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Ag—Cu himetallic nanoclusters with different shapes were prepared by a co-complexation method in the presence
of PAMAM dendrimers. Small and evenly sized spherical Ag—Cu himetallic nanoparticles were obtained with N,H,-
H,0 as the reducing agent, and long rod-shaped himetallic nanoclusters were prepared with NaBH, as the reducing
agent. The mechanisms of formation of Ag—Cu bimetallic nanolusters with different shapes were discussed. The
different shapes of the cluster were likely caused by the differences in the reduction rate of metal ions with NaBH,
and N,H,+H,0. Structure characterization by TEM, UV-vis spectra, EDX, and TGA showed that, in the presence
of PAMAM dendrimers, Ag—Cu alloy himetallic nanorods were obtained with NaBH, reduction, and Ag—Cu bimetallic
nanoparticles were prepared with N,H,-H,0O as the reducing agent.

1. Introduction ticles are often easily oxidized and unstable. The addition

Transition-metal nanoclusters have attracted much atten-Of Silver could prevent the oxidation of the copper and
tion over the past years because of their wide applicationsNcreases its stability. Several.methods, such as chemical
and interesting properties. Among these nanoclusters, silvefrduction and UV photo reduction of two metal salts, have
and copper nanoclusters exhibit characteristic extinction P&€n used for the preparation of bimetallic nanoparticles
bands in the visible region of the extinction spectra due to coNntaining silver and copper in solution. Suygynthesized
surface plasmon resonaricherefore, thin coating on glass ~ the Ag—Cu bimetallic nanoparticles using the sglel route.
substrates with metal nanoclusters (i.e., copper, silver, gold,Many researchers chose to study the bimetallic-8g
and palladium) was used to make colored gladsgiver nar_10_part|cles becguse of the_|r bacterididand catalytic
nanoclusters are known to produce intense yellow color, activities® and their well-studied structure.
whereas copper nanoclusters produce ruby colBnese Dendnmer_%‘_13 are symmgtncal and spherical macromoll—
intense colors produced by metal nanoclusters are attributececUl€s, consisting of a relatively dense core, many branching

to their plasmon resonance bands. The plasmon bands ofit€S, and terminal groups that usually form a well-defined
silver and copper nanoclusters in the visible region can be surface. With dendrimers as the template for the formation

influ_enced by th_e_ con_cgntration and geometry of the nano- (4) Suyal, G.Thin Solid Films2003 426, 53.
particles. In addition, it is known that the color produced by (5) Ivan, S.; Branka S. Sl. Colloid Interface Sci2004 275177

nanoparticles can be changed by altering the dielectric © %‘é‘é ‘23-851? 4"é'§""a”“s' A. T.; Pruitt, B. A;; Mason, A. D. Trauma

constant of the particles, and the dielectric constant can be (7) Gang, L.; Anderson, B. G.; Grondelle, J. van; Santen, R. A. van,

changed by alloying or mixing two metals with different S?rglip. W.J. H-:F’:lierT}afgS\t/elf%%téJz-afi\if-gléooyman. P.J.; Knoester,
dielectric constants. Therefore, itis of great interest to prepare (g ‘armelao. L. Barreca, D.: Bottaro, G.. Gasparoto, A Gross, S.

nanoparticles formed by the alloying or mixing of two © Maraglno. C.; Tondkello, B:oord.lghem. F&ﬁaZOOﬁ 2”50 1294.

; 9) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, M.; Martin,
dlffere_nt metals. Mo_reover,_ because the standard electrode S.: Roeck, J.: Ryder, 3. Smith, Polym. J. (Tokyo, Jph1985 7,
potential of Cd*/CW is relatively low, the copper nanopar- 117.

(10) Tomalia, D. A.; Naylor, A. M.; Goddard, W. AAngew. Chem. Int.,
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bit.edu.cn. (11) Turro, N. J.; Barton, J. K; Tomalia, D..AAcc. Chem. Red.991], 24,
(1) Hache, F.; Richard, D.; Flytzanis, @.Opt. Soc. Am. B986 3, 1647. 332.
(2) Weyl, W. A. Coloured GlassesSoc. Glass Tech.: Sheffield, U.K., (12) Wege, V. U.; Grubbs, R. HACS Polym. Prepr1995 36, 239.
1951. (13) Lochmann, L.; Wooley, K. L.; lvanova, P. J. Am. Chem. So¢993
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360 Inorganic Chemistry, Vol. 47, No. 1, 2008 10.1021/ic701090¢c CCC: $40.75  © 2008 American Chemical Society

Published on Web 12/13/2007



Dendrimer-Templated AgCu Bimetallic Nanoclusters

2.0

1.5

1.0 4

Absorbance

0.5 4

0.0

T T T T T
300 400 500 600 700 800

Wavelength/nm

Figure 1. UV—vis spectra at different stages of the preparation of silver
and copper nanoclusters. (A) 1 mM AgNQB) 1 mM Cu(NQ),, (C)
complexation of metal mixture (15 mM AgNCand 15 mM Cu(NG)2)
with 1 mM dendrimer, and (D) reduction with 0.5 M2N4-H20. The
dendrimers were G5.0-N+HPAMAM.
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Figure 2. UV —vis spectra of G5.0-NHPAMAM dendrimers-encapsulated
Ag—Cu bimetallic nanoclusters (AGuso- n) made under different condi-
tions. (1) Ag/Cu molar ratio 3:0, NaBths the reducing agent, (2) Ag/Cu
molar ratio 1.5:1.5, NaBldas the reducing agent, (3) Ag/Cu molar ratio
1.5:1.5, NH4-H,0 as the reducing agent, (4) Ag/Cu molar ratio 0:3, NaBH
as the reducing agent, (5) Ag/Cu molar ratio 0:3HMH-0 as the reducing
agent, (6) Ag/Cu molar ratio 3:0,M4-H20 as the reducing agent.

2. Experimental Section

have been successfully prepared. However, most previous 2.1. Chemicals.Amine-terminated fifth-generation poly(ami-
studies have been confined to the preparation of monome-doamine) (PAMAM) dendrimers (G5.0-NHPAMAM) with a

tallic nanoparticle$®?4 In 2004, Rhee and co-worké&pg®
reported the first preparation ofPPd and P&-Rh bimetallic
nanoparticles in the presence of PAMAM dendrimers with
surface hydroxyl groups. They applied these bimetallic

ethylenediamine core were synthesized according to the reported
procedureé® AgNOz, Cu(NG;)2, NaBH,(99%), and NH,4-H,0O(50%)
were purchased from China Beijing Chemical Company and used
without further purification.

2.2. Preparation of Dendrimer-Templated Ag—Cu Bimetallic

nanoparticles as catalysts for the partial hydrogenation of \apgparticles. Dendrimer-templated AgCu nanoparticles were
1,3-cyclooctadiene. Similar works have also been carried out prepared by simultaneous co-complexation of two different metal

by Scott?”

ions, followed by a single reduction step using NaBd NoHg-

Here, we report the synthesis and characterization of H,O as the reducing agent, respectively. Complexation of metal

dendrimer-encapsulated bimetallic AGu nanoclusters.
These materials are prepared by the co-complexation &f Ag
and Cd" with the amines of amine-terminated PAMAM
dendrimers followed by chemical reduction. Because the
standard electrode potential of Ad\g® is relatively high,
Agt is reduced much more rapidly than the other metal ions,
like Ci?*, P?t, PcPT, etc. Hence, the bimetallic nanoclusters
containing silver and other metals are not easily formed. To
obtain the bimetallic Ag-Cu nanoclusters with uniform size
in the presence of PAMAM dendrimers, the reaction condi-
tions have been carefully optimized.

(14) Esumi, K.; Suzuki, A.; Alihara, N.; Usui, K.; Torigoe, Kangmuir
1998 14, 3157.

(15) Balogh, L.; Valluzi, R.; Laverdure, K. S.; Gido, S. P.; Hagnauer, G.
L.; Tomalia, D. A.J. Nanopart. Res1999 1, 353.

(16) Esumi, K.; Suzuki, A.; Yamahira, A.; Torigoe, Kangmuir 200Q
16, 2604.

(17) Bao, C. Y.; Jin, M.; Lu, R.; Zhang, T. R.; Zhao, Y. Mater. Chem.
Phys.2003 82, 812

(18) Zheng, J.; Stevenson, M. S.; Hikida, R. S.; Patten, B. Bhys. Chem.
B 2002 106, 1252

(19) Zhao, M. Q.; Sun, L.; Crooks, R. M. Am. Chem. S0d.998 120,
4877.

(20) Balogh, L.; Tomalia, D. AJ. Am. Chem. S0d.998 120, 7355.

(21) Zhao, M.; Crooks, R. MAngew. Chem., Int. EA.999 38, 364.

(22) Chechik, V.; Crooks, R. MJ. Am. Chem. So@00Q 122, 1243.

(23) Daniel, M. C.; Astruc, DChem. Re. 2004 104, 293.

(24) Goia, D. V.; Matijevic, ENew J. Chem1998 22, 1203.

(25) Chung, Y.; Rhee HJ. Colloid Interface Sci2004 271, 131.

(26) Chung, Y.; Rhee, HCatal. Lett.2003 85, 159.

(27) Scott, R.; Datye, A.; Crooks,.R. Am. Chem. So2003 125 3708.

ions with dendrimers was carried out by the addition of desired
amounts of Ag and C@* (total metal concentratios 30 mM) to

a1 mM PAMAM dendrimer solution under vigorous stirring. After
8 h, 0.3 M NaBH or N;H,-H,O was slowly added under vigorous
stirring.

2.3. Characterization. Absorption spectra were recorded on a
Unico UV-2201 U\+-vis spectrometer with deionized water as the
reference for all of the measurements. Transmission electron
microscopy (TEM) and the electron diffraction images of a selected
area of Ag-Cu bimetallic nanopaticles were taken with a Hitachi
transmission electron microscope (modes H700A-2). Samples for
TEM and Energy Dispersive X-ray analysis (EDX) were prepared
by dropping the colloidal dispersion of the nanoclusters onto a
carbon-covered 200-mesh copper grid, followed by naturally
evaporating the solvent. The mean particle diameter and standard
derivation were calculated by counting 100 particles from the
enlarged photographs. Thermogravimetric analysis (TGA) was
carried out on a PerkinElmer TGA7 thermogravimetric analyzer
in the temperature range of 5800 °C.

3. Results and Discussion

We used the co-complexation method, which was done
by preloading dendrimer nanoreactors with two types of
suitable metal ions and then chemically reducing this
composite in situ, to prepare the dendrimer-encapsulated

(28) Li, G. P.; Luo, Y. J.; Tan, H. MJ. Solid State Chen2005 178
1038.
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Figure 3. TEM of Ag—Cu bimetallic nanoclusters prepared by the reduction with Na@#j and NH4-H-O (b) in the presence of G5.0-NHPAMAM
dendrimers with a Ag/Cu ratio of 1.5:1.5.

Figure 4. EDX of rob-shaped Ag-Cu nanoclusters (a) and a single AGu bimetallic nanoparticle (b) (Ag/Cu ratio of 1.5:1.5).

bimetallic nanoclusters. Specifically, PAMAM dendrimers cally. There was a new high intensity absorption peak at
in aqueous solution were mixed with Agind Céd* ions at about 430 nm, which results from the surface plasma
controlled stoichiometries. During the co-complexation reac- resonance of the encapsulated zerovalent metal nanoclusters.
tion, the reaction time for Agand Cd" to complex the Figure 2 shows a series of UWis spectra of nanoparticles
nitrogen atoms of the dendrimers depended on the molar ratio,ade with various Ag/Cu ratios using NaBtnd NH,:

of Ag™ because Agions was more difficult to be extracted H,O as the reducing agents. The BVis spectra varied

by dendrin;gers than Ctiions. A_fter the solution was stirred greatly depending on the Ag/Cu ratios and reducing agents.

for 6-9 h*® an aqueous solution of NaBHor NoHs) was —  There was a strong adsorption peak at about 425 nm of silver

slowly added to reducg the two metal lons S|ml_JItaneoust nanoclusters due to surface plasmon adsorption. These silver
to zerovalent metal particles. The light-blue dendrimers/metal nanoparticles were obtained at the molar Ag/Cu ratio of 3:0

'(;)n.SOIE;[mn :jmn;edmtely turnet:]'yﬁl.lo;\{ 0: %otlﬁe? brov;{n However, reduction with pH,-H,O generated the particles
uring the reduction process, which indicated the 1ormation i, 1y ch higher absorption than those from the reduction
of colloidal nanoclusters. . .
i h he ch i th ) fW|th NaBH,. The copper nanoclusters, which were prepared
'IFlguredl shows the ¢ Ianges mAt /ecabsozptlon %Ee;tra Ofat a molar Ag/Cu ratio of 0:3, showed no absorption band
i';e; an iﬁpper nanocf:tl:]sters( Ig l: mo gtrhrgn d. - at greater than 300 nm in wavelength but displayed a
' d) tr:mngb € courfe Od ? corrllp ei(r? |qndv_V|_d eln rlmet:]s monotonic spectrum increasing exponentially toward shorter
and the subsequent reduction. or the individuat ions, ewavelengthé? For the bimetallic nanoclusters (Ag/Gul.5:

characteristic absorption peaks arising from theddransi- .

: I 1.5), the spectra are not only from those of the monometallic

tion were clearly observed. After the addition of PAMAM . .
silver or copper nanoclusters but also from their physical

dendrimers to the solution of the metal ions, a new absorption interactions. The differences in the absorption spectra of the
peak around 550 nm appeared, indicating that the two metalsb. tal ’ lusters f th hy F(; i pl |
ions were complexed with the internal functional groups of Imetaflic nanoclusters from those of individual siver or

dendrimers. After reduction, the spectrum changed dramati-COPPEr were pn_manly attributed tq _the changes in the
dielectric properties caused by the mixing of the two metals.

(29) Li, G. P.: Luo, Y. J.; Xu, H. C.. Cui Y. XChin. J. Inorg. Che. The different characteristics of the spectra of bimetallic
2003 19, 1212. nanoclusters strongly suggested that bimetallic nanoclusters
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Figure 5. TGA (solid line) and DTG (dotted line) thermograms for samples
of G5.0-NH, PAMAM dendrimers (a), G5.0-NHPAMAM (Cu)zo (b), G5.0-
NH; PAMAM (Ag —Cu) Ag/Cu= 1.5:1.5, NaBH as the reducing agent
(c), G5.0-NH PAMAM (Ag—Cu) Ag/Cu= 1.5:1.5, NH4-H,O as the
reducing agent (d), and G5.0-NIPAMAM (Ag) 3o(d).

were formed in the cavity of the dendrimers. It was also
noticed that the spectra of the bimetallic nanoclusters made
with different reducing agents (NaBtér N,H4-H,O) under

the same Ag/Cu ratio were different. There was a new peak
at 568 nm in the absorption spectra of the bimetallic
nanoclusters made by using NaB&s the reducing agent.
Generally, from Mie’s theord? the nanoclusters with diam-
eters below 5 nm have no absorption peak at the longer
wavelength. With the increase in particle size, the absorption
peak will be broadened and shifted to a higher wavelength.
Particularly, the Ag-Cu bimetallic nanoclusters with over
10 nm diameters will exhibit bands at over 500 nm. It is
likely that the size or the shape of AGu bimetallic
nanoclusters prepared using NapBa$ the reducing agent is
different from those using M#4-H,O as the reducing agent.
To confirm if there is a difference, the AgCu bimetallic
nanoclusters were examined by TEM, and the results are
shown in Figure 3.

It is interesting to notice that rod-shaped and spherical
Ag—Cu bimetallic nanoclusters were obtained with reducing
agent NaBH and NH4-H-0, respectively. The microscopic
examination of Ag-Cu bimetallic nanoclusters prepared by
N2H4H,O reduction showed that the particle size was
uniform and the shape was nearly spherical. The diameters
of Ag—Cu bimetallic nanoparticles were about 5t60.4
nm, a little larger than the diameter of G5.0-NPAMAM
dendrimers (4.5 nm}; which indicated that the dendrimers
acted as an outer template for the formation of the clusters.
The formation of almost homogeneously dispersed nano-
particles also demonstrated the effectiveness of dendrimers
acting as both nanoreactors for the preparation of nanoclus-
ters and stabilizers to prevent aggregation. Moreover, the
size of the Ag-Cu nanoclusters is smaller than that of the
monometallic silver nanoclusters or the copper nanoclusters
obtained under the same conditions, suggesting that the
specific interactions between the two metals affected the
particle sizes. Under the same experimental conditions but
with the reducing agent NaBHrod-shaped AgCu bimetal-
lic nanoclusters were obtained (part a of Figure 3). The
average diameter and length of these rod-shaped nanoclusters
were 7.1 nm and 0.am, respectively.

The formation of two different shapes of A@Cu nano-
clusters must be due to the effects of the reducing agents.
The standard electrode potential of #§g° (0.78 ev) is
higher than that of Cti/CWP (0.34 ev). Therefore, Agis
reduced more rapidly than €uand silver core-copper shell
type of the bimetallic particles are easily formed by this co-
complexation method. But the addition of a large amount of
the potent reducing agent, NagHould make Ct and Ag
both reduced to Cuand Ad@ simultaneously and im-
mediately. As a result, both silver and copper atoms acted
as the nuclei for the formation of AgCu bimetallic
nanoclusters. Moreover, the high rate of reduction induced
aggregation of nanoclusters. Although dendrimers might
prevent this aggregation, the sphere-linking-sphere type of

(30) Marzan, L.; Philipse, AJ. Phys. Chem1995 99, 15120.
(31) Crooks, R. M.; Lemon, B. I.; Sun, L.; Yeung, L. K.; Zhao Mop.
Curr. Chem.2001, 212 81.
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Table 1. Thermal Degradation of Samples at Different Temperature
Regions

Mass Change (%)

Temperature°C) a b c d e
50-100 42 23 24 23 25
100-350 89.1 79.9 76.2 759 732
residue left at 400C (Ra00) 57 179 214 216 243
weight percentage of metdp)? 0 12.2 157 159 18.6

theory weight percentage of metdiHy)? 0 11.8 15.3 153 185

aPy = (Raoo (b, ¢, or d)— Rypo (2))/100 x 100.P TPy = (n(Cu) x
63.5+ n(Ag) x 107.8)/0(Cu) x 63.5+ n(Ag) x 107.8+ n(PAMAM) x
14 215). 14 215 is the molecular weight of G5.0-NPAMAM. 3% For a, b,
c, d, or e, see Figure 5 legend.

nanostructure was formed, and the-AQu alloy nanoclusters

Li and Luo

henna for over 2 months. There was no observable absorption
band at about 800 nm, which resulted from the formation of
copper oxide particles, after 2 months, suggesting that both
the Ag—Cu bimetallic nanorods and the A@Cu bimetallic
nanoparticles were highly stable.

The effects of metal nanoclusters on the thermal stability
of G5.0-NH, PAMAM dendrimers was determined by TGA
as shown in Figure 5. It was observed that the presence of
metal nanoclusters did not affect the maximum decomposi-
tion temperature, but the residue weight at 4@ varied
with the types of metal nanoclusters in the metal nanocluster/
PAMAM dendrimer nanocompositions as shown in Table
1. We found that the weight of the composition (b, ¢, d, and
e in Table 1) subtracting the weight of pure PAMAM

were assembled to a rod. The stability of the rods was high dendrimers (a) was similar to the theoretical percentage of

because of the stabilizing effects of the dendrimers.
When NH,-H,0 was added to the solution of AgCL?*/
PAMAM dendrimers, Ca&" likely complexed with NH,4-
H,O to form (PAMAM—Cu—NHz3)?". Because the redox
potential of (PAMAM—Cu—NHj3) 2t/C° (0.05 v)§? is far
less than that of AyAg®, the apparent rate of reduction of

Cu?t into CWP should be far lower than that of the reduction

of Ag™ to AgC. It was probably that the formation of €u
only starts after the complete reduction of Ay AgP, which

resulted in the formation of the silver core-copper shell

nanoparticles.

To confirm the composition and structure of the rod-

metal nanoclusters, indicating that all of the added metal ions
were reduced to form the metal nonaclusters when the ratio
of metal ions to dendrimers was less than the maximum
complex ratio and complexation time was sufficiéhit also
indicated that the different reducing agent did not affect the
percentage of the metal nanoclusters in the nanocomposition
when the other conditions were same.

4. Conclusion

We prepared AgCu bimetallic nanoclusters with different
shapes stabilized with PAMAM dendrimers by a co-

shaped and spherical nanoparticles as argued above, EDXOMPplexation method with different reducing agents—Ag
analysis was carried out. As shown in Figure 4, both silver Cu bimetallic nanoparticles with a narrow size distribution
and copper elements were detected. But the EDX of the rod-2nd uniform shape were prepared by-htH,O reduction,
shaped Ag-Cu nanoclusters (part a of Figure 4) was different 2nd long Ag-Cu bimetallic nanorods were prepared using
from that of the spherical ones (part b of Figure 4). The NaBHs as the reducing agent. The reducing power of the

atomic percentage of silver and copper of the rod-shapededucing agents and the reduction rate of'Ag Ag® and

nanoclusters were 63 and 37%, respectively, in agreemen

with the expected values. This indicated that the—-&w
bimetallic nanoclusters prepared with NaBkere Ag-Cu

alloy nanoclusters. The atomic percentage of silver and
copper of the spherical nanoclusters were 21 and 79%,
respectively, indicating that the surface of nanoparticles was

made of CA.

CUw* to CWP determined the shapes of the formed-AQu

bimetallic nanoclusters.
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Regardless of the reducing agents, the color of the solutionIC701090C

of Ag—Cu nanoclusters’/PAMAM dendrimers remained

(32) Suyal, G.Thin Solid Films2003 426, 53.
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