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Intensely and broadly absorbing nanoparticles (IBANs) of silver protected by arylthiolates were

recently synthesized and showed unique optical properties, yet question of their dispersity and their

molecular formulas remained. Here IBANs are identified as a superatom complex with a molecular

formula of Ag44(SR)30
4� and an electron count of 18. This molecular character is shared by IBANs

protected by 4-fluorothiophenol or 2-naphthalenethiol. The molecular formula and purity is

determined by mass spectrometry and confirmed by sedimentation velocity-analytical

ultracentrifugation. The data also give preliminary indications of a unique structure and environment

for Ag44(SR)30
4�.
Introduction

Ultrasmall, atomically monodisperse, thiolate-protected metal

nanoparticles (NPs) constitute a new class of compounds that

has gained attention because of their unique and entirely novel

optical,1–3 electronic,4–6 and structural properties.7–10 This class

occupies the chemical space that bridges small inorganic mole-

cules and larger (>2 nm core diameter) monolayer-protected

metal nanoparticles, with properties that are reflective of both

bulk and molecular materials. The smallest possess less than 10

metal atoms11,12 and are easily distinguished by their strong

scattering of UV electromagnetic radiation through quantum

effects.2 The largest have very recently been discovered to exhibit

evidence of a surface plasmon,13,14 a classic property of the bulk

metal.

The most fundamental unifying property of these nano-

materials is their stability relative to nanoparticles of similar

molecular formula. Depending on the conditions of cluster
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formation, the metal atoms will find potential energy minima

which correspond to so-called ‘‘magic sizes.’’ Reductive syntheses

of metal nanoparticles in the presence of thiols under ambient

conditions can yield thiolate-protected, magic-sized

nanoclusters.

Understanding the nature of magic sizes for these thiolate-

protected metal NPs has been the object of intense research.15,16

The synthesis of monodisperse magic-sized nanoparticles has

facilitated their crystallization and structural determination,

which allowed for the first time a theoretical understanding of the

origins of their optical and magnetic behaviour. An excellent case

study is Au25(SCH2CH2Ph)18. Though its approximate size was

known for some time,1,17 it was not until 2007 that its true

molecular identity was elucidated by mass spectrometry

(MS).18–21 Density functional theory (DFT) calculations

predicted22 and X-ray crystallography confirmed8 a minimized-

energy structure soon thereafter. For Au25(glutathione)18, early

mass spectrometric experiments23 culminated in the precise

measurement of molecular identity,24 followed by study of its

structure and properties.25,26 A similar story is also emerging for

thiolate-protected silver nanoclusters: early reports of mono-

disperse Ag NPs27–29 have led to precise characterization.11,12,30–32

Hakkinen and co-workers later defined a subclass of magic-

sized gold nanoclusters as superatom complexes (SCs).33,34 This

nomenclature reflects the fact that the materials are not elemental

in nature, but rather complexes of a metal cluster with electron-

localizing organic ligands. SCs are defined by their atom-like

properties, with unique optical and electronic properties caused

by the emergence of discrete molecular orbitals with gaps in the

near-IR to near-UV range. SCs are distinguished from magic-

sized NPs that do not have an electronically closed shell.11,12,35

Shell closing occurs at certain known electron count numbers,

i.e., 2, 8, 18, 34, 58, etc. Electron counts are calculated by the

following equation:33
Nanoscale, 2012, 4, 4269–4274 | 4269
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n* ¼ NnA � M � z (1)

where n* is the electron count for the superatom complex, N is

the number of metal atoms, nA is the valence of the metal atoms

(1e� for Ag or Au), M is the number of ligands, and z is the

overall charge.

Some of us recently reported the synthesis of arylthiol-pro-

tected Ag nanoclusters, referred to as intensely and broadly

absorbing nanoparticles (IBANs), that possess eight well-

resolved non-plasmonic optical transitions in linear absorption

spectra, with a HOMO–LUMO gap of �1.5 eV.36 Synthesized

through multiple temperature-controlled reduction steps, IBANs

are stable in solution at �4 �C for several months. The IBANs

were estimated to have an average core diameter of �1.3 nm

based on wide-angle X-ray diffraction and preparative ultra-

centrifugation data. Upon heating, the nanoclusters grow into

larger nanoparticles (�2 nm) with a single plasmon-like

absorption band. The optical spectra contain a number of unique

absorbance bands, reflecting electronic transitions that are

indicative of an SC. However, given the complexity of the

spectra, the monodispersity and true molecular identity of the

IBANs remained in question.

In this report, we present evidence that IBANs are a mono-

disperse SC, with an observable closed electronic shell and

a single dominant molecular formula. Data which support this

conclusion were obtained by sedimentation velocity-analytical

ultracentrifugation (SV-AUC) and electrospray ionisation-mass

spectrometry (ESI-MS). These platforms were chosen for their

ability to allow investigation of IBAN size and monodispersity

without disturbing their native structure.
Methods

2-NPT- and 4-FTP-stabilized IBANs were synthesized in dime-

thylformamide (DMF) according to the procedures described

previously36 and purified by Sephadex� LH-20. All mass spectra

were collected by using a Waters Synapt G2 equipped with an

electrospray ionization (ESI) source. The IBAN samples in DMF

were diluted 1 : 8 (v/v) ratio with acetonitrile (HPLC grade).

Sodium iodide was used as an external mass calibrant. The

instrument was operated in negative mode polarity. Capillary

voltage was set to �2.3 kV, extraction cone voltage to 7.4, and

sampling cone voltage was set at 10. Higher settings for the

sampling cone voltage were found to increase the abundance of

fragment ions (Fig. S1†). Source and desolvation temperatures

were 100 and 150 �C, respectively. All mass spectral data were

processed using MassLynx v4.1 software (Waters Corp., Mil-

ford, MA, USA). Experiments were reproducible on a Waters

Synapt G1 HDMS in dual reflectron mode with higher sampling

cone voltage settings ($40). Calculated spectra were obtained

using Data Explorer v4.3 software (Applied Biosystems, Foster

City, CA, USA).

SV-AUC experiments were carried out on an Optima XL-A

analytical ultracentrifuge from Beckman Coulter with an

absorbance optical detection system and An-60 Ti rotor. Sample

solutions (440 mL) were loaded in double-sector centerpieces with

quartz windows. One sector contained an IBAN solution in

DMFwith a concentration adjusted so that the absorbance at the

monitored wavelength (423 nm) was in the linear range of the
4270 | Nanoscale, 2012, 4, 4269–4274
optical detector (#1 OD). A reference pure DMF solvent was

loaded in the sector adjacent to the sample solution. Aluminium

centerpieces were used due to chemical compatibility consider-

ations with DMF. IBAN solutions were centrifuged at rotor

speeds of 60 000 rpm at a temperature of 20 �C. The samples and

rotor were left in the centrifuge for about 5 to 6 hours in order for

the temperature to equilibrate before the experiments were

initiated. Sedimentation profiles were acquired by scanning the

sectors in 0.003 cm radial increments. The average time required

to scan an entire sector was about 1 minute. Approximately 189

sedimentation profiles were analysed for time-invariant and

radial-invariant noise subtraction, and Lamm equation model-

ling using Ultrascan III (revision 1244, see Fig. S2†).37 The noise

subtraction was performed by 2-dimensional spectrum analysis

(2DSA)38 with meniscus optimization.39 Sedimentation-diffusion

distributions were obtained after genetic algorithm40,41 optimi-

zation and Monte Carlo analysis,42 assuming non-interacting

particles.
Results and discussion

Taking advantage of the versatility of the multiple temperature-

controlled reduction method,36 two sets of IBANs protected by

2-NPT and 4-FTP respectively were chosen as model systems for

characterization. Synthetic products were consistent with

previous IBANs (Fig. 1).36 In the absence of crystallographic

data, the best method for characterizing the IBANs with atomic

precision is ESI-MS. With the mass accuracy and resolution

afforded by modern instrumentation, the charge of an IBAN and

the precise number of metal atoms and thiolate ligands can be

determined unequivocally. Because of these capabilities, MS has

been a vitally important technique for the study of magic-sized,

thiolate-protected metal NPs.11,18,20,26,30,43–53

For both IBAN samples, the same metal–thiolate stoichiom-

etry was observed by ESI-MS: Ag44(SR)30
4� (Fig. 1). Even in the

low-energy ESI process, the use of insufficiently low capillary

and cone voltage settings produces in-source fragmentation

(Fig. S1†). Product ions predominantly undergo a loss of

Ag(SR)2
� to form Ag43(SR)28

3�. The electron number calculated

for the intact Ag44(SR)30
4� and the dominant fragment

Ag43(SR)28
3� is 18 (eqn (1)), corresponding to a closed electron

shell. Notably, low-abundance ions were observed with different

molecular formulae (Fig. S1†). These ions correspond to

Ag44(SR)30
4� or Ag43(SR)28

3�with one or two additional silver

atoms or thiolate ligands. Any ion with an electron number other

than 18 is #5% abundance relative to Ag44(SR)30
4�.

SV-AUC, an orthogonal characterization technique, provides

confirmation of monodispersity and approximate size. In this

technique, particles in solution are subjected to large gravita-

tional force fields in the centrifuge, leading to sedimentation. The

velocity of sedimentation is determined by the molecular weight,

shape, surface properties, and density of the particle. Because

detection is performed using optical absorption measurements,

this technique is non-destructive. After measurements are made,

a simple hydrodynamic model is applied to convert sedimenta-

tion velocity to sedimentation and diffusion coefficients. The

number of Ag atoms (NAg) and thiol molecules (NSR) in the

cluster can be inferred from the experimentally measured density
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 2D plot of sedimentation coefficients (S) and diffusivities (D) of

the species present in the 2-NPT IBAN sample. Approximately 94% of the

sample concentration is at S ¼ 3.68 � 10�13 s and D ¼ 1.7 � 10�6 cm2 s�1.

Fig. 1 Synthetic scheme and characterization data for two silver–thiolate superatom complexes, Ag44(SC6H4F)30
4�(4-FTP IBANs) and

Ag44(SC10H7)30
4� (2-NPT IBANs). Characterization data are consistent with previously reported IBANs,36 and mass spectra match well with calculated

spectra (blue and red, respectively) for the two IBANs.
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(rp) and molecular weight (MWp) according to the

relationships:54

NAg ¼

 
MWp

rp

!
�
 
MWp

rSR

!

AWAg

 
1

rΑg
� 1

rSR

! (2)

NSR ¼

 
MWp

rAg

!
�
 
MWp

rp

!

MWSR

 
1

rΑg
� 1

rSR

! (3)

where AWAg is the atomic weight of Ag, 107.86 g mol�1, MWSR

is the deprotonated molecular weight of the thiolate, rAg is the

density of the silver core, and rSR is the density of the ligand,

(e.g., r2-NPT ¼ 1.1 g cm�3),55 respectively. This gentle technique

has been demonstrated to provide an unparalleled amount of

information for gold–thiolate SCs and larger nanoparticles in

a single platform.54

After noise subtraction and modelling (Fig. S2†), sedimenta-

tion coefficient (S) and diffusivity (D) distributions were gener-

ated for 2-NPT IBANs in DMF (Fig. 2). Approximately 94% of

the sample is comprised of one specie with S¼ 3.68� 10�13 s and

D ¼ 1.714 � 10�6 cm2 s�1. In addition, a small fraction (�6%) of

the species sediments at a much faster rate (S � 12.4 � 10�13 s).

Closer analysis of the sedimentation boundary suggests that the

particles are slightly interacting, which implies that the faster-

sedimenting species are aggregates of the primary particles.

Further evidence in support of this argument can be found in the

extrapolation plot for the enhanced van Holde-Weischet (vHW)

analysis (Fig. 3).56 The data show an apparently homogeneous

sample with slight concentration-dependent non-ideal solution

behaviour. This is indicated by the crossing over of the extrap-

olation lines (near the ‘*’ symbol), which suggests that particles

sedimenting in the higher concentration region of the boundary
This journal is ª The Royal Society of Chemistry 2012
sediment slower than particles sedimenting at lower concentra-

tion in the lower part of the sedimentation boundary.57 The

above analysis of the SV-AUC experiment is strong evidence that

the IBANs are an atomically monodisperse cluster.

Based on themeasured S andD values we estimate that 2-NPT-

IBANs have a molecular weight ca. 11.2 kDa, with a density of

1.78 g cm�3,NAgz 44 atoms, andN2-NPTz 40 ligands; suggesting

that the IBANs have an approximate formula ca. Ag44(SR)40.

Unfortunately, the relative error in the estimatedMWwas�18%

due to the significant particle–particle interaction observed during

sedimentation, which was not the case for thiolated gold clusters

characterized in previous work (Table S1†).54 Nevertheless, SV-

AUC confirmed the identity of the IBANs as a monodisperse but

labile �10 kDa nanomaterial, strongly supporting the interpre-

tation of the more accurate mass spectra.
On the properties of Ag44(SR)30
4�

Armed with the data presented here and the body of evidence

that has been accumulated on metal–thiolate SCs, some
Nanoscale, 2012, 4, 4269–4274 | 4271
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Fig. 3 Extrapolation plot for the enhanced vHW analysis of 2-NPT

IBANs. The crossing over of the extrapolation lines at ‘‘*’’ is indicative of

slight non-ideal behavior.
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comments can be made concerning the structural and electronic

properties of Ag44(SR)30
4�. Many of the most stable thiolate-

protected gold nanoclusters (e.g., Au25(SCH2CH2Ph)18
�)

combine electronic and geometric sources of stability, with

a closed electron shell and highly symmetric structure. However,

recent evidence has suggested that geometric factors are domi-

nant in determining stability for some gold–thiolate SCs.58 Thus

the geometric structure of Ag44(SR)30
4� may be the primary

source of its stability.

The number of thiolate ligands protecting an SC of this size is

remarkable. Based on the recently described scaling law for

nanoclusters,59

L ¼ mN2/3 (4)

the number of ligands (L) scales with the number of metal atoms

(N). The coefficient (m) serves as a convenient term for the

comparison of NP shapes and ligand coverage. It was found that

for thiolate-protected gold nanoclusters with a known molecular

formula, the average m ¼ 2.08. For Ag44(SR)30
4�, m ¼ 2.41,

a higher value than for any known gold–thiolate nanoclusters.

As the shape of the cluster is one determining factor of m,59 the

high value could be indicative of structure with a relatively high

aspect ratio. Such anisotropy yields increased surface area and

additional binding sites for metal–thiolate protecting groups,

similar to that observed for the prolate Au38(SCH2CH2Ph)24
(m ¼ 2.12).60,61 However, a high aspect ratio is not supported by

other data.36

The relatively thiolate-rich character could also reflect differ-

ences between silver– and gold–thiolate interfaces. The organi-

zation of self-assembled monolayers on two-dimensional silver

and gold surfaces are known to be different,62 but the true

structure of silver–thiolate interfaces on nanoparticles has

not been experimentally determined. The fragmentation of

Ag44(SR)30
4� to yield predominantly Ag43(SR)28

3�(loss of

Ag(SR)2
� complex, Fig. S1†) rather than Ag44(SR)29

3� (loss

of SR�) could be considered evidence of the presence of silver–

thiolate protecting complexes analogous to those found on gold–

thiolate SCs.53,63 The large number of thiolates present may

indicate a favoured structure in which Ag–thiolate protecting
4272 | Nanoscale, 2012, 4, 4269–4274
groups possess a �1 : 1 metal : thiolate stoichiometric ratio,

rather than the 1 : 2 to 2 : 3 range observed for gold–thiolate

SCs.7,8,60 The electronegativity of silver is also significantly less

than that of gold (c ¼ 1.93 and 2.54, respectively),64 while

arylthiol ligands are more electronegative than commonly used

phenylethanethiol.46,65 The large number of thiolates should

enhance stability for the SC by providing additional electron

localization and steric protection.

The charge state of Ag44(SR)30
4� is extraordinary among

metal–thiolate SCs. Observed charge states in excess of �2 are

normally only achieved by electrochemical methods5,66 or by the

use of ligands that bear charge.18,19,25,67 The fixed charge of the

IBANs has a strong effect on interactions between the nano-

clusters and their environment, increasing solubility in polar

aprotic solvents such as DMF68 and attracting counterions to the

IBAN surface. The associating counterions appear to be princi-

pally Ag+, as evidenced by the presence of Ag–IBAN adducts in

the mass spectra (Fig. S1†). No cations such as tetraoctylammo-

nium (TOA+) were used during synthesis, and no electrolytes

were added for MS analysis. Sodium may also be present, but

Na–IBAN adducts were not observed in mass spectra.

The IBAN environment is suitable for cation–p interactions.

The anionic nature of the IBAN and the electron-donating

behaviour of the silver core will further strengthen these inter-

actions.69,70 The significant surface curvature of IBANs will lead

to more exposed aromatic groups in the organic layer, yielding

opportunities for favourable interaction geometries between

multiple ligands and free metal ions.71,72

Silver nanoparticles are known to be less noble than their gold

analogues,73 and the lability of Ag44(SR)30
4� is apparent from the

data presented here. During MS analysis the SCs fragmented

under conditions that do not induce fragmentation in fragile gold–

thiolate SCs.49 The IBANs were also somewhat prone to aggre-

gation during SV-AUC analysis, another gentle technique that

does not adversely affect gold–thiolate SCs.54 Gold–thiolate pro-

tecting groups have been demonstrated to be sensitive to electron

transfer, leading to structural rearrangement and increased ligand

exchange rates.9,74–76The evidence presented here indicates that the

silver–thiolate interface is even more sensitive to its electronic

environment, thus favouring a uniquely thiolate-rich structure.
Conclusion

Previously described arylthiolate-protected silver IBANs have

been discovered to be a highly monodisperse silver–thiolate

superatom complex with a molecular formula of Ag44(SR)30
4�.

Thus the remarkable optical properties of IBANs can be con-

nected to a single species. The identification of a molecular

identity for the IBANs is expected to lead to greater confidence in

structural predictions, and increased understanding of the rela-

tionship between silver–thiolate and gold–thiolate SCs. A better

understanding of the source of lability in IBANs should also lead

to improved synthetic methods, allowing further study and

application development.
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