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Case Studies in Nanocluster Synthesis and Characterization: 
Challenges and Opportunities 
Andrew W. Cook and Trevor W. Hayton* 

Department of Chemistry and Biochemistry, University of California, Santa Barbara, California 93106, United States 
Atomically Precise Nanoclusters (APNCs) are an emerging area of nanoscience.  Their 
mono-dispersity and well-defined arrangement of capping ligands facilitates the interroga-
tion of their fundamental physical properties, allowing for the development of structure-
function relationships, as well as their optimization for a variety of applications, including 
quantum computing, solid-state memory, catalysis, sensing, and imaging.  However, AP-
NCs present several unique synthetic and characterization challenges.  For example, 
nanocluster syntheses are infamously low yielding and often generate complicated mix-
tures.  This combination of factors makes nanocluster purification and characterization 
more difficult than that of typical inorganic or organometallic complexes.  Yet, while this 
fact is undoubtedly true, the past lessons learned from the characterization of inorganic 
complexes are still useful today. 
In this Account, we discuss six case studies taken from the recent literature in an attempt to 
identify common challenges and pitfalls encountered in APNC synthesis and characteriza-
tion.  For example, we show that several reducing agents employed in APNC synthesis, including the commonly used reagent 
NaBH4, do not always behave as anticipated.  Indeed, we highlight one case where NaBH4 reduces the ligand and not the metal 
center, and other cases where NaBH4 acts as a Brønstead base instead of a reducing agent.  In addition, we have identified several 
instances where the use of phase transfer agents, which were added to mediate APNC formation, played no role in the nanocluster 
synthesis, and likely made the isolation of pure material more difficult.  We have also identified several cases of cluster misidentifi-
cation driven by spurious or ambiguous characterization data, most commonly collected by mass spectrometry.  To address these 
challenges, we propose that the nanocluster community adopt a standard protocol of characterization, similar to those used by the 
organometallic and coordination chemistry communities. This protocol requires that many complementary techniques be used in 
concert to confirm formulation, structure, and analytical purity of APNC samples.  Two techniques that are under-utilized in this 
regard are combustion analysis and NMR spectroscopy.  NMR spectroscopy, in particular, can provide information on purity and 
formulation that are difficult to collect with any other technique.  X-ray absorption spectroscopy is another powerful method of 
nanocluster characterization, especially in cases where single crystals for X-ray diffraction are not forthcoming.  Chromatographic 
techniques can also be extremely valuable for assessing purity, but are rarely used during APNC characterization.  Our goal with 
this Account is to begin a discussion with respect to the best protocols for nanocluster synthesis and characterization.  We believe 
that embracing a standard characterization protocol would make APNC synthesis more reliable, thereby accelerating their integra-
tion into a variety of technologies. 

INTRODUCTION 
The synthesis and study of Atomically Precise Nanoclusters 

(APNCs) is an emerging area of nanoscience.1-3 Unlike tradi-
tional nanoparticles, APNCs are mono-disperse and feature a 
well-defined arrangement of capping ligands.  This high level 
of chemical precision allows for the development of structure-
function relationships, permitting their rapid optimization for a 
variety of applications, including quantum computing,4 solid-
state memory,5 catalysis,6-8 sensing,9 and imaging.9,10  The 
high degree of chemical precision also allows for the interro-
gation of fundamental physical properties, such as the number 
of gold atoms required for the onset of metallic character.11  

Many materials fall under the APNC umbrella, which are 
defined here as a group of metal or metalloid atoms that ap-
proaches or exceeds 1 nm in diameter in at least one dimen-
sion.12  For example, APNCs are known for group II-IV semi-
conducting materials,13,14 group III-V semi-conducting materi-
als,15 metal chalcogenides,16,17 and metal oxides.18  However, 
recent nanocluster work has largely focused on low oxidation 
state clusters, which feature considerable amounts of metal-

metal bonding.1,2  It is these types of clusters, i.e., nanoclusters 
with some formal M(0) character, that will be the primary 
focus of this Account. 

Nanocluster synthesis and characterization is a rapidly 
growing field.  Approximately 1000 nanoclusters papers were 
published in 2016, which is a nearly 100 fold annual increase 
since 1996.2  As with any rapidly developing field, however, 
there have been some growing pains.  This is partly a conse-
quence of the materials themselves, as APNCs present several 
unique synthesis and characterization challenges.  For exam-
ple, in some instances single crystal X-ray data are not of suf-
ficiently high quality to accurately determine the number and 
arrangement of the surface-capping ligands.13  Additionally, 
transmission electron microscopy, which works well for the 
characterization of larger nanoparticles, is known to cause 
structural changes to some nanoclusters.19  Moreover, and of 
particular relevance to this Account, nanocluster syntheses are 
infamously low yielding and often generate complicated mix-
tures.  This combination of factors makes nanocluster purifica-
tion and characterization difficult.20  Indeed, impurities in 
nanocluster samples significantly complicate the construction 



 

of structure-function relationships, as recently demonstrated 
by Choi et al. in their attempts to correlate structure and nu-
clearity with photoluminescence behavior.21  This is also per-
haps why several archetypal gold nanoclusters were initially 
mischaracterized, including [Au25(SCH2CH2Ph)18]-, 
[Au38(SCH2CH2Ph)24], and [Au144(SCH2CH2Ph)60].1 

The APNC field is not the first to deal with these challeng-
es, which are actually as old as synthetic chemistry itself.  In 
this regard, it is insightful to survey the best practices previ-
ously developed for the characterization of organometallic and 
inorganic compounds.  A good summary of these practices, as 
well as some interesting case studies, can be found in “The 
Synthesis and Characterization of Inorganic Compounds”.22  
These best practices have also been codified in the “Infor-
mation for Authors” of several journals.23,24  While these prac-
tices were originally developed for inorganic synthesis, the 
past lessons learned are still useful today.  In this Account, we 
highlight how these past lessons can help avoid several com-
mon pitfalls and challenges encountered in nanocluster syn-
thesis and characterization.  The format of this account follows 
the case studies approach used effectively in Finke’s 1999 
nanocluster review.19  We believe that this analysis is both 
timely and appropriate because APNC synthesis is still a 
young field and no standard characterization protocol has yet 
been agreed upon. 

Case Study #1: Synthesis of Cu8(MPP)4 
In 2011, Chen and co-workers reported the synthesis of the 

Cu nanocluster, Cu8(MPP)4 (HMPP = 2-mercapto-5-n-
propylpyrimidine).25  This cluster was synthesized using a 
one-phase Brust-Schiffrin protocol.  Specifically, a mixture of 
Cu(NO3)2 and [N(Oct)4][Br], in EtOH, was treated with HMPP 
and excess NaBH4 (Scheme 1a).  The resulting Cu8 nanoclus-
ter was isolated by precipitation and centrifugation, but no 
yield was reported.  Evidence for the Cu8(MPP)4 formulation 
came primarily from ESI-MS, specifically the identification of 
a parent ion peak, [Cu8(MPP)4 + H]+, at 1120 m/z.  However, 
there are several problems with this assignment.  First, 
[Cu8(MPP)4 + H]+ should feature a parent peak at 1121 m/z, 
not 1120 m/z.  Additionally, a detailed isotopic distribution 
analysis was not provided for this feature, complicating at-
tempts to evaluate the mass spectral assignment.  
Scheme 1.  Reported syntheses of MPP-protected Cu 
nanoclusters, as described in References 25 and 30. 

Cu(NO3)2·3H2O

1) 4 equiv of [N(C8H17)4][Br]

Cu8(MPP)4
 + Na(NO3) 

+ H2
 + B(OEt)3

2) Heat to 80 oC for 30 min
3) Cool to 0 oC, add 5 equiv of HMPP

4) Stir for 6 h
5) 12 equiv NaBH4, let stand 7 h
6) Centrifuge, wash

Chen and co-workers, 2011:

Hayton and co-workers, 2017:

(a)

(b)

(c)

N N

SH

2.4 NaBH4

(HMPP)

25 oC

HN NH

S

(H2MPP*)

CD3OD

0.3 [Cu(N=CtBu2)]4 + H(N=CtBu2)[Cu(MPP)]n
HMPP

25 oC
THF

Cu(NO3)2·3H2O +
+ Na(MPP) + 
Na(NO3) + H2

+ [Cu(MPP)]n

 
Given our interest in copper nanoclusters,8,26-29 we endeav-

ored to re-synthesize Cu8(MPP)4,30 taking great care to match 
the reported reaction conditions as closely as possible.  In our 
hands, however, the reaction of Cu(NO3)2 with 
[N(C8H17)4][Br], HMPP, and excess NaBH4, in EtOH, resulted 
in formation 2-mercapto-5-n-propyl-1,6-dihydropyrimidine 
(H2MPP*) as the major product.  This material was formed by 
reduction of the pyrimidine ring in HMPP by NaBH4.  Moreo-
ver, we observed no evidence for the formation of a Cu8 
nanocluster in the reaction mixture. 

We also monitored the reaction of Cu(NO3)2 with HMPP 
and NaBH4, in CD3OD, by 1H NMR spectroscopy (Scheme 
1b).  Under these conditions, we still observed formation of 
H2MPP* as the major product, as expected.  We also observed 
formation of Na(MPP) and [Cu(MPP)]n as minor components 
of the reaction mixture.  The formation of [Cu(MPP)]n was 
confirmed by its independent synthesis via reaction of 
[Cu(N=CtBu2)]4 with 3.6 equiv of HMPP, in THF (Scheme 
1c).  It was characterized by a wide variety of methods, in-
cluding 1H NMR spectroscopy, X-ray crystallography (Figure 
1), and ESI-MS.  [Cu(MPP)]n appears to exist as a mixture of 
oligomers in solution, but crystallizes from solution as a hex-
amer, [Cu(MPP)]6.  It is possible that this cluster, along with 
H2MPP*, were present in the material isolated in 2011, but 
neither was mentioned in the original report. 

 



 

Figure 1. Ball-and-stick diagram showing the solid-state structure 
of [Cu(MPP)]6.  Color legend: copper, green; sulfur, yellow; car-
bon, grey; nitrogen, blue. 

Several important lessons can be gleaned from this case 
study.  Most importantly, it appears that the identification of 
Cu8(MPP)4 as a reaction product was driven largely by an 
over-reliance on mass spectrometry data. While ESI-MS is an 
important characterization tool for APNCs,1 it does have sev-
eral limitations that must be considered when using this tech-
nique.  Most importantly, the intensity of a peak in the mass 
spectrum does not necessarily correlate with that ion’s concen-
tration in the bulk sample.  Indeed, many factors play a role in 
determining peak intensity, including the analyte’s sensitivity 
coefficient k, the dielectric constant of the solvent, the pres-
ence of electrolytes, and the instrument settings.31  Conse-
quently, it is clear that ESI-MS cannot be used to assess bulk 
purity.  It is also clear that some species could be silent by 
ESI-MS.  The latter point is well illustrated by another exam-
ple from this system. Specifically, we could not observe 
H2MPP* in the reaction mixture by ESI-MS, despite our best 
efforts, and despite the fact that it was the major product from 
the reaction of Cu(NO3)2 with HMPP and NaBH4.30 

Another take-away is the important role that 1H NMR spec-
troscopy played in the identification of the reaction products, 
in particular H2MPP*.  Multinuclear NMR spectroscopy re-
mains an underutilized technique in diamagnetic and para-
magnetic nanocluster characterization, despite its many ad-
vantages.  NMR spectroscopy is unique amongst characteriza-
tion techniques in its ability to provide information on the 
number and relative ratios of capping ligand environments.  
NMR spectroscopy is also non-destructive and can quickly 
reveal the presence of organic impurities, such as free support-
ing ligand, in nanocluster samples. 

Case Study #2: Thiolate-protected Ni 
Nanoclusters 

In 2014, Xu and co-workers reported the synthesis of two 
large Ni nanoclusters, [Ni39(SCH2CH2Ph)24] and 
Ni41(SCH2CH2Ph)25].32  These were synthesized by reaction of 
NiCl2·6H2O, dissolved in THF and MeOH, with a mixture of 
PhCH2CH2SH and aqueous NaBH4 (Scheme 2a).  The result-
ing Ni clusters were characterized by MALDI-TOF, XPS, UV-
vis spectroscopy, and magnetometry.  However, neither a 
crystal structure nor a yield was reported.   

Curiously, at about the same time, several other research 
groups investigated the reaction of NiCl2 with PhCH2CH2SH 
and NaBH4, under Brust-Schiffrin conditions.33-35  Each group 
reported the formation of a Ni(II) thiolate coordination poly-
mer [Ni(SCH2CH2Ph)2]6 as the major product (Scheme 2), 
while one group also isolated a smaller cluster, 
[Ni(SCH2CH2Ph)2]4, using slightly different conditions.34  
These products are clearly very different from the mixed-
valent Ni39 and Ni41 nanoclusters reported in 2014, despite the 
similar reaction protocols. 
Scheme 2.  Reported syntheses of thiolate-protected Ni 
nanoclusters, as described in References 32, 33, and 35. 

Ni39(SR)24
 + Ni41(SR)25NiCl2

·
(H2O)6

1) Dissolve in MeOH ( 2mL) and THF (10 mL)

2) Add 5 equiv of PhCH2CH2SH

3) Add 10 equiv of NaBH4(aq)
4) Stir 60 h, filter, rinse with MeOH/H2O

6) Extract with CH2Cl2

R = CH2CH2Ph

Xu and co-workers, 2014:

7) Recrystallize from CH2Cl2/EtOH

(a)

(b)

(c)

Bernhard and co-workers, 2013:

NiCl2
·
(H2O)6

2) Dissolve in THF (100 mL)
3) Add 5 equiv of PhCH2CH2SH

4) Add 10 equiv of NaBH4(aq)
5) Stir 24 h, concentrate, rinse with MeOH

R = CH2CH2Ph
[Ni(SR)2]6

1) Add 2 equiv of [N(Oct)4][Br]

6) Recrystallize from CH2Cl2/EtOH

Wu and co-workers, 2014:

Ni(NO3)2
·
(H2O)6

2) Dissolve in THF (25 mL)
3) Add 6 equiv of PhCH2CH2SH

4) Add 10 equiv of NaBH4(aq)
5) Stir 20 h, concentrate, wash with MeOH/H2O

R = CH2CH2Ph
[Ni(SR)2]6

1) Add 2 equiv of [N(Oct)4][Br]

30% yield

30-35% yield

no yield reported

 
Both [Ni(SCH2CH2Ph)2]6 and [Ni(SCH2CH2Ph)2]4 were 

characterized by X-ray crystallography.  [Ni(SCH2CH2Ph)2]6 
features an attractive “tiara-like” structure, wherein each thio-
late ligand bridges between two Ni centers, and each Ni cen-
ters displays a square planar coordination geometry (Figure 2).  
Many similar Ni(II) thiolate clusters have been reported previ-
ously.36-38 

 
Figure 2. Ball-and-stick diagram showing the solid-state structure 
of [Ni(SCH2CH2Ph)2]6.  Color legend: nickel, green; sulfur, yel-
low; carbon, grey. 

Given the similarity of the reaction conditions employed by 
the four different research groups, it is worth examining why 
such disparate outcomes were reported.  The strongest evi-
dence to support the Ni39 and Ni41 formulations comes from 
MALDI-TOF data.  In particular, parent peaks were observed 
for both ions.32  However, given that the MALDI-TOF signal 
does not correlate with bulk concentration, it is possible that 
these species are only minor products of the reaction.  In this 
regard, we postulate that the Ni6 cluster was actually the major 
product of this transformation.  Indeed, the UV-vis spectra 
reported for the Ni39/N41 mixture is essentially identical to that 
reported for Ni6.34,35   



 

The use of the Brust-Schiffrin protocol in the synthesis of 
Ni6 is also worthy of comment (Scheme 2). The Brust-
Schiffrin protocol is often used in the synthesis of gold 
nanoclusters,39 where phase transfer reagents, such as 
[N(Oct)4][Br], are thought to solubilize the Au(I) intermedi-
ates that are precursors to the reduced Au nanocluster.40  How-
ever, not all nanocluster syntheses will benefit from Brust-
Schiffrin conditions. In the case of Ni6, for example, phase 
transfer reagents are likely unnecessary.  To support this asser-
tion, we note that many similar Ni(II) thiolate clusters, includ-
ing [Ni(SPh)2]x (x = 9, 11), [Ni(SCH2C(O)OEt)2]8, and 
[Ni(SCH2CH2

iPr)2]6, have been previously reported, and these 
were synthesized using standard organometallic metathetical 
protocols.36-38  Thus, while one- and two-phase Brust-Schiffrin 
protocols can be beneficial for nanoparticle syntheses, there is 
no reason to believe that Brust-Schiffrin is necessary for the 
synthesis of the Ni6 cluster.  In the end, the utilization of 
Brust-Schiffrin protocol in this example likely only makes it 
more difficult to generate pure material.   

Case Study #3: Histidine-Stabilized Gold 
Nanoclusters 

In 2011, Chen and co-workers reported the synthesis of a 
histidine-stabilized Au10 cluster, [Au10(His)10].41  The reported 
synthetic procedure is remarkably simple, involving the reac-
tion of HAuCl4 with 30 equiv of histidine, in H2O, followed by 
incubation at room temperature for 1 h (Scheme 3a).  The Au10 
formulation was supported by ESI-MS and XPS, and based on 
these data, the authors concluded that the reaction produced 
“mono-disperse” Au10 nanoclusters. The apparent ease of 
preparation makes Au10 an attractive nanocluster for further 
applications development; however, no yield was reported. 
Scheme 3. Reported syntheses of Histidine-stabilized Au 
nanoclusters, as described in References 41 and 20. 

HAuCl4·3H2O [Au10(His)10]

Chen and co-workers, 2011:

(a)

Choi and co-workers, 2013:

H2O, 25 oC, 1 h

HN

N

O

OH

NH2

30

HAuCl4·3H2O
[Au11(His)9] + [Au11(His)10] + [Au13(HIS)11] 

+ [Au12(His)11] + [Au12(His)12] + [Au12(His)9] 
+ [Au10(His)9] + [Au14(His)13] + [Au13(His)9]

(b)
H2O, 25 oC, 2 h

10 L-Histidine

 
This system was re-analyzed by Choi and co-workers in 

2013, and found to be substantially more complicated than 
originally suggested (Scheme 3b).20  In particular, the reaction 
products were analyzed with reverse phase high-performance 
liquid chromatography (RP-HPLC) coupled with MALDI-
TOF MS and ESI-MS.  The RP-HPLC trace revealed at least 
nine histidine-stabilized Au nanoclusters were present in solu-
tion (Figure 3), ranging in size from [Au10(His)9] to 
[Au14(His)13], with [Au12(His)9] being the major product.  Un-
surprisingly, unreacted histidine was also present in the sam-
ple. Interestingly, these products are similar in composition to 
[Au10(His)10] (Scheme 3a), the formulation suggested in 
2011.41  However, the original characterization by ESI-MS, 

UV-vis spectroscopy, and XPS would have been unable to 
identify the presence of a complicated mixture. 

 

Figure 3. RP-HPLC trace of a His-stabilized Au nanocluster 
sample under gradient elution (blue trace).  Curves a (black trace) 
and b (red trace) are the solvent and histidine controls, respective-
ly.  Reproduced with permission from ref. 20. © 2013 American 
Chemical Society. 

The Choi group has used RP-HPLC to probe the outcomes 
of several other nanocluster reactions.21,42  For example, they 
determined that reduction of HAuCl4 with DMF results in 
formation of a complex mixture of Au nanoclusters, confirm-
ing the original finding of Kawasaki and co-workers.43  At 
least 12 Au-containing nanoclusters are formed in this reac-
tion, with [Au10(DMF)9]+ and [Au10(DMF)7] being the most 
abundant.21 Although, it is worth noting that “surfactant-free” 
or “solvent-only” nanoclusters is a somewhat controversial 
topic.44,45 More significantly, these results demonstrate the 
promise of RP-HPLC for APNC characterization, and suggest 
that this technique should be adopted more broadly. 

Case Study #4: Monolayer-Protected 
Cox(SCH2CH2Ph)m Nanoclusters 

In 2017, Barrabés and co-workers reported the synthesis of 
the monolayer-protected cobalt nanoclusters, 
Cox(SCH2CH2Ph)m.46  These were made by reaction of CoCl2 
and PhCH2CH2SH (3 equiv), dissolved in THF, with an aque-
ous solution of NaBH4 (9 equiv) (Scheme 4a).  The cobalt 
nanoclusters were purified via filtration and extraction into 
CH2Cl2.  No yield was reported.  On the basis of MALDI-MS 
data, it was posited that the clusters ranged in size from 25 to 
30 Co atoms, and they offered Co25(SR)18 and Co30(SR)16 as 
possible formulations.  However, specific formulae to the ob-
served peaks in the MALDI mass spectrum were not assigned. 
Scheme 4. Reported synthesis of monolayer-protected co-
balt nanoclusters, as described in References 46 and 47. 



 

CoxSRm
CoCl2

·
(H2O)6

1) Dehydrate at 150 °C
2) Dissolve in THF (10 mL)
3) Add 3 equiv of PhCH2CH2SH, stir 30 min

4) Add 9 equiv of NaBH4(aq)
5) Stir 1 h, filter, rinse with MeOH
6) Extract with CH2Cl2

x = 25-30

Barrabés and co-workers, 2017:

Hayton and co-workers, 2018:

5 h, 25 oC

30 HSR

R = CH2CH2Ph

CoII

S
RS

R
S
R

CoII

R
S

CoII

RS
CoII

SR

CoII

RS

RS

SR
CoII

RS

CoII
RS

RS CoII

S
R

CoII

RS

S
R

CoII

SR

Cl

Cl

ClCl

10 CoCl2
·1.5THF

90 NaBH4

37% yield

-16 NaCl
- 16 H2

THF
N2

 
atmosphere

(a)

(b)

- 16 BH3(THF)

 

Given the rarity of well-defined metallic cobalt APNCs, we 
endeavored to replicate the reported synthetic procedure and 
continue the characterization of the product(s).47 In our hands, 
the reaction of CoCl2 and HSCH2CH2Ph with NaBH4, in THF 
under an inert atmosphere, resulted in the formation of a single 
cobalt-containing species (Scheme 4b), which was determined 
to be the T3 supertetrahedral cluster [Co10(SCH2CH2Ph)16Cl4] 
by X-ray crystallography (Figure 4). Importantly, we do not 
observe the formation of any low-valent Co-containing species 
in the reaction mixture.  Thus, it appears that NaBH4 is solely 
acting as a Brønstead base in this transformation, and not as a 
reducing agent, as originally surmised.   

 
Figure 4. Ball-and-stick diagram showing the solid-state structure 
of [Co10(SCH2CH2Ph)16Cl4]. Color legend: cobalt, blue; sulfur, 
yellow; carbon, grey; chlorine, green. 

Interestingly, during the course of our studies, we discov-
ered that Co10 is quite air sensitive.  Thus, to account for the 
widely different reaction outcomes (Scheme 4), we hypothe-
size that Co10 was also formed in the original reaction; howev-

er, upon work-up in air, the sample reacted with O2 to generate 
a mixed-ligand CoxOy(SR)m-type cluster (or clusters).  Several 
other groups have also noted that cobalt-thiolate complexes 
are generated during attempts to make Co(0) APNCs.48,49  For 
example, a 2008 report claimed that reaction of Co2+ with 
NaBH4, in the presence of thiol, led to the formation of cobalt 
nanoparticles.50 However, Kitaev later demonstrated that the 
actual products from this reaction were just simple Co(II) thio-
lates.49  

Interestingly, the presence of O2 during nanocluster for-
mation is not always harmful.  In some instances, such as for 
the synthesis of [Au25(SCH2CH2Ph)18]-, it is actually required.  
In this case, oxygen initiates cluster etching by formation of 
thiyl radicals.51-53  In the case of Co, however, it is clear that 
O2 is detrimental to the formation of a tractable product.  The 
disparate roles of oxygen in these two systems can be readily 
explained by the different reduction potentials of Co2+ and 
Au+,54 as well as their different M-S bond strengths (Co-S = 
340 kJ/mol vs. Au-S = 420 kJ/mol).55  Overall, this case study 
highlights the need for rigorously air free conditions during 
the synthesis and work-up of APNCs of the more electroposi-
tive transition metals (e.g., Fe, Co, and Ni.)  

Case Study #5: Surfactant-Free Platinum 
Nanoclusters 

In 2010, Kawasaki and co-workers reported a simple proce-
dure for the synthesis of “surfactant-free” Pt nanoclusters.56  
These clusters were made by thermolysis of an aqueous solu-
tion of H2PtCl6 in DMF, which acts as both reductant and sta-
bilizing ligand (Scheme 5).  No yield was reported, nor were 
the reaction by-products identified.  The clusters were found to 
range in size from Pt4 to Pt6 on the basis of MALDI-MS; how-
ever, it was clear from the MS data that the clusters had react-
ed with the 2-mercapto-benzothiazole matrix.  Thus, it is not 
readily apparent if the MALDI-MS data accurately represent-
ed the solution phase speciation.  The oxidation state of the 
clusters was probed with XPS. Specifically, the authors ob-
served a Pt 4f7/2 peak at 72.8 eV, which they interpreted as 
evidence for Pt(0) (The 4f7/2 peak for Pt metal appears at 71.1 
eV).  However, this energy is also similar to those reported for 
molecular Pt(II) complexes.57   
Scheme 5. Synthesis of DMF-stabilized Pt nanoclusters, as 
described in Reference 56. 

H2PtCl6(aq) [Pt4(DMF)x] + [Pt5(DMF)x] + [Pt6(DMF)x]
140 oC, 8 h

DMF

 
 Duchesne and Zhang repeated the synthesis of these Pt 

nanoclusters, and then probed their local structure by X-ray 
absorption spectroscopy (XAS).57 An analysis of the EXAFS 
spectra revealed a decrease in the Pt coordination number 
from 6 to 4 over the course of the reaction, consistent with 
reduction of the Pt(IV) ions to Pt(II) (Figure 5).  Moreover, the 
EXAFS data showed no apparent Pt–Pt scattering path, while 
the XANES data indicated the average oxidation state of plati-
num was +2.  Given these data, Zhang and Duchesne conclud-
ed that this reaction resulted in formation of small Pt(II)-
containing clusters, and not the formation of Pt(0) nanoclus-
ters, as originally suggested.   



 

 

Figure 5. Pt L3-edge EXAFS spectra of DMF-stabilized Pt 
nanoclusters as a function of time.  Reproduced with permission 
from ref. 57. © 2012 Royal Society of Chemistry. 

This example highlights the power of XAS in nanocluster 
characterization.  XAS can provide insight into the size and 
shape of metal nanoclusters, the average oxidation state of the 
metal core, and the identity of the ligand shell, even when 
single crystals are not available.  Several other groups have 
also used XAS to characterize nanoclusters.  For example, our 
laboratory used EXAFS to confirm that the mixed-valent cop-
per nanocluster [Cu20(CCPh)12(OAc)6] maintained its nucleari-
ty upon deposition on to silica.8  Similarly, Petty and co-
workers used XANES to confirm the 6+ overall charge of a 
DNA encapsulated Ag10 cluster, which was consistent with 
their mass spectrometry measurements.58  However, it must be 
noted that XAS, like any other characterization method, must 
be used in tandem with other techniques.  In addition, because 
it is a bulk technique, XAS is sensitive to the presence of im-
purities.  Therefore great care must be made to confirm sample 
purity before any measurements are taken. 

Case Study #6: Synthesis of a Hydride-
Stabilized Cu14 Nanocluster 

In 2015, we reported the synthesis of 
[Cu14H12(phen)6(PPh3)4][Cl]2, formed by reaction of 
[(Ph3P)CuH]6 and 1,10-phenanthroline in CH2Cl2 (Scheme 
6).26 This cluster was isolated in 80% yield.  Cu14 is notable 
for being a rare example of a copper hydride nanocluster stabi-
lized solely by neutral donor ligands (e.g., phen and Ph3P).  Its 
formation from [(Ph3P)CuH]6 involves several steps, including 
Ph3P ligand exchange and hydride metathesis with the CH2Cl2 
solvent, which was ultimately determined to be the source of 
the two chloride counterions.   
Scheme 6. Synthesis of a Cu14 nanocluster, as described in 
Reference 26. 

N N
0.43 [Cu14H12(phen)6(PPh3)4][Cl]2[(Ph3P)CuH]6

- Ph3P 
  - CH3Cl

CH2Cl2, 18 h, rt

26

80% yield

 

In the solid state, Cu14 is structured around [Cu4]4+ core and 
features Td symmetry (Figure 6).  As a result, all 12 hydride 
ligands are equivalent by symmetry.  While the hydride lig-
ands were not found by X-ray crystallography, DFT calcula-
tions suggest that the 12 hydride ligands occupy the outer sur-
face of the Cu14 cluster.  Each hydride ligand features a µ3 
coordination mode, according to the calculations, which is a 
common binding mode for copper hydrides.59 

 
Figure 6. Ball-and-stick diagram showing the solid-state structure 
of [Cu14H12(phen)6(PPh3)4][Cl]2. Color legend: copper, green; 
phosphorus, purple; nitrogen, blue; carbon, grey. The two Cl- 
counterions were removed for clarity. 

Despite an analysis of its structure by X-ray crystallog-
raphy, Cu14 proved to be quite challenging to completely char-
acterize. In particular, the metrical parameters of its tetrahedral 
[Cu4]4+ core were found to be nearly identical to those of the 
tetrahedral [Cu4(µ4-H)]3+ core in [Cu8H{S2CNnPr2}6]+.60 Given 
this similarity, we were concerned that Cu14 also possessed a 
µ4-H ligand, which we could not detect by 1H NMR spectros-
copy or X-ray crystallography.  Inclusion of a µ4-H ligand into 
the Cu14 structure would alter its formula only slightly; in-
creasing the number of hydride ligands by one and decreasing 
the number of chloride ligands accordingly to maintain charge 
balance.  Because the chloride ligands in Cu14 were disordered 
over eight sites, and because hydride ligands are generally 
transparent to X-rays, our X-ray crystallographic data could 
not definitively rule out the alternative formulation, e.g., 
[Cu14H13(phen)6(PPh3)4][Cl].   

Thus, to further support our proposed formula, we synthe-
sized the partially-deuterated analogue, 
[Cu14D12(phen)6(PPh3)4][Cl]2, which we interrogated using 2H 
NMR spectroscopy and ESI-MS.  We only observed one sig-
nal in the 2H NMR spectrum, consistent with the proposed 
formulation (and the Td symmetry found in the solid state).  In 
addition, its ESI mass spectrum featured a [M]2+ parent ion 
peak that was shifted by 6 m/z versus the signal observed for 
the protio analogue, as expected for a cluster with only 12 
hydride ligands.  Finally, we measured the conductivity of 
Cu14, which was found to be 220.5 ohm-1·cm2·mol-1 in MeCN 
at room temperature.  This value is in excellent agreement 



 

with that expected for a 2:1 electrolyte.  With these combined 
data in hand we were confident that our original formulation, 
namely, [Cu14H12(phen)6(PPh3)4][Cl]2, was correct. 

Overall, this work highlights several themes relevant to the 
purview of this Account, namely that many complementary 
techniques must be used to confirm formulation, structure, and 
analytical purity of APNCs. To our knowledge, this is also 
first time that conductivity has been applied to nanocluster 
characterization.  Given its ease of implementation and low 
cost, it could be a valuable and more widely used technique 
for the characterization of charged nanoclusters.  The synthe-
sis of Cu14 also illustrates the role that a counterion can play in 
the determination of reaction outcome.  Specifically, Cu14 
could only be isolated if an appropriate anion (either Cl- or 
OTf-) was present in the reaction mixture.  Several other 
workers have noticed similar effects.53,61  Perhaps most fa-
mously, [Au25(SCH2CH2Ph)18]- could only be formed in the 
presence of [N(Oct)4]+, which was added as a phase-transfer 
reagent.1  Without addition of [N(Oct)4][Br], the neutral form 
of the cluster, [Au25(SCH2CH2Ph)18], is isolated instead.53   

Conclusions and Outlook 
Herein, we have described six case studies that highlight 

several common pitfalls and challenges encountered in APNC 
synthesis and characterization.  Significantly, many of these 
common pitfalls could have been avoided by adopting a stand-
ard characterization protocol, similar to those employed by the 
organometallic and coordination chemistry communities.23,24  
These pitfalls, and strategies for their mitigation, are summa-
rized in the next two paragraphs. 

With respect to synthesis, a majority of the case studies pre-
sented here reveal that reducing agents, including the com-
monly used reagent NaBH4, do not always behave as antici-
pated.  This observation, which has also been noted by 
others,62 highlights the need to not only carefully confirm the 
oxidation state of the final product (with multiple complemen-
tary techniques), but to also identify the reaction by-products, 
as well as the reaction stoichiometry.  As part of this process, 
it is critical to report isolated yields.  Too frequently, APNCs 
are reported in the literature with no yield data.  Yields are 
invaluable for evaluating mass balance, as well as reaction 
stoichiometry. Indeed, we suggest that editors and reviewers 
begin to ask for isolated yields as a requirement for publica-
tion.  It is also apparent that the Brust-Schiffrin protocol is not 
always beneficial.  While Brust-Schiffrin has been a stalwart 
approach for nanoparticle syntheses for the last 20 years, in 
two of the nanocluster case studies presented herein the phase-
transfer agent apparently played no role in nanocluster for-
mation, and likely just made the isolation of pure material 
more challenging.  It is also clear that many nanocluster syn-
theses result in the formation of mixtures, as shown in case 
studies #3 and #5.  Because of the challenges inherent in mak-
ing structure-function relationships of a nanocluster in a mix-
ture, significant effort should be expended to purify APNC 
samples, and if a mixture cannot be separated, then authors 
need to acknowledge the presence of impurities in their sam-
ples.  It is also worth remembering that neither X-ray crystal-
lography nor mass spectrometry can be used to assess bulk 
purity.  In this regard, combustion analysis is underutilized, 
but potentially powerful, technique for assessing sample puri-
ty.  Being a bulk characterization technique, it is very sensitive 
to the presence of impurities (both organic and inorganic) in 

the sample.  HPLC and thin layer chromatography could also 
be extremely valuable for assessing purity, but are rarely used 
in APNC analysis.  Finally, exposure to oxygen, as seen in 
case study #4, can also adversely affect APNC reactions.  This 
is expected to be especially true for early and middle 1st row 
transition metals, such as Fe and Co.  As such, the synthesis, 
work-up, and characterization of these APNCs should be rou-
tinely performed under an inert atmosphere. 

With respect to characterization, several case studies reveal 
the peril of over-reliance on a single technique, usually mass 
spectrometry.  Ion silence, ion fragmentation, and reactions 
with the matrix make the interpretation of mass spectral data 
more challenging than is often acknowledged. In addition, 
great care should be taken to faithfully model the isotope pat-
terns and masses of observed mass spectral peaks.  We also 
strongly advise that NMR spectroscopy be routinely employed 
in nanocluster characterization. The spectral resolution of 
NMR is unrivalled, and as a result, it can provide information 
on purity and formulation that are hard to collect with any 
other technique.  Indeed, the use of NMR spectroscopy in case 
studies #1 and #2 would have quickly identified that the 
nanocluster syntheses were not proceeding as anticipated.  
XAS is another powerful method of nanocluster characteriza-
tion, especially in cases where single crystals for X-ray crys-
tallography are not forthcoming.  However, as with any tech-
nique, it is important to recognize the limitations of XAS, and 
to use this technique in tandem with other complementary 
methods.  Indeed, this latter point is probably the most im-
portant take-away from this Account, namely, that a wide 
range of complementary techniques must be employed for 
nanocluster characterization.  

Our goal with the Account is to begin a discussion with re-
spect to the best protocols for nanocluster synthesis and char-
acterization. We believe that adoption of a standard protocol 
would make APNC synthesis more reliable, thereby accelerat-
ing the incorporation of APNCs into a variety of technologies.  
Ultimately, this latter consequence would benefit us all. 
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