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Functional dyes have received considerable interest in the last
ten years in the academia and industry due to their wide high-
tech applications. This special issue features a collection of
high-quality scholarly work addressing the latest innovations
in nanostructuring of materials with emphasis on solar cells,
sustainability, and medicinal dyes.

We sincerely hope that this collection will become an
international forum for researchers to provide the most
recent advances, developments, and ideas in the field of func-
tional dyes.

On the topic of dye-sensitized solar cells (DSSCs), a few
articles are featured in this issue that discuss new findings in
DSSCs.

M. R. Karim et al. studied multiwalled carbon nanotube
(MWNT) coated with conducting polyaniline (PAni) nano-
composites for quasi-solid-state electrolyte layer in the dye-
sensitized solar cells (DSSCs).The use ofMWNT-PAni nano-
particles was shown to enhance the total conversion effi-
ciency. An ionic liquid of 1-methyl-3-propyl imidazolium
iodide (PMII) and the hybrid MWNT-PAni nanocomposites
were placed between the dye-sensitized porous TiO

2
and

the Pt counter electrode without adding iodine and they
achieved a moderately higher cell efficiency (3.15%) than that
containing bare PMII (0.26%).

M. D. Akhtaruzzaman et al. successfully applied an indo-
line dye (D-1) as a cosensitizer for improving the spectral
response of black dye in dye-sensitized solar cells (DSCs). It
was shown that D-1 effectively increases the short-circuit
photocurrent density by offsetting the competitive light
absorption by I−/I

3

− electrolyte in the wavelength region

350–500 nm when adsorbed on the TiO
2
nanocrystalline

films in amixed dye system.TheDSCs containing theD-1 and
black dye achieved a power conversion efficiency of 9.80%
with higher short-circuit photocurrent of 19.54mA/cm2
compared to the system of black dye without cosensitization
under standard AM 1.5 sunlight.

S. P. Singh et al. developed novel Ru (II) complex coded
as SPS-02. This complex showed appreciably broad absorp-
tion range. SPS-02was used as a photosensitizer in nanocrys-
talline TiO

2
dye-sensitized solar cell application and achieved

efficient sensitization of nanocrystalline TiO
2
over the whole

visible range, extending into the near IR region (ca. 1000 nm)
with short-circuit photocurrent density (𝐽sc = 9.13mAcm−2)
and conversion efficiency (𝜂 = 2.09%) compared with com-
plex cis [Ru(H2dcbiq)2(NCS)2] (1) under an irradiation of
full sunlight (100mWcm−2).

On the topic of dyes for medical applications, novel dyes
based on different chromophores were developed and their
biological activities for their antioxidant and cytotoxic activ-
ities were evaluated.

K. M. Elattar et al. developed novel nine substituted azo
dyes derivatives 2–10 based on antipyrine. The effects of the
nature and orientation of the substituents on the biological
activity were evaluated. The newly synthesized compounds
were screened for their antioxidant and cytotoxic activity.The
data showed clearly that most of the compounds exhibited
good antioxidant and cytotoxic activities.

A. A. Fadda et al. developed a series of porphyrin deriv-
atives (2a–f) in high yields using a newmethod via a capping
mechanism.These dyes were used as amodel to study the free
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radical-induced damage of biological membranes and the
protective effects of these porphyrins. It was demonstrated
that these dyes were effective in the inhibition of the free
radical-induced oxidative haemolysis of rat blood cells. Dyes
2d and 2f which bear methoxy functionality exhibited
markedly higher antihaemolysis activity than that of the other
analogs.

Finally, on the topic of color removal from textile effluents
using eco-friendly and inexpensive materials, one article
highlighted the use of date palm fibers in removing crystal
violet.

M. Alshabanat et al. studied the adsorption of crystal
violet (CV) onto date palm fibers (DPF) in aqueous solution
at 25∘C. The experimental maximum adsorption capacity
value was 0.66 × 10−6. Langmuir, Freundlich, Elovich, and
Temkin models were applied to describe the equilibrium
isotherms. The influence of pH and temperature on dye
removal was evaluated. The percentage removal of CV dye
by adsorption onto DPF at different pH and temperatures
showed that these factors play a role in the adsorption
process.

By compiling these papers, we sincerely hope to enrich
our readers and researchers who are interested in functional
dyes with the most recent progress in the field of functional
dyes for solar energy, medical and ecofriendly wastewater
applications.

The guest editors are grateful to all authors that contrib-
uted to this issue with high-quality scholarly research.

Ahmed El-Shafei
Ashraful Islam

Md. Akhtaruzzaman
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The adsorption of crystal violet (CV) onto date palm fibers (DPFs) was examined in aqueous solution at 25∘C. The experimental
maximum adsorption capacity value was 0.66 × 10−6. Langmuir, Freundlich, Elovich and Temkin models were applied to describe
the equilibrium isotherms. The influence of pH and temperature on dye removal was evaluated. The percentage removal of CV
dye by adsorption onto DPF at different pH and temperatures showed that these factors play a role in the adsorption process.
Thermodynamic analysis was performed, and the Gibbs free energy Δ𝐺o, enthalpy change Δ𝐻o, and entropy Δ𝑆o were calculated.
The negative values of Δ𝐺o indicate spontaneous adsorption.The negative value of Δ𝐻o indicates that the interaction between CV
and DPF is exothermic, and the positive value of Δ𝑆o indicates good affinity between DPF and CV.The kinetic data were fitted to a
pseudo-second-order model.

1. Introduction

Adsorption using different adsorbents is superior to the other
separation techniques because of its efficacy, economy, ability
to separate a wide range of chemical compounds, and simple
procedure. Research in the past few years has focused on
utilizing waste materials from agricultural products because
they are inexpensive, ecofriendly, and renewable. Several
materials have been studied as potential adsorbents, such as
orange peels [1], mango seed husks [2], pineapple stems [3],
coconut bunchwaste [4], pumpkin seeds [5], and cotton plant
waste [6]. Wastewater from dyeing and finishing operations
in the textile industry is generally high in both color and
organic content. Effluents discharged from dyeing industries
are highly colored and can be toxic to aquatic life in the
receiving waters [7, 8]. Color removal from textile effluents
has received attention due to its visibility even more than
its potential toxicity [9, 10]. Saudi Arabia is among the
developing countries with a need to establish new industries
based on utilizing natural resources in various sectors. Date
palm is an important fruit crop of SaudiArabia and occupies a
large percentage of the cultivated land.Thus, using date palm
waste to develop new adsorbents for thewastewater treatment
by adsorption is quite attractive.

This work studies the removal of CV dye by adsorption
using date palm fiber (DPF). The effect of pH and tempera-
ture and the thermodynamic parameters are also evaluated.
Finally, the adsorption kinetics are investigated.

2. Materials and Methods

The date palm fiber (DPF) used for the preparation of the
adsorbent was obtained locally from a farm in the southern
region of Riyadh City in Saudi Arabia. The material was
sorted, cut, crushed, grinded, and sieved to obtain fine parti-
cles. Crystal violet (CV) was supplied by Techno Pharm-
Chem, Bahadurgarh (India). The dye content is at least 88%.
Distilled water was used to prepare solutions at the desired
concentrations by diluting the stock solution. For each
individual test, 0.25 g samples of the adsorbent were placed
into screw-capped Erlenmeyer flasks containing 25mL of
CV solution at different concentrations, from 0.9 × 10−5
to 7 × 10−5mol/L. The flasks were shaken for a sufficient
period to achieve equilibrium using an orbital shaker (J. P.
Selecta, Spain) at 100 rpmand 25∘C.Themixture solution was
filtered using Whatman filter paper (125mmØ, Cat. no. 1001
125). The dye uptake was monitored spectrophotometrically
by measuring the absorbance at 𝜆max 584 nm. The amount
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Figure 1: Adsorption isotherm of CV onto DPF (experimental con-
ditions: 25∘C, 100 rpm, 𝜆max of absorbance =584 nm, and adsorbent
mass =0.25 gm per 25mL of CV solution at different concentrations:
0.9 × 10−5–7 × 10−5).

of adsorption at equilibrium, 𝑞
𝑒
(mol/g), was calculated

by

𝑞
𝑒
=
(𝐶
0
− 𝐶
𝑒
) 𝑉

𝑚
, (1)

where𝐶
0
and 𝐶

𝑒
(mol/L) are the liquid-phase dye concentra-

tions initially and at equilibrium, respectively,𝑉 is the volume
of the solution (L), and 𝑚 is the mass of dry adsorbent (g).
The equilibrium data were then fitted using four different
isothermmodels, namely, the Langmuir, Freundlich, Elovich,
and Temkin models.

The percentage removal was studied as a function of pH.
The effect of pH on the adsorption process was studied by
preparing adsorbent-adsorbate solutions with fixed adsor-
bent dose (0.25 gm) and dye concentration (3 × 10−5) but
different pH by adding NaOH (1M) or HCl (1M) solutions
and shaking until equilibrium.

The temperature dependence of CV sorption onto DPF
was studied with a constant initial concentration at 100 rpm.
The percentage removal at 25, 35, 45, and 55∘C was recorded.
The thermodynamic parameters Δ𝐺∘, Δ𝐻∘, and Δ𝑆∘ were
calculated.

The kinetic study was also performed with a flask shaken
only for the desired time period.

3. Results and Discussion

3.1. Adsorption Isotherms. Theadsorption isotherm indicates
how the adsorption molecules are distributed between the
liquid phase and the solid phase when the adsorption process
is at equilibrium [11]. The adsorption isotherm of CV onto
DPF is illustrated in Figure 1. This isotherm is classified as
type S according to the Giles et al. classification, indicating
that adsorption becomes easier for increasing concentration.
The S curve of the adsorption isotherm generally reflects
strong competition between the solvent and the adsorbed
species for the adsorbent surface sites [12]. From Figure 1, the
experimental maximum adsorption capacity for the dye onto
DPF is approximately 0.66 × 10−6mol g−1.

The fitting of the isotherm data to different models is an
important step for finding a suitable model that can be used

for design purposes [13]. Linear forms of the Langmuir, Fre-
undlich, Elovich, and Temkin adsorption isotherm models
((2), (3), (4), and (5), resp.) were used to verify the sorption
data:

1

𝑞
𝑒

=
1

Q
0

+ (
1

𝑏Q
0

)(
1

𝐶
𝑒

) , (2)

log 𝑞
𝑒
= log𝐾

𝑓
+
1

𝑛
log𝐶
𝑒
, (3)

ln
𝑞
𝑒

𝐶
𝑒

= ln𝐾
𝐸
Q
0
−
𝑞
𝑒

Q
0

, (4)

𝑞
𝑒
= 𝐵 ln𝐴 + 𝐵 ln𝐶

𝑒
, (5)

where 𝐶
𝑒
is the equilibrium concentration, 𝑞

𝑒
is the amount

of adsorbate adsorbed per unit mass of adsorbent, Q
0
is the

maximum adsorption capacity, 𝑏 is the Langmuir constant
related to the adsorption rate, 𝐾

𝑓
is the Freundlich isotherm

constant related to adsorption capacity (indicating the quan-
tity of dye adsorbed onto the adsorbent), 𝑛 is the Freundlich
isotherm constant related to adsorption intensity (indicating
the favorability of the adsorption process), 𝐾

𝐸
is the Elovich

equilibrium constant, and 𝐵 and 𝐴 are constants related to
the heat of adsorption and the equilibrium binding constant,
respectively, 𝐵 = 𝑅𝑇/𝑏, where 𝑅 is the constant gas, 𝑇(K)
is the absolute temperature, and 𝑏 is the Temkin isotherm
constant.

The Langmuir [14] model assumes uniform energies of
adsorption onto the surface and no transmigration of the
adsorbate along the plane of the surface. A linear fit to the
Langmuir equation yields Langmuir constant (𝑏) and the
maximum adsorption capacity (Q

0
) from the slopes and the

intercepts, respectively.
The Freundlich model assumes that as the adsorbate

concentration increases, the concentration of adsorbate on
the adsorbent surface also increases. The linear form of the
Freundlich isotherm model yields a straight line. The slope
and intercept of the obtained fit are used to calculate the
Freundlich constants 𝑛 and 𝐾

𝑓
[15]. The Elovich model [16]

is based on a kinetic principle assuming that the adsorption
sites increase exponentially with adsorption, which implies
a multilayer adsorption. The Elovich maximum adsorption
capacity and Elovich constant can be calculated from the
slopes and the intercepts of the plot of ln (𝑞

𝑒
/𝐶
𝑒
) versus 𝑞

𝑒
.

The Temkin [17] isotherm equation assumes that the heat of
adsorption of all the molecules in the layer decreases linearly
with coverage due to adsorbent-adsorbate interactions and
that the adsorption is characterized by a uniform distribution
of the binding energies up to somemaximum binding energy.
TheTemkin equilibrium constants can be calculated from the
slope and intercept of the plot of 𝑞

𝑒
versus ln𝐶

𝑒
. However, all

the constants of these models are given in Table 1.
The applicability of the isotherm equations to describe the

adsorption process was judged based on the maximum value
of adsorption and correlation coefficients (𝑅2), which are a
measure of goodness of fit.

For Langmuir, the maximum value of adsorption (Q
0
)

is negative and this observation reflects the inadequacy of
this model for explaining the adsorption process, although
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Table 1: Isotherm model constants for the adsorption of CV onto DPF.

Isotherm Constants 𝑅
2

𝑄Experimental × 10−6 mol g−1

Langmuir Q
0
× 10−4 (mol g−1) 𝑏 × 10−5 (Lmol−1) 0.996
−0.2396 1.1137

Freundlich 𝑛 𝐾
𝑓
× 104 (L/g) 0.989

0.66

0.524 13.1825

Elovich Q
0
× 10−6 (mol g−1) 𝐾

𝐸
× 104 (Lmol−1) 0.961

0.579 2.9845

Temkin 𝐴 × 105 (mol g−1) 𝐵 × 10−5 0.916
12.02604 0.5
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Figure 2: Langmuir plot of CV ontoDPF (experimental conditions:
25∘C, 100 rpm, 𝜆max of absorbance =584 nm, and adsorbent mass
=0.25 gm per 25mL of CV solution at different concentrations: 0.9
× 10−5–7 × 10−5).
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Figure 3: Freundlich plot of CV onto DPF (experimental condi-
tions: 25∘C, 100 rpm, 𝜆max of absorbance =584 nm, and adsorbent
mass = 0.25 gmper 25mLofCV solution at different concentrations:
0.9 × 10−5–7 × 10−5).

it shows a good linearity compared to other models (see
Figure 2 and Table 1).

For Freundlichmodel, the maximum adsorption capacity
obtained using the equation is higher than the experimental
value, indicating that the experimental adsorption data does
not fit this model, although the high 𝑅2 value it takes (see
Figure 3 and Table 1).

The adsorption capacity determined using the linear
transformation of the Elovich equation (=0.579 × 10−6) is
approximately equal to the experimental measurements at
equilibrium, corresponding to the plateau of the adsorption
isotherms (=0.66 × 10−6). Thus, the assumption of exponen-
tial covering of adsorption sites, which implies multilayer
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Figure 4: Elovich plot of CV onto DPF (experimental conditions:
25∘C, 100 rpm, 𝜆max of absorbance =584 nm, and adsorbent mass
=0.25 gm per 25mL of CV solution at different concentrations: 0.9
× 10−5–7 × 10−5).
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Figure 5: Temkin plot of CV onto DPF (experimental conditions:
25∘C, 100 rpm, 𝜆max of absorbance =584 nm, and adsorbent mass
=0.25 gm per 25mL of CV solution at different concentrations: 0.9
× 10−5–7 × 10−5).

adsorption, is in agreement with the experimental results in
the studied concentration range. Regarding the 𝑅2 value, this
model also shows good linearity, with 𝑅2 is close to unity, see
Figure 4 and Table 1.

For the Temkin isotherm, The value of 𝑅2 is the lowest of
all studied models.Thus, this model describes the adsorption
isotherm of CV onto DPF poorly, see Figure 5 and Table 1.

Thus, it can be said that the experimental adsorption
data fit the Elovich model was fairly well compared to the
other models based on themaximum value of adsorption and
correlation coefficients (𝑅2).

3.2. Effect of pH. Acidity is very important in the adsorp-
tion process, especially for dye adsorption. The pH of a
medium will control the magnitude of the electrostatic
charges imparted by the ionized dye molecules. Both the
adsorbent and adsorbate may have functional groups that can
be protonated or deprotonated to produce different surface
charges in solutions at different pH, resulting in electrostatic
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Figure 6: Percentage removal of CV dye onto DPF at different pH
values (experimental conditions: 25∘C, 100 rpm, 𝜆max of absorbance
=584 nm, and adsorbent mass =0.25 gm, and dye concentration =3
× 10−5).
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Figure 7: Percentage removal of CV dye onto DPF at different tem-
peratures (experimental conditions: 25, 35, 45, and 55∘C, 100 rpm,
𝜆max of absorbance =584 nm, and adsorbent mass =0.25 gm).

attraction or repulsion between the charged adsorbates and
adsorbents [18].Therefore, the effect of pH on the adsorption
behavior of the dye on the adsorbentwas studied by observing
the percentage of dye removal over a wide pH range of 2–
11. The variation in the removal of CV with pH is shown
in Figure 6. As presented in the figure, the obtained results
show that the percentage removal of dye decreases slightly
with increasing basicity up to pH 7.0, after which it remains
almost constant. This behavior may be due to the increase in
negative charge density of surface at acidic pH, resulting in a
attraction between the positively charged dye molecule and
adsorbent. As the pH increases, the surface charge density on
the adsorbent decreases, resulting in electrostatic repulsion
from the positive charge of the dye molecule.

3.3. Effect of Temperature. The effect of temperature on the
sorption of CV by DPF is shown in Figure 7. The percentage
of dye removal decreases from 94% to 89% for dye as the
solution temperature increases from 25 to 55∘C. Because
the adsorption decreased as the temperature increased, the
system is considered to be exothermic. A similar trend
was reported by Chandra et al. [19] for the adsorption of
MB on activated carbon prepared from durian shell, who
explained that as the temperature increased, the physical
bonding between the organic compound (including the dye)
and the active sites of the adsorbent weakened. In addition,
the dye solubility also increased, which caused the interaction
between the solute and solvent to become stronger than that
between the solute and adsorbent. Therefore, the solute was
more difficult to adsorb.

3.4. Thermodynamic Parameters. The thermodynamic para-
meters for the adsorption of CVonDPFwere calculated using
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Figure 8: ln𝐾ads versus 1/𝑇 according to the van’t Hoff equation
(7) (experimental conditions: 25, 35, 45, and 55∘C, 100 rpm, 𝜆max of
absorbance =584 nm, and adsorbent mass =0.25 gm).
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Figure 9: ln(𝑞
𝑒
−𝑞
𝑡
) versus time (min) for the adsorption of CVonto

DPF (experimental conditions: 25∘C, 100 rpm, 𝜆max of absorbance
=584 nm, and adsorbent mass =0.25 gm, period time: 15, 30, 45, 60,
75, 90, 106, 120, 135, and 150min).

the following equations, and the values are given in Table 2
(Figure 8 represents (7));

Δ𝐺
∘
= −𝑅𝑇 ln𝐾ads, (6)

ln𝐾ads =
Δ𝑆
∘

𝑅
−
Δ𝐻
∘

𝑅𝑇
. (7)

The equilibrium constants (𝐾ads) were calculated according
to the following equation [20]:

𝐾ads =
dye concentration on the solid at equilibrium
dye concentrati in solution at equilibrium

,

(8)

whereΔ𝐺∘,Δ𝐻∘ andΔ𝑆∘ are the changes inGibb’s free energy,
enthalpy, and entropy, respectively. The negative free energy
value at 25∘C indicates the feasibility of the process and its
spontaneous nature. The exothermic nature of process was
confirmed by the negative value of enthalpy change Δ𝐻∘.
The positive entropy change Δ𝑆∘ indicates the good affinity of
DPF for CV and the increasing disorder at the solid-solution
interface during the adsorption process.

3.5. Kinetic Study. The study of adsorption kinetics describes
the solute uptake rate, which controls the residence time of
the adsorbate at the solid/solution interface. The kinetics of
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DPF (experimental conditions: 25∘C, 100 rpm, 𝜆max of absorbance
=584 nm, and adsorbent mass =0.25 gm, period of time: 15, 30, 45,
60, 75, 90, 106, 120, 135, and 150min).

Table 2:Thermodynamic parameters for the adsorption of CV onto
DPF.

25∘C (298K) Δ𝐺
∘ (kJ/mol) Δ𝐻

∘ (kJ/mol) Δ𝑆
∘ (J/mol K)

−1.73926 −21.516632 77.7941

Table 3: Rate constant and adsorption capacity at equilibrium for
the adsorption of CV onto DPF.

The order Constants 𝑅
2

2nd 𝐾
2
× 103 (gmol−1 min−1) 𝑞

𝑒
× 10−6 (mol/g) 0.999

20.132 0.86

CV adsorption onto DPF were analyzed using pseudo-first-
order and pseudo-second-order kinetic models. The linear
pseudo-first-order equation [21] is given as follows:

ln (𝑞
𝑒
− 𝑞
𝑡
) = ln 𝑞

𝑒
− 𝐾
1
𝑡, (9)

where 𝑞
𝑒
and 𝑞
𝑡
are the amount adsorbed at equilibrium and

at time 𝑡, respectively, and (𝐾
1
) is the rate constant of the

pseudo-first-order adsorption. A plot of ln(𝑞
𝑒
− 𝑞
𝑡
) versus 𝑡

(see Figure 9) should be linear, and rate constant (𝐾
1
) and

adsorption capacity at equilibrium (𝑞
𝑒
) can be determined

from the slope and intercept of the plot, respectively. The
value of 𝑅2 (=0.067) indicates that the first-order Lagergren
equation did not fit the complete range of the adsorption
process well.

The linear pseudo-second-order equation [22] is given as
follows:

𝑡

𝑞
𝑡

=
1

𝐾
2
𝑞2
𝑒

+
1

𝑞
𝑒

𝑡, (10)

where (𝐾
2
) is the pseudo-second-order rate constant. The

slope of the plot of 𝑡/𝑞
𝑡
versus 𝑡 gives the value of 𝑞

𝑒
, and the

intercept can be used to calculate (𝐾
2
).The plot of 𝑡/𝑞

𝑡
versus

𝑡 (see Figure 10) yields a very straight line. The correlation
coefficient (𝑅2) for this model is 0.992, indicating a better
fit for the former. The calculated and experimental 𝑞

𝑒
values

agreed satisfactorily. However, the calculated, 𝑞
𝑒
, and the rate

constant, (𝐾
2
), are given in Table 3.

4. Conclusions

This study indicates that date palm fiber (DPF) is a promising
adsorbent for the removal of crystal violet dye (CV) from

aqueous solutions over a range of concentrations. Equilib-
rium data were analyzed according to Langmuir, Freundlich,
Elovich, and Temkin isotherms. Despite the much higher
correlation coefficient for the Langmuir and Freundlich
models, the Elovich model was best able to describe the
adsorption isotherm of CV onto DPF because the maximum
adsorption capacity obtained from this model was equal to
the experimental value. The temperature and pH play a role
in the adsorption process. Greater adsorption occurred at
low temperature and pH. The thermodynamic calculations
indicated that the process was spontaneous and exothermic.
The kinetics analysis revealed that the pseudo-second-order
model was a better fit of the experimental data than the first-
order kinetic expressions.
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A series of porphyrin derivatives 2a–f was synthesized, namely, 5,10,15,20-mesotetrakis[p-methoxyphenyl]-21H,23H-porphyrin
(2a), 5,10,15,20-mesotetrakis[2,6-dichloro-phenyl]dimethoxyphenyl-21H,23H-porphyrin (2b), 5,10,15,20-mesotetrakis[4-hydroxy-
3,5-dimethoxyphenyl]-21H,23H-porphyrin (2c), 5,10,15,20-mesotetrakis[3,4-dimethoxyphenyl]-21H,23H-porphyrin (2d), 5,10,
15,20-mesotetrakis[2,4-dichlorophenyl]-21H,23H-porphyrin (2e), and 5,10,15,20-mesotetrakis[3,4,5-trimethoxyphenyl]-21H,23H-
porphyrin (2f), in high yields using a new method via a capping mechanism. These dyes were used as a model to study the free
radical-induced damage of biological membranes and the protective effects of these porphyrins. It was demonstrated that these
dyes were effective in the inhibition of the free radical-induced oxidative haemolysis of rat blood cells. Dyes 2d and 2f which bear
methoxy functionality exhibited markedly higher antihaemolysis activity than the other analogs. Molecular modeling methods
using ZINDO/INDO-1, with a configuration interaction of 26, and TD-DFT using the energy functional B3LYP and the basis set
DGTZVP were used to study the vertical electronic excitations of porphyrins 2a–f and it was shown that the 𝜆max calculated using
TD-DFT method was in excellent agreement with the experimental results, while the ZINDO method was inferior. Moreover,
excellent correlation between the LUMO energy and cytotoxicity of dyes 2a–f was found.

1. Introduction

Meso-substituted porphyrins were widely used as key com-
ponents in constructing porphyrin-based model systems as
well as molecular materials [1–4].The design and synthesis of
basic porphyrin building blocks for the construction of highly
ordered systems often require incorporation of different
peripheral substituents.

The synthesis of porphyrins bearing specific patterns
of functionality is still a challenging task in spite of the
ample presence of reported procedure [1, 2]. The difficulties
also arise from the separation, purifications, and limited
availability of suitable precursors. Although synthetic routes
to various porphyrins were reported [5–10], porphyrin build-
ing blocks bearing specific peripheral substituents are not
available yet.Themolecular weight of the porphyrins without

any peripheral substituents is considerably lower than the
porphyrins bearing substituents at meso- or 𝛽-pyrrolic posi-
tions. Keeping the molecular weight of porphyrins low was
shown to be important in medical application [11].

Most of the reported methods for porphyrin synthesis
generally adopted acid-catalyzed condensation of dipyrrome-
thanes with appropriate aldehydes for the construction of
porphyrins. For example, in the 1980s, a new approach for
the synthesis of meso-substituted porphyrins under gentle
conditions was developed, namely, two-step one flask room
temperature synthesis of porphyrins or the Lindsey method
[12]. Various facts were considered when designing this
method. First, the Rothemund and Adler-Longo method
[13, 14] employed harsh reaction conditions leading to the
formation of porphyrins in low yields. In addition, the
synthesis of porphyrins bearing sensitive functional groups
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could not be achieved. As a result of these drawbacks,
the need to accomplish the condensation reaction under
gentle conditions became an obvious requirement. Secondly,
mild conditions were also desirable in order to avoid the
side reactions leading to undesired oligomers and other
byproducts.

Porphyrins were reported to exhibit a variety of biolog-
ical activities. The desirable cancer preventive or putative
therapeutic properties of porphyrins were also considered
to be associated with their antioxidant properties, since
free radical-mediated peroxidation of membrane lipids and
oxidative damage of DNAwere believed to be associated with
a variety of chronic health problems, such as cancer, athero-
sclerosis, neurodegenerative diseases, and ageing [15]. There-
fore, the past few years witnessed intense research devoted
to the antioxidant activity of porphyrins. For instance, stud-
ies pertaining to the kinetics and mechanisms of natural
antioxidants [16–18] have demonstrated that simple struc-
tural modification of resveratrol, an antioxidant in red wine,
significantly enhances its antioxidant activity [19–22] and
cytotoxicity towards cancer cells [23].

With this background in mind, we report herein results
from the synthesis of a series of porphyrin derivatives and
an in vitro study of their protective effects on free radical-
induced haemolysis of rat red blood cells (RBCs). RBCmem-
branes are rich in polyunsaturated fatty acids which are very
susceptible to free radical-mediated peroxidation, leading to
membrane damage and haemolysis. The peroxidation was
initiated by 2,2-azo-bis(2-amidinopropane hydrochloride)
(AAPH), which decomposes at physiological temperature
and generate alkyl radicals to initiate lipid peroxidation
(see (1), vide infra). Since AAPH is water-soluble and the
generation rate of free radicals from the decomposition
of AAPH can be easily controlled and measured, it was
extensively used as a free radicals initiator for biological and
related studies [24] and AAPH-induced haemolysis provides
a good experimental approach for studying free radical-
induced membrane damage [25, 26].

Thermal decomposition of AAPH in the aqueous disper-
sion of RBCs produces an initiating radical (R∙) which can
attack the polyunsaturated lipids (LH) in RBC membranes
to induce lipid peroxidation (see (1)–(6)). The initiation rate
of AAPH at 37∘C in aqueous dispersions was determined to
be 1.3 × 10−6 [AAPH]/s. Since the lipid peroxidation is a
free radical chain reaction and one initiating radical could
induce up to fifty propagation reactions, the RBC membrane
is quickly damaged, leading to haemolysis. On the other
hand, if antioxidants (AHs), such as vitamin E, vitamin C,
and curcumin, are present or added to RBCs they would
react with the chain-propagating peroxyl radicals to stop the
peroxidation (see (7)) and, hence, inhibit haemolysis:

Initiation:

R −N = N − R → 2R∙ +N
2

(1)

R∙ +O
2
→ ROO∙ (2)

ROO∙ + LH → ROOH + L∙ (3)

Propagation:

L∙ +O
2
→ LOO∙ (4)

LOO∙ + LH → LOOH + L∙ (5)

Termination:

LOO∙ + LOO∙ → molecular products (6)

Antioxidant:

LOO∙ + AH → LOOH + H∙ (7)

The dyes studied were 5,10,15,20-mesotetrakis[p-metho-
xyphenyl]-21H,23H-porphyrin (2a), 5,10,15,20-mesotetra-
kis[2,6-dichlorophenyl]-21H,23H-porphyrin (2b), 5,10,15,20-
mesotetrakis[4-hydroxy-3,5-dimethoxyphenyl]-21H,23H-por-
phyrin (2c), 5,10,15,20-mesotetrakis[3,4-dimethoxyphenyl]-
21H,23H-porphyrin (2d), 5,10,15,20-mesotetrak-is[2,4-dic-
hloro-phenyl]-21H,23H-porphyrin (2e), and 5,10,15,20-meso-
tetrakis[3,4,5-trimethoxy-phenyl]-21H,23H-porphyrin(2f).

2. Experimental

2.1. Chemistry. Allmelting points were uncorrected in degree
centigrade and determined on a Gallenkamp electric melt-
ing point apparatus. The IR spectra were recorded (KBr
disk) on a Mattson 5000 FTIR Spectrometer at Faculty of
Science, Mansoura University. The 1H-NMR spectra were
measured on 200MHZ Bruker WP 300, using DMSO,
CDCl

3
as solvents, and TMS as the internal standard, at the

Microanalytical Center, Faculty of Science, Cairo University.
Ultraviolet spectra were carried recorded using Unicam UV

2

UV/Vis. Spectrometer at theMicroanalyticalUnit, Chemistry
Department, Faculty of Science, Mansoura University. The
starting materials for syntheses were obtained from Aldrich
Chemical Company unless otherwise stated. Pyrrole was
distilled under argon with the fraction boiling at 140∘C col-
lected. N,N-Dimethylformamide (99.9% anhydrous grade)
was used without further purification. p-Toluenesulfonic acid
was purified using the Dean and Stark method and benzene
as the solvent.

2.1.1.QuantumMechanics Calculations. The equilibriummo-
lecular geometry of the ground states for dyes 2a–f was cal-
culated using three different semiempirical MO parameters,
AM1, PM3, and PM5. Subsequently, the ground state equilib-
rium molecular geometry of each dye was used in ZINDO-
INDO1/S [1–11] calculations to calculate the electronic tran-
sitions of dyes 2a–f using configurational interaction (CI) of
26 occupied and 26 virtual molecular orbitals in INDO1/S
with dimethylformamide solvent effect. The effect of solvent
on the vertical electronic excitations was accounted for
using the conductor-like screening model (COSMO), which
approximates the dielectric screening energy of a solvent by
the method of image charges, assuming the medium is a
conductor. All calculations were performed using Scigress
WorkspaceVersion 7.7.0.47.Moreover, the ground state geom-
etry and vertical electronic excitations were also calculated
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using DFT and TD-DFT, respectively, utilizing the energy
functional B3LYP and the basis set DGTZVP (density Gauss
triple-𝜁 with polarization functions). The DFT calculations
were performed on the East Carolina University’s Super
Computer Jasta using 8 processors and 4GB of RAM. All
calculations were performed using Gaussian 09. The solvent
effect was accounted for using the polarizable conductor
calculation model (PCM), implemented in Gaussian 09.

2.1.2. Synthesis of Porphyrin Derivatives 2a–f

General Procedure. A mixture of the appropriate aromatic
aldehyde (1.44mmol), pyrrole (1.44mmol, 0.0967 g) in DMF
(10mL) was placed into a 100mL three necked round-
bottom flask fitted withmagnetic stirrer, condenser equipped
with a Dean-Stark trap, thermometer and argon gas bubbler
inlet tube. The reaction mixture was flushed with argon for
5min and then heated to 100∘C for 10min. Toluene sulfonic
acid (1.44mmol, dissolved in 5mL DMF) was added to the
reaction mixture using a syringe.The clear, colorless reaction
mixture turned various shades of red over the next 1-2min
and was heated to 150∘C and held at this temperature for
1 h. Aliquots were removed from the reaction mixture to
monitor it by UV-Vis. UV-Vis and DMF solutions showed
the first product in the reaction to absorb at 504 nm (Q-
band). On continued heating at 150∘C, the Soret band
of porphyrins (𝜆max 415–430 nm) continued to grow with
continuous decline in the Q band intensity. After 1 h at
150∘C, the reaction mixture was cooled in an ice bath for
20min. The mixture was then poured into ice-water. The
precipitate was collected by filtration, dried under vacuum at
ambient temperature, and the residue was purified by column
chromatography (silica gel, chloroform/hexane: 1.5/1: eluent).

5,10,15,20-Mesotetrakis[p-methoxyphenyl]-21H,23H-porphy-
rin (2a). Yield 72%; m.p. 180∘C; IR (KBr): 𝜈/cm−1 = 3419
(NH), 1632 (C=N), 1561 (C=C); 1H-NMR(DMSO-𝑑

6
) 𝛿

(ppm): 3.83 (s, 12H, 4OCH
3
), 4.11 (s, 1H, NH), 5.20 (d, 2H,

2 pyrrolic CH), 5.95 (d, 2H, 2 pyrrolic CH), 6.38 (d, 2H, 2
pyrrolic CH), 6.60 (d, 2H, 2 pyrrolic CH), 6.81 (d, 8H, Ar-H),
7.41 (d, 4H, Ar-H), 7.58 (d, 4H, Ar-H), 10.10 (s, 1H, NH);
UV-Vis. spectrum: (𝜆max), 424 nm, log 𝜀 = 4.1. Anal. Calcd.
for C
48
H
38
N
4
O
4
(734.84): C, 78.45; H, 5.21; N, 7.62%. Found:

C, 78.52; H, 5.28; N, 7.68%.

5,10,15,20-Mesotetrakis[2,6-dichlorophenyl]-21H,23H-porph-
yrin (2b). Yield 78%; m.p. 144∘C; IR (KBr): 𝜈/cm−1 = 3350
(NH), 1625 (C=N), 1561 (C=C), 705 (C–Cl); 1H-
NMR(DMSO-𝑑

6
) 𝛿 (ppm): 2.32 (s, 1H, NH), 5.20 (d,

2H, 2 pyrrolic CH), 5.89 (d, 2H, 2 pyrrolic CH), 6.19 (d, 2H, 2
pyrrolic CH), 6.61 (d, 2H, 2 pyrrolic CH), 7.11 (d, 8H, Ar-H),
7.41 (q, 4H, Ar-H), 11.82 (s, 1H, NH); UV-Vis. spectrum:
(𝜆max), 422 nm, log 𝜀 = 4.2. Anal. Calcd. for C

44
H
22
C
18
N
4

(890.30): C, 59.36; H, 2.49; N, 6.29%. Found: C, 59.45; H,
2.53; N, 6.36%.

5,10,15,20-Mesotetrakis[4-hydroxy-3,5-dimethoxyphenyl]-21H,
23H-porphyrin (2c). Yield 75%; m.p. 180∘C; IR (KBr):
𝜈/cm−1 = 3419 (OH), 3300 (NH), 2983 (CH

3
), 1612 (C=N),

1554 (C=C); 1H-NMR(DMSO-𝑑
6
) 𝛿 (ppm): 3.61 (s, 24H,

8OCH
3
), 3.89 (s, 1H, NH), 5.21 (d, 2H, 2 pyrrolic CH),

6.39 (d, 2H, 2 pyrrolic CH), 6.45 (d, 2H, 2 pyrrolic CH),
7.45 (d, 2H, 2 pyrrolic CH), 7.91 (s, 8H, Ar-H), 8.92 (s, 4H,
4OH), 10.41 (s, 1H, NH); UV-Vis. spectrum: (𝜆max), 430 nm,
log 𝜀 = 4.1. Anal. Calcd. for C

52
H
46
N
4
O
12
(918.94): C, 67.96;

H, 5.05; N, 6.10%. Found: C, 68.04; H, 5.11; N, 6.17%.

5,10,15,20-Mesotetrakis[3,4-dimethoxyphenyl]-21H,23H-porp-
hyrin (2d). Yield 70%; m.p. 156∘C; IR (KBr): 𝜈/cm−1 =
3320 (NH), 2983 (CH

3
), 1620 (C=N), 1594 (C=C), 1315

(C–O); 1H-NMR(CDCl
3
) 𝛿 (ppm): 3.86 (s, 12H, 4OCH

3
),

3.88 (s, 12H, 4OCH
3
), 4.21 (s, 1H, NH), 5.32 (d, 2H, 2 pyrrolic

CH), 6.16 (d, 2H, 2 pyrrolic CH), 6.69 (d, 2H, 2 pyrrolic
CH), 6.73 (d, 2H, 2 pyrrolic CH), 7.26 (d, 4H, Ar-H), 7.91 (s,
4H, Ar-H), 8.50 (d, 4H, Ar-H), 10.28 (s, 1H, NH); UV-Vis.
spectrum: (𝜆max), 424 nm, log 𝜀 = 4.1. Anal. Calcd. for
C
52
H
46
N
4
O
8
(854.94): C, 73.05; H, 5.42; N, 6.55%. Found: C,

73.13; H, 5.48; N, 6.63%.

5,10,15,20-Mesotetrakis[2,4-dichlorophenyl]-21H,23H-porphy-
rin (2e). Yield 79%; m.p. 166∘C; IR (KBr): 𝜈/cm−1 = 3340
(NH), 1620 (C=N), 1594 (C=C), 740 (C–Cl); 1H-
NMR(DMSO-𝑑

6
) 𝛿 (ppm): 2.26 (s, 1H, NH), 3.83 (s,

1H, NH), 5.37 (d, 2H, 2 pyrrolic CH, 𝐽 = 12.2Hz), 5.82 (d,
2H, 2 pyrrolic CH, 𝐽 = 12.2Hz), 6.63 (d, 2H, 2 pyrrolic CH,
𝐽 = 12.2Hz), 6.99 (d, 2H, 2 pyrrolic CH, 𝐽 = 12.1Hz), 7.34
(d, 4H, Ar-H), 7.55 (d, 4H, Ar-H), 7.94 (s, 4H, Ar-H), 10.64
(s, 1H, NH); UV-Vis. spectrum: (𝜆max), 420 nm, log 𝜀 = 3.9.
Anal. Calcd. for C

44
H
22
C
18
N
4
(890.30): C, 59.36; H, 2.49; N,

6.29%. Found: C, 59.42; H, 2.56; N, 6.38%.

5,10,15,20-Mesotetrakis[3,4,5-trimethoxyphenyl]-21H,23H-po-
phyrin (2f). Yield 82%; m.p. 128∘C; IR (KBr): 𝜈/cm−1 = 3419
(OH), 3300 (NH), 2983 (CH

3
), 1612 (C=N), 1554 (C=C);

1H-NMR(DMSO-𝑑
6
) 𝛿 (ppm): 3.58 (s, 24H, 8OCH

3
), 3.74

(s, 12H, 4OCH
3
), 4.00 (s, 1H, NH), 5.22 (d, 2H, 2 pyrrolic

CH, 𝐽 = 12.1Hz), 5.61 (d, 2H, 2 pyrrolic CH, 𝐽 = 12.1Hz),
5.87 (d, 2H, 2 pyrrolic CH, 𝐽 = 12.1Hz), 6.54 (d, 4H, Ar-H),
6.61 (d, 4H, Ar-H), 7.91 (d, 2H, 2 pyrrolic CH), 10.44 (s, 1H,
NH); UV-Vis. spectrum: (𝜆max), 424 nm, log 𝜀 = 4.1. Anal.
Calcd. for C

56
H
54
N
4
O
12
(975.05): C, 68.98; H, 5.58; N, 5.75%.

Found: C, 69.02; H, 5.64; N, 5.83%.

2.2. Biological Activity

2.2.1. Reagents. DNA (Type 1. Calf Thymus), bleomycin
sulfate, butylated hydroxyanisole (BHA), and L-ascorbic
acid were purchased from Sigma Company. 2,2-Azo-bis-(2-
amidinopropane) dihydrochloride (AAPH) and 2,2-azino-
bis(3-ethyl benzthiazoline-6-sulfonic acid) (ABTS) were pur-
chased from Wak. All other chemicals were of analytical
grade.

2.2.2. Antioxidant Activity Screening Assay for Erythrocytes
Haemolysis. Blood was obtained from rats by cardiac punc-
ture and collected in heparinized tubes. Erythrocytes were
separated from plasma and the buffy coat was washed three
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times with 10 volumes of 0.15MNaCl. During the last wash-
ing, the erythrocytes were centrifuged at 2500 rpm for 10min.
to obtain a constantly packed cell preparation. Erythrocyte
haemolysis was mediated by peroxyl radicals in this assay
system. A 10% suspension of erythrocytes in phosphate
buffered saline pH 7.4 (PBS) was added to the same volume
of 200mM 2.2-azobis(2-amidinopropane) dihydrochloride
(AAPH) solution in PBS containing samples to be tested
at different concentrations. The solution was shaken gently
while being incubated at 37∘C for 2 h, diluted with eight
volumes of PBS and centrifuged at 1500 g for 10min. The
absorbance (A) of the supernatant was measured at 540 nm.
Similarly, the erythrocyte solution was treated with eight
volumes of distilled water to achieve complete haemolysis,
and the absorbance (B) of the supernatant obtained after cen-
trifugation was measured at 540 nm [27]. The percentage of
haemolysis data was expressed as mean ± standard deviation.
L-ascorbic acid was used as a positive control.

2.2.3. Antioxidant Activity Screening Assay ABTS Method.
For each of the investigated dyes, 2mL of ABTS solution
(60𝜇M) was added to 3mLMnO

2
solution (25mg/mL) all

prepared in 5mL aqueous phosphate buffer solution (pH.7,
0.1M). The mixture was shaken, centrifuged, and filtered,
and the absorbance (A control) of the resulting green-blue
solution (ABTS radical solution) at 𝜆max 734 nmwas adjusted
to ∼0.5. Then, 50𝜇L of 2mL solution of the test dye in spec-
troscopic grade MeOH/phosphate buffer (1 : 1) was added.
The absorbance (A test) was measured and the reduction in
color intensity was expressed as % inhibition percentage. L.
Ascorbic acid (Vitamin C) was used as standard antioxidant
(Positive control), and a blank sample was run without ABTS
using MeOH/phosphate buffer (1 : 1) instead of test dyes.
Negative control was run with ABTS phosphate buffer (1 : 1)
only [28].

2.2.4. Bleomycin-Dependent DNA Damage Assay. The test
mixtures were contained in a final volume of 1.0mL, the
following reagents at the concentrations indicated: DNA
(0.2mg/mL), bleomycin (0.05mg/mL), FeCl

3
(0.025mM),

MgCl
2
(5mM), KH

2
PO
4
-KOH buffer pH 7.0 (30mM), and

ascorbic acid (0.24 Mm) or the dyes tested in MeOH to
give a concentration of (0.1mg/mL). The test mixtures were
incubated in a water-bath at 37∘C for 1 h. At the end of
the incubation period, 0.1mL of 0.1M EDTA was added to
stop the reaction (the iron-EDTA complex is unreactive in
the bleomycin assay). DNA damage was assessed by adding
1mL 1% (w/v) thiobarbituric acid (TBA) and 1mL 25% (v/v)
hydrochloric acid (HCl) followed by heating in a water-bath
maintained at 80∘C for 15min. The chromogen formed was
extracted into 1-butanol and the absorbance was measured at
532 nm [29, 30].

2.2.5. Cytotoxicity and Antitumor Assay. Samples were pre-
pared for assay by dissolving test dyes in 50𝜇L of DMSO and
diluting aliquots into sterile culture medium at 0.4mg/mL.
These solutions were subdiluted to 0.02mg/mL in sterile
medium and the two solutions used as stocks to test samples

at 100, 50, 20, 10, 5, 2 and 1mg/mL in triplicate in the wells of
microtiter plates.

The test dyes 2a–f were assayed in triplicate on mono-
layers grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) calf serum (Hyclone Laboratories,
Ogden, UT), 60mg/mL Penicillin G and 100mg/mL strepto-
mycin sulfate maintained at 37∘C in a humidified atmosphere
containing about 15% (v/v) CO

2
in air. All medium com-

ponents were obtained from Sigma Chemical Co., St. Louis,
MO, unless otherwise indicated. Cells stocksweremaintained
at 34∘C in culture flasks filled with medium supplemented
with 1% (v/v) calf serum. Subcultures of cells for screening
were grown in the wells of microtiter trays (Falcon Microtest
III 96-wells trays, Becton Dickinson Labware, Lincoln Park,
NJ) by suspending cells in medium following trypsin-EDTA
treatment, counting the suspension with a hemocytometer,
diluting in medium containing 10% calf serum to 2×104 cells
per 200mL culture, aliquoting into each well of a tray, and
culturing until confluent.

Microtiter trays with confluent monolayer cultures of
cells were inverted, the medium was shaken out and replaced
with serial dilutions of sterile dyes in triplicate in 100 𝜇L
medium followed by tittered virus in 100 𝜇L medium con-
taining 10% (v/v) calf serum in each well. In each tray,
the last row of wells was reversed for controls that were
not treated with dyes. The trays were cultured for 96 h.
The trays were inverted onto a pad of paper towels, the
remaining cells rinsed carefully with medium and fixed with
3.7% (v/v) formaldehyde in saline for at least 20min. The
fixed cells were rinsed with water and examined visually.
The cytotoxic activity is identified as confluent, relatively
unaltered monolayers of stained cells treated with dyes.
Cytotoxicity was estimated as the concentration that caused
approximately 50% loss of the monolayer. 5-Fluorouracil was
used as a positive control.

3. Results and Discussion

3.1. Chemistry. Although numerous syntheticmethodologies
for porphyrin and porphyrin derivatives were reported [31,
32], we developed a new synthetic approach because of long-
standing problems with low yield reactions, typically in range
of 6–20% following purification [33].Thedeveloped synthetic
method gave 95–98% yield with minimal chromatography.
The key to our success was a capping mechanism using DMF
as a solvent, to prevent the formation of polymeric pyrrole.

Meso-porphyrin derivatives 2a–f were synthesized from
the condensation of aldehyde derivatives 1a–f with pyrrole in
presence of p-toluenesulfonic acid as shown in Scheme 1.The
mechanism for porphyrin formation involves acid-catalyzed
addition of pyrrole to the substituted benzaldehyde carbonyl
group followed by acid-catalyzed dehydration. Repeating this
process adds a second benzaldehyde moiety. Ring closure
results in the formation of the reduced form of porphyrin
(porphyrinogen) followed by oxidation to furnish the por-
phyrin building blocks. The proposed capping mechanism is
shown in Scheme 2, we believe that in the presence of DMF,
a reversible cap forms that protects this intermediate species,
while allowing the reaction with pyrrole. If DMF or another
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Scheme 1: Conventional synthetic route for the preparation of porphyrin derivatives 2a–f.

solvent that can cap the reactive intermediate is not used as
the solvent, this intermediate may react by polymerizing to
generate a tarry substance or intractable mixture.

The DMF capped reactive species reacts with more pyr-
role to continue to furnish the corresponding porphyrinogen,
and the DMF molecule would act as a good leaving group in
each case pyrrole is added.

3.2. Calculated EquilibriumMolecular Geometry, Ground, and
Excited Electronic States. The equilibrium molecular geom-
etry of dyes 2a–f were predicted using quantum mechanics
methods AM1, PM3, PM5, and DFT to identify the method
that would furnish the most accurate equilibrium geometry
in the ground state. The optimized torsion angles (𝜃1–𝜃4),
singlet electronic transitions corresponding to the 𝜆max for
each dye are presented in Table 1. A noticeable difference
in the torsion angles calculated using semiempirical MO
methods versus the DFT method was observed. It was found
that the calculated 𝜆max using the TD-DFT method was in
excellent agreement with the experimental results while the
semiempirical MOmethods were inferior.This indicates that
the equilibrium molecular geometries calculated using DFT

for dyes 2a–f were more accurate than those calculated using
AM1, PM3 or PM5 parameters.

Figure 1(a) shows the optimized molecular geometry
calculated in vacuum for compound 2a as an example
showing its torsion angles 𝜃1–𝜃4, shown in bold, predicted
using AM1, in the range of 61.45–64.27∘. The angles 𝜃1–
𝜃4 represent the torsion angles between the aryl at the
meso-position and porphyrin moiety. As shown in Table 1,
it should be noted that 𝜃1–𝜃4 varied based on the type and
position of substituents attached to the aryl synthon, which
ultimately influenced 𝜆max of the Soret band. For example,
compound 2b, where the meso-position is occupied by 2,4-
dichlorophenyl, the 𝜃1–𝜃4 was in the range of 89.25–90.06.
The reason the torsion angles are more twisted in dye 2b
compared to dye 2a is the presence of a substituent at position
2 (ortho) on the phenyl ring, which increases the twist across
the phenyl-porphyrin linkage even further. The increase
in the twist in (𝜃1–𝜃4) further precludes the coplanarity
of substituted aryls at the meso-positions, diminishing the
orbitals overlap between the aryl groups at themeso-positions
and porphyrin moiety, which translated into a hypsochromic



6 Journal of Chemistry

N
H H

O

H H

HHO

N
H

HHO

N
H

H

N
H

H

H

O

N

R
R R

R
R

N
H

HO
N

H

NH

−DMF

H

HNNH

R

R

N
+

H
+

+
+

+

−H
+

H
+

H2O

−H2O

CH3

CH3

CH3

CH3

Scheme 2: Proposed role of DMF as a capping agent during porphyrin formation.

−64.27 61.51

61.45
−63.48

(a)

N

NH N

HN

R

R

R

R

𝜃1

𝜃2

𝜃3

𝜃4

(b)

Figure 1: (a) Equilibriummolecular geometry of dye 2a usingAM1 parameters, and (b) a general structure of dyes 2a–f showing the locations
of torsion angles 𝜃1–𝜃4.

shift compared to porphyrin carrying aryl groups at themeso-
positions with less twisted torsion angles.

To gain more insights and better understanding of the
correlation between the molecular structures of dyes 2a–f
and their biological activity, different molecular descriptors
including HOMO, LUMO, and HOMO-LUMO gap energies

and dipole moment were calculated using TD-DFT calcula-
tions using the energy functional B3LYP and the basis set
DGTZVP, shown in Table 2. Excellent correlation between
the LUMO energy and the cytotoxicity of dyes 2a–f was
found—the higher the LUMO energy (Figure 2), the higher
the cytotoxic activity. Hence, LUMO energy can be used in



Journal of Chemistry 7

(a) (b) (c)

(d) (e) (f)

Figure 2: LUMO plots of dye 2a–f calculated using the energy functional B3LYP.

Table 1: Photophysical properties of dyes 2a–f.

Dye 𝜆max (nm) Optimized geometry calculated 𝜃1–𝜃4
Calculated Expt. DFT/B3LYP AM1 PM3 PM5

AM1 PM3 PM5 TD-DFT
2a 383 373 375 421 424 69.02–69.21 61.45–64.27 83.37–88.24 52.56–70.13
2b 374 370 367 414 422 89.95-89.95 89.97–90.86 89.65–90.72 88.61–91.79
2c 382 373 374 427 430 68.28–69.21 62.10–64.64 81.85–88.59 63.18–68.53
2d 395 427 383 426 424 69.10–70.01 10.66–75.38 19.01–86.23 53.44–60.68
2e 373 372 367 413 420 88.51–88.57 89.25–90.06 89.46–89.57 87.52–88.70
2f 382 373 374 434 424 69.71–71.46 62.47–64.94 82.04–90.32 63.67–69.29

Table 2: Calculated HOMO, LUMO, and HOMO-LUMO gap energy and dipole moment of dyes 2a–f.

Dyes HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV) Dipole moment (debye)
2a −5.468 −2.7976 2.670 0.00
2b −5.873 −3.0346 2.838 0.00
2c −5.467 −2.8054 2.661 8.33
2d −5.542 −2.8327 2.709 5.68
2e −5.848 −3.0082 2.839 5.05
2f −5.541 −2.8120 2.729 2.64

the design of more efficient porphyrins for cytotoxic activity.
However, no correlation was found between the calculated
molecular descriptors and DNA damage or antioxidant
activity.

3.3. Experimental Electronic Excited State. The electronic
absorption spectra of tetra porphyrins (2a–f) is characterized

by a strong single band in the high-energy region of the visible
spectrum ranging (400–440 nm), referred to as the Soret or B
band and a series of bands appearing in the low-energy visible
region (500–700 nm), which are identified as the Q bands
(Figures 3, 4 and 5). Both of these spectral features arise from
𝜋-𝜋∗ transitions and are described by the Gouterman four-
orbital model [34].
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Figure 3: UV-Vis absorption spectra of dyes 2a–f after 1min
reaction time.
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Figure 4: UV-Vis Absorption spectra of dyes 2a–f after 30min
reaction time.

Considerable changes in the 𝜆max of dyes 2a–f were not
observed upon the incorporation of ring deactivating and
activating groups.This lack of electronic spectral modulation
is due to the significant twist of the torsion angles resulting
from steric interactions of the ortho-aryl and 𝛽-pyrrole
hydrogens furnishing weak 𝜋-overlap between the porphyrin
ring and peripheral aryls.

In their 1H NMR spectra, porphyrin derivatives 2a–2f
exhibit two sets of doublets for the pyrrolic C-H protons,
typically between 𝛿 5.0 and 7.0 ppm, in sharp contrast to the
signals for porphyrins normally found above 𝛿 8 ppm. This
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Figure 5: UV-Vis Absorption spectra of dyes 2a–f after h reaction
time.

Table 3: Results of bleomycin-dependent DNA damage assay on
dyes 2a–2f.

Dye number Absorbance
2a 0.050
2b 0.007
2c 0.033
2d 0.006
2e 0.400
2f 0.004
L-ascorbic acid 0.0038

Table 4: Results of antioxidant assay on dyes 2a–2f.

Dye number ABTS Inhibition (%) Erythrocyte Haemolysis (%)
2a 68.73 0.91
2b 60.18 0.90
2c 64.27 0.78
2d 74.38 0.89
2e 54.28 1.2
2f 79.46 0.86
L-ascorbic acid 88.61 0.85

behaviormay be attributed to the disruption of electron delo-
calization within the macrocycle, increasing the shielding of
the pyrrolic protons.

3.4. Pharmacology

3.4.1. Bleomycin-Dependent DNA Damage. The bleomycins
are a family of antitumor antibiotics that are used routinely
as antitumor agents. The bleomycin assay has been adopted
for assessing the prooxidant effects of food antioxidants.
Bleomycin binds iron ions and DNA, and the resultant
bleomycin-iron complex upon heating with thiobarbituric
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Table 5: Cytotoxicity (IC50) of tested dyes on different cell lines.

Dye number IC50

HePG2 WI-38 VERO MCF-7
2a 60 59 74 64
2b 80 70 60 54
2c 66 100 51 39
2d 76 64 42 36
2e 79 68 56 60
2f 63 58 33 27
5-Flu. 9 zero 7 zero
(IC50, (𝜇g/mL): 1–10 (very strong), 11–25 (strong), 26–50 (moderate), 51–100 (weak), 100–200 (very weak), above 200 (noncytotoxic)).

Vero cells WI-38 HEPG-2 MCF-7

Figure 6: Confluent monolayers of cell lines used for testing.

acid, yields a pink chromogen. The additions of suitable
reducing agents (antioxidants) compete with DNA and di-
minish chromogen formation.

Among the tested dyes (Table 3), 2b, 2d, and 2f showed
the highest protection against DNA damage induced by
bleomycin-iron complex, thus diminishing chromogen for-
mation between the damaged DNA and TBA. However,
dyes 2a and 2c showed a weak to moderate protection,
while dye 2e exhibited a very low activity. In this assay,
the potential for DNA damage is considered low when the
intensity (absorbance value) of the pink chromogen is low.

3.4.2. Antioxidant Activity Using ABTS Inhibition and Ery-
throcyte Haemolysis. All dyes were tested for antioxidant
activity as reflected in the ability to inhibit peroxidation
in rat brain and kidney homogenates and rat erythrocyte
haemolysis. The oxidant activities of the dyes were assayed
for their antioxidant effects usingABTS assay. As indicated by
Table 4 results, dyes 2d and 2f exhibited antioxidative activity,
giving% inhibition and erythrocyte haemolysis values similar
to the prototype Vitamin C (L-ascorbic acid). On the other
hand, dyes 2a, 2b, and 2c showedmoderate activity, while dye
2e showed weak activity.

3.4.3. Cytotoxicity. Dyes 2a–2f were tested for cytotoxic
activity (Table 5) against Vero African green monkey cells,
WI-38 (fibroblast cells), HepG2 (Hepatoma cells), MCF-7:
cells from breast cancer (Figure 6). Dye 2a gave the best
cytotoxic activity against HepG2 cell lines, whereas dyes
2c and 2f gave moderate cytotoxic activity against HepG2

cell lines. By comparing these dyes with 2a we noted that
introducingmore than onemethoxy group reduced cytotoxic
activity and also presence of phenolic OH group in dye 2c
reduced activity compared to dye 2f. Finally, dyes 2b, 2d, and
2e exhibited the lowest activity against HepG2 cells lines.

Methoxy-substituted dye 2a and2f gave the best cytotoxic
activity against WI-38 cell lines whereas dyes 2b, 2d, and
2e gave moderate cytotoxic activity against WI-38 cell lines.
By comparing the structures of dyes 2b and 2d with 2e,
we noted that introducing more than one methoxy group
increase cytotoxic activity. Finally, dye 2c exhibited the lowest
activity against WI-38 cells lines.

Increasing the number of electron donating groups led to
increasing cytotoxic activity against VERO cell lines, causing
dyes 2d and 2f show the best cytotoxic activity against VERO
cell lines, whereas dyes 2c and 2e exhibit moderate cytotoxic
activity. Dyes 2a and 2b exhibited the lowest cytotoxic activi-
ties against VERO cell lines. Furthermore, increasing number
of electron donating groups led to increased cytotoxic activity
against MCF-7 cell lines, causing 2c, 2d, and 2f to have
the best cytotoxic activity against MCF-7 cell lines, whereas
2b exhibited moderate cytotoxic activity against MCF-7 cell
lines, and 2a and 2e exhibited the lowest cytotoxic activity
against MCF-7 cell lines.

4. Conclusions

Although the six porphyrin derivatives 2a–f are not novel,
they were synthesized via a newmethod, the capping mecha-
nism, which led to significantly high-yield porphyrins, and
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these dyes were screened for antioxidant and antitumor
activity in which dyes 2d and 2f which bears methoxy func-
tionality exhibited markedly higher anti-haemolysis activity
than the other analogs.

Further in vivo studies are warranted to confirm the
biological activity of these synthesized porphyrin dyes and
to investigate the molecular mechanisms responsible for
the antitumor activity for these dyes with a potential phar-
maceutical use. In addition, different molecular modeling
methods were studied to identify the most accurate method
in the prediction of the equilibriummolecular geometry and
electronic properties, and it was shown that the TD-DFT
method was in excellent agreement with the experimental
results. Moreover, it was found that the higher the LUMO
energy the stronger the cytotoxicity. Hence, LUMOs energy
can be used as a molecular descriptor in the design of more
efficient porphyrins for cytotoxicity.
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Ruthenium(II) complex containing cis-[Ru(H2dcbiq)(L)(NCS)2], where H2dcbiq = 4,4′-dicarboxy-2,2′-biquinoline and L = 4,4′-
di-tert-butyl-2-2′-dipyridyl coded as SPS-02, was synthesized and fully characterized. is complex showed appreciably broad
absorption range. e new complex was used as photosensitizer in nanocrystalline TiO2 dye-sensitized solar cell application. cis-
[Ru(H2dcbiq)(L)(NCS)2] (SPS-02) achieved efficient sensitization of nanocrystalline TiO2 over the whole visible range, extending
into the near-IR region (ca. 1000 nm) with superior short-circuit photocurrent density (𝐽𝐽sc = 9.13mA cm−2) and conversion
efficiency (𝜂𝜂 𝜂 2𝜂𝜂𝜂𝜂) compared with complex cis-[Ru(H2dcbiq)2(NCS)2] (1) under an irradiation of full sunlight (100mWcm−2).

1. Introduction

Dye-sensitized solar cells (DSSCs) have been developed as
an efficient, low-cost alternatives to the silicon technol-
ogy during the last years [1–6]. Based on dye-sensitized
nanocrystalline titanium dioxide as photoelectrode, power
conversion efficiencies of over 11𝜂 have been reached [7].
In order to improve the efficiency of DSSCs, the sensi-
tizer should absorb photons in the near-IR region as well
as over the entire visible region of the solar spectrum.
Considerable efforts have been made on 2,2′-bipyridine-
and 2,2′:6′,2′′-terpyridine-based ruthenium complexes to
improve the light-harvesting properties through introduction
of extended 𝜋𝜋-conjugated system [6]. 2,2′-biquinoline has
low 𝜋𝜋-energy level than both 2,2′-bipyridine and 2,2′:6′,2′′-
terpyridine and has potential to improve IR absorbance with
its analogues Ru complexes. Arakawa and coworkers studied
solar cells based on TiO2 sensitized with homoleptic ruthe-
nium complexes containing 4,4′-dicarboxy-2,2′-biquinoline

cis-[Ru(H2dcbiq)2(NCS)2] (1) and reported that these solar
cells have an enhanced red response in the near-IR region,
but the solar cell performance was decreased due to the poor
electron injection efficiency on to TiO2 [8]. As a part of our
research program in the development of newphotosensitizers
[9–14], we have strategically designed a heteroleptic dye SPS-
02 (Figure 1) having both 4,4′-di-tert-butyl-2-2′-dipyridyl
and 4,4′-dicarboxy-2,2′-biquinoline in the same molecule,
which exhibits better performance in the IR region.

2. Experimental

2.1. Synthesis of SPS-02. [RuCl2(p-cymene)]2] (0.228 g,
0.37mmol) was dissolved in DMF (30mL), and 4,4′-di-tert-
butyl-2-2′-dipyridyl (0.20 g, 0.74mmol) was added.e reac-
tion mixture was heated at 80∘C under nitrogen for 2 h, and
then 4,4′-dicarboxy-2,2′-biquinoline (0.313 g, 0.74mmol)
was added. e reaction mixture was re�uxed at 160∘C for
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another 4 h under reduced-light conditions to avoid light-
induced cis to trans isomerization. An excess of NH4NCS
(1.78 g, 23.4mmol) was then added to the reaction mixture,
which was then heated at 130∘C for a further 5 h. e solvent
was removed with a rotary evaporator. Water was added to
the resulting semisolid to remove excess NH4NCS.e water
insoluble product was collected, washed �rst with distilled
water and then with diethyl ether, and dried. e crude
complex was dissolved in a solution of sodium hydroxide
(0.4 g) in water (10mL). e concentrated solution was
charged onto a Sephadex LH-20 column and eluted with
water. e main brown band was collected and concentrated
to 3mL.e required complex was isolated upon addition of
a few drops of 0.01M aqueous HNO3. Complex SPS-02 was
obtained a�er membrane �ltration as brownish solid 78mg.
Anal. calcd for C40H36N6O4RuS2: C, 57.89; H, 4.37; N, 10.13.
Found: C, 57.43; H, 4.52; N, 9.93.

2.2. Preparation of TiO2 Electrode. Nanocrystalline TiO2
photoelectrodes of about 20 𝜇𝜇m thickness (area: 0.25 cm2)
were prepared using a variation of a method reported by
Nazeeruddin et al. [15]. Fluorine-doped tin oxide-coated
glass electrodes (Nippon Sheet Glass Co., Japan) with a
sheet resistance of 8–10 ohm−2 and an optical transmission
of >80% in the visible range were used. Anatase TiO2 col-
loids (particle size ∼13 nm) were obtained from commercial
sources (Ti-Nanoxide D/SP, Solaronix). e nanocrystalline
TiO2 thin �lms of approximately 20 𝜇𝜇m thickness were
deposited onto the conducting glass by screen printing. e
�lm was then sintered at 500∘C for 1 h. e �lm thickness
was measured with a Surfcom 1400A surface pro�ler (Tokyo
Seimitsu Co. Ltd.). e electrodes were impregnated with
a 50mM titanium tetrachloride solution and sintered at
500∘C. e dye solutions (2 × 10−4M) were prepared in
1 : 1 acetonitrile and tert-butyl alcohol solvents. Deoxycholic
acid as a coadsorbent was added to the dye solution at

a concentration of 20mM. e electrodes were immersed in
the dye solutions and then kept at 25∘C for 20 h to adsorb the
dye onto the TiO2 surface.

2.3. Fabrication of Dye-Sensitized Solar Cell. Photovoltaic
measurements were performed in a two-electrode sandwich
cell con�guration. e dye-deposited TiO2 �lm was used
as the working electrode and a platinum-coated conducting
glass as the counter electrode. e two electrodes were
separated by a surlyn spacer (40𝜇𝜇m thick) and sealed up by
heating the polymer frame. e electrolyte was composed of
0.6M dimethylpropyl-imidazolium iodide (DMPII), 0.05M
I2, and 0.1M LiI in acetonitrile.

2.4. Photovoltaic Characterization. e working electrode
was illuminated through a conducting glass. e current-
voltage characteristics were measured using the previously
reported method [16] with a solar simulator (AM-1.5,
100mW/cm2, WXS-155S-10: Wacom Denso Co. Japan).
Monochromatic incident photon-to-current conversion effi-
ciency (IPCE) for the solar cell, plotted as a function of
excitation wavelength, was recorded on a CEP-2000 system
(Bunkoh-Keiki Co. Ltd.).

3. Results and Discussion

Heteroleptic rythenium(II) complex SPS-02 was prepared
by direct treatment of [RuCl2(p-cymene)]2, 4,4′-Di-tert-
butyl-2-2′-dipyridyl and 4,4′-dicarboxy-2,2′-biquinoline in
re�uxing DMF. Figure 2 shows the absorption spectrum of
complex SPS-02 in ethanol.

e strong absorption band of the complex SPS-02 in the
region between 250 and 350 nm are due to 𝜋𝜋-𝜋𝜋∗ transitions.
An intense and broadMLCT band at 619 nm with a shoulder
at about 500 nmwas observed for SPS-02. is enhanced red
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absorption of complex SPS-02 with MLCT band at 619 nm
renders it attractive candidate as a panchromatic charge-
transfer sensitizer for DSC application.

Figure 3 shows the photocurrent action spectra for
complex SPS-02 where the incident photon-to-current con-
version efficiency (IPCE) values are plotted as a function
of wavelength. e photoresponse of thin �lms extends
upto 1000 nm. We observed an IPCE of 45% in SPS-02 at
about 610 nm, while in the case of complex 1, the IPCE
was 20%. e DSC sensitized with complex SPS-02 exhibits
superior light-harvesting properties in the near-IR region.
e superior performance of SPS-02 was attributed to the
superior light-harvesting efficiency of high- and low-energy
photons.
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F 4: Photocurrent density-voltage characteristics of device
SPS-02 and device 1 under air mass 1.5 (100mWcm−2).

T 1: Photovoltaic performance of complex SPS-02 and 1.

Dye 𝐽𝐽sc (mA/cm2) 𝑉𝑉oc [V] F.F. Eff. (%)
SPS-02 9.13 0.35 0.65 2.09
1 6.88 0.29 0.50 1.04

Figure 4 shows a photocurrent density-voltage curve of a
sealed solar cell based on complex SPS-02 and 1 under AM
1.5G simulated solar light at a light intensity of 100mWcm−2

with ametal mask of 0.25 cm2.e photovoltaic performance
of complex SPS-02 and 1 on nanocrystalline TiO2 electrode
was studied using an electrolyte with a composition of 0.6M
dimethylpropyl-imidazolium iodide (DMPII), 0.05M I2, and
0.5M LiI in acetonitrile. e short-circuit photocurrent
density (𝐽𝐽sc), open-circuit voltage (𝑉𝑉oc), �ll factor (FF), and
overall cell efficiencies (𝜂𝜂) for test cells constructed from
each dye are summarized in Table 1. e test cell sensitized
with complex SPS-02 showed a photocurrent density of
9.13mA cm−2, an open circuit potential of 0.35V, and a �ll
factor of 0.65, corresponding to an overall conversion effi-
ciency (𝜂𝜂) of 2.09%. Under similar fabrication and evaluation
conditions, complex 1 gives 𝐽𝐽sc = 6.88mAcm−2, 𝑉𝑉oc =
0.29V, and FF = 0.50, corresponding to an overall conversion
efficiency (𝜂𝜂) 1.04%.ough the newRu complex has spectral
response in a wide energy range (400–1000) the low value
of short-circuit photocurrent (𝐽𝐽sc) and cell efficiency (𝜂𝜂) are
attributed to its low LUMO level which inhibits efficient
electron injection on to the conduction band of TiO2.

4. Conclusions

A new ruthenium(II) complex containing cis-[Ru(H2dcbiq)
(L)(NCS)2], where H2dcbiq = 4,4′-dicarboxy-2,2′-biquin-
oline and L = 4,4′-Di-tert-butyl-2-2′-dipyridyl coded as
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SPS-02, was synthesized and characterized. is new dye
exhibited efficient light-harvesting efficiency in a wide energy
range (400–1000) which makes it as a potential photosen-
sitizer for nanocrystalline TiO2 dye-sensitized solar cells.
e performances of the dye-sensitized solar cells exhib-
ited superior in terms of short-circuit photocurrent density
(𝐽𝐽sc = 9.13mA cm−2) and conversion efficiency (𝜂𝜂 = 2.09%)
compared with complex 1.
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Nine variously substituted azo dye derivatives 2–10 of antipyrine were prepared. e effects of the nature and orientation of the
substituents on the color and dyeing properties of these dyes for polyester �bers were evaluated.e newly synthesized compounds
were characterized on the basis of elemental analyses and spectral data. On the other hand, the investigated dyes were applied to
polyester fabrics and showed good light, washing, heat, and acid perspiration fastness. e remarkable degree of brightness aer
washings is indicative of the good penetration and the excellent affinity of these dyes for the fabric. e results in general revealed
the efficiency of the prepared compounds as new monoazo disperse dyes. e newly synthesized compounds were screened for
their antioxidant and cytotoxic activity against Vitamin C and 5-�uorouracil, respectively. e data showed clearly that most of the
compounds exhibited good antioxidant and cytotoxic activities.

1. Introduction

In recent years, there has been increasing interest in syntheses
of heterocyclic compounds that have biological and commer-
cial importance. Antipyrine compounds play an important
role in modern organic synthesis, not only because they
constitute a particularly useful class of heterocyclic com-
pounds [1–3], but also because they are of great biological
interest. ey have been found to have biological [4], clinical
[5], and pharmacological [6, 7] activities. One of the most
important derivatives of antipyrine is 4-aminoantipyrine,
which is used as a synthetic intermediate to prepare polyfunc-
tionally substituted heterocyclic moieties with anticipated
biological activity [8], analgesic [9, 10], anti-in�ammatory
[10], antimicrobial [11–13], and anticancer [14] activities. It
was of interest to study the reactivity of antipyrinylhydra-
zonomalononitrile towards different nitrogen nucleophiles as
well as activated nitriles.

Considerable studies have been devoted to azo dyes
derived from 4-aminoantipyrine [15–19]. Fadda et al. [20–
24] have reported the synthesis of different azo disperse
dyes for synthetic �bers. Recently, other studies reported
the application of synthesized azo dyes to polyester fabrics
[25–27]. us, we have initiated a program of applying
the synthesized dyes derived from 4-aminoantipyrine to
polyester as disperse dyes to study their color measurement
and fastness properties.

We aim to synthesize a series of new dyes derived from 4-
aminoantipyrine to apply these new dyes to polyester fabrics
with the hope to get excellent fastness results.

2. Results and Discussion

2.1. Chemistry. e synthetic strategies adopted to obtain
the target compounds are depicted in Scheme 1. e
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S 1: A synthetic route for the preparation of acyclic enaminonitriles 3–10.

diazonium salt of 4-aminoantipyrine undergoes a
coupling reaction with malononitrile in ethanolic sodium
acetate solution at 0–5∘C to give (1,5-dimethyl-3-oxo-2-
phenyl-2,3-dihydro-1H-pyrazol-4-yl)carbonohydrazonoyl
dicyanide (2) [28]. Compound 2 reacted with different
secondary amines namely, piperidine, morpholine,
piperazine, pyrrolidine, diphenyl amine, ethyl 2-(4-chloro-
phenylamino)acetate, N-methylglucamine, and 1-
phenylpiperazine in re�uxing ethanol to afford the
corresponding 1 : 1 acyclic enaminonitrile adducts 3–
10, respectively. e formation of enaminonitrile derivatives
3–10 was illustrated through the initial addition of the
secondary amines to the cyano function to form the imino
form followed by [1, 5] H migration to form the enamine
form. e general structural formula for dyes 2–10 is as
shown in Scheme 1.

e structures of enaminonitriles 3–10 were assessed by
elemental analyses and spectral data.e IR spectra exhibited
absorption bands due to stretching vibrations of the NH2
group within 𝜐𝜐 𝜐 𝜐𝜐𝜐𝜐–3301 cm−1 and 𝜐𝜐 𝜐 21𝜐𝜐–2171 cm−1

due to CN functions and 𝜐𝜐 𝜐 1𝜐𝜐𝜐–1610 cm−1 due to
carbonyl groups. e 1H-NMR spectrum of compound 3
revealed the presence of threemultiplet signals at 𝛿𝛿 1.58–1.69,
3.52–3.62, and 7.31–7.52 ppm attributable to (3CH2, piperi-
dine), (2CH2, piperidine), and aromatic protons, revealed
two singlet signals at 𝛿𝛿 2.63 and 3.16 ppm due to methyl

and N-methyl protons, respectively, and amino protons
appeared at 𝛿𝛿 7.13 ppm as broad singlet signal. e 1𝜐C-
NMR spectra revealed signals due to the cyano group within
𝛿𝛿 𝜐 11𝜐𝛿𝜐–114.3 ppm. Furthermore, the detailed 1H-NMR
and 1𝜐C-NMR spectra for each compoundwerementioned in
the Experimental section. Moreover, the mass spectroscopic
measurements of compounds 3–5 and 8–10 showed the
molecular ion peaks at m/z 367 (M+, 12.3), 368 (M+−1, 6.7),
477 (M+, 100.0), 495 (M+, 17.5), 368 (M+, 11.4), and 444 (M+,
5.0), respectively, which are equivalent with the molecular
formula of the proposed structures (Figure 1).

However, no details regarding the dyeing behavior of
these compounds as disperse dyes for dyeing polyester �bers
have been reported.

2.2. Dyeing of Polyester Fabrics and Dyeing Properties

2.2.1. Color Measurement. On textiles,𝐾𝐾 (the measure of the
light absorption) is determined primarily by the dyestuffs
and 𝑆𝑆 (the measure of the light scattering) only by the
substrate. From the wave length Kubelka andMunk calculate
the following relationship for re�ectance 𝑅𝑅 of thick, opaque
sample with the constant of “𝐾𝐾” and “𝑆𝑆”:

𝐾𝐾
𝑆𝑆
𝜐
(1 − 𝑅𝑅)2
2𝑅𝑅

𝛿 (1)
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F 1: e general fragmentation pattern of 3-amino-3-substituted-2-[(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-
yl)diazenyl]acrylonitrile derivatives 3–10.

e parent dyestuff 2 is taken as the standard in color
difference calculation (Δ𝐿𝐿∗, Δ𝐶𝐶∗, Δ𝐻𝐻∗, and Δ𝐸𝐸) [20, 24, 29].

e values of 𝐾𝐾𝐾𝐾𝐾 of compounds 2–10 vary from 0.43
to 2.70.e introduction ofN-methylglucamine, pyrrolidine,
piperazine, and N-phenyl piperazine moieties in dyes 5, 6, 9,
and 10, respectively, increase, the strength of 𝐾𝐾𝐾𝐾𝐾 value and
deepens the color compared with the parent dye 2 (Table 1).

All dyes with +ve Δ𝐶𝐶 values and are brighter than the
parent dye 2.

All dyeswith−veΔ𝐿𝐿 values and are darker than the parent
dye 2.e positive value of 𝑎𝑎∗ and 𝑏𝑏∗ indicates that all groups
shi the color hues of the dye to reddish direction on the red-
green axis and to the yellowish direction in the yellow-blue
axis, respectively.

2.2.2. Assessment of Color Fastness. Most in�uences that can
affect fastness are light, washing, heat, perspiration, and
atmospheric pollution. Conditions of such tests are chosen to
correspond closely to treatments employed in manufacture
and of ordinary use conditions [30]. Results are given aer
usual matching of tested samples against standard reference
(the gray scale) [30].e results revealed that these dyes have
good fastness properties (Table 2).

2.2.3. Dyebath Reuse. It has been found in conventional
dyeing that aer dyeing, only the dye and few of the specialty
chemicals get fully consumed during the operation, while

most of the chemicals remaining in the dyebath are rejected.
Increasingly due to tough environmental guidelines, the dye
houses have been forced to study the feasibility of dyebath
reuse.e dyebath reuse depends on a number of factors like
dye, shade, color, and if dyeing is carried out in a continuous
or batch process. It has been found that in some cases, with a
plan in place dyebaths can be successfully reused at least 5–25
times.

2.2.4. Development of the Reuse System. e procedure rec-
ommended by Du Pont for dyeing by adjusting pH from 3.5
to 4.0 with acetic acid. In the dyebath reuse procedure, at
step 12 (Table 3), instead of dropping the bath to the drain,
it is pumped to a holding tank. A sample of the spent bath
is collected for analysis immediately before pumping to the
holding tank. e fabric is rinsed and scoured in the dyeing
machine by the usual procedure and then removed for drying.
At the beginning of the next cycle, the dyebath is returned to
the dyeing machine from the holding tank. Make-up water is
added to compensate for the liquid retained by the fabric and
the dyeing procedure continued as indicated in Table 3. e
quantities of auxiliaries and dyes shown by the analysis to be
required for reconstitution of the bath are added at steps 3, 5,
and 8 (Table 3).e only change required is that all the dyeing
salt in step 7 is added at one time (the quantity required for
a reuse dyeing cycle was usually less than 20% of the amount
needed for a conventional dyeing cycle).
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T 1: Optical measurements of compounds 2–10.

Dye R% 𝑎𝑎∗ 𝑏𝑏∗ 𝐿𝐿∗ 𝐶𝐶∗ 𝐻𝐻∗ Δ𝐿𝐿 Δ𝐶𝐶 Δ𝐻𝐻 Δ𝐸𝐸 𝐾𝐾𝐾𝐾𝐾
2 56.11 −0.48 5.03 88.96 5.05 95.44 — — — — —
3 35.78 4.48 12.63 78.49 13.4 70.47 −10.47 8.35 −24.97 28.33 1.15
4 36.41 −3.59 12.87 8.09 13.36 105.58 −80.87 8.31 10.14 81.93 1.11
5 22.34 −4.67 18.42 86.57 19.0 104.24 −2.39 13.95 8.80 16.67 2.70
6 30.37 −4.73 13.8 87.57 14.59 108.92 −1.39 9.54 13.48 16.57 1.60
7 52.43 −1.19 4.98 87.98 5.12 103.39 −0.98 0.07 7.95 8.01 0.43
8 52.43 −0.96 6.10 88.03 6.18 98.94 −0.93 1.13 3.50 3.79 0.43
9 28.68 4.30 13.08 76.93 13.77 71.80 −12.03 8.72 −23.64 27.92 1.77
10 32.43 3.89 13.34 81.85 13.9 73.75 −7.11 8.85 −21.69 24.48 1.41
‶𝐿𝐿∗”: the lightness ranging from 0 to 100 (0 for black and 100 for white).
“𝑎𝑎∗”: the red-green axis, (+) for red, zero for gray, and (−) for green.
“𝑏𝑏∗”: the yellow-blue axis, (+) for yellow, zero for gray, and (−) for blue.

T 2: Fastness properties of compounds 2–10.

Dye Washing Rubbing Sublimation

75∘C Dry Wet 180∘C 210∘C
Acid

perspiration
Light
4 h

2 3-4 4-5 4 4-5 4 4-5 7-8
3 4-5 4-5 4 4 4 4-5 7
4 4-5 4-5 4-5 4-5 4 4-5 7
5 4-5 4-5 4-5 4-5 4 4-5 7-8
6 4-5 4-5 4 4 4 4-5 7-8
7 4-5 4-5 4-5 4-5 4 4-5 7-8
8 4-5 4-5 4 4-5 4 4-5 7
9 4-5 4 4 4 4 4-5 7-8
10 4-5 4-5 4-5 4-5 4 4-5 7

2.2.5. Analysis for Residual Dyes. e very strong absorption
of dyes in the visible region of the spectrum provides the
simplest and most precise method for the determination of
dye concentrations. e absorbance A of a dye solution can
be related to the concentration by themodi�ed Lambert-Beer
equation

𝐴𝐴 𝐴 𝐴𝐴𝐴
𝐼𝐼𝑜𝑜
𝐼𝐼
𝐴 𝐾𝐾𝐾𝐾𝐾 (2)

where 𝐼𝐼𝑜𝑜 is the intensity of the visible radiation falling on the
sample, 𝐼𝐼 is the intensity of the radiation transmitted by the
sample,𝐾𝐾 is a constant including the path length of radiation
through the sample and a constant related to the absorptivity
of the sample at a given wavelength, and 𝐾𝐾is the concentration
of the absorbing species. Inmixtures of absorbing species, the
absorbance at any wavelength is the sum of the absorbanceS
of each absorbing species and is given by

𝐴𝐴 𝐴 𝐾𝐾1𝐾𝐾1 + 𝐾𝐾2𝐾𝐾2 + 𝐾𝐾3𝐾𝐾3 + ⋯𝐾𝐾𝑛𝑛𝐾𝐾𝑛𝑛. (3)

e additive characteristic of light absorption by dyes is
important in the analysis of dye mixtures of the type found in
spent dyebaths. For such dyemixtures, the absorbance can be
measured at a number of wavelengths and the concentrations

of the dyes determined by simultaneous solution of a set of
linear equations of the type shown above. e wavelengths
selected for the analysis are generally those for which one of
the dyes has a maximum in absorbance.

A further advantage of spectrophotometers is the ready
availability of a number of low-cost instruments with suffi-
cient accuracy and reproductivity for dyebath analysis. e
computations required for the analysis can be conveniently
carried out on low-cost desk calculators or microprocessors.
Two major problems require solution before the use of
spectrophotometry for residual dyebath analysis. Some dyes
are not completely in solution and therefore do not follow
the Lambert-Beer equations. Many dyebaths also show sig-
ni�cant turbidity or background absorption which interferes
with analyses based on attenuation of a light beam passing
through the sample. In the current work, both of these
problems were circumvented by extracting the dye from the
dyebath sample into an organic solvent.

3. Biological Evaluation

3.1. ABTS Antioxidant Activity Screening. e antioxidant
activity assay employed here is one of several assays that
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T 3: e recommended dyeing procedure.

Steps Dyeing processes
1 Fill dyeing machine
2 Load fabric
3 Add to bath at 38∘C
4 Run for 5min
5 Add the dyes
6 Run for 5min
7 Add in three parts over 20min
8 Adjust pH to 3.5 to 4.0 with acetic acid
9 Raise to 121∘C
10 Run for 1 h at 121∘C

11
Cool to 66∘C and sample; dye added
should be run at least 1 h at 121∘C to
insure penetration

12 Cool to 49∘C and drop bath
13 Rinse clear at 49–54∘C

Aer scour

14 Set bath at 40∘C with glacial acetic acid
0.5 g/L.

15 Raise to 82∘C
16 Run for 15min
17 Rinse clear at 40–54∘C
18 Check for crocking, extract, and dry

depend onmeasuring the consumption of stable free radicals,
that is, evaluate the free radical scavenging activity of the
investigated component. e methodology assumes that the
consumption of the stable free radical (𝑋𝑋′) will be determined
by reactions as follows:𝑋𝑋𝑋𝑋 𝑋 𝑋𝑋′ → 𝑋𝑋′ 𝑋 𝑋𝑋𝑋𝑋.

e rate and/or the extent of the process measured in
terms of the decrease in 𝑋𝑋′ concentration would be related
to the ability of the added compounds to trap free radicals.
e decrease in color intensity of the free radical solution due
to scavenging of the free radical by the antioxidant material
is measured calorimetrically at a speci�c wavelength. e
assay employs the radical cation derived from 2,2′-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as stable
free radical to assess antioxidant potential of the isolated
compounds and extracts. e advantage of ABTS-derived
free radical method over other methods is that the produced
color remains stable for more than one hour and the reaction
is stoichiometric.

e antioxidant activity of some newly synthesized com-
pounds was evaluated by the ABTS method [31]. e data in
Table 4 showed clearly that compounds 2–7 and 10 exhibited
good antioxidant activities, while compounds 8 and 9 have
moderate to low antioxidant activity compared with Vitamin
C. By comparing the results obtained by the antioxidant of
the compounds reported in this study to their structures,
the following structure activity relationships (SARs) were
postulated: compounds 2–7 and 10 were nearly potent to
“Vitamin C” which may be attributed to the presence of

amino and imino groups which trap the free radical “X.” On
the other hand, incorporation of ester or sugar moieties to
enaminonitrile chain reduces the antioxidant activity. us,
it would appear that introducing an enaminonitrile moi-
ety enhances the antioxidant properties of aminoantipyrine
derivatives.

3.2. Cytotoxic Activity. Consequently and due to possible
enhancement of biological activity resulting from the attach-
ment of an antipyrine moiety to different enaminonitriles,
our direction was attracted to the synthesis of new antipyrine
derivatives as well as their analogs using this heterocyclic ring
system as a nitrogen base. ese derivatives, compared with
their parent compound, displayed signi�cant antioxidant and
anticancer activities (Table 4) against Vero cells: cells from
the kidney of green monkey; �I: �broblast cells; HepG2:
hepatoma cells, and MCF-7: cells from breast cancer (Figure
2).

Compounds 2–7 and 10 showed the strong cytotoxic
activities compared with 5-�uorouracil (5-Fu). From the
structure activity relationships (SARs), it is noteworthy that
compounds 2–7 and 10 have NH2 groups that are effective
in inhibiting cell damage. Compounds 8 and 9 showed weak
activities compared with 5-�uorouracil, and this may be
is due to incorporation of ester or sugar moieties to the
antipyrine compounds.

4. Conclusion

It seems to be interesting for testing the dyeing behavior
of antipyrine compounds for dyeing polyester �bers by
convenient route for some new azo disperse dyes. Optical
measurements and fastness properties were investigated.
Nine useful disperse dyes 2–10 were synthesized by diazo
coupling of 4-aminoantipyrine with malononitrile followed
by addition of different secondary amines to the obtained
coupling product. e dyes 2–10 were investigated for their
dyeing characteristic on polyester and showed good light,
washing, heat and acid perspiration fastness. e remarkable
degree of brightness aer washings is indicative of the good
penetration and the excellent affinity of these dyes for the
fabric due to the accumulation of polar groups. e results
in general revealed the efficiency of the prepared compounds
as new azo dyes. e newly synthesized compounds were
screened for their antioxidant and cytotoxic activity against
Vitamin C and 5-�uorouracil, respectively. e data showed
clearly that most of the compounds exhibited interesting
antioxidant and cytotoxic activities.

5. Experimental

5.1. Synthesis. All melting points are recorded on a Gal-
lenkamp electric melting point apparatus. e IR spectra
𝜐𝜐 cm−1 (KBr) were recorded on a Perkin Elmer Infrared
Spectrophotometer Model 157 Grating. e 13C-NMR and
1H-NMR spectra were run on a Varian Spectrophotometer
at 100 and 400MHz, respectively, using tetramethylsilane
(TMS) as an internal reference and using dimethyl sulfoxide
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T 4: Percentage viability of tested compounds on different cell lines.

Compound % viabilityConcentration
(10–1000 𝜇𝜇g/ml)

ABTS
Inhibition % HepG2 WI 38 VERO MCF 7

2 20 72.45 38 42 38 34
3 20 76.64 39 49 38 35
4 20 78.04 38 47 56 49
5 20 79.04 59 42 45 41
6 20 70.26 55 56 49 44
7 20 79.04 38 42 45 42
8 20 28.54 100 100 100 100
9 20 40.91 75 83 100 84
10 20 73.01 100 100 100 100
Vitamin C 2mM 80.03 — — — —
5-Fu 20 — 8 4 12 18

Vero cells WI 38 HepG2 MCF-7

F 2: Con�uent monolayers of cell lines used for testing.

(DMSO-𝑑𝑑6) as solvent. e mass spectra (EI) were run at
70 eV with JEOL JMS600 equipment and/or a Varian MAT
311 A Spectrometer. Elemental analyses (C, H, and N) were
carried out at the Microanalytical Center of Cairo University,
Giza, Egypt. e results were found to be in good agree-
ment with the calculated values. 4-Aminoantipyrine (1) (mp
106–110∘C) was purchased from the Aldrich Company. e
dyeing assessment, fastness tests, and color measurements
were carried out in El-Nasr Company for Spinning and
Weaving El-Mahalla El-Kubra, Egypt.

5.1.1. Synthesis of (1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihyd-
ro-1H-Pyrazol-4-yl)Carbonohydrazonoyl Dicyanide (2). A
well-stirred solution of 4-aminoantipyrine (1.02 g, 5mmol)
in 2NHCl (1.5mL) was cooled in ice salt bath and diazotized
with 1N NaNO2 solution (0.35 g, 5mmol; in 2mL water).
e mixture was then tested for complete diazotization
using starch iodide paper which gives a weak blue test. If
the mixture does not give the test, more sodium nitrite was
added dropwise until a positive test is obtained and the color
is stable for few minutes. If, on the other hand, a strong
test for nitrite is obtained, a few drops of a dilute solution
of the base hydrochloride are added until the nitrite test
is nearly negative. e above cold diazonium solution was
added slowly to a well-stirred solution to malononitrile
(0.33 g, 5mmol) in ethanol (20mL) containing sodium

acetate (0.43 g, 5.2mmol), and the mixture was cooled in
an ice salt bath. Aer the addition of the diazonium salt
solution, the reaction was tested for coupling reaction. A
drop of the reaction mixture was placed on a �lter paper
and the colorless ring surrounding the spot dye was treated
with a drop of an alkaline solution of a reactive coupler,
such as the sodium salt of 3-hydroxy-2-naphthanilide. If
unreacted diazonium salt is present, a dye is formed. e
presence of unreacted coupler can be determined in a similar
manner using a diazonium salt solution to test the colorless
ring. Aer the coupling reaction is complete, the reaction
mixture was stirred for 50 minutes at room temperature.
e crude product was �ltered, dried, and recrystallized
from ethanol to give antipyrinylhydrazonomalononitrile
(2) (93%), mp 140∘C; yellowish orange crystals; 1H-NMR
(400MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 2.26 (s, 3H, CH3), 3.25 (s, 3H,
N–CH3), 7.35–7.56 (m, 5H, Ph), 12.1 (br., s, 1H, NH); MS
(m/z, %): 281 (M+ +1, 4.3), 280 (M+, 13.4), 188 (5.2), 91
(8.1), 56 (100.0).

5.1.2. General Procedure for the Synthesis of 3-Amino-2-(1,5-
Dimethyl-3-Oxo-2-Phenyl-2,3-Dihydro-1H-Pyrazol-4-yl) az-
o-[3-Substituted]-1-yl-Acrylonitriles 3–10. A mixture of 2
(1.4 g, 5mmol) and the appropriate secondary amine,
namely, piperidine (0.49mL, 5mmol), morpholine (0.43mL,
5mmol), N-methylglucamine (0.98 g, 5mmol), pyrrolidine
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(0.41mL, 5mmol), diphenyl amine (0.85 g, 5mmol), ethyl
2-(4-chlorophenylamino)acetate (1.07 g, 5mmol), piperazine
(0.43 g, 5mmol), or 1-phenylpiperazine (0.81 g, 5mmol) in
ethanol (15mL), was re�uxed for 5 h. �e reaction mixture
was le� to cool and the precipitated solid was �ltered off,
dried, and recrystallized from EtOH/DMF (2 : 1) mixture
to afford the corresponding acyclic enaminonitriles 3–10,
respectively.

5.1.3. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihy-
dro-1H-Pyrazol-4-yl)Diazenyl)-3-(Piperidin-1-yl)Acrylonitr-
ile (3). Yield (91%), mp 209∘C; dark green crystals; IR
(KBr): ́𝜐𝜐 (cm−1), 3392, 3334 (NH2), 3189 (NH), 2960
(C–H, stretching), 2171 (CN), 1639 (CO), 1448 (N=N);
1H-NMR (400MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 1.58–1.69 (m, 6H,
3CH2, piperidine), 2.63 (s, 3H, CH3), 3.16 (s, 3H, N–CH3),
3.52–3.62 (m, 4H, 2CH2, piperidine), 7.13 (br., s, 2H, NH2),
7.31–7.52 (m, 5H, Ph); 13C-NMR (100MHz, DMSO-𝑑𝑑6):
𝛿𝛿ppm, 173.2 (C–NH2), 160.4 (CO), 160.1 (C–CH3), 136.5,
129.1, 119.5 (Ar–C), 114.8 (CN), 113.0, 95.7 (C–CN), 46.8,
25.9, 25.7 (5CH2, piperidine), 39.8 (N–CH3), 13.1 (CH3).MS:
(m/z,%) 367 (M+ +2, 2.3), 366 (M+ +1, 14.5), 338 (12.2), 280
(11.0), 215 (11.0), 189 (77.9), 152 (100.0), 86 (12.8), 63 (26.7).
Anal. Calcd. for C19H23N7O (365.43): C, 62.45; H, 6.34; N,
26.83%; Found: C, 62.52; H, 6.38; N, 26.94%.

5.1.4. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihyd-
ro-1H-Pyrazol-4-yl)Diazenyl)-3-Morpholinoacrylonitrile (4).
Yield (83%), mp 232∘C; light brown crystals; IR (KBr):
́𝜐𝜐 (cm−1), 3385, 3337 (NH2), 3197 (NH), 2967 (C–H,

stretching), 2186 (CN), 1637 (CO), 1470 (N=N); 1H-NMR
(400MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 2.22–2.25 (m, 4H, 2CH2, mor-
pholine), 2.44 (s, 3H, CH3), 3.10 (s, 3H, N–CH3), 3.58–3.74
(m, 4H, 2CH2, morpholine), 7.24 (br., s, 2H, NH2), 7.36–7.51
(m, 5H, Ph); 13C-NMR (100MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 173.2
(C–NH2), 160.5 (CO), 160.3 (C–CH3), 134.5, 129.4, 119.7,
123.5, 122.7 (Ar–C), 114.8 (CN), 102.1 (C–N=N), 95.7
(C–CN), 64.9, 47.1 (4CH2, morpholine), 35.8 (N–CH3), 13.1
(CH3). MS (m/z, %): 368 (M+ +1, 6.7), 367 (M+, 15.5), 275
(7.7), 214 (13.4), 188 (14.6), 108 (24.6), 96 (17.8), 56 (100.0);
Anal. for C18H21N7O2 (367.41): Calcd.: C, 58.84; H, 5.76; N,
26.69%; Found: C, 58.91; H, 5.83; N, 26.76%.

5.1.5. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihy-
dro-1H-Pyrazol-4-yl)Diazenyl)-3-(Methyl((2S,3R,4R,5R)-2,3,
4,5,6-Pentahydroxyhexyl) Amino)Acrylonitrile (5). Yield
(83%), mp 205∘C; dark yellow crystals; IR (KBr): ́𝜐𝜐 (cm−1),
3451, 3436 (OH), 3358, 3301 (NH2), 2954 (C–H, stretching),
2186 (CN), 1648 (CO), 1459 (N=N); 1H-NMR (400MHz,
DMSO-𝑑𝑑6): 𝛿𝛿ppm, 2.47 (s, 3H, CH3), 3.16 (s, 3H, N-CH3),
3.35–3.41 (m, 5H, CH2–N–CH3), 3.86–3.93 (m, 2H, CH2O),
4.36–5.14 (br, m, 5H, 5OH), 7.33 (br., s, 2H, NH2), 7.35–7.53
(m, 5H, Ph); 13C-NMR (100MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm,
173.3 (C–NH2), 160.6 (CO), 160.1 (C–CH3), 134.5, 129.3,
119.8 (Ar–C), 114.8 (CN), 102.1 (C–N=N), 95.7 (C–CN),
72.9, 72.1, 70.8, 64.9, 51.6 (sugar moiety), 46.8, 39.8, 35.9
(N–CH3), 13.2 (CH3). MS (m/z, %): 477 (M+ +2, 100.0),

438 (97.0), 282 (78.8), 279 (48.5), 241 (93.9), 178 (69.7), 163
(57.6), 144 (63.6), 104 (45.5), 94 (15.2), 57 (30.3); Anal. for
C21H29N7O6 (475.50): Calcd.: C, 53.04; H, 6.15; N, 20.62%;
Found: C, 53.12; H, 6.23; N, 20.67%.

5.1.6. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihyd-
ro-1H-Pyrazol-4-yl)Diazenyl)-3-(Pyrrolidin-1-yl)Acrylonitr-
ile (6). Yield (88%), mp 229∘C; light brown sheets; IR (KBr):
́𝜐𝜐 (cm−1), 3367, 3272 (NH2), 3183 (NH), 2944, 2875 (C–H,

aliphatic), 2173 (CN), 1641 (CO), 1467 (N=N); 1H-NMR
(400MHz,DMSO-𝑑𝑑6): 𝛿𝛿ppm, 1.92–2.09 (m, 4H, 2CH2, pyrro-
lidine), 2.44 (s, 3H, CH3), 3.10 (s, 3H, N–CH3), 3.50–3.69
(m, 4H, 2CH2, pyrrolidine), 6.73 (br., s, 2H, NH2), 7.31–7.51
(m, 5H, Ph); 13C-NMR (100MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 173.3
(C–NH2), 160.5 (CO), 160.1 (C–CH3), 134.8, 129.1, 129.0,
119.7, 119.6 (Ar–C), 114.8 (CN), 102.1 (C–N=N), 94.2
(C–CN), 49.6, 26.2 (CH2, pyrrolidine), 13.1 (CH3); Anal. for
C18H21N7O (351.41): Calcd.: C, 61.52; H, 6.02; N, 27.90%;
Found: C, 61.58; H, 6.13; N, 27.96%.

5.1.7. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihyd-
ro-1H-Pyrazol-4-yl)Diazenyl)-3-(Diphenylamino)Acrylonitr-
ile (7). Yield (75%), mp 98∘C; light black powder; IR (KBr):
́𝜐𝜐 (cm−1), 3352, 3271 (NH2), 2179 (CN), 1644 (CO), 1472

(N=N); 1H-NMR (400MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 2.42 (s, 3H,
CH3), 3.18 (s, 3H, N–CH3), 6.63–7.54 (m, 15H, Ar–H), 8.14
(br., s, 2H, NH2);

13C-NMR (100MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm,
170.4 (C–NH2), 160.4 (CO), 160.1 (C–CH3), 140.8, 133.5,
129.6, 127.0, 124.5, 123.5, 122.6 (Ar–C), 114.8 (CN), 101.9
(C–N=N), 94.0 (C–CN), 90.7 (C–CN), 35.2 (N–CH3), 13.3
(CH3); Anal. for C26H23N7O (449.51): Calcd.: C, 69.47; H,
5.16; N, 21.81%; Found: C, 69.52; H, 5.24; N, 21.88%.

5.1.8. Ethyl 2-((1-Amino-2-Cyano-2-((1,5-Dimethyl-3-Oxo-
2-Phenyl-2,3-Dihydro-1H-Pyrazol-4-yl)Diazenyl) Vinyl)(4-
Chlorophenyl) Amino)Acetate (8). Yield (75%), mp 88–90∘C;
light black powder; IR (KBr): ́𝜐𝜐 (cm−1), 3358, 3266 (NH2),
2183 (CN), 1740 (C=O, ester), 1648 (CO), 1479 (N=N);
1H-NMR (400MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 1.29 (t, 3H, CH2CH3,
𝐽𝐽 𝐽 7𝐽2Hz), 2.41 (s, 3H, CH3), 3.18 (s, 3H, N–CH3), 3.82
(s, 2H, CH2), 4.12 (q, 2H, CH2CH3, 𝐽𝐽 𝐽 7𝐽2Hz), 6.2 (br, s,
2H, NH2), 7.01–8.12 (m, 9H, Ar–H); 13C–NMR (100MHz,
DMSO-𝑑𝑑6): 𝛿𝛿ppm, 168.2 (C–NH2), 168.4 (CO), 161.5 (CO),
160.5 (C–CH3), 142.3, 136.6, 129.7, 129.1, 129.0, 122.8
(Ar–C), 114.8 (CN), 113.3, 113.1, 113.0, 102.3 (C–N=N),
95.7 (C–CN), 62.1 (CH2CH3), 50.3 (CH2–N), 46.8, 34.8
(N–CH3), 14.8 (CH2CH3), 13.1 (CH3). MS (m/z, %): 495
(M+ +1, 0.5), 447 (0.2), 214 (7.5), 212 (19.6), 141 (33.0), 139
(100.0), 56 (16.0); Anal. for C24H24ClN7O3 (493.95): Calcd.:
C, 58.36; H, 4.90; N, 19.85%; Found: C, 58.44; H, 4.97; N,
19.93%.

5.1.9. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihy-
dro-1H-Pyrazol-4-yl)Diazenyl)-3-(Piperazin-1-yl)Acrylonit-
rile (9). Yield (72%), mp 89-90∘C; dark red powder; IR
(KBr): ́𝜐𝜐 (cm−1), 3450, 3379 (NH2), 3159 (NH), 2929 (C–H,
stretching), 2174 (CN), 1639 (CO), 1494 (N=N); 13C-NMR
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(100MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 173.3 (C–NH2), 160.4 (CO),
160.0 (C–CH3), 134.7, 129.1, 124.7, 123.5 (Ar–C), 114.8
(CN), 102.4 (C–N=N), 88.7 (C–CN), 50.6, 46.8 (CH2, piper-
azine), 35.8 (N–CH3), 13.1 (CH3); MS (m/z,%): 368 (M+ +2,
0.4), 343 (1.0), 228 (2.9), 201 (6.9), 189 (10.0), 160 (17.5), 135
(69.5), 73 (100.0), 65 (20.8); Anal. for C18H22N8O (366.42):
Calcd.: C, 59.00; H, 6.05; N, 30.58%; Found: C, 59.08; H, 6.13;
N, 30.64%.

5.1.10. 3-Amino-2-((1,5-Dimethyl-3-Oxo-2-Phenyl-2,3-Dihy-
dro-1H-Pyrazol-4-yl)Diazenyl)-3-(4-Phenylpiperazin-1-yl)A-
crylonitrile (10). Yield (86%), mp 230∘C; yellow powder;
IR (KBr): ́𝜐𝜐 (cm−1), 3390, 3334 (NH2), 2925, 2809 (C–H,
aliphatic), 2173 (CN), 1610 (CO), 1490 (N=N); 1H-NMR
(400MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 2.44 (s, 3H, CH3), 3.10 (s, 3H,
N–CH3), 3.28–3.36 (m, 4H, 2CH2, piperazine), 3.72–3.82
(m, 4H, 2CH2, piperazine), 6.12 (br., s, 2H, NH2), 6.81–7.53
(m, 5H, Ph); 13C-NMR (100MHz, DMSO-𝑑𝑑6): 𝛿𝛿ppm, 173.2
(C–NH2), 160.4 (CO), 160.1 (C–CH3), 149.7, 136.6, (Ar–
C–N), 130.2, 129.1, 124.1, 119.7, 118.4 (Ar–C), 114.8 (CN),
114.4, 114.3, 113.2, 113.1, 113.0, 95.7 (C–CN), 50.6, 47.3,
(4C, pipierazine) 46.8, 39.8 (N–CH3), 13.1 (CH3); MS (m/z,
%): 444 (M+ +2, 5.0), 375 (0.4), 228 (46.6), 214 (65.3), 188
(82.4), 162 (59.7), 132 (94.7), 120 (100.0), 99 (67.3), 88 (42.7),
73 (81.9), 66 (24.3); Anal. for C24H26N8O (442.52): Calcd.:
C, 65.14; H, 5.92; N, 25.32%; Found: C, 65.22; H, 5.96; N,
25.39%.

5.2. Dyeing Procedures

5.2.1. Preparation of Dye Dispersion. e required amount of
the dye (2% shade) was dissolved in a suitable solvent (DMF)
and added dropwise with stirring to a solution of Dekol-N
(2 g/dm3), an anionic dispersing agent of BASF, then the dye
was precipitated in a �ne dispersion ready for use in dyeing.

5.2.2. Dyeing of Polyester at 1301∘C under Pressure Using
Fescaben as a Carrier. e dyebath (1 : 20 liquor ratio)
containing 5 g/dm3 5 g/dm−3 Levegal PT (Bayer) as a carrier
and 4% ammonium sulphatet and acetic acid a pH = 5.5
was brought to 60∘C. e polyester fabric was entered at this
degree and run for 15 minutes. 2% dye in the �ne dispersion
was added, temperature was raised to the boiling point within
45minutes, dyeing was continued at the boil for about 1 hour,
then dyed material was rinsed and soaped with 2% nonionic
detergent to improve rubbing and wet fastness.

5.2.3. Assessment of Color Fastness (Table 2). Fastness to
washing, perspiration, light, and sublimation was tested
according to the reported methods.

(i) Fastness toWashing. A specimen of dyed polyester
fabric was stitched between two pieces of undyed
cotton fabric, all of equal diameters, and then washed
at 50∘C for 30 minutes. e staining on the undyed
adjacent fabric was assessed according to the follow-
ing gray scale: 1 (poor), 2 (fair), 3 (moderate), and 4
(good), and 5 excellent.

(ii) Fastness to perspiration. e samples were pre-
pared by stitching pieces of dyed polyester fabric
between two pieces of undyed cotton fabric, all of
equal diameters, and then immersed in the acid
medium for 30 minutes. e staining on the undyed
adjacent fabric was assessed according to the fol-
lowing gray scale: 1 poor, 2 fair, 3 moderate, 4
good, and 5 excellent. e acid solution (pH = 3.5)
contains sodium chloride 10 g/L, lactic acid 1 g/dm3,
disodium orthophosphate 1 g/dm3, and histidine
monohydrochloride 0.25 g/dm3.
(iii) Fastness to Rubbing. e dyed polyester fabric
was placed on the base of Crocketeer, so that it rests
�at on the abrasive cloth with its long dimension in
the direction of rubbing. A square of white testing
cloth was allowed to slide on the tested fabric back
and forth twenty times by making ten complete turns
of the crank. For a wet rubbing test, the testing square
was thoroughly wet in distilled water. e rest of the
procedure is the same as the dry test. e staining on
the white testing closed was assessed according to the
following gray scale: 1-poor, 2-fair, 3-moderate, and
4-good, and 5-excellent.
(iv) Fastness to Sublimation. Sublimation fastness was
measured with an iron tester (Yasuda no. 138). e
samples were prepared by stitching pieces of a dyed
polyester fabric between two pieces of an undyed
polyester, all of equal diameters, and then treated
at 180∘C and 210∘C for 1min. Any staining on the
undyed adjacent fabric or change in tone was assessed
according to the following gray scale: 1-poor, 2-fair, 3-
moderate, 4-good, and 5-excellent.
(v) Fastness to Light. Light fastnesswas determined by
exposing the dyed polyester on a Xenotest 150 (Orig-
inal Hanau, chamber temperature 25–30∘C, black
panel temperature 60∘C, relative humidity 50–60%,
and dark glass (��) �lter system) for 40 hours.
e changes in color were assessed according to the
following blue scale: 1-poor, 3-moderate, 5-good, and
8-very good.

5.2.4. Color Assessment. Table 1 reports the color Param-
eters of the dye fabrics assessed by tristimulus colorime-
try. e color parameters of the dyed fabrics were deter-
mined on a spectro the multichannel photodetector (model
MCPD1110A), equipped with a D65 source and barium
sulfate as a standard blank. e values of the chromaticity
coordinates luminance factor and the position of the color in
the CIELAB color solid are reported.

In this study, the dyeing performance of the prepared
dyes 2–10 on polyester �bers has been evaluated. e results
are listed in Table 2. Generally, the fastness properties of
dyes 2–10 on polyester �bers were studied (Table 2) and it
was observed that (a) fastness to washing on polyester �bers
is generally acceptable (3–5), according to the International
Geometric Gray Scale; (b) these dyeing showed good stability
to acid perspiration (rating 4-5); (c) the light fastness ranges
are 7-8 on polyester �bers; (d) all of the dyes have acceptable
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fastness to rubbing (4–6) for wet and dry �bers. is may be
attributed to good penetration.

5.3. Biological Activity

5.3.1. ABTS Antioxidant Screening Assay. Reagents. Vitamin
C was obtained from Sigma, 2,2′-azino-bis-(3-ethylbenzthia-
zoline-6-sulfonic acid) (ABTS)was purchased fromWak, and
all other chemicals were of the highest quality available.

For each of the investigated compounds, 2mL of
ABTS solution (60 𝜇𝜇M) was added to 3M MnO2 solu-
tion (25mg/mL) all prepared in phosphate buffer (pH 7,
0.1M). e mixture was shaken, centrifuged, �ltered, and
the absorbance (𝐴𝐴control) of the resulting green-blue solution
(ABTS radical solution) was adjusted at ca. 0.5 at 𝜆𝜆 734 nm.
en, 50 𝜇𝜇L of (2mM) solution of the test compound in
spectroscopic and grade methanol/phosphate buffer (1 : 1)
was added. e absorbance (𝐴𝐴test) was measured and the
reduction in color intensity was expressed as % inhibition.
e inhibition for each compound was calculated from

% Inhibition = 𝐴𝐴 (control) − 𝐴𝐴 (test)
𝐴𝐴 (control)

 × 100. (4)

Vitamin C was used as standard antioxidant (positive
control). Blank sample was run without ABTS and using
methanol/phosphate buffer (1 : 1) instead of sample. e
negative control sample was run with methanol/phosphate
buffer (1 : 1) instead of the tested compound [32].

5.3.2. Cytotoxic Activity [33].

Materials and Methods. e reagents RPMI-1640 medium
(Sigma Co., St. Louis, USA), Foetal Bovine serum (GIBCO,
UK), and the cell lines HepG2, WI38, VERO, and MCF-7
obtained from ATCC were used.

Procedure. e stock samples were diluted with RPMI-
1640 Medium to desired concentrations ranging from 10 to
1000 𝜇𝜇g/mL. e �nal concentration of dimethyl sulfoxide
(DMSO) in each sample did not exceed 1% v/v.e cytotoxic
activity of the compounds was tested against Vero cells:
cells from the kidney of green monkey� WI: �broblast cells�
HEPGII: Hepatoma cells, and MCF-7: cells from breast
cancer. e % viability of a cell was examined visually.
Brie�y, cell were batch cultured for 10 d, then seeded in
96-well plates of 10 × 103 cells/well in fresh complete
growth medium in 96-well microtiter plastic plates at 37∘C
for 24 h under 5% CO2 using a water jacketed carbon
dioxide incubator (Sheldon, TC2323, Cornelius, OR, USA).
e medium (without serum) was added and cells were
incubated either alone (negative control) or with different
concentrations of sample to give �nal concentrations of 1000,
500, 200, 100, 50, 20, and 10 𝜇𝜇g/mL. Cells were suspended
in RPMI-1640 medium, 1% antibiotic-antimycotic mixture
(104 𝜇𝜇g/mL potassium penicillin, 104 𝜇𝜇g/mL streptomycin
sulfate, and 25 𝜇𝜇g/mL Amphotericin B), and 1% L-e in 96-
well �at bottom microplates at 37∘C under 5% CO2. Aer
96 h of incubation, the medium was again aspirated, trays

were inverted onto a pad of paper towels, and the remaining
cells rinsed carefully with medium and �xed with 3.7% (v/v)
formaldehyde in saline for at least 20min. e �xed cells
were rinsed with water and examined. e cytotoxic activity
was identi�ed as con�uent, relatively unaltered monolayers
of stained cells treated with compounds. Cytotoxicity was
estimated as the concentration that caused approximately
50% loss of monolayer. e assay was used to examine the
newly synthesized compounds. 5-Fluorouracil was used as a
positive control.
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Multiwalled carbon nanotube (MWNT) coatedwith conducting polyaniline (PAni) nanocomposites has been enforced as for quasi-
solid-state electrolyte layer in the dye-sensitized solar cells (DSSCs), and the incorporation of MWNT-PAni nanoparticles on the
cell performance has been examined.eMWNT-PAni nanoparticles exploited as the extended electron transfer materials, which
can reduce charge diffusion length and serve simultaneously as catalyst for the electrochemical reduction of I3−. An ionic liquid
of 1-methyl-3-propyl-imidazolium iodide (PMII) together with the hybrid MWNT-PAni nanocomposites was placed between the
dye-sensitized porous TiO2 and the Pt counter electrode without adding iodine and achieved a moderately higher cell efficiency
(3.15%), as compared to that containing bare PMII (0.26%).

1. Introduction

In general, a typical DSSC is composed of three adjacent thin
layers: a mesoporous oxide �lm, such as TiO2, supported on
transparent conducting glass dye molecules, such as ruthe-
nium bipyridyl derivatives which are sensitive to visible light
in the solar spectrum, and an electrolyte solution containing
iodide and triiodide ions as a redox mediator to reduce the
oxidized dye molecules. e three layers are sandwiched
together by a second conducting glass covered with platinum
[1, 2]. However, leakage and the volatilization of organic
solvent-based electrolytes have restricted practical applica-
tions of DSSC. Room-temperature ionic liquids (RTILs) have
become attractive candidates for replacing organic solvents
because of their negligible vapor pressure, high thermal
stability, wide electro-chemical window, and high ionic

conductivity [3–7]. Nevertheless, the viscosity of RTIL is
still much higher than that of organic solvents, including
acetonitrile (ACN) and 3-methoxypro-pionitrile (MPN) and
has resulted in lower power conversion efficiencies because
of the RTIL poor ionic diffusion ability.

Carbon nanotube coated by conjugated conducting poly-
mer nanocomposites is worthy conducting hybrid materials,
which are o�en used in organic �eld effect transistor, solar
cells, sensors, electrochromic devices, and light emitting
diodes [8–12]. Here, the MWNT-PAni nanocomposites were
utilized to ionic liquid-based electrolyte to form the extended
electron transfer surface (Scheme 1) from the counter elec-
trode’s surface to the bulk electrolyte, in order to facilitate
electron transfer and, thereby, decrease the dark current from
the working electrode to the electrolyte.
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S 1: Schematic design of the charge transport processes
in a typical DSSC with a quasi-solid-state composite electrolyte
containing the MWNT-PAni hybrid composites and IL.

In the present study, MWNT-PAni composites have been
used in DSSC, and the effect of MWNT-PAni composites
addition in the solvent-free ionic liquid electrolyte without
the incorporation of iodine was studied.

2. Experimental

e following chemicals were purchased and used without
further puri�cation: 1-methyl-3-propyl-imidazolium iodide
(MPII, from Merck), tert-butyl alcohol (Fluka), and ace-
tonitrile (ACN, 99.99%, Aldrich). MWNT (>95 vol. grade)
produced by CVD method, diameter: 10–20 nm, length:
10–50 𝜇𝜇m. Aniline monomer (98%, Aldrich) was distilled
under a reduced pressure and kept below 0○C prior
to use. Hydrochloric acid, ammonium persulfate (APS,
(NH4)2S2O8), and other organic solvents were bought from
Aldrich as reagent grade and used without further puri�ca-
tion.

e conducting MWNT-PAni hybrid composites were
synthesized as per our reported work [13]. e instruments
used for this work included a �eld emission scanning
electron microscope (FE-SEM) (Hitachi Model S-4300), a
transmission electronmicroscope (TEM) (Philips model CM
200) with an Acc. Voltage of 200 kv. e room-temperature
conductivity of the pressed pellets was measured by the four-
point probe method using a Jandel engineering instrument,
Model CMT-SR1060N. e composite electrolyte was pre-
pared by mixing the solid powder of MWNT-PAni, PMII,
and ACN in a weight ratio of 1 : 7: 7. ACN was added to the
composite to improve the mixing and was removed on a hot
plate at a temperature of 90○C.

A double-layer TiO2 photoelectrode (10 + 5)mm in
thickness with a 10mm thick nanoporous layer and a 5mm

thick scattering layer (area: 0.25 cm2) was prepared by screen
printing on a conducting glass substrate. A dye solution of
3 × 10−4M concentration in acetonitrile-tert-butyl alcohol
(1/1, v/v) was used to uptake the dye onto the TiO2 �lm.
Deoxycholic acid (DCA) (20mM) as a coadsorbent was
added into the dye solution to prevent aggregation of the
dye molecules. e TiO2 �lms were immersed into the
dye solution and then kept at 25○C for 30 h. Photovoltaic
measurements were performed in a two-electrode sandwich
cell con�guration. A 30𝜇𝜇mthick surlyn spacer was put on the
dye-deposited TiO2 electrode and attached by heating. e
MWNT-PAni/MPII hybrid composite electrolyte was then
put onto the dye sensitized TiO2 �lm at 85○C to ensure that
the PMII can penetrate well into the porous structure and
remove the residual ACN. e dye-deposited TiO2 electrode
with the MWNT-PAni/MPII hybrid composite electrolytes
was assembled with a platinum-coated conducting glass
electrode and sealed by heating the polymer frame. e
electrolytes used for liquid cell were composed of 0.6M
dimethylpropylimidazolium iodide (DMPII), 0.05M I2, and
0.1M LiI in acetonitrile.

Photocurrent density-voltage (I-V) of sealed solar cells
was measured under standard air mass 1.5 sunlight (100
mWcm−2, WXS-155S-10: Wacom Denso Co., Japan) with
a metal mask of 0.25 cm2. e photovoltaic parameters,
that is, short circuit current (𝐽𝐽SC), open circuit voltage
(𝑉𝑉OC), �ll factor (FF), and power conversion efficiency (𝜂𝜂)
were estimated from I-V characteristics under illumination.
Monochromatic incident photon-to-current conversion effi-
ciency (IPCE) spectra were measured with a monochromatic
incident light of 1 × 1016 photons cm−2 in director current
mode (CEP-2000BX, Bunko-Keiki).

3. Results and Discussion

An ionic liquid usually has favorable properties from the
viewpoint of a DSSC, such as negligible vapor pressure, high
thermal stability, a wide electrochemical potential window,
and high ionic conductivity [14–18]. Conducting polymer-
coated carbon nanotubes are notable materials, which are
being widely studied because of their extraordinary elec-
tronic and mechanical properties. Considering these aspects,
an incombustible and nonvolatile PMII and MWNT-PAni
composites, were incorporated into DSSC for this study
(Scheme 1). It is expected that this IL would allow perfect
contact at the interface between the dye-coated porous
TiO2 and the extended electron transfer material [19], that
is, MWNT-PAni composites. e carbon material in the
iodine-free composite electrolyte serves simultaneously as
a charge transporter in the electrolyte and as a catalyst for
electrochemical reduction of I3− ions [20].e iodide anion-
based IL can provide sufficient I− for the regeneration of
oxidized dye under illumination; I− in turn oxidizes to I3−,
which can be reduced back to I− at the carbon material.

A typical morphology of MWNT-PAni nanocompos-
ites synthesized by the in situ chemical polymerization
method was investigated using scanning electron micro-
scopes (Figure 1). In the Figure 1(a), the FE-SEM image
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(a) (b)

F 1: (a) FE-SEM and (b) TEM images of MWNT-PAni composites.

proofs a uniform existence of carbon nanotube and polymer
in the MWNT-PAni nanocomposites. A tubular morphology
of MWNT- PAni nanocomposites was also identi�ed by
using TEM scanning, as shown in Figure 1(b). Microscopic
characterizations showed that there was clear indication of
interfacial entrapment between the PAni and MWNT; the
conducting polymer is coated on the surface of the carbon
nanotube. Here, the tubular inner part (core) is mainly
the compound of MWNT, and the outer coated surface
(shell) is conducting polyaniline with the variable thicknesses
(20–50 nm diameters), and their external surfaces are not
smooth.

e atomic percents of the C, N, and H are 74.28, 5.74,
and 2.75, respectively, for MWNT-PAni composites by the
elemental analysis (EA) which reveal that carbon nanotube
and polyaniline both are present in the sample. In general,
electrical conductivity may be taken as a function of the
conjugation length of the polymer, and the amount of active
dopant present in the polymer, as the number of charge
carriers depends upon the extent of the dopant concen-
tration, provided that other factors remain unchanged. A
powder sample of 0.02 g was loaded and pressed into a pellet
1.2 cm in diameter and a pressure of 170 atm by a manual
hydraulic press for 10min. en, the electrical conductivity
of the pellets was measured by a standard four-point probe
method, connected to a Keithley voltmeter-constant current
source system. e conductivity of the resulting MWNT-
PAni composites at room temperature is 1.53 S/cm, which is
higher than that of the pristine PAni (∼0.18 S/cm), which is
synthesized withoutMWNT, under the same conditions.e
combination of PAni with MWNT has effectively increased
the conductivity, an order of magnitude for the MWNT-
PAni composites, comparing with its counterpart bulk PAni
powders.

e short-circuit photocurrent density (𝐽𝐽SC), open-
circuit photovoltage (𝑉𝑉OC), �ll factors (FF), and overall cell

T 1: Photovoltaic properties of the DSCs with MWNT-
PAni/PMII composite electrolyte and with bare PMII electrolyte
using Pt/ITO as counter electrodea.

Electrolyte 𝐽𝐽SC (mA cm−2) 𝑉𝑉OC (V) FF 𝜂𝜂 (%)
PMII 1.32 0.602 0.33 0.26
MWNT-PAni/PMII 9.87 0.560 0.57 3.15
Liquid electrolyteb 15.21 0.701 0.72 7.68
a
Conditions: sealed cells; dye: N719; coadsorbate: DCA 40mM; photoelec-
trode: TiO2 (0.25 cm2); irradiated light: AM 1.5 solar light (100mWcm−2).
𝐽𝐽SC: short-circuit photocurrent density; 𝑉𝑉OC: open-circuit photovoltage;
FF: �ll factor; 𝜂𝜂: total power conversion efficiency. bLiquid electrolyte was
composed of 0.6M dimethylpropyl-imidazolium iodide (DMPII), 0.05M I2,
and 0.1M LiI in acetonitrile.

0

2

4

6

8

10

0 0.1 0.2 0.3 0.4 0.5 0.6

Voltage (V)

P
h

ot
oc

u
rr

en
t 

de
n

si
ty

 (
m

A
 c

m
−

2
)

F 2: Photocurrent-voltage characteristics of DSCs with
MWNT-PAni/PMII composite electrolyte at AM 1.5 illuminations
(light intensities: 100mWcm−2).

efficiencies (𝜂𝜂) of the DSCs under AM 1.5G simulated solar
light at a light intensity of 100mWcm−2 using MWNT-
PAni/PMII composite electrolyte and using bare PMII as
electrolyte are summarized in Table 1. Figure 2 shows the
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F 3: Photocurrent action spectra of the DSCs with MWNT-
PAni/PMII composite electrolyte. e incident photon-to-current
conversion efficiency is plotted as a function of wavelength. A
sandwich-type sealed cell con�guration was used to measure this
spectrum.

photocurrent density-voltage performance for DSCs based
onMWNT-PAni/PMII device.eMWNT-PAni/PMII elec-
trolyte containing solar cell showed high DSCs performance
showing short-circuit photocurrent density of 9.87mA cm−2,
an open-circuit photovoltage of 0.560V, and a �ll factor of
0.57, corresponding to an overall conversion efficiency (𝜂𝜂)
of 3.15% under standard AM 1.5 irradiation (100mWcm−2),
which is remarkably higher than that of bare PMII device
(0.26%) under the same experimental conditions. e low
device efficiency of bare PMII device is due to signi�cant
decrease in 𝐽𝐽SC. e presence of MWNT-PAni composite
materials in PMII facilitates electron transfer from counter
electrode to I3−, which enables the I−/I3− redox couple to
work more efficiently than they would in the absence of
MWNT-PAni [20]. Under the same experimental device
conditions, solar cells with iodine based liquid electrolyte
showed higher overall conversion efficiency (𝜂𝜂) of 7.68%.
Conversion of iodine containing liquid electrolyte to quasi-
solid MWNT-PAni/PMII led to decrease in the 𝐽𝐽SC from
15.21 to 9.87mA cm−2, the 𝑉𝑉OC decrease from 0.70 to 0.56,
and the �ll factor decrease from 0.72 to 0.57 because of
marked increase in viscosity for MWNT-PAni/PMII device
compare to liquid electrolyte device.

Figure 3 shows the monochromatic incident photon to
current conversion efficiency (IPCE) for DSCs based on
MWNT-PAni/PMII composite. MWNT-PAni/PMII device
shows the maximum IPCE of 54% at 550 nm. Here,
the integrated 𝐽𝐽SC value from IPCE was the same value
obtained 9.87mA cm−2 from the I-V measurement. e
low photon-to-current conversion efficiency in the MWNT-
PAni/PMIIelectrolyte-based device may be due to inefficient
charge transport properties in the composite electrolyte.

4. Conclusion

A quasi-solid-state DSSC was developed using the hybrid
MWNT-PAni nanocomposites as an electrolyte layer without

adding the conventional iodine electrolytes. A moderately
higher efficiency (3.15%) of solid-state DSSC was achieved
with the hybrid MWNT-PAni nanocomposites and PMII
under AM1.5 full sunlight. It is revealed that the MWNT-
PAni nanocomposite electrolyte serves simultaneously as the
�ller for physical gelation of electrolyte and as the catalyst for
electrochemical reduction of I3−.
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Indoline dye D-1 was successfully applied as a cosensitizer for improving the spectral response of black dye in dye-sensitized
solar cells (DSCs). It was observed that D-1 effectively increases the short-circuit photocurrent by offsetting the competitive light
absorption by I/I3

− electrolyte in the wavelength region 350–500 nm when adsorbed on the TiO2 nanocrystaline �lms in a mix
dye system.e DSCs containing theD-1 and black dye achieved a power conversion efficiency of 9.80% with higher short-circuit
photocurrent of 19.54mA/cm2 compared to the system of black dye without cosensitization under standard AM 1.5 sunlight.

1. Introduction

Dye-sensitized solar cells (DSSC) based on nanocrystalline
TiO2 electrodes are promising candidate for low-cost alterna-
tive energy sources compared to silicon and other inorganic
semiconductor-based photovoltaic devices [1–5]. erefore,
many researchers have continued their tremendous efforts
over the last two decades for improving the performances
of DSCs [6–9]. In DSCs, a sensitizing dye adsorbed at
the surface of a wide band gap semiconductor (usually
nanostructured TiO2) absorbs light to transfer an electron
to the semiconductor conduction band, followed by dye
regeneration by a solution redox electrolyte or a solid hole
conductor. e most common and efficient dyes employed
so far in these solar cells are Ru(II) polypyridyl complexes as
their intense charge-transfer (CT) absorption in the whole
visible range, high quantum yield for the formation of the
lowest CT excited state, and ease to tune redox properties
[10–18]. e photoexcitation of the metal-to-ligand charge-
transfer (MLCT) excited states of the adsorbed dye leads to
an efficient injection of electrons into the conduction band

of TiO2. Up to now, the highest conversion efficiency (𝜂𝜂)
from solar light to electric power for DSCs is over 11%
under standard AM 1.5 conditions, which has been obtained
fromporous TiO2 electrode using Ru polypyridine complexes
(black dye) as sensitizers, and an organic electrolyte con-
taining I−/I3

− as a hole transport media [7]. However, the
conversion efficiency of DSCs is still lower than that of the
silicon-based photovoltaic cells. It will be required to improve
the light harvesting efficiency in the near-IR region as well
as over the entire visible region of the solar spectrum to
further improve the conversion efficiency. Black dye based
DSCs show a strong dip at about 380 nm in the incident
photon-to-current conversion efficiency (IPCE) spectrum
due to the competitive light absorption of the triiodide and
black dye. To overcome this problem, recently a mix dyes
system has been used to avoid the competitive adsorption
and aggregation among dyes that may induce unfavorable
charge or energy transfer and quenching of photo-excited
states [8, 9]. Although the efficiency of black dye increased
with the combination of an organic dye, the mechanism
and selection of this dye in that system has yet to be clear.
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To understand this system and effectiveness, here, we have
strategically chosen dye D-1 (Figure 1) as a cosensitizer
considering its strong light harvesting efficiency at around
400 nm and also studied its performance with the black dye
in mix dye-sensitized DSCs.

2. Experimental Section

All reagents were purchased from Sigma-Aldrich and Alfa
Aesar. e dye D-1 was synthesized according to the pub-
lished method [19]. Absorption spectra were recorded on
a Shimadzu model 3100 UV-Vis-NIR spectrophotometer.
NanocrystallineTiO2 �lmswere prepared by using a variation
of a reported method [20]. TCO glass electrodes with a
sheet resistance of 8–10 ohm−2 and an optical transmission
of greater than 80% in the visible range were used. A
double-layer TiO2 photoelectrode (15 + 5) 𝜇𝜇m in thickness
with a 15𝜇𝜇m thick nanoporous layer and a 5 𝜇𝜇m thick
scattering layer (area: 0.25 cm2) was prepared by screen
printing on a conducting glass substrate. e �lms were
then sintered at 500∘C for 1 hour. e thickness of �lms
was measured with a Surfcom 1400A surface pro�ler (Tokyo
Seimitsu Co. Ltd.). e �lms were further treated with 0.1M
HCl aqueous solutions before examination [21]. A mixture
of black dye (tri(thiocyanato)(4,4�,4��-tricarboxy-2,2�:6�,2��-
terpyridine)ruthenium(II)) (0.2mM) andD-1 (0.1mM)with
addition of deoxycholic acid at a concentration of 20mM
in 1 : 1 acetonitrile and tert-butanol was used as a mix
dye solution. e TiO2 �lms were immersed in the above
solutions and then kept at 25∘C for 30 hours. e dye
deposited TiO2 �lm and a platinum-coated conducting glass
were separated by a Surlyn spacer (40mm thick) and sealed
by heating the polymer frame. An electrolyte consisting
of a solution of 0.6M dimethylpropyl-imidazolium iodide,
0.05M I2, 0.1MLiI, and 0.4M tert-butylpyridine in acetoni-
trile was used in all the cells.

e current-voltage characteristics were measured using
a black metal mask with an aperture area of 0.25 cm2 under
standard air mass 1.5 sunlight (100mWcm−2). Monochro-
matic incident photon-to-current conversion efficiency spec-
tra were measured with a monochromatic incident light of
1 × 1016 photons cm−2 in direct currentmode (CEP-2000BX).
e photoemission yield curves were measured with an
AC-3 photoelectron spectrometer surface analyzer under
atmosphere with a 0.2mLmin−1N2 �ow.

3. Results and Discussions

Figure 2 shows the UV-visible absorption spectra of black
dye,D-1, and triiodide in ethanol solutions. e cosensitizer
D-1 showed strong absorptions near 440 nm with a high
molar extinction coefficient (𝜀𝜀) of 2.53 × 104M−1 cm−1. We
assigned this absorption to the intramolecular charge transfer
between the donors and the acceptors inD-1. e broad and
intense visible bands of black dye in the 390–540 nm region
are due to the metal-to-ligand charge transfer transitions. As
shown in Figure 2, D-1 shows a superior light harvesting
efficiency in the wavelength region of 400–500 nm compared

to that of black dye and I3
−. Compared to themolar extinction

coefficients of I3
−, D-1 showed much higher light harvesting

ability in this region which may attribute to the loss of
the light absorption by I3

− to be suppressed by the use of
cosensitizerD-1.

Figure 3 shows the absorption spectra of black dye, D-1,
and a mixture of black dye andD-1 absorbed on transparent
thin �lm of nanoporous TiO2 (4 𝜇𝜇m). BothD-1 and black dye
showed broad absorption spectra similar to that in solution.
However, the absorption maxima were slightly blue-shied
due to the interaction between the carboxylate group and
TiO2 (Figure 3). Upon adsorption on TiO2 �lm, the tail
of the absorption spectra of black dye and D-1 extended
to 600 nm and 850 nm, respectively. is broadening of
the absorption spectra is desirable for harvesting the solar
spectrum and leads to a higher photocurrent. e electronic
absorption spectrum of D-1 adsorbed on TiO2 shows a
well de�ned intense absorption band at around 430 nm. e
absorbance of this band is much higher than that for black
dye at this wavelength. e absorption spectrum of mix dye
(BD + D-1) coated transparent TiO2 �lm shows a broad
absorption band ranging from 340–650 nm. As shown in
Figure 3, it is clear that mix dye system shows superior light
harvesting efficiency than black dye in the wavelength region
360–540 nm. erefore it is expected that mix dye sensitized
DSCs show better incident photon-to-electron conversion
efficiency (IPCE) compared to black dye based DSCs in
360–540 nm and also improve the dip at about 400 nm in
the IPCE spectrum of black dye based DSCs due to the
competitive light absorption of the triiodide ion.

e ionization potential (IP) of D-1 bound to nanocrys-
talline TiO2 �lm was determined by using the photoemis-
sion yield spectrometer. Ground-state oxidation potential
(HOMO) values of −6.11 eV was obtained for sensitizers
D-1. e HOMO energy level of D-1 was sufficiently low
compared to the redox potential of I−/I3

− (−5.20 eV) for
efficient regeneration of oxidized dye through reaction with
iodide. e onset of the optical energy gap (𝐸𝐸0-0) of D-1
was 2.38. e excited-state oxidation potential, LUMO, of
sensitizerD-1 was −3.73 eV, which lies above the conduction
band edge (−4.2 eV) of the nanocrystalline TiO2. erefore,
an efficient electron injection into the conduction band of
TiO2 is expected to occur for sensitizerD-1.

Figure 4 shows the monochromatic incident photon to
current conversion efficiency for DSCs based on black dye,
D-1, and a mixture of black dye andD-1. e dyeD-1 shows
excellent sensitization of nanocrystalline TiO2 from 400 to
550 nm with a maximum value of 85% in the plateau region.
Taking into account the re�ection and absorption losses
by the conducting glass, the photon to current conversion
efficiency in this range reaches about 95%. e IPCEs of
D-1 in 370–510 nm are high in comparison with that of
black dye. e cell with only black dye showed a broad
IPCE spectrum extending across the whole visible range and
into the near-IR region as far as 950 nm and displayed the
highest IPCE value (73%) in the wavelength range from
600 to 700 nm (Figure 4). e IPCE, in the wavelength
range 350–450 nm, was decreased due to competitive light
absorption between I3

− and the black dye. Addition of
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F 2: UV-visible absorption spectra of black dye, D-1, and
triiodide in ethanol solutions.

cosensitizer D-1 for the cell with black dye enhanced the
IPCE in the wavelength range 350–600 nm. e dip in the
IPCE spectra at around 400 nm was restored as shown in
Figure 4 by adding the cosensitizer D-1 into the cells which
indicates that the electron could easily inject from the D-1
into the TiO2 �lm in the mix dye sensitized DSCs.is result
was consistent with the absorption spectrum of D-1. e
IPCE spectra of black dye and mix dye sensitized DSCs were
almost the same in the wavelength range 600–950 nm which
indicates that both black dye and D-1 work independently
with negligible interaction.
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F 3: UV-visible absorption spectra of black dye,D-1, and black
dye +D-1 (mix-dye) on TiO2 �lm.

Figure 5 shows the I-V curves for DSCs based on black
dye, D-1, and a mixture of black dye and D-1. e short-
circuit photocurrent density, open-circuit voltage, �ll factors,
and overall cell efficiencies for DSCs are summarized in Table
1. e mix dye sensitized solar cell showed higher power
conversion efficiency than black dye, with 𝐽𝐽sc of 19.54mA
cm−2, 𝑉𝑉oc of 0.703V, FF of 0.714, and corresponding to an
overall conversion efficiency (𝜂𝜂) of 9.80%. Under the same
conditions, black dye showed a 𝐽𝐽sc of 18.15mA cm−2, 𝑉𝑉oc of
0.704V, FF of 0.719, and an overall conversion efficiency (𝜂𝜂)
of 9.18%. e improved photocurrent of mix dye sensitized
solar cell relative toD-1 is in good accordwith the proceeding
IPCE measurements.
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F 4: Incident photon-to-electron conversion efficiency (IPCE)
spectra of DSCs.
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F 5: Current-voltage characteristics of the DSCs under AM1.5
sunlight illumination (100mW cm−2).

T 1: e current-voltage performance data of DSCs sensitized
by black dye,D-1, and black dye +D-1 (mix-dye) measured AM1.5
sunlight illumination (100mWcm−2).

Compound 𝐽𝐽sc (mA cm−2) 𝑉𝑉oc (V) FF Eff. (%)
D-1 6.420 0.705 0.750 3.34
Black-dye 18.150 0.704 0.719 9.18
Black-dye +D-1 19.540 0.703 0.714 9.80

4. Conclusion

e combination of black dye and D-1 was found to exhibit
improvement of cell efficiency by offsetting the competitive
visible light absorption due to I3

−. Addition of D-1 as a
cosensitizer in the mix dye based DSC shows an enhanced
IPCE in the wavelength range of 350–600 nm leading to an

improved photocurrent. e distinct properties of D-1 as a
cosensitizer enabled mix dye based DSCs to perform with
high efficiency.
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