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We demonstrate the pH-induced assembly of 2-mercapto-
succinic acid-functionalized silver nanoparticles (MSA–Ag
NPs) in the absence of hard or soft template. Two-dimensional
(2D) and three-dimensional (3D) networks of silver NPs were
achieved by tuning pH of the medium. The assembly process
was monitored using atomic forces microscopy. The key factor
affects the formation of network of silver NPs may be intermo-
lecular hydrogen bonding between two carboxylic acid groups of
MSA on two adjacent silver NPs.

The assembly of metal nanoparticles (NPs) into defined
architectures has attracted much attention, because such metal
NPs assemblies have optical and electrical characteristics that
are different from individual particles,1 and more complex nano-
structures are in demand (e.g., nanowires, nanotubes, 2D and 3D
nanoparticle assemblies). Several approaches, such as electro-
static,2,3 covalent,4,5 van der Waals forces,6,7 and hydrophobic
interactions8 have been mostly utilized to prepare such nano-
structured materials with various architectures. Most of these
methods employed chemical or structural templates.9–12 Recent-
ly, there has a great deal of interests to develop templateless
low-temperature wet-chemical approaches to assemble nano-
scale building blocks into larger scale structures.13 Here, we
investigated the assembly of 2-mercaptosuccinic acid-function-
ized silver NPs controlled by tuning pH values of solution. By
controlling the pH values of the solution, various dimensional
networks of silver NPs can be obtained. The nature of assembly
is hydrogen bonding between 2-mercaptosuccinic acid (MSA)
molecules, which process two free –COONa (COOH) groups
and one –SH group which interacts with silver NPs surface. The
–COONa groups can be acidified below its pKa value and usually
form intermolecular hydrogen bonds.14

Ten milliliters of 0.25mM AgNO3 solution (A. R., pur-
chased from Beijing Chemical Co.) was at first mixed with
1mL of 2-mercaptosuccinic acid (97%, MSA) and stirred for
about 10min to give a homogenous transparent solution. A
freshly prepared 10mM aqueous NaBH4 solution (about
0.5mL) was then added dropwise under vigorous stirring. The
solution turned yellow-brown immediately and remained trans-
parent. The pH value of the solution is at the range of 6–7. Then,
standard HCl solution was added to adjust the pH value. UV–vis
spectra were collected using a Cary 500 UV–vis NTR spectrom-
eter (Varian). Tapping mode atomic force microscopy (AFM)
imaging was performed on a Digital Instrument Multimode
AFM controlled by a Nanoscope IIIA (DI, Santa Barbara, CA)
equipped with an E scanner. Scan rate is 1–1.5Hz.

The preparation of silver NPs was conducted by direct
chemical reduction of silver nitrate in the presence of MSA by
NaBH4. A representative spectrum of MSA-capped silver NPs

possessed a strong plasmon resonance peak at 410 nm, as shown
in Figure 1a. The final pH of the obtained silver colloids is
6–7. The pKa1 and pKa2 values of MSA are 4.19 and 5.64, re-
spectively.15 And the silver NPs are actually stabilized through
the interaction of –SH groups of MSA with silver atoms, leaving
free –COONa (COOH) groups on the surface. Under pH 6–7, the
–COONa other than –COOH groups exist on the surface of silver
nanoparticles, so dispersed silver NPs will be formed by the
strong repulsion between negatively charged carboxylate ions.
Figure 2a shows the AFM image of well-dispersed silver nano-
particles. The dimension of the particles was measured accord-
ing to the height but not width because the AFM tip radius will
affect the measurements. A statistical histogram showed that the
mean diameter of the silver NPs was about 8 nm, as shown in
Figure 2b.

Figure 1b is the UV–vis absorption spectrum of the silver
nanoparticle solutions at pH 5, which shows a red shift compar-
ing with the spectrum of the silver nanoparticles. The red shift of
the spectrum is attributed to the aggregation of silver nanoparti-
cles. And Figure 3a shows the AFM micrograph of the assembly
of MSA-capped silver NPs at pH 5. The AFM image reveals that
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Figure 1. UV–vis spectra of 2-mercaptosuccinic acid-modified
silver nanoparticle solutions with different pH: (a) 6–7; (b) 5;
(c) 4.
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Figure 2. (a) AFM image of 2-mercaptosuccinic acid-modified
silver nanoparticles. (b) Statistical histogram of diameter of
silver nanoparticles by section analysis of AFM.
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at pH 5, the assembly is leading to the formation of mainly 2D
architectures, which agrees well with the UV–vis absorption
results. The silver NPs are interlinked together to form a network
of silver NPs as large as 5mm2, and a statistical analysis reveals
that the mean diameter of chains in networks was about 8 nm
(Figure 3b), which is consistent with the diameter of single silver
NPs. From these AFM images, it also suggests that some single
silver NPs ‘‘glue’’ to the networks so that results in obvious
height increase in some place of the networks. Section analysis
of these places shows that the height is about 16 nm, which is
in close agreement with the sum of diameter of two single silver
NPs. At pH 5, which is just between pKa1 (4.19) and pKa2 (5.64),
so one of –COONa groups is acidified to the –COOH group and
forms intermolecular hydrogen bonds. The hydrogen bonding
between –COOH groups of MSA molecules brings the silver
NPs into close adjacent and result in a network architectures.
The networks of silver NPs are extremely stable, and it will
not cause the movement of the networks on the substrates,
even if scanned this sample for many times, which indicates a
strong cross-linking interaction rather than random arrangement.
Because only one of the –COONa groups is protonized, the
hydrogen-bonding interaction is limited. Therefore, the chains
in the networks are mostly composed of one nanoparticles as
shown in AFM image (Figure 3a).

The optical spectrum of silver nanoparticle solutions at pH 4
is shown in Figure 1c. A continuous red shift can be seen com-
paring with Figure 1b due to the continuous aggregation of the
silver nanoparticles. Figure 4a shows 3D silver NPs networks
prepared at pH 4. Compared to the image in Figure 3a, the diam-
eter of the network chains is increased, and a histogram analysis
reveals the diameter of the network chains is about 16 nm
(shown in Figure 4b) which is consistent with the sum of diam-
eter of two silver NPs. From these images, it is clearly that no
single nanoparticle exists on the surface of mica, which indicates
the formation of extensive hydrogen bonding between the silver
NPs. From above results, we can conclude that the assembly
process is more controlled at pH 4 compared to that at higher
pH values such as pH 5. According to the simplest interpretation,
the change in pH value mainly influences the hydrogen-bond
forming by tuning the protonation of the –COONa groups. At
pH 4, which is lower than pKa1 (4.16), both of –COONa groups
in a MSA molecule are protonized and result in extensive hydro-
gen-bonding interaction. Thus at lower pH, more hydrogen

bonding between –COOH groups of MSA brings the silver
NPs into more dense assembly and produce 3D networks of
silver NPs.

We demonstrated a very simple method for assembling 2D
and 3D silver networks through intermolecular hydrogen bond-
ing between carboxylic groups of two adjacent surface bound
MSA molecules. A key aspect on their assembly is to restrict
the hydrogen-bonding formation by varying the pH of the medi-
um. The networks have uniform diameter identical to that of one
or two nanoparticles. Extending our technique to other material
system would open up the possibility of preparation of large
structures from nanoparticles, for applications such as self-
supporting networks for devices, and porous nanofilters for
composites.

This work was supported by the National Natural Science
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Figure 3. (a) AFM micrographs of the assembly of MSA-
capped silver NPs at pH 5. (b) Statistical histogram of diameter
of networks of silver NPs at pH 5.
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Figure 4. (a) AFM micrographs of the assembly of MSA-
capped silver NPs at pH 4. (b) Statistical histogram of diameter
of networks of silver NPs at pH 4.
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