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We report a light-driven interface engineering of a microcatalytic chip comprising a PVzWgO4o type
component, MWCNTs and polypyrrole that enables unusual facile para nitration with high selectivity
(95%). The chip is designed by simultaneously synthesizing the soft-oxometalate (SOM) pre-catalyst
components and patterning them on a glass surface using microbubble lithography. The design
reported involves interface engineering such that the exposure of the oxo-sites (of patterned SOMs)
enables aromatic substrate anchoring. Such an anchoring silences the site-directing electronic effects of
the functional groups in aromatics. This leads to unusual site selectivity leading to facile para-nitration

Received 29th June 2023, with high selectivity (95%). The generality of this light driven catalyst design is demonstrated with a set of

Accepted 31st August 2023 substrates that unequivocally demonstrate the silencing effect of the functional groups in aromatics.
This technique can lead to an unprecedented methodology for the synthesis of any aromatic di-/tri-/

multi-substitution otherwise difficult to achieve with high selectivity and atom economy, and that is
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1. Introduction

Sustainable synthesis of fine chemicals is a pressing challenge
of our times."” One of the major stumbling blocks of today’s
sustainable organic synthesis remains the insertion of func-
tional groups into aromatics independent of the site directing
effects of other functionals. For instance, para-nitration of
nitrobenzene with a sustainable selective pathway is a case at
hand.? In this work, we take up this challenge and come up
with a catalyst design as a model case study to present an
option to overcome related synthetic challenges in sustainable
synthetic organic chemistry. We achieve this goal by silencing
the site directing electronics of the already present functional
groups in the aromatics. Such silencing is achieved by an
interface engineering of a precatalyst precursor (soft-oxo-
metalate based composite)*” enabled by microbubble lithography
(MBL).>° The design enables us to create an oxo interface on the
catalyst chip surface, which serves as a docking site for the
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incumbent substrate (in this case, substituted aniline and its
derivatives serve as substrates). Such docking exploits the latent
electronegativities of the oxos of oxometalates and their capacity
to tune the surface acidity by mobile intercalation of surface
associated protons intrinsically abundant in these solid acids of
the engineered catalyst interface. It is with this advantage of
oxometalates in mind that we choose further supporting instru-
ments in our catalyst design that involve and facilitate rapid
electron relay to facilitate the hydrogen bonding-assisted dock-
ing of the substrate. Those supporting instruments are highly
electron conducting leit motifs, multi-walled carbon nanotubes
(MWCNT,) and polypyrrole (PPy).">'" The docking design is
inspired by the biomimetic catalyst design pursued in our
lab.*® In the course of docking of functional groups via hydrogen
bonding to the oxo-surface of the catalyst at the interface, the
site-directing capacity of the docking functional groups of aro-
matic substrates is silenced.’® Such silencing concomitantly
enables subsequent facile oxidation of the other functionalities
of the aromatics that are now stereo-electronically accessible to
the reactant (oxidant). The oxidation thus initiated by the
reactant is now further facilitated by an oxo transfer from the
engineered catalyst oxo interface by concomitant likely creation
of an oxygen vacancy.'* It is to be noted that such an oxo-transfer
in catalytic conversion involving oxometalates has been reported
earlier in the literature by several groups.’'® We now exploit
to our advantage the created oxygen vacancy at the engineered
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Fig. 1 Rationale of our design strategy for catalytic chip design and the tentative reaction pathway (inset: red shifts in N—0O symmetric and asymmetric
stretching frequencies of p-nitroaniline; (a) drop-casting on the patterned trails indicates towards possible H-bonding interaction between the
electronegative terminals of the substrate molecules and the oxo surface of the patterned trails indicates towards docking of the substrate molecules
on the catalytic trail surface. Further comparison between high-resolution O 1s X-ray photoelectron spectra of catalytic trail materials captured before
and after reaction (b) reveals increased oxygen vacancies on the surface relative to the lattice oxygen population, which further supports our proposed

tentative reaction pathway. Cf. Fig. S4, ESI).

catalyst interface to release the docked oxidized substrate by
breaking the hydrogen bond and thereby perpetuating the
catalytic cycle by further docking of an incumbent new substrate.
It is thus our view that such a facile precatalyst design achieved
by MBL with a SOM precursor can lead in principle to unusually
oxidized multi-substituted aromatics which are otherwise impos-
sible or at the most highly expensive to synthesize by conven-
tional synthetic routes. We explore further this design strategy of
catalyst interface engineering by exploring the components of
the design more explicitly and in more detail (Fig. 1).

One of the major components of the interface engineering
thus requires a platform that can create an oxo-lattice as the
substrate docking surface. To enable such creation of a crystal-
line interface we need a malleable soft oxo-interface. Such
an interface engineering can only be achieved using soft-
oxometalates (SOMs)®'77° as precursors to create a reactive
oxometalate (OM) interface with an array of oxo-docking
sites.”’*> Oxometalates (OMs) are known important catalysts
because of the presence of transition metals (vanadium, molyb-
denum, tungsten, niobium, tantalum) in changeable oxidation
states with a switchable coordination environment with unique
oxo-transfer ability.>® These molecules offer a wide range of
intriguing applications as catalysts in organic reactions because
of their adjustable redox coupled geometry and acidic nature,
excellent thermal stability, natural resistance towards oxidative
decomposition, and exceptional sensitivity to light and electri-
city.”* Indeed, various processes involving OMs as catalysts

5132 | Mater. Adv., 2023, 4, 5131-5139

have been adopted in industry as well (e.g. conversion of
2-butene and isobutene to their corresponding alcohols, hydra-
tion of propene, polymerization of tetrahydrofuran, etc.).”*
In green oxidations with H,O, and O,, OM-based systems are
often used preferably over other traditional metal catalysts
because of their oxidative and hydrolytic stability. For example,
the highly efficient epoxidation of alkenes by oxometalate*> or
the oxidative cleavage of alkene’s C=C to carbonyl compounds
e.g. styrene to benzaldehyde with (BMIm);PMo,,”® and several
substituted and functionalised OMs>”~>° are worth mentioning.
In view of challenging alkane oxidations, OMs such as TBAH-
[Ru™(H,0)SiW;,035] have been discovered to activate 2°,
3° C-H, and benzylic C-H bonds in a wide spectrum of
alkanes.’® In contrast, OM-catalyzed reductive transformations
are relatively less explored. Furthermore, our lab has currently
explored SOM-based photocatalysts even in the oxidation
coupled photoreduction of CO, to give value-added chemicals,
materials, and fuels using sunlight as the only energy input.**
Oxometalates/heteropolyacids have also gained considerable
traction as attractive solid acid catalysts®> and we here exploit
the acidity of these solids to our advantage in substrate
docking.

Soft-oxometalates, the soft-matter state of oxometalates®”
further being processible and with a malleable mobile phase and
a diffuse and active interface, are easily amenable to interface
engineering.®” We exploit this feature in embedding PPy and
MWCNT in the integrated interface design. Additionally, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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constituents of this phase are responsive when they are per-
turbed by simply modulating the polarity of the dispersing
phase. These typical properties of the malleable matter interface,
which is essentially soft, makes them a material of choice when
interface engineering for catalyst micro-fabrication is thought of
in the present context. It is in the light of the ongoing discussion
that the requirements of SOMs as a platform for facile integrated
interface engineering to carry out the designed reaction of
unusual selectivities as in p-nitration of nitro aromatics emerges.
In short, the desired interface design to carry out a reaction
requires the following features. (1) A SOM-POM (soft oxometa-
late to polyoxometalate) switchable reactive restructuring possi-
bility to create a catalytic interface that can provide an oxo-lattice
for substrate docking. (2) The reactive restructuring cocktail of
the interface in addition to having SOMs should have a con-
ductive component like MWCNTSs, pPy, etc., facilitating electro-
nic augmentation of the catalytic reactivity when the SOM-POM
reactive interface is activated by MBL. (3) The oxo-interface
augments substrate anchoring and also provides a platform for
the release of the substrate and creation of oxygen vacancies for
further perpetuation of the catalytic oxo-interface.

It is to be noted that conducting polymers (e.g. polypyrrole,
polyaniline)**** especially, in the context of diverse electroni-
cally relevant reactions play a key role by enhancing electronic
interactions between the catalysts and interface by acting as
supports®®> in heterogeneous composite catalysts.>**>® Thus,
performing chemical reactions in micro-fabricated “lab on a
chip” systems instead of traditional reaction-wares with an
engineered interface is always preferable because of the sys-
tem’s eco-friendly and sustainable nature related to re-use,
catalyst selectivity, rapid reaction rates, easy control over
reaction conditions, safety, portability, etc.'®*°*' To date,
several materials like glass,*” polymers,”® ceramics,** metals,*’
zeolite,*® etc. have been used to fabricate conventional micro-
reactors via methods including soft lithography, nanoimprinting,
micromachining, electroforming, etc.*” However such techniques
are associated with costly and complex developments, complex
reaction monitoring techniques and lower stabilities of micro-
fabricated channels. Furthermore, most of these techniques first
involve the fabrication of micro-channels after which catalytic
materials are introduced.

It is in this context that our SOM-POM switchable reactive
restructuring of an oxo-lattice catalytic interface with a con-
ductive component facilitating opto-electronically coupled
catalytic reactivity activated by MBL is unique and simple.
The technique based on SOM-POM switching with micro-
bubble lithography® is tried and tested.®*'”*° We have
employed such techniques with thermo-optical tweezers lead-
ing to micro-fabricated arrays of oxometalates (OMs) on a glass
surface.® We subsequently employed these arrays in site spe-
cific catalysis,'””*® simultaneous synthesis, doping, and micro-
scale patterning of conductive materials*® and in construction
of micro-scale bio-sensors for biologically relevant chemicals."®
We have also achieved patterning from various functional
materials by applying the same technique on their SOM-
composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This work, in turn is a culmination of our past efforts®**7~>°
where we create a catalytic interface in situ comprising a
conductive cocktail of MWCNTs (multi-walled carbon nano-
tubes), pPy (polypyrrole) and a SOM-POM precursor catalyst
TBA[PV3W,0,] (abbreviated here as MWCNT/PPy/POM) in a
MBL activable interface engineering set up. We further pro-
ceeded to structure the interface using microbubble lithogra-
phy driven by a near infrared laser of wavelength 1064 nm and
thus able to 1. Dock the substrate and thereby 2. Silence the
site-directing electronic effect of the present functional in the
aromatic substrate. 3. Such a silencing in turn leads to unusually
similar yield and nitro-selectivity in oxidation of a vast array of
aromatic amines (this work has already been reported*®). It is to
be noted that with our restructured catalytic interfaces, we have
achieved extreme high selectivity amounting to more than 95%.
We now describe the results of the restructuring technique, and
the catalytic process in detail to drive the uniqueness of this
catalyst design home.

2. Results and discussion

2.1. Rationale of our design and the tentative reaction
pathway

In general, the presence of electron donating/withdrawing-
groups in the aromatic rings of the substrates alters the
reaction energetics of organic redox processes, which is
reflected in the product selectivities and yields.*>*® This leads
to the need for choosing a protection/deprotection strategy in a
multi-step reaction strategy.’® This increases the complexity of
the synthetic scheme and increases the waste production,
which ultimately results in decreased atom economy.’? Thus,
a design strategy for an efficient functional catalyst which will
simultaneously block such site directing functionals via non-
covalent interactions (like hydrogen bonding) and favourably
alter the reaction energetics is required. In this work, we create
such possibilities by engineering an oxo-surface. The electron
rich oxo terminals can anchor electronegative terminals of an
organic substrate via hydrogen bonding interactions using
surface abundant protons. This will redirect their electronic
effects away from the carbon bearing the amine groups (Fig. 54,
ESIT). This can be evidenced from the red shifts in the
IR stretching frequencies of N—0 symmetric stretching (from
1325 em ™' to 1305 cm™ ') and N=O asymmetric stretching
(1509 cm ™' to 1503 cm ) vibrations of p-nitroaniline®® upon
drop-casting on the patterned trails. These shifts indicate
towards possible H-bonding interaction between the nitro
group of p-nitroaniline with the oxo surface of patterned trails
further indicating towards docking of p-nitroaniline (substrate
molecule) on the catalytic trail surface. To assist such hydrogen
bonding interactions, we have also employed highly conducting
leit motifs like MWCNTs and PPy, which will facilitate such
interactions via facile electron relay. This makes the amine
moiety stereo-electronically accessible and easy to oxidise. This
hypothesis is supported by the similarity in the nitro-
selectivities in the substrate scope, which is otherwise

Mater. Adv.,, 2023, 4, 5131-5139 | 5133
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impossible to attain without silencing of the already existing
functionalities in the aromatic ring. The oxidation is then
facilitated via an oxo transfer from the oxo-surface of the
catalytic trail generating an oxygen vacancy in the surface,
which is evident in the increased oxygen vacancies on the trail
surface relative to the lattice oxygen population in the high-
resolution O 1s X-ray photoelectron spectra of the catalytic trail
material captured after reaction compared to that captured
before reaction (Fig. S5, ESIt). This vacancy in turn breaks
the hydrogen bonding to release the product molecule and
makes room for the next incumbent reactant molecules, and
the catalyst cycle continues. We now briefly explore the pattern-
ing of the catalyst chip by MBL.

2.2. Light driven patterning of the catalyst chip by micro-
bubble lithography (MBL)

Oxometalates are great platforms for catalytic applications.
Crystalline oxometalates are termed as polyoxometalates
(POMs). However their colloidal soft matter formulations are
termed as soft oxometalates (SOMs). In our previous studies we
found that when SOMs are subjected to a thermo-optical field
in an optical tweezer set-up, due to absorption of light in the
wavelength of the incident laser, it undergoes phase transitions
from soft colloidal SOM phase to crystalline POM phase, which
is the catalytic component of our micro-catalytic trails. Thus,
employing a suitable formulation of oxometalates either in its
SOM regime or functional composites as a SOM-POM switch-
able precursor is crucial. We have previously reported the
microbubble lithography-based patterning of SOMs and SOM-
based composites.®>*7*82% The procedure is described in
detail in ref. 48 - here, we provide a brief description for
completeness.

In this procedure, we first place an aqueous dispersion of
our sample mixture (aqueous mixture of MWCNT/PPy and
POM) inside our sample chamber and irradiate it with
1064 nm laser light in an optical tweezer set up (Fig. S1, ESIT).
When the focal region of the laser is incident upon some of the
composite material adsorbed on a surface of the sample
chamber, a water vapour bubble is formed owing to the local
heating induced by the material’s absorption of the laser.
As there is no other heating occurring in the vicinity of the
bubble, and since only the bottom surface of the bubble is in
touch with the laser focal zone, the temperature throughout the
bubble is not uniform, resulting in the formation of a tempera-
ture gradient. This causes a surface tension gradient on the
bubble surface, which finally generates a Marangoni stress in
the fluid, giving rise to a convection current in the proximity of
the bubble. Due to this current, the composite material is
drawn to the base of this bubble and eventually gets deposited.
Now, as we move to the translation stage of the optical tweezer
microscope, the focal point of the laser gets shifted - concomi-
tantly translating the bubble, leading to self-assembly, and
eventual patterning of the composite material in the wake of
the bubble. Thus, by moving the translation stage in a pre-
designed manner, we have obtained continuous patterns of our
composite material in the micro-catalytic chip (Fig. 2).
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Fig. 2 Microscopic snapshot of the MWCNT/PPy/POM catalytic trail pre-
pared on the glass surface.

2.3. Characterization of the patterned composite restructured
interface catalyst material

2.3.1. SEM and TEM imaging. Here, we have used
MWCNTs as a supporting material for interface restructuring
in forming the pattern. In order to optimize the interface
restructuring and to render it conducting, we have first coated
the MWCNTs with polypyrrole. Pyrrole monomers first attach
to the surface of the MWCNTSs via n-n interactions. Further-
more, an in situ chemical oxidative polymerization catalyzed by
FeCl; leads to the formation of polypyrrole on the MWCNT
surface where the MWCNT acts as a template for the further
growth of the polymer. To confirm the polymerization of
polypyrrole on the surface of MWCNTSs, we employed different
imaging techniques. SEM images of the material scrapped off
the trails show that the same fibrous morphology of the
MWCNTs is retained in the final composite (Fig. 3a and b).
However, the polypyrrole-coated MWCNTSs present in the com-
posite have higher diameters and smoother surfaces compared
to the bare MWCNTs. The same feature can be observed in the
TEM images as well (Fig. 3c and d). A magnified image of the
fibres reveals the hollow core structure of the MWCNTSs and a

200nm

200 nm

200nm

200 nm

Fig. 3 (a) and (b) SEM micrographs and (c) and (d) TEM micrographs of the
patterned material, (¢) SEM micrograph of the pure MWCNTSs, and (f) TEM
micrograph of the pure MWCNTSs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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uniform layer of polypyrrole around the individual MWCNTs.
These data suggest that the polymerization did not happen
inside the hollow core, but rather on the outer surface. The
average thickness of the polymer layer is around 30 nm. It is
also evident from these images that the coated MWCNTs only
aggregated during the synthesis without any structural loss,
which clearly emphasizes the efficiency of our laser-induced
fabrication technique. It is also clear that the positively charged
polypyrrole layer is anchored on the SOM-POM interface. The
darker spots which are present in the final composite can be
attributed to the POMs. Indeed, the existence of POMs is
further substantiated by other spectroscopic techniques, which
we will be discussing next.

The energy dispersive X-ray (EDX) study shows uniform
abundance of P, Vand W atoms on the surface of the composite
material, which also confirms the uniform distribution of
POMs (Fig. S2, ESIY).

2.3.2. ATR-FTIR spectroscopy. Fig. 4(a) shows the attenu-
ated total reflection (ATR)-IR study of SOM-POM, the MWCNT/
PPy composite and the final MWCNT/PPy/POM composite of
the restructured catalytic interface (obtained by scraping off
material from the chip). In the ATR-FT-IR spectra of the
restructured catalytic interface we observe four signals at
1065 cm™ %, 944 cm ™', 874 cm ™! and 784 cm ™! characteristic
of the Keggin type structures and attributed to P-O, M=—0O
(M=V and W, terminal oxygen), M-O-M (corner sharing
oxygen) and M-O-M (edge sharing oxygen) stretching vibra-
tions, respectively.>® In the case of the MWCNT/PPy component

——POM
a) — mwenteey
—— MWCNT/PPy/POM 874
1528
3

1620
|

r
!
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of the restructured interface material, the signals at around
1620 cm ™' and 1528 cm™ ' can be assigned to C-N and C-C
asymmetric and symmetric ring stretching, respectively, which
come from polypyrrole.>® The emergence of several small peaks
around 1500 cm™ ' can be because of the aromatic C—C
stretching vibrations in the MWCNTs. All these characteristic
peaks can also be found in the spectra of the MWCNT/PPy/POM
composite of the restructured catalytic interface, which shows
that each individual component is present in the composite of
the restructured catalytic interface.

2.3.3. Raman spectroscopy. Fig. 4(b) shows the Raman
spectra of the POM, the initial MWCNT/PPy composite and
the optically patterned trail. As it is evident, all the charac-
teristic peaks from the POM and MWCNT/PPy composite are
present in the Raman spectra of the composite of the restruc-
tured catalytic interface. The intense peak near 800 cm ™' in the
POM comes from V-O symmetric stretching.”® The peaks at
around 1325 cm " and 1575 cm ™' in MWCNT/PPy have been
attributed to the D-band and G-band that are typical of
MWCNTS, respectively.”” Another peak at around 1603 cm
appears from C=C stretching in the PPy layer.

2.3.4. Thermogravimetric analysis. TGA of the MWCNT/
PPy/POM composite of the restructured catalytic interface
(obtained by scrapping off materials from the fabricated
restructured catalytic interface) was performed in the tempera-
ture range of 45 °C-800 °C at 10 °C min ' heating rate in a
N, atmosphere, which is illustrated in Fig. 4(c). Here, we can
clearly see 3 steps of weight loss. The first two are around

—— Trail
— POM
—— MWCNT/PPy

1603

2000 1500 1000 500 500 1000

1500 2000

200 400 600 800
Wavenumber (cm™) Wavenumber (cm™ ') Temperature (°C)
W 4f,,
)
—O01s
(d) W, W 4f,, (e) ——V2p,,
—— W5pgy, t V 2py,
W 4fg,, O1s
Background Background
e Experimental data e Experimental data ¢
Fitted data Fitted data Y

44 40 36 32
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Fig. 4

520

530
Binding Energy (eV)
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(a) ATR-FTIR spectra and (b) Raman Spectra of POM, the MWCNT/PPy composite and the optically patterned trail, and (c) TGA curve, (d) high-

resolution W 4f X-ray photoelectron spectra and (e) high-resolution V 2p X-ray photoelectron spectra of the MWCNT/PPy/POM composite (obtained by

scrapping off materials from the fabricated trails).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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250 °C and 400 °C, which are due to polypyrrole degradation.
Another one at around 600 °C is due to thermal decomposition
of the MWCNTs.

2.3.5. Xray photoelectron spectroscopy (XPS) analysis.
X-ray photoelectron spectroscopy (XPS) was used to analyze
the elemental states of the patterned composite of the restruc-
tured catalytic interface, which verified the presence of C, N, O,
P, V, W, and O in the sample. The XPS survey spectrum is
shown in Fig. S3a (ESIY). It is noteworthy to mention that the
high-resolution W 4f X-ray photoelectron spectra of the trail
material (Fig. 4d) shows three distinct peaks with binding
energies 42.08 eV, 38.28 eV and 36.08 eV, which correspond
to the oxidation states of W 5pz,, W 4f;,, and W 4f,),,
respectively,®® whereas the high-resolution V 2p XPS scan
(Fig. 4e) shows peaks at 524.38 eV and 517.08 eV which
correspond to V 2py,, and V 2P;, oxidation states.*®

2.4. Reaction procedure on the composite of the restructured
catalytic interface and their catalytic activity

Initially, aniline was added to 5 mL of acetonitrile. Acetic acid
and H,0, were then added to the mixture. The whole mixture
was shaken properly for a homogeneous solution. Then, 0.5 mL
of this solution was dropcast on the composite of the restruc-
tured catalytic interface. The reaction chamber was then sealed
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and heated to 65 °C. The reaction mixture was kept at this
temperature for 6 hours. After the completion of the reaction,
the trail surface was washed with acetonitrile. The entire
washing was then mixed with brine solution and extracted with
ethyl acetate. The extract was then used for GC-MS analysis
(Fig. 5). These micro-fabricated restructured catalytic interfaces
were thus used in selective oxidation of aniline where we
obtained selectivity towards the nitrobenzene.

In Table 1, we demonstrate our efforts towards optimizing
the selective oxidation process of aniline to nitrobenzene on
our optically patterned micro-catalytic trails comprising the
restructured catalytic interface. Note that, in general, the oxida-
tion of aniline gives rise to several products (Scheme 1). In the
first pass (Table 1, entry 1), we started with 6.6 mmol of aniline
and 21.3 mmol of oxidant which gave us azoxybenzene as the
major product. But later on, as we decreased the amount of
substrate (entry 2 onwards), the product distribution displayed
increasing shifts towards nitro compounds, with the overall %
conversion improving significantly. Now, this may be attributed
to higher substrate concentration, which favours the reaction
between nitrosobenzene and phenyl hydroxylamine to give
azoxybenzene.®® Furthermore, as we reduced the amount of
acid employed, we clearly observed increasing selectivity
towards the nitro-product. This might have been caused by
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Fig. 5 GC-MS characterization of the products. The Mass spectra of the products and reactant eluted at different times are shown in the inset figures.

(Reaction conditions employed are in accordance with entry 5 of Table 1).
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Table 1 Optimisation table of selective oxidation of aniline to nitrobenzene on optically patterned microcatalytic trails
Composition of reactant mixture® Products selectivity (%)
Entry Aniline (mmol) H,0, (mmol) CH;COOH CH;CN (Solvent) (mL) Conversion (%) Nitro Nitroso Azoxy Azo
1 6.6 21.3 2.5 mL 2.5 12 8 23 67 2
2 1.1 21.3 2.5 mL 2.5 88 21 67 12 —
3 1.1 21.3 500 pL 5 86 42 51 7 —
4 1.1 21.3 100 pL 5 83 83 16 1 —
5 1.1 12.78 100 pL 5 83 95 5 — —
6 1.1 2.13 50 pL 5 74 89 11 — —
¢ Reactant mixture from where 0.5 mL were drop cast on micro-catalytic trails.
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Scheme 1 Different products of oxidation of aniline.

the decreased amount of reactions between the nitroso and
phenylhydroxylamine intermediate.

Then, we decreased the amount of oxidant again and
reached the nitro-selectivity of 95%. Further decrease in the
amount of acid and oxidant employed decreased the conversion
and nitro-selectivity of the reaction. This gave us the optimized
reaction conditions (entry no. 5 in Table 1).

We have also varied the temperature at which the reaction
occurs and found 65 °C as the optimum operating value.
Interestingly, at lower temperatures, nitrosobenzene was found
to be the major product. We have also attempted p-toluene-
sulfonic acid and HCI as the acid components but found that in
both cases the conversions and selectivity decreased. Following
this, we tried several other solvents in the reaction mixture, and
found acetonitrile to be ideal (Table S2, ESIT). The ratio of the
individual components in the precursor cocktail has also been
varied to find out their effects on the catalytic performance of
the trials (Table S3, ESIf).

Lastly, we have extended our technique towards selective
oxidations of 4-nitroaniline, 2-iodoaniline, 3-chloroaniline, 3,5-
dimethoxyaniline, 2,6-diisopropylaniline, 2,6-dimethylaniline,
2,4,6-trimethylaniline and 2-aminophenol, and obtained

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 (a) Raman spectra, (b) high-resolution W 4f XPS scan and (c) high-
resolution V 2p XPS scan of the micro-catalytic reactor trail recorded
before and after performing the reaction. (d) Reusability of the micro-
catalytic trails: % conversion and product selectivity towards nitrobenzene
and nitrosobenzene over four cycles following the reaction conditions
mentioned in Table 1, entry 5.

selectivity in every single case towards the corresponding
nitro-products. This is displayed in Fig. 6.

2.5. Stability and reusability of the optically patterned
micro-catalytic chip

To assess the stability and reusability of the micro-catalytic
reactor of the restructured catalytic interface, we checked the
Raman spectrographs of those trails from the restructured
catalytic interface before and after performing the reaction
(Fig. 7a). All of them display the characteristic peaks of the
trail as mentioned before, thus proving that the chip or
the restructured catalytic interface is quite stable and reusable
after reaction. We have also obtained the high-resolution W 4f
(Fig. 7b) and V 2p (Fig. 7c) X-ray photoelectron spectra of the
trail materials after the reaction and compared them with those
obtained before reaction. Both of them show the characteristic
peaks at the same positions, which shows that the compositions
are similar in both cases, which also establishes the stability of
the optically patterned micro-catalytic chip. Furthermore, the
% conversion in the reaction as well as the selectivity towards
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Fig. 7 Substrate scope of selective oxidation of anilines on optically
patterned micro-catalytic trails.

nitrobenzene and nitrosobenzene remained more or less the
same up to 4 catalytic cycles, which establishes that the micro-
catalytic reactors are quite reusable as well (Fig. 7d).

3. Conclusion

To conclude: in this work, we have taken the exploration of site
specific catalysis on a microchip to the next level and have
demonstrated the power of miniaturization differently in its
entirety altogether. Here we have mimicked and miniaturized
an enzymatic catalysis by light driven catalyst chip design,
wherein simultaneous docking and catalysing the reactants is
achieved with site-specific oxidation with excellent selectivities
that are otherwise impossible to achieve. Here, we have created
a catalytic interface in situ comprising a conductive pre-catalyst
cocktail of MWCNTs (multi-walled carbon nanotubes), pPy
(polypyrrole) and a SOM-POM precursor catalyst TBA[PV;WoO,0]
(abbreviated here as MWCNT/PPy/POM) in a MBL activable inter-
face engineering set up. We have then explored its catalytic activity
in the oxidation of a diverse array of aromatic amines leading
to p-nitro arenes with very high selectivity (95%). The high
selectivity in p-nitration suggests synergistic silencing of electronic
effects of other functional moieties already present in the reactant
via preferable H-bonding interaction with the oxo-surface, which
also facilitates the energetics of the oxidation reaction via a facile
oxo transfer, a key feature of this feat. The restructured reactive
designer catalytic interface was characterised using several sophis-
ticated characterization methods like TEM, SEM, ATR-IR, Raman,
XPS and TGA studies and the reaction products were analysed
with GC-MS. Additionally, the microcatalytic trails creating the
restructured reactive catalytic interface with an oxo-lattice were
found to be quite stable and reusable after reaction. The present
work opens up, in our opinion, exciting possibilities to implement
diverse catalytic applications by ‘dialling up’ an OM from a SOM
in order to synthesize an output product of choice on sustainable
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and green ‘“lab-on-a-chip” catalytic systems that can circumvent
traditional synthetic organic chemistry challenges like that of
p-nitration. It provides us with a path of silencing electronic
site-directivity of functional groups in aromatics. Most impor-
tantly, microbubble lithography in conjugation with SOM-OM
platforms - the technique and materials we employ to achieve
our goal - has been proven as a robust methodology to create new
reactive and robust interfaces in the mesoscopic scale, which will
simultaneously catalyse and steer reaction selectivities, thereby
eliminating the need for a protection/deprotection strategy. This
interface engineering is simple and user-friendly compared to
traditional micropatterning techniques.” As we have demon-
strated clearly in this work and earlier, this interface engineering
opens up new possibilities in enabling stable and efficient micro-
catalytic chip design. Thus, we strongly believe that further
research will open up avenues for more complex SOM-POM-
based lab-on-a-chip catalytic systems with further unique features.
The future of SOM-POM-MBL research is extremely promising to
say the least.
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