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Abstract: A series of heteroleptic ruthenium(ll) complexes from Ru(NO)(NOj3); as precursor have been designed, synthesized and char-
acterized by TH.NMR, FT-IR, UV—Vis, PL, ICP and CHN analyses. The reaction details and features were described in detail. Solar cells
involving thin films of anatase TiO, impregnated with these dyes were prepared using an electrolyte solution of I'/I5 in acetonitrile as the
electron mediator, and their photovoltaic performance was evaluated. The system lacking carboxyl moiety as anchoring groups shows poor
photovoltaic performance. We found that the efficiency of cell is strongly affected by the presence of carboxyl groups of the sensitizing dye,
the efficiency of 1,2,4,5-benzentetracarboxylic acid(btec) ruthenium(Il) (with three btec moieties) adsorbed on TiO, nanocrystalline films
being 4 times as large as that of bahtophenathrolin ruthenium(ll) (with one nitrato group) adsorbed on the same films . An incident pho-
ton-to-current conversion efficiency (IPCE) of 8% at 510 nm was obtained for tris(1,2,4,5-benzentetracarboxylic acid) ruthenium(Il) (4).

Keywords: Nanocrystallin; DSSC, Heteroleptic; Anchoring group.

1. INTRODUCTION

The development of systems for converting solar energy into
electricity is among the most demanding challenges that scientists
face today[1]. An important aspect of solar energy conversion
involves the design and optimization of dye-sensitized solar cells
(DSSCs). If properly optimized, DSSCs may function as low cost,
efficient alternatives to conventional solid-state semiconductor
devices [2]. In light harvesting, the first step in such conversion,
the choice of a photosensitizer capable of efficient visible-light
absorption is crucial. Therefore, many efforts have focused on the
design and synthesis of various dyes, including metal complexes
and organic dyes [3]. Understanding the relation between the solar
cell performance and the properties of sensitizer molecule struc-
tures is one of the most important tasks for developing a high per-
formance solar cell. Many molecular properties, such as the redox
potential, the light harvesting efficiency, and the lifetime of the
excited state, actually correlate with the solar cell performance [4].
Differences in the modes of binding of the dye to the semiconduc-
tor are likely to influence the electronic coupling between the dye
and the semiconductor, thereby affecting the dynamics of both
injection and recombination of the charge separated state of the
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dye/TiO2 moieties.[5-8].The development of molecular linkers to
the surface is attracting increasing attention [9]. Rigid linkers vary-
ing in length and structure that have the shape of tripods were
developed to study interfacial charge injection processes [10].
Ruthenium polypyridyl dyes have received much attention due to
their outstanding performance as sensitizers in DSSC, reaching
efficiencies of up to 11%.[11-14]. Very recently, Michel Gratzel
and et al were discovered an new porphyrin-sensitized solar cells
with cobalt(Il/IlI)-based redox electrolyte exceed 12 percent
efiiciency [15]. Recently, we reported the effect of the anchoring
groups on the solar cell performance of Ru complexes using phen-
dione ligands as sensitizer [16]. Here, we have investigated the
binding of dyes to nanocrystalline TiO, as a function of the an-
choring groups and the type of auxiliary ligands on the metal com-
plexes.

2. EXPERIMENTAL

2. 1. Materials and Methods

All chemicals and solvents were purchased from Merck & Al-
drich and used without further purification.'H-NMR spectra were
recorded by use of a Bruker 250 MHz, spectrometer. IR spectra
were recorded on a Perkin-Elmer 597 spectrometer. The PL spec-
tra of the ruthenium compounds were measured in DMF solution.
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Figure 1. General procedure of synthesised ruthenium complexes in different conditions and molecular structure of the investigated

ruthenium complexes.

The PL spectra were recorded by ocean optic spectrometer
USB2000 during 325 nm irradiation. As a typical procedure, four
complexes of nitrosyl with 1,2,4,5-
benzentetracarboxylic acid (btec acid) , BPhenanthroline(BPhen)
and tetra ammonium hexafluoride phosphate were synthesized by
changes in the type of reactants as shown in Fig. 1.

Within 30 min a dark-brown precipitate was formed, and the
mixture was allowed to reflux for 2 hours, cooled down, and fil-
tered. It was washed with several portions of ethanol.

For the complex (3), Ru solution was refluxed with HCL, then
the BPhen ligand was added to result. The Fabrication of TiO,
Nanocrystalline electrodes, counter Pt-electrodes and DSC assem-
blage have been reported in elsevier in detail [1,11].

new ruthenium

2.2. Fabrication of TiO, Nanocrystalline electrodes
To prepare the DSC working electrodes, the TCO glass used as
current collector was first cleaned in a detergent solution using an
ultrasonic bath for 15 min, and then rinsed with water and ethanol.
Then the TCO glass plates were immersed into a 40 mM aqueous
TiCly solution at 70 °C for 30 min and washed with water and etha-
nol. A layer of TiCly was coated on the TCO glass plates by screen-
printing, kept in a clean box for 3 min so that the layer can relax to
reduce the surface irregularity and then dried for 6 min at 125 °C.

After drying the films at 125 °C, The mesoscopic TiO; film used as
photoanodes consisted of layers of TiO, (three 13 pm thick trans-
parent layer of 25 nm TiO, anatase nanoparticles and a 10 pm thick
scattering layer of 400 nm anatase TiO, particles). The multi layer
films were heated to 520 °C and sintered for 30 min, then cooled to
~80 °C and immersed into the dye solution at room temperature for
16 h.

2.3. Preparation of counter Pt-electrodes

To prepare the counter electrode, The TCO sheet was washed
with H,O as well as with a 0.1 M HCI solution in ethanol and
cleaned by ultrasound in an acetone bath for 10 min. After remov-
ing residual organic contaminants by heating in air for 15 min at
400 °C, the Pt catalyst was deposited on the TCO glass by coating
with a drop of H,PtClg solution (2 mg Pt in 1 ml ethanol) with repe-
tition of the heat treatment at 400 °C for 15 min.

2.4. DSC assemblage

The dye-covered TiO, electrode and Pt-counter electrode were
assembled into a sandwich type cell. the two clips were Used to
hold the two electrodes together at the corner of the plates. The
electrolyte was injected into the space between two electrodes.



Novel Ru(ll) Heteroleptic Complexes Anchored to TiO,Nanocrystalline: Synthesis, Characterization and Application to Dye-sensitized Solar Cells 49
/J. New Mat. Electrochem. Systems

10
104
|’$ k10
i,
I.ﬁ \ "
084 ’ : A
W i A
Y c b AT
'L 1 ‘ y\ \ ='
EXTIRY vl foA 2
i i ' SNANN H
~ H oy i’ 7 i.\ | %
@ [ | | a2
20d .o. ' ! R ; [ ‘\ ‘\, E
[ waengh o) f .i \ u
A
ot ; ! &
" lf ] t
fo \
)
00 T T T T T =W
m %0 0 W 600 60 640 660 680 700
Wavelength{nm)

Figure 2. left: UV-vis spectra of complexes (1); black line and (4);
red line in DMF solvent with 10° M concentration. Inset: Zoomed
region of UV-vis spectrum of (4). right: PL spectra of complexes
(1) and (4) in DMF solvent with 10 M concentration.

2.5. Photocurrent—voltage measurements

The irradiation source for the photocurrent—voltage (I-V) meas-
urement is a 450 W xenon light source, which simulates the solar
light. The current—voltage curves were obtained by measuring the
photocurrent of the cells.

3. RESULTS AND DISCUSSION

3.1. Characterization of complexes

The wavelengths of maximum absorbance of the metal to ligand
charge transfer (MLCT) d—n* transition and maximum photolumi-
nescence emission are shown in Table 1. Free Hybtec ligand shows
three peaks at 213, 253 and 293 nm and BPhen shows peaks at 206,
221, 240, 274, 310 and 334 nm in UV-vis spectra. The changes of
wavelength are found between the spectra of the complexes (1) and
(4) that of the ligands, which confirms that the UV spectra of the
complexes reflect an essentially absorption of the ligands. Also,
broad band absorption in the regions of 450-600 nm is observed
which are attributed to metal to ligand charge transition.

The luminescence property of synthesized complexes was inves-
tigated at room temperature. As shown in Fig. 2, Upon excitation at

Table 1, FT-IR (a: cm™ ), Uv-vis (b:nm) data and PL data.
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Figure 3. The possible mode of coordination of carboxylic acid.

kex = 340 nm, complex (4) emits a broad band at 640nm, while in
complex (1) the corresponding peaks are red shifted and appear at
660 nm.

In order to understand the nature of the emission, we analyzed
the photoluminescent properties of the free organic ligand and
found that the strongest emission peak of btec acid is at 395 nm and
415 nm .It can be seen that the maximum emission peak of com-
plexes (1) and (4) occur as a remarkable bathochromic shift. So this
emission could be assigned to ligand-to-metal charge transfe
(LMCT). The characterization of the binding is generally obtained
by IR [17,18] and other methods [19] . The main absorption peaks
in the IR spectra of the four complexes are determined. The differ-
ence in v,(COO) and v{(COO) (Av), compared to the correspond-
ing values in sodium carboxylate (95 cm™ in Naybtec), is currently
employed to determine the corresponding mode of the carboxylate
group [20]. I. Unidentate complexes (structure I) exhibit the A val-
ues [v, (COy™ ) — vs (CO;™ )] which are much greater than the ionic
complexes. II. Chelating (bidentate ) complexes (structure II)
exhibit A values which are significantly less than the ionic values.
III .The A values for bridging complexes (structure III) are greater
than those of chelating (bidentate ) complexes , and close to the
ionic values.

With considering above explanation, complexes (4) exhibit
vs(OCO) and v¢(OCO) vibrations of the carboxylate groups which
occur at around 1623 ,1541 and 1388, 1490,respectivley. Therefore,
monodentate mode (I) with Av = 235 and bidentate mode (II) (51
em’ < 95 cm™) were obtained (supporting informations). In gen-
eral, the bonding between a d® low-spin-metal center and NO is
outstandingly strong, which assumes the M-NO" structure. The Ru-
NO frequency is appear at 1800-1950 cm™ which indicates that
formally a linear NO" is coordinated to the ruthenium(II) center
[21]. The values of vibration of NO and NO;ligands are summa-
rized in table 1.

IR UV-Vis PL
No. va(COO)*  v(COO)* AV? v (NO)? v (NO;3)* Vas (NO3)? M-I MLCT®
1 - - - 1841 1383 1620 204,221, 286,310 510 670
2 - - - 1854 1384 1619 202,222, 282,312 528 655
3 - - - - 1383 1555 205,220, 275,314 520 640
1623 1388 235 650
1893 - 218,275 515
1541 1490 51
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Figure 4. I-V curve of DSCs based on the complex (4) sensitizer.
Inset: IPCE of complex (4).

CHN and ICP analysis were carried out to determine the pres-
ence of ligands and metal in the complexes. CHN analysis of com-
pounds were obtained: Anal. Calc. for (1) , (CyHyNsOgRu) : C,
48.613; H, 3.143; N, 9.255. Found: C, 48.644; H, 3.128; N, 9.246
% . Anal. Calc. for (2) , (Cy7H2NsOsSRu) : C, 46.898; H, 2.989; N,
10.197. Found: C, 46.883; H, 2.979; N, 10.159% . Anal. Calc. for
(3) , (C4sH37NsO4Ru) : C, 68.701; H, 4.097; N, 8.347. Found: C,
68.697; H, 4.034; N, 8313 % Anal. Calc. for (4) ,
(C30H14sNOssRu) : C, 40.897; H, 0.994; N, 2.143. Found: C, 40.892;
H, 0,987; N, 2.137 %. Ru was analyzed on a PLASMA-SPEC (I)
ICP atomic emission spectrometer. A few mg of complexes (0.02g)
were destroyed in HNO; (68%) and finally diluted in water to 1:10
for being measured. The found concentrations for all complexes
were estimated about 2.1-2.4 ppm. Further information on the com-
plexes was obtained from '"H-NMR spectroscopy. 'H-NMR spectra
for complex (4) shows one sharp peak at 7.50 ppm due to the btec
acid. For other complexes, peaks at region 7.2 -8.5 ppm due to the
Bphen that indicate the presence of ligands in complexes
(supporting informations). The occurrence of only six BPhen sig-
nals for complex (3) and one btec signal for complex (4) confirm
the presence of one compound, in which the two Bphen units for
compound (4) and three btec for compound (3) have an identical
chemical environments. The difference between the chemical shift
of free ligands and complexes indicates that the coordination of
ligands to metal is occurred. The signal integration for complexes
(1, 2) reveals the incorporation of one BPhen unit. For complex (3),
two BPhen unit were found by signal integration. Also, three btec
units were revealed by signal integration for complexes (4). The
sharp resonance indicates diamagnetic behavior of Ru(ll) com-
plexes with tzg(’ configuration.

3.2. Photovoltaic Features

The photovoltaic performance of thin films of anatase TiO, im-
pregnated with the dyes (1-4) was evaluated using an electrolyte
solution of I'/I; "in acetonitrile as the electron mediator.

The corresponding photoaction spectra are shown in Figure 4. In
this series of Ru complexes, the highest incident monochromatic
photon-to-current conversion efficiency (IPCE) was obtained for
compound (4) (8% at 510 nm).

The value of IPCE could be interpreted in terms of better elec-
tronic coupling with the surface Ti*" centers due to the fact that
carboxyl group can be adsorbed deeper into the surface. IPCE val-
ues for other complexes (1-3) were below % 4 at 500 nm. From the
data presented here, it can be concluded that even small changes in
the structure resulting from the introduction of different functional
groups (used for grafting) can considerably influence the efficiency
of photoconversion. Furthermore, the binding of this type of inor-
ganic sensitizer to the semiconductor surface, one critical factor in
efficiency of solar cells. Typical current/voltage characteristics for
photoelectrochemical cells sensitized with dye (4) is shown in Fig-
ure 4, with the corresponding device efficiencies given in table 2.

From table 2, it is apparent that (4) exhibits the highest photo-
voltaic device performance of the studied dye series. This device
efficiency, however, remains low compared to the more established
sensitizer dye, the ditetrabutylammonium salt of [RuL,(NCS),] (L)
2,2'- bipyridyl-4,4'-dicarboxylato), commonly called N719. This
lower device efficiency can be primarily attributed to the relatively
low optical absorbance of (4) compared to [RuL,-(NCS),] . It is
useful to note, the efiiciency of the our device based on N719 was
obtained % 5.43.

The poor performances of the (1-3) based devices are reminis-
cent of the reported behavior of DSSCs based on Ru-(NCS),L,L,,
with L, = NO,- or NH,-substituted phenanthroline ligand [22].

To understand the reason behind the observation of different
electron injection rates in TiO,-adsorbed compound (1) and com-
pound (4) we used the Discovery Visulizer Studio to determine the
geometric features of the deposited dye. We first built an infinite
anatase crystal lattice and then locked the positions of all the O and
Ti atoms in the anatase block. Dye molecules were deposited on the
surface by creating ester bonds and nitrato bands between surface
Ti atoms and carboxylic and nitrat O atoms. Figure 5 shows views
of (1) and (4) on the anatase surfaces. In the dye (4), the geometry
optimization led to a shortest O carboxylat-Ti surface distance of
18.43.5 A.

In the dye (1), a shortest O nitrat -Ti surface distance is 10.13 A.
It seems that, the donor-acceptor distance is remarkably dependent
upon the energy level of the anchoring groups. For the NO;-
substituted ligand, the poor performance has been discussed in
terms of the unusually deep LUMO level coupled with the domi-
nant LUMO population on ligand remote from the TiO, surface,

Table 2. I-V measurements of dyes (1-4).

NO. Jse (marem2) Ve mv) ff n(%)
(1) 0.02 0.50 0.51 0.051
2) 0.022 0.53 0.52 0.022
3) 0.01 0.44 0.45 0.019
4) 0.061 0.53 0.57 0.184
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Figure 5. TiO,-anatase nanostructures extended along the [101]
directions sensitized by dye (1); left and (4); right. NO ligands are
omitted for more clarity.

which cause inefficient electron injection from the excited-state dye
into the TiO, conduction band [23].

4. CONCLUSION

Novel Ruthenium Heteroleptic Complexes have been synthe-
sized by using ruthenium nitrosyl nitrat, either Hsbtec or BPhen as
photosensitizers for titanium dioxide semiconductor solar cells. The
relative injection efficiency for derivatives of Ru complexes ad-
sorbed on TiO, films and found that a molecule having nitrato as
anchoring group exhibited a very low efficiency compared with a
molecule having carboxyl groups. Incident photon-to-current con-
version efficiency (IPCE) is sensitive to the structural changes that
resulted from introducing different functional groups, used for
grafting. Further work on ruthenium complexes with other
polypyridin ligands is in progress, and we believe improvement can
be accomplished by a thorough replacement of attached functional-
ized groups to ruthenium complexes in DSSC field.
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