
 “Pre-reduced” , with Au formal ox. state between 0 and 1

 Non-fluorescent

 Many are air-stable, easy to synthesize
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1. Theoretical estimate:

| G| of the dissociation < 1kcal/mol at
SVWN5, PBE1PBE, BMK, or MP2 and TZVP level of

theory, with CPCM solvation in CH3CN

2. ESI mass-spectrometry data:

D. 1 Cluster augmentation followed by etching 

Au3(P)3
+⟶ Au5(P)5

+⟶ Au7(P)7
+ ⟶ ...

Amine 

amount

Au6(P)6
2+ ⟶ Au8(P)8

2+⟶ Au10(P)10
2+ ⟶ ...

⟶ ... ⟶

larger AuxLy
+

Au NPs

Main peaks in ESI-MS:

Au3(P)n
+ (n=2,3)    Au8(P)n

2+ (n=8,5)

Au5(P)n
+ (n=2-5)   Au10(P)n

2+ (n=6,7)

Au7(P)n
+ (n=3,4)

Reduction of Au(CH3COO)3 or [Au(NO3)4]
- in the presence of simple amine

Reaction of preformed cationic Au clusters with amines

The treatment of preformed cationic gold-phosphine clusters with primary amines in solvents of 

medium/high polarity yielded isolable bright luminescent gold clusters (quantum efficiency up to 15-

20%) with nanosecond emission from blue to orange color. 

Au(III) = Au(AcO)3 or [Au(NO3)4]
-

Sample
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ns

Au6(PCyPh2)6
2+- PAMAM-NH2 375 443

1.0

2.3 

Au8(PPh3)8
2+- PAMAM-NH2 412 497

1.2

2.7

Au9(PPh3)8
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0.9

3.5

Au6(PCyPh2)6
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554 
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Au6(PCyPh2)6
2+-nOctylNH2 376 418, 435 4.7 

Au6(PCyPh2)6
2+-(nOctyl)3N 383 467 2.7

Cluster Amine Solvent Ratios
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Co-existence of {Au6
2+} and {Au3

+} clusters

A. Conversion of large cationic clusters to {Au6
2+}
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D.2 Amine enrichment (ligand exchange)
Aux(P)y⇄ Aux(P)y-1(N) ⇄ Aux(P)y-2(N)2 ⇄ ... ⇄ {Aux(N)y}

HAuCl4
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Conclusion

Biological molecular imaging and sensing requires fluorophores that are not only stable and bright, but also small

enough to allow the unencumbered observation of the movement of proteins. In the past decade, there has been a 

tremendous interest in the synthesis of highly fluorescent species obtained by a noble metal reduction in the 

presence of biological ligands/templates. The luminescent species are assumed to be small and neutral noble 

metal clusters, although no definitive proof of their existence has yet been offered and no small, stable and 

neutral ligated clusters of Ag0 or Au0 have yet been characterized. However, bare Agn and Aun clusters

(n=2-4) were shown to emit in gas phase or Ar matrix. 

The goal of our work was to determine the nature of the luminescent species, find an alternative approach for 

their synthesis using simpler ligands (to understand the effect of molecular size and structure on photophysical 

properties), and elucidate the reaction pathway leading to their formation.

Pre-formed cationic gold/phosphine clusters are the closest well-characterized and stable entities to the bare 

neutral gold clusters obtained in gas phase. Simple primary amines also could serve as an alternative to more 

complex dendrimers or peptides, currently used as ligands. 

Photoluminescence monitoring (as well

as UV-Vis absorption mesurements and 

TEM) confirms the formation of large 

Au clusters and Au nanoparticles as 

intermediates on the way to luminescent 

species.

High phosphine content complicates the reaction, requiring high concentrations of amine and longer reaction 

times. Alternative approach would be the phosphine-free (or other strong ligand, like X-, RS-) reaction conditions

PR3=PPh3 or PCyPh2

Amine (or other weak ligand) is essential to generate fluorescent gold cluster.
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300 400 500 600

PL
ABS PLE

309

In
te

n
s
it
y

Wavelength, nm

450379

300 400 500 600 700
300

400

500

600

Emission, nm

E
x
c
it
a
ti
o
n
, 

n
m

ex = 395 nm

em=500 nm

, 3-NR)(AuN(R)H2)3
+ ...

Second product: Au(I) species with close Au+...Au+ contacts
Weak absorption of 

emissive species

Neutral gold species with  S-S emissive transitions

Electronic origin of the luminescence and ligand effect

4.87(0.31)

5.07(0.22)

4.40 (0.07)

4.81(0.13)

From the theoretical analysis of the absorption/luminescence of the neutral gold clusters with various ligands, it 

follows that  the larger the ligand contribution to the cluster LUMO, the lower

the intensity of the first electronic transition, and, as a consequence, the weaker the cluster

emission.
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HOMO

LUMO

E

H2O

NH3

CH3SH

PH3

Pyridine

E, eV (osc)Ligand

Au NPs observed as 

intermediates prior to 

luminescent species, with 

size inversely proportional 

to the amount of RNH2

LUMO

We have established the likely nature of the luminescent species formed in reactions of pre-formed cationic

gold/phosphine clusters with primary amines

We have proposed a plausible reaction pathway leading to the formation of these neutral gold-amine clusters

By means of theoretical analysis, we have demonstrated that even such changes in the cluster surroundings as

the type and the number of protecting ligands might have a significant effect on the energy of the emission. 

As such, the conventional attribution of the cluster emission energy to cluster size is not necessarily valid. 

Theoretical analysis also sheds light on the nature of neutral gold cluster emission, where the type of protecting

ligand dramatically affects the emission efficiency.  As it was demonstrated, the degree of ligand 

involvement in the accepting orbital of the first absorption transition directly controls the intensity of that 

transition. 

Even without a change in cluster nuclearity, the cluster’s absorption and luminescence depend on the type of 

isomer, the type of ligand and the number of ligands (B3LYP/TZVPP(Au)/6-311G(df,p) (P/N,C,H). 
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 clear or pale-yellow solutions

 2-5 ns radiative decay

 30-70% emission efficiency
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1. Theoretical estimate: Grxn = -8-10kcal/mol at SVWN5,

PBE1PBE, BMK, or MP2 combined with TZVP level of theory,

with CPCM solvation in CH3CN.

Combinations of Au2(PR3)(RNH2) and [Au(PR3)2]
+ or Au2(RNH2)2

and [Au(PR3)(RNH2)]
+ are  even more preferred  over

Au2(RNH2)2/Au(PR3)2
+ or Au2(PR3)2/Au(RNH2)2

+ (probably for

entropic reasons).

2. Mass-spectrometry data:

Generation of neutral Au2(PR3)2 cluster is likely. 

C.  Generation of neutral fragment 

Au3(PR3)3
+  + BuNH2 Au2(PR3)2 + [Au(PR3) (BuNH2)]

+

very stable

non-fluorescentPR3

RNH2

Au
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Increase in ligand contribution

Decrease in osc. strength

BuNH2
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