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Abstract: Extraction of silver into water occurs from its appar-
ently inert metal surface by the simple carbohydrate glucose.
Here we show that there are large synergistic effects in the
extraction process, which results in ca. 45 times larger leaching
with specific molecules, when used along with glucose. While
glucose (1 g) alone can extract ca. 650 ppb of silver from the
metal, 60 mg of it extracts ca. 30000 ppb in a combination
with 200 mg of glutathione (GSH) under similar experimental
conditions of 70 °C and an extraction time of 7 d, in deionized
(DI) water (200 mL). This enhancement is similar when glucose
is replaced with cyclodextrin (CD). This enhanced concentration
of silver in solution enables the formation of the silver clusters
protected with glutathione and cyclodextrin, Ag,o(SG);5CD3", in
the presence of a reducing agent. A similar extraction for cop-
\per leads to excessive leaching, and typical concentrations are

even higher than the solubility limit of the copper—glutathione
complex. As a result, these complexes are precipitated. This syn-
ergistic extraction is observed for zinc and stainless steel as
well. Enhanced extraction is a result of the formation of com-
plexes of metals with glutathione and the consequent leaching
of the complex into solution as well as the stabilization of the
complex by inclusion complexation with cyclodextrin. En-
hanced leaching in the presence of glucose is mostly due to
simultaneous complexation with glucose as well as glutathione.
The science presented may be used for the green extraction of
different metals and could be a new potential top-down ap-
proach for metal cluster synthesis. This may also be useful for
green and sustained leaching of minerals into water to regulate
its quality.

/

Introduction

Ultra-small noble-metal nanoparticles like gold, silver, platinum
and copper are extensively used in modern industries due to
their unique properties like chemical inertness, catalysis, electri-
cal and thermal conductivity and biocompatibility. Precious no-
ble metals are known to be extremely inert towards chemical
leaching. All the known noble-metal extraction processes used
in industries are environmentally not friendly as highly toxic
chemicals such as cyanide are used and are often discarded
directly contributing to the pollution of water and soil. It is
necessary to have a green and efficient method to extract noble
metals. On the other hand, such metal ions in solution are gen-
erally used to make nanoparticles with environmentally friendly
reducing agents such as citric acid.''! The new interest in this
class of materials is in atomically precise clusters,’? which can
be obtained by tuning various synthetic parameters and appro-
priate protecting agents. Most of the solution-based cluster-
synthesis methods involve bottom-up approaches following the
modified Brust synthesis protocol.’®! Direct synthesis of such
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nanomaterials from the metallic state requires strong inter-
action of the metal with specific molecules, resulting in the
extraction of the metal in solution. This is often done with ions
such as cyanide, which form strong complexes with noble
metals. Biomolecules such as proteins, lipids and carbohydrates
are known to form weak non-covalent complexes with several
metals."}  Square-planar tetrahaloaurate anions ([AuX,],
X = Cl/Br) form inclusion complexes with o-, B-, and y-CDs.”! A
strong affinity of the functional groups such as -OH, -NH,,
-COOH, -SH, etc., towards metals including gold and silver
attracted researchers to create novel nano-biocomposites in-
volving such functionalities.**®! However, such interactions are
rarely used for the extraction from the bulk metal in industry
due to poor efficiency. There are a few reports where metals
are first extracted into the biological system as ions/complexes
and small nanoparticles are synthesized in vivo, mostly within
the bacterial cells, which follows the biomineralization path-
way.”! Electrochemical dissolution of the noble metals is an
important method for extracting, refining and processing this
metal to its compounds.®®! Baksi et al. have recently reported
the extraction of silver into solution from the bulk metal by
carbohydrates, mainly glucose.”! By modifying certain experi-
mental conditions they could grow plasmonic nanoparticles
with the extracted ionic silver. This observation opened up a
new possibility of creating new materials directly from the
metallic state using suitable ligands that show a relatively
stronger affinity to a specific metal.
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In this paper, we show large synergistic effects in the green
extraction process of glucose, which results in the enhance-
ment of leaching by about 45 times with specific molecules.
About 30 ppm of silver can be extracted by glucose (60 mg)
and glutathione (200 mg) after 7 d of incubation in DI water
(200 mL). We show a direct approach to synthesize silver clus-
ters from metallic silver by dissolution of the metal in solution
in the presence of carbohydrates and glutathione and subse-
quent reduction by sodium borohydride. Under these condi-
tions we created a new cluster, Ag,(SG),5CD3~ [CD: y-cyclo-
dextrin; SG: glutathione thiolate (GSH-H)]. Cluster formation is
dependent on the amount of silver leached into the aqueous
medium, which in turn depends on the nature of the carbo-
hydrate used as well as the complexing agent. Highly polished
silver foil as a silver source, glucose and (3- and y-cyclodextrin
as the carbohydrate sources, and glutathione and mercapto-
benzoic acid as complexing agents were used in this study. A
detailed time- and quantity-dependent study was performed,
and the product was continuously monitored by several spec-
troscopic and mass spectrometric techniques. The surface of
the silver foil was studied in detail by different microscopic and
spectroscopic techniques. The roughened silver foil surface acts
as an effective substrate for surface enhanced Raman spectro-
scopy (SERS).

Results and Discussion

For the first set of experiments, the reactions were carried out
for 7 d by immersing 3 g of silver foil (6 cm x 6 cm) in a solution
containing glucose (60 mg) and GSH (200 mg), in DI water
(200 mL), at 70 °C, in a teflon beaker. Under these specific con-
ditions, a maximum of 30 ppm of silver was found in the solu-
tion (Table 1) after 7 d. In comparison, 1 g of glucose alone can
extract only 656 ppb of silver into solution under the above-
mentioned conditions (Table 1). An enhancement of 45 times
in the process of extraction was found. The large synergistic
effects could be explained by ITC measurements. The free en-
ergy (AG) of the reaction of the AgNOs; vs. GSH/glucose mixture
was more negative compared to the reaction with glucose
alone. The rate constant was found to be 1.14 x 10° m~" for the
mixed system, whereas for glucose only, it was 304 m~' (Fig-
ures S1 and S2). Peptides containing cysteine residues are
known to show a strong interaction towards noble metals.
Glutathione is known to form complexes with silver and gold
and also act as ligands in their clusters.>'® y-CD is also a carbo-
hydrate like glucose. When glucose was replaced by y-CD keep-
ing all the other parameters the same, maximum silver leaching
was 26.4 ppm (Table 1) with the combination of 60 mg of -
CD and 200 mg of GSH, whereas for 1 g of y-CD only 120 ppb
of silver was detected (see Table 1). Under these conditions,
extracted silver forms a stable complex with GSH as well as with
glucose/y-CD. The Ag complexes formed in this process were
characterized using ESI MS (Electrospray lonization Mass Spec-
trometry). The ESI mass spectra were recorded as a function of
time, typically on a daily basis [Figures S3(C) and S3(D)]. Differ-
ent silver complexes were observed [Figure 1(A)] in the pres-
ence of glucose and glutathione as Ag,G(SG)Na*™ (m/z = 723),
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Ag,G(SG),Na* (m/z = 922), Ag,G(SG),Na* (m/z = 1029),
Ag,G,(SG),Na* (m/z = 1102), Ag,G(SG),* (m/z = 1220),

Ag4G,(SG),* (m/z = 1404), etc, as shown in Figure 1(A) and
Figure S3(D), where G and SG refer to glucose and glutathione
thiolate (GSH-H), respectively. When y-CD was used in place of
glucose, silver—glutathione-y-CD complexes were found [Fig-
ure 1(B)].

Table 1. Silver extraction by glucose, glucose + GSH, y-cyclodextrin and vy-
cyclodextrin + GSH, as a function of time.

Time Glucose Glucose + GSH y-CD v-CD + GSH
lppb] [ppb] [ppb] [ppb]
Day 1 190 10644 42 10374
Day 2 209 15550 47 11219
Day 3 356 17156 75 12374
Day 4 398 18358 97 14383
Day 5 502 19621 99 18167
Day 6 578 23740 106 23557
Day 7 656 30019 120 26415
+
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Figure 1. (A) ESI MS data for glucose/GSH mixture exposed to Ag foil. In the
positive mode, ions such as Ag,G(SG)Na™ (m/z = 723), Ag,G(SG),Na* (m/z =
922), Ag,G(SG),Na* (m/z = 1029), Ag,G»(SG),Na* (m/z = 1102), AdsG(SG),*
(m/z = 1220), Ag4G»(SG),* (m/z = 1404) were found. (B) ESI MS data from the
v-CD/GSH reaction mixture exposed to Ag foil.

The subsequent studies were carried out with cyclodextrin
and glucose for the extraction of different metals. About 70 mg

of y-CD was added to silver, copper, brass and stainless steel
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vessels in DI water (70 mL). The reaction temperature was kept
at 65 °C, while stirring for 7 d. After 7 d, all the solutions from
these four vessels were analyzed by ICP MS (Inductively Cou-
pled Plasma Mass Spectrometry) to evaluate the concentration
of the different metals in the different vessels (Table 2).

Table 2. Concentration of possible metals from different vessels analyzed by
ICP MS. All the experiments were carried out with 70 mg of y-cyclodextrin
in 70 mL of DI water at 65 °C for 7 d, and the final concentrations of different
metals are listed in the table.

Metal Steel vessel Copper vessel Brass vessel Silver vessel
[ppb] [ppb] [ppb] [ppb]
Ni 9 226 84 307
Cu 157 188300 9300 2840
Ag 1 4 2 545
Al 120 0 22 43
Mn 294 4 7 8
Fe 602 53 0 13
Zn 39 3000 50000 148
Cr 24 0 0 1
Co 1 623 2 43
\Y% 0 0 0 0
Ti 0 0 1 2
Mo 0 0 2 0

To compare the ease of reactivity towards different metals,
all the experimental conditions were kept the same. Uniform
vessels of 100 mL were chosen for the experiments and were
procured from the local market. The individual vessels con-
tained > 91 % of the specified metal. All possible metal concen-
trations were analyzed by ICP MS and are listed in Table 2. Al-
though there are variations in composition, there is still a clear
preference of y-cyclodextrin towards copper and zinc over silver
and iron. The brass vessel is composed of 60.66 % copper,
36.58 % zinc with small amounts of iron and tin. Extracted cop-
per and zinc do not follow their original ratio as the zinc con-
centration is far higher than the copper one confirming the
preference for zinc over copper when both are present in ade-
quate amounts. Similarly, the silver vessel used in our study
contained about 1.5 % Cu (w/w), but the copper concentration
in the solution is higher than that of Ag, which again confirms
preferential extraction of Cu in the presence of Ag. The reason
could be the solubility of the individual complex in water and
the tendency of the metal ion to form inclusion complexes with
y-cyclodextrin. Similar types of reactions were performed with
glucose (70 mg of glucose in 70 mL of DI water) instead of v-
CD (Table S1), which also follows a similar trend. This indicates
that the initial solubility of the ion/complex in the solution
plays a major role in the extraction. As more and more metal
ions interact with glucose or cyclodextrin, more extraction is
observed in the solution.

Figure 2(A) shows a schematic of two stages of the reaction
on the metal surface where activated metal ions are extracted,
which formed effective complexes with cyclodextrin.'l ESI MS
was performed to identify the molecular-level interactions at
each concentration. Species such as (y-CD + Ag)*, (y-CD + Zn
+ y-CD)?** and (y-CD + Cu + y-CD)** were detected by ESI MS
in the positive ion mode from silver, brass and copper vessels,
respectively [see Figure 2(B), (C) and (D) (i)]. For the above spe-
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cies, the calculated spectra matched the experimental ones [see
Figure 2(B), (C) and (D) (ii)]l. The extended species appear to
be Ag*, Zn?" and Cu?*, which are complexed with the neutral
molecular species. For the subsequent studies, we have focused
mostly on silver and copper. The silver vessel was replaced by
silver foil to better understand the surface using direct analysis
techniques. Several control experiments were carried out with
varying amounts of glutathione without altering the amount of
v-CD and other parameters in the solution to check the de-
pendence of GSH amounts on silver extraction and cluster for-
mation. The concentration of silver was monitored as a function
of time (days) using ICP MS. Four sets of reactions were
planned, they were: (i) 60 mg of y-CD and 50 mg of GSH,
(if) 60 mg of y-CD and 100 mg of GSH, (iii) 60 mg of y-CD and
150 mg of GSH and (iv) 60 mg of y-CD and 200 mg of GSH
(from a 1:4 to 1:16 molar ratio for y-CD/GSH). High amounts of
silver were extracted by these processes. In the case of (i) and
(ii), 9.30 and 15.77 ppm of silver, respectively, were observed in
the solution after 5 d [Figure S4(A) and (B)]. In the case of (iii)
and (iv), 16.98 and 18.16 ppm of Ag were extracted after 5 d
[Figure S4(C) and (D)]. Upon increasing the amounts of GSH,
the silver concentration increases in the solution. After 2 d of
continuous heating, the colour of the solution turned from col-
ourless to light yellow. This is mainly because of the complexa-
tion of incoming silver ion with glucose/y-CD and GSH in the
solution to form mixed silver thiolate (and individual com-
plexes), which has a pale yellow colour. The colour deepens
with time as the concentration of silver increases in the solu-
tion. After 5 d, the colour and texture of the silver foil had
changed visibly. Plausibly, excess glutathione was adsorbed on
the metal foil. For the cluster synthesis, we proceeded with
60 mg of y-CD and 200 mg of GSH as more amounts of silver
were etched by this method. These solutions were used as pre-
cursors for cluster formation. About 400 pL of ice-cold NaBH,
(1 m) solution was added to the extracted silver solution (3 mL)
to reduce the thiolates formed. The colour change was not
prominent when the silver concentration was not high enough
(ca. 10 ppm). With a slightly higher silver concentration (ca.
12 ppm), a brownish colour was observed, which was not sta-
ble. The colour disappeared immediately on shaking but re-
appeared after a few minutes. This suggested the formation of
metastable intermediates. It was reversible and was seen many
times. At a higher silver concentration (14 ppm and higher), a
persistent brown cluster was found, which was stable for 2 h.
UV/Vis spectra were recorded for all the solutions. The spectra
revealed thiolate/nanoparticle/cluster formation [Figure S5(A)].
For 50 mg of GSH and 60 mg of y-CD solution, thiolate was
detected with its characteristic peak at 370 nm. It was compara-
ble to the previously reported peaks of thiolates.'? A peak at
414 nm from the plasmonic nanoparticles was observed when
100 mg of GSH was used. With higher amounts of GSH (150
and 200 mg), a peak at 457 nm was seen that intensified with
time as the silver concentration increased [Figure S5(D)]. A simi-
lar absorption peak was seen previously for glutathione-pro-
tected silver clusters.'%'3] Note that with increasing amounts
of the protecting agent, the core size of the particles decreases.
A parallel reaction was performed with glucose (60 mg) instead

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (A) Schematic representation of the silver extraction by a y-CD solution. The interaction of y-CD with the metal surface is shown. (B) (i), (C) (i) and
(D) (i) are the ESI mass spectra of the solutions from the silver, brass and copper vessels, respectively. (B) (ii), (C) (ii) and (D) (ii) are the theoretical and

experimental mass spectra of the inclusion complexes, (v-CD + Ag)*,
are the schematic representations of the (y-CD + Ag)*,

of y-CD where the absorption maximum was found to be
453 nm [Figure S5(C)].

Mass Spectrometric Understanding

The as-synthesized cluster was characterized by ESI MS. A 1:1
MeOH/H,0 (v/v) mixture was used as the solvent without fur-
ther purification. A negative ion ESI MS is shown in Figure 3(B)
where two distinct envelopes were observed in the mass range
of m/z = 1750-2000 and 2680-2710 with a distinct separation
between the neighbouring peaks. Optimized conditions are
given in the Experimental Section. The effect of each and every
parameter on the mass spectrum was thoroughly examined
such as flow rate, capillary voltage and capillary temperature.
The peak between m/z = 2680 and 2710 is a triply charged
species, and the peak between m/z = 1750 and 2000 is a quad-
ruply charged species. We have assigned the cluster as
Ag50(SG)15CD3" [Figure 3(B)]. The theoretical mass spectrum of
the cluster with a 3- charge state is shown in Figure 3(B) (ii)
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(y-CD + Zn + y-CD)?** and (y-CD + Cu + y-CD)?*, respectively. (B) (iii), (C) (iii) and (D) (iii)
, (y-CD + Zn + y-CD)?* and (y-CD + Cu + y-CD)?* structures, respectively.

and matches well with the experimentally observed one. Multi-
ple Na attachments are possible with GSH due to the presence
of two —COOH groups in it. Such attachments were observed
in Ag clusters before.l'2'3! There is a report that CD stabilizes
ligand-protected noble-metal clusters.' In our case, CD stabi-
lizes the silver clusters in addition to enhancing extraction, as
it forms an inclusion complex with GSH. In the ESI mass spectra
other peaks like CD~, CD,~, (CD + SG)~ and (CD + E)~ were ob-
served in the negative ion mode.

Electron Microscopy and Spectroscopic Studies

The surface of the silver foil is modified upon extraction of silver
in solution as seen in the previous study. The reacted silver foil
was further investigated by SEM/EDS where the presence of Ag
and S was confirmed [Figure S6(A)]. Elemental mapping of the
same showed a uniform distribution of Ag and S on the surface
suggesting strong adsorption of GSH on the silver surface. Note
that the silver foil was washed repeatedly after the experiment

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (A) Time-dependent UV/Vis absorption spectra of the cluster in the
presence of y-CD and GSH showing increased absorption at 457 nm with
time. For plasmonic silver nanoparticles, the shape and peak maxima are
different. (A) (i) Photograph of the cluster solution. (B) ESI MS of the clusters
in the negative ion mode showing 3- and 4- species along with other peaks.
Theoretical mass spectrum of the cluster of a specific charge state, which
matches well with the experimentally observed one as shown in (B) (ii). Note
that the isotope distribution is wide, as this is a metal cluster. (B) (iii) is a
schematic representation of the cluster. Only one ligand is shown, which
forms an inclusion complex with CD.

with water to get rid of excess ligands sticking to the surface.
The presence of these species was further proved by Raman
spectroscopy where characteristic peaks of both y-CD and GSH
were observed from the silver foil [Figure S6(B)]. In the case of
pure glutathione, peaks at 2942, 2520 and 482 cm™' correspond
to the C-H symmetric, S-H symmetric and C-C symmetric
stretching modes, respectively. A shift of a few cm™ was ob-
served for the C-H and S-H symmetric stretching modes of
GSH as it adsorbed onto the silver surface.['”!

To check the dependence of the phenomenon of extraction
on the complexing ligand, another water-soluble ligand, MBA,
was used in this study instead of GSH. MBA was used before
for synthesizing Au and Ag clusters, among which Au;g;-
(p-MBA),44 and Agas(p-MBA)3, are the most celebrated exam-
ples.2™1¢! Different control experiments were performed by
varying the amounts of MBA and keeping all other conditions
the same, such as (i) 50 mg of $-CD and 50 mg of MBA,
(i) 50 mg of B-CD and 75 mg of MBA, (iii) 50 mg of y-CD and
50 mg of MBA, (iv) 50 mg of y-CD and 75 mg of MBA and
(v) 60 mg of MBA alone; all in 200 mL of DI water. Clusters were
synthesized according to the same procedure as that discussed
in the case of GSH. For both [3-CD and y-CD, absorption features
of the synthesized clusters were the same except for the slight
redshift (8 nm) in the case of y-CD as shown in Figures S7(A)
and (B). In the presence of only MBA, silver extraction was less,
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and the thiolate was reduced to nanoparticles instead of clus-
ters. The data are presented in Figure S7(C). Blade-like struc-
tures with sharp edges were seen when the reacted silver foil
was observed under the SEM [Figure 4(A) and (B)]. To further
investigate these structures, TEM images were taken after dis-
persing the material in DI water [Figure 4(C) and (D)]. Blade-like
sharp edges were also observed in the TEM images. In EDS the
ratio of Ag/S was found to be 1:1 and 1:2 (Figure S9) when
different positions were scanned. To confirm that these were
silver thiolates, powder XRD was performed on the same mate-
rial after dispersing it in DI water [Figure 4(G)]. From the powder
XRD patterns, two types of silver thiolates were found. Their
structures are given in Figure 4(F), which was also supported
by TEM/EDS data. Prominent (00l) and (0l0) reflections suggest
layered structures, which are characteristic of thiolates. These
explain the blade-like morphology. This supports the strong ad-
sorption capacity of MBA on the silver surface. This was further
proved by Raman spectroscopy where almost all features of
MBA were seen [(Figure 4(E)]. The peak at 1102 cm™' is attrib-
uted to the aromatic ring vibration, and the band at 1606 cm™"
is from the aromatic ring breathing mode.l'”? The less intense
band at 1381 cm™' is the (COO-) stretching mode. Other weak
bands at 1163 and 1204 cm™' correspond to the C-H deforma-
tion modes, which all match with those of MBA. There were
some shifts in the C-S stretching mode, which proved the
adsorption of MBA onto the silver surface. The S-H stretching
mode at 2562 cm™' of MBA (red) was absent for the adsorbed
MBA. Because of the nanostructured surface and high rough-
ness, silver foil acts as a SERS substrate, which in turn is respon-
sible for the signal enhancement.'® The blade-like structure
was not observed for GSH and the signal intensity was also
weak. Reasons could be the solubility difference of the Ag-MBA
and Ag-GSH complex in water since MBA is less soluble in wa-
ter than GSH at neutral pH. Another reason could be the lower
reactivity of GSH towards the silver foil compared to that of
MBA .l The strong thiolate overlayer reduces silver dissolution
in the case of MBA.

To understand this preferential extraction of one metal over
another, different sets of experiments were performed. An iso-
thermal titration calorimetric study was performed with Cu?*,
Ag* and Zn?* with glucose to compare their complexation ther-
modynamics. Data suggest (Figure S1) that the affinity towards
Cu?* and Zn?* is stronger than that of Ag*, which is also re-
flected in their extraction. Between silver and copper, both
glucose and y-CD showed a higher affinity towards Cu?* than
Ag*. To understand the mechanism of Cu extraction and further
understand the possibility to create nanomaterials with the ex-
tracted Cu, detailed studies were performed using the Cu ves-
sel. About 70 mg of glucose in 70 mL of DI water can extract
248 ppm of copper from the copper vessel (Table S1), whereas
the same amounts of y-CD (70 mg in 70 mL of DI water) can
extract 188 ppm of copper under the above conditions
(Table 2). To this copper-extracted solution, freshly prepared
ice-cold NaBH, solution was added, and the colour of the mix-
ture changed immediately to dark green, indicating the forma-
tion of Cu nanoparticles, which was confirmed by UV/Vis spec-
troscopy with its characteristic peak at 590 nm [Figure 5(A)].
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Figure 4. (A) and (B) SEM images of the reacted silver foil. Blade-like sharp structures were seen for the SEM. (C) and (D) TEM images of the same material
after dispersion in DI water. (E) Raman spectra of the silver foil in the y-CD + MBA solution (blue) and in MBA only (red). (G) Powder XRD of the same material

after dispersion in DI water and (F) the corresponding silver thiolate structures.

The as-formed nanoparticles were almost uniform in size (5 nm)
with the Cu (111) lattice seen in TEM [Figure 5(C)]. To find the
enhancement in copper extraction using GSH, 50 mg of y-CD
and 100 mg of glutathione were placed in a copper vessel with
70 mL of DI water. The reaction mixture was kept at 65 °C while
stirring for 2 d. The synergic effect of GSH and y-CD resulted in
excessive leaching and the as-formed blue complex was precip-
itated as the concentration was above the solubility of the cop-
per-glutathione complex. To further understand the nature of
the complex formed in this process, the solution was studied
extensively using ESI MS [Figure 5(D)]. y-CD is known to form
complexes with GSH according to the host-guest mechanism.
Both y-CD and GSH are known to form complexes with Cu, and
hence the resulting solution was expected to have all of these
characteristic peaks in the ESI mass spectra. Along with free vy-
CD, the Cu-y-CD complex and a few peaks correspond to the
Cu-SG complex, (CD-GS-Cu-SG-CD-2H)?~ was also detected at
high intensity. This can happen if the y-CD-GSH inclusion com-
plexes take part in Cu extraction. Two such inclusion complexes
can bind to one Cu ion through the -S end. The other possibil-
ity could be that two GSH molecules first bind with one Cu ion,
and the resulting complex then forms a 2:1 inclusion complex
with y-CD. Since the solution was stirred for 2 d before the ESI
MS was performed, both possibilities exist. To confirm which
could be the actual pathway of formation of such (CD-GS-Cu-
SG-CD-2 H)?~ species, CID was performed where free [y-CD-H]"
and [(GS-Cu-SG)-H]~ peaks were observed indicating that the
second pathway is more likely to happen in the solution (Fig-
ure S10). Although the GS-Cu-SG complex would be more sta-
ble than the y-CD-GSH inclusion complex considering ionic vs.
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non-covalent interactions, it is difficult to confirm the pathway
of such complex formation. From previous studies!'? it is
known that CD-GSH complexes are easy to synthesize and over

A),
[
2
3
]
K
<
0.0 v T
600 800
Wavelength (nm) \
D) ii) ”| | f o i), el
CD-Hi f b A &S
ey IL b, :
e [
8 \
i W e ww eceoe0-
T lu T 1 Cu SONCH
1200 1400 1600 1800
m/z

Figure 5. UV/Vis absorption spectra corresponding to the solution exposed
to the copper vessel upon addition of ice-cold aqueous NaBH, solution. Cu
nanoparticles were formed, which was confirmed by UV/Vis spectroscopy,
exhibiting a characteristic peak at 590 nm. (B) Photograph of the colloid.
(C) TEM images of the copper nanoparticles. (D) (i) ESI MS of the solution
from a copper vessel containing GSH and y-CD. (D) (ii) Theoretical and experi-
mental mass spectra of an inclusion complex. (D) (i) Schematic representa-
tion of the inclusion complex. (D) (iv) Photograph of the precipitated sample.
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the timescale of 2 d such complexes can indeed form (Fig-
ure S11). One can imagine that the inclusion complex would
have formed, which further stabilizes by binding with the ex-
tracted Cu ion. In both cases, GSH plays a significant role in the
enhanced extraction and further stabilization of Cu in solution.

Conclusions

The research highlights the potential application of a green
technology for an efficient extraction of noble metals by using
inexpensive and environmentally benign reagents. Effective
green extraction of silver and copper from metallic silver and
copper by carbohydrates (y-CD, glucose and 3-CD) and syner-
gistic enhancement of extraction in the presence of GSH and
MBA are discussed. This synergistic effect in green extraction
can contribute to new processes in extractive metallurgy of no-
ble metals. A new cluster, Ag,o(SG);5CD3", derived from the ex-
tracted ions, has been synthesized and characterized by spec-
troscopic and mass spectrometric techniques. Reacted silver foil
was thoroughly studied by different techniques to obtain fur-
ther insights into the mechanism. This study shows a new
avenue for affordable noble metal extraction. A new approach
for silver cluster synthesis would be of interest to the cluster
community. Reacted silver foil showed unusual morphologies.
We believe that the homogeneous Ag blade assemblies can be
sensitive and cost-effective SERS substrates in molecular detec-
tion. Synergistic enhancement of extraction of precious metals
may be extended to create greener processes.

Experimental Section

Chemicals and Materials: Silver foil (> 98 % purity), a copper ves-
sel, silver vessel (98.5% purity), brass vessel (60.66 % copper,
36.58 % zinc) and stainless steel plate (304 grade) were purchased
from the local market. (+)-p-Glucose (G), $-CD, glutathione (GSH),
para-mercaptobenzoic acid (MBA) and sodium borohydride (NaBH,)
were purchased from Sigma-Aldrich. y-CD was purchased from TCI
Japan. Deionized (DI) water was used throughout the experiments
unless specified. Teflon beakers (250 mL) were procured from a local
supplier.

Methods: A polished silver foil was immersed in a 250-mL teflon
beaker containing cyclodextrin (60 mg) and GSH (200 mg) dissolved
in DI water (200 mL) and heated at 70 °C for 7 d with constant
stirring. Samples were collected at regular intervals for inductively
coupled plasma mass spectrometry (ICP MS) and other analyses. A
similar experimental procedure was carried out with MBA (50 mg
and 75 mg) in place of GSH. Several control experiments were per-
formed to obtain optimized conditions. For cluster synthesis, the
desired amount of solution (see later) was collected and reduced
with ice-cold aqueous NaBH, solution (1 m), and the as-formed clus-
ter was characterized using UV/Vis spectroscopy and electrospray
ionization mass spectrometry (ESI MS). After reaction, the foil was
thoroughly characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Raman spectroscopy and
powder X-ray diffraction (XRD). y-CD/glucose (ca. 70 mg) was
placed in silver, copper, brass and stainless steel vessels in DI water
(70 mL). The reaction mixtures were kept at 65 °C while stirring for
7 d. Samples were collected at regular intervals for inductively cou-
pled plasma mass spectrometry (ICP MS) and other analyses.
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Instrumentation

ICP MS: ICP MS was performed using a Perkin-ElImer NexION 300X
instrument equipped with Ar plasma. Before measuring any sample,
the instrument was first calibrated with an Ag standard (AgNOs) of
five different concentrations (0, 10, 100, 1000 and 10000 ppb) to
obtain a calibration curve with R? = 0.9999. A blank experiment
(0 ppb) was performed with milliQ water (18.3 MQ resistance) with
5 % (v/v) nitric acid. Standards were also prepared in 5 % nitric acid.
The same amount (5 %) of nitric acid was added to the collected
samples before analyses. For other metals, the instrument was cali-
brated with the standard by the same procedure.

ESI MS: ESI MS analyses of complexes (without NaBH, addition)
were performed with an AB Sciex 3200 QTRAP LC MS/MS instru-
ment over the range m/z = 100-1700 and Waters' Synapt G2Si
HDMS instrument. The optimized conditions for QTRAP measure-
ments were: ion spray voltage (ISV) 4 kV, declustering potential (DP)
60 V and entrance potential (EP) 10 V. The sample flow rate was
kept at 5-10 pL/min. For tandem mass spectrometric analyses, the
collision energy was varied from 10 to 100 (instrumental unit). All
the data were collected in the positive mode and averaged for 100
spectra. All the y-CD-metal complexes were analyzed by a Waters
Synapt G2Si HDMS instrument. The optimized conditions for these
measurements were as follows: flow rate 10-20 pL/min; capillary
voltage 2-3 kV; cone voltage 120-150 V; source offset 80-120 V;
desolvation gas flow 400 L/h. The as-formed silver thiolates in solu-
tion were converted into silver clusters after reduction with NaBH,.
The as-synthesized clusters were dissolved in 1:1 (v/v) water/MeOH
and analyzed by a Thermo Scientific LTQ XL instrument over the
range m/z = 100-4000. The optimized conditions used were as fol-
lows: source voltage 3 kV; sample flow rate 10 uL/min. The capillary
temperature was varied from 120 to 270 °C.

ITC: Isothermal calorimetric experiments were performed using a
GE Microcal ITC200. The instrument has two cells made of hastelloy
with a 200 pL cell volume of which one is used for the sample and
the other is used for the reference. The maximum volume that
can be injected is 40 pL through a syringe with sub-micro litre
precision.

Spectroscopy: UV/Vis absorption spectroscopic studies were per-
formed with a Perkin—-Elmer Lambda 25 instrument over the range
200-1100 nm with a band pass of 1 nm. Raman spectroscopic
measurements were performed using a Witec GmbH, Alpha-SNOM
alpha300 S confocal Raman instrument equipped with a 532 nm
laser as the excitation source. High-resolution transmission electron
microscopy (HRTEM) was performed with a JEOL 3010, 300 kV in-
strument equipped with a UHR polepiece. SEM and energy dispers-
ive analysis of X-rays (EDS) were performed using a FEIl QUANTA-200
SEM. The XRD analysis was performed using a Bruker D8 advance
instrument equipped with Cu-K,, radiation source in the 26 range
of 5-90°.
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