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ABSTRACT: To endow cellulose fiber papers with good conductivity and simultaneously retain the mechanical strength of the conduc-
tive paper, a kind of waterborne, nanostructured, cationic polyurethane (CPU)/polypyrrole (PPy) conductive coatings were developed
to modify the paper surface. Fourier transform infrared spectroscopy, atomic force microscopy, and thermogravimetry—differential
thermogravimetry demonstrated that the peak associated with hydrogen bonding between —NH and C=O of CPU was shifted, and
chemical bonds between CPU and PPy were formed. Good compatibility between CPU and PPy was simultaneously established.
Transmission electron microscopy and atomic force microscopy also suggested that PPy was encased and embedded in the CPU col-
loidal particles in a uniform style, and the surface of the CPU/PPy film was covered with a smooth, coherent conductive layer. With
increasing pyrrole (Py) content from 5 to 20 wt %, the particle size increased from 55.08 to 74.59 nm, and the dispersity index
(DPI) decreased. In addition, the conductivity of CPU/PPy increased from 0.1 to 5.0 S/cm. When the Py content was greater than 20
wt %, apparent increases in the particle size and DPI were detected as was particle coagulation; this resulted in decreased conductiv-
ity. Compared with the uncoated paper, the paper coated with CPU/PPy dispersions displayed different surface morphologies. The
surface of the paper was completely enwrapped by the CPU/PPy conductive films when the coating amount was 45.42 g/m> With
increasing coating amounts from 10.35 to 67.86 g/m’ the conductivity of the conductive coated paper increased from 2.78 X 10>
to 2.16 S/cm, the tensile strength increased from 35.3 to 60.4 N m/g, and the conductive coated paper displayed good conductivity
stability. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41445.
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merization.> In addition, the presence of PPy clusters on the
fiber surface decreases the interfiber hydrogen bonding; it is
also responsible for the decrease in the tensile strength of the
conductive paper.”” Under such circumstances, the preparation

INTRODUCTION

Nowadays, the coating of cellulose fiber papers with conduct-
ing polymers has drawn great attention in the form of new
functional papers and packaging applications, such as antistatic

and electromagnetic shielding papers, novel wall coverings,
electrical resistive heating papers, and antibacterial papers.'?
Among the known conductive polymers used for coating con-
ductive papers, polypyrrole (PPy) is one of the most exten-
sively studied because of its high electrical conductivity, good
stability, heterocyclic structure, and nontoxicity.> Heretofore,
the in situ chemical oxidative polymerization of pyrrole (Py)
monomer on individual cellulose fibers is the most popular
method for preparing conductive cellulose fibers.” The con-
ductive paper sheets made from such conductive-polymer-
encapsulated fibers display a decreased tensile strength; this
can be contributed to the acid hydrolysis and oxidative degra-
dation of the fibers during the in situ chemical oxidative poly-
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of a conductive cellulose fiber paper through the application
of a conductive polymer on the surface of the paper is put
forward in this article.

Waterborne polyurethane (WPU) exhibits several advantageous
properties, including a good abrasion resistance, flexibility, impact
resistance, chemical resistance, and weatherability coupled with
low volatile organic compound (VOC) emission.® Recently, WPU
has been used as a kind of surface-sizing agent in the papermak-
ing industry.”'® Guo et al.'’ found that the water resistance and
mechanical properties of paper sheets sized with WPU were
much better than those of unsized paper sheets. Composite con-
ductive materials based on polyurethane (PU) with conducting

polymers are promising materials for many technological
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applications because of their chemical versatility, stability, and
processability.''* These composites have been applied in the
fields of antistatic materials; the corrosion protection of metals,
sensors, and electromagnetic shielding; and so on.'> At present,
PU/PPy composites have been prepared by physical blending,
electrochemical polymerization, and chemical polymerization.'*™"”
For instance, Robili et al.'® prepared conductive PU/PPy compo-
sites by immersing the anode coated by the PU film in a solution
containing both electrolyte and Py. Kotal et al.'® prepared a ther-
moplastic PU/PPy nanoblend in tetrahydrofuran by a solution-
blending process and an in situ process. Large amounts of organic
solvent are used in the aforementioned process. However, the
increasing demands to reduce volatile organic compounds and
hazardous air pollutants have led to increased efforts to formulate
waterborne conductive PUs.

The combination of polymer latexes and conducting polymers
has been demonstrated to produce waterborne conductive dis-
persion with new and unique properties.'” However, the simple
mixing of a conducting polymer with a latex can hardly yield
homogeneous conductive composites,'”” and phase separation is
easily generated.'"® The in situ surface modification of a latex
with a conducting polymer has been demonstrated to be a
good method of choice when the latex is stabilized.'” In gen-
eral, colloidal particles are able to be colloidally stable on the
basis of the introduction of the polymeric stabilizer to the
latex,"” such as poly(N-vinyl pyrrolidone) (PVP),'”'** poly(vi-
nyl alcohol),”’ or hydroxypropylcellulose.”> However, most
reports have focused on the preparation and properties of PU/
polyaniline latexes.” Just a few reports are available on the uti-
lization of PPy for the preparation of waterborne conductive
PU composites.”* Wiersma et al.** obtained core-shell PPy/PU
dispersions by simultaneously adding Fe(NOs), and Py to a
commercial nonionic PU dispersion, and the conductive coat-
ing was used as a textile coating. However, the effects of the
structural characteristics of PU, the preparation procedure on
the properties of the PU/PPy dispersions, and the correspond-
ing conductive films are still ambiguous. None of these prepa-
rations have used waterborne cationic polyurethane (CPU) as a
dopant and template in the development of waterborne con-
ductive coatings. It was reported that the presence of ionic
groups in PU was able to produce a significant increase in the
elecroconductive polymer ratio in conductive composites. Also,
the higher hydrophilic nature of PU ionomers provides a more
favorable environment for the diffusion of Py and FeCl; aque-

ous solutions.”

In our previous work,*® a series of waterborne CPU/PPy disper-
sions was prepared through the addition of oxidant and Py to a
CPU dispersion, and the effects of the Py content, reaction tem-
perature, reaction time, and molar ratio of oxidant to Py on the
surface resistivity of the conductive films were systematically
investigated. However, to further improve the compatibility
between PPy and PU, Py was introduced into the reaction sys-
tem to react with the isocyanate (NCO)-terminated PU prepoly-
mer, and then, added to obtain WPU/PPy
dispersions. Furthermore, the utilization of the waterborne con-

water was
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ductive CPU dispersion as a conductive coating for cellulose
fiber paper sheets was not discussed.

The main objective of this study was to combine the merits of
WPU and conductive PPy to develop an efficient waterborne,
nanostructured, conductive coating for cellulose fiber papers. In
addition to endowing the papers with conductivity, the coated
paper was also expected to retain its mechanical strength. In
this study, a series of waterborne nanostructured CPU/PPy dis-
persions with good compatibility were prepared. The structure,
morphology, mechanism, phase behavior, and electrical conduc-
tivity of the CPU/PPy dispersions and corresponding films were
systematically investigated as were their morphology, tensile
strength, surface resistivity, and conductivity stability of the
conductive paper coated with CPU/PPy.

EXPERIMENTAL

Materials

Py (Enterprise Group Chemical Reagent Co., Ltd.) was
vacuum-distilled before wuse. Poly(ethylene glycol) (PEG;
number-average molecular weight = 2000, Tianjing Chemical
Reagent Factory) was dried and degassed at 100°C under 1-2
mmHg for 2 h before synthesis. Isophorone diisocyanate
(IPDL; Germany Bayer Corp.) and N-methyl diethanol amine
(MDEA; Shanghai Haohua chemical Co., Ltd.) were used as
received. Acetic acid glacial (CH3;COOH), ferric chloride
(FeCl3), N-methyl pyrrole, and HCl were purchased from
Tianjing Chemical Reagent Factory and were used as received.
The staining agent, phosphotungstic acid, was purchased from
Shanghai Yuanmo Bio-Technique Co., Ltd., and was used as
received.

Preparation of Waterborne Cationic Nanostructured PU/PPy
Dispersions

A calculated amount of IPDI (0.03 mol), N-methyl pyrrole,
PEG 2000 (0.01 mol), MDEA (0.016 mol), and dibutyl dilau-
rate (DBTDL) were charged into a three-necked flask equipped
with a stirrer, reflux condenser, and nitrogen purge. The reac-
tion mixture was heated to 70°C and stirred for 3 h to prepare
the NCO-terminated PU prepolymer. Then, Py’s with different
contents (on the basis of the weight of the PU prepolymer)
were added to the reaction systems. After 1 h, the reaction
mixture was then cooled to 30°C, and CH5;COOH (0.032 mol)
was added and stirred for another 0.5 h. Then, water was
added under vigorous stirring to produce the waterborne CPU/
Py dispersions.

Then, an FeCl; solution with a concentration of 40 wt %
was introduced into the flask to adjust the pH value to 2.
The chemical oxidation reaction was kept going for another
1 h to obtain the waterborne, cationic, nanostructured PU/
PPy (CPU/PPy) dispersions. The preparation procedure and
structure of CPU/PPy are shown in Figure 1. The samples
were designated as CPU/PPy-5, CPU/PPy-10, CPU/PPy-15,
CPU/PPy-20, CPU/PPy-25, and CPU/PPy-30. The number 5
indicates that the PPy content was 5 wt % on the basis of
pure CPU; the others were the same. The low-molecular-
weight compounds were removed by exhaustive dialysis in a
dialysis bag against 0.2M HCIL.
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Figure 1. Preparation of the cationic WPU/PPy dispersion. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com. ]

Preparation of the CPU/PPy Films

The CPU/PPy films were prepared by spin coating on a freshly
cleaved glass plate for the measurement of the surface morphol-
ogy and surface resistivity.

Preparation of the Conductive Coated Paper

A 30 X 30 cm?® cellulose fiber paper sheet was placed on the
working plate of an ST-1-260 coater (Shaanxi University of Sci-
ence and Technology, China). Before coating, the paper sheet
was firmly pressed on the working plate to prevent any folding
or curling and was then fixed. Next, the CPU/PPy dispersion
was poured onto the paper sheet, and a coating roller was used
at a constant rate of 3.0-4.0 mm/s to obtain a uniformly coated
conductive paper. The coated paper sheet was dried for 48 h at
room temperature. For each kind of CPU/PPy dispersion, five
paper sheets were obtained. The conductive coated paper sheets
were conditioned at 23 = 1°C and 50 % 2% relative humidity
for 24 h before characterization.

Characterization
Fourier transform infrared (FTIR) spectroscopy spectra of the
samples were recorded on an FTIR spectrometer (Bruker Optics
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Vector-22, Germany) with KBr pellets at frequencies of 4000 to
400 cm ! at a 1-cm ™! resolution, signal-averaged over 32 scans,
and baseline-corrected.

The 'H-NMR and "“C-NMR spectra of the CPU prepolymer and
CPU/Py prepolymer were determined by NMR (Bruker Avance 400
MHz, Germany). D-Substituted dimethyl sulfoxide was used as a
solvent, and tetramethylsilane was used as the internal standard.

The particle size and distribution values of the CPU and CPU/
PPy dispersions were analyzed by dynamic light scattering (Mal-
vern Zetasizer Nano-ZS ZEN 3500, United Kingdom). The mor-
phologies of the CPU and CPU/PPy colloidal particles were
observed by transmission electron microscopy (TEM; Hitachi
§570, Japan) with phosphotungstic acid as a staining agent.

The morphologies of the surfaces of the CPU/PPy films were stud-
ied with atomic force microscopy (AFM; Seiko SAC400-
SPI3800N, Japan). All measurements were made in contact mode.

The surface resistivity of the CPU/PPy films and conductive
coated papers was determined with a four-point van der Pauw
method with a Keithley 237 high-voltage source and a Keithley
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Figure 2. FTIR spectra of CPU/PPy coatings with different Py contents.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. |

2010 multimeter. The surface resistivity was measured by a
standard four-probe method.

Thermal analysis of the samples was performed on a thermogravi-
metric analyzer (Q500) under a nitrogen atmosphere in the tem-
perature range of 30-550°C with a heating rate of 15°C/min.

The tensile strength of the uncoated and coated paper sheets
were evaluated on a TS2000-S universal testing machine (Scien-
tific and Technological Limited Co., High Iron, Taiwan) with a
sample width of 25 mm and an initial sample length of
180 mm. The measurements were repeated at least five times.

The surface morphologies of the uncoated and coated paper
sheets were observed with an environmental scanning electron
microscope (SEM, Hitachi S-4800, Japan). All of the samples
were coated with gold in vacuo before SEM observation.

RESULTS AND DISCUSSION

Structural Analysis
The FTIR spectra of the CPU/PPy with different Py contents
are shown in Figure 2. The characteristic peaks of the ure-

CPU Prepolymer
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Figure 3. "H-NMR spectra of the CPU and CPU/Py prepolymers.
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Figure 4. ?C-NMR spectra of the CPU and CPU/Py prepolymers.

thane group were observed at 3337 and 1714 cm '; these
corresponded to the stretching vibrations of hydrogen-bonded
—NH and C=O groups, respectively. This suggested the pres-
ence of hydrogen-bonding interactions between the —NH and
C=0 groups of CPU.” It was found that significant shifts
took place in the characteristic peaks of the —NH and C=0O
groups, as shown in the FTIR spectra. The intensities of the
—NH and C=O peaks decreased with increasing Py content,
and the peak at 1713 cm ™' redshifted to 1702 cm™'. Mean-
while, a new peak at 1650 cm™' corresponding to the C=0
of urea appeared, and the intensity became more pronounced
with increasing Py content. This certified the
between CPU and PPy. The increasing ratio of the intensity
of the band at 1650 cm ' to that of the band at 1713 cm ™'
(Ligso/ 1713, I represents Intensity) also suggested relatively
more site-specific interactions between CPU and PPy with
increasing Py content,'®” and the hydrogen-bonding interac-
tions between the —NH and C=O groups of CPU were
simultaneously weakened. The schematic representation of the
CPU/PPy networks is shown in Figure 1.

reaction

The peaks at about 1539 and 1457 cm™ ' were due to the C=C
and C—N stretching in the Py ring, respectively;*® this also sup-
ported evidence for the successful incorporation of PPy into the
CPU matrix. We found that the ratio of the intensity of the
symmetric mode at 1457 cm™ '(A2) to the intensity of the anti-
symmetric ring stretching mode at 1539 cm™ '(Al) increased
with increasing PPy content. We concluded that PPy with a lon-
ger conjugation length was obtained at higher Py contents and
resulted in a higher conductivity.”’ In addition, the peak at
1295 cm™ ! represented the presence of C—N in-plane deforma-
tion vibrations.®® The observed sharp bands at 1045 and
776 cm” ' were due to the C—H in-plane deformation and out-
of-plane stretching, respectively.

The "H-NMR spectra of the CPU prepolymer and CPU/Py pre-
polymer are presented in Figure 3. As shown in Figure 3, signals
observed in the region from 3.29 to 4.04 ppm belonged to the
proton of —CH,—O—. The signals ranging from 1.87 to
1.95 ppm were ascribed to the proton of —CH,.”' The signals
at 2.70 ppm were attributed to the proton of —NCHj;. Com-
pared to the '"H-NMR spectrum of the CPU prepolymer, new
signals were detected in the 'H-NMR spectrum of the CPU/Py

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41445
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prepolymer. The signals at 6.74 and 6.02 ppm were assigned to
the o-H and f-H of the Py rings.*

The C-NMR spectra of the CPU prepolymer and CPU/Py pre-
polymer are shown in Figure 4. As shown in Figure 4, the sig-
nals at 173.72 ppm belonged to the carbon atom of
—NHCOO—. Carbon atom of —COOCH,— were detected at
69.76 ppm. The signals observed at 48.45 ppm belonged to the
carbon atom of —CH,N—. The chemical shift at 27.45-31.50
ppm confirmed the carbon atom of —CH,—. The signals
observed at 17.19 ppm were ascribed to the carbon atom of
—CH;.>> Two new peaks at 117.29 and 107.03 ppm were attrib-
uted to the a-C and f-C of the Py rings.** The reaction between
CPU and PPy was further confirmed by the aforementioned
results.

Figure 6. TEM morphology of the CPU/PPy-20 colloidal particles at high
magnification.

MQL‘\;F%“‘> WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

Figure 5. TEM images of the nanostructured CPU and CPU/PPy dispersions with different Py contents.

41445 (5 of 11)

CIENCE

Morphological Analysis

In the process of preparing conductive PU dispersions, Py is
generally introduced directly into the PU dispersion. It is easy
for hydrophobic Py and PPy oligomers to anchor onto the col-
loidal particles; this results in the deposition of PPy on the sur-
face of colloidal particles, and the colloidal nature of the
substrate is preserved.'”** In general, a composite precipitate of
micrometer-sized particles is often obtained when PU dispersion
on a nanosized level is adopted.'””' Therefore, water-soluble
polymeric stabilizers are used to prevent the macroscopic pre-
cipitation of conducting polymers.'” It was reported by Chen
and Liu® that micrometer-sized particles of large polydispersity
in size were obtained for PU/polyaniline composites in the
absence of PVP and displayed a coral-like morphology. The par-
ticle size and polydispersity were reduced with the addition of
PVP, and particles of good dispersity were obtained.'” However,
stable CPU/PPy dispersions with nanosized particles and narrow
particle size distributions were obtained when no polymeric sta-
bilizer was used in this study.

The TEM images of the CPU and CPU/PPy colloidal particles
prepared with different Py contents are shown in Figure 5. In
this study, the CPU and CPU/PPy colloidal particles for TEM
testing were obtained through negative staining with phospho-
tungstic acid. The darker phase in the TEM image of CPU was
ascribed to the higher electronic cloud density on the out layer
of the CPU colloidal particles. The CPU colloidal particles pre-
sented a heterogeneous distribution, and significant aggregations
among CPU colloidal particles were also detected in the TEM
image of the CPU dispersion. With the incorporation of the cat-
ionic PPy into the PU backbone, the electronic cloud density
inside the colloidal particles became higher, and the CPU/PPy-5
colloidal particles showed a relative uniform morphology. The
particles dispersed with each other because of stronger static
exclusion with the introduction of PPy. In addition, smaller
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Figure 7. D and distribution values of the CPU and CPU/PPy dispersions: (A) CPU/PPy-5, (B) CPU/PPy-10, (C) CPU/PPy-15, (D) CPU/PPy-20, (E)
CPU/PPy-25, and (F) CPU/PPy-30. G represents weight percentage; C represents comulants.

particles with more uniform and globular shapes were obtained  that the PPy chains were distributed uniformly inside the CPU
for the CPU/PPy dispersion with 5 wt % Py addition. This  colloidal particles. With increasing Py content from 5 to 20 wt
might have been due to the good compatibility and strong %, the particle size increased, and the contrast between the core
interactions between the PPy and CPU chains. This indicated  and shell part became more distinguishable, as shown in Figures
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Figure 8. Schematic illustration of the mechanism for the formation and stability of the CPU/PPy dispersions. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 9. AFM phase images of the CPU and CPU/PPy films: (a) CPU, (b) CPU/PPy-10, (c) CPU/PPy-20, and (d) CPU/PPy-30. [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]

5 and 6. The gray phase is the CPU/PPy phase, whereas the
darker phase is the PPy phase. The figures suggest that more
and more PPy polymers were obtained with increasing Py
content.

However, more and more hydrophobic PPy chains were formed
with further increases in the Py content. The content of ionic
groups in the CPU chains was insufficient to keep the CPU/PPy
dispersion stable, and this resulted in coagulation. As shown in
the TEM image of CPU/PPy-30, two kinds of particles were
detected. Under such circumstances, the system lost colloidal
stability, and a composite precipitate of the conducting polymer
was obtained.

Particle Size and Distribution Analysis

Figure 7 shows the average particle diameter (D) and dispersity
index (DPI) values of the CPU and CPU/PPy dispersions deter-
mined by the light scattering technique. We found that a stable
diameter curve was difficult to produce for the CPU dispersion.
This might have been due to the fact that when there were too
many hydrophilic groups, PU changed from a state such as a
micelle to the verge of a solution state. A similar phenomenon
was also observed by Chai et al.’® for a PU dispersion when the
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amount of hydrophilic chain extender dimethylolpropionic acid
(DMPA) was 9.9 wt %. Therefore, the D curve for the CPU dis-
persion is not provided in this article. The D value of the CPU/
PPy dispersions increased gradually from 55.08 to 74.59 nm
with increasing PPy content from 5 to 20 wt %, and DPI
decreased from 0.172 to 0.074. The TEM images also showed
that the CPU/PPy colloidal particles had a narrower distribu-
tion, and a mixture of two separate types of particles was not
found. This indicated good compatibility between CPU and
PPy. With further increases in the PPy content, a great increase
in DPI was detected as was the increased D; this was attributed
to the coagulation of colloidal particles, as discussed in the
TEM section.

Formation and Stability Mechanism of the CPU/PPy
Dispersions

On the basis of the TEM and dynamic light scattering results, a
possible formation mechanism and stability mechanism of the
CPU/PPy dispersions are proposed, as illustrated in Figure 8.
After the preparation of the NCO-terminated PU prepolymer,
Py was added and reacted with —NCO groups to produce the
Py-terminated PU prepolymer, as shown in stage 1. Then,
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Figure 10. TG and DTG thermograms of CPU and CPU/PPy with differ-
ent PPy contents.

CH;COOH was introduced to neutralize the PU prepolymer to
get the CPU/Py chain, as shown in stage 2. Afterward, water
was added to make the CPU/Py self-emulsify, and CPU/Py
micelles were thereby obtained. To retain the colloidal stability,
hydrophilic moieties tend to be located on the surface of par-
ticles, and hydrophobic units tend to be located in the inner
space of the particles.’” Therefore, cationic groups aggregated
on the surface of the CPU/Py micelles to retain the colloidal
stability, as illustrated in stage 3. Finally, FeCl; was introduced
to initiate the oxidative polymerization of Py, and CPU/PPy
particles were thereby formed.
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Figure 11. Variation of the conductivity of the CPU/PPy films with the
PPy content.
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Surface Morphology and Phase Behavior

AFM in contact mode was used to study the phase-segregated
morphology of the CPU and CPU/PPy films with various PPy
contents. Figure 9 shows the AFM phase portraits of the CPU
and CPU/PPy films with different PPy contents. The bright
aggregates, which might have been hard-segment-rich regions,
were dispersed in the dark soft-segment-rich matrix for CPU."?
The hard-segment aggregations in CPU were destroyed with the
incorporation of PPy, and an ordered structure with a uniform
distribution of CPU and PPy was observed for CPU/PPy-10 and
CPU/PPy-20. Combined with the results from FTIR spectros-
copy, TEM, and particle size distribution, this suggests that the
PPy polymers were encased and embedded in the CPU colloidal
particles in a uniform style, and the surfaces of CPU/PPy-10
and CPU/PPy-20 were covered with a smooth, coherent layer of
electrically conductive polymer.

However, the ordered structure was destroyed when the PPy
content was 30 wt %; this resulted in the particular morphol-
ogy. The film cast from CPU/PPy-30 had a less regular and
rougher surface; this was due to the PPy aggregation in the
CPU matrix.

To further study the phase behavior of CPU/PPy, the thermog-
ravimetry (TG) and differential thermogravimetry (DTG) ther-
mograms of CPU and CPU/PPy with different PPy contents
were also determined, as shown in Figure 10. It was apparent
that CPU degraded in two stages. The first stage, at 177-310°C,
corresponded to 26.51% weight loss and was due to the degra-
dation of the hard segment in the CPU chains. The second
stage, at 310-460°C, with a 72.61% weight loss was mainly
attributed to the degradation of the soft segment. With the
incorporation of PPy, the two aforementioned degradation
peaks merged together to form a main degradation peak with
shoulders at lower and higher temperatures. This suggested
good compatibility and interaction between CPU and PPy. The
main decomposition pattern of the CPU/PPy networks dis-
played a greater mass loss than that of the pure CPU. This was
attributed to the lower thermal stability of the new urea-type
linkages between PPy and CPU.*®

It was also seen in the DTG curves that CPU/PPy at higher PPy
contents displayed slower degradation rates and higher residue
percentages. The residue percentages of CPU, CPU/PPy-5, CPU/
PPy-10, CPU/PPy-20, and CPU/PPy-30 were 0, 15.61, 21.05,
38.05, and 38.73%, respectively, at 600°C. This suggested that
the pyrolitic residues of PPy incorporated into PU acted as a
protective barrier to improve the thermal stability of CPU/PPy.

Electrical Conductivity Analysis

Figure 11 presents the conductivity of the CPU/PPy films as a
function of the PPy content. The conductivity increased from
0.1 to 5.0 S/cm with increasing PPy content from 5 to 20 wt %.
It was interesting to observe that the conductivity of the CPU/
PPy prepared in this study was much higher than that prepared
in our previous study.’® This could be ascribed to the relative
higher compatibility between CPU and PPy. It is also worth
noting that the conductivity decreased when the PPy content
was greater than 25 wt %. This was attributed to the
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Figure 12. SEM photographs of the conductive paper surface coated with different amounts of the CPU/PPy dispersion: (a) uncoated paper, (b) paper
coated with 10.35 g/m? CPU/PPy, (c) paper coated with 20.05 g/m*> CPU/PPy, and (d) paper coated with 45.42 g/m*> CPU/PPy.

heterogeneous distributed PPy aggregations in the CPU matrix,
which were produced by the self-polymerization of Py.

Surface Treatment of the Paper with the CPU/PPy Dispersion
The CPU/PPy dispersion with a 20 wt % PPy content was used
to coat the cellulose fiber papers. The surface morphology of
the conductive paper coated with different amounts of the
CPU/PPy dispersion is shown in Figure 12. For uncoated paper,
bundles of cellulose fibers and pores were observed with fillers
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Figure 13. Effects of the coating amount on the conductivity and tensile
strength of paper coated with CPU/PPy-20. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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between. Compared with the uncoated paper, the paper coated
with the CPU/PPy dispersion displayed a different surface mor-
phology. For the CPU/PPy-coated paper, the polymer film was
developed on the top of the fibrous substrate. With increasing
coating amount, a more continuous film was formed on the
surface of the conductive paper. In addition, the partial CPU/
PPy coating penetrated into the paper web and warped around
the fibers. In contrast, we observed a fibrous morphology when
the coating amount was 45.42 g/m®. This suggested that the sur-
face of the conductive paper was completely enwrapped by the
CPU/PPy conductive films; this was beneficial for the decrease
of surface resistivity.

Figure 13 shows the effects of the coating amount on the con-
ductivity and conductive stability of the conductive paper
coated with the CPU/PPy dispersion. With increasing coating
amount from 10.35 to 45.42 g/m?, the conductivity increased
abruptly from 2.78 X 107> to 2.16 S/cm. The conductivity
began to level off when the coating amount increased from
45.42 to 67.86 g/m”. In addition, the tensile strength increased
from 35.3 to 60.4 N-m/g. This indicated that the paper sheets
were simultaneously endowed with excellent conductivity and
tensile strength when the paper was coated with the CPU/PPy
dispersion.

The conductivity stability of the conductive papers coated with
different amounts of CPU/PPy was also investigated, as illus-
trated in Figure 14. The conductivity of the conductive paper

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41445

Applied Polymer -


http://www.interscience.wiley.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP

10

P = s = = % % 858 8= m -n
TE +— coating amount 10.35 g.cm'zi
S 01F [ coatingamount20.05g.cm”
9 —a— coating amount 45.42 g.cm'z?
T
% ° A . . A
3 1E3L e )
= L]
e} ° ”
© ieal ¥ s

1E-5 1 1 1 1 L
0 20 40 60 80 100
Time (day)

Figure 14. Conductivity stability of conductive paper coated with different
amounts of CPU/PPy-20. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

coated with 10.35 g/m CPU/PPy decreased by one order after
the conductive paper was stored for 87 days, although the con-
ductivity of the conductive paper coated with 45.42 g/m* CPU/
PPy remained almost invariable. The conductive paper sheets
displayed good conductivity stability, and they may have poten-
tial applications in the fields of antistatic materials, static dissi-
pation, and electromagnetic interference shielding.

CONCLUSIONS

Waterborne nanostructured CPU/PPy dispersions with good
compatibility were successfully prepared. Good compatibility
and interactions between the CPU and PPy were certified by
FTIR spectroscopy, NMR, AFM, and TG-DTG, and a new
chemical bond was also formed between CPU and PPy. With
the introduction of PPy, the CPU/PPy colloidal particles dis-
persed with each other and displayed a core—shell morphology.
The particle size increased from 55.08 to 74.59 nm with increas-
ing Py content from 5 to 20 wt %, and the DPI decreased from
0.172 to 0.074. As for pure CPU, the hard-segment regions were
dispersed in the soft-segment regions. The hard-segment aggre-
gations in CPU were destroyed with the incorporation of PPy.
An ordered structure with a uniform distribution of CPU and
PPy was observed for the surface of the CPU/PPy films. The
surface of the CPU/PPy films was covered with a smooth,
coherent layer of electrically conductive PPy. When the Py con-
tent increased from 5 to 20 wt %, the conductivity of the CPU/
PPy films increased from 0.1 to 5.0 S/cm. However, when the
Py content was greater than 20 wt %, an apparent increase in
the particle size and DPI was detected, as was the coagulation
of the CPU/PPy colloidal particles; this resulted in a decreased
conductivity. For the CPU/PPy-coated paper, a polymer film
was developed on the top of the fibrous substrate. The surface
of the conductive paper was completely enwrapped by the CPU/
PPy conductive films when the coating amount was 45.42 g/m’.
With increasing coating amount from 10.35 to 67.86 g/m’, the
conductivity of the conductive coated paper increased from 2.78
X 1077 to 2.16 S/cm, the tensile strength increased from 35.3
to 60.4 N m/g, and the conductive paper coated with a higher
amount of CPU/PPy displayed better conductivity stability.
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These materials may have potential applications in the field of
antistatic materials, static dissipation, and electromagnetic inter-
ference shielding.
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