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Abstract
Polypyrrole (PPy) and its derivatives containing different aromatic segments
were synthesized by the interfacial polymerization reaction using ammonium
per sulfate as oxidant, and were characterized by using Fourier transform
infrared, Ultraviolet/visible absorption, and Raman spectroscopic techniques.
The third-order nonlinear optical properties of all samples were measured by
using nanosecond Z-scan measurements at 532 nm. At the identical mass
concentration of 0.15 mg∙mL−1, all PPy derivatives exhibited an obvious reverse saturable absorption performance, while the saturable absorption response was observed for PPy. In addition, significant differences in their nonlinear optical performances were observed, highlighting the influence on optical nonlinearity of the aromatic segments of conjugated polymers.
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1. Introduction
Nonlinear optical (NLO) materials were investigated quite intensively in recent
years due to their widespread applications in information storage, optical communication, optical switching, optical limiting, optical computing, logic devices,
and image transmission [1] [2]. During past decades, organic materials have attracted great attention as NLO materials owing to their potential advantages
over the classical inorganic materials in many aspects such as higher laser damage threshold, and flexible tailorability [3] [4]. Among these organic materials,
conjugated polymers with largely delocalized π-electrons on its main chain are
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emerging as most widely studied materials in the research area of NLO, due to
their superiority in favourable chemical stability, easy processability, good
structural and mechanical properties, which have made them as active materials
in devices fabrication [5] [6] [7]. It is of vital important to establish the inherent
relationship between the NLO properties and chemical structure of conjugated
polymers.
Recently, polypyrrole (PPy) has been regarded as a typical representative of
conducting polymer for electronic applications [8]. In addition, PPy and its derivatives are promising materials for rechargeable batteries, high-capacity electrode, biosensors and immune sensors for its excellent properties, such as high
conductivity, controllable chemical and electrochemical properties, good environmental stability and easy processability [9] [10]. Generally, PPy can be easily
prepared by chemical and electrochemical methods. Nevertheless, to the best of
our knowledge, there are few investigations on NLO properties of PPy and its
derivatives.
A large amount of studies indicated that the substituent groups of the molecule have intimate influence on its NLO properties [11]. Herein, with the goal to
investigate the relationship between structure and NLO properties, we have
synthesized PPy and five PPy derivatives by chemical oxidation method. By using various aldehydes which possess different substituent groups as the reactant
to prepare the PPy derivatives, we studied the influence of different substituent
groups on its structure and NLO properties. A comprehensive study and characterization of the PPy derivatives by using FTIR, UV/vis, and Raman analysis
are reported in this work. The Z-scan technique in the nanosecond regime at 532
nm was used to study the NLO properties of PPy and its derivatives with different substituent groups. The as-prepared PPy and its derivatives (PPy-1, PPy-2,
PPy-3, PPy-4, and PPy-5) can be used as NLO materials and the research may be
useful to rational design and prepare the NLO materials.

2. Experimental Section
2.1. Materials and Reagents
Pyrrole monomer, benzaldehyde, and 4-methylbenzaldehyde (Shanghai Sinopharm
Chemical Reagent Co. Ltd, China) were distilled under reduced pressure before use.
Ammonium persulfate (APS, Shanghai Sinopharm Chemical Reagent Co. Ltd, China) as an oxidant was analytical grade and used as received. 4-Bromobenzaldehyde,
4-hydroxybenzaldehyde, 4-N,N-diethylamino-benzaldehyde, and other reagents
were purchased from commercial suppliers and used without further purification. Deionized water was used throughout the whole sample preparation
process.

2.2. Preparation of PPy and Its Derivatives
The typical chemical redox oxidative polymerization method for preparation of
the PPy and its derivatives was carried out as follows (Scheme 1): In a 50 mL
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Scheme 1. Synthetic routes toward new PPy polymers.

single-neck round-bottomed flask, 0.2 mL (0.9 mmoL) of pyrrole and 1.5 mmoLaldehydes were dissolved in 10 mL dichloromethane, the mixture was stirred
for 30 min, and then 0.2 g APS in 5 mL deionized water was added slowly by a
constant pressure drop funnel accompany with visible liquid-liquid interface.
The resultant mixture was magnetically stirred at room temperature. The solution near the interface turned dark quickly, indicating that the start of the polymerization. The reaction was kept at room temperature for 12 hours. Black precipitate was filtered and washed several times with deionized water, methanol,
and ethanol. The product was dried under vacuum at room temperature for 2
days. These PPy derivatives are denoted aspoly{(pyrrole-2,5-diyl) [ben- zylidene]} (PPy-1), poly{(pyrrole-2,5-diyl)[4-methylbenzylidene]}(PPy-2), poly
{(pyrrole-2,5-diyl)[(4-N,N-diethylamino-2-hydroxy)benzylidene]}(PPy-3), poly
{(pyrrole-2,5-diyl)[4-bromobenzylidene]}(PPy-4), and poly{(pyrrole-2,5-diyl)
[4-hydroxybenzylidene]} (PPy-5). The method to synthesis PPy is the same as
those PPy derivatives in the absence of the aldehydes.

2.3. Instruments and Measurements
Fourier transform infrared (FTIR) spectra were measured with a MB154S-FTIR
system (Canada) using spectroscopic grade KBr pellet. Raman spectra were carried out at room temperature on a Renishaw In via Raman Microscope. The 532
nm line of an Ar+ radiation was used as the excitation resource, which was focused onto samples by using a microscope equipped with a ×100 objective. The
ultraviolet/visible (UV/Vis) spectra were obtained by a JASCO V-570 spectrophotometer using 1 cm quartz cuvette. Elemental analyses were obtained on a
Perkin-Elmer 240C CHN elemental analyzer.
The nonlinear optical performances of all samples, including PPy, PPy-1,
PPy-2, PPy-3, PPy-4, and PPy-5, were assessed by the Z-scan measurement with
linearly polarized 4 ns laser pulses at 532 nm with a repetition rate of 2 Hz. DMF
suspension solutions of all samples in quartz cells of 2 mm thickness were placed
at the focal point of a lens with a focal length of 50 cm, which was controlled by
a computer, and then moved toward the z-axis of the incident beam. The incident and transmitted pulse intensity were measured by two energy detectors
(Rjp-765 energy probe), which were linked to an energy meter (Rj-7620
ENERGY RATIOMETER, Laserprobe).
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3. Results and Discussion
3.1. FTIR Studies
Fourier transform infrared spectroscopy (FTIR) has been used to study the
structure of PPy and its derivatives. In Figure 1, FTIR spectra of PPy and its derivatives in the range 4000 - 400 cm−1 were given to illustrate the chemical environment of the samples. For PPy, the characteristic broad band at 3425 cm−1
corresponds to the N-H stretching vibration of the pyrrole rings, and may also
be ascribed to the O-H stretching vibration of water from the moisture in the air
[12]. The peak at 1704 cm−1 is ascribed the over oxidation of the pyrrole in the
process of fabricating PPy. The two peaks observed at 1562 and 1476 cm−1 are
attributed to the C=C and C-N stretching vibrations, respectively. The peak at
1299 cm−1 is ascribed to the C-C in-ring stretching and C-N in-plane deformation modes. The peaks observed at 1208 and 1050 cm−1 correspond to C-H
in-plane vibration and C-N stretching vibration [13], respectively. The band at
925 cm−1 is due to C-H out-of-plane deformation, and the peak observed at 800
cm−1 is associated with C-H out-of-plane vibration [14]. The band at 680 cm−1 is
attributed to the C-C out-of-plane ring deformation or C-H rocking vibration
[15]. As to PPy-1, PPy-2, PPy-3, and PPy-4, all of them show the corresponding
characteristic peaks of PPy in the FTIR spectra at around 1549, 1473, 1283, 1193,
1041, 911, and 790 cm−1, respectively. However, those bands are accompanied
with obvious bathochromic-shift compared to PPy, ascribing to the influence of
the substituent groups in the PPy derivatives. Remarkably, the spectrum of
PPy-5 exhibits several bands at 1675, 1596, 1243, 1170, 1041, and 765 cm−1,
which can be owed to the influence of its -OH substituent groups.

3.2. Linear Optical Absorption Analysis
UV/vis spectroscopy is taken to illustrate the inner effect of different substituent
groups in those PPy derivatives on the photophysical properties. UV/vis spectra
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Figure 1. FTIR spectra of PPy and its derivatives (PPy-1, PPy-2, PPy-3, PPy-4 and
PPy-5).
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of PPy and its derivatives (PPy-1, PPy-2, PPy-3, PPy-4 and PPy-5) in DMF are
presented in Figure 2. In the PPy spectrum, it shows a strong peak at 280 nm
and a broad absorption band in the range 400 - 650 nm. The former is contributed to the π − π* interband transition, namely, transition from valence band to
the conduction band of neutral state of PPy, which is indicative of the formation
of PPy [10]. As for the broad absorption band, it reveals the take place of the polymerization [16]. For those PPy derivatives, it is obvious to find that all of them
have absorption peak at around 280 nm, but with some shift in the peak position. In particular, PPy-3 shows three absorption bands at 268, 305, and 500 nm,
while PPy and other PPy derivatives only possess two absorption bands. In addition, compare to PPy and other PPy derivatives, the first peak shifts from 280 to
268 nm. As is known to all, the order of electron-donating ability for these substituent groups is –N(CH2CH3)2 > -OH > -CH3 > -H > -Br. Therefore, it is reasonable to deduce that the strong electron-donating ability results in the difference of PPy-3 in comparison with those of others. It is also easy to find that the
spectrum of PPy-5 is clearly different from other compounds for the appearance
of the second absorption band at 423 nm. But PPy-1 and PPy-2 only show a
broad absorption band in the range 400 - 550 and 400 - 650 nm, respectively.
Moreover, PPy-4 exhibited two absorption peaks at 320 and 562 nm. These differences for PPy and its derivatives in the UV/vis spectra should be ascribed to
the effect of the diverse substituent groups.

3.3. Raman Spectra Analysis
Raman spectroscopy was taken as an effective tool to characterize the structure
of the synthesized samples. The Raman spectra of PPy and its derivatives were
shown in Figure 3. For the spectrum of PPy, it exhibits two characteristic peaks
at 1353 (D band) and 1571 cm−1 (G band) that correspond to the C=C backbone
PPy-1
PPy-2
PPy-3
PPy-4
PPy-5
PPy

Absorption Intensity

0.8
0.6
0.4
0.2
0.0
300

400

500

600

700

800

Wavelength (nm)
Figure 2. UV/vis spectra of PPy and its derivatives (PPy-1, PPy-2, PPy-3, PPy-4 and
PPy-5).
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Figure 3. Raman spectra of PPy and its derivatives (PPy-1, PPy-2, PPy-3, PPy-4 and
PPy-5).

stretching and the ring stretching mode of PPy, respectively [17]. The position
and intensity ratio of D and G bands for PPy and its derivatives were shown in
Table 1. It is obvious to find that the D and G bands for those PPy derivatives
have been shifted for several wave numbers to some extent as compared to PPy.
In addition, PPy-1, PPy-2, PPy-3, PPy-4 and PPy-5 also show distinction to each
other, which indicate the significant effect of varying substituent groups on the
Raman data. Similar to graphene, the intensity ratio of D and G bands (ID/IG)
was used to investigate the extent of defects in PPy and its derivatives [18]. From
Table 1, we can find that the ID/IG of PPy derivatives decreased largely from 0.98
to ~0.69, indicating that PPy derivatives have less disorder structure and defects
than PPy.

3.4. Nonlinear Optical Performances
The NLO properties of conjugated polymers are important for applications such
as optical limiting, optical processing and optical switching [19]. In the last few
years, process in the field of photonics and optoelectronics has deeply promoted
the search for materials with excellent NLO properties and ultrafast response,
with the goal of protecting sensitive optical systems and human eyes [20]. As a
consequence, these properties have been widely investigated using several experimental techniques over the past years. The Z-scan technique is a sensitive method to characterize the NLO properties of materials with a simple experimental
setup. In the Z-scan technique, the sample moves along the beam propagating
direction (Z-axis) through the focus of a lens, and as it moves the sample is under variable irradiance. The total transmittance through the sample is recorded
as a function of incident laser intensity at each z-position and analyzed using
Z-scan theory.
Conjugated polymersexhibit excellent NLO activities because of their extensive π electron delocalization and macrocyclic conjugate structure [10], so it was
DOI: 10.4236/msa.2017.811056
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Table 1. The position and intensity raito of D and G bands for PPy and its derivatives
(PPy-1, PPy-2, PPy-3, PPy-4 and PPy-5).
Compounds

D band Position
(cm−1)

G band Position
(cm−1)

Intensity ratio
(ID/IG)

PPy

1353

1571

0.98

PPy-1

1347

1574

0.71

PPy-2

1362

1569

0.73

PPy-3

1341

1575

0.72

PPy-4

1352

1572

0.73

PPy-5

1348

1568

0.69

of tremendous interests to evaluate the optical nonlinearities of the PPy and its
derivatives. The samples were prepared by dissolving 1.5 mg of PPy, PPy-1,
PPy-2, PPy-3, PPy-4, and PPy-5 into 10 mL of DMSO, respectively, followed
with 30 min of ultrasonic treatment.
The open-aperture Z-scan results of the tested samples at 532 nm are presented in Figure 4. Because the solvent DMSO exhibits no nonlinear absorption
under these experimental conditions, the observed nonlinear absorption must
arise from the solutes. At the excitation wavelength, the pristine PPy exhibits
clear saturable absorption process; that is, the total transmission increases as the
sample moves to the higher irradiance at the focal point [10]. In contrast, valley-shaped curves indicate the occurrence of nonlinear absorption and optical
limiting behaviors. The depth of the valley in the Z-scan curves correlates with
the extent of optical limiting [21] [22]. The decrease in normalized transmittance of PPy-3 with increasing fluence exceeds that all of other samples in the
present study. The order of the decreases in normalized transmittance (PPy-3 >
PPy-5 > PPy-2 > PPy-1 > PPy-4) indicate that the optical limiting response of
PPy-3 is superior to those of the other samples, highlighting the influence on
optical nonlinearity of the composition and aromatic segments of conjugated
polymers. The effective NLO performance makes PPy-3 possible candidates for
practical applications as mode-locking elements or optical limiters in eyes and
sensors protection for ns pulses. Although more work is needed to determine
other potential applications of the novel systems, this approach opens new possibilities for research on the construction of conjugated polymers, and it may be
extended to other nanostructured materials in which agglomeration is not expected.

4. Conclusion
In summary, we have reported the synthesis of PPy and its derivatives containing different aromatic segments by the interfacial polymerization reaction. The
structural properties of all samples were characterized by using FTIR, UV/vis,
and Raman techniques. Their NLO properties have been investigated using the
Z-scan technique at 532 nm with 4 ns laser pulses. PPy-3 exhibited increased
DOI: 10.4236/msa.2017.811056
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Figure 4. Normalized open-aperture Z-scan data of PPy and its derivatives (PPy-1,
PPy-2, PPy-3, PPy-4 and PPy-5) at a wavelength of 532 nm in the ns regime.

NLO properties in the nanosecond regime. The aromatic segments are found to
be an important factor influencing the NLO performances of the PPy derivatives. The present work revealed important insights into the NLO responses of
conjugated polymers, and can provide new guidelines for the design of polymers-based NLO materials.
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