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Abstract Fluorinated PANI/GPTMS hybrid films were

successfully prepared from different polyfluoroaniline

emulsions and c-glycidoxypropyltrimethoxysilane (GPTMS)

via a sol–gel method. Fluorinated PANI emulsion was

generated via a chemical method in an acidic medium

using 3-fluoroaniline (F1ANI) and 3,5-bis(trifluoromethyl)

aniline (F6ANI) as monomer, respectively. The experimen-

tal results demonstrated that due to the presence of

electron-withdrawing group, the introduction of fluorine

atoms in polyaniline backbone can reduce the size of PANI

particles and the interaction between inorganic sol and

fluorinated PANI. A comparison indicated that the water

repellency and thermal stability of the PF1ANI/GPTMS

hybrid films were lower than those of the PF6ANI/GPTMS

hybrid films, but its corrosion-protective ability was higher

than those of the latter.

Graphical Abstract Structures of PANI (a), PF1ANI (b),

PF6ANI (c), and PANI/GPTMS hybrids (d).
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1 Introduction

Materials with a low surface free energy have recently been

attracting considerable interest for water- and oil-repellent

non-adhesive applications [1–3]. The reported fluorine-
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containing polymers exhibit a high surface segregation of

the perfluoroalkyl side chains, which causes very low free

energy on their surfaces [4]. The wetting behavior is de-

termined by the nature of the pendent chain [5, 6], the

length of the pendent chain [7, 8], and the concentration of

the functional surface groups [9]. Recently, considerable

interest has focused on the use of hydrophobic films as

protective coatings [10]. This anti-wetting property is

relevant to its protection from corrosion attack. The hy-

drophobic coating effectively protects an underlying steel

substrate from corrosion attack by preventing water from

being absorbed into the coating, thus preventing the cor-

rosive chemicals and corrosion products from diffusing

through the coating [11–13].

Conducting polymers protect the metal surface by acting

as a barrier and by causing anodic shift in the corrosion

potential, which will cause the passivation and anodic

protection of the metal substrate [14, 15]. Additionally, it

has been reported that conducting polymers can reduce the

corrosion rate, even after the coating has been breached

and the metal surface has been exposed to the environment

[16].

The corrosion-resistant properties of conducting poly-

mers, such as polyaniline (PANI), polypyrrole, polythio-

phene, and poly(vinylcarbazole), on the metal substrates

have been extensively studied [11, 17, 18]. In particular,

PANI-SiO2 or TiO2 hybrid films have received extensive

attention due to their potential applications in many fields,

such as electrodes, electromagnetic shielding materials,

corrosion-resistant coatings, sensor devices, catalysts, and

others [19–25]. However, the anti-wetting property of these

hybrids was found to be far from satisfactory. FANI ma-

terials have been used in polymer synthesis because of their

stability and solubility [26, 27]. In addition, FANI can have

a very low surface energy depending on the side-chain

group. Therefore, the incorporation of FANI into siloxane-

based hybrids offers tremendous potential for creating

multifunctional coatings arising from the characteristic

properties of FANI.

In our previous study, polyfluoroaniline/GPTMS hybrid

films were directly prepared from PFANI emulsions and

GPTMS through a sol–gel method [28]. In the present

study, fluorinated PANI/GPTMS hybrid films were suc-

cessfully prepared from different polyfluoroaniline emul-

sions and c-glycidoxypropyltrimethoxysilane (GPTMS).

The fluorinated PANI emulsion was generated via a che-

mical method in an acidic medium using 3-fluoroaniline

and 3,5-bis(trifluoromethyl)aniline as monomer, respec-

tively. The influence of the introduction of fluorine atoms

in polyaniline backbone on the morphology and surface

properties of PANI and fluorinated PANI/GPTMS hybrid

films was investigated.

2 Experimental details

2.1 Reagents

c-glycidoxypropyltrimethoxysilane (GPTMS, 98 %) was

obtained from Nanjing UP Chemical Co., Ltd. (China).

Aniline monomer (ANI, AR), 3-fluoroaniline (F1ANI,

98 %), 3,5-bis(trifluoromethyl)aniline (F6ANI, 98 %),

sodium dodecyl sulfate (SDS, 99 %), and ammonium

peroxodisulfate (APS, AR) were purchased from Sigma-

Aldrich. Other chemicals, such as ethanol (ETOH, AR) and

37 % hydrochloric acid (HCl), were purchased from

Sinopharm Chemical Reagent Co., Ltd. (China). All

reagents were used as received without any further purifi-

cation. Deionized water was used throughout the

experiments.

2.2 Preparation of fluorinated PANI/GPTMS

emulsions

Emulsion polymerization was performed following a

typical recipe: 0.01 mol of SDS and 0.012 mol of APS

were first dissolved in 20 ml of 0.5 M HCl aqueous solu-

tion in a 250 ml reaction vessel. Subsequently, 0.01mol of

ANI was added to another 20 ml of 0.5 M HCl aqueous

solution. The emulsion was initiated by titrating 20 ml of

ANI aqueous solution into the above mixture. The poly-

merization was carried out with magnetic stirring at 20 �C
for 24 h. PF1ANI and PF6ANI emulsions were formed via

the same method.

2.3 Preparation of fluorinated PANI/GPTMS

hybrid films

GPTMS was dissolved in the required amount of ethanol.

After vigorous stirring for 1 h at 60 �C, the above PANI

emulsion was added dropwise over approximately 1 h to

complete the hydrolysis. Themolar ratio of ANI:GPTMSwas

1:10. The mixed solution was stirred for 4 h at 60 �C. Sub-
sequently, the resultantmixturewas aged in a closed container

for 1 h at 25 �C and poured into polyethylene containers.

PF1ANI/GPTMS and PF6ANI/GPTMS hybrid films were

formed via the same method. Structures of PANI, PF1ANI,

PF6ANI, and PANI/GPTMS hybrids are displayed in Fig. 1.

1060 aluminum alloy panels (Dalian Aluminum

Manufacture Co., Ltd., China) were cut to

20 mm 9 20 mm 9 1 mm and used as substrates for

coating. The samples were first cleaned with 600 mesh

silicon carbide paper prior to being cleaned with 800 mesh

silicon carbide paper. Subsequently, the substrates were

washed with a detergent and deionized water, rinsed with

acetone in an ultrasonic bath, and then dried in air.
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The film was deposited at room temperature using a

vertical dipping method with a draw speed of 10–12 cm/

min. The coated film was dried in air for 30 min at 25 �C
and subsequently heated to 140 �C at 0.5 �C/min in an

oven under N2.

2.4 Characterization

The chemical transformations of the hybrid gels were

verified using Fourier transform infrared (FT-IR) spec-

troscopy (Bruker EQUINOX 55, Germany) with KBr pel-

lets. The FT-IR spectra were recorded from 4000 to

400 cm-1 with a 2 cm-1 resolution. The surface and cross-

sectional micrographs of the hybrid films were observed

via scanning electron microscopy (SEM, Hitachi S-4800,

Japan). Thermal degradation of the hybrid gels was carried

out using thermogravimetric analysis-differential thermal

analysis (TGA-DTA) calorimetry (TA Instruments SDT

2960, USA) under N2 at a constant heating rate of 10 �C/
min. The root-mean-squared roughness was measured by a

three dimensional laser scanning microscope (Keyence

VK-X200 K, Japan).

The contact angles of the hybrid films were measured

using the sessile drop method with a contact angle meter

(KRUSS DSA100, Germany) of 25 �C. The wetting liquids

used for the contact angle measurements were water and

methylene iodide. To avoid surface contamination, all

specimens were successively washed with acetone, ethanol,

and deionized water and dried prior to measurement. The

static contact angle measurements were repeated with the

same sample, and an average contact angle value was de-

termined based on at least 10 measurements.

The corrosion protection capabilities of the hybrid films

were assessed at an electrochemical workstation (Ametek

PARSTAT 2273, USA) using potentiodynamic polariza-

tion in 0.5 mol/L aqueous sodium chloride under air. The

potentiodynamic polarization was performed in a conven-

tional electrochemical cell with a saturated calomel elec-

trode as a reference and a titanium plate as the counter-

electrode. The exposed area of the working electrode was

1.0 cm2. All potentials were measured at 25 �C. The po-

tential was varied from -1.5 V to positive potentials at a

rate of 5 mV/s. Before the above measurements were

taken, the samples were stored in a sodium chloride

aqueous solution for 10 min to achieve a steady state.

3 Results and discussion

The PANI and fluorinated PANI emulsions were generated

via a chemical method in an acidic medium. The prepared

PANI emulsion was dark green, and no precipitation was

observed in the solution after a week. The prepared PF1
ANI emulsion was reddish brown, and no precipitation was

observed in the solution after a week. However, the pre-

pared PF6ANI emulsion was pink–white, and a small

amount of flocculent precipitation and weak separation was

observed in the solution after a week. Therefore, the so-

lutions of PANI and PF1ANI were very stable, which was

very important for many practical applications.

Figure 2 displays the UV–Vis absorption spectra of

PANI, PF1ANI, and PF6ANI emulsions. The absorption
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Fig. 1 Structures of PANI (a), PF1ANI (b), PF6ANI (c), and PANI/

GPTMS hybrids (d)
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Fig. 2 UV–Vis spectra of PANI (a), PF1ANI (b), and PF6ANI

(c) emulsions
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peaks at 345 and 437 nm are corresponding to p–p*
transition of benzenoid segments and the polaron band

transition in the PANI chains, respectively. The absorp-

tion band in the range of 790–820 nm is assigned to

n–p* transition for the cis-isomer of the azo linkage

[23]. The p–p* transitions are in relationship with the

extension of the conjugation along the polymer back-

bone. Comparing the absorption spectra of PF6ANI with

PANI and PFANI, this band shows a hypsochromic shift

from 345 nm for PANI to 320 nm for PF6ANI, which

may be due to the presence of electron-withdrawing

group in the PANI backbone, indicating a diminution in

the extension of the conjugation with respect to PANI

[29, 30]. The lower extension of the conjugation is the

result of the dihalogenation effect, which could increase

the torsion angle, therefore, decrease the overlap of

molecular orbitals [29, 30].

To get more detailed insight into the effect of fluorine

atoms on structure of PANI, the micrographs of PANI,

PF1ANI, and PF6ANI particles were observed by SEM.

The SEM micrographs of PANI, PF1ANI, and PF6ANI

particles are displayed in Fig. 3. PANI rough nanospheres

(Fig. 3a) are approximately 300 nm in size and present a

self-aggregate. PF1ANI rough nanospheres (Fig. 3b) are

approximately 100 nm in size and highly dispersed,

whereas PF6ANI particles (Fig. 3c) are less than 40 nm and

self-aggregated or spontaneously coalesced to flocculent

structure. These results are consistent with the results of

UV–Vis spectra.

Moreover, the introduction of fluorine atoms in

polyaniline backbone has a great influence on the mor-

phology and size distribution of PANI, PF1ANI, and PF6
ANI particles. Due to the dihalogenation effect, the

diminution in the extension of the conjugation of PF1ANI

and PF6ANI results in the decrease of the size of PF1ANI

and PF6ANI particles gradually. However, as for PF6ANI,

the steric hindrance and hydrophobic associating affection

increase with the increase of the hydrophobic groups in the

PANI backbone. The strongly hydrophobic association

results in the presence of flocculent precipitation.

Figure 4 shows FT-IR spectra of PANI/GPTMS, PF1-
ANI/GPTMS, and PF6ANI/GPTMS hybrids. The peak at

3450 cm-1 is attributed to the N–H stretching of the aro-

matic amine, as well as the stretching absorption of the OH

groups, and the broadband at 3150 cm-1 is due to the

terminal quinoid N–H stretching [29, 31]. The double peak

at 2931 and 2854 cm-1 is attributed to the aliphatic C–H

stretching mode of the long alkyl tail of SDS. The ab-

sorption bands at 1640 cm-1 correspond to the O–H and

C=N bond. The absorption peaks at 1589 and 1486 cm-1

are characteristic absorption peaks of PANI, which are

assigned to the C=C ring stretching of the quinoid and

benzenoid structure, respectively. The absorption peak at

1409 cm-1 is attributed to the stretch of C=C benzenoid

diamine [32]. The peaks at 1310 cm-1 are corresponding to

C–N bond. The peaks at 1045, 861, and 589 cm-1 are

characteristic of the PANI backbone [33]. In addition to the

above absorption bands originating from PANI, FT-IR

Fig. 3 SEM images of PANI

(a), PF1ANI (b), and PF6ANI

(c) particles
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spectra also displayed some absorption bands that

originated from siloxane monomer, including the stretching

vibration absorption of the Si–O–Si groups at 1107 cm-1,

the Si–O stretching vibration at 800 cm-1, and the Si–C

stretching motion at 700 cm-1.

The major difference in the FT-IR spectra of the three

hybrids lies in the absorption band at approximately

1200 cm-1, which is assigned to the stretching absorption

of the C–F groups [9]. The presence of this peak in curve

(b) and enhancement in curve (c) imply that the amount of

C–F groups in PF6ANI/GPTMS hybrids is remarkably

higher than that of PF1ANI/GPTMS hybrids, which is also

consistent with the concentration of fluorine atoms calcu-

lated from stoichiometry.

Moreover, according to the sequence of curve (a), (b),

and (c), a clear increase in the absorption band at

3160 cm-1 assigned to the N–H stretch is also observed.

Silanols will be protonated at pH 1 to produce (SiOH2
?)

group [34, 35]. And aniline monomers in the medium will

be bonded to the particles through hydrogen bonding be-

tween the amine group of aniline and the (SiOH2
?) group

on the surfaces of silica. The epoxy ring of GPTMS can

react with water or alcohol in acidic condition to form a

hydroxyl group, which tends to form hydrogen bonding

with amine groups in PANI backbone [36]. However, due

to the strong electronegativity of the fluorine atoms, the

addition of electron-withdrawing group results in the de-

crease of the free electrons in PANI backbone and then the

decrease of the interaction between GPTMS and PANI,

which cause the increase of the N–H bond at 3160 cm-1.

Figure 5 shows the thermogravimetric curves of the

PANI/GPTMS, PF1ANI/GPTMS, and PF6ANI/GPTMS

hybrid gels, respectively. The weight loss below 100 �C is

assigned to the removal of water and the volatilization of

solvent. The weight loss in the temperature range of

100–450 �C is mainly caused by the loss of water produced

by the condensation reaction between Si and OH, the de-

doping of SDS, and the decomposition of the organic

components. The weight loss up to 450 �C is attributed to

PFANI decomposition.

Notably, the weight loss of the PF6ANI/GPTMS hybrids

between 100 and 200 �C is less than that of the PF1ANI/

GPTMS and PANI/GPTMS hybrids. Because the weight

loss at this stage is mainly attributed to the loss of absorbed

water and water produced by the condensation reaction

between Si and OH during the thermotreatment, the gra-

dual decline may be relevant to the hydrophobicity of the

hybrids [37]. The increased water repellency is beneficial

to prevent water from being absorbed into the coating [11]

and improve the thermal stability of the hybrids.

The SEM micrographs of PANI/GPTMS, PF1ANI/

GPTMS, and PF6ANI/GPTMS hybrid films are displayed

in Fig. 6. As for the PANI/GPTMS hybrids, the terminal

hydroxyl group may tend to form hydrogen bonding with

amine groups in the PANI backbone and make itself

compatible with PANI, which is useful to prevent phase

separation between inorganic sol and PANI to obtain robust

and intact films. However, due to the presence of electron-

withdrawing groups (fluorine) in the polymer backbone

[38], the hydrogen bonding between the hydroxyl groups

and amine groups will weaken in the PF1ANI/GPTMS and

PF6ANI/GPTMS hybrids, which is prone to lead to phase

separation. Furthermore, the size of the PANI, PF1ANI,

and PF6ANI particles also strongly affects the surface

morphology of the hybrid films. The small size of the

particle is beneficial to obtain an uniform dispersion in the

hybrids. Therefore, although the interaction between inor-

ganic sol and PF1ANI is weaker than that of PANI/
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Fig. 4 FT-IR spectra of PANI/GPTMS (a), PF1ANI/GPTMS (b), and
PF6ANI/GPTMS (c) hybrid gels
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GPTMS, the surface of the PF1ANI/GPTMS hybrids was

smoother without detectable cracks with respect to PANI/

GPTMS. However, due to weak interaction and the pres-

ence of flocculent precipitation, PF6ANI/GPTMS hybrid

films were brittle and showed micro-cracks.

Table 1 lists the variations of the surface free energy of

the coating films. Wettability of solid surfaces depends

both on surface chemistry and on surface topography.

Surface roughness is known to increase contact angles. The

Ra values of the PANI/GPTMS, PF1ANI/GPTMS, and

PF6ANI/GPTMS hybrid films obtained from three-dimen-

sional laser scanning microscope are 0.2, 0.1, and 0.3 lm,

respectively. The Ra values show that the size of the PANI,

PF1ANI, and PF6ANI particles strongly affects the surface

morphology of the hybrid films. The increase of the par-

ticle size increases the surface roughness of the hybrid

films. However, as listed in Table 1, though the PF1ANI/

GPTMS hybrid films possess the lowest surface roughness,

it has lower surface free energy than the PANI/GPTMS

hybrid films, indicated that the wetting behavior was more

determined by surface chemistry in this study. The wetting

behavior is determined by the nature of the pendent chain

and the concentration of the functional surface groups [9].

The introduction of fluorine atoms can effectively improve

water repellency of PANI/GPTMS hybrid films. Moreover,

because the concentration of C–F groups in PF6ANI is

higher than that of PF1ANI, the surface free energy of the

PF6ANI/GPTMS hybrid films is significantly lower than

that of the PF1ANI/GPTMS hybrid films. Therefore, the

water repellency of the hybrid materials is governed by the

hydrophobic C–F groups at the coating film–air interface,

which has been confirmed by the FT-IR spectra.

The potentiodynamic polarization curves of three hybrid

films are displayed in Fig. 7. The corrosion potential of the

PF1ANI/GPTMS and PANI/GPTMS hybrid films is simi-

lar; however, the corrosion current density of the former is

markedly higher than that of the latter. The improved

corrosion-resistant ability of the PF1ANI/GPTMS hybrid

films can be explained by their excellent water repellency

and more intact films, which effectively prevented corro-

sion attack and improved the corrosion protection ability of

the coating films [11–13].

As listed in Table 1, the PF6ANI/GPTMS hybrid films

possess excellent water repellency than the PF1ANI/

Fig. 6 SEM images of PANI/

GPTMS (a), PF1ANI/GPTMS

(b), and PF6ANI/GPTMS

(c) hybrid films

Table 1 Contact angles and

surface free energies of PANI/

GPTMS, PF1ANI/GPTMS, and

PF6ANI/GPTMS hybrid films

Monomer/GPTMS (molar ratio) Contact angle (�) Surface energy (mJ m-2)

H2O CH2I2 cs cs
d cs

p

PANI/GPTMS 56.6 46.8 47.19 29.26 17.93

PF1ANI/GPTMS 104.2 81.9 16.63 15.19 1.44

PF6ANI/GPTMS 112.1 86.1 14.30 13.81 0.49
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GPTMS hybrid films. However, the former are less able to

resist corrosion compared to the latter, as indicated by a

reduced corrosion potential and corrosion current density.

The deterioration of the corrosion protection ability is

mainly attributed to the presence of micro-cracks. The

corrosive solutions more easily attack these micro-cracks

to permeate into the coatings.

4 Conclusions

In this work, fluorinated PANI/GPTMS hybrid films with

low surface free energy were prepared using a sol–gel

process starting from fluorinated PANI emulsion and

GPTMS. The experimental results revealed that the intro-

duction of fluorine atoms in polyaniline backbone sig-

nificantly influenced the morphology and surface properties

of PANI and fluorinated PANI/GPTMS hybrid films. The

PF6ANI/GPTMS hybrid films exhibited excellent water

repellency compared to the PANI/GPTMS and PF1ANI/

GPTMS hybrid films. Moreover, the surface of PF1ANI/

GPTMS hybrid films was homogeneous and smoother

without detectable cracks compared to the PF6ANI/

GPTMS hybrid films, which would contribute to improving

their corrosion-resistant capacity.
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