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ABSTRACT: Two-dimensional nanostructures with atomically
precise building blocks have potential applications in catalysis
and sensing. However, structural instability and surface
reactivity limit their practical use. In this work, we demonstrate
the formation of vertically aligned nanoplates of the
[Co¢SsDPPE(Cl] cluster (Cogs in short), protected by 1,2-
bis(diphenylphosphino)ethane, using ambient electrospray
deposition (ESD). Charged microdroplets of Cos formed by
ESD on a water surface created such nanostructures.
Preferential arrangement of clusters in the nanoplates with
enhanced surface area results in sensitive and selective
electrochemical response toward arsenite down to S parts per
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billion, in tap water. Density functional theory calculations reveal the preferential binding of arsenite with Cog. Our work
points to a practical application of atomically precise clusters of large societal relevance.

B INTRODUCTION

Atomically precise clusters of noble metals, metal oxides, and
chalcogenides are expanding the boundaries of materials
chemistry.'~® Quantized electronic structures due to atomic
confinement leading to new photophysical, chemical, catalytic,
and magnetic properties of these materials have resulted in
several advancements.””'® One of the obvious areas of their
impact is in sensors due to the possibility of a large number of
accessible surface sites and the ability to tune the sensitivity of
analytes to their varying electronic structure.'” As a result,
optical and fluorescence sensors to detect chemical, bio-
chemical, and elemental species have been reported.'* >
However, the use of such sensors in practical applications has
been lacking either due to the reduced stability of such
systems, selectivity toward analytes, limits of analysis, or cost.”®
Therefore, atomically precise clusters, synthesized from
inexpensive precursors and with superior stability, are essential
for expanding the utility of these materials.

Arsenic in drinking water affects over 120 million people
worldwide, and its grip is expanding continuously due to the
excessive use of groundwater, fertilizers, and agrochemi-
cals.”™** A practical arsenic sensor in water without the need
for preconcentration and sophisticated instrumentation is very
much in need. Key to developing such practical electro-
chemical devices for arsenic is the development of stable,

© 2023 American Chemical Society

7 ACS Publications 893

selective, sensitive, and affordable electrodes.”®*” Increased
sensitivity requires the electrode to be composed of specific
chemical species with morphologies or superstructural micro-
crystalline assemblies, enhancing the specific surface
areas.”® ™" In view of the sensitivity of cobalt-based systems
for arsenic sensing,31 we decided to explore the atomically
precise Cog cluster system to develop a practical sensor. We
have developed a method of ambient electrospray deposition
(ESD) of the Cog cluster system leading to their 2D
nanostructures with unique morphologies.32_34 In this work,
we present a practical electrochemical arsenic sensor based on
the resulting structures for arsenite detection down to 5 parts
per billion (ppb) in tap water implementable in field
applications. As the safe limit of arsenic in drinking water is
10 ppb, and the detection is demonstrated in tap water,
practical application of such materials is possible. Cost per
analysis is estimated to be less than $1 per measurement.
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Figure 1. (a) UV—vis absorption spectrum of Cog in DCM (inset shows the photograph of the respective solution). (b) Optical microscopic
image of the crystals (inset shows the FESEM micrograph of a crystal and the respective elemental mapping; scale bar corresponds to 500
nm). (c) Molecular structure of the cluster including ligands (inset shows the Co,Sg core, with an octacapped octahedron geometry). (d)
Large area supramolecular packing of [Co4SsDPPE(Cly] in the b plane. Atomic color codes for c and d: cyan = cobalt, yellow = sulfur, pink =
phosphorus, green = chlorine, gray = carbon, and white = hydrogen.

B RESULTS AND DISCUSSION

The Cog cluster was synthesized using a reported protocol’
with a different ligand, namely, 1,2-bis(diphenylphosphino)-
ethane (DPPE; detailed synthetic procedure is given in the SI).
The as-synthesized cluster in dichloromethane (DCM) was
brownish in color and exhibited well-defined optical absorption
peaks in a characteristic pattern emphasizing its molecular
nature (Figure 1a). The stability of the cluster was monitored
using time-dependent UV—vis in solution, and no change was
seen up to 60 days under ambient conditions (Figure S1). We
have observed almost identical absorption features in multiple
solvents (Figure S2). Cuboidal single crystals of the cluster
were grown in 7 days from a saturated DCM solution upon
layering with hexane at 4 °C (Figure 1b). Field emission
scanning electron microscopic (FESEM) images of the crystal
(shown in the inset of Figure 1b) correlate with the optical
micrograph. Energy-dispersive spectroscopy (EDS; Figure S3)
and elemental mapping of the crystals (shown in the inset of
Figure 1b) confirm the presence of Co, S, P, and Cl in them.
Single crystal X-ray diffraction (SCXRD) measurements gave
the structural framework of the cluster shown in Figure lc. It
exhibited a monoclinic unit cell with the space group of P21/c
(detailed crystallographic information is given in Table S1 and
S2). The core of the cluster is arranged in an octahedral
fashion with six Co atoms, having an average Co—Co bond
length of ~2.8 A. Each triangular face of the Cog octahedron is
further protected by eight isolated S atoms, resulting in an
octacapped octahedral geometry (shown in the inset of Figure
Ic). The average Co—S bond length is ~2.2 A and each S sits
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~1.5 A away from the centroid of the respective Co, faces
(shown in Figure S4). A bond length analysis shows strong
metal—metal and metal—sulfide interactions, which provide
rigidity to the kernel of the cluster.

Six bidentate DPPE ligands protect the cluster; one
phosphine end of DPPE is directly bonded to the cobalt,
and the other end binds with the chlorine resulting in average
Co—P and P—Cl bond lengths of 2.12 and 2.48 A, respectively.
Supramolecular packing of the cluster reveals that four clusters
are packed inside the unit cell (Figure S5). Large area packing
shows the AB--AB kind of packing of the clusters (Figure 1d)
through CH-z, CH-Cl, CH-P, and Cl-z interactions (Figure
S6). High resolution electrospray ionization mass spectrometry
(HRESI-MS) of the cluster showed a peak at m/z 3213.96 in
the positive ion mode, in the singly charged state, which
corresponds to the composition of the cluster
[CoSs(DPPE)Clg] as revealed by SCXRD (Figure S7). The
presence of these elements has been further verified using X-
ray photoelectron spectroscopy (XPS; Figure S8). Exper-
imental X-ray diffraction patterns obtained from the crystalline
samples of Cog cluster were in good agreement with the
simulated data (shown in Figure S9). The strong appearance of
6.21, 6.42, 6.6, 7.19, 8.15, 11.6, and 14.83 diffraction peaks in
the 5—15° 26 range correspond to (012), (110), (102), (11—
2), (004), (122) and (116) lattice planes, respectively.
However, several features were not clearly visible due to
their poor intensities. Some intensity variations were also seen.
Thermogravimetric (TG) and differential thermogravimetric
(DTG) analysis of microcrystalline Co, was carried out for the
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Figure 2. (a) Schematic representation of our home-built electrospray setup. Inset shows a photographic image of the nanospray plume
generated from the tip of the capillary. The plume is visualized using a green laser, which scatters from it. (b) Large area and (c) magnified
FESEM micrographs of the vertically aligned nanoplates. (d) An expanded image of microcrystalline hexagonal nanoplates. (e) Intercluster
interaction leading to such a superstructure. (f, g) Ligand-centered short contact interactions between two clusters.

heating range from 25 to 700 °C. No mass loss was observed
up to 400 °C, suggesting superior thermal stability in the solid
state (Figure S10).

Time-dependent density functional theory (TD-DFT)
calculations (see details in SI) were carried out to obtain an
atomistic understanding of the optical properties of
[CogSs(DPPE)¢Cl].*° The obtained theoretical absorption
spectrum is in agreement with the experimental spectrum
(Figure S1la). The frontier molecular orbital (FMO) analysis
revealed the contribution of the molecular orbitals correspond-
ing to 321, 427, and 498 nm (Figure S11b). Projected density
of states (PDOS) analysis indicates that the occupied states
have major contributions from Co(d) states and P(sp) states,
whereas the unoccupied states are mainly occupied by S(sp)
and Cl(sp) states centered at the ligands encapsulating the Cog
kernel (Figure S11c). This is further supported by the Kohn—
Sham orbital analysis (Figure S11d). However, we note that
the HOMO and LUMO states have a higher contribution from
the ligands than the Cog kernel indicating the significant role of
ligands in governing the electronic properties of the cluster
(Figure S12).

We created self-assembled superstructures of the cluster
using the ESD technique. A schematic of our home-built ESD
setup is shown in Figure 2a. The cluster solution in DCM was
sprayed as solvated microdroplets through a glass capillary tip
(diameter 30—35 um) by applying a positive potential of
2.75—3 kV (photograph of spray plume is shown in the inset of
Figure 2a) at a flow rate of 30 uL h™'. After 30 min of
continuous deposition of such charged microdroplets onto an
ultrapure water substrate, a brownish thin film resulted,
floating on it. From our previous report, the spray current
measured between the tip and the substrate was 40 nA.*” The
obtained film was carefully transferred to a suitable substrate
(glass slide or aluminum foil) for further studies. An optical
micrograph of the film (shown in Figure S13) demonstrates its
transparent nature. Surprisingly, the FESEM micrograph
(Figure 2b and S14) reveals an assembly of vertically aligned
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nanoplates with a thickness of 200 + 100 nm and an edge
length of 600 + 200 nm. Atomic force microscopy (AFM)
analysis of the assembly of vertically aligned nanoplates gave
more insights into the morphology. The nanoplates were
found to have a thickness of 200 + 100 nm with a width of 450
+ 200 nm (Figure S15). An expanded view of the image
suggests the vertical alignment of most of the platelets (Figure
2¢). FESEM images collected from different cluster batches
demonstrated the reproducibility of these nanostructures
(Figure S16). We note that the oriented assembly of
nanoclusters leading to specific morpholo§y, such as nano-
sheets, fibers, etc., was observed earlier.’”™*

UV—vis absorption studies of the dissolved ESD film
showed well-defined absorption features matching with the
as-synthesized cluster (Figure S17a). ESI-MS of the ESD film
showed a peak at m/z 3213.96 in the positive ion mode which
matches well with the molecular composition of the Cog
cluster (Figure S17b). Solid-state IR studies were carried out
on both the drop-casted cluster and the ESD film, and both
were in good agreement (Figure S18). These results concluded
that the cluster remains intact upon ESD. To ensure the
uniqueness of the ESD technique, we drop-casted the same
cluster solution (in DCM) onto a water surface. FESEM
images of the films formed reveal no specific morphology,
inferring that nanoplates are specific to the deposition
technique (Figure S19). The formation of nanoplates using
ESD is also substrate specific, and we have confirmed it by
taking different substrates such as conducting carbon cloth,
glycerol, and ethylene glycol (Figures $20, S21, and S22). This
signifies that the use of a liquid hydrophilic substrate is
essential to create such nanostructures. This oriented micro-
crystalline assembly could be a result of specific intramolecular
interactions. To further understand such interactions, we have
carried out periodic DFT calculations.*' We have considered a
dimer constituted by two [Co¢Sg(DPPE)(Cls] units and
analyzed the energetics of its formation from two monomer
units for studying the role of intercluster interactions with and
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Figure 3. (a) Baseline corrected voltammetric profiles of the ESD-modified Cog GC electrode in response to various concentrations (3.75—
112 ppb) of As®* in a buffer solution. (b) Linearity analysis of voltammetric response for different concentrations of As**. Error bars
represent interelectrode variability. (c) Baseline corrected voltammetric profiles for various concentrations (5—100 ppb) of As** in tap
water. (d) Interfering ion studies with different metal ions (100 ppb each of Ca>*, Pb**, Fe?*, Fe**, Mn?*, and Cu** added sequentially) and

the response of arsenic in the presence of all of the metal ions.

without van der Waals (vdW) considerations.** The calculated
dimer formation energy when vdW interactions are taken into
account is found to be less than the non-vdW scenario by 2.03
eV (optimized structure is in Figure 2e). This indicates that the
noncovalent interactions such as CH---Cl and CH--7 mediated
by the phenyl rings of ligands provide structural stability of the
superstructure (Figure 2f,g).

These oriented nanoplates were cast on a glassy carbon
(GC) electrode using S wt % nafion, and the deposited film
contained intact nanoplates (Figure S23). Electrochemical
arsenic (A53+) sensing experiments were carried out using
voltammetry. The experimental details are presented in the SI.
Different concentrations of As** were prepared by dissolving
NaAsO, in phosphate-buffered saline (PBS, pH ~ 7). The
electrode showed an excellent current response to As®>* in PBS
as shown in Figure 3a, over a wide concentration window of 4
to 112 ppb. The electrode system is stable for multiple
measurements, and all of the concentration-dependent
measurements shown in Figures 3a and S24 were performed
using a single electrode. The increase in current upon
increasing the concentration is due to enhanced electro-
catalytic oxidation of arsenite onto the exposed nanoplates.
Control experiments were also performed for bare GC
electrode and as-synthesized Co4 cluster (Figures S25 and
$26). No significant current response was observed for these
experiments. Vertically aligned nanoplates with specific
exposed planes and consequent cluster sites probably act as
catalytically active surfaces for As®* binding.

We have investigated the suitable binding of As(OH); with
the Cog cluster using DFT calculations, which reveals that
As(OH); exhibits a strong affinity to the cluster with a binding

896

energy of —0.63 eV in correspondence with the experimental
observation (Figure $27). It may be noted that arsenite exists
as the neutral As(OH); species at pH 7. This is further
supported by the charge density difference (CDD) analysis of
As(OH); binding to the Cog cluster (Figure S28). Detailed
structural analysis uncovers that the phosphine end of the
ligand bonded with cobalt has a high affinity with As®".
Although the free phosphine end interacts with As**, the cavity
made by the flexible arms of DPPE interacts with the —OH of
As(OH); (shown in Figure S29a). Bader charge analysis of the
Co¢SgPg unit reveals that all P atoms bonded with the Co are
negatively charged, which favors electrostatic interaction with
the positively charged arsenic (Figure S29b).

The sensor behaves linearly in the concentration window
relevant to drinking water. The sensitivity was calculated to be
3496 x 107° uA/ppb/mm? and the estimated limit of
detection (LOD) was 0.66 ppb, which is far below the
guideline value of arsenic in drinking water (10 ppb), as
recommended by the World Health Organization (WHO).*>**
A theoretical LOD of 0.825 ppb using CoOx on a glassy
carbon electrode in PBS at pH 7 was reported previously.”'
Similar experiments were conducted in tap water with the
gradual addition of As®" over a concentration window of 5—
100 ppb (Figure 3c). As may be inferred from this data set,
measurements below 10 ppb can be done easily in field
conditions. Interference studies with different metal ions,
commonly present in arsenic-contaminated water, were
performed in tap water (Figure 3d) and PBS (Figure S30).
The concentration of all of the metal ions (Ca** Mn**, Fe*",
Fe’*, Cu®", and Pb*") was maintained at 100 ppb each during
the studies. Later, we analyzed three arsenic concentrations
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(10, 50, and 100 ppb) which were added sequentially in the
presence of these ions at 100 ppb each. The electrode responds
specifically to As®* both in tap water and in PBS. The
recyclability of the working electrode for arsenic detection was
verified by performing cyclic voltammetry (CV) in PBS for 40
cycles with a fixed arsenite concentration of 100 ppb (Figure
S31). The composition of the nanoplates after electrochemical
arsenic sensing experiments was verified by UV—vis measure-
ment (Figure S32). The tests conducted individually and
collectively show the specificity and practical utility of the
sensor.

The analysis can be performed without the need for
preconcentration, additional reagents, and sample processing,
which enables rapid measurements. From a practical
perspective, the amount of cobalt cluster in an electrode is
approximately 0.5 ng. With the cost of the binder and other
consumables, the materials cost per electrode is expected to be
less than $0.5. As the electrode can be reused, costs can come
down further. Therefore, each analysis can be done below a
cost of $1.

In conclusion, we present a practical arsenic sensing method
built using an atomically precise Cog4 cluster working down to 5
ppb in tap water. A new cobalt cluster, [CosSgDPPE,Cls], was
synthesized using ambient conditions and characterized using
SCXRD and other spectroscopic studies. The sensing platform
was prepared by ESD of the cluster on the water surface
resulting in vertically aligned crystalline nanoplates. The
interactions of charged microdroplets of cluster ions with the
water surface resulted in the preferential organization of these
nanoplates, enhancing the surface area and selectivity leading
to an excellent response to As>*. We obtained a LOD of 0.66
ppb, which is well below the guideline value of arsenic in
drinking water (10 ppb) as recommended by WHO. Ease of
availability, selectivity, sensitivity, and cost-effectiveness made
it a good candidate for practical arsenic sensing. We note that
affordable arsenic sensing below 10 ppb in water can have far
reaching implications for global health.
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