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Abstract — In this work, the synthesis of a Ru(ll) complex derived from
4'—functionalized 2,2":6',2"-terpyridine ligand was described and the its spectral
property of this complex was investigated. We synthesized this ligand and used
that for the synthesis of Ru(ll) complex. Ligand and complex were characterized
by UV-vis, FT-IR, ESI-MS, CHN analysis and NMR methods. After synthesis
and characterization of this complex, we investigated the application of this
complex as a photosensitizer in manufacturing of dye-sensitized solar cells. A
sandwich cell was prepared using the dye anchored TiO: film as a working
electrode and a second conducting glass coated with chemically deposited
platinum as a counter electrode. The application of this complex in a
dye-sensitized nanocrystalline TiO2 solar cell has demonstrated a short-circuit
current density of 12.84 mA, with an open circuit potential of 0.69 V. The total

efficiency of this dye-sensitized solar cell with this complex was 4.97%.

Metal oxides have a wide-bandgap called semiconductor. In solar cells, the surface of these
semiconductors is functionalized by attaching transition—metal complexes. These semiconductors are very
important in solar energy conversion in dye-sensitized solar cells and molecular electronics.22
Dye-sensitized solar cells (DSSCs) have lately received great consideration because of their easy manner
of fabrication and productiveness in relation to the cost compared with silicon (Si) based photovoltaic
cells.2# Terpyridine ligands that used for the synthesis of metal complexes with different transition metal
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ions have a lot of applications in different fields such as nanoscience and photochemistry.®> The 2,2":
6’,2"—terpyridine and its derivatives are very important and they have been used as building blocks for
supramolecular structures such as polymers, micelles and dendrimers.> Functionalized terpyridine
ligands have been anchored to TiO2, gold or silica-titania surfaces to build monolayer or semiconductors,
and their energy transfer has been investigated.2*2 Ruthenium(ll) complexes have received particular
consideration in dye-sensitized solar cells.2* Metal-complexes bearing terpyridine ligands with spacers at
4'—position, provide a means of directionality, and so a means of linear communication, it means that the
electronic communication can occur along the coordination axis and insertion of a single substituent in
the 4'—position of the terpyridine ligand causes no enantiomeric derivatives compared to bipyridine
derivatives, and therefore, the functionalization of terpyridine ligand is very important. Several attempts
have been done to the structural variation of the Ru complexes in order to obtain sensitizers showing
increased absorption coefficients for enhanced light conversion.242 In general, Ru polypyridyl sensitizers
show appropriate absorption coefficients in the wavelength domain between 400-600 nm. In this work,
we focused our attention on these wavelengths or longer wavelengths, where insufficient light absorption
of Ru sensitizers limits its performance in dye-sensitized solar cells. So, we attempted to prepare a Ru
complex for increasing the performance of DSSCs. We synthesized a 4'—functionalized 2,2":
6',2"—terpyridine ligand and its Ru complex, used it as a dye in manufacturing of dye-sensitized solar cell,
and finally its efficiency was measured.

The synthesis of 4'—(4—aminophenol)-2,2:6',2"-terpyridine (2) from 4'-chloro-2,2: 6',2"-terpyridine (1)
and 4—aminophenol is summarized in Scheme 1. So, in the presence of KOH, 4-aminophenol was treated
with 1 in DMSO to produce 2.

OH

NH,

H,N

)

Scheme 1. Synthetic route of compound (2)

The compound 3 was produced when 2,4-pentanedione was added to a flask containing 4—iodobenzoic
acid, Cul, K2COs and L—proline in DMSO solvent under N2 gas and the mixture was heated at 90 °C
(Scheme 2).
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Scheme 2. Synthetic route of compound (3)

Compound 4 was produced by adding thionyl chloride to compound 3 and heating it to reflux in
dichloromethane. After cooling the solution, N,N'—diisopropylethylamine was added and stirred at room
temperature. Then compound 2 was dissolved in a 2:1 mixture of dry dichloromethane and ethyl acetate,

added to the reaction solution and was heated for another day (Scheme 3).

DIPEA O HN—@—O

(2)

Scheme 3. Synthetic route of compound (4)

For synthesis of the Ru complex (compound 5), in a microwave oven a suspension of compound 4 and

RuCl3z-3H20 in ethylene glycol was heated for 15 minutes at 600 W (Figure 1).

HO
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(b)

Figure 1. (a) Synthetic route of compound (5); (b) Structures of complex 5

The TiO> thin film was prepared using the doctor blade process and immersed in the synthesized Ru

complex solution, dye sensitization was performed, and the TiO> film was washed with ethanol multiple

times before being measured (Figure 2).

[PF¢]

Figure 2. TiO> thin film preparation

The UV-vis spectrum of complex 5 in acetonitrile exhibits clearly the typical metal to ligand charge

transfer (MLCT) transition of the Ru(ll)-terpyridine complex at Amax = 325 nm and 540 nm (Figure 3).
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Figure 3. UV-Vis spectrum of Ru complex in MeCN solution (0.4 M)
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The B3LYP functional with the def2svp basis set was used to optimize the geometry and The HOMO and
LUMO molecular orbitals of complex at the DFT level calculation. Figure 4 shows the optimal geometry
of complex. The molecular orbitals of this compound are developed in order to understand more about the
nature of this complex with def2tzvpp basis set. Electrical and optical characteristics are influenced by the
HOMO and LUMO orbitals. Only the molecular orbital of these two states was determined to be more
relevant (see Figure 5). The computed energies of the frontier molecular orbitals HOMO and LUMO are
5.19888 eV and 3.17840 eV, respectively, as shown in Figure 5. The gap energy is 2.02 eV, which is
correct. This number permits this hybrid compound to be classified as a semiconductor with a strong

potential for application in photovoltaics.
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Figure 4. The theoretical optimized geometry Figure 5. The molecular orbital surfaces for the
of Ru complex HOMO and LUMO of Ru complex

The Ru(Il) complex (compound 5) was anchored to nanocrystalline TiO2 film and the fabricated cell
exhibits a short circuit density (Jsc) of 12.84 and an open circuit potential (Voc) of 0.69 with efficiency of
4.97% in a DSSC. Table 1 shows the parameters of DSSC made with this Ru complex as a sensitizer.

Also the current-voltage characteristic of Ru complex in DSSC was shown in Figure 6.

Table 1. The operation parameters of DSSCs made with new Ru complex as a sensitizer
Jsc(mAlcmz) Voc n (%) FF
12.84 0.69 4.97 0.562
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Figure 6. Photocurrent density—voltage (I-V) characteristic curves of the DSSC with this new Ru

complex as a sensitizer

The efficiency of this DSSC using this new Ru complex as a sensitizer was compared to some of those

reported in the literature using ruthenium complexes as a dye. Also, we were checked the efficiency of

N719 dye at the same condition. As can be seen in Table 2 our prepared dye is the most efficient among

them.

Table 2. Comparison of the efficiency of different DSSCs using Ru complexes as a dye

Row Dye (complex) n % FF Ref.
1 polyRu(tpy)2(BF4)2 007 029 «
2 [Ru(cptpy)(8-quinolinolate)(NCS)] 0.2 064 2
3 [Ru(TAPNB)2(NCS);] 025 049 &
4 [Ru(quo)(dcbpy).]ClI 1.00 066 %
5 [Ru(Mezquo)(dcbpy)2]Cl 1.00 070 2
6 [Ru(dcbpy)2(L)]PFs 1.02 069 X
L= 9-butyl-3-(thiazol-2-yl)-9H-carbazole
7 [Ru(dcbpy)2(L)]PFs 1.06 066 X
L=N-phenyl-N-(4-(thiazol-2-yl)phenyl)-
benzenamine
8 [Ru(dcbpy)2(L)]PFs 140 069 X
L=N-(4-(benzo[d]thiazol-2-yl)phenyl)-N-
phenylbenzenamine
9 Bis(4'-carboxy-2,2".6',2"-terpyridine)ruthenium(ll) 1.56 049 3
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bis(hexafluorophosphate)

10 {(Et)sNH}[Ru(2,2":6',2"-terpyridine- 248 065 2
4'-carboxylic acid)(NCS)3]
11 (E)-2-Cyano-3-(5-(7-(4-(diphenylamino)- 2.63 0.64 3

phenyl)-[1,2,5]thiadiazol[3,4-c]pyridin-4-yl)-
thiophen-2-yl)acrylic acid

12 [Ru(dcbpy)2(L)]PFs 298 072
L=3-(benzol[d]thiazol-2-yl)-9-butyl-9H-carbazole
13 [Ru(4,4',4"-tri-tert-butyl-2,2": 3.41 0.57 4

6',2-terpyridine)(4,7-diphenyl-1,10-phenan-
throlinedisulfonicaciddisodiumsalt)(thiocyanate)]

14 (E)-3-(5-(7-(4-(Bis(9,9-dimethyl-9H-fluoren- 358 0.69
2-yl)amino)phenyl)-[1,2,5]thiadiazolo[3,4-c]-
pyridin-4-yl)thiophen-2-yl)-2-cyanoacrylic acid

15 Ru(mttpy)2(PFe)2 361 057 Z
16 Complex 5 497 0562 Present work
17 N719 dye 4.8 0.55  Present work

In summary, a new Ru (1) complex with 4'—functionalized 2,2":6',2"terpyridine ligand was synthesized
by a multistep procedure for dye-sensitized solar cell application. The 4'—functionalized 2,2":6',2"—
terpyridine ruthenium complex anchored to the TiO- surface acts as a photosensitizer in a nano crystalline
dye-sensitized solar cell. Furthermore, the photoelectron chemical properties of complex were
investigated. The solar-to-electric conversion efficiency of 4.97% is achieved with this ruthenium dye
under the standard AM 1.5 conditions.

EXPERIMENTAL

Materials and methods

All solvents were dried by standard methods and distilled prior to use. Commercially available reagents
were used without further purification. All reagents for the chemical synthesis were purchased from
Aldrich or Merck chemical companies. *H and 3C NMR spectra were recorded in CDCls by a Bruker—
Avance 400 NMR Spectrometer. UV-Vis spectra were obtained by a JASCO V-670 UV-Vis
Spectrophotometer (190-2700 nm). FT—IR spectra were obtained by a JASCO, FT/IR-6300 instrument
(4004000 cm™). The Gaussian 16 software was used to do all of calculations (geometrical optimization
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and electronic transitions). The GaussView6.1 software was used to assign the computed optimized
structure and finding the HOMO and LUMO energies.

Synthesis of 4'—(4—aminophenol)-2,2:6",2"-terpyridine (2)

In a round-bottom flask, 4-aminophenol (103 mg, 0.943 mmol) was added to a suspension of powdered
KOH (224 mg, 3.99 mmol) in DMSO (30 mL) at 55 °C and stirred for 30 min. Then, 4'-chloro-2,2:
6',2"—terpyridine (1, 505 mg, 1.89 mmol) was added to the reaction mixture and stirred at 55 °C for 12 h.
At the end of the reaction, the reaction mixture was cooled to room temperature and poured into
deionized water (300 mL). The aqueous phase was removed after centrifuging the reaction mixture, and
the product was washed with deionized water and dried in vacuo. The crude product was dissolved in
EtOAc and the insoluble by-product was filtered off. Recrystallization from EtOAc yielded the colorless
crystals of compound 2 (Scheme 1). The sample was characterized by FT—IR and *H NMR spectroscopy.
Compound 2 (Scheme 1) was characterized by FT-IR (Figure S 10) and NMR (Figure S1,S2,S3and S
4) methods. The amine group appears in the region of 3249 and 3450 cm™. The C—-O band appears in the
region 1243 cm™. The C=C band appears in 1504 cm™. The C=N band appears in 1585 cm™.

'H NMR (CDCls, 400 MHz): & (ppm) = 4.02 (s, 2H, HNM), 6.60 (d, J = 6.2 Hz, 2H, H"?), 6.76 (d, J = 2.2
Hz, 2H, H*®), 7.28 (dd, J = 4.8, 7.2 Hz, 2H, H™), 7.78 (dd, J = 3.6, 8.8 Hz, 2H, H™), 8.40 (s, 2H, H™),
8.51 (d,J = 7.4 Hz, 2H, H™), 8.61 (d, J = 4.7 Hz, 2H, HT®).

13C NMR (CDCls, 100 MHz): 165.8 (Ct4), 155.6 (Ct2), 154.4 (Cr2), 149.5 (Cve), 145.0 (Ca1), 144.2
(Chaa), 137.4 (Cr4), 124.3 (Ct3), 122.1 (Caz), 121.6 (Crs), 116.8 (Cas), 107.9 (Cr3).

Synthesis of 3-[4-benzoic acid]pentane-2,4—dione (3)

For the synthesis of this compound (compound 3), we used a reported synthetic method with a little
change.2% First, 2,4-pentanedione (4.5 mmol) was added to a flask containing 4—iodobenzoic acid (1.5
mmol), Cul (0.15 mmol), K2COs (7.5 mmol) and L—proline (0.3 mmol). Then 15 mL of DMSO solvent
was added to this mixture and the reaction mixture was heated at 90 °C for one day under nitrogen gas.
The solution was allowed to cool and 1 M HCI was added to cooled solution and extracted with EtOAc
solvent. Finally, the organic layer was dried with Na2SOs4. After evaporation of solvent with rotary, the
sample was dried under vacuum overnight. The oil product was purified with silica column using hexane/
EtOACc (1:1) as eluent (Scheme 2).

Compound 3 (Scheme 2) was characterized by FT-IR (Figure S 11) and NMR (Figure S 5 and S 6)
methods. The FT-IR spectrum of compound 3 (Figure S 11) showed an intense absorption band at 1686
cm due to the presence of C=0 functional group, while the band observed at 1606 cm~* corresponds to
C=C bond. The stretching vibration of carboxylic acid O—H and the other OH groups appear as a very
broadband in the region 2800-3400 cm™, centered at about 3000 cm-t. The absorption bands at 2999

cmtand 3070 cm™? is assigned to the C—H bonds. These observations proved the structure of compound 3.
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'H NMR (CDCls, 400 MHz) (100% enol form) & (ppm) = 16.74 (s, 1H, OH), 8.15 (d, 3Ju-n = 8 Hz, 2H,
CHar), 7.33 (d, 3J1 = 8 Hz, 2H, CHar), 1.91 (s, 6H, CHs).

13C NMR (CDCls, 100 MHz): 190.7 (C-OH), 171.1 (COOH), 142.8 (Car), 131.4 (CHar), 130.7 (CHa/),
128.6 (Car), 114.5 (Cenar), 24.2 (CHs).

Synthesis of N—(4—(2,6—-di(pyridine—2-yl)pyridine—4-yloxy)phenyl)-4—((Z)-2-hydroxy—
4—oxopent—2—-en-3-yl)benzamide (4)

First, 5 mL of CH2Cl> was added to the three-neck flask containing compound 3 (0.255 mmol). Then,
thionyl chloride (0.38 mmol) was added dropwise to the reaction solution under stirring and the reaction
mixture was heated to reflux for 4 h. After cooling the solution and evaporation of solvent, dry CH.Cl, (5
mL) and N,N'—diisopropylethylamine (0.31 mmol) were added respectively. The reaction mixture was
stirred at room temperature for 15 min. Compound 2 (0.255 mmol) was dissolved in dry CH2Cl2/EtOAc
(2:1), (3 mL) and this solution was added to reaction solution. The orange solution was heated for one
more day. The solution was allowed to cool and the water was added to cooled solution and extracted
with EtOAc. The organic layer was washed with saturated aqueous NaHCO3 solution and was dried with
NaSO4. After evaporation of solvent, the oily product was purified with silica column with
MeOH/CH.Cl; (1:100) as eluent and final with MeOH/EtOAc (1:100) for further elution for removing an
orange band containing compound 4 (Figure 3). The ligand was characterized by FT-IR, 'H NMR and
ESI-MS techniques.

The structure of compound 4 (Scheme 3) was confirmed by ESI-MS, NMR (Figure S 7, S8 and S9), and
FT-IR (Figure S 12). ESI-MS: m/z (Cs3H26N404), Found: 542.6, Calculated: 542.6. In the FT-IR
spectrum of compound 4 (Figure S 12), the C=0 stretching band of the amide group and C=0 carbonyl
group appeared at 1730 cm=L. The band at 3300-3429 cm~! was assigned to NH of amide group, and the
hydroxyl group stretching band. The absorption band at 2854 cm=* and 2925 cm was due to the C—H
bonds.

'H NMR (DMSO-ds, 400 MHz): § (ppm) = 1.92 (s, 3H, CH3'"), 1.99 (s, 3H, CHs), 6.68 (d, J = 8.8 Hz, 2H,
HA%), 6.90 (d, J = 1.2, 2H, H™?), 6.91 (d, J = 8.8 Hz, 2H, H”%), 7.48 (dd, J = 5.2, 6.1 Hz, 2H, H™), 7.70 (d,
J=1.6 Hz, 2H, H'Y), 7.71 (s, 1H, HNH), 7.88 (s, 2H, H'™®), 7.99 (dd, J = 1.6, 7.6 Hz, 2H, H™), 8.59 (d, J
=8 Hz, 2H, H™), 8.71 (d, J = 4.8 Hz, 2H, H™®), 13.78 (s, 1H, H°H).

13C NMR (CDCls, 100 MHz): 191.8 (Cm2), 172.4 (Cwmas), 165.9 (C1s), 164.7 (Camice), 155.3 (Cr2), 154.6
(Cr2), 150.4 (Ca1), 149.4 (Cre), 137.5 (Cra), 136.1 (Ci3), 133.3 (Cis), 131.9 (Caa), 127.3 (Cr1), 126.9
(CL2), 124.2 (Ct3), 123.9 (Cas), 121.8 (Ca2), 121.3 (Crvs), 108.9 (Cms), 107.7 (Crs), 26.8 (Cwm1), 17.2
(Cwms).

Synthesis of ruthenium(l1l) complex (5)

The Ru complex was prepared in a microwave oven. A suspension of the compound 4 (1 mmol) and
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RuCl3-3H20 (1 mmol) in ethylene glycol (5 mL) was heated in a microwave oven at 600 W for 15 min.
Then the red solution was poured into water (40 mL), [NH4] [PFs] (5 g) was added, the desired complex
was filtered over Celite, washed with water and Et.O successively and dried. The complex was then
dissolved in MeCN and solvent was removed. Upon recrystallization by diffusion of Et.O into the MeCN
solution, compound 5 was obtained (Figures la and 1b). The complex was characterized by UV-vis,
ESI-MS and CHN analysis techniques. ESI-MS: m/z, (RuCasH32N4O7), Found: 697.7923, Calculated:
697.6934. CHN analysis of compound obtained: Anal. Calcd For RuCs3H32N4O7: C, 56.80; H, 4.63; N,
8.03. Found: C, 56.83; H, 4.61; N, 8.05 %.

This complex was used as a photosensitizer for manufacturing of dye-sensitized solar cells, and finally,
the current-voltage curve and also efficiency of these cells were measured.

TiOz2 thin film preparation

TiO, paste (average particle size about 13 nm) was purchased from Solaronix Company. TiO; thin film
was prepared by the doctor blade procedure. We used Scotch tape and a glass rod to spread a drop of
viscous TiO, suspension onto a microscope glass slip to obtain a mesoporous film of uniform thickness.
After tape removal and air drying for approximately 1 h at room temperature, it was sintered for 30 min at
450 °C to form a transparent TiO; thin film (The thickness of TiO. thin film was 2 um and the area of the
TiO2 thin film is 0.25 cm?). By soaking the still hot (80 °C) film in the synthesized Ru complex (0.5 mM
in MeCN solvent), dye sensitization of the TiO, film was carried out and incubated for around 48 h at
room temperature. The film was rinsed with EtOH several times after the sensitization process to wash off
the unattached dye, covered with EtOH and another slip of microscope glass, and eventually sealed.
Dye-sensitized films were prepared and kept in the dark before measurement (Figure 2).

Cell assemble

A sandwich cell was prepared using the dye anchored TiO: film as a working electrode and a second
conducting glass coated with chemically deposited platinum from 0.05 M hexachloroplatinic acid as a
counter electrode. The transparent film of the Surlyn polymer was superimposed on the two electrodes.
The superimposed electrodes were tightly held and applied heat (120 °C) around the Surlyn to seal the
two electrodes. The electrolyte consists of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide, 0.05 M Iz, 0.1
M lithium iodide, and 0.5 M 4-tert-butylpyridine was prepared in acetonitrile solvent and used
simultaneously. A drop of electrolyte solution was introduced into the electrode space from the counter
electrode side through a pre-drilled hole. Then, the drilled hole was sealed with microscope cover slide
and Surlyn to prevent leakage of the electrolyte solution. The current-voltage (I-V) curves of the
dye-sensitized solar cells were measured with p—Autolab type 111 (Ecovchemie, Utrecht, the Netherlands)
controlled by a microcomputer with Nova 1.7 software, under illumination of 100 mWcm™ using the

solar simulator (Luzchem, V 1.2) equipped with a water-based IR filter.
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SUPPLEMENTARY INFORMATION (SI)
The NMR data for all of compound and also FT-IR of them are available in supplementary section.
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