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In situ self-assembly and photopolymerization
for hetero-phase synthesis and patterning

of conducting materials using soft oxometalates
in thermo-optical tweezersf

Subhrokoli Ghosh,? Santu Das,” Shuvojit Paul, ¢ Preethi Thomas,® Basudev Roy,’
Partha Mitra,® Soumyajit Roy {2 *° and Ayan Banerjee () *?

We demonstrate a novel method of simultaneous photoassisted hetero-phase synthesis, doping, and
micro-scale patterning of conductive materials. The patterning is performed by controlled self-assembly
mediated by a micro-bubble induced in an optical tweezers configuration. The high temperature
generated due to the light field of the tweezers also drives diverse chemical reactions that lead to the
in situ formation of conducting metal-oxides and polymers due to a charge transfer mechanism with
soft oxometalates (SOMs). We synthesize two conducting polymers — polypyrrole and polyaniline —
doped by the metal oxides Mo-0O, and Mo-03, from dispersions of the respective organic compounds
with the SOMs, and form permanent patterns out of them by continuous self-assembly arising from
manipulation of the micro-bubble using Marangoni flows generated by the tweezers. The electrically conducting
patterns of width varying between around 4-50 um, are written in the form of simple Hall-bar geometries, and
a four-probe measurement technique yields conductivities on the order of ~450-600 Siemens cm™* — which
is much higher than that reported for both polypyrrole and polyaniline in earlier work. This technique can easily
be used in patterning complicated electrical circuits in mesoscopic length scales, and can also be extended to
solution processed electronic device development by green chemical routes.

Introduction

Directed self-assembly,"™ especially in the meso-scale, has

generated significant interest in the scientific community due
to the degree of control it provides in creating structures of
choice.’”® It has thus facilitated diverse research of a highly
interdisciplinary nature with applications extending from
nanotechnology to miniaturized electronics.”™" The latter has
especially attracted a lot of attention in recent times with
several techniques being proposed, of which solution processed
electronics has gained considerable prominence due to the
simplicity and flexibility of the process, its low cost, etc.'?
Conducting polymers form the basis of most solution processed
electronics, and techniques that can synthesize such materials
efficiently and quickly are thus of crucial importance. However,
the conductivity of such polymers is often limited and is also
critically dependent on the synthesis itself so that a wide
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range of conductivities of the same type of polymer is often
observed.">'* In fact, several of the conducting polymers have
inherently low conductivity that, however, can be considerably
enhanced by doping.”®™"” The doping process is typically separate
from the basic polymer synthesis and is often rather complicated."®
Thus, it would be extremely useful to design a technique where the
process of synthesis itself would incorporate the doping so that the
final material would have high conductivity ab initio. Finally,
patterning conducting polymers involves very different techniques
ranging from different types of lithography'® to electrochemical
techniques™ to spray coating, and the patterning process is
generally disconnected with the synthesis entirely”® with a few
rare exceptions.'® A technique where synthesis, doping, and
patterning can be performed simultaneously would therefore be
a very significant improvement over the existing state of the art.

In this paper, we show for the first time in situ simultaneous
synthesis, doping, and patterning of conductive materials in an
optical tweezers setup using a green chemical pathway induced
by a thermo-optically manipulated micro-bubble on a glass
substrate. We demonstrated earlier that such a micro-bubble
formed on a glass substrate drives self assembly of mesoscopic
material in an aqueous dispersion due to hydrodynamic
(Marangoni) flows caused by the temperature (and the resultant
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surface tension) gradient across the bubble.?" At the core of the
process is a soft oxometalate (SOM) material*>>® which absorbs
at the laser wavelength of 1064 nm to form a micro-bubble.
SOMs self-assembled at the bubble base subsequently undergo
a phase transition from the soft to crystalline state® as the
bubble is translated by the optical tweezers. Thus, permanent
micro-patterns are formed on the substrate. We have been able
to pattern SOMs, and also other material such as carbon
nanotubes, and fluorescent dyes in combination with the SOMs
in a completely controlled manner using this technique.”*
Recently, we developed a catalytic chip where a catalyst was
co-deposited with SOMs, and a reaction was preferentially
carried out on the deposition sites to demonstrate site specific
catalysis.>’ This can, in the future, pave the way for functionalized
heterogeneous catalytic micro-chips tuned for both specificity
and selectivity. It is also known that the polyoxometalates can act
as an active catalyst material to synthesize conducting polymers
using different chemical and electrochemical techniques.**°
Again, it is known that such polyoxometalates also influence
chemical and electrochemical polymerization.*® To utilize this,
we have now extended our technique to self-assemble conducting
material on a glass substrate, once again in combination with SOMs,
to prepare simple micro-circuits employing green chemistry
techniques — which in our case is essentially the use of a laser which
consumes milliwatts of power to simultaneously synthesize and
dope conducting polymers.®" Note also, that our technique precludes
the need for sample preparation since we start with non-conducting
monomers in combination with SOMs and prepare conductive
materials (including metal oxides and polymers) in the process of
the patterning itself. We demonstrate the technique on two non-
conducting organic monomers: pyrrole and aniline, and form
conductive polymers polypyrrole (PPy) and polyaniline (PAni), respec-
tively, which are doped with metal oxides. In our present process, the
self-assembled material at the base of the bubble consists of SOMs +
monomers of PPy/PAni. The SOMs reach their molecular excited
states due to their interaction with the tweezers laser, and de-excite
by transfer of an electron to the attached pyrrole/aniline molecule to
form a radical of the latter. This radical reacts with an adjacent
pyrrole/aniline molecule to form a dimer of the same, and the
process gradually cascades to finally form polymers (PPy/PAni).*>>*
Simultaneously, the SOMs are reduced to metal oxides, MoO; and
Mo0,.*> As the bubble is translated in the manner described in
ref. 21, the sudden reduction in temperature in the vicinity of the
self-assembled material results in a phase transition, so that perma-
nent patterns are formed. We measure conductivity by designing
simple Hall bars and observe that our measured conductivity is
higher than that reported in the literature for solely PPy and PAni."®
The reason is the formation of the metal oxides, which dope the
polymer patterns, thereby rendering them nearly metallic in nature.

Materials and methods
Sample preparation

To prepare the aqueous dispersion of SOMs, 1 g of ammonium
heptamolybdate was added to 10 ml of double distilled

This journal is © The Royal Society of Chemistry 2017

View Article Online

Journal of Materials Chemistry C

deionized water (for preparation of 10% v/v), and the reaction
mixture was heated to 100 °C until it started to boil. It was then
cooled at —7 °C for 10 minutes to form a clear and stable
dispersion of ammonium heptamolybdate of 10% v/v. Similar
dispersions of ammonium heptamolybdate of 6%, 8%, 12%,
15% and 20% v/v were prepared for the experiment. Pyrrole and
aniline were purified in an alumina column, and the aqueous
dispersion of SOMs was then mixed with them separately, with
varying proportions of the SOMs while those of the monomers
were kept constant - the reason being that pyrrole and aniline
have limited solubility in water, so they did not form dispersions
easily. We observed that a volume ratio mixture of 2: 1 of SOMs and
pyrrole/aniline was the most optimized in terms of forming stable
dispersions. Thus, further experiments were performed keeping this
volume ratio fixed, while the SOMs percentage in the dispersion was
varied with a view to observing the effect on the net conductivity.
30 micro-litres (20 + 10) of the SOM/pyrrole (aniline) mixture was
taken on a standard microscope glass slide (1 mm thick) which was
stuck to a 160 pm thick glass coverslip using double-sided sticky
tape. The thickness of the sample chamber was about 100 microns.
The sample chamber was then inserted into the translation stage of
the optical tweezers microscope.

Optical tweezers

A schematic of the optical tweezers setup is demonstrated in
Fig. 1(a). The setup was built around a standard inverted
microscope (Olympus IX71). A diode laser (Lasever 1064NL) at
1064 nm and maximum power 500 mW served as the trapping
laser. The beam was coupled into the tweezers microscope
using standard optics (see Fig. 1(a)), and imaging of the sample
area was performed by a CCD camera placed in the microscope
side port. The laser beam was focused into the sample chamber
through a high numerical aperture (NA = 1.3) 100x objective on
suitable SOM clusters adsorbed on any of the surfaces of the
sample chamber. A local ‘hot spot’ was created due to high
absorption of SOM particles near the laser wavelength, followed
by a vapour micro-bubble at the location of the hot spot. A large
temperature gradient resulted around the bubble due to the
difference in temperature at the top and the base. The temperature
gradient led to a surface tension gradient, which resulted in Gibbs-
Marangoni convection and subsequent self-assembly of SOM and
pyrrole/aniline particles at the base of the bubble. Now, as the laser
was translated by moving the microscope translation stage, the hot
spot was concomitantly translated, followed by the micro bubble as
if the micro bubble was trapped at the hot spot. The material
continued to self-assemble at the bubble base, and when the bubble
was moved away from a particular position, the self-assembled
material underwent a phase transition to the crystalline state*! so
that permanent patterns resulted.

Conductivity measurement technique

A standard 4-probe measurement technique was used to measure
the resistance of the Hall-bar shaped patterns shown in Fig. 1(b).
The dimensions of the patterns were found from images taken
using a Scanning Electron Microscope (SEM) which we show in
the subsequent figures. Very thin (0.1 mm) wire connections were

J. Mater. Chem. C, 2017, 5, 6718-6728 | 6719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tc01941f

Open Access Article. Published on 13 June 2017. Downloaded on 12/4/2025 5:24:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

&\ Mirror-1

Laser

Lens-1

Mirror-2 P

expander

Imaging
System

(a)

Fig. 1 (a) Schematic of our optical tweezers setup. (b) Typical Hall-bar
measurement of conductivity.

made through Indium contacts at the positions a, b, ¢ and d
(Fig. 1(b)) of the Hall-bar. As shown in Fig. 1(c), a fixed current
was passed through two opposite contacts (e.g, contact-a to
contact-d) from a lock-in amplifier (SR830, Stanford Research
Systems), by applying a suitable voltage difference at a low
modulation frequency of around 20 Hz between the junctions,
while a high resistance (controlled and tunable) was connected in
series with the pattern. The voltage drop across the other two
contacts (contact-b and contact-c in this case) was measured
using the same lock-in amplifier at the reference frequency of
20 Hz. From this, we essentially measured the resistance between
the positions b and c. Then, the current and voltage probes were
interchanged and the measurements were repeated. For every
sample, the whole process was performed for 3 sets of high
resistances and 5 sets of currents for each resistance. This process
is reliable and gives a precise measurement of the resistance, and
we initially performed a benchmarking using standard resistances.
To find the value of the measured resistance, we write the current
through the circuit I as, I = Vin/(Rhigh + Rsampie) ~ Vin/Rhigh, Since
Rhigh > Rsample- Thus, Reample = Vsample/I: Vsample 18 directly
measured by the lock-in amplifier, so that we finally have
Rsampie = (Vsampie X Rhign)/Vin. Note that to ensure that the
approximation holds robustly, Ry, should be at least 3 orders
of magnitude greater than Rsampie-

Results

A pictorial collage of the diverse patterns of SOMs + PPy/PANi
that we have formed using our technique is demonstrated in
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structure made by patterning SOM + PPy/PAni. (c) Circuit diagram for

Fig. 2. The bright field/SEM images demonstrate the range and
versatility of our technique and the ability to control the shape
and size of the patterns. The dimensions of the patterns are
indicated in each picture. We are able to control the pattern
width by varying the size of the bubble, which can be achieved
by changing the laser power or the dwell-time of the laser at a
particular spatial location.”* We show single linear patterns of
different widths ranging from 45 pum (Fig. 2(a), which also has
an inset showing two parallel linear patterns of only SOMs of
width around 13 um) to 6 pm (Fig. 2(b)) for SOMs + PPy, an
annular disc pattern in SOMs + PPy with diameter ~ 10 pm and
thickness ~4 pum (Fig. 2(c)), and the letter C written using
SOMs + PAni of size ~9 pm and thickness ~3 pm (Fig. 2(d)).
Note that discs are easily produced using our technique even
without translation of the bubble since for a stationery bubble,
the self assembly occurs around the bubble base in the shape of
a disc®" - which is essentially the footprint of the bubble on the
glass substrate where it is grown. The letter C is created during
post-processing by carefully etching away a side of a disc by
introducing very small quantities (few ul) of triethylamine - a
weak base that dissolves the SOMs (which are acidic in nature)
in the pattern - for a few seconds and drying under hot air
immediately. Next, we show a double linear pattern of SOMs +
PAni (Fig. 2(e)), with the thickness of individual patterns being
about 4 pm, while the distance between each pattern is ~1 pm.
To demonstrate our control in the distances between the
individual linear patterns, we inscribe a linear grid (Fig. 2(f)),
where we vary the horizontal and vertical distances between
4-12 pm. The irregularities at the pattern edges are mostly due
to the fact that the microscope stage is translated by a joystick

This journal is © The Royal Society of Chemistry 2017
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100 pm

Fig. 2

(a) A single continuous linear pattern of SOMs + PPy. (Inset: Two parallel linear patterns of just SOMs) of width around 45 um. (b) SEM image of a

SOMs + PPy linear pattern of width around 6 pm. (c) SEM image of an annular disc pattern of SOMs + PPy of thickness around 4 um. (d) The letter 'C’
written using SOMs + PAni — the thickness is around 3 um. (e) Two parallel linear patterns using SOMs + PPy — the gap between the patterns is around
1 um, while the thickness of each pattern is about 4 um. (f) A grid pattern of different spacings drawn out of SOMs + PAni. The vertical spacings vary from
11 um (top row to middle row) to around 5 pm (middle row to bottom row), while the horizontal spacings are almost constant — around 10 pm. (g) AFM
image of a double linear pattern of thickness 3.5 pm and width 20 um. (h) AFM image of a double linear pattern of thickness 2 um and width 20 um. (i) SEM
image of a pattern drawn in the form of a Hall bar structure of SOMs + PAni. The thicknesses of the patterns are around 80 pum.

manually, so that the inherent vibrations get coupled easily to
compromise the quality of the pattern edges. This should be
reduced considerably on automation of the microscope stage,
which is, however, a technicality that we intend to address in
future work. The thickness of the patterns can also be varied
between 1-3.5 um as we demonstrate in Fig. 2(g) and (h), where
the thicknesses are 3.5 and 2 um, respectively. The thickness
depends on the laser dwell-time, which determines the extent
of particle assembly around the bubble in all three dimensions.
The minimum width of the pattern is limited presently by the
laser wavelength, and it can certainly reach nanoscopic dimensions
if conducting materials that have absorption at lower wavelengths
can be used for patterning.”* We finally show an SEM image of the
Hall-bar like structure of SOMS + PAni in Fig. 2(i) that we use to
measure conductivity by the method described earlier.

The results of the conductivity measurements of the SOM + PPy
(PAni) are shown in Fig. 3. The maximum conductivity of
SOMs + PPy is ~450 Siemens cm ™', while that of SOMs + PAni
is ~600 Siemens cm™ . Both values are significantly higher
than that recorded in the literature, where the maximum
reported values of conductivity for PPy and chemically doped
PAni are within a range of 10-100 Siemens cm™"."*'* In our
experiments, we have varied the percentage concentration of
SOMs in the initial dispersion with the monomers, and
observed a certain value of SOM concentration where the
conductivity is maximum. We attribute this to the fact that
we synthesize various metal oxides (as described later) that act
as dopants, which naturally implies that an optimum doping
percentage would be required to obtain the highest conductivity.
After the concentration of SOMs increases beyond a certain level,
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(a) Measured conductivity of SOM + PPy patterns. (b) Measured conductivity of SOM + PAni patterns. (c) Cyclic voltammetry of SOM, SOM + Ppy &
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the metal oxides as well as PPy (PAni) are no longer formed so
that the overall conductivity is dominated by that of the SOMs,
which is obviously rather low. Note that the conductivity of
patterns with only SOMs is around 50 Siemens cm ', and we
observe that we approach that value (as shown in Fig. 3(b)) when
we keep on increasing the SOM percentage in the dispersion with
the monomers. We now need to understand the reason behind the
polymerization of the monomers in the presence of the SOMs, and
the significantly higher values of conductivity we obtain than that
reported earlier.

We also conducted cyclic voltammetry (CV) on the patterns
(SOM, SOM + PPy, and SOM + PAni) to investigate their electro-
chemical properties. Each glass substrate with the respective
pattern inscribed and contact wires connected is immersed in a
KClI solution, and voltage is applied using a standard CV setup.
The plots show a very small hysteresis loop as well as the
absence of peaks which displays that the material is chemically
inactive, which implies that their composition will not be
modified on the application of voltage so that they can be used
extensively in developing electronic circuits.

Discussion

In situ formation of polypyrrole, polyaniline, and metal oxides
in the presence of SOMs in optical tweezers

We first demonstrated our technique of micro-bubble-induced
patterning with SOMs.>" However, we also showed that other
materials could be co-deposited with SOMs,*>*” which helped
us in developing the catalytic chips discussed in ref. 27. We now
use the same phenomenon in extending our technique towards
patterning conducting materials. For initial proof-of-concept
experiments, we chose polypyrrole (Ppy) and polyaniline (PAni),
which are well-known conducting polymers. These polymers,
especially PAni, have been used earlier to make solution printable
electronics.”® The conductivity of the bare polymers is rather low,
and is typically increased by chemical or metallic doping.'>®
However, there exists very few examples in the literature where
synthesizing, doping, and patterning are carried out in a single
step,*®?” starting from the parent monomers. Thus, we started our
experiments by preparing a dispersion of SOMs with the individual
monomer that we wanted to polymerize and co-deposit with the
SOMs. We anticipated that we could observe direct polymerization
due to the action of the trapping laser for the following reason - it
is known that a SOM absorbs 1064 nm laser light and goes to the
excited state (Mo"' to Mo"™). This excited state species would
oxidize pyrrole/aniline and itself get reduced to the Mo" state, due
to the high temperatures (around 350 °C, depending on the laser
power’®) prevalent near the base of the micro-bubble which is also
the focal spot of the laser. Mo" is further reduced to Mo'", which
leads to the completion of the polymerization process. The
oxidized pyrrole and aniline would then undergo polymerization
following the general oxidative polymerization route as shown in
Fig. 4(a). In other words, the initially oxidized monomer would be
converted into a radical. This radical would now react with a
monomer unit to form a dimer, which would further combine

6722 | J. Mater. Chem. C, 2017, 5, 6718-6728

View Article Online

Paper

with another monomer unit to form a long chain polymer. At the
end of the process, we have protonated polymers and metal oxide
nano conjugates held together by mediation of the hydrogen
bonds between metal oxide and the polymers, which, as we
explain later, leads to the high conductance values we observe.
This is exactly what we observe experimentally, which is first
manifested in the color of the patterns after patterning. While
SOM patterns are typically greyish in colour (as shown in the
inset of Fig. 2(a)), the patterns of PPy and PAni with SOMs are
black, as shown in Fig. 2(a). The definitive proofs of the
formation of PPy or PAni are obtained after we characterize
the linear patterns by HATR-IR spectroscopy. From the HATR-IR
spectroscopy as shown in Fig. 4(b) and (c), we have obtained
characterized peaks for PPy at 1460 cm ' (C—C stretching of
pyrrole ring), 1306 cm ™" (C-N stretching vibration in the ring),
1168 cm ' (C-H in-plane deformation), 1012 cm ' (N-H
in-plane deformation), and 904 cm™ ' (C-H out-of-plane deforma-
tion), respectively, which confirms the formation of polypyrrole in
the pattern (Fig. 4(b),>*"°). In the case of PAni (Fig. 4(c)), we have
obtained peaks at 1559 cm ™" (PANI ring stretching), 1489 cm *
(PANI benzenoid ring stretching), 1295 ecm™" (PANI C-N stretching
C-H bending), and 1155 ecm™ " (PANI C-N stretching C-C bending)
which also confirms the formation of PAni from aniline.*>** Thus,
from the HATR spectra, it is clear that in the presence of the
tweezers laser at 1064 nm, the SOMs catalyze the polymerization
process of both pyrrole and aniline. We also confirm the
generation of Mo" in the reaction medium by performing
UV-VIS spectroscopy of the catalyst solution after reaction. The
UV-VIS spectrum, with a typical characteristic peak at close to
700 nm, reveals that a Mo" type species is formed during the
course of the reaction.*” The mechanism is further confirmed
by adding catechol in the reaction medium. When catechol is
added, the polymerization reaction is inhibited. This is due to
the fact that catechol is more oxidizing than pyrrole and aniline,
so that it gets oxidized by the SOMs more readily compared to
the latter, thus preventing the polymerization from being
initiated. It is thus confirmed that we have developed a novel
mechanism for simultaneous polymerization and patterning,
and we further probe the nature of the synthesized materials
and attempt to explain their behaviour specifically regarding
the very large conductivity observed, by a number of different
spectroscopic and characterization processes as described below.

Very high conductivity of PPy and PAni patterns

As we have shown earlier, the conductivity we measure of the
patterned patterns is significantly higher than that reported in
the literature. To understand this, we investigate the composition
of the patterns more closely by performing further careful
analysis of their IR spectra, XPS measurements of the patterns,
EDX imaging of the patterns, and finally UV-VIS spectroscopy. We
now describe these in detail:

Analysis of IR spectra. From the IR spectrum of the PPy-SOM
patterns, we find that all the IR-active modes are shifted from
the IR spectrum of pure PPy by a few cm™'. Among the peaks,
those obtained due to C-N stretching and N-H in-plane deformation
are shifted more in comparison with the other peaks. This is possibly

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Possible reaction pathway of the polymerization process. (b) HATR-IR spectrum of the PPy + SOM pattern. (c) HATR-IR spectrum of the

PAni + SOM pattern. (d) UV-VIS spectrum of the catalyst solution after reaction, i.e. after forming the patterns of SOM + PPy. The same is found in the

case of SOM + PAni too.

due to the formation of hydrogen bonding between the N-H group
of PPy and the oxygen of the molybdate. Besides this, the hydrogen
bonding ionic interaction can also be present among these
molecules, which causes the shift in the peaks of PPy. Similar
peak shifts are observed in the case of the IR spectrum of the
SOMs + PAni patterns compared to that of PAni alone. A greater
shift in the C-N stretching modes is observed here as well,
which is due to the presence of the ionic interaction between the
molybdate and PAni. This clearly indicates that molybdate is
doped in the polymer structures which results in their anomalously
high conductivity. In fact, this also confirms our observation that an
optimum amount of doping is necessary to obtain the highest
conductivity as shown in Fig. 3. It is now worthwhile to understand
the nature of the molybdate present in the pattern. This was
accomplished with the help of the Raman spectra of the patterns
of both PPy (Fig. 5(a)) and PAni (Fig. 5(b)). From the Raman spectra,
we obtained three characteristic peaks at 998 cm™*, 822 cm ™!
and 282 cm ', which indicates the presence of MoO; in
the pattern. It is known from the literature that at elevated
temperatures, heptamolybdate converts into M0Q;.>>**™*® For
our case, the temperature at the reaction point is estimated to
be around 350 °C,*® which converts the heptamolybdate to
MoOs;, and thus explains the presence of MoOs3, as we show in
Fig. 5(c). But as MoO; is a d° system,”” the presence of the
single free electron is unlikely to enhance the conductivity of
the polymer material to the extent that we observe. Hence, it
would be reasonable to assume that some other metal oxide

This journal is © The Royal Society of Chemistry 2017

species is present as a dopant within the pattern which con-
tributes to enhancing the conductivity. Indeed, we obtained a
small number of distinct peaks in the Raman spectrum at
376 cm ™Y, 237 em ™! and 214 cm ™' which occur due to the
presence of a further reduced molybdenum oxide, mainly MoO,,
having the oxidation state Mo', as is shown in Fig. 5(a) and (b).
The formation of MoO, is also confirmed from the reaction
mechanism of oxidative polymerization of pyrrole and aniline.
Indeed, to complete the polymerization process, a two-step
reduction needs to occur for the catalyst: in the first step
Mo"" is reduced to Mo"' which is further reduced to Mo".
The formation of the reduced molybdenum species is also
confirmed from a UV-VIS spectrum (Fig. 5(d)), where the peak
at around 700 nm indicates the formation of a molybdenum
blue type species during the formation of the pattern. Thus,
both Mo" and Mo" oxides are doped within the polymer material.
The doping of Mo"™ and Mo" oxides on the polymer material
enhances their conductivity as the former contains two and the
latter one free electron(s), respectively. The presence of these
free electrons reduces the band-gap energy of the species, which
becomes much lower than that of the conductive polymers
alone. Therefore, these polymer materials possess a significantly
higher conductivity compared to pure PPy and PAni, or even
that achieved by doping these species chemically,"”” or with
carbon nanotubes."®

XPS data. We confirmed our hypothesis regarding the material
composition of our patterns by performing XPS spectroscopy of
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conversion of heptamolybdate to reduced molybdenum species. (d) Raman spectrum of only SOM patterns. (e) (i) A bubble grown in an SOM dispersion
from a pre-existing SOM pattern at an input laser power of 50 mW. The image is taken 1 second after the bubble is formed. (ii) A bubble grown in an

SOM + PPy dispersion — all other conditions remain the same as in (i).

the patterns of SOM, SOM + PAni and SOM + PPy using a
synchroton source in conjunction with an AIPES (Angle Integrated
Photo-Electron Spectroscopy) system. The electron beam was
made incident on the patterns and the spectra were recorded.
The XPS spectra of the corresponding elements in different
cores were fitted where the contributions from different species
including adventitious effects were taken into account. These
include stray contributions due to Si*® (Si 2s & Si 2p) and Ag***°
(Ag 3d) where the former appeared due to the glass cover-slip
background on which patterns were made and the latter was
due to silver paste which was used to attach the samples with
the mount to perform XPS. Similarly, stray C was observed in the
spectra for SOMs - a part of which we attribute to contamination
of the patterns with CH;O0H, which we use for cleaning up the
samples, while a part was due to the presence of stray C in the set-
up itself which also appeared in a spectrum we recorded (not
shown here) to probe the background effects.

The spectra with the associated fits to extract the peak
binding energy values of each elemental species are provided
in Fig. 6. We provide both the survey scans of each pattern
(Fig. 6a(i), b(i) and c(i) for SOM, SOM + PAni, and SOM + PPy,
respectively), as well as the zoomed-in spectra of different cores
of elements, C, Mo, O, and N (Fig. 6a(ii)-(iv), b(ii)-(v) and
c(ii)-(v), present in the three different patterns). The area under
the curve for different contributory species was determined.
From the relative ratios of area under the curves of the contributory
species, we determine the relative percentage of different elements
present in the corresponding core, where the multiplicity factor (2 O

6724 | J. Mater. Chem. C, 2017, 5, 6718-6728

in MoO,, 3 O in MoOj3) was taken into account. It is interesting to
note that N was not obtained in the SOM spectra at all, as is
apparent in Fig. 6(a)(i). This can be attributed to the fact that N is
added to the patterns only due to the formation of PPy and PAni.
In the C spectra (Fig. 6a(ii), b(ii) and c(ii)), we had contributions
from CH30H and adventitious carbon. However, the peak heights
were considerably higher in the patterns with PPy and PAni than
that for SOMs alone, which is due to the presence of the C-ring
(C 1s) in PAni (Fig. 6b(ii)*") and PPy (Fig. 6c(ii)*®)

We now analyze in detail the Mo spectra shown in Fig. 6a(iii),
b(iii) and c(iii). Note that we excluded the stray contributions
due to adventitious effects while comparing conversion rates of
MoO, and MoO; from the initial state (MoO-). In the Mo spectra
(Fig. 6a(iii), b(iii) and c(iii)) we have contributions from MoO;>*
and Mo0O,.>* For both species, two doublets (3d;/, and 3d5,) are
present due to spin-orbit coupling, with the ratio of the areas of
the individual peaks in the doublets fixed at a ratio of 2:3 in
accordance with the selection rules. Note that in MoO; the
oxidation state of Mo is +6 (Mo™®), whereas in the case of MoO,
the oxidation state of Mo is +5 (Mo"”). Thus, MoOj; gets reduced
into MoO, as PPy and PAni are formed and resultantly, the
conductivity increases with increase in MoO, in the pattern. For
the fitting, we used the XPSPEAK41 software, where we kept the
binding energy values (peak centers) of each peak of MoO, and
MoO; and the ratio of the peak areas fixed, and fit 2 Gaussian
peaks and determined the relative percentages of the oxide
species from the fitted peak areas. The relative percentages for
patterns with SOMs, SOM + PAni, and SOM + PPy are presented

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) XPS spectra of an SOM pattern, a(i) survey scan, a(ii) C spectra, aliii) Mo spectra, a(iv) O spectra. (b) XPS spectra of an SOM + PAni pattern,

b(i) survey scan, b(ii) C spectra, bliii) Mo spectra, b(iv) O spectra, b(v) N spectra. (c) XPS spectra of an SOM + Ppy pattern, c(i) survey scan, c(ii) C spectra,
cliii) Mo spectra, c(iv) O spectra, c(v) N spectra. The red curves are the fit to the observed peaks performed in the software XPSPEAK41.

in Table 1. For a consistency check, we determined the relative
percentage of the oxides from the spectra obtained from both
Mo and O cores,”>*® and while these matched very well for SOM
and PAni, the values were slightly different for PPy, which may
be due to stray O which may have appeared in the O-core
measurements for the latter. It is clear that the ratio of MoO, :
MoO; is 10-12 times higher in the PPy and PAni patterns compared
to that in the SOM, which explains the high conductivity in the
latter, since it is indeed the presence of MoO, which is responsible

This journal is © The Royal Society of Chemistry 2017

for high conductivity. Interestingly, the ratio of MoO,:MoO;
between PAni and PPy is 1.38: 1, which is very close to the difference
in conductivity we observe in them (around 1.33: 1 as mentioned in
the Results section). This gives credence to our understanding of the
chemistry of the phenomenon we report here (Fig. 6).

Low conductivity of SOM patterns. A question naturally
arises as to why we do not observe the formation of MoO,
and MoO; in the case of patterns of pure SOMs. The reason
actually underlines the synergistic nature of the phenomenon
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Table 1 Percentage of MoO, and MoOs in SOM, SOM + PPy, and
SOM + PPy. Percentage values from both O-core and Mo-core XPS
spectra are shown

Species MoO, (%) MoOs (%)
SOM (Mo-core) 8.0 91.98
SOM (O-core) 6.93 93.07
SOM + PAni (Mo-core) 50.61 49.39
SOM + PAni (O-core) 51.86 48.14
SOM + Ppy (Mo-core) 39.2 60.8

SOM + Ppy (O-core) 47.12 52.88

we observe in the presence of pyrrole (aniline) in our sample
dispersion. As mentioned earlier, and shown in Fig. 5(c), the
formation of the metal oxides occurs only at temperatures of
around 350 °C. Such a temperature is indeed reached at the
laser focal point where the bubble originates, both in the case
of pure SOMs and that of SOMs + pyrrole (aniline) at laser
powers (measured before the microscope objective) of about
90 and 30 mW for the former and the latter, respectively. While
we do not measure the temperature at the laser focal spot
directly, we use the fact that water cannot exist as a fluid at
temperatures higher than 647 K (374 °C).>® We then carry out a
numerical simulation where we solve the heat equation to
predict the size of the bubble at a certain temperature of the
hot spot, which we then match with experiments where we
measure the size of the bubble at different laser powers.*® Thus,
we are able to obtain a conversion between laser power and
temperature of the hot spot, and can set the laser power to a
certain optimum value to attain a particular bubble size for a
preferred pattern dimension. Now, the high temperature of the
hot spot leads to the conversion of heptamolybdate to the metal
oxides in the bubble vicinity. However, in the case of the
heterogeneous dispersion, the formation of the metal oxides
also initiates the redox reaction that causes the formation of
PPy (PAni). Note that the thermal conductivity of PPy/PAni is
substantially higher than that of pure SOMs. As a result, the
temperature at the focal point dissipates at a much faster rate
in this case than that of SOMs alone, so that the entire region
near the vicinity of the bubble reaches a temperature close to
that at the focal point. This is elucidated by the significantly
faster growth of the bubble in a SOM/PPy (PAni) dispersion
compared to a SOM dispersion (with the initial conditions and
laser power used being the same in both cases) as we show in
Fig. 5(d) and Videos 1 and 2 (ESIf). This leads to further
conversion of heptamolybdate to MoO, and MoO; near the
bubble in the former which, however, does not occur in
the latter due to lower thermal conductivity of the SOMs. The
formation of the metal oxides in turn causes further conversion
of PPy (PAni), and the cycle continues in synergy. Thus, the
patterns in SOMs + pyrrole (aniline) are doped to a much larger
extent by the metal oxides (along with the presence of the
conductive polymers) than that for SOMs alone, which naturally
leads to the significantly higher conductivity. This is borne out
by the fact that the Raman spectra of the SOMs alone have no
traces of either MoO, or M0Oj3, as we show in Fig. 5(e). In short,
we have a completely synergistic synthesis with the light-induced
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Fig. 7 EDX of SOM f(first column), SOM + PPy (second column), and
SOM + PAni (third column). The elemental distribution of different species
in a selected area of the EDX image (demarcated as a purple rectangle) for
each pattern is shown below.

initial high temperature creating the materials, and the materials
in turn facilitating the high temperature that continues to drive
the process.

SEM + EDX imaging of the patterns. In order to determine
the heterogeneity of our photopolymerization process, as well as to
visualize the dispersability of the SOM within the conducting
polymer matrix, we resorted to SEM + EDX imaging of the patterns.
A representative image for the results is shown in Fig. 7. We
display the EDX mapping of the elements Mo, O, C, and N for
patterns of SOM, SOM + PPy, and SOM + PAni in the regions
within the boundary boxes in purple shown on the individual SEM
images of the patterns. It is clear from the mapping images that all
elements are very well dispersed in the patterns. However, we
observe that the concentrations of C and N are extremely small
in the SOM patterns, so that we chose not to display their EDX
mappings in the figure. Thus, we can conclude that photo-
polymerization leads to a heterogeneous material where the
SOMs are evenly dispersed within the polymer matrices.

Conversion efficiency of PPy and PAni. An important issue
for us was to attempt to quantify the amount of pyrrole/aniline
converted to their polymeric forms. This was non-trivial since
we deal with microscopic amounts here, and also since we do

This journal is © The Royal Society of Chemistry 2017
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not use up the entire dispersion to construct a single pattern.
In fact, the amount of conversion would be directly dependent
on the size of the pattern - basically, its dimensions in all three
directions. However, for a ballpark estimate, we used a typical
pattern of width 30 um, depth 1.5 um, and length 2 mm. We
noted the input volumes of pyrrole and aniline added to the
dispersion, and after the pattern was completed, we carefully
pipetted off the dispersion remaining in the sample chamber.
Thus, we noted that we could recover around 50% of the input
volume for both pyrrole and aniline in their liquid dispersion
form. However, a little bit was also adsorbed on the inside
surface of the chamber. Now, from the XPS data, we notice that
the peak for N°”°® (which arises solely due to the presence of
PPy/PAni in the patterns) is considerably stronger for PAni
(Fig. 6b(v)) compared to PPy (Fig. 6¢(v)), with the area of the
former being 2334 AU (arbitrary units), and that of the latter
being 1061 AU. This implies that the conversion efficiency for
PAni is about 45% more than that for PPy. We can indeed
attribute the higher conversion efficiency for PAni to the fact
that aniline has a higher boiling point (184.1 °C) which is
around 42.5% higher than that of pyrrole (129 °C). Thus, more
pyrrole is evaporated when it comes in close proximity to the
hot spot thus preventing conversion to PPy. This also explains
the larger amount of MoO, formed in PAni compared to PPy
(the measured number from the Mo-core XPS data as noted in
Table 1 is 30.5% higher in PAni) — which is due to the fact that
the larger amount of PAni present increases the thermal conductivity
in the vicinity of the hot spot that leads to more efficient conversion
of heptamolybdate to the corresponding metal oxides. This is
also responsible for the higher conductivity of the PAni patterns
compared to those of PPy. Thus, we could finally conclude
that around 20-40% of pyrrole/aniline was converted to their
respective polymeric forms in a linear pattern of dimensions
30 um x 2 pm X 2 mm, with the yield of PAni being around 45%
higher than that of PPy. Finally, it is clear that we lose a certain
amount of the initial mass of the input monomers, as well as
that of the conducting polymers - which according to a recent
estimate is around 32% between temperatures of 200-700 °C.>°
However, the maximum temperatures we reach being only
350 °C, it is likely that the mass loss in our case is lower.

Conclusions

In conclusion, we demonstrate for the first time simultaneous
synthesis, doping, and patterning of conducting materials in an
optical tweezers configuration employing directed self-assembly
mediated by a thermo-optic tweezers-induced micro-bubble.
Our approach essentially employs green chemistry techniques,
where we start off with simple aqueous dispersions of mono-
mers that are subsequently photopolymerized in the presence of
SOMs, which also leads to the additional synthesis of metal
oxides. We demonstrate this technique separately on pyrrole and
aniline. Starting from an aqueous dispersion of the monomer(s)
with the SOMs which is irradiated in an optical tweezers
configuration by a laser of wavelength 1064 nm, we excite the
SOMs from (Mo"” to the excited state Mo"'¥), so that with the

This journal is © The Royal Society of Chemistry 2017
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occurrence of simultaneous and synergistic redox processes, we
are able to synthesize the conductive polymers and PPy and
PAni, as well as metal oxides (MoO; and MoO,). We then draw
diversely shaped patterns of the same by translating the bubble
using the translation stage of the tweezers microscope. We can
control the pattern dimensions to a precision of around 1 pm
presently (limited by diffraction of the focused laser), and
have achieved a minimum pattern width of 3 pm which can
be extended to several tens of microns quite controllably. We
measure the conductivity of the synthesized materials to be
around 450 Siemens cm ™" for PPy and 600 Siemens cm™" for
PAni, both values being more than an order of magnitude
higher than that obtained for the respective polymers in earlier
work. We attribute this to the doping of the conductive polymers
by the metal oxides, and verify the presence of all the species by
XPS, EDX, Raman, HATR-IR, and UV-VIS spectroscopy. This
method can thus be used to pattern complex electronic circuits
using solution processing, and can in general be extended to the
fabrication of electronic devices, micro-capacitors, etc. We have
indeed commenced work in developing micro-capacitors, and
have measured the basic capacitance of SOM patterns to be ~ a
few picofarads. Thus, we assume that with the help of suitable
dielectrics sandwiched between parallel linear patterns of suitable
polyoxometalates, we should be able to develop micro-capacitors
based on our technique. Finally, the ease and simplicity of the
technique, coupled with the perfectly synergistic mechanism
to achieve complex, high-conductivity material synthesis are
additional advantages, which thus makes it a good candidate to
qualify as a new micro-lithographic tool for fabricating solution
processed electronic circuits and devices.
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