
POLYMERS

Effects of indigo carmine concentration

on the morphology and microwave absorbing behavior

of PPy prepared by template synthesis

Shuchun Hu1,*, Yu Zhou1, Lingling Zhang1, Sijin Liu2, Kai Cui2, Yaoyao Lu1, Kainan Li1, and Xiaodong Li1

1Key Laboratory of Advanced Technologies of Materials (Ministry of Education), School of Materials Science and Engineering,

Southwest Jiaotong University, Chengdu 610031, China
2Key Laboratory of Transportation Tunnel Engineering (Ministry of Education), School of Civil Engineering, Southwest Jiaotong

University, Chengdu 610031, China

Received: 24 May 2017

Accepted: 9 October 2017

Published online:

31 October 2017

� Springer Science+Business

Media, LLC 2017

ABSTRACT

In the study, a series of polypyrrole (PPy) samples were prepared by a method

of template synthesis at different indigo carmine (IC) concentrations while

keeping the amount of pyrrole and FeCl3 as well as the reaction conditions

unchanged. Effects of IC concentration (MIC) on the morphology, conductivity

and microwave absorbing behavior of the obtained PPy products were inves-

tigated. The results showed that the morphology of PPy transformed from

granular flocking to rods and then to spiral rods as MIC increased from 0.05 to

7.50 mM, and the morphology transformation mechanism of PPy was attributed

to the structural transformation of IC micelles caused by the change of MIC. The

conductivity of PPy was also found to be influenced by MIC. Further investi-

gation indicated that the spiral rod-shaped PPy (S-5) showed obviously superior

microwave absorbing behavior compared with that of the granular flocking

shaped PPy or that of the rod-shaped PPy, which was attributed to the benefits

of its spiral structure and the comparably higher dielectric loss resulted from its

lower conductivity.

Introduction

The past 20–30 years saw increasing concerns as well

as significant achievements on the research of con-

ducting polymers. Among diverse conducting poly-

mers, polypyrrole (PPy), with high thermal and

chemical stability, excellent conductivity and man-

ageable synthesis, has been widely applied as a

functional material in electronic device manufacture.

The application of PPy covers a wide range. For

example, since it is reversible in doping, eco-friendly,

high in specific capacitance and easy to form film, it

has been used as an electrode material to produce

supercapacitors [1–3] and rechargeable batteries

[4, 5]. With electrical and gas sensitivity, PPy is also

used to produce sensors [6, 7]. Some researchers have
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tried to apply PPy to the chemical and electrochem-

ical anticorrosion of metals by virtue of its functions

of promoting the generation of passive oxide at the

interfaces between metals and polymers, increasing

the electrochemical corrosion potential of metals,

transferring electrochemical corrosion interfaces and

realizing controllable release of corrosion inhibitors

[8–11]. There are also researchers who connected PPy

with electromagnetic shielding [12–14] and micro-

wave absorption [15, 16] in view of the dielectric loss

mechanism and controllable electromagnetic param-

eters of PPy. However, a common problem faced by

the above application fields is that the mentioned

behaviors of PPy or its’ composites are directly

affected by its physical and chemical property

parameters. Therefore, how to control these param-

eters of PPy has become a new research focus in

recent years. Generally, the physical and chemical

properties of PPy are adjusted by scholars from all

over the world through adjusting the morphology

and chemical structure of PPy [17–21], which is

always based on the control over the synthesis

method and reaction conditions. Among all the ways

of PPy’s synthesis, template synthesis is an effective

way to regulate the morphology of PPy.

As far as hard templates are concerned, with using

anodic aluminum oxide (AAO) membrane as the

template, PPy nanotubule arrays were prepared by

Liu et al. [22] through an electrochemical alternating

current method, and the formation mechanism of

PPy nanotubule arrays was mainly attributed to the

limitation of AAO templates to the growth direction

of PPy nanotubule after nuclei overlapping. With

using Al2O3 nanoporous templates, doped and de-

doped nanotubes and nanowires of polypyrrole,

polyaniline and poly-(3,4-ethylenedioxythiophene)

were synthesized by Kim et al. [23], and the possible

applications of these nanotubes and nanowires in the

construction of nanotip emitters in field emission

displays and polymer-based transistors were pre-

sented. Fukami et al. [24] investigated electropoly-

merization of PPy into porous silicon template, and

they obtained rod-shaped PPy arrays after removal of

the templates. Moreover, they demonstrated that the

size and the surface morphology of PPy rod were

easily tuned using porous silicon.

Besides hard templates, more and more soft tem-

plates have been used in the template synthesis of

PPy. With using methyl orange (MO) as the template

and ammonium peroxysulfate (APS) as the oxidant,

Dai et al. [25] prepared PPy microtubules at room

temperature, and their researches demonstrated that

the formation of PPy microtubules was a slow and

self-assembled process. According to the report of

Yang et al. [26], PPy nanotubes were synthesized by

an in situ polymerization method with using a reac-

tive self-degraded template (the fibrillary complex of

FeCl3 and MO), and the obtained PPy nanotubes

were found to have high electric conductivity and azo

function due to its hollow nanotubular structures. Lu

et al. [27] synthesized fibrillar PPy on the cotton

fabrics via a chemical polymerization process with

micelles of cationic surfactant (cetyltrimethylammo-

nium bromide, CTAB) as the soft templates. While

FeCl3 was used as the oxidant and Acid Red 1 was

used as the dopant, aligned PPy micro/nanotubules

were synthesized by Yan et al. [28], and the mor-

phology of the obtained PPy could be manipulated

by varying the synthetic conditions including poly-

merization time, monomer concentration, oxidant

species and stirring. According to Ref. [28], the for-

mation mechanism of rectangular-sectioned PPy

micro/nanotubules was mainly attributed to AR1-

Fe(II) complex (formed from the complexation of

Acid Red 1 and Fe2?), which might have functioned

as ‘template’ during the polymerization of pyrrole

monomers. Ralwal et al. [29] and Hazarika et al. [30]

both reported the synthesis of PPy with using sodium

dodecyl sulfate (SDS) as the template, and they all

found that SDS concentration affected the mor-

phologies of PPy. By changing SDS concentration in

the range of 5–30 mM, Ralwal et al. [29] prepared

elliptical and spherical PPy, respectively; Hazarika

et al. [30] obtained spherical solid PPy nanoparticles

(with SDS concentrations in the range of 0.01–0.2 M)

and cylindrical PPy nanoparticles (at a SDS concen-

tration of 0.5 M). As our early report [31], when

indigo carmine(IC)and FeCl3 were used as the dopant

and oxidant, respectively, PPy in the morphology of

spiral rods was synthesized via chemical oxidation

method; Moreover, IC-Fe(II) chelate was proposed to

be the synthesis template of PPy. In addition, as

shown in Fig. 1, IC has short-chain planar molecular

structure and both hydrophilic lipophilic groups [32].

Because of the well-known redox mechanism [33], the

high extinction coefficient [34] and the dianionic

character [32] of IC, it is beneficial to promote the

electronic interaction with the p-system of PPy and

finally promoting some photoelectrochemical prop-

erties of PPy. For example, with using IC as the
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dopant, Girotto et al. [35], Sultana et al. [32] and

Loguercio et al. [36], respectively, reported their

researches on PPy films (PPy-DS-IC film, PPy-IC film

and PPy-IC-Au film, in order), which were all syn-

thesized by electrochemical method, and the as-pre-

pared PPy films showed relatively good

electrochromic and photoelectrochemical properties

[35], high discharge capacity [32] as well as enhanced

electrochromic and optical properties [36].

According to the above literature survey and to our

best knowledge, we are the main group focusing on

spiral rod-shaped PPy prepared by chemical oxida-

tion method as IC is used as the template. On the

other hand, conductive polymers (including PPy)

have been an important development direction of

microwave absorbing materials, which is mainly

ascribed to their outstanding lightweight character-

istic. The density of PPy is about 1.2 g/cm3 [37], less

than one-sixth of that of steel, which makes PPy has

the congenital technology advantage of lightweight

compared with other microwave absorbers such as

magnetic metal, ferrite and ceramic fibers. Certainly,

it is also necessary to promote the microwave

absorbing capability of PPy because microwave

absorbers are always required to meet the overall

performance requirements of lightweight, low thick-

ness, strong absorption and wide absorption band-

width. Much of the time, in order to enhance the

absorption capability, PPy was compounded with

magnetic materials [16, 38, 39] to prepare composited

absorbers (including the core–shell-structured com-

posites). Although the composite method is an

effective way to promote the microwave absorbing

property, the process will drastically increase the

density of the absorbers. On the other side, spiral

materials are good candidates for constructing effi-

cient microwave absorbers with characteristics of

lightweight, strong absorption and wide absorption

bandwidth because of an additional more

adjustable chiral parameter besides complex permit-

tivity and permeability [40, 41].

Based on the above analysis and our previous

work, still with IC as the synthesis template, PPy

products with different morphologies (granular

flocking, rods and spiral rods) were prepared in this

paper through adjusting IC concentration in the

reaction mixture. Based on the characterizations of

PPy with different morphologies and the studies on

the morphology transformation mechanism of the

series of PPy products, the conductivity and micro-

wave absorbing properties of PPy with different

morphologies were emphatically investigated, which

laid foundations for PPy’s application in the area of

lightweight microwave absorbing materials.

Experimental

Materials

Pyrrole (C4H5N, 98%) was purchased from Shanghai

KF Chemical Reagent Co. Ltd (Shanghai, China).

Indigo carmine (C16H8N2Na2O8S2, 95%), iron (III)

chloride hexahydrate (FeCl3�6H2O, 99%) and ethanol

(C2H6O, 99.7%) were purchased from Chengdu

Kelong Chemical Reagent Factory (Chengdu, China)

and used as received. The water used in the experi-

ments was distilled.

Synthesis of PPy at different IC
concentrations

The process of PPy’s synthesis is similar to that in our

previous report [31], except for the use of different

concentrations of IC. In general, while keeping the

amount of pyrrole and FeCl3 as well as the reaction

conditions unchanged, six PPy samples were pre-

pared at different IC concentrations (0.05, 0.10, 0.25,

0.75, 2.50 and 7.50 mM, in order) and marked as S-1,

S-2, S-3, S-4, S-5 and S-6, in order. Taking S-1 as an

example, it was prepared as follows: 0.0048 g IC was

added to 180 ml distilled water and the obtained

solution was hand stirred for 10 min to fully dissolve

IC. Then, 1.38 ml pyrrole was added to the above

solution, and the obtained miscible liquids (with an

IC concentration of 0.05 mM) were transferred to an

ice bath after hand stirring again to decrease its

temperature to 5 �C. Then, 20 ml of a previously

confected FeCl3 aqua (0.5 M) was dropwise added to

the mixed liquids of pyrrole and IC in 20 min. The

obtained mixture was still kept in the ice bath (5 �C)

Figure 1 The molecular structure of IC [32].
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condition to react for 9 h with slow magnetic stirring.

Followed to the synthesis reaction, treatments such as

decompression filtration, ethanol and distilled water

washing and oven drying (45 �C, 12 h) were carried

out and the final S-1 product in black powders was

obtained.

Characterization of PPy synthesized
at different IC concentrations

The morphologies of PPy samples were observed

using a scanning electron microscopy (SEM, Inspect

FEI, USA) at an accelerating voltage of 20.0 kV, and

the powder was directly stuck on conductive tapes

without dispersing before metal spraying and testing.

With using a Fourier transform infrared spectrometer

(FT-IR, Nicolet 6700, USA), the FT-IR spectra of IC

and the as-prepared PPy products were recorded on

a KBr pellet in a wavenumber range of

4000–400 cm-1. The elementary composition of PPy

products was qualitatively tested using an X-ray

photoelectron spectroscopy (XPS, XSAM 800, Kratos).

The conductivity of PPy was measured by a double

electric four-probe multimeter (RTS-9, 4 Probes Tech,

China). The electromagnetic parameters of PPy

products were tested by a vector network analyzer

(AV3672C, CETC, China) in the frequency range of

8–18 GHz.

Results and discussion

Morphological analysis of PPy synthesized
at different IC concentrations

Figure 2 shows the SEM images of the PPy prepared

at different IC concentrations.

As shown in Fig. 2a, when IC concentration (abbr.

MIC) was 0.05 mM, PPy in the morphology of gran-

ular flocking was obtained, and the average granule

size of S-1 was 0.53 lm. When MIC was doubled, the

obtained S-2 still kept the morphology of granular

flocking (as shown in Fig. 2b) and its average particle

size decreased to 0.33 lm. As MIC went up to 0.25 or

0.75 mM, rod-shaped PPy samples (S-3 and S-4) were

prepared as shown in Fig. 2c, d. When MIC stood at

2.50 or 7.50 mM, spiral rod-shaped PPy samples (S-5

and S-6) were obtained as shown in Fig. 2e, f. As far

as the main morphology differentia between S-5 and

S-6 was concerned, it could be observed that there

were obvious pitches between the spiral stripes of

S-6, but the stripes of S-5 were close together.

It can be thereby concluded that with the increase

of MIC, the morphology of PPy products turned from

granular flocking to rods and then to spiral rods.

These changes are related to the structural transfor-

mation of IC micelles (the synthesis templates of PPy)

caused by the change of MIC. The morphology

transformation mechanism of PPy will be analyzed in

detail hereinafter.

FT-IR and XPS analyses of PPy synthesized
at different IC concentrations

Figure 3 shows the FT-IR spectra of pristine indigo

carmine and PPy samples obtained at different MIC.

In the FT-IR spectrum of IC, the peak at 1700 cm-1

was assigned to the stretching vibration of C=O; the

peaks at 1640 and 1611 cm-1 were related to the

stretching vibration of C=C [42]; the peaks at 1471

and 1388 cm-1 were contributed to the stretching

vibration of NH and C–C, respectively [43]; the peak

at 1158 cm-1 was caused by C–H in plane bending

vibration [42]; the peak at 1108 cm-1 was assigned to

the stretching vibration of S=O [44]; the peak at

1037 cm-1 was contributed to the sulfonate anion

vibration [36]; the peak at 824 cm-1 was caused by

the C–H out-of-plane bending vibrations; the peaks at

731 and 678 cm-1 were related to C–N ? S–O ? C–C

bending vibrations in plane; and C–N ? S–O ? C–C

bending vibrations out of plane were at 588 cm-1

[42].

In the FT-IR spectra of PPy samples, the charac-

teristic absorption peaks of PPy were observed at

1540, 1469, 1300, 1183, 964 and 778 cm-1, respec-

tively. Among these peaks, the peaks at 1540 and

1469 cm-1 were assigned to the C–C and C–N

stretching vibration of pyrrole rings, and the peak at

1300 cm-1 was attributed to the C–H and C–N in-

plane deformation [27]; the peak at 1183 cm-1 was

caused by the C–N stretching vibration, and the peak

at 964 cm-1 was related to the C–H out-of-plane

vibration [37]; and the peak at 778 cm-1 was attrib-

uted to the C–H wagging vibration [45]. Therefore, it

is suggested that the obtained products were PPy. In

addition, the absorption peak of sulfonic acid group

(1037 cm-1) was also detected in the FT-IR spectra of

S-1–S-6, which indicated that IC had been doped and

grafted to the PPy chain [31, 46, 47]. This conclusion

could be further proved by the supplementary proof
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of the XPS results (as shown in Fig. 4) because peaks

of S and O elements were detected in the obtained

XPS spectra of the representative PPy samples.

As shown in Fig. 3, the absorption peaks of the O–

Fe–O (591 cm-1) were detected in the FT-IR spectra

of S-5 and S-6 which had the spiral rod-shaped

morphology. As introduced in our previous report

[31], the O–Fe–O formed as a result of the chelation of

Fe2? (reduced from Fe3?) with the carbonyl oxygen of

IC. Because of the chelation, cylindrical IC micelles

transformed to spiral IC-Fe(II) chelate micelles, in

which pyrrole was polymerized to PPy in the

morphology of spiral rods. This indicated that O–Fe–

O contributed to the formation of spiral rod-shaped

PPy.

The morphology transformation mechanism
of PPy

As reported by us [31], since the PPy herein was

prepared by taking IC micelles as synthesis tem-

plates, its morphology was mainly determined by the

micelle structure. As is known to all, micelle is

always in granular structure as the surfactant

Figure 2 SEM images of PPy

samples prepared at different

MIC. a S-1, MIC = 0.05 mM;

b S-2, MIC = 0.10 mM; c S-3,

MIC = 0.25 mM; d S-4,

MIC = 0.75 mM; e S-5,

MIC = 2.50 mM; f S-6,

MIC = 7.50 mM.
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concentration is not too big [18, 48]. Therefore, when

IC concentration was as low as 0.05 or 0.10 mM,

granular IC micelles (Fig. 5a) formed with a big mole

ratio of pyrrole to IC of 2000 or 1000. This meant that

in the reaction system, a limited number of IC

molecules surrounded a large amount of pyrrole

monomers, forming granular micelles bonded by

intermolecular forces. In these micelles, pyrrole was

polymerized to granular flocking PPy as illustrated in

Fig. 2a, b. As widely accepted, the structure of

surfactant micelle will gradually change from gran-

ular structure to rod-like or layered structure with the

further increase in the surfactant concentration

[18, 49]. So, it is possible that IC micelles transformed

to be in rod structure (Fig. 5b) when IC concentration

increased to 0.25 mM, which was corresponded to

S-3 and five times as much as that of S-1. Thus, pyr-

role was polymerized to rod-shaped PPy as shown in

Fig. 2c. There are similar reports [50] on the rela-

tionship between surfactant concentration and

micelle structure. When sodium dodecyl benzene-

sulfonate (SDBS) is used as the surfactant, the micelle

structure was changed from spherical to rod-like

shape with the increase in SDBS concentration in the

reaction system.

When IC concentration reached 2.50 mM, the

morphology of micelles became spiral rod (Fig. 5c)

and an obvious absorption peak of O–Fe–O

(591 cm-1) as a result of IC-Fe(II) chelation was

observed in the FT-IR spectrum of S-5. According to

our previous report [31], it is the chelation between

the carbonyl oxygen of IC micelles and Fe2? that

contributes to the structure transformation of IC

micelles from cylinder to spiral rod, in which pyrrole

was polymerized to spiral rod-shaped PPy as shown

in Fig. 2e. Similar analysis was also proposed by

Kopecka et al. [51]. According to their report, methyl

orange interacted with iron (III) salts to form the

starting template of pyrrole’s polymerization, and

PPy nanotubes with circular or rectangular profiles

were prepared.

It seemed that a faint absorption peak reflecting IC-

Fe(II) chelation also appeared in the FT-IR spectrum

of S-4; however, S-4 was not in the morphology of

spiral rods, but rods (Fig. 2d) as S-3. It may be

explained by the fact that the IC concentration

(0.75 mM) for the formation of S-4 was much lower

than that (2.50 mM) for the formation of S-5, and

limited in number, IC molecules mainly participated

in the formation of rod-shaped micelles instead of the

chelation with Fe2? which was the key point for the

formation of spiral rod-shaped PPy. For the forma-

tion of S-5, it is greatly possible that the IC concen-

tration was high enough to support the sufficient

chelation of IC molecules with Fe2?, so the structure

of IC micelles changed from rods to spiral rods, and

consequently, spiral rod-shaped PPy (Fig. 2e) was

obtained. In addition, according to the XPS results,

the S element composition (at%) of S-5 was 0.51%,

which could be taken as a rough critical composition
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Figure 3 FT-IR spectra of IC and PPy samples prepared at

different MIC. S-1 MIC = 0.05 mM; S-2, MIC = 0.10 mM; S-3,

MIC = 0.25 mM; S-4, MIC = 0.75 mM; S-5, MIC = 2.50 mM;

S-6, MIC = 7.50 mM.

1000 800 600 400 200 0

S-6
S-5
S-3
S-1

Cl2p

S2p
S2s

C1s

N1s

O1s

Fe2p
Fe(LMM)

B.E. (eV)

O(KLL)

Figure 4 XPS spectra of the representative PPy samples. S-1,

MIC = 0.05 mM; S-3, MIC = 0.25 mM; S-5, MIC = 2.50 mM;

S-6, MIC = 7.50 mM.
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of S element for forming the spiral rod-shaped PPy.

Moreover, compared with S-5, S-6 (as shown in

Fig. 2f) is also in the morphology of spiral rods but

with obvious stripe gaps. The reason is that increased

IC concentration enhanced the chelation, which is

possible to result in the pitch of spiral rod-like IC-

Fe(II) chelate micelles and finally leads to the emerge

of gaps between spiral stripes.

In conclusion, as the increase of MIC, the structure

of IC micelles transformed from granule to cylinder

and then to spiral rod, and consequently, PPy prod-

ucts experienced the same transformation in

morphology.

Effects of IC concentration
to the conductivity of PPy

Figure 6 illustrates the curve of conductivity of PPy

samples versus IC concentration. As shown in Fig. 6,

it could be found that the conductivity of PPy rapidly

decreased with the increase of MIC when the value of

MIC was lower than 2.50 mM. As MIC increased from

0.05 to 2.50 mM (from S-1 to S-5), the conductivity of

the PPy decreased from 13.69 to 1.35 S/cm gradually.

When MIC further increased to 7.50 mM (S-6), the

conductivity of S-6 rebounded to 5.36 S/cm.

According to the above data, it is suggested that

MIC is the main influencing factor on the conductivity

of PPy. At a comparably lower MIC condition, the

doping level of chloridion was comparably higher

because of the competition of chloridion and sulfonic

acid ion on doping to PPy molecular chain, and less

IC molecule would be included in the PPy product,

which could be proved by the at% of Cl and S ele-

ments (as shown in Table 1) of the representative PPy

Figure 5 Illustration of the

structure transformation of

micelles caused by the change

of MIC. a Granular micelle for

S-1 and S-2 as MIC was

between 0.05 and 0.10 mM,

b cylindrical micelle for S-3

and S-4 as MIC was between

0.25 and 0.75 mM, c spiral rod

micelle as MIC was between

2.50 and 7.50 mM.
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Figure 6 The curve of the conductivity of PPy (S-1 to S-6)

versus IC concentration: S-1, MIC = 0.05 mM; S-2, MIC = 0.10 -

mM; S-3, MIC = 0.25 mM; S-4, MIC = 0.75 mM; S-5,

MIC = 2.50 mM; S-6, MIC = 7.50 mM.

Table 1 The at% of Cl and S elements of PPy samples

Sample at% of Cl (%) at% of S (%)

S-1 2.83 0.08

S-3 2.50 0.20

S-5 1.51 0.51

S-6 0.09 1.51
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samples. The above two factors are both beneficial for

promoting the conductivity of the product; therefore,

it is reasonable that the conductivity of PPy rapidly

decreases with the increase of MIC in the range of

0.05–2.50 mM.

However, it is interesting and should be mentioned

that the conductivity of PPy rose from 1.35 to 5.36

S/cm when MIC was further increased from 2.50 to

7.50 mM (from S-5 to S-6). In consideration of the

comparably higher content of IC of S-6 (the S ele-

ments contents of S-6 and S-5 were 1.51 and 0.51 at%,

respectively) as well as the main morphology differ-

entia between S-5 and S-6 (S-6 had obvious pitches

between the spiral stripes, but the stripes of S-5 were

close together), the main reason for S-6 showed a

higher conductivity than that of S-5 was ascribed to

pitches of spiral stripes in S-6. Because stripe pitches

were beneficial for increasing the chance of PPy to

expose from the outer layer of IC and providing PPy

molecules more opportunities of direct contact,

which contributed to transfer carrier between PPy

rods as well as to increase the contact area of PPy

molecules and reduce the contact resistance, thus

finally resulted in the obvious increase in the con-

ductivity of S-6. In addition, Genetti et al. [52] also

reported a method to decrease the contact resistance

which is increasing the contact area of PPy-coated

nickel particles. This suggested that our conclusion is

in accordance with Ref. [52].

Microwave absorbing behaviors of PPy
products with different morphologies

In this paper, the permittivity and permeability of

PPy products (S-1, S-3, S-5 and S-6) with different

morphologies were tested by a vector network ana-

lyzer. Based on that, the reflection loss (RL) of dif-

ferent PPy products with a common defined

specimen thickness of 1 mm are calculated according

to Eqs. (1) and (2), and the calculated results are

shown in Fig. 7.

Z ¼
ffiffiffi

l
e

r

tanh j
2p
k
t

ffiffiffiffiffi

le
p

� �

ð1Þ

RL ¼ 20 log
Z� 1

Zþ 1

�

�

�

�

�

�

�

�

ð2Þ

Where Z is a complex number, e and l are the

complex permittivity and permeability, respectively;

k is the wavelength, t is the thickness of the specimen

and j ¼
ffiffiffiffiffiffiffi

�1
p

[15, 53, 54].

It can be seen from Fig. 7 that among the three

kinds of PPy products, those in the morphology of

spiral rods (S-5 and S-6) appear obviously lower

reflection loss (S-5: - 1.44 * - 3.07 dB; S-6:

- 1.13 * - 2.64 dB) than that of the rod-shaped S-3

(- 0.74 * - 1.84 dB) and that of the granular flock-

ing shaped S-1 (- 0.65 * - 1.49 dB), which suggests

that the spiral structure of S-5 and S-6 is beneficial for

promoting the microwave absorbing capability.

According to the reports [55, 56] focusing on other

spiral materials, spiral materials always have a cer-

tain extent of chiral characteristic, which can con-

tribute to microwave absorption since it brings spiral

materials an additional more adjustable chiral

parameter besides complex permittivity and perme-

ability [40, 41]. On the other hand, also because of the

spiral structure, the polarization characteristic of the

incident microwave will be significantly affected.

Both self-polarization and cross-polarization will be

resulted in, which is suggested to be another impor-

tant reason for the increase in the microwave

absorbing capability of spiral materials [56]. In

addition, the obviously superior microwave absorb-

ing behavior of spiral rod-shaped PPy is also related

to their comparably lower conductivities to a certain

extent, because a low conductivity is more beneficial

for the formation of dipole and dielectric loss [47]. As

far as the microwave absorbing comparison of S-5

and S-6 is concerned, the results (as shown in Fig. 7)

clearly indicate that S-5 shows superior absorbing

behavior than S-6 although they are both in spiral
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rod-shaped morphology. According to the above

analysis, the main reasons are suggested to be ascri-

bed to the obviously lower conductivity of S-5 (1.35

S/cm) as compared with that of S-6 (5.36 S/cm),

which increases dielectric loss to the incident

microwave.

Conclusions

Six PPy samples were prepared at different MIC while

keeping the amount of pyrrole and FeCl3 as well as

the reaction conditions unchanged. As MIC increased

from 0.05 to 7.5 mM, the morphology of PPy trans-

formed from granular flocking to rods and then to

spiral rods. The morphology transformation mecha-

nism of PPy was attributed to the structural trans-

formation of IC micelles caused by the change of MIC.

The conductivity of PPy rapidly decreased with the

increase of MIC in the range of 0.05–2.50 mM; when

MIC further increased to 7.50 mM, the conductivity

rebounded to 5.36 S/cm. The spiral rod-shaped PPy

showed superior microwave absorbing behavior

compared with that of the granular flocking shaped

PPy or that of the rod-shaped PPy.
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[50] González YI, Nakanishi H, Stjerndahl M, Kaler EW (2005)

Influence of pH on the micelle-to-vesicle transition in

aqueous mixtures of sodium dodecyl benzenesulfonate with

histidine. J Phys Chem B 109:11675–11682
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