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Abstract: Knowledge of the molecular formation mechanism of metal nanoclusters is 

essential for developing chemistry for accurate control over their synthesis. Herein, the 

“top-down” synthetic process of monodisperse Au13 nanoclusters via HCl etching 

polydisperse Aun clusters (15≤n≤65) is traced by a combination of in-situ X-ray/UV-vis 

absorption spectroscopies and time-dependent mass spectrometry. It is revealed 

experimentally that the HCl-induced synthesis of Au13 is achieved by accurately 

controlling the etching process with two distinctive steps, in sharp contrast to the 

traditional thiol-etching mechanism through release of Au(I) complex. The first step 

involves the direct fragmentation of the initial larger Aun clusters into metastable 

intermediate Au8−Au13 smaller clusters. This is a critical step, which allows for the 

secondary size-growth step of the intermediates toward the atomically monodisperse Au13 

clusters via incorporating the reactive Au(I)-Cl species in the solution. Such a 

secondary-growth pathway is further confirmed by the successful growth of Au13 through 

reaction of isolated Au11 clusters with AuClPPh3 in the HCl environment. This work 

addresses the importance of reaction intermediates in guiding the way towards 

controllable synthesis of metal nanoclusters. 
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1. Introduction 

Ultrasmall gold nanoclusters consisting of a few to tens of Au atoms have emerged as 

a new type of nanomaterials with diverse potential applications in catalysis, optical 

devices, imaging, and many others, oweing to their unique “superatom” structure, 

extraordinary stability and discrete electronic energy levels.1-6 For both basic and 

application researches, the availability of well-defined nanoclusters is crucial, which 

depends critically on the design and implementation of solution-based synthetic 

chemistry. The most common top-down synthetic strategy of monodisperse Au 

nanoclusters is the size-focusing methodology that converts pre-formed polydisperse 

nanoclusters into monodisperse ones,7 using a specific etchant such as thiol (SR), 

thiophenol or hydrochloric acid (HCl). Good examples of this methodology are Au25 

nanorods converted from triphenylphosphine (PPh3)-protected polydisperse Au 

nanoparticles (1−3.5 nm) via one-pot thiol etching,8, 9 SR-protected Au38 etched from 

Glutathionate (SG)-protected Aun (38<n<102)10 or Aun (10<n<39)11 mixed clusters, 

thiophenol-stabilized Au36 clusters converted from Au68 and Au102 mixture,12 and 

diphosphine-protected icosahedral Au13 clusters obtained through the HCl-etching of 

polydisperse Aun clusters.13-15 In spite of these great progresses, mechanistic insights into 

etching reaction still lag behind and remain a subject to be resolved. 

The currently prevailing etching mechanism of Au clusters is obtained from 

SR-etching reactions. It assumes gradual release of Au(I) complexes10,14-17 until the 

remaining cores reach a stable size in the etching environment (Path 1 in Fig. 1), a 

phenomenon known as the “survival of the most robust”.2, 7 For instance, the etching 

reaction of Aun(SG)m clusters with free GSH under aerobic conditions converts Aun(SG)m 

(n≥25) clusters into Au25(SG)18 clusters, while Aun(SG)m (n<25) clusters were completely 

dissolved into Au(I)-SG complexes.16 As a result, the reaction yield is not very high 

(typically <25%).10, 17 Other hypothesis involving direct depletion of the same-sized 

particle as the target cluster (Path 2 in Fig. 1) in a single etching step has also been 

proposed but not experimentally verified.18 To obtain mechanistic insights into a practical 

etching reaction, determination of the reaction intermediates and their abundance is of 

paramount importance. From a more general aspect, the synthesis of nanoclusters usually 

involves the competitive etching and growth processes,19, 20 and deliberate control over 
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this competition is essential for obtaining monodisperse atomically precise clusters. 

Undoubtedly, the details of etching reactions have significant influences on the design 

and attainment of nanoclusters (especially the reaction yield), as well as on tuning the 

compositions and properties of the end products. Such knowledge would offer great help 

to optimize the synthesis conditions and/or to develop more routes to “capture” the 

metastable species. This is a challenging task, the solution to which demands real-time 

studies on the reaction course at the atomic/molecular level, especially using a 

combination of various techniques affording complementary information from different 

aspects. 

 

Figure 1. Schematic illustration of different etching reaction paths during the 
etching-induced syntheis of atomically precise metal nanoclusters. 

Herein, we report a study on the top-down formation process of monodisperse 

Au13(L3)4Cl4 (L3: 1,3-bis(diphenylphosphino)propane) nanoclusters converted from 

polydisperse precursor clusters via HCl etching,14 by in-situ x-ray absorption fine 

structure (XAFS), UV-vis absorption in conjunction with ex-situ mass spectrometry. We 

chose this synthetic protocol as our target for studying the etching reaction process 

because it is a typical, well-controlled reaction for synthesizing Au13 cluster with an 

intriguingly high yield (>70%).15 Such a high yield could hardly be understood by the 

conventional etching Path 1 where most of the Au atoms are wasted as Au(I) complex. To 
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unravel the HCl-etching path, particular emphasis will be given to detect reaction 

intermediates and analyze their evolution by a combination of in-situ XAFS and UV-vis 

absorption spectra, the validity of which has been proved by many previous studies of our 

group21-26 and Tanaka group.27, 28 An etching/growth manner including two distinctive 

reaction stages is observed, i.e., the initial polydisperse Aun (15≤n≤65) clusters are 

directly fragmented into Au8−Au13 intermediate clusters, which then undergo a 

size-convergence process into uniform Au13(L3)4Cl4 clusters through incorporating the 

reactive Au(I)-Cl species in the solution. 

 

2. Experimental Section 

Sample preparations. The monodisperse Au13(L3)4Cl4 nanoclusters were synthesized 

by reaction of HCl with preformed L3-capped Aun clusters (Fig. S1(a)), following the 

protocol proposed by Shichiba et al.14 but modified slightly. First, polydisperse 

L3-protected Aun clusters were synthesized by reduction of Au2(L3)2Cl2 (70 mg, 0.08 

mmol) with NaBH4 (15 mg, 0.4 mmol) in dichloromethane solvent. After removal of the 

solvent, the residue was filtered for several times to remove insoluble materials. The 

filtrate was evaporated to dryness (~ 19.5 mg) and then re-dissolved in 6 ml ethanol, 

acting as the starting material for the subsequent HCl-etching reaction. To this starting 

solution, 150 µL (1.8 mmol) HCl was added and drove the size-convergence process, 

during which the solution color gradually changed from dark brown to brownish orange. 

After stirring at room temperature for 10 h, the green solution was rotatory evaporated to 

dryness and then re-dissolved in 2 ml CH2Cl2. The mixture was poured into hexane (8 

mL) and allowed to precipitate. The solid was collected by centrifugation (5 min, 14000 

rpm) and washed with CH2Cl2/hexane (1:4, 10 mL) three times until ~12.6 mg of the end 

product was collected. The product yield could be roughly estimated by the mass ratio of 

the end product to the starting material, namely 12.6/19.5≈65%, in good agreement with 

the high yield (>70%) of monodisperse Au13 via HCl-etching as reported by Konish.15 

The obtained end product was subjected to subsequent measurements for identification. 

In-situ XAFS and UV-Vis absorption measurements. The Au L3-edge XAFS 

spectra were measured at the BL14W1 beamline of the Shanghai Synchrotron Radiation 

Facility (SSRF) and the U7C beamline of National Synchrotron Radiation Laboratory 
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(NSRL). The storage ring of SSRF was operated at 3.5 GeV with a maximum current of 

240 mA in the topup mode. The storage ring of NSRL was working at the energy of 0.8 

GeV with a maximum electron current of 300 mA. Si(111) double-crystal 

monochromator crystals were used to monochromatize the X-ray beam. XAFS data were 

collected in transmission and quick-scan mode (1 min per scan) in the energy range from 

−200 below to 1000 eV above the Au L3-edge. The reactive solution was continuously 

circulated along a microtube by peristaltic pump and flowed into a deliberately designed 

in-situ cell for simultaneous XAFS and UV−vis absorption measurement; the details of 

this setup have been described in our previous work.24 The in-situ UV-Vis absorption 

spectra were recorded in transmission mode with the UV-vis light perpendicular to the 

incident X-ray beam. A TU-9001 spectrometer was used to collect the UV-vis data in the 

wavelength range of 250−800 nm, and the background absorption was corrected by pure 

ethanol. 

Transmission electron microscopy (TEM) and matrix-assisted laser desorption 

ionization mass-spectrometry (MALDI-MS) measurements. TEM images were 

obtained with a JEM-2100F system. The samples for TEM were prepared by dropping the 

reaction solution onto copper TEM grids directly and drying in air. Mass spectra were 

measured with a Bruker Autoflex III mass spectrometer in positive linear mode. For 

minimization of fragmentation during lase desorption, 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyldidene] malononitrile (DCTB) was 

used as MALDI matrix and the laser pulse intensity was kept low enough for observation 

of the intact cluster ions. At a certain reaction time, aliquots were extracted from the 

reaction flask and then mixed with DCTB in the ratio of 1:1000. Then one or two 

microliters of the mixture was applied to the sample plate and air-dried for MS 

measurements performed within an m/z range from 2000 to 20000. 

 

3. Results and Discussions 

Shown in Fig. 2(a) and (b) are the time-dependent UV-vis absorption spectra and 

MALDI-MS during the synthesis of Au13(L3)4Cl4 nanoclusters (see Fig. S1 for the 

characterization) converted from L3-protected Aun mixture (Fig. S2). The inset in Fig. 2(a) 

shows the color of the solution at typical reaction times. For the starting material of 
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L3-protected Aun mixture prior to the HCl-etching reaction, the UV-vis absorption 

spectrum shows a featureless monotonous decrease, and MALDI-MS measurement 

shows a wide size range of 3000−13000 Da (Fig. 2(b)), corresponding to a crude mixture 

of Au15−Au65, in agreement with the polydispersity as seen by the TEM measurement 

(Fig. S2). At the reaction time of 1 h, there starts to appear a subtle UV-vis absorption 

peak at about 420 nm. This new absorption peak is originated from the L3/Cl−-protected 

Au8−Au13 clusters (especially Au11 clusters29) as observed by MALDI-MS, which display 

two regions covering roughly 3000−4000 Da (Au8−Au13 clusters) and 6000−8000 Da 

(Au30−Au40 mixtures), respectively (see Fig. S3 for the assignment of these mass peaks). 

At 2 h, a new absorption peak at around 340 nm is discernable, implying the gradually 

increased abundance of Au13 clusters, consistent with the MALDI-MS results. During this 

reaction stage, the larger Au30−Au40 clusters vanish completely. As the reaction time 

reaches 4 h, both of the 340 and 420 nm absorption bands are distinct and the overall 

spectral shape resembles that of Au13(L3)4Cl4 nanoclusters.14 Correspondingly, the cluster 

size range as indicated by MALDI-MS is narrowed to Au11−Au13, with Au13(L3)4Cl4 (m/z 

=4352.2 Da) peak being the dominant. From 4 h on, the relative abundance of Au13 is 

further increased at the cost of Au11−Au12. After a sufficiently long reaction (10 h), only 

the Au13 clusters are left, indicative of the formation of monodisperse Au13. We note that 

the whole cluster conversion process in our case is considerably slower than that 

observed by Shichiba et al.’s,14 possibly due to the lower content of HCl and the larger 

polydispersity of our starting material prepared by a slightly different method. 
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Figure 2. (a) In-situ UV-vis absorption spectra and (b) MALDI mass spectra against 
HCl-etching reaction times. The inset of (a) shows the solution color at typical reaction 
times. 

The above UV-vis absorption and MALDI mass spectra have shown the formation 

and dissappeance of the intermediate Au8−Au12 clusters, but they could hardly show how 

these intermediates are connected to the end product Au13: Do they eventually convert to 

Au13 or dissolve into the solution as Au(I) complexes? To detect the fate of these 

intermediate species, we conducted in-situ XAFS measurements at Au L3-edge in the 

whole size-conversion process. The time-dependent X-ray absorption near-edge structure 

(XANES) spectra (Fig. 3(a), shifted vertically for clarity) display the characteristic of 

face-centered-cubic (fcc) structured Au.30, 31 The white-line peak at around 11926 eV, 

corresponding to the 2p3/2→5d5/2,3/2 electronic transition of Au atoms, is strengthened 

immediately after addition of HCl (see Fig. S4(a) for the overlapped XANES spectra). 

This suggests the depletion of Au 5d electrons, most possibly due to the charge transfer 

from Au atoms to the Cl− ligands. The Fourier transformed (FT) EXAFS k2-weighted χ(k) 

functions shown in Fig. S5(a) are displayed in Fig. 3(b) (shifted vertically for clarity). It 
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shows that adding HCl intensifies the Au-ligand (Au−P/Cl, indistinguishable by EXAFS) 

peak at 1.90 Å, while damps the Au−Au peaks at 2.36 and 2.88 Å, suggesting the 

decomposition of the larger clusters. With prolonged reaction, these spectral changes 

continued but not as remarkably as those within the first 1 h (see Fig. S4(b)) for the 

overlapped EXAFS spectra). Least-squares EXAFS curve-fittings were performed to 

obtain the quantitative structural parameters around Au atoms during the whole process. 

The fitting included an Au−P/Cl, and two Au−Au pairs standing for the central-peripheral 

and peripheral-peripheral Au−Au bonds in an complete or incomplete icosahedron 

(labelled by Au−Au(c-p) and Au−Au(p-p), respectively). The details of the fitting are 

described in the Electronic Supplementary Information, and the fitting results are shown 

in Figure S5(b) and Table S1. The obtained coordination number (CN), bond distance (R) 

and Debye-Waller factor (σ2) are shown in Fig. 3(c)-(e) as functions of time. 

Page 8 of 16Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



9 
 

 

Figure 3. Time-dependent (a) XANES, and (b) EXAFS spectra. (c) Coordination number 
CN, (d) bond distance R, and (e) Debye-Waller factor σ2 for the Au−P/Cl and Au−Au 
coordination pairs extracted from EXAFS curve-fitting against reaction time. Au−Au(c-p) 
and Au−Au(p-p) represent the central-peripheral and peripheral-peripheral Au−Au bonds 
in an complete or incomplete icosahedron, respectively. The inset in (a) compares the 
XANES spectrum for Au13 cluster at 10 h of HCl-etching time with that of Au(I)-L3 
species, and the calculated spectrum of the icosahedral Au13P8Cl4 cluster. 

 

From the time-evolutions of UV-vis absorption, XAFS, and mass spectra, the details 

of the formation process of Au13(L3)4Cl4 clusters could be inferred. Within the first 

etching stage of 2 h, the starting material of polydisperse Au15−Au65 clusters are 
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prominently decomposed into smaller Au8−Au13 intermediates. These Au8−Au13 

intermediates are most possibly fragmented from the larger Aun (15≤n≤65) clusters, due 

to the interaction between H+ and Au atoms at the surface of Aun skeletons that are not 

fully protected by ligands, as suggested by the small Au-ligand CN of 0.58. To verify this 

point, we attempted parallel experiments using other protonic acids of sulfuric acid and 

acetic acid instead of HCl as etchants, which could also decompose the larger Aun 

mixture (see Figs. S7 and S8 in the Electronic Supplementary Information). The 

fragmentation process can also be inferred by the decreased peripheral-peripheral Au–Au 

CN, as well as by the increased central-peripheral Au–Au CN in the first 2 h, since 

breaking larger cluster would yield more surface Au atoms to increase the 

peripheral-peripheral Au–Au CN (Fig. 3(c)). Immediately after their depletion, these 

active Au8−Au13 clusters are stabilized by the quickly absorbed L3 and Cl− ligands to 

form metastable intermediates, as evidenced by the greatly enhanced Au−P/Cl 

coordination peak in the EXAFS-FT curve (Fig. 3(b)) and the remarkably increased 

Au−P/Cl CN (Fig. 3(c)). We note that at 2 h the clusters are nearly fully covered by 

ligands to form closed geometrical shells16, 32, 33, for the Au−P/Cl CN (0.91) is very close 

to the nominal CNs of fully capped Au8−Au13 clusters (ranging from 0.89 to 1.0, see Fig. 

S6 for their possible atomic structures).34 The full protection of the intermediate clusters 

then prevents these Au8−Au13 intermediates from further decomposing, which will be 

confirmed by our independent experiment demonstrating the unchanged Au11 in the HCl 

environment (vide infra). In the synthesis of Au nanoclusters via etching colloidal Au 

nanocrystals with polymers, Duan and Nie hypothesized a possible mechanism of 

liberation of the target Au8 clusters but not confirmed;18 our experimental observations 

then provide experimental evidence to this hypothesis. These etching-produced smaller 

intermediate clusters are quite essential intermediates, since they act as the seeds for the 

following size convergence toward stable monodisperse Au13 clusters. 

The second stage (2−10 h) is mainly dominated by the size-focusing of these 

metastable Au8−Au13 intermediates into Au13 cores in a secondary-growth manner, 

through incorporating the reactive Au(I)-Cl species in the solution. Such Au(I)-Cl species 

are possibly formed in the etching step, where a minority of Au atoms are inevitably 
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detached from the initial Aun clusters as Au(I) ions and interact with Cl− ions from HCl. 

To test that such a secondary-growth manner is possible, we also designed an additional 

experiment to grow isolated Au11 into Au13 clusters, through the reaction of Au11 with 

AuClPPh3 in the HCl environment. The isolated Au11 cluster was synthesized using a 

conventional method (see details in the Electronic Supplementary Information).29, 34-36 

Mass spectra and in-situ UV-vis absorption spectra as shown in Fig. 4 (a) and (b) were 

conducted to identify the clusters and monitor their size change. Clearly, the evolutions of 

mass spectra and UV-Vis spectral features demonstrate that the reaction of Au11(L3)4Cl2 

(m/z=3885) with AuClPPh3 in the HCl environment can successfully grow Au11(L3)4Cl2 

into Au13(L3)4Cl4 (m/z=4351), in perfect accord with the above proposed growth scenario. 

However, without the addition of HCl, the reaction of Au11(L3)4Cl2 with AuClPPh3 alone 

did not lead to the formation of Au13 clusters within 24 h. This suggests that HCl still 

plays important roles in the secondary-growth stage, presumably because the significantly 

increased content of reactive Cl− enhances the reactivity of the AuCl species in solution 

and promotes the cluster growth. Besides, we also tested that if AuClPPh3 was not added, 

the UV-vis spectral features of Au11(L3)4Cl2 do not change after a sufficiently long time (> 

8 h) of stirring in the HCl environment, demonstrating the resistance of Au11(L3)4Cl2 to 

HCl etching. 
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Figure 4. (a) MALDI mass spectra of Au11 clusters before and after adding 
HCl+AuClPPh3. The peaks at m/z=3885 and 4351 are corresponding to Au11(L3)4Cl2 and 
Au13(L3)4Cl4, clusters, respectively. (b) In-situ UV-vis absorption spectra for the 
conversion of Au11 into Au13 clusters. 
 

More evidence to this secondary-growth manner could be found from in-depth 

analysis of the XAFS spectra. We compare in the inset of Fig. 3(a) the XANES spectrum 

at the reaction time of 10 h with the spectrum of Au(I)-L3 species and the calculated 

spectrum of a Au13P8Cl4 cluster in the icosahedral configuration34 using the ab initio 

multiple-scattering code FEFF8.20.37 Evidently, the experimental spectral features at 10 h 

could be well reproduced by the calculation for the Au13P8Cl4 cluster, but they are 

remarkably different from those of Au(I)-L3 species which show a double-peak structure 

in the white-line region. More quantitative results could be obtained from EXAFS 

analysis. At 10 h the Au-ligand CN (1.21) is between the nominal values in Au13(L3)4Cl4 

(0.92) and Au(I)-L3 species or analogues (2.0),34, 38 suggesting the coexistence of both 

species. The real Au-ligand CN could be expressed as a weighted-sum of the CNs in 

Au13(L3)4Cl4 and Au(I)-L3 via 0.92×p+2×(1−p)=1.21, which gives the proportion p of Au 

atoms in Au13(L3)4Cl4 as p~0.7. Therefore, after 10 h of reaction, the majority (~70%) of 
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Au atoms are in the form of Au13 cluster, with a small part (~30%) existing as Au(I)-L3 

species or analogues. This result is close to the reaction yield (~65%) estimated from the 

mass ratio of the starting material (~19.5 mg) and end product (~12.6 mg), in good 

agreement with the yield of 70% for the HCl-etching protocol.15 

The growth of the Au8−Au12 intermediates into the Au13 clusters is possibly driven by 

the geometric factor, i.e., the incomplete icosahedral structures of these intermediate 

clusters are prone to convert into the close structure of complete icosahedral Au13 clusters, 

in the presence of reactive AuCl species.15 Indeed, such a AuCl- or even Cl−-assisted 

growth manner has been used in the high-yield synthesis of numerous Au clusters. For 

example, in the presence of Cl– with coordinating capability, Vollenbroek et al.39 and 

Briant et al.40 reported the synthesis of [Au13(PMe2Ph)10Cl2]
3+ and [Au11(PPh3)8Cl2]

+ 

clusters converted from [Au11(PMe2Ph)10]
3+ and [Au9(PPh3)8]

3+, respectively. Similarly, 

[Au8(L3)4Cl2]
2+ 35 and [Au11(PPh3)(L5)4Cl]2+ (L5: Ph2P-(CH2)5-PPh2)

41 clusters could also 

be readily grown through a reaction of [Au6(L3)4]
2+ and [Au10(L5)4]

2+ primary clusters 

with the Au(I)-Cl complex AuClPPh3, respectively.  

Concluding the above results, we could draw a clear picture on the formation process 

of Au13 clusters converted from polydisperse mixtures via HCl-etching. This process 

could be roughly divided into two distinct etching/growth stages as schematically shown 

in Fig. 5. Within the first 2 h, the most significant change is the decomposition of the 

crude Au15−Au65 mixture into smaller Au8−Au13 metastable intermediates. At further 

prolonged reaction time, the abundances of Au8−Au12 decrease steadily and Au13 

becomes the most abundant cluster until nearly atomically monodisperse Au13 clusters are 

produced. Interestingly, this manner leads to a high-yield of the end product, in sharp 

contrast to the low-yield of the thiol-etching cases in which a large portion of excess Au 

atoms are dissolved as Au(I)-SR species and wasted.10, 15, 42-44 
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Figure 5. Schematic illustration of the HCl-induced conversion of polydisperse Aun 
mixture into monodisperse Au13(L3)4Cl4 nanoclusters. 

 

4. Conclusion 

In summary, in-situ UV-vis/ XAFS and mass spectra are combined to probe the 

formation process of monodisperse Au13(L3)4Cl4 nanoclusters converted from 

polydisperse Aun clusters. It is found that the cluster formation is achieved in an 

etching/growth manner including two distinct reaction steps. (1) The initial polydisperse 

Aun (15≤n≤65) clusters are etched by HCl to form much smaller Au8−Au13 intermediate 

clusters protected by L3 and Cl− ligands. (2) These intermediate species undergo a 

secondary-growth step to form uniform Au13(L3)4Cl4 clusters, by incorporating the 

reactive Au(I)-Cl species in the solution. Due to the secondary-growth step, the obtained 

monodisperse end product has a very high yield (~70%) relative to the polydisperse 

starting material, in sharp contrast to the low-yield of the thiol-etching cases where a 

large portion of Au atoms are wasted. These findings enrich our understanding on the 

etching mechanism during nanoclusters formation and can guide our way towards the 

design and synthesis of nanomaterials in a controllable manner. 

 

Electronic Supplementary Information Synthesis and characterization of the 

Page 14 of 16Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



15 
 

starting and end Au nanoclusters, assignment of the MALDI-MS peaks, details for the 

EXAFS curve-fitting and fitting results, parallel experiments using sulfuric acid and 

acetic acid as etchants, and experimental details for growing isolated Au11 into Au13 

clusters in the HCl environment. 
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