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a b s t r a c t

-5-Sulfono-7-(4-x phenyl azo)-8-hydroxy quinoline (SAHQ)-x ligands, x ¼ NO2 or CH3 or Cl have poly-
crystalline structure in as synthesized condition. Thermally evaporated thin films of SAHQ-x have crystal
structure depending on the substitution group; SAHQ-NO2 and SAHQ-Cl films have nano-crystalline
structure with different degree of crystallinity and SAHQ-CH3 film has amorphous structure. The
changes in optical functions and therefore optical constants with substitution group variation have been
calculated by using spectrophotometer measurements of the transmittance and reflectance at nearly
normal incidence of light in the wavelength range 200e2500 nm. Substitution group variation influences
the refractive index, dispersion parameters, optical functions and bond length of SAHQ. It has no in-
fluence on mobility, relaxation time and plasma frequency of charge carriers. The obtained optical energy
gaps for SAHQ-x ligands, x ¼ NO2 or CH3 or Cl are 1.89, 2 and 2eV, respectively.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Quantitative estimation of the optical properties of materials
plays an important role in determining its electronic structure [1].
The evaluation of optical dispersions and other optical constants
are of considerable importance for applications in integrated opti-
cal devices such as switches, filters and modulators. The complex
dielectric function is an important function since we can derive
other optical functions such as optical conductivity and energy loss
functions from it. The complex dielectric function can be deter-
mined inmanyways, using either incident photons or electrons [2e
4]. Dispersion parameters can be deduced from the dispersion
curve in accordance with dispersion theory. Dielectric function
relates the electron transition between bands of a solid to its
structure. The optical conductivity can be used to detect any further
allowed interband transitions and energy loss functions provide a
complete description of the response of the material to fast elec-
trons traveling either through it or on its surface.

8-Hydroxyl-Quinoline-5 sulfonic acid and its derivatives have
many technological applications such as dye sensitized solar cells
[5], ion sensor devices [6] and organic light emitting diodes [7e11].
8-Hydroxyl-Quinoline-5 sulfonic acid has donor atoms such as N, S
and O that contribute greatly to their thermal and environmental
).

All rights reserved.
stability and enhance their electrical conductivity [12]. The pres-
ence ofeN]N-group can lead to an increase in the solubility of low
valent metal oxidation states due to its p acidity and presence of
low-lying azo centered p* molecular orbital [13,14]. Introducing
appropriate ring substituent to quinoline chromophores can in-
fluence the absorbance maximum lmax., the dipole moment m and
the shape that can be roughly quantified by the aspect ratio and the
effective occupied volume [15].

The application of -5-sulfono-7-(4-x phenyl azo)-8-hydroxy
quinoline (SAHQ)-x, x ¼ NO2 or CH3 or Cl in device fabrication
will certainly be provided as thin films. Thin films of azo com-
pounds and their derivatives are generally prepared by chemical
and physical methods, such as thermal evaporation, chemical vapor
deposition, spin coating and LangmuireBlodget deposition tech-
niques [16e19]. The physical properties of organic compounds
arises from delocalized p electrons, adsorbed species, defect sites
and the presence of functional groups [20]. In this work, we report
on the influence of substitution group with an effective charge þ1
(NO1þ

2 ) and groups (Cl or CH3) whose effective charge is �1 on the
structure and optical functions of -5-sulfono-7-(4-x phenyl azo)-8-
hydroxy quinoline (SAHQ).

2. Experimental techniques

SAHQ-x; x ¼ NO2 or CH3 or Cl ligands were prepared by azo
coupling method using 8-hydroxy quinoline-5-sulfonic acid as a
starting material for the chemical reaction and as a base material
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Scheme 1. Molecular structure of -5-sulfono-7-(4-x phenyl azo)-8-hydroxy quinoline
ligands (SAHQ-x), x ¼ NO2 or CH3 or Cl.
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for the ligands [21e23]. El-Ghamaz et al. [21] gave the detailed
preparation of the materials under current investigation. Scheme 1
illustrates the molecular structure of SAHQ-x ligands. Thin films of
SAHQ-X were prepared using thermal evaporation technique by a
high vacuum coating unit (Edwards E306 A, England). The vacuum
during the deposition process is about 10�5 Torr. The powder is
sublimated from quartz crucible heated gradually by molybdenum
boat shaped filament. A mechanical shutter was used to prevent
any contamination to reach the substrates in the first stage of
evaporation process and to control the thickness of the films. The
deposition rate and film thickness were measured during the
evaporation using a quartz crystal thickness monitor (Model TM-
350 MAXTEK, Inc.USA) attached to the coating system. The deter-
mined film thickness is 223 nm. SAHQ-x thin films were deposited
onto clean optically flat quartz substrates for spectrophotometric
measurements and onto optically flat glass substrates for the x-ray
diffraction (XRD) measurements.

The XRD measurements for the as synthesized powder and as
deposited thin film of SAHQ-x ligands were carried out using Phi-
lips X-ray diffraction system, model X’Pert MPD. The X-ray
diffractometer is equipped with copper target. A filtered copper Ka1
radiation with wavelength lka1 ¼ 1.540 �A is used in the XRD mea-
surements. The operating voltage and current for the X-ray tube
were 50 kV and 40 mA, respectively. Scherer’s equation [24] cal-
culates the average crystallite size, t, as follows:

t ¼ 0:95l
gcosq

; (1)

where g is the width measured in radians of the half-maximum
peak intensity, l is the X-ray wavelength and q is the Bragg’s
angle. The dislocation density, d, is the number of dislocation lines
per unit area of the crystal. The following formula determines it
[25]:

d ¼ 1
t2

(2)

The optical system under current investigation consists of
SAHQ-x film of uniform thickness deposited onto optical flat
amorphous quartz substrate. A double beam spectrophotometer
(JASCO model V-570-UVevis.eNIR) gives the spectral data of the
transmittance, T (l), and the reflectance, R (l), at nearly normal
incidence of the light in the spectral wavelength range 200e
2500 nm. The experimental values of the total measured trans-
mittance, Texpt., and reflectance, Rexpt, after introducing corrections
resulting from the absorption and reflection of the substrate have
been calculated as in Ref. [26]. Murmann exact equations [27] give
the theoretical values of the transmittance, Ttheo. and the reflec-
tance, Rtheo.. The computational work [28] uses the iterative tech-
nique to minimize the values of [Ttheo. � Texpt.]2 and [Rtheo. � Rexpt.]2

for a fixed value of film thickness. Substituting the obtained abso-
lute values of T and R in the following equations, we get the
refractive index, the extinction coefficient and the absorption
coefficient:
n ¼
�
1þ R

�
þ 4R

2 � k2 (3)

1� R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� RÞ

s

a ¼ 1
d

�
ln
�

1� Rð Þ2
2T

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1� Rð Þ4
4T2

þ R2

s ��
(4)

k ¼ al

4p
(5)

The experimental errors are taken into consideration as 1% for T
(l) and R (l) and � 3e5% for film thickness measurements.

3. Results and discussion

3.1. Structural analysis

Fig. 1 shows the XRD patterns for SAHQ-x ligands in powder
form. The pattern for each ligand shows polycrystalline structure.
We used CRYSFIRE system for automatic powder indexing [29] to
calculate the indicated Miller indices (hkl) on each diffraction peak.
Fig. 2 shows the XRD patterns for SAHQ-x ligands thin films with
thickness 223 nm. The substitution group variation influences the
XRD patterns. The XRD patterns of Cl and NO2 substituent show
some diffraction peaks with a halo in the background. The broad
halo in the background is either due to the amorphous glass sub-
strate or possibly due to some amorphous phase present in the thin
film. The XRD pattern of SAHQ-NO2 shows four diffraction peaks at
(2q) of 5.5, 6.2, 9.7 and 29.25� and XRD pattern of SAHQ-Cl shows
one diffraction peak at (2q) of 7.12�. This indicates that the degree of
crystallinity of SAHQ-NO2 is better than that one of SAHQ-Cl .The
determined crystallite size and dislocation density are 70.7 nm and
2 � 10�4 nm�2, respectively for SAHQ-NO2 and they are 64 nm and
2 � 10�4 nm�2, respectively for SAHQ-Cl. The XRD of SAHQ-CH3
shows an amorphous structure.

3.2. Spectral behavior of T (l) and R (l)

The spectral behavior of the transmittance, T (l), and the
reflectance, R (l), at nearly normal incidence of light for the as
deposited SAHQ-x; x ¼ NO2 or CH3 or Cl ligands thin films of
thickness 223 nm is presented in Fig. 3. This spectrum shows a
transmission edge whose wavelength range depends on the sub-
stitution group. There are two regions in the spectra: region (I) is in
the wavelength range 200e834 nm, where the total sum of T (l)
and R (l) is less than unity (absorption region) and region (II) is for
the wavelengths greater than 834 nm where T (l) þ R
(l) ¼ 1(transparent region). In this region the film becomes trans-
parent i.e. no absorption takes place. The results of T (l) and R (l)
indicate that the film is homogeneous. In all cases, we do not
observe new transmission peaks. Therefore, substitution group
variation has no change on the transmittance properties of the
films in the absorption region of the spectra.

3.3. Spectral behavior of optical functions of SAHQ-x

The spectral distribution of the refractive index, n, for SAHQ-x,
x ¼ NO2 or CH3 or Cl ligands thin films with thickness 223 nm is
shown in Fig. 4. The refractive index, n, does not only depend on
wavelength, l but also on type of the substitution group. The
variation of refractive index with changing substitution group is
attributed to the structural changes occurred on SAHQ by sub-
stituent as shown in Fig. 2. The dispersion curve shows two bands
for SAHQ-CH3, one band and a shoulder for SAHQ-NO2 and two
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Fig. 1. XRD patterns for the powder of SAHQ-x ligands; (a) x ¼ NO2, (b) x ¼ CH3 and (c) x ¼ Cl.
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bands and a shoulder for SAHQ-Cl. These bands are located in the
ultraviolet and visible regions of spectra and are attributed to pe
p* transitions. Therefore, multi-oscillator model can explain such
bands. At wavelengths longer than 854 nm, the spectral behavior
Fig. 2. XRD patterns for the thin films of SAHQ-x ligands; (a) x ¼ NO2, (b) x ¼ CH3 and
(c) x ¼ Cl.
of n shows normal dispersion which can be explained by the
single oscillator model. In this wavelength range, we can deduce
the dielectric constants and oscillator parameters at high
frequencies.
Fig. 3. Spectral behavior of the transmittance, T (l), and the reflectance, R (l), for the as
deposited SAHQ-x ligands thin films.



Fig. 4. Spectral behavior of refractive index, n, for the as deposited SAHQ-x ligands
thin films.

Table 1
Effect of substitution group variation on the dispersion and dielectric parameters of
SAHQ-x ligands.

Substitution, x Eo (eV) Ed (eV) εN εL N/m*x1053 (kg�1 m�3)

Cl 8.44 20.15 3.39 3.42 23
NO2 6.06 11.86 2.96 3 37
CH3 14.6 26.42 2.8 2.81 9
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The dispersion theory [30] relates the refractive index n to the
dispersion parameters by:

1
n2 � 1

¼ Eo
Ed

� 1
EoEd

ðhvÞ2 (6)

A plot of (n2 � 1)�1 versus (hn)2 for films in the as deposited
condition is illustrated in Fig. 5. The oscillator energy, Eo, and the
dispersion energy, Ed, are directly determined from the slope
(EoEd)�1 of the linear portion of the curve and its intercept with the
ordinate axis (Eo/Ed). The physical meaning of Eo and Ed is
mentioned elsewhere [18]. Table 1 lists the calculated values of the
dispersion parameters for SAHQ-x ligands thin films. The oscillator
energy Eo and the dispersion energy Ed have been reported to be
related to the bond length, L, via Eo N L�s [31] and Ed depends on Ls

[32] with s in the range 2 < s < 3 [31]. The dependence of Eo and Ed
on the substituent indicates that substitution group variation in-
fluences the bond length of SAHQ compound.

Dielectric function relates the electron transitions between
bands of a solid to its structure. Therefore, we can obtain valuable
information about the band structure of a solid from dielectric
Fig. 5. Dependence of (n2 � 1)�1 on (h n)2 for the as deposited SAHQ-x ligands thin
films.
spectrum. The real, ε1, and the imaginary, ε2, parts of the complex
dielectric constant, ε*, are respectively given by Ref. [33]:

ε1 ¼ n2 � k2 ¼ εL �
�

e2

4p2c2εo

��
N
m*

�
l2; (7)

ε2 ¼ 2nk ¼ εNu2
p

8p2c3s
l3; up ¼

�
e2N

εoεLm*

�1=2

(8)

where up is the plasma frequency, εL is the lattice dielectric con-
stant, εo is the permittivity of free space, N/m* is the ratio of free
carrier concentration to its effective mass and s is the optical
relaxation time. The spectral distribution of (n2 � k2) versus l2 is
depicted in Fig. 6. Substitution group variation influences the value
of (n2 � k2). The values of the lattice dielectric constant (εL) for
SAHQ-x ligands thin films are determined by extrapolating the
curves to intercept the ordinate axis. The values of N/m* are
deduced from the slope of the linear portion of the curves. The
values of εL and N/m* are listed in Table 1. We can see from Table 1
that the value of εL is greater than the value of εN and this is
ascribed to free carrier absorption.

Fig. 7 illustrates the real part of the dielectric constant versus
photon energy and substitution group variation for SAHQ-x ligands
thin films. The real dielectric constant shows different response to
the increase of photon energy that depends on the substitution
group. Absorption peaks for ε1 are observed at 2.14, 3.48 and 4.04eV
for the as deposited SAHQ-Cl film and at 2.01 and 3eV for SAHQ-
NO2 ligand. As for SAHQ-CH3 ligand, it shows absorption peaks at
2.09 and 4.8eV.

Fig. 8 shows the dependence of the imaginary part of the
dielectric constant on photon energy and substituent variation for
SAHQ-x ligands thin films. ε2 increases with the increase of photon
energy. The onset absorption edge depends on the substitution
group for the SAHQ. The optical energy gaps are determined from
Fig. 6. Dependence of (n2 � k2) on l2 for the as deposited SAHQ-x ligands thin films.



Fig. 7. Spectral behavior of ε1 for the as deposited SAHQ-x ligands thin films.

Fig. 9. Spectral behavior of the real part of electrical conductivity s1 for the as
deposited SAHQ-x ligands thin films.
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the intersection of the onset absorption edge with the abscissa of
Fig. 8. The determined optical energy gaps are 1.89, 2 and 2 eV for
SAHQ-x, x ¼ NO2 or CH3 or Cl ligands, respectively.

The real, s1, and imaginary, s2, part of the optical conductivity
can be used to detect any further allowed interband optical tran-
sitions. The following relation expresses the complex optical con-
ductivity s* in terms of s1 and s2 [34] as:

s*ðuÞ ¼ s1ðuÞ þ is2ðuÞ (9)

where

s1ðuÞ ¼ uεoε2 (9a)

s2ðuÞ ¼ uεoε1 (9b)

Fig. 9 demonstrates the spectral behavior of the real part of the
optical conductivity and its variation with substituent. s1 increases
with the increase of the photon energy. s1 is near zero for photon
energies near 1.5 eV. The behavior of s1 with photon energy de-
pends on the substituent. The onset absorption edge depends on
the type of substitution group. The optical energy gap of (SAHQ-x),
x ¼ NO2 or CH3 or Cl ligands are 1.89, 2 and 2 eV, respectively.
Fig. 8. Spectral behavior of ε2 for the as deposited SAHQ-x ligands thin films.
Fig. 10 illustrates the spectral behavior of the imaginary part of
the optical conductivity, s2. The value of s2 is greater than the value
of s1 for the same substitution group. s2 is near zero for photon
energies less than 1.5 eV s2 increases with the increase of the
photon energy. The effect of Cl as a substituent on s2 is higher than
the effect of NO2 and CH3 substituent, for all substitution groups we
observe a peak of energy at 2.1 eV.

The energy loss functions provide a complete description of the
response of the material to fast electrons traveling either through
its bulk or on its surface. The surface energy loss, SEL and the vol-
ume energy loss, VEL, relate to the real and imaginary parts of the
dielectric constant by the following relationships [35]:

SEL ¼ ε2

ðε1 þ 1Þ2 þ ε
2
2

(10)

VEL ¼ ε2�
ε
2
1 þ ε

2
2

� (11)

Figs.11 and 12 show the surface energy loss, SEL, and the volume
energy loss, VEL, as a function of the incident photon energy. Both
functions have the same behavior and the energy lost by electrons
traveling through the material is greater than the energy lost by
Fig. 10. Spectral behavior of the imaginary part of electrical conductivity s2 for the as
deposited SAHQ-x ligands thin films.



Fig. 11. Spectral behavior of the surface energy loss for the as deposited SAHQ-x li-
gands thin films.

Table 2
Effect of substitution group variation on the plasma frequency, up, relaxation time, s,
and mobility of charge carriers of SAHQ-x ligands.

Substitution, x up � 1015 (Hz) s � 1016 (s) m � 10�5 (m2V-1s�1)

Cl 5.67 1.76 3.09
NO2 5.76 1.73 3.05
CH3 5.59 1.78 3.14
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electrons traveling in its surface. Photon energy influences both VEL
and SEL and they show different response depending on the sub-
stitution group. The spectra of SEL and VEL functions can be divided
into three energy regions depending on the frequency of the inci-
dent light. In the low energy region (hn < 2eV); a slow increase of
energy loss functions with increasing photon energy is observed,
such an increase depends on the type of the substitution group. In
region II (2 < hn < 4 eV); an onset absorption edge is observed and
its range depends on the type of substituent. A larger energy loss
peak follows in energy range of 3.67e3.88 eV depending on the
type of the substituent. This peak corresponds to the energy of
SAHQ plasma [36]. In region III (4 < hn < 5.8 eV) the energy loss
function decreases with increasing of photon energy.

We can calculate the mobility, m, of charge carriers by the
following relationship:

m ¼ es
m

(12)

s is the relaxation time, s values are determined by using the
relationship (up s ¼ 1) for up values obtained from the maximum
peak values of VEL (Fig. 12). Table 2 lists values of m, s and up for
Fig. 12. Spectral behavior of the volume energy loss for the as deposited SAHQ-x li-
gands thin films.
SAHQ-x, x ¼ NO2 or CH3 or Cl ligands. Substituent variation has no
influence on m, s and up of charge carriers in SAHQ-x ligands.

4. Conclusions

The main conclusions of the current investigation can be sum-
marized as; -5-sulfono-7-(4-x phenyl azo)-8-hydroxy quinoline
(SAHQ)-x, x ¼ NO2 or CH3 or Cl ligands have polycrystalline
structure in the as synthesized condition, SAHQ-NO2 and SAHQ-Cl
become nano-crystalline structure upon thermal deposition to be
thin films. Thermally evaporated thin films of SAHQ-CH3 have
amorphous structure. Substitution group variation has no change
on the transmittance properties of the films in the absorption re-
gion of the spectra. Substituent variation influences the refractive
index, the oscillator energy, Eo, the dispersion energy, Ed, and the
bond length of SAHQ compound.We determined the optical energy
gaps as 1.89, 2 and 2eV for SAHQ-x, x ¼ NO2 or CH3 or Cl ligands,
respectively. Substitution group variation has no influence on the
mobility, relaxation time and plasma frequency of charge carriers in
SAHQ-x ligands.
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