
Strong Influence of a Minor Substitution in 
Gold Clusters 
Ligand change controls size, stability, and 
charge state of nanoparticles built in solution  

RESULTS 

What could you change about our nation’s energy, transportation, and other sectors 
if you could synthesize a material with exactly the properties that you needed on 
demand and with high purity? The answer to creating these materials may lie in sub-
nanometer building blocks called clusters that have a precisely defined size and 
composition. Producing commercially relevant quantities involves the reduction in 
solution of positively charged metal ions to neutral atoms in the presence of organic 
molecules called ligands, which arrest the growth at a particular number of metal 
atoms. Researchers at Pacific Northwest National Laboratory showed that changes 
at a diphenylphosphine ligand’s phosphorus centers alter the size of clusters synthe-
sized in solution and the fragmentation pathways of otherwise identical clusters. 
 
“Until now, scientists assumed that substitutions in certain ligands did not influence 
the size or stability of clusters formed,” said Dr. Julia Laskin, a PNNL physical 
chemist involved with the project. 

 
WHY IT MATTERS 

Future materials that will decrease energy consumption and waste associated with 
manufacturing, detect harmful contaminants in foods and medicines, and enable the 
ultimate miniaturization of complex electronic devices will be composed of clusters 
containing different numbers and types of atoms. Clusters exhibit large variations in 
critical properties, such as electron affinity and ionization energy with changing size 
that may be exploited to tune their stability and chemical reactivity for specific ap-
plications.  
 

METHODS 

Diphenylphosphine 
ligands, which con-
sist of two phenyl 
(C6H5) substituted 
phosphorus centers 
separated by a car-
bon chain of variable 
length, produce gold 
clusters with ex-
tremely narrow dis-
tributions in size; 
that is, the synthesis 

By understanding the 
fundamentals of cluster 
synthesis, we may 
control and exploit them 
to create these superior 
materials. 
— Dr. Grant Johnson, a 
physical chemist at PNNL 
who led the study 

To reduce industry’s energy demands, scientists must build 
innovative materials; this research provides foundational in-
sights into directing atomic clusters to create these materials.  
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route produces a large quantity of 
clusters with the same number of 
gold atoms as well as a small number 
of clusters with similar numbers of 
atoms. The length of the carbon chain 
between the two phosphorus centers 
determines the size and monodisper-
sity of the gold clusters. In contrast, 
the substituents (e.g., phenyl) at the 
two phosphorus centers are generally 
regarded as not exerting an influence 
on the selectivity of diphosphine lig-
ands toward gold clusters of a partic-
ular size. Furthermore, theoretical 
calculations on diphosphine-capped 
gold clusters often involve the substi-
tution of simpler hydrogen atoms in 
the place of computationally de-
manding substituents such as phenyl 
groups with the assumption that the 
substitution does not alter the stabil-
ity of the cluster. 
 
The team wanted to see if this as-
sumption would hold up. They fo-
cused on gold clusters capped with 
diphosphine ligands. The team pre-
pared two gold cluster solutions that 
differed only in the substitution of 
either cyclohexane groups or phenyl 
groups at the phosphorus centers of 
diphosphine ligands.  
 
Thomas Priest, a DOE Science Un-
dergraduate Laboratory intern at 
PNNL, synthesized the gold clusters, 

creating a purple solution that John-
son electrosprayed into a high-
resolution mass spectrometer at 
EMSL. The electrospray process 
turns the gold clusters in the liquid 
into positively charged ions in a gas-
eous stream. The team analyzed the 
composition of the solution, includ-
ing the number of gold atoms and 
ligands in each cluster, using the 
mass spectrometer. In addition, they 
isolated representative ions with the 
instrument and fragmented these 
clusters through high kinetic energy 
collisions with an inert background 
gas to provide insight into the struc-
ture and stability of the clusters. 
 
They found that clusters synthesized 
using the phenyl ligand contained 
predominantly 11 gold atoms. In 
contrast, clusters prepared using the 
cyclohexane ligand contained 9 gold 
atoms. In addition, gold clusters with 
the phenyl-containing ligand frag-
mented through a wide range of dis-
sociation channels involving the loss 
of gold atoms as well as activation of 
the phosphorus-carbon bonds of the 
ligands. The gold clusters with the 
cyclohexane ligands exhibited far 
less activation of the ligands. By 
swapping cyclohexane for phenyl 
groups in otherwise identical diphos-
phine ligands, the team showed that 
gold clusters of completely different 
size may be synthesized in solution 
under the same reaction conditions.  
 
“This work demonstrates that the 
substitution of the phosphorus cen-
ters is another powerful parameter 
that may be used to direct the size-
selected synthesis of a broad range of 
gold clusters,” said Johnson. 
 

WHAT’S NEXT?  

Johnson and members of Laskin’s 
team are now studying how the com-

position of the solutions evolves 
from the initial stages of reaction 
through the formation of the final 
products. These kinetic studies are 
aimed at determining the appropri-
ate conditions of reaction time, 
temperature and concentration to 
produce a continuous flow of a 
wide array of different size clusters 
for studies in the gas-phase using 
mass spectrometry and on surfaces 
through soft landing of mass se-
lected ions.   
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Scientists at PNNL demonstrated 
that the substitution of diphosphine 
ligands dramatically influences the 
size and fragmentation pathways of 
otherwise identical gold clusters. 
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