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We report a SERS-based method for the simultaneous and independent determination of two
environmental metallic pollutants, Cu(i) and Co(i). This was achieved by exploiting the coordination-

sensitive Raman bands of a terpyridine (TPY) derivative for detecting transition metal ions. Changes in

the vibrational SERS spectra of dithiocarbamate anchored terpyridine (TPY-DTC) were correlated as a
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function of each metal ion concentration, with limits of detection comparable to those of several

conventional analytical methods. Simultaneous detection of ultratrace levels of Co(i) in the presence of
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Introduction

Quantitative detection of metal ions in solution at trace levels is
a topic of widespread interest, spanning from environmental
sensing in natural waters through industrial process moni-
toring to biomedical diagnostics. Traditionally, the most
common analytical techniques employed for these purposes are
atomic absorption or emission spectroscopy,’ but these are
destructive and cannot be implemented for remote sensing.
Also, pre-concentration procedures are necessary when dealing
with ultralow concentrations, which require substantial
amounts of sample to achieve passable levels of detection.*?
Newer analytical strategies based on optical methods have been
developed to overcome these problems.*® Optical detection
modalities include the ratiometric fluorescence emission of
organic fluorophores® or quantum dots” and adsorbate-induced
shifts in the plasmonic signature of noble metal nanoparticles.®

Recently, it has been shown that surface-enhanced Raman
scattering (SERS) spectroscopy can support the rapid and
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high Cu(n) concentration was also demonstrated, supporting the potential of this sensing strategy for
monitoring potable water supplies.

ultrasensitive detection of specific analytes in aqueous solution
and complex media.>'® Unlike the broad, structureless signals
from fluorescence and plasmon-resonant extinction, SERS is a
spectroscopic sensing modality that can support analyte
detection based on their unique Raman fingerprint. However,
SERS cannot directly detect monoatomic species that lack
vibrational signatures, unless they are chemically bound to the
SERS substrate.'* As an alternative, metal ions can be detected
either by (i) binding to an organic receptor ligand whose SERS
profile can be modulated by formation of a coordination
complex,"*” or (ii) indirect detection using particles encoded
with Raman reporters whose SERS intensities are selectively
perturbed by complexation of the target ions, either through
surface-bound receptors (e.g., peptides and DNA strands'**°)
or by direct adsorption onto the plasmon-active surface.”* The
latter approach can provide sensitivities at the nanomolar level,
but has inherent limitations for distinguishing multiple ions. In
contrast, the use of chemoselective receptors bound to plas-
monically active substrates is capable of yielding intense SERS
signals with characteristic spectral “fingerprints” produced by
their interaction with different ions, and thus offers greater
potential for multiplex detection.’® Additionally, the organic
ligands can serve as internal standards that ensure the reli-
ability of the SERS sensing platform, and the analytical range of
response can be easily controlled by varying the amount of
chemoreceptor available on the metal surface.™

With respect to the choice of metal-ion receptors, terpyr-
idines are particularly appealing ligands because they bind
metal ions via Raman-active pyridine units.’**>** For a given
terpyridine (TPY) structure, the conformation and electronic
structure of the ligand-metal complex depend strongly on the
metal ion species.”*** Furthermore, the TPY binding site can be
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easily oriented toward the bulk solution for the facile capture of
metal ions by introducing, as we describe here, a dithiocarba-
mate (DTC) unit at the opposite end of the TPY moiety, which
functions as a robust anchoring group on the noble metal
substrates'***** (the final product is referred to as TPY-DTC).

Here we show that the coordination properties of TPY
ligands permit the simultaneous determination of two metal
pollutants, Cu(u) and Co(u),>**” in the ppb to ppt range using
SERS. Although both Cu(u) and Co(u) are bioessential trace
elements,” they are toxic at higher concentrations.>*® Over
time, the long-term exposure of organisms to low amounts of
these metal ions can result in a bioaccumulation to toxic levels,
potentially promoting teratogenic or carcinogenic effects.>
Thus, the development of accurate and sensitive field analysis
for their quantitative monitoring in natural waters is of partic-
ular interest.

Experimental
Chemicals

All chemicals were purchased from Aldrich and used without
further purification. Water was purified using a Milli-Q system
(Millipore). 4'-(N-Piperazinyl)terpyridine (pTPY) was synthe-
sized as previously reported**** by condensing 4’-chloroterpyr-
idine with piperazine in 2,6-lutidine for 24 h at 130 °C in a
sealed reaction tube. pTPY was converted to the corresponding
dithiocarbamate salt (TPY-DTC) by treatment with 1 equivalent
each of CS, and Et;N in 1 : 1 CH,Cl,-MeOH, and used without
further purification (final TPY-DTC concentration = 0.5 mM).

Nanoparticle synthesis and functionalization

Ag nanoparticles were prepared via the method reported by Lee
and Meisel.*® Briefly, 2 mL of 1 wt% sodium citrate solution was
added to 100 mL of a 1 mM solution of AgNO; at reflux and
stirred for 1 hour. The resulting colloidal solution had a turbid
gray-green colour. For functionalization, the Ag nanoparticles
were centrifuged for 10 min at 2200 rcf, then decanted and
redispersed in ethanol (2.5 times the retentate volume) before
treatment with a TPY-DTC solution in 1 : 1 CH,Cl,-MeOH (final
TPY-DTC concentrations of 107>, 10~° and 10~’ M). TPY-DTC
ligands were allowed to adsorb overnight onto the Ag nano-
particles. 500 pL of the as-prepared TPY-DTC nanoparticle
dispersion was then added to aqueous solutions containing
different amounts of Co(u) and Cu(u), and gently stirred for
3 hours. Afterwards, 40 uL of the colloidal mixture was cast, air-
dried, and analyzed by SERS.

Computational analysis

The geometries of the ligand and metal complexes with several
water molecules were optimized by density functional theory
(DFT) using the B3LYP functional with 6-31+G* basis set. Silver
atoms were described by the LANLDZ effective core potential
together with the corresponding basis set. Frequency and force
constants were obtained to enable a detailed vibrational
assignment. Near field enhancement calculations, i.e. the near
field intensity normalized by the incident intensity, were
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performed by using a 3D formulation of the scattering equa-
tions with the Green method.**

Instrumentation

UV-vis-NIR spectra were recorded using an Agilent 8453 diode
array spectrophotometer. Transmission electron microscopy
(TEM) was carried out using a JEOL JEM 1010 microscope
operating at an acceleration voltage of 100 kV. Raman and SERS
experiments were conducted using a Renishaw InVia Reflex
confocal microscope equipped with a 50x objective and a high-
resolution grating with 1200 grooves per cm for NIR wave-
lengths, additional band-pass filter optics, and a 2D-CCD
camera. SERS spectra were acquired using 785 nm excitation
with exposure times of 10 s.

Results and discussion

TPY ligands have high affinity for first-row transition metal ions
such as Co(u) and Cu(u). The metal-chelating domain of the TPY
structure comprises three nearly coplanar sp> nitrogen atoms,
capable of supporting dm-p7m* back-bonding with the chelated
metal ion.** The TPY ligand reorganizes from a transoid to cisoid
conformation upon metal coordination (Fig. 1A; 4'-(N-piper-
azinyl)terpyridine, pTPY).>*® The effect of this conformational
change on the photophysical properties of TPY is highly
dependent on the nature of the metal ion, as indicated by the
different electronic absorption profiles of its coordination
complexes in solution (Fig. 1B). Although all three species
exhibit a strong absorption band around 280 nm due to the
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Fig. 1 (A) Chemical structures of a free pTPY receptor and the one coordinated
to a metal ion (green and blue respectively). (B) Normalized electronic absorption
spectra of free pTPY and its equimolar Co(i) and Cu(i) complexesin 1 : 1 CH,Cly—
MeOH. Inset: A TEM image and an extinction spectrum of colloidal silver.
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m-7* transitions of the TPY chromophore, both the Cu(u)-pTPY
and Co(u)-pTPY complexes display a bathochromic shift rela-
tive to the free ligand (maxima at 283 and 282 nm, respectively).
This, along with the characteristic metal-to-ligand charge
transfer band (310, 339 nm for Cu; 302, 360 nm for Co), is
typical for TPY-transition metal complexes.?”

Consistent with its electronic absorption, the Raman bands
of the TPY moiety, whose vibrational assignment was based on
density functional theory (DFT) calculations, are also strongly
affected by metal coordination (Fig. 2). Theoretical calculations
of the Raman spectra for the free and metal-bound pTPY ligand
(prior to DTC functionalization) were performed to identify the
vibrational contributions specific to the TPY unit. The effects of
Co(u) and Cu(u) ion complexation on the TPY Raman bands are
similar for both complexes in the 1300-1650 cm ™' region. Upon
coordination, this region is characterized by a general broad-
ening of the Raman peaks assignable to ring stretching modes
and other in-plane deformations: 1606 cm ™", which is the result
of several contributions ascribed to »(CC) and »(CN) ring modes
of the three pyridine units; 1474 cm ™, due to a combination of
a »(CNC) in-plane ring and the CH in plane deformations; and a
new band arising at 1324 cm ™', attributed to the CH rocking
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Fig. 2 Comparison of theoretical and experimental (solid-state) Raman spectra
of pTPY and its metal complexes. The geometries of pTPY and its complexes (with
added water molecules) were optimized by DFT-B3LYP calculations using the 6-
31+G* basis set. Raman spectra were obtained using 785 nm excitation.
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and the complex »(CN) and »(CC) inter- and intra-ring modes.
However, in the 1200-1300 cm™' region, the intense sharp
features of the free TPY ligand weaken to yield a single broad
and weak band for Co-pTPY and Cu-pTPY approximately
centered at 1243 cm™ .

The most sensitive change in the TPY Raman spectra upon
metal coordination is observed in the ring-breathing bands
around 1000 cm ™. In the solid state, the doublet at 988 and 994
cm ' of the free pTPY ligand undergoes a marked shift upon
complexation with Co(u) to give an intense peak centered at
1017 ecm ™!, with two visible shoulders at 1005 cm ™" and 1028
em ™. Cu(n) coordination to the TPY moiety also produces three
well-resolved bands that are distinct from both free pTPY or
Co(u)-pTPY, with the most intense peak at 1019 cm™ ' and two
more at 997 and 1038 cm ™. These differences in the solid-state
Raman profiles of Co(u)-pTPY and Cu(u)-pTPY are also
observed in the SERS spectra of the metal-TPY-DTC complexes
(see below), and are sufficient to determine the identity of the
analytes of interest. It is worth noting that other spectral
differences can also contribute toward the distinction between
Co(u)-TPY and Cu(u)-TPY: for instance, Cu(u) complexation
produces several weak bands in the fingerprint region between
1064 and 1366 cm ™! that are not present in either the free pTPY
or Co(u)-pTPY Raman spectra.

The TPY ligands were anchored onto colloidal Ag nano-
particles (NPs; d = 30-60 nm; Fig. 1B, inset) using in situ DTC
formation (see the Experimental section). The TPY-DTC func-
tionalized NPs formed stable dispersions in aqueous solutions,
with strong SERS activities at 785 nm. To optimize the sensing
performance of the substrates, we first studied the effects of
molecular crowding at the metal surface on the structural
properties of the self-assembled TPY-DTC receptors. Fig. 3
illustrates the SERS spectra of Ag NPs treated with TPY-DTC
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Fig. 3 SERS spectra of TPY-DTC anchored onto Ag NPs as a function of free
ligand concentration. Different aliquots of TPY solutions were added to Ag
nanoparticles dispersed in ethanol (~6 x 10'° NPs per mL) until the desired final
concentrations were obtained (107> to 10~/ M). An aliquot of TPY-DTC-Ag NPs
was diluted in deionized water before being cast, air-dried, and analyzed by SERS
at 785 nm.
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solutions at concentrations ranging from 10> to 10”7 M, which
is the practical sensitivity limit. As can be observed, higher
adsorbate concentrations result in significant spectral changes,
presumably related to increases in ligand surface densities. In
particular, the narrow ring-breathing mode at 1019 em™" for
TPY-DTC at 107 M was split into a second contribution at 995
em !, and a new feature at 1638 cm ' arises in the spectral
region characteristic of the »(CN) and »(CC) stretching modes.
These results suggest that the structural and electronic prop-
erties of the conjugated w-system in TPY are significantly
influenced by the ligand surface density, due to lateral inter-
actions between molecules at high surface crowding. Such
changes in the conformational distribution of the TPY unit can
affect its ability to coordinate to metal ions. In this regard,
Traulsen et al.®® recently showed that the amount of Pd(u)
captured by a monolayer of TPY ligands on a metal substrate
does not correlate well with the number of host binding sites.
Instead, the metal coordination efficiency improves with a
reduction in TPY density. For this reason, 107 M was selected
as the optimum TPY-DTC concentration for Ag NP functional-
ization. Consequently, the dynamic range for metal ion detec-
tion by SERS was optimized by adjusting the Ag NP
concentration, rather than by varying the density of binding
sites per nanoparticle.

The SERS spectra of TPY-DTC-Ag NPs were then recorded in
the presence of varying amounts of Co(u1) and Cu(u) (selected
spectra in Fig. 4). NP dispersions were combined with aliquots
of CoCl, and CuCl, solutions and gently agitated for three hours
before drop-casting onto a Si wafer for SERS analysis (see
the Experimental section). The coordination of metal ions to
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TPY-DTC ligands produced a general and non-specific red shift
of several vibrational bands associated with in-plane ring
vibrational modes, namely at 1318, 1474 and 1601 cm™". More
importantly, analyte-specific changes were observed in the ring-
breathing spectral region near 1000 cm ™, indicative of TPY
complexation with Co(u) or Cu(u). Concentrations of metal ions
higher than those reported in Fig. 4 did not induce any further
change of the ligand spectral profile.

To determine the utility of TPY-DTC-Ag NPs for ultratrace
SERS detection of Co(u) and Cu(u), analyses were optimized as a
function of NP concentration relative to analyte solutions. At
relatively high metal ion concentrations (ppb levels), the
vibrational peak of the metal-TPY-DTC complex (veom = 1033
em™ " for Co(u), 1040 cm™ " for Cu(m)) increases at the expense of
the uncomplexed TPY vibrational mode (vge. = 1019 cm™ '
Fig. 5A). These changes were correlated quantitatively with
metal ion concentration using ratiometric peak intensities,
I.om/Itree- Spectral peak deconvolution was performed for each
Raman band between 1019 and 1040 cm ™' at fixed FWHM
values with the assumption of Lorentzian lineshapes.** A plot of
I.om/Ifree versus analyte concentration reveals a linear correlation
for both Co(u) and Cu(n) (¥* > 0.97; Fig. 5B-D). The detection
limit is 6.5 ppb for Cu(u), and 60 ppt for Co(u). These values are
at the same level or even lower than those obtained by widely
accepted methods such as ICP (0.3 ppm for Cu) or FAAS
(0.5 ppm for Cu, and 50 ppb for Co), and are competitive with
ICP-MS (0.1 ppb for Cu, and 40 ppt for Co).>”*

It is worth noting that a marked aggregation of TPY-DTC-Ag
NPs was observed upon addition of Co(u), even at low analyte
concentrations. This can be attributed to the supramolecular
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Fig. 4 SERS spectra of TPY-DTC anchored onto Ag NPs at variable concentrations of CoCl, and CuCl,. Ag NPs functionalized with TPY-DTC (10~7 M) were added to
aqueous solutions containing different amounts of Co(i) and Cu(i) and gently stirred for 3 hours; 40 pL of each mixture was then cast, air-dried, and analyzed by SERS.
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Fig. 5 (A) Analyte-sensitive bands in the normalized SERS spectra of TPY-DTC in
the absence of transition-metal ion (green line), in the presence of Co(i) (30 ppb,
pink line), and in the presence of Cu(i) (6.4 ppm, blue line). (B) /com//free as a linear
function of [Cu], with a limit of detection at 6.5 ppb. (Cand D) /com//sree as a linear
function of [Co], with a limit of detection at 60 ppt. The concentration of TPY-
functionalized Ag NPs in sample (D) is ten times lower than in (B) and (C); error
bars equal to two standard deviations (N = 5). (E and F) Near-field intensity maps
(logyo scale normalized to the incident field) for 45 nm Ag NP spheres at 785 nm
excitation: (E) a single Ag NP; (F) a NP dimer with 2 nm gap.

formation of bidentate [Co(TPY),]*" bridges between nano-
particles, as the stability constants for metal-TPY complexes
increase with the degree of coordination (8;(Co-TPY) > 10°%
8,(Co-TPY) > 10'°).**3 This is also consistent with the obser-
vation that the colloidal solutions remain stable at higher Co(r)
concentrations, due to the saturation of the TPY ligands. In
contrast, nanoparticles were not destabilized by Cu(u), regard-
less of concentration. This result was again expected, since
B1(Cu-TPY) ~ B,(Cu-TPY) ~ 10° permitting an exchange
between non-bridging [Cu(TPY)]*" and bridging [Cu(TPY),]*"
complexes.*** The formation of the bidentate [Co(TPY),]**
bridges between nanoparticles generates uniform hot spots
(interparticle separation = 2 nm),** selectively enhancing
signals of the metal-ligand complexes within the interparticle
gap where the highest electromagnetic fields are concentrated.
This accounts for the much higher sensitivity (nearly two orders
of magnitude) of the TPY-based sensor for Co(u) detection as
compared to Cu(u). The effect of localized electromagnetic fields
on SERS signals is illustrated in Fig. 5E and F, where theoretical
simulations of near-field intensity for a single Ag NP and its
homodimer (45 nm spheres, 2 nm gap, A = 785 nm) are
depicted.

The simultaneous detection of Co(u1) and Cu(u) ions by TPY-
DTC-Ag NPs may be useful for monitoring potable water
supplies. Recent drinking water standards recommend
maximum concentrations for Cu(u) and Co(u) of 250 ppm and
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Fig.6 Analyte-sensitive SERS bands from TPY-DTC-Ag NPs, after treatment with
various mixtures of aqueous Co(i) and Cu() (listed in ppb).

20 ppb, respectively.** To demonstrate the ability of our SERS-
based method to detect ultratrace levels of Co(u) in the presence
of high Cu(u) concentration, we designed an experiment using
mixtures of each metal ion in variable amounts. Fig. 6 shows the
SERS readout from the TPY-DTC-Ag NPs in the presence of
Cu(n) and Co(u) at ppb levels. Most notably, SERS peaks corre-
sponding to Co(u) adsorption can be distinguished at 0.6 ppb
Co, and also in the presence of Cu(u) at a tenfold higher
concentration. Similarly, Cu(u) can be detected in the presence
of Co(u), but limited to a fivefold difference in concentration.

Conclusions

In summary, we have engineered Ag nanoparticles into a
quantitative, SERS-based sensor, using DTC-anchored terpyr-
idine ligands with differential Raman spectral shifts in
response to Co(u) and Cu(u). In the case of Co(u), the sensitivity
of the TPY-DTC-coated Ag NPs toward these cations using SERS
was significantly higher than that provided by conventional
analytical methods such as AES and AAS. Further, the charac-
teristic shifts in Raman peaks induced by each cation make it
possible to provide a simultaneous and independent assess-
ment of Co(u) and Cu(u).
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