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Surfaced enhanced Raman scattering (SERS) can discriminate between metal complexes due to the
characteristic “spectral fingerprints” obtained. As a result, SERS has the potential to develop relatively
simple and sensitive methods of detecting and quantifying a range of metal ions in solution. This could be
beneficial for the environmental monitoring of potentially toxic metals (PTMs). Here, salen was used as a
ligand to form complexes of Ni(Il), Cu(II), Mn(II) and Co(II) in solution. The SERS spectra showed
characteristic spectral differences specific to each metal complex, thus allowing the identification of each
of these metal ions. This method allows a number of metal ions to be detected using the same ligand and
an identical preparation procedure. The limit of detection (LOD) was determined for each metal ion, and
it was found that Ni(II), Cu(Il) and Mn(II) could be detected below the WHO’s recommended limits in
drinking water at 1, 2 and 2 pg L', respectively. Co(Il) was found to have an LOD of 20 ug L', however
no limit has been set for this ion by the WHO as the concentration of Co(II) in drinking water is generally
<1-2 ug L. A contaminated water sample was also analysed where Mn(Il) was detected at a level of 800
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detection.!*"13 Recently however, these two techniques have also

Introduction been combined to provide a single sensor for the detection of
. . . . multiple metal ions. For example, Tang et al. have used a
Schiff bases were discovered in 1864 by Hugo Schiff and are wrhodamine B hydrazide  methyl-5-formyl-1H-pyrrole-2-

dem./ed from t.he ?onde.nsatmn between a. carbonyl compound and carboxylate Schiff base that is capable of detecting both Cu(Il) and
a primary amine.! Schiff bases to coordinate to a range of metal Hg(Il) ions, the former colourimetrically and the latter

1ons via the imine nitrogen and at least one other. group, usually fluorescently.'® In the presence of Cu(Il), the colourless Schiff base
linked to the carbonyl compound.? They are versatile and are used changed to pink, accompanied by a new strong absorption band
. . . . . 3 . . 9

in a wide Vz.mety of applications.” For example, aromatllc Schiff ss centred at 556 nm. Hg(II) was the only ion amongst 16 tested that
bases or their metal complexes catalyse a range of reactions and showed a fluorescence enhancement. Choi ef al. have synthesised
their pharmacological properties have also been widely studied, a Schiff base from 8-hydroxyjulolidine-9-carboxyaldehyde and 1-

including their antiviral, antibacterial and antifungal activity.*!° . L . L
. . (3-aminopropyl) imidazole which can colourimetrically detect Fe
As Schiff bases are good chelating agents, they can also be used (I) and Fe(Ill, while also sensing Zn(Il) and AI(IIT)

detect potentially toxic metals (PTM,S)' The hazardous and toxic fluorescently.!” The Schiff base changed from colourless to orange
effects that PTMs have on the environment and human health - . .
upon coordination with Fe(Il), and to purple with Fe(III).

means that monitoring is essential to that the levels present in the Meanwhile, Zn(IT) was the only metal ion (amongst 17 tested) that

environment do not exceed the recommended limits as set out by . S . . . .
. . e increased the emission intensity of the Schiff base in a mixture of
environmental bodies such as the World Health Organisation

(WHO). Methods of PTM quantitation usually use techniques such
as ICP-MS/ICP-AES, which are commonly laboratory-based
instrumentation and can have high implementation and running
costs. As a result, they may not be accessible to all analytical
groups, especially those in developing countries and therefore new,
simpler, low-cost and potentially portable techniques are required.

Methods using UV-vis spectroscopy and fluorescence to detect
metal complexes can potentially overcome these issues. As Schiff
bases tend to be coloured, they can undergo a colour change on
complexing to metal ions enabling detection of the change by UV-
vis spectrometers.'!> 12 Schiff base derivatives have also been
exploited for the recognition of metal ions using fluorescence
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water and acetonitrile. When the solvent was changed to DMF,
Al(IIT) was the only metal ion to enhance the emission signal.
These examples demonstrate the potential of UV-vis and
fluorescence to detect metal ions using Schiff bases.

Although colourimetric and fluorometric methods are useful for
the determination of metal ions, the drawbacks of these techniques
7 include a lack of selectivity/sensitivity and are liable to

interference from other metal ions. However, the main

disadvantage is the limited ability to multiplex due to the broad,
overlapping signals obtained from these methods. This issue can
potentially be overcome by using surface enhanced Raman
75 scattering (SERS) which can give molecularly specific data due to
the sharp signals produced. This enables a range of metal ions to
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be identified in situ in solution from complexes formed with a
single ligand. In addition, the development of methods using SERS
detection which have the potential for environmental monitoring is
timely because of the recent development of handheld detectors
and the lower costs of some of these units.

This has been demonstrated by Kim er. al. who have used
cyanide for the detection of Cr(IIll), Fe(Ill), Fe(Il), Ni(II) and
Mn(Il) in solution.'® The shift in the CN stretch on complexing was
monitored using SERS. In the presence of trivalent ions, this band
blue-shifted by up to 64 cm!, whereas for divalent metal ions, it
was blue-shifted by 26-35 cm!. A low detection limit of 1 fM was
reported making this method potentially useful for the detection of
metal ions in environmental samples. Tsoutsi ez. al. have reported
the use of terpyridine for the simultaneous detection of Cu(II) and
Co(I) at ultratrace levels.'® The terpyridine was attached to silver
nanoparticles and used as a SERS substrate via the dithiocarbamate
unit. Complexation with either Co(II) or Cu(Il) produced changes
in the vibrational SERS spectra of the terpyridine. We have
previously used 2,2’-bipyridyl (bipy) to detect six different metal
ions.?’ Each metal ion uniquely alters the SERS spectrum of the
bipy ligand upon coordination, and these changes can be used to
identify which metal ion is present. It was shown that Zn(II) and
Cu(II) could be detected below the WHO’s recommended limits of
0.22 and 0.6 mg L'}, respectively.?!

In this work, a [O,N,N,O] tetradentate bis-Schiff base ligand
synthesised by reacting salicylaldehyde with 1,2-
diaminoethane. This ligand (salen) was used to coordinate to
Ni(I), Co(II), Cu(Il) and Mn(II), and Figure 1 shows the binding
of metal ions to salen. It was found that the SERS spectra of each
metal-salen complex was significantly different enabling the
unique spectra to be used to identify which metal ion was present.
Detection limits were also calculated and to demonstrate the
potential utility of the approach, a sample of contaminated water
was analysed.

was

Figure 1: Diagram representing the coordination of metal ions
to salen

Experimental
Chemicals

All reagents were purchased from Sigma-Aldrich and used as
received. Freshwater samples were obtained from Loch Thom,

s Greenock, UK and contaminated water from Gourock burn, UK.

Nanoparticle Synthesis

Silver citrate nanoparticles were prepared by following a modified
version of the Lee and Meisel method.?? Briefly, 90 mg of silver
nitrate was added to 500 mL water and heated to boiling under
vigorous stirring. A 1% aqueous solution of sodium citrate was
added (10 mL) and heating was continued for a further 20 min. The
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solution was then left to cool to room temperature. In order to
assess the quality of the colloid produced, a UV-vis spectrum of

ss the colloid was obtained. Ideally, colloid made in this way should

have a Amax of approximately 400 nm and a full width at half
maximum (FWHM) of less than 100 nm in order to be as close to
monodispersity as possible. The colloid used throughout this work
had a Amax 0f 401 nm and a FWHM of around 90 nm.

Sample Preparation

A 5 mM stock solution of salen (Ci6Hi6N202) was prepared by
dissolving 6.7 mg in 5 mL of acetone, which was subsequently
diluted to 100 pM. Metal salt solutions were prepared by
dissolving the appropriate amount in distilled water to give the
desired concentration.

25 pL of each metal ion solution was added to 25 pL salen (100
uM), which was then left overnight to allow complexation. The
complexes can be left for a shorter period of time however, they
were left overnight to ensure complete coordination of the metal
ions to the ligand. AgNPs (200 pL) were then added to the salen-
metal complexes and aggregation was induced by the addition of
10 uL 0.1 M MgBr salt. Three replicates of each standard was
prepared and analysed using SERS.

Freshwater obtained from Loch Thom was spiked with varying
concentrations of metal ions and analysed using SERS within a
couple of days of collection. Environmental samples, such as the
freshwater collected for this work, is usually preserved in 2% nitric
acid in order to keep the metal ions in solution. However, as this
induces aggregation when added to the AgNPs, the samples had to
be analysed as soon as possible. An aliquot for ICP-MS analysis
was however preserved in nitric acid. Contaminated water from
Gourock burn was not spiked and analysed as collected.

s Instrumentation

Rapid SERS analysis was conducted using an Avalon
Instruments Ltd. RamanStation compact benchtop spectrometer
(PerkinElmer, Waltham, MA). The system uses a 532 nm diode
laser with a laser power of 100 mW. All measurements were
carried out using a 10 s exposure time and a resolution of 0.5 cm’!
in the range 250-2000 cm’!. The instrument is fitted with a
motorised x-y-z sample stage which accepts 96-well microtitre
plates and the instrument’s software was used to automatically
drive the stage to each well in turn. The instrument was calibrated
using an ethanol standard to ensure optimum distance between the
sample and the laser aperture.

When analysing environmental samples, a portable Snowy SnRI
instrument was used, which has a 532 nm diode laser with a power
of 50 mW (SnRI, Wyoming, USA). All measurements were
obtained using a sample volume of 500 pL and a 10 s exposure
time.

ICP-MS analysis of the freshwater samples was conducted on
an Agilent 7700 instrument (Agilent Technologies, Santa Clara,
USA).

Results & Discussion

Concentration Study
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In order to determine a suitable concentration of salen required to
give optimal results, a study was conducted by comparing the
SERS spectra of different concentrations of salen with no metal
ions present, to those obtained when 1 pM Ni (I) was added. The
SERS spectra from the uncomplexed salen gives a weak SERS
response from the ligand however, upon addition of Ni(II), strong
SERS signals are produced. This is shown in the SI which
compares the SERS response of the free ligand to that of the Ni-
salen complex. The results from adding 1 uM Ni(Il) to varying
concentrations of salen are shown in Figure 2. It can be seen that
the SERS signal increases in intensity as the concentration is
increased up to 10 uM salen, at which point the intensity of the
signals start to decrease. Above 10 pM, the higher concentrations
of salen ligands present at the surface of the nanoparticles can
cause over-aggregation of the colloid, or provide multilayer effects
which will reduce the effective signal, while below 10 puM, there
are too few ligand molecules on the surface which will also reduce
the signal. As a result, a concentration of 10 uM salen was used
throughout this study as this concentration gave the strongest
SERS signals.
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Figure 2: SERS spectra from different salen concentrations after
addition of 1 uM Ni(I). Top left: S0uM; top right: 25 pM;
bottom left: 10 pM; bottom right: 5 pM (Aex = 532 nm; acc. time
=105s)

Salen Complexes with Ni(II), Co(II), Cu(Il) and Mn(II)

To obtain the SERS spectra of the salen complexes, a 2.5 pM
solution of each metal salt was added to a solution of salen,
followed by addition of AgNPs and aggregation with salt. The
spectra acquired are compared in Figure 3, with the frequencies
and assignments of the peaks listed in Table 1
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Figure 3: Comparison of the baseline corrected SERS spectra of
the salen complexes studied, using 2.5 uM solutions of each
metal ion. Salen, blue; Ni(II), red; Cu(Il), green; Co(Il), purple;
Mn(II), orange (Aex = 532 nm; acc. time = 10 s)

65
Table 1: Frequencies and tentative assignments of the bands
observed in the SERS spectra of the salen complexes®

Ni(l1) Co(ll) | Cu(ll) Mn(ll) | Assignment
1627. 1628 1641. 1621. C=N/C=C
5(s) (s) 5(s) 5(s)
1600. | 1597 1597 1597
Frequenc | 5(sh) | (s) (w) (s)
y (cm™) 1541 | 1531 | 1538 | 1538 | Aromatic
(m) (m) (m) (s) ring stretch
1467 1463.
(m) 5(m)
1449 1445. 1448. 1441.
(m) 5(s) 5(m) | 5(s)
1387. 1394. N-CH; -
5 (w) 5 (w) symmetric
deformatio
n vibration
1335. 1346. 1331. 1332 CH
5(m) | 5(s) 5(m) (s) deformatio
n of alkyl
groups
1298
(w)
1237. 1222. 1237. 1226. CH;
5(w) 5(m) 5(w) 5(m) | wagging
vibration
1207. 1195. 1207 CH,
5(w) 5 (w) (m) twisting
vibration
1149 1149 1149 1149 C-C
(w) (w) (w) (m) stretching
1129. 1125.
5 (w) 5 (w)
1086. 1082. 1082. 1082. C-C
5 (w) 5 (w) 5 (w) 5 (w) stretching
1058. Aromatic C-

This journal is © The Royal Society of Chemistry [year]
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The spectra of the salen complexes demonstrate that coordination
to different metal ions results in clear and distinct changes between
each metal complex. Upon coordination to the various metal ions,
changes in intensity and frequency of a number of bands can be
observed, which are likely to be dependent on the nature of the
coordinating metal ion, e.g. size, mass, coordination bond
strength.?? One of the main changes between each of the complexes
involves the two bands around 1600 cm, which are attributed
mainly to the C=N stretch of Schiff bases.?? For Ni(Il), a strong
band is observed at 1627 cm™', with a shoulder at 1600 cm™.
However, for Cu(Il), this band shifts to 1641 cm™!, with a weak
band at 1597 ecm!. For Co(Il) and Mn(Il), these bands also vary
significantly, with two strong bands at 1628 and 1597 cm' for
Co(Il), and 1621 and 1597 c¢cm™' for Mn(II). These changes are
likely due to the binding of the different metal ions to the nitrogen
atoms of the ligand, causing the frequency of these bands to
change. The strong differences in these peaks allow them to be
used as marker bands for the identification and quantitation of the
four metal ions.

Numerous bands can be used to discriminate between the
different complexes. For example, the frequencies of other
stretches with a significant aromatic contribution also differ,
improving the certainty with which the metal ions can be
identified. For Ni(II), Cu(II) and Mn(II), an aromatic stretch occurs
~ 1538 cm-1, however, a relatively large shift of around 7 cm!
occurs for Co(II) and this can be used as a significant marker band
for the presence of this metal ion. For the second aromatic stretch,
each of the metal ions have a different frequency; 1449, 1467, 1445
30 and 1463 cm-1 for Ni(II), Cu(Il), Co(IT) and Mn(II), respectively.

5 (w) H in-plane These changes in the aromatic stretches are likely due to the metal
deformatio ions binding to the functional groups attached to the ring (the O
n and N atoms), resulting in changes to the electron density, and
1030. | 1030. | 1034. | 1026. | Ring hence, polarisability of the ring groups.
5 (w) 5(m) 5(m) 5(m) breathing
978 Principal Component Analysis (PCA)
w
896 ;92 Although the metal ions can be clearly distinguished by examining
(w) (w) the SERS spectra, principal component analysis (PCA) was used
850.5 to extract the data and statistically highlight the differences
(w) between the samples. PCA was carried out on 18 samples of each
300 7955 | 7875 | 795.5 | Aromatic C- metal ion (three replicates of six different concentrations: 2.5, 2,
(m) (m) (m) (m) H outof- 1.5,0.75, 0.5 and 0.25 uM). The scores plot for the four metal ions
plane is shown in Figure 4.
deformatio
n r S
7745 Y e ol ——
(W) - \\\n:'. ///) ( o Wt /)
7405 7405 | —
(w) (w) g
663 | 662 gt —
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601 597 605.5 vibration \,\\ ‘/7/’ :\'__‘ -
W) | (w) | (w) : D : : :
583.5 N Figure 4: PCA scores plot of the different salen-metal ion
(w) complexes. Ni(Il), blue; Cu(Il), red; Co(II), green; Mn(II), purple

Each metal ion forms well-separated clusters, emphasising that
each complex has different spectroscopic features that allow them
to be unambiguously identified. It also shows little variation
between the different concentrations of the same metal ion,
demonstrating the reproducibility of the spectra from the same
complex when the concentration of the metal ion is varied.

Limit of Detection (LOD) Studies

In order to determine if this method could be used to detect
hazardous levels of these metal ions, LODs were calculated from
the concentration dependent graphs shown in Figure 5.
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Figure 5: LOD graphs for each salen-metal complex. Top left:
Ni(II) (Iie27 vs conc.); top right: Cu(Il) (Iie3s vs conc.); bottom
left: Co(I1) (I1s97 vs conc.); bottom right: Mn(II) (11332 vs conc.).
Error bars represent the standard deviation between the three
replicates. (Aex = 532 nm; acc. time = 10 s)

The graphs were constructed by taking the most intense and unique
peak for each metal ion and plotting its intensity against
concentration. The LODs, calculated by multiplying the standard
deviation of the blank sample by 3 and dividing this by the gradient

10 of the line, are listed in Table 2 along with the recommended limits
in drinking water as defined by the WHO.?! From Table 2, it is
evident that Ni(II), Cu(Il) and Mn(II) can be detected below the
WHO’s recommended limits at concentrations of 0.001, 0.002 and
0.002 mg L, respectively. Co(II) does not have a recommended

15 limit as it is rarely detected in drinking water, with concentrations
usually ranging from 0.1 — 5 pg L, however Co(Il) still poses a
threat to the environment via other media such as soil.?*

Table 2: Comparison of the detection limits obtained using
20 distilled water and freshwater. The recommended WHO limits in
drinking water are also listed

Metal Ion Detection Detection WHO
Limit Limit (real Guideline (
(d.H20) ( freshwater) ( mg L)
mg L) mg L)
Co(II) 0.02 +0.01 0.12+0.5 -
Cu(Il) 0.002 + 0.02 048+1.8 2
Mn(11) 0.002 +0.03 0.63 +1.8 0.5
Ni(II) 0.001 + 0.73£2.7 0.02
0.009

Real Freshwater Samples

These results demonstrate the ability of this method to detect four

s metal ions using SERS. However these tests were done using
distilled water whereas the composition of environmental samples
are more complex, and may contain matrix species that interfere
with the detection of the metal ions. Therefore, freshwater was
collected from Loch Thom, Greenock in order to test this method

30 with real environmental samples.

Firstly, the composition of the freshwater was obtained using
ICP-MS analysis, where the concentration of Ni(II), Cu(II), Co(II)
and Mn(Il) present was 0.9+0.001, 3.7+1.6, 0.1+£0.01 and
17.3+0.08 ug L, respectively (n=3). The freshwater after addition

35 of salen, was then analysed using SERS. However, a large signal
was observed which is believed to be from organic material, as the
spectrum did not match those from the metal ions of interest, and
the concentrations of metal ions in the water sample were not
sufficient to cause such a strong signal.

s As Ni(IT), Cu(Il), Co(I1l) and Mn(II) were not present in the
sample at high levels, the freshwater was spiked with varying
concentrations of these ions and the SERS spectra acquired.
However at lower metal ion concentrations, the SERS spectrum of
the interferent dominated, masking features that are specific to

45 each metal ion of interest. The freshwater standard also produced
a strong SERS signal and therefore, concentration relationships
were plotted as shown in Figure 6. Observable detection limits

were subsequently obtained (stated in Table 2) by using the lowest
metal ion concentration that clearly produced the characteristic

so SERS spectrum that is associated with each metal-salen complex.
Below this concentration, the SERS spectrum of the interferent
dominated and therefore Ni(II), Cu(Il), Mn(II) or Co(II) could not
be confidently identified. Due to this interferent, the detection
limits for the real freshwater samples were higher than those of the

ss distilled water, as can be seen in Table 2. Although the detection
limits are higher, this method was able to prove that the metal ions
were not present in the freshwater at levels likely to have a negative
impact on human or environmental health.
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Figure 6: Concentration dependence of each salen-metal complex
in real freshwater. Top left: Ni(II) (L1627 vs. conc.); top right:
Cu(II) (T1638 vs. conc.); bottom left: Co(II) (L1597 vs. conc.);
bottom right: Mn(II) (I1332 vs. conc.). Error bars represent the
standard deviation between three replicates. (Aex = 532 nm, acc.
time = 10 s)

75
Contaminated Water

After testing the SERS sensor with natural freshwater,
contaminated water was obtained from Gourock burn which is
known to have leachate issues due to a nearby landfill site. The
s0 SERS spectrum obtained from this water sample was almost
identical to that of the Mn(II)-salen complex in distilled water, and
these are compared in Figure 7. The slight differences around 1450
cm’! and 1275 cm™! are attributed to the different sample matrices.
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Figure 7: Comparison of Mn(II)-salen SERS
spectrum from contaminated water (top) to the
Mn(II)-salen SERS spectrum in distilled water

(bottom). (Aex = 532 nm, acc. time = 10 s)

In order to confirm that Mn(II) was present in the water sample,
ICP-MS analysis was conducted and this showed that Mn(II) was
indeed present at a concentration of 833+37 pg L' (n=3) (the
concentrations of Ni(Il), Co(Il) and Cu(Il) were 1.7+0,04,
0.6+0.02 and 1.9£0.07 pg L', respectively). The SERS analysis
indicated that a Mn(Il) concentration of approximately 700 pg L!
was present, as the intensity of the 1332 cm! stretch (i.e. the band
used to plot the concentration relationships in Figure 6) occurred
at ~7000 counts, as shown in the SI which displays the SERS
spectrum obtained from the contaminated freshwater sample. This
is reasonably similar to the results of the ICP-MS analysis
indicating that this method is capable of detecting high levels of
metal ions in contaminated water samples.

Conclusions

It has been demonstrated that a nanoparticle-based sensor has been
developed, capable of detecting Ni(II), Cu(Il), Co(II) and Mn(II)
using SERS. The coordination of each of these metal ions to salen
visibly changes the SERS spectrum of this ligand, and the changes
produced are specific to each ion. As a result, this allows clear
discrimination between each of the analytes. LOD experiments
demonstrated that Ni(II), Cu(Il) and Mn(Il) could be detected
below the recommended WHO level in drinking water. However
these LODs were obtained using distilled water and therefore, the
method was tested using real environmental samples; one
freshwater sample with low concentrations of the metal ions of
interest, and one contaminated water sample with a high
concentration of Mn(II). The uncontaminated water contained an
interferent, believed to be organic material, which affected the
detection at low concentrations. Nonetheless, it still proved that the
metal ions were not present at levels that could be deemed harmful
to the environment. The SERS spectrum obtained from the
contaminated water showed the presence of Mn(Il) and ICP-MS
confirmed that this ion was present at a concentration of 833 pg L
1. Therefore, it has been shown that this SERS method for detecting
metal ions can be used for the sampling of real environmental
samples. ICP-MS is clearly a superior method as it can detect >50
elements at ng/L levels within a couple of minutes.>> However, the
SERS method described is a much cheaper and simpler alternative
that can detect the metal ions of interest at ug/L levels and using
an analysis time of 5s.

Compared to our previous work using 2,2"-bipyridyl, although a
smaller range of metal ions were studied, the sensitivity is
improved using salen. The method has also been tested with real
environmental water samples and was able to detect the presence
of Mn(Il) in a contaminated water sample. In regards to similar
published work, the detection limits for this research are generally
higher, e.g. the cyanide system described by Kim e? al. quote LODs
at the fM level while Tsoutsi et al. can detect Cu(Il) and Co(II) at
levels of 6.5 pg L' and 60 ng L', respectively.'® 1 Nevertheless,
the detection limits using salen fall below the recommended WHO
levels in drinking water and we have also tested our method with
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natural environmental freshwater in order to ensure that it can be
applied to more realistic water samples. Our method also exhibits
distinct changes throughout the spectral range which confers
greater confidence in the discrimination of the different metal ions.
As aresult, we have demonstrated the potential of SERS to be used
as a low-cost environmental monitoring technique for metal ions.
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Figure S 1: Comparison of the SERS spectrum of the free salen ligand (black) to that of the Ni(Il)-salen
complex (red) (Aex =532 nm; acc. time = 105s)
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Figure S 2: SERS spectrum obtained from the contaminated freshwater (Aex = 532 nm; acc. time = 10s)



