13.4 mmol, 96 %
yield), the 'H NMR spectrum of which was found in
accordance with literature data (Ning et al., 2007).

(4-(Bis(4-iodophenyl)amino)phenyl)methanol
(4) was obtained in a round-bottom flask containing
4-(bis(4-iodophenyl)amino)benzaldehyde (3) (3.94 g,
7.51 mmol) in EtOH (34.0 mL) and CH5Cl; (34.0 mL).
NaBH, (297.0 mg, 7.82 mmol) was slowly added and
the reaction mixture was kept under stirring at room
temperature for 3 h.

The resulting mixture was poured into deionized
water (70.0 mL) and extracted with ethyl acetate; the
recovered organic phase was washed with water, dried
over MgSQOy4 and taken to dryness under reduced pres-
sure. The obtained solid was purified by column chro-
matography (silica gel/dichloromethane) to give 4 as
a white solid (3.93 g, 7.45 mmol, 98 % yield).

(4-(Bis(4-((trimethylsilyl)ethynyl)phenyl)amino)
phenyl)methanol (5) was prepared as follows: (4-
(bis(4-iodophenyl)amino)phenyl)methanol (4) (396.0
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mg, 0.751 mmol), toluene (13.0 mL), and trimethylsi-
lylacetylene (176.4 mg, 1.8 mmol) were added to
a flame-dried two-neck flask equipped with a nitro-
gen inlet, a magnetic stirrer, and a condenser. After
three successive vacuum/nitrogen cycles, diisopropy-
lamine (4.0 mL), Pd(PPhs)4 (11.1 mg, 0.00961 mmol)
and Cul (2.2 mg, 0.0116 mmol) were introduced
and the mixture was stirred under nitrogen at 80°C
overnight. The reaction mixture was cooled and ex-
tracted with CH5Cly at room temperature. The or-
ganic phase was washed with water and brine, dried
over MgSQO4 and rotoevaporated. The crude reaction
product was purified by flash-chromatography (silica
gel, eluent: pentane/CH2Cly =1 : 1) to give 5 (309 mg,
0.662 mmol, 88 % yield) of the title compound as a
yellow powder.

Synthesis of (4-(bis(4-ethynylphenyl)amino)phenyl)
methanol (6) was carried out as follows: a mixture of
(4-(bis(4-((trimethylsilyl)ethynyl)phenyl)amino)
phenyl)methanol (5) (309 mg, 0.662 mmol), KoCO3
(927 mg, 6.72 mmol), tetrahydrofuran THF (13 mL),
and methanol (13 mL) was stirred at room tempera-
ture for 90 min. Then, the reaction mixture was di-
luted with water and extracted with CH5Cly. The or-
ganic layer was dried over MgSQy, filtered and taken
to dryness. The crude product was purified by flash-
chromatography (silica gel, eluent: CH2Cly/ethyl ac-
etate, 9.5 : 0.5) to give the title compound (6) (210 mg,
0.648 mmol, 98 % yield) as a yellow powder.

Finally, (4-(bis(4-(1-(pyridin-2-ylmethyl)-1H-1,2,
3-triazol-4-yl)phenyl)amino)phenyl)methanol (7) was
obtained. A mixture of (4-(bis(4-ethynylphenyl)amino)
phenyl)methanol (6) (209.5 mg, 0.648 mmol) and 2-
(azidomethyl)pyridine (183 mg, 1.36 mmol) in THF/
HoO (4 : 1, 15 mL) was stirred at room temper-
ature overnight in the presence of 10 mole % of
CuSOy4-5H20 and 20 mole % of sodium ascorbate.
The reaction mixture was partially concentrated un-
der reduced pressure and extracted with CHyCly
(3 x 20 mL). The combined organic phases were dried
with MgSO, and concentrated. Dilution with diethyl
ether of the concentrated methylene chloride solution
led to the precipitation of the dye sensitizer (DS) (7)
as a pale yellow solid (371.5 mg, 0.628 mmol, 97 %
yield).

Mesoporous anatase titania nanoparticles were
synthesized according to the procedure reported by
Chen et al. (2009) with slight modifications. Hex-
adecylamine (2.64 g, 10.95 mmol) was dissolved in
ethanol (400 mL), followed by the addition of a 0.1 M
KCl aqueous solution (1.60 mL). Titanium(IV) iso-
propoxide (8.8 mL, 29.7 mmol) was added under vig-
orous stirring at room temperature. The resulting
TiO2 suspension was kept static at the same temper-
ature for 16 h and then the solid was collected by
centrifugation, washed with ethanol, and dried in air
at room temperature. In order to obtain a highly crys-
talline TiOs framework, the solvothermal process was

used. Amorphous titania (3.0 g) was dispersed into
a mixture of ethanol (38 mL) and deionized water
(19 mL) and then, a 280 g L~! aqueous ammonia solu-
tion (1.9 mL) was slowly added dropwise. The mixture
was kept in a teflon autoclave at 160°C under auto-
genous pressure for 16 h. The product was recovered
by centrifugation, washed with ethanol, dried at room
temperature, and finally calcined at 550°C for 2 h.
This sample was labeled as anatase in the following
text.

Freshly synthesized mesoporous TiO2 (1.00 g) was
added to a yellow chloroform solution of the dye sensi-
tizer (10.2 mg in 20 mL). Then, the resulting suspen-
sion was heated to reflux under nitrogen overnight,
during which time, the organic phase became color-
less. After removing the solvent under vacuum, a yel-
low solid was obtained (thereafter DS-Anatase), which
was dried to constant mass at 50°C and then ground
in a mortar for spectroscopic and analytical investiga-
tions.

For comparison purposes, an additional sample was
prepared using the commercial titania Degussa P25 as
the inorganic matrix with the same loading (nominal
1.0 mass % of DS) and method of impregnation. The
resulting material (thereafter DS-P25), a grayish solid,
was dried to constant mass at 50°C and then ground
in a mortar for spectroscopic and analytical investiga-
tions.

The dye sensitizer content was determined by ele-
mental analysis and estimated as 0.93 mass % on the
fresh synthesized TiO2 and as 0.91 mass % on Degussa
P25 titania.

Results and discussion

Synthesis of the novel triphenylamine (TPA)-based
branched dye sensitizer (DS) was carried out accord-
ing to the strategy depicted in Fig. 1.

In the first step, the Vilsmeier reaction was em-
ployed to formylate commercial triphenylamine (1) ac-
cording to a literature procedure (Park et al., 2000).
Treatment of the resulting aldehyde (2) with KI/KIO3
in acetic acid afforded the corresponding diioderiva-
tive (3) as described by Ning et al. (2007). Reduction
with NaBHy led to the benzyl alcohol derivative (4).
Sonogashira coupling of the latter with trimethylsily-
lacetylene followed by basic removal of the protecting
groups gave the terminal dialkyne (6). Finally, cou-
pling of the dialkyne with 2-(azidomethyl)pyridine in
the presence of an in situ generated Cu(I) catalyst af-
forded the target sensitizer (7). The adopted synthetic
strategy was proved to be quite efficient with the over-
all yield as high as 70 %. All the new intermediates
and the final dye sensitizer are soluble in common or-
ganic solvents (dichloromethane, chloroform, tetrahy-
drofuran, DMSO) and were characterized by elemen-
tal analysis and'H and '¥*C NMR spectroscopy; the
relevant data are reported in Tables 1 and 2.
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Fig. 1. Synthetic route for the synthesis of the triphenylamine-based dye sensitizer.

Very convenient impregnation of the supports was
easily accomplished by simple stirring of a titania sus-
pension in a diluted chloroform solution of the dye.
'H NMR spectroscopy showed that the chromophore
was completely adsorbed by the inorganic matrix. In
fact, a small amount of final hybrid materials was sus-
pended in CDClI3 under heating to determine the pos-
sible leaching of DS and the signals of the free dye
in CDClIj3 solution were totally absent in the aromatic
range of the '"H NMR spectrum.

Morphology of the titania samples was character-
ized by scanning and transmission electron microscopy
(SEM and TEM). A typical large-scale FEG-SEM im-
age of the prepared mesoporous anatase TiO5 after the
solvothermal process and calcination (Fig. 2a) displays
a structure made of agglomerates of nanoparticles.
TEM images give more detailed information about the
single nanoparticles (Figs. 2b and 2c), and show that
nanocrystals have different shapes with many faceted
crystals, some with a rectangular shape, a few rice-
like shaped ones, and some typical truncated bipyra-

mids (Barnard & Curtis, 2005). The HRTEM image
(Fig. 2¢) also shows that some particles are not single-
crystals and that most of the particles have a porous
structure with pores of 2-3 nm in size. Most parti-
cles of the anatase sample are in the 20-30 nm size
range, somewhat smaller than those of Degussa P25
(Fig. 2d).

An analysis of the fresh synthesized titania by Ng
adsorption—desorption at —196 °C, after the solvother-
mal and calcination treatment, exhibited a type IV
isotherm (not shown) typical of a mesoporous mate-
rial with the cumulative volume equal to 0.36 cm? g—!
and the BET specific surface area of 74 m? g—!, which
is significantly higher than the values obtained for
commercial Degussa P25 titania (0.06 cm® g=! and
55 m? g1, respectively), due to the smaller size of
the particles and possibly to the pores (in case of open
pores accessible to the gas).

Molecular coverage of the adsorbed dye sensitizer
per unit surface area of the two titania samples was
calculated by elemental analysis of the dye sensitizer-
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Table 1. 'H and 13C NMR spectral data of the prepared compounds

Compound Spectral data
2 IH NMR (300 MHz, CDCls) é: 9.79 (s, 1H, CHO), 6.97-7.75 (m, 14H)
3 1H NMR (300 MHz, CDCl3) §: 9.84 (s, 1H, CHO), 7.73 (d, 2H, arom), 7.65 (d, 4H, arom), 7.07 (d, 2H, arom), 6.90
(d, 4H, arom)
4 1 NMR (300 MHz, CD2Clz) 6: 7.53 (d, 4H, arom), 7.30 (d, 2H, arom), 7.07 (d, 2H, arom), 6.83 (d, 4H, arom),

4.63 (s, 2H), 1.66 (br s, 1H, OH)

13C NMR (75 MHz, CDCl3) §: 147.2, 146.4, 138.4, 136.5, 128.6, 125.9, 124.9, 88.1, 65.0

5 IH NMR (300 MHz, CD3Cls) §: 7.34-7.29 (m, 6H, arom), 7.09-7.06 (m, 2H, arom), 6.98-6.95 (d, 4H, arom),
4.65-4.63 (d, 2H, OCHz), 1.77 (t, 1H, OH), 0.23 (s, 18H, CHs)
13C NMR (75 MHz, CD2Cls) §: 147.9, 146.5, 138.1, 133.5, 128.7, 126.1, 123.7, 117.6, 105.8, 94.0, 64.7, 0.3

6 1H NMR (300 MHz, CD2Clz) §: 7.38-7.35 (d, 4H, arom), 7.32-7.29 (d, 2H, arom), 7.10-7.08 (d, 2H, arom), 7.01-6.98
(d, 4H, arom), 4.64 (s, 2H, arom), 3.10 (s, 2H, CH), 1.95 (br s, 1H, OH)
13C NMR (75 MHz, CD2Clg) §: 148.2, 146.4, 138.0, 133.7, 128.9, 126.2, 123.7, 116.4, 84.1, 77.1, 65.4

7 1 NMR (300 MHz, DMSO-dg) §: 8.56-8.54 (m, 4H, arom), 7.85-7.76 (m, 6H, arom), 7.38-7.28 (m, 6H, arom),
7.07-7.04 (m, 6H, arom), 5.75 (s, 4H, CHz), 5.15 (t, 1H, OH), 4.48-4.49 (d, 2H, CH2OH)
13C NMR (75 MHz, DMSO-dg) §: 154.9, 149.2, 146.6, 146.2, 145.2, 137.8, 137.2, 127.8, 126.2, 124.9, 124.3, 123.2,

123.1, 121.9, 121.4, 62.4, 54.4

Table 2. Elemental analysis and yield of the newly prepared compounds 4, 6, and 7

Mw
Compound Formula
g mol~1!
4 C19H1512NO 527.1
6 C23H17NO 323.4
7 C35H29NoO 591.7

titania composites and the BET specific surface area
of bare supports. The obtained values were very
similar for the two organic—-inorganic materials, 0.14
molecules per nm? for DS-Anatase and 0.16 molecules
per nm? for DS-P25.

XRPD was used to identify crystallographic phases
of the synthesized titania nanocrystals and the two fi-
nal hybrid materials (Fig. 3). Diffraction pattern of
the synthesized TiO,, after the calcination at 550°C,
exhibited well-resolved reflections at 26 values of
25.44°C, 38.02°, 48.19°, 53.94°, 54.98°, and 63.06°,
corresponding to the characteristic pattern of anatase
(the only present crystalline phase of TiOz, JCPDS
84-1286).

Mass-average size of the titania crystallites in the
synthesized TiO5 sample was calculated by the Fourier
analysis of the (101) diffraction line and found to be
15 nm, i.e. smaller than the value indicated by TEM.
This can be attributed to the observed presence of
multi-grained particles and the inner porous structure
of the particles. XRPD profiles are in fact related to
the size of the coherent scattering areas, not to the
size of the particles. For this reason, the two tech-
niques give similar values only in case of perfectly or-
dered single-crystal particles; in all other cases, XRPD

w; (calc.)/mass %

w; (found)/mass % Yield

C H N %
43.29 2.87 2.66 98
43.37 2.68 2.75
85.42 5.30 4.33 98
85.60 5.21 4.30
71.05 4.94 21.31 97
71.24 4.85 21.17

gives lower values than microscopy. For Degussa P25,
a value of 19 nm was found, which is higher than that
obtained for the anatase sample but lower than its
nominal value.

Since titania surface is characterized by the pres-
ence of various types of hydroxyl groups, which dif-
fer according to the type and number of Ti atoms to
which they are bonded, infrared spectroscopy is an im-
portant tool to differentiate these groups and under-
stand their interaction with organic molecules (Finnie
et al., 2001; Lobo-Lapidus & Gates, 2010; Zhang et
al., 2006). The surface hydroxyls can be either free
(isolated Ti—OH), hydrogen bonded one to another
(vicinal) or bonded to water molecules chemically ad-
sorbed on the TiO4 surface.

Infrared spectra of the mesoporous anatase and
Degussa P25 supports and the respective two hybrid
organic—inorganic materials are shown in Fig. 4. In all
DRIFT-IR spectra of the titania samples, a broad ab-
sorption band in the region of 3800-2800 cm~! dom-
inates. This broad band, centered at 3300 cm™!, is
attributed to the OH-stretching vibrations of free and
hydrogen-bonded surface hydroxyl groups of titania.
A small peak due to the Ti—OH hydroxyl modes at
3693 cm ™! is present in the profile of both titania sup-
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Fig. 2. Micrographs: large-scale SEM image (a), TEM (b), and HRTEM (c) images of the fresh synthesized anatase titania (arrow
shows a particle with a twin crystal structure); HRTEM (d) image of the Degussa P25 sample.

ports. The wide peak at around 800 cm ™! to 500 cm !
is the sum of the two stretching mode vibrations as-
signed to the Ti—O and O—Ti—O vibrations of tita-
nia.

Grafting of the dye to the supports was accom-
panied by changes in the Ti—OH stretching modes
(Fig. 4). A decrease of the intensity of the peak due
to the Ti—OH hydroxyl modes with a slight shift to
lower frequencies (from 3693 cm~! to 3687 cm~1!) was
registered in both the DS-Anatase and DS-P25 com-
posites, most probably due to the interaction of the
benzyl alcohol functionality of the organic molecule
with the surface of titania. These data suggest the at-
tachment of the dye on the surface through an inter-
action of titania hydroxyls with the OH groups of DS.
No modifications of the vibrational modes of pyridyl
moieties were detected in the IR spectra, most prob-
ably due to the small amount of organic molecules.
In any case, interaction of titania with pyridyl moi-
eties and extended 7 systems of the triazole rings can-
not be excluded. Infrared spectra of the composites
show the presence of two bands at 1587 cm™! and
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Fig. 3. X-Ray diffraction patterns of the two titania supports.
The Miller indexes belong to the anatase phase; the
extra peaks in the P25 sample show the presence of a
second component of TiOg, the rutile phase.

1492 cm ™! attributable to the C—C stretching mode
of the benzenoid (B) rings. The bands at 1290 cm ™!
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Table 3. Binding energies and C/N atomic ratio of the dye and the two hybrid materials calculated by XPS

Sample C 1s/eV O 1s/eV

DS 284.8 (80 %) 532.9 (91 %)
286.0 (18 %) 533.8 (9 %)
292.1 (2 %)

DS-P25 284.8 (83 %) 529.9 (87 %)
286.1 (12 %) 531.6 (13 %)
288.7 (5 %)

DS-Anatase 284.8 (80 %) 529.9 (90 %)

286.1 (14 %)
288.6 (6 %)

531.7 (10 %)

Reflectance/a.u.

\\

3500

T T T T T T T T T T T
4000 3000 2500 2000 1500 1000 500

Wavenumber/cm™

Fig. 4. Infrared spectra of the dye sensitizer (1), bare titania
supports P25 (2) and anatase (3), and the two hy-
brid organic-inorganic materials DS-P25 (4) and DS-
Anatase (5). In the inset: magnification of the region of
3800-3600 cm ™.

and 1226 cm~?! can be attributed to the C—N stretch-
ing mode of the benzenoid unit confirming the pres-
ence of DS on the support.

Surface of the DS-Anatase composite was investi-
gated by X-ray photoelectron spectroscopy. The N 1s
spectrum shows two contributions at 399.3 eV (74 %)
and 401.2 eV (26 %). The first one was assigned to the
pyrrolidinic and triazolic moieties; and the second one
to protonated nitrogen (Lazaro Martinez et al., 2011).

Table 3 shows the XPS binding energy values and
the proportions of the different contributions in some
signals such as C 1s, N 1s, and O 1s.

In our system, nitrogen is the representative atom
of the chromophore because the supports do not con-
tain nitrogen-containing compounds. The N 1s signal
of the DS chromophore forming part of the composite
materials does not show any significant changes in the
shape and binding energy values; however, a slightly
lower protonation degree was observed. This means

N 1s/eV C/N atomic ratio

399.2 (74 %) 5.56
401.2 (26 %)

399.6 (79 %) 13.21
401.3 (21 %)
399.7 (82 %) 15.39

401.1 (28 %)

that the interactions between the chromophore and
the support are weak.

The C 1s core level spectrum of the dye sensitizer
(Fig. ba) can be decomposed into three contributions:
at 284.8 eV (80 %), 286.0 eV (18 %), and at 292.1 eV
(2 %). The last contribution, at 292.1 eV, with a very
low intensity of the C 1s signal, is due to the presence
of m—m* interactions. After the adsorption on anatase,
the C 1s signal exhibited a lower intensity in compar-
ison with the C 1s signal of DS (Fig. 5b); the shape
of the spectra is more or less similar with three con-
tributions at 284.8 eV (80 %), 286.1 eV (14 %), and
288.6 €V (6 %). The contribution at high binding en-
ergy is also shown in the C 1s spectrum of anatase
probably due to the presence of surface carbonate.

All Ti 2p spectra are very similar, with the Ti 2p3 /o
binding energy values of 458.4-458.7 eV, typical of
titania.

The surface C/N atomic ratio measured by XPS for
the DS powder is 5.56. This value is higher than both
the theoretical value (3.88) and the value found by el-
emental analysis (4.02), which suggests the presence
of some adventitious carbon on the powder surface.
For both hybrid materials, DS-P25 and DS-Anatase,
experimental values of the surface C/N atomic ratio
obtained by XPS are even higher (13.21 and 15.30, re-
spectively) and much higher than the values found by
elemental analysis (5.88 and 5.73, respectively). The
high C/N atomic ratios observed on the surface of
the hybrid material can be partly due to the pres-
ence of more adventitious carbons since, in this case,
the amount of this contaminant is likely to be more
relevant. However, the large increase in the C/N ratio
observed by XPS suggests the presence of the dye at
the surface of the supports.

Optical properties of the DS dye were fully in-
vestigated and the results well match with those ob-
served for analogous dyes in previous reports (Lizaro
Martinez et al., 2011; Ning et al., 2008; Ning & Tian,
2009; Cai et al., 2013; Zhang et al., 2009b, 2012).

In Fig. 6, absorption, emission (PL, Aex = 370 nm),
and excitation (PLE, Aeyy = 550 nm) spectra recorded
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Fig. 5. C 1s core level spectra of the samples: DS chromophore (a) and DS-Anatase composite (b).
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Fig. 6. Absorption, excitation, and emission spectra of the dye recorded in chloroform at the concentration of 10> M. In the
inset: decay curve and exponential fit.
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in chloroform are shown.

The molecule has an extinction coefficient of
7.4 x 10* em™! M~! at the maximum of the ab-
sorption band (peaked at 331 nm), which is a value
similar to those reported in other papers for simi-
lar molecules (Ning & Tian, 2009; Cai et al., 2013).
A smaller shoulder can be observed at longer wave-
lengths. This transition is much more evident in the
PLE spectrum which shows two bands with compa-
rable intensity peaked at 335 nm and 373 nm re-
spectively. For triarylamines, the absorptions in the
300-400 nm range originate in from the m—7* tran-
sitions (Ning et al., 2008; Ning & Tian, 2009; Cai et
al., 2013). The band above 400 nm observed in other
triarylamine molecules was not observed here because
of the absence of a good electron acceptor group, such
as the cyanoacrylic acid moiety enabling intramolec-
ular charge transfer (ICT). The DS behavior here re-
sembles that of the dye synthesized by Zhang et al.
(2009b). Although the molecules differ significantly,
an electron acceptor group is absent in both of them
and they display a quite similar absorption spectrum
with almost null extinction coefficient above 400 nm.

The emission spectrum shows a rather broad emis-
sion peak centered at 530 nm extending up above
750 nm which results in a yellow—greenish fluores-
cence. The PL and PLE spectra display a rather large
Stokes-shift of more than 150 nm.

The PL decay curve, recorded exciting DS at
373 nm and monitoring the emission at 550 nm, can
be fitted using a single exponential with the time con-
stant: 7 = 3.75 ns, in accordance with the values re-
ported in literature for similar compounds (Zhang et
al., 2012).

Due to the great attention drawn by the triary-
lamine family of molecules for DSSC applications, the
study of the optical behavior of the hybrid DS-TiO,
composite is of great interest in this application field.
In particular, by impregnating the chromophore on ti-
tania, it is possible to extend the harvesting capability
of the cell with respect to bare titanium dioxide.

In Fig. 7, absorption spectra of the DS-TiO hybrid
composites, obtained either using the freshly synthe-
sized pure phase anatase TiOs or the commercial P25
Degussa, are shown.

A bathochromic shift of the DS absorption when
adsorbed on an inorganic support with respect to
the diluted monomeric form was observed, which is
usually ascribed to the occurrence of J-aggregation
(supramolecular self-organization) (He et al., 2011).
It should be noted that, in spite of the very similar
dye loading, the behavior of the two DS-TiOs com-
posites is slightly different, with the dye showing a
stronger absorption capability when adsorbed onto
synthesized anatase. This is also confirmed by the dif-
ferent color of the two obtained solids. As mentioned
in the Experimental part, the DS-Anatase sample is
more yellowish than the DS-P25 one which is rather

Normalized absorbance

. , :
300 400 500 600
Wavelength/nm

Fig. 7. Absorption spectra of the dye sensitizer (1), bare syn-
thesized anatase (2) and commercial P25 (3) titania,
and the respective composites DS-Anatase (4) and DS-
P25 (5).

grayish. The cause of this difference in the absorp-
tion features of the composites suggests a different in-
teraction with the two surfaces. In fact, the role of
the different crystalline forms of titania and the dif-
ferent photoactivity of the different exposed external
surfaces were thoroughly investigated, especially in re-
gard to the influence on the photocatalytic properties
(D’Arienzo et al., 2011; Scotti et al., 2009; Testino et
al., 2007). For DSSCs, a more efficient role of anatase
nanocrystals had already been suggested by Barbé et
al. (1997), whereas the lower electron-hole recombi-
nation rate of geometrically anisotropic nanoparticles
has been demonstrated more recently (D’Arienzo et
al. (2011) and references therein).

In the present case, the presence of the pores in
the nanoparticles of the anatase sample can also play
a role hosting some molecules and potentially shield-
ing them from the outer environment. Furthermore,
P25 is composed of a mixture of anatase : rutile (ap-
proximately 20 : 80), which causes different optical
behavior with respect to pure anatase. An analysis
of the absorption features of the synthesized pure
phase anatase gives a band gap of 3.24 eV, in fairly
good agreement with the reported band-gap of anatase
(3.2 eV). Rutile is known to possess a band-gap of
3.0 eV (Reyes-Coronado et al., 2008), thus, Degussa
P25 is expected to display a smaller gap as it is the
case; the band gap of the mixture can be estimated as
predominantly lying in the range of 3.0-3.1 eV. Also,
this difference in the optical properties is expected to
play a role in the different behavior of the composites.

Conclusions

An efficient synthetic strategy based on a “click”
reaction allowing obtaining the prototype of a new
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class of chromophores with a hydroxyl anchoring
group has been devised. Taking advantage of the
“click” character of the [3+2] azide—alkyne coupling, it
was possible to obtain the desired chromophore with
an overall yield as high as 70 %. Our investigations
suggest that the benzylic alcohol functionality present
at the focal point of the branched structure of the
chromophore is able to interact with the OH groups
of the TiOg; very interestingly, the nature of TiO,
seems to play a significant specific role in the determi-
nation of the optical activity of the resulting hybrid
materials.

Further investigations are in progress aiming to
test the optical activity of the DS-Anatase compos-
ite on a DSSC device, since its enhanced light har-
vesting properties make it a promising material for
such applications. In fact, the developed branched
triphenylamine-based structure is expected to improve
the device performance by reducing intermolecular in-
teractions and minimizing dye aggregation.

Further improvements could also be easily imple-
mented by application of the chelating triazole-pyridyl
system to host suitable transition metal fragments
(e.g., ruthenium).
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