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We report a fast and ultrasensitive colorimetric method for the
detection of transition metal ions (Fe3*, Cu?*, Ni2*) in a mixture of
toluene—acetonitrile using Schiff base functionalized gold nano-
particles. We achieved limits of detection for the three metal ions at
least two orders of magnitude lower than the EU recommended
limits. Finally, our methodology was assessed for the determination
of nickel in the organic waste of a relevant industrial reaction.

The fine chemical, petroleum, and pharmaceutical industries
have been identified as major producers of chemical waste
because the vast majority of technological processes are still
carried out in organic solvents with the use of metal-based
catalysts." Organic medium hitherto remains essential not only
for chemical reactions to proceed but also for the extraction
and purification steps, necessary to achieve sufficient product
purity. Despite the continuous development and improvement
of synthetic methodologies, waste including that containing
transition metal ions derived from decomposed catalysts is also
often a source of contamination of the final product, including
in active pharmaceutical ingredients (APIs).” Although some of
the transition metal ions employed in catalytically relevant
processes (e.g.,, Cu®>", Ni**, and Fe®") bear several important
biological roles,* their excessive content in the human body
can lead to serious health problems.® EU recommended limits in
APIs are 20 ppm’ and 300 ppm” for Ni*" and Cu®', respectively.
No specific limit has yet been established so far for Fe®"
although overexposure to this metal can lead to iron
poisoning,® including heart diseases’ and cancer.’® Analytical
methods commonly exploited for trace metal ion determination,
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despite the high capital cost, are ion-coupled-plasma spectro-
scopy (ICP-MS)'"*? and atomic absorption spectrometry (AAS).">
However, the direct determination of trace elements in non-
aqueous mixtures by these techniques remains problematic due
to time-consuming and highly invasive sample pre-treatment
(e.g., mineralization, high temperature/pressure) often leading to
variation in metal content.'”> Within this context, the develop-
ment of simple and effective methods to detect transition metal
ions in organic media is highly sought after.

Low-dimensional nanostructures possess the highest
surface-to-volume ratios and unique optoelectronic properties,
which are highly susceptible to their interaction with the
environment. The latter can be tuned via the chemical function-
alization of their surface with receptors of the analyte of choice,
enabling the development of chemical sensors with electrical or
optical readouts featuring key performance indicators beyond
the state-of-the-art."* Among low-dimensional nanostructures,
noble metal nanoparticles (NPs) represent versatile platforms for
the fabrication of (bio)-chemical sensors due to their high
chemical stability, surface-to-volume ratio, and distinctive optoe-
lectronic properties. The extraordinary plasmonic phenomenon
has given rise to a rapidly developing field of optical
nanosensors,'* where the exposure to target analytes can induce
a localized surface plasmon resonance (LSPR) shift of the metallic
NPs (in solution or deposited into a solid platform) and may be
accompanied by a visual colour change. In particular, colorimetric
sensing, where a specific analyte can trigger a significant visual
colour change, is very attractive due to its simplicity, cost-
effectiveness, and unprecedented selectivity among the traditional
detection methodologies."®

On the other hand, Schiff bases derived from 2-hydroxy-
benzaldehydes and appropriate amine or hydrazide create a
very effective chelating system for binding to metal cations.'®"”
They have also been employed for colorimetric ion sensing,
reaching in some cases limits of detection in the micromolar
range.'®' However, their synergetic combination with metal
NPs for colorimetric cation sensing has been barely exploited.
For instance, gold nanoparticles (AuNPs) functionalized with
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Schiff bases can effectively detect Cu®*, AI’**, or Fe**, exhibiting
sensitivities in the micromolar range.>*>* Yet most examples
combining AuNPs and Schiff bases were investigated in
aqueous solutions, despite the high stability of AuNPs capped
by Schiff base ligands in organic media.>®>® Examples of
sensors combining AuNPs with Schiff base ligands capable of
efficiently sensing selected metal ions in organic solvents
remain very few.>*?’

To fill this gap, we report here a new type of colorimetric
sensor based on Schiff-base decorated AuNPs for the detection
of industrially relevant transition metal cations (Cu®*, Ni**, and
Fe*") in organic solvents. The employed chelating system (L1)
was designed to act both as a stabilizing agent of AuNPs and as
a supramolecular receptor for the analyte of interest.

Ligand L1 was designed to combine a moiety that is capable
of chemisorbing on gold surfaces and a versatile coordination
pocket that can efficiently bind metal cations. Thus, an a-lipoic acid
moiety was chosen as the anchoring site, through the formation of
an Au-S linkage,”® ' while the mono(salicylaldehyde)-iminoacetyl-
hydrazone ligand providing the N,0,0 binding pocket'®*>*
employed for coordinating metal cations, as confirmed in the
control experiment with ligand L2 (see ESIt). Ligand L1 was
synthesized from o-lipoic acid via a three-step protocol in a high
75% overall yield without column chromatography (see Scheme S1,
ESIt). The final ligand L1 was obtained as a mixture of two
geometrical isomers (in Z:E = 2:1 ratio calculated from integrals
of H-9.;5, H-94y,s and H-11,,, H-11,,,). Detailed synthetic proce-
dures and characterization can be found in the ESI, Fig. S1-S8.

The synthesis of monodispersed AuNPs in toluene was
performed by following a previously reported protocol, where
oleylamine was used as a surfactant.’® The resulting oleylamine
capped gold nanoparticles (OL@AuNPs) featured a plasmon
band at 526 nm, ascribed to the dipole resonance of individual
AuNPs (Fig. 1b). The interactions between the gold nanoparticle
surface and the amine group of oleylamine are weaker than
dative Au-S bonds, and hence this favours the ligand exchange
reaction between oleylamine and ligand L1. The ligand
exchange reaction should be achieved by adding approximately
890 L1 molecules per nanoparticle (calculated from the size of
the metal core, for details see ESI{). To maximize the number of
L1 molecules on the AuNPs surface, and hence have the
maximum number of receptors, we performed the ligand
exchange reaction with different concentrations of ligand L1
(i.e., from 7.5 to 60 pM) and we studied the stability of the
AuNPs in time (see ESI,T Fig. $12). The highest concentration of
ligand L1 that lead to a stable system during at least 96 hours
was 15 uM; higher concentrations lead to a fast and irreversible
aggregation of the system (see ESI,T Fig. S12C and D).

The size and the morphology studies of both OL@AuNPs
and L1@AuNPs were performed by transmission electron
microscopy (TEM) and dynamic light scattering measurements
(DLS). TEM images of OL@AuNPs revealed monodispersed
spherical nanoparticles with uniform shape and core size
11.5 + 1.2 nm (Fig. 1c), which is in good agreement with DLS
measurements, revealing an average hydrodynamic diameter of
14.3 £+ 4.4 nm (for details see ESI, Fig. S13 and S14). In the
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Fig. 1 (a) Schematic representation of the ligand exchange reaction; (b)
UV-Vis comparison of OL@AUNPs and L1@AuNPs; (c) TEM image of
OL@AUNPs (d) TEM image of LL@AuNPs.

case of L1@AuNPs, TEM images revealed that the AuNP size
remains constant (core size: 10.8 & 1.1 nm, Fig. 1d) as ligand L1
is not expected to modify the NP size. This is in good agreement
with DLS measurements, which showed an average hydro-
dynamic diameter of L1@AuNPs of 15.45 + 4.26 nm (see ESL
Fig. S13).

To evaluate the sensing performance, our system was tested
for the selected transition metal ions (Cu®*, Ni**, and Fe**). To
rule out nonspecific acetonitrile-induced aggregation we have
verified the stability of LI@AuNPs in the presence of acetoni-
trile up to 23% (see ESL,T Fig. S15). To demonstrate the selective
interactions between ligand L1 and metal cations, colloidal
dispersions of OL@AuNPs were exposed to selected metal
cations and no aggregation was observed (see Fig. S16a, S17a,
and S18a in ESIt). These experiments also exclude any non-
specific interaction with AuNPs. To eliminate the counter ion
influence, all experiments were performed by using NOz;>~
salts. After 10 minutes of analyte addition (for a detailed
description see ESIt), a visible colour change from red to purple
was observed indicating the aggregation of L1@AuNPs (See
Fig. 2). The response time observed for our system is better or
comparable with other known colorimetric sensors (see ESL T
Table S4).>°*° The aggregation of LL@AuNPs is triggered by the
coordination reaction between the N-acylhydrazone moiety and
the metal cation, giving rise to octahedral complexes (Fig. 2).
Solely based on naked-eye observation, the colour change from
red to purple can be observed in the 5-7.5 pM concentration
range (Fig. S19 in ESI}). To be easily comparable to the EU
recommended limits, we converted the concentration in which
colour change was noted into ppb. More specifically, for Cu**

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Schematic representation of coordination triggered aggregation.

cations, the visible colour change took place after the addition
of 5 uM, which corresponds to 366 ppb. For Fe*" cations it was
7.5 UM (458 ppb) and 5 pM of Ni*" cations, which corresponds
to 204 ppb (see ESI,T Fig. S19). As compared to the allowed
limits of transition metal ions in APIs and an excipient,” our
sensor exhibited a sensitivity 2 and 3 orders higher.

The sensing performance of the LI@AuNPs was quantita-
tively assessed via UV-Vis spectroscopy. The UV-vis absorbance
spectrum of L1@AuNPs upon each metal ion addition at
different concentrations showed a red shift of the LSPR band
(Fig. 3a, b, and c, for Cu®>*, Fe*", and Ni** ions, respectively).
The calibration curves were obtained by plotting known con-
centrations of Cu**, Ni** or Fe’ ions (1-10 uM) against the LSPR
maximum (Fig. 3d and Table S1 in ESIf) and the linear
response can be fitted to the formula: LSPRy,,x = a x [metal
ion] + b. For calculating the limit of detection (LoD) of each
metal ion, the 3Sy/m*" equation was used, where Sy is the
standard deviation of a blank sample and m is the slope of each
calibration curve, also known as sensitivity (S). The colorimetric

L1@AUNPs + Fe®*
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Fig. 3 (a) UV-Vis spectrum showing the LSPR band shift upon addition of
Cu?*, (b) Fe** and (c) Ni®*; (d) linear change of LSPR maximum plotted as a
function of metal ion concentration.
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sensor in toluene-acetonitrile solutions showed extremely low
LoDs, in the range 1.4-11.2 nM (see ESIL,i Table S1) for the
assessed metal ions.

As can be seen in Fig. 3d, the sensor showed a similar
sensitivity in the case of Cu®** and Fe’®" cations (S = 0.88 and
0.71 uM ", respectively). However, the sensitivity towards the
most catalytically valuable and the most toxic of all studied
cations, i.e. Ni**, was much higher in both linear regions (S =
1.7 and 5.84 uM ). This high sensitivity towards Ni** can be
further utilized in industrially valuable Ni-catalyzed reactions,
such as the synthesis of Pictilisib** or PDE472.** Usually, Ni*",
Cu** and Fe** cations are not found as a mixture in industrial
processes and hence we highlight that our colorimetric sensor
can be used to detect all of them individually. When compared
to other known colorimetric sensors based on Schiff bases,
L1@AuNPs displayed 2-6 orders of magnitude lower LoD than
structurally similar Schiff base capped AuNP sensors, which
were described for Cu***>?” and AI**** detection.

To demonstrate that our sensor can be used for the quanti-
tative evaluation of metal content in organic waste produced
during catalytic processes used in the pharmaceutical industry,
we decided to reproduce the synthetic protocol reported by
Novartis Pharma AG, that utilizes nickel catalyzed Kumada
coupling for the synthesis of PDE472, an inhibitor of phospho-
diesterase type 4D and a recognized drug target for the treat-
ment of asthma.”® The reaction was performed at a laboratory
scale and the organic waste was analyzed by UV-vis spectro-
scopy with our sensor and by inductively coupled plasma mass
spectrometry (ICP-MS). Right after the purification procedure,
the toluene waste (50 pL) was added to the L1I@AuNP disper-
sion (for more details see ESIf). The UV-vis spectrum was
recorded after 10 minutes and showed a red shift of the LSPR
band (4 nm, see ESL,} Fig. S22), similar to the red shift observed
for low concentrations of Ni*' ions (< 4 pM, see ESLft
Fig. S17d). On the basis of this UV-Vis experiment and the
calibration curve obtained upon the addition of a known
concentration of Ni** ions (Fig. S17d, ESIt), the Ni** content
in the real sample was evaluated as 3.5 uM. The exact nickel
content was determined by ICP-MS. The obtained value of
3.49 uM is in full agreement with our UV-vis results. It is worth
highlighting that for ICP-MS measurements the organic
waste had to be evaporated, dried and mineralized prior to
measurement, which in total took several hours. On the other
hand, for our sensing experiment, the organic waste was directly
examined by UV-vis spectroscopy without any pre-treatment,
which reduced the total analysis time to a few minutes.

We have devised a highly sensitive chemical sensor of
divalent and trivalent metal ions based on Schiff base capped
AuNPs via colorimetric detection. These low-dimensional sen-
sitive elements were characterized by UV-vis spectroscopy, DLS,
and TEM. The colorimetric response relies on the complexation
of the metal ions with the Schiff base ligand, forming ML,-type
complexes with first-row transition metal ions (Ni**, Cu**, Fe*")
in toluene-acetonitrile solution, which triggers the AuNP aggre-
gation process. The metal coordination occurred in less than
10 minutes, which makes this sensor suitable for on-the-spot
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qualitative sensing. The sensitivity performance was excellent
for all studied ions, and the colorimetric response visible solely
by the naked eye (no instrumentation necessary) was as low as
204 ppb for Ni*" ions, which is two orders of magnitude lower
than the EU recommended limits. The estimated LoD for all
studied metal ions was in the nanomolar range and the highest
sensitivity was observed for the toxic and catalytically valuable
Ni*" cations.

Significantly, our chemical sensor outperforms other known
Schiff base capped AuNP colorimetric sensors, with a 3-6
orders of magnitude lower LoD. Moreover, we demonstrated
the applicability of our sensor for the evaluation of the Ni**
content in organic waste generated during the synthesis of
PDE472, a recognized drug target for the treatment of asthma.
The modular strategy applied can tune the sensor on-demand
and it can be refined to become suitable for the selective
detection of transition metal ions for pharmaceutical and
technological applications in organic solvents.
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