
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

A facile synthesis of highly stable and luminescent Ag cluster: a steady-state 

and time-resolved spectroscopy study 

 

Nabin Kumar Pal, Carola Kryschi
*
 

Department of  Chemistry and Pharmacy and ICMM, Friedrich-Alexander University of 

Erlangen-Nuremberg, Erlangen, Germany. 

*Email: carola.kryschi@fau.de 

 

Abstract 

In this paper, we reported of a very simple and environmentally friendly procedure for the 

synthesis of bright luminescent and nearly monodisperse Ag nanoclusters stabilized by poly 

(N-vinylpyrrolidone) homopolymer. In this synthesis route acetonitrile or N,N-

dimethylformamide (DMF) act as both, solvent and reducing agent at their respective reflux 

temperatures. The as-prepared Ag clusters were found to be highly stable in various solvents 

as well as show nearly no changes in their emission intensity in solutions with different pH 

values and ionic strengths. Remarkably, the acetonitrile method predominantly produces blue 

emitting Ag clusters with a photoluminescence (PL) emission maximum at 424 nm (quantum 

yield 3.5 %), whereas mainly blue-green emitting Ag clusters with the PL emission maximum 

at 450 nm (quantum yield 2.7 %) were formed using the DMF method. The photo-physical, 

electronic, structural and morphological properties of the Ag clusters were examined 

performing UV/Vis absorption spectroscopy, stationary and time-resolved PL spectroscopy, 

X-ray photoelectron spectroscopy, femtosecond transient absorption spectroscopy, and 

transmission electron microscopy experiments.  

 
1. Introduction 

Luminescent noble metal clusters are one of the most promising materials in nanoscience 

nowadays
1-8

. Clusters having a size of less than 2 nm behave like a bridging entity between 

atoms and bulk materials. Due to such ultrasmall sizes as being on the scale of the Fermi 

wavelength of the conduction-band electrons (ca. 0.7 nm) and thereupon, in the quantum 

confinement regime
9,10

, noble metal clusters exhibit molecular-like electronic transitions 

between discrete energy levels and show new size-tunable optical and electronic 

properties
11,12,13

. Size-tunable properties, along with high photostability and low cytotoxicity, 

make these clusters an attractive candidate for versatile applications such as in optical 

Page 1 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



2 

 

sensing
14-18

, catalysis
19

, bio-labelling
20,21

, bio-imaging
22

, single-particle optoelectronics
9
, 

surface enhanced Raman spectroscopy
23

 and others. 

Among the noble-metal clusters gold clusters have been extensively studied over the past two 

decades. However, only a few synthesis techniques for the preparation of stable luminescent 

silver (Ag) clusters are known. In recent past, the research activities on Ag clusters have 

enormously increased and since then, various synthesis procedures have been developed to 

produce stable luminescent Ag clusters that are stabilized by a variety of protecting ligands. 

Among various methods, template-based synthesis techniques are the most recognized ones. 

Different kinds of templates such as polymers
19,24,25

, proteins
26,27

, DNA
21,28

, 

oligonucleotide
29,30

, polyelectrolyte
31

, dendrimers
32,33

, and polymer microgel
34

 have been used 

so far. Small molecules, especially those containing carboxylic or thiol groups
35,36

, were also 

utilized as stabilizers. Dickson and co-workers were the first who produced small Ag clusters 

by irradiating UV light onto a silver-oxide film
37

. Later on, the same group reported of highly 

stable and luminescent Ag and Au clusters incorporated in OH-terminated poly(amidoamine) 

(PAMAM) dendrimers in aqueous solution
32,33

. Martinez et al. 
21,38

 synthesized DNA-

templated stable Ag clusters that were successfully applied for protein detection. Another 

novel synthesis procedure for bio-compatible, stable luminescent Ag and Au clusters was 

developed by Nienhaus et al.
39

. Recently Parak et al.
40

 reported of a synthesis route that 

enable the preparation of water-soluble, red-luminescent Ag clusters with a mean size of 2.2 

±0.4 nm. In this sophisticated synthesis procedure didodecyldimethylammonium stabilized 

Ag nanoparticles with sizes around 4 nm were initially formed which were subsequently size-

reduced by a ligand exchange process followed by heating and UV light exposure. Other 

routes such as radiolytic
41

, microwave irradiation
42

, sonochemical
43

, electrochemical
44

 

methods have also been proven as useful to prepare noble-metal clusters. 

However most of the methods mentioned above require photo-irradiation, electric field 

application or an external reducing agent such as sodium borohydride or ascorbic acid. In 

recent past Liz-Marzán and co-workers
45,46 

could prepare noble-metal clusters by using N,N´-

dimethylformamide (DMF) that was shown to act as both, mild reducing and stabilizing 

agent. Unfortunately these authors synthesized non-luminescent nanoparticles with sizes 

larger than 5 nm as being unambiguously obvious from the intense surface plasmon resonance 

absorption bands appearing in the visible. Later Liu et al.
47

 extended this idea of using DMF 

as both, reducing and stabilizing agent, and they succeeded in developing a surfactant-free 

method allowing to synthesize highly stable and luminescent Au clusters which were 

Page 2 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



3 

 

subsequently terminated with various ligands. However, in order to successfully synthesize 

these clusters using DMF, as reducing and stabilizing agent, the reaction mixture needs to be 

refluxed at a high temperature (153
°
C). The high boiling point of DMF makes the purification 

and drying process quite difficult. 

In theory, the use of any solvent with a low boiling point and sufficient reducing ability may 

replace DMF in such reactions. We found out that acetonitrile is the solvent which matches 

those criteria and thus, can be employed for such reactions. Although, the use of acetonitrile 

failed for the synthesis of gold clusters, this solvent is very well suited for the preparation of 

highly stable, luminescent Ag clusters. Here we report of a facile route that was elaborated to 

synthesize luminescent Ag nanoclusters with sizes around 1.3 -1.5 nm, stabilized by poly(N-

vinylpyrrolidone) (PVP, K30, Mw 40 KDa), where acetonitrile was used as both, solvent and 

reducing agent. This method needs a low refluxing temperature (75
 o

C in contrast to 153 
o
C 

for DMF). The low boiling point of acetonitrile considerably facilitates subsequent processing 

of the reaction products. The photoluminescence (PL) lifetime of the Ag clusters were found 

to be in the nanosecond (ns) time region. Furthermore, the ultrafast excited-states dynamics of 

the Ag clusters was studied by performing femtosecond (fs) transient absorption experiments 

utilizing 150 fs pump pulses at 387 nm and white-light probe pulses in the visible. The 

excited-states relaxation dynamics at short time scales (femtoseconds to picoseconds) were 

conceived to occur via ultrafast internal conversion (0.3 ps) from initially excited, higher 

lying electronic states to the longer-lived first excited (S1) state and by trapping processes due 

to surface states.  

 

2. Experimental Section 

2.1 Materials 

Silver nitrate (99.9999 % AgNO3) was obtained from Sigma-Aldrich, Poly(N-

vinylpyrrolidone) K30 (PVP; (C6H9ON)n), Mw ~ 40 KDa) from Fluka, NaBH4 (97%) 

Acetonitrile (LC-MS Chromasolv
®

 ≥ 99.9%) from Fluka; N,N´-Dimethylformamide from 

Roth (≥ 99.8%), absolute ethanol and acetone (99.9%) from Merck, Membra-Cel
®

 dialysis 

tubing (regenerated cellulose, MWCO 7KDa) from SERVA. All materials and solvents were 

used as received from the suppliers without further purification. In all syntheses milli-Q 

deionised water (18 MΏ) was used. 
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2.2 Synthesis of the Ag cluster 

First, 0.075 M of poly (N-vinylpyrrolidone) (in terms of monomeric unit) was dissolved in 50 

ml of acetonitrile in a three-necked round bottom flask fitted with a reflux condenser under 

argon atmosphere. The whole system was then placed on a heating plate in a silicon-oil bath 

and slowly heated, until the temperature reaches 75
o
C. An aqueous solution of silver nitrate 

(0.5 ml of 0.1 M) was then added at once to this pre-heated solution under vigorous stirring. 

The reaction was allowed to proceed for at least 6 hours under reflux. In the mean time 

formation of the clusters can be checked by applying UV radiation (λmax≈ 364 nm) to the 

reaction mixture, from where a blue luminescence was observed which was getting more and 

more intensive with increasing refluxing time. Instead of acetonitrile, N,N´-

dimethylformamide can also be used as both, solvent and reducing agent. This synthesis 

recipe yielded green luminescent Ag clusters. From now onwards we will designate the Ag 

clusters prepared using acetonitrile as A-AgPVP and the one prepared using DMF as D-

AgPVP. 

2.3 Purification of the Ag clusters 

After the completion of the reaction the flask was allowed to cool down to room temperature. 

The reaction mixture was then centrifuged thrice at 12000 rpm for 30 min at room 

temperature (25
o
C) to remove excess PVP and the larger nanoparticles. The supernatant 

obtained from this step was then evaporated to dryness under reduced pressure. The solid thus 

obtained was washed with an acetone/water mixture (v/v: 3/1) and then separated by 

centrifugation at 1000 rpm. This step was repeated several times, in order to remove the 

residual unbound polymer from the cluster solution. Finally the Ag clusters were dissolved in 

3 ml of deionised water and then dialysed overnight using a cellulose ester membrane tube 

with a cut-off molecular-weight (MWCO) of 7 KDa in 100 ml of water.  

2.4 Synthesis of Ag@PVP nanoparticles 

Ag@PVP nanoparticles were synthesized by mixing 1 mM of AgNO3 to 2 mM of PVP (in 

terms of monomeric unit) in 100 ml of methanol followed by adding freshly prepared 0.2 M 

of NaBH4 in 20 ml of water under vigorous stirring. After 1 h stirring a dark brown precipitate 

was formed that was separated by centrifugation (8000 rpm for 15 min) at room temperature 

and then washed thrice with a water-methanol (20%) mixture followed by ethanol. After 

removing the excess solvent, finally a dark brown powder of the nanoparticle was obtained 

which shows the characteristic surface plasmon resonance peak at 397 nm in the absorption 

Page 4 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

 

spectrum. Though in this contribution the main emphasis will be given on AgPVP clusters, 

Ag@PVP nanoparticles have been synthesized only to give an insight to the difference in the 

sizes and optical properties between silver nanoparticle and silver clusters. 

The as-prepared nanoparticles and also the clusters are easily soluble in water, methanol, 

ethanol and other protic solvents. For further characterization an aqueous solution of the 

nanoparticles and an ethanolic (absolute ethanol) solution of the clusters were used. 

 

3. Methods 

3.1 High-Resolution Transmission Electron Microscopy (HRTEM) 

The HRTEM images were recorded using a Phillips CM 300 UltraTwin microscope. The 

measurements were carried out at an accelerating voltage of 300 kV in the bright-field mode. 

The TEM images were taken using a Zeiss EM 900 instruments operating at 120 kV 

accelerating voltage. The sample for the HRTEM and TEM were prepared by dropcasting 5 

microliter of the ethanolic solution of the Ag nanoparticles and Ag clusters onto an ultrathin 

carbon coated copper grid (300 mesh) followed by drying in a vacuum at 25
o
C for 2 days. 

3.2 X-ray Photoelectron Spectroscopy 

The chemical composition of the cluster was investigated with X-ray photoelectron 

spectroscopy (XPS, PHI 5600 XPS spectrometer). Monochromatic Al Kα was used as the X-

ray source. 

3.3 Steady-State Optical Spectroscopy 

The PL spectra were recorded on a Jobin-Yvon FluoroMax-3 spectrofluorometer using the 

magic-angle polarization configuration and a slit width of 5 nm for both excitation and 

emission spectra. The UV/Vis absorption spectra were recorded on a Perkin Elmer UV/Vis 

absorption spectrometer Lambda 2. All experiments were performed at room temperature 

using quartz cuvettes with an optical path length of 10 mm.   

The PL quantum yields of the Ag clusters were estimated using a fluorescence standard. The 

following relative comparison method was used to evaluate the quantum yield: 
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where Q is the PL quantum yield, I the integral area under the PL spectrum, η the refractive 

index of the solvent, and A the absorption at the selected excitation wavelength. The 

subscripts “t” and “s” represent the test sample and fluorescence standard, respectively. 

3.4 Time-Resolved Optical Spectroscopy 

PL decay profiles were recorded using the time-correlated single-photon counting (TCSPC) 

PL spectroscopy technique. This time resolved measurement of the PL intensity was carried 

out on the TCSPC spectrometer Fluorolog-3 (Jobin Yvon) equipped with a microchannel 

plate (Hamamatsu, R3809U-50) that provides a time resolution of about 60 ps. 

Femtosecond transient absorption spectroscopy experiments were conducted with a Clark 

MXR CPA 2101 laser system in conjunction with an Ultrafast TAPPS HELIOS detection 

system, consisting primarily of a glass fiber based spectrometer. The output pulses at 387 nm 

with a 150 fs pulse and a 1 kHz repetition rate were used as pump pulses. They were obtained 

by amplifying and frequency doubling the 775 nm seeding pulses of the Er
3+

-doped glass 

fiber oscillator in a regenerative chirped-pulse titanium–sapphire amplifier and with the 

frequency doubling BBO crystal in the nonlinear optical amplifier (NOPA), respectively. All 

samples were pumped at excitation densities between 1.14×10
9
 and 1.90×10

9
 W/cm

2
. 

The samples consisting of 1 mg of Ag clusters dispersed in 0.5 ml of absolute ethanol were 

irradiated in quartz cuvettes with a thickness of 2 mm. A fraction of the fundamental was 

simultaneously passed through a sapphire plate (3 mm) to generate the fs white-light 

continuum between 400 and 1400 nm. The chirp between 400 and 750 nm was approximately 

350 fs. Transient absorption spectra of the Ag clusters in ethanol were taken at delay times 

between -0.5 ps and 4 ns. They were recorded in the visible region between 420 and 750 nm. 

4. Results and Discussion 

The Ag clusters were synthesized by reducing Ag
+
 ions in acetonitrile at 75

o
C and in DMF at 

153
o
C. However, to produce chemically stable, luminescent Ag clusters, the just formed 

clusters must be stabilized in time by suitable stabilizing agents. As stabilizing agent, we have 

used the biocompatible homopolymer poly(N-vinylpyrrolidone) (PVP) that contains an amide 

group in its monomeric unit and is known to have a good stabilizing ability for transition 

metal particles. The successful use of PVP as a stabilizing agent for the synthesis of Ag and 

Au clusters was already demonstrated by various other groups
19,45,46

. In the presence of PVP, 

the Ag
+
 ions were chelated. Subsequent reduction of the Ag

+
-PVP complexes by acetonitrile 

or DMF at the refluxing temperature of the respective solvent provided the formation of PVP-
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stabilized Ag clusters. Remarkably, the same reduction reaction of Ag
+
-PVP complexes, 

when performed at temperatures lower than the boiling point of the respective reducing agent 

and solvent, will yield large-sized Ag nanoparticles.  

X-ray photoelectron spectroscopy (XPS) experiments were performed to examine the 

oxidation state of Ag in A-AgPVP clusters. The binding-energy values of 368.48 eV and 

374.57 eV are assigned to Ag3d5/2 and Ag3d3/2 states, respectively (Figure 1.A). These values 

are very typical for elemental Ag (0) and therefore indicate the formation of ultrasmall Ag 

clusters. The binding energy of N1s and O1s were found to be 400.28 eV and 533.28 eV 

(Figures 1.B and C). The much larger binding energy value of the O1s orbital (533.4 eV) in 

the A-Ag-PVP clusters, when compared to that of the O1s orbital (531.3 eV) for the pure PVP 

sample, suggests efficient interactions between the oxygen atom of the monomer and surface 

Ag atoms. Such interactions between oxygen atom of the –C=O group of PVP and Ag atoms 

was also reported previously by Chen et al.
49

. 

TEM and HRTEM images of the Ag@PVP nanoparticles are shown in Figures 2.A and B. 

The Ag@PVP nanoparticles have a single-crystalline structure and an average size of 6.5 nm 

(Figure 2.D). However, because of their ultra-small sizes the Ag clusters could not be detected 

in TEM. The HRTEM image recorded at an accelerating voltage of 300 kV provides some 

clue about the formation of very small tiny clusters. An exemplary HRTEM image of the as-

synthesized A-AgPVP clusters is depicted in Figure 2.C. The image shows some particles of 

which most of them have no definite shape. However we were able to resolve few spherical 

particles in the image which are marked by the red circle. The sizes of these spherical 

particles were estimated in the range of 1.3 nm to 1.5 nm.  The HRTEM images histogram of 

the size distribution of the Ag@PVP nanoparticles is shown in Figure 2.D. 

 

Figure 3 depicts the UV/Vis absorption spectra of the Ag clusters and Ag@PVP 

nanoparticles. The absorption spectrum of the Ag@PVP nanoparticles shows the 

characteristic surface plasmon resonance peak at 397 nm, whereas the absorption spectra of 

the Ag clusters do not contain this specific feature but consist of different, significantly 

structured, broad absorption bands. The A-AgPVP clusters exhibit weakly pronounced 

absorption peaks at 284 nm (4.36 eV), 350 nm (3.54 eV), 490 nm (2.53 eV), which are 

superimposed on a broad absorption background. On the other hand, the absorption spectrum 

of the D-AgPVP clusters contains a shoulder-like absorption feature around 350 nm. These 

absorption bands may be assigned to discrete electronic transitions between molecular-like 
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energy states and are therefore characteristic for clusters as essentially consisting of surface 

atoms. Recently, Zhang et al.
34

 reported of a photo-activated synthesis of luminescent Ag 

clusters (Ag4 – Ag9) dispersed in polymer microgel which show a broad absorption band at 

330-350 nm along with a peak at 490 nm in the UV/Vis absorption spectrum. Water soluble, 

luminescent Ag clusters stabilized by dihydrolipoic acid (DHLA) were observed to exhibit 

similar absorption features
17

. Several other research groups synthesized Ag clusters with 

various sizes using different capping agents, and for all clusters they found very similar 

absorption features in the UV and visible region of the spectrum
35,36,42,43,48

. In agreement with 

these results, the particular structural features of the absorption spectra may be associated 

with Ag clusters that consist of 5 to 9 atoms. Moreover, the UV/Vis absorption spectra of the 

as-synthesized Ag clusters did not change over a one-month storage time which proves their 

great stability. 

The PVP concentrations play an important role in the formation of Ag clusters. When 0.075 

M PVP (in terms of monomer unit) used in the reaction, luminescent Ag clusters stabilized by 

the PVP polymer were obtained. However, large-sized non-luminescent Ag nanoparticles 

were produced when small concentration of 0.025 M PVP was used in the reaction (Figure 4). 

Here in this reaction PVP acts as a cross-linking agent for clusters agglomeration. At high 

concentrations, the coil-like polymer cages encapsulated the clusters better and protected the 

clusters from quencher in solution. Moreover, a larger concentration of the stabilizer led to a 

smaller growth rate of the particles, and in turn facilitated the formation of clusters instead of 

nanoparticles. At low stabilizer concentrations, the reduction took place so fast that the 

polymer could not complex the silver ions in an efficient manner, which resulted in particle 

aggregation and consequently, large-sized nanoparticles were formed. Figure 4 shows the 

UV/Vis absorption spectra recorded after 5 h of the reaction between AgNO3 and PVP in 

acetonitrile at reflux. For low PVP concentrations the formation of Ag nanoparticles is 

evident from the appearance of the surface plasmon resonance band at 405 nm in the UV/Vis 

absorption spectra. 

Upon photoexcitation at 364 nm the A-AgPVP clusters emit a blue photoluminescence (PL) 

emission peaking at 424 nm (2.93 eV), while the PL emission spectrum of the D-AgPVP 

clusters is shifted into the spectral range around 450 nm (2.73 eV) (Figure 5). The 

corresponding PL excitation spectra exhibit their respective maximum at 350 nm (3.54 eV) 

for the A-AgPVP clusters and at 370 nm (3.35 eV) for the D-AgPVP clusters. The narrow PL 

emission profile indicates a small size distribution of the Ag clusters. The narrow size 
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distribution is also evident from the PL emission spectrum of the A-AgPVP clusters which 

was excited at different wavelengths ranging from 320 nm to 430 nm (Figure 6). Such shifting 

of the PL emission peak towards longer wavelengths with increasing excitation wavelengths 

indicates the presence of Ag clusters with different sizes. The linear dependence of the 

wavelength of the PL emission maximum on the PL excitation wavelength was already 

reported elsewhere
31,42,50 

and is tentatively assigned to inter-band transitions from the sub-

merged and quasi continuum 5d band to the lowest un-occupied conduction band states of Ag.  

The PL emission maxima were observed to change relative to PVP concentration. Figure 7 

shows the PL emission spectra of the A-AgPVP clusters prepared using different 

concentrations of PVP (0.075 M, 0.05 M, and 0.025M respectively). Clearly no luminescent 

Ag clusters were formed for a PVP concentration of 0.025 M. On the other hand, a slight red 

shift of the PL emission maximum was observed, when a threefold larger PVP concentration 

(0.075 M PVP) was used. Obviously PVP provides a cross-linking environment for the 

clusters so that the degree of this cross linking depends on the PVP concentration. Different 

concentrations of PVP impart different chemical and electronic environments for the clusters 

which results in different PL emission energies. 

It has to be mentioned that neither the pure PVP solution nor solutions containing PVP with 

adsorbed or embedded Ag ions were found to emit detectable fluorescence under the same 

photo-excitation conditions. This unambiguously demonstrates that the observed PL has to be 

associated with the formation of reduced silver clusters embedded in a PVP matrix. Figure 8 

depicts the reaction-time evolution of the PL emission spectra of A-AgPVP clusters. The 

reaction time of the A-AgPVP clusters corresponds to the duration of their synthesis when the 

reaction mixture was heated under reflux conditions. The PL emission was excited at 350 nm. 

Obviously, the PL intensity of Ag clusters increases with rising reaction time and reaches its 

maximum value for clusters synthesized over 5 hours refluxing. This implies that the reaction 

has come to an end after 5 hours refluxing time.    

The PL quantum yields of the A-AgPVP and D-AgPVP clusters were determined using 

quinine sulphate as fluorescence standard, and the obtained values are ΦA-AgPVP = 3.5 % and 

ΦD-AgPVP= 2.7 % respectively. Although reports on red-emitting Ag clusters are frequent, only 

few were published on blue-emitting Ag clusters. Recently, González et al. 
44 

developed an 

electrochemical synthesis procedure to synthesize blue-emitting and Ag6 clusters that were 

stabilized with dodecanethiol and tetrabutyl ammonium. The Ag6 clusters exhibit PL emission 

around 420 nm with a quantum yield of 1.2 %. The PL emission spectrum of these Ag clusters 
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nicely coincides with that of the here synthesized A-AgPVP clusters, whereas the PL quantum 

yield is significantly smaller than that of the A-AgPVP clusters with a value of 3.5 %. 

Furthermore, Ag clusters stabilized with polyethyleneimine polymer were reported to emit PL 

in the range of 420 – 490 nm 
44,51,52

. 

The A-AgPVP clusters show great chemical stability towards various kinds of solvents. To 

examine the colloidal stability of these clusters, their PL emission spectrum was measured in 

aqueous solution at different pH values and in an aqueous solution with a high ionic strength 

(0.5 M NaCl). Almost the same PL emission intensity of the A-AgPVP clusters was observed 

under all solvent conditions and that even after 14 days of preparation (Figures 9A, B and C). 

These results suggest the high chemical stability of the A-AgPVP clusters in acidic and basic 

solvents as well as in solution with high ionic strengths. Strikingly, the addition of NaCl to the 

solvent is associated with small red shift of the PL emission maximum of the A-AgPVP 

clusters. Moreover, the addition of a reducing agent such as NaBH4 or of an oxidizing agent 

like H2O2 to the A-AgPVP cluster colloid was not observed to alter the spectral features of 

their PL emission and UV/Vis absorption spectra. These experimental results prove both, the 

high stability of the Ag clusters and the absence of any Ag
+
 ions in the solution. 

PL lifetime measurements of the A-AgPVP and D-AgPVP clusters were performed by 

detecting their PL emission at 430 nm and 450 nm, respectively. The PL emission decay 

curves were simulated employing a convolution of the apparatus response with a bi-

exponential decay function f(t) being f(t)= a1×exp(-t/τ1) + a2×exp(-t/τ2) (Figure 10). For the 

A-AgPVP clusters, the predominant slow decay component, with a2= 0.7 and τ2= 2.5 ns is 

assigned to the PL emission decay of Ag6 clusters, whereas the larger time constant (τ2= 3.4 

ns, a2= 0.6) of the D-AgPVP clusters is assigned to the lifetime of the emitting state of Ag7 

clusters. The respective faster PL emission decay component of the A-AgPVP and D-AgPVP 

clusters (τ1= 0.4 ns or 0.6 ns) might reveal the contribution to the PL emission due to smaller 

Ag clusters.  

Complementary information of ultrafast excited-state relaxation dynamics of A-AgPVP 

clusters was obtained from fs transient absorption spectroscopy experiments. Figure 11 

presents the time evolution of the transient absorption spectra of the excited-state relaxation 

dynamics of the Ag clusters following excitation at 387 nm.  The spectra exhibit a broad 

featureless photo-induced absorption signature between 450 and 700 nm with a maximum 

around 570 nm. The short-time scale kinetic traces detected at 510 and 570 nm display the 

temporal decay behavior of the overall transient absorption spectrum. The kinetic traces were 
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fit using a bi-exponential function that is deconvolved with a 240 fs Gaussian representing the 

apparatus response. The bi-exponential decay dynamics comprises a subpicosecond (65 %) 

and a picosecond decay component (35 %). The ultrashort lifetime with τ1= 0.3 ps is 

attributed to internal conversion as being the process that provides ultrafast relaxation 

dynamics of initially photo-excited, higher electronic states to the S1 state. On the other hand, 

the larger time constant with τ2= 3.3 ps is associated with surface trapping of the initially 

generated excitons.  

4. Conclusions 

In summary, a novel synthesis route was developed which was successfully used to prepare 

highly luminescent, stable and nearly mono-disperse Ag clusters. Our synthesis recipe 

consists in a facile, environmentally friendly on-step reaction, in which PVP acts as the 

stabilizing agent and acetonitrile or DMF serve as both, solvent and reducing agent. The XPS 

results confirm the complete reduction of silver ions and furthermore, verify efficient 

interactions between the oxygen atom of the monomer unit and the Ag cluster. The PL 

lifetimes of the A-AgPVP clusters and D-AgPVP clusters were determined with 2.5 ns and 

3.4 ns, respectively. For the A-AgPVP clusters, fs transient absorption spectroscopy 

experiments allowed for the observation of bi-exponential ultrafast excited-state relaxation 

dynamics. The two obtained time constants with 0.3 ps and 3.3 ps were assigned to ultrafast 

internal conversion emerging from initially higher-lying energy states to the emitting S1 state 

and surface capturing of the photo-generated charge carriers. In accord with the actual 

literature, our evaluated spectroscopic and microscopic results suggest that this synthesis 

technique predominantly produces ultra-small fluorescent silver clusters having less than 10 

atoms in the core.  
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Figures:  

 
   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: 

A, B, and C are the XPS spectra of Ag3d, O1s and N1s regions of the A-AgPVP clusters 

respectively; the survey XPS spectra of the A-AgPVP clusters is depicted in D. 
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Figure 2: 

TEM image of the Ag@PVP nanoparticles (A); HRTEM images of the Ag@PVP 

nanoparticles (B) and A-AgPVP clusters (C); D represents the HRTEM images histogram of 

the size distribution of the Ag@PVP nanoparticles. 
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Figure 3: 

UV/Vis absorption spectra of the as-synthesized A-AgPVP clusters (red solid line), D-AgPVP 

clusters (green solid line) and Ag@PVP nanoparticles (blue solid line). 
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Figure 4 : 

UV/Vis absorption spectra recorded after 5 h of reaction between AgNO3 and PVP solution in 

acetonitrile at reflux. The PVP concentrations used are 0.075 M (red solid line) and 0.025 M 

(black solid line). 
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Figure 5: 

 PL excitation spectra of the A-AgPVP clusters (red dashed line) and D-AgPVP clusters (blue 

dashed line) and PL emission spectra of the A-AgPVP clusters (red solid line) and D-AgPVP 

clusters (blue solid line).  
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Figure 6: 

The dependence of the PL emission peaks of the A-AgPVP clusters on the excitation 

wavelength.  

 

 

 

 

 

 

300 320 340 360 380 400 420 440

410

420

430

440

450

460
P
L
 e
m
is
s
io
n
 p
e
a
k
 [
n
m
]

excitation wavelength [nm]

Page 19 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: 

PL emission spectra of the A-AgPVP clusters synthesized using various concentrations of 

PVP; 0.075 M (black solid line), 0.050 M (red solid line) and 0.025 M (blue solid line) 

respectively. 
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Figure 8: 

PL emission spectra of the as-synthesized A-AgPVP clusters excited at 350 nm and recorded 

at different reaction times. 
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Figure 9: 

PL emission spectra of A-AgPVP clusters in an aqueous solution at pH values of 3, 7 and 14 

after 7 days (A) and 14 days (B) of preparation; PL emission spectra of the A-AgPVP clusters 

in a 0.5 M NaCl aqueous solution after 7 and 14 days of preparation (C). 
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Figure 10:  

PL emission decays of the A-AgPVP clusters (at top) and the D-AgPVP clusters (at bottom), 

both excited at 403 nm. 
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Figure 11:  

Time evolution of the transient absorption spectra (at top) with their characteristic kinetic 

traces (at bottom) of the A-AgPVP clusters. 
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