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Assembling nanoparticles into ordered two-dimensional (2D) and a0 )
3D superstructures and investigating their collective properties have \D/ = ¢
recently been receiving much attentibiMost of the reported § w s %
nanoparticles are passivated with a long-chain alkane ligand, (A)
commonly hydrophobic in nature. An inherent van der Waals / N
attraction and a hard-sphere repulsion are the driving forces for // ,_):( g@
the particles to assemble orderly. Another candidate is hydrogen Yipy

bonding by water that plays a crucial role in protein and molecular
crystals. Water is included as an essential part of the structure in

©

some cases, such as crystalline water, coordination water, or bound ' ' _
water. Utilization of hydrogen bonding in growing colloidal crystals O x
became possible and practical when the preparation method for .
hydrophilic nanoparticles from hydrosol was establishegold O
nanoparticles are passivated with a short-chain dicarboxylic acid, - :
mercaptosuccinic acid (MSA), which provides OH groups for the 3
formation of hydrogen bonds. On the basis of the elemental analysis [
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of well-dried particles, stoichiometric inclusion of water molecules q
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was founc® Well-grown facetted colloidal crystals made of Au - J(-I:‘)'F?'; b l07im

MSA are very stable upon exposure to most polar and nonpolar
solvents>* We have discovered self-correcting processes and . .
Figure 1. (A) Molecular structure of MSA, in which X denotes H or Na

|nclu5|c:1r1§ of water molepules in the crystgl during the equilibrium atom. (B) Configuration of MSA on the gold nanoparticle surface that allows
9r0Wt_h- Carboxylic acids tend to fqrm dimers through hydr_ogen one water molecule to connect with two carbonyl groups in the adjoining
bonding. Therefore, hydrogen bonding among OH groups is pre- MSA to make a successive hydrogen-bonding network. (C) One water
sumed to be the force that connects the building gold nanoparticlesmolecule connects with two carbonyl groups from different particles, which
in the gold-particle crystaBOH vibrational stretching modes have ~ nduces aggregation of two particles in a humid condition. Symbol Y stands

. . . . . for a possible spacing for water cluster. (D) Microscope images of gold
relatively high frequencies which are largely isolated from IR bands 5 icje crystals. Inset shows low-angle electron diffraction from one
of other chemical bonds. Hence, the absorption band between 300Guperlattice.

and 3700 cm! displays a characteristic window for intermolecular

hydrogen bonding between OH groups. In this communication, - A '
therefore, IR spectroscopy was used to study the interactions among W
the developing gold nanoparticles within the crystals. F 1696 1

Three reference samples provide fundamental information on the
configuration of MSA. The first two references are pure MSA
(Figure 1A) and as-prepared gold nanoparticles (sample B). As
demonstrated in previous work8,MSA in the as-prepared gold
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nanoparticles without dialysis exist in the form of sodium carbox- 0%

ylate, but as the acid form in particle crystals. Figure 1B is depicted, a0

based on the elemental analysis data for the as-prepared lyophilized [o3%48 A 1619 ]
powdered sample, showing that the ratio of MSA tgOHs unity. 4000 3500 3000 2500 2000 1500 1000 500
Figure 1C was proposed on the grounds of the tendency of wavenumber (cm’)

agg_regates to f_o”" under humid Cond't'c_ms (The original was Figure 2. FT-IR spectra: (A) pure MSA molecules, (B) as-prepared gold

depicted for sodium salt®)Therefore, the third reference, sample nanoparticles (sodium salt), (C) protonated gold nanoparticles, and (D) gold

C, was protonated nanoparticles. The gold particle crystals (samplecolloidal crystals.

D) were produced following the literature meth®dThese crystals

reveal well-developed crystal facets (Figure 1D) and hexagonal well-resolved absorption peaks. There are two sources of OH groups

close packing. in the gold particle crystals. One is from the carboxylic groups of
In Figure 2 are shown the FT-IR spectra of samples (A), (B), MSA molecules® The other is from water molecules, which are

(C), and (D), and all samples have obvious absorptions in the OH included in the superlattices during the equilibrium growth process.

vibrational stretching region. However, the particle crystals have It is well-known that carboxylic acid molecules with no other polar

particular features in the band at the highest frequency and threegroups usually exist predominantly as the hydrogen-bonded dimer,
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which results in a very broad OH stretching band around 3006 cm  force constant of carboxylic OH bond. This will correspondingly
and an asymmetric<€0 stretching band at 1740680 cni.” This result in a red-shift of the carboxylic OH stretching fron8520

is clearly seen in Figure 2A. When MSA bonds to the surface of cm~ of the monomef.The obvious but relatively weak absorption
gold nanoparticles and forms carboxylate during nanoparticle peak at 3230 cmt is therefore attributed to the OH vibrational
preparation, a water molecule strongly binds to the MSA moiety stretching of carboxylic groups in MSA. The approximately 300
even in well-dried powders as evidenced by an elemental analysiscm™1-shift is consistent with that of the OH stretching mode from
and by thermogravimetry.This bound water molecule can be water.

released above 10%C. The shift of the &0 stretching peak to Although we could not determine the structures of interstitial
the low frequency of 1572 cm (Figure 2B) is consistent with the  water clusters from the IR spectra, the formation of water clusters
formation of carboxylate ion (COQ.8 Itis also seen in Figure 2B is most probable in the superlattice. In a hexagonal close-packed
that the carboxylic OH stretching band around 3000 tdisappears alignment of surface-modified nanoparticles, a tetrahedral Td or
and a new poorly resolved broad band appears, centering at 3400ctahedral Oh interstitial cavity is produced along with that between
cm™%, which is attributed to water molecules bound to the two adjacent nanoparticles. It is plausible that carboxylic groups
as-prepared gold nanoparticles. When carboxylic acid moleculesin MSA combine with water cluster of definite size in the confined
exist in the monomeric state, however, the OH stretching vibration cavities through intermolecular hydrogen bonding. That is, water
absorbs at 35503500 cnt!, and the GO stretching shifts clusters intervene among MSA-modified gold nanopatrticles, which

simultaneously to a higher frequency around 180@40 cnr.8 stabilize the nanoparticle crystals. The size and structure of the
The observed €0 stretch peak in Figure 2C is 1708 chnslightly clusters depend on their locations in the superlatfice.
higher than that of pure MSA (1696 ci) and lower than that of In conclusion, we have found the “inclusion-water-cluster” for

free carboxylic acid monomer. Observation of a band at around the first time. The results show that water clusters are trapped in
3000 cnt! and a broad band near 3400 thsuggests the water-  the interstice of superlattices and connect the building gold
bound carboxylic acid in Sample C. nanoparticles through hydrogen bonding.

The OH symmetric «;) and antisymmetric 1) vibrational

stretching fundamentals of the water monomer are at 3650 and 3755t Af:l;nltl)wle?]gm?jné.l 2F Elsnlanfual stuhpp(;rt and Sgraptltngftheppostd?c-
cmL, respectively.For liquid water or bound water in many cases, oral fellowship ( ) from the Japan Society for Promotion
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however, the OH stretching band is red-shifted frepandv; b . L L
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and the features are completely masked by overwhelming back-MEXT and by Mitsubishi Research Institute, Japan Space Utiliza-

ground absorption from distant water moleculesThat is, the tion Promotion Center and Hyogo Science and Technology Promo-
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in an unresolved and broad OH band centered at 3400'.cm Supporting Information Available: Experimental procedures and
However, for the gold particle crystals having the same chemical TEM and XRD data (PDF). This material is available free of charge
composition as in the protonated gold nanoparticle powders for via the Internet at http:/pubs.acs.org.
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