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Oxidative chemical vapor deposition (oCVD) is an extremely effective method for solvent-free
deposition of highly conductive polypyrrole films, where polymer synthesis, doping, and film formation
are combined in a single step. Here we show that by carefully tuning the reaction parameters, namely
the deposition temperature, the reactor pressure and the oxidant to monomer flow rate ratio,
homogeneous polypyrrole films with a record conductivity of 180 S cm™ for a solvent-free method
were produced. Fourier transform infrared spectroscopy, UV-vis spectrophotometry, X-ray photo-
electron spectroscopy, scanning electron microscopy, and four-probe surface resistivity measurements
were performed to gain insights into the relationship between different reaction conditions and the
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structure of oCVD-deposited polypyrrole, the development of defects, the film morphology and its
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Introduction

Since the 1970s, conjugated polymers or intrinsically conduc-
tive polymers (ICPs) have been the subject of a large research
effort. They have shown potential for a wide range of applica-
tions in the microelectronics and semiconductor industries,
energy generation/storage, biomedical devices and catalysis, as
thermoelectric materials, and for corrosion protection.’™°
Their popularity derives from their ability to combine the
electronic properties of traditional inorganic materials with
the mechanical flexibility of polymers. They are relatively cheap
and lightweight, making them especially suitable for modern
electronic devices intended for skin contact and wearable
applications.” ™

Among ICPs, polypyrrole (PPy) has been favored as a test
material for a variety of applications due to its good electrical
conductivity, relative stability and biocompatibility."**® Unfor-
tunately, the extended double-bond conjugation that ensures
electrical conductivity is also responsible for the poor solubility
of PPy, which results in major challenges in its synthesis and
processing."’

Considering that in the majority of cases, PPy is used as a
thin film on a surface, electrochemical synthesis of PPy on an
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electrode has been a widely used method, since it eliminates
solubility issues and provides better control over the film
uniformity and thickness than solvent processing methods like
spin-coating.>>' However, the major drawback of the electro-
chemical approach is that the electrode material has to be
conductive and therefore, this synthesis route cannot be uni-
versally applied.*?

An alternative method for circumventing the problems with
solubility is vapor phase polymerization (VPP).**® In the VPP
of PPy, the substrate is pretreated with an oxidant before being
exposed to pyrrole vapor, and this results in PPy growth on the
pre-treated substrate.>*™** VPP simultaneously eliminates the
need for conductive substrate and for the solvent. However,
the pre-treatment of the substrate with an oxidant involves wet
chemistry and therefore presents potential drawbacks related
to the substrate sensitivity to a solvent and/or shortcomings
arising from coating of 3D substrates.>>** This is especially
important for a large number of applications in which fragile or
3D substrates are used, for example e-textiles, printed electronics
on paper, conductive layers on a stretchable substrate, porous
substrates for energy storage and biomedical hydrogels.*>™*°

In 2006, a modified VPP method for deposition of conju-
gated polymers was first implemented, where both the oxidant
and the conjugated monomer are delivered to the substrate in
the vapor phase.>>*! The technique is called oxidative chemical
vapor deposition (0CVD) and provides more structural control
over the synthesis of ICPs. The kinetics of polymerization are
controlled by precise reactant feeds along with adjustment of
deposition temperature and reactor pressure. The merits of
oCVD over solution-processed coating and/or electrochemical
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techniques have been well established in literature.
addition to the substrate-independent applicability of oCVD,
an important advantage is that this method also allows for the
one-step synthesis of ICPs in their doped form.>*

Despite the large “library” of the polymers synthesized by
oCVD, the synthesis of PPy has not yet been fully explored.>
There are only a few reports of oCVD that use pyrrole as a
comonomer (together with thiophene) for deposition.>*™*® The
aim of the present work is therefore to comprehensively study
PPy synthesized via oCVD. We chose antimony pentachloride
(SbCls) as the oxidant as it has recently showed outstanding
results in oCVD synthesis.’”*® Different reactants ratios, and
operational parameters were systematically investigated to opti-
mize the reaction condition for obtaining highly conductive films.

Experimental
Materials

Pyrrole (>99%) was purchased from TCI Europe, while anti-
mony pentachloride (SbCls, > 98%) was acquired from Sigma
Aldrich. All other solvents and reagents were bought from
Acros; all chemicals were used as received. Single-side polished
silicon wafers (University Wafer, Inc. USA, (100) P-Boron),
microscopy glass slides, and optical quartz plates (Prizisions
Glas & Optik GmbH, Germany) were used as substrates for
deposition.

Polymer synthesis via oCVD

A custom-made CVD setup was used for PPy deposition
(Chart 1). Inside the reactor, the substrates (silicon wafer,
glass slide and quartz plate) were fixed onto the bottom wall
with an adhesive tape. The reactor bottom temperature was
controlled by electrical heating elements. To avoid conden-
sation of the reactants, all feedthrough lines as well as the
reactor body were heated to 110 °C, while the reactor body was
kept at 40 °C. The reactor pressure was monitored by a pressure
transducer (MKS, model 622C11TBE) and controlled by throttle
valve (MKS, model 653B-1-40-1).

In a typical reaction, the monomer and the oxidant heated to
60 °C were controllably delivered into the reactor via needle
valves (Swagelok, SS-MGVR4-MH and SS-SVR4) from two different
inlets set at a right angle from each other on two adjacent reactor
walls. In all depositions, N, was used as the diluent gas as well as
the carrier gas for the oxidant. After 15 min, the reaction was

Pyrrole Vapor

Nitrogen flow
200-1000 mTorr

To Vacuum

A
Oxidant Vapor
0.25-1.25 sccm

Substrate (e.g. silicon wafer)

Temperature-controlled Stage

Chart1 A representation of the oCVD reactor.
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Table 1 Operational parameters for oCVD depositions of PPy

Sample code T (°C) P (mTorr) RR“ (sccm scem ™)
PPy-T20 20 1000 0.5
PPy-T40 40 1000 0.5
PPy-T60 60 1000 0.5
PPy-T80 80 1000 0.5
PPy-P200 40 200 0.5
PPy-P300 40 300 0.5
PPy-P500 40 500 0.5
PPy-P1000 40 1000 0.5
PPy-RRO.1 40 300 0.1
PPy-RRO.2 40 300 0.2
PPy-RRO.5 40 300 0.5
PPy-RR1 40 300 1

A RR — oxidant flow rate (sccm)
" monomer flow rate (sccm)’

stopped by closing the valves on the feed lines and pumping down
the reactor for 5 min. The samples were taken out and rinsed with
acetone to remove any unreacted monomer and excess oxidant
(for resistivity and UV-vis measurements) before being dried in an
oven at 140 °C for 15 minutes and then stored in a vacuum
desiccator to avoid oxidation.

To investigate the influence of the operational parameters
on the characteristics of the films, we produced several series of
samples: starting out with a pressure (P) and a specific ratio
of oxidant to monomer flow rates in sccm (RR), in the range
reported in the literature for PPy growth, we varied the sub-
strate temperature (7).>®> We then checked how different pres-
sures affect PPy properties. Finally, after having determined the
optimal pressure, we varied the RR to arrive at the optimized
result. Table 1 lists all the samples produced and specifies the
operational parameters in each case. More information about
the actual flow rates of the precursors, their vapor pressures,
along with the surface concentrations for each experiment has
been calculated and included in Table S1 (ESIt).

Characterization

Fourier-transform infrared Spectroscopy (FTIR) spectra in
transmission mode were collected on a Shimadzu IRTracer
instrument equipped with a deuterated triglycine sulphate
(DTGS) detector, in the region of 600-4000 cm™'. Each spec-
trum was the average of 128 scans and the resolution was set to
4 cm . The measurement was done on the PPy-coated silicon
wafers.

UV-vis absorption spectroscopy was performed with a Jasco
V730 double beam spectrophotometer in the range 250-900 nm
on PPy-coated quartz. To calculate the conductivity of the films,
the sheet resistance (R in eqn (1)) was first measured with a
four-point probe (Ossila Ltd, UK.) on PPy-coated microscopy
slides. The results were averaged over 10 measurements at
different locations on the same sample. The PPy films resistiv-
ity was then calculated by:

p=Rxt (1)

6 =5 (2)

This journal is © The Royal Society of Chemistry 2022
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in which p is resistivity in ohm per square, ¢ is PPy film
thickness in cm, and 6 is the film conductivity in S ecm™*. For
thickness measurement, Profilometry (Bruker DektakXT) was
used and the thickness of each sample was calculated as the
average of three measurements.

X-Ray diffraction (XRD). The spectra were collected at room
temperature on a D8 Advance Bruker diffractometer with a
sealed Cu tube (wavelength 1.5418 A) in a Bragg-Brentano
geometry; a 1 mm divergent slit and a 3 mm anti-scattering
slit were used. The 26 scans were performed from 2 to 80°
with a step size of 0.02° and a counting time of 1.00 s per step.
The measurement was performed on PPy-coated silicon wafers.

Scanning electron microscopy (SEM). Analyses were carried
out using a JEOL JSM-6390LV microscope equipped with the
Oxford EDS detector. The measurements were performed on
PPy-coated silicon wafers.

X-ray photoelectron spectroscopy (XPS). This analysis was
performed using a Surface Science SSX-100 ESCA instrument
with a monochromatic Al Ko X-ray source (hv = 1486.6 €V).
The pressure in the measurement chamber was maintained at
1 x 107° mbar during data acquisition; the electron take-off
angle with respect to the surface normal was 37°. The XPS data
were acquired on a spot of 1000 um diameter and the energy
resolution was set to 1.3 eV for both the survey spectra and the
detailed spectra of the C 1s, Cl 2p, N 1s and Sb 3d core level
regions. Binding energies are reported +0.1 eV. All XPS spectra
were analyzed using the curve-fitting program CasaXPS; decon-
volution of the spectra included a Shirley baseline subtraction
and fitting with a minimum number of peaks consistent with
composition of PPy film, taking into account the experimental
resolution. The profile of the peaks was taken as a convolution
of Gaussian and Lorentzian functions. The uncertainty in the
peak intensity determination is within 2% for all core levels
reported. After oCVD synthesis, all samples were stored under
vacuum until XPS measurements were performed. All measure-
ments were carried out on freshly prepared films on silicon
wafers and on two distinct spots on each sample in order to
check for homogeneity.

Results and discussions
PPy thin film deposition

Typical polymerization of pyrrole proceeds according to
Scheme 1.>*°° First, SbCl; and pyrrole monomer vapors are
adsorbed onto the surface of the substrate, and pyrrole is
oxidized to form a radical cation (1). Then two of the radical
cations undergo C-C coupling forming a radical dication (2).
This coupling can take place in three ways namely oo, o—f3, -3
as illustrated in Scheme 2. In this polymerization phase, the
o-a linkage is not only the dominant one, but also the desired
one to ensure PPy conjugation and charge transport.’>®" The
radical dication then undergoes deprotonation resulting in a
pyrrole dimer (3). This is followed by further oxidation of the
dimer (4), bonding between the dimer with another monomer

This journal is © The Royal Society of Chemistry 2022
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radical (5) and further deprotonation (6), leading to the
oligomer.

Subsequent repetitions of the series of steps result in the
formation of PPy (7). It is noteworthy that as the reaction
continues and the pyrrole chains grow, the number of C-C
couplings involving the B position increases.®’ Finally, the
neutral (benzoid) form of PPy can be oxidized and this
electron loss modifies the PPy electronic structure. This
transformation from the benzoid to quinoid form is called
doping of PPy (8).5*%3

The structure of a typical PPy grown by oCVD was character-
ized by FTIR and XRD, the results presented in Fig. 1. Fig. 1(a)
presents the IR spectrum for PPy-T60 with its corresponding
assignments of the bands presented in Table 2. The pyrrole
vibrations due to intra/inter ring C—C/C-C and C-N stretching
modes are evident at 1545 cm ™' cm™ ', ring deformation at
964 cm ™' and ring breathing at 1168 cm™'.°**” The IR spectra
of the other samples are provided in Fig. S1-S3 (ESIf) and
1454 cm™’, respectively.®®® The other bands include C-H
in-plane bending at 1040 cm™* and 1300.

The XRD spectrum of PPy-T60 (Fig. 1(b)) shows two very
broad peaks at 20 = 12.3° and 26.3° indicative of some
structural ordering at the nanoscale which is attributed to the
interplanar spacing of the PPy chains. This is typical of nano-
structured polymers with a low degree of crystallinity, as pre-
viously reported.®®

Conductivity

The conductivity of the deposited films varied considerably
depending on the reaction temperature (T), pressure (P), and
reactants ratio at which the deposition had took place (Fig. 2).
At a constant pressure of 1000 mTorr and the oxidant to
monomer flow rate ratio (RR) of 0.5, no reaction was observed
at T = 20 °C during 60 minutes. However, increasing the
temperature to 40 °C, resulted in the formation of a PPy thin
film with a conductivity of ~20 S ecm ™. Deposition at T'= 60 °C
boosted the conductivity of the film to 148 S cm ™', but a further
increase to T = 80 °C had a negative effect since it produced a
film with markedly lower conductivity under 1 S cm™". In an
attempt to understand this behavior, Co/Cy,, Was calculated
which reflects the relative ratio of surface availability of the
oxidant/monomer at each temperature and the values are
shown in Fig. 2(a) (detailed information in Table S1, ESI}). It
was observed that with an increase of temperature from 40 °C
to 60 °C, and subsequently to 80 °C, the surface availability of
oxidant to monomer surface concentration is increased stea-
dily. This indicates that even with constant molar ratios of the
precursors, their actual concentration at the site of the surface
reaction differs when the temperature is changed. This sug-
gests that a higher conductivity at 60 °C compared to 40 °C is a
result of higher doping due to a higher presence of dopants.
However, an excessive amount of dopant at 80 °C has a
detrimental effect due to overoxidation of PPy chains. This is
further discussed in the following sections.

In the second series deposited at a constant temperature of
40 °C and with an RR of 0.5, the pressure was adjusted to 200,
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repeating the above

Benzoid

Scheme 1 Mechanistic pathway for oxidative chemical vapor deposition of PPy (1-7); doping of PPy from benzoid form to quinoid form (8).
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Scheme 2 Different types of C—C coupling for
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two pyrrole units during oxidation polymerization.
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Fig.1 (a) Fourier transform infrared spectrum of PPy-T60 between
600-3500 cm™%; (b) XRD spectrum of PPy-T60, revealing an amorphous
structure.

Table 2 IR band assignment for PPy-T605%7¢7

Band position (cm ™) Assignment

1545 C—C/C-C stretching
1454 C-N stretching

1300 C-H in-plane bending
1168 Ring breathing

1040 C-H in-plane bending
964 Ring deformation

300, 500, and 1000 mTorr. The films produced under these
conditions exhibit an increase in conductivity from 46 S cm ™"
at a deposition pressure of 200 mTorr to 180 S cm ™" for the one
grown at 500 mTorr. A further pressure increase to 1000 mTorr
was detrimental since it yielded films with a conductivity of
only 20 S em ™. Finally, RR was changed from 0.1 to 1, and
again a change in conductivity was observed; the conductivity
increased from 57 S cm " to 155 S em ™! upon increasing RR
from 0.1 to 0.2 during deposition. However when the oxidant
content of the vapor phase was increased, and RR rose corre-
spondingly to 0.5 and subsequently to 1, the resulting films
again exhibited a much lower conductivity.

It should be noted that the film with a conductivity of
180 S cm™ ' (obtained for PPy-RR0.2) is more than two times
higher than the highest conductivity of PPy reported using
VPP*® (83 S ecm ') and comparable with the one produced by
the electrochemical method,”® proving the viability of oCVD for
synthesizing highly conductive PPy.

The conductivity of PPy is strongly affected by the inter-
related parameters of level of doping, conjugation length, and
microstructure. Doping results in a reduction of bandgap
between highest occupied molecular orbital and lowest
unoccupied molecular orbital in conjugated polymers, and
yields a higher conjugation length. The conjugation is the
length of a sequence of undisturbed conjugated monomeric
units, along which charge can travel.”* Previous reports estab-
lished that the increase in conjugation length is associated with
a red-shift of the n-rn transition (4y,y) in the UV-vis spectrum of
the polymer film.”> The full UV-vis spectra of samples are
presented in Fig. S4 (ESIT). From the positions of 1. for the
deposited PPy films (Fig. 3(a)), it is evident that a higher
deposition temperature leads to a lower doping levels (and
conjugation length). However, higher pressure and oxidant to

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Conductivity of the deposited PPy thin films, deposited at
different T along with calculation of oxidant to monomer surface avail-
ability (Cox/Cmo); (b) conductivity of the deposited PPy thin films, deposited
at different P, or RR (see Table 1). Referring to Table S1 (ESIt) shows that
Cox/Cmo remains constant for pressures series and follows the same trend
as RR for oxidant to monomer flow rate ratio series, thus not included in
the figure. Note: error bars are included, the maximum SD is less than 5%.

monomer flow rate ratio increase the level of doping. For RR,
doping reaches a plateau beyond RR = 0.5, most likely because
the charge saturation point of the deposited PPy has been
reached and the polymer cannot accommodate more charge
carriers.”>”>

Achieving higher doping levels when depositing at a higher
pressure was reported by Smolin et al. for the oCVD of poly-
aniline.”® As the relative molar ratio is constant for both samples
at different pressures, the mean free path at higher pressure
becomes shorter in the gas phase and this results in higher
adsorption rate for precursors and hence polymer film formation.
Finally, the decrease of conductivity of PPy when oCVD is per-
formed at higher temperatures has been reported before, though in
that case the reasons were not investigated.>® Nevertheless, these
observations from UV-vis spectroscopy for temperature, pressure
and RR are only partly in-line with the values for conductivity,
suggesting other aspects affect the films electrical behaviour.

In an early work on PPy, Tian and Zerbi defined a parameter
named ‘“‘effective conjugation coordinate (ECC)” that relates
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Fig. 3 Zmax and ECC as at different (a) temperature, (b) pressures, and
(c) oxidant to monomer flow rate ratio.

the conductivity to the ratio of C—=C/C-C to C-N bands calcu-
lated from FTIR.®” In this way, the conjugation of PPy is
inversely proportional to the ratio of the areas of the bands
centered at 1545 to 1454 cm ™" (A1545 cm-1/A1454 em-1), @ CONCEpPt
which has been widely corroborated by other works.”””® Here,
the ECC values were calculated for all the PPy and films and the
results are shown in Fig. 3(b). As evident for the temperature
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series, the film deposited at 7= 60 °C showed a lower ECC and
therefore a higher conjugation length, followed by the ones
grown at T = 40 °C and T = 80 °C, similar to the trend for
conductivity values. An analogous behavior is found for the
variation of pressure, where ECC value decreases when P at
which the film was deposited was increased from 200 mTorr to
300 mTorr and subsequently 500 mTorr. On the other hand,
the ECC value showed a sharp rise when pressure during the
film growth was increased to 1000 mTorr. Comparing with
conductivity, it is clear that dovetails with the ECC value of the
samples. For the series of films grown at different RR values,
Fig. 3(b) shows that for the thin layers grown with increasing
RR from 0.1 to 0.2 and subsequently to 0.5, the ECC value
shows a slight decrease. However, the ECC value is significantly
higher for the layer deposited with RR = 1, which is in line with
the conductivity drop for the film grown at this condition;
though for the conductivity, the trend changed at RR = 0.5.
These findings suggest that the ECC value is very often but not
always, a good indicator of conductivity in these PPy films.

The different reaction conditions also give rise to the
changes in the film as visible in the SEM micrographs pre-
sented in Fig. S5 (ESIt). The film deposited at 40 °C shows a
cluster-like appearance compared to the smooth and homo-
genous morphology film deposited at 7= 60 °C. On the other
hand, for the film deposited at RR = 1, the surface morphology
shows speckles indicating a higher apparent roughness than
that of the film grown at RR = 0.2 (Fig. S5, ESIT).

All of these measurements suggest that there are optimum
combinations of T, P, or RR values, at which conductivity is the
highest. In order to better understand how these deposition
parameters influence the molecular conformation of the film,
a few samples were selected for a detailed study by XPS.

XPS

Four samples were selected to verify the correlation between
film composition, doping level, and conjugation length. PPy-
P300 and P1000 were chosen to study the effects resulting from
higher deposition rate as a result of higher reactor pressure.
PPy-RR0.2 and RR1 were investigated to gain insight in the
stoichiometric variation when RR is changed from 0.2 to 0.5
(= PPy-RR1000) and finally to 1. This latter series combines the
effect of higher deposition rate and higher oxidation level.
The atomic percentages of C, N, Cl, O, and Sb as obtained
from the intensities of XPS spectra are shown in Table 3. The
XPS analysis gives an insight on the integrity of the pyrrole ring
via the C/N ratio, the number of counter ions per pyrrole ring
via N/CI ratio, the amount of impurities present via the Sb
content (and its oxides) as well as the presence of possible
structural defects via the oxygen content (Fig. 4). Comparing
the samples of PPy-P300 and P1000, where the pressure during
the deposition was varied but the temperature of the substrate
(T =40 °C) and the oxidant to monomer flow rate ratio (RR = 0.5)
were constant, it is evident that the higher pressure resulted in
a very high C/N ratio of around 9, much higher than that of
a pyrrole monomer (C/N = 4); while the C/N is 3.5 for the
film deposited at 300 mTorr. The increased carbon content in

This journal is © The Royal Society of Chemistry 2022
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Table 3 The atomic percentage of C, N, Cl, Sb, and O in PPy films deposited with different oxidant to monomer flow rate ratio or pressure

C iti %
Sample omposition (%)
C N Cl Sb (¢] Sn
PPy-P300 54.2 (+ 1.4) 15.3 (4 0.4) 8.1 (£ 0.2) 10.9 (4 0.2) 11.5 (4 0.1) —
PPy-P1000 42 (+ 1.8) 4.7 (£ 0.2) 12 (4 0.3) 24.8 (+ 0.9) 16.6 (& 0.4) —
PPy-RRO.2 60.6 (+ 2) 17.6 (4 0.3) 12.2 (+ 0.2) 2.6 (£ 0.1) 5.7 (£ 0.2) 1.3 (¢ 0.1)
PPy-RR1 60 (+ 0.7) 2.9 (£ 0.7) 8.6 (£ 0.1) 14.4 (+ 0.1) 14.1 (4 0.3)

“ The “Sn” content in PPy-RR0.2 is most likely the result of contamination during sample handling.

I O+ Sb (at.%)

CIN (in PPy)
PPy-P300
PPy-P1000
PPy-RR0.2

PPy-RR1

0 5 10 15 20 25 30 35 40 45
Fig. 4 Quantification of the N/Cl and C/N ratios, as well as “"O+ Sb"”
atomic contents for PPy-P300, PPy-P1000, PPy-RR0.2, and PPy-RR1. The
theoretical C/N atomic ratio for PPy is the same as for the monomer and is
shown for comparison.

PPy-P1000 can be due to defects such as ring cleavage, PPy
chain cross-linking and aliphatic chain formation during poly-
merization, as suggested in the literature.”® In comparison to
PPy-P300, the PPy film deposited at the same conditions
(T = 40 °C, P = 300 mTorr) but with lower RR = 0.2, has a
comparable C/N ratio of 3.4, close to that of a pyrrole monomer.
The C/N ratio close to 4 correlates with the high conductivity of
155 S cm™ ' obtained for this sample. When RR is increased to
1, the C/N ratio rose to over 20, strongly suggesting that extra
carbon is formed in the film as a result of undesired reactions.

The number of Cl- counter ion per pyrrole ring is an
indication of the doping level and can be quantified via the
CI/N ratio. Since PPy-RR0.2 showed the highest conductivity
among these four samples, two counter ions per three pyrrole
rings (N/C1 = 1.4) is inferred to be the best doping. When the
amount of oxidant present during PPy growth is increased by
choosing RR = 1, the N/ClI ratio in the resulting film decreased
to ~0.35. In other words, an average of three CI~ per pyrrole
ring testifies to overdoping/overoxidation, in line with Ge et al.
who observed that the nitrogen to counter ion ratio dropped
from 3 to 0.6 when PPy was electrochemically overoxidized.®*
A similar overoxidation was observed when the deposition
pressure was increased (PPy-P1000). Excessively-doped PPy
was shown to be less stable over time as one pyrrole ring can
effectively interact with only one counter ion.%!

Concerning impurities and defects, we note that contamina-
tion by oxygen up to around 16 at% is present in the films.
A similar oxygen contamination has been reported before in

This journal is © The Royal Society of Chemistry 2022

PPy synthesis and attributed to physical and chemical inter-
action of PPy when exposed to air or water in the precursors.
In particular, it was suggested that the oxygen is a result of
the hydroxyl free carrier (OH™) and/or defect formation (e.g
carbonyl).®>"®* Here, PPy-RR0.2 sample shows just below
15 at% of Sb and O; while for samples produced at higher P
and RR, this percentage increases reaching over 40 at% for
PPy-P1000.

C 1s XPS spectra

The detailed XPS spectra of the C 1s core level region suggest
the presence of five chemical environments as shown in
Fig. 5(a)-(d). The spectral contributions at binding energies
(B.E.s) of 284.2 eV and 285.2 eV are assigned to carbon at § and
o position of a pyrrole ring, respectively (Scheme 2).5* The
percentage with which these species contribute to the total
C 1s intensity is listed in Table 4. The photoemission intensity is
directly proportional to the atoms in that environment present
in the probed volume. A single pyrrole ring has the ratio of
o/B = 1. However, it is reported that the XPS o-carbon signal is
often more intense than B-carbon.”® Different interpretations
have been suggested: for example, Zeller et al. claimed that
chain linking such as o—-f and B-f may affect the electron
density around the P position to a greater extent than o
position.®? Other researchers have proposed a different struc-
tural arrangement of doped PPy compared to a pyrrole ring.”®
In addition, it has been observed that this ratio (independent of
the initial value) tends to decrease after overoxidation in
presence of excess dopants.”*®*

With this in mind, we note that this ratio equals to around
2.0 for PPy-P300 and it retains its value when the deposition
pressure was increased from 300 mTorr to 1000 mTorr. How-
ever, o/} carbon was reduced by about 50% when oxidant
to monomer flow rate ratio was increased from 0.2 to 1
(Fig. 5(c) vs. Fig. 6(d)).

For the C 1s components at higher B.E.s, different assign-
ments have been reported in the literature, accompanied with
proposed mechanistic pathways (Scheme 3(a)).”* %% The
first component at 286.2 eV, has been suggested to stem from
C-0, C-N, and C-Cl bonds.?! Yet, these bonds point to very
different chemical environments: C-O is a structural defect in
PPy, C-N exists in neutral or doped PPy, and C-Cl can only be
present in an over-doped sample where the covalent bond
between carbon and chlorine breaks the conjugation.®”*® The
debate on this goes back decades, when Zeller et al.®* argued
that the main component at 286.2 eV arises from non o-o
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Fig. 5 High resolution XPS data of C 1s region for (a) PPy-P300, (b) PPy-P1000 (= PPy-RR0.5), (c) PPy-RR0.2, and (d) PPy-RR1; the fit is also shown and
for each component the relative contribution to the total spectral intensity of the respective line is reported in Table 4.

Table 4 Chemical environments for carbon as identified from the C 1s XPS spectra of PPy films synthesized at different pressure and with different

oxidant to monomer flow rate ratio

Relative contribution to the total spectral intensity of the C 1s core level line (%)

Chemical Binding
environments PPy-P300 PPy-P1000 PPy-RRO0.2 PPy-RR1 energy (eV)
B-carbon 21.9 29.8 22.8 38.2 284.2
a-carbon 44.9 44.7 44.9 40.1 285.2
C-N/C-O 21.4 18.8 21.0 14.6 286.2
C—=N/C—=0/C-N" 8.0 4.0 7.9 44 287.4
COO/CON/C=N" 3.8 2.7 3.5 2.9 288.8

carbon linkage rather than C-O (without any discussion about
C-N bonds). For the contribution at a B.E. around 287.4 eV,
C—O0 (overoxidation, Scheme 3a), C—N (deprotonation,
Scheme 3b), or C-N" in the quinoid structure of PPy (eqn (8),
Scheme 1) should be considered.?® In this case, the first two
environments negatively impact the electron transfer along the

564 | J Mater. Chem. C, 2022, 10, 557-570

polymer chains; while C-N" (suggesting a polaron) can positively
affect charge transport.®® Finally, the peak at 288.8 eV which could
be due to oxygen contamination due to COO/CON bonds, or again
it could be C=N' as an alternative chemical environment
in the quinoid structure of PPy. Since no C—O fingerprint at
1700-1750 cm™ ' was observed in FTIR (see Fig. S1-S3, ESI?), the

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 XPS spectra of the N 1s core level region for (a) PPy-P300, (b) PPy-P1000 (= PPy-RR0.5), (c) PPy-RRO0.2, and (d) PPy-RR1, providing information on
the formation of polaron and bipolaron species; the fitis also shown and the relative contribution of each component to the total N 1s spectral intensity is

reported in Table 5.

presence of carbonyl group (C—O) is excluded. However,
Tabaciarova et al.®' reported an oxidation study of PPy prepared
with different dopants where they assigned weak and broad peaks
at 1700 cm™* and 1745 cm ™! to N-C=O0, and C-C—0 moieties.
Such an assignment has been adopted for electrochemically
grown PPy as well.*® Nevertheless, we attribute the deconvoluted
XPS peaks to carbon-nitrogen environments, as this is more in
line with the rest of the data. Calculating from Table 4, the
cumulative spectral intensity of high B.E. components of the
selected PPy films (> (%) at 286.2 eV, 287.4 eV, and 288.8 eV)
decreases at higher RR and P. However, as synthesis at higher
RR and P are expected to be associated with overoxidation
(thus higher oxygen content) of the produced film, the observed
decrease should instead relate to carbon-nitrogen environments
(including polaron/bipolaron).

This journal is © The Royal Society of Chemistry 2022

N 1s XPS spectra

The detailed XPS of the N 1s core level region are shown in
Fig. 6 and the percentages with which the various components
contribute to the total N 1s spectral intensity are presented in
Table 5. The N 1s line bears the signature of four chemical
species: imine type nitrogen (—N-) at a B.E. of 398 eV, N-H
from the pyrrole ring at 400 eV, C-N" at 401.2 eV and C=N" at
402.6 eV.2*8%%%% gynthesis at higher P and RR leads to a
decrease in pyrrole ring nitrogen (N-H), while imine-like nitro-
gen (=N-), polaron (C-N") and bipolaron (C=N") increased.
Imine-like nitrogen has been attributed to the nucleophilic
attack of water (moisture) during or after polymerization
(Scheme 3(b)), resulting in the deprotonation of nitrogen.®>
Deprotonation increased with overoxidation as well (films
produced with RR = 1 and P = 1000 mTorr), as also observed in
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Scheme 3

(a) a proposed mechanism for carbonyl defect formation in PPy;

80,85 (b) 64,82

A proposed PPy deprotonation mechanism.

Table 5 Chemical environments for nitrogen as identified from the N 1s XPS spectra of PPy films synthesized at different pressure and with different

oxidant to monomer flow rate ratio

Relative contribution to the total spectral intensity of the N 1s core level line (%)

Chemical environments PPy-P300 PPy-P1000 PPy-RRO.2 PPy-RR1 Binding energy (eV)
—N- 5.5 10.1 5.9 7.2 398.0
N-H 57 48.6 58.7 19.5 400.0
C-N* 26.9 29.7 25.4 56.3 401.2
C—=N" 10.6 11.7 10.1 17.1 402.6

literature.®” On the other hand, the formation of both polaron
(C-N") and bipolaron (C=N") is favored for PPy produced at
higher RR and P.

Another interesting aspect is the ratio between nitrogen
atoms in polaron to bipolaron ([C-N"]/[C=N']) environments
as deduced from the N 1s spectral intensities. Zuzana et al.
investigated the PPy molecular structure evolution during
oxidation polymerization and concluded that the depletion of
reactants over time allows a stronger nucleophilic attack and
results in a higher amount of defects.”? They concluded that the
lower reaction kinetics give rise to higher number of defects which
in turn is associated with higher polaron to bipolaron ratios.

In our case, fresh monomer and oxidant are continually fed
into the reactor and unreacted precursors are pumped out. This
avoids an increased defect formation during reaction, as no
reactant depletion occurs and the kinetics of the PPy film for-
mation is solely controlled by pressure and oxidant to monomer
flow rate ratio. Under these conditions, except for the sample
deposited at RR = 1, the other three samples retained a polaron
to bipolaron ratio of 2.5. This validates that the evolution of
bipolaron formation could be used as an indicator of the doping
level of oCVD-polymerized PPy. In the case of RR = 1, polaron to
bipolaron ratio of 3.3 is especially detrimental to the PPy structure
as reflected in the conductivity data (Fig. 6(d)).

ClI 2p XPS spectra

To understand how SbCl; interacts with PPy, we collected the
XPS spectra of the Cl 2p core level region as shown in Fig. 7.

566 | J Mater. Chem. C, 2022,10, 557-570

We observe that chlorine is present in three different environ-
ments; the percentages with which the various components
contribute to the total Cl 2p spectral intensity are reported
in Table 6. The Cl™ anion gives rise to the peak at a B.E. of
197.4 eV, CI-N" to the one at 198.4 eV and covalently bonded Cl
with carbon is responsible for the XPS signal at 199.8 eV.”
Synthesis at higher P had a minimal effect on the amount of
Cl™ present, though it increased more than two times when RR
was increased from 0.2 to 1. It is known that C1I- may outgas
from PPy over time and/or could possibly attack the PPy chains
and disrupt the conjugation.®' CI-N" species is responsible for
charge transfer and did not show any significant variation when
P and/or RR were changed. For CI-C bonding, changing
the pressure during synthesis had a negligible effect. However,
PPy-RR0.2 showed a high content (>32%) of C-Cl bonds than
PPy-RR1 (~ 8%). This interestingly suggests that at higher RR,
chlorine tends to stay in free ionic state compared to lower RR
which favors C-Cl bonding.

O 1s and Sb 3d XPS spectra

Further information on the bonding of the SbCls dopant comes
from the detailed XPS spectra of the region comprising the O 1s
and Sb 3d core level lines, which are shown in Fig. S6 (ESIT)
together with the corresponding fits. For each component, the
relative contribution to the total spectral intensity of the
respective line is reported in Table S2 in the ESI.{ Antimony
remains as an impurity in the PPy structure and exists in two
forms: Sb(m), which gives rise to a contribution at 530.7 eV in

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 XPS spectra of Cl 2p core level region for (a) PPy-P300, (b) PPy-P1000 (= PPy-RR0.5), (c) PPy-RR0.2, and (d) PPy-RR1; the fit is also shown and the
relative contribution for each component to the total Cl 2p spectral intensity is reported in Table 6.

Table 6 Chemical environments for chlorine as identified from the Cl 2p XPS spectra of PPy films synthesized at different pressure and with different

oxidant to monomer flow rate ratio

Relative contribution to the total spectral intensity of the Cl 2p core level line (%)

Chemical environments PPy-P300 PPy-P1000 PPy-RR0.2 PPy-RR1 Binding energy (eV)
Cl™ 38.5 34.7 19.3 46.4 197.4
CI-N* 46.4 51.6 48.4 46 198.4
Cl-C 15.1 13.8 32.2 7.6 199.8

the 3ds;/, line and Sb(0), which is at the origin of the contribu-
tion at 527.8 eV in the 3ds/, line. Synthesis at higher pressure
slightly increased the net Sb content of the films. In the RR
series, increasing RR from 0.2 to 1 significantly increased the
Sb content. The O 1s component at a B.E. of 530.89 eV is
assigned to oxygen bonding with a metal (here Sb-O), while the
contribution O 1s at 532.4 eV stems from C=0."*

This journal is © The Royal Society of Chemistry 2022

In summary, the PPy charge transport properties can only be
understood through extensive spectroscopic studies. For a clear
picture, at least five parameters extracted from the XPS spectra
should be taken into account: (i) the C/N atomic ratio and type
of carbon-carbon bonds (Ca/CB), informing about the conjuga-
tion of PPy; the N/Cl atomic ratio, the C-N"/C=N" ratio as
these bonds inform on polaron/bipolaron formation, and the
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“O + Sb” content, which provides insight on how the dopant
(SbCls) interacts with PPy for a given set of operational
parameters.

It is of utmost importance to find the oCVD operational
parameters that yield a PPy structure that best retains the integrity
of the pyrrole ring. This was achieved by controlling the precur-
sors ratio to obtain a C/N atomic ratio close to 4. In terms of
doping, PPy growth at higher RR and pressure both result in
higher doping and translate into a lower N/CI ratio, a lower C-N"/
C—=N" ratio and a higher impurity content. Notably, the increase
in oxidant to monomer flow rate ratio has a stronger effect on the
dopant interaction with the polymer backbone as evident from
the change of the N/CI. Increasing the pressure during deposition
instead increases the total impurity content of PPy.

Conclusion

In this work oCVD has been demonstrated as a reliable method
for one-step synthesis of conductive and homogenous PPy
films. Temperature, pressure and oxidant to monomer flow
rate ratio during oCVD control the doping and conductivity of
the films. FTIR and UV-vis spectroscopy provide only basic
information about PPy formation and the general trends in
doping levels of the different PPy films. Additional insights
about the nature of the interaction between PPy and the dopant
were provided by XPS, which is the key to understand the
conductivity behavior and the morphology development of
these thin films. When deposited with a very low oxidant to
monomer flow rate ratio (RR = 0.1), the film is not fully doped
resulting in a conductivity of 57 S c¢cm™'; the conduc-
tivity increased with increasing RR, reaching a maximum of
155 S cm~'. A higher oxidant to monomer flow rate ratio
resulted in a higher C-N'/C—=N" ratio, assigned to a higher
polaron to bipolaron ratio, suggesting a structural barrier to the
coupling of two polarons. Keeping an oxidant to monomer flow
rate ratio of 0.2 and 0.5 at pressures of 300 and 500 mTorr,
respectively, resulted in PPy films with the highest conductiv-
ities. In the case of deposition at pressure of 1000 mTorr
however, the reaction kinetics showed a similar effect as over-
oxidation as seen in the N/CI ratio, while it did not show an
effect on the type of carbon-carbon coupling or the ratio of
polaron to bipolaron. Finally, when depositing at higher tem-
perature, the lower probability of reactants adsorption that is
indirectly related to difference in RR, resulted in films with
different morphology and with a different doping level, which
in turn affect the conductivity. Such a conclusion is in line with
the amorphous structure of the deposited PPy, since crystal-
linity cannot influence the properties of films deposited at
these moderate temperatures of 40-80 °C.

In summary, this work provides insight into how to obtain
conductive polypyrrole films using an all-dry technique.
These results could contribute towards further electronic device
development using polypyrrole in a range of applications from
microelectronics to semiconductors, energy generation/storage,
and biomedical devices.
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