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We report the use of poly(amidoamine) dendrimers as stabilizers to synthesize ultrathin Au nanowires
(NWs) with a diameter of 1.3 nm via a hydrothermal approach. The formation of uniform Au NWs was
optimized by varying the Au/Ag salt molar ratio, dendrimer stabilizers, and reaction solvent, temperature,
and time. A novel growth mechanism involving a synergic facet-dependent deposition/reduction of Ag(I)
and oriented migration of Au atoms is proposed based on density functional theory calculations and the
experimental results. This work can significantly expand the scope of dendrimers as stabilizers to generate
metal NWs in aqueous solution that may be further functionalized for different applications.

ne-dimensional metal nanostructures have continuously attracted considerable interest due to their

unique properties derived from the high aspect ratio and their potential applications in the areas

including but not limited to catalysis', electronics®?, sensors**, and photonics’. Several different syn-
thetic approaches, such as nanoparticle (NP) assembly®'?, surfactant-directed growth'"'?, polymer templat-
ing'*'", and electrodeposition', have been employed to prepare metal nanowires (NWs), especially Au NWs.
However, under most of the circumstances, ultrathin Au NWs with a diameter range of 1-5 nm are not able to be
generated, which is largely due to the lack of the transverse growth control of the Au NWs. When approaching the
nanometer scale, the ultrathin Au NWs are expected to have improved electronic and quantum size-dependent
properties that can be further exploited for many interesting applications.

In 2007, Halder and Ravishankar launched the synthesis of ultrathin single-crystalline Au NWs despite the
limitation in purity and synthesis protocol®. In 2008, ultrathin single-crystalline Au NWs were reported inde-
pendently by four research groups with improved synthesis methods>'**. In their effort to synthesize ultrathin
AuNWs with a diameter fallen into a range of 1.8-3.0 nm along the growth direction of <111>, oleylamine (OA)
has been commonly used as a stabilizing agent, and organic solvents such as hexane and chloromethane have been
employed in most cases'’"*°. The use of organic solvents may generate environmental hazard, limiting the
application of the synthesized ultrathin Au NWs, especially in biomedical applications. Therefore, development
of novel and green route to synthesize Au NWs in aqueous solution still remains a great challenge.

In our previous work, we have shown that amine-terminated generation 5 poly(amidoamine) (PAMAM)
dendrimer (G5.NH,) enables the shape evolution of Au-Ag alloy from NPs to NWs*'. Unlike the usual role
played as template or stabilizer in the synthesis of spherical metal NPs*>-**, dendrimer is able to mediate the
growth of Au-Ag alloy NWs in the presence of Ag(I) ions at room temperature. However, under the studied
conditions, the formed Au-Ag NWs with a diameter of 3.7 nm have a quite large diameter distribution and the
formation mechanism is still unclear. This prior work suggests that dendrimers may be able to replace the role
played by OA, allowing for the formation of Au NWs in aqueous solution. With the advantage of tunable surface
modification, dendrimers can be easily functionalized to exhibit desirable properties**~*, possibly leading to the
formation of multifunctional NW structures. This should be much more advantageous than those synthetic
approaches undertaken in organic medium at high temperatures using OA as stabilizing agent™®.

In this report, ultrathin Au NWs with a mean diameter of 1.3 nm and length up to micrometer scale were
prepared through a facile hydrothermal approach in the presence of dendrimers. A wide range of synthetic
parameters such as reaction time, temperature, solvent, and additive were systematically investigated to explore
their effects on the formation of Au NWs. In addition, a new insight into the growth mechanism was proposed by
density functional theory (DFT) calculations and confirmed by further experimental results.
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Results

At the Au/Ag/G5 dendrimer molar feed ratio of 15/5/1 in a water
bath of 40°C, Au NWs were able to be formed in aqueous solution.
UV-Vis spectrometry was used to monitor the growth process of Au
NWs (Supplementary Fig. S1). At4 h time point, an obvious absorp-
tion peak appeared at around 500 nm with almost no absorption in
the near-infrared region. With the reaction time, the peak around
500 nm exhibited a red-shift to 510 nm (8 h) and 520 nm (12 h and
later) with enhanced absorbance in near-infrared region. The peak
around 500 nm can be attributed to the surface plasmon resonance
(SPR) band of spherical Au NPs*, and the red-shifted peaks
(520 nm) with the reaction time can be assigned to the transverse
SPRband of AuNWs''. The corresponding longitudinal SPR band of
the NWs should be in the far infrared region due to the micrometer-
length of the NWs''.

TEM was performed to confirm the growth process of Au NWs
(Fig. 1). At the 8 h time point (Fig. 1a), mixture of spherical Au NPs
and Au nanorods were formed. With the reaction time, Au NWs
were formed with less and less spherical Au NPs and Au nanorods
(Fig. 1b-d). After 48 h, NWs with uniform morphology were formed
with a diameter of 1.3 nm and length up to micrometer scale
(Fig. le—f and Supplementary Fig. S2). After 48 h, the morphology
of the NWs seems to be stable and does not show much difference till
72 h (Supplementary Fig. S3). The composition of the Au NWs at
different time points was analyzed by ICP-OES (Supplementary
Table S1).

The role of Ag(I) ions in the NW formation was investigated by
regulating the Au/Ag molar feed ratios (Supplementary Fig. S4).

Clearly, no NWs are formed in the absence of AgNOj in this reaction
protocol (Supplementary Fig. S4a). At the Au/Ag molar ratio of 15/
2.5, mixture of irregular nanorods and spherical NPs are formed
(Supplementary Fig. S4b). Addition of excess amount of AgNO;
(Au/Ag molar ratio of 15/7.5) was not beneficial for the generation
of uniform NWs (Supplementary Fig. S4c). Therefore, the optimized
Au/Ag molar feed ratio was selected to be 15/5. Further, the unique
role of directing the NW growth played by Ag(I) ions cannot be
replaced by other nitrates. By replacing AgNO; with NaNO;, only
spherical or hemi-spherical NPs can be formed under similar experi-
mental conditions (Supplementary Fig. S5). Moreover, the morpho-
logy of the products is also dependent on the generation of the
dendrimers. As opposed to G5 dendrimers, the use of low generation
dendrimers (e.g. G3.NH,) was not able to afford the generation of
regular uniform Au NWs (Supplementary Fig. $6). Furthermore, the
morphology of Au NWs is dependent on the dendrimer surface
functionalization. By acetylating the dendrimer surface amines
according to our previous study*' and confirmed by "H NMR spec-
troscopy (Supplementary Fig. S7), the diameter of the NWs was
increased from 1.3 nm to 2.0 nm and some curly rods appeared
(Fig. 2).

To study the growth orientation of the NWs, high-resolution TEM
was performed. The images of NWs after acetylation clearly show the
crystal lattice structure (Fig. 3). The NWs seem to grow along the
<111> direction. Interestingly, two different {111} crystal facets
were found. One is parallel to the growth direction (Fig. 3a) and
the other is in 55° deviation from the growth direction (Fig. 3b).
The latter one can be found in the literature® and the presence of
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Figure 1| The growth process of the NWs investigated by TEM. TEM images of samples taken at 8 h (a), 12 h (b), 24 h (c), 36 h (d), and 48 h (e),
respectively in the process of NW formation. The NWs were hydrothermally prepared using Au/Ag/G5 dendrimer molar feed ratio at 15/5/1 in a water
bath of 40°C. (f) shows the diameter distribution histogram of the NWs formed at 48 h.
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Figure 2 | The morphology of the acetylated NWs. TEM image and diameter distribution histogram of the NW product after acetylation of the NWs

shown in Figure le.

Ag may lead to a slight shift of the crystal lattice when compared to
the pure Au case'”*". The former is rarely seen, which may remain
within the NWs during the shape evolution process (Supplementary
Fig. S8). Detailed mechanistic exploration is required for further
clear understanding.

For Ag-assisted Au NWs'” and Au-Ag bimetallic NWs™, the exact
role played by Ag s still unclear. Aiming at understanding the growth
mechanism of Au NWs, we carried out DFT calculations to explore
the role played by AgNO;. According to our experimental results,
only Au NPs or short Au nanorods can be formed and there is almost
no Ag existing in these particles at the first 8 h. This suggests that
Ag(I) ions could be reduced following their adsorption on the Au NP
surfaces. Hence, a perfect face-centered cubic (FCC) octahedral Ausg
cluster model was selected on which (100) and (111) surfaces are
exposed®”. Due to the limitation of the used simulation software, this
model does not include the stabilization role played by dendrimers.
However, given the important role played by Ag in directing the NW
growth (Supplementary Fig. S4 and Fig. S5), we deem that the estab-
lished model is sufficient to illustrate the NW growth mechanism. As
illustrated in Supplementary Fig. S9a, the surface atoms at Au(100)
display more negative net charge than those at Au(111), which could
be attributed to their low-coordination numbers. This makes the
surface atoms at Au(100) capable of attracting certain amount of
cations. Therefore, one may expect that Ag(I) ions prefer to adsorb
onto Au(100) rather than Au(111) crystal facet. In fact, our calcu-
lated adsorption energies also show that Ag atom binds with Au(100)
more strongly: the adsorption energies of Ag atom on (100) and
(111) of Ausg are 5.84 and 5.23 eV, respectively. Accordingly, we
may expect that {100} can be readily deposited by Ag during the
growth process of the NWss.

To take into consideration of surface defects in the realistic system,
we also calculated an Aus,Ag particle based on the octahedral Ausg
model in which one Ag atom adsorbs on the defect site of a missing
Au. It can be found that the adsorbed Ag tends to migrate to the
subsurface of Au NP, which can be attributed to the fact that Au is
more stable than Ag and by replacing Ag at the exposed facets it can
stabilize the whole NP (Fig. 4). Furthermore, it is intriguing to note
that the net charges of surface Au atoms adjacent to the subsurface of
Ag are even more negative than those adjacent to Au (Supplementary
Fig. S9b). This is clearly due to the higher electronegativity of Au than
that of Ag, so that surface Au atoms bonding to Ag can take more
cations. This indicates that the surface area around subsurface Ag can
attract more Ag(I) ions after it is incorporated into Au NPs. Hence, a
strong anisotropic growth process can be expected that Ag(I) ions
may be selectively adsorbed and be sequentially reduced at the {100}
facets of Au NPs, followed by diffusion and accumulation of Au
atoms from other part of the cluster to the Ag-containing facets to
bury them into the bulk. Accordingly, the reduction rate of Ag(I) is a
key step during the growth of Au NWs. If the rate is too high, Ag

atoms may not be incorporated into the bulk quickly enough at the
very active {100} facets and other Ag(I) ions or even reduced Ag
atoms may prefer to adsorb on other facets of gold NPs, leading to
the failure of anisotropic growth of Au NWs. On the other hand, the
preparation time would be too long if the reduction rate is too low.

To verify the growth mechanism suggested by DFT calculations,
the prepared Au NWs were further characterized by XPS
(Supplementary Fig. S10). It can be clearly seen that only the signal
of Au can be detected although the Au/Ag molar ratio was estimated
to be 3.56/1 according to ICP-OES (Supplementary Table S1). This
may be due to the fact that most of the Ag component is buried in a
small portion of large spherical NPs (Supplementary Fig. S2), and the
small amount of Ag in the NWs is undetectable by XPS. It should be
noted that the initial molar ratio of Au salt/Ag salt of 15: 5 is essential
for the formation of NW structures (Supplementary Fig. S4).
Therefore, we have named the formed NWs as Au NWs although
the Ag content in the final product is quite high. In addition, the
effect of temperature on the morphology of the NWs was explored
(Supplementary Fig. S11). At a low temperature of 20°C, NWs can
hardly grow because Ag™ is hard to be reduced. On the other hand,
NWs with a non-uniform morphology were formed at a high tem-
perature (60°C). This is again in agreement with the indication from
our DFT calculations that at a high temperature, the quick reducing

Figure 3 | The growth direction of NWs. High-resolution TEM images of
the acetylated NW product showing the {111} crystal facets parallel to (a)
or 55° off (b) the growth direction.
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Figure 4 | DFT simulated growth mechanism of the formed NWs. Schematic illustration of the Au NW growth process involving adsorption and

mergence of Ag atoms.

of Ag(I) to form Ag(0) makes the deposition of Ag atoms onto the
crystal surface of the substrate Au NPs with reduced selectivity.

Furthermore, the use of water as a solvent was found to be essential
to generate uniform NWs. We found that the metal reduction rate
was dependent on the used solvent in the presence of G5 dendrimers
(Supplementary Fig. S12). Due to the lower reduction potential of
Ag(I)/Ag pair than that of the Au(III)/Au pair, Ag NPs were not able
to be created using dimethylsulfoxide (DMSO), methanol, and water
as solvents after 8 h. In contrast, pure Au NPs were able to be formed
using all the above solvents in the presence of G5 dendrimers after
8 h, as indicated by the solution color change with time®. Being
consistent with the shades of color, the reduction rate was highest
in DMSO and lowest in water. As indicated from theoretical calcula-
tions and experimental analysis, Au NWSs containing Ag in the inner
area rather than simply mixed Au-Ag NPs can be formed under a low
Ag(I) reduction rate after the formation of small Au nuclei NPs. In
this sense, such Ag-containing Au NWs should be rather difficult to
form in DMSO. This is again confirmed by our further experimental
results of the reduction of AgNO;/HAuCl, in these different sol-
vents. The Ag-Au solution in DMSO became red-purple after 3 h
and its color continuously deepened as the time lapsed. By contrast,
the solution of the product with the solvents of methanol or water
appeared dark, indicating the formation of Au NWs. Our TEM mea-
surements (Supplementary Fig. S13) also confirmed that only spher-
ical particles were formed in DMSO solution, and mixture of NWs
and NPs were formed in methanol solution.

Discussion

Ultrathin Au NWs continue to attract a great deal of attention in the
scientific community>'*". Till now the related synthesis protocols
are limited in the use of organic solvent, leading to difficulties and
complexities in preparation and surface modification of the NWs. In
this present work, via a dendrimer-mediated approach, the Au NWs
are able to be synthesized in a complete aqueous solution under a
mild experimental condition.

The formation process of Au NW structure was first monitored by
UV-Vis spectrometry at different time points. The increasing absor-
bance of the product in the near-infrared region tended to be stable
between 36 h and 48 h, suggesting the possible formation of NWs. It
is interesting to note that the longitudinal SPR band for the product

formed at 8 h and 12 h is not prominent. This could be due to the
formation of the mixture of nanorods and spherical NPs (Fig. 1),
where the nanorods have a less regular structure when compared
with that reported in the literature®. Although the quality of the
formed NWs seems to be lower than that of the NWs formed through
the OA method*®, the use of dendrimers as stabilizers allows the
generation of NWs in aqueous solution under a mild condition
and further surface functionalization of NWs via dendrimer-
mediated reaction is possible. The results of ICP-OES analysis indi-
cate that the composition of the particles is Au-dominant at 8 h,
which may be due to the fact that the standard reduction potential
of the AuCl, /Au (0.99 V) is higher than that of the Ag"/Ag pair
(0.80 V), and only a small part of Ag(I) ions are able to be reduced.
The Au/Ag molar ratio became close to the molar feed ratio (Au/Ag
= 3.00) when the reaction proceeded to 48 h.

It should be noted that the use of G5.NH, dendrimers is essential
to create uniform ultrathin Au NWs. This is largely due to the 3-
dimensional globular structure of the G5 dendrimers with highly
branched interior that is able to significantly limit the transverse
growth of the Au NWs in the presence of Ag(I). In addition, under
similar experimental conditions, G5.NH, possessing much more
amine groups than G3.NH, dendrimers may have stronger reducing
capability, leading to the initial generation of smaller Au NPs as seed
particles for the growth of ultrathin Au NWs.

Using dendrimers as stabilizers, the surface of the NWs can be
easily modified or functionalized, providing many possibilities for
their uses in biomedical applications. Acetylation of dendrimer ter-
minal amine has been commonly used to endow the particles to have
improved biocompatibility?”*. In our study, acetylation of dendri-
mer surface amines was found to afford the NWs with an increased
diameter. This could be ascribed to the fact that the acetylation of
some of the dendrimer surface amines that are used to stabilize the
Au NWs leads to a further Ostwald ripening process, in agreement
with our previous work®. The success to form acetylated Au NWs
may be extended to prepare biofunctionalized Au NWs by modifying
AuNWs via dendrimer-mediated conjugation chemistry, furthering
their potential biomedical applications.

Different from the role played by Ag in the formation of Au
nanorods, where Ag adsorbs on the sides of the rods and stays on
their surface®, in our study, we proposed a novel growth mechanism
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of Au NWs involving a synergic facet-dependent deposition/reduc-
tion of Ag(I) and anisotropic migration of Au atoms via DFT calcu-
lations (Fig. 4), which was confirmed by experimental results
(Supplementary Fig. S10 and Fig. S11).

In summary, ultrathin Au NWs with a diameter of 1.3 nm were
readily formed using a dendrimer-mediated hydrothermal approach.
A new growth mechanism involving a synergic facet-dependent
deposition/reduction of Ag(I) and anisotropic migration of Au
atoms is proposed, which is based on DFT calculations. Our data
show that the selection of dendrimer stabilizers, reaction solvent and
temperature, Au/Ag molar ratio, and reaction time is essential to
obtain relatively uniform Au NWs, which are associated with the
transverse growth control of Au NWs and the proper reduction rate
of Ag(I). This may provide guidance for synthesis of other kinds of
NWs in aqueous solution. Moreover, with PAMAM dendrimers as
stabilizers instead of the commonly used OA, the scope of prepara-
tion and application of Au NWs is remarkably broadened due to the
rich dendrimer surface chemistry enabling tunable surface functio-
nalization of the NWs.

Methods

Materials. Ethylenediamine core amine-terminated generation 5 and 3 PAMAM
dendrimers (G5.NH, and G3.NH,) were purchased from Dendritech (Midland, MI).
Chloroauric acid (HAuCl,*3H,0), silver nitrate (AgNO3), sodium nitrate (NaNO;)
and all other chemical agents were obtained from Sinopharm Chemical Reagent Co.,
Ltd (China) and used as received. Regenerated cellulose dialysis membranes
(molecular weight cut-off, MWCO = 10 000) were acquired from Fisher.

Synthesis of Au NWs. An aqueous G5.NH, solution (0.192 mM, 5 mL) was pre-
heated in a 40°C water bath for 20 min. Under magnetic stirring, AgNO3 solution
(58.865 mM, 81.6 pL) was added, followed by addition of an HAuCl, solution
(72.842 mM, 198 pL). The dendrimer/metal salt mixture was kept in the water bath
for 2 days. After that, the solution was dialyzed against water for 2 days (2 L, 6 times)
using a dialysis membrane with MWCO of 10 000 to remove the excess of reactants
and by-products, followed by lyophilization to get Au NWs.

Characterization techniques. UV-Vis spectra were collected using a Lambda 25 UV-
Vis spectrometer (Perkin-Elmer, United States). Samples were dissolved in water
before the experiments. Transmission electron microscopy (TEM) was performed
using a JEOL 2100F analytical electron microscope with an accelerating voltage of
200 kV. An aqueous solution of a sample (1 mg/mL, 5 pL) was dropped onto a
carbon-coated copper grid and air dried before measurements. To measure the
composition of the products, each sample was dissolved by aqua regia solution

(0.2 mL), diluted with water, and then analyzed with inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (Leeman Prodigy, USA). 'H NMR spectra
were recorded on a Bruker Avance 400 NMR spectrometer. Samples were dissolved in
D,0 before measurements. X-ray photoelectron spectrometer (XPS) was performed
at base pressure of 5 X 107® Pa and test pressure of 2 X 107 Pa, using a
monochromatic Al rake source at 1486.6 eV and pass energy of 58.7 eV (PHI 5000
Versaprobe microscope).

DFT calculations. Spin-polarization DFT calculations were performed using
Perdew-Burke-Ernzerhof (PBE)*® generalized gradient approximation (GGA)
exchange-correlation functional implemented in DMol3 package of Materials Studio
(Accerlry Inc.)*”*. The localized numerical basis set of double-zeta with polarization
functions (DNP 4.4) from DMol3 were utilized with negligible basis set superposition
error (BSSE). Density functional semi-core pseudopotentials (DSPP)* including
mass-velocity and Darwin relativistic corrections were utilized to describe the core-
electron interactions of Au and Ag. The global orbital cutoff of 4.5 A with the self-
consistent field (SCF) tolerance of 1.0 X 10~ Hatree was set to assure the accuracy of
calculated energies. During structural optimization, the convergence criteria of
maximum energy change, force and displacement were set to 1 X 10~° Hartree, 2 X
10~° Hartree/A, and 5 X 107? A, respectively.
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