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ABSTRACT: Hyperbranched poly(ethylene imine) (PEI)-capped Ag nanoclusters, synthesized starting from an aqueous environment,

dispersed well in water and most polar organic solvents. However, with the addition of 1,4-dioxane, the PEI-capped Ag nanoclusters

could be separated completely to obtain hydrophilic and hydrophobic Ag nanoclusters. Through this facile method, the successful

phase transfer of PEI-capped Ag nanoclusters from the aqueous phase to the nonpolar organic phase, such as from water to carbon

tetrachloride, chloroform, and methylene bichloride, was easily realized. The polarity reversal of Ag nanoclusters were considered to

be associated with the conformational change of PEI on the basis of the hydrophobic methylene groups of polymer backbone facing

the external side or internal side, and this polarity reversal was irreversible. Moreover, PEIs with higher molecular weights showed a

higher efficiency of phase transfer of the Ag nanoclusters. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43206.
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INTRODUCTION

A combination of the virtues of chemistry with nanotechnology

and various scaffold-encapsulated metal nanoclusters, in partic-

ular, gold and silver, have been developed as a new class of

emitters that have drawn considerable attention because of pos-

sible applications in chemical analysis,1,2 catalysis,3 optics,4,5

and biology.6–8

At present, various methods have been developed to synthesize

metal nanoclusters9–11; templates are usually used to cap metal

nanoclusters because these small clusters aggregate easily to

form larger nonfluorescent nanoparticles in aqueous media.

Meanwhile, it is common to use nanoclusters in aqueous media

in analysis and detection; these included metal ions,1,12 pH val-

ues,13 DNA,14 biological small molecules,15,16 and proteins.17,18

However, there has been little literature focusing on the applica-

tion of nanoclusters in nonaqueous media. The reason was

ascribed to two aspects: one was that metal nanoclusters are

generally prepared from an aqueous environment, and the other

is that most of the analytes reported exist in aqueous media.

However, some toxic compounds, bioactive molecules, and

drugs are insoluble in water, for instance, Sudan red, steroid

hormones, spironolactone, and misoprostol. Therefore, the

study of the properties of nanoclusters in nonaqueous media is

important for extending the range of applications. To date, sev-

eral attempts have been made to develop protocols for the

phase transfer of nanomaterials from the aqueous phase to the

organic phase. These include the following:

1. The direct dispersal of water-soluble metal nanoclusters in

polar organic solvents.19

2. The precipitation of metal nanoclusters and their redissolu-

tion in polar organic solvents.20 The common shortcoming

of the first two methods is that metal nanoclusters can only

dissolve in polar organic solvents rather than in nonpolar

organic solvents because there is no significant change in

the polarity of these nanoclusters.

3. The modification of amphiphilic molecules on the surfaces

of the metal nanoparticles. This modification can greatly

vary the polarity of nanoclusters; this produces phase

Additional Supporting Information may be found in the online version of this article.
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transfer from water to organic solvents. For instance, Doro-

khin et al.21 reported the reversible phase transfer of quan-

tum dots (QDs). First, trioctylphosphine oxide (TOPO)-

stabilized CdSe/ZnS QDs were synthesized in an organic sol-

vent, and then, ferrocene derivatives were modified on the

surface of TOPO QDs to replace the TOPO. Subsequently,

the addition of cyclodextrin produced the migration of the

QDs to the water phase. Next, naphthalene or adamantane

derivatives were effective in the replacement of ferrocene

from the ring of cyclodextrin; this realized the reversible

transfer of the QDs from the organic phase to water. Hence,

these results suggested that the surface ligands determined

the solubility of the nanoparticles. However, this method

was relatively complicated and had limited practical

application.

4. The addition of flexible ligands on the surfaces of the nano-

particles. This could make the phase transfer easier because

of the conformational change of the ligands (hydrophilic or

hydrophobic groups that switch between the inside and out-

side) in response to the polarity of the solvents. For exam-

ple, silver nanoclusters capped by poly(methacrylic acid)

(PMAA) were initially synthesized in an aqueous medium;

when the clusters in aqueous solution were mixed with

butanol, the hydrophobic methyl groups of PMAA were

exposed to the solvent, and this made the composite silver

nanoclusters prefer to move to the butanol phase.22 There-

fore, it is a robust approach to use the conformational

change of the templates for phase transfer.

In previous studies, we extensively examined the solvatofluoro-

chromism of hyperbranched poly(ethylene imine) (PEI)-capped

silver nanoclusters, which were synthesized in aqueous solutions

and could be well dispersed in water and most polar organic

solvents.19 However, these clusters were insoluble in nonpolar

organic solvents; this greatly limited the application of PEI-

capped silver nanoclusters. In this assay, 1,4-dioxane was found

to be a special solvent, and this could change the conformation

of PEI and result in a complete separation of hydrophilic and

hydrophobic Ag nanoclusters. Subsequently, a successful phase

transfer could be easily realized for the PEI-capped Ag nano-

clusters from the aqueous phase to the nonpolar organic phase,

such as from water to carbon tetrachloride (CCl4), chloroform

(CHCl3), and methylene bichloride (CH2Cl2). Hence, this strat-

egy offered us a unique opportunity to study the optical prop-

erties of PEI-capped Ag nanoclusters in nonpolar organic

solvents and would largely extend the application of PEI-capped

Ag nanoclusters.

EXPERIMENTAL

Materials

Silver nitrate (AgNO3), hyperbranched PEI [molecular weight

(MW) 5 600, 1800, 10,000, and 70,000), formaldehyde (35 wt

%), water, methanol, ethanol, ethylene glycol (EG), isopropyl

alcohol, N,N-dimethylformamide (DMF), dimethyl sulfoxide

(DMSO), tetrahydrofuran (THF), 1,4-dioxane, n-butanol, CCl4,

CHCl3, and CH2Cl2 were purchased from Aladdin (Shanghai,

China). PEIs with MWs of 1300, 2000, 25,000, and 750,000

were purchased from Sigma-Aldrich (St. Louis, MO).

Methods

Fluorescence measurements were performed on a Hitachi F-

7000 fluorescence spectrophotometer equipped with a quartz

cell (1 3 1 cm2) in the emission mode. The slit widths were 10

and 10 nm for excitation and emission, respectively. The photo-

multiplier tube voltage was set at 400 V. The UV–visible absorp-

tion spectra were obtained on a Cary 300 Bio UV–visible

spectrophotometer. The Fourier transform infrared (FTIR) spec-

tra of the samples were analyzed by a WQF-520A FTIR spectro-

photometer with KBr pellets. Transmission electron microscopy

(TEM) and high-resolution transmission electron microscopy

(HRTEM) images of the PEI-capped Ag nanoclusters were

obtained with a Tecnai G2 F20 electron microscope. The X-ray

diffraction (XRD) pattern was performed on a MiniFlex600 X-

ray powder diffractometer.

Preparation of the PEI-Capped Ag Nanoclusters

Typically, certain amounts of PEIs with different MWs were first

dissolved in deionized water by stirring for 2 min, and then,

AgNO3 was added and homogenized by stirring for 2 min. Sub-

sequently, a formaldehyde solution (1 mol/L) was added with

vigorous stirring. Because of the different MWs of PEI, the

amounts of AgNO3, PEI, and formaldehyde varied slightly. The

detailed amounts of AgNO3, PEI, and formaldehyde are shown

in Table S1 (see Supporting Information). During this process,

the color of the mixture changed from colorless to yellow; this

indicated the formation of PEI-capped Ag nanoclusters (C1

clusters). The final solution was stored under ambient condi-

tions for at least 4 days before further use.

Preparation of the C2 and C3 Clusters

Briefly, 50 lL of C1 clusters was diluted to 10 mL by 1,4-diox-

ane. A yellow precipitate was observed at the bottom of the

solution, and the precipitate (C2 clusters) was separated from

the solution. Subsequently, the supernatant was evaporated to

obtain the C3 clusters.

Study of the Optical Properties of the C2 Clusters in 12

Different Solvents. The yellow precipitate mentioned previously

(C2 clusters) was dispersed in 12 different solvents (10 mL),

respectively; these included H2O, DMSO, isopropyl alcohol, EG,

methanol, CHCl3, n-butanol, ethanol, DMF, CH2Cl2, THF, and

CCl4. Subsequently, the fluorescence spectra of these solutions

were recorded with a fluorescence spectrophotometer.

Study of the Optical Properties of C3 Clusters in 12 Different

Solvents. The supernatant of the C1 clusters in 1,4-dioxane was

evaporated to obtain the C3 clusters. Then, these clusters were

dispersed in 12 different solvents with a volume of 1 mL each;

the solvents included H2O, DMSO, isopropyl alcohol, EG,

CHCl3, n-butanol, ethanol, DMF, CH2Cl2, THF, and CCl4.

Finally, these solutions were analyzed with a fluorescence

spectrophotometer.

Conversion Ratio of C1 to C2 and C3. Briefly, 200 lL of the

C1 clusters was evaporated to a constant weight; then, another

200 lL of the C1 clusters was diluted to 40 mL by 1,4-dioxane

to produce a yellow precipitate (C2 clusters), and then, these

clusters were dried at 50–608C to a constant weight. Subse-

quently, the supernatant was evaporated to obtain the C3
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clusters at a constant weight. Therefore, the conversion ratios of

C1 to C2 and C1 to C3 were calculated through corresponding

quality ratios, such as WC2/WC1 3 100% and WC3/WC1 3 100%

in which WC1, WC2, and WC3 represented the quality of C1, C2,

and C3 clusters.

Optimization of the Volume of 1,4-Dioxane for Complete

Conversion. The experiment was carried out with the following

steps: (1) 200 lL of the C1 clusters was diluted by 1,4-dioxane

with different volumes (20, 30, 40, 60, and 70 mL); (2) all of

the precipitates (C2 clusters) were separated from the solutions;

(3) the corresponding supernatants were evaporated to obtain

the C3 clusters, which were each dispersed in 4 mL of CCl4
because of the good solubility of the C3 clusters in CCl4; and

(4) the fluorescence of these solutions was recorded.

RESULTS AND DISCUSSION

Synthesis of the PEI-Capped Ag Nanoclusters

In our previous work, silver nanoclusters capped by PEI with

an MW of 10,000 were synthesized and constructed as multi-

functional sensors.13,23 On the basis of a PEI-modified silver

mirror reaction, PEIs with different MWs (600, 1300, 1800,

2000, 25,000, 70,000, and 750,000) were also used as templates

to synthesize Ag nanoclusters, which possessed similar optical

properties. For instance, the diluted solutions of these nanoclus-

ters in water were nearly colorless under visible light and emit-

ted intense blue fluorescence under a UV lamp; the

characteristic absorption peaks of the Ag nanoclusters capped

by PEIs with different MWs were located at 268 and 354 nm;

these were attributed to the oligomeric silver species.24–26 The

maximum fluorescence excitation and emission wavelengths

were 375 and 455 nm, respectively, but the fluorescence inten-

sities of these nanoclusters were different because of the various

MWs of PEI (Figure S1, Supporting Information). Additionally,

the characterizations, including XRD, FTIR spectroscopy, TEM

and HRTEM, of these Ag nanoclusters are exhibited in Figures

S2 and S3 (Supporting Information), respectively. The XRD

pattern showed a broad diffraction peak located at a 2h of

about 388 because of the smaller Ag nanoclusters with nonme-

tallic properties.27 The FTIR bands of the Ag nanoclusters

appeared at 1657, 1468, and 1385 cm21; these bands were

attributed to the formation of imine after PEI reacted with

AgNO3.28 In addition, all of these clusters displayed a spherical

shape and uniform dispersal (Figure S3, Supporting Informa-

tion), and the average particle diameters of the Ag nanoclusters

capped by PEIs with MWs of 600, 1300, 1800, 2000, 10,000,

25,000, 70,000, and 750,000 were 2.95, 2.35, 4.4, 4.4, 1.95, 5.1,

1.95, and 2.25 nm, respectively.

Phase Transfer of the PEI-Capped Ag Nanoclusters from

Water to Nonpolar Solvents

The solubility of the Ag nanoclusters was associated with that

of template. PEI was dissolved well in water, most organic sol-

vents, and some nonpolar organic solvents, except for CCl4.

However, the PEI-capped Ag nanoclusters could only be dis-

persed in water and most polar organic solvents rather than

nonpolar organic solvents. In this assay, 1,4-dioxane was found

to be a special solvent, which could realize phase transfer of

PEI-capped Ag nanoclusters from water to nonpolar organic

solvents, such as CCl4, CHCl3, and CH2Cl2. This phase transfer

could be performed in three steps. First, the PEI-capped Ag

nanoclusters (C1 clusters) were synthesized starting from water.

Second, with the addition of 1,4-dioxane, a yellow precipitate

(C2 clusters) was observed at the bottom of the solution. Third,

after the separation of the precipitate, the supernatant was

evaporated to obtain the C3 clusters. The conversion ratios of

the C1 to C2 and C1 to C3 clusters were calculated through the

corresponding quality ratios of WC2/WC1 3 100% (46.5%) and

WC3/WC1 3 100% (55.8%), so the recovery of C1 was 102.3%

[(WC2 1 WC3)/WC1 3 100%. This indicated that the C1 clusters

were completely transformed to C2 and C3, and this revealed a

high conversion efficiency for this strategy.

Because the optical properties of C1 clusters in polar organic sol-

vents were studied previously,19 in this assay, the C2 and C3 clus-

ters were investigated in deionized water and 11 different organic

solvents, including methanol, ethanol, EG, isopropyl alcohol,

DMF, DMSO, THF, n-butanol, CCl4, CHCl3, and CH2Cl2.

With Ag nanoclusters capped by PEI with a MW of 70,000 as

an example, the results suggested that the C2 clusters were very

soluble in H2O, DMSO, isopropyl alcohol, EG, and methanol;

partially soluble in CHCl3, n-butanol, ethanol, DMF, CH2Cl2,

and THF; and completely insoluble in CCl4. However, the solu-

bility of the C3 clusters exhibited distinctive differences from

Figure 1. Fluorescence spectra of the (a) C2 and (b) C3 clusters in 12 different solvents. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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those of the C2 clusters. The C3 clusters were well dispersed in

CHCl3, CCl4, and CH2Cl2; partially soluble in THF, DMF,

methanol, isopropyl alcohol, n-butanol, EG, DMSO, and etha-

nol; and completely insoluble in H2O. The detailed solubilities

of the C1, C2, and C3 clusters in various solvents are listed in

Table S2 (see Supporting Information). According to these

results, the fluorescence intensity exhibited regular variations,

including a higher fluorescence in good solvents and a lower

fluorescence in poor solvents (Figure 1). In addition, we also

compared the absorption spectra of C1, C2, and C3 clusters, as

shown in Figure S4 (Supporting Information), where the C1

and C2 clusters showed similar characteristic absorption fea-

tures, which were located at 268 and 354 nm, and the C3 clus-

ters displayed a distinctive absorption band around 300 nm;

this was ascribed to the conformational change of the templates

induced by solvents.

Furthermore, by virtue of the good solubility of C3 in CCl4, the

fluorescence of the C3 clusters in CCl4 was used to evaluate the

optimal volume of 1,4-dioxane for complete conversion. As

shown as Figure S5 (Supporting Information), with the addition

of 40 mL of 1,4-dioxane, 200 lL of the C1 clusters could com-

plete the conversion, so the optimal volume ratio of Ag nano-

clusters to 1,4-dioxane was 1:200.

The efficient phase transfer of the fluorescent nanoclusters in the

CCl4 phase is also shown in the photographs in Figure 2. Under

UV light at 365 nm, the CCl4 phase (lower layer) containing C3

clusters and the water phase containing C2 clusters (upper layer)

showed intense blue fluorescence; this suggested the good solubil-

ity of C3 clusters in the CCl4 phase, whereas the C2 clusters

remained in the water phase. The images indicated that under

the assistance of 1,4-dioxane, the polarity of the Ag nanoclusters

was obviously reversed, so the C3 clusters could be transferred to

the organic phase where they remained luminescent, and no fluo-

rescence could be obtained from the water phase. Therefore, the

hydrophilic C2 clusters and hydrophobic C3 clusters could be

separated completely, and the total phase transfer of the silver

nanoclusters from the aqueous phase to the organic phase did

not use a complex phase-transfer agent.

Additionally, the polarity reversal was also realized through 1,4-

dioxane for Ag nanoclusters protected by PEIs with other MWs

(600, 1300, 1800, 2000, 10,000, 25,000, and 750,000). Through

the evaporation of the supernatant of 1,4-dioxane after the sep-

aration of the precipitate, the C3 clusters capped by PEIs with

different MWs were also soluble in CCl4, and they emitted blue

fluorescence [Figure 3(a,b)]. The corresponding fluorescence

spectra are shown in Figure 3(c); the C3 clusters capped by

PEIs with higher MWs showed a stronger fluorescence than

those capped by PEIs with lower MWs. Because of the fluores-

cence intensity in proportion to the amount of C3 clusters,

PEIs with higher MWs easily produced the polarity reversal of

the silver nanoclusters. Thus, to obtain greater amounts of

hydrophobic Ag nanoclusters, Ag nanoclusters capped by PEIs

with higher MWs should be used.

Figure 2. Photographs of the C2 clusters (left) and C3 clusters (right) dispersed in water and CCl4 under (a) visible light and (b) 365-nm UV light.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Photographs of the C3 clusters capped by PEIs with different

MWs (600, 1300, 1800, 2000, 10,000, 25,000, 70,000, and 750,000 from

left to right) in CCl4 (a) under visible light and (b) under a UV lamp at

365 nm and (c) corresponding fluorescence spectra. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Mechanism of the Polarity Reversal of the PEI-Capped Ag

Nanoclusters

Previously, the successful phase transfer of PMAA–Ag nanoclus-

ters from water to butanol was once reported by Ras et al.,22 in

which the hydrophobic methyl groups of PMAA were exposed

to butanol; this made the composite silver nanoclusters dissolve

in the butanol phase. However, the transfer from water to the

CCl4 phase of the silver nanoclusters protected by PEI was not

found because neither AgNO3 nor PEI was soluble in CCl4. The

major difference between the previous study and this study was

that our protocol separated the hydrophilic and hydrophobic

Ag nanoclusters completely through 1,4-dioxane. In addition, in

a comparison of the TEM and HRTEM images of C1, C2, and

C3 [Figure S3(g) and Figure 4], there were no obvious differen-

ces in the diameters and morphologies among these clusters, so

we ascribed the polarity reversal to the conformational changes

of PEI, and on the basis of the mechanism proposed by the pre-

vious literature,22 we rationalized the phase transfer as follows.

PEI, as a hyperbranched polymer, contained primary, secondary,

and tertiary amine groups; this efficiently chelated with the sil-

ver nucleus and stabilized these particles against flocculation by

the strong coulomb interactions. Because of the synthesis start-

ing from water, it was reasonable to assume that some amino

groups surrounded the silver nucleus, and some were directed

toward aqueous solution; this resulted in the good solubility of

the C1 clusters in water. In addition to the amino groups, the

polymer backbone was also connected by hydrophobic methyl-

ene units; thus, when the nanoclusters were dispersed in 1,4-

dioxane, the hydrophobic methylene groups facing the external

side of the nanodomains were easily accessible to 1,4-dioxane

molecules. This led to hydrophobic C3 clusters, which preferred

to go to the nonpolar organic solvents. However, the flexibility

of the PEI backbone was limited, and some of methylene groups

still faced the internal side of the nanodomains (amino groups

outside), so the hydrophilic C2 clusters facilely formed as a pre-

cipitate. The polarity-reversing process of silver nanoclusters on

the basis of the conformational change of PEI is displayed in Fig-

ure 5. Additionally, the chains of the polymer kept them further

apart, and this reduced the forces of attraction between them and

made the material more flexible, so the PEIs with higher MWs

exhibited a higher efficiency of phase transfer of silver nanoclus-

ters (Figure 3). Most importantly, the conformational change of

Figure 4. TEM and HRTEM images of the (a) C2 and (b) C3 clusters capped by PEI with an MW of 70,000. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. Polarity reversal of the silver nanoclusters based on the conformational change in PEI. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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PEI was irreversible, and this will lead to different applications

for the C2 and C3 clusters.

CONCLUSIONS

In this assay, with the assistance of 1,4-dioxane, Ag nanoclusters

capped by PEIs with different MWs (600, 1300, 1800, 2000,

25,000, 70,000, and 750,000), as good water-soluble nanomateri-

als, were successfully transferred from water to nonpolar organic

solvents, such as CCl4, CHCl3, and CH2Cl2. Moreover, the phase

transfer allowed a facile process to separate the hydrophilic and

hydrophobic silver nanoclusters, and both of them maintained

their luminescence, where the flexible conformation change of

PEI played a vital role. It is also hoped that this work will shed

some light on the optical properties of metal clusters and

expand the application of Ag nanoclusters in nonaqueous analy-

sis and detection.
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