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Thin films of polymerized acetylene have been deposited by Plasma Enhanced Chemical Vapor Deposition
with a capacitively coupled RF discharge of acetylene. From the results of elemental analysis, FTIR, 1H-NMR
and electrical conductivity, a highly branched chemical structure for the polymeric film is proposed. The
morphology of the film surface, as well as its thickness was determined by scanning electron microscopy. The
optical constants of the film, refractive index and optical band gap energywere obtained by the UV–vis transmit-
tance spectrum using different models from the literature. The films presented a moderate degree of hydropho-
bicity and showed a high capacity to absorb and retain benzene after drying at room temperature during 24 h.
This result shows the potential of the obtained polymer to be used in filler of filters employed for the treatment
of industrial effluents.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Plasma assisted polymerization is defined as the formation of a
polymeric material under the influence of plasma. This technique is
used for the production of new materials and for the modification of
polymeric surfaces. The polymers produced by plasma polymerization
do not show a regularly repeated structural unit; they form crosslinked
structures with properties that differ from that of linear polymers
synthesized by chemical methods. These plasma polymers can be of
great interest infields of technique such as electronics, health and optics
applications and can be used in the development of new technologies.
The capacitively coupled radio frequency discharge is an easy technique
to produce plasma polymer films, this method consists in a one step
process compared to the conventional polymerization and the films
obtained are highly dense and show a very good adhesion on a great
variety of substrates [1]. Plasma polymerization has been studied
extensively since the 1950s. Carbonaceous films were prepared by
König [2] and colleagues with a glow discharge in benzene where they
fabricated a hard polymer (C:H) and materials similar to amorphous
hydrogenated carbons (a-C:H) [3,4]. Jesch et al. [5] reported an infrared
spectroscopic structural data of a number of polymers produced by a
glow discharge applying an electric field to the vapor of different organic
compounds using a parallel-plate electrode arrangement powered at
250 V ac at 20 kHz. The infrared (IR) absorption spectra show that the
obtained polymers contain many identifiable unsaturations in the form
of both olefinic bonds and free valences.
rights reserved.
In the particular case of the acetylene polymer obtained by different
plasma techniques [4,6–9] studies on surface properties have been
reported such as hydrophobicity, mechanical and electronic properties.
Moreover, the substituted polyacetylenes proved to be humidity sensi-
tive materials [10,11] but there are very few reports on the application
of plasma polymerized acetylene films in humidity or chemical sensors.
Chen et al. [12] studied the ethanol vapor sensitivity of plasma polymer-
izedfilm fromacetylene and nitrogen containingmixtures by performing
a chemical characterization of the films.

In this work, films were prepared by plasma polymerized acety-
lene using a capacitively coupled radio frequency discharge. The poly-
mer molecular structure was inferred by nuclear magnetic resonance
techniques, elemental analysis and infrared spectroscopic data. The
electrical and thermal properties were evaluated and the obtained re-
sults are those expected from the chemical proposed structure. Be-
sides, optical properties and adhesion of the polymer films to
different substrates were studied. Moreover, the capacity of this poly-
mer to capture benzene was demonstrated by UV–vis spectroscopic
studies.

2. Experimental

2.1. Plasma polymerization

The reactor employed for the polymerization consisted in a vacu-
um chamber made of stainless steel pumped to a base pressure of
10−6 mbar. The electrodes were flat circular plates made of stainless
steel with diameters of 80 mm separated from each other a distance
of 10 mm. One of the electrodes was connected to the RF power supply
(13.56 MHz, 600 W) through a matching unit and the other electrode
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was grounded. The discharge duration was 10 min with an output RF
power applied of 50 W. Films were deposited on silicon, quartz and
glass substrates placed on the grounded electrode. The temperature of
the substrate was measured with a thermocouple. The temperature of
the substrate increased about 20 °C during the discharge. The reactor
was operated at room temperature with acetylene gas of commercial
grade. The gas flow rate was 20 sccm and the pressure was held
constant at 0.12 mbar. The reactor is sketched in Fig. 1.
2.2. Characterization

The surface morphology of acetylene polymerized thin films
was characterized by Field Emission Scanning Electron Microscopy
(FE-SEM Zeiss LEO 982 GEMINI). From FE-SEM images of film cross-
sections, the film thickness was estimated.

A “Scotch tape test”was used to qualitatively determine the adhesion
strength of the polymerfilms to the substrates (quartz, glass or silicon). A
Scotch tapewas firmly pressed to the surface of the plasma polymer film
and then pulled away. The scotch tape and the substrate with the poly-
mer film deposited were examined in an optical microscope to deter-
mine whether material was detached or if the film was peeled off the
substrate.

1H-NMR spectrum was recorded on a Bruker AC-200 spectrometer
operating at 200 MHz, using CDCl3 as solvent. The infrared spectrum
was recorded on aNicolet 510P spectrophotometer using the Attenuated
Total Reflectance (ATR) mode. Elemental analysis was performed on an
Exeter Analytical CE-440 elemental analyzer to determine carbon and
hydrogen percentage. A four-point probe set up, homemade built, and
a Keithley 199 System DMM/Scanner multimeter were used to measure
conductivity of the films.
Fig. 1. Experimental RF plasma reactor
Film UV–vis spectrum was performed with a Shimadzu UV-1800
spectrophotometer in transmittance mode. From this spectrum, the
refractive index, n and the film thickness d were calculated by the
Goodman method [13]. Besides, the band gap energy was calculated
from the Tauc method [14].

Thermogravimetric analysis was used to study the thermal
decomposition of the polymer film. The device employed was a DTG60
Shimadzu. The temperature range was 30–700 °C at a heating rate of
10 °C/min with a nitrogen flux of 30 mL/min.

The chemical structure inferred from previous studies suggested
the possibility that this material may experience strong swelling
when it is immersed in a benzene-type solvent. If this were true the
material should have some degree of hydrophobicity. To evaluate
this, contact angle measurements were performed using a distilled
water drop (Goniometer Type G-1, Erma Optical Works Co. LTD).
The drop method was conducted at ambient environment and each
drop was fixed at 0.9 μL. Contact angle was taken as an average of
fifteen measurements for each sample.

2.3. Benzene absorption ability

The ability to absorb benzenewas evaluated using acetylene polymer
powder obtained by scrapping the polymer film. This powder was
immersed in benzene (20 mL) for 24 h under stirring during the first
4 h. After this time, the polymer powder was filtered and dried at room
temperature and atmospheric pressure during 12 and 24 h (samples
(a) and (b), respectively). The effect of benzene absorption was deter-
mined from the results of absorption in the UV–vis spectrophotometer.
This study was conducted on the following solutions: (1) 12 mL of
benzene in 10 mL HPLC grade tetrahydrofuran (THF), (2) 0.95 mg of
the acetylene polymer in 10 mL of THF, (3) 0.95 mg of sample (a) in
employed for the polymerization.
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10 mL of THF and (4) 0.95 mg of sample (b) in 10 mL of THF. The two
latter samples saturated the equipment because the absorbance of the
material was higher than the maximum detectable, whereby, in these
two cases the spectra were obtained on samples with dilution four
times greater than that used for the polymer prior to its exposure to
benzene (0.95 mg of sample (a) or (b) in 40 mL of THF).

3. Results and discussion

3.1. Surface morphology

Fig. 2(a) shows an FE-SEM microscopy of the acetylene polymer
film. As can be seen, the surface of the plasma polymer acetylene
has a number of agglomerates of clusters bonded together, with
average diameters between 50 and 70 nm, estimated by the image
processing software ImageJ. It is possible that the surface morphology
presented by the film is related to the agglomeration of carbonaceous
nanoparticles formed by nucleation of negative radicals ions of CH
and others electrically charged species, according to the model pro-
posed by Eva Kovacevic et al. [21] which describes the formation of
this type of clusters in RF discharges in an atmosphere of acetylene.

Fig. 2b shows a FE-SEM micrograph along the cross section of the
polymer acetylene film on a Si substrate. The equipment has its barrel
at 90° of the surface and is calibrated to determine the thickness from
micrographs. From Fig. 5b the film thickness can be estimated as
(625±5) nm.

From the “Scotch tape test” it is possible to conclude that the polymer-
ic film has the weakest adhesion to the glass substrate; large areas of the
acetylene polymers were removed from the glass surface. The adhesion
of the film to the Si substrate was better than to the glass but it was
not good because same areas of the film were peeled off the substrate.
The quartz substrate exhibits the strongest adhesion, no material was
observed on the Scotch tape.

3.2. Polymer chemical structure

Fig. 3 shows the spectrum of proton nuclear magnetic reso-
nance, 1H-NMR, of RF plasma polymerized acetylene dissolved in
deuterated chloroform (highest signal). The spectrum shows sig-
nals around 6 ppm corresponding to vinyl protons (_CH), which
made it possible to infer the polymerization of acetylene. Moreover
there are signals that can be attributed to unprotected aliphatic
carbons and up field signals that indicate more protected protons.
These last signals can be assigned to the presence of some aliphatic
protons, allowing the formation of branches, generating thus a
crosslinked material. That is, in the formed polymer four different
proton types, whose relations obtained from the integration areas
are 1:3:2:20 for a total of 26 protons, can be distinguished.
Fig. 2. FE-SEM micrographs of acetylene polymerized thin film on Si substrates. (a) surface
An initial elemental chemical analysis shows that the obtained
material not only is composed primarily of carbon and hydrogen as
expected, but also has a percentage of oxygen and a small percentage
of nitrogen. Using a fixedmicroanalysis and neglecting theminimum
percentage of nitrogen, the following relationship is obtained
for percentages of carbon, hydrogen and oxygen respectively, at
%C=76.09%H=6 and %O=17.03. From these results a minimum
formula C12H13O2 is suggested, however, considering the NMR
spectrum, a corrected formulae corresponding to the 26 protons
observed in the NMR spectrum was proposed, having then
C24H26O4. This formula has twelve unsaturations corresponding to
the presence of double bonds or non-aromatic cyclic in the structure.
This last statement is a consequence of the previous NMR analysis
due to the absence of signals at lower fields (δ≈7 ppm) that based
on NMR can indicate that there are six C_C, a CH2 checked around
3.55 ppm, and ten other unprotected CH2 less about 1.66 ppm,
leaving a carbon and four olefinic protons (1 to 5.80 ppm and 3 to
4.26 ppm). Based on these results, a schematic of the chemical
structure of the polymer formed by the polymerization of acetylene
plasma could be that shown in Fig. 4. As shown in the diagram
there is a high degree of conjugation but this is not complete, i.e.
there is a discontinuity in the conjugation by which the polymer
would not be a good electrical conductor as the acetylene polymer
produced by chemical synthesis (characterized by its linear conjuga-
tion). The presence of oxygen is justified because the acetylene used
is of commercial grade.

To verify that the plasma polymerized acetylene does not possess
a complete conjugation, electrical conductivity was measured using
the 4-point technique. The resistance value exceeded the maximum
value measurable by the equipment employed, 12 MΩ, indicating
that the polymer is an insulator and endorsing the idea of the low
periodicity in the estimated conjugation in previous studies. Finally,
the structure suggested for the formed polymer also agrees with the
results obtained in the study of infrared spectroscopy.

The FTIR spectrum obtained using ATR technique is shown in Fig. 5.
The absorption bands around 3300 cm−1 are associated to νs-OH. In
accordance with the structure proposed in Fig. 3, the hydrogens marked
in blue and red justify the shoulders located in 3012 cm−1 and
3050 cm−1 which are associated to carbon with H sp2-hybridization.
The band centered at 2931 cm−1 and the shoulders at 2970 cm−1 and
2869 cm−1 are associated to the νsCsp3-H stretching mode. The band
at 1599 cm−1 corresponds to stretching Csp2_Csp2 while the band
located at 1441 cm−1 is associated with Csp3\Csp3 single bonds, and
the band at 1367 cm−1 corresponds to stretching of methylenes. In
accordance with the foregoing, the acetylene plasma polymerized film
is formed by poly-acetylene in both, cis and trans configurations [15].

The functional groups observed in the FTIR spectrum, as well as the
groups forming the entire proposed chemical structure corresponds to
film image of 350 KX magnification, (b) cross section image of 50 KX magnification.

image of Fig.�2


Fig. 3. 1H-RMN spectrum performed at 200 MHz using deutereted chloroform as solvent of plasma polymer acetylene.
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species found in plasmas of acetylene at low temperatures and powers
below 50 W with this type of electrical discharges [16–20].

3.3. Thermal degradation

Fig. 6 shows a thermogram of the obtained polymer. The thermal
degradation takes place between 300 °C and 500 °C. Note that this
wide degradation range is also in accordance with the proposed fact
that the obtained polymer is highly branched. Interestingly, at 700 °C a
residual mass of the order of 30% remains. It is worth noting that these
Fig. 4. Molecular structure proposed f
results show that this polymer could be used without degradation at
temperatures as high as 300 °C.

3.4. Optical properties

Fig. 7 shows the UV–vis spectrumof polymerized acetylenefilm on a
quartz substrate. A strong increase in the transmittance above 400 nm
can be seen. Also, it can be observed that the spectrum presents an
interference pattern produced at the interface substrate-film. The
refractive index obtained by the method of Goodman [13] was 1.7±
or the plasma polymer acetylene.

image of Fig.�3
image of Fig.�4


Fig. 5. FTIR spectrum using ATR technique of plasma polymer acetylene on a Si substrate. Fig. 7. UV–vis spectrum of acetylene polymerized thin film deposited on a quartz substrate.
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0.1 for wavelengths between 680 nm and 980 nm. From an analysis of
the interference maxima and minima and taking into account the basic
equation for the interference fringes, thefilms thickness can be calculated
as:

d ¼ mλ=2n: ð1Þ

Where n is the refractive index of the film, λ is the wavelength of
the incident light and m is an integer (semi whole) indicating the
order of the interference maximum (minimum). The film thickness
calculated from Eq. (1) was (580±50) nm, in accordance with the
value obtained with the microscope FE SEM in transverse mode.

The optical band gap (Eg) was calculated using the Tauc model
[14]. It is assumed that the maximum of the valence band and the
minimum of the conduction band can be approximated by parabolas
described by the following equation:

αEð Þ1=2 ¼ β E–Eg
� �

ð2Þ

where α is the absorption coefficient, β is a proportionality constant
and E is the energy of the incident photon. The absorption coefficient
can be calculated as:

α ¼ −Ln Tð Þ=d ð3Þ

where T is the transmittance showed in the UV–vis spectrum (Fig. 7).
In Fig. 8 (αE)1/2 was plot against the incident photon energy and the
optical band gap was determined from the extrapolation to the
Fig. 6. TGA of plasma polymer acetylene in N2 atmosphere.
abscissa of the linear curve fit between two photon energies corre-
sponding to wavelengths between 330 nm and 460 nm, range in
which the absorption of the material occurs. The obtained value was
Eg=(1.9±0.1) eV, which is approximate to the nominal value of
the polyacetylene neutral state [22,23]. This result confirms the insu-
lating nature of our acetylene polymer because of its high degree of
crosslinking and low conjugation.

3.5. Benzene retention

The chemical structure proposed in Fig. 2 for the obtained polymer
suggests that it could interact with aromatic solvents. In particular, it
should have some response when exposed to benzene, a highly
carcinogenic aromatic solvent. To evaluate this possibility, a study of
hydrophobicity was conducted. If the obtained polymer was hydro-
phobic would be another indication that it could absorb nonpolar
solvents such as benzene.

3.5.1. Hydrophobicity
Fig. 9 shows a water drop on the polymer surface. The contact

angle measured was (66°±1°), which indicates a moderate degree
of hydrophobicity. This value guarantees the presence of some
surface hydroxyl groups as has been proposed in the scheme of Fig. 3.

3.5.2. Benzene response
Fig. 10 shows the UV–vis absorption spectra of benzene and of the

polymer samples obtained prior exposure to benzene and after the
Fig. 8. (αE)1/2 vs incident photon energy E, for plasma polymer acetylene deposited on
a quartz substrate.
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Fig. 9. Photograph of a water droplet on a thin film of acetylene polymerized.
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exposure and subsequent drying for 12 h and 24 h. It is important to
note that the samples dried for 12 h and 24 h did not show differ-
ences in their spectra. These spectra were performed with a dilution
four times greater than that used for the polymer prior to its exposure
to benzene to prevent the equipment saturation. Therefore, the spec-
trum of the polymer sample prior to immersion in benzene has a
concentration four times higher than the spectrum shown for the
polymer sample immersed in benzene and dried.

In Fig. 10 the typical spectrum of benzene with the absorption
band corresponding to the transitions π–π * between 227 and
270 nm is shown. The spectrum of the obtained polymer presents a
broad band, associated with the transitions π–π *, with an extinction
coefficient ε=0.1 (M−1 cm−1) and with an absorption maximum at
λ=274 nm. In the spectrum of the sample exposed to benzene and
dried 24 h there is an absorption band with an extinction coefficient
ε=0.3 (M−1 cm−1) and centered at λ=277 nm with a slight shift
respect to the band that presents the polymer before exposure to
benzene. This small bathochromic shift, linked to a higher extinction
coefficient, allows to infer a cloud π interaction of benzene with the
polymer obtained, suggesting that benzene was absorbed by the
polymer and it modifies the interaction of π–π * of the polymer.
Note that there is no absorption band characteristic of benzene, but
the absorption band is centered at a wavelength λ similar to plasma
polymer acetylene, this suggest that the trapped benzene is not
interacting with itself but modifies this polymer transitions as a result
of changes in the network due to its swelling by the presence of
benzene.
Fig. 10. UV–vis spectra of benzene, plasma polymer acetylene, and plasma polymer
acetylene after the exposure and subsequent drying for 12 h and 24 h.
4. Conclusions

The polymerization of acetylene using RF plasma led to a highly
branched polymer structure which could be inferred from studies of
the combination of 1H-NMR, elemental analysis and FTIR. Electrical
and thermal characterizations endorsed some responses expected
from the chemical structure proposed. The polymer showed a refractive
index of 1.7±0.1 and an optical band gap of (1.9±0.1) eV. Finally, it
was demonstrated by UV–vis spectroscopy that the obtained acetylene
plasma polymer is capable of interacting with carcinogenic pollutants
such as benzene, this plasma acetylene polymer can be used as coating
extractors in chemical industries or as filler for filters to decontaminate
industrial effluents.
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