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Abstract  

We detail the characterization of atomically precise, luminescent silver and gold bimetallic 

nanoclusters (Ag and AgAuNCs) grown in the presence of bidentate lipoic acid (LA, the oxidized 

form) and dihydrolipoic acid (DHLA, the reduced form) ligands. We found that while doping 

AuNCs with Ag or Cu precursors using up to 50% molar fraction (during growth) did not lead to 

any PL enhancement, doping of AgNCs with Au resulted in ~six-fold enhancement in the PL 

emission compared to undoped AgNCs. This change is also reflected in the optical absorption and 

PL excitation spectra of the gold-doped NCs (AgAuNCs), where a clear blue shift in the 

absorbance features with respect to the pure AgNCs have been measured. Mass spectroscopic 

measurements using ESI-MS showed that the AgNCs and Au-doped AgNCs had the compositions 

Ag29(DHLA)12 and Ag28Au(DHLA)12, respectively. The bimetallic nature of the AgAuNC cores 

was further supported by X-ray Photoelectron Spectroscopy (XPS) measurements. Data showed 

that the binding energy of Ag and Au atoms measured from the nanoclusters were shifted with 

respect to those of the Ag and Au metals. Furthermore, the change in the Ag binding energy was 

affected by the presence of Au atoms. DOSY-NMR measurements performed on both sets of 

nanoclusters yielded no change in the hydrodynamic radius measured for either set of NCs when 

capped with the same ligands. 
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Page 1 of 32 Physical Chemistry Chemical Physics



2 
 

Introduction 

Atomically precise nanoclusters made of gold and silver cores (AuNCs and AgNCs) raise several 

important fundamental physical and chemical questions, and they have very promising 

applications in sensing, imaging and catalysis.1-7 Due to their ultra-small core size (diameter < 2 

nm), these NCs have a finite number of atoms and exhibit molecule-like properties with discrete 

electronic states arising from carrier confinement effects.8 They constitute a bridge between 

discrete molecules and colloidal nanoparticles. Over the past two decades, an intense effort has 

focused on the growth and characterization of fluorescent metal NCs.7 Also, there have been 

several reports describing their use in targeted bio-medical applications.9-15  

The optical absorption of known magic size NCs exhibit size- and ligand-dependent 

features.16-18  In contrast, there is no clear relation between the core size of the NC and the 

measured optical emission. Additionally, such emission can be affected by the nature of the surface 

ligands used for preparing the NCs.15, 19 Indeed, it has been shown in several studies that it is 

possible to change the optical emission of  noble metal NCs (Au and Ag, in particular) by varying 

the nature and size of the capping ligands such as polymers, biomolecules (peptides, proteins, 

DNA, etc.) and thiolates.12, 19-24 It has also been suggested that the photoemission from these 

materials may arise from the electronic transitions in the metallic core (singlet-singlet), or equally 

involves a ligand-to-metal charge transfer (LMCT) occurring at the surface. The latter is associated 

with a large stokes shift combined with rather long fluorescence lifetime.25 Yet, no clear origin for 

the PL emission has been unequivocally identified for these materials.  

An alternative approach that is gaining increasing interest is to “dope” the NCs with 

transition metal atoms (e.g., Au, Ag, Pt, Pd, and Cu) as a means of controlling and/or improving 

the electronic and photophysical properties of the final product.  Using this strategy, several 

bimetallic NCs having composition MxNy have been prepared, where M and N designate the metal 

atoms and x and y represent the respective numbers of those atoms.14, 26-29 Doping can be achieved 

either by the reduction of a mixture of the two metal precursors in the presence of ligands, or by 

cation exchange methods.27-28, 30 The latter involves the substitution of a certain number of atoms 

in a NC with the doping metal of choice.30 

Among a wide variety of ligands used for preparing monolayer-protected Au and Ag 

nanoclusters, thiolates have been the most ubiquitous, due to their strong coordination interactions 
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with gold and silver surfaces. Several thiolate-capped magic size NCs made of Au and Ag cores 

with emission from the blue to the NIR region of the spectrum have been reported.11, 31-34 Bidentate 

lipoic acid (LA) and its reduced form (dihydrolipoic acid, DHLA) have been used to prepare 

fluorescent gold and silver NCs. We as well as others have reported on the growth of red-emitting 

LA-capped Au and AgNCs.22, 35-39 Interestingly, AuNCs and AgNCs grown using this dithiolane-

terminated alkyl ligand have always exhibited optical absorption features that were largely 

independent of the growth conditions used by various groups, though variation in the PL emission 

maxima have been reported.22, 37, 39-40 Independent studies from groups led by Nienhaus and Wang 

proposed the composition of the AuNCs to be Au22 based on the resemblance of their optical 

absorption to previously reported Au22 NCs.38, 41 However, there are variations in the reported 

atomic compositions of the AgNCs.  For example, Banerjee and co-workers reported the presence 

of Ag4 and Ag5 species whereas Meijerink and co-workers suggested the formation of Ag25 NCs.35, 

39 A recent detailed study by Antoine and co-workers identified NCs with the stoichiometry 

Ag29DHLA12 and further investigated one and two-photon fluorescence properties of such 

materials. They found that two different emission colors are generated under two-photon excitation 

mode.36 Ag29 NCs have also been prepared in organic solution by Bakr and co-workers, using 1,3 

benzenedithiol and triphenylphosphine as ligands.42 The authors have identified the crystal 

structure and the electronic states using a combination of X-ray diffraction and DFT calculations. 

In a recent study, they reported a 26-fold enhancement in the PL quantum yield of these NCs upon 

doping with Au atoms.29  

In this study, we investigate the growth of bimetallic NCs in an aqueous phase by co-

reduction of the metal precursors (i.e. Au, Ag and Cu) in the presence of bidentate LA/DHLA 

ligands using sodium borohydride. We find that the best quality nanoclusters (highest PL emission) 

is obtained when a small fraction of Au atoms is inserted in the core structure of AgNCs. 

Enhancement measured in the PL quantum yield of these bimetallic NCs reached six-fold (from ~ 

3% to ~ 20%) without any measurable shift in the PL maximum. This is accompanied by a 

progressive change in the absorption with a blue shift in the absorption maximum relative to the 

pure AgNCs. In addition, we show that functionalization of these NCs can be achieved using end-

functionalized polyethylene glycol (PEG) appended-DHLA (DHLA-PEG-R) during the growth 

step.  
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Experimental section 

Materials.  Lipoic acid (99%), tetrachloroauric acid trihydrate (99.9%), anhydrous copper sulfate 

(99.99%), sodium borohydride (99.99%, granular), polyethylene glycol (Mw= 600 g/mol) and 

polyethylene glycol methyl ether (Mw = 750 g/mol), didodecyldimethylammonium bromide 

(DDAB) and organic solvents were purchased from Sigma Aldrich (St Louis, MO). Silver nitrate 

(99.9%) was purchased from Alfa-Aesar (Ward Hill, MA). Solutions were prepared in DI water 

(nanopure, 18 M). All chemicals and solvents were used as purchased, without further 

purification, unless otherwise specified.  

 

Ligand Synthesis. LA-PEG ligands with –OCH3, –NH2 and –COOH terminal groups were 

synthesized following the protocols described in previous reports.43-44  Briefly, to synthesize LA-

PEG-OCH3 the hydroxyl terminal group of HO-PEG-OCH3 was first modified to azide, followed 

by reduction to amine using triphenylphosphine. The amine-PEG ligand was then attached to lipoic 

acid using dicyclohexylcarbodiimide (DCC) coupling. LA-PEG-NH2 was prepared by first 

modifying the hydroxyl terminal groups of a HO-PEG-OH chain to azides, followed by reduction 

of one azide to amine using triphenylphosphine, and then coupling to LA using DCC.  This yielded 

an azide-terminated ligand, LA-PEG-N3, which was further reduced to LA-PEG-NH2 using 

triphenylphosphine. The -NH2 terminated ligand was reacted with succinic anhydride to form LA-

PEG-COOH ligand.43 Chemical reduction of LA and LA-PEG to DHLA and DHLA-PEG, 

respectively, was carried out in ethanol using NaBH4.
43-44  

 

Growth of Copper- and Silver-Doped AuNCs (Route 1).37 The AuNCs and bimetallic Au/Ag 

and Au/Cu NCs were prepared under mid alkaline conditions following the method reported by 

our group for growing AuNCs.37  In a typical reaction, 7.5 moles of lipoic acid (LA, the oxidized 

form of the ligand) was dissolved in 5 mL of water containing 12.5 L of 2M NaOH. Then, 

aqueous solutions of HAuCl4.3H2O and AgNO3 or HAuCl4.3H2O and CuSO4 (both have a 

concentration of 50 mM) were added stepwise. We varied the molar fraction of silver or copper 

precursors from 0 to ~50 %, while keeping the total volume of the metal precursors fixed at 50 L 

and maintaining the overall metal-to-ligand molar ratio at 1:3 (this ratio was used in reference 37); 

the amounts of precursor solutions used are provided in Table 1. After stirring the mixture for 5 
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minutes, 100 L of 50 mM NaBH4 was added dropwise and the mixture was left stirring overnight 

(~15 hours). The resulting clusters were purified using a membrane filtration device from Millipore 

(with cutoff MW = 10 kDa) and stored in the dark at 4oC until further use. 

 

Growth of Copper- and Silver-Doped AuNCs (Route 2).45  Here, the growth of Ag or Cu-doped 

Au NCs was carried out under strong alkaline conditions, following the procedure reported by Xie 

and coworkers.45 Briefly, 200 L of 50 mM solution of DHLA (prepared in methanol) was 

dissolved in 4.5 mL DI water. Then, aqueous solutions of HAuCl4.3H2O and AgNO3 or 

HAuCl4.3H2O and CuSO4 were added stepwise. The molar fraction of Ag precursor was varied 

from 0 to ~50 %; the amounts of precursor solutions used are provided in Table 2. The metal-to-

ligand ratio was maintained at 1:2 (this ratio was used in reference 45). This mixture was stirred for 

3-5 min, yielding a cloudy solution of metal thiolate complexes, which was completely solubilized 

by addition of 150 L of 2M NaOH solution (60 mM final concentration). The resulting clear 

solution was then stirred for another 2-3 min, followed by the addition of 100 L of 0.113 M 

NaBH4 solution (prepared in 0.2 M NaOH solution).  The reaction mixture was left stirring for 

~3.5 - 4 h, and then growth was stopped when the fluorescence emission attained its highest value. 

The dispersion of NCs was concentrated to about 500 L by applying one round of centrifugation 

using a membrane filtration device (with a cutoff MW = 10 kDa). The NCs were washed one more 

time with DI water, concentrated to 500 L, and then stored in the dark at 4 oC until further use.   

 

Growth of Gold-Doped AgNCs (Route 3).45 The growth of the Au-doped Ag NCs was carried 

out under strong alkaline conditions, following the steps used to prepare the Cu and Ag-doped 

AuNCs described above (route 2).45 The aqueous solutions of AgNO3 and HAuCl4.3H2O (50 mM 

for both solutions) were added stepwise to the DHLA solution in water (4.5 mL). The total volume 

of precursor solution was fixed at 100 L, while varying the molar fraction of HAuCl4.3H2O 

between 0 and 20 % (see Table 3); the metal-to-DHLA ratio was maintained at 1:2 (this ratio was 

used in reference 45). The growth was carried out for ~3.5 - 4 h, and then stopped when the 

photoemission attained its highest intensity. The dispersion of NCs was concentrated and washed 

with DI water before storage in the dark at 4 oC until further use.  Additionally, we carried out 

growth of Au-doped Ag NCs in the presence of DHLA-PEG-OMe following the same above steps, 
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except that no base was added, because the metal-ligand complex with PEGylated DHLA was 

readily soluble in water.  

 

Spectroscopic Characterization. The UV-vis absorption measurements were carried out using a 

UV 2450 absorption spectrophotometer from Shimadzu (Columbia, MD), while the fluorescence 

emission and excitation spectra were collected using a Fluorolog-3 spectrometer equipped with 

CCD and PMT detectors from Horiba Jobin Yvon Inc. (Edison, NJ). The fluorescence lifetime 

measurements were carried out using a time correlation single photon counting (TCSPC) system 

integrated into the same Fluorolog-3. We used a pulsed excitation signal at 440 nm with a 

repetition rate of 100 kHz, provided by NanoLED-440LH (100 ps, fwhm), while emission was 

collected with the same PMT detector as above. The fluorescence decay traces of the AuNCs 

emission (limited to a narrow window centered at the peak of the PL spectrum) were analyzed 

using the TCSPC system and fitted to a mono-exponential decay function: 

      
t

e)(I)t(I


 0         (1) 

where t is time, I(0) is the intensity at t = 0, and  is the excited state lifetime.   

The fluorescence quantum yield (QY) of the AuNCs was measured using Rhodamine 6G as 

standard (QYref = 95% in ethanol) using the equation: 

ref

ref

sample

sample

ref

ref

sample
sample QY

n

n

A

A

F

F
QY 

2

2

,    (2) 

where F, A, and n are the measured fluorescence intensity (integrated area under the emission 

peak), the absorbance at the excitation wavelength, and the refractive index of the solvent, 

respectively. We used samples with absorbance values at excitation wavelength smaller than 0.1, 

in order to minimize the effects of self-absorption. 

 

ESI-TOF. Mass spectrometry measurements were performed using LCT premier XE instrument 

(Waters Corporation). The instrumental settings are summarized in Table 4. 

 

X-ray Photoelectron Spectroscopy (XPS). The XPS spectra were collected using a PHI 5100 

series instrument from PHI Inc. (Chanhassen, MN). The instrument is equipped with a un-

monochromated Mg Kα source (1253.6 eV), and the pass energy of the analyzer was fixed at 89.45 
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eV. The photoelectron take-off angle was 45° relative to the sample surface. The binding energy 

(BE) scale of the system was calibrated using the energy of the orbitals Au4f7/2 at 83.8 eV and 

Ag3d5/2 at 368 eV. The samples were drop cast under flowing dry N2 on freshly deposited graphite 

coated stubs. The spectra were collected by averaging over 15 sweeps using 0.05 eV steps and a 

500 ms dwell time; a Shirley background was subtracted from all spectra before performing peak 

fitting to a Gaussian− Lorentzian function. The base pressure of the UHV analysis chamber was 6 

× 10−10 mbar. 

Gel-electrophoresis was performed in a Sub-Cell GT Agarose Gel Electrophoresis System from 

BIO-RAD using 1% agarose medium (prepared in PBS buffer, pH 8) and a field strength of 10 

V/cm for 15 minutes. 

Phase transfer. In a scintillation vial, 100 L of a concentrated aqueous dispersion of the NCs 

was first diluted to 500 L with DI water. Then 500 L of the organic solvent (chloroform, 

toluene or ethyl acetate) was added to the vial followed by addition of a small amount (~3-5 mg) 

of DDAB (a quarternary ammonium salt). After gentle shaking for few minutes, the NCs were 

readily transferred to the organic phase.  

 

Results and Discussion 

Rationale: The approach we used to improve the properties of silver nanocrystals via doping with 

transition metal atoms builds on a combination of prior findings from our group and results 

described in the literature. (1) We have reported the use of one phase aqueous growth of Au and 

Ag nanoparticles and fluorescent nanoclusters starting with HAuCl4.3H2O or AgNO3 mixed with 

LA or LA-PEG ligands and using NaBH4 as the reducing agent.22, 37  In particular, we found that 

when lipoic acid ligand (with no appended PEG) was used, the prepared nanoclusters tended to 

have low quantum yield (~3-4 % maximum) for both core materials; higher yields (~ 12%) were 

measured form NCs grown in the presence of LA-PEG and LA-zwitterion ligands.22, 37 We also 

found that NCs made of pure Ag cores tended to exhibit limited long term PL stability, while LA-

PEG-capped AuNCs with near IR emission had remarkable colloidal stability and maintained their 

emission for extended periods of time.37 We were not able to carry out mass spectrometry 

measurements for any samples prepared with PEG-modified ligands, due to the polydispersity of 

PEG oligomers.22, 36-37, 46  (2) A few recent reports have shown the benefits of growing metal alloy 
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NCs, where notable enhancement in the PL QY have been measured compared to pure core NCs.  

The groups of Jin and co-workers and Bakr and co-workers have reported the preparation of 

atomically precise NCs made of Ag-doped AuNCs or Au-doped AgNCs in organic phase using 

small thiolate molecules. Both showed sizable enhancement in the measured PL (one to two orders 

of magnitude in either case). The pure materials prepared using either growth strategies exhibited 

very low fluorescence properties, nonetheless.14, 29  We thus reasoned that growing nanoclusters 

with mixed metal cores in the presence of LA- or DHLA-based ligand may yield materials with 

improved PL properties.  In particular, we were intrigued by the possibility of growing bimetallic 

nanoclusters in an aqueous medium with improved photo-physical properties and enhanced PL.  

We first tested the effects of doping Cu and Ag atoms into AuNCs prepared using the 

protocol described in our previous work (see experimental section, Table 1).37 The growth was 

carried out by reduction of a mixture of metal-dithiolate complexes, namely a mixture of Au/Ag 

or Au/Cu precursors complexed with lipoic acid (the oxidized form), in the presence of NaBH4 

under mild alkaline conditions (5 mM NaOH). However, we found that doping the AuNCs with 

either of those metals did not lead to any PL enhancement. Figure 1 shows the UV-visible 

absorption and PL spectra of the bimetallic Au nanoclusters prepared using various molar amounts 

of silver or copper precursors. The absence of a well-defined surface plasmon resonance peak 

around 520 nm in the absorption spectra indicates that the nanoclusters grown here are much 

smaller than conventional Au nanoparticles. Instead, a broad absorbance feature is measured in the 

spectra of AuNC dispersions. (Note that such absorption feature has been ascribed in previous 

studies to a combined intraband (sp←sp) and interband (sp←d) transitions.31) The spectra also 

show that for Ag-doped NCs, the above broad peak (at ~500 nm AuNCs) decreased and a new 

feature appeared around 600 nm, when the molar fraction of Ag was increased (see Figure 1A). 

The red-shift in the absorbance feature has been attributed to a decrease in the HOMO-LUMO gap 

for Au25NCs upon doping with a few Ag atoms.26, 45 The PL increased slightly at Ag molar fraction 

of 5%, but continuously decreased for higher fractions (see Figure 1B). Conversely, when Cu 

precursor was used, the absorption feature at 500 nm disappeared at a Cu molar fraction exceeding 

10% (see Figure 1C). Similarly, the PL emission substantially decreased with increasing Cu (see 

Figure 1D). This implies that doping transition metals, such as Cu and Ag into AuNCs via this 

route, does not improve the photo-physical properties of the resulting materials.  
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We then tested the effectiveness of growing Ag- and Cu-doped AuNCs under strong 

alkaline conditions reported by Xie and co-workers, which they utilized to prepare monothiolate-

protected Au25 and Au25-xAgx NCs.45, 47 The authors have suggested that the use of base can provide 

better control over the growth rate of AuNCs using a variety of thiolate ligands, thus improving 

the homogeneity of the materials.47 We carried out the growth of the Au/Ag and Au/Cu 

nanoclusters under strong alkaline conditions using bidentate DHLA as the capping ligand. 

However, this growth protocol also yielded Ag- and Cu-doped AuNCs with marginal PL 

enhancement for all molar fractions tested over the range 0-50%, albeit a small increase was 

measured for Ag-doped samples. The absorption spectra were overall featureless with sizable 

uptake that was limited to the UV region.  The absorption and emission spectra are provided in the 

supporting information, Figure S1.  

However, we found that when growth under highly alkaline conditions was applied to dope 

Au atoms into AgNCs, it yielded bimetallic NCs with substantially better photophysical properties. 

Characterization and optimization of those bimetallic nanoclusters will be described below. We 

should note that the nanoclusters grown in the presence of monothoiolate ligands described in 

Xie’s work exhibit variations in the UV-visible absorption spectra depending on the level of 

doping, but the resulting materials were essentially non-fluorescent.45, 47   

Growth and Optical characterization of Bimetallic Au-doped AgNCs   

AgNO3 and HAuCl4.3H2O were first mixed with DHLA (the reduced ligand) to allow formation 

of Au- and Ag-ligand complex (precursors). Reduction of the metal-ligand complexes coupled 

with growth of nanocluster materials was carried out using sodium borohydride, and the growth 

was monitored by periodically collecting the optical absorption and emission spectra until the PL 

emission reached saturation (after approx. 3.5 - 4 hours). Figure 2 shows a few representative 

spectra of the Au-doped AgNCs, prepared using Au molar fractions ranging from 4 to 20%, 

together with those collected from the pure AgNCs (panels B and C). The full set of collected 

spectra are provided in the Supporting Information (Figure S2). We first note that the resolved 

features in the absorption and excitation spectra are overall maintained throughout the range of 

molar fractions used. Data also show that there is a blue shift in the absorption features, namely, 

the peak at 495 nm shifted to 475 nm, while that at 422 shifted to 405 nm, when the molar amount 

of Au-precursor was increased (Figure 2B). These changes are reflected in the excitation spectra 
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shown in Figure 2D. The largest enhancement in the PL intensity, which reached a 6-fold increase 

compared to pure AgNCs, occurred at Au molar fraction of 8%, but decreased again when higher 

amounts of gold precursor were used. There is a small red-shift in the PL peak location (from 680 

to 688 nm) measured for the doped nanoclusters. We also compared the time-resolved fluorescence 

profiles collected from dispersions of pure AgNCs and AgAuNCs (at 8% Au), and found that that 

both profiles can be fitted using a mono-exponential decay function (eq. 1), see Figure 2E&F.  

The average fluorescence lifetimes are provided in Table 5. Rather long life-times of 1.86 s and 

1.91 s were measured for the Ag29 and AuAg28 nanoclusters, respectively. Similar long lifetimes 

have also been reported for other red and near-IR emitting nanoclusters.25, 48  It has been suggested 

that such long fluorescence lifetime is mainly due to a metal-to-ligand charge transfer process.25 

Next, we explored the growth of Au-doped AgNCs using poly (ethylene glycol) (PEG)-

substituted DHLA (DHLA-PEG) ligands, but limited the Au doping to a molar fraction of ~8%. 

This is the value that produced the largest enhancement in the PL signal measured for DHLA-

capped NCs discussed above (Figure 2C). Appending a short polyethylene glycol block onto LA 

(and DHLA) has been shown to expand the solubility and to drastically improve the colloidal 

stability and biocompatibility of a variety of plasmonic and semi-conductor nanocrystals.37, 43, 49 

We followed the same protocol described above, albeit with one modification. No excess base was 

added prior to the reduction of metal-ligand complex by sodium borohydride, as the metal-ligand 

complex was already soluble in water (unlike the metal-DHLA complex). Additionally, we found 

that addition of base to the growth reaction in the presence of DHLA-PEG significantly slowed 

the growth kinetics and weakened the PL intensity (see supporting information, Figure S3). Figure 

3A&B show a side-by-side comparison between the absorption and PL properties of AgNCs and 

AgAuNCs grown in the presence of DHLA-PEG-OCH3 and DHLA. The time-progression of the 

spectra collected during the growth of the AuAgNCs (8% gold) are provided in the supporting 

information (Figure S3, panels A and B). Data indicate that the PL intensity of DHLA-PEG-OCH3 

capped AgNCs is comparable to that of DHLA capped AgNCs. Furthermore, doping of Au into 

AgNCs leads to ~ 5-6-fold enhancement in the PL combined with a slight blue-shift in the 

absorption peaks. This indicates that the effects of doping on the absorption and PL spectra are 

comparable when the reduced form of either set of ligands is used (see Figure 3 A&B). These 

findings contrast with earlier data reported by our group where we showed that growth of pure 

AgNCs via borohydride reduction using LA-PEG-OCH3 (the oxidized form) yielded significantly 
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more fluorescent materials than those grown using the oxidized LA.22 To develop a more 

comprehensive comparison between the effects of doping and nature of the ligand, we 

complemented our experiments by testing the effects of modifying the nature of the thiolated 

ligands, LA- vs DHLA-modified PEG ligands on the growth of pure AgNCs. We evaluated the 

fluorescence properties of AgNCs grown using LA-PEG-OCH3 instead of DHLA-PEG-OCH3 

above to allow a direct comparison between the Ag-based NCs prepared in this study using the 

reduced form and those grown using the oxidized form of the ligand for which higher PL emission 

(PL QY of ~12%) was measured for AgNCs, as detailed in references.22, 37 The data in Figure 

3C&D show that the PL intensity of AgNCs prepared using LA-PEG-OCH3 yielded higher PL 

emission than those grown using the reduced DHLA-PEG-OCH3 in agreement with our previous 

findings.22 Furthermore, we found that when Au-doping of AgNCs was carried out using the 

oxidized ligands rather small enhancement in the PL was measured (see Figure 3E&F). These 

findings clearly prove that the quality of NCs and the effects of Au-doping of AgNCs grown by 

borohydride reduction in the presence of LA-based ligands depends on the nature of the 

coordinating group (disulfide vs dithiol). When the oxidized form is used to grow the NCs it yields 

materials with high QY, but rather small improvement is brought by Au-doping (~ 20-25% 

enhancement in PL). Conversely, when the reduced form of the ligand is used growth yields 

AgNCs with rather modest PL emission, but the effects of Au-doping are much more pronounced 

(~ 5-6 times).  This result is likely due to a difference in the metal-to-ligand complexation and thus 

the nature of the precursors involved in the NC growth.    

 

Mass and Size Characterization 

Mass Spectrometry. The stoichiometry of AgNCs grown using DHLA has been recently 

investigated by Antoine and coworkers using mass spectrometry, who reported that the 

composition of the prepared nanoclusters was Ag29(DHLA)12.
36 We used ESI-MS to characterize 

our AgNCs and Au-doped AgNCs and limited our measurements to DHLA-capped NCs; 

characterization of DHLA-PEG-capped nanoclusters is complicated by the nature and the inherent 

polydispersity of the PEG moieties.22  Figure 4 shows the ESI spectra collected from NC 

dispersions prepared using either pure Ag, or a mixture containing 8% Au-precursor. Additional 

ESI mass spectra collected from samples grown with Au doping ranging from 0 to 20% are 
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provided in the supporting information, Figure S4.  The mass spectra of both sets of NCs show 

peaks in two regions: one set at ~1100-1200 amu corresponding to species with a net negative 

charge of -5 and the other at ~1400-1500 amu corresponding to species with a net negative charge 

of -4 (see Figure 4). The two sets of peaks at 1120 and at 1400 (insets) correspond to nanoclusters 

with a stoichiometry Ag29(DHLA)12 having -5 and -4 charges, respectively. Each of the two sets 

contains multiple peaks, that only differ by ~4.4 and ~5.5, respectively, which can be ascribed to 

the formation of sodium adducts ([Na-H]/5 = 4.4 and [Na-H]/4 = 5.5). The peaks of the gold-doped 

NCs (AgxAuyNCs) are shifted by ~18 and ~22 units relative to those measured for the pure AgNCs 

(compare panels A and B in Figure 4). These features correspond to the presence of a single gold 

atom difference of 89/5 and 89/4, respectively; 89 is the difference between the atomic masses of 

gold and silver. The ESI-MS data indicate that one dominant stoichiometry of the bimetallic NCs 

was grown, AuAg28 NCs; other combinations may be present but at very small concentrations.  

X-ray Photoelectron Spectroscopy.  X-ray photoelectron spectroscopy (XPS) measurements 

were carried out to analyze the valence states of silver and gold atoms in the AgNCs and AgAuNCs 

grown using DHLA ligands. Figure 5, panels A and B show the XPS spectra focusing on the 

energy region associated with the Ag3d peaks for AgNCs and Au-doped AgNCs. The Ag3d5/2 

peaks was observed at higher energy (at ~369-369.5 eV) compared to Ag(0) film (measured at 

~368 eV, represented by the vertical dashed line). This positive energy shift can be attributed to 

the surface coordinated thiolates, as measured for Ag evaporated on poly(p-phenylene sulfide) 

film and for Ag2S.50  Figure 5, panel C shows the XPS spectrum from the bimetallic AgAu 

nanoclusters focusing on the Au4f region. The Au4f7/2 peak is observed ~ 85.7 eV, which is very 

close to that anticipated AuNCs and for Au(I) complexes (86.1 eV).31, 51   

 

Hydrodynamic Size Measurement. We have also applied diffusion ordered NMR spectroscopy 

(DOSY) to estimate the diffusion coefficients and hydrodynamic sizes of the pure AgNCs and Au-

doped AgNCs. This technique has emerged as a very useful analytical tool to estimate the 

hydrodynamic sizes of ultra-small nanoparticles.52 The diffusion coefficient can be combined with 

the Stokes-Einstein equation (RH = kBT/6D, where kB is the Boltzmann constant, T is the 

temperature, and  is the solvent viscosity) to obtain an estimate for the hydrodynamic size, RH. 

This approach has been recently utilized to extract RH values for AuNCs.51, 53 Figure 6 shows the 

DOSY plots of AgNCs and 8% Au-doped AgNCs grown using DHLA or DHLA-PEG-OCH3 
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ligands. The average diffusion coefficients and the calculated hydrodynamic radii of Ag29 and 

AuAg28 NCs using DHLA and DHLA-PEG-OCH3 ligands are compiled in Table 6. Data indicate 

that similar diffusion coefficient, D, or hydrodynamic size, RH, are measured for the doped and 

undoped NCs; when PEGylated ligands are used to grow the nanoclusters the change in D and RH 

are commensurate with an overall increase in the NC dimensions (accounting for contributions of 

the inorganic core and organic shell). They also confirm that the Au substitution had negligible 

effects on the overall dimensions of the ligand-capped NCs.   

Phase Transfer to Organic Solvents 

 Although several studies have focused on the phase transfer of hydrophobic NCs to aqueous 

media, often relying on ligand exchange or encapsulation within amphiphilic micelles, the reverse 

process may be informative even though it has been less explored. One strategy to achieve this 

goal exploits the effects of electrostatic interactions to promote complexation between ligands with 

distinctly different natures and affinities on the surface of the NCs and facilitate phase transfer; 

such strategy depends on the net charge density presented on the surface of the starting NCs.9  

Recently, Ramakrishna and coworkers used this strategy to phase transfer glutathione stabilized 

gold NCs from water to an organic phase, which ultimately led to enhanced photoluminescence of 

the otherwise weakly emitting native NCs in aqueous phase.54 We applied this approach to our 

DHLA-capped NCs and found that introducing the phase transfer catalyst DDAB readily promoted 

the transfer of the as-prepared, DHLA-capped AuAg28 NCs to organic solvents. The polar 

carboxylic acid groups of DHLA readily interacted with DDAB as schematically depicted in 

Figure 7, altering the compatibility of the NCs.  Additionally, we found that the optical absorption 

features as well as the PL spectra are preserved following transfer to organic media, albeit a slight 

enhancement (~20-25%) in the PL emission was measured. Phase transfer of these nanoclusters to 

organic media can be beneficial for long-term storage as well as for their use in potential 

applications. We should note that the NCs grown using DHLA-PEG-OCH3 ligands are readily 

dispersible in different organic solvents, due to the amphiphilic nature of ethylene glycols, a result 

consistent with our previous findings.37  

Colloidal Stability 
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The as prepared DHLA-capped AgNCs and AuAgNCs are stable in basic conditions (pH > 7). 

However, the fluorescence of these NCs rapidly decreases when dispersed in acidic buffer.  In 

particular, at pH  5, a pronounced loss in the fluorescence emission was measured, though the 

UV-Vis absorption features were fully preserved (see supporting information Figure S5). This 

observation suggests that the surface atoms involved in the coordination interactions with the 

ligands, combined with potential changes in the ligand structure play an important role in 

controlling the emission and stability of these NCs. Earlier reports have suggested that pH of the 

medium can affect the binding of the thiol group to AgNC surfaces and significantly alter their 

optical properties.35  The pKa of -COOH and -SH groups in DHLA molecule are ~4.85 and 10.7 

respectively.55 Thus, in a strongly basic conditions (pH >11), the combined deprotonation of the 

thiol and COOH groups promote strong bidentate interactions with the surfaces along with steric 

stabilization of the NCs, yielding stronger and more stable emission. At pH < 4.85, the protonation 

of carboxylic acid group and likely one of the thiol groups reduces the surface passivation of the 

NCs and alter their steric stability, ultimately promoting slow aggregation and loss in fluorescence. 

The stability of the AuAgNCs in acidic pH was improved when PEG (polyethylene glycol) 

appended DHLA was used, an expected outcome given the broader solubility range allowed by 

PEG moieties.  PEGylation of the NC surfaces promoted colloidal stability in phosphate buffer 

over the pH range 3 - 13 (see supporting information Figure S6). This constitutes an improvement 

compared to NCs with pure Ag cores described in reference.22 We should also note that the NCs 

are sensitive to UV light exposure, where nearly complete loss in PL was measured after 30 

minutes (supporting information Figure S7). The effects of UV irradiation on the photoemission 

of AgNCs have been reported by Sanz-Medel and coworkers, who suggested that photo-oxidation 

of the AgNCs and formation of larger size nanoparticles take place.56  Nonetheless, we have found 

that if dried and stored under inert conditions (nitrogen or argon) the NCs can maintain their 

integrity and fluorescence properties for at least 6 months of storage. 

 

Surface functionalization 

The route used in this study allows easy introduction of specific functional groups on the NCs in-

situ during nanocluster growth, by simply using a ligand mixture containing a small fraction of 

DHLA-PEG-R during the growth.37  The gel electrophoresis image shown in Figure 8 indicate 
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that growth carried out in the presence of PEG-amine or PEG-COOH yields NCs with mobility 

shifts commensurate with the nature of the group: amine-NCs migrate towards the cathode and 

COOH-NCs migrate towards the anode, while OCH3-NCs essentially exhibit no mobility shift. 

This result implies that our growth route combined with the use of mixed ligands can permit the 

introduction of other reactive groups provided that they are not affected/altered by sodium 

borohydride. A slight decrease in the PL intensity was measured for –COOH and –NH2 

functionalized NCs (~10% and ~30% respectively), compared to –OCH3 terminated NCs. 

Discussion  

We would like to discuss our results in comparison with previous findings reported by our group 

and within the general concept of using transition metal doping of Au and Ag nanoclusters as a 

means of improving the photo-physical properties of such materials. Table 7 shows a side-by-side 

comparison between the properties of the NCs, with single metal and bimetallic cores, prepared 

using aqueous growth in the presence of the various lipoic acid-based ligands.22, 37 Clearly the 

effects of doping are most pronounced when using the reduced forms of the ligands (DHLA and 

DHLA-PEG). However, such increase is also strongly dependent on the starting pure NCs. Indeed, 

our data show that growth in the presence of the oxidized form of the ligands yields relatively high 

PL for the pure cores, but the enhancement promoted by doping is marginal. In contrast, when the 

reduced form is used rather modest PL was measured for the pure core materials and doping 

increases the PL by ~5-6 times. The effects of NaOH are pronounced for DHLA, where they play 

an essential role in promoting ligand solubility, but PEGylation eliminates the need for alkaline 

conditions. Our proposed NC stoichiometry, Ag29(DHLA)12, which is in agreement with 

independent findings reported by Antoine and co-workers, was made possible only in the absence 

of PEG moieties.36  It is also in agreement with those reported by Bakr and co-workers who used 

a slightly different growth conditions, namely organic phase and a mixture of 1,3 benzenedithiol 

and phosphine ligands. They too identified NCs with 29 cores atoms, i.e., [Ag29-

xAux(BDT)12(TPP)4, x = 1-5, BDT = 1,3 benzenedithiol (BDT) and TPP = triphenylphosphine] in 

organic phase. They reported a PL increase commensurate with the molar fraction of gold 

precursor used up to 24%, a result that contrasts with our finding where the beneficial effects of 

Au doping were limited to low molar fraction of ~ 8%.29  Their X-ray diffraction data collected 

from Au-doped Ag NCs suggested that clusters with single Au atom doping,  i.e. 
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Ag28Au(TPP)4(BDT)12, could be identified, regardless of the amount of gold precursor used; their 

mass spectrometry data showed higher level of doping, nevertheless.  The enhancement in the 

ensemble PL is also accompanied by a slight increase in the excited state lifetime. In addition to 

experimental data, PL enhancement promoted by transition metal doping has been discussed 

conceptually. Time-dependent density functional calculations on these clusters were carried out 

by Muniz-Miranda and co-workers and their findings indicated that the origin of this PL 

enhancement lies in the nature of the first excited states.57 Upon doping, the low energy “dark” 

states are shifted to high energy “radiative” states. Similar conclusions were drawn by Hakkinen’s 

group using DFT to model the optical properties of Ag29-xAux nanoclusters discussed above.29, 58 

In general, these studies suggest that perturbation to the electronic relaxation and the dynamics of 

the doped clusters is induced by the dopant atoms.  We should note that the increase in the PL 

quantum yield and the lifetime of doped silver relative to the pure Ag29 NC is still not clearly 

understood. In their study, Bakr and coworkers proposed the formation of new-excited singlet state 

with varying degrees of charge transfer between the ligand and the metal atoms.29  When compared 

to the doping protocol reported by Xie and co-workers we found that aqueous growth using DHLA 

and strong alkaline conditions yielded homogeneous nanoclusters with emission that can be 

strongly enhanced by Au-doping.  Thus, our results support and complement the results reported 

by Xie and co-workers. Our findings are overall in agreement with recent data on bimetallic 

nanoclusters made of Au cores doped with a range of  transition metals (Ag, Pt, Cu, Zn, etc.) 

starting with the oxidized LA-PEG ligands reported by Oh and co-workers.59 We hypothesize that 

the rather low level of Au doping into the Ag29 NCs may be due to the relatively short growth 

period of 3.5-4 hours (the time required for the maximum PL emission to occur) combined with 

the thermodynamic stability of the “monogold” doped AgNCs.  

 

Conclusion  

We have described a simple protocol, using borohydride reduction in the presence of lipoic acid-

derivatives, to grow magic size nanoclusters of silver and Au-doped silver cores in water solutions.  

We showed that gold doping achieved via co-reduction of Au and Ag precursors, in the presence 

of the reduced form of the ligand and under alkaline conditions, yielded ~ 5-6 fold enhancement 

in the PL quantum, compared to pure Ag core materials. A small increase in the average 

fluorescence lifetime upon doping was also measured, which suggests the appearance of new 
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electronic states with higher radiative recombination rates. The effects of doping were equally 

reflected in the absorption profiles collected from these materials, where changes in the spectral 

features were measured when increasing molar fraction of Au precursor were introduced during 

growth. The composition of both sets of NCs was characterized by mass spectrometry and the 

magic sizes with Ag29(DHLA)12 and Ag28Au(DHLA)12 have been identified. We found that 

introduction of didodecyldimethylammonium bromide (a quarternary ammonium salt) can 

promote the phase transfer of aqueous grown DHLA-capped NCs to organic media, which could 

improve the stability and shelf-life of these nanoclusters.  

Similar effects of doping were obtained when DHLA-PEG-OCH3 was used to grow the 

NCs. Data indicate that the nature of the coordinating group, LA vs DHLA, affects the PL 

properties of the pure NCs and the level of Au-induced PL enhancement; high PL was measured 

for AgNCs but enhancement upon doping was much smaller. Additionally, our growth route 

allows in-situ functionalization of the NCs with groups such as –NH2 and –COOH group. The 

stability and dispersibility of these materials in both aqueous and organic media is promising for 

their potential applications in optical sensing and imaging. The strong absorption in the visible 

spectrum accompanied by long fluorescence lifetime would also make them suitable for use in 

light harvesting devices. 
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Table 1: Conditions used to grow Ag- and Cu-doped AuNCs following the protocol in reference 37.  

Metal:ligand ratio = 1:3; [NaBH4] = 100 L  (50mM); [NaOH] = 12.5 L (2M); Reaction time ~ 15 

hours. 

 

 

HAuCl4.3H2O 

(50 mM) 
50 L 47.5 L 45 L 37.5 L 25 L 

AgNO3 /CuSO4 

(50 mM) 
--- 2.5 L 5 L 12.5 L 25 L 

 

 

Table 2: Conditions used to grow Ag- and Cu-doped AuNCs following the protocol in reference 45. 

Metal:ligand ratio = 1:2; [NaBH4] = 100 L (113 mM); [NaOH] = 150 L (2M); Reaction time ~ 3 hours. 

 

 

HAuCl4.3H2O 

(50 mM) 
100 L 95 L 90 L 75 L 50 L 

AgNO3/CuSO4 

(50 mM) 
--- 5 L 10 L 25 L 50 L 

 

 

Table 3: Conditions used to grow Au-doped AgNCs following the protocol reported in reference 45. 

Metal:ligand ratio = 1:2; [NaBH4] = 100 L (113 mM); [NaOH] = 150 L (2M); Reaction time ~ 3-4 hours. 

 

AgNO3 (50  mM) 100 L 96 L 92 L 88 L 84 L 80 L  

HAuCl4.3H2O  

(50 mM) 
--- 4 L 8 L 12 L 16 L 20 L 

 

 

Table 4: Experimental conditions in the ESI-MS measurements. 

Solvent MeOH:H2O = 1:1 

Capillary voltage 2200 V 

Sample cone voltage 20 V 

Desolvation temperature 200 oC 

Source temperature 120 oC 

Gas flow rate 200 L/h 

Syringe pump 20 L/min 

Source pressure 3-4 torr 
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Table 5. Excited State lifetimes of Ag29 and AuAg28 NCs in water. Samples were excited at 440 nm and 

the PL was collected at the peak value. 

 

 (s) 2 

Ag29 1.86 ± 0.02  1.06 

AuAg28 1.91± 0.02 1.02 

 

 
Table 6. Diffusion coefficients and hydrodynamic radii measured using DOSY NMR for DHLA and 

DHLA-PEG-OCH3 capped nanoclusters in water. 

 

 1010×D (m2/s) RH(nm) 

 

Ag29/DHLA 3.55 ± 0.75 0.63 ± 0.15 

AuAg28/DHLA  3.46 ± 0.74 0.65 ± 0.13 

Ag29/DHLA-PEG-OH3  1.28 ± 0.58 2.10 ± 1.10 

AuAg28/DHLA-PEG-OH3 1.14 ± 0.52 2.24 ± 1.02 

 

 

Table. 7. Side-by-side comparison of the growth conditions used to prepare Ag, Au and Au-doped Ag 

nanoclusters along with the measured PL quantum yields.  

 

 AgNC/LA-

PEG-OMea  

AgAuNC/LA

-PEG-OMe 

AuNC/LA-

PEG-OMeb 

AgNC 

DHLA 

AgAuNC/ 

DHLA 

AgNC / 

LA 

AgAuNC 

/LA 

AgNC / 

DHLA-

PEG-

OMe 

AgAuNC 

/ DHLA-

PEG-

OMe 

AgAuNC / 

DHLA-

PEG-OMe 

[metal 

precursor] 

0.05 mM 0.05 mM 0.5 mM 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 

[ligand] 0.05 mM to 

0.5 mM 

0.05 mM to 

0.5 mM 

1.5 mM 2 mM 2 mM 2 mM 2 mM 2 mM 2 mM 2 mM 

[NaBH4] 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 1 mM 

[NaOH] No base No base 5 mM 60 mM 60 mM 60 mM 60 mM 4-5 mM 4-5 mM 60 mM 

Effects on 

PL 

QY ~12 QY ~ 15% QY ~ 12-

14% 

QY ~ 

3% 

QY ~ 

20% 

Poorly 

emitting 

(QY 

<1%) 

Minor 

increase  

3% 18% Slow 

growth 

 

a NCs prepared following the protocol reported in reference 22. 
b NCs prepared following the protocol reported in reference 37. 
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Figures and Captions 

 

 

 Figure 1. Photophysical characteristics of the Ag- and Cu-doped AuNCs prepared following the protocol 

detailed in reference 40. (Top) Schematic representation of the growth reaction used. (A and B) UV-visible 

absorption and PL spectra collected from Ag-doped AuNCs. (C and D) UV-visible absorption and PL 

spectra collected from Cu-dopes AuNCs.  
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Figure 2. (A) Schematic representation of the growth reaction used. (B, C) UV-Vis absorption and PL 

emission spectra collected from Ag and Au-doped AgNCs prepared using the method introduced in 

reference 40. The molar fractions of gold precursors were varied from 0 to 20 %; the growth reaction time 

was ~ 3.5 hours. The PL spectra were collected using 450 nm excitation and normalized with respect to 

absorbance at 450 nm. Inset in panel C shows images of the NC dispersions under room light and UV light 

exposure. (D) The corresponding PL excitation spectra collected using a detection wavelength at the PL 

peak.  (E,F) Time-resolved PL profiles collected from dispersions of AgNCs (undoped, E) and AuAgNCs 

prepared using 8% gold precursor (F).  The profiles were fit to a single exponential decay function (Eq. 1). 
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Figure 3. (A, B) Side-by-side comparison of the absorption and PL spectra collected from Ag and Au-

doped AgNCs, grown in the presence of the reduced ligands, DHLA and DHLA-PEG-OCH3. The spectra 

for DHLA capped NCs are shown for comparison. (C, D) Absorption and emission spectra collected from 

AgNCs grown in the presence of the oxidized LA-PEG-OCH3, or the reduced DHLA-PEG-OCH3, 

following the protocol describe din reference 24. (E, F) Absorption and PL spectra of AgNCs and Au-doped 

AgNCs prepared using LA-PEG-OCH3, as done in reference22. The effects of doping on the PL were 

marginal. 
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Figure 4. (A) ESI-MS of Ag29 and (B) Ag28Au NCs. The peaks at 1100-1200 correspond to -5 charged 

species and those at 1400-1500 correspond to -4 charged species. The enlarged views of each of the 

segments are shown for both species. 
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Figure 5. XPS sepctra for (A) Ag3d peaks in AgNCs (B) Ag3d peaks in AgAuNCs and (C) Au4f peaks 

in AgAuNCs. The position corresponding to Ag(0) and Au(0) are indiciatd with dashed lines. 
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Figure 6. DOSY plots of: (A) DHLA capped Ag29 NCs, (B) DHLA-PEG-OCH3 capped Ag29 NCs, (C) 

DHLA capped Au-doped (8%) Ag29 NCs and (D) DHLA-PEG-OCH3 capped Au-doped (8%) Ag29 NCs. 

Diffusion coefficients and hydrodynamic radii of Ag and Au-doped Ag NCs obtained from DOSY NMR 

are listed in Table 6. The data were collected in D2O at room temperature, D(H2O) = 1.7610-9 m2s-1.  
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Figure 7. (A) Schematic representation of phase transfer of AuAg28 NCs from aqueous to organic phase. 

(Right) UV-visible absorption and PL emission spectra of the NCs in (B) water, (C) Toluene, (D) Ethyl 

acetate and (E) Chloroforom. The images shown in the insets are of the various dispersions under room 

light and UV light exposure. 
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Figure 8. (A) Functionalization of the bimetallic NCs using ligands terminated with –COOH and –NH2 

groups. (B) Gel electrophoresis image showing the change in the mobility band as a function of the 

terminal group used.  The bands designates: OMe (100% DHLA-PEG-OCH3), -COOH (10% DHLA-

PEG–COOH), and -NH2 (30% DHLA-PEG-NH2). The absorption and PL spectra of the three sets of 

functionalized NCs are shown in panels C and D. 
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