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Abstract: We synthesized the luminescent ruthenium(II) polypyridyl complexes of type [Ru(bpy)2(L1)]
[ClO4]2 (1) (where L1 = 4,4-dicarboxy-2,2-bipyridine); [Ru(bpy)2(L2)][ClO4]2 (2); and [Ru(L2)3][ClO4]2

(3) (where L2 = 4,4-dimethanol-2,2-bipyridine). Photo-physical and electrochemical properties of the
Ru(II) complexes were investigated along with the emission vs. pH. This reveals that the carboxylic acids
in the 2,2-bipyridine ligand had a more important influence on the photophysical and electrochemical
properties of the Ru(II) complexes than alcohol. The crystal structure of the Ru(II) complexes 1–3 is
also discussed in this paper. The cyclic voltammetry of 1–3 yields a reversible RuIII/II wave that shifts
1.4–1.2 V. UV/Visible absorbance spectroscopy reveals that Metal-to-Ligand Charge Transfer (MLCT)
transitions shift to lower energy upon deprotonation of the complex.

Keywords: structure determination; crystallography; X-ray diffraction; organic compound; NMR;
heteroatom; organometallic; Ru(II) photosensitizers; emission; cyclic voltammetry

1. Introduction

Energy is a basic need and is essential for the earth’s life [1]. The increasing con-
sumption of non-renewable energies such as fossil fuels has caused an adverse effect on
ecosystems, causing pollution and global warming, leading to a focus on sustainable and
renewable energy sources [2]. Two crucial renewable energy sources have been a significant
focus in the 21st century for a clean and sustainable environment: solar and hydrogen fuel
cells. Solar cells use the light energy from the sun, whereas hydrogen fuel cells combine
hydrogen and oxygen to produce electricity. However, the cost and non-eco-friendly waste
to construct the solar cells and generate hydrogen has limited the scope of these renewable
sources of energy.

Ruthenium complexes are well-known as the photosensitizer for Dyes-Sensitized Solar
Cells (DSSCs) and water splitting due to their high-oxidized state stability and photo-electro-
chemical properties, making their practical application feasible [3]. At present, several
ruthenium(II)-polypyridyl complexes have been employed as active materials for DSSCs
with overall power conversation efficiencies of over 11% under standard illumination,
which is attributed to a wide-absorption range (visible to near-infrared) of material [4].
The absorption range of ruthenium(II)-polypyridyl complexes can be tuned carefully to
improve the optical properties by considering the HOMO and LUMO energy levels for
their potential application in DSSCs.

In this regard, we have synthesized a couple of ruthenium(II)-polypyridyl complexes
(cis-[Ru(bpy)2-(bpy-X)]) with different substituent groups (X = 4,4-dicarboxy-2,2-bipyridine;
4,4-methanol-2,2-bipyridine) on the 2,2-bipyridine ligand, as shown in Scheme 1, to study
the effect of the substituent in photoelectric conversion. The spectroscopy and pho-
tochemistry of complexes [Ru(bpy)2L]2 have been of particular interest (for example,
L = dicarboxy-4,4-bipyridine) because of their longer emission lifetimes and higher emis-
sion quantum yields. In such mixed-ligand complexes, the electron is largely localized
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on that ligand, which is more easily reduced. So, bis-(2,2-bipyridine)(4,4-dicarboxy-2,2-
bipyridine)ruthenium(II) perchlorate (1), bis-(2,2-bipyridine)(4,4-methanol-2,2-bipyridine)-
ruthenium(II) perchlorate (2) as well as tris-(4,4-methanol-2,2-bipyridine)ruthenium(II)
perchlorate (3) were synthesized. Detailed studies on the properties of all the complexes
are reported in this paper. In addition, the photophysical and redox properties of such
transition metal complexes can provide important information regarding the nature of the
ground and excited states. These experiments aimed to investigate the photophysical and
electrochemical properties of these complexes.

Scheme 1. Reaction scheme for the synthesis of ruthenium(II) complexes (1–3).

2. Results and Discussion
2.1. NMR Spectroscopy

The 1H and 13C NMR spectra for compounds 1–3 were recorded in CD3CN. Com-
pounds 1–3 showed appropriate numbers of multiplets in the aromatic region, and the
–COOH proton did not show in the 1H NMR spectrum of compound 1. Functionalized
BPY’s aromatic protons are de-shielded. Compounds 2 and 3 exhibited peaks at 4.74 ppm
and 5.73 pm due to the –CH2OH group. Further, as expected, all resonances were sharp and
had well-defined splitting patterns. The aromatic and aliphatic proton ratios matched well
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with the proposed structure. Compounds 1–3 produced the expected number of signals in
the 13C NMR. The NMR spectra of compounds 1–3 are shown in Figures S1–S6.

2.2. Crystallization and Structure Determination

The structures of [Ru(bpy)2{bpy(COOH)2}]2+ (1), [Ru(bpy)2{bpy(CH2OH)2}]2+ (2) and
[Ru{bpy(CH2OH)2}3]2+ (3) were studied by X-ray diffraction, as shown in Figure 1. The
crystallographic data are given in Table 1, and selected bond distances and angles are listed
in Table 2.

Figure 1. ORTEP (50% ellipsoid) of compounds 1–3. Selected atoms are labeled. Anions and solvents
are not shown here for clarity.

Table 1. Crystallographic data for compounds 1–3.

Compounds 1 2 3

Empirical formula C38H33Cl2N9O12Ru C32H28Cl2N6O10Ru C76H78N14O31Ru2Cl4
Formula weight 979.70 828.29 2027.46

Wavelength MoKα 0.71073 MoKα 0.71073 MoKα 0.71073
System SMART APEXII SMART APEXII SMART APEXII

Temperature, K 100(2) 100(2) 100(2)
Crystal system triclinic monoclinic Triclinic

Space group P-1 P 1 21/c 1 P-1
a, Å 8.993(3) 8.8451(6) 10.7926(4)
b, Å 14.987(5) 30.857(2) 11.1969(4)
c, Å 15.291(5) 14.0432(9) 19.3405(8)
α, ◦ 93.301(4) 90 84.03
β, ◦ 93.474(4) 99.2170(10) 80.87
γ, ◦ 97.352(4) 90 62.94

Volume, Å3 2035.8(12) 3783.4(4) 2053.54(14)
Z 2 8 1

Density (calc) g·cm−3 1.598 1.441 1.639
Absorb. Coef. Mm−1 0.591 0.615 1036

F(000) 996 1663 1036
θ range 2.51–24.08 2.42–24.86 2.26–27.27

Index ranges ±10, ±17, ±17 ±10, ±37, ±16 ±13, ±14, ±24
Reflections collected 18331 38991 24520

Independent reflections 6538 6986 9261
Observed reflections 5311 5610 7809

Max/Min trans. 0.737–0.943 0.866–0.943
Data/restr./param. 6538/0/562 6986/2/462 9261/0/582

Goodness-of-fit 1.067 1.107 1.071
Final R indices [I > 2σ(I)] 0.0390 0.0522 0.0623

R indices (all data) 0.0539 0.0640 0.0751
CCDC Number 1443902 1857593 1857586
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Table 2. Important bond lengths (Å) and angles (◦) of compounds 1–3.

1 2 3

C=O (double bond) 1.198 Å; 1.199 Å - -
C-O (single bond) 1.311 Å; 1.346 Å 1.279 Å; 1.404 Å 1.385 Å (avg)

Ru-N (avg) 2.065 Å 2.056 Å 2.058 Å
N-Ru-N (avg)

(bite angle) 78.20◦ 78.82◦ 78.60◦

N-Ru-N (avg)
(other angles) 92.08◦ & 172.81◦ 92.08◦ & 174.30◦ 93.07◦ & 174.00◦

The crystal structure of 1 has previously been reported without counter-ions or heavily
hydrated with different cell parameters, and ruthenium(II) has been reported to be balanced
by the deprotonation of carboxylic acid [5–7]. In this case, the ruthenium(II) of complex 1
was balanced with the presence of perchlorate anions as counter-ions and solvated with
acetonitrile (Figure S10). The bond length of C=O (1.199 Å), C-O (1.328 Å), average Ru-N
distance (2.065 Å), average bite angle of N-Ru-N (78.70◦), and other average angles of
N-Ru-N (92.08◦ and 172.81◦) are similar to the crystal structure reported previously [5].

The crystal structure of 2 has previously been reported with different cell parameters,
with hexafluorophosphate as counter-ions and as solvated with water and acetone [8]. The
average bond length of C-O (1.341 Å), average Ru-N distance (2.056 Å), average bite angle
of N-Ru-N (78.82◦), and other average angles of N-Ru-N (92.08◦ and 174.30◦) are similar to
those reported for other bipyridyl-coordinated [Ru(bpy)3]2+ and [Ru(bpy)2(bpy(OH)2)]2+

complexes [5,9,10]. Here, the ruthenium(II) is balanced with the two perchlorate anions.
The crystal structure of 3 is reported here for the first time. The average bond length

of C-O, average Ru-N length, average bite angle, and other angles of N-Ru-N of 3 are
presented in Table 1 and are found to be similar to the crystal structure of 2. However, the
three hydroxymethyl groups are disordered; ruthenium(II) is balanced with two perchlorate
anions and solvated with acetonitrile and water molecules.

2.3. Optical Properties
2.3.1. Absorbance Spectroscopy

UV/Visible absorption data were collected for 1, 2, and 3 using a 5 × 10−5 molar
solution in water (Figure 2). The observed absorbance bands were like those seen for
[Ru(bpy)3]2+ in water. Several intense transitions in the wavelength range from 240 to
300 nm are assigned to π-π* transitions. The electronic transitions that appear at wave-
lengths higher than 300 nm in [Ru(bpy)3]2+ result from many overlapping MLCT bands
from the metal-centered d-orbitals to the ligand π* orbitals and are, therefore, assigned
similarly for 1–3. The lowest energy MLCT transition observed for compounds 1–3 occurs
at λmax = ~460 nm, which are like the corresponding MLCT transitions in [Ru(bpy)3]2+

(λmax = 451 nm). Compound 1’s MLCT band is slightly more red-shifted than compounds
2 and 3 due to the electron-withdrawing –COOH group.

These wavelength shifts scale with the ligands’ electron-donating ability, which desta-
bilizes the filled d-orbitals, resulting in lower transition energies. In addition, these results
follow the same trend observed for the RuIII/II redox potential as a function of ligands.
Upon deprotonation of 2–3 with aqueous t-butylammonium hydroxide or aqueous NaOH
in an aqueous solution to make -CH2O−, the spectral region between 300 and 600 nm did
not change significantly, as shown in Figures S11 and S12.
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Figure 2. UV spectrum of compounds 1–3. A 5× 10−5 molar of 1–3 in water was used for the studies.

2.3.2. Emission Spectroscopy

The emission spectra of 1–3 (Figure 3) in acetonitrile showed a nice Gaussian curve
with an emission maximum at 660 nm, 610 nm, and 618 nm, respectively. Compound 2’s
emission is ~50 nm more blue-shifted than compound 1 due to the –CH2OH group. The
emission maximum of compound 3 is close to compound 1.

Figure 3. Emission spectra of compounds 1–3. A 5 × 10−5 molar of 1–3 in water was used for the
studies, and the excitation wavelength = 450 nm.
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2.4. Cyclic Voltammetry

It is important to know the details of the redox process of Ru3+/2+ to understand the
redox chemistry of the ruthenium complexes 1–3, which is presented in Figures S7–S9.
The redox chemistry of complexes 1–3 in CH3CN is presented in Table 3 as compared
with Ru(bpy)3

2+. The cyclic voltammogram of Ru(bpy)3
2+ corresponds to the reversible

one metal-based Ru3+/2+ oxidation process and three one-electron BPY-based reduction
processes [11]. We observe similar redox chemistry for all complexes; however, in com-
pound 3, the three one-electron reduction processes are merged together into a single broad
peak at −1.34 V, as shown in Figure 4, which is due to the effect of the substituent in the
bipyridine unit.

Table 3. Electrochemical data; referenced vs. Ag/AgCl, glassy carbon, 1 mM in 0.1 M tetrabutylam-
monium perchlorate at room temperature.

Compound Solvent EA
1/2 (V)

BPY reduction Oxidation
BPY0/−1 BPY−1/−2 BPY−2/−3 Ru3+/2+

1 CH3CN −1.39 −1.58 −1.87 +1.38
2 CH3CN −1.31 −1.48 −1.736 +1.29
3 CH3CN −1.34 +1.19

([Ru(bpy)3]2+) [11] CH3CN −1.31 −1.50 −1.77 +1.27

Figure 4. Cyclic voltammogram of compounds 2 and 3. Referenced vs. Ag/AgCl, glassy carbon,
1 mM in 0.1 M tetrabutylammonium perchlorate.

In mixed-ligand complexes such as compounds 1–2, these electron transitions upon
optical absorption would occur between the metal center and the ligand, which is most
easily reducible. The electron-withdrawing character of the carboxylic acid group would
shift the reduction potential of the ligand positively relative to that of the unsubstituted
BPY ligand, as reported earlier [12]. Furthermore, compound 1 showed a promising
applicability10 towards Dye-Sensitized Solar Cells. From 1 to 3, the oxidation potentials
decreased with an increasing pKa. The data presented in Table 3 on the complexes with
carboxylic acid groups and alcoholic functional groups exposes several interesting effects
on the Ru→L luminescence.

3. Materials and Methods
3.1. Materials

4,4′-bis(hydroxymethyl)-2,2′-bipyridine,4,4′-dicarboxy-2,2′-bipyridine, [Ru(BPY)2Cl2].
xH2O, lithium perchlorate, tetrabutylammonium perchlorate (TBAP), tetrabutylammo-
nium hydroxide and 70% perchloric acid were purchased from Aldrich and used without
purification. The perchlorate salts used in the selectivity studies were dried at 100 ◦C
under a vacuum over Drierite to minimize the effects of hydration. CH3CN, THF, DMF,
and CH2Cl2 were purchased from Aldrich and purified using a PURE SOLVTM solvent
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purification system. HPLC-grade anhydrous acetonitrile (Fisher/Acros) was used in all
spectroscopic studies.

Caution: Although we have experienced no difficulties with these perchlorate salts, they should
be treated as potentially explosive and handled with care.

3.2. Physical Measurements

The 1H and 13C NMR spectra were obtained using Bruker 400 MHz instruments at
room temperature and using deuterated solvents. Absorbance data were collected using a
Varian Cary 50 BIO UV-visible spectrophotometer. Luminescence titrations were conducted
using a Fluoromax–4 spectrofluorometer. Mass spectrometry was conducted using a Varian
500-MS IT ESI mass spectrometer. The cyclic voltammograms were recorded using a CH
instruments 660 electrochemical workstation. Elemental analyses were conducted using an
Exeter CE-440 Elemental analyzer. Melting points were determined using open capillaries
and were uncorrected.

3.3. Single-Crystal X-ray Structure Determination

X-ray quality crystals of compounds 1–3 was obtained by the diffusion of diethyl
ether into an acetonitrile solution. Crystallographic data for 1–3 was collected at 100 K
using a Bruker SMART APEX II diffractometer by MoKα radiation. The data reduction
and refinement were completed using the WinGX suite of crystallographic software [13,14].
Structures were solved using SIR97 [15]. All hydrogen atoms were placed in ideal positions
and refined as riding atoms with relative isotropic displacement parameters. Table 1 lists
additional crystallographic and refinement information.

3.4. Experimental Procedure
Synthesis of Ruthenium(II) Complexes (1–3)

Synthesis of [bis(2,2′-bipyridine)(4,4′-dicarboxy-2,2′-bipyridine)ruthenium(II)] per-
chlorate (1):

A slight modification was done in the available procedure9 to synthesize compound
1. A total of 1-g (1.85 mmol) of Ru(BPY)2Cl2.xH2O was mixed with little excess (0.6 g,
2.55 mmol) of 4,4′-dicarboxyl-2,2′-bipyridine along with 0.6 g (7.14 mmol) of sodium
bicarbonate in a round bottom flask. The solution was refluxed in 30 mL of water and
20 mL of methanol for 2–3 h under an inert atmosphere. It cooled down on its own after
the heating period. A saturated aqueous lithium perchlorate was added to the reaction
mixture, and the solution was brought to acidic levels (pH = 5–6) using 70% perchloric
acid. Red powder with very high purity obtained over time was filtered and dried under
a vacuum. The yield is 70%, and the melting point is over 300 ◦C. A small portion of the
red powder was dissolved in acetonitrile, and diethyl ether was diffused into the solution.
Dark red crystals of complex 1 were obtained over time. The elemental analyses calculated
for C32H24N6O12RuCl2.3CH3CN included: C, 46.59; H, 3.37; and N, 12.86 %. The following
further values were found: C, 46.17; H, 3.21; and N, 12.47 %. The following were found for
1H NMR (CD3CN at 25 ◦C): 7.39–7.45 (m, 4H, Ar-H); 7.61–7.72 (m, 4H, Ar-H); 7.81–7.83 (m,
2H, Ar-H); 7.93–7.95 (m, 2H, Ar-H); 8.05–8.11 (m, 4H, Ar-H); 8.51–8.53 (m, 4H, Ar-H); and
9.03 (s, 2H, Ar-H). The following were found for 13C NMR (CD3CN at 25 ◦C): 124.9, 125.4,
127.8, 128.7, 128.8, 139.3, 139.8, 152.6, 152.8, 153.8, 157.6, 157.8, 158.7, and 165.1.

Synthesis of [bis(2,2′-bipyridine)(4,4′-bis(hydroxymethyl)-2,2′-bipyridine)ruthen-
ium(II)] perchlorate (2):

Ru(BPY)2Cl2.xH2O (0.5 g, 0.93 mmol) was mixed with 0.22 g (1.01 mmol) of 4,4′-
bis(hydroxymethyl)-2,2′-bipyridine in a round bottom flask that contained 50 mL of abso-
lute ethanol. The solution was refluxed for 6 h under an inert atmosphere and cooled down
to room temperature. A saturated aqueous lithium perchlorate was added to the reaction
mixture, and the solution was kept in the refrigerator. Red powder was obtained over time,
filtered, and dried under a vacuum. The yield was 65%, and the melting point was over
250 ◦C. The red powder was dissolved in a minimum amount of acetonitrile, and diethyl
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ether was diffused into the solution. Orange-red crystals of complex 2 were obtained over
time. The elemental analyses were calculated for C32H28N6O10RuCl2.CH3CH2OCH2CH3
included: C, 46.39; H, 3.38; and N, 10.14 %. The following further values were found: C,
46.26; H, 3.30; and N, 9.98 %. The following were found for 1H NMR (CD3CN at 25 ◦C):
4.73–4.75 (d, 2H, CH2-O); 5.72–5.74 (t, 2H, OH); 7.45–7.54 (m, 6H, Ar-H); 7.64–7.66 (m, 2H,
Ar-H); 7.73–7.76 (m, 4H, Ar-H); 8.14–8.18 (m, 4H, Ar-H); 8.69 (s, 2H, Ar-H); and 8.82–8.84 (m,
4H, Ar-H). The following were found for 13C NMR (CD3CN at 25 ◦C): 61.2; 121.3; 124.4;
124.9; 137.8; 150.7; 151.1; 151.2; 154.3; 156.0; and 156.6.

Synthesis of [(4,4′-bis(hydroxymethyl)-2,2′-bipyridine)ruthenium(II)] perchlorate (3):
Ru(DMSO)4Cl2 (0.3 g, 0.62 mmol) was mixed with a 3.3 equivalent of 4,4′-bis(hydroxy-

methyl)-2,2′-bipyridine (0.42 g) in a round bottom flask that contained 30 mL of ethylene
glycol. The solution was refluxed overnight under an inert atmosphere and cooled down
to room temperature. A saturated aqueous lithium perchlorate was added to the reaction
mixture, and the solution was kept in the refrigerator. Red powder was obtained over time,
filtered, and dried under a vacuum. The yield was 50%, and the melting point was over
250 ◦C. The red powder was dissolved in a minimum amount of acetonitrile, and diethyl
ether was diffused into the solution. Red crystals of complex 3 were obtained over time.
The elemental analyses were calculated for C36H42N6O14RuCl2 included: C, 45.30; H, 4.40;
and N, 8.80 %. The following further values were found: C, 45.17; H, 4.31; and N, 8.65 %.
The following were found for 1H NMR (CD3CN at 25 ◦C): 3.96–3.99 (t, 2H, OH); 4.77–4.79
(d, 2H, CH2-O); 7.45–7.54 (d, 6H, Ar-H); 7.33–7.35 (d, 6H, Ar-H); and 8.47 (s, 6H, Ar-H). The
following were found for 13C NMR (CD3CN at 25 ◦C): 62.6; 122.2; 125.6; 152.1; 154.8; and
157.8.

4. Conclusions

The ruthenium(II) polypyridyl complexes were synthesized and characterized using
spectroscopic and electrochemical techniques. The photo-physical and electrochemical
properties of the Ru(II) complexes reveal the influence of substituents on 2,2-bipyridine.
The DSSC property of compound 1 was tested and reported, and we are currently exploring
the application of compounds 2 and 3 as well. The cyclic voltammetry of complexes 1–3
reveals the Ru3+/2+ oxidation wave that shifts 1.4–1.2 V to lower energy levels, whereas
the Metal-to-Ligand Charge Transfer (MLCT) transitions shift to lower energy levels upon
deprotonation of the complex. This observation contrasts with mixed-ligand systems
containing deprotonate groups, such as -CH2OH, that demonstrate different types of
electronic transitions assigned as mixed Metal-Ligand-to-Ligand Charge Transfer (MLCT).

Supplementary Materials: The following supporting information can be downloaded online. Figure S1.
1H NMR of compound 1. Figure S2. 1H NMR of compound 2. Figure S3. 1H NMR of compound
3. Figure S4. 13C NMR of compound 1. Figure S5. 13C NMR of compound 2. Figure S6. 13C NMR
of compound 3. Figure S7. CV of compound 1. Referenced vs. Ag/AgCl, glassy carbon, 1 mM in
0.1 M tetrabutylammonium perchlorate. Figure S8. CV of compound 2. Referenced vs. Ag/AgCl,
glassy carbon, 1 mM in 0.1 M tetrabutylammonium perchlorate. Figure S9. CV of compound 3.
Referenced vs. Ag/AgCl, glassy carbon, 1 mM in 0.1 M tetrabutylammonium perchlorate. Figure S10.
ORTEP of compound 1, along with solvents and anions. Figure S11. UV and emission spectra
of 1–3 (5 × 10−5 M) in water with an excess of tetrabutylammonium hydroxide and the excitation
wavelength = 450 nm. Figure S12. UV and emission spectra of 1–3 (5 × 10−5 M) in water with an
excess of sodium hydroxide, and the excitation wavelength = 450 nm.
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