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Plasma Polymerization of 2-lodothiophene
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Continuous wave rf plasma polymerization of 2-iodothiophene has been studied using X-ray
photoelectron spectroscopy (XPS), X-ray absorption near-edge spectroscopy (XANES), and
Fourier transform infrared spectroscopy (FTIR). The variation in plasma polymer stoichi-
ometry and the extent of monomer fragmentation are found to be critically dependent upon

the electrical discharge power.

Introduction

The synthesis and characterization of electroactive
polymers has become an important area of materials
science in recent years. Polyheterocycles such as poly-
pyrroles and polythiophenes have received significant
attention due to their high electrical conductivities and
relative stabilities.2 The thiophene family of polymers
has been conventionally synthesized by either chemical®—>
or electrochemical*6~8 routes; but more recently at-
tempts have been made to employ nonisothermal plasma
techniques because of the potential benefits of dry
application to any substrate geometry together with
minimal environmental waste.°"14 Plasma polymeri-
zation is based upon the activation and reaction of a
precursor molecule by an electrical discharge.’® lons,
radicals, electrons, metastables, and photons can all
participate in the deposition of polymeric material over
all surfaces in contact with the plasma. Most plasma-
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polymerized organic thin films are dielectric in nature,
possessing good electrical insulating properties.’> Ex-
ceptions to this general rule include plasma polymers
synthesized from acetonitrile,'® thiophene,®° 1-benzo-
thiophene,” 2-chloroacrylonitrile,'® and p-xylene!® pre-
cursors; postdoping of these materials with elements
such as iodine can further improve their electrical
conductivities by up to six orders of magnitude.l®
Recently, 2-iodothiophene has been polymerized using
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microwave frequency discharges in an attempt to si-
multaneously synthesize and dope the growing poly-
meric layer.111220 Thijs should in principal lead to a
chemically more homogeneous material. In this study
we examine the radio frequency (rf) plasma polymeri-
zation of 2-iodothiophene in order to compare the
resultant plasma polymer film stoichiometry with previ-
ously reported studies employing microwave (MW)
excitation.11:12:20

Experimental Section

The 2-iodothiophene monomer (Aldrich, 98+%) was further
purified by using multiple freeze—pump—thaw cycles. Plasma
polymerization experiments were carried out in an electro-
deless cylindrical glass reactor (4.5 cm diameter, 460 cm?
volume, base pressure of 5.2 x 1072 mbar, and with a leak
rate better than 1.0 x 1071° kg s™) enclosed in a Faraday
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cage.?! The reaction vessel was fitted with a gas inlet, a
thermocouple pressure gauge, a 30 L min—! two-stage rotary
pump attached to a liquid nitrogen cold trap, and an externally
wound copper coil (4 mm diameter, 9 turns, spanning 8—15
cm from the gas inlet). All joints were grease-free. Gas flow
and leak rates were calculated by assuming ideal gas behav-
ior.2. The substrate was located in the centre of the coils. An
L—C matching network was used to match the output imped-
ance of the rf (13.56 MHz) generator to that of the partially
ionized gas load, this was achieved by minimizing the standing
wave ratio (SWR) of the transmitted power. A typical experi-
mental run comprised initially scrubbing the reactor with
detergent, rinsing with isopropyl alcohol, and oven drying, this
was followed by a 30 min high-power (50 W) air plasma
cleaning treatment. Next, the reactor was evacuated back
down to its original base pressure. Subsequently the monomer
vapor was introduced into the reaction chamber at a pressure
of approximately 1.3 x 10! mbar and at a flow rate of
approximately 2.14 x 1078 kg s~. Then the electrical dis-
charge was ignited and allowed to run for the following
times: 1 min in order to provide sufficient plasma polymer
material for XPS analysis; 10 min to generate films thick
enough for infrared characterization; and 1 h to deposit enough
material for X-ray absorption spectroscopy. Upon completion
of deposition, the rf generator was switched off, and the system
flushed with monomer vapor for 5 min prior to venting the
reactor up to atmospheric pressure. Each plasma polymer
layer was then immediately characterized by the respective
analytical technique.

A Kratos ES200 electron spectrometer equipped with an
unmonochromatized Mg Ko X-ray source (1253.6 eV) and a
hemispherical analyzer was used for XPS surface analysis.
Photoemitted core-level electrons were collected at a takeoff
angle of 30° from the substrate normal, with electron detection
in the fixed retarding ratio (FRR, 22:1) mode. XPS spectra
were accumulated on an interfaced PC computer and curve
fitted using a Marquardt minimization algorithm. Instrument
performance was calibrated with respect to the gold 4f7, peak
at 83.8 eV with a full width at half-maximum (fwhm) of 1.2
eV. The iodine region was always run first in order to
minimize any potential loss of molecular iodine under ultra-
high-vacuum conditions. Instrumentally determined sensitiv-
ity factors for unit stoichiometry were taken as being C(1s):
1(3ds12):S(2p):O(1s) equals 1.00:0.11:0.54:0.55. Uniform plasma
polymer coverage was confirmed by the absence of any Si(2p)
XPS signal showing through from the underlying glass sub-
strate.

X-ray absorption spectroscopy (XAS) was performed at the
EPSRC Daresbury Synchrotron facility in Warrington, UK,
operating at 2 GeV energy and with electron currents between
100 and 200 mA. The sulfur K edge spectra were collected on
beamline station 3.4 using total electron yield measured
directly from the isolated sample holder. Plasma polymer and
the XAS reference samples (sulfur and 2,5-diiodothiophene)
were prepared by grinding a 90% graphite/10% sample mix-
ture, this was then pressed into thin disks and fixed onto a
sample holder using a small amount of conductive paint. The
first inflection point in the XANES spectrum for the sulfur
standard was taken as the calibration reference at 2472.0 eV.?8
lodine L, edge XAS spectra were obtained in fluorescence
detection mode on beamline station 8.1 using a Canberra solid-
state multichannel detector. Rejection of beam harmonics was
achieved by detuning the double Si(111) monochromators to
50% of maximum reflectivity. The resulting incident X-ray
flux was monitored by an ion chamber (20% absorbance at Ly
edge) containing a He/Ar mixture. In this case, powdered
samples were placed into a liquid nitrogen cooled aluminum
sample holder. The liquid 2-iodothiophene monomer was
loaded into a PTFE container and mounted onto a liquid
nitrogen cryostat.
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A FTIR Mattson Polaris instrument was used for transmis-
sion infrared analysis of 2-iodothiophene monomer, and then
the plasma polymer layers were deposited onto pressed potas-
sium bromide disks. Typically, 100 scans were acquired at a
resolution of 4 cm™.

Results

(a) X-ray Photoelectron Spectroscopy (XPS).
Negligible variation was found in C(1s), 1(3ds;), and
S(2psz,12) XPS peak shapes over the 2—20 W output
power range. The C(1s) region consists of a major
component centered at 285.0 eV corresponding to most
of the carbon atoms being located in a hydrocarbon/
cross-linked environment (CxHy), and a weak shoulder
at slightly higher binding energy reflecting the incor-
poration of the more electronegative sulfur and iodine
atoms into the plasma polymer structure,?® Figure 1a.
The S(2ps;212) region comprises an unresolved 2:1
doublet centered at 164.3 eV which is characteristic of
covalently bound sulfur centers,?* Figure 1b. The
1(3ds/2) envelope could be fitted with two components
centered at 619.1 and 620.8 eV corresponding to I3~ and
covalently bonded iodine environments respectively,2325
Figure 1c; the two weaker peaks discernible at 622.5
and 624.0 eV can be attributed to shakeup satellites
associated with the two major peaks?? (having taken
into account the 1(3ds2) Mg Kas 4 X-ray satellite lines).

The monomer contains 66.7% carbon, 16.7% sulfur,
and 16.7% iodine (ignoring hydrogen because it cannot
be detected by core-level XPS2%). lodine incorporation
into the plasma polymer film was found to be lower than
in the original monomer, while sulfur content was
greater; however, both of these percentages were found
to diminish with increasing glow discharge power,
Figure 2. A small amount of oxygen incorporation was
observed at higher glow discharge powers; the most
likely origin of this being reaction between trapped free
radical centers at the surface and the laboratory atmo-
sphere during transport of the substrate from the
plasma reactor to the XPS spectrometer.?”

(b) X-ray Absorption Near-Edge Structure
(XANES). XANES spectroscopy provides detailed infor-
mation about the molecular orbitals associated with a
chemical structure by identifying dipole electronic tran-
sitions from low-lying core levels to unoccupied molec-
ular orbitals. Peak positions and assignments from
some previous XAS studies on a variety of sulfur
containing compounds are listed in Table 1. In this
work 2,5-diiodothiophene which is a solid was used as
a substitute standard for the 2-iodothiophene liquid
monomer, since the latter is incompatible with a high-
vacuum environment. The sulfur K-edge XANES spec-
trum of 2,5-diiodothiophene shows two prominent fea-
tures, Figure 3; peak a can be assigned to the overlap
of a m*ing resonance with a o*c—s shape resonance, while
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Figure 1. XPS spectra of 2-iodothiophene plasma polymer as a
function of glow discharge power: (a) C(1s); (b) S(2p); (c) 1(3dsy).
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Figure 2. Variation in elemental composition of 2-iodo-
thiophene plasma polymers with power (0 W corresponds to
the monomer composition).

peak b is characteristic of a o*c—c resonance.?® The
relatively intense appearance of peak b can be taken
as being indicative of delocalization of the 0*c_c orbitals
throughout the aromatic thiophene ring system.
Plasma polymerization of 2-iodothiophene at 5 W
yields near-edge features (c and d) very similar to those
observed for the 2,5-diiodothiophene reference com-
pound. This suggests that a significant proportion of
the sulfur atoms are retained in a monomer-like envi-
ronment at low glow discharge energies. These features
become perturbed with increasing glow discharge power.
The low photon energy peak c observed at 5 W splits
into two components (e and f) at 8 W. A greater extent
of aromatic ring rupture is to be expected with increas-
ing glow discharge energy; this loss of aromaticity will
result in a lowering of the z* energy levels,3 which will
in turn shift the z* resonance toward smaller XANES
photon energies (peak e). The observed shift in the
o*c—s resonance toward higher photon energy at 8 W
(peak f) suggests a shorter C—S bond?! relative to the 5
W case (peak c). This shift in the o*c—s resonance
together with the intense 7* resonance would indicate
the incorporation of some C=S double bond environ-
ments within the 8 W plasma polymer network. It has
been previously reported that on comparing the sulfur
K-edge XANES spectra of the aromatic thiophene
molecule to its saturated analogue, thiolane, the o*c_¢
resonance appears at higher photon energy in the
aromatic system.2® The difference between the positions
of peaks d and g along with the broadening of the latter
suggests a mixture of C—C environments, some of which
must at least be C=C double bonds. The loss in
intensity of the o*c_c resonance is consistent with a
diminishing delocalization of the o*¢c_¢ orbitals onto the
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Table 1. S K-Edge XANES Assignments from Previous Studies

photon energy assignment system studied ref
2473 * SO, on Ni(111) 40
2478 o*
2473.4 7*, 0% (C—S) thiophene gas 29
2475.1 4s
2475.6 4p
2476.3 5p
2478.4 ionization potential
2480.8 o* (C—C)
2482.5 o* (C-C)
2487 shakeup
2473.2 a* (C—S) thermal aging of (poly-3,4-ethylenedioxythiophene) 41
2481.8 a* (S—0)
2479 * (C4HgSO3)
2473.4 unassigned bis(4-hydroxyphenyl)disulfide 42
2475.7
2473.5 unassigned thionin 42
2475.5
2476.8
2474.6 unassigned thiosalicylic acid 42
2475.0 unassigned benzothiophene 42
2472.3 o* (C-S) thiolane 29
2479 o* (C-C)

Table 2. S K-Edge XANES Peak Assignments from
Figure 3
peak energy/eV proposed assignment

a 2476.8 a*, o* (C—S)

b 2486.7 o* (C-C)

c 2476.0 a*, 0* (C—S)

d 2486.3 o* (C-C)

e 24735 T

f 2477.8 o* (C—-S)

g 2489.2 o* (C-C)

h 2476.5 a*, 0* (C—S)

i 2486.6 o* (C-C)

sulfur atoms as would be expected upon loss of aroma-
ticity. At even higher glow discharge powers (20 W),
the sulfur K-edge XANES spectrum is reminiscent of
the spectra observed for the 2,5-diiodothiophene model
compound and the 5 W 2-iodothiophene plasma polymer.
This can be attributed to the complete fragmentation
and rearrangement of the 2-iodothiophene precursor
molecule to form a plasma polymer containing a conju-
gated network of unsaturated centers, such a bonding
arrangement will raise the &* energy levels and cause
delocalization of the C—S bonds, thereby causing the
w* and o*c_s resonance to shift toward each other and
coincide (peak h). The rise in intensity of peak i, the
0*c—c resonance is consistent with a return to a greater
delocalization of the o*c_¢ orbitals onto the sulfur atom.
Following the line of argument mentioned above for the
0*c—c resonance based upon thiophene versus thiolane,
there must be increased conjugation at 20 W relative
to the 8 W case.

In comparison to the sulfur data, the iodine L, edge
XANES spectra for the 2-iodothiophene plasma poly-
mers are relatively featureless and do not show much
change with glow discharge power, Figure 4. Compari-
son between inorganic (KIO3 and KI) and organic (2-
iodothiophene, 2,5-diiodothiophene, IBr and I,) stand-
ards suggests that most of the iodine centers contained
in the plasma polymer deposits are located in a covalent
environment.

(c) Infrared Spectroscopy. The following absorb-
ances were assinged in the transmission infrared spec-
trum of the 2-iodothiophene monomer, Figure 5: 450
cm~1 (C—I stretch32); 700 cm~! (C—H out-of-plane vibra-

NORMALISED ABSORPTION

LI L L LA N L

2460 2470 2480 2490 2500 2510

PHOTON ENERGY / eV

Figure 3. S K-edge XANES spectra: 2,5-diiodothiophene with
5, 8, and 20 W 2-iodothiophene plasma polymers.

tion of a 2-substituted thiophene33); 821 cm=1 (ring
skeletal breathing vibration3435); 842 and 947 cm™!
(C—H out-of-plane deformations®®); 1043 and 1085 cm™!
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(C—H in-plane deformation vibrations of 2-substituted
thiophenes3+3%); 1222, 1338, 1396, and 1506 cm~! (char-
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Figure 5. Infrared spectra of 2-iodothiophene monomer and
plasma polymers as a function of glow discharge power.

acteristic aromatic ring stretches of 2-substituted
thiophenes?®?); and 3100 cm~! (aromatic C—H stretch34).

Most of the infrared absorption features characteristic
of the 2-iodothiophene monomer are retained during
plasma polymerization, Figure 5, although the peaks
become broader, which is consistent with the highly
disordered nature of plasma polymers in general. The
C—1 absorbance shifts to 500 cm~! during plasma
polymerization, this increase in stretching frequency
suggests that the iodine substitution of the aromatic
rings changes from exclusively 2-substituted thiophene.
With increasing glow discharge powers, both the C—I
band at 500 cm~! and the C—H out-of-plane vibration
at 700 cm~1 (characteristic of 2-substituted thiophenes)
lose signal intensity with respect to the C—H out-of-
plane deformation (842 cm~1) and the aromatic ring
skeletal breathing (821 cm™1) modes, this is consistent
with the loss of iodine as previously observed by XPS
analysis. The 1222 cm™! absorbance (aromatic C=C
stretching) widens in line width at higher powers which
reflects the disruption of the aromatic thiophene rings,
while the C—H stretch at 3100 cm~! remains unper-
turbed throughout the range of plasma polymerizations
conditions investigated. The weak features in the
2250—2350 cm™! range are associated with a small
amount of background CO; in the FTIR spectrometer.

Discussion

XPS, XANES, and FTIR analysis of plasma-poly-
merized 2-iodothiophene films all show that there is a
loss in aromaticity with increasing glow discharge power
which is in agreement with previous studies carried out
using other aromatic heterocyclic monomers (e.g., ana-
line3® and 1-benzothiophene!?). Higher powers lead to

(34) Rao, C. N. R. Chemical Applications of Infrared Spectroscopy;
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a rise in population of energetic electrons in the tail of
the Maxwellian electron energy distribution,3” thereby
providing a more energetic plasma environment. A drop
in iodine and sulfur content is also evident with increas-
ing power; this is consistent with C—1 (D°29s = 209 kJ
mol~1)28 and C—S (D°298 = 248 kJ mol~1)28 bonds being
weaker than the C—C and C=C bonds (D°29s = 290 and
720 kJ mol™%, respectively)® in the 2-iodothiophene
precursor molecule. Preferential retention of sulfur into
the plasma polymer layers with respect to iodine
incorporation can be accounted for on the basis of the
C—1 bond being weaker than the C—S bond. Enhanced
sulfur and iodine incorporation during rf plasma poly-
merization of 2-iodothiophene compared to correspond-
ing microwave experiments!12.20 can also be attributed
to less fragmentation of the precursor molecules caused
by a reduction in population of energetic electrons
within the tail of the Maxwellian electron energy
distribution®”-38 combined with lower electron/ion densi-
ties.3® A more quantitative evaluation would require
the respective reactor geometries to be taken into
consideration.
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Conclusions

Continuous-wave rf plasma polymerization of 2-io-
dothiophene produces a polymeric network which re-
tains many of the structural characteristics associated
with the original precursor molecule. Sulfur and iodine
incorporation into the growing plasma polymer layer
drops with increasing glow discharge power due to the
weaker C—S and C—I bond linkages present in the
monomer.
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