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ARTICLE INFO ABSTRACT

Keywords: The new bipyridine-based ruthenium(II) complex [Ru(bpy)z(Hapbim)]2+ (bpy being 2,2’-bipyridine, and
Ru(IDbipyridine Hapbim is 2-aminophenylbenzimidazole) was synthesized and characterized. On the basis of elemental analysis,
Spectra spectroscopic techniques (FTIR, 'H NMR, UV-Visible), magnetic, conductivity and thermal analysis measure-
XRD . ments, it was found that the Hapbim ligand coordinates to Ru(II) kernel in a neutral bidentate fashion through
?git::il];?pemes cyclic azomethine N of benzimidazole moiety along with the terminal nitrogen of the amino group forming six-

membered chelate ring. Thin films of the Ru(II)-complex were prepared using thermal evaporation technique.
The thin film structure was characterized using FTIR and X-Ray diffraction techniques. FTIR analysis revealed
that the complex is chemically stable under both thermal evaporation and thermal annealing. The optical
properties were studied by spectrophotometric measurements. The optical constants of the complex were cal-
culated and it is found to have 1.5 eV band gap. Also, the effect of thermal annealing on the optical properties of
the complex is studied. Annealing of the complex thin films increased the values of the dispersion parameters

and decreased the value of the band gap.

1. Introduction

Transition metal complexes of nitrogen donor chelating agents are
well known for their various applications in many research fields in-
cluding biology [1], catalysis, solar power conversion and its storage
[2-4]. In particular, ruthenium complexes bearing polypridyl ligands
are of a considerable interest due to their photo-physical/chemical,
electrochemical properties and high photochemical stability [5]. These
complexes play important roles in several research areas including light
emitting diodes [6], electroluminescent devices, dye sensitized solar
cells [7,8], and solar energy conversion [9].

Ruthenium(Il) containing 2,2’-bipyridine (bpy) have interesting
properties including strong absorption of light in visible region due to
metal-to-ligands charge transfer (MLCT), also their excited states have
relatively long lifetime because of the forbidden transition from triplet
excited state to singlet ground state [10-12]. The replacement of bpy by
heterocyclic compounds containing N-donors has gained noticeable
attention in recent time, due to the changes in their photochemical and
photophysical properties occurred by incorporating these units [13].
The optical properties of the ruthenium complexes demonstrate
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significant device performance when prepared as thin films [14,15]. In
addition to ruthenium(II) complexes, thin films of cobalt(II) and Mn(II)
complexes containing benzimidazole moiety were prepared and struc-
turally characterized, it was proven that annealing of thin films of these
metal complexes improved their surface homogeneity as well as en-
hancement of their optical transmittance [16,17]. Manjunatha et al.
[18] have reported the preparation of thin films from [Ru—salophen]zJr
complex (salophen = N, N' -disalicylidene-1,2-ethylendiimine) using a
spin coating technique. The obtained data revealed that the complex
exhibited a relatively large non-linear optical properties (NLO) along
with optical switching behavior which enables it to be a promising
material for fabricating optoelectric devices.

In this work, we report the synthesis of new ruthenium(II) bipyr-
idine complex of 2(2’-aminophenyl)-1H-benzimidazole (2-aminophe-
nylbenzimidazole) [Ru(bpy)z(Hapbim)]2+. Its structure was elucidated
by means of spectroscopy (FTIR, 'H NMR, UV-visible), thermal, mag-
netic, and molar conductivity measurements. Thin films of this complex
were prepared and characterized along with investigating the effect of
annealing on its optical properties. The molecular structures of the li-
gand and complex are shown in Figs. 1 and 2, respectively.
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Fig. 1. Structure of structure of 2(2’-aminophenyl)-1H-benzimidazole with
atom numbering scheme.

Cl,. C,H;OH

Fig. 2. Structure of [Ru(bpy)>(Hapbim)]Cl,.CoHsOH complex.

2. Experimental
2.1. Materials and methods

2-aminophenylbenzimidazole and 2,2’-bipyridine were purchased
from Alfa Aesar. Cis-[Ru(bpy)>Cl>].2H,O was prepared as reported
elsewhere [19]. All solvents and reagents were used as received.

2.2. Instrumentation

Infrared spectroscopy was performed on JASCO 4100 FTIR spec-
trometer (4000 - 400 cm ~ 1) on KBr disc. 'H NMR spectra were recorded
in DMSO-dg on Bruker 400 MHz Electronic spectra (200-900 nm) were
measured in ethanol using JASCO V- 630 spectrometer. Elemental
analyses (C, H, N) were carried out at microanalytical unit at Cairo
university. Magnetic susceptibility value of the complex was obtained
using Johnson Matthey magnetic susceptibility balance. Molar con-
ductivity of the complex (in CH,Cl,) was measured on YSI Model 32
Conductivity Bridge at room temperature. Thermal analysis data were
collected in the temperature range 20-800 °C under nitrogen atmo-
sphere 15.00 ml/min using Shimadzu TGA-50 instrument at a heating
rate of 20 C/min. Thin films of the powder phase of Ru-complex were
prepared by thermal evaporation technique using Edwards (E306 A)
coating unit. The powder of the complex was sublimated from quartz
crucible into optically flat quartz substrates. The pressure during eva-
poration process was 10~ > Torr and the evaporation rate was main-
tained at 0.5nm/s. The film thickness was measured using quartz
crystal thickness monitor (Model TM-350 MAXTEK, Inc. USA) attached
to the coating system. Thin films of the Ru(II)-complex were annealed
at 423 K for 30 min. The X-Ray diffraction, XRD, measurements for the
as synthetized powder, as deposited, and annealed thin films were
carried out using Philips X-ray diffraction system, model X'Pert MPD.
The operating voltage and current for the X-ray tube were 50 kV and
40 mA, respectively. The spectral data of transmittance and reflectance
at nearly normal incidence were collected using spectrophotometric
measurements by using double beam spectrophotometer JASCO model
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(V-570-UV-Vis.-NIR) in the wavelength range 200-2500 nm.

2.3. Optical constants calculation

To calculate the values of the refractive index (n), absorption
coefficient («) and the absorption index (k), we substitute the calcu-
lated values of the transmittance, T and reflection R in equation (1-3)
[20]:

1/2
n=(1+R)+(L2_k2)
1-R 1-R) 1
— 2 | — 4
a:an((l B + a 5) +R2]
d 2T 4T )
al
K= ®
2.4. Synthesis
To an ethanolic solution of 2-aminophenylbenzimidazole

(0.5 mmol, 0.105 g, 25 mL), cis-[Ru(bpy)»Cl»].2H,0 (0.5 mmol, 0.26 g)
was added. The reaction mixture was refluxed for 12 h during which the
purple color of the solution turned dark red. The solution was then
concentrated to one-third of its volume. The reddish brown precipitate
was formed by adding an excess amount of diethyl ether. The product
was collected by filtration through a sintered glass gooch, washed with
ether, then dried in vacuo. Yield 0.23g (67%), mp > 200 °C.
Diamagnetic (uor = 0BM), molar conductance (1073M in CHCl,,
An) = 180 Q! em?mol™. Elemental analysis (%) for C35Hs3CloN,ORu
(Mw = 739.67), Caled (Found): C, 56.83 (56.78); H, 4.50 (4.10); N,
13.26 (13.0). FTIR (KBr, cm™1): »(NH) 3330, v(NH,) 3130, (C=N),
1597, 1(C=C) 1495-1520, »(CH), 2998-3030, v»(Ru-N) 422. 'H NMR
(400 mHz, DMSO-d¢, § ppm): 14.70 (1H, s, N(1)H), 7.43 (N(2)H,, s,
2H), 6.89 (1H, d, H(3"), J = 8.10 Hz); 7.89 (1H, d, (H(6"), J = 7.6 Hz);
8.23 (1H, d, H(7), J=6.6Hz); 7.84 (1H, d, H(4), J = 6.5Hz);
7.30-7.73(4H, m, H(4, 5, 5,6)); 8.8-9.05 (4H, d, H(3,3"), J = 7.6, 8.0,
bpy); 8.01-8.1 (4H, m, H(4,4"), bpy); 7.61-7.66 (4H, m, H(5,5"), bpy);
8.70-8.78 (4H, d, (H6,6), J= 8.0, 8.0Hz, bpy); 4.38 (1H, s,
CH3CH,OH), 3.44 (2H, q, (CH3CH,OH, J = 6.8Hz), 1.06 (3H, t,
CH5CH,OH, J = 7.2Hz). UV-Vis (EtOH, 1 X 107 °M): Amax (nm) (e,
L.mol~'. cm™"): 294 (78000), 356 (14700) and 499 (8500).

3. Results and discussion
3.1. Synthesis

The complex [Ru(bpy),(Hapbim)]Cl,.CoHsOH was prepared by the
reaction of cis-[Ru(bpy).Cl,].2H,0 with 2-aminophenyl benzimidazole
(Hapbim) in ethanol in 1:1 M ratio under reflux condition. The complex
was powder-like, readily soluble in water and common organic solvents
such as methanol, ethanol, CH,Cl,, DMF and DMSO. The molar con-
ductance value of the complex was 180 Q' cm?mol™ to indicate that
the complex is ionic in nature with two chlorides as counter ions (2:1).

3.2. FTIR spectra

The FTIR spectrum of the of 2-aminophenyl benzimidazole ligand
(Fig. 3 a) shows two medium bands at 3383 and 3140 cm ! assigned to
the stretching vibrations of v(NH) of NH, and v(NH) of benzimidazole,
respectively [21-23]. The spectrum of the complex (Fig. 3 b), reveals
the shift of those bands to 3030-3383 cm ™' to lower frequency sug-
gesting the participation of NH, nitrogen in the coordination to Ru(II)
center. The sharp band observed at 1608 cm ™! assigned to (C=N) in
the ligands is shifted in the complex to a lower frequency by
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Fig. 3. FTIR spectra (a) ligand and (b) complex in powder.
~12cm ™}, confirming the coordination of cyclic azomethine nitrogen

of benzimidazole unit (N(3)). The above mentioned observations in-
dicate that Hapbim ligand coordinated to ruthenium in a bidentate
neutral form (Fig. 2). The other bands detected for the free ligand and
complex around 2998-3030cm ™! and 1495-1520cm ™! regions are
due to ¥(CH) and v(C=C) vibrations, respectively. The new band ap-
peared at 422cm ™! in the complex spectrum is assigned to v(Ru-N)
[24]. FTIR analysis of the as deposited and annealed at 423 K thin films
were performed and revealed that the complex has almost no changes
in band positions. This confirms the thermal stability of the complex
powder under thermal evaporation technique. It also proves that the

(a)
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Fig. 5. UV-Vis absorption spectra of the ligand and [Ru(bpy),(apbim)]®*

complex in ethanol (1 X 10~ °M).
thin film of the complex is thermally stable after annealing process.

3.31H NMR spectra

The structure of the free ligand with its atom numbering Scheme is
presented in Fig. 1. The 'H NMR spectrum of the ligand and Ru(ID)-
complex is shown in Fig. 4a and b. The *H NMR spectrum of the ligand
(Hapbim) exhibits two singlets at §12.66 and 7.26 ppm due to NH and
NH, groups, respectively. It also shows four doublets at § 6.83
(J = 6.8Hz), 7.51(J = 6.0 Hz), 7.65(J = 6.0 Hz) and 7.84 (J = 6.4 Hz)
assigned to H(3"), H(6”), H(7) and H(4), respectively. The doublet of
doublets obtained at § 6.66 (J = 6.0, 6.0 Hz) and 7.16 (J = 6.4, 6.0 Hz)
are attributed to H(5") and H(4"), respectively, while H(5, 6) appeared
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Fig. 4. 1H NMR spectra of (a) ligand and (b) complex.
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Fig. 6. TGA/DTA thermograph of (a) Hapbim ligand and (b) Ru(I)-complex.

as multiplet at 7.18-7.23 ppm region due to the different environment
of protons [22,25-27]. In 'H NMR spectrum of the complex, the re-
sonance arising from N(1)H and N(2)H, are shifted downfield to § 14.7
and 7.43 ppm, respectively due to coordination of NH, nitrogen. The
new sixteen resonance peaks in the region from 5.83 to 9.06 ppm are
assigned to the two 2,2-bipyridine units [28,29]. At low field re-
sonances, the triplet at 1.06, quartet at 3.44 and singlet at 4.38 ppm are
attributed to the protons of ethanol molecule, CH3, CH, and OH, re-
spectively.

3.4. UV-visible spectra measurements

The absorption spectra of Hapbim ligand and its complex were re-
corded in ethanol in the wavelength range 200-900 nm. The absorption
spectra of both the ligand and the complex are shown in Fig. 5. The UV-
Vis spectrum of Hapbim shows A, at 252nm (¢ = 70500 L mol™ cm™
1), 291 nm (¢ = 56200 Lmol™ cm™) and 341 nm (¢ = 55200 Lmol ™ ecm"
1y which are attributed to w-* and n-n* transitions [21]. The UV-Vis
spectrum of the diamagnetic ruthenium complex (e = 0 B M) shows
its Amax at 294nm (e = 78400Lmol’cm™?) and 356 nm
(¢ = 14700 Lmol™ em™) due to the intra-ligand transitions, while the
broad band observed at 499 nm (¢ = 8500 L mol™* em™) may arise from
lower energy MLCT (Ru)d — zt*(L)/t*(bpy) transition which is lower
than 452 nm observed for the unsubstituted [Ru(bpy)g]2+ [30,31]. This
observation gives an evidence for the complex formation.

11
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Fig. 7. XRD pattern of the complex in (a) powder form, (b) As deposited thin
film and (c) annealed at 423 K Ru(II)-complex thin films.
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Fig. 8. Spectral behaviors of the Transmittance T, and Reflection R for the As
deposited and annealed thin films.

3.5. Thermal analysis

The thermogravimetric analysis (TGA) was carried out to in-
vestigate the thermal stability of the ligand and its complex. Their TG/
DTA diagrams are shown in Fig. 6a and (b). In TGA/DTA curves of
Hapbim ligand (Fig. 6a), the initial degradation starts at ~215 °C and
the decomposition occurs in one step process in the temperature range
215-300 °C (endothermic at 275 °C), such decomposition has taken
place through the break of N-C bond [32,33]. The TGA/DTA diagrams
of the complex (Fig. 6b) show two endothermic decomposition steps;
the first step is located in the region 25-100 °C due to the elimination of
C,HsOH molecule (Found 6.2, Caled. 6.4%), then up to 300 °C, the
complex shows thermal stability. The second step is observed at 300 °C
(endothermic at 395 °C) with a total mass loss coincides to weight loss
of Cl, and 2bpy species followed by degradation of Hapbim ligand
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thin films.

Table 1
Dispersion parameters for As deposited and annealed at 423 K of Ru-complex
thin films.

Film conditions e £o N/m* (g7 ! em™3) E, Eq
As deposited 5.08 4.02 9.80 x 10 2.11 6.38
Annealed at 423K 5.48 4.20 1.17 x 10** 2.01 6.44

(Found 75.0, Calcd. 75.9%) [34]. Based on thermal analysis of the li-
gand and its Ru(I)-complex, it is observed that the complex is more
stable than the ligand.

3.6. X-ray diffraction analysis (XRD)

The XRD patterns of the synthesized Ru(II)-complex in powder
form, as deposited and annealed thin films are shown in Fig. 7. The XRD
pattern for the powder form of the complex shows many diffraction
peaks of different intensities indicating its polycrystalline structure
[20]. The XRD pattern of the complex in powder form was analyzed
using FULLPROOF program [35]. Analysis of the XRD pattern revealed
that it has triclinic crystal system with space group pl and lattice

12

5.8

Optical Materials 84 (2018) 8-15

5.6

5.4 4

B As deposited thin film
O Annealed thin film at 423 K

w
3.6 . : : : . : . r .
0 1 2 3 4 5 6
2 6
(A, nm)“x10
Fig. 11. Versus A2 for as deposited and annealed Ru-complex thin films.
A 90
80 4
— = — As deposited thin film
70 - — ©— Annealed thin film at 423 K
60 -
50 4
w40 -
30 4
20 4
10
0 T T T T T T T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
hv, eV
20
B9 —a s deposited thin film 4.11eV
16| —° —Annealed thin film at 423 K
14 -
12
~ 10 o
8
6 - 2.46 eV
] l
o
21 ﬂﬁﬂgggaﬂu
1 T T T T T T T T T
05 10 15 20 25 30 35 40 45 50 55 60
hv, eV

Fig. 12. Effect of annealing on a) ¢,, and b) ¢; of Ru-complex thin films.

parameters a = 15.810 A, b = 19.64 A, c = 12.91 A, a = 100 °, p = 90
°, v = 100°. It is also observed from Fig. 7 that the XRD patterns of the
as deposited and annealed films exhibit a hump at 26 of 25° which
indicate that thin films of the complex have amorphous structure.
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3.7. Optical properties of as deposited and annealed thin films of Ru(ID)-
complex

3.7.1. Spectral behavior of the transmittance, T, and reflectance, R

The spectral behaviors of T and R for as deposited and annealed Ru
(ID)-complex thin films are depicted in Fig. 8. It is noticed that there are
two regions in the spectra separated by sharp absorption edge. Region I
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Table 2
Energy gaps for As deposited and annealed at 423 K Ru-complex thin films.

Optical energy gap, eV Onset energy gap, eV Film conditions

3.31
3.38

1.49
1.38

As deposited
Annealed at 423K

at A > 700 nm; where R + T = 1 and no light is absorbed or scattered
indicating that the film is homogenous [36]. Region II at 1 < 700 nm;
where R + T = 1, this is called the absorption region [37].

3.7.2. Dispersion analysis

The spectral distribution of the refractive index (n) for the as de-
posited and annealed Ru(Il)-complex thin films are illustrated in Fig. 9.
It is observed that the normal dispersion behavior is dominant for the
wavelengths of 1 > 700 nm and the single oscillator model can be ap-
plied to that region. However at A < 700 nm, anomalous dispersion
behavior of the refractive index is dominant as revealed by the two
dispersion peaks at 306 and 552 nm. After annealing of the film, the
dispersion peak at 552 nm is shifted to 528 nm and the refractive index
decreases by annealing in the anomalous dispersion region, but in-
creases in the normal dispersion region. The spectral dependence of the
refractive index in the normal dispersion region can be analyzed in
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terms of the single oscillator model proposed by Wemple and Dido-
menico [38]. The refractive index is related to the incident photon
energy (hv) by equation (4):

E,E,

2 _ 1)1 =
=D = @

where E; is the dispersion energy and E, is the oscillator energy. To
calculate the values of E,; and E,; plots of (n> — 1)~! versus (hv)? for as
deposited and annealed Ru(II)-complex thin films are shown in Fig. 10.
The calculated values of E; and E, are listed in Table 1.

The complex dielectric function, e* describes the optical response of
the medium at all photon energies. The real part of the dielectric con-
stant and the imaginary part show how much a dielectric material
absorbs energy from an electric field due to the dipole motion. The real
part, &, and the imaginary part, ¢;, of the complex dielectric constant
were calculated by equation [20]:

N ) 2

2 2
g=n-k=¢g—|——
4%, m*c?

(5)
g = 2nk (6)

where ¢, is the lattice dielectric constant, ¢, is the permittivity of free
space, and % is the ratio of carrier concentration to its effective mass.
Fig. 11 shows the relation between e, versus A? for the as deposited and
annealed Ru-complex thin films. The ratio of carrier concentration to
the effective mass, N/m*, is calculated using equation (5) from the slope
of the straight line, by extrapolating the linear part of the curve towards
the shorter wavelength, the intercept with the vertical axis (at A2 =0)
is directly the value of ¢;. The calculated values of N/m* and ¢; are
listed in Table 1. It is noticed from the table that annealing increases the
values of the dispersion parameters of the complex.

The spectral behaviors of ¢ and ¢; as a function of the incident
photon energy, hu, for the as deposited and annealed Ru-complex thin
films are shown in Fig. 12 a and 12 b. It is observed from the two figures
that annealing decreases the values of ¢, but increases the values of ;.

The volume and surface energy loss function (VELF and SELF) can
be calculated using equations (7) and (8) [39]:

SELF = — 2

(a+1)+¢&; )
VELF = —2—

(e +€3) ®

Fig. 13 (a) and (b) show the VELF and SELF as a function of the
incident photon energy. It is clear that the values of SELF are smaller
than those of VELF for the as deposited and annealed Ru-complex thin
film.

3.7.3. Absorption characteristics

Fig. 14 shows the spectral distribution of the absorption index, k. It
is noticed that thermal annealing increases the values of k. The spectral
behavior of k shows absorption bands at 252, 300, 370 and 500 nm
which are the same found for the molecular complex in solution (Fig. 5)
discussed in section 3.4. We can notice that there exists a small shift
between the peaks of thin film and the complex in solution which can
be attributed to the effect of solvent [40]. The optical absorption
coefficient, a, as a function of energy is shown in Fig. 15. The values of
the optical energy gap (E,) can be estimated using Bardeen equation
[41]:

a hv =B(hv — EF'), 9)

where B is a constant related to the electrical conductivity and energy
level separation, x = 2 or 3 for indirect allowed and forbidden transi-
tions, respectively and x = 1/2 or 3/2 for direct allowed and forbidden
transitions, respectively.

The experimental data were fitted with the theoretical (Eq. (9)) for
different values of x. The best fit is obtained for x = 2, which indicates
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that the transition type is indirect allowed one.

Fig. 16 shows (ahv)'/? versus hv for as deposited and annealed Ru-
complex films. The values of the onset and fundamental band gaps are
listed in Table 2. It is noticed that annealing decreases the value of the
onset band gap but increases the value of the fundamental band gap.
This change in the band gaps can be attributed to structural disorders
that could happen to the thin film structure due to annealing.

4. Conclusions

The new [Ru(bpy)Z(Hapbim)]2+ complex derived from cis-[Ru
(bpy)2Cl,]1.2H,0 and 2-aminophenylbenzimidazole (Hapbim) was pre-
pared and characterized. The ligand binds to the Ru(II) ion in a neutral
bidentate (N, N) manner through amino group and cyclic azomethine
nitrogen atoms in octahedral geometry. Thin films of the synthetized
complex were prepared using thermal evaporation technique. FTIR
analysis proved the chemical stability of the complex under thermal
evaporation technique and annealing of the thin films at 423 K. XRD
analysis of the investigated Ru(II)-complex in the powder form revealed
that it has polycrystalline structure with triclinic crystal system. XRD
analysis of the as deposited and annealed thin films revealed that both
cases have amorphous structure. The Ru(II)-complex showed excellent
optical properties with small energy gap of 1.49eV which was de-
creased by annealing to 1.38 eV. Annealing of the thin films increased
the values of the dispersion parameters. The investigated complex
possesses excellent absorption characteristics which makes it a poten-
tial material in optoelectronic applications such as solar cells and
OLEDs.
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