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The cover picture shows a schematic phase diagram
of the three-component system used for the experi-
ments. Silver and gold clusters have been synthe-
sized by using the miscibility principle of solvents,
without phase transfer agents. Three solvents,
water, methanol, and toluene/chloroform have
been used, which make miscible or immiscible
phases depending on the composition. Separate
regions of the phase diagram make different
clusters, shown by diffreent colors, with the
same reactant compositions. The mass spectrum
of the characterized product, (AgesSRsy), is
shown. Details are discussed in the article by
A. Ghosh and T. Pradeep on p. 5271ff. For
more on the story behind the cover research,
see the Cover Profile.
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Invited for the cover of this issue is Thalappil Pradeep at the Indian Institute of Technology Madras, India. The
cover image shows a schematic phase diagram of the three-component solvent system used for preparing
monolayer-protected silver clusters. The different clusters obtained by keeping the reactants the same but
adjusting the solvent system by moving to different regions of the phase diagram are shown in different colors.

In one word, how would you describe your research? provides the materials that can be implemented in useful appli-

Novel. This work introduces a novel method for the synthesis cations.

of monolayer-protected clusters. The well-known concept of the
“principle of miscibility of solvents” in general physical chemis-
try has been invoked judiciously to make various silver cluster
cores without use of phase transfer reagents (PTRs).

What is the most significant result of this study?

This study has enabled the preparation of specific clusters suitable
for applications by tailored variation of the solvent composition
without using PTRs.

What prompted you to investigate this topic? E u r ‘ I C

European Journal of

The ongoing thrust in the development of new atomically precise ! “
Inorganic Chemistry

monolayer-protected clusters, owing to their diverse applications
in various fields of importance, has prompted us to come up with
an easy and efficient strategy to synthesize many new clusters.
Although various processes exist to synthesize such clusters, the
presence of a PTR in all of these methods is a drawback, because
the PTR stays in the final product tenaciously as an impurity. The
problem of PTR impurities has been circumvented by introducing
several techniques that do not require the use of a PTR; however,
those techniques have not been suitable for synthesizing a large
variety of clusters, especially silver clusters. At this juncture, we
envisaged that mixing different solvents in certain compositions
could be an alternative to the use of a PTR and such a method
could result in different atomically precise clusters at different
solvent compositions. One of the solvents used in our study is
water, because it is easy to reduce metal ions in the presence of
sodium borohydride as the reducing agent: The metal ion of inter-
est gets transferred into the appropriate organic solvent(s), and
subsequent reduction by nascent hydrogen formed in a protic sol-
vent practically drives the formation of clusters. The cluster again
gets phase-separated at the newly formed phase boundary.
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The aim of the present work has been the use of a fundamental
concept for cluster synthesis. It is fundamentally important and
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Luminescent AgAu Alloy Clusters Derived from Ag
Nanoparticles — Manifestations of Tunable Au'-Cu'

Metallophilic Interactions

Kumaranchira R. Krishnadas,® Thumu Udayabhaskararao,!?!
Susobhan Choudhury, Nirmal Goswami,” Samir Kumar Pal, and

Thalappil Pradeep*!?!

Keywords: Clusters / Nanoparticles / Luminescence / Closed-shell ions / Metallophilic interactions / Silver / Gold

Luminescent AgAu alloy quantum clusters are synthesized
by a simple method that utilizes the galvanic reduction of
polydisperse plasmonic silver nanoparticles. The clusters are
characterized by ultraviolet-visible (UV/Vis) absorption
spectroscopy, photoluminescence (PL) spectroscopy, X-ray
photoelectron spectroscopy (XPS), transmission electron mi-
croscopy (TEM), and matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI MS). Selective and tunable
quenching of cluster luminescence by Cu' ions is observed
and depends highly on the solvent as well as the protecting
ligands. Metal-ion selectivity is exclusively caused by metall-
ophilic interactions with the cluster core, and the tunability
depends on the nature of the protecting ligands as well as

solvent effects. Detailed XPS and time-resolved lumines-
cence measurements reveal that the tunability of lumines-
cence quenching is achieved by the systematic variation of
the metallophilic interactions between the Au' ions of the al-
loy cluster and Cu' ions formed by the reduction of Cu' ions
by the cluster core. This is the first report of tunable metallo-
philic interactions between monolayer-protected quantum
clusters and a closed-shell metal ion. We hope that these re-
sults will draw more attention to the field of quantum cluster—
metal ion interactions and provide useful insights into the
stability of these clusters, origin of their intense lumines-
cence, mechanisms of metal-ion sensing, and also help in the
development of methods for tuning their properties.

Introduction

Inherent molecule-like properties and synergistic effects
owing to the presence of heteroatoms make dimetallic
quantum clusters fascinating materials in modern cluster
science. Doping with other metals has been shown to en-
hance the chemical stability'! as well as tune the electronic
structure of quantum clusters.” The presence of a hetero-
atom in the core is expected to result in unusual chiroptical
and magnetic properties in dimetallic clusters. Despite their
promising applications, the synthesis of such dimetallic
quantum clusters with atomically precise composition is a
big challenge. Among these clusters, Au-Agl3 and Au—Pd*
systems are common systems, and Au-Cu,! Au—Pt,[°! and
Ag-Nil" clusters have also been reported. The simultaneous

[a] DST Unit of Nanoscience (DST UNS) and Thematic Unit of
Excellence (TUE), Department of Chemistry, Indian Institute
of Technology Madras,

Chennai 600036, India
E-mail: pradeep@iitm.ac.in
www.dstuns.iitm.ac.in

[b] Department of Chemical Biological & Macromolecular
Sciences, S. N. Bose National Centre for Basic Sciences, Block
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Salt Lake, Kolkata 700098, India

Supporting information for this article is available on the

WWW under http://dx.doi.org/10.1002/ejic.201301424.
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reduction of individual precursors®71 and galvanic re-
duction of presynthesized quantum clusters!'®!"l are some
of the methods utilized for the synthesis of dimetallic quan-
tum clusters. Although galvanic reduction is extensively uti-
lized for the synthesis of dimetallic nanocrystals with con-
trolled shapes and compositions,® it is rarely utilized for
the synthesis of atomically precise quantum clusters. Mur-
ray et al. have shown that it is possible to make dimetallic
clusters from silver clusters!®! by this method, and galvanic
reduction has recently been utilized to synthesize atomically
precise Ag-Au clusters from presynthesized thiolate-pro-
tected!'%l and protein-protected silver clusters.['!]

The interaction of metal ions with quantum clusters is
an active topic of research. Metal ions induce new chemical
and electrochemical reactivities in clusters and modify their
absorption and emission features. Muhammed et al.l'?% re-
ported the first metal-ion-induced changes in the optical
properties of quantum clusters, and their reactivities with
metal ions were investigated.!'>®! Quantum confinement in
nanoparticles significantly alters their redox potentials!'?
and results in unexpected electrochemical reactions that
cannot be explained by conventional electrochemistry.['¥]
Although there are some previous investigations on the
size-dependent changes in the reduction potential of metal
clusters,'*) the electrochemical reactivities of metal clusters
remain largely unexplored. Metal-ion-induced changes in

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cluster luminescence has been extensively exploited for
highly selective and sensitive detection of these species.['6]
The distinct roles of the inner core and ligand shells of these
clusters and photophysical mechanisms behind these inter-
actions have not been investigated in detail. Recently,
metallophilic interactions between closed-shell metal ions
with quantum dots!!” and protein-protected Au clusters!!®]
were shown to result in quenching of their luminescence.
Metallophilic interactions, weak bonding interactions be-
tween two closed-shell metal ions, are a well-known phe-
nomenon in Au' complexes and heterometallic clusters of
transition metals.['”) However, this is not a well-recognized
phenomenon in monolayer-protected noble-metal quantum
clusters. Pyykko et al. presented the first theoretical studies
on the interactions between a closed-shell Au,, cluster and
closed-shell Au' species.?”? This work raised the possibility
of metallophilic interactions between the inner Au, core
and Au' ions in the protecting thiolate staple motifs of the
clusters and is of immediate relevance to monolayer-pro-
tected quantum clusters. Explorations of such interactions
in these systems may provide valuable insights into their
stability, the origin of their intense luminescence, mecha-
nisms of metal-ion sensing, and may also offer strategic
methods for tuning their properties.

Here, we present the utility of the galvanic reduction re-
action as a simple method for the synthesis of luminescent
monodisperse AgAu quantum clusters protected by mer-
captosuccinic acid (AgAu@MSA) derived from polydis-
perse plasmonic Ag nanoparticles (AgNPs). These clusters
are synthesized at room temperature and no external reduc-
ing agent is required. The use of Ag nanoparticles as the
precursor, instead of atomically precise Ag quantum clus-
ters, makes the method more facile and scalable because of
the inherent instability and difficult synthesis of the latter.
The intense red luminescence of these clusters under UV
irradiation and their high stability in aqueous solutions may
make this material useful for biological applications. The
luminescence of this cluster is selectively quenched by Cul!
ions. Detailed X-ray photoelectron spectroscopy (XPS)
measurements show that Cu'! ions are reduced by interac-
tions with the clusters. Even though Murray et al. and Wu
et al. have shown that negatively charged as well as neutral
Au,s clusters can reduce more reactive metal ions such as
Ag' and Cu" ions,[" no such reports exist on the redox
reactivities of alloy clusters. Time-resolved as well as steady-
state luminescence measurements show that this reactivity
leads to metallophilic interactions between the Au' ions of
the clusters and Cu' ions formed by the reduction of Cul!
ions by the clusters. Also, we report the solvent- and pro-
tecting-ligand-dependent tunability of these interactions,
which are reflected in the changes in the luminescence of
the cluster. Reports on such tunable metal-ion interactions
with the clusters are scarce in the literature. This is the first
report of tunable metallophilic interactions between mono-
layer-protected quantum clusters and a closed-shell metal
ion. These metallophilic-interaction-induced changes in
cluster luminescence are useful for the selective detection of
Cu'! ions in water below permissible levels.[16h]

Eur. J. Inorg. Chem. 2014, 908-916
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Results and Discussion

Synthesis and Characterization of Alloy Clusters

AgAu@MSA clusters were synthesized by galvanic re-
duction of AgNPs by Au'-MSA thiolates. Figure 1 shows
the time-dependent changes in the UV/Vis features during
the reaction. The plasmonic feature at 410 nm of AgNPs
disappeared immediately after the addition of Au'-MSA
solution, and a new feature appeared at around 600 nm,
which gradually disappeared and the spectrum became fea-
tureless. The solution was stirred for one hour and centri-
fuged subsequently to remove larger alloy nanoparticles
and AgCl. The UV/Vis spectrum of the resuspended pre-
cipitate (Figure S1) showed a broad peak at ca. 600 nm,
which is between the Au and Ag plasmonic peaks. This may
be due to the formation of larger AgAu alloy nanoparticles.
We propose that during the galvanic reduction, larger nano-
particles in the polydisperse AgNP sample react with Aul-
MSA to form larger AgAu dimetallic nanocrystals, and
very small particles undergo galvanic reduction to form
AgAu dimetallic quantum clusters (a schematic of the reac-
tion is given in the inset of Figure 1). The TEM images
shown in the inset of Figure 1 clearly show the decrease in
the particle size from AgNPs to AgAu@MSA clusters. As
the larger nanoparticles have lower solubility in methanol,
these dimetallic nanoparticles precipitate, and the smaller
dimetallic clusters remain in solution. The formation of
AgCl was confirmed by XRD analyses of the precipitate
(Figure S2).

1.2

0.8
<
0.4
0-0 L) L) T L} T
300 400 500 600 700 800 900
A(nm)

Figure 1. Time-dependent changes in the UV/Vis features during
the reaction between AgNPs and Au'-MSA thiolates in methanol.
(a) UV/Vis spectra of AgNPs in methanol, (b) immediately after
the addition of Au'-MSA, and (c) after one hour of the reaction.

Insets a and a’ in Figure 2 show the photographs of the
precursor AgNPs under visible and UV light, respectively.
Immediately after the addition of Au'-MSA, this solution
showed red emission under UV illumination. The time-de-
pendent evolution of the luminescence features is shown in
Figure S3, and typical luminescence features of the cluster
are shown in Figure 2. The cluster showed a broad emission
peak at 675 nm at 365 nm excitation. Insets b and b’ of
Figure 2 show the photographs of the AgAu@MSA cluster
under visible and UV light, respectively.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Excitation and emission spectra of AgAu@MSA clusters
in methanol. The insets are the photographs of (a and a’) the AgNP
solution, (b and b’) the AgAu@MSA solution, and (c and c’) the
PAGE-separated clusters under visible and UV light, respectively.
The discontinuity in the excitation peak shows the position at
which the secondary of the emission maximum appears.

Polyacrylamide gel electrophoresis (PAGE) was per-
formed to check the purity of the as-synthesized clusters
(details in the Supporting Information). The inset photo-
graphs (c and ¢') of Figure 2 show the presence of a single
band of the gel after PAGE separation. The band appeared
light yellow under visible light and bright red under a UV
lamp. This shows that monodisperse dimetallic clusters can
be synthesized from polydisperse plasmonic silver nanopar-
ticles by using the galvanic reduction method.

The XPS survey spectrum shown in Figure 3 (a) indicates
the presence of all expected elements. The Au 4f;,, peak at
84.1 eV shows that the Au atoms are in the zero oxidation
state. The Ag 3ds, peak at 368.0 V'Yl indicates the pres-
ence of metallic Ag in the cluster. The S 2p;, peak at
162.2 eV suggests that sulfur is attached to the metal core
in the form of thiolate.*?l Energy-dispersive X-ray analysis
(EDAX) also confirmed the presence of the constituent ele-
ments in the cluster (Figure S4).

a) 84.1 Au 4f
4,
af,
-
3 200 400 600 800 1000 80 84 88 92
C)3 368.0 Ag 3d d) S 2p
= - 162.2
3d,,
3d
2p.
¥ Pia
360 364 368 372 376 380 156 160 164 168

B.E. (eV)

Figure 3. (a) XPS survey spectrum of the AgAu@MSA cluster and
expanded regions of it showing the (b) Au 4f, (¢) Ag 3d, and (d) S
2p features.
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Figure 4 shows the matrix-assisted laser desorption ion-
ization mass spectra (MALDI MS) of the clusters after li-
gand exchange with hexanethiol. Ligand exchange was at-
tempted because MSA-protected clusters do not give intact
ions in MALDI MS. This is also the case with glutathione-
protected clusters.?’] The inset of Figure 4 shows the lumi-
nescence spectral features of the cluster before (in water)
and after (in toluene) ligand exchange. The excitation maxi-
mum of the cluster shows a blueshift of ca. 20 nm after
ligand exchange, and the emission maximum is blueshifted
by ca. 5 nm. These shifts could be caused by the difference
in the polarities of water and toluene. The excitation and
emission spectral shapes are preserved after ligand ex-
change, which shows that the composition of the cluster
core is unchanged. At the threshold laser fluence, a peak at
17 kDa appears, and the peak shifts to the lower mass re-
gion owing to fragmentation of the cluster upon increasing
laser fluence.

240 before
after
3

160 §
- £
3
<
~—
= H] 400 500 600 700

80- b 2(om)
g
0

20 40 60 80 100 120 140
m/z (x 10%) kDa

Figure 4. Laser-intensity-dependent MALDI MS spectra of the
AgAu clusters, ligand-exchanged with hexanethiol. The numbers
by the side of the arrow indicate the laser intensity as given by the
instrument. The inset shows the excitation and emission spectra of
the cluster before and after ligand exchange.

Tunable Interactions of the Alloy Clusters with Cu'" Ions

Interactions of metal ions with the quantum clusters af-
fect their absorption and emission features. Metal-ion-in-
duced luminescence changes of quantum clusters were uti-
lized extensively for the selective detection of trace quanti-
ties of metal ions.'®?* To study the interaction of metal
ions with the AgAu@MSA clusters, the luminescence spec-
tra of these clusters were measured in the presence of vari-
ous metal ions. Aqueous solutions of various metal ions
(100 pL, 100 ppm) were added to the cluster solution in
methanol. The luminescence of the AgAu@MSA clusters
was quenched immediately after the addition of a Cu'' solu-
tion. Figure 5 (a) shows that quenching is selective to Cuf
ions, and there is no significant decrease in luminescence
intensity upon the addition of other metal ions. The ad-
dition of Cu'! ions resulted in gradual precipitation of the
clusters from the solution. These observations may invoke
the possibility of aggregation-induced luminescence
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Figure 5. Emission spectra of (a) AgAu@MSA clusters in methanol and (b) AgAu@BBS clusters in THF in the presence of various

metal ions.

quenching, resulting from the binding of Cu'! ions to the
carboxylate groups of the MSA ligands, which was sug-
gested as a metal-ion-induced quenching mechanism in
noble-metal clusters.’*! Aggregation-induced quenching oc-
curs by the reabsorption of the emitted radiation from the
fluorophore, and for this phenomenon to be feasible, the
Stokes shift of the fluorophore should be very small. The
large Stokes shift (ca. 310 nm) of the AgAu@MSA cluster
also suggests that this phenomenon is not likely. The UV/
Vis absorption spectrum of the cluster was featureless, and
no new features were observed after treatment with the Cu'!
salt (Figure S5). Moreover, aggregation induced by the Cu!
ions should not affect the cluster core and, hence, the bind-
ing energies of the core atoms will not be shifted. XPS mea-
surements (Figure 8) show that the Au binding energy is
shifted to higher values. This evidence clearly indicates the
absence of aggregation-induced quenching.

To determine whether the observed metal-ion selectivity
is due to the specific interaction of Cu'! ions with the core
or the carboxylate groups of the ligand shell of the AgAu
cluster, quenching experiments were performed with clus-
ters that had been ligand-exchanged with zerz-butylbenzyl
mercaptan (BBSH). As the sulfur atom of this ligand is
bound to the AgAu core of the cluster and there are no
other functional groups such as -COOH, the possibility of
ligand—Cu'! interactions is eliminated. Interestingly, the lu-
minescence of the ligand-exchanged cluster (AgAu@BBS)
was also quenched by Cu'! ions (Figure 5, b), that is, the
selectivity towards Cu'! ions was retained even after ligand
exchange. These observations clearly suggest that the origin
of metal-ion selectivity is the interaction of Cu'! ions with
the AgAu core of the cluster.

The addition of oxalic acid (OA) into the Cu-treated
AgAu@MSA solution in methanol (solution 1) resulted in
complete recovery of the luminescence (Figure 6, a). This
shows that the interaction of Cu'! ions with the clusters is
almost completely reversible in methanol. As oxalic acid is
a very strong chelator for Cu'" ions, it forms stable copper
oxalate, which results in the recovery of the luminescence.
The addition of Cu' ions into a mixture of OA and the
clusters did not result in any quenching (Figure S6); this
shows that OA effectively prevents cluster-Cu'! interactions.
Interestingly, the luminescence of a AgAu@BBS—-Cu'! mix-
ture in tetrahydrofuran (THF; solution 3) was not at all
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recovered by the addition of OA (Figure 6, c). To check the
role of change in solvent from methanol to THF on the
observed irreversibility, quenching experiments were per-
formed with AgAu@MSA clusters in THF. Interestingly,
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Figure 6. Emission spectra of (a) AgAu@MSA clusters in methanol
and (b) THF and (¢c) AgAu@BBS clusters in THF showing the
changes in luminescence upon the addition of Cu'' ions and OA.
In each panel, traces a—c corresponds to the pure cluster, the cluster
with Cu'! ions, and the cluster with Cu'' ions and OA, respectively.
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we observed a partial recovery (Figure 6, b) of the lumines-
cence upon the addition of OA into a AgAu@MSA-Cu'!
mixture in THF (solution 2). This indicates that in addition
to the solvent, the nature of the protecting ligand is also
important in the determination of the reversibility of the
interaction (see below for possible effects of solvent and
protecting ligands). These observations show that the clus-
ter—Cu!! interactions that lead to luminescence quenching
are tunable with respect to the solvent and the nature of the
protecting ligand. However, we observed a redshift of the
emission maximum (ca. 5 nm for solution 1 and ca. 10 nm
for solutions 2 and 3) upon the addition of Cu'! ions, and
the shift was retained even after the addition of OA.

XPS measurements of the Cu'-treated clusters (Figure 7)
show that the Cu 2ps,, peak is shifted to lower binding ener-
gies compared to that of metallic Cu (935.5 eV). Cu'’ shows
a well defined peak shape with characteristic satellite struc-
ture. The presence of Cu 2p features in all the treated sam-
ples indicates that Cu is part of the samples. Note that the
XPS sample preparation involves washing the sample. How-
ever, complete absence of the satellite structure in these
samples suggests reduction of the Cu'' ions. For solution 1,
the Cu 2p;, peak is at 932.5 eV, whereas for solutions 2
and 3, these peaks are shifted to 932.3 and 932.2 eV, respec-
tively. As the difference in the Cu' and Cu® binding energies
is only ca. 0.1-0.2 eV, it is difficult to assign the exact Cu
oxidation states in the mixtures. However, the reduction of
Cu" to Cu'/Cu® is evident from these measurements. The
characteristic ligand-to-metal charge-transfer satellite of
Cu'! at 946 eV is absent in the treated samples, indicating
the complete absence of the Cu'! state in the samples.
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|
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™
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Figure 7. Cu 2p regions in the X-ray photoelectron spectra of pure
and Cu''-treated AgAu clusters. Traces a—d correspond to CuSO,
and solutions 1, 2, and 3, respectively.

Figure 8 shows the Au 4f binding energies for the pure
and Cu''-treated clusters. The Au 4f;, peak for the pure
AgAu@MSA cluster is at 84.1 eV. For solutions 1 and 2,
this peak is shifted to 84.6 eV. This peak shifts further to
85.0 eV for solution 3. The binding energies for Ag were
almost unchanged for the pure as well as Cu''-treated clus-
ters (Figure S7). This clearly indicates that the Cu'! ions
interact preferentially with the Au atoms of the alloy clus-
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ter. Elemental analysis (Figure S4) shows that the alloy clus-
ter is mostly composed of Au. Galvanic reduction by Au'
thiolates is initiated on the surface of the AgNPs, and most
of the Ag atoms will be released as Ag' ions and a few Ag
atoms will be entrapped by Au atoms. Hence, these Ag
atoms are more likely to be in the inner core of the cluster,
which make them inaccessible to the Cu'! ions. This could
be the reason for the preferential interaction of the Cu"f
ions with the Au atoms of the cluster.

4f7 /2 4 f5/z

LT
s

80 8 92

4 88
B. E. (V)

Figure 8. Au 4f region in the X-ray photoelectron spectra of pure
and Cu'-treated AgAu clusters. Traces a—e correspond to pure
AgAu@MSA and solutions 1-4, respectively.

Notably, the observed trend in reversibility of the lumi-
nescence parallels the changes in the Au 4f;, binding ener-
gies. The Au 4f;, peak for solutions 1 and 2 (for which
the luminescence was completely and partially reversible,
respectively) is at 84.6 eV, which is between those for the
pure clusters (84.1 eV) and AgAu@BBS (85.0 eV). The shift
in the Au 4f;,, peak (from 84.1 to 85.0 V) is maximum for
solution 3, for which irreversible quenching of luminescence
was observed.

We suggest that the clusters can undergo two kinds of
interactions with Cu'" ions. XPS measurements clearly indi-
cate that the Cu'® ions are reduced as a result of their inter-
actions with the cluster. The decrease in Cu binding energy
(to that of Cu'/Cu®) and increase in that of Au in the clus-
ters may be an indication of a redox reaction between the
cluster core and Cu'! ions (reaction 1). The redshift of the
emission maximum of the clusters after treatment with Cu'!
ions could be an indication of the oxidation of the clusters.
The reduction of the Cu' ions by a noble metal such as Au
may seem contradictory when considering the conventional
electrochemical potentials. It is to be noted that the stan-
dard electrochemical potentials in the literature are those of
bulk electrodes. In the case of nanoparticles, especially at
the quantum cluster regime, electrochemical potentials will
be very much determined by quantum confinement effects.
A few earlier investigations!'>>!34l on small metal clusters
have shown that their reduction potentials were lower than
the bulk values. Hence, at the cluster regime, these types
of redox processes are feasible. Another possibility for the
reduction of the Cu' ions is the replacement of some of the
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Au! ions of the thiolate staple motifs by Cu'® ions, which
may lead to the formation of a mixed thiolate shell contain-
ing both Au' and Cu' ions (reaction 2). This leads to the
reduction of Cu'' to Cu' as in the case of copper thiol-
ates.[>®l We could not confirm this interaction by an analysis
of the S 2p binding energies of the samples as there were
no significant changes in the S 2p binding energies of solu-
tions 1 and 2, compared to that of pure clusters. Notably,
the S 2p binding energies of copper and gold thiolates are
almost the same (ca. 162 eV).?>21 However, for solution 3,
the S 2ps/» binding energy was 162.7 ¢V (data not shown),
which is higher than that of the pure clusters (162.2 eV).
XPS of the OA-treated solution 1 (solution 4; sample for
which luminescence was completely recovered) indicates
that the Au 4f binding energies remain at higher values
(84.6 ¢V). This shows that the clusters undergo an irrevers-
ible oxidation as a result of their interactions with the Cul!
ions (reaction 1). Reaction 2 is expected to result in com-
plete reversibility of the Au 4f binding energies to those of
the pure clusters after treatment with OA, as all of the Cu'
ions are completely removed by OA. Once the Cu' ions have
been removed by OA, the Au' ions can bind with the li-
gands (released from Cu!), and this will regenerate the pure
clusters and should lead to the reversal of the Au 4f binding
energies to that of the pure clusters. However, this reversal
of binding energies was not observed. These observations
indicate that reaction 1, that is, the galvanic reduction, is
the most likely interaction between the clusters and Cu!!
ions.

To understand the mechanism of the observed fluores-
cence quenching of AgAu@MSA clusters in presence of
Cu' ions, we plotted (Figure 9) the fractional fluorescence
according to the Stern—Volmer Equation (1).

F
7= 1+ KolQ) (M

F,y and F are the fluorescence intensity in the absence and
presence of quencher, respectively, [Q] is the concentration
of quencher and Kp is the Stern—Volmer quenching con-
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Figure 9. Stern—Volmer plot for the luminescence quenching of
AgAu@MSA clusters in methanol upon the addition of Cu'' ions.
The inset shows the change of 7/7,, with Cu'' ion concentration.

Eur. J. Inorg. Chem. 2014, 908-916

stant. From Figure 9, we have found a linear response of
fluorescence as a function of Cu'® ion concentration. This
result indicates that the nature of quenching is dynamic.

Picosecond time-resolved luminescence measurement is a
useful technique to aid understanding of the photophysical
processes behind the observed quenching of the
AgAu@MSA clusters. A gradual and significant decrease
in the average lifetime (Figure S8 and Table S1) with in-
creasing quencher concentration indicates the occurrence of
dynamic quenching. The plot of 7y/t,, against Cu'f concen-
tration (inset of Figure 9) was linear, as expected for a dy-
namic quenching process. The decay profiles for pure clus-
ters and solution 1 are shown in Figure 10. The decay tran-
sients are fitted tri-exponentially, and the fitting parameters
are tabulated in Table 1. Similar decay behaviors were also
observed for solutions 2 and 3 (Tables S2 and S3, Figure
S9 and S10, respectively). The decay profiles indicate the
dynamic nature of quenching for all cases.

a)

AgAu@MSA
AgAu@MSA-Cu(ll)
Recovery by OA

Aex=375 nm
Aem=675 nm

ke
Counts (log scale)

AJAU@MSA
AgAU@MSA-Cu(ll)
AgAU@MSA-BQ

Aex=375 nm
Aem=675 nm

4
t (ns)

N

Figure 10. Picosecond time-resolved fluorescence transients of
AgAu@MSA clusters in methanol. (a) The quenching of lumines-
cence lifetime upon the addition of Cu' ions and its recovery upon
the addition of OA and (b) upon the addition of Cu'! ions and
benzoquinone.

Table 1. Picosecond time-resolved luminescence transients of
AgAu@MSA before and after the treatment with Cu'' and recovery
by OA in methanol. AgAu@MSA was also treated with BQ.

System 71 [ns] (%) 15 [ns] (%) 73 [ns] (%) .y [0S]
Pure AgAu@MSA  0.16 (38)  1.12 (20) 50 (42) 21.3
cluster in methanol

Cluster with Cu'! 0.10 (65) 1.24 (22) 12 (13) 1.93
Cluster with OA 0.09 (52) 1.64 (20) 50 (28) 144
Cluster with BQ 0.07 (71) 1.58 (9) 55 (20) 11.2
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Dynamic quenching can occur through various processes
such as Forster resonance energy transfer (FRET) and pho-
toinduced electron transfer (PET). However, the absence of
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any permanent oscillating dipole (owing to the acceptor)
rules out the possibility of a FRET process. The absence of
an electron transfer processes is further confirmed by con-
trol experiments with benzoquinone (BQ), a well-known
electron acceptor. In presence of BQ, an ultrafast time com-
ponent (70 ps) evolves with very sharp decay with a contri-
bution of 71% (Figure 10, b). No such drastic changes in
the ultrafast components are observed for the Cu''-treated
samples, which rules out the possibility of an ultrafast PET
process from the cluster to the Cu'! ions. This is supported
by measurements at different Cu'! ion concentrations, for
which the gradual reduction of the longer time component
was observed with minor alteration of the shorter time con-
stant (Figure S8 and Table S1).

Similar lifetime decay patterns were reported for
Au,s@BSA clusters upon the interaction with Hg' ions.[!34]
This was attributed to metallophilic bond-induced quench-
ing of the delayed fluorescence. The observations of the re-
duction of the Cu'! ions along with the similarity in the
decay patterns of the AgAu clusters strongly suggest the
possibility of metallophilic interactions. We suggest the fol-
lowing mechanism for the observed selective and tunable
quenching interactions. The Cu'! ions are first reduced to
Cu' by a redox reaction with the AgAu core of the cluster
(reaction 1). The 3d!° orbital of the Cu' ions and the 5d'°
orbital of either the Au' ions of the thiolate staple motifs
or the Au atoms of the partially oxidized cluster take part
in metallophilic interactions. As the staple motifs have a
significant role in the electronic structure of monolayer-pro-
tected clusters,?”! these interactions can lead to changes in
the electronic structure and to quenching. Metallophilic in-
teractions between Au' and Cu! ions are recognized both
theoretically and experimentally in diverse systems and have
been utilized in applications such as vapochromic sen-
sors.’8] We suggest that galvanic reduction-induced metallo-
philic interactions are the key factor that determines the
selectivity towards metal ions. Among the metal ions tested,
only the Cu' and Hg" systems possess positive reduction
potentials and, hence, these ions can be reduced most easily
by the quantum clusters. The reduction potentials of the
other metal ions are negative and, hence, they cannot be
reduced by these clusters. In addition to the electrochemical
potentials, the requirement of a closed-shell electronic con-
figuration for metallophilic interactions immediately reveals
the reason behind the observed metal-ion selectivity.
Among Cu'" and Hg'", only Cu'" can attain a closed-shell
configuration (of Cu') from core-induced reduction, and
this might be the reason behind the observed selectivity
towards Cu'l. Even though Hg"" can be reduced to Hg' by
the cluster, this reduction will lead to the formation of an
ion without a closed-shell configuration. Notably, the ad-
dition of Hg" ions to the clusters does not lead to any im-
mediate luminescence quenching. However, quenching ow-
ing to the addition of Hg' ions was observable only after
about 5 h (data not shown). Earlier studies on the reaction
of quantum clusters with Hg'" ions show that the Hg'" ions
were reduced mostly to Hg' and not to Hg®.'??! This could
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be due to the high affinity of mercury towards the thiolate
ligands of the cluster.

We suggest that solvents as well as protecting ligands
play a crucial role in the tunability of the luminescence
quenching of these AgAu clusters. Solvents can induce
structural changes in the cluster core as well as the thiolate
staple motifs. Recent studies on Au-Cu clusters protected
by alkynyl ligands?°# show that solvents can induce struc-
tural reorganization of clusters by affecting the strength of
metallophilic bonding, and this leads to changes in the lu-
minescence features. Studies on Au' thiolates have shown
that solvents can induce Au'-Au' metallophilic interactions
caused by aggregation and lead to visible photolumines-
cence.[??®! These solvent effects will modulate the strength
of Aul-Cu! boding in these clusters and lead to tunable
quenching interactions. As mentioned earlier, changes in
the bonding of thiolate staple motifs alter the electronic
structure of clusters, which in turn affects the luminescence
features of the cluster.*”!

Metallophilic bonding can originate from different types
of interactions between the closed-shell species such as van
der Waals, ionic, and charge-transfer forces. Theoretical
studies on Au'-Cu' metallophilic bonds?®¥! show that this
bond is mainly due to ionic forces between the two species.
Hence, changes in the solvent polarity are expected to sig-
nificantly affect the nature of this bond. As the polarity of
the solvent decreases, the ionic-interaction-based metall-
ophilic bond becomes less feasible and the bond becomes
more covalent in nature and, hence, stronger. Therefore, the
Au'-Cu' bond will be weaker (i.e., this bond will be only
metallophilic in nature) in a polar solvent such as methanol
than in THF. The efficient chelation of Cu' species happens
in methanol and in turn results in complete recovery of the
luminescence. The complete recovery of luminescence was
further confirmed by experiments with the clusters in acet-
one as another polar solvent (Figure S11). We also observe
the recovery in the time-resolved measurements (see Fig-
ure 10, a). In THF, the metallophilic contributions to the
Au'-Cu' bond will be less, and the covalent nature of the
bond increases. This makes the Aul-Cu! bond stronger and,
hence, chelation with OA will be less facile. This could be
the reason for the partial recovery of luminescence for the
AgAu@MSA clusters in THF. Note that the dielectric con-
stants of methanol, acetone, and THF are 33, 21, and 7.5,
respectively. However, we could not demonstrate the
irreversible quenching for the MSA-protected sample in a
solvent less polar than THF because of the insolubility of
the clusters and Cu!! salts in such solvents. In the case of
the ligand-exchanged clusters, the Au'-Cu' bond experi-
ences a much more nonpolar environment (owing to the
BBSH or hexanethiol ligand shell) compared to the case
with the AgAu@MSA clusters in THF. Therefore, the Au'-
Cu' bond will be strongest for the ligand-exchanged cluster
in THFE In this case, the chelation of the Cu' ions with
OA will be least facile. This could be the reason behind the
irreversible quenching of the ligand-exchanged cluster. The
selectivity towards Cu'! ions and irreversibility of the lumi-
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nescence quenching are further confirmed with clusters that
are ligand-exchanged with hexanethiol.

To check the practical utility of these interactions for
Cu'! detection, the luminescence intensities of aqueous
solutions of AgAu@MSA with different Cu'' concentra-
tions (in parts per million) were measured (Figure 11). A
good linear response of the materials towards Cu'f ions was
observed. From this plot, the detection limit is 0.5 ppm,
which is well below the permissible limit of Cu'' ions in
water (1.3 ppm). As the reduction potentials of the clusters
depend on their composition, we expect that these interac-
tions can be utilized for ultra-low-level detection with clus-
ters of varied composition, which can be easily synthesized
by our method.
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Figure 11. Variation of the luminescence intensity of the
AgAu@MSA clusters in water with concentration of Cu'! ions, im-
mediately after the addition.

Conclusions

Luminescent AgAu dimetallic quantum clusters were
synthesized by a simple method that utilizes the galvanic
reduction of polydisperse plasmonic nanoparticles. The
clusters were characterized by various spectroscopic and
microscopic tools. The luminescence of the clusters is selec-
tively quenched by Cu!! ions, and the quenching is highly
tunable depending on the solvent and the ligand used. De-
tailed XPS measurements indicate that the clusters undergo
a redox reaction with Cu'l ions. Steady-state as well as time-
resolved luminescence measurements prove that the tunabil-
ity is due to the galvanic reduction-induced tunable metallo-
philic interactions between the Au' ions of the cluster and
Cu! ions formed by the reduction of Cu'® ions by the cluster.
This is the first report of tunable metallophilic interactions
between monolayer-protected quantum clusters and a
closed-shell metal ion. We hope that our results draw more
attention to the chemistry of quantum clusters with metal
ions in general and the metallophilic interactions of clusters
in particular.

Experimental Section

Materials: Chloroauric acid (HAuCly3H,0), mercaptosuccinic
acid (MSA), and 4-tert-butylbenzyl mercaptan (BBSH) were pur-
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chased from Sigma-Aldrich. Silver nitrate and tetrahydrofuran
(THF) were purchased from RANKEM. Hexanethiol was pur-
chased from Fluka. Oxalic acid, CuSO45H,0, CdCl,, ZnSOy,,
HgCl,, NiCl,, and Co(OAc), were purchased from Merck. All
chemicals were used without any further purification.

AgAu@MSA Clusters: MSA-protected AgNPs were synthesized by
following a reported procedure.?!l A stock solution was prepared
by dissolving purified AgNPs (80 mg) in distilled water (10 mL).
Au' MSA thiolate was prepared in distilled water by dissolving
MSA powder (8.5 mg) in aqueous HAuCl, solution (5 mL, 5 mm).
All reactions were performed at room temperature. For the synthe-
sis of the AgAu@MSA clusters, the stock AgNP solution (0.5 mL)
was diluted with methanol (to 10 mL). Au'-MSA solution (2 mL)
was added into the methanolic AgNP solution with stirring. The
reaction was monitored by time-dependent UV/Vis absorption and
photoluminescence measurements. Larger AgAu alloy nanopar-
ticles and AgCl were removed by ultracentrifugation, and
AgAu@MSA clusters were obtained as a clear solution in meth-
anol. This solution was concentrated by rotary evaporation and
then freeze-dried to afford a pasty material; excess thiolates pre-
vented the production of clean powders from the system. Ethyl
acetate was added to this pasty material to precipitate the pure
AgAu@MSA, which was then collected and dried in nitrogen to
afford dry powder samples.

Ligand Exchange of AgAu@MSA Clusters: The ligand (BBSH or
hexanethiol) was dissolved in methanol (70 pL in 2 mL). This solu-
tion was added to AgAu@MSA cluster solution (2 mL) in distilled
water, and the mixture was stirred at room temperature for 2 min.
Toluene (4 mL) was then added, and the mixture was stirred further
for 3 min at room temperature. The aqueous layer became colorless,
and the toluene layer became light yellow indicating the completion
of the ligand exchange. The toluene layer was separated to afford
a clear solution of ligand-exchanged AgAu cluster.

Instrumentation: UV/Vis absorption spectra were recorded with a
Perkin—Elmer Lambda 25 instrument in the spectral range 200
1100 nm. Transmission electron microscopy (TEM) of the samples
was performed by using a JEOL 3010 instrument with an ultrahigh
resolution (UHR) polepiece. TEM specimens were prepared by
drop-casting one or two drops of the aqueous solution to carbon-
coated copper grids and allowed to dry at room temperature over-
night. All measurements were performed at 200 kV to minimize
the damage of the sample by the high-energy electron beam. X-ray
photoelectron spectroscopy (XPS) measurements were performed
with an Omicron ESCA Probe spectrometer with polychromatic
Mg-K, X-rays (hv = 1253.6eV). The X-ray power applied was
300 W. The pass energy was 50 eV for survey scans and 20 eV for
specific regions. Sample solutions were spotted on a molybdenum
sample plate and dried in vacuo. The base pressure of the instru-
ment was 5.0 X 1071 mbar. The binding energy was calibrated with
respect to the adventitious C 1s feature at 285.0 eV. Deconvolution
of the spectra was performed by using the CASAXPS software.
Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI MS) studies were conducted with a Voyager-DE PRO
Biospectrometry Workstation from Applied Biosystems. A pulsed
nitrogen laser of 337 nm was used for the MALDI MS studies. The
samples were mixed with a trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidenelmalononitrile (DCTB) matrix in 1:1 ratio, spotted
on the target plate, and allowed to dry under ambient conditions.
Mass spectra were collected in the negative-ion mode and were
averaged for 200 shots. Scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDAX) analysis were performed with an
FEI QUANTA-200 SEM. For measurements, samples were drop-
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casted on an indium tin oxide coated conducting glass and dried
in ambient conditions. Picosecond-resolved fluorescence decay
transients were measured and fitted by using a commercially avail-
able spectrophotometer (Life Spec-ps, Edinburgh Instruments,
UK) with an 80 ps instrument response function (IRF).

Supporting Information (see footnote on the first page of this arti-
cle): Procedure for the PAGE experiment, UV/Vis spectra of the
product and byproducts, XRD pattern of the AgCl formed as a
byproduct, time-dependent evolution of the photoluminescence of
the clusters during the reactions, EDAX spectrum and elemental
composition of the cluster, UV/Vis spectra of the cluster in meth-
anol with and without Cu"! ions, emission spectra of AgAu@MSA
in methanol containing oxalic acid and its stability of fluorescence
upon the addition of Cu'! ions, Ag 3d regions in the X-ray photo-
electron spectra of pure and Cu''-treated AgAu@MSA clusters,
lifetime measurements of alloy clusters containing different Cu'!
concentrations, lifetime decay profiles and fitting parameters for
solutions 2 and 3, luminescence data showing the complete revers-
ibility of the quenching in acetone.
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Supporting Information 1

Procedure for polyacrylamide gel electrophoresis (PAGE):

A gel electrophoresis unit with 1 mm thick spacer (Bio-rad, Mini-protein Tetra cell) was used to process
the PAGE. The total contents of the acrylamide monomers were 30% (bis(acrylamide:acrylamide) =
7:93) and 3% (bis(acrylamide:acrylamide) = 6:94) for the separation and condensation gels, respectively.
The eluting buffer consisted of 192 mM glycine and 25 mM tris(hydroxymethylamine). The cluster was
dissolved in 5% (v/v) glycerol-water solution (1.0 mL). The sample solution (1.0 mL) was loaded onto a
1 mm gel and eluted for 4 h at a constant voltage of 100 V to achieve separation.

Supporting Information 2

UV-vis spectra of the AgGAu@MSA cluster and AgAuNPs formed during galvanic displacement
reaction
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Figure S1. UV-vis spectra of the product (AgAu@MSA) and the byproduct (AgAuNPs) after the
reaction between AgNPs and Au'-MSA thiolate.
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XRD pattern of AgCl formed during galvanic displacement reaction
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Figure S2. XRD pattern of the precipitate obtained after the reaction between AgNPs and the Au'-MSA
thiolate, in methanol. The peaks are due to the AgCl crystals formed during the galvanic displacement
reaction. The peak at around 37 may be due to the AgAuNPs formed.

Supporting Information 4

Time-dependent evolution of luminescence during galvanic displacement reaction
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Figure S3. Time-dependent evolution in the photoluminescence showing the formation of AgAu@MSA
clusters during the galvanic exchange reaction.

Supporting Information 5

EDAX spectrum and elemental composition of the AgAu@MSA cluster



Elem Wt% At % K-Ratio Z A F

SK 5.65 26.26 0.0364 1.3730 0.4695 1.0005
CIK 0.00 0.00 0.0000 1.2935 0.5616 1.0008
AgL 3.70 5.11 0.0262 1.0743 0.6601 1.0000
AulL 90.66 68.63 0.8648 0.9531 1.0009 1.0000
Total 100.00 100.00
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Figure S4. EDAX spectrum and elemental composition of the AgAu@MSA cluster.
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UV-vis spectra of the clusters in methanol with and without Cu""
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Figure S5. UV-vis absorption spectra of AgAu@MSA clusters in methanol with and without Cu'".
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Photoluminescence data showing the ability of OA to prevent metal ion quenching
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Figure S6. Emission spectra of the AgAu@MSA cluster solution in methanol containing oxalic acid and
its stability of fluorescence upon the addition of Cu".
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Ag 3d regions in the XPS spectra of pure and Cu''-treated clusters
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Figure S7. Ag 3d regions in the X-ray photoelectron spectra of pure and Cu'-treated AgAu@MSA
clusters.
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Lifetime measurements of alloy clusters containing different concentrations of Cu"



Counts (log scale)

AgAU@MSA
AgAU@MSA-37.5 uM Cu'

»»»»»»»

AgAU@MSA-112.5 uM CU

i AgAU@MSA-250.0 uM Cu'"
}\.eX:375 nm
IRF l| Xem:675 nm
0 1 2 3 4 5
Time (ns)

S8. Picosecond time-resolved fluorescence transients of AgAu@MSA clusters containing different

concentration of Cu" in methanol.

Table S1. Picosecond time-resolved luminescence transients of AgAu@MSA clusters containing
different concentration of Cu" in methanol . The luminescence of these clusters (AMnax = 675 nm) is
measured using a 375 nm excitation laser.

Concentration of Cu" 71 18 (%) T, ns (%) T3 15 (%) Tay (11S)
added to
AgAu@MSA cluster
in methanol
0 0.16 (38) 1.12 (20) 50.00(42) 21.28
37.5 uM 0.14 (42) 1.77 (21) 46.77 (37) 17.88
75 uM 0.12 (46) 1.75 (26) 30.45(28) 8.95
112.5uM 0.11(54) 1.60(26) 24.08(20) 5.36
250 uM 0.10 (65) 1.24 (22) 12.00 (13) 1.93
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Lifetime decay profiles and fitting parameters of solutions 2 and 3
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Figure S9. Picosecond time-resolved fluorescence transients of AgAu@MSA clusters in THF showing

the quenching of the luminescence lifetime upon the addition of Cu" and its partial recovery upon the
addition of OA.
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Figure S10. Picosecond time-resolved fluorescence transients of AgAu@BBS clusters in THF showing
the quenching of the luminescence lifetime upon the addition of Cu" and its irreversibility upon the
addition of OA.

Table S2. Picosecond time-resolved luminescence transients of pure and Cu'-treated AgAu@MSA
cluster in THF. The luminescence of these clusters (Amax = 680 nm) is measured using a 375 nm
excitation laser.

Cluster system 71 ns (%) T, ns (%) 1308 (%) Tav (DS)
Pure AgAu@MSA 0.24(23) 1.24 (35) 48.37 (42) 20.74
cluster in THF
Cluster with Cu" 0.18 (27) 1.44 (70) 15.56 (3) 1.39
Cluster with OA 0.21 (25) 1.45 (68) 32.28(7) 3.38

Table S3. Picosecond time-resolved luminescence transients of pure and Cu'-treated AgAu@BBS
cluster in THF. The luminescence of these clusters (Amasx = 670 nm) is measured using a 409 nm
excitation laser.

Cluster system T1ns (%) T, ns (%) T3ns (%) Tav (DS)

AgAu@BBSH cluster 0.15 (43) 2.5 (19) 41.12 (38) 21.28
in THF



Cluster with Cu" 0.082 (71) 1.81 (17) 18.51 (12) 2.60
Cluster with OA 0.106 (69) 1.84 (19) 15.09 (12) 2.17

Supporting Information 11

Luminescence data showing the complete reversibility of the quenching in acetone as solvent
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Figure S11. Luminescence data showing the quenching of the luminescence of AgAu@MSA clusters in
acetone upon the addition of Cu" and its complete recovery upon the addition of OA.
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Development of ultralow energy (1-10 eV) ion scattering spectrometry
coupled with reflection absorption infrared spectroscopy and temperature
programmed desorption for the investigation of molecular solids
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Extremely surface specific information, limited to the first atomic layer of molecular surfaces, is
essential to understand the chemistry and physics in upper atmospheric and interstellar environments.
Ultra low energy ion scattering in the 1-10 eV window with mass selected ions can reveal extremely
surface specific information which when coupled with reflection absorption infrared (RAIR) and
temperature programmed desorption (TPD) spectroscopies, diverse chemical and physical properties
of molecular species at surfaces could be derived. These experiments have to be performed at
cryogenic temperatures and at ultra high vacuum conditions without the possibility of collisions
of neutrals and background deposition in view of the poor ion intensities and consequent need
for longer exposure times. Here we combine a highly optimized low energy ion optical system
designed for such studies coupled with RAIR and TPD and its initial characterization. Despite the
ultralow collision energies and long ion path lengths employed, the ion intensities at 1 eV have been
significant to collect a scattered ion spectrum of 1000 counts/s for mass selected CH, ™. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4848895]

. INTRODUCTION

Low energy ion scattering (LEIS), where mass selected
ions in the 10-100 eV energy range collide on a well-defined
surface and the product ions are mass analyzed, is an ex-
tremely surface sensitive,! molecule speciﬁc,2 and structure
specific® tool attracting significant attention these days.*™¢
Chemical reactivity of polyatomic ions at low energies and
the capability to confine them in a spatially specific fashion
with energy’!? and angle resolution''? have made it pos-
sible to explore novel phenomena using this technique. Pre-
cise control of ions has made it possible to soft-land ions at
surfaces,’ which has implications to chemistry, biology, and
devices. As the interaction time scale is of the order of a
few femtoseconds,'® a surface being sampled may be consid-
ered as frozen in the time scale of ion collision.'* This allows
temperature dependent dynamics'>!® to be probed efficiently.
The capacity to modify surfaces at atomic resolution provides
new capability to study model systems.

The ultralow energy analog of LEIS is a new variant
wherein translational energy of the incoming ion is as low as
1 eV,'7-!8 such ions are structure sensitive'? besides their ex-
treme surface specificity, allowing phenomena such as phase
transitions to be studied precisely.!”?° Coupled with novel
surfaces, prepared by a combination of methods such as back-
ground deposition, thermal evaporation, sputtering, photo-
chemistry, etc. can create completely new avenues hitherto
unexplored.

) Author to whom correspondence should be addressed. Electronic mail:
pradeep @iitm.ac.in
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85, 014103-1

These studies using LEIS are complementary to diverse
analytical methods,>?'~3* which are normally used to under-
stand molecular surfaces. All of these experimental capabil-
ities must be built around cryogenic conditions®®** as well
as in environments which can maintain ultralow energy ions.
While efforts to create, mass select and transfer ultralow en-
ergy ions to well-defined molecular surfaces face challenges
in effective ion transmission, there are also hardware re-
strictions to implement spectroscopies around single crystal
surfaces for simultaneous experimentation.

The surface chemistry of various molecular solids at
different temperature and low pressures is interesting3*-3°
which motivated us to design advanced instrumentation for
detailed investigations. In the following, we describe ultralow
energy ion scattering spectrometry coupled with reflection
absorption infrared spectroscopy (RAIRS) and temperature
programmed desorption (TPD), performed in the 10-1000 K
window. The experimental capabilities in terms of diversity of
measurements and wealth of data are described which present
new possibilities to explore fundamental problems of molec-
ular solids.

Il. EXPERIMENTAL

Figure 1 shows an outline of the instrument. A detailed
description of mass spectrometer components is given in
Fig. 2(b) and will be discussed later. The entire vacuum sys-
tem is composed of three main chambers [ionization (items 2
and 3), octupole (item 6), and scattering] and a sample manip-
ulator on which a closed cycle He-cryostat is mounted. The
interior surface of the chamber was polished by buffing to re-

© 2014 AIP Publishing LLC
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FIG. 1. Schematic of the instrument. Various parts of the instrument are: 1.
ionization chamber B-A gauge, 2. ionization chamber, 3. quadrupole mass
filter (Q1), 4. octupole chamber cold cathode gauge, 5. ion bender, 6. oc-
tupole chamber, 7. low energy alkali ion gun (Cs*/Li™), 8. quadrupole mass
analyzer (Q3), 9. scattering chamber B-A gauge, 10. RAIRS setup with KBr
view port and external MCT detector (D), 11. sample manipulator fitted with
closed cycle He-cryostat, 12. scattering chamber leak valves, 13. TPD probe
fitted with ionizer and quadrupole mass analyzer and detector, 14. scattering
chamber turbomolecular pump (685 1/s), 15. octupole chamber turbo molec-
ular pump (260 1/s), 16. Backing turbo molecular pump (260 1/s), 17. Pirani
gauge, 18. ionization chamber turbomolecular pump (80 I/s), 19. diaphragm
pump (9.6 m3/h), 20. diaphragm pump (3.8 m3/h), 21. gas manifold arrange-
ment with shutoff valve, gas line, pirani gauge, and diaphragm pump, and
22. Ru(0001) single crystal. Standard vacuum symbols are used (wherever
necessary) for clarity.

duce outgassing. The ionization chamber is fitted with a 67
1/s turbomolecular pump (TMP, HiPace 80, Pfeiffer Vacuum)
marked as item 18. This TMP is backed by a Pfeiffer Vac-
uum dry pump (MVP 70-3, pumping capacity 3.8 m3/h) (item
20). In the octupole chamber, the vacuum was created by one
HiPace 300 TMP (capacity 260 1/s, Pfeiffer Vacuum) (item
15). The scattering chamber is evacuated by HiPace 700 TMP
(capacity 685 1/s, Pfeiffer Vacuum) (item 14). The octupole
chamber and the scattering chamber TMPs are backed by an-
other HiPace 300 (Pfeiffer Vacuum) TMP (item 16) which
is further backed by a diaphragm pump (MVP 160-3 from
Pfeiffer vacuum, pumping capacity 9.6 m3/h) (item 19). All
the TMPs are connected to the vacuum chambers through vi-
bration dampers of appropriate dimensions to overcome any
vibrational interference arising from the TMPs. The pressure
readings in ionization and scattering chambers are measured
using Bayard-Alpert type (B-A gauge, model no. PBR 260)
(items 1 and 9, respectively) ionization gauges and the oc-
tupole chamber pressure is measured by a cold cathode gauge
(IKR 270) with a limit of 5 x 10~'! mbar (item 4), all these
sensors are controlled by a “MaxiGauge” vacuum gauge con-
troller (Pfeiffer, Model TPG 256 A). An ultimate pressure be-
low 5 x 107!9 mbar (limit of the sensor) was achieved in
both ionization and scattering chambers after bake-out. The
octupole chamber pressure is recorded to be 1 x 107! mbar.

Rev. Sci. Instrum. 85, 014103 (2014)

During the experiment, the sample vapor, i.e., water or other
vapors and gases are introduced into the scattering chamber
through leak valve (Pfeiffer Vacuum) (item 12). The sam-
ple lines of the gas manifold (item 21) are pumped by a
small diaphragm pump (MVP 015-4 from Pfeiffer Vacuum),
and the samples are separated from the sample line by shut
off valves (from Swagelok). The ionization chamber and oc-
tupole chamber are separated by a differential pumping baffle
and a gate valve, the ions are transferred from the ionization
region to the scattering region via the quadrupole mass fil-
ter (Q1) (item 3), followed by an ion bender (or ion deflec-
tor, item 5). Ions are guided form the octupole chamber to
the scattering chamber, through an octupole ion guide. The
alignment of ion optical components is achieved using stan-
dard laser transit procedures. Argon gas was introduced into
the ionization chamber through a leak valve during the exper-
iment when the pressure in it was raised to 2 x 1077 mbar.
The pressure measured in the scattering chamber during ex-
perimental condition, i.e., when the Ar source was open, was
1 x 1072 mbar, which is an indication of effective differential
pumping. This was achieved by a gate valve between Q1 and
ionization chamber which also incorporates a tube lens. There
was an additional vacuum restriction between ionization
chamber and the Q1 which further reduces gas flow from the
ion source to Q1. The pressure was monitored using a Maxi-
Gauge multichannel monitoring system as mentioned before.

A high precision UHV specimen translator (McAllister
Corporation) with xyz axis movement and 6 rotation facility
(item 11) was used as the substrate holder. The substrate
holder is made of oxygen free high conductivity (OFHC)
copper, and the rest of the spectrometer is made with non-
magnetic stainless steel. The mounting copper is electrically
isolated from the supporting structure. The heating element
is also made of copper. A 1.5 cm diameter ruthenium (Ru)
single crystal, Ru(0001) single crystal with 1 mm thickness
(point 22) was used as the substrate for deposition during
the experiment. This single crystal was mounted on a copper
holder which was connected with a closed cycle helium
cryostat (from ColdEdge Technologies) through an interface.
A heater was also connected to the interface which was
electrically isolated from the rest of holder by sapphire
balls. Three temperature sensors were connected around the
substrate to measure accurately the temperature in the whole
range of 10-1000 K. A silicon diode sensor was connected
to the top of the interface which measured the cold end of
the interface, a Pt-sensor and a K-type thermocouple were
attached to the mounting copper (Cu) near to Ru(0001),
which was used as the substrate for the growth of molecular
solids. The Ru substrate was fixed on the Cu plate by a thin
steel clip. The temperature gradient across the sample plate
was close to zero. Sample cooling was achieved by a closed
cycle He-cryostat and the minimum temperature attained
was 7 K whereas the maximum temperature recorded was
1000 K. The sample plate was mounted on the rod connected
to the He cryostat. The rod was covered with a polished
stainless steel radiation shield. Temperature up to 10 K can
be achieved within 2 h, and the variable heating rates like
0.1-50 K/min was controlled by a LakeShore temperature
controller (Model 336).
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FIG. 2. (a) Simlon simulation of the ion trajectory of 1 eV Ar™ (m/z 40), colliding on the target. (b) A schematic of the instrument with a description of the
components. Appropriate labels are shown on the calculated trajectory so as to relate (a) and (b).

Electron impact ionization (EI) source from Extrel Core
Mass Spectrometers (Extrel CMS) was used to generate posi-
tive or negative ions. The ionization chamber was fitted with a
chamber heater inside the chamber to get the cleaner environ-
ment. The generated ions were extracted from the source and
transferred to a quadrupole mass filter (Q1) through a set of
einzel lenses. The desired mass-to-charge ratio was allowed
to pass through QI. It is possible to get the projectile ions
with varying collision energy from 1 to 100 eV by varying
the potential of the ion source block and tuning the rest of
the ion optics to get a beam current of 1-2 nA for the mass
selected ion. The ions were allowed to pass through an ion
deflector, an octupole ion guide (q2), and through a set of
einzel lenses. The ions collide with the surface at an angle of

45° with reference to the surface normal during the ion scat-
tering experiment. The secondary ions generated by the ion
collision were collected by a set of einzel lenses and analyzed
by a quadrupole mass analyzer (Q3).

Figure 2(a) shows the results of Simlon simulation of a
scattering experiment where 1 eV Ar™ (m/z 40) was allowed
to collide on a target. The target was grounded. The over-
all energy spread of the source ions in the Simlon simula-
tion was 0.0238 eV. This energy is a summation of poten-
tial differences at the positions where the ions were created
and addition of the allowed kinetic energy distribution which
is 0.01 eV. The remaining amount was due to the potential
differences at the different positions where ions were born.
The computations indicate satisfactory results of ultralow
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energy ion scattering onto the target with good ion transmis-
sion. In this simulation, the repeller was set at 2 V, ion region
was set at 1 V, the ion energy at the target was found to be
1.45 eV. Overall transmission loss was found to be 52% at
1 eV and 56% for 3 eV. Ion spatial spread increased from
1 mm at the source to ~3 mm at the surface. The spread
can be reduced, however, by tighter focusing, especially at
a slightly higher ion energy of 3 eV where the spread is found
to be ~2 mm. The optimized instrumental parameters derived
from the simulations were used to arrive at the instrumental
parameters. Figure 2(b) shows a schematic of the instrument
with detailed description of the components. The instrument
consists of three chambers (as mentioned above) where there
are seven sections, namely, ionizer, Q1, ion bender, q2, scat-
tering chamber, Q3, and TPD probe. Ionizer is composed of
an ion volume, a tungsten filament, a repeller, and one elec-
tromagnetic lens (L.1). From ionizer to Q1, there is gate valve,
which also acts as a lens. This was especially chosen to reduce
the length of ion trajectory while having a reduced gas load
in the scattering chamber from the ion source. After the gate
valve lens, ions are mass selected using the Q1 quadrupole
assembly. Tons from the source are passed through Ql en-
trance lens (Q1 ENT) and Q1 pre/post filter before entering
the Q1 mass analyzer. Mass analyzed ions are then channeled
through another set of lenses, Q1 pre/post and Q1 exit lens.
After these lenses, ions are filtered through ion bender where
neutrals, if any, are rejected. As ions come out from the ion
bender, those enter the octupole ion guide (q2). The g2 is hav-
ing g2 entrance lens (q2 ENT), octupole, and g2 exit lens (q2
EXIT). After that there is a set of einzel lenses which focus
ions onto the target. During ion scattering experiment, when
the target is placed 45° with respect to the surface normal,
scattered ions are guided to the analyzer quadrupole Q3 by
another stack of einzel lenses. These ions are passed through
Q3 which consists of Q3 entrance lens (Q3 ENT), quadrupole,
and Q3 exit lens (Q3 EXIT). Finally the ions are detected us-
ing a conversion dynode (CD) and a channel electron mul-
tiplier. During the TPD measurement, the target is rotated
to 225° from its ion scattering position. In the TPD probe,
there is an ionizer similar to the one described previously.
Mass analyzer is similar to Q3. In order to reduce sampling
of other regions of the sample holder during TPD, the mass
spectrometer has a skimmer, placed in the front of the axial
ionizer.

Molecular surfaces were prepared by depositing the
corresponding vapors and gases which were in turn delivered
very close to the substrate through 1/8 in. stainless steel
tubes. The exposure was controlled by a leak valve. The
gas-line helps to maintain uniform sample growth on the
substrate. Delivery of molecules near the substrate ensured
that the vapors were not deposited in unwanted areas. The
deposition flux of the vapors was adjusted to ~0.1 ML/s.
The thickness of the overlayers was estimated assuming that
1.33 x 107° mbars = 1 ML. 1 ML ice layers have been esti-
mated to be ~1.1 x 10" water molecules/cm?.>” The partial
pressure of the vapor inside the scattering chamber during
deposition time was 1 x 1077 mbar. The films were prepared
on Ru substrate to make Ru@A (the symbolism implies the
creation of layer A over Ru). The spectra presented here
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were averaged for 75 scans and the data acquisition time was
approximately 0.5 s per scan.

In addition to low energy ion scattering mass spectrome-
try and TPD probe, the chamber is fitted with RAIRS set-up.
The RAIRS experiments were performed using a VERTEX
70 FT-IR spectrometer of Bruker. The IR beam was taken out
from the spectrometer to an off-axis paraboloidal gold-coated
mirror (focal length 250 mm) which focused the beam at 80°
4 7° incident angle onto the Ru single crystal mounted on
the cryostat. The reflected beam from the surface was col-
lected by another gold-coated ellipsoidal mirror mounted on
an adjustable base plate and ultimately focused onto the de-
tector (see Fig. 1, item 10). The entire IR beam path was
purged with dry nitrogen gas. A liquid N, cooled broadband
mercury-cadmium-telluride (MCT) detector (specific detec-
tivity D*¥ ~ 5 x 10° cm Hz!"2/W) was used for the range of
12000420 cm™!. The negative absorption observed around
2080 cm™! appeared to be due to background deposition of
CO on the clean surface. The total IR path length from the
spectrometer exit to the surface is 32.8 cm and the detector is
24.7 cm away from the sample.

lll. RESULTS

In order to measure the distribution of ion kinetic energy
(K.E.) of the input beam, stopping potential measurements'8
were performed at Q1. In this measurement, Q1 was kept
in the RF (radio frequency) only mode and it transmits all
ions formed in the source and Q3 was set to transmit the
desired mass. Thereafter, a range of DC voltages are ap-
plied across the quadrupoles in order to stop the desired
ions. When the ions are stopped at Q1, for example, inten-
sity of the ions detected falls to zero. Figure 3 shows the re-
sults of stopping potential measurements of 1, 2, and 3 eV
Ar™ ions. It is evident from the figure that for 1 eV ion,
the energy spread is 49% which reduces substantially (5%)
in the case of 3 eV ions. With further increase in the in-
put ion kinetic energy up to 8 eV, the spread decreases to
2% (data not shown). It is important to note that this kind
of ion energy spread is the best that has been achieved so
far in such instrumentation.® Increased spread at extremely
low energy (1 eV) has been noted before.!®?* Stopping po-
tential measurement in q2 using Art (Q1 was set to select
the desired ion and Q3 was kept in RF-only mode) showed
the same energy spread like Q1 (Fig. 3(a)). After the colli-
sion on the Ru target, the stopping potential experiment per-
formed in Q3 indicates a further increase in spread which is
0.52 eV (Fig. 3(b)). This shows the excellent performance of
the instrument especially at ultra-low energy range.

After the initial characterization measurements, ion
scattering experiment was performed with CgDg™ (1m/z 84) on
Ru(0001) at 10 K. The kinetic energy of the ions was 1-6 eV.
The results of the experiments are shown in Fig. 4(a). The
small shoulder peak next to C¢Dg™ is attributed to C¢Ds™.
Figure 4(b) shows the result of chemical sputtering conducted
on 100 ML D,0O grown on Ru(0001) at 10 K. The projectile
was 50 eV Ar". Signal at m/z 22 indicates D;O™, result of
chemical sputtering of D,0, the peak m/z 42 is due to DsO, ™.
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experimental scheme is shown in inset.
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FIG. 4. (a) Results of 1-6 eV Cg¢Dg™ scattering on Ru(0001) at 10 K.
(b) Chemical sputtering spectrum due to 50 eV Art on amorphous ice at
100 K. Bottom inset shows a schematic of the ultralow energy ion scattering
experiment. The ejection of D3O is due to the proton-transfer reaction upon
collision of Ar™ ions (2D,0 — D;0" + OD™).

The ions D3O™ and D50, are the characteristic features of
D,0 ice. Note that no other ions such as hydrocarbons or
H30™ were seen which clearly demonstrate the cleanliness of
vacuum, quality of the molecular film, and well-defined ion
trajectory. In the absence of all these, the ion scattering spec-
trum could have shown several other features characteristic of
impurities. These spectra indicate the successful performance
of the instrument at the entire energy region for which the
instrument was designed for.

Having established the instrument performance in the
low to high energy window, we carried out TPD measure-
ments. In this process, Argon was chosen as the atomic solid
of choice. First the target was cooled to 10 K, which is well
below the desorption temperature of Ar. After that, Ar gas
was deposited through a leak valve in the scattering chamber
for a certain period of time to develop the desired number of
monolayers. Thereafter, the substrate was resistively heated
at a constant rate (here 5 K/min). The resultant mass spectra
were collected, where the surface was at the TPD position.
Figure 35, inset (ii, bottom) shows one of the measured TPD
spectra for 5 ML thickness of Ar. The ion intensity monitored
in this case is m/z 40 due to Ar™. Next, a thickness dependent
TPD experiment was performed where 0.5, 1,2, 3, 5 ML of Ar
was deposited and heated at the same rate as mentioned pre-
viously. From the resultant spectra, areas under the curve are
plotted and presented in Fig. 5. Near linearity of the plot indi-
cates successful performance of the TPD experiment at very
low coverage and at very low temperature. Inset (ii) shows the
TPD spectrum of 5 ML Ar. Curve fitting was done to find the
multilayer and monolayer contributions in the TPD spectrum.
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The residual Ar intensity beyond 30 K (maxima 39.4 K) is
attributed to Ar desorption from regions other than the Ru
crystal. This area is excluded in the total area measurement
in the linear fit. The desorption spectrum is characterized by
two peaks, the low temperature peak (marked as 1, maxi-
mum at 22 K) due to the multilayer and the high temperature
peak (marked as 2, maximum at 25 K) due to the monolayer.
Intensities of these two are used in the thickness evaluation.
Subsequently, reflection absorption infrared spec-
troscopy (RAIRS) was performed on 50 ML CCl, layer
deposited on Ru at 100 K. Figure 6 shows the observed
spectra. It is an average of 512 acquisitions with 4 cm™!
resolution. The spectrum shows the standard C—Cl stretching
vibrations (v3) at 794 cm™! and v, (symmetric stretching)
+ v4 (degenerate deformation) modes of CCly appear at
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FIG. 6. RAIR spectrum of 100 ML CCly deposited on Ru(0001) at 100 K.
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767 cm™!, respectively.?®3° This spectrum indicates excellent

performance of the RAIRS set-up.

IV. CONCLUSION

The instrument developed shows excellent performance
during ion scattering experiments in the ultralow energy
range. Its capability to achieve low temperatures (~10 K) will
help to study molecular and atomic solids of almost any gas
(except hydrogen and helium). Simultaneous measurement of
ion scattering, RAIRS, and TPD is expected to unravel vari-
ous unexplored areas of molecular materials. A combination
of all these data together can reveal the structure, reactivity,
kinetics, and thermodynamics of surface processes. In con-
junction with additional facilities such as low energy alkali
ion sputtering, thermal evaporation along with surface activa-
tion by UV exposure, catalysis at molecular solids (photo and
chemical) can be explored.
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ABSTRACT We present a versatile approach for tuning the surface functionality of an

B-cyclodextrin (CD) and the ligand anchored on the cluster. The supramolecular interaction %
between the Au,s cluster protected by 4-(t-butyl)benzyl mercaptan, labeled Au,sSBB,g, and (D
yielding Au,sSBB1sNCD,, (n = 1, 2, 3, and 4) has been probed experimentally using various
spectroscopic techniques and was further analyzed by density functional theory calculations
and molecular modeling. The viability of our method in modifying the properties of differently
functionalized Auys clusters is demonstrated. Besides modifying their optoelectronic properties,

the D moieties present on the cluster surface provide enhanced stability and optical responses

b
b

Supramolecular umbrella
atomically precise 25 atom gold cluster using specific host—guest interactions between N

which are crucial in view of the potential applications of these systems. Here, the (D molecules act as an umbrella which protects the fragile cluster core

from the direct interaction with many destabilizing agents such as metal ions, ligands, and so on. Apart from the inherent biocompatibility of the

(D-protected Au clusters, additional capabilities acquired by the supramolecular functionalization make such modified clusters preferred materials for

applications, including those in biology.

KEYWORDS: supramolecular chemistry - quantum clusters - Au,s - cyclodextrin - inclusion complex

istinct properties of nanomaterials

arise from diverse attributes, the

most important being size, shape,
chemical functionalization, and interparticle
organization.' ™ Interfacing individual nano-
particles with functional supramolecular
systems is a fascinating prospect which
provides them with new capabilities. In this
paper, we introduce a method for such
surface modifications in atomically precise
gold clusters, which are emerging materials
due to their unique optical and catalytic
properties.* 8 They are called by various
names such as quantum clusters (QCs), nano-
molecules, molecular clusters, superatoms, etc.
Unique molecule-like absorption (especially
that of Au,sSR;s (SR denotes the surface
thiolate ligand)) and photoluminescence
properties of QCs are the result of confinement
of electronic wavefunctions*>°~'" which
can be manipulated by the modification of
the ligand environment.">""> The physico-
chemical interactions occurring at the surface

MATHEW ET AL.

of QCs may change the efficiency of radiative
recombination, which may ultimately result
in the enhancement or quenching of their
optical properties. QCs, as tunable nano-
scale light sources, have found numerous
applications in biology, bioanalytics, and
optoelectronics.’®™"® Many of these applica-
tions require engineering of their surfaces with
functional ligands. Different approaches have
been developed to achieve this, such as ligand
exchange’ and subsequent isolation of clusters
with precise composition,®® click chemistry,
and so on.?' "% As a complementary and even
more versatile concept, especially for solution-
state applications, we introduce the possibility
of supramolecular chemistry with QCs, which
enables their precise surface functionalization
with molecules that can take part in additional
events. These surface modifications are impor-
tant to enable the use of diverse properties of
such molecular nanosystems.?

Being the most popular supramolecular
host molecule, S-cyclodextrin (5-CD), cyclic
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Figure 1. UV—vis absorption spectra (A) and MALDI (L) mass spectra in the positive ion mode (B) of Au,5SBB,g. Inset
shows a photograph of the cluster (diluted) in THF. Inset of (A) also shows a visualization of the DFT-optimized
structure of Au,5SBB,g. Gold atoms are shown in gold, sulfur atoms in green, carbon atoms in dark gray, and hydrogen
atoms in white. The bridging sulfurs lie along Cartesian axis directions. Here, Au,5SBBg and its Cartesian axes have
been oriented so that the environment around the ligands can be seen clearly. In this particular orientation, the x—y
plane is in the plane of the paper as shown by the red and green arrows, and the z-axis is going into the plane of the
paper as indicated by the blue arrow. Inset of (B) compares the theoretically calculated and experimentally observed
molecular ion peak of the cluster. A fragment of ionization (Au,5SBB6S,) " is marked by x. The peak at m/z 8151 is due

to Au,5SBB 5.

oligosaccharide comprising seven o-p-glucopyranose
units linked by a.(1—4) glycosidic bonds, has molecule-
accepting cavities which are specific to hydrophobic
guest molecules of suitable size and geometry.”® In
addition to other applications, this feature has been
exploited for the design and construction of molecular
sensors in which the inclusion of the guest molecule
triggers a signal which can be detected.?”?® Binding of
B-CD molecules to various guest-functionalized mate-
rials has been utilized for various applications in water
purification and biology.? 3" Owing to the high vul-
nerability of the 4-(t-butyl)benzyl group to form stable
host/guest inclusion complexes with -CD molecules,
we synthesized a new 25 atom gold QC protected by
4-(t-butyl)benzyl mercaptan (BBSH) and explored its
precise surface functionalization with -CD mol-
ecules. The partial inclusion complex formed due
to the host—guest interactions between 3-CD and
SBB ligand anchored on the Au,s cluster may be
represented as XNY, where X and Y are substrate
and receptor molecules, respectively, as suggested
by Lehn32 and colleagues.® Strong inclusion inter-
actions between the inner cavity of 5-CD and ligand
molecules on the QC have been probed by various
spectroscopic techniques and density functional
theory (DFT) calculations. Detailed studies on the
stability of the functionalized cluster in the pre-
sence of metal ions and ligands have also been
performed. As the binding of the substrate to its
receptor involves a molecular recognition process,
presence of a more competitive guest molecule
can effectively tune the host—guest reactivity and
alter the supramolecular environment around the
cluster, suggesting potential applications in sen-
sing. Beyond enhanced stability and sensing
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properties, creating such precise CD-functionalized
clusters can lead to numerous applications in biol-
ogy and therapeutics since such materials can be
envisaged to develop drug delivery vehicles that
can be tracked simultaneously.

RESULTS AND DISCUSSION

There is a strong motivation for making quantum
clusters protected with ligands as we wish to use their
molecular recognition properties to build supramole-
cular structures. Here, we synthesized a 25 atom QC of
gold with remarkable stability using BBSH as the ligand
by following a facile one-pot strategy. BBSH was
chosen as the ligand due to its strong tendency to
form an inclusion complex with 5-CD (binding con-
stant and other data are presented later in the text).
The bulkiness of this ligand, while reported to provide
higher oxidation resistance to larger Ag clusters (Ag140
and Ag.,go), was also viewed as a challenge for the
synthesis of clusters with smaller cores.>*** The forma-
tion of a well-characterized Au,s cluster with BBSH
ligand throws light onto the possibility of such smaller
core sizes with Ag, too. In view of various reports on the
Auys core, protected with other ligands such as GSH
and PET,>'" we present only the relevant character-
istics of Au,5SBB;g in the main text. Most of the other
spectroscopic and microscopic data are presented in
Supporting Information (SI).

The cluster has well-defined optical and mass spectral
features. The optical absorption spectrum (Figure 1A)
of the dark brownish solution revealed discrete mole-
cule-like features which are characteristic, and often
described, as the fingerprint of Au,s QCs>”?” A key
parameter which decides the formation of Au,sSBBqg
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is the molar ratio of Au and BBSH, which significantly
affects the yield of Au,s. While the formation of Au,5SBB; g
required a ratio of 1:6 at an optimized condition, lower
thiol ratios resulted in larger clusters which were
noticeable from the changes in the optical absorption
spectra (see Figure S1 in SI).

The molecular composition of the cluster was con-
firmed by MALDI (L) MS, where L denotes analysis in the
linear mode (Figure 1B). An intact molecular ion peak was
observed at m/z 8151, which also indicated the purity of
the prepared cluster. The experimental spectrum and the
theoretical prediction matched perfectly as shown in the
inset of Figure 1B. Molecular ion peak was observed in
both the positive and the negative ion modes (Figure S2).
An additional fragment corresponding to the C—S bond
cleavage (marked with an asterisk in Figure 1) was
observed. Due to the bulky nature of the ligand, a
mass loss of m/z 294 corresponding to two BB groups
(—CH,—CeHs—C(CH3)3) from the parent cluster was
identified apart from peaks due to the loss of Au,SBB,
from the parent ion (see Figure S2), a common phenom-
enon observed in such Auys clusters.'"8 A precise con-
trol of the threshold laser intensity was crucial to observe
the molecular ion peak without fragmentation (Figure S3).
A DFT-optimized model of [AuysSBBg]™ is shown in
the inset of Figure 1A. While the core and staple motifs
are preserved from the Au,sPET,g case, there are
differences in the directions of the SBB ligands when
compared to their PET counterparts, and these are
attributed to differences in the rotation angles of
ligands about their S—C bonds. We note that, in
general, the SBB ligands point away from the core,
enabling their inclusion into CD. This scenario may be
contrasted with that of Au,sPET,g, where the ligands
do not point outward from the core,*” and hence it
would be difficult for a CD to form an inclusion com-
plex with it (see later). ESI MS of the cluster (Figure S4)
in the negative mode yielded fragments in the low
mass region corresponding to (AuSBB,) ™, (Au,SBB3) ™,
(Au3SBB,4)~, and (Au,SBBs)™ due to fragmentation of
staples from the cluster surface. The average size of the
cluster was <2 nm as confirmed by TEM (Figure S5), and
it did not show any electron-beam-induced aggrega-
tion, a common phenomenon observed in other Ag
and Au clusters. This may be due to the better stability
provided by the bulky ligand shell around the cluster.
Elemental analysis of the cluster (Figure S6) showed a
Au/S ratio of 1:0.73, in agreement with Au,sSBB;g. With
the confirmation that the cluster formed is Au,5SBB; 5, we
move to the construction of the supramolecular adducts.

The 4-(t-butyl)benzyl group of the SBB ligand on
Au,s is an interesting entity as it acts as a recognition
site for stable host/guest inclusion complexes with
B-CD molecules. Pure and modified CDs have been
widely documented to form stable host/guest inclu-
sion complexes with hydrophobic molecules of appro-
priate size 5o as to be included in its cavity.3**° Such
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complexes are stable, and the products can be isolated.
Several inorganic complexes bearing 4-(t-butyl)phenyl
groups have been reported to form stable host/guest
complexes with 3-CD.*' ~* Au,sSBB;sNCD, (n = 1—4)
were made as described in the Experimental Methods
section. Initially, the Au,sSBBg cluster in THF was
mixed with different mole ratios of CD in water and
subjected to sonication. Though CD host—guest inter-
actions are known to be most powerful in water, yield
of the CD-functionalized cluster analogues (as ob-
served in ESI MS) was poor when the experiment was
conducted under conditions of excess water. The
tendency of Au,sSBB;g to aggregate in highly polar
medium may prevent the efficient interaction between
CD and the guest molecules from forming inclusion
complexes in excess water. The CD molecules themselves
form tubular assemblies specifically in THF medium,*®
and this formation is facilitated by the presence of small
amounts of water.***” This was confirmed from SEM
observations (Figure S7). Intermolecular H bonding be-
tween the hydroxyl groups on the outer rim of CD
molecules, mediated by water, holds them together to
form the assembly. Such channel structures of CDs are
capable of forming inclusion complexes.***” During the
formation of such superstructures, the SBB group present
on the cluster may also get entrapped inside the CD
cavity. Addition of excess water results in the collapse of
CD assemblies releasing the Au,5SBB;gNCD,, adducts.

Cluster-entrapped supramolecular adducts of CD
(Au,5SBB,sNCD,,, where n = 1—4) can be extracted
into the organic layer. Due to the presence of more
hydrophobic SBB groups on the cluster surface (18 — n,
where n < 4), the adducts are hydrophobic in nature
and allow this preferential extraction into the organic
layer. In agreement with this, LDI MS of the aqueous
layer showed a broad peak at higher mass range albeit
with very low intensity (Figure S8). We noticed that the
intensities of MALDI and ESI MS spectra of the
CD-incorporated Au,s cluster in the crude product
(before adding excess water) were weak, whereas a
significant enhancement in the adduct intensities was
observed in both MALDI and ESI MS after addition of
excess water. The purified organic layer, devoid of free
CD molecules, was used for subsequent characteriza-
tion as described in the Experimental Methods section.
The hydrophobic interactions between the SBB ligand-
protected Au,s cluster and S-CD were studied by
a combination of absorption, fluorescence, MALDI
MS, ESI MS, and NMR spectroscopies.

MALDI MS of the cleaned organic layer was done
with linear (MALDI (L)) and reflectron modes (denoted
as MALDI (R)) as well as in TOF TOF mode (MALDI TOF
TOF). MALDI (L) MS (Figure S9) measurements of the
cluster—CD adduct resulted in a broadened mass
spectrum. Factors such as ion kinetic energy distribu-
tion of the ejected ions as well as their spatial and
temporal distributions are strongly influenced by the
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Figure 2. (A) Effect of MALDI TOF TOF mass spectra of Au,5SBB;g (black trace) with increasing SBB/CD ratio (green to brown
trace) in solution. Schematic representations of the cluster with different amounts of CD inclusions are also shown. At 1:0.05,
some parent Au,5sSBB; g is also seen, shown with #. UV—vis absorption spectra (B) and luminescence spectra (1¢, 992 nm) (C) of
the Au,5SBB; g cluster with increasing amounts of CD inclusion.

molecular weight, nature of ions, and the matrix, *&4°

which are important in the present case in determining
the spectral width. Though the peaks were broad, the
peak maximum of samples made with increasing CD
concentration in solution shifted toward higher mass
numbers, suggesting the complexation of 5-CD on the
cluster surface. The difference in energy distribution of
the ions arising from the desorption ionization event,
the possibility of large internal energy distributions of
the ejected ions as well as metastable fragmentation
due to the presence of flexible supramolecular inter-
actions may be the reason for the significant spread for
the ions.>®~>3 This spread is evidenced from the fact
that the broad distributions in MALDI (L) MS transform
to narrow lines over a broad background in the TOF
TOF mode with the MALDI (R) MS giving an intermedi-
ate distribution. Figure S9 compares the MALDI (L) and
MALDI (R) mass spectra.

To confirm this, MALDI TOF TOF mass spectra of
mixtures of various SBB/CD ratios were collected
wherein better peak resolutions were obtained, as
shown in Figure 2A, indicating that improved resolu-
tion requires TOF TOF measurements and longer path
lengths. The mole ratio of SBB ligand to 3-CD in
solution for each case is indicated on the figure.
Schematic representations of the cluster with various
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amounts of CD inclusions are also shown in Figure 2.
Peak corresponding to the parent Au,5SBB;g is marked
with #. Spectra corresponding to intermediate SBB/CD
ratios are shown in Figure S10. Well-defined peaks
corresponding to AuysSBB;sNCD,, (where n = 1—4)
were observed under different conditions. The trend
observed in CD adduct intensities with an increase in
SBB/CD is the same as seen in MALDI MS (Figure S9),
confirming that the energy spread of the ions in MALDI
MS was the reason for the poor resolution.

As in the case of ligand exchange reactions of
clusters,?>>*7>¢ at each ratio of reactants, one can
observe multiple peaks due to the existence of various
species in solution. However, formation of certain
cluster—adduct combinations is indeed higher than
the others depending on the incoming 5-CD concen-
tration. While a statistical distribution of species always
exists in solution and precise control of the formation
of exclusively one adduct is difficult, it is indeed
possible to create one particular adduct with a higher
proportion than the rest by careful control of
the precursor ratios.>” The relative intensities of indi-
vidual peaks shown in Figure 2A for each ratio suggest
such an effect.

It may be noted that optimum laser fluence (lowest
fluence needed to observe ion signals) was used for all
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Figure 3. ESI mass spectra in the negative mode for
[Au,5SBB,g] and its CD-functionalized analogues collected
using a Q TOF (Synapt G2 HDMS, Waters) mass spectro-
meter (details are in the Instrumentation section). SBB/CD
ratios used for the synthesis were 1:1.2, 1:1, and 1:0 for
traces a to ¢, respectively. Part of trace b is expanded to
show the features clearly.

the measurements. The dependence of laser fluence
on both the MALDI and MALDI TOF TOF mass spectra
for Au,5SBB1gNCD, is shown in Figure S11. It is also
important to mention that the MALDI event can cause
fragmentation of the adducts and part of the distribu-
tion of the lower mass ions may also be due to this. lon/
molecule reactions in the plasma can lead to gas-phase
products at higher masses, not originally present in
solution. All of these aspects are inherent complica-
tions in the spectrum, and therefore, it is important to
study the product distribution using other methods.
We conducted extensive ESI MS measurements to
understand the existence of various species in solution.
Spectrum in the negative mode confirmed the mass
assignment mentioned earlier. Figure 3 shows distinct
peaks corresponding to various Au,sSBB;sNCD,
(where n = 2—4) clusters. Unlike MALDI, matrix inter-
actions and laser-induced fragmentation of the pro-
ducts can be avoided in this case. Although at lower
ratios the parent Au,s peak was dominant compared to
the adducts (for n = 2 and 3) and multiple species
existed in solution, at a SBB/CD ratio of 1:1.2, greater
abundance for Au,sSBB;gNCD,; species was seen.
A possible reason could be the geometric stability of
the Au,sSBB1gNCD, cluster adducts in comparison to
that of others. From our simulations, the higher stabi-
lity of these species compared to Au,s;SBB,sNCD,
(where n < 4) was attributed to the binding of four
CDs in tetrahedral locations (explained later) which
would minimize inter-CD interactions and thus lower
the total energy of the structure. Second, the tight
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packing of the four CDs on the cluster surface sterically
hinders further CD molecules from interacting with its
surface, which also enhances its stability. Data pre-
sented in Figure 3 suggest the existence of one
dominant supramolecular adduct, Au,sSBB;sNCD, in
solution at a SBB/CD ratio of 1:1.2. Further increase in
CD concentration in solution did not result in another
species, indicating that addition of more CD molecules
onto the cluster surface with retention of the Au,s core
is unlikely. Ligand-induced core etching was seen at
larger concentrations of CD as we have reported
previously.® The bulky nature of the BBS group
may sterically hinder an incoming CD group adjacent
to it. Careful control over CD concentration was essen-
tial to not cause additional effects. Such control is
necessary to achieve specific products in the case
of clusters, as seen in the case of ligand exchange
and core alloying.2%**~>7 UV—vis absorption spectra
(Figure 2B) of these samples showed a nominal de-
crease in intensity of the characteristic absorption
features of the cluster, especially the absorption band
found at 685 nm. The ~20 nm shift observed in the
UV—vis spectra strongly indicates the modification of
the molecule.

Au,s QCs are known for their luminescence emission
in the near-infrared (NIR) region. In order to study the
influence of CD encapsulation on the optical property
of Au,s QC, we analyzed the NIR luminescence of Au,s
before and after CD functionalization. The bare
Au,sSBB;g cluster showed a luminescence maximum
at 1030 nm at room temperature (see Figure S12).
Though various excitation wavelengths showed slight
changes in the emission maxima, emission at 1030 nm
was the most dominant and intense among others.
Upon f-CD inclusion, the cluster samples showed
a pronounced enhancement in their luminescence
intensity (Figure 2C). Enhancement of optical proper-
ties in such surface-modified clusters is in accordance
with previous reports.>*®® Upon silica coating of
Auys, both absorption and emission intensities are
enhanced.® In Auy3SGyg, upon phase transfer, due to
additional protection of the cluster by the phase
transfer agent, the nonradiative decay rate is reduced,
enhancing emission.?® In the present case, this en-
hanced luminescence remained almost the same even
after 2 weeks in ambient conditions, suggesting the
enhanced stability of the cluster as a result of com-
plexation with 5-CD molecules.

Computational studies were conducted in order to
ascertain whether the attachment of cyclodextrin
molecules to Au,sSBB;g is feasible and, if so, their
locations and the maximum number of such attach-
ments. Au,s consists of a 13 atom icosohedral Au core
surrounded by six —S,,—Au—S,—Au—S,,— staples,*”¢"
where Sy, denote the six bridging sulfurs and S, the
12 nonbridging sulfurs. The bridging sulfurs join ex-
terior gold atoms to each other in the staple, while the
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(B)

Figure 4. (A) View of DFT-optimized structure of Au,sSBB;g where the bridging ligands are shown in blue and the
nonbridging ligands in magenta. The ligands identified for the attachment of the four CDs are marked by arrows and by
the pairs of Cartesian directions marked next to the arrow. The sulfur and gold atoms are colored green and gold, as in
Figure 1A inset, and the Cartesian x, y, and z axes are shown by the red, blue, and green arrows. In the front (B) and back (C)
views of Au,5SBB;gNCDy,, the hydrogen atoms are not shown on the SBB ligands for clarity. The four CD molecules are shown
in cyan in the stick molecular representation and are approximately arranged in a tetrahedral shape. The binding energies in
kcal/mol for the isolated BBSHNCD complexes with the t-butyl group of BBSH molecule entering (D) the narrow rim and (E) the
wider rim of the CD are shown next to the respective configurations. In (D) and (E), for clarity, all the atoms of the BBSH
molecule are shown in one color, cyan, while oxygen, carbon, and hydrogen atoms of CD are shown in red, black, and white,

respectively.

nonbridging sulfurs connect the core Au atoms to an
exterior Au atom. Ligands may be classified as bridging
(shown in blue color in Figure 4A) and nonbridging
(shown in magenta color in Figure 4A), depending on
the type of sulfur they are connected to. While the
bridging ligands lie 0.5—0.9 A farther away from the
core, as seen in Figure 4A, and are more easily acces-
sible to CDs in solution, they are fewer than the
nonbridging ligands. Due to the six two-fold axes of
the icosahedral core,>*" we rotated the structure so
that the SBB bridging ligands lay along the six Carte-
sian axes d, where d stands for +x, y, or £z. The
nonbridging ligands may be associated with a Carte-
sian plane quadrant or diagonal denoted by the pair
(d4, dy), where the order of d; and d, is unimportant
and they are perpendicular. This notation may be used
to identify ligands uniquely; the bridging ligands are
specified by Cartesian directions, while the nonbrid-
ging ligands are specified by a pair of perpendicular
directions. If one examines the model of Au,5SBB;g,
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one can see that the bridging ligands appear to be
more crowded, as shown in the inset of Figure 1A and
Figure 4A, while there is greater space around the
nonbridging ligands. We confirmed this by studying
the ligand orientations of the 3D model of Au,5SBB;g
(a structure file is provided in XYZ format along with Sl).
Hence, it would be possible for a CD to make a closer
approach and include a greater portion of a nonbridg-
ing rather than a bridging ligand. A closer CD position
is in better agreement with the NMR data due to the
proximity between the aromatic SBB protons and the
H® and H®> CD protons.

A model of Au,5SBB,gNCDy, is shown in Figure 4B,C,
showing the four CDs in an approximately tetrahedral
arrangement attached to nonbridging ligands with their
narrow end facing the cluster core. A tetrahedral ar-
rangement would be expected to minimize inter-CD
interactions. We also note here that the exclusive use
of bridging ligands for CD attachment would impose
a perpendicular arrangement rather than tetrahedral.
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Figure 5. (A) Schematic showing the inclusion complex between SBB ligand on the QC and $3-CD (a—c represent CD,
Au,5SBBg, and Au,sSBB,sNCD,, respectively). Different types of protons and their interactions are also marked. (B) Two-
dimensional ROESY spectrum showing interaction between the inner cavity protons of CD and SBB ligand, which appear as

cross-peaks in the spectrum (marked by circles).

The nonbridging ligands used were denoted by
(—z,—x), x,—y), (v,2), and (z,—x). We remark here that
the structure shown in Figure 4B is one possible local
minimum and further simulations would be needed
to determine the lowest energy structures comple-
tely. Structural isomerism is possible as the choice of
ligands for CD attachment is non-unique. Full details
of the procedure to construct this model may be
found in SI 13.

Interestingly, though there are groups of free ligands
which are spread over a large space to fit a fifth CD,
albeit with tight packing, the specific orientation of free
ligands prevents further attachment of another CD.
This region of space can be seen in more detail in the
back view of the structure shown in Figure 4C (further
views are shown in Figure S13). A ligand which appears
to have sufficient space around it can be seen at the
center of Figure 4C and is marked with a red star.
However, it is still too close to the CD at its lower right
to enable another CD to be attached to it. This steric
hindrance is in striking agreement with the experi-
mental mass spectral results showing four attached
CDs as the maximum observed.

MATHEW ET AL.

Being an efficient tool in CD complexation studies,
NMR spectroscopy (especially 2D NMR) can provide
information on the details of interaction of 5-CD and
the SBB ligands of the cluster such as mode of pene-
tration (through narrow rim or through the wide rim of
CD) of the guest molecule, extent of guest inclusion in
the CD cavity, orientation of the guest molecule inside
the cavity, etc. Various protons corresponding to the
ligands and that of the CD are marked in the schematic
shown in Figure 5. Inner protons in -CD are repre-
sented as H® and H>, while the outer protons are
marked as H', H?, H* and H®. In the case of the SBB
ligand, aromatic protons are named as H® and HY, while
t-butyl protons and the CH, protons are represented as
He and HP, respectively (see Figure 5A). The "H NMR
spectrum of the -CD-encapsulated cluster shows in-
duced chemical shifts for certain protons of 8-CD and
BBS thiol, which are shown in Figure S14. 5-CD protons
were shifted further upfield than parent 3-CD protons,
whereas BBS protons were shifted downfield post-
encapsulation. The upfield shift of 5-CD cavity protons
is attributed to the magnetic anisotropy affects in
the B-CD cavity,®*%* arising due to the inclusion of
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a s-electron-rich group (here the aromatic ring of BBS).
The formation of the supramolecular complex be-
tween f3-CD and Au,sSBB. g cluster was verified by 2D
ROESY spectroscopy (Figure 5). This is critical in the
study of the interaction between host CDs and guest
molecules since protons of both the species are closely
located in space after complex formation. The ROESY
spectrum of the supramolecular cluster complex
shows clear NOE correlations between BBS protons
and the protons of 5-CD. Aromatic protons of the BBS
group (HS and HY show cross-peaks with the inner
protons (mainly H* and H®) of 5-CD. This confirms the
formation of an inclusion complex. Moreover, strong
cross-peaks were also observed between the protons
of the t-butyl group (H®) with inner cavity protons of -
CD, namely, H? and H?, indicating that they are spatially
close to each other. Presence of native as well as
complexed t-butyl protons was observed in the 'H
NMR spectra after complexation (pink and green traces
in Figure S14), indicating that all the BBS ligands are not
complexed with CD. CH, group protons of BBS (H”) did
not show any noticeable cross-peaks with inner H* and
H> protons of CD in the ROESY spectrum. This may be
because the penetration of BBS ligand on Au,s into the
p-CD cavity is not deep enough for the group to
interact with inner cavity protons of the latter. The
2D COSY experiments also provide information on the
coupling of protons between the two moieties. The
cross-peaks corresponding to coupling between HE, HE,
and HY protons of the BBS ligand with that of H* and H°
of CD are marked in Figure S15.

The feasibility of encapsulation of BBSH inside the
B-CD cavity was further confirmed by the detailed
analysis of the inclusion complex prepared by the
reaction between (3-CD and free BBSH thiol. LDI MS
of BBSHNCD showed the presence of a single sharp
peak at m/z 1316, which matched well with the
theoretical prediction (Figure S16). ESI MS of BBSHNCD
and pure 3-CD are compared in Figure S17. Tandem
mass spectrometry data with fragmentation products
of peaks at m/z 1316 and 1338 corresponding to the
loss of BBSH (180 Da) from parent BBSHNCD are also
shown in Figure S17. Binding constant for BBSHNCD
was measured using fluorescence spectral titration
(Figure S18). 'H NMR and 2D COSY spectrum of
BBSHNCD clearly suggests the complexation between
f-CD and BBSH thiol (Figure S19).

In view of getting more insight into the structure of
the most stable inclusion complex, DFT calculations
were performed on isolated BBSHNCD supramolecular
adducts. These calculations predict the existence of
two different possibilities of encapsulation of BBSH
ligand in the $-CD cavity in solution, that is, either
through the wide rim (Figure 4E) or through its narrow
rim (Figure 4D). The inclusion complex resulting from
the entry of BBSH through the narrow end was more
stable by 1.99 kcal/mol than that through the wide rim.
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However, from the 'H NMR data (see Figure S19), we
could not precisely determine the chemical shift for the
inner and outer protons of CD after complexation since
they appeared as broad and diffused peaks. This could
be due to the existence of different types of SBB
ligands on the cluster surface, namely, the included
ones and the unincluded ones on a given cluster (see
Figure S14). The former being in two forms (narrow and
wider rim entry). Thus, though complexation of CD on
Au,s was confirmed, the direction of the inclusion was
not clearly assignable using NMR data. Such difficulties
have been reported previously.*

In order to study the specificity of 5-CD in forming a
supramolecular complex with BBSH-protected QC, we
extended our study to a different QC system of the
same core size (Au,s) but having PET as the protecting
ligand (see Experimental Methods section for details).
Au,sPET,g was chosen as it is a well-studied and
characterized system.?”¢16>%5 Unlike the SBB ligand
which readily forms the inclusion complex, Au,sPET;g
did not show such an effect (black trace in Figure 6)
upon treatment with similar concentrations of 5-CD.
The spectrum of a Au,sPET;g + CD mixture shows only
a peak due to free Au,sPET,g at m/z 7391. This matches
with the theoretical prediction that formation of an
inclusion complex on PET-protected Au,s may not be
facile due to specific orientation of the ligands as noted
earlier. This specificity in complexation of the §-CD
cavity for certain ligands was exploited subsequently.
A complementary protocol for the incorporation of
B-CD on such clusters would be the replacement
of “ligand 1" (PET) with “ligand 2" (BBSHNCD) on
Au,sPET,g. This was achieved by following a simple
ligand exchange route. For this, initially the BBSHNCD
complex was prepared (treated as ligand 2) which was
subsequently allowed to react with the Au,sPETg
cluster. This resulted in replacement of three PET
ligands by BBSHNCD (existing as Na adducts, denoted
as SBBNCD-Na as CD-Na interaction is strong) on the
QC, which was evident from the MALDI MS data
(Figure 6). The well-defined peak in the positive ion
mode found at m/z 10990 corresponds to the ligand-
exchanged product, Au,sPET,5(SBBNCD-Na)s. Loss of
the CH,—CH,—CgH;s group from the ligand, PET, due to
C—S cleavage leading to Au,sPET;4S:(SBBNCD-Na)s at
m/z 10884 was also observed. Also, peaks due to the
loss of BBNCD-Na and CH,—CH,—CgHs fragments
from the cluster leading to Au,5PET;4S,(SBBNCD-Na),
and Au,sPET,355(SBBNCD-Na), were also identified
(marked with red and green stars (*), respectively, in
Figure 6). The mass spectrum was in complete agree-
ment with the expected values (see inset of Figure 6).
Peaks marked “a” and “b” in the spectrum correspond
to the loss of AuL (L = PET) from Au,sPET;5(SBBNCD-
Na); and Au,sPET;4S,(SBBNCD-Na),, respectively. Re-
placement of PET with a CD-containing ligand did not
affect optical absorption spectra of the clusters
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Figure 6. Positive ion MALDI mass spectra showing the effect of addition of 3-CD (black trace) and increasing amounts of
BBSHNCD (green to cyan trace) to Au,sPETs. Inset shows the experimental and theoretical match between the predicted
values. Ligand-exchanged products are marked in the spectra, and a schematic of the same is also shown. Fragments from the

parent cluster are marked with a star.

significantly (Figure $20) and showed an enhancement
of luminescence intensity of the cluster. Note that it is
important to exercise careful control over the ratio of
PET/SBBNCD during ligand exchange reactions as evi-
dent from the traces, green to cyan in Figure 6. The
amount of incoming ligand, SBBNCD, was deliberately
kept low to enable minimal exchange. However, three
ligand substitution seems to be the most favored
among others.

Surface engineering of QCs by supramolecular chem-
istry brought many added advantages to the QCs.
The instability of QCs, particularly in the presence of
certain metal ions, is a major issue in terms of utilizing
such materials for commercial applications. Metal-ion-
induced quenching of cluster luminescence is a com-
monly observed phenomenon in most QCs3667~6°
While being an efficient metal ion sensor, its application
capabilities toward sensing other analytes of interest are
limited due to this aspect, especially in complex envi-
ronments containing multitudes of cations. Interaction
with metal ions can also result in irreversible damage to
the cluster and also can cause its decomposition.”®”!
Incorporation of CDs on cluster systems has advantages
such as increased stability due to lack of accessibility
to the core by incoming metal ions and ligands. The
stability of Au,sSBB;sNCD,4 over the parent cluster was
monitored by their reactivity toward metal ion (Cu®>™)
and other ligands. Cu®" ions react readily with noble
metal QCs.5%72 Here, Au,sSBB,g and its CD-functiona-
lized analogue, Au,sSBB;gNCD,, were treated with
varying amounts of Cu®" ions (see SI 21 for details),
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and its effect on cluster luminescence was studied.
Though luminescence intensities of both Au,s;SBB;g
and its CD-protected analogue were quenched with
the addition of Cu®" ions, the extent of quenching
observed in Au,5SBB;gNCD, was less than that in bare
Au,sSBB;g upon treatment with identical concentra-
tions of Cu® ions (Figure S21). This may be due to the
reduced accessibility of the metal ions to the Au,s core
owing to the bulky nature of the CD species on the
cluster surface. Exposure of the CD-protected cluster
(Au,5SBB1sNCD,) to lower amounts of Cu®' ions
(0.05 mL, 250 mM) showed only 30% quenching in
its luminescence, whereas Au,sSBB;g showed 70%
quenching. However, with higher amounts of Cu®" ions,
the difference in % quenching observed in both
cases showed an exponential decrease. This could be
due to the effective penetration of the metal ions, owing
to their small size, through the protective CD shell around
the cluster core. Direct interaction of CD with metal ions,
though possible, is unlikely in this case as such interaction
requires a highly alkaline medium (pH >12).”®

The stability of B-CD-functionalized QCs toward
ligand exchange reactions was studied by treating
such species with excess ligand of another thiol
(thiol-2). This was thought to be another important
way to see the difference in core accessibility.
Au,sPET,g was chosen for this study as it gave better
mass spectrum compared to Au,sSBB;g systems, post-
complexation. Both bare Au,sPET;s and Au,sPETs-
(SBBNCD-Na); were treated with excess amounts of
thiol-2, in this case free BBSH, and the mass spectrum
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was recorded (see Figure S22). In the case of Au,sPET,g,
the PET ligands were easily replaced by BBS thiols
to give ligand-exchanged products with varying
amounts of mixed ligand-protected clusters. But for
Au,sPET;5(SBBNCD-Na)s, the mass spectra showed no
shift toward the higher mass region, indicating that
ligand exchange was not facile in such systems com-
pared to the bare species. Also, though the CD-func-
tionalized entities were unaffected by BBSH, free
Au,sPET;g, which was also present in the solution,
showed complete ligand exchange to form Au,5sSBB;g
in situ (marked on the graph).

Yet another interesting aspect of CDs is their cap-
ability in sensing molecules. Competitive guests can
replace the existing guests from the CD cavity, and
therefore, this can be used in sensing such molecules.
An example is provided by 1-adamantanethiol (AdT).
Inclusion complexes of CD with adamantyl groups are
well-known,?'”#73 and such products are stable. Many
such exchanges of CD guests with adamantyl groups
have been reported previously. Both Au,sSBB;g and
Au,5SBB;sNCD,4 were treated with the same amount of
AdT (Figure S23). Quenching of luminescence was
observed in both cases, but in Au,sSBB;g, although
an initial decrease in luminescence intensity was
noted, probably due to dilution effect/slight ligand
exchange, further exposure to AdT did not seem to
have an effect on the cluster luminescence. Addition of
similar amounts of AdT on Au,sSBB;gNCD, resulted
in substantial reduction of its luminescence intensity
(red data points in Figure S23). This effect may be
attributed to the fact that, as AdT is a better “guest” for
CD than BBS, effective removal of CD from the BBS
ligand on the Auys leads to the drastic quenching of

EXPERIMENTAL METHODS

Materials. Tetrachloroauric(lll) acid (HAuCl4-3H,0) and
methanol were purchased from SRL Chemical Co. Ltd., India.
4-(t-Butyl)benzyl mercaptan (CH3);C—CgHs—CH,SH  (BBSH),
2-phenylethanethiol CgHs—CH,—CH,SH (PET), 1-adamantane-
thiol (AdT), and sodium borohydride (NaBH,) were purchased
from Sigma Aldrich. 5-CD was purchased from Wako Chemicals,
Japan. Tetrahydrofuran was purchased from Rankem, India. All
chemicals were of analytical grade and were used without
further purification. Glassware was cleaned thoroughly with
aqua regia (HCI/HNO3, 3:1 vol %), rinsed with distilled water, and
dried in an oven prior to use. Triply distilled water was used
throughout the experiments.

Synthesis of AuysSBBqs. AuysSBBig was synthesized using a
modified procedure of Jin et al. used to prepared Au,sPET;s.”®
In a typical synthesis, 10 mL of HAuCl,-3H,0 (14.5 mM in THF)
was added to 15 mL of BBSH thiol (89.2 mM in THF) while stirring
it at 400 rpm at room temperature (29 °C) in a round-bottom
flask. The solution becomes colorless after 15 min, indicating the
formation of the Au(l) thiolates. An aqueous solution of 2.5 mL of
NaBH, (0.4 M) was added rapidly to the reaction mixture under
vigorous stirring (1100 rpm), and the solution turned from
colorless to black, indicating the formation of clusters. The
reaction was allowed to proceed with constant stirring for 3 h
under ambient conditions and then for 3 h at 45 °C. The crude
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luminescence (note that formation of Au,5SBB;5NCD,
resulted in enhanced luminescence). UV optical ab-
sorption spectra collected from the samples also gave
supporting evidence. While no drastic change was
observed upon addition of AdT to bare Au,sSBBg
clusters, AdT addition to Au,;SBB;gNCD, indicated
gradual evolution of spectral features corresponding
to the formation of free Au,5SBB:g in the solution
(green trace in Figure S23D). This reappearance of
the Auys cluster features in UV spectra could be due
to complex formation between the competitive guest
AdT and CD, AdTNCD, thereby the BBS ligand becomes
free on Auys QCs.

CONCLUSION

In summary, we demonstrated surface function-
alization of the Au,s clusters based on specific host—
guest interactions between $-CD and (t-butyl)benzyl
groups of Au,sSBB;g, which imparts new properties to
the clusters. A detailed spectroscopic evaluation of the
interactions between the QC and 3-CD was conducted.
More detailed understanding of the formation of an
inclusion complex on the QC surface and a possible
structure of Au,sSBB.gNCD, were provided by DFT
calculations and molecular modeling. The observed
experimental results were in accordance with the
theoretical predictions. The viability of this method in
modifying the surface characteristics of differently
functionalized QCs has also been demonstrated. Unusual
stability and optical properties of CD-functionalized QCs
over bare clusters were observed. Our study opens up
new possibilities of supramolecular surface-engineered
QCs which could overcome some of the limitations of
native QCs for potential applications.

solution thus obtained had a dark brownish color and showed
characteristic UV absorption features of Au,s clusters even
without any purification. The solution was left overnight to yield
monodisperse species. Solvent was removed under vacuum,
and the cluster was first washed with water and later precipi-
tated with methanol. The precipitate (Au,5SBB,g) was collected
after washing repeatedly with methanol and was dried. For the
Au,sPET,g cluster, the same protocol was followed with the
addition of 15 mL of PET (114 mM in THF) instead of BBSH,
maintaining other parameters the same.

Synthesis and Reactivity of Au,sSBB;3N\(D Systems. Approximately
3 mg of purified Au,5SBB,g was dissolved in 3 mL of THF, and
0.1 mL of 5-CD solution (in water) of appropriate concentration
was added, such that specific SBB/S-CD ratio was maintained in
the solution (1:0.5, 1:0.8, 1:1, and 1:1.2 for Au,sSBB;gNCD,,, where
n=1—4, respectively). The mixture was carefully sonicated for about
10 min at room temperature. The reaction was allowed to proceed
under constant stirring (400 rpm) for 30 min at room temperature
with intermittent sonication for 1 min at every 10 min intervals. After
the reaction, the CD-encapsulated clusters were recovered by the
addition of excess water, which resulted in the separation of two
layers. The deep brown upper layer (organic) was collected and
washed with water to remove unbound CD which dissolves in it.
Note that free BBSH in the cluster solution that forms an inclusion
complex with CD (denoted as BBSHNCD) will also be removed in
this process as it becomes hydrophilic due to CD encapsulation.
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Due to the presence of a greater number of hydrophobic BBS
groups (in comparison to the BBSHNCD moieties), CD-function-
alized Auys QCs (denoted as Au,sSBB1gNCD) remained in the
organic layer and were used for further studies. SBB/S-CD mole
ratio of 1:1.2, corresponding to Au,sSBB;gNCD,, was used for
detailed experiments unless otherwise mentioned. For sensing
experiments with AdT, 1 mg/mL of both the naked and CD-
functionalized Au,sSBB,g was treated with 0.025 and 0.2 mL of
30 mM AdT in THF.

Instrumentation. Mass spectral studies were carried out using
a Voyager DE PRO biospectrometry workstation (Applied
Biosystems) matrix-assisted laser desorption ionization
(MALDI) time-of-flight (TOF) mass spectrometer both in the
linear and reflectron modes (denoted as MALDI (L) and MALDI
(R) MS, respectively) as well as using a MALDI TOF TOF
(UltrafleXtreme, Bruker Daltonics) mass spectrometer. In the
case of MALDI TOF MS, a pulsed nitrogen laser of 337 nm was
employed (maximum firing rate, 20 Hz; maximum pulse energy,
300 wuJ) for the measurements. The MALDI TOF TOF mass
spectrometer utilizes a 1 kHz smartbeam-Il laser, FlashDetector
system, and a minimum 4 GHz digitizer. Mass spectra were
collected in positive and negative ion modes and were aver-
aged for 500—700 shots. DCTB (trans-2-[3-(4-t-butylphenyl)-2-
methyl-2-propenylidene]malononitrile) was used as the matrix
for all MALDI MS measurements. All spectra were measured at
threshold laser intensity to keep fragmentation to a minimum
unless otherwise mentioned. Concentration of the analyte and
the mass spectral conditions (laser intensity and spectrometer
tune files) were optimized to get good quality spectra. UV—vis
absorption spectra were collected using a Perkin-EImer Lambda
25 spectrophotometer. The experiments were carried out at
room temperature, and the absorption spectra were recorded
from 200 to 1100 nm. Luminescence measurements were done
on a Jobin Yvon NanolLog instrument. The band pass for
excitation and emission was set at 5 nm. Electrospray ionization
(ESI) mass spectrometric measurements were done in the
negative mode using LTQ XL, with a mass range of m/z
150—4000 and using a Synapt G2 HDMS, quadrupole time-of-
flight (Q TOF), ion mobility, orthogonal acceleration mass
spectrometer with electrospray (ESI) ionization having a mass
range up to 32 kDa. The Synapt instrument used for ESI
measurements combined exact-mass quadrupole and high-
resolution time-of-flight mass spectrometer with Triwave tech-
nology, enabling measurements in TOF mode. The purified
samples were dispersed in THF and used for both mass spectro-
metric measurements. The samples were electrosprayed at a
flow rate 5 uL/min and at a capillary temperature of 150 °C. The
spectra were averaged for 80—100 scans. Scanning electron
microscopic (SEM) and energy-dispersive analysis of X-ray
(EDAX) images were obtained using a FEI QUANTA-200 SEM.
For the SEM and EDAX measurements, samples were spotted on
a carbon substrate and dried in ambient temperature. Transmis-
sion electron microscopy (TEM) was conducted using a JEOL
3011, 300 kV instrument with an ultra-high-resolution (UHR)
polepiece. The samples were prepared by dropping the disper-
sion on amorphous carbon films supported on a copper grid
and dried in laboratory conditions. "H NMR and 2D rotating
frame nuclear Overhauser effect (ROESY) spectra were recorded
on a 500 MHz Bruker Avance Il spectrometer operating at
500.15 MHz equipped with a 5 mm smart probe. A 1:1 solvent
mixture of 99.9% DMSO-dg (Aldrich) and 99.9% CDCl; (SRL)
was used to prepare samples and sealed immediately from
the laboratory atmosphere. CDCl; solvent signal served as the
reference for the field-frequency lock, and tetramethylsilane
was used as the internal reference. All experiments were
performed at 25 °C. Standard Bruker pulse programs (Topspin
3.0) were employed throughout. The 1D spectra were acquired
with 32K data points. The data for phase-sensitive ROESY
experiments were acquired with a spectral width of 4464 Hz
in both the dimensions. For each spectrum, 4 transients of 2048
complex points were accumulated for 256 t; increments and a
relaxation delay of 1.975 s was used. A continuous-wave (CW)
spin-lock mixing time of 200 ms was employed. Prior to Fourier
transformation, zero filling to 1K*1K complex points was per-
formed and apodized with a weighted function (QSINE) in both
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dimensions. All the data were processed on a HP workstation,
using Topspin 3.0 software.

Theoretical Calculations. Many properties of QCs have
been calculated using DFT efficiently by using smaller CH3
ligands.””~7 However, here the formation of an inclusion
complex requires keeping all the SBB ligands intact, and this
increases the CPU resources needed for the calculations sig-
nificantly. For the computational modeling of Au,sSBB,s, we
used density functional theory (DFT) as implemented in the real-
space code-package GPAW.2°782 Structure optimization was
performed using full ligands as used in the experiments,
Perdew—Burke—Ernzerhof (PBE) functional,®® 0.2 A grid spa-
cing, and 0.05 eV/A criterion for the residual forces for optimiza-
tion. The GPAW setups for Au include scalar relativistic
corrections. The structures of Au,sSBBqg and Au,sSBB1sNCD,4
were built up with the help of Ecce builder®* and Avogadro®®
software packages, and visualizations were created with visual
molecular dynamics (VMD)2® software. We generated the initial
structure for the optimization of Au,5SBB,g using a model of
Au,sPET,5 taken from one of its known crystal structures®' and
then replacing the PET ligands with SBB ligands. A preoptimiza-
tion of only the ligand positions, keeping the core and staples
fixed, was then carried out using a UFF force field® as imple-
mented in Avogadro. The model of Au,sSBB;gNCD,4 was con-
structed by sequentially attaching four $-CDs to the DFT-
optimized structure of Au,sSBB;g using Avogadro. The ligand
and f3-CD positions of Au,sSBB;gNCD,4 were optimized by the
UFF force field®” keeping the Au and S atoms fixed. The
calculations on BBSHNCD were carried out with Gaussian 09%®
using the B3LYP and hybrid meta-GGA functionals in order to
describe the noncovalent forces more accurately, and the basis
set was selected according to the size of the system. Further
details of all the calculations can be found in the Supporting
Information 13.
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Figure S1. Effect of UV-vis optical absorption spectra for various Au:BBSH ratios used for
cluster synthesis. An optimum Au:S ratio of 1:6 was employed for typical synthesis of
AuysSBBg (see Figure 1 in paper). While lower thiol ratios (A) showed significant changes
in the absorption profile indicating that clusters of higher core sizes are getting formed, even
a ten fold increase in thiol (B) compared to the optimised synthesis did not seem to yield still
smaller clusters.
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Figure S2. Full range MALDI (L) mass spectra of AuysSBB;s cluster in both positive and
negative ion modes. Fragmentation due to the C-S cleavage of SBB ligand on the cluster
surface can be observed apart from the molecular ion peak (these features are expanded in the
inset). Loss of [Ausl4] fragment from the parent cluster is a typical phenomenon in Auys
clusters. Here, we observed similar fragments corresponding to [AusSBB4BB;;] loss, where n
=1, 2, 3 in the negative ion mode from parent Au,sSBB;g. The additional BB losses observed
in the negative mode (red trace in inset) could be due to the facile C-S cleavage as in the case
of the molecular ion peak at 8151 Da. DCTB was used as the matrix and threshold laser
intensities were employed for all the measurements.
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Figure S3. MALDI (L) mass spectra of the purified Au,sSBB;g cluster at different laser
intensities in the positive mode. Control over the laser intensity is vital to observe the
molecular ion peak of the cluster without fragmentation. Laser intensity (shown at the right
extreme) is as given by the instrument and has not been calibrated to a standard unit.
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Figure S4. ESI MS of Au,sSBBg in negative ion mode showing fragments from the cluster
in the low mass region.
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Figure S5. TEM images of Au,sSBBgs. Two magnifications are shown. Unlike in typical
thiolated clusters, these samples are resistant to electron beam induced aggregation.
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Figure S6. SEM and EDAX characterization of Au;;SBB;g cluster. Carbon and aluminium
are from the substrate used for the measurement. Contrast of carbon is low due to the use of
carbon tape as the substrate. The scale is same for all images.
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Figure S7. SEM images of (A) native B-CD powder, (B) drop cast B-CD solution in water
and (C) drop cast B-CD solution in THF:water (30:1) mixture, after sonication. The formation
of needle-like superstructures by self assembly occurred only in the case of reaction in
THF:water (30:1) solvent mixture. Presence of minimal amount of water molecules can
enhance the possibility of intermolecular hydrogen bonding between the hydroxyl group
present on the outer rim of CD molecules. Control experiments in water (B), did not result in
formation of superstructures. Thus the dispersion of B-CD molecules by sonication in THF
and their subsequent self assembly by re-formation of the strong hydrogen bonding between
the CDs with the aid of THF results in these superstructures.



Supporting information 8

w
(94
o

Intensity

T T T T T
10000 14000 18000
m/z

!
24000 48000 72000

Figure S8. LDI mass spectrum of the aqueous layer, post synthesis of the CD-functionalised
AuysSBB;g clusters. Addition of excess water to the microtubular arrangement of CD and
cluster leads to the formation of AuysSBB;sNCD, (where n=1-4). Though we found better
mass spectral intensities for the adducts from the organic layer (see Figure 2 in main text),
probably due to the existence of more number of hydrophobic SBB groups on the cluster
surface (18-n, where n<4), analysis of the aqueous layer showed a broad peak at higher mass
range too albeit with reduced intensity. Inset shows an expanded view. Peak maximum
corresponding to Au,sSBB13NCDy is marked with a line.
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Figure S9. Positive mode MALDI (L) and MALDI (R) mass spectra of Au,sSBB;g with
increasing SBB:CD ratios in solution. The peak maxima shift with increasing BBS:CD ratio.
This gradual increase is marked. Peak corresponding to parent Au,sSBB,s is marked using a
*. These peak positions are the same in both the data sets, but in the reflectron mode the

peaks are better resolved as the resolution is improved. These peaks resolve even better in the
MALDI TOF TOF mode (see S10).
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Figure S10. MALDI TOF TOF mass spectra of AuysSBB;g with increasing SBB:CD ratios
(green to brown) in solution. The peaks are better resolved than in S9.
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Figure S11. MALDI (L) mass spectra (A) and MALDI TOF TOF mass spectra (B) of
AuysSBB3NCDy at different laser intensities in the positive mode. Note that though the
background of the spectra increases with more laser fluence, the peak maxima and relative
individual peak intensities remain the same except for red trace in (B) wherein peak due to
AuysSBB3Ss (marked with a *) gain intensity at higher laser fluence due to cleavage of C-S
bond and loss of CDs. There are threshold laser powers above which fragmentations occur.
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Figure S12. NIR luminescence observed from the bare AuysSBB;g cluster at (A) various
excitation wavelengths and (B) comparison with the spectra (Aex 992 nm) of various starting
materials.
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Structural optimization of Au,sSBB3

The cluster was rotated so that the x-axis lay along the axis of the cluster passing through its
center and the bridging sulfur atoms which were spaced the furthest distance apart.

Cluster boundary conditions were used and the size of the simulation box was chosen to be
34 A, leaving about 9 A of buffer space around the molecule. A negative charge was added to
the molecule.

AqusBBlanD4

Ligand structure of Au;sSBBs and CD attachment

The precise arrangement around any given ligand will affect whether that ligand may be a
likely one for CD complexation. It was observed that bridging ligands were generally
surrounded by ligands which were quite close to it, while the ligands neighboring a non-
bridging ligand were spread further apart. The number of nearest-neighbor ligands to a CD
centered on a chosen ligand was four.

The model of Au,sSBB3sNCD4 was constructed by making attachments of CDs to the DFT
optimized structure of Au,sSBB;g using molecular builder software. The narrow side of the
CD was attached first as this would reduce steric hindrance and this configuration had a
lower binding energy as an isolated complex. The choice of ligands also affects the depth of
penetration of the CD onto the ligand, which is lesser in the case of the bridging ligands due
to greater steric hindrance from the neighbouring ligands. For non-bridging ligands both the
aromatic BBS protons and #-butyl group protons would be close to the inner CD protons,
which also agrees with the NMR data. For bridging ligands the inner H® and H protons of the
CD would be closer to the #-butyl groups.

The non-bridging ligand denoted by (y,-z), in the notation described in the main paper, was
easily accessible due to the widely separated positions of the surrounding ligands and hence
was chosen for making the first attachment of the CD. The attachment was made in a
stepwise fashion starting by including the #-butyl group and then by bringing the narrow end
of the CD further over the ligand and then reoptimizing using a UFF force field until its
position was in agreement with the NMR data. We also rejected position changes which
increased the total energy. During the optimization, the core and staple atoms, i.e. the Au and
S atoms, were kept fixed in their positions from DFT, while the other atoms were allowed to
move. This process was repeated three more times by making CD attachments to the (-z, -x),
(x,-y) and (z,-x) non-bridging ligands which were easily accessible. The energy of the final
structure in the UFF force field was 60,323 kcal/mol.

From our calculations on BBSHNCD, it is energetically favourable for the included ligand to
be at an angle with respect to the CD. Tilting the CD to the angles found in the optimized
geometries of BBSHNCD was found difficult due to the presence of the neighboring ligands.
The relative angle of the CD and included ligand varies due to the differing orientations of
the included ligand and its neighbors. We remark here that further force-field calculations and
molecular dynamics simulations would be necessary to determine more precise attachment

14



geometries as several different configurations which differ in depth and angle of attachment
are consistent with the NMR data.

Figure S13. Different views of the Au,sSBB3sNCD,4 model. Hydrogen atoms are not shown
on the SBB ligands for clarity. Sulfur and gold atoms are shown in green and gold,
respectively, while the carbon atoms of the bridging and non-bridging ligands are shown in
blue and magenta, respectively. The four attached CDs are shown in cyan in the stick
molecular representation. The cartesian x, y, and z axes are shown by the red, green and blue
arrows, respectively.

DFT calculations on BBSHNCD

In this section we give full details of the DFT calculations performed on the BBSHNCD
inclusion complexes and discuss some of the theoretical results presented in the paper in
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more detail. All calculations were performed with the Gaussian 09 code.' The experimental
structure of B-cyclodextrin (C;9H4,035) was obtained from the Hic-Up Database and was
based on the Protein Data Bank file pdblzOn.ent.” As the downloaded structure was without
hydrogen atoms these were added to this structure and the hydrogen positions were optimized
at B3LYP/6-31G* keeping all the other atoms fixed in the same positions as experiment. The
geometry of BBSH molecule (C;H,sSH ) was obtained from the web database ChemSpider.’
A geometry optimization at the B3LYP/6-311+G** level was carried out. The optimization
resulted in small changes in the geometry, as the plane of the benzene ring rotated to be
perpendicular to the plane containing the C;-C, bond (carbons are numbered starting from the
sulfur end).

The above geometries of CD and BBSH were then used for creating the initial configurations
of two BBSHNCD adducts. The BBSH molecule was inserted into the CD cavity with the z-
butyl group going in first. The alignment of the BBSH molecule was such that its C;-C, axis
was along the axis of the CD passing through the CD centre and perpendicular to the planes
of its openings. Two such initial configurations were constructed by insertion into the wide
and narrow ends of the CD. The geometry optimizations were carried out using the meta-
GGA hybrid functional m052-X, which describes more accurately the non-covalent
interactions found in the adducts, in conjunction with 6-31G* and 6-31+G** basis sets.
During the optimization, the CD atoms were kept fixed and only the BBSH atoms were
allowed to move. This was done not only to speed up the computations but also because -
CD adopts what is known as the anhydrous configuration after a full DFT geometry
optimization,* which is different from its structure in a solvent.

The optimized geometries of the adducts are shown in Figure 4D (narrow end entry) and 4E
(wide end entry), indicating the stability of these adducts due to non-covalent interactions.
We did not find a significant change in the geometries with increase in the size of the basis
set, and we have presented results using 6-31G* in Figures 4D and 4E. The BBSH molecule
adopted a slanted configuration with its C;-C, axis parallel to the side of the CD in both the
narrow and wide entry cases. Binding energies of the narrow and wide entry configurations
were performed using the Boys counterpoise correction method’ with the m052-X/6-31+G**
level of theory. The binding energy is about 2 kcal/mol less for the narrow case. We might
attribute this to stronger m-bonding between the BBSH aromatic ring and the inner CD
protons in the narrow case because of the shorter inter-proton distance caused by the
narrowing of the profile of the CD.

A careful note of the relative positions of BBSH and CD protons was made in order that
agreement with NMR experimental data might be evaluated. Referring to Figure 4D and 4E
we see the following. In the narrow case, the H® group protons are located around the level of
the O-H' protons, the lower aromatic H protons (closest to the sulfur end) are around the
level of the H” protons of CD, the upper aromatic H* protons are situated around the level of
the H® CD protons, while the #-butyl group H® protons are situated between the level of the H’
and H® CD protons. In the wide case, the H° protons are slightly below the H¢ protons and not
inside the CD, the lower aromatic H® protons are at the H’ proton level, the upper aromatic H
protons are the at H’ proton level, while the #-butyl group H® protons are between the H>, H°
and H' protons.

NMR data suggests an interaction between both the aromatic and #-butyl group protons of

BBSH with the H’ and H’ inner CD protons, which is also in good general agreement with
both the structures. However it is not possible to identify the specific NMR fingerprints of
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each of the structures from the experimental data which suggests the possibility of NMR
calculations at DFT level. The arrangement of the included ligand and the CD were found to
be different for inclusion complexes formed with ligands attached to the cluster rather than
isolated ligands. Firstly, the presence of a gold core and -Au-S-Au-S-Au- staples attached to
the sulfur of the SBB ligand decreases the penetration depth of the CD. Secondly, the steric
hindrance caused by the presence of about four or five ligands around the CD decreases both
the CD penetration depth and the angle between the CD and the ligand.
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Figure S14. "H NMR of B-CD, AuysSBB,g and AuysSBB;sNCDy in 1:1 solvent mixture of
DMSO-d6 and CDCl; at 25 °C. Here signals due to unreacted H® protons of BBS can also be
observed (green and pink trace) which suggests the existence of free and complexed BBS on

the cluster.
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Figure 15. 2D COSY spectrum of AuysSBB;3NCDj4 in 1:1 mixture of DMSO-d6 and CDClj
at 25 °C.
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Figure S16. LDI MS of BBSHNCD in the positive ion mode.
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Figure S17a. ESI MS of $-CD and BBSHNCD inclusion complex in the positive ion mode.
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Figure S17b. Tandem mass ESI spectra (positive ion mode) for the peak at m/z 1316 (A) and
1338 (B) with increasing collision energy. Fragment ions are also marked. In the MS’
spectrum of m/z 1338, the peaks formed at m/z 1158, 1316 and 1136 correspond to the loss
of BBSH (180 Da) and Na (23 Da) from the parent ions.
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The binding constant of a simple host-guest adduct, BBSHNCD was measured in the same
medium used for complexation of clusters using fluorescence spectral titrations.’ From the
modified Benesi-Hildebrand equation, the linear plot of the reciprocal of the change in
fluorescence intensity (AF) and the reciprocal of the molar concentration of cyclodextrin
(ICD]o) indicated a 1:1 stoichiometric complex with a binding constant of ~1776 M.
However, for Au,sSBBg and CD, such measurements using normal complexation titration,
NMR, etc. were not attempted as multiple stoichiometries, Au,sSBBsNCD, (where n=1 to

4), can exist in solution thereby making calculation of binding constants difficult.
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Figure S18. (A) Emission spectra of BBSH solution (6.9%10” M) in THF/water mixture in
the presence and absence of B-CD. From bottom to top: [B-CD] =0, 0.5 x 103, 1 x 107, 2 x
10,3 x 10 and 4 x 10 M. (B) Plot of reciprocal of the change in fluorescence intensity

(AF) and the reciprocal of the molar concentration of cyclodextrin ([CD]p)
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Figure 19a. Comparison of '"H NMR of CD (blue trace) and BBSHNCD (green trace)
inclusion complex in 1:1 mixture of DMSO-d6 and CDCl; at 25 °C.
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Figure 19b. 2D COSY spectrum of BBSHNCD in 1:1 mixture of DMSO-d6 and CDCl; at 25
°C.

22



Supporting information 20

g > PET i\'\\‘__ SBB L‘i'igé%/ SBBNCD
Au,.PET,q
AuZSPETis_x(SBBﬂCD)x
1:0
1:0.1
Leb) 1: 0.5
(&)
[ e
©
O
-
@]
(7))
O
<
0.0 \

500 600 700 800 900
Wavelength (nm)

Figure S20. Effect of UV-vis absorption spectra after ligand exchange reaction of AuysPET g
with SBBNCD (as incoming ligand). The PET:SBBNCD ratios are shown.
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Figure S21. Quenching of (A) bare AuysSBBsand (B) Au,sSBB3sNCD4upon treatment with
an aqueous solution of 250 mM Cu”" solution (note that clusters were taken in THF solvent
so as to allow better miscibility). The spectra were measured after 5 minutes of addition.
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Figure S22. MALDI (L) mass spectra of bare AuysPETg (A) and BBSHNCD incorporated
AuysPET 3 QCs (denoted as ‘Cluster 2’ in the figure) (B) with excess BBSH thiol. In the case
of AuysPET,g with excess BBSH (A), peaks corresponding to various ligand exchanged
species, AuysPET 3xSBBy (where x=0 to 17) separated by m/z 42 due to the exchange of PET
(MW 137.2) for BBS (MW 179.3), are seen under various conditions (labelled in figure).
Spectrum corresponding to bare Au,sSBB;s is also shown for comparison (blue trace in A).
For (B), various amounts of BBSH was added to ‘Cluster 2' which is a mixture of Au,sPETs
and BBSHNCD incorporated Au,sPET;s QCs. While AuysPET;s ligand exchanges
completely with BBSH to give a peak at m/z 8152 corresponding to AuysSBB;s (marked on
the graph), peaks due to Au,sPET;s(SBBNCD-Na); and Au,sPET,3S;(SBBNCD-Na), do not

show any shift and their relative intensities are unaffected indicating the absence of ligand
exchange.
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Figure S23. Effect of 1-adamantanethiol (AdT) on both Au,sSBBg and AuysSBB;sNCDy
was studied. Schematic of the possible events upon addition of AdT are depicted in (A).
Luminescence from the QCs upon AdT addition is compared in (B). UV-vis absorption
spectra of AuysSBBig (C) and AuysSBB1sNCDy (D), with addition of AdT are also shown.
Re-appearence of Au,s absorption features with 0.1 mL of AdT (green trace, marked with an
arrow) in Au,;SBB1sNCD is observed in the expanded region of (D).
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Sequential Electrochemical Unzipping
of Single-Walled Carbon Nanotubes to
Graphene Ribbons Revealed by in Situ
Raman Spectroscopy and Imaging
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ABSTRACT We report an in situ Raman spectroscopic and microscopic investigation of the electro-

I it Raiian spoctroseops
and electrochemisiry A

chemical unzipping of single-walled carbon nanotubes (SWNTs). Observations of the radial breathing modes
(RBMs) using Raman spectral mapping reveal that metallic SWNTs are opened up rapidly followed by
gradual unzipping of semiconducting SWNTs. Consideration of the resonant Raman scattering theory
suggests that two metallic SWNTs with chiralities (10, 4) and (12, 0) get unzipped first at a lower electrode
potential (0.36 V) followed by the gradual unzipping of another two metallic tubes, (9, 3) and (10, 1), ata
relatively higher potential (1.16 V). The semiconducting SWNTs with chiralities (11, 7) and (12, 5), however, get

~picaoelectric scanner |

open up gradually at +1.66 V. A rapid decrease followed by a subsequent gradual decrease in the
metallicity of the SWNT ensemble as revealed from a remarkable variation of the peak width of the G band complies well with the variations of RBM. Cyclic
voltammetry also gives direct evidence for unzipping in terms of improved capacitance after oxidation followed by more important removal of oxygen
functionalities during the reduction step, as reflected in subtle changes of the morphology confirming the formation of graphene nanoribbons. The density
functional-based tight binding calculations show additional dependence of chirality and diameter of nanotubes on the epoxide binding energies, which is in
agreement with the Raman spectroscopic results and suggests a possible mechanism of unzipping determined by combined effects of the structural

characteristics of SWNTs and applied field.

KEYWORDS: graphene - single-walled carbon nanotubes - electrochemistry - Raman spectral mapping -

density functional-based tight binding calculations

arbon has been exciting to scientists
Cfor centuries and still continues to

fascinate the scientific community in
the form of nanometer-sized allotropes such
as bucky balls' and nanotubes? and, more
recently, in the form of the ideal atomic
layer, graphene.® Numerous chemical var-
iants of these have also been explored. Both
single-walled carbon nanotubes (SWNTs)
and graphene possess unique properties
with diverse applications in electronics*®
and quantum computing’ and, above all,
possess the ability to unravel many fun-
damental questions related to ballistic-
thermal and -electronic transport®~'3 SWNTs
require high purity and accurate characterization

JOHN ET AL.

in terms of chiralities and length and di-
ameter distribution for them to be used in
most of the specific applications. A similar
scenario exists in the case of graphene as
well, being vulnerable to drastic changes in
the band structure with increasing number
of layers,'* changes in the edge states,'” etc.

It has been understood both theoretically
and experimentally that graphene ribbons
can have a band gap that could be tuned by
varying its width'®'” and geometry.'® Nano-
ribbons are considered important because
of the emerging local magnetism with very
specific edge states.' There are also at-
tempts to use these nanoibbons in elec-
tronics by visualizing them as active channel
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materials in field effect transistors.’®?' Hence, it is
desirable to have a precise method without any over-
oxidation to convert specific SWNTs to graphene
nanoribbons and thereby create graphenic materials
of desired properties. This concept was also aided by
the ability to separate SWNTs according to their
metallicity?® and diameter,”® which eventually helps
in getting graphene ribbons of specific width and edge
structure. In this context, recently, Dhanraj et al. de-
vised an electrochemical route to convert multiwalled
nanotubes into multilayered graphene nanoribbons
(GNRs).?* In brief, nanoribbons of a few layers of
graphene have been prepared from carbon nanotubes
(CNT) by a two-step electrochemical approach consist-
ing of oxidation of CNTs at controlled potential, fol-
lowed by reduction to form GNRs having smooth
edges and fewer defects, as evidenced by multiple
characterization techniques, including Raman spec-
troscopy, atomic force microscopy, and transmission
electron microscopy (TEM). However, neither the role
of electric field nor the mechanism of opening and the
sequence of events between CNT breaking (oxidative
cleavage of the C—C bond) and GNR formation has
been probed. Answers to questions such as, is the
unzipping fundamentally different for metallic and
semiconducting CNTs, where does the curvature
break, and what is the reason for selecting a mixture
of semiconducting and metallic CNTs, have not been
explored, although both single and multiwalled
CNTs have been shown to generate GNRs with con-
trolled widths and fewer defects. An in situ spectro-
scopic investigation of various stages of the above
sequential processes can possibly reveal the mech-
anism of unzipping of nanotubes and selective
breaking, if any. This will also be important to under-
stand the mechanism of unzipping of SWNTs to GNRs
by other methods such as laser cutting and chemical
unzipping.?>%¢

RESULTS AND DISCUSSION

We report an in situ Raman spectroscopic and
microscopic investigation (see Methods and Materials
for a detailed description) of the electrochemical un-
zipping of SWNTs to form graphene ribbons. It was
desirable to have a different electrochemical setup that
enables this process to be observable in real time. An
electrochemical cell was constructed by making a
discontinuity on a conducting indium tin oxide (ITO)-
coated glass plate to have both electrodes (working
and counter) laterally mounted on the same surface in
order to suit Raman measurements. The constraint due
to the microscopic setup (limited working distance of
the objective used) did not allow us to have a cell
thicker than 0.24 mm. SWNT dispersion (Methods and
Materials) in N,N-dimethyl formamide (DMF) was de-
posited on the working electrode, which was kept
under the microscope. A particular portion of the
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Figure 1. Schematic of the experimental setup used for the
in situ Raman spectroscopic investigation of the unzipping
of SWNTs with orthogonal laser illumination and spectral
collection in the backscattering geometry, inside the elec-
trochemical cell. Various parts of the electrochemical cell
and essential parts of the Raman spectrometer are labeled.
The connections to the electrodes from the dc source are
given using a 0.1 mm thick Pt wire.

nanotube sample, say a bundle which contains many
SWNTs, was selected and continually imaged using
Raman spectral features keeping the same region
(20 um x 20 um) by varying the potentiostatic condi-
tions. A schematic of the experimental setup used for
the study is given in Figure 1 (details are given in the
Materials and Methods).

An average micro-Raman spectrum from the drop-
casted SWNT on the working electrode shows all the
expected features such as the radial breathing
modes (RBMs) appearing in the spectral window
of 180—280 cm™', a not so prominent D band
(1345 cm™"), a G band (1593 cm™"), and a 2D band
(2660 cm™"). A high-resolution RBM spectrum col-
lected for the same sample using a grating of 1800
grooves/mm shows three distinct features at 196
(designated here on as RBM 1), 240 (RBM lI), and 276
(RBM IIl) cm~". RBMs Il and lll indicate the presence of a
number of metallic nanotubes (MSWNT), and RBM 1 is
due to a couple of semiconducting tubes (sSWNT) with
different chiralities. By considering the resonance
(532 nm laser, 2.33 eV) condition of our measurement,
the bundling of SWNTs, the peak positions, and the
peak width of wggym, @ more reasonable assignment of
the chiralities can be suggested as follows: 196 cm™'
[(11, 7) or (12, 5), interband transition Es3 = 2.37 or
2.35 eV, diameter d = 1.25 or 1.2 nm, semiconducting],
240cm'[(10,4) or (12,0),Ey; =224 0r2.23 eV, d=0.98
or 0.94 nm, metallic], 276 cm™"' [(9, 3) or (10, 1),
Ey; = 243 or 241 eV, d = 0.85 or 0.83 nm, metallic].2”~%°
While the data from one set of SWNT bundles is
presented here, data from other bundles are presented
in the Supporting Information. Each data set has also
been checked for reproducibility.

Spatially resolved Raman spectra (see Materials and
Methods) were collected in the spectral window of
0—3900 cm™" for various electrochemical conditions
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Figure 2. Raman spectra of gradual unzipping of SWNTs.
Inset displays the averaged RBM spectra from the sample
for various conditions. The black trace is that of the parent
material. The red trace (immediately after the application
of 0.36 V) shows near-complete disappearance of the
second RBM. The third RBM disappears with various
conditions, as one can see from the decrease in intensity
of the peak around 276 cm~. Various conditions are
labeled by different color. A considerable decrease in
the width of the G band is observed, suggesting the
reduction in metallicity along with an increase in the D
band, which implies increased defects formed during
unzipping. The variations in the 2D band at 2660 cm ™'
band have been discussed elsewhere in the text. Feature-
less regions of the spectra are used to place the insets.

(labeled in Figure 2). Figure 2 shows the evolution of
the average spectral features of the SWNT sample
upon various cycles of electrochemical processes. A
decrease in peak width of the G band was observed as
time evolves and with increased potentials, which is
indicative of reduction in the metallicity of the SWNT
bundle. There was also an increase in the D band
intensity, suggesting increased defects (see Figures 4
and 5 and the subsequent text for detailed discussion).
The spectral position of the 2D band remains un-
changed with a slight decrease in the peak width,
suggesting the single-layer nature of the formed gra-
phene ribbon with uncoupled ribbons. The inset of
Figure 2 gives the evolution of the three RBMs of the
average spectrum collected from the SWNT bundle,
say RBM | (196 cm™ "), RBM Il (240 cm™ "), and RBM lII
(276 cm™ "), which are labeled in the graph as |, Il, and Ill,
respectively. It is evident that immediately after the
application of 0.36 V (red trace) to the working elec-
trode, the intensity of feature Il, corresponding to
SWNTs with chiralities (10,4) and (12, 0), gradually
disappears along with a considerable decrease in the
intensity of feature IIl.

This remarkable change in RBM Il suggests rapid
unzipping at a relatively lower anodic potential. The
subsequent steps show a gradual decrease in the
intensity of RBM lll, although the intensity of feature |
was almost constant. However, after 7 h of application
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of 1.66 V to the working electrode, the intensity of RBM
I (mSWNT) almost disappears (wine red colored trace),
while the intensity of RBM | (another type of sSWNT)
disappears only after the application of —1.66 V. The
electrochemical potentials have been calibrated by
carrying out separate experiments under identical
conditions of the two-electrode in situ electrochemical
cells in a three-electrode setup using a mercury/
mercurous sulfate reference electrode. The hump still
existing at the position of RBM Il at the higher
potentials is due to the fact that the spectra given
in Figure 2 are averages of all the spectra collected
throughout the region of the SWNT bundle. Upon
examination of smaller areas, we see that there is a
complete disappearance of this band immediately
after the application of 0.36 V (Figure S1). We believe
that there are inhomogeneities in the potential
across a large area, and unzipping proceeds only
slowly in such regions, explaining this overall spec-
tral behavior.

Images corresponding to different phonon modes in
SWNTs were filtered from the spectral map, and they
reveal similar morphology, confirming the presence of
high-quality SWNTs. A comparison of the images ob-
tained from specific vibrational features for various
electrochemical oxidizing conditions further confirms
the sequential unzipping of different kinds of SWNTSs
to form graphene ribbons. Figure 3 compares the
morphological features filtered using RBM | (178—
206 cm™'), RBM Il (228-256 cm™'), and RBM Il
(264—288 cm™") for potentials of 0 V (open circuit with
no external bias), 0. 36 V (immediately after the
application), and 1.16 and 1.66 V, applied to the work-
ing electrode for 7 h each. Three columns contain
images filtered using RBM features of three pairs of
SWNTs. The first column (RBM ) is the image due to
sSWNTs (11, 7) or (12, 5), and the second (RBM II) and
third (RBM lll) columns correspond to mSWNTs (10, 4)
or (12,0) and (9, 3) or (10, 1), respectively. The spectral
window for each set of RBMs is given at the top of each
column. Each row corresponds to various potentio-
static conditions (as labeled at the left of each column)
showing a different extent of oxidation of various
types of nanotubes. The corresponding images after
intermittent reducing potentials (by the application
of —0.36, —1.16, and —1.66 V for 7 h) are shown in
Figure S2 (Supporting Information).

The first row (Figure 3a—c) shows the presence of
the three RBMs prior to the application of potential (i.e.,
open circuit with no external bias denoted by 0 V) to
the electrodes of the cell. The second row shows the
presence of RBM | (d) and RBM Il (f) in the imaged
structure with a disappearance of the image filtered
using RBM Il (e) immediately after the application of
0.36 V to the working electrode. This is indicative of the
rapid unzipping of two of the mSWNTs, (10, 4) and
(12, 0). Figure 3 h and i show the absence of RBMs Il
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Figure 3. Evolution of the RBM region during electrochem-
ical unzipping. Three columns contain images filtered
using the RBMs of three different types of SWNTs. RBM I is
due to sSWNTs (filtering windows is 178—206 cm™'),
whereas RBMs Il and Ill are from mSWNTs (228—256 and
264288 cm™', respectively). Each row corresponds to
various stages of unzipping (corresponding to different
oxidizing potentials as labeled at the left of each column)
for the disappearance of various types of nanotubes. Raman
images a—c show the presence of the three types of SWNTs
prior to the application of potential (open circuit, i.e., zero
applied bias) to the electrodes of the cell. The second row
shows the presence of RBM | (d) and RBM Il (f) in the
imaged structure with a disappearance of the image due
to RBM Il (e) immediately after the application of 0.36 V to
the working electrode; images h and i show the absence
of RBM Il and Il (InSWNTSs), respectively, after the applica-
tion of 1.16 V for a period of 7 h to the working electrode.
Image j shows clear reduction in the intensity of RBM |
throughout the bundle, along with the absence of RBM Il
(k) and 111 (1) after the application of 1.66 V to the working
electrode for a period of 7 h. The color scaling varies
slightly in each of the figures as the absolute intensities
may not be the same in all the images. While the scale bar
is 4 um for images in the first two rows (a—f), it is 3 «m for
the last two rows (g—I).

and lll, suggesting the unzipping of another two
types of mMSWNTs, (9, 3) and (10, 1), after the applica-
tion of 1.16 V for a period of 7 h. Figure S1
(Supporting Information) shows the disappearance
of RBM |, suggesting the opening of sSSWNTs (11, 7)
and (12, 5) with the disappearance of the 196 cm™'
peak after the application of —1.66 V for a period
of 7 h.

Although specific morphological features due to the
three RBMs disappear sequentially with the application
of the electric field, other morphological features
filtered using D, G, and 2D remain more or less
invariant. This is especially significant for unraveling

JOHN ET AL.

the sequence of events associated with defect gen-
eration and lose of curvature. Figure 4 shows the
Raman images filtered from 1320 to 1380 cm™'
(D band), 1565—1615 cm™"' (G), and 2620—2700 cm ™"
(2D) before (a, b, and c) and after (d, e, and f) electro-
chemical processing. It is self-evident that the image
filtered from G and 2D remains intact, whereas the
features due to the D band are enhanced during
the process, indicating additional defects formed
upon unzipping (shown in Figure 4d). These pre-
served features arising from the planar sp-hybri-
dized hexagonal carbon lattice along with the
disappearance of RBMs suggest the unzipping of
SWNTs to form GNRs. The images filtered using
D, G, and 2D bands for the intermediate steps
(immediately after the application of 0.36, 0.36,
—0.36, 1.16, —1.16, and 1.66 V applied continuously
for 7 h) are shown in Figures S3, S4, and S5. Addi-
tional measurements have been conducted on
different bundles to confirm this phenomenon
(Figures S6, S7, and S8). Formation of graphene
ribbons was confirmed by TEM (Figures S9 and 10).

The relative intensity of RBM lll with respect to that of
RBM | (blue scatter) plotted in Figure 5a clearly shows a
reduction at various steps (electrochemical conditions),
numbered from 1 to 7 (same order as in Figure 2). We
have excluded the eighth step (i.e., —1.66 V applied to
the working electrode) as in most cases the RBMs | and
Il are not present or are negligible to take a ratio.
A considerable increase in the intensity of the D
(1345 cm™") band is observed with each step. The
Ip/lg ratio has increased (Figure 2) from 0.039 (for open
circuit) to 0.246 (after the application of —1.66 V
for 7 h), suggesting the unzipping of SWNTs along
with the addition of some undesirable defects.
We have tried to analyze the G band and a broad
shoulder present at its lower wavenumber region by
deconvoluting the region from 1520 to 1610 cm ™" with
two adjacent Lorentzian peaks (see a representative fit
in Figure S11). The peak in the spectral range of 1520 to
1580 cm ' (labeled as G* here on) accounts for the
metallicity of the bundle, whose position and width
vary with the electrochemical conditions. The peak
width of the G (1596 cm™') band decreased from
23 cm™! for the pristine SWNT to 18 cm™' for the
seventh step with a small increase to 19 cm™" for the
last step, i.e., application of —1.66 V for 7 h. This
variation in the peak width of the G band is also
displayed in Figure 5a (wine color scatter), against
various steps. The data plotted are the average of the
information from four sets of in situ Raman spectro-
scopic data. The standard deviation is given as the error
bar. The G* band shows a large decrease in its area and
width along with a shift of the center maximum of the
Lorentzian peak (details are given in Table S1 and
Figure S12). This along with the variation in the RBM
intensity ratio (blue scatter) explicitly confirms reduction
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(b)

(1565-1615) cm™?

Figure 4. Transformation of SWNTs to graphene ribbons. The first row (a, b, and c) presents the images of the SWNT prior to
the electrochemical unzipping, filtered using D (1320—1380 cm '), G (1565—1615 cm '), and 2D (2620—2700 cm ') bands,
respectively (scale bar is 4 um). The second row (e, f, and g) shows the images of the unzipped SWNTs filtered using D, G, and
2D bands. The presence of the G and 2D bands suggests that the sp*-hybridized carbon structure is intact with an increase in

the defect density (scale bar is 3 um).
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Figure 5. (a) Variation in the intensity ratios of the third RBM to that of the first RBM (blue) and variation of the peak width of
the G band (wine color) for various steps (electrochemical conditions labeled in Figure 2 in the same order). Each point is the
mean of the ratios from all four sets of in situ Raman data considered in the article. Their standard deviation is given as the
error bar. (b) Cyclic voltammograms of pristi